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ABSTRACT

Effect of Low Velocity Impact on the Vibrational Behavior of a Composite Wing

Richard de Luna

Impact strength is one of the most important structural properties for a designer to consider, but it
is often the most difficult to quantify or measure.m@jorconcern for composite structures in the field
is the effect of foreign objects striking congites because the damage is often undetedigibtesual
inspection The objective for this study was to determine the effectiveness of using dynamic testing to
identify the existence of damage in a small scale composite wing dé=ign different impatclocations
were tested with three specinsgper location for a total of 2ings manufactured’he different impact
locations were over the skin, directly over the rib/spar intersection at thgpaandof the wing, directly
over the middle rib, and dirdgtover the leading edge sparhe results will be compared to a control
group of wings that sustain no damadgdie wing design was based an existing model located in the
Cal Poly Aerospace Composites/Structures lab. The airfoil selected was a MAZAi#oil profile
with a chord length of 3 inches and a wingspan of just over 8 in&lkegarts cured for 7 hours at
148°F and 70 psiThe wings were each tested on a sha#ble in a cantilever position undergoibg
(ft/s?) acceleratiorsinusoidaffrequency sweep from 12000 Hz. The £'bending mode was excited at
190 Hz and the"®bending mode was excited at 900 Hfter the preimpact vibrational testing each
wing was impactedexcluding the control grouplo verify the experimental resulta finite element
model of the wing was created in ABAQUS. The frequency and inmpaeerical resultand the
experimental resultwere in good agreemewith a percent error for both th& and 2 mode at around

10%



ACKNOWLEDGMENTS

I would like to start by thanking my thesis advisors Dr. Faysal Kolkailah and Dr. Eltahry
Elghandour for giving me the opportunity to work on a very challenging project. It was the support from
both of them that motivated me throughout my time as a graduate studemitlarontinue to aid me as
I begin my career. Dr . El ghandour ds advice in
complex design and manufacturing of the wing specimen. Thank you for everything you have done for
me and enabled me to do

I wantto thank my thesisanmittee members, Dr. Dianne D&Tis and Dr. Eric Kasper, for their
time and assistance reviewing my work and providing feedback on my ideas and analysis to make this
thesis the best can be. | would also like thank Dr. Kaspefor his aid and advice on the finite
element analysis section of this thesis as it was a very difficult model to create and would not have been
possible without the aid of DKasper.

In addition, Iwantto thank the Cal Poly Aerospace Engineering Dmpant for the funding |
received for materialsWithout thefunding, this thesis would have been stopped in its tracks. | would
also like to extend a thank you to Cody Thompson and Kyle Rosenow for their hard work and time
provided for performing all athe CNC work for this project, which was quite a lot of workdso thank
my fellow graduate students for their help and advice during this prdjeetnt to extend a special
thank you to Kevirfi B a ¢ Barton for helping me with the MATLAB coding as Wwak constantly
being a resourcleounce ideas around during the design, manufacturing, and testing stages.

Finally, I would like to thank m family for all of the encouragement they have provided
throughout my college career. My parents have alwaysectggt me to improve at anything I'dbile

my sisters have always been there to take me down a few pegs when | need it.

t



TABLE OF CONTENTS

Page
LIST OF TABLES.... .o ettt e e e e e e ettt e e b e e e e e e een bt e e e eeenas iX
LIST OF FIGURES.......coeei ittt eee e e e e ettt e bt e e e e e e ettt mmme e et bbb e e e e e e e eesbnnn s smmnes X
LIST OF EQUATIONS . ...ttt er e e et et e e eeeet s s ammme et e et e e e et eeeeeeeeeees XV
NOMENGCLATURE. ...ttt e ettt e et e e et et e an e e s s e e s e e e e e e e e e e e e e eaeeean XVi
1. 1Yo o (8 ox 1 0] o D OO P PP PP PPPPPPPP 1
1.1, OVErvieW Of COMPOSITES. ....coiiiiiiiiiiiiiee e e et e e et e e e e s e e e e e s e r e e e e e e e s ammme e e e e e ean 1
12, Types Of COMPOSILES......ccco i rmmmr e e e e e e e e e e e s aeenr e e e e e e e e eaaeeas 2
1.3.  Manufacturing TEChNIQUES...........cooiiiiii e e e e e eeseeeeeesesseeenn e B
1.4. Impact Behavior Of COMPOSITES. .......ciiiuiiiiiiiii et e e eeer e e e e e e e e 7
1.5. Previous Research on Impact behavior of COMPQASILES...........cevvviiiiiecceeeiiiiiieeee e 9
1.6. Previous Research Efforts at Cal POlY..............oooiiiiiireeccccccece e 9
1.7. ODbJective Of the StUAY.......ovviiiiieiiieier e e e 10
1.8, SCOPE OF tNE STUAY......ceiiiiiiiiiie it e e s e e e e 11
2. Testing Methodology and ANAIYSIS...........uueeiiiiiii i rmeee e 13
2.1, Material Property TeSHNG.......ccoiiiiiiiiiii e e e e e e e aee s e s e e s e neeaeeeas 13
2.2.  Dynatup 8250 System and LabVIEW GUL..........oooiiiiiiiiiii e 15
2.3.  UnholtzDickie Shaker Table SYStemM...........cooiiiiiiiiiimmeiiie e 21
3. Specimen and FiXTUre DESIGIN.........uuuiiiiiiieiiiiicee ettt srmeee e e e e e snene e 26
3.1. Limitations to the Design Of the WG ..........uuuueeiie e 26

vi



3.2, Design Of the WINQ......coo i rmmmr e e e e e er e e e e s e e e e aeeas 27

3.3. Design of Various parts for Dynatup 8250.............eevvriiiiiimeiiiieeee e eeee e eeeeieinneanaens 35
3.3.1. Dynatup 8250 Specimen Clamping FiXtUre............ccociiiiiiieeeieieeeee e 36
3.3.2. Redesign of Load Cell MOUNTING.........uuriiiiiieiiiiceme e eees e 37
T T TR VYT o (1 (= 40

3.4. Design of Vibration Testing FIXIULE...........ceviiiiiiiiiiiieeeii e 41

4. SPECIMEN MaANUFACTUINNG . ....eeiiiiiiiiiiiie ittt e eeer e e e e e e e e e e e s emmr e e e e e e e 45

4.1. Curing CyCle fOr LTMASEL........uuiiiiiiiiiiiiiemm e ree e aeenaee 45

4.2. Manufacturing of the WING SKin............oo e a7

4.3. Manufacturing of the Spars and RIDS..............uiice e R0

4.4,  AsSsSembly Of WING SPECIMEN........cciiiiiiiiiiieee ettt et r e e e e e s 55

5. Experimental Results and DiSCUSSION..........c.iiiiuuuiiiieeeiiiieee e e e e e s eeesrre e e e e e e s nnneees) 60

5.1. Material Property TeSting RESULLS.........uuuuuuiiiiiieee e eee e 60

5.2.  Prelmpact VIbration TESHNG........uuuuuiiiiiiimr e eeeer s s s s e e e e e e e e e e e e e e e e e e 62

5.3.  Impact Testing Of the WINGS........coooiiiiiiii e 71

5.4. Postimpact DYNamIC TESTING ... ..uuuuritiieeeiiiiiimreiiiieeee e e e e s s s s mee bbb e e e e e e e s nnneeeneeas 82

6. Finite Element ANalySiS (FEA) ... e e e e e ee e e e e aaeeen s 92

6.1. Selecting an FEA SOIVET.......coo et nnee e as 92

6.2.  BUIIAING the MOGEL........cciiiiiiiiii et e e 93

6.3.  FrequeNnCy RESPONSE SR . .uuuiiiiiiiieiiiii i r e e et e ettt s e e e e s seeee e e e eeeesba s s eeeeeeesssmmmeeeees 100

6.4. Impact Analysis of Plate and Wing..........oooooriiiii e 103

Vii



6.5. Case Study 0N SPar GEOMELLY........ccceei e e e mmme e e e e e e e e e e e e e e e e e eeeeeeeas 109

A ©7o ] [o] 1§11 o] o F TP PP PP P PPPRPP PP 112
8. FULUIE WOTKS ...ttt e e e e et e e s emmt e e e e e e e eeeeeeas 113
REFERENGCES ... .ottt e e e e e et et b e e e e e e amaeeeeaeeesbbaa e eeaeeessbnammmeeees 114
APPENDICES

Y 0 01T T 1 G 117

viii



Table

Table 4.11:

Table 4.12;

Table 5.11:

Table 5.12:

Table 5.21;

Table 5.22:

Table 5.23;

Table 5.31:

Table 5.32:

Table 5.33;

Table 5.34:

Table 5.35;

Table 5.41:

Table 5.42;

Table 5.43;

Table 5.44:

Table 5.45;

Table 6.21:

Table 6.31:

Table 6.32:

Table 6.41:

Table 6.42:

Table 6.51;

LIST OF TABLES

Page
Variousavailable cure cycles for LTM45EL based on material datasheet................ 45
Damping ratio results from initial cure cycle studydetermine optimum cycle for stuc6
ASTM D3039 Tensile Testing RESULLS............ooociiiiiiiieeeeeeeeee e 60
Comparison of Experimental Values to Data Sheet Values...........cccccveeeiiennnnl 62
Averages of ® mode data values and corresponding standard deviations............... 64
1 mode dynamic data averages of Wing SPECIMENS..............c.cuevveeeeevereereesreeenennn, 68
2" mode dynamic data averages of Wing SPECIMENS............coveueeveeeeeeeeeeeeeeeeeeeenn. 70
Maximum strain values for plate impact exXperiment..............cc.eeevieeeeeeeeeeeeescvinnnen. 73
Force and velocity data from impact test of Wings 4, 5and &.................ccceeevvnnnnns 73
Force and velocity data from impact test of Wings 7, 8 and 9....................cceennnnns 75
Force and velocity datadm impact test of Wings 10, 11 and.12..........ccccccvvvvvvieennnn. 77
Force and velocity data from impact test of wings 13, 14 and.15............ccccvvvvveeennn.. 78
Comparison of preand posimpact data for wings 1, 2 and.3..........cccooeeeiiiiivvceeeeene. 82
Comparison of preand posimpact data for wing G.................ccooeviiieeeiiiiiicecieee e 83
Comparison of preand posimpact data for Wings 7, 8 and.9............ccccvvvvvvvieeenennnn. 85
Comparison of preandpostimpact data for wings 10, 11 and.12................cceeeeeeee 87
Comparison of preand posimpact data for Wings 13, 14 and . 15.........cccceeeeeiiieeee. 91
Material property variables used for wing madel...........ccccccvieeee 96
Comparison ofsland 2 mode experimental and numerical results........................ 102
Results from convergence study of numerical wing madel................oooveeeeieiiinnn. 103

Comparison of experimental and numerical results for impacted plate experimeni06
Comparison of experimental and numerical results for impacted wing results of W0y 5

Frequency results for all four cases analyzed in StUdY..............ooovmmeriiiiiiiieennenn. 110



LIST OF FIGURES

Figure Page
Figure 1.2.1: Unidirectional fibearientation of a composite laminate.............cccccovicimmmniiiiieneeneen. 3
Figure 1.3.1: Method of impregnating fibers with resin................o e, 6

Figure 1.3.2: Heat press used to cure composite materials in the Cal Poly aerospace composités lab

Figure 1.4.1: Aftermath of a bird strike to the nose of an aircraft...........cccccoovvveccni, 8
Figure 1.4.2: Effect oimpact damage on a composite laminate.............cceevvviieemie s 8.
Figure 2.1.1: ASTM D3039 Tensile Testing of Carbon Fiber Specimen............ccccceeeeeeeeeeennnne 13
Figure 2.1.2: Drawing of ASTM D3039 Tensile test SPeCIMEN..........cvviiiiiiiicceiieeeeeeeeeeeeeeeeeee, 15
Figure 2.2.1: Si Detector and laser used to measure impact VElQCILY............ccccoviaaceeerriiiiiinnnnn. 16
Figure 2.2.2: Original Fixturing of Load Cell..............uuuuiiiiimiieiieecceeeee e 17
Figure 2.23: Block Diagram of new LabVIEW GUIL...........cccuiiiiiiiiiiiee e 19
Figure 2.2.4: Block Diagram of new h¥IEW GUI with measurements of strain gages................ 20

Figure 2.3.1: UnholtDickie Shaker Table System used for testing set to do horizontal excitatic??
Figure 2.3.2: Prototype wing just before initial dynamic teSting............cuvvviiiiieemeeeeeieeeiieeeees 23
Figure 2.3.3: Locations of acceleration measurements for tHESIBI®eNS.......cccoooeeeeiiieiiiiiiieee, 23

Figure 2.3.4: Dimensioned locations of accelerometer measurements for wing specimen. testi?g

Figure 2.3.5: HaHpower bandwidth method used to determine damping ratios.[33]................... 25
Figure 3.1.1: Solid model afriginal clamping fixture of Dynatup 8250 [31]......ccccceevieiiiiiiiiiieeeee, 26
Figure 3.2.1: AERO 433 wing used as basis for Wing desSign............ccceeuricceeeniiiiiiiinieeeee e 28
Figure 3.2.2: Isometric view of wing design with ribs shown inred.........cccccvvin, 29
Figure 3.2.3: Use oftheams in structural SUPPOITS [26]........ceeeeiiieeiiiiiimmeiiiiiiiiieeee e eeeen e 30
Figure 3.2.4: Example ofbeam layup fomanufacturing............cccoooooooooiiiiccciieee e 30
Figure 3.2.5: Isometric view of wing design with implementation-ci@nnel spars.............c.......... 31



Figure 3.2.6: Example of how rib would be need to cut into three pieces to accommodate a
CONTINUOUS SPAL. ... etttteeeeee e e e e st ammme e e s e e e e e e e e e e e s s smmme s e e s s e e e e e ettt e e e e e s e mmne s ssb b e e e et e e e e e e e nannnbnnnannnes 32
Figure 3.2.7: Misalignment of rib using interlocking method from winmotype............cccccvvvvvvvnnnn 32

Figure 3.2.8: Isometric view of wing design with implementation of discontinuous spars and |

(0] =103 (] £ PP SRR 33
Figure 3.2.9: Weldhut used in wing design for mounting [27]..........ccceeiiiiiiiiiicccieeeiieceeeeeeeeeeee 33
Figure 3.2.10: Welahuts applied to mounting rif prototype wing design............ccccceeeeeiiiiicennennne 34
Figure 3.2.11: Wing design with implementation of mounting rib and skin overhang................. 35
Figure 3.3.1: Old and new plates for Dynatup 8250 specimen clamping fixture................c.oceee.. 36

Figure 3.3.2: Original constraining of load cell showing outer cylinder of load cell being

B [oTo] 011 = 1L L= To AP PP P PP PPPPTPPN 38
Figure 3.3.3: New load cell fixturing for Dynatup 8250 impact teSer.............cuvvvriieemiirieeeeeeenene 39
Figure 3.3.4: Exploded view of new loagllomount to properly measure impact farce.................. 40
Figure 3.3.5: CAD model of how win will be fixed in place during impact testing....................... 41
Figure 3.4.1: Front view of 3 piece mount used to constrain wing during frequency. sweep....... 42
Figure 3.4.2: View of how aluminum plug and screws fit ontombOLL...........ccoovvvvvviiieeeiieieeeennn.... 43
Figure 3.4.3: Helcoil versus Thread iNSert [28].........cccooviiiiiiiiimemiiiiiiieeeeeeeeeiirieeniiieeeeeeeee e A3

Figure 3.4.4: Frequency response of wing mount to ensure there is noe modal excitations during test
o1 T1T T T o PP 44
Figure 4.1.1: Temperature and Pressure profile for autoclave curing cycle of LTM45EL........... 46
Figure 4.2.1: Successful tedtrnanufacturing method of wing skin with carbon being removed from
1] (o Ry =T T - PSSP o

Figure 4.2.2: Vacuum bag of experimental cure to determine validity of proposed manufacturing

MEthOd Of the WING SKINL ... .. e e e e e e e e e e e e e 48
Figure 4.2.3: Wing skin in vacuum bag just before curinguioclave..............cccoooiiiiiiiiccciieenieennne. 49
Figure 4.2.4: Wing skin mold after sanding and polishing...........cccoooioceeee, 50

Xi



Figure 4.3.1: Successful test of spar manufacturing method................coooeeeeiiiiiiiiiii e, 50

Figure 4.3.2: Manufacturing of trailing edge spars using first foam.mold..................ccceeeeviieenen. 51
Figure 4.3.3: Final foam manufactugimold for Spars............cccccovviviiieeeeecccccccccec e, 52
Figure 4.3.4: Cutting process used to trim spars down t0.SIZe............oovvvivieeeiiiiiiiiici e 53
Figure 4.3.5: Row of leading edge spars withrackets attached using super glue....................... 53

Figure 4.3.6: Original size of weltuts and trimmed base of watdits for gluing to mounting rib.....54

Figure 4.3.7: Method used to ensure that the amatd aligned with the mounting rib for best

00 ET=1 ] 1= {1 PR 55
Figure 4.4.1: Layout of wing spigeen sets including ribs, spars, and welds....................cccee e 56
Figure 4.4.2: Layout of how internal structure will be pieced together..........cccccoviiiicmnniiiiiiinnenn. 56
Figure 4.4.3: Bonding of leading edg@as to end rib...........ccoooiiiiiiiiiiiiccceeeee e 57
Figure 4.4.4: Mount rib with both leading and trailing edge spars glued in.place....................... 57
Figure 4.4.5: Tomown view of middle rib after having both sets of spars glued in place........... 58
Figure 4.4.6: All 15 completed internal structures for wing design...........ccccceeevvicceeiiseiiiiviieeeenn. 58

Figure 4.4.7: Applicationf structural adhesive to internal structure just before being placed inside

OF WING SKINL...o oot eree e e e e eeeeeaaaeaaaeeaaeeeeanaaasanrannes 59
Figure 4.4.8: First wing completed and ready for teSLNG............ccuvvriiieemiiiie e 59
Figure 5.1.1: Stress vs strain experimental results from ASTM D3039 testing..........cvvvvvvieennnn.. 61
Figure 5.2.1: All Frequency response results fiimst Wing..........cccuvveeiriiieeiiicce e 63
Figure 5.2.2: Second mode response of 1st wing along the middle of the.chord....................... 65
Figure 5.2.3: Second mode response of 1st wing along leading edge.spar........c.cccooviccceeeeeeeen. 66

Figure 5.2.4: Bar chart of response sw@@ments showing the modal shape of the first mode......67
Figure 5.2.5: Locations of response measurements of wWing SPECIMENS............coveveeeeeiieaaneaanen 67
Figure 5.2.6: Top down view of Wing 4 with accelerometers mounted over locations 3, 7.and.88
Figure 5.3.1: View of test plate used as strain gage VERITCA. ..............coevvieeiiieemiiieiieaeeeee e 12
Figure 5.3.2: Strain data from plate impact test showing permanent deformation of plate after. #@pact

Xii



Figure 5.3.3: Views of wing damage for Wings 4 (a), 5 (b) and 6.(C).......cccoeeeeiiiiiicccreereeeeeeeeeeee, 14

Figure 5.3.4: Close up of impact damage sustained DY.WIng..............ceevvvieemiieeiiiieee e 75
Figure 5.3.5: Views of wing damage for WinggaJ, 8 (b) and 9 (C)........uvuueuueiiiiiiiiiiccmreeeeeeeeeeeeeee 76
Figure 5.3.6: Views of wing damage for Wings 10 (a), 11 (b) and 12.(C)........ceeeevveiiivimmeeereeeeee, 76

Figure 5.3.7: Force vs. Time history of Wing 10 impact test showing initial impact and the

=Yool T FoT VT 7 (o B (0] o = 78
Figure 5.3.8: View of wing damage for Wings 13 (a), 14 (b) and 15...........cccooviimmnicivinennneeen 9
Figure 5.3.9: Force vs. time history of Wid3 impact teSt.............oiiiiiiiiii e 79

Figure 5.3.10: Force vs. time history of Wing 14 impact showing initial impact and secondary
1] T Lo 0] o =L PP PP PP PP PRI PPPPP 80
Figure 5.3.11: Force vs. time history of Wing 15 impact showing initial impact and secondary
1] T Lo 0] o =L PP PP PP PP PRI PPPPP 81
Figure 5.4.1: Second mode time respdieséVing 6 at point 3 showing the effects of the impact
damage 0N the tiME MESPONSE.......uiiiiieeiiiierre et e e e e e e e e e s nenss bbb e e e e eee s 84
Figure 5.4.2: Second mode time response of Wing 7 at point 1 showing the effect of the impact
damage iN the tIME FESPONSE.......uuuuueiiiiiiii e e e e e e e e e e eeeee e et e e e et e e eeee s srmmmreseeeeeeeeeeees 86
Figure 5.4.3: Second mode time response for Wing 8 at pstmv\ing the effects of the impact
damage 0N the tIME FESPONSE . ..uuuiuiiiiiiiiii e e e e e e e e e e e et e e e e et e e e e e e eeee s e rmmmreeeeeeeeeeeeees 88
Figure 5.4.4 First mode time response for Wing 12 at point 4 showing the effects of the impact
damage 0N the tiME MESPONSE .......uiiiii e errr et e e e e e e e e e e nnnss b e e e eeeas 90
Figure 6.2.1: Creation of NACA 2412 airfoil X and Y coordinates in XFLR5 folilugdaqus......... 93
Figure 6.2.2: Base sketch of NACA 2412 airfoil used in creation of all model parts in Abaqus..94
Figure 6.2.3: Skeh of mounting rib with locations of holes labeled..................co e, 95
Figure 6.2.4: Showing the side profile of leading edge spar and how it will be positioned in model
oS TST = 0 ] o] SRR 95
Figure 6.2.5: View of the gaps between the middle rib and .Spars..........ccooooiiiicciiieeiieeeeee 97

Xiii



Figure 6.2.6: Visualization of gap between wik@sand internal structure in Abaqus model......... 97
Figure 6.2.7: Mesh of leading €00 SPAL.........uuiiiiiiiieii it rmmme e e e nnee 98
Figure 6.2.8: Results of cantilever analysis of wing model to valiiye constraints are operating

Lo 1111 SR URUUTRRUO . 99

Figure 6.2.9: Visual confirmation that the tie constraints of the internal structure are operating

Lo 1111 SR URUUTRRUO . 99
Figure 6.3.1: Mode shape of tnode of wing model in ADAQUS............cc.ceevevrveeeeevereeieeeieeenene, 101
Figure 6.3.2: Mode shape d¥node of wing model in ADAQUS.............c.covveereeveeeeeeeeeeeeeee e 102

Figure 6.4.1: Isometric view of partitioned plate part to be used to verify experimental impact strain
FESUILS TOF PIATE TEST......eeiiiiiiee i eee e reea e e e e e e s s nenss e e e e e e e e e e e nnnneeeean 104

Figure 6.4.2: Isometric view of plate impact model assembly with sphere representing impact tup

and showing OUNAArY CONAITION. .........uiiiiiiiiiiiiere e e e e e e e s eeensr s 105
Figure 6.4.3: Contour view of logarithmic maximum principal strain of plate impact model......106
Figure 6.4.4: Isometric view of maximum mises stress for wing model impact......................... 108

Figure 6.4.5: Isometric view of maximum mises stress for wing model impact withowtisikie....108

Figure 6.5.1: Four different scenarios analyzed for case study on the effect of the spar geometry on

Xiv



Equation

(221)6 6 6 6 6 6 6 .

LIST OF EQUATIONS

(2226666666
(231)6 66666 .6666666666666666666666666666666624
(232666666 66666666666666666666666666666666. 24
(531)6 66666666 66EEEEEEEEEEEEEEEEEEEEEE66666. T4
(631)666666666666666.6666666666666666666666..100

XV



NOMENCLATURE

E, T elastic modulus (psi)

G - shear modulus (psi)

M"N i mass matrix of size MxNslug/ir?

KMN i stiffness matrix of size MxN (psi)

VeI excitation voltage of strain gages (V)

V., T remainder voltage (V)

Vmin T Minimum voltage measured by strain gage (V)
Vmad Maximum voltage measured by strain gage (V)
V 1 velocity (ft/s)

GF1 gagefactor

mi mass(slug/irt)

&,1 damping ratio

Ui strain(uin/in)

¥,T natural frequencyHz)

a1 vector of eigenvalues of size(Nz)
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1. Introduction
In this chapterthe definition of composite materials and composite manufacturing methads wil
be explored. First, a breakdown of what makes a material composite will be evaluated and then a few
different types of composite materials are introduced. Afterwards, some manufacturing techniques will
be discussed. Finally, this chapter will wrapwith a look at the effect of impact damage on composite

structures, previous work done in this area and the objective and scope of this study.

1.1. Overview of Composites
Composite materials are not a new discovery faartte last few decades, but hdxeenaround

for thousands of years. Some of the earliest uses for composite materials came from the manufacturing
of mud bricks by the Israelit§82]. They combined clay and straw to create bricks tlesésble to
reinforce buildingsbetter than traditionalay bricks. Another example of early composite usage is the
composite bow used by the Mongols in their conquest of Asia. This bow was fashioned from a
lamination of bone, wood, drglue and was able to generate more powertthditional bows.
Throwghout history, it can be shown that composites have been implemented to give someone an
advantage over substitute items or systems. More recently, this has been occurring in the aerospace
industry with aircraft and spacecraft systems making the transitidesigns that heavily implement

composite materials.

Whatdefinesa compositdor this thesis is two or more materials combined on a macro level to
create a new material with improved properties. The key distinction between composites and metal is
tha composites vary on a macro scale while metal alloys, which are also a combination of multiple
materials, vary on a micro scalén a large scale, alloys are said to be homogenous and therefore cannot
be considered a composite material. One majorlienei 0 composi tes is the user
composite to the type of sation it will be used in. If &ery stiff, rigid structure is desired, a mixture of

resin and fibers can be createdtthere to that desigrif instead a flexible yet light structure is desired,

1



a different combinationf resin and fiber can workSome of the different properties that can be
specifically calibrated are: stiffness, strength, fatigue life, weight, corrosion resistance| therma
conductivity, and thermal insulation. It is important to note that not all of these properties can be
improved at once. Each property has tradeoffs that must be made. For example, if you want a very
strong material, then the fatigue life of the matiewill be much shorter. These types of tradeoffs are

always considered when determining what material will be used in a design.

Across the board, composite materialsexperiencingncreased usage over traditional materials
(e.g.aluminum stee). The reason for this growth is due to the uncommon customization that can be
performedwith composite material@ndthe general overall weight savings gained from using composite

materials over metals.

1.2. Types of Composites
There are many different ways t@ssify composites today varying from the type of fiber
reinforcement used to the type of resin mixed with the fibers. The various types of reinforcements are
particulate, fibrous, and laminatet].[ Each type of reinforcement can produce a material weith
different characteristics so it is important to have an idea of how each material performs before making a

selection in a design.

Particulate composites consist of one or more materials contained or suspended within a different
matrix material. Thisype of composite can be composed of both metallic and nonmetallic particles
depending in the desired use. One very common particulate composite used worldwide is concrete.
Concrete is a mixture of rock and sand contained within a mixture of cementitard When the water
and cement are mixed, a chemical reaction causes the material to harden while the sand and rock is used
to strengthen the final material. Concrete has exceptional compressive properties and can last an
incredibly long time undemppopriateconditions. However, this type of compaosite is very susceptible

to craks and creep causing failure&nother form of particlate composite is cermet.e@net is a



mixture of nonmetallic particles suspended in a metallic matfixilajor useof cermets are in
resistors and capacitors. This is because a cermet can operate in high temperature envipogments

resistors.

Fibrous or fibewreinforced composite materials can be classifieal@snbination of very thin
fibers embedded into a matrix, typically resin. The purpose of the resin is to suspend the fibers in place
and facilitate load transfer between them as wepratect the fibers from environmental damage and
wear. Figure 2.1 illustrates the typical fibereinforced composite materig@5]. There are two
classifications of fibrous compositentinuous and discontinuous. Continuous fibers excel under
loading conditions that involve limeforces applied along the fibers but tend to be susceptible to failures
under shear loadings. These types of matasir@lalsolikely to be brittle and hae little to no plasticity
before failure. This type of fiber is typically made by aligning fibers in a specific direction and then
embedding resin into the fibers to give some rigidity to the structure. Discontinuous fiber composites are
used more in sondary low stress structures
due to the lower overall strength properties.
This composite isreated asontinuous fiber

composites except the orientation of fibers is

not controlled. This means that discontinuou

fiber composites cost much less to I €

Composite

mandacture. Two of the most used fiber
reinforcements are glagiber polymers
Figure 1.21: Unidirectional fiber orientation of a
(fiberglass) and carbereinforced polymers. composite laminate
The final type of composite material is a laminate. A laminate is a combination of at least two
different materials bonded togethierform a single materialLaminates are used to combine the best

aspects of multiple layers to result ihigher quality material such (elgw weight, high strength, or

elevatedattractivenegs Laminates can be made of multiple fibrous compositersagt varying angles
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to improve certain traits. For example, when building a tube out of composite materiatgydargue
loads, orienting fibers at +45° ardb° allows the composite laminate to carry much higher torque loads
when compared to a tulwéth fibers oriented at 0°. However, if you require a part to have very high
tensile strengths, then having a laminate with a majority of fibers oriented along the tensile load will
perform better than a laminate of +45° aAB°. This simple customizat is the reason for the

widespread use of fibeeinforced composites today.

Another form of laminate is a sandwich panel. This type of composite typically is made up of a
low density corde.g. foam, honeycomlipeingfisandwiched and bonded between tvioin laminated
face sheets. This process dramatically increases structural stiffness with very little weight increase due
to the low density core material used. Attempting to mimic this stiffness with a laminate is not feasible
because the number of &g required to produce the equivalent stiffness would be very cost inefficient.
Typical face sheet materials include fiberglass, carbon fiber, and naturalé&lgedsemp) A practical
use for sandwich panels is floor and wall panels in airbefauselarge area wall and floor panedan

be createdavith very little added weight to the structure.

1.3. Manufacturing Techniques
The manufacturing process for composites varies widely depending on the cost and time

available. Each process has its own athges and disadvantages and these characteristics is how
manufacturers decide how to cure the composite materials used. These processes includaafpand lay
resin infusion, press moldirand autoclaving. There are common traits that each of thesesggsce
require. The first is the addition of thermal energy to cure and solidify the matrix of the composite. This
can be done either by heating the part to a desired telmeoa using a twgart matrix generatings
own heat through a catalytic reacti The second common trait is pressure being applied during curing.
Pressure needs to be applied to the part to squeeze out excess resin and to ensure no air bubbles in
between the laminates. Air bubbles between the laminates can severely degraidettiiessoverall

strengthandmay cause premature failures.



The most common method is the handu@ymethod. This method involves impregnating dry
fibers with resin by hand and then layer by layer, placing sheets over a mold and then curing at room
tenmperature while under a vacuum. This process can be sped up by atrtificially heating the part in an
oven or on a heat table. The resin typically used in this method is a low viscosity resin that flows easily
and hardens over a long time period. This isedgpecifically so that excess resin can be drawn from the
part under vacuum. A side effect of this manufacturing process is that the laminate quality is entirely
dependent upon andexdibimmigherasariability fsom bakch tb baicThis type of

process would not be suitable for large scale or high performance designs.

Resininfusion is a methochimicing the hand layup method but differentiates itself when the
fiber is impregnated with resin. For the handdgy resin is applietly handand then sealed in a
vacuum whereas with resinfusion, the vacuum is first pulled over the dry fibers and then the resin is
drawn into the mold by the vacoupump. This method produceigher quality parbecausehe resin

is more evenly disibuted.

There is an alternative to this method and it involves the use-ahpregnated (prpreg) fiber.
There are two methods to manufacturingpreg, the first involves a twstep process by which resin is
spread across one face of a sheet and sypa rolls [7]. The second step is to mix the fiber and resin
into a single roll. Done by drawing fiber through a series of rollers, a heating table, a cooling table, and
a light table. The purpose of the heat table is to liquefy the resin softbassitaround the fibers and
creates a uniform ratio of fibers to resin. The cooling table is then used to cause the resin to become
more viscous and bind to the fibers while the light table is used to inspect the roll for defects or
anomalies that can aecduring manufacturing. This first method is used to impregnate both
unidirectional fibers as well as wea@gure 1.3.)[ 7]. The second method of impregnating the fiber
is to combine the first and second stages into a single®tepmethods used only for woven filve
[7]. It begins with a roll of woven fiber being drawn into a resin bdthe resin bath is thexooled to

solidify the resin Using prepreg is superior to a hand kap because of the consistencgreasdrom
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part to pat. It is alsoeasier to layup due to the highly viscous nature of the resin used ipneg
Resin used for hand layps tend to flow very easily while resin used in-pregs is very tacky and
stable. These resins are designed to begin flowingadtin temperatures are achievétbwever
lead to a major challenge for working with gagninates as they require bulky machinery to heat the

resin for curing.

One method of curing prereg laminates is to use a heat pi€sgure 1.3.2Y0 squeeze excess
resin and air out of the laminate while addimgmrgy into the structur® solidify the resin. This method

requires a minimum of a twpiece mold that can withstand both the temperatures and compressive

Film Weight ! - )
Continuous
fibre surface  Consolidating
rollers

ll 3 o

Heat

) \ table

Cool ¥

‘ table
\

\

Resin Mixer

Figure 1.3.1: Method of impregnating fibers with resin

forces applied during curingThe press pictured uses a piston to drive the bottom platen upward and
compressinghe substanckeetween the upper and lower platens while also adding heatedhe part.
Heat presses are not restricted to this. sBame presses produce wall sized panels for aircraft and have

the capability of compressing the part under thousands of pounds of force.



The last method of manufacturing is th

use of an autoclave. This is the preferred
method of curing for high quality ankigh
consistency parts. The process involves layin
up the composite over a mold and then
enclosing the pait a vacuum bag and
debulking the part. Debulking is the process ¢
leaving a part under vacuum for a few minutesE
to draw as much air as possildut of the layers.
After debulking a part is taken to the autoclav
which typically is goressurized and heated
cylinder. Autoclaves produce such high qualit  Figure 1.32: Heat press Qsed to cure composite

materials in the Cal Polyaerospace composites lab
parts due to the high pressure achieved during

the curing cycle. Autoclaves can cure pattpressures upwards of 90 psi and temperatures from 250°F

and above.

1.4. Impact Behavior of Composites
A constant concern in composite structures is the effect of foreign object impacts on the structural

integrity of any system using composite materialspdats can vary from common low velocity strikes
like a tool drop during maintenance to high velocity impacts like debris striking the aircraft. The most
dangerous and least common type of impact is a high velocity, high mass impact such as a bird strike.
An example of thigype of impact can be seen iig&re 1.4.1/29]. Collisions such as these can not only
severely damage the structure but also cause catastrophig ékemtsflight emergencies. However,
low velocity impacts are just as dangerbesause of how difficuthis damage can be detected.
Overall, low velocity impacts reduce the strength of composites and often cause considerable subsurface

damage to a structure. The most common impacts of this type that occur are hail, debriff abtakeo



Figure 1.4.1: Aftermath of a bird strike to the nose of anaircraft

tools dropped during maintenance of the aircraft. This type of damage is typically simulated with either

a drop tower or air cannon.

|l mpact strength i s a -mteloadiogt Thises one oféhbrndsti ty t o
important structural properties for a designer to consider, but is often the most difficult to quantify or
measure. A constant concern for compasitectures out in the field is the effect that nonvisible

damage W have on a system. An impact into a composite structure can creatarititert damage

often resultingn a severe
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Figure 1.4.2: Effect of impact damage on a composite laminate



location, but alsepreads the damage outward between composite layers. It is the subsurface damage

like the interlaminar cracks that are very difficult to detect.

1.5. Previous Research on Impact behavior of Composites

There have been vast amounts of papers and studies mdmeimpact behavior of composites
with a focus on low velocity impacts. Perez et &l gkamined detecting impact damage using
vibrational testing of composite laminates. The dynamic loading condition was each laminate hanging
freely and then tappeaith a roving hammer to produce the modal excitations of the laminate. The
testing showed that large changes to the dynamic characteristics of the laminates were key indicators a
laminate had sustained impact damage. The laminates were made of uaidit@etibon fiber plies
with an orientation of [45°/0°45°/90°} for a total of 40 plies per laminate used. The impact test
followed ASTM D7136 with impact energies ranging from 6.6 to 70 J. The dynamic characteristics of
each sample were characterizesing a moneaxial accelerometer. The results of the testing showed
impactinduced damages resulted in detectable changes in the vibration response of thpdast dou

was also determinetie mode shapes tended to show the largest changes.

A seconceffort into assessing the delamination of composite materials was done by Garcia et al.
[10], in which a method for diagnosing damage in structures was tégtednethodested was to
measure the time domain structural vibration response of test specimen. Delaminations were created in
the test specimens by placing Teflon sheets to create a discontinuity between the laminate layers. It was
determined that this method détection was measure small changes in the vibrational response of the
composite laminates. It was also shown that detection method was able to localize the delaminated areas

based on looking at the nodal responses of each tested specimen.

1.6. Previous Reseech Efforts at Cal Poly
A previous research study that was done at Cal Poly by Kodi RBifelso used vibrational

characteristic changes to assess how well damage arrestment devices (DADs) worked on keeping impact



damage localized to the epicenter af timpact strike. The DADs were fiberglass beams imbedded into
composite sandwiches with the DADs running along both the length and width. The sandwiches were
impacted using the Dynatup 8250 in the Cal Poly Aerospace Composites/Structures Lab anddtien pla

on the UnholtDickie shaker table system and loaded under a 1g sinusoidal acceleration 1260010

Hz. The results of this research velimngedn the first and second mode gmesponse of specimen

signaled an impact had occurred aamnagevas preentin the structure. The DADs proved to aid in

keeping structural damage localized to the impact site. It was also shown that varying the location of an
accelerometer could effectively detect the presence ofdaeedelaminations, especially near imipa

sites. The results if this research was the DADs would improve the damping characteristics of composite
sandwiches under vibrational loading. It was also shown that accelerometers can effectively detect

damage of a structure.

1.7. Objective of the Study
Previous research has all focused on simple geometries while this study is meant to determine if

this method can work on more complex structures. The geometry was a small scale wing structure
composed of a skin, spars, and rib$ie objective of this stly was to determine the effectiveness of
using accelerometers to detect damage of a wing structure after being damaged-tgladibyvimpact.
The design of the wing was based off of an existing wing model that is used in the Aerospace
Experimental Stres Analysis class with some slight changes to fit the constraints of the testing
apparatusé used in this study. -Ditkie electwdynatiess t i n g
shaker table system and the Dynatup 8250 vertical drop weight impaw reachine. Dynamic testing
was done with a 1g sinusoidal sweep fror2000 Hz with accelerometers being placed at various
locations across the wing to measure dynamic characteristics. The impact testing v&ms/dooas
locations of the structungere impacted. Because the wing geometry had ribs and spars, the internal
geometry varied along the spaPRour differentimpact scenarios were testeghpacts over the skin, over

the leading edge spar, over the middle rib, and over the middle rib/lesttiegspar intersection. There
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was also a set of control wings that were not impacted to be used as a baseline for the testing. Three
wings were created for each scenario and assembled accordingly. All parts of the structure were cured in
an autoclavedr 7 hours at 148°F and 70 psi. To determine whether or not damage is detected by the
accelerometers, the natural frequencies and damping ratios of each wing was analyzed and compared
before and after testing to determine if a large change had occusgeetHic locations or across the

entire structure. The structure was also modeled in Abaqus and analyzed to determine of the dynamic

characteristics of the numerical model could match the experimental results of the wing structure.

1.8. Scope of the Study

The remainder of this study is organized in order of setting the ground work for testing, the
creation of the testing specimen, and then the experimental and numerical results. Chapter 2 introduces
the method of testing for material properties as welhasmpact and dynamic tests some important
parameters of these tests. This section also goes over any upgrades or changes done to testing apparatus
such as the rewriting of the LabVIEW software used to operaieythatup8250 impact machine. The
LabVIEW software was rewritten to improve the troubleshooting capabilities of the user as well as
implement the used of strain gages during testing. Chapter 3 goes over the design process for the wing
structure and the decisions constraints involved in the mledige design and creation of testing fixtures
is also discussed in this section with various fixtures being required to effectively test the wing
geometry. Chapter 4 discusses the manufacturing and assembly process of the wing structure. Topics in
Chpter 4include the manufacturing of the skin, spars, and ribs as well as the final assembly step of the
structure and thspecific method of vacuum bagging and machining are all explained here. Chapter 5
discusses the results of theqmad posimpact dymmic testingandthe results from the impact test
itself. For the impact test, the failure modes of the structures as well as the maximum force measured
were analyzed to understand how the structure absorbed the impact at the various tested locations. Th
vibrational testing was analyzed by first looking at the average value change of each wing to determine if

major changes had occurred and then a point by point cheatowgsetedo see if any drastic changes
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had occurred near the impact sites. Chapttiscusses the creation of the finite element nosked to
model the wing desigithe implementation of the frequensweep check and the impact step, toed
comparison of the experimental and numerical natural frequencies. Chapter 7 gives an @fehdew

research results as well as conclusions drawn from the Gagpter 8 will provide direction for future

works.
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2. Testing Methodology and Analysis

This chapter will go over the various testing done aedagiproach taken for each te$te first
sectionevaluates the different testing methods used to determine the material properties of the
LTMA45EL carbon fiber weave used in the projastwell as how the values are determin&dnsile and
compressive testing was done. After that, anythingeaedything involved in the use of the Dynatup
8250 impact testing machimecludingnewLabVIEW software created to improve the troubleshooting
and testing capabilities of the machimidl be evaluated Also covered ishe implementation of strain
gage measurements using the LabVIEW software as well as the analysis used to determine the strain
measurements. This chapter will wrap up witthe testing methodology for the dynamic test as well as

how the damping ratio isalculated.

2.1. Material Property Testing
In order to compare testing results to finite element results, the material properties of the
LTM45EL needed to be determined. Due to testing limitations, only a few types of ASTM test methods

can be performelecause &k of fixtures. The test methquerformed

wasASTM D3039[22]. This test methorkquires a uniaxial testing
machine to apply either a tensile or compression load. The Instron 88
Servo hydraulid-atigue Testing System located in the Cal Poly Aerospa
Structures/Composites lab was used to perform the ASTM methods ah
The fixtures used were headuty hydraulic wedge grips that applied a
shear force to the test coupons to facilitate loadiFige Instron 8801 is
capable of tensile and compression loading up to 22,00Dlke to carbon

fibers low crush resistance it was important to apply tabs to every teste

specimen to ensure failure of the specimen occurred in the gage sectic.. 4
Figure 2.11: ASTM D3039
rather thanhe grip regions. Tabs used were made of AL 6D65heet Tensile Testing of Carbon

Fiber Specimen
metal that was 1/8inch thick. The tabs were bonded to the specimens
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using Magnolia 56 A/B structural adhesive. It is important that the tabs be as close to parallel as
possiblesono bending otorsional stress is induced during testing. To ensure this, specimens were
placed in the hydraulic press located in the Cal Poly Aerospace Structures/Composites lab just after the
application of structural adhesive and placement of the tabs and corddresseen two plates for 6

hours under 100}b The hydraulic press was used because the two plates used on the press were
designed and maintained as close to parallel as possible. To preMamdiisg of the tab and

specimen, the tab face was scratchpdo increase adhesion.

ASTM D3039 which describes the process used to determine tengikrtis for polymer
matrix compaite materials. This metha@dquiredong, thin strips to be pulled along the long axis of the
coupon until failure while measiag load and extension for the material. The test uses an extension rate
to move the lower head down, stressing the coupon until failure. The lower head moves at a rate of 0.05
inches/minute as stated ASTM D3039. Load, extension, stress, and stalinexrerded every 0.1
seconds until failure. The failure criterion for this test was a 40% drop in applied load occurred. In
order for the values to be considered correct, a set of 5 specimens needed to show similar failure
strengths. Test specimensreveonsidered to be balanced and symmetric due to the symmetry of the
LTM45EL weave. Based on this assumption, the suggested dimensions were for each strip was 10
inches long, 1 inch wide and 0.1 inches thick. In order to achieve this thickness, @ldydvI5EL
weave were laminated together and cured in the autoclave for 7 hours at 158°F and 70 psi. The laminate
was cured at a dimension of 12 inches by 12 inches. The oversizing of the laminate was to minimize
edge effects t o teh &heted siripswvaerte eubts size using acmadated tilesaw
and tabbed using the structural adhesive named above. After tabbing was completed, the test strips were
numbered and then tested in the Instron 8801. Test specimen were individuatydoddested, noting
failure modes for each tested specimen. All five tested specimen failed in the gage section which is
desired, as well as having ultimate loads very close to each &bsultsfor this experimentan be

found in chapter 5A drawing of the énsile specimen can be seen iguife 2.1.2.
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Figure 2.12: Drawing of ASTM D3039 Tensile test specimen

The only analysis required for this data is to determine the modulus of each specimen. Th
modulus is determined by loading in the stress and strain data from the raw data files into MATLAB and
then fitting a linear polynomial to that data. Once the polynomial has been determined, two points are
then manually selected from a plot using MATL&RBinputfunction and the slapbetween the two
points is calculated. Since a liner polynomial is applied to the data, selecting two points anywhere in the

line will produce the same modulus.

2.2. Dynatup 8250 System and LabVIEW GUI
The impact testing follwed ASTM D71 3424] and was performed on the Dynatup 8250 drop
weight impact machine located in the Cal Poly Aerospace Structures/Compaosites lab. The machine
consists of a housing where test specisr@e damagely dropping a crosshead. The crosshead
consists of interchangeable weight plates ranging frdionté 751b;. The energy from the drop is
channeled into the impact tup. The tup is a 0.625 inch diameter rod of hardened steel that drives into the
test specimen to cause localized damage. Muaolia the tup was a THBK-W through hold load cell

from Transducer Techniques and a model 1011a piezoelectric accelerometer from VIP Sensors. At the
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bottom of the testing section is a clamping fixture designed

Daniel Barath and Dr. Elghandour in 2083]. The fixture is
used to clamp specimen in place during testing. To the rig
and just above the clamping fixtusea LED light and a Si
biased detector used to measure the instantaneous velocit
impact. The two data acquisition systems useaiNl USB

9162 DAQ18] card and a NI S@345 Signal Conditioning ﬁ '

box[19]. The software used to run a test is a LabVIEW Figure 2.2.1: Si Detector and lasensed
software written by Kodi Rider in 2012 and updated by Jeffe to measure impact velocity
Carter in 20145]. After data is processed by the DAQs, the dataeis faved to habVIEW datéfile

and stored through LabVIEW. Over the next few paragraphs will be a more detailed description of how

the Dynatup 8250 system operates.

To measure the instanious velocity of the crossheadED light is pointed directly athe St
biased detector causing the detector to output a vdii&e When the LED light is obstructed, the
voltage output of the detector drops close to zero. Agrenged flag attached to the crosshead passes
between the LED light and detector, obsting the light twice and creating two distinct data points in
time. By measuring the distance between the two flags as well as counting the time elapsed between the
two low voltage points, the speed of the cross head can be calculated. The LEDplgverisd using
an NI SCCAQ10 isolated voltage output carrier and provides a voltage Qf ®yower. The voltage
output from the detector is read iritabVIEW and stored for later analysis. It is importanvéoify that
the LED light and detector aime alignment before testingzequallyimportantis to verify only the

prongs of the flag cross the light beam, otherwise, the velocity data caagstieallyeffected

In order to obtain the force versus time histamngimpact force of theest a THD-3K-W load
cell was used. The load cell has a maximum loading of 3Q@dttban accuracy of +1% of the

measured force. It is a thhole style cell that was mounted between the impact tup and crosshead
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assembly. It was determined over the course of this thesis that this loading configuration was improper
and did not measa the true impact force. Thislong with a solution, is explainéa Section3.4.2

with the redesign of how the load cell is loaded. The load cell is connected to a NE&RZIGwoe

channel load cell input module that supplies a 30eXcitation voltge to the full bridge circuit inside of

the load cell. The output of the load aalhges from €0 mV/V (millivolts per volt)which corresponds

to a force range of-8000Ih.

The accelerometer is attached to the load cell using tacky wax and is used to measure the
acceleration time history of the impact event. The accelerometer is a single axis accelerometer that
outputs a pC/gpicocoulombs per gignal whch is too small for the DAQ to measur€he signal is
passed through a VIP Sensors 5@@4charge converter that converts the high impedance charge signals
from the accelerometer to low impedance voltageas. The charge converter fegain of 10 mypC
(millivolts per picocoulombs) After passing through the charge converter the signal is then read into a

NI SCGACCO01 single channel accelerometer input module.

The LabVIEWsoftware created by Kodi Ridased two DAQ Assistant blocks corresponding to
the two different DAQs described earlier. Raw data ewdputtedrom these two blocks and sent to
three waveform graphs, which plotted live data from the accelerometer ~— e

load cell, and detector. Raw data was also written and stored in a .lvim

to later be analyzed in MATLAB. One drawback to the LabVIEW code
written by Kodi was the waveform graphs were not updated until after
test was run. Thimdicatedf troubleshooting for the measurement devi
wasnecessary to beompleteda new rurwas requiredo beperformed

anytime a change was made, which would increase the time it would tzli

for troubleshooting to be completed. Another flaw to the software was

Figure 2.22: Original

was difficult to change the runtime of a test or the rate at which dataw. _. """
Fixturing of Load Cell
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polled. In order to do this, the DAQ Assistant boxes needed to be individually opened and altiégdted as
the time of a run Additionally, instances when calibrating the machine where test runs were lost or
incorrectly saved because live data readings fromdhieus pieces of equipmenevenot available.

One instance occurred when the LED light and detector wereafigsed after replacing a specimen in

the test section causing the velocity data from run to not be saved. For these reasons, a new LabVIEW

code was written with the assistance of Bradley Schab.

The new software implemented a réale updating of the waveform graphs so that the steady
states of each signal could be verified and that the devices were working properly. Another
improvement toasting GUI was the implementation of Time and Rate input boxes. The boxes worked
to determine how long the waveforms would update as well as how fast the data was polled. For this
thesis, the waveforms were updated every second and data was takate af &0 kHz. A toggle
switch was also implemented in the GUI so that storing of the data could be turned on or off at any time.
Once the toggle switchgwitchedon, all data taken frorhat point ad in the futurewill be stored in a
temporary array ntil either the toggle switch is switched off or the data is saved by clicking the save
button in the GUI. The save button will allow you to name and sddierasoft Excelfile to any
location you would like. After saving, toggling the store data swititlhremove any stored data and the
GUI will be ready to perform the next test without stopping. This means the LabVIEW software can run
continuously while able to save testing runs, reducing the amount of timesehatween each test. In
the excefile, data is stored in three columns with column A being load cell data, column B
accelerometer data, and column C detector data. The block diagram for the new LabVIEW GUI can be

seen in kgure 2.2.3
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It was also desired to upgrade the LabVIEW software to be able to record data from multiple
strain gages as there are thrdeSRGSGO1 twachannel modulesot in use. The modules read in
voltage changes frontrain gages with an excitation voltage of 2.%.VFFor use with strain gages, a
separaté.abVIEW softwarefile was created implementing up to 4 strain gages. The ability to use more
strain gages can be done in the futursibyply adding new channels tbe DAQ assistant mimicking

the existing architecture. Operating the GUI is the same as running the previous version with the strain
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Figure 2.2.3: Block Diagram of new LabVIEW GUI

gage data being added in columns after the initial three columns reserved for the load cell, accelerometer

and detector da. To verify that the strain gages were operating correctly, a metal strip was loaded into
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Instron and loaded to 500Q ibhile simultaneously recording strain data through the LabVIEW

software. Data was analyzed in MATLAB and the calculated modulusavagared to the ideal values
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Figure 2.24: Block Diagram of new LabVIEW GUI with measurements of straingages

for aluminum and wawithin 1%. This test validatetthe NI SCESGO01 modules were reading in data

correctly. The LabVIEW GUI with the strain gage impleméntais shownin Figure 2.2.4

The analysis done for impacted specimen consists of a few sorting algorithms in MATLAB to
find when free fall begins, when the initial contact between the tup and the test specimen occurs, when

the detector voltage drops, and the max force applied dumipgcit. Data is loaded into MATLAB
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using thecsvreadfunction ands then separated into arrays for load, acceleratielocity, and

individual strain gages. The detector and accelerometer arrays are passed through a moving average
filter to smooth outhe data. In order to obtain the velocity at impact, the detector data is inverted and
thefindpeals function is used to locate the first two peaks in the data set. The data is inverted because a
steady state voltage is higher than when the prongs @athantersect the light beam, so inverting the

data turns the valleys into peaks. The reason the first two peaks are found is because for certain cases,
the crosshead can bounce after impact and intersect the LED light again causing a new set ahgeaks in
data. Once the peaks are located, the code uses the data rate to determine the time elapsed between
peaks and the velocity is calculated by dividing the distance between the two peaks by the time elapsed.
The maximum impact force is determined hwygsly searching the load cell array for the maximum value
measured during testing. To determine the strain applied during impact, the voltage data is read in and
calculated using an equation found in the NI SCC module catalog. The equation conveitadgbe vo
change into a strain measurement. The equation can be seerabdlaere taken from the National
InstrumentsSG module user manual [17Vmaxand My, are the maximum and minimum voltages

measured during impact and,\6 the voltage applied tt¢ strain gage from the module. The gage

factor for all gages used is 2.14 from the products packa@ggation 2.2.1 describes how to calculate

the remainder voltage which is then fed into equation 2.2.2 to determine the strain applied.

Ty Tofemi (2.2.1)

A (2.2.2)

2.3. Unholtz-Dickie Shaker Table System
The UnholtzDickie Electrodynamicshaker is located in the Cal Poly Aerospace
Structures/Composites ldbigure 2.3.1) This system will be used to measure any changes to the
frequency response of the wing specimens. The system is ideally suited for testing heavy, oversized, or

nontsymmetrical loadsn specimens where orientation with respect to gravity is necessheytable is
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capable of oscillating a specimen either

vertically or horizontally. The software

"

used to perform test profiles is Vwinll anc g

can range from sine sweeps, random

vibrations, chirping, and white noise

forcing functions with a frequency range

upto 5000 Hz. Testig performed for this igur 2.3.1: Unholtz-Dickie ShakerTable System used fol
testing set to do horizontal excitation

thesis was completadith the shaker head

in the vertical position. The test profile will be @ acceleration sine sweep ranging from2D0 Hz

with a run tine of 1 minute. The Vwinll software has the capgtwfi recording data from four different

channels, where one channel is designated as the control channel. There needs to be a control channel

because the Vwinll software uses a feedback loop from the control channel to ensure the proper

acceleration isding applied to the specimen. That leaves chana¢lode used to record data. The

accelerometer used for the control channel was a PCB piezotronics single axis accelerometer with an

axial sensitivity of 9.74 mV/g. This accelerometer was placed @tewver mounting fixture was used to

hold the specimen in place during testing. For the other three channels, model 1011a piezoelectric

accelerometers from VIP Sensors were used to measure frequency at various locations along the test

specimens. Each dfi¢ VIP accelerometers required a model 5004 charge converter to amplify the

output signal. These converters were identical to the converter used with the Dynatup 8250.

For the prototype wing design, measurements were taken along the leading and trailing edge
spars every inch from the wing root. Once the wing design was finalized, the first wing manufactured
was thoroughly tested with accelerometer measurements taken at every %2 inch along the span of the
wing and at five different locations across the chord for a total of 80 data points. Every subsequent wing
test after this one needed todmmpletedwith a much smaller sample siz8.he shaker system was

experiencing electrical problems in the amplifi&io minimize the load placed on the system, 9
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locations were tested on each wing before and after impact testing. The locations tested centered around
the mpacted region of the wing with two points towards the wingAiliagram of the téed points

below in Rgure 2.3.2and the dimensioned lodas are labeled inigure 2.3.3

Figure 2.3.2: Prototype wing just before initial dynamic testing

After testing, the data i®hded into MATLAB for posprocessig. Vwinll saves each run as
Microsoft Excelfile socsvreads used to load the data into MATLAB. After the data has been loaded
into MATLAB, the resonant response, resonant frequency, damping ratio and time response for the first

and second mode of each run is determined. The resonant response and frequietesnaned by

Figure 2.3.3: Locations of acceleration measurements for thesis specimens
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locating maximums of the response and the corresponding frequencies, known as natural frequencies
(fn). Next the damping ratio is determined by using thep@aifer bandwidth method. This method

works by using the natural frequency andrégmonant amplitude to determine the natural damping the
system has. First, the resonant amplitude is divided by the square root of two, and the corresponding

frequencies are determined, one to the Igftafid one to the rightfof the natural frequey. Now

I 4.00 4.00

2.14

Figure 2.34: Dimensioned locations of accelerometaneasurements for wing specimen testing

that haltpower frequencies have been found, the damping isatietermined usingdeation 23.1,

where n is the corresponding bending mode.

(2.3.1)

After determining the damping ratio is determined, the time domain response for the system can
be solved. To obtain the time response solution, the transfer function fqole siassspringdamper
system was used and a harmonic forcing function was applied. The transfarfican be seen in

Equation 23.2:

(2.3.2)
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The halfpower bandwidth method, also known as the 3dB method, works by obtaining the resonant

response and finding the natural frequency at which the response occurs.

The code written first converts the frequency response of each run into a piecewise polynomial
to be then used wittminbnd a minimization function, to determine the location of the desired resonance
frequencyand response acceleration. Once the frequency of each mode is determined, the damping ratio
is thencalculated. The damping ratios were calculated using the@btakr bandwidth method. The
half-power bandwidth method is used for determining the damaiings for transient responses of a

system. The method starts with first locating the resonant frequency and its concurrent response

Figure 2.35: Half-power bandwidth method used to determine
damping ratios [33]

acceleration, which waserformedusing thefminbndandpchipfunctions. Once this has been done, the
half-power frequencies are determined using the MATLf2& ofunction and subtracting the resonant
response divided by square root of 2. Tderofunction determines where a function equals zero and
the correspading input value so by subtracting the response valugatlff, and outputting the
frequencies at which the function now equals zero. These values are used to determine the damping
ratio. Once the natural frequency and damping ratio have been tedctifeey arenterednto the

transfer function and the time response is determined using the MAThAESsefunction.
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3. Specimen and Fixture Design

This chaptemvestigats the methodology and process usedésign the wing structure as well
as any fixtwes requied for testing of the wingAn explanation of the constraints for the wing design
and therthedesign of the wing is fleshed out and broutp life. Nextthe three different fixtures
designed and manufactured for the Dynatup 8250 impact weifitbe shown These parts include a
redesign of how the load cell was constrained to provide true force data, an improvement to the existing
testing section to allow for larger parts to be tested, and finally a set of aluminum bars used to even
distribute the compressive loading force applied to the wing during impac¢he end of the chapter
the design of the testing fixture usggring the dynamic testing of the wimgll be discussed This

fixture is used to hold the wing in a cantilever positidrile the sine sweep is done.

3.1. Limitations to the Design of the Wing
Before a wing design could be created, the limitatiorik@éaving needed to be set. The
limitations to the geometry were the autoclave, UnkbDitkie shaker table and Dynatup 8250. The
limitation for the autoclave was how big of a piece could be vacuum bagged and cured. The internal size
of the autoclave i48 inches by 24 inches which did not end up constraining the design or manufacturing

of the wing. The next system,

__ CLame
216-20NUT Z
SPLACES

the UnholtzDickie shaker table,

did not limit the final design

SPECIMEN
TABLE TOP

because the wght of the S
4 PLACES
specimen would not conaose S5
\\
. . . i |‘r:1km)<_}m|-
to Welght Ilmlt Of he Shaker MOUNTING POINT FOR SUPPORT

V816 SOCKET HEAD
CAPSCREW
4 PLACES

tablewhich is close to 100 |b

T 420 SOCKET HEAD
CAP SCREW
24 PLACES

Size is also not a limiting

BASEPLATE ———

constraint to the shaker table as

no enclosurexistsfor the Figure 3.11: Solid model of original clamping fixture of Dynatup 825C
[31]

26



testing section. The major constraint to this design is the Dynatup 8250 testing section. As discussed in
Section2.2, he Dynatup has a clamping fixture that is used to secure specimen in place during testing.

A 3D model of the fixturés visiblebelow in Fgure 3.1.1. The fixture works by clamping an upper plate
with a 3 inch by 5 inch opening, as per ASTM D7136. Tateps pulled down by 4 pneumatic pistons

with a pressure of 60 psi. Because of the piston rails, specimen width is limited to just under 4 inches,
andif the length is greater than 7.5 inches, up to a maximum of 10 inches. If the specimen lengith is les
than 7.5 inches, then the width limit expands to 5.75 inches because the specimen will be located inside
of the pistons. It is also important to note that whatever wing design is implemented, sufficieis room
required for theving to move laterally inhe clamping fixture so that various regions of the structure can

be impactedaspreviously mentioned in i@apter 1.

3.2. Design of the Wing

The wing design was modeled after a simplified version of an aircraft wing used in AERO 433.
The wing used is madaut of AL 6061T6 and is used to show how a wing structure reacts to a bending
load. The structure consists of two spars, 5 internal ribs with spacing ranging from 4 inches to 4.5
inches, and an outer skin. The airfoil profile is symmetric and genatidoles not conform to a
standard NACA airfoil shape and instead has a much more discrete(Sigape 3.2.1) The 433 wing
model has a span of 17 inches and a chord length of 5.8 inches which is too large for the design to mimic
on a one to one scale sertain structural aspects of the wing were usdldrdesign. The features that
mimicked were the use of two spars, a rib spacing of four inches, and the using steel screws to mount the

inner rib for testing.
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The first defined aspect of the wing was what airfoil would be selected. A generic and widely
used airfoil, NACA 2412, was selected to be usedhisrdesign, becauseanufactuing of the complex
shape would be simplified due to the small chamber of the airfoil. A secondary reason fimgselect
simple airfoil shape was becauséure theses done in the Cal Poly Aerospace Structures/Composites lab
would be able to use moldsditesting fixtures created for this thesis. After defining what airfoil profile

would be used, the chord length needed to be set. The ratio of chord width to wing span of the AERO

Figure 3.21: AERO 433 wing used as basis for wing design

433 model is 2.9The ratio of the wing design would to be in the rangthisfvalue. Because a rib

spacing of four inches was to be used, and the length of the specimen was limited to 10 inches based
upon the Dynatup testing section, the span of the wing would be approximately 8 inches. Baking a
inch spanand applying theame chord width to span ratio as the AERO 433 design, the chord length of
the thes specimen would be 3.6 inchéswever, this width would leave no room for the wing to be
moved laterally, whiclas providecearlier, is not viable for the design. Duwethis reason, the chord

length was shortened to 3 inches, which gives a span to chord ratio of 2.67, close to the ratio derived
value of 2.9 from the AERO 433 wing design. So far, the major dimensions of the wing have been
defined with a chord of 3 incBea span of eight inches, and a rib spacing of 4 inehégsplayed in

Figure 3.2.2 Three ribsare presenispaced every 4 inches with a total span of 8 inches.
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Figure 3.22: Isometric view of wing design with ribs shown in red

Now that wng design has a general shapere of the detailed design work can be donke T
crosssection of the spars was the next feature to be defined. There were initially three options being
considered: a-channel, lbeam, and square beam. Each ceesdion had positives and negatives and
all performed well under bending loads; however, due to the size of the parts that wondldtbd
manufacturing drove the selection of this featurbe $quare beam cross section would prove to be the
most complex manufacturing process. There are multiple ways to manufacture a composite square beam
including bladder molding, posure adhesion of two halves, or a tpart mold that would require quite
a lot of work to unstick the part from the mold. Bladder molding would be the most efficient but
because of the size of the part, it was deemed not feasible and a poor investhedithidéd resources.
Also, the square beam would be a very stiff splaich is not ideal for this design. Due to the short
length of the span, the design will need to be ashllexas possible so that th&and 2 mode
frequencies can be excitedn |-beam or echannel as the spar cross secti@s the best possible

design

The tbeam is a very common cressction used to carry bending loads and is most easily
identified with use as structural supports for tall buildings. An examplbedins being used for
structural support can be seen iiglire 3.2.3. For thiapplication, the layup would be quite
complicated. As an undgraduate, | participated in a composHaelam competition for SAMPE and
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