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£. W. Drislane Friction Materials Standards Institute

The meeting vas called to order by Mr. Weaver, Chairman, at 9:30 A.M.

MINUTES OF PREVIOUS MgylNG
✓

The Secretary read a summary of the minutes of  the meeting held 
September 15, 1971. These minutes had been released, and a motion 
for their acceptance was entertained.

Upon motion duly made, seconded and unanimously passed, it was

RESOLVED* to accept the minutes of the September 15, 1971 meeting 
at distributed.

MEETING AT DEPARTMENT OF LABOR. JANUARY 26. 1972

A brief  review read of the a c t i v i t i e s  at the Occupational 
Safety and Health Administration (0SHA) sess ion held in Washington 
on January 26, 1972. Mr. Matt Swetonic of J-M attended th is  session, 
and the Secretary summarized what Mr, Swetonic had told him as 
follows: 0SHA previously had emphasized safety  -  now the emohasis 
is on health -  f ive - industr ia l‘substaneas^:ar t  under" attack (asbestos, 
s i l i c a ,  lead, cotton dust and carbon monoxide). Our immediate
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concern is asbestos.  CSHA is suggesting voluntary set-uc cf ireuse-v 
committees working with trade associations. Industry recresen^a;sv»s 
indicated that cooperation should be based on reasoraole standards.
The croposed standard is 5 f ibers /cc  (OSHA is apparently consider;-g
recucmg tffa stanoard to 2 f ibers /cc) .

•— ASBESTOS' EXPOSURE STANQAPQS

The prooesed standard by CSHA is now 5 fibers per co. A fiber must 
have a 3/1 1 ergth/diameter ratio, with the length 5 microns or 
greater t o b e  considered a fiber. This size C3n be screened with 
the optical microscope. Dr. Jacko noted that there were studies 
concerning asbestos f ibers  in the le s s  than 5 micron length by 
electron microscopy.

The orvtish Asbestos Regulations of 1969 were discussed. They have 
a ccncentrat ion of less  than 2 f ihers/ce. (sampled over a 10 minute 
period) as being sat isfactory,  with allowance» on 2 to 12 fibers/cc  
(samoled over a L hour period) deoending on hew much the sample 
exceeds the 2 f ibers /cc  limit. See copy of pages ¿-5 of Control it 
Safety Guide 8. At 12 f ibers /cc ,  the plants could be shut down.

r For reference:
4.

The Asbestesis Research Council V
’’Asbestos "Based-Fr iction Water la.ls and.
Asbestos Reinforced Resinous Moulded Compounds,"
Controlvand'Safety Guide #3;

£nvironmentaliiCoht'rorrCdmni tteer'Secretar.y *
1U-Park’ Street 
London,..England #1Y-JAS.» j

British faction materials council
*

The Secretary advised that the Brit ish  Council had submitted 
comments to the I l l in o i s  Pollution Control Board and had indicated 
(through Mr. Bob Gibson of Mints* and Mr. Harry Jones of Ferodo at 
the SA£ January meeting) their interest in being informed on the 
status of asbestos regulations in the U.S.

Upon motion duly made, seconded and unanimously passed, it was

RESOLVED: to inform the Br i t i s h  Council of a l l  regulations
known to the Friction Materials Stancaros Institute,  
and to forward minutes of our meetings to the 
Br it ish Council.

LIAISON WITH ASBESTOS INPQRMATI ON ASSOCIATION OF NORTH AMERICA fA IA/NA)

It was noted that Mr. Matt Swetonie, now with Johns-Manvi 1 le,  will  
become Executive Secretary of the AIA/NA. It wes recommenced that 

nusi maintain contact with the AIA/NA concerning any matters
asbestos in the work-place,etc.

1\|
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Mr. Weaver discussed seme of the bacKgrouna for the sro3oSei Qr_i 
Standard^ for Exoasure to Asbestos Dust. P-ocosed rule maK,,~~~fcr 
these standares aoceareo in the Federal =egistsr or* Decemoer 7 '=71
and__January ¡2, 1972.- (Cocies were distributed by the Institute 
by "mail to menoers of' the Asbestos Study Committee)

Mr. Weaver is the Industry r ear esentat i ve on the Advisory Committee 
for Asbestos Standards set up under the Ccousationa 1 Safety and 
Health Act. He advised that while the proocsed stancards are for 
5 f ibers /cc  tme weighted average airborne concentrât ion of 
asbestos dust, the others on the Advisory Committee may push for 
2 f ibers /cc .

CSHA will apparently enforce these régulât ions and i f  exoerience in 
related safety enforcement is any cr i ter ia ,  fines or plant closings 
may be used for enforcement purposes, ./hjle it is currently too 
late  to present written comments, the'hearings are to be held on 
March U ,  1972 in Washington. in order to be heard, a person must 
f i l e  a notice of intention to appear no later than March 3,- 1972.
The notice must state name, address, approximate time required for 
présentâtion, and a statement must be included indicating the *

' position to be taken by the individual. *

The Chairman and Mr. Feitze indicated that these CSHA regulations were 
now of prime importance to manufacturers of asbestos brake linings 
and clutch facings, and the Secretary was directed to inform the 
membership concerning the proposed standards.

environmental protection aggqçy <E°A)

The EPA's emohasis in their proposed emission standards for asbestos 
did not use numerical l imits  on airborne asoestos, but concentrated 
on f i l t e r s  and collectors -  control practices'; While these are 
important to a ll  manufacturers of asbestos brake l in ings ,  they are 
practices and standards which, at th is  time, seem reasonable. The 
OSHA Standards are the mere immediate problem.

ENVIRONMENTAL PROTECTION AGENCY -  EMISSIONS FPQM ASSE3TQS 3P.AKE UNI.MGS

Dr. Jacko advised that the Sendix Corporat ion1 s studies for the EPA 
on em issions from brake l in ings may not be complete on schedule, and 
that 8endix had requested a time extension on th is  work that would 
move their fin a l report barck into the fa l l  of 1972. Dr. Jacko 
indicated that the max imum asbestos, f ¡bar ..¡n.brake 1 ini ng debris is 
r t *15. *

STUDENT PAPER -  îCLQCiCAL gpPFCTS OF ASBESTOS ON THE HUMAN CfiGANlSJj

Copies of a term paper by MisV Beth'Kru 11 rChemistr y •'Junior.at. 
Mundelein~Ool lege* in Chicago were d istr  ibuted to the'member ship*. It 
would appear that thi s  papar may be an interesting sourcs of medical
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bibliography concerning asbestos; (The paoer was forwarded to th.a 
Institute by Mr. J .  Greenen, President of F.M.S.i.)

FG'JIP^LNT r GR Jt;==roAjç a; 3 f ; tcs  CCMCrrs a t i ^N'S

Mr. £ e i t z e  discussed the equipment necessary for measuring asbestos 
concentrât ions. The test is run with a vacuum pump pulling fibers 
into a f i l t e r  which is then examined under optical microscocy.
(Mr. r .e itze discussed the equipment and procedures in more detail 
in an afternoon sess ion)

Dr, JacUo said that the sub-5 micron asbestos fibers were being 
examined with electron microscopy. He f e l t  that as far as airborne 
fibers ware concerned, these s.uo-5 micron fibers might be targets 
of the regulators in the future.

Mr. Graham asked whether there were any automatic ecuipment for 
measuring the asbestos concentrât ions -  either in existence or 
planned. It was stated that the £?A had made a Pecuest for Prccosal 
for design of equipment for automatic measurement, but apparently 
they received no response.

/ As of now, oot ical  microscooy with the membrane f i l t e r  is the only .. 
recognized method. ^

AS8S5TQS STUDY COMMUTf;  -  FUTUPg COURSE

•The members indicated that the Committee should exist  for s c r e e n i n g  
and passing on information to the members. They do not feel the 
Committee should be used as a vehicle  to comment directly  on 
regulations proposed by the various Federal and State agencies. 
Further, i t  is f e l t  that individual company responses to CSHA or 
£PA or others (such as I l l in o is  Pollution Control Board) are 
more e f f e c t iv e ,  particularly those from the smaller manufacturers.

Unless directed to prepare responses to .government agencies by the 
general membership, the Comittee wil l  not assume this  responsibili ty.

Some members f e l t  that the '’Asbestos Study Committee" would have to 
expand beyond asbestos -  such as into s i l i c a ,  resinous by-products, 
etc. As o f  now, the prime target is to be esbestos,  but other 
materials , i f  considered of importance to the members, wi l l  be 
studied.

Another suggestion was that the Committee consider a membership 
survey on the methods for disposing of brake l ining grinding dust.

--u :r *k
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r j r . M. Jacko requested that His race be added to the ¿sresics 
Study Committee .'nailing l i s t ,  in addition to that or* Dr. Source-.

it *e_s suggested that other manufacturers of brake linings,  
outside the membership', be advised of these proposed stancar-s 
CSi-A.

Summaries of the afternoon's oresentation by Mr. Reitze will  be 
distributed to the membership.

I'oon motion duly made, seconded and unanimously passec, it was 

RESOLVED: to adjourn.

Adjourned at 12:CC noon

/
E. W. Dr i siane 
Executive Secretary

cc: Committee Members 
J. Greenen 
L. S t ick les  
Bri t i s h Council 
A IA/NA

*

«



se ct io n  :INTRODUCTION AND OR I OF SUC'MAJVt'
The c h r v s o c i i c  form of asbes tos  I s  a major c o ns t i t ue n t  in . lutc- r -  

: i v«  brake l i n i n g s  and d i s c  pads,  and in the f r i c t i o n  ma t e r i a l s  uscu ;
: l u t cnes .  These components are expendable.  In t y p i ca l  oassenger  cor 
s e r v i c e ,  drum l i n i n g s  wear out in about 10,000 mi l e s ,  di sc  pads m an- 
30,000 mi les ,  and c l u t c h  facings  in aoout  70,000 mi les .  There aru,  u: 
course ,  wide v a r i a t i o n ? '  in the s e r v i ce  l i v e s  of these components,  w::ic 
depend on the n a t u r e  of the f r i c t i o n  m a t e r i a l s  usea ,  on d r i v e r  h a b i t s ,  
and on d r iv i n g  c o n d i t i o n s .

T.ie expendable members of the common automot ive f r i c t i o n  couples 
con t a in  not only a s h e s t o s ,  but a l so v a r io u s  organic and inorganic  f r i c ­
t i on  and p r op e r t y  m o d i f i e r s .  These c o n s t i t u e n t s  are  bound t oge t he r  o>- 
ohenol ic  r e s i n s .  Recause of t h e i r  hizh cont ent  of organic subs t ances ,  
suen f r i c t i o n  m a t e r i a l s  a r e  c l a s s i f i e d  as " o r ga n i c . "  A s b e s t o s - f ree 
f r i c t ion,  m a t e r i a l s  wi th a high content  of me t a l l i c  subs tances  are c l a s s i ­
f i ed  as " s e m i - m e t a l l i c . "  Over 99 pe rcen t  of the automotive f r i c t i o n  m.i- 
: « r i a l s  used todav are  o r g a n i c s .

The mechanisms by which organic f r i c t i o n  maceri ;  Is wear can be 
c l a s s i f i e d  under  f i ve  headings :  thermal ,  a b r as i v e ,  adhes ive ,  macrcsnear ,  

\ and f a t i gu e .  Thermal ,  abras ive , ,  and adhes ive  wear are cons idered to a a
:*.e mes: impor tant  mechanisms,  thermal wear predominat ing above ¿5C*.-\ 
ab ras i ve  and adhes ive  wear predominat ing below ¿50*r  ( the temperature 
i c i n g  measured by a thermocour le  in the r o t o r ,  about  0.030 inch from 
t.nu s l i c i n g  i n t e r f a c e ) .  The organic c o n s t i t u e n t s  pyrolyze or oxidi ze ,  
ana are emi t t ed  to the a i r  as carbonaceous s o l i d  p a r t i c l e s  or gaseous 
r eac t ion  p r od uc t s .  The asbes t os  f i b e r s  a r e  pu lve r i zed  into smal l  p a r t i -  
ci.es wnich a r e  crapped in the brake (or c l u t c h )  housing,  or f a l l  to t..e 
road,  or a re  e mi t t ed  to the a i r .  Disc brakes  do not  crap as much as 
drum brakes .  Most of the  a sbes tos  is  hea t ed  to t emperatures  high encugu 
:o cause chemica l  conve r s i on ,  and i s  t h e r e f o r e  crapped or emi t t ed  as 
o l i v i n e  or f o r s c o r i t e  p a r t i c l e s .

When the  l a r g e  number of e x i s t i n g  car s  and t rucks  is cons idered ,  
each with e i g h t  o r  aore  p i e ces  of f r i c t i o n  ma t e r i a l  in the brake system, 
p lus  more i n  eh* c l u t c h  acehanism,  i t  becomes apparent  that  an a i r  p o l l u ­
t i on  prob l e a  may e x i s t .  Considered in ano t he r  l i g h t ,  there a r e  perhaos 
one b i l l i o n  p i e c e s  of f r i e c i o n  ma te r i a l  in ve h i c l e s  in the Uni ted S t a t es ,  
g r adua l l y  be i ng  pyro lyzed  and ground to d u s t .  The brake systems in chi 
veh i c l e s  u t i l i z i n g  chsse f r i c t i o n  m a t e r i a l s  can thus be cons idered as 
chemical  r e a c t o r s ,  each emi t t i n g  organic _nd inorganic compounds, inc lud­
ing asbes tos  and i t s  decomposi t ion p r oduc t s ,  to the atmosphere.  The com- 
poa i t i cn s  of the gaseous and so l id  emiss ions  have not  been wel l  known,
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ur.u the p a r t i c l e  s u e s  and shapes of the s o l i d  emiss ions  nave not :een 
-« . ¿—known. Because of the pos s i b l e  damage which these emissions  tan 
produce in human r e s p i r a t o r y  systems,  i t  is d e s i r a b l e  to i d e n t i f y  ar.c 
q uan t i f y  t he»,  wi th p a r t i c u l a r  r egard  to a s be s to s .  That i s  the purpose 
: f  me program desc r i be d  in t h i s  r e p o r t .

The amount of a sbes t os  emi t t ed  i s  a func t i on  of many va r i a b l e s :  

the number of v e h i c l e s  on the road,  
the number of mi les  dr iven  per  year  by each,  
v e h i c l e  s i z e ,
the number of v e h i c l e s  us ing  manual c l u t c h e s ,
co n d i t i o n s  of d r i v i ng  ( c i t y ,  expressway,  mountain;  
d r i v e r  h a b i t s ,  e t c . ) ,
brake system des i gn ,  and
brake  type (drum or d i s c ) ,
r o t o r  c o n d i t i o n  ( sur face  roughness ,  s c o r i n g ,  c r ack ing ,  
p i t t i n g ,  e t c . ) .
r o t o r  des ign ( e . g . ,  s o l i d  or v e n t i l a t e d  d i s c s ,  f i a n t a  
drums, e t c . ) ,

r o t o r  me ta l l urgy  ( cas t  i ron  or  aluminum;,

volume pe rcen t  o f a s b e s c o s  in the f r i c t i o n  m a t e r i a l ,  and

i n h e r e n t  wear r e s i s t a n c e  of the f r i c t i o n  m a c s r l a l .

In : n l s  program a passenger  car of medium weight ( t e s t  weight :  ¿SCO 
pounos),  produced in high volume, was used.  I t  was equipped with a 
manual t r an s mi s s i on  and c l u t c h ,  v e n t i l a t e d  c a s t  i ron d i s c  brakes  on the 
f ront ,  and s t andard  c a s t  i ron drum brakes  on the r e a r .

a pas senger  car  was s e l e c t e d  f o r  t e s t i n g  because of the fol lowing 
factor«»:

( 1) v e h i c l e  hroxlnfi  cannot be s imulated  r e a l i s d e a d  ly nn 
s m a l l - s c a l e  f r i c t i o n  t e s t -m ach ines  with  the p r e sen t  
s t a t s  of cha a r e ;

( 2) f u l l - s c a l e  brake and c l u t c h  dynamoaattrs  provide fa- -iy 
good s im u l a t i o n ,  and can be uaed fo r  checking out the 
emissions  c o l l e c t i o n  system; s e p a ra t a  cas ta  f o r  brakes 
and c l u t c h e s  would be r e q u i r e d ,  however, thus inc re aa inp  
program c o s t s ,  whertas on tha v e h i c l e ,  d i s c  and drum 
brakes  and c lu tc h e s  can be t e s t e d  s im u l ta n e o u s l y ;

( 3 ) a i r  flow in the dynamometers d i f f e r s  from chat in veh i c l es ,  
and emissions  from drum brakes w i l l  t h e r e f o r e  be d i f f e r e n t  
in  the two c a s e s .
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Three s e r i e s  of t e s t s  were r»a,  us in» "JieTi.i.

s. ■ • »" - * W
. c ̂  £ S imui a t  i on F r i c t i on

Mat e r i a l s S"i<i r ̂

O r i g i n a l OEM1 Disc Fronc Class A organic o:sc
Equipment UEM Druffl Rear

P a r t i a l AM2 Disc Front No m e t a l l i c  c h i p s ;
Re l ine Used OEM Drurn" Discs and drums r.o:

Rea rs turned

3 Fu l l AM Dise Front Oise pads and seconcaries
R e l i n e AM Drum Bear cont a in  brass  c:i;,:s

Discs an-, c rur j ■rice

This s e l e c t i o n  has  sever .n fe . icures .  Ic provides  a r e p l i c a :  ... • one
cas t ,  :hus g i v i nc  an es t imate  of r e p e a t a b i l i t y .  I t  i nc ludes  .1 i.rim.iry/ * 
secondary combinat  ion tn.a: servos  both OEM and a f t e r ma r ke t s .  1: i nc l udes*  
one combinat ion (two m a t e r i a l s )  of widely used OEM m a t e r i a l s .  1: included 
one combinat ion (two ma t e r i a l s )  from one of  the l a r g e r  a f t e rmarke t  suo- 
p i i e r s .  Ic I nc l udes  a se t  of used l i n i n g s  (about 3,000 mi les)  to p.ive 
data on the  emis s i ons  at  var ious  s t ages  of l i n i n g  l i f e .  I t  i n d u c e s  two 
d i f f e r e n t  d i s c  pad m a t e r i a l s  from two of the l a rge r  a f t e r mar ke t  suppl i e r s .  
Five d i f f e r e n t  manufac turer s  were r epresen t ed  in the f r i c t i o n  materia]  
solec t ions .

The c o l l e c t i o n  0 : p a r t i c u l a t e  and gaseous . .missions from any v e d d u  
f r i c t i o n  couple has never be fo re ,  to the au t hor s '  knowledge,been reported 
in the l i t e r a t u r e .  To def ine  the ex t en t  of these emis s i ons ,  a comomation 
s e n a r a t i o r  and s t o r a g e  c o l l e c t i o n  system wua devi sed.  Unique emissions 
c o l l e c t o r s  f o r  both d i sc  and drum b r a ke s , '  and for  a c l u t c n ,  were conce: - c u , 
des igned,  and b u i l t  as the main embodiment of t h i s  i n s t r umen t a t i on .  :-.u 
c o l l e c t o r s  s e p a r a t e d  the wear d e b r i s  i n t o  three  d i f f e r e n t  f r a c t i on s :  a 
sump sample which included the wear d e b r i s  on the l i n i n g  su r f aces ,  m me 
r i v e t  h o l e s ,  and on the brake drum; a s u r f a c e s  sample winch i n d u c e d  
the wear d e b r i s  on the orake and c o i l ac c o r  shroud s u r f a c e s ;  ana .in a i rborne  
sample c o l l e c t e d  on membrane f i l t e r s .

The v e h i c l e  was equipped with  s tandard  brake t e s t  i ns t rumenta t ion.
A f ronc  d i s c  b r s k s  c o l l e c t o r  and a rea r  drum brake c o l l e c t o r  were i n s t a l l é e  
on the  r i g h t  s i d e  of  the v e h i c l e .  The c lu tc h  was s e a l e d  by c los ing me

OEM - O r i g i n a l  Equipment Manufacturers  
2 A.M -  a f t e r ma r ke t
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. . ei  m i t s  cas ing .  The l e f t  wheel brakes  were l e í :  in chei r  -v-r-al 
rj_: i on and were used co moni tor  :he o p e r a t i on  o; che snrouted 

r . <o .  - e a r  deb r i s  was al so caten from che l e f t  brakes;  che arcares  :
• or : s : -• 1 l ee  ¡.ed and ics composición were used co demóns t r a te  c.n«.:
- ,u'  - . -- . -aü; r.g did noc s igni f  ica.ncly a f f e c t  che o p e r a t i on  of the 

t u l . . sa lons  c o l l e c t o r s .

: ü'-'iufcih there a r e  many acc ep t ab l e  o r i g i n a l  equipment manu fa .: . r 5r.  ' 
■ ; r a an.: r r i c c ion m a t e r i a l  t e s t s  f o r  measuring a s p e c i f i c  c a l l e : ' . . : - .  . .

."i.i t ;  an o f  e o 1 l er  c i s , no one t e s t  adequa te ly  matches a r i v : - ;  
u . : tuns ' - inch would he r e p r e s e n t a t i v e  of  a l l  v e h i c l e s .  Consequent ly , ; : 
ueu.i-.u iK". o s> . . i ry to dev i se  a r a t i o n a l  and meaningful  v e h i c l e  t e s t ,  a 
t o t a l  of seven  schedules  were chosen and each was fol lowed by a measuce- 
me.nts procedure  ( take emissions samples ,  measure wear ,  i nspec t  systems,  
end rep lace  worn p a r e s ) .  The f i r s t  t h r ee  schedules  -  Burnish,  After 
durnisn ( A . a . )  b a s e l i n e ,  and D e t r o i t  T r a f f i c  -  Represented low-temperature 
t e s t i n g .  The f i n a l  fou r  schedules  - 10-Stop Fade,  Af t e r  Fade (A.F.) 3ase-  
ii.-.e, 13-Stop Fade,  and Final  üa s e i i *»  - r e p r e s e n t ed  high- tempera ture  and 
obrus ive :«s  c i n g .

The mi l eage  accumulat ions  fo r  each schedule of  each v e h i c l e  t e s t  
v e r i f : rd the pos s i b l e  t e s t  mileage r e p r o d u c i b i l i t y .  A c r i t i c a l  component 
of the f ranc  d i s c  brake c o l l e c t o r  was a unique r o t a t i n g  s e a l .  For :ne 
3130 mi les  c£ t e s t i n g ,  only e i ght  r o t a t i n g  s e a l s  were r equ i r ed  -  an t x -  
c e s t i o n a l  improvement over the a n t i c i p a t e d  need at  the s t a r t  of  the 
procram.

Pr i o r  co v e h i c l e  t e s t  1, a Burnish schedule  was performed and the 
t emperatures  f o r  the r i g h t  f ront  d i sc  brake wer* found to be near  t 00*F. 
The t empera ture  d i f f e r e n c e ,  IT,  between the r i g h t  and l e f t  f r o n t  brakes 
ranged from 200 to 250*F. This was unacc ep t ab l e .  The a d d i t i o n  of several  
thermal c o n t r o l  a ids  leduced the AT to a range of 115 to 160*F. Most imp: 
ant was the r ed uc t i on  of the r i g h t  f r o n t  brake o p e r a t i ng  temperature from 
about d00*“ co about 300*F. The brake shrouding d id  noc p r e s en t  any pro­
blems on hoc days .  During the D e t r o i t  T r a f f i c  T e s t ,  the AT between cne 
f ront  brakes remained between 100 and 140*F '••hile thee f o r  the r ea r  drum 
orake remained between 10 .and 3Q*F.

The r ange  of a s b e s to s  concent in the brake emissions  fo r  vehic le  
t ases  1 and 2 went from a high of 1.65 percen t  co e low of 0.03 percent  
for  the 90 a n a l y s e e ;  only three were above 1.00 p e r c e n t .  The o ve ra l l  
average f o r  v e h i c l e  t e s t  1 was 0.40 percen t  end f o r  v e h i c l e  t e s t  2 was 
0.25 pereenc .  For v e h i c l e  t e s t  3,  the range of esbescoe  concent  was 
from a high o f  0.51 pe rcen t  to e low of 0.003 p e r c e n t .  The o v e r a l l  ave r ­
age was 0.07 p e rc e n t .  In th i s  work, a l l  va lues  fo r  hesvy-ducy (abusive)  
b rak lng-ve re  l e s s  ehan one percen t ,  which i s  s i g n i f i c e n c l y  l e s s  than the 
15 percent  a s b e s to s  concent  repor ted  by Lynch of  the U.S. Public  Health 
Service .

To p r o v id e  e s y s tem a t ic ,  independent  check on the  asbes tos  analyses ,  
the SPA P r o j e c t  O f f i c e r  arranged a second c o n t r a c t  f o r  B a t t a l i a  Columbus 
Labora tor i es  co analyze twenty-four  samples gene ra ted  by Sendix Research
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_abora t cr - . es .  i oh n s - t t an v i l l e  a l so  provided t h r ee  a na l yse s .  The Jcnns-  
“ a n v i l l e  and S a c c e l l e  data  agreed very we l l .  In 19 of the 2<* analyses ,  
the Bendi*—r e s u l t s  were s l i g h t l y  higher  than the cor responding Ba t t e l . «  
r e s u l t s .  The Sendix average was 0.25 p e r c e n t ,  whi le the 3 a t t e l i e  aver -  
a?» was 0 . 1 '  p e r c e n t ,  or  63 pe rcen t  of the Sendix average.  The 3enq;x 
d. :a were expected to be higher  f o r  the fo l lowing  r easons :  a l l  f ibe r s  
found wtre assumed to be c y l i n d e r s  of p -o j ec t ed  diameter  and lenten,  
a f i b e r  w. th  an e l l i p t i c a l  c r o s s  s ec t i on  was a c t u a l l y  «wal ler  in v a i u . - . -  
c.oan r ep o r t e d ;  and a l l  f i b e r s  were assumed to be pure a sbes t o s ,  
oegraoed a s oe s to s  o r  o l i v i n e  f i b e r s  were mechanical ly reduced nc--  
f i b rous  m a t e r i a l  by the other  a n a l y t i c a l  t echn iques ,  so only tne scr- 
a soes tos  f i b r i l s  t h a t  remained were counted) .

Analys i s  of the  gaseous emiss ions  was made d i f f i c u l t  by the 
q u a n t i t i e s  of wa te r  and carbon d iox i de  which by-passed the gas c ono ; :.
; ng t rap  and e n t e r e d  through the r o t a t i n g  s e a l s .  Mosc samples snow«*« 
t r ac e s  of Cj_ to C3 hydrocarbons only as  lower conce n t r â t  ions of higher  
-o l ec u l . i r  weight  gases  could not  be d e t e c t e d .  When the gases  wera 
c e n t r â t : . d from the fade t e s t s ,  C4 to Cg compounds such as butanes ,  ben­
zene,  t o l uene ,  phenol ,  and c r e s o l s  ware de t ec t e d  in the gas  t r aps .  Tne 
cor responding shroud e x t r a c t s  showed Cj.2 to Cjg m a t e r i a l s ,  including

To compare the gene ra t i on  of  a sbes t os  emiss ions  p r ope r l y ,  i t  
found neces sa ry  to c a l c u l a t e  the emiss ions  f a c t o r s  for  each sample m 
micrograms/mi lc  (ug / mi l e ) .  These va lues  were obta ined by mul c i p l ym 
me weight  0: gene ra t ed  brake d e b r i s  by the a p p r op r i a t e  asbes tos  per 
fol lowed by d i v i d i n g  by the mi l e s  per t e s t  schedule .  Thus,  e i t h e r  a 
o:gh a s oe s t o s  c on t e n t  or a l a r g e  sample gave a high f a c t o r .

Tne f o l l owi ng  obse rva t i ons  were made:

• Asbes t os  emiss ions  were h igher  f o r  new f r i c t i o n  sur faces  
and d e c r e a se d  with use .

• I n i t i a l l y  the  drum brake produced more a sbes tos  emiss ions  tnan 
the d i s c  b rake .  The d i f f e r e n c e  decreased as  the ma t e r i a l s  
c on t i nued  to be used.

• Heavy ( abus ive)  duty did  not n e c e s s a r i l y  give a h ighe r  percent  
a s b e s t o s ,  however,  the l a rge  amount of  d e b r i s  produced gave
a s i g n i f i c a n t  r i s e  in  a s b e s to s  em iss ions .

• The o r d e r  of  de c r e s s l n g  a s bes t o s  emiss ions  from brakes  was 
found to  bo:

cardanoi .

Fad* or heavy-duty stops  

Burnish

Moderate braking

fJ> 
tj



•  F o ^  chs d i s c  pads only ,  chere was an Increase in a soes : : s  
emis s i on*  wich inc reased  asbes tos  concent  in the f r i c : ; c n  
m a t e r i a l  (chere was no such trend- f o r  the drum oraice 
m a t e r i a l s ) .

•  Both the f r o n t  d i sc  pads and the drum l i n i ngs  o f  vehic le  
t e s t  3 had wear comparable to t ha t  of  the o t he r  two vehicle  
t e s t s ,  yee the a s b e s t o s  emissions were s i g n i f i c a n t l y  lower.
3oth pads and l i n i n g s  contained b r a s s  chips which may nave 
been in  p a r t  r e s po n s i b l e  fo r  the more complete convers:: .-.  
of  the a sbes tos  in the brake emis s i ons ,  pos s i b l y  because
of beccsr  hea t  t r a n s f e r  to the a s be s to s .

• “ or  both d i sc  and drum brakes ,  the su r f aces  s*n.ple was 
the l a r g e s t  of  the t h r ee  (-v92 p e r c e n t ) ,  the sump sample 
was next  ("'•7 p e r c e n t ) ,  and the a i r b o r n e  sample was c.-.e 
s m a l l e s t  (^1 p e r c e n t ; .

Two s e r i e s  of  weight ing f a c t o r s  were developed.  The d i s t r i b u t i o n  
weight ing f a c t o r s  wart  c a l c u l a t e d  from the m a t e r i a l  r e c o v e r i e s  in the 
shrouded and unshrouded brakes  as i nd i ca t ed  e e r l i e r .  Es t imates  were made 
f o r  both d i s c  and drum brcxes from the t e se  v e h i c l e  fo r  the amounts u£ 4
the  d i f f e r e n t  samples d i s t r i b u t e d  from the b r akes .  These es t i mat es  were 
made f o r  the Burnish schedule ,  f o r  the end of  a complect  v e h i c l e  t e s t ,  
and f o r  the end of  a l l  t hree  v e h i c l e  t e s t s .  For the drum brake,  es t imates  
were made up to 40,000 mi les .  The s e v e r i t y  weight ing f a c t o r s  were . a i -  
cul aced from the percentage-  of  d i f f e r e n t  brak ing  modes: for  new versus 
burn i shed  f r i c t i o n  m a t e r i a l s ,  f o r  severe  (or  abus ive)  v e r s u s  moderate 
b r ak i ng ,  and f o r  the r enewal"of  f r i c t i o n  s u r f a c e s  (A.F. Base l i ne ) .

The t o t a l  a s bes t o s  emiss ions  es t imate  f o r  the t e s t  v e h i c l e  was 
c a l c u l a t e d  from the asbes tos  emiss ions  f a c t o r s  and the s e v e r i t y  weighting 
f a c t o r s .  The average  asbes t os  emissions f a c t o r  for  the d i s c  brakes,  drum 
b r ak e s ,  and c l u t c h  were used a long  wi th tha Burnish (new s u r f a c e s ) ,  A. 's. 
Base l i ne  ( s u r f a c e  p r e p a r a t i o n ) ,  De t r o i t  T r a f f i c  (moderate c rak ing) ,  10- 
Scop Fade ( s e v e r e  braking)  and A. F. Base l ine  ( sur f ace  renewal )  weight ing 
f a c t o r s .  The va l ue  obta ined f o r  the t e s t  v e h i c l e  was 28.21 ug/mile.

The f a c e  o f  the a s be s to s  emissions was c a l cu l a t e d  wi t h  the use of 
the  d i s t r i b u t i o n  v e i gh r l ng  f a c t o r s  t s  fo l l ows :

Road Drop-out 81. 9Z
Airborne:  3.7Z
Brake R eeeaclon: 14 . 4Z
Tha annual to ta l  as bes t o s  emissions  e s t i ma t e  f o r  96,400,000 pass­

enger  v e h ic le s  tr a v a il in g  an ave rag t  of  9,978 mi les  per year  was found 
to be 60,400 pounds, d i s t r i b u t e d  es fol lows:

Road Drop-out : 49,470 lbs

Ai rborne: 2,230 lbs

Brake R e t e n t i on : 8,700 lbs

60,400 lbs



The annua l  t o t a l  asbes to  
: t r u c k s  (,«r.d b u s e s ) ,  and

s m i s s i o n s  e s t i ma t e s  for  L ign: 
heavy t rucks  were fauns to 5c:

L i gh t  t rucks 22,300 Lbs

Medium t rucks  
(and buses) I f ' , 300 Lbs

Heavy t rucks 22,900 Lbs

81,500 Lbs

a t r i b u t i o n  of 
a t ed  to be as

the t o t a l  
foi lows :

a s b e s t o s  emissions es t i mat e  for c -■*.

Rood Drop-Out 3 7.9%

Ai ro o m e : 2.9%

Brake Retent ion: 9.2%

“ he e s t i ma t ed  a s be r to s  «miss ions  for  a l l  v e h i c l e s  in pour.u». -.-».ir 
.s summarized as fo l l ows :

To t a l  Asbestos 
Emissions (Lbs)

Di sc r
Drop-Out

ibucion (IbsJ 
Airborne Rutvr.ii

Passenger  Cars 60,400 ¿9,470 2,230 3 ■
Light Trucks 32,100 28,420 940

“.■»cium Trucks  (and 
buses ) L6.200 14,330 170 ; ( ^

Heavy-Trucks 32,900 28,920 9 50 ; - ' - -
".isce L Laneous 

( n o t o r c y c l e s , 
t r a i l e r s ,  e t c . ) L6.300 14,-330 4 70 . , Vvu

L 5 S ,2 00 135,470 5,060 1 7, 7 v

D i s t r i b u t i o n  by
pe r ce n t : 85.62 3.2% 11. 2'"

These e s t i m a t e s  e r a  cons idered  to be maximum v a l ues

* • /



2 .2 .2  Unpubl ished Daca

Ac the el se  of w r i t i n g  of chi s  r epor t ,  t he r e  were reo 
i'.r.O'.'ii works which had been completed or  were in p rogre s s .  The anc..-; 
of brake weTr d e b r i s  and íes composición ver*' determined on a fu i l - o rcke  
. n e r t i a l  dynamometer using a duo-servo drum brake in 1968—69. 
determina-cien of the amount of a sbes tos  in a i rborne  brake debr i s  samp Leo 
downwind of a d i s c  brake i n s t a l l e d  on an i n e r c i a l  dynamometer was m 
p r o g r e s s . (2-3) The de t e rmina t ion  of a sbes tos  content  in a i rborne  oraka 
c e o r i s  sampled downwind of vehic le-mounted d i a c  and drum brakes  va.s a l so 
in p rogress  . **- '

2.3 background

2 . 3 .1  Cr.ergy Absorpt ion bv F r i c t i on  Mater i a l s

2 . 3 . 1 . 1  3rakes
During a s top ,  the automobi le brake conve r t s  the k i n e t i c  

energy of the moving vehic le  inco hea t ,  absorbs  cha h e a t ,  and gradual .v 
d i s s i p a t e s  i t  to the  atmosphere.  The s l i d i n g  f r i c t i o n  couple  in the 
brake cons i s t s  of  a c a s t - i r o n  r o t o r  (drum or  d i sc)  and a s t a t o r  on winch 
.s mounted a f r i c t i o n  ma te r i a l  or l i n i n g  cons i s  t ing of a s bes t o s  f i b e r ,  
p roper ty  m c c i f i e r s ,  and an o rgan i c  r es in  b i nde r .  Lining i s  coi .<ideree 
expandable .  Over a long per iod of time and many miles of s e r v i c e ,  muen 
■j  : i t  is conver ted to dust  and gases .  Smal ler  amounts of the  ro tor  are 
a l so  conver ted to wear de b r i s .  P a r t i c u l a t e  debr i s  i s  p a r t i a l . ; /  r e t a i n e d  
and p a r t i a l l y  e m i t t e d  from tne veh i c l e  in normal s e r v i c e .

2 . 3 . 1.2 Clutches
The “ manual" automobi le  c l u t ch  t r a n s f e r s  t he  k i ne t i c  

energy of the eng i ne s  r o t a t i n g  c r anksha f t  smoothly to the  t ransmiss ion 
and wheels .  Any s l i p p a g e  r e s u l t s  in gen e r a t i o n  of h e a t ,  which is au- 
sorbed and e v e n t u a l l y  d i s s i p a t e d  to the atmosphere by the c lu tch .  T'-'u.-. 
the c l u t ch  is b a s i c a l l y  a d ry - runn i ng  s t a t i c  f r i c t i o n  cwuple (which 
s l i d e s  momentari ly dur ing gear  s h i f t s ) .  The macing m a t e r i a l s  are usual  T. 
c a s t - i r o n  or s t e e l  and a f r i c t i o n  ma t e r i a l  or  l i n ing  which i s  f requent ly  
organic-bound.  Organic-bound f r i e t i o n  m a t e r i a l s  c o n s i s t  of asbestos 
f i b e r  r e i n f o r c emenc , proper ty  mo d i f i e r s ,  and ar  organic r e s i n  binder .
The composi t ion i s  q u a l i t a t i v e l y  s i m i l a r  to chat  of brake l i n ings .
C l u t c h  l i n i ngs  are e lso  expendable ,  g r adua l l y  wearing away in use. The 
wear d e b r i s  can éseape from manual c l u t c h e s .  Uear d e b r i s  from f r i c t i o n  
m a t e r i a l s  in autom atic t r ans mi s s i ons  i s  reta ined  almost  completely i~ 
rhe t r ansmi s s i on  f lu id .
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2 . 3 . 2  Composi t ions of F r i c t i on  Ma t e r i a l s

2 . 3 . 2 . 1 *  General ized C' . a s s i f i c ac i ons

/  ̂ __ Table 2-1 g ives  t y p i c a l  composi t ions  of drum l ining,  c i s :
p a d , ' • “ ! )  and c l u t c h  facing f r i c t i o n  m a t e r i a l s .  The foundat ion,  or major 
c o n s t i t u e n t ,  of p r a c t i c a l l y  a l l  organic  f r i c t i o n  ma te r i a l s  is asoestos 
f i b e r ,  Asbestos  i s  chosen because of i t s  the rmal  s t a b i l i t y ,  i t s  relative.-. -  
mgn f r i c t i o n  l e v e l ,  and i t s  r e i n f o r c i n g  p r o p e r t i e s .  Since asbestos alone 
does not  o f f e r  a l l  of the d es i r ed  f r i c t i o n  p r o p e r t i e s ,  o t he r  mater i a l s  
c a l l e d  f r i c t i o n  modi f i e r s  are added.  Modi f i e rs  are va r i e d  in type and 
content  to provide  des i r ed  l eve l s  of e f f e c t i v e n e s s ,  v ee r ,  fade,  r ecover / ,  
and n o i s e .  A r e s i n  binder  i s  a l so  added to hold the ocher  mater ia l s  
t o g e t h e r  w i t h  adequate  s t r e n g t h .

2 . 3. 2.2 Asbestos
The asbestos  usua l l y  used in  f r i c t i o n  ma t e r i a l s  is chry- 

s a c i l a  from Quebec or  Vermont. Chrysoc l l e ,  the  p r i n c i p a l  mineral c: the 
s e r p e n t i n e  group,  has Che approximate composi t ion formula

!!*3(Si20.)(CH)6 or 3MgQ.2Si02-2H20

Table 2-1 -  Composit ion of Typica l  Automotive F r i c t i o n  Mater ials  
(Volume Percent )

• 1 -  .  T 4 • O n e  * t < i C l - t . - ,  ' a - . - a .

T r i i e f » b f c a n f i g r y
C i i l !  <4

* < i n * 4 r i

c : « j «  i

H i i v y O w t v
• l i n e a r « " r  J  ,  •  J  .  :

* f » i *  S . - i t r 2 0 - ) C 2 5 -  > 1 1 1 - 2 2 u - i i 2 0 - 1 0 . , - . i

*  * . m ;  ¿ e  :  n  { „ r  

r  ' « «  i  i  n r *

; j  i  r 4  J O f " t  ¡ ¿ r ■4 j o r u j w r .1 ; w t

• ; .  t  ; a n  O h t l 1 0 -  1 s 5 - 1 1 2 0 - 2 1 . 0 - 1 1

t .  *  1 1  u r n *  r 1 - 1 1 o « 0 - 1 0

C a r a u n i / C r a p l t l t « * 1 - 2 2 - 1 »

t i n «  C M M 1 - 2

O i i 0 - 1 2 - i 0 - 3 0 - 1

C s * f « r / l r u s 0 - 1 1 - 1 0 0 - 1 i  -  1 C

. ' H i t .  ¡ A « r | « a i ( < 1 - 1 0 0 - 1 1 - 1 1 1 -  1 0 S - l u *

S u l f u r 2 - 1 : • *

•%
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Figure  2-1 -  Schemacic S t r uc t u r a  of  Chr yso t i l «  Asbestos
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Figur« 2-2 -  DTA and ICA Thenaograo« fo r  Chrysoc l lc  Asocíeos 
(Bendix Daca)



t r a n s m is s io n  v e h i c l e s .  Phenolic-bound brake  l i n i n g  composit ions c c n t a m -  
ing  asbes tos  s e rv e  se one of che bese c l a s s e s  of l w - c o s e  expencao Le 
members of che f r i e c i o n  couple for a l l - a r o u n d  performance ,  a: loo ere r e ­
a b s o r c i ó n  r a c e s ,  che cemperacure of che f r i c c i ó n  m a t e r i a l ,  app r-xi.r.aca -y 
¿O mils from cha i n c e r f a c e ,  aay r i s e  ro 3Q0*F; che in c e r f a c e  i : s e l :  :s 
hoccer.  Mosc of  che heac i s  removed from che i n c e r f a c e  by convecc i ón  
and conducción. (2-10) At high energy absorpeion  r a c e s ,  heac i s  g e n e r a r e :  
f a s c e r  rhan ic  can be d i s s ip a c e d  and che cemperacure ac che s l i d i n g  ; . - : e r -  
faue reaches a poinc where chemical r e a c t io n s  occur r a p id ly .  Sur f ace 
tempera tures  up to  1600*F have been observed  or c a l c u l a t e d ;  the o r e s e n c e  
o f  o l iv in e  in Che wear d e b r i s  confirms chat  such cemper a c u r e s  nave seen 
re acned.

2 . 3 . 3 . 2  P h y s ic a l  and Chemical Changes in  L in ings  During Use
Figure 2-4  i l l u s t r a t e s  che heterogenous nature  of a 

t y p i c a l  f r i c t i o n  m a t e r i a l  composed of che fol lowing in g r e d i e n t s :  p h e n o l : :  
b inde r  (30 volume p e r c e n t ) ,  asbestos f i b e r  (55 volume p e rc e n t ) ,  and easnaw 
f r i c t i o n  m o d i f ie r  (15 volume pe rce n t ) .

As a r e s u l t  of the energy conversion ac the s c a c o r - ro to r  
I n c e r f a c e ,  che com posi t ion  of the brake- l i n i n g  su r f a c e  i s  a l t e r e d ,  a: 
low s e rv ic e  t e m p e r a t u r e s ,  the phenolic  r e s i n  and o rg an ic  f r i c t i o n  modi- 4 
f i e r  converc ,  on the  s u r f a c e ,  to composit ions  with  s l i g h t l y  h ighe r  c a r h o p  
oxygen r a t i o s .  At somewhat higher use t e m p era tu re s ,  the res in  and or­
ganic f r i c t i o n  m o d i f i e r  conver t  to carbon more r e a d i l y ,  and th i s  in turn 
ox id ize s  to carbon  d i o x i d e .  Ac the same t ime,  the a s b es to s  wear,  away 
s o re  r ap id ly  because of th e  reduced b in d e r  s t r e n g t h  and volume a :  the 
s u r f a c e .  Figure 2-5 i s  a photomicrograph of t y p i c a l  wear debris  c o l l e c t e d  

1 from 3endix Research L a b o ra to r i e s '  dynamometer, ope ra ted  ac 6Q0*F. Asbesccs
f i b e r s  are p r e v a l e n t  in  s e v e r a l  of che wear deb r i s  . .»ar t icles.  Figure 2-6 
i s  a phot ograph of Che improved wear d e b r i s  c o l l e c t o r  designed and b u i l t  
f o r  f r i c t i o n  and wear r e s e a r c h . (2-11) At s t i l l  h ighe r  tempera tures ,  the 
asbes tos  conver t s  from i t s  f ibrous form t o  an o l i v in e  powder w i t h  l i c c l e  
or  no r e i n f o r c i n g  v e lu c .  Figure 2-7 shows the f r i c t i o n a l - h e a c - a f f e c c e a  
l a y e r  of l i n i n g  which had experienced more chan 10 success ive  scoi>s from 
100 mph w i th o u t  s u f f i c i e n t  cooling between s c o p s . (2-12) ( a U rge  p i e c e  
of m a te r i a l  i s  about  to  s e p a r a t e  from t h i s  s l i d i n g  i n c e r f a c e  -  an example 
of macroshear w ear ,  d e s c r ib e d  la c e r . )

When heac i s  generated ac the s l i d i n g  Incer face  oecveen 
s t a t o r  and r o t o r  much f a s t e r  chan lc  can be d i s s i p a t e d ,  che cemperacure 
r i s e s  sad M y  r e e c h  e p o i n t  where the l i n i n g  or  pad eomponencs decompose ,  
o x i d i s e ,  or  « e l e .  The s c a c o r  m a te r ia l  then  wears r a p id l y  and che f r i c ­
t i o n  c o e f f i c i e n t ,  u,  may decrease .  This i s  f ads .  Fide has been a t t r i ­
bute d  by so m  t o  e v o l u t i o n  of  gas at  the s l i d i n g  I n c e r f a c e ;  on h e a t in g ,  
che gas expends snd e x e r t s  * 'o rce  on th e  l i n i n g  or  pad,  tending co 
push i t  sway from th e  r o t o r . ' > 1 3 )  Fade can g en e ra l ly  be asc r ibed  co the 
formation,  of  a gaseous ,  a l i q u i d ,  or a l o w - f r i c t i o n  s o . i d  phase ac the 
i n t e r f a c e ,  o r  t o  s o m  combination of chase phenomena. Figure 2-8
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Figur« 2 -7  -  Photomicrograph of Croa« S ectio n  of F r ic tio n  Maearial 
T u t  Speclaaa A fter Mora Than 10 Succeaalva Scop» from 
100 nph on Bandix Full-Brake Dynaaoaaear
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summarizes c h t  p h y s i c a l  and cnemical  changes which ccke p i ace  ir. :r.e 
f r i c t i o n  m a t e r i a l  as the t emperature  r i s e s . (2-14) Figure 2-9 summarizes 
che phys i ca l  and chemical  changes which take p i ace  in the casc-irc.n : c ; : r  
as che t empera t ur e  r i s e s .

2 . 3 .1  Brake Lining Uear Mechanisms and Generat ion of Emissions

2 . 3 . - . 1  Types of Wear Mechanisms

Emissions are generated by wear .  To the consumer, -.'ear 
1: an economic c o n s i d e r a t i o n .  To the e n v i r o n m e n t a l i s t , t hese  emissions 
a r e  s ubs t ances  to be c h a r a c t e r i z e d  and,  i f  harmful ,  to be e l imi na t ed .

From the ba s i c  f r i c t i o n  m a t e r i a l  e n g i ne e r in g  s t andpoi n t ,  
wear r e s i s t a n c e  i s  i nve r s e l y  r e l a t e d  to f r i c t i o n  l e v e l  and other  d e s i r ­
ab l e  per formance c h a r a c t e r i s t i c s .  Linings wi th f a s t e r  wear ra t e  and 
more f r eq u e n t  s u r f a c e  renewal  genera l l v  have g r e a t e r  f r i c t i o n a l  s t a ­
b i l i t y .  This c i r cums tance  i s  used to  advantage in the development of 
pr imary- type  l i n i n g s  for  duo-servo brakes ,  where,  because of design,  
che s t a b i l i t y  of  f r i c t i o n a l  p r o p e r t i e s  i s  o-f g r e a t e r  s i g n i f i c a n c e  to 
brake per formance chan is  wear r e s i s t a n c e ;  use of pr imary i m m g s  wi th 
coo much wear  r e s i s t a n c e  r e s u l t s  in poor face r e s i s t a n c e ,  less  f r i c ­
t i o n a l  s t a b i l i t y ,  and ge ne r a l l y  poor o v e r a l l

Except  in the case of pr imary l i n i n g s ,  however,  one of 
the f o r m u l a t o r ' s  o b j e c t i v e s  must be to achi eve  the h i g h e s t  pos s i b l e  
l eve l  of wear  r e s i s t a n c e .  Contrary to che opin i on  of some, maximum 
l i f e  does n o t  r e q u i r e  a f r i c t i o n  ma t e r i e l  of maximum p h y s i c a l  hardness .  
What i s  d e s i r a b l e  i s  a minimum wear r a t e  in normal  low- temperature use,  
a moderately i n c r e a s e d  r a t e  a t  e l eva t ed  t e mpera t u r e s ,  and a r e turn  to 
che o r i g i n a l  lov-cemperacure  wear races  a f t e r  being s ub j e c t e d  to e l e ­
vated t e m p e r a t u r e s .

To t a l  emiss ions  genera t ion may be def ined as the sum to t a l  
of the l o s s e s  a s s o c i a t e d  wi th f ive  bas i c  types  of w e a r . (2-15)

•  a b r as i v e  wear ,
e thermal  wear ,

e adhaalva  wear ,

•  f a t i g u e  wear ,  and

•  macroshear  wear

As shown i n  Table  2 -2 ,  there  a r e  s e ve r a l  p o s s i b l e  mechanisms for  each 
type of  wear .

2 . 3 . 4 . 1 . 1  Thermal Wear
Thermal wear encompasses a group of p h y s i c a l  and chemi­

ca l  r e a c t i o n s  i n  che course of  which i n t e r a t omi c  bonds a r e  broken by ther ­
mal energy.  These r e a c t i o n s  Include p y r o l y s i s  ( t hermal  decomposi t ion) ,
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Table 2-2 -  Wear Mechanisms in Fr icc ión  M a te r i a l s

THERMAL WEAR ADHESIVE WEAR

PYROLYSIS
OXIDATION
THERMOPARTI CULATI ON-
MELTING
EVAPORATION
SUBLIMATION
EXPLOSION

ORCANIC MATERIAL ADHESION- 
BINDER
FRICTION DUST 
RUBBER

INORGANIC MATERIAL ADHESION 
METAL PARTICLES 
ICE

ABRASIVE WEAR FATIGUE WEAR
TWO-BODY 

ASPERITIES 
SCORING 
CRACK EDGES 
PIT EDGES 

THREE-BODY 
WEAR DEBRIS 
ROAD DUST

THERMAL 
CYCLINC 
SHOCK 

MECHANICAL 
REPEATED BRAKINC 
DRUMS OUT OF ROUNO 
DISCS OUT OF PARALLEL

MACRO-SHEAR WEAR

- ACROSS THE PAD 
AT CORNERS AND EOCES 
THROUGH HEAT-AFFECTED LAYERS

ox id ación , ch eraop irc lcu lac lon , ex p lo s io n , m alting, evap oration , and 
sublim ation . Their races in crea se  exp on en tia lly  with t enqperature , and 
in  extrema caaes they resu lt in  fade.

P yrolysis probably occurs predominantly at the cente r s  
of lin in g s  and pads and to a la s se r  ex ten t at the corners and edges.  
O xidation , on the other hand, probably predominates at the corners  and 
edges end i s  la s s  ssvara at th s cantar. Explosive rea c tio n s  occur 
under h igh ly  abusive braking c o n d itio n s , where ths r a ts  of heat input  
i s  so high Chse s o lid s  ere converted to  gases w ell beneath the s u r f a c e ;  
because thaaa g s s s s  are greater in volume then the s o lid s  ehey dispLacc,  
they ereato  a  pressure that ruptures the lin in g  in an ex p lo s iv e  manner.  
Four such rea c tio n s  are represented in  Figure 2-10.

It eight be chough.: that rapid thermal wear occurs on 1% 
at high soak tem peratures.* In  fa c t , however, thermal wear probably

Soak tem peratures are temperatures measured during dynamometer or vehicle  
te s t in g , u sin g  a thermocouple located  in  the f r ic t io n  m aterial cr in t¡'.e 
rotor, g en era lly  at a d istan ce of 20 to  SO m ils from the s l id in g  inter:.:ce



0  CaC03 <») “*CjO Ul * C02 («) *
0  CASHEW OUST (*) -COj («» ♦ HjO («1 ♦ C (i)
( 0  ASBESTOS-HjO («1 ♦ OLIVINE (»J ♦ ASBESTOS FIBRILS fi» IS): SOUO 
0  PHENOLIC RESIN ~C02 (»)<• HjO («)♦ C !i> lGI: GAS

•THE BRASS CHIP CONOUCTS HEAT RAPIDLY INTO 
THE FRICTION-MATERIAL SURFACE.

F ig u re  2-10 -  Mechanism of Explosive Thermal U«ar

occurs at a p p r e c i a b l e  races  ac low soak tempera tu res  as w e l l .  I :  has 
been she»n t h a t  t h e  m a t e r i a l s  in a s l i d i n g  f r i c t i o n  couple con tac t  each 
o t h e r  at  the tops  of a s p e r i t i e s  on t h e i r  s u r f a c e s .  There i s  c o n s id e r ­
ab le  evidence to  i n d i c a t e  t h a t  t i e  tempera ture  i n c r e a s e  at these  a s n e r l -

.es for  low s l i d i n g  speeds i s  r ep re sen ted  by the e ^ u a t i o n ^ " ^ ’ 2-1

T -  Tq ■ (guvw / ia J ) ( 1 / (k j  + k j ) J

where

T i s  t h e  " < 1 « ^  t e s t e r  a ture

T is  the soak temperature0
g i s  t h e  a c c e l e r a t i o n  due to g r a v i ty  

u i s  th e  c o e f f i c i e n t  of  f r l e r l o n  

v i s  the  s l i d i n g  v e l o c i t y  

w i s  the  load  os t h e  a s p e r i t y
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a i s  the r ad ius  of che a s p e r i t y  j u n c t i o n

J i s  the mechanical  equ i va l en t  of heat

k. i s  the thermal  c onduc t i v i t y  of the d i s c

<2 i -  the thermal  c onduc t i v i t y  of the s l i d e r

. '•' .edifications of t h i s  equa t i on  have a l so  been developed for  high s l i d i n g  
speeds.  Exper iments  i n d i c a t e  chat  the f l a sh  t empera ture  nay be as high 
-s U0G*F ( 760’ C) i f  the  soak te i^sera ture i s  650*F ( 3 4 3 * 0 .  This f lash 
temperature i s  high enough to cause rapid l o c a l i s e d  p y r o l y s i s  of the 
organic  compounds used in  f r i c t i o n  m e t e r í a i s ,  as v e i l  as convers ion o: 
f ib rous  asbes t os  to p w d e r y  o l i v i n e  and t r ans formac ión  of p c a r l i t e  to 
ma r t ens i t e  in t he  c a s t - i r o n  mating su r f ace .

2 . 2 . 4 . 1 . ?  Abras ive Wear
Aoraaive  wear i s  of two types :  cuo-body wear (Fig­

ura 2— LI) and cht ee-body wear (Figure 2 -12) .  Plowing by a s p e r i t i e s  on 
the ro tor  s u r f a c e  and plowing by edges in  rough-machined,  scored ,  cracked,  
or  c-orroced ( p i t t e d )  r o t o r s  are examples of two-body wear.  Cr inding by 
■-•ear debr i s  and by fo r e ign  p a r t i c l e s  such as sand,  c l ay ,  mud, or  s a l t  
i:i the s l i d i n g  i n t e r f a c e  i s  three-body wear.

Abrasive wear would be expected to i nc r e a se  wi th tem­
p er a t u r e .  I t  i n c r e a s e s  a l s o  wi th the  braking  load and with the concen­
t r a t i o n ,  s i z e ,  and hardness  of fore ign  p a r t i c l e s .  I t  may be accompanied 

< by nega t ive  f ade .
Figure 2-13 i s  a Sendix scanning e l e c t r o n  photomicro­

graph of a dynamometer - t es t ed  f r i c t i o n  m a t e r i a l  showing the a b r a s i ve  wear 
t r ac ks  on toe s u r f a c e .  Severa l  adherent  wear deb r i s  p a r t i c l e s  are  
s i m i l a r  in s i z e  t o  che vea r  t r ack  widths .

2 . 3 . 1 . 1 . 3  Adhesive Wear
Adhesive wear,  i l l u s t r a t e d  In Figure 2-14,  i nvol ve :  the 

adhesion of o r g a n i c  and / o r  inorgan i c  ma t e r i a l s  to the r o t o r  and the sub- 
sequen.  t e a r i n g  o r  s e p a r a t i o n  of c h t s s  macar í a i s  from the Lining or pad.

Organic c o n s t i t u e n t s  of f r i c t i o n  ma t e r i a l s  i nc lude  the 
b in d e r ,  f r i c t i o n  mo d i f i e r s  end e l a s t omer i c  compounds. Inorganic  c o n s t i ­
t u e n t s  inc lude  s i n e  powder ,  b r a s s  ch i ps ,  and a s b e s t o s .  L i t t l e  i s  known 
about  the tendency of  ehese ma t e r i a l s  to adhere to  the cas t  i ron  u«.ed 
in  today ' s  drusa  end d i s c s ,  chough exper i ence  wi th hoc e l a s t ome r i c  com­
pounds sugges t s  t h a t  e l a s t omer s  are  very l i k e l y  to s t i c k .  Experiments  
a t  Bcndlx Research L a b o r a t o r i e s  i n d i c i e s  thee b r a s s  chips  w i l l  a l l oy  
wi th c e r t a i n  nonfe r roue  r o t o r  a l l o y s . (2-18) y^€n Chi* occur s ,  metal  
is t r a n s f e r r e d  f r o a  the r o t o r  to the l i n i n g ,  s co r i ng  the  s u r f ace  of the 
•acor and in c u m  s u b j e c t i n g  ths  l i n i n g  to  a high r a t e  of cv»*boay abra-  

v* wear.
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•  Adhesive wear probably i n c r e a s e s  wi th temperature,  
b r a c i n g  load,  and che c onc e n t r a t i on  of adhcrenc eompontnes in :he f r i c t i c r .  
m a c e r i a l .  I t  i s  a l so  eaused by ch< presence i n  che f r i c c i ó n  mater i a l  
of meta l  p a r t i c l e s  capable of s o l u t i on  in or  reacc ión  wi th the ro to r  
a l l o y ,  i n c r e a s i n g  wi th the s i z e  and concen t r ac i ón  of such p a r t i c l e s .  
Because t h i s  t ype  of wear can cause s t i c k - s l i p ,  l c  may be assoc i a t ed  
wi th brake  n o i s e .

2 . 3 .  A. 1 . 4  Fat igue Wear
Fat igue wear (Figure 2-13) I s  most commonly observed 

i n  meta l  b e a r i n g s .  However, i c  may a l so  be exper i enced  by organic f r i c ­
t i on  m a t e r i a l s ,  occur r i ng  in cwo forms, t hermal  and mecnantcai .

Thermal f a t i g u e  is caused by repeeced hea t ing  and 
coo l i ng .  Such repea t ed  t emperature changes lnposc c y c l i c  s t r e s s e s  on 
the s u r f a c e  m a t e r i a l ,  which heacs  and cool s  more r ap i d l y  than the bulk 
m a t e r i a l  and chus expands and con t r a c t s  to a g r e a t e r  e x t e n t .  Because 
of t h e i r  low the rmal  c o n d u c t i v i t i e s ,  the t he rmal  g r ad i e n t s  and r e s u l t a n t  
thermal  s t r e s s e s  In organic f r i c t i o n  m a t e r i a l s  may he h igher  than those 
in me t a l s .

Thermal-shock cracking may be thought  of as a s p e c i a l  
case of thermal  f a t i gu e ,  o c c u r r i ng  as a r e s u l t  of a s i n g l e  abusive 
loading.

Mechanical  f a t i gue  is caused by repea ted  mecnamcal  
s t r e s s i n g .  Because of the frequency of b rake  use,  f r i c t i o n  mate r i a l s  
are s u b j e c t e d  r epea t ed l y  to both compression and shear  fo rces .  Addi­
t i o n a l  s t r e s s e s  are al so app l i ed  r epea tedly i f  drums are o u t - o f - r ou nd , 
i f  d i s c s  are o u t - o f - p a r a l l e l ,  or  i f  r o t o r  t h i ck n e s s  i s  not  uniform.

Figure 2-13 shows the i n i t i a t i o n  of f a t i gue  wear arcunc 
the l a rge  castiew p a r t i c l e .  This  mater i a l  s we l l s  when heated and thus 
the s u r f a c e  w e a r s .  Af ter  c o o l i n g ,  the p a r t i c l e  c o n t r a c t s ,  cracks ,  and 
p u l l s  away from the edges,  Jhen the p a r t i c l e  i s  completely loose,  i t  
can f a l l  out .

2 . 3 .  A.1 . 5  Macroshear Wear
Three types of mate r i e l  remove1 f a l l  in the category of 

macrosnear  w e a r ,  which i s  i l l u s t r a t e d  in F igure  2-16.
A f r a c t u r e ,  i n  shear ,  may occur  across  the e n t i r e  brake 

pad under  e x t r e a e l y  heavy l oad ing ,  e s p e c i a l l y  i f  the f r i c t i o n  ma t e r i a l  bar. 
p r ev i o u s l y  bean weakened by h e s t .  This i s  a sudden r a t h e r  than a gradual  
type o f  yea r .

Frac ture  a t  the edges and c o m e r s  of  a piece of f r i c t i o n  
m a t e r i a l  i s  a n o t h e r  type of macroshear wear .  Oxidat ion of organic com­
ponent s  weakens t he  f r i c t i o n  ma t e r i a l  at  t h e se  l o c a t i o ns .
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Figur* 2-15 -  Mechanism of Fat igue Wear
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Fracture at  che edges and corners of  a piece of f n o ­
t i on  j i t e r i a l  i s  another  type of macroshear  wear.  Oxida t ion  of orsjar. : 
components weakens the f r i c t i o n  ma t e r i a l  a t  these l o c a t i o n s .

A t h i rd  type of macroshear  wear can occur  when a f r i t -  
cion m a t e r i a l  such as chat shown in Figure  2-15 is s u b j e c t e d  to heavy 
’ lading fo l l owi ng  thermal abuse .  The heae - a f f e c t e d  l a y e r  in die mater ia l  
p i c t u r e d  i s  about  100 mils deep ,  and from t h i s  layer  o rgan ic  ma t e r i a l  
has been removed by py r o l y s i s .  I f  s u f f i c i e n t l y  weakened,  such a l ayer  
can be sheared away by a s i n g l e ,  heavy brake  a p p l i c a t i o n .

Whatever the mechanism, macroshuar wear  is  promoted by 
. lonuniform l o a d i n g  and by o x i d a t i o n  and charmai  d e g r ad a t i o n  of the 
b i n d e r .  I t  Is  most l i ke l y  to occur a t  e l avaced t empera t ur as  and under 
severe  b r ak i ng  c o n d i t i o n s .  I t s  end produc t s  are t y p i c a l l y  Large f r a g ­
ments of .  f r i c t i o n  ma t e r i a l  chat  leave the  sur f ace  rough.  These f r ag ­
ments s u b j e c t  the  remaining f r i c t i o n  m a t e r i a l  to plowing or  abras ive  
wear ,  and whi l e  they are p r e s e n t  in the i n t e r f a c e ,  f r i c t i o n  behaviour  
w i l l  be e r r a t i c .

2 . j .4 .2 Predominant Wear Mechanisms
The predominant  wear or  e m i s t l o n s - g e n e r a t i o n  mechanisms 

may be summarised simply (Figure  2 - 1 7 ) : C2—19j

•  Below 450*7:
Abrasive and adhes ive  wear.

•  Above 450*F:
Thermal wear.

Figure 2-13 i l l u s t r a t e s  the wear  loss of t h r ee  d i f f e r e n t  kinds o: f r i c ­
t i on  m a t e r i a l s  as a funct ion of t empera t ur e ,  i l l u s t r a t i n g  these predomi­
nant  wear mechanisms.

2 . 3 . 4 . 3  Wear Equation
Recent  work a t  Bendlx Research Labora tor i e s  has indi ca ted  

t ha t  each f r i c t i o n  mater i a l  wears accord ing  to a u n i v e r s a l  wear equa­
t i on  . ( 2- 20)

a b c ¿W •  k • p • V • c

or

l og  (AW) ■ log k * a log P ♦ b log V + c log c

2-21
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Figure 2-17 -  Predominant  ' Jeer Mechanisms of F r i e s i a n  Mat e r i a l s

MMMU MU

Figure 2-18  -  V a r ia t ion  of F r i c t io n  M ater ia l  Wear with  Temperature
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wittre

i'.v t s  the  weigh:  l o s t  

k i s  che wear f ac t o r  

<■ i s  che load

i s  the  s l i d i n g  ve l oc i cy  

c i s  Che cime of s l i d i n g ,  and

a , b , c  are  conscancs c h a r a c t e r i s t i c  of a given f r i c c i o n  c . r -n.e.

Uhen furcher  developei  , t i l l s  equat ion w i l l  be u s c f . .  
p r e d i c t i n g  wear (and emiss ions)  under v a r io u s  d r i v i ng  condi t ions .

2 . 3 . 5  Emissions of P a r t i c u l a t e  and Caseous Cmiss: on s

2 . 3 . 5 . 1  Drum Brakes
Caseous decomposi t ion p roduc t s  i r  d r u r  brakes arc

from two a r e a s :
•  The space between che rocae ing drum and the s t a t i c s  

backing p l ace ,

•  Die s n a i l  holes in che backing p l a c e  i c s e i f  ( e . > ; . t 
c l earance  ho le s ,  brake a d j u s t i n g  s l o e ,  e t c . )

on Iv­
in or 
d run.  
e -  : t :
- ;1 S P 
as a 
mat or 
t i e  r 
uf  r :  
ivj 1 us

P a r t i c u l a t e s  are emi t t ed  from the same two areas ,  ale.  
smal l  p a r t i c u l a t e s  would come chrough che holes i n  che backina ?'. 
urn b r ak e s ,  some p a r t i c l e s  are noc e m i t t e d  but remain in che r o t a :  

1c i s  expec ted chat some of t hese  p a r t i c l e s  would evencuai lv m 
ed chrougii che space oeeween t.ne r o t a t i n g  drum and scacicr,ary d e ­
l a t e .  Also,  some large p a r t i c l e s  would be "ground up" ana e m c e e  
number of sma l l e r  p a r t i c l e s  i f  they a r c  crapped between che f r i c i  
cal  and drum on subsequent  braking or  i f  they are  crapped between 
ocac ing  drum and s t a t i o n a r y  backing p l a t e .  If the  brake shoes a/  
w e e d  c o n s t r u c t i o n ,  then some pa r t  i d e s ' c a n  be crapped in the r: 

and thus  r e t a i n e d  in che brake.
I f  convect ive c e d i n g  of drum brakes i s  improved in :: 

f u t u r e ,  as Is d e s i r a b l e  for  s a f e r  o p e r a t i on  and longer dr iv ing  l i f e ,  : 
i s  l i k e l y  that, fewer  p a r t i c l e s  wi l l  remain crapped.  Die p a r t i c l e s  
o m i t t e d ,  however, w i l l  probably be l a r g e r ,  as they w i l l  be subject ed  
t o  g r i n d i n g  a c tio n  for  s n o r t e r  per iods  of  cime.

2 . 3 . 5 . 2  Disc Brakes
As the d i sc  brake is e s s e n t i a l l y  an open braking s v s t v  

i t  i s  expec ted cha t  a l l  p a r t i c u l a t e  and gaseous  decomposi t ion product-,



■-■ill ba emi t  l t d .  However, a smal l  amount of p a r t i c u l a t e s  co l l ec t  ; - c. 
r i ve t  ho i«*  of r i v e t e d  d i sc  brake pads and on some area.* o: cne cal iper .

* 2 . 3 . 3 . 3  Clutches

In the dry c l u t ches  commonly in use on " s t t c k - s h ; : t " cars 
there a re  very few openings for gases  and p a r t i c l e s  to escape.  The ruo 
aain a r e a s  a r e :

•  ‘Die area around the c l u t ch  fork ,  which genera i l v -.as a 
rubber  boot on i t  for  p r o t e c t i o n  ot the clutcr.  iron 
road spray ,  sand ,  e t c .

•  A smal l  opening a t  the lower f ron t  of the c. 'utcn ca 
d r a i n  any o i l ,  wa t e r ,  e t c . ,  which may get  into cne 
c l u t c h ,

Because.of  the c o n s t r u c t i o n ,  many p a r t i c u l a t e s  remain in the cluccn 
housing.

2 . 3 . 6  D i s t r i b u t i o n  and Changes In Brake and Clutch Emissions
Entrapped gases and p y r o l y s i s  gases  r e l eased  dur ing braking 

or c l u t ch  s l i p p i n g  w i l l  be hoc enough to mix r ap i d l y  wi th thp surrounding 
a i r  and become pa r t  of the a i r  wake of  the c a r .  The h igher  molecular  
weight  vapor s  w i l l  condense and e ve n t ua l l y  s e t t l e  to the ground.  The low 
molecular  we igh t  gases  w i l l  d i s pe r s e  es pa r t  of the l oe a l  atmosphere.
Some of t h e  condens ib l e  vapors may, of cour se ,  s e t t l e  on smal l ,  a i r -bnrne 
dust  p a r t i c l e s  and could be c a r r i e d  i n t o  the r e s p i r a t o r y  system as par:  
of the b r e a t h i n g  a i r .

The p a r t i c l e  emiss ions  w i l l  d i s p e r s e  in  d i f f e r e n t  wavs dscd 
ing on t h e i r  s i z e ,  shape,  and d e ns i t y .  Submlcrometer -s i ze p a r t i c l e s ,  re­
gard less  of  shape,  w i l l  o r d i n a r i l y  remain a i r - b o r n e  u n t i l  they are 
scrubbed ou t  by r a i n f a l l  or some ocher  s e p a r a t i n g  a c t i on .  In e f f ec t  they 
became a l ong- t ime  p a r t  of the atmosphere.

S p h e r i c a l  p a r t i c l e s  i n  the 1.0 -m to 10 .m diameter  range 
w i l l  s e t t l e ,  under g r av i t y  and in s t i l l  a i r ,  a t  v e l o c i t i e s  from 12 :o 
1000 cm/hr ,  accord ing  to Stokes '  law.  I r r e g u l a r l y  shaped p a r t i c l e s  of 
s imi l a r  s i z e  and i n  t u r bu l e n t  a i r  w i l l  s e t t l e  a t  much s lower v e l o c i t i e s  
and could remain a i r - b o r n e  for  heurs  or  days.  These p a r t i c l e s  cause cne 
g r e a t e s t  aggravaclon i n  the human r e s p i r a t o r y  system because they co l l ec t  
in  the tracheobronchial regions  end,  to some e x t e n t ,  In the a l v e o l i .

Particles from 20 um t o  100 vm In diameter  w i l l  s e t t l e  as 
par t  of the duet tra il l e f t  by cha c a r  or w i l l  c o l l e c t  wi th any l a rger  
p a r t i c l e s  i n  mechanical t r aps  in t he  c a r .  Eventual ly t h t »e  l a r g e r - s i z e  
p a c t ) c its  w il l  fa ll  or be shaken out  of the car  and become p a r t  of the 
road d u s t .
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