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ABSTRACT. This paper is devoted to the effect of corrosion on the gigacycle fatigue
strength of a martensitic-bainitic hot rolled steel used for manufacturing off-shore
mooring chains for petroleum platforms. Smooth specimens were tested under fully
reversed tension between 10° and 10" cycles in three testing conditions and
environments: (i) in air, (ii) in air after pre-corrosion, (iii) in air under real time
artificial sea water flow. The fatigue strength at greater than 10° cycles is reduced by a
factor more than 5 compared with non corroded specimens. Fatigue cracks initiate at
corrosion pits due to pre-corrosion, if any, or pits resulting from corrosion in real time
during the cyclic loading. It is shown that under sea water flow, the fatigue life in the
gigacycle regime is mainly governed by the corrosion process. Furthermore, the
calculation of the mode | stress intensity factor at hemispherical surface defects (pits)
combined with the Paris-Hertzberg-Mc Clintock crack growth rate model shows that
fatigue crack initiation regime represents most of the fatigue life.

INTRODUCTION

Mooring chains for off-shore petroleum platformssijned for 30 years, are loaded
in fatigue in sea water environment in the gigaeyegime (around fcycles). The
aim of this study is to investigate the gigacydedue strength of a low-alloy steel and
the effects on this strength of pre-corrosion andasion in sea water environment.
Many studies carried out on steel and aluminumyallio the gigacycle regime have
demonstrated that there is not a fatigue limit ulcts metals after T0cycles as was
believed in the past [1, 2]. It has been shown fadgue cracks initiate mainly at
surface defects in the short fatigue life rangé,rbay shift to subsurface in the long life
range [3]. Other studies have shown that defekésrion-metallic inclusions, pores [4]
or pits [5] are the key factors, which control fadgue properties of metals in very high
cycle fatigue (VHCF). Furthermore, in some workshdas been proven that crack
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initiation dominates the total fatigue life of spaens in gigacycle fatigue [6]. In this
study the effect of corrosion on the fatigue sttengiill be quantified and the

assessment of the crack propagation period withalls to investigate the relationship
between crack initiation and crack propagation.

MATERIAL AND EXPERIMENTAL CONDITIONS

Material

The investigated material is a non-standard hdeddbw alloy steel grade (named R5)
with a typical fine grain microstructure, compodgdtempered martensite and bainite,
as shown in Figure la. Its chemical compositioprissented in Table 1. This steel is
used after a double quenching in water at 920°@ 8&0°C and tempering at 650°C
with water cooling. After this heat treatment itechanical properties are as follows:
hardness 317 HB, yield strength 970 MPa, UTS=10P&M Young modulus
E=211 GPa.
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Figure 1: a) R5 steel microstructure; b) typicalrosion pits at the surface of pre-
corroded specimen (before any cyclic loading).

Table 1. Chemical composition of the R5 steel (Wetg)

C Mn Si P S Cr Ni Mo V Cu (©)
0.2% 1.22 0.2 0.00¢ | 0.00:¢ 1.07 1.07 0.5 0.0¢ | 0.1¢ | 12ppn

Fatigue test conditions and specimen geometry

Testing machine and specimen geometry

All the fatigue tests (crack initiation and cractogth) presented in this paper were
carried out with an ultrasonic fatigue testing mael1] at 20 kHz under fully reversed
tension (R=-1) (details can be found in [1]). ®iribe amplifier and the specimen must
work at resonance, the specimen geometry was cebigsing the elastic wave theory.
Figure 2 shows the dimensions of the two typespetsnens: (i) for VHCF tests and
(i) fatigue crack growth (FCG) tests. The geometfyhese last specimens (FCG) was
designed according to the work of Wu and Sun [8T8E crack growth was measured
with an optical binocular microscope with a maximumagnification x200. The
roughness of the tested area of the VHCF specim&sRa=0.6 um. The VHCF
specimens were tested under three different camdit(i) without any corrosion (virgin
state), (ii) after pre-corrosion and (iii) underlréime artificial sea water flow. All the
VHCEF tests were calibrated by using a wide band (@z) strain gauge conditioner
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and a strain gauge glued on the specimen surfdwseTtests were carried out until a
decrease of the resonance frequency of 0.5 kHztaltlee presence of a crack; some
times the specimen was broken in two parts. Thetour of crack growth period
compared to the total life is discussed at theddritis paper.

a) b)
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Figure 2: Specimen geometry for (a) VHCF tests1K02, (b) crack growth tests
(dimensions in mm).

Corrosion of the specimens

The pre-corrosion of the specimens was done acuwpiii ASTM G85 standard. The
specimens stayed 600 hours in a salt fog corrosimmber under temperature and
humidity control with the following conditions: 36°with 95% of humidity. The salt
solution contains 5% of NacCl, its pH is 6.6 andsiapplied in the chamber with a rate
flow of 1.52 ml/h. After the pre-corrosion proceéle specimens were removed from the
corrosion chamber, first chemically cleaned andhtleeaned with emery paper to
remove the oxide layer. Many corrosion pits wereated by the salt fog (Figure 1b)
their diameter is about 30 to 80 um.

To carry out VHCF tests in sea water environmespecial corrosion cell was designed
(Figure 3). To avoid any cavitation it was decidedest the specimens under sea water
flow (no immersior). To do that a peristaltic pump creates a flonse& water (100
ml/mn) on two opposite sides of the specimen serfecthe tested area (diameter
3 mm). The sea water used was the A3 standard efymithea water; its chemical
composition by weight is: 24.53% NaCl, 5.2% MgCI0%%6 Na2S04, 1.16% Ca2Cl,
0.695% CaCl and 0.201% NaHCO3. The pH of this smiut 6.6.

Figure 3: Corrosion cell with peristaltic pump irder to circulate A3 sea water

1 This test condition is representative of the splzone of mooring chain.
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Fatigue crack growth tests

Fatigue crack growth tests, with R=-1, were carriedt following a similar
methodology as in the ASTM E647 standard. Sincé Wit ultrasonic fatigue testing
device the specimen was loaded under displacemamtrol, the range of stress
intensity factoiAK was computed according to the equation propos&ein[8, 9].

RESULTS AND DISCUSION

Fatigue crack initiation tests

Figure 4 shows the SN curves of the crack initratiests. This figure shows a
decreasing (around 50 MPa) of the fatigue strefagtthe specimens with pre-corrosion
compared to the specimens without corrosion. Furibee, the scatter of the fatigue
strength of pre-corroded specimens is larger tbanifgin ones. The effect of sea water
flow during VHCF fatigue tests is very importanhdeed, for the specimens tested
under sea water flow, the fatigue strength dtcy@les is around 300 MPa, not far from
the value for pre-corroded specimens (360 MPa)reaseat 3.10 cycles the fatigue
strength is around 100 MPa only. At this fatigde the fatigue strength decreasing was
-71% compared to pre-corroded specimens and -74%paxed to virgin specimens.
The fatigue strength decreased significantly in tdes under real time artificial sea
water flow due to the detrimental corrosive effect.

SN curves under Tension Compression (R=-1) on smooth specimens at 20kHz
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Figure 4: SN curves of the R5 steel under fullyersed tension at 20 kHz
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Fractography analysis

Except for some unusual internal crack initiatidiig(ire 5), fatigue cracks initiated
mainly at the specimen surface over the cycle rdage-10’ cycles). Surface defects
were the origin of the cracks for non-corroded speas and corrosion pits for pre-
corroded specimens and specimens tested under atea flow. For the specimens
tested under sea water flow the crack initiatioeaarwere all around the specimen
surface due to several large corrosion pits. The of the pits depends on the time (that
is to say the number of cycles). At the momentsitdifficult to show experimental
evidence of the coupling between corrosion andhiga strain rate due to the 20 kHz
frequency. However the size of corrosion pits rgéa under sea water flow (50 to 300
pum) than the pre-corroded specimens (30 to 80 gurjhermore, Figure 7 right shows
that all the flaws are perpendicular to the loadiirgction that is to say on the plane of
maximum normal stress. This is probably charadtersf a corrosion/cyclic loading
interaction. Some complementary fatigue tests warged out under sea water flow at
a stress amplitude of 250 MPa on the same speciménsith a surface polished with
emery paperRa=0.1 pm). There was no evidence of the surfacehoess effect under
sea water flow (Figure 4). The poor corrosion-fagiggtrength was related to the size of
pits which are nearly hemispherical surface defdaire to the major role of the defects,
the proportion of the crack propagation period carag to the total life is studied in the
following.

Figure 5. Specimens without corrosion a) Intermatk initiationo,=380 MPa,
N=2.78x10 cycles, b) surface crack initiatian=395 MPa, N=5.61x10 cycles

Figure 6. Specimen with pre-corrosian=370 MPa, N=4.37x10 cycles
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Figure 7: Specimen tested under sea water fignl 60 MPa, Nf=1. 8x1%cycles.

Assessment of the crack initiation and propagation duration

Fatigue crack growth tests gave td&dN=f(4K) curve illustrated Figure 8a. This
shows that in air the mode | (R%) stress intensity threshold for R5 steel is adb8.3
MPa/m. The fatigue crack propagation duration was asseaccording to the work of
Paris et al. [6, 7], based on the Paris-HertzbeogeMntock crack growth rate

3
da _ AKeif. and (AK—eﬁjzl at the corner, wher€ is the Elastic modulus ardthe
dN t{ %j Evb ’

Burger’s vector. Figure 8a shows the agreemenhisfeéquation with our experimental
data forE=211 GPa an#=0.258 nm. In our experiments at 20 kHz the measent of
Kop is not possible, thus in first approximatidYKe«~Kmax and no water interaction with
the stress intensity factor was considered

da/dN curve R5 steel, R=-1, in air, room temperature
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Figure 8. a) Experimental crack growth curve akB@, b) model of the fatigue growth
behaviour for short, small and long cracks accaydn[7].

To assess the crack propagation phase, a corrqetomvas modelled by an
hemispherical surface defect with radius R. A ia¢igrack of deptla from the surface
of the hemisphere and perpendicular to the loadirertion was assumed due to inter-
crystalline corrosion cracking. According to thegraptotic approximation proposed by
Paris et al. [10] the crack tip stress intensittdain mode | isK,=cVra-Y(x,v), where
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x=a/R, v is the Poisson ratio,

Y(xv) =1.01{A(V) . B(V)(lij . C(v)(x)z . D(V)[Xﬂ . Alv)=1083+ 33,

1+x 1+x

145

B(v)=-1.025- 23, c(v)=-1.089+ 5.568
7-5v 7 -5y

7-5v

It was assumed that the propagation of the fatayaek is divided in three stages: (i)
a short crack propagation durifNint-a0 cycles, from initiations; to the crack sizey,
then (ii) a small crack propagation period Nfo cycles, fromap to the crack size,
and (iii) a long crack propagatidd,., cycles, froma; to the final crack siza. With
these three different regimes (illustrated in Fegg8b) the very quick propagation of
short crack and the quick propagation of small kraesmpared to long crack were
considered. From [6] the three durations of theelprevious stages are :

E? (a12-1) oE?
(aoj - 1 ' NaO—aj = ﬁ 1_ i and
B Yoo, \a

y D(v)=1.068 -

N

aini—a0 = Yioim(al2-1)

2
Ny = 2EY, =X \/7 with Yo=Y(ao/R) and Nyota=Nain-astNao-atNai-a
Y(a1 IR a’m

The previous equatlons were applied to our datanaisguthat the initial crack has a

AK 4
length,ay, corresponding to the corneglN b; =1. Two cases were considered

E/o

in Table 2, a pit of R=48 um on a pre-corroded spec with Nexperimta]:S.was
cycles and a pit with R=300 um for a specimen ursdar water flow with a life of
1.83x10% cycles. In the first case 99.1% of the fatigue Iedue to initiation. For the
second case, 94% of the fatigue life was consunyethé initiation phase. One can
notice that with a higlx and largeajn/ap one obtains similaNyyy results than with a
low a and smallajn/ag, that is because with a highertthe crack does not grow as far
due to the slope of thda/dN curve in the threshold region, theg/ap must be larger,
and with a lowew, aj,/ap must be smaller. Furthermore one can notice thagcaally
appropriate approximation of the crack growth pgaacording to [6]Np=T[E2/[2(A0)2]
gives results in the same order comparesitg (Table 2 right).

Table 2.a. Hemispherical surface crack growth xgegmental fatigue life for a first
case, folap=9.32 umx=3, 0=25, 100 and 200, and differemt/ao ratios.

Case 10,=360 MPa, R=48 puna= 2.4 mm, Nyperimens=5.5<1C° cycles |
o aint/ =) Naint-aO NaO-aj Naj—a NTotal (CyC|eS) ND (CyC|eS)
0.9 6,704 4,557,935
25 0.94 2,947 44,151 4,507,080 4,554,178
0.97 1,192 4,552,423
0.9 115,801 4,667,032
100 0.94 13,163 44 151 4,507,080 4,564,394 539,600
0.97 2,300 4,553,531
0.9 11,184,860 15,736,091
200 0.94 150,676 44 151 4,507,080 4,701,907
0.97 6404 4,557,635
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Table 2.b. Hemispherical surface crack growth xpeemental fatigue life for a second

case, forap=41.5 umx=3, 0=25, 100 and 200, and differemt/a ratios.

Case 20,=160 MPa, R=300 png= 2.6 mm, Nyperimeni=1.8310° cycles

o ain/8g Naint-a0 Nao-ai Nai-a Nroa (Cycles) Np (cycles)
0.9 29,840 10,456,554
25 0.94 13,120 168,014 10,258,700 10,439,834
0.97 5,306 10,432,020
0.9 515,466 10,942,180

100 0.94 58,593 168,014 10,258,700 10,485,307 2,731,700
0.97 10,237 10,436,951
0.9 49,787,104 60,213,818
200 0.94 670,703 | 168,014 10,258,700 11,097,417
0.97 28,504 10,455,218

CONCLUSION AND PROSPECTS

Very high cycle fatigue tests were carried out oL@ cycles on smooth specimens in
hot rolled martensitic-bainitic steel under thréféedent conditions (i) virgin specimens,
(ii) pre-corroded specimens and (iii) under arifficsea water flow during the fatigue
test. The fatigue strength at®16ycles is significantly reduced by a factor of 74%
compared to the virgin specimens and of 71% condptrehe pre-corroded ones. The
assessment of the crack growth shows that cratlation dominates the total fatigue
life when N>10 cycles. The proposed assessment is reasonabl@rdecorroded
specimens, but other studies must be done to shadgffect of corrosion pits under real
time sea water flow. The effect of sea water oncitaek growth and the stress intensity
factor also needs to be studied. A possible cogpliatween environment and high
frequency cyclic loading should be studied too. ldeer, ultrasonic fatigue test
immersed in flowing sea water is the only experitabway to investigate very long life
of steel under corrosion conditions.
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