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ABSTRACT

Two solutions, ASTM.substitute ocean water and natural seawater, are used more

or less mtcn;hangcablylo evaluiite the fatigue crack growth' propcmcs of steels. Thcrc is

cvldcncc in the literature to suggesl that the for fnngne

crack growth in cathodically protccled steel (xe\w‘mer reduction) can be significaptly
* influenced by bulk solution ch:m\stry Expcnmcms were designed to investigate the

relative severity of these two solutions when used withcat cmhodxcnlly protected steel © °

. - samples. The investigation was conducted using three types of s sqwmens. welded T plntes,

v a compac! type (CT) specimens and artificial crevices. Welded T+ plutes prowdcd dum on the

mmauon and p ation béhavior of semi “‘, ical cracks. 'CT specimens were lesledlo

obmmmck gmwth rate ‘versus crack i up strcss intensity mngc data, since n is dlf fculk to.

denve sxm:lar curves fmm welded * T-plate data, The artificial crevice experiments were

combined with polarographic and scanning elecm:n microprobe (SEM) annlyses to ‘smdy

B the chemistry of calcareous deposits and their influence on water reduction kinelics. . B 2

~ The extem to which calcareous depnsns aff:cted the rate for water mduclmn wnhm Sy
xhe artificial crevices depcnded on the bulk solation chemistry and electrochemical potential

under which they formed. Magnésium rich deposits wére less cffgc_u,ve inreducing the rate

for water reduction than were calcium rich deposits. Regions of localized corrosion were

€vident on several of the specimens. A theory is presented which explains liow lotalized

| corrosion is posslble within crev:ces and cracks cathodically prétcclcd to potentials more , ~. -

i L ncgauve ;han -780 mV SCE thc gcnerally acccptcd pmenual fur.cnmplcle protccnon

v agmnstcorxbsmn A . . A




lj‘o;' the infcrmc?iate levcl_'s of crack tip st;ress intensity range examined using CT
“specimens, the two ‘scll.‘l!ions produced similar crack growth rate data. Crack pmpa_gatiqn
* rates were genetally between 2 and 2.5 times faster under calixndic protection in seawater
than in air. Significantly different fatigue behaviors yvete observed for the welded T- -plates,
Fatigue cracks initiated early within lhe spcclmens tested 'in natural seawam, but
propagated at rates close to those observed in air. Synthetic seawatcr pmlonged the
initiation phase but gave rise to cmck pmp;gauon rates that were about 2 nmcs higher than

” lhose observed in air, Thcsc results have been explained i m terms of the prupcmcs and

* \‘pmcipimtion kinetics of calcareous deposits. * -

Key Words: " calcareous dcpcsl(s. ‘cathodic pmwcnom cormsxon. fatigue, hydmgen
F emhnnlemem, seawater chermsu'y, sm] water reduction
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NOTATIONS
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" ‘seawaterhas often been téated as an i

1.0 INTRODUCTION N
| Environment-assisted fatigue is generally referred to as fatigue damage occuring
“inder the combined -action of cyclic loadingand an agngssive environment. Cyclic loading
in an aggressive environment such as seawater often results in a significant reduction in

fatigue performance compared with that obtained under cyclic loading in an inert

' environment such as air.

% E - i i
In recent years; energy shortages have generated a drive towards the exploration,

dril\'mi and production of oil and gas in offshore cnvironments. Many of the structures
used in mnnne envlmnmcnls are made from carbon and low alloy steels. Even mough such
steels are suscepnblc to corrosion faugue, they-are widely used becaise of their relanvely
low cost nnd easc of fabrication, Smce steels are subject m’%rmswq dcgradauon in marine

the loss in fatigue resi d ionn be taken into account in

engineering design. :Designers, engingers and operators must be aware of the possible

effects of environm isted fatigue on material > and must assess
the potential impact of these effects on the design, safety and reliability of offshore

structures. ~ . -

3 - ’
Before the severity of fatigue damage can be predicted for a given alloy in a marine

environment, both the metal and the electrolyte must be understood. Until recently, more

was known “about the steel” structures than about the sea'watcr»itself. Conséquem.ly. =

fluid whose p ies are well si

by 3.5% NaCl solution, In soix;e respects, scawater is surprisingly consistent wotldwide.

In open ocean waters of varying:salinity, the dbsolute co tions of the major inor ganic

ions change considerably; but the ratios of their concentrations to oneanother are constant, *




' However, in terms of dissolved oxygen salinity and pH,
seawater is irarinl;le in time, geographical location and depth. It is the intent of lhis-sn’;dy o

focus on the electrochemical processes occurring within fatigue cracks in an attempt to

how these might be i by variations in bulk seawater

i Several i ical and material variables which are known to internct

with the environmental variables have been introduced near the beginning in order that a

complete understanding of the overall corrosion fatigue cracking pr(fcss can be grasped.




2.0 VARIABLES WHICH INFLUENCE FATIGUE CRACK
PROPAGATION RATES IN STEE

In recent years, there hisvbeen amajor effort to quantify the effects of’ seawater
corrosion and cathodic protection on the fatigue behavior of offshore structural steel

- ~weldments. The pﬁm;ryconcem is with the initiation and propagation of cracks in welded .
tul;u]m sk:el inmsecu'ons under cyciic loading in marine environments. Joints of this type
usun]ly contain weld defects which initiate fangur, cracks. The presence of such flaws

eliminates much of the fatigue crack initiation pcnod and fplxgue life is governed by crack

‘propagation from a weld toe into parent metal [49]. For tlns reason, ‘the following

- discussion has been limited to include only those variables thought to influence ‘crack .”

Ppropagation in the base metal. w

Variables identified as affecting corrosion faﬂgué crack propagation behavior may

be grouped into three es: hanical, material, \and e
S < variables nclude crack fip stress intensity factor range, cyclic frequency; stress ratio and
cyclic load waveform. Material variables of signi: gth and the distribution of
suchas sulfide, i fons. The important envi variables are i

temperature,. pH dxssolved oxygen concentration, velocny of the environment and

clcctmchemlcal potential,




|

2.1 MECHANIGAL VARIABLES
. T
2.11 Crack Tip Stress Intensity Factor Range

‘When crack go:v‘v.l'nme data from a fatigue experiment are plotted on a log-log
scale, the curve depicts a somewhat sigmoidal mla‘{ionship with three distinct regions
(Figure 1, p.103). In region 1, the crack growth rate ‘gocs nsymptoﬂcslly to zero as lhe

" stress mtensuy factor range LK approaches a xhreshold value AK;,. This means that for .
stress intensities below-AK,y, there is no crack growa ie. !here\1s a fnngue/hmn ,The
threshold effect is believed to'be caused by a number. of different pmcessr,s which lead w

) crack blockmgfor smnll sn'css intensities. In region 2,\‘thc log of crack growth. fate may

" vary linearly with tespect 1o thelog of AK In fmcun'e &xcchamcs terms, the crnck gmwth ,’

Tate (da/dN) during this portion of the ion stage. has been successfi n:lmcd tothe
* linear elastic crack: tip sréss intensity factor range (AK=Kgx-Kop) according to the Paris-
equation [64]
o da/dN = C(AK)™
where * a=cracklength

N = number of cycles H
Cm = "constants" depending on ma(mal variables,
cnvn'onmem, tempemlure. frequency, etc.
For marine structures design,. the linear portion of the curve represc'mix'ug region 2
cmck‘g;row:h is most important since this is thc‘ portion of fatigue where a érack undorgoes
steady growth, As the transition from region 2 to region 3 occurs, the cratk gmwxh rate

accelerates dmmatically as ductile tearing comes into play, Crack growth in mg\on 3isof




minor for marine /l\' since the cyclic frequency and load spectra

" are usually such that ﬁnal fractun: is imminent:
’,

The analyucal expression relating cfack growth rate m the stress mtcnsuy factor is

especially useful in evaluating the fatigue behavmr of steels under laboratory conditions.
“The shgpe of the log AK vs. da/dN curve usually does not change significantly for tests in”
air, Howcw;er, tests carried out in aggressive environments often g'ivc log AK vs. da/dN

! cuwe§ wuh unusual shapes that vary significantly with stress ratio, cyclic fmquency and
lemperﬂlure In‘certain cases of environment enhanced crack growth; dxldN may mcrease
by several arders_. of magnitude for only a small change in AK and then remain essentially
comstant over some range of AK values (_lh: ‘plateau’ regime). At intermediate levels of

AK, the crack growth rate becomes 'upon. i i variable

interactions. At the higher levels of AK the crack growth rate is fast enough to be
insensitive to environmental variables and becomes pnmanly dependant upon mechamcal

variables alone.

2.2 Cyclic Frequency T c
a .

For tests in _nqueoﬁs media, the general trend has beén that lower cyclic fm;]uencies

result in increased crack growth rates for low and intermediate levels of AK. Scott et. al

651 found that the ‘crack growth rate was not signi influenged by

«variations in the range of 1 10 10 Hz, but dm‘&recr.;nsing the frequency from 10 0.1 Hz

resulted in crack growth rates about four to five times those obsé;g;d for air tests under

compax;b‘le loading conditions. In a later study, Scott et. al [1] observed that on changing

the cyclic ﬁeq;xency by adecade ata tlme., the crack growth rate chahgcd relatively slowly
% F ;




to that teristic of the new cyclic frequency. Nibbering [28] has reported & similur 3
effect. fatigue tests quormed on mild steel frecly corroding in scawater, a nep
increase in cyclic ﬁequencymsed a substantial reducnon in the crack growth rate. The
former crack propagation rate was re-established after the crack extended nn additional §
mm or 5o, Vosxknvsky et-al [50] have obsewed an :n‘ect of frequency on crack growth
rate in the plateau regime (Le where crack growth rate is indegendent of AK) of the log AK
vs. da/dN curve for steels undu cathodic protection in sodium chlorlde solution (Figure 2,

-104) Slower cyclic frequencies resulted in subsmnnnlly higher plau:ml crnck growth
rates. Muhn [32] has established & su-mlar trend for plateau crack grewlh m!cs asa
functiop of cychc ‘frequency. Several of these frequency dependant eﬂ'ecls can be‘
explained in terms of a hydrogen e_mhu!ermm mechanism and have been discussed further
under section 3.0. . ) . )

213 Stress Ratio

- nging the sne.{s ratio (R=minimum load/maximum load) has the most
pronounced effect on crack growth rte for low and intermediate levels o AK. The general
trend is an upward shift in the 'Iog AK vs. da/dN curve with MCréam in R (Figure 3,
p.105). This is true for tests in air as well as in scawater, however, t.h; relative magnitude
of these shifts can vary for tests performed in selwnel" where certain environiental
vgﬁabies can have an influence on the m;asmed crack growth rate. The locition add extent

of the plateau region appears to be independent of the stress rato, however, the

. - extrapolated threshold value of AK increases with decreasing R and, 25 aesult, the lower -
part of the pléteau becomés eliminated [12].




214 Cyclic Load Waveform

.

Scott et. al [1] investigated the relative cffects of sinusoidal, triangular, positive
sawtooth and negative sawtooth waveforms on the corrosion fatigee behavior of BS 4360
Grade 50D steel in seawater at three different potentis (including free-corrosion). The
results for the mungular and positive sawquh waveforms agreed closely with, thqse
obtained from the sinusoidal waveform tests. However, the crack growth rates established

for the negative sawtooth waveform were considerably lower. It was concluded that the

_environment only contributes to crack cxlensncn during the rising or tenisile portion of each

cycle. One observation that remained uncxplamed was the absence of a plzneau in any of the

cmck_gmwlh curves other than those generated using.a smusmdal waveform.

Simple programmed (variable low amplitude) tests have been carried out by
Nibbering [28] to investigate the damaging cffect of high loads when mixed with lower
Ioads, on the fatigue crack propagation rate for mild stecl. The wuxcf},'nh consisted of
repented sequences of a single high load followed by a number of low loads. n air, the

“crack growth rate under programmed loading was an order of magnitude lower than that for
constant amplitude lm‘adingA Under free corrosion in senwat‘cr.‘ the crack growth rate was
not signiﬁcamiy affected by the presence of peaks in the loading waveform. The large
beneficial effect of overloids on fatigue performance in air was atiributed to the
compressive residual stresses left behind at the crack ﬁ}; It was proposed that the absence

of for the tests in seawater my have been due to me

attraction of absorbed hydmgen to the cnlm'ged plasdc zone gencmtzd at thécrack dp

‘Mashn [30] has caried out a more extensive investigation into the effecl of

overloads on fnngue crack growth fate retardation in offshore steel, Crack growth ’

- retardation effects were found for tests carried out in-air as well as for tests conducted




under cathodic protection in seawater. A conskant amplitude triangular waveform with

single or multiple overloads was used in all tests. The overloads were applied. with AK

equal to the baseling AK, but witha bigher_Km“. The extent of retardation was observed to

be inter-dependant on the overload ratio (ratio of overload peak load to baselin peak load),

the mmber of overloads and the electrochemical pofential. Single overload tests cafried out
- ;

in air and in seawater with cathodic protection did not deffonstnate any significant

‘retardation effects for.smalk overload ratios. Crack retardation was obseryed to increase

with increasing overload ratio and/or i il number of overl faxil benefit for

a_given overload ratio was rea]lzed w)th about 20 overloads. However, for the tests
conducted in seawater, the beneficial effect decayed with decreasing cathodic potential until

-
a potential of about -950 mV (SCE).was reached, at which point unexpected crack arrest

: occured. A a possible tion for this peculiar it was suggested that the

absorpuon of hydrogen into rhe plastic wne at (hc crack tip might havc a strengthening
effect on the steel by blocking differerit slip T — increasing the critical
threshold AK (AKy,) for crack growth. If this were correct, then one would expect the

retardation effec aduall; mcrease rather than decrease, with decreasing potential.
f B y

Altematively 30,321, enhanced preci of ous deposits at -950 mV (SCE), in”

algare
combination yith the residual compressive stresses at the crack tip, may have been
? b : b

sufficient to lower the effective stress intensity level (AK ) below. the threshold value.

This point is further discussed in section 2.3.5. sé{ém of the cyclic load waveforms
heL‘e are also illustrate ically in Figure 4 (p.106).

\




215 Crack Depth

by crack depth, especially

Crick tip istry ¢

- where cathodic protektion is being iy Q.{u]. Jones [24] has shown that the fatigue

crack growith rate for BS 4360 Grade 50D steel under free corrosion is fastést for shallow

" cracks in the depth range 0.5-2.0 mm for low values of stress intensity range (AK< 30

+* MPa:m/2). For deeper cracks under low stress levels and for all cracks under high loads,
- cmt:,k depth did not exert a significant influence on :;uck growth rate. Hartt et. al [41] have .

~ suggested that researchers specify‘(hc crack length associated with each growth rate data

" point such that any efféct of crack length upen AK vs: da/dN curves can be realized. The

effect of crack d_ep;lh upon crack growth ;‘n(e has been éiven further attention in section
3r4. . -

- P E . .

22 . MATERIAL VARIABLES L

22.1 -Strength
{x.s the-tensile strength of the steel increases, so does its sensitivity to hydrogen

- embrittlement damage. Thus, for low or medium stength steels, the mechanism of
" hysirogen embrittlement may be less effective than for high streagth steels due to the
inmnscd ducdlxty of the material. Although srmcmm! steels are apparently immune to static

Stréss corrosion mck.mg (®y the ism of hyd ittlement) (1,6], there is no -

proof that hydrogen emlmnlcrnem only takes plai:e above a certain hardness level [6]. The -
r rte of hydmgcn entry into‘steel is thought to be enhanced by cyc\xc strain [51] and

cleavage | facets and inter-granular failure, which o isticof hydrogen




steels, have been found onfr i ination of polarized S-N

samples of BS 4360 Grade 50D steel tested in artificial seawater at -1000 mV (SCE) [66]:

222 Distribution of Impurities 2 . o

N

A study [27) intg the influence of manganese sulfide inclusions on the corrosion
fatigue of mild steel has shown that a sulphur-enriched band of ferrite exists around these
ml:hlsmns and enhanced corrosion occurs in this contaminated band. Pmmg was observed

to occur at the inclusions, mcluswn -matrix interfaces and in the pcarlmc regions due to the

and ¢ of micropits. In the case of inclusions close togethier, a
combifxaﬁon of cyclic stress and dissolution appeared to ‘breach :he Jigaments betweqn .
sulfide particles, leading to the formation'of microcracks. It ;vas deduced th‘m the formation
and linking up of these microstacks eventually lead to fracture, * »  * - © :

In natural scawater, where sulfate reducing bacteria are known to exist, m‘nnguhése
sulfide inclusions may pose a more seridus problem. These bacteria may indirectly
influence the corrosion fatigue cracking process through the production of HyS. An
accumulation of this corrosive gns within !he crack might lead to acidic conditions and
accelerate iron dissolution. Rcacnon Products derived ﬂ-om st can also poison the
‘hydrogen recombination - thereby allowing a, greater percentage of adsorbed

) hydrogen atoms to eénter the metal [5,53]. However since the sulphnr content in steel is”
minute and it is doubtful that its mxmcuommﬁf’mr_?uduqng bacteria woild be of any

sxgn]fgzmc,e v r .




. L 23 ENVIRONMENTAL VARIABLES

231 Temperature
= The effect of scawater temperature on the corrosion fatigue crack growth rate in
4 structural steels was investigated by Vosikovsky et. al [12]. Under free corrosion, crack
growth rates were reduced by a factor of two on changing the seawater temperature from
. d 25°C to 0°C: Under cathodic protection, only the plateau growth rates showed a .

temperature-Hependance. The phiteau growth rates weré bout four times lower for a

“CpETATIE-OF 0°C R Tor 25°C. These trénds shoum'nmhcume ds & surprise since
anodic di [52] and hydrogen fon [4,25], the two isms thought to be’
ot ' ponsiblé for environment enhariced fatigue crack gréwth in these steels, are both
o accelerated by temperature m\auses - ~ . .
o = o . _ ) )
‘232 e y ) ; :

Fatlnwufbon melsunde:gmngﬁee wmsnmmsodmmehlmdesoluuons.lh«e
TN, ¢ lslmpidmcmueh\lhenleofcrlckgxowthlsdlepﬂfdkbelw4mdlslgnxfunl .
decrease gs it rises-above 10. At snfﬁnenuy -high pH values, a fatigue limit reappears on
the S-N curve (plot of stress vs. numbexofcycies to failire) for mild steel in 3.5% NaCl
7o . sohmon (5] O!lnpn; the pH in the range 5-10 hls lm.lecr no effect on the wrms!nn .
fnngne crack growth rate [15,26).

& L " %

There appears to be little pyblished information eom::mi.ng the influence of bulk pH,

)
on the fatigue crack gmwll{ rate for stecl under cathodic pro(:cdpn. Cathodic pmwcl&on




has, howev‘er, been shown to'produce very alkaline conditions within fatigue cracks
{9,32,47]. The solution pH within fatigue cracks was discussed under section 3.0.

233 Dissolved Oxygen Concentration

The presence of dissolved oxyg:‘n is one of the key elements responsible for the
faster fatigue crack growth rates observed for cuno;ling steel in seawater as compared with
steel in air. Tests on mild steel in 3% NaCl solution have défnonsmted that de-aeration can

restore the fatigue lif¢ to that observed for comparable air tests [14, 1_5]. The corrosion rate

in the aerated solution was cdlculated as being 100 times greater ma;\ that in the de-acrated ’
solufion [14]. Scott et. al {65] tested compact terision specimens, niac"mned from BS 4360

Grade 50D steel in'a natural seawater environrent at oxygen levels of 1mg/l and 7-8 mg/l

(a;ir saturation). It was found that the reduced oxygen level gave substantially slower crack -

growth rafes under free corrosiop conditi bm\udno' i effect at
‘more negative than -800 mV (Ag/AZCI). ‘These results lend support to the belief that nnodu:

dissolution may be the predominant cause of enhanced crack growth at the free corrosion

4

" The lack of dependence of cm:k growth rates on dissolved oxygen content at’
potentials mm‘c negative than -800mV (Ag/AgCl)is quexuonlbkh is well known thatin

. -
mwater,cadlodlc ization causes the precipitati ofanh-nluhl- cous scale on

Lhe steel surface. Higher canccn(rancns Qf dxssolved oxygen resnll in higher current

\ densities which, in tun, enhance pmclpmuon af the scale. This scale then hmns the rate at

which addmonll oxygen and/or water lmlecnle: may dlmlw to ﬂ% metal surface for
' *reduction and the cathodi density is ! rednoed.l’edmps for steel under




cathodic protection in seawater, the cheinical and physical properties of these deposits may
N

 establish thé rate for water reduction on the fracture surfaces and, in turn, influence the

extent of localized hydrogen embrittlement damage ahead of.the crack tip. The role Mﬂl
calcareous deposus play in‘the faugue process is treated with greater detajl under section

4.0. . F

i

" 234 Velocity of the Environment

. The relative velocity between the steel and the environment has been shown to have .

a éigﬁiﬁuam influence on the fatigue. crack propagation rate for, steel under cathodic

. protection in seawater. In general, crack gxﬁw!h rates tend to be fa; : in sxagnanf seawater

than'under flowing conditions, especially for déep cracks [67] One could reason that the
faster crack growth rates observed under stagnant conditions could be due to the

preferential reducdon of water within the fatigue crack ofice dissolved bxygen becomes ’

. scnrce A fresh ‘supply of soluuon to the crack-tip region, on the other hand would favour -

lhe oxygcn reducnon macﬂan and hydrogen adsorption onto tife ﬁ'actu!e surfaces would be
somewhat less. The n:s\\llvs of hydrogen permeation experiments on BS 4360 Grade 50D
steel in 3.5% NaCl solution have shown that de-acration promotes hydrogen a‘hsorption

into the metal [3’7]. Appmén}ly. the strongly adsoxbad’_oxygén.molecules cause some

hydrogen to be dischiarged on the surface of the adsorbed oxygen layer rather than on the

surface of the metal [68]. Conscquc:u.ly', l.here‘»is a’reduction in the amount of hydrogen

. entering the metal. * . >




" 235 Cathodic Protection

It would appear that there is little concurrence in the corrosion fatigue data

for offshore ¢ | 'steels ;subj to ¢athodic protection in marine
environments [6.7.12,13.14.15].\ It has bc.en reported that polarization m'just below the
. f{ec c:{rmsion potential ( ie. polarization to 720 mV vs..SCE) reduces the fatigue-crack
growth rate, but does not restore gi;c fatigue life to that found in air tests [6,7] (Figure 5,

p.107). This sn'gm increase in fatigue life has been attributed to a reduced.contribution of
& . T

anodic di ion to crack ion. However, ization to more negative-po!

has been shown to cause the fatigue crack growth rate to rise, especially undet relatively

high ranges of cyclic stress intensity [15,25]. In addmon, tests performed at very negnnve '

potentials and low cyclic stress ranges have pmduced fatigue cnck growth rates tht are

. qcmn!,ly slower than those derived from corresponding air tests [.12, 16,26]..

This apparent discrepancy can, however, be clarified.” Several researchers .

'[1,10,12,16,31] have explained the slower crack growth rates measured at low stress
Jevels under cathodic protection-in seawater (in comparison with those mcasured in air) to
be caused by a reduction in the ‘effective' stress intensity range, bwughl abou:
'wedging open' effect due to the’ pmcipiyédén‘of calcareous deposits inside the mouxh of the
. crack. The calcareous deposits were observed-(o cause the minimum value of measured
 crack opening to increase while the mxix;lum value remained virtually unchanged [1]. It
" has a.lso been suggested tha; galcareous deposits mighzcxen'a strengthening influence in
lhe crack tip vicinity [16] At the higher stress levels, the rate of calcareous deposmon is
nm fast’enough to kecp up with crack exunsmn and AK i is unaffected. Also, the plnsuc

zone ‘generated ahead of the crack tip wnll be larger and-more sensitive’to hydrogen
, &




- - »

“embrittlement. The net effect is a substantially faster crack growth rate at the highu stress

levels when cathodic over-profection is being employed.




. 3.1 Potentiikand pH Profiles

3.0 ELECTROCHEMISTRY WITHIN FATIGUE CRACKS

A knowledge of the electrochemistry within fatigue cracks under different
combinations of bulk solution chemistry and environmental parameters is crucial to

defining the i ible for the fatigue crack growth rates

observed for structural steels in aggressive solutions. The electrolyte within fatigue cracks

can become modified relative to the bulk solution when there is restricted diffusion and

solution pumping, as a consequence of cyclic loading, is insufficient for complete renewal

of the crack electrolyte. Recéntinvestigations [6,9,32,45,47] into the relationship between
crﬂc.k_vinmrio} €lectrochemistry and crack growth rate have lead to the dcvelopﬁént of

‘micro-electrodes for the direct measurement.of pH and emical potential within

mig‘nc cracks. The following discussions. will focus on the solution composition and
electrode potential within (1) fatigue cracks undergoing free corrosion and (2) fatigue
cracks under cathodic polarization in sodium chloride solutions, artificial scawater or

natural seawater.

.

3.1 ELECTROCHEMISTRY UNDER FREE CORROSION

Fatigue crack tip potential and pH measurements for structural stecls undergoing

free corrosion in marine environments are scarce. . Based on available experimental *
g B < 5 i e e

and idering the is of ferrous ions only, Turnbull [45] has

estimated the minimum pH possible in cavitiés of structural steels at the free corrosion

potential to be not less than 6.6. However, for steels containing chromium, lower values




of pH,in the range 0-3, are to be expected since the equilibrium constant for the hydrolysis
of ch;oi‘ium ions is much-farger than that for ferrous ions [25,41,;5.48].
— .

" Potential mea’surem:ms within artificial crevices [48] simulated cracks [11] and
static fatigue cracks [9] indicate that the cracﬁ tip potential is usually wit’hin a few millivolts
of the external surface potential. Scott et. al [1] have observed the potential at the crack tip
of a freely corroding specimen, under cyclic loading in natural seawater, to be as much as
60-90 mV mére negative than the external potential. The crack tip po(eniial was also
abserved to vary periodically with the load cycle, moving in the posiive dircotion as the
“crack .opened, Hodgkiess et. al [9] found.that during load cycling in artificial seawatcf the
exlemnl pmmual was' slgmﬁcanlly (>100 mV) more positive thar dm near the cn{ck tipat ~
the beginning of the experiment but gradually After2:3 days, the two potentils

usually-remainéd very close, but the surface potential was always slightly more negative

. than the crack tip potential. ‘This behavior was attributed to the gradual build-up of

—corroslpn products on the axwmal surface, msultmg in_a higher degree of polmuuon of

the oxygen reduction reaction. ' &

“ As a part of the same-study [9], ess et. al'moni the crack tip pH for

static and load cycling conditions. For the case of zero-load, the crack tip pH was usually
between 6.3 and 7.0 (as compared with 3.2 for the bulk solution) at the start of the test but
evemun!ly rose to values sl'ig_h!ly more, alkaline than that for Lﬁg bulk seawater. A similar
"trend in the crack tip pH was observed under load cycling. Values of crack-tip pH in the,
rmée 6.8-7.2 were mon‘!eg dur!ng the first few days and values were usually in the range

89 However, signifi i imes, occurred and an increase in

cnék-ﬁgpoicnﬁnlwas always ac;:vmpinied by a drop in crack tip pH.

¢ 5 ,
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312 Mechanism of Anodic Dissolution

For fatigue crack growih under dissolution control (i.e. corrosion fatigue), the
m«-,‘chanisdc requirement is enhanced corrosion at the gm(i'ng cmci( tip compared. to
relatively passive conditions on the crack walts [11]. In corrosion fatigue, the crack tip
undergoes plastic cycl?c strain [69] and plastic tensile deformation has been shown to

enhance dissolution at high strain rates [35,36].

Increasing the salinity of the corrosive environment will, -Snder certain conditions,

increase the corrosion fatigue crack grov}th rate [15]. It ‘has been suggested that.a local

decrease of the yte pH, as a of is within the crack, will give
ﬁsé to enhanced dissolution [32,41,49]. However, Tumnbull et. al [46] have shown that
changing pH in the range 5-10 has an insignificant effect on the rate of anodic dissolution
for BS 4360 Grade 50D steel in sodium chloride sn}uﬁons. This observation is consistent
with the fact that the corrosion fatigue crack growth rate is not significantly affected by pH
changcs in the range 5-10 [15,26]. It would appear that, for 1he case of free corrosmn,
some other factor is influencing sl\odnc dxssolunon' ‘and the rate of crack propaganon The
stability of the protective oxide film (Fe,Oy or Fe30,) formed at the crack tip could be the

controlling factor. A necessagy cnndiﬁon for continuous crack propagation is the repeated—

‘ ‘fracmre of this film. Yneldmg of the mual at the crack tip is consxdmd to assist dissolution

" by i mcrcas\ng the number of active sites on the dissolving surface [35]. When a metal

plastic o i shp steps m the surfacé grains providg a clean

new surface upon wh|ch electrod; r;}?cnons may readxly .take place. If the rate of
mechamcal rupture of the oxide film'is adequm to allow long term local dissolution of the

bare metal generated at the crack tip, an enhanced crack propagation rate will result

[25.35 36,49]. “If, hqycvcr. the plnsuc sn-ummg rate is very high, mcchnmca&fng/g‘u’e \
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damage will mask any contribution of dissolution to the measured crack growth rate [49].
Atvery low oxide breaking rates, two diff: are possible, depending on the

crack solution chemiSiry, but both will lead to crack growth retardation or even stoppage
.[35,36,49]. For neutral conditions of pH and low concentrations of aggressive,
anions,, pamvnnon mny sbprpl!ss any significant anodic mvﬂy ‘Where acidic conditions™
exist and/or an nbnndum of aggressive anions are present, conditions will favour pitting

and it is more likely that crack tip blunting will occur [49].

Psl:l [36] has invbslféa!ed the influence of chloride ions on the cyclic strain-
enhnnced digsolution behavior of mild steel in the pH range 1-14. The results suggest that,
atpH levels wharc films are hk:ly to form (pH 8- 14), the extent of rhssolumm will depend
upon dneghhlyofthmmwmtonffectﬁ]mmb:htyndmrdmndmuhmymfacdmmthe
rfemoval of metal ions from the steel surface. For pH in the range 1-3; dissolution was

observed to increase with it 3 cycling, indicative of active site

However, changing the chloride concentration did not have any appreciable influence on
dissolution for this range of pH. As the solution pH was raised above 8, considerably
lower dissolution rates were observed for chloride concentrations less than or equal to
0.4% NaCl than for chloride concentrations greater than or equal to 3.5% NaCl. Evidently,
for pH in the range 8-14, the surface film was not significantly wukened at low chloride
levels whereas the pmlecﬁvé quality of the film ;lll,i deteriorated considerably by the
adsorption of a large number of Chlm:idt; ions. - .

‘Tests [35) carried outin 0.5 M uqueous wluuons of various, aggressive anion8, in -

the pH range 3-14, have demonstrated that sulfate ions cause even gmalcr srmm-cnhanced

dissolution effects than chloride ions, whereas a nitrate solution exerts a lesser disruptive
. »

influence on the oxide film than does a chloride solution. _
<
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313 Hydrogen Embrittlement at the Free Corrosion Potential

Itis difficult to assess the relative importance of metal oxidation nnd'hydrogcn ion

reduction on crack propagation enhancement in steels held neat the free-corrosion potential.

Although both isms may be th i possible, under the conditions of
crack-tip pH and potential outlined in section 3;.].1‘ it is uniikely that hydrogen
embrittlement will play a significant role .{n the crack propagation mechanism. ’
Measurements [32] of hydrogen uptake in 50D stéél undergoing free-corrosion in symhe‘li}/
seawater support this ccn!enﬁqn4 Eyen under anodic polarization with high corrosion rates,
an insignificant amount of hydn;gcn entered the metal [32]. Also, discontinuous crack
propagation behavior, which is indicative of a hydrogen embrittlement mechanism [25], is

seldom observed for structural steel in the absence of cathodic protection [26].

314 Effect of Mechanical Variables on Crack Solution Modification

The alternate operiing and closing of a fatigue crack results in the pumping of

;olution into and out of the crack: Parkins e, al [11] have emphasized the importance of
erack solution renewal i‘p susminiﬁg cx?ac:k growth. Crack gr?w(h by a mechagism of anodic
dissolution or hydrogen assist will only continue if products areremoved n(ld reactant
depletion does not occur. Otherwise, local changes in the solution at the crack tip will
suppress further reaction. In the other cxtrer;lc, excessive pumping will retard crack

- solution modification and this will also suppress carrosion fatigue crack propagation. The
melan stress level, cyclic fr!qu;ncy and crack len‘glh all influence the pumping‘aclion and

can have significant effects on the extent to which the crack electrolyte becomes modified.

w




A model developed ‘by Hartt et. al [41] to predict the influence of each of these
variables on crack solution modification pn?jwled mixing to increase linearly with
increasingfrcqu?ncy and to increase with the cube of crack Ieng{h Mean stress levels that
‘allowed crack closure during a portion of the cycle (i.e. low R ratios) were also projected to
increase mixing. This is to be expected, since at low R ratios, the crack is practically

emptied for each cycllc. v

Turnbull [43,44] has a theoreti on of the oxygen
within fatigue cracks at the free corrosion potential in a'marine eaviropment. Fot'a given
crsck-lengm, increasing AK (ccns-m\m R) or decreasing R (constant AK) was predicted to
iincrease the concentration of dissolved oxygen within the crack. The oxygen concentration
at the same distance from the crack opening was predicted to be greater for longer cracks. «
However, d,c oxygen concentration at a given distance from the crack tip was pre.diczed to
decrease.as crack length increased. For values of the mechanical and environmental

parameters of practical relevance to offshore struchires (low AK, high R and £<0.1 Hz) the

crack was calcul to be almost d d.

" The above predictions are in rélatively ‘close-agreement with experimental

obscxvitions. Gangloff [42] has noticed a decline in the environmental copponent of

" fatigue with i ing AK and has that the crack becomes less

aggressive wi{h icreasing crack opening. For constant AK, corrosion fatigug cracks were
obseived to gruw fastest for a cnck  depth of 1 mm-and decm:se by up to an order of

magnitude for both shorter and longer cracks. This effect was explmned in terms of the

" oxygen concentration within the crack. Oxygen reduction at the crack tip was reasoned to

inhibit corrosion fatigue by preventing crack acidification and mqucing adsorbed hydrogen
coverage and embrittlement. Dissolved oxygen was lh;)ughl to be supplied from the bulk
S )




solution to the crack tp by diffusion for very short cracks (<1 fm) and by convection ro/] )
long cracks (>5 mm). Intermediate lengtl\ cracks (1 S/nm) were Believed to be depleted of

oxygen. o ) °

Exwemely low cyclic frequencies will often lead lo crack nn‘est‘ either by
passivation [35,36] or crack tip blunting [49], The effect of i increasing cyclic frequency on
masking the environmentl contribution o corrosion fatigue erack growth is also well
“recognized. High cyclic frequencies generally give crak gowrh fates that are close (0 those
observed for tests in g [26] (Figure 2,.104). One group 'of researchers (40] have shown
that corrosion fatigue cracks in _su-ucmral steel could't?e retarded or even stopped when |
fatigued in aerated seiwater at 10 Hz. The responsibie siscHihisih Was Gorrosion prodict
wedging which causes crack closure, thereby reduting the stress intensity range, AK. The
extent of corrosion product build-up depends on the rate of oxide precipitation which, in
tum, is controlled by the concentration of oxygen in me:viéiqi(y of the crack opening. The
supply of dissolved oxygen depends on the frequency of the applied load, Crack growth
retardation due to oxide wedging does not occur m structural steels in seawater for

frequencies less than 1 Hz [40]. .ot
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32 ELECTROCHEMISTRY UNDER CATHODIC PqLARlZATION
3.2.1 Potential and pH Profiles ‘
Th}c seems to be | i g among that the ; ly

within faﬁéue cracks under cathodic protection becomes alkaline relative to the bulk
solution [9,22,32,42,45,47]. Hodgkiess et. al [9] havje measured the pH in static fmigil‘e
cracks and in cracks under zero compression loading, low—AKlléad cycling and high-AK
load-cycling for a range ‘of ex.lemal pole‘mials (-800 to -900 mV vs. SCE). In all cases, ;he
" erack interior pH VB.[IICS' Tose to between 11 and 13 within a 2L-4 day period, Turnbull et. al
[47] have developed a @;\!hcrpaﬁcal model to p‘mdicl the pH and'potentiz’nl proﬁleé within

fatigue cracks in structural steel c'mhodica}ly protected in seawater of different bulk solution

and have ed their predictions with éxper . . For
ASTM seawater at 5°C, the model predicted pH values at the crack tip to be within_the
range 10.6<pH<10.9 for potentials between -900 and -1000 mv (SCE). but signifi icantly
different pH pmﬁles were expected. The pH was foreseen to decrease more rapldly with

distance from t.hé mck tip as Lhc external polenual was rnade more positive. The crack tip

pH measured at -800 mV (pH 9.8) was slightly lower than that predmed by the model (PHs

10.2) for the same loading conditions. It was thought that a-small amount of dissolution

and hydrdlysis might be ible for the slightly lower pH actually observed

at this i)otendal. The crack tip pH measurements made at -900 and -1000 mV (SCE) were

considerably greater (as much as one and ‘'one-half points l';igher for & AK of 10 MBa:m!/2
@ ? 5 o ©

2 -1000 mV) than the predicted values. This di was attril to the di
\

ﬁs‘ocimed with effective ‘modelling of the buffering processes that occur in seawater.

v

L.




Turnbull et. al [47] found good agreement between predicted and.experimentally

measured values of crack tip potential for external potentials more positive than or equal to

-1000 mV (SCE). For a crack 15 mm in length under load cycling with' AK set at 20
MPa.m!2, R¥0.5, f=0.1 Hz and T=5°C in ASTM seawater, the mean potential drop
ranged from about 17 mV at -800 mV- (SCE) t(v;at;out‘ﬁs mV a-1000 mV (SCE). The
mean potential drop measured at -1100 mV \vs SCE (ca. 140 mV) was slightly larger Ll:nn
the model anticipated for the same pmenual (ca 100 mV). The potential drop was pmdmed
‘to decrease as a result of increasing euher AK or R snd to increase with i mcrcasmg crack
depth or cychd frcqucncy The enhanccd pol:ntml drops obscrved at very negative
potentials (<-1000 mV vs. SCE) by Turnbull et. al [45 ‘47] and mhers {11,34) are lhoughx

tobea ! f hyd.rogen gas ion within the crack,

The ¢rack tip potential mcasurgmems made by cthers 9. 22,32] are in rensonnble
.

agreemcnt wn.h the above model pn:dxcnons Hodgkiess et. al [9] récorded polenun) dmps

. of up t0.50 mV in unloaded fatigue cracks polarized to potentials as negative as -900 mV ,

(SCE), but the énrrntial i were iderably lower under low-AK cycling and
were negligible.for high AK values. Maahn [32] has reported pc;len,linl ;irops of the same
magnitnde as those observed by Turnbull et. al [47] for similar c){pcrimemﬁl conditions and
has shown the potenual dmp to decrease with i mcreasmg AK or R. However, Maahn [32]
has o})§crvcd the potential drop mdccreasc slightly wnh mcrcasmg freqm:ncy Harttet. al
' [22] have:made potential drop measurements within simulated fatigue cmcks m\3.5% NaCl
solution and, natural seawater. The poteritial profile within the simufated crack was
observed to swﬁpn and the potential drop to increase with more negative poteritials or with

increasing cyclic frequency. ' <,

P
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The ctack tip poten.tinl has been noted tavary sinusoidally with the fatigue cyclej
[22,32;47], it being mm pos‘ixi’\;e and giving rise to the largest potémial drop with the
-crack'iri its most open position [22]. It is possible that, as the crack opens, the ingestion of

! dissolved oxygen acts to depolarize the crack surfaces [22]. T rise in-cathodic reduction
) . cvu‘rrcm flowing into the crack is thus able ;o increase the IR dr'up even though the ohmic

# -
resistance of the electrolyte isreduced. -, 3

R T -
322 Mechanism of i l

‘When steel is polarized cathodically in aerated seawalér, two reduction reactions

 oxygen reduction and hydrogen reduction. Elbeik et. al

occurs below -630 mV’ (SCF.)1 ‘whereas _hydmgen reduction does not begin until the

potential of the steel is made more negative than -720 mV (SCE).

Hydrogen reduction is possible via two ziiffq':nl mechanisms, depending on the pH"
of the solution [3,57]. Under gcidic conditions, the reduction of hydrated hydrogen protons
S -+ v H0t 4 e ===> Hys + H0 )
k : ) e v
is the charge transfer process responsible for hydrogen adsorption onto the steel surface, In .
neutral o alkaline soludo‘x}s', as is the case-in-seawater (bulk pH 8.2), the reduction of HyO
speciesﬂnuler reduction) 3 .

"HO + e

Hys + OH:

-




e

" is energetioally favoured{3]. The.adsorbed hydrogen atoms produced by this reaction may

recombine to form hydrogen gas molcmﬂes, enhe.r by the chemical Tafel reaction

: H.u; + H-d;

==2> H, ©
or by the electrochemical Heyrovsky reaction

Hags + H,O + e ===> Huo'-# (_)}j E

Daft e, al [57] ‘have shown ll\m both of these recnmbmnnun redctions occur
simultaneously on iron elgcﬂodes. Of course, the adsorbed hydrogen atoms fomed asan
intermediate-in the discharge stép Could, instead of rccombinirig to form hydrogen gas,
diffuse inté the steel. Once absorbed into the metal, atomic hydrogen may diffuse to the
highly stressed ylasuc zone located ah:ad of !hc crack up where recamhmanon could rasul(

in localized dnmage

g ' g CT

Any process that produces atornic hydrogen at the surface of a metal will normally
induce c;msidefable hydrogen absqrption into the metal. When steel is charged
cathodically, there is an equilibrium balance between adsorbed atomic hydrogén on the

external surface and hydrogen atoms in solution in the metal. A similar equilibrium exists

between hydrogen ndsorbcd on internal surfaces and molecular hydrogen formed in

[70]. For !he nummrjy in stecls, this

°

pressure could be as hlg)l as 200,000 psi [58]. When m(crsmlnlly dissolved hydrogen

atoms come into contact with an internal surface; they will tend to diffuse out and -

+ tecombine to form molecular hydrogen until the pressure of the gas has reached a value in

equilil;rium with the remaining lattice hydrogen. When the internal. surface is locdted deep »

within, the large mass of metal surrounding the defect prevents significant: plastic

deformation and crach‘qg results [58]. © ' .
of Y .

.
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would seem highly unlikely that significant anodic dissolution could oecur by the simple

With reference to the crack tip potential measurements outlined in section 3.2.1, it

. mechanism

b

Fe ===> Fel* + 2e

for external-potentials more negative than abour—.s()o mV vs. SCE (complete corrdsion

protection is possible at potentials more negative than -780 mV vs. SCE) and, hence.,
. hydrogen embrittlement is probably thie dominant mschaixism operating to produce the

enhanced crack gngm rates often observed for structural steels under cathodic pmm:tion'

‘in seawater,

Evidence in support of a hydrogen if ism for the

fsliguc‘érack growth rates found in structural steels under cathodic protectiqn in marine
environments has been accumulating rapidly in }éoem years. To bcgin.»'vim. it shoul}l be
pointed out that the hydrogen embrittlement mechani;m associated with fluﬁgue cracking is '
a time-dependent phenoMa. The sevcrityaf hydmg;:n embrittlement in. steels is highly
- dependant upon the rate of diffusion of hyd.n;gcn into the tri-axially: stressed region ahead
of the crack tip. It has been argued that the maximum eﬂ‘ect of thexenvironment on the crack
growth raté wxll not be seen unless sufficient hydmgen has had time to accumulate in lhxs
region of high tri-axial - sn’ess [39]. Consequently, the influence of absorbed hydrogen
atoms on fatigue crack gmwth behavior wﬂl depend on crack growth per unit time ra!he;

than on crlck gmwl.h per cycle.

’ ( ]
The var_inﬁons in plateau crack growth rates (i.e. crack growth fate is independent
“of AK) with . and with cyclic observed by Vosil y et al. [12.50]

are well explained in terms of-a hydrogen embri i iKovsky et al.
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dcmo‘nsn‘ated that slower cyclic frequencies [50} and warmer temperatures [12] both result
in subgtantially higher plateau crack growth rates, As the cyclic frequency is increased, the
rate of supply of adsorbggl hydrogen beenfnes limited at lower values of AK b;ca;nsevcrack
growth is faster on a time basis. Since hydrogen adsorption [4]_. absorption [71] and

diffusion [53] all increase with lcn;peralure, a higher plateau crack growth rate would be

, expected at room temperature than at 0°C. Cottis et. a] [53] have shown that the hydrogen
. permeation current for 2 low carbon steel approximately doubles fof every 10°C.rise in

" temperature. It is probably no coincidence that Vosikovsky et. al [12] have measured

plateau growth rates for i polarized steel imens that were about four times |

slower at O°C than at 25°C Hence. with ing testing or i

strain rate, hydrogen d:ffusnon is less able to keep up with the pmpag{nng crack’ from and

the severity ‘of embrittlement decreases until it is not observed atall [25].

Scottetal. [1] ized that hydrogen i could be an important factor

in fatigue cmck growth behavior and suggested that, fc;r).he case of pla(eau crack growth,
the supply of hydrogen becomes rate limiting. The plateau rates of crack growth were
correlated with the cathodic proxccnon potential and it was concluded that the
hydrogen/water reduc'l.ion rcn’c(ion, under activation control at the crack tip, was the
imp:;mm rate determining su.cp. ’l'h‘:- effect of gyclic .frcquency on crack growth rate was
also studied. It was obéerved that on changing the, cyclic frequency.by a dé:adc atatime,
the crack gr’owlh rate changed relatively slowly to that characteristic 'of‘(hc new cyclic
frequency. Th.is phenomenon was attributed to the time-dependence. of hydrogen diffusion
ahead of the crack tip and the resultant size of the err;bﬁ(ded plastic zone. The slower the
cyclic freguency, the slléna llim crack extension per unit time and the M the average

diffusion distance for hydrogen ahead of the crack tip. After a decade increase in cyclic

'fm&iuency, it took between 1 to 4 days for sufficient crack extension w_re-ldjuul ll_le
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embrittled zone of material to the condition normal for attainment of the characteristic

fmi‘gn‘ie crack growthrate, -

A more recent i igation of the rate and ism of fatigue crack growth for?

steel in distilled water and in 3.5% NaCl solution, by Tong et al. [4], lead to a similar

conclusion, In distilled water, the diffusion of absorbed hydrogen atoms was reasoned to

be the predominant factor congrolling Iadgue crack growth, In 3.5% Nacl solution the - -

afiraction of chloride wns to hydrogen atoms é the hydrogen ion c .

reucuon and this was. lhmxgh! to make hydrogen reducuon ‘more difficult than d\ffusmn of
atomic. hydrogen through the metal. .

of the fray urf pmduced infatigue specm:ens of

structural steels catfiodically polarized in seawater provides additional evidence [30,39,661.
Scott [39] has found numerobs cleavage planes on the fracture surfaces of cathodically

protected BS :1360 Grade 50D steel specimens, corresponding to AK values between 10

. N
and 30 MPa-m!/2 (where ‘plateaus ‘hormally appear). -Maahn [30,32] has reported that

lowering the protection potential from -800 down to 1200 mV (SCE) increases hydrogen
. uptake by a factor of about 25 and hgs associated the higher crack growth rates obscrved

ials with an i il brittle fractire of

for more negative thodi P

fracture surfaces.

323 Effect of Mechanical Variables omCrack Solution Modification
The relative effects.of mechanical variables such as crack depth, crack tip stress

intensity 'range', stresd ratio and and cyclic frequency on solution pumping, outlined in

secﬁon!d._?oforfa’tiguec@cks n ing free ion, will not be dissimilar for fatigue
cracks propagatirig under the influerice of cathodic protection. Hovwever, under

' o
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I s N
of extenal polarization, the crack electrolyte will be modified differently. Under free

corrosion, anodic di ion followed by is of ferrous ions will tend to make the
crack solution more acidic than the bulk seawater. Renewal of the crack electrolyte wilbact
1o increase the pH and maintain it slightly below the bulk solution vaiue. For potentisls
more negative than about -800 mV (SCE), significant dissolution would not be expected )
and. eniinm:ed oxygen and/or water reduction will tend to make the solution within the crack
more alkaline, The effect of sqlution pumpmg. in this case. will be to reduce the pH of the

crack eleclzolym . <

J lt can beconcluded fm \section 3.2.1 that, for

‘ to fatigue cracks in servme, th pH of the crack electrolyte is lyplcully in the range 10-13,
.Turnbull [46] has shown |hat 4“ rate for water Teduction is not significantly affected by
changs i in pH for pH values, Irs than about 10, but that the current density for-water

" reduction is reduced subsmgﬁahvwl\en t.hcpl-hs raised above 10. lefzctdunbemneﬁx

water: i xsva-y it iati ianundcr

present in fatigue cracks is an nmpumm consideration whén nudymg the influence of
hydrogen _eml_mnl:menlon fatigue crack growth rate. Tumbull [47) has assessed the =
relative importance of bulk sulee charging, in comparison with charging through the
. cracktip and crack faces, on the concentration of hydrogen that has diffused into the plastic

+ zone. It was concluded pm. for potenua]s more n:gnuve than about -1008 mV (SCE),
bulk chm'gmg supplies the majority of ammlc hydmg:n to the plmdc zone nnd at more
pusmve potentials, crack tip charging begins to dcmlnnte Of coutse, allcmnom to any of
the vmnbles wh\ch affectthe exum of crack solution lmxing may msull in chunges to dle
crack tip pH nnd/wr potenml and influence the relative lmpmmwc of these two llydmgcni

sources.
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“The concentration of dissolved oxygen in a fatigue crack is also influenced by the
extent to which the solution is pumped. Dissolved oxygen has, in turp, been shown to

affect the rate for hydrogen fon into steel mé imn in 3.5% NaCl

solution. De-aerated solutions of sodium chloride were found to- pm;nov.e hydrogen
absorption [37]. It is possible that, with relatively high ccm:‘cnmﬁons of diuolv‘ed oxyge"h
present, hyd}ogen isreduced on the surface of an adsorbed ox.yg:n layer rather than on the
surface ofithe metal [68]. It has :;Iso been ;uggest;d that, as the concentration of ﬂismlved

oxygen inpmnsés, adsorbed hydrogen coverage is reduced and oiygen reduction becomes

- the principle cathodic reaction [‘}3]. This ion is consi: with the tion that
fatigue crack growth fa(es are usually much (aster under s{a@aril_condilio;ls than in
\ﬂowing, fully aerated seawater, wher‘l caﬂllodi‘c' pmtecﬁo_l"l‘ is |\n£lcr employment [67].
Where ghe oxtemal control potential is mors positive than 180 mYV (SCE), the strong
depolammg effect of dissolved oxygen, ingested into the crack with each cycle, might

incmasc the IR dmp down the crack length and enhance dissolution at the cruck tip (22].
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40 CALCAREOUS DEPOSITS L /
41 WHAT CALCAREOUSDEPOSITS Aimﬁ;v’ujn-my FORM
. 2

The cathodic reduction of dissolved oxygen and/or water ‘molecules on steel
surfaces acts to increase the pH of the electrolyte immediately adjacent to the metal. The
reason being that both of these reucltiqils Tesultin the production-of hydroxyl ions (Figure
6,p108) ' S

= 0+ 2M,0 + 4¢ ===> 40H-
HO + ¢ ===> Hy; + OH

- In seawater, an increase in pH for the electrolyte adjacem to a stecl surface also

results in the formation of hard, dense mineral deposits (commonly termed ‘calcareous

deposits"), rich in calcium and/or i ‘The reactions i \for these deposits

are’

==>"CaC0j ppe

SrCO; ppe
2 CO* + Mgt ===> MgCO; ppi
20H + Mgt ===> Mg(OH); pp

P % ¥ o \
Based on solubility product considerations, it has been shown that with incrc?glng' .

PH, calci ipitates first, followed by il then
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carbonate and finally, i ide [59]. ium is present in seawater in very
.\mnll concentrations [61]. Thus, only relatively small amounts of strontium carbonate

usually appear in calcareous deposits [59]. In seawater, calcium carbonate is much less
soluble than magnesium carbonate or strontium carbonate [17] and is expected to precipitate
preferentially when the pH of seawater is raised slightly above its ambient value. However,

the kinetics iated .with the nucledtion of calcium can be sluggish under
certain conditions and predictions based on ynamis i ions may nat be
accurate. E R

42 CALCAREOUSDEPOSITS AND ENVIRONMENT-ASSISTED FATIGUE

“Several researchers [1,12,16,31] have measured fatigue crack growth rates at low
stress levels under cathodic protection in seawater that are acn‘mlly slower than the rates
measured in comparable air tests. It hag been reasoned that a reduction in the 'effective’

" stress intensity mnge."due to the precipitation of calcareous deposits inside the crack, is the
mechan_&sm responsible for such crack growth retardation. The calcammls. deposits were
observed to cnusc the crack upeﬂing load to increase while the maximum value remained
virtually unchanged [1,31]. It has also been sugges(sd that calcareous “deposits xmgh: exert
astrengthening influence i in the cmck tip viclmuy [16]: :

- Itis possible t.ha_t a third ism may also be stributing to c;'ai:k growth
retardation under cathodic profection at low vulnes of crwk tip stress intensity range, AK.
‘The deposition of insoluble mineral deposits on 1 the crack walls could lead toa depletion of ,
reactants (e 8 wn\eﬂ at the metal surface, Less ndsm'bed hydrogen on me crack faces
would mean 8l slower dlffunon rate for hydrogen i into lhe thetal and lcss dnmage bmught :
about by the' i of hydmgen X i (Figuré 6, p.lpzz).

e
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_The effectiveness of calcareous deposits in limiting the production of H g, on the
crack surfaces will depend upon the 'quality’ of the mineral deposits formed there. Even

though calcareous deposits have been generated under the influence of cathodic protection

for years, until recently, relatively little information has been publi ing the
delicate relationship existing between deposit properties and the conditions under which

they form. Temperature, pressure, electrolyte velocity (flow rate), dissolved oxygen

" concentration, protection potential and seawater chemistry and are now known to influence

the chemistry and properties of thése riineral deposits. *

e = '

43 FACTORS WHICH INFLUENCE CALCAREOUS DEPOSITION

C: ition is, a ion and growth process that

strongly depends upon lh'e above parameters. Several of these variables, namely flow rate,
dissolved oxygen concentration and potential are inter-related since they all affect the
cathodic current density and pH profile at the, metal-solution interface. Probaka!y the most
important single feature of a calcareous deposit is its ratio of calcium l:; mngnc‘siu'm. The
'protective’ nature of the deposit dgpends upon this ratio which, in turn, is a function of
seawater chemistry, pressure, temperature and most importantly, the p‘l—i pmﬁle generated
at the steel surface. Changes to this system of parameters will Change Lhe relative amounts

of calcium carbx and

d into the dcposl( and affect its

quality. .

Natural seawater is supersaturated in calcium carbonate at the ambient pH of 8.2
and only a slight increase in pH at a surface is'necessary for its precipitation [17]. Although

the concentration of magnesium ions in seawater is roughly two and one-half times thatof
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calcium ions [61], agnesil ideis and does not ipitate until the

PpH exceeds 10.6 (for 5°C seawater) [47). Pytkowicz [S5] has shown that magnesium ions

. slgmﬁca.nﬂy prolong the time frement for calcium cmbonaic nucleation. Limited

information regarding the effect of ‘magnesium ions on deposit formation and properties has
been repaned by Culberson [18]. Tcsu carried out in artifi cnpl seawater at 25°C clearly
demonstrate that the long term current density requirement foH ‘cathodic protection at a set
potential is greatly increased by the prcsence of magnesum'l ions. Two deposits were
formed: one with magnesiurm ions in solution md one without. \‘{he deposit that formed in
the nbsent;c of magnesium ions developed more rapidly and ;esulled in a'final current

denslly that was thirty times lower, Ambrose et. al [56] have ﬁxggesled that areas of low

" electrical resisiance contain high i f 1 hy ide and to

sncs where cn(hodlc current density is high. Rapid hydroxide producnon favours the

of i ide over calci b antd these locamns remainas
potential defect sites where damage due to hydrog: i isareal |
Habashi et. al (72] hpve studied the d ition kinetics of cal 2 deposits and
found that precipitation started with pure i p and gradually changed to a
stable Ca:Mg ratio after approxi 17 hours, This io showed a on

potential, changing from pure calcnpm compound at -950 mV (SCE) to pun: magnesium

corppn\md at-1100 mV (SCE( These observnuons are consistent with me opinion of

Preiser et. al [73]. who have d that lhc i pounds form an
amorphous matrix which functions as a bondmg agem fmm whﬁch microcrystalline

cufcmm rich constituents are susgended.

- > ! .
Itis generally ized that the precipitation of deposits increases with

iricreasing temperature [17,60). The solibility prdduc:s associated with the formation of
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calcium carb and r i ide decréase with in and

slightly higher pH levels are necessary b ition at lower will oceur ©

[19]. It has also been observed that coatings formed in sub-arctic locations during the
summer months may dissolve during the colder winter months when the seawater

temperature drops to -2°C [14]. -

. Increases in hydrostatic pressure tend to undersaturate the seawater in calcium ions
and retard the precipitation of calcium carbonate. As a result, deposits formed under greater
hydrostatic pressure tend to be higher-in magnesium content [17,20]. '

Culbers‘qn [18] has studied the effect of dissolved oxygen on current density during
cathodic protection of steel in sodium chloride s‘q’lmions and in seawater (NaCl solutions do

not contin the ions needed to form deposits). His i in 3% NaCl

solution revealed a linear i ip between the dissolved oxygen ion and

current dénsiw (Figure 7,p.109). Similar tests in seawater di:}npnsua(ed that, although the

current density i d with i ing oxygen ion at low oxyg

saturation (Figure 8, p.109). It is apparent that the.higher cathodic current densities

resulting from increased availability of dissolved oxygen accelerate the prccipilation of

calcareous deposits whigh then Limit the ra(c/L! ‘which further oxygen reduction can occur

on the sieel surface.

The relative velocity between the metal anq electrolym_.affocls the_pH profile
adjacent to the surface of the steel [21,56] (Figure 9, p.110). Higher relative velocities
enhance oxygen lmnspu‘n and drive up the interfacial pH [§‘§]. However, the thickness of
the stagnant surfnce layer is reduced [21]. As a result, the-films that form under greater
flow rates are thinner [21] and higher in magr_nesium content [56] (Figure 10, p.110).

L 2

it ined ord ed at dissolved oxygen levels greater than air
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.
Ambrose et. al [56] found a distinct dxﬂ’mncc in the appearance of deposits formed under
static or relatively slow flow rates to dcposns fosmed under higher velncmes
The deposits which formed-under static and slow moving conditions consisted of small,
closely packed nodules, whereas the deposifs that formhed under the higher flow rites were
porous and contained considerably less calcium. -

Water velocity i.,nsenc‘es scale breakdown as well as scale formation [19]. Scales
can be darmaged mechinically if the local low rate exceeds a citcallevel. This critial flow
rate ):s baen obscwéd to depend strongly on t!m quality of the scale. Partial breakdown of
the surface sealecould reult from a single storm with lrge wave heights o from long
periods of harsh weather. The breakdown fd removal of calcarcous deposits can cause

sudden increases in the cathodic current demny dcmmd (Figure 11, p.111). This behavior

_ has been closely related to wave height [19] (anure 12, p.111).

' -~
‘The magnitude of impressed current used (o polarize the steel surface probably
exerts the greatest influence on deposit chemi: andpmpénies.'rh;efremmsimilnm
those produced by electrolyte velocity. The highePthe cathodic current density, the greater
dwclecnolympﬂldjmemmdww-lmrﬁumd.unmnumdnckertheulcuewx
film [21]. A higher pH \nh:melalsurﬁccalndecrus&sdm Ca:Mg ratio of the deposits
(Figure 13, p.112) because precipitation’of Mg(OH), in seawater at 5°C requires that the
pH be greater than 10.6 [47], whereas seawater is supersaturated with calcium it’;{ atthe
ambient pH of 82[17). Gartland et. al [63] have concluded that low flow rates and initial
current densin:s below about 500 mAﬂnz favour the fonmuon of mom protective snles
Humble [59] anllywd the compositions of deposm fomwd under chffmm constant current

and m-.nds in the ions of certain ions (Fe2+, Ca2+, Mg2*,
Sr2+, co,”- -and OH"). With increasipg current density, the concentrations of Mg?+ and"

i S
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OH:- increased, whereas the concentrations of Fe2+, Ca2+, Sr2* and CO3> were noticed to
decline. The deposits that formed at the lower ciirrent densities were thought to be more
permanent because of the higher Ca:Mg ratio and the fact that calcium carbonate is less

soluble than magnesium hydroxide.

The magnitude of applied current density also influences the rate of calcareous
deposidon.‘ Experiments [19] have shown that the time required to reach a cathodic
potential of -800 mV (vs. Ag/AgCl reference electrode) increases as current density is
. @nccd (Figyre 14, p.112). At extremely high current densities of 200 mA/m?2 or more,
deposit formation was fast enough to polarize the steel to -800 mV in less than one day.
For current densities pelow 6{)’ mA/m?2, it sometimes took longer than 2 months for
sufficient d:pus’idén 1o take place.and reduce the potential to -800 mV.

‘

44 THE PROTECTIVE NATURE OF CALCAREOUS DEPOSITS
* ’ F

Trends in the protective nature” of calcareous deposits as a function of

elr,cn'.ochcmical potential, obscfved by different i i are not always in y
This is probably so because the current density associated with a given potential will
A depend on other parameters such as flow rate, dissolved oxygen concentration and
- temperature. According to Scully e(.ﬂ (541, deposits formed ag morevnegplive potentials
provide better surface coverage and give greater reductions in cathodic current density.
/Hoopcr et. al [16] found that the deposits which formed on fatiguc specimens in
oxygenated, natural flowing seawater produced low, Iong-len;l current densities that did
not change significantly for control potentials between -900 and -1100 mV v(S_CE). This is

not surprising considering that oxygen reduction, under transport control, was probably tllé
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dominant cathodic reaction in this potential range and the deposits probably formed under
) similar current density conditions. It was ?bservod. however, that with polarization to
potentials more negative than -1100 mV (SCE), deposits could be lifted off the surface due
to excessive hydrogen gas evolution [16]. Klas [74] has found that, under static conditions
in natural and artificial seawater, polarization to potentials more positive than or.aboul -880
mV (SCE) did not lead to complete protection, but at -980 mV (SCE), a dense scale with
high specific resistance formed. Polarization to -1080 mV (SCE) produced a porous, less
protective film. Wolfson et. al [21] polarized steel specimens to -780, -930 and -1030 mV'
(SCE) in ﬂr;wing natural seawater at Z3°é for three different water velocities. After about -
100 hours the current density reached a minﬁvciy constant: value ‘and, in all cases, the
dc;;osit formed at -780 mV (SCE) resulted in. the lowest current density. Intcmsiing. was

the observation that the steady-state current density i 10~1030 mV (SCE) was

always less than that for the -930 mV (SCE) setting. Hartt et. al [22] have analyzed the
deposits that formed on the external surfaces of silm;lated fatigue cracks in flowing natural
seawater. They found no distinct diffe;ences between deposits that formed on specimens
polarized to -900 and -IQOO mV (SCE), for a range of frequencies and flow rates. In all

cases, the deposits weére rich in calcium.

Maahn et. al [30,32] have analyzed deposits that formed on the fracture surfaces of

SEN (single-edge-notched) specimens in artificial seawater at 20°C, for a range of

. _—potentials,-and\npticed definite trends. The deposit thickness decreased from ‘massive’

layers at,the machined notch to ver.y thin layers near the crack tip. There was no Sign of
precipitation &t the crack tip. The deposits that formed on the fracture surfaces did not
contain any calcmm. Calcium was only detected in the dcposns that tmmed in the machined
notch, Deposits formed at more negative potemmls ‘were observed to be thicker, but of

similu_r compo‘s'itiom Turnbull et. al [47] have measured the Ca:Mg ratio of depositﬁ !hat_
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, formed on the fracture surfaces of CT (compact type) speeimensrir‘l artificial feawater at
5°C. The scales formed at potentials of -800 und -900 mV (SCE) were relativkly thin and
. rich in calcium on the fracture surfaces. T}Edeposi! which formed at -1000 mV fSCE) was
" somewhat thicker, but the Ca:Mg ratio changed from 18/1 in the precracked region, to
0.9/1 at the start of the surface fractured in seawater and decreased withincreasing cx:m:k

depth until the deposit

p Two tests were
carried out at 1100 mV (SCE), with conflicting results. In one of these tests, the Ca:Mg
ratio near the crack tip was 2.6/1; in ‘the other Yest, the scale was thicker and consisted *
. '

primarily of magnesium compounds. Even more puzzling was the observation that the
measured crack tip pH was highér in the fatigue crack containing the deposit with the

\
. - N )
Elbeik et. al [38] conducted Tafel plots of mild steel.with and without calcmuus_' ¥

greater Ca:Mg ratio.

deposits under de-oxyg ‘conditions. Deposits were formed at -700 mV *
(SCE) in aerated ;niﬁcial seawater at 20°C. EDAX showed the presence of iron and

calcium’in the deposits. From their data, it was possible to estimate the current densities

with oxygen ion and wa(e} ion on the steel surface, with and
without the deposits. At -1000 mV (SCE), the current density for oxy.gcn mdu;:’lion was
4.5 times higher and the rate for Wam" reduction was 4 times higher-for the specimen
-without the calcareous deposits. Lucas et al [37] have monitored the hydrogen peqneazion a
rates in BS 4360 Grade 50D steel under cathodic protection in 3.5% NaCl

solution and in artificial seawater. In the sodium chloride solution, the: hydrogen
permeation transients increased with decreasing potential. In contrast, hydrogen absorptibn
was observed to decrease duril‘|g the test in seawater, despite successive lowering of the |
cantrol potential.. At -1150 mV (SCE), the hydroge.n permeation rate was ninety times

higher ﬂlmu‘gh the steel membrine. tested in the sodium chloride solution. The lower '
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permeation currents observed in scawater were attributed to the formation of & calcareous
deposit about 50 jim thick. The generation of cracks in the surface deposit, possibly as a
result of hydrogen gas evolution, ‘callsed temporary 'u:ncreaseﬁ in hydrogen permeation.
Analysis of the deposit showed that it was rich in both calcium and magnesium

/

compounds.
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5.0 STATEMENT OF OBJECTIVES

The Ocean Engineering Group of the Faculty of Engineering and Applied Science at
Memorial University is currently involved with the University of Waterloo and the Phy‘sicul
Metallurgy Research Laboratories of CANMET in a l:aﬁgue research program op In&ge scale
welded tubular joints fabricated from G40.21 Grade 350 WT structural steel. Two
solutions, ASTM substitute ocean water (synthetic seawater) and natural seawater, are M
more or less imerch.angcnbly to predict the fatigue crack growth properties of stcclst A

review [89,90] of Tecent laboratory research aimed at establishing ‘the relative severity of

several different miarine i Ny on the isted fatigue behavior of

various steels would make it apparent that natural and synthetic seawaters can produce

considerably dif_ferem results on similar steel i under i'dcmic:?l
conditions, However, thémagnitude and order of these differences can vary, depending on
the type of steel (alloy content and heat treatment), stress range, level of cathodic protection
and solution temperature. The absence of any consistent trend among the observed
differences makes it impossible to predict whether any appreciable differences.in fatigu¢
crack growth rates could be expected for Grade 350 WT steel in natural seawater and in

synthetic seawater.
<a

It is, however, evident fram the precedi

that the

resionsiblg for accelerated fatigue crack growth ‘in medium strength structural steel

cathodically protected in seawater (i.c. water can be signif influe: by

. bulk solution chemistry. Carefully planned experiments were therefore necessary to

investigate the relative severity of these two solutions when used with cathodically

protected steel samples. The invi ion was d using three different.

“w

types: : 2 & 4
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\ 1)  Arificial Crevices .
2.)  Compact Type (CT) Specimens
3)  Welded T-Joints .

The steel and weld material psadwmgewhofumspecimensconfgrinedmmesamc
specifications as those used to make up the welded tubular T-joints.

‘The major objective of the research was to establish the relative severity of natural

and synthetic seawatérs on the fatigue behavior of welded plate T-joints subjected to the

) same it stress, re and cathodic ion as the larger welded tubular

T-joints being tested under the current program.

/.

A :econdiry objective was toi ig: of deposits on

water reduction kinetics and fatigue crack growth behavior. The bulk of the research
already conducted on these deposits deals with external surfaces. At present, there is little
in the way, of data izing the ition and ies of deposits that form

within crevices or cracks. It has been moogmmd that calcareous dcposition'within fatigue
cracks can influence crack propagation rates (see section 4.2), Calcareous deposits may

provide jon against hyd: ion onto steel surfaces and subsequent

hydro, i Since the istry of deposits is
depcndﬁu upon current density, it would seem reasonable that a relationship between the
type of calcarcous deposit and the nmo;lnt of water reduction (the source of atomic

~ hyd: ible for hydrogen embri could be li Once such a

relationship has been realized, a reasonable éﬁmum might be possible with regard to the

of water f within a fatigue crack based on the type of

calcareous deposits found on thé fracture surfaces and a knowledge of the elecmjchem}c-l -
potential history of the specimen. T )
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Artifiéial crevices were used to study the morphology of cnlx;nrcons deposits and

their influence on water reduction kinetics. The principle advantage of using artificial

crevices to study calcareous deposition lies in their small size and ease of disassembly.

Upon completion of a‘!est, the two surfaces can be quickly separated and transported to the
scanning electron microprobe without risking damage to the deposits from sectioning the -

steel. - P
N—
A major disadvantage of the artificial crevicé is that it does not simulate the altefnate
opening and closing of the fatigue crack during a stress cycle. Restricted circulation.of the

solutio within an artificial crevice might affect the pH profile and deposit morphulog);.

However, the main objective behind the artificial crevice experiments was to obtain a
relationship between calcareous deposit chemistry and the rate for water reduction, on the
steel's surface. If such a relationship exists, it should remain valid regardless of the =

conditions under which the deposits are formed.

Compact type (CT) specimens were tested to obtain crack tip stress intensity factor
range versus crack growth rate (log AK vs. log da/dN) data for the different seawater

solutions, since it is difficult to derive similar curves from welded T-plate data. -
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6.0 EXPERIMENTAL PROCEDURES

r
Experimental procedures for the artificial crevice, CT and welded T<plale

are di d indivi in the follcwmg sections. The same steel was used

in the fabrication of all three specimen types. It is com:rol rolled and normalized G40.21
Gradc 350 WT of 19 mm (welded T-plates) and 25 mm (CT and artifi¢ial crevices)
The ition and i ies of the steel are listed in Table 1

(99). A phowmmmgraph of a sample of this steel (ggurc 15, p.113) shows a relatively
coarse structure consisung of dark pearlite grains surrounded by light ferrite grams This
indicates a hypuel!(cclmd (luw cnrbon)\steel. Also evident in the photo are several grey

manganese silfide inclusions.

In order to prevent contamination of the seawater solutions, only inert (non-

corrosive) materials were used in the fabrication of seawater and ci

systems. Upon n ion of testing, i were rinsed in distilled water

z S y -
and dried with acetone to prevent atmospheric oxidation of the surfaces before photographs

" could be takén,

Natural scawater was supplied free of charge by Me orial Uni\!xsity's Marine Lab

located at Logy Bay, Newfoundland. The required quantities. of synthetic scawater

heavy metal iti were made ing to"ASTM standard D1141- -
75(1980), using distilled water and reament grade chemicals. ’
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6.1 ARTIFICIAL CREVICE EXPERIMENTS
6.1.1 Apparatus

The set-up used for the artificial crevice experiments is sh;;wn in Figure 16 (p.113).

Two independent electrochemical cells were used to immerse artificial crevice ‘specimens in

. solutions of synthetic and natural seawater. The cells were of single wall glass construction
with five necks facilitating attachment of two graphite counter electrodes, one working
electrode (to which the sample was attached), one saturated calomel electrode (SCE) which
served as a reference electrode for potential measurements, and one gas port for aeration

The was by placing both cells in an ice-chist filled to

depth of 10 cm with glycol (Figure 17, p.114). Coaling was provided by an MGM Lauda

model B-2 refri ion unit with adjust control, Coolant was

circn]ar‘ed from the refrigeration nr{il through coiled copper tubing sizéd to it around the
circumference of each corrosion flask. Aeration was achieved using a Neptune Byna Pump
model 2 air compressor. Air entering the electrochemical cells was pre-cooled by routing
the air through 2 small béim?o}mer/lubing immersed in the glycol.

The samples were placed under polenuoslanc conrml using a Pclarogmphw
Analyzer model 2A (10 mA capaclly) and a university fabncated potentiostat model ENR-
01-EE (800 mA capacity). Current was monitored by plncing 0.§ watt capacity 1000 ohm
resistors in line with the counter electrodes. The voltage drop across eam
measured by a Fluke Digital Multimeter modc‘l 8000A. Knowing the exposed area of the

specimen (2.0 cm?2), thy rent dcnsity could be ined for each sample.

Scmnmg Electron Mlcnﬁcopy (SEM) with Energy Dlspersnn X-Ray Annlym

"(EDAX) was used to study thé and of deposits that .
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-
fm-medonthgexposedmﬁm.lnmﬂermkeq)dwswdspecimenﬁumcha.rgiﬂgundm"
electron bombardment during SEM-EDAX analysis, the calcarcous deposits were sprayed

v
ahead of time with a carbon'coating. o

612 Specimen Preparation

“The artificial crevi ted for this experiment were fromtwo pieces
of 356 WT steel fixed ﬂiﬁe'thcr witha nylgh bolt, yet separated with sufficient electrical tape

to give a crevice 1 cm wide, 1 cm deep and 0.20 mm in heigh,l.‘ The two halves were
electrically connected by spot welding a copper clad stainless steel probe across the back i

faces of the specimen. - -

" Surface preparation consisted of abrasion Qh silicon carbide paper down to 600
grit. The surfaces were rinsed with distilled water between each grit. After the final
abrasion, lbesnfn;uwueoneelglinﬁnwdwd!hdisﬁlhdwuer. then degreased and dried
using acetone in order to prevent premature corrosion of the surface. Following surface .
preparation the specimen was assembled. The outer surfaces of the sample was made inert
by coating with Devoe 235 Marine Epoxy. The only exposed areas were thé top and bottom
snrh'oesomseueviee.each measuring 1 cmzfmlmn{cxposedmonanl(ﬁgm 18,
p.114). In order to wet the exposed surfaces of the crevice, seawater (from a wash bottle
filled with the uppmpﬂne solution) was injected into the mouth of each specimen before

 placing it ntoits electrochemical cell,




48

a 6.1.3 Data Collection

Tests were conducted under pctcmioslaxié control at -830 or -900 mV (SCE)
settings in natural or synthetic seawater solutions maintained at 5°C or 2‘2“C4 Current
density readings were recorded periodically over the duration of the test (approximately
three weeks). o

.
' Data for Tafel plots was gathered over a 45 minute period at the end of the three
week experiment, immediately-before the samples were removed frt;m their electrochemical
" cells. The air purge was shut off and sufficient time was allowed }'or the solmion\wllhin lh.e
crevice to become oxygen depleted. The potential was then stepped from the setting used

= during the experiment, down to -1150 mV (SCE), inti of 25 mV. The speci

were held at each potential for a sufficient length of time (usually between three and five

minutes) to allow the current densities to stabilize before taking measurements. As the

- potential of a specimen is i the rate for dissolved oxygen reduction )
becomes diffusion limited and a greater percentage of the overall reduction rate is due to the
water reduction. As the readings progress negatively beyond about -1000 mV (SCE), any

increase in current density is almost entirely a result of water reduction.

. The reduction reaction rates are known to obey a logarithmic (Tafel) relationship as
5 " afunction of electrochemical potential. In cases where the potential is more negative than
that for the reversible hydrogen électrode, the overall reduction reaction is a combination of -

both oxygen reduction and water reduction. Under such itions, a ithmic increase

in current density is an additive result of a logarithmic increase in current density for water
reduction and a logarithmic increase in current density for oxygen reductioﬂor cach linear

+increlise in potential. However, if the amount of dissolved oxygen available for oxygen




. reduction is restricted, then the resulting increase in reaction rate is less than that predicied

I;y the Tafel relationship (for a given linear increase in potential). This shows on the plot as
lcurve.Asthepownridisfunherinuensedmdmesupplyofdissolvedéxygmbwom

depleted, the amount of oxygen reduction contributing to the overall reduction reaction

becomes negligible. After this point, any increase in the reduction reaction rate is a direct

. result of an increase in water reducnon Since the water reduction reaction rate is
mdcpendcm of dissolved oxygen eonccnnmn, any increasé in reaction rate will reflect the

Tafel relationship.. This is evident in lhe Tafel plot by a snightcning out of the curve.

Once this section of each ﬁlm has been established, a comparison of water reduction rates is

possible.

‘The rates for Jmer reduction occurring under various experimental conditions with
existing films can be with th ined under similar conditions

for film-free surfaces. Additional Tafel plots for film-free artificial crevices and for film-

free, boldly exposed (external) surfaces of the same steel were generated for comparison

: 4 with the Tafel plots obtained for crevices having calcareous scales. Specimens were
- pmpu'ed ing to. the same il -"i.nsocﬁonll.l.‘l'nfelnlmsfwﬁ!mﬁee

surfaces were obtained il after i ion of the i in de-aerated

solutions. A nitrogen purge was used to maintain a low concentration of dissolved oxygen
within he cells. '
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62 COMPACT TYPE (CT) EXPERIMENTS
62.1 Apparatus

The CT specimens used in these tests were cut from one inch steel plate and

" machined to the dimensions shawn in Figure 19 (p.115). The specimens were fabricated
such that the fatigue crack propagated perpendicular to the rolling direction. The gripping
fixtures used with thesc specimens were designed and fabricated in accordance with the

' requirements cudmed in ASTM Standard E 647-83 [92]. A&MTS 850 Material Test
‘Sys(cm comprising a 406 Controllcr, 410 Digital Function Generator, 413 Master Contro!
Panel, 417 Counter Pariel and 430 Digital Indicator gave strict control over the loading
program and kept accurate count of elapsed cycles. The loading frame was contained in &
refrigerated cold room and temperature was monitored using an Omega Model 199

« Thermocouple Indicator with a coppr/constantan thermocouple junction.

For tests conducted in air, crack depth was measured using a type 2152 travelling

optical microscope manufactured by The Precision Tool & Instrument Company. This

) scope was equipped with a vernier scale which could be z&roed at the tip of the machined
notch. For wSts‘cundpcled in seawater, a strain gage, centered on the back face of each
specimen and wired to a Bruel & Kjaer Type 1526 Strain Indicator was used to measure
crack depth. A mmpcmmr‘c compensation gage helped to eliminate drifting strain readings

due to temperature fluctuations in the cold room.

Thc seawater enclosure uscd to house the speclmcn (Figure 20, p.115) was
constructed from half inch.lexan, a clear rigid plastic wnh great fracture fesistance. Ports
were included for the attachment of inlet and outlet circulation hoses and for the insertion of

a platinum wire counter electrode and a saturated calamel reference electrode (SCE). Two
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‘windows' and a top cover allowed for quick insertion and removal

of the loading pins and specimen. Silicone was used to create watertight seals between the
bottom gnp and the scawater enclosure and between detachable sections of the enclosure.
Scuw‘atzr from a 20 liter Nalgene holding tank was fully aerated and circulated through the
enclosure at approximately 1 liter/min by nwAns of a variable speed, magnetically coupled,

pump. The chemi pmcnﬁal of the specimen was controlled to within

two millivolts of the set potential by a PAR model 173 Potentiostat.,
>
N

622 Specimen Preparation

All spuimens wcm dcyeased with acetone-and polished along the back face. It was -

important to have a smooth ﬂat surface at ths location to ensure good adhesion and proper

runcucmng of the strain gage. Once the centcr of the back face was located, cross hairs
were etched thmugh it to enable accurate alignment of the gage. After application of lhe
sn‘mn gage, clectrical leads were soldcmd to'the tabs anda series of coaungs were apphed

to protect the gage against damage. _ & .

" For tests aondncted in air, it was nccessq.w to polish the specimen in the regiori of
crack propagation. A smwt.h shmy surface is essential for demcnon of the crack tip under
a travelling micposcope. : )

For 'tests conducted in seawater, optical readirigs were fiot taken. The entire
specimcn was coated with urethane to reduce dle cyrrent required for cathodic protection.

Both sides of lhe specimen w oated  with sxhcone in the region of crack pmpagnnon [

prevent lhe cmss flow of solution from imcrrenng with fatigue crack g;rowth behnvmr
Additional coatings were applied to the strain gage o help resist exposure to the seawater.
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Finally, a short plece of copper coated, stainless steel wire was spot welded to the top
surface of each seawater specimen to facilitate attachment of the woricing electrode lead

coming from the potentiostat.

62.3 Data Collection

The CT specimens were designed to produce crack growth rate data for the

intermediate levé:jf crack tip stress intensity range between about 15 and 30 MPa-m!/2,

All i s wert ked in room (22°C) air using a sinusoidal cyclic
fiequency of 20 Hz and a load reduction technique that began with a 20 KN load r.nnge and
ended with a 10 KN load range aﬂq 15 mm of crack gx‘owtlm The load range _wés reduced
in 20% increments after all\owing for sﬁfﬁcicm crack extension to take place at each load

level. A load ratio of 0.5 was miaintained at all times. *

Befo;e conducting exper\imems in seawater, it was ncces‘sary to establish a
relatonship betweery bac face sm‘qapsg and crack depth for the specimen geometry and
load range used in these tests. For this purpose, and to provide a basis for the comparison
of fatigue growth rate data for different solnn'o‘n chemistries, three specimens were tested at
20 Hz (sinusoidal) und‘e’r.a 10 KN load range and a 0.5 load ratio in 5°C air. The tests
began w‘hcn‘zhe crack was 15) mm in length and ended after it propagated to a length of 33

mm (after 33 mm, the specimen size requirements become violated). The mechanical cycle

counter was reset to zero and the i in indicator was d at zero lond

- prior to the start of each test. Minimum and maximum BFS readings were recorded and the

gonespondiﬁg crack depths measured optically at approximately 1 mm intervals. The t‘oml
. .

cycle count was also recorded for each crack depth. -
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¥ maximum BFS vs. crack depth was created (Figure 21, p.116). Computer softwhre was

used to generate a third order polynomial carve fit through all 61 data points, The following

equation was found to relate maximum BFS (BFSmax) to crack length (as measured from
the machined notch tip): .

crack depth = 2.806x10°9(BFSmax)® - 1.672x10~5(BFSmax)? + 3.838x10-2(BFSmax) - 03714

Using this relationship, it was possible make accurate measurements of crack depth within
. ~

CT specimens tested in seawater.

The deposition of calcareous dgposits within growing fatigue cracks can rqdupe the
crack growth rate, either by. a reduction in the crack tip stress intensity range due to

wedging, or by limjting the rate for water reduc! on the fracture surfaces (see section

. 42).Since it is the objective of this study luate the effect of position on
crask growth atés through their ability to\lnfluence the rate for water reduction, the
following precautions were taken to avoid conditions that favour debyjs-induced crack

1. Specimens were pre-cracked to a depth of 15 mm in air, since crack pln'ggingis
more likely to occur for short cracks than for long ones.

2; A initial AK of 15 MPa-m!/2 was used in all tests. Apparent crack growth

thresholds tend to occur below this level. .

3. A xélldvely Iﬁgh stress ratio of 0.5 was used to help maintain an open crack
mouth at minimum load.. ’

4. The potential selected for cnho.dic pmleclign_. -830 mV: (SCE), would 'nuz,

under normal conditions, be expected to produce dn abundance of calcareous
deposits within the fatigue crack. . 5
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5. . A relationship [40] between BFS an} applied load (Figure Zi. p.116) was used
to determine the effective load range (APert), which was then used to calculate
the effective AK (AKer) based on relationships between ctack depth, load range
and crack tip stress intensity factor, found in ASTM Standard E 647-83 [92]. It
is evident from Figure 22 that, for the case of debris-induced crack closure, the
BFS decreases less quickly as the load approaches its minimum value. The

*  effective load range for this case is ’

APett = Pmax(BFSmax - BFSmin)/BF Smax .

~ Altogether, six CT specimens were tested in seawater solutions: three at 5°C in
natural seawater, two at 5°C in synthetic seawater and one at 22°C in natural seawater. A
third test at 5°C in natural seawater was deemed necessary after a strain gage malfunction

occurred about halfway through one of the tests. All tests in seawater were conducted .

i

under cathodic protection at -830 mV (SCE). Each specimen v\.ras rinsed in distilled water

‘affd dried with acetone immiediately upon completion of the test.
’

Crack depthvs. cycles data for each specimen were converted to cm‘ck growth rate

vs. crack tip stress intensity range data using a t seven point i

polynuﬁﬁﬂ technique and plotted against a standard log-log scale for easy comparison of

results. ( "
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63 WELDED T-PLATE EXPERIMENTS

6.3.1 Apparatus - "

Five 19 mm T-plates with identical overall geometries (Figure 23, p.117) were
welded to the same specifications. The attachment platé was fastened to the base-plate by
full penetration manual arc welding with 7018, low-carbon, low-hydrogen welding rods.
None of the five T-plates pre-heated and no restraint was applied during welding.
After welding, one of the weld toes was shallowly ground with a pencil grinder to ensure

that the crack dcve]ope& on the instrumented; ungmund weld toe.

The loading system consisted of an éluuo-hydrauﬁc Material Test System (MTS),
its associated framework, and the fram_es wh}ch hold the T-plates (Figure 24, p.118).
There are six gnmr components wl;ich ‘comprise the MTS. A.single 3000 psi, high
capacity, diesel powered, hydraulic pump provides pressurized hydraulic fluid t;q the whole
system. Two accumnlagorsi one Q;cr T-plate, isolate thie pump from the actuators so that
they may be controlled and c_ver‘n shut down yvimout affecting the pum;;. Two closed-loop,
scryo—conu-oiled actuators may flex the plates with up to 50 kN of force. A two channel
;onml unit cqnsi‘sting of one Tr,ktronix_ R51103N Oscilloscope, an Access Panel, one 430
Digital Indicator, one 410 bigiml Function Generator, two 406 Controllers, and a 413

Master Control Panel allowed precise control over the loading programs used with the T-

Pplates. ic hoses and multi-con insulated wires provided the necessary

. connections between esch of the ccomponents.
. ,

The frame upon which the actuators are mounted is-a bolted I-beam consmncdo‘.n
secured to the meter thick concrete floor of the Strength Lab at the S.J. Carew Building. -

" The frames which hold the T-plates are a welded construction of I-beam and channel which
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are also bolted to the specmlly\desxgned concre(e_noor (Figure 25, p.118). The only portion
of each frame m contact with lh& plutea@ four hardened steel cylindrical bearings. The
two upper bearings are permanently affixed to the frame since they are the Jones against ’
which the T-plates are forced. The two lower bearings are welded to adjustable clamping
plates which permit easy insertion and adjuslrnenl of the plate in the frame. Since the
clamping plates take no load other than the weight of me T-plate, they are secured by means
of bolts which slide in slots on the sides of the frame.

The T-plates were subjected to a tension to tension, constant amplitude, sinusoidal
load in 3-point bcndmg A wclcl toe stress range of 150 MPn, acyclic frcquency of 0.2 Hz
and a load ratio of 0.05 were used in all seawater tests. The loading program for the air test-
was identical to that of lhs seawater lests except for the cyclic frequency. Since
.environmcnml factors are no; a consideration in air testing, it is permissible to operate ata

higher frequency (3 Hz) in order to save time.

The following Hewlett-Packard hm&wm was utilized for ldaxa J.aéq'nisilion: 3495A
scanner, 3455A digital voltmeter (DVM), 9825A programmable calculator, 9885M disk
(irive, 2862 calculator plotter, one 98034A HP-IB interface and two 98032A interface
buses. A schematic representation of data flow and hardware organization is shown in‘
Figure 26 (3119). % :

_The scanner is the first device encoumewd by a piece of information (voltage) as it

is Baslcal.ly an set of ical relays, the scanner can

. -handle up t0 40 chnnnels ot‘ information hy switching in a break-before- make fashion (all
: relays opened before a new one is closed). The 40 charinels are organized into 4 dwades.
The,ﬁrsl decade was allcmed for the ACPD probes cf the T plnle exposed to natural
scawmcr and the second decade handled ACPD pmbes on the‘l‘—plx(e exposed to lymhenc
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seawater. Since each decade only handles ten channels while forty were required to

completely access one T-plate, a swi utilizing 24 pi puter type "D"

was developed. The switchboard and software were organized such that only 5 probe sets

(5 reference and 5 active p:firs) wa’s\a’cccxsid by each decade at a time. ﬁy manually
manipulating these connectors, all 80 probe pairs were accessed with only 20 channels.
The common output of decade one and that of §wadc two were wired in pm:allel and fed Ig
the Crack Micro Gadge Unit for proper pre-measurement conditioning. Each of the sgrain
gauges was independently switched by a channel in the third decade. The common output
of this decade was rouited to the strain gauge conditioner prior to being fed to the DVM.
_The last decade’ handled the sppplied current, reference potential, dissolved oxygen
concentration and lempemmre} for each plate. Since all the slgnal‘s sw?tched by the fourth
decade needed no o;)ndidulling,.llge Common output of this decade s wiréd d‘mcll_x ;o the
rotary switch qunleé on the switchboard..This s“'ritch‘w‘as used to manually select ;vhicl,
set of signals (ACPD, strin, or direct) would be ditected to fhé DVM, This eliminated any
.possibility of fnm—decédc interference on the DVM. -
o .
A high resolution, high accuracy DVM measured the

oliages passed by the

scanner. This'DVM was capable of self-testing and i ge-selection, had a‘ six

v , digit LED display, and could be software controlled. For this experiment, the DVM was set

to measure DC volts in auto-range. Once the voltage was measured, the value was sent to

the calculator. The calcuh’xor is basically a microcomputer designed particularly for data .

" acquisition. It featured a typewriter style keyboard, phug-in ROM slots, & 32 character "~

single line dot matrix LED display, a built inthermal printer, three 1/O ports, and a built-in
_tape cnss‘et‘tg drive. The role of the caleulator \3}35 to! control the peripheral devices,
manipulate the measured :l\olmgeé to give crack depth, strain, etc., storc the gathered data to

)

X
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disc files and create graphs and plots from the stored data. The calculator accomplished

these tasks with specially written soflwar;.

The 9885M used 8 inch, single sided, single density, flexible magnetic disks

. spinning at 3600 1pm to store over 400 kB of data. Prior to use, each disk was formatted
into 67 trcks by 30 sectos, giving s total of 352 usable files or 1830 ussble records. One
disk was dévoted to diagnostic and supporting programs. Similarly, one disk was used to
hold the data acquisilibn.pfogrsm and all the L:lﬂ.la files for each set of concurfently tested T-
‘plates. Disks were organized in this way to ensure simplicity of data retrieval anq to ensure

ample storage space for data should cither test :éminuc for an unexpectedly long time.
; e s

+ The calculator plotter provided permaneht g-mphical represtntation of data inan area

up to'10 by 15 inches. Disposable, felt tip.ink pens were used to draw on the paper which
was held in place by an electrostatic mechanism, A plot accuracy of better than 0.3% full

scale could be achieved under normal operating conditions. w

. Two major software ;‘)ﬂckages were dcvelc?ped for use in this s‘mdy. The first and
mosé important was the data acquisition program. This program automatically obtained,
manipulated, printed and stored measurements of crack depth, strain level, temperature,
dissolved oxygen content, pH, supplied current, reference potential and number of
measurement sets taken to date. The proglém relied heavily upon subroutines to attain a
simple and efficient hierarchical structure, it o took advantage of several pmdevéloped
.snbmuﬁnes ‘which cax'ne-w!lh the system to initialize and access peripheral dcviocs.{This .
program boasted several fedtures, such as averaging of readings to obtain a measurement,
delays wvallow the instruments to stabilize after being switched, and drift detection, to

. ‘endure that accurate and consistent measulemems were. obmned A scparate plomng
wftwaxe package was devcloped for dxm analysis. ngrams were written to illustrate

'
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crack profiles at different stages of crack growth, provide graphs of crack depth yersus

cycles, crack growth rate versus crack depth and current density versus cycles.

Crack'depth yies monitored -using an AC potential drop (ACPD) technique. Thes

operation is simple. A high frequency AC field is appliéd across the weld toe by means of
shielded field lead wi.rls. Two probe pairs are situated in relation to the weld toe as shown
in Figure 27 (p.120). The active probe pair is the one which spans the weld toe while the Y
reference pair is the one which does not. In the absence of a crack, there is an initial
potential drop across each pair: vy across the active pair and v5 across the Eferencc pair
‘which satisfies the follovdqg equation: -

11 thy=clv : w_here‘ r =reference p}obe separation

c= acfiye ‘probe separation

After a crack develo§§ at the weld toe, v, will have changed to v’ whz{c.vl wills

have remained nearly the s:».zme atvy'. This increase in v, is due to the' AC fi¢ld having to

conform to the surface of the steel b f its high frec Since the crack

increases the surface dism‘nce between the active probe pair, the resistance along that.path is

grenlcr and consequemly the voltage drop |s greater. 'Elus increase in effective surfnce
. distance is nmed to the vcltage drop by the following equation: s W

mcmnsc indistance)2
crack depth

[2] 1y = Qatc)vy' . where @ =
Combining [1] and [2] and solying for a gives:
B a= )il i)

‘whichis the equation used in the data acquisition software to solve for crack depth.
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Prior to plotting, @ must be operated on by a calibration function to give the actual
crack depth:

[4] agcral =f(a) whieref (@) = calibration function
=-4474x102 + 1.523a - 3.612x102a?

‘This operation is performed by the plotting software. The calibration function was obtained
from a regression analysis of ACPD data collected from several air tests on similar

specimens, by a co-worker.

. Twenty sets of wppcr clad stainless steel wire probes (a probe set being an active
and refexence pair, or four probe} in total) were tack welded along the unground weld toe.
Shielded coaxial cable was used t6 connect the probes to'the switchbaard and then the
switchboard to Ihc"scanncr. ‘The voltage drop across each probe pair was mon-iwmd bya
Model UTG Crack Micro Gauge. This unit featured adjustable input gain, a3.5 dig\u LED
display and an output factor of 1 Volt =200 display units. This unit also generated the AC
field applied by way of sﬁielded coaxial cable across the instramented weld toe. With this
technique, cracks as small as 0.2mm could be detected and deeper crack depths ascertained
to within 0.5 mm. E .

. A
Determination of strain levels at various positions on the Instrumented side of the

base-plate was accomplished using ‘type M&M EA-06-125AD-120 precision strain gauges .

and a Vishay Instruments strain gauge conditioning system. The gauges were 120 ohm,

general purpose, constantan strain gauges. Thm’nf these xaug'es were used on each T-

plate,
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Hand twisted wire connected the strain gauges through the scanner to the
conditioning system. This system consisted of a rack mountable enclosure with an integral

power supply and four hi 1 strain gauge iti Each channel of the

conditiorier, to a maximum of ten, could be ind ly balanced and

However, only one channel was used to monitor the three gauges on each T-plate. The

_ input connection to the single channel was a quarter bridge with an_internal dummy.

Balancing six gauges with only one channel was accomplished within the data collection
software by subtracting the initial, zero load reading of cach gauge from its current reading,
thus avoiding the need for six independent channels.

Measurement of dissolved oxygen content and temperature was accomplished with

a Precision Scientific Galvanic Cell Oxygcn Analyzer (GCOA): This portable, self

d i it was capable of Conti of dissolved oxygen content
with an accuracy of :lj.O.l mg/L. One dissolved oxygen probe was ﬁosilioned in each
holding vtank in close proximity, |;> the outlet hose. The CGOA was also used ta measure
temperature with an aceuracy of io.i’c Tcm]ﬁeramre measurements were obtained using
thermistors (calibrated wmpcﬁmc sensitive rcsiitors) whos;e leads were connected to the

rear of the GCOA.

A Metrohm-Herisau ‘model EAg8, full range analog pH meter with adjustable

calibration controls was used to monitor scawater pH during each test. Calibration of the

was checked iodi using buffer solutions of pH4 and pH10. One
drawhgck with using.this instrument was the lack of a recmde? output. The pH had to be
measured m_nmiall?i\lid eiftered into the data files from the keyboard.

. The T-platés were cathodically protected using specially built potentiostats and,

1 i & ® o bleé of it
sulfate referen Thess p veloping
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a2 volt poleanll difference between the working and counter electrodes and could supply
up to 800 mA of current to the working electrode. Each potentiostat was equipped with
front panel jacks that were connected directly to the data acquisition system for periodic
measurement of the refuenee\ potential and supplied current.

: '
Two il but identical ci ion systems, each isting of a scawater

holding tank, a lexan seawater enclosure, a circulation pump and assorted wbing and
c;onnecl?'s, provided the necessary supply of seawater to each T-plate (Figure 28, p.120).

- The two holding tanks were used to contain the bulk of the'seawater and insulate it from the
warmer surroundings. A large.- (1000-L) Xactics tank held the synthetic scawater while a
smaller (750 L) Xactics tank contained the natural seawater. Hales were drilled in b:;(h
tanks to accommodate stainless steel cooling coils and the circulation hoses connectjng,d’ﬂe
tanks to the enclosures. As gravity feed was used to transport the natural and synthetic
seawater to the respective containers, both tanks were raised and supported to obtain an
incree wd head.

Figure 29 (p.121) shows one of the lexan scawater enclosures close-up. As only
the vicinity of the weld toe needed exposure to seawater, the container was designed just
large enough to accommodate the me, clectrodes and level control valve. Lexan was
selected because of its clarity, machinability and resistance to cheicals, cold, impacc and

breakage. It is the latter quality which Mm it superior to the more inexpensive ard readily
available plexiglass..

Two miniature bilge pumps were used, initially, to pump the scawater from the
enclosures back to the holding tanks. However, after only two to three wecks of service,
,the pumps failed and were subscquently replaced by two Cole Parmer model OEM

. miniature gear pumps. The pumps were controlled by a two channel, variable power

2
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supply. The circulation rate was established by adjusting the pump speed, whileg float
controlled, level sensing input valve r.egulaled the water level in each enclosure, Half-inch
gar}den hose, short lengths of Tygon tubing, hose clamps, plastic ball valves and plastic
garden hose connectors were used to complete the circulation systems. The cooling system
comprised a Te‘cumseh model AH7480AC refrigeration un.il and two 316.sminless steel
cooling coils. Exjernal thermostats, one for each holding tank, were used to control the

flow of refrigerant as demanded. » g

© 632 Specimen Preparation

After the weld toe grinding operation, each T-plate was first wire-| bmshcd to free it
of rust, loose mill scale and dirt and then degreased with a gcneral pm-posc solvent. To *
begm the application of strain gages, the cen(crline of the base-plate on the side of the
unground weld toe was lightly scribed. At distances of 13, 31, and 75 mm from the weld
toe, additional scribe lines were made to intersect th: centerline at right angles to form cross
hairs. The steel at these cross hairs was then ground and polished to permit good adhesion
of the strain gauges. After the cross hairs were r;scriqu. the polished areas ‘wcm cleaned
with'a mild acidic solution and then with a mild basic solution to émove all traces of dirt
and oil. Usi;xg transparent Scotch tape; the three strain gauges were ahgqed ‘with the cross
hairs and glued in place. After the tape used to position the gauges- was removed, wire
leads were soldered to the |enmna!s and a series of coatings were apphed to help protect the’
gages against damage.  * - oy

Positions for 80 ACPD probes were marked using ‘mm graph paper, Glu-Stik, a
“- bammer aid.a ‘punch. Glu-Stik was libérally applied to the back of the giaph paper which
: v <
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'was then positioned over the exposed base-plate and weld bead. The grid was aligned with
the weld toe and the paper was made to conform to surface iregularities in the weld toc and
weld bgad. With the graph paper still in place, the hammer and punch were used to mark
the steel (through the graph paper) in accordance with the measurements given in Figure 30
(p.121). Once all positions were punched, the paper was peeled off and any adhesive
residue wa; removed with general purpose solvent. The probes were attached to the steel
plate using a small tack welder set to approximately 180 volts. )

Two coats of Devoe 235 marine epoxy paint were applied to all sur.fnces exclding
the area immediately adjacent to and including |hé weld beads on the instrumented side af
the T-plate (anurezl p.122). The nmof steel i 100
cm? When rh: epoxy was dry, sl\lclded coaxial cables were soldend to each pair of ACPD
probes. Thc pldtes were then inserted into their respective loading frames, checked for

proper alignment and secured in place using end clamping brackets and a single pin

connection.

The lexan seawater were ¢ ily placed on the i sides of

the T-plates so that their positions could be outlined with a fine marker. Beads of silicone
'were applied to the inner sides of the tracings and the containers were then replaced. A
second bead of silicone was applied to the outside of each plate-container scam to form a
good seal After the sihcone had hardened two pipe clamps were mounted on each
enc]osnre ‘to mechlmcnlly socum the conuuner to the plate and to ensure a leak proof seal
bc\ween the two. anlly. ‘the circulation syslems wer: connected and primed whh

seawater. " o = 5 "

Before begmmng lhe expcnm:nt. n was necessary to calibrate the load cells.

Calibration of each load cell basically corfesponded to finding a relationship between lhc
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load voll;ge‘disphyed on the 430 Digital Indicator and tht weld toe stress for the mspcct?ve
T-plalc‘, Linear extrapolation was used to yicid microstrain values at the weld toe. Thes_c
ey « values were then. mul;iplied by Young's modulus for steel (207 GPa).to givc the weld we
“ stresses conespondmg o nhe load voltages used. Once lhesc correlations were established,
the’ 406 Controllers were ad]usud to pmvnde the appmpnale load ranges nnd thc Digital

. ‘Function Gcncmwr was ad_w_sxed to give a sine wave at0.2 Hz.
633 DitaCollection . g -
'fwg T-plates, were tested in synthetic seawater and’two in natural seawater. One T-
A. : - - -
+plate was tested in air. - The seawater tests were conducteal at’532°C in oxygen saturated
* solutioris with lation rates close to one liter per minute. An electrochemical powmia-xl of °
900 mV vs. Cw/CuSOy (equivalent to -850 mV vs. Ag/AgCl in seawater or -830 mV vs.

SCE) was employed in all four seawaxe‘r}es(s'. It was decided to perform the air test upon

A o c&mplcﬁcn of the first two sénwnter tests, while one of the hydraulic actuators undcrwe;n
repairs fo an ol leak, The air test provided data for checking the accuracy of the ACPD

readings and served as a basis for compnring dw scawater tests. B -
L0 N ) 4§

The dnm acqulsmon pmgxum was used to obtain and store the initial méasurements

o * of ACPD mdos, initial strain gauge réadmgs, and dissolved oxygen probe sensitivities.

Om:e the initial. measurements wcre taken and the MTS “taricd «up, ‘subsequent
mwsummeqls were taken daily until cmck lninunon 'and twice dmly until failure The same

pmgi‘am used to collecl thie initial measurements was used to collect all subsequem .

Bcl‘m‘s ing'm Y nts, load cycling was stopped on both MTS
! . e Tt

1




channels so that mean loads were applied to each T-plate. Printouts of all data were
obtained and stbred as safeguards against disk failure.

“ “The ACPD measurements were used wgémtemckpmﬁlu-lvaﬁmxgsug&:of .
~crack growth, produce plots of crack depth vs. cycles and determine crack puwth rates as
a function of crack’ depth. Crack gxumh ntc data were calculated from the cn\ck depth vs.

cycles data using 2 terized, seven point i i if A fadlty

connection to the Crack MicroGauge Unit prevented the retrieval of iny useful ACPD data,
-from the first test in natural scawater. Although crack prpfiles could not-be generated for. . .

this plate, it was possible to obtain information on'its grack propagation behavior from a

of actuator di at mean load with maximum crack depth. Transducer

" outputs from the MTS were recorded in conjunction with each set of data measurements for
all five T-plates. The displacement of the actuator at mean load was determined by
subtracting the mean stroke reading at the start of the test from subsequent mean stroke

as the test Since i-elliptical fatigue cracks ‘usu-lly form

: ulmvdysu-,ghxﬁwlsm after initiation, ACPDdlufmnlhefmu]xobesctscbseslm
the oemcroftbeuukwmlvengedfonhmofmefouxmnmgTplmes o give crack
depth as a function of agtuator dlsphcmwnt at mean load A linear correllnon was
,esuhlgshed between crack depth-and actuator displacement at-mean load and this
relaonstilp was then used o generas crack depth va. Gydled data fo the frst tos i natun]

seawater. . . -




" hours but eventually stabilized at Tevels ck?c to those observed in the i‘)reviqus tesi (Figure '
" 33, pi124), (e ' '
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70 RESULTS -

— TR
7.1 ARTIFICIAL CREVICE EXPERIMENTS
7.L1 . Current Decay Tmmi&m

For the case of 5°C With cathodic polafization to -830 mV (SCE), the specimeri
placed in symhmc seawater mamlamed a eonsiswndy higher current density throughout the -
duration of the test (Figure 32, p. 123) In bor.h solutions, the current densities varied
ndticeably Juring the first 150 hours but thereafter stabilized at levels close to the initial
mcnsux:cmc;l:ts. The stable current d;d%iw w:hi:ycd within synthetic seawater (7 uA/cm?2)

was substantially higher than that achieved within natural seawatér (4 uA/cm?), Polarization
’

“toa slightly more negative potential (-900 mV vs. SCE), for the same temperatire (°0),
produced xomcw_kai t;igﬁer-iniﬁal current densities that decayed rapidly during the first 100

Rmsmg thc n to 22°C the di in current ~density

bctween cmvlces pelanzed 10 :830 mV (SCE) in sym.hcnc and natural senwm:rs &gum
34, p. 125) Ths specimen placed i m natural seawater.assumcd an initial current density

about lwic: as high as that 6bserved for 5°C. Houver, after 250 hours, the current densxty

- had steadﬂy declined to a sleady-stalc value equal-to one-half that aclucvcd at5°C. The

crevice polanud to- 830 mV vs. SCE and exposed to symhehc seawutcr ut 22°C displayed
unusunl durrent decay behavior. The current densuy dmpped ﬁum 18 uA/cm1 ax the start of «
the tést down to 14 uA/cm? after about’25 hours, remmned stable there for an ndditional 25

hours, declined steadily until about 150 hours whém:it stabilized at 7 uATom?, then Gropped

i
e
1

\
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E v’ . :

off again at 375 hours to 4 uA/cm? where it remained relatively stable for the remainder 8f
i : g e

the test. . )

; | 712 TafelPlots -
T / " “Tafel plots, companng the mtes for water reducuun under dlfrerem envu'onmcmnl
conditions have been included as an appendix. Thr, key m{om\i availablé fromi the Tafel
plots is summarized in Table 2 (p.99). The mtes for water Jnon varied considerably
among the dlﬂ'ercm specimens. “Tafel slopes. mnged from 90 t0 225 mV/decade. The Tafel”
slope most oommonly Heasured for iron in chloride solutions is 120 mV/decade [46] The

dnffercnt values -observed here probably reflect variati in

geometry, solution’ chenusu'y and surface deposits. The Tafel slopes were determined by
drawing tarigents to the: curves at their flattest locations. Flattening out usually occurred Al
between -1000 and -] 1‘150 mV (SCE). Above -1000 mV, oxygcn rgducuon contributes
significantly to the current density and below -1150 mY, the generation. ot: h):dn;genl gas

. lcm‘is to reduce the active surface area. Bqth of these effects were more pronounced \‘vith .
crevice specimens than with exte;nnl surfaces. In order to evaluate -the ‘effécts of
lemperature, speclmen geometry, soluuon chemlstry and surface deposi(s on the rate for
water red\lcucn, the Tafel slopes were extﬁpohled back to a common potential and the
corresponding current densities recorded. The potential c}_|osen for this pur{mse was -§30

. mV (SCE), the.samé potential use for protecting the CT specimens and ‘Welded T-joints.

ansid& first, the results obtained for extemal; film-free (i.c deposit-free) surfaces.

synthetic seawater n_(,s"? nn was 2:4"times |higher in natural seawater ihnq in

i .; The current density for'water réduction Was 2.7 times highier in natural seawater than in /
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synthetic scawater at 22°C. For natural seawater, the rate for water reduction was about
16 nmr.s higher at 22°C than at 5°C, and for symheuc seawater, water reduction occmed

" atarate that was about 1: Snmuln;ben 22°Cthan at 5°C. Tllehlghermemdeunns

observed at 22°C are consistent wi lbethefacnhatmcrusesmlmpnammhxown

to accelerate waw} mdnctian i encs [4]. It is not so obvious why current densmes

would be higher in natural scawaer than in synthetic seawater for the same lnnpenmm

cm&il:es,‘ cnriem densities were slightly higher for natural
ctic seawater'at both temperatures. However, ‘the warmer
temperatur¢ resultfd in flatter Tafel slopes and, cons‘ei]uemly. the chpt densities
calculated for —836 .V (SCE) were Jower for 22°C than for 5°C. A similar, but lesser,

effect of wmperlmre on Tafel slope is npﬁn:nl for the holdly exposed. surfaces. It would

seem sensible to assume that this eﬁact is somehow related to surface coverage by

hydrogen, since hydrogen gas is likely to accumulate more rapidly within a restricted
crevice than on an external nwfweexpommlninogenp\n‘x‘a

) 'l"hzlewuslpnmmmeedc.ffecmfspecime'ngenmexrymcuﬂ!mtda:sil;v In natural
mvmer, the c\m'enl densll‘ for water reduction was 3.6 times higher for the external
mrﬁnc dun for (heuwice surfloe at 5°C and 15 time's higher for the extemal surface than

’ for the crevice suxfwe at 22°C. In: symbeuo seawater at 22°C, the water reduction mmwn

pmded 131 umes fu(er on the exu-.mnl surface than within the cmwe. bul for 5°Cthere

wasno disoermblz difference.

Conslder next, the el‘fec( of allrfnc: films on water uducllon kinetics withi the

crevices. ln amost tests, the yle for wltu mducdoﬁ} was md\lced, more or Iéss, by the

presence of calcarcous deposits. The only exception was for the crevice pmlect_ed"l(-m
my (SCB) in 5°C syathetic scawater, where neither the Tafel slope nor the curent dgns\ily 2
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were affected. The deposits which formed within the crevice polarized to -830 mV (SCE) !

. in 5°C natural >seawyaté’r reduced the current density by ;A factor of 19, In compnﬂsén. the

x deposits 'w_hich ipitat within the crevice tested at the same potential and
temperature 1-1 synthetic §c‘nwnler produced only a S_féld reduction in cutrent'density. ‘The
effect of calcaleou; deposition on current density within the cmvice‘xp}po(eclqzi}_uk -900 mV. T
(SCE) in 5°C natural seawater was even less p;;nhunccd; the factor for reducl(ion being
only 2, . i A

N ’
It would appear that the deposits which form within crevices prolwtu; at-900 mV
(SCE) in the 5°C seawater are much lc;s effective at reducing the current density. for
water reduction than are d posits which form within crevices polarized t0,-830 mV (SCE)
in seawater at the same temperature. It i$ also uppnr{nt that deposits which pf'ecipim_te in

o natural seawater at 5°C afford better protection against water reduction than déposiks

S~ ‘which precipftate in synthetic sc‘awnler at 5°C. This last statement is especially true for
. the case of cathodic protection at -830 mV (SCE).

| . TR e . i
For the crevice polarized to -830 mV (SCE) in 22°C natural seawater, deposixion‘
. lowered the current dcnsuy bya factor of 6, whereas for a similar crevice tested under
identical conditions in sym(\enc senwater. film formauon reduced the water reduction mle
by only a factor of 3. However, the film-free crevice current density was almost twice. as
high in natural seawater than in s'ym'hcu'c; seawater at this temperature, Hence, similar water

X .\\ L reduction rates were observed fo; both slclmi;ans at 22°C, after depo-sits had formed.
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' 113 DeposltAnulysis

7 Scnnmng Eleclron Mlcrosqopy (SEM) with Energy Dispersion X-Ray Analysis.
(EDAX) was ployed to examine the ) and ition of andlor

coro ioy pmduc(s that precipitated on the crevice sm'fac:s Both the morphclogy and

i chcmlstry of the deposits differed s:gmﬁcamly for the different bulk solution chcrmsmcs
_The gmtest distinctions were observed within crevices polarized to -830 mV (SCE).
Tables 3, 4 and 5 (p.100-101) provide data on the chemical composition bf’calcar‘e‘ous
deposits that l'm'med wn.hm the crevices. Dcposns were-sampled near the mouth center and
tip of cach crevice for bath the top and bottom surfaces (Figure 18, p.114). The muo of

calcium to magnesium wps determined for each location sampled.

The crevit® polarized to -§30 mV (SCE) in 5°C synthetic seawater formed a film of
magnesium rich deposit over its entire surface. The deposit thickened and displayed a
“higher density of shrinkage towards the crevice tip (Figure 35, p.126). The fact that the-

deposits thici(znefi towards the crack tip is evident ﬁ?m the increasing percentage of

- magnesium and décmsing percentage of iron indicated in the analyses as the deposits were

- probed from the crevice mouth towards the tip (Table 3, p.100). Calcium concentrations
* were extremely low atall locations and there were no skgx\& of corrosion within the crevice, *
Deposits which formed within the crevice polarizéto -830 mV(SCE) in 5°C natural
seaWnter did not provide bompicte surface coverage and differed sighiﬁcantly in physical
appemnce and chemical mnk=~up (Flgure 36, p.127).°The crystal buds seen in Figure 36
were indlvldullly pmbed and'found to be exnemely richin culcnum “The calcium om‘mm of . 3
lhese deposlm was found to increase towuds the ¢ crevice tip nnd this is indicated by the
increasing ratio of cnl‘cium to magnesium in Table 3 The hlgh iron count present in xhese_ L

‘analyses reflects the lack of Surface coverage afforded by t.hi deposits. Fq; these crevices,.
L. . e ol . . £

i 2




the high i n'on concentrations are !houghl to result from the substraté steel rather than fmm
within thc deposn. M

~

“. Polanzauon toa shghlly more ncgauve polcnnnl (-900 mV vs. SCE) at lhe snme X

temperature (5°C) produced. some very puzzling results: Separation of lhe crcvmes nfter -
testing revealed lucnhzed regions of helvy dark green, brown or bluck (cm-rosion)

deposnts ad;acent to and i dispersed wnh off-white deposif near the mouth

and sides of each specimen. After dlppmg the specimenss in d\sulled wajer nnd drying in
acetone, the dark green deposits slov{l‘y changed tov a hg,h( brown color. It would appear
lhal’dm'\lng pélarization. iron was lgaving the surface of the steel and precipitating as an ’
hydroxide. Smaller and less frequent patches of corrosion product were also evident at lh:'
ﬁgrxce center and near the tip of each specimen. The off-white deposlls were generally
thicker towards the sides and nearer. the tip of the specimen tested in natural seawater
(Flgurc 37, p.128) and appeared qum: uniform over the surface of the specimen exposul to
syntheuc seawater (Flgulc 38, p 128). SEM- -EDAX analyses indicated that these sun‘accA
deposlts were nch in magnesium and low in cnlcmm at all locauons (Tablc 4; p.100).
F_xgure 39 (p.129) and Figure 40 (p.130) are the SEM mxcrographsA and corresponding
spectrums for lhe crevice mouth and crevice tip, respectively, of the specimen tested in’
symheuc seawaxer\flgure 41 (p.131) and Figure 42 (p.132) are ll\c SEM mxcrogmphs und ’
cmrcspon'dmg spectrums produced at similar locations on the specnmen lested in natural
senwmer Probmg vhe dxffemnl. structures in Fxgure 41 revealed )hnl the xubstralc ‘material
was rich in lﬂagneslum and iron whereas the nodules cqnmned primarily calclum. buL
ovemll the spwu—ums mdncated tha! mugnesmm und iron*were the mujor cnnsmuuml

pre!ent in these deposits. After SEM maly)es were complete, :he specimiens wem cleanqd

usil g a corrosion i inhibiti ¢ ic.acid and graphed

'Photomwmynphs illnstme the condmon of the crevioe surfaces before (Flgm 43, p.lSS)
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.
nnd uflsf (Figure 44, p.133) rcmoval of the surface deposu.s near the mouth of the
spcqmen tested in synlhenc seawater. There is clear cvndcnce of metal wastage, in the form

of sl!allow plls and surfm mughgung, cvcrywhcre bmwn or black deposits were presem.

ot

Inwresdng n:snlts were nlso obtained for the crevices polnnzed to -830 mV (SCE)
‘at 22°C The specimen exposed to synthetic seawater displayed a well-defined band of

- localized corrosion near the crevice mouth that appeared dark green immediately after

“removal from solution and subsequcndy‘,changgd to a light brown color. Imimediately

‘adjacent 1;: this band of corrosion and elsewhere within the crevice, lpne deposits assumed
an off-white color-typical-of calcareous scale (Figure 45, p.134). SEM analysis of the
con'oded region reveavéi the pn-,scnce nf magneslum rich deposxts on the bottom surface
(Figure 47, p,135) and iron nch deposits on the top suxfacc (F:gnre 48, p. 136)\
Subsequent t removal.of The deposits indicated that corrosion had otcurred on the botiom

" surface but not on l.he top.surface, The area of chm! wastage was chn.ractenzed with pits

and.formed a distinct lmc of: mmrsecuon wnh Lhe nd;accnt uncorroded metal (Flgure 46,

p.134), Deposits which formed on the unct led metal tended to be rich in magnesium

and low in calcium content. Figure 49 .X!W) shows the typically flat, 'dried-mud'

. appearance of a magnesium rich-deposit, found near the crevice tip of the specimen
) exposed to synthetic seawager."No signs of corrosion: were evident within the specimen
tested in natural seawater. “The scale formation for the natural seawater speclmcn appemed

1 to be thlckest near the crevice ‘mouth and sides and dlmlmshcd mwnrds the center and.

towards the tip. SEM spectrums ind:cmd a tmnsmnn from calcium rich deposm near the
crevice mouth (Figure 50 p. 133) to magnexmm rich deposits near the crevice tip (anure ;
51, p139&'l'lhle5 P01 '
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7.2 COMPACTTYPE (CT) EXPERIMENTS . 1

Plots of crgck growth rate (da/dN) versus crack tii; stress intensity factor range
(AK) were determined for each test. The results are compared in Figures 52-55 (p. 140-
143). Data for the an- tests was included in all graphs to serve as a base line for compnnng
seawater tests. Table 6 (p.101) gives values for C and m of lhe Paris- equanon, denvcd

from a linear regression analysis of the CT data,

The crack growth rate data for tests conducted in air appear reasonably lincar over
the range of AK examined. The scatter in data was small for AK<20 MPa:m!2, but
‘increased slightly for AK>20 MPa-m!/2, where crack growth rates dcviaw;'l by-as much as
25% for the same AK. :

Only subtle differences in crack growth rates wé;e apparent for the two seawater

solutions at 5°C and these dlfferem;es were only observed for AK>20 MPa:m!/2, Tests
conducted in nalural seawater at 5°C produced crack growth rates that were, on the
average, about 2 times faster than lho‘siobserved in air (Figure 52, p.140). Fatigue cracks
propagating in synthetic seawater at the s’ e lempcmlun: grew about 2.5 umcs faster than
Lfacks which grew in air (anum 53, p.141). However, lha scatter band nssocmxcd with the
! seawater tests for AK>20 MPu-mlﬂ (Fifure 54, p.142) is,of the same order of magnitude

as that determined for the air tests. (i..<25%). Thus, it would seem improper to attach

special significance to the slightly higher ‘crack grofwth rates observed\ for synthetic N

seawater at' 5°C.

There is evidence of plareml (cons(am) crack g-mmh over a small mnge of AK

- corresponding to 4. 5x 103 mmycycle for natural seawater at S°C and 5.5x 10 mm/cycle

for synthetic seawater at 5°C. The short plateaus obst cd .hgn are, no doubt, &

i




c;)nsoqgence of the relatively high starting value for AK (15 MPa:m1/2). A smaller starting A
value forAK (say’ 10 MPa-m!/2) might have produced wid;:r plateaus, but would als'omvc

extended thie test duration signi ‘There was idence of ition on

‘any of these specimens,

The specimen ‘tested in natural sea‘watcr at 22°C produced crack g‘xowth rdtes
similar to lhose determined for 5°C. There.was, however, a noticeable drop off in. the
- crack gl:ow!h rate’where plateaus were observed at 5"C (Figure 55, p.143). The crack S
gmwth rate rose sharply at the start of the test until it reached,about 5x 105 mm;cycl( ) .
dropped off snddenly to a value only slightly greater than the rate in air, then mse(zgam 0 )
- 'v values'similar to those observed in the 5°C tests., Culcm‘ecus deposm were found on Lhe

i., X machined notch and over the entire fracture surface (Fxgun: 56, p.144). 1t is plabsible that

the drop in crack growth rate observed for this specimen was due to a reduced rate for

water reduction within h&:‘:ck, rather than debris-induced closure. Measurements of
minimum back face s\ﬂ‘cz( sponding to the total range of crack depth were the same for

this test as for tests in air®
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73 WELDED T-PLATE EXPERIMENTS

131 émd( Initiation Behavior . " g

There was a considerable influence of scawater che‘mislry on fitigue crack initiation
(Figure 57, p.145): The crack depths plotted in Figure 57 were determined by a\’l:nfging
I.h; four ACPD probe set readings closest to the center of mﬁﬂmr cracks with
high aspect ratios (¥/c = maximum crack depth/Iralf width), the average crack depth may be'
slightly lower than the maximum. Both specimens tested in natural seawater initiated cracks + -
faster than did the specimen gesl;d in air. The T-plate broken in air initiated a detectable
crack after approximately 300,000 load cycles. The ﬁrs‘l T-plate tested in natural scn»{nler
(NATUR;AL,#I) sme& cracking after only 90,000 cyclegagd a t:aligue crack was detectable \ ’ R
in the second T-plate tested in natural seawater (NATURAL#2) after about 150,000 cycle;.
Both specimens tested in synthetic seawater exhibited delayed initiation. In fact, only the .
first specimen tested in synthetic scawater (SYNTHETIC#1) actually gx:cw acrack, w}xich
initiated after about 400,000 cycles. The second T-plate tested in synthetic seawater *
(SYNTHEILCj#g)_lls_Mrough more than l.OO(;,OOO cycles without d:velopir,g a fatigue
crack. Two separate probe sets, located near the center of the plate, indi‘catcd slenaily -
ir;crcasing crack depth up to 0.3 mm over approximately. 590.000 cycles, but did x;ol

increase further. All other probe sets produced readings less than +0.1 mm.

732 Crack Growth Behavior

Major differences in crack growth rates for the two solutions and for air were also

evident (Figure 58, p.146). The crack growth n;la for the air test increased fairly linearly )

-



b ¢
with crack depth. Crack growth rates for the seawater tests increased mﬁidly during the
carly smges of cmck growth, then leveled off. On the ‘whole, synthetic:s seawatzr pmduced'
crack growth mes that were bclwccn 2 and 3 times faster than those observed in the air ’
test, whereas cracks growing in natural scawatc.r propagated at rates much closer to those
observed in air. For craci( depths l.css than about 2 mm or greater. than about 4 mm, erack
growth was slightly faster for NATURAL#1 than for NATURAL#2. For crack depths |
between abohl 2 and 4 mm, da/dN-was between 1.5 and 2 times faster in both natural
seawater specimens than in air. The grack growth rates for both natural seawater specimens
became relatively const@n‘t for depths greater than about 4 mm. The crack growth rate for
the air test'did not. F‘m' crack depths greatm: than about 8 mm, da/dN for air is seen to rise
above that for natural seawater. The mck'g;owm rate for the spccime‘n tested in symhcu'r;
seawater did not levci off until the crack depth was greater than about 7 mm. The crack
growth rate at this depth was about 2 times faster in synthetic seawater than in natural

seawater.

733 CrackProfile Behavior

Crack profiles, as a furiction of elapsed cycles, for the air test and for two of the__
seawater tests are presemed s i"igures Sé-ﬁl (. 147-149). Figure 59 (p.147) compares
ACPD data (after modxﬁcnu?n using the calibration function discussed in section 7.3, 1),
with beach marks for the air qest The ACPD mdings appear accurate to within 1 mm for
the full range of crack depth encountered in this test. Both scawater tests (SYNTHETIC#1
and NATURAL#2) a:jsume cmﬁ:‘k profiles having‘aspec‘t ratios s'iglnif‘ icantly \higl;ner vlhan

. dwsze for the air test. The narrower crack fronts nbscrved for Lhe seawater specimens are
pmbnbly the

of an 1 fewet initiation sites at
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a faster rate. ThE cracks which: developed in-seawater grew shgh(ly off-anler nnd never,

reached both s)des of the speclmcn before mpld fa;\lum took ylnce _ e

Two of Ihe T-platé§ :esxed in seswn!er, SYNTHETIGIFI and NATURAL#Z wcre C

_ rinsed wnh distilled water and dried with aoclonz lmmedmely followmg fa\lum ’A thin film: .
" of calcareous deposition was found qQer thé exposcd surfxcc and fracture surfnce of’
- NATURAL#2 (Figure 62 p. 150) Also evident'on lhe frac(ur_g surfdce of ‘IATUR’AL#Z,
4 : + was a light band of cormsmn which cxtended lm-,gul‘hrly acmss xhgfnce of the cmck The ~
horseshoe-shaped mdcmauon. located near the ccnlcr of the photogrnph occlirred when a
‘foreign Ob'jCCl lodged mslde the crack as the two halvcs of the T-plate were belng mpmled
The bohﬂy exposed, surface cf SYNTHETICJH -appeared to be free of dcposns and
uncorrcded whereas |he fracture surfacc for this T-plate (Figure 63, p.150). had an
appearancc similfr to that observed for the crevice surfaces thdt were polarized to -900 mV
(SCE) at 5°C (Figures 37 and 38, 1;.128). Note that a.reas‘of brown or black‘ (corrosion)
deposit occur inter-dispersed with areas of white (calcareous) deposit.
B ‘ : N ) ’ '
| ) oA . ,

7.34 Behavior of Environmental Parameters )

The environmental parameter which L". the greatest.variati p Afmong tests
v ¢ \\-,‘.”is current density, Allhongh initial current densities were similar for all four specxmens.
' the current decay tfmslams were. not (Flgure 64, p.151). The current densities for

NATURAL#I and SYNTHETIC#1 beha\7d mosl cmmc?lly This is thought (o be u

consequcnce ‘of the stirring action created by ;he impellers of the miniature, b:lge pumps
usgd initially avith these specimens to pump the seawater back i into the holding tanks. The

current densities for ihi’lohgprlasiing ;pecimens appear 1o stabilize after about 400,000




“stages of lcstmg Note also thae SYNTHEI(C#! which gcncmled the fas(esx cmck graw

agrack) v s LS

. cycles: It is interesting to note that NATURAL#1 and NATURAL#2, which produced the

shortest crack initiation periods, achieved the highesl current densities during the early

rates, assumed a long-t (erm. steady-state curren! densuy about 2.5 times higher than thm %
exhibited by NATURAL#2 or SYNTHETIC#2 (rccﬂl[ that the crack growth rates for
NA’i'URAL#Z were similar to those for the-air test and that SYNTHETIC#2 failed to gmw

Q!her cnv:ronmemal vatiables dld not devme s:gmﬁcamly from théir starting

Values: The pH rcadmgs for both seawater solutmns rose shghtly from 8. 2 toubout 9 4"

dunng the first few. days uf Icslmg and thereafter rcmamed stable, Dissolved oxyg:n

s were ively maintained near the uratio Jevel (10 mglluer for
seawater at 5°C). Tcmpm‘amre fluctuations were less lhan 11.5°C nnd the rcfcr:nce 4
potential deviated by no more thanij mV in any one lesl i b S M C R ’ R ’\7
. ™
i i
! 5
-
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8.0 DISCUSSION ’ =

. .
z The following discussions pertain to some of the puzzling results obtained in this
; sstudy. Wheu possible, hypotheses have been developed to relate crack initiation and

to the properties of dcposl!smdlhelrmﬂnmceondie

localized deqm&iiﬁsiry within fatigue cracks.

; . 81" CORROSIONUNDER CATHODICPROTECTION

g £ It is generally ; Y tha! steel imr in’seawater without cathodic

‘entire surface.- Under such

§ pmlecnon mnds o eKmide. xomcwhn umformly. over

. genenlcmodon,lhaeislnndomdcvdopmemofamdmmdummmummenm

P that ternate, time, fmm bexng predominantly anodic mcadxodzc Corrosion is
. umfammdmsennmumuposed&mm:kdnmeurmmemm,bmme
distribution of metal wastage over the suxfa;xs nrely uml’om In certain situations, *

a conoswnwnbewmelne_lhwdnlnumbuohnodwuw\qiﬂnhebnlknhhemﬁee

being pledomiﬁn'ildy uﬂwdic.-?ini’ng is a form of localized aiw.:k i\nV./hich small arcas of

g mesnrfwemwmdedthhpmmnmofmcsmnlm:m;. . . N

<

* The lpphuunn of cld!odlc currents, from an external source (impmssed clmem or

Qonﬁclal anodes) m thewleel  surface, is the upproach most commonly empluyed o

* mitigate the ¢orrosion of steels immersed in seawsler, 'l'heory would suggem ﬂm full

ca'.hod:c pmecuon can be achlcved at sxeellsuwntu interface potenuals more ncganve dun

-730 mV (SCB) Them is, however. ewdence in the literature 1o suggest ‘that steel under
cathodic mluiuﬂon does not adhere to the W‘;ner-fhud mlxed pot:ntul theory.

'

\.

%

¥
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- Conm\ry to popular belief, the di}olvution raté fdr steel does not.always decrease

exponennally with decreasmg potential. The formation of shallow pns and rclnuvely high

of iron ides in deposits formed on cathodlcnlly protected

" steel specimens have been reported her:: a_nd elsewhere. Few explanations have yet been

oﬂ‘er&l to iccon\ml for suc)yobserv_adons. The purpose of .lhis section is_ to review the
mm:hanisms~ suggcs‘led by émcrs as possible causes for this pecnliix behavior and to

present an alternative }ylhesi's, based on a recent development in electrochemistry..

e

A

811 Principle of Cathodic Protection (Mixed-Potential Theory)
_ .The Wagner and Traud nﬁxéd;potcnﬁal'thgcry consists of two simple hypotheses
sk, s X sie g

1. Any electrochemical rcacuon can be divided into two or mote,partial oxidation and
- reduction n:acnon

2. There can b be no nét accumulation of elecmcal charge during ah electrochcmlc:\l
reaction. >
The first hypothesis is obvious and can be veriﬁed experimentally. From lhs-second
hypolhesns, it follows that under free corrosion, :he total rate of oxidation must equal lhe
' tom.l rate of reduction.

N - ' . ‘s
A mixed electrode is an electrode or metal sample whic}ﬁs in contact wllh twoor
. more oxidation-reduction systems. For the case of steel in aerated seawater, the redox
couples will. most hkclybe N

‘Fet+ 4 2e-  (oxidation)




B 120, + H,0 + 2e- ===> 20H" (reduction).

Thc pﬂﬁclple of cathodic tion is i . ically in Flgure 65",
(p.152). Nom :hm in the absence of applied curvent, the steel surface will take on a -
corrosion potential, Ecom, defined by the intersection of the oxidation curve for iron with :
" the reduction curvefor oxygen, This is the only point in the system where me total rates of

oxidation and reducuon are equal Thecunent dcnsny ‘carresponding to this point gives the

- average corroslon rate for l.h: steel surfacc Consider what happcns when the potential of * * -

" the steel is mnde more negnuve by Lhe application of an extemal mdncnon cun-enL As the

applied* cathodic current. density (iapp)'is i " ed, the si rme decrea
cominuons]x fmlh fcorr 0 ia along the polarization curve for}mn it ion. If the theory
s ccm'u:l, cm_hod:c polnnuuon to pownuals below th: opeén circuit (local) nnodc potential

(Eo,a) will reduce ia to vnlues be.low thi cxchangc -current de\xsuy fo§r iron dxssoluuon
(typically 105 rnAlcm’) und Tead to m!a.l pmtecuon (zcro cotrosion rate) [76; 77] The. most i
commonly accepted pmenunl for cumplclc protéction is -780 mV (SCE) [52,78]‘ ‘
- L & : Vo
= g -

. %

R \

‘812 Meclmliism of Cathodic Protection of Steelin Seavater

Amlough cathodic pmtec}wn hds been used extenswely in the last few decades and

the pnnclplc is relatively sumghtforward them remains considerable uncemmty astothe- *

mechanisti by which the cathodic pmlecuon of a steel surface,. |mmcxsed in scnwntcr, is
evcnlually achieved. Mears et. al [79 80], in 1938; were dmong thc first to gws thxspmm
serious consndemdon It was specnhted lhnt d cnthodxc current apphed to the corroding

i meml smfncc opposes dle anodxc cnmenz leavmg the siirfice. At a sufﬁmcnﬂy high apphed

- cathodic curmn. the locahmd anodic C\lmms are leduced m zero and a net calhodxc current




(}t controlled pp}enunls between Ecorr and -740 mV (SCE).

; 'seawater is very likely ‘tobea Donseq'nehc_e of corrosion produc_t (rust) piccipitni@ch and

) oxygen reduction at caxhod:c an=as Any change 1o this balance. either by the applu:sncn of

enters the surface every\;/iiem. ‘This was thought to be true regardless qf ‘whether o;- not the ~

relative sizes of the anodic and cathodic areas were changing. Contrary to these early :

* . beliefs, LaQue et. al [81) have suggested that the principle effect of applied cathodic current

is to progressively shrink the size of the anodic areas until the surface becomes completely
cathodic. Tt was hoted by these invcstigmoés that the local cathodic current density remained

essentially constant. until the current gbncmlcd from Iccnliz«! dissolution was! almost

completely eliminated by cathodic current from the éxtemal source. While there was a trend
towards lower overall: corrosion rates with mcreﬁsmg cathodic current denmy> the

corrosion rites at areas of the surface !hat continued to cormd: (1 e. logal mmdes) did not .

decreasc propomonmly wnh increasing calhodm current densny below the level reqmud

for complete i the' ication of a cathodic current was more

" éffective i in mlucmg lhc area of corrosion than in decreasmg rh: Tate of attack. “

].n 1985, the results of a third study were publlshad. Dexlcr et, al [82] observed that

the apphcauun of external current results in |hc devclcpm:m of more-but smallgr anodic and-

»ma areas, dless-of the direction of:th ‘applied ¢ Th di ded:

be Jargm- and fewer in number on specunéns that were al]owcd to con-ode ﬁccly There

was, however, no evidence of pitting omrany of the steel snrfaces tiat were under pfclwtcd

The development of discrete anodic and cathodic areas on stegkfreely corroding in

g restricted diffusion of dissolved oxygen to certain areas on the uriderlying metal éurfaqe. L 5 ’

Jones [76] has suggemd' that there is a balance belwccri the deposition -of insoluble

+ corrosion produc!s at anodic areas, and passwnnon by.the producnon of OH, asa resultof .«




cathodic current or ephancemient of mass .nianspon (increased convection), will change the —

relative sizes of anodic and cathodic areas. . 3

813 Other Evidence of Corrosion Under Cathodic Protection

It is not uncommon to find relatively high conccnu'ations of iron in calcareous
deposns that form under curmnt\denamﬁ that do not pmwcl the sleel to potentials more

. neg "ve Lhun =780 mV (SCE) [38,! 56] Wninn faugue cracks, where potential d.rops may

: exm. n szmll amourit of chsseluuon mxght even be expwled for external conlml potentials

Jclose.to -800 mV (SCE) Severnl mvesugamrs [30 37, 56], however are ,mdmg rather

igh cbncentradons of iron inter dlspctsed in cn]carcnus scales formcd at potenuals as

i nagadve as -.1000 mV (SCE). wit h no obvious explnnnuon for its puscnw Ambrose et.

al [56]. upcn wsunl mspecu

f deposlts formed on stecl spsclmcns over; prolectéd in -

‘both nmural and ‘artificial sca\Oater. have observad ‘greenish-white spots' to appear in the .

3 ﬁlm, chpngmg rapidly to a brown color after removnl from solution and drying. The
. dcposns nppeared 1o nuclcatn around cnmsmn pus It Qmma:i;xnng
h polnnumon, iron was pmlpxmung as an Fe2+ specncs, ‘probably an hydrox)de Supporting

this contcnnon, we.ne Lhe exvmmely high iron und oxygen intensities fmmd in all’AES and

= SEM EDAXspacIra X . S ? . "

Ham: et al, [22] have observed 2 narrow band of com:smn cxtendmg mgularly i
ncmss the fnce of a smulawd faugu: cmck polanzed to =780 mV (SCE) in natural
seawater. Although Tust wis fouiid i in the vicinity of the crack opening and on the extemul X
surfices, corrosion 'Ap‘pearq?d tobe limited to an area located about oné-third of the way into ;




the crack. It Was ized that if ion were ible, corrosion should have *

occurred at all locatioris within the crack beyond a certain'depth, -

‘

Y
8:L4» Possible Explanations

It would appear that the corrosion of steel surfaces cathodically protected:in
seawmcr isa real’ppsslblluy Unfar(unmc]y, isls an grea lhm hias been overlooked by

many. The few mechanisms that have been proposed to account fm- the contifued corrosion

of slcel under cathodm pmt?non are considered nexts LR

. The concept of an anodlc area lha! is pmgressnvely reduced in slze as the level of

cat.hod:c pmtecuon is mcrenscd bu! is ncver complelely ehmmalcd serves.as a pussuble

explanatiorr for the pitting behavmr observed at cathodic potentials. It does nat. howevcr.

account for the oonosmn phenomena ubserved within'the amf cial crevices or that obs;rved

by Hartt et al. . i = g

=¥

Salyarezza et. l [83] hive studied the electrochemical behavior of mild steel in
seawater and sodium chloride snl\mons in the presence of sulfate l‘educmg bnctena and
d.\ffercnt concenu-auons of sulﬁdes It was shown that the corrosion behavior of sxu:l in

both solutiups was significantly affected by the addition of small concentrations of sulfides.

Localized forms of attack werg detected at lévcls of ion that normally
to passwe oondmons‘ In de- aerﬂted scluuons &f both typts%:f corrpsion
potentials’ were noticed to decrease (i.e. become’ more ‘negati ive) with~increasing

oonccnu'auans of sulfides. The effects were less noticeable in nemed solutions. Higher'

ccnccntmuons of sulfides were needcd to producc a sn'mlar potential decrease m (hc

presence. of dis

d oxygen. ’l‘h= ¥ ol' passxvny was i more. euﬂy
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iri de-aerated solutions where metabalic sulﬁde production was_‘hought to be greater. There

was, however, no evidence of pmmg on steel spccmens undcr prouued at potenuals more

negative than =700 mV (SCE)

L - mGaplc et. al [84 m wcll awate that the cathodic pm!ccuon of iron i less

effecnvc than Lhwry foulld predict. Accordmg to these researchers, the con'osnon rate

decreases hy 95- 98% tending usymptoucnlly to stay at thislevel even for very negative
cm_hodxc pomnunls. Asa part qf their experiments, an iron eluu-ode was tested with and

- withouta sliong magnet attdched to; it. The applied magnetic field deGreased the dissolution
rate. by a factor of seven. It § was doduccd v.hm mschamca.l degradauon of the surface. ducto -

©o the the evclutmn of hydrogen ps, was the mm\ cause of the mcnsumd effecls .

An uhemauv explammon is ;msslble through cons:demuan of the potentml pH )

cnmbmauons tht may exist ear a steel surface under cathodmpmtccndn in scawater 2
Calculauons and mens,uremcms ; of the pH near boldly exposed surfaces of cathodxcally
pmtectad steels :ndlcnw !hat mc PHis typlcatht_ Ll\e range 10.7- 115 171 Sv.lvc‘rmxn [85]

. has made a convmcmg case for lhe existerice of a weak rlummn of corrosion, lying b betwecn

t . the Ee and Fé;04 regions on the polcnual -pH diagram for lhe Fe H20 system at’ 25"C This

domun of cormsmn fuuows thé hydrogen evoluuon line and spans a nmg: of polemml -pH' ..

bombmauons um mtypwal for steel surfaces under caulodnc pro\ecncn in seawater: It has.
been denoted asa n:g-:on of suibxmy for solid Fc(OHh At or abou( a pH of 11, d:ssolved
ae . Fe(OH)ps pmdm:d m be Lhe most stable specxes e sting at potenuuls below this domam

If ondit " s fayour :he rmiition of solid Fc(OH);. then direct dlssnludtm‘
S 7 of sohd Fe(OH)z to d|sso|lved Fc(OH)z is though( o be poss:ble [85]

. suvenmns po(emial -pH dxagram hns been redrawn, mgelher wuh ranges of

pmendal pH comb:mmms that have been measnmd and/or culcnln!ed 1o exist neur extcmll




; g steel surfaces (Figure 66, p.153) and within faﬁgu=~cmcks (Figure 67, p.154) Jﬂder free
cnrmsion or under porenﬁosmdc control in seatvater. It has been assumed that the potential-

pH dlagmm is not sxgmﬁcandy distorted by the presenbe of chloridebr other ions normally

presem in seawam A potential-pH diagram for the sysxcm Fe-CI-H,0, genernled by

Frofing.et. al [86], lends support to this assumpnon Cons:der the range of potential-pH

— combinations corresponding to free corrosion on an exposed steel surface (Figure 66,

Pp.153). Cleary [87] has dei ) ‘with mic 3 that, under free *

. ccr;'osion local hnodcs may develdp pH values as icw as 6 while ncn.rby cathodic areas
may, nge rise to' pH value\s as high as.10. The locai anodes could correspond to the left-
hand portion of this- shaded Tegion, where Fe’* is '.he stable speclcs and thé local cathodes
muld correspond (o l.he right| -hand pomon where apasswc film (Fe,()‘) is. smblc Consldcl'

; next the'shaded regions that dcsxgmne the clecuo)themlcnI condmons cﬂlcula(ed to exlsl .
near an exposed steel Surface for different cotirol pote:ma!s 121}, For cathodic protection‘at
- potentials close to ~950 mV (SCE), oombmanons of surface potenual and pH are wlthm the

: dornmn of solid Fe(OH),. Thus, the corrosion of iteel sun‘aces exposed to seawnler and "1

held at potcnnals more negauvc than -780 mV (SCE) is thenmdynaxhlcnlly posslble The
various potem:al -pH combinations that have been‘measured within. (anguc cracks [9,47]
(Fxgure 67, p.154) would suggest thm corrosion is a.lsn pOSSlbleAlrllSlde cmcksf and‘crevnces
3 jflat receive cathodw over-protection. R h i )
i Prevmusly. n\;/as pointed out that Laque and Amb;'os_c observed pﬁting to occur

/ for s!ecl under conditions of over-| prolecuon Whm as Dexter diﬁ not ob.wrvé‘any pilling on

/ stcel that was cathodically under-| prolecled Mxxed~potcnlial theory wouldlpredﬁcl just the -

opposne It would ‘be mfercs:mg to know whethi

' conditions were a passive’ film shculd exist und f quc and Ambmu were operating

\or not Dcxlcr was opcmmg under ir
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f'> under conditions whede the formation and issolution of Fe(OH), was
possible. o | ) :

A clear explanation for the narrow band of_ corrosion observed w:thm Alhc simulated

_fatigue crack is also eme:gin_g, ‘Turnbull et. al [47] hdve shc;wu at, although the pH
profiles within faxiguc cracks may t;e different for different cdnnol potentials, the pH

" almost always i increases ‘when moving from lhe crack mou!h to thp tip. Ata dxsumce one-
_ third of the way into the crack, the combmmmn of potential and pH near the crack face was
* probably within the domam of solid F&(OH); The steel near the crack opemng was
;xtobubly operating under alower pH, where Fe is stable and the s:eel closer to ths‘crack up
wns pmbably subjccled toa htghm' pH and in a region  where the passive ﬁln? Fe;O,, is

. smblc Smce lhc cmck depth did norchange d\mng the expenmcnt the locauon of

Sion would not be expected to change. * . &

s ' i
\ For actual fatigue cracks; where geornetry is forever chinging, distinct bands of:

’Iucnﬂzed c‘o:"rosién are less likely to occur. This may-be ‘why the fracture surface of
S TIC#1 showed scattered patches of localized corrosion (Figure 63,_p.150) rather
than a fingle. distinct band. ‘ :

)Prcviously, it was reported that for. the artificial ::revice speq:imens ‘which showed
* signs of localized cormslom meta) wnsmgc appeared to be limited. lo the mouths and sides

- of lhe samples and the crevice centers remained relatively free of any corrosion or

calcaxe_&)qs qepos_us (Figures 37-38,. pJ}LayLdrExgyyg 45, p.134). These results are

pmhnbl;} indicative of 10cal variations in pH across the crevice surfaces during icsti‘ng
|
Current| deunty, ‘and: lherefure pH, would be expecled‘ 16 be | lnghes! where dissolved
oxygen concentraﬂons ar¢ hngh a}d/or magnuu conditions exist. Obviously, dissolved
\

oxygen concentrations would be gxpected tobe highest at the entrance to the cxevwg and the




: v B 2
most stagnant conditions would probably exist near the crevice sides and tip. The center of

the crevice might represent a region which is less stagnant and which is depleted of '

oxygen. If the pH was kept low near the ceriter of the specimen, it would explain why the

surface in this region remained void of any deposits.
¢

The si ¢ _. of ium rich deposits and iron

hydroxides on cathodically protected steel surfaces would seem totally plausible in

consideration of Figures 66 and 67- (p.153-154).. A simple mechanism under which these

deposits might form is considered next. The process could begin wilh the cathodic

* reduction 6( dissolved oxygen and: the i 2 ion of hydxoxyl ions (siep 1).

Once the pHias1 nsen to about 10:6, lhe preclpiumon of: Mg(OH)z mkes p[m:e (slsp ZL As

_thc thickness of the mhgneslum hydmxlde ﬁlm }ncreases the dlffuswn of dlssolvcd

N oxygan ‘to the metal snrfacc bccomes restricted, nnd water reduction m.kes over as lhc

dominant cathodic reaction; The cathodic reduction of water molécules produces adsorbed

hydrogen ioris (s!q; 3). Hydroxyl i;)ns, also ;énncd asa product of water reduction, may

" be adsorbed onito the surface of the steel and form the neutral Fe(OH),SOL species (step 4).

A fraction of the adsorbed hydrogen |9ns may diffuse into the steel (slcp 5), collect in

microvoids and combine to form hydyugen gas (step 6). Once the pressure generaled within

. r.hcsc defects exceeds the yield sn‘c;s of the steel, surface degradanon results. Molecules of

Fe(OH),soL are dxslodged undef the eruption of hydrogen gas nnd become Fc(OH),DIs
(Gstep 7). As Fe(OH),DIS mm/;s away from the metal surface. towards a less negsuve
potential and a highier ccnc/ ‘ntration of dissolved oxygen, there is a transformation to Fe_‘O,,
(magneme}black) and Fy0; (ferric ox:de/bmwn) (s(ep 8): a

The variqus éteps in the proposed mechanism are listed below:,

=> 4OH"

(step 1) © 0+ 2H0 + de

)7
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> Mg(OH); pp
'

Gep2) . 2 OH- & Mg+ :
p)  2H0+2¢ oo 20H 4 2Hpe

i Gepd) Fe+2OH- ===>: ﬁ(omzsm._», 2e.
(steps). - 2Hyg ===> 2Hg, , ° —

5 (step 6) © 2Hg, ===> Hy )
(1ep 7 " Fe(OH);s0L ===> Fe(OH),n18
(step 8) ‘ Fe(OH);pIs ===> Fe;04 ===> Fe;03
: T

The foma;io;l of Fe(OHJ,50C is thought to occir as an integral part of the water
reduction xeaczinn EFi'gﬁré ‘68, /5:) Although. the reac::m for thc formation of -
Fe(OH)zsoL (slcp 4) has been written separate from the reaction forwawr mdunuon (slcp w !
3), combmmg the two steps into one illustrates thal !he overall 4 bOn‘oSl,o: process is

b |ndependent of electron transferz-;,

CGeps3H) Fes2H0 === Fe(OM)soL+2 Hoy

This does not hnve to mean Lhat for every two water molccules wh)éh are reduced
an Fe(OH),soL, moleculc  must fom ‘The majority ‘of hydrdxyl ions pmduced in step 3. wlll
most likely dm‘uu into the adjacent sofution, thus mmntmnmg a Iugh PH near the surface

*  ofthe scecl Thc point to be realized is that metal wnsmge under the proposed mechanism is
a consequence of chemicnl rather than electrochemlcal xeacnons and is capable of

.
FIUL ication of i curremr“ oluti 1sthoughtlobe.

posslble, even under very strong eléctric. ﬁuld ‘gradients, smce thei uon would be chffus\ng

uwny fmm ‘the metal surface as an \mchﬂrga:l or neutral species.




&2‘/ INFLUENCE OF CALCAREOUS DEP()SITS ON CURRENT DENSITY
AND FATIGUE BEHAVIOR

Il was shown under set:non 7.0 'hnt tﬂe calcareous deposus which rorm within
crevices ¢an hnvc a slgmﬁcam =ffcc: onthe cunem density for water f’educuor\ It was also

sho_wn that the morphology and chemistry of these depgsus can vary with bulk solution

chemistry, i po(enual and/or temij Although the fatigue chick growth
* rates determined usmg CT specimens were.not sensitive to xhe dnrfennrscnwmcrs. fnngue-
crack growth behnvwr in the welded T-plxl: sp:clmens Vaned considerably betwecn the

between

two soluuons The purpoge of the i it ion is to dmw
deposit chcmlstry, cuﬁ’em denslty, fauguc crack initjation and fauguc crack propagation,

based on the results in secuon 7 0. - . . . i vy

¥ Calcareous deposns which precipitated wnhm an amﬁclal crevwe polnnud

. mv (SCE) in 5°C naulral seawﬂ!er»l‘educcd xhc curgent density for water reducxbn toa
leve] almost 3 times below dml achieved by deposus wh;ch ‘formed under slml!ar cohdmons »
in synthcuc seawater, SEM analyses indicated that the dcp its which formed from m:luml
senwate* were-thin, but extremely ricki in galclhm. Op-tl @e other hand, deposits whlch

precipila!ed out of syntfietic seawater were considerably thicket and contained primarily

magnesmm Thus, the thin ca]cmm tich d;posus which formed in na(uml seawater were

more effective at reducmg thc mle for water mducuon lhan were the m ker magnesmm rich -

‘deposits which formed in'synthetic seawater u;nder the sarme condmcns of !emperu(ure and.

of températ and’

potential. For the welded T-plate speci these 'same
potential produced crack gowlh rates that were abour2 times lnghex for synthetic seawater
than for natural seatwater. I

64 /J B ki




Crack xmnmnnrar the T-plate specimens, baw:v«.‘ took significantly longer in
*ﬁ/ntbcnc seawater than in natural seawater. Both specimens tested in mmnl seawater
l" iated 0.5 mmmcks more quickly than did the specimen umdmm- The current

* ‘Hensities for NATURAL#1 and NATURAL#2 remained relatively high and flutuated
consxdmbly zlmmghonx their inlmnon pcnods (Figure 64, p.151). These high, unstable
current dcnsmns are an indication that cnlcnreous deposits did not readily form on the
exposed’ surfaces . of, NATURAL#1 nnd NATURAL#Z Crack initiation for
SYNTHET[C#I was delayed 100, 000 cycles bcynnd lhe initiation. point for thé air tcst and
SYNTHETIC#Q failed to lmuule acrack gre.mr than 0.3 mm in dapv.h The current dccay

.- tmnslenls for SYN'lHE'I'(O#l‘md SYNTHETICH#2 are indicative of cathiodic steel surfaces-

that are quxck o plecnplme calclmws films. The current densmes for both plaws tested i in

. syn!heﬂc senww:r showed an carly decling towards lower values. The current density for
_SYNTHKHC#Z dropped quu:kly und stabilized aﬁa’ about 300.000 cycles whereas that for
- SYNTHETICH1 did not'drop as fast and i seen to have risen after a cycle count

* corresponding clos'el_y 1d'its crack initiation period. These facts would imply that the -

15 deposits which precipitated”on SYNTHETICH2. were mote adherent and

pmbcf:ly of gtﬁter thicknesses than the deposits which formed on SYNTHETIC#1. The -

. ubility of synthetic scawater to precipitate denser deposits than natural seawater within

restricted i der the same i i used on the T-plates is also

ewdenl from an Exlﬂnndop of Fxgpres 35(p. 126? nhd 3_’6 (.127).
5 £ - B
lidl 191] has used ﬁnile clement mnlysis to calculate the stress in}ensity faczm for
weld toé mcks in wclded T _plnmes For a’ T+ plalo londed in 3-pomt bendmg.’wn.h ad5
du:gxe:wcldpmﬁlelndumgkOSmmdeephlvmganupeclnnabe!wecn 1.0 and 0.5,
AK lwsgmaledp be belween 9and IDMPn-mmfvyu weld toe stress range of 150 MPa.
_ Vosikovsky [12] has shown that, undec conditidhs which favour the precipitation of thick




calcareous deposits, apparent threshold stress intensity ranges of 15 MPa-m!/2 for a stress -

ratio of 0.05 and of 10 MPa-m!” for a siress ratio of 0.5 may occur due to wedging
effects. Although the T-plates tested in the present study uilized a load ratio of 0.05; the
‘existence of residual tensile stresses in the weld toe region normally induce stress ratios that
are closer to 0.5. Thus, if calcareous deposits are able to plug a crack before-it can reach a
critical depth (say O.ﬁKm for & 150 MPa weld toe stress range), crack growth retardation
or evcncmck arrest is posslhle Furthermore, if apparent threshold stress intensity ranges
as high as- 10 MPn-m‘n were possible for the T-plates tested in synthetic seawater, it would
explain why initiation' was delayed for SYNTHE’I'!CM nnd why it failed to occur for
SYNTHETICH2.

Itis possn’bl: that, for the CT specimens tested at 5°C, the short test dnmunn'
(200 000 cycles or less) was i to fully distingui lhe relative i of

the two solnnnns 'ﬁe nhsem:e of caleareous deposits lhm any of thc CT specimens

tested at 5°C lends support lod\ls nption. It hy that raising the
: to 22°C for natural seawater only affected the crack growth rate ové( a small ﬁng'_c of AK

and the effect was a reduction rather than an increase in crack growth rate. This result is in

good agreement with the data in Table 2 (p.99) which show,that the rate for water reduction

through a deposit formed in natural seawater i the samefor 22°C s itis for 5°C. It is

spécnlaled that the slow ;iown in crack growth rate pbs::rved for 22°C occurred wﬁen the

_ rate of precipimio}r!»of a calcium ricr deposit was able to keep pace with the pmpsg:ling

crack front. Thc Taster deposition kinetics for natural scawater at 22°C is evidcm from

) mspecuon of, Tables 3 ,(p 100) 'and 5 (p. 101) ‘and from the fact that a |hm layer of
¢ calcareous deposmon was dctually found on the fracture :urfnce (F'xgum 56, p. 144)
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Both types })f seawater were chemically anélyzcd in an attempt to uncover the
reason behind the observed differences in calcareous deposits. Atomic absorption was uséd
to determine the concentrations of calcium and magnésium iops in each of the two
solutions. Salinities were measured using a refractometer. The results of these tests are
summarized-in Table 7 (p.102). The solutions were also analyzed for particulate matter
“using a Coulter counter (F‘igures 69 and 70, p.155): Inspection of Table 7 would make it
apparent that both solutions have similar major ion concentrations, Thus, the highér Ca:Mg
ratios obscrved for calcareous deposits which formed from naturnl seawater were not
sin‘lply lhc result of a higher concentration of calcxum ions in solmion However; it is- .
nppu:em from Figure 69 that natural seawater contains a greater number of particles in the
2-3 miémn diameter ra;lge. If particles of this:size piay an important role in the nuclcaﬁon‘
and/or growth of calcium carborniate crystals, which nr'e seen to be about 50 microns in
diameter (Fxgure 36, p.127), then.this may be mc reason why calcium rich deposns formed

more ruudﬂy within crevices exposed to natural seawater.

A major difficnlly with studies into corrosjon- fatigue behavior is that the time
required to test to failure is long and lhere is’ a large amount of scatter mvolved iri the data.

- As aresult, there is a ion to draw Sions based upon i

which as more data is accumulated, turn out to be invalid. In.this work, dxffcrcnccs in

natural and nmﬁcml sclwaxer which might have caused the observed differences in fatigue .

life have not be:n blished G the iorts reported in the following

section require validation by more testing should be treated with cau;iéq . The are at best,
u’\gpide for further work.
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9.0 CONCLUSIONS

" The results of this study would make it apparent that subtle differences in bulk

* solution chemistry can have a significant influence on the initiation and propagation of weld

toe cracks under cathodic pm(ecﬁun.in 5°C seawater. The thick, magnesium rich deposits
which form in synthetic seawater appear efrecnve in delaying the initiation of short cracks,
but act to enhanoe crack pmpaganonﬂnce initiation has occurred. The thinner, calcium rich
deposits which precipitate in natural seawater do’not seem to lu'fe_c\ crack initiation, but
have I;:en seen to promote slower crack p‘ropagalion rates. The abil lity of calcarcous
depogits to delay iniﬁiﬁon is thought to depend on ‘l.heir precipitation kinetics during the
early stages of IM les'L If the rate of dcpos.ilion is fast cno‘ugh to blug the i:l‘ack before it Em
reach a critical dq)lh. crack growth retardation might be posslble The ability of ¢ calcueous

; deposns to influence crack propagation is dmugh( to depend ‘on their en‘ecuveness in

reducing the rate for water reduction on the fracture surfice ner the crack tip. Magnesium
rich dcpoéils appear to have little effect on the water reduction kinetics within crevices:
whereas it is possible for calcium rich deposits to reduce the rate for water reduction by an
order of magnitude, ~ £ B s

The localized corrosion of steel, cathodically over-protected in seawater, isa real

possibility. Unfortunately, it is an area that has not received ruch attention from cathodic

* protection experts. Regions of localized attack were evidel,k:Qil!ﬁn several of the specimens

used in this study. Iron rich deposus were found'inter- dnspersed wnh ;n\gnesmm rich
calcareous dcposus Ozhcrs have reponed sn'mlnr findings. Iuhls been ‘shown here lhn

oombmmmns of pom\dal d'pH that are typical near cndlodicllly over-| pmwcmd steel

- surfaces may fall within a weak domain of corrosion in the potential-pH dnagmm for the

Fe-H,0 system. Additional eanB are needed to cmb_ll:h the mgnildda of metal’




Ik V wastage associated with this form of corrosion and to assess its influence on environment-
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rn
The mechanical fatigue of Welded tubular joints and the accelerated growth-of

cracks by seawater environments are critical issues wncemmg the mlegmy of steel
+ structures used for oﬁ‘shm petroleum drilling arid production. ‘l‘lle effects of seawater
chemistry and calhodu: ion on fatig k ion rates in offshore slegls have

been reviewec}. The environmental variables viewed as having the greatést influence on
environmen(—ass‘isud fatigue behavior are tempcﬁiur’u. dissolved oxygen concentration,
’ ;gg-re‘ssive arfions, electrolyte velocity nnd catiodic cifisit density, These variables affect
fauguecrack gmwth rates mdnectly thmngh their influence on crack solution chemistry and
clectmchmstry For fnngwe crncks pmpagunng under ﬁuc corrosion, anodic dissolution is
thongm p be the pxedommml r-clor nwelmung crack ;mwm lncluscs in t:mpemurc.
dissolved oxygen and/or aggressive anion atrations will tend to speed
upcru:kgmwlhdgwmﬂﬂumed_munlwmgen the crack tip. When cathodic protection-

is used to mp;;less metal wastage, hydrogen charging of the i:ighly stressed plasticzone in
front of the crack tip can accelerate crack growth. The'_exum lu which cﬂ,ck gmwth is
enhanced by cathodic puhnnnon is thought to depend on| the propertics of the mineral -

dcpmsthmprmmuwonmem“mfx«nmmmky ’| 2

Fatigue mygnwth rates in the ct specxmens tested in this study did not deviate

; s:gmﬁcantly between nmral and symhem: seawnlcr solunons In/most cnses. crack

propagation rates were between 2.and 2.5 times fastcr under cnhpdlc tection in scawater
TR
than in air. The welded Tplﬂle i on bulk




p‘mlo_nged the initiation phase but gave rise to crack propagation rat;s that were about 2
times higher thah those observed-in air. :
|

| ? -
Itis not surprising that a wide scatter in test resiiliyhas been found for fatigue crack

'grcwzh rates measured under the influénce of cathodic p’rotection, It is apparent from this
study that minor differences in seawater chemistry™can have a significant effect o‘n the
chcmlstry and properties of tiie mmeml deposits that form within a crack. The greater.
2 solublhty and_lower specific reslslulce of a magnesmm rich deposit renders it less
protective against water reducnonv than an insoluble calcmm rich deposit. Thick,
magncsiuﬁx rich deposits appear to be bencﬁciall in reducing the 'et"fecﬁv:‘ AK (crack.tip
stress i;n’ensity. Tange) b_ut provide less resisuncé to reactant difl';xsion. ‘The rate for water
Teduction on ;1 surfnce coated with l;mugnesium rich dr,posi‘ remains relatively, hiéh and
this is thonght to generate greater hydmgcn cmbnttlemcm dargagc near lhe Ccrack hp and.a
faster cmk growlh nate.
A
Conditions which favour the precipitation of magnesium rich deposits have also
been .noted to cause regioﬁs of localized corrosion to appear on several cathodically
protected siirfaces. The corrosion is thoughttobe a conscqucnce‘ of hydrogen ciamnge and -
related io lhe'__ alknliné conditions. generated wu.hm stagnant crevices and cracks. The
magnitude oflmelal wastage associated with this form of corrosion and its influence on

fatigue’ behavior have yct to be assessed. . . .
; it 3 .

-There is an obvmus need for more i i izing the

pmpemcs of deposits that form within fauguc cracks and the role- these mlghl play in »
mﬂnencmg crack pmpagalmn rates, Many of the xetadunshlps suggested h:re are based on.
lhc résults of a few tests and their valldny should be evaluated by others.




: Table 1. Chemical analysis and mechanical properties of G40.21 Grade 350 WT steel.

- ALLOYING ELEMENTS MECHANICAL PROPERTIES
¢ 022 max MINIMUM TENSILE
- YIELD STRESS STRENGTH
Mn 0.80/1.50 )
- 350 MPa- | 480/650 MPa
P 0.03 max : .
S 0.04 max MINIMUM APPROXIMATE
ELONGATION - | BRINELL HARDNESS
si 0.15/0.40
- 19 % 140/190
- ‘other 0.10 max ~ e

- Table2 Waterreduction data obtained from artificial crevice experiments. 5

TEST *

. GSUREA'CE, m’r(\)'mm ng?’ -POTENTIAL iﬁ'}:&odg DENSITY:*
| oEMETRY | {09 v scp i (uA/cmA2)
CREVICE. | SYNTWETIC | 5 830 165 _ 0.34 .
S| crevice | NaTuraL s cs30 [ ms Yu Bl
CREVICE SYNTHETIC 5 'NO DEPOSITS 225 1.8 :
CREVICE | NATURAL | 5 |NODEPOSITS 215 2.3 - o
CREVICE | SYNTHETNIC | 5 900 225 B 1.8 .
CREVICE | NATURAL 5 | .-900 210 1.0
CREVICE |=+SYNTHETIC | 22 -830 135 0:14 i
) CREVICE | NATURAL | 22 | -830 - 90 0.12
. crevicE | synmeemc |22 [NopEposms|. 120 0.40. i
| | RevICE - | NATURAL | 22 | NODEPOSITS 120 0.70
! EXTERNAL | SYNTHETIC 22 .| NODEPOSITS 140 4.4
} . ‘| BxERNAL | NATURAL [ 22 |NODEPOSITS 170 10.5
| EXTERNAL | -SYNTHETIC 5 | NoDEPOSITS 150 2.4
| NO DEPOSITS 200 6.4

g EXIERNAL | - NATURAL | -5

* Current density is for the water ‘reduction teaction @ -830 mV, vi. SCE.
Values were. determined by extrapolation of the Tafel slope.




4 Tab!e:!. Compmson of calcareous deposits found wnthln artificial &
- vices polarized to -830 mV (SCE) at § . >

. SEAWATB] . SAMPLE e e vt
ENVIRONMERS}  LOCATION Ca | Mg | Fe | Other| T ® -
. 2 E o - MOUTH/TOP 0.00 41.54 52.18 6.28 0.00 A
SYNTHETIC .
- MOUTH/BOTTOM 0.01 46.89 45.96 7.14 0.00 .
MOUTH/TOP 014 [ 529 |8o.68 | 489 [ 0.03 '
|- NATURAL = oUmvBoTIOM | 0.89 | 4.66 .| 88.68 | 5.77 | 0.19
g CENTER/TOP * 0.50 66.10 22,77 10.63 0.01

- SYNTHETIC
- - | "CENTER/BOTTOM | .0.49.
CENTER/TOP | '3.52 .

2358 | 12.11 |- 0.01
78.30 | 8:87 [ 0.38 .

3 NAT(RAL CENTER/BOTTOM | 2.57 78.72 | 9.95 0.29
1 1P/TOP .06 R ¥ R
4 i __Terro ‘ 0.06 1830 [ 1335 | 0.00 =
: TIP/BOTTOM 0.52 3.40 [ 1075 | 0.01
} ___ TIP/TOP 19.10 | .6.64 {6590 | 8.36 | 288 - |
NATURAL - [~ L

TIP/BOTTOM - - | 17.24 6.65 67.66 8.45 2.59.

2

'within artificial

Table 4 Companson of calcareous deposits for
o “crevices polarized to -900 mV (SCE) at 5°C.
. SEAWATER' SAMPLE :  WEIGHT % - g |- o
§ . ENVIRONMENT | . . LOCATION . [~ Ca- | Mg | Fe. Jother| = | = 7
] ‘ MOUTH/TOP 031 |.64.76 | 23.00-| 11.93. | 0.00.
SYNTHETIC - - gosd 4
. . MoutHBOTToM | 0.41 [.58.04 [27.33 | 14.22 [ 0.01 :
9 : - MOUTH/TOP 0.64 | 18.02-[ 7493 [-6.41 | v.04
r‘ § TUR MOUTH/BOTTOM | .0.25 | 21,79 | 69:07 | .89 [ 0.01
e y 0:65 | 80.49 | 4.69 | 14.1 ¥
) § ¢ |z CBTERMOP : 17_[_o.01
- ' CENTER/BOTTOM. | 0.87° | 81.45 | 412 [ 1356 | 0.01
, r | _ _CENTER/TOP 030 | 18.80 | 72.09 <881 | 0.02 "
S e - |~ .NATURAL - . =
) " ; CENTER/BOTTOM | 2.81 [ 48.47 [37.30 | 11.42.[ "0.06
s i TIPTOP 021 }'13.55 | 60.847| 25.4 ¥ 0.02 .
: TPBOTTOM . | 0.28 | 17.02 | 46.12 | 36.58 | 0.02°
5 . TIp/TOP - .| 0.40 | 19.80-]°60:37.:f 19.43 | o0.02 L
BN NATURAL .

2 | . TPBOTTOM: | .1.19 | 34:20 | 5435 -] 10.26 [ 003
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Table 5. Comparison of calcareous deposits found within artificial B
crevices polarized to -830 mV (SCE)at 22°C.
e SEAWATER SAMPLE WEIGHT % CcaM
ENVIRONMENT |  LOCATION & T e || Fe [ omer] M,
MOUTH/TOP 0.13 | s.42!| 8488 | o057 | 0.02
SYNTHETIC roe= - —_——
MOUTH/BOTTOM 0.35 64.78 | '17.51 17.36 0.01 &
—— B MOUTH/TOP 28.83.| 5.05 || 61.22 | 4.90 571
AR MOUTH/EOTTOM | 34.23 | 5.36 || 53.97 | 6.44 | 6.39 ' .
e —— NTERTOP v.13 | 15.69 || 78.16 | .6.02 | ~0.01
St . . ' CENTERBOTTOM [ 0.11 | 51.99 | 42.54 |. 5.36 | -0.00
i .5.70 | 6.60 | 82.84 | 46 | 0.86-
TORAL 232 | 1105 | 8157 | 506 [ 021
s ‘TIP/TOP 1.38 | 40.45 10.57 47.60 0.03
i TIP/BOTTOM 0.81_|'83.34 | 5.22:| 1063 | 0.01 )
) TIPTOP |- 0.97 | 72.67 || 18.96 | -7.40 | 0.01
JOATURA . TIP/BOTTOM 285 | 65.22 [113.36 [ 18.57 [ “0.04
~
Table 6. Linear regression analysis of CT data.
- da/dN = C(aK)™
TEST CONDITIONS :
- - . [ | m
: = AR @ 5°C 605 x 10712 | 3.08
SYNTHETIC SEAWATER @5°C 147 x 10713 | 4.55
- NATURALSEAWATER @5°C | “1.94 x 10-12 ' 36, | ©
NATURAL SEAWATER @ 22°C 317.x 10°13 4.24 . ;




Table 7. Chemical analysis of seawaters.

102

” CONCENTRATION B

(ug/ml) . SALINITY
(%o )

Ca ’ Mg B

N SYNTHETIC . o
. | SEAWATER 40.0 133.6 37
NATURAL

s | utE 1233 |4
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Figure 1. Typical fatigue crack growth behavior for stecl in air [88].
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wth behavior -
for steel under cathodxc pm\ecuon in NaCl soluuon [50].
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Figure 3. Effect of stress fatio (R) on faufne track. growth
hav:cr for stecl in seawater (12
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o Figure 6.7 Simpli ion of the electroch 'y within a
5 fnugucpmk under cathodic ‘protection in seawmr. -
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' Figure 7. Effect of oxygen on current density during cathodic
B protection of steel in sodium chloride solution [18].
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Figure8. . Effect of oxygen on current density during
& * " cathodic protectioir Qf steel in scaw\qler [18].
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Figure 15. Photomicrograph of steel showing grain structure
and manganese sulfide inclusions (5% nital, X500).

Figure 16. Apparatus used in artificial crevice experiments.
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Figure 17. Ice-chest with cover removed, showing
electrochemical cells..
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Figure 18. Anificial crevice assembly.




115

100 mm

20 @mm

rmm

———<{w

G}_ 20.0 mm DIA.

96 mm

Figure 19. Compact type (CT) specimen geometry.

Figure 20. Seawater enclosure used with CT specimens.
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Figure 24. Apparatus used in welded T-plate experiments.

/T upright channel -7\
fixed upper clamping plates

load bearing rods

adjustable clamping plates
plate securing bolts

floor bolts

concrete floor

Figure 25. Frame used for mounting welded T-plates.
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Figure 27. Location of active and reference probe pairs relative to the weld toe.

Figure 28. Seawater circulation and refrigeration systems.
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Figure 31. Preparation of welded T-plates.
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Sr 4.11

Figure 35. SEM analysis of calcareous deposits near tip of artificial crevice
polarized to -830 mV (SCE) in 5°C synthetic seawater.
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Figure 36. SEM analysis of calcareous deposits near tip of artificial crevice
polarized to -830 mV (SCE) in 5°C natural seawater.
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Figure 37. Crevice surfaces after polarization to -900 mV (SCE)
for 500 hours in 5°C natural seawater (X6.3).

Figure 38. Crevice surfaces after polarization to -900 mV (SCE)
for 500 hours in 5°C synthetic seawater (X6.3).
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Mn 0.52
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Sr 1.33

Figure 39. SEM analysis of calcareous deposits near mouth of artificial crevice

polarized to -900 mV (SCE) in 5°C synthetic seawater.
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Na 1043
Mg 13.55
Ca 021
Mn 0.90
Fe 60.84

cl 4.87
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Sr 8.07

Figure 40. SEM analysis of calcareous deposits near tip of artificial crevice

polarized to -900 mV (SCE) in 5°C synthetic seawater.
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ELEMENT | WT%
Na 255
Mg 27.78
Ca 4.55
Mn 0.71
Fe 57.57
a 292
S 0.40
Sr 352

Figure 41. SEM analysis of calcareous deposits near mouth of artificial crevice
polarized to -900 mV (SCE) in 5°C natural seawater.



132

M
G
-
=
1,
N
A
e
AN
ELEMENT WT%
Na 18.58
Mg 26.87
Ca 0.10
Mn 0.75
Fe 50.30
(e} 0.66
S 0.44
Sr 229

Figure 42. SEM analysis of calcareous deposits near tip of artificial crevice

polarized to -900 mV (SCE) in 5°C natural seawater.
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Figure 43. Crevice surfaces near mouth of specimen polarized to -900 mV (SCE) for
500 hours in 5°C synthetic seawater, before removal of deposits (X6.3).

Figure 44. Crevice surfaces near mouth of specimen polarized to -900 mV (SCE) for
500 hours in 5°C synthetic seawater, after removal of deposits (X6.3).
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Figure 45. Crevice surfaces after polarization to -830 mV (SCE)
for 500 hours in 22°C synthetic seawater (X6.3).

Figure 46. Bottom crevice surface near mouth of specimen polarized to -830 mV (SCE)
for 500 hours in 22°C synthetic seawater, after removal of deposits (X100)
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Figure 47. SEM analysis of calcareous deposits near mouth (bottom surface) of
artificial crevice polarized to -830 mV (SCE) in 22°C synthetic seawater
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Figure 48. SEM analysis of calcareous deposits near mouth (top surface) of artificial
crevice polarized to -830 mV (SCE) in 22°C synthetic seawater.
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Figure 49. SEM analysis of calcareous deposits near tip of artificial crevice
polarized to -830 mV (SCE) in 22°C synthetic seawater.
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Figure 50. SEM analysis of calcareous deposits near mouth of artificial crevice

polarized to -830 mV (SCE) in 22°C natural seawater.
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Figure 51. SEM analysis of calcareous deposits near tip of artificial crevice

polarized to -830 mV (SCE) in 22°C natural seawater.
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-830 mV (SCE) in 22°C natural seawater (X100)

Figure 56. Calcareous deposits on fracture surface of CT specimen
tested at
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Figure 62. Fracture surface of a welded T-plate specimen tested in
5°C natural seawater (NATURAL#2).

Figure 63. Fracture surface of a welded T-plate specimen tested in
5°C synthetic seawater (SYNTHETIC#1).
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