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Corrosion, Stress Corrosion and Corrosion Fatigue
of High Strength Steel Wire Ropes
Dr. M. FARZAM
First Metallurgy Symposium of Iran
9 - 16 March 1991
Shahid Chamran University
Ahvaz, Iran

Abstract

The effect of corrosive environments on high strenpth, high carbon, steel wire
rope materials of AlS] designation Cl055, Cl074 and 50B60 have been examined
using aqueous immersion, dynamic polarisation, stress corrosion, corrosion fatipue
and cathodic protection technigques,

Immersion tests in cultures of sulphate-reducing bacteria with hydrogen suiphide
concentrations up to 500 ppm revealed that the loss in strength and elongation was
higher than in natural seawater; the 50B60 alloy was the material most affected.

The fracture morphology of the above material following rising load to fracture
was ‘star fracture’,

Dynamic polarisation tests revealed that in putrid seawater (H,5 = 200ppm) the
free corrosion potential was lower than in scawater; SOB60 had the lowest free
corrosion potential, Tafel extrapolation showed that natural seawater had the larger
i, In the presence of hydrogen sulphide the anodic behaviour stayed the same as
in the absence of H,5 while the cathodic current increased rapidly with decreasing
potential. _

Constant strain rate test in all of the aqueous environments studied revealed that
galvanized wires gave a life time approaching the life in air while cathodic
overprotection at - 1100 mv decreased life by 66%. The fracture morphology

45° shear in air to tearing in natural, synthetic and putrid seawater.
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Siress corrosion tests under constant load showed that, as the concentration of
HIS increased, the life decreased. These tests also showed that wire pave a longer
life than the rope. The fracture morphology was again tearing.

Constant amplitude fatigue testing at 0,167 Hz, using stress ranges between 10
and 30 %MB.L. (minimum break load) and maximum stress in the range 20 to 60
9M.B.L. was also carried out. The fatigue data of the 0.5% carbon 6X7 wirc rope
(AlS] CI055) in seawater was close to the published data whilst the fatigue life in
putrid seawater (H,5 = 200 ppm) was halved; The wire (5 mm) AlIS] Cl074 and
AISI 50B60 behaved rather similar to that of rope (5 mm) AISI CI055,

Pitting corrosion and the inhibitory effects of galvanized coating pointed to the
yield assisted anodic dissolution mechanism, whilst the effeet of H,5 concentration
and the cathodic over-potential pointed 1o the hydrogen embrittlement mechanism.

The fatigue failure was found to be dictated by a multiaxial loading criteria, this
was dominated by hvdrogen embrittlement in stress corrosion fatigue with the
properties of short cracks contributing to the failure mechanisms.

The results are discussed in the light of material selection for wire rope in sour

environments.

Introduction

The possible use of tension leg platforms (TLP) positioned by steel wire ropes of
diameters more than 15 cm for exploration of oil and gas reserves created the need
for the following resarch.

High strength steel wire ropes for offshore (1,2) are traditionally made from
steels within the range of AIST CI055 to CI075 grades. The use of high carbon steels
woutd contribute to high strength and high hardness but while optimum strength
may be acheived, the corrosion response and toughness could be catastrophic. For
instance the amount of deformation of the wire during drawing could affect the ratc

4—aF at 65% reduction the highest rate of anodic
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dissolution would occur (wires used in this research in cross-sectional area are
typically drawn to 85% of the original diameter).

When wire ropes are immersed in natural seawater then macro - and micro -
fouling organisms can attach and alter both the mechanical loading and the
corrosion response by changes in drag force, volume, inter-wire and inter-strand
motion, production of differential aeration and pH cells and introduction of
microbial activity. Edyvean et al (5,6,7) have made detailed studies of the corrosion

response of selected steels in the presence of putrifying Enteromorpha spp (where

Sulphate Reducing Bacteria, SRB, have colonies) and found that the free corrosion
potential increased and cathodic depolarisation took place. Microbial corrosion can
occur due to different species of bactena, of which SRB are the most potent.

As a consequence of their metabolism under anaerobic conditions, SRB will
consume hydrogen (enhance cathodic reaction) and produce H,S which reacts
readily in the presence of steel to liberate hydrogen together with iron sulphide,
which will convert 1o the form of Pyrrohtite F"’{I xS This in turn will stimulate
the cathodic reaction and increase the corrosion current. On the other hand FeS will
poison the hydrogen recombination process.

Thus hydrogen embrittlement, as well as anodic dissolution, may impair the
integrity of steel,

Hydropen would diffuse into the lattice and reside in interstitial sites, impurities
and associated and aided by the presence of dislocations would impair the integrity
of steel resulting in premature fracture (hydrogen embrittlement),

Iverson (8), Hamilton (9) and Booth et al (10) have investigated the mechamsms
of corrosion in the presence of SRB, and proposed a two-fold mechanisms for
microbial corrosion in terms of the classical theory (8,9) and the role of Fes and 113
stoichiometry (10). In this model (classical theory) the presence of sulphide ions

poison the normal hydrogen recombination reaction, leaving hydrogen on the

starf _ this increases thier availability to enter the metal. The
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corrosion reaction is also enhanced by the presence of the iron sulphide which will
act cathodic to the steel substrate while the ability of SRB through the enzyme
hydrogenase, to "depolarise” (re-enhance) the cathodic reaction by the removal of
hydrogen from the surface will contribute to the overall reaction kinitics.

High strength, carbon-sieel wires should be expected (o be particularly sensitive
to the catastrophic effects of hydrogen due to their microstructure and mechanical
properties (high carbon and large deformations in drawing). These high carbon steel
wire microstructures consist of elongated pearlitic grains containing cells of hign
dislocation density and stacking faults together with elongated inclusions and
internal voids. Tt has been reported that the sulphide stress corrosion cracking,
SSCC, susceptibility increases with strength. Bombara et al (11) conducting a series
of SSCC tests on wires of AISI Cl075 showed that as the strength increased, life
decreased similar to Protsiv et al's (12) findings. But Bombara et al, unlike Protsiv et
al, showed an adverse effect of stress relieving on S5CC.

In rough seas such roping malerials, anchored under tension, as a result of waves,
winds and underwater currents can become subject to a cyclic motion where both
maximum stress and stress ranges between 10 to 40 %MB.L, (Minimam Break
Load: load below which no wire in the rope bundle would fail) can be present (13).
The studies of the dynamic response was complex, the cyclic frequency in the
horizontal direction (surge) was 0.40 Hz while in the axial direction the calculations
indicated 0.167 Hz (14,15,16).

The literature survey on the fatigue of high carbon, high strength steel wire ropes
pointed to the following remarks;

(i) The effects of the rope's construction on fatigue life in air and seawater (17).

(i} The existence of a fatiguc limit in air (18).

(iii) The importance of stress range on fatigue life in seawater (18).

(iv) The advantageous effects of preloading on the fatigue life (19).
rotection by an impressed current and galvanizing in
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scawater (20).

(vi) The similarity of fatigue lives of different size wire (21), rope (22) and wire
(23) if they were reported correctly.

(vii) Contradictory effects of mean stress on life by Hanzawa et al (24) (no effect)
and Thorpe et al {25) have also been reported.

Sulphate reducing bacteria is active al temperatures upto 50°c making this work

that much more relevant to the warmer waters of Persian Gulf.

Experimental

The chemical composition and the mechanical properties of these roping
materials are given in table 1 and 2; AISI Cl055, Cl074 and 50B60. The 6X7
stranded rope of nominal diameter 5 mm was of type ClU55 steel and consisted of
seven strands, six outer and one core strand, cach strand consisted of six 0.45 mm
outer and one 0.60 mm inner wire.

The microstructures were fine elongated pearlitic grains in the range of 4 um
width.

CGreen algae Emteromorpha spp having large living colonies of SRB, collected

from the north east coast of England was isolated under anaerobic conditions in
filtered matural seawater. The concentration of H.S produced was monitored using
the idometric titration method (26).

Immersion tests were conducted by placing AISI Cl074 and S0B60 wires of length
350 mm in natural and putrid seawater (H,S = 500 ppm) for periods of 60 and %0
days before tested to fracture under a rising tensile load. The load Vs extension
curves were recorded and compared with those from as-received samples.

Dynamic polarisation tests were conducted following the ASTM G61-86, ASTM
G5-87 and ASTM G3-87 standards in 3.5 wi% NaCl, 1.0N H,80, and putrid
seawater (H,S = 200 ppm). The potentiostat used was controlled by computer

isatjon scan rales were usually 10 mv/min for all alloy wires
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except for AISI 1055 (50 mv/min) due 1o its smaller diameter (0.54 mm).

Stress corrosion tests at 80% M.B.L. on AISI CI055 alloy in wire, strand and rope
form were conducted in putrud scawater.

Slow strain rate testing (SSRT) was used for a rapid assessment of sensitivity o
stress corrosion cracking. The tests were conducted on AlSI Cl055 alloy (bare and
palvanized) in synthetic (BS 3900 2011), nawral and putrid seawater at the
optimised strain rate of 10~ s~ 1. The concentration of H,S was varied from 200 10
600 ppm and susceplibility to SSCC (Sulphide Stress Corrosion Cracking) recorded.

Constant load stress corrosion tests on the wire, strand and the rope of alloy
AISI CI055 were conducted at 80 %M.B.L. in putrid seawater,

The stress corrosion cracks initiated at the wire surface were associated with
corrosion pits al the surface. The fracture surfaces were studied using scanning
electron microscopy. The fracture surface in air (SSRT method) was by shear at 45"
which changed to tearing in natural and putrid seawaler. The constant load SSCC
fractures were also by tearing and identical to those by the SSRT method.

Fatipuc lesis using a constant displacement machine were conducted on AlSI
CI055 (wire; 0.54 mm, strand; 1.65 mm and rope; 5 mm), AISI Cl074;, 5 mm and
AIS] 50B60; S mm diameter in air, natural and putrid seawater. The effectiveness of
the stress range (10 to 30 %M.B.L.) and maximum stress (20 to 60 %M.B.L.) were
recorded at the test frequency of 0.167 Hz. Galvanized strand was tested both in its
as received condition and leached for 8 mm of its length. A rope sample was
cathodically protected at -850 mv.

The fatigue micro-cracks associated with corrosion pits initiated away from the
contact points and lines chiminating any primary role for fretting - fatigue. The
smooth thumb nail corrosion fatigue cracks were not always consistenl in their
geometry (short cracks), their morphology comprised micro-cleavage. The overload

rupture was by tearing and the presence of shear lips pointed 10 the prescnce of
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Resulis and Discussion

The alloys AISI C1074 and 50B60 immersed in natural and putrid seawater (H,5 =
500 ppm) when loaded to fracture revealed a substantial amount of loss in ductility
(fip.1,2). The most affected material was AlSI 5UB60, this was in contradiction with
the general belief that the highest strength material should show a greater loss in
ductility. The role of Cr addition in AIS] 50860 was to increase the U.T.S. by as
much 100 MPa therefore alleviating the need for further reduction in area, thus the
amount of residual stresses in AIST Cl074 would be greater and if hydrogen is (o be
taken as the degrading element its amount trapped should have heen higher.

Naumann (27) has also conducted tests on the same material (AIS1 Cl074) in
water and reported loss in ductility,

The greater loss in ductility in H,5 solution than seawater (lig.1,2) was al
iributed 1o the deleterious effects of H,S where the presence of FeS would
depolarise the cathodic reaction and poison the hydrogen recombination process.

When the wire surfaces were examined numerous corrosion pits were evident.

The fracture surface of these wires (under rising load to fracture) were star
fracture (fig.3) where radial shear connected the periphery to a usually fibrous core.
When the fracture surface of the severest case (AISI 50B60 in H,5 = 500 ppm) was
compared to that of the as received condition it seemed that the secondary cracks
had increased in number (fig.4).

Figure 5 showed that as the concentration of H,S increased pH decreased and
that for a sample material AISI S0B60, with time, E____ increased an indication of
the changes in FeS stoichiometry.

The dynamic polarisation tests revealed that in putrid seawater (H.S = 200 ppm)
(when compared 1o tesis in 3.5% NaCl) the free corrosion potential decreased and a
cathodic depolarisation was recorded with the limiting cathodic current densities

increased by more than 20 yMcmz (fig.6). This was due to the lack of oxypen and

the presence of the H,S and the FeS. Wanklyn (28) and Duquette (29} also reported

hnpibmmmmahandﬁs;wan_cad


http://www.mohandes-iran.com

Q'__',Jci'_” »;-F-u:-_,uf;_,_,-'- g
such a decrease in E__ which they attributed to the protective FeCO, (9).
Congleton et al (21) conducted dynamic polarisation tests on a comparable alloy

steel wire and obtained a similar response in both anodic and cathodic scans.

However they showed, for a galvanised wire, that the E___ decreased to -1200 mv,
with larger limiting anodic current densities; indicative of its sacrificial behaviour
when coupled to the steel substrate at the free corroding potentials.

The SSRT tests conducted on AlSI Cl055 showed that as the concentration of
H,S increased elongation to fracture decreased (fig.7), but the material tested in
%

natural and synthetic scawater had a shorter life compared to that of a solution with
was greater in the sall solution (30 uAfcm

H,S = 200 ppm. When the i
compared to solution with H,§ = 200 ppm (30 uAjem?).
The galvanized wire gave a life time equal to that in air, Cathodically polarised

wires showed that as the potential decreased the elongation to fracture decreased

(fig.8).
The fracture morphology was by shcar 45° in air and by tearing in the corrosive
solutions (fig.9) with crack initiation closely related to the corrosion pits.
With considerations into fracture mechanics a stress corrosion crack initiates and

propagales under the direct influences of the corrosive environment where
at fracture is reduced. The prand debate on the degrading

cffectively the [{m“
mechanisms; anodic dissulution, hydrogen embrittlement or a combination of both

may be investipated for the conditions of this research.
While the presence of the corrosion pits, with its notch effect as a result of

anodic dissolution, would initiate a crack at K . and the effectiveness of the

galvanizing in reaching an elongation similar to that in air would point to a
dominant role of anodic dissolution, the effect of H,S concentration and the

negative potential would indicatc hydrogen embrittlement. Thus at this stage

evidence points to a dual role.
Kancko et al (30) using the SSRT method showed that the SSCC susceplibility

— —— |
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was a function of the tensile strength of the steel and increased with increascd
strength. Townsend (31) investigating the SSCC susceptibility of similar AISI steels
confirmed that hydrogen embrittlement was the cause of failure.

The SSCC tests al constant load (table 3) showed that, at the same H,S
goncentration of 300 ppm, rope had a shorter life than thal of the single wire.
Mechanical considerations revealed that for a rope inter-wire contact stresses would
be higher than the axial stress (32);

F, = 0.1745 T Sinez Cosez

where F_ = contact force, T = axial load and a = lay angle

at 80 %eM.B.L. and a = 14°

F, =124 N

For a contact zone of 100 gm radius the contact stress would be as high as 4000
MPa; a reasonable hypothetical consideration.

The primary fatigue parameters; stress ramge and the mean stress both had
influence on the fatigue life however considering the Goodman's relationship no
systematic agreement was acheived (fig.10). Thus an empirically derived relationship

was created in the form of a normalized stress;

2
o nmax

max
el . —— e L
% = grs ) = ggs, 1R

Figure 11 illustrated that for AIST CI055 rope had a longer life than the strand
and sirand a longer life than the single wire. Life in natural seawater was longer than
that in the putrid seawater, galvanized strand in as received conditions did not fail
while when leached for 8 mm of its length gave a longer life than the bare strand
and a rope tested in air terminajed after 107 cycles did not fail. AISI Cl074 and
S0B60 (5 mm diameter) gave a similar life to the AISI ClU55 rope (5 mm diameter).
The micro-cracks initiated at the surface were associated with corrosion pits and

away from the contact points (fig.12). The corrosion fatigue thumb nail cracks were
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associated with micro-cleavape and the over-load rupture was by learing (fig.13).

The material diameter and metallurgical dimensions would constrain  the
applicability of linear elastic fracture mechanics (LEFM) however work by Kilagawa
et al (33) showed that with an approximation LEFM could be applied 1o such short
cracks. Short cracks grow faster than the long cracks (34), using the striation
spacings (fig.14) a crack growth rate of 5 x 10~7 was recorded which for the low
stress intensities involved was quite fast,

To elaborate on the mechanisms of degradation; anodic dissolution and hydrogen
embrittlement, K at [racture was estimated following the work by Rolie and
Barson (35) (fig.15) by using the fractographs, For the conditions of:

(i) figurc 13 where o_ = 531 MPa, calculated K was 8.315 MPam"”,

(ii) figure 16 where o was higher, 885 MPa, calculated K, . Was 819
MPam™®, and

(iii) for the galvanized sample (leached) (fig.17) where o was 1393 MPa a
K, = 40 MPam’* was obtained.

If anodic dissolution was o be taken as the primary factor (i) should have had a
larger K__ , otherwise the similarity in K . was an indication of hydrogen
embrittlement. On the other hand the much larger K for the galvanized wire
could be taken as the role of anodic dissolution, this value compared to that
measured for a wire fractured in air (21).

On the other hand fatigue tests conducted at the higher H.S concenlration
resulted in a shorter life and a rope sample cathodically protected at -850 mvy
fractured at a similar number of cycles to that of the unprotected material, these

would eliminate any primary role for anodic dissolution.

Conclusions
High carbon, high strength steel wire roping materials if unprotected would

degrade rapidly both in natural and sour seawater. Galvanizing 15 very effective

— —— |
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however Tor the bare material i sour conditions cathodic protection by means of an
impressed current would be detrimental and the recommendation of this work would
he to operate at free corrosion potentials.

The mechanisms of degradation seems to be an interaction of both anodic

dissolution and hydrogen embrittlement with the latter having the cdge.
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‘Table 1: Materials: Chemical analysis (wt%):

Material c | si | vMn]| P § | o | Mo | Ni | Cu | Sn
AISICI0S5 | 050 | 026 | 063 | 0022 [o0z2 | 004 | 0oos | 003 | _— | _—
AISICI074 | 082 | 022 | 069 | 0.026 | 0.021 | 0.020 | <0.005] 002 | 0.04 | <0.005
 AISISOB60 | 081 | 026 | 0.78 | 0.021 | 0.028 | 0029 | <owos| o0z | 003 | <0005
Table 2: Mechanical Properties:
M rle rdal Thia. nXePs ILT.5 1L.T.5 EZElong. Hy
B MPa Specified | Measured
MPa MPa
AISI CI055 | 054 1535 1770 1886 380 494
AIS] CI0T4 | 4.94 1739 1850 1915 3.20 520
AISI 50B6D | 520 1440 | 1790 | 1736 4.20 470

Table 3: Static stress corrosion results for AISI CHSS in bright form:

M s le=rdal Laad %SM.B.I. Environment ppm Failure lime hr
Wire BO C, = 300 40
Strand 8 L, =6 3
Rope Ril C_ = 300 51
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i1 AR received

@ &0 days in nalural seawater
B 9 days i natural seawater
A 60 days in putrid sexwater
90 days in putrid scawalcr

LB
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2
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Fig.2: Stress Vs Elongation for AISI 50B60 in different corrosive environments:
A As received

160 days in natoral semwaler

@ M days in natural scawalcr

W 60 days in pulnd seuwnler

190 days in putrid seawater
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Fig.3: Typical frocture surface of the as received 5 mm diameter wires (AIS]I 1074 and S0B6U)

fractured under the rising load showing radial shear and longitudinal facets Mag. x 20,

Fig4: The most degraded material AIST SOR60 in putrid seawater (H,5 = 500 ppm) showed

increared numbers of secondary cracks Mag. x 320,
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Fig. 5: pH and E__ varialion with respect to the hydrogen sulphide concentration for ALSL SUB6L:
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Fig.6: Dynamic polarisation on AISI Cl074: & comparative plot between test in 3.5% Nall and putrid
seawater (H,5 = 200 ppm):
1 in 3.5% NaCl

2 in putrid seawater.
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Fig8: SSRT, cathodic protection by means of impressed current, potential Vs clongation in putrid

sewwaler (HoS = 600 ppm).
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Fig¥: SSRT; fracture surface of sample tested in pulrid seawater (H,5 = 600 ppm] at the strain rute
of ‘.H.P"E s 1 Mag, x 200
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Fig.10: Stress amplitude Vs mean stress for barc strand:

Guodman's plot:
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where x = 1 for Goodman and 2 for Gerber.
On the disgram X 15 No. of cycles (o failure.
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Fig.11: Normalized stress Vs fatigoe life of rope and i constituents (all AISI CI055) and wire (AlS1
CH74 and 50B60):

A AISI C1055 wire, 0.54 mm in putrid seawater (H,8= 200 ppm)

W AIST CI055 strand, 1.65 mm in putrid seawater (H,5 = 200 ppm)

@ AlS1 Cl053 rope, 5 mm in putrid scawater (H,5 = 200 ppm)

X AISI Cl055 strand, 1.65 mm, galvanized n putnd seawater (HS = 200 ppm) (discontinued)

+ AISI CI055 strand, 1.65 mm, galvanized but leached for 8 mm length in putrid seawater (H.5 =
200 ppm) (failed)

1 AISI CI055 strand, 1.65 mm in natural scawater

A AIS] CI055 strand, 1.65 mm in synthetic scawaler (BS 3900 2011)

@ AISI CHSS rope, 5 mm in natural seawater

¥ AISI Cl035 rope, 5 mm in putrid seawater (H,5 = 200 ppm) but cathodically protected at -830 mv

T»AlS1 CI0SS rope, 5 mm in air

& AISI CH74 wire, 5 mm in putrid seawater (H,S = 200 ppm)

r AIST CHY74 wire, 5 mm in natural seawater

A AIS] 50860 wire, 5 mm in putrid seawaler {[125 = HNW ppm).
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Fig.12: Micro-cracks associated with the corrosion pits initiated on the surface away from contact

points Mag. x 440.

Fig.13: Barc sirand fatigued in putrid scawater (H,S = 200 ppm) at 3 normalized strees of 1068 MEPa

= 53] MPa, Map. x 500,

and o
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Fip.14: The same sample and condition as in fig. 15 showing the strations, Mag. ¥ 2000.
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Fig.16: fatigue [racture of a hare strand in putrid seawater (H,S = 200 ppm) at @ normalised stress of

208 MPa ool L AR5 MIPa, Map. x 200,

Fig.17: Fatigne fracture of the galvanized strand leached for 8 mm of its length i putrid seawater (H,3 =
200 ppm) at & normalized stress of 391 MPa and a o = 1593 MPa, Mag x 200.
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Chloride Stress Corrosion Cracking of Abadan
Petrochemical Complex P.V.C. Dryer

Dr. M. Farzam ' - A.AhtluhrandT - B. Khostavi'

Abstract

To Produce Poly Vinyl Chloride (P.V.C) using the suspension mcthod, water is
4dded 1o Monomer Vinyl Chloride (M.V.C) from which HCl is Produced. To dry the
final product, large stainless steel (AISI 304) drums arc used, during which the
internal blade like picees of dryer at the welded joints are fractured. Fxaminations
revealed that failure was concentrated at the Heat Affected Zone (H.ALZ)

The reasons of fracture were mechanical and metallurgical factors, Increased
tension due o heat, weight of the P.V.C and the presence of the HAZ, led to a
mostly transgranular Failure, Microscopical examination showed that the start of che
cracks were from the surface through the HAZ mterface near the region of the
martensite induced transformation (M.LT). The fracture had also been influenced by
the presence of ferrite and gamma phases. Finally suggestions on changing maltcrial

and welding electrode were given.

1- Faculty of Pertroleum Engineering, University of Petroleum Industry, Ahwaz
2, 3- Facultyot Chemical Engineering, University of Petroleum Industry, Ahadan
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