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I )as is . \~ at t s  and G ehr in i ~ 
l I examined  the  pitting behavior of 545( — l I ll  7 and 1100 alumi-

n u m  a l lo \  s vs cr a sea water  sc~oc i t \  range ~t iero t o  60 k n o t s  ( /ero to 3 I in s I They observed that

the c r i t i c a l  p i t t i a c  po t en t i ; i i . p ro t e c t i o n  p o t e n t i a l  and L , , r ros ion  p o t e n t i a l ,  sh i f ted  in t he act ive

di rec t ion  .is t he  st wat er  ~cli c i t ~ s~ j s increa sed I liese p t e n t i a l s  undergo  a d iscont inuous  noble shif t

in t In: e l o c i t ~ ran ge 1 I 5 to 3( 1 k n  ~t s  7 . to I 5 4 in s 1 d e p e n d i n g  on specinlen geometry.  This

, l i ~ n t i i w u- . s h u t  was exp la ined ‘n th e  basi s v i  e i t h e r  a t r a n s i t i o n  t rom laminar to t u r b u l e n t  flow

or th e  vi sc i ot L d ~ t . i t i t i  I hew a i i i i u i s  vI sc i s  ~~l p i t t i n g  ~orr sioii w i t h  cons tan t  applied potent ia l

at all ~cIv ~ i t i ~ s and . 1  po t ei i t ia ls more .~~ t i % L  t h i n  t h e  critical pitt ing po ten t i a l .  1 he e x t e n t  ot

pitt ing de~ I cased as t h e  eh ~ i t  i n ’ . i  c.i~cJ and a’ t h e  app lied p o t e n t i a l  became more a c t i \  e .

Pr \  vi and ( , a l s  etc  had p re vi ~n isl~ p i posed t h a t  valid Lrit lcal pitting potentials can he

d e t e r m i n e d  on a l u i i i i n u m  ~i l l v ~ exp os ed t o  dea cra ted  sodium chlor ide  s o l u t i o n s . hu t  tha t  p i t t i n g

pote n t i . i l s  determined in ox \gc r i  cnnta iii ii ig ~ l i l o i  ide en~ iro nnuents do not correspond with p oten t ia l s

required t i n i t i a t e  p i t t i n g  %*~ ~ d ct at have  pi oposed t h a t  t h e  morphology and mechanisms of

p i t t i n g  are d i t l e r e n t  b r  p i t s  i ’i i t i a t e d  at po t en t i a l s  Inu re noble than  the c r i t i ca l  p i t t i n g  P oten t ia l

when coin pared to p iN formed at  l~u te r i  h al s inure a’. t i v e  t han the cr i t ic a l  p i t t i n g  potential .  Ma crop it s

and microp its are observed at  t h e  more nob le p o t e n t i a l s  while ‘ink m i c r o p i t s  are observed at the

more ac t i ve  potent ia ls .  
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l l a r t t  ~~ observed a s t e a d y  st a t e  and a non - s t ead y  s t a t e  p i t t i n g  p o t e n t i a l  for a l u m i n u m  a l l o y s

exposed to quiesc ent  sea w a t e r  ss it  h i the s teady st at e  va lue  oh 40 mV more ac t ive  t h a n  the non—st eady

stale value.  1 lie nu i i - s te a dv  s ta te  va lues  were determined p o t e n t i o d y n a m i c u l h ~ whi le  the  s teady state

va lues  were de te rm ined  using long term exposure tests.  ( ,rou ver.  Lennox and Peterson . ( 6 )  A l ior ,

and Fink and Boyd ~~ have reported t h at  a l u m i n u m  alloys will pit in sea water  if t h e i r  corrosion

p o t e n t i a l s  are more noble t h an — 0 . Q \~~~~ ( 
for a l lo y  s hav ing  p i t t i n g  p oten t i a l s  oh about  —0.7 

~ s( l’

I l a r t t  ~~ ~i i t r i h u t e d  p i t t i n g  in the  p o t e n t i a l  range of —0. 7 to — 0. ’) V S(. l . to the  presence of b ’errie and

L-upr ic  ions in the sea waler  I h i a t  cau se Ii ‘eat f i lm br eakdown in t h e  po ten t ia l  region between the

en t i .  ~u l p i t t i n g  p o t e n t i a l  and -U . ’)

I - r a n i  and ~ vs ak h ave d e t e r m i n e d  c r i t i c a l  p i t t i n g  po te n t i a l s  for 99 ,~~) percent  pu re a l u m i n u m

exp o sed to 0 I ~s sodium c l i h o r i d e  us ing  a r o t a t i n g  disk e lec t rode .  I l i es uhser~ed a noble sh i f t  in

c r i t i c a l  p i t t i i i e  po ten t  a! b~ . 5  to 3() iil \ as the  r o t a t i o n a l  s e h ( c i t \  was increased to 200() rpm (abou t

5 k ii ’ t s  o r 2 I m s  t h e  nob le  sh i f t  in cri t ical p i t t i n g  p o t e n t i a l  ss as e x p l a i n e d  on the basis t h a t  in—

c r e a s i  ig Se l o c i t \  dc’. ieascs the b o unda r y  ha ~ er t h i c k n e s s  and the  local h~ drogen ion concentration i s

reduced \l ore ii oble pote u t  ials are re l ii ired to i n i t i a t e  p i t t i n g  svi th u  the red u iced h vdn igea ion con—

cci ) t i i  t ion

l ) an e k  ~~0) examined t h e  in h l u e n c e  vi s ea water  v eh >c i t ~ on p i t t i n g  oh a l u m i n u m  al lo ~ s over a

se lo it ~ i , t n e c  vi 1cm to ~U k n o t s  f i e r y  to 36.0 ni s) us ing  a ssate r  j et  test f ac i l i t . l) anek reported

th at  p i t t i n g  did not oc c ur ahos e a c r i t i ca l  e loci  t \  of 30 k n o t s  ( 1 5 . 4 in ‘-1  under  f r ee l y  corr o( l ing eon—

d i t i  ‘us h~ ,scd on s i sua h  obsers i t i ons .  I ) anek proposed t h a t  the  l i i i i i t i n g  oxy g e n  d i f fu s i o n  c u r r e n t

de nsi ts in~ c,~~.-d as the  se ln ’ . : i~ u k  r eased and t h a t  the  increa sed ‘‘si gel) supp l  i n h i b i t e d  the  p i t t i n g

re.i . t i

“ - s . i i i  ie ei i  t sh u d i c s  ‘ ‘ I  the  in l l u e n c e  vi se lo c i t ~ on t h e  corrosion behav io r  of mar ine  m a t e r i a l s

h ia s e  i n c lu ded  ‘ ius i t e r a t i o n s  ot li ~ drod~ nan l i c s  and mass t r a n s l e r  on corrosion behavior .  ( I . I I  to 14)

I liese -~ l i es ~~ ~ s hown that  l imit ing v\~ gen dill u s lon  currents should he pr op or t io n a l  to ve loc i ty  to

t h e  one- t all power  w i t h  l a m i n a r  ho w  and veIoc it~ to ( lie one— h i t th power under turbulent flow conditions.

I l ie p u r p  se d t h is i nves t iga t ion  was to measure l i m i t i n g  oxygen  d i f f u s i o n  cur ren t  densit ies

as a t u i i e t i o f l  i t  se l oci l  v .  to s t u d s  cat l io di ’ .  kinet ic s on 5456- I l l  1 7 a l u i i i i r i t im  al loy as a func t ion  of

eh . i t ’ , ~irit1 to condii’.t oi i st in t  po t en t i a l  tes t s  at more a c t i s  c po te n t i a l s  than —0~
) V s( 1 flue l imit-

ing oxygen  d u t  I us i oui  c u r r e n t  densi t  was measured us ing  a p l a t i n u m  clad t a n t a l u m  electrode exposed ~

-I
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to sea water  se loci t ies oh ’ iemo to 60 kno t s  ( i er ~
) to 31 iii ’s)  (‘a t hu od ic  k ine t ics  were e x a m i n e d  b y re-

cording c a t h o d i c  p olari i .ati on cur ses  on 5 4 5 6 — I l l  I 7 a l u n i i u i u i i i  a l loy over the same veloci ty  range.

~ (‘on s h a i i t  p o t e n t i a l  tests  were condu cted at selected veloci t ies  at po t en t i a l s  more act ive  th an -0. ’) V S( .I .

to d et e r mine  it ’ p i t t i n g  cou i ld he s l i  ppi csse’.l at t h e  more ac t ive  po ten t ia l s .  F i n a l l y ,  a model w as

proposed to e x p l a i n  I lie observa t i ons  t r on i  t his and prevuo us  s tudies ,

I- \P1 - R IMI - .NTAL

a t cmi  a Is

I h e  ma te r i a l s  hum th is stud s  s~ crc 545 6-I I I I  7 a l u m i n u m  alloy and p l a t i n u m  clad t a n t a l u m .

The 5 4 5 6 - I l l  I a l u m i n u m  al loy  t \  pu .  , i l i ~ has a composi t ion r ange of 4 . 7 to 5.5 p ercent  magnes ium.

0 5 to 1.0 percent  manganese  and 0.05 to  02 0  perce n t  ch romium.  I lie I l - I l  7 temper  was developed

to r n i n i n l i / e  t h e  Occurrence of e x f o l i a t i o n  d u r i n g  exposure to sea wate r .  I hie p l a t i n u m  clad t a n t a l u m

consis ts  of a t h in sheet vi p l a t i n u m  roll bonded to t a n t a l u m .  I h u e p l a t i n u m  provides t h e  current

e f t i c i e n c ~ and the t a n t a l u m  pr~is ides s t r eng th  and a high breakdown potential  in sea water.

Test Flee t  rol~ te

1- r e s h i .  u i i i l ) n h l ~it ed sea ss a te r  ss as used for  all e x p e r i m e n t s  i hi e sea water  is drawn t rum the

in l e t  ha~ in Ocean (‘ i t s  - N ess Jer sc~ - I i l t e r e d  t h roug h sand and di a tomaceous  ea r th  to remove s i l t  and

sand. and c’ i i i t  rol led to a t empera tu re  f ‘75 + 5 0 1, (23 o) 2 8 ( - ) to m i n i n i i t e  the  inh luence  of

seasonal t e n i j ’~ r a t u r e  s a r i a t i o u u s  on th i e  r e su l t s  1 l ie  sea w a t e r  t v p i c a l l \  c on ta ined  7 ppm o xy g e n .  the

rI I memain ed  i t  X 2 , i i id  t lie s a h i n i t  ~ ranged I rum 2’.) to 36 Pp t

I cst I a L i h i t s

I es t s  in quies’ .ent sea w a t e r  5’ er’. conduc ted  in a 5 5—gal lon  n o n — m e t a l l i c  container. I he sea

w a t e r  w v  somp hi . t~- l ~ r e p l e n i sh e d  once an h our  lv i  the d u r a t i o n  oh t h e  tests.

I hu e R t lac i l i t v  t o t  o b t a i n i n g  ve loc i t i e s  h mom 5 to ‘.)O kno t s  is a high speed ss a t c r  ss heel

shown ‘ m l i i ’ .  a l l ’  iii i ’  i i i ’ .’ I - \ ‘ . ‘l o c i t i e s  are deseloped h~ ro ta t ion  oh an open c l indr ica l

c,)ntii iulel in a h o r i t on t a l  p lane  ab ou t  a se r t i c a l  s h a l t  I lie r ad ius  oh the  wheel  is 31 inch es and

f l i t ;  a’. a i h a b l e  test  are a i s a t oroid oh ’ wa t e r  six inches deep and I 8 inc h es h igh .  Specimens are

p o s i t ion e d th ree  i n c h e s  t i o i u i  t lie outer  wal l ,  where  a veloci ty of ‘)O k n o t s  is generated at 650 rpm.

1- l e s t r i  ‘. h i s m i c ~iI I n s t r u i t n e n t a t i o n

[ i m i t i n g  o xy g e n  dif  t t is ioi i  cu r ren t  dens i t i e s  and ca tb io th i c  p olar i ia t i on curves were es-

t~ihl ish ied potentiod y n amica l l y  w i th  p oten t i a l s  recorded on the  s ih s  er s i l s er  chlor ide scale using a 
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hi g h i n p u t  impedance electromet e r and cu r r e n t s  were recorded using a series of precision resist ors

in the coun t e r  electrode c i r c u i t .  I lie precision resis t ors  wet -c selected to gi s e cu r ren t  ranges oh

0—I p A to 0—1 A. ( ons tan t  p o t e n t i a l  tests were conduct ed p o ten t ios t a t i ca l  I~

Specimen [)esi gn

I . i n i i t  in g i i  x~ gen d i b l u i s i o n  cu r r en t  densi t ies  were de te rmined  using a platinum clad

t a n t a l u m  specimen ,  a p lex ig lass specimen holder ,  and a ny lon coated steel s t ru t  as sh own schi en i at ic-

al l y  in I igure 2. I - l e c l r i c a l  contact  to the  specimen was achieved using t h e  steel suppor t ing  s t ru t

as an e lec t r i ca l  lead.

1 lie 5 4 5 6 — I l l  I 7 a l u m i u i u n i  a I h o ~ spcc i i i i ens inc lud e d  cons t an t  l e n g t h  l)ara ll el  plate sl) cc i iuens

measur ing I in.  .x 2 in .  x I 4 in .  (2 .5  cm x 5 I cm x 064  cm) .  specimens w i t h  the length  var ied

to gu se  a c o m i s t a n t  Reynolds  n u m b e r  oh 2 x I U~ represen ta t ive  of l a m i n a r  flow and specimens

wi th  the l eng th  varied t i  i give a constant Reynold ‘s N t imber of 10 6 representative of a transition

Irom l a m i n a r  to t u i r h u l e n t  hlosv . I lie required lengths  are shosv n in Table I -

1 A B E l  I
l . l -N ;TII S R l - ) 1 !I R EI )  TO ~s1 A lN T A I N  (‘ONSTANT RLYN OLD ’S

N t ’ M I 3 L R S  AS A F t N C T I O N  OF \ ‘ELOCITY

- Lengtn (Inches )

Velocity ( Knots ) Laminar FIow tt
~ Transition Flow ~

21

5 3.01 1505
10 1 50 7 .52
15 1 .00 5.02
20 0. 756 3. 78
25 0.602 3.01
30 0 502 2.51
40 0 376 1.88
60 0.252 1.2 6

( 1 )  R ynoki ’s Nu m ber 2 x 10~(2) Rey nokl’ s Numh ei lo ll

l l i ’ .’ spec inleul lcngt his  slu v ii in I able I were  ca lcu l ated  from the cx pression for Reyn o l d ’s

Nuu n ihe r Ioi a paral le l  p late
\ - E .

R x —

p

w h ere R is the  Rev nold ’s N umhe i V is  t h e  l i c e  stream s cloci N- . L is the specimen length  and p

is t h e  k i n e m a t i c  v i s c i i s i t  
~~

. I .05’) x I0 -~ I t  sec f o r  sea wa te r  at  ~U ’  I .  Since the  k inemat i c  viscosi t y

5
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remains constant .  t h e  Reynold ’s n u m b e r  can be held constant by ma in t a in ing  the Product of

velocity and length constant .

Specimens fo r  quiescent sea water  exposure h a d  dimensions of 1 x 2 x 1/ 2  inches. These

specimen s were secured using a St ern -Makr ides  electrode holder  for support and as an electr ical

contact -

RFSULTS A Nt )  DISCUSSION

Cathodic Polarization - 5456-I l 1 1 7  Aluminuin Alloy

Cathodic polarization curves were established for 54 56-El 117 aluminum alloy using con-

stant length ( 2 m d i ) .  laminar flow and transition to turbulent flow parallel plate specimens. ‘Ihe

e ffect of sea water velocity ~n t h e  cathodic polarization behavior of constant length specimens is

shown in Figure 3 At zero velocity , three regions were observed on the cathodic polariiation

curve : apparently a region where oxygen reduction is the primary cathodic process (-092 to

-1 08 V AgIAgcl ). a reg ion where hydrogen reduction is the primary cathodic process (- 1.08 to

- I .2 V Ag IAg(’l ) and a region of breakdown of water (more active than - 1 2  V Ag/Agc l ) The

primary cat h odic process for velocities above zero velocity was the reduction of hydroge n in the

potential range examin ed.

(‘athodic polarization curves for laminar f low ( R~ = 2 x l0~ ) specimens are shown in

Figure 4. the primary cathodic process for laminar blow specimens was the reduction of hy drogen

up to a potential of - 1.4 V AgiOAg (l Breakdown of water was observed at l thwid 20 knots at

putentua ls more active th an - 1.4 V AgIAg(’l but break down of water was not obsersed at 40 amid

i~0 knots

‘at hiodic polaru iation curves for transition to turbu lent flow are shown in Figure 5. ilue

dominant cat h odic process was the reduction of h ydroge n hor all of the velocity ranges. A pparentl~
turbulent flow suppresses t h e  breakdown of water or enhances hydrogen reduction .

Figure 6 shows the influence of veIocit~ on the corrosion potential  fo r  constant length ,

laminar flow and transition to turbulent flow specimens. Flue corrosion potential shifted in the

acti s e direction hor a ll f low conditions to a velocity ut 10 knots , a discontinuous s h i h t was observed

in flue range of I 5 to 2(1 knots to more noble potentials, amid an additional active shitt was observed

as the velocity was further increased . Ihi s type of behavior has previously been reported b~ I)avis.

Watts . and (seh r i ng ( I )  based on anodic polarization measurements . The constant length s pecifl iens

7

— - - — . - . — . -—.- . 0 ’~• — . “ — ‘ -,
~~. — - — - . .—- - - . ‘ 0_ - - - — -



0

o
- o - b

~
///

/

~

#
0 —

,,/(
:~i~- E °~~~

0,
o E ~~~

/

/
/

* 

0 / 2  
_ _ _ _ _ _ _ _ _

( lOô V/~
V A) lP!t U~tOd

8

.~~.,‘, , 
. .

~~.
-. 

~~

. ,l I.~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ .— . - 
_ — ‘ — _ — ,—



0

0
C -

0

0 0
—

-J

/1 0 
- -~

/
1/ f

I-
1~

‘0 ~~~~

E
_!~ ~~~~~~~

C — ( / ~
- Q~o ~~~~~~~

5)

2 ~-‘
- 

> r~~
ii

~

—‘I

•

: 1

____________________________ I I
co o c”i ~0 2
0 - ,- -‘ .-

I -
~

( ID6V/6V A ) I~uu~toa

9

— - — —  - — — - — — — — — —  . - -—.---—-——-



-
~~~~~~ 

-
~~~/ 0 --., 

—
l
~~

,

7/ 7  -

/ 1 /
/ 1VI -

/ .1
/ /1

/ II “/ /1 ~~~ ‘o ~~~~

//

,—~-————~ 0 E —
I I 50 0 =~~~~’I / -

I I
I / E ~~~~I I

1/
I I
I / - 5,

I I  0 uuII

1$)
I-

,,.i I I
0 c”~c — — ‘-

ei~~ua~o~

10

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ .. . ~~-— . - . . 
-

--—--,- - - - — -



-0. 7 —

-08 - o

~ a 
I

Turbu :: Flow

Constant Length

0
-1.3 —

1 4  —

-1.5 I I
0 10 20 30 40 50 60 70

Veloc i ty (K n ots)

I g u i  e ( i . I ’ l l  c u t  of V e l o c i t y  on the ( o rr osi o n Potent ia l  of 545~ -I I I I  7 A l u m i n u m  Ah oy lor
Con s t a n t  Leng t h  , Laminar Flow . and Transition to Turbulent Flow Conditions

I I  

.f~~
_

~— . c -  .
‘ ‘ ‘



s lios ~ed t h e  i i ios t a c l i s e  p r i t e r i tma l  a t  all se k ei lmes w h i le the  hj iu i i ui . i i  loss ,iiid t rans i t i o n  to turbulent

hli ss s l l cLi i l i en s h a d  es seui t i a l l \  t h e  s.Iuiic ~~ i ius iuii potent ials j s  h u l L  lion iii selout~

I he cou ro s ion  cu t  e mi l  densi t ie s b r  the I l i u ce  f low c o i i , h m t i o i i s  iu ~ s l i o s ~~ii iii l ieti re ~ as a

f unc t ion  ol se loc i t ~ I he corrosion current densi t ie s ss cue  d e t e r m i n e d  h~ e s t i ,~~ il,iliiie t h e  linear

porti o n i f  the cathodic pol a r i iahi on diagram to t h e  initial c o r u o s l i ul polcn t ia l  I hue Lorros lon rate

for const a nt length specimens increased by o~ er t h ree orders oh magnitude k-tv c d l  iero an d 30

knots , kit sli i iss ed a de cr casL in corrosion rate of tw i  I orders I if magnitude between 30 and 45 knots .

( orro sion r ate  u u i c r e : I S L d , i eaun  front 45 to ~0 knots. Suuiiihii r N pe of heha~ mui r ss as previousl~ reporte d
- 1 1 S f  - . - . - . . . -I , i s i s  a m id  ( , eh r in g .  - I lie u u i i t i a l  in c rea s e  in corro sion rate  ss ,is explained h~ an increa se iii the

sii h ) r l \  of ux \  ecu to th e Ine t a l  s u r fa c e u nt i l  s t i f t i c i e n t  o \ v L ’ e i i  was  p r e s e n t  to p a s - i s a t e  the a l u m i n u m

a lloy. The c i ) rrosIuu ) ra te  dropp ed s h arpl y a f t e r  ) a s s i \ a t i o i i  m i t  i nc r e . i se d  , i t  h ig h er ve loc i t i e s  p o ssibl y

due to Tn e chuau j u (,al da m age to and chemica l  uns ta h ih i t \  i t  t h e  pr~ t e c t u s e  h i h i n .

I l i e  l , i n u i u i ir h o w  and t r a n s i t i o n  ho t t i r h i ihe i i t  f lo ss  specime ns shoss-ed an increase iii corrosion

ra te  up  t o  about 2 ( 1 k n ots s s i t h i  l i t t l e  c h . i i i g e  in co r io sio n r i t e  abo se  20 kno ts . A p p a r e u u t l ~ . f i lm

i ns ta h ih i l S  is not is s .t r i a h l e  above 20 kno t s . I lie R c v u u o l d ’ s N t i u i i h e r s  f u r  the  c o n s t a n t  lengt h specimen

ire s hown iii 1 ,ihle I I  f o r  c o n I I i ,trlson t o Rc~ nold s Num b er for sa r i ab l e  le iu ~ t h i  spec imens .

I \ I3 1 I II
R l - \ N (  ) l l ) S  N t \1l31 RS AS A l t N ( ’i ION 01 SI . -\ WA l l’ R VLLO( l FY

I ( ) R  A 1 W O-IN (  II  l .h ’N G T I I SPF ( ’IMEN

Reyno ld ’ s Number
Velocity (Knots ) 

— 
(x 1ff t )

0 -

5 1 .33
10 2.66
15 ~~~ ~,. Laminar Flow

20 5.32
25 6.65
30 7 .97
35 930
40 1063 Transition to
45 11 .96 Turbulent Flow
50 13.29
55 14.62
60 1 5.95

I saiui i i ia t io mu of the Reynold’s N timbers in ‘l able II sIn iv’s t h at the large decrease in corrosion

rate h u t  the coui sta i i  t heng th u speciliien corresponds with the transition f rom laminar to turbulent h’Iow
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Figure 7. hi fect of Velocity on (‘ orrosion Current l)ensities lor 545o—U 117 Aluminum Alloys
hor Constant Length , Laminar Flow and Trans ition to Turbu lent Flow Cond it ions
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at 30 knots . Flue incre.ise iii corrosion rate at ~0 knots may be explained by the hig h er Reynolds

Nu inber ( 1  ( x I0~ .ot (uO k iuots compared to t h e  laminar blow and transition to turbulent h ow

specinleuls

l)eterminat ,o iu of I imiti iug ( ) ‘ ‘ geui l) ih hmision Current I)ensity

The L o rr o s ou i lo  rate ~iii~I ii uisi iHl  p iteiit ial oh aluminum exposed to low ve loc i t y sea w a t e r  are

propose d to be contro l led by the iiiagiii I ode of the liini ting oxygen diffusion current density . The

limiting uu\ygc n d i f f u s i o n  current ~leuis i h~ is gise n h~ t he expression

- 
DnFC 1~

ii
‘- b UI

Where i1 is the limiting ox~ ge uu d i f f  t i s io ut  current dens it \ - I) is the diffusion coefficient for oxygen .

ii is t h e  number oh electrons transherred . F is Faraday ’s constant. (~ is t he bulk solution concentra tion

of ox~ gc ul and 6 is the mass transport boundary layer thickness. Three hydrodynamic parameter s

are important in establishing the mass transfer ef fects on corrosion as a function of sea water veloc ity.

The Reyuiold’ s Number describes the hydrodynamic boundary layer  th ickness  as a function of velocity.

The Reynold’s Number for a parallel plate is given by the expression:

VL
R

ii

w here V us the ice strea m ve l u ic ut  - L is the length and ~ is the kinematic viscosity. [lie huydrods-

namic houuidu r~ layer th ickness us given by th ie expression:

= L~~U

fo r lamnmii ar I l i v  coutd i t iu un s :uiii.h

0 3~6 = I.
R 0 .2

x

for tur bulent f low conditions. The mass transf er boundary layer thickness is related to the hydro—

dynaiiuic boundary layer thickness by ti le ex p res siol i i  -

Ii
b
ill 

=— j--
~-Sc

w h ere S1. us t he Schmidt Number giv eiu by t h e  es p iess ion

V
Sc I)
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lhe limiting oxygeul d iffusion current Llcnsif ~ can he e\pressL - ul in terms of the Re~ nold’s and Schmidt

Nn miihe r s according to  t I m e c \ p l e s s u u i i u s

l) ilF ( I~
Sc If . ’

u I, 
— : — _______________ 

—— — for la m inar l i v
- L 5/ 3 ( )  R 5

and

I )nF(’
11Sc I

= for turbulent blow

L l0. ~
Substitut iiug t he appropri ate var iables for the Reynold’ s and Sch midt Ntumhers gives the ve lou it~

dependenLe u I  t h e  hini it iuig oxygen dif fusion current density:

I ) (J . ( i 7  nl: B ~
0.5

L -,
5,45 L’- ’-- i~’

for laminar fl u i~~ aiu d

1)0 ( 7  nI-’CB p
0 12

= 
038 LO S

or t urhuleiu t flow cond i t  ions.

If nfl t lue .u i i i h lL ’s are maintained constant ex cept  for t h e  ve loc it~ 
, the himiting oxvge il dii’—

I iusiou ’i current deiisi t~ us proportional to s e l o c i t ~ as fo llows:

U SV - . l i i  !a iiiu; u ,ir flos s

~ .2 I r t i !  i l en t  ‘low

I pi i . . i !  ca th i u ihi :  p u l u i  imj t ioii Lu u ’ cs  s oi l c o i nt a i i t  length p l a t i n u m  clad t a n t a l u m  specimeuis are

shioss ii in Figure ~~. l’hie h im i i i t uu i g  os~ gen dill usu iii [ u r r eu ut densi t increased h~ oser two orders oh

iiiagnitude v iuc u t h e  ~l c i t ~ s as increased hro u i i /cm to ten knots . I-’ urt iuer ui i c rea se s in s e h u o c i t ~

have l i tt le inhlueiice on t he hi iu i u t iu ig  oi\~ gen dit f i i si o mu current deut s ut~’ .

[he limiting ii’ ~ geii d~f h os! iii current as a function of sea water se locuty is shown iii l igt ire

9. A logarit humic relationship wa s not observed between limiting oxygen di h h usion current density

and seloL i N is predicted - ‘[ he h i n i i i t imig oos y ge i i  WI f usion current density was essentially independent

0) 1 ~ehoc ity ,ohi i c  I S knots. A complete ex planation lor the independence of limiting oxygen d iffusion

current de uisi t v w ith increasing sehoci t y  will require additional work .
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Figure 9. Limit ing Oxygen Diffusion (‘urrent Density as a Function of Sea Water Velocity
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Surface ( ‘haract em ist ics of ’ (‘ ouis tant Potent ia l  le s t  Speci mens

Surfaces oh ’ a hew spec li ne il s were e san mined t h a t  were exposed to sea water  at I 5 . 3() and

60 knots with , u iu  app lied potential of — I .0 ‘Ag ‘ Ag(’I for 24 ho.utiu s Optic a l in icrogra phi s and scanning

electron mucrogra p hs are sluown iou Figure 10 bor IS knots , Figure I I  for 30 knots and Figure 1 2 fo r

60 knots . At IS knots , pits ai’e observed wit h th ue optica l mierograph ( f:~~U~~ I Oa) as dark spots on

a light sur f ace  . , \ sc ~inning e l ectro n liuicrographi I Fi gu re I Ob) s luows a non—uniform scale with many

appare nt f r ac tu re s  At 30 k iu ots .  less crack ing  and spalhing ui the film was observed (Figure 11 a 1.

I’ xanuination oh t h e  latter su rf ace wi th flue sca nui ing electron microscope (Figure I I  b) shows that

t he surface ox ide is nuiuch more u n u f o m  in thuan sva s observed at IS knots. Furthermore , there were

fewer cracks in the f i lm at 30 kuuots than observed at I 5 knots ,

The sur face at 60 knots hooked ver y similar optically to) the surhace at 15 knots (Figure 1 2a).

flowes cr . a scann ing electron micrograph shows much more cracking and spalling at 60 knots than

at 15 knots I hence , based on t h ese limited results t h e  oxide film appears to become more uniform

as t he ‘c l oe i t v  increases with some crackiu lg at 15 knots , less crac ki ng at 30 knots , and extensive

crac king and spalling at 60 knots . Additional studies are desirable on metallurgically polished sur-

faces to i m i - c s t u g n t e  t h e  ci f e c t s  oh velocity and applied potential on surface morphology and resultant

corro sion behav iu or

I’reh ’erent ial co o rru osmoul  was observed around non-nuetallic inclusions at all of the velocities.

f:ig~ire 13 shows this preferent i a l  at tack at the interface between a non-metallic inclusion after 24

huours exposure too 3() kuun t 5L i water ,  Figure 14 shows similar preferential corrosion at t h e  matrix—

inter muet ,ull ic iuuc lusi o ii int cu I ,uce a f te r  24 hours exposure to 60 knot sea water at an applied potential

u I  - 1 , 0 \“ .~g Ag ( I

it :ippe.uis t h a t  increasing velocity and t hue app lication of app lied potentials changes the basic

nature o i l (hue film on 54 ’ S ( i l l  I 7 aluiuiu iuum a l l oy .  Pitting appears to be initiated at non—metallic

iuiclusio ons where tI m e iuitegrit ~ 0) 1 t he f ihii i is iuot as great as in areas not containing non—metallic inclus—

ions, I o oc a l  galvanic action reduces time ch emical stabil i ty of the film markedly The pitting that was

obser s ed at an applied po tc i ut i al  oil - 1  0 V Ag/ A~~l occurred at a potential more active than the pitting

potential and the pr o tecti o n potential and is not Pred icted Ofl ti le basis oh current pitting theory .

‘[he pitt ing observed at - I 0 
~ Ag/Ag( l W~ S not as ex tens ive  as pitting observed at the same velociti es

at applied potential levels more noble than t h e  critical pitt ing potent ial.~ 
I )  It is possi ble that non—
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meta llic iuic lui si ou us iii i\’ iiot be required to iu i i t ia te  pitting at potentials more noble than t h e  critical

pitting potential . but non—ntet a l l ic inclusions mBa be required to ) initiate pitting at po)teii t i. i hs imu u o re

act ive than tIme pu ’ o t ec t uu in  potent ial. It can be postulated that fi lm s ta b i l i ty  is-~ i c()~1ip lex hu iuct iom

oh applied p o t e n t i a l .  sea water ve f o c ih y  - bouiid.uiy aver variable s . a uu d the therniodynamic chicnnc:iI

poteuuti a l of ’ flue film.

St MMARY ,\NI) (‘ON(’LUSIONS

I ( .uthk d ic polarization studies on 54 56—I l l  I 7 aluminum alloy in flowing sc.i ~ , ulL r i iudii.a te

t hat h lie pr ii )u,u rv catluodic process at iero velocity is oxygen reduct ion and ,ut el u uc i t  es

k i~ c It ) knots is hydrogen reduction.

2. l) c tc nimiuia t iouu of the limiting oxy g eul  diffusion current density as a t ’unctuon 0) 1 SL ’ lkoci t \

h a s  shown that the li m iting oxygen diff usion rate increased b~ \C~ ci il or ders oh magnitude

up to 10 knots and us independent u ) f  velocity front 10 knots to 60 kuio its

3. Increasing se loc i ty  resulted in a m ore uniform oxide l’ilnu when going I rooi i i  I S k n o t s  to

30 knots to 60 knots at aim app lied poteiut ual level of - I .0 
~ Ae Ag( 1 I- i s su u rcs  were

ohsc i ‘we d after 24 hours exposu re at 15 knots. Lxposure at 30 knots showed fewer

f iss u ics wh i i le ex posur e at 60 knots showed extens i ve fissures and sonic sp.illiuig of the

film. Pits lormed at all of the velocities could be associated in many cases wi t h  non—

me I ,u h hic iuuc lus ions ,

4 A mci. lounusm is suggested for the iii f luence o i l  app lied potential on the put t ing heha~ ior

of ~ l5( -l l  h I 7 ahunuiiitiit i alloy as : ifnu i c t i O n of app lied potentia l At applied potentials

r i iore noble t l i a i i  time critical pill mug potential - pits ini t iate at ratidom . At potentials

inur e a c t i v e  (luau h lie protection potent ial .  pits are iuui t ia ted at the interface between the

m a t r i x  , i i id  n o m u — m n e t a l l i c  u n c l u s i o ns ,
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