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. l l ie  w ide I-angc o f  ~ n c t a l h  included il l t l ic  non-Scr~-ous g r o u l i  have many :III~ 

V;II-icd i i r I ie~-cnt  qu; i l i~ ics  \vhicli rci lcie~- t l i c ~ n  c ~ i c  ini lust l- ial  i ~ i i po r tnnce .  
I t  mLIsI he ad i i i i t t c i l  that single ~ i u l s t ; l l ~ d i l ~ g  k ~ ~ t u r c s  I-arcly co115titutc s u l l i c i c n ~  
grout ids  fo r  t l i c  sclcctiolr o f  n i i i c t ;~ l  l'or service, hut  suitahlc al loying, in con-  
i ~ ~ n c t i o ~ i  wi l l1 1':ihrication a n d  l i c a i - t r e a ~ ~ n e ~ ~ t ,  has  I;II-gely [)I-ovidcd ;I Soli l t ion by  
enl i :~nci l ig ovcl-al l  c l i~:~l i t ies.  111 C O I ~ S C ~ I L I ~ I I C C ,  these ;111o)s \ ~ I - V C  ;I ~ i i o s t  vit;ll ro le 
in clisul.i l>g e l f i c i c i ~ l  operation a n d  adeq11;itci scl-vice lil'c 01' r n ~ ~ c h i n c l - y  ;lnd 
s(ruclusc\, a l ( l i o ~ ~ g l i  the pl -o l )or l ion cnip loqct l  i n  rc l ; l t io l~  l o  ot l ies ~ i~ ;~ te r - i ;~ l s  m a y  
he I-c1;ctivcly sllrall. 

Such i s  the c;\se i n  mal-i11c c n g i l ~ c c ~ - i i l g ,  where I-ecent in iprovcments  ant i  
~ I e \ : c l ( i p ~ i i e ~ i t s  c i ~ i c ~ - e a s c d  l ~ i ~ ~ i i i h c r  i l l i d  ty~?es I I y  i r i  service, ill 
a i i i l i t io r i  10 \ v i c l e ~ i i ~ i g  t l ic i r  setic1-:11 ficlcl o f ; ~ l ? p l i c ; ~ l i c ~ ~ i .  

Corrosion 

l 1 1  thc  1i1-st 1il;rcc. the cork-osi\c naLlll-c. o l m a r i n c  e ~ i \ , i ~ - i ~ n r n c ~ ~ l s  const i lutcs one 
o l ' t hc  most  a r d u o ~ ~ s  service c o n i i i ~ i o n s  mcla ls  :I]-c 1rc~1~1iseci 111 \ + i t l i s ~ a n d  i ~ i  [ l i c i r  
mal l )  ; ~ p p l i c : i l i ~ ) ~ i s .  A t  ~ l i c  l > e s i ~ i ~ i l ~ i :  111' ~ I IC  ce11l~11-y [ l ie  cor r~ is ic i t i  [?sc)hle~~is 
:~sse~ci;itc(l \$,ill1 111:1r-i1ic ~ O I I L ~ C I I S C I - ~  \ \ ,c~-c  rccc ig~~i /cc l  t o  lhc c lc / i r~c i f i c ;~ t io~ i ,  
i i i i ~ g e ~ i i c ~ ~  I I I ~ ~ .   it^. I I i i  i .  l l i c  h c c ~ c f i l  co~i lkr-I-cd hy 
adcl i t ions 01'  1117 t o  0.05 [her ccn l  21-scriic i n  ~ l i i i i i n i i ~ i r ~ g  clcr i~~ci f ic : r t ion 01' a- 

S I 1 1 1 i i r i i 1 i i  I r c  I c c s 1 s l e l  Si l icc l l ie  (a P) 
0 : 4 S l I r c s ~ i l  I S11~I1 ; ~ ~ l ~ l i ~ i ~ ~ i s ,  t l i c  IISC 0 1  i l l i s  ;1111iy 1i;ls hecri 
con l i ned  t o  c i ) l i iponent \  o l ' \ \ o r k i ~ ~ g  sccl i i inh \zIiic11 11;lve >uIl icient t l i ickncss t o  
lo lcs ;~ tc  rc;1so1>nhlc a l l ioul i rs  01' d c / i n c i l i c a t i o ~ ~ .  

~ i g c ~ i i c ~ i  : 1 c 1  1 c o r r o i ~ ~ ~  I I o h c l - \ c i l  10 I-cirll i n  r;11?iO 
t l c l c l - i o r i~ l i on  01' t l i ~ ,  a l l o ~ s  t l ien cn>l i l i )>ct l .  .l l ie I i i s l l  11)c;lI I i q ~ ~ i ( l  \ c l o c i ~ i c ~ .  
:~\sociaieci \\.it11 ail- h u h h l c ~  ill excess o l a  c r i t i c ;~ l  si/c., PI-oilucctl a s c o i ~ i - i ~ ~ g  ;~ctioi:  
c ~ l c  l c i i ~ ~ i g  ~ c i c  c l l ~ i o s i s .  i ~ c l  ;~cccIcr: l l i l iy c(ii-ri>- 
i ion.  I I ~ c I - ~ ; ~ ~ c  ~ > l ~ l c ~ i i l i c s ; ~ ~ ~ ~ r c  LIIILI :II~), 1'01-111 ~ i l ' l o c ; ~ l  o l x t ~ - ~ i c t i ~ i ~ i .  \ ~ , l i i c l i  i ~ ~ c r c i ~ s c c l  
l i i luii l \~elocit ich. e~~ I i : i ~ i cc . i l  r ! i i \  c l k c ~ .  Sincc e1)!?1?c1- L I I I L ~ C I ~ ~ ~ I ~ S  c ~ - o s i o ~ i  due 
l i t l t ~ i i l  vclt)ci ty : i lo~ie.  i t  Iias ~ i o \ v  I3ec11 co111i11c(I 10 lc \s ;II-~ILIOU\ services 111 \viitcr 
\).\tern\. l l i c  XI-\ci i ic-hc~ir lng 70 : 30 b1-;15\ i i  SIII I  cmplo!etl I'oi- c o ~ ~ c l c ~ i s c r s  i 1 1  

\vl i ic l i  l i qu id  vc l~ ic i t ies  clo i i ( l r  cxcceil 7 1.1 sec :III~ pru\iclcs sciilahlc scl-\ice l i l t 
i n  tliche apl>l ic;~i ionh. W l l l e ~ ~  I i i ~ l i e i -  \ c l ~ i c i ~ i c \  ;ire : ~ i > o c i ~ ~ l c e l  \vi l l i  : ~ c r : t t i ~ i ~ ~ .  
70  : 3 0  c i ~ ~ ? r o - ~ i i c I i c l  l~~lxi .  \v i [ l l  i s c i ~ i  e i > ~ ~ l e ~ i t \  of 'O.4-l  ~ C I -  cc i i [  ;i~iil ~ i l ;~~ ig : l~ ics : :  
0 5 1  per- c c r ~ t .  clre \viclclq c ~ ~ i [ ~ l ( i > ' c c l  (11.. ; ~ l l c r ~ i ; t ~ i \ ' c l y .  76 : 22 : 2 :I~~II~I~II~IIIII 

l? r ;~ss  i ~ i l i i l i i ~ c ~ l  \ \ i l l1  :II-SCII~C IS t~hccl. 

ill \:ic\\ o f  t l l c  hel iel i t \  ohl;iineel ll-c~ni h n i a l l  ; l i lclit ioli\ o l '  i r o n  : ~ n i i  man,, ~"IIICSC 

t o  70 : 30 cu[)s~wnickel ,  t l ic i ~ ~ l l c ~ e ~ ~ e e  0 1 '  il-oti 011 i111oys 01' Io\\cI- i ~ i e k c l  c o i l t c ~ i i  
\v;I\ invc\ l igalct l .  bl;~~-l,c(l i ~ ~ i [ i ~ - c ~ \ e ~ i i c ~ i t s  111' (i(1t11 i ~ i i ~ i i r ~ g ~ ~ ~ ~ c ~ ~ t - r e \ i ~ ~ : ~ ~ ~ c c  2111~1 

i ~ t t i ~ c k  c x ~ ? e ~ - i c ~ i c c i l  ~111clc1- s t ~ ~ y ~ i i r ~ i t  c o r ~ c l i l i o ~ ~ ~  nc l -e  ( > l ? t : ~ i ~ ~ c ~ l  l'ro~ii ii-IIII ; i ( I c l i t i ( ~ ~ i s  
l '  2 per ccrit t o  a l Io ) \  c o n l a i r > i ~ i g  5-10 (?cl- cent i i icI\el. l l o ! \  o f l l ~ i s  l)'l?e r\.irl i 
5 I c n icke l  ;~ncl 1-05-1 .35 pcl- ccrit i1-01i I i i ivc lp1-1l\~?cc1\ ol' lhcirig \ v i~ le l y  
e ~ i i l ~ l o y c t l  i;)r ccincicnscr a n d  o i l l c r  p ~ ~ r l > o s e s .  l ' l i c  10 per cent niclicl. 2 [>cl- cc l i i  
i r o n  al loq is, I i o \ ~ e v c ~ - .  11reScl-I-ecl i n  the i l n i l c d  St;~lcs. 
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Tin-bear ing copper a l l oys  w i t h  t i n  c o n t c ~ ~ t s  be low 8 per  cent  have so fur 
p roved  in rc r io r  t o  these al loys, z r l t h o ~ ~ g l i  when t l ie  content  is of the o r t l c r  of  
1 2 p e r  cent ,  good  resistance to erosion has been observed. Coat ings o f  r i nc ,  t in ,  
n ickel ,  or c h r o m i u m  have bccn app l icd  t o  the surS~rce ol'11on-fcrl-ous tubes, bu t  
have no t  been considered w o r t h y  o f  cont inued use. D u p l e x  tub ing,  i t 1  wh ich  
d i l rc rent  a l loys are ut i l ized fo r  bo re  a n d  external si~rf irces, have Srecl~~enl ly  bccn 
considered for specific pLirposcs. In Amer ica this f o r m  o f  tube is ;ig;tin ~receivi l tg 
considerat ion,  combi i in t ions of copper, v;irious brasses, a lumin iu t i i  ~ I - O I I ~ C ,  o r  
cup ro -n i cke l  be ing suppliecl w i t h  a lu rn in iu~ l i .  M c ~ n e l ,  nickel, 01- steel external 
contac t  metals. Cliernic;tl : ~ n d  rcrr igcrat ion p lant  represent the g!-e;rtcst appl ica-  
t i o n  o f  t l tcsc fo rms  ol' tubing,  hu t  as yet  Sew data are av;ii lablc o n  the service 
experience obtained.  

P a r t i c ~ i l a r  problems ;ire those i r ivo lv ing severe p i t t i ng  ol' these ~ i l l o y s  clue to 
m a r i n e  growths.  B i o - f o ~ ~ l i r i g  ( e t i d  t o  he m o r e  sevcrc o n  al loys l t a v i t ~ g  enl ia l lcct l  
corrosion-resistance. I n  i ~ d d i l i o r i  t o  c;rrisitig p i t t i n g  b y  i ts  o w n  act iot l ,  r l ie 
g r o w t h  l e ~ i d s  t o  t rap dec;~yi t tg debris, thereby incrc;rsing t l ie  at tack o n  t l i c  mel;tl 
surl;~cc. Adeclu;~tc w;ltcr velocit ies a n d  cat-cfitl tn;~it i tenance assist i n  reduc ing 
these f o r m s  ol' deter iorat ion.  

I ' h e  use o f  dissimilar- metals, wl ie l l ier  i n  contact  o r  i n  d i l k r e n t  parts o f  a 
con t inuous  system in col l tnct  wit11 SC;I w;lter-, i11evit;ibly leatls 10 cathod ic  
cor ros io t i .  T h e  relat iue value of  the c l cc t~ -ode  pote11ti;tl f o r  each 1iiet;tl o r  a l loy,  
immcrsc t l  i n  sea watei-, i i i i l icatcs t l ie  l iab i l i t y  ol' m:irine col- rosio i i  occu r r ing  i t1  

t l ie  m o r e  nnod ic  metal,   lien t w i i  01- t i iorc are involved.  A s  a prel iminz~r-y 
precaut io l i ,  thel-el'iire, met;ils and al loys ol' widely d i l f i t - i t ~ g  ~ o t c ~ i t i ; ~ l s  s l i o ~ i l d  be 
avo ided in rliesc inst;incec. ; ~ l t h o ~ ~ g I i  hc\'ere reslr ict iot is i i i : ~y  11111s he i ~ i i l x > s e d  
o n  the range o f  suitable materials a\tailahlc. 

S t c c I - t o - ; r I ~ ~ m i t i i ~ ~ n i  ; ~ I l o y  i o i n i i n g  i s  hecot i i ing i11c1-exsingly 1.1-eq~~ent \vi t l i  the 
extel isiori  o f  the ~ts;rgc o i ' a l i ~ m i n i ~ ~ i n  al loys t o  s l l - i i c t i i~ -a l  a t i d  i~~; ic l i iner -y  appl ica-  
t ions. L o c a l  contact  at j ~ i y i i i g  \i l l-f l ices o f  it[-i lctitr-es i s  ~tsu;t l ly avo ided b y  
intcr lx>si t ig g:~lvani /ed st t - i l>  O I  l ion-met;~l l ic  1p:rckilig. bolting \\:it11 iurf;rce- 
pro tec ted steel bolts ancl b y  r i le a l>pl ic ; t l io t~ 01' ~ i n c  cht -o t~~; t tc  pai l i t .  lii sotnc 
instcrrices u11protectccl loc;tl s~cc l - to - : i l u rn i t~ i (~ tn  i i c t  11;~s re i ( i l tet l  i r a p i d  
cot-rosio l i  ol ' the a l u m i t i i u ~ n .  l 1 1  n iac l i ine~-y  al>pl icatioi is. \ \ hen  t l ic  ~ iccessi ty 
;irises. / inc coat ing of t l ie  steel i ~ ~ i u ; t I I y  ; ~ ( I o p t e ~ I  ;IS IIIC 1110s1 l'casihle me l l i od  
o f  pro tec t ion.  l l o \ v c \ ~ c ~ - ,  \\ l ie11 estt-~tclccl ; i I i ~ t i i i ~ i i ~ ~ i i t  :t l loy hallo\!' s c c l i o t i ~  RCI-C 

et i~pI<iycci  I'ot- c(io1111g gricI5 \\ it11 l>r- i~ic c i t - c~~ I ; i t i o i i >  iii r - c l ' ~ - i g c ~ - : ~ t i t ~ ~ i  11l:iiit, ;i\'oicl- 
ance o f  cot-I-osiv~i at steel-hotliecl s l i i ~ i - o l l  val\'c c o l ~ ~ ~ e c ~ i o i t s  \ \ a \  i tot :icliievcd. 
a n d  i l iesc g l - id i  11;1ve been disl>enxeii \ \ i th .  

Sleel r i v e t i ~ g  01' a l u m i t ~ i u i n  ~ c ~ r c s  cxl>o\ei l  10 i i t : i ~ - i l ~e  t ~ i i l i c c  is. 
~ l i e l - c fo re .  ~ t c i e i ~ ~ h l e .  t l l ~ t g l  ill ot l ict- respeci\ i t  o t s  t suit;ible j o i n t i ~ t g  
me lho i l .  

C o p p e r  and  i i i ckc l  l are ;ivoicleti i n  ccititact i t  a l u t ~ i i n i i i n l  :111tl i t s  
alloys. ancl l l i c  clfeclh o l ' c o l > l > c ~  t o  i t e c l  co~i t : tc t \  arc minin i i /ec l  by l i n e  co : t t i ~ lg  
t l i c  steel s ~ ~ r l i t c e s  01- by  the cn i l> loy tne~r t  o f  ~ o t e c i o i i  hlocl,\ \ \hicl1 cort-oi ie 
s ~ c r i l c i ~ l l y .  Z inc  is \viclcl> u \c t l  i ~ i  this c o ~ ~ n c c ~ i ( i n .  the hig l i - l>ur i ty  rot-111 hci t ip 
con\ider-ed i l i c  tl iost cll'ective. t i o \ \e \ , c r ,  o \ \ i ~ i g  t o  111c i~ ic l l 'cc[ ive l > o ~ ~ d i t i g  01'  
/ i t ic t o  steel :rnd lo  l h e  semi- imper\  ious Iiiyel- of  ciit-1-osioi~ 111-odi1ct l'oi-111i'd 011 

t l ic  / i l ic  su~-l'ace af ter  sl iot-t- l i t l ie c ipc~-at io t~ ,  c l o ~ i h l  li:is lbceii c:1\1 011 t lte V ~ I L I ~  01'  
th is  meta l  :IS a p ro tcc t i i ~ -  l'or t l ~ a r i l i e  purposes. I>c\pi tc  l l i c  po \ \ i h le  \ ; i l id i ty  01' 
IIICSC c~- i l ic is t i is .  I i o ~ ~ c \ . e r ,  /IIIC i \  i t i l l  C X ~ C I I S ~ V C I ~  used i i ~ ~ c l  1 1 i ~ i ' 1 1  l>c 01'  SOI I~C  

 it. A d d i t i o i ~  ol' _! per- cel l [  l i l l~i t trn to t l ie  ~ i n c  11;rs hcci i  s~tcgesiet i  a \  a mc;llis 
<IS oht : t in i t~g a less insu l ; t~ ing  c o r ~ . i ~ s i o ~ l  l>~-ocluct. h i i t  IIO I-ccol-d l i a i  so li lt- I>CCII 
obsci-ved o l ' t l ~ i h  a l loy  l i nd ing  iisc i n  service. 

I r o n  (>I- s lecl nll'ords p l -o tcc l i o t~  t o  coppcl- ;rlloys a n d  i s  no t  olr ly bctielici:tl ill 
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reducing the corrosion due t o  electrolytic action, but i t  also enhatices the 
corrosion-resistance o f  aluminium brass. Nickel-base alloys, being innore noble, 
arc generally confined t o  applications wi th stainless steels o r  to  components 
where tlie sections are such that some degree o f  corrosioti may be tolerated. 

I'rotcctivc coatings or  blocks o f  [more anodic characteristics therefore fortn 
the most common method o f  l imi t ing these forms o f  corrosion. 111 recent years 
t l ie economic and practical value of cathodic protection o f  buried pipelines and 
structures Iias ol'l'ered a n  alternative means o f  minimizing corrosion. High- 
purity magncsiuni anodes have proved most effective and, i n  con,junction w i th  
suitable i~npresscd potentinls and current densities, have been extended in use 
to IN-CI~CC~ marine pipelines, structures, and the submerged surfi~ces o f  ships laid 
up  in  rcscrve. Only l imited experience has been obtained w i t l i  sea-going vcsscls, 
as tinany as 106 ~ i iagnes i~ tm anodes being located on tlie bilge keel. Whilst such 
refinements might prove el'l'ective i n  extending docking periods for oper;~tional 
warships, the benefits ;tlTorded t o  merchantmen arc doubtful, as these vessels 
arc docked ;it frequent ititervals for many purposes. 

A most serious corrosion p r o b l e ~ n  exists i n  oil-tankers, which cart-y alternately 
o i l  cargo :tnd sea-water ballast i n  the same tanks. Flat surfaces, i lnd other 
regions which do not drain efficiently, undergo rapid corrosion. The combined 
influence o f  the oi l  and the sea water promotes this extreme deterioration, the 
high oxygen cotitents o f  the oils beirlg mainly responsible, although the sulphur 
content has also bcen suggested as an addit ional contributor-y fltctor. Steaming 
out o f  the tanks :~ggrav:ttes these conditions by  loosening adhering scale and 
increasing the chlorine ion concentration at t l ie higher temper-atures involved. 
A l t l i o ~ ~ g l i  cathodic protectiorl, involving the use o f  a n  active magnesium o r  
other type o f  anode, has been applied in  l imited instat~ccs, controversy exists as 
to tlie economic and practical advant21gcs obtained. 

A l u r n i n i ~ ~ m  alloys arc claimed to have a high resistance to corrosion under 
thcse conciitions, and  might oKer alternative me;ins o f  reducing deterioration 
either ;IS spray coatings, linings, o r  c o ~ ~ l p l e t e  tank units. So far these alloys have 
riot been tried, but future dcvelopnient may involve their use. 

I h e  deposition o f  minute quantities o f  one metal f rom solution on to  ;tnotIicr 
o f  more anodic characteristics i n  water-earl-ying systems in whose construction 
dissimi1;ir n~etals liavc bee11 used, has been observed to accelcratc corrosion 
1 i 1 - c .  Coppu- transmitted ill this form to galvanire(l steel ot- aluminium 
~ ~ ~ n l ~ o r i e r i t s  \\.:IS tlie tiietal maitl ly co~lccrtled, but this exatnplc de~no~ist ratcs 
the I'~~r-tIiet- need of careful material selection for the cotiditions appertni~ling. 

The high rate o f  corrosion ol' metals which can be associated wit11 electrolytic 
action p resc~~ tcd  iiiarine engineers wit11 major problems over- 100 years ;!go. 
Iiol- examplc, the severity ol'corrosiorl o f  i ron scrc\b,-sliai'ts running in  sea-\vater- 
luhricatecl bl-ass bushes i ~ r i d  ill the vicinity ol 'coppcr sl icatl i i~ig, led to the f itt ing 
01' br:~ss slecvcs or  liners to the s11:rft as a means ol' protcct ior~. A t  the p!-ehent 
tirile, litniit;~tio~is 011 the seIectio11 o f  the wide I-;III~C (11' metals and alloys a\'ailahle 
to l l ie cngincet- ;!I-c in~poscd hy simil; i~- PI-oblcmh. Solutioris olTered b y  sui-itce 
ci,;iting.;, w;lstngc hloclts, or irllpresscd cathodic protcctiorl cannol ;11ways be 
cml'loq'ed. or- ;!]-c not entil-ely ellicietit. A t i  clTectivc s o l u t i o ~ ~  ;rppe;~rs to he i;~r- 
l'ro~tr ohvio~ts, and the cilgineer- can only hope that the 1 i 1 t 1 1 1 1 i t .  i l l  his 
I-esearcl~cs. m a y  develop more eflicient tnethods o f  pass i \~a t i o~~ .  

Cavitation ICrosion 
011c o f  the most sevcre l'orms o f  ~iietallic-sul-face detel-iol-ation is :tssocintetl 

wit l i  dnm;~gc sustained by cavitation erosion. IJnder tlie suction conditions ol' 
dynamic f l ~ ~ i t l  flow, the surfaces o f  propellers, impcllcrs, arid simi1~11- Ihytlr;lr!lic 
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m ; ~ c h i ~ i c r y  con lpot icn ls  111:1y sul ler this l ' o r~ i i  of erosion. T l i c  col l ;~pse of cavit ies 
I 'o i -~ncd o n  ihese s ~ ~ r k t c e s  is considet-cd t o  release cluantities of' energy i n  the 
fo rm o f  local ized l'orccs, s imi lar  ill nature l o  w;l(cr h ;~n imer .  'I ' l ie inagni tude ol' 
these forces in ;~y  be sullicictit t o  bend propel ler  hladcs, bu t  their  c o n t i ~ ~ e d  
cIi;~r;~ete~- m o r e  cot i imonly  i n d ~ ~ c c s  highly loc;~l ized stresses in t l ie  metal, p ro -  
d ~ t c i ~ ~ g  surl'acc rLlptilre a n d  scvcrc d is tor t ion  of the crystal  strLIcttlre. D i ~ i i ~ i ~ g e d  
siirf;iccs tend to incl-ease loc ;~ l  tul-bulence, enhancing cav i ta t io l l  tendencies 
a n d  extent l ing the d c p t l ~  a n d  area 01' the croticcl 7onc. -1'Iic m e c l i ; ~ n i s n ~  ol' 
l i l i l u re  i \  not  l ' i~ l l y  tindel-stood, ancl c o ~ ~ t r o v c r s y  exists as l o  the par t  p layct l  
b y  cor ros ion.  

M a r i n c  PI-opci lcr~ expel- ic~lcc this I'oI-m ol 'clamage to vat-ying extents, dcpend- 
i ~ i g  1111 t l i c  clesigl~, t l ie  cond i t ions of  ol,cratit)n, a n d  t l ie  malc l - ia l  ol' wh ich they 
are i l ladc.  ( ' ~1s t  i r o u  ;111d casl slcel arc ~ p ~ - o n e  t o  l iavc loc:~l regions of poros i ty  
w l i i ch  are easily eroded a n d  give I-isc 11) a deeply p i t tet l  I'ol-m o l 'a t tack .  I I ronrcs ,  
\vl i ic l i  arc o l ' a  more  rcsist:~ilt rlatul-c, exhih i t  el-oded I-cgions I i a v i i i ~  the appear- 
;IIICC (11' areas t l iat have been subjccteil t o  i11tc11se local  sand-blasting. I l esp i l e  
~ h e i l -  t i iol-c r c s i s l ; ~ ~ ~ (  I iaturc, l i t~ \vcver .  hl-on/c pl-opellel-s I ~ a v e  been know11 t o  
clecrc:~se in wcisht  du r ing  service by ;IS m l ~ c l i  :IS I 0  per  ccnl ,  ;lilt-ihutahle t o  
over;tll co1-1-0sio1i and  er-osion losscs. Such losses 11o1 o111y i inpait- [ l ie  propeller 's 
e l l i c i e ~ ~ c y ,  hut  also rcducc i t s  inet-tia. l 1 1  consequcricc, t l ie  one-node l i iode ol' 
to rs ion;~ l  vihr;t t ion o f t l i c  ni;~cl i inet-y clbnamic system w i l l  he I-aisetl, a n d  cr i t i c ;~ l  
v i h r : ~ t i o l ~ s  may bc placcti 0111 01' hal-I-ed speed I-;~nges or- b i - o ~ ~ g l i t  i n  close 
1)1-0xi111ity to ser\~iee o r  017cr:1ti(~iii;11 spectls. 

III~PI-O\,C~ p~-opc l l e r  dcsig11s hased o exlct isivc I iydl-ociynamic ~ t l ~ d i e s  are 
ex [>ectc~ i  t o  ~ - c c l ~ ~ c c  c i ~ \ , i t ~ ~ t i o r ~  c o ~ i c l i t i ~ ~ ~ ~ s .  1 2 ~ 1 t  t l ic  I i i y l i c~ .  ]>o\vet-s l ~ - ; ~ ~ i s t i ~ i t t c t l  ;t11t1 

tI1e t i ~ r b u l c ~ ~ t  I lo\ \  i i i i l>artc i l  by  t l ~ c  \ icr11 o l ' t l i c  \ h i p  \ \ i l l  l in t i t  t l ie  he~ ie f i t s  l ikely 
r o  he o h ~ a i i i e d .  l l i e  :ilil,Iic;ttion ol ' ; i l lo>\ I i a \ i l i g  t i le  m a x i m u m  1-e>isi;~nce l o  this 
~ i i  I c v i i i i i ~ i  ~ o s i  i s  t l i e l o r c  I c i i s l c ~ c i .  111 o l d e r  t l i i ~ t  t l l c  
~-cl; t~i\ :c ~ i l c r i t \  01' t11c ;~\ i i i l i t l? Ie :~ l l i i ys  i i i iy l i t  Ix ;~sccrt;~ir ietI ,  c x p e ~ - i ~ i i c ~ i t : ~ I  
l e c l ~ ~ ~ i t ~ ~ t c h  \ i ~ i i ~ l I : ~ t i i i s  ex11-c~iic c;1\.it;lti1)11 co11cIitio11h 011 t l i c  s~~r l ' ;~ecs o l ' s~~ i t ; t l > le  
sl7ccimci1s l ~ a \ c  hccn i i i lop tc i l .  Ero\ io~i- i -c \ i \ t : i t iccs \\ei-e hasecl o n  \ r e i g l i ~  lohhcs 
i n  s l ; ~ ~ i c I ; t ~ ~ d  cs ]x i \~ t i -e  titlies L ~ I I ~ .  \ \ l ~ i l h l  \o l i i c  clesrcc (11' v : ~ ~ - i ; ~ l i i ~ ~ i  01 '  r cs~ t l t s  i \  
inevitable. good  g t ~ i t i ; ~ ~ i c e  i \  yi1i.11 t o  11ic rel:it ivc resist:~nce o l ' t l ie  a l loys i ~ i v o l \ c d .  
:\ r c ~ i i t l c  I C I I ~ I I ~  l I c ~ s i t ~ ~ e i t : ~ ~ i c e  l '  I ;111oy i \  give11 b y  t l ~ c  
I 0 1 '  l l i c  s t ~ r l ~ c  I ~ I - ~ I ~ c I I  I i ~ s l ~ i ~  I~IIIII~CI. ;111d t l i c  c o s r o s i o i i - l ' : t t i ~ ~ ~ c  
~ - c s i t : t ~ ~ c c  c c  I I c I l  0 ~ i ~ l l i ~ t i  c c c  r c r  l c ~ i i ~ i g .  -1Iie 
ti101.c 1ii:Iily i-c\i\t:ilit i t l lo>s I i ; i \c  \:IILIC\ 1 1 1  cxcc\ \  oI'SO0. ;t11c1 ill t l c ~ c c t i c l i ~ ~ g  order  
l i i  t l icy ~ I I ~ I U ~ C  : ~ ~ ~ h t c i i i t i c  I I C  c : i l ~ i i i i i ~ i i ~~ i i i  r o ~ i c s ,  i t  01- 

\ \ i i 110~1 t  i~icl,cl :~ci t l i t io~ih.  l o \ \ - ~ ~ i c I ~ c l  \ t ; t i i~ lc \s  htccl\. si l icot i  b l o ~ i c l .  h,loticl 111ct;1l. 
l i i 2 I ~ - t c t i \ i l ~ ~  l > i - ~ i ~ i / c .  : I I I~ ~l ~ t ~ - l i : t c l i ~ ~ ~ i i  I>I.OII/C. 13eIo\v SOO. the i1or111:iI I I I ; I I ~ ~ ; I I I ~ S ~  

l > r c ~ ~ i ~ c h .  h i l i c o ~ i  l > r t ~ t ~ / c \ .  l p I~ i ) \p l~o i -  I~I-cIII/~\. ~LIII-III~I;I~S. cit \ t  i i .o i~s.  :IIICI 
: t l ~ ~ ~ i ~ i ~ i i ~ t i ~ i  :~ l lc i> \  arc ~pl;~cccl.  ' l  l i i h  doe\ ~ i o t  i ~ i i p l !  t l i i l i  t l ie  t ~ i ; ~ t i y : ~ ~ ~ c \ e  l>~-oti /ch 

i i c i  I c i I s l ~ c l ~  o i l  I c o r  ~res i \ la~ icc ,  hiit i l ley  al-c usci l  
lp i~rcI> ;I< ;I l3:1\ih o l ~ c o ~ ~ i ~ ~ : t r i \ ~ > ~ i .  

(';IsI ~ I . ~ I I ,  \ \ l i i c l i  1 5  > ( i l l  \ \ i i l c l>  i ~ \ e i l  :I\ :I 1i1-opcIle1~ ~~ i :~ te t - i ; t l .  h l i ~ > ~ ~ l i l  l i ; ~ \ c  i t \  
\ L I I . I ' ~ ~ ~  hLi11 i~ l t ; l c t .  :I\ t l i i \  i i i c i ~ c ~ ~ ~ c s  i t \  sc \ i \ t :~~ icc  111 ero>io11, ;I\ ; t ~ l d i l i o ~ ~ \  (11' 
~ c I ~ ~ c I - .  ~ i ~ c l \ c l .  LIIILI c l ~ r o i i i i t ~ ~ i ~ .  S11l't :tllo> . h toppe i - '  11icti1ls c111~ i Io~~cc1  t o  pI i12 
IIIC~II c : i \ t i l lg  cl~~l 'ects k t t ~  o l ' ~ i e y l i g i l ~ l ~ ~  \ ;~ IL IC .  

i c e  e o i t  1 1 i c  t o  i l i c  \111-1;1ecs 01'  cast-i l-on 1p1-opcIle1~ 01' tr:~\\,lcrs, 
I o l e  i c - c : ~ l  c ~ r o i t ~  ;liiil e i - o \ i o i ~ - r c s i \ [ ; ~ l i ~ ~  ill sci-\!ice. T l ~ c  
\evc1-c ci l l - l -osi~)i l ,  \\:llicll 11cct1r1-cc1 :It l ' l-: lctl l l-c~l 5ectiOllh. ; I l lc l  tI1c l l i ~ l l  cost oI'tl1c 
i lcposi t  c : ~ t ~ s c t l  this pr;tclicc t o  he ;il?;ilitloncil. I io\ve\ 'c~-. S im i l ;~ r  i lcposi is  app l ied 
t o  h ro l l / e  PI-opcllel-s l i ; t \~c : ~ l \ o  provei l  i~ i~ccc;nt)mic;~l .  Spl-ay coati l lgh 01' L I I I~, 

Icatl, ;111tl i ~ l u ~ i i i n i ~ l r n  li:tvc bcclr ;~p l? l ic i l  io  cast- i ron 131-opcllcrs ill \crv icc.  O I  
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these metals, pure aluminium was found to be the most reliable, although 
respraying of exposed areas became necessary a t  intervals. 

Erosion losses were found to increase with increase of sea-water temperature, 
up to 5WC, used in laboratory tests, and this feature must be taken into account 
when comparing the merits of the metals in service. Of the alloys tested showing 
cavitation-erosion characteristics superior to those generally used, the stainless 
steels and aluminium bronzes appear the most suitable for manufacture and 
service purposes. Since uniformity of cast structure is advantageous in providing 
homogeneous properties throughout the propeller mass, the grain refinement 
obtained from iron and manganese additions to 9-12 per cent aluminium 
bronzes should be beneficial. 

Expcri~nents clcarly indicated that aluminium, nickel, or both, as  additions t o  
copper or copper-zinc-base metal, resulted in alloys having low cavitation- 
erosion-loss characteristics. The latest materials used for large marine propellers 
are copper-aluminium alloys with nickel and iron additions, resembling that 
specified in R.S. 1400 A.B.2, and the more recent copper alloy with high alum- 
inium and manganese content. Castings having maximum weights of 25 and 
35 tons have been made in these alloys, respectively, and even larger castings 
are under consideration. 

Impcllers of pumps are invariably of gun-metal, manganese bronze, alumin- 
ium bronze, Monel metal, or stainless steel. Cast surfaces can frequently be 
retained, thereby otfering superior resistance to corrosion and erosion. The 
last three materials quoted are usually employed where the conditions are most 
severe in respect of temperature, stress, and erosion. 

The excecdingly low erosion-resistance of aluminium alloys cannot be 
neglected if these materials are to be used for hull construction and for small- 
sizcd propeller castings. The service experience under conditions of erosion has 
not yet been sufficient to establish thc resistance of these alloys, but, should 
the cxperitiiental evidence be borne out, alternative materials may have to be 
used for hull scctions that experience cavitation. 

Sprayed metal deposits applied for the protection or reclamation of surfaces 
experiencing cavitation erosion have been found to be of only temporary value, 
both experimentally and in  service. The porosity associated with these deposits 
is probably responsible, and sound fusion welds represcnt the best method of 
repair and surfacing. 

Fatigue 
Alternating stresses, arising fro111 the excitation of natural modes of vibration 

of machinery and component mass-elastic dynamic systems, have resulted in 
many service failures. Mathematical analysis in co11.junction with dynamic 
stress measurements, obtained during operation of machinery installations, has 
led to a reduction in failures of this type, either by the avoidance of critical 
vibrations in the vicinity of operating speeds, or by limiting vibration stresses to 
values below the fatigue strength of the materials ernployed. 

Alloys having enhanced fatigue strength are advantageous where these 
conditions arc involved, in  that they permit higher stress levels to be tolerated. 
In addition, where the actual magnitudcs of the strcsscs are indeterminable, 
higher-strenglh alloys can extend service life by increasing the number of cycles 
to rupture, and may even provide a complete solution. 

Whilst cold working is readily employed for improving the mechanical 
properties of non-ferrous alloys, the availability of many alloys capable of 
acquiring enhanced strength by heat treatment, has offered marked advantages. 
In  many instances, precipitation-hardening o r  quenching to obtain structures 
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of the acicular martensitic type, has had such a marked influence as to render 
non-ferrous alloys competitive with ferrous materials in many applications. 

The low corrosion-fatigue strength of plain carbon and many low-alloy steels, 
confirmed by reverse-bending salt-spray tests of 50-100 million cycles' duration, 
at less than 4,000 lb/sq in has been responsible for machinery failures. Copper- 
and nickel-base alloys, in particular, offer excellent corrosion-fatigue character- 
istics, and manganese, aluminium, and phosphor bronzes, Monel metal, and K 
Monel metal have all been used in preference to these steels for many shafting 
applications, including screwshafts of limited size. In addition, these alloys are 
frequently preferred to the chromium stainless steels because of the tendency of 
this material to pitting, especially in the presence of graphite grease. 

Corrosion-fatigue strengths of many alloys have been determined experi- 
mentally for cycles of stress in excess of 50 million, and they provide the 
engineer with useful design data. 

At elevated temperatures the influence of mean stress in  relation to fatigue is 
of marked importance, owing to the deformation due to creep. At a given 
elevated temperature, the limitations imposed by fatigue strength and creep 
strength form individual extremities. 

The magnitude of vibratory stresses, occurring when natural frequencies of 
components are excited by external influences, is dependent on the degree of 
damping available. Whilst the significance of the damping capacity of material 
has not yet been fully assessed, in instances where accurate determinations have 
been made, low values have been recorded for many metals and alloys. Internal 
damping cannot, therefore, be relied on to limit alternating stresses to values 
below the fatigue strength. This does not necessarily imply that the inherent 
damping properties of metals are insignificant, for, in similar application, a metal 
of superior damping characteristics might give longer service life. 

Use of Metals at Elevated Temperatures 
The advent of the gas turbine focused attention on the requirements of alloys 

for service at elevated temperatures. As operating temperatures even higher than 
those at present employed would be desirable, the search for superior materials 
continues. I n  this country, with the exception of the well-established Nimonic 
series of alloys, ferritic and austenitic steels have so far proved most suitable for 
these purposes. Both heat- and creep-resisting steels contain. high total contents 
of nickel, chromium, cobalt, molybdenum, titanium, niobium, tungsten, and 
manganese, thus demonstrating the importance of non-ferrous metals in these 
applications. Indeed, the total content of these metals frequently exceeds 
45 per cent, and for heat-resisting purposes the higher the temperature, the 
greatcr the amount of non-ferrous metals present. 

To a large extent, gas-turbine alloys have been based on three primary metals, 
typical being nickel-chromium-iron and nickel<obalt-iron alloys and, more 
recently considered in Canada, nickel-aluminium-molybdenum alloys. Stiffen- 
ing against creep depends in these alloys on the precipitation of constituents, 
provided in some instances by small additions of other elements. With the 
possible limits of these types of alloy being approached, materials based on 
higher melting point metals have bee11 receiving greater attention. Chromium, 
titanium, and nlolybdenum are the metals mainly involved and, although the 
purer forms of these metals are not themselves suitable for high-temperature 
application, alloys may be developed with more favourable characteristics. 

The search for high-temperature materials has tended to mask the desirability 
of determining the operational limits of many familiar alloys used at less- 
elevated temperatures. Information provided by short-time tests is undesirable, 
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as doubts remain as to the degree of stability of structure and as to the reliability 
of stress assessment based on these findings, when applied to components of 
installations constructed for long-duration service. 

Copper-base alloys used in steam plant applications have received little 
attention in long-term investigational work, and suitable pressure-temperature 
design criteria are based on very limited experimental data. Tests of not less 
than 10,000 hours' duration are essential on many of these alloys, and the 
failure of copper alloys in gas-turbine heat exchangers also demonst~ates the 
lack of knowledge of their scaling qualities in many atmospheres. 

Metal to metal contact is not uncommon at elevated temperatures, and 
galling has frequently been encountered at steam valve faces and guides. All 
steels are susceptible to this form of surface rupture, and the use of Stellite 
surfacc deposits has proved the most feasible metl~od of overcoming these 
difficulties. Silicon Monel metal has good anti-seizing properties at these 
temperatures, but low ductility and high hardness of the cast 3-75 per cent 
silicon alloys can lead to thermal cracking with temperature gradients. 

Surface deposits of Stellite are widely used for I.C. engine exhaust valve faces 
to extend the service life at the high temperatures e~lcoucltered. Oxyacetylene 
flame-welded deposits of 80 : 20 nickel-chromium alloy are being increasingly 
employed for the repair of Diesel engine valves and provide high resistance to 
corrosion and cracking. 

For steam turbine blading the ferrous alloys have almost completely replaced 
non-ferrous alloys i n  new construction. Stainless iron and nickel-chromium 
ferritic and austenitic steels are the most commonly employed, replacing 
existing copper and nickel-copper alloys. Non-ferrous materials are widely 
used for gland purposes, and the most suitable alloys for the various operating 
temperatures have been quoted as being : brass up to 850"F, S Monel (3.5 per 
cent silicon) below 1,300"F, and Nimonic 75 for higher temperatures. 

Although the engineer can usually make suitable allowance for the expansion 
of metals with temperature, the use of dissimilar metals presents many complex 
problems. The joint application of aluminium and steel to ship construction has 
been receiving attention, mainly from the point of view of achieving a suitable 
design to minimize induced stresses. 

Temperature gradients, involving thermal conductivity in addition to expan- 
sion, are of a more serious nature. Distorlion and thermal-f21tigue failures are 
becoming more common with increased operating temperatures. Data provided 
by metallurgists on mechanical and physical properties of alloys and their 
variation with temperature have been useful in design, but the [actors controlling 
thermal shock and fatigue failure require greater attention if  these are to be 
avoided in service. 

For piston heads of I.C. engines, cast iron has given excellent service and is 
still preferred by many engineers. Its replacement in heavy-oil cngines by 
forged steel was niainly based on increased soundness and pressure-tightness, 
although the use of centri-spun 13 per cent chromium cast steel is based partly 
on its superior heat-resisting properties. Whilst 20 per cent chromium steel is 
considered superior, as yet this material has not bcen tried. Aluminium deposits 
on cast-iron heads have been applied to reduce the heat-absorption character- 
istics, but opinion ditfers as to the value of such measures. For heavy slow- 
speed engines, light-alloy piston heads have not been used, as the saving in 
reciprocating masses is insuf  cient to warrant them. 

High speed engines, however, employ cast aluminium-alloy pistons to a great 
extent, as the reduction in reciprocating masses is of great value. Well- 
established ' Y ' alloy and R.R. alloys arc used, and reliability has been 
sulficiently good to merit their continued service. 
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Applications of Light Alloys 
The  advantages of light-weight construction, employing aluminium alloys of 

suitably high specific strength and good corrosion-resistance, are not so marked 
in shipbuilding as in other transport industries. In addition, the extensive 
experience obtained in steel construction and the equipment of yards to handle 
steel kibrication have militated against the use of light alloys when the latter are 
not readily adaptable to similar processes. The extension of light alloys to ship 
construction has, therefore, been based more on long-term policy, and extension 
of their application is increasing with design and practical experience. 

Scantlings of aluminiurn structures have been based on somewhat greater 
values than thosc given by the strength ratios of the equivalent in steel. Weight- 
saving, thcrerore, amounts to approximately 50 per cent of a normal steel 
structure. The :rdvanl;~ges for tlie prcscnt usc of light-weight construction have 
been su~nrned up : 

( U )  A i-eduction i l l  topside weight which increases the stability or the vessel, 
oHr ing  advantages not only in ileur construction, but in reconversion 
work. 

(h) Grcntly increased corrosion-resistance of aluminium alloys, particularly 
against thc detrimental effects of petroleum and its products. 

( c )  Greatcr flexibility in the design of vesscls operating in conditions which 
impose limitations on draft, beam, and length. 

( ( l )  Reduction in contamination of cargo and ease of cleansing refrigeration 
and other holds. 

( C )  For naval vessels, the non-magnetic characteristics and weight-saving 
arc import;uit, the latter permitting increased armour and armament. 

( f ' )  Greater flexibility in l i ~ ~ l l  design, permitting increased speed with the 
same machirlet-y power or  less power for equivalent speeds. 

Of these items the first has been the most important in merchant ship 
construction, finding application mainly in passenger vessels. fopside weight- 
saving l u ~ s  been ett'ected by manufacturing masts, superstructures, funnels, 
davits, lifeboats, and ~~ccornrnodation fittings in aluminium alloys. The S.S. 
U~lircri Stcrrc.~ has incorporated in its construction a total of some 2,000 tons of 
these alloys, and ri total weighl-saving of 15-20 per cent of the original displace- 
rnent is claimed as a res~llt of the direct and indirect influence of these materials. 
With the exception of this ship, such extensive quantities of light alloys are not 
encountered in the many other illerchant sllips of composite construction. For 
these ships tlie quantities used range u p  to 250 tons. 

t o r  structural purposes aluniiriium alloys with up l o  5; per ccnt inagncsium 
are considered most suitablc. With this maximum magnesium content and 
small additions of manganese and chromium, tlie tendency for precipitation of 
the p plinse has becn obviated, and so has the stress-corrosion associated with 
the prcsencc of this phase. Aluminii~~ii-4 pcr cent milgncsiuli~ ;~lloys (N.P.  516) 
are ~ ~ s c t i  for pl;l(c ~ i ia~iuf i~cturc ,  as  (hey are rnorc suitablc for hor working than 
those of higher n1;ignesium content. The mechanical properties rrre generally 
good a n d  meet the ~iiaxi~nurn stress requirements of 17 tons/'sq i n  with c o n -  
p~tmlive ease. Furlher, their good welding characteristics render alloys of this 
composition superior to those of the heat-treatable type oSalloy. Details of the 
light alloys used in ship construction arc givcn in T A H I . ~  I .  

Alloy N h  ( 5  per cent magnesium) is ~ised for rivets, as well as  H10 (1.0 pcr 
ccnt magnesium, I per cent silicon), the latter having superior extrusion 
qualities to the former alloy and being, therefore, more favoured. However, 



it is usually employed in the heat-treated (WP)  condition, as is the corresponding 
American alloy 61s-74. These alloys do  not work-harden to the same extent as  
N6, but age-harden to give higher proof stresses. Age-hardening of rivets after 
quenching is a drawback in shipyard practice, but it was overcome during 
construction o f the  S.S. Utii/eu'Stcrtc~s by adopting the aircraft industry's practice 
of refrigerated storage. A temperature of - 10°F was employed, thc rivets 
being wrapped in aluminium foil or  other insulating material to  assist in delay- 
ing precipitation-hardening between the tirnc of removal from storage and the 
actual time of driving. 

TAHI.I- I.-AIuti~i~~iu~n A1Ioy.s U . s ~ d  it1 Ship Cons/~uc./ioti 

(a) I'wcenfa~r, C<~ti~posilion.r (Nonrinnl) 

l 
(.U M g  Si I Fe M" Cr %n A I  

~-~ ~ 

. . . .  3.9 . . 
- x- 

NS/6 . . . . , . .  . . . . Rcst 
l 

N 6  . . . . . . . 5 . . 0.5 . . . . , , 
H I 0  . . . . . .  , 0 -7 1'.0 . . 0.4 . . . . , , 
61s-7 (U.S.A.) . . 6 2 5  1-0 0.6 . . , 0-25 . . , , , 
LIO~CI's  re- 'I+.* . . 1 0.1 : 5-5 0.60 0.75 1.0 0-5 0.1 . . 
q~iiremcnts J3.t . . I 0.1 ' 1-5 1 3 0  0-60 1.0 0.5 0.03 ,, 

l 

(h )  Mecllor~icrrl P,o~~~rt ie.s (Mi r~ i i i rn)  

(Typical values are given in parentheses) 

0 -  I per c e ~ t  Elongatiol?, pc!- cciit 
Alloy Sire or I'roof (J.T.S., 

Con~litiori Strcss. tOIlsijf1' - ~ ~--p~~ ~ 

totis/in' On 2 in On 8 in 
----p ~ - ~~ p--p --- ~ ~~~ -- 

N5/6 i i ,  - in K (15-5) 17 (20-5) 12 (138)  (10.1) 
f ? i n  8 (12.0) 17 (19-5) 12 (22-3) (15-4) 

-- -- --p ~ ~p--~~ --p- ~ -------P ~ 

N L:(, U p  to 2 in 8 (8.5) 16 (17.0) 1 5  (25) . . 
Over 2 in 7 ( X )  I 6  (17.0) 18 (25) . . 

~ ~- ~--. ~ ~ - - - ~ .  ---~ ~ ~ - - ~  ~~~~ 

l l E l 0  W 7 (10-0) I 2  (155)  18 (25) . . 
WP I S  (18-0) 18 (20.0) 10 (13) . . 

- -- p--~~ p--~-- ~ ~ p--- ~ 
----p~ ~ 

h l S-76 Plate 15-6 (17-4) 187(20.0) 10 (15) . . 
Har 15-6(17.4) l 6 9 ( 2 0 0 )  10 115) . . 

--~-p--- ~ ~ ~ - ~ ~ ~ --P ~~-- ~ - 
Lloyd's re- Al l  8 17 . . 10 

quiremcnts 

Rivets are driven both hot and cold, p~ieumatic methods being used for N 6  
rivets o f t h e  order of iri dia (cold) and  : in dia (hot) .  7-hc hcating of:~Iuminiuni 
alloy rivets requires greater attention than is usual i n  steel rivet practice. Light 
alloy rivets are worked in a temperaturc range o f  400'-500'C, higher tempera- 
tures being most undesirable. 

The high-slrength, heat-treated Duralumin and :1Iuminiurn-1nagnesiu1ii~7inc 
types of alloy arc not employed in marine construction owing to their inferior 
corrosion-resist:~nce. In the clad condition these alloys are not cconomic 
propositions, although they have been employed in somc German naval vessels. 
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Many small craft have been constructed entirely of light alloys, using normal 
and stressed-skin techniques. They provide means of gaining general experience 
of fabrication methods, as illustrated by the recent manufacture of a 72-ft yacht 
of light alloy welded construction. For the aluininium alloys to be extensively 
used in ship construction, efficient welding techniques must be developed. The 
self-adjusting inert-arc method, as used in the fabrication of this yacht, at 
present provides the most suitable method of fusion welding. However, as yet, 
this method is severely limited for general shipyard use by the degree of penetra- 
tion obtained, the need to maintain a clean and corrosion-free filler wire, and 
the difficulties of maintaining an inert atmosphere during open air welding. 
The high degree of reliability attained in the fusion welding of steels has, 
therefore, placed aluminium alloys at present in a less favourable position. 

Ease of handling gives the light alloys great advantages for hatch covers, 
crankcase doors, and similar applications. In the engine room, however, apart 
from these uses and piston castings, light alloys are not extensively employed, 
as the savings in weight are not sufficiently vital. Where these alloys are em- 
ployed for crankcase, sump, and cylinder 'castings, the engines concerned are 
generally used for other land purposes where these features are advantageous. 
Some engine builders have even considered offering cast iron as an alternative 
for marine purposes. In consequence, the cast aluminium alloys containing 
silicon and magnesium find only limited scope in the machinery of merchant 
ships. 

The ultimate tensile strength of aluminium alloys used in ship construction is 
still relatively low, 20 tons/sq in being an almost limiting value for normal plates 
and sections. It must, therefore, be appreciated that the development of alloys 
having superior strength while retaining the other desirable properties of 
existing alloys, remains an important consideration. 

Use of Titanium 
The remarkable resistance of titanium, in the high-purity form or with small 

alloy additions, to severe attack by both hot and cold sea water has aroused 
the interest of the marine engineer. Although this metal has not so far been used 
for marine purposes, the mechanical properties and corrosion-resistance are 
of such a high order as to render it very suitable for many applications in this 
industry. The problems associated with its production and fabrication, in 
addition to its exceedingly high cost, impose severe limitations on the engineer- 
ing importance of the metal. In addition, the elevated-temperature properties 
are disappointing, and until greatly improved alloys are developed, little com- 
petition will be offered to existing high-temperature materials. 

The resources of this metal are suficiently great and readily accessible to 
warrant its consideration for the requirements of engineering industries. 

Bearing Metals 
The maintenance of film-lubrication conditions between metal surfaces in 

rclative movement constitutes the ideal requirements or service. Non-ferrous 
metals which exhibit a low friction coefficient and a high resistance to local 
seizure, in relationship to journal materials, perform a most important function 
i n  this connection. 

Whilst these clualities arc of major importance, the bearing metal must also 
have adequate rncchanical strength at the operating temperalures to withstand 
the applied bearing loads, and sufficient ductility to tolerate norlnal amounts of 
malalignment. In addition, the ratc of wear undergonc by shaft and bearing 
surfaces must be cxcecdingly low and the corrosion-resistance must be of a high 
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order. A great deal is, therefore, required of a bearing metal, and it is not 
surprising that no ideal alloy exists and actual selection for particular scrvice 
represents a compromise o r  an  ingenious combination. 

Methods of assessing the relative merits of bearing rnetals with any degree of 
reliability have not yet been established, and controversy as to the controlling 
qualities still exists. The maximum loading per unit area forms a major feature 
in relation to both the strength of the metal and the degree of wear which may 
be tolerated. The product of this load and the surface velocity, often quoted as 
a criterion, leaves much to be desired, as  variation within this product of either 
factor may be too wide. 

I n  practice, two main types of plain bearings are used, thin- and thick-shelled. 
For heavy engineering purposes, where heavy loads, low speeds, and flcxibility 
occur, thick-shelled bearings are employed. Moreover, in I.C. engine practice, 
when line boring is preferred, thick-shell practice is obviously involved. The 
shell thickncsses vary from 8-12 mm at a journal diameter of 600 mm to 2-4 mm 
for small diameter shafts. Although thinner'shells may appear to be more 
favourable for the largcr bearing diameters, this has not been confirmed i n  
practice, and war-time economy rncasures involving reduced shell thicknesses 
proved unsuccessful. 

Marine engines in many instances have shafting of normalized plain-carbon 
steel with Brinell hardness values between 121 and 173, the lower hardness 
being more commonly used. White-metal bearings, therefore, are employed 
of the high-tin Babbitt types, containing 80-93 per cent tin. The  large surface 
areas which may be involved in bonding these bearing metals to copper alloys, 
cast iron, or cast steel present difficulties i n  obtaining entirely elrective union 
over the whole surface. In the absence of suitable methods for proving the bond 
-other than hammer testing-keying of the metal is still widely ernployed as an 
added precaution, although it offers little improvement against fatigue failure. 

Higher speed engines, with increased bearing loads, high oil temperatures, 
shaft journals of heat-treated steel with a Brinell hardness of 300 and line-bored 
bearings employ thick-shelled lead-bronze, usually tin-backed to steel. The  
refinemcnt of using top and bottom half-shells of different metals (i.e. white 
metal on the lightly loaded side and lead-bronze on the highly loaded side) is no 
longer widely employed. Such refinement was based Inore on considerations of 
economy than on bearing theory, and hence the change to all-lead-bronze 
bearings and the disappearance of this technique. 

In practice, failures of thick-shelled bearings are divided evenly between ( a )  
wiping and running of the metals, and ( h )  cracking or breaking up of the surfacc. 
A high pcrccntage of failures of type ( m )  werc due to oil starvation arising from 
neglect. Cracking of bearing metals by latiguc is exceedingly common, and n ~ a y  
be associ;ltcd with high oil temperature or simply with the inability of the metal 
to resist the loading conditions. 

Thesc failures are invariably associated with the bearing halves supporting thc 
high loads in reciprocating machinery. Bottom halves of main and crosshead 
bearings and top halves of bottom-end hearings, therefore, are most s~tsccptible 
to cracking, although bottom halves of bottom ends also sulrer a lair proportion 
of failurcs in practice. 

A1tcrn:ttivc bearing metals having increased strength while retaining the other 
qualities of the high-tin Babbitt metals have not yct been produced, and 
engineers must, therefore, contend with the failures as best they can. Whether 
the al~~tninium-20 per cent tin alloys or thc 30 : 30 : 40 copper-silver-lead 
alloy, cxhibiting higher fatigue properties, will provc superior to either of those 
described in thick-shell applications has yet to be demonstrated. 
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More lightly loaded bearings for line shafting and similar purposes utilize 
lead-base Babbitl metals. These give excellent service, especially in view of the 
flexibility of rnarine shafting installations arid the variation in alignment with 
loading conditions of the ship. 

The  realization that greatly increased fatigue strength is a feature of very thin 
layers of bearing metals has led to the deuclopment of thin-shell bearing practice. 
These bearings are not extensively employed in marine engineering, but are 
found in some high-speed main and auxiliary engines. Shafts hardened by 
surf;ice methods are most cotnmonly uscd with bearings of' this type. White 
metals and lead-bronze layers cast-bonded to steel shells are both favour-ed, 
;~l though the latter find greatest usage, with or  without lead and  indium coatings. 
The  excellent anti-friction properties of lead and indium reduce engine frictional 
losses, and extended use of these metals in bearing applications is expected. 

Top-end bearings are made of white metal, lead-bronze or, more cotnmonly, 
phosphor-bronze bushes, depending on the type of engine, pin liardncss, lubri- 
cation, and temperature. Bearing metals of similar type are used in pumps, in 
addition to other bronzes, whilst for under water service ;In  alloy of zinc 30, tin 
68, and copper 2 per cent is frequently preferred. 

Stern tube and rudder bearings are salt water lubricated, being of lignum vitcc 
and gun-tiietal mating materials. The stern tube bearing supporting the tailshaft 
and propeller is of vital importance, as the ship must be docked for examination 
or  repair to be carried out.  Wear of the lignum vitz  must be kept to a minimum, 
and as  gun-metal has provided a suitable contact metal in this respect, alterna- 
tives have not been greatly considered. 

Gun-metals within the range 88 : 10 : 2 to 87 : 8 : 5 or  leaded gun-metals of 
thc 85 : 5 : 5 type are generally employed in the static or  centrispun cast forms 
for these cylindrical liners. Where facilities are inadequate for casting in the 
entirety, sections may be cast and joined after shrinkage on to the sliaft, by 
fusion-jointing methods. O n  completion of machining, the liner may be tested 
to 30 lb/sq in pressure to ensure soundness before shrinking on to the shaft. 
Contraction stresses in the longitudinal direction are reduced during shrinking 
by leaving a region of the bore at the liner centre with clearance and prefer- 
entially cooling this section first, after sliding on the shaft. Such regions are 
purnped up with red lead or  similar compound, and the necessary holes, drilled 
for this purpose, are plugged. 

Penetration of sea water between liner and stcel shaft Inay promote corrosion- 
fi~tigue failure of the shaft and certainly electrolytic corrosion will occur. 

Fusion Jointing and Deposition of Metals 
l 'hejointing, rectification, and repair of metals by fusion methods now fort11 a 

major industrial process, and the adaptability of alloys to this type of union 
has become a n  alniost essential feature. A wide range of methods have been 
developed for fusion jointing, including many having specific applications. 
Metallurgical soundness and physical properties equivalent to the parent metal 
provide the desircd ob,ject of fusion-welding processes, although whcn Iligli 
strength is not a primary feature, other forms ofjoint involving fused filler mctal 
are available. 

Low-strength joints, in which fusion of the parent rnetal is not attained, havc 
wide :~pplication. Soft and hard soldering, brazing, and bronre welding repre- 
sent the chief such methods. Soft soldering with tin-lead alloys, with or  without 
antimony and silver additions, is applied where temperature and stress con- 
ditions Lire of a low order. Strength investigations on these forms of joint havc 
indicated t~~ax imuni  values for a 50 : 50 tin-antimony alloy which solidifies 
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over a wide range of temperature. The  extensive use of soft soldering for iron, 
copper, zinc, lead, tin, nickel, and their alloys is sufficiently well known to 
require little comment. 

Brazing, or  hard soldering, involving deposits of copper-zinc alloys or  
copper-zinc-silver alloys (the familiar silver solders), provides alloys of superior 
strength capable of service a t  higher temperatures. Gas-torch, furnace, and pot- 
dipping processes, for jointing copper and its alloys, steels and stainless steels, 
nickel, silvcr, and tungsten carbidc, for111 extensive assembly processes. The 
detrimental ctl'ects of a tensile stress, initiating cracking in steels during hard 
soldering, cannot be overlooked, and influences of the highcr jointing tempergr- 
turc rcqui~-emcnts must be considered in relationship to possiblc physical and 
structural changes in the parcnt steels. Monel mctal is not appreciably impaired 
by braling, slight redi~ction it1 strcngtli only occurring. 

Thc application of these methods to coppcr steam pipe fl;uige attachment. 
providing rnaliy years of efficient service, and the jointing of sleel shclls to 
coppcr alloy tube-plates in heat exchanger practice, demonstrate thcir reliability. 
Bronze wclding with filler rods having fusion points exceeding 920" C imposes 
limits on tlxc parent metals, of which copper, copper-silicon alloys, cast iron, 
and steels arc the most suitable. Allhough providing good joints, bronze 
welding is not widely employed, as  ri~cthods involving fusion of the parcnt rnetal 
are frccluently preferred. 

In  marine engineering the efficient wclding of thick scctions is essential, and 
many processes perfected for thin-gauge material have very restricted applic:~. 
tion. The  degree of perfection attained in joinling steels by electric arc-welding 
processes 11~1s not bcen approached by any method applied to non-ferrous 
~iietals. L-css extensive usage may be partly responsible for this fact, although 
grcritcr complications of oxidization, melting points, thermal conductivity, and 
solidification characteristics have presented more formidable difficulties in these 
applications. I n  ; i l l  instances, the degree of success obtained in fusion welding 
is greatly dependent on suitable preparation, fluxing, the development of efticient 
techniques, the operator's skill, and pre- and post-heating requirements. The  
q ~ ~ a l i t y  of welds canriot be directly attributed to the unsuitability of a pa r t i c~~ la r  
process without foundation on extensive expcrience. However, by elimination 
of some of the sources which could be responsible for error, simplification is 
achieved. Inert arc-welding processes, therefore, offer marked advant;rges when 
applied to many non-ferrous metals. 'The self-adjusting electrodes and aryon 
atniosphere used in these processes have stimulated increased interest in this 
technique. 

Dcspite the advances in welding processes, the practice of poured wclding or  
' burning on ', first established in the foundry, is still used. Repairs to castings 
of copper alloys, aluminium alloys, and Cer~ous materials arc most commonly 
encountered, and with careful procedure and suitable fluxing s;itisfiictory 
repairs, with nic1;rl of similar analysis to the base casting, can be achieved. 

Deposits of metals and alloys may be applied by fusion methods for re- 
clamzition atid repair of worn and damaged surfaces or for corrosion-resisting 
purposes. Depending on the thickness required, cilhcr one of ihc methods 
referred to inay be used or-, alternatively, metal spraying may be adopted. 'l'he 
latter illethod offers advantages of simplicity, and any metal, except chromium, 
(hat can bc produced in wire form may be deposited. However, since fusion of 
the parent metal is rarely achieved and the strength of the dcposit is doubtful, 
reclairncd parts should possess scantlings sufficient to withstand the ;~pplicd 
loads before rcctificntion. 'The building up of bearing surfaces and worn shaft 
surfaces h;is becn extcnsivcly undertaken by this process with good results. 
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Surface spraying of zinc o r  aluminium for corrosion-resisting purposes has 
been applied to steel, zinc being applied to the hulls of small ships and tank 
surfaces. The tendency for coatings to be porous requires that deposited metals 
should be anodic to the base metal, and fusion welding is preferable where 
severe erosion conditions prevail. 

Electro-deposition of non-ferrous metal for reclamation,corrosion protection, 
and decorative purposes has become so well established as to require little 
comment. Nickcl and chromium deposits have proved reliable for the rcclama- 
tion of worn surfaces and in some cases have been preferred. Of the two metals, 
nickel has been most favoured, and ihr steel shafting continuous deposits in the 
form of bands obviate any possibility of the metal flaking off the surface. 

Cadmium plating of steel in contact with aluminium has been proposed in 
constructions involving these two metals. The favourable electrode potential 
of cadmium could be utilized on the surfaces of steel bolts and similar items in 
contact with aluminium. Cadmium may, therefore, be used in this form to an 
increasing extent, engine builders in  other,industries having already proved its 
merits i n  reducing these dissimilar metal problems. 

Non-ferrous lnetals are rcadily used in all these deposition processes, but 
fusion-welding methods have not yet attained the desired efficiency required 
for marine purposes, particularly in regard to aluminium alloys, some alloys 
with aluminium contents, and many high-temperature materials. The use of 
these materials is being influenced by this feature and can be increased only by 
the introduction and development of more etficient and reliable welding 
methods. 

Fabrication Features 
A high proportion of  non-ferrous metals is used in the cast condition for 

marine engineering purposes, copper alloys being the principal materials con- 
cerned. A largc number of these castings having weights less than 10 cwt are 
used for valve bodies and components, pump parts, bushes, brasses, and 
similar items, whilst stern tube parts, tailshaft liners, larger pump casings, 
impcllers, and turbine nozzle castings more commonly weigh between + and 5 
tons. Propeller castings are frequently of 30-40 tons weight in thecast condition, 
of which sonlc 25-35 pcr cent may be removed in machining operations. These 
iterns comprise some of thc largest castings made in non-ferrous alloys and 
demonstrate the castability of these alloys and the high dcgrce of foundry control 
employed. Although castings of 50 tons weight represent the largest produced 
for marine purposes in  manganese-bronzes, the size limitations are imposed by 
machining facilities and design requirements. 

Propeller castings of high-tcnsile (a +- P) brasses or manganese bronzes arc 
still extensively used, although aluminium bronzes are incrersing in popularity 
as 21 result of their superior erosion qualities and increascd strength., which 
permit greater flexibility in design. Although niodified P-brcisses of the high- 
tensile type offer excellent strength qualities, the liability of these alloys to intcr- 
crystalline cracking i n  sea water forms a n  undesir:ible feature. However, a 
liniitcd number of propellers has hccn cast in  alloys of this structure containing 
2 per cent nickel and having tensile strengths of  35 tons/sq in. Nickel additions 
of this ordcr to normal manganese bronzes increase the erosiot1-rcsistatiee, but 
tend to increase difficulties of rcpair and rcctification. Turbadium b r o n ~ e ,  an 
alloy of this type, has been employed fairly extensively, (he propellers of the 
Quceri M u g .  of some 32 tons finished weight being typical examples. 

Few propcllcrs cotnplctc their service life without some repairs being necess- 
ary to eroded area:, or to malte good damage sustained by striking subtne~-gcd 
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objects. Failures due to defective castings are comparatively infrequent, 
indicating the generally high quality obtained. 

Lmprovements in foundry control, casting methods, and inspection tech- 
niques have enhanced the soundness and uniformity of properties of all castings. 
Although welding methods have provided simple means of reclaiming and 
repairing defective castings, it is esscnlial that this fact should not be reflected 
in relaxation of control or of efforts to improve the casting procedure and so 
reduce the defects encountered. 

The improvement in pressure tightness of bronze castings effected by lead 
additions has resulted in a preference for this form of alloy. Low pressure valve 
bodies and parts, sea connections, liners, and similar parts have, therefore, been 
cast in both these ~liaterials. 

Manganese, nickel, and aluminiunl bronzes have been extensively employed 
for higher-pressure parts and more severe temperature conditions, although for 
steam chests steels arc being more extensively,used, as  the upper operating limits 
of these non-rerrous alloys are being exceeded or have not been sufficiently well 
established to warrant their use. 

Centrifugal casting methods arc extensively employed where the form of the 
components is adaptable to the process. Both chill and sand moulds are used, 
the former for gear blanks and bushes, where the improved structures a t  the 
chilled surfaces are of importance ; sand moulds are employed for tailshaft 
liners and stainless-stcel piston crowns. 

The higher-strength alloys are taking precedence for cast machinery parts, the 
aluminium bronzes heing thc 111ost popular. Difficulties due t o  the aluminium 
content do  not appear to be ~lnduly severe for casting or welding, provided that 
reasonable precautions are taken. Vulc;ln hydraulic coupling rotor and clutch 
parts have becn cast in these alloys, the intricate oil passages heing rcadily 
reproduced and the strength being adequate for rotational speeds in excess of 
750 r.p.m. 

Aluniiniurn alloy castings are most cornmonly uscd for lower-strengthsparts 
where case of handling is essential. Sand- and die-cast pistons of these alloys 
arc widely used for the smaller oil engines, as  in other industries. Dic-casting 
and precision investment-casting of non-ferrous alloys have not been extcnsively 
uscd i n  marine engineering, although high machining costs have led to con- 
sideration of these mcthods for low-stressed turbine and other machinery pnrts, 
at present machined from wrought materials. 

Wrought alloys arc used for shafting purposes i n  extruded, rolled, and, less 
frequently, forged form. The convenience of rolled o r  extruded round bar is 
uscfi~l for shafting having loose steel couplings. In consequence, as a result of 
the generally available scctions and economic considerations, shaft diameters 
in excess of 5 in are rarely used. 

Aluminium alloys used in ship construction are not made in such convenient 
sizes and scctions as steels, and a tendency to increase the sizes of pl;~tcs, in 
particular, has been in progress to meet these demands. Cold working of plates 
and scctioris to obtain morc favourable mechanical properties imposes limita- 
tions on wclding, in that the weld and fusion zone will be inferior in strength 
to the remaining parent metal. 

The use of the plasticity of non-ferrous nietals is of value for jointing 
purposes. Metal gaskets are niost commonly of lead, aluminium, t i n ,  nickcl, 
Monel metal, and copper. Selection of the metal depends on the pressure, 
tcmpcraturc, typc of joint, and possibility of galvanic action with the flange 
material. 
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Conclusions 
Within the scope of this survey some of the merits and limitations of non- 

ferrous metals in marine engineering have been considered. Combating 
corrosion still provides the niost important function of these metals, and 
although improved alloys have reduced the rate of deterioration against some 
forms of this attack, there is still plenty of scope for further developments. 

For elevated-temperature applications, low-and high-alloy steels have replaced 
non-ferrous metals in steam plant and in steam turbine and gas turbine com- 
pressor components. The Nimonic alloys, however, are preferrfd by many 
manuf;lcturers for gas turbine blading and similar strcsscd ccmpcncnts. 

Light alloys are still at an early stage bf development for shipbuilding pur- 
posfs. Their future progress is largcly dependent on a reduction in cost for 
the equivalent steel structure, and this can be related to the necessities cl' 
improvements in both material and fabrication methods. 

Whilst there is a trend for plain bearings of steam turbines to be of the steel- 
backed, thin-shell, white-metal types in place of the existing thick-shelled, 
bronze-backed types, similar trends are impossible in heavy-oil engines. Fatigue 
failures of the thick-shelled, white-metal bearings used in these engines are not 
infrequent, and bearing metals of improved strength and capable of use with 
plain carbon steel journals would be advantageous. 

Many of the non-ferrous metals used have limitations of resources and 
production. I n  consequence it is undesirable that cither the engineer or the 
metallurgist should restrict his views too greatly in considering alloys for 
particular service. With the large number of existing alloys and thc prospect of 
further increases in the future, close co-operation between engineer and metal- 
lurgist is desirable in order that the most efficient and economical selections of 
material may be made. 
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