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LUTRODUCETON.

Adthough 1% is some forly years since Hadgh(l) fireb recognisoed
and investlgated the phenomanon of corrogion fablgue, and although
mich exporimental effort lme since beon devobed 4o s astudy, no
quantitative theory of corpogion fetipue hag yob been producads Such
a ‘bheory wonld perwdbd bthe pccurate epbimablon of the coxropilon fabtipgue
enfurance of »n component by reference o the properties of the compon-
vant moberdal and Yo the chemicsl end physical nature of the component
énmimmnanﬁ. Unbil such o theory has beon osbablished, this subject
migt conbime Lo ropuy experdmental sindy and it was with tho hope
that some exbenslon of lmowledge would resguld that the aubhor under-
stook the repesrch dogeribed in this thesis.

& ghudy of covroslon febdigue mist properly be baged on an under~
aptandlue of the electrochenienl theory of corvogione The suthor
mm thorefors dneluded & brlef roview of the galient fentures of
this theory in the purvey of published work contalngd in the following
chaptorse  This survay atbompte & oritlcal amlysic of the phenounsnon
of corrosion fatlgne based on the geveral vepoarches which hove beon
carrded oot durdng the pagh fordy yearge Addltionnlly, the survey
covars bhe work dome on the inhibitdon of cowyosion favigouo in
agueons envivonments by the vse of chenleal additionse

The exporimsibsl progeamme which fommed the bugie of the prosent
regearceh wag solectod with porticulayr reference to 8 practical aspoch

of maring onglnesrings Occasionnd, bubt cosily corrosion fotlgue



Patlures of waberecooled dlaesel englue picton rods have gcourred in
narine enginess Such fallures have boen atbribubted o undetaated
infilvration of seo~untor :I.m'.cﬁ the fregh=uabtor cooling systomy with
the resultant chloride concentyabion rendering ilneffectlve the
corrogion inhibliors normelly pregont in the cooling systume Thug,
the matorial, the envivommenbs and tho btept condivions chosen were
auch ag 4o allow an assesenend to bu made of the efficacy of wurious
lohibitors under corvosdon foatipue condivlons akin 4o those ;E‘éund in
SOTVLiCC.

In dlacussing the axperdueniol resulls, bhe author heep sought
0 roconeilo bhe quantiiative graphical relationships obtained with
the quelitedlve meballographic evidence, on the bosle of the electro-
schomionl theory of corvogion and the established chavacterigtics of
the failgue of mebols. Thus, 1t hes beon shown bhat o change in
the mechendsn of foiluro ot o particular gtress level lpo conpequent
upon & lindting wedue for vhe offectlve piress concenbtrablon facgbor
‘&sﬁuc.‘mﬁed with & corxoplon fabigpe pdt in mild steal. LH hog alseo
heen coneluded thet bthe rase of propagation of a ooxwosion fatigue
ceack at a glven strose level ls dopendent upon thoe dlectidieal
conduetivity of the covrogivo mediwme & theorvebiesl explanatlion
of this, bnsed on the electrochemical energy cquatilon for the
ecorvroslon proceasy hag been devolopade

Although o fully quantitative thaowy of corposion fabipue iv

gbill roquived, these conclusions in particuler ghould serve to
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form & were rotionad bagle Lor the study of the phenomonon thon wag

formerly ovailables
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GUAPTER I,

i CURROSION OF SPBAL 14 AUECUS MEDIA,




Gorrogion moy bo defined as the destruetion of a mebal Wy
roseblon with its envivomments Whepre this enviromment ls solid
or gaseous tho resctlon igy in goneral, o purely chemical one mb
vhere agueous wadia sye Involved then sn olectrochemical reacgblon
con be shoun o account for alwost all of the corvogions An
eleobrochomiond, reacilon in this condeoxt is one where separate
anodic and ¢avhodic aress are lnvolvad, and vhere debecbable
electric curyents flov within the metal botwoen those axroans

Gonclnsive evidence vhal such oleotric curpents flow, ond thab
thay aceount quantitatively for the corveslon produch, hog been
produced by Hoar and Bvans(?) in the crec of a stoel plobe parbinlly
fmasrsed in a solutlon of potepsium chlorides. Thovnhill snd  Zvang(3)
showed that dn the cope of iroun weldted wibth sodlum bleavbonato
golutlon bhe corvogion wag aseounded for by the currvent {lowing
hetvaen & scraboh line ag anode and the reneindsr of the plate as
cabhoda.  The alectirochamical nature of corropion in awueous modia
is thus cleaxly eglablishode

The exigbence of anodic and cabhodic sreas on a gingle gpeelinen
of mebal having heon damonstvabed, it im of intorest Lo conglder the
sourcas of these potential difforences. Meors and Brown(4) have
examined these sourees and have lisbed some sevenbcen possible
factorge  OF bhese, the follouing sre of pwrblcular inberest in

this inveotigatdons



(1) Thoe presonce of impuvitics in tho metale
{2) Locel soratches oy abresions on the mebale
(3) Difforonbinl straln within the motal.

(4) Differentisl concoutration of the worrodivg solutions

(6) bifferentiol secation of the solubion.

In -v;ny partlowlar insltance, ong or more of thepo foclors may dotormine
the location and exbend of corwopion.

In the capge of o ghord ¢irewited sinple cell censloting of two
difforent mebollic electrodes dmmersed in an olectrolybe, polorisaiion
ab the anode snd/or cathode may obifle the produotion of an olectric
curvente  HSlmilexly, with the corrosion of a gingle mobordal Jumersed
In an apeous nediva poleyriasbion eb snodic and/or eathodic avens
servas 0 roeduce the eorxrvosion rate by producing o back emeds ulbtich
opposes the ovdgioal potentlal differoncae

vorner(b) hog oxpressed the liniting cobrosion rabe fov » venchion
by sebilng the energy ficac:s}msma in the protess equal to the gum of the
anerglos disglpated ln the vardous pardts of the electrochemicel system.
Thasy convorbing the encrgles 1o potentialge

n

ggng;*rggdymggm@ TRe

vhore, . = wveversiblo clectromotive force of the couple

B3 = tobal polorigation 2t anodo aredige

Bf = tobal polarigation ot cobhode sreage

Ei'm = IR} = Cwerent flowing x vosistonce of -
glecbrolybe bolwesn cethode and anode arests



O

B = IRe = Cuwrent Sloving x vesistance of netol
mi‘ hotween cathode and aupde 21e0Se

Since the factoyg on the pight hond glde of the above expression
are funcbions of cuvrent density, ib follows thabt an incercase i‘n any
one of thom will weduce tho current floving and hence the corvosion
vatas  Phe facbors g‘fRe_ is gonorally nepglisgible due to tho high
condmetivity of the metal, and the fagtoy EiR:L climin:i.s:heu rapldly as
the pelb conbent of the scpaous mediun is incresseds  Thus tho
corroaslon rabe is ganorally depondent on thoe degree of polardsatilon
2% anode and/or cnthodc. I is vpon the incroase of polarisation
ab althor cabhode or anode thed many methoda of corgosion control
dgpende

In the cese of iron subjeeted Lo the ackion of acrabed water,

tha reagtionsg al snodie aad cathodic areas are ag follouss

Ab anodic arohos Fa — B QM A 3@” anene 04; aee (1)
&t eathodie m'ea;m ‘xi*--«> :rh - o sessnncens (2)

Eﬁ** i‘oa‘“;ﬂaa - 2a” Besesapves (3)

Roueblon {2) is vory slov in noubral or elkeline maedia and accounts for
a yory small properbion of the observed corroglon. The remainder is
duo to the exygen consuming reacbion (3).
'-l‘hev conpoaitdon and physicel nwbture of the rugl formed on ivon
hng boen found 40 wary with experimental conditions. Gox and Roebheli(s)
have demonstrated thet ag the concentration of dissolved oxygen ig

increased, the corvosion rahe ab firgd riges, the product belns levgely



T

gramslayr blaok magfnablte. At higher oxyeen concunbyations, hovever,
the formation of golatineus feprle hydroxide can be obpotwveds The
probective noture of bthis deposlt vebavds the ac:i:cms:lon' rates The
chongeg in fvee anorgy lovolved dn bhe veaetiows which producs
nagnotidae (Faybe) and fervic hydrowide [Be(ﬁﬂjﬂ from iron Immerged
in datilled wber and gaburated wlth air ave ht) th of the ordey of
minug 80,000 ealovies per grem moleoule of fvons  An incroose in
poygen concentration favours the produgtl Lon of Fe(Ol) while a
docronpe favours the formatilon of magnetite. In practicsy under
condibione of moximum aevation ab stmosphoric presgure, 2 parbially
hydeated fervic oxldey Fenly«adh0 (where x & 8)y soens to be the
nopt ghable end produclh of corrogione

Tha addivion of modium chloride to sovabed distilled wler
greably agcolevaten the eoxvoslon of iwrone Dy dnerecsing btho
condnctivity off the medium, the ohlordde ions allow the psssage of
curronb between more romobe suodic and cathodic ereass In addibion,
the rust formad hy the interection of anoddc and cuthodic products
tondn to deposil furthor awsy from the ivon surface, thue lessening
it protective action. Necording to Unlig(?) tho increase in
corvosion rabe with salt concentration ronches a wamhwum obout 2%
sodiun ehlorlde by wolghby Durthor addlbion of ehloride rodueing

corrosion due Lo the sceompanylng decvonge in oy gen solubiiitye
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Variation lu bhe tonperature of the aquecus pediun Lo reflected
by o change in the yase of corvroslons Wikh vising btomperoture, the
disgolved oxygen dlifuses wovre readlly btowards the nebal purface and
g0 accalorelos bthe corroslon rescbione This effoch, howvever, is
appoged by the decronged oxygen solubillty at highaw temperaturess
Feiend(8) hes shown that this resulbs in e maximm corrosion rabe
oxound BUC

Whitman, Russell, and Altleri(9) lovestigated the influence of
pil on the eorroslon of mild steele They showed that at 22°0, the
covrosion rate wap wnaflected by chonge of pi within the vange
PH =2 440 W0 pH = QeBe  This cen be explalned Ly considering thalt the
natol surfece 48 alvoys in eontact with a gaturabed solution of Lferrous
hydroxide of pif = 9.5 which iz unaffected by chepges in pll vlthin the
range stateds  In solutlons of pil abova 045, the corrosion rabe ie
raducod by ablfling of tho sathodic roacltlon, while ot a pll less than

Lely albock by hydeopon ovolution commences and the rabte of corresion

risey fs&’a«{ PR
Anothey luporbant wveriable affoobing c:crrms:m;m ia the yrobe of
flov of medinm pegh the wetel surfuco. Doathell and Brown(io)
investilgated the influence of veleoclty on the corrosion rate of slocl.
They found o pronounced meximom domage ab o gspecific velocity and
exploined this ag the resuldt of two opposing tendoncliese  Initially,
2 pise in veloclly reduces the thickncos of the gbogaant Liln of ligquid
odhering to the mebol surface. The ineveapod diffusion of oxypen

resulbs in increased corrosiome  TFurbther incrosse of veloelty,



Qe

howevor, profuces turbulenee which deptroys the stognant £ilnm elbogether
and by viztue of bhe greatly incrossed evallebiliby of oxygen promotes
the formaidlion off gelatinous fervic hydvowide. Yhe protectivo noture
of thie deposib veduges the coprosion rabcs

It may be seon fvom the Lorogolog, vhab oxygen pluye a pxﬁ:inéi pal.
yole in the corxosion of ferrous matexdals ln aqueous nodite fny
vaviabion in experimontel conditions which intiunences the enountd of
dlsosolyvaed oxygen availoble o the metal-liquid interisas will necepgw
varily offeet the degree of copvoéion and the noture of the corwvosion

products



CHAPITR T7T,

QI@E&QTEM&L‘E&@F CORROSTON FATIGHR,
SHABACTERTSIGR op CORROSTON FATIGuR,”




¥he phonomenon of corroslon £ablgue, Llreb ewpovrinonially
invesbigated by Haighll) is o clenrly dofined one. Ho siotes “Hhore
the gurfoace of the spaeinen hos bean appreciably roughaned by corrosion
prior to fatigue bepting, the enduvance hag mbuwrally been redueedy b
esnrveenese Uhip offoct ig gonerally small in compayigon with the re~
sduction thet occurs when the gswrface i nmoletenad with bthe resgent
&W the tesbe" Thin sbtatement cloarly dlgtinguishes the separabe
sotions of corrogion snd fatigne from thelr eonjoint nelion, and all
pubseguent resanieh hes confirmed this eorly viow.

Gough{il) defines corrosion Pabtipoe ap "he hehaviour of motols
suhjocted to cyclical s%x'ezessaé wvhile ewposed do an onvironmens of an
oxidising oabures

The phenomenon i defined by Gonld(l2) in those horms -

"in gonoral, favigue combined with corrosion behaves as i€ 1t werc an
Intensifiod form of fablgue, and the poverdty of the achion is depondent
upon the renge and frequevey of the stress, the intensity of the corroding

nedium, and the tlme talon.®

Appeorance of fracturce

Failupe by corvosion fabigue produces o frecture vhich is quasi~-
belttle ap in aiwple fablpgue bub which exhibibs o charoctorisile dig-
scolourations This dipcoloration is most marked at the muelous of the

crack becoming legs pronounced with incressing digtanee from lée The
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geadation in colour ias o reflaclion of the dacmasc with incrensing
penabration of the btime fov whdeh the crack surfaces have been
axposad to corroalon.

It dg also ehm'-mmrlm,m off corroslon fatigue, that failure
rogulbs from o numbar of crancks which join up o produce o servated
fractvuraee This ieo in gonbrast Lo s:'i.mpl@i"a'higue fallure vhore, mosh
opmmondy, £inad fracture romulbs Lrom the exbension of o pingle crack,
although there woy be othor cpracks in tho vicinitys The difforence
in appanvance of bhe two types of fracture is illustrated J.n 13.3. Lo L

whideh shous two laborobory spocimeng producoed by the anthore

&3’%}1’3& ""i‘t}"!(zm“ihi}g&g ¢ mz Ve

The :_a,?aﬂcmc@ of & "eafe vange of stresa® vhore corrosilon fablgne
condi.blons pmvail io the moad imporiand pracilesl conslderation
ravanled by the exvenpive ogperimeatal worly published ovor the last
forty yoarse UWhereos iun the glmple Labige of farrous metole, vho
/% curve btends Lo an sgyuptote of stress below whieh specinen life mey
ba antlelpated ns indinite, corrosion febipue resulbty Lic en a curve
shoulng no such ngympbotes  This ls Wwue even £or nildly corvopive

»

conditionsy and meang that in practice o component nay eventually fall,
even bthough only subjected o a anall renge of cyclic sliadge, if in
conbact with a corvosive mediume It i clesr then thob the torm
Yaorrosion fatiguoe Limit" eannod be justiflied and the bowm “endurance

Lindt" megt he reloted to a gpecifiled numbor of slrese roverselss
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A proat meny workers in this £ield propent thelyr results in the
form of 8/N cwrves, or gono logordtbnic modificsbion of theges  Hince,
howevor, msny expevrdmenbal factorg apre Involved b becones dlfficulb
_mc’i aven misloading Go aompare ddreotly the resulis of difforonl vorkerg
The infinonce of such experimental factors ls disgeusped in detell in

Chaplor e

Microstrustures

Micromeopical exaninotilon of scetdons conteinlng corvosion feblgue
oracks shows bthot thely path ig sinost oxcelualvely ‘bwmmcrys'é&mim in
forvous materialos In the excellent experimentald, work of." HeAdem and
Go2l(13) on pit formationy 1t s establishad boyond doubt that the crocks
spread from the exbension of shorp fissuwes which develop on the specimen
surfacos  Lhese fipsres have bthalr origin iun holupsphericel pilte of the
type epsociabed with sbressless corroplone The dovelopment of these
erevicas from rounded-pite is clesarly shown by NeAdmm and Geil to De
dependent upon the vange of oyelie stress duvolveds  The pumzling feature
of tho procegy is that oyelic stress mey have a consdderable cflect upon
the gluze and form of o fow plia vhile having Lithle effect upon the
renailnders It wne not found posgible by Lhege workers o eptablish

a criterion of failurg from the form and typo of pitbing.
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It hag been esteblished that allorabione in tho composition of
an elloy will dmprove its zeslstanee to corvoplon fatigue ondy if
these albovabione improve 14y normal covroglon vesistavce. MeAdun{l4)
in an exbensive dnvesbigntlon of the resiebsnce of eavhon and lov alloy
sbeols found bhat despibe the great range of mechanieul propertios
involved, composdiionad changes had 1ivile infivence on the eorroasion,
favlgue Life of theso meterials. It ig nob until corrosion resietont
alloys (wege 187% Ox/ 8% Ni) are conpidered, bhab 4ny major improvement

ig founde

lgoy Treotnonts.

Lithle change in corrosion fatigne resisbancs of low alloy steel
c¢an be produeced by any process of heat twrentnont. Iandesod, ansaled
specinons(12) have boon £aund to show allghtly greater endurendes
than havdened material. This agrees with the gencral propogliion that
it ie the corvosion proporties of the materdal that determine its

reaigtonca bo corrogion fabiguse

Surfoce Gondibione

Gould =nd Bvans(ls) have demonstroted that e considerable
improvenent in the enduvance of steel specimens under (30;&"3?.9{31@21 fatlgue
condibiong in dilute sulphuric acid and in rsea@%mﬁer moy bs produced by
shot peenings At a stvess renge of » 10 I/in® in sea~wabery the specimen

1ifo dnovensed from Qo8 x 1P povorsale in the unpoened condltion to



0.

¥ x 10° ravergale vhen peenads  They suggest that p{ﬁ@uﬁ.@, by indueing
repidual coaprossive strosaes in the surface layors of the speeinon,
rotards the development of the eroevies type cracks from the ordginal
gancer~ashaped cavities producad by corrosion. To the oubhor, hovever,
it peens likely thot pobanilal d:li“‘;@ft}l‘aﬁﬂ.ﬁﬁ'é axioting betuween arcas of
2 sbeol gwrface will bo yreduced by dhe axbonsive cold-work involvod
in shobepeonings  Yhus, the probebllity of corvosion gteybting would
ba leagsgned ond tho onset of pitting deloyeds

Togbs of phol=peened gpecimens wore nlso cayried oui by Gould
and Hyang in the proegsace of allmiine lohlbliors where thesa vere
progsont in a "dongorous" concentyabion, inenfficiont to ensure complote
proteetions  Under theoge conditilone, pouwnsd speodmens disployed a
ghorter fatigue Yife then the wnpeened oness  They conslder that this
ragults from the inbornal conditions in the peenod speclmens being more
sulbable for rapid erack propagation than in unpeened onege  Gorlaluly
thae residuod compregeive gtresses induced on the mobal surface by
peoning will bo accompanled by repldual tgpaile stregses vithin the body
of the speslmen and it ie undergbandablo that & crack wiil advanco nove
onelily throush o matexdal coubelning ouel: sbreasog.

The effeet of profieetive conbdngs on the covyosion fabigne
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reglobunce of spbeel In galt sproy wee lavestigated by Sspullh and
Gough(l6)e  They found that gelvanieing and shoravdising inereasaed
ppecinon Life congliderably dua to the ceathodic proteetlon conferved by

the sine costing. A high dogres of protection wue alse conforyed



by & spreysd alunindun coatlng vhich bad been ensmelled, and to a legser

axbend by cadndun ploting and phogphating.

fpplied gtvons syabemne

The majority of laboretory oxpoviments have been conducted under
condibions of oyelic tenslon=pomprensions In comporative toshs using
dirveat push=pull loading in one cape and voloting beam specimens In
the othier, Gough and Sopwith(l?) found considereble differanscs in
caduwrancas  dn thage tests, carried out in salb sproy on alx fewrous
meberdods, rolating beanm specimens displayedy in gencval, greater
endurancas st comparabiva shresses than speelmens loaded in diveod
pushepndde  Only in Swoe cason, ot low siregsos, 4ld the yoverse hold.

Gould(18), houever, currying out siniler tesbts on mild pbaol
under condlitions of total lmmersions found Shat ot normal working
otresogs specinens gubjecled o push~pull louding displayed endurances
of approxiwatoly five times thab of compurabive bsam ppocinense e
explaing this as reauliing from the greater inbensivy of corropion
curvants Llowing in bthe cape of rotabdlug boam specimense  Maring bthe
tenglonal helf~aycle of push~pull loading, all the anodic areas on
tha gpecinen are pimuliancously subjeocted to maxisum sbraine Thap the
vatio of anode to cathode avea i lower thon iu the case of rotating-
hagm specimens whera only o Lraction of the anodie apess syo corras~
spondingly exposed ab & glven Instent. Undey conditdons of pordial
cathodie comtwol this difference in ratic will produge & corrosponding

difference in corvoslon intensibtye
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Speeinen aivce

The possible existonce of o "scale effect” in coproplon fabipgue
hias not been fully investigstod ub MoAdam(ld) has chowm thoet veriation
of specimen dlameber wilthin the ronge G.5 o 2.3 inches hed no signifleant
offech on the enéurancep recorded vhon specimens of o hesb-~broated low
adloy stoel were subjected to Lablgue in bhe presence of tap-yabor.
Thia mattor is one of gome dmporbtence whoye laboratory remilis are to

ho related o pracghiosd condibiona.

Moan Slrogge

Gowld{18) investigated the inflvnonce of mean strass on specinen
endurance, and found that within the renge O Yo 8 Tons/ir® the supoer-
svimposition of a tensile stress vpon rvoversed sbress coused no serious
doberiorabion of bahaviour.

Gough and Sopwith(20) studied the offect of o ymch wider ronge
of mean styregss upon a vardety of maberiols. JTrom thelr caporimental
rapults for & Qe 5% corhon stecl it is obvlous that on a basis of
5 x 1 roversals, the effoct of any mean stress up to 90 Tnns/:hfa
Lo comparabively slight. Tims, thelr vesulbs are quite compotdble

with those of Gould.

Feocgueney of eyclic stiopg.
Mohdom(21) siudied thig Lachor with grent thoroughness for
several natorials in verioue envivonmeonts and has expressed big resulis

in o three dlmensional form to exes of “sirese', "demage" and "fraguency™.
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The rolationshlp is complexy hubl doss show Lhab slress oyeles of lou
froqency are individuslly nore demeglag thon siniler ones of highey
fraquonoys  Fhe former obviouply allow nore tdme Lor thae conjoinb
corvopion fabimte action to bake pleme in each eyelee AL high
frequoncies of the ordey of 10,000 wepens the pate of ¥ dempge™ do
nearly dadepondoent of oyclic fraguencys

Temporature, salt coucontrabion and oygen
uu:n,imn& 0f Gorrogive Modivite

These three facters are related ginee oxygen conbtent will vary
with tho palt concentwablon, ond tenperature of the mediume In goneral,
Incroased da, sage will tend So result from lncreased palb concentratilon,
inereaged oxygen conbonb and ineressed btempevature.  Sincas howevar,
an incresse in elthoer saliy concentrabion ov temperature will reduce
the goncenbyation of digsolved oxygoen, 1t ls nob ob fivst apporont
which combinabion of donditions wlll be moagt daraginge

Gould(22) studied the influcnce of temperobure on the soverity
of aovrosion m‘a.lmm of 0.17% carbon stoel in synbhebie peo=uaborts
The range of tempovature i:ave‘a‘&n.ga%ﬁ wp from 159 to 45%C and the
resulbo show that ﬁhca enduronce Limdlt at any specdiiied number of sbreds
roversals fallsg with luneresping bemperature in o mamney diveebly
compareble with the incroase in wolght loss with tewperature found in
gbraighbfomord swesaleos corrogion testse This donmonstrates the
dmportonce of combrolliug the btomperature of the corrosive modiun if

Yacabber' of results 1s Lo bo mininiseds
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Gould(23) also invesbipatoed the effect of sell coneonbraiion
by fatipudng mild steel spoeelnong in potugelvm chloride golutlons
wenging in concenbration from W.'LOG 0 2. For this range no signifl~-
seanb vapiation in the endurance 1imit ot WP reversals was founde By
conperipon in high-spood rotor stressless corrosion bests(24) it was
noted that more demage was produced in a O«d I godima ehlovida solwbion
-‘bhan in a Do N golubtlon, due presumbly Lo the greater solubllity of
oxygen in the mora dilubo saludions ’

t"ioum' suggeats that bthis apporent anomaly cen be explainoed Wy
aoguning that since the volune of corrosion product in corroglon fablme
1o anall, the most concentrabod polt spolubtlons will conbain more than
anough oxygen for the coromlon procesgs

I% seems pomslblo Lo the suthor, however, that the explanation
Licg :Ln‘ the method of tesbings Gould's mothod of webbing the fabipue
ppacinen lavolves deopplag ﬁ!ﬁzg aqneuaﬁ‘ nedlun onbo o bupe strobehed very
close to the rotatlng speciman, s0 that tho nonlgous formed bebuaen tope
ond motal is caxried vound ulth the vebating speclmon. The vory thin
£iln of fluid which rosulls aush allow diffupsion of omygen from the
atmosphoere bo the metal suwrfeco al & rabte almogt Indepondent of the
oOXygen com;csﬁ'is of the fluids Under conditions of totel lumorsion,
houaver, uhere the diffusion pabh ig long this independenco will nob
apply and A% scoms ressontblo bo postulate corroglon fabigue testa under
sveh conditions would ghow the Influonce of aull concentration in a
fashion annlagous to the giressless corrosion fatlpus tests dlecussed

ahOVe
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Iin thoe pregent ptabe of Inovledge, no quantitobive theory of
gorronion fobigue ig ovalleble such op wondd ollov dhe endurance of o
gpecimen ot o glven steeos »ange to bo epbimated by refereunco Lo
fPugdanembal propertieg of the motal and ibp snvivonment.  Mumeroug
workarg in thip {leld, bousver, have énﬁaavnuwaﬂ o oxplodin theiy
vapulbe qualiiatively in berms of She nechanten of the process.

Trags Gongh(ll), in conpidering the mechondsn of corvopion
fotiga, accounts for the vaptly doerensed rabe of corropion under
these conditions as helng, “lorgely duo Lo the ¢ffech of the oyolis
gtraing on the porosily end rupture of the wholly or wealdy protective
£ilus that tend to form under corvosion eanﬂiﬁ%&nw“. Gn this he
banes his concapilon of o two=pitnge phonomenols

In the first sploge, tho differonces in pobenblol existing
hotwacn Gifforant nroas on tho motal supface lead to dorrosion ewrrents
with cousaquent lose of netal ot the anedle aresns  The tendency of
the corrogion product, move pardicwlordy the thin primury £iln rather
than tho gacoudayy products of corrogiong to sghicld thoge areap from
further action i avercomo by the oyslic gbtrein which promotny Dirthey
Joss of metal ab these polntee Iu this wny, the atinck fo concentroted
on loeallioed areas, so prodocing plbbing. Tho developmont of these
pits into deeper, shaypor forme may bo accelerated by the "ouygen
dirferential” oxiecbing bobtwaen the bobbtoms of the plis and tho nain
naballic suwfacese  Thup, the pite will sssume o form which ¢ousen

gtrepa concontraticn ot thelr basep, such bhob & orack in inltlatade
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This rapresents bho sacond gioge of Gough! o mechanien of failure.
Sthsequently, this oraclk will spread os in noral fabigue until the
remaain@ag arogp~gactlonal orea of the gpocimen faile undar the principal
piracne .

Mehdam(25) bao devaloped o concept which differs from thet of
Goughe  &dthoush he rocognivoes the two otopes of tho process, firatly
pitbing and then olrass concentraition at the bottom of the pits, he
conalders tho pitilng to resmdd bacause, "tho effceoctive solubtion pressurs
ie higher in o gpecinmen under wyclic stress thon in o specimen nob
undeyr abreas.®™ Dy this he jmplies thel stressad metal 4o inhovently
more anadie than unptrogeed matorial. While this i frue, it is
@ffienlt o sae how this conld congo Jocondiged pibting in a spocimen
vhoste stwface wos uniformly olasgeds  MoAdam é@ea agreg, hovever
that “this inoreaso in offective sdlubion prescure mey bo due in pord
o the contimed vemovel of a pyotective fi:’i:‘n--"*~

Gough and Sopwith(26) coneidoring the cormwoion fatime of
single and biscrystal gpocinmens of aduniniun in tapewater, shoved that
the failure of the specimens “book placo primorily by the formation of
ereckes in arcas undergoing heowy plestic deformation.®  Those cracks
wore chown genorally bto llo papallel to the tracep of opoerative giip
ploness  In several gases, they originated at holas sltucted at the
mogt highly etrepsed reglon, but no evidence was avellablae of the
ovigin of thepe holeps The ssporiments dkd show, however, thnt the
inbarerystolliing beundnry wag not atbacked by bthe corrosive nadium,
nor did it if.ﬁ'lmxma in any visible nanner the mothod of failure of

tho gpacimens
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FIG. I. | RESULTS OF TWO-STAGE CORROSION FATIGUE

EXPERIMENTS ON MILD STEEL (AFTER EVANS & SIMNAD).
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tonng ond Shmad(2?), vorking on tho corrosion £ovious of 0e19%
carbon~sbecl wire gpacinens wetted with IY/30 potassiun chioride
soluiion, produced sony intoresting rasuldpe By using o two~gtuge
procedura, o poriod of corvopion Latige followed by s paviod of fatigue
in ody only, ot tho game phreass, wnbdl Dracture ococurved, thoy vere
nbla 4o shov the offect of the lengbh off the corrogion Lfaiigne
perdod on the tobal life of the epueimens Tho type of velatiouship
ohtained is illustrated ia Gurvefl), Ffeede I con bo peen that for
poxdeds of corrosion fadlgue legs then Ok the total dife dg infinite.
For pariadp batwaon Q) and OB, the total 1i¥e decreapes, uh for
poviods bobwaon OB and 00 &5 Zuorpases ogaine

Bvan and Slnnad siggest thod durdng the pordod up 40 By one
"pioneer™ track dp devoloping to the emdluston of othersg and it continues
o decpen and sharpoan unbll the inerense in elovtricel repistance betusen
fop ond bottom of the plh ontweighs tho incresde in pobentinl with
depbhe AL this stage furthor apacks gbert to develop and these
roliove soma of dho stivess concontvatlon ab tha hapa of the p:l-.mzéxer pit,
so that the specduen ls logs ldable o £ai) under tho fabipno action.
Thayidenblly the perdod OB ag thab In whick bha plonsor crack develops
and the perlod BG as thal in which sceondary cracks develop.

Whila the thooxy iu planedble, 4% mugh he podnbed cub that
Gurva (1) 1o misleodinge Tha total life fo the sun of the £ivat ond
gonond sbagos of the tast and if the longhh of the firet obtoge ie

subtracted from the tobel 1ife, Cuvva (2) is obbtainede Thip shows
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'ﬁh@ faltabion botween the corvosion fatipne peried mnd the pubsoopent
fotione life dn oir at tho same sbropsy and ot no value of first
period longth is there an inoreape dn the gabssguent Iife of the
specinon, as mighdt be oxpoctad 1L the "plonger® erack poshulate vers
volide The tarning voluo in Curve (1), corresponding to the ordinate
0B, resulbo from the plope of Gurve (3) exceeding 459 i.c., after o
firah stoge pordod greater than O3, bthe shortoning of the pecond
plage talep place logs wepddly then the dnerease of tho firsd oboge.
The othey conclusions of Bvans and Sdnnnd ere of inbtorents
Thoy congldeyr that theiv repulis ghow that et loash thraes different
i‘ami:.f}i'sx oparabe dn eausing albtornating gtrasy to enbance the rate of
gorvogion ond tho rate of vachenieal domapos
Thopo ares«
(1) Dintmution of enthodic polavdsaiion (by improvomont in supply
of oxygen bto cathode).
(2) bimbmbion in anodie polorisation (by rupture of protective
£ilma)e
{8) Diwniaution of the vesletonse of btho path Joining anoday and
eathodes (by vomoval of corvosion products, and poseibly
by £1du pupture).
Hvane suggests that there moy be yob a further factor in
oporabion, namelys~
(2) & boddly shifs of tho nnodic pelarigation cuwrve iun the direction

of the baser metal (e bto the dishortion or obliteration
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of the crystalline sbructure of the metal whioh tlmg
hacomes losg stable and more veaghive).

Fhitwhon ond Bvencl80) careded oubs 2 geries of tests with the
objeet of declding whether or not o pericd of fabtiguo in sir produced
an inersaged suscpbibllity to falluroe by corposion fabigue, Gegey by
Lthe production of dipsvreyed matariel along ip bands vhieh would be
gapeclally licble to subseguent gopropive atbacke Thaoy fouad no
shortoning of corvopion fatlgue 1ife due 40 o prolininayy poriod of
adr fatdgue and, dndeed; & slight lmprovenent in covrogion fatigue
1ife where tho ghresses used in the aly fabigue poriod wera lege than
tho fabiguc limtt. Thoy conviuded that the ppeelal suscoptibility
of the disarrayed materisl produced locally aleng small glip bands
noy accounty ab least parily, for the phenomenon of corvosion faﬁi@a,
b this material is supcopblble to abbacke Ponly 4P the corrosive
Jiguid aobs upon it while the atomp are Qn“ﬁha nove and vhile the
liguid ot the top of the advancing orack i very hot%,

Simuad and Bvons(29) investigated the corrosion fabigue 1ife
of nild steel wives vetted by W10 hydroshloric acide They studied
the regulbs of twowntage teste, meaouring eleobrode potentianls and
gorropion rotese In acld golution, the faotors agsociated with
£iim formatdon and destimation do nob apply, eny oxlde layer being
dlosolved. In thisg woy thoy isolated the influence of "diparroyedt
material on the eorrosion fablpgue charsoberistics and found that

after a lengthy incubsbion poriod, reletively preaber ab high than



at low glremeegy “oracks develop, the fobigue strepgbh drops catap~
1 ‘hmpéieally, the rate of ohemicol corrosion, hitherde constanby g;ma.ﬂy
;{mrar;&esp whidel the potendlal is ¢hifted in dhe base-matnl directionte
That work supports thelr view that “although clsgtic deformation doog
not affect the chemical ox electyrochomical proportien of the dron,
doforpation beyond the gkoplic limdlh, which may veeur if pits produce
atroess indenslflcatlony albters these properties, moking the lron
behaye 1ile a more roacbive netal¥e

The vlews of Evang and his apgogintas conld be mumnfm?.sed to
give the folloving pleture of the corrogion fabipis procesge

Inibially, on exposing o uadal to corvoglon fatisue conditions,
the suwface oxdde £13n 45 becken down by the seblon of eycelie gtrain
so that cordaln arcas of the metal curfoce oye exposed to the action
of the corrosive nedivme The oyelic sirain prevenis the repair of
the oxide £iIm in these ereas end dlslodges corvosion producbs @i
then o that hemispherdenl pits yopldly develops

flthoueh the stress concontration in this forn of pit is

smell, there will be n bendoncy for the material at the hoge of the
pit to bacome incrensingly anadle 40 tho renadnder of the metal
surfoecs  *his tendensy vill be supplemented Ly the potential
supplied by the differentinl nerabion coll ceused by the lack of
oxygen ab tho botlon of the pit and the plentiful supply of axygen
gt the peln notively cathodic gurface. Tlmg, the rounded pits will

decpeand and sharpan ond aominme the erevice fori aggociated with
coxopion fabistice
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The atress concenbratdon ot the botton of meh eravices will
bo high and oventually regions of plip will devolop theves This will

§d, anorgy-rich, stromgly snodlie material o the corropive

offer dlsorvag
nmadiun, and rapid destruction of the meliad in o drection parallel to
the eperabive slip planes dn tha pardlicnler oryetal concerned will
follove The fispura thus formed will gprend with incroaming volocity
ng the slress contontration increnses and yet nore strongly ensdic
material is subjeetsd to tho corroslve attock. Bventunlly, vhen the
slrees contenbration ranches s high encugh valne, the fatipue cotlon
may develop oo quicl‘::“w that it runs ahdad of tho aenelerated corrosion
anbil failure cecurs.

I govdes of owperinents by Kerpenlko{30,31,32) has yielded
sbriking remuliy and thepa desorve carefudl congideration. Stress~
endurance curves wore oblained for siecl in aiw, in distilled waber,
in dletilled water plup 1.0 per cenb coponing and in thoge last two
medie with the gpecimens cubthodleally protectoed by sine otelpw.
Ixominabion of bhage curves sugpests that two distinet phunomens are
involvads Kenponko terme those adsorption fabtigue snd corposion
fatdome.

Adsorpbion foblpus 1o produced when the LIvid medium 3s
gafliciently ourface=uchive to enter the ultra~mieroscoplo eracke which
ocpn up on the specimon guwrface dupdng the tenslonal half-oycle of
the applied strecsse Duving the compressionsl halfe-cyele, this
asdporbed finld 1o epelled fron the cracks ub reslets expulplen and

g0 weskona the soheslva foveces anong tlhe surface clemonts of the
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metol, blie asedsbing the development of the inltlal dofeote inko
fabipue oracks propeve Haupowio hus found this procesy to be
Lraguency depsndent, and fo produce a glveggendiramse curve vith a
hordeontal asynphote of gbrass avalagous Ho ol considerably lowver

then the fatigne Linlt da adre He obbained gueh curvas for the
zinc~probected specimend testod Jon.wuter and in waler plug 1 percent
gaponine Thesa gave teue fablgae limits 223 percent and 850 paraent
lover, respectively, thon the fatigwe lindt in alre  The marked
inflnonce of sapordn is atbelbated to its surfage-aotlve properblose

the slress~endurance curves produaged by Koupsoko Loy uuprotacted

gheed in distdlled waber and dn wotey plus 1 poveant goponin ave of
the form wormelly apgociabed with coryosion fabloues  Thoy show mo
evidance of appreschdlng an apymplote of strecsy snd endurance linita
at 20 x 10° veverguls are roapectively 84 percent and 43 percent lover
than the fatigne tinit in aive - Sdnee 46 4w held that The sapondn
connot Incresgs the vake of coxwopiony the lovering of the endurance
Jindd in Jte prosence can be abbrilntted solely to ibe surizce active
properticos.

To summarisa Xarpankole views theny ha considers that the
covrosion fatdpe $t;*e'§m*mmxilmqa eurve as noenadly detoradined for
aquedtns nedlsa is o sumation ¢f the adsorplion fotlgue chavacteristic
for waher and the tane corrosion falipue characherdstic for the meiel
and the nedium congetaede  The Llrpt sifect is purely o physical one

whileo the second is elactrochomicnds



LU TEEBITION OF ony

0STON FATIGUE,




R8s

The posglbillly of reduding ctrronive sbtlinck by the addition
of chemdasls o bhe cosposive median heg 10;3&3 been vacognlsade An
gordy domengtrabtion of this by Frlend and Browad33) shoved that the
addition of potasslun chromite to spdivm chiovide solutdons
substankially reducad the corrosion of puroe Irone  Such additleons eye
termad Qgé?ﬁosmm Inbibitors ond the subieet of fnhibiitdoen by chemical
moons ke pince bean extenalvely studieds  Tn parbioular, the
eloptrochenishey of the procesg hag been exemined by Bvans(54435),

Meare(30), Hoan{37), and otlurge

but in the prevent state of Imowledze of the subjest it in dif:f:lou:l.t-
to justify one pigld gyeteme  Ih phowld be possible, when further
lmwndedge 1 acquived, t closelly theoa pubstances mmra;*&ing 0 the
parbiculor mechanien dnvolwved in thelr intdbiting action.s Thio hap
slveady been proposed by Pourbadx and Tysneiborghe(38) who favour the
following divdsion oif fuhibitor btypes.

1. Burfocs conveorglon dnhibilorg, fegey antimony and
: argenic salbo, chromates; nitrites, phosphotess

2o  Algarptlon inbibitorsy e.gey thlouven and certain
awingg, soduble niloe

de  Biffugion lnhiblhorg, cegey gulaling cageln and
certain collodds.
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Svons(35) elesaification into snodic and eethodie inhibitovs
ageording to vhather thay affact the degres of polarisation ob anode |
op cathode can be used ap o fuether subdivigion within the sbove systes

Unckowman(39) olagsifies inhibitors novording %o thelr chendcal
conpbitutiony eagey "Inorganic Ghomleals” and "rganic Chemicale® with
furthey subdivielon on the bBasis of vhother they ave “omygan conbaining®,
Ynitrogen conbaining®, “sulphur conteining®, otc.

Uhlig(40) drouws o dstinetion betwmon inhibitors and paspivetors
according bo the ptrongth of bthe adsorption bond hebtwecn metal and
Anhibiting ngenty ub broadly speoking this disbinetion is made batween
typen (1) and (2) in the nysben advocnted by Pourbaix and Nysselberghe.

Theordes of T Ldon

The nogt widely adeeptad postulate Involves the formation of
stipfoce loyors o RAlme on tho mebal vhich inoveape the degren of
palnrication ab anode or ¢uthoday stch that the olectrochenical corrogion
renoblon g pbifleds  The noture of this leyer or £iln, however, for
ony partictiar inhibitor do ptdll o matter of conbrvoversy in many
Canese

Uhiis{e0) in diseusening tha wveluo of chromate in inhibiting
the eorrosion of steel In water hnup recently supggented thal a bonded
layor of chremate jons, only one molecule thick, forms on the ivon
surface. The valency hond forms bebweon the surface iveon afomn and
twe of the oxyson aboms in each chromate long bub the metal surfode

rewadng dntact a0 thad no sholchiometade compound ig formeds Vhile
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this postulete is of conpiderable intereat, 1% has boeon pove vousd
t0 ropard the ourface leyer sg being mmad off a nixad iron=chromiun
oxddo, which adheres stwonply o the mn surface fornlng a thin tub
not negegsarily monenoleculnr probective loyore

Mayme, lientor and Piyer(sl) Anvesticoted the inhibition
mechandon vhen fron was exposad te the aghion of godiun Iydroxide
solutions Uplng the eloctron micropoops Lo prodeco alechron
difivsetion patborns; thoy studied the compepition of tho {ilmp thet
fc:med whon specineny, ent:imlly fraed from theiy origisnl adr-formad
oxida £ilmy vere domorged in Gl I godiun hydeosdde solution containing
desolvad oxygane Thoy found that e thin £ilm of 7Y Feals {conteining
some ¥ Feolse k) wos formed undex these conditions, and suggest thak
the dnhibition of m‘:vmsia'n og masgurad by specinon pobenticl wo
acoounted for by thle £lim  hoy furthor suggest that thlo £iln
formad ap ﬁha rogult of & ﬁnﬁ@ag&nﬁ@ua rasction bebtucon digeolved
anygen and the iron speclnene |

Moyne and Fryor(42) huve also investignted the £iln formed
on inttially £ilm=freo iron by solutions of chromic aecld ond potassgiug
mﬁ'mﬁtm uegt&izﬁng dissolved oxypen, and found 16 to congiat mainly
of Y Pealse %ﬁ.s axparinentod work tends to negablve Unddptc

sugeostion of & valoncybonded wonomeleculor lnyér, monbioned eariiar.
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Gohen(43) studled the offect of sodlum nitrdie additions on
the eorposion of obaocl dn bapswabor and conoluded that "Phe mochenisn
of inhibitdon in px*ébmbly the formatlon of o dight oxidoe leyer which
io formod by the combined asction of nitrite and onygen and 19 repaired
by the nitrite™. _

Polver(44) in an inteyesbing sbudy of the inhibitive proparties
of chromaba~phosphote mixbures,; obleibuted tholr asctlon %o the precip«
sitation of o owyobaliine ferrdc phegphato dazms:it on the week ppots
in the erdginal film- on the shoel specinmens usade  This implies thot
the side layer covering the ﬁpea'imen puardace is of gome connidercble
thdekness (roferved to a mo.laeﬁlar seale) and the protoctive action
in due to o physicel bareiecr bulld up botween the metel and the
corrosive naediume

Ldporphion is frequently suggested o thoe methonisn Invilved
vhore organic polar goppounds are wsed ag dnhdbiiovrg. T"J»Dﬁm‘ diffap~
sence of opinion exlets, housvery regarding uhdeh aroas of the matal
am coneorned in the adsorpiion phenomenon. Uhile some Invenbipgators
ponsddey ndgorptlion to oceur weinly el anodie points, otherg nuggestd
that an all-over monomoleculsx £ilm is formad protecting anodic and
enthedde aveas aliles Iamer, Powall and Golbeck(45) try to reccuncile
these viows In a-' conbined Ciln=proeipitotlon theory sﬁéggstaa by thoixr
work on the use of oIl emuloions op corvesion Juhibitoroe

The dangers of "piiving®™ abback vhich moy avise from the use
of inmiPficiont ancodic juhvibitor have bean olearly ptated by GBwans

(84485), on severad oceacionge The donger Lo inherentd in any
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offiolent inhibltor vhare it concentration falls bolow thnt required
to pive complote protectilons Uander these conditions o smaldl anode
4o expvoed Lo s lopge cathode and althoupgh the total corvesion rotse
may De vory ldow, the concentration of the abback on cusll aveas couses
Mpdbbing®s  In the prasence of cycldc glress this would be expected
o Yead to esrly fallure.

Uhile eathodle Inhibitorn arey in this respecty mich gafer,
thiey are inherently loss efffcient in bheir inbibiling action, duo to
the inddrechness of thely control on the corropdve renotion and to the

watly mresber gurface arse thay ore voquired %o inhibite

Very Little exporinental dobe is avallshle on the effect of
corrosion ir!h?;,bii:argz on the aamﬁgw;j;ﬁmigna proportion of ptaecls in
aguacus nedias  In conguquence, o stdent of thie subject mugh, of
ngeesslby, depond for guidanee upon the more ewtonpive work which hag
teen carrdad out on the Lohildtion of corropion in the absence of
ptrapse Qreat caution must, however, he cxevcised in assessing the
possible elficncy of an inhlbitor under corrosion fabigie conditiong,
from date pblodned under olrospless coeyopion conditions.  The notep
on individuel dnhibivers which follow are conceraed noinly with
girensless condibionsy and vhere corrosion fabigne basts have been

porried obt this ie gpeoifically mentionade
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Chromabose

{he use of chvomahos ond dobromater sn infustrial corrogion
inhibitors is widespread and Speller, Mofiorkle and Muma(46) bove
invostigabed theis upofilness under corrosion fatige conditions in
the presonce of chiordides They chowed that even in 3% sodium chlordde,
voughly coreesponding to nabureld peaswatow, conciderable oxbousion of
specinen Life woa produced by Qub% chromate additdone A comparison
betweon ahmnajtm and Alehromate additvions shoved the Lormer to be the
more afficionte

Gottld and Fvans(ay) also invegtignied the inhibiting influence
of chromate da the prosence of oldoridey and showed clanxly that the
anmﬁ’i‘a of chremate requirved ingrensed grestly os the chioride contant
roges  In concentrations equivelent to seawinber, hovever, the
exbension of specimon ife wns not suificlont to clags thio Ainhibition
as onblrely sotlofectory fov prooticel purposuse

Rogthell and Cox(40) estobiivhed thaty in gonersl, inerease of
galt concandration or taaperature Lnoreased ﬁ?:m' pindtwn concentration

of chromabe vequived bo give overall prohectinne

Ehorphatode

Hateh and Rical49) disouse the use of glossy phosphetes of the
“endgon® type (sodium hexametophosphate) as covrosion inhibiborse
Thoy found thepe to glve considerable prodection ngninst shragolass
covrosion I o sufficlont mote of suply of phogphato €0 the notal
supfhoe wog nainkainede Mo work under coryoslon fatdgue condibiong

g racordeds
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Ghromate»Phoophngo Mixturags:
GhromatonPhoophago Mixturegs

Podner(24) hos shown thab o mizmtare of phosphate and dichromate
in awre effective in praventing corrosion than elbher ivhibiltor alons.
Simllor resulis, later published by Xeller ond George(50), contirm
thot thin "dl-enodic® treatment, as they tem 1ty actively provents
the Mpittiog® which so oRben nocompanies the oo of anodic inhibitors.
The vesulls Indleate that the tveatmendt shonld be used within the
pH rangs 0 0 748e  Ho fopb of ihip InbibAtive mixturs hao been

made undar corvoolon fatigue vondiblonse

3 (3'35

Stericher{5l) hag sbudied the uso of pllicates ap inhibitors
in domesiic weler systows and in brins pipe-diness Feonomicully, this
inhibltor le npplicoble to Monce through® weler sysbens, sinte onsll
dovggen substantially ourball corroslon Jossose In ¢lvondabing
pyatomyy hovever, silicebe doep nob inhibit so efficiantly as, Bays
chromebe and b would pregmally be evan less officient under corrogion

Labigne cenditionge

Nitvitose

Vesbhibor(52) preseats expeilnented data on the inhibiting ms
of godium nitxite on the coxvrosion of stecl in chlerdids solutionge
o found that Loz gomplete pm"«tmﬁim; a vablo of ni_;:br:kta o chitordde

by woight of al leagh undly had 4o be maintsinedd - . -
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Gohen(43) made o thoveugh fnvesbigatlon of the uge of nitrite
ond gencluded that the concenltrabtlon ragquived for inhibition incressed
with tampammré b decronsed with docvonping yabtas of flowe I
nolody tooy that in coumon with ai;lmr' anadia dabibitors too loy s
concentratlon could lead o Hoibtdng®e

Hyldde and Choosmon(53) aleo dnvegtigoted the use of sodtm
adicdte op an inhibibor in ceo~waber and found it effective ab congen»
sieations areund 3%, Sven, move effective, howavers wes o phogphotew
12&%;&%& nixture which protoctied complabdly cbeol specimens imworsed

in DOF arvificial ceawaber ab o pi of 7.0 Lo 8.0,

Thotruhid1(54) in en snvesbisation dnto the officioncies of
various mebnllic salis oo cathodic lnhibitorgy rimdded the catienég
e, Mg*, Ca®, Uo", Hn®, Gof, Zut, Mo ond Ox%  Quiy the logt throe
shoved any inhibiting copacily, ond of these none redinced the corrosion
by move than 30%  Thesa Legbs wers eareled ont under strasspless
condibions ond In view of the poor resulie oblained, it soewms
undikaly that thoy could bs used pucogsofully to Inhlbiv corrcaion
fobigues  Fimk, Tuwner and FPaul(5$), showad ™8ine Tellow” o be
boneficial ab vory Jow salt concenbrabions in the inhibition of
corrogion fatigue. bub ab h:i.gher sadt concontrationm, no succass wan

achievaed with thig Iabibitore
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folubla 0318,

Hemer, Powell and Colbeek{45) fomad thot 057 of ol ndded
an enmlaion to o corrosive waker gnve considevable prohection fyom
normal plresyless corposione The setdon would guen do he morg anodic
than cathodio and thae atbandant danger of "pibbing® b lowsr consentra~
shions has beon danonstrateds Tho effect of high ahloride conbonts
;«mﬁ.d net appear to have been investigated, bub M 1s likely that

chiloride ion vonld decreapgo tho stability of the oi)l amlelons
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The axpurdnentel programne described in this thopls wes
ingpived by the gocurrones of eorvosion fatigre fallwres in water
eoolad marine Dlepel enging ploton rods. In ordor o rolate experdw
smentod ropulte 0 porvice condibions Lt wag decided thot materiad,
égmpamﬁ@a and Llov conditiong ghould be reproduced se far ap
possdble.  This required that the specinens be mamfoctured from a |
Jow~carboin steel wibh an ultinote Tonelle Btress value of 28.0 to 32.0
tong per square dnch, snd thot the Mully aerated cqguewus nediun should
fiow contimously over tho speeinen surfaece ab o homperatura of 88°%C.

Sincae payy proctieal failuves had ocourred efber considarable
pericdg of gevrvice iv was conpldered thet condibions intluancing
poxrosion fotigno Life up 40 80 x m"‘ strass rovergals phould be
dlovestigateds X% was nob posslble, howevor, Lo roproduco pracileed
frequencles of glreps roeversal of the order of 110 repems ap this
wendd have dnvolved inordinabely long ‘Leat PUncy smd agcordingly o
toet fragquoncy of 3000 Tepeins wag adopbads

A conelderation of prime luporbonce wag that no olflwr notels
e ilntwoducod into the corvosion eﬁx‘-a}&i%; ginee thase conld influence

bhe rate of corrosion of thae speeinen.
Gonaral Descrintion of '

Tigure 2 (ldustrates the genorel avvangenens of the expevimentol
gouipnonte  Thio comprises o solabing load fabigue mochine £lthed

vith & plasg tank gealed ayound the speelmen puch that a corrogive
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PLATE 2, (ORROSION FATIGUE APPARATLUS.
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solublon may be clreulatod over the epecinen suvfocts  The solubion,
drovn from o two=litre aspevebon bottle by o now-metallic centrifugnl
punp 40 pansed theough a tubuler heater and over a thewmogtat elemen:&
into the specimen tonk from which it ovarfiown baol %0 the reservoire
The connecbing tubes used in tho Flwid circuid ove of Folyrinylehlaride
vhich iz satiwfactorily resistont jap hewt and chenieal resetion with
saawmtor end oxidising inbiblborg.

| Tho uge of o rasarvolr wog neeosoitoted by the need 4o malntain
an cdequate rodation babwesn solublon volume and gpecinon surface aren,
guch thab caguen‘cmﬁﬁm oy daplebtion of the golubes durdng teab
was minimisads

Resbing opecinmone &0 o lindd of X0 nillion gtress revarsalg

ab 3000 eyeles por mizmta' involved almoot tuelve duyp conbimous
running of the oquipmente Since this lengbh of tent offerad a
geviong linitation to the expardnental programmc, o furthey five gats
of equipnend wers conetructed during tho courpe of the imvestigabion,
the ox~ig§.m§i. prototype having heen firet fully tesbed £or long tearm
roliobility. #Plote 2 shove thic Livet equipmont and tho :E.‘o:i.lwing.

sections pragent detadils of tho conslrbebion of its component porbs.

Tha rotating=load Labiguo~testing machine deslgned by the
British Nonsfferwous Matals Researsh Agsociation wop adopted os belng
most sulted to tho proposed invostigatione The use of this mchine

for cloveted temperature fabigue tosting hag been deseribed by
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McKaoun and &xck(ﬁﬁ) who suggested that it could be adapted for corvosion
fatipue condﬁ.ﬁi%:m- A major advontoge of this machdne wap the
simplicdlty of fluld sealing errangoments which ih pornitted by viviue
of its stablopury spe¢inenie

& detailed arpongenent of the fabigue~tonbing machine is presented
in Figave 3« The bogoplate Ya¥, nounted vorticslly, corvies a cost
dvon heockes "B fo uhich the cenbilever speoimen ®e® is pigidly
attached Uhvongh the clamping ploce "a" by tishbening the bolbe "e¥.
The wpper end of the cylindrical specimen is abboched to the inner race
of o baldl beowrdng oo whose oubgr rage is cavadod the rodading heod |
nE®,  The adjustoble wolghte®s® nro threaded on the radial arm "h®
of the :v:s:emi:iﬁg hoad and these provide an cub-of~bhalance mags wm&ﬁ_
genorabes o conbrifugnd fores whon bthe head iz dedven ot 3000 pepelts
by the elaoctric mobor shafh ™1™ through the floxible coupling Yi%.

A Iight cluninium olamp h* mmmag on the gpeecinun containg
a pinhole "M throngh which light ﬁ'mv a 1? okt m:u) ig rveflacted
by the sbeol miveor "o" 4nb¢ the obfectiva of the microscops "o
carrdod on the pilior Mo. Vibralion of the spucimen cousges a bend
of light to appear in tho oyoplace of the uderogeope and tho lengbh
of thic tenad as meacurad by adiuatablo ghubbers Lfittked to the micro-
socope head may be rolated to the anplitude of vilgotion. In
;_Qrac:ﬁ:!.ca, a diveet calibrabien bebween band lenghh and applied Jd
1o poseible and this will be discussed in detadl Laor. |
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The numbor of revolublons to fracture ls recorded on a olx«
Mgt counter driven tlmough the 1001 raduction woon and wheel geox
®n,  The inoienso in vitwration ampiiﬁmle which do charactorichls of
the onseb of feligue felluwre dn a conpbont~load machine is woed %o
teip the niero=gultoh "q” which cubs off thoe current to the dedving
motor through o reloy gystons The poerds ¥2* bolted to the brackeb
"o parve as enalded pracoution should the specinen fracture corplebely
before the motor comas o yeshe A furthor soveguord on tmfs aguipoont

io the pevspex cage "g" which encloge nll the roteting pariae

Enaglpon Zonke

Tho method vped to snclose the fatigne spocinen in an aquoous
nedivm iz illustrated dn Plgure 4. A gpeciadly nmonlded pyrex oylinder,
three inches in dlawmeler, wurounds the. specinmon clamped in the fabipe
machines & oylindeienl hase, mechiued from polyester vasing is
sealed aronnd the gpeelmen shank, widich papses through it, avd inte the
pyros tenk by gynbhetice rubhor MO »ings. %he olosticity of thope
rings compengates for the differontisl thermal expansions of glnss,
nebal and reein vhich opsvate diwing the heabing vp and cooling dowm
of the corronive nediume

The nedium ie punped into the tank through the tangentiel inleb
and ovordlows throsgh the radinl oublabe A aover of the gane material
ag the boge £lte loosely inbo the top of the benk end vhewe tha specimen
passan through this, 2 fine nembrenous rubbar geal prevonts the loag

of fluid by avaporation without senpibly regtyicting thoe movemant of
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the ppecinens Tho cover also emiea—a a bhoxmonaber on which the
temporatnre of the £iuld is registerads Flabe 3 ghows a closo-up

viow of the tenlk in oparabion.

Since i& wap considered nocogunry 1‘;9 peevent contact hetween
the corvoalive zﬁeﬁium and any netellic awioce other than the apecliuen,
& civouvlaling pump of nonmetallile conglruchion wme requirads OF
the pumps avallable. comnercledly none wore of oudloble copacily mnd,
accordingly, o speclelly desipgned punp was constructode

Baedy atbenpbs bo cool the brags components of a cmll
contrifugeld pup with lupervious Jecguers proved unsucesssfule
Bribtble coabtings were found Yo crack fron whe sharep corpevs of the
impelley bladomy whdle sofber moborinle dld nob withgland Ghe @p:uggiva
agticn of the eiveulnbing findd.

A emall centrifugel punp was subsequently constaucted by
machiuing the gomponents fweom obonites  Althowgh shord btern goalk
tasts had muggested thot ebonite was dimensionally stable dn water ab
80, this pump waw aiasa%;i{afaaﬁury in practiloe. On prolonged expogure
to wator at this benperabture, swslling of the cbondie yreducsd the
cloarance betwaen impoller and caping until selzure resuitade Re-
aachindug of the conponenda produced ondy a Lemporavy improva{aent,
selmre sgaln resulbing afbar soveral days continmous yunninge

& polyester vesin, suppliod by ieesrse Bolkelite Lbde, wap later
found Ho possess sulfnble proporblos and pump componenbs wera marmi

sfocturad from thise The rosin wos supplied in liquid form which
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poXymerdesd 'ugﬁcm the addition of o ecatalysh, the process heing aided
by o chemical accelerator: and the applicatioy of heate  Chime clay
in finely divided form was added as a "filler® giving improved
nochinabillty and roolstanes to chocke
| The smcczeasmi eepbing of the componants wan nade AfLlenlds by
the Wy percent coptraetion invelved in the pol,mariéaﬁiun reaotions.
Afhee vepentod obboupis, the fellowing sixture and mothod were found
o pravent ovaclcing. |
Santing, Mixture. |
Balkolite Pelyester Resin SR 37449 lm e

Bakallle fccalerator BR 17248 Reb e
Bakelite Uabolysh Gt 17447 - LD gme
Poudered Ghina Clay 4040 e

Thio ninture wag pourad into speclally construched stesl
dle-moulds which wore then placed in an alye~oven held thermostotically
oy o tomperzture of 40%.  After olght hours, the tomporature wad
radead o 100" for o further two hours before the moulds vere
obrdppeds  The pump eaping mould wequived to he sbripped hot oince
the theormel contraction on cooling wog snffiedent to crachk the hollow
ocomponent 47 tho gteel coro woro lefd in position.

Tha *i;azxclemy‘ of ﬁh@ rosin to adhare to bhe steel mw;’mas wa g
ovarcone by the uge of ailicone groase ag & peparobing ogonbe The
problen of applying thils agent uniformly to the nmould walls wos solved

by brushing o solutdon of the greage in csrhon bolrachloride eover the
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stesl ourfaces, eubpequent evaporabion of the golvend leaving o thin
b contlmous coalbing of greaca.

The noulds used and the compongnbs produced are ghowm in Plobe
44 Ib moy Dbe seen Thod advanbogs has heon taken of the casbing
ﬁecimicmelto produce the tengentlal. outlet inbegral with the pump
cagingy and Go capt the lupeller directly onto the reinforeing siesl
deiving shaft thus eldminating the need for machining and fattings

A asetloned ayrongement of the asconbled pump is given in
Pigare 8¢ Tho robeting seal conglsts off a graphite ring cenenbted
inko the boek of the pump easing against which hears another grophite
ving koyed Ho bthe impeller dhaflte  Loalnmge botweon this labtor ring
and the sheft is preventod by s apring=loaded rubber "trumpet® washer
bearding egadnet The graphite vivge This apsombly xotaten with the
dmpodler shall which is deiven by beld and pulley from o one-eighth

horsepower elecbrdc motors At o spaed of 2000 rTipens the P

delivers gix litres por mlmube through the cuperinental civeuite

Sinec the need 4o aveld the presence of webol in the fiuid
gyatem precluded the uge of imuorgion heavlng elezaozéts, a fiuid hoaber
wag constincbed hy winding a Y50 waldl electvde ropigbonce olenent around
o tuelve inch length of holf~inch bore fuped silica tnbae Aobegtos
gtring vound porallel wibh tho cleoment served ho prevent contact
hobweoon adjegont coils when those slockensd affber constont uses  The

sllice tube was hold by spring cllps ot top aud bovbom onto Sindanyo
bourd rackebed vortically onto the work-bonche
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Manowrement of the temperature »ise dnduead in waber £lowing
through thic tube ahwgd the hoeader to pogsoss on efficiency of the
order of pixby parconbe Thus, sufficiont power wog svailable %o
yodoe the hemparaturs of two l;itma of polubdion from roon o working
tanpavoture in fiftoon ninutes. Gontiol of temporatube in the fiuid
elreult wan achieved By "on-off® switching of the hoater elenont
vhrongh en anplifler-oporated rolay ¢ontrolied by o “Pan~Con® thormow
sphate
h This thermogbat contodns on gxponsion alﬁmgnt in tho sten
which opavatan finoly sdjusted conbacts in tho heade The cloging of
thepe conbaots raices tho grid poSentlal of the mpmiw from vhich
curpent thon flows B0 cnergise o polonoid~cporabed roelny. Sencibtivibty
da this gysbom ds dapandent upon the length of the exponsion element
and for this oppidaation o fouy :‘Lneh‘ atomy onclosed in o uoxoury
£illed glogs sheath, proves adeguatds

F%he ordgingl Sntentlon wag 40 mound tho thormestat in the
- gpacinon tanl to ensUre froedon from the dnfluence of chonges in
amblont tenporature. In proobice, howover, this proved unsabtisfactosry
ap vibrabionn trangndited from the fohigmuo moohine cauved tho delicate
continets to "ehatter®. Thinc wan overcome by £itting the tharmestoab
in o pyrex tubo provided with inlet and outleb eoamgbgana and
ahiached firmly to the wall close to bho cpecimon bonke &b gecned
posedile that ohanges in voon temparature would affect the temporoture
dvop betsmon thermostab and epeeinen tenk lud thioc effect proved
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&he

negiigible and the tomperatire racorded by the speedman tonle thermo-

smoter romainad congtant uithin # M0° throughout tho teshe

~

B i maT  Pdavmind b e

Liactrical Give
Ve slactrical supplies requirad by the eqguipment compdse

o 440-yolty theas-phnney 50 oyulen per sgeond slbarnating current
provided by o frequency-shbable gonorator, and a 230-volh, single=phace
slbornabing cirpant fron vhich o 32«-vold supply is tronsformed.  The
appliention of phaaa suppiien ds detclled in the wiring diagrama,
Yigavan 6 ond 7e

Fho need £or o fregquency<gbable supply to tho fatigue nachine
ardgan from the use of o gynchronoun mobor, -ﬁ}m apoed of which ds
directly proporticnal to tho supply fréquenmays Sings the contrifugel
forca goneyataed by the rolating head ls proportionad to the ncuave of
the mbbee spaed it follows thot o 2 pareent woristion in supply
Lroquency wa@d eause spproxdmately o 4 por cont vardaddon in the
ppecinan l1oads

it ey be geen feam Figare 6 that l:?.ug readntences havo boan
fncorporated dn the supply to bhe fabigue motore Thege wore used
dupdng abarding and gerved to redice the accolaraiilon of the mobop
from pagbs 30 wag found thab withoub this reduotion in eterting
torque Hhe robuting head initlelly lopged behlimi the mobor ghafd
due o the flexdbility of tho rubher couplinge. afkﬁlthis lag vag
quielly overcome, howevars the rotatdng head wevolved for o fow cycles
eh & ppesd moh higher then the nominal 3000 repeney touging the
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spocinen to be overstrossed daping this parieds Phis highly undapivable
feoture wae romovad by the nae of the llng rasigtancas dencrdboed, theoe

baing chuntad out when steady yunvnling conditions hog boen achleved.
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The form of the machinad teateplove is illustratad in Figure .
It moy bo sson vhat loaded sp & contilever vhers chown, the maxinmn
tenello and comprosgive filwe stveeess will bo gencratad ot the
ovitical sechlon vhore tho parellsl portion io radiused up to the
shonk dionobterrs  Tho nebhoed of cu;l.dulaﬁi;n;g the slrans ab thic gection
wild bo detedled in the folloulng Chophav.

The surfave finlsh of the nachined spooimens was conpiderad
to be too eoarsa to produge consdsbond resulde snd this wos inproved
by carcfnl hand polishinge  The maching marle wore fixet vemoved by
polishing losgitndinally wdth a cosygo geode emory poper (3 @)
follovad by albernate civouwnfepentlol and Jonpgitudinnl polishing dowm
to GO0 anevy, the soratebos £rom the proviovs poliching bedng removed
ab oagh stoges The Pimad polieshifig wep carviad oub lonpitudinally
po thnt mzﬁma strasg coneontrabion would roculd undexr tho applied
plrass oysteme The ™Mallyouef™ wacordd ropordusod in FMeure 9 Lllustyote
the duprovanent wrought by p@lia!ﬁgu;; tho £inel murfoce Findsh being
rogulay 4o within 2.5 nicro«inchas,.

To onsnre qaxmsﬁmmy of compoaition ovor the experinentald
periads o pynthebic pea=imlier to o composliion mmm&eﬁ by the Chemiosl
Resgarch Labovetordog, Teddingbon, wae uead throughoute Ml supp_i?.&a
vere made vy from Anslor resgents o the formule detniled in Tolle 3y and

“gipoprinte volunas were plpebltad inde & standord Llogl and dilubed with




40,

dighilled waber S0 twe ddbves b0 previde the concontration reqired
for a pavhiculoy teate

Gonsbituante Gae anhydeous polt/iibre wlutian;
Soddum eiﬂmﬁdn; R fgﬁ
Sadium hiearbomte. (el
Rotagpiun chlordde. 002
Potasalun bromldas Q+09
Caleiun sudphotic. | 1.539
Haguesium ehilerides 3‘;.53,
Vagnopiug sulphodes J.0¢
- N - "

o avold xopetiltive welghbing of vary smnll quantibios of aajud
Inhibitong, theve were gtorad 1n nquetus golubtions of known slrongthe
Thusy £ive povecnt by welghd solublens of pobaseivm diohrombe, sodium
chromate and potoosiun dilydremen phosphnie wore twde up from Anslap
roagents and teab maf:en‘amﬁiam prodiged by dilutlon of approprinte

wolures o0 two 1itrose
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The dlsmetor of the parallcl portion of the polished specinmen
ahove the eriticel seebion was firet cerefully measured by o nicromabers
Aftor thorough dagressing in aea‘aam«a; the specinon was incorted through
thie boat of bthe sgpocinen 'izazﬂ«:;‘—‘ the covar placed in posdbion and the
menliranous Lubber soal affiveds This spsembly wag placed on the
fotigue machine supporbk bracket and the specinon shank xipidly clompads
The rotating hoad wae nexb ploced over the threaded end of the gpeeimon

end the inner ballrace heldd in position by vightening the capsten mub
within tho heade

The aluminiun olanmp conbalning the piahwle wag bhen fixed %o
tha speelmen above the tanle and eligned se that & fine light epob
appeared in the cenlre of the microscope syuploeas ¥hia light spob
hoving beon agenrasely focusced, ibs position was reglotorad by noving
the neosurdng shutier in the gsyapiecsa mwntil 1% formed & tengent to
one gide of the clveulay spote  The gpeclinen wog then gtasdcally
calilwated using the device illustrabed in Figure 10s  Loads up to
glxbeon pounds welght ware attached %o tho rotating head as shiovn and
the reswliont deflectlon of the specimen measurad in eoular divisions
by fellowing the movenent of 1‘335,@ dight spot with the shubiare

& fypienl plot of lood vereus doflection obbained by thip
moethed ip ineluded in PFipure Ile It moy Do soen that o truly clestic
proporéionality hap heen oblalnesd and the shralght-line plot could be
logitinmately exttopolated o ony load nob excesding the elostde linid.
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Hle

Tims the deflccbion corregponding to any doglved load wag obltodned by
reforenee Lo HPhe siatic lead-deflaction graph Lor o particular specinen.
Undculatlon of the load vequired to produce o glven gtress we .

nade fron vhe yelationghip,

fmm

I G‘t.so.loﬂtl'oo‘qdlttc-ﬂno#ni040(1_)

vhere, £ = Oibwe ntross ob erliical secbion (Ab/ind)
151
¥ = distence fron noubdel axie to exiveme £ibwa (due)

ponding moment * (db/ine)

it

£ = Moment of inarbio of peotion (in. )

Ia toepms of the sesbion and Joading dnvolved 1n the fatigue

togting machine, this relationship may be vestabed as,
BNE

£ o ——t ; ......u-_uu..--..uv...uu(a}'

ase ¢ &
vhargy &£ = fibwroe steess ab eeibicol sootdon (T/an2)
| = doad sppiied by vobating head (dhe)

[ = dietonce balwean polnt of londing and erdtical
sectlon .’m-s

d¢ = Qometer ab eyibicol section (in.)

£,0800 ¥
P

By dnsertion dnto Guuation 3 of the desired etrnss volue and

C degey £ = lytboltbitQbﬁidntbblqc.nuct(a)

the measured spacimon dismober, the load reguived o produce this

piwags can bo caleulntede Tho covresponding defloction obbtained fron
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the load~defiaction graph may bthan bo used to esiimote the width of
the 1ight band produeed in “E}hc;g nioroseops eyeplede vhen the depired
piregs is producad dynnmicallye Tiug, this vidbh will be tvice the
glatie defloction p;u{ss the gpol diamotor whero these aye wpressed
in faev:!.aa* divislongse |
@efley 1D, veguived cyclic etrass = 2 12.0 T/in®
gpocinon denober = Q4003 ine |
Light opot diamoter = 82 divislons.
12 x (0.4003)°
Q.Qaa‘ﬂ
- Bl

Theny W =

be

Gorrasponding pemi-deflachion = 150 divisions (pee Figell)
Thngy total bend = (2 x 159) + 52 divislonse
= 370 divivionse

Having deteynmined the vaquicibe bandiddih the cut=of~balance
wolpghts on the robabing head were adjugted until i";ha‘ éifzﬁirexi dofleotion
wvop produced uhen the motor was runddng ab 3,000 repeme  Since the
~gpeeinen dlemeber varied and the positioning of the ﬁlumixﬁum‘ clonp
s not expobly roproducibla fyom tept 0 tooty 10 was essentlsl o
earry oud the calibration proceduve for svary bast. In practice,
minor adjustmonts of the welghba vore needed 40 praduca idendieanl,

strospes dn euceesaive onccimsnde then finnl adjustment of the load
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hod hoon madee dho foblgue notor was sulitohed off and attontion dirgctsd
o propaving the corresive sunviromend iu vhich tha fabigue tast woe

50 b Mikle

Lppropriabe velunes of synthobic goa-wator and inhibitor
golutdon wera pipotlad inbto o ghanderd Hlagk and dlluged to tw litras
wuith dlstilied wobers Afbor shaking thovoughly, this solution wog
franoforred indo tho resoprvoir tank ond the clreuib camplaﬁéd, the
specinen tonk bolas byepasoed ab this shage.  The pump was prined by
odloving aix to bloed fron the oubled comection bofore the pump notor
and heator wore switched ongyand the goluslon allowed to civeulate
unbil operation of the prewget Llhermogiad indslaémaa that the requised
tenperatiiee had beon attodnade  Pump motor and hoaber wers then
ouibohad offy the fludd clreult conneched thwongh the apecluen ta#ﬂz,
and cironlatlon rostartads |

Tho indtied flov tlwough the speedwen bank rasulind, on
vecosions in o fow aly ubbles attoching themaelvos f0 the gpocinen
surfoce and bhese were fomedlataly removed by successive stopping aond
slarting of the puop motor which caused the solutdon to surges I
wag found that 1f thage bubbles were uob roemoved they intlucnced the
nature of the corrosive atiack upon hhe wpeeimens

Hith the teab solubion circulating past the fabigue speeinen
at the coprgot teuperature, the vovolution countar wan sel at sore and

the Ratigue motor switcbed on throwgh the pavber yvopisboncoss The



doflection of the speeinen ves. apein clieckaed by meagupanent of the
widbh of tho 1ight band in the nmicroscope dyoplece, and the midege
guitch adjusted go bhat an inoroesse cft* fifty pevcent in the ppocimen
deflection would fwip the moder poloye.

Durdng the eourse of the togt periodic chocks of golution
temporature and speednen deflcebion wore made and whore necapgary, the

aammsmiap of the corrosive solution wae determingd by sompling m
| titpatdons  In tho caso of dlstilled waber envivonmente; the only
adjusinonty vequired during oot were daily addi‘biana of up to 300 cuce
of wabor to resgtore the volume of tha gysbem o two litvose Thope
additloon were made b0 the resarvoly tmﬂc' without intorruption of the
test by paybinl romoyel of the iulel tube.

For teptso run in peaswator, howevay, the eombined effocts of
laeokege and evaporatlon woere beeb overcome by copplete saplocement of
the flwld syatem with frovh prohested colution ab tvenby-fow howr
intorvala. This yoguived thad bhe bagh be inborrupted vhile the
oxchorpe was made, bmb the timg involved was lege thon ten minubes and
thie was vob considerad sonsibly to influance the life of tha specimens
Titration of the old golubion againet decinmmal oilver nitraba ghowed
the conconfration gaused by evaporation alwaye to be less thon two
percante |

Yhen dnhibliors wore added o the eorrosive envirommenty
altevations in pomposlbion could wesult {rom chemioal rescbion with the

opeainen surface, thio offect belng In the apposite sonse Lo the
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concanteotion regulting fron ovepovations Uomplede raplacement of the
golution vach duy was again fouad to be suffieiont to madnbain conptansy
ef onpordtion to within two parcants |

Tho test wo complobed vhau the spocinen foiled or when it
arvived on arbitrary number of stxess revercals (ia thio case 50
million)s  Aftey tho opecluon hod boen romoved, the oyeben wap draiued
of solution nad flushed sevoral timon with hot Alstilled water prepayatory
o the enculng heite
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ﬁ‘g&%%ﬁ in Eive '
To eetablich is%;n time foblgne 1imdt for the maberdal, fabime
testn dn olr vere garvied oub on tha rolating=lond fobigue machine ab

roon tomperaturgs - The results of these testn are prasented in Table 4e

TANLE 4,

Fatione vasults for 0.21% Gorbon Steal
in alr ob voon bampearature.
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Tapts in distillad wabor ab 88% were cawriod cud %0 Jdebsrmine
the influence of nerated water on the fabigue choracteristics of the

apacinen mahoriale Ta‘tﬂ. 8 the resulty oblained

SRR B,

Gorvosion Fabigue Repults from 0.23% Carbon
Steel in cervated distilled water ab 88",

RN o " M S TR AN L v TP A T

%ﬁ%ﬁ * mﬁ&‘ Gﬁma?ﬁ%ﬁimmg
om et 0.9
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85 13,:-5 -3&,75?,
L 3 1@,’9 49424

B? 103 Uniwoken at ﬁa;ﬁ

&n dnvestigation waoe ma@l af the &ﬂflmma of golution concentration
on the veveydty of corvogion fabipgus ot 08%.  Shropg-gnduranes values for
the Bpacﬂ.fmn mabarial wore darived for warying c«;a‘ma’ntmtiﬁm of gynthetds
gea~ptare The yesults ure fabuloted under Table Ge
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Gorrogion fatigue remilbs for 0815 Carbon steel in
sorated gynthebic gan-wober of various concentrations

ot 88%0.
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& gomplobe gstudy of the offecks of ivhibitors at voarious concen~
w:ratmms on the epprosion fatigue chavncberistle of the meterdel in
peveral f:anﬁemmiamnﬂ of gea~wntor would beve lnvolved gome hundrads
of testos Accordingly, to obluin information in the timo avallabile,



5%

1t wan declded vo daterming thelr affeut gb o selocted stross value.
In ordes to agsoean the value of sbress 0 be uged, an dndddal Ve

was made of the stresp=endurancs chavscleristic of the maberial in 2.5

percany sex-water containing an addad B pavds per nillion of pobassiunm

dichromntae The results ove ineluded in Table T
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Hemination of these remlbs g gasﬂrm hoty 44 mggaa, Lt biter

goncondrablons wawe 0 be toslted, 1% mxm be adviasble Lo eammt the

sxpopdmonts ob high velaos of otoss so thab the endurdsiGen wocorded

would £all within 50 x 30° oyelug. Tho effectn of inhibliion wonld be
totoldy manlad, however, i€ tho plvans ware to exeesd the fabigue lindk

in afy, and eccordingly tho rancinder of the inhdbdter testo vere
confughed ot & A0 Tono/dnm,
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PLATE 5. (ORROSION FATIGUE (RACKS SHOVIHG DIVERGENT PATHS (x 70)

PLATE 6. (ORROSION PATIOUE (RACKS IN VARIOUS STAGES OF DEVELOPMENT (z 7



1

During the investionidien, o mubor of togted apacimam wars
gectionsd; polished and subjected to micvoscopie cmadinebions Tha
woet fafornative pecbiong ware fomnd o be thoso token lonpitudinel
dewn tho epawingn exdsy singo sueh segidons cub perpendicularty through
the plongg alony which the corpesion fatipue cracke davaiopeds

Typieal exnmples of the appeavance of auch saebiong arae presanted
in Plobes B{x¥0) ond 6(x70) which show dlenctrlcally opposite aﬁg&a off
speodnen G132 ob o pegion Imediotely above the plene of foilures  Thia
apwis_sxm m‘d fractured oftey 334 n 16° oynles of glwass ab & 47 fong/
giwdne 40 50 porcent gaaewster ab $0%G.  Uhon 4% dg conpidered Hint
thin pection vepresdubs only ong of the oy wbich wighd have been taken,
1% ¢an be opprecistad thet the tobol mumber of corresion fetimo opucke
in vordous shagen of devalopment amdedned in thie spacdmen ip very
Isvge dndoeds

An intepasting Peature of Flete 5 dn tho &im_menm} of the twe
Jecser oracks from the prlioipal cradle in the contege  Thin tendoncy to
voarr ey Oron the prineinel deack coggests thah thle geack bos doveloped
flral, ond eo modified the slwoess pabbern In the inmediabe neiphbourheed
that pubssguentdy devedloping eraoke hnve HBrvavged An :azmm{ to propagote
iu diveutions peepondiailar to i‘;!i‘a Iinas of mexdouirt ofvegse A gladloy
effact ¢an ha ohoervoed in Plate G

The prinedpal crack ghowm dn Plabe 5 peases through o dorge
nonenetallic luelvsion approximatioly helfusy along Lo length and this



PUTS 7  CORROSION PATI31K (RAK TRAVERSIHa INCLUSION (x 500)
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PLATE 8. (ORROSION FATIGUE (RACK SHOWING TRAN3ORY3TALLIRE PATH (x 500)



reglon is chown ob Migher negnification in Plate 7 (x50R), vhers the ‘
inclueion moy be rasegnised at the pight~hand pide of bthe phatomicrogronhe
Gavefal Anppechion shows that the cvock myrrous percepilibly whdve '
it paspeg theough the dnclusion and opeas oud agein on the loftvhand oldee
It 19 clevy that tho fnclusion iiself han suffered no chenmienl atiaok
b oo caacked avlaly due o the fotdpue shrosoes bo which it hop been
aypoaed vhen the crack frant hog reschsd ite
| Plate & {x500) S!muf?x the faflwond of fthe prineiped crack in Plate 6
ok o Dbighor mognificntions From thls &b cun be sesn binb the cxack
path ds truly tronoceyatalifng an would be found In plaplo foblgte.
Elthovgh tho penceal divestion of orachk propogetdon is parpandieulny to the
axde of the ﬂpfwmm, it do evidend bhnt Joond devickions can ovour fron
geadn to graine  This ds 4n agreencnt with Gough ond Sopwith!s(26)
oboexvoiion that coxrosion fatigue oracks propngated m&im a,mcmsm in
o direction parallel to the traces of cporative alip plones.  Sn dubex-
saobing fentivre of thio mechondim ie thak he crack divachbion noy alber '
;;iﬁhin o grodn, an exanple of this bhulng evident in tho centrs of Plota 8
Thde 1o premuobly the voculs of o sebdy of oldp planes wifhin the raldn |
Tnvdng beon o disponad ae to chave the total olip deformntion in almogh
SUad DABTUY S
Inopooblon of the cradk width oe evident in Plates 5 to 8, shovs
thot dn gaenoral dhie decreasos with insrocsing pensivation. The conteragting
appesrance of o oinplo fatipue crack 1o hown An Plate ¢ (x500) whore the
trangeryetalilne crack mintalos o uniforn width along ity langthe %he



PLATE 9. SIMPLE FATIGUE CRACK (1 500)

PLATE 10. SIMPLE CORROSION PIT (x 500)
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diffarenca i almonh émﬁai;:w dug to the corvosion of the arack wills ‘
following tha advanca of the grael fvont Lu $he cops of corvdpion i’o,tiemaf
$uch sacondary corroston of the crach walls would vequire some eonsider=
solile time to devalop since the axmmlmﬁim; inflnence of ghregs waidd
ba abgeat afber the darack frond han odvonceds  This cuggusto thot the
vate of propogetion of o corvosion fobigwe awack io of o mich lower
order than that of o slmple fapigue ovacks

In conteast 40 tho crovice=iile plts from shich comopion fodlpua
cracks developy Finte 10(x000)} dUustvetes Lhe nppeorande of o aacﬂim
theough o apscinen wideh bad heen oubjected only te corvoplon dn 5.0
percont gen~uater for 7 daye (equivelont to 30 x A0° ayoles at 2000 c.p.m.)
?m sapese~dhinped pit i Wypical of siwple covronion whare jl‘sha accalar
soting and directiomal influence of cyelic shrass ia abyent,
' Tt will be chown in the folloving Ohapter (puge 80 ) that the
presance of potagsium dichyonats in dilute mea~wber radically reduces
the munbey of pilte wdoh develop on o fabtipue spoclnan ourfocas An
inglehd Anto the aedion of tha inhdbitor o provided by the pection
$liustrabed dn mu,( rﬁ?‘e). In thio caney Yho opeclnoen was otressed
ot 308 tonewadedn. in :3.5: parcant gea~wtor mmw 8405 @mm
patoseiun dichwonate glving on ondwonos of 1044 = lﬂ cycleg. Tha
ovarall Jenghl of the oeack in Plato 11 s equal to 85 peveent of the
grocinan dlometer,s Mabinebive featives of this orack nve bhoe ahowpness
of the crevieo fieon which 4t has developed nnd the micoth adge to this
drevice np compored with emivelend ragions dn Plates § and Ge
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PLATE 12. UNDEVELOPED (ORROSION FATIGUE PITS (x 70)
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Thono features are repentod in Plote 12 (x70) which shows, for
$he mame speeiman, two Cravices which have ot doveloped dnbto corrosion
fatigua cncko propery, aad thay ouggent that the pecondary covvosion of
the erack wills praviowely postuloted is lorgely suppresced by the
prazgancs of the fnbibltor. It seome Likelyy then, thod in addition to
regivlebing the mumbar of polntsz on the gpetinen suwefnes vhich ave
agblvely pitted by corrosiony the Inhdbiter hog ratmag tha mmm of
guch pits whleh can fudtinte covrosion fotipue qrockss  This Enowensed
selectivity hon prodiced o situaltlon akdn o aimpﬂ;e fatdgue who;va
fafiuee comonly occurs fron the propagotion of vary Pew cruckas
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The yomlie i;wiuﬂaﬁ in Toblle 4 nve proplied 4o aves of sleeno
and endurence in Flgal2, vhere the astabléshed xﬁam}i?@ of aprecaing
endurpie 2 o ogudtiede function hag besn followad. *:l‘he cue
obtadned showe o clemfly establlohad fatige 1imdl off #1445 tong~
ageine  The wltimote tensile stress of thie 023 Garbon oteel in
the anunesled vondition fg S0.8 tonsugedney 80 ﬁ?mﬁ tho retio of
fotdpme 2Anit to ultimate tangilo gtegss dn Qed?,.

Thin i dn goad agresnent with the data prarented by Gamand{sy)
wiy foundy o o comprehenyive surwy of thy fotigue pm;zmﬁi’m of
crrbon sheel, that thils radlo veeded i:atmm Qu226 and Qo590 according
o tho compogition aund heab Hreatment of the mx‘:arini. For o 0.29%
caxbon s'&aiel in bhe anneaded conditdon, imswér, he ouwotan a ratiln
volue of Oelfe  An identical rutlo valve myy ha derdved fion amm.m#
sation of Gouldve(23) figures obiained on o 0.15% caxhon ctesl.

(2]

Gorzosion fabliome in agvotad dlstilled wabter at 886°C.

The aﬁp&sfzwenmmnaa chavachardnblo for the matordal in aerated
diptilled wmber ob 807 is proponbed in Flgedse fxaminndion of this
revacls no evidence 'cs.f 8 txug corrosion fabisie linit ot endurances
wp to 50 x 1P cpelen.

Ls the range of oyelic ghrags s yeduved, the apuoinen endurance

fnereases exponontdally according to the genurad equation, N = _,ka,_
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vhers N = eudupance in cycless
8 = ‘aqxiai*fmnga of atresss
ko= constante
The valno of ky muaﬁcm -deaa nob appear %0 b Geuly conglont over the
onbiro vange of cmcim-mmm atu&iﬁ& {md a \ai'mube in izhﬁ: élepa Qf the
Siagdl curve ot 8 = 127 mm/aq-ﬂ.n. io indicuted by Tigele
Gomparicon of the endivance lim.tﬁs ‘ab various mmbcra of
vovereals with those ebiainad ngr Iacim(aéi), Geu:lﬁ( 33} oad Ko penko(2)
for gimilar maboridsle in distilied tmﬁar ia unde in &omwj___j_jff--

Dmm-aneag in mwimmml gonditionps parbionderly flov mtae, tdmper'-
m‘mva and fyeguency m!m eorrelntion &xfﬂmuln b some general cone

mlu«sienﬁ way be dvawn from the mnmmscn.

Inyonbigetor Sehman50) Gm}.&(fea) Kurpmka(aa) Authop
Shoal | 0137 G Q15 ﬁ. a.?a,m r:. | o.;an.,a a.
T oo t..o
Totime it I 1742 1746 189 Y5
N ‘._.:ir(wm/ﬂqudm _ et o h o
© Togb freqend¥e 2000 Hob mbatede
) {G-{)nmc N _ | B N — |
et hfampm'a&mu 96" Room Room 889
A o A I M AR S SRSy A e
Endurance 1646 Oy 0 1349 1240
Gioorired bk 20K n . 1241 11,8
vater (teas N - B
por 8 q_oﬂ.!h) At 5010 - - - 10,8

ﬂ-vv-;—
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The high value of ondmance Medt ab .:LQ’ eyoles found by
Lolman 1o olnent cartodnly o consequencs of ?ha amall emount of
oxvoen avodlable in the ppacinen onvivonmente M axpavinenkal
bachuiqua axposed the ppepinen sarface 0 dhe aobion of 2 aall volume
of tma.r (upproge 12 cette) which romained unchenged througheut the
tashe  Tho quanbity of oxygoen tnvelvad in the sorrosdon reaction wan
e glrichly m'w nnd Bl Mglx' gadivanta Jdnibd mb%aimﬁ undar guch
asonditione fe renxdily wndersioods

The vy low wdue of endmonce Limibt debovnined by Could may
b abtributed to the fnclusion of ths m&mlm of tasto &ﬁzam‘ the
speclnens felled ot the aly-mbor interfroe.  Thoe exvepbionsl severity
of atbock ot such nberface veglons ben buen demonstrated by Svons(59)
in tha cogo of stressless corrusion ond *bm;: aeffeot :nig%zﬁ raagonably
be oxpettod 4o gparabe An the cage of corwosion Xobdgues

Keapanko*s yosulbs on o 38 chrondun pteed iliustrobe the
c‘:‘aemmian_m of aiﬁuizwama Limih upon tha evyropiott rasiatonca of the
matariels Although the fablouo Lisdt in olr of dhis oeborial i
higuor by 4+ tong/sqedn. *&ix:m that of bho onthors plain csrbon n;%‘«g!.&_,
the ﬁif?:‘erfmﬁiﬁ under comrpeion fgﬁigm cmnc‘ii&;lann is reducad o ;’.0
hons/agedne ak ' pyelag and to 0«3 tonsfagedne ab 2 x .3.6‘” Gycloge
Thus the muporior fotimue shrangih of the 1P ehvanium sﬁmli in odr i

vhobuaily elininnted by exposure o o copropive envivornante
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Govropion fablmue fn perated gynthoble searmbec ok 080,

Pigedd showg the es‘&raﬁswmfm*mma curves phtainad o gwkeinter
cancentrations of 2e8y 50 and 100 pevcents The fablgue ﬁmwatztaria}‘:-ics
in adr ond dn dlebilled vater have beon added to facllitodle compariason.

Tha Q\'ewaa' ﬂ:ims:iy iugteate the gevers incroase in corrosion
fatiéua abtocl resuliving f,-‘gzm relobively omadl additions of gon=watew
o the acqueons envivonmonte  Zhe relntion bolwesn the endurnnes lindt
ot 50 3 10 cycles, derivad from these curvesy and geamwrber gonowns
strotion 3p presauted in IMgdds, from vitich &% is evidont thot the
qudnrEnce ﬁmt docreapan ssponeatioliy with imrmging geareter
congentratdons  From the shepe of the curve in Fig«dS 4t would be
rengonebhle to pradict thot Duthor addibion of sec~ynber Leyond 10 percent
wald couse 1latle fupther Lell in endurance lmits

ﬁn intorasting featurs of tho éﬁmaw#mﬁmm&u choractariatics
in geasyaiter (Figdd4) s the mudden chongs of s&gpa that ocours in all
thess curves ob a cyelic ntress in the range £10.4 to #11.0 tons/sqedne
Such o narked change of glope is highly miggestive of pome radicol
change in the maechoandenm of failure ob #his strass lovéles By employing
the gongopd of an effective stiress concentration fnotor, characteristle
of o corropion fabtigue crack in miid steel, tho author has arrived at
o pobisfectory explonation of thin feature of thoBue Logell curves and
tidle 3s pragentad in the followlng avgumente

The thoorebicel chyess conpontration factor sascpinted with a

noteh in o gpecimon is thot fFuctor by whilch the nominnl otress on the
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gethion would he reised Ly vesson of the digcontimiby in the surfoce
A8 the notordal hehaved In o teuldy elastie faphion under the appiled
otwegns  This Sactor nay be saleuloted dor pinple goonetrical notches
uaing the alogsiend 6haa;-iaa of elasticliy ond g, by vivtue of ﬁmrsg
congddevationgs independant of the plastic prppevbties of the materiol.

In proactlice, howevory pinctle deformation ot the root of the
nateh enn offectively modlfy the clastic stredn patiuorn end serve %0
rodace the peak wiue of olroes #ﬁtsm:&mﬂ. Thig ability to accommodote
incel atwess penlis by plastic deformation dp o moberdel chorncherdatic
and vartes widaly fyon zsll@;p.m alioyy belug wrefiocted in the noteh
pangtbivily of the mhberinl. The foacior by which the nominel shress
on o geeklon is offectively roized in practice Ly o notoh is termed
the effective stresusongentrobion ﬁ’amm for that noteh in the
porticntor satoriad under gongideration. |

By exparimentolly deterfiining the enduranse linits of mischeci
and wanoliched aﬁméimam of o gpscific mederdel, o practicel mecoure
of the effective stress~concenteation factor in faxﬁ:ig;\;a noy he cblained
from the ravlo of the endwronce ILi.mi*!:r of vunotohad materiol Lo the
andurante Muls of mwiched naterdale |

e moy conglder the life of o corronion fatigue gpecinen up to
the pai;xtz vherd finnl failure qocurs B0 consist of thrae principal
pariodse  Paving the Lived pordod, mrmaicm ageslerated by curfoce
glraso &ﬂfaramialv, gsngen the formation of piép on the specinen
ourfoces  Tron the bagep of thape plioy Mesure~like crevices develop



Ve

daring the pseond perlod extonding in depbh mu‘ii increaing in shorpness
untdl they bhocome e covrosion Lotigue @rackse Whon thin steess»
concanlraiion ot the grack front of ong or nove of thage raises the
stroos Jovel in a erdticel volune of meberial to o wolus sounowhat above
the true foblpue 1indt of the maberial, the thivd ;mr;.aﬂ mochendsn of
sluple fabipio crack propugetion domsp tubo operabione

Ify howeyer, the offsetive slresseconcentration foctor for a
corroplon fabdigue arack tends to o low Limitlng wnlue wth increusing
penotrations then it is ovident thot bolow come level of nominad
gtress thoe third period mechanion of simple fotigus will not oporate,
ginca tho pyoduct of nominel phress x offective piress cancmré}‘ation
factor will nover reach the trus fabipue Undt of the mibericl. oilure
at such low pbresses will thus oeeuP only ofber o prolonged poried of
corrosion fabdgue eroaclk prapagabione o

I 4s puggested by the subthoy that thip Iinik 'ﬁwtw comag
into gporation ob npproximotely o) 10.7 tons/aqedne £§3‘:' the noterial

and conditions exomined and that this is the coupe of the mudden changs
of jzlm. glope ab this olress shoun by the S-Log N curvas presonted in
Pigedde This implies a :Limiﬁin&; effactive 6ﬁl?ﬂﬁ$mﬁ§indpnf§'{lti¢n
foobor for o coyrosion fobigue erack dn mild phecl of 1.35.
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16 o inbovesting te ctipare this walus with that derdved by
Mebdam(19) from twoestoge bepts which _ha capried oub on o 6;2& parcent
carbon ptood dn the amnealod conditione After i‘iraj& smibjecting specineng
to corrosion Lotigne for R0 x :t.QG oyclaa ab 3450 cepeme In o notural
garbonnte whary the subseguand fotipae 1indt in olv of these spacinens
wao doterninede  Tho patio of the ifa%;i;ﬂ,ua ndt in odr of the uncorrodad
motordal to the fabigue Mnit in ofy of the epacimens éraviqualy subjacted
to corrosion i’aﬁi@xé (Leey tho affactive abmaawmmantmﬁ&qn ffzcmr
of & corroslon fubimie crack)wan found to vory bobwesn 1.3 and L4, |
aepording $o the stress employed in the Livet corvosion fatigue stages

The offective strese concontration factor for o pinple fukigue
ovack in nild steel hag besn derived by Frost ond Phillipo(60)e. They |
iuyvestigoted thoe streps~ondurance characbordetics of ppecimons which
had £ivgth basn pavtielly Gmclz;ﬁ by cinpla fotisue dn aly ob ctresges
above the nopmel foblgue Lialt. ii‘m:; thape croclad spescinens, a shreas-
gnduronce curve was obbtalned ghowing o dlgtiued fm-i;ig.m Lindt at 31 percent
of the moviaad fabigue Idnddh of the unoracked materisle Thug, en
offechive sﬁre&a*mwaaﬁmﬁm factor of 3.2 may he cemuned for o simple
fobipua cxask in nild pteel.

Thoe difference in offective strass-goneantration factors for o
glmpla foblsuo oeaclt and a sorresion foblme erack do probobly due be
geonetrdenl considevationce  Ib 4 well establicshod that tho steesow
coneantrabion appccioted with o notch 1o on duverse Punction of the

vadine ob tho root of the nobehy and it g recsonables to suppone thok
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tha louver offective givesseconcenbration Lactor agwoelotad with a
coryrosion fadigue oraok s due to o lovrger roob radius. This explone
sabion da wmupported by the metallogrophic appenwance of the two bypas
of orack which were oontrasted in Ohopter 10 (ef. Plotos O and 9),

T4 hea beon ghowm in tha ﬁ’emagaﬁ.ng discusslon thel the sudden

change of slope dn tha Shog ¥ cuwrves presenkad in Fig.l4 for tho three

| congentretions of seasvaber studied can be accounted for hy cssunlng
a Mnlting valoe of 1.35 for the sifective sbrossweoncentration factor
associabed vith & corrosion faligue erack in the matorlald bostad.
& forpher algnificant feature of bthege cwrves Lg thas the angle of
divargence babween then indranges markedly helow the polnbd vhere the
siadden change of glope uacurs.  This in offioely moang bthat specinaen
enduransa ig much nore depcndant tpon solutdon mm&nﬁmﬁm at the
lover gbrosscg, wheve siuple foblgue dogg not conbributo o failure,
Phan at She highue strecsss, whore ghyepaegonoantrabion aeffects aro
tha donivant factore %his chporvation oo led the oubhor 10 consider
furdbor the influgnce of seludtion concentration at these :I.c.tmr gtressan.

Tiged6 phows the xelabion bebdwoon spocinmen endurance and
solubion concantrablon o verious levels of oyclic sbressse  Thase
vaduas have beew dovived Lrom the 8-Log ¥ ourvaes preponted in Fig.l4,
by plotiing dhe intercepis of the curves with lines of conabant

gbtyagoe
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in view of the suggestion by Bwvans and Simnad(R?) thot the
inopange in eleotrical rogistonce bebtwaon the bop and bottom of o
corrogion fagitue crack vhich acoumpanied the dnererge in depth of the
orack conld mavkedly veduce Lis rabe of propogablony it seoned to the
author thal the change of polubion condnetivity vith goluitiou conocen»
strotion might effer an explonabion of Fig.lé. Accordingly, the
épeeifi@ conduetivibias of the thres solubtion concenbrabion gtudied
wore egbimated from date publiched in Intormatlomal Critical Poblea(l).
Thoge oslenlations aﬁ:-a dotnilad in Appendix 1. A graph rolabing
gpacinens ondurance at pavticulsyr lavels of oyolie sbress to the
gpecifio roplotivity of Ghe solubiong used 1o presented In Fig.lv.
£b noy be seon that o romarkebly linear correlation hag heen obtained
nebtwaon thepe two varleblop.  Shis moy bo explained by tho following
goncepte

IR we congider a ceryoglion fallpue creck in procuss of developw
swient G0 he a smnll eleetrolytie cell, thon the cursend flouwing in thet

eall wdll be pelated to the component parts of the olreuld ap unders

+ Ko « BEm + RBe
whore I = current floving in tho cell (ompp)

Er = reversiblo olectromobtive foveo of the cell (volts)
Re = regiebonce due to onodic pelarieation (ohns)

Re = yesistonee due o eathodic polorisation (ohms)

Bm = rasiotance of motsl bolweeon anode and cathode (ohms)

Re = veplstance of electrolybo betwsen anode and cathode (ohms)
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Tlmm
Re = % - (Ra + Re + o)

Howy 4 wo aopuae thad B and Re are funcbiong only of tho
ievel of eyelic slross appliod Ho o gpeciien, snd thet Re ond Ro ocre
independent of both sbitess and polublon concontration then, ol any

papblendoy loveld of ayelic sbrussy

, J
Ra?( i
ginoo Ny I%‘,é:, and Re and ig?; will remain consiants
By Paradayts haw of Bloobrolysis, the enmount of motal removed
fron the anode isy'§3&?apw%i@m11 0 the gunbtily of slectrleliy,
measured Ln condonbsy wbdoh hoo beon generatods
Ty,
Q oG Tb

whiarey Q = welght of motinl removed from the anode (oma)
I = cuswend Blowing in the ccll (amps)
% = time fop vhich curvent flove (sees)

Now, 8£ 4% is ageumad that ob o porbicilar level of oyelic
glress bhe endorance of o qorvosion fabipguo speciemn expwosged in
ayelen (1) i dapan&entc npon the bimg roeguivred Lo ramive & ceriain
veight of ndtal from the anode of the most erivically sited currosion

fatigne crack btheng
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nﬂt@?ﬁam

Thus o graph of spasibn endurance Ny ob a given cyello staaéss
ngainet Rey tho gpeolfic rooiativily of the test golubion, would be
expected to yleld a ghraight ldvo of positive clopes TFigel? hos
1llusbrated thad sich o Lintar relatilonship dods exiet betweon W and
Re vhore the leveld of gyoelie sbresg i gonstant and the solubion varies
ondy in amweuﬁmﬁiﬂn of golute, the chomical noture of tho solute
being unchangade

& gorollary bto this stedlking dependence of specimen 1ife upon
goluvion conductivity is that for the cleciyolyitle curvent I to be
so dependent upon the fuetor Rey the average oerosgwgaction of the
elecirolybic path bobweon ansde and cathade must We very émllc Tho
physideal pleture which beat vepresents the obsorved factos is that o
corrogion fotigue orack conbelning clectrolyte behaves very imch in the
some way o8 & thin acbellic strdp, providing o considorable electrical
roglabonee bebwgen the anode ab the cmgk fyont ond the cathodic aveas
on the exbarmol surfoce of btho gpecimen. KEn crack prograsses linrds
thirongh the speeinon the resicbancs of '&i}é electrolytic path incronses
and since there Ls no corresponding ineresse in tho overanll clectro=
suotive force of the celly it follows whot the inkonplty of tho current
I et decrenpee  Thus, tho xate of propagebion of o corropion fatigue

orachk st deovesse with dnovenping penetrations

hypobhesis oxploins vhy 0 moyy different corrogion fotipne

opaclks, in vayious ocboges of developmont, can be found in the one
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cpecimone  In Plates 5 and 6 (Chapter 10), tho divergence of the
leaser oracks fron the pringipal crack eon bo inbarpreted as evidence
shind thodo Jegser cracks did not siert o propugate fyon the crevice
poals untdld dhe prineipel oraclk had fiveb pencirated sulfieiontly to
adbew the gurass pattera in bthe .atm*mxc%:img arons 1T Ghis principal
vrack hed been condlnuounly oceelerabing with fncvonsing depth, or
evan propagating with congtont valoelty, then it is wnlikely thot
gufficiont Gime wonld have beeu pynilable for the logeer oracks Lo
devalop to tho exbont that thoy obviously have donse  Thelr appacyonce
i congigbend with bthoe hypothesin thotl the prinedpal arack hos
prapagated more and mora glowly with ineveasing depbhy oo that these
lesper uragitsy albhough late ;n plarbing, have bad m;ﬁ‘f&e:ian‘b vine

o develop o the swlont showne

Tho_Bffact of Inbibitors on Corrosion Fabimue.

The a;guarimcmhal remlbs obbeined Lrom the pm:t.:i.miﬁazy survey
of the inflnence of V.05 percent pevassium dlebronste upen the
corposion fatigie e of gpecinany dnmerzed 4a 2.5 por cent sea-water
at 80° wore intended polely ns a guide do the pelection of » suitable
abress level for subpadgient experimente.  Hlbhough only five results
werd obtained under thesge condditions; 1t is of inberest Lo compare the
S«-liog I cupve given by thom with the gurve for unluhibibed 2.5 pergent
poa-wmber and the twe curves are presonted in IMg.18.

The inhibiting fnfluenge of 0.05 porecent pobagsium dichromate
mey be adjudged by comparison of eurven A and B in Figed8. IL may

bo gaen that oven this ennll addition of inhibitor has poiced the
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andurance limit ad O x 196 eycles dn 2.5 porcent sea~water firom 4.7
tons/, m;.-ﬁm 0 epproximately %.0 tons/sqedn. O prriicular interest
ig the convergonco of oupved A and B ab o giress lavel of 13.0 tons/
ﬁa«;pin; The i,bmwi‘i,ﬁa of gnall additions of dohibltor, in terms of
inerenpad specinen enduremogy are therefore mch more pronounced ol
Jover gbrospes than ot bighe

The divergence of curves & and D ob lover strosses is sinmilor
to bthe affact nobed proviously dn Plg.d4 vhore tha sﬁreasﬂ«mﬁwm}g@
charsokordstiocg fu voricvs gen-wabor concenterations were compareds
This aonlogous behoviowy sugeeshs thab tho oddition of potosaiun
dichwomahe 1e, in pomo weys oguivelont to the uge of & move dilube
peaswhber cuvivonnond, and dhat the dinhibitive gction paveicts |
throughent all stages of the developmant of corrogion fatigue orackes
Here the dnhibitor only sobive durdng the initlal pithing stape,
then cupve B conld be ospected o be above, but app:éms:imaﬁely
pagallel toy curve A

¥he pragtical toportonce of this poind in that 4% holds oub
prondse that the addition of inhibftors 4o » cooling syston whare
pibtdng hop already ccowrred wonld be offestlive, in some nonsure,
in olowing dwm the developmend of cmr:‘émian fabigue crachky and o
prolonging the vorking 1ife of the compononbse

The axperinental resulis conbalned dn Tablos 8, ¢ aml' 16
{Chnpter 10) are propented grapkicelly in Figeel® mﬁ 20 which
fldustrate the offect of inhibitor eémantmmm updn the wmdorance

Of 021 pereent Carbon pheel ot & 12.0 tono/Sgein. in 2.5 and 5.0
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peraond geemnters Whlle thore con ho no abpolute basis for dhe
evalustion of Inkdbitor efficiensiegy 1% Lo evidendy that on the basls
of weleght percent i:’aqaﬁxed jhﬂ produee a gpocinan enduranca of 50 % P
cyclen ab 2 12.0 tons/egineg gsammn chromato Lo the nost offactive

of the three inhibitors tegteds It should be nobedy hovevery thot

2 twofold dnereape dn son~uvator concentration raguires o fourfold
laeresse in sn@ima' chromato addivion to maintain a spocimen endurance
of 50 x 10° cyoless  In the case of the phosphotewchromote mixad
inhibitor, only aboud twlee oo mueh inhibiter s roquived to compensate
for chonge fyom 26 4o 5.0 porcont sea~untore

Tone of the ppecincns which wero pubjectad to the aotion o‘i‘
Ixbdbited sen~-wabaer dhowad completo froadon fyom awrag-;:i.vn &xtﬁac}c. |
The surface sppeornace of spaciens afboy fests ab #12.0 tong/sgelne
in 25 porgent gea~watey contoluing verlous amounts of potassiun
dichromato are fllusbrated in Plete 13,

The mopt stelldng forbure in tho appesronce of thoae spacinens
io the axbrome locnliasnbion of abbtack coused by the inhibitor. This
docelication do typlesl of an fnhibitor classified by Bvans(34) ne
Tdongorone® in bhot 4% incroases the inbengidy of athadd: although
dluninlehing the oversall correeion rate. Xt shorld bo noted, hovever,
that dogpite thic localisnbion, no cope wag found by the anthor in
which éi:’fmi gpecinem Iife was voducad by the addidion of o "dangeroug®
fuhibitore
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Kpother fanture of Plate 13 is the appavent ineraase zln. the
wanber of parfoce pite with dneroooing inhibitor éenaammtmn. Thig
correlation in more apporent than real, however, inssmuch ag inereaging
dnhibitor conbants hove resulbed in ghoéator spoodaen an&m-mmaé go that
more tine has boeon z;mﬂ;lable for the braskdown of poluty of secondary
weakness on the surfooge .

The truth of this is confirmed by Plete 14¢  In thic coge the
speeimens have all been expased for the sane length of time (50 x 1¢P
cyelon) ot 2 8.0 tongfaqedne and the effact of imrmsg;ng' Inhdhibor
concontration i a:i,egiiy to wreduce the mmbor of points of atback on
the gpeeimen surfacae ‘ The difforences in the appasrances of the thros
opesinens ore obriking.

The regulis digeunged above are wmsiaﬁaw&. with the goneral
thoeory of ansdle dnhibltors outdined in Chapher Ve  Thup, by repairing
and veinforeing the vaturei oxide £ilm prasent indiielly on the specimen
purface, the Inhibitor cffectively innmages the registonee to £loy
of eovropion currends ab the anodic aroage  Tho corropive atinek ip
thorefore regbrieted fo the weakapt points in the £ilu ‘rmich the
inldbitor fg uncbleo o modntain in the foco of the oyelie oteoin vhich
secks bo dlorupd thio £iln With dnercasing inhibltor concentratilon,
the mumber of such weal poiuty io redaced and corvosion fatigue is
further loealised to thoe points of maxdrum cyelle atrains there the
inbibitor io pregond in cufficlent quanbiiy ﬁ}: maintain o conplobely
proveetive £ilamy, then mo abiack at all ocourge %he threo spocinong

phown in Bateld dumonstrnite the wmilidity of this theovye
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“he effect of ineratsing seaswmior ::-aneamm#ima on the officacy
of the inhibitors testod hre slready boon diponsped. In terns of
Inhihitor thaory, the highly mobile ¢hlordde lon moy bo vogarded as
being more ecsily able to penebrate the weak poiute in the oxide
£l than the nore ponderouns hydromyl ionﬁ;-‘ no that the offectivenacs
of bhe frhibitor is coredgpondingly roducede

L footure of the experimenital resulbs obieined which is worthy
of carofu} gonslderablon fa the fach thab, deaplie tho extreme loeal~
sipatdon of atiock vhich has been ghovn b0 resuilb with certain iniilbitar
émwmmmﬁim, no cuee is raecorded vhers the undnhibited corrosion ‘
fodime Life was chortoned by the use t;i’ sueh inhibilor concantrations.
I hag hoon rapestadly demonstrated by Bvens(34,38) and otheps thet,
in etresgless corrosion, puch looolisation is dnveriably acoompanied
by an jnboncificabion of obkack ab these local aréas- it might,
%h@a:i‘wa, be axpected dhab, under corrosion fatigne capflﬁ.tiana-,
speginen 1ife would be reduced by such looalisgd atbasks

The explanation of this apporend suvomely most probubly lop in
tha fagbd that, undeor stresaless gonditions, the corrosion process s
vnder cathodio conbtroly dec., $ha intengidy of the carrosion currents
i detormined by the ratlo of cothodic to anocdic aveans Thusy o
yeduetion of anodic aren By "locelisoblon® inevitably results in on ‘
increage in intengiby of the corrosion curwents ab the anodic pointo.

Under corropion foblguc condlbions, howevor, ns the suthor has

provionsly postulatad, the reslgtance of the eleetrolyte path within
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o developing crack is o sigmiflcant factoy and the locol coryosion

cells ave under anodde condrole The intensliy of the corresion

currents are tlme not intluenced by the »ebio of cethedic to anodic

aypeass  Locoldsablon of atback wlll not theprefore cousc intenadfis~
seotlon and gince the fnhibitor will bend 4o dnereasc the anodic ropistance
f:ﬁ the fronbs of developing cracke, au dnerdnse in specien gnderance

con ho gxpoctade
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L romber of sonelueions on the natixre and mechanien of the
corrogion fabipee of mild pteel in dlluvte sea~wateor may be drawn from
the epaevinentel work descrdbed and dlgcussed in the previous chapbors.

fhese moy be eommeratad ag follouss

(1}  There ip no Limiting volue of ptress bolow which corrosion
fatlguo mblogk cespas o opavate. Tallure in didube pos~uwabor ab

o value of cyclie sirees ng lov an 20 porcent of the fatigue Lindb
in olr of the material hoe boon demensteatods The glope of the
S=Log H onrves ab cndurancas of 50 x 1&‘3 eyelas indlentos no tendency
for thege Lo veach a ldniting vwiluo.

(3) The path followed by & cowvosion fabigue track in mild shoel
o trangeryvoialline and the goneral direction is perpendiculor to
the Lines of plress in the lovoldily of the dvacke The minor
devistions in dirvection Lrom prain bo grain ere conslstont with
Uongh and Sopwithfa(26) hypothesis hnd the orack follows the twrnoes
@f bho operative ;:m;;;immrs.

{3) & Limitdng value of L.39 may be deduced for the offective
plrege~coneonbration fagtoy aggoeieved with a coprogion Latigua
arack in nild ateel. Yo thds Jadbing factor way be agoribed the
suddon change of slope evidend in tho S-Log I aurves dewived from
beabs in didube gonewnlcle

(2)  iheve strens~congoutwation ab the kooh of & corrosion febigue
orack is gulficiont o xales Uho noninod glreps above tho trae

fabigue Limit in oly of the materisl; fallwrs roewmalis from the

rapid propagetion of o eimple fatigue oracke
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(5) A% low valusa of sosinel plrecs vhere the temo fabipue linit
of the mavarial fg nod oxdeedsd aven b points of moximmn otress
concanbrabion, folluve ;*f}‘é;{xms' from tho slow propagabion of o
corropdon fatimo oracke

(6) Tho cffect of increnping the solubion eoncontrabion within

the range O to 10.0 percent poammabor 1s to redude Mm specinen
ondiranee for any perdiculer walue of cyoiic otract.

{7)  The deeroase dn spocimon endurance ceusted by dncreasing
sot-wabar coneontration fs nob pardiculeorly covare ab walugs of

gyelio atresges whore fdbwrs vemulbtn fron cluple fabipue erack
propagations  The offoct myy be ageribad fo the nore xapld developmont
of tho oorfoco pibo Srom vwhieh :ﬁ'ﬂml Fallure is initdotads

(8) A% dow wlues of nominel uhvess whore fellure rosulin from

the glovw propageblon of covrogion frz‘b;tgue. erackay the iaflnence of
peo~wabor concentrabion is pronounceds  There exlety s lineay
corrclation bobween gpeednen ondurente ot low glvesses and the gpecifie
repdabivity of the corrosive medda ;«h&aks ey bBe predivted from the
clectrochondeal theoty of corrosione

(9) & controliing foctor in the rote of devolopnont of a corrosion
fablgue e'melc is the resistonee of the elocterviyle pabh contained in
the ovacks B naceopory consaguence of the inereass in bhe rosistonce
of thie poth with ineronsing ponetration ip thet the propeption of

a corroslon Pabtiguo ovacl proceads ob a diminlobing roatos
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(10) The addition of potasgiun dichromibe, sodium cliromobe or a
ndetuee c:}f potossiun dichromate and potansium di-hydropen phosphate
o diluto geoswnbop ;xm-*lmdly decreasen the soverdly of corvosion Lobimue
ebiteck on nild oioele  On o bredp of velght percent, sodium ehronate
is the nout offective of thaso inhibitorae

(11) The offact of incressing ivhibitor concombration, within Ghe
ranges bbudied, do bo redute tho mumbor of pointn of abtack on the
spooinen cupface ond %0 refico ‘b?m rate of propagebion of corrosion
Datlipne ovachs fron those polntSe

(12) The antwene locelisabion of athnck, chnrocteriptic of the
thirea anodde inhdbitore tantady doeg nob avcemsarily raguld dn o
roductlon 3n the spoclnen Jife ot o glven value of oyelic olrooge
Thio moy bo interpretad ae en indicadion thab ‘é‘sh{a. ot of coprogion

faligue cpaol propegabion is under anodic gonltrals
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AXPBNDIX,

Conduetivity of Bliube gan-iater ab 080,

fo sxperinaentol detorninotion of the alachrical conducstivity
of dilute sea~uator ab tomporatures arcund 88°C would appeer to have
boon publlishade Such Ciguras oro, howaver, available for sodium
chlovide golutions of verions concentrationa and ou ephimote con be
made of poasudbar conductivitics by caleulotion of the con@ctivitiara
of podium ehiordde golubions of equiveiont chiloride contents

Valges of the equivolont condnetivity (/\) of dilute podium
chloride polublonz, as published in the Intornntlonnl ﬂmﬁ.tigal
Tablea(0L), are shown in Pigurs 1A for 25%, 50°C end 2009C.
Alloving fox the pregesco of Wa0l, E6E and MgGlg in the synthetie
spa~uabor used in the covreoesion fatigue experiuvents, ond noglecting
the influonce of the emall amounbts of NaliGOy, KBpy Cn8Q, and HuSlg
involved (ef. Teble B, page 49), the equivalent concenbration of
WCl in 1007 sepmwmber 1o 921 gn/litro.  Timo, the oguivelent |
concenbratdons of 265%, 5% ond 107 Renewaler are rogpostively 1347,
278, and B9 milliformmlos welghto/litre.

Figure 2k ghowe the valuen of squiveliont conductivity (A)
ghtedned from fpre JA fox these thres goo=wabor congenbrationg
plotbed ageinot tomparaturee From thase ewyens, values of A-od

860 hove heon obtuined and avo pregonted in Talls 1A which also
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tebwlaten the values of spedific consuetdvity (R) end ppecifie
ropdativity () vhich may be oalenlated fvon the volabionship,

Q= = o= WE'
vhore, ¢ = spacific yesiotivity (olmo/onecubo)e

K = spoeific conductivity (shos/cmecube)e
N\ agudvalant conduetivity (nhos)e

C = conceniration of golute (milliformuloe -
welghto/1dtre).

24510 14,

Llactrical Comdnotdvity of . whn Sea~ilatay
.ob 80C° (Cnicuiatod ‘{i‘alu

“Becmwiter  BgvAlenE o EuLRient T ipouitie  Dpecifde
goncantra= HeOl concer  Conductive Sonduct-~ Boplatiy~

stion (%)  stration vity (A) vivity(K) ity (€)
. (milliformilae  {mhogle ahogfome  {ohmglome
P gl | e i N S et m}gg'-—*“ s m;-hﬁzzm-m
2e5 2708 0400370 270,0
s 4) P eb 280,10 000770 13040
10.8 549 290,89 Q01599 T (Re5
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