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Abstract

Composites aréncreasingly importanto the aerospace industry, as they offer advantages such as
increased corrosion resistance and high strength to weight ratios over traditional metallic alloys.
Delaminations are a common form of damage in composites and can be difficult to detect using no
destructive inspection methods. Tests also show that under fatigue loading, composites can exhibit
significant data scatter and ndmearity. Compliance with the airframe design requirements
stipulated in CMH1BG, JSSG2006, MBITD1530D and FAAC20107B requires delamination
growth in composites to be either slow, stable and predictable, or not occurring at all up to 115% of
design limit load. Past studies have also shown composites to exhibilineamity and load rate
dependency. This also needs lbe accounted for, as JSSG2006 prohibits nonlinearity in airframe

designs at up to 115% design limit load (DLL).

Traditionally, fatigue crack growth in metals has been characterised using the Paris Law or its variants,

but studies have also shown that imet nearthreshold region, the crack growth rate can be a function

2F GKS adNBaa AydaSyaade FEOG2N kYT GKS GSadAay3
similitude parameter in the short crack regime. By this it is meant that long and shorsaxétbkthe

al'YS @t t dzS &ma BoFnot lgnéw dt 1h& sande rate (da/dN). This suggests that even if
delaminations that nucleate and grow fromstbyY Y G SNAFf RSFSOGa KI @S (KS
Gnax as long delaminations the growth rates (da/dN) wiffer. On the other hand it is noknown

thatS@Sy AF f2y3 ONIOla& AY | RKSai&owtiKrated&da/dNKkS & Y S
can differ. Hence, for cracking in adhesives the expressions for the crack driving force used in the Paris

and aher related crack growth equations are not valid similitude parametEmtunately,these
shortcomingd NB 2 dSND2YS AT RIkRb A& SELINBaaSR Fa | T
the HartmanSchijve crack growth equation, which has the advgetaf appearing to be a valid

similitude parameter.

In this context application of the Paris Law type characterisation of delamination growth in composites
under fatigue has revealed issues such as very high exponents and significant data scatter and
variability. Studies have indicated that fibre bridging may&abeontributing factor to the significant

data scatter, in addition to the multiaxial nature of delamination growth in flight load spectra. To this
end, this thesis first examines the application anitity of the HartmanSchijve variant of the NASGRO
Equation as a potential means to supress and account for the significant data scatter in fatigue results
for composites. In this context an improved normalisation approach for collapsing the delaminatio

growth curves is also discussed.



It has been shown the Hartmea®chijve (HS) Equation is useful in reducing and accounting for data
scatter in composites, and that this formulation generates exponents of less than 3. It has also been
shown that the HS E@tion can account for data scatter in tests across multiple laboratories, material
fabrication sources and test modes. It has also been shown that parameters for the HS Equation
obtained from different tests for similar but not identical materials may aks useful in

characterisation of delamination growth under fatigue.

This thesis also studies the nucleation and growth of delaminations in DOF/CCP specimens from
naturally occurring subnm material defects. The experimental results revealed that delanuinat
indeed nucleated and grew from naturally occurring material defects. It was also shown that the

idealised thresholds for growth of these cracks are very low.

It was also established that composites can exhibit significantlinearity during fatigueests. A
reasonably unique characterisation was developed that showed higher delamination growth rates
corresponded to lower hysteretic dissipation per unit of delamination growth. To this end, this thesis
also established thamodels for delaminations tt nucleate and grow from naturally occurring
material defects in composites need to allow for both material Hiosarity and asymmetry of

delamination growth.
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1. Introduction

Composites play aincreasingly important role in modern aerospace applications, both civil and

military. CFRP composites are increasingly used in aircraft such as the Boeing 787, Airbus A350 among
others. Until recently(2009F O2YL}2 aA0S FANFNI YSENBESNEK: OGBMALX PAGR
per FAA AC2Q07Afor civil airframes This approach is permissible to this day, BAXAAC20107B
subsequently2009)allowed forl- slaw growtte methodology to be applied to composite airframe
design.JSSG2006, CMIET-3G and MIESTD-1530D that govern military airframes also allow for both

models.lIt is therefore a natural progression to move to a slow growth model. However, airframes
designed under the no growth philosophy have been observed to undergo delaminations under in

flight load spectra, during both fuficale fatigue tests (FSFTs) andérvice loadssee [L-5].

The Composite Materials Handbook CMIH3G, which provides the basic framework for design of
compasite structures (particularly airframes) also highlights variability in mechanical properties and
fatigue tests as particular concerns that must be adequately accounted for in airframe designs to
comply with damage tolerant design criteria. CNMIH3G condiers it essential that a building block
approach be used for airframe design to ensure variability is accounted for at the coupon, element

and component levels.

In this context, it is therefore evident that the no growth philosophy does not necessarilytdea

designs that do not undergo delaminations in flight. As such, it then follows that airframe design

criteria need to be revised such that limited delamination growth can be allowed for, provided it is
predictable and stable. To this effect, FAA ACQIB for civil aircraft stipulate that delamination

IAINRPGGK Ydzad 0SS aaf 2 g3 Us dbintGénsces SyfuRturalBIBIASS@200Bt S¢ = |
(which applies to Uilitary aircraf) requires delaminations to not attain critical size within two

lifetimes of the airframend at up to 115% of DLL.

However, the presence afrowingdelaminations in irservice airframes indicates that that design
criteria used to model delamination growth@FRomposites need to be revisekh this context he
signiicant variability exhibited by composites in mechanical properties and fatigue test results must

be adequately accounted for in airframe design criteria for composite airframes.

1.1 Description of Thesis
This thesis has two distinct focus areas. One of the major problems that face CFRP airframe design is
the high variability exhibited by compositesibjected tofatigue loads. Thiss mentioned inboth

JSSG200Gand in CMH173G. Therefore, any model used for predicting and characterising



delamination growth must be robusand should be able to account for data scatter. To this effect,
the HartmanSchijve variant of the NASGRO equation has been shown to work well with metals,
adhesives and nanoomposites iraccounting forscatter. It has also been shown to account the

short crack effect.

The other important phenomena that will be the focus of this thesis is the propagation of
delaminations from naturally occurring materiagfdcts,where there areno prior precracks in the
material.In this context it should be noted thalhé presence of delaminatiorisund on inspection of
in-service aircrafsuggestghat the fatigue thresholds for delaminations growing naturally are much
lower than the thresholds folongerdelaminationsHowever, thereare limited experimental studies

into the nucleation and growth of delaminations that arise naturally

It is also important to consider the effects of material nonlineaoity airframedesgn. Composites

have been shown to be significantly nonlinear in their fatigue response, and any recommendations
for airframe design criteria must take into account nonlinearity as a potential limiting factor where
applicable.The question thus rises: Whable does the nodinear material response play in the

nucleation and growth of naturally occurring delaminations?
The main aims of this thesis are to:

O Investigate the Hartmaff OK A 2 @S 9 |j dzI chakatgfiskdelarhir@ation draivehandi 2

the exponentin this equation.

0 Investigate the Hartmai$Schijve Equation and its ability to account for data scatter in
composites, particularly in the threshold region

0 Investigate the utility of the Hartma8chijve Equation towards reducing data scatter across
different laboratories and different batches of material layups

0 Investigate whether scaling the conventional Paggation for delamination growth in
compositecanreduce thedata scatterin the near threshold region.

0 Investigate the utility of the HartmaBchie Equation in establishingl#asis design thresholds
for airframe design in compliance with JISSG2006

0 Investigate the nonlinearity of specimens fabricated to be similar to bonded lap joints in
aerospace applications

0 Investigate thenucleation angropagation of delaminations from naturally occurring material
defects that form submm delaminations, which then graw

O Ly@SadaA3arasS GKS NBfFIA2yaKALl 0SG6SSy SySNBH@

various delaminatioronfigurations for specimens with cut plies to enable natural growth of

delaminationgo be characterised.



0 Investigate a possiblé-EAaided method of obtaining indicative fatigue thresholds for
specimens undergoing delamination growth from natural defects.
0 Investigate and possibly propose a novel approach towards characterisation of nonlinearity

and the measurement of the same through hysteretic dissipation of energy

Similar to fatigue crack growth in metaii$,is believed thatthere are three distinct regns for
delamination growth. Region | is the threshold region where growth is very slow. Region Il is where
most inservice parts will spend majority of their lives, and Region lll is rapid cracking and possible
fracture as the specimen approaches endtsffatigue life in the given load spectra. This thesis will
focus on Regions | and I, as that is of most interest in initiation and propagation of delaminations. A
plot showing delamination growth rate vs stress intensity factor K is shown in Figukéoteldetailed

explanations of this plot will follow in chapter 2.

2 Region | Region Il
1 O [~ (Threshold) (Paris’ Law)

—_———

da/dN = C(AK)™

Region Il
(Fracture)

da/dN, mm/cycle
=
S
T

—

=
N
!

Figurel.l: Different regions of the Paris Equation Plot. Region Il (stable growth) is of interest for this thesis.
Sourced/adapted fromg].

1.2 Formulation of Thesis
As this thesis addresses more than one aspect, a brief sumohariat is presented in the chapters

following is given.

The thesis commences with an abstract, which provides a concise summary of the work intended and
accomplished in the project(s). Chapter 2 then provides a literature review of selected relevant
sources that provided a background and motivation, and the rationale for what is accomplished in the

subsequent chapters.



Chapter 3 presents a study into the use of the Hartr&Bahijve Equation on data sets from multiple
sources and laboratories. This intaaftthis chapter is to advance airframe design criteria by studying
how the HartmanrSchijve growth equation can be used to clarify the variability associated with
delamination growth, and its dependence on the test procedure used to determine the delaominati

growth curve.

Chapter 4 investigates the use of alternative techniques suctoanalisationas potential methods
of scatter and variability reduction in fatigue test results of composites from different sources and

laboratories.

Chapter 5 presents agxperimental study intdhe growth of delaminations from natural defects in
composite materials, alongside the effects of material nonlinearity. A potentially novel approach for

characterisation of nonlinearity in relation to delamination growth is progbse

Chapter5 alsopresens the results of a finite element model study into a possible relationship
between delamination length and the energy release rate.  The results of this FEA model are also
used toobtain A RS f A &SR RSt I YRGyclnasifé@r yr 30N akribpacedcdmpdsite
specimens.The FEA approach is also extended to obtain indicative fatigue thresholds for

delaminations that nucleate and grow from naturally occurring material defects.

Chapter6 presents a summary of conclusions drawami Chapters3-5 and makes recommendations

for future extension and continuation of this work.



2. Literature Review

2.1 Introduction

As outlined in the US Joint Services Structural Guidelines JSS@GRORBE must be no yielding at

115% design limit load. (Design limit load equals the maximum load seen in operational service.) The
US Air Force airworthiness certification standard-8MDB1530D 8] is slightly different in that istates

that there must be no yielding at 100% design limit load. Furthermore, as explained$TH1530D
airworthiness certification is based on LEFM (Linear Elastic Fracture Mechanics) analyses.
Consequently, this thesis focuses LEFM based approfmhassessing delamination growtAs such

whilst there are areas of fracture mechanics other then LEFM, primarily ERlastc fracture

mechanics (EPFM), these areas will only be briefly touched on.

A brief discussion on the history of research ifgtigue will be provided, followed by limitations of
traditionally used approaches for composites. The sections subsequent will then examine and propose

new approaches for use with carbon/epoxy composite materials.

2.2 Historical research into Fracture Mhamics and fatigue

It has long been understood and observed that under cyclic loading, materials can fail at loads well
below their measured static failure or yield loads. However, understanding the mechanisms behind
fatigue and particularly cracfrowth has been a long, iterative process that continues to this day.
Schutz 9] presented a chronological summary of the history of developments into the fieldigfiéa

A short summary of that timeline can be written as follows. Please note that this is an adapted timeline

and has had some events removed or added depending on relevance to this thesis.

0 18371858
0 Albert (1837) performed cyclic loading tests on comreghains used in mining
o Braithwaite (1858) used the term fatigue for the first time for accumulated damage
due to cyclic loading
0 18581870
0 August Wohler conducted systematic fatigue tests on railway axles
0 He postulated that stress amplitude was more imjpai than the absolute value of
the maximum applied stress
0 He presented his results in the form of endurance tables which form the basis of
presentR I &b a O dzNIBIS & ¢
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o0 Bauschinger formulated the hypothesis that forms the basis of the theory thstipla
strain at small scales is responsible for fatigue damage
o Kirsch revealed that a cylindrical hole in an infinite plate had a stress concentration
factor of 3
19051940s

O«

o Giriffith (1920) presented a possible explanation of the fracture and failure s gia
a brittle material
o Palmgren (1924) introduced a damage accumulation hypothesis
0 Westergaard (1939) developed a solution for determination of the stress and strain
fields at crack tips
19051960s

¢

0 Shanley (1952) presented the first theory of fatigue based on unbonding in reserved

slip
0 Manson and Coffin (1954) presented an idea of fatigue crack growth based on plastic
A0NIAYyZ o0l1&aSR 2y .l dzAOKAY3ISNDa KeLRGKS&AA

o Irwin (1958) presented a relatiohetween stress intensity factor (K) and energy
release rate (G)L0]

o0 Frost and Dugdale (1958) presented the FDagdale equation for modelling crack
growth[11]

o0 Frost (1959) presented the concept of a fatigue thresholg) @kased on the SIF in
LNBAYRE 62 NJ

o0 Martin and Sinclair (1958) presented a power law relation between the crack growth
rate (da/dN) and the energy release rate[G3]

0 1960+to date

o Paris (1962) presented a power law relation between the crack growth rate (da/dN)
and the stress intensity factor K; it was also discovered thaitcsitibal crack growth
occurred at loads much lower than measured static failure Ifafls

0 Lindner (1961) theorised that there is a threshold value of lfi€low which cracks
do not propagaté¢l5]

0 Sih (1966) corrected the Westergaard Equation for stress state near the crack tip

o Sih, Paris and Irwin (1965) revealed tHat composite materialghe crack tip stress
fieldwas relatedtK D® ¢ KAa Aa ONMzOALFft& AYLRNIFYyG A
have shown that for composites, G rather than K is a better predictor and driver of

delamination/crack propagatiofi6]



0 Hartman and Schijve (1968) presented a relation between crack growth (da/dN) and
OKRY¥O A PSP ONI Ol 3INRBGGK Aa | FdzyOliArzy 27
specimen and load conditions exceeds a certain threshold valuatKer than the
Fo&az2fdziS YIEHYAGdzZRS 2F kY

0 Pearson (1975) presented findings that showed short/small cracks can grow at faster
rates than longer cracks for tleame stress intensity factor (K)8]

0 Murri and Martin (1990) studied the characterisation of delamination growth rates
against energy release rate (G) in composil®ey pointed out very large exponents
in the power law relationshipl9]

o Jones et al (2010 onwards) revealed that first estimates for the governing equation
for the growth of naturally occurring short cracks in metals can often be determined
from the HartmanrSchijve crack growth equation determined for the growth of long

cracks by setting the threshold term to a small vd2@.

0 Jones et al (2021) revealed that for the growth of cracks in adhesives the crack driving
force used in the HartmaBchijve crack growth equation was a valid similitude

parameter. R1]

Mdzf GALIE S &0GdzZRASE ONBFSNNBR |yR RSGFAf SRtoAy 1 (!
characterise crack growth in composites can lead to anomalous results. These anomalies often
RA&LFLILISEN) 6KSYy 3aANRBSGK Aa SELINBaaSR Fa | FdzyOiAz

composites under fatigue is also important and will be dised and detailed in later sections.

2.3 Introduction to Delaminations

Unlike metals, which are typically isotropic, composite materials, especially Carbon/pqigxer
compositesare generallprthotropic, with their material propertiebeinghighly directional. Whereas
aerospace metallic parts are typically only joined by fasteners or by adhesives, carbon/epoxy
composites are basically carbon fibre fabrics impregnated with epoxy resin, which is then layered to

form a laminate layup. The layup is therredi under specific conditions.

Carbon/epoxy composites have their final properties dependent on several factors. These include the
properties of the fibre, the properties of the epoxy regmatrix), the fibre/epoxy ratio and the
directionality/orientation of the fibres. The strength of carbon/epoxy composites is typically much
greater in the axial fibre direction compared to the strength orthogonal to the direction of the fibres
for a unidirectional composite. It should also be noted that the quality effitial material generated

in the layup process is also dependent on the quality and consistency of the vacuum, pressure and

temperature during the curing processs well as the prevention of dust and air ingress into the layup.

7



Delamination is a partical type of damage thatan arise in @&ompositestructure. Unlike metals

which are typically fabricated and machined as solid block specimens, composite layups are always
layers of fibre fabric held together with cured epdry thermoplastic) matrixDelamination is said to

occur when plies of the layup begin to separate from each other. This can be due to localised failure
of the matrix materia] which then propagates in a manner similar to a crack under cyclic loading.
Delaminations can also occur due defects in the fibresuch aswvaviness etcThe delaminations
studied in this thesis are typically disbond delaminations i.e. plies separating due to failure of the bond

between them.
As per CMH.7-3G P2], delamination is defined as:

G¢KS aSLINYGA2Y 2F GKS fF&@SNBE 2F YFGSNAILIE Ay |
the laminate. It may occur at any time in the cure or subsequent life dathimate and may arise
FTNRBY | 6ARS QI NARSGe 2F OF dzaSa o¢

As such, delaminatiogrowth in composites under fatiguean beunavoidable, as there are always
small(subY Y K > Y 0 defe€ts$ ifi tSe material that are residumbm the layup and curing process.
Under the appropriate load and environmental conditions these defects may nucleate a crack which
will subsequently grow and propagate as a delaminatimaliscale yielding attese submm defects

in the layup leads to localised yielding and subsequent nucleation and growth of cracks or

delaminations.

Much like cracks in metals, once a delaminatinrtieates it can propagate and grow under cyclic
loading. Thisuggestgdelaminatons can be studied under fracture mechanics using the same basic
concepts that apply to crack propagatidhen celaminationgrowth isconfined to the intedaminar
interface it can be modelled as cracks on the interlaminar plane. Delaminations can radeogo

G ONJ O1 0 NInygéate kg Beighbbuying plies, which may necessitate the usage of more
complex 3D model2p].

It should be noted, however that delan@itions andcracking in compositeare not defined in the
same wayDelaminations aréhought of asn-plane interlaminaidisbonds that typically traverse the
laminar interface between plies in a laywghereascrackingcan either be irplane between the Igers
of the laminate(termed interlaminar cracRs between the fibre and matrigtermed intralaminar

matrix and interface cracksand in certain cases even involve breaks in the fil#gks [

Delaminations pose a much greater challenge than surferaeking as they can often start

propagating inside the specimen i.e. in the inner pl24.[This can make delaminations difficult to



detect through visual inspectiorCompared to metallic surfaces, composites are less likely to have
visible surface indications of damage such as dents or & slue tolow energyimpact. The lack

of visible surface damagdue to low energy impactioes not preclude damage in the inner layers of
the material, especiallgelamination. This class of problem, which is termed barely visible impact

damage(BVID) is a major concern for composite structures.

Visualising delaminations amdbtainingan accurate measurement of their length typically requires C
scanning(ultrasonic scanning), which requires the part/panel to be removed from the aircraft
However this is not always feasible due to cost afmvntime. Therefore, if the slow growth model

is to be adopted in practice, it must allow for a consistent, religpbégliction of delaminatiorgrowth.

CMH17-3G highlights the variability in composites as being a significant impediment in setting design
rules for composite airframes. It has been calculated that the level of reliability attained from full scale
fatiguetests (FSFTs) to two lifetimes for metals will require FSHbsitieen lifetimes in composites

[22]. CMH17-3G primarily focuses on the static strength and desijrcomposite and bonded
FANFNIYSa YR NBO2YYSyRA RSaA3dIy 3IdZARSEAYySa (KL
JSSG2006 has similar requirements, with the major difterbaing JSSG2006quiresno detrimental

damage, including delaminations HL5% of the design limit load]f JSSG2006 also requires the FSFT
lifetime of the airframe to be twice the intended design life. The lack of assessment tookhend
requirements in JSSG2006 and #3IB1530D have led to possible premature retirement of aircraft

panels in useZ4].

Other types of failure can also occur in quusites, such as fibre ptdut, fibre-matrix debondingand

fibre breakage. lllustrations of these failure types are give2%h [

2.4 Linear Elastic Fracture Mechar(icEFM)

Linear Elastic Fracture Mechanics (LEFM) is a branch of fracture medhanitswidely used in
aerospace and structural applicationghis isbecause standard such as M3IDB1530D 8] require

LEFM to be used for airframe desidgfeFM lends itself well to such uses because the fundamental
assumptions that nderpin LEFM are a small region of yielding/plasticity in the vicinity of crack tips. In
structural usage, particularly in aerospace, it is essential that the region of the material undergoing
plasticity is small, as larggeale plasticity is avoided thrgh design limits. As such, MBITB1530D
requires airworthiness to be evaluated using LEFM technicgletn[LEFM, there are two important
parameters viz. Stresstémsity Factor (SIhich isdenoted by Kand Energy Release Rate (ERR/SERR)
which isdenoted by G.



2.4.1 Modes of Fracture
There are three modes of fracture/crack propagation that are defined under LEFM. They are

enumerated as follows:

O«

Mode I(Opening); The crack orientation is normal to the applied load, and in the same plane

as the applied load

O«

Mode Il (Sliding/lrplane shear); The crack orientation is parallel to the applied load, and in

the same plane as the applied load

O«

Mode llI(Tearing/out of plane shear); The crack orientation is perpendicular to the applied

load, which is normal to the plane of the crack front

These modes of fracture are illustratedrigure2.1. The figure has been adapted fro26]

Mode | Mode I Mode Il
Tensile opening In-plane shear Anti-plane shear

Figure2.1: Basic modes of crack/fracture propagation (a) Opening (b) Sliding (c) Tearing. Figure adapt@é|from [

2.5 Design Criteria for Airfraes

Composite airframes must be designed such that they are compliant with durability and damage
tolerance (DADT) criteria. The specific criteria that apply to airframes depends on their use case and
certification requirements. Military airframes are desiégh according to the MHSTD1530D,
JSSG2006 andMH17-3G (for composite airframes onlyLivil aircraft certified in USA have to be
designed in compliance with FAA design guidelines.FR#e circular specific to composite airframes

isFAAAC201078 in effect from 2009. It replaced FAA AQZTA.

2.5.1 MILSTDB1530D Requirements

MIL-STDB1530D is US Department of Defence Standard Pradticeraft Structural Integrity Program
(ASIP) that defines the requirements to be satisfied for diramaservice with the USAF. The ASIP
sets out requirements for iservice aircraft to maintain structural integrity while also taking into

account cost and schedule risi&.[

The key requirements in MIETB1530D for airframes are as follows:

10



(@]

In Section 3 Subsection 3.6, damage is definalasy @ Ff | 6 RSTFSOGX ONI O .
delamination discontinuity, or other type that degrades, or has the potentialdgrade, the

performance of the affected component. Damage can be inherent in the material, introduced

during manufacturing, created during normal and abnormal operations and maintenance, or
OFdzaSR o0& YI USRIt RSINIRIFIGAZ2Yy DPE D

O«

Section 5 refers to JS&B06 for specific guidelines on extent of damage acceptable in

airframes in service

O«

The durability and damage tolerance control program (DADTCP) for the airframe should take

into account fracture mechanics and fatigue among other factors (section 5.1.4.1)

[@]3

Section 5.1.7 requires material properties to be predictable, including fatigueeldéed

properties

(@]

Section 5.2 specifies that airframes must achieve their design service life before the onset of
widespread fatigue damage (WFD) occurs; the service life criteria are specific to the use case

of the airframe

¢

Section 5.2.1 also allows fasage of handbooks for obtaining relevant data for design criteria.

For composites, the Composite Materials Handbook Volume 17 (CMHL17) is referred.

¢

Section 5.2.13.1 in particular refers to composite airframes. The requirements for composite
airframes inalde characterisation of the material to adequately account for variability in
LINE LISNIASa GKFEG YEFEE FNRAS RdzS G2 aYFGSNALFE S |

Therefore, airframes must be designed in compliance with damage tolerant design criteria. For
composite airframes, the mechanical properties of the airframe must be predictable, and any
variability that arises due to any of the factors mentioned in &MB1530D Section 5 must be
addressed. MHSTDB1530D only specifies that airframes must be damiadgrant to the extent of not
undergoing widespread fatigue damage or catastrophic failure during their stipulated service lives.
The specific criteria that set these ceilings (e.g. serviceelit® are given in JISRB06. Section 2.2 of

the MIL-STDB1530D document refers to ISSB06 as the reference for aircraft structures.

2.5.2 JSS2006

The US Department of Defense Joint Service Specification Guide2QIE}Gets out the specific
criteria that airframes must satisfy in order to remain complianthwihe damage tolerance
requirements as specified in MBTDB1530D. JSSED06 specifies requirements for all components of
the airframe, under both static and fatigue loadg. [The key requirements stipulated in JISSG2006 for

composite airframes are as follows:

11



O«

O«

O«

O«

O«

(@]

O«

O«

SectionAo ®H dMmpdm NBIljdzANB&a Fff ONRGAOFE LI NI &
al . | a A a éarelsucli tRap99% bf $hé population is greater, with a 95% confidence.
MIL-HDBKS is referred to for guidance on statistical methods for determining A Basis
variables. A Basis allowables are (meab standard deviations) of a cohortt should be
noted that this thesis considers interplay delamination specifically.
Section 3.10.5 requires airframes to not undergo detrimental delamination at up to 115% of
limit loads, or during test loads to the load limit during static testing.
Section 3.11 stipulates &t durability of airframes must be such that among other criteria, the
airframe should be able to resist onset of delamination to the extent that the service life of
the airframe is not adversely affected
Section 3.11.1 requires that for one lifetime okthirframe as specified, delaminations must
not occur such that:

o Airframe to be free of delaminations needing structural repair for the aircraft to

maintain structural integrity
o Delaminations must not occur such that load spectra from steady @ flight or
ground handling result in sustained growth of delaminations or cracks

Section 3.12 allows for structures to be categorised into two typesSaéd and Slow Crack
Growth. Appendix A3.12 and A3.12.1 specify that if the economic anc/life advantages of
designating a structure as Slow Crack Growth justify the added effort required in visual
inspection and NDI, then it can be designated as such. It is, however, also stipulated that if the
slow crack growth model is to be adopted, the flawast not grow to critical size over two
lifetimes of the structure.
{SOGA2Y nomn abGALMAZ FGSa GKFG GSadAay3a Ydzad
deformations including delaminations occur below 115% of design limit loads.
Section 4.10.8..1 requires that where insufficient data exists for establishment of a testing
standard for airframe compliance, development tests must be conducted to determine
material selection properties, and the environmental and/or handling effects on the materials

that may affect their properties

Section 4.10.5.1.1 (d) specifically relates to composites.wording used is (underline

emphasis added):

2

0S5

G! o0dzAf RAy3d o6f201 FLILINRFOK G2 RSaA3dIy RSGSt 2L

concepts, because of tileechanical properties variabiligxhibited by composite materials,

the inherent sensitivity of composite structure to out of plane $oateir multiplicity of

12



potential failures modes, and thgignificant environmental effects on failure mode and

allowableb ¢ wH 8

It is therefore evident that for compliance with JSSG2006, the damage (in this case delaminations)
should either not grow, or thy should not attain critical size within two lifetimes of the structure. If

the latter is to be followed, a model to predict and characterise delamination growth will be required.

Verification Guidance A.4.11.1.2.1 in JSSG2006 recognises the sigrdfitanscatter seen in

composites during fatigue testing. The exact wording used is:
GC2NJ RdzNI o Af AdGe G4Sad 2F O02YLRaAGS O02YLkRySyida
O2YLX AO0FGSR o0& GKS NBtFiGAGEFFe tFNBS aoldi

While accurate models exist for prediction of fatigue damage growth in metals, the lack of such a
model for composites means that the slow growth model is not realisticdmply with the

requirements of JSSG2006.

It is therefore evident that for composite airframes, either the no growth modetherslow crack
growth model are permissible to comply with MBTDB1530D and JSSG2006. This leads to two major

criteria that needo be satisfied (either one or the other):

0 If the no crack growth model is to be followed, the onset threshold of delaminations need to
be clearly establishedrhe Abasis allowablesan then be determined using the appropriate

techniques from JSSZH06 and MItHDBKS to be used as design thresholds.

O«

If the slow growth model is to be used, a robust model needs to be used for modelling

delamination growth that yields consistent, rellaband conservative results

JSS&006 identifies scatter and variability in the material properties of composites as well as in the

results of fatigue tests. Data scatter in fatigue results will be examined in later sections.

2.5.3 CMHL7-3G Requirement@Composite Materials Handbook 17 Volume 3 Revision G)
CMH17-3G R2] (superseding MHHDBKL17-3F) is a handbook fothe design and fabrication of
composite structues, including aircraft. It is one of the documents that provides guidelines towards
achieving damage tolerant airframe design. The guidelines provided in1GN3B are similar to
JSSG2006 insofar as recommending building block approach to design of ¢erapfrsimes. Also
similar to JSS@006 is the allowance of both slow growth and no growth design philosophies. Some

key points highlighted in CMH7-3G regarding composites are listed as follows:

13
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Delaminations are a common form of damage in compositesy #re generally unavoidable
and may originate from material defects due to imperfect manufacturing, impact damage or

damage during transit and handling.

(@]

Composites exhibit significant variability. Variability can be observed in material properties as

well as test results (both static and fatigue)

O«

Variability can arise due to a number of factors. These include imperfections in the materials
that constitute the fibres and matrix of the material, manufacturing tolerances and
imperfections in handling, proceasg and curing, barely or not visible damage incurred during

handling, transport etc.

[@]3

It is recommended that a building block approach to design be used; tests should be carried
out at coupon, element, subcomponent, component and-$gtle levels to account for
variability at each level. It is recommended that overload factors be useas#savhere the
number of coupon/subcomponent tests is not large enough to statistically account for

variability.

¢

Growth of detrimental damage, including delaminations must not be to the extent of attaining

critical size up to the design load lifidLL) of the airframe

¢

Sufficient testing must be carried out to account for variability and other factors to determine
the A/B basis variables for design with reasonable confidence. Chapter 12 irl CBGH
points out that tests to two lifetimes are sufiémnt for determination of Bbasis variables for
aluminium airframes. However, the large variability and scatter observed in composites
means FSFTs timurteen lifetimes will be required to obtain the -Basis variables for

composite airframes with the sanwnfidence levels.

[@]3

It is pointed out in Chapters 2 and 3, that delaminations can propagate from material defects
or misdrilled holes as well as damage sites. Some causes of damage that airframes may
experiences are stones thrown dpm runways, droppeddols during maintenance, halil,

birdstrikes etc.

2.5.4 FAA AC2107 (A and B revisions)

t NA2NJ G2 Hnnds O2YLRRAAGS | ANFNI YSa sSNB NBIj dza NB
should not have propagated under the load spectra observed in ndtiglat loads. The FAA Advisory

Circular AC2a07A which was applicable till-8ep2009 P7], mandated the use of the ngrowth

model for composite airframes. It wasnended and replaced with AG207B in September 2009[10].

The key requirements from these circulars are summarised as follows.
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2.5.4A FAA ACZID7A requirements
FAA AC2007a was applicable from 1978 to 2009.mtndated ano-growth approach for the

airworthiness certification o€omposite airframe$27].

For ano-growth model to be used in practice would requgrthatthe fatigue thresholdsassociated
with delamination growth be clearly established. As observed in multiple studies (detailed in later
sections), this has proved to be a challenge due to data scatter in composites observed during fatigue

testing.

2.5.4B FAA ACZM7B requirements

FAA AC2Q07B allows for a choice between slow growth andgnowth models for use with
composite airframes. The wording used for defining the slow growth model is (underline emphasis
has beeradded):

G¢KS GNIRAGAZ2Y T af2g¢ 3 MNBosckrin danghl@pesddundYn @ 6 S+ LI

composites ifhe growth rate can be shown to be slow, stable and predicteditav growth

characterization should yieltbnservative and reliabldB & d&8]ii & ¢ w

The requirements for validating either the slow growdinthe no growthapproach tccertificationare

as follows:

O«

For structures where the slow growth model is used, inspection intervals need to be set such
that there is a high probability of detection of the flaws before the residual strength of the

part reduces to below the limit design load

0 The number of cycles used to validate either the slow growth or no growth models should be
GadriAradAaortte aAayATFAOLIYy(E

0 Suficient testing needs to be carried out at coupon, element, subcomponent and component
levels to establish the data scatter observed during fatigue testing

0 Manufacturing defects and their effects need to be included in fatigue life determination

0 Compositedesigns should afford the same level of-fsfe, multiple load path structure

assurance as conventional metals design
It can therefore be established that:

0 A slow growth model may be used for civil airframes. However, the data used to validate
such a model must be statistically significant, and yield repeatable, reliable and

conservative results2B]. Therefore, a model to predict and characterise delamination
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growth with scatter suppression needs to be developed if the slow growth model is to be
used for airframe design and compliance

0 The noegrowth model remains permidde [28]. For the no growth model to be robust and
reliable, criteria for onset of delamination damage under fatigue need to be established.
Data scatter in fatigueesting and material properties needs to ladlowed for to

accurately establish the fatigue delamination onset thresholds.

2.6 Problems with delamination in-gervice airframes

CMH17-3G defines delaminations asfitane disbonds that propagate in a comjiedaminate under

either fatigue or static loading2P]. Because of absence of a model to characterise delamination

growth reliably, the no growtlapproach is commonlysed to design and certify composite airframes.

Howeverdespite being designed on the basis of no growth there are several cases where damage

arisen and grown during servicéz:

0

[@]3

(@]

American Airlines Flight 587; In November 2001, an Airbus-880Guffered catastrophic
damage to the vertical stabiliser and rudder, leading to a hull loss. The cause of the incident
was pointed out as pilot eor which stressed the vertical stabiliser beyond its load limits.
However, delamination damage in the rudder and stabiliser was pointed out as a potential
contributory agent to the failure of the rudder and ultimately the loss of the airfr&88[0]

Air Transat Flight 961; In 2005, an Airbus A3Q0 suffered detachment of theudder from

the vertical stabiliser (tail fin) while on a routine flight. The airframe was not a complete hull
loss. Investigation pointed out possible delamination growth in the rudder from an
undetected stress fracture as one of the possible causes.af also pointed out that
inspection routines for composites involving visual inspection only were likely inadequate to
detect delaminations. It should be noted that the cause of delamination in this instance was
likely due to water ingress into the comptesand subsequent thermal expansion/contraction

of the fluid. In this instance the accident repo3]] stated that the damage nucleated and
subsequently grew from amall naturally occurring defet However, the importance of
inspection schedules to identify delamination damage was emphag$&Hd It should be
noted that no delamination damage was reported during either static or FSFT tests of this
aircraft prior to certification for commercial usage.

The Airbus A320 had a delay intdecation because of delamination that was detected in the
tail fin during fatigue testing. No delaminations were observed in the static tests. This
indicates that the lack of delamination growth during static tests does not preclude
delamination growthunder fatigue loading. Schoen et 8P] observed that this indicated the

importance of using fatigue thresholds for design purposes instead of static values.
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(@]

The F111 has also been observed to undergo delamination and disbond dathagarose
from small naturally occurring defeatmder inservice loadsl],2]

F/A-18 wing skin and lap joint underwent delamination damage during early certification
fatigue tests 1,3,4]. This @&lamination, which arose naturalfyom a a small manufacturing
defect is shown irFigure2.2, from [4]. Here we see the large delamination that was observed

at 1633 flight hours of simulated loading:

s p lap jomt
the skins
‘sbé’ ded...

Figure2.2: A large delamination seen in an early A\ fatigue test at 1633imulated flight hours; adapted fromd][

[@]3

[@]3

(@]

Delaminations have also ariseaturallyand grown in US Navy and RAAFREAnner wing

step lap joints J].

TheBoeing 787 (Dreamliner), which uses composites for majority of its fuselage skin and wing
panels. Duringstatic testing, delamination damage was detected on the wings and wing
joiners of the aircraft. This incident led to a service advisory by Boeing that edagaiirir
service aircraft to be inspecte,B3]

Delaminations also arosend subsequently propagatécbm small naturally occurring defects

in a fulkscale fatigue tests and during normal flight load spectra. In partici84},showed

that in boron epoxy doubleren HA-18 airframes subjected to testing under normal flight
load spectra, delaminations propagated both from damage sites and from small, naturally
occurringmaterial discontinuitiesFigure2.3, adapted from 34] shows disbond delamination
damage in the boron epoxy doublers in a-&dhle fatigue test on a Finnish Air Force-EgA

Hornet center barrel.
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Figure2.3:Disbond delamination damage in doublers in a full scale fatigue test on a Finnish Air Fet8e-Heet center
barrel, from B4]

It is therefore evident that the ngrowth model cannot adequately be used to design airframes such
that delaminations do not grow under normal flight loads. A more prudent approach tamaiefr
design will be allowing limited delamination growth, and having service and inspection intervals

defined accordingly to identify them before they reach desigtical size.

It is therefore important to have in place a model for prediction of delanidmagrowth that can
account for the variability and scatter in composites. Inspection intervals will need to biefireed

based on predicted delamination length.

It is further evident that in several instances delaminations/disbonds have arisen frothnsmaally
occurring damagerhis conclusion is consistent with the nucleation and subsequent growth of small
sub mm cracks in adhesively bonded structures reported38j [ As such this implies that the

associated fatigue thresholds were small.
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2.7 Difficulty of determination of failure criteria due to mode mixity and contribution

to scatter

The ASTM standard for determining Mode | fracture toughness is AXbRB, which uses thBouble
Cantilever Beam (DCBpecimen geometry3p]. ASTM D7905 provides a standard for measuring
Mode Il fracture toughness3f]. However, both ASTM D5528 and D7905 cover unidirectional

composites; there is no standard as such for any mode that covers cross woven composites.

Multiple studies have pointed out that for composites, when undergoing delamination, the criteria for

failure are often mixed3d8-44]. Asymmetrical delaminations in particular can have both Mode | and

Mode Il growth occurring simultaneously. The characterisation of such mixed mode growth is complex

and can exhibit significant data scatter.

wSSRSNRAE NBOASs 27F 89 bt adsaciatéd medsuvememsor ndddniodeNA | @
fracture toughness usingraixedmode bending (MMBJ)ig pointed ou that if the mode mixity of a

particular specimen is known, superposition can potentially be used. However, there is no trivial
solution to mixed mode delamination and crack growth. There is also no trivial method of determining

exact mode mix unless & assumed from the applied loads.

Specimens undergoing pure Mode | loading in the DCB configuration do not necessarily experience
significant a Mode 1l (sliding/shearing) component. However, Mode Il tests which are often configured
as ENF (end notched flene) specimens can undergo both Mode | and Mode Il stresses
simultaneously. This may be particularly the case in the threshold region where the delamination

lengths are likely to be smalle3§-40Q].

Charalambides et aK]] also pointed out that depending on the loading and geometry of the
specimen, a global failure model for mixed mode failure using superposition and a local model based

on crack tip singularity can sometimes vyield very different results.

Williams #2] in their 2015 study remarked that Mode Il failure is complex and not very well defined,;
this is a potential contributor to the significant data scatter that is obsefeedomposite specimens
under supposedly Mode Ifatigue. Williams suggested thatgot of the reason for thisvas the
dependency of the mode mix on the loading configuration as well as the mode of damage. If the
specimens are not tested to failure, the abtished solutions using stress fields at the crack tips cannot

be used.

Contribution of mode mixity to data scatter is an important factor that needs to be considered. Reeder
[38] observed that even under uniaxial loading, delaminations in composites often nucleate and

propagate under & f 2 Multixdalstress state Therefore, it is important to consider the effects of
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mode mixity on delamination propagation. Re&® &4 a G dzReé 2F @F NA2dza aLISOAY
for mixed mode analysi88] considered various specimen geometries proposed to that point. It was
proposed that ENBpecimens with delaminations fabricated into them during layup could be used in

a mixed mode bendingMMB) rig to predefine mode mixity. It was also observed that mixed mode

results from the MMB rig were reasonably close to Ridded predictions.

Reederalso expanded on this iB9], which proposed a failure criteria determination for mixed mode
loading. It was again observed, consistent wi][that delamination/crack propagation is mixed
mode under most test protocols including the commonly used ENF test for Mode II. A Bilinear Criterion
wasalso proposed for mixed mode Idag. An important observation irB9] is that failure criteria,
especially for the adhesive component of the composite may change substantially withmixitie

This indicates that if loading expected in airframes is multiaxial, mode mixity may be a contributing
factor to the observed data scatter. Howeverwigs noted that failure criteria will still need to be
defined in terms of their original pure medcomponents, and mixed mode criteria be based on

interaction of the individual modes.

However, for any model to be used for airframe design the significant scatter in the data will also need
to be accounted. As we will show the scatter in Mode | faticare be particularly large. Furthermore,

there is little data on which to assess the scatter seen in Modes Il, 1l and mixed mode Fatigue. This
also indicates that if data scatter in pukéode |, Il or Ill loading is large, mixed mode results will also
carty over the large data scatter, which must be accounted for in any model used for prediction of

airframe life.

Mode Il fatigue is not well studied ()], and little cata exists on interaction between Mode | and Mode

Ill. As more data on Mode Il becomes available, it is expected that the failure criteria for composites
will be based on a 3D shell rather than a 2D interaction of modes as is currently assumed and studied
It is noted in [25] that complete analysis of all possible failure criteria in all modes is not possible,

hence failure criteria that are more important for design purposes be analysed.

Mode mixity has also been studied #3]. Mode Il delaminations were pointed out as difficult to
characterise as the mode of propagation was not simple cleavage but a combination of sliding and
angled Mode | cleavage interactinglin O2 YLJ SE Y| 42yptodded theCbasiXobBtife
measured Mode Il toughness values being much higher than Mode | as the interaction of out of plane
cleavagdronts along with sliding of the crack faces. Pure sliding does not explain this phenomena,
hence it can be concluded that mode mixity can play a part in increasing data scatter due to the

unpredictable and difficult to measure extent of each mode modiheatdelamination front.
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It should also be noted that the majority of the studies into mode mixity and Mode Il fatigue rely on
ENF tests for Mode Il loading. There does not appear to be significant literature into investigation of

Mode Il specimens under i@k loading. Such specimens will be considered as part of this thesis.

It can therefore be concluded that failure criteria applicable to composites can be mixed, even if the
applied loading is not necessarily multiaxial. However, in multiaxial loads expégting flight loads

on inservice airframes, mode mixity is an important consideration. As data scatter is a particular
concern with composite airframes, sources of data scatter must be understood and accounted for if
the resultant data scatter is to edequately accounted fofl his is a crucial consideration in airframe
design, as accounting for variability will require the variability caused by mode mixity to be accounted

for.

2.8 Fibre Bridging

Fibre bridging, which can significantly retard delamioatgrowth, occurs when fibres from adjacent
plies cross the delamination and retard the delamination growith.[Murri [46] observed extensive
fibre bridging in static DCB tests on ®216 GFRP composit@heFigure2.4, from [46], below shows

an example of fibre bridging in a DCB test:

Figure2.4: FibreBridging observed in a DCB test specimen of S2/5216, adapted4@ébm [

Figure2.5, from [46], illustrates the associated-€&rve effects, i.e. hoywnder quasstatic loadsas

the amount of crack extension increases the slope of the G veraak extension curve reduceBhe
R-curve is a plot of G vs a for a given specimen. The slope of-tiiev® shows the resistance to
delamination growth. A higher gradient of the R curve shows stronger retardation of delamination
growth. This phenomenon idue to fibre bridging. The extent to which fibre bridging occurs is shown
by the gradient of the Rurve; in this instance the S2/5216 shows much more extensive bridging than

the two carbonrepoxy composites.
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Figure2.5: Retardation of delamination growth due to fibre bridging; adapted frd6j [

A review of fibrebridging by Khan4p] theorised several possible reasons for fibre bridging.
Composites with higher volume fraction of fibre and weaker fibre/matrix interface may show more
bridgingL i &aK2dz R 658 vy 2 (466R IiyKR (Y Kal dfNDDERsENED @hkii@erodea) o
composites. It has also been theorised that yielding around the delamination tip may extend into the
adjacent plies, which can cause fibres to detach from the adjacent plies and act as bridging fibres. This
yielding causes localised fa#uof the matrix and the fibres from adjacent plies can detach without
failing. This can cause the fibres to bridge across the delamination. This is illustrdtiediia2.6

below.

Figure2.6: Fibre bridging occurring due to yielding at the delamination vertex spanning multiple plies, adaptedSjrom [

Another possible reason for bridging is the existence of material defects that may extend across more
than one ply in the laminate. This may be a contributory factor to thelimx plasticity at the

delamination tip extending into adjacent plies.diagrammatic illustration can be seen 4]
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Fibre bridging has been observed to be mergensive in thicker laminatdg7,48]. TheFigure2.7
below, adapted from49] illustrates how, under static loading, the extent of bridging does not affect

the onset but does affect propagation of the delamination.
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Figure2.7: Effects of fibre bridging atelamination initiation and propagation adapted frodd
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the effectsthat bridging has on growth of delaminations under fatigue loading. Whereas Miri [

5

and Khan45] studied unidirectional composites, Yd&[b1] alsoconsideredmultidirectional layups.
In [50], it was statedhat fibre bridging is more extensive in mudirectional laminatesas compared

to unidirectional laminates under quasiatic loading. This is illustrated kiigure2.8.

(a) (b)

Figure2.8: comparison of fibre bridging in unidirectional (a) and multidirectional (b) layups. Adaptedspm [

It was also observed that fibre bridging during qustsitic and fatigue tests is differerandthat using

the Rcurves from static results to normalise fatigue results matybe appropriate $1].

The presence of extensive fibre bridging in fatigue results indicates thas thisignificantontributor

to the extensive data scatter observed in composites under fati@aeticularly since there is no
fatigue test standard for performing delaminatigrowth tests and different investigators often used
different starting lengths and different amounts of pceacking.Whilst adetailed study of fibre
bridging is not the primary focus of this thesis, it is essential to consider the effects of bridging o

results from fatigue tests. Yao et[&ll] observel that Mode | DCBatigue tests ofterexhibit extensive
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fibre-bridging,with retardation of delamination growt rates for long delaminations. Howevdérhas

been suggested thaiab tests on aircraft parts do not always show such extensive bridging. This
phenomena may be related to the inherent variability and scatter seen by composites. It is currently
unclear f this may lead to threshold values for delamination growth being recorded as falsely higher
or lower in a laboratory setting than wperational aircraftin this context it should be noted that we
have previously seen that there were numerous instanckeres the fatigue threshold (in operational

aircraft) must have been very small.

Yao et al ing1] also noted that standard DCB specimens which have delaminatiorisdiual into

the layup using inserts mayeldfalsely highvalues of the botimeasured fracture toughness atite
fatiguethreshold This is because the delaminations fabricated into the layups lead to blunt crack tips
which do not generate the same ste€oncentration as sharper cracks under loddwas also
suggested thathis can bemitigated (to an exten) by growing the delamination under fatigue to a
specified length before commencing testitfpwever, pecimens with longer prerack length at the
commencement of the fatigue tests exhibited greater retardation of delamination growth under
fatigue. It wasalso observedin the same paperthat multidirectional laminates exhibited greater
retardation, andthat thicker laminates may also exhibit greater extent of fibre bridginhghould be
noted here that fibre bridging is not necessarily the primary soofcecatter in fatigue test results

but [45-5]] indicate that it is a significant contributapbnethelessHence onservative airframe design

must account fothis scattervariability.

Figure2.9, from [B(Q] illustrates the relationship between da/dN and G for specimemsfabricated
delaminations that were grown tearying lengthgrior to fatigue tesing It can beobserved that
specimens with longer delaminations at the start of the tests exhibit greater retardation of

delamination growth.
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Figure2.9: Variable rates of retardation of delamination growth thfferent lengths of the delaminations at the start of
fatigue tests, from%0]
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2.8.1 Lead Cracks
It was shown in [51] that DCB specimens in particular can have significant retardation of the

delamination growth rate due to fibre bridging. However, design critegied to be based on the lead

crack i.e. thefastest growinglelamination(or crach.

A number of examples that illustratetthe difference between the delamination growth histories
associated with lead delaminations and non lead delaminations were pegban[52]. One ofthese
examples is reproduced IRigure2.10 which presents the variability seen in the growth of impact
damage seen tests on specimens tested under an industry standard combat aircraft flight load

spectrum. This example clearly reveals that the fastest growing (lead) delamination sees lityle if an

retardation.
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Figure2.10: Lead cracks and fibre bridging retardation effects, fr6gj [

In such circumstances to be conservative the air frame design should preferably be based on the
growth associated witteaddelaminationswhichin Figure2.10 hadlittle apparentretardation. Lead
cracks are defined by Berens et 2B][and Jones et abl] as cracks assumed to propagate from the
first fatigue cycle i.e. from small,iiially invisible defects in the case of aerospace metal alloys. A
similar concept will be extended to composites as part of this thesis. Tests by Jones &Phhisd

show lead cracks to exhibit very little retardation. Tlienomenon waslso observed by Molent et

al in B5], who also defined lead cracks as the fastest gngveracks in a region of the airframe prone

to crack growth. They also observed that growth of lead cratksetallic structurean often be
modelled as exponential. Molent and Sindié][also defined lead cracka metals inthe same way,
YR Fta2 204SNPSR GKIG tSHR ONI O1a Omhiylatdl 95
observation is similar to the conclusion discussed earlier in this chapter forohalgof naturally

occurring delaminations/disbonds.
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Therefore, it needs to be emphasised that for airframe design to be conservative, data scatter due to
bridging(and possibly other effectsleeds to be considered. This is because bridging tends todretar
delamination growth substantially, arttie use ofdatathat is based on retardaticaffected growth
ratesmaylead to nonconservative desigrn this context it is interesting to note thaurri [31] also

observed thatd Ay 2 NRSNJ (2 0& madgllifgFekgiressibng relating\zOfatigee)
RSEIYAYFGA2Y 3INRBSOGK NIGS YR {9ww VYdzald 0SS 0O2NNEBC

There are multiple other studies into the effects of fibre bridging such5@$9]. However, the
primary focus of this thesis is not the study of éitridging effects pese. It is, however, important
that the effects of fibre bridging on variability be kept in mind, as variability and data scatter in

composites is one of the kdgcalpoints of this thesis.

2.9 Stress Intensity Fact@bbrev SIFK) and Threshold (K

The Stress Intensity Factor (K) is crucial to the understanding of propagation of cracks and therefore
to fatigue in metallic structures. Irwid(,60] used the Westergaard approach to derive the stress field
function at the tip of a crack. According to this solution, the stress at the crack tip can be expressed as

a function of the stressitensity factor K and the distance r from the crack tip.

Irwin proposed that the stress intensity factor is a function of geometry of the specimen, the applied
stress, and the size (length and width) of the given defect/crack. The stress iptéasior is

commonly expressed as Equation 2.1:

0 T O, (2.1)

wherel ¢hd , which isreferred to as the beta factor, is a parameter that depends on the geometry
2F GKS ONIO1SR aidNMHzOGdzNB=Z FyR ° A& GKS LI ASR 2
crack width, respectivelyin metric units, the SIF is typically expressed i (46 . A representation

of the coordinate axes around a crack ¢gn be seen irgl].

Paris, Gomez and Anderson (1968%][revealed that K could also be used to study fatigue crack
growth. They correlated data on crack growth in aerospace alloys with the stress intensity factor and
proposed that the crack growth rate is a function of the stress intensity factor in a given cycle. The
original paper by Paris et &2] related crack growth to thetress intensity factor in alloys Esplotted
F3FAYyad KOHIFIOKOKDbU®

Paris and Erdogan further expanded on this in their 1963 p&p#rand reviewed several differén

crack propagation model3his work led to what is now termed the Paris crack growth Equation
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Qo , o, (2.2)

Where C and n are empirically determined parameters fromdl@g3 LJX 2040 2F Rl kRb @a
slope C is the base of the powemldine of best fitMore details of this Equation will follow in the

subsequent sections.

The stress intensity factor for each particular mode is denoted, li§f &d K respectively. At a certain
GrtdzS 2F kY F2NI I IABSY YIFIGSNAFE FyR 3S2YSOINEX
2T kY RSY.B aBdakriabparanketéri K1 G YSF adz2NBa | YFGSNRIFEf Q& N

aKz2dz R 0S5 adsNBidctos ét thaildcal éonskraint, and hence is not a material constant.

Paris et al§2-64] did not mention a fatigue threshold in their papers. However, a distinct region can

be observed in their plots where crack growth rate slows down dramatically.

Frost [L2] was one of the first to note the existence of a fatigue threshold. It was subsequently shown
656 GKIF G GKS 7T IniivasshdeSctioin &f KB &rdci2 Iénith (p)¥and that the crack length
dependency could be approximated by Equatids 2.

o o & (2.3)

% K S NG, which is a function of R, is the associated long crack thresholdoaraoh doe thought of
Fa Yy GQAYGNAYaAO ONI Ol tSyaliKéd ¢KAA fSyaadkK a0l
ASTM E6413a B6]. In this contexit shauld be noted thatAppendix X3 in ASTM E6243a also states

that it is unclear if a fatigue threshold exists for naturally occurring cracks.

2.9.1 Threshold K valuex)kand importance to the no growth model

Lindner (1965)underthe supervision of Paris, carried out experiments on Al 7085vhich revealed

that fatigue crack growth levelled off at around®0y k 08 O ¢ KSy AL Thislindicatdd® R dzOS R
the presence of distincti KNS &a K2t R pY @I fdsST 6St26 6KAOK ONI O]
considered- ano growthe [63][64]. Thisfindingwassubsequentlyalidated by Schmid6[/] and Elber

[68].

The current ASTM fatigue test standard E&GP Y 2 (i Siis albKrarily definéd as the value of
kY O2NNBaLRYyRAy3 G2 | ONi/®d ThE Neinitia K to Ndmé Exteri Rl kK R b U
consistent with the values suggested by Lindé&], Schmid{67] and Elbe{68] as no growth criteria.
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It would therefore standto reason that any airframe based on the no growth design model should
have a delamination growth rate lower than-¥0n/cyc at their design load spectra. This raises the
guestion ofhow to determine the design threshold given the extensiagiability in the threshold

region.

The problem is further complicated by the observation ttet growth of delaminations on airframes
in service with irservice flight loadsuggestshat the thresholds fornaturally occurring delaminations
may be significantly smaller than those obtained by tests on long delaminafibisis in addition to
the significant variation and data scatter observed in composites during fatigue testththe clear

dependence of the threshold on the amount of precracking done prica fatigue test

If as suggested ifChapter 5a short crack effect exists foromposites,then naturally occurring
delaminations/flaws may have such low thresholds for propagation that it becomes impractical to
design airframes to avoid them altogether. tifie, then the slow growth model may be more
appropriate. However, a slow growth desigiil have to be accompanied by an adequate inspection

program.

Murri et al [19 commented that the threshold for fatigue crack growghould correspond tono

delamiration growthin the structure. Thigvasbecause up to 2009 the no growth model was the only

permissible design model under FAA AQRGA for civil airframe$27] and the then applicable

standards for military airframes.

Schon et al32] also noted the importance of using fatigue thresholds in design. This raises an
important question about whether fatigue thresholds used for airframe design need to take into
account the retardation of crack/delamination growth due to fibre bridging. The author of this thesis
considersthis using thresholdhat were related to retardation @uld lead to a nonconservative
design and thatto ensure conservatisrany slow growthdesign should be based on the lead crack

growth approach

N ¥ can be geometry and test process dependefit-T5]. Indeed, it hasubsequentlybeen shown
[76-78] that the ASTM loatNBE RdzOAy 3 G S&ad Ol yhvaidP RdzOS SNNRByYy S2dza |

To conclude this section, airframe design under bdi $low and no growth philosophies will need

determination of fatigue thresholds. Further detail is provided in Section 2.15.
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Thisphenomena is also evident in the wook Joneset al in B0-82]. Pearson 18] pointed out that

pure LEFM approaches assume the region of plasticity around the crack tip to be very small in relation
to the crack lengthHowever, he also remarked that this explanatitid not adequately explain the
NBfFGA2Y 0S¢ 8bSevedoisubimyi Bracksl kK R b

The reason behind this phenomenon was initially thought to be the size of the plastic zone around the

crack tip relative to the length of the crack. Shorter (snim) cracks have been shown to have much

f 2 6 SuNdlyedfor onset and ppagation compared to longer cracl@3]. L NB A y Q& LJ LISNJ SE

mentioned the assumption that the plastic regiomasl & a dzYSR (2 0SS a@SNE &Yl ff

f Sy3adK 2F GKS ONI O1¢® C2NJ Grbriedan besghificintard SPFRI| a
(ElastiePlastic Fracture Mechanics) may be more suitable. However, the absence of a clearly defined
transition point and the difficulty of ascertaining the exact size of the plastic region will make this
approach likely nsuitable for design purposes. The problem with the hypothesis that the small crack
effect is associated with crack tip plasticity is that it is now known thati@igrowth of small cracks

both in laboratory tests and ioperational aircraft there is generallylinear relationship between the

log of the crack length and the number of flight hous8,81]. In other words although there are
significant underloads and overloads in a flight spectrum retard#itoelarationeffects due to crack

tip plasticity are rarely seen. Indeed, a key featuréhefgrowth ofsmall cracks it there is little R

ratio effect B2]. Furthermore as shown in 4] smdl cracks also appear to see minimal

microstructural effects.

Suresh and Ritchi@)] also studied short cracks in some depth and msideilarobservationsyiz:

that short (submm) cracks did not have thresholds for initiation and growth as would be expected if
similitude-based estimations for longer cracks were used. Lankf86lidlso observed the same effect,
y20Ay3 GKFG F2N GKS alyYS @I f dzSa s2man lpny racks 2 NI

aerospace alloys.

It is also accepted that short, subbm defects in materials are unavoidable and can occur due to
manufacturing tolerances, handling, and general variation in material characteristics. This is
particularly applicabléo composites where curing conditions, handling and transport, and material
variability can be contributory factors to these short cracks. If these defects are snpddinim
disbonds, they fall under the definition of delaminations. Therefore, compaositasalso undergo the

short crack effect if there are small, satm defects present in the laminate due to handling variations
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of the prepreg, imperfect cures, damage during transport and installation and general material
variability. Defects of sutnm sie are also undetectable through most NDI methods, particularly

visual inspection.

Li &aK2dzZ R 0SS y2i4SR (GKIFG GKSNB A& y2 | INBSR RSTA
ONJ O] ¢ ¢83lanttBudrdshayid Ritchigq define short cracks as having localised plasticity zones
comparalle to the length of the cracks. Suresh and RitcBES[ NEFTSNI aYAONR &aoOl s
such as graiboundaries but general criteria in the geer is crack length being small relative to the

aAlT S 2F GKS T2yS 2F 20t LX I & dvYOAotibeteforelafiyR  ONJ O

crack/delamination shorter than 1mm will be considered under the short crack category for this thesis.

The short crack effect for metalsagtly illustrated in theFigure2.11, adapted from 54].
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Figure2.11: The short crack effect in 209BE41, adapted fronbf]

Another example of the short crack effect is giver8i@l,[reproduced here ifrigure2.12:
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Figure2.12: Short crack effect in metals showing lower fatigue thresholds for AAVTD%91; adapted from80]

The damage assessment criteria for RAFF1B/87] requires the airframe to be assessed based on

the lead crack philosophy i.e. the limiting factor is the fastest growing crack in a given sti@&ure

566 ® LT aK2NI ONI O1 &

ANR G |G FLFaAGSNI N} GSa

0Ky

limitations in defgn will be linked to the growth of short cracks. If a no growth philosophy is to be

used for airframe design, then design fatigue thresholds must be lower than the fatigue thresholds for

lead cracks.

It should be noted here thahostof the existing stues into delamination growth in composites have

had pre-existingcracks. Studies which also provided data for this thesis suctba4d, 92,109 also

used DCB specimens with preacks built into them at the time of layup. If the propagatiof

naturally occurring delaminations is analogous to the growth of short cracks in metals then specimens

with geometriesthat allow for natural growth must be develope@ne possible configuration that

has the potential to study the growth of natural daminations is discussed in Sectior2?2.

2.11 Energy Release Rate (G)

The energy release rate, denoted by G is an expression of the energy dissipated per unit area of crack

growth, under either fatigue or tensile loading. Mathematically, it carexgressed as the reduction

in total potential energy per unit of growth of a crad8][89]. The relationship between G andi¥K

given by Equation(s) 2:
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where K is the stress intensity factoris poisson ratio and E is modulnfselasticity.

This particular relationship between K and G has been explained by Soboy)p in [

Energy release rate G is crucial to understanding fracturehangics. Failure criteria can also be
defined in terms of G instead of K. In such a scenario, the material or specimen will undergo failure
when the G value exceeds a critical valuedBnilar to how K needs to exceedfBr failure criteria

based on the stress intensity factor.

{ SGSNI t &a0GdzRASA KI @S akKz2egy GKIG F2N O2yLlaAridsSas
kK Raxis more appropriate as a driving factor for delamination growth rather than the stresssiiye
Fl OG 2N NI y 3.5 Thiswwill beyeRarideddn kndte detail in the sections following.

2.11.1 Methods of Energy Release Rate Calculation
There are multiple methods of determining energy release rate. The two used most frequently for

compositesare Modified Beam Theory (MBT) and Modified Compliance Calibration (MCC).

2.11.1A Modified Beam Theory

In this method, the energy release rate G is calculated as shown in EgRdgion

. - Z st”/s (2.5)

The correction factogYsis obtained by takinghe x-axis intercept of the plot of € vs a. C denotes

the ratio of load point displacement with applied lo4df0) and is known as Complianceor

illustration of this method, seedf].

2.11.1B Modified Compliance Calibration

In this method, the energy release rate G is calculated as shown in Equ#&tion 2.

&
H*

(2.6)

I AE

N
)|

Where P is applied load, C is Compliance (ratio of load point displacement and appli#d Joads

specimen width, h is specimen thickness, an@s/A& parameter calculated by taking the gradient of a
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plot of disbonddelaminationlength divided by spdmen thickness (a/h) vs cube root of compliance.

An illustration of this is provided i9]].

Murri (2013) P2] points out that when using MCC for calculation of G, the data points on the plot of
da/dN vs G can shift noticeably to the left or right in comparison to the data obtained by using MBT
for cdculating G. This is most likely because MCC accounts for specimen thickness in calculating G.
Murri also pointed out that shifts between MCC and M&iEed G values were larger in specimens

which were substantially thicker or thinner than the average Far batch.

2.12 Stress Intensity Factor (SIF) and Energy Release Rate (ERR) for Orthotropic
materials

Paris et al ing2] postulated that as the stress intensity fac(K) uniquely describes the stress field at

GKS GALI 2F I ONIX O]l G4KS INRGGK 2F ONIF Olmx dzy RSNJ Fi
LNBAY FYR tFENRAAQ 62N)] G2 (GKA& LRAYyG TFT20dAaSR 2y
isotropic materals. Sih, Paris and Irwiig] expanded the solution for K to orthotropic bodies and

derived the generalised solutions for K for anisotropic (orthotropic) bodies.

They observed that K in orthotropic bodies is a function of specimen geometry, crack size and width

but also the directionality of the loading and the orientation of the material.

Sih et al 6] also showed that the energy release rate G is a function of K in a given loading mode, as

per Equation Z:

QU (2.7)

| SYyOSsz SySNHé& NBfSIFIaS NIraaSa O02dZd R 60S RSKSNXYAYSR
The same paper also derived that the crack tip stress field in orthotropic materials was a function of

KD® LU OGKSNBT2NB adlyRa (2 NBlLazy GKFG GKS f23A
O02YLR&AGESE A& (KIG RI kaby RARFIKRAIR 6S |+ Fdzy Oliazy 27
| 26 SOSNE Y2ald fAGSNY GdzZNB dzaiAy3d GKS at I NR&a [} g€
NJ § K S NJ Exahples in&udps, 46, 92,109 among others.

2.13 Paris Law

Paris, Gomeand Anderson (1961) proposed that initiation and propagation of cracks could be
SELX AYSR o6& | aaAay3datsS NIGAz2ylf (KS2NBRé¢d ¢KS Y2
could form the theoretical basis for predicting the fatigue life offeames [L6,62]. This paper

presented the hypothesis that crack growth was daemicroscopic imperfections in the materials

33



and the concept of cracks growing from such flaws pointed to a possible model for crack growth based

on theoretical underpinnings.

It had been observed in several instances that under fatigue loading, craggaiion occurred at
loads much lower than measured static failure loads. It was therefore concluded that the plastic region
in the vicinity of the crack tip was much smaller than previously postulated, and that linear elastic
fracture mechanics (LEFM) wthe appropriate method to characterise and model crack growth under

fatigue loading.

Paris et al 14] proposed a relation that correlated the maximum ssdatensity factor Kaxto the

growth rate da/dN of a crack, shown in EquatioB.2ZThe crack growth rate per cycle (da/dN) is a
Fdzy QliiAz2y 2F G(KS YI EAYdzy @ycle drfthe Rratib. ThelR kdtioNBnbté3K S R
the ratio between the minimum and maximum stress intensity factor in a given load spectra that is

being applied to the material g/ Knay.

W o~
o Ay (2.8)
QU v

LG akK2dzZ R Ffaz2 oS romabridl geébiétryi and applidd ¥treds,dor the s@neO (i 2
geometry and environmental conditions, changes in K are proportionate to changes in the applied
aiNBaa "o | Sy0S w -6+ wherdefiairy testiSg cénBitiadBS 3 a SR | &
Liu P4] presented a similar relationship to the form whereby was a function of the range of stress
AyidSyaride T OO 2.NEKwd €nSvilinEquailand® S pvy I oY

Qw , ..

If the specimen geometry is held constant, them ldnd K.axbecome functions of the minimum and

A

maximum loads Rnand RaxNB a LISOG A @St 8 d C2NJ adzOK Ol aS@and kY YI &

211

N
C-I‘ CA

(2.11)

34



Paris and Erdogari4] also derivel a similar relationship, which showed a power law relationship

0SUBSSY—@YCKY®R oFa fF3GSNI RSNAGSR (2 GKS F2N¥ 6KA
Equation 21.2:

Qw -

ke VA (2.12)

ol 0 Yu

where C and m are experimentally obtained and eoasidered material constant3his was also

briefly touched on in Equation 2.2.

LI 230G SR I-AgpltyHbwieven, Whe y |

f 2 3 oep distinctéeliéh. Rhe ParikBdliation only holds

The Paris Law can yield a linear relationship K a
plotted as such, a plot of logfd @&

for the linear region of the plofigure2.13 below illustrates this.

2 Region | Region Il *
107 [ (Threshold) (Paris’ Law) Kmax — Kc :
1
2 -7
@] PR
P
&
g P da/dN = C(AK)™
% 107 17 Region Il
Z (Fracture)
=z
S Threshold AKy,
—c P
1 0'6 -

AK, MPam'"”?

Figure2.13: The traditional form of the Paris equation plot, adapted fr&n [

The Paris Equation is unsuitable for use in either thetipreshold region or the rapid cracking
region.

Based on the logpg graph, a linear relationship betweenleg(0 YR f 23o0npY0 OFyYy 0S5
is shown in Equation 23.
I ¢— 17& ad i (2.13)
¢ a3 € ad o
Equations 212and 213k NB G(KS Y2aid O2yvyvz2yfte dz&SR F2Nya 27

literature.
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2.14 The relationship between G and K, and Paris Law for Composites

Several sources95-102] have suggested that G is a much more suitable parameter to model

delamination growth than K. As we previously discussed Sih 6Jakvealed that G is a function of

K, with K being proportionate t#'Gp ¢ KSNBEF2NBzZ F2NJ | 3IA PGSy 2R
LINE L2 NI A 2 Y I (nSandilRxdKig DZ RE yYOR NI &/ IR KdBpectizely.K D

As such, in Region Il we should be able to write a relationship for composites for region 2 ofthe log(

ga t236nY0 OdzNBSsS 2 7F 14aKdEqUBtBINAS. A K26y Ay 9ljdzr GAz2Yy

QO , o.—
Q0 0 YO (2.14)

1 & 114 58 1 @O 2.15
&) @G a 7 (2.15)
Where C and m are empirically determined parameters from the plot as per Equation 2.15.

As we have previously discussed, this equation 2.14 represents the logical extension of the Paris
equation to composite structures. However, plots that express da/dil fasction ofwG are more
commonly used. The common use of G rather than K for composites may be due to the difficulty of

calculating K for composite specimea3.

Theoretically, this should allow for modelling crack/delamination growth in composites as a function
of(KDZ Fylf232dza 2 K2g ONI O]l 3INRggUK Ay YSilfa OF
when characterised using K, crack growth ony@dzNE | & | { KNB @K2word G f dzS
GKSNBT2NBE F2ft2¢ FTNRY (KS NBfFdiA2y 0SG6SSy KD Iy
Aa G2 0SS dzaASRX RStIYAYFGA2Y 3ANRBGgGK akKzdzZ R y20 2
canbef 60 St f SR a4 kKD

However, as previously remarked, the most common extension of the-§peglot for composites

Aa G2 LX20 RFIkKkRb @a kD® /2YY2yfé dzaSR OSNRARAAZ2YyaA
can be seen inlP)], [46], [109 among othersare shown in Equations6 and 217.

() .
22 s (2.16)
o0 0 YO

1182 g ad igo @17)

36



Here C and m are empirically determined parameters from the plot as per Equation 2.17.

One version of the Paris equation for composites yields a plot of the form shdwgure2.14.

D Gc\.'
1«(G/G .
daldN=A(G,,,,)8 HCu/Crmad)
1-(Grar/Go)

log da/dN

Paris Law:
da/dN=A(G,.,)®

log G,ax

Figure2.14: Paristype Plot for composites with G instead of K; adapted fr8h [

However, as detailed in the next section, composite materials present a unique set of challenges that
make the Paris Equation either unsuitable altogether or yields parameters that are unsuitable for use

in the prediction @ fatigue life or delamination growth rates.

It stands to reason here that thiimperfect adaptation of the Paris Law may be contributory towards

the anomalies and scatter seen in fatigue test results. This shortcoming has been pointed out by Rans

et alin [104], where the direct assumption of G and K having similar similitude behaviour can lead to
Fy2Ylft2dza NBadzZ Gad ¢ KS LIDR LIA.&E RDVIB iRASE podtediokt2 y A &
by Jones et al inlP5, and Pascoe et al id(§]. In [LO7], it was also observed that plotting fatigue
RSEFYAYFGAZ2Y 3ANRg UK 28desindtyyield raeaningfuF resyil®.lithisthyerefard & Y
recommended that moving forward, delamination growth in composites under fatigue be

OKI N} OGSNRAaSR a | FdzyOGdAz2y 2F kKD NI GKSNJ GKIYy K

HOMp ¢KS LYLRNIIFYOShaddh BF I GA3dzS GKNBaK2f Rz
Regardless of thapproachused to desigftertify airframes (no growth or slow growth), accurate
characterisation of crack/delamination growth is essential. If the no grepgiroach to thedamage

tolerant design of airframes is to be used, it must be ensured that crack/delamination growth does
notoccuratind SNWAOS €t 2FR aLISOGNI ® ¢KSNBETF2NEsx (GKS kY |y

in use must be kept below their respective fatigue threshpldsich can be mode dependent
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This necessitates that the threshold forack/delamination growth be determined with reasonable
accuracy. As pointed out in JS3W6 [/] and CMHL7-3GR2], for composites the variability observed

in material properties and in particular, fatigue tests is a problem that needs to be addressed. CMH
17-3G in particular notethat the variability observed in fatigue tesath for composites means it will

aFSFTwill need to lastourteen lifetimesfor the B-basis variable® give thesame level of confidence

asa test totwo lifetimes for metallic airframes.

However, as discussed id] [among others, there are now numerous instances wheseposite
airframesand composite repairs to airframes and metallic structulesigned using the no growth
model have experienced delaminatiaiigbondingunder operational flight loadi&boratory testing

As previously discussekis suggests that the threshold for the growth of delaminations from naturally

occurringmaterial defets is much lower than previously theorised.

LT GKS GKNBakKz2fRa TF2NJ iKSy2A0y NN fifmmTisbhoridlaizS RSt |
defects is much lower than the thresholdssociated witHonger delaminations, the the no growth

approach to air@aft certificationwill likely be unsuitable for composite airframes.

¢ KS (KNBaKaFT NG @k df fdzfl@mentat iviportance to the no growth model. If airframe

design is to be such that delaminations will not grow duringdrvice flight loadso comply with the

NEBIljdZA NSYSyida 2F W{{Dunnc3 G(GKS KKDkkY @I fdzSa Ydz
KKD FyRKk2NJ kY @FfdzSa& Ydzad y2i SEOSSRyclaskobthell KNB a K
airframe([7,8]. Using the minimum threshold from a given data set is not recommended as it may lead

to anomalously lover high design thresholds due to the data scatter. Fibre bridging effects may lead

to anomalously high measured fatigue thresholds if the retardation effects of fibre bridging are not

adequately accounted for.

2.16 Application of the Paris Equation to qoosites

Attempts to apply the Paris Equation, or similar equations, to composites are not new. In 1990 Murri
and Martin [L9] tried modelling delamination growth in composites as a function of G with a simple
Paris Law type equation. Even though the analysis was in Imperial units, the exponents obtained were
6 or geater. Khan 0§ also tried a similar approach on a differetitasetand the exponents

obtained were even larger.

Murri and Martin (1990) commente(d.9):
For composites, the exponents for relating propagation rate to strain energy release rate have been
shown to be high, especially in Mode I. With large exponents, smallttaimtiess in the applied loads

will lead to large uncertainties (at least one order of magnitude) in the predicted delamination growth
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rate. This makes the derived power law relationships unsuitable for design purposes. Hence, for
composite materials morengphasis must be placed on the strain energy release rate threshold.
Therefore, it is important to ensure that the threshold value obtained corresponds to no delamination

growth in the structure.

Another example is shown Figure2.15, adapted from 92], where weseean exponent of 115

1.E-04
A4 4 nq p Sourcel J
" ~  MBT method: »
1e0s |12 T Giue3Ps/(2B(a+lA)) v
23 1.5 016
1.7 o018
1e08 | 09 L1 '
da/dN, X111 x1_12
in/cycle 113 X114

1.E-07 | 7‘11_15 '1_16
117 ©1._18

119 2120
1E-08 o121 o1 2 :
1.3 da/dN = 0.001G,., ' ¢°
1.E-09 - - .
0.1 1.0

G\ iN-Ib/iN2

Figure2.15: An example of a Paris Plot for composites showing high exponents, adapte®Zom [

It is therefore clear thatas explained by MurrilP,92], Parislaw type characterisations of
delamination growth in composites are unsuitable for used&termining the service life of
composites. The large exponents mean any uncertainties in the data or measurements will lead to
uncertainties or errors at least an order of magnitude greater in the predicted delamination growth

rates.

It has also been obseed in the ESIS TC4 round robin te$69] for a range of composites (AS4/Peek,
IM7/977-2 and G3600/5276) thatthe exponents for simple Partgpe plots of da/dNvs Gnaxyield

exponents of 10 or more (illustrated kigure2.16).

It is therefore evident that when da/dN is plotted against.n a Parigype plot, the exponent b

the power law relationship between da/dN andh£is large enough to increase any uncertainties in
the experimental data by an order afagnitudeor more. This means that the approach should not

be used for any predictive purposes. This unfortunate situation is consistent across different types of

composites, and tests performed at different laboratories.
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Visual data
1 |Material A

Visual data

1 |Material B

Laboratory

Figure2.16: Slopes of Pariype plots for (a) G300/5276 and (b) AS4/PEEK from ESIS TCHotmartdsts, adapted from []

As such the Pariequationappears to be unsuitable for predictive usage in composite delaminations
and fatigue life. The slo growth model has noas yetbeen usedo design operationatomposite

airframes A detailed discussion on this can be foundLi()].

The points raised in this @pter, when taken together withthe increasing use of composites in
modern airframes (e.g. Boeing 787, Airbus A350, Boeingdafitl 9 seriesmeansthat there is now
increasing need for a mathematical model that can be usedof@redict delaminationgrowth, and
alsofor improved methods for determining the-Basis values for the fatigue thresholds that are
required by JSSG2006.

In this context it should be noted that Section 3.2.19.1 in the US Joint Services Structural Guidelines

JSSG2006 states: The allowable structural properties shall include all applicable statistical variability,
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and that "% R Saflolvablés shall be used the design of all critical parts (see definitions 6.1.23
through 6.1.23.4]7] Indeed, MILSTB1530D[8] &4 (i I 1 Sa X G¢KS o0dAf RAY3
include sufficient testing to characterize the effects of material, processing, and manufaéturing

the best of the authors knowledge theaHman-Schijve crack growth equatio9,107,111-113 is
currentlythe only formulation that has been used to determine the variability and the agtext A

and B basis curves.

2.17 Variability and data scatter in composites in the threshold region

JSS&006 and CMH.7-3G highlight the need to account for the variability in fatigneeformance of
compositestructures. This variability is a feature of the data presented by Murrili®46,92], and
Stelzer et al in]09], where we see that the da/dN vs G curves for composites often show substantial
variability, particularly in the threshold regiofinalyses performeds part of this thesibaverevealed

that, depending on the test protocdlhe thresholdd | f dzS Zan®&Fy bk @b order of magnitude.

Figure2.17 shown below which is taken fromJ2], isa sample of part of the data analysed as part of
this thess. (This particular figure has not been converted from Imperial to Sl Jiltitsan be clearly
20aSNWSR (KIFG GKS kD @khibilzBaigedegfeedd scSter.(t KanBlsobe f R
observed that the exponent of the Patige relationshipbetween delamination growth rate da/dN
YR kD Aa 3INBFISNI GKIYy wmno

1.E-04
211 212 Source 1
A1 3 ‘14 MBT method:
| T g =3P8/(2B(a+|A])
1 E'05 & 1_5 0 1_6 Imax |
1.7 ©1.8
1g06 [ -2 110
da/dN, 11 %112
in/cycle 113 <114
1E-07 | *1.15 +1.16
117 =1_18
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1E-08 I o991 o122
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Figure2.17: A Paris Plot for IM7/8552 showing substantial variability in the threshold region; adaptedd2pm [
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Similar results have been observed from multiple tests in other laboratoded on different

composite materiabystems This is illustrateih figure belowwhich is taken from an analysis of the
ESIS TC4 roumdbin study into delamination growtllp9. HSNB G KS GKNBX&aK2ft R NB3IA;

can be sem to vary by arelativelylarge margin. The exponent of the Pagipe characterisation for

this data set is als@enerally)greater than 5This ledStelzer et a]109] to state:dThe interlaboratory

scatter of the raw data is significant (amounting to more than two decades in delamination

propagation da/dN for a given value of+&0 .€This is conclusios aptly illustrated ifFigure2.18.

10"
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G [
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Figure2.18: Paris Plot from ESIS TC4 round robin tests for 2 materials. Botlsighdigant variability in the threshold

region [LO9

It was also noted, ifil09], that small variations in measured load during testing can result ie larg

amount of data scatter when a complianrbased approach is used to calculate G.

This poses a unigue challenge for amgthematicaimodel that is proposed fopredict the growth of

delaminatiors in composite structures, vizt inust be able to account fothe relatively large

exponentsseenintheR I k R Db

Ja

kD NBfFGA2yaKALI thisyeRtiohshig 2 | 002

Any predictive model that fails to account for this data scatter will not be robust enough for use in the

determination of thefatigue life of composite structuredn this contextStelzer et al 09 also

commented about the relevancy of a Pagpe characterisation of da/dN vs G, Wziméy hence be

j dzSadA2ySR 6KSUKSNI GKS f

GGSNI RFGI

oy

o]

S

dza SR

The difficulty of determining a singular threshold from the Paris Law type plots indicates that it can be

difficult to comply with either of the tw allowable design philosophieliscussed abowe ¢ K S

42

Gy 2

A



INRPgGKE RSAATY LIKAf2a2LIKeE NBIdZANBa (GKS RSGOGSN¥YAY
growth, where composites show significant scatter. (This topic will be discussed in more detail in the
next section.) The slow growth model needs determination of a threshottlaccounting for the

significant observed data scatter.

A study into airframe lifing was also carried out by Sivakuldris] for the FAA. While several methods
of studying and categorising the data scatter have been ttieid,study does not explicitly look at

minimisation of the scatter associated with composites under fatigue loaditfg. [

2.18 The fatigue threshold manifold and the need for matial testing

Jones et all14] explained that, & be consistent with CM73G 2], JISSG 200&][and MILSTD
1530D 8], the fatigue thresholds should be established with sufficient margins to ensure that damage
growth due to repeated loads will not occur. However, the rsakial nature of iflight loads raises

a few key questions that need teeladdressed for airframe design criteria to be defined in a robust
and conservative manneiThe need to account for the wfti-axial load statesassociated with
delaminationdamage in service aircrafinder operationalflight loads has also been pointed aut
[38-40]

Jones et al in1[14] postulated that the fatigue threshold for composites in multiaxial loading is a

O2 YLX SE ¢hat wilh e & Suniction of the interaction of the thresholdoaly each axis (load
Y2RSO® ¢KS @FINAFoAfAGE Ay (GKS FFdA3dzS GKNBakKz2ftR
thicknessFigure2.19, adapted from 114, represents this graphically:

AV Gy
A

AV Gy

y
e /-,

Figure2.19: Schematic representation of the fatigue threshold manifold (tblekl), from 114).
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Unfortunately, &boratory testing for composite specimens has been generally uniaxidbjifis[]
[109], for example. If flight loads are indeed multiaxial (and hence the loading mixelt), it need
to be considered whether uniaxial (singteode) tests can be adequately used to determine fatigue
thresholds and characterise/account for the associated variability in a-aitil (mixeemode) load

states representative of flight load spectra.

Similarly, it needs to be considered how/whether uniaxial (single mode) tests can be used to
adequately determine and account for the variability and data scatter observed in fatigue
crack/delamination growth rates in multixial (mixed mode) load statebdt represent flight load

spectra.

As scatter in singtenode tests has been observed to be high, malial tests will carry over the
scatter. The variability in delamination growth rates and thresholds can be due to the inherent
variability and scatteexhibited by composites under fatigue, in addition to contributory factors such

as fibre bridging as discussed in preceding sections.
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2.19 Alternative approaches to characterisation of delamination growth (Internal

Energy/Energy Balance approach)

Note: some of the literature cited for this section use the syohtmtepresent displacement. However,

to prevent confusion and ensure consistency with previous sections, displacement measured at load
point will be referred to as. This thesis will coimue to used as a term for change (e.g. da/dN for
crack growth per cycle) andas a term for displacement. It should also be noted here that CDand

are also separate terms, representing parameters of certain crack growth models such as the Hartman

Schiye Equation.

It has recently been proposel16-124] that for tests under cyclic loads the crack growdte (da/dN)
can be related to the terms (d./dN) and/or to (dUyddN) which were defined as per Equationd .
and 219

(2.18)

1
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N O
C
=
=

5 (2.19)
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Here Rexand Rint NB G KS YIFEAYdzZY YR YAYAYdzY aF Viedge 2F (K
GKS YFEAYdzY YR YAYAYdzY RA & L¥islth® &isplacgniedt (abthedoadi K S £ 2

point) at zero load.

Yao et al in]23 provided agraphical representation of this relationship. Note that the original figure
as given in the paper usdse termd to representthe displacement. This has been replaced by

maintain consistency with the nomenclature used in this thesis.

The term W represents the energy applied during the load cycle. Some of the energy will be
consumed by crack growthnd somewill be associated in other irreversible processeseFigure

2.20.
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o= Y +U

mono cyc

Figure2.20: Methodology for calculating 4 as shown in123]

However, thesestudiesassume a linear material response between the two load limits. The authors
stated that this could lead to erroneous measurements dependent on tragi®but concludedthat
this error can be estimated and correctelihe authors also stated thdhe error due to assumption

of material linearityis likely to beoverestimated

A key difference between the tests analysedii6-124] and most other researchers is that these
tests were performed under strain control. This causefet energy dissipation to decrease as
delamination length increase3he reduction in kJc with accumulated cycles given ih23 for one

such test is shown iRigure2.21:
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Figure2.21: Uycvs N for forcecontrolled tests, from123]

Forcecontrolled tests results in the energy dissipation increasing with increasing with the number of

cycles.
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The quantities dkJddN anddUr./dN are calculatedrom apolynomialfit to the U vs N curvetigure
2.22below illustrates the curve specifically fogs¥s N.The authors recommend a power law fit for

U vs N.

U=aN’
Pmax U ﬁ:ﬂh:\{”h”
P
min _ _ - Uwc
_ Umunu
d

Figure2.22: Derivation of digyddN from Ugyefrom [124]

Reference[123 presented the data sets shown it42-124] plotted as functions of di}/dN and
dU«/dN , seeFigure2.23. This Figure reveals that the data scatter in the plot of da/dN vg/dN is

greatly reduced compared to the standard Parig¢ LIS LJ 2(a dziAf A&dAy3 SAGKSNI

10t
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Figure2.23: da/dN vs di,ddN and di/dN for the same testszrom [L23]

A e s oA x

CKS | dziK2NR adz0aSljdzSydf e RS Mhiah ey plottedia@eNNERID G S R
[123. The G* quantity is a measure of the strain energy release rate corrected for plastic deformation

of the material during cyclioads as shown in Equation 22
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(2.20)

The term"0  is the G* term with a corrector term used to adjust theydkerm for the

over/underestimation due to assumption of elastic material behavidtis is showin Figure2.24.
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Figure2.24: A Paristype plot of da/dN vs G*; G« is the value of G corrected for plastic deformation. Scatter in the
threshold regioris still significant. FromLp3]

Unfortunately, he plot of da/dN vs G still exhibits scatter in the threshold regioNevertheless,

Figure 2.23 and Figure 2.25 suggest thatrelating dUs,JdN or (dUr/dN) to da/dN may be
advantageousin this context Yaoetalp28 Of 2aSR gAGK (GKS O2vYeide¢y 0 alL i
to investigate and establish a fatigue delamination prediction model based on the correct principle of
SYySNBeé olflyOS IyR dzaAy3a SySNHE |a (G4KS RNAGAyY3
However, as discussed in the following sectiahg, assumption that material response is linear

through the entire load range may be problematic.

As such, this approach may be useful in characterisation of delaminations that nucleate and grow from

naturally occurring suimm material defects and will bieavestigated further in this thesis.
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Figure2.25: Plotting da/dN vs diJx R b

2.20 Alternative approaches

(Normalisation okG and/orkK)

As noted inCMH17-3G[22] another possible approach for characterisation of delamination growth

to characterisation of

NI} §KSNJ 0KIFyYy &k DFdm]29 Ra

delamination

YdzOK f Saa a

growth

isto express da/dN as a function dfd ratio of G/Ginstead of G. Thiapproachhas beerexamined

by numerous researehs, secAllegri et al 3] and Jones et allL3]. An example of such a plis given

in Figure2.26 g K S NB

iKS

i SNY

NBLINB&aSyila

GKS Y2RS YAEAI

Mode Il loading, for more details seé3. Data scatter and exponents for such a modelre not

explicitly studied in43]. However, a digitised version of this plot can be used to study that. The plots
for IM6/6736 and T300/3100 fromif] are digitised irFigure2.27. In this approach the &alue has

to be experimentally determined for each batch of specimei@l,92], and cannot be treated as a

material constant.
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Figure2.27: NonrdimensionalisedParis Plot for IM6 and T300; exponents and scatter are both still high. The figure is a
digitised adaptation of a plot from4p]
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A similar apppach was applied irfLR7] to TBO0OH/363under Mode Il loadingPlots of da/dN against
G/Gyield good agreement with their predicted counterparts. However, there is no investigation into
scatter. The exponents are also large (close to 7 for some specimens). Moreover, determining G in
Mode Il can be difficult as pointed out i3 and B4]. This shows that normalisation can potentially

account for Ratio effects in &tigue tests.

It is evident from these plots that the scaling of the G values:lop@ot yield a significant insight into
prediction of delamination growthlt should also be noted that i3,127] the sample sizewere

relatively small and the issue of data scatteas not addressed

Another possible approach for scaling Baype plots has been proposed by Schdnbauer et dI26][

While studying the propagation of short cracks in turbine blades from corrésdhrced pits, it was
found that normalising the Pari$ & LIS LJ 24 2 F RiaxuBeiul idrdmowinge shért Kk Y
crack anomalyThe fatigue crack propagation investigated in the paper is reproduced beleigtire

2.28.
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Figure2.28:Cl G A 3dz8 ONJ O1 3INBSUGK Ga Y TF2NJ muz [ NI dzND Ay

It can be observed that the cracks emanating from pits show much higher growth rates than a long
ONJ O1 F2NJ GKS alyYS @glftdsSa 2F kYd ¢KAAa Aa O2yarad
[71,74]. As the fatigue threshold has to be empiricalétermined for each curve, the normalisation

or scaling factor is different for each curve.

IfthevalueokY F2NJ SI OK ONJ O1 A &unnyeashdvdifol thepp&tRwWadpdciméhR o0& U

then short crack effectsvas greatly reducedseeFigure2.29.
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It is therefore evident that normalising a Patype plot with the fatigue thresholdk: or Gn rather
than thefracture toughness: or G may be more useful in accounting for the sharak effect.This

approachwill be investigated in this thesisingdata sets from NASA and ESIStiapter 4

2.21 The Hartmaischijve Equation
As previously discussed, the Pa&igj dzI G A2y Qa dziAfAGe Aa fAYAGSR G2
2.20. To address this shortcomingorman 129 extended the Paris Equation to account for K
approaching the fracture toughness &f the material, as per Equation2:

Qw 6 Yo

— — - (2.21)
Qu p Yu Yu

Hartmann and Schijvel7] further modified this redtion to the form where— is a function of the
RAFFSNBYOS 060SiG6SSY pnY wofdRmaierdalS Schwalbddd dxbsequéntyS a K 2 £ R
proposed that the crack driving force @ok the form shown irEquation2.22:

w W0 Qb
W — (2.22)
U
P 5

(0]

The led Jone2{)] to express the following expression for the crack growth as per Equa@an 2.
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26 4070 (2.23)
QU *

Here D and A are material constanis) A& (GKS FFGA3IdzS GKNBaAK2f RX h
Y2ad OFrasSa h KA. I GFfdzS | NPdzyR H®

HOuMm! ¢KS NBfIl ik ¥RAKNLI 0S06SSYy kY
The Hartnan-Schijve variant of the Nasgro equation used in thissistakes the form shown in

Equation 2.2:
" (2.24)

It is important to note that the ternY0  differs from the quantityp0 which corresponds to the
value of Y associated with arackidelamination growth rateda/dN, of 10%° m/cycle. The use of
w0 in  Equation 2.23s inappropriate. Since, &) =Y0 then Equation 2.23vould return a
value d da/dNthat is zero instead of the required valued#/dN = 10 m/cycle. Therefore, the term
w0 is introduced to ensure that a0 =0  the value ofda/dNis equal to 18° m/cycle. Hence,
the values ot  andwO arerelated by Equation (25), viz:

p T ’O:‘?f):yo'l’IJ & U

L) ) ]
u P 5 U

To illustrate the magnitude of the difference, which is generally very small, let us consider the case of
crack growth in 70507 7451. In this instance D = 7 x4, = 2 s0 that difference betweei Knr and
kknisn ®oy at | quiteyshall. AN@@riheless, from a mathematical and an engineering
perspective, it is better to usieki, rather thank Ky, in Equation 2.24), otherwise unnecessary errors

can be introduced at low crack growth rates.

Jones et al in their 2012 stud2(] showed that for crack growth in metals, the Hartra8ohijve
Equation can moddhe growth of both long and short cracks quite well, with the exponenin
Equation (2.24) often being approximatel®. Figure2.30 and Figure2.31 revealthat, unlike when
da/dN is expressed as a function fY\vEhen da/dN is plotted against the Schwalbe similitude
parameterw CQthe anomalous the "shortrack" effect vanishes. As sueh@ould appear to be a

valid similitude parametefThis phenomenois also shown in20,80,131-132 .
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It should be noted here thab '@ the Schwalbe Similitude Paramater as per Equation 2.22. it is not

the same a&Kwhich represents the stress intensity factor K scaled Hy)(1
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Figure2.31 HartmannSchijvePlot for 7050T7451 from 20]
It would thus appear that for a range of materials, the HartrSahijve equation and/or its variants
can model both shid and long crack growttwith the value of the exponentin Equation(2.23) being
approximately2. Since a similitude parameter is essential expressing da/dN as a functif@rather
than YKwould appear to be more appropriate
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This conjecture, i.e. that'Qis a more appropriate similitude parameter, is reinforced by mieent

finding[21] thateveniflol ONJ O1a AY I RKSaAOSa Klubrgiokttt &I YS
rates (da/dN) can differ. Hence, for crackingqadhesives thexpressions for the crack driving force

used in the Paris and other related crack growth equations are not valid sirailfiachmeters. In

contrast, P1] revealed that for cracking in adhesivezsQappears to be a valid similitude parameter.

As such the suitability of thélartmanSchijve Equation, also referred to as thkS Equationo

composites is one of the key questions that will be explored in this thesis.
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2.22 Mode Il specimens under axial loading configuration

The ENF (end notchdlexure) test specimen is most probably the configuration most commonly used
to measure Mode Il delamination growth. These tests, similar to the DCB tests used for Mode I, use
specimens with preracks, or prenduced delaminations, that are induced fncartificial insets that

are built in to the specimens during the layup/cure process. The MMB test configuration described by
Reeder et al39] is a variant of thigest, with a movable load lever added to the test rig so as to

examine mixed mode delamination growth.

Using specimens with preracks precludes these specimens from being representative of natural
delaminations, that can arise as a result of either thenofacturing process or handling, that nucleate
and subsequently grow from subm material defects. In this context it should be noted that the
double overlap fatigue test specimen geometry developed by Bdiad] fo study the durability of
bonded repairs to cracked metallic airframes has proven to result in the nucleation and growth of
naturally occurring cracking in adhesives. A schematic diagrantypical DOB (Double Overlap
Fatiguespecimenis shownin Figure2.32. Thisis an illustration based on studies of literature such as
[133 and is not directly sourced from literature. The upper and lower adherends are bonded to each

other.

Upper Adherend
2F «— Lower Adherend .

Upper Adherend

Lower Adherend —» 2F

Figure2.32: Indicative (not to scale) representation of DOF specimen geometry. Original graphic by author.

As previously mentioned this specimen geometry was developed to ghalydurability ofthe

adhesive bonded associated withonded composite repairs tocracked metallic airframes.
Consequently, the specimen consists of two outer composite doublers bonded to an inner metallic
adherend. The symmetric double overlap joint configuration was chosen so as to best sithalate

central regon ofabondedrepair to a cracked metallic skin, see [1P30] for more details. As shown
inFigure2.320 KS aLISOAYSyYy O2y il Aya | OSigtd dhukate dicBkkldg ® ¢ KS
the metallic airframe. When subjected to fatigue loadiedond €rack nucleates at point A in Figure

2.44 and then, provided the surface treatment is adequate, initially grows in the adhesive in a cohesive
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fashion. The largeaviability in the associated cohesive crack growth rates associated with the growth

of naturally occurring cracks in bonded composite repairs to cracked metallic structures is illustrated
in Figure2.33.

Stress field in the adhesive and the adherends associated with such double overlap bonded joints is
discussed in1[34-139.
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Figure2.33: Crack growth history with natally debonded composite repairs, fror8f]

The ability of DOFs specimens to generate naturally occurring cohesive cracks suggestmligat
loaded CCP (cut central ply) specimess studied in 140-145], which are a variant of the DOFS
specimens may also be useful in studying he nucleation and growth of delaminations in composite

specimens. Such specimens are laid up with some of the central plies in the layup beingfigysee
2.34.
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delaminations in these specimens should nucleate am$eguently propagate from the cut ply site.
It is anticipated that the absence of poeacks in these specimens should first lead to failure of the
resin that bridges the discontinuity in the plies, and that this would be followed by delamination
growth dong the interlaminar interface between the continuous and discontinuous [d#g143. If
this hypothesis was true it would enable the study of the growth of naturally occurring damage in

composites. (At the moment there is minimal data on such naturally occurring damage.)

Petrossian and Wisnonml40] derived a closed form solution for the energy release rate G for
delaminations that grew at the interface between the continuous and discontinuous plies. The
tendency for delaminations to gvoalong laminar interfaces is also mentioned, as most composites
have much higher strength in the fibre direction as compared to transversal andlanténar
strength. This work specifically focused on tapered laminates. A schematic of such laminatesis s

in the Figure2.35 below.

Regions of High

Interlaminar Stresses
Continvous Plies
; I
/ SN (=
/ / Continyous Plies ~
Dropped Plics

Figure2.35: A DOFS specimen with "dropped" plies, frad0]

Wisnom et al 14]] also tested similar specimens, in various configurations, and attempted to derive
closed form solutions for delamination growth. Fatigue tests were not examingl4if]. It was

observed thatin all specimenglelaminations grew from the ply cut sites.

Allegri et al 127] derived an empirical relationship between the delamination growth rate da/dN and

energy release rate G for such specimens. This madesome key progress towards characterisation

58



of delamination growth in such specimen&nfortunately, the compleity of the possible
permutations of delamination growth meant that similitude and symmetry needed to be assumed.

The configuration tested irLR7] is shown irFigure2.36:

*
p = -
e :,- ------------- E -------- s ———
e
- L »

Figure2.36: Specimen configuration as tested I2f]. Note symmetric growth and midplane symmetry.

It is noteworthy here thain [127][140] delaminationgrowth was assumed to be symmetric. It was
also assumed that the placement of the extensometer was exactly symmetrical about the cut plies.

However, optical measurements revedlthat delamination growth was not entirely symmetrical.

To this endChapter 5in this thesisstudiesthe potential for asymmetric growthin DOF8CCP
specimensThis studyndicatesthe potential for asymmetry inrgwth of delaminations. An example

is shown irFigure2.37, from [127], where we see that there can be significant asymmetry.

(b) 2.80 mm

Figure2.37: Asymmetry of delamination growth in DOFS specirfrem [127)
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The equation derived for G for such specimens by Allegri et &2, viz:

o 2 (2.26)
T0 Oop W

is independent of the delamination length. Here P is the applied load, B is the specimen width, E is the
. 2dzy3Qa az2RdzZ dzax ( A a tidnkoScutipliest® fotgl Pl@si Sihcyg r small A a
delamination lengths the value of G should asymptote to zero as the length of the delamination goes
to zero it is clear that Equation B2loes not hold for small delaminations. Indeetl27] stated that

the minimum delamination length for this relationship to be valid should be around 8 times the
thickness of the individual plies that are clor a typical layup of3D0/970 with a nominal ply
thickness of 0.2mm, this would indicate Equation62x@uld need a minimum delamination length of
around 1.6mm to be validThis indicates that Equation 2.26 is not suitable forsub delaminations

that nucleate and grow fromaturally occurring material defects.

The delamination length in the experiments it?}] was calculated using the localised Modulus
between the extensometer arms. Tleguation derived for calculation of the delamination length is

given below in Equation 27.

» 000
o 0 P @ D99 , 2.27)
W U
GKSNBE sfF Aa I YSIFadaNBE FT2NI 20t AaSR aGAFTFFySaa

As this approach assumes thelationship between a and G to be independent, the only change to

delamination growth should be from the applied load if the specimen geometry is also held constant.

From the literature reviewed on these specimens, particulatl®7], [140],[141] and [143 the
assumption of delamination growth being symmetrical and independent of G is used to enable a
closed form solution. There is also no convenient mechanism to establish fatigue thresholds or onset

criteria.

Other approaches have been used to model thdstaminations 142-144). It has been suggested
[142] that the finite element analysis of this class of problems using of cohesive elements is not

particularly accurate. More background into these specimens can also be foutdBjn [
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2.23Material non-linearity and Hysteretic Energy Dissipation by carbpoxy
composites under fatigue

Numerous studies have established that when subjected to fatigue loads capmy composites
can exhibit extensive material non linearity, particularly when loaded in theva$f direction 142

155]. An example obne such nonrlinear response is illustrated ia42] wherea composite specimen

is loaded under shear strain, reproduced-igure2.38:
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Figure2.38: Nontlinearity under fatigue in a composite specimen, as showb4d |

Extensive irelastic behaviour was observed and highlighied147], [151] and [L54]. Furthermore,
[144] reported that the irelastic response of double carbon lap joints was highly dependent on the

loading rate. This observation has been seen in both single and double lapiéifitspeFigure2.39.

Double Lap Joint (Carbon)

—O— 200KN/s
—A— 10 KN/s
—0—0.1 KN/s
——0.01 KN/&

Displacement (mm)

Figure2.39: Load rate dependencyf oomposites as shown ihg1]
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Other experimental examples of material nbnearity in composites are given ih46] and [L5Q]. In
particular, L5Q provides an extensive analysis of nonlinear behaviour composites. It can be observed
from the study that composites exhibit both extensiveelastic behaviour and load rate dependency,
seeFigure2.40 andFigure2.41. Similar results were presented by Zhu et allif?], seeFigure2.42.

In this context it should be noted that Mast et 454] also highlighted the importance of energy
dissipation, that arises as a result of theallastic response of composites, in the failure of composite
structures. It is therefore evident that matial nonlinearity may becomenamportant consideration

both in designand in assessing the durability of composite airfrarfessuch istands to reason that

the nonlinear response of composites under fatigue loading should also be investigatedit€his la
statement is supported by the extensive experimental study presented in [h2@&reit was shown
GKFd GKSNB ¢l a SEGSyaardsS SySNHe& RAA&AALI GAZ2Y | &44&:

Chapter 4 examines the relationship between energgigiation damage growth in CCP specimens.

100 - [
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T T v T . r
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Shear Strain
stress—shear strain behaviour of carbon fibre—epoxy resin system AS4/3501-6 at variou

Figure2.40: Load rate dependency of double bonded lap joints, frsg][
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Figure2.41: Load rate dependency and néinearity as shown inl49
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Figure2.42: Load rate dependency of AS4/PEEK frBg][
It is anticipated that a complex combination of delamination growth, fibre bridgings fibeakage,
and inelastic behaviour of the matrix materials may occur in composite specimens under fatigue
loading.¢ 2 GKS | dzi K2 NRa | Yy 2ng dtudies B&umining k& dodbbingdlefiets 6 SSy
date.
To avoid confusion it shoulilsobe noted that the definition of the energy dissipated per cycle during
fatigue that is adopted inlR2-124] assumes that the materials response is elastic. As such the terms

dU.,/dN and duh/dN used to relate crack growth with what22-124] term the dissipated energy

per cycle are calculated assuming a linear elastic material response. Moreover, the definitidiicof cyc
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energy in these papers is based solely on the energy applied during the load part of thanload

cycle, not the complete cycle.

2.24 Summary and key points from literature review
The following key points can be summarised from this literatureexeyvi

0 As outlined in the US Joint Services Structural Guidelines JSSGROGHe must be no
yielding at 115% design limit load. (Design limit load equals the maximum load seen in
operational service.) The US Air Force airworthiness certification standar® NHL530D
[8] states that there must be no yielding at 100% design limit load.

0 CMH17-3G notes that due to the extensive material property variability in composites, it
would take FSFTs to fourteen lifetimes for composites to ass@weadime level of safety as
metal airframes.

0 Both CMHL7-3G [22] and JSS@G006 note that extensive variability is observed in
composites. The variability occurs in maa properties due to factors such as
manufacturing imperfections, handling and transport damage etc. Significant variability is
also observed in fatigue testing results of composites.

0 To be consistent with CMH73G, JSSG 2006 and #8ILB1530D, the fatige thresholds
should be established with sufficient margins to ensure that damage growth due to repeated
loads will not occur.

O ¢KS Gatz2¢ INRGGKE RSAEA IAC2HAZR[AGHOF cviKaircralft &nd 2 dzii £ A Y
JSS&006 for military aircraft, can be used for the design and certification of both bonded
and composite airframes.

0 In this context it is important to note that JSSG2006 recommends usiBgsia degin
allowable for structures which if they fail would compromise the airworthiness of the
airframe.

0 Despite the importance of similitude in the DADT assessment of aircraft structures the range
2F GKS adGNBaa AyidSyaaride FIFOU2N Ay [RY.IAQGSy Oe

O NoANR UK RS&A3Iya &aK2dxd R 0SS ol &S@rnet®andR G KS
N & for composite and bonded structures.

O Short(subY YO ONJI O1& Ay YSGFfa NP 26aSNBSR (2 3N
ONJ O01a® b2 3AINRPYgOIK RSEAAIYE Ygzashocidted @ithdhodi F 2 NJ
crack to be significantly lower than those associated with long cracks.

0 Whilstit is unclear if a shortrackphenomenon holdfor naturally occuring delaminations

in composites, the fatigue threshold associated with small sub mm cracks in aircraft
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structural adhesives has been shown to be very low. This suggests that compolisdsowi

see a short crack behaviaurhis point needs further investigation.

Composites are not a homogeneous isotropic material.

¢tKS aidNBaa GALI FASEIR G GKS GALI 2F | ONJX O]
G[16]. Thereforeda/dN in composites should be expressed as a functiagkoD | yidr K D
instead ofglG and Ghax .

The HartmarSchijve Equation, which characterises crack growth as a functior fo#
Schwalbe parametans, canrepresent the growth of both short and long cracks in metals
and the growth of both short and long (cohesive) cracks in adhesively bonded joints.
Forcrack growth y Y SOl f & (0 KS ¢ in el BadtrkaScHive thiesdard ignat
GKS &l YS | & d BefinedkbMBSTKMSnil&ly, fordohesive crack growth in

I RKSaA@Sa IyR RSt YAYIFGA2Yy 3TN &inte Hasima© 2 Y LI2 & A
{ OKA2@S SljdzZ GA2y A& 20 GKS arysS Fa (GKS G§SNY

Delaminatiorgrowth hasbeen observed in both civil and military air frames under flight load
spectra.

Mode mixity is a potential contributor to the uncertainty and data scatter in composites
during fatigue tests.

Fatigue testing of Mode | DCB specimens also shows significant retardation of crack growth
in some specimens to varying degrees due to fibre briddgitoyvever, there are instances
where the growth of lead delaminations/damage, i.e. thedéasggrowing damage states, do

not show signs of retardation

Induced impact damage on lab specimens to start delaminations shows no clear pattern, with
some specimens undergoing retardation and some not

Experimental data on delamination growth suggesiat lead cracks (the fastest growing
delaminations) can grow at exponential rates with almost no retardation.

Thesefindings suggests that designs should be based on the growth of such lead crack, i.e.
should assume minimal fibre bridging.

The fatigue thresholds used in no growth designs should account for the large scatter seen
in delamination and should account for the falsat the fatigue surface is a complex manifold
(thick shell) in Mode I, Mode Il and Mode 11l space rather than a simple 2 dimensional (thin)
surface.

Attempts to characterise composites using a direct relationship between delamination
growth rate da/dN anGrax2 NJ N KD @A St R OdzNBBSa 6A 0K GSNE

problem of increasing the order of magnitude of uncertainties.
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The HartmarSchijve equation when applied to delamination growth enables then8l B

basis curves required in JISSG2006 to be easily determined.

Composite materials can exiiti significant material nofinearity during fatigue loading.
Specimens with cut central plies (C@Ry have thepotential to be used to study the
nucleation and growth of delaminations in composites.

The current formulations developed for CCP specinaeaf limited use when studying the
nucleation and growth of delaminations in composites.

There is little work on if the short crack effect also applies to delaminations in composite
specimens.

There is little work on fibre bridging effects in CCP spens.
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2.25Thesis Research Godkegearch Questions/Problems Identified from Literature
Reviewy
This project aims to quantify and provide a method for the prediction of delamination growth in

composites. This is essential to enable slow growth desigipliant with FAA AC 2007B and CMH
17G. Here it should be noted that FAA AC1Q@B and CMH7G requires the growth of flaws to be

"slow, stable and predictable".

Whilst there are instances where the 1goowth design philosophy has been found to be iequiate
due to delaminations were found to grow during operational usage, the scatter exhibited by the data
in [29,30,81 and 99] presents a substantial challenge to predicting both a valid fatigue threshold and
delamination growth. To this effect, the growtof delaminations from small (sulbhm) naturally

occurring material defects will also be studied.

For Mode | DCB specimens, this research aims to:

~

0 Assess the ability of the Hartm&chijve Equation to model delamination growth in
composite structures

0 Assess the ability of the Hartm&thijve equation to account for the variability and scatter
seen in delamination tests ararbonfibre/epoxy composites

0 Assess the ability of the Hartm&chiye equation to account for the variability across
multiple labs.

0 Provide a systematic method of determining the material constants in the Hartchijve
equation.

0 Use the HartmasSchijve Equation to determine the fatigue thresholds and study their

magnituudes and variability

0 Assess ways to normalise a standard Paris plot for delamination growth so as to reduce
scatter
0 Assess the -Masis allowables calculated using the Hartr@ohijve Equation and

normalisation approaches

In relation to delaminations thatesult from small, naturally occurring material defects, this research
aims to:
0 Investigate the initiation and rates of propagation for naturally ingsdelaminations in

CCP/DOFS specimens.

O«

Investigate the relationship between cyclic applied strain ggeatl,/dN and delamination
growth rates for such specimens over a range of delamination lengths, ranging framnsub

to >10mm
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Investigate if material nofinearity, specifically hysteretienergydissipation, can be linked

to delamination growth.

Performan idealised calculation of the energy release rates and thresholds for delaminations
that nucleate and grow from naturally occurring material defects in specimens with no pre
fabricated delaminabns

Use CT -xay imaging to investigate characteristics of delaminations in DOFS specimens at the

end of the test program
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3. Mode | Delamination Growth Modelling

Please note: Unless otherwise stated, all values of G are ifd/nf R K @Q/m2) Y

This section examines approaches used to model and predict delamination growth in -egdaon
O2YLRaArAdSa Ay a2RS L f2FRAy3Id ¢KS RFGF gt a 200l
that was performed at the NASA Langley Research Center in 20P0388¢16,92], and from the ESIS

Round Robin testdp9], which was performed in multiple labs across in Europe.

The scatter in these various tests will be examined and the Hart8w@rijve Equation will be adapted
to account for this scatterTo this end the results will be analysed and compared against the

requirements identified in the researadimsas below:

~

0 Assessthe ability of the HartmarBchijve Equation to model delamination growth in
composite structures

0 Assess the ability of the Hartm&thijve equation to account for the variability and scatter
seen in delamination tests on carbon fibre/epoxy composites

0 Asseas the ability of the HartmaBchijve equation to account for the variability across
multiple labs.

0 Provide a systematic method of determining the material constants in the Hartchijve
equation.

0 Use the HartmasSchijve Equation to determine the fatiguhresholds and study their
magnitudes and variability

0 Detemine the Abasis allowables using the criteria from JS2BG/MIL-HDBK5 for

IM7/8552, IM7/97%3 and G3600/R626 under mode | loading
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3.1 Test protocols and data

The experiments analysed in this Chapter were performed in several different labs (NASA Langley for
the datasetsin [46] and P2], and across multiple labs for the EBI&aset[109]). These specimens

were tested under Mode | loadg. The specimens were configured as DCB (double cantilever beam)

plates andvere loaded under fatigue. An indicative test setsghownin Figure3.1 and Figure3.2.

(a) Isometric view
loading
block

(b) Side-view showing opening
displacement, &

f

Not to scale

Figure3.1: lllustration of test setup adapted fromg® b 2GS GKIF{i aKé Aa dzaSR FT2NJ aLISOAY

Figure3.2: Test setup showing spienen in test rig92]

The length of the delamination was measured optically, and the number of cycles accumulated at each

point was tabulated. Based on thmeethodology detailed for MCC and MBTSactions2.11.1Aand
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2.11.1B G values were calculated for each da/dN point. It is to be noted that NASA provided the data
in the formof da/dN values and corresponding G values calculated using both MCC arfargT
2013 dataset. The NASA 2011 dataset and ESIS dataset are MBT only.

D Gc\\'
1-+(G/G '
daldN=A(G,,,)® HCuw/Crmad)
1'(Gmaxl Gz:)D2

log da/dN

Paris Law:
da/dN=A(G,.,)®

log G, .

Figure3.3: A typical representation of the Paris Lasvcommonly applied to composites, frof6][
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3.2 Delamination Growth in IM7/8552 Specimens (NASA 2013 Dataset)

Two sets of specimen tests were reported 82)f Set 1 involved tests on 23 specimens and Set 2
involved tests on 16 specimens. Each set of specimens were from obtained a different source. The
material was IM7/8552 in a 12K tow, unidirectiondlcOnfiguration. The data for these tests was

published in 2.

3.2.1 NASA 2013 Dataset Source 1

Data associated with the Source specimens is showigime3.4 andFigure3.5. It is evident that the
standard Parigype power law characterisation does not work well with this data set. By this we mean
that scatter in the data is large and, as a result, there is mque relationship. Furthermore, the

exponents are generally greater than 10.

da/dN vs G,,, (NASA 2013 Source 1 MBT, IM7/8552)

1E-05

+X> O

) / & —
1E-06 y = 5E33x2.183

R2=10.9722

1 O X R

x>
PRRERRRRRERRRRRRRERRRERR R R
NNRNNRPRPREPRRPRRRPRPROONOTRWNR

1E-07

da/dN [m/cyc]

1E-08

1E-09

WNPRPOOVWO~NOUIRRWNEO

1E-10

50 Grax[I/MY 500

Figure3.4: Paris Plot for NASA 2013 Source 1 Specimens, MBT
It can also be observed that the data scatter on the G axis, phatig in the threshold region is almost
an order of magnitude. Even if a Paris law type of curve was suitable in an individual instance, the
scatter evident in the threshold region means that a simple pelaarcharacterisation in this instance

will not be particularly robust, as the parameters will be substantially different for each specimen.
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The same data set with G values calculated using the MCC approach isiskigume3.5 . It is again
evident that the exponent of the Paris equation is again greater than 10. It is interesting to note that
changing the methodology used to calculate the G values from MBT to MCC does not substantially
change the data. However, several curvedtstoticeably to the left or right, and the data set does

FLILISIEF NI 2 06S a2YSo6KIFG Y2NB O2YLI OG 2NJ 402 YLINB 4 a4 €

da/dN vs GLax (NASA 2013 Source 1 MCC, IM7/8552)
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Figure3.5: Paris Plot for NASA 2013 Source 1 Specimens, MCC

3.2.2 NASA 2013 Dataset Source 2

For the second set of data, sixteen specimens of IM7/8552 were tested. These were from a different
source to the set 1 specimens and had different properties when it came to delamination resistance
and fracture toughnessdThe delamination growth curvessociated with the source 2 specimens

are shown inFigure3.6 andFigure3.7. The Parigype trendline yields an exponent of more than 8.

This contrasts with exponents of more than 10 obtained for the Set 1 tests.
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Figure3.6: Paris Plot for NASA 2013 Source 2 Specimens, MBT

The curves obtained with the G values calculated using the MCC approach areFspove3.7. It is

observed that calculating G values using MCC instead of MBT again yields somewlainderesed

and compacted curvese. there is less visible scatter along the G.a&t@vever, the overall scatter is

not significantly affected. This is espegidfuie in the threshold region. In this instance the exponent

for the Paris Law trendline is greater than 9.
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da/dN vs G, (NASA 2013 Source 2 MCC, IM7/8552)
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Figure3.7: Paris Plot for NASA 2013 Source 2 Specimens, MCC
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3.3 NASA 2011 Dataset (IM7/93Y

Murri et al 6] also performed tests on IM7/973. Sixteen specimens were tested. However, only
data from ten specimens was available for analysisFigpare3.8. Here it can again be seen that there

is a large amount of data scatter in the threshold region. This particular data set is also provided in
[4€]. It should, howeer, be noted that the plot provided ilf] consists of all sixteen specimens and

is in Imperial units. In this Chapter the data points in the various plots havedmwerted to Sl units.

It should also be noted that iRigure3.8the G values were calculatedly using the MBT formulation.

da/dN vs G, for IM7/977-3 (NASA 2011) (Sl Units)
1.00E-05
¢ Specl
y = TE27)05557
100E'06 = [m] Specz R2 = 09914 ﬁii
A Spec3
1.00E-07 —
Ty Spec4
>
= X Specs
£ 1.00E-08
% ® Spec6
g
1.00E-09 — +Spec’
- Spec8
1.00E-10-+— Spec9
Specl0
1.00E-11
20.00 200.00
Gax[9/m?]

Figure3.8: IM7/977-3 experimental data from NASA 2011; ten specimens digitised and plotted. Original plot in Imperial
units given in46]

It istherefore evident that the problems of data scatter and variability, and large exponents associated
with traditional at I NA & (&LIS¢ NBLINBaASY(GlFdA2ya 2F RSEFYAYL |
material, lab or testing regime. These problems are geeat and occur with multiple composite

materials, tested in different labs and sourced from different manufacturing sources.

It should also be noted that extensive scatter and high exponents in the Paris Law equation have also
been observed in other stuels into delamination growth imther typescomposite materials, viz:
S2/5216 46] which is a glass fibre/epoxy composite. However, the primary focus in this ithesis

carbon/epoxy composites as they are much more widespread in aerospace structural applications.
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3.4 ESKH'C4 Round Robin Dataset

Stelzer et al109 also presented the results of a round robins study into Mode | fatigue delamination
propagation organized by Technical Committee 4 of the European Structural Integrity Society (ESIS).
The tess were performed on unidirectional GEDO/R5276 laminated:igure3.9 presents the scatter

seen in a suset of these tests. The entire data set was analysed as not all specimens yielded valid
data. It should also be noted that, as 0[], the identities of the various laboratories taking part in

the ESIS studyave been anonymised for privacy reasons.

da/dN vs G, for G30-500/R5276 (ESIS TC4 RR)
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Figure3.9: Paris Plot for G3600/R5276 from ESIS TC4 Round Rob@% [

If a simple Parigype characterisation is applied to this data set, the exponent is lower than the data
sets from NASA. However, the scatter in the threshold region is still substantial. This study spanned
multiple laboratories and therés additional uncertainty from the use of different equipment and
observations. An important observation is thatriability was observed in.@alues measured within

each laboratory as well as across different laborato@msequently, the effects of varying the value

of A (which is taken to be the same ag (@ the HartmarSchijve on the fit to the data will also be

investigated.
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3.5 GenerbdObservations from NASA 2013 and 2011, and ESIS TC4 experimental
Datasets

An interesting observation in the IM8552plots is that the curves appears to be more compact if the
MCC approach is used to calculate G. This is particularly true for Sospeeithens from the 2013
NASADataset where some curves shift noticeably to the left or right. This is explained by the MCC
method correcting for the thickness of the specimen when calculatin@X®7]. For specimens
substantially thicker or thinner than the average of the cohort, using MCC will mean a correction to

their Gvalues, and hence a shift of the curves.

The general shape of the curves associated with the NASA and the ESIS tests is quite similar i.e. they
are almost linear on the Iolpg plot of da/dN vs G. This shows that beyond the threshold region where
the delaminations start propagating, they may not have approached the rapid growth phase (i.e.

Region 111).

The variability in the various curves in the near threshold region makes it difficult to determine a valid

Gy2 3ANRgGKE T GA 3dzSlityca s dceoante® for using the HamMSahijive | NR& | 6 A
equation it may be possible to determine the Basis value of the fatigue threshold required by
JSSG2006.

The exponent of the Paris Equation associated with the ESIS TC4 data set is substantialhatower t
that associated with the various NASA studies. Nevertheless, it is still high enough to make the Paris
Law unsuitable as a predictive tool. The authors of the ESIS data set also observed that the values of
the fracture toughness ($also varied acrogdifferent specimens, and especially across the different
laboratories. Considering the variability in material properties of composites due to manufacturing,
handling and storage, this may not be unusual. If this variability can be accounted for using the
HartmanSchijve equation it may be possible to determine thebAsis value (of £ required by
JSSG2006.

With these observations in mind, the following problems need to be addressed by any model

proposed for predicting fatigue life of composites undergpdelamination growth:

0 If the model is to be a power or exponential model, the exponents should be small enough so
asto not increase the uncertainties in the measured data by an order of magnitude.
0 The scatter shown in the data must be able to be accounted for. An initial analysis of the plots

presented above shows that the scatter in G values can be up to an order of magnitude or

greater.
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To this end the next section will examine the ability of thartmanSchijve Equation to represent

delamination growth in these various tests.

3.6 Corrected version of the Paris Law type plot for NASA 2013 Dataset, Source 1

specimens (MBT)

As discussed iBection2.16, thelogical extension of the Paris Law to orthotropic materials is to plot

da/dN vskK Raxas per[16]. However, sources considered to date generally plot da/dNs This

is consistent in46],[92],[103 and L0V & ¢ 2 (KA & SYyRX GKS {2dz2NDS
calculations (fronFigure3.40 ¢ & NBLX 2G04 SR adzOK GKIFG RlTRD
is gven inFigure3.10.
da/dN vsKG,,,, (NASA 2013 Source 1 MBT, IM7/8552)
1E-05
011 Al12 %13
1E-06 y = 5B / +14 -15 ®16
R2=0.9722
%17 18 -19
S 1E-07 -
) 10 ®1-11 A1-12
E
z ¥1-13 +1-14 ©1-15
3 1E-08 —
©
116 -1-17 -1-18
1E-09 119 ©1-20 - 121
122 1-23
[ |
1E-10
KGiax (I/M?)

Figure3.10Y b! {! Hnamo { 2dz2NOS wm

a .

¢

79

M akL
gl a
t 20



3.7 Adaptation of HartmarSchijve Equation for Composites

The form of the Hartmat$chijve equation for crack growth in metals was given in Chapter 2. Noting
GKFG FT2NJ o2GK YSiOFfta FyR QAB5L6D &¥piésSen form of the LINE LJ2 N

HartmanSchijve Equation for composite and bonded structures as per Equations 3.1 and 3.2:

Q6 00
Qb (3.1)
where the crack driving foro@ "Was given as:
wo MO @ O (3.2)
0_
P 0

Here A is often taken as,Ghe critical fracture toughness energy release rate for a given material. D

FYR h NB YIFGSNARIE LINE LIS Nlias pa bavekhgvehihgt khk exporedrt ( A LI S
0h 0 Ay (-BcBijvel Efuitibrygenérally lies in the range from3L.Bhis value will be used as a

starting point, and thevalue can be adjusted iterativeljhe value of the parameter D varies for each

material and will be chosen empirically.

Much like the application of this equation to metals, plottirgvs w ‘Qwherew Q S/ — ,on
y/ E—
a logarithmic axis should yield a straight line, and by varying the &l the curves should collapse
AyaGz2 | aAy3atsS avyYlFaiaSN OdzZNBISe¢ & ¢ KA a Hasfmanbchgve t € 06 S

plot. The HartmasSchijve Equation will also beferred to as theHS Equatiorior convenience.

As suggested 158,159 this equation should hold for both Mode | and Mode Il delamination growth.
Moreover, as21] showed, the HartmaiSchijveEquation can also account for thickness effects. It has
also been shown irb[l] that the HartmanSchijve Equation can also capture scatter in delamination
growth reaardless of the configuration of the plies between which delamination ocemdregardless

of the effects of flexural stiffness

As such, considering the promising results shown by application of the HS Equation to metals in terms
of: (i) not being restdted to a particular region of the da/dN X curve, and (ii) accounting for
short/long crack effects in the prediction of crack growth, let us next examine if the HS equation can
be used to represent delamination growth in the tests on carbon/epoxy caitgm described in the

previous section.
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3.8 Application of the Hartmaibchijve Equation to the Datasets from NASA (2013)

The HS Equation, i.e Equations 3.1 and 3.2, was applied to the 20131atasts Forsimplicity,the

value of A was taken to libe value of Ggiven in §2]. Adopting this assumption means the parameter

Gnr becomes the only term that can be varied inthe da/dN vers(®J 2 1 a ® ¢ KS @I f dzSa
then arise from the Excel chart fit to the da/dN versnd@urves. The values of wilk(for each
Dataset) will be determined in an iterative procesgil the various curves all lie on (approximately)

the same da/dN versus @urve.

Murri provided the following material data about the specimens which were tested as part of the
NASA 2013 data set:

G (MBT) (J/m) G (MCC) (J/rp
Source 1 239.9 239.9

Source 2 271.4 274.9

Table3-1: Material property summary for the NASA specimens from 2013. S@Zice [

ForSource 2 specimens the @lue differs slightly between the MCC and MBT methods of calculation.
This is due to the Source 2 specimens having greater variation in their thicknesses. Provided the actual
A (G) values for a given set of specimens are natificantly different, this should allow the da/dN

value at any point to be computed for a given value of G.

This approach was applied to the 2013 NASA Dataset and the valuag tfu€ obtained are
tabulated. It should be noted that because of the larganber of curves to be plotted on the same

graph, the data has been split and plotted across multiple graphs for better visibility.

As previously noted, the basic methodology used is to vary the value.dbiGeach specimen and
compute the da/dN for thagiven value of ¢. For each specimen the value af;@& adjusted till all
curves for da/dN v&k O2 t f I LJAS a Of2asS | a LRaairoftsS G2 |
values of G hence obtained are then used to compute the values of da/dMé&eh specimen, which

are then plotted on the Paris Equation type plot for each specimen alongside the experimentally

measured data. It should be noted here that the Paris Equation type plots were provided in the

2 -

aai

literature as da/dN vs G. Theymaybe IR Ay GKS &l YS F2N¥Y 2NJ I 02 NNE

The values of & are then tabulated, and their mean, median and standard deviation values
O2YLI NBR® Ly 20G4KSNJ 62NRazX RIFIKRb gAff 02 YLJzi SR

kK Kepfor eak 3 LISOAYSY NIGKSNI GKEyYy & | Figey @liakichy 2 F

characterisation works.
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3.8.1 NASA 2013 Dataset, source 1 specimens
As a recap, the following material properties were provided for thesenty-three source 1

specimens:

G (MBT) (J/ G (MCC) (I
239.9

IM7/8552 Source 1 239.9
Table3-2: Properties of IM7/8558%0m source 1, as provided i8]

For the MBT approach this process yielded the master curve shoRigune3.11 with the values of
Tahle3-3. Y@ Soyrespoyfding computed da/did G curves are compared with the

5 yR h
measured curvem Figure3.12 throughFigure3.14.
h 2.65
D 1.80E09
Table3-3: HartmanSchijve parameters for NASA 2013 Source 1 specimens
HartmanSchijve Plot (NASA 2013 Source 1, MBT)
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Figure3.11: HartmanSchijvePlot for NASA 2013 Source 1 specimens, MBT
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Measured and Computed da/dN vs G, NASA 2013 Source 1
Specimens 5 (MBT)
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Figure3.12: Measured and computed da/dN vs G curves for specimérfsdin the NASA 2013 Source 1 specimens, MBT
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Measured and Computed da/dN vs G, NASA 2013 Source 1
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Figure3.13: Measured and computed da/dN vs G curves for speciméfdi®m the NASA 2013 Source 1 specimens, MBT

Measured and Computed da/dN vs G, NASA 2013 Source 1
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Figure3.14: Measured and computed da/dN vs G curves for specimeB8 ftém the NASA 2013 Source 1 specimens, MBT
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¢ KS @I fuzBed todFainkhb computed values of da/dN are tabulated alsle3-4

Specimen| Gur (J/m?) | K B 6 K WK Specimen| Gur (I/m?) | K B KI/m?)
11 89 9.43 1-13 62.5 7.91
1-2 58 7.62 1-14 75 8.66
1-3 68 8.25 1-15 67 8.19
1-4 58 7.62 1-16 53 7.28
15 65.5 8.09 1-17 67 8.19
1-6 56 7.48 1-18 60 7.75
1-7 62 7.87 1-19 82.5 9.08
1-8 67 8.19 1-20 53 7.28
19 55 7.42 1-21 83 9.11
1-10 73 8.54 1-22 68 8.25
1-11 54 7.35 1-23 56 7.48
1-12 76 8.72

Table3-4: Values of G | Y R #sBd for the HartmaiSchijve fitting of NASA 2013 Source 1 specimens, MBT

The mean, medianstandard deviation and the-Basis allowabl®f the G values used is tabulated

in Table3-5.

Gir (I/M?) | K B KQ/m?)
Mean 65.6 8.08
Median 65.5 8.09
{5S@ o 10.28 0.62
Mean-o °
(A-basis allowable) 38.69 6.22

Table3-5: Key statistics of thewpvalues for nASA 2013 Source 1 specimens, MBT
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The same process was repeated for thagaset with G values calculated using MCC rather than MBT.
¢KS LI NFYSGSNAR 5 ISyghijve Equaliop Nilis ldteBmined- wed (essghtiatg)
same as imable3-3. TheFgure 3.15 through Figure3.17 show the measured and computed curves

of da/dN vs G (calculated using MCC) for NASA Raiaset source 1, MCC based calculations.

Measured and Computed da/dN vs G, NASA 2013
Source 1 Specimens3.(MCC)
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Figure 3.15: measured and computed curves of da/dN vs G for NASA 2013 Source 1 spe&imdGE1

Measured and Computed da/dN vs G, NASA 2013
1E-05 Source 1 Specimens®) (MCC)
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Figure3.16: measured and computed curves of daAi\NG for NASA 2013 Source 1 specimelts M1CC
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Measured and Computed da/dN vs G, NASA 2013 Source 1
Specimens 123 (MCC)
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Figure3.17: measured and computed curves of da/dN vs G for NASA 2013 Source 1 speci23ensdd
LG akKz2dZ R 0SS y20SR KSNX btaiihgithesé tr@shdds are/the same @sl f dzS a
Table3-30 ¢ KS @k Usdzt@obtaiFthetcdnputed values of da/dN are tabulated aisle3-6.

The mean, median and standard deviation of the @lues used is tabulated rable3-7.

Specimen | G (I/m?) | K B KI/m?) | Specimen | G (I/M?) | K B K(I/m?)
1-1 93 9.64 1-13 67 8.19
1-2 61.2 7.82 1-14 83 9.11
1-3 70 8.37 1-15 70.55 8.40
14 62 7.87 1-16 55.5 7.45
1-5 64 8.00 1-17 71.5 8.46
1-6 61 7.81 1-18 65.5 8.09
1-7 59 7.68 1-19 82 9.06
1-8 70 8.37 1-20 57.5 7.58
19 57 7.55 1-21 90 9.49
1-10 79 8.89 1-22 72 8.49
1-11 52 7.21 1-23 59 7.68
1-12 82 9.06

Table3-6: G | Y R #alDes used for computing the da/dN curves for NASA 2013 Source 1 specimens, MCC
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G (I/m?) | K B K/
Mean 68.9 8.27
Median 67 8.19
{5S@ o 113 0.67
Mean-o -
(A-basis allowable) 38.19 6.26

Table3-7: Key statistics of thegvalues for NASA 2013 Source 1 specimens, MCC

The HartmarSchijveplot for NASA 2013 Source 1 specimens under MCC method is shown as follows

in Figure3.18.
Hartman-Schijve Plot (NASA 2013 Source 1, MCC)
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Figure3.18: HartmanSchije Plot for NASA 2013 Source 1 specimens, MCC
It is evident that using both MCC and MBT to compute G, the HarfBchijve Equation works well in
suppressing the data scattand yieldinggood agreement between measured and compu&udalues.
The exponent of the HS equation is less than 3, and the variability iKGhevalues is much lower
than the variability that is observed using a more traditional Pgpe plot and the Abasis value of

the threshold obtained by these two methods is quite consistent.
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3.8.2 NASA 201Bataset source 2 specimens
As a recap, the falving material properties were provided for thesixteenspecimens:

G (MBT) (J/M) G (MCC) (J/h
IM7/8552 Source 2 271.4 274.9

Table3-8: Key material properties of IM7/8552 specimens in NASA 2018eSbur

These curves associated with these tests are showfigare3.19 and Figure3.20. Assuming that

Hartman{ OKA 2@S LI} N} YSGSNER 5 | yR i FtBelSbuic&SspeSimendJS OA Y S
(asgiveniable3-30 > | YR dza A Yy @asgivesimableX9dyislded fie2HddtntuBchijve

plot shown inFigure3.21. The measured and computed da/dN vs G curves for this data set are shown

in Figure3.22 through Figure3.24. The mean, median and standard deviation values @ftus

calculated as provideih Table3-10.

da/dN vs G,,, (2013 NASA Source 2 MBT, IM7/8552)
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Figure3.19: Paris Plot for NASA 2013 source 2 specimens, MBT
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da/dN vs G,,, (2013 NASA Source 2 MCC, IM7/8552)
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Figure3.20: Paris Plot for NASA 2013 source 2 specimens, MCC

Specimen | Gnr (/M%) | K B KJ/m?)
21 62 7.87
2 2 96 9.80
2 3 64 8.00
2 4 80 8.94
2.5 70 8.37
2 6 68 8.25
2.7 67 8.19
2 8 57 7.55
29 86 9.27
2 10 78 8.83
2 11 75 8.66
2 12 78 8.83
2 13 73.75 8.59
2 14 71.5 8.46
2 15 68 8.25
2 16 68 8.25

Table3-9: G I Y R #aDes used for computing the da/aiNrves for NASA 2013 Source 2 specimens, MBT

90



Table3-10: Key statistics of theizvalues for NASA 2013 Source 2 specimens, MBT

Ghr (I/m?) | K B KJ/m?)
Mean 72.6 8.51
Median 70.8 8.41
{580 o 9.6 0.55
Mean-o °
(A-basis allowable) 47.06 6.86

Hartman-Schijve Plot (NASA 2013 Source 2, MBT)
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Figure3.21:HartmanSchijve Plot for NASA 2013 Source 2 specimens, MBT
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Measured and Computed da/dN vs G, NASA 2013 Source 2

Specimens 8B (MBT)
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Figure3.22: measured and computed curves of da/dN vs G for NASA 2013 Source 2 spe@niB3 1

Measured and Computed da/dN vs G, NASA 2013 Source 2

Specimens 42 (MBT)
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Figure3.23: measured and computed curves of dasi\G for NASA 2013 Source 1 specimers MBT
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Measured and Computed da/dN vs G, NASA 2013 Source 2

Specimens 136 (MBT)
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Figure3.24: measured and computed curves of da/dN vs G for NASA 2013 Source 1 specibteh$BB
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The same process was repeated for the specimens ftosnset with G calculated using MCC, see

Figure3.25 through Figure3.27, in additionTable3-11and Table3-12.

Hartman-Schijve Plot (NASA 2013 Source 2, MCC)
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Figure3.25: HartmanSchive Plot for NASA 2013 Datset specimens, Source 2 MCC



Measured and Computed da/dN vs G, NASA 2013 Source 2
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Figure3.26: measured and computed curves of daAB\G for NASA 2013 Source 2 specimeéh)sMiCC

Measured and Computed da/dN vs G, NASA 2013 Source 2
Specimens 46 (MCC)
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Figure3.27: measured and computed curves of da/dN vs G for NASA 2013 Source 2 spedi @€
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Specimen | Gnr (I/m?) | K B KJ/m?)
2.1 65 8.06
2.2 89 9.43
2.3 56.5 7.52
2.4 81.5 9.03
2.5 76 8.72
2.6 70 8.37
2.7 71 8.43
2 8 59 7.68
29 92 9.59
2 10 80 8.94
2 11 79 8.89
2 12 84.5 9.19
2 13 79 8.89
2 14 76 8.72
2 15 75 8.66
2 16 72 8.49

Gnr (I/m?) | K B KJ/m?)
Mean 75.3 8.66
Median 76 8.72
{0580 o 9.7 0.57
Mean-o °
(A-basis allowable) 48.3 6.95

Table3-12: Key statistics of thepvalues for NASA 2013 Source 2 specimens, MCC

Table3-11: Gy values used for computing the da/dN curves for NASA 2013 Source 2 specimens, MCC

The mean, median and standard deviation valuesypinere calculated as provided in the table:

96



3.8.3 Comparing MCC and MBT

Both the MBT and MCC approaches for calculating the energy release rate (G) are widely used in the
open literature. The MCC approach corrects for rotation ofghecimens during loading. However,

with adequately calibrated machines, this is not generally a large contributor to uncertainty. The MBT
method corrects for variations in specimen thickness. There have been several comparisons made for

the two methods. Th FAA funded study by Sivakum@d][stated that the difference between the

G662 YSOGK2Ra ¢l & AYaAAIYATFAOIYG |yR a3Syuetdiné t & f Sa
small difference between the two methods, and as a result of its simplicity the MBT should generally

be favoured.

Murri [92], in herexperiments on IM7/8552, analysed thirhyne specimens with G calculated during
using both MBT and MCC approaches. This study stated that when the method of calculating G was
changed from MCC to MBT, some growth rate curves did shift noticeably to thoe t&fht along the
horizontal axis of the Paris plot. This was stated to be associated with specimens with thicknesses that
were either much greater or smaller than the average thickness of the cohort. However, when
analysing this data using the Hartm&ghijve equation the variation in the valuesé&gh, and the
corresponding Avasis value, associated with the MCC and MB&3ed analyses are very consistdnt.

is also important to note thatthe- | & A & @I f dzZS&a 2 F ( K §obfainédfiomhda® § KNS &
Source 1 and Source 2 tests are also quite consistéris. can be seen in Table 13 which presents a
comparison between the threshold values obtained for the Source 1 tests using both MCC and MBT.
Here we see that for most specimens in this dut KGn, for MCC is slightly higher than the MBT
values. However, the differences in the value&@#: determined for these two different approaches

are relatively small, except for specimendd, 112,1-14, 118, and #21. There is no apparent

systemaic pattern to the difference between the values obtained.

It should be noted that the Aasis allowable values are almost identical between MCC and MBT for

this dataset.

K B K B
Gnr (MBT) | G (MCC)| Difference (MBT) | (MCC) Difference
Specimen (I/m?) (I/m?) (MCQ-(MBT) | 6 K WK| 6 K WK (MCQ-(MBT)
11 89 93 4 9.43 9.64 0.21
1-2 58 61.2 3.2 7.62 7.82 0.21
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1-3 68 70 2 8.25 8.37 0.12
1-4 58 62 4 7.62 7.87 0.26
1-5 65.5 64 -1.5 8.09 8.00 -0.09
1-6 56 61 5 7.48 7.81 0.33
1-7 62 59 -3 7.87 7.68 -0.19
1-8 67 70 3 8.19 8.37 0.18
19 55 57 2 7.42 7.55 0.13
1-10 73 79 6 8.54 8.89 0.34
1-11 54 52 -2 7.35 7.21 -0.14
1-12 76 82 6 8.72 9.06 0.34
1-13 62.5 67 4.5 7.91 8.19 0.28
1-14 75 83 8 8.66 9.11 0.45
1-15 67 70.55 3.55 8.19 8.40 0.21
1-16 53 55.5 25 7.28 7.45 0.17
1-17 67 71.5 4.5 8.19 8.46 0.27
1-18 60 65.5 55 7.75 8.09 0.35
1-19 82.5 82 -0.5 9.08 9.06 -0.03
1-20 53 57.5 4.5 7.28 7.58 0.30
1-21 83 90 7 9.11 9.49 0.38
1-22 68 72 4 8.25 8.49 0.24
1-23 56 59 3 7.48 7.68 0.20
Mean 65.59 68.86 3.27 8.08 8.27 0.20
Median 65.5 67 4 8.09 8.19 0.21
Std Devl 10.28 11.35 2.81 0.62 0.67 0.17
A-Basis
(Mean-30 ) 38.69 38.19 0.5 6.22 6.26 0.04

Table3-13: Difference between MCC and MBT valuesspfd@® NASA 2013 Source 1 specimens

The corresponding data for the Source 2 specimen tests is shonabie3-14, where weagain see

that the differences in the values ofyGletermined for these two different approaches are relatively

small.
Ghr K ar K ar
Gir (MBT) (MCC) Difference (MBT) (MCCQ) Difference
Specimen (I/m?) (I/m? | (MCQ-(MBT) | 0 K Wk| 6 K WK (MCQ-(MBT)
2-1 62 65 3 7.87 8.06 0.19
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2-2 96 89 -7 9.80 9.43 -0.36

2-3 64 56.5 -7.5 8.00 7.52 -0.48

2-4 80 81.5 1.5 8.94 9.03 0.08

2-5 70 76 6 8.37 8.72 0.35

2-6 68 70 2 8.25 8.37 0.12

2-7 67 71 4 8.19 8.43 0.24

2-8 57 59 2 7.55 7.68 0.13

29 86 92 6 9.27 9.59 0.32

2-10 78 80 2 8.83 8.94 0.11

2-11 75 79 4 8.66 8.89 0.23

2-12 78 84.5 6.5 8.83 9.19 0.36

2-13 73.75 79 5.25 8.59 8.89 0.30

2-14 715 76 4.5 8.46 8.72 0.26

2-15 68 75 7 8.25 8.66 0.41

2-16 68 72 4 8.25 8.49 0.24

Mean 72.64 75.34 2.70 8.51 8.66 0.16

Median 70.75 76.00 4.00 8.41 8.72 0.23

Std Deviation’ 9.59 9.74 4.25 0.55 0.57 0.25
A-Basis

(Mean-310 ) 47.06 48.3 1.24 6.86 6.95 0.09

Table3-14: Difference between MCC and MBT valuesifdd NASA 2013 Source 2 specimens

The 2011 NAS#atasetand the ESIS TC4 Round Robins data is only available in MBT based calculations

of G, hence no comparative analysis can be performed for these datadetsdreMBT and MCC.
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3.9 NASA 2011 Dataset (IM7/98j from [46], including application of Hartman
Schijve parameters obtained froraq] for IM7/977-2

The followingmaterial properties were used in the analysis of this dataprovided in4g].

N(MBT) (I GER(MBT) (/M)
154.2 178.7

Table3-15: Material properties of IM7/97-8 as provided irdg]

As with the approach used for IM7/8552 analyses the value of A was taken t¢'har@ the values
2T 53X d weleyoRain€l as described above. Analysis of the data associated with these
ALISOAYSya @ASt RSR UKTtabled1d s=Figurea ZBthdughFigiRe3.80. TRA Sy Ay

Gunr values used to obtain these curves are givelable3-17, with their key statistics ifable3-18.

h 2.65
D 1.40E09
Table3-16: HartmanSchijve Parameters for NASA 2011 data for IM74377
Hartman-Schijve Plot (NASA 2011 IM7/9B/Specimens
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Figure3.28: HartmanSchijveplot for the NASA 2011 data set on IM7/937
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¢KS @I tdzSa 2F 5 I i Rluésgives il \BeileKhBriised to doknpute k& dafdN v
Gmaxcurves for the 10 specimen tests, deigure3.29 and Figure3.30. Here we see that, in each

case, the computed and measured da/dN vs G curves are in good agreement.

Measured and Computed da/dN vs G, NASA 2011
Specimens b (IM7/977-3)
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Figure3.29: Measured and computed da/dN vs G curves for IMH®Bpecimens-5 from the NASA 2011 Dataset
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Measured and Computed da/dN vs G, NASA 2011
Specimens 4.0 (IM7/977-3)
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Figure3.30: Measured and computed da/dd G curves for IM7/973 Specimens-60 from the NASA 2011 Dataset

Specimen | Gn (J/M?) | K B 6 K WK

1 63 7.94

2 36 6.00

3 455 6.75

4 46 6.78

5 41 6.40

6 35 5.92

7 65 8.06

8 50 7.07

9 55.5 7.45

10 39 6.24

Table3-17: G | Y R #alDes used for computing da/dN for IM7/937or the NASA 2011 data set
Gnr (I/Mm?) | K B0 K WK

Mean 47.6 6.86
Median 45.8 6.76
StDev' 10.68 0.76
A-Basis (Meano ° 15.56 4.58

Table3-18: Key statistics for thevalues used on the NASA 2011 data set
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Jones et alZ0jused the HartmarBchijveequation to model delamination growth in IM7/97Z. The

constants given in200] are shown irrable3-19.

h 2.14

D 1.16E09

Table3-19: HartmanSchijve Parameters for IM7/97%7from 0]

It should be noted here that these coefficients are not for the same material. Whilst IMB %W

IM7/977-2 are both carbon/epoxy resins with the same fibre, the temperature and pressure of curing

the adhesive differs between them. Cycom @7 ¢ures foraround 33.5 hours at 6 bar and 19,

whilst 9773 curves for 67h at the same temperature and pressure. As a result, they have differing

mechanical properties. However, it may be possible to use properties from similar materials as an

approximation whemmodelling delamination growth. In the case of IM7/977 (both the@nd-3), the

fibre properties are identical.

Using the parameters provided by Jones etTallle3-19), the 4Gy values were adjusted and the
following fits were obtained, as shown kigure3.31 andFigure3.32. Of particular interest is the fact
that the Abasis value ofiGy, i.e.0 KS @I f dzS NBIjdzZANBR (2 | daSaa

obtained using this%lapproximation is similar to that obtained previously.

The HartmarSchijve plot for this set of ten specimens is given as undé&iguare3.31, with the
LI N} YSGSNE 5 TayleB190 dzaSR FTNRY
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Hartman-Schijve Plot (NASA 2011 IM7/9B7Specimens
(Coefficients D and from Jones et al [20]
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Figure3.31: HartmanSchijve plot for NASA 2011 specimens, with the HS coeffici#aised from[20]

The Gy values used to obtain the computed da/dN curyEgure3.32) are shown iriTrable3-20. The

statistical summary is provided irable3-21.

Specimen | G [J/IM?] | K B @K WK
1 63 7.94
2 37 6.08
3 45.5 6.75
4 46 6.78
5 41 6.40
6 36 6.00
7 60 7.75
8 50 7.07
9 53 7.28
10 40 6.32

Table3-20: Gn I Y R ¥alDes used to compute da/dMilues for NASA 2011 data set using HartrSahijve coefficients

from [20]
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G [I/IMm? | K B OK WK
Mean 47.2 6.84
Median 45.8 6.76
{G5S@ | 9.30 0.67
A-Basis (Meanro | 19.3 4.83

Table3-21: Key statistics for theivalues for the NASA 2011 data set using Hart:@@ahijve coefficients fron2()

Measured and Computed da/dN vs G, NASA 2011
Specimens 410 (IM7/977-3), with D andh from [20]
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Figure3.32: Measured and computed da/dié G curves for IM7/973, using parameters from IM7/972

While the agreement between the measured and computed curves in Figure 3.31 and Figure 3.32 is
somewhat worse than in Figure 3.29 and Figure 3.30, there is an indication that for materials with
similar makeup, the parameters obtained from one set may be used and to estimate those for a similar
fibre matrix material. In this context it should be recalled that the parameters given in Table 19 are
for a differently cured epoxy composite. At this poit should be noted that the Grvalue that
generated a better agreement between computed and measured curves in Figure 3.31 wad'the G
value of 154.2 J/d This is the G value where néinear behaviour in the material response becomes

significant. KA a4 N} AaSa GKS LlaairoAfAde 2F | SShigeyd GKS
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Equation fixed and changing the valaé A (&) in order to obtain an improved fit between the

computed and measured da/dN vs G curves.

An important observation here itk & OKl y3S&a Ay !X 5 FyR h {(N}yaftl!
the &G values and as a result thebasis value ofiGyy, i.e. the value required to assess the validity
2F | ay2 3INRgIKé RS Faghsoamatdm dould spfedr tadpeshsfrimblyi KA & M

accurate.

3.10 Data Scatter across tests carried out in different laboratories (ESIS TC4 Round

Robins)

The European Structural Integrity Society (ESIS) performed a series of Mode | fatigue delamination
tests on unidirectionaG30500/R5276 laminateEL09]. These tests were performed across multiple
laboratories. Specimens were fabricated in a single batch and sent to multiple labstiiog tesere

fatigue delamination tests were performed, and plots of da/dN vs G obtained. The data was obtained
from the authors of the paper, and was analysed in the same way as the NASA Dataset$]feond [

[92].

This series of tests was unique in that it investigated the variability across specimens from the same
batch whentested across different facilities/laboratories. The resultant crack growth curves are

shown inFigure3.33:
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da/dN vs G,,,, - G30-500/R5276 (ESIS TC4 RR)

Lab A Test 1
Lab A Test 2
Lab A Test 3
Lab A Test 4
Lab B Test 1
Lab B Test 2
Lab B Test 3
1.E-07 +— Lab Ctest1
Lab C test 2
Lab C test 3
Lab Ctest 4
1.E-08 +— A LabCTest5
Lab D Test 2
Lab D Test4
Lab D Test5
1.E-09 +— Lab E Test 1
Lab E Test 4
Lab E Test 5
Power (Lab A Test 1)

1.E-05

1.E-06 +—

® X B + X b» @

da/dN [m/cyc]

1.E-10
10 100 1000

Gax [3/M?]

Figure3.33: Paristype plot for 18 specimens of G800/R5276 from ESIS TC4 rouokins

It is evident from this plot that there is also substantial scatter in both the toughness and the fatigue
threshold. This indicates that allowanoeist be made for the variability in the values of both A and
Gnr. It should be noted that as pet(7] the data has been anonymised to protect the privacy of the

data sources.

The values of D antl obtained for this data set are given Trable3-22, the values of A andzare

given inTable3-23. The HartmasSchijve master curve for this data set is giveRifure3.34.
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da/dN [mm/cycle]

Hartman-Schijve plot for ESIS TC4 RR (All labs/specimens)

(G306500/R5276)
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Figure3.34: HartmanSchive plot for the ESIS TC4 data on%880R5276

h

2.3

D

4.0E10

Table3-22: HartmanSchijve parameters for the datakigure3.35

Material: G30500/R5276

Test series: ESIS TC4 Rodrubins

Lab Specimen| A(G) | Gn [J/m?] | K Br @K WK
1 350 70 8.37
2 350 70 8.37
A 3 280 50 7.07
4 320 55 7.42
1 500 60 7.75
B 2 500 70 8.37
3 500 50 7.07
1 350 65 8.06
¢ 2 350 65 8.06
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Table3-23:Gn>

3 280 50 7.07
4 280 30 5.48
5 320 55 7.42
2 350 18 4.24
D 4 280 60 7.75
5 320 55 7.42
1 800 40 6.32
E 4 350 70 8.37
5 320 55 7.42

wKabd A values used in computing da/dN using the Hart®ehijve Equation for ESIS TC4 round robins

The Gr and G (A) values had the following characteristacsperTable3-24.

Table3-24: Key statistics of Gufzand A for the HartmaiBchijve fitting of the ESIS TC4 data on-8BUR5276

A combined plot of all eighteen measured da/dN vs G curves along with their computed curves is

A Gir [I/m?] K B 0K WK
Mean 377.78 54.89 7.33
Median 350 55 7.42
StDev 128.18 14.23 1.08
Mean-3
(A-basis allowable) * 16.73 4.09

*The standard deviation is so large that it yielded a negative value

shown h Figure3.36.
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Measured and Computed da/dN vs G
G30-500/R5276 (ESIS TC4 RR)- All specimens

¢ LlabATestl
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—=@-Lab A Test 2 Comp
X Lag A Test3
o Lab A Test 3 Comp
1.E-06 + + LabATest4
Lab A test 4 Comp
B LlabBTestl
e | ab B Test 1 Comp
X Lab B Test2
-8 Lab B test 2 Comp
1.E-07 ® lLabBTest3
=t ab B Test 3 Comp
= LabCtestl
Lab C Test 1 Comp
- Lag Ctest2
- -+ Lab C Test 2 Comp
1.E-08 ¢ LabCtest3
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Figure3.36: Measured and computed da/dN vs G curves for data from ESIS TC4 round robins, all specimens

This plot is very dense and it is redsy to visualise the computed and measured curves adequately.
It was therefore decided to split these plots into multiple guibts for better visibility. The measured

and computed curves for Labs A and B are showigare3.37.
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da/dN [m/cyc]

Measured and Computed da/dN vs G
G30-500/R5276 (ESIS TC4 RR)- Labs A and B
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Figure3.37: Measured and computed da/d G curves for data from ESIS TC4 round robins, Labs A and B

The measured curves for Lab C are showrfignre3.38.

da/dN [m/cyc]
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Figure3.38: Measured and computed da/dN vs G curves for data from ESIS TC4 round robins, Lab C
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The measured and computed curves for Labs D and E are shéiguie3.39.

Measured and Computed da/dN vs G
G30-500/R5276 (ESIS TC4 RR)- Labs D and E

1.E-05 =
* Lab D Test 2
Lab D Test 2 Comp
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8 Epog | " LabETests
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A LabE Test5
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Figure3.39: Measured and computed da/dN vs G curves for data from ESIS TC4 round robins, Labs D and E
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3.11Key findings from ChaptelParameters for prediction/computation of da/d&hd

potential for use in determination of design and service life of composites

SinceKGnr as determined via fitting of the experimental data can be regarded as the one of the main
results, the dependence &G, on the selection of the other parameters! = 5% 1 0 @GAf ¢
discussed. If the value of parameter A is taken as the egtasc Gc value from a standard Mode |

test, as it has been for the NASA data setSduntions 3.8.8the average, then the qsistatic G-

value can be used if a range is provided. However8hdnd P2] a single constant value forc@vas

given, and it has been used as such.

If the effect of varying A is of interest, the lower and upper limits determined from egtasc G-

testing a sers of specimens (the standards usually require five repeats) can be chosen as minimum
and maximum values, respectively of A, or the average plus/minus one standard deviation or multiples
thereof (with related statistical significance). The data set fromE%IS TC4 Round Robin tesig][

shows significant variance in A for some specimens. This is corroborated by the da/dN vs G plots
showing scatter in the rapid groWwtegion. While rapid growth is important from a design perspective,
there may be a need for the average of the cohort being used, or a range being used based on the
F SN 3S LM dzZAk YAydza F YdzZ GALX S 2F (KS afiom@aRI NR
linear fitting of the data. The values will depend on the range of data chosen for the fit. A quality
indicator such as the Coefficient of Determinatiof) @uld be used to determine the suitable range,

and then the full data set used to calculatesecond set of fit parameters; this can be used to get a

ddzA G ot S NIYy3aS 27F 5KGkigtRen deteintheddobtheldiBeient SaRigs oMY | £ £ &

YR i = | 3FAY 0 &bakisabofabies afedn- 3D M3 perd SHG2006MAHDBKS.

This would finally yiel®&Gn- and an estimate of the possible error from fitting. These data could
possibly then be used in a design criterion (yet to be defined). Selected implications foK@ging

data from the procedure described above are presented and discuss&@0h The range of scatter

A = 4 oA x

induced iINKKGr0 8 QI NAF GA2ya 2F GKS aStSOGSR FAGOGAY3I LI

set in [L6Q] and this is further investigated in ongoing data analysis.

From a structural design perspective, the relatively low valueGaf derived from the Hartman
Schijve fitting presented here (averagé 8.08 and 8.27 K(J/n¥) for MBT and MCC data analysis,
respectively for source 1, and 8f51and 8.66K(J/n¥) for MBT and MCC data analysis, respectively
for source 2) may limit the designs, even if estimated scatter is on the orddr.4K&/nv) for both

sources (i.e., about 15%).

However, first the methodology for determining repeatable and reprodud{tig-values from round

robin testing has to be established, before the use of such values in composite structural design (see,
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e.g., [L6]] for some effects that may have to be considered for that) can be discussed. The ESIS TC4

round robins were part of efforts towards this.

The important distinction herés that unlike a direct Paris Law type relation, where the G values for
AYAGAFGAZ2Y FYR LINRLI AFGAZ2Y 27F RSduesyseegilinihe2iga OF y
Equation do not have such a large variatitivould thus appear that the HS appch may represent

a consistent method for determining thebsis thresholds that is needed to assess growth/no growth.

While the variability in the region of rapid delamination growth is of particular interest it should be
recalled that current designs NS o6 aSR 2y (KS ay2 3INRgGIKE RS&A3
challenge is to extend designs to allow for limited (slow) growth. In this context these preliminary
studies have shown that consistent fatigue threshatds be established and that the wiability in

the threshold region can be reasonably well accounted.

¢KS aYl adSNI OdzNIifje plat) &diusefubin theNiErative yefinement of the values
2F GKS 5 FyR h LI MEhyE EqSatdh. Ukinfately 8K, and AMdiuasithyt are
appropriate for a given use case will depend on the level of conservatism. A lower A value will predict
faster delamination growth for a giveiG value, and a lowetGy: value will also generally yield a
faster predicted delamination growtrate for the same G values. If the maximum allowable crack
growth rate are to be used to determine service life, then to be consistent with JISSG2006 the lower

A-basis threshold values should be used.
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3.12 Publications and notes
The followingpublications have been generated specifically from the preceding chapter:

3.12.1 Journal Papers

0 A.Mujtaba, S. Stelzer, A.J. Brunner, R. Jones,
Thoughts on the scatter seen in cyclic Mode | fatigue delamination growth in DCB tests,
CompositeStructures, Volume 160, 2017, Pages 13298, ISSN 026323,
https://doi.org/10.1016/j.compstruct.2016.11.002

(@]

A. Mujtaba, S. Stelzer, A.J. Brunner, R. Jones,

Influence of cyclic stresgstensity threshold on the scatter seen in cyclic Mode | fatigue
delamination growth in DCB tests,

Composite Structures, Volume 169, 2017, Pagesl#33 ISSN 0263223,
https://doi.org/10.1016/j.compstruct.2016.07.080

¢

[161] Andreas J. BrunneAhmad Mujtaba Steffen Stelzer, Rhys Jones,

Modified HartmanSchijvefitting of mode | delamination fatigue data and the resulting
variation in threshold valuesyg

Procedia Structural Integrity, Volume 2,2016, Page8®B38SSN 2452216,
https://doi.org/10.1016/|.prostr.2016.06.01.2

[@]3

Andreas J. Brunner, Steffen StelZdnmad Mujtabg Rhys Jones,

Examining the application of the Hartm&chijveequation to the analysis of cyclic fatigue
fracture of polymermatrix composites,

Theoretical and Applied Fracture Mechanics, Volume 92,2017, Pagek?B82[ESN 0167
8442,

https://doi.org/10.1016/j.tafmec.2017.08.011

3.12.2 Conference Proceedings
0 A. Mujtaba, R. Jones, Brunner A; Stelzer Stephen, "Thoughts on accounting for the scatter
seen in delamination growth", 2nd International Convention on Mechanics of Composites,
Porto (July 2016)

O«

R. JonesA. Mujtaba, T.J. Kinloch, A.J. Brunner, Steffen Stelzer, "Thoughts on accounting for
the scatter seen in delamination growth", 16th Australian International Aerospace Congress
(AIAC16), Melbourne 2015

Andreas J. BrunneAhmad Mujtab& { G STFFSy {iSt 1 SNE wSchijge W2y Sa .
fitting of mode | delamination fatigue data and the resulting variation in threshold valués 5
ECF21, Catania (June 2016)

(@]
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https://doi.org/10.1016/j.compstruct.2016.07.080
https://doi.org/10.1016/j.prostr.2016.06.012
https://doi.org/10.1016/j.tafmec.2017.08.011

4. Normalisation Techniques

The previous Chapter has illustrated the extensive variability (scatter) that can be seen in delamination

growth tests. The question thus arises:

Yl 2¢g Oy GKS -@9KS®SA&3 I -hubnd, daiadaiiish arves needed to predict the
growth of the fastest possible delaminatidre determined Q

Whilst the previous Chapter has illustrated how the Hartrmhijve equation can be used to account
for this scatter, other approaches whereby the energy releae is divided by the resistance to
delamiration growth Gy(@) have also been propose®ne commonly used normalisation approach
outlined in the US Composites Materials Handbook €NH3G P2], that was first proposed by
Poursartip 162], suggests that delamination growth ratie/ dN should be expressed as a function of
GJ GHa), whereGx(a) is the delamination resistance and is a function of both the delamination length
and also the test procedure. This approach to representing delamination growth, which is entirely
empirical, is now moderately widely usetb[163-170], and has the advantage that it can significantly
reduce the data scatter. Murrilp4] subsequetly suggested thatla/dN should be expressed as a
function of GnadGr@))Geowhere Geoois the quasstatic initiation value ofsc It can be argued that,
since theda/dN versusGiax (= Gnal/GRA))Gcg curves essentially collapsed the experimentally
measuredda/ dN versusGnaxcurves, the uppebound of the collapseda/dN versus Gnad/Gr(@))Geo
curves might well represent an approximate wecstse curve. Yao et df7] suggested a variant of

this approach wherebga/dN was expressed in the form as shown in Equation 4.1.:

Q® ., "OWO
— Wi 4.1
Q0 O 0 (4.1)
where c and m are constants(x is the fatigue delamination resistance with no fibre bridgiBg(a-

ap) represents the critical resistance which increase with fatigue crack extension and

(4.2)

o O O

This approach has the advantage that it takes into account the difference between thestptési
crack resistance and the crack resistance that occurs during fatigue crack growth. Variants of this
approach can be found in the papers by Gong andvorkers [L71,172], and a novel means for

determining Geis given in172].
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A problem with this approach is that despite the reduction in the scatter that arises if the

Y2NXYIFfA&FGAZ2Y | LILINRF OK A4

GKNBakKz2f Ré¢

noted that as shown in1fl3] the scatter in these normalised curvean be captured using the

NBIAZ2Yy dzaAy3

HartmanSchijve equation.

dza SRX

i KSNB

Ad-ySg
0 KillustratédidENEA:1 QIcty praséhts &

the normalised curves associated with tests on IM7/87given in 164]. In this context it should be
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Figure4.1: The normalised delamination growth curves for IM7/S7CFRP, fromi$4], and the upped 2 dzy’ R WYl v
curve from the Hartmaischijve methodology given ihl1[3].

To overcome this problem this Chapter will examine an alternative normalisation approach, which is

based on normalising with respect to the fatigue threshold. It should be noted that the value of the

fatigue threshold used for scaling/normaligithe Parigype plots for delamination growth will be

independently established for each data set. This value will be chosen to represent the fatigue

threshold G, as defined in ASTM E647, which corresponds to a growth rate (da/dN)'ofml€ycle

and asdiscussed earlier in this thesis differs from the HartrSaijve threshold .

It should be pointed out here that the normalisation thresholglg8lected for each specimen was the

Gnax 2 NJImdvBIue, depending on whether da/dN was expressed asetiitn of Giax, 2 NIk, iD the
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dataset closest to a value of da/dN of #h/cycle. As these tests cover Mode | DCB specimens, it

typically corresponded to the minimum measured G value in a given dataset for each specimen.

As discussed in previous chaggefor orthotropic materials the crack tip stress field is uniquely

OKI' N} O SNA&aSR 08 GKS GSNY KD® ¢KSNBEF2NBI niKA& OF

rather than G/G@. The normalisation thresholdas determined empirically for each sjp@en.

4.1 Plots of da/dN versukG/KGn)

The normalisation approach examined in this Chapter is based on that proposed by Schonbauer et al

[1288 ® ¢KAA addzRe LINPLRASR LI 2GGAYy3 RFEkRb a | Fdzy

The ability of this approach to reduce the scatter for tests on IM7/8552 in the 2013 N#&t&getand
IM7/977-3 from the 2011 NASBataset delamination growth curves shown in Chapter 3 is illustrated
in Figure4.2 through Figure4.5. The values of the normalisation threshokis, that are used are
provided with each figure, in tableBable4-1 through Table4-4. The details of each dataset are

provided within each figure, and further informatiés provided in the preceding chapter.

The NASA 2013 Dataset Source 1 Specimens with MBT calculations are plbttpadn.2 and the
Gn values with their key statists are provided ifTable4-1.

NASA 2013 Dataset, Source 1 Specimens (MBT), Normalisation
Plot
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1.00E-06
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L£1.00E-07+—
E x15 16 +1-7 ~-1-8
Z &
2 19 110 w111 4112
< 1.00E-08+—— —4
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Figured.2Y t f 2nidk 10Br NR$A 2013 Source 1 specimens, MBT
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Table4-1: Values of G used for normalisation of NASA 2013 Dataset, Source 1 Specimens (MBT)

The NASA 2013 Dataset Source 1 Specimens with MCC calculations are pleigedeih3 and the

Gn values with their key statistics are providedTiable4-2

Specimen | Gn(J/m?) | K BRKI/m?) | Specimen| Gn(J/m? K R K(J/m?)
1-1 97.17 9.86 1-13 7171 8.47
1-2 6398 8.00 1-14 88.01 9.38
1-3 7318 8.55 1-15 7861 8.87
1-4 7328 8.56 1-16 58.824 7.67
1-5 69.95 8.36 1-17 74.77 8.65
1-6 7324 8.56 1-18 69.43 8.33
1-7 6859 8.28 1-19 104.47 10.22
1-8 8299 9.11 1-20 60.5 7.76
1-9 6705 8.19 1-21 97.92 9.90
1-10 83.73 9.15 1-22 76.8 8.76
1-11 58.82 7.67 1-23 60.93 7.81
1-12 86.65 9.31

Gn(IIM?) | K RKJ/M)
Mean 75.67 8.67
Median 73.24 8.56
{G5S@| 1275 0.72
A-basis
(mean-o * ( 37.42 6.51

NASA 2013 Dataset, Source 1 Specimens (MCC), Normalisation Plot
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Specimen | Gn(J/m?) | K BRKI/m?) | Specimen| Gn(J/m? K R K(J/m?)
1-1 102.29 10.11 1-13 76.11 8.72
1-2 67.61 8.22 1-14 101.79 10.09
1-3 76.35 8.74 1-15 81.28 9.02
1-4 80.42 8.97 1-16 61.16 7.82
1-5 69.10 8.31 1-17 79.16 8.90
1-6 78.22 8.84 1-18 73.56 8.58
1-7 64.30 8.02 1-19 93.42 9.67
1-8 85.29 9.24 1-20 63.71 7.98
1-9 69.20 8.32 1-21 104.58 10.23
1-10 89.75 9.47 1-22 80.48 8.97
1-11 56.58 7.52 1-23 64.55 8.03
1-12 91.51 9.57

Gn(IIM?) | K RKJ/M)
Mean 78.7 8.84
Median 78.22 8.84
{580 13.6 0.76
A-basis
(mean-o * ( 37.9 6.56

Table4-2: Values of zused for normalisation of NASA 2013 Dataset, Source 1 Specimens (MCC)
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The NASA 2013 Dataset Source 2 Specimens with MBT calculations are plbitpadn.4 and the

Gn values with their key statistics are providedTiable4-3

. NASA 2013 Dataset, Source 2 Specimens (MBT), Normalisation Pl
1.E-05
1.E-06
51.507 21 e
£, m2-3 A2-4
z %25 x2-6
g 1E-08+— 2.7 +28
-2-9 2-10
2-11 m2-12
1E-09.  A2-13 x2-14
2-15 2-16
1.E-10 ‘ ‘ ‘ ‘
0 0.5 1 1.5 2
K RaxX KyD
Figure4.4dY t f 2midk 1DBr NR$A 2013 Source 2 specimens, MBT
Specimen | Gn(J/m?) | K BRKI/m?) | Specimen| Gn(J/m?) K B KI/m?)
21 66.87 8.18 29 100.66 10.03
22 103.41 10.17 2 10 86.39 9.29
2 3 73.71 8.59 2 11 80.12 8.95
2 4 87.95 9.38 2 12 89.40 9.46
25 86.47 9.30 2 13 78.20 8.84
2 6 72.77 8.53 2 14 75.64 8.70
2.7 81.98 9.05 2 15 73.77 8.59
2.8 64.01 8.00 2 16 81.63 9.04
Gn(J/m?) | K RKI/Mm?)
Mean 81.44 9.01
Median 80.88 8.99
{05S@| 1084 0.60
A-basis
(mean-o ° ( 48.92 7.21

Table4-3: Values of zused for normalisation of NASA 2013 Dataset, Source 2 Specimens (MBT)
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Similarly, the process was repeated for the NASA 2013 Dataset, Source 2 specimens (MCC). The plot
is given irFigured.5and key statistics andy@values provided iTable4-4.

NASA 2013 Dataset, Source 2 specimens (MCC),
Normalisation Plot
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Figured5Y t £ 2 Ghak2KFDor ’IASA 2013 Source 2 specimens, MCC

Specimen | Gn(J/m?) | K RKI/m?) | Specimen| Gn(J/m?) K B K(J/m?)
21 69.6 8.34 29 105.85 10.29
2 2 97 9.85 2 10 89.13 9.44
23 60.478 7.78 2 11 87.40 9.35
2 4 89.76 9.47 2 12 94.18 9.70
25 86.02 9.27 2 13 83.37 9.13
2 6 74.31 8.62 2 14 79.760 8.93
2 7 77.99 8.83 2 15 80.13 8.95
2 8 67.17 8.20 2 16 80.57 8.98

Gn(I/Im?) | K RKI/m?)
Mean 82.7 9.07
Median 81.97 9.05
StDev' 11.6 0.64
A-basis
(mean-o ~ ( 47.9 7.15

Table4-4: Values of ¢z used for normalisation of NASA 2013 Dataset, Source 2 Specimens (MCC)

The same process was repeated for the NASA 2011 Dataset. This plot was generated for both cases,
where coefficients were generated from the data set itself using iterative fitting fandoefficients

sourced from Jones et &(] for IM7/977-2 which is a similar but not identical material. The plot for
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these specimens with iteratively determinedefficients is shown iRigure4.6 and the associated £

values with their key statistics providedTable4-5.

NASA 2011 Dataset (MBT) with iteratively determined coefficients,
Normalisation Plot
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Figured.6Y t f 2« O0Br NASA 2011 Specimens, coefficients determined via iterative fitting
Specimen Gn (J/m?) | K RK(I/m?)
1 63 7.94
2 36 6.00
3 455 6.75
4 46 6.78
5 41 6.40
6 35 5.92
7 65 8.06
8 50 7.07
9 55.5 7.45
10 39 6.24
Mean 47.6 6.86
Median 45.8 6.76
{6580 10.68 0.76
A-basis (meano ° 15.56 4.58

Table4-5: Values of G used for normalisation of NASA 2011 Dataset (MBT); Coefficients determined by iterative fit
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For the same datasetith the HartmanSchijve coefficients sourced fro@(] , the plot and G values

with key statistics are given Figure4.7 and Table4-6 respectively.

NASA 2011 Dataset (MBT) with HS coefficients from [20]
Normalisation Plot
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Figured.7Y t f 2.k 1@DBr NRSA 2011 specimens, coefficients sourced 26jn [

Specimen Gn (J/m?) | K RK(I/m?)
1 63 7.94
2 37 6.08
3 45.5 6.75
4 46 6.78
5 41 6.40
6 36 6.00
7 60 7.75
8 50 7.07
9 53 7.28
10 40 6.32
Mean 47.2 6.84
Median 45.8 6.76
{5S@ | 9.30 0.67
A-basis (mean o ° 19.3 4.83

Table4-6: Values of zused for normalisation of NASA 2011 Dataset (MBT); Coefficients source@@om [
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The same process was repeated for the ESIS TC4 Datasel@gmHe results are plotted ifrigure

4.8 and the associated thresholds are providedriable4-7.

ESIS Dataset on G30-500/R5276, Normalisation Plot
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K RaK KD
Figure4.8Y t f 2ni DIBr G8A300/R5276 from ESIS TC4 tests
Lab Specimen A(G)(I/m?) | Gn(J/m?) | K BKI/mM?)
1 350 70.00 8.37
A 2 350 70.00 8.37
3 280 50.00 7.07
4 320 55.00 7.42
1 500 60.00 7.75
B 2 500 70.00 8.37
3 500 110.00 10.49
1 350 65.00 8.06
2 350 65.00 8.06
C 3 280 50.00 7.07
4 280 45.00 6.71
5 320 55.00 7.42
2 350 50.00 7.07
D 4 280 60.00 7.75
5 320 55.00 7.42
1 800 65.00 8.06
E 4 350 70.00 8.37
5 320 55.00 7.42
Mean 377.78 62.22 7.85
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Median 350 60 7.75
StDev' 128.18 14.37 0.84
A-basis (mean o ° N/A* 19.11 5.33

Table4-7: Values of G used for normalisation of ESIS TC4 Data or388(R5276
*Negative value due to large variance and standard deviation
Despite best efforts, this dataset Figure4.8 could not be collapsed as well as the NASA datasets
given inFigure4.2 to Figure4.7. It should be added here that as the normalisation was done using a
visual best fit approach, using the Hartm&nhijve thresholds from Chapter 3 as stagtpoints. The
Gn values for each specimen were adjusted to obtain the best possible collapse of all curves such that

the scatter along the horizontal axis, particularly in the threshold region was minimised.

Allegri et al 43] presented a dataset on IM6/6736, which has been reproducdtigare4.9 (same as
Figure2.27). Using the values ofdprovided in 3], the plot was converted to a Pattigpe plot, which
is shown inFigure4.10 and normalised in the same fashion as the NASA 2013 and 2011 Datasets as

well as the ESIS TC4 Datag@ed-igure4.2 to Figure4.8). The Hartmarschijve plot for this dataset
is given irFigured4.11 and the Normalisation plot ifigure4.12.

da/dN vs G/Gfor T300 and IM6

1.00E-05
y= 2ED5)5-8189
@ Pure Mode | IM6 R2 = 0.9547
[
Pure Mode Il IM6 y = GED5-6101 o
1.00E-06 Pure Mode | T300 R2=0.9798 q@"
. Pure Mode Il T300
&)
? .".-. 4
£ 1.00e-07 e
2 { y = 1ED66-869
s o Rz =0.9523
.7
1.00E-08 )
’. y = 2ED58-4192
R2=0.9601
1.00E-09
0.1 Gna/Ge 1

Figure4.9: Nondimensionalised Paris Plot for IM6 and T300; exponents and scatter are both still high. The figure is a
digitised adaptation of a plot from4p]
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da/dN [m/cycle]
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Figure4.10: Paris Type plot for T300 and IM6

IM6/6736 and T300 Dataset
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Figure4.11: HartmanSchijve Plot for T300 and IMgased orFigure4.12
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IM6 and T300 Normalised Dataset

1.0E-05
[ ]
Y ( ]
1.0E-06 . ®
5\ YK .‘
5 1.0E-07 R °
o
IS ()
©
..
1.0E-08 2
O
1.0E-09
1 1.2 14 1.6 1.8 2 2.2
KGina/ KG,

Figure4.12 Normalisation Plot for IM6 and T300 frodf]

It should be noted her¢hat unlikethe datasets irFigure4.2 to Figure4.8, this dataset was deemed
insufficient by volume to carry out a statisticatalysis of the thresholds. However, it does indicate
potential utility in scatter suppression because this dataset covers multiple similar materials and load

modes.

The recent paperl13], which was inspiredby the findings presented in this Chapter, gave a large

crossa SOGA2Y 2F LINRoOf Sya LI 2 Gollapsgddhe R IrakoRiépendeant da/dNT dzy O G /
GSNEdza pY OdzNIBS &S BRY de2  fméstepicyrdt B otliel vwoRd13 @vealed

that what had previously been thought to be a crack closure dependency was merely reddapg

of the crack growth rate on the fatigue threshold. Indeetl, 3] also proposed and extension of this
normalisation approach tdelamination growth in composites whereby by da/dN was expressed as a

FTdzy OUA2yYG2FT pKDkpK

LG A& GKSNBT2NB SOARSY(d GKIFG y2NXYIf AdvalyeScan KS t |1
in some instances significantly reduce data scatter, and atcount for Ratio effects. However, in

some case there is still significant scatter. As such delamination growth prediction using a
normalisation approach was not pursued furthérshould also be noted here that all the datasets

analysed in this dpterused a constant Ratio.
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5. Study of delaminations growing naturally from suion defects and

material nonlinearity in DOFS specimens

As detailed in the literature review, several source$,29-34] point to the growth of delaminations,
in both experimental studies and-service airframes, from naturally occurring material defects in
composites. Indeed, in this context, Brunner etldi(] commented:
G/ 80t A0 FriATdS FNI OGdzNBE GSaida 2 watumlly GeBurihgr £ O 2 dzL.
initial delaminations will also be essentiai comparison with the behavior of delaminations with

initiation simulaed by film inserts or cracks from cutting. Finally, themabined efforts may result
in a sufficient understanding for defining the appropriate design guid@higes

It is therefore essential to understand and characterise naturally occurring delaminations.

Most studies into Mode | delamination growth such 46][[19], [92], [107], [109] and [20], use DCB
specimens. As detailed idq], [51] and P2] among others, these specimens have a-prack (initial
delamination) inserted into thespecimen agart of the layup process. This is generally done by
inserting a release film insert into the layup. As the delamination is generally several mm in length
data from these studies cannot be used to characterise/understand delaminations that nucleate and

subsequently grow from smgBub-mm) material defects.

As noted in Chapter 2 DOFS specimens, which do not contaifalimeated disbonds have been
succesfully used to study the durability of bonded composite repairs. Chapter 2 also remarked how
cut central ply (CCP) specimens, which as explained can be viewed as an extension of the methodology
inherent in the DOFs specimens to composite structures, hkseebeeen used to study delamination
growth. However, to datemost such specimen tests have contained large artificial delaminations.
However, it is postulated that CCP specimen tests may also be useful to study the growth of small

naturally growing delamiations.

In relation to delaminations that result from small, naturally occurring material defects, this chapter

aims to:

0 Investigate the initiation and rates of propagation for naturally arising delaminations in
CCP/DOFS specimens.

0 Investigate the relabnship between cyclic applied strain energy.@dN and delamination
growth rates for such specimens over a range of delamination lengths, ranging fremnsub
to >10mm

0 Investigate if material nofinearity, specifically hysteretic energy dissipation, baninked

to delamination growth.
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0 Perform an idealised calculation of the energy release rates and thresholds for delaminations
that nucleate and grow from naturally occurring material defects in specimens with no pre
fabricated delaminations

0 Use CKray imaging to investigate characteristics of delaminations in DOFS specimens at the

end of the test program

0 Construct an FEA model to calculative indicative values of thresholds for DOFS specimens

5.1 Experiment plan and setup
The composite materialedected for these experiments is T300/970. It was selected because of the

availability of fabrication facilities and the material. The material was sourced aspaquydabric. The
fabric was specified by the manufacturer as a 3K tdg09 plain cross wave, 198 gsm uncured

weight.

5.2 Specimen Geometry
The specimen geometry was partially derived from the test standard ASTM D3309. The most notable

difference between the CCP specimens and ASTM D3309 specimens is the lack of an adhesively
bonded aluminiuntabs on the ends that are clamped under the machine grips. The rationale for this
decision was to mitigate the risk of the tests being interrupted by failure of the adhesive bond between
the metallic tabs and composite specimens. The machine grip pressaseadjusted to minimise
slippage while preventing crushing. The exact dimensions of the specimeiisistrated inFigure

5.1. The layup ply configuration is shownkigure5.2. The width was kept at 44mm to match the

machine grips.

A

44mm

< 230mm

»
>

Figure5.1 Indicative dimensions of the DOFS specimens to be fabricated; thickd@gsiés (~0.22mm each)

Upper adherend,
7 continuous plies

Lower adherend,
6 plies with a discontinui

Upper adherend,
7 continuous plies

Figure5.2: Ply configuration of the specimens to be tested
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5.3 Specimen Layup and Fabrication

The prepreg was supplied as 1.8m x 50m roll. A 1.5x1.8m rectangle was cut from the roll. Cutting was
performed using carbide steel blades. The layup was placed betsteehplates of 10mm fokness,
coated with Telfon release film to prevent the layup from bonding to the steel plates steel plates

were polished with progressively finer grits of sandpaper, angased with acetone to prevent

contamination of the composite layup.

The layp was vacuunbagged with a pressure 6flOOkPa and cured as per the manufacturer
specifications (17°C for 3 hours at minimum 550kPa). The cured plates were then cut into specimens
that were 230mm long and 44mm wide. The cutting was done using steel dasdsith powered

clamp feeds.

Aluminium tabs 10 mm x 10 mm and 3mm thick, with a 1 mm groove running along the centroid of
the top surface were fabricated and then sand blasted andm@ased. These tabs were then mounted

to the specimens using a 2¥ur airing 2part epoxy adhesive. Prior to testing the specimens were
then left to cure for a further 242 hours in room temperature conditions. These aluminium tabs

were to attach an MTS clip extensometer.

White nanepigmentsuspension was used to colour thgles of the specimen white to increase the
visibility of the delamination. Sources such 48] and P2] used a white correction fluid. However, it
was decided that for these specimens that correction fluid may impede delamination visibility. The
nanc-pigmentsuspension was De Atramentis Document Ink White, which is a whitepander in

an agqueoussuspension meant for use with fountain pens

The layup process is shown in the figurégure5.3-Figureb.6:
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Figure5.4: Prepreg fabric cut into sized rectangles to form the plies of the layup
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Figure5.5: Upper adherend full plies laid on the release film; the green tape along the edges is thermal flash tape to secure
the layup to the base plate. The green peel ply has not been removed to protect the layup from dust ingress.

Figure5.6: Cut plieglower adherend)ayered on the layup

The layup was vacuuvagged as shown frigure5.7, with breather fabric wrapped around the
layup, which was sandwiched betwe&gflonrelease film coated steel plates. Aerospapade

thermal curing flash tape was also used to minimise the risk of air contamination.
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Figure5.7: Vacuum bagged layup (inset: vacuum gauge to monitor evacuation of bag)

The layup was cured at 1%7 for 3 hours at 55800kPa (The maximum pressure was set to 7bar, but
GKS Fdzi20ftF @SQa ail ofS K2f Rbryigprobdssbvasimieit®ed asing Of 2 a
thermal sensors placed on the layup at different positions, which were monitored in real time. The

layup in the autoclave, once it has been vented, is shovwigare5.8.

Figure5.8: Layup prepared and cured in autoclave
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I Fdzf £t & OdzNBR fl&dzld deLAOrtte 8ASEtRSR | avyla
cut into six 44 30 mm specimens, sdeégure5.9.

Figure5.9: The layup after curing, with markings added for cuttingmgcimens 230x44mm. The redgficit areas on the
edges are discarded

The specimens were then decontaminated, and aluminium tabs were affixed to the surface in the
vicinity of thecut plies The aluminium notched tabs were sabldsted, degreased and mauted
using Selleys/Araldi®24H curing Zart epoxy. The specimens pesitting are shown ifrigure5.10.
The cutting was performed using clamped poezds and steel band saws. (Ideally carepoxy
layups should be cut with high precision UHP waterjets, however a waterjet cutting facility was not

available for these experimes)t

135



Figure5.10: Cut and eady specimens, with aluminium tabs affixedHoldinga clipon extensometer

A closeup view of the notched aluminium tabs, that were used to attach the extensometer, and the

side of the specimen with whiteanopigmentsuspension applied is shownRigure5.11.

Figure5.11: Closeup of the specimen at the ply discontinuity region. White mpigonent suspension coating on sides, and
the aluminium tabsare mounted using 2#iour curing 2part epoxy
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