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P RE FACE 

In  most c l ima te s  e x t e r i o r  coa t ings  a r e  exposed t o  a  cons ider -  
a b l e  amount o f  r a i n  and water  vapour i n  s e r v i c e .  Consequently,  t h e  
pe rmeab i l i t y  o f  t h e s e  coa t ings  t o  water  vapour i s  one o f  t h e  more 
important  p r o p e r t i e s  because i t  a f f e c t s  t h e i r  performance. Change 
i n  pe rmeab i l i t y  wi th  i n c r e a s i n g  r e l a t i v e  humidity and temperature  
i s  a l s o  important  no t  o n l y  because i t  i n d i c a t e s  how a  ma te r i a l  may 
behave i n  p r a c t i c e  b u t  a l s o  because i t  g ives  an i n s i g h t  i n t o  t h e  
molecular  s t r u c t u r e  o f  t he  ma te r i a l  . 

Although t h e  pe rmeab i l i t y  o f  p l a s t i c  f i lms  has  been s t u d i e d  i n  
g r e a t  d e t a i l ,  owing t o  t h e i r  use a s  vapour b a r r i e r s ,  t h e  perme- 
a b i l i t y  o f  o rgan ic  c o a t i n g s ,  and i t s  change wi th  temperature  and 
r e l a t i v e  humidi ty ,  has  n o t  r ece ived  a s  much a t t e n t i o n .  

The r e p o r t  de sc r ibes  t h e  pe rmeab i l i t y  s t u d i e s  made wi th  c l e a r  
f i n i s h e s  in tended  f o r  e x t e r i o r  wood. The e f f e c t s  o f  t h e  two 
v a r i a b l e s  on permeation and on the  pe rmeab i l i t y  c o e f f i c i e n t  a r e  
d i scussed .  I t  i s  shown t h a t  t h e  r e s u l t s  can be  r e l a t e d  t o  t h e  
composition o f  t he  coa t ings .  

Ottawa 
J u l y  1976 

C . B .  Crawford 
D i r e c t o r  
DB R/NRC 



WATER VAPOUR PERMEATION THROUGH CLEAR COATINGS 

by 

M .  Yaseen and H . E .  Ashton 

INTRODUCTION 

The p r o t e c t i o n  provided by an o rgan ic  c o a t i n g  depends on many 
f a c t o r s ,  one be ing  i t s  r e s i s t a n c e  t o  permeation by gases ,  vapours, l i q u i d s  
and i o n s .  ( l )  The phenomenon o f  permeation begins  when a  d i f f u s a n t  i n  
con tac t  w i th  t h e  c o a t i n g  g e t s  imbibed i n  i t .  Depending on t h e  f o r c e s  of  
i n t e r a c t i o n  between d i f f u s i n g  molecules and t h e  components of t h e  c o a t i n g ,  
t h e  d i f f u s a n t  moves w i t h i n  t h e  c o a t i n g  i n  t h e  sorbed  s t a t e .  This  p roces s  
r e s u l t s  i n  gradual  abso rp t ion  o f  vapour u n t i l  a  s t a t e  o f  dynamic e q u i l i b -  
rium i s  reached.  A t  t h i s  s t a g e  t h e  d i f f e r e n c e  i n  vapour p re s su re  between 
the  two s i d e s  o f  t h e  c o a t i n g  causes  t h e  permeation o f  vapour through i t .  
Hence, permeat ion o f  vapour through a  coa t ing  occurs  i n  t h r e e  s t e p s :  
abso rp t ion  o f  vapour on the  s u r f a c e ,  fol lowed by i t s  d i f f u s i o n  through 
the  f i lm,  and then  deso rp t ion  o r  evapora t ion  a t  t h e  lower vapour p r e s s u r e  
s i d e .  ( 2 )  

General ly ,  coa t ings  a r e  used because they a c t  a s  b a r r i e r s  t o  t h e  
f r e e a c c e s s  of gases ,  vapours,  l i q u i d s  and ions  t o  metal s u r f a c e s .  While 
i t  i s  b e l i e v e d  t h a t  no o rgan ic  c o a t i n g  is  completely impervious,  they  do 
provide  t h e  s u b s t r a t e  w i th  cons ide rab l e  p r o t e c t i o n  from co r ros ive  
a g e n t s .  ( 3, 

Permeab i l i t y  c h a r a c t e r i s t i c s  o f  c o a t i n g s  a r e  impor tan t  i n  a s s e s s i n g  
t h e i r  performance i n  p r a c t i c a l  u se .  They a r e  dependent mostly on the  
molecular  s t r u c t u r e  and chemical n a t u r e  of groups p r e s e n t  i n  t h e  m a t e r i a l  
and t h e i r  a f f i n i t y  towards d i f f u s a n t s .  Pe rmeab i l i t y ,  i s  b a s i c a l l y  
governed by t h e  vapour p re s su re  and temperature  o f  t h e  sur roundings .  The 
pe rmeab i l i t y  p r o p e r t i e s  o f  c o a t i n g s  a l s o  a f f e c t  t h e i r  adhes ion  t o  metal-  
l i c  s u b s t r a t e s  by c o n t r o l l i n g  t h e  changes i n  osmotic  p r e s s u r e  a t  t h e  
i n t e r f a c e .  ( 4 )  

I t  i s  sometimes observed t h a t  e x t e r i o r  coa t ings  t h a t  might be  
expected t o  l a s t  f o r  yea r s  develop b l i s t e r s  and peel  w i th in  a  r e l a -  
t i v e l y  s h o r t  pe r iod ,  t h u s  s u f f e r i n g  premature f a i l u r e .  This  may be 
r e l a t e d  t o  t h e  low pe rmeab i l i t y  of  t h e  c o a t i n g  which s t i l l  a l lows  some 
mois ture  t o  d i f f u s e  through when given enough t ime.  During e x t e r i o r  
exposure vapour t h a t  condenses a t  t h e  c o a t i n g  s u b s t r a t e  i n t e r f a c e  



deve lops  h igh  p r e s s u r e  i n  t h e  h e a t  of t h e  day because o f  t h e  low 
p e r m e a b i l i t y  o f  t h e  c o a t i n g .  When t h e  vapour p r e s s u r e  b u i l t  up a t  t h e  
i n t e r f a c e  exceeds  t h e  f o r c e  of  adhesion ( a t  t hose  c o n d i t i o n s ) ,  i t  pushes  
t h e  c o a t i n g  away a t  weak s p o t s  i n  t h e  form o f  b l i s t e r s ,  which may l e a d  t o  
p e e l i n g .  On t h e  o t h e r  hand, i f  a  c o a t i n g  a l lows  vapour t o  permeate  
through i t  f r e e l y ,  i t  does n o t  a c t  a s  a  p r o t e c t i v e  c o a t i n g  e s p e c i a l l y  f o r  
metal  s u b s t r a t e s  which may co r rode .  ( 5 )  I t  i s ,  t h e r e f o r e ,  d e s i r a b l e  t h a t  
t h e  c o a t i n g  shou ld  be  moderate ly  permeable t o  ma in t a in  a  f a i r l y  low 
vapour p r e s s u r e  a t  t h e  i n t e r f a c e  s o  t h a t  t h e  adhes ion  o f  t h e  c o a t i n g  t o  
t h e  s u b s t r a t e  i s  n o t  a f f e c t e d .  

TIIEORETI CAL 

Equa t ions  f o r  Permeat ion 

A t  a  s t e a d y  r a t e  o f  permeat ion t h e  q u a n t i t y  o f  vapour Q t r a n s m i t t e d  
through a c o a t i n g  o f  t h i c k n e s s  R and a r e a  a  i n  t ime t a t  vapour p r e s s u r e  
d i f f e r e n t i a l  Ap i s  exp re s sed  by: 

where P i s  a p r o p o r t i o n a l i t y  c o n s t a n t  known as t h e  p e r m e a b i l i t y  
c o e f f i c i e n t .  

F i c k ' s  t r e a t m e n t  o f  permeat ion i s  based  on t h e  assumptions  t h a t  
permeat ion t a k e s  p l a c e  i n  a  s t e a d y  s t a t e ,  t h e  c o n c e n t r a t i o n  g r a d i e n t  i n  
t h e  f i l m  i s  uniform and permeat ion proceeds  i n  one d i r e c t i o n .  I n  such a  
c a s e  t h e  r a t e  o f  vapour t r a n s f e r  F  i s  g iven  by:  

The i n t e g r a t e d  form o f  F i c k ' s  e q u a t i o n ,  F  = D . d ~ / d x , ( ~ )  i s :  

The r e l a t i o n s h i p  sugges t ed  by Henry 's  l a w  i s  a p p l i c a b l e  i f  t h e r e  i s  
e q u i l i b r i u m  between t h e  vapour  and t h e  f i r s t  l a y e r  o f  t h e  c o a t i n g :  

There fore  : 



and 

Here p  and c  a r e  p re s su re  and concent ra t ion  o f  t h e  vapour; D and S a r e  t he  
c o e f f i c i e n t s  o f  d i f f u s i o n  and s o l u b i l i t y  o f  t he  c o a t i n g  f o r  t he  vapour.  

E f f e c t  o f  Temperature and Vapour Pressure  on the  Permeabi l i ty  C o e f f i c i e n t  

Rate dependent phenomena a r e  n a t u r a l l y  a f f e c t e d  by changes i n  tempera- 
t u r e .  A r i s e  i n  t h e  temperature a c t i v a t e s  t he  molecules and c r e a t e s  voids 
by the  movement o f  polymer segments which i n  t u r n  a r e  occupied by d i f fu -  
s a n t  i n  t h e  v i c i n i t y  thus  provid ing  the  vapour wi th  an easy means o f  move- 
ment. ( 7,  Permeation o f  vapours through polymers i s  a  thermally a c t i v a t e d  
process  and the  temperature dependence over  small  changes can be given by 
an Arrhenius type equat ion .  ( 

Po, t h e  pre-exponent ial  f a c t o r ,  can be r e l a t e d  t o  the  openness o f  t h e  
polymer s t r u c t u r e  and t h e  appearing-  d isappear ing  and reforming o f  voids 
due t o  movements o f  segmental cha ins  i n  t he  a c t i v a t e d  s t a t e .  E i s  t h e  
apparent  energy of a c t i v a t i o n  f o r  permeation. P  

The p re s su re  dependence o f  t h e  permeabi l i ty  c o e f f i c i e n t  o f  a  polymer 
f o r  a  vapour i s  governed b a s i c a l l y  by t h e  s i z e  and shape o f  t h e  pene t r a -  
t i n g  molecule and a l s o  by i t s  a c t i v i t y  and s o l v e n t  power. Idea l  gases ,  
because o f  t h e i r  low a c t i v i t y  and s o l v e n t  power, do not  cause swe l l i ng ,  
s t r a i n  o r  o t h e r  rearrangements i n  t he  s t r u c t u r e  o f  polymers. Conse- 
quen t ly ,  permeabi l i ty  c o e f f i c i e n t s  o f  polymers f o r  such gases a r e  not  
a f f e c t e d  by concent ra t ion  a t  a  cons t an t  tempera ture .  In  t h e  case  o f  
water  vapour, t he  a c t i v i t y  o f  sorbed vapour i n c r e a s e s  wi th  concen t r a t ion  
and may have a  p l a s t i c i z i n g  e f f e c t  on the  molecular  s t r u c t u r e  o f  t he  
polymer thus promoting the  r a t e  o f  permeation. The dev ia t ions  o f  perme- 
a t i o n  from Fickian  behaviour  wi th  concen t r a t ion  o r  vapour p re s su re  a r i s e  
a s  a  consequence o f  t he  f i n i t e  r a t e s  by which changes take  p l ace  i n  the  
s t r u c t u r e  o f  t h e  polymer due t o  s t r e s s e s  imposed upon i t  be fo re  and 
during the  s o r p t i o n  - d i f f u s i o n  - permeation processes .  (9) 

I t  has  been observed i n  water  vapour pe rmeab i l i t y  t e s t s  t h a t  under 
a  s t eady  s t a t e  o f  permeation, the  d i s t r i b u t i o n  o f  the  vapour sorbed i n  
t he  coa t ing  e q u i l i b r a t e s  s o  t h a t  t he  vapour p re s su re  g r a d i e n t  i s  l i n e a r  
through the  f i l m .  Because o f  t he  low i n t e r a c t i o n  between water  and most 
o rgan ic  polymer molecules,  the  permeabi l i ty  c o e f f i c i e n t s  o f  polymers a r e  
no t  g r e a t l y  a f f e c t e d  by r e l a t i v e  h u m i d i t y ( l O )  o r  t h i ckness  o f  t h e  
f i lm .  (11) 



Some o f  t h e  obse rva t ions  made a t  DBR/NRC on the  e f f e c t  o f  tempera- 
t u r e  and humidi ty  g r a d i e n t s  on moisture  t ransmiss ion  through o rgan ic  
b u i l d i n g  m a t e r i a l s  have been r epo r t ed  e a r l i e r .  (12)  I t  was f e l t ,  however, 
t h a t  l i t t l e  in format ion  was a v a i l a b l e  on the  e f f e c t  o f  vapour p r e s s u r e  
and temperature  on t h e  r a t e  o f  permeation of wa te r  vapour through coa t ings  
such a s  pheno l i c  va rn i shes  and a lkyds .  I t  was considered worthwhile,  
t h e r e f o r e ,  t o  s tudy  t h e  p r o p e r t i e s  o f  such c o a t i n g  m a t e r i a l s  and the  
r e s u l t s  of t h i s  i n v e s t i g a t i o n  a r e  now r e p o r t e d .  

EXPERIMENTAL 

Mate r i a l s  

m e l v e  paraphenylphenol ic  r e s i n  va rn i shes  p rev ious ly  d e s c r i b e d ( 1 3 )  
were used.  The p ropor t i on  o f  o i l ,  r e s i n  and s o l v e n t s  i n  each varn ish  a r e  
summarized i n  Table 1.  Five o r t h o p h t h a l i c  s h o r t ,  medium and long  a lkyds ,  
s i x  i s o p h t h a l i c  long and very long  alkyds,  and two medium alkyds prepared  
i n  t h e  l a b o r a t o r y  were a l s o  t e s t e d .  The compositions of t h e  commercial 
a lkyds l i s t e d  i n  Table 2  a r e  based  upon informat ion  given by the  manufac- 
t u r e r s  i n  t h e  t e c h n i c a l  l i t e r a t u r e .  

Commercial ca rdanol  and cashew nut  s h e l l  l i q u i d  (CNSL) were f i r s t  
condensed wi th  hexamine i n d i v i d u a l l y  and one o f  t h e  r e a c t i o n  products ,  
cardanol-hexamine condensate  o r  CNSL-hexamine condensate ,  i nco rpo ra t ed  i n  
some o f  t h e  o i l s ,  phenol ic  r e s i n  va rn i shes  and commercial a lkyds .  The 
composi t ions o f  t h e  modi f ied  coa t ings  a r e  desc r ibed  i n  Table 3. 

Free Films 

Coat ings o f  uniform th i cknes s  were drawn down by a  machine-driven 
f i l m  a p p l i c a t o r  on t i n  f o i l  and a i r  d r i e d  f o r  3 weeks i n  a  d u s t - f r e e  room 
c o n t r o l l e d  a t  50 ' 5 p e r  c e n t  R . H .  and 73 t 3.5 OF (23 * 2 OC). 1he f r e e  
f i l m  ob ta ined  by amalgamation o f  t h e  t i n  were d r i e d  i n  t h e  same room f o r  
a t  l e a s t  ano the r  3  weeks be fo re  u s ing  them. 

Permeabi l i ty  Measurements 

The s t eady  r a t e  o f  permeation of  water  vapour through f r e e  f i lms  o f  
t h e  c l e a r  f i n i s h e s  was determined us ing  a  modi f ica t ion  o f  t h e  well-known 
cup method. Film samples c u t  t o  t h e  s i z e  of  t h e  cup were p laced  ca re -  
f u l l y  on t h i n  cardboard r i n g s  soaked i n  molten wax. They were f i r s t  
e q u i l i b r a t e d  wi th  vapour a t  t h e  d e s i r e d  R . H .  and temperature  and then  
p laced  o v e r  t h e  cup which had been f i l l e d  t o  t h e  top  with anhydrous 
magnesium p e r c h l o r a t e ,  t ak ing  ca re  t h a t  t h e  granules  d i d  n o t  touch the  
f i l m .  The cup was s e a l e d  wi th  wax i n  such a  way t h a t  a  known a r e a  o f  
f i l m  covering t h e  d e s i c c a n t  i n  t he  cup was exposed f o r  t h e  t ransmiss ion  



of vapour.  ( I 4 )  S e a l i n g  o f  cups wi th  t h e  f i l m s  was c a r r i e d  o u t  a t  t h e  
temperature  o f  t h e  experiment s o  t h a t  t h e  f i lms  would no t  bulge o r  
c o n t r a c t  due t o  changes i n  t h e  temperature  o f  t he  experimental  surround-  
i n g s .  T r i p l i c a t e  specimens were prepared  f o r  each type o f  f i l m  and 
s e p a r a t e  s e t s  were used f o r  t h e  v a r i a t i o n  o f  temperature  and o f  R.H.  

The s e a l e d  cups were p l aced  i n  a  s p e c i a l l y  designed humidi ty  cab ine t  
which can be  a d j u s t e d  t o  any d e s i r e d  r e l a t i v e  humidi ty  a t  temperatures  
between 30 and 160 O F .  The t ransmiss ion  o f  water  vapour was determined 
by weighing t h e  cup i n s i d e  t h e  humidi ty  c a b i n e t ,  t h e  gain i n  t h e  weight  
be ing  fol lowed a s  a  f u n c t i o n  o f  t ime .  In  most ca se s  a  s t eady  r a t e  o f  
vapour t r a n s f e r  was a t t a i n e d  i n  4 8  hou r s .  

The r a t e  o f  wa te r  vapour permeation through the  f r e e  f i l m  was d e t e r -  
mined under  s t eady  s t a t e  flow cond i t i ons  a t  d i f f e r e n t  r e l a t i v e  humid i t i e s  
wi th  cons t an t  temperature  o f  73 O F  and a t  d i f f e r e n t  temperatures  wi th  
cons t an t  humidity o f  50 p e r  c e n t .  Rates were c a l c u l a t e d  i n  terms o f  t h e  
q u a n t i t y  o f  vapour (g) permeat ing i n  one hour  (h) through a  f i l m  o f  u n i t  
a r ea  (m2) and u n i t  t h i cknes s ,  1 m i l  ( 25  um) . 

RESULTS 

Treatment o f  Resul ts  

The space i n  t h e  cup under t he  f i l m  i s  f i l l e d  wi th  t h e  d e s i c c a n t  t o  
t h e  e x t e n t  t h a t  only a  f a i r l y  small  volume between t h e  f i l m  and d e s i c c a n t  
i s  l e f t .  I n  such a  system t h e  vapour permeat ing through t h e  f i l m  i s  
~riost ly  absorbed by t h e  d e s i c c a n t  thus  having n e g l i g i b l e  p r e s s u r e  i n  t h e  
cup. For t he  purpose o f  c a l c u l a t i n g  t he  c o e f f i c i e n t  o f  permeation, t h e  
vapour p re s su re  i n s i d e  t he  cup has  been cons idered  t o  be  zero and the  
p re s su re  d i f f e r e n t i a l ,  Ap, ac ros s  t h e  f i l m  equa l  t o  t h e  vapour p re s su re  
corresponding t o  t h e  r e l a t i v e  humidity o f  t h e  experiment .  

The pe rmeab i l i t y  c o e f f i c i e n t  o f  each c o a t i n g  formula t ion  f o r  water  
vapour was c a l c u l a t e d  u s ing  Equation (1) and expressed  i n  t h e  fo l lowing  
u n i t s  : 

Q x R  gm cm P = 
a x t  x A p  

cm2 s e c  mm Hg 

E f f e c t  o f  R e l a t i v e  Humidity on Permeation 

A t  c o n s t a n t  temperature  and a  p a r t i c u l a r  vapour p re s su re  t h e  flow o f  
vapour through the  c o a t i n g  a t t a i n s  a  s t e a d y  r a t e  a f t e r  about 48 hou r s .  
When t h e  p re s su re  d i f f e r e n c e  ac ros s  t he  f i l m  i s  changed t o  a  d i f f e r e n t  
value t h e  r a t e  changes u n t i l  s t eady  cond i t i ons  a r e  aga in  reached.  The 
amount o f  water  vapour sorbed  by a  c o a t i n g  v a r i e s  wi th  t h e  R.H. ;  hence, 



t h e  p l a s t i c i z i n g  e f f e c t  of t he  sorbed vapour on t h e  t ransmiss ion  o f  vapour 
through the  coa t ing  changes correspondingly.  The inc rease  i n  permeation 
r a t e s  wi th  vapour p res su re  can r e a d i l y  be seen  i n  a l l  p l o t s  a g a i n s t  R . H .  

Permeation r a t e s  through phenol ic  varn ishes  (Table 4)  i nc rease  l i n -  
e a r l y  with water  vapour p res su re  a t  lower r e l a t i v e  humidi t ies  bu t  a t  
h ighe r  R . H .  t he  inc rease  i s  somewhat more than  l i n e a r  a s  shown i n  Figures 
1 and 2. This may be  due t o  an inc rease  i n  sorbed water  a t  h igher  R . H .  
t h a t  promotes permeation by a c t i n g  a s  a  p l a s t i c i z e r .  Also a s  f i lms  swell  
due t o  sorbed water ,  t h e r e  would be more space f o r  d i f f u s i o n  t o  take 
p l ace .  

Permeation r a t e s  through alkyds (Table 5) a r e  more a f f e c t e d  by water  
vapour p res su re  than through phenol ics .  For example, a t  50 p e r  cen t  R .H.  
and 73 O F  t h e  permeation o f  water  vapour through a medium l in seed  alkyd 
(NRP 1055) i s  10 p e r  cent  lower than through a l i n seed  phenol ic  (1021), 
whereas a t  97 p e r  c e n t  R . H .  i t  i s  31 p e r  cen t  more. For comparison of 
moisture content  dependence, the  permeation r a t e s  a r e  p l o t t e d  a g a i n s t  
R . H .  i n  Figure 3 f o r  a  few alkyds having d i f f e r e n t  o i l s  and o i l  contents  
and a l s o  of  two phenol ics .  In  the one comparable case i n  Table 5 
(El vs E5 and E6) i t  i s  seen  t h a t  permeation through o r t h o p h t h a l i c  alkyds 
i s  g r e a t e r  than through i s o p h t h a l i c  alkyds a t  h ighe r  R . H .  

Because i n  the  case  o f  alkyds the  permeation r a t e s  inc rease  qu ick ly  
and l i n e a r l y  with R . H .  a t  around 80 p e r  cen t  R.H. and above, i t  i s  con- 
cluded t h a t  t he  p l a s t i c i z i n g  ac t ion  o f  the sorbed vapour on the  i n t e r n a l  
s t r u c t u r e  o f  t h e  coa t ing  i s  more e f f e c t i v e  and inc reases  uniformly a t  
h ighe r  R . H .  

Of t h e  phenolic  varn ishes ,  those prepared from semi-drying soya o i l  
a r e  r e l a t i v e l y  the  most permeable t o  water  vapour. Upon modif icat ion 
with the condensate o f  e i t h e r  cardanol  o r  CNSL t h i s  proper ty  i s  changed 
cons iderably  (Figure 4 ) .  Modified dehydrated c a s t o r  o i l  phenolics  a l s o  
show lower permeation than the  unmodified ones (Figure 5 ) .  The r e s u l t s  
a l s o  i n d i c a t e  t h a t  t h e  CNSL condensate with hexamine reduces t h e  perme- 
a b i l i t y  o f  phenol ics  and alkyds more than the  cardanol  condensate 
(Table 6) . 

I t  is  ev iden t  from Table 6 t h a t  modif icat ion of the  long and very 
long o i l  a lkyds reduced t h e i r  permeabi l i ty  s i g n i f i c a n t l y  (E2 vs 1066, E6 
vs 1065 and 913 vs 1067). The same degree of change i n  the  permeabi l i ty  
of  a  s h o r t  alkyd (916 vs 1068) is  n o t  found (Figure 6 ) .  This i s  con- 
s i d e r e d  t o  be  confirmation t h a t  i n  long and very long alkyds, the  o i l  is  
not  f u l l y  r eac ted  with the  r e s i n ( 1 5 )  so  the  cardanol o r  CNSL hexamine 
condensate forms cross-  l i n k s  with t h e  p a r t i a l l y  r eac ted  o i l  and improves 
the  p r o p e r t i e s  o f  t he  composition. In a  s h o r t  alkyd the  degree o f  
r e a c t i o n  i s  l i m i t e d  hence t h e  modif ica t ion  can have l e s s  e f f e c t .  



E f f e c t  o f  Temperature on Permeation 

A c e r t a i n  amount o f  energy i s  needed t o  gene ra t e  t h e  thermal motion 
o f  coa t ing  molecules s o  t h a t  they  a r e  s e p a r a t e d  s u f f i c i e n t l y  t o  a l low t h e  
d i f f u s a n t  molecules t o  move through t h e  spaces  c r e a t e d .  The f a i r l y  low 
permeation r a t e s  o f  some va rn i shes  a t  6 3  OF show t h a t  t he  movement of 
water  vapour through t h e  coa t ings  i s  very  low due t o  t he  slow s t a t e  of  
molecular  a c t i v i t y .  On t h e  o t h e r  hand a  temperature  i n c r e a s e  of  40 OF 
a c t i v a t e s  t h e  c o a t i n g  molecules s o  t h a t  t h e  permeation r a t e s  o f  some 
phenol ics  a r e  found t o  be  more than 7  t imes f a s t e r  (Table 7 ) .  n e s e  
r e s u l t s  i n d i c a t e  t h a t  a  change i n  t h e  environmental temperature  has  a  
marked i n f l u e n c e  on permeat ion r a t e s  o f  vapours through c e r t a i n  c o a t i n g s .  
I t  i s  u se fu l  t h e r e f o r e  t o  know the  temperature  dependence of  permeation 
r a t e s  i f  t h e  s e l e c t i o n  o f  coa t ings  i s  t o  b e  made on t h e  b a s i s  of  perme- 
a b i l i t y  p r o p e r t i e s .  

The r e s u l t s  show t h a t  with pheno l i c  va rn i shes  t he  i n c r e a s e  i n  perme- 
a t i o n  r a t e s  wi th  temperature  depends on t h e  type of o i l  used because t h e  
i n c r e a s e  i s  n o t  p r o p o r t i o n a l  i n  a l l  c a se s  (Table  7 ) .  This f e a t u r e  can b e  
n o t i c e d  i n  t h e  p l o t s  of permeat ion r a t e s  (Figure 7) .  For example, a t  
6 3  O F  and 50 p e r  c e n t  R . H . ,  t h e  r a t e  through 20-gal .  soya phenol ic  
(0 .61 g/m2/h/mil) i s  one and a  h a l f  t imes t h a t  o f  t h e  same o i l  l eng th  tung 
phenol ic  (0.405 g/m2/h/mil) whereas a t  103.6 OF i t  i s  double (soya - 4.64; 
tung  - 2.36) .  I n  t he  c a s e  of  va rn i shes  wi th  t h e  same o i l  b u t  d i f f e r e n t  
o i l  con ten t s ,  t he  permeation r a t e s  o f  c o a t i n g s  wi th  high o i l  con ten t  
i n c r e a s e  r e l a t i v e l y  f a s t  wi th  temperature  ( l i n s e e d  o i l  pheno l i c s  : 1021, 
902, 903 and 905 i n  F igure  7) . 

The permeat ion r a t e s  o f  s e v e r a l  a lkyds  and 3  phenol ics  a r e  p l o t t e d  
i n  F igure  8 .  Comparison o f  p l o t s  f o r  a lkyds  and phenol ics  (1055 vs  1021, 
1056 vs  1022 and 915 vs  1024) shows t h a t  t h e  temperature  dependence o f  
permeation r a t e s  o f  a lkyds  i s  more than f o r  pheno l i c s .  Among alkyds t h e  
i n c r e a s e  i n  r a t e s  wi th  temperature  i s  g r e a t e r  i n  t h e  case o f  o r t h o p h t h a l i c  
a lkyds  than t h e  i s o p h t h a l i c  ones (913 vs E5 i n  Table  8) . P l o t s ,  E2 vs E3 
show the  d i f f e r e n c e  i n  t h e  pe rmeab i l i t y  p r o p e r t i e s  o f  soya and s a f f l o w e r  
o i l s .  I t  i s  thought t h a t  t h e  e f f e c t  o f  temperature  on permeation proper -  
t i e s  o f  a lkyds  can be  c o r r e l a t e d  wi th  t h e  degree o f  c r o s s - l i n k i n g ,  t he  
i n t e r -mo lecu la r  spac ings  and t h e  t o t a l  f r e e  energy l e v e l s  i n  t h e i r  mole- 
c u l a r  s t r u c t u r e s .  

The e f f e c t  o f  t empera ture  on permeation r a t e s  through modif ied 
a lkyds  and phenol ics  i s  i l l u s t r a t e d  i n  F igure  9  and p re sen t ed  i n  Table  9 .  
Af t e r  mod i f i ca t i on  t h e r e  i s  less d i f f e r e n c e  between dehydrated c a s t o r  
and soya (1058 vs 1060) than  wi th  t h e  o r i g i n a l  v a r n i s h e s .  ?he l a r g e  
d i f f e r e n c e  between a  modif ied c o a t i n g  and i t s  o r i g i n a l  coun te rpa r t  shows 
the  improvement i n  temperature  r e s i s t a n c e  p r o p e r t i e s  due t o  t h e  r e a c t i o n .  
Modif icat ion o f  t h e  40-ga l .  soya phenol ic  r e s u l t s  i n  lower pe rmeab i l i t y  
f o r  1062 than t h e  unmodified 20-gal .  v a r n i s h .  Even soya o i l  modified by 
cardanol  condensate (1064) t r ansmi t s  l e s s  w a t e r  vapour than unmodified 



very long o i l  alkyds a t  h igher  temperatures .  The d i f f e r e n c e  i n  tempera- 
t u r e  dependence between unmodified and modified alkyds i s  small f o r  s h o r t  
o i l  l engths  (916 vs 1068) b u t  i nc reases  wi th  i n c r e a s i n g  o i l  con ten t  
(913 vs 1067 and E2 vs 1066) . 

E f f e c t  o f  R .H.  On Permeabil i tv  Coef f i c i en t  

The permeabi l i ty  c o e f f i c i e n t s  a t  d i f f e r e n t  R . H .  a r e  given f o r  
phenol ics  i n  Table 10 and a r e  p l o t t e d  i n  Figure 10. While h igher  
humidi t ies  had a  l a r g e  e f f e c t  on permeation r a t e s  (Figures 1 and 2) the  
phenol ic  permeabi l i ty  c o e f f i c i e n t  p l o t s  a r e  almost f l a t  wi th  r e spec t  t o  
the  R . H .  a x i s .  Although the  d i r e c t i o n  away from the  a x i s  i n d i c a t e s  some 
dependence on moisture con ten t ,  i t  i s  concluded t h a t  t h e  permeabi l i ty  
c o e f f i c i e n t s  o f  phenol ics  f o r  water  vapour a r e  l i t t l e  a f f e c t e d  by an  
inc rease  i n  moisture con ten t .  

The permeabi l i ty  c o e f f i c i e n t s  of alkyds a re  found t o  inc rease  wi th  
R.H.  r a t h e r  more than phenol ics  (Figure 11 and Table 11 ) .  

The R . H .  dependence o f  permeabi l i ty  c o e f f i c i e n t s  of  some modified 
alkyds and phenol ics  i s  i l l u s t r a t e d  i n  Figure 12. The p l o t  f o r  modified 
alkyd 1067 shows the  e x t e n t  o f  t he  decrease i n  permeabi l i ty  c o e f f i c i e n t  
and i t s  dependence on R.H.  i n  comparison wi th  t h e  unmodified alkyd 913. 
A remarkable decrease i n  the  R . H .  dependence of  t h e  permeabi l i ty  
c o e f f i c i e n t  o f  very long i s o p h t h a l i c  alkyd E2 can be seen  a f t e r  i t s  modi- 
f i c a t i o n  (1066). Modified phenol ics  show some decrease i n  the  R . H .  
dependence o f  t h e i r  permeabi l i ty  c o e f f i c i e n t s  i n  the  case  o f  those  which 
were a f f e c t e d  t h e  most i n  the  unmodified form (Tables 10 and 12) .  

E f f e c t  o f  T e m ~ e r a t u r e  on Permeabi l i tv  C o e f f i c i e n t  

The change i n  permeabi l i ty  c o e f f i c i e n t  wi th  temperature provides  an 
i n s i g h t  i n t o  t h e  mechanism o f  permeation and the  na tu re  o f  t h e  coa t ing .  
Owing t o  the  low a c t i v i t y  o f  i d e a l  gases towards polymers, l o g  P i s  a  
l i n e a r  func t ion  o f  1/T over  a  wide temperature range above t h e  g l a s s  
t r a n s i t i o n  temperature.  By c o n t r a s t ,  the permeation o f  water  vapour 
through any amorphous polymer, such a s  a  coa t ing ,  i s  a f f e c t e d  by tempera- 
t u r e  because o f  t he  inc reased  a c t i v i t y  of water .  Nevertheless ,  t he  
permeabi l i ty  c o e f f i c i e n t s  o f  coa t ings  f o r  water  vapour a r e  l i n e a r l y  
r e l a t e d  t o  t h e  inve r se  of  temperature over  small  temperature changes. 

In  the  case  o f  phenol ics  i t  has been seen  t h a t  t h e i r  permeabi l i ty  
c o e f f i c i e n t s  a r e  almost independent o f  R . H .  a t  lower r e l a t i v e  humidi t ies  
but  they a r e  found t o  inc rease  wi th  temperature.  The temperature 
dependence of t h e  permeabi l i ty  c o e f f i c i e n t s  of phenol ics  a s  a  funct ion  
o f  the  types o f  o i l s  and o f  o i l  con ten t s  can be seen  i n  Figure 13  and 
Table 13. 



The i n c r e a s e  i n  pe rmeab i l i t y  c o e f f i c i e n t s  o f  a lkyds wi th  temperature  
i s  r e l a t i v e l y  h i g h e r  than  phenol ics  (Figure 14, 1055 vs 1021 and E6 YS 

1022) . The temperature  dependence o f  pe rmeab i l i t y  c o e f f i c i e n t s  o f  o r tho-  
p h t h a l i c  a lkyds  i s  g r e a t e r  than t h a t  o f  i s o  alkyds a t  comparable o i l  
l e n g t h s .  The d i f f e r e n c e  due t o  o i l  type  i s  ev iden t  i n  Table 14 by compar- 
i ng  1055 with 1056 f o r  an o r t h o  a lkyd  and E2 wi th  E3 f o r  an i s o  a lkyd .  

?he p l o t s  o f  pe rmeab i l i t y  c o e f f i c i e n t s  o f  modif ied alkyds and 
pheno l i c s  a s  a  func t ion  o f  temperature  i n  Figure 15 show t h a t  t h e  modifi-  
c a t i o n s  a f f e c t  t h e  temperature  dependence o f  t he  pe rmeab i l i t y  c o e f f i c i e n t s  
(Table 1 5 ) .  

E f f e c t  o f  Composition on Permeation o f  Water Vapour 

From the  r e s u l t s  p r ev ious ly  p re sen t ed  i t  can be s e e n  t h a t ,  i n  
gene ra l ,  t h e  h ighe r  t h e  o i l  con ten t  i n  e i t h e r  pheno l i c  va rn i shes  o r  a lkyds ,  
t h e  g r e a t e r  t h e  permeabi l i ty  and t h e  more permeation r a t e s  and c o e f f i c i e n t s  
a r e  a f f e c t e d  by temperature  and r e l a t i v e  humidity.  

I n  pheno l i c  va rn i shes  t h e  r a t e  o f  permeation decreases  wi th  i nc reas -  
i ng  r e s i n  con ten t  wi th  a l l  f o u r  o i l s  s t u d i e d .  Also t h e  changes i n  perme- 
a t i o n  and pe rmeab i l i t y  c o e f f i c i e n t  wi th  both i n c r e a s i n g  R . H .  and tempera- 
t u r e  a r e  s m a l l e r  wi th  varn ishes  con ta in ing  l e s s  o i l  (F igures  1, 7, 10 and 
13 ) .  I t  i s  a l s o  ev iden t  t h a t  tung o i l  va rn i shes  a r e  l e s s  permeable t o  
wa te r  vapour than l i n s e e d  fol lowed by dehydrated c a s t o r  and soya.  Again, 
t h e  e f f e c t  o f  R . H .  and temperature  on permeat ion r a t e  and pe rmeab i l i t y  
c o e f f i c i e n t  i s  i n  t h e  same o r d e r .  

Alkyds a r e  more permeable t o  wa te r  vapour than pheno l i c s .  To o b t a i n  
t h e  same permeat ion r a t e  a t  73 O F  a s  t h e  20-gal soya va rn i sh  which 
con ta in s  67  p e r  c e n t  o i l  i t  i s  neces sa ry  t o  use a  soya a lkyd  wi th  an  o i l  
con ten t  l e s s  t h a t  60 p e r  cen t .  Within t h e  a lkyd  group t h e r e  i s  the  same 
r e l a t i o n s h i p  between o i l  con ten t  and pe rmeab i l i t y  a l though NRP 914 appears  
t o  be  o u t  o f  l i n e .  There a r e  n o t  s u f f i c i e n t  r e s i n s  con ta in ing  the  same 
amount b u t  d i f f e r e n t  types o f  o i l  t o  reach f i r m  conculs ions  about the  
e f f e c t  o f  o i l  type .  I t  appears ,  however, t h a t  a s  wi th  t he  pheno l i c s ,  l i n -  
s eed  alkyds a r e  l e s s  permeable than soya o r  s a f f l o w e r  alkyds.  I s o p h t h a l i c  
a lkyds  a r e  l e s s  permeable than o r t h o p h t h a l i c  r e s i n s  o f  comparable o i  1 
l eng th .  For example, E6 wi th  67  p e r  c e n t  soya  t r ansmi t s  1 . 3  g/rn2/hr/mil 
whi le  913 wi th  62.5 p e r  c e n t  o i l  t r ansmi t s  1 .4  g  a t  73 O F .  

The e f f e c t  o f  modi f ica t ion  wi th  cardanol  o r  CNSL hexamine condensate 
i s  t o  reduce t h e  permeation r a t e  a t  a  given s e t  o f  cond i t i ons  and t h e  
e f f e c t  o f  R .H .  and temperature  on permeation and permeabi l i ty  c o e f f i c i e n t s  
The l a t t e r  can be  seen i n  Table 16 where some o f  t h e  changes i n  r a t e  and 
c o e f f i c i e n t  a r e  summarized. I t  i s  a l s o  ev iden t  t h a t  CNSL causes  a  
g r e a t e r  change i n  pe rmeab i l i t y  c h a r a c t e r i s  t i c s  than  cardanol  . 



DISCUSSION 

The w a t e r  molecule i s  r e l a t i v e l y  smal l  and h a s  a  tendency t o  form 
hydrogen bonds w i th  o t h e r  w a t e r  molecules  i n  e i t h e r  t h e  l i q u i d  o r  s o l i d  
s t a t e  a s  we l l  a s  w i th  p o l a r  groups p r e s e n t  i n  t h e  m a t e r i a l  o f  c o n t a c t .  
Hence w a t e r  vapour sorbed  i n  a  c o a t i n g  forms hydrogen bonds w i t h  
h y d r o p h i l i c  o r  p o l a r  groups o f  t h e  polymer and permeat ion i s  fo l lowed  by 
t h e  s p a t i a l  movement o f  t h e  vapour from h i g h  t o  low p r e s s u r e  l e v e l s .  
Apar t  from t h e  h e a t  o f  s o l u t i o n  t h e  sorbed  vapour needs  energy f o r  moving 
from one p o s i t i o n  t o  t h e  o t h e r .  Th is  energy i s  p r i n c i p a l l y  s u p p l i e d  by 
t h e  thermal  motion o f  t h e  polymer molecu les .  S t r u c t u r a l  c o n f i g u r a t i o n  
and i n t e r - m o l e c u l a r  f o r c e s  c o n t r i b u t e  t o  a  polymer 's  t o t a l  f r e e  energy 
which consequent ly  is  o f  a  d i f f e r e n t  magnitude f o r  each polymer. S i n c e  
a  change i n  t empera ture  g e n e r a t e s  d i f f e r e n t  thermal  motions i n  d i f f e r e n t  
polymers a  vapour w i t h  a  d e f i n i t e  amount o f  f r e e  energy f a c e s  d i f f e r e n t  
degrees  of r e s i s t a n c e  i n  permea t ing  through them. 

This  d i f f e r e n c e  i n  energy requ i rement  f o r  t h e  permeat ion o f  vapour  
i s  r e l a t e d  t o  t h e  degree  o f  c r o s s - l i n k i n g  i n  t h e  polymer as w e l l  a s  t o  
t h e  s i z e  o f  t h e  p e n e t r a t i n g  molecule .  In a  h i g h l y  c r o s s - l i n k e d  p roduc t  
t h e  randomness due t o  t h e  movement o f  segmental  c h a i n s  and fo rmat ion  o f  
spac ings  i s  r e s t r i c t e d .  In such a  system t h e  movement o f  t h e  p e n e t r a n t  
i s  impeded and t h e  r a t e  of  d i f f u s i o n  and consequent ly  t h e  permeat ion i s  
dependent upon t h e  degree  o f  c r o s s - l i n k i n g .  ( 1 6 )  The energy  o f  a c t i v a t i o n  
r e q u i r e d  f o r  t h e  permeat ion o f  vapour through a c o a t i n g  can  be  c o r r e l a t e d  
w i th  t h e  degree o f  c r o s s -  l i n k i n g .  

The r e s u l t s  r e p o r t e d  h e r e  on t h e  permeat ion of  w a t e r  vapour through 
c o a t i n g s  ba sed  on semi-dry ing  and d ry ing  o i l s  suppo r t  t h e  q u a l i t a t i v e  
r e l a t i o n s h i p  between permeat ion and t h e  degree  o f  c r o s s - l i n k i n g  i n  
c o a t i n g s .  Resin i n  t h e  composi t ion n o t  o n l y  forms c r o s s - l i n k s  w i th  t h e  
o i l  b u t  a l s o  p h y s i c a l l y  r e i n f o r c e s  t h e  c o a t i n g .  Th is  i s  i l l u s t r a t e d  i n  
t h e  d i f f e r e n c e s  between p h e n o l i c s  and a lkyd  c o a t i n g s .  Pheno l i c s  have a  
more h i g h l y  condensed s t r u c t u r e  which is r e f l e c t e d  i n  t h e  lower perme- 
a b i l i t y  and h i g h e r  t e n s i l e  s t r e n g t h  o f  v a r n i s h e s  made w i th  them. 

Conversely  t h e  o i l  p o r t i o n  o f  c o a t i n g s  h a s  a much more open s t r u c t u r e  
r e s u l t i n g  i n  r e l a t i v e l y  low r e s i s t a n c e  t o  w a t e r  t r a n s m i s s i o n  and low 
t e n s i l e  p r o p e r t i e s .  Tung o i l ,  because  o f  i t s  h igh  degree o f  con juga t ed  
u n s a t u r a t i o n  forms more c r o s s - l i n k s  w i th  r e s i n s  and w i th  i t s e l f  t han  do 
t h e  o t h e r  o i l s .  Consequent ly ,  tung-based v a r n i s h e s  a r e  n o t  o n l y  l e s s  
permeable t o  w a t e r  b u t  a l s o  s t r o n g e r  mechanica l ly  than v a r n i s h e s  made 
w i t h  o t h e r  o i l s .  

CONCLUSIONS 

Permeat ion r a t e s  and p e r m e a b i l i t y  c o e f f i c i e n t s  o f  c o a t i n g s  f o r  w a t e r  
vapour r e p o r t e d  h e r e  d i f f e r  g r e a t l y  from each o t h e r  i n  magnitude.  This  
f e a t u r e  o f  t h e  p e r m e a b i l i t y  p r o p e r t i e s  o f  c o a t i n g s  can b e  e x p l a i n e d  on 



t he  b a s i s  o f  t he  genera l  c h a r a c t e r i s t i c s  of t h e  m a t e r i a l s  used i n  t h e  
formula t ion  and a l s o  t h e i r  s t r u c t u r a l  arrangement.  Poor symmetrical o r  
unsymmetrical molecules i n t e r f e r e  wi th  molecular  packing w i t h i n  a m a t e r i a l .  
Consequently; t h e  molecular  s t r u c t u r e  develops openings with s u f f i c i e n t  
spac ings  s o  t h a t  permeating molecules can d i f f u s e  through them e a s i l y  
which r e s u l t s  i n  high pe rmeab i l i t y .  This i s  t he  reason  t h a t  amorphous 
polymeric coa t ings  g e n e r a l l y  have h ighe r  permeation r a t e s  t han  c r y s t a l l i n e  
ones .  

The low permeat ion r a t e s  and pe rmeab i l i t y  c o e f f i c i e n t s  t h a t  a r e  l e s s  
a f f e c t e d  by R . H .  and temperature  i n d i c a t e  t h a t  pheno l i c s  have b e t t e r  
symmetry and a r e l a t i v e l y  h igh  degree of c r o s s - l i n k i n g .  The decrease  i n  
pe rmeab i l i t y  c o e f f i c i e n t s  o f  t h e  modified formula t ions  i s  a l s o  due t o  
molecular  changes.  The s tudy  o f  t he  R.11. and temperature  dependence o f  
pe rmeab i l i t y  c o e f f i c i e n t s  o f  c o a t i n g  m a t e r i a l s  f o r  wa te r  vapour can  be 
used a s  an index  o f  t he  degree o f  c r o s s - l i n k i n g  i n  t h e i r  molecular  
s t r u c t u r e s  when they a r e  prepared  from known components. 

The cup method used f o r  t h e  de te rmina t ion  o f  permeation o f  wa te r  
vapour through coa t ings  can produce usefu l  r e s u l t s  when neces sa ry  pre-  
cau t ions  a r e  taken i n  t h e  course o f  p r epa r ing  the  t e s t  cups and a l s o  whi le  
conduct ing t h e  de te rmina t ions .  

The de te rmina t ion  o f  t h e  energy of  a c t i v a t i o n  f o r  permeation o f  
water  vapour through t h e s e  coa t ings ,  t h e  e f f e c t  o f  n a t u r a l  wea ther ing  on 
permeation r a t e s  and a l s o  t h e  changes which may take  p l a c e  i n  permeation 
r a t e s  when t h e  coa t ing  i s  exposed t o  a v a r i e t y  of experimental  cond i t i ons  
f o r  a longer  pe r iod ,  w i l l  b e  descr ibed  i n  l a t e r  p u b l i c a t i o n s .  
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TABLE 1 

COMPOSITION OF PARAPHENYLPHENOLIC VARNISHES 

* Imp. G a l .  p e r  1 0 0  l b .  R e s i n  

NRP 
F o r m u l a  

N o .  

1 0 2 0  

8 9 3  

8894  

9 0 1  

1 0 2 1  

9 0 2  

9 0 3  

9 0 5  

1 0 2 2  

1 0 2 3  

1 0 2 4  

1 0 2 5  

T y p e  

Tung  

Tung 

Tung  

Tung  

L i n s e e d  

L i n s e e d  

L i n s e e d  

L i n s e e d  

S o y a  

S o y a  

D e h y d r a t e d  
C a s t o r  

D e h y d r a t e d  
C a s t o r  

% V o l a t i l e  

A r o m a t i c  
S o l v e n t s  

8 5 . 3  

3 3 . 3  

1 0 . 0  

- 

4 9 . 4  

3 0 . 6  

2 0 . 2  

1 0  

2 8 . 6  

3 4 . 7  

3 3 . 3  

2 . 6  

O i l  C o n t e n t  

A p p r o x .  
l e n g t h *  

1 5  

20  

30 

40 

1 5  

20  

30  

40  

20  

40  

20  

40  

C o n t e n t  

M i n e r a l  
S p i r i t s  

1 4 . 7  

6 6 . 7  

9 0 . 0  

1 0 0 . 0  

5 0 . 6  

6 9 . 4  

7 9 . 8  

9 0  

7 1 . 4  

6 5 . 3  

6 6 . 7  

9 7 . 4  

S o l u t i o n  

P e r  c e n t  
Sol ids  

5 1  

5 0  

5 0  

5 0  

4 9 . 5  

5 1  

4 9 . 5  

5 0  

5 0  

5 0  

5 0  

49 

P e r  c e n t  
o f  So l ids  

5 8 . 3  

6 6 . 7  

7 5  

8 0  

5 8 . 3  

6 6 . 7  

7 5  

8 0  

6 6 . 7  

8 0  

6 6 . 7  

8 0  

C h a r a c t e r i s t i c s  

G - H  
V i s c o s i t y  

A - B  

C  

D 

B - C  

D 

B - C  

D 

C - D  

B 

C - D  

C  

E  
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TABLE 3 

COMPOSITION OF MODIFIED PHENOLICS AND ALKYDS 

NRP 
Formula  

N o .  

1057 

1058  

1059  

1060  

1 0 6 1  

1062  

1 0 6 3  

1064  

1065  

1066 

1067  

1068  

S o l u t i o n  C h a r a c t e r i s t i c s  

P e r  c e n t  
S o l i d s  

50 

50 

50 

50 

50  

50  

50  

50 

50 

50 

50 

50 

C o n t e n t  o f  V a r n i s h ,  
O i l  o r  Alkyd  

I 

G - H  
V i s c o s i t y  

B 

B 

A - B  

A - B  

C - D 

B - C  

A - B  

A - B  

B - C  

A 

A - B  

D 

Type 

2 0 - g a l  DH Castor 

2 0 - g a l  DH C a s t o r  

2 0 - g a l  Soya  

2 0 - g a l  Soya 

40 -ga l  DH C a s t o r  

4 0 - g a l  Soya  

DH C a s t o r  O i l  

Soya  O i l  

Alkyd No. E6 

Alkyd  N o .  E2 

Alkyd NO. 913  

Alkyd  No. 916 

C o n t e n t  o f  Hexamine 
C o n d e n s a t e  

P e r  c e n t  
o f  S o l i d s  

6 0 . 0  

6 0 . 0  

6 0 . 0  

6 0 . 0  

5 0 . 0  

50 .0  

66 .7  

6 5 . 7  

58 .8  

5 8 . 8  

5 8 . 8  

58 .8  

Type 

C a r d a n o l  

CNSL 

C a r d a n o l  

CNSL 

C a r d a n o l  

C a r d a n o l  

C a r d a n o l  

C a r d a n o l  

CNSL 

C a r d a n o l  

CNSL 

C a r d a n o l  

P e r  c e n t  
of S o l i d s  

4 0 . 0  

40 .0  

40 .0  

40 .0  

50 .0  

50 .0  

33 .3  

3 3 . 3  

41.2 

41.2  

41 .2  

41.2 





TABLE 5 

EFFECT OF RELATIVE HUMIDITY ON RATE OF PERMEATION THROUGH ALKYD FILMS AT 73OF 

* Thickness of Film 

Per 
cent 
R. H. 

50 

65 

80 

90 

9 7 

Rate of Permeation of Water Vapor - g/m2/h/mil (25 pm)* 

Ortho-phthalic Alkyds - Commercial 
Lab Prepd. 
Alkyds Iso-phthalic Alkyds - Commercial 

1055 
Lin- 
seed 

0.52 

0.73 

1.17 

1.40 

1.66 

E2 
Saf- 
flower 

2.05 

2.94 

4.21 

5.05 

5.74 

1056 
Soya 

1.07 

1.46 

2.19 

2.59 

2.98 

912 
Soya 

0.99 

1.38 

2.00 

2.47 

2.86 

913 
Soya 

1.42 

2.00 

3.11 

3.67 

4.26 

El 
Saf- 
flower 

1.46 

2.04 

3.19 

3.81 

4.43 

E3 
Lin- 
seed 
So a 

1.82 

2.49 

3.72 

4.33 

4.91 

914 
Soya 

1.03 

1.41 

2.17 

2.54 

2.97 

E4 
Soya 

1.87 

2.52 

3.75 

4.36 

4.96 

915 
Soya 

0.86 

1.19 

1.85 

2.21 

2.55 

916 
Soya 

0.73 

1.01 

1.57 

1.85 

2.13 

E5 
Soya 

1.55 

2.12 

3.20 

3.72 

4.17 

E6 
Soya 

1.30 

1.76 

2.40 

2.88 

3.31 



TABLE 6  

EFFECT OF RELATIVE HUMIDITY ON RATE OF PERMEATION THROUGH MODIFIED PHENOLIC, OIL  
AND ALKYD FILMS AT 73OF 

* T h i c k n e s s  of F i l m  
* *  Card. = C a r d a n o l  
* * *  CNSL = C a s h e w  N u t  S h e l l  L i q u i d  

- - 

P e r  
c e n t  
R. H .  

5 0  

6 4  ' 

8 0  

9 0  

9 7  

R a t e  of P e r m e a t i o n  o f  Water V a p o r  - g /m2/h /mi l  ( 2 5  pm)* 

M o d i f i e d  
o - p h t h a l i c  

A l k y d s  

1 0 6 7  
CNSL 
Long  
S o y a  

1 . 0 2  

1 . 4 3  

1 . 9 8  

2 . 3 2  

2 . 6 2  

M o d i f i e d  
2 0 - g a l .  P h e n o l i c s  

1 0 6 8  
C a r d .  
S h o r t  
S o y a  

0 . 8 5  

1 . 1 0  

1 . 4 6  

1 . 7 1  

1 . 9 3  

1 0 5 7  
C a r d .  **  
DH 
Castor 

0 . 7 6  

0 . 9 8  

1 . 2 5  

1 . 4 5  

1 . 6 1  

M o d i f i e d  O i l  
M o d i f i e d  

4 0 - g a l .  
P h e n o l i c s  

1 0 6 3  
C a r d .  
D H  
C a s t o r  

0 . 9 3  

1 . 2 0  

1 . 5 5  

1 . 8 0  

2 . 0 1  

M o d i f i e d  
i s o - p h t h a l i c  

A l k y d s  

1 0 6 1  
Card. 
DH 
C a s t o r  

0 . 8 0  

1 . 0 3  

1 . 4 0  

1 . 6 0  

1 . 7 7  

1 0 6 4  
C a r d .  
S o y a  

1 . 5 1  

1 . 9 8  

2 . 6 1  

3 . 0 2  

3 . 3 8  

1 0 6 5  
CNSL 
Long  
S o y a  

0 . 9 6  

1 . 2 5  

1 . 6 9  

1 . 9 4  

2 . 1 9  

1 0 6 2  
Card. 
S o y a  

0 . 9 5  

1 . 2 2  

1 . 6 3  

1 . 8 4  

2 . 0 6  

1 0 6 6  
Card. 
V e r y  
Long  
S a f -  
f l o w e r  

1 . 5 1  

1 . 9 6  

2 . 6 2  

3 . 0 4  

3 . 4 2  

1 0 6 0  
CNSL 
S o y a  

0 . 6 9  

0 . 8 9  

1 . 1 6  

1 . 3 1  

1 . 4 7  

1 0 5 8  
CNSL*** 
DH 
C a s t o r  

0 . 6 1  

0 . 7 8  

1 . 0 1  

1 . 1 6  

1 . 2 9  

1 0 5 9  
Card. 
S o y a  

0 . 8 6  

1.11 

1 . 4 8  

1 . 6 8  

1 . 8 7  



TABLE 7  

EFFECT OF TEMPERATURE ON RATE OF PERMEATION THROUGH PHENOLIC 
VARNISH FILMS AT 5 0 %  R . H .  

* T h i c k n e s s  o f  F i l m  

T e m p e r a t u r e  

OF 

6 3 . 0  

7 3 . 0  

8 4 . 0  

9 4 . 6  

1 0 3 . 6  

R a t e  o f  P e r m e a t i o n  o f  Water V a p o r  - g /m2/h /mi l  ( 2 5  urn)* 

4 0 - g a l .  V a r n i s h e s  

9 0 1  
Tung  

0 . 6 1  

1 . 1 2  

1 . 7 6  

2 . 8 3  

4 . 3 6  

1 5 - g a l .  
V a r n i s h e s  

3 0 - g a l .  
V a r n i s h e s  2 0 - g a l .  V a r n i s h e s  

1 0 2 0  
Tung 

- 

0 . 5 4  

0 . 8 8  

1 . 4 1  

2 . 2 6  

894  
Tung  

- 

0 . 8 0  

1 . 3 9  

2 . 2 8  

3 . 3 5  

1 0 2 1  
L i n -  
s e e d  

- 
0 . 5 8  

0 . 8 4  

1 . 3 6  

2 . 2 8  

9 0 3  
L i n -  
seed 

- 

0 . 7 9  

1 . 3 8  

2 . 1 4  

3 . 4 1  

1 0 2 5  
DH 
C a s t o r  

- 

1 . 2 0  

2 . 1 0  

3 . 5 2  

5 . 4 6  

9 0 5  
L i n -  
seed 

0 . 6 8  

1 . 2 1  

1 . 9 2  

3 . 0 4  

4 . 8 0  

8 9 3  
Tung 

0 . 4 1  

0 . 6 7  

1 . 0 1  

1 . 5 9  

2 . 3 8  

1 0 2 2  
S o y a  

0 . 6 1  

1.11 

1 . 9 1  

3 . 0 4  

4 .64  

1 0 2 3  
S o y a  

- 

1 . 4 6  

2 . 2 8  

3 . 8 4  

6 . 2 7  

9 0 2  
L i n -  
seed 

0 . 4 1  

0 . 7 5  

1 . 1 5  

1 . 8 9  

2 . 9 1  

1 0 2 4  
DH 
C a s t o r  

0 . 5 0  

0 . 9 2  

1 . 4 6  

2 . 3 3  

3 .56  



TABLE 8 

EFFECT OF TEMPERATURE ON RATE OF PERMEATION THROUGH ALKYD FILMS AT 50% R.H. 

* Thickness of Film 

Tempera- 
ture 

OF 

7 3 
I 
/ 83 
I 
I 

I 92 
! 
1 102 

Rate of Permeation of Water Vapor - g/m2/h/mil (25 urn)* 
" - 

ortho-phthalic alkyds - commercial 
Lab. Prepd. 
Alkyds 

912 
Soya 

0.99 

1.64 

2.47 

4.32 

iso-phthalic alkyds - commercial 

1055 
Lin- 
seed 

0.52 

0.86 

1.33 

2.41 

1056 
Soya 

1.07 

1.71 

2.62 

4.51 

913 
Soya 

1.42 

2.39 

3.63 

6.46 

E6 
Soya 

1.30 

2.12 

3.15 

5.44 

E2 
Saf- 
flower 

2.05 

3.22 

5.22 

- 

914 
Soya 

1.03 

1.68 

2.64 

4.35 

E3 
Lin- 
seed 
Soya 

1.82 

2.93 

4.32 

- 

E4 
Soya 

1.87 

2.98 

4.38 

7.39 

El 
Saf- 
flower 

1.46 

2.41 

3.65 

6.29 

915 
Soya 

0.86 

1.45 

2.41 

3.79 

E5 
Soya 

1.55 

2.51 

3.71 

6.27 

916 
Soya 

0.73 

1.24 

2.09 

3.44 



EFFECT OF TEMPERATURE ON RATE OF PERMEATION THROUGH MODIFIED PHENOLIC, O I L  
AND ALKYD FILMS AT 50% R.H .  

* T h i c k n e s s  o f  F i l m  
* *  Card .  = C a r d a n o l  
* * *  CNSL = Cashew Nut  S h e l l  L i q u i d  

Tem- 
pera- 
t u r e  

OF 

7 3 . 0  

83 .0  

93 .0  

1 0 3 . 0  

R a t e  o f  P e r m e a t i o n  o f  Water Vapo r  - g/m2/h/mil  ( 2 5  pm)* 

M o d i f i e d  
20 -ga l .  P h e n o l i c s  

M o d i f i e d  
i s o - p h t h a l i c  

A lkyds  

1057 
Card. * *  
DH 
C a s t o r  

0 .76  

1 . 3 1  

1 . 9 3  

2 .95  

M o d i f i e d  
40 -ga l .  

P h e n o l i c s  

1 0 6 5  
CNSL 
Long 
Soya  

0 .96 

1 . 6 5  

2 .40  

3 . 5 1 .  

M o d i f i e d  
o - p h t h a l i c  

A lkyds  

1 0 6 1  
C a r d .  
DH 
C a s t o r  

0 . 80  

1 . 4 6  

2 .19  

3 .25  

1066 
C a r d .  
Very  
Long 
S a f -  
f l o w e r  

1 . 5 4  

2 . 7 1  

4 .03  

6 . 0 3  

1067  
CNSL 
Long 
Soya  

1 . 0 2  

1 .76  

2 .78  

4 .24  

M o d i f i e d  O i l  

1062  
C a r d .  
Soya 

0 . 9 5  

1 . 6 7  

2 .49 

3 .76  

1068  
C a r d .  
S h o r t  
Soya  

0 . 8 5  

1 . 5 4  

2 . 2 3  

3 .43  

1 0 6 3  
C a r d .  
DH 
C a s t o r  

1 . 1 3  

2 . 2 3  

4 .11  

6 . 9 1  

1060  
CNSL 
Soya  

0 .69  

1 . 2 0  

1 . 8 3  

2 . 8 1  

1058  
CNSL*** 
DH 
C a s t o r  

0 . 6 1  

1 . 0 6  

1 . 5 5  

2 .45 

1064  
C a r d .  
Soya 

1 . 5 1  

2 .44  

3 .84 

6 .14  

1059 
C a r d .  
Soya 

0 .86  

1 . 5 0  

2 .22 

3 .36 



TABLE 10 

EFFECT OF RELATIVELWMIDITY ON PERMEABILITY COEFFICIENTS OF PHENOLIC VARNISHES AT 73OF 

* Vapor Pressure 

Per cent 

R. H. 

50.0 

57.5 

70.0 

80.0 

87.0 

97.0 

Permeability Coefficient to Water Vapor - P x 1012 g/cm/sec/mm Hg* 

40-gal. Varnishes 
30-gal. 

Varnishes 
15-gal. 

Varnishes 

1025 
DH 
Castor 

8.15 

8.20 

8.23 

8.67 

8.93 

9.52 

894 
Tung 

5.40 

5.42 

5.43 

5.74 

6.05 

6.26 

1020 
Tung 

3.66 

3.67 

3.68 

3.90 

3.97 

4.08 

20-gal. Varnishes 

1023 
Soya 

9.91 

9.97 

9.98 

10.20 

10.31 

10.65 

903 
Lin- 
seed 

5.35 

5.41 

5.45 

5.86 

6.13 

6.41 

1021 
Lin- 
seed 

3.92 

3.96 

3.98 

4.16 

4.22 

4.42 

901 
Tung 

7.60 

7.69 

7.70 

7.84 

8.20 

8.30 

1024 
DH 
Castor 

6.23 

6.31 

6.27 

6.37 

6.52 

6.75 

905 
Lin- 
seed 

8.16 

8.18 

8.26 

8.56 

8.90 

9.11 

1022 
Soya 

7.48 

7.49 

7.62 

7.86 

8.16 

8.30 

893 
Tung 

4.53 

4.61 

4.53 

4.52 

4.65 

4.84 

902 
Lin- 
seed 

5.07 

5.08 

5.11 

5.14 

5.17 

5.58 



TABLE 11 

EFFECT OF RELATIVE HUMIDITY ON PERMEABILITY COEFFICIENTS OF ALKYDS AT 73OF 

* Vapor Pressure. 

Per 
cent 
R.H. 

50 

65 

80 

90 

97 

Permeability Coefficient to Water Vapor - P x 1012 g/crn/sec/mm Hg* 

ortho-phthalic alkyds - commercial 

912 
Soya 

6.71 

7.13 

8.48 

9.32 

10.01 

iso-phthalic alkyds - commercial 

913 
Soya 

9.60 

10.41 

13.17 

13.82 

14.90 

E2 
Saf - 
flower 

13.93 

15.35 

17.84 

19.02 

20.06 

1 

Lab Prepd. 
Alkyds I 

1055 
Lin- 
seed 

3.52 

3.80 

4.97 

5.27 

5.80 

E3 
Lin- 
seed 
Soya 

12.36 

12.99 

15.75 

16.30 

17.17 

1 

I 

1056 
I 

Soya 
I 
I 

7.23 j 
I 

7.60 1 
I 

9.29 

9.75 

10.40 

El 
Saf- 
flower 

9.88 

10.64 

13.53 

14.34 

15.46 

916 
Soya 

4.91 

5.28 

6.66 

6.95 

7.43 

914 
Soya 

6.96 

7.36 

9.20 

9.58 

10.36 

915 
Soya 

5.80 

6.22 

7.82 

8.31 

8.93 

E6 
Soya 

8.54 

9.19 

10.16 

10.86 

11.57 

E4 
Soya 

12.64 

13.14 

15.91 

16.42 

17.33 

E5 
Soya 

10.49 

11.07 

13.55 

14.00 

14.56 
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TABLE 1 3  

EFFECT OF TEMPERATURE ON PERMEABILITY COEFFICIENTS OF PHENOLIC VARNISHES AT 5 0 %  R . H .  

* V a p o r  P r e s s u r e  

Tempera- 
t u r e  

OF 

6 3 . 0  

73.0 

84 .0  

9 4 . 6  

1 0 3 . 6  

P e r m e a b i l i t y  C o e f f i c i e n t  t o  Water Vapor  - P  x 1 0 1 2  g/cm/sec/mm Hg* 

1 5 - g a l .  
V a r n i s h e s  2 0 - g a l .  V a r n i s h e s  

3 0 - g a l .  
V a r n i s h e s  

1020  
Tung 

- 

3 . 6 6  

4 .16  

4 . 7 7  

5 .82 

4 0 - g a l .  V a r n i s h e s  

894 
Tung 

- 

5 . 4 0  

6 . 5 4  

7 . 7 2  

8 . 6 3  

1 0 2 1  
L i n -  
s e e d  

- 

3 .82  

3 . 9 7  

4 .69 

5 .88  

9 0 3  
L i n -  
s e e d  

- 

5 . 3 5  

6 . 5 2  

7 . 3 2  

8 . 7 8  

893  
Tung 

3 . 8 8  

4 . 5 3  

4 .75  

5 . 3 9  

6 . 1 4  

1022  
Soya  

5 . 8 8  

7 . 4 8  

9 . 0 1  

1 0 . 2 9  

1 1 . 9 5  

9 0 1  
Tung 

5 . 8 1  

7 . 6 0  

8 . 2 9  

9 .59  

1 1 . 2 5  

902 
L i n -  
s e e d  

3 . 9 3  

5 . 0 7  

5 . 4 5  

6 . 3 9  

7 . 5 0  

1024  
DH 
C a s t o r  

4 .80  

6 . 2 3  

6 . 8 8  

7 . 8 7  

9 . 1 7  

905 
L i n -  
s e e d  

6 . 5 4  

8 . 1 6  

9 . 0 8  

1 1 . 7 3  

1 2 . 3 9  

1 0 2 3  
S o y a  

- 

9 . 9 1  

1 0 . 7 8  

1 2 . 9 9  

1 6 . 1 5  

1 0 2 5  
DH 
C a s t o r  

- 

8 . 1 5  

9 . 9 0  

1 1 . 9 1  

1 4 . 0 9  



TABLE 14 

EFFECT OF TEMPERATURE ON PERMEABILITY COEFFICIENTS OF ALKYDS AT 50% R.H. 

* Vapor Pressure 

Tempera-., 
ture 

OF 

73 

83 

92 

102 

Permeability Coefficient to Water Vapor - P x 1012 g/cm/sec/mm Hg* 

ortho-phthalic alkyds - commercial 

912 
Soya 

6.71 

8.03 

9.10 

11.69 

iso-phthalic alkyds - commercial 

913 
Soya 

9.64 

11.67 

13.33 

17.48 

Lab Prepd. 
Alkyds 

1055 
Lin- 
seed 

914 
Soya 

6.96 

8.21 

9.70 

11.76 

E4 
Soya 

E2 
Saf- 
flower 

E5 
Soya 

1056 
Soya 

12.64 

14.55 

16.11 

19.99 

E3 
Lin- 
seed 
Soya 

13.93 

15.76 

19.19 

- 

E6 
Soya 

10.49 

12.29 

13.65 

16.96 

915 
Soya 

5.80 

7.09 

8.86 

10.25 

12.36 

14.35 

15.90 

- 

916 
Soya 

4.91 

6.05 

7.70 

9.31 

7.23 

8.38 

9.64 

12.21 

I 3.52 

El 
Saf- 
flower 

9.88 

11.81 

13.41 

17.01 

10.36 

11.59 

14.70 

4.21 

4.90 

6.52 
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TABLE 1 6  

EFFECT OF R . H .  ON PERMEATION RATE AND OF TEMPERATURE ON PERMEABILITY 
COEFFICIENT OF UNMODIFIED AND MODIFIED CLEAR FINISHES 

I 

I 
I 

2 
cd 
!x 
c 
0 

'$ 
cd 
a, 

E 
a, 
a 

C, 
F: 
e, 
.rl 
u 
d 
1CI 
e, 
0 
U 

X 
C, 
.rf 
4 . 4 
P 

i 
k 
Q) 
a 

R.H. 

. D i f f e r .  

4 7 %  

4 7 %  

4 7 %  

Temp. 
D i f f e r .  

OF 

3 0 . 6  

3 0 . 6  

3 0 . 0  

P h e n o l i c  V a r n i s h e s  - 2 0  g a l .  

D e h y d r a t e d  C a s t o r  

Unmod. 

1 . 4 4  

S o y a  

Unmod. 

1 . 2 2  

P h e n o l i c  V a r n i s h e s  - 40  g a l .  

C a r d a n o l  

0 . 8 5  

CNSL 

0 . 6 9  

C a r d a n o l  

1 . 0 0  

1 . 5 2  

CNSL 

0 . 7 8  

- 0 . 8 4  

A l k y d  R e s i n s  

1 . 5 8 5  

O r t h o p h t h a l i c  

0 . 5 5  

I s o p h t h a l i c  

Lonq  S o y a  

- 

S h o r t  S o y a  

Unmod . 
2 . 0 5  

P h e n o l i c  Varn i shes  - 2 0  ga l .  

Unmod. 

1 . 4 0  

Lonq  S o y a  

CNSL 

1 . 2 3  

C a r d a n o l  

1 . 0 7  

Unmod. 

2 . 8 4  

D e h y d r a t e d  C a s t o r  

CNSL 

1 . 6 1  

S o y a  

CNSL 

2 . 3 3  

Unmod. 

2 . 9 3  

Unmod. 

4 . 4 7  

P h e n o l i c  V a r n i s h e s  - 4 0  ga l .  

C a r d a n o l  

2 . 5 8  

5 . 9 3 5  

C a r d a n o l  

2 . 9 7  

CNSL 
- 

2 . 7 0  

3 . 1 3 5  

A l k y d  R e s i n s  

- 

O r t h o p h t h a l i c  

7 . 2 4  

I s o p h t h a l i c  

L o n g  S o y a  

Unmod . 
6 . 1 6  
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- 

- 

- 

- 

- 

- 

- 
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R A T E  O F  W A T E R  V A P O R  P E R M E A T I O N  
T H R O U G H  A L K Y D S  



A 893 20 G A L  TUNG PHENOLIC 

1 1022 20 G A L  SOYA PHENOLIC 

0 1059 CARDANOL - MODIFIED 1022 

0 1062 CARDANOL - MODIFIED 1023 

V 1064 CARDANOL - MODIFIED SOYA O I L  

- 

- 

- 

- 

I 
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- 

- 

- 
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- 

- 

- 

- 
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0 1068 CARDANOL - MODIFIED 916 - 

- 

- 

- 

- 

- 

- 
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- 
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- 

- 

- 

- 
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- 
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- A 1 0 2 1  15  G A L  L I N S E E D  - 

9 0 2  2 0  G A L  L I N S E E D  - - 
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