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ABS TRACT

The behavior of ship hull sacr if icial anode zinc was

studied under simulated shipboard exposure conditions. The

adherence and passivating tendencies of anodic corrosion

products are discussed in relat ion to t ime and corrosion

product layer thickness. The eff ects of velocity and time

of dynamic exposure on zinc anode specimens pre-exposed

statically are presented. The behavior of zinc corrosion

produc ts is related to laminar and turbulent reg imes of

elec trolyte flow as well as ionic diffusion. The depassi-

vating tendencies of zinc anode corrosion products are

presen ted. The corrosion of an aluminum sacr ificial anode

is charac terized , and the obs erved w idespread p itting cor-

rosion is hypothesized to be anti-intergranular in nature.
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I .  INTRODUCTION

A. CATHODIC PROTECTION

Corrosion may be defined as the destructive att ack of a

meta l  by chemical  or electrochemical reaction with its envi-

ronment [1] Corros ion  in the  ocean env i ronmen t  is of ext reme

impor tance  to  the  Navy in te rms  of m a t e r i a l  f a i l u r e s  or reduced

capabilities. This work will consider the sacrificial anode

pe r fo rmance  of a c a thod ic  p r o ie c t i o n  sys t em which  is used to

p ro t ec t  the  unde rwa te r  hul l  areas  of Naval  sh ips .

El ectroch emica l  corros ion takes pl ace in a cell in wh ich

e l ec t r i ca l  and chemical  a c t i o n  is n e c e s s a ry . Such a cell

cons is t s  of an anode , ca thode , e l e c t r o ly t e  and some means of

external circuit connecting the anode and ca thode .  In such

a cell the anode undergoes oxidation or loss of electrons

into the external circuit with a typical metal dissolution

reaction ; for anodic zinc :

++
j~~~-~ .~~~~ + e .

The r e s u l t i n g  p o s i t i v e l y  charged  me ta l  ion  en te r s  in to  solu-

t i o n .  At the ca thode , e l e c t r o n s  are ga ined  from the  e x t e r n a l

circuit , and reduction occurs. The cathodic reactions possible

in the  s eawa te r  e l e c t r o l y t e  to be c o n s i d e r e d  here  are [2 ]

ZH2O + 0 2 + 4e -~ 4 OH

and
2H 2 O + 2e H 2 + 2 0H

18
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w i t h  t~he former  equa t ion  b e i n g  p r e d o m i n a n t .  The r a t e  of

reduct ion  is dependent on the  d i s s o l v e d  oxygen  con ten t  of

the seawater.

One type of ga lvan ic  ce l l  is an e l e c t r o c h e m i c a l  cel l  in

which the two electrodes are made of dissimilar metals , and

a natural thermodynamic tendency exists for anodic and

ca thod ic  r eac t ions  to occu r .  C u r r e n t  f l o w s  s p o n t a n e o u s l y

with the amount of current flowing depending upon the dif-

ferences in potential existing between the anode and cathode.

The general equation for a galvanic cell can be written

as
aA + bB cC + dD

meaning that a moles of substance A plus b moles of substance

B reac t  to form c moles  of s u b s t a n c e  C , e t c .  The N e r n s t

equa t ion
a~ ad

- 0 RT CE - E  nF 1” a ba A aB

expresses  the  exact p o t e n t i a l  of such a cell  in t e rms  of the

a c t i v i t i e s  (a)  of t h e  p roduc t s  and r e a c t a n t s  [1) . A c t i v i t y

is the  product  of concentration (molality) and an activity

c o e f f i c i e n t  which  is a function of the material , temperature

and concentration. Tables of activities can be found in

corros ion texts.

The galvanic series for seawater lists metals in order of

their actual measured po tentials in seawat er. The re lative

position of a metal in the series indicates its relative

activity or nobility . The more active metal in a galvanic

19



-~~ - . .-
.
.*.,- -~~~~-

- --
~~~~

-
~~~~ --~~~~ --~~~- -- -~~~~

cell w i l l  become the anode w h i l e  the  n o b l e r  meta l  becomes the

cathode. The anode experiences the electrochemical attack or

meta l  d i s s o l u t i o n  and p o s i t i v e  cu r ren t  ( p o s i t i v e  cu r r en t  be ing

in a d i r ec t i on  oppos i t e  to the  f low of e l e c t r o n s )  f low out

into the electrolyte and towards the cathode.

In genera l , the  g r e a t e r  the  g a l v a n i c  s e r i e s  d i f f e r e n c e  in

potential of the metals in a bimetallic galvanic cell , the

greater the corrosion rate. In addition , cathode to anode

area r a t i o , the  e x t e n t  to wh ich  the  e lec t rodes  are  p o l a r i z e d ,

and properties of the electrolyte will affect the amoun t of

current flowing and the subsequent corrosion rate [1] . In

the  case of ca thode  to anode area  r a t i o , f o r  a g i v e n  c u r r e n t

f low in the cell , the  cu r ren t  d e n s i t y  is g r e a t e r  f o r  a smal l

e lec t rode  than  fo r  a l a rge  e l ec t rode .  The g r e a t e r  t h e  c u r r e n t

dens i ty  at an anodic area , the  g r e a t e r  the  c o r r o s i o n  r a t e ;

t h e r e f o r e , a l a rge  c a t h o d e  to anode a rea  r a t i o  r e s u l t s  in

increased  anodic  d i s s o l u t i o n .  P o l a r i z a t i o n  r e f e r s  to the

change in e l e c t r o d e  p o t e n t i a l  t h a t  t ake s  p l ace  as c u r r e n t

p a s s e s .  There  are v a r i o u s  r easons  fo r  t h i s  phenomenon  w h i c h

may be found in any c o r r o s i o n  t e x t .  Let  i t  s u f f i c e  to say

here  t h a t  p o l a r i z a t i o n  is t h e  d i f f e r e n c e  be tween  the  ac tua l

e l ec t rode  p o t e n t i a l  and the  N e r n s t  e q u a t i o n  p o t e n t i a l .  As a

ca thode  p o l a r i z e s , i t  becomes more  anod ic  in p o t e n t i a l ;  and

as an anode p o l a r i z e s , i t  becomes more  c a t h o d i c  in p o t e n t i a l .

There  is a net  decrease  in t o t a l  cell  p o t e n t i a l , an d les s

cu r r en t  f l o w s  as a r e su l t  [3]
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The aim of a cathodic protection system is to either supply

e lec t rons  to the  meta l  to be p ro t ec t ed  f rom an e x t e r n a l  power

source or to select a metal more active than the one to be

pro tected and use that me tal as a sacr ific ial anode. The

impressed current cathodic protection system has been in use

in l a rger  Naval  s h i p s  and in recent  yea r s  has been r e t r o f i t t e d

into s m a l l e r  d e s t r o y e r  type v e s s e l s .  E c o n o m i c a l l y ,  i t s  i n i t i a l

i n s t a l l a t i o n  cost is h ighe r  than  a s a c r i f i c i a l  anode s y s t e m ,

but  i t s  l i f e t i m e  cost is lower  due to the  c o n t i n u i n g  requi re -

ment for replacement of anodes in the sacrificial anode system

[4 ]  . The impressed  cur ren t  sy s t e m  employs  a DC r e c t i f i e r  power

source  w h i c h  s u p p l i e s  p o s i t i v e  c u r r e n t  to an i n e r t  or semi -

i ne r t  a u x i l i a r y  anode a t t a c h e d  to the  h u l l  of t h e  sh i p .  An

a u t o m a t i c  c o n t r o l l e r  is used to m a i n t a i n  the  h u l l  p o t e n t i a l

at some p r e d e t e r m i n e d  va lue  to i n su re  comp l e t e  c a t h o d i c  pro-

tec t  i on .

Ca thod ic  p r o t e c t i o n  of s h i p  h u l l s  da tes  to 182 4 when S i r

H u m p h r e y  Davy r e p o r t e d  t h a t  copper  s h e a t h e d  wooden h u l l e d  sh i ps

could be p r o t e c t e d  f rom c o r r o s i o n  by e m p l o y i n g  s a c r i f i c i a l

b locks  of i ron a t t a c h e d  to  the  h u l l .  U n f o r t u n a t e l y ,  cathod-

i c a l ly  p r o t e c t e d  copper  was s u b j e c t  to f o u l i n g  b y m a r i n e

o rgan i sms  [ 5 1 .  In 1810 , Rober t  M a l l e t  p roduced  a z i n c  anode

that was also suitable. It was not until wooden hulls were

repl aced by steel , however , that the use of zinc anodes became

comm onplace  on A d m i r a l t y  ves se l s  [1] . E a r l y  c a t h o d i c  protec-

tion systems emp loyed sacrificial anode~ primarily in the area

of the bronze propeller. The overall cathodic protection of
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ships was not exp lored aga in until 1950.  The Royal  Canad ian

Navy showed at tha t  t ime tha t  the proper application of anti-

fouling and anti-corrosion paints in conjunction with a

cathodic protection system could result in considerable hull

main tenance  s a v i n g s  [1] .  From a s tudy conducted  in 1961 by

Franc is and Cook [6] , it was shown that a projected overall

sav ings  of $10 , 000 to $ 2 0 , 000 in 1961 do l l a r s  could be expected

per de s t roye r  per 2 - y e a r  overhau l  cyc le  by u t i l i z i n g  a g a l v a n i c

cat hodic  p r o t e c t i o n  s y s t e m .

The common s a c r i f i c i a l  anodes in use today fo r  s h i p  hull

ga lvan ic  ca thod ic  p r o t e c t i o n  s y s t e m s  are m a g n e s i u m , z i n c , and

aluminum . Magnes ium is more  a c t i v e  or e l e c tr o n e g a t i v e  than

z inc  or a luminum in the  g a l v a n i c  s e r i e s  in s e a w a t e r  but  is

only 30~ e f f i c i e n t .  This  means t ha t  h a l f  the  anode d e t e r i o r a t e s

in seawate r  w i t h o u t  p r o v i d i n g  any u s e f u l p r o t e c t i v e  cu r ren t .

In a d d i t i o n , the  h igh  p o t e n t i a l  of m a g n e s i u m  n e c e s s i t a t e s  t h e

use of d i e l e c t r i c  sh i e ld s  be tween  the  h u l l  and s a c r i f i c i a l

aricde , or severe  p a i n t  damag e can occur  w i t h  a s u b s e q u e n t

r e d u c t i o n  in ove ra l l  sy s t e m  e f f e c t i v e n e s s .  A d d i t i o n a l ly ,

m a g n e s i u m  anodes are  l i m i t e d  to a 2 - y e a r  r e p l a c e m e n t  cy c le

w h i l e  :inc and a luminum anodes may ha ve 3 -y e a r , 4 -y e a r  or  even

longe r  r ep l acemen t  cyc les . The c o m b i n a t i o n  of t h e  aforemen-

t ioned  f ac t s  r e s u l t s  in m a g n e s i u m  anode sy s t e m s  b e i n g  more

c o s t l y  than  z i n c  or a l u m i n u m  and t h e r e f o r e  f a l l i n g  in to  d i suse

for  hu l l  p r o t e c t i o n  s y s t e m s .

:inc sacrificial anodes were in use on over  9O~ of U.S.

Naval ships in 1971. In the early stages of zinc anode
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develo pment , their perfo rmance was erratic with a tendency

for  cor ros ion  products  to adhere  to the  s u r f a c e  and p ass i v ate

the anode. In 1956 , Teel and Anderson [7] r epc r t ed  t h a t  the

t enac i ty  and e l e c t r i c a l  r e s i s t a n c e  of the  c o r r o s i o n  produc t

f i lm  which  fo rmed  on the  su r f ace  of the  anode were  due pri-

m a r i l y  to the trace amount of iron present in the zinc and

recommended that iron con ten t  shou ld  be kept below O .OOl5~~.

Subsequent observations by Southin [8] revealed that the

addition of aluminum , cadmium and silicon to :inc-iron alloys

improved anode performance by alleviating the detrimental

effects of iron. Southin [81 also reported that grain size

does not affect anode perfo rmance. Further investigations by

Reichard and Lennox [9] and Waldron and Peterson [10] sub-

stantiated and expanded Southin ’ s results. The results of

these investigations have been adopted by the Navy in its

current MIL-SPEC A- lSOOlH [ll ] regarding the composition and

application of zinc sacrificial anodes.

Aluminum sacrificial anodes have become widel y used by

commercial ships in recent years due to improvements in their

performance and reliability. The initial aluminum alloys

developed as sacrificial anodes were very sensitive to heat

trea tment , grain size and impurities. Two particular high-

purity aluminum alloys have proven themselves to be very

effective and reliable in hullborne service. The first ,

Galva lum , developed by the Dow Chemical Company , cont ains

0.43~ zinc and O .045~ mercury and has exhibited efficiencies

of 93% in seawater [12]. Although the mercury content of the 
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anode makes it questionable for submarine application , su r f a c e

ships could readily use this anode in a cathodic protection

system . This alloy also has advantages over other aluminum

alloys in that no heat treatment is required to insure reliable

perf o rmance , and its efficiency of 95~ is significantly greater

than other aluminum anodes. Tests conducted by the Naval Re-

search Laboratory and reported by Lennox [13] noted that some

surface areas of the Galvalum anodes remained essentiall y in-

active and in long term use could possibly result in some seg-

ments of anodes being lost without producing any useful current.

Another high purity aluminum anode was developed by the

Federated Metals Division of the American Smelting and Refining

Co. through a U.S. patent held by the Mitsubishi droup [14].

The impetus for this alloy development was piovided by aluminum

alloy anode users who did not want to use the Galvalum anode

because of its mercury content. This alloy contains 1.3% zinc ,

0.02% indium and O .0l~ cadmium . It has exhibited nominal effi-

ciencies of 85~ in service and like Galvalum is not dependent

on heat treatment. Its current capacity is 1102 AM P-hr/lb as

compared to 1280 AMP-hr /lb for Galvalum and 334 AM P-hr/lb for

MIL-SPEC- A -1SOO1H zinc . In tests reported b Haney and Kurr

[14] the aluminum- :inc-indium-cadmium alloy exhibited a smoother

overall ocrrosion pattern than the striation corrosion pattern

of Galvalum as reported by Lennox [13]. Corrosion products

f o r m a t i o n  on t h e s e  two a l u m i n u m  a l l o y  anodes  has no t  been

investigated in any depth to date and very l i t t l e exists in

the literature on the mo rphology of these corrosion products.
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The virtues of aluminum as a galvanic anode include its

relative light-weight and the fact that it can provide over

3 times the current per pound when compared to zinc . Equiva-

lent surface areas of zinc and aluminum have approximatel y

the same current outputs. This means that it is theoretically

possible to have a cathodic protection system using aluminum

which will weig h the same as :inc but will last 6 years or

two typical Naval shi p overhaul cycles [1] . The primary reason

that the U.S. Navy has not developcd a MIL-SPEC for the manu-

facture and application of aluminum anodes is that the large

number of proprietary alloys offered by various producers

makes it extremely difficult , if not impossible , to develop

a MIL-SPEC around them [13]. This , however , does not prevent

the Navy from commercial1~- procuring aluminum sacrificial

anodes for installation in Naval shi ps. The relative metal

cost of the aluminum anodes is about two-thirds that of zinc

[13] , and additional replacement and maintenance savings could

be reali:ed through a c-year repLa cement cycle vice the current

3-year zinc anode r~ p 1acemert schedule.

B . FACTORS AFFE CTING CORR OSI ON

There are a multitude of factors which affect the perfor-

mance of a galvanic cathodic protection cell. They can he

grouped into three general categories: electrochemical aspects ,

environmental effects and metallurgical aspects. The most

relevant of the factors in each of these categories shall be

discussed in order to present a basis for possible further

discussion in this thesis .

25



r -- -. 

1. Electrochemical Aspects

a. Thermo dynamic  C o n s i d e r a t i o n s

In order  fo r  a r e a c t i on  to proceed s p o n t a n e o u s l y ,

the re  must  be a r educ t ion  in the  t o t a l  f r ee  energy of t h e

reactants. The Nernst equation expresses the potential of a

cell in terms of the activities of produ cts and reactants and

is de r ived  from f r ee  energy  c o n s i d e r a t i o n s  [1] .  A p osi t iv e

Nernst equation total cell potential indicates that oxidation

of a metal in that cell will occur . The rate of cell corrosion

is determined by other factors that will be discussed separ-

ately [1] . The larger the potential difference of the elec-

trodes in a galvanic corrosion cell , the greater the corrosion

rate , other factors affecting corrosion rate not considered.

Thus the relative position of electrode materials in a galvanic

series indicates the direction of probable cell reaction and

relative corrosion rate in the absence of other rate-influencing

factors.

b. Polarization

This phenomenon can be thought of as retardin g

corrosion rate by decreasing the corrosion current of an

electrochemica l cell. Polarization is usually divided into

two different types : activation polarization and concentration

polarization. Activation polarization refers to an electro-

chemical process which is controlled by the reaction sequence

at the metal-electrolyte interface. Every reaction has a

finite activation energy required to proceed , and activation

polarization can be thoug ht of as the slowing of the total

electrode reaction because of an activation energy that must
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be attained before the reaction can proceed [1] . Concentra-

tion polarization occurs for electrochemical reactions which

are controlled by ionic diffusion , i.e. , are dependent on the

availability of ions in the electrol yte.

As stated earlier , when an electrode acting as a

cathode p o l a r i z e s , it becomes  m o r e  anod ic  in p o t e n t i a l ;  and

when an electrode acting as an anode polarizes , it becomes

more cathodic in potential. A s imp lified general polarization

diagram is represented in Figure 1. As polarization rates

increase , the slopes of the polarization curves increase

resulting in a lower value of corrosion current 
~~corr~ 

and

subsequent lower corrosion rate. Generally, for a galvanic

corrosion cell , activation polarization occurs for both anode

and cathode , ‘v;hile concentration polarization only affects the

cathodic reaction [3]

c. Passivity

Essentiall y , passivit y refers to the loss of

chemical reactivity experienced by certain metals and alloys

under particular environmental conditions . This phenomenon

is difficult to define because of its comp lex nature and the

specific conditions under which it occurs [3] . For the pur-

poses of this thesis , passivity will refer to the loss of

anodic reactivity due to the buildup of a thick and adherent

corrosion product film.

2. Environmental Effects

Since seawater is a complex solution of many salts

containing living matter , suspended silt , and dissolved gases ,
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the individual effect of each of the factors affecting cor-

rosion is not readily separable. The use of artificial

seawater in this work eliminates living matter and suspended

silt considerations so that only the factors affecting cor-

rosion in this thesis will be discussed here .

a. Oxygen

The dissolved oxygen content is a major factor

affecting the corrosivity of seawater. For most galvanic

reactions in seawater , the depolarization of the cathode is

more rapid with the increase in arrival of oxygen at the

cathode , which in turn is a function of the dissolved oxygen

content of seawater and the velocity of flow at the surface

[16]. Generally surface water is high in oxygen content.

b . Salinity

The salinity of open ocean surface waters typ ically

range from 32 to 37 .7 parts per thousand. In this range the

corrosion of common metals is not appreciably affected [16]

c. pH

Seawater is slightly basic with pH v ar y i n g f rom

8.0 to 8.3 near the surface to 7.7 to .8 at intermediate

depths to 7.0 in stagnant deep ocean basins. High pH and high

d issolved oxygen content , and conversel y low pH and low dis-

solved oxyg en content , usuall y occur together [16] . As exper-

imen tal pH values were controlled , pH was not a si gnificant

corrosion variable in this work.

d. Temperature

Usual ly an increase in temperature will increase

the severity of corro sion as represented by t he
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Arrhenius equation.

rate of corro sion = A exp (
~ B/RT )

where all the symbols except T are constants. Recent work by

Mor and Beccaria [17] on the effect of temperature on the

corrodibil ity of zinc in aerated synthetic seawater at zero

veloci ty indicates this is the fact for periods of time up to

about 72 hours. However , the reverse trend occurs for long

immersion periods at temperatures of 10°C to 60°C due to the

i nc reas ing  precip itation of calcium and magnesium carbonate

onto the initial passivation layer. These additional products

make the passivation layer more compact and less permeable to

the diffusion of :n~~ ions resulting from the dissolution

reaction. Ships typ icall y experience seawater temperatures

in the 0°C to 30°C range. The conductivity of seawater nearl y

doubles as the temperature is raised from 00 to 25°C.

e. Velo c i t y

Most corrosion products which form on a surface

inhibit corrosion. If they are soft , currents may wash them

away and increase the corrosion rate. Also , if the cathodic

reaction is controlled by concentration polarization , removal

of the concentration by currents will increase the corrosion

rate [16] . The effects of velocity on corrosion product

mor phology is a part of this work.

f. Time

All corrosion ra tes are t ime depe nden t . Time

depend ency in various situations will be a part of this work.
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3. M e t a l l u r g i c a l  Aspects

a. Gra in  Boundar ies

As a metal solidifies , the atoms arrange themselves

in a crystalline array . These arrays or grains meet , and gr a in

boundar ies  are formed.  S ince  the most stable configuration of

the metal is its particular crystal lattice , grain boundaries

are high-energy areas . They are more active chemically and

usually are attacked more rapidly by a corrosive medium .

b. Alloying

From previous discussion it is evident that alloy-

ing has a significant effect on the passivating film forming

properties and efficiencies of sacrificial anodes .

c . Surface Cond iti ons

Inclusions , scratches , oth er surface defects , or

elemental distribution may provide initiation sites for micro-

anodic or microcathodic regions and significantly affect

corrosion and film formation processes.

C . PREVIOU S RESEAR CH

S i g n i f i c a n t  r e s e a r c h  was c a r r i e d  out  f r o m  the  m i d d l e

1950’ s to the late 1960’s concerning development of reliable

and efficient zinc sacrificial anodes. This research was

mentioned earlier in the cathodic protection section of this

introduc tion. The period from the middle 1960’s to the pres-

ent has seen additional research , including studies in the

area of alum inum sacr ificial anodes , the two previously men-

tioned alloys being the most significant developments.

Recen tly, work at the Naval Postgraduate School has sought
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to examine the mo rphology of anodic zinc corrosion products

t h rough  the a p p l i c a t i o n  of s u r f a c e  m i c r o a n a l y t i c  t echni ques

such as scanning electron microscopy and energy dispersive

X-ray analysis. Pertinent conclusions follow regarding the

recent  works  at the  Naval  P o s t g r a d u a t e  Schoo l .

Despi te the improvemen ts in zinc sacrif icia l anodes p re-

viously mentioned , instances of passivation of anodes have

con t inued  to occur , even when the material adheres to comp o-

sitional specifications . In 1973 , Bornholdt and Perkins [18]

i n i t i a t e d  s tud ies  to c h a r a c t e r i z e  the  morp ho logy  of z i n c

co r ro s ion  produc t s  v ia  scann ing  e l e c t r o n  mic roscopy  in o rder

to gain a better general understanding of zinc corrosion and

passivation problems . They discovered that the typ ical cor-

rosion product consisted of dense but microscop ically porous

a r ray s of hexagona l  z i n c  ox ide  (:no) p l a t e l e t s .  These  p l a t e l e t s

form with the basal planes of the :nO crystal structure oriented

pa ra l l e l  to the bro ad , slow-growing external faces. These

plates also tend to be oriented nearly perpendicular to the

zinc alloy surface.

Todd and Perkins continued investigations of anodic zinc

co r ro s ion  p roduc t s  in 1974 [19 , 20 , 2 1 ] .  They c o n c e n t r a t e d

on the nucleation and growth process of the type of corrosion

product desc r ibed  above . They postulated that a thin super-

saturated layer of dissolved zinc ions above the metal surface

made p o s s i b l e  the  observed  n u c l e a t i o n  of s i n g l e  c r y s t a l s  of

n0. It was further postulated that under long term static

exposure  cond i t i ons , z i n c  ox ide  p l a t e l e t s  would  e v e n t u a l l y
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begin to grow more pa r a l l e l  to the m e t a l  s u r f a c e , thus

producin g a passivating film of corrosion produc ts.

Luebke [22] continued these investigations in 1976 ,

concentrating on zinc corro sion produc t behav ior under con-

ditions of varying relative velocity with the electrolyte

and va ry ing  anode current  d e n s i t y .  In o rder  to car ry  out

t h i s  work , Luebke des igned  and cons t ruc ted  an exposure  t ank

assemb ly with a rotating disk electrode , with a voltage-

controlled current generator device that allowed independent

control of anode relative velocity and impressed current.

After developing a data base of zinc anode corrosion product

behavior at various velocities and current densities , Luebke

concluded that passivation of a zinc anode under low current

density, long time, static exposures was possible. Addition-

ally, he concluded that anode passivation did not take p lace

in high velocity turbulent conditions , due to a cyclic process

of product buildup and spalling .

The present work concentrated on :inc anode corrosion

product behavior under conditions which more closely simulate

shipboard exposure conditions. Additionall y , an exploratory

investigation into the corrosion behavior of an aluminum

sacrificial anode material was conducted.
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II . EXPERIMENTAL PRO CESS

The purpose of the experimental process used in this work

was to simulate the conditions that a sacrificial anode would

experien ce while huilborne in the cathodic protection system

of a ship. As mentioned in the previous section , work to

date at the Naval Postgraduate School has utilized zinc sacri-

ficial anodes in static conditions only or in dynamic conditions

in which both velocity and current density were varied. The

life cycle of a typical hulimounted sacrificial anode would

include periods of static conditions while the ship was in

por t  and per iods  of dynamic conditions while underway . This

work sought to simulate a Situation in which sacrificial anodes

were allowed to corrode in static conditions for varying

lengths of time followed by underway periods of varying veloc-

ity and time. The corrosion product morphology was studied

throughout this experimental process in order to establish the

behavior of sacrificial anodes in a more real-life experience.

A. APPARATUS

The apparatus used included a beaker in which specimens

were  exposed to s t a t i c  seawa te r  c o n d i t i o n s , c y l i n d r i c a l  t ank

conta iner , rotating di sk assembly , curren t generator/power

source , and a dig ital voltmeter and frequency counter as

m o n i t o r i n g  i n s t r u m e n t s .
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1. S t a t i c  Exposure  Appa ra tus

The static exposure apparatus consisted of a standard ,

3000 ml , pyrex laboratory beaker which contained a synthetic

seawater electrolyte. This apparatus is somewhat similar to

the one Todd [21] used in his work. Appendix A contains the

specification standards follo’.ed and chemicals used in its

preparation . Synthetic seawater specifications require that

its pH values range from 8.0 to S.4 and conductivity from 39.0

to 45.0 millimhos [23]. Before and during static exposures

the conductivity and pH were checked and maintained within

the prescribed values. Usually only the addition of a small

amount of distilled water , to compensate for evaporation

losses , was necessary to maintain the seawater electro lyte

as prescribed. The specimen was galvanically coup led to a

steel plate and mounted on a plexiglass stand by means of a

nylon bolt which passed through a hole in the stand and a hole

in the steel plate and threaded into a tapped hole in the back

of the specimen as shown in Figure 2. The specimen stand was

then placed in the beaker in a near-vertical position in order

to more closely s imulate the orientation of a sacrificial

ano de on a s h i p ’s hull. The cathode to anode area ratio util-

ized would greatly affect the anodic galvanic current density

experienced by the specimen. Therefore , great care was taken

to insure that an exact , reproducible cathode-to-anode area

ratio was utilized.

The sacrificial anode was machined to 7/16 in x 7/16 in

x 3/ 16 in (1 .1  cm x 1.11 cm x 0 . 4 8  cm) in o r d e r  to  f i t  the
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Fi gure 2

.\node specimen coupled to a steel plate
on a plex i glass stand
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r o t a t i n g  d i sk  a s s e m b l y  to be discussed later. The sides of

the anode were spray painted with black insulating dope so

that galvanic current would only pass through the 7/16 in x

7/16 in faces of the anode. Additionall y, the s ides  and back

of the 3 in x 3 in x 1/8 in (7.62 cm x 7.62 cm x 0.32 cm)

steel plate were also sprayed with black insulating dope so

that only the bare 3 in x 3 in face would act as a cathode .

The anode specimen then coup led to the steel cathode produced

an area ratio of 46 to 1. This area ratio closely conforms

to Militar y Specification A-l800lH requirements for the cath-

odic protection of bare steel with military specification zinc

sacrificial anodes. Additionally, the painting of the sides

of the anodes helped to reduce comp licated corrosion edge

effects due to nonuniform galvanic currents through the

specimen [74]

In order to determine a value of galvanic current

density experienced by the sacrificial anode , a measurement

was made of the total cell galvanic current. The measurement

system simply consisted of a sacrificial anode electrically

connected to one side of a Weston model l24n digital multi-

meter by a glass insulated support rod and low resistance

wire and a steel p late connected to the other side of the

multimeter by an insulated support rod and low resistance

wire. Both the specimen anode and steel p late were painted

with insulating dope to insure a ~6 to 1 cathode to anode

area ratio . The anode and cathode were susnended in a 3000

ml beaker of synthetic seawater electrol yte in close proximity
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to one another , the bare face of the anode facing the bare

face of the steel plate. The cu r ren t  pas s ing  t h rough  the

cell was m o n i t o r e d , and a p lo t  of t h i s  cur ren t  versus  t ime

is shown in Figure 3. The galvanic current measured in this

manner is sl ightly less than that experienced by a direct

contac t  ga lvan i c  couple  due to the resistivity of the elec-

trolyte between anode and cathode . The value obtained , h ow-

ever , serves as an approximate value and is considered accurate

enough for this experimental process. To measure more accur-

ately the galvanic current , a zero impedance ammeter as de-

scribed by Champion [25] would be suitable.

The value of galvanic current density determined in

this manner is about S mA/in (O.7 3 mA/ cm ) for a zinc/steel

couple. This value of current density differed from that of
7

10 mA/cm (1.53 mA/ cm ) determined by Luebke [22] as an

approximation to the current density experienced by Todd [20]

in his work with 50 to 1 cathode to anode ratio zinc/steel

couples. This difference could be attributed to differences

in cell geometry or in methods of determination. However ,

the values are of the same order of magnitude , and it was

felt that fut~ re correlation differences would not be sig-

nificant.

2. Tank Assembly

The tank ass embl y used in this work was des igned and

used by Luebke [22] in his work. It was constructed entirely

of plexig lass and was 18 in (45.72 cm) in diameter and held

about 13 gal (49 liters) of synthetic seawater electrol yte.
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A sys tem of b a f f l e  s t r i p s  was i n s t a l l e d  in order  to keep the

electrolyte as stationary as possible during traveling elec-

trode experiments. The relatively motionless fluid/traveling

electrode situation created by this arrangement was somewhat

similar to that experienced by shipboard :incs. An aeration

canal was fitted into the bottom of the tank which allowed

compressed air to be bubbled through the liquid from an array

of 12 equall y spaced air holes . An attached regulator and

air filter insured a precise flow of clean air into the

electrolyte. Figure 4 shows the tank construction.

A rotating disk electrode was used to expose the anode

samp les to velocity effects. It consisted of a 12 inch

(30.48 cm) diameter; 1/2 in (1.27 cm) thick p lexiglass disk

suspended by a 1 in (2.54 cm) diameter plexiglass shaft . The

s h a f t  was connec ted  via  a p u l l e y  a r r a n g e m e n t  to an e l e c t r i c

m o t o r .  V a r i a t i o n s  in p u l l e y  s i z e  a l l o w e d  d i s k  speed to be

varied from c to 210 rpm. Figure 5 illustrates the assembly.

Each anode specimen was located in the disk underside

in a small rectangular slot near the outer perimeter of the

d~ k as shown in Fi gure 6. The distance from the center of

the disk to the center of each samp le was 5.70 inches (14.48 cm).

The slot was machined so that the specimen fitted with minimum

tolerance and was flush with the disk surface . Minimum solu-

tion disturbance was realized with this scheme.

The specimen was held in the slot by a plastic screw

threaded into the tapped hole in the back of the specimen.

The screw entered the disk from its top surface; and when in

place , the top of its head was flush with the surface.
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I: lgure 4

Experimental apparatus showing exposure tank ,
rotating disk assem b ly , ti ;ner , current gener-
ator , digita l counter , and di gital voltmeter
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Fi gure 5

Rotating disk electrode assembl y
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Figure 6

Rectangular slot in rotating disk
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The impressed ga lvan ic  cur ren t  was s u p p l i e d  to the

anode th rough  a brass  r i n g ,  loca ted  in the s lot , wh ich  made

contact with the specimen . Current was supplied to the brass

r in g by a cop pe r w ire p laced within a hole drilled along the

disk radius to its center. At this point the wire passed into

the hollow connec ting drive shaft and then up out of the tank

and connected to a brass ring at the top of the drive shaft .

A copper brush rested against the brass ring. Connection from

the current source to the brush allowed the anode specimen

current to be controlled regardless of its velocity. In this

arrangement current was delivered to the anode specimen via a

watertight route to guarantee that only the specimen would

corrode.

The top of the shaft was fitted with a 60 tooth gear

in addition to the brass ring . A magnetic pickup , positioned

near the gear and attached to the digital frequency counter ,

sensed a magnetic flux as each geartooth passed during oper-

ation. These flux signals were instantaneously converted into

rpm and displayed by the counter.

A platinum impressed current cathode was utilized

because of its non-fouling characteristics regarding the elec-

trolyte. This electrode assembly consisted of a thin 1.50 in

(3.81 cm) diameter platinum disk that was positioned to rest

on top of the bottom baffles and at the center of the tank ,

approximately 1.25 in (3.18 cm) below the plexiglass disk.

As the d isk  ass emb ly rotated , the d istance from the platinum

cathode to the anode specimen remained a constant 5.84 in

44
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(14.82 cm). The platinum disk was welded to a p latinum wire

which passed immediately into a sealed piece of glass tubing

connected to a current source lead which passed through sealed

plastic tubing and out of the tank. Thus the p latinum disk

was ultimately connected to the current source via a water-

tight route.

3. Current G e n e r a t o r  and Voltage Source

This piece of apparatus was designed by Mr . Tom Christian

of the Department of Mechanical Engineering and was also util-

ized by Luebke [22] . The device was capable of supp ly ing the

current necessary for the corrosion as well as that required

by the electric D.C. motor to rotate the p lexig lass disk.

Equipped with separate voltage and current generators , it

could perform both functions simultaneousl y or singly. It

was possible to control anode specimen current to ÷ 2 microanips

and disk rotation to + 1 rpm. Current output from the voltage

controlled current generator was governed by the selection of

a particular voltage across one of four precision resistors ,

and this voltage was monitored with the di gital voltmeter.

The chosen resistor was automatically p laced in series with

the load (anode) so that the current through the load was

identical to that through the resistor. Maximum current

available was O.~ 5 amps (7 .50 volts with a 10 ohm resistor) .

A more comprehensive description of the tank assembly , rotat-

ing disk electrode and voltage/current generator may be found

in Luebke ’s [2 ] work.
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4.  Scanning E l e c t r o n  Mic roscope  and PGT 1000 X - r a y
Analyzer

The Cambridge model SI-b Stereoscan Scanning Elec-

tron Microscope (SEM) , shown in Figure 7 , was uti l ized to

s tudy the surf ace morpho logy of each anode spec imen . The

SEM enj oys a considerable advantage over the conventional

li ght m icroscope in te rms of depth o f focus and usefu l mag-

nification. The SEM depth of focus is about 300 times greater

than a light microscope at equivalent magnifications , and the

usefu l magnification is about lO ,000X. For the purposes of

th is study , magnifications of up to 5000X were utilized. The

SEM also provides an operator with the ability to translate a

specimen in the x , y, and z d irec t ions , rotate 360° , and tilt

fiom 0° to 90° .

The SEM focuses a beam of electrons on a sample surface

by means of electromagnetic lenses. Bombardment of the surface

results in the emission of secondary electrons , as well as

backscattered elect~ ons , X-rav s , and Auger electrons. The

secondary electrons emitted are detected in an electron col-

lection system which consists of a scintillator , a p hoto-

multiplier , and several amp lifiers which ultimately deliver

the signal to the cathode ray tube for display . T~ e cathode

ray tube beams are synchronized with the electron gun scan

of the SEM . The ratio of the length of a scan line on the

cathode ray tube to the length of a scan line on the specimen

is the magnification of the image seen.

As t h e  secondary  e l e c t r o n s  are e m i t t e d  at va r ious

ang les  f rom t h e  s u r f a c e  of the  spec imen , the  p i c t u r e  developed
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Figure 7

Cambrid ge Stereoscan SI-b scanning electron
microscope and PGT 1000 X-ray analyzer
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is thr ee dimensional in appearance and dif fers ve ry little

from the ac tual specim en surfac e. Light and dark areas on

a SEM display indicate variations in topography as well as

condu ctivity of the surface. More conductive areas appear

darker due to fewer s econdary elec tron emi ssions . The abili ty

to discern different areas of surface conductivity is partic-

ularly valuable in corrosion research.

Coupled to the Naval Postgraduate School SEM is a

Princeton Gamma Tech 1000 energy-dispersive X-ray analyzer.

The analyzer detects X-rav s emitted from the specimen surface

by the use of a solid state Si(Li) semiconductor detector

located in the SE~I specimen chamber. The analy:er processes

the detector signals to disp lay an energy spectrum . Direct

identification of elements is possible from the characteristic

X-ray energies present. The analyzer display s a spectrum of

energy levels in which relativel y large peaks indicate rela-

tively barge amounts of specific elements. This elemental

analysis can be extremel y useful in identifying trace elements

found in anode alloys or elements found in corrosion products.

B . PROCEDURE

The zinc samples used in experimentation were cut from a

hull sacrificial anode conforming closely to Military Speci-

fication A-l800lH [11] zinc. A comparison of spectrographic

analysis of this zinc alloy with MIL-SPEC zinc is made in

Tabl es I and II. The aluminum samples used were cut from an

a luminum hu l l  s a c r i f i c i a l  anode c o n f o r m i n g  c l o s e l y to the

s p e c i f i c a t i o n s  of Ga lva lum and p rov ided  by the Naval  Resea rch
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Labora to ry , W a s h i n g t o n , D . C .  A s p e c t r o g r ap h i c  anal y s i s  of

th is  a l loy  is found in Table  I I I .

P r i o r  to exposure , the  s u r f a c e  of each spec imen was g round

on 3 -0  emery paper , r insed  in e thanol  and d i s t i l l e d  w a te r  and

air dried. This was done to minimize the effects of surface

roughness and cleanliness on the reproducibilit y of data.

Figure  8 shows a typical surface , ready to be used in an

experiment. Prior to each experimental run , the conductivity

and pH of the seawater electrolyte were tested to insure that

they were within prescribed limits [23]

The spec imens  w e r e  c o u p l e d  to  the  s t e e l  pla te an d plexi-

g la s s  s t and  by the ny lon  bolt. The steel surface was previously

ground and free of rust deposits. The stand assembly was placed

in a near vertical orientation in the static beakers for varying

periods of t ~me up to S days. The a luminum anodes were only

exposed for periods of up to 2 Jays as it was found that the

pH of the beaker solution could not be maintai ned properl y .

The exact cause of this problem was not ascertained. It is

conjectured that a probable hydrolysis reaction of the type

described by Galvebe [26]

Al~~~ + 3H2O -
~ A l (OH) 3 + 3H

4

was taking place , and the subsequent hig h concentration of H~

ions was causing the electrolyte pH to decrease. An attemp t

to control the electrol yte pH by aeration was not successful ,

and it was decided to limit the exposure of aluminum anodes

to 2 day s duration. The investigation of aluminum sacrificial
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Figure S

Polished surface of anode specimen , 640X
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anode behavior is only exploratory in this work. The principal

aim is the  f u r t h e r  i n v e s t i g a t i o n  of z i n c  anode morpho logy .

inc specimens were corroded in three different beakers

for the same time period. Thus it was possible to examine

all three specimens via the SEM to insure uniformit y of cor-

rosion product morp holo gy prior to further testing . Alum inum

specimens were corroded singl y. Upon removal of the anode

specimens from the static beakers , they were gently rinsed in

distilled water , air dried , and mounted on a special threaded

SEM stub which allowed the subsequent removal and retesting

of the specimens in further experiments. The specimens were

then characterized for surface corrosion product rncrphobogy

by SEM examination and subsequent photographing. These photo-

micrographs provided the initial basis of information to which

further corrosion product behavior would be related.

Following their static corrosion characterization , the

specimens were fastened into the rotating disk electrode slot.

Impressed corrosion current checks were made to insure that

current app lied would be that actually prescribed by the

experimental plan. The current density used for the bulk of

this work was the 5 mA /in (0.775 ~A/cm ) galvanic current

density whose determination was described earlier. There were

a few departures from this value to higher values for experi-

mental comparisons .

The rotating disk assemb ly was then lowered into the

electrolyte and the rotating disk brought up to prescribed

rpm . Once the desired rpm was reached , th e corrosion current

was app lied to the anode , and an electric timer started.

51 



—- -- .

Upon completion of the testing period , the corrosion current

was turned off and the rotating disk assembly removed immedi-

ately. The insertion and removal of the rotating disk assembly

and the start and stop of the current and voltage generator

was done as quickly as possible to minimize any local corrosion

of the anode. The speeds of the rotating disk assembly util-

iz ed were  pr im ar i ly  50 , 100 , 150 , and 200 rpm . The fluid

dynamics of rotating disk electrodes are ~.ell known , and the

actual resultant velocity vector experienced by the anode

specimen is a function of rpm , disk radius , and bulk fluid

disturbances [27] . The exact velocities experienced are in

themselves not as significant as relative velocities for the

purposes of this work. However , the question of laminar or

turbulent flow is particularly significant in terms of boundary

layer behavior of corrosion products. A. C. Riddiford [283

reports that the transition from laminar to t u r L  :lent  b o u n d a r y

layer conditions begins at Reynolds numbers of about x lO~

and transition is complete at a Reynolds number of 3 x b0~
’

for a rotating disk electrode. For the experimental rpms

utilized in this work , the following Reynolds numbers app ly:

RPM Re

50 1.05 x b0~

100 2.09 x

150 3.14 x b0~

200 4.19 x b0~

Therefor e , the anode specimens experienced laminar as well as

turbulent boundary layer conditions. Luebke [22] conjectured
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that tur bulent boundary layer conditions existed at speeds

of rotation of 100 rpm and greater which correlates reasonabl y

well with the data presented here. The specimen was removed

from the slot and immediatel y rinsed with a gentle stream of

distilled water , so as not to disturb the corrosion products ,

and air dried. The specimen was then remounted on the

threaded SEM stub and subjected to further SEM characteriza-

t ion.

A designation system shall be utilized to identify spec-

imens. The first number indicates the length of time of

st÷tic exposure followed by the units of exposure t ime , hours

(H) , or days (D). Then a letter : for zinc or A for aluminum

will be followed by a number designating the specimen within

the indicated static exposure group . For example , 3~ H:l indi-

cates zinc specimen number 1 within the 36 hour static exposure

group . A compilation of specimen exposures appears in Table

I V 
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III . EXPERIMENTAL RESULTS AND DISCUSSION

A. :INC ANODE SPECIMENS

1. Static Exposures

In order to establish a reproducible corrosion product

condition prior to dynamic exposures , three specimens were sub-

jected to identical static environmental conditions . This

procedure established that the corrosion product mo rphology of

statically exposed sets of specimens was nearly identical , as

evidenced by Figures 9 and 10 which show two different speci-

mens after bours exposure each. For periods of static ex-

posures over 12 hours , somewhat greater variations existed in

corros ion product mo rphology . However , these variations were

minor tn degree and were easil y characterized and compared ,

so that the static exposure data base remained reliable. These

variations may have been due to slig ht differences in static

exposure electrolyte oH or conductivity or slight differences

in specimen surface preparation.

The static corrosion products seen in this work were

nearly identical to those reported by Todd [20] , except t h a t

there seemed to be an increased rate of corrosion product

growth in this work , especiall y in early growth stages. The

effect of painting the sides of the sacrificial anode specimen

is thought to be the cause of this accelerated growth. With

the sides painted , the edge-to-area ratio was decreased , and

a very uniform dissolution was noted across the specimen surface.
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Fi gure 9

:inc ar.ode surface appearance after
2 hour static exposure , 540X (2u:1)
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Figure 10

:inc anode surface appearance after
2 hour static exposure , 340x (2H:3)
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Figure 11 exhibits this uniform dissolution and indicates

that a very uniform galvanic current density was evident

across the  s u r f a c e  due to the  r e d u c t i o n  of corrosion edge

effects and the elimination of current passing throug h th e

sides of the specimen.

Todd [21] postulated that the development of a

passivating layer was possible during static exposure cond i-

tions . He observed what he thought to be a passivating film

after one week exposure. This passiv ating film was character-

i:ed by :nO platelets growing parallel to the anode surface

and seemingly to coalesce. In this work , no such p latelet

growth was observed. Instead , the morp hology of this work

remained as :no platelets growing individually and in clusters

up to the maximum static exposure of S da~ s. Figure 12 is an

example of corrosion product g r o w t h  a f t e r  3 d a s  of static

exposure.

It was found that corrosion products exhibited periods

of less adherence to the anode surface and actually %ashed off

during the gentle rinsing following a static exposure. Fig-

ures 13 and 14 are micrograp i-is of a 24 hour static exposure

specimen. The two l a y e r s  of c o r r o s i o n  p r o d u c t  e v i d e n t  in

Figure 13 are the result of the outer layer loosening during

static exposure , exposing the underl ying zinc surface and

permitting subsequent nucleation and growth of :nO platelets

on the surface. In Figure 14 , the extension of the underlying

p latelet layer under the outer platele layer can he seen for

a small distance.
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Fi gure 11

:inc anode surface after corrosion product s
removed showing uniform dissolution , l O X
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Figure 12

:inc anode surface after I
days static exposure , 2o~ X
(4D 3)
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Figure 13

:inc anode surface after 24 hours static
exposure exhibiting a cracking and partially
missing outer :nO layer , 70X ~24H::)
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Figure 14

:inc anode surface after 24 hours static
exposure exhibiti ng outer and inner :no
platelet iayers , ~OOX ~24H::)
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Micrographs of a 3 day static exposure sample in which

corros ion products rinsed off under a gentle stream of dis-

tilled water are shown in Figures 15 , 16 , 17 , 18 and 19. Two

distinct layers and morphobogies were evident here . Figure 15

exhibits a thick intermediate corrosion product layer still

adherent to the zinc anode surface. Figure 16 is a close-up

view of the junction of the  ou te r  l ayer  and the  i n t e r m e d i a t e

layer and also exhibits a portion of the zinc anode surface.

It can be seen here that the intermediate layer has a dense

mossy corrosion product makeup and appears to be on the order

of 50 ~m thick. Also in evidence is the appearance that an

outer  layer  of l a r g e  platelets embedded in a compact layer of

smaller platelets are the only platelet layers present. Figure

l~ is a view of a 3 day exposure specimen showing platelet layers

typical of those that have just been described. Fi gure 18

shows :n0 platelets embedded in the m o s s y  i n t e r m e d i a t e  p r o d u c t

layer. These p latelets were most probabl y left bohind as the

outer platelet layers rinsed away . Figure 19 is a micro graph

of the  zinc anode surface exhibiting crystallographic f a c e t i n g

along the hexagonal close packed basal p lanes. This type of

faceting is typ ical of all zinc anode metal dissolution seen

to date. Also evident in this micrograp h are ribbon-like

corrosion products , first discovered by Luebke [22], who

hypothesized that these ribbon-like products usually surround

in itial dissolution sites on the zinc surface and are eventu-

ally grown over as corrosion produc t growth increases. Figure

18 substantiates the theory that the ribbon-like products

rema in as corrosion produc t f il m g row th increas es.
62
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Figure 15

:Inc anode surface after 3 day s static
exposure showing corrosion product
remaining after rinsing , 24X (3D:l)
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Fi gure lb

:inc anode surface after 3 days static exposure
showing distinct corrosion product la’-ers , 220X
(3D:l)
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Fi gu r e  1’

:inc anode surface af ter 3 days static
exposure , l30\ (~~P 2 )  
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Figure 15

:1~~ anode surface after 3 days static exposure
showing intermediate corrosion product layer ,
2 3 3 X  SD:i) 
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F igur e l~

:inc anode surface aftor 3 Jays static exposure
s h o w i n g  s u r f a c e  of z i n c  w h e r e  intermediate
corrosion product la~.er ,~ashed aw ay , 223X (3D:l)
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Fi gures 20 , 21 , 2 , and 23 are  m i c r o g r a p hs of 8 day

static exposures , which experienced a washing away of corro-

sion product layers during a gentle rinse . Figure 20 exhibits

a p latelet layer and an intermediate corrosion product layer

wh ich has c racked  s o m e w h a t .  F i g u r e  21 e x h i b i t s , f r o m  top to

bo ttom , the platelet layer , an intermediate layer and the

anode surface. As can be seen here , the intermediate layer

is on the order of 130 am thick as comp ared to the 50 an

thick intermediate layer on the 3 da’; static exposure specimen

of Fi gure lb . It should be noted here that the outer niatele t

la ers on the S day exposure specimens have not increased

not iceaoly in s i z e  over  the  3 do’. exposure soecimens; however ,

the thickness of :he interm ediate layer has continued to grow .

Figure 2 2  is another view of the intermediate layer and zinc

s u r f a c e. F igur e 23 is a closeup of the zinc anode surface ,

showing the typical crysta llographic faceting , ribbon-like

corrosion product structures , and remainders of the moss y inter-

mediate la’.er adhering to the zinc surface. Figure 24 ~s t h e

FJT 1000 X-ra y spectrum taken from the mossy intermediate

layer; this reveals the presence of Jl , S , and Cl , in add ition

to the characteristic :~ neaks .

The evident decrease in  p l a t e l e t  g r o w t h  r a t e  as time

increases corroborates with Toddt s [20 ] findings. The apparent

increase in inte~~ ediate layer thickness , however , indicates

that sufficient electro lyte is reaching the zinc anode surface

and passivation is not taking place. The diffusion of zinc

ions through the incre asingl y thick corrosion product layers

68 
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Figure 20

: inc  a n o d e  su r f a c e  a f t e r  S J a y s  s t a t i c  ex p o s u r e ,
and p a r t i a l  r i n s i n g  a~.av of  co o ros  io n p r o d u c t s ,
70X ~SD2l)
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Figure 21

: inc  anode  s u r f a c e  a f t e r  8 Ja.-s static exposure ,
exhi b iting thickness of intermediate layer ,
l3OX (SD~ l)
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Figure 22

:inc anode surface after S days static exposure ,
ex h i b i t i n g  t h e  i n t e r m e d i a t e  l a y e r  and zinc
surface , L4OX (sD :3)  
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F i g u r e  23

: inc  anode  s u r f a c e  a f t e r  S d ay s  static exposure
and r ins in g away or corros ion ‘~roduct , 7 2~~X
( S  D :3)
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is the probable cause of p latelet growth slowdown . The lack

of adherence of the corrosion products at various stages is

likely due to stresses set up in platelet layers and Lfle

i n t e rmed ia t e l aye r  i t s e l f  as corrosion products continue to

form near the zinc surface and the intermediate layer grows

outward.

2. Dynam ic Exposur es -

Fluid dynamics seem to play an important role in the

behavior of staticall y-formed anodic corrosion products when

subsequently subjected to various velocities and times in the

rotating disk electrode apparatus . As stated in the experi-

mental procedures section , the fluid dynamics of the rotating

disk electrodes are well-characterized in the literature. The

effects of viscosity of the fluid give rise to hy drodynamic

boundary layers in which the fluid sticks to the surface of

a solid boundary so that no slip or relative motion occurs.

Moving away from the solid boundar ’-- , the velocit y of the fluid

increases within the boundary layer until the free stream

velocit y of the bulk fluid is reached. Laminar boundary

l a y e r s  are characterized by fluid flow which follows lamina

or streamlines , whereas turbulent boundary layers exhibit

g r e a t  mixing and extremely large shear stresses on the fluid!

solid boundary interface.

The formation of :no platelets and other forms of zinc

corrosion products is said to depend upon the concentration of

ions in the electrol yte above the zinc surface [20] . Farmer

and Webb [29] used diffusion theory to exp lain the dependence
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of zinc corrosion product formation on electrol yte velocity.

They postulated that the corrosion product film growth is

dependent upon a critical concentration of zinc ions at the

anode s u r f a c e .  The concentration of zinc ions at the surface

would depend upon the difference between the rate of removal

of ions and the rate of formation of ions by anode dissolu-

tion. The rate of ion transport from the surface would depend

upon the thickness , 3, of a diffusion lover of electrol yte

adj acent to the anode surface. A thicker diffusi on layer

would inhibit ion removal and accelera te corrosion product

formation , as t h e  ion diffusion rate is re Lat ivel y slow .

Under laminar flow conditions , the thickness of the diffusion

la ye r  is r e l a t e d  to t h e  b o u n d a r y  l ay e r  t h i c k n e s s , a s :

- — - ,~ 1 / 3
— .-~Q / r r

where Pr is the diffusion Pran dt l nunh er . In zh electro lyte

environment of tl~~s -~ork , Pr l )~ so toat

= 0 . 1 5 0

As the laminar boundary ~a:cr t~hckness of a p-late

varies inversel y with the square of the bulk fluid velocit y ,

both the diffusion layer and laminar boundar y lover thick-

nesses decrease w i t h  fluid velocit y increases. This means

that ion removal will increase with velocit y and corrosion

produc t growth rate will diminish.

In a turbulent boundar y layer , extreme fluid m ixing

and shear stresses will result in a rapid carrying away of

ions , and ZnO platelet and underl ying corrosion produc t

— 5
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formation should diminish. The behavior of an electrochemical

diffusion layer within a turbulent boundary layer is not well

defined [30].

Figure 2 5 is a m i c r o g r a p h  of a 1 hour static exposure

specimen showing typical :no p latelet formation , and Figure

26 is a micrograph of that same specimen after 30 minute

dynamic exposure at 100 rpm and the experimentally determined

galvanic current density of 5 mA /in (0. 7~ S mA , cm )  . [ U n l e s s

otherwise noted , all future dynamic exposures shall be at the

S mA/ in (0.75 :nA ,’cm ) current density.] A marked change was

noted in the p latelet appearance. There seemed to be a re-

forming and ion redeposition action taking place. As stated

previously, 100 rpm of disk velocit y corresponded to the tran-

sition from laminar to turbulent flow. Fi gure 7 exhibits the

appearance of a 2 hour static exposure snec inen. Fi gures 28

and 29 are views of a 2 hour static exposure specimen that had

been subjected to a dynamic exposure of 100 rpm for 30 minutes .

Reforming and redeposition were again evidont and appeared to

be more marked. Figure 30 is a micrograp h of another 2 h o u r

static exposure that had been subjected to a 150 rpm dynamic

exposure for 30 minutes. The effects of reforming and rede-

position were even more marked at this higher velocit y .

The exact nature of this reforming and redeposition

action is unknown . It was hypothesized , however , that it i s

a result of a combination of fluid erosion and continued

growth of the :nO platelets in the turbulent electrol yte.

This would indicate that the corrosion product layers formed
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Figure 25

:inc anode surface after 1 hour static
exposure , liQOX (lH:2)
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Figure 26

:lnc anode specim en LH:2 after 30 :nin
dynamic exposure at 100 rp m and S mJ; in-
s h o w i n g  r e f o r m t n g  a n d  r e d e p o s i t i o n , l 2 4 0 X
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~ i g u r e  2 ,

:inc ancac snec :men after 2 h o u r  s t a ti c
exposure , 10701K (2H:l) 
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Fi gure 2S

:inc anode spec imen 2H:i after 30 mm
dynam ic exposure at 100 m m  and 5 mA , in-
showing refo rming and redeposition , 12001K
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Figu re 29

:inc anode specimen :H:l after 30 m m
dynamic exposure at 100 rpm and 5 mA/ in- ,
s h o w i ng r e f o r m i n g  and  r e d e p o s i t i o n , 22 0 0 1K
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Figure 50

:~~nc an o ce  specime n 2H:2 after 30 mm
c’;rlam ic e x p o s u r e  at 130 rvm and rm\/jn
showing re~ omm ~ ng onc re~iep o sit ion , 1130 1K
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thus far were not passivating , ~s :n~~ ions were able to

diffuse readily throug h them and into the electrol yte , where

redeposition takes p lace.

An even more dramatic examp le of this type of action

was exhibited in dynamic exposures of samp les preexposed 6

hours , as disp layed in Figures 31 , 32 , and 33.  F i g u r e  31

shows  the structure for a 6 hour static exposure , while Figure

32 is a view of the sam e specimen after a 1 hour dynamic ex-

p o s u r e  at  150 m m .  Redeposition and reforming is marked. A

closeup of the same specimen is shown in Fig ure 33. There

seems to be a type of s h a l l o w p i t t i n g ,  tvt -ic al l found in

erosion , and a redeposition of corrosion product in small

clump s along the :no nlate lets. Ag ain t h e r e  i5 no e v i d e n ce

- 4 —
or p a s s i v a t l o n , anc  _n ions are a p p a r e n t ly  m e : i c i l y  ,lvarlanl e

for redeposition.

In an atte m p t to further character ize the p h e n omena

observed here , specimens w ith 6 h o u r static exposures were

~ubj ected to 0’. nan ic exosures -,c ~th no :mm messed galvanic

current dens itv . F igure 34 exhib its a spec m e n  that was suf -

~ 
ectec to a dy n a m i c  e x p o s u r e  o f  30 ;n ~n u t e s  at 150 m m  w~~th no

impressed current. No evidence of redeposit i O fl w a s  s e e n .

Ph~ s corroborates the hypothesis that a certain concentration

of zinc ions is nece ssary for the redeposition process. The

ihsence of ‘vidence of erosion rndicate s that possi b ly no

m e c h a n ~ ca 1 a c t i o n  of erosion was taking place. Therefore , it

is h y p o t h e s i z e d  t h a t  the reforming and redeposition process

is a f u n c t i o n  on l y  o f  e l e c t r o c h e mi c i l  e f f e c t s  o f  t h e  f l o w

cond itions.
ho
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F i g u re 31

:i nc ano ce  s p e c i m e n  i : t e r  n ~ou r  s t a t i c
exposure , ~i0\ (oN:3~
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F igu r e 32

:inc anode  s p e c i m e n  ~F-I :3 a f t e r  ~l h o u r  d~ napic
ex p o s u r e  a t  150 rpm and 5 m A i n - , s h o w i n ~
reforming and redeposition , 5401K
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F i g u r e  33

: in c  a n o d e  sm ecim en bH:3 after 1 hour
dv n a m ~~c e x p o s u r e  a t  150 rpm and 3 mA /ir1
showing reform ing ama r e d e p o s i t ion , 21301K

~~~~~~~~~~~~~~~~~



r -_  .

~~~~~

~~~~~~~~~ ~ 1 .  A \
~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~ ~~~~

. .- -.

~~~

. 

~~~~~~~~~~

- 
- 

~~~~~~~~~~~ IV~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

irw~

F i g u r e  34

:~~nc anode snecimen tH:2 after 30 m~ n
d~-nam ic expos ure at 130 rpm and 0 mA in- ,
sho wi ng l a c k  of r e f o r m i n ~ and r e d e p o s i t ion ,
10 S OX
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It can also be concluded that an increase in exposure

time and/or velocity will produce a greater reforming and

redeposition action. The results of dynamic exposures of

s p e c i m e n s  t h a t  hav e u n d e r g o n e  s t a t i c  e xp o s u r e s  of  12 hours or

more  d i f f e r e d  m a r k e d l y  f rom t h e  r e s u l t s  seen for statically-

exposed specimens op to 6 hours . Figure 35 shows a 12 hour

static exposure , with somewhat larger p latelets than for 6

hour static exposures. As reported by Todd [20], the static

:no platelet growth rats decreases w i t h time due  to  d e c re a s e d

ionic diffusion through the thickening corrosion product l~ vers .

Fi gure 36 exhibits the sam e specimen as in Fi g u r e  35 after a

dynamic exposure of 1 hour at 13) rpm. No reforming or rede-

position is seen , but a new behavior is evi den t . Figure 57

reveals a portion of the platelet layer and mossy intermediate

layer peeled back to reveal a section of the zinc anode surface

~wnicn is shown in detail in r-igure aS) - Inc s t a r t  o r m o s s y

corros iO f l  m roduct growth is evident on to is zinc surt ace. A

micrograph of a 2 hour dynamic exposure at 130 mm after a 12

hour static exnosure is shown in Fig ire ~9. A crust -like

formation is evident , along with a portion of th e m iatelet

layer r e m o v e d , as shown in Fi gure 4o of the sam e specimen. A

closeup of this specimen in Figure 41 reveals a platelet layer

o v e r  a m o s s~- i n t e r m e d i a t e  l ay e r  and the hose zinc surface with

some moss y growth. From this , it is not obvious whether the

crust-like product forms Nefore or after the cracks in the

crust develop. hurthermore , the reason for t h e  absence of the

:no p latelets , which once covered the are i where the crust now

58 
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Fi gu re 33

:rnc ~node sp ec imen after 12 hour static
exposure , soox (12H:3j
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Fig ure So

:inc anode specimen l2lE l after 1 hour
dynamic exposure at 130 rpm , 5 mA / in- ,
s h o w i ng l a ck  of r e f o r m i n g  and  r e d e p o s i t i o n ,
SOON
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F L O u re 3

:inc anode spec imen 12H 1 after I hoi,~rd n a m i c  e xp o s u r e  at  150 r p m , 3 mA/ in— ,
s h o w i n g  p l a t e l e t  i a - e r  reeled back , 1.301K
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Fi gure 3S

:inc anode speci m en 1 21-1:1 after 1 hour
dy n a m i c  e x p o s ur e  a t  130 rpm , 5 m A / i n - ,
showing zinc surface under peeled h a c k
p l a t e l e t  l ay e r , 13001K
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F i g u r e  39

:inc ~inode  s p e c i m e n  l21i ~~ after 2 ho4r
d y namic  e x p o s u r e  a t  130 rpm , 5 mA i n- ,
showing crust-like product and p a r t i a l
p latelet layer removal , SSX
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F i g u r e  40

: ~nc anod e sp ec  L m e n  l :H:2 i f t o r  2 h ou r
d ’;namic  e x n o s u r e  at 130 rmm , 5 m .\ i n— ,
s h o w i n g  c r u s t  and a r e a  o f  p l a t e l e t  r e m o v a l ,
1 OX
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F i g u r e  i i

: r r -ic a n o d e  sp e c  m e n  l 2 H :2  a f t e r  2 h o u r
d y n a m i c  e x p o s u r e  a t  130 rpm , S nA ,~ ins h o w i ng dis t inc t  p r o c u c t  I av e r s  i n c
underl ying zinc surface , 4 2 3 1K
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is not known. It is evident , however , that increased exposure

time (from 1 hour to 2 hours at 150 rpm) results in greater

platelet damage.

Further investigation using specimens exposed stati~

cally for 36 hours reveals a similar result. Figure 42 is a

micrograph of a 36 hour static exposure specimen that shows

a layer of large individual and clustered ZnO platelets form-

ing over a compac t layer of smaller platelets. A closeup of

this pla telet network (Figure 43) reveals the denseness of

the underlying fine pla tele t network. Also in evidence is

a formation of darker pla te lets which seem to be oriented

mor e paralle l with the underlyirg zinc surface. Figure 44

is another micrograph of this same platelet growth . It is

be lieved that the more conductive nature of these darker

platelets is due to their orientation with regard to the

electron beam wi thin the SEM . Platelets mor e pe rpendicular

to the SE~1 electron beam are better able to conduct or pass

the electrons due to the platelet thinness , wh ile platelets

more par allel to the beam present a thicker path for electron

transport and are thus less conductive. Less conductive

platelets eject secondary electrons more readily to form a

brig hter image.

Figure 45 is a micro graph of a 36 hour stat ic exposure

spec imen that has been subjected to a dynamic exposure of

hours at 150 rpm . The cracking and crust formation are greater

than that noted in the same dynamic exposures of the 12 hour

static specimens . It is also evident that not all cracking

96



Figure 42

Zinc anode specimen after 36 hour
static exposure , 125X (36H 3)
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Figure 43

:inc anode specimen after 36 hour
static exposure , 6lOX (36H:3)
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Figure 44

Zinc anode specimen after 36 hour
static exposure , Ô1OX (36H 2)
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Figure 45

Zinc anode specimen 36H:2 after 2 hour
dynamic exposure at 150 rpm , 5 mA/in2 ,
showing platelet layer cracking and
crus t formation , 240X
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of the dense smaller pl~ elet layer has oeen accompanie d by

the formation of crust-like products. Additionally , no re-

forming or redeposition was evident here or in any longer

dynamic exposures of statically exposed zinc anode specimens .

Figure 46 is a closeup of an area of cracked dense platelet

area showing the formation of a crust-like product surrounded

by what seem to be gradually disappearing platele ts. Figure

47, a photograph of the PGT-l000 X-ray spectrum of the crust-

like product , shows a strong magnesium peak in addition to

zinc peaks that are somewha t smaller than usual. This revel-

ation will be explained later.

The increase in platelet layer cracking of the 36 hour

static specimens over the 12 hour static specimens , under the

same dynamic condi tions , is thought to be related to the in-

creased intermediate corrosion product layer thickness of the

36 hour specimens . This increased interm ediate layer has

probably created greater tensile stresses in the platelet

layers , which resulted in more pronounced cracking under

dynamic conditions . The formation of crust-like corrosion

products could be related to cracks in the dense platelet

layer at this poin t .

The absenc e of reforming and redeposition action for

stat ic exposures above 12 hours is probably due to the in-

creased thickness of the intermediate corros ion produc t layer ,

wh ich causes diffusion of zinc ions to be more difficult.

Ions which do manag e to diffuse into the electrolyte are

rapidly swep t away by the existing turbulen t flow cond it ions

101
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Figure 46

Zinc anode specimen 36HZ2 after 2 hour
dynamic exposure at 150 rpm , 5 mA/in’- ,
show ing platelet layer cracking and crust
formation , SOOX
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Figure 47

PGT - l000 X-ray spectrum of the crust-like
corrosion produc t found on zinc anode specim en
36HZ: after a dynamj~c exposure of 2 hours
at 150 rpm , 5 mA/ in’-
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before any reforming or redeposi tion can take place . The

absence of a reforming and redepos ition action might be

interpreted as promoting the onset of a passivating corrosion

produc t layer on the zinc specimens . However , since there is

evidence that the intermediate corrosion produc t layer is

still growing , anodic dissolu tion is still occurrin g .

Up until this point , the behav ior of stat ic corrosion

produc ts in dynamic exposure situations had not been investi-

gated in the laminar flow regime of the ro tati ng disk electrode

(< 100 rpm) . Figure 48 is a micrograph of a 2 day static

exposure spec imen showing the same corro sion product morphol-

ogy of Figure 42 , a 36 hour stati c exposure. Again , the

evidence is that :nO pl atelet growth has slowed considerably.

Figure 49 is a microgra ph of the same specimen after a 3 hour

dynamic exposure at 100 rpm . This is further evidence that

reforming and redeposition have ceased. Figure 50 reveals

that pla tele t layer cracking and spal l ing have occurr ed on

this sample , and Figure 51 is a closcup of the nodu lar clus-

tered corrosion product found in the areas where platelet

layers have spalled off. Figure 52 is a PGT-1000 X-ray

spectrum of the corros ion produc t of Figure 51 and reveals

the presence of a strong magnesium peak in addition to the

characteristic zinc peaks . Mor and Beccaria [16] found that

Mg504, :nso 4 and CaCO 3 were likel y to precip itate from syn-

thetic seawater electrolyte and onto zinc corrosion products.

Such prec ipi tation of MgSO4 could account for the presence of

Mg in the X-ray spectrum . MgSO4 may exist as a precipitate
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Figur e 48

Zinc anode specimen after 2 day
static exposure , 120X (:D:l)
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Figure 49

:inc anode specimen 2 D 1  after 3 hou~dynamic exposure at 100 rpm , 5 mA /in ,
showing lack of reforming and redeposition ,
220X
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Figure 50

:inc anode specimen D i  after 3 hour
dynamic exposure at 100 rpm , 3 mA/i n ,
showing areas of platelet removal , 2~~
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Figure 51

Nodular corrosion product cluster found
in area where p latelet 1ay~ r spalled off
of zinc anode specimen :D:l after 3 hour
dynamic exposure at 100 rpm , 5 rnA ,’in ,
104 OX
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Figure 52

PGT-1000 X-ray spectrum of nodular cluster
corrosion product found in spalled area of
zinc anode specimen D 1  after 3 hou~
dynamic exposure at 150 rpm , 3 mA/in-
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entrapped wi thin the growing zinc corrosion produc t evidenced

in Figure 51.

Figure 53 is a microgra ph of a day static exposure

specimen that has undergone the same dynamic exposure as the

Figure 50 specimen , but at triple the current density (15
7 -,

mA/in or 2.325 mA/cm ) . Again , spall ed corrosion product

areas are in evidence. However , almost the entire platelet

layer had spalled off (Figure 54) revealing the nodular cor-

ros ion produ ct found earl ier. The grow th rate of the 15 mA/in

(2.325 mA/cm ) nodular corros ion produc t was grea ter than that
7 5,

observed for the 5 mA/in (0.775 mA /cm), as would be expected.

This increased growth rate is thought to be the cause of the

increased spalling . As the intermediate corrosion product

layer grew faster, the adherenc e of the pl at ele t layers became

even less , and greater spalling occurred. Figure 55 is a

PGT-l 000 X-ray spectrum for the nodular cluster corrosion

produc t of Fi gure 54 and again shows a large magne sium peak

in addition to the characteristic zinc peaks .

Dynam ic exposures in the lam inar flow regim e exh ibi ted

more pronounc ed crus t formation and crack ing. Figure 56

reveals a 2 day static exposure specimen that had undergone

a 3 hour dynamic exposure at 50 rpm (laminar flow) . The

evidence of pla telet layer cracking and crus t formation is

even mor e pronounced than before . A PGT-l000 X-ray spectrum

of the crus t formed in Figur e 56 is shown in Figure 57 and

reveals a stron g magn esium peak , as well as stronger sulfu r ,

chlor ine and calcium peaks . Figure 58 is a closeup of the

110
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Figure 53

:inc anode specimen 2 D 3  after 3 hour
dynamic exposure at 100 rpm , 15 mA /in~~,showing platelet area spalling , 66X
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Figure 54

:inc anode specimen D 3  after 3 hour .,
dynamic exposure at 100 rpm , 15 mA/in ,
showing the nodular cluster corrosion
product within areas of platelet area
spalling, 260X
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Figure 55

PGT-l000 X-ray spectrum of the nodular
cluster corrosion product within spalled
areas of anode specimen D 3  after a
3 hour d~namic exposure at 100 rpm ,
15 mA/in-
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Fi gure 56

:inc anode specimen 2DZ after 3 ho~ rdynamic exposure at 50 rpm , 5 mA /in ,
showing extensive crust formation , 66X
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Figure 57

PGT-l 000 X-ray spec trum of crust - like
products on zinc anode specimen 2D~~after 3,hour dynamic exposure at 50 rpm ,
5 mA/ in-
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Figure 58

Zinc anode specimen 2DZ2 after 3 hour
dynamic exposure at 50 rpm , 5 mA /in ,
showing cracked crust formation and
mossy intermediate layer below , OOX
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specimen of Figure 56 and reveals the mossy intermed iate

corrosion product layer in addition to an absence of :no

platelets. Figure 59 is a further view of the specimen at

a point where the crust-like products interface with :no

platelets. It is here that the key to ZnO platel et disposi-

tion and crus t- li ke produc t forma tion seems to lay . In Figure

59 , the ZnO platelets seem to reform or dissolve into the

developing crust-like formation. It is hypothesized that

under laminar flow conditions , the pr esence of ions at the

corrosion product/electrolyte interface is sufficient to allow

the type of refo rming and redeposition seen earlier. This

reform ing engul fs the nearby pla tele ts and any prec ipi tated

compounds present and results in a crust-like formation that

is lower in surface area than the ori ginal products. Crust

crack ing results from this shrinking corrosion product layer ,

and more paths for ionic diffusion are opened. The original

platelet layer cracking seen initially here in dynamically

expos ed 12 hour static exposure spec imens , is most likely the

cataly st for crus t format ion. As the p latelet layers crack ,

:inc ions are allow ed to diffuse mor e read ily into the near

surface elec trolyte , initiating the refo rming and redeposition

action. It should be noted here that crus t formation has been

shown to be evident under turbulent flow conditions , but to a

much smaller extent , as would be expected.

Ano ther exampl e of turbul ent flow effects on corrosion

produc ts may be seen in Figure 60 which shows the results of

pla telet layer cracking and spall ing of a dynam ically exposed

117 
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Figure 59

:inc anode specimen 2D~~ after 3 ho~ r
dynamic exposure at 50 rpm , 5 mA,i n- ,
showing platelets reforming into :rus t
formation , 3 5 X
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Figure 60

:inc anode specimen 3D:: after 3 hour
dynamic exposure at 150 rpm , 5 mA/in~~,
showing spalled off platelet area , l3OX
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3 day s tat ic exposure specimen . This dynam ic ex posur e was

at 150 rpm for 3 hours . The tendency here was for intermediate

corrosion produc t growth and platelet layer cracking followed

by portions of the less adherent platelet layer being carried

away. This behavior is typical of that seen in this work.

In summary , there appears to be distinct but not

necessari ly separate zinc corrosion product behavior in the

laminar and turbulent flow regimes. This behavior is depen-

dent upon prior corrosion product morphology, time of previous

static exposure , and velocity and time of d namic exposure.

Whateve r the behavior , in any case the tendency is for the

MIL-SPEC-A-lSOOlH zinc sacrificial anode to avoid passivation

by som e mechanism .

B . ALUMINUM ANODE SPECIMENS

1. Static Exposures

Investigation of aluminum sacrificial anodes in this

thesis was undertaken as a corollary to the primar y zinc anode

work. The aluminum sacrificial anode specimens were prepared

exactly as the zinc anode specimens except that the specimen

sides were not painted with insulating dope. Aluminum anode

specimens were only subj ected to static exposures for periods

of time of up to 2 days. Figure 61 is a micrograp h of a

specimen that was statically exposed for a period of days.

Str iations of corrosion products and much pitting are in

evidence. Pitting is particularl y severe at the edges of the

specimen. The striations are parallel to what was the vertical

120
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Figure ol

Aluminum anode specimen after 2 day static
exposure , 6X ( D A 1)
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orientation of the specimen in the static exposure beaker.

Exp osures for period s of time of up to 2 days show ed no in-

crease in pitting sites with time but showed a distinct

enlargement of pits with time .

The absence of attack for large areas of the anode

surface was a reason for concern of Naval Research Laboratory

investigators [14]. It was felt that large areas of the anode

m ight be “lost ” due to the irregular pitting pattern , without

s e r v i n g  t h e i r  ca thod ic  p r o t e c t i o n  f u n c t i o n .

The i n i t i a t i o n  of p i t t i n g  in n o r m a l l y  p a s s i v a t e d

aluminum is mos t  p r o b a b l y  due to the  b reakdown  of the  Al 2 0 3
passivating film by the Cl ion present in seawater [31]

Once the film is penetrated , a series of autocatalytic reac-

tions result in p it growth. A recent work by Galvele [26]

presented a model of such pit growth. The reactions evident

her e are

Al — 

~~~~~ ÷ 3e (anode)

and

2H~ + 2e -
~~ H 2  ( c a t h o d e )

or

0 : + 4H~ + 4e -
~ 2H ,O ( c a t h o d e ) .

The a l u m i n u m  d i s s o l u t i o n  r e a c t io n  is f u r t h e r  f o l l o w e d

by a hy droysis reaction of the type

+ 3H 2 0 -
~
- A l ( O H ) 3 + 3H~

The resulting continuing acidification of the pit

main tains the pitting action.
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Figure 6 is a view of the corrosion product on the

surface of anode spec imen  lDAl a f t e r  a 24 hour static exposure.

A mossy  c o r r o s i o n  p roduc t  is e v i d e n t .  F igu re  63 is a view of

the same spec imen  in a striated area with few co r ro s ion  pro-

ducts. Only small nodules of corrosion product appear here ,

along with specimen sanding marks . It is not evident , f r om

sample observation , why the striations appear. They could be

related to dissolution sites and corrosion product formation

at those sites. However , it is evident in Fi gure ol that

large p its have formed in areas relatively free of co rrosion

products. Additional investigation should he done o~i this

behavior.

Figu re  64 shows the  c o r r o s i o n  p r o d u c t  fo rr~ed in a

denser striation after 2 days s t a t i c  e x p o s u r e , and F i g u r e  65

is a magnified view of the sam e product , evidencing clusters

of tiny nodules. Figure 66 is a n o t h e r  v i ew  of t h i s  s t r i a t i o n

area , showing a cracked film of t he  t i n y  n o d u l e s  seen  previ-

ous ly. It is believed that this prduct film cracked upon

drying , as no dynamic exposure conditions were imposed. Figure

67 is a PGT-l000 X-ray spectrum of the c o r r o s i o n  p r o d u c t  of

Figure 65 , evidencing a sulfur peak in addition to the s t r o n g e r

a luminum p e a k .  Th is  i n d i c a t e s  on ly  t h a t  the  c o r r o s i o n  produc t

compound con ta ins  these  e l e m e n t s  hut does not  g ive the stoi ch i-

ometry . The tenaciousness and exact composition of these

corrosion products are unknown and ire p oss ible sub j ects for

future research .
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Figure 62

Aluminum anode spec imen  a f t e r  1 day s t a t i c
exposure  s h o w i n g  c o r r o s i o n  p rodu c t  in
s t r i a t i o n , 5 5 0 X  ( 1D AI )
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Figu re  63

A luminum anode s p e c i m e n  a f t e r  1 day s t a t i c
exposure  showing  c o r r o s i o n  p r o d u c t  in s t r i a t i o n
of least corrosion product density , 530X (1DM )
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Figure 64

Aluminum anode specimen after day static
ex posur e showin g cor r o s i on prod uct in
striation , ilOX (2DM )
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F i g u r e  65

Aluminum anode spec imen  a f t e r  2 day static
exposure  s h o w i n g  c o r r o s i o n  product  in
s t r i a t i o n , 2 l O O X  ( 2 D M )
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Figure 66

Aluminum anode specimen after 2 day static
exposure showing corrosion product in
striation , 2500X (DA1 )
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A closer view of a small pit is seen in Figure 68.

This anode specimen was statically exposed for 2 days , and

a nodular mossy corrosion product is evident within the p it.

The pitting action appears to be progressing outward as well

as downward , undercu tting the still pas si vated surfac e of the

anode. Areas of surface metal can be seen to be loosening

and falling into the pit or being consumed in the dissolution

process . This sequence would expla in the observed enlargemen t

of pits with time.

Figure 69 is a m i c r o g r a p h of the  b o t t o m  of a p i t  in

anode specimen 1DA1 after 1 day static exposure . Grain bound-

aries seem to be evident (the raised lighter-colored features

that appear almost as hedgerows ) . There are also numerous

cones and hills in evidence , with some corrosion product or

deposit clinging to them. Figure 70 is a micrograph of a pit

area  in anode specimen 1DM a f t e r  c l e a n i n g  the  c o r r o s i o n

produ cts from the specimen in an ultrasonic bath of distilled

w a t e r .  The p i t t i n g  p a t t e r n  shows d i s s o l u t i o n  on the  s ides  of

the  p i ts  as wel l  as the  b o t t o m . F i g u r e  71 d i s p l ay s  a p o r t i o n

of a pi t in specimen 2DM . The probable grain boundaries are

seen to be decorated by the prev~~~ s ly m en t ioned cones or

h i l l s .  A d d i t i o n a l l y ,  the  black matrix seems to be anodic to

the g r a i n  bounda r i e s . Fi gure  72 shows t h e  side of such a pit

and evidences  the  same attack pattern as seen at pit bot,~oms .

Figure 73 is a higher magnifica tion of the specim en of Figure

72 and evidences the black matrix and more cathodic grain

boundaries. F igur e 74 is another view of the con es or hills

129
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F i g u r e  6

PGT-1 0 00  X - r a y  spec t rum of c o r r o s i o n  p roduc t
on anode spec imen  2DA 1 a f t e r  day s t a ti c
expo sure
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F i g u r e  68

Aluminum anode specimen after 2 day static
exposure showing pit , ~~5X (DAl)
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Fi gure 69

Aluminum anode spec imen  a f t e r  1 da s t a t i c
exposure  s h o w i n g  p i t  b o t t o m , 530X (1DA1)

132



w 
-- ___--

~~~~ a

- . - S  ~~~~~~~~~~~~~~~~
-

• 
. 

- -5- 5~- ~~~~~~~~ 555-S *’-5

- - - -

55- — 
-. -4- 5- -...~1~

ei-
~55 4~> 4

.-~~ -• -  ~~~~~~~~~~~~~~~~~~~ 
~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- - .

Figure 70

Aluminum anode specimen after 1 day s t a t i c
exposure and ultrasonic cleaning , 24X (1DM )
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Fi gure 71

Aluminum anode specimen after da static
exposure showing pit surface , b 60\ (DAI )
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- Figure 72

- Aluminum anode sp e c i m e n  a f t e r  day static
exposure showing p it side , 210X (DA1 )
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Figure 73

Aluminum anode specimen after day static
exposu re  s ho w i n g  p i t  s u r f a ce , h 5 OX (DA1 )
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Figure 71

Aluminum anode specimen after 1 day static
exposure showing p it surface , l320X (1DM)
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and shows tha t  these  p r o t r u s i o n s  may not  in fac t  be cone

shaped but have somewhat  oc t ahedra l  shapes .

The corros ion pattern seen in these aluminum anode

p its appears to be anti-intergranular in nature. The reasons

for  th i s  pattern will now be hypothesized. It is reasoned

tha t  the  g ra in  b o u n d a r i e s  have become cathodic to the grains

due to a heterogeneous  n u c l e a t i o n  p roc ess at th e g r a i n  bound-

aries. The slow cooling usually experienced by cast sacri-

ficial anodes is appropriate for such a process. The large

precip itate-free zones resulting within the grains are then

anodic to the solute rich grain boundaries. The fact that

aluminum is a face centered cubic (FCC) metal may explain why

the  p r e c i p i t a t e  r i ch  g r a i n  b o u n d a r i e s  tend to d i s s o l v e  as

they do. An FCC meta~ has th e ~lll} crystallograp hic plane

as i t s  c loses t  packed  p l a n e . It is hypothesized that the

attack seen at the grain boundaries is proceeding somewhat

parallel to the ~lll } p lane s , so that octahedra result and

are seen as “hills ” or “cones ” . Figure 73 is a P G T - l 0 0 0  X - r a y

spectrum of an interior grain area of specimen DA1 . Only the

aluminum peak is in evidence. This suggests that no corrosion

products  are p r e s e n t , and the  g r a i n  boundary preci p itates are

a phase of aluminum.

One further point that may be made is that the cor-

rosive action along the sides of pits will continue to under-

cut the surface. This means that the passivating surface film

may not be a significant factor in corrosion behavior of these

anodes in a long te rm application. It a lso  s u g g e s t s  that the

cor ros ion  r a t e  w i l l  become more un i form wi th time , and parts
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Fi gure  75

PGT-l000 X-ra y spectrum of a grain sized
area of anode specimen DA1
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of the anode may not be isola ted and therefore “lost ” in

service , as suspec ted by early Naval Research Laboratory

inves tigators .

These microscop ic stud ies of aluminum anodes are at

an early stage. Much remains to be done in order to char-

acter ize adequa tel y the behavior in cathodic protection

situations.

/
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IV. CONCLUSIONS

The following conclus ions have been reached as a resul t

of this work:

1. The corrosion produc t existing on a zinc sacrificial

anode affects the subsequent corrosion beh avior of that anode

when subjected to finite relative velocity for a period of

time .

2. Zinc sacrificial anodes undergo per iods of reduc ed

co r ros ion  pr oduc t adherence in quie scent electrol yte cond i-

tions.

3. There are dis tinct layers of corros ion produc t growth

in quiescent electrolyte conditions . These layers manifest

themselves  as an ou te r  layer of dense ZnO platelets , with

larger platelets attached , and an intermediate mossy corrosion

product layer in which the outer platelet layers are imbedded.

The outer platelet layer growth rate decreases with time. The

intermediate layer continues to grow at an unknown rate.

4. At natural galvanic current densities , corrosion

produc ts resulting from static exposures of less than 6 hours

behave differently under dynamic exposure conditions than those

resulting from static exposur es of 12 hours or more. An incom-

p letely de f ined  platelet refo rming or redeposition action takes

place on dynamically exposed specimens for short static pre-

exposur e times. For longer static pre-exposures , n o such

action is evident , and nO p latele t morp hology remains
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relatively unchanged. The reason for this behavior is thought

to be the reduced diffusion of zinc ions through the thicker

corros ion produc t layers .

5. Conditions of turbulent or laminar electrol yte flow

produce different corrosion product behaviors . In the laminar

f l ow  re g ime , cracking of the dense outer platelet layer results

in the forming of crust-like products on the corrosion product

surface. It appears that previousl y existing platelets and

precipitated compounds from the seawater are refo rmed or en-

gulfed into this developing crust. The crust then Lracks ,

revealing large areas of intermediate corrosion product below .

This action is depassivating and allows electrol yte to pene-

trate more easily to the zinc surface. In the turbulent flow

regime , the tendency for crust formation reduces , an d cr acked

outer  p l a t e l e t  l aye rs  are s imp ly c a r r i e d  away by t h e  t u r b u l e n t

electrolyte. This action is also considered depassivating .

The greater availability of zinc ions in the laminar flow

regime is considered to be the determining factor in crust

formation.

6. The behavior of zinc anode corrosion products is

depassivating in either turbulent or laminar flow regimes

or in static exposure conditions.

7. Galvalum sacrificial aluminum anodes undergo wide-

spread pitting attack in quiescent seawater conditions. The

p itting attack is characterized by an anti-intergranu lar cor-

rosion pattern which undercuts adjacent anode surface due to

rap id rec ess ion of pit sides as well as bottoms .
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8. At leas t in the early stages of exposure , lar ge areas

of Galvalum surface may be left unp itt ed in seawater , due to

the presence of a natural passivating film.
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V . RECOMMENDAT IONS

The resul ts of this study constitute a continuation of

previous zinc corrosion product research , particularly in the

areas of zinc sacrificial anode passivation tendenc ies , and

a preliminary investigation into alum inum sacrific ial anode

behavior. Future research in these areas should concentrate

on the following points.

1. It would be interesting to carry out further investi-

gation of zinc sacrificial anode behavior at (higher) veloc i-

ties which more closely simulate sh ipboard condi tions. This

mi ght be accomplished through the use of a variable-flow

chamber. The present work was limited to a velocity of

approxima tely 10 fps (3.05 m/s).

2. Considerably more investigation is also needed on

aluminum sacrificial anode corrosion behavior. Particularly ,

the effects of corrosion product morphology on anode perfor-

mance , suitability of various commercial anodes to Navy

applications , and further characteri:ation of p itting corrosion

mechanisms and behavior should be pur sued.
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TABLE I

CHEMICAL ANALYSIS OF :INc SPECIMENS*

Me tal % Compos it ion

Cadmium 0.0050

Iron 0.0030

Lead 0.0010

Aluminum 0.1200

Silicon 0.0010

Copper 0.0002

Zinc Remainder

* Spectrograp hic analysis by Metallurgical Labs , Inc.,
San Franc i sco , Californ ia.

TABLE II

M I L I T A R Y  S P E C I F I C A T I ON : M I L - A - l 8 0 0 l H
CHEM I CAL COMPOS IT ION REQUIRE M ENTS , : INC ANODE S

Metal ~ Composition

Cadm ium (range) O. 0 5 -O .l3

Iron (maximum) 0.005

Lead (maximum) 0.006

Aluminum (range) 0 .10-0 .50

Silicon (maximum) 0 .125

Copp er (maximum ) 0.005

Zinc Rem aind er

145



---5- --5- -- - - 5  -5 - -5  - 5 --- --5 -,

TABLE III

CHEMICAL ANALYSIS OF ALUMINUM SPECIMENS*

Metal ~ Composition

Iron 0.0800

Copper 0.0020

:inc 0.6000

Silicon 0.0500

M a g n e s i u m  0 .0 1 0 0

Titanium 0 .OlüO

Alum inum Remaind er

* Spectrographic analysis by Metallurgical ~.aHs , rnc.
San F ranc i sco , C a l i f o r n i a .
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TABLE IV

SPECIMEN EXPOSURE COMPIL AT I ON

:inc Anode Specimens
Current  Dens i ty  Dynamic Exposur e Time D i s k

5, -,

Specimen mA/ in mA/ cm Minutes  rpm

.5 H Z 1  5 0 . 7 7 5  30 100

. 5HZ2 5 0 . 7 7 5  60 100
1H 1  5 0 . 7 7 5  10 100
1HZ2 S 0.775 30 100
1HZ3 5 0.775 60 100

2 H l  5 0 . 7 7 5  30 100
2H:: 5 0.773 30 150

:1-1:3 s 0.775 30 200

3H:l 0 0 30 100
3HZ 0 0 30 150

3HZ3 0 0 30 200

ÔHZ1 5 0.775 30 150
61-1Z2 0 0 30 150

6HZ3 5 0.775 60 150

aH:4 0 o 60 150
l2H: l  5 0 . 7 7 5  60 150
1ZHZ2 5 0.775 120 150
l2H:3 6 0 . 7 7 5  180 150
:4H:l not subj ected to dynam ic expo sur e
24HZ2 ‘~ “ ‘~ “

4H 2 3 “ ‘~
3ÔHZ1 5 0.775 120 100

36H:: 5 0.775 120 150

36H:3 5 0.775 120 200

:D:l 5 0. 775 180 100

DZ2 5 0.775 180 50

:D:3 15 2 .325 180 100

3DZ 1 no t sub jected to dynamic  exposure
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TABLE IV (Continued)

Zinc  Anod e Specim ens
Curren t Densi ty Dyn amic Exposure  T ime D is k

5)

Specim en mA/in mA/ cm 5- Minu tes r~m

3DZ 5 0.775 180 150

3D:3 15 2.325 180 150

4021 not subjected to dynamic exposure

402 ‘‘ ‘‘ ‘‘ ‘‘
4 D 3  “ “ “
SD7 1 ‘‘ ‘‘ ‘‘

I, ‘‘ ‘~

8 DZ3 “ “ ‘~

Aluminum Anode Specimens

Specimen Static Exposure Time - Hours

1HA1 1

bHA1 6

12I-IA1 12

1DA 1 24
2DA 1 48
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APPENDIX A

PREPARATION OF ARTIFICIAL SEAWATER

Synthetic standard seawater required during experimenta-

tion was prepared using the formula and procedure developed

by Kester, et al [23] . A concentrated stock solution was

initially produced for ease in handling prior to use.

The following amounts of grav imetric and volumetric

salts , combined with enough distilled water for a total weight

of 1 kilogram , were used per kilogram of synthetic seawater

solu tion.

A. Grav imetric Sal ts

Salt g/kg of solution

NaC1 3.9.6

Na 2 SO 4 4 . 0 0 8
KCI 0.67

NaHCO-. 0.196
J

KBr 0 . 0 9 8
H3B03 0.026

NaF 0 . 0 0 3

B.  V o l u m e t r i c  S a l t s

Sal t  Conc M / L m i / k g  of s o l u t i o n

MgC1 2 6H ,0 1.000 53.2

C a C l ,~~~H 2 0 1 . 0 0 0  10 .33
S r C 1 y6 H ,0 0 . 1 0 0  0 . 9 0

C. Distilled water to bring total ~cei ght to 1 kilogram
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