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ABSTRACT 

T h i s  r e p o r t  c o n c e r n s  a  b a s i c  i n v e s t i g a t i o n  and deve lop -  
ment o f  s y n t h e t i c  d i e s t e r  l u b r i c a t i n g  o i l s .  A number o f  new 
l u b r i c a n t s  have b e e n  p r e p a r e d  h a v i n g  optimum p r o p e r t i e s  t o  
make them e s p e c i a l l y  s u i t e d  f o r  m i l i t a r y  u s e s .  Among t h e s e  
a r e  o i l s  hav ing  u n u s u a l l y  low e v a p o r a t i o n  r a t e s  and f r e e z i n g  
p o i n t s .  These  p r a p e r t i e s  have b e e n  o b t a i n e d  w i t h o u t  any  s a c r i -  
f i c e  o f  o x i d a t i o n  s t a b i l i t y  o r  c o r r o s i o n  r e s i s t a n c e .  

A v a r i e t y  o f  s y n t h e t i c  d i e s t e r s  have been  i n v e s t i g a t e d  
and  t h e  a l i p h a t i c  branched  c h a i n  compounds have  been  s h m n  t o  
b e  e s p e c i a l l y  s u i t a b l e  a s  b a s e  s t o c k s  f o r  t h e  development  o f  
i n s t r u m e n t  o i l s  and c e r t a i n  s p e c i a l  pu rpose  l u b r i c a n t s .  Oils 
o f  o u t s t a n d i n g  m e r i t  f o r  u s e  o v e r  t h e  t e m p e r a t u r e  r a n g e  -lOO°F 
t o  25OOF h a v ~  been  d e v e l o p e d ,  A d d i t i o n  a g e n t s  have been  found 
c a p a b l e  o f  i m p a r t i n g  t o  t h e s e  o i l s  e x c e l l e n t  r e s i s t a n c e  t o  r u s t -  
i n g ,  improved v i s c o s i t y  i n d i c e s  and improved o x i d a t i o n  s t a b i l i -  
t i e s .  The f i n i s h e d  o i l s  a r e  a d e a u a t e l y  s t a b l e  t o  h y d r o l y s i s ,  
a r e  p r a c t i c a l l y  i n s o l u b l e  i n  w a t e r ,  and have  good d e m u l s i b i l i t y ,  
low foaming t e n d e n c i e s  and low f r e e z i n g  p o i n t s .  Data  have been  
o b t a i n e d  on o t h e r  p r o p e r t i e s  o f  i n t e r e s t  i n  l u b r i c a t i o n  s u c h  
ss s p e c i f i c  g r a v i t y ,  t h e r m a l  e x p a n s i o n ,  and w a t e r  s o l u b i l i t y .  

Recommendations have  b e e n  made f o r  numerous a p p l i c a t i o n s  
o f  t h e s e  o i l s  t o  n a v a l  l u b r i c a t i o n  prob.lems. S p e c i f i c a t i o n  
and a v a i l a b i l i t y  problems have  a l s o  beed  d i s c u s s e d .  
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INTRODUCTION 

A.  A u t h o r i z a t i o n  

1. T h i s  r e p o r t  concerns  two i n v e s t i g a t i o n s  c a r r i e d  on con- 
c u r r e n t l y  by t h i s  Labora tory .  T h i s  i s  cons ide red  a d v i s a b l e ,  
f o r  a l t h o u g h  t h e  p r o p e r t i e s  of t h e  d e s i r e d  end p roduc t s  d i f f e r e d ,  
t h e  same chemical  approach was employed and t h e  same b a s i c  
l u b r i c a t i n g  problems were invo lved .  It i s  hoped t h a t  t h e  r e -  
s u l t i n g  cotnbined r e p o r t  w i l l  be o f  i n c r e a s e d  v a l u e .  I n  P r o j e c t  
Order No. 40227 o f  June  22,  1944 t h e  Bureau o f  Ordnance autho-  
r i z e d  t h i s  L a b o r a t o r y  t o  conduct  r e s e a r c h  on t h e  development 
o f  s y n t h e t i c  o i l s  and g r e a s e s  f o r  ordnance a p p l i c a t i o n s .  I n  
P r o j e c t  Order No. 101/45 o f  J u l y  19, 1944 t h e  Bureau o f  Aero- 
n a u t i c s  a u t h o r i z e d  t h e  i n v e s t i g a t i o n  and development o f  improved 
a i r c r a f t  i n s t r u m e n t  l u b r i c a n t s  and damping f l u i d s .  

B. Purpose o f  I n v e s t i g a t i o n  

2  . I n  numerous t y p e s  o f  equipment i n  p r e s e n t  d4y n a v a l  use  
extreme o p e r a t i n g  c o n d i t i o n s  a r e  o f t e n  invo lved .  T h i s  l e d  t o  
a n  i n c r e a s i n g  demand d u r i n g  t h e  war f o r  l u b r i c a n t s  having un- 
u s u a l  p r o p e r t i e s .  Des igners ,  m a n u f a c t u r e r s ,  and u s e r s  o f  f i r e  
c o n t r o l  equipment ,  d e p t h  bomb mechanisms, f u s e  mechanisms, 
a e r o n a u t i c a l  compasses,  gyroscopes ,  c l o c k s ,  gun s i g h t s ,  bomb 
s i g h t s ,  r e c o r d e r s ,  and a e r i a l  photographic  equipment have been 
concerned w i t h  v a r i o u s  l u b r i c a t i o n  problems. The most common 
d i f f i c u l t y  has  been t h a t  of o b t a i q i n g  s u f f i c i e n t l y  e f f e c t i v e  and 
c h e m i c a l l y  s t a b l e  l u b r i c a n t s  having pour p o i n t s  r a n g i n g  from 
-400F f u r  ordnance  equipment t o  -80°F f o r  a e r o n a u t i c a l  equipment.  
The problem k a s  been made more d i f f i c u l t  by t h e  need f o r  non- 
v o l a t i l e  f l u i d s  having v i s c o s i t i e s  a t  lOOoF of  no t  o v e r  1 0  t o  
15 c e n t i s t o l s e s  and having t h e  s m a l l e s t  p o s s i b l e  t e m p e r a t u r e  
c o e f f i c i e n t  o f  v i s c o s i t y .  The b e s t  o b t a i n a b l e  r u s t  i n h i b i t i a n ,  
and h y d r o l y t i c  and o x i d a t l o n  s t a b l l i t i e s  a r e  r e q u i r e d  t o  c a r e  
f o r  s e r v i c e  u s e  and f o r  e v e n t u a l  long t ime s t o r a g e  c o n d i t i o n s .  
Because o f  t h e  h i g h  c o s t  of  t h e  e q u i p r e n t  invo lved  and t h e  r e l a t i v e  
l y  s m a l l  volume o f  l u b r i c a n t  needed pe r  u n i t ,  t h e  c o s t  o f  t h e  
l u b r i c a n t  i s  c l e a r l y  a  , r e l a t i v e l y  minor a a t t e r .  However, e a r l y  
commercial a v a i l a b i l i t y  and manufactur ing  c o n t r o l  such t h a t  
d i f f e r e n t  p r o d ~ c t i o n  b a t c h e s  would have t h e  sane  performance 
c h a r a c t e r i s t i c s  a r e  e s s e n t i a l .  O ther  p r o p s r t i e s  d e s i r e d  a r e  
n o n - t o x i c i t y ,  r e s i s t a n c e  t o  mold growth,  and c o m p a t i b i l i t y  w i t h  
pe t ro leum l u b r i c a n t s  t o  c a r e  f o r  a c c i d e n t a l  c o n t a m i n a t i o n  s o  
l i k e l y  t o  Dccur u n d e ~  wartime s e r v i c e  c o n d i t i o n s .  

3. The r e q u i r e d  combinat ion  of  p r o p e r t i e s :  low v i s c o s i t y  
a t  -400F, low f r e e z i n g  point , .  and low r a t e  of  e v a p o r a t i o n  made 
i t  v e r y  d i f f i c u l t  t o  produce t h e  r e q u i r e d  l u b r i c a n t s  Prom pe t ro leuo  



o i l  f r a c t i o n s .  Al though s u i t a b l e  hydroca rbons  cou ld  be syn-  
t h e s i z e d  and might  c o n c e i v a b l y  be  p repa red  from pe t ro l eum by 
t h e  a d o p t i o n  o f  u n u s u a l  f r a c t i o n a t i o n  p r o c e d u r e s ,  e i t h e r  t h e  
s y n t h e s i s  o r  t h e  c a r e f u l  s e l e c t i o n  and c o n t r o l  of b a s e , s t o c k s  
and t h e  s p e c i a l  equipment  and s p e c i a l l y  t r a i n e d  p e r s o n n e l  in-  
vo lved  would make t h e  p r o d u c t  a s  e x p e n s i v e  a s  non-hydrocarbon 
s y n t h e t i c s .  F u r t h e r m o r e ,  i t  would be a  t ime-consuming and un- 
welcome t a s k  f o r  any pe t ro l eum m a n u f a c t u r e r  t o  produce such  
f l u i d s  s i n c e  t h e  volume r e q u i r e d ,  a l t h o u g h  l a r g e  a s  compared 
w i t h  pre-war s t a n d a r d s  o f  i n s t r u m e n t  o i l  p r o d u c t i o n ,  would s t i l l  
a p p e a r  s m a l l  o r  i n s i g n i f i c a p t  t o  t h e  p r o d u c e r s  possess j -ng  t h e  
n e c e s s a r y  t r a i n e d  p e r s o n n e l  and s p e c i a l  equipment .  It was t h e r e -  
f o r e  c o n s i d e r e d  a d v i s a b l e  t o  d e v e l o p  a  homologous g roup  o f  syn-  
t h e t i c  o r g a n i c  c h e m i c a l s  f o r  t h e  n a v a l  l u b r i c a t i n g  a p p l i c a t i o n s  
i n v o l v e d .  

C .  H i s t o r i c a l  Background 

4.  E s t e r s  o f  d i c a r b o x y l i c  a c i d s  have been  w i d e l y  used i n  
i n d u s t r y  i n  t h e  p a s t  twen ty  y e a r s  f o r  p l a s t i c i z e r s  and vacuum 
pump o i l s .  The u s e  o f  d i e s t e r s  as r l a s t i c i z e r s  i s  t h e  e a r l i e s t  
l a r g e  s c a l e  a p p l i c a t i o n  known t o  t h i s  L a b o r a t o r y .  The d i m e t h y l ,  
d i e t h y l ,  d i b u t y l ,  d i o c t y l ,  d i p h e n y l ,  and d i b e n z y l  p h t h a l a t e s  
and s e b a c a t e s  have b e e n  among t h e  commonly used p l a s t i c i z e r s .  
D i b u t y l  p h t h a l a t e  was i n v e s t i g a t e d  and recommended f o r  u s e  a s  
a  vacuum pump o i l  by Hickman and S a n f o r d  ( 1 , 2 ) .  L a t e r  a  v a r i e t y  
o f  o t h e r  d i e s t e r s  o f  p h t h a l i c  a c i d  were s t u d i e d  and a p p l i e d  by 
Hickman ( 3 ) .  I n  p r e s e n t  h i g h  v a c u u m , d i s t i l l a t i o n  p r a c t i c e , u s e  
i s  made o f  t h e  d i b u t y l ,  d i amyl ,  and d i o c t y l  e s t e r s  of  e i t h e r  
p h t h a l i c  o r  s e b a c i c  a c i d ,  t h e  d i o c t y l  e s t e r s  presumably b e i n g  
t h e  2 - e t h y l h e x y l  e s t e r s .  

5. Al though  monoes t e r s  have been  used  f o r  a  l o n g  t i m e  a s  
l u b r i c a n t s  o r  f o r  l u b r i c a n t  a d d i t i v e s ,  t h e  u s e  o f  d i e s t e r s  f o r  
s u c h  p u r p o s e s  i s  r e l a t i v e l y  new. I n  c o n n e c t i o n  w i t h  deve lopmen ta l  
work on  polymer t h i c k e n e d  h y d r a u l i c  o i l s ,  t h e  Pe t ro l eum R e f i n i n g  
L a b o r a t o r y  o f  t h e  F e n n s y l v a n i a  S t a t e  C o l l e g e  t e s t e d  a  number o f ,  
u n d i s c l o s e d  e s t e r s  and d i e s t e r s  and r e p o r t e d  f i n d i n g  t h a t  a  
commercial  g r a d e  o f  d i - ( 2 - e t h y l h e x y l )  s e b a c a t e  was a n  e f f e c t i v e  
a n t i t a c k  a d d i t i v e  f o r  u s e  i n  t h e  low f l a s h  p o i n t  pe t ro l eum 
h y d r a u l i c  o i l s  b e i n g  s t u d i e d  ( 4 ) .  T h a t  l a b o r a t o r y  a l s o  r e p o r t e d  
t h a t  t h e  same d i e s t e r  was a  u s e f u l  b a s e  f l u i d  f o r  p r e p a r i n g  
v i s c o u s  polymer t h i c k e n e d  damping f l u i d s  o f  h i g h  v i s c o s i t y  
i n d i c e s .  A g r o u p  of commerc ia l ly  a v a i l a b l e  e s t e r s  were  d e s c r i b e d  
w i t h  r e s p e c t  t o  t h e i r  v i s c o s i t y - t e m p e r a t u r e  and m e l t i n g  p o i n t  
c h a r a c t e r i s t i c s ,  b u t  no f u r t h e r  i n f o r m a t i o n  was g i v e n  a s  t o  t h e  
chemica l  n a t u r e  o r  p u r i t y  o f  t h e  compounds used.  

6. Al though  t h e  d i e s t e r s  o f  P a r a g r s p h  4 were commerc ia l ly  
a v a i l a b l e ,  due t o  t h e  u n c e r t a i n t y  a s  t o  t h e i r  p u r i t y  and t h e  
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n e c e s s i t y  f o r  r e l i a b l e  da ta  on t h e i r  physical  and chemical 
c h a r a c t e r i s t i c s ,  it was decided t o  synthesize and pur i fy  a l l  
of t h e  d i e s t e r s  s tudied  i n  t h i s  inves t iga t ion ,  Such a  program 
would permit a  s tudy of t h e  r e l a t i o n  of s t r u c t u r e  t o  t h e  proper- 
t i e s  of i n t e r e s t  i n  l u b r i c a t i o n  and would permit developing t h e  
bes t  poss ib le  low temperature l u b r i c a n t s .  It was planned t h a t  
l a t e r  i n  t h e  research  program, a f t e r  performance s tandards were 
s e t  up by t h e  development of l u b r i c a n t s  made from t h e  pure 
compounds, l u b r i c a n t  compositions could be prepared s a f e l y  from 
l e s s  c a r e f u l l y  pur i f i ed  d i e s t e r s ,  

11. PROPERTIES OF THE PTTRE DIESTERS AND DEVELOPlcENT OF STJITABLE 
ADDITION AGENTS 

A .  Theore t i ca l  Considerations 

7. An important advantage of d i e s t e r s  a s  compared t o  mono- 
e s t e r s  i s  t h a t  uompounds of r e l a t i v e l y  high moLecular weight can 
be prepared without r e s o r t i n g  t o  t h e  use of e i t h e r  a lcohols  o r  
a c i d s  of high molecular weight. I n  a d d i t i o n ,  more v a r i e t y  i n  
t h e  poss ib le  molecular conf igura t ions  i s  p ~ s s i b l e  due t o  t h e  
a v a i l a b i l i t y  i n  s i ~ c h  compounds of two r e a c t i v e  l inkages .  By t h e  
f u l l  use of a  v a r i e t y  of commercially a v a i l a b l e  branched chain 
a l i p h a t i c  a l coho l s ,  a  d ive r se  group of d i e s t e r s  can be prepared. 
A s  i n  t h e  development of vacuum pump o i l s  t h e  des i red  low vapor 
pressure can be assured by preparing compounds of s u f f i c i e n t l y  
high molecular weight,  t h i s  f a c t o r  being l i m i t e d  by t h e  molecular 
weights of t h e  a v a i l a b l e  a l coho l s  and d icarboxyl ic  ac ids .  Thus 
d i o c t y l  ph tha la te  o r  d i o c t y l  sebacate v?ould have lower vapor 
pressures  t h a n  d i e t h y l  ph tha la te  o r  d ie thy$ sebacate .  Likewise, 
e s t e r s  of sebacic  o r  a z e l a i c  a c i d s ,  which have t e n  and nine 
carbon atoms respec t ive ly ,  a r e  preferable  t o  e s t e r s  of an a c i d  
such a s  succ in ic  which has only four  carbon atoms per molecule, 

8. For a p p l i c a t i o n  t o  l u b r i c a t i o n ,  cons idera t ion  must be 
given t o  obta in ing  t h e  proper v i s c o s i t y  and f reez ing  point  
c h a r a c t e r i s t i c s .  To keep t h e  v i s c o s i t i e s  of t h e  f l u i d s  low a t  
-40°F, it i s  e s s e n t i a l  t h a t  t h e  branched chains be a s  shor t  a s  
poss ib le  cons i s t en t  with t h e  need f o r  'obtaining low f reez ing  
poin ts .  This can be done r e a d i l y  by using branched a l i p h a t i c  
a lcohols  reacted with s t r a i g h t  chain d icarboxyl ic  a c i d s ,  by using 
branched chain monocarboxylic ac ids  and s t r a i g h t  chain d ihydr ic  
a lcohols  such as decamethylene g lycol ,  o r  by using branched 
a l i p h a t i c  d icarboxyl ic  a c i d s  reacted with s t r a i g h t  chain a lcohols .  
A t  present  t h e  r e l a t i v e l y  lower cost  and a v a i l a b i l i t y  of t h e  
d i e s t e r s  made from dicarboxyl ic  ac ids  reacted with branched chain 
a lcohols  makcs t h e i r  use preferable .  Presumably t h i s  has been 
t h e  dec i s ion  of o thers  i n  developing vacuum pump o i l s  and p l a s t i -  
c i z e r s .  The required low f reez ing  poin ts  can be obtained by tmo 
methods, The f i r s t  method i s  t o  cause branching of the  nolecule  
t o  give hindrance t o  t h e  r egu la r  

- 3 r n  
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al ig .nment  and c l o s e s t  p a c k l n g  o f  t h e  major  m o l e c u l a r  c h a i n s .  
The second method i s  t o  a p p l y  t h e  w e l l  known r u l e  o f  a l t e r n a t i o n  
o f  t h e  m e l t i n g  p o i n t s  o f  o r g a n i c  compounds o f  a  homologous 
s e r i e s  and o f  t h e  l o w e r  m e l t i n g  p o i n t s  o f  s t r a i g h t  c h a i n  com- 
pounds h a v i n g  a n  odd number o f  c a r b o n  a toms p e r  mo lecu le .  Thus ,  
much lower  m e l t i n g  p o i n t  e s t e r s  o f  d i c a r b o x y l i c  a c i d s  s h o u l d  
b e  made from a z e l a i c  a c i d  which h a s  n i n e  c a r b o n  atoms t h a n  
f rom e i t h e r  s e b a c i c  a c i d  o r  s u b e r i c  a c i d  h a v i n g  t e n  and e i g h t  
c a r k o n  atoms p e r  m o l e c u l e  r e s p e c t i v e l y .  O f  c o u r s e ,  t h e  p r e s e n c e  
o f  t h e  e s t e r  g r o u p  i t s e l f  i s  advan tageous  in ,  c a u s i n g  t h e  d i e s t e r  
compound t o  have  a lower  f r e e z i n g  p o i n t  t h a n  t h e  ana logous  hydro-  
c a r b o 2  compound. 

9. The h y d r o l y t i c  s t a b i l i t y  o f  a d i e s t e r  s h o u l d  b e  c a p a b l e  
o f  b e i n g  i n c r e a s e d  by t h e  a d d i t i o n  o f  o n e  o r  more minor  hydroca r -  
bon c h a i n s  b r a n c h i n g  f rom t h e  m'ajor e s t e r  c h a i n  i n  s u c h  a  way 
t h a t  e a c h  b r a n c h  i s  c l o s e  enough t o  a n  e s t e r  g r o u p  t o  c r e a t e  
h i n d r a n c e  o r  b l o c k i n g  t o  t h e  c l o s e  a p p r o a c h  o f  w a t e r  o r  a c i d  
m o l e c u l e s .  Hence,  t h e  b r a n c h i n g  of t h e  ma jo r  c h a i n  o f  t h e  d i e s t e r  
s h o u l d  o c c u r  o n  t h e  b e t a  c a r b o n  atom o f  t h e  a l c o h o l  o r  o f  t h e  
a c i d .  If t h e  b l o c k i n g  e f f e c t  i s  i n c r e a s e d  t o o  much, however,  
t h e r e  w i l l  b e  a n  added d i f f i c u l t y  i n  o b t a i n i n g  good y i e l d s  i n  
t h e  e s t e r i f i c a t i o n  r e a c t i o n .  Hence,  l o n g  hydroca rbon  c h a i n s  
b r a n c h i n g  f rom t h e  b e t a  o r  n e a r b y  c a r b o n  atoms a r e  u n d e s i r a b l e .  

10. The v i s c o s i t y - t e m p e r a t u r e  c h a r a c t e r i s t i c s  o f  t h e  p u r e  
d i e s t e r s  c a n  b e  r e l a t e d  t o  t h e  c h a r a c t e r i s t i c s  of a n a l o g o u s  
hydroca rbon  compounds. A l so  d i f f e r e n c e s  i n  t h e  v i s c o s i t y -  
t e f i p e r a t u r e  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  d i e s t e r s  c a n  be  r e l a t e d  
t o  d i f f e r e n c e s  i n  t h e i r  m o l e c u l a r  s t r u c t u r e .  The e s t e r s  o f  
d i b a s i c  s t r a i g h t - c h a i n  a c i d s  would be  e x p e c t e d  t o  have v i s c o s i t y -  
t e m p e r a t u r e  c h a r a c t e r i s t i c s  s im i l a r  t o  t h o s e  of t h e  a n a l o g o u s  
p a r a f f i n  hydroca rbons .  It h a s  b e e n  shown t h a t  t h e  normal  p a r a f f i n  
h y d r o c a r b o n s  have t h e  most f a v o r a b l e  v i s c o s i t y - t e m p e r a t u r e  
c h a r a c t e r i s t i c s  o f  t h e  hydroca rbons .  V a r i o u s  g e n e r a l i z a t i o n s  
o n  t h e  e f f e c t  o f  c h a i n  l e n g t h ,  b r a n c h i n g ,  c y c l i c  g r o u p s ,  u n s a t u r a -  
t i o n ,  and f u n c t i o n a l  s u b s  t i t u e n t s  f o r  hydroca rbons  have b e e n  made 
by s e v e r a l  i n v e s t i g a t o r s  ( 5 , 6 , 7 , 8 , 9 ) .  

11, A v e r y  l i m i t e d  amount o f  i n f o r m a t i o n  i s  a v a i l a b l e  i n  
t h e  l i t e r a t u r e  o n  t h e  v i s c o s i t y - t e m p e r a t u r e  c h a r a c t e r i s t i c s  
o f  t h ?  h i g h e r  m o l e c u l a r  w e i g h t  p a r a f f i n  hydroca rbons .  Much o f  
t h e  p u b l i s h e d  i n f o r m a t i o n  i s  o f  l i m i t e d  v a l u e  a s  t h e  p u r i t y  o f  
t h e  compounds s t u d i e d  i s  unknown. L i k e w i s e ,  o n l y  t h e  l ower  mole- 
c u l a r  w e i g h t  e s t e r s  o f  t h e  d i b a s i c  a l i p h a t i c  a c i d s  have b e e n  i n -  
v e s t i g a t e d  a s  r e g a r d s  t h e i r  v i s c o s i t y - t e m p e r a t u r e  c h a r a c t e r i s t i c s ,  
A compar i son  o f  t h e  k i n e m a t i c  v i s c o s i t i e s  of t h e  d i e t h y l  e s t e r s  
o f  a l i p h a t i c  d i b a s i c  a c i d s  and of  t h e  normal  p a r a f f i n  hydroca rbons  
o f  t h e  same c h a i n  l e n g t h  i s  p r e s e n t e d  i n  T a b l e  I ,  The c h a i n  
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l e n g t h s  of t h e  d i e s t e r s  were considered t o  be t h e  number of 
atoms i n  t h e  l o n g e s t  cha in ;  t h u s ,  one oxygen atom from each 
e s t e r  graup i s  included i n  t h e  ca l cu l a t ed  cha in  leng th .  

12.  The kinemat ic  v i s c o s i t i e s  of t h e  d i e s t e r s  were c a l c u l a t e d  
from t h e  a b s o l u t e  v i s c o s i t y  and d e n s i t y  d a t a  of Dunstan, H i l d i t c h ,  
and Thole (10 ) .  The v i s c o s i t i e s  of  t h e  normal hydrocarbons except  
t r i d e c a n e  and pentadecane were obta ined by i n t e r p o l a t i n g  t h e  
v i s c o s i t i e s  given by Evans (11)  from t h e i r  curves on an ASTM 
v i scos i ty - t empera tu re  c h a r t .  The v i s c o s i t i e s  of t r i -  and penta- 
decane were c a l c u l a t e d  from va lues  of a b s o l u t e  v i s c o s i t y  and 
d e n s i t y  g iven  by Doss (12 ) .  The v i s c o s i t y  of pentadecane i s  
i n c o n s i s t e n t  w i t h  t h e  o t h e r  da ta .  

13. Table I r e v e a l s  t h a t  t h e s e  d i e s t e r s  a r e  more v i scous  t h a n  
t h e  analogous p a r a f f i n s  of t h e  same cha in  l e n g t h  but tend t o  
approach them i n  v i s c o s i t y  a t  h igher  cha in  l eng ths .  T;,e d i e s t e r s  
being more v i s c c u s  t h a n  p a r a f f i n s  of t h e  same cha in  l e n g t h  w i l l  
no t  r e q u i r e  a s  lodg a  malecule t o  give  t h e  des i r ed  v i s c o s i t y .  
This  i s  advantageous from t h e  s y n t h e t i c  po in t  of view a s  t h e  
d i f f i c u l t i e s  of s y n t h e s i s  i n c r e a s e  wi th  t h e  s i z e  of t h e  molecule. 
Also t h e  sma l l e r  d i e s t e r  molecule w i l l  have a  lower f r e e z i n g  
po in t  t han  t h e  analogous p a r a f f i n  due t o  both  i t s  s h o r t e r  cha in  
l e n g t h  and t h e  e f f e c t  of t h e  t ~ v o  e s t e r  groups. 

14. Thorpe and Rodger (13) i n  t h e i r  s t u d i e s  on v i s c o s i t y  
pointed ou t  t h a t  "It seems f u t i l e  t o  expect  t h a t  any d e f i n i t e  
s t o i c h i o m e t r i c  r e l a t i o n s  should become ev iden t  by comparing 
obse rva t ions  taken a t  t h e  same temperaturef1.  Many o t h e r  i n v e s t i -  
g a t o r s  have reached t h i s  same conclusion.  B e t t e r  co r r e l a t i o r l s  
have been found when comparing p r o p e r t i e s  a t  t h e  mel t ing and 
b o i l i n g  p o i n t s  and a l l  o t h e r  equ iva l en t  po in t s .  These r e s u l t s  
a r e  of  cons ide rab le  t h e o r e t i c a l  s i g n i f i c a n c e ,  bu t  it i s  d i f f i c u l t  
t o  t r a n s l a t e  them i n t o  u s e f u l  da t a .  It i s  s impler  t o  determine 
t h e  v i s c o s i t i e s  over t h e  temperature  working range. However, 
c e r t a i n  g e n e r ~ l i z a t i o n s  have been worked ou t  which a r e  u s e f u l  
i n  p r e d i c t i n g  t h e  v i s c o s i t y  and t h e  v i scos i ty - t empera tu re  charac- 
t e r i s t i c s  of l i q u i d s  from t h e i r  s t r u c t u r a l  con f igu ra t ions .  

( a )  Inc reas ing  t h e  cha in  l eng th  i n c r e a s e s  t he  v i s c o s i t y  
and improves t h e  v i scos i ty - t empera tu re  c h a r a c t e r i s t i c s  a s  evidenced 
by high va lue  of V . I .  and low va lue  of t h e  s lope .  

( b )  The a d d i t i o n  of s i d e  cha ins  i n c r e a s e s  t h e  v i s c o s i t y  
and impairs  t h e  v i scos i ty - t empera tu re  c h a r a c t e r i s t i c s .  The 
amount i s  dependent upon t h e  number and e x t e n t  of t h e  branches.  

( c )  The p o s i t i o n  of t h e  branched cha in  e x e r t s  a  v a r i a b l e  
in f luence  on t h e  v i s c o s i t y .  
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( d )  The a d d i t i o n  of c y c l i c  groupscauses  l a r g e r  i n c r e a s e s  

i n  v i s c o s i t y  and g r e a t e r  i n c r e a s e  of  v i s c o s i t y - t e m p e r a t u r e  
c o e f f i c i e n t . t h a n  a l i p h a t i c  c h a i n s .  

( e )  I n c r e a s i n g  t h e  r a t i o  o f  t h e  c r o s s  s e c t i o n  of  t h e  
molecule  t o  i t s  l e n g t h  i n c r e a s e s  t h e  v i s c o s i t y - t e m p e r a t u r e  
c o e f f i c i e n t .  

15. These g e n e r a l i z a t i o n s  were used t o  o u t l i n e  a  program f o r  
t h e  s y n t h e s i s  of  a  group of d i e s t e r s  t o  be prepared  by o t h e r  
members o f  t h e  L u b r i c a t i o n  S e c t i o n  from a v a i l a b l e  d i b a s i c  a c i d s  
and branched c h a i n  a l c o h o l s .  I n  brder  t o  o b t a i n  t h e - s m a l l e s t  
v i s c o s i t y - t e m p e r a t u r e  s l o p e  ( o r  t h e  maximum V.I.)  a n  e n t i r e l y  
a l i p h a t i c  d i e s t e r  was p r e f e r r e d .  I n  o r d e r  t o  o b t a i n  f l u i d s  
which were o f  a s  low v i s c o s i t y  a s  p o s s i b l e  c o n s i s t e n t  w i t h  t h e  
need f o r  low e v a p o r a t i o n  r a t e s  a t  room t e m p e r a t u r e ,  branched 
c h a i n  d i e s t e r s  ?vere p r e f e r r e d  having  brariches w i t h  no more 
t h a n  s e v e r a l  ca rbon  atoms. 

B. The P r e p a r a t i o n  o f  P u r e  D i e s t e r s  and Some P r o p e r t i e s  Found 
During t h e  F r e p a r a t i ~ n  -- 

16. The above  c o n c l u s i o n s  coupled  w i t h  c o n s i d e r a t i o n s  of t h e  
a v a i l a b i l i t y  of s t a r t i n g  m a t e r i a l s  and o f  t h e  need f o r  a  group 
o f  f l u i d s  having  a  r ange  of v i s c o s i t i e s  r e s u l t e d  i n  a  d e f i n i t e  
program f o r  t h e  s y n t h e s i s  and development of a  number o f  d i e s t e r  
l u b r i c a n t s ,  The group s t u d i e d  and r e p o r t e d  h e r e  i n c l u d e s  e s t e r s  
o f  s e b a c i c ,  a z e l a i c ,  and a d i p i c  a c i d s .  Some e s t e r s  of p h t h a l i c  
a c i d  were i n c l u d e d  f o r  comparison.  The a l c o h o l s  used were con- 
f i n e d  t o  t h e  branched-chain  s a t u r a t e d  a l i p h a t i c  a l c o h o l s  a t  
p r e s e n t  commercia l ly  a v a i l a b l e  i n  volume i . e . ,  1 - e t h y l p r o p y l ,  
2 - e t h y l b u t y l ,  i soamyl ,  undecy l ,  t e t r a d e c y l ,  and h e p t a d e c y l  
a l c o h o l s ,  t h e  l a s t  t h r e e  b e i n g  t h e  branched-chain  a l i p h a t i c  
a l c o h o l s  manufactured by t h e  Carb ide  and Carbon Chemicals Corp. 
A d i s c u s s i o n  of t h e  s y n t h e s i s ,  p u r i f i c a t i o n ,  and chemical  i d e n t i -  
f i c a t i o n  of t h e  r e s u l t i n g  d i e s t e r s  w i l l  be found i n  a n o t h e r  
r e p o r t  o f  t h i s  Labora to ry  ( 1 4 ) .  

17. The p h y s i c a l  and chemical  p r o p e r t i e s  of each p u r e  d i e s t e r  
were  s u b s e q u e n t l y  examined and s p e c i a l  e a p h a s i s  was placed on 
p r o p e r t i e s  of i n t e r e s t  i n  l u b r i c a t i o n .  Chemical a d d i t i v e  a g e n t s  
were developed f o r  u s e  a s  a n t i o x i d a n t s ,  r u s t  i n h i b i t o r s ,  and 
V. I. improvers .  The d a t a  o b t a i n e d ,  t h e  l u b r i c a n t s  deve loped ,  
and t h e  c o n c l u s i o n s  p e r t a i n i a g  t o  them a r e  p r e s e n t e d  i n  t h i s  
r e p o r t .  

18 .  I n  Tab le  I1 a r e  l i s t e d  t h e  d i c s t e r s  s y n t h e s i z e d  and p u r i f i e d  
by t h i s  Labora to ry  f o r  t h i s  and r e l a t e d  i n v e s t i g a t i o n s .  The 
t h e o r e t i c a l  m o l e c u l a r  w e i g h t s  and t h e  observed f r e e z i n g  p o i n t s  



werF o b t a i n e d  from NRL Repor t  P-2573 (14) and a r e  l i s t e d  h e r e  
f o r  convenience  o f  r e f e r e n c e .  The compounds a r e  grouped by t h e  
a c i d s  used and u s u a l l y  w i t h i n  each such  group by i n c r e a s i 9 g  
molecu la r  weight .  I t  was found t h a t  t h e  f r e e z i n g  p o i n t s  were 
d e p r e s s e d  by t h e  p resence  o f  i m p u r i t i e s  e s p e c i a l l y  of  t r a c e s  
of t h e  a lcohr> l s  used i n  t h e  s y n t h e s i s .  Also ,  due t o  t h e  branched 
s t r u c t u r e  of  t h e s e  o r g a n i c  compounds, t h e  l i q u i d s  r e a d i l y  super -  
coo led  t o  g ivc  much lower a p p a r e n t  f r e e z i n g  p o i n t s  t h a n  t h e  
t r u e  v a l u e s .  It was t h e r e f o r e  n e c e s s a r y  t o  c h i l l  each  l i q u i d  
u n t i l  s o l i d  and t h e n  s lowly  warm it  i n  o r d e r  t o  measure t h e  
m e l t i n g  p o i n t  c o r r e c t l y .  The pour p o i n t s  a s  d e f i n e d  i n  t h e  
s p e c i f i c a t i o n s  f o r  pe t ro leum o i l s  were c o n s i d e r e d  t o o  u n r e l i a b l e  
t o  be of  any v a l u e  i n  d i s c u s s i n g  d i e s t e r s .  

19.  Focuss ing  a t t e n t i o n  f i r s t  on t h e  pure  d i e s t e r s  t h o s e  
hav ing  f r e e z i n g  p o i n t s  below -7F°F a r e :  t h e  1 - e t h y l p r o p y l  d i e s t e r s  
of a d i p i c ,  a z e l a i c  and s e b a c i c  a c i d s ,  t h e  2 - e t h y l h e x y l  d i e s t e r s  
of  a d i p i c  and a z e l a i c  a c i d s ,  and t h e  2 -e thy lbu toxy  d i e s t e r  of 
a d i ~ i c  a c i d .  Those having f r e e z i n g  p o i n t s  below - 4 0 ' ~  b u t  no t  
be lou -7F°F a r e  t h e  2 - e t h y l h c x y l  d i e s t c r s  of  p h t h a l i c  and s e b a c i c  
a c i d s ,  t h e  3-methylbutyl  d i e s t e r  of  a d i p i c  a c i d ,  t h e  2 -e thy l -  
b u t y l  d i e s t e r  o f  a z e l a i c  a c i d ,  and t h e  branched undccyl ,  t e t r a -  
d e c y l  and h e p t a d e c y l  d i e s t c r s  of  a d i p i c ,  a z e l a i c ,  and s e b a c i c  
a c i d s .  I f  m i x t u r c s  o f  t h e s e  purc  d i e s t e r s  arc? used ,  oany ex- 
t r e m e l y  low f r e e z i n g  p o i n t  m i x t u r e s  can  be made, whi le  any o f  
t h e  above mixed w i t h  t h e  e t h y l  o r  b u t y l  d i c s t e r s  of  p h t h a l i c  
a c i d ,  t h e  2 - e t h y l b u t y l  d i e s t e r s  o f  a d i p i c  a c i d ,  o r  t h e  2-methyl- 
b u t y l  d i e s t e r  o f  a z c l a i c  a c i d  may a l s o  kc u s e f u l  f o r  numerous 
modera te ly  low t e m p e r a t u r e  uses .  Two component mix tu res  o f  par-  
t i c u l a r  i n t e r e s t  i n  c o n n e c t i o n  w i t h  t h e  development of  ins t rumen6 
o i l s  s u i t a b l e  f o r  ex t remely  low t e m p e r a t u r e s  a r e  t h o s e  o f  t h e  
2 - e t h y l h e x y l  d i e s t e r s  of a d i p i c ,  a z e l a i c  and s e b a c i c  a c i d s .  
I n  NRL Repor t  P-2543 (14)  i t  was r e p o r t n d  t h a t  m i x t u r e s  of  t h e  
a z e l a t e  and s e b a c a t e  c o n t a i n i n g  over  20 pe r  c e n t  by weight  
a z e l a t e  and m i x t u r e s  of t h e  a d i p a t e  and s e b a c a t e  c o n t a i n i n g  

- 

over  35 p c r  c e n t  by weight  s d i p a t e  had f r e e z i n g  p o i n t s  below 
-75 '~.  O f  c o u r s e ,  a l l  mix tu res  of t h e  a d i p a t e  w i t h  t h e  a z c l s t e  
would have f r a e z i n g  p o i n t s  below -90°F. 

C.  Viscos i ty-Tempera ture  C h a r a c t e r i s t i c s  

20. The k i n e m a t i c  v i s c o s i t y - t e m p e r a t u r e  c h a r a c t e r i s t i c s  o f  t h e  
d i e s t e r s  were de termined over  t h c  t e m p e r a t u r e  r ange  of  i n t e r e s t .  
The v i s c o s i t i e s  were de termined i n  c a l i b r a t e d  Cannon-Fenske 
modif ied  Ostwald t y ~ e  v i s c o m e t e r s  a c c o r d i n g  t o  t h e  ASTM Method 
D445-42T. ASTK k i n e m a t i c  v i s c o s i t y  thermometers  c a l i b r a t e d  by 
t h e  N a t i o n a l  Bureau of S t a n d a r d s  were used t o  measure t h e  tempera- 
t u r e s  a t  7 7 O ,  loo0,  130° and 210°F. The b a t h s  were t h e r m o s t n t i c a l l  
c o n t r o l l e d  t o  0.03°F. 



21. For t h e  low tempe'rature d e t e r m i n a t i o n s  a  w e l l - i n s u l a t e d  
c o n s t a n t  t e m p e r a t u r e  b a t h  w i t h  double  windows was used.  Tem- 
p e r a t u r e  c o n t r o l  was mainta ined by b a l a n c i n g  a  low w a t t a g e  
immersion h e a t e r  a g a i n s t  t h e  c o o l i n g  e f f e c t  r e s u l t i n g  from t h e  

' s u b l i m a t i o n  of t h e  d r y  i c e  con ta ined  i n  a  compartment su r round ing  
t h e  l i q u i d  b a t h .  "Methyl c e l l o s o l v e t t  was used a s  t h e  b a t h  
l i q u i d .  The t e ~ p e r a t u r e  was measured by t h e  E.M.F. from a  6- 
j u n c t i o n  copper-cupron t h e r m o p i l e  ( c a l i b r a t e d  a t  t h e  f r e e z i n g  
p o i n t s  of  w a t e r  and mercury and t h e  s u b l i m a t i o n  p o i n t  of  s o l i d  
ca rbon  d i o x i d e )  i n  c o n j u n c t i o n  w i t h  a  type  B Rubicon p o t e n t i o m e t e r  
and a  s e n s i t i v e  e x t e r n a l  galvanometer .  The E.M.F. from t h e  
t h e r m o p i l e  was 120  t o  140 m i c r o v o l t s  pe r  degree  F. 

22. The Cannon-Fenske modif ied Ostwald v i s c o m e t e r s  were c a l i -  
b r a t e d  a t  1000F. A t  a l l  o t h e r  t e m p e r a t u r e s  t h e u s u a l  c o r r e c t i o n  
f a c t o r  was a p p l i e d  t o  compensate f o r  changes i n  t h e  dimensions 
o f  t h e  v i s c o m e t e r  and i n  t h e  volume of t h e  l i q u i d .  These f a c t o r s  
have been determined over  t h e  range  600 t o  2100F, and t h e  v a l u e s  
f o r  t h e  lower  t e m p e r a t u r e s  were o b t a i n e d  by e x t r a p o l a t i n g  t h e  
curve  through t h e  known p o i n t s  t o  t h e  d e s i r e d  t empera tu re .  The 
v a r i a t i o n s  o f  t h e  v i s c o s i t y  w i t h  t e m p e r a t u r e  of each d i e s t e r  a r e  
g i v e n  i n  T a b l e  111, and t h e  d a t a  p l o t t e d  on extended ASTM v i s c o s i t y -  
t e m p e r a t u r e  c h a r t s  D341-43 a r e  shown on P l a t e s  1 t o  4 i n c l u s i v e .  

23. O f  t h e  s e v e r a l  methods o f  r a t i n g  l u b r i c a n t s  a c c o r d i n g  t o  
t h e i r  v i s c o s i t y - t e m p e r a t u r e  c h a r a c t e r i s t i c s  t h e  most common a r e  
t h e  v i s c o s i t y - t e m p e r a t u r e  s l o p e  o r  t h e  I1ASTM Slopell and t h e  
t t V i s c o s i t y  Index" ,  u s u a l l y  a b b r e v i a t e d  t o  V . I .  The ASTM s l o p e  
i s  t h e  t a n g e n t  of t h e  a n g l e  made by t h e  v i s c o s i t y - t e m p e r a t u r e  
c u r v e  on  t h e  ASTM c h a r t  and i s  measured l i n e a r l y .  Th i s  method 
i s  a d ~ a n t a g e ~ ~ u s  i n  t h a t  t h e  s l o p e  may be de termined f o r  any 
p o r t i o n  of  t h e  l i q u i d u s  range  of t h e  f l u i d  d e s i r e d .  The lower 
t h e  v a l u e  of t h e  s l o p e  t h e  l e s s  i s  t h e  change i n  v i s c o s i t y  
w i t h  t empera tu re .  The s l o p e  v a l u e  i s  q u i t e  u s e f u l  i n  comparing 
f l u i d s  having approx imate ly  t h e  same v i s c o s i t y  a t  a  g i v e n  
r e f e r e n c e  p o i n t .  

24. The k i n e m a t i c  v i s c o s i t y  index  o r  V . I .  was de termined by 
ASTM method ~ 5 6 7 - 4 1 .  The V.I . .  i s  t h e  f i g u r e  c a l c u l a t e d  from 
t h e  k i n e m a t i c  v i s c o s i t i e s  a t  10O0 a c c o r d i n g  t o  t h e  f o l l o w i n g  
e q u a t i o n :  

V . I .  = I!-U. 100  
L- 8 

41U11 i s  t h e  v i s c o s i t y  of t h e  o i l  i n  q u e s t i o n  a t  1 0 0 ~ ~ .  ItLtt and 
nH1l a r e  t h e  100°F v i s c o s i t i e s  of  h y p o t h e t i c a l  o i l s  having t h e  
same v i s c ~ s i t y  a t  2100F a s  t h e  o i l  under  c o n s i d e r a t i o n .  Hypo- 
t h e t i c a l  o i l  l1Ll1 has  a  V . I .  of 0  and o i l  "HI1 a  V . I .  o f  100.  
For o i l s  having v i s c o s i t i e s  below 4.20 c e n t i s t o k e s  a t  2 1 0 ' ~  
t h e  v a l u e s  of I1H" and "LIf may be c a l c u l a t e d  by t h e  f o l l o w i n g  
e q u a t i o n s :  
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where x i s  t h e  k i n e m a t i c  v i s c o s i t y  a t  2 1 0 ' ~ .  T a b l e s  o f  t h e  llHtl  

and l1LIt v a l u e s  a r e  i n c l u d e d  i n  t h e  ASTM p r o c e d u r e .  The "HU 
and llLft v a l u e s  were o r i g i n a l l y  based  on  t h e  v i s c o s i t y - t e m p e r a t u r e  
c h a r a c t e r i s t i c s  of c o n t r a s t i n g  t y p e s  of p e t r o l e u m  l u b r i c a t i n g  
o i l s .  A V . I .  o f  100 i s  c o n s i d e r e d  good f o r  pe t ro l eum o i l s  n o t  
c o n t a i n i n g  polymer t h i c k e n e r s  and i s  a b o u t  a s  h i g h  a  r a t i n g  a s  
c a n  be  o b t a i n e d  by p r e s e n t  i n d u s t r i a l  r e f i n i n g  methods.  As t h e  
r e f e r e n c e  t e m p e r a t u r e s  a r e  1000 and 210°F t h i s  method g i v e s  no 
i n f o r m a t i o n  a s  t o  t h e  low t e m p e r a t u r e  c h a r a c t e r i s t i c s  o f  t h e  o i l  
i n  q u e s t i o n .  

25. A t h i r d  e q u a t i o n  v e r y  commonly used  t o  p r e d i c t  t h e  v i s c o s i t y -  
t e m p e r a t u r e  c h a r a c t e r i s t i c s  i s  t h a t  o f  Andrade (15):  

E q u a t i o n  (A) 'V 7 Ae 1 
B/T 

where I\ = v i s c o s i t y  i n  a b s o l u t e  u n i t s  ( p o i s e s ) ,  T  = a b s o l u t e  
t e m p e r a t u r e ,  and A and B  a r e  c o n s t a n t s .  T.his e q u a t i o n  h o l d s  w i t h  
a  f a i r  d e g r e e  o f  a c c u r a c y  f o r  a  l a r g e  v a r i e t y  of l i q u i d s .  Many 
v a r i a t i o n s  o f  t h i s  e q u a t i o n  have  been  proposed  i n  hopes o f  i m -  
p r o v i n g  t h e  l i n e a r  r e l a t i o n s h i p ,  f r e q u e n t l y  by t h e  i m l u s i I m  o f  
a  t h i r d  c o n s t a n t  i n  t h e  e a u a t i o n  which makes it more d i f f i c u l t  
t o  u s e .  If t h e  c o n s t a n t  B  i s  m u l t i p l i e d  by R o r  K ,  t h e  g a s  o r  

- Boltzman c o n s t a n t .  r e s p e c t i v e l y ,  t h e  d imens ions  o f  t h e  p r o d u c t  
a r e  t h a t  o f  e n e r g y .  Thus ,  B = I / R  where I = i n c r e m e n t  o f  enepgy 
of a c t i v a t i o n  o f  v i s c o s i t y ;  t h e r e f o r e :  

E q u a t i o n  (B) I RT 'i = Ae / 

26. Evans (16 )  found e q u a t i o n  (A) t o  f i t  t h e  d a t a  o n  t h e  
s i m p l e r  hydroca rbons  w i t h  a  f a i r  d e q r e e  o f  a c c u r a c y  b u t  t h i s  
e q u a t i o n  gave  c u r v e s  i n s t e a d  o f  s t r a i g h t  l i n e s  f o r  t h e  h i g h e r  
hydroca rbons .  He concluded  t h a t  t h e  ASTM e q u a t i o n  f i t t e d  t h e  
hydroca rbons  w i t h  a  g r e a t e r  d e g r e e  of a c c u r a c y  t h a n  any  o f  t h e  
n i n e  e q u a t i o n s  i n v e s t i g a t e d .  JJ issan,  C l a r k  and Nash (17 )  i n -  
v e s t i g a t e d  t h e  v i s c o s i t y - t e m p e r a t u r e  c h a r a c t e r i s t i c s  o f  a number 
of l i q u i d s  i n c l u d i n g  normal  p a r a f f i n s ,  i s o p a r a f f i n s ,  o l e f i n s ,  
a l k y l  h a l i d e s ,  a l c o h o l s ,  a l d e h y d e s ,  e t h e r s ,  es ters ,  a c i d s  and 
o t h e r s  and found t h a t  I i n  e q u a t i o n  (B) was n o t  a c o n s t a n t  e v e n  
when t e m p e r a t u r e s  of e q u i v z l e n t  s t a t e s  were used  i n s t e a d  o f  t h e  
a b s o l u t e  t e m p e r a t u r e  of t h e  d e t e r m i n a t i o n s .  Thus I o r  t h e  c o n s t a n t  
B  i n  R n d r a d e l s  e q u a t i o n  i s  n o t  c o n s t a n t  b u t  v a r i e s  w i t h  t h e  
t e m p e r a t u r e .  The d e g r e e  o f  a s s o c i a t i o n  of t h e  l i q u i d  p r o b a b l y  
i n f l u e n c e s  t h e  v a r i a t i o n  o f  B  more t h a n  a n y  o t h e r  f a c t o r ,  b u t  B 
v a r i e s  even  f o r  u n a s s o c i a t e d  l i q u i d s ,  n o t a b l y  t h e  p a r a f f i n s .  

- 9 -  
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27. I n  Tab le  I11 t h e  d a t a  a r e  a r ranged  i n  f a m i l i e s  o f  d i e s t e r s  
a c c o r d i n g  t o  t h e  d i b a s i c  a c i d  invo lved .  The g raphs  o f  t h e  v i s -  
c o s i t y  v s .  t e m p e r a t u r e  on  t h e  ASTM c h a r t  o f  P l a t e s  1 t o  4 a r e  
n e a r l y  a l l  s t r a i g h t  l i n e s .  As p r e v i o u s l y  mentioned t h e  ASTM 
e q u a t i o n  i s  a n  e m p i r i c a l  one,  and t h e r e  is no k n o w n . t h e o r e t i c a 1  
r e a s o n  why t h e  v i s c o s i t y - t e m p e r a t u r e  c u r v e s  of t h e  d i e s t e r s  
shou ld  be s t r a i g h t  l i n e s  on  t h i s  c h a r t .  It i s  known t h a t  p o l a r  
compounds whose d e g r e e  of  a s s o c i a t i o n  v a r i e s  w i t h  t e m p e r a t u r e  
g i v e  curved g raphs  on  t h e  ACTM c h a r t .  T h i s  s u g g e s t s  t h a t  t h e  
a s s o c i a t i o n  o f  t h e s e  d i e s t e r s  does  n o t  v a r y  much w i t h  t e m p e r a t u r e .  
Whatever t h e  t h e o r e t i c a l  b a s i s ,  t h e  ASTM s l o p e  i s  a n  e x c e l l e n t  
*means o f  c h a r a c t e r i z i n g  t h e  e n t i r e  v i s c o s i t y - t e m p e r a t u r e  c u r v e  
o f  d i e s t e r s .  The s l o p e  and,  f o r  comparison,  t h e  V . I .  of each  
compoun3 a r e  g i v e n  i n  Tab le  111. I 

28. Using 10O0F a s  a  r e f e r e n c e  t e m p e r a t u r e  a n  examina t ion  o f  
t h e  d a t a  i n  Tab le  111 shows t h a t  t h e  d i e s t e r s  o f  o r t h o p h t h a l i c  
a c i d ,  U-shaped molecules w i t h  t h e  c y c l i c  g roup  a s  t h e  b a s e  o f  
t h e  U ,  a r e  more v i s c o u s  t h a n  t h e  d i e s t e r s  o f  t h e  a l i p h a t i c  
d i b a s i c  aci .ds .  Also  t h e  v i s c o s i t y - t e m p e r a t u r e  r e l a t i o n s h i p s  o f  
t h e  p h t h a l a t e  e s t e r s  a r e  l e s s  f a v o r a b l e  a s  cvidenced by V . I 1 s .  
and s l o p e s ,  t h a n  t h o s e  of  t h e  a l i p h a t i c  d i b a s i c  a c i d  e s t e r s  o f  
comparable f i o l e c u l a r  we igh t .  The p h t h a l a t e  e s t e r s  have much 
h i g h e r  c r o s s  s e c t i o n  l e n g t h  r a t i o s  t h a n  do t h e  co r respogd ing  
. a l i p h a t i c  d i b a s i c  a c i d  e s t e r s .  Methyl p h t h a l y l  e t h y l  g l y -  
c o l a t e  i s  morc v i s c o u s  t h a n  t h e  co r respond ing  e t h y l  e s t e r  
which i s  unexpected .  A s  t h e s e  e s t e r s  a r e  commercial p r e p a r a -  
t i o n s  t h e i r  p u r i t y  i s  d o u b t f u l ,  

29. The e f f e c t  o f  i n c r e a s i n g  c h a i n  l e n g t h  o f  t h e  a c i d  on  
t h e  v i s c o s i t y  i s  made more a p p a r e n t  by rearranging some o f  
t h e  d a t a  o f  T a b l e  111 t o  form T a b l e  IV .  I n  t h e s e  examples t h e  
i n c r e a s e  i n  c h a i n  l e n g t h  i s  a t t a i n e d  by i n c r e a s i n g  t h e  c h a i n  
l e n g t h  o f  t h e  s t r a i g h t  c h a i n  d i b a s i c  a c i d ;  t h u s  t h e  b ranch ing  
and e s t e r  g roups  o c c u r  a t  i d e n t i c a l  p o s i t i o n s  from t h e  ends o f  
t h e  c h a i n  f o r  e a c h  example c i t e d .  T h e r e f o r e ,  T a b l e  I V  shows 
t h a t  t h e  v i s c o s i t y  i s  i n c r e a s e d  by i n c r e a s i n g  t h e  c h a i n  l e n g t h .  
I n c r e a s i n g  t h e  c h a i n  l e n g t h  a l s o  improves t h e  v i s c o s i t y - t e m p e r -  
a t u r e  s l o p e  if t h c  amoant and e x t e n t  o f  t h e  b r a n c h i n g ' r e m z i n s  
c o n s t a n t .  A c o m p ~ r i s o n  o f  t h e  d a t a  on  t h e  d i - ( 3 - m e t h y l b u t y l )  
and d i - ( 1 , 3 - d i m e t h y l l u t y l )  a d i p a t e s  and s e b a c a t e s  shows t h a t  
i n c r e a s i n g  t h e  number o f  b ranch  c h a i n s  i n c r r a s e s  t h e  v i s c o s i t y  
b u t  i m p a i r s  t h e  v i s c o s i t y - t e m p e r a t u r e  c h a r a c t c : r i s t i c s ,  These 
r e s u l t s  a r e  i n  f u l l  agreement  w i t h  t h e  t h e o r e t i c a l   conclusion^ 
o f  S e c t i o n  A r c l s t i v e  t o  t h e  r e l a t i o n  o f  d i e s t e r  s t r u c l t u r e  t o  
v i s c o s i t y  and v i s c o s i t y - t e m p e r a t u r e  s l o p e .  



30 The un-, t e t r a - ,  and heptadecyl  d i e s t e r s  of a d i p i c  a c i d  
exemplify t h e  e f f e c t  o f  i n c r e a s i n g  t h e  e x t e n t  of  branching on 
v i s c o s i t y .  Graphica l ly  t h e s e  e s t e r s  have t h e  fo l lowing  s t r u c -  
t u r e s  : 

0 ;, 4 0  
(A4 C-C-C-C-C-C-C-C-0-.G:C-C-C-C-C-0-C-C-C-C-C-C-C-C 

I i I I 
C C C C 
I I 
C C 

d iundecyl  o r  di-(1-methyl,  4 - e thy loc ty l )  a d i p a t e  
0 ,  4 0  

(B) C-C-C-C-C-C-C-C-o*-C-C-C-C-C-0-C-C-C-C-C-C-C-c 
I f I 

C C C C 
i i 1 I 
C c-c C-C C 

I I 
C C 

d i t e t r a d e c y l  o r  di-(1-(2-methylpropy1),4-ethyloctyl) a d i p a t e  
0  ;. .o 

(C) c - c - ~ - ~ - ~ - ~ - ~ - ~ - o - ~ - ~ - ~ - c - c - c ~ o - c - c - c - c - ~ - ~ - ~ - ~  
i I : 

C C C c 
b 

1 I I 
c C C C .  

I I 
C-C-C C-C-C - 
I 

C 
I 
C 

I 1 
C C 

d ihep tadecy l  o r  di-(1-(3-ethylamyl),4-ethyloctyl) a d i p a t e .  

From t h e  above d e s c r i p t i o n  o f  t h e  molecular  s t r u c t u r e s  involved,  
i t  i s  seen t h a t  t h e s e  d i e s t e r s  a l l  con ta in  an  e t h y l  group i n  t h e  

. 4  p o s i t i o n  and t h a t  t h e  d i f f e r e n c e  i n  branching i s  due t o  t h e  
i n c r e a s e s  i n  lengUl and branching of t h e  s i d e  cha in  a t  t h e  1 
p o s i t i o n .  

31. The v i s c o s i t i e s ,  s l o p e s  and V, I. I s  a r e  compared i n  Table  
V, The a c r e a s e s  i n  v i s c o s i t y  due t o  i nc reas ing  t h e  s i z e  of 
t h e  branched c h a i n  a r e  apparen t .  The d i -hep tadecyl  a d i p a t e  does 
not  conform t o , t h e  t heo ry  t h a t  t h e  v i scos i ty - tempera ture  charac- 
t e r i s t i c s  a r e  impaired by i n c r e a s i n g  t h e  branching,  These e s t e r s  
were ~ y n t h e s i - z e d  a t  t h i s  Laboratory (14) from commercial a l c o h o l s  
of  unknown p u r i t y  and being s o  v i scous  were di f f icu1. t  t o  p u r i f y  
by d i s t i l l a t i o n  and adso rp t ion ,  
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32. A comparison of t he  v i s c o s i t i e s  of d i e s t e r s  of two 
d i f f e r en t  d ibas ic  ac id s ,  whose over-al l  s t r u c t u r a l  configura- 
t i o n s  a r e  i den t i ca l  except f o r  the  d i f ferences  i n  the  posi t ions  
of t h e  e s t e r  groups, leads t o  some in t e r e s t i ng  conclusions, 
The s t r u c t u r a l  formulae of these  e s t e r s  are :  

0, 0  c -c -C -c-0-c -C -c -c -c -c -6'-c -c-c -c 
1 I 
C C 

di-(1-methylethyl) sebacate. 

Both d i e s t e r s  have a  major chain having a length of 16 atoms 
and have a  methyl s ide  chain a t  the  2 pos i t ion .  The r e s u l t s  
a r e  arranged i n  Table V I  f o r  comparison, From Table V I  it is  
seen t h a t  t he  pos i t ion  of t he  e s t e r  may be varied without 
causing appreciable changes i n  v i s cos i t y  o r  viscosity-temper- 
a t u r e  cha rac t e r i s t i c s  i f  t he  s t r u c t u r a l  skeleton remains the  
same. The freezing point i s ,  however, g r ea t l y  influenced by 
t h e  r e l a t i v e  posi t ions  of t he  groups being much lower f o r  the  
di-3-methylbutyl adipate.  It i s  unfortunate t h a t  t h i s  i s  the 
only example avai lable  f o r  comparison, 

33. An examination of t h e  v i scos i ty  vs.  temperature graphs 
of t h e  d i e s t e r s ,  P la tes  I t o  I V  inc lus ive ,  reveals  t h a t  i n  
general  a  s t r a i g h t  l i n e  i s  obtained on the  ASTM Chart. However 
t h e  graphs of d i e s t e r s  of alcohols containing an ether-oxygen 
linkage curved upward i n  t h e  low temperature region. It was 
a l s o  noticed t h a t  t h e  graphs of other  d i e s t e r s  curved upward 
when t h e i r  v i s c o s i t i e s  were determined below t h e i r  f reezing 
po in t s ,  i . e ,  when they were supercooled l i q u i d s  and i n  a  meta- 
s t a b l e  s t a t e .  The observed curvature i n  t h i s  region may be 
a t t r i b u t e d  t o  increased associa t ion.  Several  of the  commercial 
d i e s t e r s  of phthal ic  ac id  a l s o  have curved graphs. It  i s  
believed t h a t  the  curvature i s  i n  many cases due t o  the  presence 
of impuri t ies .  I n  the  course of t h i s  inves t iga t ion  it was found 
t h a t  as the  pur i ty  of a d i e s t e r  was improved the  v i s cos i t y  vs, 
temperature graph tended t o  approach a s t r a i g h t  l i ne .  I t  i s  
concluded t h a t  the  viscometric proper t ies  of a l i p h a t i c  d i e s t e r  
s e r i e s  approach, a t  high molecular neights ,  those of t he  analo- 
gous hydrocarbons, The most des i rable  d i e s t e r s  f o r  maximmn V . I .  
and low freezing points  a r e  those having a  long pr inc ipa l  chain 
with two or  more shor t  s i de  chains such a s  methyl or  e thy l  
(and possibly propyl) groups. 

- 12 - 
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D. V o l a t i l i t y  

34, The e v a p o r a t i o n  o f  low v i s c o s i t y  i n s t r u m e n t  o i l s  and 
polymer t h i c k e n e d  h y d r a u l i c  o i l s  has  been  t h e  s o u r c e  of  con- 
s i d e r a b l e  t r o u b l e  t o  t h e  Navy. The e v a p o r a t i o n  of  t h e  v l ~ l a t i l e ,  
l e s s  v i s c o u s  f r a c t i o n  of pe t ro leum o i l s  used i n  such  l u b r i c a n t s  
h a s  i n  many i n s t a n c e s  l e f t  r e s i d u a l  o i l s  w i t h  c o n s i d e r a b l y  
i n c r e a s e d  v i s c o s i t i e s  and pour p o i n t s .  I n c r e a s i n g  t h e  v i s c o s -  
i t y  i n c r . ? a s c s  t h e  t o r q u e  and t h u s  r educes  t h e  s e n s i t i v i t y  of 
many i n s t r u m e n t s  f o r  low t e m p e r a t u r e  o p e r a t i o n .  I n  ext reme 
c a s e s  o f  e v a p o r a t i o n  s o  l i t t l e  l u b r i c a n t  remained t h a t  t h e  
mechanism was n o t  a d e o a a t e l y  l u b r i c a t e d ,  I n  o t h c r  a p p l i c a t i o n s  
t h e  e v a p o r a t i o n  and r e c o n d e n s a t i o n  of t h e  l u b r i c a n t  on  o p t i c a l  
p a r t s  o f  t h e  i n s t r u m e n t  was s u f f i c i e n t l y  g r c a t  t o  obscure  t h e  
v i s i o n ,  t h u s  r e n d e r i n g  t h c  i n s t r u m e n t  u s e l e s s .  

3 5. A s  nany n a v a l  i n s t r u m e n t s  and i n d i c a t o r  and c o n t r o l  
sys tems c o n t a i n  d e l i c a t e  compl ica ted  mechanisms and o f t e n  
many i n a c c e s s i b l e  p a r t s ,  t h e i r  r e l u b r i c a t i o n  i s  a  major  over-  
h a u l  o p e r a t i o n  r e q u i r i n g  t h c  s e r v i c e s  of a n  e x p p r t .  T h e r e f o r e ,  
i t  i s  essential t h a t  t h e  t ime  i n t e r v a l s  between r e l u b r i c a t i o n  
p e r i o d s  be i n c r e a s e d  a s  much a s  p o s s i b l e .  One of  t h e  r e q u i s i t e s  
of a s u i t a b l c  1ubr i . can t  i s  a low e v a p o r a t i o n  r a t e .  

36 Pet ro leum o i l s  a r e  f r a c t i o n s  o r  c u t s  c o n t a i n i n g  a  
v s r i e t y  of  hydrocarbons  o f  d i f f e r e n t  v o l a t i l i t i e s  and v i s c o s i -  
t i e s .  The e v a p o r a t i o n  of  t h e  more v o l a t i J e  c o n s t i t u e n t s  c h ~ n g e s  
t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  l u b r i c a n t ,  Thus it was reasoned  
t h a t  a  l u b r i c a n t  made from a b a s e  f l u i d  c o n s i s t i n g  of  one o r  
two pure  o r g s n i c  compounds each  hav ing  a s u f f i c i e n t l y  low vo l -  
a t i l i t y  would i d e a l l y  s e t i s f y  t h i s  r eqg i rement ,  

37, The b d i l i n g  p o i n t s  o f  t h e  d i e t h y l  e s t e r s  of  t h e  d i c s r -  
b o x y l i c  a c i d s  (18) ( o x a l i c  t h r o u g h  s e b a c i c ,  w i t h  t h e  e x c e p t i o n  
of  a z e l a i c )  a s  compared t o  t h o s e  o f  t h e  ana logous  hydrocarbons ,  
( 1 2 )  i . e . ,  normal ~ a r a f f i n  hydrocarbons o f  t h e  same c h a i n  l e n g t h ,  
a r e  g i v e n  i n  T a b l e  V I I .  

38 From T a b l e  V I I  i t  i s  e v i d e n t  t h a t  t h e  lower  embers of  
t h e  homologous s e r i e s  o f  t h e  d i e t h y l  e s t e r s  o f  a l i p h a t i c  d i c a r -  
b o x y l i c  a c i d s  have c o n s i d e r a b l y  h i g h e r  b o i l i n g  p a i n t s ,  and 
t h e r e f o r e  lo~nier e v a p o r a t i o n  r a t e s ,  t h a n  t h e  .same c h a i n  l e n g t h  
unbranched hydrocarbons .  On going  up t h i s  homologous s e r i e s  t h e  
hydrocarbon p o r t i o n  of t h e  molecule  i n c r e a s e s  w h i l e  t h e  d i e s t e r  
p o r t i o n  r e p a i n s  c o n s t a n t .  T h e ~ e f o r e ,  t h e  i n f l u e n c e  of  t h e  l a t t e r  
on  t h e  b o i l i n g  p o i n t  w i l l  be l e s s  n o t i c e a b l e  a s  t h e  molecu la r  
we igh t  i n c r e a s e s .  
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39. It i s  veil known t h a t  t h e  physical  p roper t i e s  of the  
normal a l k y l  hydrocarbons d i f f e r  from those of t h e i r  branched 
chain isomers. General r u l e s  have been given on the e f f e c t  
of branching on the  bo i l ing  point .  B r i e f l y  they a r e  a s  follows: 

( a )  The bo i l ing  point of  t h e  branched chain hydrocarbon 
w i l l  be lovier than  t h a t  of t h e  normal hydrocarbon isomer. 

( b )  The a d d i t i o n  of a  s i d e  cha in  t o  a  normal p a r a f f i n  
hydrocarbon w i l l  increase  the  bo i l ing  point.  

( c )  The increase  i n  bo i l ing  point  by t h e  a d d i t i o n  of 
s i d e  chains ;,ill vary according t o  t h e  amount and e x t e n t  of 
t h e  branching and t o  a  l e s s e r  e x t e n t ,  i t  w i l l  be ' influenced 
by t h e  p o s i t i o n  of t h e  s i d e  chain,  

40. From t h e  above cons idera t ions  i t  i s  evident  t h a t  the  
d i e s t e r s  of t h e  normal a lcohols  w i l l  be l e s s  v o l a t i l e  than  
those of t h e i r  branched chain isomers. However, t h e r e  a r e  o t h e r  
p roper t i e s  d e s i r e d  i n  an instrument l u b r i c a n t ;  i n  p a r t i c u l a r ,  
t h e  f r eez ing  o r  poug-point of t h e  o i l  must b e  considered,  a s  
temperatures of -80 F  a r e  reported t o  be encountered i n  c e r t a i n  
ae ronau t i ca l  a p p l i c a t i o n s ,  As the  d i e s t e r s  of the  normal 
a l coho l s  not  only have higher b o i l i n g  poin ts  than  t h e i r  branched 
cha in  isomers, but a l s o  higher  f r eez ing  po in t s ,  some compromise 
must be made t o  ob ta in  a  f l u i d  with s u f f i c i e n t l y  low f reez ing  
poin t  and a s a t i s f a c t o r y  degree of non-vo la t i l i t y .  

41. The r a t e  and the  amount of evaporat ion of the  d i e s t e r s  
were determined by the  following empir ica l  t e s t  procedure. The 
change i n  weight with time of a  s tandard sample i n  a s tandard 
conta iner  under con t ro l l ed  condi t ions  of heat ing and c i r c u l a t i o n  
of a i r  was determined. C r v s t a l l i z i n n  d i shes  45 mm. i n s ide  diam- 
e t e r  and 35 mm. deep conta in ing  a  1 0 i .  sample of the  d i e s t e r  
were maintained a t  a  temperature of 1 5 0 9 5  0 . 5 ' ~  i n  a convection 
type drying oven. The l i q a i d  su r face  exposed was 16  sq, cm. 
The samples were cooled and weighed a t  i n t e r v a l s  of 24 hours 
u n t i l '  168 hours of exposure elapsed. A t  t h e  end of  the  evapora- 
t i o n  t e s t  t h e  v i s c o s i t y  of the  non-vola t i le  f r a c t i o n  mas de te r -  
mined and the  change i n  v i s c o s i t y  ca lcu la ted .  The meutral iza-  
t i o n  number was a l s o  determined on t h e  sample before  and a f t e r  
the  t e s t  using t h e  procedure descr ibed i n  Federal  S p e c i f i c a t i o n  
VV-L-791b Method 510.31 (B). None of these  d i e s t e r s  changed 
i n  n e u t r a l i z a t i o n  number. 

42. The r e s u l t s  of t h e  evaporat ion t e s t s  on the  d i e s t e r s  
a r e  shown i n  Table V I T I .  The d i e s t e r s  a r e  arranged i n  f a m i l i e s  
( a c c ~ r d i n g  t o  t h e  d i b a s i c  a c i d )  i n  the  ascending order  of chain 
length.  Branch chain d i e s t e r s  having the  same chain  length  
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a r e  a r ranged  i n  o r d e r  a f  i n c r e a s i n g  molecular  weight ,  D i -  
s u b s t i t u t e d  d i e s t e r s  precede monosubst i tu ted  ones  of t h e  same 
molecular  weight .  The p h t h a l i c  a c i d  d i e s t e r s  are a r ranged  i n  
t h e  o r d e r  o f  i n c r e a s i n g  molecular  weight., and no a t t emp t  was 
made t o  e s t i m a t e  t h e  c h a i n  l e n g t h  of t h e  molecule$ as  they  a r e  
ttU-shapedll and have a  r i n g  a s  t h e  base  o f  t h e  "lfql, These a r e  
a l s o  commercial p roduc t s  whose p u r i f i c a t i o n  has been d e s c r i b e d  
(14 ) .  

43. , O f  t h i s  group on ly  d i e t h y l  phtha&,~l te  l a q t  more t h a n  
one per  c e n t  by weight  du r ing  t h e  evaporation tes t ,  I n c r e a s i n g  
t h e  e s t e r  goups  from e t h y l  t o  b u t y l  reduced t h e  evapo ra t i on  
l o s s  from 7.3 t o  0.6 weight  per  cent .  The d l c (2 -e thy lhexy l )  
p h t h a l a t e  showed no l o s s  i n  weight  du r ing  t h e  evapoaat ion t e s t .  
The evaporat ion- t ime curves  f o r - t h e s e  p h t h a l a t e  d i e s t e r s  a r e  
approximate ly  s t r a i g h t  l i n e s  i n d i c a t i n g  t h e  evapo ra t i on  o f  a  
one component system r a t h e r  t h a n  one con t a in ing  a  sma l l  amount 
o f  a  v o l a t i l e  impur i ty .  The n e g l i g i b l e  change i n  v i s c o s i t y  
a f t e r  e v a p o , a t i o n ,  which is  w i t h i n  experimental e r r o r ,  i s  
f u r t h e r  con f i rma t ion  of  t h i s  f a c t .  

44, The p h t h a l y l  g l y c o l a t e s ,  which a r e  t r p e s t e r s ,  a l s o  
showsd dec rea s ing  e v a p o r a t i o n  r a t e s  w i th  i n c r e a s i n g  molecular  
weights .  They a r e  l e s s  v o l a t i l e  t han  d i e s t e r s  of o -ph tha l i c  
a c i d  which would be expected because o f  t h e  a d d i t i o n  o f  t h e  
t h i r d  e s t e r  group. The c o n s i d e r a b l e  i n c r e a s e  i n  v i s c o s i t y  
a f t e r  t h e  e v a p o r a t i o n  t e s t  i s  g r e a t e r  t h a n  would be expected 
from the  evapo ra t i on  l o s s ,  The evapora t ion- t ime  curves  show a  
high i n i t i a l  r a t e  which f l a t t e n s  ou t  a f t e r  t h e  f i r s t  24 hours ,  
i n d i c a t i n g  a  v o l a t i l e  component. It was imposs ib le  t o  d e t e r -  
mine t h e  n e u t r a l i z a t i o n  number o f  t h e s e  samples a s  t h e  end p o i n t  
faded badly ,  T h i s  is evidence o f  hyd ro ly s i s ,  

45. The d i e s t e r s  o f  a d i p i c  a c i d  i n v e s t i g a t e d  ranged i n  
c h a i n  l e n g t h  from 1 2  t o  28 atoms and inc luded  f l u i d s  having a  
b o i l i n g  p o i n t  of  1 2 4 ' ~  a t  10mm. p r e s s u r e  t o  t h o s e  r e q u i r i n g  
l lmolecular  d i s t i l l a t i o n u  under h igh vacuum. The (1-methyle thyl)  
d i e s t e r  w i th  a  c h a i n  l e n g t h  o f  12 l o s t  46 weight  per  c e n t  
d u r i n g  t h e  evapo ra t i on  t e s t ,  wh i l e  t h e  (1 - e thy lp ropy l )  d i e s t e r  
l o s t  on ly  2.1 pe r  c e n t ,  and t h e  v i s c o s i t y  change was w i t h i n  
exper imenta l  e r r o r .  A l l  o t h e r  a d i p i c  a c i d  d i e s t e r s  excep t  
( 1 ,  3 -d imethy lbu ty l )  and d iundecy l  o r  (1-methyl- 4 - e t h y l o c t y l )  
had evapo ra t i on  weight  l o s s e s  of l e s s  t h a n  1/2  per  c en t .  The 
former sample decreased  i n  n e u t r a l i z a t i o n  number dur ing  t h e  
evapo ra t i on  t e s t .  Th is  could be exp la ined  as due t o  t h e  
evapo ra t i on  of t h e  monoester.  However, t h e r e  was a  n e g l i g i b l e  
change i n  v i s c o s i t y .  The undecyl  d i e s t e r  had a  h igh i n i t i a l  
change i n  v i s c o s i t y .  The undecyl  d i e s t e r  had a  h igh i n i t i a l  
evapo ra t i on  l o s s  i n d i c a t i n g  a  v o l a t i l e  contaminant .  The pe r  
c e n t  v i s c o s i t y  change and n e u t r a l i z a t i o n  number i n c r e a s e  were 
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4.2 and 0 .05  r e s p e c t 4 v e l y  which conf i rms  p resence  of a  v o l a -  
t i l e  component. 

46. The d i ( 2 - e t h y 1 b u t o x y ) e t h y l )  a d i p a t e ,  though hav ing  
a  low e v a p o r a t i o n  l o s s ,  shawed i n c r e a s e s  i n  n e u t r a l i z a t i o n  
number and v i s c o s i t y  i n d i c a t i v e  a f  o x i d a t i o n  i n s t a b i l i t y .  
The m o l e c u l a r l y  d i s t i l l e d  d i e s t e r s  hed h i g h  n e u t r a l i z a t i o n  
numbers, i n d i c a t i n g  t h a t  t h e y  c o n t a i n e d  some a c i d i c  i m p u r i t i e s .  
There  was i n s u f f i c i e n t  m a t e r i a l  a v a i l a b l e  f o r  e v a p o r a t i o n  
t e s t s  on t h e  d i t e t r a d e c y l  and di-(2-(2-butoxyethoxy)ethyl) 
a d i p a t e s .  

47. The d i e s t e r s  o f  a z e l a i c  a c i d  i n v e s t i g a t e d  ranged i 2  
c h a i n  1en;th from 17 t o  25 atoms and i n  b o i l i n g  p o i n t s  from 
1920C a t  5 t o  6 mm. t o  2350C a t  2 .5 mm. a11 had e v a p o r a t i o n  
l o s s e s  of 1 /2  p e r  c e n t  by we igh t  o r  less e x c e p t  t h e  (2-butoxy- 
e t h y l )  d i e s t e r .  T h i s  sample had a  high n e u t r a l t z a t i o n  number 
which i n c r e a s e d  d u r i n g  t h e  evaspora t ion  t e s t .  The v i s c o s i t y  
i n c r e a s e  % a s  2.9 per  c e n t  a t  l000F.  The o t h e r  d i e s t e r s  had 
n e g l i g i b l e  i n c r e a s e s  i n  n e u t r a l i z a t i o n  numbers and v i s c o s i t i e s  
e x c e p t  t h e  (2 -methy lbu ty l )  d i e s t e r  which i n c r e a s e d  1.3 p e r  c e n t  
i n  v i s c o s i t y ,  i n d i c a t i n g  t h e  p resence  o f  a  v o l a t i l e  i m p u r i t y  
o r  some r e a c t i o n  d u r i n g  t h e  t e s t .  

48. The d i e s t e r s  of s e b a c i c  a c i d  i n v e s t i g a t e d  ranged i n  
c h a i n  l e n g t h  from 16 t o  28 atoms and i n c l u d e d  f l u i d s  having  
a  b o i l i n g  p o i n t  of 1750C a t  13 mm. p r e s s u r e  t o  one t h a t  had 
t o  be m o l e c u l a r l y  d i s t i l l e d  under  a  h i g h  vacuum. Only t h e  
( l a e t h y l e t h y l )  d i e s t e r  ( c h a i n  l e n g t h  1 6  a toms)  had a n  evapora-  
t i o n  l o s s  g r e a t e r  t h a n  1/2 p e r  c e n t .  These d i e s t e r s  a l l  had 
I-ow n e u t r a l i z a t i o n  numbers e x c e p t  t h e  d i ( 2 - e t h y 1 b u t o x y ) e t h y l )  
s e b a c a t e  whose n e u t r a l i z a t i o n  number o f  0.30 d e c r e a s e d  t o  0.20 
a f t e r  t h e  e v a p o r a t i o n  t e s t .  T h i s  sample a l s o  incareased  1 . 7  
p e r  c e n t  i n  v i s c o s i t y  (LOOOF) due t o  e v a p o r a t i o n ,  

45). It i s  e v i d e n t  t h a t  numerous d i e s t e r s  of t h e  a l i p h a t i c  
d i c a r b o x y l i c  a c i d s  can  be prepared  having  low e v a p o r a t i o n  
l o s s e s .  The e v a p o r a t i o n  r a t e  c a n  be reduced by i n c r e a s i n g  
' t he  c h a i n  l e n g t h  and/or  molecu la r  weight .  Due t o  t h e  pour 
p o i n t s  o r  f r e e z i n g  p o i n t s  r e q u i r e d ,  t h e  d i e s t e r s  must c o n t a i n  
branche2 c h a i n s  f o r  t h e  a p p l i c a t i o n s  under  c o n s i d e r a t i o n .  Be- 
c a u s e  o f  t h e  d i f f i c u l t i e s  encoun te red  i n  p r e p a r i n g  a l l  t h e  
d i e s t e r s  i n  s u f f i c i e n t l y  h i g h  d e g r e e  of  p u r i t y ,  i t  i s  n o t  y e t  
p o s s i b l e  t o  p r e d i c t  a c c u r a t e l y  t h e  minimum c h a i n  l e n g t h  r e -  
q u i r e d  t o  g e t  a p r e d e t f ~ r m i n e d  e v a p o r a t i o n  l o s s .  However, f rom 
t h e  r e s u l t s  g i v e n  h e r s  i t  i s  e s t i m a t e d  t h a t  d i e s t e r s  hav ing  
a  c h a i n  l e n g t h  of 18 atoms o r  more w i l l  have e v a p o r a t i o n  l o s s e s  
under  t h e  t e s t  c o n d i t i o n s  o f  a p p r o x i m a t e l y  0.3 pe r  c e n t  by 
we igh t  o r  less  depending upon t h e  amount and e x t e n t  of branch- 
i n g .  The e v a p o r a t i o n  l o s s e s  o f  t h e s e  d i e s t e r s  a r e  much l e s s  
t h a n  t h o s e  of  pe t ro leum o i l s  of  t h e  same v i s c o s i t y .  Numerous 

, c o m p a r a t i v e  d a t a  on t h i s  and r e l a t e d  p o i n t s  a r e  p r e s e n t e d  i n  
a n o t h e r  r e p o r t  of t h i s  L a b o r a t o r y  ( r e f .  1 9 ) .  
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E. Flammability C h a r a c t e r i s t i c s  

50. Information r e l a t i v e  t o  the  f l ammabi l i t i e s  of t h e  
d i e s t e r  o i l s  is  necessary t o  determine b what ex ten t  pyecau- 
t i o n s  should be taken  f o r  t h e i r  s to rage  and use, No qne t e s t  
has been found t h a t  i s  capable of cha rac te r i z ing  t h e  f lammabil i ty  
of an o i l  under a l l  t h e  condi t ions  t o  which i t  may be exposed, 
Therefore ,  s w e r a l  t e s t s  have been used t o  eva lua te  t h i s  
proper ty ,  

510 The f l a s h  po in t  i s  f r e q u e n t l y  used a s  a  measure of t h e  
tendency of an o i l  t o  i g n i t e  when exposed t o  an open flame o r  
spark. However, f o r  high f l a s h  point  o i l s  t h i s  t e s t  i s  more 
nea r ly  a  measure of t h e i r  v o l a t i l i t y  o r  vapor pressure ,  a s  t h e  
t e m p e r a t u r ~ s  r equ i red  f o r  i g n i t i o n  a r e  not  a t t a i n e d  without an 
e x t e r n a l  source of hea t .  The Cleveland Open Cup f l a s h  and f i r e  
po in t s  (ASTM M2thod D92-33) of  s e v e r a l  t y p i c a l  d i e s t e r s  ere 
given i n  Table I X .  The r e s u l t s  show t h a t  t h e  l e a s t  viscous 
d i e s t e r  d i - (1 -e thy lp ropy l )  a z e l a t e  with  a  v i s c o s i t y  of 6.66 c s  
a t  1 0 o O ~ ,  had a  f l a s h  po in t  of 3700F. and a  f i r e  o i n t  of 3950F. 
The most v i scous  d i e s t e r  t e s t e d ,  di - (2-ethylhexyl  f sebaca te  wi th  
a  v i s c o s i t y  of 12.6 c s  a t  1 0 o O ~ ,  had a  f l a s h  po in t  of 45O9F, 
and a  f i r e  po in t  of TOOOF. The d i e s t e r s  of in te rmedia te  v i s -  
c o s i t i e s  had f l a s h  and f i r e  p o i n t s  between these  extremes, The 
f l a s h  and f i r e  po in ts  of pure d i e s t e r s ,  s t r i p p e d  of v o l a t i l e  
i m p u r i t i e s ,  a r e  r e l a t e d  t o  t h e i r  bo i l ing  po in t s  o r  vapor press-  
u r e s  a s  a  comparison wi th  Table V I I I  i n d i c a t e s ,  

52. The a d d i t i v e s  used t o  i n h i b i t  ox ida t ion  and prevent 
r u s t i n g  had only a  s l i g h t  e f f e c t  on t h e  f l a s h  and f i r e  p o i n t s  
of t he  d i e s t e r s .  The a d d i t i o n  of 0.1 per cen t  of t h e  an t iox idan t  
4 - t e r t - b u t y l -  2-phenylphenol and of 0.25 per cent  of  t h e  r u s t  . 
i n h i b i t o r  z inc  d i (pheny1s tea ra t e )  t o  t h e  o i l  d i - (2-ethylhexyl)  
a d i p a t e  increased t h e  f l a s h  and f i r e  po in t s  from 380 t o  4000F. 
and from 430 t o  4400F. r e spec t ive ly ,  As t h e  f l a s h  po in t  i s  
very s e n s i t i v e  t o  t h e  presence of smal l  amounts of v o l a t i l e  
flammable i m p u r i t i e s  t h e  hea t ing  procedure used t o  has ten  the 
s o l u t i o n  of t h e  a d d i t i v e s  may account i n  p a r t  f o r  t he  inc rease  

' i n  t h e  f l a s h  poin t  observed. The f i r e  po in t  i s  not  so s e n s i t i v e  
t o  t h e  presence of such impur i t i e s ,  The spread observed i n  t h e  
va lues  repor ted  i s  w i t h i n  experimental  e r r o r ,  The a d d i t i o n  o f  
t he  r u s t  i n h i b i t o r  calcium d i (pheny1s tea ra t e )  i n  concent ra t ions  
up t o  3 per cent  by weight t o  d i - (2-e thylhexyl )  sebaca te  contain-  
ing  0.2 per cne t  4 - t e r t -bu ty l  2-phenylphenol had no e f f e c t  on 
t h e  f l a s h  and f i r e  po in t s  beyond t h a t  which may be a t t r i b u t e d  
t o  experimental err0.r.  

- 17 - 
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53 9 The spontaneous i g n i t i o n  temperature i s  t h e  temperature 
tolwhich t h e  o i l  must be heated before  it w i l l  i g n i t e  spontane- 
ously.  To o b t a i n  reproducib le  r e s u l t s  i n  t h e  l abora to ry  the  
t e s t  procedure must be r i g i d l y  con t ro l l ed  as  t h e  i g n i t i o n  
t e m p ~ r a t u r e  i s  a f f e c t e d  by numerous va r i ab le s .  The appara tus  
used was t h a t  of Sortman, Beat ty  and Heron (20) and the  pro- 
cedure has been described i n d e t a i l  i n  previous r e p o r t s  of t h i s  
Laboratory (21, 22). The i g n i t i o n  cup was of s t a i n l e s s  s t e e l  
and e l e c t r i c a l l y  heated.  A 1 0  mill igram drop was used wi th  a n  
a i r  flow of  1 2 5  cc./rnin. 

54 The spontaneous i g n i t i o n  temperatures of some d i e s t e r s ,  
a l l  of which had e t h y l  s i d e  cha ins ,  a r e  repor ted  i n  Table I X ,  
The r e s u l t s  show t h a t  t h e  di-(1-ethylpropyl)  a z e l a t e  had t h e  
h ighes t  i g n i t i o n  temperature ,  8420F., and di-(2-ethylhexyl)  
a d i p a t e  t h e  lowest ,  7430F. The (2-ethylhexyl)  d i e s t e r s  of 
a z e l a i c  and sebac ic  a c i d s  were soqewhat higher  being 7560F. & 
7650F. r e spec t ive ly .  Data included i n  re ference  (22) i n d i c a t e  
t h a t  t h e  spontaneous i g n i t i o n  temperatures of e s t e r s  decrease 
a s  t h e  cha in  l eng th  increases .  Also, it i s  known t h a t  t h e  
spontaneous i g n i t i o n  temperatures o f  t h e  normal p a r a f f i n s  de- 
c rease  a s  t h e  chain l eng th  inc reases ,  The dev ia t ions  from t h i s  
g e n e r a l i z a t i o n  observed i n  t h e  i g n i t i o n  temperatures  of  t he  
2-ethylhexyl e s t e r s  i s  bel ieved t o  be due t o  impur i t i e s  and 
t o  some e x t e n t ,  experimental  e r r o r s .  

55. The a d d i t i o n  of up t o  3 per cen t  of calcium di-(phenyl-  
s t e a r a t e )  t o  d i - (2-e thylhexyl )  sebacate  conta in ing  0.2 per  cen t  
of 4 - t e r t -bu ty l -2 -pheny lpheno l  had l i t t l e  e f f e c t  on t h e  spontan- 
eous i g n i t i o n  temperature,  The a d d i t i o n  of the  ac ry lo id  polymer 
th ickener  HF-880 t o  d i - (1-e thylpropyl )  sebaca te  reduced the  
spontaneous i g n i t i o n  temperature s l i g h t l y ,  Since t h i s  polymer 
was received a s  a to luene  s o l u t i o n  i t  i s  poss ib l e  t h a t  a  smal l  
amount of t o luene  could have remained a f t e r  t h e  s t r i p p i n g  ,opera- 
t i o n  employed, But any remaining to luene  which has an i g n i t i o n  d temperature of 1165 F, would not  be expected t o  lower t h e  i g n i -  
t i o n  temperature,  Therefore  t h e  lowering of  t h e  i g n i t i o n  temper- 
a t u r e  i s  a t t c f b u t e d  t o  t h e  ac ry lo id  polymer, This e f f e c t  i s  
not  unexpected a s  it has been previously observed t h a t  the  
i g n i t i o n  temperatures  decrease with  increas ing  cha in  lengths .  

56. The Ifspray inf lammabil i ty"  o r  t he  a b i l i t y  of a  spray  
o r  mist o f  o i l  t o  propagate a  flame was determined i n  t h e  
appara tus  developed a t  t h i s  Laboratory and d e s c r i b e d  i n  e a r l i e r  
r e p o r t s  (21, 22). The o i l  was sprayed from a n  a r t i s t ' s  a i r  
brush i n  a mixture of*oxygen and n i t rogen  gases  a t  t h e  r a t e  of  
10 m l .  of  o i l  t o  10 l i t e r s  of gas per minute, The per cen t  of  
oxxgen by volume requi red  t o  propagate t h e  flame a t  a  speed 
exceeding 350 c d m i n .  i n  such a  spray was used a s  t h e  c r i t e r i o n  
of  f lammabil i ty ,  
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RESTRICTED 



57. The r e s u l t s  of t he  spray inflammability t e s t s  (Table IX) 
reveal  t h a t  16 t o  23 per cent of oxygen i s  required t o  promgate 
t h e  flame i n  a spray of t h e  d i e s t e r  o i l s ,  This i s  a higher 
concentrat ion of oxygen than the  12 per cent required by l i g h t  
mineral o i l s  such a s  used i n  the  preparation of petroleum base 
hydraulic o i l s ,  However, a s  a i r  contains approximately 21 per 
cent oxygen by volume such a spray would propogate a flame i n  a i r .  
Hence a spray i n  a i r  of any of these d i e s t e r  o i l s  would present 
a ser ious  f i r e  hazard. 

58. An incendiary f i r i n g  t e s t  was made on di-(2-ethylhexyl) 
sebacate (221 and t h a t  f l u i d  was found t o  be a s  flammable as  
petroleum o i l s  of the  same v i scos i ty  grade. This i s  i n  agree- 
ment with t h e  predict ion made from the  r e s u l t  of the  spray 
inflammability t e s t ,  

59, The d i e s t e r s  though flammable were much l e s s  susceptible 
t o  i g n i t i o n  from a spark or  open flame than were petroleum o i l s  
of s imi la r  v i s c o s i t i e s  a s  evidenced by t h e i r  higher f l a s h  and 
f i r e  points.  The add i t ives  used t o  s t a b i l i z e  oxidation and 
prevent rus t ing  had a t  most only a s2ignt  e f f ec t  on t h e  f l a s h  
and f i r e  points  of the  d i e s t e r s .  The spontaneous i gn i t i on  temp- 
e ra tures  were a l l  above 700°F. The i g n i t i o n  temperature decreased 
a s  the  chain lengths of t he  d i e s t e r s  increased, t h i s  a l s o  being 
typ i ca l  of hydrocarbons. Though data a re  l imited,  the  i gn i t i on  
temperatures of the  d i e s t e r s  were somewhat higher than those of 
hydrocarbons of s imi lar  s t ructures .  It i s  possible t h a t  lower 
o r  higher i gn i t i on  temperatures could have been obtained i f  
another type apparatus or  d i f f e r en t  t e s t  conditions had been 
used. The c a t a l y t i c  e f f e c t  of d i f f e r en t  surfaces may a l s o  a f f e c t  
t h e  temperature of i n i t i o n  great ly ,  The "spray inflammabilityw % t e s t  revealed tha t  1 t o  23 per cent of oxygen was required t o  
propagate a flame i n  a mis t .o r  spray of t h e  d ies te r s .  As a i r  
contains 21 per cent of oxygen by volume such a spray of the  
d i e s t e r s  would be flammable. Incendiary f i r i n g  experiments 
revealed t h a t  di-(2-ethylhexyl) sebacate, the only d i e s t e r  
t e s t e d ,  was flammable under such conditions, Additional f  lamma- 
b i l i t y  data  on the  other  d i e s t e r s  prepared f o r  t h i s  repor t  w i l l  
be obtained when su f f i c i en t  quan t i t i e s  of t h e  pure d i e s t e r s  a r e  
avai lable .  

F. &ec i f ic  Gravity and Thermal Exwnsion 

60. The dens i t i e s  of the  d i e s t e r s  were determined a t  25'~. 
(77O~. ) ,  a s  referred t o  water a t  ~ O C . ,  i n  a 5 m l ,  pycnometer. 
The pycnometer was ca l ib ra ted  with water a t  t h i s  temperature 
using t h e  correct ions i n  Standard Density and Volumetric Tables, 
Circular  of t h e  Bureau of Standards, No. 19. The r e s u l t s  a r e  
given i n  Table X, - 19 - 



61, A s  would be expected  t h e  d l - s t e r s  o f  p h t h a l i c  a c i d  
were t h e  h e a v i e s t  of  t h o s e  i n v e s t i g a t e d  s i n c e  t h e y  c o n t a i n  a n  
a r ~ m a t i c  r i n z  a s  w e l l  a s  two e s t e r  groups,  I n c r e a s i n g  t h e  
a l i p h a t i c  p o r t i o n  o f  t h e  molecule r educes  t h e  d e n s i t y ,  a s  
evidenced by t h e  d e n s i t i e s  of 1.114, 1,043,  and 0,981 r e s p e c t -  
i v e l y  f o r  t h e  d i e t h y l ,  d i b u t y l  and d i - ( 2 - e t h y l h e x y l )  e s t e r s  
o f  p h t h a l i c  a c i d ,  The p h t h a l y l  g l y c o l a t e s  w i t h  t h r e e  e s t e r  
groups  have a g r c a t e r  d e n s i t y  t h a n  the  a l k y l  p h t h a l a t e s ,  

62,  The e s t e r s  of t h e  d i b a s i c  a l i p h a t i c  a c i d s  a r e  l e s s  dense  
t h a n  t h o s e  o f  p h t h a l i c  a c i d .  These compounds a l s o  d e c r e a s e  
i n  d e n s i t y  a s  t h e  hydrocarbon p o r t i o n  o f  t h e  molecule  i s  i n -  
c r e a s e d ,  Branching o f  t h e  hydrocarbon c h a i n  w i l l  c a u s e  a  
v a r i a t i o n  of  d ~ n s i t y .  As t h e  hydrocarbon c h a i n  i s  i n c r e a s e d  
t h e  d i e s t e r s  would be expected  t o  approach t h e  d e n s i t i e s  o f  t h e  
analogous  hydrocarbons ,  Some of t h e  d e n s i t y  r e s u l t s  r e p o r t e d  
a r e  i n c o n s i s t e n t  w i t h  t h e  above reason ing ,  e.g, t h e  d i - ( 2 - e t h y l -  
b u t y l )  a d i p a t e  h a s  a g r e a t e r  d e n s i t y  t h a n  any of  t h e  o t h e r  
a d i p i c  a c i d  e s t e r s  e x c e p t  d i - ( 1 - s e t h y l e t h y l )  e s t e r ,  These few 
i n c o n s i s t e n c i e s  probably  a r e  due t o  i m p u r i t i e s  n o t  y e t  removcd 
by t h e  method of p u r i f i c a t i o n  employed, 

63, The d i e s t e r s  o f  t h e  a l i p h a t i c  d i b a s i c  a c i d s  a r e  more 
dense  t h a n  pe t ro leum o i l s  o f  t h e  same v i s c o s i t i e s ,  Unl ike  
p e t r ~ l e u m  o i l s  t h e  d e n s i t i e s  o f  t h e  d i e s t e r s  i n v e s t i g a t e d  d e -  
c r e a s e  w i t h  i n c r e a s i n g  c h a l n  l e n g t h  o r  v i s c o s i t y ,  The r e a s o n  
f o r  t h i s  has  been d i s c u s s e d  abor7e, 

64, The s p e c i f i c  g r a v i t i e s  of f o u r  o f  t h e  e s t e r s ,  d i - (1 -  
e t h y l p r o p y l )  a z e l a t e  and t h e  d i - ( 2 - e t h y l h e x y l )  e s t e r s  o f  
a d i p i c ,  ~ z c l z i c  and s e  a c i c  <?cids  were de termined over  t h e  B t e m p e r a t u r e  r anye  - 40 t o  210°F, A Westphal  b a l a n c e  was used 
and t h e  o b s c r ~ e d  a p p a r e n t  s p e c i f i c  g r a v i t i e s  a t  t e m p e r a t u r e s  
o t h e r  t h a n  60 F, were c o r r e c t e d  f o r  changes i n  t h e  volume of 
t h e  g l a s s  plummet, The s p e c i f i c  g r 2 v i t y  - te rnpers ture  c u r v e s  
were s t r a i g h t  l i n e s  o v e r  t h i s  te rnpers ture  r a n g e ,  b u t  t h e i r  
s l o p e s  d i f f e r e d  s l i g h t l y ,  The changes i n  p e c i f i c  g r a v i t y  pe r  
degree  F, were 422, 413, 397 ond 394 X lowg r e s p e c t i v e l y  f o r  
d i - ( 1 - e t h y l p r o p y l )  a z e l a t e  2nd t h e  d i - ( 2 - e t h y l h e x y l )  e s t e r s  
of  a d i p i c ,  a z c l a i c  end s s b a c i c  a c i d s .  T h e r e f o r e ,  t h e  s m a l l e r  
t b e  hydrocarbon p o r t i o n  o f  t h e  d i e s t e r  molecule  t h e  g r e a t e r  
t h e  change i n  s p e c i f i c  g r a v i t y  w i t h  t empera tu re .  

6 5 ,  The s p e c i f i c  volume, o r  volume p e r  u n i t  mass, o f  ~ a c h  
of t h e  above f o u r  d i e s t e r s  was c a l c u l a t e d  from t h e  s p e c i f i c  
g r e v i t y  and t h e  s p e c i f i c  volume-temperature c u r v e s  were p l o t t e d .  
These c u r v e s  were p r a c t i c a l l y  l i n e a r  over  t h e  r a n g e  - 40 t o  
1000F, The d e v i s t i o n s  from l i a e a r i t y  becam'e more pronounced 
above 100°~ ,  From t h e s e  t h e  c o e f f i c i e n t s  o f  t h e r m a l  e g p a n s i o n s  
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obtained ( -  40° t o  1 0 0 ~ ~ .  ) were 486, 471, 464 and 464 X oo6 
and from 100' t o  21Q0F. were 518, 509, A91 and 491 X 10- b 
r e s p e c t i v e l y  f o r  d i -1- (e thylpropyl )  a z e l a t e  and .the d l - (2-e thyl -  
hexyl)  e s t e r s  of a d i p i c ,  a z e l a i c  and sebac ic  a c i d s ,  The 
c o e f f i c i e n t s  of thermal expansions of these  e s t e r s  a re  somewhat 
higher than  those of petroleum o i l s  of t h e  same s p e c i f i c  g r a v i t y  
grade,  f o r ,  according t o  t h e  Abridged Volume Correc t ion  Table 
f o r  Petroleum Oils, Supplement t o  Natidnal Bureau ?f Standards 
C i r c ~ l a r  C410 Group I Petroleum O i l s  ( s p e c i f i c  g r q v i t i e s  o  
0.850 t o  0 . 9 4 )  have c o e f f i c i e n t s  of expansion of 400 x 10' 
per OF. 

£ 

66. The s p e c i f i c  g r a v i t i e s  (60/60°~.  ) of t h e  d i e s t e r s  ve re  
ca l cu la t ed  from the  d e n s i t i e s  a t  25/40C. by convert ing t o  
s p e c i f i c  g r a v i t i e s  a t  77/60°F. and using 0,0004 a s  change i n  
s p e c i f i c  g r a v i t y  per OF. This  was t h e  value determined on 
t h e  fou r  e s t e r s  mentioned above. The s p e c i f i c  g r a v i t i e s  of 
t h e  d i e s t e r s  a r e  a l s o  given i n  Table X, 

G. Oxidation , C h a r a c t e r i s t i c s  and Antioxidants  

67. Information a s  t o  the  ox ida t ion  s t a b i l i t y  of a  new 
a d d i t i v e  compound o r  l u b r i c a t i n g  f l u i d  is  genera l ly  necessary 
before  i t s  range of usefu lness  can be appraised.  Under s e r v i c e  
condi t ions  t h e  f l u i d  should not  ox id ize  t o  form q u a n t i t i e s  of 
p r e c i p i t a t e s ,  s ludges ,  o r  gums capable  of clogging o i l  l i n e s  o r  
i n t e r f e r i n g  w i t h  t h e . l u b r i c a t i o n  process o r  o the r  func t ions  o f  
t h e  o i l .  Also i t  should not  s epa ra t e  i n t o  non-miscible l i q u i d s .  
It i s  obviously important t h a t  t h e  a c i d i c  ox ida t ion  products be 
held t o  a minimum and t h a t  t hese  products should not  be co r ros ive  
t o  t h e  metals  i n  t h e  system. Also i t  is  d e s i r a b l e  t h a t  t h e  
v i s c o s i t y  and t h e  viscosi ty- temperature  c h a r a c t e r i s t i c s  of t he  
o i l  a f t e r  ox ida t ion  should not d i f f e r  g r e a t l y  from t h a t  of the  
o r i g i n a l  f l u i d ,  

68, There is  a  d e a r t h  of information i n  the  l i t e r a t u r e  a s  t o  
t h e  ox ida t ion  c h a r a c t e r i s t i c s  o f  e s t e r s ,  p a r t i c u l a r l y  under cond5 
t i o n s  approximating s e r v i c e  a p p l i c a t i o n s  f o r  instrument o i l s ,  
From bond energy determinat ions  (23) i t  would be pred ic ted  t h a t  
t he  e s t e r  l i nkages  a r e  more thermal ly  s t a b l e  than t h e  C-C bond. 
Therefore ,  t h e  ox ida t ion  s t a b i l i t y  t e s t  should not  be confused 
by t h e  ox ida t ion  of cracked products due t o  t h e  py ro ly t i c  in-  
s t a b i l i t y  of  t he  e s t e r  grou s. Spontaneous i g n i t i o n  temperature 
measurements ( see  Sec t ion  E 7 r e v e a l  t h a t  t h e  e s t e r s  and d i e s t e r s  
i g n i t e  a t  higher  temperatures than  a l i p h a t i c  hydrocarbons o f  t h e  
same chain length.  Thus i n  an uncatalyzed r e a c t i o n  t h e  e s t e r s  
would be expected t o  be somewhat more s t a b l e  than the  analogous 
hydrocarbons and t o  fol low the  same genera l  r u l e s  governing t h e  
oxida t ion  of t h e  a lkanes ,  

- 21 * 
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69. 
re1at . i  
a lkane 

G. Egloff  (24) has enumerated t h e  g e n e r a l i z a t i o n s  
ng molecular s t r u c t u r e  t o  t h e  thermal ox ida t ion  of 
s.  These a r e  summarized below: 

( a )  As t h e  l eng th  of t h e  normal hydrocarbon cha in  in-  
c reases ,  t h e  ox ida t ion  s t a b i l i t y  depresses. 

( b )  Branching and condensation of t h e  molecule i n c r e a s e s  
t h e  ox ida t ion  s t a b i l i t y .  

( c )  An inc rease  i n  temperature usua l ly  r e s u l t s  i n  a  
s h o r t e r  i nduc t ion  pe.riod 'and a  more r ap id  r a t e  of oxidatio,n.  

( d )  An inc rease  i n  pressure  may inf luence  t h e  oxida- 
t i o n  i n  s e v e r a l  ways: ( 1 )  It i n c r e a s e s  frequency of molecular 
c o l l i s i o n s  w i t h  subsequent inc rease  i n  r e q c t i o n  r a t e .  ( i i )  It 
d e a c t i v a t e s  cha in  c a r r i e r s ,  ( i i i )  T t  a l t e r s  t h e  e l e c t r o s t a t i c  
f i e l d  g iv ing  r i s e  t o  induced o r  increased p o l a r i t y .  ( i v )  The 
d i r e c t i o n  of t h e  r e a c t i o n  i s  t h a t  l ead ing  t o  a decrease i n  
volume of t h e  system. (v)  Foreign gases ,  s o l i d s ,  o r  i n t e r -  
m ~ 2 i a t e  r e a c t i o n  products may i n h i b i t ,  a c c e l e r a t e  or  have no 
e f f e c t  on t h e  ox ida t ion  r eac t ion .  ( v i )  An oxcess of oxygen 
may cause a decrease  i n  t h e  amount of ox ida t ion .  

70 If t h e  ox ida t ion  c h a r a c t e r i s t i c s  of t he  a l i p h a t i c  d i e s t e r s  
fol low t h e  g e n e r a l i z a t i o n s  worked out  f o r  t h e  a lkanes ,  t h e n  the  
s h o r t e r  d i e s t e r  molecules would be expected t o  be more ox ida t ion  
s t a b l e  than  t h e  l o n g ~ r  cha in  ones. Braaching, p a r t i c u l a r l y  
i f  i t  tended t o  form more condensed .molecules, should inc rease  
t h e  s t a b i l i t y .  The e f f e c t  of  varying t h e  p o s i t i o n  of the  e s t e r  
groups on t h e  o x i d a t i o n  s t a b i l i t y  of d i e s t e r  molecules having 
t h e  same s t r u c t u r a l  conf igura t ions  i s  not  known. It seems reason- 
a b l e  t o  assume t h a t  t h e  s t a b i l i t y  woul'dgdecrease if t h e  l eng th  of 
any hydrocarbon cha in  i n  t h e  molecule g r e a t l y  exceeded t h e  o the r s .  

71. A s t a t i c  type t e s t  using Norma Hoffman bombs was used 
t o  eva lua te  t h e  ox ida t ion  c h a r a c t e r i s t i c s  of t he  d i e s t e r s .  The 
o i l  sample ( 2 5  grams) was contained i n  a  c y l i n d r i c a l  g l a s s  v e s s e l  
o r  ' l i n e r  t h a t  f i t  snugly i n t o  t h e  bomb. Metal specimens of 
e l e c t r o l y t i c  copper, 24ST duralumin, and.SAE 1020 co ld- ro l led  
s t e e l  1-1/2" x  1/2" x 1/16" were used a s  o x i d a t i o n  c a t a l y s t s  
i n  c z r t a i n  of  t h e  t e s t s .  The su r face  a rea  of each was 1.75 sq. in .  
(1L.12 sq.cm.). The  specimens were pol ished and degreased a s  
descr ibed i n  Sec t ion  (H). The specimens were arranged i n  t h e  
form of an  e q u i l a t e r a l  t r i a n g l e  w i t h  t he  1/2" edges i n  con tac t  
w i t h  t he  o the r  specimens. The bomb assemblies  were f lushed  wi th  
oxygen t o  remove t h e  a i r  before  f i l l i n g  t o  100 p s i  of oxygen a t  
room temperature.  The bombs were maintained a t  2120F 2 o . ~ O F ,  a t  
which temperature  t h e  i n i t i a l  p ressure  was 125 ps i .  The change 
i n  pressure  wi th  time was observed during t h e  t e s t  period of 
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168 hours. A t  t h e  conclusion of  t h e  t e s t  period the  samples 
were allowed t o  coo l  t o  room temperature and then  were examined 
f o r  changes i n  v i s c o s i t y ,  n e u t r a l i z a t i o n  number, odor and c o l o r ,  
t h e  format ion  of p r e c i p i t a t e s  o r  s ludges  And s e p a r a t i o n  of 
imn i sc ib l e  l i q u i d s .  Vhen t h e  metal specimens were used,  they  

. were examined f o r  evidences of co r ros ion  and r u s t i n g .  

72. Seve ra l  t y p i c a l  d i e s t e r s  were s e l e c t e d  f o r  non-catalyzed 
bomb o x i d a t i o n  t e s t s .  These were t h e  d i - (2-e thy lhexpl )  e s t e r s  
of a d i p i c  and sebac ic  ac ids  and t h e  d i - (1-e thy lpropyl )  e s t e r s  
of a d i p i c ,  a z e l a i c  and sebac ic  a c i d s  and t h e  di-(1,3-dimethyl-  
b u t y l )  e s t e r  of s ebac ic  ac id .  They were chosen i n  order  t o  
o b t a i n  some i n d i c a t i o n  of t h e  r e l a t i v e  s t a b i l i t i e s  of e s t e r s  
of d i f f e r e n t  a c i d s  and of d i f f e r e n t  a l coho l s .  The r e s u l t s  of 
t h e s e  t e s t s ,  Table X I ,  i n d i c a t e  t h a t  t h e  d i - (1 -e thy lp ropy l )  
e s t e r s  of a d i p i c ,  a z e l a i c  and sebac ic  a c i d s  a r e  mors r e s i s t a n t  
t o  ox ida t ion  than  t h e  di . - /2-ethylhexyl)  e s t e r s .  No d i f f e r e n c e s  
i n  t h e  o x i d a t i o n  s t a b i l i t i e s  of t h e  same e s t e r s  of t h e  d i f f e r e n t  
a c i d s  could be de t ec t ed  by t h i s  t e s t .  The di- (1 ,3-dimethylbutyl)  
sebaca te  was t h e  l e a s t  s t a b l e  of t h e  d i c s t e r s  examined. Since 
t h e  p u r i t y  of t h e  d i e s t e r  samples v a r i e d ,  i t  i s  d i f f i c u l t  t o  
draw r igo rous  conclusions  from t h e  ox ida t ion  t e s t s  a s  smal l   amount^ 
of i m p u r i t i e s  may in f luence  t h e  course  and r a t e  of t h e  ox ida t ion  
r e a c t i o n .  However, it appears  t h a t  t h e  s h o r t e r  cha in  and more 
condensed d i e s t e r s  a r e  t h e  more s t a b l e  t o  t h e  ox ida t ion  condi t iong 
used i n  t h e  t e s t s ,  and they  t h e r e f o r e  appear t o  follow t h e  quoted 
g e n e r a l i z a t i o n s  of paragraph 69 r e l a t i n g  molecular s t r u c t u r e  t o  
ox ida t ion  s t a b i l i t y  of a lkanes .  

73. The r e s u l t s  o f  t h e  o x i d a t i o n  t e s t s  i n d i c a t e  t h a t  t h e  pure 
d i e s t e r s  have approximately the.same ox ida t ion  s t a b i l i t i e s  a s  
t h e  corresponding a lkanes  of t h e  same molecular con f igu ra t ions .  
But t h e  i n c r e a s e  i n  n e u t r a l i z a t i o n  number and t h e  format ion of 
p r e c i p i t a t e s  dur ing ox ida t ion  r e v e a l  t h a t  t h e s e  o i l s  a s  such a r e  
no t  s u f f i c i e n t l y  o x i d a t i o n  s t a b l e  t o  be considered a s  s a t i s f a c t o r y  
l u b r i c a n t s  f o r  a l l  of t h e  naval  a p p l i c a t i o n s  of i n t e r e s t .  

74. The o x i d a t i o n  s t a b i l i t i e s  of many compounds and f l u i d s  can 
be improved by t h e  a d d i t i o n  of smal l  amounts of ox ida t ion  i n h i b i -  
t o r s .  The e f f e c t  o f  va r ious  i n h i b i t o r s  on t h e  s t a b i l i t y  of gaso- 
l i n e s ,  petroleum o i l  f r a c t i o n s ,  f a t t y  o i l s ,  ruPbers and many 
o t h e r  praducts  has been widely i n v e s t i g a t e d  and repor ted  i n  the  
s c i e n t i f i c ,  t e c h n i c a l  and pa ten t  l i t e r a t u r e .  A review of t h e  
r e s u l t s  of many i n v e s t i g a t o r s  on the  e f f e c t  of a n t i o x i d a n t s  i n  \ . 
gaso l ine  and petroleum o i l  f r a c t i o n s ,  a s  we l l  a s  an ex tens ive  
b ib l iography  on t h e  s u b j e c t ,  may be found i n  two books by E l l i s  
(25,26) .  The r e s u l t s  show t h a t  some substances  e f f e c t i v e  a s  
i n h i b i t o r s  of t h e  ox ida t ion  of a given type of compound may be 
i n e f f e c t i v e  o r  even a c t  a s  ox ida t ion  a c c e l e r a t o r s  f o r  another  
type compound. The e f f e c t i v e n e s s  of d i f f e r e n t  a s t i o x i d a n t s  was 
founci t o  vary even amsng t h e  var ious  hydrocarbons, such a s  a lkanes ,  
a lkenes ,  a romat ics ,  and naphthenes. I n  a d d i t i o n  the  e f f e c t i v e n e s s  
of many i n h i b i t o r s  va r i ed  wi th  t h e  temperature  of ox ida t ion ,  
some being more e f f e c t i v e  a t  high temperatures than  a t  low tempera- 
t u r e s ,  and v i c e  versa .  
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75.  Most of t h e  accepted t h e o r i e s  'on t h e  ox ida t ion  of 
hydrocarbons, and of many o t h e r  t y p e s  of orgsn ic  compounds, 
p o s t u l a t e  an a u t o c a t a l y t i c  reac t ion .  The an t lox idan t  r e t a r d s  
o r  prevents t h e  ox ida t ion  by breaking t h e  cha in  of t h e  reaction, 
Such t h e o r i e s  include: 

( a )  The hydroxylat ion theory of Bone (27) which postu- 
l a t e s  the  formst ion of an  a l coho l  a s  t h e  primary s t e p ,  

(b)  The peroxide theory of von Elbe and Lewis (28)  
which pos tu la t e s  t h e  formation of a  per-acid a s  t h e  primary 
product . 

( c )  The dehydrogenation theory of Lewis (29) which 
pos tu la t e s  t h e  formation of an unsa tura ted  hydrocarbon and i t s  
ox ida t ion  t o  an uns tab le  ?eroxide,  

(d)  The aldehyde degradat ion theory  of Pope, Dykstra 
and Edgar (30) which pos tu la t e s  t h e  format ion of an  aldehyde 
which i s  fur ther .  oxidized w i t h  t h e  l o s s  of a  carbon atom. 

76. The peroxide t h e o r i e s  of voq Elbe and Lewis (28) and 
Lewis (29) a r e  t h e  most gene ra l ly  accepted,  Four poss ib le  
mechanisms have been considered by which t h e  an t iox idan t  A 
could r e a c t  w i t h  t h e  auto-oxidizable  peroxide PO2 t o  break t h e  
chain,  

Method (4)  i s  t h e  most d e s i r a b l e  a s  it i n h i b i t s  t h e  ox ida t ion  
and does not  consume t h e  a n t i o x i d a n t ,  but r a r e l y  i s  t h i s  a t t a i n -  
ed. Method (1)  i s  bel ieved t o  occur most f r e q u e n t l y  i n  p rac t i ce .  
T h i s  method r e t a r d s  t h e  ox ida t ion  r e a c t i o n  t o  a l e s s e r  ex ten t  , 
than Method (4) .  Also, t h e  i n h i b i t o r  w i l l  be consumed i n  t ime; 
then  t h e  r e a c t i o n  w i l l  r e v e r t  t o  an  autocat&lyt& one, Regard- 
l e s s  of whether t h e  auto-oxidizable  substance i s  a peroxide,  
i f  t h e  i n h i b i t o r  r e a c t s  w i t h  i t  t o  break t h e  r e a c t i o n  chain,  
t h e  ox ida t ion  r e a c t i o n  r a t e  w i l l  be re ta rded  o r  i n h i b i t e d ,  A s  
monomolecular and bimolecular r e a c t i o n s  f r equen t ly  r equ i re  a  
g r e a t e r  a c t i v a t i o n  energy than  au toca ta ly t ic reac t ions ,  a d d i t i o n  
of an i n h i b i t o r  w i l l  u s u a l l y  inc rease  t h e  induct ion  period thus  
prolonging s e r v i c e  l i f e ,  



77. Of t h e  many compounds I n v e s t i g a t e d  (25) (26) as oxida-  
t i o n  i n h i b i t o r s  t h o s e  c o n t a i n i n g  an  e a s i l y  o x i d i z a b l e  group were 
i n  g e n e r a l  found t o  be t h e  most e f f e c t i v e ,  t h e  a roma t i c  hydroxy 
and amine compounds be ing  t h e  b e s t  pe t ro leum and hydrocarbon 
i n h i b i t o r s .  Lowry (31)  and E g l o f f ,  Ivlorrell, Lowry and Dryer 
(32)  found t h a t  a l k y l ,  a r y l ,  o r  t e r t i a r y  amino groups o r t h o  o r  
pa ra  t o  t h e  amino o r  hydroxyl  group gave i nc r ea sed  i n h i b i t i o n ,  
The p resence  of n i t r o ,  ca rbonyl  o r  c a rboxy l  r a d i c a l s  had t h e  
o p p o s i t e  e f f e c t .  

78. Because t h e  r e s u l t s  o f  t h e  o x i d a t i o n  t e s t s  and spontaneous  
i g n i t i o n  t empera tu res  i n d i c a t e d  t h a t  t h e  d i e s t e r s  were n o t  ox i -  
d i zed  a t  t h e  e s t e r  l i n k a g e s ,  it seemed r ea sonab l e  t o  assume t h a t  
t h e  i n h i b i t o r s  g e n e r a l l y  e f f e c t i v e  i n  retarding t h e  o x i d a t i o n  of  
hydrocarbons and petroleum f r a c t i o n s  would a l s o  be e f f e c t i v e  i n  
t h e  d i e s t e r s .  The d i - (2 - e thy lhexy l )  e s t e r  of s c b a c i c  a c i d  was 
chosen as  t h e  s o l v e n t  d i e s t e r  f o r  t h i s  phase of t h e  i n v e s t i g a t i o n ,  
a s  it alas a v a i l a b l e  i n  t h e  g r c a t r s t  q u a n t i t y  and h i g h e s t  p u r i t y .  
The a x i d a t i o n  t e s t  used was t h e  bomb t e s t  p r ev ious ly  d e s c r i b e d ,  
Ne t a l  c a t a l y s t s  were a l s o  used because an o i l  i s  seldom used i n  
a n  a l l  g l a s s  system, 

79. The e f f e c t i v e n e s s  o f  some a romat ic  hydroxy and amino 
compounds, a l l  s o l u b l e  a t  -t 60°1?. , i n  i n h i b i t i n g  t h e  0x1- 
d a t i o n  of d i - ( 2 - e t h y l h e x y l )  s e b a c a t e  under t h e  c o n d i t i o n s  des-  
c r i b e d  a r e  shown i n  Table  XII, Of t h e  compounds i n v e s t i g a t e d  
on ly  2 ,  4-dichlorobcnzophenonc,  v:hich i s  n o t  r c a d i l y  o x i d i z e d ,  
had no i n h i b i t i n g  ~ f f e c t  on t h e  o x i d a t i o n  r e a c t i o n .  A l l  o f  t h e  
a roma t i c  hydroxy and amine compounds i n v e s t i g a t e d  had a marked 
i n h i b i t i n g  e f f ~ c t  on  t h e  o x i d a t i o n  r e a c t i o n  a s  r e f l e c t e d  by t h e  
much s rna l l c r  c h a n g ~ s  i n  oxygen p r e s s u r e ,  n e u t r a l i z a t i o n  number 
and v i s c ~ s i t y  a s  compared t o  t h o s e  of t h e  u n i n h i b i t e d  d i - (2 -  
e t h y l h c x y l )  s ebaca t e ,  

80. The t e s t s  made on t h e  i n h i b i t i n g  a c t i o n  of diphenylamine,  . 
p - c y ~ l o h e x y l p h e n ~ ~ l  and p-hydroxydiphenyl weze w i t h  a  l e s s  pure  
sample of t h e  base  s t o c k  d i e s t e r  a s  r e f l e c t e d  by i t s  h i g h e r  
i n i t i a l  n e u t r a l i z a t i o n  number. The c a t a l y t i c  e f f e c t  o f  t h e  a c i d i c  
i m p u r i t i e s  p r e s e n t  may account  f o r  t h e  g r e a t e r  n e u t r a l i z a t i o n  
number i n c r e a s e  observed,  The g r een  c o l o r a t i o n  o f  t h e  o i l  a f t e r  
o x i d a t i o n  i s  a t t r i b u t e d  t o  a r c a c t i o n  on t h e  copper c a t a l y s t  
forming s o l u b l e  copper s a l t s ,  None of  t h e  t e s t s  w i th  o t h e r  
compounds excep t  t h a t  w i th  4 - t e r t - b u t y l  c a t e c h o l ,  was accompan- 
i e d  by g r e e n  c o l o r a t i o n  of t h e  o i l  which i s  i n d i c a t i v e  of  copper 
co r ro s ion .  

8 1, A number of t h e  compounds i n v f - % s t i g a t e d  cven i n  sma l l  s e i g h t  
c o n c e n t r a t i o n s  of 0 .1  t o  0.2 per  c e n t  i n h i b i t e d  t h e  o x i d a t i o n  of  
t h e  d i - (2 - e thy lhexy l )  s e b a c a t e  s o  e f f e c t i v e l y  t h a t  t h e  oxygen 
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consumptign was l e s s .  t h a n  one pound pe r  sq.  i n ,  i n  168 hours ,  
t h e  n e u t ~ a l i z a t i o n  numbcr i n c r e a s e  was 0.20 o r  l e s s  and t h e  
v i s c o s i t y  change was n e g l i g i b l e .  N e i t h e r  was t h e r e  ev idence  
of any a t t a c k  o r  c o r r o s i o n  of  t h e  meta l  c a t a l y s t  o r  f o r m a t i o n  
of  p r e c i p i t a t e s  o r  s l u d g e s .  The compounds having such e f f e c t -  
i v e  i n h i b i t o r y  p r o p e r t i e s  were @ - t e r t - b u t y l  o - c r e s o l ,  4 - t e r t -  
b u t y l  2-phenylphenol ,  p - t c r t - amyl  phenol ,  o-cyclohexyl  phenol  
and thymol. The o x i d a t i o n  s t a b i l i t y  impar ted  t o  t h e  d i - ( 2 - e t h y l -  
h e x y l )  s e b a c a t e  by t h e s e  i n h i b i t o r s  was e q u a l  o r  s u p e r i o r  t o  
t h a t  of  many pet ro leum ins t rument  o i l s  (19) .  

82,  It has  been shown by Dornte e t  a l , ( 3 3 )  (34) (35)  t h a t  
t h e  o x i d a t i o n  r e a c t i o n  may be u n a f f e c t e d ,  a c c e l e r a t e d  o r  r c t a r d -  
ed by v o l a t i l e  r e s c t i o n  p roduc t s ,  The i n f l u e n c e  o f  h i g h  p r e s s -  
u r e s  and e v c e s s  oxygcn c o n c e n t r a t i o n  on t h e  o x i d a t i o n  r e a c t i o n  
has  been r e f e r r e d  t o  a l r e a d y  (24) .  T h e r e f o r e ,  t o  c h a r a c t e r i z e  
more f u l l y  t h e  o x i d a t i o n  s t a b i l i t i e s  o f  t h e  d i e s t e r s ,  o x i d a t i o n  
t e s t s  a t  a tmospher ic  p r e s s u r e  w i t h o u t  a n  e x c e s s  of  oxygen and 
w i t h  t h e  removal o f  t h e  v o l s t i l e  p roduc t s  should be made. Such 
t e s t s  hsve been made on f i n i s h e d  d i e s t e r  o i l  composi t ions  and 
a r e  d i s c u s s e d  i n  P a r t  I11 of  t h i s  r e p o r t ,  

e3- The pure  d i e s t e r s  a s  such d i d  n o t  hsve t h e  o x i d a t i o n  
s t a b i l i t y  ~ e q u i r e d  f o r  l u b r i c a n t  a p p l i c a t i o n s  a s  evidenced by 
t h e i r  oxygen consumption, i n c r e a s e  i n  n e u t r a l i z a t i o n  number and 
t h e  f o r m a t i o n  of p r e c i p i t a t e s .  However, a number of  compounds 
were found t o  be c a p a b l e  o f  i n h i b i t i n g  t h e  o x i d a t i o n  o f  t h e  
d i e s t e r s  even i n  t h e  p resence  o f  t h e  common m e t s l  c a t a l y s t s ,  
s o  & h a t  t h e  oxygen consumption f o r  a 166 h o u r s  t e s t  pe r iud  a t  
212 F. was n e g l i g i b l e ,  The n e u t r q l i z a t i o n  number i n c r e a s e  was  
0.2 o r  l e s s  and no p r e c i p i t a t e s  o r  s l u d g e s  were formed. Noa 
was t h e r e  ev idence  of any a t t a c k  on t h e  m e t a l  c a t a l y s t s .  The 
i n h i b i t i o n  t o  o x i d s t i o n  o b t a i n e d  was e q u a l  o r  s u p e r i o r  t o  t h a t  
o f  most pe t ro leum o i l s  o f  comparable v i s c o s i t y  g r a d e s ,  The 
e f f e c t i v e  i n h i b i t o r s  were of t h e  same t y p e s  a s  t h o s e  used f o r  
hydrocarbon and pet ro leum o i l s .  

O i l  S o l u b l e  Rust  I n h i b i t o r s  H* -----. 

84. Highly  r e f i n e d  pet ro leum o l l s  and many o t h e r  t y p e s  of 
base  s t o c k s  have l i t t l e  o r  no r u s t  i n h i b i t i n g  a c t i o n  i n  t h e  p re -  
s e n c e  of  wa te r .  One of t h e  most common and e f f e c t i v e  methods of  
i m p a r t i n g  r u s t  i n h i b i t i n g  p r o p e r t i e s  t o  t h e s e  f l u i d s  i s  by t h e  
a d d i t i o n  of  a  s m a l l  amount of a  s u i t a b l e  o i l - s o l u b l e  p o l a r  
o r g a n i c  compound. An e x p l a n a t i o n  of t h e  mechanism o r  mode of  
a c t i o n  o f  s u c h  compoueds i n  p r e v e n t i n g  r u s t i n g  h s s  been g i v e n  
i n  a r e p o r t  o f  t h i s  Labora to ry  (36) .  T h i s  r e p o r t  a l s o  d i s c u s s e d  
t e s t  methods and t h e  e f f i c i e n c y  of many compounds and a d d i t i v e s  
a s  r u s t  i n h i b i t o r s  i n  Navy Symbol 2135 pet ro leum o i l .  As t h e  



mode of a c t i o n  of  r u s t  i n h i b i t o r s  w i l l  be t h e  saqe i n  t h e  
d i e s t e r  o i l s  a s  i n  petroleum o i l s ,  the  gogd r u s t  i n h i b i t o r $  
found then should a l s o  be e f f e c t i v e  i n  t h e  d i e s t e r  o i l s  i f  
so luble ,  However, dif'perences i n  t h e  S ~ l u b i l i t i e s  of t h e  
compounds i n  t h e  two base s tocks  may a f f e o t  t h e i r  r e l a t i v e  
r a t i n g s  a s  r u s t  i n h i b i t o r s .  

8 5. Laboratory t e s t s  discussed i n  (361, which were designed 
t o  s imulate  'ncreas ingly  s t renuous se rv ice ' cond i t ions ,  were 
used i n  t h i s  s tudy t o  eva lua te  the  compounds considered promis- 
ing a s  r u s t  i n h i b i t o r s  aga ins t  t h e  r u s t i n g  a c t i o n  of both d i s -  
t i l l e d  v ~ a t e r  and s y n t h e t i c  sea water, The i n h i b i t o r s  discussed 
here  do not  include a l l  examined, but a r e  only those showing 
t h e  most promise f o r  t h e  a p p l i c a t i o n s  under considerat ion.  

86. A modif icat ion of the  ASTM Rust Prevention Test  (D665- 
44T) was used t o  eva lua te  t h e  e f f e c t i v e n e s s  of t h e  i n h i b i t o r s  
aga ins t  drops of water d ispersed  i n  the  o i l .  T h i s  t e s t  was 

, designed t o  s imulate  t h e  r u s t i n g  a c t i o n  of drops of water d i s -  
persed i n  t h e  o i l  and was developed t o  t e s t  r u s t  i n h i b i t i o n  
p r o p e r t i e s  of tu rb ine  o i l s ,  The drops of water t h a t  adhere t o  
t h e  t e s t  specimen a r e  cont inuously being washed away by t h e  
q i l  stream. Therefore,  t h e  water drops must penet ra te  the  
p r o t e c t i v e  f i l m  w i th in  a  s h o r t  time i f  r u s t i n g  is t o  take place,  
The average time of adhesion of the  water drop i s  dependent upon 
t h e  s i z e  of t h e  drop (degree of d i spe r s ion)  and method and speed 
of s t i r r i n g .  T h i s  i s  ,Jne of t h e  l e a s t  r igorous  of t h e  r u s t  pro- 
t e c t i o n  t e s t s  and s imula tes  the  p ro tec t ion  a g a i n s t  r u s t i n g  af ford-  
ed by t h e  o i l  when t h e  system i s  i n  ope ra t ion  and t h e  water i s  
dispersed i n  the  o i l .  

e7. As t h e  q u a n t i t i e s  of a v a i l a b l e  d i e d t e r s  of h i  h p u r i t y  % were l imi t ed ,a  modif icat ion of the  A.S.T.M, Test  ( ~ 6  5-44T) 
was used t o  conserve the  d i e s t e r  o i l s .  The modif icat ion con- 
s i s t e d  e s s e n t i a l l y  of  a  reduct ion  i n  the  s i z e  of the  o i l  sample 
and t e s t  specimen. The t e s t  specimen was a  cold r o l l e d  s t e e l  
(SAE1020) s t r i p  - 4  1/4" X 1/4It X 1/32It, The o i l  sample was 
7 5  m l .  and 10 per cent  of t h i s  volume of water was used. A 
g l a s s  paddle r o t a t i n g  a t  1080 rpm was used t o  d i spe r se  t h e  
water i n  t h e  o i l ,  The procedure was t h e  same a s  t h a t  descr ibed 
i n  t h e  ASTM Method except f o r  t h e  prepara t ion  of t h e  t e s t  
specimen. The t e s t  temperature was 140°F. and t h e  dura t ion  of 
t h e  t e s t  24 hours. This t e s t  has been found t o  be somewhat more 
r igorous  than t h e  A.S.T.M. t e s t  a s  some samples t h a t  pass the  
former t e s t  allow a s l i g h t  amount o f  r u s t i n g  w i t h  t he  modified 
procadure. 

88, Each specimen was polished and degreased a s  follows: 
Af te r  the  use of new No. 150 and No. 320 emery papers, every 
poss ib le  precaut ion being taken t o  avoid handling the  specimen 
w i t h  t h e  f i n g e r s ,  i t  was placed i n  a  c lean  g l a s s  conta iner  of 
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commercial C.P. benzene and boi led f o r  t p r e e  or  four  minutes. 
The specimen was t r ans fe r red  d i r e c t l y  from the  benzepe by 
means of c l e a n  metal  tweezers t o  another  v e s s e l  conta in ing  
e i t h e r  h i g h  grade petroleum e t h e r  o r  C.P. e t h y l  e t h e r  and 
boi led f o r  approximately one minute. The specimen was then  
t r a n s f e r r e d  from t h e  so lven t  d i r e c t l y  i n t p  a  beaker of t he  o i l  
t o  be t e s t e d .  - I t  was necessary t o  make t h i s  l a s t  t r a n s f e r  
r a p i d l y ,  due t o  the  f a c t  t h a t  any delay wi th  such a  degreased 
s t e e l  specimen r e s u l t e d  i n  t h e  rap id  appearancs of a l a y e r  of 
r u s t  due t o  exposure t o  t he  atmosphere. The warm e t h e r  
evaporated r a p i d l y  allowing t h e  t r a n s f e r  t o  be made with 
adequate speed. 

89. The e f f e c t i v e n a s s  of t h e  degreasing procedure was t e s t e d  
by t h e  water drop method. A drop of grease  - f r e e  d i s t i l l e d  
water was allowed t o  T a l l  upon t h e  su r face  t p  be t e s t e d ,  If 
t h e  t e s t  specimen was completely degreased,  t h e  drop of water 
spread t o  cover uniformly t h e  e n t i r e  su r face ,  did not draw up 
t o  form drops,  and evaporated showing i n t e r f e r e n c e  c ~ l o r s  dur ing 
t h e  l a s t  s t a g e  of evaporation.  

90 @ As t h e  p r o p e r t i e s  of t h e  d i e s t e r  o i l s  suggested t h e i r  
most promising a p p l i c a t i o n s  t o  be f o r  low temperature l u b r i c a n t s ,  
an ly  those r u s t  i n h i b i t o r s  so lub le  a t  low temperatures a r e  
d iscussed  i n  t h i s  i n v e s t i g a t i o n .  A l l  of t h e  i n h i b i t o r s  inves t -  
i ga t ed  showed no evidence of p r e c i p i t a t e s  a f t e r  96 hours a t  
465O~. except t h e  s o r b i t a n  monooleate an@ t h e  amine s a l t s  of 
a l i p h a t i c  ac ids  and these  s e r e  completely so lub le  a t  -400F. 
I n  seeking r u s t  i n h i b i t o r s  use was made o f  d i (2-e thylhexyl )  
sebaca te  a s  t h e  so lven t  o r  base s tock  s i n c e  a t  t h e  time it  was 
t h e  only pure d i e s t e r  a v a i l a b l e  i n  s u f f i c i e n t  quan t i ty .  The 
e f f e c t i v e n e s s  of t hese  compounds a s  r u s t  i n h i b i t o r s  i n  t h e  o t h e r  
a l i p h a t i c  d i e s t e r s  would be expected t o  be only s l i g h t l y  d i f f -  
e r e n t .  Any d i f f e r e n c e s  found would be a t t r i b u t e d  t o  t h e  r e l a -  
t i v e  s o l u b i l i t i e s  of t h e  i n h i b i t o r s  i n  t h e  var ious  d i e s t e r  o i l s ,  

91 The r e s u l t s  ctf t he  modified Turbine O i l  Rusting T e s t s  
w i t h  d i - (2-e thylhexyl )  sebaca te  a s  t h e  base s tock  a r e  given i n  
Table XIII. The compositions were r a t e d  numerically a s  t o  t h e  
amount of r u s t  formed on t h e  t e s t  specimen. If the  whole sur -  
f a c e  of t h e  t e s t  specimen was rus ted  a  r a t i n g  o f . 1 0  was given 
t h e  o i l .  No r u s t  i s  denoted by a  r a t i n g  of zero,  and numbers 
between 0  t o  10  denote t h e  f r a c t i o n  of sur face  rusted.  Frac t ion-  
a l  r a t i n g s  of 114 o r  l e s s  denote the  number and s i z e  of smal l  
r u s t  s p o t s ,  1/64 denot ing one small  r u s t  spot ,  

92. A l l  of t h e  d i v a l e n t  metal  soaps of t h e  a r y l  s t e a r i c  
a c i d s  inves t iga ted  when present  i n  a  weight concent ra t ion  of 
0.35 per cen t  prevented t h e  t e s t  specimens from r u s t i n g  i n  t h e  
presence of d i s t i l l e d  v a t e r ,  When s y n t h e t i c  sea  water w'as 
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used only t h e  magnesium d i -  ( x y l y l s t e s r 2 t e )  completely prevented 
t h e  r u s t i n g  of t h e  t e s t  specimen. The celcium and barium soaps 
though having a  marked i n h i b i t i n g  a c t i o n  allowed a s l i g h t  amount 
of r u s t i n g  a s  denoted by t h e i r  r a t i n g s  i n  Table X I I I ,  A s  i nd i -  
c?.ted i n  t h e  t a b l e  t h e  emulsions formed dur ing  t h e  t e s t  per iod 
were r e l a t i v e l y  uns t ab le ,  breaking completely i n  l e s s  than  an  
hour, The pH of t h e  separa ted  water cvas determined a f t e r  the'  
t e s t s  and t h e  higher r e s u l t s  obtained when magnesium d i - (xy ly l -  
s t e a r a t e )  was used i n d i c a t e  a g r e a t e r  degree of hydro lys i s  than  
i n  case  of t h e  ca lc ium o r  t h e  karium soaps . '  

93. For many a p p l i c a t i o n s  a  g r e a t e r  degree of r u s t  i n h i b i -  
t i o n  i s  d e s i r e d  t h a n  can be evaluated by t h e  Modified Turbine 
O i l  Busting ' res t .  Therefore a  more r igorous  t e s t ,  t h e  s t a t i c  
water drop t e s t ,  wa.s used. This t e s t  s imula tes  t h e  r u s t i n g  
a c t i o n  3f a  drop o r  pocket of water  i n  a  system where t h e  o i l  
i s  qu ie scen t ,  i . e .  dead ends o r  a  system not  i n  opera t ion .  The 
t e s t  s ~ z c i m e n s  w e r e  cold r o l l e d  s t e e l  (SAE1020) p l a t e s  approx- 
imate ly  1 inch square  and 1/1611 t3 i ck .  I n  t h e  cen te r  of one 
f a c e  a sha l lov~  con ica l  depress ion  'approximately 1/32" deep was 
made w i t h  a  7/16" diameter c e n t e r  d r i l l  whose t i p  was ground 
t o  form an incladed angle  of 148O. Immediately fo l lowing  t h e  
degreasing procedure,  previously  descr ibed ,  t h e  t e s t  specimen 
was immersed, d r i l l e d - f a c e  upward, i n  a  1/411 l a y e r  of t h e  o i l  
t o  be t e s t e d  contained i n  a  smal l  beaker (100 ml,) o r  p e t r i  
d i s h .  Af te r  t h e  m f t a l  t c s t  specimen had been i n  contac t  w i t h  
t h e  o i l  f o r  one hour a t  t h e  t e s t  t e a p e r a t u r ~  t o  al low a  reason- 
a b l e  approximation of adso rp t ion  equi l ib r ium t o  b ~  reached,  
a  drop of water was placed i n  t h e  o i l  so  t h a t  i t  r e s t e d  i n  and 
j u s t  f i l l e d  t h c  con ica l  depress ion ,  The specimens were observed 
a t  24 hour i n t e r v a l s  and r a t e d  a s  t o  t h c  amount of r u s t  formed. 
The usua l  d u r a t i o n  of t h e  t e s t  was 168 hours. 

94. The g e s u l t s  o f  s t a t i c  water drop t e s t  when d i s t i l l e d  
water  a t  140 F. was used a r e  g iven  i n  Tablr  X I V .  The metal  
s a l t s  of t h e  a r y l  s t e a r i c  a c i d s ,  .cornplt.tely.prevented t h e  r u s t -  
ing  of t h e  t c s t  spccimens dur ing t h e  t e s t  period (168 hours)  
when presen t  i n  0.25 weight per cen t  concent ra t ion ,  No d i f f e r -  
ences could k c  de tec ted  i n  t h e  r u s t  i n h i b i t o r y  a c t i o n  of t h e s e  
compounds i n  t h e  v s r i o u s  d i e s t e r s .  The z inc  s a l t s  o f  t h e  sub- 
s t i t u t e d  s h o r t e r  cha in  a l i p h a t i c  ac ids  employed a l s o  prevented 
t h e  r u s t i n g  of t h e  t e s t  s p c c i m ~ n  when presen t  i n  a  concen t r a t ion  
of 0.50 weight per  ccnt .  The s o r b i t a n  monooleate and t h e  amine 
s a l t s  of  t h e  s u b s t i t u t e d  a l i p h a t i c  a c i d s  though a c t i v e  i n  i n -  
h i b i t i n g  t h e  r u s t i n g  of t h e  specimen d i d  no t  completely prevent 
i t s  r u s t i n g ,  a s  shown by t h e  r a t i n g s  i n  Tablc X I V .  

95. I n  gene ra l ,  t h e  e f f e c t i v e n e s s  of rust i n h i b i t o r s  has 
been found t o  dccrcase  w i t h  i nc reas ing  t e v , p e r a t u r e  (36).  One 

RESTRICTED 



of t h e  more promising r u s t  i n h i b i t o r s ,  calcium d i - ( p h e n y l s t e a r a t e ) ,  
was examincd i n  concent ra t ions  from 3.0 p e r  c e n t  t o  0 ,35 pcr cen t  
by weight us ing t h e  s t a t i c  water drop method w i t h  d i s t i l l e d  water 
a t  1600F. The r e s u l t s  rcvealed t h a t  only 0.35 weight per cen t  
of i n h i b i t o r  prevented t h e  format ion of r u s t  a t  160°F, f o r  t h e  
d u r a t i o n  of t h e  t e s t  (168 hours) .  

96 The e f f e c t i v e n e s s  of t h e  i n h i b i t o r s  i n  prevent ing r u s t -  
ing  i n  t h e  presence of s e a , r a t e r  was determined by t h e  s t a t i c  
water drop a t  100°F, The d i - (2-e thy lhexyl )  sebaca te  of fe rgd  
l i t t l e  o r  no p r o t e c t i o n  from t h e  r u s t i n g  a c t i o n  of t h e  s y n t h e t i c  
s ea  water a s  shown by a 9 c o r r o s i o n  r a t i n g  of 10 obtained i n  l e s s  
than  24 hours of  exFosure Table XIV. A l l  of  t h e  compounds in -  
v r s t i g a t e d  exer ted  an  i n h i b i t i n g  e f f e c t ,  but none completely 
p r e v ~ n t e d  r u s t i n g  f o r  t h e  t e s t  period (168-hours ) ,  The most 
e f f e c t i v e  i n h i b i t o r s  of those  t r i e d  were t h e  d i v a l e n t  metal  
soaps of s u b s t i t u t e d  a l i p h a t i c  a c i d s  and t h e s e  allowed only a  
s l i g h t  amount of r u s t i n g  dur ing t h e  168 hour t e s t  period a s  
evidenced by t h e  smal l  f r a c t i o n a l  value ass igned t h e  r u s t  r a t i n g .  
Increas ing  t h ?  concen t r a t ion  of t h e  r u s t  i n h i b i t o r  calcium d i -  
( pheny l s t ea ra t e )  from 0.35 t o  3.0 weight ppr cen t  caused only  
a s l i g h t  improvement i n  t he  r u s t  p r o t e c t i o n  and t h i s  QaS ev iden t  
on ly  a f t e r  s e v r r a l  days, 

97. The e f f e c t i v e n e s s  of  t h e  i n h i b i t e d  d i e s t e r  o i l s  i n  pre- 
ven t ing  t h e  r u s t i n g  a c t i o n  of water  on i r o n  o r  s t e e l  p a r t s  
covered by only s t h i n  f i l m  of t h e  d i e s t e r  was determined by 
a spray cab inc t  t e s t .  The t e s t  specimens f o r  t h i s  t e s t  were 
r ec t angu la r  zoli' r o l l e d  steel(SAE 1020) s t r ips ,  3ff  long, 1-1/2" 
wide and 1 / 8 1 1  t h i c k .  They wore cleaned and degrnascd a s  pre- 
v ious ly  desc r ibsd  z f t e r  which they  were dipped i n  t h e  t e s t  o i l s  
f o r  one n inu tc  and then  allowed t o  d r a i n  a t  room temperature 
f o r  two hours bcfore  being placed i n  t h e  spray  cab ine t .  The 
specimens v7crc supported pcrpendicu le r ly  from tho  bottom. The 
spray  cab ine t  ::cs t h e  Type B, S i z e  2,  rubber l i n e d  cab ine t  
of t h e  I n d u s t r i a l  F i l t e r  and Pump Manufacturing Company. The 
t e s t  ternpcrature a a s  100oF. and d i s t i l l e d  water was atomized 
w i t h  a g l a s s  nozzle  having a  1 mm. t i p  and operated by c l e a n  
a i r  under a 5 r e s s a r ~  of 25 ps i .  The spray  was deposi ted a t  t h e  
r a t e  of  0 , l  rnl./sq.cm./ 8 h r s ,  

98. I n  t h i s  t e s t  t h e r e  i s  no oppor tun i ty  f o r  t h e  o i l  f i l m  
t o  be rnp laced  o r  repa i red  once it i s  broken, Also t h e  con- 
t i nuous  l eech ing  ~ c t i o n  of t h e  water w i l l  g radua l ly  remove t h e  
r u s t  i n h i b i t o r .  Therefore,  t h e  t e s t  i s  probably mQre of a leech- 
ing  t ~ s t  and s imulz tes  a cond i t ion  where water i s  con t inua l ly  
being deposi tcd snd ? l l o r ~ e d  t o  d r a i n  o f f  t h e  p a r t s  o r  mechsnism, 

99. The results of va r ious  concent ra t ions  of  calcium d i -  menyl-  
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s t e a r a t e )  and magnesium d i - ( x y l y l s t e e r a t e )  i n  d i - (2-e thylhexyl )  
sebaca te  i n  prevent ing the  r u s t i n g  a c t i o n  o f  a  continuous spray  
of d i s t i l l e d  water  a r e  given i n  Table XV. The r u s t  r a t i n z s  
i n d i c a t e  t h a t  the  calcium and magnesium a r y l  s t e a r a t e s  had 
approximately the  same i n h i b i t i n g  power when used i n  same weight 
concent ra t ions .  Increas ing  t h e  concent ra t ion  of these  compounds 
improved t h e  amount of i n h i b i t i o n  obtained both a s  regards  t h e  
ex ten t  of r u s t i n g  and t h e  time r e q ~ i r e d  f o r  r u s t  t o  appear. 

100. These experiments show t h a t  t h e  d i e s t e r  o i l s  have l i t t l e  
o r  no rust  i n l l i b i t i o n  p r o p e r t i e s  and i f  used a s  l u b r i c a n t s  %here  
t h e r e  i s  t h e  l i k e l i h o o d  of water accumulating i n  t h e  system, a  
r u s t  i n h i b i t i n g  a d d i t i v e  ~ h o u l d  be  incorporated i n  t h e  o i l .  
Laboratory t e s t s  s imula t ing  inc reas ing ly  severe  s e r v i c e  con- 
d i t i o n s  where used t o  eva lua te  t h e  compounds inves t iga ted .  The 
most s a t i s f z c t o r y  r u s t  i n h i b i t o r s  found were d i v a l e n t  metal 
soaps ,o f  s u b s t i t u t e d  a l i p h a t i c  a c i d s  and were capable of  prevent- 
i ~ g  t h e  r d s t i n g  of i r o n  o r  s t e e l  p a r t s  f o r  16" hours by a  s t a t i c  
drop of d i s t i l l e d  water when t e s t e d  a t  140°F, These i a h l b i t o r s  
were e f f e c t i v e  i n  concent ra t ions  a s  low a s  0.25 t o  0.35 weight 
per cen t  and were s o l u b l e  i n  t h e  d i e s t e r s  a t  temperatures ag 
low a s  - 6 5 O ~ .  The d i v a l e n t  metal scaps of s u b s t i t u t e d  a l i -  
pha t iq  a c i d s ,  though unable t o  completely prevent  t h e  r u s t i n g  
of t h e  test specimen i n  t h e  presence of a s t a t i c  dror of syn- 
t h e t i c  sea  water  a t  1000F,, g r e a t l y  I n h i b i t e d  i t s  r u s t i n g  ac t ion .  
Fur ther  inc reases  i n  t h e  concent ra t ion  of t h e  i n h i b i t o r  had 
only a s l i g h t  e f f e c t  on. t h e  r u s t  i n h i b i t i o n  obtained.  Low 
concent ra t ions  of t h e s e  soaps re ta rded  t h e  r u s t i n g  of i r o n  and 
s t e e l  when subjec ted  t o  a  continuaus spray of d i s t i l l e d  water 
bu t  d i d  not prevent  r u s t i n g .  High concent ra t ions  of approximbtely 
2 per cen t  of t hese  soaps inyere found necessary t o  prevent t h e  
r u s t i n g  of specimens when subjec ted  t o  such condi t ions .  Speci-  
f i c a t i o n s  should not r e q u i r e  a g r e a t e r  degree of r u s t  i n h i b i t i o n  
than  t h a t  necessary t o  give s a t i s f a c t o r y  s e r v i c e  ope ra t ion  be- 
cause inc reas ing  amounts of r u s t  i n h i b i t o r s  f r equen t ly  a f f e c t  
some o the r  d e s i r a b l e  proper ty  of t h e  l u b r i c a n t  adversely.  

( I  Polymer Thickeners and V. I. Improvers - 
101. 
pe t ro  
ments 
inves 

The changes i n  v i s c o s i t y  with  temperature  of t h e  b c s t  
leum o i l s  a r e  s o  g r e a t  t h a t  they do not f a l f i l l  t h e  r equ i re -  

of nany Naval app?.ications.  Syn the t i c  f l u i d s  have been 
t i g a t e d  i n  t h e  hope of f i n d i n g  an o i l  wi th  t h e  des i r ed  

v i s c o s i t y  - ternpera$ure c h a r a c t e r i s t i c s .  Although some f l u i d s  
wi th  unusua1f.y low temperature c o e f f i c i e n t s  of v i s c o s i t y  have 
been developed, o f t e n  t h e i r  use has been r e s t r i c t e d  by o the r  
phys ica l  o r  chemical p r o p e r t i e s  a s  we l l  a s  by excessive c o s t s  
and l i m i t e d  a v a i l a b i l i t y .  Petroleum f r a c t i o n s  can be thickened 
with  polymer add i t ive9  t o  form f l u i d s  wi th  v i s c o s i t y  - tempera- 
t u r e  c h a r a c t e r i s t i c s  supe r io r  t o  those  of convent ional  petroleum 
o i l s ;  however, o t h e r  c a n s i d e r a t i a n s  l i m i t  t h e  improvement ob- 



t a i n a b l e .  Exper ience  has  shown t h a t  i f  two o i l s  of t h e  same 
t y p e ,  one being l e s s  v i s c o u s  t h a n  t h e  o t h e r ,  a r e  th ickened  t o  t h e  
same v i s c o s i t y  a t  a  g i v e n  r e f e r e n c e  p o i n t  w i t h  t h e  same polymer, 
t h e  l e s s  v i s c o u s  base  s t o c k  o i l  w i l l  have t h e  b e t t e r  v i s c o s i t y -  
t empera tu re  c h a r a c t e r i s t i c s .  Therefore ,  f u r t h e r  improvement i n  
t h e  v i s c o s i t y  t e m p e r a t u r e - c h a r a c t e r i s t i c s  w i l l  r e q u i r e  t h e  u s e  
o f  l e s s  v i s c o u s  base  s t o c k s .  But as t h e  v i s c o s i t y  of pe t ro leum 
f r a c t i o n s  d e c r e a s e s ,  t h e  v o l a t i l i t y  i n c r e a s e s ,  S i n c e  i n  many 
a p p l i c a t i o n s  n o n - v o l a t i l i t y  is a n  impor tan t  r equ i rement ,  it i s  
obvious  t h a t  t h e  v o l a t i l i t y  r equ i rement  w i l l  l i m i t  t h e  u s e f u l  
improvement i n  V . I .  o b t a i n a b l e  by d i s s o l v i n g  polymers i n  pe t ro leum 
o i l s .  Numerous l u b r i c a n t s  w i t h  improved v i s c o s i t y - t e m p e r a t u r e  
c h a r a c t e r i s t i c s  have been o b t a i n e d  by t h e  a d d i t i o n  of l i n e a r  
polymers t o  pe t ro leum f r a c t i o n s ,  t h e  most common be ing  t h e  so-  
c a l l e d  " f l a t  v i s ~ o s i t y ~ ~  h y d r a u l i c  o i l s ,  e ,g .  AN-VV-0-366b, 08-2943 
and 0s-1113. 5 i n c e  t h e  a d d i t i o n  o f  t h e  polymer i n c r e a s e s  t h e  
v i s c o s i t y  o f  t h e  f l u i d ,  l i g h t e r  ( l e s s  v i s c o u s )  and hence more 
inf lammable pe t ro leum f r a c t i o n s  must be used a s  base  s t o c k s  i n  
b lend ing  polymer a d d i t i v e  o i l s ,  

102. S t a u d i n g e r  ( 3 7 )  developed a n  e m p i r i c a l  e q u a t i o n  r e l a t i n g  
t h e  molecu la r  weight  of  homologous polymers t o  t h e  s p e c i f i c  
v i s c o s i t i e s  o f  t h e  d i l u t e d  s o l u t i o n s .  

1 

where y \sp  . ;$-- solution - 1 = s p e c i f i c  v i s c o s i t y  s o ~ n € -  

and M = molecu la r  we igh t  o f  polymer 

Km = c o n s t a n t  

c  I c o n c e n t r a t i o n  of  polymer 

7 a v i s c o s i t y  ( p o i s e s )  

T h e ~ e  has been much d i s c u s s i o n  and c r i t i c i s m  a s  t o  t h e  a c c u r a c y  
of t h i s  e q u z t i o n  and i t  has  been f o u n d .  sp /c  i s  no t  a  c o n s t a n t  
even a t  high d i l u t i o n s  for h i g h  molecu la r  weight  polymers. But 
r e g a r d l e s s  o f  i t s  a c c u r a c y  it i s  known t h a t  t h e  i n c r e a s e  i n  t h e  
r a t i o  -V, s o l u t i o n  i s  some d i r e c t  f u n c t i o n  of  t h e  molecu la r  we igh t  

r\ s o l v e n t  
and molecu la r  we igh t  d i s t r i b u t i o n  of hamologous polymers f o r  
e q u i v a l e n t  c o n c e n t r a t i o n s ,  T h e r e f o r e ,  t h e  h i g h e r  molecu la r  weight  
polymers of homologous s e r i e s  have t h e  g r e a t e r  t h i c k e n i n g  e f f e c t .  
C o n s i d e r a t i o n s  of economy make p r e f e r a b l e  t h e  u s e  of t h e  h i g h e r  
molecular  we igh t  polymers.  However, it has been observed,  t h a t  
under  c e r t a i n  o p e r a t i n g  c o n d i t i o n s  t h e  v i s c o s i t y  of polymer add i -  
t i v e  o i l s  d e c r e a s e s ,  and t h a t  t h e  v i s c o s i t y  d e c r e a s e  i s  g r e a t e r  
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f o r  o i l s  conta in ing  very high molecular weight  polymers. An 
e a r l i e r  r e p o r t  of t h i s  Laboratory (38) discussed t h i s  e f f e c t  
and a t t r i b u t e d  i t  t o  t h r e e  causes,  shear ing s t r e s s e s  being by 
f a r  t he  most important. An equat ion was a l s o  presented f o r  
c a l c u l a t i n g  the  highest*rnolecglar  weight polymer t h a t  could 
be s a f e l y  used f o r  a  given app l i ca t ion .  The r a t e s  of shear  
encountered i n  hydraul ic  systems, i n  whcih t h e  above mentioned 
o i l s  a r e  uscfi, a r e  much g r e a t e r  t han  those l i k e l y  t o  be 
encountered i n  o t h e r  a p p l i c a t i o n s .  The v i s c o s i t y  breakdown 
t o  be expected of  d i e s t e r  o i l s  thickened wi th  these  polymers 
woul3 be expected t o  be smal le r  i n  instrument l u b r i c a n t s .  

103, The d i e s t e r s  i nves t iga ted  were much l e s s  v o l a t i l e  than  
petroleum o i l s  of t h e  same v i s c o s i t y  grades and had v i s c o s i t y -  
temperature c h a r a c t e r i s t i c s  equal  o r  s u p e r i o r  t o  comparable 
petroleum o i l s .  Therkfore ,  i t  was considered poss ib le  t o  pre- 
pars  polymer thickened d i e s t e r  o i l s  wi th  v i s c o s i t y  - tempera- 
t u r e  c h a r a c t e r i s t i c s  supe r io r  t o  polymer thickened petroleum 
o i l s  of t h e  same v o l a t i l i t i e s .  I n  an  e f f o r t  t o  f i n d  polymers 
f o r  t h i s  purpose, t he  approximate s o l u b i l i t i e s  of a  number of 
l i n e a r  polymers i n  di- (2-ethylhexyl)  sebaca te  were measured. 

104. The polymeric m a t e r i a l s  i n v e s t i g a t e d  included c e l l u l o s e  
e s t e r s  and e t h e r s ,  polyvinyl  a l coho l ,  polyvinyl  a c e t a t e  and 
polyvinyl  a c e t a l ,  cumarone - indene r e s l n s ,  polystyrene,  poly- 
butene,  and pcdJmcrylic e s t e r s ,  The c e l l u l o s e  and polyvinyl-  
type polymers were r e l a t i v e l y  inso luble  i n  the  d i e s t e r .  Only 
low molecular weight po lys tyrenes  and polybutenes were s o l u b l e  
and the  s o l u b i l i t y  decreased r a p i d l y  wi th  decreasing temperature. 
The cumarone-indene r e s i n s ,  though q u i t e  s o l u b l e ,  had molecular 
weights too low t o  have a n  apprec iab le  thickening e f f e c t  un le s s  
high concent ra t ions  were used, The po lyac ry l i c  e s t e r s  (Rohm 
and Haas Company F-10, HF-845 and HF-880) were q u i t e  so lub le  i n  
t h i s  d i e s t e r .  The HF-845 and HF-880 l lAcryloidstv have been much 
used during t h e  war a s  th ickening  agents  and V.I. improvers f o r  
hydraul ic  and r e c o i l  o i l s ,  e.g, s p e c i f i c a t i o n s  AN-VV-0-366b, 
0.5.-2943 and AXS-808. 

'105. As t h e  di-(2-ethylhex 1 )  e s t e r  of sebac ic  ac id  was a t  
t he  time t h e  only d i e s t e r  of t 3; e a l i p h a t i c  ac id  s e r i e s  a v a i l a b l e  
i n  l a r g e  quan t i ty ,  i t  was used a s  the  so lven t  or  base s tock  f o r  
determining t h e  th ickening  and V . I .  improving e f f e c t s  of t he  
"AcryloidV polymers. This  was not  a l i m i t a t i o n  s i n c e  the  th ick-  
ening a c t i o n  of t h e  flAcryluidstt on t h i s  d i e s t e r  should be of t h e  
same order  of magnitude a s  on t h e  o t h e r  a l i p h a t i c  d i e s t e r s  r epor t -  
ed here f o r  they a r e  confined t o  a  r a t h e r  narrow group of homo- 
logues,  However, i t  is knpwn t h a t  t h e  thickening e f f e c t  w i l l  
be g r e a t e r  on t h e  more f l u i d  d i e s t e r s  and l e s s  on t h e  d i e s t e r s  
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more viscous than di-(2-ethylhexyl) sebacate. Also, d i f f e r -  
ences i n  t h e  s o l u b i l i t i e s  of the  acryloid  polymers i n  t h e  
various d i e s t e r s  may a l s o  exert  an  influence on the  r e l a t i v e  
thickening e f f e c t s  and V.1, improvement, 

106. The e f f e c t  of t h e  addi t ion  of 1.0, 3.0, 5.0, 10.0 
and '20.0 per cent by weight of t he  I1Acryloidstt t1HF-845tt, "HF- 
880" and tlF-lO" on the  v i scos i ty  and viscosity-temperature 
c h a r a c t e r i s t i c s  of di-(2-ethylhexyl) sebacate a r e  given i n  
Tab1.e XVI .  and shown graphical ly  on P la tes  5 t o  6, It can be 
seen from the  t a b l e  t h a t  of t h e  th ree  ltAcryloidstt inves t igated ,  
*IAcryloid HF-880tt had the  g rea t e s t  thickening ac t ion  and IIHF- 
845" the  l e a s t ,  "Acryloid HF-880" a l s o  gave t he  g rea tes t  i m -  
provement i n  viscosity-temperature cha rac t e r i s t i c s  a s  evidenced 
by t he  increased v i s cos i t y  indices and t h e  decreased ASTM Slopes. 
Table X V I  shows t h a t  t h e  add i t ion  of 1.0 per cent of the  t'Acry- 
l o id s t t  r esu l ted  i n  a so lu t ion  with a higher V.1,  and a smaller 
slope than the  base s tock,  Increasing amounts of t he  acryloids  
s t e a d i l y  decreased the V.I .  of the  solut ion.  Upon the  add i t ion  
of 20.0 per cent ,  the  r e su l t i ng  so lu t ion  had a lower V . I .  than 
t h e  base s tock or  solvent.  This apparent anomaly is due t o  the  
pecu l i a r i t y  of t h e  V.1. s c a l e  and deserves a b r ie f  d iscuss ion 
here,  

107. A t abu la t ion  of t he  V,I.'s of some hypothet ical  i dea l  
o i l s ,  i .e .  o i l s  showing no change i n  v i s cos i t y  with temperature, 
may help understand t h i s  apparent anomaly, 

Viscos i ty  - Centistokes 

The above t a b l e  shows t h a t  t h e  V.I .  s ca le  i s  no more su i t ab l e  
f o r  comparing o i l s  of d i f f e r e n t  v i s c o s i t i e s  than i s  the ASTM 
Slope method, 

108. A t  t he  higher concentrat ions of the  ItAcryloidstt several  
of the  r e su l t i ng  solut ions  exhibited non-Newtonian behavior. 
This has been observed i n  t he  polymer thickened petroleum base 
hydraulic  f l u i d s  and may be due t o  t he  o r i en t a t i on  of the  l i n e a r  
polymeric molecules with t h e  d i r ec t i on  of flow, resu l t ing  i n  
a decrease i n  v i scos i ty  wi th  increased r a t e s  of shear ,  The 
decrease i n  v i s cos i t y  i s  some function of the number and length 
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o f  t h e  polymeric  malecu les  p r eaen t  and t h e  r a t e  of s h e a r .  I t  
i s  probable  t h a t  t h e  nan-Newtonian behavior  would have been 
observed i n  t h e  f l u i d s  of lower polymer c o n c e n t r a t i o n p  aqd a t  
t h e  h ighe r  t empe ra tu r e s  i f  t h e  r a t e s  of  s h e a r  had been syf f i -  
c i e n t l y  high. The graphs  o f  P Ja t e s  5, 6 qnd 7 reveaJ  t h q t  t h e  
a d d i t i o n  of  t h e  polymers t o  t h e  base  s t o c k ,  d i - (2 - e thy lhqxy l )  
s e b a c a t e  r e s u l t e d  in  s o l u t i o n s  whose g raphs  d e v i a t e d  from 
l i n e a r i t y .  The c u r v a t u r e  is  more appa ren t  a t  t h e  h igh  temper- 
a t u r e s  and i n c r e a s e s  w i t h  i n c r e a s i n g  polymer c o n c e n t r a t i o n s .  
The l i n e a r i t y  o f  t h e  g raphs  o f  t h e  d i e s t e r s  on t h e  ASTM c h a r t  
has  been d i s c u s s e d  i n  P a r t  I, S e c t i o n  C o f  t h i s  r e p o r t .  

109. The t h i c k e n i n g  e f f e c t s  of t h e  t lAcryloids l l  i n  t h e  
d i - ( 1 - e t h y l p r o p y l )  e s t e r s  o f  a z e l a i c  and s e b a c i c  pc id  a r e  a l s o  
g ive2  i n  Tab l e  XVI .  The a d d i t i o n  o f  3,3 weight  per  c e n t  o f  
"Acryloid HF-8451, i n c r e a s e d  t h e  v i s c o s i t  o f  d l - (1 - e thy lp ropy l )  g a z e l a t e  from 6.66 cs,  t o  13.3 cs .  a t  100 F, T h i s  is  r e a t e r  
t h a n  t h e  v i s c o s i t y  o f  d i - (2 - e thy lhexy l )  s e b a c a t e  (12.t  c s )  a t  
1 0 o O ~ ,  y e t  a t  - 400F, . t h e  former f l u i d  had a  v i s c o s i t y  of ?26 
c s  a s  compared t o  1410 c s .  f o r  t h e  l a t t e r ,  The t h i cken ing  
e f f e c t s  caused by t h e  a d d i t i o n  o f  1.0, 2,0, 2.23 and 3.0 weight  
pe r  c e n t  o f  I1Acr l o i d  HF-880" t o  d i - ( 1 - e t h y l p r o p y l )  s e b a c a t e  
a r e  p r e sen t ed ,  f! hese  d a t a  demons t ra te  t h a t  t h e  y i s c o s i t y  - 
t empera tu re  c h a r a c t e r i s t i c s  a r e  improved by i n c r e a s i n g  t h e  
c o n c e n t r a t i o n  of  polymer and a l s o  t h a t  t h e  f l u i d s  made by 
t h i c k e n i n g  t h e  less v i s c o u s  d i e s t e r ,  d i - ( 1 - e t h y l p r o w l )  s ebaca t e ,  
had b e t t e r  v i s c o s i t y - t e m p e r a t u r e  c h a r a c t e r i s t i c s  t h a n  polymer 
th ickened  f l u i d s  made by t h i c k e n i n g  d i - (2 - e thy lhexy l )  s ebaca t e .  
T h i s  i s  i n  conformi ty  w i t h  t h e  p r e d i c t e d  r e s u l t s .  

110,  Though f l u i d s  w i t h  b e t t e r  v i s c o s i t y  - t empera tu re  
c h a r a c t e r i s t i c s  may be o b t a i n e d  by t h e  h d d i t i o n  o f  polymers t o  
t h e  l e s s  v i s c o u s  d i e s t e r s ,  t hey  a r e  o b t a i n e d  a t  t h e  p r i c e  o f  
i n c r e a s e d  v o l a t i l i t y .  The v o l a t i l i t i e s  a s  de termined by weight  
l o s s e s  w i t h  t ime o f  polymer th ickened  d i e s t e r s  were found t o  be 
approx imate ly  t h e  same a s  t h e  base  s t o c k s  o r  s o l v e n t s ,  A s  t h e  
d ' i e s te r s  a r e  much l e s s  v o l a t i l e  t h a n  pet ro leum o i l s  of  t h e  same 
v i s c o s i t i e s  t h e  polymer t h i ckened  d i e s t e r s  o f f e r  a  means of 
p r epa r ing  o i l s  o f  s u p e r i o r  v i s c o s i t y  - t empera tu re  c h a r a c t e r i s -  
t i c s  and m a t e r i a l l y  reduced v o l a t i l i t i e s ,  

(J) Foaming P r o p e r t i e s  . 
111. T h i s  i s  a  b r i e f  e x p l a n a t o r y  s t u d y  o f  t h e  foaming 
t e n d s n c i e s  o f  r e p r e s e n t a t i v e  members o f  t h e  group o f  a l i -  
p h a t i c  d i e s t e r s ,  T h i s  i s  o f  i n t e r e s t  because o f  t h e  d i f f i c u l -  
t i e s  t h a t  have been met i n  p r a c t i c e  w i t h  o t h e r  o i l s  i n  h y d r a u l i c  
equipment o f  many t y p e s  o f  des ign ,  

112. The t e s t  a p p a r a t u s  used was i n  no way nove l ,  c o n s i s t i n g  
o f  a f i i t t e d  g l a s s  f i l t e r  o f  medium p o r o s i t y  t o  which was s e a l e d  
a  l e n g t h  o f  g l a s s  t u b i n g  t o  make a  long  column. The o i l  t o  
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be t e s t e d  was p laced i n  t h e  column t o  a  d e p t h  o f  1 i n c h  and 
c l e a n  a i r  wss psssed  upward th rough  t h e  f i l t e r  and i n t o  t h e  o i l -  
a t  a  r a t e  o f  166 rnl/minute a s  meesured by a c a l i b r a t e d  f lowmetcr .  
The a i r - f l o w  a t  t h i s  r a t e  was con t inued  f o r  f i v e  minu tes ,  s f t e r  
which i t  was c u t  o f f .  The h e i g h t  o f  foam and t h e  h e i g h t ' o f  c l e a r  
l i q u i d  s t  t h e  end o f  t h e  f ive -minu te  p e r i o d  and every  t e n  seconds  
t h e r e e f t e r  u n t i l  t h e  f r e e  l i q u i d  s u r f a c e  appeared  was recorded .  
T h i s  enab led  one t o  compare n o t  o n l y  t h e  amount of foam produced 
i n  a givc2n l e n g t h  o f  time under s t a n d a r d  c o n d i t i o n s ,  b u t  s l s o  
t h e  r n t e  a t  which t h e  foam brake  when once f o r a e d ,  

113. No i r r e f u t a b l e  ev idence  h a s  a s  y e t  been r e p o r t e d  i n  
t h e  l i t e r a t u r e  i n  which a pure  l i q u i d  has been found t o  form. 
T h i s  hzs  been confirmed i n  t h e  c a s e s  o f  t h e  pure d i e s t e r s  
examined. The above foaming t e s t  ~ 8 s  a p p l i e d  t o  t h e  d i - ( 2 -  
e t h y l h e x y l )  e s t e r s  o f  q d i p i c ,  a z e l a i c ,  and s e b a c i c  a c i d s .  I n  
each  c a s e  t h ~  bubb lcs  o f  a i r  formed a t  t h e  f i l t e r  r o s e  q u i c k l y  
th rough  t h e  l i q u i d  w i t h o u t  c o a l e s c i n g  and b u r s t  immediately 
upon r e a c h i n g  t h c  s u r f a c e .  No bubbles  were found t o  be s t s b l e  
f o r  a pe r iod  a s  l o n g  a s  a second. 

114. I n  a d d i t i L n ,  t e s t s  v e r e  r u n  on some of  t h e  d i e s t r r  
base  l u b r i c s n t s  c o n t a i l i n g  v s r i o u s  a d d i t i v e s  i n  o r d e r  t o  deter- 
mine t h e  e f f e c t s  o f  t h e s e  a d d i t i v e s  upon t h e  foaming p r o p e r t i e s ,  
E-25c, E-2Sd, E-17b, E-33a ( s e e  P a r t  I11 - S e c t i o n  A )  were csch  
t r i e d  i n  t h e  above manner and were found t o  behave e x a c t l y  l i k e  
t h e  pure  e s t e r s ,  I n  no c a s e  was a s t e b l e  foam formed. A ssrnple 
of d i - ( 1 - e t h y l p r a p y l )  s ~ k a c a t ~ e  w n s  t e s t e d  w i t h  2,23 per  c e n t  o f  
a n  a c r y l o i d  c s t e r  polymer t h i c k e n e r  t o  d e t e r m i n e  i f  t h i s  t y p e  
o f  polymer might n o t  c a u s e  foaming. T h i s  c l s o  was found t o  
form no s t a b l c  f o a y  whatsoever .  

11 5. C e r t s i n  d i e s t e r  composi t ions  have shown i n d i c a t i o n s  of 
be ing  a n  improvement on N-28 A i r c r s f t  Ins t rument  O i l .  For 
comparison,  s foaming t e s t  on t h e  .N-28 o i l  Sample L-6-44 prepared  
by t h e  Mellon I n s t i t u t e  was mede. I n  t h e  same t u b e  i n  which 
t h e  d i e s t ~ r s  produced no foam, t h i s  l i g h t  o i l  produced s l m o s t  
f i v e  i n c h e s  of foam r e q u i r i n g  n e a r l y  a  minute t o  b resk  comple te ly .  
T h i s  i s  c robab ly  t o  bc expected  from thn  d i v e r s i t y  of m a t e r i q l s  
used i n  mgking t h i s  o i l  snd from t h e  p resence  of  t h e  h igh  mole- 
c u l a r  - weight  p o l y s t y r e n e  used e s  a  V.I. improver,  

116, Hence, t h e  d i e s t e r s  examined, bo th  pure  and compounded, 
s '?o~led freedom from foaming t e n d e n c i e s  s u p e r i o r  t o  t h o s e  of  
o t h e r  o i l s  of  e q u i v a l e n t  v i s c o s i t i e s .  A l l  t h c s e  d i e s t e r s  2nd 
t h e  l u b r i c a t i n g  compos i t ions  m ~ d c  from them which hsve been t e s t e d  
t h u s  f s r  hsve  produced n o , s t a b l e  foam. T h i s  i s  i n  agreement v ~ i t h  
o t h e r  work on  o t h e r  pure f l u i d s .  Other  o i l s ,  f o r  which t h e y  may 
be found t o  be u s e f u l  s u b s t i t u t e s ,  Ere  known t o  form c o n s i d e r a b l e  

RESTRICTED - 36 - 



foam under  v a r i o u s  t e s t  c o n d i t i o n s .  

K. Ihrater S o l u b i l i t y ,  H y d r o l y t i c  S t a b i l i t y ,  and E m u l s i f i a b i l i t ~  

117. Some i d e a  o f  t h e  s o l u b i l i t y  o f  w a t e r  i n  t h e  d i e s t e r  
o i l s  i s  n e c e s s a r y  t o  d e t e r m i n e  t h e i r  r a n g e  o f  a p p l i c a t i o n s .  If 
s n  o i l  h a s  a h i g h  w a t e r  s o l u b i l i t y  it i s  p o s s i b l e  t h a t  t h e  
d i s s o l v e d  w a t e r  may r e a c t  v ~ i t h , d i s s o l v e ,  o r  p r e c i p i t a t e  t h e  a d d i -  
t i v e s  t h a t  may have  been  i n c o r p o r a t e d  i n  t h e  o i l  c o m p o ~ i t i o n .  
A l so  i t  h a s  bzen  o b s e r v e d  a t  t h i s  L a b o r a t o r y  t h a t  it i s  much 
more d i f f i c u l t  t o  i n h i b i t  t h e  r u s t i n g  o f  s t e e l  w i t h  a d d i t i v e  
o i l s  hav ing  a n  a p p r e c i a b l e  w a t e r  s o l u b i l i t y .  

118, The v o l u m e t r i c  chemi'cal  method of  K a r l  F i s c h e r  ( 3 9 )  
f o r  t h e  d e t e r m i n a t i o n  o f  w a t e r  was s e l e c t e d  b e c e u s e  o f  i t s  s i m -  
p l i c i  
t i t r a  
d i o x i  
f r e e  
r e a c t ,  
t i ~ o  d 

t y  2nd 
. t i n g  t h  
d c  and 
i o d i n e .  
i o n  and 
i s t i n c t  

wide  r a n g e  of a p p l i c a t i o n .  T h i s  method co 
e unknown v i t h  a me thano l  s o l u t i o n  o f  i o d i  
p y r i d i n e  t o  t h e  a p p e a r a n c e  o f  t h e  brown co  

Smi th ,  B r y a n t  and M i t c h e l l  ( 4 0 )  s t u d i e d  
showed t h a t  t h e  fundamen ta l  r e a c t i o n  occu 
s t c p s .  

n s i s t s  o f  
ne ,  s ~ l f u r  
l o r  o f  
t h i s  
. r r e d  i n  

Only t h e  f i r s t  e q u e t i o n  i n v o l v e s  v!ater a b s o r p t i o n .  The d e t e r i o -  
r a t i o n  o f  t h e  r e a g e n t  w i t h  t i m e  was a t t r i b u t e d  t o  s i d e  r e a c t i o n s ,  
b u t  t h e s e  d i d  n o t  causq  any  d e c r e a s e  i n  t h e  q u a n t i t a t i v e  a c c u r a c y  
o f  t h e  r e s u l t s  o b t a i n e d  when t h e  peagen t  wss s t a n d a r d i z e d  d a i l y  
~ g a i n s t  9 known w a t e r  s ~ l u t i o n .  

119. F i s c h e r  p o i n t e d  o u t  t h a t  t h e  c o l o r i a e t r i c  end p o i n t  c o u l d  
n o t  be d e t e c t e d  i n  t h e  p r e s e n c e  o f  d a r k  c o l o r e d  s u b s t a n c e s  and 
s u g g e s t e d  thc:t  a n  e l e c t r o m e t r i c  method might  be developed .  
S e v e r a l  e l e c t r o m e t r i c  methods (41, 42,, 43, 4 4 )  have been  r e p o r t e d  
i n  t h e  l i t e r a t u r e  and t h e i r  developers s t s t e  t h a t  t h e s e  methods 
g i v e  s h e r p e r  ~ n d  more r e p r o d u c i b l e  end p o i n t s  t h a n  t h e  c o l o r i -  
m e t r i c  method. 

120. D i e s t e r s  s a t u r a t e d  w i t h  w a t e r  s t  room t e m p e r a t u r e ,  
a p p r o x i m a t e l y  30°c, v e r e  p r e p a r e d  by s h z k i n g  50 m l .  of d i e s t e r  
w i t h  2 5  m l .  of d i s t i l l e d  w a t e r .  The e s t e r - w a t e r  m i x t u r e s  were  
c e n t r i f u g e d  t o  s e p e r a t e  any  o c c l u d e d  o r  e m u l s i f i e d  v!atcr and t h e n  
a l l o w e d  t o  s t a n d  a t  room t e m p e r a t u r e  f o r  a  day  t o  approach  e q u i l -  
i b r ium.  D u p l i c z t e  ~ a m p l e s  of 10 t o  15 grams o f  t h e  c l e a r  s u p e r -  
n a t a n t  d i e s t e r  were t a k e n  and s t o r e d  i n  c lean,dry,glass-s toppered 
f l a s k s  f o r  t i t r a t i o n .  

121. The Fischer  r e a g e n t  was purchased  f rom Eimer and Amend 
and s t a n d a r d i z e d  a g a i n s t  a  methanol  s o l u t i o n  c o n t a i n i n g  1 mg. 
o f  w a t e r  p e r  m l .  of s o l a t i o n .  A s  t h e  d i e s t e r s  a r e  n o t  c d m p l e t e l y  
s o l u b l e  i n  t h e  r e a g e n t  and s e p a r a t e  i n t o k o  p h a s e s  d u r i n g  t i t r a -  
t i o n  t h e y  w e r e  d i s s o l v e d  i n  methanol .  Dry me thano l  was p r e p a r e d  
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by r e f lux ing  w i t h  magnesium and d i s t i l l i n g  according t o  t h e  
method of Gilman and B l a t t  (451, This  methanol was found t o  
con ta in  a  s l i g h t  amount of water, To e l imina te  t h e  n e c e s s i t y  
of a  blank de te rmina t ion  t h e  methanol was t i t r a t e d  w i t h  t h e  F ischer  
reagent  t o  t h e  appearance of t h e  f r e e  iod,ine end poin t ,  Approx- 
imately  25 m l .  of t h i s  methanol was added t o  each sample of t h e  
d i e s t e r  and immediately t i t r a t e d  with  t h e  F ischer  reagent ,  

122, The r e s u l t s  of t h e  d u p l i c a t e  determinatio& on s e v e r a l  
of t h e  t y p i c a l  d i e s t e r s  and d i e s t e r  o i l  compositions a r e  given 
i n  Table X V I I .  Dupl icate  determinat ions  agreed w i t h i n  0.1 
percent ,  by wt, Two d u p l i c a t e  de te rmina t ions  were made on 
d i f f e r e n t  samples of  d i - (1-e thy lpropyl )  a z e l a t e  on d i f f e r e n t  days. 
The spread i n  t h e  water conten t  obtained d i d  not  exceed 0.1 
per cen t ,  The d i sc repanc ie s  observed i n  t h e  d u p l i c a t e  d e t e r -  
minations a r c  a t t r i b u t e d  t o  two main causes. 

1. Reagent r e a c t i n g  k i t h  t he  moisture i n  t h e  a i r  and 
adsorbed on su r face  of t i t r a t i o n  f l a s k .  

2, The d i f f i c u l t y  of ob ta in ing  a  s a t u r a t e d  s o l u t i o n  
and excluding occluded water from the  samples. 

Very l i t t l e  d i f f i c u l t y  was observed i n  ob ta in ing  t h e  end po in t  
s i n c e  the  d i e s t e r s  and so lven t  were c o l o r l e s s ,  More exac t  d e t e r -  
minat ions  could be obtained by t h e  use  of the  t i t r a t i o n  f l a s k  and 
assembly descr ibed  i n  t h e  l i t e r a t u r e  (44). 

12  3 The r e s u l t s  show t h a t  t h e  s o l u b i l i t y  of water i n  t h e  
d i c s t e r s  dec reases  wi th  inc reas ing  cha in  l e n g t h ,  varying from 
0.19 r e i g h t  per cen t  f o r  di-(1-ethylpropyl).adipate t o  0.06 f o r  
t h e  di- (2-ethylhexyl)  a z e l a t e  and sebacate ,  T h i s  was expected, 
a s  t he  water s o l u b i l i z i n g  e f f e c t  of  d i e s t e r  groups would decrease  
a s  t h e  hydrocarbon po r t ion  of' t h e  molecule increased,  No d i f f c r -  
ences i n  t h e  water s o l u b i l i t i e s  o f  t h e  d i e s t e r  o i l  compositions 
a s  compared t o  t h e  pure base d i e s t e r s  c o ~ l d  be de tec ted .  The 
water s o l u b i l i t i e s  of t h e  d i e s t e r s ,  though exceeding t h a t  of 
analogous hydrocsrbons, i s  q u i t e  low, approximately 0 , l  per cent  
o r  l e s s  f o r  most of t h e  d i e s t e r s .  

124, Thc hydro ly t i c  s t a b i f i t i e s  of t h e  d i e s t e r s  a r e  of 
i n t e r e s t  s i n c e  t h i s  proper ty  governs o r  limits t h e i r  s u i t a b i l i t y  
a s  l u b r i c a n t s a i n  a ~ p l i c a t i o n s  where t h e r e  i s  a  p o s s i b i l i t y  of 
contamination by x a t c r .  The hydro lys i s  of cs rboxyl ic  e s t e r s *  
i s  probably one of t h c  most r i d e l y  s tud ied  of a l l  chemical 
r e a c t i o n s .  It i s  a slow, r e v e r s i b l e  r e a c t i o n  whose equilibrium 
conversion is  r e a d i l y  measured. Remick (46) has discusscd and 
summarized t h ~  condikions governing r e a c t i o n s  of t h i s  kind ~ n d  
t h e  mechsnisms by which they proceed. Hydrolyt ic  reactions 



a r e  ca ta lyzed  by both hydrogen and hydrdxyl tons ,  t he  a l k a l i n e  
hydro lys i s  of e s t e r s  being gene ra l ly  a  second order  r e a c t i o n  
whereas the  acid hydro lys i s  is  a  t e r n a r y  r e a c t i o n  between e s t e r ,  
water ,  and ca t a lyz ing  a c i d .  

125. As t h e  water s o l u b i l i t i e s  of t h e  d i e s t e r s  i nves t iga ted  
were 0 . 1  per cen t  or  l e s s ,  they  would be expected t o  hydrolyze 
very slowly s i n c e  t h e  concent ra t ion  of water a v a i l a b l e  f o r  
r e a c t i o n  i s  very  smal l .  The apparent  hydrol-ysis r a t e  would be 
acce le ra t ed  s l i g h t l y  by inc reas ing  t h e  i n t e r f a c i a l  a r e a  where 
t h e  two r e a c t a n t s  of t h e  heterogeneous systems come i n  con tac t .  
I f  a s o l u b i l i z i n g  egent  o r  mutual so lven t  f o r  the  water and 
d i e s t e r  could be found, it' is  q u i t e  poss ib l e  t h a t  it would 
in f luence  t h e  r a t e  of hydro lys i s .  With t h e  above d i f f i c u l t i e s  
i n  mind i t  was considered undes i rab le  t o  t r y  t o  determine the  
abso lu te  r a t e  of hydro lys i s  of  the  d i e s t e r s .  An empir ica l  t e s t  
w a s  used t o  determine the  amount of hydro lys i s  tak ing  p lzce  
under t h e  t e s t  condi t ions .  

126. A 50 g. sample of d f e s t e r  and a  50 g. sample of water 
were placcd i n  a 250 m l .  f l a s k  end mixed t o  s a t u r a t e  t h e  d i e s t e r  
w i th  water.  Af t e r  t he  emulsion separated, t h e  f l a s k  was connected 
t o  a water cooled condenser and the  f l a s k  placed i n  a  ba th  main- 
t a ined  a t  2120F. F lka l ine  (pH l o ) ,  ac id  (pH 4)  and f r e s h l y  boi led 
d i s t i l l e d  water were used t o  hydrolyze each d i e s t e r .  The e s t e r s  
i nves t iga ted  were d i - (2-e thylhexyl )  sebaca te ,  t h e  d i e s t e r  of a  
primary a l coho l ,  end d i - (1-e thylpropyl )  a z e l a t e ,  t h e  d i e s t e r  of . 
z secondary a lcohol .  A 5 g. sample of t h e  o i l  phsse and a  5 g.  
sample of t h c  aqueous phase were removed i n  each experiment and 
t i t r s t e d  w i t h  0 .1  N KOH s o l u t i o n  j u s t  before  placing t h e  t e s t  
s o l u t i o n  i n  t h e  thermosta t ,  and a l s o  a f t e r  24, 72,  and 168hours 
exposure. t o  t h e  t e s t  temperature.  

127. The amount of potassium hydroxide consumed i n  the  
t i t r a t i o n ,  ~s determined by t h e  d i f f e r e n c e s  between the  t i t r a t i o n s  
a t  t h e  s t a r t  and a t  t h e  var ious  t e s t  i n t e r v a l s ,  was wi th in  experi -  
n e n t a l  e r r o r  f o r  2 1 1  samples and t imes involved.  The g r e a t e s t  
d i f f e r e n c e  observed was equiva len t  t o  a consumption of 0.05 mg. 
of potassium hydroxide per gram of d i e s t e r .  A s  t h e  t h e o r e t i c a l  
s a p o n i f i c a t i o n  numbers a r e  262.9 and 341.6 r e s p e c t i v e l y  f o r  t h e  
d i - (2-e thylhexyl )  sebace te  and d i - (1-e thylpropyl )  a z e l a t e ,  i t  i s  
apparent t h s t  i f  e i t h e r  of  t h e  d i e s t e r s  hydrolyzed t h e  amaunt of 
hydro lys i s  ~ 2 s  i n s i g n i f i c a n t .  No d i f f e r e n c e s  i n  t h e  amount of 
hydro lys i s  could be de tec t ed  when boi led d i s t i l l e d ,  a l k a l i n e ,  o r  
ac id  water was  used. It i s  concluded t h a t  t h e s e  d i e s t e r s  e r e  
extremely s t a b l e  h y d r o l y t i c a l l y  and t h e t  no d i f f i c u l t i e s  due t o  
hydro lys i s  a r e  l i k e l y  t o  be observed when t h e s e  d i e s t e r s  a r e  psed 
a s ' l u b r i c s n t s  i n  ord inary  l u b r i c a t i n g  systems even i f  smal l  
amounts of water a r e  present .  
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128, No e x t e n s i v e  s c r i n s  of emuls ion  t e s t s  :&ere made on 
t h e  d i c l s t ? r  o i l s .  Bowevcr, it 14las found i n  t h e  c o u r s c  of  t h e  
i n v c s t i g a t i o n  t h a t  t h e  pure  d i c s t e r s  would no t  form s t a b l e  cmul- 
s i o n s  w i t h  t ~ l a t e r ,  The r a t e s  o f  emulsion s e p a p a t i o n  were approx- 
i m a t e l y  i n  t h e  i n v e r s e  o r d e r  o f  t h e i r  d e n s i t i e s ,  The in corpora^ 
t i o n  of 0.2 p e r  c e n t  by weight  of t h e  a n t i o x i d a n t ,  4 - t e r t - b u t y l ,  
2 -pheny lphen01 ,~had  no n o t i c e a b l e  s t a b i l i z i n g  a c t i o n  on t h e  
en l i l s ions  formed, 

129,  Vhen r u s t  i n h i b i t e d  d i e s t e r s  m ~ r e  t e s t e d  by t h e  rnodi f i td  
t u r b i n e  o i l  r u s t  t e s t  ( S e c t i , n  H ) ,  i t  was obscrved t h a t  t h e  
d i c s t e r - i n - w a t e r  emuls ions  formed were s t a b i l i z e d  by t h e  r u s t  
i n % i b i t o r s  t o  3 degree  depending on t h e  i n h i b i t o r  used,  Thus t h e  
emulsions w i t h  d i v a l e n t  s a l t s  of a r y l  s t e a r i c  a c i d s  a e r F  l e s s  
s t a b l e  t h a n  w i t h  petroleum s u l f o n a t e s ,  Thsn d i s t i l l e d  w a t e r  was 
used,  it r ~ q u i r e d  about  30 minutes  f o r  t h e  emuls ions  t o  b r -ck  
when t h e  d i - ( 2 - e t h y l h e x y l )  s e b a c a t e  contained a r y l  s t e a r a t e  i n -  
h i b i t o r s .  For '  compsr ison t h c  rmuls ion  o f  t h e  n o n - r u s t - i n h i b i t e d  
o i l  b r o k ~  i n  l e s s  t h a n  t e n  n i n u t e s .  Then s y n t h e t i c  s e a  rcztcr 
was uscd a p p r o x i m ~ t e l y  60  rninutps were r e q u i r e d  f o r  t h e  i n h i b i t e d  
o i l s  c s  comparcd c i t h  t e n  minutes  f o r  t h e  n o n - i n h i b i t e d  o i l ,  

130. S ~ v e r a l  of  t h e  commercial l u b r i c a t i n g  o i l  compos i t ions  
r e c e i v e d  a t  t h i s  Labora to ry  w r c  f o r m u l a t ~ d  u s i n g  d i - ( 2 - e t h y l -  
h e x y l )  s e b 2 c a t e  a s  t h e  b s s e  s t o c k ,  Those c o n t a i n i n g  a l k a l i n e  
c a r t h  pe t ro lcum s u l f o n a t e  r u s t  i n h i b i t o r s  were observed t o  form 
much more s t c b l c  emuls ions  w i t h  ~ v a t c r ,  Some of t h e s e  b?mulsions 
showed o n l y  s l i g h t  s e p a r . : t i o n  even a f t ~ r  s t a n d i n g  s e v e r a l  days ,  
T h e r e f o r e  i n  a p p l i c a t i o n s  where t h e  r a t e  of  b r e a k i n g  of  emuls ions  
i s  impor tan t  i t  i s  recommended t h a t  such a  raqui rement  be inc luded  
i n  s ~ ~ c i f i c a t i o n s  f o r  d i e s t e r  o i l  composi t ions .  

DTT',STSR CO?LPOS I T  IONS FOR LOT TSL!FFRr TURE INSTHUImNT 31LS 111, - - - -  - - - - - - - -  
131, It has  been shown i n  P a r t  I1 of  t"ls r e p o r t  t h a t  t h e  
d i e s t e r s  have many p r o p e r t i e s  d e s l r e d  i n  l u b r i c a n t s  and some 
n o t  o b t a i r a b l e  i n  any a v a i l a b l e  o i l s ,  Other  d e s i r a b l e  p r o p e r t i e s  
were irnparded t o  t h e  d i e s t e r  o i l s  by t h e  i n c o r p o r a t i o n  o f  s m a l l  
c o n c e n t r a t i o n s  of  s u i t a b l e  chemical  a d d i t i v e s .  The p r e p a r a t i o n  
and p r o p e r t i e s  o f  low t e m p e r a t u r e  i n s t r u m e n t  l u b r i c a t i n g  f l u i d s  
compounded of d i e s t e r s  and chemical  a d d i t i v e  a g e n t s  and a d e s c r i p -  
t i o n  of some compos i t ions  of  immediate n a v a l  i n t e r e s t  a r G  d i s -  
cussed  below. 

132. A low t e m p e r s t u r e  i n s t r u m e n t  o i l  c a p a b l e  o f  g i v i n g  
s ~ t i s f a c ' t o r y  l u b r i c a t i o n  over  a  w i d e  r anpe  o f  t e m p e r a t u r e s  h a s  , 
been d e s i r e d  f o r  n s v a l  uses'. Such a n  o i l  should  have a v i s c o s i t y  
o f  a p p r o x i m s t e l y  10 c s ,  t o  15 c s ,  a t  10o°F, S e v e r a l  o f  t h e  pure 
d i e s t e r s  d i s c u s s e d  ( P a r t  11)  Rere  i n  t h i s  v i s c o s i t y  r ange ,  w h i l e  . 
a l a r g e r  nuaber  could be prepared from s u i t a b l e  mixtupes o f  t h e s e  
compounds, Some i n s t r u m e n t  o i l  composi t ions  p repared  w i t h  t h e s e  
d i e s t e r s  a s  base  s t o c k s  a r e  l i s t e d  i n  Tab le  X V I I I ,  For  conven- 

' i e n c c  and b r e v i t y  t h e s e  d i e s t e r  o i l  composi t ions  w i l l  be r e f e r r e d  
t o  h e r e a f t e r  by t h e  code d e s i g n a t i o n s  l i s t e d  i n  t h e  f i r s t  column 
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of t h a t  Table ,  

133. The requ i rements  and c h a r a c t e r i s t i c s  d e s i r e d  of a  
l u b r i c a n t  f o r  nava l  f i r e  c o n t r o l  equipment have been o u t l i n e d  
i n  ano the r  r e p o r t  of t h i s  Labora tory  (19). The s e r v i c e  r e -  
qui rements  of a  l u b r i c a n t  f o r  such  i n s t rumen t s  a r e  e x c e p t i o n a l l y  
r i go rous .  I n  a d d i t i o n  some a e r o n a u t i c a l  ins t rument  o i l s  bave 
r e q u i r e d  f r e e z i n g  o r  pour p o i n t s  va ry ing  from - 6 5 O  t o  -e0 F. 

134. V i s c o s i t y  - t empe rc tu r s  d a t a  on t h e  d i e s t e r  o i l  corn- 
p o s i t i o n s  a r e  ~ i v e n  i n . T ~ b l e  XY. It w i l l  be s e e n  from a 
comparison of t h i s  t a b l e  and Table  I11 t h a t  t h e  a d d i t i o n  of  t h e  
~ n t i o x i d a n t  and up t o  0.35 wcight  per  c e n t  o f  t h e  r u s t  i n h i b i t o r  
had o n l y  a  n e g l i g i b l e  e f f e c t  upon t h e  v i s c o s i t y .  I n c r e a s i n g  
t h e  c o n c ~ n t r 2 t i o n  of  t h e  r u s t  i n h i b i t o r  th ickened  t h e  o i l .  Th i s  
i s  p a r t i c u l a r l y  a ~ p a r e n t  f o r  t h e  E-25d s e r i ~ s  o i l s  c o n t a i n i n g  
ca lc ium d i - ( p h c n y l s t e a r a t e )  a s  t h e  r u s t  i n h i b i t o r .  The v i s c o s i t y  
of t h e  o i l  was i nc r ea sed  from 12.6 t o  16.7 c s .  by t h e  a d d i t i o n  
of 3 per  c e n t  of r u s t  i n h i b i t o r ,  Also t h i s  i n h i b i t o r  dec r e s s sd  
t h e  V . I .  ( o r  increased t h e  v i s c o s i t y  s l o p e ) ,  A t  -40°F t h e  E-25d 
s e r i e s  o f  o i l s  c o n t a i n i n g  1 per  c e n t  o r  more of ca lc ium d i - (phe-  
n y l s t e a r a t e )  e l l  e x h i b i t e d  non-Ncwtoqlan b e h ~ v i o r  and t h e  3-25d3 
o i l  had anomalous v i s c o s i t y  p r o p e r t i e s  a t  O'F, I t  i s  p robsb le  
t h a t  t h e  o t h e r  o i l s  of  t h i s  s e r i e s  w i l l  e x h i b i t ' s i m i l a r  an*~ma lous  
v i s c o s i t y  c h s r a c t c r i s t i c s  when i n v r s t i g a t e d  over  a g r e a t e r  r3nge 
of s h e c r  r a t e s ,  The s u b s t i t u t i o n  of t h e  magnesium f o r  t h e  c n l -  
cium a r y l  s t e a r a t e s  a s  r u s t  i n h i b i t o r s  (E-25h and E-25k s e r i e s  
of f l u i d s )  csused much smsller inc reas r>c  i n  t h e  v i s c o s i t i e s  2nd 
o n l y  sma l l  chsnges i n  t h e  V. I, o r  s l o p e s ,  

1 3  5. It was observed t h ~ t  t h e  m~gnesium 3nd z i n c  soaps  vlere 
more r c a d i l y  s o l u b l e  i n  t h e  d i e s t e r  f l u i d s r t h a n  nlerF t.hc c s l c ium 
soaps ,  It i s  p robab le  t h a t  t h e  g r e a t e r  v i s c o s i t y  changes c ~ u s e d  
by t h e  ca lc ium soaps  were due t o  t h e  fo rma t ion  of c o l l o i d a l  so lu -  
t i o n s  and t h c t  t h e  use  of  magnesium and z i n c  soaps  r e s u l t e d  i n  
more n e a r l y  t r u e  s o l u t i o n s ,  t h e r e f o r e  c aus ing  s m z l l c r  v i s c o s i t y  
changrs .  

136. The m a j o r i t y  o f  t h e  o i l  composi t ions  i n v e s t i g z t e d  t o  d r t e  
had d i - (2 - e thy lhexy l )  s e b s c a t e  as t h e  base  f l u i d .  Th i s  was done 
bccause  t h a t  d i e s t e r  was r e s d i l y  made a v a i l a b l e  i n  pure  form by 
a s u i t a b l e  p u r i f i c a t i o n  prbcedure (14) a p p l i e d  t o  a comrncrcial 
g rade  of t h c  d i e s t e r  s o l d  f o r  u se  ss a p l s s t i c i z , e r .  S l i g h t l y  
l e s s  v i s c o u s  o i l s  may bs prepared from t h e  d i - (2 - e thy lhexy l )  
~ s t s r s  of a z e l z i c  and a d i p i c  s c i d s  8s excmpl i f i r d  by composi- 
t i o n s  E-33a and E-17b. The bsse  f l u i d  f o r  composi t ions  E-17s and 
E-17c was 9 b l -nd  of t h e ' d i - ( 2 - e t h y l h e x y l )  e s t e r s  of a d i p i c  2nd 
s e b a c i c  a c i d s .  Though t h c  s e b a c i c  e s t e r  i s  t h e  minor c o n s t i t u e n t  
of t h e  b lend ,  t h e  r e s u l t i n g  composi t ion  hsd viscosity-teinpqrs:ture 
characteristics much s u p e r i o r  t o  t h z t  of  t h e  d i - (2 - e thy lhexy l )  
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a d i p a t e ,  t h e  major c o n s t i t u e n t ,  and approached t h a t  of t h e  
sebacate .  

137, Low temperature  s t o r a g e  t e s t s  of a t  l e a s t  96 haurs 
d u r a t i o n  were made on a l l  of t h e  compositions. The E-25 
compositions remained f l u i d  with  no evidence of c r y s t a l s  o r  
p r e c i p i t a t e s  a f t e r  s t o r a g e  a t  -65O~.  There was some evidence 
t h a t  t h e  higher  concent ra t ions  of t h e  r u s t  i n h i b i t o r s  used 
tended t o  depress  t h e  f r e e z i n g  po in t s  of t h e  pure d i e s t e r s  so  
t h a t  such o i l  compositions had even lower f r e e z i n g  poin ts .  The 
aze lage  and a d i p a t e  base o i l s  E-33a and E-17b had lower f r eez -  
i n g  po in t s  t han  t h e  sebaca tes .  These compositions were f l u i d  
and no c r y s t a l s  or  p rec i  i t a t e s  were observed a f t e r  s t o r a g e  B f o r  over 96 hours a t  -75 F, t he  lowest  temperature  inves t iga t ed .  
I t  is  bel ieved t h a t  t h e s e  o i l s  could be subjec ted  t o  even lower 
temperatures  without d e l e t e r i o u s  r e s u l t s  s i n c e  t h e  base d i e s t e r s  
have f r e e z i n g  po in t s  below -1000F and -90°F r e spec t ive ly .  Oils 
E-17a and E-17c which a r e  s ebaca te  a d i p a t e  blends a l s o  withstood 
s t o r a g e  a t  -75OF. Very low pour o r  f r e e z i n g  po in t  o i l s  can be 
obtained by proper blending of t h e  d i e s t e r s  of Table 111. The 
f r e e z i n g  p a i n t s  of blends of t h e  d i - (2-e thy lhexyl )  e s t e r s  of 
s ebac ic ,  a z e l a i c ,  and a d i p i c  a c i d s  hzve been prev iaus ly  given 
( P a r t  11, Sec t ion  B) .  The evapora t ion  l o s s e s  of t h e  d i e s t e r  
o i l  cornpasitions descr ibed i n  Table A were ~ r a c t i c a l l y  i d e n t i c a l  
w i t h  those  of t h e  pure d i f s t e r  base s tocks  and will not  be d i s -  
cussed f u r t h e r .  

13'. ' The n e u t r a l i z a t i o n  numbers of t h e  base o i l s  i f  p roper ly  
p u r i f i e d  (determined by Fc>deral S p e c i f i c a t i o n  Board Test  510.31 
Method BI  were very low, not exceeding 0.03. The a d d i t i o n  of 
t h e  a n t i o x i d a n t  had a  n e g l i g i b l e  e f f e c t  on t h e  n e u t r a l i z a t i o n  
number. However, some of t h e  r u s t  i n h i b i t o r s  caused a  consider-  
a b l ~  increasc .  The z inc  and magnesium soaps used a s  r u s t  inhib-  
i t o r s  caused a  cons iderab le  increase .  The z inc  and magnesium 
soaps used a s  r u s t  i n h i b i t o r s  caused much g r e a t e r  i nc reases  i n  
t he  n e u t r a l i z a t i o n  numbers than  d i d  tho calcium soaps. This  i s  
a t t r i b u t ~ d  t o  d i f f ~ r e n c e s  i n  t h e  ease  of hydro lys i s  and/or re-  
placement of the  n e t a l  o f  t h e  soap by t h e  potassium of t h e  KOH 
used i n  the  t i t r a t i o n .  I t - w a s  very d i f f i c u l t  f o r  evEn t h e  same 
ope ra to r  t o  g e t  c o n s i s t e n t  r e s u l t s  on t h e  n e u t r a l i z a t i o n  number 
of o i l s  having high concen t r a t ion  of hydrolyzable  soaps. The 
n e u t r a l i z a t i o n  numbers of t h e  o i l s  con ta in ing  z inc  and magne- 
sium soaps were c a l c u l a t e d  assuming t h a t  t h e  metal  would be  
replaced by potassium from t h e  potassium hydroxide s o l u t i o n  
used i n  t h e  t i t r a t i o n .  Within t h e  l i m i t s  of  exper imental  e r r o r  
and p u r i t y  of t h e  soaps thn observed and calcul-ated va lues  agreed 
i n  t h e  case  of o i l s  conta in ing  z inc  soaps. For o i l s  conta in ing  
magnesium soaps t h e  observed n e u t r a l i z a t i o n  number was approx- 
imate ly  '30 t o  & T  per  cen t  of t h e  c a l c u l a t e d  value.  Only from 
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10 t o  30 per  c e n t  h y d r o l y s i s  o r  replacement by potassium was 
observed i n  t h e  o i l s  having ca lc ium soaps.  Hence t h e  neu t r a -  
l i z a t i o n  numbers of E-33a, E-25h and E-25d o i l s  c o n t a i n i n g  z i n c ,  
magnesium, o r  ca lc ium soaps  of d i - p h e n y l s t e  r i c  a c i d  i n  prac-  
t i c a l l y  equ imola l  c o n c e n t r a t i o n s  (4.6 X loo8 mola l  o r  0.35 r t  
p e r  c e n t )  were r e s p e c t i v e l y  0.53, 0.46, and 0.06, wh i l e  t h e  
b2se f l u i d s  had n e u t r a l i z a t i o n  numbers o f  0.05, 0 .03 'and 0.02. 

139. A s  same of  t h e  o i l  composi t ions  c o n t a i n i n g  1 pe r  c e n t  
o r  more r u s t  i n h i b i t o r  had r a t h e r  h igh  n e u t r a l i z a t i o n  numbers, 
it w 2 s  cons ide red  a d 3 t s a b l e  t o  de te rmine  t h e i r  corrosEve a c t i o n  
i f  any. The F e d e r a l  S p e c i f i c a t i o n  Board copper s t r i p  c o r r o s i o n  
t e s t  a t  2120F, Method 530.31, was used. A t  t h e  end of t h e  t h r e e  
hour t e s t  pe r i od  t h e  copper t e s t  s t r i p s  hsd a ve ry  s l i g h t  brown 
d i s c u l o r s t i o n  a s  compkred t o  a  f r e s h l y  po l i shed  copper s t r i p .  
The specimens were r ep l aced  i n  t h e  o i l  and t h e  t e s t  con t inued  
f o r  a t o t a l  of 24 hours .  Upon examinat ion it was observed t h s t  
t h e  brown d i s c o l o r a t i o n  had i nc r ea sed  s l i g h t l y  bu t  t h e r e  was no 
evidence  of any b l ack  o r  g r een  d i s c o l o r a t i o n  which i s  cons ide red  
i n d i c z t i v e  of  co r ro s ion .  No d i f f e r e n c e s  could  be  d e t e c t e d  i n  
t h e  amount o f  d i s c o l o r a t i o n  caused by t h e  v a r i b u s  soaps  used. 
There w q s  some i n d i c a t i o n  t h a t  t h e  amount of  d i s c o l o r a t i o n  
decreased  w i th  i x r e a s i n g  s o s p  con t en t .  

140. The r u s t  i n h i b i t i n g  p r o p e r t i e s  o f  t h e  d i e s t e r  o i l  com- 
p o s i t i o n s  de sc r i bed  i n  Tsb l e  X V I I I  werp found t a  be t h e  s ane  a s  
t h o s e  of  t h e  pure  d i e s t e r s  t o  which had been sdded t h e  same con- 
c e n t r a t i o n  of  t h e  r e s p e c t i v e  r u s t  i n t L i b i t o r s  I t  ;*.cis concluded tlmt the 
smill amounts of  a n t i o x i d e n t s  used i n  t h e  o i f  composi t ions  d i d  
n o t  a f f e c t  t h e  e f f i c i e n c y  of  t h c  r u s t  i n h i b i t o r s .  Bccsuse of 
t h e  f u l l  d i s c u s s i o n  of rust i n h i b i t i o n  t c s t s  i n  P a r t  11, S e c t i o n  
H, t h e  r e s u l t s  of t h e  r u s t  i n h i b i t i o n  t e s t s  on  t h e  l u b r i c a n t  
composi t ions  o f  T3ble X V I I I  w i l l  no t  be r epea t ed  here .  

141.  The d i p s t e r  o i l  composi t ions  of Tab le  X V I I I  d i f f e r  from 
some of t h e  o x i d a t i o n  s t s b i l i z e d  d i e s t e r s  i n v e s t i g a t e d  i n  P a r t  
11, S e c t i o n  G on ly  by t h e  a d d i t i o n  of socp  r u s t  i n h i b i t o r s .  I t  i s  
known t h c t  m e t z l s ,  and p a r t i c u l r r l y  some o f  t h e  s o l u b l e  m e t a l l i c  
s r l t s  o r  f f ~ ~ ? p ~ M ,  e x e r t  an  enormous i n f l u e n c e  on t h a  r a t e  2nd 
poss ib ly .  t h e  cou r se  of  t h e  o x i d a t i o n  r e a t i o l s  of  petroleum 2nd 
vegetable o i l s .  Thus it was nece s sa ry  t o  de te rmine  i f  t h e  met31 
soqps uscd a s  r u s t  i n h i b i t o r s  caused any s i g n i f i c a n t  a c c e l e r s t i o n  
of t h e  o x i d q t i o n  of t h c  d i k s t e r  o i l  composi t ions  o f  Table  X V I I I .  

142,  The bomb o x i t a t i o n  t e s t  de sc r i bed  i n  P e r t  11, S e c t i o n  
G wss used f i r s t .  The r e s u l t s  o f  o x i d c t i o n  i n  t h e  presence  of 
meta l s  under such c o n d i t i o n s  (16E hours u s ing  a n  i n i t i a l  oxygen 
p r e s s u r e  of 1 2 5  p s i  a t  2 1 2 O ~ )  of  SODS E-25 o i l s  c o n t a i n i n g  z i n c ,  
magnc.sium and c2lcium socrps a r e  shown i n  Table  XX. None o f  t h e  



o i l s  t e s t e d  developed p r e c i p i t a t e s ,  o r  showed an  a p p r e c i s b l e  
changc i n  v i s c o s i t y .  The chsnce  i n  t h e  n e u t r a l i z a t i o n  number 
nc s  l ~ s s  t h r n  0 . 5  i n  a l l  c e se s .  However, a s  de sc r i bed  i n  
paragraph 132, Pq r t  111, i t  was 2 i f f i c u l t  t o  g e t  c o n s i s t e n t  
r c s u l t s  w i th  t h s  t e s t  due t o  t h e  h y d r o l y s i s  of t h e  s o s p  o r  
t h e  rspl3ccment  of t h e  meta l  by potassium. The drop i n  oxygen 
p r r s s u r c  lnl.s ze ro  f o r  t h e  o i l s  c o n t a i n i n g  z i n c  and magnesium 
sozps  and ncvcr  exceeded 4  p s i  f o r  E-25d s e r i c s  o i l s ,  Only 
O i l  E-25c, c o n t a i n i n g  t h e  z i n c  soap,  developed a s l i g h t  g r een  
c e s t  P-hich was cons ide red  i n d i c s t i v e  of  copper co r ro s ion .  KO 
ev idence  o f  chcmicel  a t t a c k  o r  c o r r o s i o n  by t h e s e  o i l s  o f  any 
of t h s  n e t s 1  specimens was observed.  O f  t h e  o t h e r  f l u i d s  ex- 
m i n e d  t h e  E-2Sd s e r i e s  o i l s  c?arkened i n  c o l o r  somewhat wh i l e  
t h e  E-25h s e r i e s  o i l s  d a r K e n ~ d  cven l e s s .  I n c r e a s i n g  t h e  cq l -  
cium o r  rnsgnnsium s o s p  c o n t e n t  o f  t h e  o i l  had l i t t l e  i f  any c f f e c t  
on t h e  o x i d e t i o n  s t a b i l i t y  of t h e  d i e s t e r  a s  determined by t h i s  
t e s t .  

143, Hencc t h e  bomb o x i d c t i o n  t e s t s  i n d i c a t e d  t h e  magnesium 
soap  r u s t  i n h i b i t o r s  csused no s i g n i f i c a n t  chzngcs o t h e r  t h z n  a  
n e u t r s l i z a t i o n  riumbcr r i s e  of l e s s  t h s n  0 .5  i n  d i - (2 - e thy lhcxy l )  
s e b a c s t e  s t a b i l i z e d  by 0.2 pe r  c c n t  4 - t e r t - b u t y l  2-phenylphsnol .  
The c a l c i u n  S O ~ P S  shoved F smallel '  n n u t r r l i z a t i o n  number r i s e  and 
on ly  a s l i g h t  smount o f  a x i d s t i o n .  The z i n c  so sps ,  though c ~ u s i n g  
n e g l i g i b 1 5  o x i d a t i o n  of  t h e  o i l  and no d i s c e r n i b l e  c o r r o s i o n  o f  
t h e  i r o n  and aluminum m ~ t a l  s p ~ c i m e n ? ,  c a u s ~ d  enough coppcr cord 
r o s i o n  t o  deve lop  a l i g h t  g reen  t i n g e  i n  t h ~  o i l .  

144,  A dynamic t y p e  of o x i d a t i o n  t e s t  c l s o  l e s t i n g  168 hours  
w c s  z p p l i e d  t o  t h e s e  o i l s .  I n  t h i s  t e s t  c l e a n  d r y  a i r  was used 
t o  o x i d i z e  t h e  o i l .  The o x i d ~ t i o n  c e l i  v:as a c y l i n d r i c a l  g l ~ s s  
v e s s e l  250 mm l ong  and 19 mm I . D .  w i t h  ground g l a s s  j o i n t .  An 
a i r  i n l e t  t u b c  was seciled i n t o  t h e  c e l l  nea r  t h e  t o p  and r a n  
down t h e  s i d c  t e r m i n c t i n g  i n  an  npturned t i p  0 .5  m i n  d i sme te r  
a t  t h e  bottom c c n t e r  o f  t h e  c e l l .  The s?me met:l c s t a l y s t s  1rtere 
used c s  i n  t h e  bomb t e s t .  These y e r e  a r r snged  i n  t h e  form of 
a t r i a n g l e  inlit1-1 t h e  loqg  edges touching,  A 25 y r o m  ssmple of  
o i l  wss chnrged  i n t o  t h e  o x i d ~ t i o n  c e l l  s h i c h  was t h ~ n  connected 
t o  a T-..tar-cooled r e f l u x  condenser ,  The essernbly f i t t e d  snug ly  
i n t o  a h o l e  i n  2n e l e c t r i c s l l y  hca tcd  and t h e r n o s t a t i c s l l y  con- 
t r o l l e d  durz lumin b lock ,  c s p z b l r  of  ma in t a in ing  t h e  o i l  temper- 
a t u r e  a t  212 - 0,   OF. The a i r  flow r~ t e  w ? s  20 rnl/min. The 
e f f l u e n t  gz s e s  from t h e  o x i d s t i o n  c e l l  and condenser  sssembly 
v.erc allomrcd t o  bubble i n t o  a known volume of  s t a n d s r d  a l k 3 1 i  
which was bsck t i t r a t e d  a t  i n t e r v a l s  t o  de te rmine  t h e  amount o f  
v o l s t i l e  a c i d s  produced. 

145. The e v z l u s t i o n  o f  t h e  o x i d a t i o n  c h - r a c t e r i s t i c s  o f  t h e  
d i e s t e r  o i l s  by such a t e s t  was cons ide red  necessnry  ?s  Dornte 



e t  a 1  (33 ,  34 ,  35) h-7vehown t h 3 t  t h e  v o l a t i l e  r e a c t i o n  p r a d u c t s  
may i n f l u e n c e  t h e  c o u r s e  and r a t e  o f  t h e  o x i d 2 , t i o n  r e s t i o n ,  The 
Vole . t i l e -ac id  n e u t r a l i z a t i o n  number o r  t h e  n u ~ b e r  o f  ~ g .  o f  po- 
tslssium hydroxide  required t o  n e u t r , s l i z e  t h e  v o l s t i l e  a c i d s  pro- 
duced by one gr2m o f  o i l  d u r i n g  t h e  o x i d a t i o n  t e s t  !?as n l s o  cr.1- 
c u l z t e d .  The f o r m a t i o n  o f  c o n s i d e r a b l e  amounts of v o l a t i l e  s c i d s  
i s ,  b c s j d c s  b c i n g  s c r i t e r i o n  of t h e  e x t e n t  o f  o x i d ~ t i o n ,  i n d i -  
c c t i v e  of t h e  c o r r o s i o n  2nd r u s t i n g  l i k e l y  t o  b e  observed i f  such  
l u b r i c a n t s  lccere t o  b e  i n  c l o s e d  o r  p o o r l y  ~ ~ e n t i l o t e d  sys tems.  
The v o l a t i l e  o r  Bhort  c h a i n  o r g 2 n i c  a c i d s  a r e  t h e  s t r o n g e r  s c i d s  
and would b e  morc c o r r o s i v e  t o  me ta l s .  

146.  The r c s u l t s  o b t a i n e d  by t h i s  t e s t  p rocedure  sre l i s t e d  
i n  T r b l e  XXI. Oils E-25c and E-33, e r c h  o f  which c o n t a i n e d  r 
z i n c  s o s p ,  t u r n c d  g r e e n  d u r i n g  t h e  o x i d a t i o n  t e s t  i n d i c a t i n g  t h a t  
t h e  oxidizc=d o i l  v:s c o r r o s i v e  t o  copper .  The copper  specimen 
i n  o i l  E-33q IJ-s s l i g h t l y  corroded b u t  t h e r c  wss no v i s i b l e  
t?videncc of  c o r r o s i o n  o n  t h e  o t h e r  metal specimens. The changes 
i n  n e u t r a l i z a t i o n  number, v i s c o s i t y ,  and t h e  amounts o f  v o l a t i l e ,  
a c i d i c  p r o d u c t s  formed a r e  n o t  c o n s i d e r e d  eAcessive.  The o i l s  
c o n t a i n i n g  c a l c i u m , a n d  magnesium s o a p s  gave no ev idence  o f  c o r r o -  
s i v e  a c t i o n  on  any of  t h e  m e t a l s ,  no r  was t h e r e  any g r e e n  c o l o r  i n  
t h e  o i l  a f t e r  o x i d a t i o n .  The E-2sd ser ies  o i l s  ( c o n t a i n i n g  c e l -  
cium s o a p s )  dorkened s l i g h t l y  d u r i n g  o x i d a t i o n .  The E-25H s e r i e s  
o i l s  ( c o n t a i n i n g  magnesium s o a p s )  showefi l i t t l e  i f  any change i n  
c o l o r  d u r i n g  t h e  o x i d a t i o n  t e s t .  The v i s c o s i t y  changes :vere n o t  
s i g n i f i c a n t .  The d e c r e a s e s  i n  n e u t r e l i z a t i o n  numbers observed 
a f t e r  o x i d a t i o n  o f  E-25d2 and E-25d o i l s  a r e  a t t r i b u t e d  t o  t h e  
d i f f i c u l t i e s  o f  o b t a i n i n g  r e d r o d u c i h e  t i t r a t i o n  r e s u l t s  w i t h  
s o s p  t y p e  a d d i t i v e s .  The amount of  v o l a t i l e  a c i d s  produced was 
s i g n i f i c s n t l y  d e c r e a s e d  by r a i s i n g  t h e  c o n c e n t r a t i o n  o f  s o s p  
i n  t h e  o i l .  The o i l s  c o n t a i n i n g  t h e  magnesium soaps  produced 
s m a l l e r  amounts o f  v o l a t i l e  a c i d s  t h a n  t h o s e  c o n t z i n i n g  c a l c i u n  
soeps .  

147. The r e s u l t s  o f  t h e  dynamic o x i d a t i o n  t e s t s  a r e  i n  a g r e e -  
ment w i t h  t h o s e  o f  t b e  s t a t i c  t e s t s .  T h e r e f o r e ,  t h e  v o l a t i l e  
o x i d a t i o n  p r o d u c t s  do n a t  r a d i m l l y  a f f e c t  t % e  o x i d ~ t i o n  r e a t i o n .  
The c h a n ~ e s  i n  p r o p e r t i e s  observed on o x i d a t i o n  i n d i c a t e  t h s t  
t h e  magnesium soaps  had,  a t  most, o n l y  a  s l i g h t  a c c e l e r s t i v e  e f f e c t  
on  t h e  o x i d a t i v e  breakdown o f  t h e  i n h i b i t e d  d i e s t e r  o i l s ,  w h i l e  
t h e  cz lc ium s o a p s  hed a somewhzt more pronouncod a c t i o n .  Oils 
c o n t ~ ~ i n i n g  z i n c  soaps formed p roduc t s  c o r r o s i v e  t o  copper  d u r i n g  
o x i d a t i o q .  I n  f q e t ,  a  comparison o f  t h c  o x i d a t i v e  s t a b i l i t i e s  
o f  t h e  d i e s t e r  l u b r i c a t i n g  o i l s  l i s t e d  i n  T s b l e s  XX and X X I ,  and 
p robaSly  t h o s e  l i s t e d  i n  Tab le  X V I I I ,  r e v e a l s   the^ t o  be e q u a l  
o r  s u p e r i o r  t o  t h e  pe t ro leum i n s t r u m e n t  o i l s  whose p r o p e r t i e s  hsve  
been examined and d i s c u s s e d  by t h i s  Labora to ry  e l sewhere .  ( 1 9 ) .  

148. These  d i e s t e r  i n s t r u m e n t  o i l s  wr re  found markedly s u p e r -  
i o r  t o  t h e  c o n v e n t i o n a l  pe t ro leum i n s t r u m e n t  o i l s  a s  r e g a r d s  non- 
v o l z t i l i t y  and v i s c o s i t y - t e m p e r a t u r e  c h c r s c t e r i s t i c s .  The i n -  
c o r p o r a t i o n  o f  t h e  a n t i o x i d a n t  and s m a l l  amounts ( a p p r o x i m s t e l y  
0.35 pe r  c e n t )  of s o s p  t y p e  r u s t  i n h i b i t o r s  had a  n e g l i g i b l e  



e f f e c t  upon t h e  v i r c 3 s i t y  and v i s c o s i t y - t e q p e r a t u r e  cha rac t e r -  
i s t i c s  of t h e  l u S r i c a n t s .  ' Increas ing  the  cor?.centration of r u s t  

- i n h i b i t o r s  thickened t h e  o i l s ,  t h e  calcium soap having a much 
g r e a t e r  e f f e c t  than  t h e  magnesium soaps. The low temperature  
s t o r a g e  s t a b i l i t y  waa s a t i s f a c t o r y  a s  low a s  -6T°F. f o r  d i -  
(2-ethy1hex;rl) sebaca te ,  and - 7 5 O ~  o r  lower f o r  corresponding 
a d i p a t e  and a z e l a t e  composit ions,  and f o r  t h e  d i - (2-e thy lhexyl )  
ad ipa te -sebaca te  blend. Good r u s t  i n h i b i t i o n  p r o p e r t i e s  were 
imparted t o  d i e s t e r  o i l s  by t h e  a d d i t i o n  of s u i t a b l e  soap type 
a d d i t i v e s .  The use of z inc  o r  magnesium soap r u s t  i n h i b i t o r s  
caused a  l a r g e  i n c r e a s e  i n  t h e  n e u t r a l i z a t i o n  number. This  was 
a t t r i b u t e d  t o  hydro lys i s  and format ion of t h e  potaesium soap. 
The calcium soap r u s t  i n h i b i t o r s  caused a  much smal le r  i n c r e a s e  
i n  n e u t r a l i z a t i o n  number. Though some of t h e  d i e s t e r  o i l  com- 
pos i t i ons  had an  apparent  high a c i d i t y  a s  i nd ica t ed  by t h e i r  
n e u t r a l i z a t i o n  numbers, none were found t o  be co r ros ive  t o  
copper a s  evidenced by t h e  absence of black o r  green c o l o r a t i o n s  
a f t e r  inmersiog of a  capper specimen i n  t h e  o i l  f o r  24 hours 
a t  212OF. T b s  s t a b i l i t i e s  o f  t h e  d i e s t e r s  were adverse ly  a f f e c t -  
ed by t h e  z inc soap r u s t  i n h i b i t o r s  and t h e  o i l s  developed a  
s l i g h t  green d i s c o l o r a t i o n  i n d i c a t i v e  of  copper co r ros ion  a f t e r  
ox ida t ion  i n  con tac t  wi th  copper metal ,  The nagnesium soap r u s t  
i n h i b i t o r s  when p resen t  i n  concent ra t ions  up t o  3 pep cen t  caused 
no co r ros ion  of metals  and no n o t i c e a b l e  inc rease  i q  t h e  oxida- 
t i o n  r a t e ,  The calcium soaps only s l i g h t l y  increased  the  amount 
of ox ida t ion ,  The ox ida t ion  s t a b i l i t i e s  o f  the  d i e s t e r  o i l  
c o m ~ o s i t i o n s  were equal  t o , o r  supe r io r  t o , t hose  of a l l  t h e  petro-  
leum inst rument  o i l s  t nves t iga t ed .  

149. For t h e  formula t ion  of non-polymer-thickened, non-vola- 
t i l e ,  ins t rument  o i l s  having f r e e z i n g  po in t s  below -750F, t h e  
compositions recommended c o n s i s t  o f  a  base f l u i d  of :  ( a )  20 per  
cen t  of d i - (2-e thy lhexyl )  a z e l a t e  mixed with  80 per cen t  o f  d i -  
(2-etnylhexyl)  sebaca te ,  o r  (b)  40 per c e n t  d i - (2 -e thy lhexy l )  
a d i p a t e  mixed with  60 per c e n t  di - (2-ethylhexyl :  sebaca te ,  
o r  ( c )  pure d i - (2 -e th  l h e x y l )  a z e l a t e .  If t h e  f r e e z i n g  po in t  g need not  be below -50 F. t h e  d i - (2-e thy lhsxyl )  sebaca te  a lone 
i s  a s a t i s f a c t o r y  base f l u i d .  To any one of  tlie above f l u i d s  
0 ,2  per cen t  by weight of an  an t iox idan t  such a s  4 - t e r t - b u t y l  
2-phenylphenol, o-cyclohexylphenol, p-tert-amylphenol should be 
added. For r u s t  p revent ion ,  concent ra t ions  of 0 .25  t o  2 per cen t  
by weight of t h e  calcium s a l t  of an a r y l s t e a r i c  ac id  a r e  re -  
commended, t h e  concen t r a t ion  requi red  being higher  t h e  more ex- 
treme t h e  cond i t ions  of exposure, S a t i s f a c t o r y  a r y l s t e a r i c  
a c i d s  a r e  pheny l s t ea r i c ,  x y l y l s t e a r i c ,  x e n y l s t e a r i c  and dodecyl- 
pheny l - s t ea r i c  ac ids .  
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B. Polymer-Thickened OQg 

150. M m y  n w s l  applications require lubriaants with the 
lowest obtainable viscosity-temper2ture coefficients. This is 
particulsrly true of aeronautical applicctions where the opera- 
ting temperature range is wide and lubricants having pour or 
freezing points as low as -80°F are required. The freezing 
points of many of the diesters investigated meeting or exceeding 
this requirement are given in Table I1 ,and psragraph 19, In 
Section I, Part I1 of this report the prbperties of some 
"AcryloidU thickened diesters are summarized and generalizations 
made as to the properties of other thickened diesters. 

151. The compositions of two experimental polymer-thickened 
oils E-21b and E-22a using dl-(1-sthylpropyl) azelate and 
di-(1-ethjrlpropyl) sebacate rc?spectively are given in Table XVIII, 
Their viscosity vs. temperature characteristics over the temper- 
ature range of 210oF to -60°F are tabulated in Table XIX. The 
Buresu of Aeronautics is using for a low temperature instrument 
oil a synthetic lubricant developed at the Mellon Institute 
and denoted by them as N-28 oil, The viscosity requirements 
for this oil are listed below: 

Kinematic v i s k  cs, 

13.5 minimum 
50.0 maximum 
900 It  

2800 t t 

152. A comparison with the vlscosity-temperature character- 
istics of oil E-21b reveal that the diester fluid meets or is 
below the specification viscosity requirements at all tcmpera- 
tures except 32'~ where it is slightly more viscous, A com- 
parison of the viscosity-temperature graphs on the ASTM chart 
reveals that the N-28 oil curves upward more rapidly at sub- 
zero temperatures than E-21b oil. The E-21b oil has a slightly 
less favorable viscosity coefficient thah the N-28 oil in temp- 
erature range 130 to O°F but is considerably better at the sub- 
zero temperatures, 

153- Oil E-22a is somewhat more visoaus than the N-28 
specification oil at all temperatures. However, a somewhat less 
concentrated polymer thickened solution of di-(1-ethylpropyl) 
sebacate has been described in Table XVI. A comparison of this 
diester base fluid with oil E-21b reveals that the latter has 
the better viscosity-temperature characteristics. This is in 
agreement with the generalization of Section L, Part I1 that 
the thickening of oils, to some reference viscosity, results 
in better - 47 - 
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viscosity-temperature coe f f i c i en t s ,  the  l e s s  viscous the  base 
f lu ids .  Therefore, the  polymer thickened di-(1-ethylpropyl) 
adipate  would be expected t o  have a  lower ASTM v i scos i t y  s lope 
(or  a  higher V I )  than the  corresponding aze l a t e  or  sebacate 
base o i l s ,  The use of l e s s  viscous d i e s t e r s  a s  base f l u i d s  
would r e s u l t  i n  o i l s  w i t h  even lower s1ope.s. 

154. The p r ice  exacted fo r  decreasing t he  v i s cos i t y  slope 
by t h e  use of l e s s  viscous base s tocks i s  increased v o l a t i l i t y .  
The evaporation l o s s  a f t e r  168 hours a t  1 5 0 ~ ~  by t he  t e s t  des- 
cribed i n  Sect ion F, Par t  I1 was approximately 0.7 weight per 
cent  f o r  E-21b and E-22a. This i s  g rea te r  than the evaporation 
l o s se s  of t h c  pure d i e s t e r s  which were 0.4 and 0.2 weight per 
cent  respect ive ly  f o r  the  aze l a t e  and sebacate. This increased 
v o l a t i l i t y  of the  two d i e s t e r  compositions i s  a t t r i b u t e d  t o  the  
incomplete removal of the  toluene solvent  i n  which so lu t ion  
the  polymer was prepared, The Fncrease i n  v i s cos i t y  a f t e r  
evaporation vias 1.5 per cent  when determined a t  100oF. These 
o i l s  a r e  much superior  t o  polymer thickened petroleum o i l s  of 
comparable v i s cos i t y  and V.I. a s  regards evaporation and 
constancy of v iscos i ty .  

155. Both o i l  compositions E-21b and E-22a were c l ea r ,  f r e e  
from cloud o r  p r ec ip i t a t e s ,  and p ~ u r e d  a f t e r  96 hours s torage  
a t  -80'~. 

156, The r u s t  i n h i b i t i o n  proper t ies  of these o i l s  were 
determined by t he  s t a t i c  water drop t e s t ,  Both o i l s  completely 
inh ib i t ed  the  r u s t i n  a c t i o n  of d i s t i l l e d  water a t  140°F f o r  
the  t e s t  period of 1 % 8  hours, When t e s t ed  w i t h  syn the t i c  sea 
water a t  100°F the o i l s  had r u s t  r a t ings  o f  1 and 1& a f t e r  
24 hours and 3 and 4 a f t e r  168 hours. This i s  not qu i t e  so 
good as  the  r e s u l t s  obtained w i t h  the  same concentrat ion of 
r u s t  i n h i b i t o r  dissolved i n  the  pure d i e s t e r .  Therefore the  
IfAcryloidff polymer used in te r fe red  s l i g h t l y  with the ac t i on  of 
the  soap rust inh ib i to r*  Simi lar  behavior of lfAcryloidff thick-  
ened o i l s  has been noted by t h i s  Laboratory i n  o ther  d i e s t e r  
f l u i d s  a s  well  a s  i n  petroleum base o i l s ,  

157. The oxidat ion s t a b i l i t y  of o i l  E-22a was inves t iga ted  
using the dynamic t e s t  described i n  pa r t  111, Section A. The 
r e s u l t s  of t h i s  t e s t  summarized i n  Table XXI reveal  t h a t  the  
neu t r a l i z a t i on  number increased from 0,06 t o  0.68. No corrosion 
of the  metals and no formation of corrosive products was observed. 
The only change i n  the appearance of the o i l  a f t e r  oxidat ion was 
a  s l i g h t  deepening of the pale yellow color.  No change i n  v i s -  
c o s i t y  a s  a  r e s u l t  of the oxidat ion t e s t  was observed. I t  i s  
concluded t h a t  the "AcryloidU polymer has l i t t l e  o r  no de le te r ious  
e f f e c t  on the  oxidat ion s t a b i l i t y  of t h i s  d i e s t e r  o i l .  The oxi- 
da t ion  s t a b i l i t y  of t h i s  o i l  was found markedly super ior  t o  t h a t  
of the N-28 - 48 - 
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o i l '  and compares ve ry  f a v o r a b l y  w i t h  t h e  s t a b i l i t y .  of t h e  b e s t  
petroleum base  o i l s  (19) .  Although no o x i d a t i o n  t e s t s  have y e t  
been made on o i l  E-21b, from i t s  similsr compost,tion it woul-d 
be expected t o  be a s  s t a b l e  a s  t h e  F-22a o i l .  

158. 
have b 
d i s c u s  

Two polymer-thickened,  h igh  V . I . ,  1014 pour p o i n t  o i l s  
een  developed u s ing  d i e s t e r  b r s e  f l u i d s  and a d d i t i o n  a g e n t s  
s ed  i n  P ? r t  II. One o f  them has been shown t o  be s u p ~ r i o r  

t o  t h e  N-28 ins t rument  o i l  developed by t h e  Idellon I n s t i t u t e  i n  
v i scos i ty - t empcre - tu re  c h e r a c t c r i s t i c s ,  n o n - v o l e t i l i t y ,  r u s t  
i n h i b i t i ~ n ,  o x i d s t i o n  s t a b i l i t y ,  and freedom from co r ro s ivenes s .  
It has e q u z l l y  s a t i s f s c t o r y  low c loud and pour po in t s .  

I V .  DIESTER O I L  LTTBRICAT I O N  

159. The n o n - v o l a t i l i t y ,  e x c e l l e n t  o x i d s t i o n  s t a b i l i t y ,  low 
f r e e z i n g  p o i n t s  znd good V . I .  c h a r a c t e r i s t i c s  of  t h e  d f e s t 3 r  
ins t rument  o i l  composi t ions  d i s cus sed  i n  P s r t  111, S e c t i o n s  A 
and B, s ugges t  t h e  use. o f  d i ~ s t e r  base l ~ b r i c a n t s  f o r  o t h c r  
n s v a l  a p p l i c ? t i o n s .  A p p l i c z t i o n s  need not  be r e s t r i c t e d  t o  t h e  
v i s c o s i t y  g rades  i n v p s t i g n t e d  hcre .  D i e s t e r s  of o t h e r  v i s c o s i t y  
g rcdes  could bc p reps red  by b lend ing  o r  s y n t h c s i s  i f  t h e  need i s  
i n d i c a t e d .  The p r o p e r t i e s  of such  b l ends ,  and of new s y ~ t h c t i c  
d i c s t c r s ,  could be  p r e d i c t e d  a f z i r  degree  of accuracy from 
t h e  c 3 n s t a n t s  of t h e  pure  d i e s t e r s  d i s cus sed  i n  P a r t  I. 

160. It  should  be po in t ed  o u t  he rc  t h a t  t h e  v i s c o s i t y  grade  
of petroleum base  o i l s  recommcnded f o r  many ins t rument  a p p l i c a -  
t i o n s  is no t  necessarily bssed on t h e  v i s c o s i t y  recu i rements  o f  
t h e  ins t rument .  F r equen t l y  a n  o i l  o f  h ighe r  v i s c o s i t y  i s  r e -  
comqended bccause of v a l a t i l i t y  and o x i d z t i o n  s t a b i l i t y  w n s i d e r -  
a t i o n s .  Not on ly  do t h e  v o l a t i l i t i e s  of  petroleum f r a c t i o n s  
d e c r e a s e  w i th  i n c r e z s i n g  v i s c o s i t y  bu t  a l s o  t h e  o x i d a t i o n  s t 3 b i l i -  
t i e s  a r c  improved b f cause  of  t h e  t r ~ n s i t i o n  t o  more s t a b l e  hydro- 
carbon t ypes  o r  c o n f i g a r a t i o n s  2nd t h c  p resence  of  n s t u r a l l y  
o c c u r r i n g  ~ n t i o x i d s n t s .  The re fo r e ,  t h c  d i e s t e r s  investigated 
h e r e  having v i s c o s i t i e s  b ~ l o w  1 0  c e n t i s t o k e s  2 t  lOOOF should be 
g iven  c o n s i d e r a t i o n  z s  l ~ b r i c a n t s  f o r  sensitive mechanisms 1,thcre 
smsll c h a n g ~ ~ s  i n  t o r c u e  have s e r i o u s  e f f e c t s  on t h e  s e n s i t i v i t y  
o f  t h e  ins t rument .  

161. For h c s v i e r  du ty  a p p l i c a t i o n s  where o i l s  a r e  d e s i r e d  
having v i s c o s i t i ~ s  c t  100 '~  of from 20 t o  50 cs .  t h c  d i e s t e r s  of 
t h e  branched c h e i n  undecy l ,  t e t r a d e c y l  and hep tadecy l  a l c o h o l s  
a r c  a v a i l a b l e .  I n t e rmed ia t e  v i s c o s i t y  g rades  may bo prepgred by 
b lcnd ing  t h c s c  - - i t h  l e s s  v i s cous  d i e s t e r s .  The more v i s cous  
d i c s t e r s  cou ld  bc used -dvantageously  2s b..se s t o c k s  f o r  l u b r i -  
c a n t s  s u i t s b l e  f o r  use  i n  o i l - l u b r i c e t e d  gea r  t r a i n s ,  p , ~ r t i c u l 3 r l y  
f o r  l ox  t empe ra tu r e  a p p l i c a t i o n s .  It  i s  q l s o  q u i t e  p o s s i b l e  t h a t  



many extreme p r e s s u r e  a d d i t i v e s  can  b e  s u c c e s s f u l l y  i n c o r p o r a t e d  
i n  t h e  d i e s t e r  bzse s t o c k s ,  

162. An obvious  a p p l i c a t i o n ,  of  t h e  branched-chain  d i e s t e r s  
i s  t o  t h e  l u b r i c a t i o n  o f  r e f r i g e r a t i o n  machinpry. I t  is  p o s s i b l e  - 
t h a t  some r e f r i g e r m t s  such a s  srnmonia and s u l f u r  d i o x i d e  may 
r e z c t  w i t h  t h e  d i e s t e r s  c a u s i n g  t h i s  z p p l i c a t i o n  t o  be  r e s t r i c t e d  
t o  r e f r i g e r a t i o n  machinery o p e r a t i n g  s i t h  t h e  more s t s b l e  "Freonsff  
and carbon d iox ide .  

163. As t h c  d i c s t e r s  have h i g h e r  f l a s h  p o i n t s  and spontaneous  
i g n i t i o n  t e m p e r a t u r e s  and r e q u i r e  h i g h e r  c o n c e n t r a t i o n s  o f  oxygen 
f o r  t h e  f o r m a t i o n  o f  e x p l o s i v e  mix tu res  then petroleum produc t s  
of similqr v i s c o s i t y  g r a d e s ,  t h e i r  usc  ss l u b r i c a t n s  f o r  a i r  
comprcssors  i s  sugges ted ,  The danger  o f  e x p l o s i o n s  i n  t h i s  t y p e  
of equipment should  t h e r e f a r e  be ms t e r i a l l y  reduced. The more 
v i s c o u s  d i e s t e r s  would b r  r e q u i r e d  f o r  such a p p l i c a t i o n s ,  

164. The s o - c a l l e d  f f s p i n d l e  o i l s f f  of t h e  t c x t i l e  i n d u s t r y  a re  
low v i s c o s i t y  ( approx im2tc ly  1 2  c s .  z t  100oF) p r a c t i c a l l y  w t e r -  
w h i t e  o i l s .  The pure d i c s t e r s  z r r  w a t e r  w h i t e  2nd hsve  t h e  ~ d -  
van tage  over  pe t ro leum o i l s  i n  t h a t  t h e y  a r e  r e l a t i v e l y  non- 
v o l a t i l e .  

1 6  5, There  i s  a l s o  muc'l promise i n  t h e  u s e  o f  d i e s t e r  f l u i d s  
a s  c rankcase  o i l s  f o r  i n t e r n a l  combust ion e n g i n e s  i n  A r c t i c  c l i -  
mates and a t  3 igh  a l t i t u d e s .  Palymar t h i c k e n e d  d i e s t e r  o i l s  would 
be e s p e c i a l l y  v a l u a b l e  because -o f  t h e i r  low v i s c o s i t y  a t  sub-zero  
s t a r t i n g  t e m p e r a t u r e s  and n o n - v o l a t i l i t y  and s t a b i l i t y  a t  t h e  h igh-  
e r  o p e r a t i n g  t e m p e r a t u r e s .  The d i e s t e r s  o f  t e t r a d e c y l  and hepta-  
d e c y l  a l c o h a l s  f a l l  i n  t h e  SAE 1 0  v i s c o s i t y  c l a s s i f i c a t i o n  and 
t h e i r  v i s c o s i t i e s  o n l y  s l i g h t l y  exceed t h e  requ i rements  of  an 
SAE 10W o i l .  The d i -undecyl  a d i p a t e  i s  l e s s  v i s c o u s  t h a n  a n  SAE 
10 o i l .  It i s  e s t i m a t e d  t h c t  3 p e r  c e n t  o f  "Acryloid HF-880" 
would t h i c k e n  t h i s  d i e s t e r  t o  a n  SAE 10 o i l  having a  v i s c o s i t y  
of approx imate ly  20 cs .  (106 S.U.S.) a t  1 3 0 ~ ~  and 1000 c s .  (4600 
S.U.S.) a t  OOF. Such a n  o i l  h s s  a  b e t t e r  v i s c o s i t y  a t  OoF t h a n  
a n  SAE 10T d i l .  Even s m a l l e r  pe rcen tages  of t h i s  polymer (approx i -  
ma te ly  1 p e r  c e n t )  would be  r e q u i r e d  t o  t h i c k e n  t h e  t e t r a d e c y l  
and h e p t a d e c y l  d i e s t e r s  t o  SAE 20  o i l s  whose OoF v i s c o s i t i e s  a r e  
w i t h i n  t h e  requ i rements  of  SAE 20lF! o i l s .  I n  s h o r t ,  t h e  h i g h e r  
d i e s t e r s  a r e  comparable t o  w i n t e r  g r a d e  pet ro leum o i l s  b u t  a r e  
s u p e r i o r  i n  t h a t  t h e y  have h i g h e r  t'lash $oints ,  la;ver evap- 
o r a t i o n  r a t e s  and lower pour p o i n t s .  Fur thermore ,  t h e  u s e  o f  
polymer t h i c k e n e d  d i e s t e r s  of undecyl  a l c o h o l s  r e s u l t s  i n  f l u i d s  
s l ~ p e r i o r  t o  pe t ra leum w i n t e r  g r a d e  o i l s ,  having h i g h e r  f l a s h  
p o i n t s ,  lower v o l a t i l i t i e s ,  lower pour p o i n t s ,  h i g h e r  V.I. 'S 
and p o s s i b l y  b e t t e r  o x i d a t i o n  s t a b i l i t i e s . .  



166. E x c e l l e n t  h y d r a u l i c  and r e c o i l  o i l s  having v e r y  good 
V . 1 . l ~  and  lo^ pour p o i n t s  could  be prepared  from d i e s t e r  base  
f l u i d s .  H y d r a u l i c  o i l s  w i t h  v e r y  h igh V . I . f s  could  be p repared  
meeting t h e  v i s c o s i t y  r equ i rements  of  t h e  s p e c i f i c a t i o n  AN-W- 
0-366b and O.S. 2943 by t h e  a d d i t i o ~  of polymer t h i c k e n e r s .  
Appraximately 5 p?r  c e n t  of  IfAcryloid HF-880" wauld be r e q a i r e d  
t o  t h i c k e n  t h e  d i - (3 -methy lbu ty l )  a d i p a t e  t o  t h e  v i s c o s i t y  r e -  
qui rements  o f  t h e  s ~ e c i f i c a t i o n  AN-VV-0-366b. Approximately 
10 pqr c e n t  of  t h i s  polymer would bc r e q u i r e d  t o  t h i c k e n  d i - ( 3 -  
m e t h y l b u t y l )  a d i p a t e  t~ O.S. 2943 v i s c o s i t y  r equ i rements .  Xore 
v i s c o u s  d i e s t c r s  could  be used a s  base  s t o c k s  f o r  t h e  p r e p a r a t i o n  
of  O.S. 1113 o i l s .  Approximately 5 pcr  c e n t  a f  "Acryloid HF-C80ff 
would b ~  r e q u i r e d  t o  t h i c k e n  d i - ( 2 - e t h y l h e x y l )  s e b a c a t e  t o  t h e  
v i s c o s i t y  r equ i rements  o f  0.8. 1113, The polymer-thickened,  
d i e s t e r  base ,  h y d r a u l i c  f l u i d s  would be much l e s s  v o l a t i l e  t h a n  
t h e  cor respond ing  p e t r a l e u a  base o i l s ,  and hence t h e  p r e s e n t  
t a c k i n e s s  problem would bc m h t e r i a l l y  a l l e v i a t e d .  I t  i s  impor t -  
a n t  t o  n o t e  t h a t  t h c  d i e s t c r  base  h y d r a u l i c  o i l s  would necessitate 
a  change from t h e  p r e s e n t  packings  and g a s k e t  m a t e r i a l s  b rcause  
t h e y  cause  s w e l l i n g  of many of t h r  t y p e  r u b b e r s  now i n  use. 

167. I t  \*:as r e a l i z e d  t h a t  d i e s t e r s  *xere o f  promise i n  t h e  
dcvclopment of  low v o l a t i l i t y ,  s t a b l e ,  low temperature g r e a s e s ,  
Numerous s y n t h e t i c ,  d i e s t e r  bcse  g y e s s e s  have been developed by 
t h i s  Labora to ry  and ~~;111 be d e s c r i b c d  i n  a r e p o r t  t o  b e  submi t t ed  
t h i s  f a l l .  

168. 3 o n - l u b r i c a t i n g  a p p l i c a t i o n s  of  t h e  d i e s t e r  o i l  compo- 
s i t i o n s  i n c l u d e  t h e i r  u s e  a s  damping fluic7s. T h e i r  lovi v d l a t i l -  
i t i e s  , even a t  h i g h  t e a p e r a t u r e s  , makr,s thnm i d e a l l y '  s u i t e d  f o r  
t h i s  use.  An example i s  t h c  u s e  o f  d i - ( 2 - e t h y l h e x y l )  s e b a c a t s  
a s  a  base  f o r  h igh  v i s c o s i t y  polymer a d d i t i v e  damping o i l s  which 
has  bsen  f u l l y  discussed by Fenske e t  a 1  ( 4 ) .  

169. Hick a n  e t  a 1  (1 ,  2 ,  3 )  have d i s c u s s e d  and p a t e n t e d  
s e v e r a l  of t h c  d i c s t c r s  inc luded  i n  t h i s  i n v c s t i g ~ t i o n  a s  -7acuum 
and d i f f u s i o n  pump o i l s .  Many of t h e  o t h e r  d i e s t e r s  d e s c r i b e d  
h e r e  dese rve  c o n s i d e r a t i o n  f o r  such uzes.  The i n c o r p o r a t i o n  i n  
such  vacuum pugp o i l s  of s m a l l  amdunts of any one o r  combinat ions  
of t h e  a n t i o x l d a n t s  d e s c r i b e d  i n  P a r t  11, S e c t i o n  G might  improve 
t h e i r  efficiency and i n c r e a s e  t h e  s e r v i c e  l i f e .  

170, Ths above d i s c u s s i o n  of p o s s i b l e  n a v a l  u s e s  o f  t h e  d i e s t e r  
b a s e  o i l s  was made w i t h o u t  r e f e r e n c e  t o  c o n s i d e r a t i o n s . o f  a v a i l a -  
b i l i t y  o r  c o s t .  It i s  q u i t e  p o s s i b l e  t h a t  t h c  a d v a n t a g e s  t o  be 
ga ined by t h e  use  o f  d i e s t c r  l u b r i c a n t s  w i l l  bc outweighed by 
t h e  g r e a t e r  a v a i l a b i l i t y  and lower c o s t  of co r respond ing  p e t r o l -  
eum prdduc t s .  Houever, f o r  c e r t a i n  m i l i t a r y  a p p l i c a t i o n s  t h e s e  
c o n s i d e r a t i o n s  may be of secondary  impor tance ,  w h i l e  f o r  o t h c r s  
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t h e  performance g a i n  w i t h  t h e  d i e s t e r  l u b r i c a n t s  may be such  a s  
t o  e l i m i n s t c  t h e  c o n s i d e r a t i o n  o f  r e l a t i v e  a v a i l a b i l i t y  and c o s t ,  

V. FR3DUCTIl7N AND SPSCIFICATIOTJ OF DIESTER LUBRICANTS ----------- -------- 
171. One l i m i t a t i o n  t o  l a r g e  s c a l e  a p p l i c a t i o n s  o f  d i e s t c r  
l u b r i c a t i n g  o i l s  i s  t h e i r  c o s t .  Potentially a v a i l a b l e  i n  t h e  
Uni ted  S t a t e s  i s  a s u p p l y  r a u g h l y  s s t i a a t e d  t o  be b c t ~ e e n  250,000 
and 1 ,000,000 g a l l o n s  o f  d i e s t c r  o i l  p e r  y c a r ,  T h i s  amount should  
n o t  s e r i o u s l g  l i m i t  o t h e r  commercial u s e s  o f  t h e  requested a c i d s  
and a l c o h o l s  provided t h c  dernznd i s  no t  b u i l t  up t o o  r a p i d l y  

172, D i r s t e r  o i l s  could  be ~ a d e  cheaper  b y o m i t t i n g  unncssa ry  
p u r i f i c a t i o n  of t h e  a l . coho l s  and a c i d s  employed i n  the s y n t h e s i s ,  
Thus mixed d i b a s i c  a c i d s  could be  used i n s t c a d  o f  a  pu.re* a c i d  
Also m i x t u r e s  o f  i s o n e r i c  a l c o h o l s  o r  narrow d i s t i l l a t i o n  c u t s  
cou ld  be used f o r  many a p p l i c a t i o n s ,  For some uses  t h e  a d d i t i o n  
o f  s c l e c t e d  pet ro lcum f r c c t l o n s  may havr  advan tages  w i t h  r e s p e c t  
t o  lower c o s t  2nd improvement i n  c o m p a t a b i l i t y  v:ith c ~ r t s i n  
commercis l ly  a v a i l a b l e  a d d i t i o n  a g e n t s ,  I n  some a p p l i c s t i o n s  
s m a l l  i n i t i s l  c o n c e n t r a t i o n s  of v o l a t i l e s  such  2s u n r e a c t e d  
a l c o h o l s  v i l l  n o t  be dc t r i rnen ta l .  Hoarver ,  i n  making o r  u s i n g  
cheapened d i e s t c r s  c e r t a i n  p r e c a u t i o n s  w i l l  bc advisable. The 
p resence  of v o l a t i l c  impurities such a s  t h e  u n r e z c t e d  a l c o h o l s  
a i l 1  c a u s e  on ly  a  t ,emporsry . lower ing  of t h e  f r e e z i n g  p o i a t  2nd 
pour p o i n t ,  and a d d i t i o n  a g e n t s  i n i t i a l l y  i n  t r u e  s o l u t i o n  may 
c v r n t u a l l y  form a  c loud o r  even p r e c i p i t a t e  a s  t h e  v o l a t i l e s  
d i s z p p e a r .  

173.  S p c c i f i c s t i o n s  r e q u i r i n g  o r  p C r a i t t i n g  t h e  use  o f  d i c s t e r  
l u b r i c a n t s  shou ld  i n c l u d e  a  f r e e z i n g  p o i n t  r a t h e r  t h a n  a  pour 
p o i n t  t ~ s t ,  : copper s t r i p  corros io . ;  t e s t  on t h e  basc  s t o c k  o r  
p r e f e r a b l y  on t h e  f i n i s h e d  l u b r i c a n t ,  and a  h y d r o l y s i s  t e s t  f o r  
a d u l t e r a t i o n  vvith l c s s  s t a b l e  e s t e r s  such a s  monocstcrs .  A maximum 
e v a p o r a t i o n  requ i rcmcnt  and t e s t  i s  recomrncnded a s  a  check on t h e  
manufacture o f  3 q u s l i t y  d i r s t e r  l u b r i c a n t .  For some u s e s  2 mini-  
mum s s p o n i f i c s t i o n  number r e q u i r r m e n t  i s  d e s i r a b l e  f o r  i d e n t i f i c a -  
t i o n  purposes  o r  p r e v r n t i o n  of a d u l t e r a t i o n  w i t h  pe t ro leum o r  o t h e r  
n o n - s a p o n i f i s b l c  m e t c r i s l s .  If n e c c s s a r y ,  d i c s t e r  base s t o c k s  can  
bc o b t z i n c d  c s s ~ n t i z l l y  w z t c r - v h i t e  t :hi le  f i n i s h e d  i n h i b i t e d  o i l s  
having a c o l o r  no d a r k e r  t h c n  No. 1 ASTBI c a n  be prepared .  I t  has  
bcen shown h ~ r c  t h a t  purc d i e s t e r s  do no t  f o r q  s t a b l e  emuls ions  
w i t h  water .  Somc a d d i t i o n  a g e n t s ,  p ~  r t i c u l a r l y  c p r t s i n  common 

- 

r u s t  i n h i b i t o r s ,  cause  g r e c t l y  i n c r e a s e d  emuls ion  s t z b i l i t y .  
Ho, .cver ,  good d e m u l s i f i a b i l i t y  characteristics c a n  be r e q u i r e d  o f  
i n h i b i t e d  d i c s t e r  o i l s ,  and such a  requi rement  w i l l  exc lude  o n l y  
some b u t  n o t  a l l  s a t i s f a c t o r y  a d d i t i o n  a g e n t s .  Any of t h e  conmon 
o x i d a t i o n  t ~ s t s  can  be used i n  s p e c i f y i n g  t h e  o x i d a t i o n  s t a b i l i t y  
of d i e s t e r  o i l s .  
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V I  . CJNCLUSIONS AND FiECOMMSNDLTIONS - - -  c- 

174. A wide v a r i e t y  of branched-chain  a l i p h a t i c  d i e s t e r s  
have bcen s t r id ied  and have keen shown t o  be adm!rably s u i t e d  t o  
s e r v e  a s  bzlse s t o c k s  f o r  t h e  development of  n u v r o u s  s y n t h e t i c  
l u b r i c a t i n g  o i l s .  The r e l a t i o n  of  o r g a n i c  s t r u c t u r e  t o  p h y s i c a l  
p r o p e r t i e s  such a s  f r e e z i n g  p o i n t ,  v o l a t i l i t y ,  v i s c o s i t y ,  and V.1, 
have b e c r  s t u d i e d  2nd somc r u l a s  of v a l u e  hzve been o b t a i n e d .  
D i c s t e r s  havs  been found which have h i g h  V.I.'s and ve ry  low 
f r e e z i n g  p o i n t s  and e v a p o r a t i o n  r a t e s .  E s p e c i n l l y  recommended 
f o r  i ~ s t r u m e n t  o i l  bases  a r e  t h e  d i e s t e r s  msde by r e a c t i n g  a d i p i c ,  
a z e l a i c ,  o r  s e b s c i c  a c i d s  w i t h  branched-chain  a l c o h o l s  such  ss 
2-ethylhexg! 2nd 1 - e t h y l p r o p y l  a l c o h o l s .  For u s e s  r e q u i r i n g  o i l s  
of h i g h e r  v i s c o s i t i e s  t h c  d i e s t c r s  made from t5.e same a c i d s  qnd 
t h e  b r 2 n c h c . d - c h ~ i n  undccyl ,  t e t r a d e c y l  and n c p t a d e c y l  s l c o h o l s  
a r e  recommcndcd.. A number o f  s i n g l e  d i c s t e r s  and m i x t u r e s  of 
d i e s t c r s  s u i t a b l e  f o r  i n s t r u m e n t  o i l  bases  h ? , ? ~  becn found hsv ing  
f r e e z i n g  p o i n t s  below - 7 5 O ~  and exceed ing ly  low e v a p o r a t i o n  r z t e s .  

175. E f f i c i e n t  a n t i - o x i d a n t s ,  r u s t  preventive c d d i t i v e s ,  
polymcr t h i c k e n e r s L  and V . I .  improvers  have bcen found f o r  use  i n  
t h e  devolopment and-improvement of d i e s t e r  l u b r i c a t i n g  o i l s  f o r  
a v i d e  range  of  a ~ p l i c c t i o n s .  A numbcr of p h y s i c a l  and chemical  
p r o p c r t i ~ s  a f  d i c s t e r s  ~f importance i n  l u b r i c a t i o n  have been 
s t u d i e d  i n  t h e  absence  snd i n  t h e  p resPnce  of  a d d i t i o n  a g c n t s .  
These i n c l u d e  h y d r o l y t i c  s t a b i l i t y ,  s o l u b i l i t y  f o r  w s t e r ,  ernulsi-  
f i a b i l i t y ,  s p e c i f i c  g r a v i t y ,  t h c r ~ a l  expans ion ,  foaming,  v o l q t i l -  
i t y  and i u ~ f l a r n m a b i l i t y .  A numbcr o f  i n s t r u m e n t  o i l s  have b c ~ n  
developed of  rnediim o r  S igh  v i s c o s i t y  i n d e x ,  of remarkably low 
v o l z t i l i t y ,  e i d  having f r e e z i n g  p o i n t s  r ang ing  frorn -60 t o  below 
-1000F. Good o x i d a t i o n  s t a b i l i t i e s ,  lovl foaming t e n d e n c i e s ,  
s a t i s f 2 c t o r y  d e m u l s l b i l i t y  2nd good r u s t  i n h i b i t i o n  p r o p e r t i e s  
hpvz becn o b t z i n c d .  These o i l s  a r c  recommended f o r  use  i n  i n s t r u -  
ments i n  s t o r  age  o r  i n  s e r v i c e ,  

176,  P o s s i b l c  u s e s  of  t h e s e  o r  r e l s t e d  d i e s t e r  o i l s  h ~ v e  
b ~ e n  discussed and i t  has  been concluded t h a t  c c r t a i n  ones a r e  
e s p e c i a l l y  s u i t e d  f o r  g c n e r a l  ins t rument  u s e ,  Labora to ry  p r e p s r a -  
t f o n s  of t h e s e  o i l s  have a l r e a d y  becn i ~ c t c d  by nava l  o r  c o o p c r a t -  
i n g  i n d u s t r i a l  a c t i v i t i e s  i n  c l o c k s ,  mote r s ,  c o n t r o l l e r  mechanisms, 
gyrossopas ,  cameras,  gun and bomb s i g h t s ,  synchronous motgrs ,  and 
f u s e  mechanisms. Others  a r e  nov7 reco-nrncndnd f o r  f u t u r c  t c s t s  i n  
o i l  gea r  t r a i n s ,  p a r t i c u l a r l y  f o r  low temperature a p p l i c a t i o n s ,  
and r e f r i g e r a t o r  machinery and a s  s i r  compressor l u b r i c a n t s ,  
s p i n d l e  a i l s a n d  'vinter grgde lubrieatlng oil9 in internal c~nbus- 
t i o n  engines .  Yhey a l s o  a r e  recommended f o r  u s e  a s  h y d r a u l i c  
and r e c o i l  o i l s  ( i n  sys tems provided w i t h  s u i t 3 b l e  pack ings ) .  
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Although l e s s  flzmmable t han  p r e s e n t  petroleum hyd rau l i c  o i l s  
t h e  d i e s t e r  f l u i d s  l l k e  petroleums a r e  no t  s u f f i c i e n t l y  r c s i s -  
t a n t  t o  i i c c i d i a r y  f i r e  (22). D i c s t e r  f l u i d s  a rc  a l s o  recomxend- 
ed f o r  u se  i n  t h e  f o r m u l a t i o n  o f  n o n - v o l a t i l c  low tempers tu re  
low to rouc  g reascs  f o r  dclmping f l u i d s ,  znd f o r  vacsum and 
d i f f u s i o n  pump a i l s ,  It  i s  bcl ioved t h e  a p p l i c s t i o n s  t 9 s t s  
recommended 7 v : i l l  r e s u l t  i n  iaprovements i n  n a v s l  l u b r i c a t i o n  
p r z c t i c e  i n  su.ch equipment, 

177,  Cons ide r a t i ons  have been advancc,d relative t o  t h e  
a v a i l a b l r  s u p p l y  o f  dinster o i l s  cnd methods of decreasing 
t h c i r  c o s t ,  S p e c i f i c a t t o n  problems have been d i s cus sed  and 
recommendstions have been mcde, 
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178. The authors wish t o  express t h e i r  appreciat ion t o  Eleanor 
M. Bried Sp(X) 2/c and Harriet A .  Foltman AMMI 2/c f o r  t h e i r  
valuable a s s i s t a n c e  i n  gathering data on viscometric propert ies  
and v o l a t i l i t y .  
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TiLBLF I 

Cornperison of  V i s c o s i t i e s  o f  L l i p h a t i c  D i c s t e r s  and Normal F s r s f f i n s  

- - - - - - - - - -  - - - - - - -  ---------- ., Visc.  es. I 

I Visc. cs. Chain l e n g t h  a t  7 7 ° ~ . f o r  
a t  7 7 O ~ ,  f o r  Numbcr of . H y d ~ o -  i 

D i e s t ~ r  Dics t e r  atoms Carbon 6 ~ y C J r o c e r b o n i  , - - - - I - - - I  --+ ------ -c).--.-- .--+-------A -------- 
i i 
IDicthyl oxalnite ' 1.63 
!Diethy1 malonate  1.79 
D i e t h y l  s u c c i n s t e /  2.32 
;Diethy1 g l u t a r a t e i  2.49 
jDiethyl s d i p a t e  1 2,74 
;Diethy1 p i , ~ c l a t e  3.30 
;Diethy1 s u b e r s t e  , 4.06 
:Diethy1 a z e l a t c  j .  o w  

;Diethy1 s e b a c z t e  i 5,28 

8 0.72 n-octane  
9 , 0492  n-nonane i 

I 
I 1 0  1.15 n-dccane 
I 
I 11 1.44 .n-undecane 
I 
1 1 2  1.77 n-dodecane 
i 13 1.89 , n - t r i d e c a n e  j 

1 4  2,55 ~ n - t e t r a d c c a n e  

I 15 : 1. &6? n-pentadecana 
16 I 3.98 n-hexsdecane ! 

'{I,', T 7 ICTED 



Diesters Studied, Their Molecular Weights 
and Freezfng Points 

---------------1___11_ ----- 
, Molecular Freezin soint* 

Dicster -- - : weight . OF--- -@ +---- 
9 

I 

Phthslates i t ----- I I Diethyl phthzlate 1222.23 , below -3# ! -27 
Methyl phth.1~1 ethyl glycolate/ 266.29 i -35 1 below -31 ' 

Ethyl phthnlyl ethyl glyzo1r;te ; 281.27 20 : + 68 
Dihutyl phthal3te ! 278.34 1 135# I -31 
Butyl phthalyl butyl glycolate 336.37 i below -35 ! below -31 

11 Di- (2-ethylhcxyl) phthalste , 390.54 ; 
i I -551 " -67 1 

Di- 1-methylethyl) 230. 30 
Di- (1-ethylpropyl) 2E6.40 
Di-(3-methylbutyl) 8 286.40 
Di-(1,3-dirnethylbutyl) ' 314.45 
Di-(2-ethylbutyl) 314.45 
Di- (2-ethylhexyl) 370 56 
.Di- (2-(2-cth:;lk~:taxy). ethyl) % 402.56 
Di-(undecyl)(l) 454.70 

Di- (heptadecyl-) (3) 623.02 

Di- (2-(2-b~toxyethoxg( e t h y l )  434.54 

: 2 
I i below -78 I : -46 

4 
-26 
-68 

I -62 
glass at 
-60 
glass at 
-60 
glass at 
-60 
-17 

- 51 
39 
-15 - 90 
-80 
below -76 

below -76 

below -76 

:,zelr tes -- 
~ i - ' ~ t h ~ l ~ r o ~ ~ l )  1 328.48 below -78 belou -108 
Di-(3-methylbutyl) 328.48 -37 -35 
~i-(2-ethylb~tyl) - i356.52 -45 -49 
Di- (2-ethylhcxyl) 1 432.64 below -78 ' below -108 
Di(2-butoxyethyl) : 388;:3 -17 t l  

I , 
Sebacats --- I ,  

~i-(l-meth~lcth~l) 
1 

I 286.40 t 3 + 37 I 

Di- (1-ethylpropyl) 342.50 below -78 below -108, 
Di-(butyl) I 314.45 t 14 57 
Di-(3-methylbutyl) 342.50 - 10 t14 
Di-(1,3-dim~thylbutyl) r 370.56 ' -25 I -13 
Di-(2-ethylbutyl) 1 370.56 -22 . . -8 

i i 
Di-(2-ethylhexyl) , 426.66 - 55 -67 1 
Di-(2-(2-ehhylbutoxy) ethyl) 458.66 -15 + 5.0 . I 
Di-(tetradecyl) (2) 1 594.94 glass at . below -76 i . 

,6O ! 
1 



TL-BLE I1 (continued) 

Legend: (1) undecyl or (1-methyl - 4-ethyloctyl) 
( 2 )  tetredecyl or (1-(2-methylprapy1)- 4-ethyloctyl) 
(3) heptadecyl or (1-(3-ethylamyl) - 4-ethyloctyl) * extracted froa NRL R e ~ o r t  2573 (14) 
# .~~anufacturers data 



Viscosity-Temperature Characteristics of Diesters 

f I Kine- 

Identtficatf on 32 
i 

Phthalat es q --- J , I I 

Diethyl phthalate 
Met hvl~ht halvl 
et hj.1- glycolate 

Et hylphthalyl 
ethyl glycolate 

Dibutyl phthalate 
Butyl phthalyl 
butyl glycolate 

Di-(2-ethylheel) 
phthalat e 

Adipates 

Di-(1-methylethyl) 
Di-(1-ethylpropyl) 
Di-(3-methylbutyl) 
Di-(1,3-dimethyl- 
but yl ) 

~i-(2-ethylbutyl) 
~i-(2-ethylhexyl) 
Di-(2-(2-ethylbutoxy 
ethyl) 

Di(undecy1) (1) 
~i(tetradecy1) (2) 
Di(he tadecyl).(3) 
Di(2- 4 2-butoxy- 

I ethoxy) ethyl) 
I 



- 
Chain Visc. i n  cs. at OF: --------- aatic ?,STl' slope 

Identification + - lenitth ;= :I30 100 ,77 ,32 s -20 -40 '1.1. 210° to -40°E'i "0 --.-- 

bi-(l-nethylethyl) 16 
bi-(I -cthylnrooyl) 18 
!Eik~tyl i 20 
Di-(3-~ethplbntyl) 20 
bi ( ,3-dimethyl- 20 
butyl ) 

Dj (2-ethylbutyl) 20 
D 3 ( 2-et hylhexs~l ) 24 
.ni(2-(2-ethylbutoxy1)26 

ethyl) 
Di(tetradecy1) (2) ' 28 

. . i .  5 

i 
1.74 3.50 ~+.98'6.96 '16.2-:! .37.6$ Froze -- 2 0.76 b I 

'2.28 5.0' ; 7.38 13.9"; 29.6 !80* : 18g* , 504 ! 133 . 0.75 
! 

:2.11 a.27 : 6.11 8.54 i19.8 IE'rozei -- -- i 157 ' 0.71 a 
.2.51.5.38:7.9521.5 28.9 i77..45j..IFrozGi-- (158 .0.70b i 

2.80 6.55 ' 10.3 15.9 i49.1 ;154* 405' ! 1310 . 132 0.76 
I i ! ! 

* interoolat ed 
9 t  extrapolated 
i: si~ner cooled 

(1) undecyl or (1--ethyl., 4-cthyloctyl) 
(2) tetradecyl or (I-(2-*,cth~~lpronyl), 4-ctbyloctyl) 
3 hentzdccyl c?r (l-(3-et5lylamirl), 4-et!:y; 0cl;:;l) 



TABLE IV 

Effect  of Chain Length and Branching on the  Viscosity 
of Al iphat ic  Dies ters  

Di-(1-ethylpropyl) : 
Adipate ! 14  
Azelate 1 17 
Sebacate 18 

1 
~i - (3-methy lbu ty l )  1 

Adipate I 16 
Azelate , I ' 19 
Sebacate 

; 
20 

Di-(1,3-dimethylbutyl) 
Adipate 
Sebacate 

Di-(2-ethylbutyl) 
Adipate 16 
Azelate 19 
Sebacate 20 

I ! 
Di-(2-ethylhexyl) 1 Adipate 

Azelate i Sebacate ' 24 
I 
I 

1 
i 

RESTRICTED 



Effect of Brenching on V1sconi)y 

I 

Di-(undecyl) adipate (1) 1 24 3.6 h6.9 :508 111 0.77 
~i-(tetradecyl) sdipate (2) 24 , .7 140.5 3000 56 0.77 
Di-(heptadecyl) idipato (3) 24 

(1) Undccyl is (l-nethyl, 4-ethyloct 1) 
(2) tetradccyl is (I-(2-methybpro y l  3 , 4-ethyloctyl) 
(3)  heptedccyl is (l-(3-othylamyl!, 4-etbyloetjrl) 

Effect of PoSlti~n. of Eater Groups on Viscosity and 
Freeetqg .Point 

'Di-(3-methylbutyl)' 1 16 
adipote I 

!Di- (l-methylcthyl).1 16 
I sebscate I 

I 



TABLE VIf 

Comparison of B o i l i n g  P o i n t s  o f  D i - e t h y 1 : E s t e r s  w i t h  
t h o s e  of t h e  Normal Hydrocarbons o f  same Cha in  Length  

'---- --- 
~ o i l z ~ % $  OC 1 

I -- 
Normal s t r a i g h t  --3 

! + c h a l n ~ ~ d r o c ~ r b o ~ ~ ~ t e r  ; Chain  length -- I--- ------ 
I 8 12 5 I 

18 5 
I ; 

9 i 1 5 1  , 190 
2 18 10 174 I 

11 196 1 237 
1 2  I 216 
13 236 ! 

I i (741 my)  
14 

I 16 
2 54 i 285 
286 I 308 

i 
! I 
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APIUlJP> lA 

Flamrlability Character is t ics  of Diesters  

y i s c .  cs. Clevelant!! Onen Ctio !Svontaneeus 'Spray Pest 
Iden t i f i ca t ion  af 100'~. Flash Y t , q .   ire^,*. i 1 - 0 - w  - 

4 
I i 

01-(1-ethylpropyl) azc l a t e  i 6.66 ! 370 : 395 1 842 .- 

Pi-(2-ethylhexyl) aze l a t e  
! 

11.4 i 445 . I 470 756 1 23 
i 

i 
i 

! I 
Di-( 1-ethylpropyl) sebacate i 7.38 i . 380 : 410 798 I I- 

I 

Pi-(2-ethylhexyl) sebaca$e l12.6 a 450 495 
Di-(2-ethylhexyl) sebacate I i 

i p lus  0 38: 4-tert  hutyl ,  2-Phenyl-phenol:. 
and 0?+45$ caleiun dl-(phanylstearate)  12.8 

n 11 18  
1 445 500 

l a c $  ' 13.5 1 445 E 500 1 

2. 11 #I II i 15.0 i 450 1 510 ! 
3.M II w t t  , l 6 . 8  

' 455 a 510 
1 

I I I 
I I 

Dl-(1-ethyl~ropyl)  sebacate: i I 

plus 1% Acryloid HF-880 9.84 i I - - 
plus  35 Acryloid HF-880 : 16.4 , -  - 75(" 

-0 

7 3 a Om 

I 

Pi-(2-ethylhexyl) adipate j 9.22 ! 380 430 I 743 16 
PI-(2-ethylhexyl) adipate: < I 

plus 0.14 4-ter t  butyl ,  2-phenyl phenol i 8.23 , 400 440 I 16 I 
bnd 0.255 zinc di-(phcnylstearate) I I 1 

! .  



Densities and Specific Gravities ofthe Diesters 

Sebacates 
---C - 

--.---- - --a - 
t 

Specific 
: Density , Gravity 

Identification 
---- I-----  

222% 60/60° F~ 

Phth913tes LA-- 

Diethyl phth?hte 1.114 
Methyl phqthalyl ethyl 'glycolat? 1.216 
Dibutyl phth-1s te 1.043 
Ethyl phthalyl ethyl glycolate 1.179 
Butyl phthslyl butyl glycolote ' 1.095 
Di-(2-ethylhcxyl) phthalate 0,9el 

8 

kdipotes 6 - 
Di-(1-nethylethyl) 0,959 
Di- (1-ethylpropyl) 0,935 
Di-(3-fl~thylbutyl) 0,940 
Di(1,3 dincthylbutyl) 0,919 
Di(2-sthylbutyl) 0.940 

(1) undecyl or 1-methyl, 4 ethyloctyl) . 

I i 
I 

1.121 
I 
! 

1.223 
1.050 
1,185 
1.102 
0,987 

0.965 
0.942 
0.947 

' 0,926 
0 . 947 t 

Di (1-methylethyl) ; 0.931 
Di(1-ethylpropyl) 0.922 
Dibutyl i 0,932 

: 0.921 Di (3-methylbutyl) 

Di (2-cthylhcxyl) 
I 

' 0.922 1 0.929 
Di(2-(2-ethylbutoxy),ethyl) 0.921 0.928 
Di(undccyl)(l) ! 0.904 ! 0.911 

Lzela tes I 
L 

i - 
Di(1-ethylpropyl) 0,940 
Di(2-ethylbutyl) i 0*938 0.92 i 0.935 
Di(2-sthylh~xyl) I 0.922 

Oo9l5 i 0.979 
I 

Di(2-butoxycthyl) ! 0.972 I 

! I 

0,93& , 
I 0.929 

0,939 
I 

1 
0.928 

Di (l,3-dinethylbutyl) 0.910 
I 

0.917 
Di(2-ethylhexyl) 0.912 1 0.919 
Di(2-(2-ethy1butoxy)ethyl) 0,951 t 0.958 f 

1 



TABLE XI I 

Bomb Oxidation ' ~ e s t s  of Typical Diesters a t  212O~. * 

f tPressv.re 
I Name of Ester !Decrease IVVtlt - No. Viscosity 4 Description of 

1 

I -- s I ??fore After 1 Before i After I Fluid After Test 

Pi-(1,3-dimethylbutyl) sebacatei 49 1 \ 

i-( 2-ethylhexyl) adipat e 1 28 
. i-(2-ethylhexyl) sebacate 1 25 

I 

i ! 

i 
Di-(1-ethylpropyl) adipate 

Di-( 1-etbylpropyl) azelate  

* Using oxygen a t  125 pounds per sq. inch i n i t i a l  pressure a t  2129. 

4.45 

6.60 

! 

4.5 1 0.02 1 0.66 
I 

3.5 10 .10  I -- 
1 i i 
I 

/ 10.3 1 11.5 1. white - cloudy 
I 

0.03 ; 10.6 1 8.23 1 8.81 / clear  - ac id ic  odor 

RESTRICTED 

110.7 Dig( 1-ethylpropyl) sebacate I l1 

I 

1 ' 17.5 8.02 
1 

i 
I 

10.0 1 12.6 / 13.2 
1 

I 
4.7-5 ' clear  - ac id ic  odor 

yellow - clear  

-- 

8.35 

yellow - precipi ta te  
alcohol odor 

yellow - cloudy 



Antioxidant 

None 

Anil ine  

Diphenylamine 

r,(p-tert-~mylphenyl) 
e thanol  amino 

2, 4' Dichlorobenzo- 
phenone 

0-(cyclohexylphenol 

4-tert-Butyl,2-phenyl 
phenol 

TABLE X I 1  

The Effect of Various Inh ib i to rs  on Oxidation S t a b i l i t y *  of dl-(2-ethylhexyl) sebacate 

AP. J h d L  
lbr. E&xa 

No, 
x! iez  

16.6 

0.22 

3.18 

0.34 

24.0 

0.08 

3.23 

3-19 

0.08 

0.12 
0.21 

0.08 

0.33 

- 
V c c  Is . s. I D e s c r i ~ t i o h  of Appearance a f t e r  Oxidation Test 

ter I of F U d  Idf m- 
I 

12.6 

12.6 

12.6 

12.6 113.5 1 White-cloudy /Oxibized I Oxidized I Oxidized 

c l e a r - s l i g h t l y  

12.6 1 2 . 6  I Clear-s l ight ly  Oxidized No change Oxidized 
yellow I I I 

12.7 

12.5 

12.6 

Oxidized 

I Clear-s l ight  l y  
yellow 

Cloudy 

Amber-slight 
sediment 
Dark green 

Nd change No change I 

12.6 

12.6 

Clear  Clear-s l ight ly  . 

yellow 
Clear-pale 
yellow 
Clear-s l ight ly  
green 

No change 

Oxidized 
Oxidized 

Oxidized 

Oxidized 

Oxidized- 
Corroded 
Oxidized 

Oxidized 

12.5 

12.6 

No change 

No change 
No change . 
No change 

No change 

No change . 
No change 

No change 

Light green 

Light green 

No change 

No change 
No change 

No change 

No change 

No change 

No change 

Oxidized 

* Oxygen bomb t e s t  method 
** Thymol 

None 
present 

Oxidized ' 

RESTRICTED 

No change 

No change 

Oxidized 

Oxidized 



TABLE XI11 

Modified Turbine Rust Test at 140%. 

Di(2-ethylhexyl) sebacate used as base fluid 

I A ,  Using Distilled Water t I 
;Wt, 5 of ; Rust 

Additive tested . i additive hatine: 
I 

B. Using Synthetic Sea Vater 

None , 

Magnesium di-(xylylstearate) 

Calcium di-(phenylstearate) . 

I 

Calcium di-(xylylstearate) 

'Barium di-(phenylstearate) 

-- 

* Test run for 24 hours 

i 
0 10 

I 10 min 

RESTRICTED 

0.35 

0.35 

0.35 

0.35 

- 
6.1 

9.8 ' 

8.6 

8.8 

9.0 

' ' 0 

0 

0 

0 

Less than 
10 min, 
Less than 
1 hr. 
Less than 
1 hr. 
Less than 
1 hl', 

- 

Magnesium di-(xylylstearate) 

Calcium di-(phenylstearate) 

Calcium dih(xyly1stearate) ; 

l~ar ium di-(phenylstearate) I 0.35 , 1/4 Less than 
11 hr* 

I I 

Ob35 

0.35 

Ob35 

0 

3/4 

1/8 



Results of Static Water Drop Tests 
- - 

" i~istilled Water Synthetic Sea 
W a t ~ r  at: Dq. -- 

erI  Rust ratin after 
Dtester used Additive tested rs r 1hrs hrs 

7 2 ~  
hrs 

Bi-(2-ethylhexyl) --Ow- 10 1 -  - - 
sebacate 

I I barium di-(phenylstearate) I 1/64 1/64 1/2 . a 
11 calcium It 1/64 1/16 l/4 1 ' 
II 1/64 1/64 1h6 1/2 
91 1/64 1/64 1/32 . 1/1% 
+t 

tt di-(xylylstearate ) 1/ 4 l B 6  l/4 1 
I I 1/64 1/32 1/16 1 
It 1/64 1/64 1/64 1/16 
11 1/64 1/64 1/8 a 
II 1/64 1/8' 1/2 2 
It - 1/64 1/26 2/4 1 
I1 , 1/32 1/2 a 4 
)I 1/8- ~ / a  2 
n 
n 

It 

O 

n 
1/64 1/16 1/8 3/4 

tt di-(phenylstearate) 1/64 1/32 1/16 1/4 
IT II di-(xylylstearate ) 1/64 1/32 1J8 1/2 
II 11naphthenate(14.5$ solids) 1/64 1/16 1/4 1 
11 sorbitan monooleate (G944) 6 l D . 2  4 6 
I1 cyclohexyl ammonium laurate 
It 

1/4 1 3 
1/2 2 4 

5 
6 

I1 1 5 

11 I cyclohexyl-ammonium xylyl- 
stearate 

1 - ---- ---- -- - - 
I ! 



TABEE XN (continued) 

Results of Static Water Drop Tests 

i 
I 

I 
I 

Z5Zesterused iGzm5%sted- 
I - 

Il 

n i !zinc I C ~ m m e r ~ i a l  sec. It 11 

I 1  I t  I1 
I 

11 n 
adipate I 

Di-(2-ethylhexyl) f " ~t 11 

azelate I 
~i-(l-eth~l~ro~~l~calci&n di-phenylstearate) 

azelqte I I 
n n II R 

j II tt I 
I 
i 1 

I 
1 

i 

RESTRICTED 



s r 

zrjrsm . 
\ 

I 

Spray Cab- ?& d LdDIC. W d  D t r r w  W b t ~  

, 
Additive tested 
di- (2-ethylhexyl) 
sebaca%e 

None 

5 7 

Calcium di-(phewl&eqqte) 1.0' ' 1/2 
! 1 

2 
I 

3 

Calcium ai-(pheqfUtearate) 
' 

2*@ ' 0 ' / 8  V4 1/2 

Calcium dl-(phenylatsakte) 3*0 0 
I 

Magnesium di-(xylyl6tu?at8) 0,- , i V4 2 4 5 
I 

Magnesium di-(~yl,yI8t88ahte) 1.0 1 lm 1 a 3 1 

~ a g n o a i ~ m d i - ( ~ y ~ y l & h * i e ~ l &  / I o j \ O  , M I  x 
I I I 

/ 

1 

RESTRICTED 
, 

\ 

# - I 
/ 

L 
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TABLE XVII 

Salubility of water in Diesters at Room Temperature 

-------------- - - - - - - - - -  - - c - - -  

I 

Identification I ---------------------- Weight ~ e r c e n t  ' .+ ------ 
L 1 

'~i-(1-ethylpropyl) a,dipate 1 0.19 i 

:~i-(1-ethylpropyl) azelate i 0.12 
I 1 O b 1 3  

I Ob12 ! 

I 
I 0.11 I 

,Di-(1-ethylpropyl) sebacate ! 

Di-(2-ethylhexyl) glutarate ! 

Di- (2-ethylhexyl) adipate 

Di- (2-ethylhexyl) azelate 
I I 

Di-(2-ethylhexyl) sebacste 

:Di-(undecyl) adipate 

* See Table XVIII for oil composition. 



Some Diester  Lubricating O i l  Compositions 

, 

ode Rust 1 W t  . ' W t  . I Polymer WE-- 
conc, 0 .  Base stock inh ib i t  o r  conc, Antioxidant 

n 
i 

* -17c zinc d i -  0.25 4-tert-butyl,  2- 
J (phenyl- phenylphenol 

s t ea ra t e )  

-1b Di-( 2-ethylhexyl) zinc d i -  0.25 4-tert-butyl,  2- 
adipate  ( phenyl- phenylphenol 

s t  eara te)  

E-21b Di-(1-ethylpropyl) calcium d i -  0.25 II 

I a z e l a t e  ( phenyl- 

I s t ea ra t e )  

-17a Di-( 2-ethylhexyl) zinc d i -  p-hydroxy diphenyl 
adipate  - 3 par t s  ( x Y ~ Y ~ -  
by vol,  ; di- (  2-ethyl- s t e a r a t e )  
hexyl) sebacate - 2 
pa r t s  by vol. 1 

conc, 

- , s t ea ra t e )  1 i 

0.10 

0.10 

0,20 

II 

II 

0.20 

thickener 

Acr l o i d  I HF- 80 

I t  

none 

n 

I1 

I 

a 3 *o 

2.5 Di-(1-ethylpropyl) II 11 

Om3f I / 0.20 

zinc d l -  O,25 diphenylamine 1 0.20 
(xylyl- 
s t ea ra t e )  

I i 
4-tert-butyl,  2- ( 0.10 
p h e n y l p l m d  

!I 0.20 

I i 
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Diester Lubricating Oils - Bomb Oxidation Tests a t  212"~ 

 omp positions are l i s p d  i n  Table XVIII 
I 

Diester I 1 
AP.Neut. so. 
p s i  B e f e  

i 1 

:Description o f  appearance 

faint green cast ,  oxidized 
clear , 

yellow, clear I I 

l i ght  brown, clear darkened 
light brown, clear 11 

11 n I I  I I  

pale yellow, clear I I I  
f 1 tl - If . I I 

* No change i n  appearance of duraltrmin an8 cold-lolled s t e e l ,  




