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ABSTRACT

Honeycomb sandwich structures are composed of nvo thin face sheets and thick light weight core

with adhesive. These structures are used in light weight applications especially in aeronautics,

marine, vehicles and civil engineering industry because of the high flexural rigidity per unit

weight. The static and fatigue failure behavior of honeycomb sandwich structures have been

investigated in this paper. Under static loading, the load and mid span displacement response

corresponds to four different phases. The fatigue life of the panel is evaluated by performing the

constant amplitude loading atthe several loading levels. The results showthat fatigue life increases

as the stress level decreases. The visual and optical analysis was performed to analyze static and

fatigue failure. The fracture modes were anallzed using Scanning Electron Microscope (SEM). It

was investigated that the sandwich structures subjected to three point bending load fail in various

ways including face yield, core indentation, core shear failure and delamination at core and face

sheet interface depending upon the loading conditions.
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Chaptcr I

IN'I'RODUCTION

Oornpositc matcrials arc used as advanced matcrials in many arcas such as aircrali ancl

autornobile inclustry whcrc strcnglh to weight ratio is one of the most signil'i.ont A"llgn paramorcr.

'l'hc new advanccmcrlt in courposite structurcs is sanclwich structurc that incrcascs thc structurAl

cfliciency to many tirncs by liactional incrcase in weight and bccausc thc incrcasc ot'bcnclin11

stil'lncss per unit wcight I l. Compositc Sandwich par-rels havc a significant hcat resistancc, high

rcsistant to corrosiot-t aud outstanding cncrgy absorption abilitics l2l.'l'hc introduction ol'

c0mpositc sandwicli structurc, thc failurc m<ldcs of sandwich structurc, objcctivcs of rescarch ancl

rcscarch rnethodology is bricfly discussed in this chapter.

1.1 Compositc Sandwich Materials

Sanclwich structurc is lonned by bonding a thin laycr ol high strcngth lacc-shcct to borh

sidc ol'thc tirick, light wcight corc [3las shown in figurc 1.1. liaco-slicct arc stillcrancl strongcr

whercas corc is light, llcxiblc and lcss stiffer so when these arc cornbincd in sandplich structurcs

thcy produccd light wgiglit structurcs that are uscd in acrospacc and marinc industry [41. 
r

Face sheer

.{dhesive

Hotrevcomb

)

r-..:::l::1_.. - ,
:i'j'

Face sheet

1l

Fabdcated sandilich palel

k
Figure l.l: Sandwich structurc l3 |
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'Ihe primary lunction of face-shcet is to resist the comprcssion ancl tcnsile loading whilc
the core is mcant to rcsist transverse shcar loads in addition to cnsurc thc corrcct distancc bctwccn

the lacc-shccts and to avoid sliding with rcspect to each other. San<Jwich structures arc mosl ol'thc
timc symmctric mcatrs thc lacc-shcct on both side of thc core is iclcntical in thickncss ancl matcrials.

Ilowcvcr in axisyrnurctric sandwich structurcs both thc facc-shccts are not idcntical cithcr i.
thickncss or in matcrial. 'l'hc usc of corc increases the moment of incrtia of thc sandwich structurcs

with little incroasc in weight, thus making the sandwich structurc idcal lbr light wcight applications

likc acronauticalstructurcs, racing cars an<l high speed marinos l5l.'l'hc rclativc l'lcxr.rral strclir.th

ol-sandwich structurcs in tcnns of thickncss and wcight is givcn in tablc L1.
'l'ablc 1.1: l{clativc llcxural strength of sandwich structurcs in rcrms ol'thicfipcss | 5 |

'lhickness of Fancl

lnixtiiliifiil ":,

37

9.,

ld6

1.2 Constituents ol'sandwich Structurcs

'['hc compositc sandwich pancls consists of thin, stil.lcr Iace-shcets, thick light wcight corc

and an adhcsivc. 'l'hc strcngth and stiflhcss of sandwich structurcs mainly dcpcnds upon thc typcs

of matcrials uscd lor lacing and corc [61.'l'he sclcction of matcrials is on thc bascs g{ high strcngth

and stiffness undcr in,planc compression, economic and cnvironmcnt considcrations and thcnnirl

propcrtics [7l.

1.2.1 l.ace Shcets

'l'hc lacc shcct of sandwich structure can be madc of fibcr larninatcs, metal or any othcr

compositc laminatcs. A largc nutnberof lace shcets arc availablc that cliffcr in certain propcrlics.
'l'hc most widcly usod l'acc shccts arc madc of glass l.ibcrs, carbon libcrs, aluminum mctal or

aluminum alloy Itl l. Stainlcss stecl, Aramid fibers, Plywoo<l, Concrctc, lirarn ancl flax arc also uscd

as a facing matcrial.

Il

Rclative llending Stlitncs.i

ti"iit *.' r li'nding SircrsiI

i{ctativc wciflii

-

k-
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ti 1.2.2 Core

The corc may be of made of any material but generally there are of four types; honcycomb

corc, web corc, ftram or solid core, corrugated or truss core [5, 9l as shown in figure 1.2.'l'o

increase the stiffness of core low shear modulus of materials are suitable tha[ lincreases the

deflection in case of bpnding stress. The core must be of low stiffness and it determine the flexu$l 
I

stiffrress and compressive behavior of sandwich structure besides stabilizing the face sheets'and

conipl,ite finei [0, ll]. Honeycomb and com.rgated truss core strongly increases the beniling

strength of sandwich panels [12] It is considered that for an optimum design the cross sectional

area of ccll shcluld be very small to increase the number of cells in allowable length [13.11

Aluminum, aramid fiber (Nomex HRHI0), carbon fiber and foam are most widely materials that

are used for core. Composite, Steel, wood, concrete and glass fiber is also used,as a core material:

,I,
l:,tla'

tJ

l'igure 1.2: Core configurations. (a) Foam core (b) Honeycomb core (c) Comrgated core [91

1.2.3 Adhesive
tl

the adhesive frovides the adhesion to the face sheet and core to transfer thelload and aldo

to work properly as a sandwich structure [9]. Suitable adhesive are available as a paste, liquid or

dry film and include high strength and high modulus.

it.,,,tl
lr,i

s
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I.3 Core and Iiace shccts Materials

(ilass libcrs, Carbon libcrs, Ararnid fibcrs and Aluminurn/Alurninunr alloy arc most widclli i,l,,i ,i
I i - ,'l I r rl

usbd as a corc as wcll as facing matcrials. I 'i ! ri !!' I' ril lt
s rac*g rnarcrats. 

,l 
, ," 

ili ,ii, , 
,

1.3.1 Glass['ibcrs , i , i i i.':
Glass libcrs arc madc up of silicon dioxidc and rnctallic oxidc climcnts and are producccl

bydrawingof moltcnglasstliroughasmallorificeasshowninligurc 1.3 (a). IJ-glass(narnccl Ibr I

its olcctrical propcrlics) and S-glass arc the two types ol glass libcrs. Mostly,lJ-$lhss is uscd aS
=j, , ,'

rcinforcements in saridwich structures. S-glass has 30 perccnt higher tcnsilc strihgth and iiO. 
,

pcrccnt highcr moclulus than E-glass ancl is costly [4.1. Class libcrs arc rnostly Lisbd in *;iirijl ,: '
- : ., .^- .j.- . ,t , .", l.
pcrlonnancc i:onrpositcs bccausc of thcir high tcnsilc strcngth that is maintaincd in huinid '

conditions. IJecausc of thcir rclatively low stiffness, low cndurancc limit, and dcgraclation whcn

cxposcd to hygrothcnnal conditions they arc avoidcd to usc in high pcrlbnnancc compositcs ltil
I ' "r

l'5l. Glass/cpoxy and glass/polycster are cxtensively uscd in sandwicli structures. 
i

7.3.2 Carbonl'ibcrs : : ; 
' ij

t.."'

Carbon libcrs arc rnostly used aclvanccd cornposite libors and have a widc rangc of strcnl3lh

and stiflhcss clcpcncling on the manulacturing process. 'l'hcsc Iibcrs ar'c manulacturid liom
li

i

pt'ccursor organic hbcrs .such as poly-acrylonitrile (PAN) or rayol). Alicr hcat trea(rfients on thcse
I

,.-,,.,..:.. l--L^-^ rl-^-, -. l:--r-- ---,-l-- -t r ' ^ ,'. .1.'f Iorgauic fibers, thcy apc conveflcd into carbon fibers as shown in ligurc I 3 (b).,'i'ir;S"t eraghi1g 
I

I'rbcrs high tcmpcraturc pyrolysis (graphitization) is performccl on rhc p.""uirui fib"lr. n, u L*r,fj ithc prccurs,i nu"lr. n* o Lsrrfi i '

cartion.flbiisatelcssthan95ohcarbon,whereasgraphitefibersarcatlcast99%carbon

Carbon fibcrs arc rncclianically and themrally anisotropic duc to thc nature ol'

manulacturing procoss. In radial clircction fibr:rs have high thcrmal cxpansion and lcss ,iiftn"3S ,i ,i' ,, 
,iii,l

i"irirrpr.ia to axial clircctio,. Graphitc/cpoxy and carbon/cpoxy cornpositcs afc ;ryiJrji li,l,l]' 
lliiIi

cxicnsivcly in sanclwich structurcs [tl, 16l. ' ; ;l ' ' '

, 'il i

il i r,
i,il L"r ,r l.

j;'j

rl

.*\
fi-r I\s.

r '!_

s,l
tl

I !'i
I l'r''l

' ll {, r r :t,

ililili.ril ll r

tr I ll ,l'
"ji

ir
+i ;.iti:i
it r,!
i.i i'i.

i*r,,, ;'i
l4',I l!

. i ,,.!.i r ,,' ,
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1,3.3 Aramid Fibers

Aramid fibers, are organic fibers extrudedfrom the crystalline solution of sflfuric acid and

polymer through small holes as shown in figure 1.3 (c). Aramid fibers provide highrstiffrress, lo[y

thermal conductivity that is good for heat resistance. Aramid fibers because of negative ttrermil

exptndion ibefhcient canbe used in composite sandwich structures. Kevlar density is hdlf of glass

fibers, but its stiffrress is higher than glass fibers. Kevlar 29 and 49 areknown to be high and ultra-

high modulus grades. Aramid fibers absorb moisture unlike other fibers that results in degradatio

of mechanical properties by l5-20% [16].

l,

I

liii

Figure 1.3: Reinforcement Types. (a) Glass Fiber (b) Carbon Fiber (c) Kevlar Fiber [g, I5, 161

1.3.4 Aluminum and Aluminum alloy

Aluminum and aluminum alloy are most widely used because of light *[ig6 and less

reactive with envirorfrnent and high tensile and compressive strength. Alurninuin 5052-H3h
Aluminum 2024-T3,Aluminum 5251-H24,Aluminum 3104-H19, Aluminum 6061-T6 urra oiir"ls
alloy ale u.ea as a facing material. [8, l6]

t,rl ll
i1!'
i , :t, i'

"E*

(b){a)
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1.4 Classical Sandwich St'ructure I'hcory i\r. ;, i r1i lli:' -' hficr thc world war two thc description of behavior of sandwich structure bLgan, in' f'qOtl,. .., ti
Iilantema l'l7l prcscntcd thc 1't biookoncomposite sandwich structurcs. Zcrkbrt f lttl anrt Alleri

[11 | lollow thc plantcrna and publishcd thc studies on thc rlcsign pararnctcrs ancl Iailurc 6chavioi

o1'sandwich pancls. Gibson rcportcd failure rnodc of sandwich structurcs llgl and clcvclopcd a

mctl-rod lbr to clcsign minimum weight sandwich structurcs 1201. i

'l'hc theory rcprcscntcd is rcl-crrcd as classical sandwich structurb thcory.

this thcory are: | '

l. Corc carries cntirc shcar load in compositc sandwich structures.

2. 'l'hc skins carry cntirc bcnding load. 
, , ,.i " 1.,i 

1 ,;:! ,t i, j il 'rl:3. (joml)rcssion in corc is ncgligible. , L.,:l 11111 ri',,1,.:lil
*I . rl'i'lj 'o 'l.'hc Classical sanclwich structure theory also assurncs that thc lbilowiilg air"urrcJ ;

!

assumption arc truc by considcring thc skins and core clastic and by clcsigning thc structurc in suclr

a way that thc lcngth o1'panel must be high as comparccl to thickncss, the thickncss of l'acc shccts
i

tnust bc vcry small as thc thickncss of panel and the skins to corc rncchanical propcrtics ratio rnust ;

llr

capacity of corc continuc to incrcasc after yielding, this is bocause tliat thc ad<Jitional shcar load is

7o of total load alicr thc corc yiclding [211.

i.S IIigh Order Sandwich Ilcam I'heory (f.IOSIIT)

.., HOSI]'I'was fonnulatcd by Frostig artd Baruch [22], this thoory rclatcs thc non-liniai

bchavior ol corc cluring thc bcnding ol'compositc sandwich structurc. 'l'hc bzrsic assumptions arc:
t

tl, .l; ,^.r,
I nc baslc assumDllon ol .i' : r . t ' ' ,,i'):, ii. I I I ri it t.. lrr li

';,
i,.ii..'

i

:llr i {i
I ! lt
l'rl )l

,i, , I

ili:,

i
I

. u.l
'{ I

l. :t l.
r, ll
I

.\
G'-i'

d:. o1,1. Shcar strcsscs prcscnt in coro arc uniform through thc

I-loncycornb conligurAlion is shown in figurc 1.4.

bchigh. lli ;l.itr. i

considcring thcse assumptions the additional load carrying capaciiyrof ,rthc,.,ii'6 'i,i" i\-L'rrsruulrIIt3 ulusc assumpttons tne aooluonal load carrylng capaolty;ottuie tcor'e is." r.x

' , ' 'l ':
ncgligiblc hftcr its yicld strcngth is rcached [21]. I{owcvcr Mercado starc<l thar thc ioad cariying: " 

' 
'

"J.L 
ll"^rgurhi 

r



i ,, t i, ,. i I Ii'lii

{i 2.Yertical displacement of the core is a quadratic polynomial of z allowing the core to distort and

its height to change. tl
,II

3. Core is assumed as three dimensional elastic region, which has out of llane "o*p."rriu" 
urld

shear rigidrly, tuhereaS its resistance to in plane (l-2 plane) shear stresses is negligible.

h = llonel"onrb C]ell size
t" = Siugh rt'all ihickn*rs

rl

i

b. Cell chn

wu respectively as shdwn in figure 1.5 (a).
I

'liiirll 'iil

I

li,

Y Figure 1.4: Hexagonal Honeycomb 1,221 ,l'.I
.I

Petras et al [5] extended the HOSBT to examine the bending behavior and the localized

effect of sandwich structure by formulating a sandwich beam with unit width and span L, which

consists of core having thickness c, Shear modulus and young:s modulus G" and E" rcspectivcly

and two face sheets having same thickness t : t1 : t5, Poisson's ration and Young's modulus or ard

Elrespectively as shown in figure 1.5 (b). The in plane displacements in the x-direction of centroid

of the face-sheets are expressed as ut ind uu, their.corresponding vertical displacerLLnts as wr and

r"it,ri:l

t,,rlii
i,,l:l

' 'PetraS'sa:ried out the research to study the effect of point load instead of uniformly applied :

out and found that stresses in the upper face-sheet o114 can be predicted as:

o,*: Er(ff) i ,(l t.l i,it,lll
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Higurc 1.5: Iligh Ordcr Sandwich Bcam'I'heory (a) Non-lincar I)isplaccrncnr (b) Ilcarn

gcomctry and strcsscs l5 |

1.6 l'ailurc Modes of Compositc Sandwich panels rl
I

C'omprcssion lacing wrinkling, face yielding, core shcar, local indcntation and intra-ccll

buckling, bcnding of ccll walls, delamination of facc and coro arc thc major lailurcs obscrvcd in

sandwich structurcs 123, 24]1. 'l'he particular failure modc depcnds on thc material propcrtics ol-

corc and l-acc, loadir-rg arrangemcnt and thc gcomctry o[ sandwich structurc [5, 251.'l'ho

comprcssiott facirlg wrinkling is observcd undcr threc and lour point bcnding. 'l'hc indication of
wrinkling is thc sharp changc in strain on compression facing. Wrinkling is short wavc buckling

of l'ace shect that is localizccl and is supported by an elastic continuurn thc core. Wrinkling is

basically a local buckling lrchavior that occur in any fonn of wcb and causcs thc instability l6l
l'hc corc lailurc is obscrvcd undcr thrce point bcnding, corc thc shcar kracl and in sl-urrl

V

rrr! L\rr! rorruru r) (rrrr)ulvuu ulluur [ruuu pulllt, oullcllllg, corc calTlcs tnc sncar loact ano ln snort

bcaln tcst undcr thrcc point bcnding thc core fails whcn thc maximurn shcar stn:Es in thc corcIr
rcachcs the critical valuc (shcar strenglh) of the core. In long span bcams

thc corc are ol'thc samc magnitude as shear stress, thercfore the corc is in

and an'appropriatc failurc critcrion is needed to describc thc failurc ol'corc.

thc nrlrmal stresscs in
I

biaxial statc of strcss

An indcntation failurc

r.l'.llt rtrrl
ir4r 'il. rr r

L

-...-._.i
tttt rlln \l . ( '

-l r. I t. ,.3
, ..- . .tt.;. -_r - _- . _

lrraaafriiii.i.i.ir,rr.r.r.rrr: r r.tr r rr r. r\rr, I r..t

rJr.t.,r ltrql
( I('\a \{'(-[ toil

' l'tfr' l.l
l1

rlelor rrrd
brrtlulrt rkrrr

lxattan r[bt

't

(a) (b)

L



id is duc to iuadcquatc rcinlorccment or corc is providcd in tlie arca undcr thc

common lailurc modcs undcr thrce point loading are shown in ligurc 1.6.

;l

I

load [25]. Most

v

['igurc 1.6: I;ailurc t.norlcs. (a) Facc wrinkling (b) Corc shcar laiiurc (c) l;acc yicl<.l (cl) Oorc

indcntation [261

Research Problem

'l'hc utcchattical bchavior olcornpositc sandwich pancls has bccn wicloly analyzcdbccausc

o1'thc dcsilin probloms considcrcd in the labrication and thc partrcular usc ol'thr:sc structurcs in

scvcral arcas.'l'hc latiguc lailurc responsc of sandwich pancls is also invcstigarcL'1rr1. ,rr,,n"
perlbrmancc o1'all typcs o1'hotrcycornb Sanclwich Structurcs cspccially undcr latiguc loariing, ls

still not complctcly undcrstood bccausc of large numbor o1'typcs o{'rnatcrials uscd lirr corc and

lacing.

(liass libcr is slightly urore l'lcxiblc than carbon libcr also havc krwcr tcnsilc moclulus

which allows it bcncl aud lako morc strain without brcaking. IJccausc ol'tlic I,lxccllclt cttr-rositlr

rcsistancc and low cttst of fibr:r glass Alurninum honeycomb sandwich structurc having lacc shccts

o1'glass l-tbcrnot only uscd iu same industrics as sanrlwich structurcs having carbon liber; it also

havc llrthcr applications. 'l'hc lratiguc thilurc rncchanism ol'Aluminunr IIorrcycgrnb sapclwic5

1.7

il

/ \

0:)

(c)

\r
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i r:" ' l,' ; ;;irl' lii l. i 'l;,i ', ,r ''l'll,, ii
r-\ r , ti,', ,t,'1,,:.1
u\.} i ' i i 'lqf: stlucturcs having Glass llbcr l'acc shcets have not discussed. 'l'hcrclbrc, this rcscarch is 1bcuscd,rjri , 

I

sandwich structurc having glass Iibcr lacc shects and alurninum houcycorntr.

1.9 RcscarchMethodology

1.8 Obiective ol"l'hcsis , '

!l
l'hc airu ol'thip rcscarch is to invcstigate thc monotonic and thc cyclic f:,ifiri6t'corp,,ri{",

sandwich structurcs having glass fiber facc shccts and Aluminum skins. 
ll h" .i".,ndary objeciijJ'

olthis Teschrcli'is to ihvcstigate the real behavior of static ancl fatiguc [ailurc ,ring bbth ,nr,rri"oi
and expcrimcntal analysis.

i.,:
t}l ,,;t:
i;'-:
lrj

l

r

'i , 
'l'he rcsearch has bccn carried out analytically anil cxperimcntally. i'I'hc dxpcrimcntdl

approach has bccn carricd out to investigatc the flexural strcngth and stillircss o{'sandwich pancld

undcr static antl latiguc tailurc loading.'l'hc camcra and scanning clcctron rrricroscopc (SliM) is

uscd to invcstigatc thc ltrilurc response aftcr the loading of spccimcns

'l'lic analytical portion is included to determine th'e strcngth of sanclwich p|ructurcs. 'l'hc

_ I 9'l r,"analytical analysis is qlso uscd to predict the cxpectcd failure mode. 'l'his figurc'l.71sh6ws thc floid
n1.., ,.r.^.^,,.^,..-^,,.1,,.r,-r...-,. i 

- 'i'' 
l 
'i '. '^ 

,i' ';iiohart of rcscarch rnctliodology.

L itelature
Revieri

Figurc 1.7: [;low chart of l{cscarch
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1.10 "ThbsiS Scope and Organization

ll.li,; t.J i
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Inthisthcsis,seVcrallncchanicalpropertieSOfthcAluminum/Glassfibcrsanclwic}i

structures such as oomprcssivc strcngth, shear strength ancl bending strength, beam dell8ct.il'lnj , j,]: 'i
i q:i,* stifrncss arc invcstigatccl. l'he fatigue life of panel is also dctcnninc using streds ,ra [ri,trrcl 1l;i 

'

of 'cyclc bchavior.'I'hr: failuic bchavior is complctely analyzccl by using SllM.'l'hc foilswing 
'

chapter is the introcluction of sandwioh structurc. In this chaptcr constitucnts of ,an,l*i.lj '

i

sttucturcs, application, l?ailurc bchavior, objcctive and rcscarch rncthodology is briefly cliscussc<J,

'['he ncxt chapter is thc litcrature revicw_ of thc previous studics {br static, fatigue and' failurc

bchaviorolsan<lwichsrructures. lll; . :

;- I ., ,

Chaptcr 3 deslcribes the mathematical equations that arc used to dctirminieithe flotui'li i

- r -: .."i" I,,'
strength, fatigue life and cxpcctecl failurc morle. Chaptcr4 clcscribes thc cxpdrimenirf ."uff ,tbl',,'
Static and fatigue loading and liacturc mcchanics studies. Chapter 5 presents the rcsults and .

dlscussion of our experimental work and chapter 6 ends this clisscrtation thc conclusions and luturc

recommcndaticlns.

I
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,E Chapter 2

LITBRATURE REVIEW
'l'his chaptcr i:ovcrs thc literature review of the static and

compositc sandwich pancls. l,ollowing paragraphs describcs thc

sandwich structures.

tl

tatiguc failurc rcsponsc tbf

promincnt studics on thc

Shan-shan Shi ot al l2ftl pcrlbrmed thrce point bcnding tcst to dctcrminc thc bcncling

stifliress of compositc sandwich structurcs of carbon fiber lacc shccts ancl aluminu. hun"ycomil

core with and without thc Kcvlar fibcr Interfacial toughcning. It has bccn observcd that in thc

prcsenco of Kcvlar fiber thc bcnding strength of sandwich structurc irnprovcd. 'fhc static tcst result

is slxrwn in {igurc 2.1 (a). Crupi ct al 1,291compared thc static and low vclocity rcsponsc 6l'

aluminum sandwich structurcs with foam and honcycomb corc. 'l'hc static tcst results arc shown

in ligurc 2.1 (b). It was invcstigatcd that the static responsc o{'sandwich structurc changcs with

lbarn and honoycomb corc as well as with the variation of thc sizc uthnr"y"o-b JJr".

.tldnriuuur'CFRP Houelcourb .llu .-\tu loanr atrrl Hotrpt'conrh

3C'r,

x;{l

?
u- l({}ii

:

il

.{t S ,\lulight ,.i.lr:i
HonetCurttlt l.i.l, : r,

i rriI t1

,' l'llt'tl r

r.l \t s ..\iri .iL', !r:.

(r)) I I

I

I

l'igurc 2.1: Load vcrsus displacement behavior of honeycomb (a) I281, (b) f29l

Wahid lloukharouba et al [0] developed an analytical modcl vcrifiod by expcrirncntation

to dcscribc thc static and fatiguc bchavior of sandwich structurc of carbon libcr skin ancl aramid

core. It was invcstigatcd that thc stil'fness degradation during static and Iatiguc tcst is characterizcd

gl

Ir

L2



tl

by three different phases as shown in figure 2.2 (a). Abbadi et al [30] have also performed four

point bending test on two kinds of sandwich structures having aluminum 5754 facesand pluminum
' rtl

]003 and aramid core one with defect and other without the defect. He investigated thdt th4

presence of defect have no effect on monotonic response of structure. And life time o[structurc is

more in L direction than W direction. The static test result is shown in figure 2.2 (b).

Iomer (IIRIII0)ICFRP .{I30034t 5:54 & .{,nuidl'.{l 5:54

Figure 2.2: I.oadversus deflection behavior (a) l2gl, (b) t29l

Clark et al [31] studied the behavior of sandwich structures with Airex C70.30 core and

glass/epoxy and aramid/epoxy fabrics facl sheets under monotonic and fatigue tdJOirrg. Fatigue

tests were carriecl at ar frequency of I Hz. It was observed that the core shear failure increaseS atiia

higher rate near failure. A fatigue model was proposed for core dominatea bemvio, b".j Jri

fatigue deflection and fatigue modulus concept. It was observed that the rate of deflection lncreases

rapidly near the failure as shown in figure 2.3.ltwas concluded that the core contributes very less

in flexqral stiffrress therefore shear stress is assumed constant along the thickness. i',i'l
|, .,,

rl
i

rli

I

iti, li it,'ljrr

,],rli'i

" 
i l

lil

i,,, I
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il,,'li' i
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l'igure 2.4: I.'atigue deflection at different loading level [321
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Figure 2.3: l'atigue deflection versus number of cycle responsg [3lf 
;

F. Cote et al4 l32l performed three point bending test to access the static, and fatigg_E, 
i

strengths. An analytical model is also used to predict the static and fatigue stlrengths ana fail*i
modes.'A gooil relationship is found between both analytical and experiinental model.'The

relationship between deflection at mid span and number of cycle is shown in figure 2.4.b
iIL
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Samirkumar M. Soni l33l invcstigatcd the latiguc lailurc bchavior of compositc sanclwich

structures with lbarn core and two types of face sheets E-glass cpoxy ancl carbon glass cpoxy using

lorrr point bcnding tcsting at r(x)rn ternperature (22"C) bclow to -60'(1. It was obscrvc<J that thc

thtiguc lailurc at lowcr tcr.nporature starts immediatcly as courparccl to highcr tcmpcraturc. Ihc

stillhcss clcgradation and initiation of lailurc is proclictc<lby thc rclation bctwccn displaccmcnt ert

tnicl span and numbcr ol'cyclc as shown in ligurc 2.5 (a) and figurc 2.5 (b).
tl

Po trra rrhrc rtl irn irie dorru, t -G [rs s fi ber beam Polrmethscn'linridt Foeru,,Crron f iber bcaru

titi.

{

rhI

l'igurc 2.5: Dcflcction and numbcr of cyclc rcsponsc 133 | I I

Abbadi [34] 
rproposcd a fatigue model for corc donrinatcc] bchavior ol composile

honeycomb matcrials bascd on the degradation of stilfncss fbr thc ltrur point bcncling tcst ol'

sandwich structurcs lbr two dillcrent honcycomb configuration(I, and W). 'l'hc fatiguc lilb ol- L

conliguration sandwich structurcs is morc than W-direction sandwich structurc at constant loacl

lovel. 'l'hc latiguc loading bchavior is shown in figurc 2.6.

tl

e
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Figure 2.6: Fatiguelloading response t3al (a) Deflection versus number of cycle tesponse (b)il i

Fatigue loading level versus no. ofcycle response.
il

Burman et al [35, 36] studied the fatigue behavior of undamaged and damaged specimens

of foam core sandwich beams. Fatigue tests on two sandwich configurations were used, one with
Divinycell Hl00 (Poly-vinyl chloride, PVC) and other Rohacell Wl'51 (Poly-methacryi

PMI) core using the face sheets made of four layers of DBL 850 fabricA/inyl ester 8084 and glass
I

fiber/Epoxy respectively. 'I'he fatigue results were represented in standard SN diagrams and curve

to function is fitted using Weibull function as shown in figure 2.7.l'he load is represented in thc

ratio of fatigue load to static failure load and number of cycles are plotted as a logarithmic scale;
Ithe damage formation process including both initiation and growth in the test specimens was

concluded that 90Yo of the fatigue life comprised of crack initiation and crack i, llitiur"a in the

region of high sh"ar slres."r. ' , ll 
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Kanny et al [37] investigated the effect of fatigue loading on 52 glass fiber/ vinyl,ester

with different PVC cores on the bases of different densities at a stress ratio of 0. I . In all the cases

it was observed that increase in loading frequency result decrease in fatigue crack growth rate. l'he

fatigue strength at different frequency is compared by the relationship between maximurh stress

and number of cycle behavior as shown in figure 2.8. Here Hl30 and R260 represphts the 75 and,

300 kg/m3 of core. Afso the fatigue strength increased with core density, and number of fatigrXg

,,o-,1 .',i+L :-^-^^-^ :- C-^^,,^-^- 
' 

" I 
'

cycles to failure increased with increase in frequency. 
l
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Figure 2.8: SAll data for beam for R260 and H130 [37] (a) at 3 Hz (b) at 15 H
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Yi-Ming Jcn ct al [2] uscd thc maximum bcnding strcss and numbcr ol'cyclc bchavior as

slrown'in figurc 2.1) (a) t<l invcstigatc thc fatigue strenglh ol'alurninurn san<lwich structurc with

aluminum 3104-IIl9 corcs o1'various densitics. Yi-Ming Jcn ct al l2l invcstigatcd thc bcnding

latiguc strcugth ol'sanclwich stlucturcs on thc bases ol'dillcrcnt arnount ol'adhcsivc. It was provcd

that thc latiguc strcngth itrcrcascs with tho amount of adhcsivc. 'l'hc strcss and nurnbcr ol'cyclc

responso is shown in ligurc 2.9 (b). In all of thc cascs it has bccn obscrvctl that with thc clccrcase

of applicd strcss thc numbcr ol'cyclc to failure incrcascs.

alu nrinuru 3 I 0 { -HI 9 r a luu inuru S0 Sf -lL1 I panel aluruiuuru 3 I r-l {-Hl 9.,sluruinuru S051-H3l panel

;.',, 
^l 
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Figurc 2.9: S/N data lbr lrcarn l2l (a) corcs ol'various densitics (b) varior.rs alnount o1'aclhcsivc

Cunningham ct al l3tll proposcd a technique lbr thc cstimation ol'.ur" Iil"o. in closcd

sandwich structurcs uhn,rrr"* honcycomb core and aluminum alloy 5070 I] lacc shoots lorthrrie

point bcnding static and dynamic loading. 'I'hc strain was calculatcd by bonding thc strain gauges

on thc face shccts and corc on dillbrent locations, the calculatcd strains wcrc thcn used to cstimatc

thc corc shcar strain. 'l'hc limitation to thc proccdure is that it can bc applicd to only thin and cclual

l'acc-shcct s sanclw ich structurcs.

(idoutos ct al [25] carricd out a thorough study on thc lailurc mcchanism o1'compositc

sandwich structurc tnadc up ol-carbon epoxy face-shccts and I'VO lirarn corc. 'l'hc diUbrcnt studicd

lailurc mcchatrisms o1'santlwich structurc wcrc corc lailurc, Iacc-shcct indcutation Iailure arrd Iacc

wrinkling sublcctccl to thrcc ancl lour-point bcnding. In short span bcar.r-r thc drlrninatinlg lailurc is

il
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core shear failurc whilc in long span bcams thc oore is subjectcd to biaxial statc of strcss and an

appropriate lailurc critcrion is necdcd to describe its behavior.

L.1,. Yan, I] ct al [39] comparcd the behavior of sandwich structurc havi+g foam fillccl

comrgated cores with,cmpty core sandwich structures using 3 point bcnding tcsting. It was prcv1d

that lailure mode as wcll as flcxural strcngth of panel changes with thc amount of filling material
(aluminum alloy)''I'hc failure modes during static test werc shown in figurc 2.10 (a). Iracc

wrinkling, Iracc yiclding, corc shear and core indentation werc obsorved cluring thc diffcrcnt
phascs. It was obscrvc that tailurc starts because of facc wrinkling, but in our study in most cascs

thc lailurc starts bccausc ol'thc core indentation this is bccause that thc comprcssive strcngth of
comrgated corc is grcatcr than honeycomb.

M' Dawood ct al [40] investigated the static and fatiguc rcsponsc of'GIrltP sandwich

structures with lbatn corc. 'l'hc cxperimcnts were perlbnncd to cvaluatc thc dcnsity of flbcr,

thickness ol structurcs and number of sheets in skin. It was prr:clictcd that thc structurcs with
llexible r:ores exhibitod a lower degree of degradation as compared to stiffc. core$.lDuring static

and fatigue loading initiation of failure starts because of the small shcar crack in core. Aftcr tllg

lurther application ol' load thesc cracks interconnected. '['he propagation of crack causcs thc

interfadial de-bonding and rupturc of fiber inscrtion. 'Ihe failurc bchavior is shown in figurc 2.10

(b).

-104 SS (alunrinum filled),;304 SS

$sryr"qF

ffil
lur -9

' 1,,. .,. .t 1..,

ll)r,l.l.ir;rr.: r

(a)
' '"1. 

r

o)

Foaru.jGFRP Sandn'ich

Il

h-
l'igurc 2.10: l-ailure modes (a) 1391, (b) t40l
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Ileloucttar ct al [4] | invcstigatcd thc darnage and lailurc moclcs ol'sandwich cor.nposircs

tuaclc up o1' alutnitrum hortcycornb corc and aramid llbcrs. 'l'hc cl'l'cct ol'corc thickncss arrcl

hottcycotnb ccll conlilluratiou on thc load carrying capacity and clarnagc proccss was als<r

itlvcstigatccl. 'l'hc lilcxural slrcngth and latiguc lilc ol pancl is dclcnninc<l by thc load ancl

dcllection and load and trumbcr of cyclc rcspollsc. It was obscrvccl that lailurc propagal.c iu

diagonal dircction lbr L conliguration and horizontally krr W conligr-rration. Also sizc ol'lhilr-r1:

procoss ziltrc is dcpcnclcnt ou thc loading span. Iror structural systcllt aluminum corc witlt l.
conl-tguration arc lltoro suitablc in opcration. liacc wrinkling, buckling ol'ccll walls, liacturc o1'

ccll walls ancl clc-boncling of lircc shccts and honcycomb intcrlace arc obscrvca tilJt ,r" givcn in

ligurc2.ll. I

' Higurc 2.ll: Irailurc tnodcs ol'aluminurn honcycomb in L clircction l41l

Kulkarni ct al l27l invcstigatccl thc latiguc crack growth in l'lr:xr-rral kradcd liram corc

sattclrvich bcaurs, estiuratcd thc latiguc lilc bascd on crack propagatiun ratc and dcvclopcd a latiguc

rnodcl bascd on crack growth. 'l'hc de-bonding ol facc-shcet and corc wus obscrvcd to bc thc tjrst

lirilurc in satrclwich structurc comprising 15Yo of specimcn lilc.'l'his dc-bond propagatcs slou,ly

along thc top lhcc-shcct/ corc intcrfhcc (up to 60% o1'fatiguc lit'c), thcn kinkcd in to thc c()ru (Lrp

to 85% ol'iatiiiuc lil-c) and linally into thc lowcr laco-shcct/curc intcrlircc and thcn propagatcd

abruptly. lratiguc lil'c urodcl 1or both higli cycle and low cyclc laligLrc wcrc dcvclopccl that wcrc irr

good agrccrncnt to thc cxpcrimcntal rcsult.
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'l'. Mc(lontrack ct lrl lil(rlprcclictcd that thc sanclwich struclurc lailcrl by clill'crcrrt lirilurc

tuoclcs tltitt itrc lacc lvt'inklinlg, lacc yicliling, corc yield aud irrclcntation. lhc obscrr,,crl lailurc

tnotlcs arc llivctr in liiturc 2.12 (a). lf. Cotc ct al., [32] uscd SliM to itcccss latiguc f'Jilu.. bchavior.

It was liruncl thitt 1hc iatigLrc tailurc initiatcd al thc intcrfacc bctwccn tlrc skin and brazccl joint rls

shown in ligr,rrc 2.12 (tr).

foaru j-{lu 6tl6l -T6 pnnel \l(r\ \ p. r.ru

l'igure 2.12: lrailurc urccluuristn l26l (a) Iailurc obscrvation rlLrrinll loarliLrg (a) FarlLrrc

obscrvation using SlrM

Pan Shi-l)oug ct al {421 invcstigatcd thc longituclinal shcar dclirrmntion bchavior ol

alltt.ninutn alloy 505(r houcycourb and catcgorizcd thc coro shcar cicloruratiou iuto lour stallcs

naurcd as plasttc dcibrtnation, clastic dcibnnation, liacturc o1'ccll u'all anrl dc-boncling ol'lircc

sltccts/ ltoncycotnb ctlrc intcrl'ztcc. 'l'hc modiiicd shcar buckling thcory ncglcctinlt thc cllcct ol

aciltcsivc producccl morc rcasonablc and acccptablc rcsults that arc ,56'% lcssl prccuratc tharr

expcrirncntal results. 
f 
iclinlgarcli, Marlclla and Peroni [43 ] cxpcrimcntally invcstigatcd 1hc lirti11L1c

resporlsc oi' initially un-clarnagcd and damagcd sandwich structLrrcs subjcctccl to lirur point

bcntling. 'l'hc courprcssivc lailurc in uppcr facc-shect was obscrvcd irr un rlarnallcrl spce inrcrrs

whilc in rlurnagcd specir.r'rcns thc structurc Iailcd cluc to corc shcar trt thc tip ol'clc-boudcd ;lortion.
'Ihe ll-acturc in honcycorub was at thc uppcr porlion o1' ccll lvlll r,vhcrc tcnsilc strcsscs are

rnaxiurunr and thcu plopartrtcd through tl-rc thickncss o1'corc.

1l

(fl.i

Y
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I

, ttylcs ct al fialstuclic<J thc clfect of core thicknoss in aluminum {bam corersandwich ,,ir, , . __ ..__".-._...._, ...,":."1rr,.,.1r..i.i 
llii ,i *i,, i struclurc with tltcnnoplastic cornposilc facing and concludcd that dccrcasing corertliickii"S.,li,,i,, ii :li:I ', ' ,i ..;. ;'; l,,i:;l 'iiI 1 iircreascs thc chanccs of skin wrinkling, core crar:king and crushing failurc. 'I'hc thick .upl"ini",id" 
;''i. ' , 

''
1r l aa-- - ---'------o ^"-"""i"r'":]^1"'i;;

rjn thc other hand lailcd duc to corc indentation, the corc inclcntation was clirninatcd using'higd 
I

thickncss lacc-shcet but it pron-rotcs thc core shcar cracking. 
i

Jcn ct al [45] studi'cd thc clfcct of face-sheet thickncss on thc fatiguc strcngth of tirc thrci I i

typcs ol'sanclwich structures with aluminum honcycomb. 'I'hc cxpcrimcntat ,"*rtt! ior thc samJ
i 

' ir '' t rltt'apflica load showcdlrio apparcnt relationship bctween facc-shcct thickncssitinalfatiguritiie <bj;

specimcns. l'hc rnain failure was de-bonding at the inrcrfacc ol core ,iliirja", li.i ij;;ii
interfacial stresses werc cvaluatcd r,rsing finite elcment simulation. 'I'hrcc parameters peiling strcss,

intcrlacial strcss aud lincar rclation of thc two werc obscrvcd, it was concludcrl that. lincar

rclationship of pccling stross and interfacial strcss gave more accuratc rcsults thcn thc ifidir1iiluAl.

p'ai.rnc[crs. 
;g ;i,][[li ?' 

""i

, 
, Ilanghai ct al ll l devclopo<l an thcorctical rnodel to prcclict thc lailurc modcs in caso'<ii

rhicc point bcnding tcsting.'l'hrcc point bcnding tcst was also carricd our to vcri[y thc analyticai

approach. It was lound that thc initial failurc modcs n-ray bc tacc yicld, core shcar il{c corc

Z'cnkcrt et al li46l dcsigncd and studied thc behavior o1'sandwich structu/es;*uti1".t"a;iij ,;'

latigue loading.'l'hcy concluded the sandwich struotures subjectcd to lowcr,lliradslano'grcatcr i.:r

nurribcr of thtiguc cyclcs lails duc to core shear wher6as structurcs siibjectod tb high load;'aiicl.

small nutnber o1'latiguc oycles generally fails by face tensilc lailure. Iror thc quasi static fatiguc

, loading{hc sanclwich structurc rnay fail under lace tcnsile fracturc bcoause thc slopcs of colb shcai'' r .J ----- -'----- "'- "'"r:" 
;:^ ir:'ii,;1ii-Trii

' ,1 ldilurd ancl {aoc tcnsilc lailurc arc dil'fcrent. , 
' 
' ; i l';i ; i

" ,i ,, , 
" I' ! 'l i lr ril

; ; :l'i'"':'i:i ' Manalo ct al 1i,47 | studicd the llexural behavior of sanclwich structurcs madc up of,ftass
I r r.,t l

fibcr rcinlorccd polyrncr skins and phenolic corc: 'fhe strcngth of sandwich structurc in'llatwisc

and eclgcwisc positious was rJctcnnincd and it was showcd that composil.c sandwich positionccl 
i

edgewisc fail at highcr loads with lcss defleotion as comparcd to thc specimcns tested in []ot*ird
rl'i ' .,i

position. It was also obscrved that composite sandwich undcr llexural loadini jfiritcrt dire 
i1i 
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;a'1"
u,#

,l,l
I .i !

I

I

progrcssive lailure ol skin whcn positionoJ edgcwise and brittlc corc shcar failurc h!9..p1qrrili ,

skin lailurr: along with dc-boncling was observcd for flatwisc positioncd .p""i,r"nl i I - ,, i, li il.'i 
'.,

, r__,:,_. ___ ", ,-,-i ,;,, 
; , ,. .r :i ,i,1, i., ,

' '^i 1' 1 ,::l'1 l;i ;t
.:-, 'Gibson ct al [a8 | cxtcnded the larninatcd beam theory to thc sandwioh struotriic.akrng r^]itfj

li'acture mechanics to analyzc thc core shcar failure and thc cracks that initiatc as a result ol corc '
Iailure in loarn core sandwich structurcs. Thc rnodcl is lbrmulated only lor crack initiaticjn and lii

i 
d,,,n't worl< Ior orack propagation and kinking tlrat was obscrvcrl in oxperimcnt, olpi{"if*t]plrf "iill,i

nlacc sheets or li-glass/cpoxy lace-shects with polymethaacrylirniclc loam corc. It wa!:"te"fui l;j

libcr Iacc-shcct.s and in rtl. rniaatJ .,

of thc coro for carbon fibr:r lhcc-sheets.'l'his is becausc carbon f'rbcrs are lrve timcs stilfcr thhri

glass fibcr.

Rao ct al l49l studied the fatigue and flexural behavior of E glass/'vp{ril-cstcr,wit}i

polyurethane fbam sltclwich structure at diifcrcnt test Iieclucncics of lllz,3l-lz.,i{f-ir, Sffr,:rrlii ] .l

gllz andrcvcalcd rhat'thc strcttgth oIstructurc is dcpcndent on thc cyclic t<rnO lna tf1t.f1"gug,[Crf 
: ,i .: :'

charig€'in iorc1ensity efTects the foam-face shcet de-bonding failurc. i' 
i '' 

' ' i 
-i '' i 

' i: "'

I-Ier?aucn ct al [50] carried out the strength calculations for diffcrcnt matcrials in ordcr trj. : il

find a new solution to tlic dcsign of light weight sanclwich pancl Ibr trailers. 'ffie lda'n<t*iqf, ,h i riii ,

I iiiictilrts wcrc fabricatcd using vacuurn infusion teohnology and subjcctcd to four-pci'"itUi;l,iirllt il;,ili ]iih' i,

I

Arisys is usccl for simulation purpose. It was found that <lesign is morc scnsitive to cdrc -ri"riii ' I i l

t,

sblcction than core tl-rickncss and use o1'core materials likc polymcthaacrylirlidc doclsr,'t'prnuit.iJ i

signilicant itnprovcmcnt iu mcchanical propcrtics rathcr lcacls to suddcn incrcasc in cost. 
I

i r..i i i

T.hcnkun et al [5ll proposcd an improvcd six stcp'phasc shifting photo-clirlticity mcthrxl 
"l

forthe sandwich structures to analyzc thc shear stress ficld in thc core of sahclwich stnicturc iri ';!
li i :, :;li ':i 'i'r:l'i;:ll ,.

additiontoloadtransfirandlocalstressconcentration.'l'heloadtransfcrlis'obdcrvch,bvtheiioliliu'i', I

1 : ll, i,i,,,i,,i t,
bands bctwcon-uppcr and lowcr lace-shccts. It was observcd that the corc shcar .{trcssris distributcd ,, '

cvcnly in four-point bcnding, but distributc<i anti-syrnmctrically in thrcc point bcnding.
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Chaptcr 3 i
'l'.

.l

t,"
I .t rANALY'IICAI, MODEI,ING

In ordcr to usc compositc sandwich structures in diflbrcnt arcas, thc bctter uldcrstanding , i

o1'their static ancl cyclic bchavior is rcquired [10, 341. For an optimum dp{ipfr'*eiglr pi 
I

.shby 152 | a"r"riid in" .o,rpt.ii ,,';,
' 1i .i!';' :-j,'llll.''1,"

analysis irr "(lcllular Solicls - Slructurc ancl I)ropcrtics". 'l'hc analysis is siimc lor r]iffci-cnt ry6ds ,ii: I 
'.,

benrlin"f loadi.dxccpt rlillbrcnt fonns of gcometrical coirstants. 
i 

'- i ' ,

lirl i {r'{ l' i' '.*-'l 'i'I''11'i

'I

1ii '1i;'r ill! rl,':l' i1'lil
iii:ll,' t i'

,';'l',::]
ii'ji

.il

i"

i:

..:r

r,:
I

It

i il ';'
lllie figur0'3:1 show thc <lcsign measurements of sandwich pancls; *hcrc'iiis 'th'J s;pun l.rgtt , .': '

b is the width, c is thc thicknoss of core , and t is the thickncss of facc shocts. 'l'he d is thc thickncss
:i

ol-bcam 1d - c t-2t). 
, ., ,: , .,, ,.ii:, r I' i; i 

l.; ", 
,,,

I'3.I Calculation ol'Normal and Shear Stresses in Facc shcets and t]diei' 
i il 

iii 
'

iii-'i,,,|' I, rr I t,-'l'o understand thc spccilic lailurcs it is necessary to dcvekrp thc distributions of strcsses,iri

laces and corcs as shown in ligurc 3.2. I)uring thc loading both normal and shear strcsscs acts lin

the panel. 'I'liesc strcsscs dcpcnds on thc bcnding rnomcnt and thc distancc liom the mid linc o1'

panel. ll i .*'r i j ,

I i ,'f , i:1 :i
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a. Actual Stress Oistribution

,ionl iBtar-varrca thourh thrclnrsr

fJ.

.T
,lI b. Approximate Stress Distribution

LrnCrr Or Cofisttnt

ii,i
l',,1
i,,

lr,,i,llr,li
liil

i,,i.l
(3.4)
N4

1. ji: ,,1

ii,r.ii,'t r

,'l
,t

I

l, I 
i

1,

\.

Figure 3.2: Stress Distributions. (a) Actual Stress Distribution (b) Approximate Stress

Distribution [52] '':I
;li;,[

Given that or and oc for the normal or compressive stresses in the face sheetd ard cor'elard

tf, x" for the shear stresses. pc, pr are the densities of core and faces and E", Ei are the modulirs si

r(3:1)

1l
I

,lr:
. "'!Vh€re M is the bending moment, P is applied load, BS and SS are thebending stiffiress of .

the panel. A is constant depends upon the type of loading. Where E" may be determined by

elasticity of core and facing skins.

MvEr M Pl
Ur: 

- 

= 
-: 

-
t BS htc Abtc

- - 
MyE" MEc PlEc=-"c - s.s btcEl r btcEf

ti, = CEr#)'

i Gr,= ptrr(ff)'

Where C (-1) and D (^O.4) are constants and G" is the shear modulus of core in the direction

ll
I ,il"

lriti .t.
. t,

TC

of load.
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Shcar stresscs arc calculatcd by:

P*
" '' 

'- 
Brr,,

,..
L. 

- -t2

Ir l'
Where Il is also a constanl ar-rcl its value dcpcnds upon the typc of'loading.

Ltiadin! c<iirfi!'uration thc valucs of A and Il are 4 and2 respcctivcly. .

3.2 Calculations ol'Maximum Bcnding Strength I

,i '" i ln " r iii: i,ll,,,i
t ,.' l'he rraxirnuur llonding strcss ol'sandwicl-r structurc [2 ] is calculatcd by i', f i , 

i 'l, ||| 
i;, 

'l

; i' ,,'.ri''_"1'",t ,ra ll tl i r -.; :-,1_t2,.toh:+ i , (3,'/) r

f,ll,
Whcrc bcncling tnotncut is M, and calculatcd by taking thc product ol'Maximum {Wlica" i

I..oad (lrn,,*) and half span longth (y2). M may be calculated by using thc equation,lfi": #,,,r,;,'j. , ,.. i 
.ijl 

,ilr",,i::1,!r,iis the transformod momcnt of Inertia along the horizontal axcs and cal<;ulatbd b, ons rne nonzonrar aAUs a,,u '-"yiiiij"i ;i j i.it',il,i, 
,f 

t i

r, s t lr4 + rtt (;+ )'l * *o,o " I 
r:.Jl 

:

t''li
3.3 Bcam Stillhess and total Dcflcctions , i ,i,,:, i ' ,i!,i1,";ll,;iidlt
'i 
' 'l'h"ir,r"rigrh ol'bcam in bcnding is esrimatcd from thc ccluivalcnl flcxural iig,aiti til hil;d : f 

ll 'l

'stil'lhcss (SS) of bcam 1;SiZ1: ' ! ,"i'
!, i I,i ;,

B\-Q';fnt") 
' i

z Qg)

t\ t\ (Gibdz) 

i' 
:

r.):- 
'l' 

.,(3.1q)c iir 'jiu'fjr : ,ii ,;i:j l'iii,li',i
As c = d SS = G,bc ':t ,i I , lfllll ilJ,;t,:;1 ,

i , r 1.0,.ii.., ,

'l'hc dcllcotion [52 | is consiclcrcd as the sum of the shcar and bcnding componcnts, whcn load is
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then mode of failure is Face
ll
il

1i

reaches the level of I , '" Iti
, ,; I i'r ,:i

' .1,,;

(3.14)

t,iiliiitr !t :'
l1l

(3.r2)d= d'a*

3.4 Prediction of Modes of Failures
i

With the information of distribution of stresses on cores and faces and different

depending upon the types of loading we may predict the mode of failure after loading.

3.4.1 Face Yielding

ir:ii
l,r,r'l'li
l'

I

When the tensile stress is equal to strength of facing material

Yielding.
I

P > onniot'
,tL

3.4.2 Face Wrinkling

,' When the normal stress in the compression skin of the panel

. iiiitabilitv then the face wrinkling occurs.

P=ryo.szt*r*:(ff)-ri

3,4.3 Core Shear Failure

The shear stresses in the core are greater than

t'

)3

I

irl
(3:l

l:i,;iii
,l!

i.

f+.r'iatr -

ai.if

hom the shear yield strength of the core, core Failure may occrlrs. Thisshgar stress increases from the shear yield strength ot the core, col r ,

yield strength depends upon the density of core material'

the normal stresses ,o *h"r[l|h" *u*i.rrr* ,

(3.1s)
i

' r'' l;liirr'i
1i

P z cAbc(ff)' ,,

3.4.4 Bond Failure

Ifthe strain energy release rate increases the critical rate of strain energy for the adhesive,

then bond failure will propagate, LJsing M:Pl/Bl the failure load is then

rl
l,

rili,i
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Figure 3.3: Shear strain [4]

For the elemcnt shown in figure 3.3 the angle a is positivc in thc anti-clockwise direction

and B is positive irr clockwisc direction, now if the element only rotatcs then the sum of thy twg

angles will give zero. []ut in thc case of non-zero shear the sum oI'the two angles will not belzeroi

Shear strain can be calculatcd as:

tano = tan p
0u

=--dy

0v

,t- ;

-,(#) II
L

a = tan

Shear Strain

I

l(H.(#Jl
2

I

I

l'

(3. r e)

According to the fundamental bending theory of sandwich structures, when the sandwich

element deforms due to an applicd load the resulting deflection is thc sum of primary or bending 
i

and secondary or shear deflection. The bending deflection is bccausc oI bending of sani*ic?i i; :'
structure about its neutral axis, and shear deflection is due to the produced shear strain in thc low

transverse modulus of rigidity core [4]

tl
I'

t}ut; P= tan-t(*Ja.\
fi
:3
trr
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t

E
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Figure 3.4: sandwich ilement Deformation [a] (a) Undeformed element, (b) Bending

Deflection, (c) Total deflection

During the bending the sandwich elements undergoes partially bending deflection and
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I
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dr = Ieagth of element 
I I

c = core thickness
I

h = Thickness of saad*,idh paael

f = Face sheet thickness.

1$' = Bcndhg Deflection

$i' - Shlar Deflcctroa
rr" = Total deflection

t"

Beuding Defloction

partially shear deflection. To account onlythe effect of shear strain we have to elin;ipate the effect

of bending deflection,from the calculations. Let we assume only half of the elemelt as showp t,rr

figure 3.4, the X and Y are the axis of the un-deformed element, X'Y' representing the,ro&tdd

elernent and Xl'Y" representing the deformed element: The deformed element ;1rr!:r has rotated l

by an angle O and at the same time getting shear equals to the sum of shear angles "yl and y2.
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l'igurc 3.5: Sandwich clcment defonnation undcr bonding loads l'41

'" , , Thc angle a, is positivc in countcr-clockwise direction and 0 in clockwiic dir..titj,\.ii,8ii li[: :;lii,,1:

;il 
,,,,,.,.,.,,t.r,,^^...--ro .,^.------t:---^ 

-. ''';'lt''t-tiiilil'r;f";i'spccifietl 
casc wltcn willwc aclcl up a antl B accorcling to cquatiorr 3 thc shcar strainlii

.. a 
-- -""- "."-" ;yrrr wL dLrrr Lrp u arru p auL,ulultlB tu cquatlo 

j t 
*lJ?r,I.:, 

:,i. l,t,,t
i' .i,-1slrcarstrairi:(tt[))2:l(or-yl)-(o -y2)]r2T(yr r y2)t2 r I (3,20) 'r.

'Ib hncl thc shcar strain we assumcd an elcmcnt passing through ccntcr of lburuut r"t, 
I

Whcn ihc bending load is appliccl on the sandwich structure cluc to rotatibn ahd shear thc! 
|

coordinatcs oli the ,elcurcnt will be changed. The new coordinatcs of dclornieal !,lrr*3 "q, 
ii .i, ,

cotnparcd with thc unlclclbnncd imagc to measure the shcar slrain according i<itUi L'duatifn.l, 'fll,," I;r il. r.,ii,r1l,ll,..',

3.5;1 'r,iritdi-strain'measurcmcnt il .],1 l:1 li i
i' i' 1.''

Lincar strains arc produccd in thc uppcr face-shcct and lowcr facc-shoct as zi rcsrilt of i.

.^,.,Ii
bcnding of sandwich structurcs. It is gcr.rcrally assumed that all thc bcnding loads a^re 6hfritla U1} ti{ s1

l'lcr:-shcet and uppbr faco-shect will undcrgoes compression whilc lowcr Iacs-rrrUJL. rli[Cfllr"'J ' 
l- 

.i
I i"

tension. Ilut thc strcsses in the upper and lower face-sheets are tl.rc combinri,". ,l iJri,,n-.rj ,"'' ]'
i - 

i ,'- 
----l ---,1

cotnprcssivc stresscs.'l'hc strcssos in the lace-shect becomc critical so that thcy caulsc iiit,i'r"l,,i':,''t.
thc sandwich structurc bocausc ol faoe wrinkling; facc shcct indcutalion, dcbonding clc. 'l'hc lincar

strain is lbuncl by urcasuring thc lcnglh of cach clement in rcfcrencc in-ragclan<I ihen cornplaring it i ,

to thc dcfornrcd irnagc as: 
! I ! ,,, , i ;,.-j:; ,:.'l'

Lincar Strain = (Dctblmcd Lengrh - initial Lengrh)/initiar Lcngrh ,r :, , i, j,-l :., 
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llff ' li'or thc calculation of lincar strain of an element in thc uppcr facc-shcct, if thc length of the

clement is a in un-defonnccl or rcfercnce image and after deformation its lcngth becomcs b then

lincar strain can be calculatcd using equation as:

Lincar Strain [(b - a)l/2 e.2t)

Whcre'a' is thc length of the un-del'ormed element ancl dclormccl clcrncrrt 'b' is lound using thc 
f

distance formula bctwccn two consecutive points.

'l'hc accumulativc lincar strain in thc uppcr face-sheet is calculatcd lbr all thc imagcs ancl thcn

plottcd against timc to got an irlca of thc damagc in the face-shccts with applicd latiguc cyclcs.

Similarly thc lincar strains arc mcasurcd in the lower facc-shcct. In acl4rtion to it a comparison ol'

lincar strain in thc upper and lower face-sheets is also made to observe thc dorilinating failure

mocle in thc sandwiclrrstructurc. 
I ,

3,5.2 Calculation ol'absorbed Shear Strain Energy

I)uring thc fatigue loading of sandwich structure the spccirncn docsn't come back to its initial
statc. In lact, it absorbs some; amount ol cnergy in each cyclc, and thc rcsistancc of thc san<iwich 

i

}. structurc to thc shear straitr dccrcases. 'l'his effect can be calculatccl by measuring the arca under i

thc curve of force vs. shcar strain graph. 'l-rapezoidal rule can be uscd to cstimate thc area under

thc curvc by intcgrati,g thc l'unction (x) frorn the interval 'a' to 'b'.

l'igurc 3.6: Intcgration of function using I'rapez,oidal Itule [3tt I

llfOdx - ! l/(x,) t2f(x)tzf(xz)+:.... r zf(X,i t2f(x,,)l (3.22)

I

1l

Il

l- II,
}s'
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r, Increrneht = (uppe-r limit - lowcr lirnit)/ no. of incremcnts

Ax=(b_a)/n
,.i

"l'hc area undcr tltc curc calculatcd using trapczoidal rule will givc us thc cncrgy absorbcd by thc

san<lwich structurc during bending. 1'hc cnergy at each cycle dividcd by thc.cnTg1} uf in" nrsi

cyclc givcs a non-tlilncusiortal absorbcd shcar encrgy critcrion.'l'hc nccd 1",-,,i4r.0,-g,!r*r0i,,,.r i 
" '' 1n"j,{fi,iUi 'i':lencrgy is bccausc the total cncrgy under the force-displacoment hystorbsis Cflru" iit

nohnal"striiin i:hergy aird shcar strain cncrgy which has units ofjoulcs. rfhc cncrgylcA'lculrt"dLu,ri 
I I

shear strain hystcrcsis curves is not in joulcs. 'fo compare thc rclationship betwecn thc total cncrgy

and shcar strain absorbcd cncrgy we adoptcd non- dirncnsional cnergy critcrion- - A . no4.l , i, .i ii,{,

, 
,li+r_lriunol shcar absorptio, enorsy law is formulatccl for I and 3 ptics sandwt"n ,p$"fllgi*,,ii,, 

liiili 
;f 

l;
i Wrconliguration and thcn extended to sandwich structure containing 5 plies,with L oii"htrtionl', ", ii 

i

,i.l,".1"".",,cinencrgyabsorption(indicationofdamagc)isgovcrncdbythcpu*".ii*.,.j,,i,.'

,j;;'riiil,i1:i,lil
. i , i.',4i , :

r'ii
I ; ili | 'i

(3,23 )

ii
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Whcre

(D: Absorbcd Shcar Iiincrgy
I

t: No.",of lacc=sheets. .

j = cclre Conl'rguration

i

N= No."of cyclcs
iirj :

.,i
[] -- Scaling cxpionerrt

A = constanl

11
(3'.24),
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It compares tlic cvolution o1'absorption of cncrgy duc to shcar cluring cycling lbr matorials with't. .' j
crgy absorbcd du6l-ngthe I
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thc oricntation of thc aluminum honcycomb in the core.
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Chapter 4 .

,,i' i: i' : " 
E*PERIMENTAL PR,GRAM '1 I

)GRAMIMENTAL PR(

. ;. ! i:'{ ', 'r 
'ill 

' 
ill,,,.t t I

i ' . : 'l o uttdcrstand thc static and Iatiguc failurc bchaviur oI thc composirc sandwiltr 
j.sriutiilrcil' lt'l'l 

' L

I " 
*"':";:'1;-"'.*'-"ri.,lij . i

' difl'crcnt typcs o1' cxpcriments can be performed. In this rcscarch woik'diffcrJnt'typci .ii 'i * !

experimcnts arc perltrrmccl that arc Static (for monotonic loading) and liariguc (ibr cyblic loadingj i .i

and failurc behavior is analyzecl r"rsing diffcrent tcchniclucs. I

'I'his chaptcr providcs thc specilic inlbnnation about all thc tests, tcst spccimens, test pnr'cedurc, i

:[i' 'r'' j:i.i'
4.r Standard't'estMerh,d ; iii','l; l;,11;,fii .il ,,,

" .r. :. . i' ..,,1,'.,'' ,

ASI'M standards C 393 and C 394 I53l are uscd for the clctcrmination of sandwich shiar ''

stif{hcss, lacing strcngth, core shcar strcngth, flexural stiffness and coro shcar fatigue. 3.point (Mid

i i Span) loacling conliguration was cstablishcd as a standard loading conclition to attain rhc-,fqd: qi, , ii: ; r 1i,, ,

' 
1ru'* :' 

*nul,i in ligure 4.1. Multiple Loading configurarion c.g. 4-poinr'toading f i*fr'|fi"{l 
f iir*i 

;iil; .

Quancr point ldading conllguralion arc considcrcd as non-standard. llut In induitry it is iitficu'ti ."' " !

ri' ,..' a : i !to comparc,the data obtained liom thcse condition with standard tcst mcthod l54libccau*c't|c. i

strength df sandwich structurcs changcs with the changc ol'loacling conliguration.s. Irollowiirg

iti.i'i
rl,'

;, t'l ! "-rli,ii. r; , Ili I i,1,,;I i,,i i;, ,i::,tl;illl i:, I

.,,r-,,,1i r,i l.j,;.t iiu:
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Il,
l-I points [55 | must bc considcrcd for the selcction of 'l'est spccimcn.

i. According to thc AS'I'M standard A Yl the specimcn should bc in rcctanelrJa'r'shapc - .,,,] ;i , ,

ii.'l.hccleptlrofthcSanclwichStructuremustbeec1ualtothcbcamtt,i"t,,qs,.;|1,i,'.],..liiiliii;

iii. 'fhe breadth oI thc spocirnen should be twice of its total thickncds,'cqu'al'toi ilr rnorc,lh'iit 
,f ,'t,

'" 'the-ihrie timcs'thc sizc o1'core cell.

'fhc standard span lcngth must be l50mrn.

rlic lcngth ol'thc spccimen must be equal to thc span length of threc

, apparatus plus 50mrn (2in) or plus one half thc sandwich thickncss. .
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Figure 4.1: ASTM C-393 Three point loading configuration
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4.2 Specimen

The composite sandwich structure used in the specimens is of Ilexcel aluminum honeycomb

[561. the Detail of material is as under. i

lirlilli,i
Face-sheet is made up of woven glass fabric as reinforcement and epoxy a, *utri*.'i[1lei

epoxy used contains Araldite and Aradur that are mixed properly to obtain the optinial properties.

The glass fabric provides the high strength to weight ratio. Woven Glass fabric is characterizedby

high strength, low coefficient of thermal expansion and good chemical and biological qnd,,!{g

resistance' ji'il lrllri:;,i I

I
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Figure 4.2: Sandwich structures panel with honeycomb configuration
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,& Honeycomb Core is made of Aluminum 5052-H32. I'he two principal directions of
honeycomb are Ribbon (L direction) and the other one is the transverse direction (W directi$) .tf
shown in figure 4.2 atd,4.3. the properties of the honeycomb structure vary in tfrese airectibnil

i:
normally the strength of the honeycomb in the L direction is twicc than that of W directioir. r

rl.

lnl ! 'l
l;r,.,li

ll,,i
i

Hoxago*rolCell

*.- . 
---:IF

Figure 4.4: Aluminum honeycomb panel

!l
r,l

,i'l

ilr; 
"

I

,ll

,.,1i 1 r;i 
'i:lr

ii'i,,i,lr
,: i, 1l

,t.i

,1,,,,;I
i.!It, ,ri

l;
Figure 4.3: Honeycomb cell configuration

Mechanical propertics of core and face shcet are given in tablc 4.1 . Aluminum IJoneycomb

panel used for static zurd fatigue testing is shown in figure 4.4.
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Table 4.1: Mechanical Properties of Aluminum Honeycomb core and Face sheeti

Properties

I

Core wall
Aluminum 5052-H32

Face shee{ |

E-glass fibpr 
,

Density 83 kg/m3 0.47

Poisson's ratio

Elongation (%)

0.33

13

0.125

-4.8

Tensile Modulus (GPa) 70.3 20 ij
Compressive Modulus (GPa) 1.31 17

4.2.2 Dimensions

Thc three-point bending static and fatigue testing is proposcd to carry insight of the

dominating failure modes of the sandwich structure following ASTM c3g3. porllni, purpose,a
I

total of six sandwich domposite structures are tested. After cutting according to theAETM standa/d

we hav,l the sp3cimen as shown below in figure 4.5. ' ' 
, .. 
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Figure 4.5: Aluminum Honeycomb specimens
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The geometry and dimensions are shown in figure 4.6.

L - [Ions!,'osb Ccll rizr
t' - SIrIto rYaill tltlcLn.3.
t'- O.6aEe

tr- ie-ll .lr-

Figure 4.6: Specimen Parameters

4.3 ExperimentalMethod

Two types of experimental setup were used for the initiation and propagation of failure

through static and fatigue loading and fracture mechanics studies to understand the failure

behavior of structure.

4.3.1 Static and Fatigue Testing

Both monotonic and dynamic tests were carried out through a 3-point bending testing

fixture using the Material Testing System (MTS-810). MTS as shown in figure 4.7 is an

indispensable resource to obtain the information about the characterization of all types of materials

and available in Fracture Mechanics lab of UET Taxila. Force range from 25KN to 500 KN. The

ability to test materials ranging in strength from plastic to aluminum, composites and steel. The

span lenglh of the bending test fixture used in tests (shown in figure 4.7) was adjustable to

accommodate different size of specimens.

Its Static Hydraulic system is used for compression, shear, tension and flex/bend testing.

Accurate Fatigue tests were performed using the same load unit cell for monotonic tests. The

system's controller (Flex test material testing system) is used to show the results in hysteresis as

ts,



v
well as in numeric in arranged form. A camera connected with laptop is used to show the loading

and unloading on the specimen during the testing.

Figure 4.7: MTS-810

The 3-point bending monotonic tests were carried out using the load cell of l00N at the

rate of 2 mmlmin at constant displacement amplitude as shown in figure 4.8. The load increases

rapidly until a material fails. The evolution of force and displacement was observed on computer

screen. Also the deflection along the span length was recorded with the increase of force.
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Iiigurc 4.8: Spccirncn during tcsting. (a) LJndcr loacling (b) Altcr {ailurc

Cyclic loacling wats pcrlirrmed using thc samc unit load ancl [lxturc confilruration at

coustattt ampliluclc loacling as shown in ligurc 4.9. 'l'hc data 9l'lgacling wcrc obtainccl fiour thc

slatic load by laking thc load ratio 0. I . 'l'hc opcrating licclucncy was 2 I Iz. 'l'hc targct sct point a,cl

amplitudc ot' loading was calculated by considering the loacling and unloaclih[ in pcrioclic

oscillations of constant arnplitude by a sine lunction. So sinc curvc was sclcctcd for constaqrt

amplitudc loading. 'l'he data of lorce and dcllcction was recorrlccl aficr thc complotion o['prcsct a

nutnbcr ol cyclcs by dccrcasing thc frcqucncy ncar about zcro. 'l'hc urovcmcnt of unit Ioad was

obscrvcd by thc cillllcra. 'l'he incrcase in dcflection was consi<Jcrcci as thc initiation ol'lailurc thal

was als<,1 analyzcd by camcra. It was notccl that in start thc displaccntcnt o['spccirncn along thc micl

spatr rctnaiucd sautc alicr thc thousancls numbcr of cyclcs but this clcllcction incrcases which

shows tho stiflncss dcgradation of specimcn.

1l
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Figure 4.9: Specimen under loading (a) After fatigue failure (b) Controller

Friction free actuators and stiffness of load unit to ensure the best possible resolution and

test control, making this material testing system suitable for both static and fatigue testing

application. Following test procedure is given below.

i. Define the test

Calculated the test parameters and define the system configuration before proceeding

with the test procedure. These calculations and configurations include the following:

. Defined the type of test.

. Selected the test control mode.

. Defined the test program.

. Selected the program source.

. Calculated the forces and/or displacements to be achieved during the test.

. Calculated the span and setpoint control settings.

. Determine the types of fixtures/grips needed to secure the specimen into the load frame.

ii. Set up test components.

Set up the load frame, data acquisition devices, and test controller as defined in step. The

setup tasks include the following:

. Prepared the fixtures/grips, specimen, and data acquisition transducers.
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. Ensured that the load cell is properly rated for the test and that it is aligned with the actuator.

. Ensured that the servovalve and feedback control cables are properly connected.

. Verify that the test controller is correctly configured for the test and for the,desired signal

monitoring.

. Set up the data recording/acquisition devices.

Etectrical power to a console-mounted controller is typically controlled by the main Power

OA.switch located on the console lower front panel. Desktop of floor standing controllers typically

havethePowero/Iswitchlocatedonthebackpaneloftheunit.

iv. Set transducer full-scale values.

The transducer full-scale values associated with the calibrated range are set up in Station

Manager after station Builder has configured the transducer (sensor).

v. Complete initial servo loop adjustments.

To set the servo loop controls to levels that will ensure actuator stability, complete the

following steps. Ensured the actuator stability at hydraulic startup, selection of low proportional

gain and stabilization seffings is recommended for first-time operation or setup. When using the

system for similar tests on similar specimens, this step can be eliminated after the servo loop has

been properly adjusted for one test.

4.3.2 Failure Modes Studies

To determine the failure behavior of sandwich panels Scanning Electron Microscope

(SEM) have been used. For this purpose only a defective portion of a composite sandwich structure

have been separated from specimen as showh in figure 4.10. SEM is used for the microscopic

surface study of conductive materials. By using scanning electron microscope used focused beam

of high energy electrons to generate a variety of signals at the surface of specimens. Data is

collected over a selected area of the surface of the sample. Area of specimens under examination

was I cm in width was imaged in a scanning mode, magnification ranging from 20X to

approximately 30,0000X, spatialresulation of 50 nm to 100 nni. ,
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ligurc 4.10: Spccimcn for SliM rl

Ilecause of nofn-conductivity of fiber glass first of all facc shccts of hber was coatcd -!y
ultra-thin laycr (2-20nm) of conducting metal Gold (Au) using Sputtcr Coater as shown in figurc

4.11.'I'his is thc standard mcthod for poorly conducting or non-conducting specimcns prior to

obscrvation in a SI:M.

I,'igure 4.11: Sputtcr ooating sctup. (a) Specimcns (b) Charnbcr (c) Motor

Alter the gold coating specimen were placed for the lailurc studics with a SliM as shown

in ligure 4.12.

,l

pr
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Figure 4.12: Scanning Electron Microscope Setup (a) Specimen (b) Controller

The three portions of specimen upper fiber glass face sheet, aluminum honeycomb core

and fiberglass interface and an aluminum honeycomb core from the side have been analyzed. First

of all complete portions of one of the above was focused and then defective portion was magnified

and images ofthis portion were saved using the controlled computer. Such as first ofall the images

of coated face sheets having view field of 916 pm was taken at the magnification of 15lx. After

this image is magnified more and more to observe the only damage portion and the images were

recorded. Such as image of 160 pm face sheet was analyzedat the magnification of 868x. In such

a way all of the sides were completely examined to find the any possible defect. The procedure of

testing is given below.

i. Sample preparation

ii. Sample coating

iii. Sample holding

iv. Sample grounding: samples are electrically connected to the sample holder and placed in

chamber

v. SEM login using the user account.

vi. SEM image screen: The set of 6 tabs on the right side of the screen contain command and

parameter seffing buffons for setting the SEM up for imaging.

vii. Sample loading: The sample is prepared and mounted on the SEM sample mount, we have

to vent the SEM to load it. This is done by clicking on the Sample Exchange icon in the
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upper left of the SEM image screen. After the sample is properly mounted onto the SEM

stage and inspected, gently closed the chamber door. Just as it closes, it will "latch" closed

by the force of a magnet at the back of the stage so that the door wilt be held closed against

the sealing O-ring when the vacuum pump starts, thus preventing an old problem of sucking

room air into the chamber because the o-ring is not well sealed. Now click OK in the box

on the screen asking "Press OK to Pump." The pump down sequence will take several

minutes to achieve sufficient vacuum in the chamber for the system to open the column

valve and establish a beam. In the meantime, you can click on the l'Vacuum" tab in the

right hand panel of the screen to view the vacuum level in the chamber and the gun. The

gun should be below 8xl0-10 Torr and the chamber vacuum line will be grayed out until

the vacuum achieves a measurable level. The chamber will eventually achieve something

in the low l0-6 Ton range.

viii. Establishing the Electron Beam: As the vacuum level'in chamber drops below 7.5x10-5

. Torr, the column valve was opened and the gun EHT (High Voltage) will "Run Up." By

clicking on the Gun tab on the right side of the SEM screen, we observed the gun

conditions.

Stage Control: When the a beam is established, the substrate needs to be positioned under

the column so the beam can see it. This requires moving the stage from its default loading

position to the inspection location which may depend on the sample and its size and shape.

Before moving the stage, bring up the "Chamber Scope" window by clicking on the "Eye"

icon at the lower left task bar of the right side LCD monitor. This will bring up a window

into the SEM chamber viewed from the rear looking toward the front door. The image is

an optical image illuminated by 6 LEDs.

Check Sample Current Monitor Status: In order to insure that the Sample Current Monitor

is ofl activate the SCM window by clicking on the thin blue border of the SEM image

screen to expand a menu having the SCM selection; double click on the SCM listing and

note whether it is on or off. 
I

lx.

x.

I
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5.1 Static'I'cstsllcsults
', i i

,','1, ' i

'l 'ii l.he specimi:ns have becn subjeoted to loading until failure.

liivc bccn rccordccl.

5.1.1 Load and l)isplaccmcnt bchavior

Static tcsts wcre cariccl out to detcnnine the ultimatc loacl and stil'fncss o1 thc ,ulna*i"n

pancl in order to sot thc amplitudc of fatiguc loading. The avcragc llcxural st."ngtfrlJf,panel on thc
i i t' ';l{,1

basis of static tcst rcsrllt is givcn in table 5. I . 'l'he bchavior of thc load vcrsus thc dis$iaoerhcrit;ir ;, iit , " .ili..thc monotonic tests is shown in lig. 5.l. Five difforcnt phases havc bccn obscrvcd Adririg tirc fOi

Phasc I shows thc vcry srnall change of load approximate zcro with srnall clcflbction. 'l-hb ; I

i 
a,:,nlJ,,i,, oinng tlr. ,pnn 1.,',g,1", sh.w tne Jlastic u"noriu. ,f spccimc... pr,rr" z ;;6i14! 

1 ["# f ,lliiii .ll I

',,'clastic bchavior'of pancl until the ultimate load is achieved. 'l'his show thc compressivc ,nA ,t,{rifi' liii:':i t'il 'i

bdhavior olspccimcns. I)uring Phasc 2, the stiflncss of pancl rcduccs bccausc of th :;' " j :l

'"'i:" Yicld: 
i

l)hasc 3 shows thc abrupt dccrcasc of thc load lbllowcd by thc stiflircss dcgradation ol'h,,ncycrimti

bccausc of the srnall corc inclcntation at the loading arca. Phasc 4 shows the slightly slow rcduction

ol'load corrcspouding thc structuralstabilization. Its mcan spccirncn willcarry th'c.rpbic load lcs.{ 
.

than tnaxiurutu lailurc load with the incrcasc of displacemcnt wirh timc. l)hase j AJJ-.s;ti.r,,nl , ,;'",,'iil. ., .r,i !.,
lurthcr application oltoaa; load carrying ability ol'pancl rccluccs ancl pcnna'nll,lipr"i*,itl,li ,'i ' ',

occurrcd bccausc ol'the intcr laminar shear failurc of facing, bcnding of'ccll *Jt[l; ,irO 
"or" 
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In this chaptcr all thc rcsults arc compiled and the trend of thc rcsults ii distusscd to 'ana'li1zc I - ''l I.- - ---.:-- '-,
thc behavior of cornpositc sandwich structure at static and dynarnic loading.
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Table 5.1: Theoretical calculations of the Average Flexural Strength of Panels

Properties Core wall
Aluminum s0s2-H32 

| I

Face sheet
E-glass fiber, i 

I

Core Compressive Strength (GPa) 5.67

Face Compressive Strength (MPa) 403

Core Shear Strength (MPa) 1.35

Face Shear Strength (MPa) 0.68

,Core Shear Modulus (MPa) 5.67

Bending Strength (MPa) 42

tsending Stiffness
(Flexural Rigidity) (MNmm) 23.6

Shear Stiffness
(Shear Rigidity) (KN)

I

103 !!,
'r',

Beam deflection (mm) 41.8
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5.2 l.atigue tesJ rcsults I

5.2.1 Dcflcction vs. Numbcr of cycles

Ihe graph bctwccn lratigue deflcction and the numbcr ol'cyclc at diffcrent loacling lcvcls
is shown in lig. 5. It can bc sccn from the figure that thc dcflcction is almost constant in thc start
bccausc cll'ctlrc shcar rcsistancc ancl then increases beoausc o1'thc dcgraclation of stiffncssl
Initiation of failurc is considcrcd where the deflection starts to incrcasc abruptly. 'l'hc slight
increase in defcction in thc bcginning is due to the face yielding. 'l'hc abrupt incrcasc in dcflcction
is caused by thc small indcntation and bebonding of honcycomb corc and lacc intcrl'acc at loadipg
arca' It was obscrvcd that at highcr load the initiation ol lailurc occurs ncar thc final lailurc bccausc
of thc lacc yicld and final lailurc is becausc of indentation but in casc olsmall loacl thc rnitration
o1'lbilurc occur bccausc tll'lacc yiclcl as wcll as delamination bclow thc loacling area and final
Iailurc occurs bccausc ol indentation.
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l'igurc 5.2: Fatiguc {cfiection and number of cycle behavior. (a) l}eanr dcflection at 902N loa{
(b) Beam deflection at 856 N load

5.2.2 Load xt. Numbcr of cyclc

'l'lic latiguc lifc is prcdictcd in terms of applied load and numbcr of cycles as shown in fig.
5'3. lt has bcctr obscrvcd that thc fatiguc lifc of sandwich structurcs incrcascs with thc reductio4

of applicd load. So lor cyclic loading the specimen is suitable at thc 50 to 60yoof ultimatc load. It
has been obscrvcd that number of cycles at which initiation of lailurc ol'beam starts increascs with
the dccrease ol load. 'l'hc bchavior of load level (ratio of applicd loacl to Static failurc loacl) and

numbcr of cyclcs is givcn in ligurc 5.3. It was found that at 0.95 loading lcvcl thc spccirncn lailcd

fl

{bi
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altcr thc 18494 numbcr ol'cyclcs. Ilut at 0.90 loading level spccimen lails aftcr thc 45550 numbci. l'i
o1'cycles. Sirnilarly, at thc loading lcvcls 0.t15 and 0.80 tlic lailurc occurs allcr 95500 ancl2l500d

trumbcr of cyclcs rcspcctively. In fact at lower loading lcvcl fhc lilb of sandwich stqucturcs , I

increases many titnes as cornparccl to higher loading levcls. Ar-r<1 at 0.6 loading lcvgllthe spccimcn

fails alter tl'rc nriltions ot'cyclcs. ;.i i l,i ,ll; ' 'l,ii.,',,""-"1' ir',:i;i riti.;1i1;fi,,,,ii,,
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'l * :- .''i I'igurc 5.3: Load level and numbcr of cyclc rcsponsc

il
I

I

5.2.3 Bcnding stress vs. Numbcr of cyclc 
, , ]

'" IlenUing Strcss o1'bcam at differcnt load level is oalculatcd using rhe equation{ ri.zi it.r1{l',Lii,,.ti :11 i ,

i *I ' ....,r,..,r-tFz,^-..-r-..*L^-^r..-.^r^,,o/xr-.-- 
I 

"':'1"'i 'i'!;j 'it1 -lfl;i iti!itl"'-,blhavior bctwccn Ilcnding srrcss and numbcr oIcyclc (S/N curvc) is shown in frgilie'51 Ii;'hit ;ii ii I rtir , , ,, r ,j
been obscrvcd that thc bcncling strcss clecreascs with thc incrcasc o1'numbcr of cyclc:which shoyl I , , , '
the strength clcgradation ol'sandwich structurcs.'It has bccn obscrvcd that numbc.iuf iy"i., j;i I

whjch initiation ol lailurc ancl complcte failure of beam starts incrcascs w ith thc clcciease o1' load

lcvcl. Such as at 37 MI)a bcnding strcss thc fatigue life of spccimcn is ltl494 numbcr olcyolcs: I

Ilut at 35 MI'}a and 33MI'a the life of spccimen is 45570 and 95558 nurnbci uf 
"y"tl,li"rp".tiu"ly; 

' 
,

T'his show that by rcd['cing the 2 MPa bending stress the lifc of pancl bcbomcs tviiJci At 31, f"ii[ '; ' '-

thc lilc of pancl bccomcs 215000. It mcans with the little rccluction of'applicaialr{1Jrs.,l"rJ'iii4 1,'.-. -
ur"p"r"i b".o,,','", many tinrcs ' ; ," 'l i 
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5J Failure Modes Studies
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'r Diflerent tlpes of failures modes during experiment have been observed that are verified iy
SEM analysis.

l. Compression failure of composite facing: In start face sheet compresses when the load

increases from the compressive strength of the core as shown in figure 5.5 (a). The

magnified image of compressed portion of face sheet is shown in figure 5.5!tbt. a. a result

failure of corg indentation have been observed. As a result load c4rryingialility of panpf,

rnotonicj as wefl as r.jtigJd

loading occurs at loading area. It has been oo-served that the stifftess degradation of pinel

starts after the compression of core and face sheet.
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Figure 5.5: compression of face sheet (a) Skin under observation (b) sEM Image
2' Inter laminar shear failure in facing: The examined portion of specimen is encircled in

figure 5'6 (a)' 'l'he StiM image is magnified at 868 x and vicw of specific portion is givcn
in figure 5'6 (b)' It has been observed that the stiffrress degradation ofpanef ltarts after the 

,

compression df face core and face sheet but further application of load caluses the int$r
laminar shear failure in facing. I ;r 

1

"rF

#

Figure 5.6: Inter laminar shear failure (a) observed Specimen (b) Magnified SEM

Image
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\--1 3. When thc maximutn shcar strcngth, in the core incrcase frorn thc corc shcar yicld strcngth

thcn thc corc lails and bcrding and fracture of ccll wall starts. 'l'hc observed portion is 
i

, .hown in ligurc 5.7 (a) SIJM magnified image of this portion is shown in figurc 5.7 O). l

I

I'"igure 5.7: llcnding of cell wall. (a) Specimen undcr cxamination (b) SIIM irnagc

4. Interfacial de-bonding was analyzed in thc starl olfailuro but it was casily obscrvcrl altcr

thc l-acc yicld. 'l'hc spccificd portion of intcrfacial portion an<I SllM imagc is shown in

figure 5.[i. 
I I

rl
i

l'igurc 5.8: rlnterlacial de-bonding. (a) Face and corc bonding (b) sllM imagc 
I

I
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It has bccn obscrucd that thc initiation of failurc of pancl in casc ol both static ancl fatigur:

loading occur beoause of facc yield. But the major failure is the core inclcntation. A1.o b""ru.. uf
furlher application ol lloacling others dcfccts mentioncd above in honcycomb sandwich structurcb

havc becn obscrvod.

5.4 Discussion ol"I'est llesults

5.4.1 Load and l)isplaccmcnt bchavior 
tr

Static'I'est rcsult prcscntcd in figurc 5.1 shows the rclationship bctwecn load anrl deflcction.
'Ihe static failure bchavior is divided in four phascs as mcntioncd in ligure 5.1.'l'hc first phasc

show vcry srnall load approximatcd to zcro causes thc small dcflcction that is shown as a horizontal
linc on the x-axcs bccausc ol- thc clastic bchavior of sandwich structurc. II'wc comparcrl it with
thc litcraturc discusscd in chaptcr 2 by Shan-shan Shi [28], Crupi [29], wahid l]oukharouba [10],
Abbadi [30], it was lound that no one discussed this phase.'I'hc rcason is that in p.[,lriuu, rescarch

the data of dcflcction hgainst thc vcry small load is neglected or it is not rccorded precisely. In this
research this phase is includcd to predict the real behavior belbrc thc failurc. phase 2 show that
with the incrcasc of load displaccment increases lincarly until thc maximum load is achicvccl

bccause ofthc cornprcssivc and bcnding strength ofcorc this bchavior is vcrificd by Shan-shan shi

and Wahid lJoukharouba as shown in ligurc 2.1 (a) and, 2.1 (b). 'l'hc bchavior is samo because i4 
i

all cascs labric facc shcets have used. But it is little differcnt lk;m thc static f'ailure rcsponse as

shown in figurc 2.1 (b) and2.2 (b). As behavior is not linear until thc maximum load. 'l'h., reason

is that in our study thc faoc shcct of glass fabric is used but in cascs ol-ligure 2.1 (b) and ligure 2.2
(b) facc shccts ol Inetal is uscd. In casc of fabric load clroppocl abruptly alicr thc lincar rcsponsc

but in cascs ol'tnctals alicr thc yiclcl point load als<l incrcascs ancl ultimatc loacl is achicvcd aficr
thc yield point. !l

1'he 3'd phase shows thc drop of load after the strength and stillncss clcgraclation. It is also notJcl

tlrc samc rcsponse in ligurc 2.1 and, figurc 2.2.But it was obscrvccl that in ligurc 2.2thaload is
grcater as oomparcd to bchavior discusscd in figure 2.1 and 5.1.'l'hc rcason is that in casc ol'
sandwich structurcs discusscd in ligurc 2.2 the corc of nomcx is usc<J. 'l'hc strcngth ol'nomcx cgrc
is so much lcss as cotnparcd to alurninum corc.'I'he 4tl'phasc show that allcr thc drop ol.load there 

i

is little incrcasc ofload antl a panel again gain a little stabilization bccausc ofcorc shcar resistance:

i
I

I

!*
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i.i ;

,i

: if f " "9*rarcd 
this pnasc it was rirund tnat similar phasc is tound i, tigurc 2.1;(a)..]'ir;;;til,ailil ,:'11i, ,l ;q[],

in behavior is becausc of the lacc shects of fabric and core of aluminum in borli 
"osld 

i' ' 'l . I i' ili: 
' 

i:' '
' ;i1{. I :

' '. 
, 

: I

It is also obscrvcd that thc total dcflcction along tho span lcngth in ligurc 2.1 (a) afid ligur'b 2ll' , I

(b) is grcatcr as corlrpzu'ccl to thc ligurc 4.1. Thc fact i.s that with thc incrczise ol'load dcflcction 
,

incrcascs ancl thc furthcr incrcasc of clcflcction causes thc initiation of failurc. In both Iigurc 4.1 | i ,,
t,

and4.uthcclcl'lcctionol'sauclwichstructurcatfailureisapproximatccqualbutvaryhhtbrthclailurc;',..
. '1.'l 'ri r l li,''

that this duc to thc rctpoval o1'load in this study. Ilut in literaturc ihey pcrlormqa 1{3 lueai,ri fr.qiiiil ii i

thc complctc lailurc of pancl. In such a way Shan-shan Shi considcrcd thc'rnoi"lprlilrlr,'Jrii+i,,]di ii.1,:' r,,.;. .. , , . I .:j ii,, ,

stabilization which slrow the variaiion of load <luring crack propagation in cor'e . i

,',5.4.2 l)cflcction vs. Numbcr of cyclc

i 
iii In liatiguc tcsting,n" a"n"",ion,. r."o.u.d at diftercnr consrant amptitude'toriilt,iq;;ilijil,i,;:i i,Ii;' ;

I 
Defloction vbrsils numbcr ol'cyclc response is plotted in figure s.z. lr*as obr"*ii'ilr,ii, J,rj' ,liij' i ; l,

'ir.,i. t. --': 
.;tr-,i .l :, i ,;];

deflcction rcmain constant until 20000 of cyclcs. After that thcre is littlc increasc of clcflcction,and 
' 
,'' I

trcar about 30000 cyclc thc dcllcction incrcascs abruptly.'l'hisipoint is assumccl ,n" ini,in,i,,n',,i' 
I

laiiurc 
r , i

Ill rl
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fhc ddflcction at rnid span and r

compared with preVi<lus data presented by Clark f3ll as shown in figurcs,2.J l: lt Wds'fbr"a1tf,'i,il :r1ii

., j,, j ii ;.,1!i-ll'i1':;.\
tion rcrnains 

jcfrristl,l, 
..a, ia'ffii.' 

il tlnr ncar aDoul li 
.l

30000 Cycles. Dut in our siudy alicr the 30000 cycles the increase in deflcctioniS slow as 
"u-ptr',r.i 

'

to Clark [31 l. 
'l'hc rcasolt is that the behavior shown in figurc 5.2 is lbr thc aluminurn honcyoomb

fu1 
tnc plot shown in ligurc 2.3 is for aramid honeycomb. In casc ol aluminum honeycomb, ap?d 

:; llh,i,{ jf,

i1l'i"itip,t lailure thcrc is again a rcsistancc because of corc shcar rcsistance of'aluniiiiiJil,lcj;i,nJ;i:'ir;i,i ll[i;l, it.i. ,. r '*^',"'Iill'' \/r! rrrv 
,, il 

]:i I,ii
liothbrtriharncctrrcshcarresistanccmarlcofaramidfibcrislcssascompareclroaluminum.r: "'i'l',,' i'

'i. t ''l i ii,;i,i iI'lie data recorded in our study is also compared with Ii. (lotc 
| 32 l, Samirkurrr. M. "S,iri' , '

i

[33land Abbadi l3ai as shown in figure 2.4, frgure2.5 and ligurc 2.6 (a)respcctively. It was

lbunil that thcrc is littlc difl'crcnt from all cases becausc of diflbrcnt lacing ancl corc ,-,rl,".rr,rl '

r I j-t
llecausc o{ clastic bchavior and good tensile strength o1'face shccts ol-alumihurh]rind;pigtTd ,i ',,

_ I . ,,.i i. ll 1i... I ;,
steel thoy havc rnore cltilection capability and thc dcflection rernains consiant and inCrtaser'.ori,filr} -.j:

t

alter the dcgradation. on thc other hand in the case face shects of tjblr,n" ai'nJ;iii,tt*..rrlr, ,],t',,

number of cyclc rcsponsc as shown'i{,lfsrr,q,l,r,il 
l,

'''r' rbur-,i'tn'l,l'. il, Clark f3ll as shown in fip.urcs"2.3 I It',vtdr

..r |itr ." - ^wn ln i Ilaurc. ).z ls " ,,'..f: il," ,'."',. ii'rrr
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6 II
slowlybecausc of variation o1'the compressive strength of face shccts and it increases rapidly aftyr

the core indentation or any othcr expected failure. I

5.4.3 Load vs. Number of cycles

In this rescarch work the stiffness degradation and lifc ol'compositc sandwich structure is

also predictcd by finding thc numbcr of cycle at which initiation of failurc occurs at differerrt

loading level.'Ihe loading lcvel is the ratio of applied load to static lailure load. It was found that

by decreasc of loading levcl the numbcr of cycle of failure incrcascs. It was found that at 0.95

loading levcl tht: spccitnon lhilcd after the 18494 numbcr of cyclcs. Ilut at 0.90 loading lcvcl

spccimen thils aftcrthc45000 numbcrof cyclcs. Similarly, at thc loading k:vcl thc lailurcoccurs

alicr 95158 and 215000 number of cycles respectively. In fact at lowcr loacling level thc lil-c of'

sanclwich structures increascs. Ilecause of the irradequate facilities wc clidn't n"#n* the cycle

loading at lower loading lcvcl. But this increase order shows thar rhc fatigue loading will do

suitable almost for thc half of static loading.

II-we compared it with tho behavior of honeycomb having face shcct of'aluminurn and corc

o1'aramid discussed by Abbadi [34las shown in figure 2.6 (b).lt was fbun<l that thcrc is so much

diffcrence of lifc of honcyctxnb in L and W direction. 'l'he fatiguc lil'c othoncycomb in I- directiorl

is so much grcatsr in I. dircction. In L direction the fatigue life of honcycornb at 0.9 and 0.8 loa<ling

lcvcl is more than 90000 and 200000 cycles respectively. But at 0.6 loarling lcvel thc spccimcn

l'ails afler the rnillions ol cyclcs. 'I'hc bchavior of loading lcvcl and nurnbcr ol'cyclcs as shown in

ligurc 5.3 and figurc 2.6 (b) is ahnost similar. But the variation in number of cycles is bccausc of
thc diflbrcnt l'lcxuralstrcngth of composite sandwich structures.

tl
5.4.4 Bending Stre$s vs. Number of cycles 

!

Lif'e of composite sandwich struotures is described by standard S/N curve.'l'he maximum

bcnding stress and number of cycle response at different loading levcl is shown in figurc 5.4. 'l'hc

bonding stress is calculatcd lbr cach constant applied fatigue loacl. 'l'hc number of cycle are also

find by cxpcrimcntation as discussed in topic 5.2.2.lt was lbund that with thc decrease of bendin$

applied strcss thc lifc of sanclwich structure increases. At low applicd bcnding strcss thc lifc of
structure incrcases many timcs as c<lmpared to higher load level.
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slowly bccausc o1 var]a1ion of thc compressive strength of face shects and it inc

the core inclcntation ,l orry othcr expected failure. I

5.4.3 Load vs. Number of cyclcs

In this roscarch work the stiffncss degradation and lil'e of cornpmitc sandwich stn-rcturc iri i

, Also pritlictccl by lrnding thc nunrbcr of cyclc at which iniriation ol'failurc'o""ur;'0,'HiiI"]}c,il''lJiil ll,

f lliaaing rw"i.'tlr" lbacli.g lcvcl is thc rario of applicd load to sraric lailurc tun,t. lt -r, iiiil]]r'n;ll ,ilii1 
i

by docrcasc of loading lcvcl the number of cycle of failure incrcascs. It was found rnatiailo.qs i

loading lcvcl thc spccitncn Iiriled aftcr the 18494 number of'cyclcs. Ilut a1 0.90 loacliltr'f";"i
specimcn thils aftcr tho 45000 nutnbcr ol cyclcs. .Similarty, at thc loacling lcvcl thc lirilurc occurs 

i

aticr 95l5tl and 215000 numbcr ol'cyclcs respeotivcly. In fact at lowcr loacling level thJ lifc of i

. Ili'. , ! '1..
sandwich structurcs inoreascs. Bccause ol'the inadequate lacilitics wc clidn't,p"1int* 1[fd:y.li i;, '

loading at lower loading lcvel. Ilut this increase order shows that rhcr Iariguciflrtlirui*iir',iia ,'1i,,''

suitablealmost lorrhehalf of static loading. ,, l' 
', I t ' I,:;"'lu,iiili' j'i:'

If wc courparcd it with thc behavior o1'honcycomb having facc shcct ol'aluminum ord ",r." 
' i

.i .. I : , ..

I i' d.rl lcrcnpe
,i ,;'.I.; , , .. | ,i ,--,;-t,I.'-;.i,,1ili'

i is so tnuch grcalcr in L dircction. In L dircction thc fatigue li{b ol'honcycornb at 0.9 ind 0-tl ioailinri ii'ii

lbvcf is'morc than 90000 and 200000 cycles respectively. But at 0.6 loading lcvel the sp""i.ncr1 .'lp ,

lails afler thc millions of cyclcs. 'l'he behavior of loading lcvcl 
:and 

nurnbcr ol'cyclcs as shown,id

ligurc 5.3 and ligurc 2.6 (b) is ahnost similar. But the variation in numbcr of cyclcs is bccausc ol'

thc diflbrcnt lloxural strongth ol'cornposite sandwich structures.

5.4.4' Ilending Stre$s vs. Numbcr of cyclcs

-'.i: ,- .ilrr'', r' -..]-:rj,l,.
bcnding stress and numbcr of cycle responsc at different loading lcvcl is shownln figurc'S.+] itic

,,,,.,.i ii .,,..;.i,,tlli 
i

Lifc of compositc sanclwich s'tructurcs is describcd by stanclaril S/N curvc. 'i:hi rrlaximuni li
1 -'..t t. :

.,i
bcnding strcss is calculatcd for cach constant applied fatigue load. 't'hc numbcr of oyclc arc also

llitlrn"nll*:::'"'",' 
ul:":':". 

'' 
topic 5 22'u *':':uno'n': *l'.n'n:u""'"1':aruirg:ll; 

ilil,l iapfiticalstrcss thc litc of sandwich structure increascs. At low applicd bcnding.t.bdbiifrelfidi
i, 

I

structurc incrcases many timcs as comparcd to higher load level.

ol'aramid cliscussed by Abbadi f34l as shown in figure 2.6 (b).It was hrun<l that thcrc is so nruch i.

di'p.rLn". ot'lil'c olhoncyconrb in L and w dircction. 't'trc fariguc litc of honcycornb in iiiolrJil,ll' l'{]"

[?;r{, iiir:,t
ifi ot' tli 'li
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It has becn observed that Number of cycles at which initiation of Irailure and complete

failure of beam starts increascs with thc decrease of load lcvcl. 'l'his cxpcrimental 6ata of loacl and

numbcr o[ cyclcs is uscd to dcscribc the S-N curve . It was obscrvcd that numbor of cyclcs incrcasc

with thc dccrcasc ol'applicd bending strcss. Such as at 37 MI,a bcnding strcss the latiguc lifc ol'

spccimcn is 18494 number of cycles. But at 35 MPa and 37MPa thc lil-e of spccimgrl is 45500 and

95l5tl numbcr of cycles. -l'his 
show that by reducing the 2 MPa bcnding stress almqst the numbpr

of cycle increases two timcs.

-If we comparcd it with data discussed by Kanny l3ll as shown in figure 2.8 it was found

that thc rcsponsc is almost sanlc as in both cases there is vcry small variation of stress with rcspcct

to nutnbor o1'cyclcs.'l'hc relationship bctwcen bending strcss and numbr:r ol'cyclc is also vcrilicd
by Yi-Ming Jcn [2las shown in figurc 2.9.'lhe change in plot is bccausc otthc lcast number of
samples tcsted in currcnt rcscarch. But Yi-Ming Jen [2] investigatc<l thc bcnding stress responss

for millions of cycles.

5.4.5 l-ailurc Modcs

l)illcront typcs of lzrilurc modcs were observed during thc static and tatiguc loading

condition. It was also lbund that thc initiation of failure occur becausc of thc face yilelcl as shown

3? in figure 5.9 (b). 'fhc incrcasc in deflection is also the result of facc yicld. As Banghai Jiang [l I ;

prcdictcd that thc initiation of failure of honeycomb under the thrcc point loaditrg occur because ,

ol'face-yield as shown in ligure 5.9.

I ll
I

(a)

ilr)
T

iry,r&.fitt fi"

r

i

l,

Figure 5.9: Failure moclcs in 3-point bending loading (a) lailurc modcs obscrvcd by Ilanghai

Jiang Il l, (b) failure modes obscrved in currcnt study.
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It has bccn obscrved that Numbcr of cyclcs at which initiation ol liailurc and complctc

lailurc ol'bcam starts iucrcascs with thc dccrcasc of load lcvcl.'l'his cxpcrimcntal data of load ancl

nuntbcr o1'cyclcs is uscd to dcscribc thc S-N curvc. It was obscrvcd thal nuurlrcr ol-cyclcs incrcase

with thc dccrcase o1'applicd bcndirrg strcss. Such as at 37 MI)a bcncling strcss thc lhtiguc lil'c ol'

spccimcu is I It494 nutnbcr olcyclos. Ilut at 35 MPa and 37MI'a thc lilb of spccimqrf is 45500 and

9515ti nuurbor of cyc\cs. 'l'his show that by rcducing thc 2 MPa bcncling strcss almost thc numbpr

of cyclc incrcascs two tirncs.

If wc comparcd it with data discussed by Kanny 1,37) as shown in ligurc 2.8 it was lound

that thc rcsponsc is alt-uost saurc as in both cascs thcrc is vcry small variation o1'strcss with rcspcct

to nutlbcr o1'cyclcs. 'l'hc rclationship bctwccn bcnding strcss and nurnbcr ol'cyclc is also vcriliccl

by Yi-Ming Jcn [2] as shown in ligurc 2.9.'l'hc changc in plot is bccausc of thc lcast numbcr of

samplcs tcstcd in currcnt rcscarch. llut Yi-Ming Jcn [2] invcstigatcd tho bcnding strcss rcsponsc

lirr nrillions ot'cycle s.

5.4.5 lailurc Modcs

I)illtrcrtt typcs o1-lzrilurc modcs wcrc obscrvcd during thc static and latiguc loadinl3

condition. It was also ltrund that thc initiation of failure occur bccausc ol'thc face yilcld as shown

in ligurc 5.9 (b). 'l'hc incrcasc in defloction is also thc result of lacc yickl. As llanghai Jiang I I I I

prcdictctl that thc initiation ol'lailure of honcycomb undcr thc tlircc point loading occur bccausc

of lace yicld as shown in ligurc 5.9.

l'igure 5.9: Irailurc modcs in 3-point bcnding loading (a) lailurc modcs obscrvcd by Ilanghai

Jiang ll l, (b) lailure modcs obscrvcd in currcnt study

s6

r

(a)

(b)
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It was discussr:d that aftcr thc initiation of failurc thc load carrying ability of panel

decrcases abruptly.'l'his abrupt rcduction of stiffness an{ strength is bccause of core indcntation

as shown in ligurc 5.5 and tigurc 5.9 (b). l'his failure moclc is also cliscusscd by Ilanghai Jiang | 1 l,

Kalyanasundaram [44[ as r.vcll as Beloucttar [411. As L.1,. Yan, l] l39l also predictcd that thc

lailurc of sandwich structurc occurs bccausc of core indcntation. 'l'hc lurthcr application of load

also causes the other difl-ercnt l'ailure modes such as corc shear, tlie bcn<ling and failurc of ccll

walls as shown in figurc 5.7 is thc indication of core shcar. Mc(brmack 1261, I3cloucttar l4l l,Iran
Shi-l)ong [42land,I]clingardi 1431. Corc shear is major rnodc ol'lailurc spccially in casc of corc

of wcb and thbrics as discusscd by /,cnkerland llurman [461.

Similarly If thc load is applied after the failure of beam thc inrcrfacc.h"o, hJilu." of bcam

and <le-boncling of horlcycomb an<l fibcr glass interface was also obscrvcd using thc StJM analysls

as shown in figure 5.tl and 5.6 as discussed by Jen and Chang [45 l, M. I)awood 140l. In fact it was

concluded that thc obscrvation of sevcral number of spccimen that thc initiation of failurc occur
bccausc ol'thc lacc yiclcl but thc failurc is the result of corc indcntation allcr thc scveral nurnbcr

of cyclos.

J,
Analytical modcl discussed in chapter 3 is also uscd to prodict thc failurc bchavior of

compositc sandwich structurc. lly using the mathcmatical cquations 3 . I 3 to 3. I 8 it was found that

only possiblc Iailurc moclc is lace yield. llut by experimental analysis it was lbund that lacc yicld
is thc initiai thilurc modc and othcr failurc modcs are obscrvcd all:r thc furthcr application of load.

So it is concludcd that l.hcorctical modcl is used to predict tho only initial lailurc mpfle but thc rcal

failure behavior is examincd by cxperimentation. 
I
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