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ABSTRACT

Nickel aluminum bronze (NAB) is a complex alloy used extensively in the marine environment. Fatigue strength of NAB is

reduced by welding and prior seawater corrosion. This study investigated the combined effect of corrosion and plasma welding
on the fatigue behavior of NAB. Natural seawater corroded samples were used in tension-tension cyclic loading tests to observe
fatigue crack initiation, propagation, and failure. Fatigue cracks initiated from corrosion pits at the weld toe. Stress corrosion and

fatigue cracks propagated along the path of " and x,;; phases. A short crack growth model (SCGM) predicted fatigue strength

using experimentally obtained material properties and corrosion pit dimensions. Model predictions were used to develop S-N
curves and were within 30% of experimental results. The SCGM produced accurate and reliable fatigue life results that could be
applied by industry to aid in revalidation decision making and inspection scheduling.

1 | Introduction

Fatigue-initiated failures at weldments continue to be a frequent
root cause of marine vessel loss and death at sea. For example, the
fishing vessel Ocean Quest suffered a hull weld failure causing the
loss of the vessel in 2019 [1] and a weld was the root cause of an
uncontrolled fire that spread through the ferry Dieppe Seaways in
2014 [2]. Because of this, the International Maritime Organization
(IMO) is putting a higher priority on the through-life sustainabil-
ity and safety of welded components while also pushing the ma-
rine industry to build and operate more energy-efficient vessels,
with operators becoming more environmentally aware.

1.1 | Welded Nickel Aluminum Bronze

Nickel aluminum bronze (NAB) is a multiphase copper alloy
used extensively in the marine industry, most commonly in

valves, manifolds, and propellors. It often forms safety-critical
parts and currently falls under tight restrictions in accordance
with Defense Standard 02-747 Part 2 [3] when welding is re-
quired to components that come into contact with seawater
during service (wetted components). As such, there is a strong
need for updated guidance on the use of welding to repair wetted
NAB components.

In welded NAB, the heat-affected zone (HAZ) has been identi-
fied as a common failure point [4], so welding process develop-
ment usually focuses on reducing the HAZ width [5, 6]. Plasma
welding was identified as the most favorable candidate process
for use with NAB for this research, and it has been shown to
produce a small HAZ width [6].

NAB forms a complex microstructure whereby small variations
in composition or heat treatment (HT) can alter the corrosion re-
sistance of the material [7]. Previous research has characterized
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Summary

« Combined effect of corrosion and plasma welding on
fatigue behavior

« Fatigue crack initiation from corrosion pits

» Fatigue crack propagation along the path of the 3’ and
%, Phases

» Microstructural short crack model predicts fatigue
strength and is used to develop S-N curves

NAB microstructure and phase transformations that result from
different processing schedules (e.g., [8-10]). The key phases of
welded NAB manufactured to Defense Standard 02-747 Part
2 [3] are summarized in Table 1, and NAB is characterized in
Section 3.4.

1.2 | Effect of Welding and Heat Treatment on
Fatigue

Cyclic loading results in crack initiation and propagation
when plastic strains (produced by cyclic stress) cause crack
initiation and tensile stresses force crack propagation [18].
The number of cycles to failure for different cyclic stress
levels can be represented by an S-N curve. Established S-N
curves for cast NAB show high cycle numbers before failure
with a reduction in fatigue strength seen for corroded sam-
ples [19, 20]. Holtam et al. [21] suggested a best practice guide
for evaluating knockdown factors (KDFs) that describe the
fatigue strength of corroded material in terms of the fatigue

strength of the parent material. They noted that, in instances
where the slope of the S-N curve differs, the KDF will vary
depending on the stress range. For these scenarios, they sug-
gested a method that involves the calculation of the KDFs, as
the ratio of the parent life divided by the life of the corroded
sample, at the extreme test stresses. This produces maximum
and minimum (i.e., a range of) KDFs that could then be used
to calculate a mean KDF.

The results shown in [20] highlight the ability of HT to improve
NAB fatigue life. For NAB components used in UK military ves-
sels, the HT requirements are specified in Defense Standard 02-
747 Part 2. The limitations of industry-standard nondestructive
test (NDT) detectors mean that cracks must have propagated
before detection is possible. Because of this, it is important to
understand the propagation mechanism so that NDT inspection
can be focused on areas of likely cracking.

1.3 | Effect of Corrosion on Fatigue

Corrosion is known to affect the fatigue behavior of welded
structures [22, 23]. In weldments, fatigue cracks commonly ini-
tiate at the weld toe (WT) and propagate to a final fracture [24].
This is due to the weld bead acting as a geometric discontinu-
ity that produces a nonlinearity in the stress distribution and
makes surface defects at the WTs more likely to cause crack
initiation [25]. Similarly, fatigue cracks can initiate from corro-
sion pits [26-29], so corrosion pits at the WT significantly affect
fatigue life.

Previous research [30, 31] has shown that, for high-cycle fa-
tigue initiating from corrosion pits, a significant proportion of
fatigue life is consumed in the pit-to-crack transition and in the
short crack regime. In this research, a short crack growth model

TABLE 1 | Key phases identified in NAB manufactured to Defense Standard 02-747 Part 2 plus the additional retained phase found in welded

NAB.
Phase Phase description
a This is the dominant phase in NAB consisting of a coarse field, face-centered-
cubic (FCC), Cu-rich phase with Widmanstitten morphology [11].
1 There are four types of Fe-, Ni-, and/or Al-rich intermetallic phases [12]. These phases improve
Xy the mechanical properties of the material and increase the amount of aluminum that can be
L included in the material before the 8 phase transforms into the (less desirable) y phase [13].
Xy The %, phase is a rosette-shaped Fe-rich phase that forms at the o grain centers. This phase is
only found occasionally in localized events where local Fe content exceeds 5wt% [14].
The x,; phase (which is based on Fe,Al) tends to be distributed (unevenly) at the o
boundary in the form of small rosettes (relative to the rosettes of the x, phase).
The %, phase is also Fe rich and is found as a fine, spheroidal precipitate within the a phase [15].
The x;;; phase is eutectoid and forms continuous (lamellar) networks at the a phase and x; phase grain
boundaries [16]. It is based on NiAl, so is nickel rich. It forms as a result of the eutectoid transformation
when the 3 phase breaks down and is therefore the predominant intermetallic phase.
g’ The B’ phase is a body-centered-cubic (BCC), island martensite, high-temperature phase, which is also
Cu rich but with a smaller percentage composition of Ni and Fe. It is considered undesirable because of its
susceptibility to corrosion, and the complete eradication of this phase in cast NAB can only be achieved if the
cooling time is sufficiently long so that complete eutectoidal decomposition of the 3’ phase occurs [17].
NAB manufactured to Defense Standard 02-747 Part 2 [3] would not usually contain this
phase; however, it can be retained in the weld material and HAZ of welded NAB [16].
20f18 Fatigue & Fracture of Engineering Materials & Structures, 2024
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(SCGM) is used to predict the fatigue life of corroded NAB. The
advantage of the short crack microstructural model is that it
effectively describes the microscale mechanisms while only re-
quiring a minimal number of input parameters. This makes it a
more plausible solution to be used by industry while maintain-
ing accuracy. In addition, it is run from MATLAB, which is a
software that is easily available to industry and one that many
engineers are able to code (e.g., [32]).

1.4 | Predicting Fatigue Behavior of Corroded,
Welded NAB

Classical fatigue life estimation models include classical
stress-, strain-, or strain energy-based models. Most models
are based on either mesoscale factors or microscale factors.
Microscale techniques are arguably more accurate in model-
ing crack propagation; however, it is difficult to identify and
measure microscale damage using off-the-shelf equipment
available to industry. As such, some fatigue life prediction
models aim to link mesoscale and microscale damage, for ex-
ample, [33]. This has the potential to show crack growth di-
rection but is complicated to apply and therefore unlikely to
be taken up by industry.

The Navarro and de los Rios (NR) model [34] is a mechanism-
based SCGM that uses the distribution of grain boundaries to
estimate fatigue life. It is based on evidence given by [35] and
[36] and follows the process given by [37] and [38] assuming
that the plastic zone at the crack tip of short cracks is con-
fined by grain boundaries. As such, the model considers grain
boundaries as the slip barriers of a specific strength that is
determined by the strength needed to form a new slip band in
the next grain. In this way, the NR model [34] takes account
of the typical temporary halt features of short crack growth
by including the discrete jumps in plastic slip at each grain
boundary. The NR model uses the Kitagawa-Takahashi (K-T)
diagram [39] (Figure 1) to calculate the strength of each grain

+Ac; (log)

Experimental curve

Small crack growth
regime

Ath

Long crack growth
regime

boundary barrier. The K-T diagram encapsulates fracture
mechanics and stress-based approaches and illustrates the
far-field stress amplitude (Ao, *) against the crack length (a),
where Ao =defect-free material fatigue limit. Below the crack
length (a,), cracks are considered to be short, whereas when
a>a,, cracks are long. a, is often denoted as El Haddad intrin-
sic crack length (Equation 1).

1 AK,, 2
Ay = (Aao @

T

However, Chapetti [41] showed that the El Haddad correction
is nonconservative and instead suggested that as short cracks
do not show complete crack closure during the fatigue cycle,
the threshold of stress intensity range is significantly smaller
for short cracks. The slope in the long crack regime is described
by Equation (2). Below this slope, a crack should not grow (ac-
cording to the LEFM assumptions. For small cracks, experi-
mental results (solid line in Figure 1) tend to deviate from the
dashed lines.

AK = AO’thY\/ﬂath (2)

The SCGM approach introduced in [42] is based on this NR
model. The K-T diagram can therefore be output from the SCGM
model and predict the effect of corrosion pits on the fatigue
strength of the material under consideration.

In a sample that is not corrosion pitted, the stress required to
overcome the first grain boundary is the same as the stress re-
quired to propagate through all the microstructural barriers,
and therefore, the fatigue strength of the uncorroded sample is
equal to the stress required to overcome the first grain bound-
ary. However, this is not the case for corroded samples.

Corrosion pits are known stress raisers, and so cracks that initi-
ate from a pit will require a lower stress gradient to pass through

Fatigue limit, Aoy

Long crack threshold
AK = Ao, Ymay,

_a(log)

FIGURE1 | Kitagawa-Takahashi (K-T) diagram schematic showing the far-field stress range (Ao, ) against crack length (a). Adapted from [40].

[Colour figure can be viewed at wileyonlinelibrary.com]
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the first few grain boundaries (while still within the stress con-
centration region). As such, there are some instances where
cracks that initiate from corrosion pits arrest within the first few
grain boundaries as they cannot overcome the full stress gra-
dient outside of the stress concentration region created by the
corrosion pit.

The SCGM approach is based on the assumption that cracks ini-
tiate from the corrosion pits and uses a relationship between the
grain barrier strength of the nonpitted and pitted components.
This means that the fatigue strength of the pitted component
can be calculated as the maximum value of the computed fa-
tigue strength in the output K-T diagram [42, 43]. Using this
approach, it is possible to build up a predictive S-N curve for a
pitted material using the SCGM approach.

The aim of this paper is to determine the effect of plasma
welding and corrosion (in the presence and absence of bio-
fouling) on the fatigue behavior of NAB and to describe the
crack propagation mechanism. This understanding will en-
able the development of a predictive model for the fatigue life
of welded and corroded NAB. The objectives are to investigate
crack initiation and propagation, determine the effect of (nat-
ural and simulated) seawater corrosion on fatigue behavior,
and produce fatigue life predictive models for welded NAB
that has corroded in the presence of biofouling organisms in
natural seawater.

The results and predictive model presented in this study should
be used to improve predictive maintenance so that unexpected
component failure can be prevented. This is especially import-
ant for welded NAB components that are commonly used on
marine vessels where their failure could cause loss of life and/
or loss of the vessel.

2 | Materials and Method
2.1 | Overview

Uncorroded and corroded plasma welded NAB was cut to pro-
duce cross-weld fatigue samples. Some of the welded samples were

fatigued to allow crack propagation but stopped before failure. X-
ray computed tomography (CT) and microscopy outputs of these
cracked samples show intragranular propagation following the x
phase. S-N curves of the parent and welded samples were created,
and the effect of the plasma weld was to reduce the number of cy-
cles required before failure. The S-N curves created by corroded
samples were used to calculate knockdown factors required to
account for the effect of corrosion on fatigue life. The fatigue test
data were used to inform an SCGM that enabled the prediction of
fatigue life for corroded samples at a range of stress amplitudes.

2.2 | Fatigue Samples

NAB coupons were saw cut from a rod that conformed to
Defense Standard 02-747 Part 2 [1] with a minimum of 250 MPa
0.2% proof strength and a tensile strength of at least 620 MPa.
The NAB had a chemical composition of 9.89% Al, 3.75% Fe,
4.71% Ni, and 81.66% Cu, wt% as described in [6], supporting
the results of [10, 44-46], and the microstructure is shown in
Figure 2.

The NAB coupons were 200-mm diameter, 30-mm sections with
two @ 10-mm drill holes to allow easier manipulation. Plasma
welding was carried out at Cranfield University using the pa-
rameters shown in Table S1 including 100% argon gas shielding.
A bead on plate weld was created between the two drill holes
as per Figure 3a. The wire used was SIFMIG 44 (Cu6328 EN
14640). Optical microscopic images of the cross section of the
weld clearly show the different microstructures in the parent
material, HAZ, and weld material (WM; Figure 4).

In the as-welded condition, the average weld bead height and
width (£ standard deviation, SD) were 1.84mm +0.13mm and
7.51mm=+0.29mm, respectively (n=25). The welds showed
good penetration and represented welds that would pass indus-
try standard inspections.

As described in [48] and summarized in Data S1, the welded
coupons were immersed for 12 or 18 months in one of three
environments: natural seawater, simulated seawater (SSW), or
air. Uncorroded and (after environmental exposure) corroded

FIGURE 2 | Optical microscope image of nickel aluminum bronze after etching with FeCl, solution. The lack of y and 8 phases in the parent
material is consistent with the HT carried out on the cast material [47]. [Colour figure can be viewed at wileyonlinelibrary.com]
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2 x SEM/EBSD/EDX samples

6 x Fatigue samples

c)

Drill Hole

between the
drill holes on
the centre line
of the coupon

FIGURE3 | (a)Plasmaweld on an NAB coupon that was randomly chosen to manufacture six fatigue samples and a cross-sectional SEM sample
as per (b). The detailed geometry of the fatigue samples is shown in (c). [Colour figure can be viewed at wileyonlinelibrary.com]|

Weld Bead

Parent
Material

Weld Material

FIGURE 4 | (a) Weld cross-section sample and (b) weld toe showing the difference in the microstructure between the weld material (WM) and
material in the heat-affected zone (HAZ). This image also clearly shows the fusion zone (FZ) that is predominantly composed of the a and ' phases
but also contains some of the x phases. The dark-colored phase is the retained 8’ phase (seen in the WM and HAZ). [Colour figure can be viewed at

wileyonlinelibrary.com|

samples were cut (as per Figure 3b,c) to create across-weld fa-
tigue samples.

Most fatigue samples were tested with the weld bead intact.
However, to investigate the effect of weld bead geometry on fa-
tigue strength, five uncorroded welded samples were randomly
selected to have the weld bead ground down. These samples
only had a small amount of smoothed WM (with a height of
0.4mm £ 0.1 mm) but retained the HAZ.

Nine types of fatigue samples were created: parent (uncorroded)
(n=9), welded (uncorroded) (n=12), welded (uncorroded,
no weld bead) (n=5), 12-month natural seawater immersed
(n=22), 18-month natural seawater immersed (n=22), 12-
month SSW immersed (n=38), 18-month SSW immersed (n=9),
12-month air exposed (n=4), and 18-month air exposed (n =4).

2.3 | Interrupted Fatigue Crack Growth Tests

Previous fatigue studies on corroded NAB have shown that the
effect of frequency on corrosion fatigue strength is insignificant
[20, 49, 50] when considering high-frequency fatigue states.
Therefore, once initial fatigue tests were completed at a fre-
quency (f) of 10 Hz, subsequent tests were completed at 20 Hz to
save time. The interrupted fatigue crack growth tests were car-
ried out on samples with different crack lengths, and the propa-
gated cracks were then visualized using x-ray CT.

X-ray CT was performed using the scan settings shown in
Table 2 and was used to visualize internal cracks in the NAB
samples. X-ray CT scanning is nondestructive, reveals internal
structure, and provides 3D spatial data [51]. The central part of
six fatigued samples was scanned, covering the central straight
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TABLE 2 | X-ray CT scan settings.

Methodology

Details

Equipment used

Software used

Zeiss Metrotom 1500

MetrotomOS, Avizo 3D 2021.2, and VGStudio Max 2.2

Conditions Exposure voltage (kV) 180
Exposure power (W) 15.3
Exposure time (s) 2
Filters Material Copper
Thickness (mm) 1
Information about the scan Voxel size (um) 15.19
No. of projections 1700-1750
Source-detector distance 1448
(SDD) (mm)
Frame per projection 2-3
Voxel scaling correction No

TABLE 3 | Fatigue method for x-ray CT scan samples.
Increase in extension
Welded (compared with initial Peak stress
fatigue sample Cycle number crosshead displacement) (R=0.1)
X1 Stop when crosshead position changes by 67% 090,
more than 0.5mm from unloaded state.
X2 Stop when crosshead position changes by 33%
more than 0.4 mm from unloaded state.
X3 Stop when crosshead position changes by 0%
more than 0.3 mm from unloaded state.
X4 Stop when crosshead position changes by 17%
more than 0.35mm from unloaded state.
X5 None—Reference sample N/A N/A
X6 None—Reference sample (end of weld) N/A

edge area in order to avoid missing any damage in the samples
including crack geometries, porosity, material phases, and their
spatial relationships.

From observing initial cyclic behavior of all the NAB parent
samples tested (n=3), an initial maximum crosshead dis-
placement of 0.3 mm was measured (over the first 200,000 cy-
cles). A clear extension of approximately 0.2 mm was observed
to occur approximately 300cycles before failure in the failed
samples. As such, a total extension of over 0.5mm (represent-
ing > 67% increase in extension compared with the initial
maximum extension) was found to result in fracture. With
this information in mind, samples with unfailed, propagated
cracks were created as per Table 3 to create a variety of crack
lengths (see Data S2 for further information). Peak stress is
shown as a fraction of minimum specified yield stress (o, ,),
which was 250MPa according to Defense Standard 02-747
Part 2 [3]).

The cracked samples were imaged using SEM, EBSD (FEI
Quanta 200 FEG-SEM), and optical microscopy (Zeiss
Brightfield Optical Microscope). Etching with aqueous solutions
of FeCl, and HCI allowed the visualization of the propagation
mechanism using an optical microscope.

The side of two (corrosion pitted) 12-month natural seawater im-
mersed fatigue samples was polished to 0.06 um (using ChemoMet
Colloidal Silica). These two samples were imaged using SEM (FEI
Quanta 200 FEG-SEM) and then fatigued at a peak tensile stress
of 220MPa (R=0.1, 20Hz) using an Instron 1341, where the peak
tensile stress was calculated using the uncorroded cross-sectional
area. Based on the results from Table 3, the fatiguing was auto-
matically stopped when the crosshead position changed by more
than 0.4mm from the unloaded state. The samples were then re-
imaged using SEM so that the fatigue crack initiation and propa-
gation could be analyzed. This enabled a detailed understanding
of fatigue crack initiation from corrosion pits.
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2.4 | S-N Curve Determination

The method used to create the S-N curves was based on the
method published by Nakazawa and Kodama [52] (which is
an English translation of sections 2 and 5.1 of JISME, Standard
Method of Statistical Fatigue Testing, JSME S 002, 1981) using
a stress ratio, R=0.1 and frequency, f=20Hz. The method was
adapted to enable additional fatigue tests to be undertaken where
large variation in cycles to failure was seen and to reduce unnec-
essary experimental repeats. The applied peak cyclic stress (and
stress range) was calculated from the applied maximum load
(and load range) using the uncorroded fatigue sample area.

The effect of reduction in wall thickness was considered by com-
paring the uncorroded and corroded experimental results on an
S-N curve along with the corroded experimental results when
the engineering stress (o) was re-calculated (o) assuming that
the “wall thickness” (T)) was reduced by the depth of the deep-
est corrosion pit measured at the WT of each fatigue sample (d)

the KDF between parent and welded samples, the minimum and
maximum stresses used were 350 and 185MPa. For KDFs calcu-
lated for corroded welded samples compared with uncorroded
welded samples, the minimum and maximum stresses used
were 220 and 182MPa. These ranges used for fitting the KDFs
are representative of high cycle fatigue service loading (with
number of cycles between 10* and 107), which is the same cycle
range used in BS 7608 [53] to calculate KDFs for steel products
used in seawater applications.

Taking the welded cases as an example, the number of cycles
to failure at the minimum and maximum stress range was cal-
culated from the linear regression models of the experimental
results for the corroded case (N and N ) and the uncor-

¢, min C, max:
roded case (V. and N. ). The minimum and maximum

W, min W, max-
KDFs were calculated from these using Equation (4). The KDF
for each corroded case was calculated as the mean of the KDF min

and KDF in each case.

(Equation 3). KDF.. = N min
T i Nw,min ( 4)
OwR = ? (3) c,max
T—d KDF = 1

The deepest corrosion pit depth (d) was measured in 3D using
the Alicona Infinity Microscope. As such the maximum depth
of the corrosion pit is taken to produce the worst-case wall thick-
ness reduction.

KDFs for the different subsets were calculated relative to the
uncorroded welded case, and the uncorroded welded case was
itself compared with the uncorroded parent material.

As per Method 2 described by Holtam et al. [21], S-N curve KDFs
were calculated at the maximum and minimum stress ranges
for which test data were available in each case. For calculating

W,max

2.5 | Short Crack Microstructural Method

The Navarro and de los Rios short crack microstructural method
[34, 54, 55] was used to consider the effect of natural seawater-
induced surface corrosion on early crack propagation from
corrosion pits. For the sake of brevity, the mathematical formu-
lation of the methodology is not described here, and the reader
can refer to the paper by Balbin et al. [42].

The SCGM is coded in MATLAB and uses the fatigue strength
identified by fatigue experiments, average grain size identified

TABLE 4 | Input parameters used for predicting S-N curves of pitted NAB via the model of Balbin et al. [42].

Parameter Input Reference
Grain size 65um [56]
Threshold SIF (K,;) 4.4-7.4MPam!/? [57]
Fatigue strength (o) 220MPa (3 x 10*cycles), Current research data (n =12 for
182 MPa (2 X 10°cycles), welded, uncorroded samples)
156.5MPa (8 x 10° cycles) and
122MPa (5% 10%cycles)
Pit details Sample no. Depth (mm) Width (mm) Current research data.
(showing months Note that Samples A-E are (n=15)
immersed) individual fatigue samples.
For “Deep” pit samples, n=21
A(18) 0.738 3.12
B(18) 0.645 3.106
C(18) 0.578 4.464
D (12) 0.566 3.962
E(12) 0.355 2.924
“Deep” pits > 0.35mm Various
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using EBSD methods described in [56], and the long crack
threshold stress intensity factor range (K, ) [57].

The input parameters were taken from previous research and
current experimental data, Table 4, using a parametric algo-
rithm tool to create 2D notches that were coded in the SCGM as
described in [34, 42, 58]. The model was used to estimate pitting
corrosion fatigue strength and S-N curves, and this output was
compared with experimental data.

The methodology uses the K-T diagram of the material. The mi-
cromechanical approach is integrated into a numerical framework
that models the pit geometry, the crack, and the microstructural
barriers by means of distributed dislocations and uses a K-T dia-
gram to account for the effect of the environment on the material's
microstructure resistance for short and long crack propagation.
The novelty of the application of the model in this paper lies in the
use of a K-T diagram specific for each fatigue life shown in Table 3.

WT corrosion pit geometry was measured through 3D scans
using an Alicona Infinite Focus microscope (Alicona Imaging
GmbH, Graz, Austria) with a vertical resolution of 7um and lat-
eral resolution of 17 um. The WT corrosion pit depths and widths
stated in Table 4 are for the deepest pits observed in each sample.

From these inputs, the SCGM model predicts fatigue strength
assuming that the input pit geometry is the “killer pit” (which is
reasonable as they were the deepest pits at the WT in each case).
From these predictions, S-N curves for specified pit geometry
can be produced.

3 | Results

3.1 | Uncorroded Sample Crack Initiation
and Propagation

The uncorroded, welded samples all failed at the WT. Optical
microscope images show cracks initiating between the HAZ of
the parent material running perpendicularly into the material
(Figure 5). Intragranular crack propagation is observed through
the large grains of the parent material. They also show cracks
tending to propagate through areas of x;;; phases (Figure 6),
which explains the complexity of the crack geometry seen in x-
ray CT images (Figure 7).

Porosity was found to be insignificant and is therefore not con-
sidered further. Information is available in Data S3.

SEM fractography shows that, in the areas of fast fracture, the
SEM images show dimples with varying shapes and ratchet
marks (Data S4 and Figure S5).

3.2 | Crack Initiation and Propagation in Corroded
Samples

As with the uncorroded, welded samples, the corroded welded
samples all failed at the WT. Corrosion pits found at the WT of
samples immersed in natural seawater for 12months were im-
aged before and after fatiguing to establish crack initiation and
propagation mechanisms (Figure 8).

2mm

FIGURE 5 | (a)Sample showing crack at the weld toe caused by fatigue. (b) Etched optical image looking at the side of the weld bead where a
fatigue crack has initiation at the weld toe and propagated into the parent material with magnified images of the weld toe and crack tip. [Colour figure

can be viewed at wileyonlinelibrary.com]
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Ky

Ky

30 um

50um

FIGURE 6 | (a) SEM image showing crack tip propagating through areas dense with x phases. (b) Euler color image where fragments of smaller

phases are seen around the edges of a wider portion of the crack. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE?7 | X-rayCT scan outputs from sample X2 showing (a) horizontal cross section at the weld toe showing the crack geometry and (b) central

vertical cross section showing crack geometry at the weld toe.

For two samples, fatigue tests were carried out at a peak stress
of 220MPa (R=0.1, f=20Hz) and stopped once the cross-
head extension (x;;)=0.4mm (based on the results shown in
Table 3). The extent of corrosion out from the WT (w) and max-
imum corrosion depth (d) for the samples were w; =1.0261 mm,
d;=0.394mm and w,=2.644mm, d,=0.138 mm. Hence, one of
the samples exemplified a shallow WT corrosion pit, whereas
the other had a deep WT corrosion pit.

Figure 8 shows the prefatigued and postfatigued SEM images
for the sample with the deep WT corrosion pit. The prefatigued
SEM image illustrates the corrosion pit at the WT. The postfa-
tigued image shows that two fatigue cracks initiated from the

corrosion cracks and propagated along the same path of the con-
tinuous «,;; phase. This supports the results found in [59]. Note
that the images do not show the whole corrosion pit but focus on
the deepest part of the pit.

3.3 | S-N Curves and Lifetime Prediction

By fitting a linear regression line to the experimental data for
different classes of specimens, stress-life relationships were cal-
culated in the form shown in Equation (5).

_ C.
GP—C1N2 (5)

90f18
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Signal & = SE2
Fhaoto No. = 7511

ENT = 30.00 kV
WD= 86 mm

Data: 2 Aug 2023

Fhaote No. = 7510 Time: 10.26:13

FIGURE 8 | (a)Photograph showing a fatigue sample cut from a coupon that had corroded in natural seawater (Millbay Marina, Plymouth) for
12months (prior to polishing). (b) SEM image taken of the area highlighted in (a) showing stress corrosion cracking at the weld toe. (c) Another

photograph of the same area of the same sample after polishing and after fatiguing to a peak stress of 220 MPa (R=0.1, f=20Hz) for 6.4 x 10* cycles.

(d) SEM image of the yellow area in (c) showing that fatigue cracks have initiated from the SPC paths seen in (b), along the x

can be viewed at wileyonlinelibrary.com]

where g, = peak cyclic stress, C, and C, are constants calculated
from the linear regression analysis, and N is the number of cy-
cles to final fracture.

The parent samples had an S-N output similar to the heat-
treated (HT) specimens in Mshana's 1984 study [20]. This was
predictable as the HT in [20] was equivalent to Defense Standard
02-747 [3], experienced by the current parent samples. As such,
the linear regression equation from the HT specimens in [20]
can be compared with the linear regression from the parent
samples here, Figure 9 and Table 5. The output from the present
study is clearly similar to the output from the HT specimens in
[20]. The perceived increase in fatigue resistance in the present
samples was due to the difference in experimental conditions,
in particular, Mshana's experiments used R=—1, whereas the
current tests used R=0.1. In addition, minor differences in the
chemical composition and the improvement in HT conditions
seen between 1984 and the present year will have altered the
results.

The welded samples failed after fewer cycles compared with
the parent samples in the same cyclic stress fatigue parameters.

11 Phase. [Colour figure

The welded specimens where the weld bead had been ground
off failed after fewer cycles compared with the parent samples,
but more than the welded samples where the weld bead was still
present (Table 5). Figure 10 shows the S-N curves for the follow-
ing cases: parent (uncorroded) samples, welded (uncorroded)
samples, welded and weld bead ground off (uncorroded) sam-
ples, and corroded welded samples.

The fatigue strength of natural seawater corroded samples at
any given stress range was more variable than the uncorroded,
SSW-immersed, and air-exposed (welded) cases, Figure 10.
Natural seawater corroded samples had considerably less fa-
tigue strength compared with SSW corroded samples because
of the significantly more severe corrosion seen in the natural
seawater corroded samples, caused by the effect of biofouling
and the variable physiochemistry of natural seawater. This is
addressed by Dobson et al. [6, 48].

The reduction in fatigue strength of natural seawater corroded
samples correlated with the maximum depth of corrosion at
the WT, whereas the pit aspect ratio (the ratio of pit depth to
semiwidth) had no correlation. Therefore, the S-N curve for
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FIGURE9 |
Mshana [20]. [Colour figure can be viewed at wileyonlinelibrary.com]

S-N graph for the parent material showing the linear regression from the tested samples against the linear regression published by

400

Parent (uncorroded)
—® - plasma welded (uncorroded)
Plasma welded with weld bead ground off (uncorroded)
®  12-month natural seawater immersed samples
©  18-month natural seawater immersed samples
®  12-month SSW immersed samples
©  18-month SSW immersed samples
12-month air exposed (control) samples
18-month air exposed (control) samples

350 .
300 .

250 "‘»_g»! oo

200 .o e oo

150 .

Peak Cyclic Stress (MPa)

100

10% 10° 10°

107 108

Number of Cycles

FIGURE10 |

S-N curve for parent (uncorroded) samples, welded (uncorroded) samples, welded with weld bead ground off (uncorroded) samples,

and corroded welded samples. Linear trendlines are shown only for the uncorroded parent and welded cases. [Colour figure can be viewed at

wileyonlinelibrary.com|

the natural seawater immersed samples was replotted with the
samples classified by depth of WT corrosion. For this purpose,
fatigue samples were defined by the maximum corrosion depth
as per [42] using depth =0.2mm as a demarcation for “deep” pits
(depth>0.2mm) and pits with depth<0.2mm categorized as
“shallow” pits. The resulting plot is shown in Figure 11.

3.4 | Short Crack Growth Model and Lifetime
Predictions

We can improve the predictions from a simple corrective co-
efficient using the SCGM prediction method described in
[34, 58, 60].
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To demonstrate the accuracy of the model, five corroded fa-
tigue samples were chosen at random (using samples that had
been immersed in natural seawater for 12 [n=2] and 18 [n=3]
months). The corrosion depth and extent at the WTs of each of
these samples were measured (Corrosion pits A-E, Table 4) and

TABLE 5 | Linear regression line coefficients (Equation 3) for cast
and heat-treated NAB.

the deepest corrosion pit was input into the SCGM in each case.
The input data assumed that the width of the corrosion was the
extent of the corrosion out from the WT (and not the width of
the fatigue sample). Figure 12 shows the experimental results
compared with the SCGM results for the five pits A-E.

When compared with experimentally obtained curves, model
predictions are within 30% of experimental results.

Samples ! G 4 | Discussion
Heat-treated specimens from [20] 1390 -0.125
A key difference between the present experimental method
Parent NAB 1874 -0.134 . . . .
and common corrosion fatigue experiment methodology is
Welded NAB 937 -0.110 that all the fatigue tests were performed in air post-environ-
. mental exposure. This was done to consider the geometric
Welded NAB with weld bead ground 2208 —-0.153 P . ) . 8
off effect that prior corrosion features have on fatigue strength.
Consequently, these tests intentionally remove the effect of
®  Deep pits (from 12-month immersion)
350 Deep pits (from 18-month immersion)
& Shallow pits (from 12-month immersion)
300 | ©  Shallow pits (from 18-month immersion
No weld toe pits (after 12-month immersion)
P ©  No weld toe pits (after 18-month immersion)
250 - e e ~ - - Deep pits trendline
E o g, Shallow pits trendline
> 2 - — - No pits (at the weld toe) trendline
; 200 4 00 LN ) o . -
8 o
5 o o o ® ° o
° .
L% 150 - o . <) o
X
©
& o
& o
100 ; ;
10° 10° 10° 107 10°

Number of Cycles to Failure

FIGURE11l | S-Ncurveforsamplesthathadbeenimmersed innatural seawater for 12 or 18 months (shown asfilled or unfilled circles, respectively).
The number of cycles to failure is affected by maximum pit depth at the weld toe. Where “deep pits” have a depth of >0.2mm and “shallow pits”
have a depth of <0.2mm. The trendlines amalgamate 12- and 18-month immersion periods. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 | SCGM predicted output vs experimental results for a sample of five Corrosion pits A-E, Table 4. [Colour figure can be viewed at

wileyonlinelibrary.com]
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the chemical action of the corrosive environment on the fa-
tigue cracking process itself. However, in most service sit-
uations, the fatigue cycles will take place over a finite time
(between maintenance or dry-docking periods) during which
time the component is often continuously exposed to (or im-
mersed in) seawater.

4.1 | Fatigue Crack Initiation and Propagation

It is well established that fatigue cracks initiate in areas where
macroscopic stress risers, such as geometric discontinuities, are
present [61]. In support of this, the WT was the point of failure
in every welded sample (n =74, uncorroded and corroded data
combined).

To investigate the effect of weld bead geometry on fatigue
strength, five welded samples were produced where the weld
bead had been ground off. The results of these fatigue tests are
shown as the purple values in Figure 10. These “ground” sam-
ples failed away from the WT, within the parent material. This
suggests that geometry has a significant effect on fatigue fail-
ure initiation in uncorroded samples. These “ground” samples
showed a fatigue strength that was higher than the welded sam-
ples, but still lower than the (unwelded) parent material. This
suggests that, although geometric effects affect crack initiation,
other affects cause reduced fatigue strength compared with
the parent material. These additional effects include welding-
induced RS and microstructural changes in the HAZ, which
were both measured in the samples used in this study as de-
scribed in [6].

The WM and HAZ contained the retained 3’ phase as observed
in [16] when using gas metal arc welding on NAB. This phase
is undesirable because of its susceptibility to selective phase
corrosion (SPC), increased hardness, and brittleness [16]. For
uncorroded samples, the microscopy results (Figures 5 and 6)
show cracks propagating through the ' phase within the HAZ
and through the x;; phase outside the HAZ; this supports the
results of [62] who showed fatigue cracks propagating between
the a and x;; phases in notched NAB samples. The complexity
of the crack geometry seen in the x-ray CT images (e.g., Figure 7)
further supports this phase selective propagation route.

Previous research by Xu et al. [63] suggested that interphase
stress develops between phases in NAB to accommodate dif-
ferential plastic deformation. They showed the softer a grains
deforming plastically, whereas the harder grains behaved more
elastically. As a result, the cracks propagate through areas of {3’
or x;;; phases, as these regions will be harder and therefore more
vulnerable to brittle fracture. This crack propagation mecha-
nism is best seen at the crack tip (e.g., Figure 6a) as, in wider
sections of the crack, the x;; phase fragments that remain on
the surface of the fracture cleavage tend to be small (as seen in
Figure 6b and in [62]).

It is well understood that fatigue cracks can initiate from cor-
rosion cracks and pits [26-29]; however, cracks do not always
initiate from the deepest point in the pit [64, 65]. The results
show that (for NAB corroded in natural seawater) both fatigue
crack propagation and corrosion crack propagation were along

the path of the g’ phase within the HAZ and x;; phase out-
side of the HAZ (Figures 6 and 8). This means that local areas
of SPC could act as preinitiated crack sites in material that is
subsequently cyclically loaded and consequently experiences
fatigue cracking.

4.2 | The Effect of WT Corrosion Pit Geometry

Previous research [42] analyzed semielliptical, U-shaped, and V-
shaped pits. These pits had varying depths (d) and aspect ratios
(AR =semiwidth/d) and were used to assess the effect of depth
and AR on fatigue strength. The results of [42] suggest that fa-
tigue strength is controlled by depth for relatively shallow pits
(d<0.2mm), whereas, for pits with depth of >0.2mm, AR and
depth can have a mixed influence on fatigue strength.

In the present results, the demarcation of fatigue behavior at
d=0.2mm thatsamples with “deep” corrosion pits (d > 0.2 mm)
had reduced fatigue strengths compared with samples with
“shallow” corrosion pits (d <0.2mm) (Figure 11). This il-
lustrates the significance of corrosion pit depth on fatigue
strength.

AR was not found to have a significant effect on fatigue
strength in either the shallow or deep cases. This is in agree-
ment with [42] for the shallow samples but seems to be in con-
tradiction for the deep samples. However, in the deep case, the
correlation of fatigue strength with pit depth could have been
due to the linear correlation seen between pit depth and AR,
where AR reduced as pit depth increased (Figure 13). In addi-
tion, the results of [42] assume V-shaped, U-shaped, or semiel-
liptical pits, whereas the current results are taken from real
pits developed in natural seawater in the presence of natural
environmental variables (including biofouling) and therefore
present complex and varying morphologies. The complex to-
pography of real corrosion pits in NAB has been shown to
increase stress concentration within the pit [66]. These stress

» *  Experimental results for deep pits
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FIGURE 13 | Linear correlation seen between corrosion pit depth
and aspect ratio (AR) for all pits with a pit depth of >0.2mm (i.e., the
“deep” pits). [Colour figure can be viewed at wileyonlinelibrary.com|
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concentration factors could have effectively reduced the fa-
tigue strength in samples with real corrosion pit topography
more than the reduction seen in samples with V-shaped, U-
shaped, or semielliptical pit geometry.

4.3 | Revalidation of NAB Components
and the Wall Thickness Method

Wall thickness is often used as a minimum requirement in
engineering standards applicable to copper alloy systems in
contact with natural seawater, for example, Defense Standard
02-872 Part 3, BS MA 18:1973 and ASTM E8/E8M. As the
fatigue samples were cut into 8-mm sections, the deep WT
pits represent a minimum 4% wall thickness reduction (pit
depth>0.35mm). This is significant as Defense Standard
02-872 Part 3 (Issue 1) allows a 10% wall thickness reduc-
tion when revalidating seawater corroded NAB components
(this thickness reduction is represented by pits with depth of
>0.80mm in this case). All the deep pits illustrated in this
research would be allowable during the Defense Standard 02-
872 Part 3 revalidation process, meaning that any NAB com-
ponent showing these “deep pits” could (by the allowances of
this Defense Standard) be re-used in a service environment
where it is immersed in seawater. This means that the fatigue
strength reduction seen in the samples with the deep pits
could also be seen in components in service after revalidation
by Defense Standard 02-872 Part 3.

The minimum wall thickness of the corrosion-pitted samples
was calculated for the current results, allowing the stress
experienced at the thinnest part of the sample to be recalcu-
lated with the reduced area. This peak stress was replotted
against the number of cycles to failure (Figure 14) to produce a
worst-case wall thickness reduction peak stress. The resulting
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figure shows that the wall thickness method does not com-
pletely account for the reduced fatigue strength in corrosion-
pitted NAB. Although using the maximum corrosion pit depth
to calculate wall thickness reduction is a simplification and
a conservative approach, the fact that it still overpredicts fa-
tigue strength proves that the conservativism is valid and, in
fact, not conservative enough.

This is possibly due to the subsurface (and sub-corrosion pit)
corrosion features that are not included in wall thickness es-
timates calculated using corrosion pit depth. For example, the
corrosion cracks follow the path of the x;; phase as described
in [6]. This suggests that subsurface corrosion features have a
significant impact on fatigue strength, so the wall thickness re-
duction method used in isolation could lead to overestimations
of fatigue life.

Previous research has shown that subsurface corrosion features
can be evaluated using techniques including mass loss estimates
(that enable the calculation of corrosion rates) [67], electrical re-
sistance methods [68], electromagnetic sensors (such as pulse-
modulation eddy current imaging [69]), ultrasonic sensors [70],
fiber-optic corrosion sensors [71], or radiographic sensors [72].
However, in industry, corrosion detection must monitor the en-
tire component (or asset) and cannot just focus on a small area;
therefore, some of these techniques are impractical for use by
industry for in situ measurements. Each industrial application
will have specific requirements in terms of budget, size and
physical location of component(s), and frequency of inspec-
tions. Therefore, different commercially available sensors may
be suitable in each case. A recent review [67] suggested that
current developments in corrosion detection techniques have
improved detection accuracy. The results of the current study
suggest that, whenever possible, these commercially available,
real-time, in situ, wireless communication subsurface corrosion

""" Corroded samples
+ - - - Wall thickness reduction

. Uncorroded samples

106 107 108

Number of Cycles to Failures

FIGURE 14 | S-N curve showing that taking wall thickness reduction into account by using maximum corrosion pit depth at the weld toe did not

sufficiently address the reduced fatigue strength in the corroded samples compared with the uncorroded samples. [Colour figure can be viewed at

wileyonlinelibrary.com]
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sensors should be utilized by industry. This would avoid over-
estimating fatigue lift through using the wall-thickness method
for revalidation and potentially reduce the occurrence of prema-
ture failure.

4.4 | Fatigue Life Prediction

Using Figure 10, we compare the fatigue behavior of the parent,
plasma welded, and corroded samples using a corrective coeffi-
cient [73], or KDF [21] using predictions from the linear regres-
sion models of the trendlines (shown in Figures 10 and 11). The
knockdown range for the extreme stress inputs was calculated,
and the KDF was taken as the average of the knockdown range.
Table 6 shows the mean KDF calculated from the predicted lin-
ear models based on “Method 2” as described in [21]. The KDFs
are calculated against the welded samples unless otherwise
stated.

TABLE 6 | Mean and design knockdown factor (KDF) calculations
based on “Method 2” in [21] when compared with the welded sample
(unless otherwise stated).

Curve Mean KDF
Welded 20.32
(compared with parent sample)
Air exposed 1.26
(12 or 18 months)
SSW immersed 1.20

(12 or 18 months)

12months of natural 5.81
seawater immersed

18 months of natural 10.89
seawater immersed

35%

30%

25%

N
o
X

tal result

15%

10%

experimen

5%

% difference between prediction and

0%
0.2 0.3 0.4

The results shown in Table 6 suggest that, to make safe, conser-
vative assumptions, we should assume the worst-case scenario
and apply a KDF of 11 to any welded NAB component that has
been immersed in natural seawater for 12-18 months. However,
as these results do not include the fatigue crack propagation be-
cause of the chemical effect of seawater during cyclic loading,
the effect of this needs to be included in any holistic KDF cal-
culation. In addition, as fatigue life is a statistical quantity, with
additional factors such as casting defects, that can also reduce
fatigue life [74], KDFs must be inherently conservative. This
KDF assumes that a weld bead is present and that no bending
stresses exist.

Using a KDF of 11 could be a quick, high-level, order-of-
magnitude method to estimate the lifetime of multiple compo-
nents (e.g., at the “rough order of magnitude” [ROM] quotation
stage). However, it could lead to the removal of corroded NAB
components or assets earlier than necessary. This would
cause unnecessary material wastage, with associated cost im-
plications and detrimental environmental consequences. As
sustainable engineering practices require the reduction of un-
necessary metal waste, an alternative approach is suggested
using the SCGM.

Figure 12 shows that the SCGM predictions (based on Chapetti's
description of the K-T diagram [41]) are reliable for a range of
corrosion pit depths and stress ranges. The model produces
consistent life values that are moderately conservative. This
conservativism is seen to be slightly increased for deeper pits
(as the difference in the predicted value and the experimental
value is larger for deeper pits), with a strong linear trend shown
in Figure 15. The corrosion process within the marine envi-
ronment is highly variable and stochastic because of the vast
number of interacting factors (including seawater temperature,
salinity, flow rate, and biofouling). As such, the correlation
shown in Figure 15 is advantageous as it creates an increase in
conservatism as risk increases (due to increased stress concen-
tration in deeper pits). In addition, the SCGM requires very few

"~ R2=0.7509

0.5 0.6 0.7 0.8

Maximum weld toe pit depth (mm)

FIGURE 15 | Percentage difference between the SCGM predictions and the experimental results against the maximum WT pit depth (mm).
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input parameters thus providing a good balance between accu-
racy and effort.

This SCGM could significantly improve the failure prediction
of components where corrosion is observed at a loaded WT. It
demonstrates a predictive model for fatigue life that is accurate
and reliable and can be easily applied by the marine industry
using off-the-shelf tools, thus fulfilling a gap identified in [75].
This could significantly improve the failure prediction of cor-
roded, welded, and loaded components and could be used as a
tool for the revalidation of corroded NAB.

5 | Conclusions

For corroded NAB, the fatigue behavior was found to be influ-
enced by the depth of corrosion at the WT. It is suggested that for
welded NAB immersed in the natural marine environment for
up to 18 months and showing corrosion at the WT, a KDF of at
least 11 should be applied when estimating fatigue life based on
uncorroded S-N curves.

A number of current engineering standards use a wall thick-
ness reduction method to calculate fatigue strength reduction
of corroded material. However, the results show that the wall
thickness reduction method in isolation overestimates fatigue
strength.

Corrosion cracks and fatigue cracks both propagate along the
path of the §’ and x;; phases. Corrosion pit morphological com-
plexity also creates stress concentrations that exacerbate weld-
induced residual stress at the WT. Fatigue strength predictions
can be achieved by knowing material parameters and WT cor-
rosion pit geometry.

From these results, it may be concluded that the revalidation
processes currently used for seawater corroded NAB are non-
conservative. The results show a significant reduction in fa-
tigue strength for wall thickness reductions less than those
allowed by the current revalidation processes and suggest
a corrosion rate higher than that currently assumed by the
standards.

To solve this, the SCGM produces accurate and reliable fatigue
life predictions that could be easily applied by industry to aid in
revalidation decision making and inspection scheduling.
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