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Measurements  have given empir ical  formulas  for the viscosi t ies  of chlorof luorocarbon 
lubr icants .  

An activation model often descr ibes  sa t t s fac tor i ly the  tempera ture  dependence of the viscosi ty  [1]: 

E 
~] = A exp 

R T  (1) 

The tempera ture  dependence of the mechanical  and e lec t r ica l  proper t ies  of a polymer  above the v i t r i f ica-  
tion tempera ture  can [2] be descr ibed by the single empir ica l  function 

~lTrPr 
a T -- - -  (2) 

'lrTP 

As the factor  TrOt /To  has a re la t ively  weak tempera ture  dependence, the value a T is vir tually the same as 
the ra t io  of the v iscos i t ies ,  so this formula gives a sa t i s fac tory  method of describing the viscosi ty of a mol -  
ten polymer  as  a function of t empera tu re .  The usual form given to the equation is as  follows: 

lg rl = - -  C~ (T - -  Tr) (3) 
~lr C~ + (T - -  Tr) 

As T r ,  Will iams suggested a t empera ture  (the reduction temperature)  some 50 + 4 ~ above the vitrification 
t e m p e r a t u r e .  

This activation model has been used with this reduction method to descr ibe  the temperature  depen- 
dence of the viscosi ty  for chlorof luorocarbon lubricants of var ious  molecular  weights.  

We examined the ma te r i a l s  l l F ,  t2F ,  13FM, 4LF,  and 4F having the general formula X(CF 2 -- 
CFCI)nX (where X = F  or C1) [3], whose mean molecular  weights were,  respect ively ,  340, 380, 650, 750, 
and 950; we also examined a mixture  of l l F  and 4F in equal par ts  having M=570.  Distinctive features  of 
these substances a re  the wide tempera ture  range for the liquid state (above 300 ~ and the high tempera ture  
coefficient of the v iscos i ty .  

We constructed a ro l l ing-sphere  v iscometer  to work over the range from --150~ to 300~ which 
enabled us to measure  viscosi t ies  f rom 10 -4 to 102 N- s ec /m  2. The thermosta t ic  system and the e lec -  
t ronic  tempera ture  regulator  [4 ] maintained any set temperature  to bet ter  than 0. t~ t empera tures  above 
room tempera ture  were provided by heaters ,  while those below room tempera ture  were provided by cold 
ni t rogen.  

Two specimens with molecular  weights of 340 and 950 were examined with an oscillation v iscometer  
[5] over a wide tempera ture  range;  the resu l t s  f rom the two methods agreed within the e r r o r  of m e a s u r e -  
ment .  The viscosi t ies  of the lubr icants  were measured  over the wide tempera ture  range for the liquid 
state.  The lower tempera ture  limit was set by the viscosi ty  of 5 �9 102 N �9 s e c / m  2, while the upper was set 
by the production of gas bubbles.  Figure 1 shows the r e su l t s .  

The tempera ture  dependence can be represented  as two straight  lines, whose point of intersect ion 
separa tes  the par ts  differing in slope. In all cases ,  the slope in the low- tempera ture  range was higher 
than that in the h igh- tempera ture  one, while both slopes increased with the molecular  weight. This 
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Fig.  1. Viscos i ty  as  a function of t e m p e r a t u r e  
for ch lorof luorocarbon lubr icants  of molecu la r  
weights:  1) M=950; 2) 750; 3) 650; 4) 570; 5) 
380; 6) 340; exper imenta l  r esu l t s :  a) bal l  v i scom-  
e ter ;  b) osci l la t ion v i scomete r .  Calculat ions:  
c) f r o m  (16); d) (18). 

indicates  that the kink co r re sponds  to a kinetic t rans i t ion,  which co r re sponds  to the p a r a m e t e r s  ~?r and T r .  
P a r t s  a and b of F ig .  2 show the dependence of these p a r a m e t e r s  on the molecu la r  weight, which can be 
r e p r e s e n t e d  as  

lg ~lr = 3.23.10-4M -~ 0.7243, (4) 

T r = 3701gM--697. (5) 
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Molecular -weight  dependence of : a) ~?r; b) T r .  
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Fig. 3. Dependence of~/~?r on T -- T r for :  1) 
M=340; 2) 380; 3) 650; 4) 950; 5) calculated f rom 
(18). r/, :N" sec/m2; T, ~ 

A s imilar  t ransi t ion has been observed in molten macromolecula r  compounds and has been classif ied 
as a T u t ransi t ion [6]; it has been found [7-9] after suitable p rocess ing  [10] that T u t ransi t ions occur when 
the molecular  weight of the polymer  exceeds several  thousand and is due to replacement  of segmental  d is -  
p lacements  by motion of the chain as a whole. 

These chlorof luorocarbon polymers  are  of re la t ively low molecular  weight, and Boye r ' s  kinet ic-  
transit ion mechanism is not r ea l ly  applicable.  It  would seem that this trend in the viscosi ty  is governed 
in the main by the s~uc tu re  of the liquid and by the in t ramolecular  and intermolecular  interact ions.  

A c t i v a t i o n  S t u d y  

The activation model  indicates that each observed trend consists  of two exponential pa r t s ,  each having 
its own activation energy and preexponential  factor :  

E~ (6) TIt = ~o~ exp - - ,  
RT 
E~ 

T]~ = ~10~ exp - - ~ .  (7) 

The subscr ip ts  1 and 2 re la te ,  respect ively ,  to the low-tempera ture  and h igh- tempera ture  par ts ;  Figure 

1 shows that E 1 is g rea te r  than E 2 . 

The activation energy is determined by the intermolecular  interaction and by the degree of order;  the 
[n termolecular  dis tances increase  with tempera ture ,  and so the interact ions fal l .  The at t ract ive fo rces  
vary  in inverse  proport ion to the sixth power of the in termolecular  distance,  so an est imate may be made 
of the variat ion between the extreme points for the liquid state on the bas is  of the density.  This indicates 
a 20% change in the intermolecular  forces ,  whereas  the activation energy changes on average by a factor 
2.11 at the kink. Also, the molecular  interact ions va ry  monotonically,  whereas  the activation energy a l -  
t e r s  stepw[se.  It would appear that the order ing in the sys tem is responsible  for this effect .  Molecular 
aggregation should also produce the same resu l t .  
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The ac t iva t ion  e n e r g y  a l s o  i n c r e a s e s  with the m o l e c u l a r  weight ,  and the r e l a t ionsh ip  can be r e p r e s e n -  
ted as  a s t r a igh t  l ine d e s c r i b e d  by the e m p i r i c a l  r e l a t ions  

E 1 = R (9.1M - -  10~), (8) 

E2 = R (2.22M ./- 910). (9) 

The preexponent ia l  f ac to r  fo r  the l o w - t e m p e r a t u r e  p a r t  is a l so  dependent  on the m o l e c u l a r  weight:  

~lo~ = exp (--  8,3 ~ 1.6- lO-2M), (10) 

w h e r e a s  ~ o2 is cons tan t  at  

~lo~ = 8.2.10 -~. (11) 

H e r e  E is in k c a l / m o l ,  while ~? is in N �9 s e e / m  2 �9 10  - 3 .  

The full f o r m u l a  for  the v i s c o s i t y  m a y  be der ived  by combin ing  (6) and (7) toge the r  with a unit  Heavt ' -  
s ide funct ion [11], which sa t i s f i e s  the fol lowing conditions:,  

0 for t < 0 ,  

H(t) = 1/2 for l = 0, (12) 
I for t > 0. 

Then 

where  

We subst i tu te  (6)-(11) into (13) and ge t  

rl = H (t~) ~1~ +- H (t~) ~1~, 

t 1 = T - -  370 lg M -? 697, 

t 2 : 370 lg M - -  697 - -  T. 

(13) 

(14) 

(15) 

~l=H(tl)exp(--8"3--1"6"lO-~M)exp( 9'1M--103 )-':- H(t2)8"2"lO-6exp(910 + 2"22M ) �9 T (16) 

W i l l i a m s -  L a n d e l -  F e r r y  ( W L F )  C a l c u l a t i o n  

o f  t h e  V i s c o s i t y  

The W i l l i a m s - L a n d e l - F e r r y  method  is valuable  in that  it a l lows one to combine  va r i ous  e x p e r i -  
men ta l  data in r educed  coord ina te s ;  the choice  of r educ t ion  p a r a m e t e r s  is he re  v e r y  i m p o r t a n t .  We use  
the coo rd ina t e s  of the kink (Fig.  1) as  ~?r and T r .  The c u r v e s  for  five homologs  in this  s e r i e s  shows 
good a g r e e m e n t  between the t e m p e r a t u r e  dependence  of the v i s c o s i t y  in each case  in r educed  coord ina t e s  
(Fig.  3). The l oga r i t hm of the r educed  v i s c o s i t y  as  a funct ion of the r e c i p r o c a l  of the r educed  t e m p e r a t u r e  
is a s t r a igh t  l ine that  can be d e s c r i b e d  by 

Ig  TI = 520 - -  2.47 (17) 
~]r 200 § T - -  T r 

Subst i tut ion fo r  ~?r and T r f r o m  (4) and (5) g ives  a r e a s o n a b I y  s imple  r e l a t i onsh ip  for  the v i s cos i t i e s  of 
these  c h l o r o f l u o r o c a r b o n  lub r i can t s  in t e r m s  of the m o l e c u l a r  weight  th roughout  the liquid range ;  

52O 
lg-q = 3.23.10-4M -~ - -  1.7457. (18) 

897 - -  370 lg M + T 

NOTA TI ON 

rl, dynamic  v i scos i ty ;  A, p reexponen t i a l  f ac to r ;  E,  E t ,  and E 2 ,  ac t iva t ion  e n e r g i e s ;  R,  gas  constant ;  
T, t e m p e r a t u r e ;  a T ,  Wi l l iams--  L a n d e l -  F e r r y  r educ t ion  fac to r ;  p,  dens i ty ;  ~?r, P r ,  and Tr ,  r educ t ion  
v i scos i ty ,  dens i ty ,  and t e m p e r a t u r e ;  M, m o l e c u l a r  weight;  Tu, t r ans i t i on  t e m p e r a t u r e ;  701 a n d r e ,  p r e -  
exponent ia l  f ac to r s ;  H (t), Heav i s ide  funct ion .  
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