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Abstract

Abstract

A major concern affecting the effent use of compositeminatesin aerospace industig

the lack of understanding of the effectlofv-velocity impact (LVI)damage onhe structual
integrity. Ths project aimsto develop further knowledge of the response and damage
mechanisms of compositeminatesunder LVI, and to explore the feasibilif assessing the

internalimpactdamage with a visually inspectable parameter.

The response and damagesahanisms of compositeaminatesunder LVI have been
investigated experimentally and numerically in this project. Variowsnpeters including the
laminateghickness]ay-up configuration, repeated impact, and curing temperature have been
examined. The concept and the phenonwrdelaminatiorthreshold load (DTL) have been
assessed in details. It safound that DT exists for compositelaminates but the
determination of the DTL value is not straighti@rd. There is auitable value of range
between the impact energy atfte laminatesstiffness/thicknessif the sudden load drop
phenomenon in thenpact force history is used to detect the Diidlue It is suggested that
the potential menace of the delamination initiation may be overestimBtedcomposite
laminatestested in this projecttemonstrategood damage tolerance capacity due to the
additional eergy absorption mechanisfollowing the delaminationinitiation. As a result

the current design philosophy fdaminatedcomposite structurenight be too conservae

and should be reassessedmpiove the efficiency further.

To explore the feasibility of linking the internal damage to a visually inspectable parameter,
guastistatic indentation (QSI) tests have been carried out. The dent depth, as a visually
inspecthle parameter, has been carefully monitored and se$es relation tahe damage
status of the compositaminates It is proposed that the damage processomposite
laminatescanbe divided into differenphases based on the difference initloeeasingate of

dent depthMoreover, the internal damage Hssen examined under the optical microscope
(OM) and the scanninglectron microscope (SEM).eRidual compressive strength of the
damaged sm#men has been measured using ¢benpressiorafterimpact (CAl) test. The
results further confirm the findings with regard to the overestimated potential menace of the
delamination initiation and the proposed damage process assuniptegoroposeddamage
process assnption has great potential to improthe efficiency and accuracy of both the
analytical prediction and the structural health monitoringdomages in compositeminates

under lowvelocity impact.
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CHAPTER 1 Introduction

This chapter consists of three sections. The first section gives a brief introduction of the value
and industriakelevance of the proposed research in the project. Project aims and objectives
are defined in the second section. The final section of the chapter outlines the structure of the

thesis.

1.1 Background

Modern composite materialsabe been extensively used mgh-performancestructural
applicationssuchasthe aeronautical, automotivend marine industriesincethe 1970s[1].

The excellent specific strengitiffness, high corrosion resistance, long fatigue life and good
design féxibility of advanced carbon fibre reinforced plastic (CFRP) compos$ites
distinguished therfrom thetraditional metallic materials.

The usage oformposite mataal in the most recent aircragtich aghe BoeingB787 andthe
Airbus A350 has exceededore than 50 percenf thestructural weighof the aircraff2, 3].
However, the potential weight savindfered by the advanced materialstill restricted by
the currentconservative desigphilosophy This conservativapproachis mainly associate
with the understimatedallowabledesignstrength due to theoacernabout the effect of low
velocity impact (LVI) damageon the perforrance of compositéaminates Outof-plane
impact by foreign objects, such as ruaywdebris and dropped tools, egpected to occur
during the operationmanufacturing, matenance and servicef compositecomponent In
most caseghis type of impactieaves damag thatis hardly detectable by visual inspectjon
such damage is referredharely visible impact damadBVID). It is generally accepted that
such internal impact damage may significantly reduce the structural performance of

compositdaminatesandgrow underserviceloads [4-9].

Compared with conventional metallic structyresmpositelaminatesstructures are more
suscetible to impact damage due tioe inherent brittlenessf both the cdyon fibre and the
epoxyresinmatrix. Different damagenodes including matrix cracklelamination, and fibre
breakagecan be introduced intthe compositelaminatesand interactd with each other
resulting in complicated damagaechanism Among the low-velocity impactinduced

damags, delamination is the dominant failure moaledmay cause severe degradatairihe

1
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structural strengtlvhen the structure is undercampressive loadVhen the propagiag tip

of the matrix crackreachesthe brittle interface, théigh stress concentratiomay cause
debonding ofthe adjacent laysrwith different fibre orientations anditiate delamination
Extensive research has been carried out ttergtand the mechanism of delamination and the
effect of delamination on the performance of compokitainates[10-12]. It has leen
reported that there existsdelamination thressid load (DTL) forcompositelaminates[10,

13, 14]. When an impact load exceedthe DTL, the area of delamination will increase
significanty and thuslead to alarge reduction of the residucompressive strength of the
ddaminatedaminates However, die to the comlexity of the failure mechanisms associated
with compositdaminatesthereliable assessment of damage resistance and damage tolerance
of compositdaminatesemairs a major challenge to the aerospace induskyrther research

is thereforerequired to understand the concegt DTL and its effecton the material
behaviour under low-velocity impactto improve the conservative desigrmilosophy of

compositdaminates

This projectalsofocusedon the study ofdelamination initiatiorthrough the investigatioaf
the contact behaviour of composigninatesunderbothlow-velocity impactandquasistatic
indentation (QSl)loading conditions The impact response andlamagemechanismsof
compositdaminatesunderlow-velocity impactwill be investigated byonsidering the effect
of the delaminationinitiation. Thedetection and predion of the DTL will be assessed. The
feasbhility of relating internal damag® the dent dep through visual inspectiohasalso
been explored.

1.2 Aims and Objectives

The project has following two aims

1. To developfurther knowledge othe impactresponse andamage mechanisnof
compositdaminatesunder lowvelocity impact.
2. To explorethe feasibility of assessing the internal damage antisually inspectable

parameter

To achieve above aims, the contact behaviour of comptasneatesunder VI and QSI
loading conditionshas beennvestigated through experimental, nemcal, and analytical

studies to achievihefollowing objectives
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1. To gain a good knowledgeof the behaviour focompositelaminatesunder low
velocity impact through aomprehensivéterature review

2. To conduct aseries ofdetaled investigatios of the impact response and the
detection/predictiof delamination threshold load ocbmpositdaminatesunderlow-
velocity impact

3. To establish aelation betweenindentationdepthand internal daimge through the
investigation of the static response of compositeminates under quasstatic
indentationoading condition

4. To simulatethe contacforce historyand the initiation of delaminatioof composié
laminatessubjectedd low-velocity impactand quasstatic indentatiotoadng.

5. To characterisethe effect of damage omthe residualcompressive strength of
composie laminates through the compressiorafterimpact (CAI) test, optical

microscopgOM), and scanning electranicroscop (SEM) observations

1.3 Outline of the Thesis

This thesis presents tlmesearch work carried out between October 2010CGatdler 2014

for the PhD project titlediCharacterisatiorof low-velocity impactresponse in composite
laminates . | tsts af aights dhapers. Qhapter 1 gives a brief introduction ofhe
background ssociated withthe project andlefinesthe projectaims and objectives. i@apter2

is a comprehensive review of the concept, theories, techniques, and key findings in the field
related o the project. Chapter &plairs the research strateggmployed in the project. The
fabrication of composite plates and the derivation ofbi&ic mechanicgbropertiesof the
unidirectional (UD) materiabre described in l@apter4. Chapter 5 @d 6 presentdetailed
investigatons, which were conducted gxperimental, numerical and analytical approaches,
on the impact behavur of compositdaminatesunderlow-velocity impactand the contact
responseof compositelaminatesunder quasstatic ingntationload. Results achiesd from

the project are analysethd discussettom a project point of viewn Chapter %o establish

the relations amonthem. Chapter 8 summarises the kesults achieved in the project and

the areas where further work is required
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This chapterdetails he existing research, techniguend theorieselated to the work carried
out in this projectTopics of composite materialcompositelaminates low-velocity impact
damage mechanisms, delamination threshold load and-spaéisi indentation behaviour of

compositelaminatesare reviewed and discussed

2.1 An Overview of Composite Material

Compositematerial isa structuralmaterial typically constructed from at least teanstitients
with significantly different properties. The constituents atembined at amicroscopic or
macroscopic lgel and have alistinct interface between eacbther This combination
produces a material possessimgpre desirable properties, such as improsétinessto-
weight and strengthio-weight ratio, long fatigue life, and higtelectrochemical corrosion
resistance, which are not attainable with the indialdconstituent[5, 6, 15. These
advantages havenade the composite materials very broad and important class of
engineeringmaterials; the world annual productioh composite material@ver 10 million
tons)has beemncreasings-10% per annum in recent ysév].

2.1.1 Hsstorical Development of Composite Material

Many natural biabgical materials are effectiv@mposite materialdue to acombination of
two or more components in many casBamboo, bone and celery ageod examples of
cellular natural compositeyhile muscle tissue is &ind of multidirectional natural fibre

compositeas shown irFigure2.1[7, 15].

Composite materials have been exploitddtoughouthuman history. Inspired bynatural
composite materials, the ancient civilizations mixed two orentomponents to reinforce the
mixture. For instance, th&ncient Egyptians introducedlued laminatedwood and papier
mache (1500 B.C]B] andthe Inca and Mayan civdations strengtenedbricks and pottery
with plant fibreq15].
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Figure 2.1 Examplesof natural compositematerials.

Advanced composite matesahavebeenmanufactured and applied to the moderarine,
automotive and aerospatelustries since the early 2@entuy. Glass fibre reinforced resin
commonlycalled fibreglass, haveen applied iloat and missile constructi@ince it was
first made in tle 1930s The applicabns of modern composite materiatsgde significant
progress in 1970slue tothe development of new fibresuch as carbgrboron, and aramjd
and new composite systemwith matrices made frormetal and cerami§l]. These new
generation higistrength conposite materialproved to behe ideal alternative materisito
meet the extreme requirements of performandberaerospace industry. As Airbus claimed
in the A350 XWB launch press conferer@g over 50% othe airframeby weight, including
wings, hybrid fuselageempennage and belly fairing, imade of advancedcomposite
materials, such as carbon/epoxy and graphite/titanasnshown irFigure2.2 The exensive
applicationof composite®n the A350XWBhas reluced its weight significantlyesuling in
better fuel efficiencyand up to 8% loweroperating costs #n its competingBoeing 787

Dreamliner
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Figure 2.2 Applications of modern composite materiald2].

Ashby [16] summaried he historical developmenand extrapolated the expectative

progressiorof composite materialcompared with otheghreemost @mmonly usd materials,

metal, polymefelastomerand ceramiglass considering the tative importance of each

group which is presented iRigure2.3.
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Figure 2.3 Chronological variation of the relative importance of materials [16].
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It shouldbe notedthat the relave importance of each material Figure2.3 is not associated
with any specific unit oimeasurejt only reflects theimportanceweighting factor of each
material grou@tdifferent ages. Thikelpsto explain the steady growtf polymer/elastomer,
composie, and ceramic/glass sind®60G. The steady growtltan be attributed tdhe

innovations(from both manufacturing and analysis viewpoirdYhese dvanced materials
including high modulus polymers, daon fibre and ceramic coropite. Meanwhile, the
progressof metal has faced its bteneck afterthe dramatic development sindée first

industrial revolution

2.1.2 Classification of Composite Material

A composite materialgenerally consist of a discontinuousphase embedded within a
continuousphase.The discontinuous phase is ttenforcementwhich is much stronger and

stiffer than the continuous phase ternasdatrix[7, 15, 17].

240

Carbon fibre Silicon carbide Silicon carbide
reinforced particulate monofilament reinforced
€poxy reinforced aluminum ceramic

Figure 24 Schematic illustration of polymer, metal, and ceramic matrix composite

materials [7].

Based on the difference meinforcements and matrixes, two methods are conyrapplied
in classifyingcomposite materials. In one wagpmposite materialare divided into thre
principle categories based dhe matrix materiatype polymer, metal and ceramlzased
compositesas illustrated inFigure 2.4 [7]. On the other handthe geometry of the
reinforcementis used to classifghe composite materialito fibre, particulate and flake

reinforced compositeass illustrated irFigure2.5[5, 15].
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Figure 2.5 Schematicillustration of fibre, particulate, and flake reinforced composite

materials [5].

Currently, fibre reinforced polyme(FRP) matrix composite i®ne ofthe most extensively
used composite groujs aerospace industryhereinforcemenfibre can be producetom a
range of materialssuch agylass, aramid, boron, camb and graphitePolyester, polyamide,
polypropylene, phenoliand epoxy arecommonly used as matgs Although the high
strengthto-weight and stiffnesto-weight ratios of the fibre reinforced composite system are
mainly determinedby the reinforcemerd, the matrix isstill requireddue to the inherent
brittleness othefibre reinforcementThe matrix bindgibrestogether andsolatesthem from
each other;the matrix tranders the load fromfibre to fibre and protects them from
environmental attack; thmatrix alsocarries the shear streissthe composite anastricts the

initiation and propagation of crackg].

2.1.3 Advantages and Limitations of Composite Material

Compaed with conventional materials such as steel, aluminium and titamiloys the
carbon fibre reinforced epoxy c@wosite material offers superior specific strength
(strength/density)and specific modulusnjodulugdensity as shown inFigure 2.6. As a
consegence,the composite ntarial has its unique advantage the application ofircraft
structurg7, 9, 17-19].

In addition tothe high strength ahstiffness todensity ratios, several other outstanding
benefits provided by composite materiahlso attract the engineers, designers and
manufactures in aerospaceindustry. Forinstance, the ability to optimisenechanical
properties by adjusting the layps of composite matal improves the design flexibility;the
excellentfatigue andelectrochemicatorrosionresistance of composite materiatreases the
operationstability, the partconolidation of composite materialso reduces the assembly
cost and tim¢19].
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Figure 2.6 Specific strength and modulus of general engineering materiaJ9].

It is however worth noticing thahe fibre reinforced composites are typically atrspic.
The low transverse arttiroughthicknessstrengtls of fibre reinforcedcompositeneedto be
considered indesign and analysif6-8, 17, 18]. Compaed with conventionalstructurd

materials, the followig limitations still restrict the further applicatioof composite material

1 High fabricaion cost of composites material

1 Complicated design and analysisasfisotropiccomposites

1 Complexity infailure mechanisms andetection of internalamage
1

Expensive and@omplicatedepairof damaged composite structure

2.2 An Introduction to CompositeLaminates

Compositelaminates a typicalform of composite materiahas been used increamly in
aerospace industry as a resolt its superior mechanical propertiesBut insufficient
understanding of the failure mechanisamslerlow-velocity impactis a majorconcern which
limits its further applicationsA detailedundersending of its structural performanceis to

fully exploit the potential®f compositdaminates

2.2.1Characterisation of CompositeLaminates

Composite laminate is corstructed by stackindamina in the thickness direction, as
illustrated inFigure2.7. A lamina istypically a thinfibre reinforced compositlayer which
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has either a unidirection@UD) fibre orientationas illustratedn Figure 2.7(a), or a woven
fibre configurationas illustrated irFigure 2.7(b) [5]. Specific procedurs, including flament
winding, autoclavecuring andresin transfer moulding, are involved to bond the laminas

togetherdependhg on different matrix materials.

[ )
P
e o o o ~ e o o o [ *e
7 ® o o o~
® /0 [ ® ® O LS
7/ ™~
Fibre cross-section Matrix materials Fibre cross-section
(2) Uni-directional composite laminates (b) Woven composite lamiantes

Figure 2.7 Schematicillustration of (a) the UD composite laminates [5] and (b) the

woven compositdaminates.

2.2.2Lay-up of CompositeLaminates

It is well-establishedhat thelay-up configurationof compositdaminatescan be adjusted to
achievethe desired nechanical properties including-plane structural stiffnesstrengthand
out-of-plane impact resistand®, 15, 20]. Laminatedwoven composite material can be
generally treated aa quastisotropic materialsince the fibres are weavedgetherin each
lamina. On the contrarycompositelaminatesmade of unidirectional laminasormally is
anisotropic due to different principal material axis ofindividual lamina. The lay-up
configurationof compositelaminatesmade of UD laminagan bedivided into following

categoriesn order toachieverequired materigberformancg17|:

1 Unidirectionallaminates multiple layeed UD laminateswith orthotropic mechanical
propertiede.g. T and w ).

1 Symmetriclaminates multidirectional laminateswith pairs oflaminas of the same
fibre orientationmaterial,and thicknessthe laminas arstacked symmetrically with
respect to the rdiply of laminateqe.g 1 Wrfw 1M).

1 Antisymmetric laminates multidirectional laminateswith pairs of laminas of the
opposite fibre orientation but same material and thickeeskedsymmetricallywith
respect to the migly of laminateqe.g.[+45/-45/+45/45]).

10
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1 Crossply laminates symmetricalor antisymmetricallaminatesonly has laminas
oriented abJand90J (e.g.[0/90]s, [0/90/0/9Q).

1 Angle-ply laminates symmetrical or antisymmetricédminateswith pairs of laminas
oriented at —(e.g.[ 45]s, [+30/~30/+30£30]).

1 Quastisotropiclaminates a laminatesconstructedy the following mannerin order

to gainthe inplane isotropigropertiege.g.[ 45/0/90}).

1). minimum 3 layers;
2). all layers have identical orthotropic material properties and thickness;

3). the orientation othe k" layer of anN-layer laminatescan be generatieby an

arbitrary initial angle—:

P (2.1)

In practice, thenechanicapropertiesof fibre reinforced compositaminatessometimeseed
to bequickly estimaed HartSmith [21] suggestedin empirical prediction, terrad as Ten
Percent Rule, to estimate thibre-dominated irplane strength andstiffness oflaminated
composites based on thae of mixtures of0J, 45J, and90Jfibre orientatiors. In this rule
the primary0Jlaminas are considered toontribute100 percent ofits longitudinal strength
and modulugo the resultant mechanicptopertiesof laminates while the secondary laminas
(90J & 45J) are credited with onlyl0% of the referencestrength and modulus the
estimation ofoverall mechanical propertiel1 the latest article§22, 23], the TerPercent
Rule has been extended beyotsdgrior restriction to seledibre patternsby introducing the
implicit lamina failure envelope aridcreasinghe transversdailure strain of ibre. It should

be noticed that this simplification @ly valid for the highly orthotropic materials.

2.2.3 Mechanical Analysis ofCompositelaminates

The overall performancef compositdaminatescanbe estimatedaccuratelythroughdetailed
mechanical analysias describedth comprehensivditeratures [4, 5, 7, 15]. The compliance
and stiffness matricesf individual unidirectional lamina arérstly determined followed by
the study of the overall performancef compositelaminatesconsideringthe thicknessand

lay-up configurationof laminates

11
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Figure 2.8 Schematic illustration of the applied stresgs for determining compliance

matrix of a lamina[15].

In the study of Staab[15], normal stresses are applied to the wueiational lamina in the
principal directions of orthotropic material to determine the relationship of compliance matrix
to engineerig elasticty constants of a laminas illustrated irFigure 2.8. The relationshifg
between strais in the 1, 2, and-8irectiors, termed as , - , and- , and the only nonzero

applied normal stress , are expressed as

S S — (2.2)

where O is the elastity modulus in the-direction;a is defined as the@egative ratiof the
normal strain irthe j-directionto the normal strain ithe i-direction when the only normal

load is applied in thedirection.

Similarly, the strains developed withe only nonzero stress componéent are

- — - = - — (2.3)
Under the 3irection normal nonzero stregs, the strains are expressed as
. b L Mde 5
[e% (o3 24

The compliance matrix °Y, can be established by coming the aboveesults and recalling

the relation - Y , as

12
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Yo — b — Vo —
Yo — Y — Yo — (2.5)
“%p - “%c - “%0 -

The shear termsY , Y , and"Y , are determinedfor complete compliance matrix by
applying pure shear stresses in thg, 2-3, and 12 planes. In principle, the inexistence of

shearextension coupling simplified the matter as

“ p “ p “ p
Y = Y = Y = 2.6
Qo o o (2.9)
where "O is the shear modulus corresponding to a shear stress appliedi tpléme.
Therefore, he compliance matrix isxpresse@s
o0 - Ul
. . “ ] nm o n I
Y Y Y s L | S — m T T
g o o ] 1
| |Y Y Y n n n ] ) _ _ n n n 1
“Y | |Y Y Y "T[ Tt Tt ¥ 1] |’| (27)
nmm oo om Y T T — T TN
Um m nm T Y Ta oum T T l
urmr 1 T n 1nm YU un T m T — T
LTt T[ L 1
U L | Sy

The stiffness matrix 0 , is obtained by inverting the compliance matrix. Thdividual

stiffness coefficient) , isexpressed in terms of the engineering eldgt@onstants as

C

Op wu Y 0 Op ww Y 0 Op wu 1Y
0 Owu swu IV Ou wu Y 0 O
0 Ou wwu I Ou uwu 1Y 0 O (2.8)
0 Owu w4 Y Ouw 4o 1Y 0 O
where
Y p o4 HH Hu Cdud
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Thecurrent siffness matrix is only applicabl®r the analysis of an eaxis configurationas

shown inFigure2.9(@). A new matrix 0 , is required in the analysis ah—angle lamina

with an offaxis configuration showm Figure2.9(b).

Ay (2) 2

(a) on-axis

(b) off-axis

Figure 2.9 Schematicillustration of (a) on-axisand (b) off -axis configurations [15].

The expanded form of the strestsain relationship ig15]

where,, ,,

>
1P

and,

0 0 0 T
r”’?‘ Il ol

) V] U Tt
'y O 0 Tt
11 4
T T m U
[]TT T m U

T
C
Cc
=

Y-
n U I.,Il’u _ |’|J
O W )
T[ U [l -
_ . (2.9)
0 Ly i
- "y I’y
v n l’lxlr

T[SUU’FU’

are the normal stress in the corresponding direction, respectively;

t andt are the shear stress in the corresponding plane, respectively;and- are the

normal strain in the corresponding direction, respectively;f

in the corresponding plane, respectively.

Each stiffnessoefficient 0 , is expressed as

~
g

V)

C

C

C

CA
—
c
Q-
™
CA
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andf are the shear strain
0 ¢
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U 0 ) cL a¢ ) 0 L a &

0 0 0 0 0 G¢

0 0 & 0 ¢ 0 0 0 6G¢

0 0 a 0 ¢ 0 0 0 cO a¢& 0 & ¢

where
& Ail-@ndt OE+

Once the stiffness and compliance matrices of an individual unidirectional lamina are
determined, the overall performance of compokiteinatescan be estimated based on the
thickness anday-up configuration Each lamina is assigned a reference number and a z
coordinate to identify the location in the coordinate sysisshown inFigure2.10

i , T
ho
2
h; - h/2
hy T
h;
Mid-Plane
l ¢hk-l k-1
hy ty : k
k+1 h/2 Yz
hn-l
h, Yy a

Figure 2.10 Laminates stacking sequence nomenclaturp].

Therefore, the stress fiif' lamina can be determined fyllowing relation

A 1 1 1 R ko)
A 1 1 1 R a Q (2.11)
4 1 1 1 r Q

The resulting force anshoment inthe laminatescan be written in matrix form 45|

A - A
B A AU - B A UAU (2.12
Z - Z
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where

= normal force per unit length . =shear force per unit length

- ,- =bending momerer unit length - = twisting momenper unit length

Combning them together, gives

11 1 R S =
! ! ! R "t " E (2.13
| | | r " " " E
- oo R $ $ 3 E
- v v v R $ 3 § E
: S T R I =
where
! B 1 E E i,j = 1,26 extensional stiffness matrix
" -B 1 E E i,j = 1,26 extensionabending coupling matrix
$ -B 1 E E i, j = 1,26 bending stiffness matrix

The loads and momentsf a compositdaminatescan be expressed in matrix form, after

integration, as

S CFe
- 11 no___
I\ [} I~IJ l l I,I I\ p |~|J (2 -14)
o "7 u ) 1’y
U g v ; v o
The form of equatio oftencan be simplified as — - - — (2.15)

2.3 CompositeLaminates under Low-velocity Impact

Impactdamages one of the cruclecorcerns in thelesign manufactureand maintenancef

composite laminates The failure mechaniss of composite laminates are much more
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complexcomparedwith conventional metallic materiaDifferent damagemodesmay occur
at both interlaminar and intralaman leves and interactwith each other The failure
mechanisms of compositaminatesare generallyclassified as eithelow-velocity impact
induced damage drigh-velocity impact induced damagé&he lowvelocity impact damage,

which is the most difficult tve detecedin practice will be focused irthe currenstudy

2.3.1 Definition ofLL ow-velocity Impact

The definition of lowvelocity impactis still under debate among leading researchers in the
filed due tothe uncertaintransition between lowelocity impact and ilgh-velocity impact

On one hand, @aommonly acceptedne is suggestedy Cantwell and Mortorj24] under
which theimpactvelocity is up to 10n/s considering thdneight limit of testfacility (such as
drop-weight tower).On the other handAbratestated in his review boo}d] thatthe impact
speedf an lowvelocity impat event should be less than 1.

Sjoblomet al. [25] and Shivakurar et al. [26] insistedthat the upper lint of low-velocity
impactvary from 1to 10meters per secorikpendhg on the mateal propertiesof targetand

the mass and stiffnessf impactor The impact response is dominated thg stress wave
propagation througimaterial.Very localised damage and energy dissipation are induced by
high-velocity impact as a result ohe lack of response time amkgligible boundary
condition effect On the catrary, low-velocity impact evenggenerats an entire structural
response and in consequence more ensrggsorbed elastically, as a resuladdng enough
impact durationDavies and Robinsof27] definedthe lowvelocity impact noonly simply

by a numercal limit, but by thematerial propertyin which casethe throughkthickness stress
wave effect on the stress distributias negligible A cylindrical zone under the impactor is

consideredo undergoa uniform strain as the stress wavaropagatingthrough the plate,

which givesthe ultimatecompressive strajn g as[27]

OAT T AEOU
- (2.16

Several researchef28, 29 suggested that thgpe of impactcanalsobe categorizety the
existenceof damageypes. Low-velocity impactdamagas characterisg by ddaminaton and

matrix crack whereashigh velocity impact idominatedoy fibre breakagend penetration

17
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In conclusionconsideringhe maximumimpactvelocity studiedin this projects less tharilO

m/s and therefor¢he studied impadtlls in the category dbw-velocity impact

2.3.2 Clastication of Low-velocity Impact Tests

An impact testshould beselectedproperlyto redicate the actual loading condition to be
experienced bgtructure in practiceand introduce thdamagemodes andiailure mechanisms

likely to occur.

]
'\
7 D\

1 2 3 4 5 8 2
¥ ¥ / ﬂ 7

3
.

I
1 It

(1) air filter (2) pressure regulator _
(3) air tank (4) valve (5) tube (1) magnet (2) impactor (3) holder
(6) speed sensing device (7) specimen (4) specimen
(a) Gas Gun (b) Drop-weight Tower

Figure 2.11 Schematicillustration of common impact test rigg[4].

Two types ofimpact tests are camonly employed in investigations80-40] , although many

details of the actual test apptus may differ. Gasum test, as illustrated iRigure 2.11(a), is

suitable to simulate thimpact events with smathass andigh-velocity projetiles, such as

the runway debrismpact on aircraft during its takaf and landing. Dropweight test as
illustratedin Figure2.11(b), is used extensively to simtéathe lowvelocity impact condition

cawsed by larger projectile that magcur when tools are accidentatlyopped on composite
structure Although the hemispheris the most commoly used shape of impactorthe
chargeability of the geometries of impactor and target is still one of the benefits associated
with the dropweight test Mitrevski and ceworkers[41-43] conductedheir detailed studies

on the effect of impactor shape on the impact response and damage mechanisms of composite

laminates
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In addition, gndulumtype and cantileveretype systems are also useal generate low
velocity impact As Cantwell and Mortosuggested in their review page¥], the pendulum

type test systenwas used by many early impact siesl Theinformation about the energy
absorption and dissipation in the composite can be gained by using the pehgéuast
method. Lal[44, 45] used the cantilevered impactor, by pulling back and then releasing a

flexible beam with a steel ball raoted at the end, to produaéw-velocity impact.

2.3.3 Failure Modes ofCompositeLaminates under L ow-velocity Impact

Kaw [5] suggested thahefailure of compositdaminatesmay not becatastroptu. It is much
more possible that sonteyers fail firstty and theaminatescontinues to takemore loads until
the entire laminatesfails. The failure process is quite complex, involving both intralaminar
damage mechanisms, including tna crack and fibre fracture ard interlaminar damage

mechanisrg, such as delamination and penetration

<— matrix crack

fibre fracture e

delamination

\/

Figure 2.12 Cross-section view ofthe impact damaged compositéaminates[46].

Matrix crackas illustrated irFigure2.12 occurs parallel to the fibréirection due to tensile,
compressive, and shear stressekiced by the lowelocity impact[47]. Delamination ighe

separationbetweenlayers with different fibre orientatios as shown inFigure 2.12 and
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triggeredby the interlaminar stress due to thending stiffness mismatch between adjacent
layers [48]. Fibre fracturegenerally occursunder higher load aftematrix crack and
delamination The fibre breaks under high tensileess anduckles undehigh compression
load[47]. Penetration is a macroscopi@mageand occurs when tHaminatedailure reaches

a catastrophitevel which is not commoimn the lowvelocity impact evenf49]. Numerous
researches have been conducted in order to achieve comprehensive understarnideng o

damage initiation and propagatiai compositdaminatesunder lowvelocity impact
Matrix Crack

Abrate[4] suggestedhatthe distribution ofmatrix cracls was complicatel anddifficult to be

predicedaccurately The predicton of the complexpattern is noessentiakince matrix crack
doesnot significantly affect th@erformanceof laminates Matrix damage, including matrix
crackand debonding between fibre and matisxthe inception b other failure mechanisms

arnd may induce delamination at thrterface[4].

@ mass
+ velocity

impact force F(t) \

bending strain £(t)

l/ M @)

N

Y

X
@) ) 3)

(1) Contact damage or crushing (4) Internal delamination due to transverse shear stresses
(2) Failure on impact face due to compressive strains  (5) Delamination due to back-face matrix cracking
(3) Matrix fracture on back face due to tensile straing

Figure 2.13 Schematic illustration of the low-velocity impact damage natwes in a
compositelaminates[11].

Zhang[11] reported a typical damage pattern of compokitainatesunder lowvelocity
impactasshown inFigure2.13 The highly bcaized contact damageefer to notation 1 in
Figure 2.13)namedascrushing,appeas close to the aastactsurface undethe impactorand

may extend into théarget plate within 2 or 3 layerit depends on thélertz type contact
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force andtransverse material stiffness of ttog layer. The matrix cracksn the impact face

start at the edge(s) of the impacfrafer to notation 2 in Figure 2.18nd are at an angle of
approximately 43from the midsurface. These shear cracks are caused by high transverse
shear stress/compressive bending strain through the mdwria0]. The vertical matrix
cracks on the lower fac@gefer to notation 3 in Figure 2.13ye termed as tensile cracks.
These cracks are introduced by higkplane normal stress/tensile bending strain which are
relaied to theflexural deformation ofaminates[4, 51]. The internal delaminationear the
mid-plane (refer to notation 4 in Figure 2.13)nd the delaminationear the bck surface
(refer to notation 5 in Figure 2.13re triggered byeither shear crackor tensile crack,
respectively. Once the sharp crack tips reach the interfédlcesstress concentration at

interface may initiates the delaminatif&g)].

ya AY
B A A
77 o o
i S A AN 74
AN N\ \ 4
= Z
A\ P4
- L
)11
(a) Pine tree (b) Reversed pine tree

Figure 2.14 Schematicillustration of different damage patterns[4].

Abrate[4] and Cantwellet al[53] reached similar conclusions abdhbé geometry effect on
matrix cracktype and its distribution. Thiaminatesthickness is proved to libe key factor.

The thickspecimens stiffer and itroduces transverse shear crack in the upper layers firstly
due to higher contact forceesulting in the pine tree distribution damage pattern as shown in
Figure 2.14a). In contrag the tensile cracks in the lower layers arerenlikely to be
introduced inthin laminatesby the excessive transverse deflection and subsequent membrane
effects. The matrix crack and delamination are distributed in a reversed pine tree gsattern
illustrated inFigure2.14(b).

Delamination

Delaminaton, an interlaminar failure megplays a dominantle inthe damagand energy
dissipationof compositelaminatessubject to lowvelocity impact Delaminationand matrix
crack interact with each other ancbntributeto up to 60% degradation in compressive

strength of compositaminateq4, 10, 12].
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Experimental studiegl0, 11, 48, 54] consistently report that delamination only occurs at the
interface between | ayers with different fibr
bending stiffness mismatches between adjacent laygnsie 2.15resents the studies on the

delamnation shape.

S ——
A e

+45 / W 4
e %
top view
0 e

w i e

. O

side view

(@) (b)

Figure 2.15 (a) Top and side views bthe delamination area from C-scan doservations

[46]; (b) schematicillustration of delamination [4]; (c) ideal model of delamination[46].

Thetop and side views of a eninated32-ply laminatesfrom the Gscan observatiaare
shown inFigure2.15a). The topview C-scanobservationsuggestghe entie delamination
area hasa circular projection shapeMeanwhile, the sideview result indicates the
delaminationarea is combined by several delaminationgifferent interfaces. Ae back
surface oflaminatestends to have largatelaminationareathan that athe topsurface.The
individual delaminationareais often ina 6 p e a n with @ts n&jbraayiseoriented in the
direction of fibres in the lower layeat the interface aslustrated schematicallyn Figure
2.15b). In the computer generated ideabdel of delamination as shownkigure2.15c), a
spiral staircase is used tharacteris¢he delaminatiordistribution It is howevemecessary to
notice that delamination shagpeften are quite irregular and therientatons becomeather
difficult to be asertaired. Therefore, the delaminatioarea measured from -§tan
observationas a projection of all damaged interfaces on a single placemisionlyused as

a key parameter in the styaf low-velocity induced delamination.

Liu [48] reported thathe bendingstresswas the major cause of delaminatiddun and Joshi

[28] concludel that delaminationwas initiated by the shear crack irupper layer, the
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transverse sla& crack inmiddle layer, andhe vertical bendig crack inlower layer The
initiation of delamination is believed toe associatd with a critical value of impactforce
named aghe delamination threshold load\ detailed reviewof the work by a number fo
researchers in the aread#lamination initiatiorand propagatiowill be presented in &tion
2.4.

Fibre Fracture

Matrix crackcanbe casidered as the precursorddlaminationcausingsignificant reduction
in the residual strengtlof compositelaminatesunder low impact energyThe initiation of
fibre fracture can be considered asethprecursor ofcatastrophicfailure of composite
laminategsuch as penetrationnder relative high impact energhhefibre fracturegenerally
occurs later than thematrix crackand delamination in the failure process of impacted
compoge laminates as a result of the brittle fibre losing the protattprovided bymatrix.
The damagednatrix cannot transfer the loads fibre uniformly, which may cawsthe high
stress concentratiohere are two main kinds of fibre failure modes including the tensile

fibre breakage and compressive fibre buckling as illustrateejure2.16

In — tension

M,
- S =)

4"”1“

In — compression

\..:\/'L .

N——————— 1

Figure 2.16 Schematicillustration of fibre failure modes

Richardson and Wisheaduggested in their review papgt7] that the in-tension filve
breakagewas introduced byhigh bendig stress on the nempacted surfacethe in-
compression fibre bucklingias introduced by the high dal contactstress andndentation
effectunderimpactor.Dorey [55] also presented amsple predtction of the energy required
for the backsurface fleural induced fibre fracture as

%l A OGcH-> (2.17)

9 o0
P ®g
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where ,, is theflexural strengthO is theflexural modulusyw is the laminateswidth, L is the

unsupported length, ands thelaminateghickness.

However,the accurate prediction of fibre fractusea challenging task antepends orthe
modelling of all damage modesincluding matrix crack and delamination, with the

consideration ointeractions among them the progressive damage development
Penetration

Penetrationis a catastrophicfailure mode of compositéaminates subjected toa high
velocity'energyimpactas a result of fibrdracture It is the researctiocus of the ballistic
impact response @ompositdaminateswhile this macroscopic failure modeayalsooccur

in somelow-velocity impactevens with high impact energy level.

Efforts have been made to predict the initiation of penetraBome researchef§3, 56]
suggestedhat the thresholdpenetration energypf compositelaminate wasnot a linear
function of thelaminateshickness andised rapidly with the increase @&pecimerthickness.
In contrast, therresearchers reportedatthe threshold penetration energys proportional
to specimerthickness Dorey[55] belongs to the latter group apdesented the prediction of

theenergy absorbed Ipenetration:
%l AOCUY 06 1Q (2.18)

where[ is the fracture energyis the specimen thicknesmdd is the diameter of impactor.

2.3.4Failure Criteria of CompositeLaminates

The material strength is the materiatapability to resist failureA failure criterion of
composite materiadannothoweverbe simply defined by marial strengtidue to thanaterial
anisdropy. There are three principdirections ofan orthotropic compositéaminates which
may causéhe principal stress directioulifferentfrom the principaktrain direction. Morecer,
compositelaminate haglifferent strengthsn different directionsAs a resultthe maximum
strengthmay not correspond to the critical loading conditibherefore, the failure criterion
of compositelaminatesmust bedetermined based on @oper comparisorbetween the

practical stresséld andallowable stress
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Numerous failure criteria of compositaminatesbased on different phenomenological
consideationshawe been suggestedihe maximumstressand strain critea are the earliest

ones and are improved further by many researchers in their modified failure criteria.
Maximum Stress Criterion

Erdoganet al.[57] propssed the maximum stress criterion assuming the failure ocdwes w
any of the stress componsialong the principl material directiorexceeds the corresponding

strength in that direction. Theiliare criterion is expressed as

under tension

” (I)

” (I)

st s Y
under compression

SHECEN

N 2.1

8 W (219

where,, ,, ,T ,®,®,®,®, andS are the longitudinal stress, transverse stress, shear

stress, longitudinal tesile strength, transverse tensile strength, longitudinal compressive

strength, transverse compressive strength and shear strength, respectively.

In practice the stress components alonige material principabxis (, ,, , andt ) are
usually unknownBut the stress components the nonrprincipal direction, such as ,,, ,
andt , are determinabldy introducing the angle-between the material principakisand

the load direction, the maximum stsaxiterion can be rewritten as

” - S! 5 - ,,
. — $ s — . (2.20

T

” s s CIJ

Therefore, the material strength in théirectioncan be determined as the maximum value
» by Equation2.20
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Maximum Strain Criterion

The maximum strain criterigrwhich is similar to the maximum stress failure criterion, is
believed to be firstly applied in advanced fiveenforced polymer composites by Waddoups

[58] in 1960s. In this criterion, the failure is assumed t@uo when any of the stain
components along the material principal axis exceeds the corresponding ultimate strain in that

direction.The falure criterion is expressed as

under tension

¢ S -
under compression
S -
2.2
s s - (2.21)
where,- ,- ,and’ are the longitudinal strain, transverse stramj shear &tin in material
principal axisyrespectively- ,- ,- ,- ,and- are thdongitudinal ultimate tensile Itin,

transverse ultimate tensile strain, longitudinal ultimate compressive strain, transveragultim

compressive strain andtimateshearstrain, respectively.

Similarly, the maximum strain criterionan also be rewritten by introducing the rotatian
angle—and t he Poi('s smmn § 0 deteantine the maximum stress in the

direction.

” )— s’ s

SN PS v

” y— S’ s

<p <p

(2.22)

-
H Cl

()

J ]

In general, bth the maximum stress amdaximum strain criteria artde mostly used ones in
practice due to their simplie#ts. They are amonthe fewcriteria thatcan identifythe failue
mode, although the predictios sometimesot very reliable The theoretical prediction and
experimental resultnay differ significanly due tothe simplification and lack consideration
on the interactions among the failure modeésnsequently, the mdatations of thesdailure

criteria arerequiredfor compositdaminates
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Tsai-Hill Failure Criterion

Hill [59] extended theapplication of the von Mises criterion fidre isotropic material to the
orthotropic material, assumingthe plastic deformationwas dominated by the
incompressibility andthe tensile and compressigéengthswere equal(® @ @, and
W & ). The TsaiHill failure criterion of an orthotropic unidirectiongblate is

expressed as
_ — — —  p (2.23)

where,”Y is the shear strength in the2Iplane. Andhe orthotropidaminateswill fail when

the left of the expressias equal or greater than 1
Hoffman Failure Criterion

Hoffman [60] modified the TseHill failure criterion in order to predict the failure in the
orthotropiclaminateswith different tensile and compressive strength ( @, and® ®).

The Hoffman fdure criterion is expressed as
- - - » - n - p (22®

Theorthotropiclaminateswill fail when the left of the exprass is equal or greater than 1
Tsai-Wu Failure Criterion

Tsai and WY61] proposed a failure criterion fahe anisotropic compositeaminatesbased

onthe following equation
Q ©,, ©O,,, E p (2.25)

where,i, j, K, E = 1, 2, 6 E;: "0, 'O, and"O are the corresponding material strength
parametersThe failure will be introduced into compositen the value is equal or greater
than 1.

In practice, only the first two terms are usedhie failure criterion shown as

Q9 0,, p (2.26)

In the matrk form
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‘000 » " ow ow

000
00O

o)
0 . p (2.27)
o

There arenine strength parameters to be determined in the critefiba.material strengtts
expected to bendependent oghangingthe signof shear stress (t ). Thereforetheshear
stress related strength parametdrsuld be zero due to the symmetry of stress temdoch

gives
O 0O O m (2.28)

Substituting these strength components Btuation2.27, and thusthe failure criterion is

expressed as
"O” “OH “O ” “O ” “O ” C“O ” N p (229)

Six independent strength parametefsO, 'O, O ,"0 ,"0 , and™O , are required to be
experimentally determined. Parameté®;, O, 'O ,"O , and’O , can be determined by the

axial tensile/compressive, and shear tests along the material principal axis. The interacted
parameter,O , should be determined frombgaxial test, supposing » » and,

1. The stregth parameters are expressed as

"(B P P b £ P P p p ¢
c c” T[c (’A‘b (I)(I) (Iz) (‘A‘XI) n Tl (’;b‘(“)'f' (“r(“r‘ n TT u

Pipes and Col§62] reported agood agreement between the Téai model predictions and
the experimental results by conducting theaoffs strength tests on boron/epoxy composites.
Moreover the TsatWu failure criterion haseen availablén most of the commercial FEM
software e.g.MAT-55 in LSDYNA, due to itsbetteraccuracy anthigherefficiency.

Hashind Bailure Criterion

Hashin[63] proposed a specific criterion to predict the failureha transverselyisotropic
material(e.g.the unidirectional compositeminate$. Unlike the TsaWu criterion which is
a phenomenological failure criterigtihe choice ofjuadraticsinthétlas hi nés f ai |l ur e

is based on the physical reasons andnaturve fitting considerations.
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Considering the coordinate transformatiornge stress invariantsnder a rotation abouhe
fibre direction (axisl) are[63]

O ,h0O , ,h0O ft . » NO T T (2.31)

Thusthe mosieneral transversely isopic quadratic approximation €3]
00 600 00 6O 6 0O 00 00 p (2.32)

Seven independent strength paramedés ,0 ,0 ,0 ,0 ,0 , and0 are involved in the
failure criterion. Different modes of failuremay expectdifferent sets of indeendent
paameters, for the fibre failure

00 60 00 060 p
and for the matrix failure

00 60 0600 60 »p (2.33
The failurecriteria for different fdure modes can be expressed as

tensile fibre failure for, T

n qu Tpo p AAET OOA
@ "y & p 1 1TE£AEI OOA

compressive fibre failure for 1t

. o EAEI OOA
o o TIEAE] BOA

tensile matrix failure foy, T
” ” T ” ” T T p R EA E i o O A
) Y Y p 1 1EAE]I OOA
compressive matrix failure fqr T

- P i /FAQAEEI |Qg@ﬁ\
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Furthermodifications[64, 65] based on these critefeavemadet he Has hi tobes cr i t

one of the most widely involved failure criteria in the commercial FEM software.
Chang-Chang Failure Criterion

ChangChang failure critedn [66] is based on a progressive damage model and capable of
predicting damage iaminateswith arbitrary fibre orientationsThe failure criterion is
proposed by a nonlinear material model with consideration of accumulated damage in

laminates

For the tensile fibre failure, whege Tt

o AEAE] OOA

Q o 1IEAE] BOA

” T
& Y

For thecompressivdibre failure, where, T
o p EAE] OOA
) p TI1TEAEI OOA

For the tensilenatrix failure, where, T

o AAE] OOA

Q o 1 IEAE] OOA

n” T
A Y

For thecompressivenatrix failure, where, L1

, L L _ p EAEI 0OA
Q P o 1IEAEI 0OAES
where Q, Q,Q , andQ are the history variables for fibre and matrix failures in tension and

compression, respectively.

Whenmatrix failure occursin a layer, the transverse moduldsand Poisso@s ratio’ ()

are reduced to zero. However, the longitudinal mod@us unchanged-or the existence of
fibre failure in a layerthe materialegradatiorwithin the damaged area depends on the size
of damage. Bothhe transverse modulus and Pois&matio arereduced to zero, but the

degradedongitudinal modulus anghear modulus© ) are expresseds follow
0
0O A@b 5 O
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0O Agb — © (2.36)

where O and"O are the reduced longitudinal and shear modulus, respecti&dly.the
damageareapredicted by the fibre failure criterion, and is the fibre failure interactiomrea
associated with theneasuredtensile strength. is the shape parameter tfe Weibull

distribution forproperty degradation.

ChangChang failure criterion is capable of assessing the failure modes, damage area,
material degradatiorresidualstrength and failure load. Therefore, most commercial FEM
software contaisthe material typ associated with this failure criterion.rRnstance, MATF

54 material modeln LS-DYNA used in this projegcuses Changchang failure criteriorand

will be describedn Section5.2.3

2.4 Delamination Initiation and Propagation of CompositeLaminates

As has beendiscussedabove delamination is the dominant failun@mode in composite
laminatessubjected to lowelocity impactandwill causealarge reductionn the ppstimpact
compressive strengtfd, 10, 13, 14, 67]. The relaionship between the delaminati@mea
measured from ultrasonic scan and the initial kinetic enélitgl) of impactor has been
documented ifmany investigation$48, 68-70]. There ishoweverno clear energy threshold
for delamination iniition as thedelamination sizeincreaseswith the impact energy.
Meanwhile, sveral studie$10, 13, 14] haveindicated thatthe initiation of delaminatiocan
be relatedo a critical loadnamed as elamination threshold loa@TL). It is believed that
the impact will not initiate any delaminationif the peak impact forces below the
delamination threshold loadnstantaneous delamination will occur when the peak impact
load is above the DTLTherefore, anaccuratedetection and prediction alelamination
initiation is extremelyimportant for the damageharacterisatiorof compositelaminates

underlow-velocity impact

2.4.1 Experimental Detectiorof Delamination Initiation

It has beenwidely reported thatthe DTL value can be detected throug experimental
investigationassuming théirst sudden drop aimpact forcein the impact force history as the

sign of delamination initiationThis sudden load drop due to thesudden reduction in the
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stiffness oflaminatesunder the impactaas a result of thanstable damage developmé¢nd,

11].

Sjoblom[25 statedthatthe overalllaminatesstiffness wa not dramatically affected by the
presence of matrix crack during the impact event. But the matrix crack tips may act as the
initiation points fordelamination thatan significatly reduce the stiffness daminates
Therefore, he sudden load dropn the impact force history can detect the initiation of

delamination experimentally

4.0 1 Damage Peak 6.24]
*¥] Threshold ~————— 10ad i
1 Load b
3.0 L
= ] L
= 2.0
I
Q
— ] [
1.04 [
0.0 Specimen H29 B
[90/0]6S AS4/3501-6

00 10 20 30 40 50 Time (ms)
Figure 2.17 Impact force history of a composite laminates subjected to low-velocity

impact [14].

Figure 2.17shows the load history for a 24 ply graphite/eptaminatessubjected to a 6.24J
impact[14]. A clear sudden load drop occurs at around 3.4kN which is lower than the peak

impact load of 4.0kN.

Zhang[11] conducted a series of impact tests with a wide rasfgeomposite laminates
specimens made of Cilfaeigy 6376CHTA carbon fibre prepreg. The specimens have three
different plate thicknesses, two different plate sizes, and simply supported and clamped
boundary conditions. The damage area measured by theanic scan is plotted against the
incident energy and the impact force as shamwvirigure 2.18 The test results proved the
existence of a threshold load, but not threshold energy for the initiation of delamination. The
test results suggest that DTL value is an intrinsic property of composite laminates dominated

by the laminates thickness, and indegent of the laminates size and boundary condition.
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Figure 2.18 (a) Damage area vs. incident energyand (b) damage area vsimpact force
for a large number of composite laminates with different thicknesses, plate sizes, and

support conditions [11].

Davieset al.[71] obtainedsimilar results in their impact tests conducted on the wofedoric
glass/polyestelaminatesspecimes with different thicknesses and sizes. Tlagosuggested
thatthe damagéorce map wanot onlyeffedive in detecting thelelaminationinitiation, but

also inmonitoring the delamination propagation
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Figure 2.19 Impact force histories of compositdaminates caused by(a) the small mass

impactor and (b) the large massimpactor under same impact energy level72].

However, Olsson[13, 72-74] indicated thatthe laminatessize and boundary condition
affecied the response of compositminatesasshown inFigure2.19 Figure shows thahe
accurate detection of delamination initiation through experimental approach is dependent on
the contact duratiowhich is dominated by different contact response modeie detailed

contact response models will be discussed in Section 2.5.1.
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2.4.2 Analytical Prediction on Delamination Threshold Load

The delaminationthreshold load otomposie laminatescan also be predictedthrough an
“=analytical approachAn empirical relationbetween delamination threshold load and
laminatesthickness wasuggested bychoeppneet al. [14] using approximately 500 low
velocity impact force histories from the Air Force Research Laboratory (AFRI-yelocity

impactdatabasend is expressed as follows
$4, 607 (2.37)

where, C is a curve fit coefficient determined by the impact cerveis the laminates
thickness.Equation2.37 indicates that the DTL fothe initial delaminatioris proportional

too 7 .

Sjoblom [75] predictal the similartrend by proposing a simplenaterial strengthmodel

includingseveraimoreparameters governing tleeitical force

0 ¢t o'’ ” (2.39)
where,0 is the critical impacforce,t  is the transverse shear strengtlis the diameter
of a spherical impactor, ari@ is the contact stiffnesseterminedby a Hertz contact law

based contact model. The detailed contact medebe reviewed in Section 2.5.3.

Davies and Zhan§l0, 11] proposed a fracture mechanics based model by introddoeng
critical energy release rate in mode D , at the boundary of a central circular delamination
[27] to predict the threshold loath their model, the quassotropiclaminate wasimplified

as isotropic; and the throughicknessdistributed delamination wadealized to a single mid
plane delamination with an ayimmetric circular shape hE critical impact forcgd , for a

guastisotropiclaminate isgiven by

Ca

(2.39)

where,O and’ are the fl exur al modul us laisdorthPoi sso
noticing that the critical force predicted Bguation2.39is independentf the delaminaon

size since the radius of the axisymmetric circular delamination is not considered in the
prediction. Thisscenarioindicates thathe delaminatiorwould occur at the threshold load,

but the induced delamination area would still be indeterminate.
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Olssonet al. [13] further developed the predictidsy consideing the delamination through

thicknesswhich is defined as

"0 A (2.40)

where,D is the bending stiffness aompositelaminatesi is the nunber of delamination
interfaces.When the value of is equal ® 1, the current prediction is equivalent to the

predictionsuggested by Davies and ZhdAg, 11].

Gonzalez and cworkers [76] proposed a modified predictiosonsidering thelayer
clusteringeffect in compositéaminates which is
"O0: 1TACOO p (2.4)
where,l “ is thenumber of delamination interfacefarting from the back face d¢dminates
O is the effectivebending stiffness ofin orthotropic laminates ando is the clustering
thicknessincluding the thickness of layemith the same fibre orientatiohey suggested
thatthe layerclustering effect may lower the damage resistance of csitggaminatesunder
low-velocity impact. Thereduction in threshold load attributedio the decreased number of
interfaces with different fibre orientations wherelaimination is expected to occur.

Consequently, larger delaminai areas may be introduced irfewer interfaces by higher

interfaceshear stress between different lagesups due to bigger bending stiffness mismatch.

2.4.3 Numerical Simulationof Delamination

Over the yearsextensiveefforts have beemade in simulatingheinitiation and propagation
of delaminationin composite laminates Finite elementanalysis (FEA), as the most
extensively usednethod, showgreatcapability to simulate the delaminatiavhen it has

been applied properly.

Tay [77] reviewed the developmeirt simulatingdelaminationemploying FEA methodrom

1990 to 2001Several advandemode$ and elementsvhich canspeed ug-EA computations
are describedvith their advantages and applicatiodsnong these analytical advancdse t
tie-breakinterfacecontact anccohesivezoneelementmethodare the most comonly used

approaches tsimulatethe delaminatioin compositdaminates
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Borg et al.[78] suggested the initiation armtopagation of delamination coul® simulated

by monitoring the forcalisplacement relation between pairs of coincident nodes employing
the stress based tiweak interface contact. In the FEA method, the delamination path is
restricted to a presumed adhesive interface; the coinciddesradong the interface are used
to initially tie the material on e&cside ofthe interface. Theprinciple oftie-break contact is

shown inFigure 2.20

Figure 2.20 Schematicillustration of the tie-break interface contact innormal direction

[78].

The linear elastidracture mechanics (LEFM) based penalty formulatiseociated with the

interface contact is

0 0 O (2.42)

where,0 andO arethe adhesive nodal force ifdirectionandthe relative distance between
the two coincident nodesgspectivelyDd is the penalty stiffnessvhich isonly vdid up to a
maximum adhesive forceThe delaminationwill be propagatedwhen the limitation is

exceeded

- i A

—_—
crack opening sliding shear scissoring
mode I mode 11 mode III

Figure 2.21 Schematicillustration of three delamination fracture modeq79].
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It is worth noting that delamination can be caused by a combination of three basic fracture
modes shown ifrigure 2.21Mode lopeningis caused byhe peel stresswvhile modes Il and

Il deformations are dven bytheinterlaminarshear stregs[79]. The penalty stiffness, |,

in Equation2.42should therefore be a diagonal matrix which complies with the interpretation

of the penalty formulation as three orthogonal spr[igk

Matrix crack Shell elements
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\
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(a) Multiple delaminations near back face (b) Matrix cracks in back face ply

Figure 2.22 Cohesiveelement preinserted positions inthe practical simulation model

[12].

The cohesive zone model (CZM) is firstly proposed by Hillegbetr al. [80] in order to

predict the delamination in composite laminates. The cohesive zone model treats
delamingion as a gradual phenomenam which the separation takes place across the
extended cohesive zone with the adhesive traction force. The cohesive zone element does not
represent any physical material. It is used to determine the cohesive forces indubed by
separation of material elemer{i®l]. The cohesive zone element can be inserted between
layers with different fibre orientations to simulate the interface delamination as shown in
Figure 2.224), and placed within the lamina plane to simulate thplame matrix crack as

shown inFigure 2.22b) [12].

It is noticed thatthe initiation and propagian of delamination can bsimulated bythe
cohesivezone model which employs tractiseparation lawalthoughuncertainties exist in

the sensitivity ofsimulation resultso the tractiorseparation laW}82, 83].

Figure 2.23llustrates the principle feature oftahesive zone modf84]. The adhesive stress
increases to its maximum while the crack tip approaches the end of the cohesive zone; and the

adhesivestress is a simple function of opening gapinside the cohesive zone
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., KO (2.43)

The adhesive stress is zero when the crack is fully open.

closed crack

I
]
]
]
|
R
Cohesive zone

Figure 2.23 Principle of the cohesive zone modgB4].

Various tractiorseparation laws are available in literag@ad can be classified into bilinear
[85-87], trapezoidal[88], parabolic[89], and exponential]90, 91]. Aymerich et al. [85]
proposed a popular bilinear tractisaparation law under mode | and mode Il/flilkustrated

in Figure2.24to simulate multiple delaminations in crgdy laminates.
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Figure 2.24 Traction-separation law for mode I (a) and mode II/lll (b) fractures[85].

In this bilinear cohesivéaw, the normal (mode I) and the tangential (mode II/lll) adhesive
tractions are related to the corresponding separairdhg reléive displacement, betwedine
upper and lowercohesivesurfaces.This implies thathe areaunde the tractiorseparation
curve can be considered dke energyrequiredto ddaminatesthe cohesiveinterface.As

illustrated in Figure 2.24 an initial linear increasing stage is included in the traction
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separation law. After the traction reached its maximuogresequentinear softening stage
observed due tohe progressive decohesion afhesive interface with increasing damage.

The complete delamistion of interface occurs at the end of the softening stage when the
adhesive traction decreases to zero. The unloading process follows a linear path with reduced
stiffness after the initiation of delaminatioMoreover the normalstiffness ofcohesive
interfacein the mode Will restoreto its original value under compression in order to prevent

theinterpenetratiorof materid at the deaminatedinterface.

a Aa Aa

DS + - e
A ‘ crack closed

AW, ? i k

X/ X,u,X

AUy

where Z/=Z"and X/=X"from equilibrium

Figure 2.25 Schematic illustration of the 2D elements model irthe virtual crack closure
method[93].

The virtual crack closure technique (VCCT), which is proposed by Rybicki and Kanninen
[92], is a common methodniplemented in the finite element model to determine the energy
release rate. The principle theory behind the FE model is that the amount of energy released
by the crack growth is identical to the energy required to close the same crack by a same
length ingement, Y [93]. For the 2D elements shown Figure 2.25 the energyyO,

required to extend the crack between two steps, is expressed as
YO - & Yo & Mo, (2.44)

where, andw are the shearing and opening forces at the nodal ipdivge to the crack tip,
respectivelyYo,,andY0 pare the shearing and opening displacements at the two nodal points

Ibrespectively; which is shown schematicallyigure 2.25
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zwZ ‘ crack closed
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thickness=1

Figure 2.26 Virtual crack closure technique for the 2D four-node elemens model [93].

The energy release rates in mode | and mod® Bnd"O, are calculated for the 2D model

with 4-node elements as shownFigure 2.26
O TCL) J0p U and O TZL) 20 Op (2.45)

where,0 s, 65, Uz, andopg are the nodal displacements at the nodal p&int the umper

crack face and nodal poifibin the lower crack face, respectively.

Therefore, the total energy release ra@, is calculated from the individual mode

components as
O O 0 © (2.46)

where,’O can be obtained in a similar way® based on a 3D analysi® is zero for the

2D analysis.

The critical strain energy release rate, named as fracture toughness, can be deteranined by
experimental approach. The pure mode | fracture toughi@ss;an be determined by the
double cantilever beam (DCB) tg@5] as illustrated inFigure 2.27a). The pure mode I
fracture toughnes8) , can be obtained using 3 or 4 points @diched flexure (ENF) tests
[96-98] as illustrated inFigure 2.27b) & Figure 2.27c). The mixedmode I/ll fracture

toughnessiO y , can be measured from mixetbde bending (MMB) tedt99] as illustrated
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in Figure 2.Z(d). If the pure mode Il fracture toughne%9, , is required, the edgeracked
torsion (ECT) tesf100, 10]] can be used.
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Figure 2.27 Methods to determinethe critical strain energy release rate[94].

Cohesive zone model has been employed by numerous applications to simulate the
delamination in composite laminates. Zhagigal. [12] developed a nuerical model using
cohesive element to predict the lewlocity impact induced force and damage in composite
laminates. The cohesive element is governed by a bilinear tragtparation law with the
introduction of a new contact stiffness spring alongsige cohesive stiffness spring in the
model to account for the frictional force between the contact pair as shown schematically in
Figure 2.28 The lowvelocity impact event is modelled as a quststic indentation case to

save the computation cost. Thengarity between the LVI and QSI has been observed and

will be reviewed in details in Section 2.5.2.

Hadaviniaet al. [81, 102 carried out researches to predict the delamination of impacted
composite structureby numerical simulation approach. Different models, including thick
shell elements with cohesive interface, solid elements with cohesive interface and thin shell
element with tiebreak contact, are developed. The FEA results in terms of force and energy
shav good correlations to the experimental test results in literature. It is however noticed that
the numerical simulation results are strongly influenced by several parameters, in particular,

the element size, the number of shell-aminates and the contastiffness scale factor.
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Figure 2.28 Relationship betweenthe cohesive element anthe frictional contact [12].

Heimbs and his colleagueg39, 103 predicted the lowelocity impact response of
compressively prédoaded compositelaminatesusing a cohesive element model wite
commercial explicit finite element code {LBYNA. The prediction showa good agreement
with the experimental data in terms of force/energyspéotd the evahted damage profile.
Similar to the work of Hadaviniat al.[81, 102, simulation results are strongly dependent on
the smulation parametersyhich adds the complexity &fE simulation of impacatiamage of

compositdaminatesunder lowvelocity impact

2.5 CompositeLaminates under Quast-static Indentation

A number of studis[25, 49, 104, 109 have indicated thahe lowvelocity impact andjuast
static ndentation causa similar contact response afompositelaminatesin terms of the
induced damage and the residual strenigttmost caseghe low-velocity impactintroduced

by alarge mass impactor can be teshtas aquasistatic indentation everjt72, 74]. As a
result the contact response of compodaminatesunder QSI has been investigated in order
to achieve a comprehensive understanding of the damage mechanisms in cdenposites
The application of the quastatic indentation test method to study the-kelocity impact
event has been proved to be plap and successful due to the simplicity and reliability in
obtaining required results from the easily controlledsistatic indentation process

2.5.1 ContactM odels of CompositeLaminates

The structuraimodek for contact everstbetween composit@aminatesand foreign objects

which are used to simulatee motion of the projectile, the dynamics of the target, and the
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local indentationin the contact zoneare the fundamental for understding the contact
response andoredicting the induced damagdO€. A number of ontact nodels to

characteris¢he responses of composiéninatesare availablen the literature.

Olsson[72-74] suggested that the contact response of composite laminate was governed by
the impctorplatemass ratio, not the impact velocity. It is explained by the fact that different
contact durations may generate different contact responses of composite laminates as
illustrated inFigure 2.29

Response dominated Response dominated Quasi-static
by dilatational waves by flexural waves response

!i! : \M .

N
Q X
=1 N\
N
(a) Very short impact times (b) Short impact times (c) Long impact times
and very small masses and small masses and large masses

Figure 2.29 Schematicillustration of the classification of contact responsels4].

An impactor with very small mass and contact time causes a ballistic respamsnated by
throughthethicknesswave propagation as shown Figure 2.29a). An impactor with
moderately small mass and contact time causes a smal esponse dominated by shear
and flexural waves as shown kiigure2.29b). An impactor with much larger mass than the
mass of the target plate and much longer contact time thatnteeneeded by shear and
flexural waves to reach the boundar@fsthe target plate causes a gustsitic response

dominated by the lowest naturabfjuency of thatructure as shown fRigure2.29c).

F

Ezi pl \/\/ Ezp b P

—» —»

w; w )

Figure 2.30 Schematicillustration of the one-dimensional contat model for a ballistic

response72].
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It is repated that the ballistic response is not influenced by the plate size and boundary
conditions, and the corresponding damage is easily detectable in most cases.[T2sson
proposed a simplified orgimensional contact model as shown schematicalligare 2.30

to predict the ballistic response.
The contact force~, and the relative displacemgntare related as
O 0 | U 0 U (247

where,0 and0 are the impactor mass centre displacement laminatesbacksurface
deflection, respectively. The constang, is equal to 3/2 according to the Hertz theory of
contact between the compositate and a hemisphericialdente. U is the contacstiffness,

which is derived by

where,Ris theradius of the indentdip; and0 . The effective oubf-plane stiffnesss given

by

and 0 ©OFp

C

where, indexes and p refer to the indenteand plate;e and’ are Yan g és modul us

Poi s s onréspgectively.t i o

u
—AM— —
Ki L AWW—
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Figure 2.31 Schematicillustration of the three-element springdashpot contact model for

a ballistic response[107].

Lim et al.[107] proposed a threelement contact medlto characterise the ballistic response,

including two Hooke springs and a Newtonian dashpot as shown schemati¢afjyria 2.31

The stressstrain relation of the ballistic contact model is described by
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P —., —, b- ‘- (2.48)

where,0 , 0 , and‘ are the semempirically derived constants of the springs and the
dashpot, respectively.is the stress. and- are the strain and strain rate, respectively. Good
correlation of the analytical prediction to the experimental data is achieved, in terms of the
ballistic limit, residual velocity, energy absorption and transverse deflection of the laminates
[107].

More efforts have been focused on the contact models of other response types, including the
small masseasponse and large mass respaisee the damage caused by these responses is
difficult to detect The small mass response is governed by flexural and slagas with no

input from the boundary condition as the impact finishes before the stress wave reaches the
boundary of the platdzigure 2.32shows a contact model proposed by Olgstit 73] for a

small mass response.

v{/pSVmD*

M
w; * 2 k(w—w, 4
5

AL,

Figure 2.32 Schematic illustration of the contact model for a small mass contact

responsg72].

In this model, the plate mass per unit anea,and the effective bending stiffness of the
orthotropic laminates)’, are introduced to account for the propagation wave effect. The

plateeffective stiffness is approximately determined by

O OO 6 pi whered O <¢O 7O O (2.49)
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Figure 2.33 Schematicillustration of impactor (a) before ard (b) during indentation of a
plate [73].

Il n OI sson6 473 rteesmmall masgpcarpaet model is further developed to account
for the effect of the delamination as illustratedrigure2.33 The effective bending stiffness

of an orthotropic laminates withdelaminationsQ °, is defined as

0" OFTt »p (250

and the effective shear stiffness of an orthotropic laminatesvdéttaminations}Y”, defined

as

z

"Y© 'Y where, 'Y 00Q

where,K is the shear factor of the laminates and i8f@ for homogeneous plates. The shear
stiffness is therefore independent of the delamination. The delamination size, load, and

deflection history can be predicted by the small mass contact model.

The large mass contact response, as a -@t&$t contact event, occurs when the impactor
mass is more than one quarter of the plate we[@&. It has been experimentally
demonstrated that the large mass impactor causes a relatively smaller contact load and a
significantly smaller damage than small mass impactor with the same initial energy. Moreover,
the load and the deflectioneamore or less in phase in the contact response of asjatsi
contact, while they are out of phase during a small mass contact as sheguréen2.3472).
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Figure 2.34 Comparison between(a) large mass and(b) small mass contact responses
[73].

Shivakumar 10§ proposed a two degrad-freedom springnass model for the largeass

contact response considering theea and membrane effects as shown schematically in

Figure 2.35

=

Contact spring

B q
ka(wl. wp)

k Wy

Figure 2.35 Schematic illustration of the contact model for a large mass contact

responsg10§.

M is the indenter mas8. ° is the effective plate mass, which is taken as-foneth of the
total mass of the plate. There is a Hertz contact law based spring to connect those two masses.
The bending stiffness, the shear stiffnesX), and membrane stiffness) , are also

introduced in the model to generate the forces induced by the bending, shear, and membrane
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deformations of the plate, respectively. However, the material damping, plate damage, and

surface friction are not considered in the model.

W + E< Fmbs - ka(wi - WP) -

FI;.YZ kb WP 3
K =k, W,
=kw

Fb.\' = Fa’ /
gl

Figure 2.36 Schematicillustration of the modified contact model ofa large mass contact

consideringdelamination in the plate [74].

Olsson[74] proposed a modified contact model with the consideration of the reduced bending
stiffness caused by delaminatiarhe modified model as shown kigure 2.36s suitable for
the case, in which the plate is unable upport aloadlargerthan the delamination threshold

load,”O, given byEquation 2.40

The total load on the plat&) , isthe sum of the bending and shear contribution l&ad,

and the membrane lodd),

O O O (251
where,
O Qo0 and 'O QO o)
where,
L P2
Q Q Q

In generalthe large mass lowelocity impact on compositeminatescan be treated as a
guaststatic indentation evertue to the similacontactresponseThe detailed researches on
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the similarity between the contact resp@awskcompositdaminatesunder LVI and QSI Wi

be reviewed in the nesection.

2.5.2 Similarity between Contact Responsse of Composite Laminates under LVI and

QS

Brindle and Zhandg109 compared theeaction brce versus deflection curves af32ply
guastisotropic compositdaminatesby conducting lowvelocity impact tests (at impact
energy of 20J and 30and a quasstatic indentation testhe QSI and LViest resultsagree
well as shown inFigure 2.37. The sudden load drgpwhich representshe initiation of
damage,and theultimate load, which represents tlwatastrophic damagesan beboth
obtained from thelLVI and QSI test resultswith an engineering applicatiomcceptable
difference (less than 15%Jhus, he similarity between thdow-velocity impact and quasi
static irdentation in termsfdhe damageharacterisatiohas beemproved.

Kaczmareket al [104 conducted a comparative study of the damage detected bybg-ply
ply ultrasonic scan method on a quisitropic composite laminates after a qustatic
indentation and a lowelocity impact, respectively. The delamination areas are plotted

against the mximum force as shown figure 2.38
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Figure 2.37 Comparison of indentation and impact force vs. displacenm relations [109.

Similar delamination growth behaviours were observed under the two loading modes. Both
tests werecapable to capture two important features of the response of the laminates to the
contact force: delamination threshold and fact damage propagation threEheldamage
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area vs. maximum contact force relations are in good agreements, especially within the

relative lower maximum force region where the delamination initiated.

2
S (em) Impact 1.8) Impact 2.8)
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Figure 2.38 Comparison of the impact and indentation induced delaminationarea vs.

maximum force relations[104].
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Figure 2.39 Comparison of the impact and indentation tess in relationships between

load leveland (a) damage area(b) damage width, and(c) dent depth[11(.

Yan et al [110 carried out a series of QSI and LVI tests on the foam ear&wich
composites, in order to determine the relationships between load level and various damage
parameters including the damage area as shoWwigure 2.3%a), damage width as shown in
Figure 2.3%), and dent depth as shown kigure 2.39c). A good correlation of the test
results between QSI and LVI tests has been established, although the correlation of damage
area and damage width to load level is not as good as the correlation of dent depth to load
level. This indicates that the dent tlepgan be the most suitable damage parameter when the

LVI test is replaced by the QSI test to investigate the impact response of composite laminates
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under lowvelocity impact. The quastatic indentation test can be used as an alternative to

investigate he lowvelocity impact damage mechanisms of composite laminates.

Chenet al. [11]] conducted detailestudies orusingthe dent depth as a damage parameter to
characterisghe failure mechanisms of composigninatessubjected to static indentation.

The knee point phenomenon in the variation of dent deygihinst the indentation forae
obviousas shown irFigure 2.40 Before the knee point, the dent depth increatmsly and

almost linearly Once the&knee point is reached, or theentationforce exceeda certain load

a sharp increase dent depth is observedhis rapid increase in dent depth is attributed to
thefibre breakage. After the plastic failure occurred in the resin near the contact surface, the

brittle fibre will lose the protection provided by tredativelyductile resin.
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Figure 2.40 Knee point phenomenon in variationof dent depth vs.indentation force

[111.

In one word the similarity betweertontact responsesd aompositelaminatesunder low
velocity impact and caskstatic indentation has been establishespelly for the damage
characterisationTherefore, the quastatic indentation methocan be used to represent the
low-velocity impact event in most cases. This will save tesearch cost and obtaome
important data efficiently and accurateljhe dent depthas the key damage parametisr
closdy linked to the contact force in theharacterisatiorof the damage mechanisms of
compositelaminates Contact lav plays a keyrole in the study of contact behavioaf

compositelaminatesunder QSI anavill be reviewed in the nexdection.
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2.5.3 Contact Laws of Compositéaminates under QSI

The Hertz contact layl12] is a classic contact theotg characterisehe contact behaviour
betweerhomogeneous isotropic bodigs variety of modificationshas been made in order to

extend the application of the classic contact lasoimpositdaminates

Yang and Surj113 proposed one of the most widely used contacs lbased on the Hertz
contact theoryto solve the contact problems between a compdaitenatesand a rigid

sphere indenter. The modified contkeat is expressed as
o Q @ (2,52

where F is the contact force, is the contact indentatioandthe Hertzcontact stiffnessQ,

is approximated by

Q (T—jVWo

where,O istheYoungdés modul us inthé thitkhess ditegtipreandR isltteey e r
radius of the rigid spherical indentdn Yangand Suis contact law, it is assumed that the
material remains to be linear elastic; evietihe permanent deformation has beetmoduced

into the contact zone at relatively low contact forpgls Further, thelaminatesthickness
effect has nbbeen taken into account tiye current contact lawince the isotropic modulus

of elasticity is replaced by the orthotropic modulus in the thickness direction.

Turner[114 propo®da modified contact lavfor transversely isotropic materiaksuch as the
guastisotropic compositéaminates by replacing thasotropic modulus with a combination
of the transversely isaipic properties. Thus relationship between the contact forcehend

contact indentatiors expressed as

o A 8 (2.53

where,O ° is the effective modulus dfansversely isotropic aterial The effective modulus

'O * and contact stiffnesX), arederived as follows
0° — and @ -nYO- (2.54)

where,
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: , and _— —

where,O, 0,0 ,O0,’ , and’ are the threglimensional effectiveconstants of
transversely isotropic materiallherefore, the effective modulus of the quastropic
compositelaminatescan be determined if the thrdémensional effective aktic parameters

are available.

However, the prediction of the modified Hertz contact law may still deviate considerably
from the experimental results, especially for the cases with relatively large indentations. It is
reasonable to ascribe such deviations to the drawbacks of the Hertz contact law since the
original theory is only valid for the elastic hajpace entity, not fothe anisotropic plate with

finite thickness. Chemt al [115 modified the Hertz contact law by involving the global
deflationin the contact model to consider the thickness effect as shdwgure 2.41

%

Figure 2.41 Schematicillustration of the contact between a compositeplateand a rigid
sphere indenter [115.

The geometricalelationship of deformation in the contact region is expressed as

Yo oo Y Y and YO 0 0 (255)

where,subscribe and c refer to the initial contact point, o, and the contact point, c, at the
boundary of the contact area, respectively.0 ,| , and are the global plate deflections
and the indentation depth of the two points o and c, respectiR@&yhe irdente radius,r is

the radius of the contact area, &l is the deflection difference between the two points.

It is further assumed that the contact force and the indentation follow the same mathematical

formation as the Hertz contact law. The abovetacnmodel can be transformed into the
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contact model including the hadpace. Therefore, the relationship between the contact force

and the indentation for model illustratedHigure 2.42s derived as
o g *8 (2.56)

where,Q is the contact stiffness of the halpace, which can be determinedBxyuation 2.54
| is the centre indentation of the corresponding-Bpce, which is equal to the sum o th
deflection difference between the two poi8,, and centre indentation depth,. Therefore,

the deflection differencé/0, is proved to be the key factor dominating the contact force

predictions.

rr_1 7 . &

Figure 2.42 Schematicillustration of the contact between a hakspace and a rigid sphere

indenter [115.

Stress

* Strain

Figure 2.43 Stressstrain relation for the elastoplastic analysig4].

In addition to these Hertz contact law based predictions, the contact law with elastoplastic
model is an alternative approach to predict the contact behaviour of composite laminates. The

elastoplastic contact law is based on the following rules: (1) therimlabehaves elastically
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until the indentation exceeds a critical value; (2) the material behaviour in the transverse

direction is governed by the strestsain behaviour of the matrix as illustrated-igure 2.43

[4].

% o

B h 4

(a) (b)

Figure 2.44 Schematicillustration of the indentation of a thin laminates supported by a

rigid substrate [4].

The indentation as shown kigure 2.444a) is assumed to occur when a laminates of thickness
h, is indented by a sphere rigid indenter under a uniaxial compression mditection. A
relation among the indentatign, the radius of the indentey,, and the radius of contact area,

'Y, can be expressed as

Y ¢y | gy (257)

For simplicity, the second term inside the first square ro&qofation 2.5%€an be negicted

since the indentation is much smaller than the radius of the indenter.

The displacements under the indenter can be derivedAigume2.44(b) as
T Yp p o — — (2.58)
Again, the bracited quantitycan be simplifiegsince the contact radius is much smaller than

the indenter radiu®r small indentations.

The transverse normal strain is assumed to be uniform through the thickness and can be

determined by 1 1 j E The contact forgeP, is given by

0 — 1iiQi (2.59)
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where,E is the modulus of elasticity in the transverse direct®ubstitutingEquation2.58

andEquation2.57 into Equation2.59, the contact law for the elastic contacgiven by

0 — (260

The contact law indicates that the contact force is proportional tastead of 2 as

demonstrated by Hertz contact law based predictions.

Moreover, the permaent indentatioreffects are also taken into account, by assurttieg
composite material is elastoplastic in the transverse direction. The stresses will reach the yield
strergth first in the contact centr@nce the largest deformations occur at the centre of the
contact zone. Thus, the contact area are divided into a plastic zone of ‘Nadiaad an

elastic zone betweéx and’Y . Further, the stress is equal to the material yield stredgth,

at the boundarybetween the two zones. Therefore, the radius of the plastic Yones

expressed as
Y Y| — (2.61)
as long as the indentatian, is larger than the critical indentatio
| — (2.62)

the critical indentation is relatet the laminatesthickness, bunot a material property as
assumed by the Hertz contact law based prediction.

Thereforethe contact force in the elastoplastic model is approximated as
0 “Y o — 1110Qi (263

The contact law can emplified as

0 “Y& ¢ | when| | (2.64)
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2.6 Summary

Presented in this chapter is a revieviierelated research work d@he failure mechanisms of
compositdaminatessubjeted tolow-velocity impact.Following important statements can be

made based adhe literdure review

Composite materials, in particular tltempositelaminates are becoming more and more
important inthe aerospace industry due to their advantages compared with conventional
engineering alloysHowever,the further application of the advanced material $$ricted by

the monservative design philosopljue tolack of understanding ofow-velocity impact
induced damage in compositeaminates Thus, dewloping further knowledge oflamaye
mechanisms antnpact response of compsite laminatessubjected to lowelocity impact is

highly desirable to the industry andoise of the main focesof this research.

The damagemechanisms of compositaminates especially forthe damagemodes and
corresponding failure criterjaverereviewed.Extensiveresearchg have beerconducted on

the analysisand modelling of the delaminatiavhich is thedominant failure mechanism and
may affect the posimpact load bearing capacity of compodaeninatessignificantly. It is
noticed that the initiation of delamination ocgwonsistently under a certain threshold load
for a givenlaminates Various analytical predictiomodelson the delaminatiorthreshold
load have been proposethese predictions indicatéhatthe DTL value is influenced by the
laminatesthickness and theritical strainenergy release rat€urther, the delaminatiohas
alsobeen modelled with tiereak contact and cohesive zone model in the FE simulation in
order to simulate the initiation drpropagation of delamination.

The barely visible impact damageis a major concern in the practical operation and
maintenance oftcompositestructures. Therefore, developing an engineering approach to
predict the impact damage by relating the internal damage to a visually detectable parameter

is the other maifocusof this research.

The quasstatic indentation tes$ an efficient alternative represent the lowelocity impact
response imeveloping suckaninspection approacirhe dent depth is proved to bgroper
damage parametep tcharacterisethe damage meahnisms in compositéaminates The
contact force also neetis be estimated in order to relate the visually detectable paratmeter
the internal damage in composiéninates Although exclusive Hertz theory etastoplastic

model based contact laws awesailable the modified contact force prediction, considering
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relation betweenhe global deformatiomndthe delamination induced stiffness degradation

is still required
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CHAPTER 3 Research Strategy

Aims of this PhD project are to develop furtHerowledge ofthe impact response and
damage mdwanismsof compositelaminatesunder lowvelocity impact, and to exploréne
feasibility of assessing the internal damage \aitfiswally inspectable parameter. Bahieve
theseaims a series of inveggations need tde conducted inthe coordinateagxperimental,

numeical, and analytical research work in tiusoject

Research Strategy
|

v
Numerical Experimental Analytical
Approach Approach Approach
Composite
Fabrication
Static FE Comparison Mechanical Property
Simulation Derivation Test
Dynamic FE Comparison Low-velocity
Simulation Impact Test
Modelling Strategy with Modelling Strategy without
consideration of Damage consideration of Damage
Plastic Deformation Comparison Quasi-static Comparison Contact Force
. .  E— . 4
Simulation Indentation Test Prediction
\
Elastoplastic Response Hertz Theory based
based Contact Model Contact Model
Compression-after- I
impact Test
Internal Damage
Observation
|
[ I
OM Observation SEM Observation
| |

Achieving Aims

Figure 3.1 Research strategyflowchart.

Figure 3.1 shows the flowchart of the research strategy employetismproject. Only the

purpose and methaaf theresearchactivitiesarediscussedn the currenthapter in terms of
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the feasibility and rationality of the research. The technietdils including theexperimental
test setup, numerical model creation, and analytical proceduvél be described in the

correspondinghapters.

In theexperimental approach, the composatainateswill be firstly manufacturedollowing

the procedte involving the hand layp, vacuum baggingand autoclave curingspecimes

with different geonetries anday-up configurationscanbe reliably preparedrhen, the basic
mechanical propeds of T700/M2L UD material will be determied througha number of
material property derivation tests in accordance with different test standards, including
ASTM D3039[11q for the determination dfensile propertigsSASTM D3846[117] for the
determination ofn-plane shear strengtand ASTM D351811§ for the determination ah-

plane shear response

Theinstrumented lowvelocity impact testvill be conducted onthe impact testspecimenin
accordance witthe ASTM 713@&est standarfil19, to develop further understanding on the
damage mechanisms and structural behaviour of complasitmatessubjectedto low-
velocity impact. Rrticular attention is paid téhe phenomenon of DTL and itstecion
based on the impaforce history obtained frorthe drop weight tesk&ffects of thelaminates
thickness, repeated impaday-up configuration and residual thermal stress on the impact
respons of compositdaminakesareinvestigatedsystematically taevelop further knowledge

of impact response and damage mechanisms of comptsiieatesunder lowvelocity

impact

Furthermorejnstrumentd quasistatic indentation testill be conductedn accordance with
the ASTM6264test standarfl12(. It is based on extensive literature res(it64, 109-111]

that the QSI test calbe an alternative method to further investigate thevelscity impact
resporse of compositedaminates Compared withlow-velocity impact test quaststatic
indentation test can bmntrolledmore reliablyandoften delivery more reliable test datss

a result,not onlythe first aim of this projecto develop further understanding on the damage
mechanisms and structural behaviour of compdait@natesunda low-velocity impact, is
betterachieved; but also the second aim of this projecexplore an engineering applicable
inspection technique to estimate the impact induced damage based on the relation between the
internal damage and a visually insfadate parameter, can beachedoy monitoring the dent
depth variation under different indentation loalreover, tle backface displacement is

also measured duringhe indentation test, whiclprovides further informationon the
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structural behaviour of compitsslaminatessubjected to quastatic indetation/low-velocity

impact

In order to establish relations among dent demghidual strengthand the internal damage
distribution, specimes loaded up todifferent loadsneed to be investigated by the
compressiorafterimpact test and internal damage observation. The csejnRafter
impact test isarried out in accordance with the ASTM 718%t standarfll21]. The internal
damage obseation is conducted witlhe optical meroscopyand the scanning electron
microscopy Based on the suggestidhat the internal damage spreafilom the point
immediately under the impact/indentation positip§], the specimenis cut along the
longitudinal centreline to observe the cressction of the interngl damagd area.The OM
observation with relative lownagnification isfirstly conductedto have a big picture ahe
internal damage distribution within the observed cgEgion.The same crossection will
then be further exam&d by SEM underthe guidance of the OM observation resiMbre
information ondamagemode and damage distribution at specific locations under different

loading levels can bidentified by the SEM observation resulinder high magnification.

In parallel to the experimental approa@nalytical and numerical investigations will be
carried outsynctronouslyto achievea better understanding of impaesponse of composite

laminatesunder lowvelocity impact

In the numerical approach, theast FE analysis will bdirstly conducted in theANSYS
Mechanical APDL 14.5 software to simulatee elasticbehaviour of compositeaminates
underconstant directional load. The simulation results are compared with thenespi
results frommaterial property derivation testhe impact event between the impactor and
compositelaminateswill then be simulatd in the ANSYS/LSDYNA software. There are
two main modelling strategies involvedtime dynamic FE simulation. Theodelling strategy
without consideration oflamagedeliveries the estimation obverall structural behaviour of
compositdaminatesby emplging the ABD matrix The ABD matrix, which isthe dfective
stiffness matrix ofcomposite laminates is calculatedfrom the mechanicalproperties as
derived in the former experimenttudyand thelay-up configuration of compositdaminates
The simulation based on tWBD matrix is capable osimulatingthe structural behaviour of
the undamaged compositeminates The numerical prediction will deviate from the
experimental resulivhen impact force exceeds the DTdince no material degradaii in
considered in the simulation. Therefpisimulation will be carried out with the second

61



CHAPTER 3 Research Strategy

modelling strategy considegrthe damage mechanisnin the secondodelling strategy, the
failure criterion and degradation scheme are defined in the materl rior each individual
lamina to simulate the intralaminar damage, while thémsak contact is used to connect the
adjacent layers to simulate the interlaminar damdge. result so obtaines capable of
simulatingthe lowvelocity impact event, especially for the impact induced damage initiation
and propagation[81, 103 122]. The simulation results will be compared withe
experimental result achieved from the loelocity impact test to develo@ further
understanding on the damage mechanisms and structural behaviour of cotapusites

under lowvelocity impact.

Furthermore,le quasitatic indentation response of compotatainateswill be investigated

in both the numerical and analytical approach@sunderstand the contact behaviour of
compositedaminatesunder lowvelocity impact The numerical simulation of the indenteti
event is conducted in the ANSYS/Workbench software.tHe simulation,the plastic
deformation of thendented compositéaminate isof particular interestThe elastoplastic
material properties of matrix materia assigned to the target entagly in the simulation
model, which is based on the assumption thatstructural behaviowf compositdaminates

in the transverse directios governed by the materiatgperties ofmatrix resin[123 124].

The simulation resulin terms of the local plastic deforti@an, is capableof validating the
relation between theontact force and resultant dent depth derived from the -gtetss
indentation test. Moreover, thertact force will be predicted through analytical studieso
main contact models are usexhe is theelastoplastiadesponse based contact model el
other is theHertz contact theory based mtmct model. The work with the first analytical
contact models conducted based on the same assumption akysdpin he numerical
approach in whichhe indented compositaminate issimplified to a ideal materiabonded

to the rigid substrate anithe contact response dominated by theslastoplasticmaterial
behaviour of the matrixThe analysiswith the second analytical contact modetonducted
basedon theHertz contact theory in whickhe contact stiffness and the effective modulus are
determined for the contact event. As a result, the local permanent deformation and the
relatively displaceent can be linked to the contact force by the aitalypredictions using
the two contact models, respevely. Finally, the results othe indentation behaviousf
composite laminates from the experimental, numerical, and analytictlidies will be
compared and analgsl to explore the feasibility of assessing the internal damage with a

visually inspectable parameter
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CHAPTER 4 Derivation of Mechanical Properties of UD

Material

Reliable data of theéasicmechanical propertiesf unidirectional materiails essential in the
characterisationof low-velocity impact respons®f compositelaminates This chapter
presents theexperimental work to dermine the basic rachanicalproperties of the UD
material used in this projec€omposite plates werkrstly fabricated using the autoclave
curing technique.Different test coupos were then prepare@nd testedn accordance with

different test starards to determinthe correspondig basic mechanicakoperties

4.1 CompositePlate Fabrication

The procedure ohand layup, vacuum bagging, araltoclave curingvere followed in the
fabrication of compositeplates for the coupontested in this studyThe unidirectional
materialis the carbon/epoxgrepregHexply UD/M21/35%/268/T700GC/308upplied by the
Centre of Composites, Airb@perations Ltd K).

(a) A white protective sheet is removed (b) A layered laminates is rolled
from a prepreg layer. by a hand roller.

Figure 4.1 Hand lay-up of the compositeplate.

The T700/M21 UD material roll needs to be stored sealed moisturproof bag at183 ,

and be removed from the refrigerator 24 hours before use to déi2§t The sealed
moistureproof bag only can be opened until the matet@mperature rises to the room
temperature to prevent the condensation. The prepreg is 300mm wide and covered-by a non

stick protective sheet. After curing, each layer is around 0.26mm [thg. A composite
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dedicated scissor and a paper trimmer were used to cut the prepreg into sheets with required
specifications (dimensions and fibre orientations) according to the patterns drawn on the

protective sheet.

The layup of the laminate wacarried out manually to stack the laminas in a predetermined
sequence. The first lamina was laid on a clean smooth surface with the black prepreg face
down, and then the white protective sheet was removed as shdwguine 4.1a). The next

layer with tre prepreg face down was carefully laid onto the adhesive prepreg face of the first
layer so that the fibres were aligned in the desired direction. A hand roller was used to
remove the air bubbles out of the laminates as showigure 4.1b). Moreover, tle layered

panel was debulked every four layers by placing the plate into a temporary vacuum bag for 15
minutes at a slightly increased temperature of aroursd. 3the temporary vacuum of the
stacked layers helped to minimise the presences of voids in ithieates caused by
unremoved air and volatiles. The elevated temperature during debulking ensured the good
adhesion between layers. All these processes were repeated until the desuwed lay

configurationwas achieved.

1. Breather fabric 6. Peel ply with small hole

2. Vacuum bag 7. Release film

3. Through-bag connector A: to vacuum pump 8. Through-bag connector B: to vacuum sensor
4. Glass fibre fabric coated with Teflon 9. High-temperature resistance double-side tape
5. Composite component 10. Glass base plate

Figure 4.2 Schematic diagram ofthe vacuum bagging

A breather & bleeder system was used in the vacuum bagging process in order to absorb

excess resin and allow the escape of volatiles during the autoclave curing process. The
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schematic diagram of the vacuum baggsighown inFigure 4.2 A layer of glass fibre fabric
coated with Teflon (PTFE) was taped to a flat and smooth glass base plate. The composite
plate was placed on the nstick Teflon coated fabric to prevent the bonding between the
laminates and the glasster curing. The composite plate was also covered by a layer of peel
ply with small hole, which improved the surface finishing quality of the laminates after curing
and provided a path for the excess resin and escaped volatiles to go through the peel ply
during curing. Another layer of release film was used to ensure the separation between the
plate and the breather fabric after curing. Appropriate amount of the breather fabric was used
to absorb the excess resin depends on the laminates size and thi¢knally, the entire
assembly of composite laminates and auxiliary materials was covered by the vacuum bag film.
The hightemperature resistant douldigle tape was used to seal the vacuum bag on all the
four edges of the rectangular glass base plateedier, two througlibag connectors were

used to connect to the sealed vacuum bag to the vacuum pump and vacuum sensor.

v

(a) An assembly of composite plates and (b) Vacuum gauge indicating the required
vacuum bagging ready for curing. vacuum preasure for curing.

Figure 4.3 Prepared vacuum baggig and composite plates under theequired vacuum

pressure for curing.

Figure 4.3(@) shows a prepared vacuum bagging under vacuum overnight and ready for
curing. The vacuum pressurel (bar full vacuum) was measured by the vacuum gauge as
shown inFigure 4.3b). The vacuum quality was evaluated by checking whether the vacuum

bag washolding pressure after turning off the vacuum pump.

Thecomposite plates weired by theAeroform gas firedutoclavesystemat University of
Hertfordshire as shown iRigure4.4(a). The allowable working temperature and pressure of

theautoclave ar@008 and 10081, respectivelyThe curing process was fully controlled by
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the autoclave management & control system (AMCS) developed bya&Khown inFigure

4.4b). The all-digital controlled system includefour vacuum senssrand up to eight

thermocouples, which provides simpler operatod improves curing reliability.

(b) AIC autoclave management & control system

(a) Aeroform gas fired autoclave system

Figure 4.4 (a) Composite curing autoclave andb) its control system

Figure4.5shows the curing cycle used in this projeditaricate the composite platgL25.

Temperature Pressure
R L | — 7 bar
/ |
I |
180°Cq | ',
I Dwell for I
. 120 minutes ':
I
!
1
i
[}
I |
|
'.
.
i/ ————————————————— J — -(0.2 bar
g \
Vacuum

Figure 4.5 Autoclave curing ¢ycle used to fabricatecomposite plaes[125.

The autoclavewasfirst pressurized to 7 barhe vacuumpressure of the full vacuum béas

-1 bar)wasthenventedto a safety value 6.2 bar, when the autoclaveressurevasreached.
The autoclavewas heated from room temperaturel®03 53 at an actual component
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heatup rate ofl-2 3 /min. The wring temperature was hold fa&20min 5min at 1808
53 . After the holding phasehéautoclavenvascooled at an actuabmponentooldown rate
of 2-53 /min. Finally, the autoclave pressure was released when the component temperature

was less thaB03 .

The fabrication quality of compositeplate was further checkedby the cuwed specimen
thickness andhe surface visual inspectiormhe qualified specimenhad a shining smooth

surfaceand themeanindividual laminathickness wa®.26nm 0.015nm.

4.2 SpecimenPreparation and Test Setup

Following the fabrication predure outlined in section 4.the qualified composite plate
were further processed to obtaime final test couponsn accordance wittdifferent test
standards

The composite plate werecut into pieces withthe required dimensiongsing a cutting
machine with a diamondoated sawA consistent cutting speed ofrbm/s was applied to
improve the cutting qualityand minimize the cutting induced damagehe specimen
dimension wasneasured by a digitalernier The dimensionatolerancewvas about 0.5mm.

Aluminium tabs were bonded on thefaces of specimenends (see Figure 4.6y the

ra210, $2)4ZO%B two componerts epoxy adhsive system.The 5251-H22 aluminium
alloy end taps werérstly bonded to one face of easpecimenA minimum settingperiodof
24 hourswas requiredor the adhesive befordgondingthe endtabs to the opposite facef
eachspecimenAlthough thegripping tabs wee not essentially required llye test standard
theywere strongly recommended by the test standardsdare the acceptable failure mode
and location The successt introduction of force into thepecimenand the prevention of
premature failurgely on the prper applications of the ertdbs Moreover,electricalstrain
gauges wereused in some specific tesh which thespecimerdeformationmeasurement was
required The strain gauge was bonded onto the surfacth@Epecimenat the required
position. Thestrain gauge bonded on the tegecimerwas EA-13-060RZ120/E (see Figure
4.8)with a resistance df20 0.4%0Ohms and a gauge factor of 28243 .
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4.2.1SpecimenGeometry and Setup of Tensile Property Test

The tensile properties of the unidirectiomahterialwere determined by a serie$ tensile

testsin accordance wittthe ASTM D3039/D3039M07 test standarfl16]. The longitudinal

and transverse tensile etigths were determined by using theJ and w 1t Jtensile test

specimes without strain gauge bonded he | ongi t u dnodulasland Yhajarn g 6 s
Poissonds rati o wsran reladanship ef theatld yensileltesspecitnegne s s

with strain gaugebonded. Similarly, thew 1t Jtensile testspecimenwith strain gauge
bonded was wused in the derivation of the tr

ratio.

Longitudinal tensile test specimen [0°]

Fibre orientation

N
N

56 56

End Tabs

A 15 4 1 I

Transverse tensile test specimen [90°]8

Y
25
< S < S N
25 25
" 175 =
~
15 4 sy Gl
L 1 M |
= | —— 1\

Figure 4.6 Two types ofspecimers intensiletest

The standard recommendspecimengeometry for the determination of the ultimate tensile
strength was illustrated irigure4.6. To determine the longitudinal tensile strength, thel

tensile testspecimenwas loaded continuously at a constant test speednainBnin on the
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Hounsfield 50kN universal test machinoatil the final failure During the test, the applied
force and the axial extension were automatically recorded by a data acquisition agstem
shown in Figure 4.7. The accuracies of the force and the extension afe5% of the
indicated values within the force and extension rangles.longitudinal tensile strength was
derived by the applied foe over the crossection areaThe w 1T Jspecimenwastestedon

the Hounsfield 10kN universal test machine to determine the transverse tensile strength.

Figure 4.7 Hounsfield S50kN universal test machine andthe computer aided data

acquisition system

The determination of the Youngds modulus and
the specimen deformatiomrigure 4.8shows the specimen with centre bonded gtBain

gauge rosettes to measure the specimen deformation during the tensiledestain gauges

in axial and lateral directions were wired to the strain gauge amplifier using the quarter
Wheatstone bridge connection. Moreover, the tensile test was conducted on the Hounsfield
10kN universal test machine to achieve more accurate sesinite the derivation of the

material elasticity property only required the strsiress relationship of the tested specimen

in the elastic region.
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f

Transverse
Direction

Nikection

Figure 4.8 Tensile testspecimenwith the multidirectional strain gauges bonded

Duringthetest or Youngo6s modul,thespeximehwaslaaded is asieps r at
by-step approach, in whicthe applied force and thaxial/lateral strainsvere manually
recorded at different loads. The longitudinalJ specimerwas loaded up to 10kMith a
stepof 0.5kNt 0 det er mi ne t he Huusmapidhemaij omral PXiauang@grés
The transversew 1t Jspecimenwas loaded up to 1.5kNwith a load step of0.05kN to

determine the transver sre PPoiummgdrsd snordautl iuss and

4.2.2SpecimenGeometry andSetup of Shear Property Test

The shear propertiesf the unidirectional matel, includingthe interlaminar shear strength
and the irplane shear modulus/strengthere cetermined bya seriesof teds in accordance
with the ASTM D3846/D384K1-02 [117] and the ASTM D3518/D3518M1 [11§ test

standards

The test specimen with two notches on the opposite faces as illustratgglia 4.9was
designed to determine the shear strength of the bond between the two adjacent layers
(interlaminar shear strength). The specimen was prepared in accordance to héA846

test standard with some modification to the creation of the notches.
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Interlaminar shear strength test specimen [0°],,

67.5 56

15

N

YT L
?

15 1.5 29

Figure 4.9 Schemaic illustration of specimen forthe interlaminar shear strength test

The notches were originally required to be cut halfway through the thickness of the cured
specimenlt was however found to be extremely difficult to achieve such precision notch by
using the available cutting equipment. Therefore, it was decided touaynftividuallamina
stacks (6 layex of 1 prepreg) together to achieve the structure required by the test standards.
The notch was temporarily filled by a striptbe high temperature resistatduble sidd tape

to prevent any resin spilling into thetnb during curingas shown irFigure4.10 The double

sidal tape strip was completely removed after the curing praces®atehe required notch.

»

J

Figure 4.10 Preparation of ILSS testspecimers.
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The specimenwas loaded continuously to the final failureorder to determine thiailure
load The 10kN Hounsfield universal test machim&s used to apply the axial tensile load at
a constant speed control of Irin/min. Although the compressive load wagquired by the
original test standard, the tensile load was used to introduce-fiiane shear failure in order
to prevent the possible buaktj under compression.h& failure plane was expected to be
located along the longitudinal axis of tepecimenbetween two centrally located notches

which were halfway through its thickness on opposing faces.

In-plane shear modulus test specimen [+45°],

56 56
250

I1.5\|/ : . 2\'/
— : =

Figure 4.11 Schematicillustration of the in-plane shear modulus tesspecimen

Figure 4.11 shows the 1 v J specimenwith strain gaugebonded, in accordance to the
ASTM D3518 test standard, to determine thepleme shear modulus of the unidirectional
material. The test sefp was similar to the tensile test to determine the elasticity property of
the material. Tie testspecimenwasloaded stefby-stepup to 3kNon the Hounsfield 10kN
universal test machineéDuring the loading process, the applied force and the axial/lateral
strains were manually rexded for every 0.25kN to obtain the stress/strain cafvéhe

unidirectional material. However, the stressl strain were calculated by:
T — and T - - (4.1)

where,t and’  are shear stress and shear straintlatdata point, espectivelyD is the
applied load at-th data point.A is the specimencross section area. and- are the

longitudinal and lateral normal strainsidh data point, respectively.

Moreover,the 1 v J specimes without strain gauge bondeeere loaded continuously to

the final failures by the Hounsfield 50kN universal test machine. The maximyoiane
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shear stresd, , was therefore determined by dividing thelf of themaximum applied load

by the crossection area of thgpecimen

4.3 Test Results

Theted results for the determinatiaf the basic mechanicalroperties of the unidirectional
materal are presented in th&ection At leastfive specimes were tested repetitivelfpr each

test condition.

4.3.1Tensile Property Test

The dimensionsof the tensile strengtliestspecimes weremeasurd by adigital vernier and
summarizedn Table.4.1 The datadlisted belowis the average value by taking at least five

measurements at different locations.

Table 41 Dimensions ofthe tensile strengthspecimers

J tensile strength tespecimen J tensile strength tespecimen

SpecimerNo. 1.6 1.7 18 19 110 26 2.7 2.8 29 210
Average vidth (mm) 15.08 15.18 15.05 15.21 15.21 24.63 24.52 25.02 24.72 24.70
Average hickness 1.09 1.08 1.07 108 109 218 209 210 211 212

(mm)
Crosssection sea  16.36 16.42 16.08 16.38 16.56 53.61 51.29 52.62 52.25 52.40
(mnv)

Once the geometries dfi¢ specimes were measured, tlepecimes were testedollowing
the test procedure desceib in section 4.2 to deermine the maximum tensile loaghch

specimercould take

The explosive final failure was observed during the longitudinal tensile strength test as shown
in Figure 4.12a) since all the fibres were aligned in the axial loading direction. The specimen
only failed when the ultimate tensile strength was reached. However, the final failure
happened to the transverse tensile strength test specimen was at a much lower lead level
the loading direction was perpendicular to the fibre direction. The straight fracture section,

which was paralleko the fibre direction, could be introduced into the transverse tensile
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strength test specimen at any place due to the urifafistributed tensile stress as shown in
Figure 4.12b).

(a) Longitudinal tensile strength test (b) Transverse tensile strength test
specimen after failure. specimens after failure.

Figure 4.12 Testedspecimers after reachingthe tensile strengths

Table.4.2presents tensile strength test results including the maximum load andectes
area for each tesipecimenThe averagéongitudinal tensile strength w&2116.60 MPand
the averge transverse tensile strengthswi.60MPa.

Table 42 Tensile strength ofM21/T700 UD material

Maximum lbad Crosssection sea Ultimatetensile
(N) (mn) strength (MPa)
1.6 34540 16.36 2111.02
1.7 34917 16.42 2127.00
J tensile strength test 1.8 33884 16.08 2107.00
specimen 19 34676 16.38 2117.01
1.10 35118 16.56 2121.01
Average longitudinal tensile strength 2116.60
2.6 2470 53.61 46.07
2.7 2290 51.29 44.64
J tensile strength tes1 2.8 2272 52.62 43.18
specimen 2.9 2375 52.25 45.46
2.10 2288 52.40 43.67
Average transverse tensile strength 44.60
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The dimensions of the tensile tegtecimes with strain gaugéonded, which were used in
the derivatios of the elastic propertie®f the unidirectional material, ar®ummarized in
Table.4.3.

Table 43 Dimensions of tensile tesspecimers with strain gauge bonded

J specimerwith strain gauge J specimerwith strain gauge

SpecimerNo. 1.1 1.2 1.3 14 15 21 22 23 24 25
Average vidth (mm) 15.39 15.46 15.33 15.19 15.43 25.48 25.37 25.34 25.26 25.42
Average hickness 1.0/ 109 108 11 107 212 206 210 209 211

(mm)
Crosssection sea 16.47 16.85 16.56 16.71 16.51 54.02 52.26 53.21 52.79 53.64
(mnv)

Five 11 J specimes with strain gauge bonded were testedlowing the test proedure
described irSection4.2.1to determine the longitudinal tensile modulus of elasti€ty, and
t he maj or P oiThedestmeSudts of thaetlangitudinal tensile tepecimen with
strain gauge bondeateshown inFigure4.13

g 14
e 01.1-0 UD Y = 133.05% 0.0226
(2]
3 1.2 -
g 01.2-0 UD Yy =132.31x 0.0266
n
1 |1 @1.3-0UD Y =130.87x 0.0246
@1.4-0UD Y=131.57x 0.0256
0.8 - ’
©15-0UD y=131.95x% 0.0236
0.6 - :
0.4 -
0.2 -
O ‘ T T T T 1
0 0.002 0.004 0.006 0.008 0.01
(a) strain-stress curve of longitudinal specimen Axial Strain €)
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0.0025 -
01.1-0UD y=0.252x + 4ED5

01.2-0UD Yy =0.2534x 4E-05

0.002 -
@1.3-0UD y=0.2527% 9E-07

y = 0.2531x 2E-05

Lateral Strain¥)

0.0015 -

0.001 -

0.0005 -

0 0.002 0.004 0.006 0.008 0.01
(b) axial strain-lateral strain curve of longitudinal specimen Axial Strain )

Figure 4.13 Test results ofthe longitudinal tensile testspecimers with strain gauge

bonded

Figure 4.13a) shows the stresstrain curves ofrt J specimes where the tensile loading

was applied in the fibredirection Figure 4.13b) shows therelation between the axial
deformations and the lateral deformations ofgpecimes under different loads. The major

Poi s s o nwasdetarnsined by the ratio between the lateral strain and the axial strain. The

test results of differenspecimes i n t er ms of the |l ongitudina

maj or Poi aesommarzedifablei4.d

Table4d4Longi tudi nal Youngds modul uM2l/8760dUDmaj or

material
J specimerwith strain gauge 1.1 1.2 1.3 1.4 1.5 Average value
Longi tudinal YGPa) 133.05 132.31 130.87 131.57 131.95 131.95
Maj or Poi ssor 0252 0.253 0.253 0.253 0.252 0.253

Five w 1t Jspecimes with strain gauge bonded were tested following the pestedure
described in the previous section to determine the transverse tensile modulus of el@sticity

and the minoyr .Plbe tessresulté sf the wahsveose tensile dpstimes

with strain gauge bondedeashown irFigure4.14
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o

o

@

a
J

02.1-90 UD Y = 7.3571x + 0.0004

0.03 - 02.2-90 UDY = 7.7108x + 0.0001

Stress (GPa

0.025 1©2.3-90 UD Y = 7.519x + 0.0003

@2.4-90 UD Y = 7.6069x + 0.0002
0.02 -
®2.5-90 UDY = 7.4339x + 0.0004

0.015 -

0.01 -

0.005 -

0

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
(a) strain-stress curve of transverse specimen Axial Strain €)

0
o
o
o
o)
o)
)

J

02.1-90 UD Yy = 0.0135x 4E-06

0.0000502.2-90 UD y = 0.0119% 1E-06

Lateral Strain

©2.3-90 UD y =0.0127x 3E-06
0.00004 -
©2.4-90 UD y = 0.0123x 2E-06

0.00003 . ®2.5-90 UD y = 0.0131x 3E-06

0.00002 -

0.00001 -

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004

(b) axial strain-lateral strain curve of transverse specimen Axial Strain €)

Figure 4.14 Test results ofthe transverse tensile tesspecimers with strain gauge bonded
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Figure 4.14a) shows the stresstrain curves forw 1 Jspecimens where the direction of the

applied tensile loading is perpendicular to the fibre direction. The linear correlation was
applied to the test data to obtain the linear equation between the applied stress and the axial
strain.Figure 4.14b) preserd the recorded strains in both axial and lateral directions of the

di fferent test specimens under different | oa
linear correlation equation in terms of the gradient of the approximate trend line. The test
results of di fferent specimens in terms of

Poi ssonds ratiDl@a&be summari zed i n

Table 45Tr ansverse Youngd6s modulus and minor P

material

J specimenwith strain gauge 2.1 2.2 2.3 2.4 2.5 Average value

Transverse Youn 7.36 7.71 7.52 7.61 7.43 7.53
Mi nor Poi sso10.0135 0.0119 0.0127 0.0123 0.0131 0.0127

4.3.2Shear Property Test

The dimensions of theotched 1 J specimes aresummarized in Table.4.@he widthof
the specimenwas measured between the notches, and the length of the failed area was

measured by the distance between the two notches as shown in Figure 4.15.

‘Width of the specimen

V

¢

Length of the failed area

Figure 4.15 Schematic illustration of themeasurements of the specimen width and the

failed area length.

Five specimens were tested in accordance with the test procedure described in Section 4.2.2
to determine the failure loads. The interlaminar shear strength wasatatl by dividing the
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maximum applied load by the product of the width of the specimen and the length of the
failed area.

Table 46 Dimensions ofthe interlaminar shear strength testspecimers

J interlaminarshear strength tespecimen

SpecimerNo. ILSS-1 ILSS-2 ILSS-3  ILSS-4  ILSS-5

Average vidth of thespecimer(mm) 14.66 14.72 15.19 14.87 14.95
Average length of the failed aréam) 6.36 6.30 6.31 6.32 6.40
Failed aea (nv) 93.22 92.74 95.79 93.98 95.63

Figure 4.16 Specimers failed under the interlaminar shear stress

All the five specimens failed across the desired notcheesettion as shown iRigure4.16.

The maximum applied loads and the corresponding interlaminar shear strengths of the
notched specimens are summarizedable 4.7

Table 4.7 Interlaminar shear strength of M21/T700 UD material

Maximum applied Failed aea Interlaminarshear
load (N) (mn) strength(MPa)

ILSS-1 3875 93.22 83.14

ILSS-2 3689 92.74 79.56

J interlaminarshear ILSS-3 4077.5 95.79 85.13
strength tesspecimen ILSS-4 3797 93.98 80.81
ILSS-5 4107 95.63 85.90

Averageinterlaminar shear strength 82.91
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The dimensions of the 1 v J test specimens which were used to determine tigaime

shear modulus and strength of the unidirectional material are summarized id.Bable

Table 48 Dimensions ofthe in-plane shear modulus tesspecimers

J in-plane shear modulus test J in-plane shear strength test
specimen specimen
3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 39 310
Average vidth 24.67 24.62 24.87 24.79 2473 25.03 2486 2516 25.12 25.10
(mm)
Average 205 207 210 206 212 209 211 209 210 212
thickness

(mm)
Crosssection 50.57 50.96 52.23 51.07 52.43 52.31 5246 529 525 53.21
area(mny)

Five 1 v J specimens with strain gauge bonded were tested following the test procedure
described in section 4.2.2 to determine thelane shear modulus of elasticit§, . The test
results are shown iRigure4.17.

0.035 -
03.1+/-45 y =4.1646x + 0.0014
0.03 | ©3.2+/-45 y=4.222x+0.0012
03.3+/-45 vy =4.0943x + 0.0011
T 0.025 -
% ©3.4 +/-45 y=4.1925x + 0.0011
% 002 | ®35+-45 y=4.0741x +0.0011 &
& 0.015 -
(]
e
n
0.01 -
0.005 -

0 . T T T T T T T
0.000000 0.001000 0.002000 0.003000 0.004000 0.005000 0.006000 0.007000
Shear Strainy)

Figure 4.17 Testresults d the in-plane shear tesspecimers.
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Figure4.17 shows the elastic parts of tsbearstressstrain curves for 1 v J specimes
under uniaxial tensile load€quation4.1 was used to convert thapplied load and the
directional strains to the shear stress and strain. Morethndmear correlation was applied
to theconvertedest data iad thus the ifplane sheamoduluswas equal tdhe gradient of the
linear equationTable4.9 summarieshesheamodulus of the testespecimen

Table 49 In-plane shear modulus oM21/T700 UD material

J yn-plane shear modulus tegiecimen 3.1 3.2 3.3 34 3.5 Average value

In-plane shear modulus (GPa) 416 4.22 4.09 4.19 4.07 4.15

The other five 1 v J specimes without strain gauge bonded were tested following the test
procedure described in section 4.2.2 to determine Hpdaime shear strength, . The test

results arg@resented iable 4.10

Table 410In-plane shear strength of M21/T700 UD material.

Maximum applied  Crosssection In-plane shear

load (N) area (ny) strength (MPa)
3.6 8950 52.31 85.55
3.7 8889 52.46 84.72
J .in-plane shear 3.8 8834 52.59 83.99
strength tesspecimen 3.9 8971 52.75 85.03
3.10 8924 53.21 83.86
Average inplane shear strength 84.63

4.4 Summary

The tensile and #plane shear material propertiesthe unidirectional materialmeasued by
the current studgre summarized ifable 4.11

Literature results in terms dfie manufacturer suppligeroduct datd125 and the test data
obtainedby the conventional experimental tests presented in the literdfi§ are also

included in the table to provide further validatmmthe current test ressilt
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Table 411 Summary of tensile and shear properties of M21/T700 UD material

Literature results

Mechanical properties Notation Testresult Productdata Referencedata

[129 (126§

Longitudinal tensile modulus (GPa 'O 131.95 148 130
Transverse tensile modulus (GPa 'O 7.53 N/A 7.7
Longitudinal tensile strengtiMPa) y 2116.60 2375 N/A
Transverse tensile strength (MPa 44.60 N/A 50

MajorPoi ssonobs ; 0.253 N/A 0.33

Mi nor Poissor 0.0127 N/A N/A

In-plane shear modulus (GPa) O 4.15 4.5 4.75
In-plane shear strength (MPa) T 84.63 95 90
Interlaminar shear strength (MPa)  ILSS 82.91 105 N/A

Most of test results aakwved in the current study agreeell with the literature resultdn
general, the test results diféetto the literature results by aroud®% Such deviationare
consideredacceptablein industry due to the inherent experimental ermaused bythe
differences in calibratioof the test equipment and the preparation of thesf@stimenlt is
noticed that he agreement between the current test resudt the literature test result sva
slightly better than the onkbetween the current test result ahe manufacturer supplied
product data.This could be attributed to the different test standards used irsethe
experimental worksThe overall test of the measurement of the tensile and shear properties of
the unidirectional material has been a succéss test results will be used in teebsequent

study on the lowvelocity impact responsaf compositdaminatedor the project.

Table 412 Summary of compressive properties and fracture mghanics of M21/T700
UD material [125, 126

Literature results

Mechanical properties Notation Product data Referencedata
[129 [126
Longitudinal compressiveodulus (GPa) (0] 119 100
Longitudinal compressivstrength (MPa) " 1465 N/A
Mode | aitical energy release rate (Fm O N/A 500
Mode Il critical energy release raté/ift) O N/A 1600
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Several other material properties of the unidirectional material are required in the current
study, such as the compressivegandy and the fracture toughneBsie to the time constraint
of the project,these data have not been measure in the project. Literature [@26|t426

shownin Table 4.12will be used when necessary
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CHAPTER 5 Results of Compositd_aminatesunder LVI

This chapter presentbe results of compositeminatessubjected tdow-velocity impact
The investigdon was conducted ihothexperimental and numerical approaches to devalop
further understandingf thedamage mechanisnasidimpactresponse focompositdaminates
under lowvelocity impact.Efforts were directed to the study @élamination threshold load

a loadabove whichthe significant incremerdf delamination and thus large residual strength
degradatiormay occur.The effect d delamination initiationon the load bearing capacity of
impactedcompositdaminate wase-evaluatedn the current studylhe reevaluated effect of
delamination initiation in composilaminatescould help tamprovethe conservative design

philosophy of compositeminates

5.1 Instrumented Drop-weight Test

In the experimental approadhginstrumented drop wely tests were carried out dlifferent
impact test specimen at different initial kinetic energy levelsThe effects of laminates
thickness lay-up configuration repeated impact and curingmperature ofaminateson the
impact response and failure mechanisms ompmasite laminates under low-velocity

transverse impaetere examined

5.1.1SpecimenPreparation and Test Setup

A series of instrumented drop weight tests were conducted in accordance with the ASTM
D7136/D7136M05 test standard 19 in terms of thespecimerpreparation angest setup.

The test specimens were made of tl@ne carbon/epoxy composite system (Hexply
T700/M21) aghosetested in Chapter 4 to determine the basic mechanical propertigis of
UD material. The fabrication of impact test specimen was conducted in the same procedure as

described in Section 4.1.

Table 5.1shows the different layp configurations to study the effects of the laminates
thickness and layp configuration on the impact response of composite laminates.
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Table 51 Lay-up configurations of theimpact testspecimers

Thickness (mm)  Crossply lay-up Quastisotropic lay-up
2 T w T T Iifw T
3 T T 1T
4 Tt T T T T TUnford 1 v
5 T ¥ Tt 7w 1T

Four differentlaminatesthicknesses (2nm, 3mm, 4mm, and 5mm) and two differentay-

up types(crossply and quasisotropig were used to prepare the impact sgstcimen. The
lay-up configuratiors were determinety the followinglay-up criteria of AirbusOperations
Ltd (UK) [127:

1 Put+45)and-45]layers together as the top and bottom layers

1 Symmetricalay-up with no more than 3 same lagengether

To investigatahe effect ofcuring temperate on the impact responseafmpositdaminates
different curing temperatures @6 , 18® , and 1953 wereused in the autoclave curing

process ofhe 4mmquastisotropicspecimes.

Temperature
Dwell for 120 mins
195°C =
180 o¢ / Dwell for 120 mins
/ Dwell for 240 mins \
165 °C =
2-5°C /min
1-2°C /min
—————————— —-—  60°C
Room _
Temperature
(about 20°C) >
Time

Figure 5.1 Curing cycles with the normal and the changed curing temperatures
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The curing cycles with the normal803 ) and the changedl§53 and 1953 ) curing
temperatures are shown kgure 5.1 The same rampp rates wereused in all the three
curing cycledo achieve the different curing temperatutdgeanwhile, theeuring temperature
holding periodfor the 1958 curing condition was set tzethe sameas it for the curing cycle
with normal curing temperature, which wh20 minutesHowever, thecuring temperature
holding periodfor the 1653 curing condition was set to 240 minutes, which is thebde of

the normal holding periodt is becaus®f the complete curing of the resin takes much longer
time, when thespecimenis cured at a lower curing temperatufée cooldown ratefor all

the three curing conditions wastto 2-53 /min.

N
=]
o
4
X
B M 100.0 ———> @
L]Al 002 | _
3
Notes
1) All dimentions in millimetres T.°°|
: 2 Side
unless otherwise specified.
2) Dimentional tolerances are
linear +/-0.25mm unless
otherwise specified. 150.0
-+ Specimen
3) R is specimen longitudinal Centerline
axis.
" Impact
-45° 0 +45° Location
90°
[7]B[0.02] y LIC[0.02] ]
Specimen
Centerline

Figure 5.2 Schematicillustration of the drop-weight impact testspecimen[119.

Figure 5.2 shows the schematic of the draight testspecimenin accordance with the
ASTM test standard119. The cured compositelgtes werecut into therequired shape
following the same cutting procedure as ddxdiin Section 4.2. Thetandard requirethe
rectanguladrop-weight impact tesspecimen150mm by 100mm) with thehgitudinal axis
in thett direction. Moreover, the preparegecimes were impacted under variotapact
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energy levels. To ensure the reliability of the test results, at least shemémes were

prepared for eaclay-up configuration andeach impact energy\el.

During the dropweight test, the test specimen wadamped by the impact support fixture as
illustrated inFigure 5.3 which was in accordance with the ASTM D7136 test standdrg.

The fixture base was a mild steel plate with dimensions of 30080mm 24mm. There

was a rectangular caut in the middle of the fixture base with dimensions of 125mm by
75mm. Four guiding pins were used to ensure that the impact test specimen can be positioned
correctly for the test. The specimen was securely clampecifixtiure base by four toggle
clamps to prevent movement during the test. The centreline of the toggle clamp was 25mm
away from the shorter edge of the test specimen and the clamped rubber tip was 6mm centred
from the edge of cubut.

l
l
l ‘ Test specimen
l
l

- 3 Rubber tip

- , /
. St W 't/
Sty ""-‘ l‘. A CJ]/ — Guiding pin
23 XY —— Cut-out, 75+1mm by 125+1mm,
- o | .’. K ;/ /) 6mm minimum depth
R e, ) oF £ Toggle clamp

Fixture base, 300mm by 300mm
minimum recommended

Note - Clamp tip centred 6mm from edge of cut-out

Figure 5.3 Schenatic illustration of the impact support fixture [119.

The lowvelocity impact test was performed by using the CEAST -dvejght test rig as
shown inFigure 5.4 The impact test rig includes a drop tower, a projectile, a base to support
the fixture plate and a data acquisition system. The projectile consisting of an impact rod with
a semisphere shaped impactor head drops with the support frame. The total rieesdrop

weight was 11.8kg. The diameter of the sephere shaped impactor head was 20mm. The
projectile could slide freely along the two guiding rails. An electrical motor at the top of the
drop tower was used to adjust the dvegight height to achievihe required impact energy,

O, calculated by the following equation:
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0 4°m (5.1)

where,mis the total mass of the drepeight,g is the acceleration of the gravity, ahds the
drop weght height. In order to prevent multiple impacts on the specimen, an electrical

capture system was also involved in the test rig to automatically capture the rebounded
projectile.

| e

Guide rails

Support frame of projectile

Impact rod of projectile

¢ 20mm semi-spherical
impactor head

Fixture plate supported
by support base

Figure 5.4 CEAST drop-weight testrig.

The impact force acquisition system is shown schematicalBigare 5.5 The principle of

the impact force history acquisition system was the relation between the applied load and the
deformation of the impactor head. Strain gauge was bonded close itaphetor head to
detect the impactor head deformation. The strain gauge indicator was plugged into a
PicoScope3000 series PC oscilloscope to convert the analogue signal to the digital signal.
The oscilloscope was then connected to a PC to record thdatasind display the test result
history of voltage (mV) against time (ms). The voltage displayed in the test result needed was
then converted into the impact force through the calibration of the impaatbthe strain

gauge indicator.
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Figure 5.5 Schematicillustration of animpact force acquisition system

The impactor was calibrated by a compression test to determine the relationship between the
axial compression load and the impactor deformation. The calibration of the impactor was

conducted in the Houndsfield universal test machine as shokgure 5.6
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Figure 5.6 Calibration of the impactor with strain gaugebonded

The recorded test data and the resulting calibration curve are shéugume 5.7 The linear

relationship between the impactor deformation and applied loadleas

Force (kN)

Force Strain - y=0.0244x-0.1938
(kN) (1e)

1.03 46

2.04 01 8

3.02 133 &

4.01 174

4.95 213 4

6.01 255

7.02 296 -

8.04 336

8.98 374 " | | | |
10.04 417 0 100 200 300 400 Strain (pe)

Figure 5.7 Test data ofthe impactor calibration and its resulting calibration curve.

In addition, the relationship between the analogue signal exported from the strain gauge
indicator and the digital signal processed hg bscilloscope also needed to be carefully
calibrated before each impact test due to the difference among individual strain gauge

indictors. The calibration was conducted by importing different analogue signals (strajn in
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into the oscilloscope anti¢ digital signals (voltage in mV) recorded on F@gure 5.8shows

the recorded data and the resulting calibration curve.

Strain Voltage Biraln (e)
600
V y = 2.4745x% + 4.4904
([18) (lIl ) 500 -
100 38.1
400 -
200 19.5
300 +
300 119.%
200 -
400 159.8 wl /
500 200 ol | | | |
0 50 100 150 200 Voltage (mV)

Figure 5.8 Recorded data ofa strain gauge indicator calibration and its resulting

calibration curve.

Therebre, the conversiobetween the digital signal generated by the oscilloscope and the
impact foce was determined by combinitige calibrationresults ofthe impactor and strain
gauge indicatorTherelationshipbetween the voltage and the impactor fonaes expressed

as
QO TBICTTCE XL T8 WNTTY Wo YPBt @ e Yt Y 1 ¢ d5.2)

where,X is the votagein mV asthe digital signabenerated by the PC oscilloscopés the
corresponding impact forge kN.

However,the impact force historyasillustratedin Figure5.9a) as the impact force history
of the impact test conducted on a 4repecimerunder 9J impact energyas quite noisy due
to thehigh frequency noisand the unwantedibrations. e highfrequencynoiseneedsto
be filtered out to provide meaningful information on the impact respondbedtfested

compositdaminates

Therefore, the raw data were filtered by-BREPSOT software to minimize the noise, in
which a COS 108Hz filter was usdeigure 5.9b) shows the same impact force history after

the data filtering operation. The filtered impact force history was clearer than that from the
unfiltered raw data. It was then possible to carry out meaningful assessment on the impact

response withat the disturbance of thegh frequency noise
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Figure 5.9 Impact force history of a 4mm specimenunder 9J impact energy.

Further, the filtered impact force historyP(t), was used to calculate the history of the

accelerationa(t), the velocityv(t), the displacementl(t), and the energ¥(t). The equations

used in the calculations were shown as below:

O U . WONQO
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QO _00O6QOo (5.5)
00 _ Qo0 060Qo (5.6)

where,0 is the initial velocity of the projectile immediately before the impact contact.

5.1.2Effect of Thicknesson Impact Response of Compositeaminates

The impact force history athe lowvelocity impact evenprovided important information
regarding the damage initiation and propagatioft has been documented by many
investigaobrs [10, 11, 14] that the sudden load drop in impact force history was associated
with the stiffness reduction tdminatesdue to the initiation of delamination

In this study, detailed impact fordastorieswere obtained under various test conditions
following the test procedurasdescribed in Section 5.1td catch the possible delamination
threshold load.The thickness féect on the impact response obmpositelaminate was
explored by testing thepecimas with crossply lay-up configurations of Tifw ¥t (2mm),
niwrdn  (Bmm), ot o (4mm), and 1T Fw 1T foo T8t (5mm) under

various impact energy levels

Force (kN)
9 -
——4mm-3J
’ —— 4mm-6J
4mm-12J
5 DTL-4.3kN
____________________ —4mm-18J
3 -
1 -
) 15 20
-1 - Time (ms)

Figure 5.10 Filtered impact force histories of 4mm specimers with crossply lay-up

configuration.
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Figure 5.10shows the filtered impact force histories of 4mm thick specimens under four
different impact energy levels. The correspondingfiliered impact force histories are also
presented in Appendix | as reference. There is no noticeable fluctuation obsemed in
impact force history under the impact energy of 3J when the peak impact force had not
exceeded a critical load. The smooth impact force history curve indicates that the impact
under the impact energy of 3J caused little critical damagg delaminaton). On the
contrary, clear sudden drops in the impact force can be seen for the specimens under the
impact energies of 6J and 12J once the critical load had been reached. The DTL value of the
4mm thick laminates with crogdy lay-up configuration was appximately determined as

4.3kN since the same DTL value obtained under different impact energy levels, which

demonstrates that the DTL does exist for thed@ocity impact of composite laminates.

It is howeverinteresting to note that éhmpact force story under aelatively higher impact

energy of 18J doesot show a clear dip in the impact force. The oNeémgpact force history

curve s also smoother than the onesder the impact energies of 6J and 12J with the
existenceof DTL clearly visible. Butdramatic damagg including delamination and fibre
breakagewere found in thespecimenAs this observatiomnay look like in contradictory to

the concept of the DTliests were repeated che the results and similar observatsonwere
obtained.Considering the current test results under 6J and 12J and the subsequent test results
of specimes with different thicknesses, it was conclude that the concept of the DTL is still
valid. The possible explanatiofor the observation under 18J impast thatthe relative
influenceof the delaminton initiation on the impact responsé the specimerbecame less
significant under relatively higher energy levélse specimerstiffness degradatiors icaused

by not only thedelamination initiation, but alsthe delamination propagation and other
damage typeander highimpact energy levelThe combined effect of delamination initiation

and damage propagation/other damage types under high impact energy levels may smooth out
the load drop associated with delamioatinitiation. It is suggestd that here might exisa

suitable range of ratio of the impact energyhe laminatesstiffnesgthicknessto determine

the DTL reliably through the impact force histoAs a resultcare should be exercisedthe
detectionof the DTL using the impact force histories.
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Force (kN)
9 ——5mm-3J
——5mm-6J
7 - 5mm-12J
DTL-5.8kN
__________________ ——5mm-18J
5 -
3 -
1 -
1 ) 5 10 15 20
o Time (m9)

Figure 5.11 Filtered impact force histories of 5Smm specimers with crossply lay-up

configuration.

Figure5.11shows the filtered impact force histawief 5Smm thickspecimes under various
impact energy levelsThe corresponding ufiltered impact force histories are also presented
in Appendix | as referenceReasonable results were achieved in terms of the existerice of
DTL and theoverall trend in te detection of thé®TL using the impact force histp The
existence of the DTLsiprovedby thesamesudden load dropsbservedn the12J and 18J
impact force histories The delaminationthreshold loadof 5mm thick specimenwas
determinedht a highewalue (around.8kN) than thatof 4mm thickspecimenaround 43kN),
which indicates the delaminatiorsiganceof compositedaminate islinked to thespecimen
thickness However, it § noticed that théoad dipin the 18J impact force historg not as
significant as thain the 12J impact force histor¥his scenarisupports furthethe previous
speculation based on the 4nspecimenresults that thre might exisa suitable range of ratio
of the impact energy tohe laminatesstiffness/thickness to determine the DTL reliably
through the impact force historyn other words,different responses of the impacted
laminates in terms of the existee of the sudden load drop, might be triggered utitker
sameimpactenergy level ofl8Jdue to differenfaminatesstiffnes®s (thicknesses ofimm

and 5mm) Moreover no delamination was initiatedy the impact events under the relatively
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lower impact energy levels of 3J andgceneitherof the peak impact forceexceeédthe

delamination threshold load.

More testswere conducted on thiinner specimes with thicknesses of 2mm and 3mm to
study the thickness effect ohet impact response of compodieninates especially for the
existence of DTL and its detedtility using the impact force histories.

Force (kN)
45 -
—2mm-1J
3.5 4 ——2mm-3J
2mm-6J
2.5 -
——2mm-9J
15 -
> \\
T T T T T “fl
) 5 10 15 20 25
0.5 - Time (ms)

Figure 5.12 Filtered impact force histories of 2mm specimers with crossply lay-up

configuration.

Figure5.12 showsthe filtered impact forcéistories of2mm thickspecimes under various
impact energy levels from 1J to 9he corresponding ufiltered impact force histories are
also presented in Appendix | as refereriteean be seen clearly that, while the maximum
impact forceincreaseswith the increment of the impachergy, no clear indication of the
initiation of the delamination can be reliably determined based on the impact force histories.
To confirm the observationsepeated tests were carried out on the 2mm #pekimes and
similar results were obtaine@hepossible reason ithatthe relatively lowerstiffness of the
2mm specimermakes the thin platemore flexible tha the thick one. & the casef the thin
specimensubjected tahe impact withrelaively lower impact energymost of the impact
energywill be dissipate throughthe elastic deformation rather thhang absorbed by the
damage mechanism such as the initiatbthe delaminatiomn which case thenternal stress

in the laminatesmay not behigh enoughto trigger aninitial delamination For the impact

96



CHAPTER 5 Results of Composite Laminates under LVI

event of the thin laminates under relatively higher impact energydamage such as

delamination propagation and fibre breakage follow closely aftedelamination initiation

which makes thdoad dropdue to theinitiation of the delaminatiorless obvious and thus

difficult to detect As suchalternative methodhould be considered to determine the DTL for

the thinlaminates

Force (kN)

6.5

5.5 A

4.5 -

3.5 -

2.5

1.5

0.5 -

-05 -

PossibleDTL-
3.3kN

v —3mm-12J

—3mm-3J

——3mm-6J

3mm-9J

10 15 20 25
Time (ms)

Figure 5.13 Filtered impact force histories of 3mm specimers with crossply lay-up

configuration.

Figure 5.13 showsthe filtered impact forcénistories of3mm thick specimes under four

impact energy levelsthe corresponding ufiltered impact force histories are also presented

in Appendix | as referencedt is anticipatedthat the impact response of 3nspecimenis

somewheréetween the impact responses of 2mm thminatesand 4mm thickaminates

Although tre impact force histories &mm specimes aresmoother tharhe load curves of

4mmspecimenthe impact force dipanstill be observedtaround 33kN in the impact force

history under6J impact energy. fie load dip ishowever barely detectable frothe impact

force history under higher energy levadf 9J and 12J. It shows that the impact energy is

absorbedy the @ombination of the elastic deformation and the damage mechanisms for the

3mm laminates Energy absorbed hiype damage mechanism becomes more significant than

that absorbed by elastic deformatiaith the increasef laminatesstiffnesgthickness It is
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clearthatthe impact rgsonseof compositdaminate iscontrolied by the interaction between

the impat energy level and thaminatesstiffness.

Force (kN)
6.5 -

55

4.5 -

3.5

2.5

15

0.5

-05 -

5mmDTL

—2mm-6J ——3mm-6J

4mm-6J ——5mm-6J

3mm-Possible
DTL

E 5 10 15 20 25

Time (ms)

Figure 5.14 Filtered impact force histories of test specimers with various thicknesses

under 6J impact energy level

Thethickness effect on the impact pemse oicompositdaminate isshown inFigure5.14by

comparingthe impact force historiesf the specimes with four different thicknesses under

the same impact energy levall 6J It can be seen clearly that the peak impact force will

increase when theaminateghicknesss increase@nd the impact duration decreases with the

increase of théaminatesthicknessHowever,no obvious suddelvad drop can be observed

for eitherthe thick (3nm) orthe thin(2mm) specimes under the current impact energy level

For thethick specimenwith 5mm thicknessthe damage resistance of tlaninate ishigh

enough to prevent any delamination damsigeethe peak impact force is still lefilsan the

DTL value For thethin specimerwith 2mm thicknessmost of the impact energy is albised

by the elastic deformation.h€ bending stress in the tHaminatesmay not behigh enough

to trigger the delamination. e load dipcan howeverbe observed in the impact force

histories of thespecimes with4mm and 3mm thicknessdsfurther pravesthat the DTL can

be determined througheéhmpact force histories bgpecial care should be taken due to the
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possible existence @ suitable rangef ratio of the impact energy the laminatesstiffness

to determine the DTL reliably.

5.1.3 Effect of Repeatd Impact on Impact Response o€CompositeLaminates

The effect of repeated impaoh the impact respongg compositdaminate wasnvestigated

by conductingepeated impaain the postimpactspecimerat the same impact position and
under the same impact energy level.particular, the samerossply specimes with four
different thicknessetested in Section 5.1.®ere experienceda repeated mpactunder the
sameimpact energyevel. The nunber of therepeated impaatas set to 3 t&, dependingn

the correlatios among the repeatempact force histories. In the current study, the repeated
impact face history curve was presented by taking meanvalueof all therepeated impact

test datdo reflect the effect of repeated impact more reliably.

Force (kN)
----- 2mm-1J
4.5 —— 2mm-1J Repeated
0.35 2mm-33
— 2mm-3J Repeated
3.5 -
Repeated
2.5 - N =--2mm-9J
3 ﬂd
1.5 4 :
\
0.5 - N
——
0.5 >
' Time (ms)

Figure 5.15 Filtered first and repeated impact force histories of 2mm specimers with

crossply lay-up configuration.

Figure 5.15 shows the filtered first and repeated irmofpé&orce histories of2mm crossply
specimes under various impact energy levdtscan be seen clearly that the repeated impact
on the samapecimerdoes not affect the impact duration. The repeatguhct force history

andthe first impact force historgre almost identical, especially unddre relatively lower
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impact energy levels of 1J, 3J, andl Bhisindicates thatittle damage has been introduced
into thelaminatesby the first impact undethe relatively lower energy levelvhich agrees
well with the previous assumption thadost ofthe impact energy is absorbed througk
elastic deformationnot through the damage mechanisim the thinlaminatesunder the
relatively lower impact energyeVel It is however interesting to note thdte maximum
impact forcehas been increased by abOUB5kN (8.7%) during the repeated impaghder
the reldively higher energy level of B This isunexpected antksts werenence repeated.
Similar resuls wee obtained This is clearly associated with the introduction of impact
damage undehe relatively higher energy. The existence ofittial delaminatiorand other

damagdypes in thelaminatesaffectthe impact responses thfe respected impacts.

Force (kN)
----- 4mm-3J
91 0.37 ——— 4mm-3J Repeated
----- 4mm-6J
v — 4mm-6J Repeated
4mm-12J
4mm-12J Repeated
5 . 4mmDTLo61 4/ ~—/~ '\  ____. Amm-18J

— 4mm-18J Repeated

3 |
1 -

) 15 20
1 Time (ms)

Figure 5.16 Filtered first and repeated impact force histories of 4mm specimers with

crossply lay-up configuration.

Figure5.16 showsa further study in the effect of the repeated impacthenimpact response
usingdmmspecimes with crossply lay-up configurationunder various impact energy levels.
It can be seen cldgrthat DTL plays an important role in affecting the impact resparfse

compositdaminatesunder repeated impact

For the impact case under the 3J impact energy level, the maxwadmof the first impads

less than the DTL \ae; there is no delaminatianitiated by thefirst impact Similar to the
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observations from the 2mspecimes, the first and theepeated irnpact force historieare
almostidentical under the low impact energy of 3be dear difference betweethe firstand
therepeated impadbrce histories has also beehservedor the 4mmspecimes whenthe
delaminationthreshold load is exceeded duritig first impactunder higher impact energy
level. Compared with the 2mrepecimerresults, 1 is noticedthat the impact force curve of
the repeated impact becomes smoother in termteoimpact history ofthe first impact,
which could indicatehatthere is ngropagation of the initial delaminati@aused by thérst

impact during the repeated impatder the same impact energy level.

Similar to the results of the 2mispecimen the maximum loasl of the repeated impact
histories under6J and 12Jwas increasedby 0.61kN (13.0% and 0.82kN (~12.5%

compared with thosef the first impact histories.

Force (kN)
N 5mm-3J
0.96 —— 5mm-3J Repeated
94 N\ ee==- 5mm-6J
—— 5mm-6J Repeated
7 - 5mm-12J
SmmDTL 5mm-12J Repeated
s4 M/ S NN - 5mm-18J
—— 5mm-18J Repeated
3 .
1 .
19 2 4 14 16 18 20
Time (ms)

Figure 5.17 Filtered first and repeated impad force histories of 5mm specimers with

crossply lay-up configuration.

Figure 5.17 shows the filtered first and repeated impact fohistories of 5mm thick
specimes with crossply lay-up configurations. The overall trend of the test results agrees
well with the test results achieved from @mm anddmm specimes. The DTLis proveal to

bethe dominanparametegaffects the correlation between the load curves of the first and the
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