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A B S T R A C T   

Nickel Aluminium Bronzes (NAB) are copper-based multi-phase alloys used extensively in marine applications. 
NAB is vulnerable to seawater corrosion, however the interaction between its corrosion mechanisms and real- 
world factors including biofouling, weld microstructure and residual stress are poorly understood. Seawater 
corrosion tests were performed on plasma-welded NAB in laboratory and marine environments, demonstrating 
that the retained β’ phase in the Heat Affected Zone (HAZ) experiences Selective Phase Corrosion (SPC), whereas 
crevice corrosion associated with SPC of the κIII phase occurs at biofouled and stressed areas of parent material. 
These factors, seldom simulated in physical tests, severely impact NAB’s corrosion resistance.   

1. Introduction 

Nickel Aluminium Bronze (NAB) is extensively used in the marine 
environment due to its good corrosion resistance and physical properties 
[1]. It is a multi-phase alloy with a chemical composition that includes a 
copper content of 76.5 wt% - 85.5 wt% [2], depending on the 
manufacturing method. Due to this broad categorisation, the chemical 
compositions can vary significantly between (and even within) samples 
[3]. NAB manufactured to Defence Standard 02–747 Part 2 [4] contains 
only the α phase and four intermetallic κ phases as the (undesirable) β 
and γ2 phases are heat treated out of the microstructure. κI and κII are 
Fe-based rosette shaped phases, κIII is a lamellar phase based on NiAl and 
κIV is an Fe precipitate found within the α phase [1]. 

NAB is vulnerable to Selective Phase Corrosion (SPC) when 
immersed in natural seawater [2,5] especially underneath biofouling 
and corrosion product deposits. NAB components used on British mili
tary vessels are usually manufactured in accordance with one or more of 
the Defence Standards including Defence Standard 02–747, Defence 
Standard 02–833 and Defence Standard 02–872. For NAB components to 
be revalidated under Defence Standard 02–872 Part 3, areas of SPC are 
identified and repaired before the component can be re-installed and 
re-used. The use of NAB components in defence marine vessels is 
important as it is often used for first level parts (i.e. parts that, if they 

fail, could cause loss of life or loss of the vessel). As such, the failure of 
NAB has defence and safety implications. 

SPC in NAB is classically reported as the accelerated dissolution of 
the copper-rich α phase within the α-κIII eutectoid, due to the more 
negative electrode potential of the α phase compared to the κIII phase [6, 
7]. As the κIII phase forms continuous networks throughout the material, 
it creates a large surface area of closely adjacent cathodic and anodic 
regions. This results in a large area of micro-galvanic cells which cause 
accelerated corrosion localised at the α-κIII boundaries [5]. Ding et al. 
[8] showed that, when exposed to seawater, the α phase remained un
changed after 180 minutes whilst the α- κIII eutectoid developed a 
corrosion pit topography (with a maximum depth of 25 nm) after just 
60 minutes of exposure. 

In strongly acidic environments (pH < 4.0) the anodic-cathodic 
phase behaviour of the α- κIII eutectoid reverses, resulting in the κIII 
phase preferentially dissolving out of the material [9]. Within these 
acidic environments, the corrosion rates can increase up to ten times 
with the lamellar κIII phase being the most vulnerable phase for disso
lution [10] and the continuous nature of the κIII phase means that the 
corrosion of this phase can significantly effect local mechanical 
properties. 

Localised corrosion is the most concerning for the marine industry 
due to its stochastic initiation and higher corrosion rates. When NAB is 
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immersed in corrosive media (such as seawater), localised corrosion 
occurs when the passivation layer breaks down, allowing accelerated 
corrosion at discrete sites [11]. Studies into the effect of pitting corro
sion often report the deepest corrosion pits in any sample, as these are 
assumed to be potential failure points in terms of pit-to-crack transition 
and subsequent fracture (e.g. [1,6,12]). This is also in line with the 
guidance within API 759–1/ASME FFS-1 [13]. 

Welding can affect corrosion rates through galvanic corrosion be
tween the weld and parent material, by altering the microstructure in 
the HAZ (including causing the retention of the martensitic β’ phase) 
and by introducing residual stresses that can enable stress corrosion 
cracking [14]. Plasma welding was identified as a welding technique 
that minimized the extent of the HAZ in NAB and was therefore 
implemented for this study. The heating and cooling involved in welding 
is affected by phase transformations and has a decreasing effect with 
distance from the weld pool [5,15–17]. 

Tensile Residual Stress (RS) created during welding can cause stress 
corrosion cracking and thus affect the corrosion resistance [14]. Stress 
assisted pitting corrosion and stress corrosion cracks, caused by RS can 
act as precursors to failure [18]. Due to this, accurate RS measurements 
and predictions are crucial for predicting corrosion on welded complex 
metals, such as NAB. 

Many studies have shown that copper alloys are susceptible to 
Microbially Induced Corrosion (MIC) [8,6,15,16]. This is especially true 
for metals immersed in natural seawater where biofilms form on the 
seawater/metal interface [19]. Sulphate Reducing Bacteria (SRB), in 
particular, are known to increase the rate and severity of corrosion [19, 
20] and (along with other bacterial species) encourage the attachment of 
larger organisms [21–24] 

This study uses results from corrosion immersion experiments of 
welded NAB undertaken in natural seawater (Millbay Marina, Ply
mouth, UK), simulated seawater and air. The aim is to consider the 
combined effects of welding and biofouling on corrosion. To do this, the 
paper investigates the effects of HAZ microstructure on corrosion, the 
effects of welding induced residual stress (RS) on corrosion and de
termines the corrosion mechanisms in biofouled areas of NAB. The af
fects of post welding heat treatment (PWHT) are not included in this 
study to replicate weld repairs carried out in situ (i.e. at sea) or in haste. 
As such, the results show the worst case scenario for welds that did not 
have any PWHT and were not corrosion protected. 

2. Methods 

Plasma welded NAB coupons were immersed for 12 or 18 months in 
one of three environments: natural seawater, simulated sea water (SSW) 
or laboratory air (control). Residual Stress (RS) from the welding process 
was mapped using neutron diffraction and the HAZ microstructure was 
characterised. The corrosion mechanisms were evaluated at the end of 
the immersion periods using SEM, EDX and optical microscopy. Corro
sion mechanisms and corrosion rates were compared between each 
immersion environment and immersion period to evaluate the effect of 
HAZ microstructure, RS, seawater exposure and biofouling on NAB 
corrosion mechanisms. 

2.1. Immersion tests 

As described in [25], cast NAB coupons (Al-9.14, Fe-4.38, Ni-4.84, 
Mn-0.09, Cu-balance wt%, σ0.2 = 265 MPa, from the batch testing cer
tificate) were manufactured to a diameter of 200 mm and thickness of 
30 mm and then polished toRa = 3.2. 

Single-pass bead-on-plate plasma welding was carried out at Cran
field University using 250◦C preheating and front wire feeding with 
plasma torch shielding and trailing shielding (using 100% argon gas). 
The wire used was 1.2 mm diameter SIFMIG 44 from SIG Consumables 
(Cu6328 EN 14640). This wire is a popular grade in the marine industry 
as it is recommended for the welding of cast aluminium bronze alloys 

exposed to salt [26]. 
Natural seawater immersion tests were completed at Millbay Marina 

(Plymouth, U.K.) for 12 months (n=6) and 18 months (n=6), where n is 
the number of coupons. To replicate the underside of a marine vessel, 
coupons were suspended 1 m below the seawater surface, with welded 
surface facing downwards. 

The SSW immersion tests and air exposure tests were also carried out 
for 12 months (n=2 (SSW), n=2 (air)) and 18 months (n=2 (SSW), n=1 
(air)). The simulated seawater was mixed in accordance with ASTM 
D1141–98 [27]. Salinity was maintained close to the maximum of 
Millbay Marina, pH was maintained to match the pH of the Marina and 
temperature was maintained close to the warmest global sea tempera
ture. This was done to simulate the worse case corrosion scenario (as per 
ASTM D1141–98 [27]). 

The height of the weld bead was measured on coupons prior to im
mersion and on natural seawater and air cases post immersion (n=24 for 
each environment and time period case). Further information on the 
immersion tests (in natural seawater, simulated seawater and air tests) 
can be found in Supplementary Data S.1. Physical data for the three 
environments were taken periodically as presented in [25] and sum
marised in Supplementary Data S.1. 

2.2. Sulphate reducing bacteria (SRB) 

An additional coupon was placed in Millbay Marina between 
January and March 2023 and used to test for the presence of Sulphate 
Reducing Bacteria (SRB). This additional coupon was also used to 
evaluate corrosion and biofouling after a 2-month immersion period. 
After the 2-month immersion period, swabs were taken on the weld 
(n=4), weld toe (n=4), parent material (n=4), in the seawater close to 
the coupon (n=3) and in the air above the immersion site (n=3, control 
samples). Immediately after sampling, the swabs were placed into an 
iron sulphite agar (Sig Tests®, ECHA Microbiology Ltd.) and incubated 
at 35◦C for 5 days. SRB presence was confirmed by blackening around 
the swab [28]. 

2.3. Coupon cleaning and microscopy 

After immersion, the 2-, 12- and 18- month immersion period cou
pons were removed from their test environment and cleaned as per 
ASTM G1 [29]. This allowed the extent of corrosion underneath the 
corrosion products and biofouling layer to be observed. 

After cleaning, metallography samples were cut from the centre of 
the weld and parent material using wire electrical discharge machining 
(EDM). Micrograph samples were taken from coupons prior to immer
sion (i.e. non-corroded control samples). Four cross-weld samples 
(length = 200 mm, width = 7.6 mm and depth = 8 mm) were cut from 
each coupon from standardised positions relative to the weld bead. 

Optical microscopy, Scanning Electron Microscopy (SEM) and En
ergy Dispersive X-Ray Spectroscopy (EDX) were used to image the 
micrograph samples. A Zeiss Brightfield Microscope was used to image 
micrographs etched with aqueous solutions of FeCl3 and HCl and 
unetched micrographs were imaged using a Hitachi TM2020Plus 
Tabletop Microscope (SEM only) and FEI Quanta 200 FEG-SEM (SEM 
and EDX). Focus-variation microscopy (Alicona Infinite Focus Micro
scope) was used to measure corrosion pit depth and width, and weld 
bead geometry. The Aspect Ratio (AR (ρ), ratio of pit depth (d) to width) 
was calculated in two different ways, first (as classically used in litera
ture, [30–33]) when the pit width was measured at the pit mouth (wm) 
and, secondly, just above the deepest part of the pit (wd) (Eqs. 1 and 2,. 
The parameter ρd was used to show the “sharpness” of the pit at the 
deepest point 

ρ =
wm

d
(1)  
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ρd =
wd

d
(2) 

The corrosion extent measured perpendicularly from the centre of 
the weld was measured on the cross-weld samples using a ruler. Fig. 1) 

2.4. Residual stress measurements 

Neutron diffraction using the Kowari Strain Scanner (Australian 
Centre for Neutron Scattering, ANSTO) was performed to produce a 
strain map through a cross section of the weld. The strain map used to 
estimate plasma welding induced Residual Stress (RS) via Hooke’s law, 
however the RS mapped coupon was not subsequently used in immer
sion tests. 

Using neutron diffraction to measure polycrystal deformation and 
thus calculate lattice strain requires the consideration of elastic anisot
ropy which describes how crystal stiffness alters depending on the 
loading direction. This is dependant on the crystal plane (or orientation) 
described using Miller indices, hkl. Due to this, the Youngs Modulus (E) 
and Poisson’s Ratio (ν), were replaced with plane specific factors Ehkl 
and νhkl to accurately calculate stress from strain. 

As the α phase of NAB is predominantly Cu, a Cu grain orientation 
was chosen for neutron diffraction sampling. The Cu {311} reflection 
has been shown to produce the best representation of the bulk material 
[34] and to have a linear lattice strain response against stress (even into 
the plastic regime) [35]. As such, the angular dispersive neutron 
diffraction measurements used the Cu {311} peak. 

Measurements of unstrained lattice spacing (d0) were taken from a 
comb-type d0 specimen using a 3×3x3 mm gauge volume. The software 
QKOWARI was used to carry out Gaussian peak fitting and find the 
lattice spacing (approx. 1.55 Å). The strain was then calculated in the 
welded sample using the difference in lattice spacing. Ehkl and νhkl for 
the Cu {311} plane were calculated using DECcalc software, based on 
the Kröner polycrystal elasticity model (giving E311 = 119.6 GPa and 
ν311 = 0.334). Using these assumptions, Hooke’s law was used to 
calculate stress from the strain outputs in the welded sample. 

Uncertainty was calculated using an error propagation method [36]. 
This involves using the error due to the uncertainty in the peak position 
(which is dependent on the measurement counting time) and propa
gating this through to the consequent uncertainty in the stress calcula
tion. Other sources of experimental uncertainty exist such as the 
assumptions used in the Kröner model, uncertainty in spatial 

positioning, and any uncertainty in representativeness of the d0 sample. 
Therefore, the uncertainties presented represent a lower bound on real 
uncertainty. 

3. Results 

3.1. NAB Microstructure prior to immersion 

EDX analysis of the parent material (Fig. 2) shows the α phase and 
the four interstitial κ phases and also confirms the chemical composition 
as 9.89% Al, 3.75% Fe, 4.71% Ni and 81.66% Cu, wt%. The observed as- 
cast microstructure is supported by the results of previous publications 
e.g. [6,10,12,37]. 

Optical images of the welded samples show the microstructure of the 
weld material, HAZ and parent material, Fig. 3. The weld material was 
made up of two phases, the α phase and the (darker) martensitic β’ 
phase, as identified by Li et al. [5]. The HAZ created by the plasma 
welding method was measured to have a width of 0.96 mm (n = 12, SD 
= 0.09 mm). It contained a combination of the weld and parent 
microstructure, with the α phase, martensitic β’ phase and the four 
interstitial metallic κ phases (Fig. 3). Closer to the weld (within the HAZ) 
there was visibly more β’ phase compared to the κIII phase, however a 
larger proportion of the κIII phase was found with increasing distance 
from the weld. Outside of the HAZ, no β’ phase was found. 

3.2. Environmental physiochemical properties and biofouling community 

Over the 18 month study in Millbay Marina, seasonal changes in 
natural seawater temperature, salinity and chlorophyll levels were 
observed. Maximum seawater temperature and chlorophyll levels were 
measured in late spring/early summer. The monthly averages (± SD) for 
salinity, temperature and pH in Millbay Marina and in the simulated 
environment are shown in Table 1. For the air exposed coupons, air 
temperature remained in the range 16–23◦C. 

Sea squirts (Ascidians), Bryozoans (erect and encrusting), and Hy
droids, were the main macrofouling organisms observed to settle on the 
coupons immersed in Millbay Marina (Figure S.3). 

3.3. Overall corrosion 

Coupons immersed in natural seawater for 12 or 18 months 

Fig. 1. Corrosion pit cross-section measured using focus-variation microscopy, showing width (at mouth and just above deepest point) and depth measurements as 
used to calculated Aspect Ratio (AR), ρ and ρd. 
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experienced both general and localised corrosion. Localised corrosion 
mechanisms included erosion corrosion (tribocorrosion) caused by the 
rope attachment, crevice corrosion, pitting corrosion and corrosion of 
the weld material (Fig. 4 and Fig. 5). 

The 18-month results for the natural seawater immersed coupons 
show more severe localised corrosion, particularly in areas where 
macrofouling and corrosion product deposits were found (e.g. Fig. 6). In 
comparison, very little surface corrosion was seen on the coupons 
immersed in SSW or air (control), Fig. 7. 

3.4. Weld material corrosion 

The natural seawater immersed coupons experienced significant 
general and localised corrosion of the weld material (e.g. Fig. 4b, Fig. 5 
and Fig. 6). However, SSW immersed coupons experienced only minor 
general and localised weld material corrosion. In SSW immersed cou
pons, weld material corrosion was characterised by Cu dissolution 
(Fig. 8). Air exposed coupons showed sparse general corrosion of the 
weld material after 12 months with the addition of very minor localised 
Cu dissolution after 18 months. For coupons immersed in natural 
seawater, the weld height reduced by 4% after 12 months and 8% after 
18 months compared to no significant change in the weld height seen in 
the SWW immersed or air exposed coupons (12 or 18 months). 

Fig. 9 shows example EDX images of weld material after 12 months 
of immersion in natural seawater. The location of the β’ phase correlates 

with the pattern of oxygen in the EDX images. This illustrates the 
oxidation of the β’ phase in the weld material. 

3.5. Weld toe corrosion and residual stress 

No localised weld toe corrosion was observed in the SSW immersed 
or air exposed samples after 12 months. However, for the 18-month 
immersed SSW and air cases, microscopic amounts of localised corro
sion were observed at the weld toes. The deepest corrosion pits at the 
weld toe were measured to be 12 μm and 3 μm (SSW and air coupons 
respectively). The maximum corrosion pit depth found at the weld toe 
after 12- and 18- month immersion in natural seawater was 668 μm and 
738 μm, respectively (n=24 for each immersion time). 

Weld toe corrosion was present in all coupons that had been 
immersed in natural seawater (2, 12 and 18 month immersion periods). 
Maximum depths of weld toe corrosion had a linear correlation with 
immersion period. The mean extent of weld toe corrosion for the 12- and 
18- month immersion periods combines (n=96) was 5.5 mm from the 
centre of the weld (with 12 month immersed mean = 5.8 mm, 18 month 
mean = 5.10 mm). As the average weld bead measured 3.76 mm from 
the centre of the weld (mean weld bead width = 7.51 mm), weld toe 
corrosion extended beyond the HAZ and into the RS effected zone. 

The residual stress (RS) was predominantly longitudinal with the 
highest stress found immediately under the weld bead (sampled at 3 mm 
depth). As the measured RS was approximately symmetrical around the 

Fig. 2. SEM and EDX images showing a typical as-cast microstructure of Nickel Aluminium Bronze (NAB), showing the constituent phases. Phases were identified in 
the SEM image by morphology and EDX analysis shows relative amounts of: Cu, Fe, Ni and Al, supporting phase identification (white arrows correspond to the phases 
identified by the black arrows in the SEM image). 
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weld centre (Fig. 10) the RS measured on the two sides of the weld were 
taken as n=2 for the longitudinal and transverse stress measured from 
the centre of the weld outwards. Fig. 11 shows the longitudinal and 
transverse RS plotted on top of a bar plot that illustrates the extent of 
surface corrosion out from the weld centre. This suggests a similarity 
between areas of high residual stress and weld toe corrosion. 

SEM images of the weld toe after immersion in natural seawater 
(Fig. 12) show the corrosion of the β’ phase within the HAZ closest to the 
weld material transitioning to the dissolution of the κIII phase along a 
gradient moving away from the weld material. This is further evidenced 
by the EDX output in Fig. 13 showing predominantly Cu dissolution in 
the HAZ, transitioning to predominantly Al dissolution moving away 
from the weld into the RS affected parent material. The maximum depth 
of Selective Phase Corrosion (SPC) along the path of the β’ or κIII phase 
extended well beyond the depth of the corrosion pit at the weld toe, 
Fig. 13. The maximum depth of κIII phase corrosion seen after 12 months 
was 1331 μm (from n=19). 

3.6. Corrosion mechanisms observed on biofouled areas of the parent 
material 

Seawater swabs taken from the middle site in Millbay Marina reacted 
positively to the sulphate reducing bacteria (SRB) assay test proving that 

SRB were present in the seawater and on all sampled areas of the 
coupon. 

After immersion in natural seawater, maximum pit depths were 
sampled on biofouled areas of the parent material, Fig. 14. No significant 
difference was found in the mean or maximum pit depth on samples 
immersed for 12- or 18- months. However, the corrosion pit diameters in 
18- month immersed samples were 17% larger than in 12-month 
immersed samples. The brighter areas of green within the corroded 
areas imaged by EDX (e.g. Fig. 14b) show higher density Cu regions. 
Previous studies [6,37] have suggested that Cu redeposition occurs in 
the areas vacated by the dissolution of the κIII phase, which could 
explain the higher density of Cu in these regions. 

The deepest corrosion pit measured on a biofouled area of the parent 
material was 986 μm (mean = 241 μm, SD = 210 μm, n = 155). SEM 
images evidenced κIII phase SPC extending well beyond the bottom of 
the measured corrosion pits (as observed in corrosion pits at the weld 
toe). The mean Aspect Ratio (AR) for corrosion pits found in biofouled 
areas was 0.08 (n=155, SD = 0.05). This compares to the weld toe 
corrosion pits that had a mean AR of 0.12 (n=65, SD=0.08), Fig. 15. 

A sample of 10 pits found in biofouled areas of the parent material of 
coupons immersed in natural seawater for 12 months were assessed for 
morphology. 50% could be described as large shallow or ellipsoidal pits 
and 50% were cone shaped or nipple shaped. These categories were 
easily separated by comparing the average Aspect Ratio (AR, ratio of pit 
depth (d) to width) of the pits at the deepest part of the pit (ρd). Whilst 
the mean overall AR (ρ) for cone and nipple pits was 0.11 and the mean 
overall AR for large shallow and ellipsoidal pits was 0.18, the mean 
ρd for the cone and nipple shaped pits was 2.48 whilst the mean ρd for 
the for large shallow and ellipsoidal pits was 0.63 (Fig. 16). This indi
cator for corrosion pit morphology is used to show the “sharpness” of the 
pit at its deepest point. 

3.7. Corrosion products 

Chemical analysis of the corrosion products from coupons immersed 

Fig. 3. a) Uncorroded, plasma welded NAB coupon showing metallography sample cross section position. b) Metallography sample from weld cross-section. c) and d) 
Optical microscope images of the FeCl3-etched uncorroded welded NAB metallography sample. c) The parent material, HAZ and weld material. d) A more detailed 
optical image from the HAZ showing the martensitic microstructure of the retained β’ phase in areas where the κIII phase would be expected. 

Table 1 
Salinity, temperature and pH of the natural seawater (Millbay Marina) and the 
simulated environment (SSW tank) averaged from the monthly data.   

Millbay Marina SSW Tank 

Salinity (psu) 
(± SD) 
(maximum) 

31.0 
(± 2.3) 
(max = 35.3) 

35.4 
(± 0.5) 

Temperature (◦C) 
(± SD) 

13.3 
(± 3.1) 

30.4 
(± 1.5) 

pH 
(± SD) 

7.9 
(± 0.2) 

8.3 
(± 0.1)  
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in natural seawater showed the presence of sulphur (mean weight per
centage (wt%) ± standard deviation (SD) 2.3% ± 1.1%, mean wt% ±
SD, n=4). Fig. 17 shows that the green corrosion products were high wt 
% copper and oxygen, the white corrosion products were high wt% 

aluminium and oxygen and the brown/orange corrosion products were 
high wt% iron and oxygen. Corrosion product on the parent metal 
showed aluminium as the highest wt% whilst the corrosion product 
sampled from the weld material showed copper as the highest wt%. 

Fig. 4. a) Pre-cleaning photograph of a natural seawater immersed coupon removed from Millbay Marina after 12 months. The surrounding SEM images (taken post 
cleaning, cutting and polishing) show the different corrosion mechanisms seen in b) the weld material, c) at the weld toe, d) general corrosion of the parent material 
and d) crevice corrosion (with selective phase corrosion) found underneath biofouling organisms and corrosion product deposits. 

Fig. 5. Post-cleaning photographs of 3 natural seawater immersed coupons removed from Millbay Marina after 12 months. a) Whole coupon showing a variety of 
corrosion types, b) side view showing erosion corrosion (tribocorrosion) from the attaching rope and c) corrosion on the weld, at the weld toe and localised on an area 
of the parent material. 
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Chemical analysis of the corrosion products from coupons immersed 
in simulated seawater also showed the presence of sulphur (3.2% ±

2.0%, n=6). Corrosion products from SSW immersed coupons were 

found inside the drill holes of the coupons (seen in Fig. 5) and on the 
underside of the coupons where the contact between the coupon un
derside and rubber matting on the SSW tank bottom created a crevice 

Fig. 6. a) Coupon immediately on removal from natural seawater after an 18-month immersion period. b) The same coupon, after cleaning.  

Fig. 7. a) 12-month SSW immersed coupon b) 18-month SSW immersed coupon c) 12-month air exposed coupon and d) 18-month air exposed coupon. All images are 
post-cleaning. 
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corrosion environment. 

4. Discussion 

Significant differences in corrosion mechanism were seen between 
the different immersion environments. Air exposure of polished, plasma 
welded NAB coupons caused no significant localised corrosion and only 
low levels of weld toe corrosion (characterised by copper dissolution) 
after 18 months exposure time. SSW immersion for 18 months caused 
the corrosion of the weld material, characterised by Cu dissolution. 
Natural seawater immersion however caused severe localised corrosion 
in the HAZ, Residual Stress (RS) affected area and underneath biofouling 
organisms and corrosion product deposits. 

Localised corrosion occurs when the passivation layer breaks down 
[37–39]. There is greater opportunity for this to occur in natural 
seawater compared to the simulated (tank) environment due to the ef
fect of microfouling, macrofouling, high water velocity and/or turbidity. 
This could begin to explain the difference in localised corrosion seen in 
natural seawater vs simulated seawater immersion coupons. 

The corrosion product analysis (Fig. 17) supports the findings of 
Wharton and Stokes [37] who used EDX to show that the corrosion 
products of NAB samples in natural seawater were formed of three layers 
(a green cap, middle brown layer and white layer on the metal). They 
suggested that the green (outer) layer was predominantly Cu2(OH)3Cl, 
the brown (middle) layer predominantly Cu2O and the white (inner) 
layer CuCl. However, Fig. 17 also suggests the presence of aluminium 
oxide in the inner white layer, which could be caused by the preferential 

dealuminification of the κIII phase. This is supported by the results of Lv 
et al. [40] who showed that, in the presence of pH < 3.5, the κIII phase 
was preferentially corroded due to its lower Volta potential, producing 
Al2O3 and Al(OH)3 (along with copper oxides and chlorides) in the 
corrosion products. 

In addition, previous studies have shown that aluminium oxides are 
key in the formation of the protective layer on the surface of NAB [41, 
42] and some researchers have shown that it is composed of a dense 
inner layer of Al2O3 and a porous outer layer of Cu2O [43–45]. Ding 
et al. [8] observed the formation of the protective film using in-situ 
atomic force microscopy. Their results show that the corrosion resis
tance of the κIII phase can be explained by its ability to form a stable and 
dense protective film within a short time, whilst the β’ phase is less able 
to form the protective film and therefore suffers the most severe 
corrosion. 

For welding process development, the significant reduction in weld 
bead height seen in natural seawater immersed samples (4% annual 
height reduction) highlights the need to refine welding techniques to 
reduce the vulnerability of weld material to corrosion (particularly SPC 
of the β’ phase) when immersed in natural seawater. This will be 
particularly important for the development of improved additive 
manufacturing methods for Nickel Aluminium Bronze (NAB) [46–48]. 

The characterisation of different areas of the welded coupons along 
with correlation features observed in those areas are summarised in  
Table 2. 

Fig. 8. a) SEM image of an 18-month SSW immersed sample showing the EDX position relative to the edge of the weld bead. b) EDX output showing oxygen content 
and c) EDX output showing Cu dissolution in the weld material. 
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4.1. HAZ microstructure and RS effects on corrosion mechanisms 

The HAZ microstructure observed prior to immersion (Fig. 3) shows 
that the HAZ had an average width of <1 mm. Outside the HAZ, the 
temperature did not reach above the eutectoid point and therefore the 
α-κIII eutectoid was retained, however within the HAZ, where the tem
perature rose above the eutectoid point the β phase was retained. This 
caused a gradient of β’ to α-κIII eutectoid microstructure seen in Fig. 3. 

This supports the results of Li et al. [5] who (using a gas metal arc 
welding process shielded with 100% argon gas) also produced a HAZ 
width of < 1 mm. Li et al. observed that the martensitic β’ phase was 
retained in areas of the HAZ where the temperature increased above the 
eutectic point during the welding process. 

This gradient is reflected in the SPC within the HAZ of natural 
seawater immersed samples with SPC of β’ phase in the HAZ 

transitioning to SPC along the κIII phase relating to phase availability. 
This is evidenced in Fig. 12 and Fig. 13. These results support previous 
studies that show the β’ phase as vulnerable to SPC [8] and that the 
continuous geometry of the κIII phase causes it to be vulnerable to 
corrosion [6,37]. The preferential dissolution of the κIII phase at the 
weld toe is confirmed by the high wt% of Al measured in the corrosion 
products sampled from that area (Fig. 17). 

The heat treatment carried out during material manufacture meant 
that no β’ phase was retained in the parent material (outside of the 
HAZ). Therefore, the only area where the β’ phase and κIII phase both 
exist was in the HAZ. The results suggest that the change from β’ phase 
to κIII phase SPC within the HAZ corresponded to phase availability 
(with more κIII phase available further from the weld). However, this 
could also be due to relative corrosion potentials between the two phases 
where the volt potential order of the phases has been shown to be κ 

Fig. 9. a) SEM image of the weld material after 12-months natural seawater immersion showing the area of EDX analysis. b) EDX images of the elements: oxygen, 
aluminium, iron, nickel and copper. 

Fig. 10. Neutron diffraction map of longitudinal stress through the cross section below the weld (approximate weld position indicated).  
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phases > β’ phase > α phase [40,49]. 
The average extent of surface corrosion at the weld toe (for the 12 

and 18 month immersion periods combines) was 5.5 mm from the centre 
of the weld. This means that weld toe surface corrosion extended beyond 
the HAZ and into the RS-affected zone of the parent material. Culpan 
and Foley [6] suggested that RS accelerates corrosion by opening up 
corroded areas (allowing more ingress of seawater) and by disrupting 
the protective oxide film. This could explain the severe corrosion 
observed outside of the HAZ. 

The extent of corrosion from the weld toe appears static after the 
initial 12-month immersion period. This could be due to sedimentation 
and biofouling, as found by [12] or due to a reduction in the general 
corrosion rate, as suggested in [25]. 

The results suggest that NAB corrosion in SSW is predominantly via 
the dissolution of Cu, whilst NAB corrosion in natural seawater is pre
dominantly via SPC of the κIII phase (i.e. de-aluminification). This is 
supported by the SSW immersed coupon corrosion products that had a 
significantly larger wt% of Cu (22.1% ± 22.9%, mean ± SD) compared 
to the corrosion products from the coupons immersed in the natural 
environment (8.8% ± 4.3%), Fig. 17. 

From these results, it is recommended that future welding processes 
developed for NAB focus on reducing residual stresses and the width of 
the HAZ. This will reduce the SPC of the κIII phase in the residual stress 
affected areas and reduce the amount of (the corrosion vulnerable) β’ 
phase at the weld toe. The most practical techniques to achieve a 
reduction in RS would be to use a greater pre-heating temperature or to 

Fig. 11. Green bar plot shows the extent of surface corrosion measured at the weld toe of 12- and 18- month natural seawater immersed coupons (n=96). The mean 
surface corrosion extent of 5.5 mm is shown. The longitudinal (red, n=2) and transverse (blue, n=2) near-surface residual stress measurements for both sides of the 
weld on an uncorroded coupon are overlayed for comparison. Error bars on the RS data points show uncertainty estimates (uσx [36]) in neutron diffraction calculated 
residual stress (MPa). 

Fig. 12. Large scale SEM images indicating corrosion severity in the RS affected area and HAZ. a) SEM image showing a cross section of a NAB weld toe (with weld 
bead on the top right of the image) after 18-month immersion in natural seawater. b) SEM image from the red box in a) showing SPC of the β’ phase close to the weld 
material transitioning to SPC of the κIII phase further from the weld material. 

T. Dobson et al.                                                                                                                                                                                                                                 



Corrosion Science 232 (2024) 112004

11

use post welding heat treatment [50]. However, both of these techniques 
could alter the microstructure and thus create other undesirable mate
rial properties if not applied carefully. 

4.2. Sulphate Reducing Bacteria (SRB) effects on corrosion 

Sulphide pollution is known to exacerbate corrosion of metals (e.g. 
[51,52]). Sulphur was found in the corrosion products of natural and 
simulated seawater immersed coupons. In the natural marine environ
ment sulphur rich areas can be created by algae, bacteria, pollution 
sources (including storm drain overflow outputs) and seawater salts. 
X-ray analysis performed by Schüssler and Exner [41] identified copper 
sulphides in the inner region of corrosion products on NAB samples. 
They suggested that the incorporation of copper sulphides changed the 
structure of the passivating layer and thus increased the corrosion rate. 
In the natural seawater immersed samples of the present study, the 
largest wt% of sulphur was found in the inner (white) corrosion product. 

Characklis [53] stated that corrosion caused by Sulphate Reducing 
Bacteria (SRB) is characterised by conical pits containing concentric 
rings. These geometries were visible in some of the SEM images of 
corrosion pits from the natural seawater immersion tests (Supplemen
tary Figure S.4). All the natural seawater induced corrosion pits showed 
geometric complexity supporting the conclusions of Gomez de Saravia 
et al. [54] that copper-nickel alloys create complex corrosion patterns 
due to local and general corrosion occurring simultaneously alongside 
microbial induced corrosion. The importance of this on stress concen
tration is discussed in [55]. 

It is probable that the sulphur found in the corrosion products of SSW 
immersed coupons was derived from the sodium sulphate in the simu
lated seawater (as per ASTM D1141–98 (2021) [27]). However, the 
amount of sulphur in the simulated environment could have been 
increased by contamination. This could have been due to sulphur 
leaching out of the (sulphur-vulcanised) rubber at the bottom of the tank 
as all of the corrosion products were taken from the underside of the 
coupon where crevice corrosion had occurred between the coupon un
derside and the rubber bottom of the tank. However, no evidence of SRB 
induced corrosion pits was found on the SSW immersed coupons so any 
sulphur contamination is assumed to have had no significant effect (due 
to the significantly lower corrosion rate and extent found on the SSW 
immersed coupons compared to the natural case). 

4.3. Corrosion on biofouled areas 

The maximum corrosion pit depth measured on a biofouled area of 
NAB parent was 986 μm. This is deeper than corrosion pits previously 
reported for artificial crevices on NAB samples [12,37]. Oakley et al. 
[12] measured the maximum depth of crevice corrosion under artificial 
crevices as 580 μm (on NAB immersed for 12 months in once-through 
natural seawater at 7–19 ◦C) whilst Wharton and Stokes [37] found 
400–500 μm deep anodic trenches under artificial crevices after a 12 
month natural seawater immersion test. 

In addition, Oakley et al. [12] measured κIII phase SPC underneath 
the crevices that reached 350 μm to 500 μm beyond the depth of the 
crevice. This suggests that Oakley et al. observed a maximum SPC depth 
of 1080 μm. The maximum κIII phase SPC measured in the current re
sults, was over 20% deeper than this, 1331 μm. The deeper corrosion 
and SPC found in biofouled areas in these results compared to under
neath artificial crevices could be due to the bio-adhesives used by the 
organisms [56–58] or due to geometric differences between the artificial 
crevices used by previous researchers [12,37] and the macrofouling 
organisms seen in this study. 

80% of the corrosion pits included in Fig. 15 showed maximum depth 
in the centre of the pits with the cone and nipple morphology being the 
most extreme example of this. As such, the morphology of corrosion pits 
found in biofouled areas of the parent material was consistent with 
critical crevice solution theory where the hydrolysis of metal ions within 
crevices results in the reduction of pH causing corrosion initiation in the 
centre of the crevice (thus causing maximum depth at the pit centre) 
[59]. This suggests that the solution underneath macrofouling organ
isms was acidified, allowing crevice corrosion initiation. This is sup
ported by the results of Zhang et al. [60] who measured acidification of 
the solution underneath macrofouling organisms on stainless steels. 

Neodo et al. [9] and Nakhaie [49] showed that when pH < 4.0, the 
κIII phase is preferentially dissolved from the α -κIII eutectoid in NAB. 
Whilst there is no data showing the exact pH underneath the biofouling 
organisms seen in this study, previous research [61] showed that the 
effects of barnacle cement on stainless steel 316 L were similar to the 
effects of an etchant of composition 15 ml HCl, 10 ml, HNO3 and 10 ml 
acetic acid. Combining the results from these studies with the results 
seen in the present study suggests that SPC of the κIII phase occurs un
derneath macrofouling organisms due to localised solution acidification. 

Fig. 13. SEM and EDX images of the HAZ and RS effected area of a 12-month natural seawater immersed sample. Cu dissolution is seen in the HAZ as the pre
dominant corrosion mechanisms whilst Al dissolution is seen as the dominant corrosion mechanisms in the parent material in the RS-affected area. 
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Fig. 14. a) Macrofouling organisms (Ascidians) attached to a coupon surface after natural seawater immersion. b) SEM image of a macrograph taken from a bio
fouled area of the parent material with the coupon surface towards the top of the image and c) EDX images showing dissolution of the Fe, Ni and Al rich phases (the 
κ-phases) in the corroded regions with denser Cu regions seen in the vacated areas. 

Fig. 15. Aspect Ratio of corrosion pits found in biofouled areas of the parent material and at the weld toe for the 12 and 18 month immersion periods.  
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Fig. 15 shows the significantly higher aspect ratio of weld toe 
corrosion pits compared to corrosion pits found on the parent material 
suggesting that, even without considering the effect of weld induced RS, 
these would be more likely to be the pit that transitions to a propagating 
crack and subsequently becomes the fracture initiation point. 

4.4. Inspection and revalidation of NAB components immersed in natural 
seawater 

The presented results suggest that inspections of NAB components/ 
structures immersed in natural seawater should focus on areas vulner
able to crevice corrosion or affected by residual stress (i.e. areas under 
macrofouling organisms or close to welds). The inspections should 
concentrate on areas that have experienced crevice corrosion as these 
areas could be experiencing SPC of the κIII phase. In these areas localised 
corrosion rates could be very high and could cause premature fracture 
and failure of the component. 

This supports the current suggestions in Defence Standard 02–873 
Part 3 which is used to revalidate NAB components before their re-use. 
Revalidation in accordance with this standard focusses on areas of SPC 
and is used to establish the extent of any SPC, the acceptability of any 
weld repairs and the final wall thickness. The standard states that SPC of 
the κIII phase can penetrate NAB walls up to 1.1 mm per year, whilst this 
study shows that the dissolution of the κIII phase can penetrate up to 
1.3 mm per year (a difference of 0.2 mm per year). 

Under the rules of SOLAS [62], marine vessels are allowed up to 5 
years between dry docks. However, warships are officially except from 
this requirement, allowing them to go for longer between major dry 
dockings if military actions require it. 

If the 5 year dry docking period stated in SOLAS is taken as an ideal 
period between major inspections, this could lead to an underestimation 

Fig. 16. Aspect ratio (AR) and AR when the width is measured just above the 
deepest point of the pit (ARd) for cone or nipple shaped pits vs large shallow or 
ellipsoidal shaped pits. 

Fig. 17. a) Chemical composition (weight percentage, wt%) of corrosion products found on the parent material and weld material after 18-months immersion in 
natural seawater. The corrosion products found on the parent material were layered with copper oxide as the outer layer, aluminium oxide as the largest middle 
layer, and iron oxide as an additional (smaller) inner layer. The weld material corrosion products were more mixed. b) Chemical composition (weight percentage, wt 
%) of corrosion products found on the parent material after 18-months immersion in simulated seawater (SSW), taken in 6 positions with SD shown. 
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of assumed corrosion depth of up to 1 mm (0.2 mm multiplied by 5 
years). Typical NAB components (such as the NAB pump described by 
Hazra and Balan [63]) will have wall thicknesses varying between 5 mm 
- 50 mm, this could lead to an underestimation of corrosion that is 
equivalent to 2% - 20% of the wall thickness which could lead to a 
significant reduction in strength and consequential failure under load. 
This is particularly relevant when Defence Standard 02–873 Part 3 states 
that: 

“Castings whose thickness has been reduced by more than 10% below the 
drawing 

thickness are to be REJECTED.” 
Most NAB component designs would include additional safety fac

tors such as shock factors (against underwater explosions), human fac
tors (e.g. Defence Standard 00–251, ASTM F1337 – 22 and the ABS 
Guidance Document [64]) and general engineering judgement. How
ever, it is possible that some designs would be pushed to the limit of the 
Defence Standard wall thickness requirements due to other design re
quirements (such as total mass, due to stability requirements, or budget 
limitations). As such, the Defence Standard 02–873 Part 3 recommen
dations may need to be reconsidered following the changing physi
ochemistry of natural seawater and our growing understanding of the 
effect of biofouling on SPC in NAB. 

To support this, a recent review of corrosion and biofouling by Vuong 
et al. [65] highlighted the need to use holistic, multi-disciplinary ap
proaches to understand biofouling drivers of corrosion and corrosion 
mechanisms. This paper responds to this industry need as it includes the 
effects of natural seawater variability (e.g. temperature, salinity, 
chemical composition) and the effect of biofouling. These effects would 
not have been considered in an SSW-only study. 

5. Conclusions 

The β’ phase is retained in the HAZ of plasma welded NAB and is 
preferentially corroded when immersed in natural seawater. This phase 
could be heat-treated out of the material post welding to prevent this 
SPC in the HAZ. In the RS affected area (just outside the HAZ), SPC of the 
κIII phase was observed. Future welding process development should 
aim to reduce the width of the HAZ and/or prevent the retention of the 
β’ phase in the HAZ of the final material and to include techniques that 
will reduce welding induced residual stress. 

Welding techniques need to be developed to reduce the vulnerability 
of weld material to corrosion (particularly SPC of the β’ phase in NAB). 
This will be particularly important for the development of improved 
additive manufacturing methods. As these results highlight RS as a 

contributing factor in corrosion. Welding process development that re
duces RS will therefore benefit corrosion resistance of the welded 
component. 

Biofouled areas of NAB are vulnerable to crevice induced corrosion. 
Corrosion pits in biofouled areas measured to be >20% deeper than 
previously reported to be caused by artificial crevices. This means that 
biofouling prevention and/or early removal could act to reduce the 
appearance of corrosion pitting in NAB immersed in natural seawater. 

There is a clear difference in corrosion severity between NAB 
immersed in natural seawater and NAB immersed in simulated seawater 
or exposed to air. This highlights the importance of testing in the natural 
seawater environment. Defence Standard 02–873 Part 3 (and similar) 
recommendations may need to be updated to include the effects of 
current seawater physiology and the effects of biofouling. 
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