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1. BACKGROUND AND FOUNDATION FOR EXPERT OPINIONS
11 EXPERIENCE WITH WAGNER ELECTRIC BRAKES

My Curculum Vitae Is Exhibit 1 to this report and it identifies most of the
experiances that | draw upon for the apinions expressed herein, My experlence inthe
design, testing and production oFautomotive brake assemblies spans 40 years of active
employment. In my capacity as, first, an engineer and then as the chief brake enginieer
for Wagner Elecric, | was famifiar with the various types of brake systems it use for
cars, trucks and buses during the length of my career. They basicaly break down to
hydraulic systams or air-irake systams o @ compasite of air and hydraufic. My work
included familarity with the actusl brake ining or fricion malerial that those sysiems
used. | designed brakes, made drawings for them, supervised the manufachuring
spacifications and | witnessed the assembly and disassembly of brakes.

ama professional engineer (PE) registered in he state of Missouri. This
raquired me fo take certain examinations b quaifyfor the te of PE. In my PE
capacity, | had occason to conduct of Suparvise actual road tests or testdrack
examinations of brakes and braka systems with regard fo temperatures and-
perfomiance. The fiction products | have fested and specified were used on brake
assembiliag for passenger cars, llght trucks, medium trucks, busses, coaches, heavy
frucks, traclars, trales, semb-rallers and various industial equipment. My experience
included brake assambiies and friction products used on overhead cranes, speclalized
heavy-duty Industizl equipment and various types of construction equipment, | have
also done my own personal brake replacement with ashestos-containing brakes.

Another sigrificant part of my employment activity included the evaluation,
tesfing and specitying of friction products used for replacement purposes In the Industry
generally referred to as the "aflemarket” These replacement fiction products included
lining s, sets of block fining, sets of ined brake shoes s well as pad sels for disc

brakes.
12  INDUSTRY-WIDE EXPERIENCE WITH BRAKES

When | was Wagner's Chief Brake Engineer, my organization was a suppler of
new brake assemblies and replacement riclion and & purchiaser of friction products.
This raquired coninuous contact with many manufacturers of fiction compounds. This
variety of sources and compounds invalved a wide range of manufacturing processes o
make the product in ts several configurations and various means of atiachment, such

as:
o Flovible sirps (riveted or bonded)

o Rigid stips {riveted or bonded)
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o Segments (fveted o honded)

o Blocks iveled or boted)

¢ Discpads (riveted, bonded or ntegrally molded)

) have been invalved with seting braks industry standards through the Sacisty of
Automotive Enginering activties (SAE). SAE s an intemational organizalon thatis
chaged wih developing aulomobive standards, recommended practices and other
documents that relate to standardizing flems of manufacture in both off-roid
equipment, molor vehici equipment and aircraf, Dudng my career, { have participated
on the committees or activiies of the SAE. {listed the tams in my Curriculum Vitae
according to the top rank and down to lower clovation of service. For ane year | was
the Chaiman of the Motor Vehicle Councilf the SAE, which oversaw alf of the

cations, standards, recommended practices and the like that related o
atfomotive equipment. These standards dealt with dimensional and perfrmance
glandards In the lesting of brake linings or brake components. We wrate slandards for
tost proceduras that were incorporated into the federal motor vehice safey standards.

) have published articles relating o the brake manufacturing industry. In 1851,
publihed & paper related to he design of the Industria brake system, overhead crang
brake system, followed by some work on messuring the stapping distanceto mest
salely standards for ubber mill operation. 1o October 1864, | published an SAE paper
{hat dealt with theorstical comparison of the two melor air-brake types, cam brakes and
wedge brakes, that are sl used o vehicles today.

| have also had occasion to tesify before govemmental agencies reganding
brakes and highway safety in connection it brakes. For example, | parfcipated in
fouse commites hearings rlated o brake reguiations. | paricipated in Senato
hearings related fo anthock or skid-control regulations for commercial vehcles and |
have paricipated I dozens of public meatings related o the regulation ofbrake
systems, brake components and vehicls parformance since the Department of

Transportation was organized in 1963.
2. EXPERT OPINIONS

21 HOW DO BRAKES WORK

The purpose of the brake system s fo stop and controthe vehicle. The brake perfoms
fhat function by taking the kinetic energy of the vehicle that is moving along at

o il
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its speed and converting thal energy into heatat the friction Interface with the drum or
disc. Brakes can be viewed, quita simply, as energy ransiormers. During a brake
application, the friction material makes contact with he rotating drum or dise (rotor),
creating a fiction force resisting the relafive motion between the two bodies. Using the
lining, the brake then forces the heat into the drum where fl can be dissipated in the air.
As an energy conversion devica, the brake miraculously uses 20 pounds of driver pedal
forca fo stop 3,500-pound vehicle ata comfortable change in speed In city {raffc.

22 HOW AUTOMOBILE BRAKES BEGAN AND EVOLVED

As the first molor vehicles Increased in speed and welght, it became apparent
fhat two-whes! extamal band brakes on the rear avla did not have the abity o dissipate
the heat being generated. The nex! step was to add extemal band brakes to the
sioared wheel on the front ade. A third step was to convert from extemal mechanical
and brakes to intermal mechanically applied shoe brakes enclosed within a brake

drum.

Early Inthe 1620's intemally actusted hydraulic drum brake became the newest
entry into this angoing product evolution.

Since that time, hydraulc actuated brakes have coninued fo evolve In
sophistication and safety. Lang-tern brake and brake system developmant, however,
fias never been revolutionary. [t has evolved, Brake develapment has also beena
privately funded activty. The evlutionsry procass I8 a carsful tediaus and unrelenting
challengs to provide relsble step-by-step refinement from any level of safe
performance and durabiy o another safe fevel of performance and durabilty.

Itis not practical to define the stages of this enginering evalution n specific
blocks of ime. The majority of these improvements took place in overlapping steps
because of the many industry entties nvolved. The hast of vehicle manufacturers gach
relied on a muitple base of suppliers and their sources of materials and axpertise.

23 BRAKES HAVE CERTAIN DESIGN STANDARDS AND
REQUIREMENTS

The fiction material inside of a brake must operalg in a rather hostle
anvironment. Lining temperatures in excess of 400°C (750°F) are riot unusual, and
femperatures at the conlact interface can exceed 850°C (1660°F). The nature of the
on-the-oad operating environment (dust, mu, sall, waler, etc.) complicates the
problem. The friction material must possess an optimized palane of characteristcs,
and maintain those characteristics fhroughout 20,000 to 40,000 iles of vehicle

operalion.
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Frcton level musL be adequate and stablo over a wide range of operaing
speeds, applicafion pressures, and temperatures, regardiess of the conitioning and
age of the matertal O pattcular interest &re the fade/recovery characterisiis; ie., e
abifty o resistficion level delarioration when subjected to arireme elevated
temperatures (he fade) an f
tacovery). The friction material must have good wear properties for fong fife,but it must
also not cause excessive wear or grooving on the maling disc or drum. Excessive
comprassibilty, nolse and roughness (chatter, ibralion, pulsation) must be avoided,
and sensiity fo moisture must be minimtzed. Finally, the friction material must be
capable of being manufacturad with corisistency.

In general, atiempting to improve upan one characteristc often result in the

detarioration of other characteristics. The development of friction materials Is therefors

a compley, Interaciive process seoking an opimized combinaton of inferdependent
characteristics.

rake designs provides anather fovel of complexityin
designing friction matasials. Linings for drum brakes require & wide range o properties.
The duo-sarvo drum brake {the most popular US. design st one time) requied two
difierent types of finings, designated primary and secondary, each of which needs

ifferent properiies of siength, wear resistancs, fricton level and friction stabllty, The

non-servo drum brake {used on many sub-compact vehicles) requires 8 friclion
maferial, which incorporates the best characterstis of the primary and the secondary
inlo & single formulation, with emphasis O low-tomperature properies and static fiction
capabllty. Thearge hydraulic and iroperated drum brakes utiized on medium and
heavy trucks reguire, n genetal, the maximum properties of the smaller vehicle nings
hut at significantly higher operating temperalures. The arcuate form of drun brake
linings places addibonal restricions on the formulation, because of processing

requirements.

The existance of numerous b

Disc brakes demand a totalydifferent set of operafing condiions forthe friction
ally operate at significanty higher termperatures than drum

materials. Disc brakes gener
brakes, and the front disc brakes run hotter then the rear drum brakes on the same

vehicle. The fition material for disc brakes must be speciically designed for these
higher femperatures, and must possess a higher coeficient of frction and betler wear
characteristics across the temperature range. Friction-material formulatons must also
e {alored fo the spacific needs of the particular vehicle applications. Numerous
parameters such a3 vehicls weight, front-to-fear brake batanca, actuating system

dasign, and duty cycle affect the capabiity of a paricular frction formulation to perform
satisfactorly.
of numerots complex performance standards emanting from

rs, and govemment agencies provides an
terials must meet. Significant differences

The existence
consumers, associations, manufachure
additional set of parameters that friction mal
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can exist between fiiction materials used as orginal gquipmentin new vehicles and
friction materials avaliable as replacement parts in the aftermarket. Each vehicle
manufacturar has a unlque, extensive set ofest and acceptance standards o ensure
the safety, durability, and performance of Its products and the companents used
therein. Governmentnstiuled requirements exis! at the faderal, state, and ocal levels.
Federal requirements indude those promulgated by the Department of Transportation
(DOT) (vehicle parformance), the Occupational Safety and Health Adminisiraton
{OSHA) {manufachuring work practices), and the Environmental Protection Agency

(EPA) (manufacturing pracicas and raw materils).

24 WHY THE BRAKE INDUSTRY USED ASBESTOS

was woven material composed of catton and

horaehair. It had to be impregnated with bitumin to provide unifom and stable friction
during brake applications. BY the tum of the century, the increasing speeds of the

*new* mode of transporation and the increasing weight was crealing braka frction

temparatures of 300 degrees Fahrenhelt, This temperature chamed the cotion and

destroyed it

Chrysatlle asbeslos fibers wete already being converted into thread and becams
the obvious materlal of cholcs for 8 woven spplcaton that neaded hoat resistance
above 300 degrees. t continued o be produced [n verious widthe and varying

{hickness unt the dry mix and wet mix compounds were developed for heal-pressure
curing to provide a more uniform frction produce.

Untitthe arly 1980's, only asbestos met the figorous design specications for
i automotive Fiction materials must

the automative brake industry. As previously stated,

operate refably in an exremely hostle environment. Friction materials must malotain
balanced characteristics throughout 20,000 to 40,000 mites of vehicle gperation and
must rgmain stable overa wide range of aperating speeds, brake application pressures
and temperatures, regardless of the conditioning or age of the material.

Processed chrysaotfe asbestos fiberwas chosen for usen aulometive fiction
materials bacause its unique combination of characteristics maes these needs. The

malerial possesses 8 high coeficient of fcton, provides a igh, statie fiction level
under a wide range of vehicle and environmental condiions. It hag excellent thermal
stabiity, has good surface shsorpiivity for oth resin binder systems and friction
modifiers, possesses faxbilty and durabilly, has high strength and reinforcing
characteristics, and has very {ow noise generating characterisics. The bigh level of
resislance to themal conducthity forced the heat into the drum where i could be

dissipated. ftwas assentia to prevent the heat of hraking from destroying ubber seals
in the whesl cylinder and fo prevent boiing of the brake fluid.

inthe 1890's tha first brake fricfion

- The Industry responded by successfuly daveloping imp
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My profassional work inthe evaluation of brake ficdon, included measurement
o lning temperatures by tnemocouples instalied in the brake fining on vehices andon
dynamometer installations. Additonal experience jo the effacts of temperalure o
brake ficton was obtained from data developed during the tasting of friction products
ona Chase machine. Siich fasts were conducted i accordance with the SAE Brake
Lining Qualty Control Test Procedurs—SAE J861. Collectively, these tests made it

apparent that the dust ganerated during use of asbestos-conlaining brakes for control
of the vehlcla Is not one single typa of wear product Examingtion of the wear products
showsittobea combination of many consttuants, including the metal wom off of the

drumlinng inerface and the rasing that are cooked out of the lining under the high heat

of brakig.
25 WHY THE INDUSTRY HADNO NEED TO SEARGH FOR ALTERNATVES TO
CHRYSOTILE ASBESTOS FRICTION FOR SEVERRAL YEARS AFTER

WORLD WARN

After World War I}, the industry began applying the technology that had been
croated during the war. Higher speed endurance and performance on improved roads,
0.0, fumpikes of toll roads, and the Interstate Hightway Systarm began to increase the

heat issipation demand on fhe braka systems.
roved resins for his

g temperature demand. The resin mprovements kept pacawth the
nd the increased vehicle walghts that were occuring. This

- gbilty to meet the astablished brake performance requirements gnabled the brake
{ chrysotil asbesos for drum brakes,

engingers lo retain the good insulating feeture 0

However, there were Some special-duty applications for passenger ars that
challenged the ficiion industry to attempt the use of other manufacturing technigues
and other material recipes. 1 am aware of the shortcomings of the ceramic riction

offerings. | am also aware of the several problems thet sintered metalc fricion
subimissions demonstrated when subjected to the broad spectrum of test procadures
- needed lo assure safe performance to the generel public. The brake test faciies at
Wagner Electrc included inertia dynamormelers and a feat of test vehicles. I have
fed vahicles equipped with snlared metalic fricton on dru brakes. |

have personaly encountered some of te dangerous problems reported by others.

et i
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| have reviewed the complete 1959 Society of Automotive Engineers (SAE)
paper entitied “What's New in Brake Lining." My evaluation included data provided in
the 13 flustrations that the aulhor considered important to his topic. The 1959 sintered
metalic friction, despita surviving one savere demonstrafion on the Pike's Peak
Highway, fallad to moet all of the following basic eriteria for safe vahicle operation
that are a part of the fext of the paper:

1. Low waar rate.

2. Minimum friction variation,

3. Resistanca lo high femperature and fading.

4. Compatibity of lining surface w‘rlh-dmm surface.

5. Standard brakes or power hrakes mustengage smaothly with bow
pedal efiort and operate effectively.

8. Lining and drum engagement sounds must stay below audible level.
7. Low acquisition cast for fction material
8. Low wamanty cost and low replacement cost.

Thera is 2 175 SAE paper entitied *Developmen of Palios Car Brake
Standards" that detalls the frustrating prablams associated with the ongaing attempls to
develop a saisfactory sintered metalic friction product to raplace chrysofile asbestos
friction. The report idantifies many faults that were never comected - hence the
sintered metallic friction programs drifted (nto obsclescence.

26  WHY THE INDUSTRY INITIALLY SEARCHED FOR ALTERNATIVES TO
ASBESTOS

Use of chrysolie fibers in brake friction was phased out because of new brake
performance requirements that made asbestos obsolela. New fricion malerials were
developed using man-made-mineral-fibers (MMMF) fo meet the engineering demands
that resuted from two Federal actions: (1) Federal Motor Vehicia Safety Standards
promuigated by the DOT's National Highway Traffic Safety Administration (NHTSA):
and {2) EPA regulations to implement and enforce the Corporate Average Fuel
Economy (CAFE} requirements for new motar vehicles.
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261 NHTSA Safety Standards

In Jamary of 1965, the Federal General Services Administration (G3A) Tequired
dual (spit) operation on all vehicles they purchased. The induslry extended that design
foature on al passenger cars by model year 1967, Between 1965 and 1976, Federa
Motor Vehicle Safety Standard 571.105 (FMVSS 571 .105) evolved info a vary complex
roquirad performance document, Some of the revisions introduced inchuded, but were
not fimited lo:

s Stopping distance requirements for the full brake system

+  Stopping distance requirements for both of the parial systems in
the event of a single hydraullc fallure

s Grade holding capability on a specific grada in both diections,
uphil and downhil

Al vehicies had to b cartiied o comply with FMVSS 571.105. To meet allof
{hose requirements, the vehicls manufacturers hed to redically chang the braking
dlsiibution to 90% front exle and 10% rear axda, A new friction materlal had to be
developed or found because asbestos did not have the abity to dissipete ¢0% of the
heat of braking without self-destructing.

252 CAFE Standards

The introduction of friction materials that did ot include chrysotile asbestos
started afler the CAFE regulations were Issued, circa 1575, Welght reducton was one
key change neadsd fo comply with the CAFE requirements, Some brake comporents
were reduced in durabity, Increased friction operating temperatures resulied. The
introduction of a new family of fibers followed. They were refemed to as the MMMF and
could function et temperatures that destroyad chrysotile fibers, Some of the fibrous
materials were metalic in composidon.

27 INVESTIGATION INTO ASBESTOS SUBSTITUTES IN FRICTION
PRODUCTS

In 1987, due to reported heallh problems assoclated with the use ofasbestos,
the EPA's Offica of Toxic Substances proposed a regulafion fo ban the use of ashestos
over a 10-year phase-down period. Since asbestos was a criical consttuent in some
vahicle ficton products, the EPA was interested in determining whether the proposed
ban could have adverse effects an vehicle braking safety.
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In onder to assess the potential eflects of the proposed ban an vehicle brake
system operation and vehicle safety, tha EPA caniracted with an entity to make an
evaluation. The EPA chose the American Society of Mechanical Engineers (ASME). A
pane of indviduals knowledgeable in various aspects of vehicle brakes was selected.
The pane! addressed technological issues assocated with the removal of asbestos
{rom friction materials, specifically:

(1) Mdentfication of substtule brakes and systems,
() Compatibifty of the han with motor vahicle safely standards,

{3} Problems associated with raplacing ashestos friction materiats in
aftermarket vehicles, and

(4)  Pace of research and commerclallzation and effects an phase-out,

The botiom line concluslon from this analysls was that atiemping to immediately
substitute non-ashestos products created greater consumer safety risks than the
continued use of asbestos. There were several bases for that conclusion. Vehicle
controllabiity during braking (s affected by bath driver and brake system performance.
Generaly, vehicla frant-lo-rear braking ratios sre adjustad on a per-madel basis to
provide optimal braking. Too much braking on an axle results in premature wheel lock-
up, and this can lad {o loss of stearing contro (fant lock-up) or spin-out (rear lackup).
While the effectiveness of disc brakes Is directly proportianal to pad-disc fiction levals,
the sfiectivaness of drum brakes can ba greaty aflecled by changes in ining-drum
fricion. Friction materials that exhibit reduced effectveness also can resultin brakes
having insufficiant torque needed to stop the vehicle. Diffsrent drum brake designs
exhibit dramatic differencas in effectiveness.

The majority of the autombiles sald in the Unifed States t the time were fitted
with front disc brakes and rear drum brakes. Because of differences betwaen
qualification standards, cost, driver preference, and driving conditions i the United
States and Europe, American and Japanese automakers wers ubiizing rear drum
brakes. Suitable non-asbestos materials were not avalable for allof these applcations,
and industry-wide subsfitution of non-asbestos materals in all existing brake designs
would raquire considerable development.

The substitution of unqualified non-asbestos fiction materials in the after marke!,
however, posed the largest potential safety issue. Because vehicie controflabiity during
braking s strongly affected by frction material perfonmance, unqualfied subsfitution of
friction materials in elther vahicle disc pads or drum finngs may have had an adverse
effact on vehicla brake balance and controkabiity. A large

Pagel

number of oider vehicles in the United States have brake systems designed for
asbestos friction products. The use of unproven materials in place of proven asbestos
malerials In existing sysiams coukd have rasulted in a loss of vehicle controlability
durlng braking. Moreover, in 1985, there were no required performance tests for
aftermarket brake friction materials and most of the aftermarkel, non-asbestos matarial
suppliers lacked the facilites to evaluate their matsrials under dynamometer and
vehicle braking fest conditions. Itwas detenmined that mandating aftermarket non-
asbestos friction materials for vehicles that were originally equipped with asbestos-
based linings coud lead to a potentialy serious consumer safely risk.

n sum, whila thete were afiematives fo asbastos fibers being examined, the
composiles were structurally inadequate, producing tear-out and poor wear resistance,
in addition to roughnass. Afl formulations were considered falures, This led lo the
conclusion that simple direct substftution of akemative fiber systems was not practical.
Infact, the non-asbestos substitute drum brake materials originally confemplated
lacked the Insulating capability of ashestos and could not be safsly used for
reptacement friction.
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Curicuum Vige

Graduate BSME, 1948 Washington University in St Louls, Missourl
Registered Professional Engineer (E-6533) State of Missouri
Member: Sodlety of Automolive: Enginears (SAE)
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Associalion - Truck Traller Manufachurers Association and Member
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Sludent Engineer, June 1948

Laboralory Project Engineer, October 1948

Junior Mechanical Engineer, November 1949

Project Engineer, Industial Products, October 1950

Supervisor, Industrial Products Section, April 1956

Supervisor, Hydraulic Brake Products Section, November 1961

Chief Engineer, Brake Producls, Apri 1966

Direclor, Parts Managerment, Markeling, September 1981

Director, Brake Engineering & Aflermarket Services, September 1683
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