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ABSTRACT

Discontinuous Her Composite (DFCpars producedusing conpresson molding are being
implementd in complexstructural geometes n new gener&n commercial aircraft. However
structural analysisof DFC partsis a chalengesince DFC maerids do not bbave like taditional
composites nor ke isotropic materialsThis pger presents soainitial resultsrelatedto the
behavor of HexMC®, a propretay DFC systemproduced by the HexteCorporation. Fla
HexMC testpanet were producedsing ompression maling and used to sy the dfects of
material flow on material behaviorThe results of opti@l microsopy inspections rad tensile
testing are desibed and discised.

1. INTRODUCTION

Discontinuous ber Canposite (FC) componerst ae now béng used in commercial arplanes.
The increasig use of DE materials iglriven by he factthat(relaive to contnuous fiber
composites) these materials allow congsien nolding of conplex pats at reaitively low cost.
In addition, OFCs provia high eétlamination reistance near quasiisotropic in-plane stifhess,
high outof-plane stengthandgtiffness, and dw noth sasitivity.

Structural anafsis of DFC parts is a chadhge, sine DFC mégerials do not bleave like
traditional conpostesnor like iotropicmatrids. Furthe, thereare no stadads for generating
material allowabés, designor analysis mihods. As a resuylterification of DFCparts is
currently acheved by teting a lage number of pas (i.e. “PointDesgn”). Thisis a time
consuming anatosty proces for the parts manatture, the aicraft manufaturer, and the FAA,
and may lead ® overconservative part dgns.In order o transiton to a nore cesirable
certification proces based on analysis suppdrby test evidence fundamatal material behavior
must be understod, andmnaterialallowables and relded andysis mehodsmustbe developed to
reliably predct the performance of structuidétal s.

A multi-year stug with an ultimate goal of siplifying cerification of DFC pats has been
undertakenby membersof AMTAS (Advanced Magrials for TransportAircraft Structues)
which is one of tw university groupghattogeher form he Joint Advancd Mateials &
Structures (JMS) Center of ExcellenceJAMS issupported by thEAA andseveralindustral
partners[1]. Thepresnt study ifocued onHexMC®, a DFCproduced by tb Hexcel
Corporation.HexMC consists of randomigistributedcarbonepoxy ‘chps’, which are
themelves produced from unidirection&b4/8552pre-preg (sed-igure 1). The chips have
nominal inplane dimengnsof 8 mm x 50 mm (0.3 x 2 in).Industrid grade HexMC is



Figure T Sampe of HexMC randonthipped fibedistribution

commecially available in prepreg form, wheeas proprietaryeaospace gradedd/ides
provided exclusvely by Hexcel in the form bmarufacured andinished parts[2].

The muti-yea AMTAS study inwlves tests andnalysesat bdh the caupon level am atthe
componehlevd. At the couponlewel, Hexcel is developing aallowablesdatabaséor aerospce
grace HexMC inhouse,which will be made available to AMAS partcipans involved in the
study when comfeted. This effortinvolvesperformngliteraly hundeds & coupon test,
including unnotchedpperthole, andfilled-hole tensileand conpressive testgearing anc
bearingby-passtests usng mechaitally-fastend joints with varying fole dameter/specime
width raios, and bucklingcrippling test, to name but adw. Couponlevel tests irtended to
supplenent the Hexcel alloablestestingprogam are alsteirg corducied at the University of
Washimgton (UW) Some of theewill be desaibedin this paper.

At the @mponent level,anaircraft component called an intercoshas benselected for
consideréion duiing theAM TAS study. The ntercosal is mandactued by Hexce andis used
by Boeing to povide additional lod carrying capability betwen selected cirenferental frames
of atranspat aircrat fuselag. VVarious test d intercosalswill be performed, anbdased o both
theses ésts ad the allowables s databsem-empirical anal/sis methodswill be dewelopedto
match the expemental results

Testsand anbyses of thanteramstd compaents will notbe furtherdiscus®d harein.Rather, he
presat pape is devoted tosome d the cauponlevel tests peformedatthe UWV. Specifically,
tests of spealized testpanels, alled ‘high-flow’ panels, will bedescribedAs will be seen
these @nelsare poduced usingor-standardnanufcturingprocesses intated to exaggeralt
theimpact(s) of material flowon fiber/chip structure and tensilpropertiesThe AMTAS teanr
plansto present dditionalpapers descriibg the interccstaltess andanalyses dring future
SAMPE confeences.



2. HIGH-FLOW TEST PANELS

Special ‘high-flow’ test panelsvere praluced ¢ evaluae the effects of magrid flow on fiber
orientation, througtthicknes fiber/chipstrucure,andvarious nechanical properties. The
panelswere produced asimmarizedn Figure2. A stack of HexMC prpreg was placed in the
center & a simpk rectangulamold cavity (Figure2a). The prepreg stak had a initial width of
152 mm (6 in) and length of 330 mm (113)i Applicaton of hed& and pressure caused the-pre
preg to flow hroughout the rectangulaavity (Figure2b), and theanel was removed &m the
mold following cure (Figure2c). Final irplane plaé dimensions wer@30 mm x 457 mm (13 in

x 18 in). Hence, naterial flow resulted in X3 increase in widh. Plates with liree diferent

target thicknesses wereggluced: 2.3 mm, 3.6im, and 5.8 mn{0.09 in, 0.140 in, and 0.230 in).
Plate thickness waacreagd by increasinglie numbeof HexMC plies in thenitial ply stack.

The centeregion of the panelsxperiercedrelatively low levek of chp flow duing the molding
proces, whereas the left and rigietgionsof the pankexpeaienced very high fbw levels. The
effects of materiaflow could therefee be expbred by stidying specirens mahined from
different regions of thegmels

Tensile spcimens were machined from thgsanels as showm iFigure3. A numbeing system
was adopted thaeflected symmetrical sp@een locaions with respecto the panel centerline.
Specimen width and length was 38 mm g in) and 330 rm (13 in), respetively.

2.1 Optical Microscopy

High resoluton optical micrographeere ob&inal at severé points within the panels. Results
obtained usingpecimensnachined from a 3.6 muhick panel wil be usedd illustrate ypical
resuts. Micrographs obtaingfrom gecinen 1R, nearhte center of he pane] are shown in
Figure4. Figuresta,b siow that chipseman approxmatly plarar in low-flow regons. The
absolute \alue of the orientation angle of fitsewithin a given chip @n be infered from the
aspect ratio of the polished fibeends(Fig 4c) and is given
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By conventon the angles returned g 1 wereinterpreted b be withn the first quadant,i.e.,
0°£ |g £90°.

In contras, amicrographobtained fom specimen 6R, near he edge oftte pankin the highflow
region,is shown in Figure5. It is ap@rentthatsubstantial fiber and chip dstortionscanoccurin

high-flow regons, particularly erar the edge of thmould. In these areathe chp strudure is no
longer everapproximatelyplanar.

Having used Eq 1o determine the fibasrientation ofindividud chips tirough the thickness of
the mnel, the weighted average fiber orgdimn can be alculated as:

_g [2]



(8) HexMC prepreg stack placed in motzhvty (b) Heatand pressuresppliec;
materialflows to fill mold cavty

(c) Finished tespanel

Figure 2: Pioducirg a hgh-flow test panel

Figure 3: Tenslespeémers mahined from a hig-flow test panel
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(b) Microgrgoh showing 8 distinct chig (c) Micrograph used to ier fiber orientaion
(x100)

Figure 4: Ogical microgrgphs obtanedfrom specimeriR, machnedfrom thelow-flow region of a
3.6mmthick panel

Figure 5: Optcal microgreph of @lge d plate region showing nonplanaripghormation,specimen 6
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Figure 6: Locatins1-4, where weightedveragefiber argles wee measued

Table 1:Weighted average fiber anglasd fber voume frations for a 3.6 mm thick panel, at
the locations shown in Figure 6

Location | Numberof Weighted Fiber volume
chips, n average fiber | fraction (%)
angle (degs)
1 38 56.6 54.9
2 34 55.7 54.3
3 26 73.3 N/A
4 24 25.3 54.2

Wheret; is the thickness of an individual chip,is the number of laips through thehickness of
the mnel, andi is the total thtkness of the pandk.fiber orientations wereperfecty random
and the number of chipis velry large,then heweighted averae fiber orentdion would
converge to45. Measuedweightedaverage fierangles wereobtainel at the locations shown
in Figure 6 Thesenclude the relatively low flow regh “1”, an nternedide region “2”, a
region neathe low flow edge “3, anda region neathe high fow edje“4”. Results are
tabdatedin Tabk 1. Asseen in the table thveeighted averags differed significantly fom
location to locaton. Reasonablyandm orientdions were reasured athe @nter of the plate
and at the intermedite locationgregions 1 and 2, respeatly), wherethe weghted averag
fiberorientatons were dund to be 55° A preerential orienttion was masured nedooththe
low andthehigh flow edges of the moJdoweve (locaions 3 and 4). In these liegs he fibers



tendto becone aligred parallel to the edg# the nold. As will be seen in &ter setion, fiber
alignment causes&harge in tensile modulus nethe edje of the pad.

2.2 Fiber Volume Fraction

Fiber volume fracthnscalculatedat sitesl, 2, amdl 4 for the 3.6 mnthick panel havebeen
included in Table 1Fiber volume fractions werako cetermined for the Zmm and 5.8 mm
thick panels.Volume fractionswvere calcudtedusing Mehod 2 describechithe ASTM D-3171
standard B]. This procedure involved caltations of he volune of eab speimen as wll as
weight measurenmesto determine theomposié densi. The volune fradionswere then
derived fromthe composite denty andtheir constitient dasities, i.e 1.79 g/ccand 1.30 g/cc for
the fiber and matrixiensitiegegpectively Very little varition in fibe volume flaction fom one
point to tre nextwas observedVolume frations were B0 indepadent of panel thicknesst |
was concludedhat material flow dring themolding pro@ss hd noappretable impact oniber
volume fracton.

2.3 Tensile Modulus

Each of tle three target thicknesHexMC panel were seitoned as geviously show in Figure3
and subjected to anonotonicallyincreasingénsle loaduntil failure ocurred.Nominal inplane
specimen dirensbns were 38 mm x 33®m (1.5 in x 13n). Axial strans were masured using
an extenometer with a relativelylarge gge ength of 50 mn{2 in). A rdatively largegage
lengthwasusedbecaus the elatic modulus of HkMC varies substatially from one point to
another[4]. The level of variatiorcan be as highsat19% ands a rdl ection of thelocal
throughthickness cip structure andrientaton. A large gage éngth was thefere usel so as to
provide a normal measire of modulus thadoes not reéict pointto-point vaiations.

The modilus measurements obtained fack of he treepanelthicknesses aréabulaed in
Table 2and ploted in Figue 7. Recall thathe nitial 152 nm wide ply stak was centered in
the mold pror to compresen molding (see Figurga). Sihceeach speitnen were nominally 38
mm wide, specimes 2L® 2R were machined frortheregions of he modt occupied by the ply
stack priorto compression molding, asdicaed in Figure7. In contrast, peamens 3I® 6L and
3R® 6R were nachined fom (initially) emptyregions of the rold.

The modilus measurements fopacimens 3L, 4land 3R, 4R do not diffesubstantialf from
those measurefbr the central specimens. Howveg, asignificanty highe tensile modulus was
measurd for specimensL, 6L and5R, 6R. hat 5, he modulus ineased as thed@ of the
mold was approalted Recalling that théiber volume fra¢ion was found to be constant ass
the width of the panel, thiacreasen moduluswas dtributed to heincreased levslof fiber
alignmentnear theedge

Tensile moduls wasfound to increase wWitpanel thicknessBased on Figur@ themodulusover
thecentral regons defired by specimens 4Lhrough 4R(inclusive were consicered to repesent
“typical” values for each of the three patiecknesse The aveage modulis measuredver
this centralregion (only) for each panehickness is inelded in Bble 2 ad plotted in Figure.
The average modus for the 5.8 mm thick pah€30.9 GPa) was found to 134% higherthan
the modulus measured for the 2.3 mm p#&B8I5GPa) Once gain, fiber volumefraction was
constant for d three pael thickneses, andherefore annot acountfor the masuredmcrease.
The source tthis increag in stiffnes with panelthickness has not yéeea idertified.



Table 2: Tensile Mdulus Measurementtr High Flow Panés

Pané Thickness

2.3mm (0.09 in) 3.6 mm (0.14in) | 5.8 mm (0.3 in)
Ave + Sd Dev 26.8 + 6.23 31.5+11.7 39.6 + 15.0
All Specimens, GP@Msi) | (3.88 £ 0.903) (4.57 £ 1.69) (5.75+ 2.18)
Maximum, GPgMsi) 38.6 (5.59) 57.5 (8.34) 70.4(10.2)
Minimum, GPa (Msi) 19.4 (2.81) 19.9 (2.89) 27.5 3.99)
Average * Std Dev, 235+ 3.19 25.6+2.73 30.9+2.91
Spec4l® 4R, GPa (Mg (3.40 £ 0.463) (3.71 £ 0.395) (4.48+0.422)
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Figure 9: Tansile failure stressacros the width of thehigh-flow test panks
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Figure 10: Tensg failure $rain acros thewidth of thehigh-flow test paels

2.4 Tensle Strength

Tensile facure stessand fracturetsains are ptted in Figures9 and10, respectively.In the
central egions of he panel fracture stress and stsasee to increase wh panel thickness.
However, this trendeemdo be reversed nethe keft and rght edgs of theparel. This may be
due D fiber alighment near the apbs of he panelas previously dicussed. However,igen the
large satter in measredstrengthvalues as wel thesmall nunber of tests pgormed to dateno
statistically vald conclusiongan be eathed atthis time. Additional testing is needetb claify
these trends



3. SUMMARY

A multi-year stug with an ultimate goal of siplifying cerification of Discontnuous Fiber
Composite (DFCparts has been undertakeypnmembers of AMTAS (Advaced Maerials br
Transport AircraftStructures), which is one oivb universty groups thatdgetherform theJoint
Advancel Mateials & Structures (JANS) Cener of Excdlence. HexMC®, a DFC system
produced by theHexcel Corporationis being used as aadel materal. The multiyearstudy
will involve tests and anadgsat both the couporeVel and at he conponent ével.

This papehas focused a tensile tests plormed using HexMC coupon spmensthat had been
machined from special igh-flow’ panels. The hgh-flow panels expdencel far higherlevels of
material flow durng thecompresion molding procgs tha normaly occurs duing production

of an DFCactual part.Panels othree dfferentthicknesse wereprodiwced and teste@.3 mm,
3.6 mm, and 5.8 mm (0.09 in, 0.140 in, and 0.230 in).

It was found hat high levelof material flow hadittle or no mpacton fiber volume faction.
Fiber/chiporienttions were als found toremainnearly radom, evenn regiors ofthe panel
thathad experiencedubstantial levels of marid flow. Orienation did occurnearthe
boundaries of the wld cavity. In these &tter regonsthe fiberthips tendd becane algned with
the lunday, causing an increase in modslmeasured palil to the boundary.

For a given pandihicknesghe nominatensike modulus renained moreor-less constant
throughot interior regionf the panel, iecting essentally random fber/chip orentation
Tensle modulis ncreased markegin regons nar the pael bounday, wherefiber/chip
alignment occurredAn unexplainedbsevation was thathe nomind tensie modulus increase
with panel hicknesses The nominal stiffness ohe 5.8 mnthick panel was 3% higrer than
the romind modulus measured of the 2.3nmmpané The sourcef this incease in stfhess vith
panel thickness has not yet been idexd.
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