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Abstract

The upright functions as a bearing housing and conneaistalbard linkages from the
chassis to the wheel and tire, making their design critical to vehicle performance. To this end,
this project focused on the development of four unique carbon fiber reinforced polymer uprights
with all critical features molded & the initial cure with minimal pogtrocessing from a
common tool set. The composite uprights were developed through material failure strength
evaluation, application of finite element analysis, and verified througlebitle static structural
testingfor use on the University of Kansas Formula SAE vehicle.

Through the composite laminate development, components were designed with a Hashin
factor of safety of 1.650 for the front upright and 1.582 for the rear upright. Moreover, utilizing a
composite matgal resulted in a decrease in mass compared to aluminum@®@bZmd D.0%
for the front and rear uprights, respectively, while allowing for a component camber change
contribution of 0.015 degree/g and 0.153 degree/qg at the tire. Static structuralugksting
strain gages suggested an average error of 5.4% for the front uprights and 4.8% for the rear
uprights in comparison to the finite element models. As a result, the performance of a Formula

SAE vehicle is improved through the development of caflii@m reinforced polymer uprights.



Acknowledgements

| wish to extend a special thanks to Dr. Robert Sorem for his mentorship through my
undergraduate and graduate careers. | am thankful for the experience and time that Dr.
ElizabethFriis and Dr. Lorin Maletsky have contributed to the project as committee
members. | appreciate the guidameenachining and fabricatioinom Charles Gabel and
Ash Shadrick from the Mechanical Engineering Machine shop over the many years of SAE
projects.Composite material design and technegbertiseprovided by Dr. Richard &le
wasgreatlyappreciatedManufacturing assistance for the composite todifoghn Adam
Rosploch and Peyton Miller washagehelp in thetimely completion of this projeciThe
resources provided by Tom Roudebush and Troy ObeAg&roFire,and Royal Leingfoss
at the National Institute for Aviation Research were invaluable to the composite material
property validation. | appreciatdl the motivation and constructive criticism from the
Jayhawk Motorsport alumni throughout the development of the projgould not have
made it to this milestone in my academic career without the l@nnguragemeritom my
parentsfrom whom | am a firsgeneration college graduateam extremely thankful for the
companionship through the times of challenge and cdiebritom my best friend Bailey

andfour-leggedfriends Bruiserand Jax



Table of Contents

Y 0111 = Tod PSP iii

ACKNOWIEAGEIMENLS. ...ttt e ettt e e ettt e e e e e rernn e e e eeeees v
JLIE= o] (S0 @] o] (=] o] PP V.
S ) 1= o =2 Vil

LISt Of FIQUIES. ..ttt ettt e e ettt e e et e e e e et e e e e e eeananes Vil

R [ 10T [ Td 1[0 o VPP 1
O R O o] [T o1 AV PP PPPT TR RPPPPPRPTN 2
1.2, DeSIgN LIMITATIONS. ....coiiiiiiieiiieii et e e e et e e e e et e e e e e eenneeaanns 3
1.3. General Requirements of UPrighiS..........cooiiiiiiiiiiiiiiii e 3
2. BaCKgrOUNG ... 6.
2.1, VERICIE DYNAIMICS......uuuiiiiiiiii ettt e et 6
2.1.1. UNSPIUNG MABSS.....ceiiiiiiiiii et e ettt et e e e e e e e e e e e e e e e eenan s 7
220 P 4
2.1.3.  SUSPENSION GEOMETIY .. .cciieiiiiiee ettt e ettt ee e e e e et e e e e e ana e eas 10
2.2.  COMPOSItE MALEIIALS.......ceeiiiii e ee s 12
2.3. Available TeChNOIOGIES.......ccouuuiiiieiie s 19
2.3.1. Research and Development within Transportation Sectar..............cccoeeeeeeeeeenns 19
3. General Design of UPHGNES.........ooiiiiiii e 25
3.1. DeSigN REQUITEIMENLS. .. ...coutiiuiieiiiiitiiiees ettt e et ee e e e e e e et e e e e et e e e e eeas 25
G T U ] o 14 e | | S 971 o | o 1P 25
3.2.1. LegacyJMS UPIight DeSIGNS......c..uuiiiiiiiieeeiiiiieeer et ee e e e e e e e e e e e e e 26
3.2.2.  New JMS UpPright DeSIGN.......ccuuuiiiiiiieei e ee et e e e e e e e e e e e e eaanaeeeee 29
3.3, MOAUIAN TOOL ...ttt ene 37
= (] - | R UPPPPPOPUPPPPPRY o
4.1, Material SEIECHON. .......uuuiieeiiiii e 43
4.1.1. Glass Transition vs Strength and Stiffness..........cccoeevviii e 44
N \V = (=T g = LI o (0] 1= o £ P 46
4.2.1. Material Strength and Stiffness Data............c.ccouviiiiiieiiiicii e, 46
4.2.2.  Material Validation.........ccouuuiiiiiiiiiiiiees e aeed a7
4.3. Composite Constituent Content via Matrix Ignition............c.cooviiiiieeeiii e, 52
S B 1o L1 (o o PSSP 59
T A F= 1)V P 64
o0 I |V o o [ BT = (1] o PP 64
S0 S o =T B O 1S L PP SPPPPPT 67
5.2. Laminate DeVEIOPMENL..........ccoiiii e e e e e e e e e e aanan 68
5.3. Conmposite Failure ANalySiS.........coocveuiieiiiie e e e enn e 3
5.3.1.  Maximum Strain ThEOMY.........oieiiiiiieeieie e e e e enn e eenne e
5.3.2.  TsakWu Failure TREOIY... ... et 15
5.3.3.  Hashin Failure ThEOIY...........uiiiiii e 77
5.34. Failure Theory COMPAIISON........ccuuue e e e e e e e e e e e a e e e e 78
5.4. Fiber Misalignment StUAY..........coouiiiiiiiii e e e 79
5.5.  Critical PIy ANAIYSIS.......ccoiiiiiiii e 80
5.6.  ANAIYSIS DISCUSSION. . ..uuiitiieiiee ittt eiee et et e e e e e e e e e e et e e et e e et e eeaaaeesns 83
T |V F= T a1 U1 > ox (111 o TP 85



(G300 I ¥/ o (o LS 3= T o o o) [T o PP 85

6.2. Composite ManufaCturing PrOCESS........ccouuuiiiiiiiiiiieeii e 86
6.2.1.  Lamina PreparatiOn...........coouuuuu ettt e enn e 86
B.2.2. LAY U ittt 86
6.2.3.  LAmMNALE CUIE.... . iiiiiiiii ettt e ettt e e e e e e e e e e et eebb e e e eeeeeennes 92
6.3, FINAI PrOCESSING.....coitiiiiiiiiii et e s 93
7. MOl ValIdALION........uiiiiiiii et e e e eenees 96
7.1, Static LAeral LOAGING ......ccuuuuiieiiiiiii et e et e eees 96
7.2, IMEENOUS. ... ettt e e et et ee e e e e e e e e e e eeee 96
8 T o (0 o7 To 11 ] £ PP PSPPPPPPIN: 100
TA. RESUILS. ...t ettt 104
8. CONCIUSIONS. ...ttt e et et e e e 107
RETEIENCES ... ettt e e e e e e 109
Appendix A: Left Front and Left Rear Engineering DrawingsS..........cccuvivieeiieeeeeiiinnnenne. 113
Appendix B: Front and Rear Upright Manufacturing OVerview..............ccccuvieeeneeeeennnns 129

Vi



List of Tables

Table 4.1.1.1: Material Properties of Various Biaxial Weave Prepreg Composites........ 45
Table 4.2.1.1: Material Properties for T650/35 3K Prepreg Composite..............ccevvveen. A7
Table 4.2.2.1: 8HS Control Coup®i Axis-1 Tensile Strength and Modulus (RTD)..........: 49
Table 4.2.2.2: PW Control Coupoh#\xis-1 Tensile Strength and Modulus (RTD)...........49
Table 4.2.2.3: 8HS Control Coupon$nterlaminar Shear Strength (RTD)..........cccoeveeeeens 50
Table 4.2.2.4: PW Control Coupondnterlaminar Shear Strength (RTD)...........ocovvvvvnnnnn. 50
Table 4.3.1: Fiber Content by Percentage Weight..............coiiioiiiiiiiiiiniiii e 54
Table 4.3.2: Matrix Content by Percentage Weight.............ccoiiiiii e, 54
Table 4.3.3: Fiber Content by Percentage VolUmMEe. ... 55
Table 4.3.4: Matrix Content by Percentage Volume...............cooviiiiiiiiiiiiineiicei e 56
Table 4.3.5: Void Content by Percentage VoIUmMEe. ... 56
Table 4.4.1: Effects of Ply Rotation on Tensile MIDBLL. ...........cooviiiiiiiiiiiii e 61
Table 5.1.1: Material Allowable Values for Finite Element Madel.............ccccoooevieenes 64
Table 5.1.1.1: IMS19C Front Tire LOAd CaSEeS......cccuuuiiiieriiieieeeiineereiineeeein e eean e eeeeeannns 68
Table 5.1.1.2: IMS19C Rear Tire LOad CaSeS......cccuuiierirnierieeiieeeeieeeeaieeeeennneeeennnnnnns 68
Table 5.2.1: Front Upright Laminate Development...........ccooovuiiivieeeiieecceeee e 69
Table 5.2.2: Rear Upright Laminate Development............coouviiiiieeiii i aeees 70
Table 5.2.3: Load Case Failure Index Comparison (Hashtnpnt Upright.........................73
Table 5.2.41 oad Case Failure Index Comparison (HashiRear Upright.......................... 73
Table 5.3.4.1: Failure Theory ComparigoRront Upright........ccccovviiiiiiiiiiieec e, 79
Table 5.3.4.2: Failure Theory ComparigoRear Upright...........cooviiiviiiiiiieeein e, 79
Table 5.4.1: Fiber Misalignment Studyrront Upright............cocoiiviiiiiiieeeiiece e 80
Table 5.4.2: Fiber Misalignment Styid Rear UprightL..........ccooviiiiiiiiiiiieeee e 80
Table 5.5.1: Critical Ply Analysis Front Upright..............cooiiiiiiiiiie e 81
Table 5.5.2: Critical Ply Analysis Rear UpPright.............ooiiiiiiiiiiieee e 31
Table 5.5.3: Thre®imensional Stress State Failure Analyisisront Upright....................... 82
Table 5.5.4: Thre®imensional StresState Failure AnalysisRear Upright........................ 32
Table 7.2.1: FEA LOAA CaSES.....cccieiiiiiiiee ittt ettt e e et e e e e eeab e 97
Table 7.2.2: Local Strain Averages for FEA Load CasesS.........cccovvvvvviieeeviiieeeiieeeeennn, 100
Table 7.3.1: Averaged Strain Data from Lateral Loading of Front Quarter Assembly....103
Table 7.3.2: Averaged StraData from Lateral Loading of Rear Quarter Assembly........ 103
Table 7.4.1: Front Upright Strain CompariSoREA vs Experimental..................c.cccceeeeee 104
Table 7.4.2: Rear Upright Strain Compari$oREA vs Experimental.................ccccoeeeveeee. 104
Table 7.4.3: Front Upright FEA Positional Strain Efror...........ccocooiiiiieeeiie e, 105
Table 7.4.4: Rear Upright FEA Positional Strain Error..........ccoooviiiiiieiiincin el 105

Vil



List of Figures

Figure 1.1: Jayhawk Motorsports, 2019 Combustion Race Vehicle..............cccccceeeeenieee. 1
Figure 1.3.1: 2019 FSAE Keep OUL ZONE [L]..couvuuiiiiiiiiiiie e 4
Figure 2.1: SAE Vehicle Dynamics Coordinate System.[2]..........coouiiiiiiiiiiiiiiiinnieereeiinnn 6.
Figure 2.1.2.1: SAE Tire Coordinate SyStem.[4]..........uiiiiiiiiiiiiiiie e 8
Figure 2.1.3.1: Kingpin GEOMELIY [3]....ceuuuuiieiiiiiiiii e e e 11
Figure 2.3.1.1: Hybrid Carbon Fiber/Aluminum Suspension KreugKL]..............cccccceeeeeee. 22
Figure 2.3.1.2: Composite Knucklge Blade [12].............iiiiiiiiiiiiiiieeeeeeeei e 23
Figure 3.2.1.1: JMS Full Composite Rear Upright...............ooiiiiiiiimiiiiieeeceeiiie e 26
Figure 3.2.1.2: IMS 201Bront UPFight........coooiiiiiiieee e 28
Figure 3.2.2.1: IMS 2019 Front UPright.......coouuuiiiiiiiii et 29
Figure 3.2.2.2: IMS 2019 Rear Upright...........oooiiiiiiiiie e 30
Figure 3.2.2.3: Drofhn SNiM ... 32
Figure 3.2.2.4: Front Upright Upper Ball Joint Mount Assembly with Shims.................. 33
Figure 3.2.2.5: Ultimate Tensile Strength vs Temperature of a Two and Seven Series Aluminum
................................................................................................................................... 34
Figure 3.2.2.6: Rear Upright Lower Ball JOint MOUNL............coouiiiiiiiiiiiiiii e 35
Figure 3.2.2.7: 100% Ackermann Steering MQUNT...........ccooviiiiiiiriniieeieieeeees 36
Figure 3.3.1: Tool Configuration for Left Front Upright.............ooiiiiiiiiiiiin 37
Figure 3.3.2: Secondary Drill Fixtures for Front Upright............c..ooiiiiiieiiiiiiineeeeiiines 38
Figure 3.3.3: Tool Configuration for Left Rear Upright............cooviiiiiiicen e, 39
Figure 3.3.4: Bearing HOUSING SaMPIE......coouniiiiiii e e e 40
Figure 3.3.5: Ideal Bearing Mandrel GEOMELLY..........cccvvveiiiiiiieee e 41
Figure 3.3.6: Ideal Base Plate GeOMELIY.......cc.uuiiiiiii e e e e e e e 42
Figure 4.1.1: Temperature Indicating Labels on Rear Upright and Caliper..................... 43
Figure 4.1.2: DAQ Data fromMSL7C........uuiiiiiiie ettt e e e e e e e e e e e eeees 44
Figure 4.2.2.1: Tensile Test Coupon with Fiberglass Bonded.Tabs...............ccccceeeeennnnn. 48
Figure 4.2.2.2: Tensile Test Coupon in Uniaxial Load Frame with Extensameter........... 48
Figure 4.2.2.3: Short Beam Shear Test FIXIUIe...........covuiiiiiiieei e 49
Figure 4.2.2.4: Material Microscopy of Composite Tensile Coupon............cccceevevveennnn... 51
Figure 4.3.1: Test Specimen Before Matrix Ignition............ccooeviiiiieeeiiii e, 52
Figure 4.3.2: Test Specimen in Electric Kiln............cooooii i, 53
Figure 4.3.3: Test Specimen After Matrix Ignition.............cooiiiiiiiiiee e, 54
Figure 4.3.4: 5320 Vacuum Bag Arrangement for Cure [18]...........cccoviiiiiiiiieeieiiiineenns 57
Figure 4.4.1: Microscope Image of Manufactured Laminate with Prescribed Layer Orientations
(left) vs Fit Ellipses Colored by Determined Rotation Angle (rigB8)[................cccoveere. 60
Figure 5.1.1: Side View of Front Upright Boundary Conditions and Loads..................... 66
Figure 5.1.2:Rear Upright Boundary Conditions and Laads.................ccovveeereiiiiieeeennnnnn. 67

Figure 5.2.1: Design Parameter Values vs Iteration Revision for Front Upright Laminat&2
Figure 5.2.2Design Parameter Values vs Iteration Revision for Rear Upright Laminate. 72
Figure 5.3.2.1: Comparison of (a) T8&u and (b) Maximm Strain Failure Theories with

Biaxial Strength Data of CFRP [B]........cccooiiiiiiiiiie e eeni e D
Figure 6.1.1: Tooling to Manufacture Front Left Upright................cooiiiiirerii 85
Figure 6.2.2.1: Joining of Both Sides of TQQL.............ccoiiiiiiii e 87
Figure 6.2.2.2: Joining of Inside and Outside Laminates..............cccovevveieeeiiiieiiieecineeennn. 88

viii



Figure 6.2.2.3: Brake Mandrel Installed t0 TQQL...........ccooouiiiiiiiiiii e, 89

Figure 6.2.2.4: Debulking of CoOmposite iN OVEN............iiiiiiiiiiiie e 90
Figure 6.2.2.5: Application of Local Plies to COMPONENL...........couuuiiiieiieiiiiiiiieeeeeiiin 91
Figure 6.2.2.6: Example of Supplemental Silicone TOOl............cciiiiiiiieiiiiiie 92
Figure 6.2.3.1: Solvay 532D Cure CycCle [18].......cooeeiiiiiiiiieeeiiieiee e 93
Figure 6.3.1: Partially Assembled Front Corner Suspension Assembly......................... 94
Figure 6.3.2: Fully Assembled Rear Upright..............coooiiiiioiii e 95
Figure 7.2.1: Strain Gauge Locations on Front UprdDutboard................cccoevviiiiieneninnnns 98
Figure 7.2.2: Strain Gauge Locations on Front Upridhboard..............cccccooiiiiiiiiiennnnn. 98
Figure 7.2.3:Strain Gauge Locations on Rear Upr@titboard................evovvieiiiiiiiniinnene. 99
Figure 7.2.4: Strain Gauge Locatiams Rear Upright Inboard.............cccccoooiiiiiiiinn 99
Figure 7.2.5: Example of Element Strain Averaging for Location Two on Front UprightLOO
Figure 7.3.1: Strain Gauges Installed on Rear Upright.............coiiiiiiiiiiiiiiiieein, 101
Figure 7.3.2: Maximum Lateral Load on Front Quarter Assembly............ccccccevveeeerennns 102



Acronyms

8HST eightharness satin

ABS - acrylonitrile butadiene styrene

ABST antilock brake system

AM i additive manufacturing

AN T Army-Navy

ASTM - American Society for Testing and Materials
CAD i Computer Aidedesign

CAE - Computer AidedEngineering

CFRPi Carbon Fiber Reinforced Polymer

CG1 center of gravity

CLT 7 Classical Lamination Theory

CNC1 Computer Numerical Control

CTE - coefficient of thermal expansion

DAQ i Data Acquisition System

DoDi Department of Defense

DOE Department of Energy

DOT i Depatment of Transportation

DSCi Differential Scanning Calorimetry

F1 Fahrenheit

FI i failure index

FAA i Federal Aviation Administration

FEAT Finite Element Analysis

FEMT Finite Element Method

FST1 factor of safety

FSAET Formula SAE

G gravitationalconstant

JMSi Jayhawk Motorsports

JMS16C- Jayhawk Motorsports 2@1Combustion
JMSI7C i Jayhawk Motorsports 2@1Combustion
JMSI8C 1 Jayhawk Motorsports 2@1Combustion
JMS19Ci Jayhawk Motorsports 2019 Combustion
ksiT kilo-pound per square inch

KU i Kansas University

Ibf i pound of force

msii megapound per square inch

MS1T Military Specification

NIAR T National Institution of Aviation Research
OEM/ Original Equipment Manufacturer
ORNL - Oak Ridge National Laboratory
PEMFCi ProtonExchange Membrane Fuel Cell
psii pound per square inch

PW/ plain weave

RBET rigid body element

RTD 1T room temperature dry



SAET Society of Automotive Engineers
SMC1 sheet molding compound

Tg - glass transition temperature

TCS1 tractioncontrol system

TTCi Tire Testing Consortium

VBO i Vacuum Bag Only

Xi



1. Introduction

Automobile racing is an internationally recognized pastime that is stimulating and
competitive fororganization®f all skill levels.At the collegiate level, FSAE provides a
unigue opportunity for university students to design, manufaauaecompete a single seat,
openwheeled prototype race vehicle within the constraints of the FSAE Rijlées fjnajor
contribution to creating a fasteardhanthe competition is thatilization of resources such as
advanced materials, analysis software, manufacturing technglageslata acquisition.

To improve vehicle performance around the track desirable to reduce unsprung mass
andminimize compliancewithin the suspension systedmmaintaingrip at the tireAs with
any race series but FSApecifically, time and resoursean be limitedThe necessity for
teamgo fundraiseor source materialonationdrom sponsors drives the neexutilize
simple yet effective designs to meet overall vehicle goals. This thesis documents the
development of a laminated upright design that is manufactured from a single modular

toolset for utilizatiorat all four corners athe JIMS19C vehicl@igurel.l).

Fiu 1.1: Jayhawk Motorsports, 2019 Combustion Race icIe -



1.1. Objectives

The purpose of this thesis is to document the development of a laminated suspension
component that is manufactured from a modular toolset. The upright (otherwise commonly
referred toas a spindler knucklg is a structure that houses the wHesdring(s)and hub that
connects theutboardsuspension linkageaegetherand is located at all four corners of the
vehicle. After the suspension and steering geometries are determined, this component is often
designed to be manufactured from a metallaterial such as aluminurstee] or titanium In
previous JMS designs, the upright is designed finggh strengthaluminum andmachined using
acomputer numerical controCNC) programwhich can be time consuming, require the
manufacturing of secondafixtures generate considerable waste mateaat require post
machining of bearing housing surfac&ke primary structure of the upright is desigustg
carbon fiber reinforced polymer (CFR#®)improvethe manufacturability of the component and
to captalize onthegreaterstrength and stiffness per unit mass of the material

To allow for adjustability instatictire camber anéckerman steering geometry the
utilization of interchangeable or shiablemountswereimplemented for use ioombination
with thecomposite structuréfter suspensiomard points had been determined based on vehicle
level targetshe componenteeremodeled using computer aided drafting (CAD) softwaie
utilization of finite element agsis (FEA) softwarallowedfor the prediction of strain
distribution for a given global and localized stacking sequassgnedo the structurevith
primary consideratianbeingstrengthcambercompliance contribution to the suspension

assemblyand veight



1.2. Design Limitations

Thefocus of the project iprimarily on the performance characteristics of the laminated
composite structure and the adjustable mounts interacting thereinvé&Eperformed only
on the primary structure and mounts so interactions from the suspension linkages, braking,
and tires are natirectly detailedwithin this paperlsolated testing of the laminated
components using a unilateral load machugeenot utilized due tahe additional
complexity and fabrication time necessary to develop such an app#ématead, strain data
wascollectedfrom the componentssing the JIMS19C vehicknd compared against the
FEA outputto quantify the accuracy of the models.

1.3. General Requirementsof Uprights

Theuprightinterfacedirectly with the suspension linkages, bra&aliper,andwheel
bearings Indirectly the upright interfaces with the hub, wheténtion hardwarérake
rotor,wheel and tire. These components setlih@tations based on packaginghermal
limitations were considered based on heat generation from the brake aydtgspotential
negative impact othe composite material.

Upright geometrycan take form of what islassifiedas tall or short knuckle in the
automotive industry. This specifically refers to locating the upper ball joint above or below
the tirefrom a sde view respectively. While each has their advantages, the use of a tall
knuckle design ismplicitly forbiddenby FSAE rule T.1.1.21]. This rule does not allow the
top 180 degrees of the wheel/tire to be obstructed when viewed from above theRigueel (
1.31). As a result, the upper ball joint on the JIMS19C is located within the vBesadd on
the selection of the Continental C18 tire for use on the JIMS19C, the wheel diameter must be

130. This created the over al | hihthemhdei ng v ol

ume



Figure 1.31: 2019 FSAE Keep Out Zone [1]

Additionally, the2019FSAE rules in sections.I.5 T1.6, T.10.2 T.10.3,and T.10.4 [1]
influence the design of the uprigh@verall sispension limitations alderal based on the rules
in section T.1.5Applicable rulesonly effect the upright design such tladitthe suspension
mounting points need to be visibkll fasteners used in the design must be critical fasteners
(T10.2 and T0.3) and spherical bearings must be mounted in double shear or captured by a
washer larger than the outside diametethespherical bearingT.1.5.5) T.1.6.4 requires that
either the steering rack or upright features steering stquetentthe wheés and tires from
contacting suspension, body, or frame members ddgngmic eventsSection T.6.11 and
T.1.6.12 require steering componentgtaploycritical fasteners and be of double shear or
single shear encapsulated configuratisihmounts attached to the primary composite structure
are of double shear configuratiand the steering rack is utilized to limit wheel rotation

Section T.10 definethe critical fastener as a hex head or hexagonal recessed drive fasteners

that must meet or exceed the rating of SAE Grade 5, Metric Grade 8.8 and/or ANG



Navy/ Military Specification (T.10.2). Via rule T.10.3 securing fasteners must utilize an
aceptable positive locking mechanism suclagsoperlyinstalled safety wiring, cotter pins,
nylon lock nuts (where temperature does not exceed 80 Celsius) or prevailing torque lock
nuts. Finally, rule T.10.4. necessitates that a minimum of two full thikedisextend

beyondany lock nut. All fastened mounts to the primary structure or connections to the
mounts utilize AN Spebexagonal headardware with permanettiread deformindpck

nuts where availabland two or more threads protrudirig connectios that utilize a blind

hole with threaded insert or riveted nut plate, safety wire is used to prevent the fastener from
backing outAdditional limitations are provided within the constraints of ¢i&icle

suspension geometry design and material strdimgits.



2. Background

This chapter providesasicinformation on vehicle dynamics, design of suspension
geometry, composite materials, antbrmation pertaining toelated technologies at the time.
Additional information can be found literature from Milliken,Gillespie, and Blundell
Throughout the thesis, the forces and moments acting on the vehicle are described using a

Cartesian coordinate system with the orificated at the vehicles center of grayfigure2.1).
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Figure 2.1: SAE Vehicle Dynamidgsoordinate System [2]

2.1. Vehicle Dynamics

In FSAE as well as other racing series, limits are placed on the power output of the vehicle.
In 2019, displacement of the engine for combustion vehicles is limited to 710 cc and power
drawn from the accumulator fetectric vehicles is 80 kW [1] o utilize the power most
efficiently, it is necessaryo minimize the mass of the vehickhile meetingsafety,strength and
stiffnessrequirements. A vehicle withlargepower to weight ratio is more capable of

accelerang rapidly compared to a vehiab# greater masandcanproduce faster lap times.



Designersitilize high-strengthandlow-densitymaterialssuch asomposites and aluminum
to reduce thenassof the components in the vehi@dad improve thability to accelerate
2.1.1. Unsprung Mass

Most vehiclescan be simplified to avo-mass system composedasfunsprung mass
andasprung mass3]. The rung masses include the chassis, engine, dampers, alestron
and in the case of IMS19C, the aerodynamic pacKdmgewnsprung masses include the
wheels, tires, hubs, uprights, brake calipers, rotord suspension linkages. Simghated
anything that is supported by thiee h i su$pen8ian is sprungmass.Reduction irmass of
the uprights aids in increasing thee h i abilitg t6 accelerate and decelerate in addition to
increasing the effectiveness of the springs and dampers

Reduced mass in the uprightaisohelpful in improving the yaw moment ofertia of
the vehicle, 4. This moment of inertia acts about the vertical axis through the vehicles center
of gravity (CG) and contributes resistance to changes in direction or rotétithre vehicleis
treatedas a single point massidthe moment oinertia formula in its general forims applied
(1), a reduction of mass further away from the vehicles CG will reduce the effort required for
the vehicle to turn.

| =mr2 (1)

Considering that the mass of the uprighin the vicinity ofthe furthest distance from the
CG of the vehicle, a performance gain can be obtainetebigning a component that can
meet itsimit load requirements while miniiming weight
2.1.2. Tires

Tires provide the means for the vehicle to accelerate in a longitudinal or lateral direction

through theiinteractionwith theroad surfaceThis interface is referred to as the tioad



contact patchThe primary functions of a tire are to support \e&itioad while dampening
against road impacts, generate longitud{traictive)forces for accelerating and braking, and
generating lateral forces for cornerird.[All forces applied to the vehicle are created inttres
contact patclexcept foraerodymmic forcesFigure2.1.21 illustrates the forces, moments, and

anglesof a tire thainfluence the performance the vehicle.
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Figure 2.1.21: SAE TireCoordinate Systen]

Tractive force generation is a function of driveline and braking systEmesmechanism of
force generation is via the slip ratio of the tisg [The longitudinal force is created by the tire
rotating at a different rate than ite&rolling speed (no drive or brake force applied) and is
expressed as a percentage. For example, if a tire is turning 110 times to cover the same distance
as freerolling tire rotating 100 times the tire has an instantaneous slip ratio of 10% and iaduces
tractive force to the vehicle. The efficiency of longitudinal force generation is redisctte
rolling resistance moment (yldue toeffects such as frictional resistance from moving

components within the driveline and suspengsioertia of rotatingcomponentsand



aerodynamic drag/ehicle systems such as alick brake (ABS) and traction control (TCS)
are designed to aid the driver in the management of longitudinal forces.

Av e h i abllitgtd srner is dependent upon the lateral force generation of the tire.
Lateral force generation is a function of slip angle and camber (inclination arkgtgine
2.1.21). Slip angle (alpha) ithe primary mode of lateral force generation andessured
between the direction of wheel heading and the direction of triavelconsidered positive
when the tire is moving to the right as it rdilsward. The driver can change the slip angle of
the front tires using theteering wheelo induce a yaw moment on the vehicle via the
resultant lateral force of the tire. Slip occurs when the lateral force of a tire tread element
overcomes the availabtgction as it rotates through the tire contact patch. Therefaterdl
force generation due to slip angle is only possible when the vehicle is in motion
Additionally, they aréheavily modified by the vertical loads on the tires at a giastant in
time

Vertical loads can vary due to weight transfer of the vehicle from roll and pitch in
addition to aerodynamic influend8amber (gamma) is the angle between the wheel plane
and the vertical and is positieehideandt he o6t opéo
contributes a small (but nenegligible) lateral force in the tire. This secondary mechanism of
force generation is often referred to as camber thrust and acts in the direction that which the
tire is inclined.It is the role of the suspensitinkage to regulate the tires lateral forces by
controlling the slip and camber angl¥®rtical loads on the tire are primarityanagedy

the calibration of springs and dampers.



2.1.3. Suspension Geometry

The geometry of defineghow tbhel uespreng massopaevahle is n
attached to the sprung mass. The intention is to control the wheel motion relative to a car body in
a single path and may contain camber change, caster claagee changgs]. A well-
designed suspension shd not allow the tire to move fore/aft or laterally relative to the path.
The only motion of the tire allowed by the suspension linkage should be up and down against the
spring/damper or rotatiotiue to steering input from the driv&@onsidering a vehielwith
independent suspension, the upright is the component thatl ties outboard suspension
linkages together

In threedimensional space there are three components of linear motion and three
components of rotational motigasulting in six total dages of freedorfor asingle bodyTo
constrain the upright to limit motion in five degrees of freedom, five termompression links
are required. The JMS19C utilizes a dualren suspension with pushrods that connect the lower
control arm to the springnd damper assembly. Eachran is equivalent to two straight links.
The fifth degree of freedom is obtained from the tie rod which allows for steering input in the
case of the front upright. In the rearspension configuration,fitoe linkd is used to costrain
the tiresrotational Zdegree of freedom.

An upright is designed in one of two general configuratishsrt or tall The length of the
upright is based on the span of the kingpin axis and vertical position of the upper ball joint
relative to the tire. The kingpin axis is a line connecting the upper and lower ball joints that the

tire rotates about when the vehicle isestgl(as depicted ifrigure2.1.31).
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Figure 2.1.31: Kingpin Geometry 3]

Thetall uprightis more common in production automobileisere the upper ball joint
can be positioned above the tifdis configuration is also depictedkigure2.1.31 as the
upper ball joint (high) in the side and front viewse ball joint positiorallows forsmaller
kingpin angles while maintaining a desirable spindle length and scrub radius. As afresult
the larger span, reaction loads are reduced on the upright and in turn lowered through the
controlarmsT h e 0 s h orequitgsthalt the entgenupright is packaged within the wheel
from a side viewThis configuration is depicted as the upper [mifit (low) in Figure
2.1.31. This design is more common in FSAE vehicles due toTulel.2which does not
allow for components to exist within theradynamic keep out zorfeecall Figure1.31). A
shortuprightis often lighter in comparison to its counterpart dagptcally requires less
volume of material to perform its function. However, it can have less desirable kinematic
effects under load in comparison to its alternatyénducingcamber change in coering
due to compliance acting through a shorter kingpin axis length

A secondary steering attribute that is considered during the design of the upright is

Akermann geometry. The front steering linkage dictates whether the wheels will remain
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parallel as th wheels are steered away from the stragdifgiad position. Ackermann is measured
as a percentage andrrelategso 100% for parallel, <100% for rever8ekermann and >100%

for Ackermann(or pro-Ackermann)for a given steer anglgithout inputof a statictcoe angle.

This parameter can be designed for reconfigurations given different vehicle perfotargete
For example, a track with many small radii, low speed corners would suggastctssityfor a
reverseAckermann geometry to steer the inside fnwheel at a greater angle than the outside
front. A higher speedourse with larger radii turns would not require as much variation in side
to-side wheel slip angle because the front wheels do not need to be ttessdiigh of a degree
Additionally, the vehicleweight transfer due to body roll unloads the inside tires reducing the
vertical force acting within the tire contact patch.

Thespecific detailof theoverallsuspensionlesign of the vehicldoes not fall within the
scope of this thesisHowever,t is important to note that as therightsfunctionin conjunction
with other suspension elements, they will influence the overall kinematic performance of the
vehicle.

2.2. Composite Materials

Early inthe design of a compongmrengineers mustonsiderthe benefits andrawbacksof
available materials. Composite materials differ frconventionabptions such as aluminum or
steel because they are composed of two or more materialshaarascopidevel to form a
subsequent matial [6]. These materialdemonstrate the best properties of their constituents and
often some traits that neither constituent exhibit independently. This principle of combined
action improve properties such as strength, stiffness, wear resistance, fatigue life, weight, and
thermal insulationAdditionally, composite materiafellow an additive manufacturing

philosophywhencomparedo a machined component. The laminatbugt oré | a i usingu p 6
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plies or lamina to create tipart In contrast, anachinedcomponenbegins as a volume of
material that iseduced tats final geometry.

On afundamentalevel composite material are composed of two major constituents, the
matrix phase and disprd phaselhe matrix phaseanbe a metal, polymer, or ceramic and
allows for an applied load to be transferred between the dispanasdsFurthermorethe
matrix protects from chemical reaction with the environment or surface damage resulting
from medanical abrasion/]. Variation of the dispersed phase comes about in the shape,
distribution and orientation of thébers orparticles.Common configurations of dispersions
include continuous and aligned, discontinuous and aligned, discontinuous and random, or a
combination thereof. The strength of a fiber dispersion compositériisutedto fiber length,
concentratiopand theorientaton of the fiberThis configuration othe constituents
contributego the anisotropic and inhomogeneous natur@oafmposite material as opposed
to a metallicmaterial thats homogenous and isotropdt a macroscopic scale

A composite materiachieve a high strength to weight ratio via the configuration of the
dispersed phas@&hese typically fall into partickeeinforced, fibesreinforced,or structural
compositesStructural composites are composed of a composite and homogenous material
such as a foam or honeycomb cd?article reinforced composites have a lower strength than
a fiberreinforced or structural composite due to the interactions of the dispensitbi at a
molecular levelThis isattributedto thematrix carryingmost oftheappliedloadin
oppositionto a fiberreinforced compositél he strenth contribution of the dispersed phase
is a function of fiber length to diameter rafig. A greater lengttio diameter ratiprovides

better reinforcemerdue to load shearingto adjacent fibers via the matrix at fiber
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extremities. A fiberreinforced composite is chosen for use in gngectdue to its greater load
carrying capacity.

Continuous and aligmkfiber composites are manufactured in a variety of configurations.

The fiber architecture of the dispersed phase influences the properties of the composite in
addition to the processing][ Thefiber can be ondimensional in the form of a unidirectional
fiber, two-directional as a woven fibg@roduct or threedimensional as stitchedwovenstack

fiber product There are a variety of materials available with common types being glass,,carbon
and aramidvith eachpossessingheir own unique material properties.

Acompositeds strength is influenced Twy the e
guantifythe elastic behaviasf acomposite consider ainidirectional laminaubject to
longitudinal loadindin the diretion of the fiber alignmentA cross section of theomposite
subject to a longitudinal loadFc) is the sum of the load carried by the maffix) and the
fibrousphasgF).

Fe=Fm+ F (2)

It is assumed that the bond between the matrix and fiber is near perfect suggesting that the
strain experienced by the composite is equal to the $tibain andnatrix strainor anisostrain
condition(similar tosprings in parallel)Theapplied load tadhecomposite can be rewritten as
the product of stress and cresectional area for each constituent acting over the totalcross
sectional area. Assuming the phase lengths are all equal the area fractions for each constituent

(Am/Ac and A/A.) areequivalent to volume fractions.
A A — K — K6 A6 (3)

Application of the isostrain state with the condition that the deformations of the composite,

matrix and fiber all being elastic allows for the substitution of the mugdaf elasticity for each
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respecti ve comgdES Mhe refuling aquatidis eammdnly referred to
as the rule of mixtures amovidesan approximation afhe longitudinal stiffness of the
composite material for a continuous and aligfieelr composite.

Ec ongitudinal = EmVm + EfVs 4)

In generalthe fiborous phases brittle, and the matripphasds ductile. The rule of
mixtures demonstrates that the composite stiffness and strength is dependent upon the
concentration ofongitudinally oriented fibers and increases linearly with the fiber volume
fraction.

The longitudinal elastic behaviassumeshat the volume fraction of the composite is
purely composed of the fiber and matrix phas&svever, & or other volatiles can become
trapped within the laminate during the manufacturing process that resulisranvoids
Micro voidstend to negativglinfluencethe composite material by reducing the consistency
of the mechanical propertieExamples includéowering the fatigueesistancend allowing
for greater susceptibility to moisture diffusidd].[A high void contents 20% or greater by
volume and can be approximated by comparing the theoretical density with the actual density
of a material samplélternatively, samples can be prepared and processefinerican
Society for Testing and MateriagldSTM) D3171 toexperimentally determinghe void
volume of the material.

Transverse elastic behavidiffers from thelongitudinal behavior for a unidirectional
continuous fibetamina This scenario is hot uncommon in practical application of composite
materials and occurs when the load is aapperpendicular to the fiber orientation. An
approximation for the transversffness(Ec wransversp is derived using the assumption of an

isostresgondition and is reduced to the following equafidhwhere E, and k& are matrix
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and fibrous phase stiffnesses angland \t are matrix and fiber volume fractions, respectively
On — )

The previousequationdemonstrates th@gh transversestiffnesscontribution of thematrix
phasan aunidirectional laminaDespite the lower transverse strength of a unidirectional fiber
lamina,it can provide excellent reinforcement properties wtmnbined with other lamina to
form a laminateFor this reason, many composite components utilizess @ly, angle ply, or
combination configuratiofaminate of unidirectional lamin@ provide greatestrengthin
structures withvarious loading conditions.

Laminated composites are rimhited to combinations of unidirectional lamina. Biaxial
fabrics ae woven to provide similar strengtind stiffnessn the warp (along length of roll) and
fill (across width of roll) directions. Woven fabric is not as strong as pure unidirectadad
due to thdower fiber quantity in direction of load (for a given cross section) andrth of
fibersat their intersectiothat is inherent of a woven texdilHowever,woven fabricgrovide
better drapejualitiesand control of fiber orientatiom componentsvith complex contours.

The calculation of lamina stiffness is more complicated than the previously mentioned
exampledor a unidirectional laminaStiffness of a lamina or laminate is typically presented in

the form of a matrix0 and is used to relate-planestresses to knowin-planestrains[8].

Inversely, theeducedcompliance matrix “Y relatesn-planestrains to knowimn-planestresses.

(6)
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and dis the ply alignment angle.

The components of the reduced stiffness matrix defined above are expressed in terms of
the properties in the principal material directions that are determined via material testing or
approximation from calculations of longdinalmodulus (k1), transverse modulus £8, in-
plane shearmodulus (¢ , maj or PoJd,asonisnomlat P @) Eesenods

coefficientsare calculated as follows

60 — (7)
0 _— (8)
0 0 (9)
0 O (10)

These relationships are fundamental in the determinationpméire stresses and strains
of each lamina in a thin laminated structusgng the classical lamination thedGLT) [8].
Additionally, the CLT is used to determine the extensional, coupling, and bending stiffness
of a laminateApplied forces and moments are related to midplane strains and curvatures via

the following matrix equations.
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0 o - 5 Q (11)
0 r ko)
o : 0
0 6 - 0o Q (12)
0 r Ko)

Where [A] is the extensional stiffness matrix for the laminate with components denoted in

N/m, or Ib/in
o} o} 0
0 0 o} 0
0 0 o}

o} o} o}
0 o} o} o]
o} o} o}

[D] is the bending stiffness matrix for the laminate with components denotednimiNb-in.

o0 O ©
O 0 O ©
0 O ©

The elements of each respective stiffness matrix are calculated as follows

0 B 0 Q Q (13)

0 -B 0 Q Q (14)

0 -B 0 Q Q (15)
such thaN is the total number of plies in the laminate, are the elements in the

reduced stiffness maxrof thejth ply,’Q is the distance from the laminate midplane to the top
of thejth ply andQis the distance from the midplane to the bottom ofttinely.

The previouglerivationfor the various stiness matrices are the basis of the@lane failure
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approximation provided by the finite elememalyseshat are covered in greater detail in
Chapter 5.
2.3. Available Technologies

This section highlights the application of composite materials in desigmuiite
automotive industry. Background information into the design basis for the composite upright
is also provided from a previoddMSFSAE projec{9].
2.3.1. Research and Development within Transportation Sector

The use of composite materials extends beyond automotive racing and aesespase
Automotive Original Equipmeni¥lanufacturerOEM) have adopted the usetbése
materiak to increase fuel econontlgrough reduction of mass in body and chassis
componetsin addition to simplified assemblyy consolidaing parts.The United States
Department of Energy (DOE) founded the FreedomCAR prognatrpartnered with OEM
in 1998 todevelop dow-cost automotive grade carbon fij&f]. The goal of the material
wasto havea cost of $355/pound, tensile strength of 2kilo-pound per square inckj),
modulus of 24.9negapound per square inciméi), and 1% strain to failuréAdditionally,
FreedomCARsought to build confidence and experience with CFRP design and develop
reliable joining, testing, and neatestructive evaluation methottsmaintain similar safety
and performance parametéos conventional vehicle®Dak Ridge National Laboratory
(ORNL) is the lead labratoryf or t he DOEG6s carbon fiber resear
develop, testand validate improved precursors and conversion technology. Additionally,
ORNL can perform measurement, characterization crash energy testing on compms

structures.
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Through their research ORNL found a reduction in cost of carbon fiber via new processing
technologie$10]. The firstnotable discoverywas microwaveassisted plasma systems for
carbonization of the carbon fiber thrasulted in a rapid,antrolledcarbonizatiorof pre-oxidized
precursor The second notable discovery wdew temperature plasma processes for oxidization
of the carbon fiber. This is relevant in reaching the cost goal of automotive grade carbon fiber
because the oxidizatiomas the most expensive and the@nsuming step in the carbon fiber
conversion process. Another contributor to reaching the cost target is the production of carbon
fiber from lignin. Lignin is a chemical bgroduct of the papermaking process that is avialab
nationwide in large supply and could be purified of sulfur and organic contaminates and melt
spun into precursor. Aside from material developmissties related to manufacturirsgpply
chain andecological issues must be addressed.

Other challengewith widescale adoption of carbon fiber in automotive production is the
creation of shortycletime, high yield, molding processes, long term stability in price and
supply of material, demonstration of affordable recycling, recovery, and repair mgtbhds
Carbon fiberds greatest competition in |ightw
magnesium due to their proven track record in design, fabrication, assembly, and rekycling.
2006 the Aluminum Association reported that aluminum passed irbre &2cond most common
automotive material at an average of 317 pounds per vehicle in North America. The International
Magnesium Associatioforecasedthat magnesium use will grow consisterfibg-7% from the
current 1613 pounds per vehicle.

If carbon fber is to be feasible for mass adoption, the issue of recycling and reclamation
must be address¢d0]. While regulations currently do not exist in North America, the European

Union required more than 85% of all vehicle weight to be recycled as of 2@66.ufilized
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mass of magnesium were to be traded out with carbon fiber while assuming scrap rates of at
the time it would leave 44,463 tons of scrap to be addressed and@lbrdherent
Technologies of Albuquerque, NM and Argonne National Laboratorae notable efforts
to address the problem of recycling scrap carbon fiber. Adherent utilized a catalytic
depolymerization process applicable to carbon fiber thermoset rescotiidtreclaimmore
than 90% of the fibers arsliffered only9% reduction irstrength{10]. Argonne National
Laboratory utilized a singistep pyrolytic process to recover carbon fiber in panels and
thermoplastic/thermoset composites with recovered fibers that were similar in diameter,
density and morphology as the original fibeArgonne National Laboratoryelieved the
process to be economically viable based on the recovered fiber value of $1.50/pound.
Through collaboration of OEM and the FreedomCAR program, notable technical and
commercial achievements such as the carbon tideod for heavyduty trucks (Delphi
Corporation), carbon fiber recovery from CFRP scrap,-spin carbon fiber precursor from
lignin feedstock, technical improvement of the powderedf@ma General Motors fiberglass
truck bed and development of carbmarbon bipolar plates f@rotonexchange membrane
fuel cells PEMFQ weremade possiblgl0]. Other partnershipsereformed between
automotive manufacturers, research laboratories, and material suppliers demonstrated the
basis of carbon fiber use in automotive suspension component design such as the hybrid
carbon fiber/aluminum suspension knuckig(re2.3.11) and the composite tienuckle

blade Figure2.3.12).
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Figure 2.3.11: Hybrid Carbon Fiber/Aluminum Suspension KnucKlg] [

The hybrid carbon fiber/aluminum suspension knuckle was a study performed by Saint Jean
Industries and Hexcel to implement a prepreg patch to an existing aluminum geometry in order
to increase the stiffnesempared t@ full aluminum version 11]. The degn of this component
desired the stiffness of cast iron but maintaining the weight of aluminum wgti@dinga
relatively short production time. Saint Jean Industries was able to accomplish their goal by using
a HexPly unidirectional M77 snaqure epoxyprepreg patch adhered to the aluminum using
Hexcel fastcuring Redux 677 film adhesianda highvolume compression molding process.
Theadded benefit of using film adhesive with the aluminum knuckle is preventing direct contact
of carbon fiber and aluminunthus educing the risk of galvanic corrosion. The patch could be
placed and cured at 150 degrees Celcius in less than two mamddéiag for the target
production of 15,000,000 parts/year todmhievedwvhile increasing the part stiffness 26% over

baseline.
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Another notable development in lightweight automobile suspension components is the
collaboration between Ford Motor Company, WiaknManufacturing Group, Gestamgnd
GRM Consulting. This component was developed over a twatiyeespan with the goals of a
50% weight reduction compared to its steel counterpart, a suinfiugte cycle time, and a
25,000 part/year production rate2]. At conceptionthe part was designed from a single
material sheet moulding compound (SMC). Through material testing they found that the
loading requirements could not be met and that longer cure times would be required. As a
result, a cemolding SMC wih layers of prepreg could meet the mechanical requirements of
the component and allow for a more advanced geometry. Ultimately, the pcodiccbe
manufactured by pressing prat prepreg material into a die to generate the desired shape.
The prepreg wdd be transferred to a compression molding press where it is cured with
SMC resin composed of 53% weight fraction 15k filament count carbon. The largest
challenge that was discovered ottee two year course@asremaining within thecost

objectiveof the poject

Figure 2.3.12: Composite Knuckldie Blade [12]

In the realm of FSAE, most teams continue to use aluminum or steel for the design of

their uprights. In 2016MSdeveloped a fulCFRPrearupright prototype that was tested on
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the JMS16C. Once the design was validatiedasimplemented on the IMS17The composite
designsought to reduce weight over a full aluminum deseiminate any postmachining of he
componerg, save manufacturing burden on CNC equipmamnd maintain stiffness of the
aluminum upright desig[®]. The effort in the design of a composite upright set the precedence

for the uprights and tooling for the IMS19C.
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3. General Designof Uprights

This section covers the general design of the frodtraar composite uprightieveloped
in thisproject The main topics covered goeevious JMS designthe geometry of th2019
uprights and features of the modular tooling. Laminate design for the composite stsusture
detailed in thechapterpertainng to analys. Engineering drawings for the front and rear
uprights developed in this thesis are availablappendix A: Left Front and Left Rear
Engineering Drawings
3.1. Design Requirements

The primary objectives of the project ared@velop anodular toolingsetto produce four
uniquecompositecomponentshat require no post machining operatiomsiuce wight in
comparisorto thefull CNC aluminum desigrdevelop a finite element model to maximize
the efficiency of théaminate allowing for tire camber and Ackermann steering adjustment
at the uprightvhile complying with allapplicableFSAE rulesand meeting JIMS19C static
and dynamic design parameters.
3.2.  Upright Design

Provided that the design of the uprights operated with the entirdtg IMS19C vehicle,
someaspects ofegacydesigns wereonservedrom previous yeartsThis helped to meet the
goals of the project under time and resource constraints while operagiacallel tothe
overall goals and milestones of the JMS 2019 team.

Primary design consideration includes the location and forces aptightto the
suspension linkages from the hilhese limit loads are determined using force and moment
balance matricies for the entire suspensissemblyandare appliedlirectly to the

composite upright in the finite element analysis for the structures.
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3.2.1. Legacy JMS Upright Desigrs

The original full composite rear upright prototype was implemented on the JIMBAZC3C
(Figure3.2.11) andsought tosimply the manufacturing of the componeaetlucemanufacturing
burden on CNC equipmeneduce weight in comparison to a full aluminum desag

maintain stiffness of the aluminum upright design.

Figure 3.2.11: JMS Full Composite Rear Upright

The full carbon design hadnaanufacturedveight of 0701b compared to its aluminum
counterpart aR.05Ibsreducing component weight 5.9 while maintaining the same corner
stiffness. The lamination process was similar in duration to CNC time at around 14 hours/part
but did not require any CNC machining timece tooling was manufactured. The upright tooling
assured proper feature alignment that could fall out of tolerance due to setup changes on the
CNC mill and turning of bearing housing dimensions on a lathe

Adjustability of the rear tire cambaraspossilte using shims between the upper ball joint

and the outer control arm. If this would be implemented at the front upright, the adjustment of
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camber would simultaneously change kitggpin inclination angles designedhich is
undesirableo maintain suspension parametekxiernatively, it is preferred to adjuste camber
angle at the upright without directly influencingaracteristicsuch as scrub radius and
kingpin angle. Ackermann steering is not a parameter of concern for the @emsas
geometry therefore adjustabtetingpoints were not necessary in the full CFRP design.
Additionally, dynamic toe could be controlled via inboard adjustment of the conrahlink
turn simplifying the design of the full CFRP design

The JMS1& front suspension utilized a full aluminum upright design. This configuration
had a weight of 2.05 Ib aradlowed for camber angle, Ackermann geometry, and caster angle
adjustment at the upright while maintaining a minimal amount of complano@xmum
lateralload (Figure3.2.12). Moreover the design and analysis were much more straight
forwardwith anisotropicmaterialwhich allowed forimprovements to be made to the

steeringgeometryand hubs for the 2018 vehicle.
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Figure 3.2.12: JMS 2018 Front Upright

Many teamgend tochoosea CNC aluminum or welded stemnfigurationto simplify the
design of the upright whileomplying withFSAE rules, overall team goalndvehicle
suspension kinematic targeWhile the performance of the machined CNC design meets the
goals of the subsyem, the manufacturing complexigquirestheuse of multiple CNC setups
and precise tolerances which would make the upright one of the most difficult parts on the car to
manufactureln recentyearssome teams will partner with industry to produce adelit
manufacturing (AM) titanium upright&lowever an AM upright would require poshachining
anda very high implied cost to meet the component requireméhis fell outside of the goals
of the 2019 design as it would rely on outside manufacturing and potentially impact the timeline

of vehicle completion for validation testing.
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3.2.2. New JMS Upright Design

The new upright desigrdeveloped in this thes(Eigure3.2.21 andFigure3.2.22)
soughtto utilize the same tool set to manufacture all faniqueprimary composite
structure. In comparison to the CNC aluminum upright, the tooling and aluminum mounts
from the 2019 desigaresimple enough to be manufactured with the resources available on
theKansas University{U) campussuch as manual mills, manual lathes, composite oven,
autoclave, and CNC milSynonymous manufacturing of the primary composite structure
was made possible by designing the hubs to share the same Isbaftdgameter and
spacing As a result, theame mandrelsould be usetb form the housing features within the

front and rear uprightsroducing a bearing surface that requires no post machining

Figure 3.2.21: JMS 2019 Front Upright
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Figure 3.2.22: JMS 2019 Rear Upright

Research and analysis were performed on the wheel bearings from SKF coupled with legacy
hub design to determérthat it was the most effective option available off the shelf. At the time
of design there were no other available options with less mass that can support the radial and
axial loads actingonthe bearin@ | cul ati ons fr om Shixtgook§lg]6 s me c h
providethe means to determine tleguivalent radial loa@Fe) of the bearingand catalog load

rating (Go) based on the requirements of the vehicle

5 O — (16)

where™O is desired radial load (Ibf} is desired life (hours}, is rating speed
(revolutions/minute)d) is rating life (hours)¢ is desired speed (revolutions/minute), and is a
dimensionless constant which is equal to three for ball bearindsslimstance O is substituted
for "0, or equivalent radial load, as the wheel bearings experience simultaneous axial and radial
loading. The equivalent radial load of the bearings can be determined via the following equation.

O Owwo O (17)
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and’Ois radial load (Ibf);Ois axial load (Ibf), V is a dimensionless constant equal to one

when the bearings are configured such that the outer ring is fixed, and the inner ring rotates.

Table 111 (13) provides the means to determine the val(@(0f38) using the ratio of-

(0.28). This gives the values @f = 0.56 andb = 1.15 to substitute back into equation 17 to
solve for the equivalent radial lod@, of 993.28 Ibfunder thecombinedimit loads of "O
44300Ibf and'O  64800Ibf.

Assuming a maximum vehicle speed of 80 mil es
¢ is equivalent to 1497.34 revolutions/minute. A design life,of 1000 hours is deemed
acceptable for a race vehicle. Takihg equivalent radial loadQ, of 93.28 Ibf, and the
SKEF rating life of1C revolutions =0 £ ¢ 1(13), the catalog ratinfj.3], Cio can be
determined to be 4452.94 |bf (per equation 17). The basic static load rafjraf {2 SKF
618152RS1 is 24280 Ibf [14] therefore two of the aings are required per hub to meet
limit load requirements of the vehicle.

The ability to adjust camber angle at the upright is possgiblaluminum mounts that
can translate about tlreclinedsurface of the composit&hese mounts coupled withop-in
shimsof various thickness between the mount apdghtallow for adjustnentof camber
anglefor a desired vehicle setup. The camber shims were designed from alusfieatrio
be manufacturd using a waterjet cutting machiaedare interchangeablfrom front to rear
for camber angladjustment in increments as low as 0.1 degree to 0.5 degree per shim

(Figure3.2.23) and is demonstrated as aneasbly later in this section
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Figure 3.2.23: Drop-In Shim

Primary design requirements of the mamgcessitatethat the sphericdlearingse
retained in a double shear configurat{@nl.5.5[1]) via a single blind fastendnreaded into a
steel inserthat is locked in place using safety wifie10.3[1]). The sphericabearingsare
orientedwith the fastaeeraxisinclined fromverticalto allow for the upright to rotate throughout
the maximum steer anglelhe outboardvertical surfacef the mount must allow pass through
of the control arm to accommodate suspension geometry design and retain the camber shims.
Thehorizontal region of the mount must allow for the geomettyaoslaterelative to the
composite due to camber adjustment and secure the assembly tedelashearing applied
stresesinto the laminateThe upper and lower ball joimount geometryvasmodeled with
consideratiorof the limit steering angteat full damper compressicandreboundo prevent
binding of the suspension linka¢E.1.6.4[1]). For simplicity of the prototypse two similar
mount designs were utilized that are interchangeable between front and rear upoighest
project milestones, the mounts are designed for manufactwaéhoreaxis CNC mill
Preliminary stress analysis was performed in Microsoft Exsielythe maximum ball joint
forces to determine minimum flange thicknesses, edge distamzefastener diametetis drive

the CAD modeling of the mountMaterial yield strengths for the fasteners and ball joint mounts

32



were chosen over ultimate strengphprovide conservative factor of safety estimates. Ball

joint flange thicknessesnd edge distancegere analyzed based upon edge shearing of the
mount (purely in lateral forces) and bearing stresses (via magnitude of lateral and

longitudinal magitude faces). Fastener forces for the ball joint interface and aluminum

mount to composite upright were analyzed separately. Ball joint fastener strengths were
evaluated in shear using the magnitude of vehicle lateral and longitudinal forces. Fasteners to
constran the aluminum mounts to the composite upright were evaluated for axial and shear

stress in the horizonahdvertical orientation.

Figure 3.2.24: Front Upright Upper Ball Joint MounAssembly with Shims

By comparison, the lower load bearing capacity of the front upper ball joint of the front
upright necessitated a structure suitable for ar3XN3 / 1 6 0 blolt atackmert while
the higher load bearing capacity of the lower fmatit of the front upright and upper ball
joint of the rear upright shared a similar load carrying capacity through-4 AN / 4 0
diameter)bolt. The machined mounts were designed from 2024 aluminum to take advantage
of the retention of strength at elevatguerating temperatures in comparison gixar seven
series aluminum. This consideration is important due to the heat generation from the braking

system and is addressed in greater detail in the following chapter. 2024 aluminum has an
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ultimate tensilestrength that is lower than 7075 series by 12.9 ksi or 16% at room temperature
[15]. However, at maximum operating temperature {BQ0f the component the 2024 series
aluminum experiences a strength loss of 22% opposed to the 7075 series that loses 63% of its
strength(Figure3.2.25) [15]. Stress analysis of the mounts were performed useld strength

of the material anaximum operating temperatures at all limit load cases FEA program.

Ultimate Tensile Strength vs Temperature [15]

90000

80000

70000 L

60000

50000

40000

30000 °

20000

Ultimate Tensile Strength (psi)

10000

0 50 100 150 200 250 300 350 400 450
Temperature (F)

®7075-T6 ®2024-T351

Figure 3.2.25:; Ultimate Tensile Strength vs Temperature of a Two and Seven Series Aluminum

Sharingof the front lower and rear upper moul&signis permissible for meeting the load
carrying capacity, camber adjustment, and rapid build timeline while minimizing weight and
compliancen the design of these components. The steer/toe and rear lower ball joint mounts
were designed for simplicity arsvift manufacturingA rear tire typically does naotceive
intendedsteemg inputunless the vehicle has a dynamic toe rear steer designed into its geometry

or a rear mount steeringput For the IMS19C hie rear upright does not have the requirement to
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intentionallyrotate about its kingpin axigs a resultthe lower ball joint of the rear

suspension can be retained usirggnaple closed double shear mogiRigure3.2.26).

Figure 3.2.26: Rear Upright Lower Ball Joint Mount

Theinterchangeablsteer and fixed mounts are desigf@dmanufactue using manual
operated machine shop equipment with minimal operatiashined mounts were chosen
opposed to bondembmpositeor integral mounts to eliminatnychance of adhesive failure
and simplify he composite manufacturipgocesgor the prototypeThe JMS full composite
upright design utilized a bonded toe link that was successful during implementation on the
2016 and 2017 vehicles but wowdghibit failure on the 2018 due to the increased torque
production of the forced induction powertrailfm ensure reliability for the 2019 vehicle,
fastened aluminum mounts are implemented to meet the adjustedgjityement®f
Akermann steering geometityre cambeiadjustmentweight reductiorcompared to full
aluminum uprightsand rapid manufacturing.hree configurationsf interchangeable
steering mounts were designaad manufacturetb meet thalesign parameters 80%,

100% and 110% Ackermangeometry Figure3.2.27).
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Figure 3.2.27: 100% Ackermann Steering Mount

Simplicity of the fixed mount designs is met by utilizing a common six series aluminum
extrusion as a basis for geometry of the steetogyand rear lower ball joint mousitEach of
the mounts could be manufactured from start to finish in less thaouan h

Despite thentegrationof fastened aluminum mounts to the composite structurdesign
weight of the front upright allowed for a weight reductiort4f®b (2.05lbs down to 1.13bs)
compared to the 2018 design andeduction of 8.9% (2.511bs down to 1.13bs) compared to
the 2017 design. The rear suspengijeametryof the 2019 vehicle changasdynificantlyfrom
the 2017 or 2018esignand necessitated a higher load capastitycturedue to its shorter span
of kingpin axis The 2019 rear ufght hada design weight of.64 Ibs (increasdrom .70lb in
2017)and gained.34.3% from the 2017/2018 desighlowever the 201%earcomposite upright
had a weightdecreasef 20.0% (from 2.05 Ib)in comparisorto the full aluminum 2016esign
While the weight reduction of the 20L@right desiga (compared to full aluminumyere
advantageous for meeting vehicle performance gtiedsncrease in manufacturabiljtystified
the minor increase in weight of thear uprightgcompared to full CFRRp accommodate the

aggressive aerodynanpackagingandresultinghigher load capacityear suspensioimkage.
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3.3.  Modular Tool
Thekey development in this project is a modular toailsat can producall four
uprights The wheel bearing housing is formed during the initial composite cure and does not
require post machining once removed from the tool. Additionally, the featuresttérédce
with the ball jointstie rod linkagesand brake calipesire formed with reconfigurable
mandrels that function as drill guides to precisely locate fasteners duriagsémablyof the

componerg An example of the front left upright configuratics presentedn Figure3.3.1.

Figure 3.31: Tool Configuration for Left Front Upright

After the first cure is completed, the pertemoved for trimming and locabmposite
ply addition. The part is cureasecond timand placed back into the tool for drilling.
Secondary fixtures are utilized to finish the drilling operation of thespBiney are designed
from extruded angledluminum for low cost anquick manufacturing on a manual mif
rendering to display thetilization of the secondary drill fixtures for the front uprigit

displayedn Figure3.32 (sans hardware)
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Figure 3.32: Secondary Drill Fixtures for Front Upright

A secondary advantage of the reconfigurabtding is that the base plates can be
remanufactured in later years with new locations for steering, upper and lower ball joint pickup
points. The bearingize and spacing coultk increased or decreased if the hub design is altered.
If a larger brake rat is desired the caliper mandrel may be relocated as wellfdrdsons
underthe assumption that similar incoming angles of the control arms are maintained from year
to yearsuch that the operating angle of the spherical ball bearings are not ex¢éadeder,
mandrels can be relocated or interchanged to achieve a dassmehsiogeometry Figure
3.33 demonstrates the reconfiguration of the tooling to produce a diffepemonenthat is

suitable for the rear suspensigeometry
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Figure 3.33: Tool Configuration for Left Rear Upright

To obtainthe fit specified for the wheel bearings, the linear expansion of the aluminum
mandrel up to cure temperature and the composite housing diameter change due to
temperature fluctuation must be calculated and experimentally verified. A proper fit for the
SKF 618152RS1 bearing necessitates a housing diameter tolerar®@060® -0.00080 o0 n
an outside diameter of 3.7@® The bearing mandrel was designed with an initial outer
diameter of 3.73M A sample of compositeasmanufacturedo verify thatthe find
product would have a housing diameter witthiaspecification for bearing fitFigure3.3.4).

The bearing mandrel wasachinedncrementallyon a lathe after eacdampleuntil the cured

housing diameter met the required tolerance.
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Figure 3.34: Bearing Housing Sar.r'{ple

The final outer diameter of tHeearing housingnandrel was 3./00  w haoutdrexpand to
a diameteof 3.73930 at the composite cure temperature of ‘Fs€onsidering the negative
coefficient of thermal expansiq€TE) of the carbon-0.3 ppm?F) the diameter of the housing
expands anothdy . 0 CafieBcooling from 350F downto 7C°F which gives a final diameter of
3.73%0 a nwithinithefit tolerance for the bearing housirgdditionally, any temperature
fluctuation of the composite structure due to heat generation from thadssistemwill
maintain a housing diameter within the fit tolerance of the bearings.

In retrospect, the modularity of theoling could have been impved by machining the
radiused transition into the bearing mandrel (showrigire3.3.5). This wouldallow for
simplification of the base plates tHatatethe additional mandrels for the pickup points and

brake calipefFigure3.3.6).
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Figure 3.35: Ideal Bearing Mandrel Geometry

The simplified base plates in comparison to what was manufactigrd€3.3.1 and
Figure3.33) would allow for alower cost and easier manufacturing effort if the upright
design were to be iterated multiple times throughout veldel®lopmentThe base plate
would be manufactured oam machines simple as a drill press to allow for repositioning of
any of thesuspensiompickup pointschanging of the brake caliper locatjan
accommodatindor a different diameter of wheel bearingot only is the initial cost of the
part much less expensitiegan a fully aluminum CNGtructure but the cost to change

upright geometry is loer.
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Figure 3.36: Ideal Base Plate Geometry

Additional improvements to the 2019 upright design would be achievathhyfacturing
the ball joint steering andtoe-link mounts from carbon fiber to be fastened to the primary
structure.This would allow for additional weight reducti@mdthe ability to adjustamber and

caster angle at the upright with interchangeabfeeupnd lower ball joint mounts
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4. Materials

When designing angomponent, it i€ritical to considethe operating environment and
its effect onmaterials and their propertieBhe biggestactor in the choice cfomposite
material for these componeraside fromstrength and stiffness was the glass transition
temperaturéTg). This chapter details the methodolagilized in material selection for the
project.
4.1. Material Selection

Due to the nature @nvironmental exposure that the uprights experigpitgsicaltesting
was performed to determine the maximum expected operating tempefatuedront and
rear upright IMS2017C wasquippedwith irreversible temperature indicating labels on the
front ard rearbrake caliper and upright to record maximaperatingemperaturg(Figure
4.1.1). Additionally, theon-boarddata acquisition (DAQ) in conjunction with infrared
sensorprovided themeando recordinstantaneous temperature of thér over time
(Figure4.1.2). During the test,le vehicle was driven on a course with short straightaways
and tight corners for a duration equivalent to half of an enda&rent(~10 minutes)the

point in which a driver change occurs.

Figure 4.11: Temperature Indicating Labels on Rear Upright and Caliper
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Park and Ride - Purple Track, Park and Ride - Purple Tradk
Mone, JM517C
9/22{2018, Heat Transfer Due to Braking
1:55:43 PM,
Min -15

Brake Pressure Front [kFa] | Max 2679
Avg 156
Min -8

Brake Pressure Rear [kPa] | Max 3577

Avg 256
Min -1
Max 320
Avg 152
Std Dev a7
Min -1
Max 311
Avg 152
Std Dev 20

Figure 4.12: DAQ Data from JMS17C

Brake Temp Front [5C]

Brake Temp Rear [*C]

Data from the DAQ indicated that the front brake rotors peaked aF&Gé anaverage
temperature of 306. The rear brake rotors reached a maximum temperature 4f 88 an
average of 30%-. After three minutes of driving the rotors appeared to reach their range of
operational temperature. The data suggests that on a shgftsinay course with tight corners,
the rotors would spend approximately half the time betweefHFB3’F (front) and 446
518F (rear).Despite thébrakerotors reaching a temperature well above thef The composite
the temperaturandicating labels did not record a value greater thartRB0bhis valueof 300°F
was recorded at the label located on the rear brake caliper. The labels located at the front and rear
upright did not record a value greater than the minimum of the rangé°d. 2
4.1.1. Glass Transition vs Strength and Stiffness

Glass transition temperatunes the first characteristic consideredCiRRPmaterial
selection next tatrength and stiffnes3y is the temperature at which the thermoset containing
the fiber softens froma rigidto compliant stateThe Ty is not a single value but a temperature

range such that mobility of the polymer chains increases signifiddyConventionally,
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manufacturers test the material using Differential Scan@eigrimetry(DSC)following
ASTM E1356 todeterminghe midpoint temperature of the range bounded by the tangents of
the two plateaus within the heat flow cufit&]. If the Tyis reached or exceeded tlesin
will begin to soften, leading tplasticdeformation of thgartwhich wouldresult in
undesirable vehicle performance and potentially failArdesign rule to ensure that matrix
softening does not occur is to utilize a material that haglea®is 50F+ above the
maximum expected operatingmperaturéWhile it is possible to alter the;6f a composite
material by manipulating the cure cy¢lé], that objectivevasoutside ofthe scope of the
project

The material available for use in the prototyperelimited to whatwas available via
generousionatonsto JMS. The main contributors to the program in the form of pre
impregnated materialre Solvg, Park, and Gurit. The various material stiffness, strength,
and glass transition temperatures are listethinle4.1.11. Strength and stiffness values

were measured at room temperature dry (RTD) conditioning.

Table4.1.11: Material Properties of Various Biaxial Weave Prepreg Composites

Material E1 RTD (msi) | F1t RTD (ksi) | Tgdry (°F) | Thickness(in) Source
Cytec 53201 / Supplier
T650-35 3K 8HS 10.04 132.5 374 0.015 [18]
Cytec 53201 /
T6503K PW 9.74 121.8 375 0.0077 NIAR [19]
Park E765 / 3K Supplier
PW 8.2 95 330* 0.0089 [20]
Gurit SE70/
XC411 45 Double 9.57 (++ 205.1 (+ Supplier
Bias 45deq) 45deq) 259 0.0181 [21]
*At time of materialselection thPark E765 composite wapecified witha Tq of 300F.

When considering the data obtaineai testing with the IMS17C, it was a clear choice
that the Cytec 5320 resin system composites were the besibnfor the prototype The

sustained operating temperature of 30@at the brake caliper suggested that the Paft&5E
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materialcould soften ithe composite structure reached a temperature within the raiige of
The same methodology applies to the Gurit SE70 matgviaén deciding between the two
Cytec materials, theightharness sati(BHS)fiber was chosen over the plain wed?&V) due
to the high degree of drapeability that the satin weave exljfifs Fabrics with aatin weave
do not have tows that interlace at eviiogr bundleintersection which malsgthem more
suitable for manufacturing parts which contain complex surfaces andadjhtAdditionally,
the greateply thickness reduces the amount of timely cutting andaminationto improve
manufacturabilityof the components
4.2. Material Properties

This section details théytec 532601 T65035 3K 8HSand PWmaterialpropertiesand
independent material testing for use in design andinalysis of the compositerights
4.2.1. Material Strength and StiffnessData

The material properties of the chosen composite material are listed in the table below. The
manufacturers dataas shown with material test data from National Institute for Aviation
Researci{NIAR) and the Department of Defend2oD). Each prepreg utilizethe same carbon

fiber (despite changes supplie) but variations in resin system and cure cycle should be noted.
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Table4.2.11: Material Properties for T650/35 3K Prepreg Composite

Property Normalized Mean Value @ RTD(as measured in parenthesis)
E:, Tensile (msi) 10.02 10.04 10.3
E,, Tensile (msi) 9.90 9.40 10.7
V12 0.048 .050 -
Gi2 (Msi) (0.87 (0.63 (.85
Fi' (ksi) 131.3 133.49 99.2
F.° (ksi) 108.8 102.55 86.2
F' (ksi) 129.9 12574 106
F2° (ksi) 110.6 10556 90.1
Fi2 (ksi) (8.29) (18.09 (12.8)
Fi3 (ksi) (11.93 (10.39 -
Vi (%) 56.7 52-60 5861
Fiber Solvay T650/35 3k Amoco T650/35 3k Amoco T650/35 3k
Resin CYCOM 532-1 Fiberite HMF 7740 Cytec Fiberite 976
CureMethod VBO Autoclave Autoclave
Source Solvay[18] NIAR [19] MIL -HDBK-17-2F [23]

4.2.2. Material Validation

Due to the rapid development schedule of these components, material testing was limited
to validation ofwarpmaterial failure strengtand stiffness as well as interlaminar shear
strengthT wo 1 2 Oanels ofeaZhCytgrmaterialweremanufactureéndcured via an
autoclave at 8pounds per square incpgj) following thesupplierssecommended thermal
rampratesand dwell durationso representhe cure cycle of the uprights. After the test
panes were curedcouponsnveremanufactured tthe specifications outlined in ASTM
D3039[24] for tensilesamplegFigure4.2.21) and ASTMD2344([25] for short beam shear

samples
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Figure 4.2.21: Tensile Test Couponwit Fiberlass oed Tabs

i a - - L e
Figure 4.2.22: Tensile Test Coupon in Uniaxial Lo&tlame with Extensometer

Specimerfailure strengths were tested usingraaxialload machine(Figure4.2.22) and
their apparent strengthend modulusvere normalized to the average laminate thicknesséohn

sample group. Results are showTable4.2.21 throughTable4.2.24.
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Table4.2.21: 8HS Control Couponé Axis-1 Tensile Strength and Modulus (RTD)

Cytec 53201 3K 8HS 0 Degree Control - ASTM D3039

Apparent Normalized Normalized
Specimen Thickness Width Strength Modulus Strength Modulus
(identification (inch) (inch) (ksi) (msi) (ksi) (msi)
8HSC-T1 0.108 1.024 120.533 9.583 120.892 9.612
8HSC-T2 0.106 1.015 110.914 9.311 109.078 9.157
8HSC-T3 0.108 1.019 114.383 9.135 114.440 9.139
8HSC-T4 0.109 1.020 102.209 8.969 103.559 9.088
8HSC-T5 0.108 1.018 - 9.078 - 9.077
0.108 112.0D 9.215 111.92 9.215
Table4.2.22; PW Control Coupong Axis-1 Tensile Strength and Modulus (RTD)
Cytec 53201 3K PW 0 Degree Control - ASTM D3039
Apparent Normalized Normalized
Specimen Thickness Width Strength Modulus Strength Modulus
(identification) (inch) (inch) (ksi) (msi) (ksi) (msi)
PW-C-T1 0.112 1.007 105.627 9.103 106.989 9.220
PW-C-T2 0.110 1.003 114.672 9.283 113.549 9.192
PW-C-T3 0.110 0.996 - 9.328 - 9.286
PW-C-T4 0.111 1.014 115.204 9.677 115.149 9.672
PW-C-T5 0.111 1.007 112.614 9.352 112.830 9.370
0.111 112.029 9.349 112.129 9.348
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Table4.2.23: 8HS Control Coupons Interlaminar Shear Strength (RTD)

Cytec 53201 3K 8HS 0 Degree Control - ASTM D2344

Specimen Thickness Width Span Apparent Strength Normalized Strength
(identification (inch) (inch) (inch) (ksi) (ksi)
8HSC-SB1 0.107 0.210 0.430 8.412 8.417
8HSC-SB2 0.108 0.220 0.430 8.025 8.040
8HSC-SB3 0.108 0.213 0.430 8.346 8.379
8HSC-SB4 0.107 0.217 0.430 8.382 8.365
8HS-C-SB5 0.107 0.214 0.430 8.405 8.369
Average 0.107 8.314 8.314
Table4.2.24: PW Control Coupons Interlaminar Shear Strength (RTD)
Cytec 53201 3K PW 0 Degree Control - ASTM D2344
Specimen Thickness Width Span Apparent Strength Normalized Strength
(identification (inch) (inch) (inch) (ksi) (ksi)
PW-C-SB1 0.112 0.205 0.444 11.759 11.865
PW-C-SB2 0.111 0.206 0.444 11.237 11.237
PW-C-SB3 0.111 0.205 0.444 12.555 12.555
PW-C-SB4 0.111 0.204 0.444 11.430 11.430
PW-C-SB5 0.110 0.201 0.444 11.978 11.870
Average 0.111 11.792 11.791

Warp tensile strengt{F) for the 3K 8HS displayed anormalized average value ©11.992

ksi which is al4.7% reduction in comparison to ti&eo | v raayedasspecificationf 131.30

ksi. The warp tensile moduly&:) tested to a normalized average va®u2l5 msi compared to

the 10.0® msi per the data sheet foreductionof 8.0%. Interlaminar shedhailure strength(F13)

for the 8HS materidkested to an average o384 ksi in comparison to the as measured Solvay

value of 11.98 ksi for a reduction 080.3%.

Warp tensile strength (ff for the 3K PW displayed a normalized average value oflP92.

ksiwhichisa 146%r educti on in comparison to t hoé

ksi. The warp tensile modulus{)Eested to a normalized average va@t8 msi compared to

the 10.0® msi per the data sheet for a reductio® G%. Interlamina shear failure strength {£

Sol

for thePW material tested to an averageldf 79l ksi in comparison to the as measured Solvay

value of 11.98 ksi for a reduction of.2%.
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The reduction in tested material strengtrexpectedo be froma combination of ber
misalignmen&nd resign aging of the pmapregnated materiaFiber misalignment can occur
during ply cutting and layup of the material. Additionally, when pressure is applied to the panel
during the cure cycle fibers can wash out at the edges phtied resulting in a greater
degree of misalignment. A cross section of a zlEgree8HS laminate coupon is shown in
Figure4.2.24. Ply misalignment can be observed in the top layer of carbon fabric with tow
bundlesrunning parallel to the paghie to the high width to height ratio of the fibeks
sample with a low degeeof ply misalignment would demonstrate fibers running parallel or
into theimage.This image is further compared to data from the research conduc8thlyy,

Goodsell, and Favaloria the discussion section of this chapter.

) Figure 4.2.24: Material Microscopy of Composite Tensile Coupon

51



4.3. Composite Constituent Content via MatrixIgnition
To obtaina better understanding of the loss of strength exhibited by the composite material it
wasessential to determine the volume fractions of the constituent components. ASTM D3171
[26] provides guidelines for the manufacturing and processing of samples whether the matrix is
chemicallyor thermally digestedrhe remaining fiber mass aonjunctionwith the known
sampleandconstituent densitigsrovidesfor the calculation of fiber, matrix, and void content
Sixteen samplegf Cytec 532601 materialwere prepared for matrix ignitian an electric
kiln. It was important to understand the matrix mass percentage of the upoepeegso ralf
of the samples weraken from consumed tensile test specimen and the other half were produced
from uncured composite materidlnother factor of consideration wastmatrix and fiber
content of the 8HS and PW compositeach coupon had a length and width of one inch and
was composed of either seven layers of 8HS or fourteen layers of PW. The uncured samples
were compared against the cured samples to ensure congisegween mass fractions of fiber

and matrix. The test samples are displayegigure4.3.1 prior to the burn off process.

Figure 4.31: Test Specimen Before Matrix Ignition
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After the samples were prepared, each sample was measured to determine their average
length, width, and thickness. Theoduct of theaverage dimensions determititbe volume of
thesample Each specimen was placed on a calibrated scale to measure the mass prior to matrix
ignition. The density of each samplasrecorded for later use in calculation of the volume
content of the fiber, matrix, and voidshe set of samples were placed into an electric(kiln
lieu of a muffle furnace per Procedure G of ASTM D31ftt)six hours at 100 to

completelycombustheepoxy Figure4.32).

Figure 4.32: Test Specimen in Electric Kiln

After the samples wemremoved from the kiln, the contents of each crucible were placed
on a scale to determine the amount of fiber remaiftigure4.33). The fiber and matrix
content by weight percentage for the cured and uncured samples are displegiele4n3 1

andTable4.32, respectively.
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Figure 4.33: Test Specimen Aftdatrix Ignition

Table4.3.1: Fiber Content by Percentage Weight

Wr - Fiber Content Weight (%)

8HS Cured identification | 8HSC-1 | 8HSC-2 | 8HSC-3 | BHSC-4 | Average

61.8 62.7 69.2 66.7 65.1

PW Cured identification | PW-C-1 | PW-C-2 | PW-C-3 | PW-C-4 | Average

61.7 62.2 63.8 65.4 63.3

8HS Uncured identification| 8HSU-1 | 8HSU-2 | 8HSU-3 | 8HSU-4 | Average

62.7 62.1 60.8 61.2 61.7

PW Uncured identification | PW-U-1 | PW-U-2 | PW-U-3 | PW-U-4 | Average

60.5 63.1 64.1 64.0 62.9

Table4.3.2: Matrix Content by Percentage Weight

Wm i Matrix Content Weight (% , neglecting void$

8HS Cured identification | 8HSC-1 | 8HSC-2 | 8HSC-3 | BHSC-4 | Average

38.2 37.3 30.8 33.3 34.9

PW Cured identification | PW-C-1 | PW-C-2 | PW-C-3 | PW-C-4 | Average

38.3 37.8 36.2 34.6 36.7

8HS Uncured identification | 8HSU-1 | 8HSU-2 | 8HSU-3 | 8HSU-4 | Average

37.3 37.9 39.2 38.8 38.3

PW Uncured identification | PW-U-1 | PW-U-2 | PW-U-3 | PW-U-4 | Average

39.5 36.9 35.9 36.0 37.1
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Thereinforcementontent volume percent (Mvalues displayed ifiable4.3.3 were
determined by multiplying the fiber mass content percenfdfefor each specimeby its
respective calculatecbmposite densityin g/cc)to fiber density ratioThe density of the
fiber was assumed from théhdrnel T-650 fiber datasheet at a value of7lgicc[27]. The
density of the epoxy matrix was assumed to be 1.31 g/cc as provided in the Solvdy 5320
data shedtl8]. The uncured fiber, matrix, and void volume data for the 8HS and PW
samplesare not included iTable4.3.3 throughTable4.35 asthe data would not baccurate
as the material has not been properly consoliddteel equatiorior the calculation is shown

below[8].
@ — Z —ZpTT (18)

Table4.33: Fiber Content by Percentage Volume
V: 1 Fiber Content Volume (%)

8HS Cured identification | 8HS-C-1 | 8HSC-2 | 8HSC-3 | 8HSC-4 | Average
505 518 58.2 5438 5338

PW Cured identification | PW-C-1 | PW-C-2 | PW-C-3 | PW-C-4 | Average
515 517 5338 547 529

The matrix content volume percent,{Mvalues displayed iffable4.34 were determined
by multiplying the matrix mass content percentage ) ¥ir each specimen by its respective
calculated composite density to matrix density ratio. The equation for the calcugatio

shown below8].

zZ — ZpTMmm (29
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Table4.34: Matrix Content by Percentage Volume
Vm - Matrix Content Volume (%)
8HS Cured identification | 8HS-C-1 | 8HSC-2 | 8HSC-3 | 8HSC-4 | Average
42.2 41.7 35.0 37.0 39.0
PW Cured identification | PW-C-1 | PW-C-2 | PW-C-3 | PW-C-4 | Average
43.3 42.4 41.2 39.1 415

The void volume percentage ()Walues displayed ifable4.35 were determined via the
equation below8].
W PTIMT W W (20)

Table4.35: Void Content by Percentage Volume
Vv - Void Volume (%)

8HS Cured identification| 8HS-C-1 | 8HS-C-2 | 8HS-C-3 | BHSC-4 | Average
73 6.5 6.8 8.2 72

PW Cured identification | PW-C-1 | PW-C-2 | PW-C-3 | PW-C-4 | Average
5.2 5.9 50 6.3 5.6

According to Mallick, a void content greater thai°8 is considered high and tends to lead
to a lowered fatigue resistance, greater susceptibility to water diffusion, and increased variance
in material properties. Therefore, the 7.2% and 5.6% void volumes for the 8HS and PW material,
respectively, are cordred to have high void conteiithese high void volumes are suspected to

be a result of the inability to properly install an edge dam around the laminate stack per the Cytec

53201 processingroceduregFigure4.34).
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VACUUM BAG ARRANGEMENT FOR CURE

Vacuum Bag

Polyester Breather

Laminate stack to have
vertical edge by either
accurately pre-trimming and
placing plies or post-trimming
after layup

Non-perforated or P8 FEP forms inner vacuum bag

Strip of bag sealing compound
combined with 1542 Boatcloth

2-4" Fiberglass 1542 Style Boatcloth
wrapped around bag sealing compound to
form edge dam. Depth should be greater
than laminate thickness.

.
_

// -
77 7

.

Use uncovered portion of bag sealing compound to

Flashbreaker tape attached to
P adhere the assembly ta the tool surface

breather cloth to prevent
intrusion of bag sealing
compound.

Figure4.34: 53201 VacuunBag Arrangement for Cur 8]

To verify the measured void volume geoceduresn ASTM D3171, the average fiber
and matrix weight fractions and constituent densities were substituted into the folkayuatipon

[8] to determine the theoretical density of the composite.

T (22)

The calculated theoreticdkensity for the composite was 8.§/cc. The actual average
density of the 8HS material was 1.46 g/cc and the PW material was 1.48 g/cc. Using the

following equation 8], the theoretical void volume for each composite wa%o/and 6.1%.
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D — (22)

where v void volume,” is theoretical density ardis actual density.

A simple sensitivity study was performed to evaluate the theoretical void volume of the
composite. The samples measured for use in the matrix ignition process wererauiroken
tensile test specimen and sanded using a disc to be as square as possible. Inherently, this process
provides slight askew angles that are measured and averaged for the calculation of the coupon
volume. Ideally, each sample would have been plas® a manual mill and squared more
accurately and measured witmicrometer. The sensitivity study assumetDa. 0 O heé i n
length and widtldimensios andt0 . 0 0 1 0 acr o s s modified campasite klemstisss . T h
and void volumes were calculatading these value# the original coupons wera the upper
end of the tolerance the density of the 8HS decreased4g/tc and the PW decreased to5l.4
g/cc resulting in a void volume 8% and7.3% respectively. If the inverse were true aath
coupon was 0.0@smallerint he | engt h and wi dt,tnedersity af¢he | as O
8HS increased to 49 g/cc and the PW increased to ILdicc resulting in a void volume &£4%
and3.8%, respectivelyMore directly, if the accuracy ohé measuring equipment is within
+0 . O Ackoss the length and widthandwitkih. 00 1 0 acr o shereduling t hi c kne:¢
theoretical void volume for the 8HS and PW can ratiy@%o/-1.8% from nominalmeasured

values of 7.2% an#.6% void volume respectfily .
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4.4. Discussion

The ensile strength atontrolPW and 8HS are within 0% of each other suggesting that
fiber dominated failurestrengthof either material are interchangeal@milarly, the tensile
modulus of the 8HS and PW material wer&l9.msiand 9348 msi, respectively, which are
within 1.4% of each otheiThe interlaminar sheatrength of the 8HS30.3%) varies
significantly from the PW-(L.2%) suggesting that the out of freezer time for the 8HS was
much longe. Althoughthe prepregmaterals wereoriginally manufactured in 2016, the
expired PW composite suggest the manufacturing process fosdtstbimaterialsamples
wereconsistentThis is further validated via the matrix combustion testing performed on
both materials agverage fiber content percentages were witt®folof each other.
Therefore, ay variation from materiaihanufacturestrength dataés primarily attributed to
differences in usand/orstorage duration and coybssessdditional strength loss due to
fiber misalignment. Fiber misalignment can occur in material cutting, layup, tensile test
samplepreparation, and tesetup The image on the left iRigure4.4.1 demonstrates a
comparisorof composite panel microscopyanufactured with deliberate ply misalignment

orientations of 0° (1), 15° (2), 30° (3), 45° (4), 75° (5) and 60f2®).
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Figure 4.4.1: Microscope Image of Manufactured Laminate with Prescribed Layer Orientations (left) vs Fit Ellipses
Colored by Determined Rotation Andtéght) [28]

The image on the right in the same figalmwst h e a ut h o rtestlie microscopee | | | ps e
image to estimate fiber misalignments via the numerical model they develRggadn 5
illustrates a deliberate5-degreemisalignment of the paneBy inspection, the fiber width to
length ratio appears to be more extreme than the misalignment that was witnessed in-the 5320
8HS microscopyrom Figure4.2.24.

A simple calculation of a modified modulus due to ply rotation was performed to check the
validity of the physical testing results for the tensile specifable4.4.1). Utilizing the
manufactures stiffness datai(E2, Gi2) and Poi si5®i)) thesestimatadi vatue ( 3
reduces to 949msi at b degrees of rotation whiclould suggest a 10% reduction in
compositestiffness. Therefore, it is believed that any ply misalignment up to 15 degrees occurs
locally within the thickness of the sample and does not apply to each ply within the lamsate
investigated within the FEA analysis of the front and rear uprightglétal ply misalignment

effects on failure index and camber compliance (Seé&idn The data suggesthat some
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amount of ply misalignmemwas acontributor to the overall reduced stiffness of the tensile

test samples.

Table4.4.1: Effects of Ply Rotation on Tensile Modulus

Effect of Rotation on0
Parametell  Value Unit | Ply Rotation| Unit
E: 10.0D msi
E, 9.920 msi
Gi2 0.810 msi 15 Degrees
V12 0.048 0.2&2 Radians
Vo1 0.048
Stiffness Components
Q11 10.08 msi
sz 9.943 msi
le 0.477 msi
Qee 0.810 msi
Stiffness after Transformation
0 | 9.9 | msi|

Resin aging othe composite during storage will tend to degrade the strength of the
material. Typical shelf life for the CYCOM 532Dresin is one year at < Iand a tack life
of 20 days at room temperat|fe3]. The 8HS material utilized in this project had a
manufacture date of 4/28/2016 and the PW material was manufactured on 10/04/2016. It has
been noted that cure advancement with increasing storage period has attributed to the
decrease in tensile strength lgy t025.0% in prepreg epoxy compositgz9].

Chandrakala, Vanaja and Roa also determined that the resin flow of their epoxy matrix
samples decreased by aroundd%® after a storage duration of 20 days for both systems that
they tested and compared désgiaving no noticeable influence on thgfithe composite
material. The lowered resin flow of an epoxy during cure and lower material tackiness would
attribute lower interlaminar shear and tensile stredg#to poor adhesion of the plies to
each otherThe lowered tackiness was quantified in their research by0go30crease in

sample thickness due to the restricted ability of the prepreg to compact during cure.
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While the Solvay material did not exhibit a.6% increase in thickness,ignoted thathe
average ply thickness of the control tensile
0.01530, respectively, f or-phs8adgahes.sThemanuf act ur
manufacturer specifies an aver awiehsygdestsanh hi ckne
average ply thickness increase of 6.2%. The PW tensile and interlaminar shear specimen
measured an aver age Dohirceksnpeescst iovfel.yl.1 0TOhdoe ammadn u f
specify an average ply thickness in the data sheet, se-tharaufactured samples were
compared against NIAR test data. NIAR recorde
14-ply material samples. The PW sampdes equivalento an average ply thickness of
0.079210 per pl vy, sugg acsease of §.4%he loweyed makeriatskangthsiss i
less than desirable in application. Therefore, the analysis perfahmuedjhoutthe laminate
design considers the variations from manufacturers specification and utilizes knockdows factor
of 0.853 to account for the reduced Raterial allowable and estimate the Fic, Fc and F2
and 0.9D for Ei, E», and Gz to reflect the data obtained from physical material testing.

The Solvay material as tested maintains a similangth to thd?ark material as advertised
while having a ~28% higher [ which was essential to meet the operational environmental
consideration of the compositigrights Utilization of a prepreg composite within its shelf life
with greater control over fiber alignmiwould result in a higher performance part with a lower
mass in comparison to the material utilized in this projeue 6.2% increase in average ply
thickness of the 8HS in comparison to the 0.4% average ply thickness increase of the PW
suggest that thepoxy did not flow as well during cure with the 8HS and agrees with the
conclusions reached in teetudy performed bZhandrakala, Vanaja and Rdais is further

substantiated by the requirement of good resin flow and compaction of a laminate to achieve
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consolidation of the layers of composig.[If a composite does not consolidate
appropriately during cure, air bubbles or volatiles can become trapped within the laminate
and create voids. Additionally, if the resin is unable to properly flow througfibidrs
during cure the laminate can devebbponuniform fiber volume fraction which is evident in
the data presented Trable4.3.3 where the range of fiber volume fraction for 8HS ranges
from 50.5% to 58.2%Tlhe measured void volumes for the 8HS and PW material of 7.2% and
5.6% are thought to be higher than normal busansitive to the accuracy and precision of
theequipmenused to determine the specimen dimensions. Variatiength and width
dimensions oft0 . O @ndAtbickness oft0 . 0 feduldin a theoretical void volume of
+1.7%/-1.8% from nominal.

Theabsencef an edge dam during cucan inhibitthe ability of the laminate temove
air or volatiles during cure opposed to the conventional thrdhighkness evacuation.
However, the consistency of the interlaminar shear stréagtluatdor the PW materialn
comparison to the manufacturers dauiggests that the void contenbelow2.0%- 3.0% by
volume thatcan reduceensile, compressive, and flexural streng8js$ince the PW and
8HS samples were producetilizing identicalprocesses and equipmerttisiconcluded that

the reduction in flexural strength of the 8HS is a function of resin storage duration.
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5. Analysis

This section delivers an overview of the analysis performed to determine the laminate
configuration for the front and rear uprights. Finite element analysis software was utilized to
approximatehe structural integrity of the composuprightsandaluminum mounts. Altair is a
leading computeaided engineering (CAE) softwaselution provider that sponsors FSAE
organizations at no cost to the university. Hypermesh 2017 was utilized as the preprocessor with
the OptiStruct solver. Hyperview 20Wasused for postprocessing of the analysis output.
5.1. Model Setup

To performthe FEA, a minimum of part geometry, material properties, boundary conditions
and load cases are required. Thaled surface of thepright was extracted from thpart model
and impated into HyperworksMaterial properties r o m S mateviaddgat® sheedre input to
the FEAmaterialmodel and applied to the composite geoméignsile and compressive
material failure strengths are scaleddiynockdown facto(0.853)determined \a material
testing to account for the resin aging of the composeeasile compressive, and{plane shear
modulus were scaled by a knockdown factor (0)@2termined via material testinghe short
beam shear strength from testing was used for interarstrength valueg.he material

allowable values are displayedTiable5.11.

Table5.11: Material Allowable Values for Finite Element Model

Material Component Strength (ksi)
Fut 111999
Fic 92.806
Fat 110805
Fac 94.342
Fi2 7.071
Fis 8.314
Fos 8.314
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Load casesveredetermined using tire dafeom the Tire Testing Consortium (TT@hd
vehicle kinematic models faroducdimit force vectordor application tadhe center of the tire
contact patcin the FEA modelBoundary conditions are applied to the model to replicate the
constraints necessary to fully define an upright as described in the suspension geometry
section of Chapter Z.heboundary conditions applied to the upright sihewnin Figure
511

The upper ball joint, lower ball joinand steering/toe constraints are modeled using rigid
body elements (RBE). These RBBnnecthe respective fastener locations of the aluminum
mounts to a node in space that represent the location of the outboard spherical ball joints
(Figure5.11 red triangles) The constraints for the model are applied to the independent
node in space that are linked to the composite sufagare5.11 in darkblue) The upper
ball joint is constrained in {and Y, to not allow translation. All rotation®, Ry, and R)
and translatiotJz arepermittedat the upper ball jointonstraint The lower ball joint is
fixed to not allow translatiom X, Y, or Z, but allows all rotational degrees of freedom. The
steering/toe connection is constrained to allow all rotation and translatigrammdUL.

Loads are applied remotely to the composite structure in a similarfaghimode is
placed at the geometric centerthe loaded radiusf the tire contact paltcand is connected
to a node via a RBE that is equidistemthe wheel bearirgyFigure5.11 yellow line). This
rigid body element represents the wheel which would transfer load from the contact patch to
hub. The node between the wheel bearings is connected to the radial and inbgardent
nodes of the composite surface via RBE3 to represent the hub that would typically reside
within the upright Figure5.11 in light blue). The REs representing the hub only allow

rotational displacements ofRnd R to be transferred to the upright. The same general
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model simplifications and boundary conditions are used for analysis of the rear upright. Separate
analysis of the mounts and simpdtion of thecorner suspension geometry allows for a more
efficient analysis thatequires fewer resourcés run iteratively angbrovides a more

conservative result by isolating the analysis to that of the compugsitght

BEZ

Figure 5.11: Side View of Front Upright Boundary Conditions and Loads

Theimported surface geometry is meshed within the Hypermesrocessor using a
PCOMPP composite element. The PCOMPP element is simply-ditmensional shell element
that allows for the analysaf the composite laminate to be reduced to a solid mechanics problem
usingclassical laminate theof0]. The mesh geerated for the front and rear upright utilize a

combination of triangular and quadrilateral e
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load cases are applied to the node representing the tire contact patch and are detailed further

in the following section.

FEEZ

g Y FORCE = 7328
X

Figure 5.1.2:Rear Upright Boundary Conditions and Loads

5.1.1. Load Cases

The load cases implemented in this project were determined using tifeotiatie
TTC, suspension geometry and kinematic calculations to solve for the limit tire loads
expected in differentehicle performancecenariosThese forces are given in the tire
coordinate system and applied to the node located in the tire contact patch. Ttieeftoad
cases are maximum lateral acceleration, maximum braking, maximum longitudinal

acceleration and braking during turn entry. The values are organiZedble5.1.11.
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Table5.1.11: IMS19C Front Tire Load Cases

Front Tire Force
Load Case X -Longitudinal (Ibf) | Y - Lateral (Ibf) | Z - Vertical (Ibf)
Maximum Lateral Accegration 0 -514 313
Maximum Braking -344 0 300
Maximum Longitudinal
Acceleration 100 0 78
Braking During Turn Entry -307 -409 325

The rear tire load cases aienilar tothe front tire load cases. However, the IMS18izes
a rearwheeldrive powertrainthereforethe addition of an accelerag through corner load case
is necessarto be analyzedThe values of these load cases applied to the rear tire contact patch

are organized imable5.1.12.

Table5.1.12;: IMS19C Rear Tire Load Cases

Rear Tire Force
Load Case X -Longitudinal (Ibf) | Y - Lateral (Ibf) | Z - Vertical (Ibf)
MaximumLateral Acceleration 0 -626 381
Maximum Braking -206 0 180
Maximum Longitudinal
Acceleration 297 0 232
Accelerating Through Turn 276 -348 378
Braking During Turn Entry -256 -341 271

In normal testing and competition scenariosrdeevehicle drives on a smooth flat surface.
Therefore, the load cases do not account for any impact or sbecriosThese cases would
be experienced if a passenger vehicle would strietlaocle or curbTo achievea greater degree
of safety, these components should be analyzeithdseload cassto ensure failure does not
occur in the event of an incidental impact. However, since this vehicle is a designed for off
highwaypurposes only, impact is nekpected to occur.

5.2.  Laminate Development
To determine thenost efficient and best performing laminaie front and rearcomposite

structure wereevaluatedeginning with a base global laminate and incrementally adjubted.
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main parameters of focus wareplane compositéailure index dynamic camber changand

weight. The data presented Trable5.2 1 throughTable5.4.2 utilize the irplane andhterlaminar

composite failureriteria available within the Altair Hyperworks software.

Table5.21: Front Upright Laminate Development

Front Upright Analysis - Maximum Lateral Acceleration
Rev Laminate Design Parameter
Global Local Weight| Failure Camber
(G) Index Compliance
Bearing UCA/LCA Shear Web| Brake Flange Ib (Hashin) mpd/ g
Mount
1 | [0,45]os G G G G 0.286 3.987 0.105
2 [45,0]s G G G G 0.374 1.246 0.062
3 [0,45]s G G G G 0.374 0.964 0.053
4 | [0,45]os | G,45,0 G,45,0 G G,45,0 0.398 0.759 0.029
5 [0,45]s | G,45,0 G,45,0 G G,45,0 0.485 0.666 0.018
6 [0,45]s | G,0,45,0 G,0,45,0 G G 0.514 0.606 0.015
7 [0,45]s | G,0,45,0 G,0,45,0 G G,45,0 0.523 0.604 0.015
8 [0,45]s | G,0,45,0 G,0,45,0 45,0,G,0,45 G,45,0 0.549 0.594 0.015

The global laminate ifable5.21 andTable5.22 is represented as G within the local

columns. A global laminate iterati¢@,45]os would suggest a layup of plies in 0, 45, O degree

configuration (as shown in iteration onelatble5.2.1) with the first zero degree phtarting

at the tooled surface of the part. The local ply layup for the brake flange in iteration eight of

the front upright of G,45,0 suggests a layup of 0,45,45,0,45,0 with thedistiegreeply

beginningat the tooled surface of the parhe global laminas as analyzed were applied to

the entire component while local laminates were added to specific regions of the structure

based on the location of higher strain gradients. The final iteration for front and rear upright

laminates aremboldenedn their repective tables.
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Table5.22: Rear Upright Laminate Development

Rear Upright Analysis - Maximum Lateral Acceleration

Rev Laminate Design Parameter
Failure Camber
Global (G) Local Weight| Index | Compliance
UCA/LCA Mount Shear Web Ib (Hashin) pd/ g
1 [0,45]s G G 0.415 | 6.875 0.899
2 [45,0]s G G 0.415 | 4.434 0.893
3 | [45,0,45,0]os G G 0.710 | 3.036 0.422
4 | [45,0,45,0]os G,0,45,45,0 G 0.793 | 2.549 0.313
5 | [45,0,45,0]os G,0,45,45,0 45,0,0,G0,0,45| 0.832 | 2.289 0.313
6 | [45,0,45,0]s G G 0.808 | 3.168 0.339
7 [45,0,45,0]s G,0,45,45,0 G 0.889 | 2.665 0.225
8 | [45,0,45,0]s G,0,45,45,0,45,45,0 G 0.986 | 2.233 0.191
9 | [45,0,45,0]s G,0,45,45,0,45,45,0,45,45,0 G 1.052 | 1.864 0.167
10 | [45,0,45,0]s G,0,45,45,0,45,45,0,45,45,0 | 45,0,0,G,0,049 1.091 | 1.666 0.166
11 | [45,0,45,0]s | G,045,45045,450,45,45,0,45,45/( G 1.123 | 0.632 0.153
12 | [45,0,45,0]s| G,0,45,45,0,45,45,0,45,45,0,45,45 45,0,0,G,0,0,45 1.161 | 0.571 0.144

The factor of safety for the structure was chdsased upon theecommended minimum

desi factor

gn

f

or

composite

struct uLCrtical

out

Structures for Reusable Launch and Reentry Veh|8lHs Thesourcerecomnends a minimum

factor of safety (FS) of 10® of the material ultimate strength for a uniform geometry material in

a protoflight verification approach. A FS of Q®&for these componentgasthe design minimum

which correlates to a failure index (FI) valoi0.667(FI = 1/SF for Maximum Strain and

Hashin failure method82] and0.444 (FI = 1/SB for TsaiWu [33]. The front and rear upright

laminate analysis result inkdashinsafety factor of 1.6%and 1.5, respectively, which are both

above theecommended minimum of 1086.

Camber compliance in cornering was another significant parameter to reduce in the design of

the composite uprights. The maximum lateral load case was chosen for the laminate development

because it utilizes the greatest magietdiorce vector at the contact patch for front upright. The

through corner acceleration load case for the rear upright results in a slightly higher magnitude of
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force at the tire contact patch but would not allow for a pure evaluation of expected camber
compliance due to the longitudinal force component within the load Tasesignificance of
minimizing the camber compliance contribution of the upright is relevant because the contact
patch of the tire will change and can result in loss of grip underibagrand undesirable
vehicle handlingharacteristics

As the laminate is iterated to utilize more material the weight incsedsiée the failure
index and dynamic camber change decrease. The balance of these parameters while
consideration of ease of mdaaturing were investigated through the iterations listettien
composite developmerfeigure5.21 andFigure5.2.2 provide visual representations of the
laminate iterations as the weight, Fl, and camber change converge on their estimated values.
Revisionnumbersafter thechosenaminate would provide marginal safety factor increase
and camber stiffness at the expense of additionalamdematerial in manufacturiniat

would add unnecessary weight.
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Design Parameter Value

Design Parameter Value

Design Parameters vs Iteration Revision
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Figure5.21: Design Parameter Values vs Iteration Revision for Front Upright Laminate

Design Parameters vs Iteration Revision
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Figure 5.22: Design Parameter Values vs Iteration Revision for Rear Upright Laminate

72



After thelaminatefor eachuprightwas determined, the analysis was expanded to
consider the failure indices dueddditionalload conditiongrom Table5.1.11 andTable
5.1.12. The elementrom each structureith the highesbondfailure index wasdetermined

and the ply and bond failure values were organiz&cbie5.23 andTable5.24.

Table5.23: Load Case Failure Index Comparisfidashin)i Front Upright

Hashin Failure Index - All Load Cases- Front Upright
Load Case Fl (bond) | FI (ply)
Maximum Lateral Acceleration 0.606 0.110
Maximum Braking 0.317 0.010
Maximum Longitudinal Acceleratiof 0.168 0.004
Braking During Turn Entry 0.519 0.039

Table5.24: Load Case Failure Index Comparis@iiashin)i Rear Upright

Hashin Failure Index - All Load Cases- Rear Upright
Load Case Fl (bond)| FI (ply)
Maximum Lateral Acceleration 0.632 0.060
Maximum Braking 0.081 | 2.988E05
Maximum Longitudinal Acceleratioff 0.363 | 9.681E05
Braking During Turn Entry 0.611 0.016
Accelerating Through Turn 0.571 0.021

In the load case analysis for the front and rear uprights the maximum lateral acceleration
load case demonstrated thighestfailure index. The magnitude of the bond failure index is
higherin both cases due to the greater interlaminar stsgsssent within the geometry at
the critical elements. The calculation of the bond and ply failure indices is covered in more
depthlater inthe chapter
5.3. Composite Failure Analysis

There areseveraldifferentmethodgo predict compositenaterial failure The twomain
categorie®f failure are comparison aidependenstress componengdtheinteraction of

stress components. Maximum strain and stress thereesonsiderethdependeninaterial
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component comparisonghile TsatWu and Hashin are characterized stsesanteraction
theories.The analysis performeah the composite upright models considered failure indices
from bothclasse®f failure theories.
5.3.1. Maximum Strain Theory

The maximum strain theory and maximum stress theoryahedonsidered independent
component failure comparisons. In this sense, the resulting principal strain (or stress) from an
applied load is compared against its respective material strain limit at failure. The strain limits
for an orthotropic material déf in tension and compression for either principal material
direction. As a result, each applied strain for a principal material direction can be compared

against its limit to determine if the lamina will fail. These ratios are given Q@

— Q¢4 m o B
"00 o WE 0 phcho & €1 GiddA &N EEQE O (23)
— Q¢ A1 1L
"0 — "Q¢1 mOEAQ phho iMool OEN[EE QE O (24)
"00 & & OGO BO OO AIOO (25)

The failure indices for the normal strain components are determined based on the sign of the
applied strain. For example, an applied compressive strain muthber ongrincipal material
direction would be caldated using the compressive strain allowable. The failure index for an
interlaminar strain is determined via the absolute value of the ratio of the applied strain and the
strain allowable. Since the interlaminar failure is a matrix dominatttiod, the sain
allowable for this project is assumed’as |  using the experimental dad@terminedn
Chapter 4To avoidlaminafailure, it is ideal to have a failure index below one for any given

strain component.
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5.3.2. Tsai-Wu Failure Theory

Stress interaain theories improve upon the maximum strain theory by simultaneously
considering more than one stress component in determarfiailgire index value
Specifically, TsalWu provides a bettezurve fitof biaxial failure to experimental data by
increasinghumberof terms in the prediction equatio8] [ Figure5.3.21 demonstrates the
improvement in curvétting of the TsaiWu failure calculation in comparison to the

maximum strain theory.
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Figure 5.3.21: Comparison of (a) TsalVu and (b) Maximum Strain Failure Theories with Biaxial Strength
Data of CFRP [8]

The threedimensionaformulation of TsalWu failure criterias displayed below where
F12 and ksare strength interaction terms between their respective applied stress directions

that are experimentally determinédiditionally, TsatWu producs a more accurate failure
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prediction in comparison to earlier interaction theories (dillexampl¢ by considering the
different principal material strengtistension versus compréss. The threedimensional
TsarWu failure index is calculated as follvs[33].
000, O. . 0. 0 . ) 0+
O ¥ T <o, ., . o, , (26)
» IS typically prevalentin astructure like a pressure vesgdiere the applied load is
distributed normal to the laminatBue to thegeometry of the frorand rear uprighthe, term
in the equation isssumed to beero,thusit can be neglected hereforethe TsarWu
formulationis reduced to
oo, O, O, 0,
0t 0ot T ¢Oo, . (27)

Where thecoefficients are defined as:

o 2 P 1w PP
w w w w
0 p 0 P
wW?w WZw
o P o P 5 P
Y Y Y

Reduced failure equation for orthotropic lamina under plane stress cogdiiibreduce this
equation even further. Classical lamination theory and tipéaime ply failurendex calculation
in Hyperworks utilize the following equatid84]:

000, O, O, "0, O 7 o, , (28)

As previously mentioned;i2is the strength interaction term betwegma n d and is

typically determined viaquibiaxial materialtest.Interaction termgan be difficult and
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expensive to obtain arappeargo have little influence on the results. Narayanaswami and
Adelman suggestibmay be substituted as zero while S.W. Tsai and H.T. Hahn suggasty-
be approximated from the following range.
-00° O m (29)

The lower limit of equatiomboveis frequently useds an approximation of tha-term
[8]. For the analysiperformed in this projea lower bound value ofikb=-4.797E-11 was
calculated and used instead ofexperimentabiaxial material parameter.
5.3.3. Hashin Failure Theory

Hashirts theory for composite materiatsanotherfailure index calculatiolased on the
interaction of stregsanddifferentiates between fiber and matrix failure. The equations

beloware for a threglimensional stress stqt&5]

1. Tensile fih@r0failure for @
"0'0 (30)
2. Compressive fikber failure for @
00 — (31)
3. Tensile matri¥ ai | us+es®Dor 0
00 (32)
4. Compressive ma# gd0x failure for 0
00 — p (33)
5.1l nterl aminar #£@nsile failure for 0
00 — (34)
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6.l nterl aminar compd ession failure for
00 — (35)

Theindicesobtained using Hyperworksimarily consider the irplane stresses fone

predictionof failure [34]. As a result, th@reviousequations reduce to the following

1. Tensile fih@r0failure for @
00 — — (36)
2. Compressive fikber failure for @
00 — (37)
3.Tensile mats#30x failure for 0
00 — — (38)
4, Compressive ma«0ix failure for 0
o0 — p — —— — (39)

where S23is defined by the approximatior:s= S2sfor compressive matrix failure.
5.3.4. Failure Theory Comparison
The data provided within the following tables are based upon the failure index calculation
utilized by the Hyperworks softwaras such, he ply indicesare determineébr the entire
laminatevia the inplane failure calculations from the previous subsestifor the respective
failure theory. The value dfondfailureis determined via the equatiper the Hyperworks

documentatiorj34].

4.

00 —2 ®# ¢ (40)
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Table5.3.41: Failure Theory Comparison Front Upright

Failure Theory Comparison - Maximum Lateral Load 1 Front Upright
Failure Theory Fl (bond) Fl (ply)
TsaitWu 0.606 0.144
Maximum Strain 0.606 0.319
Hashin 0.606 0.110

Table5.3.42: Failure Theory Comparison Rear Upright

Failure Theory Comparison - Maximum Lateral Load 1 Rear Upright
Failure Theory FI (bond) Fl (ply)
TsarWu 0.632 0.109
Max Strain 0.632 0.238
Hashin 0.632 0.060

Failure in front and rear upright is expecfeaim interlaminar stresdue tobending and
since FI is determinedsing the same formutagardless of failure thearpdditionally, the
critical ply failure for a given theorffom bond failure may not correspond to ply failure due
to in plane tension or compression. The data in the previous two tables simply considers all
maximum failure indices for the entire laminatea specific element. The following study in
critical ply failure considerthethreedimensionaktress statéor calculation ofHashin and
TsarWu failureindicesin Section 5.5
5.4. Fiber Misalignment Study

This study was performed using the existing FEA models for the front and rear uprights
to determine the impact on the factor of safety on each component due to fiber misalignment.
As mentioned in Chapter 4, fiber misalignment in a laminate can be attritmudeviation of
orientationin ply cuttingand inlayup which can result in changefstrength and stiffness
for the manufactured component. To quantify the potential change in dynamic camber
change and failure index of the parts, each ply in the ldewvithin the FEAmaterialmodel

was increased either five or ten degrees for comparison with the baseline doalyss
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maximum lateral acceleration load caBesults from the analysis are displayed for comparison

in Table5.4.1 andTable5.4.2.

Table5.4.1: Fiber Misaignment Study Front Upright
Misalignment Study - Maximum Lateral Acceleration - Front Upright

Degree of Misalignment| Failure Index| CamberCompliance o &)
0° 0.606 0.015
5° 0.605 0.015
10° 0.612 0.015

Table5.4.2: Fiber Misalignment Study Rear Upright
Misalignment Study - Maximum Lateral Acceleration - Rear Upright

Degree of Misalignment Failure Index| CamberCompliancgq ¢f)
0° 0.632 0.153
5° 0.655 0.135
10° 0.650 0.137

The data presented Trable5.4.1 suggest that the front upright is much less sensitiydyto
angle misalignment with respect to the predicted dynaamaber change, as each analysis
provided the same result of @®degreég. However, the fivadegree misalignment model
resulted in a slightly lower failure index than baseline and theeégnee model. The data
presented iMable5.4.2 shows different trends than the front upright, mmagtible being that a
five-degree rotation in all ply alignment would produce a lower cacdrepliancewith the
sacrifice of part failure index increasing slightill misalignment studies for the front and rear
uprights predicted Blashinfailure indexless than the 0.667 required todmmpliantwith the
FAA recommendationfor composite structures.

5.5. Ciritical Ply Analysis

To provide greater insight into the failure of the front and rear uprights, a deeper analysis was

performed to expand the failure criteria to the thieeensional stress state. As demonstrated in

Table5.3.41 andTable5.3.42, Hyperworks uses a simplified prediction for bond/interlaminar
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shear failure which makes Maximum Strain, T8ai and Hashin appear to have the same
failure results, when in actuality the unigerg calculations are not the saniéey follow the
same interlaminar shear stress comparison supporting the dathlé@b.21 throughTable
5.42

To solve for complete thredimensional failure indices for Ts#u, Hashin, and
Maximum Strain,stres componentws/ere extracted from thgly with the maximum failure
indexof the mostritical elementThese values ammpared against materglowables
that were derived froraxperimental datal he tensorial stress values are organized for the
front and rear uprights ihable5.5.1 andTable5.5.2, respectivelyFailure index is

calculatedor each material component via the equation

00 — (42)
Table5.5.1: Critical Ply Analysisi Front Upright
Critical Ply Analysis - Global 0 Degree £ - Front Upright
Material Component|  StressAllowable (ksi) Applied Stresgksi) | FI (Equation 41)
F1t 111999 - -
Flc 92.806 1.160 0.012
F2t 110805 4.041 0.036
F2c 94.342 - -
F12 7.071 0571 0.081
F13 8.314 5.037 0.606
F23 8.314 4.020 0.484

Table5.5.2: Critical Ply Analysisi Rear Upright

Critical Ply Analysis - Global 45 Degree £ - Rear Upright
Material Component| Stress Allowabldgksi) | Applied Stresgksi) Fl (Equation 41)
F1t 111999 - -
Flc 92.806 1.137 0.012
F2t 110805 - -
F2c 94.342 0.893 0.009
F12 7.071 034 0.049
F13 8.314 5.252 0.632
F23 8.314 2.585 0.311
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The front uprighimodel predictshe highest failure index in thafmaterial component with
a failure index of 0.606. The rear uprighbdel predictshe highest failure index in thaf
material component with a failure index of 86 This value is the same as the maximum strain
failure index from the failure theory cquarison in Section 5.8nd is consistent with the failure
index values from the laminate development talfRegardless of the failure theory chosen for
the analysis, Hyperworks determines bond failure usingdhgarison of interlaminar
allowablesFor this reason, a more-depth analysis was performed to understand how the
failure indices change in a thrdémensional stress state.

The aitical ply failure indices for TsaWWu, Hashinand MaximumStrain theoriesvere
calculatedrom thematerial component stresses organizetiahle5.5.1 andTable5.5.2 and
substituted into the respective equations for taliegensional stress states for the gitaiture

method(Table5.5.3 andTable5.5.4).

Table5.5.3: ThreeDimensionalStress State FailurAnalysisi Front Upright

Three-Dimensional Stress State Front Upright
Failure Theory Failure Index Factor of Safety
TsarWu 0.606 1.285
Hashin- Compressive Fiber 0.00%-1 5000.000
Hashin- Tensile Matrix 0.750 1.333
Max Strain 0.606 1.650

Table5.54: ThreeDimensionalStress State FailurAnalysisi Rear Upright

Three-Dimensional Stress State Rear Upright
Failure Theory Failure Index Factor of Safety
TsarWu 0.5@ 1.411
Hashin- Compressive Fiber 0.002-1 5000.000
Hashin- Compressive Matrix 0.9%50 1.053
Max Strain 0.6 1.582

The frontand rear expanded analysis resulted in the highest failure indices within the Hashin

matrix calculations with values of .749 and .44833 and 1.053 factor of safetygspectively.

However, the Hashin fiber failure calculations result in a near zdundandex for the critical
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ply at the extreme elemefithe Maximum Strain failure calculations @he same as the
bond failure indices froritable5.21, Table5.23, Table5.51 for the front uprightatndTable
5.22, Table5.24 andTable5.4.2 for the rear upright because they share the same
independent material component comparisons, respectively. TheVldaictor of safety
valuescannotbe considered the samethe Maximum Strairfiactor of safetywalues due to
the difference in conversion from failure index to factor of safety (SF = 1/FI for Hashin and
Maximum Strain comparedto SFa1F | f 0Wu). Ts a i

The threedimensional stress state failure calculations further confirm that any failure of
the front or rear upright is most likely to be because of tensile or compressive matrix failure
at the extreme elements of ttr@ical ply, as demonstrated by thegher than originally
approximated bond failure index in the laminate development tableite considering the
calculation of TsaWu factors of safetythevaluesagree that the largest contributors to the
threedimensional failure analystsalculationare attributed to the interlaminar shear stresses
(Fizand k3 in Table5.51 andTable5.52). In plane stresses aam ader of magnitude lower
for the front and rear upright critical plies than amgrlaminarstress at the most extreme
element.
5.6. Analysis Discussion

The results provided from the finite element analysisfiesthat the design goal of the
utilization of the same toolset to produce four unique structures has been met. Additionally,
the finished products have achieved a lower weight in comparisonitéuthaluminum
counterparts. The FEA model generated for the front and rear upright allowed for iterative
design of the laminate for the prototype compondfisther analysis could be performed to

determine a more efficient laminate.
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The initial analyss of the front and rear uprightibmitsfactors of safety that are within the
FAAGs recommended | i mi tUprightonrsalignmentaoafydmoppdet ¢ o mp
that the manufactured front laminate could benefit from a slightly lowered failure lnyde
rotating each ply five degrees while the rear upnvgbiild be within theecommended FS of
1.500 with up to atendegreeply misalignment while reducing the amount of camber
compliance ircornering.The threedimensional stress state failure calcialias for the front and
rear uprights provide a FS | ower than advised
structures. However, both matrix failure indices are less than one, which would suggest the
material would not faigiven the analyzed loadirsgenarios.
When performing any sort of FEA it is important to understand how the program is
predictingthe output data of the moddlthough steps were taken to extract tensorial stresses
and calculate thredimensional stress state failutheload caseghat were analyzed are at the
limits of the vehicles performance and are not often sustained in duration. Additionally, the
composite structure was being analyzed on its own without any of the fastened hardware which
would contributestrength and dtness to the assembled componehisally, the FEA model
utilizes several RBEO s repra@sentheinterfacing suspension mounts on the uprigista
result, theconstraints dictated by the model boundary conditions provide an artificially high

stiffnessto the nodes of the composite geometry.
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6. Manufacturing
6.1. Molds and Tooling

The primary objectiveof the aluminum tooling is to be able to mold the composite
structure of four uniqgueomponentsvithout any post machining operatiorfi$ie mandrels
had to be remnfigurableto manufacture front left, front right, rear left, and rear right
uprights To reduce the need for additional tooling, the front and rear uprights were designed
to sharethe mandrels to form the upper ball joint and brake caliper mounting features.

Mandrel configuration for one of the front uprights is showFRigure6.11 below.

Figure 6.1.1: Tooling to Manufacture Front Left Upright

The general layup process for thgright geometry occurs in two main stages. The tooling is

used in conjunction with the layup of the global geometry of the part through the first cure. After
the part is demolded, the logales are added with tHateralstiffeners. The part is cured @

again. The details of these processes are covered folltheing sectionsA streamlined

description of the manufacturing process for the front and rear upright is avail&gpdandix

B: Front and Rear Upright Manufacturi@yerview
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6.2. Composite Manufacturing Process

Laminate manufacturing is broken down into the prepreg preparation, layup, and curing.

6.2.1. Lamina Preparation

As mentioned in chapter four, prepreg carbon fiber was chosen due to ease of
manufactuability, material availability to the projecnd savings in time with respect to
material preparation. Material is stored in a frozen state to preserve the life of the resin and
removed from storage only prior to manufacturing of the compoAéet. the material has
reached room temperature, plagcutandorganizedoer the build specification for the layup
process. Ply templates were generatedguSiolidVorks by extracting the relevant surfaces from
the threedimensional geometry. Once therfaces are extracted, they are flattened to create the
appropriate area and curvature of the plies.
to allow for adequate overlap between adjacent pliesrunout past the trimmed edge of the
finished part Finally, the templates are converted to a 1:1 scale for print and use in cutting of the
material.If resources and time had allowedylg generation software would have been used to
control ply taper and fiber alignment more precisédlye plies wuld thenhave beemmported
into a CNC plotting program and orientedbe cut pethelayup specification
6.2.2. Layup

The manufacturing process for the front and rear uprights follow the same general steps.
Plies areplacedonto the aluminum tool halves per itheespective stacking sequendée same
stacking sequence is implemented on the mandrels that are broafibt the two halves of the
tool are bolted togethefhose being the steer/toe, brake caliper,raad uprightower ball joint

mandrelsRelease film from the prepreg is pladeztween the pliesn the regions interfacing
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with the secondary mandrels tdoaV for the material to be manipulated during installation

(Figure6.2.21).

Figure 6.2.21: Joining of Both Sides of Tool

After the two halve®f the toolarefastenedogether material isinstalled
circumferentiallyaround the bearing mandrel to join the inside and outside surfaces of the
part(Figure6.2.22). The upper and lower ball joint geometry is createdHerfront upright
as the eight global plies are brought together and sandwiched between the aluminum tooling.
A similar effect is created for the rear upright wiéispect tahe upper ball jointvith plies
five through eight being dropped localliyjhe lover ball jointmount is formedn a similar

manner to the steering/toe and brake calipatures
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Figure 6.2.22: Joining of Inside and Outside Laminates

Once the bearing housing plies are appliethéotool, the part is prepared for the secondary
mandrels to be installe@he general procedure is the same for the brake caliper, steering/toe
mandre] andthe lower ball joint of the rear upright. The release film is removed layer by layer
alternating fom inside to outsid®ol surface and the prepreg is folded toward the inside of the
part The secondary mandrels are brought into contact with the surfaceopiiesite a single lap
joint. After the feature is bolted into pladke composite material is brought togethfer
example of the joining process is depictedrigure6.2.23. This process is repeated urdil the

mandrels are in place and the prepreg is positioned against the tool surface.
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Figure 6.2.23: Brake Mandrel Installed to Tool

After every ply is installegbeel ply is applied to the inside surfacéshe parthat are not
in contact with the tool. Peel ply ésmaterialused to create a textured surface for bonding of
the prepregompositan the secondary layuft. is removed from the part after the cusele
is completedAfter the peel ply is positioned, perforated release film is apphiediow the
laminate to evacuate and volatilesdduring cure without adhering to the breather cloth.
Breatherclothis wrapped around the edge of the tool and webikeo the cavities of the part.
The breather cloth allows for the creation of an air passage circuit from the vacuum pump to
the laminate. Next, thassembly ifransitionednto an AirtechStrechlon850vacuum bag.
The Stréchlonmaterial is chosefor its high elongation at break (450%) and thertimait
(40C°F) [36] to ensure the bagging film extendisepinto anyvoids of the part to prevent
bridging andfilm failure duringautoclavecure.Theassembly is placed in the ovenl@6°F

under vacuum for two hours to allow the material to debkigure6.2.24). Debulking of
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the laminate allows for the plies tonsolidate to the tool after which the vacuurg iveaterial

can be rearrangedto the cavities of the pairt preparation for the autoclacere cycle

Figure 6.2.24: Debulking of Composite in Oven

The autoclave cure for this material takes approximately eight hours aftertiwaicacuum
bag material is removed from the cured pahten the paris marked using a paper template to
designatehe trim line of the materialrimming is carefully perfanedusing a handheld rotary
tool with a diamond edged bit. A solvent is used to remove the carbon dust and debris from the
surfaces of the part.ocal plies are added to trstructure(Figure6.2.25) in the location and
orientationdefined by theayup tablegdetailed in theengineering drawings iAppendix A: Left
Front and Left Rear Engineering DrawifgBhese additional plies are installed to provide the
required strength and bending stiffness to the strudaorated release film and breather cloth

are applied to the part and is placed inside of the vacuum bag for its final autoclave cure.
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Figure 6.2.25: Application of Local Plies to Component

The prototype build of the part required careful measuring and placement of the lateral
stiffneresrelative to the datum edges of the composite. The additiorsiticanetool set
would have allowed for greater precision in ply placementease in the vacuum bagging
process during the first and second stages of the layup. An example of one of thase tools
demonstrated ifigure6.2.26. Another benefit of utilizing silicone tooling is that the rubber
will expand during cure and consolidate the lamimateard to reach areas that a vaccum bag

may not fully extend.
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Figure 6.2.26: Example of Supplemental Silicone Tool

6.2.3. Laminate Cure

The temperature ramp and dwell components of the cure cycle are based upon the
manufacturingorocessefrom the compositsupplier(Figure6.2.31). However, insteadf
utilizing a Vacuum Bag Only (VBO) cycle the part is cured in an autoclave. The elevated
pressure of an autoclave compared to VBO cure is desirable for greater fiber consolidation and
volatile evacuation of the laming€]. The additioml pressure on the paaids inthe composite
conformity to the geometry of the tooled surface throughout the cure cycle.

The cure cycle begins atnbienttemperature and full vacuum. The laminate is heated to
14C°F at rate oft5°F while the pressure isdéreased to 85 psi at 5psipsi per minute. for 120
+10 minutes. The part is ramped to 25@10°F for 120 +f 10 minutes at a rate ofR+1°F per
minute. After the second dwell duration the laminate is ramped t+33@°F for 120+10
minutes. Finallythe pressure is bled from the autoclave and the lamiaateool at no more

than 10F/minute to below 14® when it can be removed from the autoclave.
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Figure 6.2.31: Solvay 5326l Cure Cyclg18]

6.3. Final Processing

After the composite components are completahgd there are two main steps that must
occur prior to assembling of the components. First, the mounting holes for any interfacing
mounts must bdrilled. Second, the part periphery must be trimmed to its final dimension.

The untrimmed upright is placed back into the aluminum tools which act as a drill guide
for the primaryfasteneldocations. A carbide drill bit is run through the tool and part for each
ball joint mount, steering/toe linkand brake caliper mounting location. The part is removed
from the aluminum tool and the secondary drill mounts are fastened to the upper and lowe
ball joints and steer/toe link location (redaiure3.3.2). A carbide drill bit is used again to
finish drilling the partNext, the component is mk&d with a 1:1 scale template to designate
the edge to be trimmed with a handheld rotary tool. After trimming is complete, the part can
be cleaned with solvent and it is ready to be assembled. All the critical features have been
formed during the compositcure to locate theutboard suspension mountguse the wheel
bearingsand no further post processing is required.

Before fastening mounts to the upright, the wheel bearings and wheel hub are installed

into the part using a hydraulic press. To comple¢eupright assembly, the upper, lower ball
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joint, and steering/toe mounts are fastened to the composite structure. An example of the

assembled upright is provided belowFigure6.3.1.

Figure 6.31: Partially Assembled Front Corner Suspension Assembly

After all mounts aréastenedand properly torquedhedriveshatft (if rear upright) can be
installed,and thecomponents attachedo the suspension and steering/toe linkages. The brake
rotor and caliper armstalled,and fluid lines can be plumbed and bled for trapped air. Finally,
the wheel speed sensondae installed into the threadbdusing that is bonded into the upright.

An example of the assembled rear suspension corner is displayediia6.3.2.
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Fgure 6.32: Fully Assembled Rear Upright
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7. Model Validation

Finite element analysis @acticalin design to predict strain response in various loading
conditions without manufacturing and testimgltiple configurations. However, the results
obtained via analysis are simply an approximation that is dependent on the quality of the input
conditions ad componentmodel. Additionally variationsmay occur between the model and
physical component due toodelassumptions, materigkopertiesandmanufacturing
deviations To quantify the accuracy of the FEA mogdehysical testing must be performed.

The automotive industrgmploysspecially designed test apparatus to simulate and measure
suspension kinemas@and compliance. These machines utilize a body clamping plagndn
wheel platforms that can be independently controdiéd steering and brakactuatorcoupled
with numerous load and displacement sensors. While the udararaatics and compliandest
fixture would be ideal, the resourcagailable akKU and JMS provided the means to validate the
prototypes using a static lateral loading test.

7.1. Static Lateral Loading

To determinghe accuracy of the FEA model against the manufactured compenent
structural test was designed and performed offrtim¢ and rear quarter suspension assémsbl
The FEA model utilized in the componatdvelopmentvas modified tesimulatean equivalent
applied forcdor strain measurement at multiple locatisosjuantifythe errorin theanalysis

7.2. Methods

A staticstructural test was designed to emulate a maximum lateral loading scenario on the
front and rear quarter suspension assembly. JMS designed and manufactured a lateral load
fixture that can be mounted to a I&@lutlizwdh e el

the weights available in the JMS lab a moment of 5581¥ ¢an be applied to the wheel
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resulting in a lateral loashagnitudeof 495.3 Ibf at the tire contact patch. The FEA model
utilized for dynamic load cases was modified to replicatepipdied load using the lateral load
fixture. The IMS19C employseoverallvehicle weighiof 456lbwith a 45.7% front bias
without driver. The front and rear half axle weigldreapplied as a vertical force with the
lateral force from the fixture in tHeEA model to determine strain distribution within the

front and rear composite uprighThe gplied load aredisplayedn the table below.

Table7.21: FEA Load Cases

Lateral Load Test
Load Case X -Longitudinal (Ibf) Y - Lateral (Ibf) | Z - Vertical (Ibf)
Front Contact Patch 0 -495.3 104.2
Rear Contact Patch 0 -495.3 123.8

Four locations were selected from the FEA model for comparison with the physical
testing results. The locatioasd orientationsveredeterminedased on high strain regions
and accessibility of straigaugeinstallation withouttompletedisassembly of the vehicle
(Figure7.21, Figure7.2.2, Figure7.2.3, andFigure7.24). Elemental strains were extracted
from the outermostomposite layein the regions of choice and average@r asurfacearea
equivalentto the size of a straigaugefor comparison with the physical test resuiis.
example of the strain query is displayedrigure7.25. The localized strain averages for the

front and rear uprights are shownTiable7.2.2.
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Location 1

Location 2

Location 3

Figure 7.2.1: Strain Gauge Locations on Front UprighOutboard

Location 4

//

Figure 7.2.2: Strain Gauge Locations on Front Uprightnboard
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Location 2

Location 1

/

/

Location 3

Figure 7.23: Strain Gauge Locations drearUpright - Outboard

\
Location 4

Figure 7.24: Strain Gauge Locations dRearUpright - Inboard

99



Contour Plot
Comp: Strains(Normal X Strain, GLOBAL_0_1)
3614603

Figure 7.25: Example of Element Strain Averaging for Locatiamoon Front Upright

Table7.22: Local Strain Averages for FEA Load Cases

FEA Results- Region AverageStrain ( € i n/ i n)

Location 1 Location 2 Location 3 Location 4
Front Upright -247.9 -50.4 -415.3 557.4
Rear Upright 21.0 -461.7 1358.4 370.5

7.3. Procedure

Thegeneralpurposestraingauge utilized for the test arelmear pattern that were
appropriate for static and lefatigue dynamic measuremestt composite materials. The data
was transmitted to the DAQ viao channel analog wireless nodes for simultaneous strain
measurement during the test. Simple housings were designed and mandifactonerinted
acrylonitrile butadiene styren&BS) to containthe lithium-ion battery and wireless node and
provide the meanf®r attachment to the suspension linkage with cableT@grepare the parts
for straingaugeapplication, he uprights weréocally abraded with 60Qrit silicon carbide paper
and cleaned with denatured alcohol. Biraingauge were bonded to the surface with the M

Bond 200 adhesive viae procedureprovided from MicroMeasuremeni37].
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Figure 7.31: Strain Gauges Installed on Rear Upright

To imitatethe fixed constraints of the FEA model, the springs and dampers were replaced
with solid steellinks. Solid ABS spacers were placed on the steering rack to prevent rotation
of thefront wheels under load'he wireless nodes are a full Wheatstone bridgeigaration
which necessitated eaelstivegaugeon the upright to be wired in a quartaidgeformation
for strain measuremernhree passive stragauge werebondedo a smallsampleof
compositeattached to the sensor houstogcomplete the full bdge configuration of each
node After eachgaugewas verified for continuity and resistance the wireless nodes were
calibratedn the Lord SensorConnect applicatiosing the straigaugespecifications
provided from Micromeasurementsthout load on the vehicle. Once the calibration was
complete the lateral load fixtumeasplaced on the wheel and the loadsapplied

incrementally
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Figure 7.32: Maximum Lateral Load on Fror@uater Assembl

The front and rear quarter suspension assemblies were loaded and unloaded in three
independent trials with the wheel and filacedon a roller plate to minimize the frictional force
of the tire on the ground. Strain data wasordedsimultaneouslyor eachstraingaugefor the
duration of eacltrial. Individual gaugedata wasveragedor the three trial$o providethe
results disfayedin Table7.3.1 andTable7.32 for front ard rear quarter suspension assemblies,

respectively
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Table7.3.1: Averaged Strain Data from Lateral Loading of Front Quarter Assembly

Trial Average

Load Distance Moment Strainl | Strain2 | Strain3 | Strain4
(Ib) (ft) (ft-1b) (ein/| (in/| (in/| (ginl

0 3.1 0 0 0 0 0
10.2 3.1 31.4 -18.3 -0.7 -22.3 38.3
20.4 3.1 62.8 -36.7 -1.7 -52.3 73.3
35.4 3.1 109.0 -68.3 0.0 -89.7 121.7
71.4 3.1 219.9 -146.7 -28.3 -179.0 240.0
108.4 3.1 333.9 -236.7 -73.3 -247.3 348.3
144.2 3.1 4441 -330.0 -66.7 -317.3 443.3
178.8 3.1 550.7 -421.7 -46.7 -389.0 531.7
144.2 3.1 4441 -351.7 -80.0 -307.3 451.7
108.4 3.1 333.9 -266.7 -110.0 -230.7 363.3
71.4 3.1 219.9 -178.3 -113.3 -145.7 238.3
35.4 3.1 109.0 -86.7 -61.7 -64.0 110.0
20.4 3.1 62.8 -56.7 -53.3 -32.3 61.7
10.2 3.1 31.4 -31.0 -40.0 -7.3 30.0

0 3.1 0 -5.0 -18.3 -12.7 3.3

Table7.32: Averaged Strain Data from Lateral Loading of R€ararter Assembly

Trial Average

Load Distance Moment Strainl | Strain2 | Strain 3| Strain 4
(Ib) (ft) (ft-Ib) (ein| (ein| (einf (ein
0 3.1 0 0 0 0 0
10.2 3.1 31.4 5.7 -17.3 43.0 13.0
20.4 3.1 62.8 10.3 -33.3 91.7 26.7
35.4 3.1 109.0 13.0 -66.7 126.7 53.7
71.4 3.1 219.9 24.3 -146.7 433.3 123.3
108.4 3.1 333.9 39.3 -237.7 693.3 195.0
144.2 3.1 444.1 49.7 -325.0 951.7 265.0
178.8 3.1 550.7 55.3 -405.0 1200.0 320.0
144.2 3.1 444.1 42.7 -361.7 1065.0 282.7
108.4 3.1 333.9 27.0 -305.0 895.7 236.7
71.4 3.1 219.9 18.3 -218.3 696.7 173.3
35.4 3.1 109.0 2.7 -125.0 450.0 99.0
20.4 3.1 62.8 0.3 -76.7 495.0 58.3
10.2 3.1 31.4 3.3 -44.3 180.0 25.7
0 3.1 0 2.3 -10.0 50.7 2.3

The front and rear uprights were loadgrto amoment of 550.7 ftb which resulted in
the maximum strain values for any givgaugedocation on the component. These values are

emboldened in their respective tabdewl compared against the FEA results.
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7.4. Results
The strain approximations from the FEA models are compared against the physical

measurementsbtained from testing iffable7.41 andTable7.4.2.

Table7.4.1: Front Upright Strain Comparison FEA vs Experimental

FEAResults-Regi on Average (¢gi
Location 1 Location 2 Location 3 Location 4
-247.9 -50.4 -415.3 557.4
Physical Testing- Strain GaugeMe asur ement (
-421.7 ] -46.7 | -389.0 | 531.7
Measured Strain Deviation from Analysis (%)
41.2 | -7.9 | -6.8 | -4.8

Testing results from the front upright deviate from A model-6.8% to41.26 for any
givenmaximum strairgaugemeasuremenwith an average error &4% from the FEAnmodel
(Table7.4.1). The rear upright maximum strain measurements demonstrate a deviation range of
15.8% to 620% from the FEA model with an average4&sb (Table7.4.2). These deviations
could be attributed to realization of ply layup compared to the FEA mmaslignment of
strain gauge orientation to part geometasiation in load distribution fromhe aluminum
mountsto the composite structune comparison to FEA modeind/or compliance from the

entire quarter suspension assembly.

Table7.4.2: Rear Upright Strain ComparisonFEA vs Experimental

FEAResultsi Regi on Average (¢
Location 1 Location 2 Location 3 Location 4
21.0 -461.7 1358.4 370.5
Physical Testingi Strain GaugeMe asur ement (
55.3 | -405.0 | 1200.0 | 320.0
Measured Strain Deviation from Analysis (%)
62.0 | -14.0 | -13.2 | -15.8

To measure the accuracy of the stig@ugeplacement in comparison to the FEA model, a
follow up study was performed. For any given stiganigelocation, the subset of elements

utilized to determine the average strain reading were shifted two elermppteximately0.100
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or half a gauge wid)hin any direction. Positional stragaugeerrorfrom the FEA model is

organized inTable7.43 andTable7.4.4.

Table7.4.3: Front Upright FEA Positional Strain Error

FEA Positional Error 7 Front Upright
pposiinchhon| Locati on Location Location Location
0.1 Left -211.5 5.3 -247.5 364.5
0.1 Right -193.4 -166.7 -578.9 815.0
0.1Up -206.3 -70.8 -370.8 235.8
0.1 Down -222.2 66.5 -436.9 735.5
Average -208.3 -41.4 -408.5 537.7
Average Error in Measurement (%)
] -16.0 17.7 | 1.6 35

Table7.4.4. Rear Upright FEA Positionabtrain Error

FEA Positional Error 1 Rear Upright

pposiinchhon] Locati on Location Location Location
0.1 Left 15.5 -355.5 828.1 466.0
0.1 Right -0.9 -461.6 1612.9 248.0
0.1Up -20.5 -365.6 1126.5 344.3
0.1Down 21.0 -289.7 1352.0 293.1
Average 3.8 -368.1 1229.9 337.8
Average Error in Measurement (%)
- -82.1 | -20.3 l -9.5 -8.8

The averaged positional error for the front upright ranges #iah®b6 to-1.6% with an
overall average 00.7% in comparison to the baseline FEA results. The averaged positional
error for the rear upright ranges froeB2.1% to-8.8% in comparison with the baseline FEA
resultswith an average of30.26. For any strain gauge location, the magnitude of the
average strain il@wer than the baselinEEA modé suggestinghat any difference in the
strain gauge application location from the queried elements would not be detrimémeal

assessment of thé&rgctural integrity of the uprights as manufactured.
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To further investigate the FEA results, an isolated structural fixture couhdgbéemented
with a uniaxial testing machirte eliminatecompliancecontributiors from interfacing
component®r load distibution variation from FEA model to amanufactured geometry
Dynamic testing on theehicleis another option to validate thesultsof load caseghat were
analyzed Additionally, this dynamic testing could be expantiedalidating the input conditian

from the quarterehicle numerical model
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8. Conclusions

The components developed throughout the design, analysis, manufacturing, and physical
testing of this project verify that a complex machined structure on a FSAE vehicle can be
redesigned aan efficient additively manufactured structure using CFRP. T &nod rear
composite uprightlesigns methe original goal of utilizing a modular toolset to produce four
unique geometries while reducing weight3%0% in comparison to the 20.and20.0%
compared to the 2016 full aluminum designs while maintainingtstral fidelity in all
dynamic load cases.

Although a composite with more favorable shelf life could have been utilized, material
testingprovided the mearfer the development of the manufacturing method using a
composite that may have otherwise beenttefvaste. An even more efficient and
lightweight structure can be produced using the methods developed in this project with a
compositansideof its usableshelf life. Despite the reduction materialstrengthwhen
compared to manufacturers specifioatithe FEA results demonstrate that adequate strength
is maintained at all limit load cases witilinimum factors of safety of 1.650 and 1.58P
thefront and rear uprights, respectfully. Thi@ienensionaktress state analysis suggesied
TsarWu factor of safety of 1.285 for the front upright and a Hashin factor of safety of 1.053
for the rear upright. These safety factars less conservative than the FAA recommended
guidelines but do not exceed the failure criteria for the material Inaodeare therefore
acceptable for the composite prototygmsigns A staticstructural test on the front and rear
guarter suspension assemblies was performed to verify the integrity of the material model
and correlates with the FEA modeid generally sugeststhat the parts manufactured were

more robust thamitially analyzed. If timeand resources allowedxpandedesting in static
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lateral loading could verify FEA model stiffness. Furthermore, dynamic load testing with
additional strairgauge on suspasion linkages could provide greater insight into accuracy of
not only the FEA model but theccuracyof input forces to the analysis.

The simplicity of the modular tooling and FEA model for the uprigihtsvidesthe means for
further development using i@srces available to the JMS FSAE tedachining complexity
anddependencen outsidesuppliersto the teamarereducedhusproviding additionalesources
for other components to be manufactured or dxtia fortesting on trackAs aresult,this helps
to improve the overall vehicle performance in competitidre modular toolsedllowsfor minor
changes to suspension geometry or hub ddsige achieveaith minimal complexityand
barrier to entryThe added benefits of utilizing a compositetfog front and rear uprights not
only givesthe teanthe ability tocapitalize on the greater strength to weight ratio of CFRP but to

progress theuttingedgeengineering of the JMS FSAEehicle
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Appendix A: Left Front and Left Rear Engineering Drawings
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