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Abstract

Determination of Process Parameters for the Manufacturing of Thermoplastic Composite
Cones Using Automated Fiber Placement
Xiao Cai

In-situ fiber placementin combination withautomated tape laying and filament
winding, is the key to highvolume production ofargescale composite aerostructures
ranging from simple flat plates, to paneisth mild curvatures, to complex three
dimensional surfacespromising reliable, consistent and ceffective fabrication.
However,manufacturing cost, slit tape qualitack of knowledge and experience of the
in-situ consolidation fiber placement prosesre major barriers preventing aircraft
manufacturer from implementing this unique processing technique

This dissertation aims to gain knowledge and experience-sifurconsolidation
fiber placement by identifying and resolvigur technical issues asciatedwith the
manufacturing of thermoplastic composite tailbooise first study demonstrates that
the percentage @fap/lapand theangulardeviation of fiber orientatiosan be controlled
by dividing a single tool surface to multiple and equal sestiThe second study shows
that the interlaminar defects have minimal effects on the mechanical properties of
autoclave molded thermoplastic composite laminates. The third study predicates a set of
optimum processing parameters for manufacturing tailbdemonstration articles using
automated fiber placemernithe last studysuggests thathe insitu consolidation fiber
placement processeeds to be improved to lower timeicro-size void content and

minimize the process induced warpage.



Keywords: thermoplastic compositesuutomated fiber placemeritber path planning,
gaps and laps, optimgirocessig condition, moisture absorptiorsingle lap shear

strength
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CHAPTER 1 Introduction

Composite materials have been extensivelypleyed in the primary and
secondary structures of military and commercial aircraftsig with developing and
maturing technologiesf both materials and material processiimgthe past 25 years, the
technical advances in the automated manufacturing pfposites have increasingly
attracted the interests of the aerospace industdeed,the flexibility of the process
allows the fabrication of highly contoured composite parts with minimum machine setup.
For instance, the Boeing 787 Dreamlinmercomposedf a total composite of 5% by
weight[1], including the integration of an all composite fuselage, wings anshtain in
Figurel.l. The Airbus A350 XWBpusheghe envelopéo a total compose of 53% by
weight[2]. Heretofore, lhe vastmajority of compositenaterials for aerospaeeerebased
on thermosemmaterials and only a small amount of thermoplastic compqgses on the
Airbus A340 and A380 incluet the fixed wing leading edge, keel beams and other

component$3].

Ty

@ Other .
- =T
@ Steel (primarily landing gear) ‘\\‘\

Titanium

Aluminum

Advanced Composites

Figurel.1 Boeing 787 Dreamliner compositeofile [4]
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The aerospace industry has focusexdhe applications ofhermoset composites
for three mainreasong3]. First, a comprehensive knowledge database for thermoset
materials has been establed through years of reseamnid practiceSecond, substantial
investments in thermoset composites have been made for design tools, material properties
databases, capital equipment, employee trainiagd test methodologies. Tid,
conversion to alternate materials or proesssads to reinvestment and requalification
costs, as well as retraining of engineering and manufacturing personnel.

In comparison to thermoset composites, thermoplastic composites have recently
received meog attention from the aerospace industry due to their unique characteristics
[3]. Froma materialstandpoint thermoplastic composites are mplbcessable polymers
that providea versatile process. They have a heanfinite shelf life that reduces
handling and shipping costs compared to thermoset composites.\dqriermoplastic
composites are much tougher than comparable thermoset composites, which results in
better resistance to impact and crack initiation and propaggjormhey also exhibit
excellent chemical resistance to hydraulic oils, aviation fuels, and chemical s¢blents
Furthermore, thermoplastic comptes offer substantial reductiam flammability, smoke
and toxicity [5]. From a processingtandpoint thermoplastic composites and their
associated processing innovatipaach as automated fiber placement (AF#iminate
the need for autoclave processing, which lowers capital cost, floor space requirements
and processingditleneck issues. Last but not least, thermoplastic composites can be
fully recycled at the end of their life.

In 1994, a group of researcedrom Bell Helicopter Textron Inc(BHTI) and

Automated rnamics &lsoknown asADC) demonstratethata thermoplatic composite

15



tailboom, using the hsitu consolidation fiber placement proceis, the Bell OH58
Kiowa tailboomis a viable lowcost alternative to aluminum or thermoset composite
construction[6]. A 6-ft long afterward section of the tailboowas fabricated by ADC
and tested by BHTIAs an extension of previous womBell Helicopter Textron Canada
Ltd. (BHTCL) initiated a research projext 2008in collaboration withfive industrial
and academic partnefeom Canadao carry outthe manufactung feasibility study of
fiber-placed thermoplastic composite (AS4/ARCby Cytec Engineered Materials)
tailboomsfor the Bell 407 helicopteas shown irFigure1.2. A typical tailboom consists
of atruncated conical shelind many fairlead support frames mounted along the axial
direction of theconical shellThe tailboom is considerad bea primary dructure which
provides the support for the tail rotor and produces a counterbalancing torque to offset the
torque produced by the main rotédr.conical section that is similar tofarward section
of current aluminuntailboons was selected for this study

Aluminum tailbooms currently used on lightedium helicopters are structurally
efficient and costeffective Advanced omposite materials offer advantages over
aluminum such asexcellent corrosion resistance ansguperior stiffness properties
However, the manufacturing cost of composites is much highertiiaarof aluminum
and the structural integrity requirements, particularly dantalgeance, are demanding.
The in-situ consolidationfiber placementprocess using a carbdiber/thermoplatic
material systenhas beenrstudiedto overcomethose barriers. Thermoplastics offer a
number of service advantages including tolerance resistance, service tempeaatlres,

corrosion resistance. These advantages, in combination with thecdstv in situ
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consolidation processpakethermoplastic composites attractive from both a serargk

a production starmbint.

Figurel.2 Photo of Bdl407 helicopter (jmotocourtesy ofBell Helicopter Textron
Candada

In order to make théhermoplastic composit@ilboom viable for production, the
total cost, including lifecycle costshas tobe less expensive thahatfor the aluminum
tailboom. The capability of laying down slit tapes on an inner mold line (IMLyaearf
without needing to consolidatesng an autoclave, as well as improved assembly time
through the use of IML wing, has provided the means fabricate an inexpensive
tailboom. Moreover, this fabrication process allowise fibersto be placed in any
direction circumferentially around the cose thata complete monocoque shetiuld be
built without a spliceThe monolithic tailboomreduces the assembly time of joints and
fasterers significantly butsacrificesthe accessibility to internal componerdsiring

periodic servicing and inspection
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There are twomajor advantageso the insitu consolidationfiber placement
process The first is that this process offers a seamlesgtire;the second ishat the
structure is constructed ahe IML surface The majority of the costs associated with the
manufacturing of the tailboom are assembly €agich are dominatedby rivet and
fasterer installation. The internal bulkheads, which are assembled on a tooling fixture
matched to the IML surface of the taitira, are easily mated to the monocoque of the
tailboom. This approach allowssclosefit between thesupportframesand thetailboom
skin, thus minimizing the manufacturing time to install treenes. However the higher
material costs offset the cost saysrassociated with assembly, resulting in essentially no
cost reductionHowever thereduction in weight resudin lower operational costs.

However, this process still has significamirters to overcome before it can be
widely used in the manufacturirgf primary aerostructuregpart from costs, the main
issue is how to fabricate high quality laminat&se reasons can be due #tit tape
quality and lack of knowledge and experience of thgitim consolidation fiber placement
processTheslit tape gality relies on the manufacturing technique implemented by the
material supplier. Unlikely, the knowledge and experience how to fabricate sound
composite structures with a set of wedlfined process parameters must be acquired
through researching and ptac ci n g . It mu st be pointed
parameter o S a broad concept, whi ch i
algorithm, temperature and pressure settings, tooling, and etealize thebenefis of
the in-situ consolidationtechnique it is crucial to identify process related issues and
resolve them at the early stage of the process development with the help of experts who

are familiar to the field of composite material processing. In the presented ftudy,

18
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technical cha#ngesassociated with the 1igitu consolidation fiber placemeptocesghat

are identified by the research team haviedgoesolvedprior to the production phase

Q) Thefirst challenge ido propose a strategyr laying down slit tapes on the IML
surface ach that the percentage of gaps and laps and the deviation of fiber
orientation would be balanced, armbmpaction loaddistribution could be
uniform. Placing slit tapes onhaghly contouredsurface with astraightand rigid
compaction rollerleads toa non-uniform pressuredistribution between the
incoming tape and the substralde effective contact length of the IML surface
and thecompactiorroller is shorter than the width of the slit tapes so that the void
contentmaybehigher athetwo free edgethan in the midlle.

(2)  The second challenge is¢baracterize the effects of gaps and laps embedded in a
thermoplastic composite laminate on its mechanical properties such as tensile,
compression, and shear properties. The tapering of the tailboom caeseease
in material requirements along the tailboom axis due to the reducing cross
sectional area. Laying up slit tapes on a truncated conical surface leads to a
geometric fitup probbem, also calledigaps and lajis

3) The third challeng is tofind the optimum process conditiofor processg
AS4/APG2 on thefiber placementvork cell The resulting quality of fiber placed
laminatesstrongly dependsn the processing parameters, for exantpat flux,
lay-down speed, and consolidation pressiitee aveage effect othese process
parameters and their interaction@ovide insight into finding an optimal

combinationfor the insitu fiber placement process
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(4) The last challergis to characterizéhe environmerat influences onthe bond
strengthbetween fiberplaced skin andautoclave moldedrame by diffusion
welding Airframe structures in service aresually subjected to different
environmental conditions such as water, hydraulic fluid, and jet fuel.-temng
exposure to these liquidmay deterioratethe bond strengthof those made of
composite and add extra weight to the structures
This dissertatioraimsto resolvethe challengesassociateavith the manufacturing

of thermoplasticcompositetailboons with the insitu consolidationfiber placement

process Thecore chapters of thdissertatiorare structured as follow¢l) CHAPTER 3

presentsa theoreticalstudy of fiber path planning; (2 CHAPTER 4 presentsan

experimental investigatiorof the influences of laps and gaps on the mechanical
properties of a thermoplastlaminate (3) CHAPTER 5 presentsa study of the

optimization of procesparametersor the insitu consolidation procestgb) CHAPTER 6

presentsan experimental investigation of tledfect of the liquid environment oithe

singlelap joint strength
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CHAPTER 2 Literature Review

A literature review was performed itatroduce the irsitu fiber placement process
andto investigatethe technicalssuesassociated witlthe process. Récular issues of
interest for this review includ@lanning of fiber pathjnfluence of gaps and laps
moisture absation of fiber placedthermoplastic composites, apdocessoptimization
for in-situ fiber placementThe review includes journal articleeandbooks, and other
reference books relative to the objectives of this effort
2.1  Introduction of In -Situ Fiber Placement

The development ofthe fiber placement process offers possibilities to
manufacturelargescale composite aerostructuresnging from simple flat plates, to
panels with mild curvatures, to complex thdimensional surfaceat lower costin
comparsonto traditional processing techniquése fiber placement techniquefers the
capability of precise fiber orientation cooltrand hencestrength tailoring. Fiber
placemenmanufacturing typically produces?a to 15% scrap, as compared to B9to
100% scrap for the traditional technique of draping resnpregnated cloth by hand
layup. Additionally, the process of fiber plaoent offers the assurance of repeatability
that is not possible with hand layup techniques on free form surfadmsg with
automated tape laying and filament windingsitu fiber placement is the key to high
volume production of composite structuresprpising reliable, consistent and cost
effective fabrication.

As an example,ite Aut omat e d-sitl fiberapfacementdprocess is
detailed inFigure 2.1. Prepreg tows that are stored in a creel systenfearevith a

controlled amount of tension through series ofprecision guiding chutes ofthe
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processing head to tlemntactpoint of the compaction roller and the previous.phhe
amount of tension is usually low and is present to ensure fiber straightness rather than to
emulate a filament winding process. A hot gas torch (HGT) is utilized to heat an inert gas
to a set temperature. This heated gas is used to floodotitactpoint with a great
amount of thermaknergy, raising the temperature of tieevs to theirmelting point

More importantly, the inert gas protects the tdwesn oxidative degradation during the
bonding proces$7, 8]. A compaction rollerprovides the necessary forces to achieve
complete intimate contact across the tow interface, and the boundary pressure for
compressingspatial voidsas the processing head moves across the surface of the part.
The consolidated tows then cool under ambiantt@mperature conditionsProper
compaction is required to prevent residual stresses, voids, and wg8himring the
fiber placement peffestorenasshe oriertied in suchbaovaydtteat thee n d
compaction roller pressure alwagsts normal to th&ol surfaceTo continue laying the

fibers in a different direction, the tows have to be cut. The robot manipulator is then
moved tonewstarting position and the tows are fed by a servo motor. The whole process
then repeats again untihe completion of the parMore importantly, he processing
parameters arearefully selectedso that thetows arefully consolidatel after being

deposited and dieot require any posgirocessing.
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Incoming Tape

Tape Feed

Tape Cut

Consolidation Force

Direction of Travel Process Heat

Previous Ply

ol el

Figure2.1 lllustration of fiber placement procegshpto ourtesy of Automated
Dynamics)

2.2  Planning of Fiber Path for Surface Coverage and Angular Deviation

A special challenge to the fiber placement process is the requirengottecea
tailboom with a constant wall thicknessidd a minimal amount of gaps and overlaps
illustrated inFigure 2.2 [6]. The placement of slit tapes on the IML fage has to be
evaluatedwith respect to the surface geometry to deternfilber path planningbased
uponthe limitations oftooling, the percentage of gap and overlap, and the tolerance of
fiber orientation Tessnow, Hutchins, Carlson, and Pasditmpropose fourmpproaches
for placing slit tapes on a developed conical surface. They conclude that the optimum
fiber placement design is to repeat the pattern four times around the periphery of the
opened surfagdor bothO  and °45 fiber orientationsNo gapsareallowedfor the 0
plies, and no overlaps are allowed for b plies. As a result, a series of triangular
laps or gaps are arranged along thegte and circumference of the tailbooAnderson
[10] shows thabvelaps havdessimpact on the strength of fib@taced partsthan gaps

based upon porosity analysRecently,Marsden, Fews, Oldroyd, and Yousefp¢ii]
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presentan analysisof the percentage of overlaand the maximum deviation of fiber
orientationfor a O fiber placed ply They point out thathe fiber path designis
optimized for weight,angular deviation, tow length, and machine run tisewell-
consideredlan for fiber placement can reduce the machine run time up . £ainn

[12] concludeghat the current use of a metal compaction radlerot the optimal method

of applyingcompaction force on a complex geometry during processing. However, it is
the only compaction system commercially available in the méokéhe fiber placement
system The real challenge is to desigrrigid roller which hasclose fit withthe IML
surface.

Individual Tows Individual Tows

Boundary Boundary

Figure 2.2 lllustration of gaps and laps on a ply

2.3 Influences of Processinduced Defectson Mechanical Performance of Fiber
Placed Laminate

During the fiber placememirocess, interlaminar defects like laps and gapgshe
resultof machine and human inaccuracies, as well as the inability of slit tapes to conform
to complex geometriegl3]. Failure to remove these defects by processing leads to
permanentflaws in the resultindaminate.The use of narrow strips results inlaage
number of strip interfaces fiber placedaminateswhich increases thprobability of the

occurrence ofgapping and overlappingue tothe inplane waviness and the width
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variance offiber placedtows. The fiber placedows exhibit in-plane wavinesa&s the
fibers tend to beslightly deviatedfrom the planned trajectorwhen placed down in
narrow stripg14]. Moreover the width variance oflit tapemay result ininterlaminar
defects at the strimterfaces. Gapsand lapsalsocauseout-of-plane waviness in adjacent
plies. Sawicki andMinguet [14] concluee that a fiber placedIM6/3501-6 laminae
containingone 0.03n wide overlap and gapaslower compressiostrengthas compared
to that without the defecté\nderson[10] suggests @t AS4/APG2 laminates with the
interlaminar defectexhibitlowerlaminate strengtthan thos without any defectswing
to the increaed porosity Croft et al. [15] demonstratethat fiber placed thermoset
compositelaminates containinghe aforementioned defegisesenta strengh reduction
of up tol5%. The mpact of these defects on the mechanical performance of
thermoplastidaminates has not be@mwestigatedyet.
2.4  Process Optimizationfor In-Situ Fiber Placement

One ofthe most impdant measures of quality in a fiber placgmpositepartis
the bond strength that develops between each ply upon pladd@eithe bond strength
governs the ability of the laminate to transfer interlamioadsbetween individual plies
as the naterial undergoes a complex thermal and pressure history, both of which affect
the bond strength developmehteat flux, laydown speed, and consolidation pressure
are the principlecontrollable process variables whicare known to influencethermal
history andresulting laminate qualitj17, 18]. Other process parameters which influence
final material properties are nitrogen flow rate, tool temperature and roller temperature.
These setting are fixed inthe curent studyin the following waysi1) the nitrogen flow

rateis maintained at 7&LPM possibldo extendthe life span of HGT; (2) the tool is not
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heated due to the linations ontime and budget; and (3) the compaction roller is not
heated because tie space limitationof the thermoplastic placement heathe insitu
consolidation fiber placement involves the concurrent use of both heat and pressure so
that the tows bond at their interface. The two mechanisms that contribute to the strength
development athe polymerpolymer interface in this process aree development of
complete mechanicaontact and thdiffusion of polymer chains across those contacting
surface419-23.
2.5 Environmental Influences on Stiffened Thermoplastic Composite Structural
Made Using Automated Fiber Placerant

Two research progrannductedatthe European Aeronautic Def@nand Space
Company EADS) and the National Aeronautics and Space AdministratibiA$A)
demonstrate that thermoplastic composite -skimger panels can be manufactured by
embedding pre&onsolidated thermoplastic stringers into an IML tool and then tape
pladng over them by diffusion weldinfpr performanceoptimization and costedudion
[24, 25]. Thus, he skin-frame structure for the tailboom can be built with thesito
consolidationfiber placementprocessin the same way athe skinstringer structure
However,neitherof themhaspublished experimental data dme bondstrength between
a pre-consolidatedand a fiber-placed thermoplastic composite laminate by diffusion
welding or discussed theenvironmentaleffects on the jointed structurén service
integrated composite structures mag subjected talifferent environmental conditions,
for examplewater, hydraulic fluidandaviation fuel.Many studiesshow thatcarbonr or
glassreinforcedthermosetompositesiegradeby exposure to distilled watesea water,

hydraulic fluids, jet fuels, and arting additiveg26-28]. The degradation mechanisms
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include the matrix plasticization andhe fiber/matrix hydrolysis[29]. The loss of
mechanial properties by plasticizing iecoverable by removing water moisty29].

However, the loss of mechanical properties is irreversible when fibep{rhatirolysis
occurs[29].

In contrast, thermoplastic composites exhibit excellent environmental resistance.
In particular,APC-2 has outstanding chemical resistance and is extremely resistant to
most organic and inorganic chemicals. It was reported that the fecsitgression
strength, compression after impact and fatigue of such composites were not affected by
moisture absorption, which was explained by low moisturekeptd the matrix material
[30, 31].

In addition to the reduction in the mechanical performance, a wgaghtcan be
observed due to moisture absorption. Many composites are hydrophilic absorbing as
much as % of water, which leadtan increase in the paylof2P]. Unlike thermoset
composites, thermoplastic composites exhibit low moisture absorption. The water
absoption of compression molded AS4/PEEK laminate was%).&fter a 9-month
immersia in distilled water at 5&€ [29]. The fiber placedcomposites on the other
hand,might exhibit higher moisture content than compression or autoclave molded ones

owing to the presencd woids.
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CHAPTER 3 Effects of Fiber Path Planning on Fiber Orientation

and Compaction Roller Radius

The simulationof fiber placementn CATIA aimsto find a strateyg for laying slit
tapesat two fiber orientationf0 and 45 ) on a truncated conical surfagarior to the
fabrication of tailboom demonstration articlehe fiberplacement desigmustmeetthe
tolerancerequiremerg of fiber orientation and the percentagelaps The number of
divided sectiors from the conical surfacand the minimum radiusf the compaction
roller weredeterminedy analyzinghe CATIA modes. As the fiber path with a constant
helical anglewas not able tde generatedy any inherent functiofirom CATIA V5, a
mathematial model describinghe trajectory ofaninitial fiber pathwasdevelopedThe
initial pathon theconicalsupportsurfacewasdefined bya series opointsobtained from
the mathematic modeThe adjacentpathwas offsetalong theconical supportsurfacea
distance of singletow-width in a perpendicular direction frothe initial path Since the
angular deviation and the minimum roller radius increases with increasing the offset
distance of a fiber path from the initial pathiyiding a conical surface into two or more
identical sectionsis beneficialfor controlling theangulardeviation[14]. However,the
moresectionghe conical surface is divided intthe moregaps andapsthe fiber placed
laminates containlt is essential to understand the relationshigsveen the nuber of
sections andhe angleof deviation, the percentage o¥erlapped areaandthe minimum

roller radius
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Figure3.1 lllustration of gapsighlighted in white between two sectioms a O ply
(photo ourtesy ofthe National Research Council Canada
3.1 Mathematical Model of Initial Fiber Path
As shown inFigure3.2, a Cartesian coordinate system obeying the-tigind rule
is attached to the conical surface. The revolving axis of the conical surface is taken as the

z-axis and tle Xoy-plane passes through the larger end ofcitvee Let the fiber path

start from x-axis In this coordinate system, the equation of a conical surface is

eéx=r(z)cosf (z))
i y =r(2)sin(f (2)) (3.1)
1 z=7

where r(z) is the radius of the conical surfactz) is the angular parameterz is

parametric variableThus,the parametric function of tr@nical surface can be written as

Iy :{ r(z)cos(¢ (z)).r (z)sin(f(z)),}z (3.2
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x

Figure3.2 Cartesian coordinate of a conical surface
In order to obtain the coefficients of the first fundamembam, the followingpartial

derivative of the function with respect mand 7(z) should be calculated

% =r,, $riz)cos r @)sin 1 (3.3
and
%:r&, £ r{z)sinf r(z)cos P (34)

The coefficients of the first fundamental form can be obtained as

E=r,, Q, 1=r{* (3.5
F=r,,Q C (3.6)
G=r, Q, rz (3.7)

Thetangentvector of theplanar profile of the conical surface can be expreased

a’rs =r Zdz (3.8)
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Let dr, be the tangent vector of a point on the fiber path with a constant angle to the
vector af, dr, can be defined as
dr,=r. dz +,d (3.9

By using the definition of the dotr@duct of two vectors, the helicangle can be

expresse@s

Adr.Qf, 0 EdZ
Far ot | 8 EdZ+ Gd7

cos g )= (3.10)

whereq is the helical angle of the fiber path. By separating th&ablles ofz and 7 (2),
the above equation becomes

& E

0_~ o

By substituting theoefficients of the first fundamental form into the aboveagipn, the

equation can be rewritten as

B (ri2 +1) 5 1
or
NG R
f—r\/m '(rl —rdZ (313)
where
r=r, —lz(r1 ) (3.14)
and
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da 1
- (rl

dz | r—z) (319

This immediately leads to the equation for the angudaameter.

2 2
r=¢ "'I—tan %‘z__rl 8|n?1 E{rl rz)' (3.16)
r,-r, ¢ | < 8r I

By applying the boundary conditioh=0 "at z=0 mm, , can be obtained as

o 2,
fo= |_tan ¢/1 gzl_—rl gln(rl) (3.17)

rh-r G

Thus, the mathematic model describing the starting curve of the fiber path can be

f:rzlrltan iflge'_ﬁ 8?' A O )j (3.18)

By substitutingeq(3.14) and Eq(3.18) into Eq.(3.1), the equatiomf the fiber path with a

expressed as

constant helical anglean be written as

é ° 2. N Y
€ z I r-r o
g 2 L e[ TB B 0!
i B 2T ¢l &l Yi
| !
% =) 7 eT ar, - r 2& ez l
iy=ar —=(r 1) ﬁn ——tang, |1 F— § nr g~ 1)) ﬁr]} (3.19
1 8 | I 2 rl v l =1 §| \
% 7=7

|

f

3.2  CATIA Model s of Fiber Path Planning
The Visual Basic for Aoplications (VBA) codevas implementedo generatehe
initial pathpassing througtx-axis, consising of 1500 pointscalculatedfrom Eq.(3.19).

In the case of multiplesections, the initial curve wacircularly patterned about the
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revolvingaxis based upothe number ofectionsusing the circular pattern function built
in CATIA. As shown inFigure 3.3, the initial curve and theircularly patterned curves
serval as both thestartingfiber path and the boundary of tkectionsThe adjacenturve
was offsetfrom thereference fibepath almg the surface a distance of one tamdended
at either the surface boundary or thitial path As many parallelpaths as needegere
placed onto the truncated conical surface in a similar mannethatibnical surface was
fully covered.Figure 3.4 shows12 threedimensional models built fod and45 plies
with six different planningmethodsThe highlighted regionm the lighter colorepresent

tow dropped areas, wheogerlappingmay occur.

Initial Curve

Adjacent Curve

Patterned Curve at 90£

Conica Surface

Figure3.3 Definition of initial curve, patterned curve, and adjacent curve
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a) Fiber path fanningfor 45 plies with onesection

b) Fiber path fanningfor 45 plies with two sectiors

c) Fiber path fanningfor 45 plies with threesectiors
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d) Fiber path fanningfor 45 plieswith four sectiors

e) Fiber path fanningfor 45 plieswith five sectiors

f) Fiber path fanningfor 45 plieswith six sectiors

35



g) Fiber path fanningfor O plieswith onesection

h) Fiber path fanningfor O plieswith two sectiors

i) Fiber path fanningfor O plieswith threesectiors
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j) Fiber path fanningfor O plieswith four sectiors

k) Fiber path fanningfor O plieswith five sectiors

) Fiber path fanningfor O plieswith six sectiors

Figure3.4 Fiber Path Planning fod and 45 Plies
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Uponthe completionof the CATIA models, he fiber orientationg) at the point

P wasmeasuredbetween the tangent vector of the fiber path and the pedjectxis on
the conical surface as shown kigure 3.5. The angle of deviationvas calculated by
subtracting thelesignediber orientationfrom the measured on&he radius of curvature

(R) of the curvea- b, the intersection of the conical surface and the normal péethe

fiber path,wasevaluated by t measuring function in CATIAllustratedin Figure 3.5.
The radius of curvature is also known @& minimum compaction roller radius
CATscript was codedand implementedn CATIA to facilitate the tedious measuring
process

Fiber Path

Impaction Roller Profile

Intersection of Cone
and Normal Plane

‘ b
/ Projected z-Axis

Tangent Vector
of Fiber Path

Figure3.5 lllustration offiber orientation and radius oficvature
3.3 Analytical Results and Discussion
Figure 3.6 showsthe relationdbetween the number of sections and the angle of
deviation, andhe resultingpercentage ofaps While the number of sections increases,
the angle of deviation drops exponentially, and the percentagevesfapped area
increases linearlyn practice, thenitial fiber paths often rotate a constamyglefrom one
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ply to anotherso that the overlapped area would evenly spread obeifaminatesThis
effectively prevens thickness builelp andminimizesstress concentratiomn addition,

all 90 plies havea singlesection and the tow is placed upon the tool surface at the
constant pitch instead of the constant helix anglased fo® and °45 plies

12 . - 3.00
¢ Angle of Deviation for 45 Degree

m Angle of Deviation for O Degree

A

B S
o e
> 10 m * Requirement of Angular Deviation [ 280 g
a \ A Percentage of Overlapped Area for 45 Degree-~ <
.5 8 \\ x Percentage of Overlapped Area for 0 Degree . 2.00 g
= \ P '

a 5
5 1.50 3
] “—
=) o
c

< 1.00 S
= i
> c
E 3
rEu 0.50 g

0 0.00
1 2 3 4 5 6

Number of Sections

Figure3.6 Plot of angle of deviation/percentage oferlapped area versusmber of

sections
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CHAPTER 4 Effects of Fiber Placement Induced Defects on

Mechanical Behavior of Thermoplastic Composite Laminates

This experimental work investigatetthe effects of twointerlaminar defects,
namely gap and overlap, on the strengtld atiffness properties of thermoplastic
composites at both the lamina level and the laminate level. Five types of mechanical tests
were executed in accordance with the ASTM test standards for determining tensile
strength and modulus, compression strengith @odulus, ifplane shear strength and
modulus, opeihole tensile strength and ophkole compression strength. Three sets of
specimens for each test were fabricated and tested under the identical testing conditions.
Experimental results have been companeth the baseline configuration without the
interlaminar defects.

4.1  Description of Interlaminar Defects

While laying down slit tapes on a highly contoured surfageh as a truncated
conical surfacegaps and lags aligned alonghe direction othe fiber pathareinevitable
It is importantfor design enginestto understandhe combined effects dfesedefectson
the mechanical properties afiber placedstructural componergrior to sizinglaminate
Table 4.1 lists the basic mechanical properties of integesd the evaluation methads
However, t is nearly impractical toexperimentallyexamineall combinations of size,
location andrecurring frequency of defects inany fiber placed laminatelnstead a
systematicstudy on individual defect with a constant size, location, and recurring
frequencycould becarried out within the limited time and costed stillprovide agood
understanding othe combined case§ hus, in this experimental waorkhe defect width

is set to 6.35mm to simulate the worstcase scenarioof missing individual tows

40



encountered during the fiber placement procasd the nominal thickness of the defects
is defined as 0.25@m, twice of singletow thicknessto capture the variability between
different defect configuration3he defectsarelocatedalong theO fiber directionin the
mid-planeof a symmetridaminateto minimize the asymmetric effectsloreover each
specimen contains a single defect for the purpose of simplification.

Table4.1 Basic mechanical properties aaskociated\STM test standards

ASTM Coupon Stackin
Test Measured Property Length/Width Se uenge
Method (mm) g

D 3039-07 Tensie Strength and Modulus  254.00/12.70 [O]s

D 3410-03 Compressive Strength and Modulus 139.70/12.70  [0];»

D 5379-05 Shear Strength and Modulus 76.20/19.05 [0/90]ss
D 6484-04 Open-Hole Tensile Strength 304.80/38.10 [#5/90/0],5
D 6484-04  Open-Hole Compressive Strength 304.80/38.10 [#5/90/0] 5

The defect configurationsof gaps and lapsire illustrated inFigure 4.1. For
example the gap is made by removing two towse on top of each otheWhile the
overlap is created by adding two tows instead of removing tRegare4.2 to Figure4.5
show the specimen configurations of each test with the defect locdgsignated by
planelines in thegage length In total, ninepane$ were fabricatedfor all tests,and the
defectswere manually inserted durindgpand layup The location of each defeavas
marked on theedge of the laminateith a markerin the trimming agato accurately

place the defedah thegage areaf thespecimen.

Figure4.1 Defect configurations of gap (left) and overlap (right)
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Defect Location

Figure4.5 Openthole tensile and compression test specimen with interlaminar defect

markedon dased line
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4.2  Specimen Fabrication

The material used in this studys a 304.8mm (12in) wide AS4PEEK
unidirectional tape supplied bgytec Engineered Materialdhe unidiretional tape
consists of a 68:3@t% mixture of AS4 and APQ [32]. The typical value of the volume
fraction of fibers is 6% [32]. APC-2 is a semicrystallinehigh-temperature thermoplastic
polymer with aglass transition temperature of 183 a melting pointof 342€C and a
recommended processing temperafr880- 400C [32]. Thetest panels were molded
in a laboratorysize hightemperature autoclavas follows: the laminates were vacuum
bagged, evacuated to remove entrapped air, heated in order to melt the matrix material,
pressurized from the outside to consolidate the laminate, and finally cooled tty sbgdi
matrix material.Table4.2 shows the identifications, dimensions, and stacking sequences
of all test panels.

Table4.2 Identificatiors, dimensions, and stacking sequences of test panels

Number Panelg Test Stacking
Panel ID of Length/Width

Panels (mm) Method Sequence
PN-1 1 304.80/152.4 D 3039-07 [O]s
PN-2 1 190.50/152.4 D 3410-03 [0]1>
PN-3 1 127.00/177.8 D5379-05  [0/90)s
PN-4,5,6 3 355.60/304.8 D 6484-04 [#5/90/0],5
PN-7,8,9 3 355.60/304.8 D 6484-04 [#5/90/0]4s

A crosssection of the vacuum bag assembly for autoclave consolidation of test
panels and its uge shown schematically iRigure4.6, which showshefollowing: (1)
6.35mm thickmild steeltool platesupports the entire assemp{f) 0.744mm thick
stainless steataul plateensures the thickness tolerance of autoclave molded pdBgls

bagging film (Thermalimide, Airtech) eted with release agent (Frek@#E-NC,
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Henkel); (4) &ck welded laminaté5) high-temperature sealant taff&M-5160Tacky

Tape SchneeMorehead) (6) 6 oz. plain woven fiberglass clothvhichprevents the

lateral flow of polymers during pcessing; (7) breather (AirwealdHT 800 Airtech); (8)

vacuum valve (Vac Valve 409SSHTRirtech) Additionally, aset of four

thermocoupless placed in the middle plane of each test paneffeasuring the redime
parttemperature and feeding the signal bacthea ut oc | ave ds Asfibart r ol sy
alignment is critical to the resulting lamingeperties, pepregs were carefully cut and

aligned to within 0.57 and tack welded in the trim areagtgmperatureontrolled

welding station to @vent movement during assemblye facking sequences and

dimensions othese tespanels ardistedin Table4.2.

i P D
L
iddd dda¢d

Figure4.6 Crosssection of vacuurbagassembly for autoclave consolidation

Thecompleted vacuum bggd laminatesverethenslid into the hightemperature
autoclave for consolidatioas shown irFigure4.7. The processing cyclef AS4/APG2
is illustrated in Figure 4.8. Lystrup and Andersemoint out that it is important to
pressurizehe autoclavethroughoutthe processing cycle to improve heat energy transfer

from heating elements by adding more molec({8&%.
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Figure4.7 lllustration of vacuum bagged laminatehigh-temperature autoclave
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Figure4.8 Recommendegrocessing cycle of APQ/AS4by Cytec
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After the vacuum bagged laminates were removed from the autoclave after
consolidation, they were cleaned withekoté PM-Cleanef to removethe remaining
release agerftom the surfaceof the molded laminate€achtest coupon waghen cut
from thetest panels usinthe 6.35mm diametempolycrystalline diamondRCD) tipped
carbide routel(list number: 3867supplied by GRHRINGon a numerically controlled
vertical milling machine equipped witlndust collection systenThe pindle speed and
feed rate werd0,000RPM and3,048mm/min Hole drilling was performed on the open
hole tensile and compressive test coupons using the router.

4.3 Specimen Test

Both lamina properties, tensilecompression and iplane shear propertieand
laminate properties, opeiole tenge and operhole compressionproperties, are
evaluated in this wortkThese properties are essential to understand the behaviour of a
real and complex structure under multidirectional lo#dtests except the opn-hole
compressive testyere performedon the calibrated MTShydraulictestng systemwith a
100 kN load cell with @onstantcrossheadpeed Five samples were tested for edeht
SO as to obtain a satisfactory average@rahge variance

ASTM D 303907 was employed taetermire tensilestrength andnodulus The
specimens were instrumented with streadication transducers which azenterednthe
loading axis in the gage section and mounted at 0°to the loading 24isStatic loads
were introduced progressively into the specimens by hydrarps gt a standard head
displacement rate of @m/min until the load dropped significant[34]. The tensile
moduli were calculated from stressain curves within the strain rangetween 100@ U

and 300G ({B4].
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ASTM D 341003 was used to evaluatempressivestrength ananodulus The
specimens were instrumented with baclback strain indication ansducers which are
centeredon the loading axis in the gage section and mounted at 0°to the loading axis
[35]. An lllinois Institute of Technology Research Institute (IITRI) compression test
fixture in accordance witlthe standardtest methodwas wsed to provide stability in
unnotched compression testing. Static loads were introduced progressively into the
specimens via the fixture at a standard head displacement raterofiintin until the
load dropped significantly35]. The compressive matl were calculated from stress
strain curves within the average strain rahgaveen 10086 U an @& {850 0 0

ASTM D 537905 was adopted to examirghearstrength andmoduls. The
specimens were instrumented with strisdication transducers whickere centeredon
the loading axis in the gage section and mounted at +45%45to the loading axid36].

The V-notched beam test fixture aonformance wittihe standardest methodvas used

to provide asymmetric flexure. $it@a loads were introduced progressively into the
specimens via the fixture at a standard head displacement ratmmafn2in until the
specimens failef36]. The compressive moduli were calculated from ststés8n curves
within the average strain range between 1500 a n @& [B5]5 0 0

ASTM D 576607 was used to determine notched terstilength. The specimens
were mountegbarallelto the loading axisStatic loads were introduced progressively into
the specimens by hydraulic grips at a standagdi ltksplacement rate @mm/min until
the load dropped significant[37]. Theopenholetensilestrengtls were calculatetbased

on the gross crossectional area disregarding h¢8].
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ASTM D648404 was employed to determine notched compressive strenigéh
specimens were inserted intdBaeing operhole compressiotest fixturewhich provide
lateral support to the test specimenscompression testingand mounted at 0°to the
loading axig[38]. Static bads were introduced progressively into the specimens via the
fixture at a standard head displacement rate2 aim/min until the load dropped
significantly [38]. The operrhole compressivestrengthswere calculatecbased on the
gross crossectional area disregarditige hole
4.4  Experimental Results

Those specimens without the interlaminar defects are labeled as baseline
specimensEach test value represents the average of five sanjalbe 4.3 presents the
experimental resultebtainedfrom the tensile testsThe failure mode is identified as
longitudinal splitting located in the middle of gage area for all td$te. experimental
results imply that the influence of the interlaminar defectghentensile properties is
minimal. Thetensile strength and modulus for the gap configuradiecreases from the
baseline by5.07% and 1.89% respectively The mechanical properties for the overlap
configurationare negligibly changedhe maximum obsena2.66% sample coefficient

of varidion suggestgonsistent and representative results for all test configurations
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Table4.3 Summary of tensile modulus and strengthest coupons without and with

interlamnar defects

Tensile Modulus Tensile Strength
(GPa) (MPa)
I?rifed Coeff. Coeff.
Average Standard of Average Standard of
Value  Deviation Variaton| Value Deviation Variation
Basline 135.73 3.61 2.66 | 2446.22 44.34 1.81
Gap 133.17 0.47 0.35 | 2322.20 33.95 1.46
Overlap  136.37 1.46 1.07 | 2467.42 30.02 1.22

Table4.4 tabulates the experimental results obtained from the compression tests.

The failure mode is identified as brooming located in the middle of gage area for all tests.

The experimental resultshow that the influence of the interlaminar defects on the

compressive properties is negligible. The compressive strength and modulus for the gap

configurationdecreases by.27% and 1.224% respectively The compressive strength for

the overlap configuradn increases by 1.7. Themaximum observe®.83% sample

coefficient of variation suggestsconsistent and representative results for all test

configurations

Table4.4 Summary ottompressivenodulus and strength of test coupons without and

with interlaminar defects

Compressive Modulus

Compressive Strength

: (GPa) (MPa)
Interlaminar
Defect Coeff. Coeff.
Average Standard of Average Standard of
Value Deviation Variation Value Deviation Variation

Basline 123.10 0.40 0.32 1406.61 9.44 0.67
Gap 122.90 0.40 0.33 1332.52 11.09 0.83
Overlap 123.90 0.70 0.56 1431.35 10.63 0.74
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Table4.5 lists the experimental results obtained from thelane shear test$he
experimental results show that the influence of the interlaminar defects on the
compressive properties is negligibl€he shear strength and modulus for the gap
configuration decreases from the baseline byl7% and 1.82% respectivly. The
compressive strength for the overlap configuration increase®.3%%0. The 3.64%
sample coefficient of variatioauggestsonsistent and representative results for all test

configurations

Table4.5 Summary oin-plane sheamodulus and strength of test coupons without and

with interlaminar defects

In-Plane Shear Modulus In-Plane Shear Strength
Interlaminar (GPa) (MPa)
Defect Coef. Coeff.
Average Standard of Average Standard of
Value Deviation Variation| Value Deviation Variation

Basline 5.50 0.20 3.64 80.09 1.27 1.59
Gap 5.40 0.10 1.85 79.15 1.96 2.48
Overlap 5.50 0.20 3.64 78.03 1.54 1.97

Table 4.6 shows the experimental results obtained from tperhole tensile
tests.The specimens fail in tension at theldy but remnants of angle pliesoss the hole
lateral centerlineThe experimental results show that the influence of the interlaminar
defects a the notched tensileproperties isminimal. The operhole tensilestrengh
decreases from the baseline By14% for the gap configuration and 2.98 for the
overlap configurationThe 1.57% sample coefficient of variatiosuggestgonsistent and

represatative results for all test configurations
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Table4.6 Summary obpenhole tensilestrength of test coupons without and with

interlaminar defects

Open-Hole Tensile Strength
(MPa)

Interlaminar

Defect Coeft.

Average Standard of
Value  Deviation Variation
Basline 420.53 4.19 1.00
Gap 398.90 6.25 1.57
Overlap 408.21 5.59 1.37

Table4.7 presents the experimental results obtained foperihole compression
tests.The specimens fail in compression at the hole and exhibit multiple modes of failure
in various sublaminatesThe e&perimental results show that the influence of the
interlaminar defects on the compressive properties is negligiiie operthole
compressiorstrengh increase®ver the baselinby 1.23% for the gap configuration and
2.57% for the overlap configuratiohe 2.55% sample coefficient of variatiosuggests

consistent and representative results for all test configurations

Table4.7 Summary of opeimole compression strength of test coupons without and with

interlaminar defects

Open-Hole Compressive Streng
(MPa)

Interlaminar

Defoct Coeff.

Average Standard of
Value  Deviation Variation
Basline 335.88 8.56 2.55
Gap 340.00 5.71 1.68
Overlap 344.50 6.34 1.84
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4.5  Micrograph Analysis

Figure4.9 showsa phdomicrograph othe polished crossection ofanopenhole
compression specimen without interlaminar defeatsng the optical microscope
(Olympus GX7) viewed at themagnificationof 5X. Figure4.10 andFigure4.11 show
the polished crossection of the opehole compression specimen with interlaarin
defects. It can be observed that overlaps and gapssout-of-plane waviness in adjacent
plies. The distortion in the laminates is perfectly symmetric about thephaioes.The
materialsin the adjacent pliesave the ability to movéaterally to compnsatefor local

thickness variationlt can be concludethat laminates thickness is nofunction of the

interlaminar defects for any autoclave molded laminate

Figure4.9 Photomicrograph gbolishedcrosssection of opethole compression

specimerwithout interlaminar defects

5000 um B

Figure4.10 Photomicrograph gbolishedcrosssection of opetiole compression

specimerwith a 6.35mm widegap
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Figure4.11 Photomicrograph gbolishedcrosssection of opetiole compression

specimerwith a 6.35mm wide overlap

4.6 Discussion

The experimentahvestigationsuggestghat interlaminar defects haaeminimal
effect on the mechanical performanoé an autoclave molded thermoplastic composite
laminate The photanicrographshow that the defectause the oubf-plane waviness on
the adjacent plies, which may affect the mechanical properties in fifie€@Qdirections.
However,it would be expected thdhe interlaminar defectsave seere effects onthe
mechanical behaviour of fiber placed lamindtdsricatedwithout the autoclave molding
process The material movementlescribed in the previous section is limited tha
contact point of incoming material asdbstrate, which mightot be effective for filling
up the gaps or evening out the overlapbus, t is more critical for researchers to
understand the influence of gaps and overlaps on the mechanical behdwotiber
placed laminateand canpare with that of an autoclaveolded laminateAlthough a
tremendous effort has been put into theearcho fabricate flat test paneés shown in
Figure 4.12, the resulting laminate quality is neatisfactory due tdhe presence of
unexpected warpagd-igure 4.13 demonstrates that the test panel is warped after
removingit from a heated work tabldlt still requires more efforts from researchers to
providefeasiblesolutions in the mnufacturingof open surface thermoplastic composite

panelswith good dimensiomstability.

53



|

Figure4.12 lllustraton of manufacturing flat test panesing AFP(photo ourtesy othe

National Research Council Canada)
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Figure4.13 lllustration d warped fiber placed unidirectional laminate
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CHAPTER 5 Development of Optimum Process Condition for
Processing AS4/APE2 Thermoplastic Composites by Automated Fiber

Placement

This study focusesn finding the optimumprocess condition fomanufacturing
AS4/APG2 composite ring®on afiber placemensystembased orninterlaminar shear
strength.Moreover the acquiredknowledge andexperiencesdrom this experimental
work on how to fabricate a sound fiber placed composite structuregnlg valuablefor
manufacturingdemonstration articleon the same fiber placement work cellhe
Taguchimethodwas admtedin the design of experiments and the statistical analysis of
experimental resultdNine composite ringsvere fabricated on diber placementvork
cell at AMTC with pre-designedprocesig parameters, anthentested on a hydraulic
testing system in accordance with ASTM standard D2380Mto determine the
interlaminar shear strength and shear strain. The optimum condidsmextrapolated
based on thexperimental resultsom this studywith the useof the Qualiteci4.

5.1 Design of Experiment-Taguchi 6s Met hod

Four principle processvariables namely nozzle temperature nozzle location,
process rate, and compaction fqreere selectedas major influencing factors forthe
design of experimery the expertsFigure5.1 illustrates that th@ozzletemperature is
the reattime measurement takest the center of the outlet of the nozzy a shielded
thermocouplethe nozzlelocation is the horizontal distance between the nip point of the
compaction roller and the outmost point of the torch nozkle process rate is the
moving speed of the thermoplastic fiber placement hekdive to the substrate; and the

compaction force is the pressure exerted on the incoming tape by means of the
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compactiorroller. Although the nitrogen flow influences the resulting laminate quality as
reportedin the open literaturghe nitrogen flow ratén this studywas intentionallyset to

a constantrate of 70SLPM recommeneldd by ADCto extendthe lifetime ofa hot gas
torch (HGT.) Other uncontrollable procesg parameters such as substrate temperature
and compactionroller temperaturewere excluded from the studyor the sake of
simplification

Nitrogen Flow Rate

Compaction Force

HGT
Incoming
Tape
Compaction Roller
Torch
Nozzle
Process Rate
— = - Substrate
Nip Point ‘ 8

Nozzle Location

Figure5.1 lllustrationof processingparameters dfiber placemenprocess

Each parametewas assigned three levels to reflect the nonlinearity of factor
influences as shownin Table 5.1. If all possible combinations ave to be tested, the
number of tests would be &dals whichareimpractical in terms of time and cost. In
contrast, the use of t he sTha gumbeh of &ials andet h o d
providesinsightinto the interaction between the variabl88]. The methods develogd

based on the concept of the orthogonal array which has been widely implemented in
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designing experiments. The experimeatslaid outusinga L-9 arrayconsisting of four
factors with three levelas shownn Table5.2. The first facto was asigned to thenozzle
temperaturethe second to the process rate, the third to the compaction force, and the
fourth to the torch location. The resporgehe stidy was identified asthe interlaminar
shear strength of thigber placedthermoplastic ringsThe influence beach factor and
interaction § assessed by the average effects and the analysis of variance (AND¥EA).
Qualiteck4 by Nutek $ adopted for amgzing the data from the experiments.

Table5.1 Description of influencing factors and their levels

Factors Level 1 Level 2 Level 3
Nozzle Temperature (C) 900 925 950
Process Rate (mm/sec) 25.4 50.8 76.2
Compaction Force (kgf) 30 40 50
Nozzle Location (mm) 11.38 17.77 21.62

Table5.2 L-9 Orthogonal array with levelegcriptions

Nozzle Compaction  Nozzle
, Process Rat .
Trial Temperature (mm/sec) Force Location
©) (kgf) (mm)
1 900 25.4 30 11.38
2 900 50.8 40 17.77
3 900 76.2 50 21.62
4 925 25.4 40 21.62
5 925 50.8 50 11.38
6 925 76.2 30 17.77
7 950 254 50 17.77
8 950 50.8 30 21.62
9 950 76.2 40 11.38

5.2  Specimen Fabricationand Inspection

The selected material is AS4/APCunidirectional slit tapgrom Cytec. The
nominal width and thickness of the slit tape are 12ma®6 (0.5in) and 0.125mm
(0.005in). The slit tape consists of a 68:8%6 mixture of carbon fiber (AS4) and PEEK
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(APC-2) [32]. The melting temperatur€l ) determined by the Differential Scanning

Calorimetry (DSC)analysis $ at 346.1€. Thedesignedayup sequence is [§] which
meetsthe requirements ofhe specimen configurations specifidd the standardest
method for shorbeam strength of polymer matrix composite materials and thei
laminateqg40]. Nine thermoplastic composite ringgrefabricatedndividually usingthe

fiber placement system equipped with the thermoplastic fiber placing head shown in
Figure5.2. The slit tapavas directlylaid onto a unheatedylindrical aluminum mandrel

with the diameter of 146.0%m (5.75in).

RC-NC

patiale/Aerospace

Figure5.2 6-axis gantrytypefiber placement systeequipped with the thermoplastic
fiber placing headphoto ourtesy otthe National Research Council Canada)

After the fiber placement processietcompositerings were slid off from the
contractedaluminum mandrelhich wasfilled up with dry ice.The wo end surfaces of
the ringswerethencleanedoy a digitatcontrolled lathe to facilitate the measurements by
the Mitutoyo coordinatemeasuring machine (CMMpcated athe Engineering Design
and Manufacturing Laboratory @oncordia UniversityThe averge inner diameter of
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the rings wa evaluatedbased oreight measuringooints whichareevenly distributed on
the circumference of the inner circl&éhe measurements shothat the dimensional
stability of the fiber placed rings is excellent. Specificalhg variation of the measured
inner diametes is within 0.16mm, and the inplane deformation of the rings is
unnoticeable It should be pointed out thahe thermal expansion of the aluminum
mandrel causeanincreasan theinner diameterFor instance the actual diameter of the
mandrel measured at the end of the specifabrication increasetly 0.22mm. As the
nominal ply thickness of the slit tape Gs125mm, thering thickness iexpectedo be
6.25mm. However, the measurements shihat the thickness of the rings could be
reducedby up to 48.18% by varying the process parameteFsgure 5.3 showsthe
interrelations ofthe ring width and the ring thicknessn the form of secondrder
polynomial

Table5.3 Average inner diameter and deviation of fiber placed composite rings

Average Inner  Diameter Ring Average Average
Trial Diameter Deviation Thickness  Ply Thickness Tow Width

(mm) (mm) (mm) (mm) (mm)
1 146.190 0.02616 4.691 0.092 10.56
2 146.129 0.01626 4.633 0.101 9.88
3 146.223 0.02362 5.636 0.119 8.58
4 146.230 0.01702 3.952 0.080 11.86
5 146.106 0.01467 4.039 0.090 11.55
6 146.195 0.01245 5.296 0.109 9.14
7 146.228 0.01651 3.239 0.070 15.07
8 146.266 0.01143 5.024 0.099 9.49
9 146.162 0.01549 4.394 0.090 10.19

The composite ringsere then split into halveswith a diamond plated saw and
measuredisingthe CMM to determine thim-plane deformatiomnduced by the residual

stressesTable 5.4 lists the measured inner diameter of the riagsl its deviation after
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the splitting The diametrical deaation indicates that theremaining halves have a
favorable circularitysimilar to thefull rings. Thereductionof the inner diametesuggest

the presence of residual stressemsideredin the ringsas a byproduct of the fiber
placement proces&igure 5.4 showsthe in-plane deformatiosiof Trial 3 and Trial 5
which aresimilar to that of filament wound rings reported by Cirino and Pip#éls They
demonstraté that the state of stress in the wound rings changesta the mechanical

and thermal loads experienced during the winding prop&Hs Winding tension is
effective in controlling the state of stress induced in the ring during the winding process.
Appling a constant or linearly increasing tension with each ply resulted in a compressive
radial stress distributed in the riNgl]. Applying a winding tension that linearly
decreased with each ply, however, re=ililin a tensile radial stress distribution in the
ring. It is reported that the 4situ consolidation process reduces the magnitude of the
residual stress in the ring relative to those resulting from the post consolidation process

[41].
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Figure5.3 Plot of ring width versuply thickness
Table5.4 Innerdiameter of compositengsafter plitting
Trial Inner Diameter (mm) Percent
Before Splitting Deviation After Spltting Deviation ~ Change

1 146.190 0.0262 143.916 0.0218 -1.56
2 146.129 0.0163 145.059 0.0061 -0.73
3 146.223 0.0236 146.413 0.0107 0.13
4 146.230 0.0170 144.663 0.0122 -1.07
5 146.106 0.0147 143.680 0.0112 -1.66
6 146.195 0.0124 145.385 0.0102 -0.55
7 146.228 0.0165 144,211 0.0112 -1.38
8 146.266 0.0114 144.823 0.0099 -0.99
9 146.162 0.0155 144.140 0.0132 -1.38
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Figure5.4 Comparisorof Trial 3 (left) and Trial 5(right) before splittingcolored in
grey) and after splittingcolored inblack)

Lastly, curved specimenwere machined off from the opened rings liye
6.35mm diameter PCD tipped carbide router (list number: 38G@plied by GRHRING
on a numerically controlled vertical milling machine equipped wittust collection
systemlocated at Precimax so that the requirements of geometrical tolerance and surface
roughness illustrated ifrigure 5.5 would be completelysatisfied. Prior to testing,
specimenswere moisture conditioned by continuous exposure to+33 and

50+ 10 % relative humidity for 7hours.
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Figure5.5 Curved specimen configuratiof0]

5.3  Short Beam Strengthand Interlaminar Shear Strain

Short beamshear tests were carried out according to the ASTM standard
D2344M00. Thetest fixturepurchased from the Wyoming Test Fixtungss used to
align and centespecimensso that its longitudinal axis would bperpendicular to the
loading nose and side supmorThe loading nos&vas located equidistant tveeenthe
side supports within #.03mm. Both the loading nose atftk side support overhung the
specimen width by at least2imm at each sideThe tests were performed on a MTS
hydraulic testing system at room temperature with akdN@ad cell with a crosshead
speed of Inm/min. The pecimensveremechanically tested to a load droff of 30 %.

Five samples were tested for each ring so as to obtain a satisfactory average and standard
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deviation. The first maximum load was recorded as the failure loadshtbeam
strength (or interlaminar shear strenggh¢alculated as follos:

P
F=0.75 0
a (5.1)

where P, is the first maximum load observeduring the testb is the measured

specimen widthh is the measured specimen thickness.

Interlaminar shear strains were measured bywihe3D digital image correlation
systemby Correlated Solutiongquipped with two 28 m digital lenses. Figure 5.6
showsthe test setup for thredimensional correlation measurements on a curved-short
beam test spgmen The speckle pattern was applied by first coating the specimens with
a layer of black paint using a spray can. The white speckles were then applied by lightly
overspraying a white mist of paint. A series of speckle image® acquired along the
couse of the shotbeam shear tests. The maximum interlaminar shear strain at the failure
load was recordedhe strainmeasurements were performed by Farjad Shadnaeth

assistance of the authatthe laboratory oCONCOM
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Figure5.6 Test setup for 3D image correlation measurements

5.4  Experimental Results

A summary of the shotteam strengthand the interlaminar shear strains
presentedn Table5.5. Subsequent strength comparistret evaluatéhe average effects
of process parameters are based uponai@atedexperimental resultS'he shortbeam
strength varies from 31/ Pa to 47.9MPa with changing process parameters. Among
nine trials, the fourth trial925€ nozzle temperature, 25.mm/sec process rate, kQf
compaction force, and 21.62m nozzle location)delivers the best mechanical
performance, and the third one exhibits the lowest dfeai strengthLow standard
deviationimplies that the experimental results a@nsistent andepresentative for all
specimens

A typical distribution ofinterlaminarshear strain of the sheseam specimen
prior to theultimate failure is shown inFigure5.7. It is observedhat the shear strain

distributionon the righthand side of the midplanehasa positive shear strairandthe
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one on thdeft-hand sideof the midplanehasa negativeshear strainThe shear strain
distribution isnearlysymmetric to the mighlane and the stress concentratidue to the
local deformatiorat the load point is observethis impliesthat the specimen is pregy
aligned with the loading directioso thatthe measuredinterlaminate shear strength

would berepresentativef the entirepopulation.

Figure5.7 Throughthickness shear strafield acquiredby Vic-3D system
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Table5.5 Experimental results of shelbbeam strengthndinterlaminarshear strain

Short-beam Strength (MPa) Interlaminar Shear Strain

Trial Average Std. Dev. Average Std. Dev.
1 43.9 4.3 1.100 0.071
2 45.0 0.7 0.957 0.009
3 31.3 1.0 0.597 0.068
4 47.5 1.6 1.227 0.083
5 42.8 1.8 0.723 0.017
6 39.9 1.0 1.300 0.143
7 34.8 1.8 1.223 0.113
8 41.4 1.0 1.172 0.155
9 41.9 2.0 0.990 0.016

Figure 5.9ai illustrate the failure modeof the testedspecimensunder the
microscopewhich wasidentified asintrdamina shearas oppose to interlamina shear.
The polished crossection was locatedt the end of the specimen where cracks initiated
and propagated.he photomicrographs show tlatclks initiate and propagateithin the
plies and jump through the bonding interface of adjacent pliean be concludethat

the fiber placed laminateuglity strondy depends on thimtralaminarshear strength.

Cutting Plane

Specimen

- Polished
Cross-section

Crack

Figure5.8 Locationof polished crossection of specimen
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c) Tria 3
Failure Mode: Intralaminar Shear

d) Tria 4
Failure Mode: Intralaminar Shear
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