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a2 1.3 Corc and Face sheets Materials
4 1,
. Glass Iibers, Carbon tibers, Aramid fibers and Aluminum/Aluminum dlloy are mosl Wldcl)? ;~§j~v§ gi.
PR ke leg £!,‘
i 1 § BRI PR
| uscd as 2 core as wcll as facing matcrials. ’ v }13. f, !
| o « ‘ ! N GO ;
1.3.1 Glass Fibers ; A

Glass libers are made up of silicon dioxide and metallic oxide cléments and are produced
by drawing of moltcn glass through a small orifice as shown in figurc 1.3 (a). I-glass (named [’or '

its clectrical prop(,rllcs) and S-glass arc the two types of glass fibers. Mostly:E éldss is used dS‘

rcmforcemcms in sandwich structures. S-glass has 30 percent hng,hcr anSll(, slr(,ng,lh and %O
pereent hlghcr modulus than E-glass and is costly [14]. Glass fibers arc mos‘lly uscd in m(,dlunﬂ e

pcrformancc u)mposll(,s “because of their high tensile strength that is mdmldmcd in hLllTlld ”

conditions. Because of their relatively low stiffness, low endurance limit, and degradation when
cxposed to hygrothermal conditions they are avoided to usc in high performance composites [8])

15]. Glass/cpoxy and glass/polyester are extensively uscd in sandwich structures. "
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1.3.2 Carbon Fibers : :

,;
* . . .
5\‘5 \ .

= Carbon libers are mostly used advanced composite llb(,rq and have a wide range of strcnylh
and stifTness depending on the manufacturing process. These fibers arc manulacturcd from =

; i

precursor organic fibers such as poly-acrylonitrile (PAN) or rayon. Alter heat lrcaﬁ{mcnls on th(,se

organic fibers, they are converted into carbon ﬂbcrs as shown 1n ligurc 1.3 (b) lo et grdphuc

byl
fibers high lgmpcrdlurc pyrolysis (graphitization) is performed on the pru,ursor fibers. As'a rcsull* ,
i
carbon™fibéis are less than 95% carbon, whereas graphite fibers arc at least 99% carbon, =« ~

Carbon fibers arc mechanically and thenmally anisotropic duc to thc nature of
}

v 4 '-'3‘“ i tH i
h manuld(,lurlngD process. In radial direction fibers have high thermal expansion and less sllfln(‘:s; as s b
e i b Jhat g8
o icompdred to Xmdl direction.  Graphite/epoxy and carbon/epoxy composites dr(, now dsed gy o
' iy |
- . x . B | | 3 | A
extensively in sandwich structures [8, 16]. L
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e 1.4  Classical Sandwich Structure Theory

IS T,
i BEY
A Alter the world war two the description of behavior of sandwich structure bcgdn In 19616
H [ i

Plantema [17] presented the 1% book on composite sandwich structurcs. Zenkert [18] dl’ld ‘Allen

[11] follow the plantema and published the studies on the design parameters-and failure Bchavioé

of sandwich pancls. Gibson reported failure mode of sandwich structures [19] and developed a

method for to design minimum weight sandwich structurcs [20]. P
The theory represented is referred as Classical sandwnch structure theory., lhc hd%ll
|+ ;, i

this theory are: b

Lo
assumpll()nof J
¢ I i
| AR

¥

1. Core carries entire shear load in composite sandwich structures.

2. The skins carry entire bending load.

o e

©oo s D3 Compression in core 1s negligible. Ve 'i
P ' : N

§ b
The Classical sandwich structure theory also assumcs that the I()llowmb dlscusscd ’

‘0 |

assurmpltion arc truc by considering the skins and core elastic and by designing the slruclurc in such

“

A a way that the length of panel must be high as compdrcd to thickness, the thickness of idcc shccts

must be very small as the thickness of panel and the skins to core mechanical propertics l’cltl() musl

B H
he high. : : ‘ | ! ST
. 1] . . | i f
r i g
Considering these assumptions the additional load carrying capacnly ofnhc

.

negligible after its yicld strength is reached [21]. However Mercado stated lhdl the load Carrymg

capacily of core continuc to increasc afler yielding, this is because that the additional shear load is

, FET i ;
1.5 High Order Sandwich Beam Theory (HOSBT) ' ! Hpog
~  HOSBT was formulated by Frostig and Baruch |i22:[,'lhis theory relates the non-linéar
bchavior of core during the bending of composite sandwich structure. The basic assumptions arc: ,
i ‘ - P
{gﬁ 1. Shear stresscs present in core are uniform through the height of - lhc (,(Jrc IILng,ondl |
R - ] 1 - I
Honeycomb conhgurélmn is shown in figure 1.4, P f : I i
;i s A ¥ ‘
< - - ry R - 6 i ! - . % e
3 ia o I
! ) N i LA
b P N i Pt ]
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1s duc to inadequate reinforcement or core 1s provided in the arca under the load [25]. Most

common lailure modes under three point loading are shown in figure 1.6.

“

\

N

(a) h)
’ (¢) ()

Figure 1.6: 'ailure modces. (a) Face wrinkling (b) Core shear failure (¢) ace yield (d) Core

indentation [26]
1.7 Research Problem

‘The mechanical behavior of composite sandwich pancls has been widely analyzed because
of the design problems considered in the fabrication and the particular usc of these structures in
several arcas. The fatigue failure response of sandwich panels is also invcsligalc"d] [27]. But the
performance of all lypcs of honcycomb Sandwich Structures cspecially under fatigue loading, is
still not completely understood because of large number of types ol materials used for core and

facing.

Glass fiber is slightly more flexible than carbon fiber also have lower tensile modulus
which allows it bend and take more strain without breaking. Because of the Fxcellent corrosion
resistance and low cost of fiber glass Aluminum honcycomb sandwich structure having face shects
of glass fiber not ouly used in same industries as sandwich structures having carbon tiber; it also

have further applications. The Fatigue failure mechanism of Aluminum Honeycomb sandwich



edndw1ch structures having glass fiber face sheets and Aluminum skins. lhc scconddry obj ccix\'f!c

sandwich structure having glass fiber face shects and aluminum honeycomb.

1.8  Objective of Thesis r
|

il Lo b
C’ of composite |
® ¥

| 1t

The aim of lhl? rescarch is (o investigate the monotonic and the cy(,h(, 1d11u

, '

. '-gwm,..-
o
L

P i

of this rescarcli is to investigate the real behavior of static and fatiguc failure using both- dndlytlLAl

and experimental analysis.

A
1.9  Rescarch Methodology ¥ S e
: ; i 1' :E’ sl .
54 ¢ ’i"}‘ Ix \|
! The rcscarch has been carried out analytically and experimentally. (The prcrlmcnldi ' 1
approach has been carried out to investigate the flexural strength and stiffness ol sandwich panclsj ]
under static and fatigue failure loading. The camera and scanning clectron microscope (SEM) is }
uscd o investigate the ldllurc TESponsc dﬁcr the loading of specimens. ’ g* . L :
' 1
The analytical porllon 18 included-to determine the slrcngih of sandwich }ruclurm lhc, ;
analytlcal analysis is a;lso used to predict the expeeted failure mode. This ﬁgurc 1 7 shows the ﬂ()‘ir .
‘ b ! L b
chart of rescarch methodology. A TN I . .
| { RESEARCH ' ‘ o ;
L METHODOLOGY . : K
| L
: Literature u Experinlentation } H Mamematlcw l ;,;l $§ ,(”c;":
: Review - \Ioclev mg if 1 b ;
,x* e )y % \‘ e :,‘n - T , Sta“c Teb[ . B—— ‘ ‘\ l,,] OfF1 h‘le % : i
‘ : Objective of |} | L Ahalysis ! ]
U Introduction U Fgcsem'ch l Results u Fatigue Testing 7 \Igde: S ! :
= “‘T:““"““j ‘ ™ Visual and - I '
J Conclusion i Analvsis SE“I }
. | i § )
é 3
! !

Figure 1.7: Flow chart of Rescarch
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&6_, ‘ 1.10 "Thesis Scope and Organization

In this thesis, several mechanical propertics of the Aluminum/Glass fiber Sdndwicli
structures such as compressive strength, shear strength and bending strength, beam deﬂccllon dnd

T bcdm stllfnu% arc mvcstlgalcd The fatigue life of panel is also determine usmg strcss and’ numbcr

01 cycle behavior. The failuie behavior is completely analyzed by using SE M. lhc followmg,

chapter is the introduction of sandwich structure. In this chapter constitucnts 01’ sandwi‘cli'

structurcs, application, Failure behavior, objective and rescarch methodology is briefly discussed.
‘ !

The next chapter is the literature review of the previous studics for static, fatigue and failure

. ~ . i v "
behavior of sandwich structures. | ! P

i
byt
o

3

{1

; S l
- Chapter 3 describes the mathematical equations that are used (o detenming the: llcxma

:l = ! [

qtrcnglh fdllgUL llfL and cxpcclcd failure mode. Chapter 4 describes the prcrlmunlal sclupsfo‘r

Static 'md fdllguc loadmg dlld fracture mechanics studics, Chapter 5 presents the results and
discussion of our experimental work and chapter 6 ends this disscrtation the conclusions and future

i

recommendations. NETEIRS
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Yi-Ming Jen et al [2] uscd the maximum bending stress and number of cycle behavidr as
shown™in figure 2.9 (a) to investigate the fatigue strength of aluminum sandwich structure with
aluminum 3104-H19 corcs of various densities. Yi-Ming Jen et al [2] investigated the bending
fatigue strength of sandwich structures on the bases of diffcrent amount of adhesive. It was prov
that the fatigue strength increases with the amount of adhesive. The stress and number of cycli;
response is shown in figure 2.9 (b). In all of the cascs it has been observed that with the decrease

of applied stress the numbcer of cycle to failure increases.

i : 5 2054 4
aluminum 3104-H19:aluminum 5052-H32 panel aluminum 3104-H19 aluminum 5052-HA2 panel
50 LAlLE lIll""( T Irnnr T ("”I LIS llﬂ"l T TTT
L 10 — r T ororr T LU e S O B A ]
O O Omneea =’ B [ TYPE A: The Applied Amownt of Adhe’live seAbg'm' ]
| a a Amnres - o 00n v [~ & TCPEE: The Applied Amouwnt of ve s .. Thg'm?
]
s u DCIII 0 O gnec .nm{ I3 (O TYPEC: The Lppled Amount of ve = 10hgim? 7
i (. ug - ® L !
a § o
AM‘ = B
: &8 . poo o5
@ 44 " 5 i .
g e A . » ] z A
Bt o® & € i =
& r o A\ ) g4 L o o=
E O 0O 1 = L o]
- p - - »A
- O W E - ;
= 0 . £ actor of two 0 E t ““““ Factor of w2 ~
r— —  Factor of three O g |. = -—— Factorof mree ]
Bost ft of all data poxnts 03 poootpaand Lol
2 poavial vt vl 0oy 1x10° 1x10* x10°
100 1000 10000 100000 1600000 i .
Fabgue Lite Ny {Cycles) Cycles to Failure; N, (Cycles)
(a) (b)

Figure 2.9: S/N data for bcam | 2] (a) cores of various densitics (b) various amount of adhesive

Cunningham et al |38] proposed a technique for the estimation of core lllear in closed
sandwich structures of nomex honeycomb core and aluminum alloy 5070 B face shects for ﬁkllréé
point brending_ static and dynamic loading. The strain was calculated by bonding the strain gauges
on the face sheets and core on different locations, the calculated strains were then used to estimate
the core shear strain. The limitation to the procedure is that it can be applied to only thin and cqual

face-sheets sandwich structures.

Gdoutos et al [25] carried out a thorough study on the failurc mechanism of composite
sandwich structurc made up of carbon epoxy face-sheets and PVC foam core. The diffcrent studicd
{ailure mechanisms of sandwich structure were core failure, face-sheet indentation failure and face

wrinkling subjected 1o three and four-point bending. In short span beam the dominating failure is

18 1












. l ' i
speumcns lhc mcun failurc was de-bonding at the interface of core and facc shu.l I,ocal {1 v
EX

| increases lhc chdnccs of skin wrinkling, core cracking and crushing failure. The lhlck spcumcm

¥ :
" ! RE. {
z‘ i T 4, b
' ¥ i 41’1' g ] I ":3':. i

L ¥ oy ; .
on the other hand failed due to core indentation, the core mdcnldllon was cllmmatcd using hlgh }

thickness face-sheel but it promotes the core shcar cracking.
Jen et al [45] studied the cffect of lace-sheet thickness on the fatiguc strength of the three

]
types of sandwich structures with aluminum honeycomb. The cxperimental r(,su ls f()r lh(. Sdm(.w &

applicd load showad\no apparent relationship between facce-shect lh1ckncss and faugu hfp (JM
i ;g §A ; 5 !

ey

= o™

P - - l

4 o B

interfacial stresses were cvaludlcd using finite clement sunuldtlon Three parameters p(.(.lmg3 slrcs%

oo o

interfacial stress and lincar relation of the two were observed, it was concluded that lincar ]

rcldllonshlp of pecling stress and interfacial stress gave more accurate results then the 1nd|v1fiu l

T X9 venm

! R E .? '.‘ .“1 :
pardmclcrs bedt G

]

g s p—

Banghai ct al {1} developed an theoretical model 1o predict the failurc modes in casc’of
> . St - LA g
thfee point bending testing. Three point bending test was also carried out to verify the analytical
N § 1
approach. It was found that the initial failurc modes may be face yield, core shear are corc
T

indentation. ~i

7z (.nk(.rl ct al [l46| designed and studied thc behavior of sandwu.h structures

T
- i

s

)
1aug,uc. loading, l"h(,y concluded the sandwich structures subjected to- l()wcr l(md% dnd’ greatcr ek

(I
number of ldllguc cycles fails duc to core shear whercas stfucturcs subjected (o hlg,h loads and °

small number of faliguc cycles generally fails by face tensile failure. For the quasi static faliguc

-

i ’l H
fiber reinforced polymcr skins and phenolic core. ic strength of sandwich structurce in 'Matwise

and edgewisc positions was determined and it was showed that c()mp(mlc sandwwhposmoncd

edgewisce [ail at higher loads with less deflection as comparced to the specimens tested in ﬂalwwc

s Gt s kil i 7 i e ami

G
gfdll(.d diic io L
I

position. It was also observed that composite sandwich under flexural loadmé e !
V S ;

i. . J‘!liz‘ fla b4
A by

%
t
i

L

- G
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-Gibson.ct al [48] cxlcndcd the laminated beam theory to the sandwich. slruclurc dlong w1lh S
{racture mechanics 10 analyxc the core shear failure and the cracks that initiate as a result of core *

failure in foam core sandwich structures. The model is formulated only for crack initiation and 'i'i:
¢ P e il
' ‘ don t work for crack propagation and kinking that was observed in cxperiments on carl:;op/cpi‘g‘)x:); '1
du, sheets or Li-glass/cpoxy face-sheets with polymethaacrylimide foam corc. It Wdts obscrvcd‘ 1
/‘! that the crack initiate near the face-sheet core interface for glass fiber ('acc-shecl's and i‘n the m[iddlé
' H

HEES R :

M R « .. - ~ . e st
ol the core for carbon fiber face-sheets. This is becausc carbon fibers are five times stiffer than

glass fiber.

f . i
; !
;

Rao ct al [49] sludlc.d the fatigue and flexural behavior of E glass/‘ vbu{lyl -ester, w1lh

po lyuwlhcmc foam sazndwu.h structure at different test frequencics of lIlA, 3[1/ SIIL, SH/ arﬂd‘

i
i i

o

chanigeé’in cor¢ density (.tl"cc.ls the foam-face sheet de-bonding failure. - " i o

Herrancn ctal [50] carried out the strength calculations for dilferent materials in ordér to i !

-V i find a new solution to the design of light weight sandwich pancl for trailers. lhc ‘sa!ndwmil{ ?

’ ST T nJ
| slruclurcs wuc fabncalcd using vacuum infusion technology and subjected to four«pomt b§cnd1ng3 fh
! * i i

Ansys 18 used for simulation purpose. It was found that design is morce sensitive to éore mdlCI‘ldl
f

selection than core thickness and use of core materials like polymethaacrylimide docsn l‘prow‘dc

Lo . . , . . : s ‘
significant improvement in mechanical properties rather Icads to sudden increasc in cost. , y]

i‘ "i».&{j

cé‘

; x 3; ! g
dddltlon to 10dd transfer and local stress concentration. The load transfer 19’0bscrvcd by the, colo,
Yo

bands between- -upper and lower face-shects. It was observed that the core shear § str(,ss is, dlStI‘lbulLd

cvenly in four-point bending, but distributed anti-symmetrically in three point bcndlng, L

i ol

o
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ANALYTICAL MODELING ‘ ;
In order to use composite sandwich structures in different arcas, the better undcrstdndmg} SR 1
of their static and cyclic behavior is required. [10 34]. l*or an optimum dLSl[gn wughl (l)r ‘. 1
S L TR
stiffness/unit wughl st be minimum. Lorna (Jlbson & Mike Ashby (521 dcscrlbf. lhe wmpla“: ,;‘; : !
il k1 ML 4
dndlym in “Cellular Solids - Structure and Propertics™. The analysis is sdme for dlffcrcnt tyf)és of - h o l
AR
, o ; . “ w 3
bending loads except different forms of geometrical constants. : ’ . ]
! . ’-r:' ' ¥ ,7 1
Co ‘ » 1
. | ? i
i
A
o ) 4
! i i
— ‘ ie 4
L -y ‘ SRR S [ 1 !
‘ ‘ { Figure 3.1: Sandwich pancl measurcments | .3 000 F k 1 j
B \‘ ;2 !!'.”If’i‘ «.QJ ;\(54 + y
The figure3:1 show the design measurements of sandwich pancts; where: Vis lhc span lcnplh S
b is the width, ¢ is the thickness of core , and tis the thickness of face sheets. The d is lhc 1h1ckncss ., - !
, ol bcam (d=c20).
N TS 3 i
e 3 Calculatlon of Normal and Shear Stresses in Face shccts and ( ‘
. -~ To understand the specific failures it is necessary (0 develop the dlslnbum)ns of \slrcseewﬁ §
4 H
{aces and corcs as shown in ligure 3.2, During the loading both normal and shcar siresses acts on
the pdncl Thesc stresses depends on the bending moment and the distance from the mld line of
pancl - T
' H ?: 1 !
— I i . } ; 1 {Z y
TN, ' Cohy ! . d
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s | ) Vzt .
T 1. . ? ! : 3
a3
Loading configuration the valucs of A and B are 4 and 2 respectively. -
3.2 Calculations of Maximum Bending Strength
: ‘,§4§ oy . : [ i.‘ ;y i . E: "‘i!“(”l ' 51 i :
. % w4 The maximum Bending stress of sandwich structure [2] is calculated by ST .!..; e {',,«i | l
oy . w’l ¢§; : ‘a‘ ‘i‘f# |
S | :‘ v
Op =~ Eoy By i
‘ 1
) LA [ :
Where bending moment is M, and calculated by taking the product of Maximum Appllcd |
|
Load (Fuax) dnd hal f%pdﬂ length (I/2). M may be calculated by using the cqudtlon le = 3
is the transf()rmcd moment of Inertia along thc horizontal axcs and calculdtcd by i ;
4l o SR oo
b3 . t 1 ot !

. =2 —-—+bL ( ,—) l+ —be? '-

. 2 12 >
. 3.3 Beam Stillness and total Deflections _ Gy i T
(R ‘ o LA AP | S IR

i . . 4 3, o ! v

TN & ""w;k*r

‘ ) ( i lhc slr(,ng,th of-bcam in bending is estimated from the equivalent flexural ng,tdlty or bcndmé o

it ¥ ,g & .
suffncss (BS) ()fbcam and the equivalent shear rigidity or shear stillness (SS) of bcdm 1521 !g 1 .
coop Fwge i i
. (Efbtc” .
Bs = Lbe) (3.9) i
2 ) i
| v
v (Gebd? - ! ‘ l
§§ = bt - ||
P , : : Y
- ! ' ' SEIE T EE A do
Asc~d SS = G bc BRI 1 ey
H . ¢ b k
v I'he deflection {521 is considered as the sum of the shear and bending componcnts, when load is ..
applied.
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Figure 3.3: Shear strain |4

or the clement shown in figure 3.3 the angle « 1s positive in the anti-clockwise direction
and B3 is positive in clockwise direction, now if the element only rotates then the sum of the two
angles will pive zero. But in the case of non-zero shear the sum of the two angles will not be zero.

Shear strain can be caleulated as:

U A Jdv C lan 8 du
ana -- Ux ; Ldn{ ;i -
t 1(av) . B = tan—1 au) !
X an dx ; [ = tan (dy
() Gl

Shear Strain = (3.19)

2

According to the fundamental bending theory of sandwich structures, when the sandwich
clement deforms duce to an applied load the resulting deflection is the sum of primary or bending
and sccondary or shear dellection. ‘The bending deflection is because of bending of sandwich
structure about its neutral axis, and shear deflection is duc to the produced shear strain in the low

transverse modulus of rigidity core [4]

29






. t
1=~ Ty
-

S

bhcdr stram = (a1-B)/2 =

™

‘/‘,
-

compared with the un-

“LirearStrain measurement

to the deformed imagc as:

o ¥
Linear Strain = (Deformed Length —

acia

Figure 3.5: Sandwich clement deformation under bending loads [4]

Y= (0 -y2)] 2= (vl +y2)2

initial Length)/initial Length

31

PP
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SRS
The angle a is positive in counter-clockwise direction and f in clockw;sc dlrccnon ?
Frorct ?I

E

sp(,uﬁcd casc whcn will we add up a and B according to equation 3 the shear gtrdm :s Uwcn as:

< mpe

Tt

To lind the shear strain we assumed an element passing through center ol four suchl%

When the b(,ndmgj load s appllcd on the sandwich structure duc to rotation dnd shcar lhc

LinCar strains arc produced in the upper [ace-shect and lowcer face-sheet as 4 resﬁll
bending of 'sandwich structures. It is gencrally assumed that all the bending loads are cam‘é&l

idcc shccl and uper face-sheet will undergoes compression while lower face- sh(,(,l undcr )

P

. ans10n But lhc stresses i the upper and lower face-sheets are the combmduon of tcnsﬂe dnm
compressive stresses. The stresses in the [ace-sheet become critical so that they causc la1lurc of :
the sandwich structure because of face wrinkling; face sheet indentation, debonding ete. The lmct

strain is found by mcasuring the length of cach element in reference image and then comparing it
. comp 1







T Incrcmcnl (uppcr limit — lower limit)/ no. of increments

Ax=(b—2)/n

The arca under the curve calculated using trapezoidal rule will give us the encrgy abe()rbcd by»lhc

sandwich structurc during bending. The ¢nergy at cach cycle divided by the cne gy of lhc ﬁrst

by, »I 1 '{ i
cycle gives a non—dupcnsmnal absorbed shear encrgy criterion. The need lo non &ixmcmwn?l i
¥ LRI [ TR
encrgy is becausc the total energy under the force- displacement hyslcrcms curve: 1s thusum “o{ é LS i1
[ g: { 1 K :

‘normalstriin cner;sy and shear strain encrgy which has units of joules. The energy caléulated from

shear strain hystercsis curves is not in joules. To compare the rclationship between the total cndrgy

and shear strain absorbed cnergy we adopted non- dimensional cnergy Lrltcrlonngf\lnon! “‘}Ef
P O L P T A 5T
oo dlmcnsmndl shear absorption encrgy law is formulated for 1 and 3 plics sandwich strﬁucu‘lrcst w1lh '

P i » ,

o W configuration and then éxtended to sandwich structure containing 5 plics with. L’ ()rlCIltdthl’l .
4 4

‘The deereasc in encrgy absorption (indication ofdamdg,c) is ;Dovcrm,d by thc power lch | ; 5 '
(l)i‘jz /\Nﬁ ‘ R (324)_
‘ t
Where : - , F'l 3 1
N R
oy i: bk
{ . N - . LT WA
%‘ O = Absorbed Shear Encrgy L S A e
J . | - !§ (§: _j vy !
. v e 4 - z E
1= No..of face-sheets.. peog 0 .,
4 ' |

;, J = core Conliguration

; :: . i :;; A * . Spd
‘., " N=No.ofcycles : .
i 4 | i P :
A f = Scaling exponent ;
A = constanl _ - -4 oy ;
It compdrcs the evolution of absorption of encrgy due to shear during cycling for mdlmdls with -, !
}
dxifcrmt tacc-sheet thicknesscs and gives an idea that how the energy absorbed duf n;D v the o
Wi i R
churdl fatigue Oddll‘ré of sandwich structures is effected by the lhlckn(,s‘s of thc 3Iacc shcct dnd; .
R O N SR i
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Quarter point loadmgj configuration arc considered as non-standard. But In- mduslry 1t is dlfﬁcu (

i
i 1
i ! H

experiments arc performed that arc Static (for monotonic loading) and I'atigue (i’or cychc loadlﬁg
and failure behavior 18 analyzed using different techniques. ’
This chapter provides the specilic information about all the tests, test specimens, test procedure, !

and techniques.

4.1 Standard llcst Method , H

sty

AQIM sldnddrds C 393 and C 394 [53] are used for the d(,l(,rmmdllon of sandw1ch shcar !

stiffncss, facing strength, core shear strength, flexural stiffness and core shear fatigue. 3—'p0im (Mid

Spdn) l()ddmg conliguration was cstablished as a standard loading condition to attain thi"‘ s of - ﬁ:f |
B e

lcnlurc ds .sh()wn in Tigure 4.1. Multiple Loading configuration c.g. 4-point loddlng conﬁgumub‘g .5;, 'I;j

. &'q{ "‘7'3 “;'ié

to compare. the data obtained from these condition with sldnddrd test method [54] 'because lhc

strength of sandwich structures changes with the change of loading conligurations. loll()wmb

. - - . . s . ! i . 3
points [55] must be considered for the selection of Test speeimen. ‘ |

i

i, According to thc ASTM standard C 393 lhc speumcn should be in rcctang,h ar sha

l¢
}
i

ii.  The depth of the Sandwich Structure must be cqudl to the beam lhlckncss i ‘;

1ii. -
“the thrée times thé size of core cell. .
iv.  'The standard span length must be 150mm.

~v. The length of the specimen must be equal to the span length of threc p01

g s

- apparatus plus 50mm (2in) or plus one half the sandwich thickncss. .
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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 connécted.

* Verify that the test controller is correctly configured for the test and for the desired signal
monitoring. ‘

« Set up the data recording/acquisition devices.

iii.  Turn electrical power on.

Electrical power to a console-mounted controller is typically controlled by the main Power
on ,switch located on the console lower front panel. Desktop of floor standing controllers typically
have the Power O/I switch located on the back panel of the unit.

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 settings is recommended for first-time operation or setﬁp. When using the
system for similar tests on similar specimens,zthis 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 shown 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 | cm in width was imaged in a scanning mode, magnification ranging from 20X to

approximately 30,0000X, spatial resulation of 50 nm to 100 nmi.
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viii.

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 will 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. Novs; click OK in the box
on the screen asking “Press OK to Pump.” The pump down sequerjce will take several
minutes to achieve sufficient vacuum in the chamber for the systen{ to open the column
valve and establish a beam. In the meantime, you can click on the ‘;‘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 8x10-10 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 10 Torr range.

Establishing the Electron Beam: As the vacuum level in chamber drops below 7.5x107
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 off, 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. |
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i 1 i
. In this chdplcr all the results arc compiled and the trend of the results is dlscusscd to dndl}'{/c 1_;;
the behavior of composite sandwich structure at static and dynamic loading. '
P o
SN | btatlc I'ests Results T
| !,‘ i Ihc speumcns thC been subjected to loading until failure. The ulllmdlc slrcngth of‘s¥rucl re
* ot it T.s
ive been recorded. . o A |
¥ H . L i i

B

-‘ Lo
3 ! 5dc['lcctl()n dlong, the span length show the elastic behavior of specimens. Phase'2 shows 'the litic ‘“

3

5.1.1 Load and Displacement behavior

'

Static (ests were carried out to delcrmmc the ultimate load and stiffness of thc sandwich

pancl in order to sct the amplitude of fatigue loading. The average flexural strcngthl

basis of static test result is given in table 5.1. The behavior of the load vcrsus thc dlsplaccmcnt f(
i 11 | ‘
the monolomc tcsl% is shown in fig. 5.1. Five different phases have been obscrvcd durmg the. forcc

A =

and dcﬂcctlon bchdvmr 01 the sandwich pdneis

Phd%c I shows the very small change of load approximate zero with small dcﬂecllon lh

ot

B

s

v

| '} cldsllc Behaviorof pcmcl until the ultimate load is achieved. This show the comprc%%wc dnd tcmllq
i

'

of pdncl on the

’ﬁ!
r|

gl
t

.

- m

K

ot

|

Phase 3 shows the abrupt decreasc of the load followed by the stiffness degradation of h()ncyu)mb

i

becausc of the small core indentation at the loading arca. Phasc 4 shows the slightly sl()w rcducll()n ,

i

of load corrcspondmg the structural stabilization. Its mean specimen will carry thc 1 orc IOdd‘lLSS

further application oll load, load

: i
carrying ability of panel reduccs and pcnndncnt dcforrndll()n

i

4

RLH A

oceurred because of the inter ldmmdr shear failure of facing, bending of ccll Wdlls dnd corc shedr.

46

i1
|54
I.
l
:f










the hfc ot pdncl bccomcs 2150()0 It mcans wnh the l1tllc rcducllon ol appl 1(,d bcndmp strcss

of pcmd bccomcsmdny times. A ﬂ

ol cycles. Similarly, at the loading levels 0.85 and 0.80 the fallurc occurs after 95500 and 2] 50()()

number of cycles respectively. In fact at lower loading level the life of sandwich stguctul'cé |
increases many times as comparcd to higher loading levels. And at 0.6 loading lev

I‘thc specimen

fails after the millions of cycles.
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Figure 5.3: Load level and number of eycle resfionse

5.2.3 Bending stress vs, Number of cycle

gl‘h%' P
Aty
1hc§ i

Whth show i

Bcndmg Stress of beam at different load level is calculated usmgj lhc cqudllon 357}
i v’ s‘ ‘T' 5 i
1

¢

bchav:or bclwu,n Bending stress and number of cycle (S/N curve) is shown in ﬁ:urc 5 4.

bccn obscwcd lhdl the bending stress decreases with the increase ol numbcr of (,y(,l(,

kot
ke

thie strength degradation of sandwich structures. It has been obscrved that number'of cyclc'\ al
Whth initiation of failure and complete failure 01 beam starts increascs with the dLchasc 01 l()dd
level.- Such as at 37 MPa bending stress the fatigue life of specimen is 18494 numb(,r ()f cyclw‘ ‘
But at 35 MPa and 33MPa the life of specimen is 45570 and 95558 number of- Lycll,s rcspcctlvcly

z\&ﬁ

ir );‘3 i poat
y llle

This show that by 1Lduung, the 2 MPa bending stress the lifc of pancl b(,(,omu. lw1cic At 3 11
KT

B
A
.
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Il we, comparcd this phasc it was [ound that similar phase is found in figurc 2. 1s(d)

i ‘ A2 i
| m bchdvmr is becausc of the face shects of fabric and core of aluminum in bolh cas es A § & ol i.L

[t is also obscrved that the total deflection along the span length in figure 2.1 (a) and ﬁ’gu?& 2?1?. .

(b) is greater as compared to the figure 4.1. The fact is that with the increase of load deflection

B

increases and the further increase of deflection causes the initiation of failurc. In both figure 4.1

and 4.8 the deflection of sandwich structure at failure is approximate cqual but vary lihher the fculurc 1
: i i1

R

that this duc to the rcmoval of load in this study. But in literature they p(.rformcd lhc loadm}: unilul :
T

-the (,ompl(,lc failurc of pancl. In such a way Shan-shan Shi considered the more. phdSCq dflﬁ,l' ll >
|

& i ; : »,.“,x B

S[dblll/dllon which show the variafion of load during crack propagation in core. 3

i

s
B
i

5.4.2 l)cﬂcction vs. Number of eycle

ln Fatiguc l(.%lmg, the deflection is recorded at differcnt constant amplitude ‘l()ddmo I: c|:

IS .«“r}

]
e B m“ ‘§ “.‘

. ! 'e i ) 1
B B I)cﬂ(.cllon versts number of cycle response is plotted in figure 5.2. It was obsu’vcd thatlin %tan ”‘,i

e £

P : ¥ }:L

. deflection remain constant until 20000 of cycles. After that there is little i increase of dcﬂ(,ctmn and @
near about 30000 cycle the deflection increases abruptly. This point is assumed the lnllldll()n oi

failure. |

The dcﬂ.cctlon at mid span and number of cycle responsc as shown i lhgurc 5 2 1

v

al <
c()mpdrcd with prcvmus data presented by Clark [31] as shown in figurcs: 2 3 Il/ Awds found' Lh:hly

; k - 3

the behavior is dllll()bl similar in start that in both cases the deflection rcmmm conslanl ncar dbout
l N l 1
s, S

30000 cy(,l(.s Butinour study alter the 30000 cycles the increase in deflection i slow as u)mpdr(.d

to Clark [31]. The reason is that the behavior shown in figurc 5.2 is for the aluminum honcyCOmb

R 4 !
The data recorded n our study is also (,ompdred with . Cote {32}, Samirkuinar M. %m

[33] and Abbadi 134] as shown in figure 2.4, ﬁgure 2.5 and figure 2.6 (a) re%pcctlvely. It was
‘ found that there is little different from all cases because of different facing and (,orc, mql(,ndls

Becausc of elastic behavior and good tensile strength of face sheets of dlummurl[ ?nd stdmlcfé
S

steel they hdvc more dcl]ccllon capability and the defllection remains (.()nsldnl and incrcasces rdpldﬂ)h

) »r,y biLk ‘;i" Tv‘;.{ e,

after the dcgradduon On the ()lhcr hand in the case face shcus of fiber the dcﬂu,llon 1ncrcascq

: 3 N
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E 3’ slowly because of Vdrﬂdll()n of the compressive slr(,n;:th of face sheets dﬂd it mcrcascs rapldly flTr
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v Sy

thc core indentation or any other expected failure.

5.4.3 Load vs. Number of cycles

, In this research work the stiffness degradation and life of composite sandwxch slmclurc 1s ‘
: 0 o ks
i o vdlso prcdl(,lcd by finding thec number of cycle at which initiation of fallurc occurs “at dlﬂ?@{u&l
RTINL ; e SR B P 3
' I Iloadmg lcvc,l lhe 104d1ng, level is the ratio of applied load to static failure 10dd It was f()und thag gt

kS *, P

by decrease of l()ddmg level the number of cycle of failure increascs. It was f()und lhdl at O 95 v .
loading level the specimen failed after the 18494 number of-cycles. But at 0.90 l()admg lcycl
specimen fails aller the 45000 number of cycles. Similarly, at the loading level the failurq\ oceurs
alter 95158 and 215000 number of cycles respectively. In fact at lower loading level Lhé li'fé.o'f’

g ERRTS

I
sandwich structures increascs. Because of the inadequate facilitics we didn’t. pcr!f()rm lhc cye

suitable dlrpoﬁst»for the halfl of static loading. 1

If we comparced it with the behavior of honcycomb having face shecet of aluminum and corc

()i aramid discussed by Abbadi [34] as shown in figure 2.6 (b). It was lound that thcrc 1? sio 111}{udi iy
e s Pyt ROBIET A Y
.:-:'-5‘3 dlff(,rcncc 01 life ol honcycomb in 1. and W dircction. The fatigue lile of h()ncyc()mb in I dlrutl(}n i

o

Bt Sl 1' i 1':
. ‘ »Hsso much rcal(,r in L direction. In L direction the fatigue life of honcycomb at 0.9 and 0; i) l()ddmg
’ gr

lwcl is more than 90000 and 200000 cycles respectively. But at 0.6 loading level the spcumcn. '
fails after the millions of cycles. The behavior ofAloadmg level and numbcr (_)[ cycles as shqwn in

figure 5.3 and figurc 2.6 (b) is almost similar. But the vanation in number of cycles is bec;ausc, of

the different {lexural strength of composite sandwich structures.

5.4.4° Bending Sl’rc$5‘ vs. Number of cycles

‘

1 1
” ', { 1
o ’ slruclur(, increases many times as compared to higher load level.

-

gt o
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Chapter 6

CONCLUSION OF THIS RESEARCH PRESENTED IN.THIS
CHAPTER AND FUTURE RECOMMENDATIONS /i,

a
5
]

o i
| 7 b i

! ‘i ; !
-+ The rescarch work on the sandwich composite structures is C'dl'l'lCd out by comldcrmg hc 2

H
Lf
5

e o

stiffness dcg,radcmon producing in the sore of the specimens under three- -point b(.ndmg ldtl}:ll(,

loading cycle on the basis of Static Test Results. S/N curve is used Lo describe the qufln(m dﬂd

5llcnglh ol composite sandwich structures. Static and Fatigue [failure responsc hdv’e b“?l " iW '5 ’
& ~ } :

consldcrcd SEM have been used to understand the failure behaviour under’ different’ l%fp‘@ of 4 e |
T iy g Rk S

i
i iH .
IOddlllg) The » conclusions of the research work are summarized in, section | 61 !I«ulurc
« R ,
’rccommcnda’lions arc presented ins ection 6.2. , ; A
* . P B % i
e 7 "; H
6.1 Conclusions : :
) | C
¥ In static l()ddmg), the load and mid Span displacement arc lincarly related. ! '

> The permanent deformation of specimen ocecurs due to the slrcngth hl)él’dddtlon ol

r—-j.'. e

- specimen. | %

S
» lhc l<al1guc r(,sull show that the fallguc life oflhc ]ndlCrldl lmcarly dccrcascs w1l

B e B,

- lcvcl

|
1
]
4
i

T

i ‘This research can be carried out in future considering the following cffccts: Sclccll(m of
- i

‘optimum honeycomb sandwich structure on the bases of flexural rigidity per unit weight and
fatigue life. :
IR Y
é(} mb ccll‘b;n., g

> Liffect of density and cross sectional area and amount of adhcsive usc(i Yn dh%nnmu‘m ;:I

51 b
G

> (,hdrdclc,rl/m% the damagc and fracture for different config g,urcmon ol hone

.~ -honeycomb having fibcr glass lace sheets. 5 . sl .

» Expand 3D DIC technique to a broader range of matcrial analysis. . -
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0.466634 |-0.44516
' 0.476563 1-0.46045
5.063477. . -0.58043
'5.073405 -0.58287
5.083334 -0.58636
5.341472 -0.66451
C L. 53514 -0.66824
A WL Bl 5569824 0.73702
Polhss797s Y 074021
. ¥ 6354167 - -0.9953
6.364095 -0.99796
6.374023 -1.00137
6.383952 -1.00461
7.247722 1.27723
-, 7.25765 -1.27886
o 9.153972 136772
'9.1639 L 13651
9.173828 -1.36392
09 183757 -1.36076
9.193686 -1.35923
9.203613 -1.35796.
L 977946 -1.2248
L ; 9.789389 -1.2231
S0 o 9.799316 -1.21988
ToE L 1012605 -1.12395
" 10.13688 -1.12251
10.14681 - -1.11834
10.15674 -1.11709
] 10.16667 -1.11286
' 10.1766 -1.10944
10.18652 -1.10655
-~ 10.19645 -1.10343
[N 10.20638 '-1.10031
- 021631, 10972
10.22624 .1.09447
N . i:' Héf-; . :
Cont ?;{! |
. % & ‘:J . :

Ch 1 Force .
kN

0.00316
- -0.00483
-0.19609
-0.2108
-0.22032
-0.30001
-0.30293
-0.30076
-0.35954
-0.37188
-0.42237
-0.41879
-0.59814
-0.60245
-0.60108
-0.60714
-0.77904
-0.77278
-0.81116
-0.79381
-0.8082
-0.7906
-0.80627
-0.78835
-0.70403
-0.69318
-0.69737
-0.63007
-0.61769
-0.62323
-0.6172
-0.61964
-0.6112
-0.61424
-0.61083
-0.60747
-0.60617
-0.60096
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- +10.23617 -1.09053 -0.60065
#10.24609 - - -1.0867 -0.59471
* "10.25602 -1.08428 -0.59899
10.26595 -1.0809 -0.58776
, 10.27588 -1.07847- -0.59556
T T 1053000 -0.99317 -0.52846
fHL 1054395 -0.99146 -0.52325
beil 1055387 1 098791 -0.52724
, 10.5638 -0.98443 -0.51937
10.57373 -0.98108 -0.52044
MTS793 |BTW{ENU|1]2].]/]:|1]0]0]A o
Data Header: . Time:
Data .
Acquisition: TimcdI ‘
Station i
Name: force.cfg
TestFile - v, - :
Name: henting testing.tst
Running Cchi
Time Displacement Ch 1 Force
. 'r :Sec mm
NI ; gé‘ 0.020527" .‘ -0.9442 -0.4737
N |+ " G 0050456, | -094417  -0.47209
> 27 6.54362 - -1.26037 -0.7062
’ 8.777507 -1.40994  -0.81148
8.787436 -1.40814  -0.80663
8.797363 -1.40678 -0.8099
8.807292 -1.40504  -0.80351
8.817221 -1.4037  -0.80971
8.827148 -1.40239  -0.80022
8.837077 1140069 -0.80599
8.847006 -1.39819  -0.79768
“o 8856934774 © 1139766 -0.80323
8.866862 -1.39663  -0.79882
i 10.31641 -1.01067  -0.51304
o, 1032634 -1.0073  -0.51233
L 9;887695, -112816  -0.60052 .
Lent o 9.897620 -1.12451  -0.59508
k "1 1030469 -0.99691  -0.50391
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B
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Acquisition: Timed }
Station Name: force.cfg
Test File Name:  benting testing.tst
‘ ch1 A -
Running Time . Displacement Ch 1 Force !
Sec . mmj kN
0.144857 '|.0.96662 -0.40028 i
.. 1283366 .-142612  -0.74113 ‘
7.293294 -1.42787 -0.73626
7.303223 -1.42931 -0.74274
7.313151 -1.43113 -0.73692 .
it 8176921 149271 -0.77788 "
" v16.87074 -1.02925 -0.44298
16.88066'  -1.02235 -0.4303
P MTS793|BTW|ENU{1|2].]/]:|1]|0|0]|A ; . :
\ | TS
: 10.244 . '
Data Header: Time: 5 Sec AHHHHHHE
Data ) ' T
Acquisition: Timed
Station Name:  force.cfg “:
Test File Name:  benting testing.tst 3
. Ch1 :
‘,Rnunnin:g Time.. Displacement  Ch 1 Force Ar.
Sycc ) A mm kN o
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oo e 1 5645183 -1.0288  -0.47712 A 3r§f‘ ‘ JE 1
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‘7908855 1.84085  -0.85044 mo
9.348471 -1.39215  -0.73419
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9.676107 -1.31012  -0.66872
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2. Fatigue Testing at 902 N load

1
MTS793|BTW|ENU|1]2].1/]:}1(0|0|A
. A T
i ' Pl j:l»)da‘ta‘Header:f
| % Data !
“Acquisition: * Timed
' ! gStation:Name: force.cfg
Test File
Name: benting testing.tst
Ch1
i Running Time  Displacement  Ch 1 Force
Sec ‘ mm kN
0.029785 :0.10258  -0.04284
3.653646 1.0.39611  -0.13276
© 3.663574 -0.39593  -0.13258
7 4586914 -0.55435  -0.25273
2.596843 -0.5567  -0.24958
5.301758 -0.75486  -0.39608
[ . .5.311687 -0.75654  -0.4063
TN Cye 5321615 -0.76046  -0.39852
| 4 5331543 -0.76342  -0.41384
, b1 5976888 097103 -0.55959
3}; | ' 5986816 -0.9749  -0.56231
— 6.135742 -1.02398  -0.59585 -
7.118652 -1.34257  -0.79861
7.128581 -1.34501  -0.80107
8.071777 -1.52978  -0.50528
8.081706 - 15308  -0.9004
8.091635 11153108  -0.90639
8101563,  -153237 -0.90164
¢ 8111491 -1.53234  -0.90792
8.12142 -1.5327  -0.90241
8.707194 -1.5248  -0.89381
L 8.717123 -1.52468  -0.89024
co b 8iav0s -1.52356  -0.89475
I 873698 . -152236 -0.88841
Lo 1045459 -1.12185  -0.59584
" 1046452 11196 -0.58692
i 10.33874 -11.0903  -0.57324
11.3503 -1.08683  -0.56537
11.3568 -1.08348  -0.56644
i

Time:
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