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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. * . >
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