ANALYSIS OF GLARE LAMINATES
UNDER LOW VELOCITY IMPACT

A Thesis Submatted in

Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy

by

Sasanka Kakati
(Roll no: 186103032)

under the guidance of

Dr Debabrata Chakraborty

DEPARTMENT OF MECHANICAL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
GUWAHATI-781039, ASSAM, INDIA

June 2023

TH-3287_186103032



TH-3287_186103032



Dedicated to my parents.....

TH-3287_186103032



TH-3287_186103032



DECLARATION

I declare that,

a.

TH-3287_186103032

the work contained in this thesis is original and has been done by me
under the guidance of my supervisor.

the work has not been submitted to any other Institute for any degree
or diploma.

I have followed the guidelines provided by the Institute in preparing the
thesis.

I have conformed to the norms and guidelines given in the Ethical Code
of Conduct of the Institute.

wherever I have used materials (data, theoretical analysis, figures and
text) from other sources, I have given due credit to them by citing them
in the text of the thesis and giving their details in the references.
Further, I have taken permission from the copyright owners of the

sources, wherever necessary.

Sasanka Kakati



TH-3287_186103032



i

0331’&‘ H*fv.}& Department of Mechanical Engineering
g %‘ﬁa Indian Institute of Technology Guwahati
é_. = Guwahati, Assam, India, 781039
= -~
: @O:

%, -~

7 0@\

CERTIFICATE

This is to certify the thesis entitled “Analysis of GLARE laminates under
low velocity impact”, submitted by Sasanka Kakati (186103032) to the
Department of Mechanical Engineering, Indian Institute of Technology
Guwahati, for the award of the degree of Doctor of Philosophy, is a record of an
original research work carried out under my supervision and guidance. The work

in this thesis has not been submitted elsewhere for the award of any other degree

or diploma.

June 2023 (Debabrata Chakraborty)

IIT Guwahati Professor

Department of Mechanical Engineering

Indian Institute of Technology Guwahati
Guwahati-781039, Assam, India

TH-3287_186103032



TH-3287_186103032



1ii

Acknowledgements

First and foremost I would like to express my sincere gratitude to my supervisor, Prof.
Debabrata Chakraborty for guiding me and mentoring me throughout the entire period of
my research work. I am extremely grateful to my supervisor for his valuable advice, providing
critical insight based on his knowledge and experience in this field which has benefitted me
immensely in carrying out my research work.

I also take this opportunity to express my sincere gratitude to Doctoral Committee
members Prof. Rajiv Tiwari and Prof. Pankaj Biswas from the Department of Mechanical
Engineering and Prof. Anjan Dutta from the Department of Civil Engineering for their
valuable suggestions at various stages of my research work. I am also grateful to the former
and present heads of the Department of Mechanical Engineering for providing a congenial
academic and research environment for research work.

I sincerely acknowledge the infrastructural facilities provided by Indian Institute of
Technology and financial support provided by the Ministry of Education (MoE) during the
entire period of the doctoral research work. I sincerely acknowledge the computational facility
provided by the Department of Mechanical Engineering to carry out my research work
smoothly.

I would like to thank my lab members Pran Jyoti Saikia, Chukka Atchuta Rao, Nibir
Saha and Sai Kumar for their valuable inputs and also to Krishna Murthy Pabbu, Lalit
Kumar, Avneesh Kumar, Sukanya Phukan, Rajdeep Ghosh, including all my lab members
for their support and maintaining a friendly working environment. I am also grateful to
Dixita, Parthajit, Pratim, Debajit, Faladrum, Ritam, Nabajyoti, Nayan, Upasana,
Sanghamitra, Juri, and many more who encouraged me through their unabated support
throughout my work.

Last but by no means the least, I express my sincere gratitude and heartfelt love to my
mother Mrs. Triveni Choudhury for her patience, understanding, love and constant support
in accomplishing my goal and in remembrance of my late father Mr. Bhumidhar Kakati, 1
convey my gratitude and love to him.

There are many more persons who helped me in many ways and whose names elude me
at this moment of time. I extend my gratitude to them.

Last, but not the least, I shall always be grateful to God for giving me the strength and

blessing me with opportunities throughout my life.

June 2023 Sasanka Kakati

TH-3287_186103032



TH-3287_186103032



Abstract

Superior impact properties of glass aluminium reinforced epoxy (GLARE) have led to
their usage in impact prone structures such as aircraft fuselage, wings and cargo panels.
However, these advanced laminated structures are also susceptible to impact induced
damages, especially under low velocity impact (LVI) where the damages are sub-surface and
barely visible. Finite element analysis (FEA) enables a more in-depth study of the complex
nature of the response and damages due to arbitrary LVIs. This dissertation thus presents
the FEA of GLARE under LVI, evaluating the response of the target and the associated
damage due to LVI. A complete 3D finite element (FE) formulation has been developed
using 3D layered solid elements to evaluate the contact impact response of GLARE subjected
to arbitrary (normal and oblique) LVIs. A transient dynamic FE code has been developed
incorporating the Newmark- § method and implementing suitable normal and tangential
contact models for accurate determination of the contact responses and the associated
interfacial delamination damages. An important aspect of the present FE modelling is the
incorporation of an adjustable contact stiffness based on the impactor to plate mass ratio
which is critical for accurate evaluation of the contact response and correctly predicting the
associated damages. Influence of important parameters like properties and geometry of the
GLARE laminate and the impactor along with the trajectory of the impact on the contact
impact response and the delamination damages have been investigated. Results from the
present work show that besides the size and geometry of the impactor, the trajectory of the
impactor relative to the target and the coefficient of friction between them also significantly
influence the contact response as well as the evolution of delamination at the interfaces.
Further, for multiple impacts, the interval between the successive impacts greatly influences
the magnitude of contact force as well as delamination at the fibre-metal interfaces. The
presence of discontinuities in the form of cut-outs or open holes (due to functional
requirements) in the GLARE laminate significantly influences how delamination grows
around these locations due to increased stress concentrations under impact loads. Results
from the analysis of LVI show that the pitch of the cut-outs and their size and shape has
significant influence on the evolution of delamination, especially at the metal/composite

interfaces.

TH-3287_186103032



TH-3287_186103032



vii

Table of contents

AcCKNOWIEdZEMENTS ..ouivinieinieiiiiiiiiiiiiiieiriiieiieeiienerernrrasarasasessseessressresasssesssasosnsnnns iii
ADSETACT ettt e e e v
Table Of CONMEEIMES..cuiuiiiiiiiiiiiiiiriettiiteiieieieieeenenensaeaessesseeesssassresasasasnsasnsnsnns vii
List Of fIgUIes ..ccuviuiiiiiiiiiiiiiiiiiiiiin e xiii
List Of £ables...cciuiuiiiiiiiiiiiiiiiiiiiiii s xxiii
NOMENCIATUTE ce.iuiiiiniiiiiiiii it ettt e st e s e e e XXV
List of SymbolS..c.c.iuiiiniiiiiiiiiiiiiii e XXV
Greek SYmMDBOIS c..c.iuieiiiii e xxvii
Chapter 1: INtroduction «...ceeieieieiiiii ittt ree e eraeaesaaneannns 1
1.1. Composite materialsS: OVerview ....cccceoveeiiieiiiiiiiiiiiieiiiienereienreeeereenss 1

1.2. Fibre reinforced polymer compoSites.....cccveieieieiiiiiiiiniiininininininiiinrniannne 2

1.3. FRP composites in aviation.....cccoceiviiiiiiiiiiiiiiiiiieiiiiiininininininininensnsnns. 4

1.4. Fibre Metal Laminates: A new generation of hybrid materials............ 5
1.4.1. Development of FIVMLS .....ooiiiiiiiiiii et 6

1.5. GLARE: The second generation FIMLS ......ccccoceeiiiiiiiiiiiiiiiiiiiiiiiiniann.. 7
1.5.1. GLARE codes and standardiSation.............ocooveveiiieeeiiiiiiiiiiie et 7

1.5.2. Characteristic properties and applications.................eeeeeiiiiiiiiiiiiiiiiiiiiiiiiieene 9

1.5.3. Impact induced damage: A critical concern...........ccccoocoiiiiiieiiiiiiiiiiiee, 10

1.6. Motivation for present research ......c.ccccceiiiiiiiiiiiieiieiinirecereeeneeenenenss 12
1.6.1. RESEATCH SCOPE ... 13
Chapter 2: Review of literature........ccoovvviiiiiiiiiiiiiiiiiiiiininnnnneesereesans 15
2.1, INtroduction...cceuieiniuiiiiiiiiiiiiii e e 15

2.2. Impact behaviour of FIMLS .....ccciiiiiiiiiiiiiiiiiiiirreeceeans 16

2.3. Experimental investigations of LVI on FMLS ....ccccciiiiiiiiiiiiiiniiinian, 17
2.3.1. Effect of constituent material parameters.............ooooooiiiiiiiiiiiiiiiiis 17

2.83.1.1. MLl LQYET «..oeveeeeiieee e 17

2.8.1.2. Fibre system and architeCture ..........covue i 19

2.8.1.8. MaETIT MEAUG . eeoeeeeeee e 20

TH-3287_186103032



viil

2.3.2. Effect of stacking configurations............cccccoimniiiiii 21
2.3.3. Effect of metal volume fraction .................eeeeeueeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeee 22
2.3.4. Effect of total thiCKNESS ... ...uuiuiiiiiiiiiiiiiiiiiiiiiiiie e 22
2.3.5. Effect of hybridiSation ..........ccccoiiiiiiii 23
2.3.6. Effect of geometrical parameters ............cc.ueveveveviviiiiiiiiiiiiiiiiiiiiiiiiieeieveeeeeeee 24
2.8.6.1. TATGEL GEOMELTY ..o 24
2.3.6.2. TMPACLOT PATAIMUELETS. ...+, 2/
2.3.6.3. Cut-outs and diSCONEIMUTLIES .......eoui et 25
2.3.7. Effect of temperature, preloading and post stretching.............ccccccvvviieninnnis 26
2.4. Numerical investigations of LVI on FMLS....ccccociiiiiiiiiiiiiiniinieenianenen. 27
2.4.1. Finite element analysis of LVI on FMLS ... 27
2.4.2. Analytical modelling of LVI on FMLS ..........ooooiiiiiiiiiiie 31
2.5. Oblique LVI on GLARE ...ouiuiiiiiiiiiiiiiiiiiiiriierereeenesineeessnsasasasanns 33
2.6. Summary and prospective research areas..........ccocvveviiiiiiiiniineniananee. 35
2.7. Objectives of the present Work .........c.cooiiiiiiiiiiiiiiiiiiiiiiii e, 37
Chapter 3: Theoretical formulations......c..ccceiiieiiiiiiiiiiiiiiiiiiiiii e eene, 39
3.1. Stress-strain relationship .....cccceeniiiiiiiiiii e cie e eeeenees 39
3.1.1. Generalised HOOKE’S 1AW ..o 39
3.1.2. Material model for GLARE laminates .........ccooooeeiieiiioieiiiiec 40
3.2. Transformation relations.......c.coeeviieiiiniiiiiiiiiiiiiiiiiiiiiee e, 43
3.3. Finite element formulation ..........c.cooiiiiiiiiiiiiiiiiiiiiiii 47
3.3.1. Eight-noded solid element..........cccoooiiiiii 47
3.3.2. Isoparametric formulations ...........cooioiiiiiiiiiiei e 48
3.3.3. JACODIAN TNABTIX 1 49
3.3.4. Strain-displacement TAatTIX. . .oooooee e 50
3.3.4.1. INCOMPALIDIE TUOMES .....v.eeeeeeeeeeeeeeereeeeeeeeeeee e, 52
3.3.5. StIffness MabTIX . .ooeie i 54
3.8.5.1. Principle of Virtual Work............ovovveoeeeeeoeesee oo, 54
3.3.5.2. Variational Principle. ..........oovoveveveeeeeeeeeeeeeeeseeeeeee e, 55
3.3.6. Numerical integration ...........c.eeiiiiiiiiiiie e 56
3.3.7. Static CONAENSATION ....coiii e 57
3.3.8. Eight-noded layered solid element ............ccoooviiiiiiiiiiiiiinii e 58
3.3.9. Elemental mass matTix ......cooeeeeeeieieiee e 59
3.4. Modelling of low-velocity impact on GLARE......c.ccocciiiiiiiiiiiiininan.n. 60

TH-3287_186103032



ix

3.4.1. Governing equations for impact analysis .........cccoooviiiiiiiiiiiiiiii 60
3.4.2. Normal impact by a rigid spherical impactor ...........ocoooiiiiiiiiiiiiiiis 63
3.4.2.1. Evaluation of the effective contact SEIESS «...oovoveoveeeeeeeeeeeeeeeeeeeeeeeeeeee. 6/
3.4.3. Oblique impact by a rigid spherical iImpactor...........coooeeeeeeeiiiiiieiieieieeeens 67
3.4.3.1. Tangential contact force-displacement Telations.............cccoovvieiiiiiiiiiiniiiiniiiin. 68
3.4.4. Normal impact by a rigid cylindrical impactor..............coooeeiiiiiiiiiiiiiis 70
3.4.5. Modelling LVI by multiple impactors..........coooeeeeioiiieiee 72
3.4.6. Transformation to nodal StTeSSEs .......coovvieieiiieie e 73
3.5. Impact induced damage in GLARE.....cc.cc.coiviiiiiiiiiiiiiiiiiniiiinnnene, 74
3.5.1. Interfacial delamination ..............ooooiiiiii oo 75
3.5.2. Mode dependent failure criteria for composite plies..............cccceeiiin. 75
3.6. Repeated LVI by a rigid spherical impactor ...........ccccovviviirnieinienennnnns 77
T SUIMIMIATY cettiuinieinieinieieieeeertterateeataeesenssssssasasasasasasassssssesssesssosssssnsssssssns 79
Chapter 4: Normal spherical impact on GLARE .......cccoiiiiiiiiiiiiiiiiiiiiiiiniinan, 81
4.1, INtroduction .c.cuieeieieiiiiieiiiiii e e 81
4.2. Validation of the FE code....c.ccccoiuiiiiiiiiiiiiiiiiiiiiiiiiieiec s 81
4.3. GLARE plate subjected to LVI by different mass impactors............. 85
4.3.1. Problem definition .........coooiiiiiiiiiii 86
4.3.2. Effect of Impactor Mass .......cooviiiiiiiiiiiieeeeeee e 87
4.3.3. Effect of plate eometry......oooviiiiiiiiiiii e 89
4.3.4. Effect of change in impact energy ..........ccccvvvveieiiiiiiiiiiiiee it 92
4.3.5. Interface stresses due to LVI by varied masses.........cccccceeviiiiiiiiiiiiiieeninnnnne 93
4.3.6. Delamination at the interfaces........cccooviiiiiiiie e 95
4.4. LVI response of different GLARE configurations ..........c.c.ccceeiiiinan. 99
4.4.1. Problem definition ..o 99
4.4.2. Tmpact responses of GLARE 5-21 and GLARE 4-3/2 ..o, 101
4.4.3. Effect of outer aluminium thickness ................... 102
4.4.4. Effect of total thickness ..........oooo 103
4.4.5. Delamination at the interfaces................co 104
4.4.5.1. Effect of impactor velocity on delamination..................oooveveeeeevevreeennnn. 106
4.4.5.2. Effect of outer aluminium thickness on delamination ..................covevevvvee.... 108
4.4.5.3. Effect of GLARE configurations on delamination .................oocoeeeeeveveveeeen.. 109
4.5. Effect of hybridisation on LVI response ........ccccocveviiiiiiiininiiiininnene. 113
4.5.1. LVI responses of GLARE 4-3/2 and hybrid GLARES ..........coccoociiiiinn. 115

TH-3287_186103032



4.5.2. Effect of hybridisation on delamination at the interfaces.......................... 116
4.6. Multiple normal LVIs on GLARE ....cccciiiiiiiiiiiiiiiiiiiiniieninenienens 119
4.6.1. Problem definition .......oooeiiiiiie oo 119
4.6.2. Validation of multiple LVI ..o 120
4.6.3. Effect of MVF for two simultaneous spherical LVIs....................ooooee. 121
4.6.4. Effect of delay between the two spherical LVIs...............ococooii. 122
4.6.5. Two Impactors striking with different velocities...............ccccoi. 124
4.6.6. Delamination at the interfaces............cooooiiio oo, 125
4.6.6.1. Influence of outer aluminiunm thickIess ... ......vvrrvserereseeeseeeseesereseseeeeeen. 125
4.6.6.2. Influence of delay between the fMPACES..........ovovivrvseeeeseeeeeeseeeseese s, 125
4.6.6.3. Influence of different impactor VElOCHIEs . .v.v.iviverrvreeeesesteeesee oo, 128
4.6.7. Effect of stacking configuration ...............ccccceiiiiiiiiiiii 129
4.7, SUIMINIATY tutuenteiarnrerereeesreresesasesssssssssssssssasssasssasassssssssssssasssesssssssssssss 131
Chapter 5: Impact response of GLARE plates having open holes................... 133
5.1, INtroduction «.ouie et 133
5.2. GLARE plate with central cut-out subjected to offset LVI ............. 134
5.2.1. Problem definition ...............e.eueeeeuiiiiiiiiiiiiiiiiiiiieiie e 134
5.2.2. Effect of impact offset from centre ..........ccccceueveeiiiiiiiiiiiiiiiiiiiiiiiiiiiii, 135
5.2.3. Effect of hybrid plate configurations ..............cccccueeeueeimiiiiiiiiiiiiiiiiiiiiiieeeee, 136
5.2.4. Delamination at the interfaces......... ... uwuuuiuuuiueiiiiiiiiiiiiiiiiiiiiiieieieeee 137
5.2.4.1. Effect of IMpPact Offset DiSAMCE «..vvvvvveeeeeseseeeseseseeresseseeeeoseeseeeeieei, 137
5.2.4.2. Effect of cut-0Ut SRAPE .....cevvieiiiiiee e 139
5.2.4.8. Effect of hybrid configurations ..................ccoeuiiiiiiiiiiiiiiiiii i 140

5.3. GLARE plate having equally offset holes subjected to spherical LVI
..................................................................................................................... 142
5.3.1. Problem definition ...............ueuuiueiiuiiiiiiiiiiiiiiiiiiiiiiei e 142
5.3.2. Effect of hole size on the dynamic reSponSse.............eveveveviveviiiiiiiiiiiiiiiienenee. 143
5.3.3. Effect of hole POSTEION ...uvutiiiiiiiiiiiiiiiiiiiiiiiiie e 144
5.3.4. Effect of outer aluminium thiCKNess ................eeeeeuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeee, 145
5.3.5. Interfacial delamination .................uueeeueeeiiiiiiiiiiiiiiiiiiieeeeieieeeeee e 146
5.8.5.1. Effect of position and $i2e 0f ROIES +.....vvveeeeeesesseeeeeeeeeeeeeeee) 146
5.8.5.2. Effect of hole SRAPE.........cooveoiiiiiiiiie i 148
5.9.5.3. Effect of metal VOIME fraCtOn ...............cocovoveseoeeeeeeeeeeeereeeeseeeeeeeeeee 149

5.4. GLARE plate having equally offset holes subjected to LVI by a

cylindrical impactor......ccceiviiiiiiiiiiiiiiiiiii 151

TH-3287_186103032



Xi

5.4.1. Problem definition ..........ooooiiiiiiiii e 151
5.4.2. Effect of hole size and shape on the LVI response..........ccoooeeeeiieiiiiiiieieennn. 151
5.4.3. Influence of relative position of the holes............coooiiiiiiiiiiiiiii, 153
5.4.4. Influence of impactor dimension ..........coooeieeeiiieee e 153
5.4.5. Delamination at the interfaces..........ocoooviiiiiiii 154
5.4.5.1. Effect of hole size and hole pitch ..............ccooveiiiiiiiiiiiii i 155
5.4.5.2. Effect 0f ROle SHADE........vovvseeeoeeeoeeeeeeeeeeeeeeoeeeeeeeeeeeeeeeeeee 157
5.4.5.8. Effect of impactor diMmension ............oovovveoeeeeeeseeeeeeeeeeeeeeeeeeeeeeeens 158
55l BIct 0f MVF -..ovisoeses et 159

5.5. GLARE plate with central hole subjected to multiple cylindrical
| PV S e T O .. 0 000 o o000 T TR 161
5.5.1. Problem definition ..........oooiiiiriiiiiii oo 161
5.5.2. Effect of outer aluminium thickness for two simultaneous impacts............ 163
5.5.3. Two cylindrical impactors striking at different times.............................. 164
5.5.4. Effect of impactor radius and contact length.............cccccoiiiiiiiiiiiinnnne. 166
5.5.5. Interfacial delamination under multiple cylindrical LVIs ........................... 167
5.5.5.1. Influence of outer aluminium thickness .............ccccooiiiiiiiiiiiiiiiiiiiiiiiniiinai, 167
5.5.5.2. Influence of time delay between the cylindrical imMPacts ..........ocovrvoveeveveo.... 168
5.5.5.3. Influence of impactor dimensions ..............voevevereveveeesiseeeseseseseseseseseses e, 170
5.5.5.4. Effect of impact location about the hole Periphery...........ocooeerevereierereen.. 171
S R 101010 E= 1 PP 173
Chapter 6: Oblique LVI on GLARE considering friction.........c.c..cccoevveiininnene. 175
6.1, INtrOdUCEION . cuueninieninieii ittt e e 175
6.2. Oblique LVI on a clamped GLARE plate.......ccocoiiiiiiiiiiiiiininiinannan, 175
6.2.1. Problem definition ............coooiiiiiiiiiiiiiiiiiieiiee e 176
6.2.2. Validation of the FE code...........ccoooiiiiiiiii e 178
6.2.3. Effect of obliquity on contact response at an initial fixed speed................. 180

6.2.4. Effect of obliquity on contact response at an initial fixed normal velocity. 183

6.2.5. Effect of coefficient of friction on the tangential contact response ............. 185
6.2.6. Delamination at the interfaces...........cooooi i 186
6.3. Multiple OLVI on GLARE ..ottt 190
6.3.1. Validation of the multiple OLVI model............cooooiiiiiiiiiiiiiiiiieecee 191
6.3.2. Simultaneous OLVIs occurring in the same direction...............ccceeeeeieeenn. 192
6.3.3. Simultaneous OLVIs occurring in opposing directions...............ccccoeeeeeennn. 195
6.3.4. Effect of time delay between the OLVIS........cooooiiiiiiiiiiii 199

TH-3287_186103032



Xii

6.3.5. Effect of increasing the impactor radius ........cccoooviiiiiiiii 202

6.4, SUIMINIATY tutnininininininiinirnrernrararesassereseresssessssssssessssssssssasasasasasasasasasssss 206
Chapter 7: GLARE subjected to repeated LVIS....ccciceeiiiiiiiiiiiiiiniiinininininininnnn. 209
7.1, INtroduction ....oceieinieiiiiiiiiiiiiiiiir e 209

7.2. Problem definition .......ccooieiiiiiiiiiiiiiiiiiii e 210

7.3. Single impact with net total energy.....c.cccccceiiiiiiiiiiiiiiiiiiiiiiiiinn. 212
7.3.1. LVI responses for a single impact ...............eueeueiimiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieee 212

7.3.2. Composite damage and interfacial delamination .............cccccccovvviviiiiinnnnnnns 213

7.4. Repeated LVIs with equal energy divisions.......ccccceeviviiiiiiinieinnnnnne. 216
7.4.1. Effect of impactor mass on the repeated LVIS........ccccocooiiiiiiiiiiiiiiiiiiiiininns 216

7.4.2. Damage due to repeated LVIs at equal energies.........c..ccccuvevuuviuernnnnennnnnnns 219

7.5. Repeated LVIs with unequal energy divisions........c.cccevevinieiininnnnanne. 224
7.5.1. Damage due to repeated LVIs at unequal energies............ccccuvvvviviviueinnnnn. 226

7B, SUIMIIIATY ceuenenieniniaet et e eeetaeeneneaeeneeenraateensastenseetnsastasnsestnsnsencnens 229
Chapter 8: Conclusion and scope for future work .........c.c.cooeeiiiiiiiiiiiiiininan. 231
8.1. Concluding SUIMIMATY «.cucuieuiuieiiniuieiuiuiiiuieiiiuieintatiearieiiearieentasenensaes 231

8.2. General concCluSIONS......cvuviiuiiiiiuiiiiiiiiiiiiiiii e 232

8.3. SPECIfiC CONCIUSIONS .cuivinininininininiiniiieiieiiiitititeeneetntnentearrasnsasasasasasasns 232

8.3.1. Influence of impactor and plate parameters on the normal LVI response of

GLARE=#_... W "SSSuuususssn”  SSSSSSSSnennny . TSSSSSRRSRRRRRRRRRON | SRR % T 232
8.3.2. Effect of cut-outs on the LVI response of GLARE ........ccccooviiiiiiiiiiiiiiininn, 233

8.3.3. Oblique LVIs on GLARE ... 233

8.3.4. Multiple LVIs on GLARE ...t 234

8.3.5. Repeated LVIs on GLARE ......ooooiiiiiiiiiiiiiiiiiieee e 234

8.4. Major contributions .......cccoiuveiiiiiiiiiiiiiiiiiiiiiiii 235

8.5. Scope for future Work ....c.cceiiiiiiiiiiiiiiii e cr e ceen e eereeeneneaeannns 235
REOIrEINICES. . vttt ittt e e et e te et e steeenssssnsnsasnsasasasasasasns 237
List of pUDIICAtIONS c.vuieiiiiiiiiiiiiiiiiiiiiiriiierer ettt enesssesasasasasasasasasnsns 253
Journal publications....c.cocviiiiiiiiiiiiiiii e 253

(016) 11 {3 (<) 1 Lo =X J PO OO PPN 253

TH-3287_186103032



xiil

List of figures

Figure 1.1: Classification of composites. ... 2
Figure 1.2: Different fibre types in an epoxy matriX ........cccoooiiiiiiiiiii 3
Figure 1.3: Making of a composite laminate ...............ccccccoiiiiiii 3
Figure 1.4: Composition of materials in A350 [2]......cccooiiiiiiiiiiiiiiiiii e, 4
Figure 1.5: A Sukhoi SU-30MKI combat aircraft..........ocooouiiiiiiiiiiiieeeee 4
Figure 1.6: Fibre metal laminate...........ccoccooooii 6
Figure 1.7: GLARE 5-2/1 and GLARE 4-3/2....ccccoiiiiiiiiii e 7
Figure 1.8: llustration of crack bridging mechanism by intact fibres............ccccoociiiil. 9
Figure 1.9: GLARE skin panels on Airbus A380 fuselage(reproduced from Assler and
Telgkamp [221)3 Bu... ... ... SR ............. W ....T A 10
Figure 1.10: Impacts sites by percentage on the Airbus A320 (reproduced from
FASTHAS23]) coevvreeeeeoeeee oo eeee oo oo e 11
Figure 1.11: Typical failure modes in a FML due to LVI..........c.coooooooi 12
Figure 2.1: Finite element model geometry of LVI on GLARE [138].......cccccociiviiinin. 28
Figure 2.2: Boundary conditions of finite element model geometry [138]...........ccccevneen 28
Figure 3.1: 3D Stress at @ POiNb.....cooeiiiiiiiiiiiie e 40
Figure 3.2: Material models (a) Orthotropic (b) Transversely isotropic and (c) Isotropic
and (d) a typical GLARE having two different material models.............c..cccooceiniininn 41
Figure 3.3: (a) Lamina with unidirectional fibres (b) Material axes 1-2-3 aligned along the
fibre direction at an angle 8 w.r.t. global X-y-7 aXes.......cccccoviiiiiiiiiiiiiiiiiee e 43
Figure 3.4: (a) Eight-noded solid element and (b) meshed geometry.........ccccccceevirnnnn. 47
Figure 3.5: (a) Global and (b) Natural coordinate systems ..................coceviiiiiiiniinn. 48
Figure 3.6: Solid element in natural coordinates and the eight gauss points ................... 56

Figure 3.7: (a) A N-layered solid element (b) A GLARE 5-2/1 plate meshed using layered

SO ElEIMEIIES . ...eviiiiiiiiii i 58
Figure 3.8: Clamped GLARE plate subjected to LVI .......cccooiiiiiiiiie, 60
Figure 3.9: Normal impact by a rigid spherical impactor on a clamped GLARE plate ... 63
Figure 3.10: Oblique impact by a steel sphere on a clamped GLARE plate.................... 67
Figure 3.11: Basic steps for the study of oblique low-velocity impact ..........cccccccocci. 69
Figure 3.12: LVI by a rigid cylindrical impactor..........ccccovviiiiiiiiiiiiiieeeee 71
Figure 3.13: Analysis of multiple LVI on GLARE .......ccccooooi 72
Figure 3.14: Low velocity impact induced damage in GLARE ...................c.ooooooo 75

TH-3287_186103032



Xiv

Figure 3.15: (a) First impact event by a spherical impactor on a flat target and (b) second
impact event with initial dent at the impact location ................cooooo 79
Figure 4.1: (a) Spherical impactor striking a clamped GLARE plate and (b) Typical meshed
geometry and boundary conditions for a clamped plate ...............cocooo 82
Figure 4.2: (a) Contact force and (b) impactor displacement for different mesh sizes..... 82
Figure 4.3: Contact force, displacement and velocity compared with results of Wu and
Chang [186] for a [0/-45/45/90]ss graphite/epoxy laminate...........cccooceviiiiiiiniiiiiiniennnnn 83
Figure 4.4: (a) Validation of contact force history for a 10 J impact on a GLARE 2/1 plate
and (b) Delamination at the Al/glass fibre interface for impact by a 2.01kg spherical impactor

[202] oovoeeeeeeeeereee i G AN N 84
Figure 4.5: Impact by a steel sphere at 20m/s on a simply supported [0/90/0/90/0]s
carbon/epoxy beam [203] ... 84
Figure 4.6: Contact force history for a simply supported carbon/epoxy beam for a central
IMpact at 20M/S [203]....cc.vieiie it 85
Figure 4.7: GLARE 4-3/2 ..o 87
Figure 4.8: LVI on plate A by spherical impactors having mass much less than the plate
mass....... WS RRRRRRRR————— .. B ... 87
Figure 4.9: LVI by intermediate and larger mass impactors on plate A ........................ 88

Figure 4.10: Impact response of the plates for LVI by an impactor of mass 0.016 kg at 1.2J

Figure 4.11: Impact response of the plates for LVI by impactors of much larger mass... 91
Figure 4.12: Variation of peak contact force with impactor mass for different impacting
energy and plate SIZe ... 92
Figure 4.13: Effect of impact energy on the contact response of plate A......................... 93
Figure 4.14: Typical stress profile for LVI by a 0.016 kg impactor on plate A at 1.2J....94
Figure 4.15: Typical stress profile for LVI by a 0.864 kg impactor on plate A at 1.2J....94

Figure 4.16: Variation of stresses at interface 1 due to impact by the smaller mass impactor

of 0.016 kg on plate A at 1.2 J 95
Figure 4.17: Variation of stresses at interface 1 due to impact by the larger mass impactor
of 0.864 kg on plate A at 1.2 J oo 95
Figure 4.18: Interfacial delamination in plate A due to LVI by 0.024 kg impactor at 1.2 J
............................................................................................................................................ 96
Figure 4.19: Interfacial delamination in plate B due to LVI by 0.024 kg impactor at 1.2 J
............................................................................................................................................ 97

TH-3287_186103032



Figure 4.20:

Figure 4.23:
Figure 4.24:
Figure 4.25:
Figure 4.26:
Figure 4.27:

Figure 4.29:

of GLARE 5-2/1 plate Al

XV

Interfacial delamination in plate A due to LVI by 0.864 kg impactor at 1.2J

...................................................................................................................... 98
Interfacial delamination in plate B due to LVI by 0.864 kg impactor at 1.2J
...................................................................................................................... 99
(a) GLARE 5-2/1 (b) GLARE 4-3/2 and (c) meshed geometry of a clamped
.................................................................................................................... 100
Comparison of contact forces between GLARE plates Al and B.............. 101

Comparison of impactor velocities between GLARE plates (a) Al and (b) B

.................................................................................................................... 101
Impactor displacements of GLARE plates (a) Al and (b) B..................... 102
Plate centre displacements of GLARE plates (a) Al and (b) B................ 102

Impact responses of GLARE plates A1, A2, A3 for an impactor velocity of 12

Variation of stresses with time at location (0.04 m, 0.04 m) of the first interface

Figure 4.30: Variation of stresses with time at location (0.04 m, 0.04 m) of the first interface

of GLARE 4-3/2 plate B
Figure 4.31:

Figure 4.36:
Figure 4.37:

TH-3287_186103032

Delamination at the interfaces of plate Al for an impactor velocity of 8 m/s

Delamination at the interfaces of GLARE 4-3/2 plate B for LVI at 8 m/s109
Delamination at the interfaces of GLARE 4-3/2 plate B for LVI at 10 m/s



Xvi

Figure 4.39: Delamination at the interfaces of GLARE 5-2/2 plate C1 for LVI at 12 m/s

.......................................................................................................................................... 112
Figure 4.40: Delamination at the interfaces of GLARE 5-2/2 plate C2 for LVI at 12 m/s
.......................................................................................................................................... 113
Figure 4.41: Hybrid configurations with Kevlar layers ..................... 114
Figure 4.42: LVI responses of the plates due to a spherical steel impactor striking at 10
TEL/S ettt 115
Figure 4.43: Delamination at the interfaces for plate AGA due to LVI at 10m/s ......... 116
Figure 4.44: Delamination at the interfaces for plate AGKGA due to LVI at 10m/s.... 117
Figure 4.45: Delamination at the interfaces for plate AGK due to LVI at 10m/s......... 118
Figure 4.46: Spherical impactors normally striking a clamped GLARE plate................ 120

Figure 4.47: GLARE beam (a) clamped at one end and subjected to a single impact:
System-1. (b) clamped at both the ends and subjected to equally offset impacts: System-2

Figure 4.48: (a) Contact force history of system-1 and 2 (b) Impactor displacement at the
free end of system-1 and midpoint of system-2............ccccoi 120
Figure 4.49: Effect of outer aluminium layer thickness on simultaneous multiple impact by
two spherical Impactors at 10 I/S.....coiiiiiiiiiiii it 121
Figure 4.50: Impact responses of plate A2 for time delay of AT= 40 us between the two
Impacts 0ccurring at 10 IL/S...c.oiiiiiiiiiii i 122
Figure 4.51: Impact responses of plate A2 for time delays of AT= 20 us and AT= 80 us
between the two impacts occurring at 10 M/S....cooiviiiiiiiiiiiiieiie e 123
Figure 4.52: Contact force, impactor and plate velocities for impactors striking plate A2 at
different VeloCItIes .. viii i 124
Figure 4.53: Delamination at the bottom and top interfaces of plates A1, A2 and A3 for
LVIS @b 10 IN1/S 1.ttt e 126
Figure 4.54: Delamination at the bottom (interface 1) and top (interface 5) interfaces of
plate A2 for impacts at 10 m/s and time delay of 20 us between the two impacts.......... 127
Figure 4.55: Delamination at the bottom (interface 1) and top (interface 5) interfaces of
plate A2 for impacts at 10 m/s and time delay of 40 us between the two impacts.......... 127
Figure 4.56: Delamination at the bottom (interface 1) and top (interface 5) interfaces of

plate A2 for impacts at 10 m/s and time delay of 80 us between the two impacts.......... 128

TH-3287_186103032



Xvii

Figure 4.57: Delamination at the Al/0° interfaces of plate A2 for LVIs occurring at 10
m/s (x=0.04 m and y=0.02 m) and 12 m/s (x=0.04 m and y=0.06 m) and time delay of (a)
0 125 (D) 20 125 ANA (€) 80 LS wveiuiieiiiiiiiie et 128
Figure 4.58: Multiple spherical LVI on plate B1 at different time intervals.................. 129
Figure 4.59: Delamination at the Al/0° interfaces of plate B1 for LVIs occurring at 10
m/s (x=0.04 m and y=0.02 m) and 10 m/s (x=0.04 m and y=0.06 m)...........ccccecerernr.nn 130
Figure 4.60: Delamination at the Al/0° interfaces of plate Bl for LVIs occurring at 10
m/s (x=0.04 m and y=0.02 m) and 10 m/s (x=0.04 m and y=0.06 m) and time delay of 80

Figure 5.1: Clamped GLARE plate with central cut-out subjected to offset LVI.......... 135
Figure 5.2: LVI on a GLARE 5 plate Al at different offset distances from the centre.. 136
Figure 5.3: (a) Contact force and (b) Impactor displacements for LVI at 10m/s on plates
A1, A2, A3 and Ad i st e b e 137

Figure 5.4: Delamination at the interfaces of plate Al for different impact offset distances

.......................................................................................................................................... 139
Figure 5.7: Delamination at the interfaces of plate A2 for offset 0.008 m..........ccceee. 140
Figure 5.8: Delamination at the interfaces of plate A3 for offset 0.008 m...................... 141
Figure 5.9: Delamination at the interfaces of plate A4 for offset 0.008 m...................... 141
Figure 5.10: GLARE 5-2/1 plate with two holes subjected to central normal LVI ....... 142
Figure 5.11: Meshed geometry of the GLARE clamped plate...........occcoiciiiiiiii. 142

Figure 5.12: Dynamic response of the GLARE plates due to LVI by a spherical steel
IMPACTOT A 10 THL/S .ottt e 143
Figure 5.13: Effect of hole position on (a) contact force; (b) impactor displacement and (c)
Plate diSPIACEIMIEIIE «.ovvuiiii e 144
Figure 5.14: Effect of outer aluminium thickness on the LVI response.......................... 146
Figure 5.15: Delamination at the fibre/metal interfaces of the GLARE plate (a)-(b) without

holes; (c)-(d) ¢4 mm holes 32 mm apart; (e)-(f) $4 mm holes 52 mm apart .................... 147
Figure 5.16: Delamination of the GLARE plate having ¢8 mm holes (a)-(b) 32 mm apart;
(€)-(d) D2 APATT ...t 147
Figure 5.17: Effect of hole shape on the LVI response.........ccccoeii. 148

TH-3287_186103032



Xviii

Figure 5.18: Delamination at the aluminium/composite interfaces of the GLARE plates

having elliptical holes 32 mm apart with major axes aligned along (a)-(b) x-direction and

(€)(d) F=AITECEION ... 149
Figure 5.19: Delamination at the aluminium/composite interfaces for MVF (a) 0.571 (b)
0434 e et e et e e et e e e e e 150
Figure 5.20: GLARE 5-2/1 plate with open holes subjected to central cylindrical impact
.......................................................................................................................................... 151
Figure 5.21: Effect of hole shape and size on the response due to cylindrical LVI......... 152

Figure 5.22: Cylindrical LVI on GLARE plates having symmetrically placed holes...... 153
Figure 5.23: Effect of cylinder dimension on the impact response for the GLARE plates
with hole pitch of 32 MM ... 154
Figure 5.24: Interfacial delamination for a general GLARE 5-2/1 plate...............cc..... 155
Figure 5.25: Interfacial delamination for a GLARE plate having ¢4 mm holes (a)-(d) 32
mm apart, (€)-(h) 52 MM APATT .....cceiiiiiiiiii i 156
Figure 5.26: Interfacial delamination for a GLARE plate having ¢8 mm holes (a)-(d) 32
mm apart, (€)-(1h) 52 MM APATT ....eiiiiiiiiii i 157
Figure 5.27: Interfacial delamination for a GLARE plate with the major axes of the
elliptical holes aligned along (a)-(c) x-direction (d)-(f) y-direction with the hole centres 32

Figure 5.28: Delamination due to LVI by cylindrical impactor (2L=20mm, $=>5.64mm) in
a GLARE plate having (a)-(d) ¢4 mm holes 32 mm apart (e)-(h) $8 mm holes 32 mm apart

Figure 5.29: Effect of plate thickness on the cylindrical LVI response (a) contact force and
(b) impactor displacement for impact at 10 /S ...c..cooiiviiiiiiiiiiiii e 160
Figure 5.30: Interfacial delamination for a GLARE plate (MVF=0.569) having 4 mm dia.
holes 32 mm apart subjected to cylindrical LVT at 10 m/s ...ccoooiiiiiiiiiiiiiicce, 160
Figure 5.31: Interfacial delamination for a GLARE plate (MVF=0.569) having 8 mm dia.
holes 32 mm apart subjected to cylindrical LVI at 10 m/s ....ccccooiiiiiiiiiiiiiiiiicce 161
Figure 5.32: (a) Cylindrical impactor (b) Cylindrical impactors striking a clamped GLARE
plate with central hole ... 162
Figure 5.33: Effect of outer aluminium thickness on simultaneous multiple impact by two
similar cylindrical impactors at 10 M /S ..o 163
Figure 5.34: Impact responses of plate A for time delay of AT=20us between the two

impacts 0cCUITINg at 10 IN/S ..ooiiiiiiiiiii e 164

TH-3287_186103032



Xix

Figure 5.35: Impact responses of plate A for time delay of AT=40us between the two
Impacts 0CcCUrTINg at 10 TN/S ...eiiiiiiiiiii et 165
Figure 5.36: Plate velocities for time delay of (a) AT=20us and (b) A T=40us between the
two Impacts 0ccurring at 10 I1/S ....oo.iiiiiiiiiii i 165
Figure 5.37: (a) Contact force, (b)plate and (c) impactor displacement and (d) impactor

velocity for impacts by cylindrical impactors of different dimensions at 10m/s on plate A

Figure 5.38: Delamination due to multiple cylindrical impacts at 10 m/s on plate A... 167
Figure 5.39: Delamination due to multiple cylindrical impacts at 10 m/s on plate B ... 168
Figure 5.40: Delamination due to multiple cylindrical impacts at 10 m/s on plate A with
AT=20us between the tWo IMPACES «.oereeiiiiiiii 169
Figure 5.41: Delamination due to multiple cylindrical impacts at 10 m/s on plate A with
AT=40us between the tWo IMPACES ..eviviiieiiiie e 170
Figure 5.42: Delamination due to multiple cylindrical impacts at 10 m/s on plate A by
cylindrical impactors of length 10 mm and radius 4 mm............ccco 171
Figure 5.43: Delamination due to multiple cylindrical impacts at 10 m/s on plate A by
cylindrical impactors of length 20 mm and radius 2.8 mm ... 171

Figure 5.44: Contact force for impacts at 0.02m symmetrically from centre along y-axis on

Figure 5.45: Delamination at the bottom and top fibre/metal interfaces of plate A for
cylindrical impacts at locations 0.02m from centre along y-axis for (a) AT=0 (b) AT=20us

(c) AT=A0pus,. Nk ... W . A ... ... W . ... 172
Figure 6.1: GLARE 4-3/2 ..o 176
Figure 6.2: Oblique impact by a steel sphere on a clamped GLARE 4-3/2 plate .......... 177

Figure 6.3: Variation of the normal and tangential component of velocity with obliquity

Figure 6.4: Simply supported [0/90/0/90/0]s carbon/epoxy beam and (b) contact force
history for impact by a steel sphere [203] ........cccoooiiiiiiiiiii 178
Figure 6.5: (a) Impact on a clamped circular GLARE 2/1 plate by a spherical impactor
(b) Validation of contact force history [138] .......cociiiiiiiiiiiiiiiii e 179
Figure 6.6: Normal contact force-displacement for LVI by a rigid steel sphere with v,; =5

TH-3287_186103032



XX

Figure 6.8: (a) Normal contact force at different angles of impact for a fixed initial impact

speed of 10 m/s; o, (N/m?) at interface-8 (Al/composite) for (b) 6 =5° (c) 6 =45° at 15

Figure 6.9: (a) Tangential contact force at different angles of impact for a fixed initial

impact speed of 10 m/s; T, (N/m?) at interface-8 (Al/composite) for (b) 6=5° (c) 6=45"

Figure 6.10: Normal impactor displacement at different angles of impact for a fixed initial
IMPAct SPEEd Of 10 TN1/S...ouiiiiiiiiii i 182

Figure 6.11: Impactor energy at different angles of impact for a fixed initial impact speed

Figure 6.14: Influence of uy on tangential contact force at different obliquities ............. 186
Figure 6.15: (a) o, (N/m’) at interface-8 (Al/composite) at ¢ =15 us for a normal impact
on a clamped (b) GLARE 4-3/2 plate .........ocoiiiiiiiiiiiiiiii e, 187
Figure 6.16: 0, (N/m?) at interface-8(Al/composite) at t=15 us for OLVI (6 = 30°) on a
clamped GLARE plate (a) impact in x-z plane (b) impact in y-z plane............c.c............ 187
Figure 6.17: Delamination at the interfaces due to OLVI with an initial speed of 10 m/s

Figure 6.18: Delamination at the interfaces due to OLVI with an initial speed of 10 m/s
for 6=15"° ......# b..... N E ... A s wd 188
Figure 6.19: Delamination at the interfaces due to OLVI with an initial speed of 10 m/s

for 6=30" v ... coEE NN 188
Figure 6.20: Interfacial delamination for OLVI in x-z plane with 6=15" .................... 189
Figure 6.21: Interfacial delamination for OLVI in x-z plane with 6=30" ..................... 189
Figure 6.22: Interfacial delamination for OLVI in y-z plane with 6=15° .................... 190
Figure 6.23: Interfacial delamination for OLVI in y-z plane with 6=30° ................... 190
Figure 6.24: Multiple OLVI by spherical impactors ..........cccceeeiiiiiiiiiiiieeiiiiiiiieeeeen 190
Figure 6.25: GLARE beam (a) clamped at one end and subjected to a single OLVI: System-
1. (b) clamped at both the ends and subjected to equally offset OLVIs: System-2.......... 191
Figure 6.26: Contact force history of system-1 and system-2 for oblique impacts......... 192

Figure 6.27: OLVI by IMP1 on a clamped GLARE plate at x=0.05 m, y=0.04 m ....... 193

TH-3287_186103032



poel

Figure 6.28: OLVI by IMP2 on a clamped GLARE plate at x=0.05 m, y=0.04 m ....... 194
Figure 6.29: Delamination due to OLVIs at the fibre/metal interfaces v,=10 m/s, 6=5°
.......................................................................................................................................... 194
Figure 6.30: Delamination due to OLVIs at the fibre/metal interfaces v,=10 m/s, 6=15°
.......................................................................................................................................... 195
Figure 6.31: Delamination due to OLVIs at the fibre/metal interfaces v,=10 m/s, 8=45°
.......................................................................................................................................... 195
Figure 6.32: OLVI by IMP1 on a clamped GLARE plate at x=0.05 m, y=0.04 m ....... 196
Figure 6.33: OLVI by IMP2 on a clamped GLARE plate at x=0.03 m, y=0.04 m ....... 196

Figure 6.34: o, (N/m?) at interface-8 (Al/composite) for multiple OLVIs (6=15°) on a
clamped GLARE plate for impact in x-z plane (a) same direction (b) opposing direction197

Figure 6.35: Delamination due to OLVIs in opposing directions at the fibre/metal interfaces

1,=10 m/s{ O=5". 4 ........... i .. [SCE ..................... W ... 36T e 198
Figure 6.36: Delamination due to OLVIs in opposing directions at the fibre/metal interfaces
1,=10 Pk, OFMGC .......... . ... " s T 198
Figure 6.37: Delamination due to OLVIs in opposing directions at the fibre/metal interfaces
Vn=10 T/8, B=A5° 1o ettt 198
Figure 6.38: Contact force responses for the OLVIs occurring with a time delay of 20us
.......................................................................................................................................... 199
Figure 6.39: Dynamic responses of a clamped GLARE plate for OLVIs at 6=15°, AT=20us
.......................................................................................................................................... 200
Figure 6.40: Dynamic responses of a clamped GLARE plate for OLVIs at 6=15", AT=0us
.......................................................................................................................................... 201
Figure 6.41: Interfacial delamination for OLVIs at 6=5°, AT=20us ........cccccvvvvviiiiin.. 201
Figure 6.42: Interfacial delamination for OLVIs at 6=15", AT=20uS ........ccevvvrvurnne... 202
Figure 6.43: Interfacial delamination for OLVIs at 6=45° |, AT=20us .....cceevveeeeeeerer... 202
Figure 6.44: OLVI by ¢8 mm sphere on a clamped GLARE plate at x=0.05 m, y=0.04 m
.......................................................................................................................................... 203
Figure 6.45: OLVI by ¢8 mm sphere on a clamped GLARE plate at x=0.03 m, y=0.04 m
.......................................................................................................................................... 203

Figure 6.46: Delamination due to OLVIs in opposing directions by ¢8 mm steel spheres at
Vnm=10 TIL/8, Dm0 et 204
Figure 6.47: Delamination due to OLVIs in opposing directions by ¢8 mm steel spheres at
Vnm=10 T/8, =15 et 205

TH-3287_186103032



xxii

Figure 6.48: Delamination due to OLVIs in opposing directions by ¢8 mm steel spheres at

Vi LOTI /S, OmA57 1. 206
Figure 7.1: Spherical impactor normally striking a clamped GLARE plate.................. 210
Figure 7.2: LVIs at 2.4J by different mass impactors on a clamped GLARE 5 plate.... 212
Figure 7.3: Inner composite damage due to LVI by 0.15 kg impactor at 2.4 J.............. 213
Figure 7.4: Inner composite damage due to LVI by 0.3 kg impactor at 2.4 J............... 214
Figure 7.5: Interfacial delamination due to LVI by 0.15 kg impactor at 2.4 J............... 215
Figure 7.6: Interfacial delamination due to LVI by 0.3 kg impactor at 2.4 J ............... 215

Figure 7.7: Two repeated LVIs with equal energy divisions of 1.2 J by 0.024 kg impactor

.......................................................................................................................................... 216
Figure 7.8: Two repeated LVIs with equal energy divisions of 1.2 J by (a)-(c) 0.15 kg
impactor and (d)-(f) 0.3 Kg IMPaCtOr........ccoiuiiiiiiiiiiiiiiii e 218
Figure 7.9: S2-glass/epoxy ply damage after the first LVI at 1.2 J ..o, 220
Figure 7.10: S2-glass/epoxy ply damage after the second LVI at 1.2 J ....ccccooeiiinnan 221
Figure 7.11: Interfacial delamination after the first LVI at 1.2 J ................... 222
Figure 7.12: Interfacial delamination after the second LVI at 1.2 J ......................o. 223
Figure 7.13: Repeated LVIs by 0.150 kg impactor with unequal energy divisions......... 225

Figure 7.14: Composite damage due to LVI by 0.15 kg impactor at unequal energy divisions

Figure 7.15: Interfacial delamination due to repeated LVIs at unequal energies........... 228

TH-3287_186103032



xxiii

List of tables

Table 1.1:
Table 2.1:
Table 3.1:
Table 3.2:
Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:
Table 4.5:

Table 4.6:
Table 4.7:
Table 5.1:

Table 5.2:
Table 5.3:
Table 6.1:
Table 6.2:
Table 7.1:
Table 7.2:
Table 7.3:

TH-3287_186103032

Different standard GLARE grades [16-18] .......ccccocoviiiiiiiiiiiiiiiiiiiiiiicccee 8
Numerical investigations of LV ......ccccooiiiiiii 29
Nodal coordinates in natural coordinate system ............ccccooiiiiniiiiiiiiiiiiinnnn. 49
GAUSS POINES 1ottt ittt ettt 56
Material properties [45,102,138].......ccciiiiiiiiiiiiiiiiiie e 86
Interface strengths [204-206] .........cooiiiiiiiiiiiiii 86
GLARE plates with different configurations .............ccccceiieeiiiiiiiiiiiiiieins 100
MVF of the different plates ....oooooeeoeoeeoeeeeee 104
Material parameters of S2-glass/epoxy and Kevlar-49/epoxy [45,138,205-208]
....................................................................................................................... 114
GLARE plate hybridisation details...............oooeieiiiiiii i 114
GLARE plate configurations .............ooooiiieiiiiieeiiiiii e 119
Material parameters of S2-glass/epoxy and Kevlar-49/epoxy [45,138,205-208]
....................................................................................................................... 134
Plate details.. ..o 135
Plate and impactor details ...........ooooiiiiiiii 162
Interface strengths [204-206] ........coccooriiiiiiiiiiiiiii e 177
Material properties [45,102,138]......cccviiiiiiiiiiiaiieiie et 177
Material properties [45,102,138]......cccccouiiiiiiiiniiiiiieiiie e 211
Strength parameters [180,204-206]..........cc.coveeieriiiiiiiiiiiieie et 211
IMPACE EVENE CASES. . uuieeeiiiiiiiiiii e 211



TH-3287_186103032



XXV

Nomenclature

List of symbols

[C] Material stiffness matrix

[5] Transformed stiffness matrix

5] Material compliance matrix

[D] Bending stiffness matrix

[T Transformation matrix

[1] Direction cosine matrix

E Young’s modulus

E Effective contact modulus of the impactor target system
G Shear modulus

G Effective rigidity modulus of the impactor target system
T-Y-z Global axes

1-2-3 Local axes

(2] Reuter matrix

N, Shape functions

[J] Jacobian

Ti, Yi, Zi Global coordinates of the n node

U, U, W Displacement components along z, y and z

[B] Strain-displacement matrix

TH-3287_186103032

Displacement vector



XXVI

{c.i} : Velocity vector

{;;} : Acceleration vector

[I C} : Matrix consisting of incompatible modes
[Ke] : Element stiffness matrix

{r} : Load vector

(M J y Element mass matrix

[IA( ] : Effective stiffness matrix

{F} : Effective force vector

Iy : Normal contact force

fr : Tangential contact force

kfff Effective contact stiffness

T : Thickness of the solid element
b : Thickness of k™" layer

m° : Impactor mass

m, : Plate mass

m; : Plate areal mass density

/z}’()

Impactor velocity

R’ : Impactor radius

TH-3287_186103032



At

AT

Greek symbols

T T

127 7237

T

TH-3287_186103032

Tyz,

Tl3

T
Tz

Normal component of impactor velocity

Tangential component of impactor velocity
Time

Time step

Time delay between two impacts

Cylinder half length

Cylinder radius

Cylinder half width

Radius of curvature of indented surface

Longitudinal tensile strength

Longitudinal compressive strength

Transverse tensile strength

Transverse compressive strength

Shear strength

Normal stress components along material /local axes

Normal stress components along global/local axes

Shear stress components along material axes

Shear stress components along global axes

XXVii



XxXViii

17

&, & &
£, €, &,
}/12’ 7/23’ 7/13
yzy’ 7?/2’ Vs,
v

S M

Hy

a

)

B

TH-3287_186103032

Angle between two directions

Normal strain components along material axes

Normal strain components along global axes

Shear strain components along material /local axes

Shear strain components along global/local axes

Poisson’s ratio
Natural coordinates

Coefficient of friction

Normal indentation by impactor
Tangential displacement of impactor

Contact area radius



TH-3287_186103032



TH-3287_186103032



Chapter 1

Introduction

This chapter briefly introduces the present research work investigated in this thesis by
taking a quick glimpse at the early usage of the composite materials and their evolution to
advanced hybrid polymer composites available today. The chapter highlights the applications
of fibre reinforced polymer (FRP) laminates in modern aviation, their advantages and
drawbacks, and the need for incorporating advanced hybrid fibre metal laminates (FMLs)
such as GLARE. It also stresses on the necessity to investigate the threats these laminated

structures pose in the advent of impact-induced loadings.

1.1. Composite materials: Overview

It is the innate nature of humankind to aspire for progress which has led to ground
breaking discoveries and scientific advancements to achieve the modern world of the present.
This very nature had led to their quest to search for different materials, their urge to combine
various constituents with a sole purpose: to have a material which is more robust than its
constituents like the straw reinforced mud walls by the Egyptians dating back to 1500 B.C.
These can be termed as composite materials, and they have been in existence since time
immemorial. The word ‘composite’ originated from the Latin word compositus, meaning
“placed together”, past participle of the word componere, formed from “com+ponere”, which
means “together 4+ to place”. Composite materials are engineered or naturally occurring
materials that consist of two or more constituent materials having notably different physical
or chemical properties which remain separate and distinct within the structure. Typically in
a composite material, one is the reinforcing phase in the form of continuous or short fibres,

particulates, or in the form of flakes embedded in a continuous media called the matrix phase.
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2 Chapter 1

Therefore, these could be classified based on the type of the reinforcement as particulate, flake
or fibre composite or based on the type the matrix material used such as metal matrix, ceramic
matrix, carbon or polymer matrix. Figure 1.1 shows the typical classification of composite
materials. In practice, these composites are used in their usable structural forms which are
capable of bearing designed loads for practical applications in the form of laminates, sandwich

panels or other hybrid forms.

j—i Composite Materials I

Based on Based on
reinforcement type maitrix type
} f i b
Particle Fiber Polymer Ceramic Metal
reinforced reinforced matrix matri matre
composites composites composites composites composites|
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Bi-directional
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Figure 1.1: Classification of composites
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Numerous applications of composite materials can be found in typical day-to-day objects
like sports equipment, in the construction of houses and structures where the concrete is
reinforced with metal bars. With passing time and technological advancements, there has
been a scientific and structured approach towards developing and manufacturing modern
composite materials for numerous applications. In recent times, the polymer composites have
become popular material over traditional materials because of their customisable properties
which permits to achieve the desired strength and stiffness to suit a particular application.
The design flexibility provided by these polymer composites in terms of forming continuous
complex shapes along with better fatigue properties and environmental resistance have made

it a material of choice for advanced aerospace applications.

1.2. Fibre reinforced polymer composites

The era of modern composites began in the mid-1930s with the development of polymer

resins and glass fibres. With the demand for superiority in military aviation and increasing
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commercial travel, a significant thrust was seen in developing polymer composites reinforced
with different fibres. Fibre reinforced polymer (FRP) composites, as shown in Figure 1.2,
are polymer matrices reinforced by long or short fibres. Long fibre composites have continuous
fibres unlike the short fibres which are discontinuous. The discontinuous fibres may be aligned

or present in random orientations.

Figure 1.2: Different fibre types in an epoxy matrix
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Figure 1.3: Making of a composite laminate

In general, the fibre reinforced polymers have highest strength in the direction of the fibre
and the least in the transverse direction. FRP composites, which usually comprise of carbon,
glass or aramid fibres embedded in a polymer matrix of thermosetting plastics or epoxy resins
are used to form laminates by stacking a number of individual lamina. Large numbers of fibres
are bonded in a particular direction by resins forming a lamina. A laminate formed by stacking
several such lamina can serve various purposes depending on the objective. The unidirectional
fibres in a lamina may be oriented at different angles and these different lamina having
different fibre orientations are stacked together in a particular sequence forming a laminate

as shown in Figure 1.3 to achieve the desired strength and stiffness requirements for an
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application. A rising demand of their usage is seen owing to their higher stiffness and strengths
in addition to lower weights compared to the conventional metal alloys. In addition, polymer
materials exhibit better thermal and vibration properties and also have better tolerance to
environmental degradation from erosion or corrosion. The FRP composites have significantly
transformed the aerospace, automotive and marine industries and there has been a continuous
effort to make advanced composites more durable, cost effective and markedly less resource

intensive to make their production environment friendly.

1.3. FRP composites in aviation

The aviation industry is one of the ever-growing sectors catering to the transportation of
commercial or military payloads. The fuselage is the main section of the aircraft which houses
the passengers or the goods and commodities to transport and is subjected to various loading
conditions. The aluminium and titanium alloys, high-strength steels and composites have been
the most commonly used commercial aircraft structural materials and it accounts for more
than 90% of the airframe weight. Due to their low densities and excellent strength, aluminium
alloys have been a common choice for aircraft structures because of their ease of application
and moderate cost [1]. In the past two decades, significant progress has been made in the
design and selection of materials for the construction of aircraft components like the fuselage,
aircraft wings, door panels, turbine blades etc., driven by the need to reduce carbon emissions,
to become more efficient and at the same time maintain the structural integrity for flight

safety.

[ IMisc.
[ ] steel
I AVAL-Li

Titanium/
]

No corrosion
Composite/
No corrosion,
No fatigue

Figure 1.4: Composition of materials in Figure 1.5: A Sukhoi SU-30MKI combat
A350 [2] aircraft
A constant aim to reduce weight and cut operational costs has led to using composites in
the aviation sector. Airbus A310 introduced in the 1980s, was the first commercial aeroplane
to implement composite components extensively. The use of the composite vertical stabilizer

in Airbus A310 made it about 400 kg lighter than the previously used aluminium vertical
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stabilizers [3]. Figure 1.4 [2] shows the application of different materials in the Airbus A350,
and evidently, the use of composites in the commercial aircraft industry is significant. The
extensive use of laminated fibre composites is also seen in modern military aircrafts owing to
the demands for superior structural performance. These laminated composites generally
comprise of unidirectional fibres of high specific modulus (like Kevlar, carbon and glass fibres)
which have high strength, better fatigue performance, good resistance to corrosion and the
anisotropic properties of the laminates can be used to tailor for specific strength and stiffness
requirements. The reduction in the structural mass, especially in the combat aircrafts (refer
Figure 1.5), benefit them immensely in their performance, particularly in their acceleration,
climb rate, range and maximum payload [4,5]. Another material of choice which have garnered
major interest in the aviation industry since the last few decades are the fibre metal laminates
(FMLs). These advanced hybrid composites typically used in the aerospace sector have seen
a major breakthrough in terms of the weigh-saving aspects in addition to improved mechanical

characteristics.

1.4. Fibre Metal Laminates: A new generation of hybrid

materials

Although the polymer composite materials have proved to be advantageous over
conventional alloys, they are liable to damage during initial manufacturing. The laminated
composites may suffer from interfacial delamination due to weak interface strengths, low
ductility compared to aluminium alloys, and mainly poor impact properties and residual
strengths whereas the aluminium alloys are susceptible to fatigue crack growth and
environmental exposure [6]. More importantly, the low impact strength of laminated
composites make them undergo significant damage when subjected to LVIs in the form of
both intra-laminar as well as interlaminar damage modes. Fibre and matrix failure and
debonding between fibre and matrix are the intra-laminar damage incurred by such laminates
while the inter-laminar damage is characterised by delamination between adjacent plies. When
these laminates are subjected to impacts at higher velocities, they are more likely to undergo
damage in the form of perforation and penetration. These are major causes of concern in the

aviation industry which compromise the safety and overall structural stability of the aircraft.

The need for lighter and yet high strength and reliable material has been the driving force
for the development of hybrid structural material called as fibre metal laminates (FMLs)
which comprise of two key constituents viz. laminated composites and metal alloys. A typical
FML is shown in Figure 1.6 where fibre reinforced composite prepreg layers stacked

alternately between thin metal layers. The load bearing aspects are superior in case of the
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FMLs and their improved impact resistance can be attributed to the presence of outer metal
alloy layer. At the same time it also inherits the fibre dominated properties such as excellent
fatigue characteristics and improved specific strength/stiffness such that these FMLs possess

the required desirable characteristics of their individual components.

Metal layer s _
Fiber/epoxy prepreg ' —

Figure 1.6: Fibre metal laminate

1.4.1. Development of FMLs

The metals currently used in FMLs include aluminium, titanium or magnesium, and the
fibre-reinforced layer is either a glass, carbon or Kevlar fibre reinforced composite laminate
[7]. Commercially available FMLs are glass laminate aluminium reinforced epoxy (GLARE),
which consists of high strength glass fibres, aramid reinforced aluminium (ARALL) and

carbon fibre reinforced aluminium (CARALL) laminates.

The development of FMLs can be tracked back to the early 1980s witnessed by the
introduction of ARALL which found promising use in aircraft structures. ARALL is a first
generation FML introduced by the Faculty of Aerospace Engineering at the Delft University
of Technology in the Netherlands in 1978 and it consists of uniaxial or biaxial aramid fibres
alternately placed between 0.2 mm - 0.4 mm thick aluminium alloys [8]. Different variations
of these were fabricated but ALCOA Company was the first to manufacture commercially
available standardised ARALL [9,10]. Two trade variants, ARALL 1 and ARALL 2 were
standardised, with the former having aluminium 7075 layers while aluminium 2024 layers
were present in ARALL 2 in the as-cured condition [11]. But several critical problems emerged
with ARALL variants like low interface strengths including fibre failure under tension-
compression fatigue loading and moisture adsorption. CARALL offered certain advantages
over ARALL owing to its higher specific modulus and high stiffness carbon fibres for crack
bridging thereby lowering the crack growth rates. But the limited range in their failure strain
and galvanic corrosion between the carbon fibres and aluminium sheets in moist environment

proved to be a negative aspect for these FMLs [12-14].
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1.5. GLARE: The second generation FMLs

GLARE consisting of high-strength glass fibre reinforced laminates placed alternately
between monolithic aluminium layers are the second generation FMLs developed in the late
1980s. They were first developed in Delft University of Technology and patent was filed by
AKZO on October 14th 1987 naming Roebroeks and Vogelesang as the inventors [15]. These
hybrid laminates were developed with an aim to be used as primary structural components
and coming to the present day, they have found extensive use in the fuselage structure of
modern day aircrafts. GLARE FMLs are lightweight and offer better damage tolerance
characteristics, compared to its individual constituents thereby making them gain

considerable interest in the aerospace industry.

1.5.1. GLARE codes and standardisation

The typical layups of GLARE laminates are shown in Figure 1.7 which consists of S2-
glass/FM94 epoxy composite plies alternately placed between 2024-T3 aluminium layers [16].
The diameter of the S2-glass fibres is approximately 10 um and they are embedded in FM94
epoxy adhesive to form lamina of nominal thickness ranging between 0.125 mm - 0.132 mm
with an average fibre volume fraction of 59%—62%. GLARE has six standardised grades, all
having unidirectional glass fibres embedded in epoxy forming prepregs which are placed in
different orientations between the aluminium alloy sheets. Such different layups enable
tailoring their properties to meet the structure specific requirements. The different GLARE

grades are summarised in Table 1.1 [16-18].

GLARE 5-2/1 4 GLARE 4-3/2

Unidirectional glass/

Unidirectional glass/ NS e
epoxy plies ] 2 3 Interface epoxy plies 1 5 3 Interface

(a) (b)
Figure 1.7: GLARE 5-2/1 and GLARE 4-3/2

For any commercial production of a material with different grades, a standardised naming

convention needs to be implemented for the ease of identification and suitability of a particular
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variant with its intended use. A coding system to name GLARE laminates is followed. For

example, if a laminate is defined as GLARE 4A-3/2-0.4, it implies the following:

The word GLARE implying a glass aluminium reinforced epoxy FML.

4A: Layup of the S2-glass fibre/FM94 epoxy plies are in the order [0°/90°/0°]
and having Al-alloy 2024-T3 as the metal layers.

3/2: Three aluminium layers bonded alternatively with two layers of glass/epoxy
prepregs.

0.4: The thickness of aluminium alloy sheets are 0.4 mm.

Table 1.1: Different standard GLARE grades [16-18]

GLARE grade Prepreg Aluminium sheet Main favourable
orientation characteristics
Main Sub in each Alloy Thickness
composite
(mm)
layer
Fatigue, strength,
GLARE 1 — 0/0 7475-T761 | 0.3-0.4
yield stress
GLARE 2A 0/0 2024-T3 0.2-0.5 Fatigue, strength
GLARE 2
GLARE 2B 90/90 2024-T3 0.2-0.5 Fatigue, strength
GLARE 3 — 0/90 2024-T3 0.2-0.5 Fatigue, strength
Fatigue, strength in
GLARE 4A 0/90/0 2024-T3 0.2-0.5
0° direction
GLARE 4
Fatigue, strength in
GLARE 4B 90/0/90 2024-T3 0.2-0.5
90° direction
GLARE 5 — 0/90/90/0 2024-T3 0.2-0.5 Impact
Shear, off-axis
GLARE 6A +45/-45 2024-T3 0.2-0.5
properties
GLARE 6
Shear, off-axis
GLARE 6B -45/+45 2024-T3 0.2-0.5
properties
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1.5.2. Characteristic properties and applications

GLARE FMLs developed primarily for aircraft applications are superior to aluminium
alloys in terms of resistance to fatigue crack growth and damage. The fibre layers present
between the metal layers act as crack bridging mechanism in the direction of loading in the
event of fatigue crack thereby reducing the stress intensity at the crack tip and arresting the

crack growth as shown in Figure 1.8.

Load

Crack———8M — |

Part of the load is
bridged over the crack

Fibre reinforced _—"|
composite

v.\

Aluminium layer

Figure 1.8: Illustration of crack bridging mechanism by intact fibres

GLARE panels used in fuselage of aircrafts (refer Figure 1.9) proved better in terms of
improved ability to sustain higher shear stresses, burn through resistance and particularly
superior impact resistance [19] which is common in day to day operations due to dropping of
objects or bird strikes during flights. GLARE have proved to be superior in comparison to
monolithic aluminium in many aspects along with easier inspection for damages [20]. Some of

the important characteristics are as follows [15,19,21]:

e The GLARE grades with biaxial fibre layers are better compared to the individual
aluminium 2024-T3 layers and S2-glass/FM94 epoxy fibre composites.

e At high strain rates (bird strikes, hailstorms), GLARE exhibits improved impact
behaviour. Visible dents formed on the outer aluminium layers make the inspection
easier.

e There is almost 10% reduction in specific weight of GLARE as compared to aluminium.
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e Better damage tolerance compared to aluminium and composites. Loss in strength due
to fatigue damage is significantly small. Compared to the fatigue behaviour of
aluminium alloys, the glass/epoxy laminates significantly improve the fatigue
behaviour of the overall GLARE laminates.

e The repairing of GLARE laminates can be done in the same way as done for aluminium
alloys.

e Machining of GLARE can be done using the same tools and following the similar
processes as for aluminium alloys.

e GLARE 5 in particular is specially developed for impact resistance and outperforms
aluminium alloys in terms of impact performances.

e GLARE grades have improved fire resistance compared to aluminium alloys and also

show good performance in corrosive environment.

GLARE skin panels Alumininm AL 2024-T3 skin GLARE skin panels
| l l

r3 ' 3 ' 3
OOOOOOOOOOHOOO 00000000000000&00000 DO Q0000 00@00 [0}
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Figure 1.9: GLARE skin panels on Airbus A380 fuselage(reproduced from Assler and Telgkamp
[22])
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1.5.3. Impact induced damage: A critical concern

Impact can be termed as the process of deformation and failure during the collision between
two objects. In most cases, the event of an impact occurs between a foreign object and a
target structure with the latter being the concern of analysis. Based on the characteristic
properties discussed in Section 1.5.2, GLARESs have found several applications, especially in
the aerospace sector. As already discussed, the superior fatigue and damage properties of
GLARE has made it suitable for its application in the fuselage, upper and lower wings of the
aircrafts. The aircraft floors and cargo doors which are liable to impact damage due to falling
of tools and human contacts necessitates the use of GLARE for improved flight experience.
During take-off or landing, runway debris and flying tyre parts due to tyre burst can cause
noticeable damage to the lower fuselage structure. As shown in Figure 1.10, approximately

68% of impacts occur around the passenger and cargo doors [23].
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Figure 1.10: Tmpacts sites by percentage on the Airbus A320 (reproduced from FAST#48[23])

Damage due to impact is a major issue for the safety of operations as it reduces the
structural integrity and safety of operations. In the recent years the increase in the use of
drones in irregular manner have posed a cause of concern for the safe operation of the aircrafts
increasing the vulnerability of their unwanted collisions [24]. A concerning aspect involving
impact events on FMLs is their susceptibility to damage when subjected to low or high
velocity impacts. In most high velocity impacts (HVIs) the damages are clearly visible due to
the through the thickness perforations or cracks appearing near the impact site unlike the
case for LVIs. In most LVI events, the barely visible impact damage (BVID) of composite
laminates can be a concerning issue [25], as it can grow undetected depending on the event of
future loadings which may be well under the critical limit. Consequently, the damage
experienced by such hybrid structures on account of dynamic load due to impact is complex
in nature involving various failure modes as illustrated in Figure 1.11 [26] which shows a
cross-sectional view of a symmetric quadrant of a typical impactor-target system. As seen the
typical damage associated with GLARE on account of impact is by local indentation of the
outer aluminium layer followed by delamination and matrix cracking. With higher energies of
impact, the rear aluminium failure can occur by cracking and the impactor penetration may

occur.

Primary failure due to impact damage has been an increasing concern, especially in the
current aviation scenario where the use of composites has seen a significant increase. It has
been reported that in the fuselage repairs of seventy-one Boeing 747, at least 13% of 688
repairs were related to damages caused by impacts [27]. Due to the ductile nature of the outer
aluminium layer there is indentation at the impact site during LVI at lower energies which

enables easier inspection for damage [28,29]. But in reality, this estimate can be much higher
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since impact damages are repaired when visible cracks are formed or when the dent depth
exceeds the maximum limit and hence their repair may be oversighted. This makes the critical
analysis of LVI an important area of study since internally delamination may occur, thereby
significantly compromising the flight safety.

Clamped BC Al 2024-T3 Rigid spherical Symmetric BC

impactor |

Indentation/Crater at
impact site
S2-glass/epoxy prepregs

(0°/90°/90°/0°] z Delamination at the
ply interface

| Debonding at the Al/
composite interface

——Rear Al crack

Matrix cracking
Figure 1.11: Typical failure modes in a FML due to LVI

1.6. Motivation for present research

The damage due to impacts have become one of the critical area of concern for aircraft
structures. The FMLs like GLARE often find their use in thin-walled structures, making them
susceptible to impacts at lower and higher velocities. As discussed previously, the different
scenarios pertaining to these are hailstorms, bird strikes, runaway debris and more recently
unwarranted flying of drones and other human actions. There are well documented reports of
bird strikes on planes [30]. Such accidental impact events by foreign objects have been a
constant cause of concern because of their nature to evade visual detection in most of the

cases when subjected to LVIs.

In order to investigate the damage of such advanced composite materials like GLARE
FMLs, it is necessary to have systematic and in-depth insight on their structural response
and the associated local effects in the vicinity of the impact site to accurately estimate the
damage sustained by them. An effective approach to analyse the effect of impact on such
structures is to study two main aspects of impact, viz. the resistance to impact damage and
the impact damage tolerance. Impact damage resistance of a structure is its response to impact
and the damage incurred by it because of impact. On the other hand, when the study is
associated with the impact damage tolerance, it mainly deals with the strength and stability

of the structure with existing impact damage. This forms the motivation in investigating the
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impact damage resistance of GLARE structures when subjected to LVI. Since, it is not always
feasible to conduct experiments due to material and economic constraints, a full 3D finite
element simulation to investigate the dynamic responses to assess the damage on account of
LVI on GLARE and to study the influence of the important parameters on such damage

could be a worthy area of investigation.

1.6.1. Research scope

High energy impacts can lead to through the thickness perforation and cracks and under
such events complete replacement of the part becomes necessary if not repairable by use of
composite patches. The impacts occurring at low energies may result in surface damage and
internal delamination which is difficult to assess in case of composites but are visible in FMLs
due to the occurrence of surficial dents. But in case of BVID, although the impact site damage
may not be readily inspectable, damage of the inner layers in the form of delamination, matrix
or fibre cracking may occur. Therefore, a critical and thorough analysis of such impact events
is of utmost concern. Works can be undertaken to study the LVI on GLARE which might
lead to significant internal damage in the form of delamination of these structures with barely
visible external damage. GLARE being a highly favoured material for many impact prone
structures as well as their better fatigue responses and residual strengths makes it an
interesting material for the study of its responses subjected to LVI. Therefore, the study of
LVTI on these material for use in aircraft structures is necessary to assess their impact responses
based on the impactor mass, type and to predict their failure and performance under such
situations.

In general, the impacts occurring in real scenarios can be arbitrary, simultaneously
impacting at different trajectories, giving rise to complexity in analysing the impact
phenomena. This necessarily entails the need to implement a robust numerical finite element
(FE) model capable of modelling impact on such GLARE structures. To obtain practically
viable response of the target on account of LVI, the different physical parameters affecting
the impact needs to be investigated. These parameters can be geometry based like the target
size and the shape and size of the impactor. In addition to the impactor trajectory and
impacting velocity the material based parameters like the different stacking sequence on
impact responses needs to be explored to have an in-depth understanding of the LVI
phenomenon on GLARE. More importantly, the contact model for such complex dynamic
analysis needs to be properly implemented in the FE model taking note of the different critical
parameters like the contact stiffness, mesh refinement, and a stable time step that can have

significant influence on the analysis. Therefore, investigating the effect of these influential
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parameters such as target panel size, stacking sequence, ply orientation, the sequence of the
occurring impacts, impactor mass, impact location and impactor trajectory on the impact

response could be of critical importance.

This study of LVI on GLARE provides the opportunity to investigate the impact response
and their damage resistance concerning the primary aircraft materials, i.e. aluminium and
composite plies. Based on the FE analysis, the impact resistance of the different GLARE
layups can be estimated along with the extent to which they incur damage to help the design

engineers to optimise these FML panels for better serviceability.
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Review of literature

In spite of their various advantages over metals, it is inherent of any laminated composite
structures to underperform and be susceptible to impact loads compared to metals. This led
to the thrust in developing FMLs which show better impact performance compared to bare
composite laminates. The present chapter gives a comprehensive overview of the published
works on the impact induced response of fibre metal laminates (FMLs) subjected to low-
velocity impacts. It is aimed to identify the progress in the experimental and numerical
investigations to assess the low-velocity impact on FMLs and GLARE in particular. The
limitations faced and the need for continuing research on certain areas of dynamic responses

and impact induced failure of FMLs subjected to LVI are ascertained.

2.1. Introduction

The fibre metal laminates (FMLs) emanate from the need for advanced hybrid structures
comprising of metals and composite plies to achieve better characteristic properties in terms
of structural strength and durability. In the last two decades, there has been a steady growth
in the use of advanced hybrid composites like the FMLs, especially in the aerospace sector,
to meet the demands for lighter yet durable and strong structures. Using lower-density
materials and reducing the thickness; for example, reducing the thickness of the aircraft
fuselage can significantly cut operating costs. The fatigue and damage properties of GLARE
have made it suitable for its application in the fuselage and upper and lower wings of an
aircraft. Also, considering a lighter and thinner GLARE panel compared to conventional
aluminium alloy reduces the structure's overall weight. But, a concerning aspect of such thin

walled structures is their susceptibility to impacts on account of runaway debris, hails, bird
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strikes, dropping of tools during maintenance etc. which might cause damage of these
laminated structures [31,32], thereby necessitating the need for in-depth analysis of such
impact events and makes it a critical area of research. In the subsequent sections, published

works in this area are discussed.

2.2. Impact behaviour of FMLs

The study of impact on composite structures has been an interesting area of investigation
since the early 1980s by many researchers. The articles on the dynamic analyses of laminated
composite targets on account of impact and subsequent analysis of their failure are
documented in literature [32-34]. The impact loading can generally be demarcated into low-
velocity impacts (LVIs) and high-velocity impacts (HVIs). The LVIs are of more critical in
the sense that the internal damages due to LVI are not easily observable from outside, unlike
the HVIs where there is laminate penetration and fibre breakage. The range of LVI is generally
limited to 10 m/s, although it is also defined in some literature to be associated with matrix

cracking and delamination initiation [35,36] which is more common at low impact energies.

There is a considerable amount of work available investigating the impact responses of
GLARE and other FMLs in general [37-41] concerning with the normal contact of the
impactor on the target. However, in practical applications, the impactor’s trajectory of
incidence can be arbitrary relative to the target causing complex response of the structure.
The FMLs being a combination of metal layers and composite plies, the different combination
of the metals and composite plies can vary their out-of-plane responses when subjected to
impacts. In FMLs the global dynamic response is dominated by the constituent metal [42-44]
and depending on the ductility of the metal layers the damage patterns vary when subjected
to impact loadings [45,46]. These can cause complex damage modes such as indentation and
cratering of the outer aluminium layer (elastic-plastic behaviour of the outer metal layer) at
the impact site, matrix cracking and delamination of the inner composite plies. Furthermore,
there is an increased tendency of debonding at the fibre-metal interfaces owing to the
anisotropic nature of the composite plies and difference in the strains between the ductile
metal layer and the composite plies. This makes delamination a critical damage mode which
can significantly affect the post impact behaviour of the FMLs [47]. For targets having the
same aerial density, the impact performance of GLARE is at par or superior by almost 15%
compared to monolithic aluminium alloys in terms of minimum cracking energy[31]. For
impacts at higher velocities (HVIs in the order of 100 m/s), GLARE outperforms conventional
aluminium alloys and GLARE 5 was reported to have an increase in the ballistic limit by

15% [45,48).
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2.3. Experimental investigations of LVI on FMLs

There are several factors affecting the low-velocity impact response of FMLs which can be
classified as material-based or geometry based-parameters. The material-based parameters
relate to the type of metal layers and their thickness, stacking sequence, type of fibres, metal
to fibres volume ratio and bonding of the interfaces. Geometry-based parameters are the
effects of pre or post stretching of the FMLs, size of the specimen to be tested, mass and
velocity of the impactor and impactor geometry. The geometry of the impactor can be varied
according to the requirement of the test. The specimen to be tested is clamped at all sides or
circumferentially for testing specimens with circular clamped conditions and the impact
between the impactor and the clamped specimen takes place normally. The energy of the

impact can be varied by adjusting the drop height.

Sun et al. [49] carried out indentation tests on 0° and 90° ARALL 2 laminates having a
3/2 configuration to characterise their impact damage and to investigate their residual
strength. It was reported that the strength in the transverse direction remained insensitive to
impact damage while that in the fibre direction showed a reduction as impact velocity is
increased beyond a range. The permanent local indentation caused by the impactor after

impact can be used to determine the residual strength.

The resistance to impact damage of the FMLs over other materials like aluminium and
other composites were studied through static indentation and low-velocity impact tests on
clamped specimens. It was observed that the dent depth for GLARE was similar to that of
monolithic aluminium. ARALL and CARALL always showed fibre critical failure, whereas
GLARE showed fibre critical behaviour for only the unidirectional variants. The damage size
for the FMLs were small compared to that for conventional composites [31,50]. The effect of

prestress of the FMLs on the impact response was also studied.

2.3.1. Effect of constituent material parameters

In the analysis of FMLs, the properties of the material constituents play a critical role in
determining their impact and fatigue performances. Therefore the FMLS can be classified
based on their constituent materials and structural arrangements like their stacking
configurations, type of the metal and composite prepreg layers tailored as per the required

application [51,52].

2.8.1.1. Metal layer
The proper selection of the metal layers is important so that the stresses at the metal

composite interfaces are not extreme due to the difference in their material properties. Besides
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GLARE, ARALL [31,49,53] and CARALL [54-56] FMLs have seen numerous investigations
pertaining to impact, fatigue and strength characteristics. Furthermore, magnesium (Mg) and

titanium (Ti) bases FMLs have also been studied [7,41,57,58].

In the studies investigating the characteristics of CARALL laminates the problem of
galvanic corrosion is observed for the aluminium layers when paired with carbon fibre prepregs
[13]. It was observed from the findings of published literature [31,59,60] that the grade of the
aluminium alloys and their thickness along with their stacking configuration played an
important role in determining the mechanical properties and impact behaviour of GLARE

and FMLs in general.

Magnesium (Mg) was reported to be suitable for FML owing to its lower density, superior
corrosion resistance and better specific perforation resistance compared to aluminium (Al)
based FMLs [7]. But the brittle nature of Mg based FMLs resulted in lower impact resistance
than Al based alloys [57]. Also, the problem of galvanic corrosion was observed in the case of
Mg alloy and carbon fibre based FMLs [61]. For high temperature applications like in the
fuselage of supersonic flights, the fuselage temperature rises to as high as 350 °F (177 °C) and
at such temperature range, creeping may occur in aluminium and magnesium alloys owing to
their lower melting points [62]. This has led to exploring the titanium based FMLs due to
their higher melting point (1668 °C) [63] and impact resistance at elevated temperatures
[64,65].

In the analysis of LVI on titanium based glass fibre reinforced polymer FMLs (Ti/GFRP)
the presence of titanium layers restricted the matrix crack growth and delamination but at
the advent of crack on the non-impacted, the delamination growth was seen to be rapid [63].
Furthermore, the relatively lower ductility of the high strength titanium alloy compared to
high strength Al 2024 T3 alloys could lead to poor impact resistance and provide no

improvement in the impact resistance [66].

Aluminium based FMLs have found widespread use because of the lower cost of the
aluminium alloys and their easier machinability along with favourable strength properties.
Two types of aluminium alloys viz. Al 2024-T3 and Al 7075-T6 or (7475-T6) are most
commonly used as the metal constituent GLARE or FMLs in general. The 2024 grade alloys
of aluminium are more ductile and comparatively stiffer compared to the 7075 grade which
are more brittle [67]. This results in lower energy until failure for Al 7075-T6 compared to Al
2024-T3 owing to smaller area under the stress-strain curve and it can have significant

influence on the impact performance as more energy is absorbed by plastic deformation in
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case of Al 2024-T3 alloys. Therefore GLARE FMLs having 2024-T3 grade aluminium layers

can provide more resistance to impact induced damages compared to 7075-T6 grades [68].

2.3.1.2. Fibre system and architecture

The type of fibre and the fibre architecture also influence the impact response of the
laminate. The fibres play an important role in improving the fatigue performance on a FML
by keeping a check on the fatigue crack growth. Some of the commonly used fibres are aramid,

carbon and glass fibres which are used to make composite prepregs [69].

Carbon fibres have high specific strengths and stiffness but are relatively brittle compared
to glass fibres [70]. Although the glass fibres are comparatively low in strength and stiffness
but the glass fibres have a larger area under the stress-strain curve and therefore higher strain
to failure. This makes the glass fibres a favourable substitute for impact prone structures and
their easy availability and lower cost compared to the high cost carbon fibres further reinforces

their preferentiality.

In the investigation for the impact resistance of bare fibre reinforced composite laminates,
a considerably larger area under the stress-strain curve for aramid and glass fibre based
laminates were reported compared to that of carbon fibre based laminates [71]. Also, the
carbon fibre reinforce polymer laminates (CFRP) fail by brittle fracture while the E-glass
composite laminates fail gradually by interlaminar delamination and other subsequent damage
modes. There are other variants of glass fibres which have high strengths and have been used
in FMLs such as in GLARE. They are referred to as R-glass and the glass fibres having the
highest tensile strengths is S2-glass which are rich in magnesium-aluminium-silica and have
approximately 50% higher tensile strength compared to E-glass. They find their application
in the aerospace sector because of their high strength, high temperature resistance and

inertness to environmental factors [72].

Of late, new interests have been garnered into exploring the fibre architectures of the
composite plies. In most of the conventional cases, unidirectional prepregs and 2D plain woven
fabrics are commonly used. The unidirectional plies have excellent in-plane properties and
their use is seen in the manufacturing of the aircraft wings, tail fins and fuselages. In these
plies, there are no transverse fibres and most of the out of plane loads due to impact are borne
by the matrix material which can cause delamination at the ply interfaces even when there is
no failure in the top and bottom layers of the composite laminate [73]. Stress concentration
sites occur due to the crimping of the yarns, causing the in-plane properties of the 2D woven

or bidirectional composites to be lower [74].
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In recent times, laminates with 3D woven composites have drawn the interest of aerospace
sector for their excellent mechanical properties in the thickness direction. The laminates with
3D fibre fabrics were found to have better resistance to repeated impact loads [75]. Several
experimental investigations on the LVI and HVI performances of laminates having yarns in

1D, 2D and 3D have been carried out [76-83].

2.3.1.3. Matrix media

The matrix media also plays a significant role in determining the impact behaviour. The
role of the matrix in a fibre reinforced polymer composite is to keep the fibres aligned and
stabilized and assist in the load transfer between the fibres and across the interfaces. The
matrix constituent can either be thermosetting or thermoplastic. Although the thermosetting
matrix material such as epoxies are widely used, the thermoplastic matrix materials like
polyetheretherketone (PEEK) has seen some positive response in the manufacturing of

composites subjected to impacts.

The impact characteristics of the thermoplastic composites and thermosetting composites
have been explored investigating the influence of the matrix type on impact resistance. It was
observed that the thermoplastic composites performed better because of their ability to absorb
a significant amount of impact energy without undergoing extensive damage [84,85]. These
result in the thermoplastic composite laminates to incur lesser extent of interlaminar
delamination compared to thermosetting composite laminates. But the thermosetting epoxy
resins are extensively used in the making of FRP composites because in addition to the ease
of impregnating the fibre systems they have superior mechanical characteristics, better
temperature performances and superior strength and stiffnesses compared to thermoplastic
matrix systems. Furthermore, there is a fuzziness in the research area exploring the impact
response of both these matrix systems and as a result the preferentiality of the thermosetting
matrix based composites are still strong and the use of thermoplastic matrix based composites

are limited to special impact applications.

Vlot [68] reported that the LVI resistance of the ARALL FMLs having thermoplastic
matrix material are lower compared to the thermosetting matrix based ARALL. This may be
attributed to the higher temperature required for curing thermoplastic material based FMLs
which results in the Al 2024-T3 alloys to lose some ductility and also leads to the development
of unfavourable internal stresses during the manufacturing process. These negatively influence
the energy absorbing capacity and hence the impact performance of the outer aluminium

layers. Also, the crack length of the ARALL with thermoplastic matrix system was found to
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be larger compared to that of thermosetting matrix based ARALL although the first cracking

energy for both the ARALL variants were found to be in close range.

2.3.2. Effect of stacking configurations

There are numerous literature exploring the effect of stacking sequence of laminated
composites and FMLs on impact performances [58,86-92]. It is evident that the tendency for
interlaminar delamination at the interfaces of plies having differently oriented fibres or
different material properties is more. The interlaminar fracture toughness can be improved
by selecting an optimized stacking sequence and interface properties which can effectively
improve the impact resistance and damage tolerance. In exploring the delamination for the
different stacking sequence, Wang et al. [93] concluded that the accurate estimation of
interlaminar delamination is a key factor in estimating the damage tolerance of laminated

composites.

Khoramishad and Tofighi [94] investigated the effect of the adhesive layer material, their
thickness and the number of metal layers on the LVI response. It was observed that the metal
layer elastic modulus and yield strength significantly influenced the contact duration and
contact force magnitude. Yaghoubi and Liaw [91] observed in their ballistic impact analysis
of GLARE 5 FMLs that the layup and orientation influenced the contact resistance and the
contour of the damage pattern. In their observed results, it was found that the specimen
having [0/90]s lay-up orientation, dissipated the most energy compared to quasi-isotropic or

unidirectional panels.

Liu and Liaw [67] conducted a number of LVI tests to investigate the impact responses of
GLARE 2 and GLARE 3 FMLs with respect to unidirectional and cross-ply glass fibers
respectively. It was observed that for similar thickness, GLARE 3 having cross-ply prepregs
were superior to GLARE 2 when subjected to LVI. In the works of Laliberté et al. [95],
GLARE 5-2/1 configuration was found to have relatively higher impact resistance compared
to other configurations. Many works have been carried out investigating the superior impact
behaviour of GLARE 5 FMLs and its suitability in aircraft fuselage, cargo floors and wing
skins [45,96]. This can be attributed to a greater number of glass/epoxy layers in GLARE 5.

Zohreh and Taheri [58] stressed the significance of weight and material cost in their works
studying the influence of stacking sequence on LVI responses of 3D woven fibreglass based
FML. In line with the weight saving aspects along with lesser dissimilar material interfaces,
a GLARE 5-2/1 configuration may be regarded more suitable compared to other
configurations. Seyed et al. [88] analysed the low-velocity impact of GLARE 5-3/2 FMLs
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considering unidirectional, quasi-isotropic, angled and cross ply orientations. It was observed

that the impact properties were affected by stacking sequence.

2.3.3. Effect of metal volume fraction

In FMLs, the change in the stacking configurations considering different combination of
fibre metal layups may change the metal volume fraction (MVF) because of the change in the
number of metal layers and composite plies along with the change in the thickness of the
metal layers. Sadighi et al. [41] investigated the influence of the MVF on the impact resistance
of GLARE 5-3/2 and observed that the impact resistance improved with the increase of the
metal thickness. In their analysis, it was observed that upon normalising the maximum impact
forces with respect to the laminate weight, the specific maximum impact force for the GLARE
plate having slightly thinner aluminium layer was more compared to that for the GLARE

plate having thicker aluminium layer.

Vlot and Krull [97] observed that increasing the S2-glass/epoxy content improved the
impact damage resistance of the FMLs. GLARE FML showed approximately 15% better
minimum cracking energy compared to monolithic aluminium for impact at lower velocities
(10m/s). Zhu and Chai [98] investigated the quasi-static and low-velocity impact responses of
unidirectional and woven glass fibre-reinforced aluminium FMLs having 2/1 and 2/2
configurations. It was reported that the maximum load showed no change with variation in
MVF but the GLARE laminates having unidirectional fibres showed better stiffness and
failure strengths. Khoramishad et al. [99] observed the increasing the MVF of a particular
metal in a metal laminate could cause the laminate to inherit the impact characteristics of
that particular metal material. This can be of significant importance while modelling a FML
from designers’ viewpoint in tuning their effective structural properties when subjected to
LVI.

Laiberté et al. [100] compared the low-velocity impact responses of GLARE 3-2/1, 4-2/1
and 5-2/1 laminates and observed that GLARE 5-2/1 had the highest impact damage
resistance compared to the other configurations owing to more number of S2-glass/epoxy

layers and its greater volume fraction of fibres.

2.3.4. Effect of total thickness

In the analysis of LVI or any quasi-static loading of a particular laminated plate, the
maximum deflection attained is significantly influenced by its total thickness. A thicker plate
will undergo a lesser extent of deflection compared to a thinner plate of the same material
[68]. Seyed and Liaw [45] investigated the ballistic impact behaviour of GLARE 5 FMLs

having different configurations and observed that the overall thickness and configuration of
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the specimen significantly affects the maximum contact force developed. In addition, the
impactor response at 50m/s was found to vary in a parabolic trend with respect to MVF and
specimen thickness. Although the perforation resistance and the maximum force increases for
GLARE with increase in the overall thickness, the specific perforation energy more or less
remains the same over the thickness range considered [101]. The thinner laminates owing to
their lower inertia responds quickly to the incoming impact compared to a thicker laminate
[97]. The efficient membrane deformation of a thinner plate results in higher specific cracking
energy compared to a thicker plate when subjected to LVI. Similar observations were reported
by Liaw and Liu [18] while examining the thickness effect of the GLARE 5 panels by
increasing the number of layers which resulted in a parabolic variation of the minimum

cracking energy with respect to the panel thickness.

Seyed et al. [102] investigated the LVI responses of GLARE 5 panels having different
thicknesses and reported that the failure modes changed depending on the thickness of the
plate. The main failure modes being fibre critical failure and aluminium critical failure
depending on the plate thickness, it was observed that for the thinner GLARE 5-2/1 plates,
post delamination/debonding the aluminium layer on the non-impacting site failed by
cracking. But in the case of GLARE 5-3/2, failure occurred mainly by debonding on the non-
impacting side and fibre breakage and fracture of the aluminium layers followed. With further
increase of the panel thickness as in case of GLARE 5-5/4 and 6/5 configurations, the failure
on account of delamination occurred at relatively lower energies of impact. Fan et al. [103]
observed that with increasing thickness of the GLARE laminates, the perforation energy
showed an increasing trend and increasing the thickness of the composite layers significantly

enhanced the resistance to perforation.

2.3.5. Effect of hybridisation

There are limited literature on studies investigating the effect of hybridisation of GLARE
by incorporating carbon/glass fibre or Kevlar-49/glass composite layers on their LVI
responses. Some of the literatures investigated the effect of such hybridisations on the
mechanical behaviour of these FMLs [104,105]. Kevlar/epoxy laminates are popular in the
military and aerospace applications due to its better impact characteristics [106-108] and
their hybridisation with aluminium layers investigating the tensile impact behaviours at high
strain rates are reported in a few literatures [109,110]. It was observed that the stacking
sequence of the aluminium layers significantly affected the energy absorbed during impact.
Moreover, exploring the weight saving aspects, hybrid laminates can result in further

reduction in the overall weight of the structure and improve the structural performances. In

TH-3287_186103032



24 Chapter 2

recent developments, the hybridisation of different fibres are reported and a few articles on

carbon-glass fibre hybrid FMLs have been published [104,111,112].
2.3.6. Effect of geometrical parameters

2.3.6.1. Target geometry

Geometrical parameters like specimen geometry, impactor mass and velocity influences
the impact response of the FMLs. The influence of target geometry on the low-velocity impact
response of a glass fibre reinforced polyester composite has been investigated by Cantwell
[113]. It was observed that the extent of damage varied directly with the force generated
during impact. Furthermore, the extents of the damage-force for the larger and smaller sized

GFRP plates lied in a narrow band and were similar in nature.

From the LVI analysis of GLARE panels, Fan et al. [114] observed that the initial load-
displacement slope and the maximum contact force decreased upon increasing the target size.
The larger sized plate resulted in reduced flexural stiffness making it more flexible and as a
result reacts quicker to the impact and incur a lesser extent of damage. Seyed et al. [88]
observed a similar trend in their study of GLARE 5 FMLs. It was observed that the damage
patterns and the impact behaviour were invariant to the specimen geometry but changes are
observed when the outer perimeter of the target geometry was changed from square to
circular. This was attributed to the relative anisotropy of the specimen with respect to its

clamping.

Laliberté et al. [115] also investigated the effect of the geometry of the fixture on the LVI
response of GLARE by considering square and circular fixture geometries. It was observed
that the square specimens showed corner deformations unlike in case of the circular specimens
and hence the specimen fixture needs to be carefully selected as it can affect the damage

evolution within the laminate.

2.3.6.2. Impactor parameters

The effect of increasing impact energy on the impact damage of FMLs and bare laminates
is a generic conclusion which is commonly reported in many literatures [45,113,116]. But
increasing the impactor mass and velocity alone individually will result in different impact
responses. In the analysis of LVI on laminated composite specimens, it was observed that for
impactor masses much higher than the mass of the target, the LVI responses were similar to
quasi static response whereas it is wave controlled for small mass impacts unaffected by the
plate size and boundary conditions [117].

It has been observed that the damage incurred by the target with a projectile having a

smaller tip diameter is more compared to an impactor having a larger tip diameter [118,119].
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With the smaller diameter impactor, the damage was localised and extent of delamination
was more with cracks appearing on the non-impacted side aluminium layer which primarily
dissipated the impact energy. But a larger diameter impactor caused a global deformation of
the target GLARE plate and lesser extent of delamination indicating that a large amount of
energy was absorbed by global plate deformation. Similar observations were made by Sevkat
et al. [120] regarding changing the impactor geometry which caused a change in the peak

impact force attained during an impact event.

In the LVT tests of carbon fibre reinforced aluminium (CARALL) FMLs and bare carbon
fibre reinforced polymer (CFRP) laminates conducted by Bienias et al. [121], it was observed
that in the impact energy range of 1.5 J-2.5 J, delamination is a prevailing form of damage

which is also observed at the fibre/metal interfaces.

From the discussed literature, it can be emphasised that delamination damage occurring
at the interfaces will differ based on the loading history as the delamination at the interfaces
is influenced by the generated contact force as well as by the plate strains which influences
the stresses developed at the interfaces. This highlights the importance of relative mass of
impactor to target on the dynamic response as well as the damage pattern experienced by a

laminated structure on account of impact.

2.3.6.3. Cut-outs and discontinuities

In many cases, open holes are present in a structure required for riveting and also cut-outs
are made in the panels to allow for access to inner components such as wires and for carrying
out scheduled repair and maintenance of inner assemblies. The presence of open holes in the
form of cut-outs can have adverse effect on the integrity of a structure when subjected to
impact loadings. Such cut-outs in a laminated composite can cause stress concentration
regions around the hole peripheries making the FML prone to delamination when subjected
to LVIs. Moreover, in case of aircraft structures, the fuselage is supported by frames and

stringers joined to the outer skin by riveting [122].

Santos et al. [123] experimentally investigated the effect of the distance between the impact
point and the hole cutout on the fatigue strength of a glass/poxy laminate subjected impact.
It was observed that at larger offset distance of the impact point from the circular cutout,
the contact point deflection decreases but the maximum contact force increases. The damage
accumulation near the impact site and the circular hole upon repeated impacts resulted in a
decrease in elastic energy. Similar analysis was done by Ortiz et al. [124], investigating the
effect of drilled holes on the aluminium layers of GLARE and being subjected to LVI. Holes

were drilled on the aluminium layers to create flow paths to impregnate the inner composite
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preforms. It was observed that the holes in close proximity to the impact zone resulted in

cracks propagating through the hole boundary and along the flow path.

Jain and Mittal [125] observed that maximum stress concentration occurred under
transverse static loading at the hole boundary for plates with a central circular hole. Such
discontinuities in the form of cut-outs or open holes can significantly influence the way
delamination grows around these locations due to increased stress concentrations under
transverse loads on account of LVIs. Therefore, it is crucial to study the LVI response of such
panels having open holes or any such discontinuities and accurately estimate the underlying
delamination at the interfaces such that it enables the prompt repair/replacement of

components preventing catastrophic accidents.

2.3.7. Effect of temperature, preloading and post stretching

It is well established that the prestressing of metallic alloys can affect their mechanical
behaviour, significantly affecting the overall properties of FMLs [126]. Vot [27,127]
investigated the effect of the initial prestress of ARALL on the LVI behaviour and observed
that upon impact, the cack length of the outer aluminium layer increased at higher initial
prestress. In addition, the damage shape changed with the preload as the crack tended to

remain perpendicular to the preload direction instead of bending towards the fibre direction.

Homan [128] analytically modelled the effect of curing on GLARE laminates as the curing
process induces residual thermal stresses on the individual components during cooling on
account of their different thermal coefficients. This causes tension of the aluminium layers
and compression of the glass fibre/epoxy layers, thus resulting in the preloading of the

GLARE laminates.

The effect of post stretching of these GLARE laminates is seen by the reversal of the
internal stress states [31,129] causing a favourable compressive (crack closing) stress on the
aluminium layers and tensile stress in the glass fibres. But the residual stresses have minor
influence on the impact characteristics of FMLs, as reported in the literatures of Roeder and
Sun [130] and Moriniere et al. [96]. In addition, the effect of temperature was experimentally
studied by Badawy [131] on GFRP composites and observed that the thermal strains could
change the GFRP composite failure mode from fibre pull-out to fibre breakage when
increasing the exposure temperature.

Hirai et al. [132] studied the low energy impact response of glass/epoxy composites. It is
seen that there is a degradation of the mechanical strength of the resin at elevated

temperature which increases the damage extent of the composite. Similar observations were

made by Chow et al. [133] on the LVI response of GLARE. It was observed that the elevated
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temperatures increased the permanent energy absorption with reduced impactor rebound for
non-penetrating impacts, and the load-bearing capacity of the GLARE dropped by 5% to 10%

for every 20°C rise in temperature.

2.4. Numerical investigations of LVI on FMLs
During LVI on FMLs, there is a high possibility of damage beyond the visible dents and

perforation which are challenging to detect, limiting the possibility of physical inspection.
Also, the production of these hybrid laminated components requires high expertise and the
processes involved need to be properly monitored to ensure the final product's quality which
increases the production cost. In addition, the experimental investigations may lead to
wastage of material and time, thereby increasing the expenses. Therefore, the need for
conducting numerical simulations have taken a positive thrust since the complexity of
physically analysing the critical damage modes can be simplified by numerical investigations.
To overcome these limitations, researchers have adopted analytical methods as well as

numerical techniques for more in-depth and robust analysis of FMLs under LVI.

2.4.1. Finite element analysis of LVI on FMLs

A number of work associated with the numerical analyses of the impact responses of
composites are available [75,134-136]. User developed FE codes and commercial software like
ABAQUS, LS-DYNA have been extensively used to predict the impact responses and damage
in composite laminates. These numerical analyses have been extended to the low-velocity
impact analysis of FMLs and are presented here.

Tsartsaris et al. [137] modelled GLARE laminates using shell elements where the
delamination was modelled using a contact tie-break formulation. Seo et al. [138] did finite
element analysis for low-velocity impact response of GLARE laminates (refer Figure 2.1)
and emphasised the use of three-dimensional solid elements (C3D8R) over continuum shell
elements (SC8R) for accurate estimation of delamination as it depends on the out of plane
stress states of the consecutive layers. This necessitates incorporating all the six components
of stress and a three dimensional failure model in order to accurately simulate the damage
and failure of these FML composites. Figure 2.2 shows the meshed geometry of the impactor
and a half section of the circular clamped GLARE plate used for numerical analysis of LVI
by Seo et al. [138]. The impactor was modelled as a perfectly rigid body with motion only in
the vertical direction while the layers of the GLARE target was modelled by using hexahedral
solid elements. It was reported that the slight deviation in contact duration between the
experimental and numerical analyses was due to the small amount of clearance between the

clamps and the specimen, prolonging the impact duration in case of the experimental
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examination. Sadighi et al. [41] also concluded the same regarding the use of three dimensional
solid elements for accurate modelling of the interfaces of the FMLs subjected to impact loading

to correctly predict the low-velocity impact responses.

Figure 2.1: Finite element model geometry of LVI on GLARE [138]

Figure 2.2: Boundary conditions of finite element model geometry [138]

Fan et al. [139] did FE analysis for low-velocity impact on GLARE laminates to
understand the effects of target size, impactor size and impact location. The aluminium layers
were modelled as elasto-plastic material considering shear and tensile failure to simulate
damage in the aluminium layers and the woven glass fibres as orthotropic elastic material

considering Hashin’s failure criteria for damage initiation.

Liu et al. [118] used the commercial finite element code LS-DYNA to simulate the impact

responses of circular GLARE laminates and observed close approximations with experimental
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results. The interface between the aluminium and glass/epoxy was modelled using the tie-
break interface option in LS-DYNA to simulate delamination. It was seen that severe local
damages were incurred with smaller indenters whereas the larger indenters resulted in

extensive global deformation of the GLARE specimens.

In recent times, the incorporation of user defined subroutines in explicit/dynamics analysis
of impact on composites have enabled to model the damage progressions of laminates in a
more accurate manner [140-143] and evaluate their compression after impact (CAI)

performances.

Zhang et al. [144] implemented the Johnson-Cook model for aluminium and implemented
a VUMAT subroutine for GFRP based on Hashin’s criteria using bi-linear traction separation
law for the cohesive interfaces. Investigating the energy dissipation mechanisms of GLARE
during LVI and its relationship with the dynamic responses and the damages, it was observed
that although the aluminium cracking on account of LVI is critical in nature but the
delamination between the rear GFRP and aluminium interface remained indifferent.
Delamination was observed to take place even in the absence of aluminium cracking which
makes delamination a critical cause of concern. In this regard, optimisation of GLARE
configurations may be done, given the significance of delamination on compression after

impact performance.

Yao et al. [145] investigated the behaviour of CARALL FMLs under multiple central
impacts with the net energy being same. They reported that the sequence of the multiple
impacts governed the extent of damage of the layers and an improvement of the stiffness after
the first impact was attributed to the strain hardening of the aluminium layers with stiffness
reduction in subsequent impacts. It was also observed that the extent of delamination is
closely related to the magnitude of impact energy, the impact energy divisions and their
sequence. Some recent computational works on the LVI analysis of FMLs and composites

along with important observations are tabulated in Table 2.1.

Table 2.1: Numerical investigations of LVI

Source Key aspects of modelling Interests/Observations
[144] e Johnson—Cook model for aluminum e Importance of delamination on CAI
e Hashin’s criteria and exponential damage performance.

evolution law based VUMAT subroutine | ¢ Role of Al on the damage evolution
for GFRP and bi-linear traction— and rebounding processes.

separation cohesive zone model
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[146]

2D Hashin and 3D Hashin VUMAT
models are used to analyse and compare
each composite layer

Johnson cook model describes the

aluminium layer.

Failure forms of CARALL under the
tensile loading mainly show aluminium
layer fracture, fibre pull-out and
fracture, and matrix tensile fracture.

The 3D Hashin model more accurately

revealed the failure mechanisms.

[143]

The plies of the finite element model are
created using 3D deformable solid
elements.

3D Hashin criteria and a surface-based
cohesive  behavior to capture the

delamination between the plies.

A unit cell representation is used to
calculate the homogenized elastic
properties of the non-crimp fabric
plies.

A numerical model of the CAI

specimen is developed

[147]

A progressive damage finite element
model is developed using VUMAT.

The Hou failure criteria are applied to
simulate the intra-layer damage, while
the cohesive zone model is adopted to

describe the inter-layer damage.

For both single and repeated impact,
the impact response parameters vary
linearly with thickness for the chosen
plates.

The dominant damage mode changes
from intra- laminar damage to inter-
laminar damage as the thickness
increases.

The repeated impact does not change
the internal damage mode, but only
causes the slight expansion of damaged

region.

[133]

Using explicit nonlinear code LS-DYNA.
Johnson-Cook model for aluminium,
Chang- Chang failure criteria for GFRP
and  cohesive  zone  model  for

delamination.

The temperature ranged from 30 to
110 C has proven to significantly
affect FML impact characteristics
through load-displacement and final

deflection responses.

[148]

Two models of elastic damage, i.e. ductile
and Johnson-Cook damage models.
C3D8R elements — reduced integration
for the polymer laminates.

3D  Hashin’s  criteria ~ (VUMAT

subroutine).

For high strain-rates, Johnson-Cook
damage model showed a lower
mismatch compared to the ductile

damage model.
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[149] e Using LS-DYNA e The mismatch in bending stiffness of
e A 3D model for GLARE accommodating sub-laminates led to large interface
the volumetric cohesive interfaces. failure by mode-I loading.

e Lagrangian smoothed particles populated | ¢ The gelatin projectile considered
the projectile. allowed a greater dissipation of the
projectile kinetic energy in the

projectile fragmentation.

[150] e The Johnson-Cook model for the | e Delamination is found to be the
aluminium layers. dominant damage mode compared to
e A search algorithm TAAGSS [151] is intralaminar damage.

applied to search fracture plane for Puck | e The delamination at the Al/composite
criteria. interface is more serious than that

between composite layers.

[152] e 3D Hashin failure criterion (using | ® Effect of repeated impacts on the

VUMAT). global mechanical responses.

o FExploring the effect of repeated
impacts on damage characteristics and

delamination at the interfaces.

2.4.2. Analytical modelling of LVI on FMLs

The dynamic response of FMLs is influenced by the metal layers [43,45] and the stacking
sequence and nature of fibre significantly influence the damage pattern [153]. As the FMLs
consists of different combinations of metals and composites, their global behaviour subjected
to impacts need careful attention during modelling [42]. More importantly, a model developed
to analyse thin specimen may not be applicable to thick specimen [116]. Thus, the analytical
modelling of such systems can be complex and careful interpretation of the dynamic behaviour

needs to be done to accurately model their dynamic responses on account of LVI.

The analytical methods to analyse the impact response of composites have been reported
by many researchers [154-157]. Abrate [42] classified the available solution models for impact
into four categories viz. spring-mass models, energy balance models, complete models and

impact on infinite plate.

Shivakumar et al. [155] neglected the transverse shear deformation of the circular
laminated plates and considered the plate to deform axi-symmetrically under axi-symmetric
load. Their analysis was based on minimisation of the total potential energy and von Kéarman

strain displacement relations. The analytical results for damage areas obtained by suitable
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failure criteria were in close agreement with experimental results. A large array of elements
was accounted in their model as each ply was represented by a single layer of elements. In
their analysis the ply failure was evaluated using the Tsai-Wu criterion and the underlying
damage modes (fibre splitting and fibre failure only) were checked using the maximum stress
criterion. From their analysis it was observed that the damage initiated at the bottom-most
ply with the extent of damage being larger for the bottom ply and the target plate size
influenced the splitting failure thresholds.

Ramkumar and Chen [154] took into account the transverse shear deformation using
Mindilin’s plate theory and the analytically predicted results were seen to compare
satisfactorily with those obtained by experimental results as well as the finite element
solutions for low-velocity impact. Pang et al. [156] predicted the contact duration, force,
indentation and displacement considering a spring-mass model for impact of a hemispherical
impactor on laminated composite plates by implementing Hertz contact law between the

impactor and the composite plate.

There are a few studies investigating the low-velocity impact response of FMLs based on
the analytical methods. Vlot [68] made significant contribution on the low-velocity impact
response of FMLs. The first impact model proposed by Vlot [68] was based on the linear
elastic analysis. In this model, a clamped rectangular or circular specimen was modelled by
considering it as a spring-mass system having a constant stiffness and an equivalent mass.
The contact between the impactor and the plate was assumed to be rigid. In addition, the
bending stiffness of the plate was assumed to be constant for deflections smaller than plate

thickness.

The second impact model of Vlot [68] assumed the Hertzian contact law between the
impactor and clamped plate during the low-velocity impact. The plate was modelled by two
springs in series viz. a non-linear one with the Hertzian contact stiffness and a linear one for
the bending stiffness of the plate. As the impact process involves the energy transformation
between the impactor and the plate, the governing equation was obtained by using the
conservation of energy.

In the third model again by Vlot [68], an elasto-plastic deformation was incorporated
considering a quasi-static loading and assuming an axis-symmetric dent shape of the specimen.
The elasto-plastic material was assumed to have a bilinear effective stress-strain curve, which

was described by the Young’s modulus, yield stress and strain hardening coefficient.

Caprino et al. [158] assumed a simple second order polynomial curve representing the load

variation with respect to displacement during both loading and rebound phase of a GLARE
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laminate in the developed semi-empirical low-velocity impact model. The model was
developed to predict the quasi-static response of the structure. But validity of the developed
model was observed only until there is a sudden discontinuity attributed to sudden load drop.

So, this model is limited only for initial design stage until the point of first significant failure.

Payeganeh et al. [159] investigated the low-velocity impact response of FMLs and
importance of the parameters such as layup configuration, mass and velocity of the impactor
and the aspect ratio of the plate. The governing equations of the composite plate was solved
analytically using the first order shear deformation theory and Fourier series method. The
impactor-plate interaction was modelled with a two degree of freedom spring mass system
and Choi’s linearized Hertzian contact model [160] was used in the low-velocity impact
analysis. Bikakis [37] also modelled the low-velocity impact response of thin circular GLARE

plates considering a linearized spring-mass model.

Asaee and Taheri [161] developed an analytical model to predict the low-velocity impact
responses of 3D fibre metal laminates. In the developed analytical model based on the Hertzian
contact law, the energy is assumed to dissipate through shear, bending and indentation
contact mechanics by using an energy balance approach. The integrity of the developed
analytical model was ascertained by comparing the results with the numerical and

experimental results.

2.5. Oblique LVI on GLARE

Most of the works investigating the low-velocity impact response of FRP composite
structures and FMLs have considered a normal impact of the projectile on the target. Works
regarding oblique low-velocity impact (OLVI) on laminated composite structures and FMLs
are limited. Experimental studies reporting the actual contact forces during oblique impact
have been less common as compared to the normal drop weight impact tests carried out on
the specimens. However, in practical applications, the impactor’s trajectory of incidence can
be arbitrary relative to the target. Although numerous works are done on studying the oblique
impact between bodies incorporating different contact models [162-167], only a few literatures
are available on OLVI on laminated structures in general and GLAREs in particular [168-

172] investigating their dynamic responses and the associated interfacial delamination.

Neogi et al. [173] investigated the low-velocity impact behaviour of a simply supported
composite hypar shell roof under oblique impact, considering modified Hertzian contact law,
for different impact velocities and impact angle. They reported a reduction in contact force

with an increase in obliquity. Moreover, higher the impactor velocity, larger was the observed
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contact force but the force died down to zero relatively faster which was attributed to the

rapid elastic rebound of the impactor.

Mao et al. [172] developed a new analytical oblique impact contact model to predict the
nonlinear dynamic response and damage propagation of FRP laminated plates under low-
velocity impact. The contact model utilised Hertzian contact law for calculation of normal
contact force and the theory of Mindlin and Deresiewicz [174] for calculation of tangential
contact force which were iteratively calculated simultaneously during the impacting process.
In the oblique impact of elastic spheres without adhesion, the normal and tangential contact
force-displacement relations was modelled based on the theories of Hertz and Mindlin and

Deresiewicz respectively [175,176].

Thornton et al. [177] compared the alternate contact force models for the oblique impact
of an elastic sphere on a planar target and based on their analysis it was reported that the
tangential force needed to be updated incrementally as the tangential stiffness changed with

the varying normal force while considering a non-linear contact model.

Bikakis [178] conducted finite element analysis using ANSY'S software to predict the static
response of thin circular clamped GLARE laminated plates, subjected to frictional oblique
indentation at the centre. The derived analytical formulae predicted the GLARE plate
indentation load and strain energy as a function of the displacement of the indentor, the
friction coefficient, and the indentation direction which were in good agreement with the

numerical results.

Meybodi et al. [179] modelled OLVI on GLARE by considering two types of boundary
conditions for the impactor viz. constrained, for a constant impact angle between the impactor
and target during and after the contact, and free, in the case rotation of the impactor and
change in angle with respect to the target is likely to occur. The effect of the considered
boundary conditions and the impact angle on the contact force and energy absorption were

studied.

Yao et al. [171] investigated the oblique successive impact behaviour of CARALL and
observed that the damage tolerance improved with increasing obliquity of impact. In case of
repetitive impacts, the strain hardening of the outer aluminium layer led to an increase in the
stiffness of the FML after first impact and a rise in the contact force is seen. After first impact,
delamination and matrix damage were observed to be the main damage modes occurring in
the FML and similar damage modes were seen during the second impact event. These were
difficult to detect since no evident metal cracks were observed on the FML surface during the

first two impacts. With further subsequent impacts, no increase in the stiffness is seen due to
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severe damage of the composite plies and damage accumulation of the metal cracks on the
outer aluminium layers. Delamination damage was seen to be a critical damage mode which

generated from the shear stresses due to stiffness mismatch at the metal/composite interfaces.

Li et al. [180] also studied the low-velocity impact response and damage of GLARE
laminates under single and repeated impacts at different impact angles. A cohesive zone model
was utilised to analyse the delamination at the interfaces of aluminium and composite layers
implementing a user defined material subroutine in VUMAT to simulate the damage
behaviour of the composites. From the investigations of LVI at different obliquities, the
dynamic response was found to vary with the obliquity of impact. It was observed that
although the error percentage of 3D Hashin criteria was less compared to 2D Hashin, but the
efficiency of the 3D Hashin model was found to be less compared to the 2D Hashin model.
Furthermore, subjected to repetitive impacts, the interfaces of the plies having differently
oriented fibres are most susceptible and delamination is most likely to occur.

From the literature it is evident that although there are works investigating the dynamic
responses due to OLVI, the investigations regarding OLVI of GLARE and FMLs in general
is limited and there is a scope for further study of the dynamic responses and associated

damage mechanisms on account of OLVI on such FML structures.

2.6. Summary and prospective research areas

In this chapter, a brief review of the experimental, analytical and numerical analyses done
to assess the impact behaviour of FMLs was presented. GLARE has seen a positive rise in
application since its inception, especially in the aerospace industry because of its superior
impact and fatigue properties. An impact can either be low-velocity impact (LVI) or high-
velocity impact (HVI), characterised by the nature and mode of damage to the target. The
LVIs are more critical in the sense that the internal damages due to LVI are not readily

observable, unlike in the case of HVIs.

The numerical investigations concerning the LVI analysis have seen a growing trend since
the last ten to fifteen years owing to the development of computational capacity and
commercial FEA software. Although studies regarding the LVI analyses of FMLs, including
GLARE, have been done numerically in the last couple of years, detailed insight into the
damage initiation and its progression is still of significant concern. To obtain a practically
viable response of the target due to LVI, different physical parameters (target size, impactor
shape and size and stacking sequence) affecting the impact need to be investigated. The
advantage of the numerical analyses can be highlighted by the minimisation of material

wastage and, more importantly, the scope to have a detailed insight into the complex damage
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and failure patterns of the FMLs, which is difficult to observe by experimental investigations.

To date, numerical analyses regarding the LVI behaviour of GLARE are not plenty.

In most of the available literature, the impact responses of GLARE and other FMLs are
concerned with the normal contact of the impactor on the target. However, impacts in real
scenarios could be arbitrary, simultaneously impacting at different trajectories, giving rise to
complexity in analysing the impact phenomena. The study of impacts occurring at an
obliquity is still in its infancy, and there is limited literature on oblique LVIs on laminated
structures and GLAREs in particular. The study of oblique LVIs requires separate modelling
of the normal and tangential contact responses to ensure the correctness in evaluating the

stresses and assessing the damages, indicating the complexity of their analyses.

Delamination is a major cause of failure during LLVIs where the damages are barely visible
at the surface, but, delamination at the inner interfaces may initiate, posing a significant
concern for the structure's safety. Most of the failure analyses are concerned with the ply by
ply failure of the individual plies. Cohesive elements have been used at the interfaces to model
the damage based on the traction separation laws. Still, the accurate prediction of the stresses
at the interfaces to accurately predict the interfacial delamination is a necessary concern.
From the reviewed literature, it can be emphasised that delamination damage occurring at
the interfaces will differ based on the loading history, as the delamination at the interfaces is
influenced by the generated contact force and the plate strains which affect the stresses

developed at the interfaces.

Most of the works reported on LVI of GLARE and FMLs, in general, are performed by
experimental tests and FE simulations and are based on high ratios of impactor to plate mass,
resulting in a quasi-static response. It can be concluded that not much work is reported in
exploring the influence the impactor-plate mass ratio and how it could influence the contact
coefficient between the impactor and a GLARE target of finite dimensions. In order to get a
detailed insight into the influence of the impactor-plate mass ratio on the dynamic responses
of the GLARE plate, it is first necessary to evaluate the contact stiffness conforming the two
cases of low and high mass impacts, as the dynamic responses will be different pertaining to
both the cases. The accurate evaluation of the contact stiffness at the impact location is of
critical importance for correctly predicting the impact response of the plate since the peak
contact force, as well as the impact duration, is influenced by the contact stiffness. However,
no such work has been reported, especially for thin GLARE laminate where the contact
stiffness has been adjusted based on the impactor's mass relative to the plate, taking account

of the plate geometry.
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The presence of discontinuities in the form of through holes or cut-outs can significantly
influence the impact responses, and further investigations can be done to study their effect.
Of late, using hybrid configurations has seen a rising interest and exploring the hybridisation
of FMLs like GLARE with different materials are still limited. Exploring the same could be

an interesting area in terms weight saving and structural stability aspects.

Even though commercial FE packages could be used to carry out FE modelling and
analysis of contact impact problems, there are certain pertaining issues which needs to be

addressed in the analysis of LVI on GLARE structures as follows

e In implicit solver, rigid body motions are not allowed and all parts need to be
connected to the ground in all directions. Therefore, for impact analysis,
Abaqus/Explicit solver needs to be used to perform the analysis for a rigid body
impact on the target plate as reported in many literatures. In most of the FE
packages/solvers, especially for explicit analysis, when the material model for each
layer changes, they cannot be grouped together and therefore layers having
different material models need to be modelled separately with solid or shell
elements.

e The adjustment of the contact stiffness for different impactor to plate mass ratios
is an important aspect for accurate evaluation of the impact response and damage
evolution under low velocity impact which is not readily available in commercial

FE packages.

This necessitates the need for the development of a robust FE code for accurate contact

impact analysis of GLARE.

2.7. Objectives of the present work

Based on the summary of the literature, research gap and the prospective research issues
discussed, the present work implements a 3D FE code to investigate the low-velocity impact

(LVI) behaviour of GLARE with the following objectives:

i. To perform 3D FE analysis of normal LVI on GLARE considering the
following:
e Evaluation of a modified effective contact stiffness considering
o the effect of plate geometry
o the effective out-of-plane plate stiffness and

o the influence of the impactor mass.
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ii.

iii.

iv.

vi.

Implementation of appropriate contact models for spherical and cylindrical
LVI

Evaluation of interfacial stresses and delamination at the interfaces.

To investigate the influence of geometrical and material parameters on LVI

responses and delamination of GLARE considering the following:

Influence of plate and impactor dimensions.
Influence of metal volume fraction, total plate thickness and stacking
configuration.

Influence of hybridisation of GLARE by using inner Kevlar/epoxy layers.

To incorporate oblique low-velocity impact (OLVI) analysis of GLARE

into the 3D FE code for investigating the impact response, addressing the

following:

The effect of the obliquity of impact.
The combined effect of the obliquity of impact, coefficient of friction, and
impactor size.

The interfacial delamination due to OLVI.

To investigate the LVI response and interfacial delamination of a GLARE

plate having cut-outs considering the following:

The effect of impact offset on a GLARE plate having a central through-the-
thickness cut-out.
The effect of size, shape, and relative positions of the cut-outs in a GLARE

plate having more than one cut-outs.

To perform 3D FE analysis of multiple normal and oblique LVIs on

GLARE and study the effects of the following factors:

The time interval between two LVIs.
Multiple LVIs on a plate having a central cut-out.
The relative positions of the two LVIs.

The relative trajectories of the impactors in case of multiple OLVIs.

To study the effects of repeated LVIs on GLARE, focusing on the

following:

The effect of impactor mass.

The effect of the impact energy divisions on the damages.
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Theoretical formulations

The GLARE FMLs are hybrid laminated composites having inner glass/epoxy plies
alternately placed between the aluminium layers. The presence of anisotropic composite
prepregs in such laminates makes it necessary to understand the complexities in their
constitutive relations, unlike the isotropic materials. This chapter starts with the lamina level
analysis, considering the basic concepts of mechanics of composite materials, material
orthotropy and their constitutive relations and then proceeds to the finite element modelling
of GLARE using 3-D eight-noded solid elements for analysis of low-velocity impact on
GLARE target considering both normal as well as oblique impacts.

3.1. Stress-strain relationship

3.1.1. Generalised Hooke’s law
The generalised Hooke’s law in 3D for any material model can be written in terms of the

strains, &, and the stresses, O related by a fourth order tensor Cf:jk

, comprising of the
material elastic constants as

0; = Uty (3.1.a)

The stress-strain relationship in Eq. (3.1.a) is invertible, yielding

€; = 530y (3.1.b)
Sﬁkl are the compliance coefficients of the fourth order tensor [S] which is the inverse of
the stiffness matrix [C]. Expanding Eq. (3.1.a), results in 9 equations, each with 9 unknowns,

with a total of 81 unknown elastic constants. The symmetry of the stress tensor, Oy, allows
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the reduction of unknowns in the stiffness matrix [C] to 36. The stiffness matrix being
symmetric, the 36 unknowns are further reduced to 21 independent constants for the case of
a linear elastic anisotropic material. In matrix form, the stiffness matrix for an anisotropic

material having no material property symmetry can be written as:

o, 011 012 013 014 015 016 g
o, Chp Gy Cy Gy Gy Cylle,
O _ Oy Gy Oy Gy Oy Cyllg (3.2)
Ty Cu Gy Gy Cy Cf Cyl|Mn
Tas 015 025 035 045 055 056 Va3
Ts1 G G Gy O G5 Coo [V

The six stress components (Eq. (3.2)) at a point can be visualised to be acting on a
vanishingly small rectangular parallelepiped having sides Ax, Ay and Az as shown in Figure
3.1. The reference coordinate axes x-y-z along with the local coordinate axes 1-2-3 are chosen

to be parallel to the edges of this rectangular parallelepiped.

Figure 3.1: 3D stress at a point

3.1.2. Material model for GLARE laminates

In the present analysis of laminated composites, the material model is generally considered
to be orthotropic. In the case of the GLARE laminates, a similar approach is taken where the
inner S2-glass-epoxy plies are modelled considering the orthotopic material model and the
outer aluminium layers are modelled as isotropic (refer Figure 3.2). Furthermore, the

interfaces between the individual layers are considered to be perfectly bonded.

In discussing the mechanics of fibre reinforced material, it is convenient to use an

orthogonal coordinate system that has one axis aligned with the fibre direction. The study of
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the stress-strain response of a single layer is same as to determining the relations between the
stresses applied to the bounding surfaces of the layer as a whole. The effect of fibre
reinforcement is uniformly spread over the whole volume of the material and adopting a
macromechanical approach it can be assumed that the two-material fibre-matrix system can
be replaced by an equivalent single homogeneous material thus making its analysis easier. It
is to be noted that this single material may not have same properties in all directions. A local
coordinate system 1-2-3 as shown in Figure 3.1 is aligned along the reference axes x-y-z
implying that the fibres are aligned along the global x-direction. In the analysis of the fibre-
reinforced polymer (FRP) plies, they can be generally categorised under the class of
orthotropic materials. An orthotropic material as shown in Figure 3.2(a) has three mutually
perpendicular planes of material property symmetry. This reduces the [C] matrix to comprise
of 12 non-zero elastic constants and 9 independent elastic constants such that the stress-strain

relations when the global coordinates are aligned with the local (material) axes are

o, ¢, ¢, C; 0 0 0 g,
Oy C’12 022 023 0 0 0 €
0_3 _ 013 023 033 O 0 O 83 (3.3)
2 0 0 0 C, 0 0 |[|lv,
23 0 055 0 Va3
Ty i 0 0 0 0 CgllYa
3
+
2
e =
!
Planes of ” = Orthotropic Transversely
symmetry material Isotropic material Plane of isotropy

()

l. Isotropic

material

Unidirectional glass/ NN 4
epoxy plies '1 9 3 Interface

(c) (d)

Figure 3.2: Material models (a) Orthotropic (b) Transversely isotropic and (c) Isotropic and (d)
a typical GLARE having two different material models
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Given the material properties F,, E,, E, v, v G,, Gyand G, the terms of

120 YVa3o Vizs Yoo 137
[C] matrix can be computed. The relation among the material properties is illustrated by

Maxwell-Betti reciprocal theorem [181] which gives

Yo _Va. M _ V. VY _ Ve (3.4)
E E, E E E K
Therefore, the constant terms can be evaluated by the following relations
O = L-vyvy, - L1-vigvy - 1-vipvy O =C. = Vor ¥ Va3Var
" EEA® EBEA’® EEA’? % E,EA
273 173 172 273
o ¢ =YutVaVp. o o Vet ViVa . (3.5)
13 31 EEA ) 423 32 EE A :
23 173
Chy = G1pi Oy = Gy G = Gy
L=v,vy, = VazVar ~ Vi3Va ~ 2V21V32V13

where A = EEE
1723

A transversely isotropic material is one with physical properties which are symmetric about

an axis that is normal to a plane of isotropy of an orthotropic body as shown in Figure
3.2(b) where plane 2-3 is the plane of isotropy. This transverse plane has infinite planes of
symmetry and thus, within this plane, the material properties are the same in all directions.
As seen in Figure 3.2(b), the plane 2-3 is a plane of material isotropy owing to the
unidirectional fibre reinforcements being in a repeating pattern. This transverse isotropy
results in the properties in the two directions perpendicular to the fibre (plane 2-3) to be

equal such that E, = E, , v, =v,, and G, = G|, thereby reducing the number of independent

constants to five. Therefore, the constitutive relations can be written as

o 011 C'12 012 O W €
1 1
o, C12 022 023 0 0 0 :,
o 012 023 022 €
3| _ c _C ) 3 (3,6)
T 0 0 0 (22—23 0 0 Y
12 2 12
B0 0 o0 0 c. o ||
T3l i O O 055 J ySl

If every plane is a plane of elastic symmetry, the material is referred as isotropic, and the
elastic material parameters are independent of the orientation of the coordinate system
(Figure 3.2(c)). For an isotropic material, there are only two independent stiffness (or

compliance) coefficients and the material properties being same in all directions gives
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E =E,=E,=E, v,=v,=v,=v, G,=G, =G, =G (3.7.2)

3 23

where

(3.7.b)

Therefore, there are only two independent engineering constants and the constitutive

relations can be written as

Cll 012 012 0 0
o, 012 011 012 0 0 0 &
o, 012 012 011 0 0 g,
ol_lo o o Luz%) 0 0 &
B 2 (3.8.a)
TIQ Yl?
(Cn - 012)
23 0 0 0 5 0 Vo3
T A
! 0 0 0 0 0 (G, =Cy) | *
L 2 i
Where
EQ1- E c.,-C
__B=y) e v and L2 @ (3.8.b)

Do -20)1+v) E 1-2v)1+v)

3.2. Transformation relations

Matrix

(a) (b)

Figure 3.3: (a) Lamina with unidirectional fibres (b) Material axes 1-2-3 aligned along the fibre
direction at an angle 8 w.r.t. global x-y-z axes

A single lamina of unidirectional fibres is shown in Figure 3.3(a) where the local and
global axes aligned, the axis-1 is aligned with the fibre direction and axis-2 is in the plane of
the lamina and perpendicular to the fibre direction and the axis-3 is perpendicular to the
plane of the lamina. For isotropic materials the material constants do not change on changing

of the coordinates but for orthotropic materials the constants are given in a particular
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direction and on changing the coordinate axes the properties will not remain the same in the
global space. The transformation relations find its application when the ply-material axes do
not coincide with the global coordinate axes. As shown in Figure 3.3(b), the x-y-z system
is taken as the global coordinate system and 1-2-3 are the material (or local) axes aligned
along the fibre direction of the lamina and both are orthogonal coordinate systems. The ply
axes initially coinciding with the global axes are given a rotation of angle 6 about z-axis in
the counter-clockwise direction such that axis-3 is coincident with the z-axis. The rotation is

assumed to be positive when the fibres rotate anticlockwise with respect to positive x-axis.

From Figure 3.3(b) it is to be noted that for a pure rotation 6 given to the material

axis-3, the angles made by axis-1 and axis-2 w.r.t. the x-axis and y-axis is 6. This results in

the direction cosine matrix [l] to be evaluated as

X y 7
1 cos(@)  cos(270 +0) cos(90) (3.9.)
9.a
2 |cos(90 + 9) cos(0) cos(90)
3 cos(90) cos(90) cos(0)
L m n cos(d) sin(@) 0 (3.9.b)
=|l, m, n,|=|-sin@) cos(d) 0
l, my; n, 0 0 1
Therefore, the 6x6 transformation matrix is given by [T] as
[ 72 2 2 ]
) L, my n’, QZlm1 2mn, 2n1l1
l22 m22 n22 2l,m, 2m,n, 2n,1,
2 2 2
[TJ ) [ » n, 213m3 27713713 271313 (3.10)
l112 mm, nmn, m1l2 + le1 mn, +m,n, n1l2 + n211
l2l3 mym,  n,n, m2l3 + m:,)l2 m,n, +m,n, n2l3 + n3l2
_1311 mym;  n,n, mBZ1 + mll3 mgn, +mmn, 71311 + nll3 |
Substituting the values from Eq. (3.9), for a pure rotation 6 about z-axis,
I cos’ 0 sin’ 0 0 2sinfcosf 0 0 ]
sin” cos® 0 0 —2sin@cosf 0 0
0 0 1 0 0 0
[T] = , , (3.11)
—sinf@cos@ sinBcos@ 0 cos” @ —sin” 0 0 0
0 0 0 0 cos@ —sind
| 0 0 0 0 sin@ cos@ ]
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The transformation of the stress vector from global x-y-z axes to local 1-2-3 axes are related

by [T] using the tensor transformation laws are as follows

01 O-.r
o
o, y
0_3 O-z
=[7] (3.12)
12 Twy
T3 7,

In case of the strain transformations, [T] can be similarly used to evaluate the

transformed strains from global x-y-z axes to local 1-2-3 axes as follows

81 gz
82 g?/
83 5Z
Z4F1 Yoy 3.13
e [T] 5 (3.13)
Yo Yy
2
s Y
2 2

But, in the strain transformation, to avoid the additional step of halving the shear strains

prior to tensor transformation and doubling the corresponding values later to get the net

engineering strains, a Reuter matrix [R] is introduced such that

81
g )
£ &
2
£ V19
=[RS (3.14)
}/12 }/
7. Yo
7/23 2
31 Ta

2

and
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gI
&, &,
& &

Y z
£, Yy
e [R]\ (3.15)

Ty

Yy
Yy 2”
}/Zl' 7

2

where the Reuter matrix [R] is given by

1 00 00O
010000
001000
R]l-= 3.16
[ } 000200 (3.16)
000020
00 0 0 0 2
Using Eq. (3.13-3.16), the strain transformation is given as
81 gz
&, 2,
& -1 SZ
' o=[R][T](R] (3.17)
712 }/afy
o3 7y
V31 7.

Thus, the strain transformation matrix is

[7]=[r][T][R] (3.18)

cos’ 6 sin” 6 0 sin @ cos 0 0 0
sin” @ cos® 0 0 -—sinfcosé 0 0
7] 0 0 1 0 0 0 319
7] o (3.19)
—2sinfcos@ 2sin@cos@ 0 cos” O —sin” 0 0 0
0 0 0 0 cos@ —sinf
i 0 0 0 0 sin@ cos@ ]
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Therefore, the strain transformation from global x-y-z axes to local 1-2-3 axes is

teh, =[T e, (3.20)

From Eq. (3.3), Eq. (3.12) and Eq. (3.20), the stresses and strains in the global coordinates

can be written as

fo},. =[7T [C][T]te),, (321)

From Eq. (3.21), the matrix comprising of the transformed stiffness components is given by

[5] such that

{U}W - [5}{5}W (3.22.a)

[c]=[7] [c][T] (3.22.b)

3.3. Finite element formulation

In the analysis of complex geometry and structures, it is often easier to analyse when
these structures are discretised into simpler forms having a definite number of degrees of
freedoms (DOF's). This enables the model based numerical approximations or simulations of
actual physical structures and has resulted in the development and use of finite element
methods (FEM) in structural mechanics. In the present analysis of GLARE laminates, eight-
noded solid elements are used to discretise the physical model into the finite element model.
The use of these three dimensional finite elements enables the accurate modelling of the
physical solid structures and implement the boundary conditions for both forces and
displacements in a more realistic manner. The next subsection describes the attributes of

eight-noded solid elements for linear elastic problems.

3.3.1. Eight-noded solid element

Figure 3.4: (a) Eight-noded solid element and (b) meshed geometry
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The three dimensional finite element in consideration is the eight noded hexahedron
informally known as brick element. These eight-noded solid elements have eight corners with
three faces meeting at each corner as can be seen in Figure 3.4(a) and used to generate
regular meshes as shown in Figure 3.4(b). The elements can be refined to form a finer mesh

improving the accuracy of the analysis.

3.3.2. Isoparametric formulations

o 2}
o

Y

oy

1 & 2

(a) Global coordinate system (b) Natural coordinate system

Figure 3.5: (a) Global and (b) Natural coordinate systems

The term isoparametric implies the use of the same shape functions (or interpolation
functions) to define the element's geometric shape as well as the displacements within the
element. Isoparametric element equations are formed using a natural coordinate system that
is defined by element geometry and not by the element orientation in the global coordinate
system. This method can be used to transform the natural coordinates of a point to the
Cartesian (global) coordinate system and vice versa. The global and natural coordinate
systems are shown in Figure 3.5. The use of isoparametric formulations enable the solid
elements to have non-rectangular shapes making them versatile and applicable for use is the
analysis of various complex structures. The shape functions for defining the geometry and

variation of displacement within the element is given by [182]

N =) (t-n)(i-) N =1+ E)(1-n)(1+ u)
1 1
N2=§(1+§ 1-n)(1-u N6:§(1+§)(1—n)(1+,u) (3.23)
N, =<1 N, = (1) (14 ) (1+ 1)
N, =<(1- N, =< (1-¢)(1+n)(1+ u)

In concise form, the shape functions can be written as
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Vo= (g ) (e (1) i=123.8 (3.24)

where &,77, 44 are the natural coordinates in the interval [-1,1] and &7, 4, are the values

corresponding to the " node given in Table 3.1. The geometry of the element can be

expressed by the interpolation functions as follows

T N1x1 + N2x2 +....+ Ngxs s T,
Y= le1 + N2y2 +....+ N8y8 = ZN} Y, (3,25)
z N Zzd Nt + Nz = z,

where ;, v;, 2 are the global coordinates of the n” node of the element. In a similar manner,
the variation of the displacement within the element can be expressed using the same

interpolation functions as

i (3.26)

g = =
I
=
<

Table 3.1: Nodal coordinates in natural coordinate system

Node /:Z /5 Node Zfl n, K
1 -1 -1 -1 5 -1 -1 +1
2 +1 -1 -1 6 +1 -1 +1
3 +1 +1 -1 7 +1 +1 +1
4 -1 +1 -1 8 -1 +1 +1

3.3.3. Jacobian matrix
The relationship between the derivatives of the shape functions in the global coordinates
and the natural coordinates is given by the Jacobian matrix. The Jacobian matrix is a square

matrix and is given by

o oy 0z |
& 0E %
[7]= o Oy 0 (3.27)
on on on
or 0y Oz
o W o
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Using Eq. (3.25) for z, y and 2, the Jacobian matrix for an element can be computed as

And the inverse of Jacobian is represented by

[1)-

i

3
=1

1

ON, ON,  oN,
z, Y. Z,
3 aa 3 aé K3 ag
oN, 8N, &N,
, -y, .
3 61’] 3 an T an
oN, ON, &N,

7 1

*

12
*

22
*

32

x, -y Z. ’
| 1 au 1 al,l, 1 8“ |

*

13
*

23
*

33

(3.28)

(3.29)

The derivatives in global coordinates are related to the derivatives in natural coordinates

by the Jacobian as

/T

3.3.4. Strain-displacement matrix

9

a *
;" ‘]11

a = J;
0 J31
op

* *
J12 J13
* *
J22 23
* *

32 33

%|Q)§J|Q)ﬁ%|o)

(3.30)

In a displacement based formulation for linear elastic analysis, the strains are obtained

from the first order derivatives of the displacements in the global coordinates. The components

of strain in the global coordinates for a general eight-noded solid element can be computed

from the displacements as

<_* 2l ==
« N
[N

8_u
or
@
oy
ow
0z
ov Ou
_+_
or Oy
ow O0v
_+_
oy Oz
ou Ow
_+_
0z Oz

u,,
v
Yy
w,,
v, +u,
z y
w, v,
Y z
u, +w,
z T

(3.31)
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Using Eq. (3.30)
[ou ov ow | _5_16 @ a_w_
or Or Oz Jl*l Jl*2 Jl*3 o5 08 08
oy oy oy T Tom oon on (3.52)
o ov o U e Inllow a0 ow
|0z 0Oz 0z | Ou Ou  du
Using Eq. (3.32), Eq. (3.31) can be written as
{e}oa = (), =T Jouo {2t Yo (3.33)
Eq. (3.33) in matrix form can be written as
Uy,
% * * T /U7§
u,, J, 0 0 J, 0 0 J, 0 O b
* * * 0§
v,, o J, 0 0 J, 0 0 J, O b
w,, 0 0 J, 0 0 J, 0 0o J. || "
+u = * * ! * * e * * % /077] (334)
Ty J 21 11 0 ‘]22 ‘]12 0 ‘]23 ‘]13 0 w
Wy T, 0 J; J; 0 ‘]:; J;Q 0 J:; J;z‘) u 77
* * * * * * ‘u
U, tWs, _J31 0 11 J32 0 12 J33 0 1],
7
w7
U
Using Eq. (3.26), the {u,g} part of Eq. (3.32) can be expanded as
9x1
{u’§}9x1 - I:G]9x24 {da }24xl (3'35)
where
N, O 0 Ny, 0 0 N, 0O 0 N, 0 0
0 N, 0 0 Ny 0 0 Ny 0 0 N, 0
0 0 N, 0 0 N, 0 0 N, 0 0 N
N, 0 0 N, 0 0 N, 0 0 N, 0 0
[G]=| 0 N w0 0 N, 0 0 N, 0 0 N, 0 (3.36)
o 0 N, O 0O N, 0 0 N, 0 0 N
N, 0 0 N, 0 0 N, 0 0 N, 0 0
0 N, O 0 N, 0 0 N, 0 0 N, 0
0 0 Ny, 0 0 N, 0 0 Ny, O 0 NW‘
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52
.Ns’g 0 0 Ne’.g 0 0 ij 0 0
. 0 Nw, 0 0 ng 0 0 ng 0
0 0 N, 0 0 Ny 0 0 N
N, 0 0 N, 0 0 N, 0 0
.0 N., 0 0 N_, 0 0 N._, 0
m 6'n m
-0 0 N,, 0 0 N, 0 0 N,
5'n 6'n m
“N_, 0 0 N_, 0 0 N, 0 0
5u 67u 7
0 N, 0 0 NG, 0 0 N, 0
57 0 7u
0 0 N, 0 0 % 0 0. N,
571 67u 7u

19%x24 |

=

<

wﬁ »-Ag

LB s

8 ) 24x1

By using Eq. (3.31-3.36), the strain-displacement matrix [Ba] is obtained which relates

the displacement and strains as

{e }6><1 = [Ba ]6><24 {da }24><1

where

[B.],...=[7 L, [€]...

(3.37.a)

(3.37.b)

In case of a general brick element,[Ba:I can be considered as a combination of eight

submatrices of size 6x3 as follows
[8,]=

and the values of [BZ.] at the 7" node becomes

N, 0

0 N,

i’y

0 0

[B]- N, N,
0 N;,,

N, 0

3.3.4.1. Incompatible modes

(81 (&]i[5] (8] [B] [5] [B] (5],

(3.38.a)

(3.38.1)

In case of the fully integrated linear elastic hexahedral solid elements, they tend to be

overly stiff resulting in the problem of shear locking due to the development of spurious shear

strains. This deters the ability to produce accurate results, especially in simulating cases where

the structure is subjected to pure bending. The motivation for the incorporation of

incompatible modes in the displacement variation within the element is to adequately simulate

the flexural response when subjected to out-of-plane loads. This was introduced in the year

1973 by Wilson et al. [183] to improve the bending behaviour of lower order plane and solid
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elements. These additional displacement modes have quadratic expressions and are functions
of type
c _ 2. [ 2. ¢ _ 2
11_(1—5), 12_(1—77), ]3—(1—,u) (3.39)
These incompatible modes are associated with linear shear and normal strains and remain

deactivated at the nodes of the eight-noded solid element. From Eq. (3.26), the variation of

displacement considering the incompatible modes can be written as

Ul s Y,
¢ =7::1 Ny +[IC}3x9 {l//}sm (3.40)
w w,
Expanding,
Y1
W] o (w] |5 L L0 0 0 0 0 0]y,
ve= 2N gt 0000 I L L 00000y (3.41)
w7 qw) jo0 0 0 0 0 5 oIl
Yy

In the present displacement formulation, with the addition of the incompatible

displacement modes, the strains are evaluated in a similar manner as

{g}ﬁxl = [B]6x33 {d}ggxl (342&)

where
(" =[u, v, w wy v, W, VW Y WLV W, WL W W W W)

Eq. (3.42.a) can be written as
{e} = Z .y + 17y} (3.42.b)

or
{e}=[B,J{d,} +[I"]{w"} (3.42.¢)
where
{d} =[u v, w]
WY =l v, v, v, v, v vy v, W)
The components of [/ C,] contain the differentiation of [/“] with respect to z, y and z in

the global coordinates. With the incompatible displacement modes, the displacement

derivatives as in Eq. (3.30) with respect to global z, y and z becomes
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[ou ov ow | _@ ov dw ]
0z Oz Oz Sy i ‘]13 5 5 5 _251//1 _2&/’4 _2§W7
R A R . 3.43
R R N AT | I
uw av ow| U T dulllau av g | LTHVe TEVG TR
|0z 0z 0z | on Oou O |
and [I°'] can be written as
e 0 0 -2ps, 0 0 2wl 0 0 ]
0 =25, 0 0 -2n, 0 0 -2ul, 0O
SO 0 0 =25 0 0 -2pJ, 0 0 -2ul,
—2E], =2E) 0 i-=2ml, -2mJ, O -=2u), -2ul, O
0 28, =26, 0 =2;), -2pJ, O  =2u), -2ud, | (3.44)
227, 0 =287 i-2p, 0 =2ql, i-2u], 0 —2u)

=[] = [[Bf)] 8] [BHH =(3.]

63

6x3

6x3

Therefore, the strain-displacement matrix in Eq. (3.42.a) now constitutes 11 submatrices

as

(3.45)

3.3.5. Stiffness matrix

3.3.5.1. Principle of virtual work
An effective method for solving a range of structural mechanics problem is by the principle
of virtual work. The virtual work may be caused by true force moving through imaginary

displacements or vice versa. Thus, the principle of virtual work can be categorised as

(i) Principle of virtual forces

(ii) Principle of virtual displacements

The compatibility conditions are established by the principle of virtual forces. The
principle of virtual displacements provides the conditions of equilibrium and is used in the
displacement-based model of the finite element technique. External virtual work is the work
done by an actual load moving through imaginary displacements in a structure. These loads
include both the load distributed over the entire surface and the entire volume. Thus, the

virtual work done by the external force is
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Fl"ar, FQ:(?
W, = [ {8u dv SwhiF, (dl+[ {su dv Sw}{F, tdQ (3.46)
FFZ FQZ

where, ou, ov and Sw are the components of the virtual displacements in x, y and z
direction respectively. {Fr} are the surface forces and {FQ} are the body forces. In the above

equation, the integration is carried out over the entire surface in the first term and over the

entire volume in the second term. The above expression can be rewritten as

3W, = [ {8} {F}dr+ | oy {F,}d; {d}' =[u v ul (3.47)

For the three dimensional stress-strain conditions, there are six components of stresses and

six strain components. Therefore, the virtual internal work can be expressed as
_ 7
3U = [ {88} {o}d0> (3.48)

According to the principle of virtual work, the work done by external forces due to the
virtual displacement of a body in equilibrium is equal to the work done by the internal forces
for the virtual internal displacement. Thus, Eq. (3.47) is equal to Eq. (3.48) and can be related

as follows

IQ {5} {c}dQ = L {6d}" {F}dr + jQ {8} {F,} do> (3.49)

3.3.5.2. Variational principle
Variational formulation is the generalized method of forming the element stiffness matrix
and load vector using the variational principle of solid mechanics. For a three dimensional

structural problem, [B] relates the strains and displacements by Eq. (3.42). Again, the stresses
can be computed in terms of the obtained strains by the constitutive relationship matrix [C]

as given in Eq. (3.3) in case of orthotropic materials and Eq. (3.8) in case of isotropic
materials. Since [B] is independent of displacements, the strains due to the virtual

displacements can be written as

{6e} = [Bl{dd} (3.50)

Using Eq. (3.48) in Eq. (3.47)
[ [B{say[Cl[BHdya = [ {ody" {F.}dr + | {oa}" {F,}d0 (3.51.a)
(5d}" IQ [B"[C][B{d}dQ = {8d}" jr {F YT + {3d}" IQ {F,}dO (3.51.b)

The variation of displacements being arbitrary, Eq. (3.49) can be written as
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[ 1B C1[BlO{d} = [ {FJdr + | {F,}0

. (£)

(3.52.a)

ie. K ){d} = {F} (3.52.b)

where [K 8] is the element stiffness matrix and {F; } is the load vector.

3.3.6. Numerical integration

The integration of the stiffness matrix for the eight-noded isoparametric solid element is

carried out in the natural coordinate system i.e. &1, 4 as

j I j BE,n, W' [CB(&,n, p) | T | d&dndp (3.53)

The numerical integration applied to evaluate the stiffness matrix is done by the Gauss
Quadrature method using 2x2x2 integration for linear eight-noded solid elements. Within
the element, eight sampling points also known as gauss points are used (Table 3.2), all
having associated weights equal to 1. A solid element in natural coordinates and the eight

gauss points are shown in Figure 3.6.

Table 3.2: Gauss points
GP g n H 4

I —0.5774 —0.5774 —0.5774
IT +0.5774 —0.5774 —0.5774

III +0.5774 +0.5774 —0.5774

v —0.5774  +0.5774 —0.5774
v —0.5774 —0.5774 +0.5774

VI +0.5774  —0.5774  +0.5774

VI +0.5774 405774  +0.5774

VII  —0.5774 +0.5774 +0.5774

Figure 3.6: Solid element in natural

coordinates and the eight gauss points

Therefore, in the evaluation of [K e], considering the 2x2x2 sampling points, the integral

in Eq. (3.53) becomes

VIL

=

VI VI

f(&omy o ww w, (3.54)

33><33 i=I j=I k=I

where
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f(&m, 1) =[BEn, ] [ClBEn,1)]| J |;
w; =w, =w, =144,k e[I,VIII]

3.3.7. Static condensation

The element stiffness matrix obtained using Eq. (3.54) is of size 33x33 due to the
additional incompatible modes. In practice, these nodeless DOFs do not connect with the
adjoining elements and can be condensed before the assembly of the elements and only those
coefficients that multiply element boundary DOF's are assembled in the global stiffness matrix.
The incompatible modes and the DOFs associated with these additional terms can be
eliminated using the method of static condensation to get the condensed stiffness matrix of
size 24 x 24 corresponding to the external nodes of the element. This is done by sub-structuring

the element stiffness matrix [KE] by reordering the relevant coefficients corresponding to the

external DOFs, {d } associated with the nodes, and the nodeless DOFs, {d }, for the

{E«}} 555

incompatible modes to obtain

where (£} =0} (3.56.0)
k=[] [LBTICIB,11 | dédndy (3.56.0)
W]—f [ [ BB, T| dgindu (3.56.0)
k=[] [ BB, | dgindu (3.56.d)
k=] TLBTICIB,) | | dédndu (3.56.0)

Solving the lower partition of Eq. (3.55) for {d } and using Eq. (3.56.a) gives
{d} =Tk, ]k, {d } (3.57)

Substituting the expression for {d } from Eq. (3.57) in the upper partition of Eq. (3.55)

to get
[k, 18, =Tk, 10k, Tk, e } = (R}
= (I, 1=k, Ik, TR, )03 = ()

IK,] Y

(3.58)
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Therefore, the stiffness matrix []? C] is of size 24x24 and {F } is the condensed load vector
corresponding to the condensed element such that [[?e]{dc} ={F}. The condensed elemental

stiffness matrix and the force vector are assembled to produce the global equations and can

be written as

[K]{d} = {F'} (3.59)

3.3.8. Eight-noded layered solid element

element thickness

Virtual layers along the

GLARE 5-2/1 _L
= 2T .
L =T 1
- E o
T e Al o 2
? = I &
SR L
' i, L =
Physical maodel N % o % =i
discretised to T P ‘90 S o)
FE 1model a 1 e 6R“_"’- = //’, K
2 =~y %/
Meshed geometry with
two elements along the
thickness
(b)
Figure 3.7: (a) A N-layered solid element (b) A GLARE 5-2/1 plate meshed using layered solid
elements

Using layered elements significantly reduces the computational demand in the analysis of
laminated structures as discussed in the works of Jones et al. [184]. As shown in Figure 3.7,
for a solid element having N layers of individual thicknesses t#, the total thickness of the

element can be written as

T=>1t=h-h_ (3.60)
1

k=1

N N
k=
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In the evaluation of the elemental stiffness matrix as in Eq. (3.53), along the thickness

direction taking & e [0,T]and changing the limits of x from (-1,1) to (0, T) leads to
T
h=—(1+
5 L+ 4)
2

2
= du == dh
T

Substituting the value of du in Eq. (3.53) gives

117
2

[K,]= ;I [ [ £&m, wacdndn (3.62)

-1-10

Integrating separately over each layer of thickness #, , the integral becomes
_2j

K]==
T::

Changing back the limits of integration,

by,

N
> [ £&n, mddndn (3.63)

B,

H'—.H

=—”§%jf§wd§dndu (3.64)
k=1 -1

The above integral can be evaluated numerically using Gauss Quadrature scheme discussed

in Section 3.3.6.

3.3.9. Elemental mass matrix

For the finite element analysis of dynamic impact problems, the mass matrix is needed to
be paired with the stiffness matrix and the mass matrix can be evaluated either by the method
of direct mass lumping or the variational method. In the present variational formulation, the
same shape functions as used in the evaluation of the elemental stiffness matrix is used to

give the consistent mass matrix as

j j j PIN'[N] | T | dédndu (3.65)

where p is the density of the element. In a similar way to the evaluation of the stiffness

matrix of a layered element, the mass matrix can also be evaluated as

e=%”2%f9§f7ud§dndﬂ (3.66)
where 9(&n, 1) = P[N]T[N] ||
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3.4. Modelling of low-velocity impact on GLARE
A rectangular GLARE FML plate having sides ax b and thickness h, clamped on all sides

is subjected to a low-velocity impact (LVI) by an arbitrary rigid impactor of mass m’ with a

velocity ¥’ as shown in Figure 3.8. Furthermore, impacts by impactors having different
geometries can occur at different trajectories relative to the target and multiple impacts can
occur at arbitrary times. On account of such LVIs, it is desired to evaluate the transient
dynamic response of the target plate and evaluate the contact forces using appropriate contact

laws for accurate estimation of the stresses developed within the GLARE FML.

U=y =

SwW=

=0

Figure 3.8: Clamped GLARE plate subjected to LVI

3.4.1. Governing equations for impact analysis
After evaluating the global mass matrix [M] and the global stiffness matrix [K] and
neglecting damping effects, the governing equation due to a transient force {F'} can be

written as [173]

(M)A 4 [K){ay At = [y (3.67)

where {d} is the displacement vector and its subsequent time derivatives {d} and {d} denote

velocity and acceleration respectively. Now, using the Newmark-3 integration method [185],

Eq. (3.67) can be written as

[fq{d}ﬁm _ {F}H—At (3.68)

where the effective stiffness matrix [K] and the effective force vector {F'} are computed as
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o

(K " [M]+[K]

{F} = {H} +{F}'*" (3.69)
t_ 1o e 129 0y

{H} _[M][gbAt? {d} +¢At{d} + 2% {d}J

Neglecting the effects of preload, Eq. (3.68) can be written as

Ky = {H) +{Py"™ (3.70)

where {P} is the force vector comprising of the concentrated loads. The displacement vector
{d} is the net contribution of the displacements due to the force {H} and contact force {P}
and can be written as [186]

{d}t+At — {d}t+At + {d}t+At (3.71)

H P

Eq. (3.70) and Eq. (3.71) gives [186]

[K]{dy™* = [K{d)y™ + K]}y (3.72)

where {d}, is the displacement due to force {H} and {d}, is the displacement due to
the concentrated loads {P}. Considering a general case of the impactor striking arbitrarily

along a certain plane (x-z plane as shown in Figure 3.8) at an obliquity € with respect to

the normal, the vector {d},{d}, and {d}, in Eq. (3.72) can be decoupled into vectors

containing normal and tangential components as

[K){dy }* = [K{d, Y™ +[K]{d, 3™ (3.73.a)
(K, Y™ = [K{d, Y™ +[KHd, )™ (3.73.1)
such that
{d} - {dN} - {dT} (3.74.a)
{d}H - {dN}H + {dT}H (3.74.b)
{d}P - {dN}P + {dT}P (3.74.0)

The vectors {U }N and {U}T are taken having their concerned degree of freedom

components equal to —1 only in the contact force directions viz. normal and tangential

direction respectively while rest being zero. Taking the scalar point force along the normal
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direction to be f, and that along the tangential direction to be f, at a particular instant

t + At, the displacement due to the concentrated loads becomes [186]

(KU} = [y U, + iU, (3.75)

Using Eq. (3.72 and 3.73)
[K){d Y™ = f2{UY, (3.76.2)
[K){d, Y™ = £ {U}, (3.76.b)

For unit contact forces (fi*'=1 and f/**=1), Eq. (3.76) becomes

RIdy Y = {0, (3.77.9)
[ ]{d }”At {U}T (3.77.b)

Using Eq. (3.75-3.77),
{d}tJrAt _ t+At{d }t+At s fz‘+Az‘{d }t+Af (378)

Substituting the value of {d}7*in Eq. (3.71) yields

{ }t+At — {d}H—At t+At {d }t+At t+At {d }t+At (379)

For an impactor of mass m’ and having a velocity 9°, the position of the impactor at
time ¢+ At can be evaluated by using Newton’s second law to obtain the instantaneous

position along the normal and tangential directions as

oAt [PHD t+AL pl+AL fN
o™ = j L j{ " dt dt (3.80.a)
par LA t+AL pt+AL fT 3.80.b
s =] e at+[ dt dt (3.80.b)

where ¢ and J, are the displacement components of the centre of the impactor along the

normal (z-direction) and tangential (x-direction) direction respectively. Similarly, v and v;

are the components of 7’ along the normal and tangential direction respectively. The

magnitude of the contact forces due to impact needs to be evaluated prior to the plate motion

being analysed. The evaluation of these contact forces ( At;’At and f”At) depends on the

impactor’s position relative to the target. They are governed by the contact laws appropriately
selected according to the geometry of the impactor and the target and the nature of the

contact. These are discussed in the subsequent sections.
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3.4.2. Normal impact by a rigid spherical impactor

. m’,v, R’

, — U\j‘,ml
4 EW = =(')I,,f 0.t u =
H=U.0

Figure 3.9: Normal impact by a rigid spherical impactor on a clamped GLARE plate

As shown in Figure 3.9, the GLARE plate having mass m,, is considered to be clamped

on all sides and impacted by a rigid spherical impactor of mass m° normally at the centre.

If the target plate’s centre displacement at the impact location in the normal direction is
5N?At , then the relative displacement of the centre of the impactor to the plate centre gives

the normal indentation as

at+At — a;+A _5ItV+CA (381)

where

t+At t+At t+At t+At
5NC _(5NC ) +fN (51\7() )

Y (3.82)

For normal contact between the spherical impactor and a transversely isotropic half space,

the contact force during loading can be obtained by using the Hertzian contact law [186] as

kfﬁ(at”t)?’p, loading

25
fj\t[+At — . aHAt —a ' (383)
f ——= |, unloading

where kfff is the modified Hertz contact stiffness or the effective contact stiffness, @ is the

permanent indentation which may be indented during loading/unloading and « is the

max

maximum indentation due to the maximum contact force f;™*. The value of & is decided by

the following conditions governed by critical indentation «_ as
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0 ,Q <a._
max Ccr

2/5 4
a = (94
’ amax 1= ( n J 76Zmax 2 acr (38 )

(24

where @, depends on the shear strength S, of the top layer of the GLARE plate, radius of

*
the rigid impactor, R and effective contact modulus, & | and is given by [187]

2.728°7*R’
a, = g7 (3.85)
where
-1
" 1-v° 1
E = L+ — (3.86)
Ei E;u

E;y is generally taken as the effective elastic modulus in the transverse direction and £,

and v, are the Young’s modulus and Poisson’s ratio of the impactor respectively. In the
present case of GLARE, considering a weight ¢ equal to the cubic ratio of the thickness of

the top aluminium layer to the total thickness of the target plate, the value of E;y is computed

[188] as

Egjy = E2ply + (EAZ - E2 )¢) (387)

ply

3.4.2.1. Evaluation of the effective contact stiffness

To appropriately analyse the contact impact problem, taking into account the effects of
the impactor to plate mass ratios as well as the plate dimensions, an accurate estimation of
the effective contact stiffness is required. In case of moderate indentation by small mass
spherical impactor of radius R’ where boundary conditions have a very little influence during

the course of their short impact times, the contact stiffness &, between the spherical impactor

and the plate is given by [189]

4
b= VR'E (3.88)

For the case of a larger mass impactor striking the plate at lower velocities, the contact
response of the plate is similar to quasi-static response and accordingly the contact stiffness

would differ. For longer duration impacts as in the case of impactors whose mass is

intermediate (0.2 <m’/ m, < 3) and considerably higher than the target mass, the calculation

of the contact stiffness may turn out to be a complicated task [190]. Generally for impactors

TH-3287_186103032



Theoretical formulations 65

having masses much higher than the plate mass, as reported by Bucinell et al. [191], the
contact can be modelled with a linearized spring. For a smooth sphere of radius R’ contacting
a smooth planar half space with a concentrated contact load P, the normal

approach/indentation « is given by [192]

2
a = 3P* 1 (3.89)
4F ) R’

Therefore, the linearized contact stiffness for a quasi-static loading in case of impactors
with much higher masses can be computed as

_dp
da

k

; = (6PR°E ™)' (3.90)

Another way to evaluate the linearized contact stiffness &, is by considering the impactor

mass M’ and initial velocity v’[191] as

l/o
v | g
kd=1.502( 5 } kY (3.91)

For evaluating the linearized stiffness by Eq. (3.90), the load may not be known apriori.

Considering the spring having stiffness &, to be compressed by the critical thickness « , a
factor 7, is defined which takes into account the excess or deficiency in the relative energy of

the impactor to the energy stored in the spring, and the critical contact load P is evaluated

as
B = () ke (3:92)
where
lm"(v")Q
g S S8 (3.93)
Lk o
2 d "er

The value of £, is finally evaluated by putting the obtained value of P in Eq. (3.90). But,
the linearization of the contact stiffness impairs the capture of the complete motion. A
mobility ratio y is defined in Eq. (3.94) such that y tending to zero would imply an elastic
impact with the rebound velocity tending to initial velocity and with higher values of y, the

response will be more prolonged as in the case of large mass quasi-static LVIs and its value

is calculated as [193]
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3/5 1/5
k[Z/E)mo ”UOl
== T (3.94)
8 1/mpD

where m; is the target plate areal mass density and D" is the effective plate stiffness defined

by the components of the bending stiffness matrix, [D] as

D" =(D,, +20, + DHD22)/2 (3.95)

Evidently, a simple closed form expression for evaluating the effective contact stiffness
k:ff is necessary as the target may not be ideally assumed to be an infinite half space and the
influence of the boundary conditions and target dimensions needs to be taken into account

relative to the impactor. A semi-empirical relation for the contact coefficient kfff obtained

by curve fitting can be written as

k /[1+<D;(1/5(10g10(5m° /mp))Q] , m’/m 21/5
ko, m”/m <1/5

1

kY = (3.96)

where @ is a constant based on the plate geometry and 1< ® < 3. The evaluation of the
effective contact stiffness is done by taking note of the impactor/plate mass ratio as well as
ratio of the plate mobility to contact mobility. The expression in Eq. (3.96) is obtained by
curve fitting such that the effective contact stiffness tends to the higher limiting end in case
of LVIs by smaller mass impactors and towards an asymptotic lower limit associated with
quasi-static response in case of higher mass impactors as in this regime the dynamics of the
contact is significantly dominated by the structural response. For small mass impactors having
mass less than one-fifth of the plate mass,® = 0. In many practical cases, the stresses would
be high at the contact location exceeding the yield limit resulting in yielding of the surface
near the contact during impact by a rigid impactor. For low energy impacts by smaller mass
impactors at lower velocities which are mostly in the elastic region, the regime of analysis can
be limited to elastic-plastic limits and the loading/unloading for non-adhesive contact can be
computed satisfactorily by Eq. (3.83). But in case of metals there is yielding even at lower
velocities due to higher contact stresses. To avoid overprediction of the peak contact force, a
proper elastic-plastic contact considering the effect of local permanent deformation is assumed.
Therefore, during loading when the indentation exceeds the yield limit, the contact force is

computed as [187]
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fjff*“ = kfffaff + kp(a”” -a ) , a>a,  , elastic - plastic loading (3.97.a)
loading

t+AL 3/2
) o - . .
e {—":l , elastic unloading,

é\e[lastic) N a —o (397b)
unloading max ©
1/2
acr 2amax /
&, = O | 1= ! (3.97.¢)

where kp is the stiffness in the linear part of the elastic-plastic loading phase and can be

ideally taken as

k=15t e, (3.98)

The contact force is calculated either by Eq. (3.83) or (3.97) by substituting the value of
a and implementing the Newton-Raphson method to minimise the error in the evaluation of
the contact force. Subsequently, the plate displacement is obtained using Eq. (3.79) and using
Newmark-B method, the velocity and acceleration at time ¢ + A¢ is evaluated. This procedure

is repeated for each time step to obtain the displacements, strains and stresses.

3.4.3. Oblique impact by a rigid spherical impactor

= 0.0
V= w = 0\:1"0[
L=

b=v=qy= [J[ 0.0
Y=l.b

Figure 3.10: Oblique impact by a steel sphere on a clamped GLARE plate
In the case of oblique low-velocity impact (OLVI), the normal component (f,) and the

tangential component (f.) of the contact force need to be evaluated simultaneously. As

discussed in Sections 3.4.2-3.4.3, Hertzian force-displacement relation is used to evaluate

the normal contact force and the tangential contact force is computed by using the theory of
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Mindlin and Deresiewicz [176,177]. As shown in Figure 3.10, the target GLARE plate is

considered to be clamped on all sides and impacted by a rigid spherical impactor of mass m’
at the centre along the x-z plane at an arbitrary angle of incidence 6 with respect to the plate

normal. A flowchart showing the basic steps for the study of OLVI is shown in Figure 3.11.

3.4.3.1. Tangential contact force-displacement relations

Considering the coefficient of friction between the contacting surfaces to be ¢ . for a

constant normal force, the inherent nature of the tangential force is to cause partial slip over

the part of the contact area when f,. < M, fy and this slip region develops and grows inward
until rigid body sliding commences at the instance when f, > My Jy - At time ¢ + A ¢, updating

the normal contact force fN and the normal indentation a , the contact area radius S is

evaluated as

p=VRa (3.99)

The tangential force f frat

-~ at time ¢ + At is evaluated by an incremental approach by first

calculating the value of Af using the newly obtained values of f;, and . The tangential

incremental displacement A¢S is related to the incremental values of the normal and

tangential contact forces and is given by [177,194]

1 Af, F uAf
AS = e 4 Afy +— lf il (3.100)
except for the situation when
A
|As] < —/;éfg for Af, >0 (3.101)

where ;s the coefficient of friction between the two bodies and the value of G is

evaluated in terms of the Poisson’s ratios and shear moduli of the impactor and the top layer

as

-1
. |2-0 2-
G =[ Y 4 UAZ} (3.102)

TH-3287_186103032



Theoretical formulations 69

Input impactor parameters: m, v, 0

v

Plate geometry and mesh

v

Load and boundary conditions

v

— - - -
ts:‘ep =1:4Ar: Is.’ep.n‘*](NAy‘
tstep increment
A
NO
Initialise the variables for displacement, velocity and accelaration
Solve for displacement for unit load at contact point in both normal
and tangential direction
v
Form effective stiffiess and mass matrices
Calculate effective load -
Solve for displacements
¢ 1.Calculare plate
Impactor normal displacement = Contact strains and
point normal displacement stresses
NO ¢ YES 2. Apply
. appropriate

Newton-Raphson scheme and Herizian | |failure theories
contact law to obtain the Normal

Contact force=0 contact force
Si=0:fr=0

v

Tangential contact force evaluated
Jollowing the theory of Mindlin and

Deresiewicz
[ Caleulate displacement, acceleration
and velocity for the next time step

Figure 3.11: Basic steps for the study of oblique low-velocity impact
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Rearranging Eq. (3.100), the tangential stiffness is computed as

A &,

Y =8G pA+u, (1-2) 5

(3.103)

where the negative sign is invoked only during the unloading phase and the value of A is

evaluated as

f?H—At +,U Af
1 _T—HLN AS >0  (loading) (3.104.a)
f* _ ptt+At | 2# Af
A=y 1-T———1 % A§<0 (unloading) (3.104.b)
2,uf v
ft+At _f** +2’u Af
1 X o - % AS>0 (Reloading) (3.104.c)
200,11 .104.

The parameters f; and fT** correspond to the load reversal points and are continuously

updated as

fr=f + Ay and f; = fr - uAf, (3.105)

In Eq. (3.103), the value of A is set to 1 until the following condition is satisfied [194]
8G BY AS > 1) Af, (3.106)

In a similar way as for the evaluation of the normal contact force, after finding the
tangential incremental displacement of the impactor A& and using Eq. (3.103-3.104), the
tangential force is obtained using the Newton-Raphson method. Then the plate displacement,
velocity and acceleration are obtained by Newmark-g integration scheme. This process is
repeated at every time step to obtain the displacements and subsequently the strains and

stresses.

3.4.4. Normal impact by a rigid cylindrical impactor
In the analysis of LVI by rigid cylindrical impactor, the contact between the impactor and

the flat target occurs along the length of the cylinder in the form of a line as shown in Figure

3.12. The cylindrical impactor of length 2L , radius 7 and mass m’ strikes the target
GLARE plate normally along its length such that the loading can be considered as a line load
acting over a narrow strip on the impact location. For a smooth cylinder in contact with a
plane, Hertzian pressure distribution is assumed over the contact length, and the Hertzian

half-width of the contact area is assumed to be uniform along the contact length.

TH-3287_186103032



Theoretical formulations 71

m’. v’
- QL »- “n

W= n\_,-:\\-“

Figure 3.12: LVI by a rigid cylindrical impactor

The narrow strip in the x-y plane is assumed to have a half width b and length 2L , and

if a is the depression at the centre of the contact area, then the contact force at ¢ + At is

evaluated as [192,195,196]
7LE a

Iy =
3.107
1.193145+1n(bLJ (3107

0

For a cylindrical line impactor of radius 7, Young’s modulusE; and Poisson’s ratiov,

contacting a transversely isotropic half space of transverse modulus E;y , the value of the half-

width b is given by

Af 1/2

T

b = { N* j (3.108)
©FE

*
The value of E is evaluated in a similar manner as discussed in Section 3.4.2. Using

Eq. (3.79-3.81), the contact force during loading can be evaluated as

) AL t+At pt+At f,
t+AL nLE j Undt +I j‘ NU dt dt
f = 0 0 0 m
" L t+At t+At [ ot+AL (3109)
1103145 + In| . — Oy iy = Oy e,

In general, the target plate might undergo some extent of permanent indentation during
loading/unloading decided by the critical indentation ¢, . Considering the centre of the
contact location of the cylindrical impact, the value of & is

0 a  <a

max cr

=

2/5
a = (04
’ amax 1= ( = J ’amax 2 am’ (3110)

max
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where @ is the value corresponding to the maximum contact force. Therefore, the

contact force during unloading can be written as

t+At t+At pt+At
N R R

0

t+AL
K=

1.193145 + In bL

0

i dt dt
mo

= (O )y = IOy, — 2,

(3.111)

U

The contact force is evaluated using Eq. (3.109) or Eq. (3.111) by substituting the value

of a and implementing the Newton-Raphson method the error in the evaluation of the

contact force is minimised. This is repeated at every time step and the plate displacement,

velocity and acceleration at time ¢ + At is evaluated and then the strains and stresses.

3.4.5. Modelling LVI by multiple impactors

Input impactor parameiers:
(m, v, @, impact time )

)

Plate geometry and mesh

Load and boundary
conditions

g0 HICTEmMER Tep = VAL ey

step

Form effective stiffness and mass
matrices
Calculate effective load
Solve for displacements

th Curre

f wirrent
P impact <
Lstep

Lsiep

YES]

NO

Impactor
normal displacement for the next time siep
Initialise the variables for displacement, >
velocity and aceelaration
Solve for displacement for unit load at contact Contact point normal
point in both normal and 1angential direction displacement ‘
1.Calculare plate strains and
stresses
v 2 Apply appropriate failure
theories

Contact force=()
In=0:fr=0

Newton-Raphson scheme
and Hertzian contact law
to obtain the Normal
contact force

Tangential contact force
evaluated following the
theory of Mindlin and
Deresiewicz

o

Calenlare displacement,
acceleration and velocity

I

-
-

Figure 3.13: Analysis of multiple LVI on GLARE

The FE code is extended to incorporate multiple impactors of arbitrary masses and

velocities hitting the GLARE plate surface at different locations at arbitrary time intervals.
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Proceeding in a similar way as discussed in the preceding sections, in the analysis of multiple

LVIs by n numbers of rigid impactors, the displacement vector in Eq. (3.79) becomes

(Y = (™ + D L Yy + 7 (3-12)
i=1

The respective contact loads of the concerned i" impactor is set to zero until the
cumulative time step of the particular impactor is greater than or equal to the mentioned
impacting time and the position of the individual impactors are calculated using Eq. (3.80).
The individual impactors can be of arbitrary geometries (spherical or cylindrical) and the
contact laws needs to be appropriately selected for the analysis of multiple LVIs. Based on
the present formulation of LVI, the flowchart in Figure 3.13 presents the analysis of multiple

impacts on GLARE.

3.4.6. Transformation to nodal stresses

After computing the displacements, the strains and stresses are computed at the gauss
points. In order to accurately predict the delamination at the ply interfaces, these stresses
need to be correctly interpolated to the ply interfaces. The nodes being located at the ply
surface, the gauss point stresses are transformed to nodal stresses by the least square

formulation given by Hinton and Campbell [197] as

1=1,2,...8 =111, . VI (3.113)

where o' and o, are the nodal and gauss point stresses respectively. [/_\] is the

transformation matrix for converting the gaussian stresses to nodal stresses for an eight-noded

brick element and is given by

[ v VI 1!

zNl(é:j’nj’ﬂj)Nl(é:j’n.i’#]') zNl(;i’nj’ﬂj)Ng(é:j’nj"u]')

j=1 j=I

VI VI

[A]=|

VI Vi1 (3114)

ZNS(gj”]J"'u.i)Nl(éi’nj”u.i) zNS(gJ"n.i’yvi)Ns(éi’n.f"ui)

=1 i=1 _18x8
Nl ((:] > 77] > ﬂ[) Nl (§H 4 77]] ’ /JH> Nl (é’:V]H 4 77["]][ ’ ’LIVH])

x N2 (§[ ’ 77[ ’ ’u[) N2 (§H ’ 77[] ’ ’UU) N2 (§VH] ’ nV[H ’ ’LIVIH)
N8 (gl 4 771 4 ’u[) NS (511 ’ 77][ ’ ’LIH) NS (§V[H ’ 77VH[ ’ ’LIVIH) 8x8
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3.5. Impact induced damage in GLARE
GLARE FMLS are hybrid laminates comprising of alternating layers of glass/epoxy

prepregs between thin aluminium layers which mostly find its application in aircraft
structures. The damage of GLARE due to LVIs is inevitable and their accurate estimation in
FMLs is complicated in nature. In most of the barely visible impacts where the impacting
energy is much less and in the range of 1.5 J-2.5 J, internal damage in the form of delamination
may initiate, especially at the metal/composite interfaces owing to their difference in material
properties [121]. Such low-energy impacts cause subsurface damage without any visible
deformation or penetration at the impact site but leaves an extensive area of failure in the
form of delamination thereby making its assessment at the interfaces important, especially
for the LVIs where visible damages are difficult to detect. The inner composite plies in FMLs
is distinguished by their high sensitivity to impact loading. Due to the inferior strength
properties of the matrix, intra-laminar damage in the form of matrix cracking and debonding
between the fibres and matrix initiates when subjected to impact loading. Furthermore, inter-
laminar damage in the form of delamination occurring between the adjacent plies and also at
the metal/composite interfaces is a critical failure mode, significantly affecting the structural

strength of the FML. The matrix cracks on account of LVI can occur as follows [35]:

e On account of LVI, the transverse cracks can initiate on the plies directly beneath
the outer aluminium layer due to the high transverse shear stresses on the impacted
surface near the impact location.

e Matrix (bending) cracks on plies at the non-impacted side due to higher local
(flexural) deformation of the GLARE FML near the impact site inducing higher
tensile bending stresses.

e An illustration of the impact induced damage in a GLARE plate is shown in
Figure 3.14

The failure mode of the metal layers of the GLARE FML under LVI is comparatively
straightforward compared to the complex failure modes of the composite layers. Elastic and
plastic deformation are two parts of the metal's well-known two-phase deformation
mechanism. The metal will deform plastically when the stress from the impact force exceeds
the yield point. Due to strain hardening, the stress keeps rising until it reaches the failure
stress, at which point cracks start to appear on the metal surface. In the present study of LVI
on GLARE, the impact energy range considered is below the perforation limit and the main
motive is to study the interfacial delamination and complex damage evolution of the inner

composite plies subjected to LVI by a rigid impactor.
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Rigid spherical

Symmetric BC
|

Indentation/Crater at
impact site

S2-glass/epoxy prepregs
[0°/90° /90" /7] 2 ———Delamination at the

| iy ""': ply interface
x

| 'Debonding at the Al/
| composite interface

Matrix cracking

Figure 3.14: Low velocity impact induced damage in GLARE

3.5.1. Interfacial delamination

The delamination at the interfaces of the GLARE laminate due to LVI can occur when

the combined stresses governing the growth of delamination exceeds the critical limit at the

. . . n— n— n—= . .
concerned interface. Considering "7,,, 7, and "0,, as the averaged inter-laminar stresses at

the n™ interface, and "Si , "YT7 "YC as the shear strength, transverse tensile and transverse

compressive strengths respectively, a semi-empirical criterion is used for assessing

delamination at the interfaces as proposed by Choi et al. [189] such that delamination occurs

when

2 2 2
[l -

Y =" if 5,20
Y ="Y, if &, <0

D =138

a

3.5.2. Mode dependent failure criteria for composite plies

Composite plies undergo complex damage modes because of their different underlying

micromechanical aspects. Usually within the individual plies, damage can be in the form of
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fibre breakage, matrix cracking or fibre-matrix interface damage. In the present damage
evolution and progression analysis of the composite plies, 3D Hashin damage failure criterion
[198] is used which is a mode dependent failure criteria accounting for the individual failure
modes of the fibres and the matrix in addition to providing the critical strength parameters.

The conditions for failure to occur according to Hashin failure criterion is as follows:

1. Fibre failure in tension (o, = 0)

2 2 2
{i] +T;2+Ti21 (3.116)
St 2

12 13

2. Fibre failure in compression (o, < 0)

(i] >1 (3.117)

3. Matrix failure in tension (o, + o, > 0)
2 2 2 2
(03 ) L Bl B BT I (3.118)
2 2 2 2 :
YT 523 812 Sl3

4. Matrix failure in compression (o, + o, <0)

v z (0 b )2 2 2 2
(—C] -1 (62+O-3]+ 27 %) (I 7%0% T Ty (3.119)
2 2 2 2 K :
2523 YC 4523 S23 SIQ 513

where 0, ,0,.,0,.7,,,T

1,0,,05,T,5, T 5 and 7, are the normal and shear stress components in the local

(or material) coordinate system of the concerned ply. X, X, and Y, Y, are the tensile

and compressive strengths of the ply in the longitudinal and transverse direction respectively

and the shear strengths are .S, ,S5,, and S, .

127

If the components of the undamaged material stiffness matrix [C] are denoted by C':j,

and failure occurs for the inner composite plies based on Hashin damage criteria, then the in-
situ material stiffness matrix can be progressively degraded to give the degraded stiffness
matrix as follows:

The damage variables d : and d are evaluated as

d,=1-(1-d,)(1-d,) and d =1-(1-d )(1-d ) (3.120)
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where d ﬁ,d fﬁ,dmt and d_ are set to 1 when the respective failures occur according to the

damage modes discussed in Eq. (3.116-3.119) viz. fibre failure in tension and compression and
matrix failure in tension and compression respectively. The components of the degraded

stiffness matrix is evaluated as

¢, =(1-d,)cp,

(3.121.a)

C,=(1-d)(1-d )C)
a=(i=4)(1-4.)% (3.121.b)

Oy = (14, )(1-4,) 5 (3.121.¢)
G, =(1-4d,)(1-d,)cy, (3.121.d)
Cy = (1-4,)(1-4d,)Cy, (3.121.¢)
Cy=(1-d,)(1-4,)c, (3.121.)

3.121.
Gy =(1-d,)(1=5,d,)(1~s5,d,)C, (8.121.8)

(3.121.h)
G, = (1 ~d ) (1-s,4d,)(1-5,4d,.)Gs,

(3.121.i)

31 me- me

0
Gy =(1=d,)(1=5,d,,)(1-5,4d, )G
The constants B and S, are the loss control factors for shear stiffness due to matrix

failure in tension and compression respectively. In the present study, the values of s_, and

s are taken as 0.9 and 0.5 respectively [198]. From the degradation model of GLARE, the

mc
energy threshold of the target can be ascertained in addition to the resistance of the target to
delamination at the metal/composite interfaces as well as the inner interfaces subjected to a

LVI at a certain energy.

3.6. Repeated LVI by a rigid spherical impactor

The repetitive impact on a clamped GLARE plate is done by considering LVIs by a rigid
spherical impactor striking at the same location. In order to analyse repetitive LVIs, the
contact parameters associated with the projectile and the target needs to be updated so that
in the event of another impact, the dynamic responses are correctly evaluated. This is

necessary in the analysis of repetitive LVIs where the target may suffer damage due to the
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first impact leading to dents or indentation of the outer aluminium layer near the impact site
as illustrated in Figure 3.15. In addition to delamination at the interfaces, by considering
the damage for the inner composite plies (refer Section 3.5), the plate stiffness may decrease
affecting the overall contact stiffness of the impactor-target system (refer Eq. (3.94-3.96)).
But at the same time, the surficial dent will also affect the stiffness parameter because of the
change in the approach geometries of the target relative to the impactor. This creates a
complex relationship between global stiffness state of the target plate and the local stiffness
at the contact site and thus require an inclusive approach in updating the parameters of the
contact. The following sub-steps are augmented in the modelling of the LVI of GLARE by
spherical impactors before the commencement of the second impact event:

max

e Note the maximum, @ corresponding to fy

max

e Consider the impactor to be rigid and the indentation occurs only on the GLARE
target due to the permanent plastic deformation of the top aluminium layer at the
impact site.

e The radius of curvature of the indented surface is evaluated by [199]

ka’?
R, = R° L= (3.122)

v
e Evaluate the updated contact stiffness &, (Eq. (3.88)) between the spherical

impactor and the plate considering the effective radius of curvature at the indented

R
kl = g REffectiveE (3123)

where the effective radius is given by [200]

site as

-1
0 1 1
REffﬁctive I |:§ - R_2:| (3124)

e It is to be noted that for the two contacting bodies, a convex curvature is
considered to be positive while a concave curvature is taken as negative.

o Update the values of the variables in Section 3.4.2.

The above sub-steps are implemented for any arbitrary mass impactors having different
velocities and accordingly the impact parameters pertaining to the geometrical aspects of the

impact system are updated as discussed in Section 3.5.
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(a) (b) 4 RO \

max

max

Figure 3.15: (a) First impact event by a spherical impactor on a flat target and (b) second
impact event with initial dent at the impact location

3.7. Summary

The present chapter has discussed a complete method to investigate the LVI responses of

a GLARE plate subjected to LVI by rigid projectiles.

The present analysis of LVI on GLARE focuses on the modelling of the impact by a rigid
projectile, focused mainly for a spherical impactor at arbitrary obliquities for which the normal
and tangential contact models are considered based on the Hertz theory and the theory of
Mindlin and Deresiewicz respectively. Furthermore, the generic methodology for the dynamic
response of the target on account of LVI enables to evaluate the contact impact response for
different mass impactors and seamless integration for impact by impactors having different
geometry (in the present case LVI by cylindrical impactors) incorporating the appropriate
contact model. Furthermore, the multiple as well as repetitive impacts can be studied based
on the current model. Considering solid elements in the present FE formulation, all six
components of stress can be evaluated. The interface stresses can be accurately estimated by

applying appropriate interpolation to assess the delamination at the interfaces.
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Chapter 4

Normal spherical impact on GLARE

This chapter covers the LVI responses of GLARE due to impact by spherical impactors.
A transient dynamic 3D FE code incorporating Newmark-8 method and Hertzian contact law
is used for simulating the contact impact of a rigid projectile on a clamped target. Both single
and multiple normal impacts have been analysed and the effects of important parameters on

the impact responses and associated delamination have been presented.

4.1. Introduction

Even though the influence of impact energy on the low velocity impact of laminated plate
has been reported by many researchers, the influence of the mass of the impactor relative to
the target has not been addressed extensively. In the present chapter, an effort is made to
investigate the impact response of a clamped GLARE plate subjected to spherical impacts by
varied masses exploring the other associated factors like the impactor velocity and the target
plate size in concurrence with the impactor mass. Keeping note of the superior impact
characteristics of GLARE laminates, the LVI responses of different GLARE configurations

are explored including hybrid configurations to compare the impact responses.

4.2. Validation of the FE code

Based on the formulations described in Chapter 3, a 3D FE code has been developed in
C for the analysis of LVI on GLARE. For the dynamic analysis, the clamped plate boundary
conditions are as described in Figure 4.1. The appropriate selection and refinement of the
mesh is essential for correctly evaluating the impact responses and contact forces. To ensure
proper mesh selection for the LVI analysis, the mesh is refined in steps from 10x10x2

elements up to 32x32x2 elements. The different meshed GLARE plates are then subjected
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to a central LVI by a $10 mm diameter steel spherical impactor at 10 m/s, and the time step
increment is kept the same for all cases (At =1us). Figure 4.2 shows the contact force
variations and the impactor displacements for the different mesh sizes. The coarser mesh of
10x10x2 elements shows a stiffer response, and as the mesh becomes finer, the contact force
peaks and the impactor displacement converge to a similar pattern. It is seen that increasing

the mesh size from 24x24x2 to 32x32x2 does not show further variation in the LVI

responses.

(a) (b)

Figure 4.1: (a) Spherical impactor striking a clamped GLARE plate and (b) Typical meshed
geometry and boundary conditions for a clamped plate
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Figure 4.2: (a) Contact force and (b) impactor displacement for different mesh sizes

To validate the code for smaller mass impacts [201], the contact force history obtained by
Wu and Chang [186] for a clamped [0/-45/45/90],s graphite/epoxy plate having dimension
76.2 mm X 76.2 mm x 2.54 mm and impacted normally by a 12.7 mm diameter steel sphere
(E =200 GPa and p=7800 kg/m®) at 12.7 m/s is compared with that obtained using the
present code. For comparison purposes, all the data in the imperial system of units were

converted to the SI system of units to account for the uniformity of the scale used throughout
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the system. Following the work of [186], the material properties for the considered
graphite/epoxy laminate are: E, = 145.41 GPa, E,= 9.997 GPa, G,= 5.689 GPa, p=
1535.681 kg/m’ and v, =v,, = 0.3. For the dynamic analysis, a 32x32x2 mesh was found to
be suitable with a time step of At =1us and the plate boundary conditions are as described

in Figure 4.1. Figure 4.3(a)-(d) compares the contact force history, impactor displacement
and velocity and plate centre displacement in both FPS and SI units. From the comparisons,

the obtained results are found to be in excellent agreement with the results of Wu and Chang

[186].
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(c) (d)
Figure 4.3: Contact force, displacement and velocity compared with results of Wu and Chang

[186] for a [0/-45/45/90]ss graphite/epoxy laminate
In case of an impact by an impactor having larger mass than the mass of the plate, the
present code is validated by comparing the contact force history obtained by Bienias et al.
[202] as shown in Figure 4.4(a). The impact test was done as per ASTM D7136 standard
on a GLARE-2/1 plate having two composite layers with stacking sequence of [0/90] with
each layer of thickness 0.25 mm and the 2024-T3 aluminium layers are 0.5 mm thick, taking
the GLARE plate thickness to 1.5 mm. A drop weight impact tester with a 12.7 mm diameter
hemispherical steel impactor and a mass of 2.01 kg strikes the 125 mm x 75 mm GLARE
plate clamped at all edges with an impact energy of 10J. The plate mesh and the boundary

conditions are as described in Figure 4.1(b) except for now a = 75 mm and b = 125 mm.
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Following the work of [202], the material properties for the R-glass/epoxy plies of the laminate
are: B = 46.43 GPa, E,= 14.92 GPa, G, = 5.233 GPa, p = 2560 kg/m* v, =0.269 and v,

= 0.089. It could be seen from Figure 4.4(a) that the present code evaluates the contact
force in good agreement with the published result. Furthermore, in order to estimate the
accuracy in evaluating the internal damage in proximity to the impact region, delamination
at the interfaces is evaluated by the present code. As observed from Figure 4.4(b), an
elliptical delaminated region can be seen representative of the cumulative delamination at the
interfaces and this is in close approximation to that obtained by Bienias et al. [202] with

approximately 15% mismatch in their aerial spread.
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Figure 4.4: (a) Validation of contact force history for a 10 J impact on a GLARE 2/1 plate and (b)
Delamination at the Al/glass fibre interface for impact by a 2.01kg spherical impactor [202]
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Figure 4.5: Impact by a steel sphere at 20m/s on a simply supported [0/90/0/90/0]s
carbon/epoxy beam [203]
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In order to confirm the correctness of the impact response for elastic-plastic impacts, the
present code is validated with the works of Christoforou and Yigit [203] for the impact by a
12.7 mm diameter steel spherical impactor at 20 m/s on a [0°/90°/0 °/90 °/0 °]s T300/934
carbon/epoxy simply supported beam of span 200 mm and width 20 mm (refer Figure 4.5).
The material properties of an individual lamina of the carbon/epoxy laminate are: E = 120
GPa, F,= 79 GPa, G,=G,,= 55 GPa, p= 1580 kg/m’ and v, = v,,= 0.3. The
thickness of each individual lamina is 0.269 mm and the steel impactor is having a mass of

8.537 g. It can be seen from Figure 4.6 that the obtained contact force history is in good

agreement with the published results.
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Figure 4.6: Contact force history for a simply supported carbon/epoxy beam for a central
impact at 20m/s [203]

4.3. GLARE plate subjected to LVI by different mass impactors

The present section investigates the impact response of a clamped GLARE plate subjected
to spherical impacts by varied masses exploring the other associated factors like the impactor
velocity and the target plate size in concurrence with the impactor mass. The aim is to study
the influence of impactor mass (relative to the plate) on the response of a clamped GLARE
plate subjected to low-velocity normal impact at lower energies. In the present study, impact
on the top surface of a clamped square GLARE 4-3/2 plate by rigid spherical impactors
having different masses relative to the target plate mass has been considered. An illustration
of the impact system is shown in Figure 4.1 (a). In the present study, the plate is considered

to be clamped on all sides between two rigid blocks with a cut out of dimension axb and a
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spherical impactor strikes normally at the centre. Figure 4.1 (b) shows the meshed geometry

along with the boundary conditions used in the LVI analysis for impact at the plate centre.

4.3.1. Problem definition

The present analysis is done on clamped square GLARE 4-3/2 plates with the spherical
steel impactors having varied masses ranging from 0.016 kg to 2.05 kg striking the GLARE
plates normally at the centre. Table 4.1 lists all the material properties of GLARE
[45,102,138] and

Table 4.2 shows the strength parameters where the subscripts n and ¢ refer to the
interfacial strengths in the normal and shear directions [204-206]. Using the present FE code
developed, the effect of certain parameters namely the plate dimensions and impactor velocity
in concurrence with changing impactor mass have been studied for the dynamic response of
the clamped plates and the associated delamination at the interfaces is assessed for LVI at

1.2 J.

Table 4.1: Material properties [45,102,138]

Parameter Notation Al 2024- UD S2-glass/FM94- Steel
T3 alloy epoxy prepregs
Density (kg/m’) P 2780 1980 7800
Poisson’s rati = =
oisson’s ratio [y 0.33 v, =0.33,0,, =0.33
Y ’ dulus (GP — —
oung’s modulus (GPa) E 79 E =5,F, =95 200
Shear Modulus (GPa) G G =55 G. =35
" 12 s M3 ;
Yield strength (MPa
gth (MPa) o 340 y i
Transverse tensile strength (MPa) Y. 50
Transverse compressive strength (MPa) Y, 160
In plane shear strength (MPa) Slr - 70
Table 4.2: Interface strengths [204-206]
Interfacial strengths S2-glass/FM94-epoxy interfaces S2-glass/FM94-epoxy and
Aluminium 2024-T3
S (MPa) 13 40
S.(MPa) 50 40

TH-3287_186103032



Normal spherical impact on GLARE 87

The layup detail of the GLARE 4-3/2 plate is as shown in Figure 4.7 and two plate
geometries are considered viz. a 0.125 m x 0.125 m (Plate A) and a 0.16 m x 0.16 m (Plate
B). The steel impactors of different masses are having a tup diameter of 0.008 m and strike

the plate at different velocities such that they impact with the same energy in all the cases.

Figure 4.7: GLARE 4-3/2

4.3.2. Effect of impactor mass
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Figure 4.8: LVI on plate A by spherical impactors having mass much less than the plate mass

In order to investigate the effect of impactor mass relative to plate mass on the dynamic
response due to LVI, plate A is struck normally at the centre by impactors with different

masses such that they range from small mass impact regime to impacts by masses much
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higher than the target plates. It is seen from Figure 4.8 and Figure 4.9 that for the same
impact energy, when the impactor mass is much lower than the mass of the target plates, the
contact duration is very less. As the impactor mass increases the contact duration increases
and the response transitions to a quasi-static case when the impactor mass is considerably
higher than the target plate mass. As can be seen from Figure 4.8(b) and Figure 4.9 (a)
and (d), the peak contact force is relatively higher when the impactor masses fall within the
small mass range. As the impactor/plate mass ratio increases, such that the impactor mass
range transitions from small mass impacts to large mass impacts, there is a slight reduction

in the peak contact force. However, within a certain impactor mass range, the contact force

peaks are more or less similar.
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Figure 4.9: LVI by intermediate and larger mass impactors on plate A
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For impactors having masses in close proximity to the plate mass, a transitional region of
impactor mass exists relative to the plate mass where the contact response is complex in
nature (Figure 4.9(a)-(c)) and as observed the peaks attained are comparable to the low
mass impacts. From the contact response, it is observed that there are sharp drops followed
by steep rise in the contact force response. This may be attributed to higher vibration modes
that might occur in concurrence with the fundamental vibration mode leading to higher peaks
in contact force than in the case for large mass impacts. For the impactors with mass much
larger than the plate mass the contact responses are mostly governed by the plate structural
response and is affected by the plate geometry and plate boundary conditions. Therefore, in
case of the large mass LVIs, the global plate deflection of the target plate leads to a slight
reduction in the indentation compared to the localised response in case for small mass LVIs.
For the various impactor mass ranges, a second peak occurs in the contact response after a
zero contact force period for the small mass impacts. This is due to the fact that on being

struck by the small mass impactor, the plate motion increases as well as the deflection.

Moreover, as seen from the impactor and plate displacement histories as in Figure 4.8(b)-
(c), at a certain instant of time, the plate deflection becomes more than the displacement of
the impactor thereby loosing contact and resulting in zero contact force in case of the small
mass impacts. Subsequently due to the plate flexure, the plate return back from its maxima
position and comes in contact with the impactor again leading to reversal of the motion and
rise of the second contact force due to the rebound behaviour. This is not seen for the case of
the intermediate and high mass impactors and the force and displacements are in phase
(Figure 4.9 (b)-(c) and (e)-(f)) and the contact remains throughout the impact duration
until the end.

4.3.3. Effect of plate geometry

Figure 4.10(a)-(e) show the impact responses corresponding to plates A and B
respectively for a lighter mass impactor of mass 0.016 kg striking them normally at the centre
with a velocity of 12.1 m/s. Although the lateral dimensions of the plates are different, not
much difference is seen in the maximum contact force attained for the first impact (as seen
from Figure 4.10(a)) when impacted by the smaller mass impactor, whose mass is less than
%th the mass of the target plates. It is observed from the impact histories pertaining to the
small mass impacts that the first impact peak and impact duration are almost the same for

plates A and B. But for the second impact that occurs on account of the plate rebound, the

instant of their occurrences as well the peaks attained are different. Therefore, in the case of
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the LVIs by the small mass impactors, the influence of the plate geometry on the dynamic

response can be seen during its rebound behaviour.
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Figure 4.10: Impact response of the plates for LVI by an impactor of mass 0.016 kg at 1.2J

Figure 4.11(a)-(e) show the impact responses corresponding to plates A and B

respectively when impacted by the larger mass impactors (0.864 kg and 2.05 kg), whose masses

are much more than the mass of the plates. As discussed in the previous section, the

impactor’s contact duration is considerably longer when its mass is much more than the plate

mass, and this type of impact can be termed as quasi-static in nature. The plate geometry

influences the maximum contact force as plate B records the minimum contact force owing

to its larger lateral dimension than plate A (refer Figure 4.11(a)). There is a continuous

drop in impactor velocity as shown in Figure 4.11(c) unlike the case for the low mass
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impacts (Figure 4.10(c)). Moreover, the impactor and plate centre displacements are more
or less of the same magnitude, and unlike in the case of the low mass impacts, the contact
remains throughout the impact duration (Figure 4.10(b), (d) and Figure 4.11(b), (d)).
The central deflection at the contact location is slightly more for the larger plate B due to its
reduced flexural stiffness, which is clearly noticeable from Figure 4.11(d). In addition, the
difference in contact duration is comparable for both the plates along with the plate
displacements in case of the impacts by larger mass impactors. For long-duration impacts of
quasi-static in nature, the load and deflections are in phase, unlike the LVIs by smaller mass

impactors and the dynamic responses are dependent on the plate geometry.
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Figure 4.11: Impact response of the plates for LVI by impactors of much larger mass
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4.3.4. Effect of change in impact energy

In the range of impactor mass considered, in order to study the effect of impactor energy
(or impactor velocity), plate A is now impacted at a lower energy of 0.8 J by reducing the
corresponding velocities of the different mass impactors and the peaks attained for the LVIs
at different impactor masses are plotted in Figure 4.12. Also, in order to summarise the
effect of plate dimension as discussed in Section 4.3.3, the plot shows the peaks attained by
plates A and B for the impacts by the different impactors at 1.2 J. As already discussed, the
peaks attained are lower for the impacts by the larger masses and there is a transitional range
i.e. when the intermediate impactor masses are close to the target plate mass, there is an
increase in the peak contact force compared to the peak loads attained in large mass impacts.
Also, the plate B being larger in lateral dimensions, the contact force peaks attained are lower
compared to those in plate A for the impacts occurring at same energies. This is because of

the reduced flexural stiffness of the larger plate B leading to lower peaks in the contact force.

1800 I —
A (.8]Plate A

1600 @ 127PlateAl | || | | & e 9 | ® |
¢ 12]Plate B
= | | ®
1400 L

1200

-

1000

Contact force (N

800

1 10° 10! 10
(me)*, (kg™)

Figure 4.12: Variation of peak contact force with impactor mass for different impacting energy and
plate size

Reducing the impactor velocities to change the impact energy from 1.2 J to 0.8 J do not
alter the overall impact behaviour as can be seen from the contact response of plate A in
Figure 4.13, although the magnitude of the contact forces would vary owing to the change
in their corresponding impact velocities resulting in lower peaks at lower energies (refer
Figure 4.12). This change in magnitude of the contact force can be attributed to the change
in momentum of the impactor, thereby leading to a considerable change in the kinetic energy
on account of reduced velocity. As shown in Figure 4.13, changing the impactor velocity

does not affect the contact duration but the magnitude of the response as observed from the
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contact force histories for LVI by the lower (0.016 kg) and higher (0.864 kg) mass impactors
striking plate A. Varying the impact energy from 1.2 J to 0.8 J by lowering their corresponding
velocities do not change the trend of the contact response which is influenced by the impactor

mass relative to the plate mass rather than the energy of the impact.
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Figure 4.13: Effect of impact energy on the contact response of plate A

4.3.5. Interface stresses due to LVI by varied masses

In order to assess the delamination at the interfaces, it is necessary to determine the
stresses that arise at the interfaces and how they vary with time. In case of short duration
impacts by small mass, the stresses at the interfaces for such short impact times are generally
wave controlled. Figure 4.14 shows the stress wave for g, (due to LVI by 0.016 kg impactor)
at the bottom aluminium/composite interface-1 for plate A, as it propagates from the impact
location. It shows a more or less an elliptical wave pattern such that the stress is not of the
same sign throughout the region and can be assumed to have a ripple as it propagates outward
towards the boundary. On the contrary, in the case of large mass impacts (LVI by 0.864 kg
impactor), a continuous variation of the stress at interface-1 can be seen as plotted for g, as
shown in Figure 4.15. The stress distribution arising at the interface for this case can be

attributed to the global plate deformation rather than the local response arising at the impact

site.

Furthermore, to investigate the evolution of the interface stresses with time, the variation
of o, 7. and 7,. at the bottom aluminium/composite interface-1 for plate A at arbitrary
locations opposite to the impact site during the course of the impact is shown in Figures
4.16- 4.17. It can be seen that for the case of impact by the smaller mass impactor, the

stresses attain maximum values just close to the time when the peak contact force occurs
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although the displacement at that instant is not maximum (refer Figure 4.10 and Figure
4.16). This implies that the peak in the stress values is solely due to the local contact force

and less likely being influenced by the global deflection of the target.

Moreover, it can be seen that, there is a change in the sign of stresses during the impact
and the variation in the stress values at the different location follow different trend. This can
be attributed to the fact that for impacts by smaller masses at relatively higher velocities
causes a ripple wave to transmit through the target causing alternating stress states in the
target site. Unlike the case for impacts by the smaller mass, in the case of impact by the
heavier mass, it can be seen that the stress variation at the different arbitrary sites of
interface-1 is in phase with the maximum plate deflection as well as the peak contact force
and they attain the maximum values at the same time (refer Figure 4.11 and Figure 4.17).
Furthermore, there is negligible change in the stress states during the course of the impact
and it can be noted that the stress evolution is mainly due to the global plate deflection.

Similar trends were also observed in the case of plate B.
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Figure 4.14: Typical stress profile for LVI by a 0.016 kg impactor on plate A at 1.2J
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Figure 4.15: Typical stress profile for LVI by a 0.864 kg impactor on plate A at 1.2J
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Figure 4.16: Variation of stresses at interface =~ Figure 4.17: Variation of stresses at interface
1 due to impact by the smaller mass impactor 1 due to impact by the larger mass impactor of
of 0.016 kg on plate A at 1.2 J 0.864 kg on plate A at 1.2 J

4.3.6. Delamination at the interfaces
The difference in variation of the stresses with time at the interfaces of the plates A and
B due to the impacts by both the impactors, makes the assessment of delamination at the

interfaces an important area to look into to estimate the extent of the damage incurred due
to LVIL
Figures 4.18-4.19 show the delamination at the interfaces resulting from the impacts by

the smaller mass impactor of 0.024 kg at 1.2 J and Figures 4.20-4.21 show the delamination

as a result of the quasi-static impact by the heavier mass impactor of 0.864 kg at 1.2 J for
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the plates A and B. It is seen that the extent of delamination at the interfaces is more for
impact by the smaller mass impactor at a higher velocity than the quasi-static impact by the
larger mass impactor for the same impact energy. In addition, the extent of delamination is
maximum at the bottom aluminium/composite interface, followed by the top
aluminium/composite interface. The extent of delamination at the inner glass/epoxy
composite interfaces and the inner aluminium/composite interfaces is less and centred around
the impacted region compared to the top and bottom metal/composite interfaces for all the
cases, asserting the advantage of the outer aluminium layer in restricting the delamination

growth at the inner interfaces, thereby protecting them.
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Figure 4.18: Interfacial delamination in plate A due to LVI by 0.024 kg impactor at 1.2 J
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Figure 4.19: Interfacial delamination in plate B due to LVI by 0.024 kg impactor at 1.2 J

In case of the LVI by the smaller mass impactors on plate A, the delaminated region at

the aluminium/composite interfaces are nearly circular in nature compared to the elliptical

delaminated region for LVI by the larger mass impactor. For both the plates A and B, the

major axis of the delaminated region at the aluminium/composite interfaces is aligned along

the fibre direction of the underlying lamina in case of the LVI by the heavier impactor. Also,

it is seen that for the larger plate B, due to its reduced flexural stiffness, the extent of

delamination is less compared to that of plate A and the pattern of the delamination changes

at the aluminium/composite interfaces for the case of LVI by the 0.024 kg impactor impacting

at 1.2 J (refer Figure 4.19). This highlights the influence of the plate geometry in addition

to the impactor to plate mass ratio in the evolution of interfacial delamination.
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In the case of smaller mass impacts, although the delamination tends to propagate along
the fibre direction of the underlying layer, it is more profound in case of the quasi-static
impacts by the larger mass impactors occurring at lower velocities (refer Figures 4.20-4.21).
In case of the LVI by the 0.864 kg impactor, the pattern of the delamination is similar for
both the plates, although the extent of delamination is less for the larger plate B. This is
because plate B is more compliant in undergoing the out-of-plane deflection on account of
impact due to its reduced flexural stiffness owing to its larger dimensions (0.16 m x 0.016 m)

compared to plate A (0.125 m x 0.125 m).
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Figure 4.20: Interfacial delamination in plate A due to LVI by 0.864 kg impactor at 1.2J
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Figure 4.21: Interfacial delamination in plate B due to LVI by 0.864 kg impactor at 1.2J

4.4. LVI response of different GLARE configurations

In order to see the effect of the different GLARE configurations, two types of
configurations are considered as shown in Figure 4.22. The interfaces are numbered in a
bottom to top order with interface-1 being the bottom most and the considered target is

having a square geometry with all sides clamped.

4.4.1. Problem definition
For investigating the LVI responses, 0.08 m x 0.08 m clamped GLARE plates are impacted
normally at the centre by a 10 mm diameter spherical steel impactor at different velocities.

The material properties of aluminium and unidirectional S2-glass/FM94-epoxy composites

are listed in Table 4.1 [45,102,138].
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Table 4.2 [204-206] shows the strength parameters, where the subscripts n and 7 refer to
the interfacial strengths in the normal and shear directions. The out of plane shear value is
taken to be same as the in-plane shear. The different types of GLARE plates considered (Al,
A2, A3, B, C1, C2) are listed in Table 4.3 and they are studied to understand the effect of
important parameters like thickness of aluminium layers and laminate configurations on the
impact response. In addition, three different impactor velocities viz. 8 m/s, 10 m/s and 12
m/s are considered to study the effect of impactor velocities on the impact response and

delamination of GLARE.

Table 4.3: GLARE plates with different configurations

S2-glass/

Alumini Total
GLARE Stacking Plate 1):m1n1um FM94-epoxy . o
thickness . thickness

Type sequence Code ply thickness

(mm) (mm)
(mm)

Al 0.489 0.146 1.562
GLARE 5-2/1 [Al/0°/90°]¢ A2 0.584 0.146 1.752
A3 0.620 0.146 1.824
GLARE 4-3/2  [Al/0°/90°/0° /N]S B 0.304 0.152 1.824
GLARE 5-2/2  [Al/0°/(90%),/0°]5 C1 0.328 0.146 1.824
GLARE 2/1 [Al/0° /£45° /907 ] C2 0.328 0.146 1.824
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Figure 4.22: (a) GLARE 5-2/1 (b) GLARE 4-3/2 and (c) meshed geometry of a clamped plate
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4.4.2. Impact responses of GLARE 5-21 and GLARE 4-3/2
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Figure 4.23: Comparison of contact forces
between GLARE plates Al and B

Figure 4.24: Comparison of impactor

velocities between GLARE plates (a) Al and
(b) B

The impact responses are evaluated for the clamped GLARE plates viz. Al and B to
understand their relative behaviour when subjected to normal impact of a steel spherical
impactor at the centre. Figure 4.23 (a) and (b) show the contact force histories of the
GLARE plates A1 and B respectively subjected to LVIs at three different velocities. It is seen
that with increasing impactor velocities the contact force increases. As can be seen, the overall
contact force duration is slightly more for GLARE 5-2/1 plate A1l as compared to GLARE 4-
3/2 plate B.

The maximum value of contact force is more for GLARE 4-3/2 (plate B) as compared to
GLARE 5-2/1 (plate Al) for a given impactor velocity implying that GLARE 4-3/2 is
relatively stiffer than GLARE 5-2/1. Even though this is expected due to more number of
layers in GLARE plate B but it will be interesting to see how the delamination at the
interfaces compare for these two GLAREs. Figure 4.24 (a) and (b) show the impactor
velocities as functions of time for the GLARE plates Al and B respectively. After the first

impact has occurred there is period for which the velocity of the impactor remains zero as
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observed from Figure 4.24 which corresponds to the zero contact force period (refer Figure
4.23). The rise in contact force is seen for the second time after the plate reverses its direction
of motion and makes contact again with the spherical impactor. The negative velocity of the
impactor, as seen in the latter part of Figure 4.24 implies that the motion is in the opposite

direction.

The displacements of the impactor and the plate centre during impact are shown in Figure
4.25 and Figure 4.26 for both GLARE 5-2/1 and GLARE 4-3/2 plates Al and B
respectively. Similar to the contact force history, it is seen that the displacements show an
increasing trend with increasing impactor velocities. From Figures 4.25-4.26, it is observed
that the impactor displacement remains greater than the plate centre displacement during
the contact period and vice versa for the case of zero contact force. GLARE 4-3/2 being stiffer
than GLARE 5-2/1, their plate centre displacements are lesser for the same impactor velocity

as can be observed from Figure 4.26 (a) and (b).

x10% , L
GLARE 5-2/1 plate Al v=8m/s GLARE 5-2/1 plate Al v=8m/s
|= ==~ v=10m/s ST - === y=10m/s
[ b v=12m/s "’_ P N v=12m/s

[41]

o

Impactor Displacement (m)

Plate Centre Displacement (m)

-5 -5
0 70 140 210 280 350 0 70 140 210 280 350
Time(us) Time(us)
a (a)
1 x10™ @) TE‘m %10

£ " [GLARE 4372 plate B v=8mis = " [GLARE 4-3/2 plate B
= - == - v=10m/s 5
5 e i v=12m/s £
£ ] 3
2 o
8 e
& a
= o
S c
a 3
o )
= © ‘
—_ _5 E _5

0 80 160 240 320 0 80 160 240 320

Time(us) Time(ps)
(b) (b)
Figure 4.25: Impactor displacements of Figure 4.26: Plate centre displacements of
GLARE plates (a) Al and (b) B GLARE plates (a) Al and (b) B

4.4.3. Effect of outer aluminium thickness
Figure 4.27 (a)-(d) shows the impact responses of GLARE 5-2/1 plates A1, A2, A3 at

an impactor velocity of 12 m/s. It could be seen from Figure 4.27(a) that with increasing
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thickness of the outer aluminium layers of GLARE 5-2/1 plates, the contact duration
decreases owing to increased stiffness and there is a rise in contact force. There is a lateral
shift towards the left for the contact forces as well as the drops in impactor velocities with
increasing overall thickness of the plates as can be observed from Figure 4.27 (a) and (b)
respectively. As expected, the impactor and plate displacements decrease with increasing outer

aluminium thickness as seen from Figure 4.27 (c) and (d).
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Figure 4.27: Impact responses of GLARE plates A1, A2, A3 for an impactor velocity of 12 m/s

4.4.4. Effect of total thickness

In order to observe the effect of total thickness on the LVI response of the GLARE plates,
the contact forces and impactor displacements are plotted in Figure 4.28 for the plates Al,
A3, B, C1 and C2 subjected to an LVI of 12 m/s. It is seen that with increasing overall plate
thickness the contact force peak increases while the impactor displacement decreases. The
thickness effect on the plate stiffness can be clearly seen from peaks in the contact forces and
impactor displacements as plate Al has the least peak contact force and the maximum

impactor displacement compared to the rest.

For the plates A3, B, C1 and C2, although the total plate thicknesses are the same but
there is a observable difference in the peaks attained by the respective contact forces and the

impactor displacements. As seen, the plate A3 has the highest contact force followed by plate
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B and then plates C1 and C2 which are having identical contact responses. This can be
attributed to the higher stiffness of the plate A3 compared to the rest due to higher metal
volume fraction (MVF) in plate A3 (refer Table 4.4). It can be inferred that although the
total thickness affect the contact responses in terms of the peak values attained, but the

influence of MVF on the peak values attained is much more significant.
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Figure 4.28: Effect of total thickness on the (a) contact force and (b) impactor displacement

Table 4.4: MVF of the different plates

. . Metal
Stacki Plat Aluminium Total )
1mn m
GLARE Type acking are thickness thickness Ve u. °
sequence Code ( ) ( ) fraction
Al 0.489 1.562 0.63
GLARE 5-2/1 [Al/0"/90°] A2 0.584 1.752 0.67
A3 0.620 1.824 0.68
GLARE 4-3/2  [AI/0°/90° /0" /Al] B 0.304 1.824 0.50
GLARE 5-2/2 [Al/0°/(90°),/0°] C1 0.328 1.824 0.36
GLARE 2/1 [Al/0°/£45°/90°] 2 0.328 1.824 0.36

4.4.5. Delamination at the interfaces

Figure 4.29 and Figure 4.30 show the variation of the six components of stresses with
respect to time at location (0.04 m,0.04 m) of the first interface (i.e. between bottom
aluminium layer and 0° ply) for GLARE 5-2/1 and GLARE 4-3/2 plates Al and B
respectively. There is a noticeable variation of the stresses with time at higher velocities of 10
m/s and 12 m/s of the impactor, and peak stresses reached for GLARE 4-3/2 are higher than
those for GLARE 5-2/1 at that particular location. Similar trends could also be observed for

the other interfaces though with different magnitudes. It could be seen that all these stresses
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show highest magnitudes corresponding to the period when contact force is maximum. The
peaks are attained earlier in GLARE 4-3/2 as compared to GLARE 5-2/1 for the same initial
velocity of the impactor which may signify that the failure by delamination at that particular
interface may get initiated earlier for GLARE 4-3/2 as compared to the latter. As expected
it was observed that the magnitudes of stresses increased with increasing impactor velocities.

Based on these stresses and delamination criterion, delamination at the interfaces are assessed.
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Figure 4.29: Variation of stresses with time at location (0.04 m, 0.04 m) of the first interface of
GLARE 5-2/1 plate Al
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Figure 4.30: Variation of stresses with time at location (0.04 m, 0.04 m) of the first interface of
GLARE 4-3/2 plate B

4.4.5.1. Effect of impactor velocity on delamination

Figures 4.31-4.33 show the delamination at the different interfaces of GLARE 5-2/1
plate Al at t = 25us for the different impactor velocities. It is observed that delamination
region for Al is located centrally around the impact location and occurs mostly at the
interfaces between the Al and 0° ply. Delamination is observed to occur along the 0° fibre
direction in both the lower and upper Al and 0° ply interfaces, even though the extent of

delamination are different in the lower and upper interfaces. The rest of the interfaces show
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no delamination due to LVIs at 8 m/s and 10 m/s. However, at 12 m/s, delamination is seen

to just initiate at interface-2 (Figure 4.33).

For all the three impactor velocities viz. 8, 10 and 12 m/s it is seen that the bottom
aluminium and 0° ply interface (interface-1) experiences more delamination compared to the
top (interface-5) in GLARE 5-2/1 plate Al. Also, as expected, the extent of delamination
increases with increasing impactor velocities. Similar trends were observed for GLARE plates

A2 and A3.

Figure 4.31: Delamination at the interfaces of plate Al for an impactor velocity of 8 m/s

Figure 4.32: Delamination at the interfaces of plate Al for an impactor velocity of 10 m/s
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Figure 4.33: Delamination at the interfaces of plate Al for an impactor velocity of 12 m/s

4.4.5.2. Effect of outer aluminium thickness on delamination

The delamination at the interfaces of GLARE 5-2/1 plates A2 and A3 are plotted in
Figure 4.34 and Figure 4.35 for an impactor velocity of 12 m/s. Comparing Figures 4.33-
4.35 it is seen that with increasing thickness of the outer aluminium layer there is a slight
decrease in the extent of delamination at the interfaces. This can be attributed to more energy

being absorbed by the outer aluminium layer during the LVIs.

Figure 4.34: Delamination at the interfaces of plate A2 for an impactor velocity of 12 m/s

Figure 4.35: Delamination at the interfaces of plate A3 for an impactor velocity of 12 m/s
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4.4.5.3. Effect of GLARFE configurations on delamination

Figures 4.36-4.38 show the delamination at the interfaces for GLARE 4-3/2 FML plate
Bat t =25us for the impactor velocities of 8 m/s, 10 m/s and 12 m/s respectively. It is seen
from Figure 4.31 and Figure 4.36 that at an impactor velocity of 8 m/s the extent of
delamination in GLARE 4-3/2 plate B is more compared to that in GLARE 5-2/1 plate Al.
The delamination region for GLARE 4-3/2 is more at interface-1 and along the fibre direction
of the 0% ply. The interface-4 between the lower face of the middle aluminium and upper face

of the 0° ply shows very less delamination compared to the other two metal ply interfaces.

Figure 4.36: Delamination at the interfaces of GLARE 4-3/2 plate B for LVI at 8 m/s

The bottom interface-2 between the 0° and 90" plies shows delamination along the fibre
direction of the bottom ply and its size increases with increasing impactor velocities as

observed from Figures 4.36-4.38. At higher velocities of 10 m/s and 12 m/s it can be seen

TH-3287_186103032



110 Chapter 4

from Figures 4.37-4.38 that the extent of delamination increases at the interfaces 1 and 8.
The delamination size for the interface-4 almost remains same with increasing impactor
velocities. Moreover, the delamination initiates at interface-7 for when the impactor velocity
is 10 m/s and expands in size as the impacting velocity increases to 12 m/s. The delamination
at top interface-8 is more like an elliptical region which is similar to the case of GLARE 5-

2/1 plates A1, A2 and A3.

Figure 4.37: Delamination at the interfaces of GLARE 4-3/2 plate B for LVI at 10 m/s

The extent of delamination is more in case of GLARE 4-3/2 plate B as compared to
GLARE 5-2/1 plate A3 which are having the same overall thicknesses. This can be clearly
seen from Figure 4.35 and Figure 4.38 for an impactor velocity of 12 m/s, even though the
contact force is higher in case of GLARE plate A3 (refer Figure 4.28). Therefore, the GLARE

configuration also influences the extent of delamination at the interfaces subjected to LVIs.
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Clearly, the GLARE 5-2/1 configuration is better with the least delamination at the interfaces
when subjected to LVIs.

Figure 4.38: Delamination at the interfaces of GLARE 4-3/2 plate B for LVI at 12 m/s

Figures 4.39-4.40 show the delamination at the interfaces of GLARE 5-2/2 plate C1 and
GLARE 2/1 plate C2 at time ¢ =25us for an impactor velocity of 12 m/s which highlight
the effect of stacking sequence on the delamination extent at the interfaces. It is seen that
the extent of delamination is greater at the interfaces 2 and 8 for GLARE plate C1 as
compared to C2. Delamination is seen to occur at more number of interfaces of plate C2 and
located around the centre of the plate. Although, it was observed that both the plates C1
and C2 had similar contact force histories (refer Figure 4.28) but the delamination extent

is observed to be dependent on the stacking sequence of the laminates.

TH-3287_186103032



112 Chapter 4

Figure 4.39: Delamination at the interfaces of GLARE 5-2/2 plate C1 for LVI at 12 m/s

It is observed that the extent of delamination in GLARE 4-3/2 is more compared to
GLARE 5-2/1 for the same impacting energy. The stresses developed at the interfaces of the
thicker GLARE 4-3/2 are higher as compared to GLARE 5-2/1 because of higher stiffness of
the thicker plate which restricts it deflection during impact thereby increasing the contact
stresses. Therefore the GLARE 5-2/1 laminate having thinner high strength glass/epoxy
layers can sustain larger deformations as observed from Figure 4.28(b). This implies that
the specific energy absorbed by the thinner GLARE 5-2/1 is higher making it a better material
for situations where low velocity impacts might occur. In both GLARE 5-2/1 and GLARE 4-
3/2, the delamination is more prevalent for the aluminium composite interfaces at the top
and bottom. In case of GLARE 4-3/2, delamination at the middle aluminium composite
interface-4 is concentrated centrally and does not progress with increasing impact energy

compared to the top and bottom aluminum composite interfaces. Similar is the case for other
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composite interfaces where the delamination region is mostly concentrated around the

impacted region.

Figure 4.40: Delamination at the interfaces of GLARE 5-2/2 plate C2 for LVI at 12 m/s

4.5. Effect of hybridisation on LVI response

Exploring the weight saving aspects, hybrid laminates can result in further reduction in
the overall weight of the structure and enable to tailor the structural performances. In order
to investigate the effect of hybridisation, the impact responses are compared between GLARE
4-3/2 plate (AGA) and a hybrid laminate having Kevlar-49 /epoxy layers replacing the middle
aluminium layer (AGK) and a third hybrid configuration containing Kevlar-49/epoxy layers
in place of the 90° glass/epoxy plies (AGKGA). The material properties are given in Table
4.5 [45,138,205-208] and the plate configurations are shown in Figure 4.41 with the details in
Table 4.6. For investigating the LVI responses, 0.08 m x 0.08 m clamped plates are impacted
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normally at the centre by a 10 mm diameter rigid spherical steel impactor at 10 m/s and the

impact responses are compared.

Table 4.5: Material parameters of S2-glass/epoxy and Kevlar-49/epoxy [45,138,205-208]

Parameter Notation ~ UD S2-glass/FM94-epoxy UD Kevlar-

prepregs (G) 49/epoxy (K)
Density (kg/m?) P 1980 1390
Poisson’s ratio v, =0.33, v,, = 0.33 v, =0.34,

v,; =0.34

Young’s modulus (GPa) E E,=55,F, =95 E, =75,E,=55
Shear Modulus (GPa) G G,=55,G,, =35 G,=22,G, =18
Yield strength (MPa) o, — —
Transverse tensile strength (MPa) Y, 50 21
Transverse compressive strength (MPa) Y, 160 130
In plane shear strength (MPa) S, 70 66
Interlaminar shear strength (MPa) ILSS 50 48

Table 4.6: GLARE plate hybridisation details

GLARE plate configurations

Stacking sequence [A0,/90,/0,/A] [A0,/90,/0,/A)  [A0./90,/0./0,]
Plate Code AGA AGKGA AGK
Aluminium thickness (mm) 0.304 0.304 0.304
S2-glass/epoxy ply thickness (mm) 0.152 0.152 0.152
Kevlar-49/epoxy ply thickness (mm) 0.152 0.152 0.152
Total thickness (mm) 1.824 1.824 1.824

Figure 4.41: Hybrid configurations with Kevlar layers
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4.5.1. LVI responses of GLARE 4-3/2 and hybrid GLAREs
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Figure 4.42: LVI responses of the plates due to a spherical steel impactor striking at 10 m/s

The dynamic responses of the plates are shown in Figure 4.42. Figure 4.42(a) shows
the contact force histories of the three plates considered. It is seen that the peak contact
forces are same for the plates AGA and AGKGA while there is a slight decrease in the peak
contact force for the plate AGK. This slight decrease in the peak contact force may be
attributed to the reduction in overall mass of the plate AGK because of replacing the middle
aluminium layer with lower density Kevlar/epoxy. This in turn slightly decreases the inertia
of the plate globally, thereby enabling the plate to respond comparatively quicker to the
striking impactor, thus resulting in lesser indentation of the plate at the contact location.
This can also be correlated to the slightly higher deflection of the plate AGK compared to
AGA and AGKGA as seen from Figure 4.42(d) due to its reduced stiffness in the transverse

direction. It is seen that the impactor displacement and velocities (Figure 4.42 (b) and (c))
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for all the three plates are similar and the contact duration is also same which implies that
the time of contact is influenced by the impactor mass. After the first contact between the
impactor and the target plate there is a short gap when the contact is lost between them as
the plate displacement is more compared to the impactor during that period resulting in zero
contact force. The second contact occurs on reversal of the plate motion after reaching its
peak displaced position and makes contact with the impactor on its way in the opposite
direction which can be inferred from the negative velocities of plate and impactor during the

course of duration of the second impact.

4.5.2. Effect of hybridisation on delamination at the interfaces
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Figure 4.43: Delamination at the interfaces for plate AGA due to LVI at 10m/s

Upon obtaining the impact responses of the GLARE plates, it is important to know the

extent of interfacial delamination they incur. Delamination at the fibre-metal interfaces is of
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major concern in GLARE similar to other FMLs and in order to ensure their operational
safety as well as easier physical inspection, it is necessary to accurately estimate the extent
of delamination at the interfaces. Figures 4.43-4.45 show the delamination at the interfaces

of the plates AGA, AGKGA and AGK respectively at 90 s .
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It is seen that in all the cases, the outer fibre-metal interfaces suffer the maximum extent
of delamination as compared to the rest of the interfaces. The delamination at the top and
bottom fibre-metal interfaces of the laminates is observed to be located within the impact
area and its progression is influenced by the fibre orientation of the ply below it which is
evident from Figures 4.43-4.45 where the delamination progression is along the 0° fibre
direction and delamination at any interface is initiated within the impact location. The extent

of delamination is comparatively more at the bottom interfaces compared to the top.
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Figure 4.44: Delamination at the interfaces for plate AGKGA due to LVI at 10m/s
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Replacing the mid aluminium layer with Kevlar-49/epoxy laminates as in case for plate AGK,
it is seen that there is a reduction in the extent of delamination at the interfaces with no

visible delamination at interfaces 4 and 6 (the S2-glass/epoxy-Kevlar-49 ply interfaces).
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Figure 4.45: Delamination at the interfaces for plate AGK due to LVI at 10m/s

Furthermore, it is observed that replacing 90° glass/epoxy plies with Kevlar-49/epoxy plies
as in case of plate AGKGA, does not improve the impact characteristics as can be seen from
Figure 4.44. The delamination is seen to have slightly increased which may be due to a
greater mismatch in the engineering properties between the differently oriented plies. In case
of the plate AGK, as seen from Figure 4.42 and Figure 4.45, along with a slight decrease
in the peak contact force, there is considerable reduction in the delamination at the interior

interfaces making it a suitable configuration for structures prone to impacts.
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4.6. Multiple normal LVIs on GLARE

From the existing literatures, it is seen that in studying the LVI responses of GLARE and
FMLs in general, the studies are done considering a single impactor hitting the target either
once or in succession at the same impact site. Numerous works have been reported on single
LVI considering GLARE targets [45,209,210] but in practical scenario, occurrences of multiple
LVIs are common due to runaway debris, hailstorms and impacts by small particles that can
cause severe internal damage in the form of delamination which are difficult to assess during
routine visual inspections. Accordingly, the study of the impact response resulting from such
scenarios can be of significant importance to intricately understand the way the target
responds to arbitrary impacts at different time intervals and resulting delamination in

GLARE FMLs in case of multiple LVIs occurring arbitrarily.

4.6.1. Problem definition
In the analysis of multiple LVI, 0.08 m x 0.08 m GLARE plates clamped on all sides are

impacted normally by two spherical steel impactors each of diameter 10 mm at different
locations at arbitrary times and with arbitrary velocities as shown in Figure 4.46. Table
4.1 lists all the material properties of GLARE [45,102,138] and

Table 4.2 shows the strength parameters where the subscripts n and ¢ refer to the

interfacial strengths in the normal and shear directions [204-206].

Table 4.7: GLARE plate configurations

GLARE GLARE 5-2/1 GLARE 4-3/2
Plate Al A2 A3 B1
Al thickness (mm) 0.424 0.489 0.554 0.304
Ply thickness (mm) 0.146 0.146 0.146 0.152
Total thickness (mm) 1.432 1.562 1.692 1.824

To study the effects of MVF, three different GLARE 5-2/1 plates are considered as listed
in Table 4.7 namely Al, A2 and A3 and to study the effect of GLARE configuration, a
GLARE 4-3/2 plate Bl is also considered. The impact responses are obtained considering the
impactors to hit each of these clamped plates symmetrically at the respective locations viz.

IMP1 (impactor-1: x=0.04 m, y=0.02 m) and IMP2 (impactor-2: x=0.04 m, y=0.06 m).
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Figure 4.46: Spherical impactors normally striking a clamped GLARE plate

4.6.2. Validation of multiple LVI

Figure 4.47: GLARE beam (a) clamped at one end and subjected to a single impact: System-1.
(b) clamped at both the ends and subjected to equally offset impacts: System-2
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Figure 4.48: (a) Contact force history of system-1 and 2 (b) Impactor displacement at the free
end of system-1 and midpoint of system-2
In case of multiple impacts with arbitrary masses and velocities, very few literatures
studying impacts occurring at different locations and arbitrary time delays are available. In
order to establish the robustness of the developed FE code, an alternate method is adopted
as described by Lam and Sathiyamoorthy [211]. Two separate systems are considered as shown
in Figure 4.47, where both the GLARE 5-2/1 beams are having uniform cross sections of
width 0.01562 m and thickness 0.001562 m with beam in system-1 being half the length of
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system-2. The layup details of the GLARE beams are as per configuration A2 as mentioned
in Table 4.7. System-1 represents the symmetric portion of system-2 about its middle and
has a single 0.01 m diameter steel impactor striking the 0.05 m long beam at 0.0375 m from
the left clamped end at 8 m/s and the other end is defined with symmetric boundary
conditions. The 0.1 m long beam in system-2 has both its ends clamped and two similar 0.01
m diameter steel impactors strike it at 0.0375 m from the clamped ends with velocities 8 m/s
each. Figure 4.48 (a)-(b) shows the dynamic responses of both the systems and it is seen

to be the same thereby validating the code for multiple impacts.

4.6.3. Effect of MVF for two simultaneous spherical LVIs

To observe the thickness effect of the outer aluminium layer, the impact responses of three
clamped GLARE plates viz. Al, A2 and A3 are evaluated. The two spherical steel impactors
simultaneously strike the plates with a velocity of 10 m/s symmetrically at locations as

illustrated in Figure 4.46 and the impact responses are shown in Figure 4.49.
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Figure 4.49: Effect of outer aluminium layer thickness on simultaneous multiple impact by two
spherical impactors at 10 m/s

As observed, the contact force responses, impactor displacements and velocities and plate

displacements at the two contact points are identical in case of simultaneous impacts for each

case. It is seen from Figure 4.49(a) that the contact duration decreases with increasing

thickness of the outer aluminium layers of the GLARE 5-2/1 plates as a result of increased
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stiffness, leading to a rise in contact force. Also, from Figure 4.49 (a) and (b) it is observed
that with increasing overall thickness of the plates there is a lateral shift towards the left for
the contact forces and velocity drops of the impactors respectively. It can be seen from Figure
4.49 (c) and (d) that the impactor and plate displacements vary inversely with the outer
aluminium thickness.
4.6.4. Effect of delay between the two spherical LVIs

The plate A2 is taken for studying the impacts by the two impactors striking with a
velocity of 10 m/s at symmetric locations and time delays AT = 20us,40us and 80us between
them. The contact force histories and the dynamic responses for the plate and impactors are
shown in Figure 4.50 for AT = 40usbetween the two successive impacts and Figure 4.51

lists the same for AT =20us and 80us.
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Figure 4.50: Impact responses of plate A2 for time delay of AT= 40 us between the two impacts
occurring at 10 m/s

It is observed from the contact force histories that as the time gap between the two

successive impacts increases, the magnitude of the second impactor’s maximum contact force

increases and in case of AT = 80usit is the maximum as can be inferred by comparing Figure

4.49 (a) and Figure 4.50 (a) and Figure 4.51 (a) and (e) for plate A2. The second

impactor comes in contact twice and the intensity of the contact force for the second time for
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Figure 4.51: Impact responses of plate A2 for time delays of AT= 20 us and AT= 80 us

between the two impacts occurring at 10 m/s
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the first impactor decreases as the time between the two successive contacts increase. It is
seen that the first impactor’s contact is negligible for the second time as compared to the first

time for AT =40us between the successive impacts (Figure 4.50(a)). The first impactor
comes in contact only once for the case when the second impactor hits the plate 80us after

the first impact (Figure 4.51(e)). This is also evident from the velocity responses of the first
impactor as seen from Figure 4.50(b) and Figure 4.51(f) considering plate A2 showing
negligible to nil velocity drop after the first impact implying the first impactor does not come
in contact for the second time as the time between the successive impacts increase. The reason
for the increase in contact force of the second impactor with increasing time gap between the
two impacts is because the plate velocity gradually increases (Figure 4.50(d) and Figure
4.51 (d) and (h) ) with the first impact and more the delay in the second impactor’s impact,
greater is the plate velocity when meeting the second impactor. Thus, in case of multiple
impacts, the maximum magnitude of the contact force is seen to be influenced by the time

interval between the successive impacts.

4.6.5. Two Impactors striking with different velocities
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Figure 4.52: Contact force, impactor and plate velocities for impactors striking plate A2 at
different velocities

The first and the second impactor hit the plate A2 at their respective locations with

velocities 10 m/s and 12 m/s respectively and the contact force responses and impactor
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velocities are plotted in Figure 4.52 (a)-(b) and Figure 4.52 (c)-(d) for the impacts
occurring at time intervals of AT =20us and 80us respectively. A similar trend is observed
for the two impacts as seen previously for the impactors striking at same velocities except for

the fact that the contact force for the second impactor is higher owing to its higher velocity.

Comparing Figure 4.52 (b) and (d) clearly show that the impacts that occur at 20us

delay between them have two velocity drops with a constant velocity duration in between
implying no contact with the plate during that period which can be seen by the zero contact
force (Figure 4.52(a)) for that duration. Moreover, the impactors contact the plate only

once when the time delay between the impacts is 80us unlike the case when the second

impact occurs at 20us delay as evident from Figure 4.52 (a) and (c).

4.6.6. Delamination at the interfaces
Going through the impact responses of the GLARE plates considering the various cases it

is necessary to know the extent of interfacial delamination they undergo in such situations.

4.6.6.1. Influence of outer aluminium thickness

Figure 4.53 shows the extent of delamination at the bottom and top Al/composite
interface 1 and 5 of the plates Al, A2 and A3 for the multiple impacts occurring
simultaneously at 10 m/s. No delamination is seen at the inner composite interfaces for the
impacts occurring at the symmetric impact sites at the considered impactor velocities. For
the two multiple LVIs occurring simultaneously, the delaminations form a symmetric pattern
in case of all the plates. The metal-composite interfaces of plate A1l undergo maximum extent
of delamination and plate A3 the least. This is due to the presence of a thicker aluminium
layer in plate A3 enabling the impact energies associated with the LVIs to be absorbed to a
greater extent. This highlights the influence of the MVF of the aluminium layers along with
the outer aluminium layer thickness in a given GLARE FML. It is seen that the delaminations
coalesce to single larger delamination in case of plate Al and in case of plate A2 although
they coalesce, the extent is smaller and the least for plate A3 where the delaminations are
separately formed around the impact locations. The bottom interface undergoes more
delamination in comparison to the top interface and the out-of-plane bending causes the
developed interfacial shear stresses to initiate debonding at the aluminium composite

interface.

4.6.6.2. Influence of delay between the impacts
For the same impact locations as previous and the identical impactors striking at 10 m/s,

the effect of the time delay between the two successive LVIs on the progression of interfacial
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Interface 1: AV at 320us Interface 1: AVO at 320us Interface 1: Al/0 at 320us

0.08 L 008 L0.08
0.07 3 0.07 : 0.07
0.06 i 0.06 i 0.06
0,05 i 0.05 i 0.05
= 0.04 i = 0,04 i = 0.04
003 P00 [o003
0.02 L0 Lo002
001 Lo T
D0 002 004 006 008 l 00 002 004 006 008 i 00 002 004 006 008
X 3 X : X
(1) PLATE Al i (b) PLATE A2 ! (¢) PLATE A3
o [nte,-races Alfllalszn,us i 0.08 lntcrl’nge 5: A!{ﬂ at 32?,:;5 i 0.08 Interface 5: Al/0 at 320us
0.07 i 0.07 i 0.07
0.06 006 Io006
0.5 | I00s} Lo00s
> 0.04| D004 D> 004
0.03} Lo003 L 00
0.02 Lo002 U002
0.01 i 0.01 i 0.01
0 R, ; 0 s, i 0 TR—
0 0.02 n£4 0.06 0.08 0 0.02 D.)L;M 0.06 0.08 0 0.02 (in 0.06 0.08

Figure 4.53: Delamination at the bottom and top interfaces of plates Al, A2 and A3 for LVIs
at 10 m/s

delamination is studied for the time intervals AT =20us,40us and 80us as shown in

Figures 4.54-4.56. Comparing Figure 4.53-4.56 show that the extent of delamination
varies with the time gap between the two successive impacts. For simultaneously occurring
LVIs (Figure 4.53(b)), the delaminations coalesce to form a single continuous debonded
area, and as the time gap increases, the delaminations gradually remain unmerged.
Furthermore, as seen from the contact force responses for the impacts occurring at different
time intervals (refer to Figure 4.50 and Figure 4.51), where the second impact attributes
to a higher contact force, the delamination around the second impact location (x=0.04 m,
y=0.06 m) tends to be more significant as evident from Figures 4.54-4.56 and the
delaminations are not symmetric, unlike the case for multiple simultaneous impacts occurring
at symmetric locations. It is seen that the extent of delamination is marginally more for the
bottom interface (interface-1). It is observed that the spread of the delamination around the
impact location tends to be along the fibre direction of the 0° S2-glass/epoxy ply (x-direction)
adjacent to the aluminium layer for the GLARE laminate and more pronounced for the
thinner GLARE plate Al (Figure 4.53(a)) forming an elliptical delaminated area at the top
and bottom interfaces. It is also evident for the GLARE plate A2 (Figures 4.54-4.56) where
a higher contact force of the second impactor’s impact, results the delaminated area to form

an elliptical shape around the impacted location.
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Figure 4.54: Delamination at the bottom (interface 1) and top (interface 5) interfaces of plate
A2 for impacts at 10 m/s and time delay of 20 us between the two impacts
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Figure 4.55: Delamination at the bottom (interface 1) and top (interface 5) interfaces of plate
A2 for impacts at 10 m/s and time delay of 40 us between the two impacts
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Figure 4.56: Delamination at the bottom (interface 1) and top (interface 5) interfaces of plate
A2 for impacts at 10 m/s and time delay of 80 us between the two impacts

4.6.6.3. Influence of different impactor velocities
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Figure 4.57: Delamination at the Al/0° interfaces of plate A2 for LVIs occurring at 10 m/s
(x=0.04 m and y=0.02 m) and 12 m/s (x=0.04 m and y=0.06 m) and time delay of (a) 0 us (b) 20
us and (c) 80 us
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The delaminations are unsymmetrical for the impacts occurring at different impactor
velocities of 10 m/s and 12 m/s. As expected, the extent of delamination is more for the
impact location with a higher impact velocity of 12 m/s (x=0.04 m, y=0.06 m), as shown in
Figure 4.57. The delaminations do not merge for the increased time delay of 80us between

the two impacts, and the delamination at interface-1 is comparatively more than at interface-

5, as seen in earlier cases.

4.6.7. Effect of stacking configuration

To understand the effect of stacking configuration on the contact response as well as the
associated delamination, the LVIs at 10 m/s were studied for simultaneous impacts and for a
delay of 80uson a clamped GLARE 4-3/2 plate B1 at the mentioned locations. Figure 4.58
shows a similar trend for the contact force history, although the contact force peaks attained
are comparatively higher and comparable to that of the GLARE 5 plate A3 (refer to Figure
4.49). This shows that even though the total thickness of the plate directly influences the

contact force, the effect of outer aluminium layer thickness is much more significant.

Moreover, the delamination at the inner metal/composite interfaces occur near the impact
sites. When the LVIs occur simultaneously, the delaminations at the impact sites grow and
coalesce at the bottommost and topmost composite/aluminium interfaces, as seen in Figure
4.59. At the top interface-8, it is in the form of a peanut shape, and compared to the other
interfaces, the extent of delamination is maximum at the bottom interface-1. When the LVIs
occur with a delay of 80us between them, the delaminations occurring near the impact sites
do not coalesce, and the extent of delamination is more within the area of the LVI by the
second impactor, as seen from Figure 4.60. Further, it is seen that the delamination at the
0°/90° composite ply interfaces is confined within the impact locations and tends to grow

along the underlying fibre direction.
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Figure 4.58: Multiple spherical LVI on plate Bl at different time intervals
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Figure 4.59: Delamination at the Al/0° interfaces of plate B1 for LVIs occurring at 10 m/s
(x=0.04 m and y=0.02 m) and 10 m/s (x=0.04 m and y=0.06 m)
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Figure 4.60: Delamination at the Al/0° interfaces of plate B1 for LVIs occurring at 10 m/s
(x=0.04 m and y=0.02 m) and 10 m/s (x=0.04 m and y=0.06 m) and time delay of 80 us
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4.7. Summary

The LVI responses of GLAREs are evaluated using the developed FE code, and the

influence of the impactor mass and plate parameters like the plate geometries and stacking

configurations on the impact response and the extent of delamination has been investigated.

In addition, the multiple LVIs on a GLARE plate have been investigated to observe the effect

of time intervals between the impacts and other associated important parameters. In view of

the weight-saving goal, the LVI responses by incorporating Kevlar-49/epoxy layers to form

hybrid GLARE laminates have been explored. Important conclusions drawn are as follows:

Ratio of the impactor mass to the plate mass plays a significant role in the contact
impact response of GLARE, both in terms of magnitude and duration of the contact

force and the consequential delamination at the interface.

A higher magnitude of contact force is associated with the smaller mass impacts for
the same impact energy. As a result, the extent of delamination damage is more for
the impacts by the smaller mass impactors than for the impacts by a larger mass

impactor. Therefore, the small-mass impacts are more critical.

Mass of the impactor decides the nature of evolution of the interfacial stresses and

hence influences the extent of delamination at the interfaces.

The effect of plate geometry can be seen on the magnitude of the contact force in case
of the LVIs which influences the delamination at the interfaces in both high and low
mass LVIs. The plate geometry affects the rebound response in case of small mass

impacts.

For the impacts by the larger mass impactor, the delamination region at the
aluminium/composite interfaces is confined within the impact location, unlike the

small mass impacts.

Although the impactor velocity is an important parameter in classifying the impact
event, the response type is significantly influenced by the impactor/plate mass ratio
rather than the impactor velocity alone. The use of impactor velocity for the
classification of the impact events is highly relative, and its effect is visible on the
amplitude of the response. In contrast, the mass of the impactor influences the

duration of the impact.
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e LVI can cause internal damage to laminated structures by initiating delamination at
the interfaces, and the fibre-metal interfaces are the sites prone to delamination, which

tends to progress along the fibre direction of the underlying ply.

o The effect of increasing the thickness of outer aluminium layer is clearly seen by the
noticeable rise in contact forces which is greater than for the case of increasing the
number of glass/epoxy layers for a plate with same overall thickness. This highlights
the influence of MVF.

e Increasing the outer aluminium thickness shows a decrease in the extent of
delamination which may be due to more amount of energy absorbed by the outer

aluminium layer.

e Stacking sequence affects the extent of delamination at the interfaces. GLARE 5-2/1
plate with [Al/0°/90°]s configuration was found to have the least extent of

delamination at the interfaces.

e Replacing the middle aluminium layer with Kevlar-49 /epoxy laminates improves the
overall impact characteristics of the hybrid laminate. Introducing lower density
Kevlar-49/epoxy laminates makes plate AGK the lightest compared to the plates
AGA and AGKGA, enabling it to respond quickly to an impact. This clearly reveals
that the relative inertias of both the impactor and the plate are important aspects in
the response of a laminate subjected to LVI and it cannot be solely described by the
impactor or the target.

e In case of multiple LVIs, interfacial delamination at the aluminium/composite
interfaces initiates close to and around the impact sites, and the delaminated region
tends to merge to form a continuous region.

e In estimating the extent of delamination, particularly at the fibre/metal interfaces,
the delay between the LVIs has a significant influence. When there is more time
between two subsequent impacts, the delaminations around the affected sites tend to
remain discrete. However, when there is less time between the impacts of the two
impactors, they combine to create a single delaminated area.

e Time elapsed between the two impacts affects the second impact's contact force's

amplitude.
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Impact response of GLARE plates having

open holes

From the review of literature in Chapter 2, it was seen that the discontinuities in the
form of cut-outs or open holes could significantly affect the impact performances. Stressing
the importance of studying such aspects in GLARE, the present chapter investigates the
impact performances of such GLARE plates having cut-outs and their positions relative to

the impact site.

5.1. Introduction

Many structural components involving composite materials require existence of open holes
to allow passage for access to inner components like wires, pipes and assemblies or for
maintenance activities. The laminated structures being susceptible to delamination when
subjected to low-velocity impact, it is important that investigation of the impact response for
such components having open hole be done to assess their safety and integrity. The presence
of such discontinuities in the form of cut-outs or open holes can have significant influence on
the way delamination grows around these locations due to increased stress concentrations
under transverse loads [125] on account of LVIs. The central cut-out reduces the effective
stiffness of the plate. As a result, the presence of a cut-out generally leads to an increase in
plate deflection for a given load and the extent of the stiffness reduction depends on the size
and shape of the cut-out. Therefore, it is important to study the LVI response of such panels
having open holes and accurately estimate the underlying delamination at the interfaces such
that it enables prompt repair/replacement of components, preventing catastrophic accidents.
FE analysis have been performed using the developed FE code and the LVI response of
GLARE laminates with cut-outs have been studied.
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5.2. GLARE plate with central cut-out subjected to offset LVI

In the present section, the LVI responses of a GLARE plate with a central circular hole
subjected to impact by a steel spherical impactor are investigated. The effect of offsetting the
impact relative to the hole position on the contact response and delamination at the interfaces
are assessed. Further, the effect of hybridisation with Kevlar-49 layers are evaluated for the
impact responses and the delamination at the interfaces are assessed. Influence of important
geometrical parameters like effect of hole size and their positions relative to the impact point
are explored.

5.2.1. Problem definition

The impact responses of a clamped GLARE 5-2/1 laminate having a central circular cut-
out and subjected to offset LVIs as shown in Figure 5.1 is studied. The 100 mm x 100 mm
clamped GLARE plates having a 8 mm diameter central cut-out is subjected to a normal
impact at different offset locations along x-direction (x1=8 mm, x2=16 mm and x3=25 mm;
yl= y2=y3=0) from the centre by a 10 mm diameter spherical steel impactor (0=7800 kg/m?*
and E=200 GPa) at 10 m/s and the dynamic responses are evaluated. Furthermore, the effect
of change in the cut-out shape from circular to a square cut-out of sides 8 mm is studied on
the dynamic responses and associated delamination has been studied. Table 5.1 [45,138,205—
208] lists the material properties used in the FE model along with the strength parameters

and the details of the plate configurations are given in Table 5.2.

Table 5.1: Material parameters of S2-glass/epoxy and Kevlar-49/epoxy [45,138,205-208]

Parameter Notation  UD S2-glass/FM94-epoxy UD Kevlar-
prepregs (G) 49/epoxy (K)

Density (kg/m?) Yo 1980 1390
Poisson’s ratio v v, =0.33, v, =0.34,

Uy, =0.33 v,, =0.34
Young’s modulus (GPa) E E’1 =55, E2 =95 E1 = 75’E2 =55
Shear Modulus (GPa) G G12 =5.5, 023 =35 G12 =272,

G, =18

Yield strength (MPa) o, - -
Transverse tensile strength (MPa) YT 50 21
Transverse compressive strength (MPa) Y, 160 130
In plane shear strength (MPa) S, 70 66
Interlaminar shear strength (MPa) ILSS 50 48
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Table 5.2: Plate details

Plate configurations

Plate Code Al A2 A3 A4
Layup details [A1/06/90c]s [AL/0k/90]s  [AL/0c/90k]s  [Al/0c/0k/90k]s
Central cut-out type Circular and Square Circular Circular Circular

Al thickness (mm) 0.452 0.452 0.452 0.342
S2-glass/epoxy ply (mm) 0.158 0.158 0.142
Kevlar-49/epoxy ply (mm) - 0.158 0.158 0.142
Total thickness (mm) 1.536 1.536 1.536 1.536

—_— 2 '.I;J £ wn
Interface

Figure 5.1: Clamped GLARE plate with central cut-out subjected to offset LVI

5.2.2. Effect of impact offset from centre

To observe the influence of the impact offset distance from the centre, plate Al is subjected
to LVI at locations x1=8 mm, x2=16 mm and x3=25 mm from the centre along x-direction
and their impact responses are shown in Figure 5.2(a)-(d), comparing the same to that of
a plate without hole. It is seen that with decreasing offset distance from the hole centre, the
contact force peak reduces and the plate deflection increases. This is evident due to the
presence of the circular cut-out, which further reduces the flexural stiffness near to the centre
resulting in higher deflections. As the distance of offset increases and the impact location
shifts closer to the plate boundary, the increasing bending stiffness results in higher peaks of
the contact forces and also the overall contact time decreases. When the impact is at location
x1, the rebound behaviour of the impactor is delayed compared to the impacts at locations
x2 and x3. There is a continuous velocity drop for the impacts occurring at locations x2 and
x3 with a very short region of constant velocity for impact at location x2 and negligible at x3

(Figure 5.2(c)). At location x1, the impactor has a longer constant velocity region during
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which the plate displacement is greater (Figure 5.2(d)) than the impactor displacement
(Figure 5.2(b)). This is because as the impact location is closer to the plate centre, the lower
bending stiffness of the plate near the plate centre make it more compliant. This results in a
quicker response of the plate to the incoming impact and a higher plate deflection compared
to the other two locations (x2 and x3). The rebound response occurs when the plate from its
peak position reverses its motion and recontact occurs at around 300 us. Moreover, for a plate
without hole, the impact responses were similar to those of a plate with hole for the impact
offsets of 16 mm and 25 mm in terms of peak contact force and displacements. But, for the
impact offset of 8 mm, the plate without hole shows higher contact force peak and lower
impactor and plate displacement. This shows that the presence of a cutout can significantly

lower the stiffness near its vicinity.
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Figure 5.2: LVI on a GLARE 5 plate A1l at different offset distances from the centre

5.2.3. Effect of hybrid plate configurations

The contact force histories and impactor displacements are compared for the LVI on plates
Al, A2, A3 and A4 for impact at an offset distance of 8 mm from the centre, as shown in
Figure 5.3. The overall plate thicknesses are kept same to have a uniformity in comparing
their dynamic responses. It is seen that replacing all the S2-glass/epoxy plies with Kevlar-49
layers as in plate A2 and replacing only the inner 90 ° S2-glass/epoxy plies as in plate A3
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such that the metal volume fraction is kept constant (MVF=0.588) do not cause a significant
change in the peak contact forces attained when the outer aluminium thickness is the same.
But for the case of plate A4, where the outer aluminium thickness is reduced from 0.452 mm
to 0.342 mm such that the MVF=0.445, there is a drop in the peak contact force as seen in
Figure 5.3(a), and the impactor displacement is maximum (Figure 5.3(b)). There is a
slight shift towards the left for the contact forces during the rebound phase when inner
Kevlar49 layers are present. This shift is due to the change in the overall flexural stiffness of
the plate and the net plate mass, which affect their response behaviour because of the
difference in their inertia. As seen from Figure 5.3(b), the peak impactor displacements tend

to increase when more Kevalr-49 layers are present for the same MVF.
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Figure 5.3: (a) Contact force and (b) Impactor displacements for LVI at 10m/s on plates A1,
A2, A3 and A4

5.2.4. Delamination at the interfaces
In the case of LVIs, interfacial delamination can cause significant damage to a structure,
compromising its safety. The delamination at the interfaces is assessed and compared for the

plates A1, A2, A3 and A4 considered in the present study.

5.2.4.1. Effect of Impact Offset Distance

Figure 5.4(a)-(d) show the delamination at the interfaces for plate Al for the different
impact offsets on a plate with central hole and at interface-1 for the GLARE plate without
hole. It is seen that the extent of delamination is greater for the plate having central hole for
all the three impact locations. Moreover, the delamination at the metal/composite interfaces
are localised within the impact region in case of the plate without any hole. For the plate
with hole, increasing offset distance from the centre reduces the delamination near the hole
periphery, and in all cases, the delamination at the bottom aluminium/composite interface-1
is maximum. The delamination at the inner composite interfaces is centered around the
impact site and becomes negligible when the impact offset distance increases. The

delamination propagates along the underlying fibre direction and towards the hole edges.
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When the impact offset distance is 25 mm from the hole centre, the delamination at the top
interface-5 does not form a continuous patch up to the hole boundary, although local

delamination at the hole periphery occurs in all cases.
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Figure 5.4: Delamination at the interfaces of plate Al for different impact offset distances
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5.2.4.2. Effect of cut-out shape

To see the effect of the cut-out shape, a square cut-out of sides 8 mm is made in plate Al

(standard GLARE 5-2/1) and the contact responses are recorded. From Figure 5.5(a) it is

observed that the peak contact forces corresponding to the different offset locations are almost

same as for the case of plate Al having a circular cut-out and the impactor displacements

also follow a similar trend in their variation with the impact offset distance (Figure 5.5(b)).
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Figure 5.5: Effect of square cut-out on the (a) contact force and (b) impactor displacement
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Figure 5.6: Delamination for different impact offsets for plate Al having square cut-out

Although, the contact responses are seen to be similar, the delamination at the

metal /composite interfaces of the GLARE plate Al is comparatively more in case of a central
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square cut-out compared to that having a circular cut-out as can be inferred by comparing
Figure 5.4 and Figure 5.6 for the different imapact offset distances. From Figure 5.6(a)-
(c) it is seen that the delamination around the cut-out edges is more, and for the case when
impact offset is 25 mm, the delamination around the edges of the square cut-out is visibly
greater compared to that of a cicular cut-out (refer to Figure 5.4). Also, at the edge corners,
some delamination initiates which may be attributed to higher stress concentration zones near

the corners compared to a circular hole.

5.2.4.3. Effect of hybrid configurations
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Figure 5.7: Delamination at the interfaces of plate A2 for offset 0.008 m

Although the contact responses for plates A1, A2 and A3 are similar in terms of the peak
forces attained, the differences in the material properties of the inner composite plies in plates
A2 and A3 can significantly influence the contour of delamination at the interfaces. Figure
5.7Figure 5.9 show the delamination at the interfaces for plates A2, A3 and A4 for LVI at
10 m/s at an offset distance of 8 mm (location x1) from the centre. Comparing the
delamination for the plates Al, A2 and A3, the delamination at the inner interfaces for the
plates are more or less the same but at the aluminium/composite interfaces, the plates Al
and A3 shows lesser (similar delaminated area in A1 and A3) extent of delamination compared
to that in the case of plate A2. It is seen that for the configuration A4, although the peak

contact force was found to be less (refer Figure 5.3(a)), the extent of delamination at the
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metal/composite interfaces is maximum, highlighting the effect of outer aluminium layer

thickness in arresting delamination on account of LVI.
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5.3. GLARE plate having equally offset holes subjected to
spherical LVI

To further explore the influence of important geometrical parameters like effect of holes of
different sizes and their positions at different distances from the central impact point, the LVI
responses of GLARE 5-2/1 plates with symmetrically placed holes are studied. The S2-
glass/epoxy laminate comprises of four prepreg layers of [0° /90 ° /90 ° /0 ] configuration with
0.152 mm thick plies and the aluminium layers are 0.502 mm thick thereby taking the total
thickness to 1.612 mm.

5.3.1. Problem definition

A clamped square GLARE plate having sides 100 mm with the circular holes symmetrically

placed along x-axis is considered as shown in Figure 5.10 and Figure 5.11 shows the meshed

geometry of the target GLARE plate. The target GLARE plate having equally offset holes is

GLARE 5-2/1

ok G Uk
Interface

1.612mm

Layered solid
elements

Figure 5.11: Meshed geometry of the GLARE clamped plate
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impacted at the centre by a rigid steel spherical impactor at 10 m/s and the impact responses
and delamination at the interfaces are assessed. Varying the hole diameters as well as their
relative distances, the LVI responses are investigated and compared to that of a GLARE plate
without any holes. Furthermore, the shape and orientation of the holes on the LVI response

are explored and their influence on the interfacial delamination are investigated.

5.3.2. Effect of hole size on the dynamic response
In order to investigate the effect of the hole size, the dynamic response of a conventional
GLARE plate is compared to that of a GLARE plate having two symmetrically placed holes

32 mm apart from each other considering two hole diameters viz. 4 mm and 8 mm.
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Figure 5.12: Dynamic response of the GLARE plates due to LVI by a spherical steel
impactor at 10 m/s
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Plotting the dynamic responses as shown in Figure 5.12 (a)-(e) it can be seen that the
peak contact force and the impactor velocity for all the three GLARE plates are almost same
when impacted by the spherical steel impactor at 10 m/s but the central deflection is seen to
be the most for the plate having 8 mm diameter holes and the least for the plate without any
holes. Secondly, the peaks attained during its rebound response is slightly different and as
seen it is the least for the plates having 8 mm diameter holes and no significant difference is
seen in the contact force response for the plate having 4 mm diameter holes implying that
there is a threshold hole size relative to the plate size below which there is no significant
variation in the contact response of the target. The plate velocity at the contact location more
or less follows the same trend as can be seen from Figure 5.12(e). Therefore it can be
ascertained that the size of the holes affect the dynamic response of the GLARE plates on

account of reduction in the plate flexural stiffness.

5.3.3. Effect of hole position
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Figure 5.13: Effect of hole position on (a) contact force; (b) impactor displacement and (¢) plate
displacement
In order to see the effect of relative hole positions, the holes having diameters 4 mm and
8 mm are placed further apart at 52 mm from each other along x-axis. The dynamic responses

are compared for the contact force and impactor and plate centre displacements to that for
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the case where the holes are 32 mm apart as shown in Figure 5.13 (a)-(c) for the same
impactor velocity of 10 m/s. It can be seen that although the peak contact force is almost
same, there is a slight difference in the second peak force during the rebound behaviour when
the position of the 8 mm diameter holes are varied relative to each other. But no significant
difference is seen in the contact response for the GLARE plate having 4 mm diameter holes
in both the cases. Also, as the distance between the holes increases, the plate central deflection
decreases in case of the plates having 8 mm diameter holes. Based on the observation it can
be inferred that although the size and position of the holes can affect the dynamic responses,
there is a critical size for the holes relative to the plate dimensions below which the position

of the holes do not have any significant influence on the global dynamic response.

5.3.4. Effect of outer aluminium thickness

In order to study the influence of the outer aluminium thickness, the GLARE plate having
4 mm diameter holes placed 52 mm apart is subjected to LVI at 10 m/s. To investigate the
influence of MVF on the dynamic response, the outer aluminium thickness is reduced from
0.502 mm to 0.405 mm keeping all the other parameters same and in another case, the number
of S2-glass/epoxy layers are increased and the thickness of the outer aluminium layers are
reduced such that the overall plate thickness remains the same at 1.612 mm (Figure 5.14(a))

and the contact responses are shown in Figure 5.14(b)-(d).

It is observed that the peak contact force decreases and the impactor and plate
displacement increases with the decrease in the outer aluminium thickness because of the
reduced flexural stiffness of the plate. On reducing the aluminium thickness further to 0.35
mm and increasing the number of 0° glass/epoxy layers by two times such that the overall
plate thickness remains same at 1.612 mm, it is seen that although there is a rise in the
contact force compared to the plate having 0.405 mm thick aluminium layers, but increasing
the glass/epoxy layers do not lead to greater rise in the peak values of the contact force

compared to increasing the outer aluminium thickness.

A similar analogy but in the opposite sense can be observed for the impactor and plate
displacements and the GLARE plate having 0.502 mm thick aluminium layers undergoes the
minimum deflection. It is seen that with the decrease in the outer aluminium thickness from
0.502 mm to 0.405 mm the duration of the contact gets slightly prolonged but for the plate
having 0.35 mm thick aluminium layers, the contact duration is almost same as the plate
having 0.502 mm aluminium layers. From the contact force and displacement response of the
target plates it is seen that the outer aluminium layers have greater influence on the overall

flexural stiffness of the target plate thereby dominating the dynamic behaviour of the plates
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compared to the increase in the glass/epoxy layers. In order to further assess the effect of
these parameters on the structural integrity of the laminate, the interfacial delamination

undergone by the GLARE plate is investigated in the next section.
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Figure 5.14: Effect of outer aluminium thickness on the LVI response

5.3.5. Interfacial delamination
Delamination at the fibre/metal interfaces are critical to the structural stability of a
GLARE laminate and on being subjected to LVI considerable damage may initiate at the

interfaces although visual inspection for damages on the target might be barely visible.

5.3.5.1. Effect of position and size of holes

Figure 5.15 and Figure 5.16 show the interfacial delamination at the bottom and top
fibre/metal interfaces 1 and 5 respectively for the GLARE plates having 0.502 mm thick
aluminium layers and subjected to LVI by a steel sphere at 10 m/s. Figure 5.15 shows the
delamination for the case of a GLARE plate without any holes followed by the GLARE plates
having 4 mm diameter holes placed 32 mm and 52 mm apart from each other. Figure 5.16
plots the delamination for the GLARE plates having 8 mm diameter holes. As can be seen,
the extent of delamination is the least for the plate without any holes (Figure 5.15 (a)-(b))
and is highest for the GLARE plate with 4 mm diameter holes placed 52 mm apart (Figure
5.15 (e)-(f)).
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Comparing Figure 5.15(a)-(f) and Figure 5.16(a)-(d), it is observed that delamination
is more likely to propagate faster towards and across the holes along the fibre direction of the
lamina immediately adjacent to the aluminium layer. Compared to the GLARE plate having
8 mm diameter holes, the extent of delamination is more for the GLARE plates having 4 mm
diameter holes. As seen, the delamination occurs around the periphery of the holes in all the
cases indicating them to be critical sites where delamination tends to initiate on account of
LVI. For the case of the GLARE plate having 8 mm diameter holes (Figure 5.16), when
they are farther apart, the delamination do not form a continuous stretch as in case of the
GLARE plate having 4 mm diameter holes although local delamination initiates around the
hole peripheries. For all the cases, the inner composite interfaces showed negligible to nil
delamination and the bottom aluminium/composite interface undergoes more delamination

compared to the top interface.

5.3.5.2. Effect of hole shape
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Figure 5.17: Effect of hole shape on the LVI response

To investigate the effect hole shape on the delamination at the interfaces two cases are
considered viz. elliptical holes with semi-major axis as 4 mm and semi-minor axis as 2.5 mm

with the major axis aligned along x-direction once and along y-direction in the latter case.
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The elliptical holes are set 32 mm apart from each other and the GLARE plate is impacted
at 10 m/s at the centre keeping the impactor parameters same. Although, not much difference
is observed in the contact response for the two cases as can be seen from Figure 5.17(b)-
(d), it is observed that when the semi major axis of the elliptical holes are aligned along the
fibre direction of the 0° ply, the extent of delamination is comparatively greater at the
fibre/metal interfaces and this is evident from Figure 5.18(a)-(d). It is also observed that
the delamination around the periphery of the elliptical hole at the fibre/metal interface tends
to propagate more across and along the region having narrower curvature when the semi-
major axis is aligned along the fibre direction as can be inferred by comparing Figure 5.18

(a) and (c).
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Figure 5.18: Delamination at the aluminium/composite interfaces of the GLARE plates having
elliptical holes 32 mm apart with major axes aligned along (a)-(b) x-direction and (c)-(d) y-direction
5.3.5.3. Effect of metal volume fraction

To see the effect of MVF on the associated delamination at the fibre/metal interfaces and
around the hole periphery, a comparison of the delamination at the bottom and top
aluminium /glass-epoxy interfaces is shown in Figure 5.19 (a) and (b) for the plates having

4 mm diameter holes positioned 52 mm apart. Figure 5.19(a) shows the delamination for
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the case when the outer aluminium layer thickness is reduced to 0.405 mm keeping the
glass/epoxy layers the same and Figure 5.19(b) shows the same when the overall thickness
of the GLARE plate is kept fixed at 1.612 mm by increasing the number of 0° layers by two
and reducing the outer aluminium thickness further to 0.35 mm. It is seen that for the plates
having the same overall thickness, with decrease in the MVF, the extent of delamination
increases and the delamination near the hole edges tend to increase (refer Figure 5.15 (e)-
(f) and Figure 5.19(b)) although the peak contact force is lower in the latter case (refer
Figure 5.14(a)). In both the cases, a continuous delaminated region forms between the two
holes. But for the thinner GLARE plate having 0.405 mm aluminium layers, the extent of
delamination is seen to be lesser as seen in Figure 5.19 (a) and the delaminated region at
the top aluminium/composite interface do not reach the hole edges. It can be inferred that
although the outer aluminium layer provides considerable strength against impacts, the
thinner plate on account of reduced inertia reacts more quickly to the impact thereby reducing

the peak contact force and hence the delamination.

—_—
()
—

Interface 1 at 400us Interface 5 at 400us

0.05 0.05
s | Al
ol|4] 0
Q T L3
S| 3| 90
g, 90" -
a2 |
ST —— >0 | ~of |-
1 _| 0 | !
Al
Al: 0.405 mm
Sz-ply’ DI52 mm -0.05 e ———. -0.05 e
005 0 0.05 -0.05 0 0.05
X X
b
(b) ; ]T| 005 Interface 1 at 40045
6 0° |
2151 ”-.
&4 90
[0 o
83 90
2] 0 >0
B 0
Al
Al: 0.350 mm
$2-ply: 0.152 mm _ —. 0,05 Prre———r
-0.05 0 0.05 -0.05 0 0.05
X X

Figure 5.19: Delamination at the aluminium/composite interfaces for MVF (a) 0.571 (b) 0.434

TH-3287_186103032



Impact response of GLARE plates having open hole 151

5.4. GLARE plate having equally offset holes subjected to LVI

by a cylindrical impactor
Most of the published literatures investigated the LVI on a FML laminate considering a
spherical impactor and not much literature is present investigating the LVI responses due to
impact by a cylindrical impactor on GLARE considering the effect of hole position, size and
their shape and the interfacial delamination the target undergoes on account of impact
[36,123,212,213]. In order to see the effect of impactor geometry on the dynamic response of
the GLARE plates with holes, the same GLARE plates are subjected to a cylindrical impact

as shown in Figure 5.20.
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Figure 5.20: GLARE 5-2/1 plate with open holes subjected to central cylindrical impact

5.4.1. Problem definition

The clamped square GLARE plate is having sides 100 mm and the steel cylindrical
impactor of length 2L and radius R° strikes the top plate surface as shown in Figure 5.20.
The GLARE plate is having two 0.502 mm thick outer aluminium layers and the thickness
of each S2-glass/epoxy ply is 0.152 mm. The circular holes are offset symmetrically from the
plate along x-direction at distances of 32 mm and 52 mm from each other and their diameters

are varied from 4 mm to 8 mm for the analysis of LVI.

5.4.2. Effect of hole size and shape on the LVI response

To investigate the effect of the hole shape and size, the impact response of a conventional
GLARE plate is first evaluated and then compared to that of a GLARE plate having two
symmetrically placed open holes. The hole centres are placed 16 mm apart from the centreline
and their diameters are varied from 4 mm to 8 mm. Furthermore, the shape of the holes are
made elliptical having a semi-major axis of length 4 mm and semi-minor axis of length 2.5
mm and they are positioned such that once the major axes are aligned along x-axis and then

along y-axis. Comparing the dynamic responses as shown in Figure 5.21 (a)-(e) due to LVI
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by a steel cylinder of length 10 mm and radius 4 mm striking the plate at 10 m/s, the peak
contact force values and the impactor velocities for all the cases are almost same except for
the case of the plate having 8 mm diameter holes for which it is slightly lower. The central
deflection is seen to be the maximum for the plate having 8 mm diameter holes and the least
for the plate without any holes. This can be attributed to a reduction in the plate flexural
stiffness on account of the open holes near to the impact site. It is also seen that the contact
duration for the plate without any holes and for the plate having 4 mm holes is slightly less
compared to the rest. The plate velocity at the contact location more or less follows the same

trend as can be seen from Figure 5.21(e).
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Figure 5.21: Effect of hole shape and size on the response due to cylindrical LVI
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5.4.3. Influence of relative position of the holes

To observe the effect of the relative pitch between the holes of diameters 4 mm and 8 mm,
they are placed further apart at 52 mm from each other along x-axis. Considering the same
impactor parameters, the contact force, impactor and plate displacements are plotted in
Figure 5.22 (a)-(c). It can be seen that although the peak contact forces are almost same,
there is a slight change in the peak force when the position of the 8 mm diameter holes are
varied relative to each other. Moving the holes further apart from each other leads to the
peak forces to be same as for the case of the plate having 4 mm holes and also the impactor
and plate displacements decrease. From the contact responses it can be emphasised that for
a particular plate dimension, along with the pitch between the holes there is a critical size for

the holes below which they do not have significant influence on the magnitude of the contact

responses.
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Figure 5.22: Cylindrical LVI on GLARE plates having symmetrically placed holes

5.4.4. Influence of impactor dimension
In order to study the effect of impactor dimension on the contact response, the length of
the cylindrical impactor is made 20 mm and the diameter is reduced to 5.64 mm such that

the overall mass of the impactor remains the same. The contact response for the GLARE
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plates having holes 32 mm apart is shown in Figure 5.23 (a)-(c) for the contact force and
impactor and plate displacements respectively considering an impact velocity of 10 m/s.
Comparing the contact force histories in Figure 5.23(a), it is seen that the peak contact
force is slightly higher when the impactor length is doubled. The increase in the contact length

leads to a higher peak contact force although the change in the displacement of the impactor

and plate is negligibly small.

Secondly, keeping the diameter same at 5.64 mm, the cylinder length is made 10 mm so
that the impactor mass is reduced by half. It is seen that the contact duration more or less
remains the same for the impacts by similar mass impactors and the duration reduces when
the impactor mass decreases signifying that the duration of the contact is governed by
impactor mass. It is also seen that there is a decrease in the peak values attained when the
impactor mass decreases due to a reduction in the inertia of the impactor and hence the

impacting energy.
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Figure 5.23: Effect of cylinder dimension on the impact response for the GLARE plates with
hole pitch of 32 mm

5.4.5. Delamination at the interfaces

The extent of delamination at the interfaces is estimated for LVI by cylindrical impactor

and the effect of open holes on the progression of delamination is assessed.
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5.4.5.1. Effect of hole size and hole pitch

Figures 5.24-5.26 show the delamination at the aluminium/composite as well as inner
composite interfaces for the GLARE plate without any holes and those having 4 mm and 8
mm holes respectively when subjected to LVI by a steel cylinder at 10 m/s.

It is seen that the plate without any holes (Figure 5.24) experienced the least
delamination compared to the plates with holes. The delamination at the fibre metal interfaces
was noticeably the maximum for the GLARE plate with 4 mm diameter holes (refer Figure
5.25). It is seen that the fibre/metal interface opposite to the impact side experienced the
maximum delamination in all the cases. From Figures 5.25-5.26, it is seen that the
delamination tends to move faster towards the holes and along the fibre direction at the
fibre/metal interfaces and the extent of delamination in the plate having 4 mm diameter holes
is more compared to the plate having 8 mm diameter holes. This is due to higher stress
concentration around the holes of 4 mm diameter leading to a sharp increase in the stress
along periphery of the holes and as seen from Figure 5.25 the delaminated region grows

outward along x-axis beyond the hole edges.

(a) Interface 1 at 120us (b) Interface 2 at 120us
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Figure 5.24: Interfacial delamination for a general GLARE 5-2/1 plate
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Figure 5.25: Interfacial delamination for a GLARE plate having ¢4 mm holes (a)-(d) 32 mm apart,

(e)-(h) 52 mm apart

Furthermore, the delamination tends to initiate around the periphery of the holes in all

the cases making them critical sites when subjected to impact loadings. When the holes are

farther apart, the delamination do not form a single stretch although for the GLARE plate

having 4 mm diameter holes, the local delamination around the impact site is more and

delamination initiates around the hole peripheries. The inner interfaces concerning the

glass/epoxy plies experience negligible delamination in all the cases. It is seen that with the

increase in the pitch between the holes, the delamination between the fibre/metal interfaces

decreases although for the inner interfaces, it more or less remains the same.
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Figure 5.26: Interfacial delamination for a GLARE plate having ¢8 mm holes (a)-(d) 32 mm apart,
(e)-(h) 52 mm apart

5.4.5.2. Effect of hole shape

The shape and orientation of the holes can also influence the delamination at the interfaces
although the contact force may be similar (refer Figure 5.21) for the cut-outs of similar area.
Elliptical holes having dimensions as mentioned previously are placed 16mm apart from the

centre, initially aligning the semi major axis along x-direction and then along y-direction.

It is seen that when the semi major axis of the elliptical holes are parallel to the fibre
direction of the underlying 0° lamina, delamination is comparatively greater at the

fibre/metal interfaces and grows towards the outer edges in case of the elliptical holes whose
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major axes are along the x-direction as shown in Figure 5.27. This shows that for a GLARE
plate having elliptical cut-outs, the delamination may easily propagate across and along the
narrower edge of the holes when the semi-major axis for the elliptical holes are along the fibre
direction. For all the inner interfaces, the extent of delamination remains more or less the

same and around the periphery of the contact site.

(a) Interface 1 at 120us (b) Interface 2 at 120us (c) Interface 5 at 120us
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Figure 5.27: Interfacial delamination for a GLARE plate with the major axes of the elliptical

holes aligned along (a)-(c) x-direction (d)-(f) y-direction with the hole centres 32 mm apart
5.4.5.3. Effect of impactor dimension

As discussed previously in Section 5.4.4, in addition to influencing the magnitude of the

contact response due to a change in the impactor dimension, the delamination at the interfaces
might also change. The increase in the cylindrical impactor’s contact length lead to the peak
values of the contact force to be comparatively higher compared to that due to the increase
in the impactor radius (refer to Figure 5.23). Considering the cylindrical impactor’s length
to be twice its initial length and other impact parameters same, the delamination at the
interfaces for the plates having 4 mm and 8 mm diameter holes placed 32 mm apart from
each other is assessed as shown in Figure 5.28. The delamination at the
aluminium/composite interfaces are more when the contact length is increased as can be

observed by comparing Figure 5.25, Figure 5.26 and Figure 5.28, although for the inner
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interfaces the extent of delamination remains more or less the same. It is also observed that
for the case of the plate having 4 mm diameter holes, the delamination around the holes is
more and extends further outwards along the fibre direction compared to the plate having 8

mm diameter holes.

(a) Interface 1 at 120us (b) Interface 2 at 120us (c) Interface 4 at 120us
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Figure 5.28: Delamination due to LVI by cylindrical impactor (2L=20mm, ¢=>5.64mm) in a
GLARE plate having (a)-(d) $4 mm holes 32 mm apart (e)-(h) ¢8 mm holes 32 mm apart
5.4.5.4. Effect of MVF
The overall thickness of the plate can influence the contact response as observed from
Figure 5.29 for the case of a LVI at 10 m/s on a GLARE plate having 4 mm diameter holes
with a pitch of 32 mm. When the thickness of the aluminium layers are reduced from 0.502
mm to 0.402 mm, thereby reducing the MVF from 0.623 to 0.569, it is seen that the peak

contact force decreases and the impactor displacement increases due to the reduction in the
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flexural stiffness of the plate. Another inference that can be drawn is that the outer aluminium
layer has a significant role in influencing the magnitude of the overall impact behaviour of
the GLARE plate due to LVI by the cylindrical impactor and the duration of the contact
slightly increases with reduction in the MVF. This change in the peak values influences the
delamination at the interfaces as shown in Figure 5.30 and Figure 5.31 for the GLARE
plates having 4 mm and 8 mm diameter holes placed 32 mm apart from each other.
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Figure 5.29: Effect of plate thickness on the cylindrical LVI response (a) contact force and (b)
impactor displacement for impact at 10 m/s
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Figure 5.30: Interfacial delamination for a GLARE plate (MVF=0.569) having 4 mm dia. holes

32 mm apart subjected to cylindrical LVI at 10 m/s
It is seen that for the case of the plate having 4 mm diameter holes, the decrease in the
plate thickness on account of thinner aluminium layers leads to a slight decrease in the
delamination at the top aluminium/composite interface as can be observed by comparing
Figure 5.25 and Figure 5.30. Also, the delaminated region do not form a continuous area
at the top aluminium/composite interface-5 as in case of the plate having 0.502 mm thick

aluminium layer but the lateral spread of the delamination at the bottom and top interfaces
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1 and 5 is slightly greater. Although the outer aluminium layer provides considerable strength
against impacts, the lighter plate on account of thinner aluminium layer responds promptly
to the impact because of its reduced inertia, lowering the peak contact force and hence the
delamination. For the case of the GLARE plate having 8 mm diameter holes (refer Figure
5.31), the extent of delamination was more or less the same and for all cases delamination
initiated around the hole periphery signifying the criticality of failure due to delamination in
presence of open holes in a laminated component. As seen, the plate thickness, the size of
holes and hole pitch together influence the contact response as well as the associated

delamination, especially at the aluminium/composite interfaces.

(a) Interface 1 at 120us (b) Interface 2 at 120us (c) Interface 5 at 120us
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Figure 5.31: Interfacial delamination for a GLARE plate (MVF=0.569) having 8 mm dia. holes
32 mm apart subjected to cylindrical LVI at 10 m/s

5.5. GLARE plate with central hole subjected to multiple
cylindrical LVIs

The present section investigates interfacial delamination in a GLARE fibre metal laminate
having a central circular hole under multiple low-velocity impacts (LVIs) by cylindrical
impactors. Influence of important parameters like length and radius of impactor, order of

occurrence and location of impact on the extent of delamination have been studied.

5.5.1. Problem definition

A GLARE 5-2/1 plate having dimensions of 0.08 m x 0.08 m with a central circular hole
of diameter 8 mm, clamped at all sides is considered to be impacted by two cylindrical steel
impactors at different locations, at arbitrary times and with different velocities. The impactors
hit the clamped GLARE plate symmetrically at locations (x=0, y=0.012 m) and (x=0, y=—
0.012 m) respectively as shown in Figure 5.32 and the impact responses are obtained. The
plate configuration and cylindrical impactor details are given in Table 5.3. The effect of
various parameters like the impact location, effect of impactor length and radius as well as

the time between the impact occurrences and the influence of outer aluminium thickness on
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the impact response are investigated. The extent of delamination at the interfaces and near
the free edge of the hole due to multiple LVIs by cylindrical impactors are assessed. Figure
5.32 (a) shows a typical cylindrical impactor and Figure 5.32(b) illustrates a clamped
GLARE plate having a central circular hole being normally impacted upon by multiple

cylindrical impactors of arbitrary masses and initial velocities at different locations.

2L .

(a)
GLARE 5-2/1

e K:J = th
Interface

u=tt, =, =0 R » =5 " y=—al2,a12

(b)

Figure 5.32: (a) Cylindrical impactor (b) Cylindrical impactors striking a clamped GLARE
plate with central hole

Table 5.3: Plate and impactor details

Ply thickness 0.152 mm
Aluminium thickness 0.518 mm (Plate A) 0.580 mm (Plate B)
Total plate thickness 1.644 mm (Plate A)

1.768 mm (Plate B)

Steel cylinder radius 2.8 mm

Steel cylinder length 10 mm
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5.5.2. Effect of outer aluminium thickness for two simultaneous impacts
The two steel cylindrical impactors strike the plate at symmetric locations simultaneously
as mentioned earlier with velocities 10 m/s each and the dynamic responses are shown in
Figure 5.33 (a)-(d). It could be seen that the contact force responses, impactor
displacements and velocities and plate displacements at the two contact points are identical
in case of simultaneous impacts for each case. It is seen from Figure 5.33 (a) that the contact
duration decreases marginally with increasing thickness of the outer aluminium layers of
GLARE 5-2/1 (plate B) due to increased stiffness and there is a rise in contact force. Figure
5.33 (a) and (d) also show that with increasing overall thickness of the plates, the contact
force and the impactor velocity experiences a slight shift towards the left. In addition, the
decrease in impactor velocity is more with the increase in overall thickness of the plates. It
could also be seen that the magnitudes of the contact forces in the second impact is much less
compared to those in the first contact although the contact force in plate A is comparatively
higher than that in plate B during the second impact. It can be seen from Figure 5.33 (b)

and (c) that the impactor and plate displacements vary inversely with the outer aluminium

thickness.
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Figure 5.33: Effect of outer aluminium thickness on simultaneous multiple impact by two

similar cylindrical impactors at 10 m/s
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5.5.3. Two cylindrical impactors striking at different times
The plate A is taken for studying the impacts by the two cylindrical impactors striking
with a velocity of 10 m/s at symmetric locations and time delays AT = 20 us and 40 zs between

them. The contact force histories and the dynamic responses for the plate and impactors are

shown in Figure 5.34 and Figure 5.35.
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Figure 5.34: Impact responses of plate A for time delay of AT=20us between the two impacts
occurring at 10 m/s

It is observed from the contact force histories (Figure 5.34(a) and Figure 5.35(a)) that
as the time gap between the two successive impacts increases, the magnitude of the second
impactor’s maximum contact force first increases as in case of AT =20us. On increasing the
delay between the successive impacts to AT =40us, the second impactor’s contact force
decreases since the plate motion is in the same direction as the impactor (refer Figure
5.34(b), Figure 5.35(b) and Figure 5.36(a)-(b)) and the second contact point location
readily attains a higher velocity. It is also seen from Figure 5.33(a) that further delay in
the impact interval would render the analysis as two separate impact events as the duration
of the first impact is about 50us for the simultaneous impacts at symmetric locations

although there would be some plate motion. It is seen that the first impactor’s contact force
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is negligible for the second time as compared to the first time for all the time delays between
the successive impacts. In case of AT =20us, only the second impactor comes in contact
twice with a comparable reloading peak force. Therefore, it can be said that the delay in

impact between the two impactors causes a change in the contact force for the second

impactor.
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Figure 5.35: Impact responses of plate A for time delay of AT=40us between the two impacts
occurring at 10 m/s
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5.5.4. Effect of impactor radius and contact length

In order to observe the effect of geometric parameters of the impactor on the dynamic
response, first the cylinder radius is increased from 2.8 mm to 4 mm keeping the cylinder
length same as original dimension and secondly the length of the cylinder is doubled keeping

the radius unchanged such that the net mass of the cylinders in both the cases are same and

almost twice that of the original cylinder considered.
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Figure 5.37: (a) Contact force, (b)plate and (c) impactor displacement and (d) impactor

velocity for impacts by cylindrical impactors of different dimensions at 10m/s on plate A

The cylindrical impactor geometry can also influence the magnitude of the contact force
at impact location although the duration of the impact is governed by the impactor mass as
can be seen from Figure 5.37(a). Also, the magnitude of the contact forces for second impact
of the impactors are comparable. Increased inertia of the impactors with higher mass tends
to stretch the impact duration and as can be seen from Figure 5.37(a)-(c), the increase in
the cylinder length which in turn increases the contact length leads to slightly higher values
in peak contact force, plate and impactor displacements compared to that due to the increase

in the impactor radius. However, the impactor velocity shows negligible difference (Figure

5.37(d)) owing to similar inertias of the impactors.
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5.5.5. Interfacial delamination under multiple cylindrical LVIs

Delamination at the interfaces being one of the critical causes of failure in FMLs, it is
important to assess the extent of delamination at the free edge of the hole under impact
loading of GLARE by multiple cylindrical impactors. In the present case, delamination at
different interfaces have been estimated for GLARE subjected to different cases of multiple

cylindrical impacts.

5.5.5.1. Influence of outer aluminium thickness

Figure 5.38 and Figure 5.39 show the delamination progression after 120us at the

interfaces of the GLARE plates A and B for simultaneous impacts by the steel cylindrical
impactors of length 10 mm and radius 2.8 mm at 10 m/s. The inner glass/epoxy ply interfaces
show minute delaminations for the impacts occurring at the said velocities. The delamination
at the interfaces are located about the impact location and it is observed that the path of
delamination is along the fibre direction of the lamina below the surface. The first impactor
strikes the GLARE plates at location x = 0 and y = 0.012 m and the second identical impactor
at x = 0 and y = —0.012 m. It is observed that the delamination occurs symmetrically at the
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Figure 5.38: Delamination due to multiple cylindrical impacts at 10 m/s on plate A
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contact locations of the two impactors and the extent of delamination is influenced by the
outer aluminium layer thickness. Around the open hole, the delaminations tend to initiate
only at the metal composite interfaces along the fibre direction of the underlying lamina and
the progression is along the midline from the diametrically opposite tips of the hole in X-
direction. As can be seen from Figure 5.38 and Figure 5.39, the extent of delamination is
more in plate A than that in plate B which is having a thicker aluminium layer enabling a
greater absorption of the impact energies associated with the LVIs. But in both the cases the
metal composite interfaces experience the maximum extent of delamination. It is also observed
that the extent of delamination at the bottom interface is slightly more than that at the top
interface and the delaminations indicate that the interfacial shear stresses that arise as a
result of bending initiate the debonding at the aluminium composite interfaces which in turn

enables efficient energy absorption during impacts.
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Figure 5.39: Delamination due to multiple cylindrical impacts at 10 m/s on plate B

5.5.5.2. Influence of time delay between the cylindrical impacts
Now, for the same symmetrical impact locations and the identical impactors striking plate
A at 10 m/s, the effect of the time delay between the two successive impacts on delamination

progression are studied for the time intervals AT = 20us and 40 us as shown in Figure 5.40
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and Figure 5.41 respectively. Comparing Figure 5.38, Figure 5.41 and Figure 5.42, it
is seen that the extent of delamination varies with the time gap between the two successive
impacts. When occurring simultaneously (Figure 5.38) the delaminations are symmetric and
equal and as the time gap increases the delaminations become asymmetric, gradually

increasing first and then decrease when AT = 40us. Also, as seen from the force responses for

the impacts occurring at different time intervals (Figure 5.33(a), Figure 5.34(a) and
Figure 5.35(a)) where the second impact attributes to higher contact force when AT = 20us

, the delamination around the vicinity of the second impact location (x=0, y=-0.012 m) tends
to be larger as evident from Figures 5.40-5.41. It is seen that the extent of delamination is
marginally more for the bottom aluminium/composite interface (interface 1) as discussed and
it is observed that the spread of the delamination around the impact location tends to be
along the fibre direction of the 0° glass/epoxy ply (x-direction) adjacent to the aluminium
layer of the GLARE laminate. In all the cases, delamination initiates only at the top and
bottom interfaces around the periphery of the hole and along the fibre direction of the

underlying layer of the aluminium/composite interfaces.
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Figure 5.40: Delamination due to multiple cylindrical impacts at 10 m/s on plate A with
A T=20us between the two impacts
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Figure 5.41: Delamination due to multiple cylindrical impacts at 10 m/s on plate A with
AT=40us between the two impacts

5.5.5.3. Influence of impactor dimensions

Figure 5.42 shows the delamination at the interfaces of GLARE plate A due to impacts
by the 10 mm long cylindrical impactors with larger radius of 4 mm and Figure 5.43 shows
the same for impactors of twice the original length and radius unchanged. It is seen that due
to increased mass of the impactors, along with the rise in contact forces (refer Figure
5.37(a)), the extent of delamination also increases at the fibre/metal interfaces. As before,
along with the localised delamination at the contact locations, the delamination along the
periphery of the hole at the metal/fibre interfaces increase along x-direction and the tendency
to coalesce into a single delaminated region encompassing the hole and contact locations is
easily predictable with increasing contact force. Also, with overall increase in the delamination
area, the extent of delamination is seen to be comparatively more for the case of increase in
length of the cylinder compared to increase in cylinder radius. Also, at the inner composite

interfaces, the delamination more or less remains the same.
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Figure 5.42: Delamination due to multiple cylindrical impacts at 10 m/s on plate A by
cylindrical impactors of length 10 mm and radius 4 mm
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Figure 5.43: Delamination due to multiple cylindrical impacts at 10 m/s on plate A by
cylindrical impactors of length 20 mm and radius 2.8 mm

5.5.5.4. Effect of impact location about the hole periphery

In order to observe the effect of impact location on the delamination at the interfaces, the
cylinders strike at locations (0, 0.02 m) and (0, -0.02 m) at 10 m/s on plate A. Comparing
the contact force responses from Figure 5.33(a), Figure 5.34(a), Figure 5.35(a) and
Figure 5.44 it can be inferred that peaks in the contact forces of the first impact are almost
same and unaffected by the impact location although the duration of the impact varies based
on the location of the impacts and the peak forces of the second impact is seen to be affected
by the time delay as well as location of the impacts as a result of the variation of the global
deformation of the plate. So, keeping in view of the criticality of the fibre/metal interfaces,
the delamination at these interfaces are assessed for different time delays between the impacts
as shown in Figure 5.45. It is seen that although the nature of the extent of local
delamination about the contact area remains nearly the same, the extent of delamination

around the periphery of the hole reduces. In the current case also, it is seen that when the
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peaks of the impacts occur close to one another for AT = 20us the extent of delamination is

more and when the delay increases there is no delamination around the hole for AT = 40us.
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Figure 5.44: Contact force for impacts at 0.02m symmetrically from centre along y-axis on plate A
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Figure 5.45: Delamination at the bottom and top fibre/metal interfaces of plate A for cylindrical

impacts at locations 0.02m from centre along y-axis for (a) AT=0 (b) AT=20us (c) AT=40us
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5.6. Summary

The LVI responses of a standard GLARE 5-2/1 plate is compared to those having
discontinuities in the form of holes/cut-outs. The effect of important parameters like the
relative offset between the hole and the impact site, impactor geometry and relative pitch
between the holes are investigated. Furthermore, the effect of hybridisation with Kevlar-49
layers and different MVF on the impact response are explored. In addition, the multiple LVIs
on a plate having a central circular cut-out subjected to cylindrical impacts is studied to see
the effect of relative impactor positions, delay between their impacts and other associated
important parameters. Based on the present analysis, the following important conclusions can

be drawn as follows:

e The impact location can significantly affect the contour of the delamination at the
fibre/metal interfaces. Closer is the impact to the open hole, more is the damage

caused due to delamination. Thus, area around the hole is more prone to delamination.

e The shape of the central cut-out can be a critical factor in initiation of delamination
near the periphery of the cut-out and care should be taken in deciding the geometry
of these cut-outs.

e The presence of discontinuities in the form of cut-outs can reduce the plate flexure,
resulting in higher transverse deflections and lower peaks in the contact force when

the impacts occur close to the cut-out.

e The geometry/size of the impactor influence the contact response in terms of the peak
values attained and the impactor mass affects the contact duration. For cylindrical
impactors with identical masses, the increase in cylinder length leads to a greater raise

in the peak contact force values compared to increase in diameter.

e The MVF along with the plate thickness influence the plate flexural stiffness. This

can affect the delamination at the interfaces based on the size and pitch of the holes.

e In case of the inner interfaces, the delamination is generally located around the contact
region and for all the cases, the direction of the delamination is influenced by the fibre

direction of the underlying layer.

e Relative to the GLARE plate dimension, for holes having diameters below a critical
minimum, the position of the holes have minor effect on the dynamic response. But
the same is not true for the interfacial delamination and its extent at the fibre/metal
interfaces. Therefore, the pitch between two holes is an important aspect that needs
to be considered while making holes required for certain applications on a GLARE

laminate.
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o The hole shape and their orientation relative to the fibre direction of the underlying
ply influences the delamination at the aluminium/glass-epoxy interfaces and also

around the hole periphery.

e In case of multiple cylindrical impacts, the delamination at the fibre-metal interfaces
initiate at the contact locations and around the periphery of the open circular hole,
and depending on the magnitude of the contact force there is a tendency to coalesce

into a single delaminated area around the hole.

e The magnitude of the contact force for the second impact is influenced by the time

interval between the two impacts and also by the location of the impacts.

o Geometric parameters of the cylindrical impactor also influence the extent of
delamination and the effect of contact length is more pronounced compared to that of

cylinder radius.

e The hybrid configurations having inner Kevlar-49 plies can be a viable option which

can reduce the overall weight compared to standard GLARE configurations.
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Chapter 6

Oblique LVI on GLARE considering

friction

The present chapter numerically investigates the oblique low velocity impact (OLVI)
behaviour of clamped GLARE plates by a spherical impactor to study the influence of
obliquity and coefficient of friction on the impact mechanism and on the extent of interfacial
delamination. In addition, the multiple OLVIs on GLARE is investigated studying the effect
of the time interval between the impacts, their relative trajectories and geometrical

parameters like the impactor size on the impact response.

6.1. Introduction

In practical applications, the impactor’s trajectory of incidence can be arbitrary relative
to the target and not much work is reported investigating the OLVI on GLARE considering
the normal and tangential contact responses simultaneously and assessing the interfacial
delamination that emanates on account of it. Delamination being a critical mode of failure in
laminated structures, the interest of the present analysis is to investigate the dynamic
responses of GLARE 4-3/2 FMLs due to OLVI by a spherical steel impactor at different
incident angles and velocities and understand their influence on interfacial delamination. As
depicted in Figure 6.1, the GLARE 4-3/2 configuration has two outer aluminium layers and
one middle aluminium layer stacked alternately between the [0°/90° /0] S2-glass/epoxy

laminates and the interfaces are numbered from bottom to top.

6.2. Oblique LVI on a clamped GLARE plate

In the case of OLVI, the normal component (f, ) and the tangential component (f.) of

the contact force need to be evaluated simultaneously. In the present work, Hertzian force-
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displacement relation is used to evaluate the normal contact force and the tangential contact
force is computed by using the theory of Mindlin and Deresiewicz [176,177,214]. A three
dimensional finite element formulation employing Newmark-g method has been developed for
analyzing the oblique contact impact response of GLARE plate where Hertzian contact model
is used for the normal component of contact and Mindlin and Deresiewicz theory [176,177,214]

is used for the tangential component as described in Chapter 3.

Unidirectional glass/ e
epoxy plies [ 5 3 Interface

Figure 6.1: GLARE 4-3/2

6.2.1. Problem definition

As shown in Figure 6.2, a square clamped GLARE 4-3/2 plate of 0.08 m x 0.08 m is
impacted by a 5 mm diameter spherical steel impactor at different angles of incidence 6 at
the centre with x-z being the plane of impactor motion such that the components of velocity
along the normal and tangential direction are v, and v respectively. The thickness of each
aluminium layer is 0.304x 103 m and that of S2-glass/FM94-epoxy lamina is 0.156x 1073 m,
taking the total thickness of the GLARE plate to 1.848x 1073 m.

In order to observe the change in contact response due to obliquity, first, the spherical
impactor is considered to strike the target at different angles with a fixed initial speed. Next,
the obliquity is varied keeping the initial normal component of the velocity fixed at 10 m/s
such that it results in a change in the tangential component of the initial velocity only and a
direct comparison can be drawn between the tangential response and the normal contact
force. A simple illustration is presented to show the variation of the normal and tangential
component of velocity with obliquity: (a) for a fixed initial speed and (b) for a fixed initial
normal component of velocity as shown in Figure 6.3. Effect of the coefficient of friction on
the tangential contact force has also been investigated for different angles of incidence. Finally,
the extent of delamination at the interfaces due to OLVI is assessed for different plane of the

impact.
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Table 6.1 [204-206] lists the interface strengths and the material parameters for aluminium

alloy and S2-glass/FM94-epoxy laminates and steel are listed in Table 6.2 [45,102,138].

Table 6.1: Interface strengths [204-206]

Interfacial strengths S2-glass/FM94-epoxy interfaces S2-glass/FM94-epoxy and
Aluminium 2024-T3
S, (MPa) 43 40
S (MPa) 30 40

Table 6.2: Material properties [45,102,138]

Parameter Notation Al 2024- UD S2-glass/FM94- Steel
T3 alloy epoXy prepregs

Density (kg/m?) P 2780 1980 7800

Poisson’s ratio L 0.33 Uy, =0.33, U3 =0.33

Young’s modulus (GPa) E 79 E1 =55, E2 =95 200

Shear Modulus (GPa) G G12 =5.5, G23 =35

Yield strength (MPa) o 340

Transverse tensile strength (MPa) Y, 50

Transverse compressive strength (MPa) YC 160

In plane shear strength (MPa) Slt _ 70

Figure 6.2: Oblique impact by a steel sphere on a clamped GLARE 4-3/2 plate
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Figure 6.3: Variation of the normal and tangential component of velocity with obliquity

6.2.2. Validation of the FE code

To reinforce the accuracy of the present code, it is validated with the results of
Christoforou and Yigit [203] for the contact force when a 12.7 mm diameter steel spherical
impactor normally strikes a simply supported carbon/epoxy beam of span 0.2 m and width
0.02 m and having a stacking sequence [0°/90° /0°/90° /0], at the centre with a velocity
of 3 m/s (refer Figure 6.4(a)). The carbon/epoxy plies have the following material
parameters: F, =120 GPa, F, =79 GPa, G|,=5.5 GPa, p=1580 kg/m’, v, =uv,,=0.3
and the plies are 0.269 mm thick. Refining the mesh from coarser to a finer mesh in steps, a

mesh size of 64x16x2 elements and a time step of At =1 us is taken for the dynamic analysis

of the simply supported composite beam and the contact force obtained as shown in Figure

6.4(b) shows an excellent match with the published works of Christoforou and Yigit [203].

400

—Present FE code
* Analysis of Christoforou and Yigit

g

[ ]
s

8

1] 100 200 300 400 450
Time (jes)

(a) (b)

Figure 6.4: Simply supported [0/90/0/90/0]s carbon/epoxy beam and (b) contact force history
for impact by a steel sphere [203]
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Furthermore, the present code is also validated with the experimental results of Seo et al.
[138] where a clamped circular GLARE 5-2/1 plate is impacted by a hemispherical steel
impactor with 12.7 J as shown in Figure 6.5(a). Contact force history computed by the
present code shows a good agreement with the experimental results of Seo et al. [138] as

shown in Figure 6.5(b).
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Figure 6.5: (a) Impact on a clamped circular GLARE 2/1 plate by a spherical impactor (b)
Validation of contact force history [138]

From the review of literature in Chapter 2, there are not many literatures where
simultaneous normal and tangential contact responses are investigated for OLVI on GLARE.
To determine the computational effectiveness of the present FE code for investigating the
OLVI, a system having geometrical dimensions of similar order as reported in the works of

Wu et al. [215] considering the material parameters as: F =208 GPa, p= 7850 kg/m? v

=0.3 and ¢ P =0.3 are considered. A steel sphere of radius 10 um strikes an elastic half space

of dimension 60 um x 60 um x 10 um at different angles of incidence with a fixed initial
normal velocity of v,; =5 m/s. The nodes on the boundaries i.e. at planes x = £30 um, y =
130 um and z = —10 um are fixed. Normal force-displacement relationship obtained from the
present analysis shows a good agreement with the results of Wu et al. [215] as shown in
Figure 6.6. Furthermore, to verify the manner of evolution of the tangential contact force
at a constant initial normal component of velocity, the impact angles are varied and the

tangential contact force evolution is plotted in Figure 6.7. It could be observed from Figure

6.7 that the maximum tangential contact force is limited to the value of fT = H; f v Which is

of general notion and it can be seen that as the impact angle increases, the region of negative
tangential force decreases and finally at high impact angles there is sliding throughout the
contact period. These observations are in good agreement with the results of Maw et al. [216]

thereby establishing the validity of the present FE code.
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Figure 6.6: Normal contact force-displacement for LVI by a rigid steel sphere with v,; =5 m/s [215]
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Figure 6.7: Tangential contact force histories for LVIs at different 6 with fixed v,=5 m/s

6.2.3. Effect of obliquity on contact response at an initial fixed speed

The magnitude of peak contact forces attained is of significant importance as this decides
the nature and extent of interfacial delamination damage induced in the target during an
impact. Figure 6.8(a) shows the time history of the normal component of the contact force
and Figure 6.9(a) shows the same for tangential component of the contact force for oblique
impact of spherical impactor on the GLARE plate with an initial speed of 10 m/s for different

obliquities corresponding to a coefficient of friction £ s = 0.47 between the impactor and the

plate.
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Figure 6.8: (a) Normal contact force at different angles of impact for a fixed initial impact speed of
10 m/s; o, (N/m?) at interface-8 (Al/composite) for (b) 6 =5° (c¢) 6 =45° at 15 us
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Figure 6.9: (a) Tangential contact force at different angles of impact for a fixed initial impact speed
of 10 m/s; 1y, (N/m?) at interface-8 (Al/composite) for (b) 6=5° (c) 6=45° at 15 us

It could be observed from Figure 6.8(a) that whereas the magnitude of peak normal

contact force decreases with the increase in oblique angle, the duration of normal contact

increases. However, the tangential contact force history shown in Figure 6.9(a) reveals that

the magnitude of the peak tangential contact force increase with the increase in oblique angle

6 while 6 < 15° and beyond that the magnitude of tangential contact force reduces. This is

because initially with increasing obliquity the normal component of the velocity increases
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leading to a rise in the tangential contact force while f < u ; Jy - In addition, the tangential

contact force reverses its direction during contact due to stick slip and the instant of reversal
is delayed with increasing oblique angle. Also the duration of negative tangential contact force
decreases with increasing oblique angle. With higher oblique angle, 6 > 45° | the reversal is
negligible and there is almost no stick and a complete slip occurs. This is due to the fact that

when the tangential contact force reaches values f, > H, [y » sliding occurs and the tangential
contact force value becomes f = H, fyv- The typical stress profiles at the top

aluminium/composite interface-8 is shown in Figure 6.8(b)-(c) and Figure 6.9(b)-(c) for
the out-of-plane stresses and corresponding to 6 = 5 and 6 = 45° respectively at t = 15 us.
It can be observed that the stress magnitude changes and a change in the stress contour is

seen when the incident obliquity is varied for the impacts occurring at a fixed initial speed.

Figure 6.10 shows the impactor displacement history for different oblique angle of impact.
It could be observed from Figure 6.10 that an increase in the obliquity of impact leads to a
decrease in the impactor displacement in the normal direction leading to a lesser indentation
at the point of contact and hence lower peaks of the normal contact forces, as shown in
Figure 6.8. Figure 6.11 shows the impactor energy during the impact duration and it is
seen that at larger obliquities the final energy of the impactor is higher, showing that at large

impact angles the energy absorbed by the target reduces.

-4
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Figure 6.10: Normal impactor displacement at different angles of impact for a fixed
initial impact speed of 10 m/s

TH-3287_186103032



Oblique LVI on GLARE considering friction 183

0.03 .
_.__._.9200

0.025 f=5°
= ——§=10°|
2 0.02 - ——6=15"
5 "+ 9=25%
jon |
©0.015 —6=45°| 4
g8 ——3=60°|
5 .
? 0.01 YO

Time (us)

Figure 6.11: Impactor energy at different angles of impact for a fixed initial impact
speed of 10 m/s

6.2.4. Effect of obliquity on contact response at an initial fixed normal

velocity
In the previous section, the analysis showed the effect of obliquity on the OLVI by an
impactor with a fixed initial speed. The obliquity of impact results in varying normal and
tangential components of initial velocities, thereby causing changes in both the normal as well
as tangential responses. As a result, exploring their coupled interaction on the target may not
be clearly possible, although it is to be noted that the normal and tangential contact forces
do not interfere with each other. Therefore, in the second case, the normal component of

initial velocity is fixed at 10 m/s throughout the range of obliquities during OLVI on the
clamped GLARE plate and the coefficient of friction is My = 047 . Figure 6.12 shows the

variation of the tangential contact force with oblique impact angle and the normal force profile

in terms of f; =4, f,, when the impactor strikes with the initial normal component of velocity

fixed at 10 m/s. It is seen from Figure 6.12 that for the same normal force profile on account
of the fixed initial normal component of velocity, the increase in obliquity results in an increase
in the peak tangential contact force. Compared to Figure 6.9(a), where the impactor strikes
at a fixed initial speed of 10 m/s, the tangential contact force attains the maximum value

when the oblique angle of incidence reaches 25 °.

Further increase in the obliquity results in the peak value of tangential contact force to

remain essentially unchanged when 6 2 25° and slip occurs throughout the impact regime
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with f; = My fywhen 6 > 45° . Tt is clearly evident from the relative tangential displacement

of the impactor as shown in Figure 6.13, where at small impact angles the relative tangential
displacement of the impactor remains unchanged close to zero until just before the impact
concludes. At intermediate angles, there is an initial increase in the relative tangential
displacement followed by a steady unaltered region when there is no sliding and finally the
relative tangential displacement decreases towards the end, indicating the displacement

direction is opposite, and at higher angles beyond 6 = 45° | there is sliding throughout the

whole impact duration.

180
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Tangential contact force, f, (N)

0 5 10 15 20 25 30 35 40 45
Time (us)

Figure 6.12: Contact force variation with the obliquity of impact for a fixed v,=10 m/s

These can be visualised by considering the target surface to act as a non-linear spring
along the tangential contact such that initially there is gross slip in the direction of the initial
tangential velocity and as the friction force compresses the spring, the contact surfaces stick
and once the maximum compression is attained, the annulus of microslip grows inward.
Subsequently, this causes regions of counter- slip to be generated near to the boundary of
contact. These become more dominant as the impact proceeds until there are no stuck regions
left and slip occurs throughout. This oscillation of stick and slip follows until towards the end
of the cycle and is reflected in the tangential loading history. When the angle of incidence is

larger, the occurrence of gross slip is seen initially which delays the start of the cycle of stick
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and slip but the same behaviour is seen in general. As the incident angle becomes larger than
the critical limit, gross slip occurs throughout the impact duration. Therefore, the normal
component of velocity, which influences the peak value attained by the normal contact force,
together with the obliquity of the impact, affects the contact force response in the tangential

direction during impact.

_4
3.5 % 10"

3 #=5° —p=10° —p=15° —@=25° - 6=30° - 6=45°

25 e sl

Relative tangential displacement (m)

0 5 10 15 20 25 30 35 40 45
Time (us)

Figure 6.13: Relative tangential displacement of the impactor at different impact angles

6.2.5. Effect of coefficient of friction on the tangential contact response
In order to understand the correlation between the coefficient of friction and obliquity of

impact on the evolution of tangential component of the contact force, the contact force

responses are evaluated varying the value of Hy between 0.28 and 0.67 for a fixed normal

component of initial impact velocity of 10 m/s at a lower impact angle of 6 = 5° and an
intermediate angle of 6 = 30 ° . It is seen from Figure 6.14 that the variation of the tangential
contact response with the coefficient of friction is negligible at lower values of oblique impact
angle. As the obliquity of the impact increases, the influence of the coefficient of friction is
evident in determining the evolution of the tangential response and the peak contact force.
For a certain angle of impact, as the coefficient of friction decreases, the tendency to slip

throughout the impact increases at intermediate values of incident angle and no reversal in

tangential force is observed at lower values of H; . However, as MU, increases, the reversal

point of the tangential force shifts towards left and the duration of negative tangential contact

force increases at intermediate angles of impact.
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Figure 6.14: Influence of uron tangential contact force at different obliquities

6.2.6. Delamination at the interfaces
It is necessary to investigate the delamination damages at the interfaces of the GLARE
due to oblique impact and the influence of different factors on the extent of such interfacial

damage. Figure 6.15(a) and Figure 6.16 show the typical interfacial stress profile of o

at the top aluminium/0° ply (interface-8) for different impact scenarios with v,,=10 m/s and

at an instant ¢ = 15 us and the difference in their variations around the impact location can

be seen clearly. For clarity of the interface considered, the layup of GLARE 4-3/2 is shown
in Figure 6.15(b). It could be seen from Figure 6.15(a) that for a normal impact (6 =
0°), it is symmetric but Figure 6.16 shows different stress profiles at the interface as the
impactor strikes obliquely at 6 = 30° from the positive x-direction (Figure 6.16(a)) and
positive y-direction (Figure 6.16 (b)) respectively. Considering the complex nature of stress
evolution in the case of OLVI on a GLARE plate, it is necessary to assess the interfacial
delamination at the interfaces.

Figures 6.17-6.19 show the interfacial delamination for various obliquities of impact
along x-direction for an initial impact speed of v=10 m/s and only the interfaces where
delamination arises are shown. It is seen that at lower values of angle of incidence 0°< 6 <
15°, the nature and size of the interfacial delamination at interfaces 1 and 8 almost remains
the same as shown in Figure 6.17 and Figure 6.18, although some minute difference can

be seen for interface 5. In accordance with the variation of contact forces with the obliquity,
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with the further increase in obliquity as the contact forces decrease (Figure 6.8 and Figure
6.9), the extent of delamination also reduces (Figure 6.19). No further delamination was
observed at higher angles of impact. It is seen that for all the cases, the fibre/metal interfaces
are the sites most prone to delamination and the bottom aluminium/ply interface experiences

the maximum extent of delamination.
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Figure 6.15: (a) o, (N/m?) at interface-8 (Al/composite) at ¢t =15 us for a normal impact on a
clamped (b) GLARE 4-3/2 plate
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Figure 6.16: g, (N/m?) at interface-8(Al/composite) at t=15 us for OLVI (6 = 30°) on a
clamped GLARE plate (a) impact in x-z plane (b) impact in y-z plane
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Figure 6.17: Delamination at the interfaces due to OLVI with an initial speed of 10 m/s for
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Figure 6.18: Delamination at the interfaces due to OLVI with an initial speed of 10 m/s for
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Figure 6.19: Delamination at the interfaces due to OLVI with an initial speed of 10 m/s for
6=30"

In order to study the effect of the trajectory of the impactor on the interfacial
delamination, two cases of traversing planes of the impactor have been considered viz. the x-
z plane and the y-z plane. Figure 6.20 and Figure 6.21 show the extent of delaminations
at different interfaces at 40 us corresponding to two oblique angles viz. 6 = 15° and 6 = 30°

respectively for impact in the x-z plane for v,;=10 m/s.
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Figure 6.20: Interfacial delamination for OLVI in x-z plane with 6=15"°
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Figure 6.21: Interfacial delamination for OLVI in x-z plane with 6=30"°

Figure 6.22 and Figure 6.23 show the extent of delaminations at different interfaces at
40 ps corresponding to two oblique angles viz. 6 = 15° and 6 = 30° respectively for impact
in the y-z plane for v, =10 m/s. Comparing Figure 6.20 and Figure 6.22, it could be
observed that in accordance with the stress profile shown in Figure 6.16, for small impact
angles 0°<6 < 15°, the delamination at the interfaces remain more or less the same and
independent of plane of impact. However, comparing Figure 6.21 and Figure 6.23
corresponding to higher oblique angle (6 = 30°), even the delamination at the top (interface-
8) and bottom (interface-1) fibre/metal interfaces are markedly different when the plane of
impact is y-z compared to those when the plane of impact is x-z. This is due to the dependence
of interfacial stresses on the fibre orientation of the lamina below the aluminium layer relative
to the plane of impact. Thus, the obliquity of the impact along with the direction of incidence
can have significant influence on the delamination at the fibre/metal interface, especially at

the immediate interface and in closer proximity to the contact location due to the tangential

component of the contact force.
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Figure 6.22: Interfacial delamination for OLVI in y-z plane with 6=15"°
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Figure 6.23: Interfacial delamination for OLVT in y-z plane with 6=30 "

6.3. Multiple OLVI on GLARE
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Figure 6.24: Multiple OLVI by spherical impactors

Referring to Figure 6.24, the square clamped GLARE 4-3/2 plate of lateral dimensions
0.08 m x 0.08 m is impacted by 5 mm diameter rigid spherical steel impactors at different

angles of incidence 6 at locations x=0.05 m, y=0.04 m (IMP1) and x=0.03 m, y=0.04 m

TH-3287_186103032



Oblique LVI on GLARE considering friction 191

(IMP2) with x-z being the plane of impactor motion such that the components of velocity
along the normal and tangential direction are U:L and 1}: respectively. The normal component

of initial velocity is fixed at 10 m/s throughout the range of obliquities during OLVI on the
clamped GLARE plate and the coefficient of friction is M, =0.47. The thickness of each

aluminium layer is 0.304x 1073 m and that of S2-glass/FM94-epoxy lamina is 0.156x1073 m
taking the total thickness of the GLARE plate to 1.848x1073 m. The impacts occur
simultaneously at different obliquities as per CASE 1 or CASE 2. The obliquity is varied
keeping the initial normal component of the velocity fixed at 10 m/s such that it results in a
change in the tangential component of the initial velocity only and a direct comparison can
be drawn between the tangential response and the normal contact force. Further, the effect
of time delay between the impacts are investigated for the change in contact response and

the associated delamination at the aluminium/composite interfaces.

6.3.1. Validation of the multiple OLVI model

In case of multiple OLVIs with arbitrary masses and velocities, very few literatures
studying impacts occurring at different locations and arbitrary time delays are available.
Therefore, an extension of an alternate method is adopted as described by Lam and
Sathiyamoorthy [211]. Two separate systems are considered as shown in Figure 6.25, where
both the GLARE 5-2/1 beams are having uniform cross sections of width 0.01562 m and
thickness 0.001562 m with beam in system-1 being half the length of system-2. System-1
represents the symmetric portion of system-2 about its middle with its left end fixed and the
other end is defined with symmetric boundary conditions while the 0.1 m long beam in system-

2 has both its ends clamped.
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IMP 1 @ 7v =0.000146m IMP 1 @5 @ IMP 2
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- » d -
(a) System-1 (b) System-2

Figure 6.25: GLARE beam (a) clamped at one end and subjected to a single OLVI: System-1.
(b) clamped at both the ends and subjected to equally offset OLVIs: System-2

TH-3287_186103032



192 Chapter 6

The spherical impactors strike the beam having their normal component of velocity as 10
m/s in both the cases as illustrated in Figure 6.25. In the present case, the value of 6 is
taken as 10° and the contact force responses are compared in Figure 6.26. It is seen that the
contact force histories are similar for the IMP1 in both the cases and IMP2 in system-2 has
its tangential component of the contact force flipped with respect to the tangential component
of the contact force of IMP1 because of the direction of the trajectory of the second impactor.
The oscillation of the tangential force component is due to the stick-slip phenomenon in a
similar manner observed in [162] and this oscillation is cut short when gross slip occurs limited

by the condition of f =u,f, .
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Figure 6.26: Contact force history of system-1 and system-2 for oblique impacts

6.3.2. Simultaneous OLVIs occurring in the same direction

Figure 6.27 and Figure 6.28 show the variation of the tangential contact force with
oblique impact angle and the normal force profile when the impactors strike with the initial
normal component of velocity fixed at 10 m/s for IMP1 and IMP2 respectively. The angles of
incidence of both the impactors are varied such that the angle of incidence of both the
impactors are same for a particular case. It is seen that for the same normal force profile on
account of the fixed initial normal component of velocity, the increase in obliquity results in
an increase in the peak tangential contact forces in case of both the impactors and the

maximum tangential contact force at an instant is limited by | £, |= u,f, -
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For both the impactors impacting simultaneously at symmetric locations, the normal
contact force responses are similar. It can be seen that although the trajectories of the
impactors are in the same sense, but the symmetricity of the impact in sense of the tangential
component of the contact force is not met although the magnitude of the contact forces are
identical. The similarity of the tangential component of the contact forces for each of the
obliquities considered implies the localised nature of the tangential component of the contact
force when impacted by small mass impactors. At lower impacting angles of 6 < 25° the
tangential contact force reverses direction. This is because initially with increasing obliquity
the tangential component of the velocity increases leading to a rise in the tangential contact

force while f < Uty and the phenomenon of stick-slip between the impactor and the target

is evident causing periodic reversals in the tangential component of the contact force.
Moreover, the duration of negative tangential contact force decreases with increasing oblique
angle. Further increase in the obliquity results in the peak value of tangential contact force

to remain essentially unchanged when 6 = 25 ° and slip occurs throughout the impact regime

with fT = ,LlffNWhen 6 >45°.
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Figure 6.27: OLVI by IMP1 on a clamped GLARE plate at x=0.05 m, y=0.04 m
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Figure 6.28: OLVI by IMP2 on a clamped GLARE plate at x=0.05 m, y=0.04 m
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Figure 6.29: Delamination due to OLVIs at the fibre/metal interfaces v,=10 m/s, 8=5°

In order to assess the delamination at the interfaces due to the different obliquities of the
occurring multiple OLVIs along the same direction, the delamination at the metal /composite
interfaces and the inner ply interfaces are shown in Figures 6.29-6.31. It is seen that at
lower obliquities (6=5") the delaminations are concentrated near the impact sites and as the
obliquity increases the delaminations tend to coalesce at the bottom interface-1. Also, the
extent of delamination marginally increases at the top interface-8 with increasing obliquities,
and at the inner metal /composite interface-5, the delaminations more or less remain the same.
The delamination is seen to be greater for the OLVI when 6=15" compared to the rest of the
cases indicating the effect of the tangential contact force reversals which influence the

evolution of the interface stresses.
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Figure 6.30: Delamination due to OLVIs at the fibre/metal interfaces v,=10 m/s, 6=15°
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Figure 6.31: Delamination due to OLVIs at the fibre/metal interfaces v,=10 m/s, 6=45°

6.3.3. Simultaneous OLVIs occurring in opposing directions

In order to study the effect of the trajectories of the impactors on the contact response,
the OLVIs occur as per CASE 2 as illustrated in Figure 6.24. As can be seen from Figures
6.32-6.33, the normal contact force component is same for all the cases because of the impacts
at symmetric locations and the peaks attained at all the obliquities are same since the normal
component of the velocity is kept fixed at 10 m/s. But a slight difference is seen in the peaks
attained by the tangential component of the contact force and the instant of their reversals
at lower obliquities (6=15°). The tangential component of the contact forces for both the
impactors are similar in magnitude but due to the trajectory of IMP2 being in the opposing

direction, the direction of the tangential contact force is in the opposite sense.

The typical stress profiles of o at the top aluminium/composite ply interface-8 is shown

in Figure 6.34 for the two OLVI cases and as can be seen the stress variations are markedly
different for both the cases. This in turn can significantly influence the nature of evolution of

the interfacial stresses. It can be inferred from Figure 6.34, that the nature of the interfacial
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stresses are asymmetric when the impacts occur along the same direction and when they occur

opposing to each other, the stress contour is seen to be symmetric. This can have significant

influence on the delamination at the interfaces of the target.
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Figure 6.32: OLVI by IMP1 on a clamped GLARE plate at x=0.05 m, y=0.04 m
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Figure 6.33: OLVI by IMP2 on a clamped GLARE plate at x=0.03 m, y=0.04 m
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Figure 6.34: o, (N/m?) at interface-8 (Al/composite) for multiple OLVIs (6=15°) on a clamped
GLARE plate for impact in x-z plane (a) same direction (b) opposing direction

Figures 6.35-6.37 show the interfacial delamination at the aluminium/composite
interfaces when multiple OLVIs occur such that the two impactor trajectories are in opposite
sense to each other. Comparing the delaminations due to the respective multiple OLVIs at a
certain angle of impact, it is seen that at ©6=5°, the delamination for both the cases (CASE 1
and CASE 2) are similar in nature. But, as the obliquity increases, (6=15°), the extent of
delamination is more at the interfaces (interface-8 and interface-1) for CASE 2 as compared
to CASE 1 (refer to Figures 6.29-6.31 and Figures 6.35-6.37). This can be attributed to
the nature of evolution in the interfacial stresses as a result of the difference in trajectories of
the impacts. The tendency of the delamination is to progress along the fibre direction of the
underlying layer as evident at the bottom and top interfaces 1 and 8 and coalesce within the
region between the two impact sites. Further, it is seen that the delamination at the inner
metal /composite interface is negligible and invariant with the obliquity of the impact, As
observed from Figure 6.37, for 6=45°, the upper interface-8 also shows coalescence of the
delaminated region between the two impact sites and the extent of delamination is slightly
more than the case when 6=15° highlighting the effect of obliquity and their relative

trajectories during simultaneous OLVIs.
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Figure 6.35: Delamination due to OLVIs in opposing directions at the fibre/metal interfaces
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Figure 6.36: Delamination due to OLVIs in opposing directions at the fibre/metal interfaces
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Figure 6.37: Delamination due to OLVIs in opposing directions at the fibre/metal interfaces
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6.3.4. Effect of time delay between the OLVIs

In order to study the effect of time delay between the two OLVIs, the contact forces of
the two impacts occurring at different obliquities are shown in Figure 6.38 for a delay of
20us between them. The impactors strike the clamped GLARE plate as per CASE 2 and the
second impactor strikes the impact location in the opposite sense with respect to that of the
first impactor. It is seen that the contact force responses are not of same magnitude and the
tangential contact forces are flipped with respect to each other because of the trajectories of
the impacts. With the increasing obliquity, the tangential contact force peak increases and at
higher angles (6=45"), there is slip throughout the impact and hence no reversal of the
tangential contact force unlike the lower impacting angles where there is a reversal of the
tangential contact force. As seen from Figure 6.38(a)-(b), there are instances where the
tangential contact forces of both the impactors are in similar phase and such phases where
the sense of the tangential contact forces are in the same direction disappear as the obliquity
increases (Figure 6.38(c)-(d)). It is seen that normal component of the contact force for
IMP2 is lower compared to IMP1 in all the cases. This can be attributed to the contact
response of the target plate at the impact sites.
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Figure 6.38: Contact force responses for the OLVIs occurring with a time delay of 20us
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Figure 6.39: Dynamic responses of a clamped GLARE plate for OLVIs at 6=15°, AT=20us

Figure 6.39 (a)-(d) shows the dynamic responses of the impactor and plate in the normal
direction for the OLVIs occurring at obliquities of 6=15° and v,=10 m/s when the time
interval between the impacts is 20us . It is seen that the plate velocity at the contact point
of IMP2 at 35us is in the same direction as the normal velocity of IMP2 (positive) and the
plate velocity is increasing while the impactor velocity is reducing. As a result of the initial
motion of the plate due to the first impact, the peak contact force attained by the second
impactor is comparatively lesser because the motion of both the impactor and the target
location are in the same sense and therefore lower instantaneous indentation of the impactor.
In contrast, the dynamic responses for simultancous OLVIs as shown in Figure 6.40 for
©=15" and v,=10 m/s, are symmetric and therefore the contact forces are identical as

observed from Figures 6.32-6.33. Similar observations can be made for any other obliquity.

From the observed dynamic responses of the impactors and the plate and the differences
in the evolution of the contact forces, it can be inferred that the time delay between the
successive OLVIs influences the dynamic responses. This is turn can affect the extent of
delamination at the interfaces as shown in Figures 6.41-6.43. It is seen that with a delay in
between the OLVIs, the delamination decreases compared to the interfacial delaminations due

to simultaneous OLVIs (Figures 6.35-6.37). The delamination is seen to be comparatively
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Figure 6.40: Dynamic responses of a clamped GLARE plate for OLVIs at 6=15°, AT=0us
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Figure 6.41: Interfacial delamination for OLVIs at 6=5", AT=20us

less for the bottom aluminium/composite interface-1 around the location of the second impact.
But, the same cannot be stated for the upper interface-8 where a comparatively more
delaminated region was observed about the second OLVI site. This may be attributed to the
influence of the tangential component of the contact force which influences the interfacial
stresses at the upper interface-8 which is in closer proximity. Moreover, the tendency to
coalesce gets suppressed at the different obliquities when there is time delay between the
impacts. In all the cases, the delamination is seen to increase with increasing obliquity with
the least delamination seen when ©=5°. Furthermore, the delamination at the middle

interface-5 is negligible for all the cases compared to the top and bottom interfaces.
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Figure 6.42: Interfacial delamination for OLVIs at 6=15°, AT=20us
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Figure 6.43: Interfacial delamination for OLVIs at 6=45°, AT=20us

6.3.5. Effect of increasing the impactor radius

In order to study the effect of the impactor radius, 8 mm diameter steel spherical impactors
are taken such that the mass of the impactors are also increased due to the increase in their
sizes. The clamped GLARE plate is subjected to simultaneous OLVIs as per CASE 2 at
different obliquities and the coefficient of friction is kept same at £, =0.47. The contact force

responses of both the impactors are shown in Figure 6.44 and Figure 6.45. It is seen that
with increasing impactor radius (impactor mass) the duration of the impact increases and the
peaks attained by the contact forces increase. Although the trend of the evolution of the
contact forces remain the same, it can be observed that the reversal of the tangential
component of the contact force at lower obliquities (6 < 15°) gets delayed as can be observed
by comparing Figures 6.32-6.33 and Figures 6.44-6.45. Furthermore, no reversal of the
tangential component of the contact force is seen for © = 25° when the impactor radius is
increased. This shows that at a particular value of coefficient of friction, increasing the
impactor size tends to suppress the reversal of the tangential contact force component. Thus,

as the impactor size increases (impactor mass increases) the tendency for gross slip throughout
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the impact regime increase with no stick-slip phases in between which may be attributed to

the increase in inertia of the impactor enabling to overcome the frictional resistance.
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Figure 6.45: OLVI by ¢8 mm sphere on a clamped GLARE plate at x=0.03 m, y=0.04 m
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Figure 6.46: Delamination due to OLVIs in opposing directions by ¢8 mm steel spheres at

v,=10 m/s, 6=5°

The delamination at the interfaces in case of OLVIs by the 8 mm diameter steel spheres

are shown in Figures 6.46-6.48 for the different obliquities. It is observed the delamination

at the bottom and top fibre/metal interfaces 1 and 8 coalesce into a single delaminated area

due to the increase in the peak load. Also, the inner composite interfaces show some

delamination and for 6 > 15°, the extent of interfacial delamination at the inner composite

interfaces becomes marginally more. For 6=5°, the delamination at the interfaces 1 and 8 is

comparatively less and as the obliquity of the impacts increase, the delamination at these

interfaces increase, especially at the immediate interface-8, as can be observed from Figures

6.46-6.48. For the inner metal/composite interfaces-5, the extent of delamination remains
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the same and for all the cases and the delamination for the inner interfaces is centred about

the impact locations.

The effect of obliquity of the impact is observed at the immediate interfaces near the
impact site i.e. the upper interfaces 7 and 8 which show a slight variation in the delamination
pattern. In all the cases, the delaminations tend to propagate along the fibre direction of the
underlying composite layer. It can be inferred that for the inner interfaces, the normal
component of the contact force has a more significant influence on the delamination and their
extent is solely due to the peak normal load which may be the reason of their invariance with

obliquity of the impact.
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Figure 6.47: Delamination due to OLVIs in opposing directions by ¢8 mm steel spheres at
v,=10 m/s, 6=15°
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Figure 6.48: Delamination due to OLVIs in opposing directions by ¢8 mm steel spheres at

6.4. Summary

v,=10m/s, 6=45°

The dynamic responses on account of the OLVIs are evaluated using the developed FE

code, and the influence of the impactor mass and associated parameters like the coefficient of

friction, obliquity of the impact on the contact response and extent of delamination has been

investigated. Also, the multiple OLVIs on a GLARE plate has been investigated to observe

the effect of time intervals between the impacts along with the obliquity of the impacts. From

the observed results, the important conclusions drawn are as follows:
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e For an OLVI at a fixed initial speed, the peak attained by the tangential contact force
increases up to a certain value of oblique angle beyond which it decreases unlike the
normal contact force which monotonically decreases with increasing obliquity.

e The relative tangential displacements are not constant over the contact region and
there are instances of sliding between the impactor and the target. This particular
stick-slip transitions leads to reversal of the tangential load at lower angles of incidence
and as the obliquity increases, there is gross slip throughout the contact regime and
no load reversal takes place.

e The overall delamination at the interfaces is primarily influenced by the normal
component of the incident velocity which for a given mass of impactor decides the
magnitude of the normal contact force.

e At higher obliquities, the tangential component of the contact force influences the
delamination at the immediate interface and in closer proximity to the contact
location.

e For an impact with fixed initial component of normal velocity, the normal contact
force profile is unaffected by obliquity of the impact and only results in the change in
tangential contact force which increases with increasing obliquity and its maximum
attainable value is limited by the coefficient of friction between the bodies.

e The underlying fibre direction of the metal/composite interface along with its relative
orientation to the trajectory of impact influence the extent of the delamination at the
interface.

e The coefficient of friction and the contact force reversal in the tangential direction are
directly related. With the increasing value of coefficient of friction, the duration of
negative tangential force increases for a certain obliquity. However, for a given
coefficient of friction, the instant of this reversal is delayed with increasing obliquity
and at higher obliquities (6245 "), reversal is almost negligible.

e The impactor size (mass) at a particular fixed coefficient of friction influences the
reversal of the tangential contact force. With increasing impactor mass, the reversal

of the tangential contact force gets delayed as the tendency to slip increases.

e In case of multiple OLVIs, the delamination at the fibre-metal interfaces initiate at
the contact locations of the two impactors and depending on the magnitude of the

contact force they coalesce to a single delaminated area.
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e In case of multiple OLVIs, the relative orientation of the trajectory of the impacts

influence the size and shape of the delamination the target undergoes.
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Chapter 7

GLARE subjected to repeated LVIs

In the present chapter, the repeated LVI on GLARE plates has been investigated for the
dynamic responses and associated delamination. For low energy LVIs characterised by surface
dents on the outer aluminium layer, by incorporating continuum damage model (CDM) based
on Hashin’s criteria considering the in-situ 3D stress state, the progression of damage of the
internal plies is evaluated. In addition, the effect of repeated impacts on the dynamic response

and associated delamination is explored.

7.1. Introduction

In practical scenarios repeated impacts can be common case. A relatable correlation from
nature is the repeated loading of the tree bark by a woodpecker which shows the gradual
damage the tree bark sustains due the repeated loading at the same site even though the
loadings may be intermittent. In a similar manner, such repeated LVIs on GLARE can cause
deterioration of the target material with material degradation leading to growth of damage
and interfacial delamination thereby necessitating the study of such loading cases considering
appropriate material degradation models. In case of the low-energy impacts (LVIs), such
repetitive loadings can cause internal damage to the composite plies leading to a loss in target
stiffness although at the outer surface, there may only be indentation or dents due to the
impact by the rigid projectile. At lower energies, as observed by Bienias et al. [121], in the
impact energy range of 1.5 J-2.5 J, delamination is a prevailing form of damage which is also
observed at the fibre/metal interfaces. In such LVIs, penetration or cracking of the outer
aluminium layer is unlikely but upon repetitive impact, chances are greater that there may

be a loss in the plate stiffness due to damage of the inner composite plies leading to further
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increase in the interfacial delamination. Therefore, it is necessary to investigate the impact
responses for such repetitive loading cases where the criticality of the impact cannot be
ignored even though the LVIs occur at lower energies resulting in the lack of observable
severity of damage in the outer metal layers but increase in the risk of internal damage.
Keeping note of the importance for the analysis of repeated LVIs on GLARE at lower energies,
the analysis of repeated LVIs is addressed in the present chapter considering a rigid spherical
impactor normally impacting a GLARE 5-2/1 target as shown in Figure 7.1. The effect of
various parameters like the impactor mass and velocity and the division of the impact energy
on the dynamic response and its effect on the damage mechanisms of the composite plies are

investigated.

GI;ARH 5'2/] . TH,” ‘U“ RH

0= w = “\,]--;0.“.

1w

Figure 7.1: Spherical impactor normally striking a clamped GLARE plate

7.2. Problem definition
The present analysis is done on a clamped 0.1 mx0.1 m GLARE 5-2/1 plate with a

spherical steel impactor of radius 0.004 m striking it normally at the centre as shown in
Figure 7.1. The aluminium layers are 0.452 mm thick and the thickness of the S2-glass/epoxy
plies are 0.158 mm. Table 7.1 [45,102,138] lists the material parameters for aluminium alloy,
S2-glass/FMO94-epoxy laminates, and the steel impactor and Table 7.2 [204-206] lists the
interface strengths. The inner composite plies are checked for damage as per Hashin failure
criteria in 3D [180], along with the assessment of the interfacial delamination as discussed in
Section 3.5 of Chapter 3. In analysing the different impact cases, the net energy of the
impact is kept the same at 2.4 J. The GLARE plate is subjected to two successive LVIs at
the same location such that the net sum of the energy of the two impacts remains constant
at 2.4 J. The dynamic responses considering different mass impactors are recorded and

compared for the different impact cases considered as mentioned in Table 7.3.
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Table 7.1: Material properties [45,102,138]

Parameter Notation Al 2024- UD S2-glass/FM94- Steel
T3 alloy epoxy prepregs

Density (kg/m?) 2780 1980 7800

Poisson’s ratio v 0.33 U, =0.33,05 =0.33

Young’s modulus (GPa) E 79 E =55 E,=95 200

Shear Modulus (GPa) G G,=55,G,=35

Yield strength (MPa) o 340

Table 7.2: Strength parameters [180,204-206]

S2-glass/FM94-  S2-glass/FM94-epoxy and

epoxy interfaces Aluminium 2024-T3

Sn (MPa) 43 40
Interface strength

Si (MPa) 50 40
Transverse tensile strength ¥, (MPa) 50
Transverse compressive strength YC (MPa) 160
In-plane shear strength S,t (MPa) 70
Longitudinal tensile strength X, (MPa) 1900
Longitudinal compressive strength X c (MPa) 550
Out-of-plane shear strength Sys (MPa) 50

Table 7.3: Impact event cases
Impactor parameters 1%t Impact 22d Tmpact Total energy

Analysis case

(J) (J) (J)
A m= 0.3 kg, v=4 m/s 2.4 -— 2.4
Single impact m= 0.15 kg, v= 5.65 m/s 2.4 - 2.4
B m= 0.024 kg, v= 10 m/s 1.2 1.2 2.4
Two impacts m= 0.15 kg, v= 4 m/s 1.2 1.2 2.4
with equal
L m= 0.3 kg, v= 2.828 m/s 1.2 1.2 24
energy divisions
m= 0.15 kg, v= 3 m/s
0.675 1.725 2.4
C m= 0.15 kg, v= 4.8 m/s
Two impacts
with unequal m=0.15 kg, v— 4.8 m/s
energy divisions 1.725 0.675 2.4

m= 0.15 kg, v= 3 m/s
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7.3. Single impact with net total energy

7.3.1. LVI responses for a single impact

The clamped GLARE plate is subjected to a single impact as per case A, such that each
single LVI occurs with the net total energy and the dynamic responses are recorded for LVIs
by different mass impactors as shown in Figure 7.2. It is seen that the impact duration
increases with an increase in the impactor mass. For the same impacting energies of 2.4 J, the
peak contact force is relatively higher for the impact by the 0.15 kg impactor as can be seen
from Figure 7.2(a) and the slope of the drop in the impactor velocity is more in the LVI by
the lower mass impactor as can be observed from Figure 7.2(c). This can be attributed to
the shorter duration of the impact which results in a more rapid change in the impactor
velocity. Furthermore, the drop in the impactor velocity is continuous implying that the
contact between the impactor and the target remains throughout the duration of the impact
and the end of the contact is marked by a constant velocity slope . The impactor and plate

displacements are more or less of the same magnitude as can be seen from Figure 7.2(b)

and (d).
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Figure 7.2: LVIs at 2.4J by different mass impactors on a clamped GLARE 5 plate
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7.3.2. Composite damage and interfacial delamination

In order to assess the extent of the damage of the inner composite layers and the associated
delamination due to the impact by the different mass impactors, the ply damage due to the
single LVI at 2.4 J are shown in Figures 7.3-7.4 and the associated interface delaminations
are shown in Figure 7.5 and Figure 7.6. It is seen that the main damage modes of the
composite plies are due to the matrix tensile and compressive failure and interfacial
delamination between the composite ply interfaces as well as the aluminium/composite
interfaces. For both the cases, the 0° plies undergo damage due to the matrix tensile failure
and the 90° plies fail by compressive matrix failure. Moreover, the top 0° ply in both the cases
show a slight extent of damage due to matrix compression failure, concentrated within the
impacting site. This may be attributed to the higher compressive stresses generated during
the impact resulting in matrix compressive failure or crushing failure at the impact site. It is
seen from Figures 7.3-7.4 that the matrix tensile failure for the bottom 0° is more compared
to the top 0° ply and its extent in case of impact by the 0.15 kg impactor at 2.4 J is
comparatively more, whereas for the top 0° ply the extent of matrix tensile failure more or

less remains the same.
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Figure 7.3: Inner composite damage due to LVI by 0.15 kg impactor at 2.4 J
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In case of the 90° plies, the top 90° ply undergoes the maximum extent of matrix
compression failure and the damage size is seen to be marginally greater for the case of LVI
by the 0.3 kg impactor while for the bottom 90° ply, the damage extent more or less remains
the same for both the impact cases. These damages incurred by the inner composite layers
further expedite the interlaminar delaminations as shown in Figures 7.5-7.6. It is seen that
the aluminium/composite interfaces suffer the maximum extent of delamination followed by
the 0°/90° interface-2. This is because of the mismatch in the material properties and
anisotropy of the composite layers. It is seen that the delamination at the interfaces tend to
initiate from the impact site and propagate along the fibre direction of the underlying layer.
From Figures 7.5-7.6 it is observed that the extent of delamination is greater for the impact
by the 0.15 kg impactor, especially at the interfaces 1 and 2 which is mainly due to tensile
failure caused by out-of-plane deformation of the target plate due to the LVI. Therefore, in
case of LVIs, the onset of failure is more likely to occur by tensile failure mode accompanied

by delamination which are the major damage modes occurring for LVIs at lower energies.
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Figure 7.4: Inner composite damage due to LVI by 0.3 kg impactor at 2.4 J
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Figure 7.5: Interfacial delamination due to LVI by 0.15 kg impactor at 2.4 J
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Figure 7.6: Interfacial delamination due to LVI by 0.3 kg impactor at 2.4 J
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7.4. Repeated LVIs with equal energy divisions

7.4.1. Effect of impactor mass on the repeated LVIs

In order to understand the effect of repeated LVIs with equal energies on the target
GLARE plate, the impact event is divided into two LVI sequences having equal impacting
energy of 1.2 J each. As per analysis case B (refer to Table 7.3), three different impactors
are considered having masses 0.024 kg, 0.15 kg and 0.3 kg respectively and centrally impacting
the clamped target and the dynamic responses are shown in Figure 7.7 and Figure 7.8. It
is seen that with increase in the impactor mass, the duration of the impact increases and by
comparing the contact force responses for the different impactor masses (Figure 7.7 (a),
Figure 7.8 (a) and (d)), it is seen that the peak contact force is the highest for the LVI by
the 0.024 kg impactor which is having a higher impacting velocity than the rest two impactors
(refer to Figure 7.7 (b), Figure 7.8 (b) and (e)).
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Figure 7.7: Two repeated LVIs with equal energy divisions of 1.2 J by 0.024 kg impactor

After the first impact has occurred, there may be an indentation or dent at the top
contacting aluminium surface due to the impact and for the same target, the indentation
depth is influenced by the impacting velocity which is evident from the impact responses due
to the second LVI by the impactors having different masses. As observed, the peak contact

force is relatively higher for the second LVI for all the three impactors impacting at the same
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energy and the contact force peak for the second impact is comparatively highest for the LVI
by the 0.024 kg impactor. Whereas for the higher mass impactor of mass 0.3 kg, the peak
contact force during the second impact more or less remains the same. This may be attributed
to a greater indentation of the target surface at higher velocities which results in an increase
in the local contact stiffness (refer Section 3.6). In addition to a rise in the contact force
with an increase in the contact stiffness, the contact duration of the second impact slightly

reduces as can be observed from Figures 7.7-7.8.

Comparing the velocity drops in case of all the three impactors (refer Figure 7.7(b) and
Figure 7.8 (b) and (e)), it is seen that during the second impact, the final velocity of the
impactors at the end of the impact is less compared to the first impact event implying that
the final kinetic energy of the impactor at the conclusion of the second impact is
comparatively lower in comparison to the first impact at the same energy. This is more evident
for the lower mass 0.024 kg impactor and the least for the 0.3 kg impactor. It may be inferred
that this decrease in the final kinetic energy of the impactor is because of the loss in the global
plate stiffness as a result of delamination and damage of the inner composite plies on account
of the impact which results in an increase in the energy absorbed during the second impact.
This degradation of the plate stiffness is not evident from the contact force responses for the
different impact cases considered, signifying the localised nature of the contact on the impact

force.

In case of the impact by the 0.024 kg mass impactor at a comparatively higher velocity of
10 m/s, the response of the target is more of a wavelike nature compared to the quasi-static
response of the target plate in case of impact by the higher mass impactors at lower velocities.
As can be seen from the displacement profiles for the different impactors (refer Figure 7.7(c)
and Figure 7.8 (c) and (f)) the impactor displacement for the two impact events remain
almost the same for LVI by the 0.15 kg and 0.3 kg impactors whereas for the 0.024 kg impactor
there is a observable rise in the contact point deflection during the second impact. This is
because of the localised response of the plate at higher velocities of impact which tends to
cause a more instantaneous deflection of the target near the impact site. On the contrary, in
case of LVI by the higher mass impactors at lower velocities the response is also influenced
by the global flexural stiffness of the plate since the response tends to be quasi-static causing
a global deformation of the pate in addition to the localised deformation at immediate impact
site. This global deformation of the target plate leads to a lower indentation at the impact
site and hence a smaller increase in the contact stiffness prior to the second impact event

leading to a lesser increase in the peak contact force.
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Comparing the contact responses of the second impact by the 0.15 kg and 0.3 kg impactor

(Figure 7.8) to those for the single impacts occurring at 2.4 J (Figure 7.2), it is seen that

for the 0.3 kg impactor impacting for the second time at 1.2 J, the peak contact force is lower

compared to the single 2.4 J impact by the same 0.3 kg impactor. But, for the 0.15 kg

impactor, the peak contact force attained during the second impact is closer to the peak

contact force for the single 2.4 J impact by the 0.15 kg impactor. The impactor displacement

is greater for the for the single 2.4 J impact compared to the repeated impacts occurring at

1.2 J which shows that the impactor momentum has a significant influence on the maximum

displacement attained.
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7.4.2. Damage due to repeated LVIs at equal energies

Damage due to repeated impacts on a target can be significant even at lower impact
energies where no significant surfacial damage is noticeable. When a structure is subjected to
repeated impact, upon initiation of damage, a subsequent impact can significantly increase
the extent of damage which can be catastrophic. Therefore, if such impacts occur in a
repeating manner, it can cause significant internal damage to the structure. On account of
the repeated LVIs by the different impactors at equal energies, the comparisons of the
composite damage for the different impactors are shown in Figures 7.9-7.10 for the first and
second LVI events respectively. In addition to the damage incurred by the S2-glass/epoxy
plies, delamination at the interfaces is also a prominent damage mode in case of LVI on FMLs.
Figures 7.11-7.12 show the interfacial delamination for the repeated LVIs by the different

mass impactors after the the first and second impact.

As observed from Figure 7.9 and Figure 7.10, the damage of the inner composite plies
are localised around the impact site and the damage tends to grow with repeated impacts.
The bottom 0° ply suffers the maximum extent of damage due to matrix tensile failure
followed by the matrix compressive failure of the 90° plies. The extent of damage of the top
90° ply by matrix compressive failure is greater compared to the bottom 90° ply and the
extent of damage of the top 0° ply more or less remains the same throughout both the impact
events. For all the cases, no fibre failure is seen implying that the major failure mode for

impacts at lower energies is by matrix cracking rather than fibre damage.

As discussed in Section 7.4.1, the impactor displacement is more or less the same for
both the impact events in case of the higher mass impactors whereas a significant rise in the
impactor displacement is seen for the impact by the lower mass impactor (refer Figure
7.7(c)). This can be justified by the localised response of the target plate rather than the
global response as in the case of LVI by the higher mass impactors. Furthermore, with the
onset of damage of the composite plies after the first impact, the in-situ plate stiffness tends
to decrease due to the degradation of the material stiffness and as a result for the LVI by the
0.024 kg impactor at a higher velocity, the plate deflection is more. This higher deflection of
the impactor is not seen for the higher mass impactors although ply damage has occurred
near the impact site because of the influence of the global plate stiffness and the boundary

conditions due to the quasi-static nature of response.

TH-3287_186103032



220

Chapter 7

1* impact by 0.024 kg impactor (1.2 J)
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Figure 7.9: S2-glass/epoxy ply damage after the first LVI at 1.2 J
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Figure 7.10: S2-glass/epoxy ply damage after the second LVI at 1.2 J
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1" impact by 0.024 kg impactor (1.2 J)!
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Figure 7.11: Interfacial delamination after the first LVI at 1.2 J
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Figure 7.12: Interfacial delamination after the second LVI at 1.2 J
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From the delamination at the interfaces as seen in Figure 7.11 and Figure 7.12 after
the first and second impact, it can be inferred that the delamination tends to easily initiate
near the impact site and the extent of delamination is more at the aluminium/composite
interfaces and least at interface-3 (90°/90°). Moreover, the 0°/90° interfaces 2 and 4 show
some extent of delamination due to the anisotropy between the layers and they are of
comparable magnitude. It is seen that with the onset of the first impact, the delamination
grows at the aluminium/composite interfaces and its extent is greater for the bottom interface-
1 indicating the tensile failure of the bottom interface due to the out-of-plane loading. For
the rest of the composite ply interfaces, there is a marginal rise in the extent of delamination
after the second impact and in all the cases the delamination tends to grow along the
underlying fibre direction. For the metal/composite interfaces this directional propagation of
the delamination is more prominent for LVI by the higher mass impactors whereas for the
lower mass impactor, the delamination tends to spread in a more circular profile from the

impact site.

From the damage profiles of the target GLARE plate due to repetitive loading (Figure
7.9-Figure 7.12), it is evident that an impactor having lower mass can cause more damage
compared to higher mass impactor impacting at the same energy. Therefore, repetitive loading
by small mass impactors can prove to be more critical and proper safety measures needs to
be implemented for small mass impacts and critical inspection of the damage needs to be
done. Comparing the damage of the inner composite plies due to the repeated LVI by the
0.15 kg and 0.3 kg impactor (Figure 7.10) to those for the single impacts occurring at 2.4 J
(Figure 7.3-Figure 7.4), it is seen that the final extent of damage is similar in both the
cases and failure by tensile matrix damage of the bottom 0° ply is only marginally more for
the single impacts at 2.4 J in case of both the impactors. Further, from Figure 7.5-Figure
7.6 and Figure 7.12, it could be inferred that the extent of delamination is more for the
repeated impacts, each occurring at 1.2 J compared to the single impact occurring at 2.4 J
highlighting the critical nature of the repetitive LVIs on GLARE and laminated structures in
general. For all the impactor masses considered, the damage caused by the repetitive impact
by the 0.024 kg impactor is the most and also causes a greater extent of interfacial

delamination compared to the single LVIs occurring at 2.4 J.

7.5. Repeated LVIs with unequal energy divisions
In case of repeated LVIs with unequal energies, the order of the impacting energies and
the sequence in which they occur may also affect the dynamic responses and the associated

damage the target sustains. To see the effect of the division in the impacting energy during
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repeated LVIs, two impact events are considered as per analysis case C (refer Table 7.3) and

the impact responses are shown in Figure 7.13. The energy divisions are such that the net

impacting energy for each case is the same at 2.4 J.
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Figure 7.13: Repeated LVIs by 0.150 kg impactor with unequal energy divisions

In case of the first impact occurring at a lower energy (0.675 J) compared to the second

(1.725 J), no significant changes are observed other than the lower peaks attained by the

contact force and impactor displacement for the first impact compared to that of the second

impact which is of generic inference (Figure 7.13 (a)-(c)). But on reversing the order of the

impacting energies a slight change can be observed for the peak contact force during the

second impact occurring at lower energy (refer Figure 7.13 (d)). This is because when the

first impact occurs at higher energy marked by a higher peak contact force, there is relatively
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a greater indentation of the target resulting in an increase in the local contact stiffness which
leads to a slight rise in the peak contact force during the second impact. As observed from
Figure 7.13 (b)-(c) and (e)-(f), the impactor displacement and velocity more or less
remains the same in both instances. Therefore the energy divisions can significantly affect the

extent of damage the target sustains as discussed in the next subsection.

7.5.1. Damage due to repeated LVIs at unequal energies

The repeated LVIs occurring at unequal energy divisions can influence the damage
magnitudes although the net energy of the impact events remains the same at 2.4 J. Figure
7.14 (a)-(e) show the inner composite damages after the first impact occurs at a lower energy
(0.675 J) and Figure 7.14 (f)-(j) show the same after the second impact occurs at a higher
energy (1.725 J). For the case when the order of theses impacts are changed, only the damage
case after the first impact is shown (Figure 7.14 (k)-(0)) since no further progression in
damage or delamination is seen for the impact occurring at lower energy. The same is done
for the delamination plots shown in Figure 7.15 (a)-(o) considering the different order of
the impacting energies.

From Figure 7.14, it is seen that when the first impact is at 0.675 J, the extent of damage
is small with only the bottom 0° ply failing by matrix tensile mode and the top 90 ° ply failing
by matrix compressive failure mode and the rest of the plies showing negligible damage. Also,
the damage is closely confined within the impact site. With the onset of the second impact at
1.725 J, the damage is seen to grow in the composite plies with the maximum extent of
damage being due to the matrix tensile failure of the bottom 0° ply. The 90° plies also show
a growth in their damage due to matrix tensile failure with the extent of damage being larger
for the top 90° ply and the top 0° ply also shows failure by matrix tension. In addition, a
small extent of damage due to matrix compression failure is seen in the top 0° ply concentrated
within the impact location which may be attributed to the crushing mode of failure of the
matrix due to the higher compressive stresses generated at the impact site during the peak
load.

Now, for the case when the order of the impacting energies are reversed (Figure 7.14
(k)-(0)), considerable damage is incurred after the first impact and no further increase in the
damage of the composite plies are seen for the second impact at 0.675 J. Further, comparing
Figure 7.14 (f) and (k), the damage due to matrix tensile failure for the bottom 0 ° ply is
seen to be relatively more for the case when the higher energy impact follows the lower energy
impact. This is because of the onset of degradation of the stiffness of the plies at the damaged

location during the first impact which further expedite the tendency affinity for the damage
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Figure 7.14: Composite damage due to LVI by 0.15 kg impactor at unequal energy divisions
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Figure 7.15: Interfacial delamination due to repeated LVIs at unequal energies
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to progress upon subsequent impacts. A similar observation was be made for the top 90° ply
which fail by matrix compressive failure (Figure 7.14 (e) and (o)) although the difference
is negligible while for rest of the plies the damage extent more or less remains the same.
Therefore it can be concluded that the tendency of the damage by matrix tensile failure due
to repeated impacts is higher, especially for the bottom 0° ply and the order of the impacts

can also influence the damage extent of the inner composite plies.

Figure 7.15 (a)-(j) show the delamination due to the repeated impacts occurring first
with a lower energy (0.675 J) followed by the higher energy (1.725 J) and Figure 7.15 (k)-
(o) show the delamination when the order is reversed with the 0.675 J impact occurring
latter. For the latter case, the delamination at the interfaces remain the same and no increase
in the delaminated area is seen for the subsequent 0.675 J impact. Further, it is seen that the
final extent of delamination at the interfaces for both the cases are similar and is seen to
progress along the fibre direction of the underlying layer for all cases. The
aluminium/composite interfaces experience the maximum extent of delamination followed by
the 0° /90" interfaces because of the mismatch in the material properties and anisotropy of
the composite layers. In case of the 0.675 J impact occurring first where negligible composite
damage was seen, the delamination is seen to initiate only at the aluminium/composite
interfaces (Figure 7.14) and upon subsequent impact it spread at the other composite
interfaces. This shows that the delamination damage mode initiates with the onset of impact
at the aluminium/composite interfaces. Moreover, the delamination engulfs the damage
regions and have a higher affinity to spread outward as can be seen comparing Figure 7.14
and Figure 7.15 indicating that the failure by delamination is more prominent for impacts

occurring at lower energies.

7.6. Summary

Repeated LVI response of a GLARE 5-2/1 plate has been studied and compared to to a
signle impact occuring at the same net total energy. The dynamic responses on account of the
repeated LVIs are evaluated using the developed FE code and the impact responses and
associated damage for the internal composite plies are evaluated considering 3D Hashin
damage criteria. The influence of the impactor mass and the division of the impacting energy
on the dynamic responses and damage of the composite plies are investigated. Based on the

results pertaining to different cases the following important conclusions can be drawn:

e For LVIs occurring at lower energies (0.5 J-2.5 J), matrix cracking and delamination

are the critical damage modes. The interfacial delamination is likely to grow between
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the composite plies due to repetitive LVIs although the extent of the damage depends
on the energy of the impact.

o In case of repetitive loading, the impact energy division also influence the contact
responses as well as the initiation of the damage of the composite plies. For all the
energy divisions considered and the sequence of their occurrence, the delamination at
the aluminium/composite interface occur in in all the cases considered making them
the most critical sites.

e The influence of the impactor velocity on the indentation of the outer aluminium layer
on account of LVI is greater compared to the impactor mass. A smaller mass impactor
having higher velocity will cause a greater indentation compared to a heavier impactor
having equivalent momentum.

o For the repeated impacts occurring on GLARE at lower energies, the progression of
failure can be demarcated into initial plastic deformation of the outer aluminium layer
in the form of dent/indentation, followed by the delamination between the
aluminium/composite interfaces and matrix cracking and delamination of the inner
composite plies. The outer aluminium layers play a significant role in limiting the
damage of the inner composite plies.

e In case of the repeated LVIs occurring at equal energies, the indentation at the impact
site significantly influence the peak contact force response as well as the contact
duration of the second impact. Because of the elastic-plastic behaviour of the outer
aluminium layer, the first impact creates a permanent indentation at the impact
location. This increase in the area of contact between the impactor and the target
results in an increase in the local contact stiffness. Therefore, the peak contact force
in case of the second impact with the same equal energy is higher.

e A higher contact force peak for the second impact does not signify the target to be
undamaged. This increase in the contact force peak is solely due to the localised
geometrical change between the target and the impactor. But with the onset of the
first impact itself, interfacial delamination and inner composite damage are observed
leading to in-situ degradation of the flexural stiffness of the target.

e The delamination at the interfaces tend to progress along the fibre direction of the
underlying layer. For a repetitive LVI by a lower mass impactor, the extent of
delamination is higher compared to a heavier impactor impacting with the same

energy divisions. This makes the repetitive LVI by lower mass impactors more critical.
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Conclusion and scope for future work

The main inferences drawn from the analysis of LVI of GLARE which can further
contribute to the understanding of their impact characteristics are discussed in the present
chapter. Summarising the work done in this dissertation, the chapter proceeds to present the

general conclusions followed by the specific conclusions and possible scope for future work.

8.1. Concluding summary

The critical investigation for the impact behaviour of GLARE is necessary due their site
specific applications like the aircraft fuselage and wings which are prone to impact. Although
GLARE have superior impact characteristics, extensive studies regarding their impact
behaviour is still an important area of exploration because of the complex damage modes
associated in such hybrid structures, especially when subjected to arbitrary LVIs due to the
hidden nature of the damage. In addition, the complex nature of the contact and the
associated response of the target subjected to LVIs at different trajectories of incidence further
necessitated the need to explore such LVIs which is still not explored much. In the present
work, a 3D FE code using layered solid elements have been developed to analyse the LVI of
GLARE by incorporating the Newmark-8 method and Newton-Raphson scheme for the
dynamic impact analysis. The LVI by arbitrary masses at arbitrary velocities and different
trajectory of impact are analysed by considering a Hertzian contact model [189] for the normal
impact component of the impact and a tangential contact model based on the works of
Mindlin and Deresiewicz [176,177] for the tangential component of the impact. The effect of
various geometrical parameters of the impactor and the GLARE plate viz. the impactor shape

and size, plate size and stacking configurations have been studied. Based on the results
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obtained from the present study, the general and specific important conclusions drawn are

outlined in the following sub-sections.

8.2. General conclusions

The general conclusions drawn from the present work are as follows:

The developed 3D finite element code can be used to analyse both normal and
oblique LVIs by arbitrary mass impactors and to estimate the associated damage
induced in the target.

The outer aluminium layers has significant effect on the peak values attained by
the contact force and displacement of the impactor and target plate as well as the
associated interfacial delamination.

Low-velocity impacts are more critical in the sense that these impacts can cause
considerable sub-surface damage although at the visible surface the indication of
damage is negligible.

The aluminium/composite interfaces are the most critical sites for delamination
followed by the 0° /90 ° interfaces.

In case of the inner interfaces, the delamination is generally located around the
impact region and for all the cases, the direction of the delamination is influenced
by the fibre orientation of the underlying layer.

Stacking sequence affects the extent of delamination at the interfaces. Compared to
a GLARE 4-3/2 plate, a GLARE 5-2/1 plate with [Al/0°/90%]s configuration

experiences lesser extent of delamination for the same impact parameters.

8.3. Specific conclusions

8.3.1. Influence of impactor and plate parameters on the normal LVI

response of GLARE

Ratio of the impactor mass to the plate mass significantly influences the contact
impact response of GLARE, both in terms of magnitude and duration of the contact
force. Consequently, the evolution of the interfacial stresses varies with different
impactor to plate mass ratios resulting in a change in the delamination at the
interfaces.

It is the relative inertia of the impactor and the plate which influences the nature

of the dynamic response due to LVI rather than the mass of the impactor or the
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target alone. In view of this, the use of hybrid configurations considering lighter
Kevlar-49 /epoxy layers was observed to improve the impact characteristics.

e For similar impacting energies, the LVI by a smaller mass impactor causes more
damage compared to that caused by a larger mass impactor. For the LVI by a larger
mass impactor, the delamination region at the aluminium/composite interfaces is
confined within the impact location, unlike the smaller mass impacts.

e Geometric parameters of the impactor also influence the extent of delamination. In
case of a cylindrical LVI, the effect of contact length is more pronounced compared

to that of cylinder radius.

8.3.2. Effect of cut-outs on the LVI response of GLARE

e Closer is the impact site to the open hole, more is the damage caused due to
delamination. Furthermore, an increase in contact force accelerates the
delamination around the hole at the fibre/metal interfaces compared to that near
the impact locations. Thus, area around the hole is more prone to delamination.

e Relative to the GLARE plate dimension, for holes having diameters below a critical
minimum, the position of the holes have minor effect on the dynamic response.
However, the same is not true for the extent of interfacial delamination at the
fibre/metal interfaces. Therefore, the pitch between the holes is an important factor
that needs to be considered while making cut-outs on a GLARE laminate.

e The hole shape and their orientation relative to the fibre direction of the underlying
ply influences the delamination at the aluminium/glass-epoxy interfaces and also

around the hole periphery.

8.3.3. Oblique LVIs on GLARE

e For an OLVI at a fixed initial speed, the peak attained by the tangential contact
force increases up to a certain value of oblique angle beyond which it decreases
unlike the normal contact force which monotonically decreases with increasing
obliquity.

e The stick-slip transitions in case of an OLVI, leads to reversal of the tangential load
at lower angles of incidence and as the obliquity increases, there is gross slip
throughout the contact regime and no load reversal takes place.

e For an impact with fixed initial component of normal velocity, the normal contact
force profile is unaffected by obliquity of the impact and only results in the change

in tangential contact force which increases with increasing obliquity and its
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maximum attainable value is limited by the coefficient of friction between the
impactor and the target.

With the increasing value of coefficient of friction, the duration of negative
tangential force increases for a certain obliquity. However, for a given coefficient of
friction, the instant of this reversal is delayed with increasing obliquity and at higher
obliquities (6=45 "), reversal is almost negligible.

For a given coefficient of friction, the impactor size influences the reversal of the
tangential contact force. With increasing impactor size, the reversal of the
tangential contact force gets delayed as the tendency to slip increases.

At higher obliquities, the tangential component of the contact force influences the
delamination at the immediate interface and in closer proximity to the contact
location.

The fibre orientation of the underlying lamina at the metal/composite interface and
the relative orientation to the trajectory of impact influence the delamination at

higher obliquities of impact.

8.3.4. Multiple LVIs on GLARE

The magnitude and evolution of the contact force for the second impact is influenced
by the time interval between the two impacts and also by the location of the
impacts.

The relative position of the two impactors significantly influences the progression
and extent of delamination.

In estimating the extent of delamination, particularly at the fibre/metal interfaces,
the time delay between successive LVIs has a significant influence on whether the
delaminations remain as discrete patches or coalesce into a single delaminated area.
With increasing magnitude of the contact force, the tendency to coalesce increases.
In case of multiple OLVIs, the relative trajectories of the impacts influence the size
and shape of the interfacial delamination.

The presence of discontinuities in the form of holes in the target plate causes the
delaminations to initiate more easily around the periphery of the hole and upon

multiple impacts the delaminations tend to coalesce.

8.3.5. Repeated LVIs on GLARE

In the case of repetitive loading, the impact energy division and their order of

occurrence influence the contact responses as well as the initiation of damage.
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e The influence of the impactor velocity on the indentation of the outer aluminium
layer is more than that of the impactor mass.

e For the repeated impacts occurring on GLARE at lower energies, the progression
of failure can be demarcated into initial plastic deformation of the outer aluminium
layer in the form of dent/indentation. This is followed by the delamination between
the aluminium/composite interfaces, matrix cracking and delamination of the inner
composite plies. The outer aluminium layers play a significant role in limiting the
damage to the inner composite plies.

e A higher contact force peak for the second impact does not signify the target to be
undamaged. This increase in the contact force peak is solely due to the localised
geometrical change between the target and the impactor. But, with the onset of the
first impact itself, interfacial delamination and damage in the composite plies are

observed leading to in-situ degradation of the flexural stiffness of the target.

8.4. Major contributions

e The present work on the impact analysis of GLARE gives a comprehensive insight
into the modelling and analysis of impact at arbitrary trajectories for any arbitrary
impactor mass.

e The contact impact modelling incorporates the adjustment of the contact stiffness
based on the impactor to GLARE plate mass ratio which is an important aspect in
evaluating the impact behaviour of a target having any arbitrary layup and
impacted by varied mass impactors, necessary for accurately estimating the damage

evolution under low velocity impact.

8.5. Scope for future work

The work done in the present research is limited to the LVI regime and certain aspects

can be explored for future research as follows:

e The material parameters are considered to be temperature independent even though
the temperature fluctuations can be prominent in aerospace applications. The
temperature dependent modelling of the target can be an important area for
exploring the LVI responses since local temperature rise at the impact site can occur

for impacts at higher velocities which can affect the stiffness and strength properties.

e In the present research and in most of the research in literature, the target is

considered mostly as a flat plate. But in real scenarios like in case of the aircraft
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fuselage and wings, the structure is curved. Investigations exploring the dynamic

impact behaviour of curved GLARE structures are required.

e Besides the analysis of LVI on GLARE, other FMLs can be considered taking other
constituent materials like steel or magnesium. Also, composite layups containing
different material combinations can be considered such as Kevlar-49 layers along
with carbon or glass/epoxy plies and checked for impact performances. Although
an effort has been made in the present work investigating the hybridisation of the
inner layers with Kevlar-49 layers and evaluating their impact characteristics,

further studies can be done focusing on optimising such layups.

e The material properties of the individual composite plies along the thickness are
considered to be uniform on account of which the potentiality of the initiation of
delamination at the interface of differently oriented plies increases. The composite
plies can be functionally graded to mitigate the discontinuities at the interfaces.
The effect of functional gradation in the mechanical properties of the inner

composite plies on the impact response and associated damage can be explored.

e The experimental investigations for oblique low-velocity impact on GLARE

can be an interesting prospect.
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