Investigating the Modern Use and Fabrication ofdflet
Matrix Composites and Bonding Adhesives for Bicgale
Mass Transit

ME333T Technical Communication
Professor Christene Moore
1998

Steve C. Talbot

Abstract

This report describes the importance of the beydlhe properties of metal
matrix composites (MMCs) and adhesives used tdemaw light-weight alternatives to
the heavier steel bicycles are discussed. Coastitmaterial and bicycle production
processes for MMC and adhesive assembled bicymgsrasented. The aluminum (Al)
matrix metal A356 with silicon carbide (SiC) reindfement is chosen to constitute the
MMC. These processes are contrasted for massttediectiveness. An optimized
bicycle design with consideration of physical pndigs and cost is presented. Current
available bicycle products are described, and rBeprices for the present and
forecast prices for the future are detailed. Asiglypf attitudes about bicycles as
expressed through federal (United States), staiead and Nebraska), and municipal
(Austin, Omaha) law are presented and the compigtibf a bicycle mass transit system
under these current laws discussed. Bicyclesetermined to be full fledged vehicles
with all of the rights and responsibilities inherender the law in that designation. An
analysis of the above topics and the feasibilithiof/cle mass transit are touched upon
with heavy emphasis on the relevance of metal mmnathmposites and similar emerging
materials. MMC bicycles are found to be incompatiith a mass transit system, but
low priced steel bicycles are mentioned favorably.
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Introduction

Bicycles Impact Society

The Bicycle is an invention for human scale tramsgimn. Human bicyclists
commute short distances faster than human pedestrBicycles do not consume fossil
fuels and do not produce pollution. Bicycles agigesand can be adapted to wilderness
and urban environments. Bicycles are relativeByda store and park in homes or at
places of business. Bicycling is an excellent fafrexercise and promotes
environmental awareness and increased contacipedple. Bicycles are relatively
inexpensive as compared to normal mass transitrealiibe or train systems, and
continue to have a strong popular culture preseasjitnessed by the increase in sales
and growth of bicycle companies. Bicycles haveaotpd society, and will further do so
when they are accepted by the mainstream commptibtic for all of the above reasons

as being a natural and efficient way to get around.

Purpose of Report

This report will describe the importance of theyie. The properties of metal
matrix composites (MMCs) and adhesives used tdemaw light-weight alternatives to
the heavier steel bicycles will be discussed. Gwent material and bicycle production
processes for MMC and adhesive assembled bicydleserpresented. These processes
will be contrasted for mass transit effectivene&s.optimized bicycle design with
consideration of physical properties and cost ngllpresented. Current available bicycle
products will be described, and respective prioesife present and forecast prices for
the future will be detailed. Analysis of attitudgsout bicycles as expressed through
federal (United States), state (Texas and Nebraakd)municipal (Austin, Omaha) law
will be presented and the compatibility of a bieyohass transit system under these
current laws discussed. An analysis of the abop&$ and the feasibility of bicycle
mass transit will be touched upon with heavy emishas the relevance of metal matrix

composites and similar emerging materials.



The only requirement for understanding the materiesented in this report is a
willingness to reference the included glossary iflogtrations that are included.
Engineers and material scientists will be very tamwith the technical terminology
relating to material properties and mechanics piteskin this report, and the included
glossary goes a long way toward explaining theitptade significance of terms. Some
of the included illustrations are rather technitait a thorough understanding of design
technique is not needed because conclusions am@uttdy discussed.

Bicycle Materials

Properties

Designers of metal tubing for bicycle frames nghpn the careful selection of
key physical properties of the metals they ugketal Matrix Composites are especially
complex and flexible in this regard. MMCs are esisdly base metals that have been
combined with an alloying metéiber, whisker, or particulate. A fiber is relatively long
and has a diameter of about 0.1 mm, which is atieuthickness of a human hair.
Fibers are stronger along their length, and contributstrobtheir strength to a
composite in the length direction. Avhisker is a short, thin version of thder with a
diameter of about 0.01 mm, or a tenth of the théglsnof a human hair [Fibre
Reinforcement].Whiskers have the directionally dependent strengtfilmdrs, but
contribute more strength in other directions beedhsy are more dispersed throughout a
matrix. Particulate are tiny particles of metal of no specific shagra] thus no specific
shape dependent properties, usually with a dianoéteo less than 0.001 mm(h — one
micrometer) Particulate thus makes a composite higlalyi sotropic, or having uniform
properties without regard to the direction tbanposite metal is loaded. These
complexities allow designers to flexibly determthe composite’s properties by
choosing the appropriate reinforcement.



Liquids fill their containers, but when they aplied out over a flat surface
liquids spread untsurface energies between the liquid and the flat surface come to an
equilibrium. Wettability is the ability of a liquid to cover or encapsulatsolid and
overcome thaurface energies associated with equilibrium. One model quantifies
wettability with threevector energies, where the metal-on-liquid energy wookisetep
the liquid from spreading. The spherical shapa dfop of liquid creates an angle at the
surface, typically nameé (theta). The smaller théitis, the more that the liquid is spread
out over a solid surface. Designers try to@yt be as small as possible, combining
metals in a nhon — oxygen atmosphere so that oxitiesh impede bonding do not form
[SAE, “The Wettability of ..."], so that matrix metalill fully bond to thereinforcement.
Designers optimize reinforcement and matrix medahlgsinations using the Sessile Drop
method — measuring thveettability angle using specially designed cameras [SAE, “The
Wettability of SiCp..."].

Interface bond strength is closely dependent upon tivettability of
reinforcement. Interface bond strength is the strength of the interatomic bond between
thereinforcement and thematrix metal. Interface bond strength is not directly
measurable, but it can be qualitatively determimgdarying thewettability of a
composite and testing the composite strendif5— see below).

Weight percent (wt.%) is the ratio of constituent material weightotal
composite material weight. This ratio is simplg fnaction of one constituent of a
composite. Weight percent is used to prescrib@iaet mixture of alloying components

in an alloyed metal.

A volume fraction is the mathematical fraction of volume of a canstint material
of the composite. For instance, fog3/0.20, 20%0f a composite by volume is
reinforcement metal. The remaining 80% of the cosite is matrix metal. Volume
fraction can be used directly to calculatedulus andultimate tensile strength ( see
below ). The volume fraction is also an importar@asurement because the higher the
volume fraction, the more reinforcement present in a compositalnatd the tendency



for clustering of reinforcement increases [SAE, iXidfiorming of Al- based MMC..."].
Clustering increases the possibility for crack fation and fracture of the composite.
The larger the volume fraction, the higherWtgS, and the higher itstiffness [SAE,"The
Effect of Thermal Cooling...”].UTS andstiffness both increase with increasing
reinforcement weight percent (see above for desonpf weight percent [wt.%] ).
Beyond 40 wt.% reinforcement, bdti'S andstiffness decrease [SAE, “Thixoforming of
Al —based MMC Systems”]UTS andstiffness are both quantities that should be
maximized when possible, however, so a proper baldetween clustering and property
maximization is usually madeRorosity, measured as a percentag@asity of
composite, also increases with a larggume fraction, up to a maximum 50%olume
fraction. Forvolume fractions greater than 50%, thgorosity decreases again as the
porosity due to reinforcement stabilizes and less of thepmsite is made up of matrix
metal. For these reasons | have specifically aihnosgcomposite to have a volume
fraction of 30% [SAE, “Fabrication and Propertigs.This value is widely used in the
experiments | have researched, and is closelyreiéted to other physical values | have
identified and chosen.

The temperatures needed for processing MMCs aimportant factor. As
described in the section on welding, applying hea metal increases the size of
microstructural grains (see Bicycle Production 4dsend adhesives). The metal
weakens as its grains grow. However, grains ddarot until the composite has
solidified, and for the composite formation staf@rduction only the melting
temperature of the metals is important. The mgitemperature of the aluminum is
660.37°C [Fibre Reinforcement]. The melting temperaturéhe silicon reinforcement
is 3273.15C [Fibre Reinforcement]. The combined melting tenapure, useful to know
when forging or extruding the composite, is abd@ 5F. In order to avoid markedly
affecting the microstructure, handling the compmdiiring processing should never
exceed 460F [SAE, Performance of MMC...”]. This temperature smgalculated with
the following guideline, and agrees reasonably wéh the literature. Composite metal
temperatures above 0.& {melting temperature) cause grain growth in the

microstructure, temperatures from 0.6,%o 0.8 T, cause the grains tecrystalize, and



temperatures from 0.4,Tto 0.6 T, cause the grains to recover some of their prepseces
shape. Grain growth always occurs in metals apthscribed temperature ranges above,
butrecrystallization andrecovery only occur instrained metals. The metal composite |
am discussing here can be affected at each of thages and exhibits each of these

phenomena, just like any other metal.

The gaseous pressures involved in processingotig@asite control the rate of
diffusion of the matrix metal into thveinforcement preform in theinfiltration process.
Pressure also controls the rate of injection ifnlpressurized castings and in the
infiltration process. A pressurized casting (die casting) sk solidification of the
composite, but this is a miniscule effect becabsentolten metals are practically
incompressible and therefore unaffected by incebgsessure. For comparison, the
infiltration process pressurizes the compositebtmua 25 megapascals, or over 25 times
the pressure of the earth’s atmosphere at seg teviesure proper diffusion. Die
castings can require up to 70 megapascals of peesinsure a proper cast shape.
There are substantial monetary savings with a l@gsure process.

Four important physical quantities that are useavitgfor science and
engineering in general and for composites in paldicareultimate tensile
strength(UTS0,,), modulus of elasticity (modulus,E)strain (g), andcoefficient of thermal
expansion (CTEQ).

UTSis the measure of the highest stress that a mbhtam withstand before
appreciably stretching and deforming, or fracturifigis a good indicator of a composite
metal’s overall strength for comparison with othestals. The super high strength of
silicon carbide bolsters the aluminum to producaidy strong MMC. However, the
MMC is still shy of the very high strength of stiss steel (this is of course made up for
by the MMC in weight reduction).



Tablel.1:

UTSValues
Component uTS Units
MMC 350* megapascals (megyaions per meters squared)

adhesive EA9430 15 - 21**** megapascals

typical weld 350 megapascals
aluminum 150** megapascals
silicon carbide 7700*** megapascals

stainless steel 3000** megapascals

Values were determined from typical handbook vaarastypical values in the literature.
* . SAE, “Fabrication...”

**  Fibre Reinforcement pp. 8

*** . Fibre Reinforcement pp. 42

***. Adhesives, Sealants, and Primers pp.404

E is the ratio of material stress to material st(aifg). Modulus is one measure of
stiffness of a composite. The combination of theystiff silicon carbide with the very

ductile aluminum produces an MMC slightly lessfdhfan stainless steel, as seen in the
table below.



Table1.2:

E Values
Component E (modulus) Units
MMC 170* gigapascals (gigavtons per meters squared)
adhesive EA9430 10 gigapascals

typical weld same as metal gigapascals

aluminum 71** gigapascals
silicon carbide 480*** gigapascals
stainless steel 210** gigapascals

Values were determined from typical handbook vaarastypical values in the literature.
* . SAE, “Fabrication...”

** : Fibre Reinforcement pp. 8

***: Fibre Reinforcement pp. 42

Strain is the measure of ductility of a metal. In gehdtee more that a material is
stressed, the more that it can be simultaneously deformBage exact nature of this
deformation is different for every material, sotthaery material has a differediS

modulus, and corresponding allowable strain dVits.

CTE is the indicator of expansion and contraction ofaerial due to temperature
change. | have taken care to select materialgithabt haveCTES that are significantly
different from one another. A large temperaturangfe might cause the composite to
expand or contract to such a degree that nutss,tsaltews, and components in the
breaking and gearing mechanisms could be warp&dadured. Notice that the adhesive
below has a substantially low&€TE than any metal it would be bonded to. This might
cause a problem for the bicycle when it is expdsezktreme thermal and bending stress
conditions. However, because €Es are within a multiple of 10 of each other, this
difference is negligible. Also notice how silicoarbide’s lowCTE brings aluminum’s
high CTE down to that of stainless steel as seen below.



Table1.3:

CTE Values

Component CTE (Coefficient of Thermal Expansion) Units

MMC 14* ppniC
adhesive EA9430 1.8xxxx ppA€
typical weld ~ ------memommeee- same as tak-----------------
aluminum 20.9** ppiC
silicon carbide 3.7+ ppiC
stainless steel 14.0%* ppa/

Values were determined from typical handbook vaarastypical values in the literature.
* . SAE, “Fabrication...”

**  Fibre Reinforcement pp. 8

*** . Fibre Reinforcement pp. 42

***. Adhesives, Sealants, and Primers pp.404

It is also interesting to note the relative speaifiavities (weight divided by the
“g”, the gravitational constant) of the metals ugethe construction of frames. Specific
gravity is a measure of a metal’'s mass. MMCs@terinediate in SG between aluminum
and silicon carbide, and they are much lower thaimless steels, meaning that MMCs

are lighter.



Table1.4:

SG Values
Component SG (specific gravity) Units
MMC 2.8* grams
aluminum 2.7* grams
silicon carbide 3.2* grams
stainless steel 7.8* grams

Values were determined from typical handbook vaarastypical values in the literature.
* : Fibre Reinforcement, pp. 8

Metals and Composites

| have weighed the properties of the possible caatimns for making composite
materials and | have chosen the aluminum (Al) matretal A356 with silicon carbide
(SiC) reinforcement. The aluminum alloy A356 icgih carbide composite is composed
of 0.5 wt.% magnesium and 82.5 wt.% aluminum. ifagnesium reduces, increasing
wettability and making the composite stronger [SAEgttability of SiG; ..."]. A356 is
ductile, tough, light, and has mid-range value§®8 andE, as seen in the tables above.

The composite is 17 wt.% silicon carbide. Therahum is light, nontoxic, easily
machined and cast, conducts heat well, stands @amting metals in ductility {Handbook
of Chemistry and Physics, 8Edition, 1980 —1981, CRC Press, Inc., pp. B-Gjc&
carbide also conducts heat well, which allows &mid solidification during composite
formation. Silicon carbide is brittle, very hatdis a low density, and has high values of
UTSandE. The composite is light, durable, and able tdstiand considerable stresses,

making it good for bicycle frame construction.



During the production of composite metafgermetallics can form at the
boundary between the matrix and the reinforcembntérmetallics form in metals
because the components of a composite or allognaed together in an appropriate
proportion for a chemical reaction to occur. A ¢omation of both metals forms into a
new molecule, called antermetallic, having new properties different from its
constituent molecules. The aluminum and silicamice composite that | have chosen
forms anintermetallic, aluminum carbide (ACs), at the boundary between SiC and Al

as the following chemical equation shows [SAE, %dforming..."]:

4Al +3SC = Al,C,+3S

The aluminum carbide (ACs) weakens thenterfacial bond strength, and therefore
weakens the composite metahtermetallic formation is largely determined by the
composite forming process. Both casting and nafiibn are susceptible totermetallic
formation during solidification because the necgsbkaat needed for chemical reaction
is present. A process call@étixoforming forms the composite using solid aluminum and
silicon instead of molten composite. Both are éédbd about 0.8 [ and mashed
together under low pressuré&hixoforming produces lessitermetallic material at the
matrix — reinforcement boundary than casting attmation because the composite is not
thoroughly melted and therefore is not hot enowgtektensive chemical reaction. |
have not considerdtiixoforming for bicycle production, however, becaubixoforming

is not widely mentioned in the literature and agamt it can only be used to produce
simple geometried composites.

Oxide films are thin layers of metal oxides (angtats that have combined
chemically with oxygen) that form on the surfacéswusceptible metals. Aluminum
exists in nature as a strongly bonded oxide callathina (AbOs). Alumina formation in
an aluminum alloy weakens a composite becausduharea is weakly bonded to the
composite in the matrix, and acts as a site farkcfarmation when the composite is

stressed. Oxide films develop at the surface and withie thatrix of composites. To



avoid oxide formation, | have decided to avoid icesthe composite. Casting requires
stirring equipment to keep the reinforcement umifiyrdistributed in the molten matrix.
Stirring keeps the denser and heavier SiC reinfoerg from settling through the less
dense Al matrix to the bottom of the cast moldttl&g occurs much more slowly with
higher reinforcementolume fractions and slower cooling rates [SAE, “Lightweight

Magnesium...”].

Settling velocity can be calculated using an eguaprovided by the literature:

Vv

settling

=V, (L-V,)"

where
V, = stoke’s velocity = 3.4 millimeters per minute
V, = volume fraction
n =4.65

So if Vp, = 0.30 as in my design,sMiing= 0.647 millimeters per minute, which is
relatively slow compared to a composite gEU.10, which would have agMiing= 2.08
millimeters per minute. The lower volume fractsample would become non — uniform

at over twice the rate of my composite design [SAkghtweight Magnesium ..."].

In summary, | have chosen a composite having aunifyrain structure, made of
A356 matrix and silicon carbide particulate reicfement with \j = 0.30 and having a
relatively highinterface bond strength. The composite | have chosen hadJdis = 350
megapascal€ = 170 gigapascals, SG = 2.8 grams @& = 14.1 ppnilC, and is
bonded together by an adhesive WiXhiS= 20 megapascalg,= 10 megapascals, SG =~
0, andCTE = 1.8 ppmIC. For comparison, a stainless steel bicycle wbakk arUTS=
3000 megapascalg,= 210 gigapascals, SG = 7.8, &0tk = 14 ppmiC.



Bicycle Production

Metals such as iron, aluminum, silicon, copped aragnesium are used in
structural applications only after much analysisonstituentnicrostructure and
physical property values has been performed. 8sierand engineers can then develop
processes for making bicycle frames that optinmiesé microstructural and physical
properties. One of the metallugical processesat® lbeen developed and is now

subsequently used in the making of bicyclasget metallurgy (casting).

Casting

Ingot metallurgy is a metal forming process by vilhacmolten metal is poured
into acast. The liquid metal solidifies in the cast and ases the shape of its container
upon hardening. After the hardened metal prodastidieen removed from the cast,
metallurgists trim excess material that formed gltre mold edges and that filled special
tubes entering and exiting the mold, respectivalyed risers and runners. Risers fill
with excess molten metal, and when the molten nsetalifies its volume decreases (this
is a physical reality for most liquid to solid tsations). The volume decrease of the
excess metal in the riser is cal@ulinkage. The riser absorbs the shrinkage of
solidification so that the product of the castiag ©iave a correct total desired shape.
Runners fill with excess molten metal and expgipead gases, typically hydrogen, water
vapor or air from the mold. The solid product afisers, runners, and excess mold

material have been trimmed is eitheragot or a final product.

Solidification of a metal results in two genermairhs ofmicrostructure: columnar
or dendritic grains. Scientists have determined tesdritic grains are to be avoided in
the making of Metal Matrix Composites because whnetals arestressed, theinter-
dendritic triple points (origin points for the three dimensional dendatms) are primary
locations for the formations of cracks in metalAES “Fatigue Properties of A356..."].
Cracks in the metahicrostructure cause bicycle frames to eventually fracture, wisch

never desired. Dendrites are clustered togethetcancentrate thgressimposed upon a



metal [SAE, “Fatigue Properties of A356...”]. Loaats of concentrated stress are
primary locations for crack formations. Scierstistefer the uniform structure and stress
bearing capability of columnar grains, which do concentrate stress and do not in
particular act as sites for fracture. Unfortunatehly pure metalsutectic metals, and
extrusion processed metals have colunmiarostructures, so a composite metal must be

extruded to create a uniform microstructure.

Two examples of casting used in bicycle frame nferture aresand casting and
diecasting. Sand casting has been used in the making oflsnatad bicycles in
particular, up until the mid 1970’s [Bridgestoneciaile Catalogue, pp.48]. Sand casting
was favored for custom racing bicycle construchecause of the scrupulous care that
the process demanded and because the careful igumals reflected in the quality of the
created parts. However, the molds in sand castedestroyed after each use, keeping
the costs of sand casting high. Scientists suggest casting for production of fewer
than 100 parts because of the large amount of labolved and sand casting’s slow rate
of production. Die casting has replaced sand casting in the mass producdtibicyxles
because it can handle the thousands of parts pedduca labor-saving automated
system. The high initial cost of die casts is mapldor in the long run by high volume

production and eventual bicycle sales.

Sintering

Powder metallurgy is a metal forming process bychta powdered form of a
metal or combination of metals is compacted and-tieated to become a finished
product. The first step in any powder metallurgygess is to place the powder metal
into a mold container. The powder is compacted ihé crevices of the mold, forming
the desired shape. The mold withstands the fatesmpaction and quickly allows
applied heat to escape, preventing an unbalanaaddeondition in the product. Next,
the applied heat diffuses the atoms on the boueslafimetal particles, allowing the
particles to merge and the powder to solidify oneat is removed. Pressure is often

applied through a metal press or from the pressiiaegas to help shape the resultant



product. Scientists call this processtering. Sintering is useful in the construction of a

preform and thenfiltration process used in creating composite frame tubes.

Infiltration

Infiltration is a composite metal forming procescientists and engineers first
create greform using a powder metallurgy process like sinteriige designers make
their preform sufficiently porous so that they are able to difila molten metal into the
solid preform [SAE, “Fabrication and Prop... Brake Calipers..."]heldiffused metal
diffuses into theoreform, solidifies, and the result after solidifying is @neposite metal.
| have chosen the infiltration-of-a-sintered-prefiomethod rather than a casting approach
for the making of bicycle frame tubes because #stilng of a MMC requires expensive
mechanical mixing equipment to uniformly distribufgarticulate in the moltermatrix. A
designer using the casting instead of the infitrapproach would then die cast the mix
to become a bicycle tube. Instead, a designeddast die cast articulate preform
(no stirring involved) and place it in a pressudizeolding chamber, then inject molten
matrix metal in to the chamber for diffusion of the met&b thepreform. The chamber
needed fornfiltration is approximately as expensive as usmgng equipment in the
casting process, so | have opted for the procetd thel is more accessible to small
companies and state or federally funded projedd&[Sightweight Magnesium

Composites ...].

Centrifugal Atomization

Theparticulate used to reinforce an MMC are microscopic: 1 tqu&5(0.001 —
0.025 millimeters) in diameter. Forming such a&fpowder requires special processes.
Particulate designers can form SiCp powder from successivénarecal rolling
operations or by using the Osprey process (sprayifg centrifugal atomization). In the
Osprey process, designers inject molten alloy amianert gas stream (at a special
proprietary point) that contacts and condenses apmbating former. Successive

impacts of new condensate on the cooling,Si€plat quenching”, eliminates



interdendritic triple pointsin its crystal structure. Median particle sizéngersely
proportional to inlet jet pressure, so that theédiathe stream of reinforcement and gas
traveling to the former, the smaller the dropletsrfed [Introduction to Manufacturing
Processes, pp.343]. Theoretically the crystals tatmed will fracture upon initial
loading in a metal, breaking down to single graifiese single grains are statistically
less likely to have imperfections and are thereftrenger and harder than the multi-
crystalline particulate [SAE, “Thixoforming”]. Gumd or rolled powders are relatively
course compared to spray formed powders. | hagsen the spray formed particulate
technique to reinforce the bicycle MMC, but becaofstihe expense of using the
proprietary Osprey process, | have decided thatifay the particulate should done by an
outside vendor. A bicycle mass transit departnmardlved in MMC bicycle production
would simply purchase the spray formed reinforcemf@ninfiltration from the outside
vendor, without spending money developing the ngdlt new spray forming

technology.

Extrusion

Extrusion is a deformation process where a usedtilip made from a less useful
part. Metal, either molten or solid, is pusheatlyh a cone shaped medlgd so that a
tube of larger diameter is stretched to a tuber@ler diameter, of a size equal to the
exit hole of thedie. | have found that extruding the composite aftemiation but before
processing for product development eliminatgéerdendritic triple points, making the
grain structure more columnar and uniform [SAE tifi@e Properties of A356..."]. The
clusters ofnterdendritic triple points are stretched apart in the extrusion process and
spread throughout the aluminum matrix. The grairthke MMC will be stretched or
strained when the MMC is extruded, therefam@covery andrecrystallization will occur
when the MMC is heated. Tlegtrusion ratio, or the ratio ofilie inlet diameter to exit
diameter, suggested to cause an optimum uniforimittye matrix is 8
[SAE,’Development of Al Powder...”]. This means tlila¢ tube before extrusion should
have a diameter eight times the diameter to be.uBedause extrusion of the tube to this

diameter is nearly impossible to accomplish atirate, the extrusion is accomplished via



several runs through several dies until the desigréves upon an appropriate diameter

for the tube. This is an essential step in theingp&f bicycle tubes.

Forging

Forging is similar to the blacksmith practice of hammerangiece of metal on an
anvil. Engineers impact a metal with precise fand in calculated locations so as to
form the shape of a finished product, to tailor phgsical properties of a product, or to
alter the shape or properties of a product sotttgametal can be further processed.
Designers oftefforge the tubing in bicycle frames to increase therstifs at the end of
the tube where excessisieess can concentrate. They can forge the portion ®fdp
tube nearest to theteering column and the portion of thehain stay tube nearest to the
front gears so that the sides are pushed in slightly, increggirning stiffness. They can
also forge the portion of thep tube nearest to theeat tube so that the top and bottom
tube walls are pushed in slightly, increasing rierght stiffness [GT Bicycles 1999
Catalogue]. Forging always takes place after te&ahio be worked has completed the
casting or infiltration process. Forging can dleodone while simultaneously heating the
metal, and then the forging process is cafietforging. The elongation of grains in the
metal is countered by the heat addition, so a gtroniform structure is maintained even

as the metal’s shape is changed.

Welds and Adhesives

Welding is a joining process that forms interatotmnds between metals.
Designers apply intense heat to the adjacent ®gfaica metal to be joined, raising the
metals to their melting point, and merging the acek together. Welding ishaat
treatment of the metal. The grains nearest the weld exjp@eduse metal atoms from
smaller grains diffuse toward larger grains. P&g/sind chemistry explain this diffusion
by saying that the larger grains have a smalldasarenergy and due to entropy the

lower energy states are usually attained after atedrar physical reactions. Enlarged



grains around the weld weaken the metal, butrilceostructure inside the weld is
relatively strong and similar to the standeadt microstructure. When a welded metal is
stressed sufficiently to cause fracture, the fracture witicur outside of the strong weld
structure, and in the weakened and softened warkpieherefore, a welded metal can be
unreliable, especially if alloying element graiméagge more than the base metal. Metal
Matrix Composites are subject to over enlargeméatloying grain structures, and so

designers of MMCs turn to other joining methods.

Adhesives do not change the metal microstructdahesives bond adjacent
surfaces interatomically without the addition oaheAdhesive strengths are sufficient
for the relatively low structural loads of bicycleAdhesives are usually stored as two
unreactive partsepoxy monomer and ahardening agent). The two parts are combined
and remain a liquid for a limited time before therden and bond to whatever surfaces
they are designed for. | have decided on usin@tlnbonding adhesive such as the one
chosen by Trek Bicycle Company — EA9430, an epawry good low-bond strengths,
and high peel (resistance to peeling) and shesis{amce to bending and twisting)
strengths [Adhesives Age, pp. 56]. In additiohesgives require less labor (welding
proficiency) and frame assembly is typically fagsahesives Age, pp.56]. The surface
of the tubes to be joined will need to be properigpared before applying adhesive to
ensure excellent bonding. This preparation isudised in the section on frame assembly

methods below.

Methods and Techniques

| have evaluated the casting and deformation peeseand the welding and
adhesive joining processes above, and | have detedna bicycle frame manufacturing
technique suitable for the implementation of aftdyig bicycle mass transit. Where
appropriate | restate previous conclusions to bd#ecribe my plan.

First, designers acquire SiCp from an outside gend a designer spray forms the

SiCp using the proprietary Osprey process.



Inlet Pressure variable megapascals

SiG, Particulate Size 10 micrometers
Cooling Rates 1000 to 1000000 °C/second

Rotating Former Speed 15000 revolutions per minute

Next, designersinter aSC, preform of chosen Y into a tube of appropriate diameter

with excess material trimmed away.

Table2.1:
Preform Parameters
Preform Parameter Value
Compaction Pressure 100 megapascals
Sintering Temperature 2291.15°C to 2945.15C (0.7T, to 0.9T,)
A 0.30

Suggested Tube Circumferences

Top Tube: 4 inches
Seat Tube: 3.625 inches
Down Tube: 4.375 inches
Rear Fork Tube: 2.25 inches

Front Fork Tube: 3.625 inches (handle bar dridlze) /
2.75 inches (wheel end of tube)
Head Tube (lug): 5.875 inches

Tube sizes are determined from typical bicycle #amSintering temperature and pressure are detednfiom “schey”

The designers next place thiesformin a pressurized molding chamber.

Then bicycle designers inject molteatrix metal into the chamber. Tiaatrix metal

diffuses into thereform [SAE,”Characterization ..."]



Infiltration Steps

1) Overheat Aluminum to 758 to insure complete melting.

2) Preheat the mold and preform to 5@0to reduce needed compaction
pressure.

3) Place preform into mold, and pour aluminum meltratie preform.

4) Pressurize the chamber to 25 megapascals (lowyregdsr 60
seconds.

Bicycle designers allow the infiltratgmieform to cool.

Cooling Time 5 to 10 seconds (100 — 1000 Kelvin/second )

Bicycle designers forge the tubes to maximize tgrand weight bearing stiffnesses

Designers then perform amyachining processes needed for wheel-to-frame joints or for
additional bolts in the frame (To avoid the relatwdifficult machining of very hard

MMC, holes for bolts or screws can be formed ingheform stage instead, before
infiltration. The metal matrix coats the holes améasily threaded)[SAE, " The Effect of
Thermal Cooling..."].

Table?2.2:

Thread Pullout Force

Material Thread Description Pullout L oad (Kilonewtons)
aluminum alloy (359- T6) threaded into matrix 88
Vp=0.30/SiC/Al MMC threaded into matrix 93

The increase in “pullout load”, or the force reggito remove a commonly tightened screw from aathréor the all-matrix
aluminum alloy is markedly less than that for thB® [SAE,” The Effect of Thermal Cooling..."]

Bicycle designers need to then prepare the tulné soirfaces for the application of
adhesive, removing dirt or grease and etching tinf@ase with acids to create a larger
surface area for bonding [Adhesives, Sealants ainteRs, pp. A-9] .



Surface Treatment Steps

1) Immerse surface for 20 +/- 2 minutes @ 1500F ialat®n of
(a) distilled or deionized water
(b) sulfuric acid (etchant)
(c) sodium dichromate
2) Then rinse thoroughly with one or a combination of
(a) overflow rinse— immerse surface in one or two tanks of
distilled or deionized water; the final tank haviagH of
between 5 and 8.5
(b) spray rinse- thoroughly spray water of pH between 5 and
8.5 to rinse surface

Bicycle designers combine epoxy and hardening ageform an adhesive and apply the
adhesive to prepared bicycle frame tube ends. &ksgmble the frame, allowing the
adhesive to cure according to the rated time, athwviime the frame is securely joined
and can be further processed.

Selected Cure Time for Adhesive EA94380 minutes at 7C

Bicycle Legislation

There are numerous laws and regulations on thedkdgate, and local levels
governing the operation of bicycles. This bodyasis has been recently reviewed and
updated in Texas to reflect the growing numbeid#rs and their growing rights and
responsibilities on the road. In order to bettalarstand the bicycle’s place in society,
to inform riders of their rights and responsibégj and to demonstrate the importance of
bicycles, | have compiled some important bicycleragion rules. Also, because each of
the fifty states has a different set of laws treatensubtle differences but are essentially
the same, | will focus on the laws in Austin, Texarsd Omaha, Nebraska, two cities that
| have lived in for substantial amounts of timeneTtwo regions are easily contrasted as

legislatively progressive and apathetic toward tliey, respectively.

The Traffic Laws Commentanyublished by the Department of Transportation in

1977 has important information regarding federaltes and city legislation. The federal



vehicle regulations are called the “Uniform Vehi€lede”, or UVC. The body of law
written as a template for state and city governsmémfollow is called the “Model Traffic
Ordinance”, or MTO. The two are similar, excettthe UVC handles interstate travel
and the MTO handles intrastate travel. The UV(egilatable law and must be obeyed
by bicyclists. The MTO is not regulatable lawtlvat it is only a guideline for states to

deviate from at their discretion, and often do.

The bicycle is defined to be any tandem wheeldulcle with wheels (at least
two) at least 20" apart (size mentioned to avoglfating child bicycles), powered by a

human through the use of gears and belts or chinesTraffic Laws Commentary

pp.10]. This is essentially the same definitioreideral, state, and local laws. However,
until recently the bicycle was not technically colesed to be a “vehicle” as defined
under any law. States and localities have cowtrel this definition, and to date Texas

but not Nebraska has reviewed and updated itstiaassignate a bicycle as a vehicle.

Other definitions needed for bicycle travel ar@artant. The stretch of road
upon which vehicles can travel is called the “roaglv When shoulders, dividers, and
bike lanes are included within the roadway, thetskr of road so described is named a
“highway”, and includes “the entire width betweé&e boundary lines of every way
publicly maintained” [The Traffic Laws Commentapp.12] The states define their

roadways and highways differently. However, bo#ixds and Nebraska law conform

substantially to this concept set forth by the UVC.

UVC 11-101/11-102/11-103 state that “every penmsdimg a bicycle shall be

subject to the same rules applicable to the dovarvehicle.” [The Traffic Laws

Commentarypp.15] Although the UVC explicitly states that a bicy@enot a vehicle,
bicyclists must still abide by the rules of the UVTexas law recently changed the
definition of the bicycle to be a vehicle in 1990, that bicyclists are subject to the same
“rights and responsibilities” as motorists [A Bidgdaster Plan for Texapp.102].

This subtle change places bicycling among the ssnodes of transportation. These

rules also state that violations of the bicyclecfed, state, and local traffic codes are



misdemeanors, and that bicyclists, just like matsrimust obey commands made to

them by firemen and police officers.

Other interesting facts abound for bicyclistscy®iists become pedestrians when
walking their bicycle and have the right of waybioyclists on sidewalks or shoulders of

highways [The Traffic Laws Commentanyp. 50] “Wherever a usable path for bicycles

has been provided adjacent to a roadway, bicydersishall use such a path and shall
not use the roadway.” [The Traffic Laws Commentaqy. 86] The sidewalk is not

included as an adjacent path, so when no bikeipgttesent, bicycle riders may use the
roadway. Bicycle riders may also ride on the stieubf the highway, but because
bicycles are vehicles they are not required toaoThe only time that bicyclists may not
ride on the sidewalk is when the local constabkegwsted signs forbidding it, which is
often done in busy business districts. Othervataes and localities are not legally
justified in forbidding bicycle travel, as on stdtighways or busy inter-city streets [The
Traffic Laws Commentarypp. 92]. UVC law states that if riding at nighicyclists

must have a light that illuminates at least 50@ iieéront and both Nebraska and Texas
state laws conform to this standard. However, alghoAustin law is also conforming,

Omaha municipal law has no such standard [The i€rafiws Commentarypp.109]!

UVC law states that bicycles must have red refiscbd approved type that are visible
100 to 600 feet away on both the front and reaxa® and Nebraska laws leave out the
phrase “of approved type” and Austin law just regsiisome “reflecting device”. Omaha

just requires a “reflector” [The Traffic Laws Comniary, pp. 110].

UVC also requires that bicycles have a working!b&kxas, Nebraska, Austin, and
Omaha laws overlook this provision [The Traffic Lea@ommentarypp. 112]. Another

regulation covers brakes — UVC says that bicyahesst have brakes that work on clean,

dry pavement” [The Traffic Laws Commentapp. 112]. Texas and Nebraska laws

cover this, but Austin and Omaha laws do not.

Registration, licensing, requiring insurance, egmliring inspection are not
required of bicyclists under the UVC. However, fiusaw requires bicycles to be

registered with the local authorities by registebexrycle dealers upon first sale. Austin



has a City Manager whose department overseesdlstregion of bicycles. Omaha does
not handle this responsibility. Neither Austin i@maha require licensing, insurance, or
inspections for bicycling, although Austin does\pde for bicycle inspections and an
identification plate for theft prevention [The TiiafLaws Commentary, pp.130].

Although the responsibilities of bicyclists arermerous, bicyclists also have
rights safeguarding them against unlawful policeerement of traffic law. Bicyclists
may lock their bicycles on street meters withoutipg for the privilege, as long as the
bicycle does not impede parking, or vehicular atgstrian traffic [The Traffic Laws
Commentary, pp. 107]. Local authorities may ngbaend the bicycle of a person who
has committed a traffic violation using the bicyalgghout a court hearing [The Traffic
Laws Commentary, pp. 160]. Finally, UVC stated thmvernments may not take away
driver’s license points from a person under anguirstances for violating traffic laws
using a bicycle [hearing [The Traffic Laws Commentgp. 170]. Knowing what rights

a person has while riding makes the person a dattgclist.

In 1990 the Texas State Department of HighwaysRaraic Transportation
(SDHPT) came under the scrutiny of the Sunset Re@emmission [A Bicycle Master
Plan for Texas, pp. 95]. The Sunset Review wanéarby the legislature to review state
agencies and make recommendations for changer g&teral public hearings in
Houston, Austin, and Dallas, citizen bicycling angations and environmental groups
petitioned for the formation of a formal represérabody in the government of Texas
to oversee the concerns of bicyclists [CommissioBicycle Master Plan for Texas, pp.
98]. The commission favored the movement and degdithe following provisions in
their highway bill: 1) A Bicycle Coordinator wassitated within the SDHPT, 2) bans and
restrictions on bicycles to use the highways ofdiate were forbidden, 3) a “bicycle
master plan” was created to guide bicycle policthmfuture, and 4) bicycles were
formally designated as “vehicles”. However, a BieyAdvisory Committee that was
sought by the petitioners was only created fomnapt@rary time to construct the

guidelines for the state master plan, and was disdapon completion of the plan [A



Bicycle Master Plan for Texas, pp. 99]. These psgive moves by the state legislature

greatly enhanced the bicycle’s position as a grgwneans of mass transportation.

Besides the regulatory laws that exist to suplpicstcles, there are federal funds
available to states and cities from federal traasurThe Surface Transportation Act of
1954 (STAA) allocates $4 million to states thatitpen the federal government for funds
going toward state organized bicycle funds, o tdtal $45 million a year [A Bicycle
Master Plan for Texas, pp. 46]. The National Highwraffic Safety Administration
(NHTSA) also has stated that it will make monieaikble to states in the future for
bicycle programs emphasizing safety [A Bicycle Madtlan for Texas, pp. 50]. Even
the federal Department of Transportation (DOT) ¢fe@nged its attitude about bicycles
since 1990, with the creation of the federal BieyCloordinator in the Federal Highway
Administration (FHWA), which promises to bring mareney to the states and

localities.

It is clear that bicycling is a major concern ovgrnments, citizen action groups,
and commuters across the state of Texas and abm&hited States. With 60 percent of
U.S. commutes made under five miles [A Bicycle Ma&tlan for Texas, pp. 15], $24
Billion a year lost to employee time lost and tasdis due to traffic congestion [A
Bicycle Master Plan for Texas, pp. 16], and suppetegislation, short distance bicycle
commuting will make the air cleaner (reducing autbite carbon monoxide emissions),

the streets less crowded, and the commuters hexaéthd happier.

Mass Transit Analysis

| have determined that the extensive processwigwed for the construction of
MMCs is too involved to think that MMC bicycles ddibecome a suitable material for
use in mass transit bicycles funded by any govemtmeherefore my theory, based upon

the processes that | have described previoustiiaissteel bicycles, already cheaply



produced and widely distributed throughout theoratwill be used in a bicycle mass

transit system. As newer materials are developebi€ycle manufacture, the prices of

less advanced materials, like stainless steel aghalenum/chromium bicycles will be

driven down. The newer materials will be pricedhat old prices, and the older steel

bicycle prices will continue to fall. This drop pmices will allow mass transit authorities

to afford to buy new or buy and repair used bicy¢las is done by the non-profit

organization Yellow Bike Project in Austin Texat)be used free of charge by a

concerned mobile citizenry.

Evidence of a drop in prices is seen as the diffeg in listed prices between the

1998 and 1999 bicycle catalog price guides of thex@ycle company.

GT Catalog, 1998

GT Catalog, 1999

steel, molybdenum, Aluminum (MMC) steel, molybdenum, Aluminum (MMCQC)
chromium chromium
palomar ($249) backwoods ($689) palomar ($241) \Wwaokls ($652)

outpost trail ($282)

ricochet ($599)

outpost t(&R82)

ricochet ($815)

outpost ($329)

avalanche ($899

outpost ($324
avalanche ($1087)

timberline ($399)

timberline ($460)

aggressor ($429)

aggressor ($387

)

rebound ($549)

rebound ($523)

tequesta ($499)




For example, in 1998 the “outpost” had a suggesttall price of $329, and was
made of the less expensive molybdenum/chromiuny.allo 1999 the “outpost” was
redesigned and has an aluminum frame, with a stegjestail price of $324. Although
the price changed very little, the material usetsiconstruction is of a superior quality,
and my theory of dropping prices is affirmed. Thggressor” had a similar change -
$429 in 1998 to $327 in 1999. Also worth notinghiat although some bicycles, for
example the “avalanche”, increased substantialfyrice, several other factors, like
improved brakes, improved shocks, and changed gepraéfected this change.
Therefore my theory is still valid. However, mai&a on bicycle prices is suggested for
a thorough study of this phenomenon, and thesesti@iald not be taken as a factual

trend in present bicycle sales.

Conclusions

I have found that scientists and engineers carldp\processes for making
bicycle frames that optimize microstructural angsbal properties. | have opted for the
process that | feel is more accessible to smallpaomes and state or federally funded
projects — infiltration of a centrifugally atomizead sintered silicon carbide preform

with aluminum matrix metal.

| have decided that forming the particulate shaldde by an outside vendor. A
bicycle mass transit department involved in MMCyble production would simply

purchase the spray formed reinforcement for ifiitm from the outside vendor.

| have found that extruding the composite aftemfation but before processing
for product development eliminategerdendritic triple points, making the grain

structure more columnar and uniform (an essentgl i the making of MMCs).

A welded metal can be unreliable, especially ibyalg element grains enlarge
more than the base metal, so | have decided og asimetal bonding adhesive such as

the one chosen by Trek Bicycle Company — EA943@&moxy having good low-bond



strengths, and high peel (resistance to peeling)saear (resistance to bending and

twisting) strengths [Adhesives Age, pp. 56].

| have determined a bicycle frame manufacturingnegue suitable for the
implementation of affordable bicycle mass trareit] the important values quantifying
this bicycle are listed in the methods and techesggubsection of the Bicycle Production

section.

| have determined that the extensive processingived for the construction of
MMCs is too involved to think that MMC bicycles ddibecome a suitable material for
use in mass transit bicycles funded by any govemim&herefore my theory, based upon
the processes that | have described previoustiiaissteel bicycles, already cheaply
produced and widely distributed throughout theoratwill be used in a bicycle mass

transit system.

These conclusions are the results of my reseautHutiher research and
consolidation of information of bicycle sales andyble mass transit organizations (the
“Yellow Bicycle Project”) and bicycle clubs and amgzations (UT cycling) would be

beneficial.



Glossary

anisotropic. properties of the metal depend upon the dadhat the metal is tested.
(ie: higher strength in the length directthan in the width direction)pp.100

casting : melting a metal charge in a furnace, pourirerttelt into a previously prepared
mold, extraction of heat from thelthamd solidification, removal and treatment
of the part. pp. 99

coefficient of

thermal expansion

(CTE) : a measure of the tenderfaypaterials to expand or contract in
the presence of a thermal gradient or chago@&73

columnar grains elongated solidified grain groupings in a metalt grow in the
direction of heat extraction and are verigainopic. Pp.121

dendritic grains : undercooling of a liquid of teeomposition of one component of
alloy forms dendriteBhe tree-like branches grow in the direction of
heat extraction, but run out of the lean ponent and branch out arms
from its sides at 90 The lean component dendrites bunch together to
act as stress raisers and fracture sited.2%

die : tool used to plastically or permanently defa metal; the die face is the part of the
tool that is in physical contact with thefarmed metal. pp. 210

die casting : the mold cavity is filled under maaterto high pressures, forcing the metal
into intricate details of the cavity. 4.0

epoxy monomer : a single unit of a polymer (madthotisands of repeating
monomers) plastic; epoxies are pastes #ed high pressure
for spray application. “Two part” epoxie® &table pastes until they
react with a hardening agent, when theyétor solidify. pp. 407

equilibrium : a state where energies, forces, af@ngd temperatures are in balance and
there is no impetus for change.

eutectic : the composition of an alloy such that$olidification temperature is lower
than either constituent metals’ solidificattemperatures, and the composition
of an alloy that has the most evenly distougrain structure. pp. 107

extrusion ratio : ratio of initial cross-sectiomaka or diameter to final cross-
sectional area or diameter. pp. 251

fiber : wire of variable length and diameter of ab0.01 mm used to reinforce a ductile
metal matrix. pp. 430



forging : a workpiece is deformed plastically orppanently. pp. 210

heat treatment : distribution of the phases andrtbghology or size of the eutectic
grains depends on the cooling history. Diffédgeat treatments vary
the concentration of phases and grain sizesl3®

hot forging : forging a metal at an elevated terapee to cause recovery and possibly
recrystallization in the metal, countirag the elongation of grains
caused by forging. This technique kegpéns uniform and strong. pp. 211

infiltration : a composite forming process whengraform is placed in a pressurized
chamber with matrix metal and allowed iffude into the preform and
solidify. pp. 151

ingot metallurgy : metals cast of circular, octagior round-cornered square cross-
sections and later melted and casted &héd product. pp. 151

interdendritic triple point : point of originatiasf side branching arms on the main
dendrite branch. pp. 123

interface bond strength : the qualitative strermgitween reinforcement and matrix. This
strength value is responsible for the abditthe matrix to
transfer imposed load to the reinforcemenvss the interface.
pp. 429

intermetallic : phase formed in an alloy at speatibmpositions with distinct properties,
often being brittle, hard, and of athigelting point. pp. 109

isotropic : properties of a metal are the samdlidigections. pp. 100

machining : a process that generates the shapwofkpiece from a solid metal by
removing excess material in the form apshpp. 441

matrix : bulk metal crystal lattice filled with rdorcement. Metal matrices are ductile
and tough; reinforcements are hard and very gtrop. 374

metal matrix composite : an alloy of two metaldieTmatrix metal is the ductile
“solvent” that is mixed with hard and stgoreinforcement
“solute” to produce a combined metal ofesugr overall
quality. pp. 343

microstructure : the organization of the cryst#i¢e of a metal on a microscopic level
(ie: 1 micrometer gum is 0.000001 meters) pp. 124

mixing equipment : blending turbines used to mixhg reinforcement in a metal matrix



composite. pp. 560

particulate : tiny particles of metal of no partenushape or shape dependant properties
with a diameter of no less than 0.0001 pm.330

porosity : gaps, or gas or solid inclusions in a ®khat deleteriously affect the
properties of the metal. Porosity is measungzercent of the volume
of the metal. pp. 123

preform : a sintered part in the infiltration pess which is made sufficiently porous
so pressurized matrix metal will diffuse mdecompletely wet, bond, and
combine to produce a MMC. pp. 151

recovery : a metal’s temperature is raised fromi®rBto 0.5 Tm. The heat gives the
metal atoms increased mobility and atomitodetions are rearranged.
Some of the original softness of a strainedemial is restored and ductility
Returns without necessarily affecting strangp. 190

recrystallization : a strained material raised teraperature above 0.5 Tm, where the
metal grains are replaced by internally pastl crystals, redistributing
the elongated grains as uniform grains. ¢l is softened
and free of dislocations. pp. 191

reinforcement : a brittle, tough, hard, and stramsyally intermetallic metal that is
mixed into a ductile metal to strengthen it.ifRercement comes in
the following three shapes of ascending lengthsize : particulate,
whiskers, and fibers. pp. 330

sand casting : a casting process that uses comnexpensive silica (sand) as its mold
material. This is the best methoddiatotyping and is suggested for
processing 1 — 100 parts. pp. 162

shrinkage : the shrinking of most metals and com@®sipon solidification that appears
as a cavity at the top surface of a casdlyoet. This is generally a defect to be
removed from the final product. Riserstaitges attached to a cast that fill
with excess metal and contain the shrinlaaygty for removal. Runners
are tubes that fill with exiting metal aaébw gas porosity and inclusions
to be removed. pp. 121

sintering : particles are mixed thoroughly, compddb be brought into close proximity,
while imparting a desired part configuratibeated to melt and diffuse
particles together, so that a permanent lmedtablished and a part is
made. pp. 330

stiffness : a measure of the resistance of a solknd under a force. One measure of
stiffness is the modulus, E.



strain : the length that a metal elongates whegrtaio stress or force is imposed upon
a metal.

stress : the force per unit area imposed upon alm&01 kilopascals is equivalent to the
pressure imposed on the surface of the earthdogtimosphere at sea level. A
megapascal is one thousand times this amoun89p.

surface energy : any metallic interface, even angvaundary in a pure metal, is a site
of many unsatisfied, broken interatomic borigg fidd up to this excess
energy (also called interfacial energy). ppt 11

thixoforming : warming a part and simultaneouslyodning it so that particulate can
be worked into a metal and uniformly distributegproduce a MMC.
The advantages of thixoforming are that a deiedyrain structure is
avoided, and less heating is required than cdrowead methods. pp. 574

ultimate tensile strength : the highest stressdhattal is capable of enduring. However,
the metal can still endure more straironglongation before
fracture, but excessive thinning occued tbwers the required
stress needed for exceeding strain. pp. 40

volume fraction : a mathematical fraction of voluofea constituent material of a
composite. V =0.20 means that 20% of themasite is reinforcement,
and the remaining amount is matrix metal.338

vector : a value of any quantity expressed as anihate and direction.
(ie: an arrow pointing north, 5 feet long, is theetor quantity expressing
how Bill walked 5 feet north while completing anenteering course) pp. 30

weight fraction : ratio of constituent material gkt to total composite material weight.
pp. 30

wettability : ability of a liquid to cover or encaglate a solid and overcome the surface
energies associated with equilibrium. 1}



Bicycle Frame Terminology

front fork (1)

head tube / lug (2)
top tube (3)

down tube (4)
seat tube (5)

rear fork (6)

chain stay tube (7)
derailleurs (8)
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