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ABSTRACT

In rotorcraft driveline design, singfg@ece compositariveshaftshave much potential for
reducing driveline mass and complexity over mséigmented metallidriveshafts The single
piece shaft concept is enabled by the relatively high fatigue strparcita of fiber reinforced
polymer composites over metal€hallenges fosinglepiecedriveshaft design lie in addressing
the seltheatingbehavior of the composite due to the material damping, as well as, whirling
stability, torsional buckling stabilityand composite strength. Increased composite temperature
due to sehheating reduces the composite strength and is accounted for in this research. The
laminate longitudinal stiffnesge,) andstrength(F,) are known to be heavily degraded by fiber
unduhktion however both arenot well understoodn compression. The whirling stabilitia
function oflongitudinal stiffness) and the composite strength are strongly influentigiveshaft
optimization, and thus are investigated further throtlghtestirg of flat and filament wound
composite specimens.

The design of singlpiece composite driveshafts, however, needs to consider many failure
criteria, including hysterésinduced overheating, whistability, torsional bucklingtability, and
material failire by overstress The present investigation usesulti-objective optimizationto
investigate the design spaatich visually highlights design tradedDesign variables include
stacking sequence, number of laminas, and numbasrderbearings. The design goals were to
minimize weight and maximize the lowest factor of safety by adaptively generating solutions to
the multiobjective problem. Several design spaces were investigated by examining the effect of
misalignment, ambient temgadure, and constant power transmission on the optimized solution.
Several materials of interest were modeled using experimentally determined elastic properties and
novel temperaturalependentcomposite strength Compared to the baseline migggmented

metallic driveline, weight reductions of 43% and 48% were obtainesirigte pieceflexible and
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rigid matrix composite shaftsThe rigid matrix weight reductiowas slightly lower than that
seen in the literature due to consideration of shaft misalignmen

In filament wound compogg theexistenceof fiber undulationintroducesunique challenges
in the prediction of compressiv@odulusand strength using traditional laminated composite
theories. In the current investigatiomovel full field strain meaurementsof compressively
loaded specimensvere used to evaluate local strain distributionsthe region ofa O-deg.
undulatedaminain a [0/90,]s laminate(n=2,4,6) anda 30-deg. undulatetaminain a [3Q/-60,]s
laminate (=2,4). Unique to this ressrch, pecimens weréabricatedwith carbon fibersvarious
amplitudes of undulation, and matrix materials with three different moduli of elastfeitffield
strains were measured on the free edge across the widtlf the compredgely loaded
specinens usingtwo-dimensional digital imageatrelation (DIC) The observed strains were
highly influenced by theindulation geometry The longitudinalmodulus of gd0,/90,]s laminate
was more sensitive teinforcement undulatiowhen the matrix was flexible rathénanrigid.
An undulation with aramplitude/length ratio of 0.(low for a filament wound cylindemeduces
the averagéongitudinalmodulus of elasticity in the undulation region by approximately 43% and
3% in laminakes with flexible and rigid matrices, respectively, relative tsimilar material
without undulation. Observations of strain on the free edge revealed that fiber undulation caused
elevated oubf-plane sheatg,) and througkthickness norma{(},) strairs in regions eventually
involved in the fiber microbuckling failure process.

A new three dimensionahethodwas derived for the homogenization of a heterogeneous
composite laminate consisting of individual anisotropic lamina for wstiaicturalcoupling (Bj)
may occur due to iand outof-plane (undulation) fiber reinforcement orientation. Three
dimensional elastic constantgere calculated by considering a representative volume element
taken from the heterogeneous laminate. THalieeensional elasticonstant predictionsvere

validated through comparison with established methods, botratvabthreedimensional. When
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the new derived three dimensional theory was applied to experimental results, the modulus and
strength predictions compared favorably.

A series of [#/89/xq] cylinders with multiple helical fiber angles, winding patterns, and
matrix materials wer&abricatedand testedn compression Digital image correlation was used
for the first timeto measureoutside surface displacements and straibsngitudinaland hoop
direction strain fluctuationsetween the undulated and nrendulated regiongrere found to be of
the order of 2B0% of the mean values throughout the cylinders. Qualitatively, these
fluctuations can be related to nrolassical elastic couplind8;) in the antisymmetric regions of
the filament windingpattern. Failure of the cylinder occurred by fiber microbuckling, which
initiated near the crossing of circumferential and helical eooss bands. Based on a statistical
analysis of surface strains in the local fiber coordinate system, it was determinedgtiatiinal
compressive and iplane longitudinal sheastrains at incipient microbuckling were two to four
times greater than therespective global counterparts. These results indicate the magnitude of
strain concentration existing in the cylinders immediately befioiad failure (possibly during
local failure) and highlight the importance dbngitudinal compressivé(;) and n-plane
longitudinal sheastrains(g,) in the failure process.

A novellocalglobal approach was used in predicting the longitudinal modulus and strength
of filament wound cylinders.Severalrepresentative volume elementgre chosen to represent
the flament winding rhombus, and were used as a basis for homogenization. Strength predictions
were augmented with empirical critical distance factors. The avé&aayed 1z, prediction error
for Conathane DPRIS0917 was 6.8 % and 21 % and the average error for EPON 862 was 9.7 %
and 14 % respectively. The strength prediction error was approximately 7.7 % and 24 % for
30917 and EPON 862 with failure location typically at the circumferential undulation by sgode

(t12). The failure mode prediction was consistent with experimental observations from filament
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wound cylinders and flatindulated specimens of similar lamination arrangement. Additional
comparison with previousdipreneLF750 filament wound cylinder tBag produced prediction
error of 11.8 % and 8.9 % for longitudinal modulus and strength respectively. The average
absolute value of the erraronsidering every materidhr modulus, strertg h and Poissong
was 14 % Application of critical distace factors to flat undulated specimens was deemed
unadvisable due to considerably higher strain intensity at failure compared to filament wound

cylinders.
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Chapter 1

Literature Review

This chapter reviews relevant literature on the subject of filament wound composite

helicopter driveshaft design as it relates to problems includiog not limited to torsional
buckling stability, whirling stability, driveshaft sekheating, and laminenaterial failure. Further
investigation intomicromechanicalmaterial failureis warranted because of unique weaving
constructs (such as eaf-plane fiber undulation) created during the filament winding
manufacturing process which gest unique design challenges for filament woggtinders
Significantdegradation of composit@odulusand strengttare recognized to be caused by fiber
undulation Various experimentaind modelingtechniques fomodulus and strengtbrediction
which take into accountiber undulationaresurveyed with more advanced techniquesluding
complex finite element analysis models afudl-field strain measurement bgligital image

correlation.

1.1 Composite Helicopter Driveshaft Design

Rotary wing aircraftsuch as a helicopter diltrotor, are essential tmany various mission

profiles because they can perform tasks that their fixed wing counterparts cannot. They aerially

pursue criminals, fight fires, report the news, rescue civilians in danger, transpor

persomel/equipment, and support the Armedn8ces. Two common lindtions that affect a

helicoptefs ability to complete these objectives are the time it can remain on station, and

downtime incurred through regularly scheduled maintenance of the helicopter. Structural

engineers strive to minimize the weight of helicopters to incréage time or gres payload
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and to minimize the number of parts to decrease design complexity as well as maintenance
downtimes.

Power transmission drivelineomponentssuch asdil rotor driveshafts and interconnects
have been the focus of -@mdoff research in recentears. Current helicopter driveshafts are
made of multiple, shomnetal £gmentsthat are connected together via flexible couplers that
accommodate inevitablriveshaft misalignment. Flexible couplers ensure that bending $train
not imparted to segmenof thehelicopter driveshaft, keepirtge metal usually aluminum, from
developing cracks associated with fully reversed cyclicgdi&ti loading during operation.
Driveshaft bendingis generatedy tailboom flexurefrom crosswinds, downwash, and/or risgu
maneuvering. Migpanhangerbearings areevenly spacedlong the driveshafto hold the
bearings and couplets the airframgewhile restricting thedriveshaftsegments from contacting
the airframe. The current mutie gment ed dri velihe jcobmcdphedget
much to be desired in terms of weight, complexity, and maintenance.

Composites are attractive in lightweight structural design because they are easily tailored and
have high specifienodulusand strength compared to conventioistropic materials such as
metals. A relatively new class of composites known as flexible matrix composites (FMCs),
consisting of high strength fibers such as glass or carbon and an elastomeric matrix such as
polyurethane osilicong are particularly wll suited for structural applications requiring utra
high anisotropyin modulusor strength. E; divided byE; is 20-100 andFy. divided byF,r is 10
30 for carbon/polyurethane composites of practical inteflegilé 1-1, Figure 1-1). A possible
application for a carbon/polyurethane composkieai oneiiece filament wound helicopter
driveshaft that can accommodate driveline misalignment (soft in bending) while transmitting
power (stiff in torsion) Figure 1-2). The composite rotorcraft driveshaft must additionally
transmit high torque, resist buckling and whirlimgstabilities and spin in a misaligned

configuration without overheating or experiencing fatigue failure.



Table 1-1. Mechanicalaminaproperties needed for analysis and design

Lamina Property Symbol
LongitudinalModulus of Elasticity E;
In-PlaneTransverse Modulus of Elasticity E>
In-Plane LongitudinaGhear Modulus of Elasticity G2
In-Pl ane Longitudinal Mo

LongitudinalTensile and Compressive Strengths  Fy;, Fic
In-Plane Transverskensile and Compressive Strengtt  Fx, Fx.

In-Plane Longitudinabtrength Fs
1, fiber
x, axial
I"\\ &’9
\Z L
™
2, transverse

¥, hoop

Figure 1-1. Global and local coordinate systems for a composite

The advantages of composite use over metals received attention due to théfbigter
specificmodulusand strengthallowing for longerdriveshaft segmentsetweenharger bearings
Replacement of metadriveshaft segments with boron/epoxy segments was investigated by
Zinberg (1970).Based on measured elastic and strength propeatjed/+45/Q/90] (plies listed
inside to outside)was calculated to exist in theiable design space consideringhirling
instability, torsionalbuckling instability, and torsional strength. The critical speed was calculated
assuming pinned supporsd the buckling torque and average shear stress were calculated with
thin-walled shaf assumptions In comparision to the aluminum driveline, the boron/epoxy
driveline had reduced weight by virtue of longer shaft segments (fewer hanger bearings) and less

weight in the segments themselves.



4

Lim and Darlow (1986) applied optimization to tdesign composite shafts of varying fiber
type, segment length, and outer radius, with constraints based on whirl speed, torsional buckling,
torsional strength via the maximum strain criterion at the ply level, and torsional vibration. Shear
deformation ad rotary inertia were included in the whirl analysis. The shaft was allowed to vary
in terms of laminate arrangement, average radius, length of unsupported segments, and operating
speed. The optimization scheme adopted for this design exercise is mmhsidequential one,
where the speed and number of segments are initially specified, the wall thickness is determined
based on torsional and lateral vibration requirements, and the optimization routine determines the
best laminate arrangement given theviwus steps. Significant weight reductions were obtained
with composite shafts versus the aluminum baseline, with larger reductions associated with
supercritical operation and a minimum number of shaft segments.

Darlow and Creonte (1995) designed minimwmight carbon/epoxy composite drivelines
using a generalized reduced gradient algorithm. Supercritical shafts were included in this work to
demonstrate the weight saving potential of this operational regime. Whirling stability, torsional
buckling, torsimal strength, and torsional vibration stability were used as constraints in the
analysis. Elastic and strength properties at the ply level were specified. Lamination arrangement,
ply thickness, and the inside diameter of the shaft comprised the desafrlag while operating
speed, transmitted power, and overall length were held constant. Shear deformation and rotary
inertia were included in the whirl analysis. The investigators observed that torsional buckling and
whirling were the dominant constrés. For subcritical and supercritical operation, significant
weight reductions were realized by varying the wall thickness and ply orientation along the length
of the shaft segments.

A relatively little-known class of fiber reinforced composite that hasn under investigation
since the miedl980s for driveshaft applications (Hannibal et al.,, 1985) is flexible matrix

composites (FMCs). These materials combine the high strength and stiffness of typical
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reinforcement fibers and the high elongation charéstics of certain polymer matrix systems
such as polyurethane. This combination enables the design of structures that are relatively strong,
stiff, and of low ultimate strain in the fibelominated directions while being relatively compliant
and of highultimate strain in directions not aligned with the fibers. In the context of driveshatfts,
laminated FMCs may be designed with high torsional strength and stiffness coupled with
compliant bending properties, which could eliminate or reduce the numblaxibild couplers
and bearings along the length of a helicopter driveline. In a limited study ofwihiéd
glass/polyurethane [t45$hafts that were designed to match the torsional strength of a baseline
glass/epoxy shaft, Hannibal et al., (1985) idedipotential issues with overheating and whirling
of the FMC shaft. The overheating was attributed to material damping whileinghivhs
attributed to flexural compliance. It was mentioned that these issues could potentially be
mitigated with additioal material development and shaft optimization.

Ocalan (2002) was the first to apply a wide range of criteria to the design of FMC helicopter
drivelines. A finite element modeling approach accounted for the dynamics of acstipally
spinning shaft tlached through active magnetic bearings to a tail boom. The design constraints
were plylevel strength, torsional buckling, shaft temperature due to external environment and
internal dissipation, shaft displacement, and external damping requirememssonabvibration
was neglected. Classical lamination theory was employed to calculate ply stresses and strains
along with shaft stiffness parameters for the whirl and buckling analyses. The design variables
were the lamination arrangement and wall thiggs, which were constant along the length of the
shaft, and the bearing control parameters. Carbon fiber FMC ply properties included constant
storage and loss moduli in the longitudinal, transverse, and shear directions. That is, the storage
and loss mduli did not vary with rate or temperature. Similarly, the-lelyel strengths were
independent of rate and temperature. Although not all the design constraints were applied

concurrently, the possibility of weight reduction versus an aluminum shaftemasndtrated.
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Shin et al. (2003) utilized an analysis akin to Ocalan (2002) and included more materials and
laminate arrangements, which allowed a broader range of conclusions to be drawn on the effects
of shaft design parameters on allowable misalignmemift temperature, and the amount of
external damping needed in the bearings for stability in supercritical operation. Torsional
buckling and vibration were not considered in this work. The material properties included the
same carbon FMC system as udsdOcalan, a conventional carbon reinforced rigid matrix
composite (RMC), and two imaginary intermediate carbon composites with properties
interpolated from the FMC and RMC properties. No rigorous optimization was attempted in this
work. It was concludidthat ply orientation had the most important effect on system performance
and that the design space was rather complicated, with several sets of shaft design parameters
providing satisfactory system performance.

Mayrides et al. (2005) continued the worlt Bcalan (2002) and Shin et al. (2003) by
including additional laminate types, focusing on subcritical operation, and adopting a more
rigorous optimization approach to overcome the complicated design space. Torsional buckling
was reintroduced to the anaiy and the candidate materials were limited to FMC and RMC. To
address torsional vibration issues, a new constraint on torsional stiffnress was added to the
analysis. Once again, the ply level storage and loss moduli and strengths did not vary with rate
temperature. The recommended laminates for maximum weight reduction without undue layup
complexity were of the [ —} type (mixed angle ply).All previous research on driveshaft
design was able to reducmimber of bearings, shaft wall thicknessd anith FMC flexible
couplers(Figure 1-2) using quassktatic modulus and strength propertieglecting the effects of

strain rate and temperature material properties



Intermediate Bearings
and Couplings

/4N

FMC Shaft

/ /Beanngs

Figure 1-2. Schematic of traditional driveline (top) and proposed driveline (bottom) (Mayric
2005)

Shan and Bakis (2009) developed an analytical model for the predictionswltheating of
a FMC driveshaft spinnghwith misalignment to fill the gap in rate and temperature dependent
properties of FMCs Model validation was done for a FMC system with temperature and
frequency dependent propegand simple anglely cylindersof [t4]s lamination. Bakis et al.
(2011) improved the analysis liycluding mixed angkely cylinders[+gi/+g/ é ] consisting
of a new FMC system. Mixed anghly analysiswasvital becausereviousdriveshaftanalysis
(Ocalan, 2002; Mayridest al, 2005) showed that optimized laminatesontain more than one
fiber angle Roos and Bakis (2011) utilized genetic algorithm based optimization to design a
[£q/+q/ é ] subcritical laminate with the Bakis et al. (2011) frequency and temperature
dependent IC moduli. The analysis evaluateorsional buckling stability, driveshaft seH
heating, whirling stability, and staticroom temperaturdamina strength while neglecting
torsional vibration stability as well as tailboom vibration interactiBioos and Bkis (2011) used
a sequentiabpproachto designby first optinizing for the minimum number diangerbearings

(with number of laminaconstant) andsubsequenthoptimizing for the rmimum number of
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composite lamingwith number ofhangerbearings constant) Weight reduction was primarily

due to elimination of flexible couplers and material density reduction.

1.2 Undulated Composite Stiffness and Strength

Driveshafts and other cylindrical composites are often fabricatethdofilament winding
process, wherein tows of fiber are wrapped onto the cylindrical mandrel helically-atgles
relative to the longitudinal axis. In a single helically wound layer; tows pass under and over
+—tows and vice versa, resulting inanigular regions of —andv —laminated material The
triangular regions repeat around the circumference of the cylinder by an integer number known as
the filament winding pattefi-WP (Figure 1-3). At the helical and circumferential borders of
these triangles, fibers undulate as they switch from the top layer to the bottom layer and vice

versa Figure 1-3).

ircumferential =
= = =
| UndulationBand [N
==

Section A-A

y

W)

Vi
0

)

i

\

Figure 1-3. Schematic of filament woungylinders: winding patterns of 2,5, and 10, showinc
repeating rhombic units (left); cresection ofundulated helical tow (right).

The outof-planefiber orientationcreates locateduction ofmodulusand strengtiAdams
and Hyer, 1992) Heterogeneous composite laminates consist of several lamina that may have

different elastic properties depending ontheir respective orientations All available
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micromechanical methods to homogenize such a laminate make assumptions about the nature of
individual heterogeneous lamina and boundary conditions. Homogenization is generally applied
at the representative hmme element (RVE) level, a repeatable small fraction of the
heterogeneous volume. The RME assumed to contain all of the necessary geometric
information for the heterogeneous laminate. Many micromechanical approaches have been
developed tthomogenize&eomposite laminates.
A well known model for unidirectional composites is the rule of mixtures (RoM). The RoM
is used to determine homogenized properties utilizing a volume weightedgavef each
constituent(Daniel and Ishai, 2006 Two variations onhe RoM exist, namely the issirain
model (Voight model) and the istress model (Reuss modeipd are considered the RoM and
inverse RoM respectively. These two models predict the upper and lower bound for
homogenized elastic properyedictionrespetively. Additional prediction methodsuch as the
modified RoM and the Halpifisai models include semiempirical factors for increased
prediction accuracy with results lying between RoM and inverse @aviel and Ishai, 2006
Laminate homogenization was initially considered for a heterogeneous laminate consisting of
individual isotropic lamina.Several researchef@/hite and Angona, 1955; Postma, 1955; Rytov,
1956; Behrens, 19¢Used a dispersion technique and elastic wagpawation theory to predict
the homogenizedelastic propertiesfor a heterogenaes RVE element, determininghe
homogeneous laminate respotsde transversely isotrop{simplified Figure 1-4a). Chu et al.
(1972 increased the solution complexity by considering a heterogeneous laminate consisting of
monoclinic lamina(Figure 1-4b). A monoclinic laminahas a plane of symmetry parallel to the
plane containing the fibers The method finds a solution, namely the hgemeous elastic
properties for norrundulatedcomposites. The procedure was similarclassical lamination
theory (CLT) but has the additional capability of thddmensional stressalculation Chou et al.

(1972) makes use of the assumptions of the Voight and Reuss hypofftesisormal and shear
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in-plane strainsas well as the normal and shear-otiplane stresseare uniform in each lamina
while the remaining stresses and strains are averaged intorgeedict homogenized elastic
properties

Several other researchers predicted the homogeneeastic propdres considering
monoclinic lamina. Pagano (1974) predicted the tligeensional elastic response of an RVE
that encompassed the entire thickness of the laminate. Thesiteessresponse includes the
moment and curvature effects that are evidentribalanced laminates. Sun and Li (1988)
presented a simplification to the earlier work of Chou et al. (1972) by considering only balanced
laminates, e.g., filament wound composites. The reduced homogenized elastic constants were in
good agreement with primus work and allowed for a simplified analysid.hese monoclinic
procedures are meant for-fiirane rotation only, neglecting eaf-plane rotation termsHgure
1-4c or Figure 1-4d)

Ishikawa and Chou (1982)troduced several composite textile models for addressing fiber
undulation oftwo-dimensional, orthogonallywoven fabrics. The fiber crimp model assuttigat
CLT wasvalid at discrete points along the undulatiohhe stiffness response of the composite
was thenintegratedalong those points to estimate the undulated region stéfe Several
researchers (Zhang et al., 2008; Hipp and Jensen, 1992; Jensen and Pai, 1993; Pai and Jensen,
2001; Bogetti et al., 1992¢xpanded uporishikawa and Chou (1982)y including non
orthogonal fibers Threedimensionalfiber orientationwas constered taking into account i
plane orientation as well as eoftplane orientation caused by weavinganisotropic lamina,
Figure 1-4d). The analysis of the woven composite was truncated to two dimensions for use
with CLT assuming a state gliane stress The undulated fiber architectureas predictedto
createcomplex edstic coupling(Zhang et al., 2008; Hipp and Jensen, 1992; JenserPand
1993; Pai and Jensen 2001) and stress distributions (Morozov, 2006; Bogetti et alatifg?)

laminalevel, which have been shown analytically and experimentally to redwedengitudinal



11
modulus of elasticity (Hipp and Jensen, 1992; Jensen and Pai, 1993; Pai and Jensen, 2001,

Bogetti et al, 1992). Any 2D model can only predict-plane elastiproperties
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(a) Orthotropic, unidirectional (b) Monoclinic, inplane rotation
dpp Opc Opo T Opy T 2pp O c O Opr Opu Opg,
1 Oc ¢ (?co n (?cu LY ' Oc¢ Oco Ot Ocu Oc g
H Ogo T Ogy T[':'_ H 050 01 Oou 604):'_
T bor Tobig T brr by Beg,
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(c) Monaclinic, outof-plane rotation (d) Anisotropic, in and outof-plane rotation

Figure 1-4. Constitutive equationwith varying degrees of fiber reinforcement rotation

Compressive strength of composites is difficult to predict and measure. True material
compressive failure in experimental testing can be preempted by global or local (microbuckling)
buckling of the fber reinforcement. Analyticadnd semiempirical models used for strength
prediction of unidirectional composites loaded in compressiere stated as for microbuckling
or kinking of fibers. Microbuckling is the local buckling of fibers embedded withpolgmer
matrix foundation Figure 1-5a). Kinking is the process by which bands of material experience
plastic deformation in regions where the fibeinforcement has brokerrigure 1-5b). FMC
materials are hypothesized to fail by fiber microbuckling due to the material returning to its
undeformedshape when compressive load is removed after microbuckling has ocasnedll

as a lack of bifurcationtressstrainresponse
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Figure 1-5. Laminate ompression failure modes (Naik et al., 1999)

Analytical models for unidirectional laminate compressive strengtienerally rely on
assumed mechanismsfaflure. For example, Rosen (1963ssumed that fibetbucklewith in-
phaseor outof-phasemodes (Figure 1-5a). Experimentalstrengthsare often belowthose
predicted by Rosenés models due to asvapoasr f ect
flaws such as voidsimprovementsto R s e n 6 s stammdddrbnthe undersanding that fiber
misalignment (Yugartis, 1987; Lo and Chim, 1992) and waviness (Adams and Bell,vi€x@5)
important factors ircompressive strengtimodeling Misalignment and waviness can be due to
manufacturing related defects such as thermal gradients and improper layup or manufacturing
method such a weaving, braiding, or filament windifdicromechanical model@Bogetti et al.,

1992) prediced that outof-plane undulation creates significant shear stress in the plane of the
undulation and suggestthat accurat&nowledge of the geometry dfie undulatiorwas critical

to accuratestrength predictionBogetti et al. (199) approachednodulusprediction of udulated
composites by using s hi kawa and 2DCrhethodd Bhe ldmin&td (P99/0/90]) was
analyzed; thé&-deg.laminawas assumed to have a half sine wave undulakmule 1-6). The
height of the undulatiorhy, is primarily a function of fiber tow parameters such as tension, fiber

count, width, and througthe-thickness direction compaction.
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Figure 1-6. [90/0/90]Laminawaviness unit cell (Bogetti et al., 189

The undulation geometryas used to calculate thenodulusof the undulating lamingQ;;)
which could then be used to calculate the effectiitneis matrix of the laminatg/A;, Bjj, Dj)
(Gibson, 2007). Bogetti et al. (189investigated the effect of undulation amplitude on the
failure mode of the composite by applying a stress in ubrection that would cause
compressive failure in the fiber directioR€) if the composite material wason-undulated.
Failurewasdeectedwhen any prinipal stress component in any lamiaigany segmerdx along
the undulation exceed the strength allowablenfaximum stresstheory, MST. Laminalevel
stressesvere nondimensionalized by their corresponding strength allowable and distance along
the undulatiorwas nortdimensionalized by the undulation length. Thde@. lamina made up
one third the laminate thicknesdw#/l=3) and the undulation lengtlias five times the edeg.
thickness I(,/hv=5). Figure 1-7 shows that for amonundulated compositeh(=0) outof-plane
transverse stressy and outof-plane longitudinal shear stresswerezero. s; can be seen to just

exceedthe strength allowablewhile t 15 far exceedghe allowable foran undulated composite

(h,=0.01) indicating that ;3sbecomeghe dominant failure modeThe 2D naturef this approach

neglects coupling between variousplane and oubf-plane stress componentsssentially a
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lower order approximation compared to 3®hich may increase or decrease the influence of

individual stress componentbanging the laminate faite strength
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Figure 1-7. Interlaminar stress within the wavydeg.laminain AS4/PEEK: uriongitudinal
compressive loadin(Bogetti, et al., 1992)

Guynn et al, (1992a) creatadinite element analysigEA) model of an infinite fiber/matrix
series of initially wavy fiberdrom manufacturing defects The model simplified the fiber
undulationto a half sine wave The unit cell consigtd of a single fiber with matrix elements
along side creating a doulyl symmetric model constrained with mgint symmetry to
approximate an infinite two dimensional series of fibers. The left and right sides of the model

weresubjected to boundary conditions such thatdistéancebetween pointat any longitudinal

staton along the undulation staysonstant Nontlinear shear constitutive behavior was
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considered for the resin elements. The FEA model predicted that the compression strength at
microbuckling failure (defined as increases in displacement with no corrésgandrease in

load) would decrease with increasing resin shear compliance and fiber misalignment amplitude.
Guynn et al., 1992hose a woven fabric instead of creating a laminate of the type used in the
FEA analysisharring direct comparisgiowever observations supported the conclusions of the
analytical work Undulatedcomposites wereommonly evaluated using plain or harness satin

weaves to appximate discrete misalignment.

1.3 FilamentWound Cylinders and Filament Winding Pattern

A single helically wound layer creates adjackminatedtriangular regions of —andv —
stacking sequence in a cylinder, where the borders of the triangles comprise regionsfof out
plane fiber undulatiorfFigure 1-3). Thefilament winding patternKWP) refers to the integer
number of highlighted rhombic regions that can be placedtsigide around the circumference
of the cylinder. Helically waund cylinders of the same geometric size and fiber angle can be
made with a useselected pattern of one or lard®r varying fiber bandwidth (width of a single
tow of fibers as they are laid down in manufacturing) or by varying the circuits to pattern
(number of tows per rhombus)Circumferentially wound 88eg. layers hdino winding pattern,
as the towwaslaid spirally alongside itself along the length of the mandrel.

Previous research efforts have shown that winding patterns of different sizes diféet ¢t
heterogeneous distributions of stresses and strains lantirelevel in filament wound cylinders
(Morozov, 2006; Zhang et al. 2008Figure 1-8). It had been hypothesizedis was due to
lamina level stiffness changes in regions where the reinforcamvaguindulated as well as the
introduction of material stiffness coupling whehe laminatevasnot symmetric. The effect of

the FWP on internal (Rousseau et al., 1999) or external (Moon et al.,[2@%6ure at failurbas
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beenshown to be insensitive to FWHRousseau et al. (1999) observhdwever, thatilament
wound cylindersnanufactureavith higher values of FWP were found to begin weeglegking)
at lower pressureand hypothesized the cause to ddarger number of initiation sitgsnore
undulation by volumpe Classical theories and finite element approaches have been st be
dependable in predictingxternalor internal pressure at failufer carbon/epoxyilament wound

cylinders (Cohen, 1997; Rousseau et al., 1999).

Heterogeneous Model

FWP = 2 Model

FWP = 4 Model

Figure 1-8. Filament wound cylinder subjecteditdernal pressure; homogeneous, pattern o
pattern of 4 (Morozov, 2006)

Filament wound composite cylinders subjected to exceksivgtudinalcompressive loading
(sx) were showrtio exhibit rhombic shapddngitudinalbuckling instabilities that occualong the

length and around the circumference of the cylin&aure 1-9) (Hahn et al., 1994; Card, 1966;

Hillburger and Starnes, 2002).
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Figure 1-9. Typical buckling mode shape of [+30] filament wound cylinder (Hahn et i
1994)

A longitudinal buckling failurewas more likely to occur when the tested filament wound
cylinder hasa large diametecompared tdhickness( At hi n . Engdrimentdl desults from
Hahn et al. (1994), (57 mm and 152 mm diametera@d® mm thicknessylinder9 showed that
changing the FWP from AR = 3 in Figure 1-10) to 23(AR= 12.5 inFigure 1-10) in angleply
filament wound cylinders increased the compression strength by 27 %. Changing the FWP
through the thickness, usinginding patterns ofl0 and 5 in a twdayer laminate increagd the
ultimate compression sigth by up to 25 %, compartmcylinders of winding pattern ob and 5
(Hahn et al.,, 1994). It has been hypothesized that when the FWP is of similar size to the
longitudinal buckling instability the sample will have a lowstrength (Claus, 1994Figure

1-10).
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Figure 1-10. Effect of circumferential crossowrand spacingspecimen
length/circumferential undulation spacing) on the buckling stress-oire tliameter [+30]
filamentwound cylinders (Hahn et al., 1994)

1.4 Analytical and FEA Methods forE; and F;c Determination

The combination ofindulated fiber architectuieherent irfilament wound compositemnda
compliant matrix produceaunique challenges in the predanti of modulus(E;) and strengtlFic)
using traditional laminated compositetheories  Particularly inaccuratewas the RoM
micromechanical equation fdiberdirection modulus (excluding tension) and Tlfor the
modulus of multidirectionally reinforced cylinders (Daniel and Ishai, 200BYeviousresearch
asserts that the cause of the prediction emas structural regiongontaining ouf-plane fiber
undulation or antsymmetric laminatiorrrangementreatingelasticstructuralcouplings such as
extensiorAwist, bendtwist, etc. (Hipp and Jensen, 1992; Jensen and Pai, 1993; Zhang et al.,
2008; Zindeland Bakis, 2011).

Jensen and Pai (1993), acknovgied) the efforts of Ishikawa and Chou (1982), attempted to

modify the fiber crimp model for application in modelitige modulus andongitudinal buckling
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load of filament wound RMC cylinders The stiffness Q; for eachlamina was rotated with
respect tohte outof-plane fiber misalignment anglé he stiffness wathen rotated tohe global
coordinate systenxy system) through the e#xis filament winding angleFHjgure 1-11). The
mean value theorem was used to numerically integrate the laminate constitutive prépeBjes
and D; along half of the undulation to ensure nonzero bendiignsion coupling due to anti
symmetry of the undulated atedensen and Pai (1998)ncluded that inclusion of theending
membranestiffness coupling effects in the various regions of the compdg;jtendtrix) increased
longitudinal modulus andbuckling strength prediction accuraggompared to other available

analytical methods
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[ i Indulating toe
/ a h
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Flat plate region |/ ,Undulating tow h

Exploded view
g

Figure 1-11. Identification of representative volume element (RVE) for fiber tow crossove
region (Pai and Jensen, 2001)
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Pai and Jensen (200&yvanced their previous wolly attempting to recreate the filament
wound architecture witlFrEA using separate elements witlon-undulatedor undulatedelastic
properties for corresponding regions to predict the buckling strength of-fRRam@ntwound
cylinders. The stiffness matrixof the RMC was rotated three dimensionally through theobut
plane rotation angle caused by the fiber undulation and through -fflane filament winding
angle to the localamina coordinate system to avoid some of the simplifying assumptions of
Jensemand Pai (1993). The three dimensional stiffness matrix was then converted to a two
dimensional effective stiffness matrixhigh was used to calculate the homogenized laminate
stiffnress The FEA modeling effort was supported by experimentally testeddeyfnof
dimension 1524228 . 6 x 0.5 mm (di ameter, -wlad d ghdto,. t hi c
peaklongitudinalbuckling load predictiofrom eigenvalue analysiacreased with undulation by
volume (increasing the FWP) while experimentally tlmngitudinal buckling loaddecreased.

The model wasable to capture the strength reducing effect of strstidt/bendshear and bend
twist coupling introduced in thaminateby undulation

Pai and Jensen (2001) as well as Zhang et al. (2008) predicteitheéhfiiament winding
patternhasonly a small effect (less than 10%) on the membrane stiffness coefficients of RMC
cylinders. Zindel and Bakis (201 3owever predicted reductionsf 1530 %in thelongitudinal
modulus of FMC helically wound cylinders as FWP was increased. Thereforas litelieved
that modulus of the matrix material may be important when evaluating the degenerative effect of
FWP on the mechanical properties of helically wound composite eyindThelaminalevel
micromechanical model&lensen and Pai, 1993; Zhang et al., 2008; Zindel and Bakis, 2011)
appeaed to be capable of quantifying the influence of modulkeducing outof-plane fiber
undulation and FWPSimilar to the undulated micralkling modeldor two dimensional woven
composites cylindrical modelsrequire accurate measurements of a number of geometric

parameters as well as thrdenensionalelastic propertiesand lack extensive experimental
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validation. In addition, excluding fined finite element analysis that captures the geometry of
every tow in the repeating FWP rhombic RVE (Zhang et al. 2008), the published nvedetet
universally suited for the accurate calculation of stress and predictfdanoént wound cylinder

modulus andnicromechanicastrength Additionally, the models developed by Hipp and Jensen
(1992), Jensen and Pai (1993), and Pai and Jensen (2001) were developed to predict the structural
buckling of thinrwalled filament wound cylinders loadedlely ly longitudinalcompression.

Complex FEA models for textile composites account for two and three dimensional fiber
alignment Textile simulation has been used in understanding crack initiation and growth,
ballistic damage response, antechanizations fothree dimensionally reinforced fabrics and
braids consolidén during manufacturing. Mukthain digital elements (which consist of
multiple elements paired together usipignedboundary conditions) weresed to model fiber
yarns, which consist of sevértnousand individual fibers, with realistic weaving architecture
such as fiber crimping and na@onstant yarn crossection (Wang et al., 2010). Model
simulations for the verification afompaction and microstructuveas shown (Miao et al., 2008)
to be \ery realistic for various traixis weaves as processed via vacuum assisted resin transfer
molding Figure 1-12).

Crack propagation (Kurashiki et al., 2007) and ballistic damage textile models (Hur, 2006)
utilized yarn level meshing in conjunction with a FEA package such as Abaqus to conduct
structural analysis of the FEA mesh. Importation of full textile models anstructural FEA
package, includingamina level stiffness and strengtiould yield more accurate predictions of
cylinder modulusand strength as the fiber yawas modeled as a continuous artifact instead of
using separate undulated andnundulatedelements in analysis (Pai and Jensen, 2000He
main weakness afuch an approackiasthe excessive number of elements required to accurately

capture the manufacturing complexity.
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a) S-layer triaxial braids

b) Front view c) Top view

Figure 1-12. FEA resultsand experimental observation (Zhou et al., 2009)

1.5 Standards and EmpiricalMethods for E; and F;c Determination

Commonly compressive properties of polymer matrix composites sudb;, @nd F,c are
experimentally determined through testing of unidirectiomatrundulatedspecimens Non
undulated specimensan becompressively tested through pure end loading (ASTM D 685),
combined end loading and shear (ASTM D6641)loagitudinalloading through lsear traction
(ASTM D3410). True fiber compression failurege difficult to achieve experimentally due to
relatively low longitudinalshear strengthF, Fg) andtransversestrength(Fac or For, Fac or Fsr)
compared to thiongitudinalstrength Fic).

A method was developed by Adams and Welsh (1997) to overcome the difficulties involved
in testing unidirectional flat compositby using a multdirectional laminate where individuat 0
deg. lamina were exchanged for 9@eg.lamina The use of a speciallgrthotropic laminate
(equal number of @eg.laminaand 90deg.laming for compressive testing reduced grip related
failures and at the same time allowed a valu€,gfto be obtained. This method requipggor

measurement of all unidirectionalminaelastc properties so thatld could beutilized in back
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calculation ofF,c for the load supporting-@eg. lamina of the laminate. Adams and Welsh
(1997) demonstrated that thesitu compressive strength of fiberstivelaminatewasdependent
on the deree of constraint provided by adjoinifgmina The insitu compressive strength of
fibers in most practical multirectionally reinforced laminateé ¢ a n 6 t Fic¢ sigoifecantly
exceeed that in 0-deg. unidiretional specimens due to imperfectiondJnidirectional test
specimensvere unsuitable for determining compressiv@dulus or strengtbf filament wound
cylinders due to a lackber weaving (undulation)which will causea measuredinidirectional
valueto far exceedan in-situ filament woundcylinder measurement.Available standards are
unsuitable due to thehort gage length (much smaller than t&/P), as well as the high
anisotropy of thé&-MC leadingto undesirablenatrix relatedailures.

Previous research by Sollenberger (2010) aimed évgotate, based on th&fit, the in-situ

fiber-direction modulus of FMC material in filament wound cylinders using an empirical

approach. Cylinders of various anglly lamination arrangements ranging from ##€y. to
almost 90deg. (a circumferential wding pattern) were manufactured and loadelbigitudinal
compression and tension to failure. Cylinders with-t1é§. lamina provided thelaminalevel
longitudinal shear modulus;,, while circumferentiallywound cylinderdoaded in compression
provided the transverse modulus of thenina E.. The l ongitudinal
lamina, r1,, was calculated using the RoM and the longitudinal modgjusasback calculated
with CLT to match thdongitudinalmodulus of the laminatetylinder experimentsE,.

As can be seen iRigure 1-13, the extrapolatedbngitudinal modulus of cylinders with a

hypothetical winding angle of-8eg. (i.e.,all longitudinaly oriented fibers), which actually

provides the value dE; at thelaminalevel, ranges between 43 GPa and 59 GPa, depending on

Poi

the sign of stress applied to the cylinders. As expected due to the low modulus of the matrix

(~245 MPa), the backed oHt is less in compression than in tension. More important, however,

wasthe discrepacy between either of theg® values and the predicted value of 145 GPa that

<
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one obtains using the RoM, with the known fiber volume fraction and constituent properties
(Soll enberger, 2010; Shan and Baki s, erally0 9) .
determining a value fdg; wasunique because #ccounted fothe fiber undulation and FWP of a
filament woundcylinder. Clearly, classicabnalytical models which ignore FWP afider

reinforcement undulation cannot be used to model the modfithese cylinders.
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Figure 1-13. LF750/AS4Dlongitudinalmodulus versus fiber angid experiments and
theory (Sollenberger, 2010)

Low-singleangle FMC cylinders tested in compression by Sollenbe(ged0) were
observed to take on a barrel shape due to the transverse constraint provided by the potted end
caps Figure 1-14a). It is hypothesized #t this barrel shape detracts from the compressive
modulus and strengif the specimen, potentially biasing the backed out modtilasid strength
F,. of the laminde downwards, as well. This barreling should therefore be eliminated by
redesigning the kinate. Using the FMC lamina profies of Sollenberger (2010), dLwas
used to estimate t he n dathg éntirel spectnuanlof p&ssibles—s on 6 s
angleply cylinders, wherey was measured relative to thengitudinaldirection of thecylinder.

Viy can be as high as 4 for a fiber angle near 20 degrees. A simple improvement to reduce
barreling in a — cylinder wasto add a circumferentially wounkdminato the laminaté

similar to the approach of Adams and We{$897) for preventing undesirable failure modes in

M
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flat unidirectional reinforced specimendrigure 1-14b showsvy, for —¥p @ — laminates,

where 89 degwasthe closest possible angle to 90 deg. because of the wayweaagwound with

a finite bandwidth. T dylimderRvithi 26-de@. mrigldlammawas o o f
reduced by nearly a factor of 10 with the addition of@Baleg. layer, suggesting that barreling

should be ntigated in a compression test.
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Figure 1-14 Compr essi on testing: speci men

(a) Schematic ofylinderbarrelling
when subjected to compression

Recently developed experimental methods allow for the imprebedacterization of not
only complex strain fields but also failure mechanisms in filament wound cylindéts the
undulated fibers of particular interesEor example, the digital image correlation (DIC) method
(made practical by the advent mieasuremengrade digital ameras and high speed computers)
has beenused to measure fuflield strains in filament wound cylinders under internal pressure
(Scheuer et al., 2009), combined tension, torsion, and bending loads (Crouzeix et al., 2009)
(Figure 1-15), and in compression before and after ballistic imgiachage (Sollenberger et al.,

2010 (Figure 1-16). DIC resultswereable to resolve the FWP in the correlated images of the
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radial locations of a cylindrical surface as well as in the various strain fields. Clarity of the
correlated resulteiaslargely dependent on the resolution of the digital cameras used in capturing
the images. Failure mechanisms such as excessive local yielding and strain localizetion
captured visuallywith specific interestaroundarea of concentratediocalized strain (Figure

1-16). DIC has also been used to evaluate flat tensile coupons manufactured with fiber tows
woven in aFWP (Torres et al., 2010). Tas et al. (2010) observed tHatVP was important in
determining locations of potential crack initiation and growth with future application in internal
pressurization testsMakeev etal. (2009) observed the complex strain state and delamination
failure process near wavy fibers in a shémaded composite beam using DI@Goting the

significance of the fiber undulation.
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Figure 1-15. a) Shear strain measured during torsion tedgrigitudinalstrain field during a test
with a combination of traction and flexure, c¢) local radius (Crouzeix et al., 2009)
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Figure 1-16. Snapshots of longitudinal strain in rigid +45° undamadgft) @nd damagedower
center(right) cylinders tested in tension (Sollenberger et al., 2010)
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1.6 Opportunities for Research

Available literature on filament wound driveshaft design leaves areas of opportunity with
respect to multbbjective design traa and inclusion fotemperaturelependent composite
strength. Previous investigationsstimate composite strength at room temperature to determine
failure of homogeneous, orthotropic, cylindrioddiveshafts of fixed or vdable multiangle
laminates. Implementation of a mukbbjective optimization tool allows for the visualization of
the design space and the observation of trades for the optimization problem. Additionally the
lamination arrangement should be unrestricted unlike many previous effdRate and
temperature effects were modeled for resiminated moduli only Estimates ofF,c andE; in
particular are known to be optimistidor filament wounddriveshafts as they rarely take into
account fiber undulation and neglect material softening td increased operating temperatures.
Composite materials with undulatidrave a lack ofandem experimentanalyticalsupport for
implementation in modelingAll of these pointavereexceptionally true for FME, for which the
literaturewaslackingcompared to RM&

Analytical micromechanical models of undulated compositese rarely supported by
extensive experimental testingOnly two dimensional models were created to analyze lamina
with in- and outof-plane rotation (anisotropic laminaut are only able to determine-fiane
elastic properties and neglect -@iftplane stress componentsAvailable three dimensional
modelswere developed for nemndulated composites (monoclinic lamina) and must be corrected
for outof-plane orientation Opportunities for research exist gteveloping a three dimensional
model which homogenizes a laminate containing anisotropic lamina. Such a model would be
able to determine all three dimensional properties as well as predict the homogenized stress state

at a higher level of analysfse. including all coupling ternjs
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Experimentally, methods for determination of a suitable valu&;ahnd Fic for use in
driveshaft optimization codeserelacking in the literature. ASTM standard methodsed with
compo#tes made from unidirectional tapignore outof-plane fiber undulation and FWPAs
such,measuredaluesof E; andF;c far exceed30 % and 60 % higher respectivepractical in
situ values fo filament wound cylinders. Empirical methods in the literarequire extensive
testing to determine suitable empirical constar@pportunities for research exist in advanced
techniques such as DIC, whialay yield insight into failure mechanisms such as excessive local
yielding and strain localization that fy@en concurrently with fiber microbuckling by capturing
these phenomena visually as well as possibly analyzing them critically.

FWP was shown taffect the strain distributions in filament wound cylingler This
phenomeaon was not well understoodbut was hypothesized to be related to khegitudinal
buckling shape of the cylindelComposite failure mechanisms in filament wound cylinders pose
an opportunity for researcim the literatureespecially for a new class of material such as FMC
for which bifurcation was not present in the streSgin curve suggesting a micromechanical
failure. Simple FEA methods employed homogenized elements for undulated andduated

regions to some succesktensive exploration requirezkcessive nmbers of elements.

1.7 Objectives

The objective of the current investigatiisrto:

1. Elucidatetrades in the mukobjective design of a misaligned filament wound composite
driveline using a wide range of candidate matrix materials that are differentiathdib
temperaturelependent mechanical properties.

2. Observe the effects of cof-plane fiber undulation on the fdfileld strain and structural

behavior of flat undulated composites under compredsionwhich modulus and strength



29

measurementan be us# to validate a 3D derived micromechanical model for
anisotropic lamina.

Observe the effects of filament winding parameters and matrix modulus of elasticity on
the fullfield strain and structural behavior of composite cylinders under compression and
devebp a localglobal approach for predictingxperimentallymeasured modulus and

strength.

The completion of these objectives requires the following tasks:

)l
il

Characterize the relationship between lamina level composite strength and temperature
Develop an optinziation strategy for the design of a composite helicopter driveshaft
Experimentally evaluate the effect of undulation height and neat resin modulus on
composite compressiaonodulusand strength with two dimensional DIC

Derive and validate a threBmensionhapproach for analyticallpredictingthe modulus

and strength of composites with halhe undulation

Investigate the surface strain field response duerngitudinalcompression of filament
wound cylinders with varying neat resin modulegyP, andfiber angles using 3D DIC
Develop a locablobal approacHor predicting filament wound cylindemodulus and

strength



Chapter 2

Materials and Manufacturing

This chaptefocuses on the materials and manufacturing methods used in this research. Flat
and glindrical transversetest specimens werenanufactured for determiningransverse
compositemodulus and strength dependence on temperatBreviously developeduasistaic
compositemodulusneat resirmodulusand composite strengtieat resirmodulusrelationships
(Henry, 2012) were created using multiple resins of varying neat resin modulus at room
temperature. It was hypothesized that if the neat resin modulus ofimgylar resinwas
controlled through temperature changes, thedulus and strengttof the corresponding
composite wouldcontinue to follow this relationshipTo this end neat resin specimens were
subjected to temperature controlled tests to developiaeships between neat resin modulus and
temperature. Flat and cylindricatransverse compositgpecimens were evaluated for modulus
and strength at the same temperatures to validate the previous relationships with neat resin
modulus now known at variougmperatures. Such a validated toaolould allow for novel
strength and modulus dependent temperature relationships that could be integrated into an
optimization scheme for a composite driveshatft.

Flat and cylindrical undulatetbmpositespecimens were mado investigate the implitans
of fiber undulation orlongitudinal modulus and strength The presence of the undulation is
known in the literature to be degenerative. Flat composite specimens with discrete undulation
were made to investigate smplified undulation case for which analytical modetsild be
validated with respect to undulated composite modulus and strength predicigimdrical
undulated specimens made by filament windirgamd upon the flat specimaxperiments by

introducirg a larger, more complex structure for whictodulusand strength predictions are
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poorly understood.Flat and cylindricalundulatedspecimens were observed using DIC with the
express purpose of understanding the complex strain states and failure meslzsseaated

with undulated compositdsr which experimentaineasurementwill be validated analytically

2.1 Matrix Materials

Four polyurethane resins and one epoxide resin were evaluated in this investigation.
Polyurethane toluene diisocyanate (TDlym@ated polyether prepolymers representing FMCs
include Adiprene LF750D (Chemtura, Middlebury CT), Conathane DPRN 30748, Conathane
DPRN 30757, and Conathane DPRN 30917 (all from Cytec Industrices, Olean NY). Conathane
resins 30748, 30757, and 30917 canfaolytetramethylene ether glycol in addition to TDI with
30917 also containing 10 % triol. All polyurethane prepolymers were cured with a delayed
action diamine curing agent Duracure C3LF (Chemtura, Middleburye@uivalent weight 247
0). Adelayedaci on curative is designed to activate
heat to the mixture of prepolymer and curative facilitating cross linking and solidification of the
material. All polyurethane prepolymers were cured at 140 °C for 2 houtewfet! by a post cure
at 100 °C for 16 hoursEPON 862, a bisphenol F epoxide, cured with an aromatic amine curing
agent, Curative W (both from Momentive Siaty Chemicals, Columbus OH) wensed as the
RMC material in this investigationThe cure schade wasl21 °C for 1 hour followed by 177 °C
for 2 hours for epoxy.The amount of parts curative per 100 parts prepaiyforepolyurethanes,
by mass, wasalculated usingquation 2-1.

Q1 6 QL HVWOCL 6 1 "BEQQE o

W POOE Q¢ awaH T e g&u (21)

Three reat resin specimenaf each typewere manufactured by liquid casting &m open

fidogboné mold (25.4 cm length, 1.3 cm width, 1.0 cm thickness)l tested inensionat room
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temperature The mold was prepared by first abrading the open surfaces with SRutiety440

heavy duty hand pads (3M, St. Paul, MN), removing dirt and other foreign contaminants. The
mold was then wiped clean with acetone leaving a smooth, contarfiieargurface.A layer of
silicone release agent, Ease Releasé'2(®ann Formulated Products, Easton PA), was then
applied liberally to the open surfaces of the malid the mold was placed in a convection heat
oven at 140 °C (248 °F) to evaporate sbbsents from the silicone. This wasne two times for

a period of thirty minutes each timeThe prepolymer of interest waben mixed with the
associated curative dhoughly at 50 °C. The resin wa$aced in a vacuum chamber under 30
inches of mercuryin Hg) to remove all air bubbles from within the resin which would become
trapped after curing, leaving voids and reducing quality. When all air bubbles have been
removed from the resin, the neswas poured into the preheated specimmold (to the firg
respective resin cure temperature)

Average longitudinal strain was measured on the front and back of the speéimsgiously
measure oungo6s modul us and P2o0i0sOs ob ss trraatiino riann gteh
tensile tests are shownTrable 2-1 (Henry, 2012) The softest polyurethane resin (LF750) laa
modulus approximately one ordermfgnitude more compliant than tlzdtthe epoxy resinThe
selected resins represent a widinge of possible neat resin modfdr use in a composite
driveshaft. One specimemf eachselected resin was test@eénsion)in this investigation at 21
32, 43, 54, and 66 °@mbient temperate.

Table 2-1. Neat resin tensile properties (mean and coefficient of varigfignroom temperature
and resin mix ratios

Resin Equivalent Mix Ratio with Pre-polymer Youngos 1
Material Weight, g Curative NCO, % MPa (C,)
LF750 472 10049.7 8.9 245(2%)
30748 420 10055.9 10 510(2%)
30757 350 10067.0 12 887 (1%)
30917 350 10067.0 12 976 (5%)
EPON 862 10026.4 2950(2%)
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2.2 Manufacturing

Composite pecimens were fabricated in this/estigation using a McClean Anderson Super
Hornet filament winder (Sdiield, WI). Only one type of fiber reinforcement wased,AS4D-
GP-12K, a high strength polyacrylonitrile (PAN) carbon fiber made by Hexcel Corporation
(Stamford, CT).The carbonaw of 12000 individual fibers wasaturated with the resin through
the use of a resin bath. The resin bath controls the areal percentage of resin and fiber through the
use of an orificavith a carefully choseimner bore The target fiber volume fractioVy, and the
diameter of the front orifice),, are related biquation 2-2,

00

5 (2-2)

W
In Equation 2-2, Dy is the diameter of one fiber (6.7 um) (Hexcel, 2010), ldnd the number of
fibers in a tow (12,000). In this investigation, the bore of the front onifec€0.97 mm (0.038 in)
for filament wound cylinders and.07 mm (0.042 in)for discrete undulated specimens
controllingthe amount of fiber by volume in theet tow t058% ands50% respectively. During
filament winding the resin bath wakept at 50 °C to lower the resin viscositctual fiber
volume fractionof a cured part waslependent on the amount @sin that drips offduring
manufacturing (exacerbatdy lower viscosity). The geometric measurements of the cured part
can be used to find the approximate fiber volume fractionsingEquation 2-3.

00 “0
— (2-3)

Cw Q
In Equation 2-3 N, wasthe number beffectivelaminag with eachhelical pair (i) counting as
onelaminaand eacltircumferentialayer counting as one hdéfming b, wasthe bandwidth, the

width of the tow when placed on the mandrel, andasthe thickness of the cured part. When

designing a winding program theput bandwidthh,,, wasselected to be slightly smaller than the
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natural bandwidth of the tow to take into account the uneven spreading of the tow on the mandrel.
For this rese&h bandwidthwasdefined as 2.54 mm (0Oif) in all filament winding.

The carbon fiber tow leaves the resin bath avatdeposited on the mandriel a calculated
way through the filament wind@& four degrees of motion.For helcal and circumferential
winding programs mandrel (angula displacement and velocity)carriage Iongtudinal
displacement and velocityand payout eye (angulaotation of the payout eyemotion were
utilized. Tow tension was kept to 495N. The filament winding technique uses a metal cylinder
as the inner mold for the composite, also known as a meknd\ helical winding program
deposits the saturated fiber tow at a user chosen,angjaelative to the centerline axis of the
mandrel through the aforementioned controlnadtion (Figure 2-1). Circumferential winding
programswrap saturated fiber tanat approximately 90 degree3.he actual winding angle was
related to the bandwidth as tows are placed beside one another along the length of the mandrel, in
this research at 8. Use of a smaller bandwidth or larger diameter mandrel will cause the
winding angle to more closely approach 90°During filament winding of helical and
circumferential programshe mandrel rotates at a constant velocitfhe carriage reverses
direction at the end of the mandrelith fiber placement secured using pin ringfcing the
saturated tow ategativethe initial angle crating the characteristic woven architect(F@ure
2-2). Pin rings should be of the same diameter as the mandrel with as many pins as there are
strokes or passage of the mandrel from start to endn this casel.5 times as many piress
strokeswere used in three rows spaced % inch apdtie material of the pin ring does not
influence the quality of filament winding or the finished product. Hgilole, an easily machined

material such as PVC should be chodeweringmachine shop costs addlivery time.
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Resin Bath —
heated to 40 °C

Mandrel — heated
to 40 °C

Figure 2-2. Mandrel and ping ring

The mandrel itself was lightly abraded to remove dirt and surface scarring. The surface was
additionally wiped down with acetone removing oil and other contaminants. Two layers of Mann
Ease Releas?00 were baked onto the mandrel, evaporating solvents, for around thirty minutes at
around 140 °Ctwice. Extraction of the finished part was ensured with careful preparation of the
mandrel surface. Additional consideration should be given to mandmrption as the resin

compliance and filament winding angle increase. It may be necessary to use additional release
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agent layers or a different mandrel type if the resin is sufficiently compliant. Difficulty in

composite removal from the mandrel may b#igated by freezing both, as aluminum will

contract more than the composite. On several occasions reducing the temperature of the part and

mandrel to below freezing allowed for part removal which was not possible at room temperature.
Finished parts werarapped in two layers of releaseated heashrinking tape called Hi

Shrink Tape: Release Coated (25 mm wide, 0.05 mm thick, 80°C activation temperature) from

Dunstone Inc. (Charlotte, NC)The ends of the shrink tape wesecured with Flashbreaker Il

high temperature tape (Airtech, CAAfter the shrink tapavasapplied, excess fibevascut from

the ends of the part and it weeady to be placed into a preheated ovEgure 2-3). Helical

winding patterns which place reinforcement atcreate a FWPCircumferentially wound layers

have nohelicalwinding patterrand no undulation bandas the tow wakid spirally beside itself

along the length of the mandrel.

hos A L T

(a) Mandrel with composite on pin rings, wrapped with shrink tape

(b) Final part with pin rings freed ready for heating

Figure 2-3. Mandrel with shrink tape arfthal part ready for heating
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2.2.1In-Plane Transverse Compressionkand Eyc, Testing

A circumferentialwinding program was used on a 48.3 mm diameter aluminum mdodrel
manufacturing Conathane 30917specimens forin-plare transverse compression testing.
Conathane 30917 was choden temperature controlled testifggcause the measured value of
neat resin modulus lies near the mean of the range previously used to find trecm®josite
strength versus neat resin modul(Henry, 2012). It was expected that as the material was
heated, the neat resmodulus would decreases would thecompositestrength, following the
previously determined relationskipDuring manufacturinghte circumferential winding program
wasrestated when the carriage finisti@ne stroke and returned to the head end of the mandrel.
The fiber angle therefore,was always +89deg. (rather than +89 in a typical helical pattern)
creating a final laminate of [89] The partwas covered with two layers of shrink tape for
consolidation and placed in a convection oven at the appropriate cure sch&tielaverage
specimen height was 76.2 mfout by water cooled circuladiamond saw)with V; calculated
usingEquation 2-3. Specimes weretested aRl, 32, 43, 54, and 66 °@nbient temperaturfer

evaluating strength degradation due to softening.

Table 2-2. Description of specimens for evaluatifg: andE,c of cylinders: 30917

Test Inner Diameter Avg. Radial
Temperature, " Number Tested S N Vi, %

°C mm Thickness, mm

21.1 48.3 3 1.13 2 59
32.2 48.3 3 1.14 2 59
43.3 48.3 3 1.15 2 58
54.4 48.3 3 1.12 2 59
65.6 48.3 3 1.12 2 60
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2.2.2Helically Wound Cylinder Testing

Compositecylindersfor longitudinal compressiowere made by wet filament winding onto a
48.3 mm diameter aluminum mandrdlhe various types of specimens made for the investigation
are summarized ifable 2-3, where specimens are described in terms of lamination arrangement
in square brackets][and FWP in curved braces}{ The —Fy @ — laminate was selected to
reduce t he P dhegsyimmer inscomparigon t a pure anglg laminate, thus
reducing stress concentrations at the restrained ends. Further details on end effects in filament
wound cylindrical specimens are presentedHamry (2012) for longitudinal compression tests
and Mertiny et al. (2004jor internal pressurization test3he fiber angles and FWP Trable 2-3
are listed in order from the inside of the cylinderthe outside. The helicalg: layers were
wound with FWPs of 2, 5, or 10 with a nominal thickness of 0.5 mm. Theeg9 layer
represents a single circumferential layer (no FWP) of nominally 0.25 mm thickness. The total
laminae thickness for all spémens wagoughly 1.25 mm. The geometry of the cylinder and
fiber orientation of the helical layers as selected with insight gained from a previous
investigation(Henry, 2012) so that a fiber microbuckling mode of failure could be obtained,
rather thadongitudinalbuckling.

When filament windingwas finished, two layers of release coatetirink tape(Hi-Shrink,
Dunstone Inc., Charlotte, N®&ereapplied to thepartto promoteconsolidation Shrinktape was
secured with Flashbreaker Il tape (Airtech, CA)he part and mandrel wetkenplaced into a
forcedair ovenfor the appropriate cure schedulafter the partwas removed from the mandrel,
specimensvere machinetb a 76 mm lengthusinga wate cooled circular diamond sawour or
five replicates for each type of specimen were tested, as shovatlie 2-3 with volume fraction
information Modulus and strength results were normalized to a fiber volume fragtjaf,58%

by dividing the experimentally measured result by the actual fiber voluawticin (%) and
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multiplying by 5&6. Normalization wasused to compare the influence of undulation across

various material systems and laminates.

Table 2-3. Description of specimens for compressively loaded filament wound cylinder tes

Number of Replicate Tests and Actual Fiber Volume
Stacking Fraction (%) for each FWP arrangement {/-}
Material Sequence {212} {5/5} {10/10} {10/5} {5/10}
[+16/89/£16] 4 (69%) 5(68%) 4 (69%) 5(70%) 5 (67%)
EPON 862  [+31/89/+31] 5(66%) 5(67%) 5(69%) 5(68%) 5 (68%)
[+45/89/+45] 5(66%) 5(65%) 5(67%) 5(65%) 5 (64%)
[+16/89/£16] 4 (57%) 5(56%) 4 (62%) 5 (58%) 0
30917 [+31/89/£31] 4 (58%) 5 (56%) 5 (61%) 5(58%) 4 (57%)
[+45/89/+45] 5(56%) 5(57%) 5(59%) 5 (59%) 4 (59%)

2.2.3In-Plane Transverse Tensiork,r and Er, Testing

Impregnated sheets of unidirectional reinforced material were manufactured by passing

carbon fiber tow through resin bath and winding the tamto a flat paddle mandrel with a target

fiber volume fraction of 50 %Figure 2-4). The paddle mandrel wavered by nofpourous

PTFE coatedlass fabridrom Airtech (Huntington Beach, CA)The unidirectional materiatas

cut from the paddle mandrahd used in fabricating panels for later use in furthescessing

through hot pressing. When circumferentially winding on a paddle mandrel, the mandrel

diameter input to the iment winder wafound by equatinghe perimetr of the plateo afaux

cylinder circumference Tow tension was set to zero and the bath temperature was at room

temperatue for this specific procedure
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ddle Mandrel

4)

Figure 2-4. 25.4 cm x 25.4 cm paddle mandagld schematic of unidirectional ppeeg
sectioning (Sollenberger, 2010)

Sixteencarbon/30917 unidirectionatrips werestacked ortop one another and placed into a
pre-heatedmold with PTFE coated fiberglasstill attached to the top and bottom of Stak. A
pre-heated silicone slab wadaced ontop of the stack and the mold welesed, ensuring even
pressure on # composite. The closed mold walaced into a smart press under 241 kPa of
pressure. The smart press can be scheduled to heat the platens according to the nagessary cu
schedule Specimens were testati21, 32, 43, 54, and 66 &nbient temperatureimensions

are available imable 2-4.

Table 2-4. Description 0f30917specimens for evaluatirigr andE,r of plates 30917

Test o Width, mm  Number Tested Thickness, mm N, V:, %
Temperature, °C

21.1 12.8 3 3.8 8 71

32.2 12.5 3 3.7 8 72

43.3 12.6 3 3.7 8 73

54.4 12.5 3 3.7 8 72

65.6 12.5 3 3.7 8 72

2.2.4 Discrete Undulation Testmn

Impregnated sheets of unidirectionally reinforced material were manufactured by

circumferentially winding onto a paddle mandrel. Upon cutting the completed unidirectional
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layer along the edges of the mandrel, two impregnated sheets were obtained. td @axha

laminate, four sheets of layers were used. Laminates of larger undulation amplitude were

created by winding a larger number of layens (For example, four sheets comprised of two

layers make [#90,]s and four sheets comprised of four layenake [Q/90,]s etc. All other

manufacturing conditions were kept approximately constant for the various thickness laminates.
The manufacture of specimens with controlled undulation involves the hand layuarad O

90-deg.lamina The unidirectional shée serving as the 9@eg. lamina were first cut in half.

Next, a halfisheet of 9@deg. material was laid in a closed madkigure 2-5a). Then, a whole-0

deg. sheet was laid over the first Haljer of 90deg. material Figure 2-5b), and another half

sheet of 9&deg. material was added to complete half of the laminate thickness. These steps were

repeated in reverse order to create a symmetric laminate with a-sieaidpidal undulation in

the Odeg. layersKigure 2-5c). Care was taken to overlap the @€y. layers by approximately

one millimeter to obtain a constant laminate thickness in the undulated regiom.layevs of

porous PTFE coated glass fabric (Airtech, CA) were placed at the top and bottom of the laminate,

and the mold and part were consolidated in a comyuatatrolled press set for 241 kPa of

pressure while the materials were heated accordingresgiective cure schedules.

Maold Mold

<90

X

(a) Step 1 (b) Step 2 (c) Final step

Figure 2-5. Undulated specimen layup sequence
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After the laminate was removed from the mold, specimens with and without undulations were
cut to a length of 14055 mm and a widtlof 25.4 mm Figure 2-6). The pecimens without
undulations were ef err edubhdulaat éidddnspeci mens. The undu
mid-length position of the specimen. Visual inspection revealed that, for nearly identical
manufacturing conditions, materials with a higher viscosity resin at room temperature had a
shorter undutaon wavelength. This result wékistrated inFigure 2-7a with EPON 862 (lowest
viscosity), Figure 2-7b with LF750 (intermediate viscosity) afdgure 2-7c with 30917 (highest
viscosity). In all cases the manufactured undulations followed a nearly ideairfehape and

were nearly symmetric about the laminate midplane.

“3

’ lr  ~ €11 [30,/-60,];

Non-undulated

’uu[u;'"ﬁ'ulug i u;

(a) EPON 862 (b) LF750 (c) 30917

Figure 2-7. Photographs of polished edges of flaf90,]s specimens showing undulation (scal
cm) . Di ménsndncéAtes the | ength o


































































































































































































































































































































































































































































