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SUMMARY 

l r n  co 
00 cu 
I 

The present study i nves t i ga tes  the e f f e c t  o f  t r i c r e s y l  phosphate (TCP) as 
an ant iwear  a d d i t i v e  i n  l u b r i c a n t  t r imethyo l  propane t r ihep tanoate  (TMPTH). 
The o b j e c t i v e  o f  t h i s  study was t o  combine examinations o f :  surface ana lys is ,  
wet t ing ,  chemical bonding changes, and wear r a t e  through steploading. 

The i n v e s t i g a t i o n  consis ted o f  steploading wear s tud ies by a p i n  on d i s k  
t r ibometer ,  the  e f f e c t s  on wear re la ted  t o  w e t t i n g  by contact  angle and sur face 
tens ion  measurements o f  var lous l i q u i d  systems, the  chemical bonding changes 
between l u b r i c a n t  and TCP chromatographic ana lys is ,  and by determin ing the 
r e a c t i o n  between the  TCP and metal  surfaces through wear scar ana lys is  by Auger 
emission spectroscopy (AES).  

The s tep loading curve f o r  the  base f l u i d  alone shows r a p i d  increase o f  
wear r a t e  w i t h  load. The s tep loading curve f o r  the base f l u i d  i n  presence o f  
4.25 percent  by volume TCP under d ry  a i r  purge has shown a grea t  reduc t ion  o f  
wear r a t e  w i t h  a l l  loads s tud ied.  I t  has a l s o  been found t h a t  the a d d i t i o n  o f  
4.25 percent  by volume TCP p lus  0 . 3 3  percent by volume water t o  the base l u b r i -  
cant  under N2 purge a l so  g r e a t l y  reduces the  wear r a t e  w i t h  a l l  loads 
s tud ied.  AES sur face ana lys is  reveals a phosphate type wear r e s i s t a n t  f i l m ,  
which g r e a t l y  increases load-bear ing capaci ty ,  formed on the i r o n  d i s k .  Pre- 
l i m i n a r y  chromatographic s tud ies  suggest t h a t  t h i s  f i l m  forms e i t h e r  because 
o f  e s t e r  ox ida t i on  o r  TCP degradation. 
between the  spreading c o e f f i c i e n t  and wear ra te .  

Wett ing s tud ies show d i r e c t  c o r r e l a t i o n  

INTRODUCTION 

Lubr icants  a re  those ma te r ia l s  which a r e  used t o  reduce f r i c t i o n  and wear. 
I n  most app l i ca t i ons  such as automobile engines the base l u b r i c a n t  i s  n o t  su f -  
f i c i e n t  t o  g i ve  a long l i f e .  I n  order t o  reduce wear, add i t i ves  must be 
inc luded i n  the  l ub r i can ts .  I n  many app l i ca t i ons  the  wear reduc t ion  mechanisms 
f o r  these add i t i ves  are  no t  w e l l  known. 

One such common ant lwear add i t i ve  i s  t r i c r e s y l  phosphate (TCP). Much 
s c i e n t i f i c  e f f o r t  has been devoted t o  understanding how 7 C P  i n t e r a c t s  w i t h  
metal  subst rates,  and, thus, l ub r i ca tes  t h e i r  surfaces ( r e f s .  1 t o  18 ) .  

These s tud ies  suggest t h a t  the  antiwear p r o t e c t i o n  a f fo rded by TCP r e s u l t s  
f r o m  the  format ion o f  a reac t i on  f i l m  on the  rubbing surfaces o f  t he  metals.  
General ly,  these reac t i on  f i l m s  a re  composed of a number of metal phosphates 
o r  phosphides. 
( r e f .  19) t o  examine the sur face cornposition. We per form step- loading s tud ies 
(wear r a t e  versus load)  i n  order t o  es tab l i sh  the  wear e f fec t i veness  o f  TCP and 
t o  d e f i n e  the  operat ing cond i t ions  where surface f i l m s  a re  formed. Auger e lec-  
t ron  spectroscopy ( r e f .  19)  i s  used t o  examine sur face composition. 

A number o f  s tud ies  invo lve  the  use of sur face ana lys i s  
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To answer t h i s  question, three ob jec t i ves ,  and t h e  ways i n  which they w i l l  
be accomplished are l i s t e d :  

(1 )  To study the  e f f e c t  of step loading wear f o r  t he  f o l l o w i n g  so lu t i ons :  

( a )  L iqu id  l u b r i c a n t ,  t r i m e t h y o l  propane t r i hep tanoa te  (TMPTH) by 
i t s e l f  

( b )  L iqu id  l u b r i c a n t  ( T M P l H )  i n  the presence o f  4.25 percent TCP by 
volume 

( c )  L iqu id  l u b r i c a n t  (TMPTH) i n  the presence o f  4.25 percent by 
volume, 0.33 percent by volume o f  water 

( d )  L iqu id l u b r i c a n t  (TMPTH) i n  the  presence o f  0.33 percent water 

A l l  so lu t ions were examined under i n e r t  n i t r o g e n  atmosphere purge, under 
d r y  a i r  purge, and under a room a i r  w i t h  vary ing loads. A 0.33 percent water 
m i s c i b i l i t y  was determined exper imental ly.  Wear s tud ies were run  a t  2 percent 
by volume o f  TCP, a t  4.25 percent by volume o f  TCP and a t  10 percent TCP by 
volume. A concentrat ion o f  4.25 percent TCP was chosen s ince i t  gave the low- 
e s t  wear r a t e  o f  t he  concentrat ions examined. The wear s tud ies were performed 
w i t h  a pin-on-disk t r ibometer .  

( 2 )  To i n v e s t i g a t e  the e f f e c t s  on wear o f  r e l a t e d  phys i ca l  p roper t i es .  

Physical  proper t ies o f  the l u b r i c a n t  such as sur face tension, contact  
angle between the metal and the  l u b r i c a n t  so lu t i ons ,  were measured. L i q u i d  
chromatographic analysis on TCP-lubricant systems were a l s o  examined t o  examine 
i f  any chemical bonding changes i n  the  base l u b r i c a n t  occurred as a r e s u l t  o f  
adding TCP. 

( 3 )  To determine react ions between t h e  TCP, and the  metal surfaces. 

Wear scars were analyzed f o r  the presence o f  phosphorous compounds, by 
Auger emission spectroscopy (AES).  

MAltHIALS AND MATERIAL PREPARATION 

Ma te r ia l s  used i n  t h i s  i n v e s t i g a t i o n  were t r i m e t h y o l  propane t r i hep tanoa te  
(TMPTH), a poly01 es te r  and t r i c r e s y l  phosphate (F i she r  S c i e n t i f i c  Company 
Technical grade T-342) c o n s i s t i n g  o f  80 percent para TCP and 20 percent meta 
TCP. 

The f o l l o w i n g  so lu t i ons  were used: 

(1) Lubr icant TMPTH alone 

( 2 )  Lubr icant i n  the  presence o f  0.33 percent by volume o f  d i s t i l l e d  water 

( 3 )  Lubr icant p lus  4.25 percent TCP by volume 

( 4 )  Lubr icant p lus  4.25 percent TCP by volume and 0.33 percent by volume 
o f  d i s t i l l e d  water. 
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The glassware used i n  the  preparat ion o f  these so lu t i ons  was f i r s t  cleaned 
w l t h  h o t  water and soap, and then r insed w i t h  h o t  t ap  water and r i nsed  s i x  
t imes w i t h  d i s t i l l e d  water, and f i n a l l y ,  r i nsed  th ree  times w i t h  acetone and 
d r i e d  i n  an oven f o r  2 hr a t  110 O C .  

Solu t ions  were mixed a t  room temperature f o r  3 hr.  The so lu t i ons  were 
then s to red  i n  brown b o t t l e s  t o  e l im ina te  poss ib le  l igh t - induced degeneration. 

The p l n  and d i s k  used were pure i r o n  and M2 t o o l  s tee l ,  respec t i ve l y .  
The pure i r o n  p i n  ( l e s s  than 0.1 a t  X i m p u r i t i e s )  was g iven a f i n a l  p o l i s h  
w i t h  10 pm alumina. The p i n  was then annealed i n  a vacuum furnace above the 
r e c r y s t a l l i z a t i o n  temperature and cooled s lowly  i n  order t o  g i v e  a un i fo rm 
hardness f o r  a l l  o f  the  p ins .  This  procedure g ives reproduc ib le  wear measure- 
ments t o  +15 percent  ( r e f .  2) .  The d isk was l a p  ground and g iven a 600 pm S I C  
f i n a l  po l i sh .  This  ma te r ia l  combination was se lected t o  guarantee wear on the 
much so f te r  p i n  and no t  on the hard d isk and t o  have a s impler  system chemi- 
c a l l y  ( i .e . ,  pure Fe). 

TEST APPARATUS AND PROCEDURE 

The wear s tud ies were performed w i t h  a pin-on-disk t r ibometer  apparatus 
shown i n  f i g u r e  1. 
g lass box which could be purged w i t h  d ry  a i r  o r  n i t rogen.  

This f r ic t ion-and-wear  apparatus was enclosed i n  a p l e x i -  

The angular speed o f  the M2 t o o l  d i s k  was determined by reducing the  
speed u n t i l  the f r i c t i o n  c o e f f i c i e n t  rose and saturated a t  the  lowest load, 
thus guaranteeing opera t ion  i n  the  boundary l u b r i c a t i o n  reg ion.  The wear 
experiment was then performed by s l i d i n g  an annealed 99.9 percent  pure i r o n  p i n  
w i t h  a hemispheric t i p  o f  rad ius  0.476 cm on the  hardened s t e e l  d i sk .  P in 
loads vary ing  between 0.5 and 5.5 kg were app l ied  by a p u l l e y  system. For each 
run  o f  t he  experiment and f o r  each of the f o u r  so lu t ions ,  an unworn p o s i t i o n  
of the  p i n  and a d i f f e r e n t  t r a c k  on the d i s k  were used. The l u b r l c a n t  was 
app l i ed  t o  the  d i s k  sur face a t  a f l ow  r a t e  o f  approximately 0.5 ml/mln, conse- 
quent ly  cons tan t ly  supply ing f r e s h  l ub r i can t .  The d i s k  was completely covered 
w i t h  l u b r t c a n t  be fore  i n i t i a t i n g  t h e  t e s t .  

To study chemical changes i n  the l i q u i d  40 t o  50 ml samples of each so lu-  
t i o n  were c o l l e c t e d  f o l l o w i n g  wear studies a t  each load ( f rom 0.5 t o  5.0 kg) .  
One sample o f  each was c o l l e c t e d  a t  40 t o  41 min; another was c o l l e c t e d  a t  
82 t o  83 min. The f i r s t  sample d i d  n o t  show much change under low loads; so 
the  samples taken a t  82 t o  83 min were tes ted  f o r  sur face tension, con tac t  
angle, and l i q u i d  chromatographic e f fec ts  on ly  a t  5.0 kg. 

The humid i ty  was c o n t r o l l e d  by p lac ing  a des icca tor  i n  the  p l e x i g l a s s  box 
and by purg ing w i t h  d ry  a i r  o r  d ry  n i t rogen a t  a p o s i t i v e  pressure. 
cent  humid i ty  saturated a t  a minimum o f  10 t o  16 RH as measured w i t h  a humid i ty  
s t a t . ,  t he  wear experiments were i n i t i a t e d  a t  t h i s  p o i n t .  Wear volume was c a l -  
cu la ted  from the p i n  wear scar diameters. Typ ica l  wear versus s l i d i n g  d is tance 
curves a t  5 kg load are  shown i n  f i g u r e  2. The p o r t i o n  o f  t he  curve f o l l o w i n g  
run  i n  was f i t t e d  t o  a s t r a i g h t  l i n e  i n  order  t o  determine wear r a t e  (cm3/cm). 
This procedure was repeated f o r  each load and each c o n d i t i o n  i n  an independent 
t e s t .  Then a p l o t  o f  wear r a t e  versus load was determined f o r  each l u b r i c a n t  
m ix tu re  and a t  each atmospheric cond i t ion .  

The per-  
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F r i c t i o n a l  fo rce  was measured by a s t r a i n  gauge and was recorded on a 
s t r i p  cha r t  as a f u n c t i o n  o f  t ime. 
f i x e d  weights by way o f  a p u l l e y .  

Surface tens ion was measured by an apparatus c o n s i s t i n g  o f  a 6.001 cm 
(circumference) p la t inum w i r e  t h a t  was loaded w i t h  a sp r ing  and mounted above 
the  balance ( t o p  loader) .  The lower t i p  o f  t h i s  w i r e  res ted  i n  the  l u b r i c a n t  
he ld  i n  a p e t r i e  d i s h  on the  d i s k .  As t h i s  w i r e  was s lowly  drawn f rom the  
l u b r i c a n t  I n  the d i s h  i t  Ilpopped'l f rom the  f l u i d  a t  some s p e c i f i c  p o i n t .  The 
amount o f  weight t h a t  i t  had taken t o  re lease the  p la t inum was used t o  de ter -  
mine the  surface tens ion  f o r  each so lu t i on .  The e r r o r  f o r  t h i s  method, estab- 
l i s h e d  by m u l t i p l e  r e p e t i t i o n s ,  was determined t o  be l ess  than 1 percent.  

The s t r a i n  gauge was c a l i b r a t e d  by hanging 

Contact angle measurements were made f rom photographs o f  samples taken on 
the ground-and-lapped t o o l  s t e e l  surface. The photographs were taken i n  the  
i n t e r v a l  between 4 .5  and 5 .5  sec a f t e r  i n i t i a l  contact ,  t he  r a p i d  spreading o f  
the l u b r i c a n t  on the  s t e e l  sur face made readings a f t e r  t h i s  p o i n t  d i f f i c u l t .  
The e r r o r  o f  est imate i s  between 1 t o  3 percent.  Th is  was considered accept- 
ab le  as our main concern was t o  use t h i s  data i n  order  t o  e s t a b l i s h  a r e l a t i v e  
spreading c o e f f i c i e n t  f o r  the  var ious l u b r i c a n t / a d d i t i v e  mixtures.  

A Waters model 244 l i q u i d  chromatograph was used f o r  chromatographic anal -  
y s i s  o f  neat l ub r i can ts  w i t h  vary ing  percent o f  TCP. 
graphic instrument was used i n  combination w i t h  e i t h e r  an u l t r a v i o l e t  (UV) 
absorbance detector  and d i f f e r e n t i a l  r e f r a c t i v e  index (RI )  de tec tor ,  o r  w i th  a 
re f ractometer .  The UV de tec tor  moni tors  absorbances a t  a wavelength o f  254 nm, 
a t  s e n s i t i v i t i e s  ranging from 0.005 t o  2 . 0  absorbance u n i t s ,  f u l l  sca le (AUFS).  
The purpose o f  t h i s  study was t o  determine whether reac t ions  between the  l u b r i -  
cant and a d d i t i v e  had taken p lace  and whether changes I n  l u b r i c a n t  s t r u c t u r e  
had taken p lace f o l l o w i n g  wear. I n  order t o  examine the  r e a c t i o n  o f  the TCP 
w i t h  the  p ins,  wear scars were analyzed by Auger emission spectroscopy (AES) .  
Fo l lowing the wear t e s t ,  the  samples were mounted i n  an u l t r a h i g h  vacuum system 
w i t h  a base pressure o f  1 ~ 1 0 - ~ ~  t o r r .  The wear scars were, next ,  AES ana- 
lyzed by a standard c y l i n d r i c a l  m i r r o r  analyzer w i t h  an i n t e g r a l  e l e c t r o n  gun 
operated a t  2 keV beam energy, a beam cu r ren t  o f  1 pA, and a 25 pm nominal 
e lec t ron  beam diameter. I n  a d d i t i o n  t o  AES ana lys is ,  the  wear scars were depth 
p r o f i l e d ;  i .e . ,  AES ana lys is  and i o n  bombardment were done simultaneously.  The 
i o n  beam was operated w i th  a 3 keV argon i o n  beam energy and a 5 p A  beam cur-  
r e n t  w i t h  a nominal 2 m (spot )  diameter. 

Th is  l i q u i d  chromato- 

RESULTS AND DISCUSSION 

We now proceed t o  discuss the  r e s u l t s  o f  the  wear s tud ies.  I n  f i g u r e  3 ,  
we p l o t  wear volume versus load times s l i d i n g  d is tance f o r  each cond i t i on .  An 
i n t e r e s t i n g  r e s u l t  i s  t h a t  each curve f o r  the wear volume versus load times 
d is tance are  c lose t o  l i n e a r .  This r e s u l t  i s  cons i s ten t  w i t h  the  Archard wear 
equat ion ( r e f .  20). The Archard equat ion i s  t he  r e l a t i o n  genera l l y  used t o  
descr ibe adhesive wear which we might  assume t o  be the  dominant wear mechanism 
i n  the  boundary l u b r i c a t i o n  reg ion.  The f a c t  t h a t  t he  presence o f  TCP g r e a t l y  
reduces the  wear volume ind i ca tes  t h a t  i t  i s  i n t e r v e n i n g  i n  such a way t o  
reduce the  occurrence o f  an adhesive contact  cons i s ten t  w i t h  the  Archard model. 
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Wear Volume 

d 

Another interesting feature o f  figure 3 is that the absolute volume worn 
reflects the same relative trends as the wear rate. First all curves without 
TCP showed a significantly higher wear volume than with TCP. Figure 3 shows 
that the lubricant solution with 4.25 percent TCP, had a wear volume that was 
significantly less under dry air than under N2 purge with TCP. The lubricant 
plus TCP plus water curve shows an unexpected reduction of wear volume, with 
load, under N2 purge relative to the nitrogen plus TCP curve. Reduction in 
wear may be caused by the oxygen in the water facilitating whatever reaction 
is taking place with the dry air results. The wear volumes for no TCP with 
different atmospheres give approximately the same wear volumes. Surprisingly, 
the N2 plus water curves show an increased wear volume over these. At this 
point it is not clear why this should be the case. 

Wear Rate 

The principle result of the present paper is shown in figure 4. Here we 

Each point 
have plotted the wear rate versus load for each load, atmospheric, and additive 
combination. The curves are only included as a guide to the eye. 
in the plot is difficult to obtain, since each requires obtaining the wear rate 
from a wear volume versus sliding distance curve (fig. 2). The effects of the 
TCP on the wear rate are quite clear. The base fluid step loading curve shows 
a rapid increase in wear rate with load. The addition of TCP with a d r y  nitro- 
gen shows a great reduction of wear at lower loads and then a breakdown of 
antiwear effect and a return to a wear condition with approximately the same 
slope as the no additive curve. We see a similar result with dry air except 
the load-bearing capacity is substantially Increased. The addition of water 
gives a large reduction in wear rate over the base fluid but with a higher ini- 
tial wear rate than the dry air or nitrogen. 

A principal objective of this study was to combine surface analysis with 
the step loading studies, revealing a different composition of wear resistant 
films in the low and high wear regimes. 
suggest that reaction films are formed which greatly increase the load bearing 
capacity of the contact. 

The wear rate results (fig. 4) clearly 

The dry nitrogen versus dry air results suggest that the presence of oxy- 
gen alters film composition, possibly from a phosphide to a phosphate, which 
further improves the load bearing capacity. The addition of water, which is 
included since it is often present i n  real lubrication situations, also creates 
differences in load bearing capacity. The somewhat higher wear rate is pos- 
sibly due to a competing corrosive wear component caused by a reaction between 
the TCP and the water forming an acidic component. 
wear rate bar curve for various lubricant systems at 5 kg load. 

Figure 5 shows an average 

In figure 6, we shown the AES spectrum for several additive load and ambi- 

This spectrum was taken at a 5 kg load and a d r y  
ent atmosphere conditions. Figure 6(a) shows a typical spectrum over the 
entire energy range with TCP. 
air atmosphere. 
conditions. 
load, and d r y  air. 
1.2 kg load, and d r y  nitrogen. The lower energy part o f  the spectrum is empha- 
sized, since the phosphorus and low energy iron peak shapes give chemical 

In figure 6(b), we show the low energy spectrum for the same 
In figure 6(c), we show the low energy spectrum for TCP, 1.2 kg 

In figure 6(d), we show the low energy spectrum for TCP, 
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i n fo rmat ion .  These peak shapes a re  s i m i l a r  t o  those obta ined by Murday and 
S h a f r i n  ( r e f .  1)  f o r  i r o n  phosphate. 

The var ious spect ra show t h a t  the  sur face conta ins  an i r o n  phosphate under 
each load and atmosphere cond i t ions .  This i s  s u r p r i s i n g  s ince l i t t l e  a i r  was 
present  w i t h  the n i t rogen  purge. This  suggests t h a t  t h e  phosphate i n  the  TCP 
o r  oxygen present as an ox ide on the  sur face a re  c r i t i c a l  components. The 
ambient oxygen atmosphere i s  impor tant ,  s ince the  load bear ing capac i ty  i s  
lower i n  the  n i t rogen atmosphere than w i t h  a i r  ( f i g .  4) .  The h igh  load spec- 
t rum taken a t  5 kg where the  i n  a i r  wear s t a r t s  t o  increase s t i l l  shows a phos- 
phate f i l m .  Consequently, a t  t h i s  p o i n t ,  we do n o t  see a chemical d i f f e r e n c e  
i n  t h e  AES spectrum where the  load bear ing capac i ty  changes i n  f i g u r e  4. 

I n  f i g u r e  7 we show a depth p r o f i l e  f o r  TCP, 1.2 kg load and d ry  a i r ,  t h i s  
p r o f i l e  g ives t h e  r a t h e r  s u r p r i s i n g  r e s u l t  t h a t  no t h i c k  f i l m  i s  present  on the  
sur face i n  the low wear r a t e  reg ion.  This i s  con t ra ry  t o  t he  r e s u l t s  o f  
Ferrante and Brainard ( r e f .  2) who observed t h i c k  r e a c t i o n  f i l m s  w i t h  z inc-  
d ia lky l -d i th iophosphate  as an a d d i t i v e  i n  a minera l  o i l  base stock.  The depth 
p r o f i l e  r e s u l t  leads t o  some i n t e r e s t i n g  speculat ions.  The lack  o f  a t h i c k  
phosphorous conta in ing f i l m s  suggests t h a t  e i t h e r  the  TCP works through a t r u e  
monolayer mechanism t o  reduce wear o r  t h a t  p r o t e c t i v e  f i l m s  a re  formed which 
shear r e a d i l y .  The l a t t e r  could be es tab l i shed by c o l l e c t i n g  wear deb r i s  and 
determin ing i t s  composition. 
should be performed i n c l u d i n g  the e f f e c t s  o f  vary ing  TCP concentrat ion.  
a f l o w i n g  l u b r i c a n t  system was used w i t h  the  l u b r i c a t i o n ,  i t  may be necessary 
t o  per form the  experiment w i th  a f i x e d  r e s e r v o i r  o f  l u b r i c a n t s  i n  order  t o  
op t im ize  the  amount o f  wear deb r i s  per  u n i t  volume. 

TCP. The Godfrey ( r e f .  7 )  study o f  TCP-white minera l  o i l  base stock i n d i c a t e s  
t h a t  TCP reduces wear by format ion o f  i r o n  phosphate f i l m  on Fe-surfaces. The 
presence o f  i r o n  phosphate has been shown by e l e c t r o n  d i f f r a c t i o n  ana lys i s  and 
molybdate t i t r a t i o n  tes ts .  

These r e s u l t s  a re  p re l im ina ry  and f u r t h e r  s tud ies  
Since 

I t  i s  i n t e r e s t i n g  t o  compare these r e s u l t s  w i t h  o ther  s i m i l a r  t e s t s  w i t h  

Bieber, Klaus, and Tweksbury ( r e f .  8 )  s tud ied  wear improvement behavior by 
i nc reas ing  t r a n s i t i o n  loads i n  presence o f  TCP i n  minera l  o i l  and es te r  base 
f l u i d s .  
fo rmat ion  appears t o  be due t o  ac id  phosphate i m p u r i t i e s  o f  in te rmed ia te  p o l a r -  
i t y  i n  the  TCP. The TCP acted as a r e s e r v o i r  f o r  the  format ion o f  po la r  impur- 
i t i e s  du r ing  the l i f e  o f  t he  l u b r i c a n t .  

They concluded t h a t  t he  ant iwear behavior i n  the  f i n i s h e d  l u b r i c a t i o n  

Cho and Klaus ( r e f .  13) s tud ied  minera l  o i l  and phosphate es te r  based 
l u b r i c a n t s  w i t h  and w i thou t  a d d i t i v e  packages. They evaluated o x i d a t i o n  o f  
phosphate esters  based on reac t i on  r a t e  and product  ana lys is .  
show t h a t  a r y l  phosphate es ters  have more o x i d a t i v e  s t a b i l i t y .  
i n f e r r e d  f rom Cho and Klaus '  study t h a t  a d d i t i o n  o f  TCP t o  the  poly01 based 
es te rs  can improve o x i d a t i v e  s t a b i l i t y .  

The i r  f i n d i n g s  
I t  can be 

Go ldb la t t  and Appledoorn ( r e f .  14) have performed s i m i l a r  s tud ies  t o  the  
present  work w i th  TCP i n  a i r  and i n e r t  atmosphere w i t h  and w i thou t  mois ture 
present  and w i t h  d i f f e r e n t  base stocks.  The base stocks var ied  between a l i -  
p h a t i c  and aromatic. The es te r  i n  the present  study was most s i m i l a r  t o  the 
a l i p h a t i c  o i l s  but no t  p r e c i s e l y  the  same. These authors were s l i d i n g  a t  much 
h igher  speeds. I n  add i t ion ,  Go ldb la t t  and Appledoorn used 52100 s tee l s  i n  a 
f o u r - b a l l  t e s t e r  and a b a l l  on a c y l i n d e r  study, which i s  much harder than the  
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present  annealed i r o n  b u l l e t .  We compare wear t e s t  r e s u l t s  only,  s ince s c u f f -  
I n g  was n o t  observed i n  the present  study. 
observed wear scar diameter, r a t h e r  than wear ra te .  The i r  wear scar diameter 
r e s u l t s  were s i m i l a r  t o  our wear volume r e s u l t s .  

Also, Go ldb la t t  and Appledoorn's 

As i n  the  present  study, wear was r e l a t e d  t o  atmosphere and mois ture con- 
t e n t .  We found t h a t  TCP improved t h e  load bear ing capac i ty  o f  t he  a l i p h a t i c  
l u b r i c a n t .  
came f rom the  phosphate. Mois ture had a s l i g h t l y  de t r imenta l  e f f e c t ,  poss ib le  
due t o  co r ros i ve  wear, as i n  the present r e s u l t .  
r e s u l t s ,  i n  an i n e r t  atmosphere TCP s t i l l  had a b e n e f i c i a l  e f f e c t .  However, 
we found t h a t  the  presence o f  oxygen seemed t o  have an impor tant  e f f e c t  on the  
load bear ing  capac i ty  o f  the  f i l m .  Go ldb la t t  and Appledoorn have evidence f o r  
f i l m  fo rmat ion  through e l e c t r i c a l  contact  measurements. The i r  r e s u l t s  i n d i c a t e  
t h a t  a poo r l y  adherent phosphate f i l m  may be present,  s ince a monolayer f i l m  
would n o t  g i ve  apprec iab ly  d i f f e r e n t  contact  res is tances from the  metal  sur-  
faces. 
t h e i r  f i n d i n g s  agree f o r  the  most p a r t  w i t h  the  present study. 

Go ldb la t t  and Appledoorn agree t h a t  the  pr imary ant iwear p r o t e c t i o n  

S i m i l a r  t o  the  present  

Although Go ldb la t t  and Appledoorn's t e s t s  were somewhat d i f f e r e n t ,  

M. Kawamura and K.  F u j i t a  ( r e f .  18) have recen t l y  i nves t i ga ted  l u b r i c a t i o n  
p roper t i es  of a ser ies  of organic s u l f u r  and phosphorous compounds ( i n c l u d i n g  
TCP) as a d d i t i v e s  i n  a p a r a f f i n i c  base o i l .  The a d d i t i v e  concent ra t ion  l e v e l  
used i n  the  base l u b r i c a n t  was approximately t h e  same range as i n  the  present  
study. Kawamura and F u j i t a  found t h a t  the  add i t i ves  r e a c t  w i t h  s l i d i n g  metal  
surfaces, forming a surface f i l m  o f  phosphates o r  phosphite, perhaps by adsorp- 
t i o n .  
reduces wear, as has been found i n  our present study. 

The i r  study shows t h a t  a surface f i l m  o f  phosphates o r  phosphi tes 

Next we would l i k e  t o  consider  some wear and sur face treatment s tud ies  
where TCP was used a long w i th  sur face ana lys is .  
examined f r i c t i o n  and s c u f f i n g  w i th  pure TCP and TCP i n  p a r a f f i n  base stocks 
us ing  a carbon s tee l .  Arezzo ( r e f .  17)  and Murday and Sha f r i n  ( r e f .  1) d i d  
" o i l  aging," o r  presoaking, s tud ies  on 52100 s tee l .  Yamamoto and Hirano used 
a b a l l  r i n g  apparatus f o r  t h e i r  measurements. They concluded t h a t  wear and 
scu f f i ng  p r o t e c t i o n  are  obtained by format ion o f  a p r o t e c t i v e  f i l m .  
i n g l y ,  they a l s o  found t h a t  the f r i c t i o n  c o e f f i c i e n t s  a r e  a l s o  roughly  Inde- 
pendent o f  load, as we found i n  the  present study. They a l s o  i d e n t i f y  t h a t  the  
surface f i l m  i s  composed o f  FeP04 a f t e r  rubbing. 

Yamamoto and Ki rano ( r e f .  15) 

I n t e r e s t -  

F. Arezzo ( r e f .  1 7 )  i n  h is  aging s tud ies a l s o  found phosphates present  on 
the  sur face  o f  the 52100. Add i t i ona l l y ,  he found t h a t  aromat ics present  on 
p o l a r  compounds competed w i th  the  TCP f o r  a v a i l a b l e  adsorp t ion  s i t e s  on the  
s t e e l  surface. He a l s o  found t h a t  the composi t ion o f  t he  sur face f i l m  con- 
ta ined on ly  5 a t  % phosphorous. This i s  lower than would be expected f rom 
pure phosphate (FeP04) - which would be 16 a t  96. 
( r e f .  1) a l so  found t h a t  a surface f i l m  formed, as shown by AES. The i r  con- 
c e n t r a t i o n  was c h a r a c t e r i s t i c  o f  a phosphate w i t h  a 4 t o  6 a t  % phosphorus 
concentrat ion,  which was a l s o  lower than expected f rom the  pure compound. 
i s  l ess  s i g n i f i c a n t  than i n  the  XPS studies,  s ince AES i s ,  a t  best ,  semi- 
q u a n t i t a t i v e .  Murday and S h a f r i n  make an i n t e r e s t i n g  p o i n t  f rom t h e i r  AES 
depth p r o f i l e .  This i s  t h a t  an exponent ia l  f a l l  o f f  o f  concent ra t ion  w i t h  
depth i s  i n d i c a t i v e  o f  monolayer f i l m s ;  whereas a p la teau  i n  the  p r o f i l e s  i n d i -  
cates t h i c k e r  f i l m s .  I n  the  present study ( f i g .  7 )  the f a l l  o f f  o f  t he  phos- 
phorous peak was exponent ia l ,  i nd i ca t i ng ,  a t  best ,  a t h i n  f i l m .  A q u a n t i t a t i v e  

Murday and Sha f r i n  

This 
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evaluation of the surface composition is not possible because of the roughness 
of the wear surface (ref. 19). 

The effectiveness of TCP as an antiwear additive in lubricants, due to 
surface wetting phenomena, was also studied. This experiment included the 
measurement of interfacial wetting between solid and liquid components. 
ting is defined as the formation of solid liquid interface when solid sub- 
strates and a liquid come in contact. 
of the surface it would contribute to reduction in wear. On solid substrates 
various types of wetting reactions have been observed. 

Wet- 

If the addition of TCP enhances wetting 

They are the following: 

(1) No attachment (between liquid and solid) 

(2) Loose liquid attachment 

(3) Partial surface spreading and wetting 

(4) Complete spreading and wetting 

(5) Absorption of the liquid into the solid (see fig. 8) 

Types of wetting are determined by energy changes taking place when the 
lubricant solutions come in contact with the iron pin and disk. These energy 
changes are related, and determined by, contact angle and interfacial tension 
(see fig. 8). Interfacial tension (symbol y, fig. 7) in this study is defined 
as the work done i n  extending the area of a liquid surface 1 cm2. 

Zisman (ref. 21), and others (refs. 22 to 26), have studied the relation 
between the contact angle of a solid-liquid interface and the work of adhesion 
(WA) and cohesion (WC). 
relationships. The equations used for this study are the following: 

Several equations have been used to describe these 

cosine e ysv = ysL + yLv 

wc = 2YLV 

*s = WA - wc 
( 3 )  

(4) 

where ysv, y ~ v ,  and ~ S L  are free energies per square centimeter of the 
solid-vapor, liquid-vapor, and solid-liquid interfaces, i.e., their surface 
tensions. 1 s  the work of adhesion, i.e., the work required to separate 
the liquid from a solid of 1 cm2 in cross section. WC is the work of 
cohesion, i.e., work done in pulling apart a column of liquid, made up of two 
layers of the same liquid 1 cm2 in cross section. 
and S is the spreading coefficient. The most useful equations are (2) and 
(4), as they contain only measurable quantities. 

WA 

e is the contact angle 

Table I summarizes the relationship between surface chemical changes and 
wear rate of neat lubricant, and lubricant with 4.25, 10, and 45 percent of 
TCP. This table shows the adhesion-cohesion relation of various lubricant com- 
binations. 
.changes with the increased concentration of TCP containing lubricants. The 
table also shows that the wear rate is minimized by the solution containing the 

The surface tension, contact angle, and spreading coefficient 
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l u b r i c a n t  and 4.25 percent TCP by volume, under both d ry  a i r  and N2 purge. 
This  c o r r e l a t e s  w i th  t h e  surface chemtcal p roper t i es  o f  sur face tens ion and 
contac t  angle. Moreover, when 4.25 percent TCP i s  added t o  t h e  l u b r i c a n t ,  the  
work o f  adhesion a l s o  reaches a maximum, I n d i c a t i n g  t h a t  complete spreading 
we t t i ng  i s  occu r r i ng  (see t a b l e  I ) .  

I t  i s  most impor tant  t o  determine whether the  TCP i s  coa t i ng  the  sur face 
o f  t he  p i n  and d i s k  by adsorp t ion  o r  by chemical reac t ions  between TCP and Fe. 
AES ana lys i s  i n d i c a t e s  t h a t  a phosphate i s  formed on t h e  sur face o f  the p i n .  
Depth p r o f i l e s  suggests they a r e  no t  t h i c k  f i l m s  ( i .e . ,  hundreds o f  angstroms). 
Although i t  has demonstrated t h a t  surface chemical changes accompany reduc t ion  
i n  wear ra tes ,  the  na ture  o f  t he  surface f i l m  cannot be understood f r o m  t h i s  
study alone. 
cants and may c rea te  an i n t e r f a c i a l  bonding l a y e r  by reac t i on  w i t h  the surface. 

A t  t h i s  t ime i t  can only  be sa id  t h a t  TCP binds w i t h  the  l u b r i -  

One method by which TCP may be involved i n  forming ant iwear sur face coat-  
i n g  was found from p re l im ina ry  l i q u i d  chromatograph analyses. These analyses 
i n d i c a t e  t h a t  there  i s  a molecular weight increase i n  the base l u b r i c a n t  i n d i -  
cated by the de tec t i on  o f  new UV absorbance peaks i n  t h e  TCP-containing l u b r i -  
cants as shown i n  f i g u r e  9. These analyses a l s o  i n d i c a t e  t h a t  t he re  i s  very 
l i t t l e  UV absorbance due t o  l u b r i c a n t ,  bu t  most o f  the UV absorbance i s  due t o  
TCP. I t  can be sa id  t h a t  a not iceable amount o f  change o f  UV absorbance could 
be due t o  es te r -ox ida t i on  o r  TCP degradation g i v i n g  the  needed phosphate. 

CONCLUSIONS 

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  i n t o  the  e f f e c t s  o f  TCP as an ant iwear 
a d d l t i v e  i n  es te r  l u b r i c a n t s  permi ts  the f o l l o w i n g  conclusions: 

1. The s tep loading curve f o r  t h e  base l u b r i c a n t  alone shows a d i r e c t  
increase o f  wear r a t e  w i t h  load. 

2. The s tep loading curve f o r  t h e  base l u b r i c a n t  p lus  4.25 vo l  x by TCP 
under a d ry  a i r  purge and base l u b r i c a n t  p lus  4.25 TCP w i th  and w i thou t  p lus  
0.33 percent  water under N2 purge shows a grea t  reduc t ion  o f  wear r a t e  w i t h  
a l l  loads s tud ied.  

3. AES sur face ana lys is  reveals  t h a t  a t h i n  phosphate formed on the  i r o n  
d lsk .  Pre l im inary  chromagraphic studies suggest ox ida t i on  o f  t he  es te r  occurs 
due t o  TCP degradat ion.  

4. Wett ing s tud ies  show a d i r e c t  c o r r e l a t i o n  between the  spreading c o e f f i -  
c i e n t  and wear r a t e  i n d i c a t i n g  t h a t  wet t ing  o f  the  sur face i s  improved a t  t he  
TCP concent ra t ion  which minimizes wear ra te .  
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TABLE I .  - ADHESION-COHESION RELATION OF VARIOUS LUBRICANTS FOLLOWING WEAR 

AT 5.0 kg LOAD 

Percent TCP 
by volume 

0 
4.25 

10.00 
45.00 

Wear ra te ,  
xl0-10 

.Under 
a i  r 

11.3 
1.3 
3.4 
8.5 

Under 
n i t r o g e n  

4.9 
2.8 
3.6 

10.3 

Work o f  
adhesi on 

62.9 
61.6 
65.5 
68.1 

Work o f  
cohes i on 

63.6 
62.0 
66.0 
69.2 

Spread i ng 
c o e f f i c i e n t  

-0.7 
-.4 
-.5 

-1.1 
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FIGURE 1. - FRICTION AND WEAR T R I B W T E R .  
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FIGURE 2. - WEAR VOLUME VERSUS SLIDING DISTANCE FOR VARIOUS 
CONCENTRATIONS OF TRICRESYL PHOSPHATE (TCP) I N  LUBRICANT 
AT VARIOUS LOADS UNDER DRY AIR AND NITROGEN. 
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FIGURE 3 .  - UEAR VOLUME VERSUS LOAD TIRES DISTANCE FOR 
VARIOUS CONCENTRATIONS OF TRICRESYL PHOSPHATE (TCP) 
I N  LUBRICANT UNDER VARYING CONDITIONS. 

CONCENTRATION I N  LUBRICANT, PURGE 
VOL x 

TCP UATER 

0 0  0 DRY A IR  
n o  0 NITROGEN GAS 
0 0  .33 DRY A IR  
A 0  .33  NITROGEN GAS 
0 4 .25  0 DRY A IR  
A 4.25 0 NITROGEN GAS 
V 4 .25  * 33 DRY A I R  

0 1 2 3 4 5 6 
LOAD. KG 

FIGURE 4 .  - UEAR RATE VERSUS LOAD FOR VARIOUS CONCENTRA- 
TIONS OF TRICRESYL PHOSPHATE (TCP) AND UATER I N  LUBRI- 
CANT UNDER ATMOSPHERIC VARYING CONDITIONS. 
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CONCENTRATION I N  LUBRICANT. 
VOL z 

TCP WATER 

0 0 
4.25 0 
4.25 0 
4.25 .33 
0 0 
0 0 
0 .25 
0 .25 

PURGE 

DRY A I R  
DRY A I R  

NITROGEN GAS 
NITROGEN GAS 
NITROGEN GAS 

DRY A I R  
NITROGEN GAS 

DRY A I R  

FIGURE 5. - AVERAGE WEAR RATE FOR VARIOUS LUBRICANTS 
LOAD. 5 K G .  

(A)  TOTAL AES SPECTRUM: 5-KG LOAD: DRY AIR.  

85 t J db  EV P 130 EV 

I FE 

( 8 )  LOW-ENERGY AES SPECTRUM: 5-KG LOAD: DRY A I R .  

I FE 
(C) LOW-ENERGY AES SPECTRUM; 1 . 2 - K G  LOAD, DRY A I R .  

I 
(D) LOW-ENERGY AES SPECTRUM: 1 . 2 - K G  LOAD: DRY NITROGEN. 

iIGURE 6 .  - TOTAL AND LOW-ENERGY AES SPECTRA OF LUBRICANT WITH 
TCP ADDITIVC UNDER TWO DIFFERENT LOADS I N  TWO DIFFERENT 
ATMOSPHERES. 
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FIGURE 7. - AES DEPTH PROFILE OF LUBRICANT WITH TCP 
ADDITIVE.  LOAD. 1.2 KG: PURGE. DRY A IR .  

FIGURE 8. - MODEL OF TYPES OF WETTING. 

I LUBRICANT-,. rTCP 

R I  DETECTOR 
INJECT 

g '  - 
Y I  

(A) TCP CONCENTRATION. 10 VOL X .  

LUBR I CANT- ! 
HI DETECTOR 

INJECT 

MOLECULAR WEIGHT 

(B) TCP CONCENTRATION. 2 VOL X .  

FIGURE 9. - L IQUID CHROMATOGRAPHIC ANALYSIS OF TCP I N  
LUBRICANTS. 
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