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I n t r oduc t i on

Researchers general ly  agree that  the 1ow

coe f f i c i en t  o f  f r i c t i on  o f  g raph i t e  may  be

explalned by i ts  1ame11ar structure and the

p resence  o f  a  vapo r  f i lm  be tween  t hese  1ame11a r

and  o the r  g raph i t e  deb r i s .  The  concep t  o f  t he

1ame11a r  t heo ry  i s  c red i t ed  t o  B ragg [1 ]  and

la te r  imp rovemen ts  t o  Ho lm [2 ] .  Savage [3 ]  showed

tha t  t he  1ow  coe f f i c i en t  o f  f r i c t i on  o f  g raph i t e

depends  upon  adso rp t i on  f i lms  o f  wa te r  vapo r '

La te r  Row l r s [4 ]  expe r imen ts  showed  t ha t  eas i l y

condens ib l e  gases (such  as  hyd rogen '  \ t a t e r  vapoq

oxygen and heptane) a lso resul ted in low

coe f f i c í en t s  o f  f r i c t i on .  I n  mo re  recen t  s t ud ies

o f  ca rbons  and  g raph i t es  Lancas te r [ 5 ]  r epo r t ed

f r í c t i on  t r ans ien t s  wh i ch  he  a t t r i bu ted  t o  t he

deso rp t i on  o f  wa te r  vapo r .  The  pu rpose  o f  t h i s

s tudy  i s  t o  desc r i be  t he  coe f f i c i en t  o f  f r i c t i o r r -

t í ne - t empe ra tu re  r e l a t l onsh ips  o f  some  g raph i t es

and carbon composi tes and show that  they are

a f f ec ted  by  t he  p resence  o r  absence  o f  mo i s tu re .

Exper imental  Procedure

A l1  t he  f r i c t i on  expe r Ímen ts  we re  pe r -

formed on a BFGoodr ich developed machine cal led

the  T r i bo tes te r .  Th i s  mach íne  uses  two

lden t i ca l  d i sc  t ype  spec imens  rubb ing  aga ins t

each  o the r .  One  spec imen  ro ta tes  wh i l e  t he  o the r

remains stat ionary.  Each specimen has an

annu la r  r ubb ing  su r f ace  6 .35mm w ide  and  a  mean

rubb ing  d l ame te r  o f  5 .08cm.  Rubb lng  speed  and

load were maintained constant  throughout each

tes t  a t  0 . 69  m /s  and  756  N  respec t l ve l y .  To rque

and  l n re r f ace  t empe ra tu re  we re  reco rded  con -

t i nuous l y  as  f unc t i ons  o f  t ime .  Coe f f i c i en t  o f

f r i c t i on  ¡¿as  ca l cu l a ted .  Du ra t i on  o f  t he  t es t

was  l im l t ed  t o  a  r ubb ing  d i s t ance  o f  2540m.

Th ree  commerc ia l l y  pu rchased  g raph i t es ,

Pure Carbon PO-3,  POCO AXF-5Q' and POCO AXF-90

were  eva lua ted .  I n  add i t i on  a  BFG ca rbon /

ca rbon  co rnpos i t e ( rayon  based  f i be r  i n  a  p í t ch

imp regna ted  ma t r i x )  was  s tud ied .

Al l  specimens were pre-condi t ioned in

hum id  a i r , p re -hea ted  i n  an  oven  o r  soaked  i n

water.  Test  environment l^ tas ambient  a i r ,  dry

a l r ,  d r y  a rgon  o r  mo l s t  a i r  f r om  a  hum id i f i e r .

Resu l t s  and  D i scuss ion

Because  o f  t he  spec imen  geome t r y  and

des ign  o f  t he  T r i bo tes te r  a  ce r t a i n  amoun t  o f

hea t  bu i l dup  occu r red  i n  t he  spec imens .  A t

1ow  speeds  and  l i gh t  l oads  on l y  a  s l i gh t
t empe ra tu re  i nc reáse  was  obse rved .  Fo r  h i ghe r

l oads ,  h i ghe r  t empe ra tu res  occu r red .  A t  some

po in t  1n  t he  t es t  an  equ i l i b r i um  cond i t i on  was

reached afEer which both the temperature and

coe f f i c i en t  o f  f r i c t i on  r ema ined  consEan t .

Figures I  and 2 show how the f r ic t ion

and temperature var ied wi th t ime dur ing the

tes t .  F i gu re  1  shows  t he  behav io r  o f  ca rbon /

carbon composi te specimens which had been oven

d r i e d  j u s t  p r i o r  t o  t e s t .  T h u s ,  f o r  a l l  p r a c -

t i ca l  pu rposes  t he  rubb ing  su r f aces  we re  vo id

o f  mo i s tu re .  F i gu re  1  shows  a  peak ing  o f

f r i c t i on  ea r l y  i n  t he  t es t  and  be fo re  equ i l i b -

r i um  was  reached .  Add i t i ona l  compos i t e  spec imens

were soaked overnlght  in \ tater  and then tested

in  t he  same  manne r .  Resu l t s  o f  t hese  t es t s  a re

shown  i n  F i gu re  2 .  Peak ing  o f  t he  f r i c t i on

occu r red  j us t  as  i t  had  v / i t h  t he  d r y  spec imens ,

bu t  a t  t he  beg inn ing  o f  t he  t es t  t he  f r i c t i on

was 1oro.  Other tests ¡ { tere run on specimens

wh i ch  had  been  p re - cond i t i oned  i n  hum id  a i r .

S t i l 1  o the rs  \ ^ re re  t es ted  w i f h  a  r no i s t  a i r

hum id i f i e r  p rov i d i ng  t he  anb ien t  a tmosphe re .

ResulEs were ident i -cal  to those of  the vrater

soaked  spec imens .  Based  on  t hese  resu l t s  and

the previous work of  others i t  r , ¡as hypothesized

tha t  t he  p resence  o f  wa te r  on  t he  rubb ing  su r -

f ace  p rov i ded  a  l ub r i ca t i ng  e f f ec t  as  obse rved

by  t he  l ow  f r i c t i on .  As  rubb ing  p roceeded ,

su f f i c í en t  hea t  was  even tua l l y  gene ra ted  t o

evapo ra te  t he  mo i s tu re  f r om Ehe  su r f aces  and

cause  t he  sudden  r i se  l n  f r i c t i on  wh i ch  t hen

caused  t he  t empe ra tu re  t o  r i se  mo re  qu i ck l y .

Once  t he  mo i s tu re  evapo ra ted  t he  f r l c t i on

appeared to be temperature dependent as shor¿n

in  F i gu re  3 ,  Be low  a  t empe ra tu re  o f  abou t  200oC

the  i n f l uence  o f  mo i s tu re  may  be  seen .  A t
200 "C  t he  f r i c t i on  peaks ;  beyond  t h i s  t empe ra -

t u re  a  s i ng le  cha rac te r i s t i c  r ema ins .  No te  t ha t

t he  f r i c t i on  dec reases  rap id l y ,  A t  400 "C  i t

h a s  a  v a l u e  o f  0 . 4 .  I f  r u b b l n g  1 s  s t o p p e d  a t

any  t ime  du r i ng  t he  t esE (po in t  A ) ,  t he  spec imens
pe rmí t t ed  t o  coo l  down(po in t  B )  and  t he  t es t
r es ta r t ed ,  t he  f r i c t i on  i s  de te rm ined  by  t he

su r f ace  t empe ra tu res  a t  t he  i n i t i a t i on  o f

r u b b i n g ( p o i n t  C ) .  B e l o w  2 0 0 o C ( p o i n t  D )  E h e

f r i c t i on  assumes  t he  h i ghe r  va l ues  i f  t he  su r -

f a c e s  a r e  d r y ( p o l n t  E ) .  I f ,  o n  t h e  o t h e r  h a n d ,

t he  su r f aces  a re  exposed  t o  a tmosphe r i c  a i r

f o r  a  l ong  pe r i od  o f  t ime  mo i sEu re  i s  adso rbed

and  l ow  f r i c t i on  r esu lEs (po in t  F ) .  Many  Ees t s

we re  pe r f o rmed  t o  ve r i f y  t h i s  r eve rs i b i l i t y  o f

t he  f r i c t i on - t empe ra tu re  r e l a t i onsh ip .

Be ing  ab le  t o  supp l y  e i t he r  a  hum id

environmenE or l^ret  surfaces htas rather easy.  To
p rov ide  a  d r y  su r f ace  l ^ t as  r no re  d i f f l cu l t .  Bak ing
the  spec imens  and  coo l i ng  i n  a  des i ca to r  $ ras
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f i ne ,  A f t e r  r emova l  f r om  the  des l caEo r  bu t
be fo re  s ta r t up  t he re  was  su f f i c i en t  t ime  t o
pe rm i t  t he  adso rp t i on  o f  mo i s tu re  f r om the  a i r .
As long as specimen Eemperalures r{ere malnEained
h ighe r  t han  120 "C  adso rp t i on  wou ld  no t  occu r ,
bu t  be low  120 'C  t ha t  poss ib i l i t y  a lways  ex i s t ed .

Consequent ly,  i t  r , ¡as decided to not  only
pre-dry the specimens but  to supply a dry
atmosphere as we1l .  Thus moisture- f ree ai r  was
purchased in bot t le form and piped into a
rather loosely enclosed chamber surrounding the
test  specimens when mounted on Ehe Tríbotester .
A speclmen which had been in i t la l ly  soaked was
tested in the dry a i r  chamber.  As expected,  i t
exhib i ted the Lret  f r ic t ion character ls t lc .  The
test  úras cont inued unt i l  the temperature was
wel l  above 200'C. At  th is polnt  the surfaces
were moísture f ree and the Tr ibotest  chamber
was engul fed in dry a i r .  The specimens r^rere
cooled to room temperature and reta ined in the
dry a i r  for  four hours ensur ing suf f ic ient  t ime
fo r  any  poss ib l e  adso rp t l on  t o  t ake  p1ace .  Then
the test  r^ras restar ted and the observed f r ic t ion
behavior  r4¡as that  of  a dry mater1a1. The same
procedure r^7as repeated several  t imes v¡ i th the
same resul ts.  i " Ihen a pre-dr ied specimen was
used ,  t he  t yp i ca l l y  d r y  f r i c t l on  cha rac te r i s t i c
was also observed.

In order to fu l1y resolve the possib i l ty
Ehat nei ther oxygen nor n i t rogen was causing the
1ow  coe f f i c i enE  o f  f r i c t l on  t he  above  t es t s  we re
repeated but  wi th dry argon gas instead of  the
d ry  a i r .  Resu l t s  we re  i den t i ca l  w i t h  t hose  o f
Che dry a i r  tests.  I t  r^ras qui te apparent  that
¡o i s t u re  was  be ing  adso rbed  on to  t he  f r i c t i on
su r f aces  and  p roduc ing  a  l ub r i ca t i ng  e f f ec t .  I n
Ehe absence of  moisture the magni tude of  f r ic t ion
ras determined by rnagni tude of  temperature.

Al l  of  the above tests \4rere perforrned
cn the BFG carbon/carbon composi te.  Óthe¡

DRY

maEerla ls evaluated \^rere commercla l ly  purchased
graphi tes PO-3,  POCO AXF-5Q and AXF*90. The
f r i c t i ona l  behav io r  o f  t hese  maEer i a l s  i s
i den t i ca l  t o  t ha t  o f  t he  ca rbon / ca rbonco rnpos l t e .
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F ig .  2 -Va r l a t i on  o f  f r i c t i on  and  t empe ra tu re
w l t h  t ime  f o r  a  we t  ca rbon / ca rbon  compos i t e .

Fl  g.  3-Fr ict  ion-Tempe rature re lat ionship shoúr ing
reve rs i b i l i t y  o f  a  ca rbon / ca rbon  compos i t e .
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