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1 | INTRODUCTION

The term “tunneling” was coined by Lennox
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Abstract

Indications of corrosion were observed on ropes made of stainless steel type
316 in mooring systems of floating platforms in shallow tropical ocean water
and doubts about the material quality came up. Routine investigations could
confirm the type of alloy and the absence of sensitization, but the corrosion
pattern was found unusual: individual wires of the ropes were found as hollow
tubes many centimeters in length, which we refer to as hollow wire corrosion
(HWC). Comparative investigations with a rope of the same specification from
an arbitrarily chosen alternative producer revealed very similar susceptibility
to chloride-induced pitting but a significant difference in repassivation
behavior of the two products. An electrochemical test was designed which
could reproduce HWC under realistic conditions with one product while the
other repassivated readily. By electron backscattered diffraction, the
different susceptibility to HWC could be related to the very different textures
of the wire materials of the two products, resulting from different
manufacturing technologies.
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individual wires being hollow with just a thin intact
outer wall, while the core material was obviously etched

(1] out. No further attention was paid to the “tunneling”

more than

50years ago in the context of corrosion of 304-type
stainless steel (SS) wire ropes when analyzing the
performance of such a rope from a marine buoy's
mooring system. For distinguishing from pitting and
crevice corrosion, “tunneling” was used to denote
preferential corrosion along a rope's wire axis over some
length. This failure pattern was observed at cross sections
through the rope at arbitrary positions, revealing

effect in this report and seemingly this phenomenon did
also not receive much attention in the literature at later
times, as was noticed by the authors during the research
presented here.

Recently, corrosion of SS ropes from the mooring
system of a floating platform was discovered by divers
during a routine inspection by rust streaks emerging
from a rope (Figure 1a). Such platforms, arranged in
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FIGURE 1 (a)Rusty stainless steel (SS) ropes with biofouling, as seen by a diver (created from a video). (b) View of a cross section through rope

A1 with hollow wires, indicating tunneling corrosion. Rope configuration 7 X 19: 7 strands with 19 wires each. (c) Close-up of hollow wires in the

cross section. (d) Microscopic view of a single hollowly corroded wire from rope Al. [Color figure can be viewed at wileyonlinelibrary.com]

arrays, are used in shallow tropical ocean waters and
several such installations are in service independently in
different locations. This finding of corrosion was
unexpected since it was related to the platform in one
location and had occurred after just a few months in
service, while in two other, more than 100 km distant
locations, no rust indications were noticed even after
years of service.

Routine failure analysis confirmed that the ropes
were indeed from the specified SS alloy (AISI 316) in all
three locations, and local differences such as water
pollution or platform construction could be ruled out to a
high degree as reasons for the seemingly different
behavior. In fact, it was found that the ropes from all
three locations had suffered similarly from the tunneling
corrosion introduced above (Figure 1b-d). There were
just gradual differences in the length of the individual
rope wires that were damaged throughout, making the
difference in the visually detectable rust release observed
by the divers. This problem of poor correlation between
external visual appearance and degree of corrosion
damage of SS ropes was already noted by Lennox.!"!

Such poor experience in corrosion behavior inevitably
leads to questions about the suitability of such material
for the kind of application, or about the quality of the
particular material. SS of alloy type 316, that is, the most
commonly used molybdenum-bearing austenitic SS, is
generally considered the lowest grade of seawater-
resistant SS.'?! In this sense, there is generally good
experience with this alloy in many seawater applications,
but a certain risk for corrosion failures under more
critical conditions must be expected. Such critical
conditions may be seen for ropes, where the densely
packed wires not only create crevice conditions, but
dynamic loading may also cause fretting between the
wires. Consequently, corrosion processes may be ex-
pected to initiate easily by mechanical damage of the
passive layer, and the ability of the material to
repassivate quickly despite the creviced configuration

appears decisive for long-term stability. According to
Ref. Bl 316 type SS ropes may be considered for
application in the sea atmosphere. Nevertheless, whether
or not the risk for corrosion failure is finally acceptable in
the complexity of a real application is today still a matter
of practical experience in most cases and it was not the
aim of this investigation to treat this question.

On the other hand, we found SS wires for ropes being
standardized in their compositional, mechanical, and certain
magnetic properties.[3’4] Except with respect to sensitiza-
tion,"! no requirements related to corrosion properties could
be identified. Consequently, ropes of the same nominal
specification may exhibit some variability in corrosion
behavior from the compositional variations as permitted by
standards, and from microstructural variations resulting
from different production technologies. This research
focused on the relationship between the microstructure of
SS rope wires and their corrosion behavior, to understand
the particular structural or environmental conditions under
which tunneling corrosion may occur.

Since the term “tunneling corrosion” is nowadays
frequently used in very different contexts, for the sake of
clarity, we prefer the term “hollow wire corrosion”
(HWC) in the following to denote the characteristic
corrosion pattern as described above, that is, the selective
corrosion of a wire's core material, leaving behind a thin-
walled, tube-like structure. We will support the justifica-
tion for this specific term as this phenomenon turned out
indeed being strongly related to the particular fabrication
technology of wires.

2 | INVESTIGATIONS
CARRIED OUT

The approach chosen in this work was on a comparative
basis: three ropes from the field originating from one
supplier (A), and one rope of the same nominal specification
obtained from an arbitrarily chosen alternative source (C)
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were subjected step by step to analytical, electrochemical,
and microstructural investigations, as reported in the
following. Finally, results will be compiled by correlating
corrosion behavior and structural features.

2.1 | Material

All rope material used in this study was of 10 mm
diameter in 7x 19 configuration (Figure 1b) without
retained lubricant, specified with a minimum breaking
force of 52 or 57kN depending on the supplier. They
were nominally made from SS alloy AISI 316 (equivalent
to mat. no. 1.4401 or X5CrNiMo17-12-2) that is, an alloy
that is normally considered austenitic. The nominal
diameter of the individual wires is 640 um, and their
minimum tensile grade should be 1625 MPa according to
Ref.*! Such rather high tensile strength is obviously
desired for a rope and considering typical data for
fully austenitic, solution-annealed SS alloy 1.4401
(500-700 MPa?l), it points to the decisive role of the
wire's microstructure for the mechanical properties of a
SS rope. In fact, considering a drawing process as the
base technology of wire fabrication, the formation of
o-martensite from austenite by cold working appears most
plausible as a greatly strengthening component. However,
since the production process of such wires may be a
complex, multistage technology comprising of deformation
and tempering steps, we may expect a wide variety of
microstructures existing in rope products, all fulfilling the
required macroscopic mechanical properties, finally.

Rope samples Al, A2, and A3 (between 20 and 100 cm
long) were received from three mooring systems located at
different islands in the Indian Ocean. They all suffered
from HWC, with Al being the most damaged one
(Figure 1b-d) after only a few months in service, while
the lesser damaged A2 and A3 had been in service for
several years. These ropes were originally purchased
independently for these applications, at different times,
but from the same rope producer (which is not necessarily
the producer of the wires). Al was disassembled systemati-
cally over a length of ca. 40 cm and the damaged wires did
not correlate with specific strands. Continuous HWC up to
ca. 20 cm was observed which left a fragile, hollow, tube-
like structure embedded in the rope body. Only a few wires
were not affected at all. As to be expected from a
dynamically loaded rope in a mooring system, fretting
had occurred between the wires and Figure 2 presents such
a location, which may be considered predestined for the
initiation of pitting or crevice corrosion.

For comparison, rope sample C (20 cm long) from
another producer also drawing the wires was used in the
as-produced state.

1 mm

FIGURE 2 Mark of fretting observed at a wire from rope
sample Al. [Color figure can be viewed at wileyonlinelibrary.com]

2.2 | Analysis of alloy composition
Noncorroded sections of the rope samples were ana-
lyzed by X-ray fluorescence (XRF) in vacuum using a
wavelength dispersive spectrometer (Axios Advanced,
Panalytical) operated at 50 kV. Results are presented in
Table 1. No correction was made for the carbon
content (nominally 0.07 wt.-% [21) " which is not
assessed by this analytical method. The alloy composi-
tions of the samples appear very similar and there are
no deviations from the requirements for alloy 1.4401
check analyses.[*!

2.3 | Microstructural investigation
by light optical microscopy

Short sections of rope samples Al A2, A3, and C were
embedded in phenolic resin, and cross sections were
prepared by stepwise grinding and polishing finally by
0.3um alumina paste. Lichtenecker-Bloech etchant,
applied for 3 min, was found to provide the most useful
information in light optical microscopy; see Figure 3. The
wires of C appear homogenous across the diameter with
just some small, feathered structures close to the center.
By contrast, the wires of A1, and gradually lesser those of
A2 and A3, exhibit a nonevenly distributed micro-
structure with a wide, diffuse and dark zone of mostly
rhombic shape in the center. The selected etchant reveals
austenite bright, while martensite and/or ferrite appear
dark. Consequently, these results indicate strong gradi-
ents in the distribution of presumable martensite for
A-wires, while the small inhomogeneity in the center of
C material remains unidentified. It was not possible
to achieve clearly defined microstructural resolution
by light microscopy, indicating a high degree of
deformation.
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TABLE 1 Results of X-ray fluorescence analysis of rope samples Al, A2, A3, and C, in wt.-%.
Sample Fe Cr Ni Mo Mn S P Si Cu Ti Nb A% Co Total
Al 67.96 16.87 10.97 2.15 1.08 n.d. 0.04 0.41 0.27 0.01 n.d. 0.06 0.19 100
A2 67.95 16.73 11.07 2.28 0.93 n.d. 0.04 0.39 0.42 n.d. 0.01 0.05 0.14 100
A3 68.34 16.51 11.00 2.27 0.87 n.d. 0.04 0.39 0.4 n.d. n.d. 0.06 0.12 100
C 67.66 16.90 11.14 2.34 0.98 n.d. 0.04 0.48 0.32 n.d. n.d. n.d. 0.12 100
Note: Carbon content not analyzed. (n.d. = not detected).
E
£
A2 A3 G
FIGURE 3 Metallographically prepared cross sections of ropes Al, A2, A3, and C in the light optical microscope. Etchant:
Lichtenecker-Bloech. [Color figure can be viewed at wileyonlinelibrary.com]
T:ABLE 2 Magnetizability of the e Al A2 A3 c
wires from rope samples Al, A2, A3,
and C, in wt.-% referring to iron. Sample weight (g) 1.1793 1.2289 1.2529 1.0933
Magnetizability (wt.-%)  4.193+0.042  3.633+0.006  2.821+0.008 9.470 +0.045
2.4 | Determination of magnetizability 2.5 | X-ray diffraction (XRD)

Noncorroded wires were randomly selected from each
rope sample and cut into 10-30 mm long pieces,
summing up to roughly 1 g. These pieces were bundled
and measured in a FOERSTER Koerzimat CS 1.096. Six
repetitive measurements per sample were done and
Table 2 provides the results given in wt.-% of
magnetizable material, referring to pure iron as 100%.
As is indicated by the data and as expected, a
significant amount of nonaustenitic, magnetically
susceptible component is present in the wires, particu-
larly in rope C.

It may be noted that an additional 0.79 g wires of C
were solution annealed in nitrogen atmosphere at
1050°C for 1 h, water quenched, and also subjected to
such a measurement. The signal was below the
sensitivity of the instrument, that is, <0.1 wt.-%,
indicating the expected full conversion of this alloy to
austenite by such thermal treatment.

Wires from rope sample Al were subjected to XRD
analysis. In a first attempt, a Bruker D2-Phaser and a
Bruker D8-Advance were adapted for the measurement
of a straight steel wire and a planary-coiled wire,
respectively, in reflection configuration (Bragg-Brentano
geometry). Cu Kg radiation was used in the range
20-120° (20) and the evaluation of diffractograms
involved Rietveld refinement. While with the straight
wire pure austenite phase was detected, the more
sensitive coiled wire configuration indicated a certain
additional amount of martensite/ferrite (not distinguish-
able by XRD).

These results indicate austenite being located prefer-
entially at the wire's surface, while martensite (ferrite) is
rather accumulated in the core of the wire. Conse-
quently, a further XRD analysis focusing on the center of
a cross-sectioned wire was carried out, employing
Empyrean equipment from Panalytical. At the primary

85U8017 SUOWILIOD A0 3|l [dde 8Ly Aq peusenob ke sajole YO '8sN JO S9INJ 0§ Akeuqi8UIIUO A8 |1 UO (SUOIPUOD-PUR-SLLBY/WI0D A8 | 1M AlRIq U1 |UO//SNL) SUORIPUOD pue Swie | 8u) 88S *[£202/90/20] Uo AreiqiTauliuo Ao|im ‘(-ouleAnde ) aqnopesy Ad 669812202 09eW/Z00T 0T/I0p/L00 A 1M ARIq Ul |uoy/Sdny WOy papeojumod ‘9 ‘€202 ‘9L THTZST


http://wileyonlinelibrary.com

&I—Materials and Corrosion

LINHARDT ET AL.

side, a parallel beam mirror, %2° divergence slit, 0.04 rad
Soller slit, and a 300 um micro-focus adapter were
applied, targeting the center of the ca. 640 um wide
polished face of a wire. At the secondary side, a Gallipics
detector was used and Cu K ») radiation was detected
between 41.5° and 84° (26) at step size 0.0143°. Data
evaluation involving Rietveld refinement yielded a 75.4%
austenite to 24.6% martensite (ferrite) ratio and the
observed peak broadening points to significantly dis-
torted crystal structure. No indications for any further
phase were detected.

2.6 | Energy dispersive X-ray
analysis (EDX)

For assessing the distribution of chromium across the
diameter of Al wires, polished cross sections of 2
different noncorroded wires were analyzed by EDX
(EDAX-Sapphire) in the scanning electron microscope
(Philips XL-30, operated at 20 kV). Analyses across spots
of 60 x 80 um from the center and from near the rim
yielded for this method practically identical chromium
concentrations (raw data for rim/center in at.-%: 18.0/
17.9 and 18.3/18.4). Consequently, significant chromium
depletion at a large scale could be ruled out as the cause
of preferential axial corrosion.

2.7 | Testing for sensitization

To assess possible chromium depletion at the micro-
structural scale, noncorroded wire sections from all rope
samples were subjected to the electrochemical potentioki-
netic reactivation test (EPR-, Cihal-Test, based on[ﬁ]). Each
wire was embedded in epoxy resin and the cross-section
area (0.32 mm?) was ground to grit #320. These specimens
were used as working electrodes, together with a counter
electrode (platinum wire), and a mercury-mercury sulfate
(MMS, in sat. potassium sulfate) reference electrode, for
recording potentiodynamic scans in 75ml sulfuric acid
(0.5M) with potassium thiocyanate (0.01 M) as the activa-
tor”! A computer-controlled Bank POS-1 (Germany)
potentiostat was used to scan at 1.67 mV/s from the open
circuit potential (close to —750 mVypys, established after
15min) in anodic direction well into the passive range
(=50 mVymms) and then back to —750 mVypvs.

The results are presented in Figure 4 and the absence
of any anodic current peak during the reverse scan
indicates that none of the wire materials suffers from
local chromium depletion, that is, some kind of
sensitization may be excluded as the cause for the
preferential corrosion along the wire core.

2.8 | Testing for pitting corrosion

The susceptibility to pitting corrosion of all rope samples
was tested with noncorroded wires, which were cleaned
and degreased (but not abraded) at the outer surface and
the face at one end was ground wet by hand stepwise to
grit #1000. The specimen was immersed vertically with
the ground face down ca. 15mm deep into artificial
seawater (75 ml, prepared according to Ref. 81y, acting as
the working electrode. A platinum wire was used as the
counter electrode, and a silver-silver chloride electrode
(SSE, in sat. potassium chloride) acted as the reference
electrode. Potentiodynamic scans were recorded by using
a computer-controlled Bank POS-1 (Germany) potentio-
stat, starting at the open circuit potential which was
allowed to equilibrate overnight. At a rate of 0.167 mV/s,
the potential was scanned in the anodic direction and the
scan was reversed when the current had reached +1 mA.
Scanning in the cathodic direction was continued until
the current got cathodic. All tests were made at least in
duplicate and yielded essentially very similar results. For
the sake of clarity, only one result per sample type is
presented in Figure 5a.

From the curves in Figure 5a, we see that the critical
pitting potentials (Ep;,) of all wires fall into a remarkably
narrow potential window (560-620 mVggg at an arbitrar-
ily chosen current of 10 pA), indicating that all speci-
mens have very similar susceptibility to pitting. By visual
examination after the test, the locations of the pits were
found randomly distributed and preferential attack at the
core material at the wire's face was not observed. It
should be noted that also the 3-phase-boundary air/wire/

5
107 3 A3
A2
A1
10° c
107 4
< E
10° 5
o] — A1
10 3 — A2
] — A3
|
] —2C
107" 4 AAARRRAS RARARARN IRSARARARA RRARARARS ABARARARL T NAARARARL 1

-800 -700 -600 -500 -400 -300 -200 -100 0
E (mV vs. Hg/HgSO,)

FIGURE 4 Electrochemical potentiokinetic reactivation test
results gained at cross sections (0.32 mm?2) of wires from samples A1,
A2, A3, and C (only anodic currents are displayed). [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 5 (a) Potentiodynamic scans of wires from samples A1, A2, A3, and C in artificial seawater, indicating Ep; and Ey,. (b) Pitting
observed at the wires after the potentiodynamic test. [Color figure can be viewed at wileyonlinelibrary.com]

electrolyte was not the preferential site of the attack in
these tests. On the other hand, the ability to repassivate,
that is, the repassivation potential E,., was found
significantly different between Al, A2, A3, and C wires.
Considering the current level of 10 pA, all tested C wires
dropped below this value during the cathodic scan at
potentials more anodic than +250mVssg, while all
A-type wires did not above +110 mVsgg, and specifically
Al not above 0mVggg. This may be considered an
indication of the ability to repassivate being a significant
parameter for discriminating the corrosion properties of
the SS rope wires.

Examination of the wires, particularly of Al, by
digital microscopy (Keyence VHX-100), yielded no clear
signs of HWC; see Figure 5b. The pits showed the usual
undercutting, but the preferential growth in the axial
direction could not be observed unambiguously. How-
ever, this may become plausible by taking into account
the total amount of metal dissolved in such an
experiment: For a simplified alloy composition (Fe with
18 wt.-% Cr and 10 wt.-% Ni), with the usual number of
electrons consumed (Fe:2, Cr:3, Ni:2), considering an
average density for stainless steel (7.9 g/cm3), and by
applying second Faraday's law, we may estimate that a
charge of 30.2 As/mm3 are required for dissolving the SS
anodically. By integrating the current data of the
potentiodynamic scan with wire Al (Figure 5a), a total
anodic charge of 7.28 As can be estimated, corresponding
to 0.241 mm3. For the wire diameter of 640 um, this
means that in total material corresponding to a
wire length of 750 um has got dissolved during the
experiment, which is in the order of the diameter. Since
the pit growth direction even in homogenous SS is

governed by complex processes, as was summarized and
demonstrated recently,[g] we may conclude that poten-
tiodynamic experiments are not necessarily suitable for
replicating HWC distinguishable from pitting since the
amount of dissolved metal is insufficient.

29 | Testing for HWC

Based on the experiences from potentiodynamic experi-
ments, a test was designed making use of the potential
switching technique: In the first phase, pitting corrosion
should be initiated and stabilized by polarizing suffi-
ciently high above E,; for some time. This phase was
defined by 3h at Epinie = +750mVggg. In the second
phase, active corrosion may be maintained for some time
at a less anodic potential Egqwh, Which should be above
E,ep (the highest Ey., of +320 mVgsg was observed for
wire C, see Figure 5). On the other hand, Egown should
also be not too far from practically relevant potentials of
SS in the marine environment, which are known to
approach values up to +350 mVgsg due to the microbial
effect of “ennoblement.”'®! Consequently, and to make
the test slightly harsher, this phase was defined by
Egrowth = +400 mVsgg and 24 h duration.

For this test, a multichannel potentiostat (Octopoti,
home-made!'!) was utilized, which offers the following
beneficial features: (i) parallel testing of eight wires at the
same potential in one shared electrolyte container, and (ii)
current limitation for each channel by design, with a cutoff
at Iy, =12mA in the instrument configuration applied
here. Such a current limitation is considered realistic, since
the limited kinetics of cathodic reactions and the electrolyte
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resistance between local anodes and widely distributed
cathode areas will limit the current, particularly in the
crevice configuration in the inner part of a rope. Data
acquisition was set to log every 5min the desired potential
(Esep), and for each of the eight specimens data on current (I)
and the deviation of its potential from Eg value (dE). The
value of dE is necessarily zero in the potentiostatic mode but
provides the corresponding values when current limitation
triggers and Iy, is maintained by adapting the specimen'’s
potential.

Per test, eight noncorroded wires (ca. 35 mm) were
retrieved as randomly as possible from a rope sample
(A1, A2, A3, and C), cleaned, degreased, and clamped to
a sample holder for contacting as working electrodes.
The sample holder, arranged in a 2 X 4 array with 7.5 mm
spacing, allows for immersing all wires vertically in the
electrolyte. The electrolyte was 2 L of artificial sea-
water,!® kept in a cylindrical container (ca. 20cm
diameter), and a SS mesh adapted to the container wall
served as the counter electrode. The working electrode
array was positioned in the center of the container and
the tip of the reference electrode (SSE) was placed aside.

Since the graphical compilation of all data appears not
feasible, the typical result of a single wire of Al, qualitatively
also representing A2 and A3, and the result of one wire
representing all of C, are presented in Figure 6. They will be
explained in the following while Table 3 presents the
summary by some derived quantities.

As we see from Figure 6, the test starts with applying
Eiinic and active corrosion is initiated for all wires practically
instantaneously. I, is maintained by the instrument by
lowering the potential (dE) suitably. With time, dE shifts to
more negative for both wire types, indicating increasing
activation. However, during the end of this first phase, dE of
Al exhibits a smoother trend and tends to have more
negative values compared to that of C. The final dE values of
all wires at the end of this phase (ie., after 3h) were
evaluated by extracting the most positive (max.), the most
negative (min.), and estimating the average (avrg.); see
Table 3. These data indicate Al dissolving more easily (at
lower anodic potential) and more steadily (smaller fluctua-
tions in potential) compared to C, with A2 and A3 being
similarly prone to corrosion as is Al. After this phase, all
wires have experienced an equal predamage by an anodic
charge of 12.96 As, equal to a metal loss of 0.43 mm3 and
accompanied by the corresponding electrolyte acidification
inside the pits.

In the second phase of the test, polarization is lowered to
Egrown and maintained for 24 h. As indicated in Figure 6, the
wire of Al maintains I;,, with dE around —200 mV for ca.
7 h before the current drops and fluctuates between 300 pA
and 1 mA (with dE necessarily at zero) throughout the rest

700
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Ese( (mVSSE)

growth

-100

-200

-300

dE (mV)

-400

-500

6004 A1

o] e kL
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1 (A)

T
0 5 10 15 20 25
t (hrs)

FIGURE 6 Switched potentiostatic hollow wire corrosion-test
results for one wire of Al and one wire of C, in artificial seawater.
[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Characteristic data extracted from hollow wire
corrosion-test results.

Sample Al A2 A3 C
Phase 1: Epitinit =+4750 mVSSE

dE (mV) Max. —566 —406 —554 —-138
Avrg. —602 —586 —593 —280
Min. —629 —650 —624 —385

Phase2: Egrowin = +400 mVssg

dE (mV) Avrg. —233 —169 —195 =2
Q. (As) Max. 103.8 103.8 103.7 9.64
Avrg. 99.94 954 96.8 4.5
Min. 78.2 764 87.8 0.03
Remarks 1 wire 3 wires All wires
broken broken passivated
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FIGURE 7 Radiographs of hollow wire corrosion-tested wire specimens.

of the experiment. By contrast, the current of C drops within
3 h by orders of magnitudes and maintains a level of a few
10nA for the rest of the experiment. This indicates
spontaneous passivation and stable passivity at the applied
potential of +400 mVssg (=Egrowth With dE = 0). During this
test phase, one wire of Al and three wires of A3 broke off
and their data were not considered for the following
comparative evaluation: Table 3 presents the average dE
values for all wire types, indicating that Al wires were most
easily dissolved anodically, followed by A3 and A2, while C
wires did hardly deviate from Egouw due to their passive
state during most of the time. This is also reflected in the
anodic charge (Q,) obtained by integrating the current from
t=3to t=27 h: While C wires consumed an average of just
4.5 As with 9.64 As for the most damaged specimen, even
the most corrosion resistant specimen of A (A2) consumed
76.4 As. The ranking of Al being the least resistant material,
followed by A3 and A2 is again reflected in the average
values for Q,, which are close to the theoretical maximum
(i, for 24h =103.7 As).

2.10 | Radiography of HWC-tested wires
All specimens from the potentiostatic switching test were
subjected to radiography using a Viscom X8060 scanner
with a Viscom XT9190-THP X-ray tube operated at 90 kV
and 100 pA. 14-bit intensity resolution is provided and
1400 ms exposure time was used.

Figure 7 presents the radiographs, which indicate
clearly that HWC was reproduced for the wire types Al,
A2, and A3. There is quantitative material loss over
20-30 mm in the inner of the wires, which appeared as
highly fragile, thin-walled tubes with shiny outer surfaces
after the test. By contrast, the specimens of C are damaged
by pitting corrosion and max. 3 mm deep HWC emerges
from the end face of the specimens. However, most of this
damage of C must be related to the forced corrosion

< »
S 3 >

FIGURE 8 Schematic of the core and rim areas in a wire's
longitudinal cross section addressed by electron backscattered
diffraction scans (not to scale).

conditions in the first test phase at Epini, since 0.43 mm3
have been dissolved there, compared to 0.001-0.32 mm3 at
Egrowth in the second phase, as may be estimated from Q,
min./max. data in Table 3.

211 | Structural analysis by electron
backscatter diffraction (EBSD)

EBSD analysis of A1 and C wires was performed on a
ZEISS Sigma 500 VP scanning electron microscope
equipped with a field emission gun, operating at 15kV
acceleration voltage, and using an EDAX Velocity EBSD
camera. As indicated in Figure 8, cross-sectional areas
located parallel to the wire axis extending from the center
and to the rim of the wire were chosen for the
investigation. EBSD scans were obtained with step sizes
of 0.1 and 0.08 um for the outer and inner regions of the
wire, respectively. EBSD data clean-up was performed
with the EDAX OIM Analysis 8.0 software. The Matlab
Toolbox MTEX 5.8 was used for EBSD data analysis.
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FIGURE 9 Electron backscattered diffraction inverse pole figure maps of austenite colored with respect to the wire drawing direction
(indicated by the arrow) for the core (a) and rim (b) region of sample Al, and core (c) and rim (d) region of sample C, as indicated in

Figure 8. The Al sample shows a typical fcc wire drawing microstructure and texture with <111> (blue) and <100> (red) components. The
C sample shows a twisted microstructure with a much weaker texture that significantly deviates from the texture in the A1 sample. [Color

figure can be viewed at wileyonlinelibrary.com]

20 pm

| VRO LR

FIGURE 10 Electron backscattered diffraction phase maps presenting austenite in blue (bright) and martensite in red (dark), for core
(a) and rim (b) region of sample Al, and core (c) and rim (d) region of sample C, as indicated in Figure 8. The arrow indicates the wire
drawing direction. [Color figure can be viewed at wileyonlinelibrary.com]

The microstructure in the Al specimen consists of a
matrix of austenite grains elongated along the drawing
direction (Figure 9a,b). The cross section of the austenite
grains is about 1-3um wide. Thin martensite strands
extend between austenite grains, where the martensite
phase fraction is about 15% in the wire core (Figure 10a,b).
Toward the wire rim, the martensite density decreases and
is close to zero in the outermost 50 um. The austenite
grains exhibit a pronounced texture with two dominant
texture components typical for fcc materials processed by
wire drawing.">* In the primary component one <111>

direction is parallel to the drawing direction, while for the
secondary component one <100> direction is parallel to
the drawing direction (Figure 11a,b). By software-based
comparison of the orientation of the martensite grains
with the orientation of the neighboring austenite grains, it
was found that they adhere to the common
Kurdjumov-Sachs or Nishiyama-Wassermann orientation
relationships!*'®! and thus inherit a pronounced texture
from the austenite matrix.

By contrast, the microstructure in the C specimen is
notably distorted compared to the conventional wire
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Inverse pole figures of austenite calculated from electron backscattered diffraction data from core (a) and rim (b) region of

sample Al, and core (c) and rim (d) region of sample C, as indicated in Figure 8. The color code represents the respective densities of

austenite crystallographic directions parallel to the wire drawing direction, where the numerical values indicate how frequent orientations

occur compared to a randomly oriented sample. Sample Al shows a strong preference for <111>, which occurs over 7 and 25 times more

often in the core and rim regions, respectively, than for a random orientation distribution. Sample C shows a much weaker preference for
directions around <225> in the core and between <225> and <111> in the rim. [Color figure can be viewed at wileyonlinelibrary.com]

drawing microstructure seen in the Al sample
(Figure 9c,d). The austenite grains form about 10 um
thick bands that are twisted around the drawing
direction. The martensite domains, which make up
about 24% of the area in the core, are thicker and
patchier compared to the Al sample (Figure 10c,d). In
the outer region the martensite bands are thinner and
less frequent, and in the outermost 30 um martensite is
rare. The austenite texture significantly deviates from the
texture observed in Al. In the core, the most frequent
direction parallel to the drawing direction is <225>
(Figure 11c,d). Toward the rim, the texture is signifi-
cantly less pronounced and shows a distribution of
preferred axes parallel to the drawing direction that
ranges from <225> to <111>. The martensite domains in
the C sample were likewise found to exhibit a significant
spread of orientations. Comparison of the martensite
orientations with the orientations of neighboring austen-
ite grains also indicated that their orientation relation-
ships moderately deviate from the Kurdjumov-Sachs and
Nishiyama-Wassermann relationships.

3 | DISCUSSION

The alloy compositions of the samples Al, A2, A3 from
the one supplier, and C from the alternative one, as
provided by XRF (Table 1), confirm their compliance
with 1.4401/AISI 316 specification and the just small
differences make them appear well suited for further
comparative investigations. On the other hand, the
metallographically prepared cross sections (Figure 3)
indicate a significant difference between the Al, A2, A3,
and C samples: While C appears rather homogenous, the
A samples present in the center a diffuse, zone of
rhombic shape. This pattern is most pronounced with Al
and EDX analysis confirmed that it is not related to an
uneven distribution of chromium. As the etchant applied
in metallography makes martensite appear dark in a
bright austenite matrix, we may assume that this pattern
reflects the distribution of martensite in the wire. Its
rhombic distribution in all three A samples may be an
indication of their origin from the same wire production
technology, possibly even from the same producer.
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The presence of the ferromagnetic martensite in the
nonmagnetic austenite is quantitatively reflected in the
magnetizability (Table 2). The ranking of these values by
Al > A2 > A3 seems to correspond with the visual impres-
sion from the etching pattern in Figure 3a-c, while C,
yielding the highest magnetizability, appears surprisingly
bright in Figure 3d. The results from the XRD investigation
with Al confirm a high fraction of martensite accumulated
around the wire's axis, while the outer shell is predomi-
nantly austenitic. This finding of an austenitic shell
coincides with the observation made with all wires in the
metallographic investigation (Figure 3: the outer shell
appears bright) and is consistent with the result from EBSD
analysis for samples Al and C (Figure 10).

Since the manufacturing technology of the rope wires is
unknown to us, sensitization, that is, chromium depletion
along grain boundaries due to annealing steps, could not be
ruled out as a possible reason for HWC. However, the
results of the EPR-test (Figure 4) demonstrate that none of
the wire samples is in the sensitized state.

The susceptibility of the wires to chloride-induced pitting
corrosion was assessed by potentiodynamic scans (Figure 5)
and very similar values for E; were found. It may be
surprising that the face of the wires, where the martensite
gets in contact with the electrolyte, was not preferentially
attacked and there is no correlation of Ey; with the amount
of martensite present in the wires as derived from the
magnetizability data in Table 2. However, this is in good
agreement with the findings reported quite some time ago!"”’
and stated again more recently"® for molybdenum-free
austenitic SS of type 304/1.4301 (CrNi 18/9), where
martensite from deformation was found not to increase the
susceptibility to pitting corrosion. On the other hand, it was
demonstrated by Keller et al'”! that the martensite gets
dissolved preferentially under acidic conditions and particu-
larly in the acidic pit electrolyte as is formed during active
pitting corrosion.

Since the limited amount of metal dissolved during
potentiodynamic tests does not allow for differentiating
doubtlessly regular pitting from HWC, the potentiostatic
HWC-test in artificial seawater was designed (Figure 6).
As explained above in detail, a well-defined degree of
corrosion predamage by chloride-induced pitting is
applied to the wires to create the acidic pit solution.
Then, the potential is set to a level not far above what we
may expect in practice, driving the anodic dissolution for
24h more. As is indicated by the data on current in
Figure 6 and the derived quantities in Table 3, samples
Al, A2, and A3 dissolved rather steadily and HWC was
indeed replicated nicely as we see from the radiographs
in Figure 7. It was even possible to discriminate the
weak differences in susceptibility by Al> A3 > A2. By
contrast, wires from C passivated readily under the

selected conditions and their damage remained limited to
pitting corrosion and just very short sections of HWC,
mostly caused by the predamage.

The good repassivation behavior of C material
compared to A variants may be surprising, since,
according to the data on magnetizability (Table 2), C
wires contain much more martensite than A-type
material. This points to the importance of martensite
distribution and crystal orientation for susceptibility to
HWC and the probability for repassivation, respectively.
EBSD investigation indeed reveals significant differences
in microstructure and texture between the investigated
Al and C wires: The Al sample shows a typical fcc wire
drawing microstructure and texture with <111> and
<100> components while the C sample shows a twisted
microstructure with a much weaker texture that signifi-
cantly deviates from the more ideal wire drawing texture
components in the Al sample. Sample C exhibits a
significantly higher martensite fraction than sample Al,
both in the core and rim regions. Sample Al shows a fine
distribution of continuous martensite domains elongated
in the drawing direction, whereas sample C exhibits a
patchy distribution of martensite.

The elongated continuous domains of the more
reactive martensite in Al wires may have contributed
to the preferential axial growth direction of corrosion,
compared to the more patchy distribution in C material.
However, this is also accompanied by a rather aligned
crystal orientation of the austenite in A1, which must be
considered an additional factor for the directed spreading
of metal dissolution since the corrosion rate of austenite
is known to depend on the attacked crystal face.!*” In the
twisted microstructure of C, however, the likelihood of
the corrosion front meeting a less reactive crystal face is
higher and consequently, it is also for repassivation. As a
result, the texture in the wires of A1 compared to that of
C seems to promote the axially directed corrosion of
HWC, and not the amount but rather the elongated
continuous shape of the martensite domains is relevant.
An additional factor influencing the growth pattern of
corrosion may be seen in residual stresses.'®'°! Their
level, direction, and distribution must also be expected to
depend on the production technology of wires, and
finally ropes.

4 | CONCLUSIONS

Wires of ropes made from nominally austenitic SS alloys
such as AISI 316/1.4401 must contain significant
amounts of o'-martensite to meet the requirements on
mechanical strength. This martensite is introduced by
cold working during wire drawing.
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The martensite content was found not to increase the
susceptibility to initiation of chloride-induced pitting
corrosion at the passive surface, but it may have a strong
influence on the ability of the material to repassivate
from active corrosion. The readiness for repassivation is
considered important in a SS rope, where fretting
between the wires during dynamic loading is expected
to initiate corrosion processes which are supported by the
inherent crevice configuration.

No correlation between the amount of martensite and
the steel's ability to repassivate was observed. Rather the
distribution, size, shape, and crystal orientation of
austenite and the related o'-martensite, that is, the
texture of the material, appear decisive for the repassiva-
tion behavior and the growth direction of active
corrosion, respectively. The samples from two different
producers investigated here exemplify the existence of
very different microstructures and crystallographic tex-
tures in commercial rope products, indicating different
production technologies.

A crystallographic texture characteristic for uni-
directional wire drawing was found to promote active
corrosion and its preferential axial spreading. This
appears supported by continuous martensite domains,
finally resulting in HWC. By contrast, a patchy appear-
ance of martensite in the austenitic matrix, and broad
distribution of crystal orientations seem to enhance
significantly the ability to repassivate by arresting the
corrosion progress with barriers of gradually more
resistant crystals or crystal faces, limiting corrosion to
pits. Further possible influence from the level, direction,
and distribution of residual stresses left from wire and
rope production should not be neglected.

Since HWC in ropes may cause loss of load-carrying
wires over quite some length (up to ca. 20cm was
observed in the field), a corresponding loss of strength
must be considered. On the other hand, pitting, if not too
dense, creates just local damage to wires and the load-
carrying capability of the rope is not so much impaired
due to the load distribution via friction between the
remaining wire bodies. Thus, ropes made from SS wires
susceptible to HWC are expected to bear a higher risk for
structural failure, particularly in seawater applications.
The electrochemical test for HWC as was introduced
here may be the basis for assessing the susceptibility to
HWC of SS wires.
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