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ARTICLE INFO ABSTRACT

Keywords: R4-grade mooring chain steel specimens were subjected to alternating phases of saltwater
Corrosion fatigue corrosion and air fatigue to replicate seasonal load variations on chains in service. No significant
Offshore mooring chain difference in fatigue lifetimes was registered between precorroded specimens subjected to

Seasonal load variations
Fatigue crack growth
Crack tip blunting
Accelerated tests

continuous fatigue and those periodically interrupted by phases of accelerated corrosion.
Moreover, eight months of natural corrosion of specimens with fatigue cracks did not have
a large effect on their remaining fatigue lifetimes. Retardation of fatigue crack growth by crack
tip blunting from corrosion is deemed unlikely based on observations from the current work and
the literature. Corrosion accelerated by anodic polarization is demonstrated to be unsuitable for
replicating natural corrosion of fatigue cracks.

1. Introduction

Position mooring systems are integral parts of floating offshore structures used for oil and gas extraction, wind energy production
and aquaculture. Uncoated steel mooring chains experience combined degradation from corrosion and fatigue. Design standards
have been established based on laboratory fatigue tests on chain segments, some of which were carried out in seawater [1]. In
order to keep test durations at acceptable levels, tests have been conducted at considerably higher loads and frequencies than
those experienced by chains in service. While these tests are quite relevant for severe weather conditions, they provide no data for
modeling the degradation during calm periods. Since corrosion is a time-dependent process, accelerating the tests means that the
effect of corrosion is diminished.

Sea states in the North and Norwegian Sea are characterized by severe winter storms and much calmer summer conditions [2,3].
The calm sea states give rise to stress ranges that are below the cutoff in an accelerated test program. This implies that the
intermediate periods between storms are essentially ignored, both in testing and in modeling, although cracks that initiated during
a storm may very well be affected by corrosion processes during the calm summer months. This topic is explored in the current
paper.

In mooring chains, general and microbiologically influenced corrosion reduce cross sectional areas and introduce macroscopic
pits [4,5], increasing stresses globally and locally. Submersion in an electrolyte can accelerate fatigue damage development
compared to that in dry air environment: The time of crack initiation is advanced by introduction of surface damage [6] and crack
growth rates are believed to be enhanced by hydrogen embrittlement and film-rupture facilitated dissolution at the crack tip [7,8].

Under certain conditions, however, crack growth rates can also be reduced, by corrosion product-induced crack closure [7,9].
Moreover, dissolution at the crack tip implies that blunting may occur [7], which could reduce the local stresses at the crack tip.
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Observations of corrosion-induced blunting have been reported from several corrosion fatigue test programs: On the surface of
high-strength steel in synthetic seawater at low loads, notch-like pits developed instead of narrow fatigue cracks [10]. For other
high-strength steels in distilled water, an attempt to isolate the dissolution mechanism by anodic polarization indicated that blunting
was responsible for the observed crack growth retardation [11]. Crack arrest, supposedly from crack tip blunting, has been reported
for mild steel with prefabricated fatigue cracks at low load levels and frequency in 3.5% NaCl solution [12]. Also for 2024 aluminum
alloy in 3.5% NaCl solution, a retarding effect on crack growth for low load frequency has been shown [13].

It has also been postulated that corrosion-driven dissolution of the free surface that a crack is growing from can retard fatigue
damage development by reducing the effective crack depth, or even eliminating the crack altogether [14]. However, it has been
demonstrated that crack initiation from a corrosion pit is controlled by the threshold stress intensity factor (SIF) range of an equally
sized/deep crack [10,15,16]. Thus, if a short crack in a pit gets eliminated, it would quickly reinitiate from the encompassing, larger
and more critical pit.

In the current work, the seasonal load variations on mooring chains have been simplified by assuming that no fatigue-driving
load is exerted on the chains during the long “summer” season, and that fatigue is the dominating degradation mechanism during
the short “winter” season. During summer, this leaves the corrosion mechanisms to act on fatigue damage over a much larger time
scale than during continuous corrosion fatigue. This could lead to more pronounced crack tip blunting, as well as dissolution of a
fatigue-damaged chain surface layer, if fatigue is still in the early stages of development. Since build-up of thick oxide layers in a
crack in a corrosive environment is facilitated by repeated layer breaking and reforming from contact of the crack surfaces [9], it
is assumed here that oxide-induced closure effects during the load-free summer season are limited.

Few records of test programs on alternating fatigue and corrosion exist — none on steel in sea water or other naturally, actively
corroding substrate—electrolyte systems. Results from accelerated corrosion phases are difficult to correlate directly to realistic service
environments and time scales [17,18], but they can still provide some indications on qualitative effects of corrosion. Alternating tests
have been carried out on some aircraft aluminum alloys. Both slightly positive [19] and slightly negative [20] effect of corrosion
on fatigue life have been registered. Periodic electropolishing of copper specimens between fatigue phases resulted in up to tenfold
improvement in fatigue lifetime compared to continuous-fatigue lifetimes [21]. However, it is unlikely that such extreme trends can
be observed for naturally corroding systems that induce corrosion pits.

In this article, two alternating corrosion and fatigue test programs on mooring chain steel are presented. Section 2.1 describes
test program 1 (TP1), where the effect of periodic, accelerated corrosion on fatigue lifetimes was explored. The purpose of TP1
originally was to investigate if fatigue lifetimes could be prolonged by erasure of fatigue surface damage by corrosion at regular
intervals. However, during a fatigue phase, cracks quickly initiated and grew past the surface layer affected by the next phase of
corrosion. Thus, TP1 turned into an evaluation predominantly on the effect of accelerated corrosion on developed fatigue cracks.
Section 2.2 describes test program 2 (TP2), where the effect of a single, eight-month period of natural corrosion in seawater on
remaining lifetimes of fatigue-cracked specimens was investigated. The purpose of TP2 was to see if anodic dissolution would blunt
the crack tip sufficiently to cause crack growth retardation. The design of the test programs allowed results for fatigue cracks at
various stages of development to be obtained in a manageable time frame. It also provided some basis for comparison of natural
and accelerated corrosion of fatigue cracks.

2. Methodology
2.1. TP1: Effect of periods of accelerated corrosion on fatigue lifetimes

In TP1, one group of precorroded specimens were fatigued to failure in air at room temperature. Fatigue tests on the other group
of precorroded specimens were periodically interrupted, and the specimens underwent a phase of accelerated corrosion before
fatiguing was resumed. This alternation was continued until failure, and the mean lifetimes of the two groups were compared.
Specimens in the first and second group are hereafter referred to as continuous fatigue (CONT) and alternating corrosion and fatigue
(ALT) specimens, respectively, even though they all underwent the same precorrosion phase.

Fatigue testing was done at high frequency in air. This was considered appropriate, since the dissolutive effect of corrosion on
mooring chains is largest during the summer season. Corrosion was accelerated in order to complete several corrosion phases in a
reasonably short time.

2.1.1. Specimen preparation

Notched specimens were cut from near the surface on the non-weld straight part of two connected @114 mm chain links made
from R4-grade high-strength steel. The links had been laying on the deck of a floating production storage and offloading (FPSO)
unit in the Norwegian Sea for 10 years. The links had minimal corrosion surface damage and had never experienced service loads.
Figs. 1 and 2 show the cutting specification and machined specimen geometry. Yield strengths, Ry ,, from position 5 of link 1 and 2
were measured to be 823 and 846 MPa, respectively. In both of the current test programs, it was assumed that any residual stresses
from production of mooring chains [22,23] were relaxed during cutting of the specimens, and that any residual stresses that were
introduced during machining were erased by material removal during the precorrosion phase.
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Fig. 1. Cutting specification for TP1 specimens from a chain link. All dimensions are given in millimeters.
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Fig. 2. As-machined specimen geometry for TP1. All dimensions are given in millimeters.

Fig. 3. Corrosion cell for anodic polarization of TP1 specimens during precorrosion and corrosion phases.
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Fig. 4. Fatigue rig for tension loading in TP1. Housings of the spherical bearings that were installed to relieve any bending moment loads are visible.

2.1.2. Corrosion setup

The specimens were corroded in an unloaded state at room temperature in separate cells containing 3.5 wt% NaCl solution.
All corrosion phases were accelerated by galvanostatic anodic polarization using a Gamry Interface 1000 galvanostat. The applied
current density of 6.29x 10~* A/cm? was calculated [24] to give an average material removal rate of 20 pm/day across the corroding
section of a specimen. The current density corresponds to a potential of about 100 mV above the open circuit potential [25]. The
nominal surface area for application of current on the specimens was recalculated after the precorrosion phase. Platinum wire was
used as cathode, arranged in a circular manner around each specimen, as shown in Fig. 3, to provide as uniform as possible current
density in the notch surface on all sides. The non-corroding sections that are detailed in Fig. 2 were sealed off with tape. After each
corrosion phase, any loose corrosion products were removed with a plastic brush, and the specimens were dried in warm air.

Precorrosion to remove 300 pm of material was carried out on all specimens to create a rough initial surface, and to limit the
relative increase in roughness during subsequent corrosion phases. The corrosion phases on the ALT specimens were calculated to
remove 100 pm of material per phase.

Corrosion rates of R4-grade and other carbon steels in seawater have been found to be 50-240 um/year at temperatures below
18 °C [26,27]. The local corrosion rate on a chain link will depend on its location in a mooring line [28,29] and other factors.
However, it can be concluded that 100 um of average material removal by a corrosion phase is at least of the same order of magnitude
as what can be expected on a chain from one summer season in service in the North or Norwegian Sea. The corresponding yearly
corrosion rate on the specimens in the accelerated corrosion phases was 7.3 mm/year.

2.1.3. Fatigue setup

The specimens were fatigued in tension in an Instron 1603 electromagnetic resonance fatigue tester at a load frequency of about
170 Hz. Fig. 4 shows the fatigue rig. The load amplitude and ratio were 17 kN and 0.3, respectively. The load amplitude was
calculated by finite element analysis (FEA) to correspond to a longitudinal stress amplitude in the notch after precorrosion of 281
MPa, when disregarding the stress raising effect from any corrosion pits. Details about all FEAs performed in the current work can
be found in Appendix A. Fixings at both ends of the specimens had spherical bearings, to avoid any bending moment load on the
specimens from misalignment. The temperature in the specimens during fatigue loading was not measured. Thus, no evaluation of
the effect of temperature increase on fatigue lifetimes could be performed. For similar test programs in future research, this effect
should be evaluated.

The tension fatigue setup and specimen geometry with a circular cross section and a relatively gentle notch was chosen to
facilitate fatigue initiation in a limited segment of the specimen. This way, the development of fatigue damage or initiation in
consistent locations on the circumference of the specimen could be followed during fatigue and corrosion phases. At the same time,
the notch was not sharp enough to induce fatigue cracking immediately.

The CONT specimens (seven specimens) were fatigue tested until “failure”, i.e., full separation of the crack surfaces. Fatigue
testing of the ALT specimens (eight specimens) was interrupted and corroded every 145,000 cycles (corresponding to about 46%
of the recorded mean lifetime for the CONT specimens), in an attempt to conduct the corrosion phase before any large-scale crack
growth had occurred. For clarity, the flowchart for TP1 is shown in Fig. 5.
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Fig. 5. Flowchart for TP1.
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Fig. 7. As-machined specimen geometry for TP2. All dimensions are given in millimeters.

2.2. TP2: Effect of a period of natural corrosion on remaining lifetimes of fatigue-cracked specimens

For TP2, a group of CONT specimens were continuously fatigued to failure. A group of ALT specimens were fatigued until cracks
of certain sizes had initiated. The ALT specimens were then left to corrode in seawater for eight months. Thereafter, fatiguing was
resumed and continued until failure, and the remaining lifetimes were compared to that of the CONT specimens with similar crack
sizes.

2.2.1. Specimen preparation

The TP2 specimens were designed for fatigue testing in a three-point bending setup. The reason for such a setup was that the
bending stiffness of a specimen is sensitive to sizes of any cracks growing from the notch. This property was utilized to monitor
crack growth, as described in detail in Section 2.2.3. Notched specimens were cut from the non-weld side of a link from the same
chain as the specimens in TP1. Figs. 6 and 7 show the cutting specification and specimen geometry.

2.2.2. Corrosion setup

Precorrosion was carried out on all specimens, so that the ALT specimens, when cracked, could begin the subsequent corrosion
phase with a homogeneously corroded surface free from residual machining stresses. The procedure and calculated average corrosion
rate for the precorrosion phase was the same as in TP1, but only an average of 100 um of material was removed. In the precorrosion
cell, shown in Fig. 8, a platinum wire cathode was arranged at an even distance from the notch-side surface of the specimen to
provide roughly uniform current density in the notch.

For the corrosion phase for the cracked ALT specimens, the specimens were left to corrode freely in seawater for 8 months,
to allow the full effect of all time-dependent corrosion mechanisms in the fatigue cracks from a summer season. All specimens
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Fig. 8. Cell for precorrosion of a specimen in TP2. To accurately define the anode surface area on the specimen, the top of the specimen was sealed off with
tape.

Fig. 9. Natural corrosion of the TP2 ALT specimens. Large amounts of oxide is visible.

were corroded together in a 15 1 cell, shown in Fig. 9. Water was continuously pumped from 80 m depth in the Trondheim fjord
(Trondheim, Norway) to an indoor laboratory. The flow rate through the corrosion cell was about 0.3 1/min. The water temperature
varied between 10 and 16 °C. When the corrosion phase was finished, the specimens were cleaned with a plastic brush and
dried.

2.2.3. Fatigue setup

The specimens were fatigued in three-point bending in an Amsler 100 HFP 5000 electromagnetic resonance fatigue tester at
a load frequency of about 105 Hz. Fig. 10 shows a test specimen in the fatigue jig. Assuming that the degree of crack growth
retardation from corrosion blunting might be sensitive to the load level, fatigue testing was done at two slightly different load
levels, LL1 and LL2, as shown in Table 1. The loads were selected to give similar lifetimes as in TP1. Compared to in TP1, higher
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Fig. 10. TP2 three-point bending fatigue rig, with a distance between rollers of 56 mm. The nut and string are attached only for alignment purposes.

Table 1
Load level specifications. The longitudinal stress amplitude in the notch after precorrosion, calculated by FEA,
is also stated.

Load level Load amplitude/kN Load ratio Notch stress amplitude/MPa
LL1 3.30 0.3 397
LL2 3.47 0.3 418
0
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Quadratic regression

N 027

I

=

>

2

S 04

=]

o

Qo

Z .06t

©

o

(0]

= -08r

«©

(0]

o

A+
12 : ‘
0 1 2 3 4 5 6 7

A /mm?
C

Fig. 11. Quadratic regression of relationship between total crack area and load frequency drop based on measurements on the CAL specimens.

surface stress amplitudes were needed. Reasons for this might be the less severe surface topographies on the specimens, due to a
shorter precorrosion phase, or a steeper stress gradient due to the smaller notch and the applied bending load.

Before the CONT and ALT specimens were fatigued, a group of calibration (CAL) specimens were used to investigate the
relationship between crack geometry and measured load frequency in the resonance fatigue tester. As a crack grows in a specimen,
the bending stiffness of the specimen will be reduced. In a resonance fatigue tester, where the load frequency follows the natural
frequency of the specimen and other vibrating components, this results in the load frequency dropping. In the current test program,
the frequency drop was measured live and used to monitor crack growth. In order to translate the measured frequency drop into a
useful crack geometry measurement, fatigue tests of six CAL specimens were stopped at different frequency drops of 0.2-1.2 Hz. The
specimens were broken apart and the corresponding fatigue crack geometry was measured from the fracture surface. The 0.2 Hz
value was chosen as the smallest frequency drop that could be detected over the noise of the load frequency signal. Such a detectable
frequency drop indicated that a crack had initiated.

Fig. 11 shows the results of the calibration. A strong link between measured A, the total area of all cracks in a specimen, and
frequency drops was registered. Quadratic regression resulted in a high coefficient of determination of R? = 0.99. Measured crack
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Fig. 12. Flowchart for TP2.
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Fig. 13. (a) Probability density functions (solid lines) and mean log N (dashed lines) for both specimen groups. Diamond markers show observed lifetimes for
individual specimens. (b) Comparison of the measured lifetimes with DNV-RP-C203 S-N mean and design (97.7% probability of survival) curves for detail
category C in air.

depths showed a weaker correlation to the frequency drops than did the crack areas. Appendix C shows the fracture surfaces for
the CAL specimens after they were broken off in liquid nitrogen. Details about crack geometries are provided in Appendix B.

From a theoretical point of view, it seems reasonable that a quadratic function would fit the data in Fig. 11 well. Derivations
from the Euler-Lagrange equation for a freely vibrating, simply supported Euler-Bernoulli beam [30] with rectangular cross section
yields a natural frequency, w, that depends on the cross-section area to the power of 3/2 instead of 2, viz.

[ on3
o x \/;: %chyz. 1)

Here, I, w, h and A is the second moment of inertia, width, height and area of the beam cross section, respectively. However,
this equation does not apply to notched and cracked specimens and does not include effects of vibrating parts of the fatigue tester.

After finishing the calibration, one CONT specimen was fatigued until failure at LL1, and two at LL2. The failure lifetime of a
specimen was defined as the number of cycles for the load frequency to drop 20 Hz. This seemed to correspond to a crack covering
nearly half of the original cross-section area of a specimen, see macrographs of the fracture surfaces in Appendix C. For the three
specimens, the remaining lifetimes from measured frequency drops of 0.2-1.2 Hz until failure were noted and used as reference
that the ALT specimens could be compared to.

Then, seven ALT specimens were fatigued until load frequency drops of 0.2-1.2 Hz. This was done at 18% higher load than LL1,
to reduce the risk of any tests running out. The seven specimens were then corroded, before fatiguing was resumed and continued
until the sum of frequency drops before and after corrosion was 20 Hz. Three specimens were fatigued at LL1, and four at LL2. The
measured remaining lifetimes were compared to those of the CONT specimens at corresponding frequency drops and load levels.
The flowchart for TP2 is shown in Fig. 12.

3. Results
3.1. TP1
Markers in Fig. 13a show the measured failure lifetimes, N, for all specimens. The results are also given in table form in

Appendix B. Only one ALT specimen survived long enough to experience three corrosion phases (which are shown as gray,
dotted lines every 145,000 cycles). Log-normal distributions have been fitted to both specimen groups by maximum likelihood
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Fig. 15. Appearance of corroded cracks on the fracture surface of an ALT specimen after a corrosion phase and subsequent fatiguing.

regression [31]. Solid lines show the probability density functions (PDFs). For reference to offshore standards, the measured lifetimes
have been plotted together with S—N curves from DNV-RP-C203 [32] in Fig. 13b.

The one CONT specimen that endured several times more load cycles than any other CONT specimens has been considered an
outlier and disregarded during fitting of the PDF. Moreover, this specimen failed due to fatigue in threads, and the test is therefore
marked as a run-out. During the test, the load frequency started dropping already at around 1.08 x 10° cycles, indicating a growing
crack in the threads and, thus, possibly an altered stress distribution in the notch.

Even though the measured log N for the ALT specimens (mean = 5.49, standard deviation = 0.14) were on average slightly lower
than for the continuous fatigue specimens (mean = 5.50, standard deviation = 0.16), an independent-samples ¢-test revealed that the
difference was not significant, #(12) = 0.15, p = 0.44.

Fig. 14 shows macrographs of the notch surface of an ALT specimen after a) precorrosion and b) two corrosion phases. Since
corrosion was accelerated by anodic polarization, one can imagine that shorter distances between protruding surface features and
the cathode may have resulted in decreased electrolyte resistance and higher current densities at these, thus causing some degree
of surface leveling. Nevertheless, the resulting surfaces in Fig. 14 are relatively rough, with obvious anodic and cathodic sites. By
the end of the second corrosion phase, it is apparent that the surface has evolved into a slightly rougher one, and pits at persistent
anodic sites have increased in size. The larger pits might have led to higher stresses at and near the surface, promoting earlier
fatigue crack initiation than if the surface had remained in the precorroded state.
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Fig. 17. (a) Remaining lifetime of the cracked CONT specimens at different load frequency drops. (b) Comparison with the cracked ALT specimens after eight
months of corrosion and fatigue testing until failure.

From Fig. 15, which shows cracks in an ALT specimen after a corrosion phase, it can be seen that the dissolution rate has been
high along the crack mouth down to a depth of about 0.2 mm during the anodic polarization. This indicates an anodic site for large
cracks that is not at the crack tip, at which the dissolutive effect of corrosion might thus be limited.

From fractographs in Appendix C, it seems that all ALT specimens failed by fracture from cracks that had corroded in the previous
corrosion phase. Of three specimens with corroded cracks that were shallow enough to be enclosed by the aforementioned zone of
high dissolution, only one specimen experienced more than one corrosion phase. For the other two, it is thus clear that the extensive
blunting of the crack tip did not retard crack growth sufficiently for the specimen to survive until the next corrosion phase. Four
ALT specimens with larger corroded cracks showed even bands of high dissolution along the crack mouths, which indicated that
the crack surfaces had been exposed only during the last corrosion phase.

3.2. TP2
Fig. 16 shows the load frequency drop measurements that were done on the CONT specimens at different cycle counts, n. In
Fig. 17a, the curves from Fig. 16 have been translated horizontally so that the failure lifetimes (N) of the three specimens are

aligned on the right vertical axis. By normalizing the curves by failure lifetime, the remaining lifetime, N — n, of a specimen at a

10
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Fig. 18. Remaining lifetimes predicted according to BS 7910, compared to measured remaining lifetimes.

certain frequency drop can be read from the horizontal axis. In the current work, the remaining lifetime (consisting of crack growth)
was adopted as measure for comparing lifetimes of the CONT and ALT specimens, to avoid the higher scatter often associated with
crack initiation times.

In Fig. 17b, remaining lifetimes that were measured for the ALT specimens after the corrosion phase have been plotted by
markers, for comparison with the CONT specimen curves. The right axis shows the crack areas that correspond to the load frequency
drops on the left axis, as calculated from the quadratic-regression fit of Fig. 11. For LL2, there seem to be not much deviation between
the CONT and the ALT specimens. For LL1, remaining lifetimes of the ALT specimens are slightly longer than for LL2, as expected.
However, the remaining lifetime of the single CONT specimen is much longer than those of the corresponding ALT specimens.

To provide additional background for discussion, remaining lifetimes of the CONT and ALT specimens were predicted based on
the crack growth rates of ferritic steel in air given in the BS 7910 standard [33]. The crack growth calculations were carried out by
using a SIF solution for a single-edge-cracked bending specimen with rectangular cross section [34], while assuming an initial crack
depth of a =d + A./W. Here, d and W is the notch depth and specimen width, respectively. While this approach might be crude,
it allows for some degree of comparison between the CONT and ALT specimens. Fig. 18 shows the calculation results together with
measured remaining lifetimes. It can be seen that, although the calculations slightly underestimate the measurements, the scatter is
relatively low. The exception is the CONT specimen loaded at LL1, for which the measured remaining lifetimes are far higher than
predicted. Reasons for this will be discussed later in the succeeding section.

4. Discussion

Contrary to what was expected, the corrosion phases did not have any significant effects on remaining fatigue lifetimes in air.
Some likely explanations for this observation are given here, as well as what can be inferred from this finding regarding fatigue of
mooring chains.

Firstly, the method for accelerating the corrosion phases in TP1 is reviewed. TP1 was designed to explore the effect of corrosion
on fatigue surface damage. However, cracks initiated and developed too quickly to highlight this topic extensively. Thus, the relevant
site for corrosion shifted to the crack tip, where the corrosion mechanisms are geometrically more restricted. Since the electrolyte
resistance is inversely proportional to the area through which charge is being carried, the narrow opening of a fatigue crack results in
a very high resistance, thus limiting the current. Therefore, after a fatigue crack had initiated in a specimen, the effect of accelerating
corrosion with the current method was likely very limited at the crack tip.

Significant effects of the corrosion phases can thus only be expected for fatigue surface damage and for short cracks in the
high-dissolution zone. By the looks from the notch surface outside a corroded crack in a dummy specimen in Fig. 19, it seems that
the crack’s width of around 0.2 mm in the high-dissolution zone is at least as extensive as could be expected from average corrosion
rates in the North Sea. Yet, for the shallow, corroded cracks from TP1, it has been shown that corrosion did not seem to have a
great lifetime-extending effect from crack tip blunting.

As no high-dissolution zone is visible on the corroded crack surfaces of TP2, the current way of accelerating corrosion exhibits
dissolutive patterns in cracks that are clearly deviating from those in naturally corroding cracks. Thus, when studying corrosion
effects on cracks, specimens should be subjected to natural corrosion to obtain the most accurate results.

For determining effects of corrosion phases on fatigue cracks in TP2, the remaining lifetimes of CONT and ALT specimens were
compared. It was assumed that the crack growth is a relatively deterministic phenomenon, and that the crack growth rate depends
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Fig. 19. Corroded crack in the notch of a dummy specimen in TP1.

closely on the crack driving force. Thus, two specimens with similar geometry and crack shape should have roughly the same
remaining lifetime if loaded equally under the same conditions. However, even if two cracks yielded the same load frequency drop
in fatigue tests, indicating similar crack areas, it does not mean that their shape is the same. Thus, the SIF ranges may differ between
the cracks, and so will the crack growth rate. The CONT specimen that was subjected to LL1 is shown in Fig. 17 to have considerably
longer remaining lifetime than the specimens subjected to LL2 have, at only 5% lower load. This seems peculiar and might have
been a result of an atypical crack shape in the specimen and a less critical SIF range at the crack tip. Even though there was scatter
in the rest of the TP2 results, it seemed to be low enough in the results from both CONT and ALT specimens to conclude that the
eight-month corrosion phase at least did not have a large impact on the state of the cracks of the ALT specimens.

To explain this insensitivity to the corrosion phase, some discussion on the hypothesis that blunting of a crack by corrosion
can retard crack growth is useful. As already mentioned, several authors have found that a corrosion pit has an equally severe SIF
as a crack of the same depth [10,15,16]. It can be argued that a crack blunted by corrosion cannot have a geometry that is less
stress-raising than a corrosion pit. Thus, it seems unlikely that blunting by corrosion would have a significantly retarding effect on
crack growth. Any retarding effects that might be observed, are assumed to be results of other mechanisms. A mechanical explanation
may be that even if a crack appears “blunted”, the crack tip is not smooth. There may exist severe microscopic surface features
that facilitates swift crack reinitiation. Even macroscopically, a blunted crack is still a very powerful local stress raiser, which too
promotes crack reinitiation.

In the current test programs, the intensity and duration of the load in a fatigue phase might have deviated from what a mooring
chain experiences during a winter storm. On small-scale fatigue tests of corroded surfaces of offshore mooring chains under high
loads, fatigue initiation times have been demonstrated to be relatively short [35]. If, because of higher loads, initiation times in the
current tests are shorter than for chains in service, then the potential for fatigue process retardation is reduced. Work is under way
to quantify the magnitudes of the stresses in mooring chains in service, so that the relevance of the current tests can be evaluated.

Whereas mooring chains are subjected to stochastic loading and continuous corrosion, the test conditions in the current work
were simplified by separating the corrosion and fatigue phases. In both phases, the simplification likely leads to reduced dissolution
at the crack tip from corrosion compared to in-service conditions: In the summer season, static stresses from pretensioning and
self-weight loads on an offshore mooring chain would increase crack opening and crack tip strains, promoting higher dissolution
rates. In winter, the presence of seawater during load cycling would also lead to some additional dissolution. However, even though
these effects would result in more pronounced crack tip blunting, the arguments about its effects on fatigue behavior still apply,
and it is unlikely that blunting significantly retard further crack growth.

The absence of the corrosive environment during the fatigue phases is furthermore likely to push lifetime results in a non-
conservative way compared to in-service conditions for mooring chains. Nevertheless, applying alternating corrosion and fatigue
phases is seen as a practical way of investigating qualitative effects on crack development of the relevant seasonal extreme load
variations during corrosion fatigue.

In order to stay within the load limitations of the fatigue rig used in TP1, specimen dimensions had to be kept relatively small.
Consequently, as a result of reducing the specimen cross sections with each corrosion phase, the surface stresses in the notch grew.
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Fig. 20. Longitudinal notch surface stresses calculated by FEA after removal of material layers with uniform depths. The depths of the removal of material are
corresponding to estimated removed material from corrosion phases. The stresses have been normalized w.r.t. the stresses after precorrosion.
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Fig. 21. Surface stress amplitude S-N plot of all specimens from the first fatigue phase of TP2. For the CONT specimens, the cycle count until 0.2 Hz load
frequency drop is shown. Unfilled markers show run-outs, and dashed lines connect measurements that were made on the same specimen.

An increasing notch radius also meant that the stress-raising effect of the notch extended deeper into the material. These increased
stresses, in addition to raised surface stresses from growing corrosion pits, promoted faster crack initiation. To yield conservative
results, no adjustments were made to the load during the course of the testing. Thus, in order to limit the increase of stresses in
the notch, corrosion phases had to happen relatively infrequently. Fig. 20 shows the nominal effect on the notch surface stresses
from the corrosion phases, calculated by FEA, assuming uniform material removal rates. For the specimen that underwent three
corrosion phases, a final change in stress of 6.0% was calculated. This might have had a substantial impact on the total fatigue
lifetime.

For TP2, the effect was less pronounced, with notch stresses for the ALT specimens being only 1.4% higher after the corrosion
phase, assuming that 0.1 mm of material was removed uniformly across the surface during this phase.

Because of the larger dimensions of mooring chains, the same material removal rates as used in these tests will, of course, have
less effect on chain surface stresses than in the specimens.

To give the reader a sense of the stress levels used in TP2, measured cycle counts for the first fatigue phase of all TP2 specimens
have been compiled in S—N format in Fig. 21. This means, for the CAL specimens, all cycles until they were cracked open in liquid
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Fig. A.22. FEA models used in the current work.

Table B.2

TP1 specimen positions and measured lifetimes. Positions refer to Fig. 1.
Specimen ID Link ID Position on link N/cycles No. of corrosion phases (after precorrosion)
TP1-CONT-1-1 1 1 417,758 N/A
TP1-CONT-1-12 1 12 498,589 N/A
TP1-CONT-1-14 1 14 306,174 N/A
TP1-CONT-2-4 2 4 1,328,576 N/A
TP1-CONT-2-6 2 6 316,096 N/A
TP1-CONT-2-8 2 8 174,610 N/A
TP1-CONT-2-14 2 14 277,691 N/A
TP1-ALT-1-5 1 5 509,112 3
TP1-ALT-1-6 1 6 313,607 2
TP1-ALT-1-9 1 196,800 1
TP1-ALT-1-10 1 10 320,370 2
TP1-ALT-1-15 1 15 247,110 1
TP1-ALT-2-5 2 5 415,814 2
TP1-ALT-2-12 2 12 228,170 1
TP1-ALT-2-15 2 15 328,721 2

aRun-out because of failure in the threads.

nitrogen. For the CONT specimens, the cycles until 0.2 Hz frequency drop are shown, and for the ALT specimens, the cycles endured
at load 18% above LL1. Surface stress amplitudes have been calculated by FEA. The load levels in TP2 were chosen by means of
gradually stepping up the load for a few run-out CAL specimens until load frequency drops could be observed. In the figure, results
from the step-up of load have also been included. All markers connected by dashed lines represent the same specimen. From the
large scatter at medium loads, it may seem that the final testing loads are just above the fatigue limit — or at least a lifetime regime
governed by a gentler-slope S—N curve.

5. Conclusions

In the current study, two test programs of alternating corrosion and fatigue phases on R4-grade steel were conducted to replicate
seasonal load variations on offshore mooring chains in service. One was on the effect of periodic phases of corrosion on fatigue
lifetime of precorroded specimens. Here, corrosion was accelerated by anodic polarization. The other was on the effect of eight
months of natural corrosion on the remaining lifetime of specimens with fatigue cracks.

For the specimens in the first test program, no significant difference in mean lifetime was registered compared to the reference
group that was fatigued in air. Extensive blunting of shallow fatigue cracks in a few specimens did not seem to retard further crack
growth to a large degree. However, in the majority of the specimens, cracks grew deep during fatigue phases, largely restricting
any effect from accelerated corrosion processes at the crack tip during the following corrosion phase. Thus, accelerated corrosion is
deemed unsuitable for studies of effects of natural corrosion on cracks. A weakness in the current test setup was that surface stresses
were increased with each corrosion phase, promoting faster crack initiation in the specimens undergoing corrosion phases than in
the reference group.

In the second test program, contrary to what was expected, no large extending effect on remaining lifetimes from crack tip
blunting by natural corrosion was registered. However, the conclusion that a fatigue crack blunted by corrosion is as critical as a
sharp one is supported by observations in the literature. This implies that any potentially retarding effects on crack growth likely
result from other mechanisms.
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Table B.3
TP2 specimen positions, load levels and measured crack sizes and lifetimes. Positions refer to Fig. 6.
Specimen ID Position on link Load level A./mm? Depth of deepest Frequency drop N /cycles (N — n)/cycles
crack/mm before corrosion/Hz

TP2-CAL-6 6 1.18 X LL1 6.77 1.1 -1.1 122,515 N/A
TP2-CAL-8 8 1.07 x LL1* 3.35 1.19 -0.44 167,147 N/A
TP2-CAL-11 11 1.03 X LL1 5.5 1.58 -0.77 215,515 N/A
TP2-CAL-12 12 1.18 x LL1® 2.04 0.71 -0.24 87,903 N/A
TP2-CAL-15 15 1.03 x LL1* 6.67 1.47 -1.17 220,686 N/A
TP2-CAL-16 16 LL1 4.49 1.34 -0.58 348,815 N/A
TP2-CONT-3 3 LL2 N/A N/A -20 175,598 N/A
TP2-CONT-4 4 LL1 N/A N/A -20 396,688 N/A
TP2-CONT-5 5 LL2 N/A N/A -20 168,905 N/A
TP2-ALT-1 1 LL2 N/A N/A -0.34 95,700 41,470
TP2-ALT-2 2 LL2 N/A N/A —-0.43 89,503 35,664
TP2-ALT-7 7 LL2 N/A N/A -0.79 114,790 29,110
TP2-ALT-9 9 LL2 N/A N/A -1.05 108,092 28,243
TP2-ALT-10 10 LL1 N/A N/A -1.06 116,604 33,940
TP2-ALT-13 13 LL1 N/A N/A —-0.33 102,938 43,670
TP2-ALT-14 14 LL1 N/A N/A -0.65 123,372 40,203

aLast applied load level. Specimens also sustained significant numbers of cycles at lower load levels. See Fig. 21 for details.

TP1-CONT-1-1 TP1-CONT-1-12 TP1-CONT-1-14 TP1-CONT-2-6

e 5
TP1-CONT-2-8 TP1-CONT-2-14

o
TP1-ALT-1-5 TP1-ALT-1-6 TP1-ALT-1-9 TP1-ALT-1-10

o - i Pty

TP1-ALT-1-15 TP1-ALT-2-5 TP1-ALT-2-12 TP1-ALT-2-15

Fig. C.23. Macrographs of fracture surfaces of specimens from TP1. Codes on the figure refer to the specimen IDs stated in Table B.2.
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Fig. C.24. Macrographs of fracture surfaces of specimens from TP1. Codes on the figure refer to the specimen IDs stated in Table B.3. The CAL specimens were
submerged in liquid nitrogen and cracked open after fatiguing to different crack depths. The ALT specimens were cracked open in ambient temperature after
fatiguing until 20 Hz load frequency drop. Fracture surfaces of some CAL specimens were damaged by corrosion in air during storage. Specimens TP2-ALT-1 and
TP2-ALT-2 were fatigued until unstable fracture at load frequency drops between 20 and 25 Hz, instead of terminating the fatiguing at 20 Hz drop. However,
the cycle count at 20 Hz drop was used for lifetime evaluations.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

The authors would like to thank O. @. Knudsen, A. Erbe, T. A. Kristensen, A. Hellesvik, M. Aursand, C. Torres and other
researchers and staff at SINTEF and NTNU for helpful discussions on the experimental setup and results processing. This work
was supported through the project KPN LifeMoor by the Research Council of Norway (RCN contract no.: 280705).

Appendix A. FEA methodology

All FEAs in the current work was performed using the Abaqus 2017 software and 3D solid models. Material properties for
R4-grade steel was implemented in the form of a monotonic material model from [36].

The meshed FEA models are shown in Fig. A.22. For TP1, the whole specimen was modeled. As boundary condition, one end
surface of the specimen was fixed. The axial load was applied on the other end surface, while forcing this surface to remain plane.
Quadratic-order tetrahedron elements (C3D10) was used in and around the notch. The element length was 0.39 mm in the tangential
direction of the notch. Thus, each element covered a 7° sector of the notch profile. The total element count in the model was 332,730.
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In TP2, the two planes of symmetry were utilized to model only one quarter of a specimen. In the location of the support rollers
(see Fig. 10), vertical translations were fixed. The load was applied along a non-deformable line at the center of the specimen,
representing the load punch. Linear-order hexahedron elements (C3D8) were used in the model. The element length in tangential
direction of the notch was 0.11 mm, covering 4° of the notch profile. The total element count was 12,090.

For calculating stresses after corrosion phases, specimen dimensions were changed accordingly, and the models were remeshed.

Appendix B. Specimen details and lifetimes

See Tables B.2 and B.3.

Appendix C. Macrographs of fracture surfaces

See Figs. C.23 and C.24.
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