ABSTRACT

WHITE, CHARLES EDNARD CAUTHEN. Manufacturing andtructural Characterization
of Flexible andDualMatrix Deployable Composites for Space Application. (Under the
direction ofDr. Mark Pankow.

The field of high strain composite (HSC) structures undergoing large deformations
have interest with regard to deployable space structures; such as truss members, solar arrays
and antenna reflectors. In an area dominated by metallictstes and mechanical hinges,
composite alternatives have the ability to lower cost and complexity of systems through
decreased weight and reduced number of moving compofentsal composite design and
laminate theory focus on relatively thick stiff ttures incapable of handling high strain
levels. SeHdeployable structures exploitdifferent design approach. Theternally stored
strain energyleveloped when rolling or folding a structusereleased as the structumgsen
helping toaid in low erergy deploymentThis research seeksnmanufacture andharacterize
thin highly elastic laminates as they are incorpeanto deployable structures. Manufacturing
of a HSC CubeSat boom was developed to allow the fabrication of a 12 foot long, clesed cro
section boom to be cured in a single cure cySkecondary elastic matrix systems are also
investigated to create a deahktrix laminate where the secondary matrix can respond as a
springhinge.Origami folding architectureshich have inspired recenbhitions for complex
deployment and packagiraye then usetb demonstratenore complexmanufacturingand
application of the springinge with intent to prove composites forext generation space
deployablesJust as standard composite design fails toigrstfuctural responses of thin and
hyper elastic matrix laminatestasidard test methods do not accurately chainaeteheir
mechanical properties. Aodified platen test methaglasinvestigated taletermire the large
deformationbending stiffnes®f thin HSC laminatesThe epoxyinfused coupons behaved
very constantly whileand the silicone infused coupons exhibited more variation in
measurement. The flattening stiffness of the HSC CubeSat boom was also tested before
beginning to draw a correlatioretween physical test methods and finite element analysis
(FEA) predictions.
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Chapter 171 Introduction

1.17 Background

Space structuresre volumetrically limited by the cargo capacity of their launch vehicle.
Satellites, antenna, and solar arrayisich deploy b many timedarger thantheir launch
vehiclerequirecomplex packagingr secondaryassembly once in orbit. Historically this has
been solved by mechanical hingesmodular designs. For efficiency, it is advantageous to
launchin the smallespackagingvolumerelative to the deployed sizEngineering research
into structural packaging efficiencies and deployment ousthhas becomerucial to send
larger structures into and beyond orbit without relying on larger and larger launch vehicles.
The focus of tis study will investigate fiber reforced composite structureapable of large
deformation and strajrthusenaling structures to change shapapporing next generation
space deployables
Mechanical hinges are a costly method duth&increased number of high precision
moving parts antheir associate@nass.The hinge masalsocontributesadynamicchallenge
asit is often swungutward from the center of mag8lternative deployment methods have
been developed which utilize metallape springs si mi | ar t o a cato pent er
elastically actuate simple hingedthough mechanical performance and analytical predictions
of these metallic hinges are well understood there are two major drawbacks. First, they are
relatively hevy whencomparingstrength to weight ratiosith FRP composites. Second, they
are thermally expansive and exhibit high deformations when exposed to a thermal §tadient
High strain composites (HS@¥e a different design approach than Classical Laminat
Theory (CLT) suggests and these thin structin@se been proposed as a light weight and
thermally stable solution to replace metallic hingegghly flexible and ultra-thin fiber
reinforced substratesdlow folding and storage aftructuresvhile proving the ability to assist
low energy deploymerthroughexploitingelasticallystored strain energ$everal esearchrs
havebegun to show the possibilitie$ implementing such structureklowever high strain
composite materials kia yet to be flown on a mission and extensive material characterization

is still needed before that will happen.



Static loading and folding athin composite tape spring® measure the bending
stiffnessof a hinge habeen modeled using FEdftwareandverified throughtestingphysical
prototypeq2]. Furtherinvestigations haveonstrainedwo oppositely opposing tape springs
in parallelto act similar to a closed form cross section; creating a hingenertased stiffness
and torsional rigidity{1]. Other variations have also showncreased stiffness with good
repeatability inaccuratedeployments Cutting twvo oval sectiondrom a closed form tube
allows flattening and folding of the slotted regianth the remaining materialctingas two
parallel ape springsFigure 1[3]. Repeatedleploymentof this continuoudiber structure

showed little to no hysteresis shape or stiffneggl].

= —

HGUREL. FOLDING OELOSEFORMCOMPOSITHAPESPRINGHINGE[3]

Another use of HSC shells was made through the developmenhiofe usedor a
prototype desigmf a large aperture space telescaopiégh combinedoptical barrel assembly
(OBA) and secondary mirror support system (SM38js combination of what is usuwliwo
separate structurggovidesoptical and thermal protectidn the primary mirroas well as an
enclosed support of the secondary mirtorshield micro-debris Folding panel sections
connected ta@ustom springs made from stackscofved compositehels enabled this dual
structuraldesign Figure 2 The spring hingeswust bemanudly flattenedbutbehave as agid

members when deploygproviding increasedernding and axial stiffness for thehroud[5].



FIGURE2. SPRINGHINGE MADE FRORURVEDCOMPOSITEHELL$5]

Another HSC concepteveloped by GermaaerospaceompanyDLR was theirdesign
for a deployable boorwhich could tension a set of solar safsgure 3 These booms used
ultra-thin laminates to form alosedcrosssection capable giroviding adequatdending and
torsional stiffnessn the deployedstate could alsobe pressed flaaind therrolled around a
central hub for storage and laun@j. Strain levels of the outer surfaaee developed both
whenflattening and rollingout are keptvithin atolerablerange due to theltra-thin, 0.1mm,
shell thickness. Thenaximum curvatureor minimum radiughat can be achieved by HSC

laminais determined by the tensile strain limit of the material seen on the exterior curved face.

p—

g—

HGURE3. OMEGASHAPEDBOOM BYDLR[6]

An alteration to the HSC concept using thin laminates is the infusion of a low modulus, high
straining matrix material such as an elastomer or silicone rubber. These flexible matrices allow
extreme laminate bending without danmagthe fibers. First concepts of this application were

seen in impact resistant fiber composite research whererggdelastomer matrices allowed



impulse deformations to occur without overstressing or cracking the matrigh in part
preserved the fiber integrify]. Further application was seen in the skin design of a morphing
wing where large deformations and relatively small curvatures were attained through use of a
carbon fiber laminate infused with a semi rigid polyurethane mgg}ixThe fiber reinforced
wing <kins were allowed to conform to these large bending deformations withourtefail
because the matrix remainigdits elastic region and transferred little stress to the fibers.
Applications in the space industry have also investigated high straining, Idwiuso
matrix materials through carbon fiber reinforced silicone (CA&S8)nateshut have yet to fly
on any missionin the design of a large deployable reflector (LDR) receiving dish for
communication satellitesa novel silicone infusediexible carbon fber lamina was
investigated Figure 4[9]. The shell membrane reflecting surface of this satellite needed to
exhibit, under certain tensile loading conditions, adequate bending stiffness to hold a double
curved geometry but remain pliable enough to fokd lan umbrella. This behavior was
successfully achieved with high dimensional stability through use of a flexible CFRS

membrane.

— -

FHGURH. CARBONHBERREINFORCESLICONECFRPREFLECTINBURFACHES]

Others have looked not only at applications of CFRS but into the mechanics of such
structures taunderstand and predict thg@erformance This type of research is necessary
before any mission would be able to implement such technololggs beermbserve when
bending CFRS to small curvatures that the compression side of a lamifrae to exhibit
micro-buckleswhich act as stress relieving mechanigi@]. Predictions of buckled fiber
amplitudes and wavelengthvebeen investigatedlong with thehygderesis effecof bending



stiffnessdue to cyclicloading [11]. Additional research has predicted the extentiloérf
failuresassociated witharge deformation$12]. As seen in many of these investigations,
characterization of hyper elastic matriag#iffer from standardCLT just asultrathin HSC
laminaalso differfrom theory

Dualmatrix composites ar¢hen another derivation from HSC and hyper elastic
composite work. By applying two distinctly different stiffness matrices, one of which is hyper
elastic, into a single laminate it is possible to create regions which can log fodehedto very
small radiusof curvature.ln applying the hyper elastic matrix to precise areas within the
laminate it igpossible to creatéetailed architectusof spring hingesFigure 5 These regions
were createdavithin a continuous fiber structure Igcally infusing siliconeinto a larger and
stiffer laminateto create an antenna concept for CubeSat sate]lils Narrow regions
extending the length and spaced radially about the cone shaped receiver were infused with a
UV cured silicone rubber. The silicone regions allowesreceiver to be folded, flattened and

stored for launch

Deployed Flattened Z -folded
FIGURES. FOIDINGSEQUENCE dBUALI-MATRIXQUBESAT ANTENNA13]



A subset of engineering which has emerged in recent years and av@kmatrix
laminates have application is in the utilization of origami fold techniques. Origami principals
are inspiring efficient packaging and helping to create semi rigid structures that are magnitudes
stiffer than their construction material. The art of origas@iathin paper which remains pliable
when doubled or tripled in thickness. As thickness increases it becomes necessary to account
for the expanded volume associated with each fold region. The hinge and rigid regions of thick
origami then need to be adjudtéor the expanding fold volumé&his folding problemwas
investigatedthrough mathematical developmemtf a Wbldas ders o0d4].One arr ay
design consideration for suppog solar cell collectors, was the need for the -fmiding
regions to remairigid or semi rigid. This is to prevent the cells attached tefotuting regions
from breaking or cracking during deployment. This additional consideration is known as rigid
foldable origami. A 1/20th scale model of this array was constructed using skeatioe
materials Figure 6 Material selection for flight hardware is omd the next step in
implementing this technology and also an area that flexible anehthtak composites could

support.

.

FIGURES. MODIFIEDORIGAMIFLASHERVIODELSOLARARRAYCONCEP14]



It has been shown that maagplicationsuisingHSCand hyper elastic matrices provide
opportunity for deployment without the need of mechanical hinges or moving padgk. D
matrix compositefiave also shown alternative methods for packaging of complex structures
using origami fold techniques. Tmplement thes®w mass, high stiffness and dimensidyal
stable materials into next generation space structr@aoed research intmanufactumg

andmaterial characterizatias required before wide scale implementations can be made.

1.27 ResearclObjectives

Understanding of thin HSC will be made through fabricasiod testingf a deployble boom

for CubeSat missiondlovel infusion methods for duahatrix laminates wilklsobe expanded

as nonproprietary and out of autoclave methods are developed for accurately infusing a
complex duaimatrix architecturavithin a larger laminatéDualmatrix structures will then be
combined with origami folding patterns to create deployable structasro-mechanical
characterization of flexibland dualmatrix laminateswill be experimentally testethrough a
modified platen testo measurghe bending stiffnes®f small coupon sp@mensas they are
conformedto a small radius of curvaturéhe flattening stiffness of the HSC CubeSat boom
will be tested and along with the benditegt datacorrelation will bestartedusing finite
element analysis=§EA) modeling through availabl&@BAQUS software.

1.37 ResearclQuestions

How can a HSC laminate be useddaployalle booms for small satellite applicati®hiow
can the HSC boom fabrication be extended to fabricate full scale length bblowsana
localizeddualmatix architecturébe infused withira larger laminatéo support origami fold
inspired packagingPlow can the response ofH5C and dualmatrix spring hingesubject to
extremebendingbe characterized? How does FEA modeling of a HSC anedndaiaix spring

hinge correlate wh physical test data?



1.47 Thesis Outline

Chapter 1 provided background to HSC and hyper elastic laminates and gave purpose for the
current researchin Chapter2 a deployableboom which was developed fdCubeSat
applicationswill be introduced teserve as a baseline HSC structievelopment ofterative
fabricationmethods to create a 12 foot whole boom in a single-cyoke will be described
Chapter3 will investigateaternative dual matrixnfusion methods to understand limits of
manufactuing and will apply them tarigamifolding techniques which allow for efficient
storage of large structure€hapter 4 will investigate an experimental test method to
characterize extreme deformation bending as coupons are sulgjecfaom to small bendg
radius Detailed mechanical resposseill be obtained through the use of digital image
correlation (DIC) software, as it is the only reliable way to capture large deform&iwayster

5 will correlate material testing witREA modelingof HSC laminate using ABAQUS
Chapter &concludes this study and gives direction for further research.



Chapter 217 HSC CubeSat Boom

Manufacturing of a high strain composite deployable boom scaled for CubeSat incorporation
is developed here to flatten and roll about a cylindrical storage hub. faliradation usedwo
separate cure cycles bmndindependently curetialvesinto aclosed cross section. Further
development allowed cui@ awhole boomin a single cure through use of a manufacturing
plug. Finally usingultra-thin spread towpre-preg fabrics a 12 foot long boom was fabricated

in a single cure.

2.17 HSC Familiarity

The cesign of a deployable carbon fiber boom for qgmssamer applications was developed,
fabricated and tested for CubeSat scale satellites. This work was prometepipyable
boom design from DLR6] intended to be used as the tensioning structure fotaa sail
Figure 3 Each half of the boom was manufactured independentthe deployed statend
then bonded together in a second cure cycle to form the closed cross section. This open cross
section is the state of lowest energy and causes the sioedto unroll and open, aiding in
deploymentThear designmeasuredlmost 46 feein length,was5.9 incheswide and had a
deployed cross section heightd83 incles Each half was 0039 incheshick, resuling in a
flattened height of 0.00787 inchedile the width extended t8.2 incheq 15, 6]. Complete
scaling of this boonwas however not possible due to the limits of shell thickness. For a
CubeSascalemissionwheretheflattenedwidth is 1.57 incheghe double laminate thickness
would scale t®.0015 incheswhich is 2 to 3 times the thickness of an individual graphite fiber.
Due to this unrealistic scaling, the laminate thickness would be fabricated as thin as possible
from available materials while the width and height were scaled accordoleptalimensions
[16].

The ability to manufacture thin laminates that remain in an elastic range when
conformed to small radius of curvaturenescessaryo successfully exploilSC structures. If
the inner or outer face strains reach a critical valueitber the fiber or matrix the laminate

will fail. The design examined here must be able to fully flatten transversely and then roll



longitudinally around 2 inchcylindrical hub similar to what would be seen during storage

of actual flight hardware.

2.27 Boom Fabrication

Similar to the design by DLRunitial fabrication methods required the two halves to be
cured independently and then bonded together in a second cureRngitereand negative
molds were CNC(computer numerical controbhachined from aluminunto be used in
conjunction as a compression mold for-pregfibers or individually in vacuunbagging a
wet lay-up. A total of three setsof 22 | ong mo | d s; attaehingthem golabase at e d
plate and aliging them in seriesreated a 3 | o0 n g hiamoould be wsed to fabricate

longer boomsFigure 7

HGURE/. HALFBOOM ALUMINUMMOLDS

Initial fabrication sought to manufacture half booms only, Figure 8. These halves were
flattened and rolled prioto bonding a whole boom to ensure adequate performance of the

selected laminat& he tab area of the boomsasvalsdabricated with excess length and then
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cut to size after curing to provide a clean edygstraight edge used to trim the tabs to sias

machined with a lip that fit over the edge of the molds to ensure an exact tapRigdtie 9

v 8 A
HGURE3. HALFBOOM VACUUMBAG FABRICATION

Extended Tabs

Machined
Straight Edge

Trimmed Tabs

FGURE. TAB TRIMMINGUSINGMACHINELSTRAIGHEDGE WITHUP
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First inquiry was to usa prepreg fabri¢ these aralesirable in aerospace design as
they maintaira predictable andonsistently high fiber volumedction.A pre-preg 3Kfabric
advertised to be 0.012 inch thick was dondtedn ACP CompositesThe 3K ndication
represents thretnousand filaments in the individual tows, this size of fabric is the most widely
available and least expensive mihot the absolute thinnest. Thigh fiber volume fraction
also leads to a stiffer laminate arfteacuringa +45° fiber orientatecdboom,failure was seen
along the individual weave lines due to the stiffnessrafadively large thickness to bending
ratio, Figure 10

AGURELO. CRACKEIPREPREG BOOM

Other thinner prereg fabrics weraot readily available to be sourced or donatethey are
manufactured on a specific need basis. Thergtheerext step would be to use a wel-up
technique witha single positive mold and vacuum batp fabricate half boomst room
temperatureWet lay-up is not ideal in achieving a precise fiber volume ratio but it was
determined that after an effectilaaninatefabrication methods determinedhe selected fabric
could be prepreggedby an external company or through application of a resin fiereral

fabricsof different thicknessvere sourcedr donatedTable 1.
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TABLEL. THICKNESS AWFFERENTLSOURCEICARBONABERS

Company Fiber Thickness
ACRg AX5201S 3K Plain Weave Piereg ndnmMHE
VectorPly €BX 0300 Unit/-45° Stitched nonnyé€
VectorPly €BX 0450 Uni +/+45° Stitched nonmé
Textile Products 3K Plain Weave Dry ndanmMHE
SAATE CC201 3K Plain Weave Dry NnodnmMHE
ACR; 2.90z 1K Plain Weave Dry 0.00&

The first fabric to use aet leyup techniquewas a 3K plain weavefrom Textile
ProductsExamination of a cured half boom showed that flattening could occur without failure
when manufactured in #45° fiber orientation However the large stiffness and compound
curvature of flattening and rolling aba@inchdiametethubcausedracturego develomlong
the individual weave lines, as seen in the-preg boomAn inherent feature of woven fabrics
is the out of plain movement and crimping of individual tows as they cross over each other
Figure 11 Stress concentratisrof this crimping can leai failure along the weave lines in

such HSC laminates as thes®l a thinner ply was determinedcessary

HGUREL1. 3KVERSHKWOVENHBERCRIMPING DUE TINDIVIDUALTOW THICKNESS

A plain weave 1K fabric measuring twbirds the thickness of the 3K was purchased
to further examine the design feasibility of a scaled bddrmadecrease in thickness translated
to lower face strains and thmaller tow size meariéss pronounced fiberimping from the
tow weave Half boom samples weragain fabricated at45° fiber orientatiols and were
successfully flattened and rolled about a 2 idi@meterhub without failureThis single ply
laminate was the first successful candidate for fabrigadclosed cross section whole boom.
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Alternatefabricswerealso simultaneouslsourced through donations from VectiyrP
The double bia£-BX 0300 and 0450aminates come manufactured #45° stitched fiber
orientation Stitched or knit fabrigsalsoreferredto asa double biasstack separate layers of
unidirectional fibers at different orientationisefore stitching them together. The 45
orientationused here effectivelgreateda two layer+45%-45° unidirectionallaminate By
stitching the layers instead of weaving them fiber crimping is avoided and a thinner laminate
with a higher fiber volume fraction can be achieveWhile the un-crimped laminate is
desirable, when using only a single layer for each half boom, thermgling due to
asymmetridiber orientations becomeeconcern. This was seen when introducing a half boom
to a thermal gradient of as little as°B0causingthem to twist about their longitudinal axis

Figure 12

HGUREL2. TWISEDHALFBOOMDUE TOTHERMALDEFORMATION OF@TITCHEBABRIC

Post curing the booms in the compression mold at an elevated temperature and allowing them
to cool over several hours also proved unsuccessful as the booms would warnewbesd

from the compressionAlthough half boomtwisting was a problemneither of the stitched
fabricsfracturad when flattened and therefobeth weights of fiber werdesirable optiosfor

whole boom fabrication. If axial twisting could be canceled out with an opposite

complementary boom it would be possible to manufacture a whole boom with good geometry.
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The two oppositely opposing fiber orientation half boomesre therefordbonded together

beforeintroducinga thermal gradientigure 13

| HGR;. OPPOSITELEOMPLEMENTARYECTOHPLYBONDEDNHOLEBOOM
To formaclosed cross section the tabs of two half booraetsonded together using
the same resin system used for infusion. Careful application of resin was lightly applied to the
tabregion of the first half boom before placing tradf into a negative mold. A light application
of resin waghenapplied to the tab of the second half boom attds half wasaligned and
placed on top of the first. To ensure alignmathe cross sectiom second negative mold was
placed on top of the matched halves and the edges of the two molds aligned with clamps. The
second moldlso provided pressure to the bond. After the bond region was cured the tabs were
trimmed to the appropriateidth usingthe straight edgéemplate
The 1K whole boom was able to fully flatten and roll about the 2 inch hub without
failure, Figure 14 The aymmetric wholéboons were also able téully flatten and exhibited
no deformatiorwhen applied to a thermal gradient

15



FGUREL4. HLATTENED ANROLLEDNVHOLELKBOOM

It is assumechoweverthat internal stressedid inherently develop from the displacement
constraintThe stifferVectorPly0450 asymmetric boom performed poorly when subject to the
compound curvature of the cylindrical hub. In areas where the tab bond was weak the two
halves would pop aparnzippingthe bond Figure 15This popping and unzipping could also

be instigated with minimal effort in the other two booms by prying the halves apart with a razor
blade. Repeated flattening and rolling of these booms showed decent damage tolerance to the

fibers lut exposed the bondeabs to be an area of weakness.

HGURELS. TAB DE-BONDING ORMVHOLEBOOM
The overall performanceof this fabricatiormethodwasdependent on the strength of
the bondedtalbs and asecond fabrication method wesveloped to enableondingduring a

single cure cycleA silicone plug matching the inside geomatifyithe whole boom would be
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used to manufacture the closed cross section. Thevalsignade by pouringtavo-partsilicone
rubber into the cavity madbetween twamegativemolds Figure 16 The length of this plug
was limited to the length of nega¢ molds which were 12 inches.

FHGURELG. SLICONEMOLDFORMING FORVHOLEBOOM FABRICATION

The plug was hen used to layp both sides of thboom simultaneously whilehé entire

laminatewas vacuunbagged Figure 17

HGUREL7. SNGLEQUREWHOLEBOOM FABRICATION

Easy removal of the plug was possible to due to the smootkstiotrsurface of the silicone
and by pulling one exposed end of the plug it would slide out, Figure 18.
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HGUREL8. SLICONEPLUGREMOVAL

At NASA Langley Research @ger in Hampton, VAhe plug methodnanufacturing
wasimproved upon by using a spret woven carbn measuring 0.004 inches thick and
infused with an ougassed approved resin filiBix molds designed to connect linearly, as the
smaller aluminum moldsad, were CNC machined at 4 foot lengths from a tegisity foam
The molds were then coated in a Teflon sticker to provide a tooling sarfdcesilicone plug
was poured. Cured under vacuum at elevated temperature for several hours in an oven, 4 foot
long booms were manufactured to test the process and performance of the new Figtegal

19. After curing the tabs were cut to their appropriate width using a precision straight edge.

H 3

FHGUREL9. SLICONEPLUGMETHOD USINGFTLONG TEFLONCOVEREIHIGHDENSITYOAM MOLD
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The moldswere aligned using two rods which fit inthannelsthat had been cut on the
underside of the moldr'wo sets of three molds were aligned and coated with a Teflon sticker
to provide a continuous 12 fotdoling surface and a 12 foot silicone plug was poured. The
same vacuum bagging aftey-up as the 4 foot boorwasrepeated here arall2 footsection

cured in an autoclawsas successfully manufactured in a single cure ¢¥atgire 20

.

F|GU.RE20. 12 i:OOTBOOM SJ.PPORTIFNGTSOWNWEIGHT

After several cure cycles the molds began to warp and periodically the Teflon sticker
coatingwould needo be replaced. The design of 6 molds would allow for a 24 foot boom to
manufacturef available autoclave or oven could be sourcHtk tooling life of these molds

couldalsobe extended if fabricated from a metal or higher quality foam.

2.371 Conclusion

Fabrication of adeployable CubeSdioom has been shown possible through two
manufacturing methods. A +28ber orientation relative to the axial direction was chosen to
minimize the stress arfthttening stiffness3K fibers were determined too stiff for the small
radius of curvature deformation so a thinner and more compliaplidiK weave fabric was
sourcedThe overall performance and damage tolerance dinbestep cure cycle wasghly
dependent on the strength of the secondary tab bonding. The second method showed an
improvement in tab bonding strength and achieved adtlose cross section in a single cure
cycle. This method wasinally shown to work withultra-thin pre-preg fabrics up to 12 feet in

length.The limiting factor being mold size and available oven if using a high temperature cure.
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Chapter 31 Dual-Matrix Fa brication

The manufacturing of a duatatrix laminate is developed here to enadpeing like hinge
folding at regiondocally infused with a hyper elastic silicone rubblecorporatechinges are
then applied in a more complex architecture and usitggmi folding techniques allow large

laminates to be efficiently packaged and stored for launch.

3.17 A note on matrix

With any payload launched into space, hardware and materials must be outgassed approved so
not to contaminate other possibly sensitivelpags from particulateghich may form in a
vacuum This leads to the first step in developing dunatrix and flexible composites for space
application, outgas approved materials. Additionatlys necessary to choose a system able to
be accurately manufactured into the desired architedioeever for this studyonly the
second consideration will be observed and-ootgas approved materials will be examined
for their manufacturability andtructural performancénce a suitable hyper elastic matrix
and manufacturing method is determined a similar outgas approved system could be
implemented.

The polyurethane elastomer RP6442 matrix by Huntamsed in the development of
an impact resistanaminatehad a modulus of elasticity givemround 1000 PSJ17]. An
elastome i ¢ r esi n de vhadatgnslemoduwus rmeasBrad betwe@ihto 1000
PSI[18]. This same $icone rubber matrix was later testaad theelastic modulusvas given
as435 PSI [9]. L 6 Geenmprddriced ths silicone rubber for testingndthe initial elastic
modulus was given agth PSI[12]. TheCF132615siliconeby Nusilwas used in the folding
of composite laminates and gaveaasticity 0f116 PSlanda strain affailure equal to 100%
[11]. Lastly, the LOCTITE 5055 UV curing silicone used to create hingethéowideband
CubeSat antenrtaad a modulus of3 PSI [13.

It is seen that hyperelastic and flexible matrix systems have been characterized with
low modulus,generally ranging from aroundQto 1000PSL The matrix systems used here

for manufacturing and characterization testing will be of similar accord. Additionally,
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elongation before break vas will be as high as possibRrimary matrix systems shoula
similar to matrices used in high stiffnestsuctural applications whereodng's modulus is in
the 0.4 to 0.6 MSlIrange[20]. Using this ratio of low to high modulus in bordering matrix
systems will enalel the hinge or spring response within a contirsuideer laminate

3.21 Current duaimatrix methods:

To create a spring hinge or implement origami fold techniques it is necessary to create a
boundary region between the two different matrix systems. Various infusion methods of the
primary stiff matrix ae well known; techniques such as using a resin film to produegrecge
VARTM and vacuum wet layips, and open mold wet layps. Infusion of the secondary
flexible low modulus matrix is less understood, even when infusing it as the sole matrix. The
few techniques which have been investigated in recent research will be looked at to provide a
starting point of reference. This section will then look into various ways to consistently infuse
a detailed sitone rubber architecture into plain weawbon fabrts. Figure 21 provides a

diagram of a duatatrix hinge.

Continous
Stiff Matrix remfggcement St}ff Shell
p / ibers /
‘ |
Soft Matrix Flexure Hinge

FHGURR21. FLEXIBLBUAL-MATRIXDIAGRAM[20]

Single matrix infusion of a silicone rubber into flat unidirectional carbon fibaess
been successfully andpeatably donthrough use of an autoclaj2l]. The two part silicone
by NuSilwas characterized withlaw viscosity to assist flow into the fibers. The laminates
were vacuum kgged and cured in an autoclave whichvéréhematrix volume fraction to a
minimum, resultng in precise, high quality specimens. dther work CFRS laminates

manufactured by L dpaghptoprietaryg fabeicatiortschnegaes weredhot a
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discussed, it was stated that localized regions of silicone were able to be infused within a
greater structure, creating elastic fold lifigg]. Figure 22 shows amiage series of a laminate
undergoing the Miurri fold pattern showmg this ability but no further information was

providedregarding fabrication technique, only that it was possible.

FGURE22. MIURA FOLD OF DUAL WRIX LAMINATELS]

Hinged dualmatrix laminate werefabricatedusing a silicone rubber from ShiEtsu
Chemical Co.while materialproperties were not specifiedcould be assumed that elastic
modulus and general viscosity is similar to others which have been used. In fabtiiating
partially flexible composite each plyasindividually paintedwhere the fold line should be,
then stacked and another phas pantedon top of the previous ply until sufficient laminate
thickness was achieved@he silicone had adequate viscosity to remain mostly contained only
within the applied area®nce all gles were infused with silicone and stacked, an epoxy matrix
was infugd into the remaining area atite dualmatrix laminate wasured in a single cycle
at room temperature f@4 hours. Vith the addiibn of epoxy the boundaries bled together to
create an indistinguishable transition region which was observed in micragrages.The
singlecure cycleresulted inlOmm wide flexible regiomisandwiched within the larger rigid
laminate characterized btight but overlapping boundary between the two sys{@ils

Hinged sections of a deployable antemae createdby infusingnarrow bands of a
highly flexible silicone rubber into Astroquartz plain weave fiberglass, glass being chosen for
its nonconductive and optically transparent nafig. Loctite 5055 UV cured silicone rubber
was selected as the secondary matrix duis tanicured viscosity which allows proper infusion
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into the fibers before the short curing tivdes carbon is not optically transparent and light is
unable to penetrate the fibet$y cured systems would not work in applications with carbon
unless each sidef eachlamina were individually curedetailed fabrication techniques were
described in this work with a few notable observations. The epoxy matrix is first applied to the
fabric through a resin film, creating a greeg lamina. The hinge regions folicne infusion

were masked off before this process biyapton sheelaser cutstencil toinhibit unwanted
transfer of epoxy filnto the hinge regiond.iquid silicone was applied using a polyurethane
swab after all layers were stencil infused with eparg stacked together. The silicone was
allowed to cure on a flat surface for one minute using a UV light before wrapping the laminate
around a conical mold for the epoxy to be cured at elevated temperature. The flat cured silicone
regionsthenreacedas prings to hold open the finished antenna in its conical shape.

In the two methods seen here a single -duaé cycle and a twstep individual cycle
were used. Both methodgplied thalifferentsystems one after the other. Detailed application
of one sysm being required before the second application, order of ajhicadrying
depending on method he distinctiorcomingfrom use of a resin film or wet layp and the
type of cure cycle required for the secondary matfth pre-preg filmthe stiff matix was
infused firstandthenthe elastic regions between the boundaries of primary wesia filled
in. Wet layup techniqgues first appligtie secondary silicone matrigllowed by infusion of
the stiffer matrix.

Intrigue into simple and cost efficiemhethods for achieving a detailed elastic
architecture were next investigatdeke-preg film could not easily be sourced so {part
silicone rubbers were obtained for the development of a reliable fabrication method. The
method developed would be used abricate coupon samples for characterization tests and
also to fabricate complex architectures which demonstrate origami folding possibilities.
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3.31 Wet Lay-up Development

First experimentation in creating a detailed architecture wadeonti@ee howthe flow of wet

lay-up infusion could benhibited in single ply lamind&dy bounding straight regions of a 3K

carbon plain weave fabric with different tapmsadhesives such that a channel was created

where the first matrix system could be applied andadtbto cure. An important characteristic

of this material is its ability to be removed after initial cure without warping the fiber weave.

Seen inFigure 23, four parall el sectidrmastwerce eaccladd
masking tape, electricape and painters tapbewo identical ples of this nature were prepared

to testtwo different viscosities of matrixA secondanflexible siliconef r om 06-O8mé ot h
with a viscosity of 12500 cps would be useta stiff epoxy resinfrom FibreGlast with a

viscosity of 925 cpsProperties for all matrix systems used can be fourthibie2 below.

TABLE2. PROPERTIES MARIOUMATRIXSYSTEMS

Matrix System Modulus Elongation Viscosity Tear Strength
[PSI] [%] [cps] [pli]
FibreGlast- 2060 Epoxy 418,525 1.9 925 -
SmoottOn- Moldstar 30 96 339 12500 88
SmoothOng¢ SmoothSil 950 272 300 35000 155

The epoxy andilicone systemwvere applied by hand, taking care to only wet out the exposed
dry fibers. Excess which was applied was kept from infusing the surface fibers and could be
seen on top of thbounding material. The silicongasallowed to cure in open air and the

epoxy wascured under vacuum.
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Before removing the bounding materials, the underside of each ply was visually
examined to check for excess matrix flow. Téngerviscous epoxy showedinimal flow but
still resulted in the underside having a loosely defined boundaeyhigher viscosity silicone
prodwceda clean crisp border on the underside. Next the bounding materials were removed
and the top side boundaries examined. An importansideration was to determine which
materials could be removed with ease and without warping the fiber tows. The cleta&on
adhesive adhered well to the carbon and was removed with little@fieatping of the fibers.

This material comes in a widelk so consideration should be made when cutting as a straight
edge is difficult to produce with scissors. A paper trimmer or {aseer could be uskto
produce straight lines @aomplex architectures anldereforethis material is of special interest.

The masking tape adhered very well to the fibers, so much that it would periodically rip during
removal and for this reason would not be used in further fabrication tests. The electrical tape
also adhered very well to the fibers but resisted ripping dits &dastic nature. This elastic
stretching was also call for concern during application as there was tendency for it to stretch
as it is removed from its rollf applied in a stretched conditiarcould create a cupping effect

on the lamina as recovered it shape. Care was also taken when removing this material so as
not to warp the fibers. Lastly, the painters tape also produced good results as it adhered well
and was removable, but overall performed more poorly than the electrical tape. Further
bounding method tests would include only the cleantact adhesive and electrical tape.

Surface level boundariesf the epoxy produced crisper boundaries on the top side
where the bounding strips were applied but the through thickness boundary eXhubiiatb
bordering tows andf this reason is inadequate for the primary boundary infustos higher
viscosity silicone, as already seen on the underside, produced clean boynédigiies 24
However, caution needs to be taken when removing the boginditerials used in conjunction
with the higher viscositgilicone.Excesssilicone which cured on top of the bounding material
should be removed before removing the bounding materiablbying it until it sluffs off

Figure 25
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RAGURE25. REMOVAL OEXCESSILICONEPRIOR TABOUNDINGVIATERIAIREMOVAL

This produces a clean break between the silicone cured on the bounding material and the
silicone cured on and within the fibers. If left on the bounding matércain tear the silicone

and pull off the surface layer from the fibers. Even after the bounding materials are carefully
removed the surface layer of silicone can be damaged bgsaxeeubbing and friction.

Now that a loose correlation of matrix viscosity to boundary cleanliness has been drawn
and two bounding materials have been found to adequately provide a simple architecture in
single ply laminatesfurther fabrication intriguevas investigated to include multiple ply
laminatesAlso, in addition to the 12500 cps silicone an even higher 30000cps siiaarid
be tested which exhibited an increase in tear strength and stiffiessncreasevould help

with damage toleranagf surface pliesvhich remairs exposed
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The goal ofmulti ply infusion was taise electrical tape to bouAdinchwide sections
of silicone within alargerlaminate that wouldater be infused with thestiff epoxy matrix.
Two, three and four layer specimensuld be infused with both thHE2500cps and 30000cps
silicone.Unlike previous methods which have painted on the silicone to individual layers, this
method seeks to infuse midiyers in a single applicatiorlo inhibit slipping of the multiple
layers, paiters tape was used to bind the edges together. After securing thetlaygarallel
strips of electrical tape were appli@d@inchespartusing arulerto ensure the tape was applied
straight Electrical tape was also applied to under side ottihee and four layer specimens
Figure 26 This allows the fabric to be turned over amdusion from both sides if th&licone

was unable to flow through more than two layers.

HGURE26. MULT+PLYBOUNDING ONOP ANDBOTTOM

Before thespecimens were infused withstiff resin it was noticed that the edges of
some samples exhibitedslightc uppi ng due to the electric taj

minimal distortion in shape the cupping also led to inconsistent silicacinéss near the
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edgesTherefore, furtheimprovementsvould be mad#&o this manufacturing method to ensure
a flat cure and uniform silicone thicknessre acheived

Theslightly cupped samples were infused with an epoxy resin and cured under vacuum.
The final samples werdolded and inspected by hand teeshow well the hinge region
recovered and to check how well defineddbatmatrix boundaryvas The12500cps silicone
recovered immediately after being folded and felt very elastic across the whole width of
silicone. Thehigherviscosity 30000cps silicorteowever did not respond as well.three and
four layer specimenbrittle fractures were heard arfelt when folding the hingdo 180,
although anearcomplet recovery was still achieved atite hinge rebound to rearzero
degree flattened staf€his brittle fracture was due to inadequate wetting of middle layer fibers
duringinitial silicone cure.Full infusion of silicone had not been accomplished but instead
middle layer fibers had be@mcased in a volume of silicoteaving internal tows dryFigure
27. These still dry fibers were able to wick in the less viscous epoxy during secondary cure,
creating a brittle architecture of fibers which failed when subjected to an extreling it

curvature.

Initial Dry Fibers

Inadequate Silicone Infusion to Middle Layers

Epoxy Wicked into Silicone Encase Region

FHGURR27. INADEQUATMULTHPLYSLICONEENCASEBKHFBERS
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Noting that two ply specimefailure was less pronouncaddthatexternal plis of the
four ply specimen hatemained intagtthe 30000cpssilicone was stillan ideal candidatfor
its higher stiffness and tear strengifacuum assisted cure cyclesre nexinvestigated to aid
infusion aswvasusinga 1K fabric which hasless circumferential area efich towand would
hopefully wet out more effectively than the 3Rhe vacuum pressure would also ensure the
silicone cured in a completely flat state dradp todistribute the silicone in an even thickness
across the engrhinge.

Initial vacuum cure with traditional peply and breather layers failed to progidn
acceptablesurface inish, Figure 28 The silicone bonded very well to the peel ply such that

when it was removed the surface layer of silicone was also reqex@asingthefibers.

Open Cured Surface Glass Mold Surface Peel Ply Surface

FGURE28. SURFACHEINISH OFCFR S\ OPENAIR VS VACUUMBAGGING WITHPEELPLY

In order to apply pressure such that surface layer silicone woualzhiséantlysmooth and have
uniform thickness a type of intensifier would be implemented. Typical pressure intensifiers
used in composite fabrication are made from a rubber or silicone and are placed in corners of
a negative moldo add pressurehere bridging of theeacuum bagouldlead to a defective
part. Thantensifier used in this study would be composed of a series of individual layers where
the first contact layer resists siliconending.

Available plastic vacuum bag material was first tesiedh replacemeriibr peelply
with the other vacuum bag processing layers remaining the. $acneased careastaken
with the amount of silicone applied as the vacuum bag layer would trap excess siltoene.
resultinglaminate had aonsistenthicknessbut washeavily pitted due to theompaction of
thebreather layerFigure 29 Although the resulting lamina had flat compaction of fibers and
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an even distribution of silicone the overall lantanquality due to the surface finish was not

suitable For subsequent tesas additional layer wodlbe added between tiiacuum bag and

the breather.

FHGURE29. PITTEDSURFACIEINISH DUE TBREATHERAYERCOMPACTION

A 6 ounce plain weave glass fabric was firdtoduced(Figure 30)but theresulting
surface finish was imprintewith a distinct weave pattern from the glass. Agairfitiess had
good compaction and the distribution of silicone was desirable but the overall quality due to

the surface firsh was not suitable.

Vacuum bagging
Breather

60z Glass fabric
pressure diffuser

Silicone inhibitant =
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HGURE30. SECONATTEMPTGLASHBERASSISTEPRESSURINTENSIFIER
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The fiberglass buffer layer was replaced with a stiffer 3K carbon plain weave bittifsr.
produced an even distribution of silicone and did not transfer any weave pattegrstwface
layer of silicone. Figur81 and32 below show the final intensifier combination and resulting
surface finish. This combination was then used in the development of origami folthalwixl

structures.

Vacuum bagging
Breather

3K Carbon fabric
pressure diffuser

Silicone inhibitant =—————]-

FGURE31. CARBONABERDIFFUSERSSISTEPRESSURIRITENSIFIER
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3.41 Origami Fold Techniques

In this section several origami pattemasreimplemented using the dualatrix silicone hinge.
Firsta Blintz fold and Miura sheet demonstratestly flat packaging. Next a flasher model
was fabricated followed by the more complex modified flasher model develoBeilaam
Young University BYU).

The Blintz fold which is used as the start of many origami piegas fabricatedo

demonstrate the possibilities of folding multiple pliegure 33.

FHGURE33. BLINTZORIGAMIFOLD
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A Miura sheet waslso fabricated to demonstead different type of flat folding, Figut.

RGURE34. MIURAFOLDINGSHEET

A more complex fold and one which coll aps
deployed state is the flasher modagure 35. The flasher has limited degree of freedom and
can be actuated by pulling or compressing opposite corners, Iselbe/storage and opening

of anorigamiflasher model
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HGURE35. BASICORIGAMIFLASHERM ODELDUAL-MATRIXDEMONSTRTION

Researchers at BYU developed a &6émodi fi
deployable solar array directed by rules of rigid origami which allow foffaloliing sections
to remain semi or fullyigid during actuationd]. Using representationaiaterials, a prototype
of their mahematical model was fabricated (Figurédilemonstrateolding and actuation. In
this research, using CFRS hinges, a simplified version of their mathematical model was
fabricated to demonstrate the complexity of whiaetailed architecture could be fabricated.
Figure 36shows thédold diagramof a zero panel thickness and finite thickness folding patterns,
the second of which accommodates thickness of the solar cells.

FIGURE36. FOLD PATTERGIF ORIGAMI SOLAR ARRCONCEH8]

34

ed



For purposes of this fabrication demonstration all fold liwese created equal and a zero
thickness modelvasassumed. A stencil of 1/6th the radially symmefoicling pattern was
created in SolidWidks with line widthsof 0.1 inch. This stencil was then 3D printed and used

as a template in which to place the electrical tape bounding material. Templates of the electrical
tape inserts were also printed such that fairly exact and consistent inserts could be quickly cut
from a large sheet of tape. The template anetptesections of tape were used to bound 1/6th

of model before rotating the template and continuing the boun#iggre 37 and 38how

fabrication steps and actuation of this design.
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FHGURE38. ORIGAMIFLASHERCONCEPT STORAGE ANDEPLOYMENT

By adding panelsvhich duplicate the stiffness of a flexible solar cell and adjusting
hinge widths to account for changing fold diaerethe deployed stiffness of shstructure

could be increased.

3.5- Conclusion

A novel infusion method has been developed to accurately and with good consistency infuse
localized regions of a hyper elastic silicone rubber into a larger lamikatainding area was

first laid by hand or with the help of a stencil to limit the arewliich silicone may flow. A
two-part silicone was then infused into the dry fibers by hand and allowed to cure under
uniform vacuum pressure through aid of a pressure intensifier. The bounding material was then
removed and the remaining dry fibers infuseith a stiff epoxy using standard vacuum
bagging techniques. Fabrication of the final elmaltrix laminate has been demonstrated to be

accurate enough to create complex origami folding structures with continuous fiber substrates.
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Chapter 41 Characterization

Characterization tests of epoxy infused HSC coupoedeveloped here to impart a near pure
bending deformation.oading is done through an Instron R4468ding frame with &crew
driven cross head, all tests presented herein aratadtthrough a displacement contf&itrain
measurementtom beam theoryare compared withvalues measurethrough imaging and
usingdigital image correlation¥IC) software. The bending stiffness and empirical bending
modulusof epoxy coupons are derivém the testindgefore extending the method to CFSR
couponsTensile tests of joined verse nminted specimens are performed 2@ and +453
angles to the fiber direction to characterizedfiectsof silicone on iaplane propertieszinally

the flatening stiffness of the HSC Cube3aiom developed in chapter 2 is tested.

4.17 Microstructure

The microstructure of fabricated specimsehsuldbe understood before full characterization
derived from tensile and bending stiffness tests can be under$toodiber volume fraction

of a laminate is defined as the volume of fibers contained within a unit volume of the laminate.
If no voids exist within the laminate the fiber volume fraction and matrix volume fraction add
together to equal one. This ratiofdder to matrix is an important target to meet as it affects
structural properties of the laminate. Too little resin results in a part that has inadequate
reinforcement to hold the fibers which resultaimnability to transfer load between adjacent
fibersand through the structur@oo much resin results in a matrix dominated part where the
benefits of the stronger reinforcement are offset through increased mass and decreased
strength. Typical fiber volumieactions of different molding processes can be sedialiie 3

[20]

TABLE3. COMMONHBERVOLUMEFRACTIONS IDIFFERENPROCESSHE20]

Molding Process Fiber Volume Fraction
Contact Molding 30%
Compression Molding 40%
FilamentWinding 60%- 85%
Vacuum Molding 50%- 80%
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Measurement of thigatio can be done in several ways. Microscopalsaccurate
method but would not be reliable with hyper elastic matrices that are easily damagess A
section of the laminatevould needto be cut perpendicular to the fiber direction and the
exposediber and matrix cross section thpalishedfor examinatiorunder a microscopén
this visual methodhe fiber to matrixratio is then counted in a variety of post processing
methods An image can be recorded and the area brightness values ofdibermatrix are
determned through computer analysi&lternatively the fibers of known diameter can be
counted within a unit area and theer volumeratio then determined mathematigalThis
method requirethereinforced fiberdo be rigid sahatpolishingdoes not damage the exposed
fiber ends In this study théhyper elastic matrices in question would be unable to withstand
polishing, resulting in a damaged crossties that wouldprovide littleinformation.

The simplesbut not most accuratepproach is to measure the mass fraction of the
laminateby measuring the mass of the dry fibers before infusion and the mass of the entire
laminate after infusiorwhile assuming the void content is zero. This value cacoheered
to a volume fraction using publishedlues for thelensities okachconstituent. The following
equation is used to determine the fiber volume fraction of a laminate once the fibemehass

cured laminate mass are knoj@0]:

C:

(e
= C:

Table4 shows the measured mass of each laminate before and after infusion anésthows
the calculated fiber volume fractidor 2 and 4 player CRFS lamoinatd$ese values, while

limited, show a low fiber volume fracticas expected.

TABLE4. HBERVOLUMEFRACTION OEFRS

Fiber Volume Fraction of CFRS
Ply Count Dry mass [gram] Infused Mass [gram]
2 ply 1.91 5.26 27.5%
4 ply 3.81 9.72 30%
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Computed Tomography (CT)rays of a 4 ply siliconéaminate werealsoable to be
recorded. A volume fraction was not measufedn the imagedut it was seen that no

irregularities from a silicone infusion were found in the fiber weave, Fig@ire

FGURE39. COMPUTELTOMOGRAPHYCT)SCAN OF PLYCFRS

4.2 Testing Aproach of HSC

Standard laminate theory faito characterize thin shedind duatmatrix structures
where high deformation bending the dominateresponse Composites are natypically
designedo coil or to beconformed tosmall radius otturvatureand suchmodeling has not
been well studiedin classical laminate theory (CLThe failure of multiply laminates are
dependent on thiategrity ofindividual plyd s wvehibedhismethod carmpredict failurebasel
on strainof a single plyit is not adequate predicing ther elastic behavior. Amssumption
of CLT states that allisplacements should be small compared with the thic{R8s3Vhen
designingflexible single ply structureghat prediction isclearly neglected and the resulting
stiffness predictiongrosslymisrepresent actublendingstiffnessasseen when calculated-in
plane as well as empirically calculated \edwvere input into BEA model [B]. A bending or
flexuralmodulus deriveéfom ASTM-D72643-point bend teswere als@xperimentallyested
to beused in modelingSuggested thicknessith regard to the three orthotropic property
directiors was 0.16 irch but die to material gantity needed for rthotropic out of plane

properties these directions would be omittéldvelve layers of carbon fiber plain weaveKl
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fabricwerefabricata intoa0.linch thick plate anthe bend specimens were osing a water
jet. However, popertiescalculated frontheseestimationsvere based on small deformation
and it was uncertaihow the large bending effectéuk structural response when modeled in
an FEA software.For increased model correlatian alternative method to characterize
mechanical properties of HSC must be investigated.

The characterization of fabricated booms and tape springs have been investigated in
several works to verify operation or quantify performaoicactual structurefl,4,5,6]. Other
work hasfocusedon FEA maleling techniques [3or characterization of iplane properties
[18]. Continued work has sought to correlate physical test data of fabricated booms with FEA
modeling where predictions of the bending stiffness were scaled according to resutsdbt
from 4-point bend tests B. Fewer works, however havesought to characterizer develop
methods to measutke bendingcharacteristicef thin HSC lamina which could then be used
in predictiveFEA models

The first work which stands out uses a custbpoint bend fixtureable to rotate and
slideto inducepure moments into coupon samplagure40[24]. Knowing the force required
to bend the couporand the geometry of the fixtutke bending moment of the coupon can be
calculated. The design of a slar fixture for use in this research study was determined to be
too complex and costly due to iterative design optimizatibich would need to be made for

the very low stiffness silicone coupons.
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Sensor

FGURE0. FOURPOINTBENDHXTURE ANE.B.D [24]

This led to the next work of interest which utilized a much simpler apprésarie.bending
stiffness of coupon samplese measured usirgmodified platen test to induce a neaure
bending responsie samplesvhich are sandwichedebnveen two metallic plategigure 41

[11]. The plates are attached to moving cross heads using tape which act as simple pin joints.
Knowing the reaction force and using the following fbeely-diagram to determine moment

arm and curvature of the coupobendingstiffnessis calculated.
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FHGURHE 1. MODIFIEDPLATENTEST AND-.B.D [11]
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A modified platen test similar to this woultext be used to characterize material
properties of epoxy laminates for correlation with FEA modetese same procedures|

then alsde usedo characterizéhe silicone infused carbon fiber

4.37 Modified Platen Test

In addition to the coupon dimensiotepre-buckled length and tab angle should be measured
before conducting the tesith aknown load and platen displacement the following F.B.D.

is used to determine the moment reaction of the hinge refgigure 42
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FGURH2. DIMENSIONING ANBBDOFMODIFIEDPLATENTEST

The hinge width O6bdé outtheresi andswithcakmown tab argtpialtdh r o u g h

half the subtended curvature angle, the radius of curvature can be calculated.
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The momena r m ardi glaten separatian 2 tad then be calculated from the position of
thetabs,chord lengtrand chord heightf the bent specimen
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With these relations, a MatLab script was writteadtve for thdaba n g | esingtled&nown
value ofé hcélculated from the vertical cross head displacement. The angle was then used to
solve for the moment arm length and assumed constant curvaheeeaction moment was
found next and normalized per unit width by dividing the result by the specimen width.
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According to the ABD stiffness matrix of a composite lamina the Dgeara the associated
bending stiffnesses relating moments to curvati2@s The empirical bending stiffness thie
coupon carthenbe calculated by taking the slope of the moment verse curvgalinireAn
example of this plot can be seerFHgure43.
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53 D11 Stiffness - Moment vs Curvature
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HGURHE3. MOMENT VSQURVATURRELATION BEMPIRICAIBENDINGSTIFFNESB 11

The stress imparted to the specima&uld nextbecalculated using standard mechanics

of materials approacfihein-plane stress is defined as force per compressive area.

O

‘0 "
O 0O

The stress imparted imothe bending moment is defined as the momens@eron modulus.
The section modulus is then defined as the area moment of inertia divided by half the specimen
height, whichin this case is the thickness [25
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Since the moment calculated earlier had already been normalized by dividing through by the

specimen width, the width term in the denominator of the bending stress can be dropped, giving
the following relation.
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b
o
In the modified faten approactescribed in previous wofk 1], in-plane stress wasompared

with the bending stress to determine how much effect each type of loading had on the coupon.
Comparinghesethe following relatiorcan bedetermined.

o0 @0Q ¢Q
00 00 0

The difference then becomes the result of the changingleargth For a minimum and

maximum arm length this is roughly 2000 times smalleandthereforecan be neglected.
Finally, in addition to the beling stiffness and associated stress levels the effective

bending modulus may be calculatbdough the measuring die slope of atressstrainplot.

Strain can be determined using two different meshdte first looks toward beam theory for

the predidbn that face strains may be calculated from a known curvandealistance from

neutral axisRecall the formula for curvature and assuming a geometrically centered neutral

axis the following strain relation is develop@d).

W

2
, 0
- lhw -
C
Thesecondmethod by which toneasure strain is to ua8D camera system and digital
image correlating (DIC) softwarg&he surface of the bending coup@ndirectly trackedand
strairs are measure@orrelated Solutions Vic3D #isvareis availablefor use anawill also be

used tccalculate an experimental curvature to compare with the constant curvature assumption.
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4.47 DIC Strain Measurement

Engineering strain measurements have typically been captured by externally mounted strain
gauges. A thin metallic pattern attached to an adhesive changes electrical resistance when
deformed and resistance is then equated to strain. Strain gauges can detect extensions in one
or more axis but are limited to a narrow range of deformations andakedo measure global
responses. Digital image correlation is a technology that examines a speckle pattern which is
imprinted on the surface of the test specimen from which deformations and strains can be
calculated. The speckle pattern and background have distinguishing contrast in brightness

so the camera system can detect a pattern. Such a pattern can be inherent to the surface texture
or applied externally as a pattern of colored stickers or painted speckles. If the pattern is applied
externally t is important that the sticker or paint is able to deform with the base material of the
specimen, otherwise the measurement is not symbolic of the specimen but that of the speckled
pattern as it del aminates fr om tshcapable pfeci mer
measuring strains frofnactions of a percent up several hundred or more percedorrelated

Solutions VIC2D and VIC3D DIC software is available and were used to measured
deformations and strains in all subsequent testing.

To create a well-defined speckle pattern black and white spray paint was used. Since
the samples are already dark a thin layer of black paint was used with a white speckle instead
of using a thicker white layer with black speckle. This helps to ensure the surfaceotioes
become caked up with paint. The pattern is spattered onto the black surface by aiming the
nozzle above the specimen and allowing small paint particles to fall to the surface. Smaller or
larger speckles are able to be obtained by only partially depgetbs spray nozzle such that
the aerosol sputters, causing larger or smaller speckles to fall. In an ideal camera set up the
specimen should fill the entire camera frame and the individual speckles should be viewable
across the length of 5 to 10 pixefsgure 44
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457 Simple dint in Bending

The fundamentalmechanicalresponseof CFRS hinges andhin high straining laminates
subject to large curvatuiis their bending stiffnessThe modified platenmethod described
earlier will be used here for epoxy atiensilicone infused couporerranged at both-90°
and+45° fiber orientations.

Single anddoublelayer square laminates dfie 1K woven carbon fibewereinfused
with a stiff epoxy. Couponsvere cut using a paper cutter irftmch x 0.75inchsquaresand
bonded betweetwo sets oflinchx linchaluminum tabsThe tabs were bonded with a roughly
0.43 inchgaugelength by placing the tabs on either side of a strip of sheet metal which had
been trimmed by metal shear, Figure 45
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Aluminum tabs separated by

sheet metal straight edge Bonding adhesive Coupon placement
0.43"3 * *
\ ‘
>
1.0”
Secondary tabs Cured under pressure Straight edge removed

S

FAGURH5. TABBONDING OEPOXYINFUSEMDOUPONS

Next, thre ply silicone infused sheets kgefabricated andoupons cut in the same
manor. Only a single tab per end was used with the silicokedp from increasing the
coupons moment mads. addition to theirst set of silicone samplethree layer continuous
fiber hinge specimens with epoxy infused carbobdavere fabricatedand cut to the same
0.75inch x 2.43inckize Figure 46showsspeckledattern orof each type of bending coupon

HGURE6. PAINTEDBENDINGCOUPONSLEFTEPOXYMIDDLE SILICONERIGHT SILICONRV/ITH CARBON TAB

to be tested.

T g
2

48



Finally, to exploit micro buckling characteristics of the hindeur-layer sgcimens infused

with a continuous silicone hingeould be compared to four layer specimens where twe two

layer laminates were bonded together during their seeporly cureFigure 47 These 02 + 2
split hinge specimerareallowed to deform independentiyrough the hinge regicend thér

ultimate stiffnesss compared.

—-> E— P
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AGURHET.'2+2'PLY VERS&PLYSLICONEHINGEAND SECONDARBPOXYINFUSIONPROCESS

All bending specimenweretested betweetwo flat platenscompressed 1.75 inches
at a rate of 1.75 inch per minute aoytled five timesto monitor hysteresis effectsThis
compression impagtiafold of about 16°in the specimengnitial specimerpre-bucklingwas
necessary to avoid over stressing the specimen in compression and talensiinection of
fold would be toward the DIC camera systerhis was done by buckling and inserting the
coupons into the plates which wereadt a b o u t , FRjure348This impasated fa fold of
about 15-2(° in eachtab, resulting in total hinge fold of 3840°. More exact separaticand
angles wouldater be calculated froside view imaging which was usedverify the bending
radius andbserveany kinking responsé&he testing setip showing the side view cameradan

3D camera is seen in Figure.49
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2D Side View Camera T

3D Front View Cameras

HGURK9. DIC3D STRAIN ANI2D QURVATUREETUP FOBENDINGIEST

The epoxy infused specimens were first tested followed by the silicone reinforced aluminum

tab specimens and finally the carbon tab silicone hinge specinodunding the 4 ply samples.
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The epoxy coupons held a very consistent curvakuwogighout the entire compression
and as expected the9@® samples werestiffer than thex45° samples. Thenomentwas

normalized by the specimen width and a monvemse fold angldéor a 0:90° samplecanbe
seenn Figure50.
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FGURE0. NORMALIZEIM OMENT VERSEOLDANGLEOFEPOXYINFUSEMDOUPONS

The first step in developing a useful characterization was to calctkatbeinding
stiffness D11, by taking the slope of the normalized moment verse curvature pleasDIC
software outpts a diameter of curvature so to compare the radius of curvature the value was
multiplied by a factor of ZTheassumed constant curvat@ssumptiorproducedvery similar
resultsto the DIC measured curvaturEhese curvatures were thespot checkedy curve
fitting an overlay onto the side view imagasd determinedo be in agreement, Figurel.

This procedure gave confidence in the accuracy of the DIC measured curvature.

AGURB 1. QUURVERT OVERLAYOVERIFYOURVATURMEASUREMENT
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Resultscalculated from taking a best fit line tfe assumed and measum@dvaturesare
presented in Tablb. Figure52 showsan examplelot of theresponseand the best fit line
according to th®IC measured curvaturés expected the variation in fiber orientation away

from the O directionhada decreasing effect on stiffness.
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FGURBE2. D11STIFFNESSNDWESTHTDFEPOXYINFUSEDOUPONSACCORDING TDICMEASUREMENTS

TABLES. D11 BENDINGSTIFFNESS GfPOXYINFUSECOUPONS

Bending Stiffness D1df epoxy Infused Couporid/ #]

Sample 0-90°CC 0-90°DIC 45°CC 45°DIC

1 0.031 0.0331 0.0183 0.0169

2 0.0293 0.0269 0.0198 0.0171

3 0.0298 0.0281 0.0201 0.0187

4 0.0283 0.0296 0.0198 0.0174

5 - - 0.0207 0.0183

6 0.0307 0.0282 0.0176 0.0172

Average: 0.02982 0.02918 0.01938 0.0176

Std Dev: 0.00109 0.00239 0.0018 0.0007Z
Error: 3.7% 8.2% 6.1% 4.1%
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In calculating the effective bending modulssveral strainsexplained in section 4.3,
were looked at. Firghe strain measured from thsurfaceof the specimerobtained through
DIC was used. Theurvature of the surface exported BYyC and theassumedconstant
curvaturewere next used to calculagestrain based on standard beam theloryhe case of
epoxy infused coupons, no buckling is observed on the inner face and a geomednitatyd

neutral axis is assumed
0
- | —
C

Although this assumption has been used in previous work to matteematical assumptions

of a bending modulus [24and has been shown to be a direct strain measurement when zero
shear is assumddQ] it differs dramatically from the measured DIC strain. A comparison of
the calculated strains are plottedrigure53 and it is seen that the change in strain of the DIC

valuesare about 3 times less than the change in strain of the curvature calculations.
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FHGURES3. STRAINVARIATIONAC®RDING TAIFFERENVMIEASUREMENTECHNIQUES
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The DICfacestrain washy default calculated as a Lagrange strain but measured to be much
less than the curvature assumptiohs.add confidence tohis large bending measurement
other approaches were alsalculated within the DIC softwarand found to be in close
ageement. A plot ofhe various strain calculatiocan be seen in Figuge!.

DIC Strain Calculation Methods (0-90° specimen)
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RGURES4. COMPARISON OBICSTRAINCALCULATIOMETHODS

As the DIC straia wereshown to bén agreementor large bending deformation bweredis-
similar to the curvature calculatiomgich have been used previous to measure thin laminate
bending responsgan empirical modulus according to each of the three stnaiasalculated
next Figure 55 showsa cyclic loading stresstrain diagramacording to thedifferent

measurements.
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HGURESS. STRESS VSTRAIN 06-90° SPECIMEM\CCORDING TDIFFERENSTRAINM EASUREMENST

All otherepoxy infused specimeffsllowed a similar trendTables 6 and7 show theempirical

bending modulusalues forthe 390° and +438 coupongaken from the slope of a best fit line,

similar to the one in Figure25Both sets of data exhibited consistent valae®ngspecimen

type and percentlifferences were kegietween 3.6% an#.7%6 depending on which strain

measurement technique was used for the calculation.

TABLEG. MODULUS 06-90° EPOXY COUPONS

EmpiricalBendingModulus of B90° Epoxy Infused Coupons

Sample DICmeasured  Const Curve DICCurve
No. [psi] [psi] [psi]

1 1,196,600 371,800 397,700

2 1,120,000 351,300 322,500

3 1,130,400 357,100 337,300

4 1,198,000 340,000 355,400

5 - - -

6 1,323,700 368,600 338,200
Average: 1,193,740 357,760 350,220
Std Dev: 81,187 12964 28,987

Error: 6.8% 3.6% 8.3%
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TABLE7. MODULUS OA5° EPOXY COUPONS

EmpiricalBendingModulus of 48 Epoxy Infused Coupons

Sample DIC measured Const Curve DIC Curve

No. [psi] [psi] [psi]

1 678,930 219,010 202,380

2 653,100 237,440 205,040

3 653,430 241,420 223,980

4 631,680 237,090 208,880

5 546,010 248,260 219,660

6 712,870 211,430 206,680

Average: 646003 232442 211103
Std Dev: 56,329 14137 8,676
Error: 8.7% 6.1% 4.1%

In bothfiber orientations the DIC measured face strains prodadeehding modulus about 3
times greater than that of the DIC curvature calculated siraisiis a direct result of the factor

of 3 discrepancy seen indhstrain measurement techniques and future investigation should
focus on this discrepancy to determimore closely what the actual response is.

Next the 3 ply siliconealuminum tab specimens were test®llowing the same
procedureo calculate a bending stiffness and bending moddige view imaging revealed
that curvatures were less consistent dittdnot conform as closglto a constant curvature.
Recordedimages highlighting the coupon secticarsd a table of resulf®r both 090° and
+45° fiber orientations can be found in Figui&and57 and Tables8 and9. However since
the DIC measured cuature had already be shown accurdéte values calculated from
constant curvaturareneglectedis imaging shows it is no longer a correct assumpfiample
number 2 of the ®0° and sample number 1 of the £4®upons had a poor speckle pattern
and afull DIC analysis was unable to be run, accordingly the results have been left out of the

stiffness andnodulus calculations.
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FGURES6. QURVEDGEOMETRY OF-90° SLICONECOUPONS WITALUMINUMTABS

TABLES. EMPIRICAIBENDINGM ODULUS AND11STIFFNESS @F90° SILICONEOUPONS WITALUMINUMTABS

Empirical Modulus and D11 Stiffness

0-9C° Silicone Infused Aluminum Tab Coupons

Sample DIC measured DIC Curve D11-DIC
No. [psi] [psi] M/ #]
1 30,041 10,087 0.0084
2 - - -
3 35,004 8,079 0.0072
4 33,139 8,625 0.0077
5 23,440 8,123 0.0067
6 34,172 6,439 0.0046
Average: 31,159 8,271 0.00692
Std Dev: 4,707 1,307 0.001441
Error: 15.1% 15.8% 20.8%
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AGURBES7. QURVEDGEOMETRY OF45° SLICONECOUPONS WITIALUMINUMTABS

TABLES. EMPIRICAIBENDINGMODULUS AND11STIFFNESS G 5° SILICONEOUPONS WITALUMINUMTABS

Empirical Modulus and D11 Stiffness
+4% Silicone Infused Aluminum Tab Coupons

Sample DIC measured DIC Curve D11-DIC
No. [psi] [psi] M/ #]
1 - - -
2 33,459 8,215 0.012
3 28,577 10,003 0.0077
4 34,878 9,065 0.008
5 33,292 9,193 0.0093
6 32,319 9,610 0.0111
Average: 32,505 9,217 0.00962
Std Dev: 2,378 671 0.00189
Error: 7.3% 7.3% 19.6%
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Unlike the epoxy infused coupons originally tested which exhibited a near exact
constant curvature arttie deviation in stiffness between the two fiber orientatioosld be
expectedthese silicone specimedsviated from a constant curvature &ethaved with a very
similar stiffness between thed@® and +48 fiber orientationsWhile the same factor of 3
discrepancy was seen between strain measurement technigpsantiard deviationf the
0-90° specimas was far greater than for thé5° specimensThese observations could in part
be due togeometric effects of the fiber weaviehe 0-9(° specimensre more susceptibleo
kinking along the fiber towvhich leads to a greater error in the percent diffexrdretween
specimens and caused a decrease in stiffness as the fibers boekid Sspecimensre able
to hold a smoother curvature withddamking thusexhibiting anartificial stiffening due to the
fiber architecture helping to conform the cougona smoother curveesultingin a greater
reaction moment.

Thesesame procedusewvere next extended to the-adirbon silicone hinged specimens
with epoxy infused tabs. Recorded images highlighting the coupon sections and a table of
results for both ®0° and +48 fiber orientations can be found in Figusand59 and Tables
10andll
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RAGURES8. QURVEDGEOMETRY OBF-90° SLICONECOUPONS WITHARBONEPOXYTABS

TABLELO. BEMPIRICAIBENDINGVIODULUS AND11STIFFNESS d@F90° SLICONESOUPONS WITHARBONEPOXYTABS

Empirical Modulus and D11 Stiffness
0-90° Silicone Infused CarbeBpoxy Tab Coupons

Sample DIC measured DIC Curve D11-DIC

No. [psi] [psi] M/ #]

1 11,998 5,536 0.0084

2 9,897 4,984 0.0104

3 8,025 5,610 0.0068

4 10,720 5,879 0.0118

5 12,219 5,619 0.0075
Average: 10,572 5526 0.00898
Std Dev: 1,711 329 0.002076

Error: 16.2% 6.0% 23.1%
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FGURES9. QURVEDGEOMETRY OF45° SLICONECOUPONS WITHARBONEPOXYTABS

TABLELL. EMPIRICAIBENDINGM ODULUS AND11STIFFNESS G5° SLICONESOUPONS WITHARBONEPOXYTABS

Empirical Modulus and D11 Stiffness
+4% Silicone Infused CarbeBpoxy Coupons [PSI]

Sample DIC measured DIC Curve D11-DIC

No. [psi] [psi] M/ #]

1 11,094 4,115 0.0122

2 13,237 4,991 0.0098

3 13,946 4,169 0.0101

4 14,327 4,689 0.0118

5 16,307 4,908 0.0139
Average: 13,782 4,574 0.01156
Std Dev: 1,885.597704 410 0.001671

Error: 13.7% 9.0% 14.5%

Thesesilicone specimens produced unexpected results as tRerdditation exhibited

greater stiffnesghan the @@ fibers Similar trends were seen where the DIC strain
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measurement produced a modulus about 3 times that striie calculated from the DIC
curve.Againthe percent difference in theQ@F fibers was greater than for the £4tbers due
to random kinking in the-9(° specimens and geometric stiffening of the %<gfsecimens. The
greatest discrepandyoweveris tha the carbon tab ané&luminumtab specimensary in
stiffness byso much even though the raw data reaction fosbesveda generakimilarity,
Figure60.
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FGURES0. LOADING OSLICONECOUPONS
Upon carful inspection of the side view images, it can be seen that the carbon tabs were not
idealized as rigid and in fact exhibited some curvature. The maximum strain measured in the
aluminum tabs waslso compared with carbeapoxy tab specimens and falito be in
disagreement, Figure 61. Subsequent calculations were affected as the tabs do not remain

straight and associated strain levels vary.
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HGURES1. DISCREPANBETWEEMLUMINUM VSCARBONTAB SPECIMENSTRAINE 0-90° HBER

Finally thereaction force of théour ply specimens were ingéigated. As the curvature
is dependent on the buckling behavishich affects the moment arm lengdind that the
measured face strains are not indicative or linear of the global respons&helohd verse
displacement willbe compared Si de vi ew i maging of the

effects can be seen in Figaré2 and 63
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RGURES2. QURVATURRESPONSE GHP SLICONESPECIMENS

The curvaturessociated with the thicker 4 ply specimens exhibits aumifiorm shape. The
stiffness of the gauge section leads to kinking near the silicone and epoxy transition region.
While the curvature varies and strain would be higher near the kinks, it is asthanhéie

through thickness strain is linear as the specimens are constrained to deform as a single unit.
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FGURES3. QURVATURIRESPONSE G H b SLICONEKOUPONS

The exterior curvatur e as s o cihitedtaendre oonsistént t h e
geometry than the 4 ply specimens while the interiorénimgs allowed to freely buckle. From
theimages it can be seen that all exaghple number @xhibited this interior hinge buckling

The strains associate with this foldimguld alsobe less than the 4 ply as the two hinges are

allowed to deform independently.
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The averaged load verse deflection if both sets of specimens can be seen i64-igure
Unexpectedlythé® 2 +26 ply exhibited an i gwasavaided i n s

and the interior buckled hinge acted to reinforce the joint.
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HGURES4. LOAD VERSBISPLACEMENT @fPLY SPECIMENS

The curvatureand arc lengttof the CubeSat boom is smaller than the coupons tested
compoundcurve which mustdeform.To determine what effect the hinge width has on the
moment response and bending modulus larger coupons should beatested the 1 inch
length An openingmoment could alste tested by attaching tabs to straight sections of a
curved coupon fabricated around various angled rounded cornerdol@Fghape coupons

could then be opened and geometric stifig effects may be discovered.

4.61 Simple dint in Tension

Tensiletesting to determine the strengihspecimens with and without a silicone hinge are
testednext to determinehow the direction of loading as well asrious widths of a low
modulus reinforcedareaaffect the in plain properties Although in plainstrengthis not a
driving factor forstrudures which wouldisespringhinges fiber failure due to irplain over

loading will be examinetb better understand thalure of duatmatrix CFRSaminates

66



When fibers are loaded in pure tension the matrix carries very little load and contributes
minimally to the composiftis strength. Matrix strengthlays a greater rowhen moments and
in-plain loading orientedway from the primary fiber direction are applied. For this set of tests,
thin flat 1 0 x BpgE@mensvere cut from woven panetg 0-90° and+45° fiber orientations
The analysis of @ loadinguseda three layer 3K plain weayfbricatedwith and without
alcm widesilicone hingeThe+45°loading usd four layers of thé&K plain weavefabricated
without a silicone hingand with a higelaid up atboth0.4inchand0.8inch The displacement
controlled grips were separated at a rate of Odbfper minute until the specimen experienced
sudden failure or the operator stopped the testding of the @ fiberswasmeasuredising
a 20,000 pound load cedind the +45loading was measured using a 200 pound load cell.
Strain measuremesibf the facewvererecorded using DIC. In the highly deforming’d@aded
specimensn effective global straiwas alsacalculatedhrough the croslsead displacement.

The G9C° no joint specimens loaded line with the fibers did fail between the grips
andthe ultimate load was similar to the specimens with a 1cm @intled by ASTM D3039
6Tensile Properties of P amngduuswasdlcalatedithroug o mp o s
the following equationZ6].

Where U is equal tm%aril6.3%measwadd throyploDI@n ¢ dp&t we
equals the stress difference between the strain points. As seentinnitegedstressstrain

diagram after theloading train had settled out tirends were lineafFigure &. A shifted set

of datawasanalyzed which examined strain betwee3P®and 0.5%

67
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HGURES5. TRUNCATESTRESSTRAINLOADING OB-90° SPECIMENS INENSION

Tablel2 shows the modulus for the various samples, an averaged modulus, standard deviation

andpercent different error of tH&90° specimens

TABLEL2. EFFECTIVEITRUCTURAMODULUS 00-90° TENSILESPECIMENS

0-90° Specimen Empirical Tensile Modulus

Sample No Joint Joint
No. Modulus [psi] Modulus [psi]
1 6,198,621 -
2 6,519,361 6,482,714
3 6,215,929 6,346,503
4 6,129,570 6,447,876
Average = 6,265,870 6,425,698
Standard Dev = 173,062 70,762
Error = 2.8% 1.1%

It is seen that a hyper elastic matwkenloadedin the direction of fibers has a negligible
effecton performance and thel5° loaded samples wenavestigatechext.

The +4% epoxy specimens failedithin the gauge secticsnd in the hinge specimens
failed at the silicone region. As these specimens deformed, the strain field geeatly
between the necking area and far field tab area. In the jointed specmiehsl strain was

used to calculate an effective structunabduluswhile local necking strairwere used to
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calculate a CFRS hinge modulus. Figé& shows the areawherevarious strais were
measured

>—Far Field / Tab Region
}—Necking / Hinge Region

Gauge Length Strain

FAGURES6. STRAINREGIONS ONECKINGSAMPLES

The accuracyf using the global straimeasuredrbm the cross head displaceménseen
when comparingarious strairvalues recorded on tladi-epoxynojoint specimenFigures 67
and 68 showthat during thanitial linear portion of loadindghe effective global straiand
measuredacestrains for the necking and far field regi@rsall in close agreement. The strain

valuesfor the no joint specimer=rresponding to this limitan be seen ifable13.
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45 Degree No Joint - Stress vs Strain
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FHGURES7. GLOBALSTRAIN(+45° SAMPLE2) COMPARISON OVERNTIRELOADINGRANGE
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FHGUREG8. GLOBALSTRAIN(x45° SAMPLE?) COMPARISON OVERNEARLOADINGRANGE

TABLEL3. STRAINVALUESSAMPLE?2) CORRESPONDING LMIT OFLINEARREGION INt45° SAMPLES

45° No Joint SpecimeNax Strain of Linear Region

Sample Necking Far Field Effective Global
No. [in/in] [in/in] [in/in]

1 .0027 .0021 .0033

2 .0036 .003 .0033

3 .003 .003 .0033

4 .0035 .0028 .0033

5 .0035 .0027 .0033
Average .00326 .00272 .0033
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Thelinear region quickly deteriorated in the jointed specimens as large necking and localized
silicone deformation occurre&ligures69 and71 show the onset of extreme deformation and

Figures70and 2 show the strain developedrihg the initial linear poibn.

0 Seconds 30 Seconds 60 Seconds 90 Seconds

RGURES9. DEFORMATION Qf45° 0.4INCHJIOINTEDIENSILESPECIMEN

RAGURE7O. INITIALSTRAINDEVELOPED t5° 0.4INCHIJOINTEDTENSILESPECIMEN
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HGURE71. DEFORMATION Q¥45° 0.8INCHJOINTEDIENSILESPECIMEN
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