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ABSTRACT

Reducing the weight of a vehicle in racing can substantially improve the vehicle
dynamics and general performance capabilities. More specifically, the reduction of the unsprung
corner weight can provide noticeable performance gains in handling and responsiveness, leading
to a quicker, more agile car due to a lower yawing moment of inertia. Unsprung weight reduction
also improves the car’s ability to maintain contact between the tires and the road surface for a
more consistent grip. In this project we identified the loads that act on the wheel rims according
to the data collected from the sensors in the car’s suspension, and we used that data to design a
lighter and stronger carbon fiber wheel to handle those extreme load conditions.

Decreasing the weight of the wheel itself (changing materials from aluminum to carbon
fiber) will reduce the unsprung corner weight as well as the rotating mass.

Zips Racing | The University of Akron | zipsracingformula@gmail.com Page ii



=

——

Tﬁe University of Akron ZH@

SRACIN

THE UNIVERSITY OF AKRON

TABLE OF CONTENTS

1. INTRODUCTION. ..ottt
1.1.  Design Validation / Weight ReduCtion ...........cccccevevenenenenenicenennns
1.2, Unsprung Mass of the VENICIe.........cccooeieiiiiiinieecceee
1.3. Wheel Moment of INEItia.......ccccereririneneieieeeee e
1.4.  Background / Research of Existing Carbon Fiber Wheels...................
1.5.  Objectives / Development ProCess.......cccceeeeveeeevieseeeenieeeevesveenenes

2. THEORETICAL FRAMEWORK ......ccccoitiiinieieiie e
2.1, Design REQUIEMENTS ......ccveveecieeierie ettt e
2.2.  Loading Conditions on Wheel RiM ........ccccovvrinininineneeeeeeeee
221, Cornering LOAM ......cccveireririenienierienieieieieeie et
2.2.2.  Accelerating / Braking .......ccceccveveieeciineeeececeese e
2.2.3.  Pressurization of the Wheel ...
2.2.4.  Cornering While Accelerating / Braking ..........ccccocevevevereeenenenne.
2.3.  Composite System Design / SEleCtion ..........cccecevevererenenenieeeenenen
2.4.  Composite Material SElection .........coceeeevercierieieecee e
2.5, Carbon Fiber SEleCtion..........ceereirieinieircrieeeeeee e
2.6.  FabriC SEIECION......ccovuiiiieiriiiet e
2.7.  PhySiCal PrOPErtiES.....cccoieieieriieierieseeetese ettt see et
2.8.  Mechanical Properti€s........cccevvecveriereeseseeeeseeeeseesee e sieseeesseseeeeenns
2.9.  Matrix / EPOXY SEleCtioN .....c.cceeeeviirieieseeeeeeeee e
2.10. Fiber Direction / Orientation - Effect on Properties...........ccccueun.....
0° OFIENEALION = ..ottt
90° OFENTALION = ...ttt
£ 45° OFENTALION = ..ot
2.11. Analytical Methods for COMpPOSItES.........cccoeiereeririerereeereecene
2.11.1.  Ultimate Strength........cceeeveeceeeeecee e
2.11.2.  Ultimate Tensile Strength ..........ccooceeoiiirieneeeeeee e

Zips Racing | The University of Akron | zipsracingformula@gmail.com

Page iii



=

——

Tﬁe University of Akron ZH@@ RA C'"

3.

4.

5.

6.

7.

THE UNIVERSITY OF AKRON

2.11.3.  ComPresSiVe SLIENGLN .......cocviiieieecece ettt et sae e e reeanas 12
2114, SNEAI SIIENGLN ..ottt 12

HAND CALCULATIONS.....c ettt enne e 12
3.1, Load FOrce CalCUIAtIONS ........ccccoieiririiniirieieieieeet ettt 12
3.2, Torsional Load CalCUIALION.......c.ccceririririeieieieeet sttt 13
3.3, Bending Load CalCUIAtION .........cceeciiiiieieiiceceeseeeee ettt st 15
3.4.  Radial Load CalCUulatiONS .........coeiiuiririiieiiieiiieec et 17
3.5.  Tire Pressure Load - Pressure Vessel Hoop Stress Calculation.............coccoeveverieenenencniene. 19
3.6.  Lateral Loading CalCUlatioN..........ccoiviririerieieieieientestent ettt 20
3.7.  Layup Design and Ply Layer Orientation / Configuration ............c.ceceevevererenieneeeneneneneennes 21
3.8.  Quasi-1sotropic Laminate DESION .....cceeeevuieieieiiceete ettt ettt ettt st e sreens 22
3.9, Required NUMDEE OF LAYEIS......ciieieieeteeteete ettt sttt ettt aaesaesbeeaesbeeraebesneenes 22
3.10. Weight Reduction CalCUlatioN .........c..ccveiriririninerieeiee e 23

FEA ANALYSIS ..ottt e e s e nreeneeenee e 24
4.1, FEA MOUE] SEEUP. ..ottt ettt sttt naenas 25
4.2, ANSYS RESUILS.....eetistieieriisteeie st ste st te sttt e sttt etesteeaesteeseesbesteessesseeseessesseensessesseensessennes 26

FIBERSIIM ... ettt ettt sb e b 27
BLL RESUIES ...ttt 27

WHEEL MOLD AND CENTERLOCK HUB DESIGN.........ccccooiiniiiiiiine e 31
6.1.  Wheel Rim GEOMELIY DESIGN ......ccvviiiieieiicieetece ettt ettt st e st be et sbe e e sbe e b e s beennas 31
6.1.1.  RimM Profile DIMENSIONS.......coieiriiirieirieirieietee ettt 32
6.1.2.  CenterloCK HUD .....c.ooiiiiiiicicc s 34
G T |V, ] 1o N 3T T o SRR 34
6.2.1.  SOIAWOIKS MOUEL .......c.coiiiiiiiiiiicc s 35

MANUFACTURING ..ot 38
% S |V, o] o S3= o To I 1o To ] 1o ST 38
7.1.1. MOId MACHINING. ...ttt et st eeeseeeneens 39
7.2, Carbon FIDEr CULLING ...ccvooeeieeeeeee ettt st et eneas 40
7.3, COrE OF WHREEL ...c.vtie et 44

Zips Racing | The University of Akron | zipsracingformula@gmail.com Page iv



=

——

Tﬁe University of Akron ZH@@ RA C'"

THE UNIVERSITY OF AKRON

7.4, ManUFaCtUNNG PrOCESS.......ccoeiiieieiiecteeteste ettt ettt et s a e b e es
7.4.1. LayUup ASSEMDBIY ...
TA.2.  AULOCIAVE ...ttt
7.4.3. FINAL PrOCESSING ....vvevitieeiesieiteeie ettt ettt sttt erae e sreeaesre e s e sreesneneens
8. PHYSICAL TESTING .....oooiiiie et
8.1, Material TESHING ..c.eevviieieeecteeeee ettt et e st s reenbesreenne s
811, TESESEIIES L.ttt
812, TESESEIIES 2.ttt sttt
8.2.  Tire Change Testing (Test Planned but incOmMplete).........ccecevevvecenenceerieseeenn
8.3.  Radial Fatigue Testing (Test Planned but incomplete) .........ccoovvvevevvneennneennne,
8.4.  Cornering Fatigue Testing (Test Planned but incomplete) ..........cccccevvvvevenreennene.
8.5.  Centerlock Wheel Test AAPLErS ......cvieevieevieeteeeteeeeecte ettt e e eaeseaeeeveeveens
9. COST AND SCHEDULE ...ttt
9.1. Estimated Project Budget (Mostly Materials)........ccccoeevveveieeceneeiececeeeceeene,
9.2 Estimated COSt OF LaDOT .......ccoviviriirieieieieeeresese et
10. CONCLUSIONS ...ttt sttt b e sbeeeneee e
REFERENGCES ... ..ottt ee e nne s
N o N | SRS SR
MatLAB Code for Hand CalCulations...........cccoecvreriiiniiinieincinceneseeeeseeeseeee
APPENDIX B: PHYSICAL TESTING ..ottt
B.1: Tensile Template, TESE SEMHES 1 ....ceecuiveeieriieieriereeteseeeesie et sae e e e sseenee s
B.2: Tensile Template, TESE SEIES 2 ....c.cevuieeeieriieieriereeeseeee e eete e te e esseseesseensens
B.3: Tensile SPeCimMeN, TESE SEIES 2......eccuieieeicieeieitecteee ettt sre e ae
B.4: Flexural Template, TESE SEIHES 2.....cccuieieeiiiieieitecteee e eee et re et aesre e enne
B.5: ReSIN TeNSIHE MOI ...t
B.6: Template CNC Cutting Method ..........ccveviiiieieieceeeseeeee e
B.7: TeSt SErieS 1 RESUILS ....c.coviieiiiiiiieieiccee et
B.8: Tensile and Flexural Test Matlab Code ..........cccoveverinienicicieeenesee e
B.9: Testing Maching Adapters .........oeecerieieieeee et

Zips Racing | The University of Akron | zipsracingformula@gmail.com



=

——

Tﬁe University of Akron ZH@@ RA C'"

THE UNIVERSITY OF AKRON

B.10: Test Adapter ANAIYSES .....ccueecveiiieeetieeetee ettt ettt et a e sn e
APPENDIX C: WHEEL MOLD DRAWINGS. .........cociiiiiieee e
C.1: Bottom Wheel Mold DIaWing.........cceceieeciereeeerieseeeesieeeesre e sre e esne s
C.2: Top Wheel MOId DIaWINg .....cc.eeververeeieieinienieniesieieeeiee e
C.3: Bottom Wheel Lip Section 1 Mold Drawing .........ccccceeeeerereneneneneneereeennenne
C.4: Bottom Wheel Lip Section 2 Mold Drawing ..........cceceveeeeveneeceseeeenieseeeenns
C.5: Bottom Wheel Lip Section 3 Mold Drawing .........ccceceveevveveneecieneeeerieseenenns
C.6: Top Wheel Lip Section 1 Mold Drawing.........ccceeeveereerieenerenenenienieneeeeeenene
C.7: Top Wheel Lip Section 2 Mold Drawing.........cccceevereerirenereneneneneenieeeennene
C.8: Top Wheel Lip Section 3 Mold Drawing.........cccceeevereeirenereneneneneneeeeeenene

Zips Racing | The University of Akron | zipsracingformula@gmail.com

Page vi



=

=

The University of Akron

Z2S RACING

THE UNIVERSITY OF AKRON

ABBREVIATIONS

CAD ------s=smmmemeenens mememmmememmmeeeoee- mememmmmeeememeneceneas Computer Aided Design
CAE -------------- mememm e --- Computer Aided Engineering
O mememememeemmememeeeeeeeeeeneeeeeees Carbon Fiber
CFRP ------mememememe oo e Carbon Fiber Reinforced Plastic
DIC -------—-mm - e e Digital Image Correlation
E —ommmmme e e e e Elastic or Young’s Modulus
o e Material Strength
FEA --mmmm oo mmmmmmmm s Finite Element Analysis
FRP ---m-mmmm oo e s Fiber Reinforced Plastic
S o -------- Factor of Safety
FSAE -------=smsoememenee- mememmmemememeeeeeee - Formula Society of Automotive Engineers
LC ----memmme oo oo e e Load Case
PV oo e Plain Weave
RF ------meeeememoeeeee = e e e e e e e e e e Reserve Factor
SAE —-mem e eeee Society of Automotive Engineers
T T C mmm e e Tire Test Consortium
TRA ------mmmmmm oo e e Tire and Rim Association

Ui = mmmm e oo e e e - Unidirectional Tape
Voo --- Poisson’s Ratio
Zips Racing | The University of Akron | zipsracingformula@gmail.com Page vii



1.

1.1.

INTRODUCTION

The goal of this project is to design and manufacture a 10” diameter, one-piece carbon
fiber wheel to implement into the design for the Zips Racing 2020 (ZR20) FSAE race car. See
Figure 1 to view last year’s ZR19 race car.

Figure 1.1 - ZR19 Race Car

The objective of this report is to provide a detailed account of the engineering design and
development process of an improved, lightweight carbon fiber wheel to be used on FSAE cars.
This wheel could also be utilized by other FSAE teams as well as future zips racing cars by
following the process established in this project. It is common for FSAE teams to purchase
commercially available aluminum or steel wheel rims as opposed to designing or manufacturing
their own. This is an easy choice for time and simplicity’s sake, and because these purchased
parts have been proven by others to work as they usually come from well-established wheel
manufacturers. However, several teams have made efforts to successfully produce their own
wheels which are lighter than the commercially available options, some of which use composite
materials. Jayhawk Motorsports (JMS), the University of Kansas Formula SAE Team, is one of
those teams, but it is suspected that further improvements can be made to current and previous
designs. It is common with most structural components, computer aided design (CAD) and finite
element analysis (FEA) software packages are used for engineering design and analysis.
However, common limitations to computational resources, funding and high-end testing
equipment often leads to oversimplified simulations with a lack of results which validate options.
For this senior design project, a comprehensive and adjustable FEA model has been developed
for this one-piece carbon fiber wheel design. This document outlines the process to create that
FEA model, design and manufacture the CFRP wheel, and validate the design through physical
testing.

Design Validation / Weight Reduction

When it comes to racing, it is essential to pursue maximum power-to-weight ratio.
Having a high power-to-weight ratio results in better acceleration, thereby increasing the chance
of having better lap times. However, all Formula SAE events are governed by rules which limit
the maximum overall displacement of the engine. This restricts the maximum power output
which is achieved after optimization of the engine components.

Now, to achieve a higher power-to-weight ratio, the only alternative left is to reduce the
weight of the vehicle. Hence, high strength and lightweight materials, such as carbon fiber and
aluminum, are commonly used to help keep the weight of the car at a minimum.

Zips Racing | The University of Akron | zipsracingformula@gmail.com Page 1
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Unsprung Mass of the Vehicle

The unsprung mass of a vehicle is the mass of the vehicle which is unsupported by the
vehicle’s suspension. Hence, the mass of the tires, wheels, hubs, uprights and axles and such
components collectively form the unsprung mass of the vehicle.

The vehicle’s dynamic characteristics are heavily dependent on the unsprung mass of the
vehicle. Reducing the unsprung mass results in better handling in acceleration and braking
scenarios ensuring better traction and control because the suspension can react faster to the road's
imperfections as it requires less effort to work against the system. Thus, it is very important to
seek ways to reduce the unsprung mass of the vehicle, which is one of the validating reasons for
switching the wheel material from aluminum to carbon fiber to reduce weight.

Wheel Moment of Inertia

Inertia is the tendency of an object to maintain its state of motion. Similarly, for a rotating
body, the tendency of the body to keep rotating unless an external torque force is applied to it is
called rotational inertia. In the case of the wheel assembly, having a lower rotational inertia
would mean that lesser torque will be required in order to rotate the wheel. Similarly, lesser
braking force will be required to stop the wheel from rotation.

Reduction of rotational inertia therefore helps in improving braking and acceleration
efficiencies. Moreover, considering the rotational and translational motion of the wheel, the
equivalent mass gained on the wheel when in motion is approximately 1.5 times the equivalent
mass of the wheel when stationary. Therefore, reducing the rotating mass of the wheel, by even a
small amount, is so important with respect to increasing the car's performance.

For steering the vehicle, the yawing moment of inertia of the vehicle comes into effect.
The lesser the mass on the wheels, the lesser the steering effort would be and hence, there would
be better steering responsiveness. Thus, the effort to turn and rotate the wheels is reduced
considerably when reducing the mass of the wheel assembly.

Background / Research of Existing Carbon Fiber Wheels

UTA Racing, from the University of Texas at Arlington, was the first team ever to use a
carbon fiber composite wheel. In 1993, the first carbon fiber wheel was demonstrated in FSAE.
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Figure 1.2 - UTA Racing 1993 Race Car with Carbon Fiber Wheels

In 2003, an updated wheel design was implemented. The wheel design demonstrated a
carbon fiber wheel rim with an aluminum rim center. The CF rim would locate the tire, while the
wheel center would connect the hub to the CF rim. This setup allowed for change of the wheel
center design while also achieving high wheel stiffness. It is important to have minimal wheel
deflections to maintain the slip angle. See Figure 3.

Figure 1.3 - Carbon Fiber Wheel Assembly Design From 2003

This carbon fiber wheel rim design mold has been commonly used by FSAE teams until
about 2016. Slight modifications with the wheel center piece allowed for better packaging and
weight reduction. The wheel centers were attached to the carbon rim by using “huck” fasteners
which are a combination of high performance huck bolts and structural blind fasteners. It is like
riveting while being threaded.

Two members of the 2016 Zips Racing Combustion Team, Christopher DiSante, and
Anna Davies designed a similar carbon fiber wheel rim with an aluminum wheel rim center. See
Figure 4. The new CFRP wheel design aims to replace this assembly with a full, one-piece
carbon fiber wheel.

[

Figure 1.4 - Zips Racing 2015 Carbon Fiber Wheel Rim Assembly
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Another design we have researched is TU Graz Racing Team from Graz University of

Technology in Austria. At the 2015 Formula SAE competition in Michigan, TU Graz Racing
team demonstrated a 3 spoke hollow wheel design which they have successfully been using for
years. They use trapped rubber molding to get hollow spokes for weight reduction and stiffness.

N

25 s

Figure 1.5 - TU Graz Racing Team’s 2015 Carbon Fiber Racing Wheel
Objectives / Development Process

The objective of this senior design project is to replace the ZR19 10” aluminum wheel
assembly with a full one-piece carbon fiber wheel. The primary targets of this design are as
follows:

Achieve a minimum 30-40% weight reduction in the wheel assembly

Achieve a stronger wheel stiffness and strength compared to the previous aluminum wheel
assembly

Design a modular wheel mold with an adjustable wheel width.

Our design development process is broken down into several different stages. These
stages are used to break down the project into manageable milestones. In addition, these steps
were also used in synchronizing the development of the wheel rim with the rest of the FSAE race
car.

This interaction with the rest of the team was critical because of the high degree of
system integration that happens with the vehicle dynamics. The different design phases are as
follows:

Carbon fiber prepreg material selection

Establish worst-case load cases

Hand calculations to determine carbon fiber layup design
Material testing to validate design - (tensile and flexural tests)
Setup and validate design with FEA model and Fibersim
Select specific design concept and finalize design / dimensions
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Fabricate molds and centerlock hub
Layup carbon fiber and cure in autoclave
9. Post processing
10. Validate design with physical testing

2. THEORETICAL FRAMEWORK
2.1. Design Requirements

Before starting our design, we needed to complete hand calculations to determine the
requirements for the minimum load forces that the wheel rim will have to withstand with an
added factor of safety. There are four main types of loads that will be acting on the wheel rim:

o Torque on the shaft axis, caused mainly by braking situations (prevailing over the torque caused
on the acceleration situation).

o Radial Forces. These are vertical forces exerted in the radial direction towards the center of the
wheel. They can be caused for different situations, like the vehicle weight itself, the driver
ingress in the vehicle, and the bumps or irregularities of the road.

« Lateral / Cornering Forces. These are forces produced by the vehicle during cornering, inducing
normal and lateral load components on the rim.

o Pressure. Inflation pressure from the tire produces a static load on the rim, producing a uniform
inward pressure on the rim surface. This load may be uniform or non-uniform.

2.2. Loading Conditions on Wheel Rim

To ensure that our wheel rim will not fail, four critical load cases were determined to
represent the most extreme conditions the rim would experience during operational use on the
racecar. We excluded situations like striking a curb or hitting a pothole because the surfaces that
the FSAE vehicle runs on are very well known. A detailed description for each loading condition
used in analysis is described below.

2.2.1. Cornering Load

Cornering is the most performance critical of the loading cases as well as the most
extensively examined condition. Not only are the forces on the wheel rim the largest in this case,
but the deflection because of cornering forces has a significant effect on the tire performance,
and in turn the overall cornering ability of the car.

2.2.2. Accelerating / Braking

The loading case of accelerating and braking is the same. The design goal in this case is
to minimize the forward and reverse rotation of the wheel under accelerating and braking loads,
or what is known as toe change. In automotive engineering, “toe” is the symmetric angle that
each wheel makes with the longitudinal axis of the vehicle. Negative toe, or toe out, is the front
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of the wheel pointing away from the centerline of the vehicle. Positive toe, or toe in, is the front
of the wheel pointing towards the centerline of the vehicle.

Pressurization of the Wheel

This case simulates the tire being over inflated to seat the tire bead of the rim. Since the
wheel is deflated prior to use, there are no performance concerns during this load case. The only
requirements of this case are to ensure that the wheel rim bead does not fail during the process of
mounting and dismounting the tires onto the wheel rim. The maximum pressure was determined
by the maximum pressure the tire data rated for during the beading process, which for our
custom Goodyear tire is 12 psi.

Cornering While Accelerating / Braking

This is the most critical of the load cases examined since the rim in this case will
experience the most force. Braking and accelerating at a full g-load during a turn could cause the
car to lose control, so performance in this case is neglected and a purely failure prevention
approach was taken. In addition, since large deflections are expected in this case, caliper
clearance was also considered in the design, with a minimum of 0.25” clearance between the
wheel and caliper after deflection which was deemed to be acceptable.

Composite System Design / Selection

There has been an increasing emphasis on the use of composites because composite
materials are designed to be stiff, light, and durable. Although metals have excellent strength and
toughness combinations, they are quite dense, and many corrode. Attention has been turned to
ceramics and polymers, which are lighter and more corrosion resistant, but lack toughness.

Composite Material Selection

A composite is a combination of generally two materials which exhibit desired properties
such as compressive strength of the matrix and tensile strength of the fibers. Usually, they
consist of ceramic or polymer fibers embedded in a matrix, usually a thermosetting resin such as
an epoxy or polyester but can also be thermoplastics or ceramics or even metals. The three main
types of fiber used are glass, carbon, and aramid (aromatic polyamides, such as Kevlar).

The choices of composition and of the materials used for the matrix and fiber depend on
the required properties of the application.

Carbon Fiber Selection

Fibers are the dominant constituents in a fiber-reinforced composite material. Simple
micromechanical analysis leads to the conclusion that fibers dominate only the fiber-direction
modulus of a unidirectionally reinforced lamina. Lamina properties in that direction have the
potential to contribute the most to the strength and stiffness of a laminate. Thus, the fibers play a
dominant role in a properly designed laminate. Such a laminate must have fibers oriented in the
various directions necessary to resist all possible loads.

Fiber selection is usually based primarily on the required strength or stiffness. That
selection process is relatively straightforward, but other selection factors require more
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consideration. In all applications, a fiber-matrix bond is essential, so a fiber surface treatment or
coating often must be used.

Fabric Selection

Carbon fiber products start as a woven fabric of carbon tows. Tows are bundles of tiny
carbon filaments, which are counted in thousands: 1K, 3K, 6K, 12K, etc. The most popular
thread count is 3K.

The carbon fiber we will be using is a prepreg system from a sponsor company who
sponsored our project, Adhesive Prepregs for Composite Manufacturers, LLC (APCM), a
company in Connecticut that we found through Composite Envisions. It is a 3K, 2x2 twill weave,

prepreg fabric. We selected this material based on our design parameters because it is easy to
work with, it has a high heat resistance, and has a long shelf life. APCM also agreed to sponsor
us and supply the fabric and appropriate pre-impregnated resin system for the cheapest price. In
addition, they also were helpful answering our questions and they provided us with
recommendations about the resin they would like us to use and technical documentation that
describes their product.

§ o

Figure 2.1 |

Based on the 2x2 weave design and tow size of 3K filaments per fiber, this fabric offers
substantial strength and stiffness when compared to other fabrics. 3K carbon fiber material is
also very easy to manipulate and is commonly used in applications such as aerospace, marine,
automotive, and sporting goods.

A “tow” is an untwisted bundle of continuous filaments of carbon fibers. Tows are
designated by the number of fibers they contain. So, if the carbon fiber material says 12K, that
means there are 12,000 filaments per “tow” and in our case, our tow size is 3K meaning there are
3000 filaments per tow. Each carbon filament in the tow is a continuous cylinder with a diameter
of about 5-8 micrometers and consist almost exclusively of carbon.

There are several different weave patterns of carbon fiber. “Twill weave” serves as a
bridge between a plain weave and the satin weave patterns. Twill has good pliability and can
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form into complex contours, and it is better at maintaining its fabric stability than a harness satin
weave, but not as good as plain weave.

The “2x2 pattern” looks like a 1x1 plain pattern, but the diagonals are synchronized, and
the braids are over-over-under-under. As the 2x2 name implies, each tow will pass over 2 tows
then under two tows. 2x2 twill is one of the most widely used and most recognizable carbon fiber
weave in the automotive industry. It is elastic and it is good to use on complex shapes (like our
wheel rims) because the weave is looser.

B e

= H FDLT

i} LH i#

Figure 2.2 - 2x2 Twill Weave Pattern
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2.7. Physical Properties
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2.8. Mechanical Properties

MECHANICAL PROPERTIES

2.9. Matrix / Epoxy Selection



The University of Akron ZH@ RA C'"G

THE UNIVERSITY OF AKRON

Fiber Direction / Orientation - Effect on Properties

Upon looking at a section of carbon fiber, one will see that the fibers go in different,
specific directions. Comparing different styles of carbon fiber, one might notice that the fiber
direction, or orientation, is not always uniform. Fiber orientation influences the properties of
carbon fiber and some specific properties are often ideal for specific applications.

Fibers can be oriented in any direction between 0° and 180°, although fiber orientation
beyond 90° is usually referred to as a negative angle value. For example, a 135° fiber angle
would be equal to a -45° angle.

The way fibers are oriented in a carbon fiber layup significantly influences its resulting
properties. It is therefore very important for us to consider these properties during the design
process of our carbon fiber wheel orientation / layup design. Most carbon fiber available on the
market today utilizes a combination of two or more of the following orientations of carbon fiber
layers:

0° orientation -

This orientation provides axial strength and stiffness ideal for beams and columns that
must resist axial loads. When fibers are oriented in the same direction of the load, they are the
strongest and stiffest. For example, in most carbon fiber tubing, the fibers are oriented in the
zero-degree angle direction which would be along the length of the tube to contribute to the
bending stiffness and strength of the tube.

If a part were to only be loaded in one direction, it would be ideal to have all the fibers
oriented in that direction. Tubing are good examples of a part that would contain only 0° fibers.
Since most parts are not loaded in only one direction however, it is necessary to add other angles
to maximize strength. A tube that only experiences bending and no twisting would still likely
benefit from some additional fiber angles. Adding 90° layers would help the tube maintain its
shape better so that it does not buckle prematurely.

90° orientation -

This orientation provides transverse strength and stiffness ideal for creating a
consolidating layer that keeps everything together and provides strength in pressure vessels.
Ninety-degree fiber angles are used when bending in both directions is required. As stated
earlier, 90° fiber layers are often added to tubes oriented in the circumference of the tube to help
make the tube more resilient to buckling or crushing when loaded.

High concentrations of 90° or “hoop” layers can also be commonly found in pressure
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vessels. Since the force is trying to enlarge the tube in a pressure vessel, 90° layers would resist
the force best. When 90° layers are used in conjunction with 0° layers in a carbon fiber plate, this
would be referred to as “bidirectional.” Using bidirectional woven carbon fiber cloth is an easy
way to quickly build parts with fiber in both the 0° and 90° directions.

+ 45° orientation -

This orientation provides shear and torsional strength and stiffness that is ideal for torsion
shafts and shear webs such as I-beam webs. 45° angles are often used in conjunction with zero
and ninety-degree plies to create a quasi-isotropic layup. When used on a tube, 45° layers
contribute to twisting stiffness and strength. Woven carbon fiber is often referred to as having a
0/90-degree fiber angle since there are fibers in both directions, but in a single piece.

45° layers serve different purposes depending on the application. A positive 45° layer is
almost always paired adjacently to a negative 45° layer. This is to keep the laminate balanced
and from forcefully twisting when loaded. When 45° layers are used in a plate that already
contains an equal mix of 0° and 90° layers the plate becomes quasi-isotropic. Whereas a
bidirectional plate has equal properties in two directions, a quasi-isotropic plate has quasi-equal
properties in any direction. In a tube, 45° layers add torsional strength and stiffness. That is
because when a tube is twisted, the force acting on the laminate is at 45°. Some laminates will
use angles other than 45° as a compromise between bending, crushing and torsion performance.
Since 0° layers are not possible on filament tubes, it is common to see 10° or 15° layers used
instead.

2.11. Analytical Methods for Composites

When designing carbon fiber composite parts, one cannot simply compare the properties
of carbon fiber vs. steel, aluminum, or plastic, since these materials are in general homogeneous
(properties are the same at all points in the part) and have isotropic properties throughout
(properties are the same along all axes).

By comparison, in a carbon fiber part, the strength resides along the axis of the fibers, and
thus fiber properties and orientation greatly impact the resulting mechanical properties. Carbon
fiber parts are in general neither homogeneous nor isotropic.

g Unidirectional / Unidirectional
carbon fibers are carbon fibers are carbon fibers are
\ very stiff vertically \ moderately stiff \ not stiff when resin
(Y axis). when bent is bent laterally.
laterally (Z axis).

Unidirectional
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Figure 2.3 — Carbon Fiber Axis Direction Strengths
2.11.1. Ultimate Strength

In many composites’ applications, loads are predominantly uniaxial and therefore the
layup design would be oriented in the same direction of the load. In such cases, the ultimate
strength would be dominated by those primary load bearing tows in the textile.

2.11.2. Ultimate Tensile Strength

Ultimate tensile strength is the maximum stress that a material can withstand while being
stretched or pulled before breaking. Several different layup designs were tested for this
mechanical property in the mechanical engineering lab on an Instron tensile testing machine (see
Physical Testing Section).

2.11.3. Compressive Strength

Compressive strength is the capacity of the material to withstand compressive loads that
reduce the size of the structure. The compressive strength of the material resists being pushed
together, whereas tensile strength resists tension. For aligned loads, compressive failure is either
by delamination or Euler buckling of delaminated plies.

2.11.4. Shear Strength

Shear strength is the strength of the material against yielding or structural failure when
the component fails in shear. A shear load is a force that produces a sliding failure on the
material along a plane parallel to the direction of the force applied.

3. HAND CALCULATIONS
3.1. Load Force Calculations

In order to calculate the forces on the race car wheel rims for each case scenario of loads,
an Excel spreadsheet calculator was developed taking data from the sensors on the vehicle
suspension system in order to determine the forces that the wheel rim would experience in each
the following load cases:
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ZR20 Upright FEA Loads (N)

3.2. Torsional Load Calculation

Equation 3.1 — N
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|

Equation 3.2 —
Parameters:
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3.3. Bending Load Calculation

Equation 3.3 — NN
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3.4. Radial Load Calculations
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3.5. Tire Pressure Load - Pressure Vessel Hoop Stress Calculation
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Equation 3.4 — |

3.6. Lateral Loading Calculation

Equation 3.5 —
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3.7. Layup Design and Ply Layer Orientation / Configuration
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3.8. Quasi-lIsotropic Laminate Design

When working with carbon fiber, it is important to understand how the fiber orientation
factors into the strength and stiffness of the CFRP laminate. There are different approaches to
laminate design for composites where the laminates are angularly oriented differently to yield
different structural properties. The properties are isotropic, quasi-isotropic, and anisotropic.

+45°

Figure 3.2 - Unidirectional Carbon Layup - Quasi-Isotropic Ply Orientation

The “mid-plane” is the centerline of the lay-up. See Figure 3-7. Quasi-isotropic means
having isotropic properties in-plane. “Isotropic” means having the same properties in all
directions. A quasi-isotropic part has either randomly oriented fibers in all directions, or has
fibers oriented such that equal strength is developed all around the plane of the part.

Ply

Orientation
OD
90°
+45°
45°
< 0°-» Mid-plane

45°
+45°
90°
00

Figure 3.3 - Balanced and Symmetrical Laminate

3.9. Required Number of Layers
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3.10.

Weight Reduction Calculation
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Figure 3.4 —

FEA ANALYSIS

Ansys ACP is used to simulate the structure of the CFRP Wheel. FEA simulation tools are
important to save money on materials and testing time by troubleshooting failure points early in
the design phase. Due to the complexity of CFRP, modeling it to match the wheel’s exact layup
schedule is difficult. The eventual plan is to use the templates created by Fibersim to import the
laminates and their orientations to match exactly.

Ansys Toolbox is used to efficiently run new iterations on the simulation. Multiple load
cases, orientations of fibers, layer counts, and material choices can all be changed and ran
without even having to open the model back up after the initial set up.
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Some boundaries that made this FEA difficult was the complexity and size of the model
requires a large element count. ANSY'S student offers limited computing on element counts of
32,000. To truly get a better understand of static results from this FEA a full license is required
to increase the element size.

4.1. FEA Model Setup

v A v g v C

[ g 7 satcstucurdl R

2 & EngineeringData v/ o 2 @ Model v 4 2 @ EngineeringData v
3 m Geometry v 4 3 a Setup Vv ‘/ 3 @ Model ? 4
4 @ Model v 4 4 @ Solution v ‘l 4 Results (4
5 E Setup v 5 \a Results v 4 ACP (Post)

ACP (Pre) Static Structural

Figure 4.1 -Ansys Toolbox

ANSYS Toolbox is used to optimize the iterative process for running multiple simulations or
making quick changes. Parameters such as layup schedule, fiber orientation, loads, fixtures, and
material data can all be changed without even opening the model. This allows for rapid editing
based on changing to determine the best loads.
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Figure 4.2 [N
-

4.2. ANSYS Results

Figure 4.3 — NN
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FIBERSIM

To create the CFRP wheels, simulation needs to be run over the parts to determine the
manufacturability. In CAD, 3D surfaces can be flattened down into 2D surfaces that can then be
used to cut out plies of carbon fiber which will be placed on the mold during the manufacturing
phase. We can estimate this 2D pattern using Siemens Fibersim. This program was created to
analyze composite engineering and manufacturing. Through CAE, carbon fiber material can be
virtually “laid up” using surfaces. This allows for the engineer to check stretch and compression
throughout a CFRP layup. This tool can also help optimize overlaps between different layers of
the wheel and determine which orientation the carbon fiber needs to be laid up to reduce the
number of cuts.

To explain the Fibersim process, we will use one surface of the bottom wheel mold to go into
detail. This process was completed for each surface ply when designing the wheel.

5.1 Results

First the surface is imported from the mold model in SolidWorks to Siemens NX CAD
program. Once the surface model is in NX, Fibersim can be started. The Fibersim interface can
be seen below.

& Fibersim - modify Laminate [ Bottom_Thirds_Layer1 ] >4

File Edit View Action Tools Help
| I Yy "o | —
+FPRBEBRFOI[E T

Applications & X M &

2 £ & Bl O & =»
© Fibersim - )
= Basic « | Document| 7
f l:mltr;ate Standard Analysis
2 Rosette
B ry Overview A
& Core
== . : * Name Bottom_Thirds_Layer1
£l Design Station Y
B Cutout Parent L -[=
'; Darts
= Advanced Design Boundary 4
7 Design Geometry A
= Laminate
N Rosette Layup Surface
E Zone P
Overlay Zone exBooeidany
Zone Transition Extended Boundary || X
Transition Adjacency Vertex
H Layer Sequencing Vv
|E Core Layer Material A
- Manufacturing T
By Default Material |D
& Core -
N Splice Group = Zone-Based Options v
T Manufacturing Process hs
[[1 & Wheel Mold Bottom Top First Layer T Details A\
History v

Figure 5.1 — Fibersim Interface
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Figure 5.7 — [

6. WHEEL MOLD AND CENTERLOCK HUB DESIGN
6.1. Wheel Rim Geometry Design

The CFRP wheel saw many design revisions all trying to converge to a simple, reliable,
and lightweight wheel for our race car. Solidworks 2020 was used to model the components.
Here are some renders of the wheel for reference:

Figure 6.1 - CFRP Wheel Design Revision 9

We documented our design iterations and revisions in an Excel spreadsheet called
“Wheel Design Matrix” (See Figure 4.9)
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In the end, we finalized a 3 spoke wheel design using the Tire and Rim Association
(TRA) guidelines for dimensions and standards. This geometry allows for simple manufacturing,
stiffness, and a beautiful appearance.

Figure 6.2 - | NN

6.1.1. Rim Profile Dimensions
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6.1.2. Centerlock Hub

Figure 6.4 — CFRP Wheel, Centerlock Hub, and Nut

6.2. Mold Design

To create a carbon fiber wheel, a mold must be manufactured to lay the carbon fiber plies
onto. After consideration of varied materials to machine the mold with, we found that it would
make the most sense to use ||} Bl that we had on hand in the University of Akron
Design Center.

Previous stock which was used for the previous wheel rim with aluminum center would
be machined down to create the new molds. Using this stock which was already on hand would
save time and money for our project. Once the wheel rim was designed in Solidworks, the molds
could be designed. An overview of the Solidworks mold assembly is shown below.
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Figure 6.5 - NN

Solidworks Model

Figure 6.6 - [ENNNENEE
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Figure 6.8 - N
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Figure 6.11 — |

7. MANUFACTURING
7.1. Molds and Tooling

To fabricate CFRP parts with a desired finish, strength, and profile, the use of curing the
prepreg CFRP in an autoclave is required. As stated earlier, we designed and machined the
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molds to the correct geometry and profile of our wheel.

Mold Machining

Figure 7.1 — NN

Figure 7.2 — [
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Figure 7.3 — NENEEE
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Figure 7.4 — [ ENEEE

Figure 7.5 —
7.2. Carbon Fiber Cutting

Once all the carbon fiber plies have been made into flat patterns using the Fibersim
software, each individual ply can be cut out. This process can be done by printing out each
template and cutting them with a knife blade by hand. This process is inefficient and inaccurate.
A company by the name of Autometrix which is headquartered in Grass Valley, CA and has an
office in Akron, OH. Autometrix specializes in integrated cutting solutions for businesses. Their
applications range from canvas and leather to composites and carbon fiber. After working with
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them we were able to use their demo cutting table in Akron, OH. For the cutting of our prepreg
carbon fiber, their Argon machine was used. A description of this machine is shown in figure

5.6.

_ Onboard Electronics

Adjustable Head
with Two Cutting
Tools and One
Plotting Tool

Touch Screen
User Interface

Carbon Fiber Beam

Minimized Cable Runs —
Collision Avoidance System

High Quality Vacuum Table

Cutting Pressure Control with Lexan Surface

Figure 7.6 — Autometrix Argon Cutting Table

Figure 7.7 — [ NEEEEEE
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Figure 7.8 — [

Figure 7.9 — [
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Figure 7.12 — [

7.3. Core of Wheel

Figure 7.13 —
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Figure 7.14 - | N EGczN

7.4. Manufacturing Process

7.4.1. Layup Assembly

Figure 7.15 — Finalized Layup on Mold

Autoclave
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Figure 7.16 — Algie Composite Autoclave in Springfield, Ohio

Figure 7.17 — Mold Vacuum Bagged in Autoclave
7.4.3. Final Processing
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Figure 7.18 — Final CFRP Wheel

After the wheel has been trimmed down to size, the valve stem is added by drilling a hole
and inserting the valve stem from the inside. This is shown in the following figure.

Figure 7.19 — CFRP Wheel with Valve Stem
8. PHYSICAL TESTING
8.1. Material Testing




Tﬁe University of Akron ZH@@ RA C’NG

THE UNIVERSITY OF AKRON

Figure 8.1 - Instron Machine: Tensile and Flexural Testing
8.1.1. Test Series 1
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Figure 8.2 - |

Test Series 2
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Figure 8.3 -
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8.2. Tire Change Testing (Test Planned but incomplete)
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Figure 8.4 -

8.3. Radial Fatigue Testing (Test Planned but incomplete)
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Figure 8.5 -
8.4. Cornering Fatigue Testing (Test Planned but mcomplete)
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Figure 8.6 -

8.5. Centerlock Wheel Test Adapters
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Figure 8.7 —

9. COST AND SCHEDULE
9.1. Estimated Project Budget (Mostly Materials)
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9.2 Estimated Cost of Labor

10. CONCLUSIONS

We have determined that carbon fiber wheels can outperform aluminum wheels and
therefore decided to test and manufacture carbon fiber wheels. While during the publication of
this report our wheels remain incomplete, design and testing have been used to validate further
production for use by Zips Racing team soon. While many components ended up being cost
driven, we are confident in our method and process that these wheels will be sufficient for years
to come saving the University money and advancing Zips Racing towards the cutting edge of
wheel design.
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APPENDIX A
MatL AB Code for Hand Calculations
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APPENDIX B: PHYSICAL TESTING

B.1: Tensile Template, Test Series 1
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B.2: Tensile Template, Test Series 2
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B.3: Tensile Specimen, Test Series 2
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B.4: Flexural Template, Test Series 2
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B.5: Resin Tensile Mold
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B.6: Template CNC Cutting Method

B.7: Test Series 1 Results
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Modulus of Elasticity and Ultimate Strength from Matlab Code
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Example of Test Series 1 Results from Matlab Code
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B.8: Tensile and Flexural Test Matlab Code
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B.9: Testing Machine Adapters
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B.10: Test Adapter Analyses
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APPENDIX C: WHEEL MOLD DRAWINGS

c.1: I
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