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Foreword 
I t  i s  not to  he imagil icd tliat tlle cor ros io~ i  o f  met t~ ls  i s  a sirnplc study. Mar iy  

books have been written on, and  lives dcvo(cd to, this orle subject. l ' l l i s  br ic f  
survey i s  intended to present corrosioll f r o ~ n  tlie ~ ~ i l l t  01' view 01';111 engineer, 
w h o  ~ i i ~ t s t  be a jack o f  many scicliccs and master of none. 'So n physicist, n 
c l le~nist  or a ~ l~e ta l lu rg is t  so~ i i c  stalcments may appear a l i t t le  imprecise or  ovcr 
simplitied. To llierii, the :1ut11or can only say that milcl i  01' the ovcr simplifica- 
tion, at id none o f  the im]~rccision, is i l i tel l t ional. 

I k f o r e  procecdillg, tlie rcader i s  invited t o  consitlcr on  the one hand, tlie 
number o f  dcfccts and bl-eakdo\vns i n  his expcricnce ill wll ich corrosion played 
a part, and on (lie other, (lie ~iiaintenallcc efTort necessary to prevent ;in even 
greater number. H e  wi l l  then appreciate that the enormous influence corrosion 
has on the reliabil i ty and  ;ivail;ibility ol'sliips, ciemands th;tt the subject s11ould 
be studied by al l  concerned wi th the design ant1 maintenance o f  tn;rchinery 
which must operate ill, or  near, tliat higl i ly corrosive medium, tlie sea. 

'THE ;\IE(:IiANISR1 0 1 :  CORROSION 

S o  dismiss the cause of';\ dclbct as ' ~ i o r ~ l l ; ~ l  corrosion ' is a defeatist att i tude 
al l  too k e c l ~ ~ e n t l y  aclopled. I t  is true tl1;lt col-rosion i s  a normal process i n  that 
~i iet ;~Is te1ic1 to revert t o  c 1 t 1 r 1  state o f  ~i lc ta l l ic  ores, hut cot-rosioll is 
seldolii incvit;lhIc. Cert;rin conditions are esscntinl for its occui-rcnce, ;\lid if 
t l~esc cond i~ io t i \  arc k n o \ v l ~  a n d  c;ili be altered, tlie col-I-osion call be lialtcii. 

There :II-e t\\,o (listincl metliocls by \vliicli corrosioli can occur. 

-1'lie first, anil sit)ipler, i s  the direct oxidation ol' metals h)  atmospheric 
oxygcli. This is normally only serious at clev;ited tclnllcratures a l t l io~ lgh  solne 
metals, in l i l icly po\vdercd form, \\,ill burn in  air \vithout the apl2licatiorr of11e;rt. 

She oxide scale, formed oi i  plni i i  carbon steels wheli he;ited, is porous a n d  
mcchanicnllq weak, \\,it11 the I-esult tliat i t  becornes det:~clied a n d  exposes fresli 
metal t o  oxidation. \ ' i i r i o~~s  alloying elements can be intri>duced ((1 cause i11c 
formation 01' tough tcliacious oxide films \vllich, ~IIOLI~II thin, elrecti\:ely prevent 
furt1ie1- oxiciation. Scaling o f  steel cari also be reducetl by  cl iromizing and 
aluminir ing, i n  ~ , l l i c I i  prt>cesses ;I skil l  01' these 111etills i s  fo r~ i i cd .  dill'irsi~lg i l l to  
t l lc hnse iiietal ilntler ihc action o f  high temperature, ;rnd again forming 171-0- 

lective oxitle f i l rns on tl ic SLI~~:ICC. 

1Slectrolytic Corrosion 
The sccor,d meclianism, which ~ L C C O L I I ~ ~ S  for the vast major i ty o f  cases ol. 

corrosion riiet i n  service, i s  electrolytic, i n  \vhich the presence of- an electrolyte 
and the flo\+, o f  electricity arc essential fe;~tures. 

l ' h e  mechanism o f  electrolytic corrosion is essentially the same as that of' :l 
primary electric battery, and  since tl ic latter i s  geliercrlly better known it ( i~rms a 
useful starting point. 



E X T C K N A I  
C l R f l l l l ~  

r l i c  orclinat-y ' d r y  ' bat tery cel l  (FIG.  I )  has t w o  electrodes : a ca rbon  
ca l l~oc le  nn t l  a ~ i n c  ;uiode. Separat ing the  electrodes i s  a n  electrolyte, i n  th is 
case a s o l u t i o ~ l  o l ' a m m o ~ i i u m  ch lo r ide  i r ~  water, t o  wh ich  gelat i l l  is added t o  
prevent spi l l ing. 

/I i~tr / / rot / (~ i.s rr l ? i l s i / i l ' c ,  ~,l~~c.ri.oi/r, /i.oi~r t~~/ric,l i //I(, c ~ ~ r r r e ~ i i / , / l o ~ ~ ~ . s  i.o~ri7tl //I(, c,\-/~,rirrrl 
cii.(,~iir /<I tlrc. o i i o ( 1 ~  o r  i i c y c i / i i . ~ ~  clc,c~ri.o(/i,. Ii7siclc, tlrc, i ~ , / /  t l i r  c ~ u i . i . c ~ i / r , / l ~ ~ ~ ~ . ~ , / i ~ o i i i  111i. 
oi~o(lc, / l i roi~,y/ i  ///c, c,/c,(,/r1111.!r, 10 !/!c, i~ i111oi I i~ 10 ~,o!~ip/c/ i ,  !lie i,ii.ci/i/. .41/ ~ ~ / c ~ ~ / i ~ o l ~ ~ / i , ,  
c i I i ~ r i ) . \ ~  ci111,iir,s (iii cic/r((,o~~.s .s0lrrii1111, r~o i71~ i i i i .~  ' i o i r . ~  '; II,/I;(,/~ (i i .cJ iiio/i,i~~il(,.s 11,i11i i r i r  
<2.\r,i2.s.r r l i -  r/i.jii,ic,iic:~ i!/ 'c~li 'c~/roii.~, xit.iir,y //ic~irt i i c y i i r i ~ ~ ~ ~  o r  po.sii i i,~, i ~ l r c i i ~ ~ i ~ . ~ .  T/ri~.s(, 
/ i s  I .  ~ / i i i i  I l / i i /  I I c i / i ~ / c  I 0 1 .  Tlris II~.o-II.~~,I iiroi,~,- 
III~,III i?/'ioii.s ;.S 111cj i i i ~ , ( i i i . s  II~/IL~~~~~/I.I~ i l r c ,  ~~rrri. i, ir i ,/Iot~,.s iii i l r c ?  1 ~ 1 ~ ~ ~ ~ 1 i ~ 0 1 ~ ~ 1 c ~ .  111 c l  i11c,/ul. 

~~r r r . r r r i /  /IOII..Y h, rirc, irri,yi~trrioir i ! f ' (~ l~~ i~ t io i r . s  iil  oil^, i/ii.c,c~~ioii o i i /~ , .  

Sut -1-out~d i~ ig  t l ie  catl iode, and  pcrmented by t l ie  electrolyte. i s  :I mass of 
mangancsc d iox ide k n o w n  as the dcpo l :~r i rer .  

0 1 1  opet i  c i r c ~ ~ i t ,  t l ie  c;rrhon cathode has a potent ia l  o f  sotile one-a11ci-a-hall' 
vol ts  above that o f  t l ie  ~ i n c  anode. W l i c ~ ~  an external  c i r c ~ ~ i t  is m:~cle, :L cur rent  
Iloivs, the etiersy o f  \vl i ich is cfcrived f r o m  t l ie  e lec t ro-c l iemicd reactions \v i th i l i  
t i le  cel l  : o11e 01' these rcac t io t~s  is the t i i s a p p e ~ ~ r a l ~ c c  of ziric ft-0111 t l ie  ;inode. 

111 m o r e  detail, r i n c  molecules leave t l ie  a l l ode  a n d  pass i l l t o  t l ie  c lcctro lyte 
x i  / inc  ions, Icavir ig b e l i i t ~ d  their  associated e lec t t -o~~s .  Thesc eleclrons (ravel  
r ~ ~ ~ l i d  t l le  estcrnal  c i rcu i t  f r o m  anode t o  cat l iodc (note  that  h y  convent io l i  :in 
elcctt-ic c ~ l r r e l ~ (  i lo\vs i n  t l ie  opposi te d i rec t ion t o  e lec tso~~s) .  O n  ar r iva l  a t  the 
s ~ ~ t - l ' i ~ c e  o l ' t l l c  cathode, these electrons meet a n d  discharge a m m o n i u n i  ions i n t o  
t l i c  electrolyte. T1ie r e s ~ ~ l t i n g  a m m o n i ~ ~ m  g r o u p  ( N t l , )  then break5 t l o \ \ , ~ ~  i n t o  
:~mrnoli i : t  (N t l : , )  and hydrogct l .  I l i e  l 'ormer escapes as gas, a n d  the l iydroget i  
combines wit11 some 01' the oxygen I'roln the manganese d iox ide  lo  l 'orti i   a arc^-. 
M c ; ~ n \ \ l i i l c  t l ic  / inc i o n \  ~releascd at the anode have c o ~ i i b i n c d  \\.it11 the ot l iel- 
c lec t ro ly tc  i n 1 1 5  (>I'cI1Iori1ie t o  l 'orm r i t i c  ch lor ide.  

T l ~ c  rcsult is the disappe;~t-a~icc o f  me t :~ l  l ' r o n ~  t l ie  anode ( c o r r o i i o l ~ ) ,  t l ~ e  
I 'ormation 01'  products o f  co l - ros ior~ .  / i l ic  c l i lo l - ide near t l i c  anode a n d  ;1111rno11ia 
IIC:I~ l l i e  cal l lode.  and t l ie  ox ida t io l i  o f  hydrogen at t l ie  surl;~cc o l ' t l i c  c a t l ~ o d c .  

Polarization 

In  the absence o f t h e  source of oxygen :I( the c o t l ~ o d c  ( t l ie  niang;lnese d iox ide  
d e p u l a ~ - i ~ e r ) ,  t l i c  hydrogen w o u l d  b u i l d  LIP on the cat l lode ancl het u p  a n  oppos- 
i n g  \,olt:~gc which w o u l d  reduce, and f inal ly  v i r t ~ ~ a l l y  stop, t l ie  Row ol' curl-cnt. 



This clrcct is known 21s pol:~rirntion and i s  i laturally l o  he ;lvoided i n  cells 
designed t o  produce electricity. I n  acid elccil-olytes, hydrogen Inay be cvolvcd 
as gas and i s  rcmoved by Hotatioil ol ' t l ic hrihhles. In this case depolariration by 
oxygen i s  unnecessary. 

'l'hc Corrosion Cell  
IYlc;. 2 shows tliagr:~mrnatic:~lly a col-rosioi~ cell. I ts  similar-ity t o  I:I(;. I can 

he sccn. 'The anotlc, wl ic~-c tlie cur-rcrll cntel-s the elcctrolytc. i s  corl-odcd, but  
the cathode i s  normally ur~;itlackecl. I'rotl~rcls o f  corrosion a!-c forincd i n  tlie 
elcctrolytc near tlie electrodes, ailcl hydr-~gcr i  is cvolvcd i~i the c:~l l lodc. 111 this 
case dcpolari/;rtion takes p l i ~cc  forluilously, and usually incotl~plctely, by  
nlc;irrs ol' oxygeri dissolvc~l i n  the electrolyte. Other products o f  corrosion, 
tlcpositcd i r i  ; ~ n  insoluble state on either clectr-odc may assist i n  polarizing t l ~ e  
cell. \+l l i ic l~ i s  o f  course desirable in  this c;lsc. 

71'hc Klcctro-Potential Series 

111 thc pr imary cell, descr-ibcd above, it wi l l  bc rcmcmbcred tl int the in i l ia l  
dilrcrcncc in polcrlt ial between c a r b o l ~  ; ~ ~ l t l  ~ i n c  was about one and a hal f  volts. 

I t  i s  Coirrrd that al l metals may be placed i r l  a l l  order o f  potential ineasured 
h o r n  some arbi trary datum. This order. known 21s tlie clectro-potential series, i s  
shown in the l i ~ l l o ~ v i r ~ g  i;tblc. l 'he ordet- rnay vary slightly i n  different electro- 
lytes, wi t l l  difrcrent current densilies flowing, ai id ;it d i l k ren t  temperatures. 

l ' h e  series wi l l  t1iereSo1-c give sonic ind icat io l~ or  the ini t ia l  potential difference 
hetwceli two metals when connected iogctlier i n  a n  clectrolytc. Thc lower o f  
( l ie two wi l l  be the anode ;incl u i l l  therefore tend to corrodc. 

11 111i1st be emphasized that [ l i i s  l isi cloes riot give the relative corrodihi l i ty o f  
individual metals by t l~emscl\~cs, for ir,st;rnce a l u r n i ~ ~ i i r ~ i i ,  low down i n  the 
table i s  inhcr-cr~tly niore corrosio11-I-esistnnt in  sea watcr than i s  steel. If' thc 
l\r.o arc placed i r ~  corltirct however the aluminium i s  liahlc t o  corrodc. N o r  
ilocs tile ser-ie intlicatc that the corrosion of one mct:~l  i s  incuitahlc when 
corir~ected l o  one higher i ~ i  the l i s t ,  i t  only indicates o tenclcncy. Such :I cell 
might rapidly he polarircd by the proilucts oSthc ini t ia l  corrosion. 

I J l c (~r , - i~ - /~ (~rc i~ i io l  s(,~.ic,.v 

C'nilioclic Errcl I'lntir~cim 
(;old 
Gr;~phitc or C;~rbon 
St;~inlcss Steel (I';~ssi\e) 
Monc l  
( i lrnmclnl 
Cupro-nickel 
C'oppcr- 
Nickel 
ITrnsses 
C l i r - o ~ ~ ~ i ~ i r ~ i  
Tirl 
L.ead 
Sl~r ir~lcss Stcel (Act ive) 
I ron  KL Stcel 
Cadmium 
A l u m i n i u n ~  
7irrc 

Anodic End Magncsii im 



î  
+ M F l A l - L l C  CON r A C i  BF7  W F t N  FLECTR0 l )ES 

I t  w i l l  b e  noted t l ia t  stainless steel appears twice i n  t l ~ c  list, w ide ly  sep:~r:~ted 
a n d  sutf ixed ' act ive ' a n d  ' passive '. To ~ ~ ~ ~ d c r s t a n d  th is  i t  is ~ icccss:~ry t o  
digress. I t  was ment ioned earl ier t l ia t  d i rect  ox idat io t i  o f  metals was not  serious 
except a t  elevated tc rnperat i~rcs .  Nevertheless most  ' eng i~ iee r ing  ' metals arc 
supcr l ic ia l ly  oxid ized a t  n o r m a l  t e m p e r a t ~ ~ r e s  b y  oxygen i n  ail- o r  water, hu t  t l i is  
oxiclc f i l l11 i s  t h in  a n d  invis ih lc t o  t l ~ e  naked eye. I n  the so-called st;litilcss 
materials, th is f i lm is t c l ~ a c i o u s  a n d  i m p c r v i o ~ ~ s ,  prevent ing i'urt1ie1- at tack and  . . 
m a i n t a i n i n g  t l ie  o r ~ g ~ n a l  lustre of t l ic  ~ i i e t ; ~ l .  I f  the  film i s  mccIiatr ic;~l ly ahradcd 
i t  w i l l  heal i tse l f  r;lpidly, p rov id i t i g  oxygen i s  avai lable. 

I l i i s  film lias o co~ is ide rab ly  Ii ighel- p o t e t i t i i ~ l  t l i a r ~  i ts  pareti t  metal.  I f  ( l ie  
tnctal  l ias a film, fo r  wh ich the presence of su l t i c i c~ i t  oxygen i\ necessary, i t  w i l l  
he passive. 11' i t  has no f i l m  due  t o  lack o f  oxygen. or is ahr;~decl n ~ e c l ~ a ~ i i c a l l y  
as q u i c k l y  as t l ie  f i lm  forms, ot- cannot form n film in it.; imperv ious i 'orni 
hccaitse oi' t l ie  chemical  c o n s t i t ~ ~ t i o n  0 1 '  t l ie  electrolytc, i t  \\'ill he ;lctivc. 

Cor ros ion Cel ls  in Pract ice 

FIG. 2 shows a c o r r o s i o ~ i  cc l l  d i a ~ r : ~ m t n a t i c a l I y .  111 pract ice the esse~it ials oi'a 
cot-rosion ccll, wh ic l i  have al ready been seen t o  be i w o  por t ions o f  meta l  at 
dill'cretit pc~~tcnt ia ls i n  contact  i n  ;l11 electrolyte, m a y  take var ious Sot-ms no t  
imnled ia te ly  I -ecogn i~ah lc  as such. 

1-lie t w o  electroclcs m a y  be t w o  t i i f fereni  metals or t l i cy  m a y  he, ancl Src- 
que l i t l y  ;\re, diffel-erit arcas of the same piece o f  metal  v i c i  l iavc c l i l k r c t ~ t  
potent ia ls t luc t o  local  differences S ~ i i e t l l ~ ~ r g i c ~ l  structure. stress, 01- tern- 
e r r  I ' l ~ e y  nlay be areas olciifTerent elect]-olyte c o n c e ~ i t r a t i o ~ i  (71- ox )yc l i  con -  
cent ra t ion  therein. They  m a y  he areas o f  mct;tl, one o f  \ v l i i c l ~  is covet-ed w i t l i  ;I 
cathod ic  oxicle f i l m  a n d  the o ther  n o i .  1.Iiesc ditl'cl-ing ;lreas ti iay he s o  ni;lrly, 
so close, or s o  smal l  as t o  he i n d i s t i n g ~ ~ i s h a b l e .  

I l i c  cxter t in l  c i rcui t  m a y  he di rect  contac t  between t w o  metals, o r  a i l i i r d  m a y  
he interposed. I t  m a y  even inc lude nno ihe r  e lectro lyt ic  hr idgc.  

-fhe electrolyte, besides be ing sea water as i n  submerged corrosiot l ,  m a y  
consist of condensed mois ture  t rapped i n  a crcvice o r  absorbed i n  some porous 



m;lterial such as lagging, packing or  cardboard. I t  may be rncrely a thin1 tilt11 o f  
moisture on a surlhce, o r  even a single drop. Salt water, even when dilu(ed, is a 
powerful  electrolyte, arid drops o f  corldensed moisture w i th  traces of sal1 or  
atriiospheric pol lut ion k ) rm good ones. 

l t  i s  fortunate that rnost corrosion cells in  practice are polarized to some 
degree, and many almost entirely. Otherwise tlie problem o f  rnniritenal~ce 
would be even greater that, il is. 

7'YPIC:AI. FOltMS OF ELI?C1'ROLY' CORROSION 
Rusting 

'The superficial oxide skin l i>rmcd i n  air o n  steel i s  sliglitly c;~thodic t o  the 
base metal and i s  never perfectly continuous. Fr-csli o r  salt water, o r  coridensed 
; ~ t ~ n o s p l ~ e r i c  nioisture containing traces of salt or absorbed gases, form elTcctivc 
electrolytes and  a multitrrde or m i ~ i u t c  clectr-olytic cells arc formed. Tlrc ions o f  
i r on  migrate from the bare ar~odic areas into the clectrvlytc ul iere tlley rncct 
l iydroxyl  (011) ions bo rn  the clectrolylc and form ferrous hydroxide, the main 
constituent o f  rust. This i s  incapable o f  stifl ing the anode. at which o s ~ ~ i a l l  p i t  
i s  produced. The cathode i s  efTectivcly tlepol:~rized by  the presence o f  ;~trnos- 
pheric oxygen diffusing in to tlie electrolyte. 

Bi-Metallic Contacts 
Enough  has already been said t o  explain tile e l k c t  ol'connectirig two dilTcrent 

met:~ls i n  ;III electrolyte, arid many cxuniples wi l l  spring to mind : thc corrosion 
o f a  stecl h~111 near- gunmctal fittings, o f  stecl propeller sli:~fls near tllc gun~ne la l  
liners, oi' steel ' cor r -os io~~ pieces ' i n  copper pipe-lilies. Even tlie o l i l  sailing 
navy knew tlie disease of ' ri;til-sickness ' wllerc ir-on nails col-roded w l i c ~ ~  tlie 
ships \\,ere copper-slicnthed. 

Fherc is,  ho\vever, more subtle i'orm wliiclr ol'tcn occurs. I S  sea \%';iter, or 
even fr-esli water, passes tlit.oitgli a copper or coppcr alloy pipe or  f i l l ing, some 
of' the copper i s  dissolved in to tlie water. S l i o ~ ~ l d  this water subseqcicritly come 
into contact with :irii>tlier mct:~l  lower i n  tlie clectro-potential series, for 
example steel, the copper i n  solution \\.ill ' plate-out ' 011 the stecl, i i ~ s t  as a 
pe t~kn i fe  dipped into copper sulpliatc becomes covereti \\,itIi :I t l ~ i r i  c o i ~ t  o f  
copper. I-licsc particles o f  copper, \ r , l~ic l i  \\'ill riot be visible i n  l o ~ \ ,  concetitra- 
tions, Sosm minute bi-rne~nll ic cor~ t :~c t  cells \vitli the stcel and i l i c  stccl corroclcs 
nipidly.  This elTect inny he seen on  inner bot tom plating on  ul i ic l )  i ' ;~ l ls  tlie 
el i l~rent f roni  copper drain pipes, o r  the condens:~t io~i fr-om copper or- gurlrnctal 
pipes o r  fittings. 

Siniilar, but even more sevel-e, c o r r o i o r l  wi l l  occur to  a l u m i n i u n ~  alloys \v l~en 
i n  contact wi th copper-conta~ii inatcd water. I t  s l i o ~ ~ l d  be noted that metctllic 
cont;~ct between the copper pipe ancl the stecl o r  :cl~rrninium i s  no1 ncccssary for 
this I>I-OCCSS t o  continue. 

One l inal point on hi-metallic colitact corrosion should he noted. The 
quant i ty o f  mct:~l I-emoved from ari ariode i s  directly proportiorlal to  tlie 
quantity ol 'current that fins flowecl. One amp Roiving for one ye:w wi l l  remove 
20 l h  o f  steel or 22 l b  o f  copper. [('this current is concentrated on ;I small anode, 
! l ie average depth o f  ;~ttack \?ill he greater- than i f  ;i larger nriodc were present. 
7 1 1 ~ 1 s  t l lc r ; i t i ~  o f  the size of anode t o  the sire of cathocle all'ects the severity 
o f  attack, a small anode connected to ;I large c:~thode being particularly 
dangerous. 

The average depth o f  attack, houever, i s  not necessarily :I good indication ol' 
severity. A sinsle deep pi t  riiay be more likely to  fai l  than widespread sha~llow 
;itlock. 



This occurs i n  brasscs in  sea-walcr ;111d the ~nechnnism is obscut-e. 11 i s  
esscntinlly electrolytic corrosion c a ~ ~ s c d  by tnct:~llurgically dilrering arcas o f  the 
~ne ta l  acting ;IS minute ;tnodes and c:~l I~odes. This results i n  corrosion o f  the 
alloy and the redcposit iot~ of  tl ie copper as ;I porous matrix, wi th scarcely any 
rnech;~nicaI slrctigr h. 

Tl le tendency to dcrinc increases with zinc conlenl, being negligible below 15 
per cent l inc .  l l ~ e  acldition o f  arsenic o r  t in almost e l im in~~ tes  i t  in  (he single 
p1i:tse alloys (up  10 a h o ~ ~ t  30 per cent zinc), but (he dual ph:~sc brasscs (bc(ween 
3 0  per- cent and 40 pet- cent z i t~c )  :]I-e liable to this trouble, 1x11-licularly the 
wrought 11igl1 tensile hrasses ol'icn misleadingly called manganese bronze. 

I%ra/ing 1rnel;11 ((10 per c c l ~ l  copper, 40 per cent zinc) wi l l  dezinc rapidly when 
cxposed to sea-\vatet-. Silver- solcicr sho~t ld  be used for piping when large areas 
arc cxposed to sc:~-water. 

In~pingerncnt Attack, or Corrosion-Erosion 
This occurs i n  parts cxposed to turbulent f lowing sea-water. Such parts arc 

~ ~ s u ; ~ l l y  coppel- or- coppcl--base alloys, and  i t  i s  in  these that it i s  usually found. 
Typical suh.jects are condenser t~tbes, particularly a l  inlet ends, sea-waler 
c i rc l l la t i~ ig  pipes, liremains, and fire and  bilge pump casings. 

TIie C;IIIS~ is l l ie  i i i ee l l ; ~~~ ic i~ l  removal OS the protective surl;tce f i lm on the 
mel:rl by tlie turbulence o f  the wale[-, aided by tlic minute but  intense sliocks 
cz~used by entrained air-hubblcs breaking up  when ihey impinge on tl ie sut-k~cc. 
T l ic  at-car o f  n~eta l  so cxposed at-c anoclic to the 1-emainder o f  the filtii-covered 
tnetal, a small electrolytic cell is fol-nied and ;I pit appears. This pi t  aggravates 
the rut-bi~lcncc locally :IIICI lhc  altack contitiucs. Plenty of dcpolar ir i t lg oxygen 
i s  ;lv:~ilablc in  t l i e  llo\ving water and al l  products o f  corrosion arc \\aslied 
a\v;Iy. 

111 tubes and pipes tlic attack often takes the sliape o f  a horseshoe pit (the 
open end do\vnstrcam) with bright n lc t ;~ l  showing at tlie base. 

Cavitalion-1,:rosion 

' l ' l i ih i s  clistitict l ' ro l i~  c ~ ~ r r o s i o ~ ~ - e t - o s i ~ ) t ~  111 tliat i t  occurs o111y wlien v :~Ct~~t t l i  o r  
\ v ; ~ t e r - v ; ~ l x ) ~ ~ ~ .  huhhles at-e l'ormcd i l l  Howins water. where t l lc pressure i s  
reducecl loc;~l ly helo\v the vapour [>~-essure. l ~ l i e s e  bubbles subseq~~ent ly  collapse 
(a l ien audibly), ancl the resultant l'orces are s~lfticient hot11 l o  destroy the 
~ ~ - o I e c t i v e  l i l ~ i i .  :IS i l l  corrosio~1-ct-osio1i. ;111d also actually t o  tear out pal-ticles 
<)l' t l l ~ t ~ l l .  

Al t l iougl l  t l l i s  l'orm oI';ltt;~ck cat1 be protluced hp l i c l ~ ~ i d s  such as oil, which arc 
i t  elcctrolyles, i t  is probahle i l lat al l  c;lses in  sea-water are considet-ably 
aggra\;~tcci Ily s i ~ ~ i i ~ l t i ~ t i c o ~ ~ s  cnrrosin11. 

Such attack may he l'outid on tl ic .;~tction k ~ c e  of p]-opellers, in  impellers :~ncl 
s~cclioti eyes o l 'p~ tmps running under condiLions o f  \,acuum. I ' l i c  nltncked tncl;tI 
11:ts a honcyconibed po~-ous appearance. very ciilrerenl l'rom tlie \v:lter-\\,orn 
;~pl?e:~~-:~tlce 01' corrosion-erosion. 

Deposit Attaclc 

Alloys whicl i I-ely I'or their col-I-osio~i-resistance on tlie oxide films tlicy g[-ow, 
;II-~ 1x-cNne to tllis l'c)t-tn o f  attack. A n  arca covered by a deposit of mucl, a splash 
of paint or a bat-11nclc i s  denied tlie qi~:rntity o f  oxygen necessary t o  grow a l'ully 
prntectivc lil~n. I t  is thus l c l i  anodic to the I-emaindel- o f t h c  n ~ e t a l  and curl-osion 
occurs beneath t l ic deposit. 



Crevice Attack 
-l'liis i s  due to the same mechanism as deposit attack. 1-lie oxygen supply to 

the 111ctnl i s  rcstric(ed i n  any crevice (under a bolt lieacl, o r  i n  :I propeller shal l  
ly ing i n  n rubber bearing, for example) ancl corrosion pits arc formed in the 
crevice. 

Difirential Acratinn Cells 
111 gene!-al, any area, the oxygen supply ol' which is less than tli;tt o f  i l ie  

SLII-roundirig metal, i s  l iable to become anodic atid corrode. Such areas arc 
known as oxygen concentr;~tion or  tlill'crential acratiori cells. 

Corrosion Iiatigue 
Met;~ls sul>ject to alternating stress i n  ;I col-rosive medium, f i ~ t i g ~ t e  r i i i~c l i  riiol-C 

r ;~pid ly  t l i a t~  in  ail-. Corrosion pits provide starting points for cracks, which 
develop rapidly as deep corrosiori fissures, cont in~ro~ is ly  cx le~ ld ing  ill depth 
by tlie combined elrcct o f  the stress conccntrntion ancl corrosion at the 
root, due to the restricted supply of oxygen tIi;lt can pelletrate--a form o f  
crevice ;~ttack. 

I t  i s  noteworthy that rnelals d o  not have a corrosion-fatigue l i r~ i i t ,  beci~use 
the!-c i s  n o  stress below w l ~ i c h  corl-osion ibtigue wi l l  not eventually occur i f  the 
riitmber o f  cycles i s  large enough. This i s  d is t i t~c t  l'rom c~rdi l iary  l' itigue i n  
wli icl i  some iiielctls clo sl iuw a l imi t .  

I t  shoultl also be noted (hat, whereas the ot-diliary krtiguc st re~igt l i  or steels i s  
roitgl i ly proport ional to  tlic ter~sile strength, t l ~ c  col-r-osior~ k ~ [ i g ~ r e  lik o f  l i i g l ~  
tensile steel i s  little, i f  any, better than mi ld  steel. 

C'orrt,sion l i l i igue cl-:tcl\s have been l i iur ld ill propellcl- tailsliai[s, s~rbrnaririe 
niain ctigine I'rames, and i n  many oilier- parts i ~ i c lud ing  i1itet-t1;11 conlhustion 
c ~ ~ g i r i e  villvc spl-ings exposecl l o  ;I niirrinc ;itrnosl>l~crc. Sirnil;lr- ctisines run  
011 sliore sI i~\vecl 110 sign ~ f t l i i s  11-o~thlc. 

Stress Corrosion 
Areas 01' met:ll subject t o  stc;ltiy leri\ile htreshcs i n  a corrosive mecliutii ;~ rc  

liable to crack. Although stt-essed tiieial is s l i ~ l i t l y  ;~r iodic to ~ lnst t -csed metal, 
tlie 11i;qority 01' t l ie attack is probably clue ro tl ie opening ol' cort-osiori I~SSLII-CS 
under the ;\etion cif t l ic stress, espositig I're\li mcl;11 at the  root 01' the cl-acl\ to  
i ~ t ~ - t l ~ c r  attack. 

Seahon cr;rcki~ig ol'bl-ass [uhes. i l l  \vliicli col(l-drawing Icavcs t-ebidual stl-esse;, 
i s  clue 10 strcss c o t - r ~ s i ~ i i ,  (lie clcctt-olqtc being condclised nioistut-c cor~ta in ing 
tr;lce; ol' animonia or- some otllcr- co~it;trniri;~rit. I ' h c  name or-igiriatc; l'rorli 
tlie c l - : r c k i ~ i ~  01' brass cartridge cases in  India \vIieli i l ie advent ol' tl ie ~ i i o t ~ s o o t i  
I-aisetl t l ic I iuti i idity sull icicr~tly fol- i r l i  electr-olytc l i lm to form or1 tlie mctal. 

Sincc col-rosion arises irrorii the Ilo\v ol'elcctricity fro111 i l ic anodic mctal ol ' t l ic 
cot-r-i~sion cell, arly ri ict l iod tvliicli pi-cvcrits l l i i s  I1oti. ol'cur-rcril i s  a11 ell'cciive 
antidote. l l i c rc  al-c vat-ious line; ol'appt-o:~cli. The most ohviou\ is to remove 
tlie elcctr-olyte fr-om contact with the i>ic[al. A i i o t l ~ c r  is t l ic i~ i tcr t -upt ion o l ' t l ie  
clectt-ic cif-cuii by i t i s ~ t l : ~ t i ~ ~ i  : otllet-S clre t11c clietiiical ir1liil?iti(>r1 CII' tl ie I-c- 
actions ; ~ t  tlic clectrodcs wll icl i  wi l l  clfcctivcly 1>olari7c i l ic  cell. and tlic revel-sal 
of '  the t i t ~ t r t l  d i r e c t i ~ t i  01' t l i e  CLII-rcnl by I l i e  ;\pplic;~tiol i  of ari xt-tifici:~lly 
conir ivcd voltage. 



C o n t r ; ~ ~ - y  t o  p o p ~ ~ l a r  beliel', few paints arc eriti l-ely imperv ious  t o  water-. I h e i r  
efl'ectivcncss it1 t l ic  prevent ion o f  cor ros ion arises, no t  f r o m  the i r  ab i l i t y  t o  keep 
the electro lyte f r o m  cot i tact  w i t h  the mctal ,  h u t  in the i r  h i g h  electro lyt ic  resisl- 
arice ancl, in the case 01' o i l -hascd paints p igmentcd w i t h  meta l l i c  oxides o r  salts 
(e.g. red leecl i n  l inseed oi l) ,  i n  the forni; l t ion of chemica l  compounds  at t l ic  
l i ie ta l  l i ~ c c  which inh ib i t  t l ie  electrode I-e;~clions. 

' t i  cc l lu losc ;incl synthetic I-esin 01- ~ r u h h c r  p;tints a r c  impervious,  a n d  
some h igh t lu ty  pa in t \ ,  slrcli as D e t c l  DMlJ a n d  T r c t o l  l ,  c ~ i i  1 i i ig l i  
p ro l xv - t i on  o f  mctal l ic  r i l rc  powder  wh ich  lias a t '~~r t l i . c r  pro tec t ive  ac t ion  (sec 
later  u ~ r d e r  ca thod ic  r11-oteclio11). 

O the r  Non-h le ta l l i c  Coatings 

I < ~ ~ h h e r  slieet ;11ici V;\I.~O~IS plast ic i l l i d  s y ~ ~ t l i e t i c  I-esins m a y  be app l ied t o  
metal l ic  su r l l ~ces  i n  s11hstanti;1l t l i i ck~~csses ,  t o  p r o v i d e  comple te ly  i rnpcrv ious 
coat ings \vl i ic l i  ef lcct ivcly exclude t l i c  c l cc t~ -o l y t c  from contact  w i t l i  t l ie  metal,  
; ~ n d  t l i csr  arc f ind ing i~icre;isitig appl icat ions.  Propel ler  sha l is  of new ships arc  
l i o w  sl icat l icd ill rubber-, a n d  expel- imental ly w i t l i  synthet ic  resin re ink>rccd w i t l l  
glass f ibre c lo t l i .  Copper  bellows-pieces and steel condenser doors  have also 
heell s~fcccssful ly  1-irhhcr covered. M a i n  c i rcu la tor  inlets a r c  n o w  be ing treated 
w i t l i  ~ ieoprc r i c  rubber- paint ,  t l i ~ ~ s  ; ivoidit ig t l ie  bugbear o f  loose zinc protectors 
d ;~magi r is  mail1 cir-culators. 

i t  I inert  co;ll i l igs c;111110t :~d l i e re  t o  111et:ll unless S C ~ L I ~ L I ~ O U S  C~I -e  i s  
taken i n  c l e o ~ ~ i t i s  t l ie sul-lilce. Paint appl ied t o  a rus ty  01- greasy surli ice. or over- 
o l d  f lak ing paint ,  is a lmost a comple te  \vastc o l ' t ime.  T i m e  a n d  t roub le  taken i n  
scaling, chippir ig,  satid-blasting 2 n d  other preparat ive t reatments i s  arnply 
rrc1x1id h y  t l ie  s~rbsecluent lik o f  the coat ing.  

I t  i s  npprcci:itcd th:rt this i s  ;I c o ~ r n s c l  of 1x1-l 'ect io~i i n  the case o f  m a c l i i ~ i c r k  
s p : ~ m  bilges and  other- places \ % l ~ e r c  c leaning a n d  d r y i n g  arc  :~ l rnost  impossil>lc. 
l l ~ i s  p rob len i  i s  recci\ . ins v igo~-ous  ; ~ t t c n t i o n .  

M c l a l l i c  Coatings 

Ai lother-  \vitiely l ~ s c t l  n ie t l iod  ol' p r c v e ~ i l i o n  o f  co r ros ion  is t l ie  app l ica t ion 01 .  
inher-cntly 11on-corrotiible rnet;rl co;~t ingi ,  sac11 ;IS c h r o m i ~ ~ ~ i i ,  r ~ i c k c l .  copper. t i l l .  
a l u m i n i u m .  / inc o r  cnclmium, by  electroplat ing,  spray ing or h o t - d i p p i n .  

I t  s l i o ~ ~ l d  he 110ted tIi;~t 01' thcse metals, chr-omium, nickel, c o p l x r ,  ancl 
t i l l  211-c c;rtlloclic 10  steel. I ' h i s  incans t l ia t  i f  t l ie  coa t ing  is po rous  (and th in  
e lec t rop la t ing  and spraycd r n e ~ a l  is) o r  if i t  i s  scr:~tclietl o r  dnmagct l  i n  some 
way, a s n ~ ~ r l l  ar-co o l ' thc  i ~ ~ i c l e r l y i n g  nnociic mc ta l  \\ill be exposed, sul-I-ounded h) 
a lal-gc area o f  cathodic metal.  ;111d intense col-I-osion at the  hreak w i l l  occul-.  
T l i c  usc o f  tl icsc metals i s  tlierel'orc danger-ous uli less p :~r t icu lar  care ih taken t o  
see that  the co;~ t i l igs  arc sul l ic ient ly  robust  and  imperv ious.  

A l u n > i ~ i i ~ ~ m .  ~ i n c  a n d  c a d m i u m  arc, l io\vcvcr, anod ic  t o  steel a n d  a smal l  
arc:l o l 's tcel  exposed w i l l  he cal l ioci ical ly PI-otectcd b y  the s ~ ~ r r o u n d i ~ ~ g  coat ing.  
T h e  llse of these ~ ~ i e t ; ~ l s  is i l ler-cfore rn l lch ino re  s;llisl;!clnry except wliere liar-d 
SLII-~ICCS o r  good  looks  are PI-imar-ily rccluil-ed. 

I n  ho t  wntel-, yinc may  reverse i ts potent ia l  t-clativc t o  steel, t l i ~ r s  aggrnvnt inz 
cor ros io t i  instead 01' p~ .ever i t i~ ig  i t .  T h i s  pal- t ia l ly  accounts f o r  cases of severe 
cor ros ion of' g;ilvanised steel i i o t  (I-esli-w;ite~- pipes. 



Electrical Insulation 

111 a few c ~ ~ s c s  complete electric;rl insul;ition hetwee~i dissi~nilar metals is 
possible, but care must he taken th ;~ t  such i~~su la t ion  is colnplctc. 'The poor  
mechanical properties of many irisulatirig mcttcrials frcque~illy 1n;tkc this 
diflicult. 

Inhihitors 

Cer1;iiti cllc~nicals, \t'he~i ;~tldcd 1 0  all elcctrc:I>,',. 1::lve the property o!'I'ormir~g 
surSace layers on the ;lnodc or  catl~oclc, wliicli ir~hibi! the c l~e~n ic :~ l  rcuctions 
thal would otllerwisc occur, l-hey arc used in closcd cil-cuit cooling water 
systems of I.C.ll's 2 n d  gull-barrels, and in the ;~cicls ubed Sol- clic~nical desci~ling, 
to prevent attack ~ I I  the u~iderlying metal. 

Vnpciur Phase Inhibitors (V.I'.I.) arc  usecl , i l l  packagitig. I'llcy are solicls 
\vhich vola(i1izc anti exert (heir inhibitive intluence :~&ninst ;~tmosplicric 
corrosion wlreti in  tlie vapour phase. 

Cathodic I'rotection 

'l-his is n comp~iratively new name for a n  olci illid well tried method. 

111 order to prevent current leaving a vital part a r ~ d  entcririg the electrolyte, a 
current is f'orced to enter t l ~ e  parts from the c1cct1-olyte. This cnil be clone in two 
ways. 

f-ir-st, the sacrificial anode, col.rosiotr piece or  protector bloch. A piece ol' 
nictal, :unocIic to tlie part to he protccled, is placed in met;~llic contact \+'it11 i t .  
l I t i c  hcco~ncs t l ~ c  callioclc of this (>lrrposclq contl-ived cell a r ~ d  is 
p r o t c c ~ c ~ l  ;I[ the si~crificc of the ztnvile. 

'Illis mctliod is cxcnlplilied by the ~ i r l c s  litlecl 10 steel Il~llls to prcveril their 
col-rosion by adjacent non-Scl-rous fittings, a n d  by steel col-rosion pieces in 
copper pipcs. g~~nrnctctl condensers wid lieat-exclinngcr dool-s. 

Lit~for~rtl~ately ~ i n c  I ' I - ~ c J L I c I ~ ~ ~ ~  b ~ ~ o t i i c s  poI :~r i~ed  ;~l'tcr ;I s l ~ o r ~ ]  t i~i ie  by 
l l ~ c  producls 01' corr-osiotl, 2111d i)~-otectio~i ceilsw. J11c I ~ C I  th;it / ~ I I C S  ;Ire ' i n  
good coridition ' merely indicales t l l ; t t  they have ceased to f ~ ~ l f i l  nrly ~rseful 
L 

I'unction ! 

Steel is, ho\vevcr, liiglil) ~rnodic lo copper I copper alloys, and little 
polal-irntio~i occut-s. There is rapid corrosion of tlie stccl. ;und tliis ~scsi~lts in  tlie 
l - I  ~ i ~ ; ~ i ~ i t e r i ; r r i c ~  hurtien ol' rc~lewitig corrosion pieces. 

Fxperimcnts are beins rncrtic ~ v i t l i  v;lr-iouh fine alloy\. and m;~gnesiulil anodes 
arc usecl i'o1- catlioclic protectiorl of b~tricd pipe lines, icltics. hall;~st tanks and  
the hulls ol' idle ships. Hydrogel-r gas is cvolveii l'rom m;lgnesiu~n, \vhicl~ intro- 
tiuces ;I risk \hen ~tscd in confined spaces. 

-l lie second is the impressed current 111ctIiod. T.hc part to be protected is 
connected in nn electric cil-cuit s ~ ~ p p l i c d  with power l ' r o ~ i ~  a11 exte1-11i1l source. 
:incl ar-~-;rr~ged so t l ~ : ~ t  i t  is [lie cathode. ,4n  incrl ar,otlr, for e x ; ~ ~ n p l c  car-ban, is 
ustrally employed. CUI-rent is tl~erefi)rc i;)rcecl to enter the part to be prolected. 
~ I I I ~  curl-(xion cannot occur. 

This ~nctliod is also ~ ~ s e d  for the protection of burieti o r  floating stl-uctul-es, 
and is in L I S ~  in the Keservc Fleet. I t  has been applied expcrimet~tally to  ;~ctive 
shins i n  Ihc R.C.N.  



Atmospl~cr ic  corrosion o f  tnctals wi l l  no1 occur, provided that the relative 
l i ~ ~ t i i i t l i t y  i s  low enough to prcvent ;I l i lm o f  moisture condensing, and acting as 
ari cleclr-olyle. I n  cnclosccl spaces, a i r  may he arl i f icial ly dried by incans o f  
liygroscopic cheniic:~ls, such as silica gel and cluicklime. DeI i~~mid i l i c :~L ion  i s  
c lkct ive ly  ;~ppl iet i  to se:~letl i t ~ s t ~ - ~ ~ m e n l s ,  i n  p;~ck;~ging,  rid t o  large portions 01' 
reset-VC llccl ships bet\vcen decks. 

Whi le  tlie author agrees wi th the poet Lhnt :I litt le learning i s  :I dnngcroc~s 
thing, lie believes tlint no learning may he evc1.1 illore tlangerous. I t  i s  hoped that 
this br ie f  survey may assist sotnc engit~cers ill lheir  everlasting battle against 
corl-osion ; n h;~tt lc i n  which it pays, handsomely, t o  know your enemy. 

Slie cost o f  corl-osion and pl-evcntivc work has been est i~i iated to amount i n  
Great Bri tain to f200,000,000 annnnlly, and i n  the Uni ted States to 
f2,000,000,000. No figure i s  l < n o w ~ i  1'0s its cost to the Navy, but it i s  un- 
doubtcdly cnol-mous. 

I l i e r e  exists tlie At lmir;~l ty Col- ros io~i  C'c)mmittec whosc advice and assist;~nce 
ku-e always av:~ilahlc to  tlic Navy ill c i ~ n i b n t i ~ i g  cort-osion. A.I:.O. '959153 dct:~ils 
i i s  pclr-pose, anti the r i ie~l io t l  of o b l a i ~ ~ i r i g  i t s  assistat~ce. I n  clrder to carry oul 
iLs function, i t inust be inl'orincd ol'cascs ol' cot-I-osion, even those \+,hieh at l i r s t  
s i ~ h t  may hc dismissetl 21s ' 11ot-n1;11 corrosioti '. 
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