
EFFECTS OF CHLORIDE CONTAMINATION ON PERFORMANCE 
OF TANK AND VESSEL LININGS 

Howard Mitschke,  Coatings Special is t  

Shell  EP Technology,  Appl icat ions  and Research Co. 
Integrity Management  o f  Assets  Dept.  

Houston,  Texas  

ABSTRACT: Nine, commercial ly  available, 
ambien t  cured,  thin-f i lm lining sys t ems  were 
evalua ted  for their  tolerance to var ious  levels of 
na tu ra l  and  artificially applied chloride 
con tamina t ion  on steel subs t ra tes .  The l inings 
were tes ted  by immers ion  in water  or 
h y d r o c a r b o n / w a t e r  at  var ious  t empe ra tu r e s  for 
a du ra t ion  of 13 and  6 m o n t h s  respectively. 
The tolerances  to chloride were found  to vary 
significantly among  the  linings. In addit ion,  the 
m a x i m u m  service t empe ra tu r e s  of the l inings 
were progressively reduced  as  the  chloride levels 
increased.  

INTRODUCTION 

It is common  knowledge t h a t  soluble salt  
con tamina t ion  on a steel subs t r a t e  can  cause  
deter iorat ion and  early failure of l inings in 
immers ion  service. However, l ining failures are 
still occurr ing,  especially after  r ep lacement  
l inings are instal led in exist ing t a n k s  a n d  
vessels.  These fai lures can be the  resul t  of 
improper  choice of coating, poor surface 
prepara t ion  or poor coat ing application.  In 
recent  years  there  h a s  been a growing 
awarenes s  of the impact  of subs t r a t e  
con t amina t i on  on lining performance.  As a 
resul t ,  the  i ndus t ry  is giving more a t t en t ion  to 
the  c leanl iness  of the  meta l  subs t ra te .  

The mos t  common  character is t ic  of 
l ining fai lures due  to salt  con t amina t i on  is 
osmotic blistering. No organic coat ing is 
impermeable  to water.  Once water  pe rmea tes  
the  lining, it begins to dissolve the  salt  
con tamina t ion  a t  the s tee l / l in ing  interface. 
This salt  solut ion then  develops an  osmotic  
force, which a t t empt s  to draw more water  into 

the  blister to equalize the salt  concent ra t ion  to 
t h a t  of the  immers ion  liquid. 

Chlorides a n d  sulfa tes  are the  mos t  
common  types  of soluble salt  c o n t a m i n a n t s  and  
are the  mos t  problematic.  Con tamina t ion  can  
exist on  new or u sed  steel and  can  occur  du r ing  
t ranspor ta t ion ,  storage, surface preparat ion,  in- 
service exposures ,  hydro tes t ing  and  t a n k  
cleaning. For th is  reason all steel subs t r a t e s  
should  be checked  for sal t  con tamina t ion  prior 
to l ining application.  

Al though the deleter ious effects of sal t  
con t amina t i on  are well recognized, s t a n d a r d s  
for surface c leanl iness  and  m a x i m u m  allowable 
chloride levels have not  been agreed upon.  This 
is because  there are n u m e r o u s  variables  tha t  
can  affect the  threshold  level at  which chlorides 
will begin to cause  coat ing failures.  Research  
reported in the  l i terature  indicates  wide ranges  
of th resho ld  va lues  have been reported often 
wi thou t  d o c u m e n t i n g  the variables used.  

Threshold  va lues  can  vary considerably  
depending  on the  generic type of l ining and  its 
th ickness .  Other  variables  include the  service 
t empera tu re ,  the  degree of cure  or postcure ,  the  
type of immers ion  liquid, a m o u n t  of sal ts  
dissolved in an  aqueous  immers ion  liquid, the  
anchor  profile, cold wall effects and  the type of 
soluble c o n t a m i n a n t s  on the  subs t ra te .  It is not  
surpr i s ing  there  is so m u c h  difficulty in 
a t t empt ing  to set s t andards .  

The first  of three  objectives of th is  s t udy  
was  to de te rmine  the chloride th resho lds  a t  
var ious  t empe ra tu r e s  a t  which linings begin to 
fail. By de te rmin ing  and  r ecommend ing  those  
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l inings t h a t  have h igher  chlor ide  th resho lds ,  
t he re  will be a g rea te r  conf idence  they  can  
per form in a pa r t i cu l a r  service. This  is no t  to 
say t ha t  l inings with h igher  to le rances  shou ld  
be u s e d  as  a s u b s t i t u t e  for decon t amina t i on .  
Removal  of the  chlor ide  is still highly 
r e c o m m e n d e d .  

A n u m b e r  of  r epor t s  in the  l i t e ra ture  
have  d i s c us s e d  va r ious  t es t  m e t h o d s  to 
de t e rmine  m a x i m u m  allowable chlor ide  levels. 
At i ssue  is the  m a n n e r  in which  the  chlor ide is 
appl ied to the  tes t  panels .  The second  objective 
was  to c o m p a r e  two m e t h o d s  for applying the  
con tamina t ion .  The m e t h o d s  are  artificial a n d  
n a t u r a l  con tamina t ion .  

Linings are  of ten  exposed  to wa te r  a n d  
hyd roc a rbons .  The th i rd  objective was  to 
de t e rmine  the  effect on the  chlor ide  th re sho ld  
levels w h e n  l inings were i m m e r s e d  in a liquid 
con ta in ing  bo th  h y d r o c a r b o n  a n d  water .  
Answers  to these  ques t i ons  would  provide m u c h  
needed  ins ight  as  to the  accep tab le  levels of 
chlor ide  for epoxy linings. 

EXPERIMENTAL 

Artificial C on t am i na t i on  Method 

In th is  me thod ,  sod i um  chlor ide  
so lu t ions  were appl ied  to non-co r roded ,  
abras ive  b las ted  steel panels .  The pane l s  were 
s u b s e q u e n t l y  coa ted  with one of n ine  dif ferent  
modif ied epoxy coat ings.  After cure ,  the  pane l s  
were i m m e r s e d  into tap  wa te r  a t  va r ious  
t e m p e r a t u r e s  to de t e rmine  the  chlor ide  
t h r e sho ld  va lues  a t  which  bl is ter ing begins  to 
occur .  

Sur face  P repa ra t ion  for Pane ls  Receiving 
Artificial C on t ami na t i on  Panels  were  p r e p a r e d  
us ing  AISI # 1018 ca r bon  steel wi th  d i m e n s i o n s  
of 3" x 6" x 1 /8"  thick.  All pane l s  were  solvent  
w a s he d  in me thy l  e thyl  ke tone  pr ior  to abras ive  
blast ing.  A total  of 490 pane l s  were abras ive  
b las ted  u s ing  a conven t iona l  o u t d o o r  b las t  un i t  
with coal slag abrasive.  Both  sides were  
a b r a d e d  to a nea r  white  (SSPC SP10) 
c leanl iness  a nd  a sur face  profile of 2.9 - 3.0 
mils. 

Applicat ion of Artificially C o n t a m i n a t e d  Chloride 
Var ious  c o n c e n t r a t i o n s  of sod ium chlor ide  were 
p r e pa re d  in so lu t ions  of e thano l  and  wa te r  

(80%v/20%v).  Each  solut ion was  appl ied as  
un i fo rmly  as  possible  on to  the  pane l s  u s ing  a 
vo lume of 500 microl i ters  (~I) per  panel .  The  
chlor ide  app l ica t ions  r anged  from 0 - 30 
m i c r o g r a m s  (~g) c h l o r i d e / c m  2 (see Table  3 for 
ac tua l  levels for each  lining). For each  panel ,  
bo th  s ides  were c o n t a m i n a t e d  at  the  same  level 
and  tes ted.  There  were ten  chlor ide  levels for 
each  coa t ing  sys tem a t  each  t e m p e r a t u r e .  The 
tes t s  were  c o n d u c t e d  a t  five or  seven immers ion  
t e m p e r a t u r e s  rang ing  from 75 - 190°F. 

Prior  to appl ica t ion  of the  salt  solut ions ,  
the  pane l s  were w a r m e d  to 130°F. T h e n  500 ~l 
of  the  sal t  so lut ion was  appl ied a n d  immedia te ly  
sp read  evenly over the  ent i re  pane l  with a 3 / 8  
inch  O.D. glass rod. The glass rod was  
c o n t i n u o u s l y  wiped [but  no t  rota ted)  over  the  
pane l  to keep the  solut ion un i formly  d i s t r ibu ted  
unt i l  the  liquid dried. T h e n  a gentle  s t r e am of 
dry,  c o m p r e s s e d  air  was  blown over the  pane l  to 
remove  any  r e s idues  of mois ture .  

Uniformity  of Chloride Applicat ion To tes t  the  
un i formi ty  of sal t  appl ica t ion  over  the  ent i re  
panel ,  th ree  pane l s  were c o n t a m i n a t e d ,  as  
desc r ibed  above,  on one  side only, at  a nomina l  
level of  3 3 . 5 ~ g / c m  2. Each  panel  was  t h e n  cu t  
into 18 one - inch  s q u a r e s  with a b a n d  saw. 
Each  squa re  was  ex t r ac t ed  with 10 ml of 
deionized wa te r  for several  h o u r s  a t  130°F. The  
chlor ide  c o n c e n t r a t i o n s  in the  ex t rac t s  were 
quant i f ied  by chlor ide  specific e lec t rode a n d  the  
d i m e n s i o n s  of each  s q u a r e  m e a s u r e d  with a 
mic romete r .  Based  on the  a rea  of the  s q u a r e s  
and  the  a m o u n t  of chlor ide  in the  ext rac t ,  the  
chlor ide  levels in ~ g / c m  2 were de t e rmined  for 
each  square .  

Coat ing Applicat ion Nine commerc ia l ly  
available coa t ing  sy s t ems  no ted  in Table I were 
appl ied to the  artificially c o n t a m i n a t e d  panels ,  
in two coa ts  u s ing  a conven t iona l  sprayer ,  as  
r e c o m m e n d e d  by the  m a n u f a c t u r e r .  The  
immers ion  t e s t s  were ini t ia ted af ter  a m i n i m u m  
of two weeks  cure  t ime at  room t empe ra tu r e .  

Natura l  Con t amina t i on  Method 

Al though these  pane l s  are  still p r e p a r e d  in the  
labora tory ,  it is called the  "na tu ra l  me thod"  to 
ref lect  the  fact  the  pane l s  are  co r roded  and  
pit ted.  As a resul t ,  th is  m e t h o d  gives a be t t e r  
s imula t ion  of the  real  m a n n e r  in which  chlor ide 
is d i s t r ibu ted  on  the  sur face  and  wi th in  the  pits. 
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In th is  me thod ,  pane l s  were co r roded  in va r ious  
levels of salt  so lut ion in a salt  fog cabinet .  The  
pane l s  were t h e n  grit  b las ted  and  coa ted  with 
six coa t ing  sys tems .  After cure ,  the  pane l s  were 
i m m e r s e d  into tap  wa te r  a t  va r ious  
t e m p e r a t u r e s  to de t e rmine  the  chlor ide  
t h r e s ho ld  values .  

Surface  P repa ra t ion  for Panels  t ha t  were  
Natura l ly  C o n t a m i n a t e d  Panels  in th is  tes t  
were also ANSI # 1018 ca r bon  steel with 
d ime ns ions  of 3" x 6" x 1 / 8  ~ thick. They  were 
initially grit b las ted  with fine grit to remove  the  
mill scale. A total  of  175 pane l s  were p laced 
into sal t  fog c h a m b e r s  for 2 weeks  to develop 
va r ious  levels of c o n t a m i n a t i o n  on pi t ted  a n d  
cor roded  panels .  Five different  c o n c e n t r a t i o n s  
of s od ium chlor ide  in wa te r  were u sed  for the  
salt  fog exposures :  0.25,  0.5, 1.0, 2.5 a n d  5%. 
After two weeks  exposu re  to the  salt  fog, the  wet  
pane l s  were p laced into plast ic  bags  and  al lowed 
to c o n t i n u e  cor rod ing  at  room t e m p e r a t u r e  
u n d e r  mois t  cond i t ions  for an  addi t iona l  two 
weeks.  The pane l s  were  t hen  dr ied and  s tored  
unt i l  needed .  

Before the  coat ing  appl ica t ion ,  these  
pane l s  were abras ive  blas ted,  ou tdoors ,  as  
no ted  above for the  artificially appl ied set. 
Immedia te ly  af ter  grit blast ing,  the  pane l s  were 
placed into con t a i ne r s  a long with silica gel, 
mo i s tu re  abso rben t .  However,  the  pane l s  still 
developed f lash r u s t  a n d  th is  requ i red  a s econd  
b r u s h  blas t ing in a b las t  cab ine t  pr ior  to the  
coat ing  appl ica t ion  to br ing the  c lean l iness  b ack  
to a ne a r  white. To minimize f u r t h e r  f lash 
rus t ing  in the  1 - 2 h o u r  in terval  before coat ing  
appl icat ion,  the  pane l s  were placed into plast ic 
bags  a nd  filled with dry  air. 

Five r andom l y  se lec ted  grit b las ted  
pane l s  f rom each  of the  five sal t  fog e x p o s u r e s  
were ex t rac ted  to quan t i fy  the  chlor ide levels for 
each  set. The  ex t rac t ions  were pe r fo rmed  in 
boiling deionized wa te r  for one  h o u r  and  
quant i f ied  by ion exchange  c h r o m a t o g r a p h y .  
The  average  chlor ide c o n t a m i n a t i o n  for each  set  
was  de t e rmin ed  as  follows: 

Salt  Fog Level 
(% N a C l i n  water  I 0 0.25 0.5 1.0 2.5 5.0 
Avg chloride level 

[ on panel  (pg/cm ~) <0.2 0.6 5.3 3.9 7.6 1.4 
S tandard  Deviation 
+ (~g/cm ~) 0 . I  I . I  2.1 2.8 0.4 

The chlor ide  levels for the  0.5 a n d  5% 
e x p o s u r e s  did no t  corre la te  well to o the r  sets. 
The re  was  a g rea te r  level of chlor ide  for the  
0 .5% exposu re  t h a n  for the  5% exposure .  In an  
a t t e m p t  to br ing the  pane l s  back  to a n e a r  white  
c leanl iness ,  it is believed the  pane l s  from the  
5% exposu re  received a g rea te r  degree of 
abras ive  b las t ing t h a n  for the  o the r  sets  a n d  the  
0.5% exposu re  a lesser  degree  of cleaning.  This  
is b e c a u s e  of the  different  degrees  of f lash ru s t  
t ha t  had  developed on  each  set. Keep in m ind  
t ha t  all pane l s  were abras ive  b las ted  twice. The 
f lash ru s t  was  removed  on  the  second  blast .  

Uniformity  of Chloride Applicat ion Three  grit 
b las ted  pane l s  from the  5% NaC1 salt  fog 
exposu re  were t es ted  for un i formi ty  of chlor ide  
d i s t r ibu t ion  as  desc r ibed  previous ly  for the  
artificial set. These  pane l s  were abras ive  
b las ted  only once  t hen  cu t  into 18 one - inch  
squares ,  ex t r ac t ed  a n d  the  chlor ide  c o n t e n t  
quant i f ied  by chlor ide  specific electrode.  

Due to cons t r a in t s  on t ime and  
mater ia l s ,  only six coa t ing  sy s t ems  were  u s e d  to 
eva lua te  the  n a t u r a l  c o n t a m i n a t i o n  method .  

Panel  P repa ra t ion  for Tes t ing  in W a t e r / G a s o l i n e  

This  tes t  was  pe r fo rmed  to de t e rmine  the  
effects  on  the  chlor ide  t h r e sho ld  when  a 
h y d r o c a r b o n  was  added  to the  water .  Panels  
were  c leaned  and  abras ive  b las ted  as  no ted  
above for the  artificial c o n t a m i n a t i o n  me thod .  
Several  levels of chlor ide were appl ied to the  
pane l s  us ing  the  artificial appl ica t ion  method .  
Fou r  coat ing  s y s t e m s  were tes ted.  

Immers ion  Tes t ing  

Tap  wa t e r  immers ions :  After a two-week cure  
t ime at  a m b i e n t  t e m p e r a t u r e s ,  the  artificially 
and  na tu ra l ly  c o n t a m i n a t e d  pane l s  were  
i m m e r s e d  into tap  wa te r  rang ing  from 75 to 
190°F (see Tables  3 and  51. The conduc t iv i ty  of  
the  tap  wa te r  was  a b o u t  550 mic ros iemens .  
Only one tes t  pane l  was  u s e d  for each  chlor ide  
level a t  each  t e m p e r a t u r e .  The pane l s  were 
observed  weekly for bl is ter ing a n d  c rack ing  for 
the  first  six mon ths ,  t hen  at  1 - 3 m o n t h  
in tervals  f rom 6 - 13 mon ths .  The d u r a t i o n  of 
the  immers ion  tes t  was  13 mon ths .  
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Tap wa te r /gaso l ine  immers ions :  These panels  
were also cured  for two weeks at  ambien t  
t empera tures .  This test  also u sed  one panel  per 
chloride level. The panels  were immersed  
upr ight  with the  top ha l f  of the  panel  in the 
gasoline phase  a n d  the bot tom hal f  in water.  
The gasoline conta ined  10% methy l  ter t iary 
butyl  ether.  The test  t empera tu re  was  130°F 
and  the  test  dura t ion  was  six months .  

RESULTS AND DISCUSSION 

Uniformity of Chloride Application 

It is impor tan t  to obta in  an  even 
dis t r ibut ion of chloride across  the  panel.  If the 
d is t r ibut ion is very uneven ,  then  there  could be 
a reas  conta in ing  chloride levels t ha t  are 
significantly greater  t h a n  the nominal ly  applied 
values.  If blistering occurs  in these  regions,  it 
may  not  be representat ive  for the nomina l  
va lues  being tested.  

It was  felt an  acceptable level of 
deviation from the  nomina l  value was  abou t  
+10%. For the na tu ra l ly  con t amina t ed  panels ,  7 
out  of 18 squares ,  or 39% of the  area,  exceeded 
the m a x i m u m  deviation level. 

For the artificial applicat ion of chloride, 
only 3 ou t  of 18 squares  for each  panel  
conta ined  levels t ha t  exceeded the  m a x i m u m  
deviation. Three squares  a m o u n t  to abou t  20% 
of the total  a rea  on one side of a panel. This 
variabili ty of the chloride levels within panels  
receiving the artificial application,  may  be a 
resul t  of very slight warpage of the panel  dur ing  
abrasive blasting.  Depending on how the panel  
is warped,  there may  be more or less sal t  
deposi ted in the  center  compared  to the  edges. 
It is possible th is  variabili ty can  be lowered by 
us ing  thicker  panels ,  i.e. 3 / 1 6 "  or V4" which  
would be less suscept ible  to warpage.  

This d e m o n s t r a t e s  t h a t  artificially 
con t amina t ed  panels  have a more uni form 
dis t r ibut ion of chloride and  should  be the  
me thod  of choice for s tudy ing  the effects of salt  
con tamina t ion  on coatings.  

From the  tes ts  with the  artificially 
con t amina t ed  panels ,  it seems  reasonable  to 
disregard any  blistering up  to 20% of the  a rea  of 
the  panel. Any blistering tha t  exceeds 20% of 
the area  should  t hen  be a resul t  of the  

nominal ly  applied value. Consequent ly ,  coat ing 
failure for the  artificial applicat ion me thod  was  
defined as  blistering tha t  was  greater  t h a n  20% 
of the  area  on any  one of the two sides tested.  
Linings were also cons idered  failed if there were 
greater  t h a n  5 blisters or c racks  scat tered over 
the face of the panel. Cracks  a n d  blisters along 
the edges were not  counted.  

With the  greater  variability of the 
na tu ra l ly  con t amina t ed  panels ,  it was  felt t ha t  
failure should  be defined as  bl istering tha t  is 
greater  t h a n  40% of the a rea  on ei ther  of the 
two sides of a panel.  

Coat ing Application 

The average coat ing th icknesses  for each 
coat ing sys tem are listed in Table 1. All of the 
average th icknesses  were within or very close to 
the  desired dry film th ickness .  

Threshold  Limits for Artificially Con tamina t ed  
Panels  

The resu l t s  are shown in Tables 2 & 3 
a n d  Figure 1. In this  s tudy  the  th reshold  level 
was  defined as  the m a x i m u m  chloride level at  a 
given t empera tu re  for which the  coat ing was  
still considered passing.  The chloride th reshold  
levels for all bu t  one coat ing sys tem decrease  
with increas ing  t empera tu res .  Lining # 4 did 
not  follow this  t rend,  since the th resho lds  
increased  in the t empera tu re  range of 110 to 
170°F. One possible explana t ion  is t ha t  th is  
l ining developed a h igher  degree of =postcuring" 
at  the h igher  immers ion  t empera tu re s  t h a n  a t  
the lower t empera tu res .  This greater  pos tcur ing  
could impar t  greater  water  res is tance  and  bet ter  
wet adhes ion  for the  lining resul t ing in a h igher  
chloride tolerance.  

There were significant  differences a m o n g  
the  threshold  values  of the  l inings at  a given 
t empera tu re .  The values  ranged  from 
approximate ly  4 to 20 p g / c m  2 at  75°F. (Some of 
the values  for 90 & 75°F in Table 2 were 
de te rmined  by extrapolation.)  This 
d e m o n s t r a t e s  t h a t  even within the same generic 
coat ing type, there  are considerable  differences 
in tolerance to chloride con tamina t ion .  

Another  way to view these  resu l t s  is to 
look at  the  effect of increas ing  levels of 
con tamina t ion  on the m a x i m u m  service 
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t empera tu re s  of a lining. As noted  in Figure I, 
e v e n  levels of i ~ g / c m  2 can  affect the  lining's 
performance.  On the  average, each  addi t ional  
microgram lowered the  m a x i m u m  service 
t empera tu re  of the  lining by abou t  10°F. 

Shell Oil Co. cur ren t ly  sets  the  
m a x i m u m  allowable chloride level a t  5 ~ g / c m  2 
for ambien t  t empera tu re  immers ion  service. 
Three of the nine  coat ing sys tems  evalua ted  
here would possibly have failed if the steel 
subs t r a t e  were con t amina t ed  at  the m a x i m u m  
allowable level of 5 ~g /cm 2. 

A draft  ISO d o c u m e n t  I reported the 
m a x i m u m  acceptable  chloride levels from 11 
coat ing m a n u f a c t u r e r s  for immers ion  service. 
The levels ranged  from I to 10 ~ g / c m  2 with an  
average of 5 Hg/cm 2. The work descr ibed in this  
report  also t ends  to suppor t  a m a x i m u m  
allowable chloride criteria of abou t  4 - 5 ~ g / c m  2 
for ambien t  t empera tu re  service when  no o ther  
critical factors are  involved. As service 
t empera tu re s  are increased,  th is  cri teria should  
be progressively lowered. 

As noted  in Tables 3 and  5, the l inings 
with the h ighes t  chloride levels a t  a given 
t empera tu re  generally failed first. This was  
followed by progressively longer failure t imes  for 
the lower chloride levels. The longest  failure 
t ime for a given t empera tu re  occurred  j u s t  
above the th reshold  value. Nevertheless,  these  
failure t imes (just above the th reshold  value) 
still ranged from 2 - 43 weeks  and  surpr is ingly  
did not  depend  on tempera ture .  There were 
shor t  failure t imes a t  low t e m p e r a t u r e s  as  well 
as  at  h igh tempera tures .  

Another  observat ion is the  degree of 
blistering above and  at  the th resho ld  levels. 
Almost all of the samples  at  the th reshold  had  
no blistering. A few ranged from 0 - 20% of the 
area  and  the average was  2%. At the first 
chloride level above the threshold ,  the samples  
had  a significant increase in the  a m o u n t  of 
blistered area. The average percentage of a rea  
for these  samples  was  46%. So there  was  a 
definite t rans i t ion  a t  the  chloride th reshold  level 
t h a t  was  easy to identify. 

After ten  m o n t h s  immers ion,  the pane ls  
conta in ing  chloride levels at  the  th reshold  level 
were tes ted  for the degree of adhesion.  
Observat ions  were also made  for the  degree of 

corrosion on the steel u n d e r  the  coating. In 38 
out  of 40 samples ,  the  steel was  still a gray to 
da rk  gray color. The adhes ion  values  were all 
good. 

In previous unrepor ted  work performed 
by Shell on a similar s tudy,  l inings with salt  
levels below the th reshold  have shown no 
significant  deter iorat ion after  23 m o n t h s  
immersion.  Therefore, it appears  t ha t  l inings do 
not  have significant long-term deter iorat ion for 
chloride levels at  or below the threshold .  As a 
result ,  an  immers ion  tes t  dura t ion  of ten 
m o n t h s  should  be sufficient to de te rmine  
th reshold  values  for mos t  th in  film linings. 

Threshold  Limits for Natural ly Con tamina t ed  
Panels  

The chloride th resho ld  values  were 
de te rmined  for six lining sys t ems  at  five levels of 
chloride con tamina t ion  and  a t  five t empe ra tu r e s  
(see Table 5). These va lues  were t hen  compared  
to the values  obta ined for artificially 
c o n t a m i n a t e d  tes t  panels  (see Table 4). 

The purpose  for the compar i son  was  to 
de te rmine  how similar the th reshold  values  are 
for the two con tamina t ion  methods .  In the 
artificial con tamina t ion  method,  a known 
a m o u n t  of chloride is uni formly  applied onto  the  
panels  prior to coat ing application.  The 
advan tages  of th is  me thod  are relative ease of 
prepara t ion,  known  levels of con tamina t ion  a n d  
a more un i form dis t r ibut ion  over the panel.  

The na tu ra l  me thod  is more realistic 
because  the  panels  are first corroded in a salt  
fog cabinet .  This me thod  is a bet ter  s imula t ion  
of the real na tu r e  of corroded steel because  it 
inc ludes  micropi ts  and  fer rous / fer r ic  types of 
chloride salts.  However, it is m u c h  more 
difficult to make  the  na tu ra l ly  corroded pane ls  
and  to quant i fy  the chloride levels on them.  
There is also greater  variabili ty of the chloride 
levels in these  panels.  One reason  for the  high 
degree of var iat ion in these  panels  is the  
difficulty in providing un i form grit b las t ing of 
the  corroded panels ,  both  wi thin  the panel  a n d  
from panel  to panel.  

If the th resholds  are similar  for the two 
methods ,  then  this  just i f ies  the sole use  of the  
artificial method  for de te rmin ing  the  salt  
tolerance of a lining. 
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Thresho ld  va lues  cou ld  no t  be 
de t e rmine d  for l inings 1 & 4 b e c a u s e  the  
t h r e s ho ld s  a t  all t e m p e r a t u r e s  were above the  
h ighes t  c o n t a m i n a n t  level on  the  tes t  panels .  
For the  four  o the r  l inings, the  t r ends  followed 
those  for the  artificially c o n t a m i n a t e d  panels .  
As the  t e m p e r a t u r e  inc reased ,  the  th re sho ld  
va lues  dec reased .  

In general ,  t he re  were two dif ferences  
be tween  r e su l t s  for the  two me thods .  The 
n a t u r a l  c o n t a m i n a t i o n  m e t h o d  gave t h r e sh o l d s  
t ha t  were slightly h igher  t h a n  for the  artificial 
me thod .  Bu t  th is  occu r r ed  only in the  110 - 
150°F range  (see Table 4). Because  the  
di f ferences  in th re sho ld  va lues  were  minor ,  the  
two m e t h o d s  m ay  be cons ide red  as  giving 
s imilar  resul ts .  The second  difference was  the  
t imes  to fai lure for the  na tu ra l ly  c o n t a m i n a t e d  
panels .  They  were longer  in the  110 - 170°F 
range  t h a n  for co r r e spond ing  pane l s  p r e p a r e d  
wi th  the  artificial m e t h o d  {compare Tables  3 & 
5). 

B e c a u s e  the  artificial m e t h o d  gives 
slightly lower t h r e s h o l d s  for linings, it can  be 
t h o u g h t  of as  slightly more  "conservat ive"  
c o m p a r e d  to the  n a t u r a l  c o n t a m i n a t i o n  method .  
This  is ac tua l ly  desi rable .  In the  real  world 
the re  are  a n u m b e r  of o the r  fac tors  (not 
inc luded  in th is  test) t ha t  t end  to lower the  
chlor ide  th re sho ld  values .  Exam pl e s  are: less 
t h a n  o p t i m u m  abras ive  b las t ing  c lean l iness  a nd  
profile, cold wall effects, insuff ic ient  cure ,  etc. 

Also, w h e n  quant i fy ing  chlor ide  on steel, 
mos t  t es t s  ex t r ac t  only a b o u t  50% of the  
chloride,  so there  is an  u n d e r e s t i m a t i o n  of the  
chlor ide on  the  steel. Therefore ,  it is des i rable  
to use  the  artificial m e t h o d  which  gives more  
conserva t ive  resul ts .  

Knowing the re  is a wide range  of 
pe r fo rma nc e  with regard  to chlor ide  to le rance  of  
linings, it would  be app rop r i a t e  for owners  to set  
pe r fo rma nc e  cr i ter ia  for l ining p roduc t s .  
Linings, for example ,  could  be specified to 
w i th s t a nd  pa r t i cu la r  chlor ide levels for a given 
service. 

It is r e c o m m e n d e d  t h a t  the  artificial 
c o n t a m i n a t i o n  m e t h o d  be u s e d  to c o m p a r e  the  
chlor ide to le rance  levels of commerc ia l ly  
available linings. The use  of th is  tes t  is highly 

r e c o m m e n d e d  for services  a t  h igher  
t e m p e r a t u r e s  where  c o n t a m i n a t e d  steel  is likely. 

A combina t ion  of p rope r  sur face  c leaning  
and  the  u se  of l inings with g rea te r  to le rance  to 
chlor ides ,  shou ld  r e su l t  in a longer  lifetime for 
the  l ining sys tem.  At 130°F, five of the  n ine  
l inings t es ted  would  fail if a meta l  s u b s t r a t e  had  
5 pg c h l o r i d e / c m  2 on the  surface .  So the  
to le rance  of the  l ining to chlor ide  c o n t a m i n a t i o n  
shou ld  be a factor  in the  choice  of a lining. 

Thresho ld  Limits for Linings I m m e r s e d  in 
G a s o l i n e / W a t e r  

The addi t ion  of an  organic  or 
h y d r o c a r b o n  p h a s e  such  as  gasol ine a p p e a r s  to 
lower the  chlor ide  th re sho ld  for l inings 
c o m p a r e d  to immers ion  in wa te r  only. For th ree  
ou t  of four  coa t ings  tes ted  at  130°F for a 6 
m o n t h  dura t ion ,  the re  was  a dec rease  in the  
t h r e sho ld  va lues  as  follows: 

Lining 
1 
2 

Thre sho ld  at  130°F 
Water only* 

>20 
5 

Gasoline/Water* 
15 
2-3 

6 4 1 
9 4 4-5 

* The duration of the gasoline/water immersion was 6 
months. For purposes of direct comparison, the results for 
the water immersions are also at the 6 month immersion 
times. 

These  r e d u c t i o n s  in t h r e sho ld s  r anged  
from 0 to a b o u t  75%. For the  samples  
i m m e r s e d  in gaso l ine /wa te r ,  the  fa i lures  in all 
cases  occu r r ed  in the  lower hal f  of the  pane l s  
t h a t  were exposed  to the  wa te r  phase .  

CONCLUSION 

These  resu l t s  d e m o n s t r a t e  t ha t  chlor ide  
t h r e sho ld  levels var ied cons ide rab ly  (about  4-20  
p g / c m  2 at  75°F) for n ine  different  modif ied 
epoxy linings. For e levated service 
t e m p e r a t u r e s ,  even 1 iJg/cm 2 h a s  an  effect t h a t  
lowers the  m a x i m u m  service t e m p e r a t u r e  of the  
l ining by a b o u t  10°F. Also, the re  does  no t  
a p p e a r  to be a s ignif icant  long- te rm 
de te r io ra t ion  for chlor ide  levels a t  or  below the  
t h r e sho ld  level. 

Both  m e t h o d s  for apply ing  salt  
c o n t a m i n a t i o n  {artificial and  na tura l )  give a 
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similar  t rend:  as  immers ion  t e m p e r a t u r e s  
increase ,  the re  is a dec rease  in chlor ide  
to lerance.  The n a t u r a l  c o n t a m i n a t i o n  m e t h o d  
was  found  to have  slightly h igher  to le rances  for 
chlor ide in the  110 - 150°F range  and  longer  
t imes  to failure t h a n  for the  artificial me thod .  
However,  the  use  of  the  artificial m e t h o d  is a 
more  accep tab le  m e t h o d  for c o m p a r i n g  sal t  
to le rances  of l inings. It gives a slightly more  
conserva t ive  eva lua t ion  of pe r fo rmance ,  is eas ie r  
to p repa re  a nd  ha s  a more  un i fo rm d i s t r ibu t ion  
of chlor ide over  the  panel .  

Most, bu t  no t  all the  l inings u s e d  in the  
g a s o l i n e / w a t e r  i mmer s i ons  were found  to have  
lower t h r e s h o l d s  for chlor ide  t h a n  for 
imme r s ions  in wa te r  only. For l inings exposed  
to h y d r o c a r b o n s  and  water ,  it is r e c o m m e n d e d  
t ha t  owners  m a k e  a careful  eva lua t ion  of the  
service condi t ions  to de t e rmine  accep tab le  levels 
of chloride.  In m a n y  cases ,  especial ly a t  
e levated t e m p e r a t u r e s ,  the  m a x i m u m  allowable 
a m o u n t s  could  be non -de t ec t ab l e  levels. 
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TABLE I 
THICKNESSES FOR LININGS EVALUATED IN THIS STUDY 

Coating # Type Avg Actual 
Coating DFT 

1 EN 12.6 
2 EP 7.6 
3 EP 9.4 
4 EN 10.3 
5 EP 10.1 
6 EP 10.1 
7 E 10.8 
8 EP 10.7 
9 EP 18.4 

Type coating: E: epoxy, EN: epoxy novalac,  EP: epoxy phenol ic  

TABLE 2 
SUMMARY OF THRESHOLD LIMITS FOR ARTIFICIALLY CONTAMINATED PANELS 

AFTER 13 MONTHS IMMERSION IN TAPWATER 
({Ig c h l o r i d e / c m  2) 

Coat ing  

1 

4 

6 
7 

190°F 

7.5 
F a t 0  
F a t 0  
F a t 0  
F a t 0  
F a t 0  
F a t 0  

170°F 

7.5 
F a t 0  
F a t 0  

>20 
F a t 0  

150°F 

15 
4 

F a t 0  
10 

F a t O  

130°F 

>20 

F a t 0  

1 lO°F 

>20 
7.5 

2 
7.5 

3 
5 

90°F 

{>2o}* 
10 
{3) 
{6) 
{3) 
5 F a t O  3 

10 

5 {6} 
<20 

75°F 

{>20}* 
10 
{4} 
{4} 
{4} 
5 

{7) 
2O 8 17.5 15 20 17.5 22.5 

9 F at  0 F at  0 0 2 5 5 7.5 
*Threshold  l imits in p a r e n t h e s i s  in the  90 and 75°F c o l u m n s  are  ex t r apo la t ed  values .  
F at  0 m e a n s  t ha t  the  lining failed even t h o u g h  no salt  c o n t a m i n a t i o n  was  applied,  in o the r  
words ,  the  m a x i m u m  service t e m p e r a t u r e  of the  l ining was  exceeded.  
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T A B L E  3 
T i m e  t o  F a i l u r e  b y  B l i s t e r i n g  f o r  C o a t i n g s  A p p l i e d  o n  A r t i f l c i a l i y  C o n t a m i n a t e d  P a n e l s  

Applied 
Salt 
Level 
( v g / c m  2) 

0 
1 
2 
3 
4 
5 

7_5  
1 0  
1 5  
2 0  

0 
1 
2 
3 
4 
5 

7 . 5  
1 0  
i 5  
2 0  

0 
1 
2 
3 
4 
5 

7 . 5  
1 0  
1 5  
2 0  

0 
1 
2 
3 
4 
5 

7 . 5  
l O  
I 5  
2 0  

± 
__2_ 
_3_ 
___4_ 
_5_ 

_i0 
15 
2 0  

1 9 0  

Time to Blistering (weeks) 
At Var ious  Temp. (°F) 

1 7 0 1 1 5 0 1 3 0 1 1 0 9 0 [ 7 5  

Coat ing # 1 
> 5 6  > 5 6  > 5 6  >5 f i  > 5 6  
> 5 6  > 5 6  > 5 6  >Sf i  > 5 6  
> 5 6  > 5 6  > 5 6  > 5 6  > 5 6  
> 5 6  > 5 6  > 5 6  > 5 6  > 5 6  
> 5 6  > 5 6  > 5 6  > 5 6  > 5 6  
> 5 6  > 5 6  > 5 6  > 5 6  > 5 6  
>56 >56 >56 >56 >56 
4 7 >56 >56 >56 
1 . 5  6 > 5 6  > 5 6  > 5 6  
1 . 5  1 . 5  2 6  > 5 6  > 5 6  

Coat ing # 2 
1 6  2f i  > 5 6  > 5 6  > 5 6  
~ , ~  > 5 6  > 5 6  > 5 6  
1 8  26-3fi > 5 6  > 5 6  > 5 6  
1 6 ,  ~ > 5 6  > 5 6  > 5 6  
4 ~ >56 >56 >56 
S : q 26 > 5 6  > 5 6  
1 . 5  : I _5 1 . 5  11 > 5 6  
1 . 5  I_S 1 . 5  fl l . S  > 5 6  
1 _5. I!.5 1 _5 1 . 5  1.5! 4' 
1_5 1 . 5  1_5 I 1 . 5  1_5 

Coat ing # 3 
fi I 1 8 36-43 > 5 6  
3 7 8 1'3 > 5 6  
3 4 7 R' > 5 6  
3 3 6 ~ .  3 

I.S 1 _S 4 IC5 I _.~ 
I . S  1 .S  1 . 5  I:.~ I ; 5  
' L.~':,: ?:~'..~ I~5 l: .S ' IL~ 
1':S .... ~:S 1_5' 1K , l ~51 
1_-~i I~5, 1_5 I ~ 5  " I_K 

Coating # 4 
4 ~  > 5 6  > 5 6  > 5 6  > 5 6  
4 ~  > 5 6  > 5 6  > 5 6  > 5 6  
4 3 - ~ 5  > 5 6  > 5 6  > 5 6  > 5 6  
4 ~ S 6  > 5 6  > 5 6  > 5 6  > 5 6  
43-56 > 5 6  > 5 6  > 5 6  > 5 6  
43-56 > 5 6  > 5 6  > 5 6  > 5 6  
4 ~ S  > 5 6  > 5 6  > 5 6  > 5 6  
43-56 > 5 6  > 5 6  > 5 6  7 
4 a . 5 6  > 5 6  2 7 l i b  
43-S6 > 5 6  I I S  1 . 5  l~S 

Coat ing # 5 
I w . n  I ~ ~ I I  ~ 
II i ~ . i I  ~nl ~ , f a i ~ , ~ ,  

I ' ~ i I L I I I ~  ~ _ -  v J" 
l ~ i i i i l l  , l lll~ 
l B J l i i l l  II L i l  I- 
I L i I B i I  le~ 
ILiliil IIII" I I~I, 
i I i I ~ I i  I ~ 

2 ¸ 

> 5 6  
4 
2 

Applied 
Salt 
Level 
(¢glcm 2) 

Time to Blistering (weeks) 
At Var ious  Temp. (°F) 

190 170 150 130 [ 110 90 75 
I 

Coat ing # 6 
0 36"43 ~ - ~  > 5 6  > 5 6  > 5 6  
1 3&-~  4 3 - ~  > 5 6  > 5 6  > 5 6  
2 3 4 3 - ~  > 5 6  > 5 6  > 5 6  
3 1 . 5  1 . 5  > 5 6  > 5 6  > 5 6  
4 1 . 5  1 . 5  7 > 5 6  > 5 6  
5 1 . 5  1 . 5  4 1 3  > 5 6  > 5 6  

7 . 5  1 . 5  1 . 5  1 . 5  1 . 5  8 1 
1 0  1_5 1 . 5  1_5 1 . 5  1 . 5  1 
I 5  1 . 5  1 . 5  1 . 5  1 . 5  1 . 5  I 
2 0  1_5 1 . S  1 . 5  1 . S  1 . 5  I 

0 
1 

2 
3 
4 
5 

7 . 5  
1 0  
1 5  
2 0  

0 
7 . 5  
1 0  

12_5  
1 5  

1 7 . 5  
2 0  

2 2 _ 5  
2 5  

2 7 _ 5  
flO 

0 
1 
2 
3 
4 
5 

7 . 5  
1 0  
1.5 
2 0  

Coat ing # 7 

2 > 5 6  > 5 6  > 5 6  > 5 6  
21 > 5 6  > 5 6  > 5 6  > 5 6  - - -  
2 • 2 5 > 5 6  > 5 6  - - -  
2 1 . S  3 > 5 6  > 5 6  - - -  
2 1.S 3 6 >56 --- 
2 1_5 3 I O  
2 1.5 1 . 5  15 q --- 
2 O~5 1 . 5  1_5 2 - - -  

1.5 1.5 15 
2 a s  1_5 1.5 i .s  --- 

Coat ing # 8 
> 5 6  > 5 6  > 5 6  > 5 6  > 5 6  - - -  
> 5 6  > 5 6  > 5 6  > 5 6  > 5 6  - - -  
> 5 6  > 5 6  > 5 6  > 5 6  > 5 6  - - -  
> 5 6  > 5 6  > 5 6  > 5 6  > 5 6  --- 
> 5 6  > 5 6  > 5 6  > 5 6  > 5 6  - - -  
> 5 6  2 6 - ~  > 5 6  > 5 6  > 5 6  - - -  
1 5  1 . 5  > 5 6  ~ - ~  > 5 6  3 
1 5 1_5 ~ 2 0  
l . S  1 . 5  1 . 5  3 6 - ~  2fi: 
l . S  1_5 1 . 5  1_5 
1_5 1_5 1_5 15 1 . 5  

Coat ing # 9 
11 2 6  > 5 6  > 5 6  > 5 6  - - -  
1 3  2 6  ~ - 4 3  > 5 6  > 5 6  - - -  
1R 23  20  > 5 6  > 5 6  
1 1  21 9 ~ - 4 3  > 5 6  - - -  

3 4 2 6  > 5 6  - - -  
4 5 3 5 > 5 6  > 5 6  
1 . 5  1 . 5  1 . 5  3 3, 7 
1 . 5  1_5 1 . 5  1_5 l . S  3 
1 :5  I.~ 1_5 1.5 I : S  2 
1 . 5  1 . 5  1 . 5  1.5 1 . 5 '  --- 

>56 --- 

1.5 --- 

>Sf i  6 
5 

l . S  5 
4 

> 5 6  
2 
I 
1 
I 

> 5 6  
~ 5  
25 
2 3  
7 

>56 
> 5 6  
> 5 6  
1 2  

2 

Shaded  cells indicate  coat ing failure 
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T A B L E  4 
C O M P A R I S O N  O F  C H L O R I D E  T H R E S H O L D  V A L U E S  F O R  N A T U R A L L Y  A N D  A R T I F I C I A L L Y  

C O N T A M I N A T E D  P A N E L S  
(pg c h l o r i d e / c m  2} 

N A T U R A L L Y  C O N T A M I N A T E D  P A N E L S *  

C o a t i n g  1 9 0 ° F  1 7 0 ° F  1 5 0 ° F  1 3 0 ° F  I I 0 ° F  

2 F a t  0 F a t  0 5 5 >7 
3 F a t  0 F a t  0 F a t  0 5 5 
5 F a t  0 0 0 >7 >7 
6 F a t  0 1 5 >7 >7 

* T h i s  i s  a s u m m a r y  o f  d a t a  t a k e n  f r o m  T a b l e  5 

A R T I F I C I A L L Y  C O N T A M I N A T E D  P A N E L S *  

C o a t i n g  1 9 0 ° F  1 7 0 ° F  1 5 0 ° F  1 3 0 ° F  1 I O ° F  

2 F a t O  F a t O  4 5 7 . 5  
3 F a t  0 F a t  0 F a t  0 F a t  0 2 
5 F a t  0 F a t  0 F a t  0 2 3 
6 F a t 0  F a t 0  3 4 5 

* T h i s  i s  a s u m m a r y  o f  d a t a  t a k e n  f r o m  T a b l e  3 
F a t  0 m e a n s  t h a t  t h e  l i n i n g  f a i l e d  e v e n  t h o u g h  n o  s a l t  c o n t a m i n a t i o n  w a s  a p p l i e d ,  i n  o t h e r  
w o r d s ,  t h e  m a x i m u m  s e r v i c e  t e m p e r a t u r e  o f  t h e  l i n i n g  w a s  e x c e e d e d .  

T A B L E  5 
T i m e  t o  F a i l u r e  b y  B l i s t e r i n g  f o r  C o a t i n g s  A p p l i e d  o n  N a t u r a l l y  C o n t a m i n a t e d  P a n e l s  

Chloride 
Level 
(~g/cm 2) 

0.6 
1.4 
3.9 
5.3 
7.6 

0.6 
1.4 
3.9 
5.3 
7.6 

0.6 
1.4 
3.9 
5.3 
7.6 

T i m e  to  B l i s t e r i n g  ( w e e k s )  
A t  V a r i o u s  T e m p .  (°F) 
190 1170 1150 [ 1 3 0  111o 

Coating #1 
>56 >56 >56 >56 >56 
>56 >56 >56 >56 >56 
>56 >56 >56 >56 >56 
>56 >56 >56 >56 >56 
>56 36~ >56 >56 >56 

Coatins # 2 
3 ~36 >56 >56 >56 

>56 >56 >56 
6 26-:~6 >56 >56 >56 
5' 26 '~ >56 >56 >56 
2 3 , 4' ' 10 >56 

Coatin s # 3 
36 1 ! 12 >56 >56 
3 7 12 >56 >56 
1,5 3 7 >56 >56 
L 5  3 ! 7 >56 >56 
1.5 1.5 3~ 5 3 

Chloride 
Level 
(~g/cm 2) 

0.6 
1.4 
3.9 
5.3 
7.6 

0.6 
1.4 
3.9 
5.3 
7.6 

0.6 
1.4 
3.9 
5.3 
7.6 

T i m e  to  B l i s t e r i n g  ( w e e k s )  
A t  V a r i o u s  T e m p .  (°F) 

190 [ 170 [ 150 [ 130 [ ] lO 
Coatin 8 # 4 

>56 >56 >56 >56 >56 
>56 >56 >56 >56 >56 
>56 >56 >56 >56 >56 
>56 >56 >56 >56 >56 
>56 >56 >56 >56 >56 

Coating #5 
1.5 >56 >56 >56 >56 
1. 5 1.5 4 >56 >56 
1.5 1.5 3 >56 >56 
I. 5 1.5 I0  >56 >56 
1.5 1.5 3 >56 >56 

Coating # 6 
36-43 >56 >56 >56 >56 
36-43 43-S6 >56 >56 >56 
1.5 3 >56 >56 >56 
43-Sa 23 >56 >56 >56 
1.5 3 43-~ >56 >56 

c o a t i n g s  S h a d e d  c e l l s  i n d i c a t e  f a i l e d  

3 1 3  
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