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The full-field digital image correlation (DIC) technique was used to identify crack initiation and early crack
growth on irregular, corroded surfaces from offshore mooring chain. Finite element analysis was paired with the
DIC measurements, which made it possible to correlate initiation events with local stress concentrations due to
corrosion pits. An initiation S-N curve was established based on this correlation. It included 14 crack initiation
events from 4 specimens, in addition to statistical treatment of regions where no initiation occurred. The first

cracks initiated at 13-24% of the total lifetimes of the specimens.

1. Introduction

Mooring chains are an integral part of floating structures for offshore
energy production. In service, they have a limited lifetime, and corro-
sion fatigue is an important degradation mechanism. General corrosion
reduces the cross section areas, and pitting corrosion raises the cyclic
stress ranges locally[1,2]. Replacing the mooring chains on a production
unit represents a significant cost for the operator. Thus, the industry
needs more accurate lifetime estimates, allowing for more timely
replacement of the chains. This could improve safety and reduce costs
and environmental impact.

A number of chain segments have been fatigue tested in artificial sea
water during the past decades[3,4]. Although full-scale corrosion fa-
tigue tests give valuable benchmark data, it is still a challenge to use
these results for in-service lifetime prediction. In order for the tests to
finish within a reasonable time, the applied cyclic loads and load fre-
quencies have been higher than those experienced by the chains in
service. Since corrosion is a time dependent process, effects of the cor-
rosive environment on fatigue is decreased when tests are accelerated.
Considering this effect alone, full-scale laboratory data would give non-
conservative predictions when applied to in-service chains. Test tem-
perature also affects free corrosion crack growth, and in this case the
laboratory tests conducted at room temperature would be detrimental to
fatigue life, i.e. conservative compared to the in-service temperatures
experienced during the winter months in the North and Norwegian Sea
[5]. There are several other uncertainties that exacerbate this
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fundamental problem of using corrosion fatigue lab data in the real
world, such as the use of constant amplitude data for in-service spectrum
loading, choice of damage accumulation methods, mean stress correc-
tions, and others[6-8]. The various approaches to account for these ef-
fects in lifetime prediction typically distinguish between initiation
mechanisms and crack growth mechanisms. Detailed studies have been
made on the initiation of cracks from pits[9-15] that have provided
valuable insights into growth of small cracks from corrosion pits.
Whereas these efforts were aimed at single artificially created pits, the
current study is aimed at detecting initiation events within a larger area
of corroded surfaces, either on full-scale chain links or on small-scale
specimens.

Digital image correlation (DIC) is a full-field, optical monitoring
technique that can be used to track displacements on a surface from a
series of sequentially captured images[16]. The method has been used to
gain valuable insight into fatigue crack behavior on a macro (contin-
uum) scale [17,18] and micro scale [19]. Crack initiation from the
mouth of an artificial corrosion pit in a smooth specimen has been
monitored[10], and in a fatigue test a specimen with an electropolished
surface, multiple microcrack initiation sites were revealed using DIC
[20]. To the authors’ knowledge, there has been no attempt to monitor
fatigue crack initiation on a surface with general corrosion from service,
like that of an offshore mooring chain.

The motivation for the current work is to promote detection of crack
initiation in both small-scale and full-scale testing. Initiation life in this
paper is defined, using the recorded surface displacements, as the
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number of cycles until a crack of a certain size can be detected. An
initiation event is thus not related to the micromechanical process of
forming a crack from persistent slip bands[6]. Rectangular bar speci-
mens were extracted from mooring chain links retrieved from service,
while keeping one face as-corroded. The specimens were subjected to
cyclic loading in a three-point bending test setup in an air environment.
DIC was used to measure displacement histories for a grid of points on
the corroded surface. Early signs of crack initiation across the corroded
specimen surface were captured by applying an initiation criterion to the
displacement histories of the points in the grid, to determine the fatigue
lifetime spent on initiation and growth, respectively. Finite element
analysis (FEA) was performed on scanned specimen geometries to
calculate the stresses at initiation sites. The database of initiation events
was used to establish an initiation S-N curve for a surface element of a
corroded mooring chain link.

2. Methodology
2.1. Experimental details

2.1.1. Specimen preparation

Four fatigue test specimens were cut from the non-welded straight
section of two connected ¥#114 mm mooring chain links, see Fig. 1. The
links were made from R4 grade high-strength steel. Monotonic and cy-
clic yield strengths of 843 MPa and 630 MPa, respectively, have been
measured on similar links[21]. The links had been retrieved from chains
that had been in service on a floating production storage and offloading
(FPSO) unit in the Norwegian Sea for 15 years. The two links had been
exposed to identical service loads and environment. The specimens were
cut from the chain links using electrical discharge machining (EDM),
and then milled to their final dimensions, as shown in Fig. 2. The co-
ordinate system in the figure will be used as a reference throughout this
work. It can be assumed that residual stresses from production of the
chains[22,23] were relieved from the specimen material when the
specimens were extracted.

To remove corrosion products and expose the bare metal surface for
optical fatigue monitoring, the corroded specimens were degreased and
cleaned in a hydrochloric acid solution according to ASTM G1 - 03
(2017) el, procedure C.3.5[24]. Degreasing and cleaning was done in an
ultrasonic acetone bath. Thereafter, the specimens were lightly brushed
to remove remaining corrosion products. After the treatment, some
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Fig. 1. Extraction locations of specimens in a chain link.
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Fig. 2. Dimensions of specimens in millimeters. Reference coordinate system
is shown.

corrosion products still remained in the deepest pits. However, since the
metal surface everywhere else on the corroded surfaces had been suc-
cessfully exposed, the result was considered satisfactory. Ideally, no
corrosion product should have been left on the specimens. Nevertheless,
more aggressive cleaning procedures were not attempted, to avoid risk
of damaging the surfaces. Fig. 3 shows the corroded surfaces of the
specimens after cleaning.

2.1.2. Fatigue test setup

The specimens were loaded cyclically in a three-point bending setup
as shown in Fig. 4. The specimens had been extracted from the straight
part of chain links, to provide a corroded surface with a convenient
shape for fatigue testing. However, the moment load induced by a three-
point bending setup resembles more closely that found in the crown of a
loaded chain link, where the majority of failures in recent full-scale tests
have been found to occur[25]. The load levels that were used are shown
in Table 1. The loads correspond to a nominal stress ratio (of minimum
to maximum stress) of R = 0.2. The loads were applied using a trian-
gular wave shape and a frequency of 3 Hz. Loading was applied using an
Instron 8800 250 kN test system and an A10025E cylinder with a stroke
of 250 mm. An Instron 250 kN load cell was used. Load cell calibration
performed 2 years before testing was executed showed 0.2% deviation at
25 kN tension load.

2.1.3. Monitoring by DIC

A random, monochrome surface pattern was needed to provide
surface references for the DIC monitoring. The corroded surfaces of the
specimens were sprayed with a thin coat of white paint. Thereafter, a
light dust of black paint was applied, leaving the specimens with a fine
speckle pattern.

For acquiring images, one 12.3-megapixel Basler acA4112-30um
camera with a Sony IMX304 CMOS sensor and a Samyang 100 mm f/
2.8 ED UMC Macro lens was mounted on each side of the testing rig in a
manner shown for one side in Fig. 5. A two-camera setup was used, to be
able to capture displacements on different sides of surface features, and
to allow for 3D post-processing of DIC images. Nevertheless, the algo-
rithms developed in this work only made use of 2D displacements. Since
a beam in the testing rig prevented the placement of a camera directly
below the surface, the cameras had to be placed at a 48°angle to the
surface normal. This setup allowed for sufficient depth of field to obtain
images that covered the width of a specimen. The photographed mid-
sections had lengths of 40-42 mm. The image resolution was 3000 pixels
(px) in the y direction. A Metz Mecalight LED-480 LED panel was placed
85 mm below the specimen surface to keep the shutter times low. The
cameras were triggered at the peak load of every 100th load cycle.
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Fig. 3. Cleaned corroded surfaces of the specimens.
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Fig. 4. Three-point bending setup used for fatigue testing.

Camera shutter times were 15-20 ms.

Post-processing of images was carried out in the in-house, finite-
element based DIC code eCorr v4.0[26]. A mesh consisting of 15-by-15
pPX, isoparametric Q4 bilinear quadrilateral elements was created to
track the coordinate evolutions on the relevant surface. This corresponds
to an element length of 0.2 mm in the y direction and 0.3 mm in x di-
rection of the specimen. Each element had four corner nodes, and
consequently, each node was shared between four elements.

In the current work, crack initiation on the surfaces of the fatigue test
specimens was detected by imposing a criterion on sub-pixel, inter-node
displacement of the DIC mesh as load cycling progressed. The nodal
coordinate histories were imported to the numeric computing environ-
ment MATLAB, and the following criterion was implemented on the
nodal displacements in the y direction of the specimens:

The distance between a node and its neighbor is thought of as a material
ligament. A ligament is considered broken, and thus, a crack is defined as
initiated, when the ligament length has increased by 0.15 px (2 ym) above its
all-time minimum.

Table 1

Fig. 6 illustrates the criterion. Fig. 7 provides an example of an inter-
node displacement history and application of the criterion. To avoid
false indications of initiation caused by noise in the DIC measurements, a
ten-point moving average of the displacement histories were used. As an
additional measure against temporary fluctuations in ligament length,
only ligaments eventually reaching 0.90 px (13 ym) of extension were
considered real initiation points. The last intersection of the displace-
ment curve with the 0.15 px limit was defined as the initiation time. As
will be shown, the criterion produced realistic initiation events and
subsequent crack growth with few erroneous indications.

Tilting of the cameras relative to the specimens introduced a small
error in the DIC measurements. Since the camera sensor was parallel
with the specimen y axis, the error along this axis due to perspective
distortion could be readily estimated. With the current camera setup, the
distance from the center of the lenses to the specimen surfaces was
around 520 mm. Geometric calculations showed that measurements of a
displacement in the y direction on the edges of the specimen could differ
by £1.3% compared to measurements made in the x-z midplane. This
error was considered negligible for the purpose of using the crack
initiation detection criterion.

It should be noted that a more pronounced error can occur regardless
of camera angle when cracks start to grow large in a specimen in a
bending fatigue setup. As the bending stiffness is reduced, the deflection
at maximum load along the loading axis increases cycle by cycle. In
relation to the camera sensor, this results in an out-of-plane displace-
ment, which eventually causes a significant error in the inter-node
displacement measurements. For reasons described later, the DIC pro-
cessing in the current work was limited to detection of cracks as long as
they remained relatively small. In this domain, the recorded deflection
at maximum load at the position of the load roller did not increase more
than 0.14 mm for any specimen. Calculations for the current camera
angle showed that this resulted in a maximum error of only 2.0% on
displacements measured with DIC, which was deemed negligible.

Load levels for each specimen and original positions on the chain links. The highest nominal stresses in y direction at the surface of a specimen are also given.

Specimen ID Link ID Position on link Load amplitude/kN Mean load/kN Nominal stress amplitude/MPa Nominal mean stress/MPa
1 1 1 8 12 211 317
2 1 2 10 15 263 395
3 2 1 8 12 211 317
4 2 2 10 15 263 395
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Fig. 5. One side of test rig with camera.

2.2. Surface scanning and FEA

For the purpose of stress calculations by FEA, all specimens were
surface scanned using a GOM ATOS 5 8MP scanner with a MV170 lens
pair, with a measurement volume of 170x130x130 mm. The system is
based on fringe projection [27] and optical triangulation for relative
positioning of multiple scans. The specimens were placed on a software
controlled rotary table, thus multiple scans from different angles could
be collected automatically to cover all sides of the surface pits. The size
probing error and sphere spacing error have been found to be 6 ym and
—4 um, respectively, according to VDI/VDE 2634-3:2008 test proced-
ures. GOM Inspect 2019 software was used for processing the scans,
using the “high detail” setting to retain as much detail from the point
cloud as possible. Autofill was applied in GOM Inspect to close holes that
appeared in a few deeply recessed or dark areas. Finally, the mesh was
smoothed with a surface tolerance of 0.01 mm in order to remove
smaller asperities. The resulting surface meshes were regularized in the
modelling software ANSYS SpaceClaim by applying its “shrinkwrap”
feature. A 0.15 mm element size was used on the surface of the
midsection of the specimens. In the FEA software ANSYS Mechanical,
solid, quadratic-order tetrahedron meshes were generated, applying a
slow transition from the midsection element size to a global element size
of 1.5 mm. An example of a meshed specimen is shown in Fig. 8.

A mesh sensitivity analysis was carried out for the midsection
element size. For a semi-spherical @2 mm pit in the middle of an
otherwise smooth specimen surface, 0.15 mm and 0.22 mm size ele-
ments provided nearly identical results for stresses in the y direction. A
mesh consisting of 0.35 mm elements gave slightly deviating results.
Thus, it can be concluded that both a 0.15 mm and 0.22 mm element
mesh are of adequate resolution for accurate stress calculation for a
pitted surface.

For FEA of the specimens, loading was applied as concentrated line
loads and displacements at the position of the rollers in the testing rig. As
will be seen, stress amplitudes remained below the cyclic yield strength
across all specimen surfaces. Thus, a monotonic material model for R4
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Fig. 6. Schematic illustration of a) crack initiation criterion on DIC results on
b) the midsection of a specimen. The black dots in a) represent DIC mesh nodes.
Surface material ligament (red) was considered broken if inter-node displace-
ment exceeded 0.15 px, corresponding to a displacement of 2 ym.
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Fig. 7. Crack initiation detection criterion applied on a node pair in y direction.
Initiation was said to happen at the last time the displacement curve crossed the
line for 0.15 px above the all-time minimum, corresponding to a displacement
of 2 ym.
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Fig. 8. Different zooms on the finite element surface mesh used for the midsection of specimen 3.

grade steel from [21] was used. Stress amplitudes in the y direction of
the specimens, S,,, were exported and used for the fatigue analysis.

2.3. Censoring data for multiple initiation events

On a corroded surface, corrosion pits and other stress irregularities
act as stress raisers that are often highly local. Since a crack growing
from a pit into a sharply decreasing stress field may need time to
develop, time is left for secondary cracks to initiate from other areas
with less severe stress states. Since the DIC technique can detect initia-
tion and growth of secondary cracks, this can provide statistical insights
when coupled with the stress results from FEA. Since the surface stresses
will be altered in a region surrounding the growing cracks, the initiation
events should be censored if they are significantly influenced by
neighboring cracks.

A “stress sensitivity analysis” from a growing crack was performed,
to see how the stress field compared to that of a crack-free specimen. As
a worst-case example, a quarter-circular corner crack was placed in the
x-z plane of a specimen with smooth surfaces loaded in three-point
bending, see Fig. 9. Fig. 10 shows how S, change at distances from the
center of the crack. As an example, the presence of a 1-mm crack is
marked by dotted lines. They show that at distances greater than 1.9 and
3.6 mm from the crack center, S, on path x and y, respectively, was less
than 5% affected by the crack.

Based on the results in Fig. 10, an algorithm for classifying crack
initiation events as “independent” was implemented in MATLAB: The
crack development log from DIC was replayed cycle by cycle. The first
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Fig. 9. FEA model for stress field sensitivity analysis for cracks of different
sizes. The region enclosed in red is fixed in y direction at the x-z plane. Paths x
and y are marked for outputting stresses.
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Fig. 10. S, in a corner-cracked specimen with crack lengths 0.5 to 5 mm
compared to a crack-free specimen. Stresses on paths x and y from Fig. 9 are
shown. The dotted lines mark the distance from the crack center where a 1 mm
crack causes 5% change in the stress field.

initiation was identified as stated earlier. As load cycling progressed,
and further growth of the crack was registered by DIC, a 5% change in
stress around the crack was said to invalidate the original FEA stress
result. Only subsequent initiations outside of the region affected by the
crack stresses were registered as new, independent initiations. As more
cracks initiated, more regions of FEA stress were invalidated.

These conditions were enforced by virtually lining up rectangular
areas around initiation sites, as cracks grew from them, and censoring
any initiations happening within the rectangles. The rectangle sides had
half lengths corresponding to crossings of the 5% lines in Fig. 10. Since
Fig. 10 is based on a worst-case crack, this was thought to be a conser-
vative approach. When the surface length of any crack in a specimen
exceeded 3 mm, the effect on the original FEA stress field of a specimen
was considered so extensive that the remaining stress field was
invalidated.

2.4. Statistical treatment of results

The described algorithm returns data on initiation events on a
specimen; however, it could also map regions that had survived without
crack initiation at a given time. These data can be taken into account in
the statistical treatment of the results. In the current work, the FEA stress
amplitude fields for the midsection of each specimen were discretized
into 0.1-by-0.1 mm, homogeneously stressed surface elements. Since it
was known which elements experienced crack initiation and which did
not, the best S-N curve fit to the data could be found using maximum
likelihood regression. That is, an S-N curve was fitted to a few initiation
events per specimen, as well as to the survival of every other 0.1-by-0.1



P. Quale et al.

a)
Specimen 1 Specimen 2
10
10
5
0
£
£
By
-5
-5
-10
-10
-15 ‘
0 5 10 15 20 0 5 10 15 20
x/mm x/mm

Specimen 1

International Journal of Fatigue 151 (2021) 106350

Specimen 4 zimm

Specimen 3

5 10 15 20
Xx/mm

0 5 10 15 20
x/mm

Specimen 4

Specimen 3

5 10 15 20
x/mm

Fig. 11. a) Height profile and b) gradient plots of the midsection from every specimen.

mm surface element.
The curve fit was done by maximizing the log-likelihood function[28],

k
="y "[silogp; + (1 — 5)logP,] @

i=1

for all k surface elements. Here, § is an indicator function, which takes
the value 1 if there is crack initiation in an element, and 0 if there is not.
If the initiation lifetime is assumed to be Weibull distributed, then the
probability density function for initiation, p;, and the cumulative dis-
tribution function for survival, P;, of a surface element, is given by[29]

n.z(ﬁ) ) )

()"
p, =2\

Pi

)

a) 100 cycles b) 20,800 cycles

c) 120,000 cycles

where fy is the Weibull shape parameter, a measure of initiation lifetime
scatter. n is the number of cycles recorded for the surface element, and N
is the median initiation lifetime, given by the S-N curve[6],

N =AS", 3)

where Sy, is the stress amplitude in the y direction. A and b are fitting
constants, and 1/b states the slope of the S-N curve in a diagram with
logarithmic axes.

3. Results

Height profile and gradient plots calculated from surface scans of the
specimen midsections are shown in Fig. 11. Because of a limit in the
maximum allowable number of nodes in the DIC software, only 27-32
mm length segments containing the biggest pits around the middle of the
specimens were analyzed. The plots in Fig. 11 have been cropped to
show only these areas. It can be seen from the height profiles that,
because of the irregular nature of the corroded chain surface, the actual

d) 150,000 cycles e) 154,300 cycles

Fig. 12. Photographs of specimen 1 taken by the right camera a) at first frame, b) at 13%, c¢) 78% and d) 97% of the specimen lifetime and e) at the last frame before

final fracture.
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Fig. 14. Fracture surfaces of all specimens, viewed from positive y side. Red
circles mark the earliest initiation sites for each surface.
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Fig. 15. Initiation and total lifetimes for all specimens.

maximum heights of the specimens varied between 22.6 and 23.5 mm.
Specimen 2 and 4 seem to have a lower number of individual pits, but
the pits have somewhat steeper walls than those in specimen 1 and 3,
indicated by larger height gradients at the edges.

Fig. 12 shows examples of the raw photographs taken of the
midsection of specimen 1 at different times for the purpose of DIC post-
processing. To the naked eye, changes in the surface are barely visible
even at frame c, at 78% of the specimen lifetime. In frame d, at 97% of
the specimen lifetime, the crack that soon thereafter lead to final frac-
ture, can be easily seen, along with one other crack.

The left sides of Fig. 13 show plane maps of stress amplitudes from
FEA for all specimens. The color scales have been capped at the lower
end to highlight the regions of relevant, high stresses. The right sides of
Fig. 13 shows maps of initiating and growing cracks that were identified
from DIC. The photographs of crack-free specimen surfaces are dis-
played in the middle figures, with red dots marking the locations where
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Fig. 16. Illustration of search algorithm for crack initiation applied to spec-
imen 1. Red dots show crack initiation locations found by DIC, and the rect-
angles successively invalidates the FEA stress results in enclosing areas as
cracks grow.
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Fig. 17. An S-N curve for initiation in 0.1-by-0.1 mm element fitted to initia-
tion and survival events from every specimen. The curve has a slope of
b = —4.49 when taking the logarithms of the axes.

crack development occurred. Note that in the DIC maps, the cracks are
plotted according to their location on the photographs, which might
deviate slightly from locations of the corresponding stress concentra-
tions in the plane coordinate systems of the FEA maps.

Fig. 13 shows that there is good correspondence between the
calculated stresses and the initiation location of each crack. Several
cracks were detected in all but specimen 2. When looking at Fig. 13,
more cracks can be seen in the DIC plot for specimen 1 compared to
Fig. 12. Moreover, the DIC criterion was shown to detect cracks at an
early stage. As early as in frame b of Fig. 12, crack initiation was
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Fig. 18. Calculated probabilities of crack initiation for all specimens (solid
lines), as well as recorded initiation lifetimes (dotted lines).

registered by DIC. No changes in the specimen surface were visible to the
naked eye until much later.

As a crack grows and opens, a dark line becomes apparent on the
photographs, as seen in Fig. 12. Eventually, the part of the DIC mesh
interfering with the crack starts to break down and produce invalid
displacement results. Therefore, this work was limited to detection of
crack initiation and growth of small cracks. DIC measurements past the
point of mesh breakdown were discarded. This is one reason why
complete crack paths at final fracture are not shown on the crack
development maps in Fig. 13. The time of mesh breakdown is stated by
the maximum value on the color scale.

Another reason that full crack paths are not visible in Fig. 13, is that
the initiation criterion works in retrospect. For crack initiation to be
registered at a node pair, the inter-node displacement has to reach 0.90
pX, even though the actual initiation time is registered earlier, at a time
of only 0.15 px displacement. The result is that any node pair with a
displacement between 0.15 and 0.90 px at the time of mesh breakdown
does not show up on the crack development maps as initiated.

Macrographs of the final fractures of all specimens are shown in
Fig. 14. Red circles mark the sites of the first initiations on the final crack
surfaces. For the case of specimen 3 and 4, this was not the first initiation
site for the specimen as a whole. In these specimens, secondary cracks
outgrew the first crack that initiated. Since the crack development maps
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Fig. 20. Map of element crack initiation probability for the midsection of
specimen 3 at the moment of measured initiation.
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Fig. 19. S, distributions for all specimens, discretized into 10-MPa levels.



P. Quale et al.

in Fig. 13 show cracks at a much earlier stage, it is difficult to correlate
them completely to the appearance of the final fracture surfaces. How-
ever, Fig. 14 still provides some validation of the initiation location and
early crack development measured by DIC.

Fig. 15 shows the total lifetimes for all specimens, registered at the
final, unstable fracture. The earliest initiation lifetimes recorded by each
camera is also shown. The deviations in the initiation lifetime could be
due to differences in depth of field and field of view for the two cameras,
or due to noise in the DIC results. Fig. 13 displays results from the
camera showing the earliest initiation for each specimen. In order to
produce conservative initiation lifetime results, that same camera was
used for further results processing for the specimen.

It can be seen from Fig. 15 that crack growth dominates the fatigue
lives at the current load levels, accounting for 76-87% of the lifetime of
the specimens.

The algorithm for logging initiation events is illustrated in Fig. 16.
The contour plot shows FEA stresses, and the red dots mark all initiation
sites. As cycling progresses, the rectangles lined up in white encloses
progressively larger regions of the specimen surface.

Data about initiation and survival of surface elements for all speci-
mens has been plotted in an S-N diagram in Fig. 17. Dots mark survived
elements, and triangles mark initiations. It should be noted that a total of
fourteen independent initiation events could be plotted from the four
specimens, i.e. ten more than from an ordinary fatigue test. Every region
on a specimen being enclosed by a rectangle is shown by a vertical line of
data points. For each specimen, the data points are spread out over a
large portion of total lifetime. Thus, for components where the first
crack initiation occurs early, the method provides a good basis for S-N
curve fitting even for single-load-level test programs. An S-N curve,
marked by black lines, was fitted to the results using maximum likeli-
hood regression. The curve represents the probability of a crack initi-
ating in a 0.1-by-0.1 mm element at a given time.

Solid lines in Fig. 18 shows the total cumulative distribution function
of first initiation for every specimen, found by multiplication of element
survival probabilities. The dotted lines represent the earliest recorded
initiations. While cracks initiate in all specimens within the limits of the
scatter, it happens at very low probabilities for specimen 1 and 2. The
explanation lies in Fig. 17: Even though the S-N curve is based on data
points from all specimens, specimen 1 and 2 have few surface elements
that are stressed to levels of high initiation probability at the moment of
first initiation. This just shows that there are variations in fatigue prop-
erties between the specimens, or between locations on them, that cannot
be identified by stress calculations of the current scale.

Fig. 19 shows the number of surface elements exposed to each stress
amplitude level for all specimens. As expected, it can be seen in Fig. 18
that it is the highest stress amplitudes, and the size of the area they
cover, that controls the lifetime ranking of the specimens. Specimens 3
and 4 have more severe stress states than the correspondingly loaded
specimens 1 and 2.

Finally, element crack initiation probabilities can be plotted as in
Fig. 20. Although the appearance might not be much different from that
of a stress amplitude map, it provides a properly scaled, graphical rep-
resentation in the initiation probability across a specimen surface. It can
be developed into a tool for quantitatively comparing the severity of
corrosion pits of different shapes.

4. Discussion

Stresses in corrosion pits were calculated with FEA. Even though the
mesh was not fine enough to capture stresses induced by microscopic
surface features and roughness from corrosion, the calculated surface
stresses showed a good correlation with initiation lifetimes, and an S-N
curve with low scatter was produced. This may indicate that the detri-
mental effect on initiation life of any smaller-scale features is largely
even across the surface. Thus, even though the macroscopic appearance
of corrosion has been shown to vary significantly between mooring
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chain links[2], the constructed S-N curve might still be valid if stresses
are calculated from FEA with the current mesh resolution. However, this
follows an assumption that microscopic surface damage from general
corrosion is equal for all levels of macroscopic damage, which is
debatable. To further reduce scatter in lifetime predictions, microscopic
surface profiles could be included in the FEA[30]. Taking into account
sub-surface stress distributions could also reduce scatter[31].

A geometric feature that is present in the specimens, but not in a
chain link, is the sidewalls. The lack of surrounding material near the
edges of the corroded surface lowers constraint, facilitating crack initi-
ation. This effect on the stress fields is well represented by the FEA and
does not lead to any discrepancies between recorded lifetimes and
calculated initiations stresses. However, cutting by EDM has been shown
to introduce detrimental residual stresses, defects and metallurgical
transformations[32], and milling is known to introduce shallow residual
stresses that can affect fatigue lifetime both positively and negatively
[33]. Since these effects are not accounted for in the FEA, they can be a
source of scatter in the S-N curve. From Fig. 13 it can be seen that some
cracks initiated from the edges of specimen 1 and 3. Even though most of
these initiated from areas with high calculated stresses, the influence
from machining stresses cannot be ruled out completely.

In the current tests, large fractions of the specimen lifetimes were
found to be spent on crack growth. This indicates that the crack growth
phase should be the main one to focus on for the purpose of lifetime
prediction at the current stress levels. In full-size chain links, there might
be larger surface regions of high stress than in the specimens. This would
increase the probability of early crack initiation. Moreover, the cross
sections are larger, so cracks have to grow longer before final fracture.
Thus, the lifetime fraction of crack growth for a chain link might be even
larger than what was registered for the specimens. However, if the
chains are loaded to lower stresses, the situation may be another. Future
small-scale tests should be run at load levels that give surface stresses
corresponding to relevant full-scale tests of mooring chain segments.

Moreover, the current specimens were not tested in seawater. Even
though the effects of the corrosive medium on crack initiation and
growth lifetimes are less in laboratory fatigue tests of chain segments
than in service, it should not be overlooked.

The effect of mean stresses was not considered here. Mean stresses
are likely to affect the processes of crack initiation and growth from a
corroded surface differently. Changing the mean stress might thus alter
the time fractions of initiation and growth. In the current work, mean
stress relaxation occurred in highly stressed areas because of yielding
during the initial upload. In the most highly stressed point on specimen
4, R was reduced from 0.2 to —0.2. However, stress-raising, microscopic
surface features might have caused the actual mean stress relaxation to
be even more pronounced than calculated by FEA. In mooring chains,
residual stresses from production have been identified as compressive in
some critical crack initiation locations[22]. When superposing these to
fatigue loading of the chains, R values may effectively be lowered. By
designing a fatigue test program with more varying mean loads, the
techniques described in the current work can be applied to investigate
the effects on fatigue initiation life of corroded specimens.

DIC showed to be sensitive enough for crack detection, even when
based on photographs of a highly irregular surface captured from an
angle. High node coordinate resolution and accuracy is achievable and
can likely be increased by rerunning the analyses using meshes where
elements do not span the currently identified crack paths[26]. However,
the crack initiation criterion could be made more robust, and alternative
criteria could be evaluated. Moreover, better routines for transforming
coordinates between DIC and FEA results should be developed, since
manual linking is time consuming and vulnerable to human error. Any
routine would benefit from more ideal camera placement.

Locations of the initiation sites were manually measured from the
DIC maps in Fig. 13. This procedure may be prone to manual measuring
errors and inaccuracies caused by the limited resolution of the DIC mesh.
Therefore, based on an estimate of manual measuring accuracy, a
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tolerance was included on initiation site location: When counting an
initiation event, the highest stress within a 0.6 mm distance from the
located initiation site was considered to be the initiation stress. How-
ever, this definition leads to a bias in the results, when concluding that
the highest FEA stress is controlling crack initiation. The problem would
be lessened if tolerances in initiation site localization could be lowered.
This would be possible if using a more accurate coordinate linking
technique and a finer DIC mesh.

Crack initiation in smooth specimens begins with cyclic slip within a
single grain[6]. Since the element size in the DIC meshes in the current
work is considerably larger than the grain size of the steel, it is unlikely
that any intra-grain displacements would be picked up by the mea-
surements. Additionally, the paint on the specimen surfaces likely acts to
soften the most local discontinuities in the displacement field that is
visible to the cameras. This means that the displacement that is
measured as initiation at a node pair in the current work presumably
comes from the strain field in front of, or opening of, a crack that is
already spanning multiple grains. Considering that a DIC element
measures 0.3 mm in the x direction, a crack with a strain field of that
same width could go unnoticed. Since the initiation criterion works in
retrospect, it would be difficult to stop a fatigue test at the time of
initiation in order to examine the crack appearance.

The idea of taking the stress distribution across the whole specimen
surface into account when calculating the probability of failure is not
new. Discretization of the surface into homogeneously stressed elements
represents a primitive application of the weakest link method[34]. A
more advanced stress integration scheme could improve accuracy.

For future work, it is planned to apply the constructed crack initia-
tion S-N curve to results from full-scale fatigue tests of chain links. If the
total life of chain links could be predicted by combining results from the
constructed S-N curve and those of an appropriate crack growth model,
this would provide validation of the results obtained in the current work.

5. Conclusions

Specimens cut from corroded mooring chain links were fatigued in
three-point bending, and the DIC technique was used to detect crack
initiation locations. The initiation stresses were calculated by FEA. An
algorithm for defining independent crack initiation events was imple-
mented, and the results were used to construct a crack initiation S-N
curve for corroded surfaces of mooring chains.

It was shown that DIC provides suitable coordinate data for detecting
initiation and growth of multiple cracks on a corroded surface. When
more crack initiation data is available per specimen, the number of
specimens needed to develop a statistically sound results database is
reduced, lowering testing costs.

For the current load levels, it was found that cracks initiated from the
corroded surface within 13-24% of the total specimen lifetime. The fact
that the majority of the specimen lifetimes were spent in crack growth,
suggests that the primary focus should be on this phase for fatigue
lifetime predictions of mooring chains. However, the current test pro-
gram was limited in terms of stress levels, and a single stress ratio of R =
0.2 was used. Other stress states in mooring chains might yield other
divisions of lifetimes in full-scale tests.
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