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ABSTRACT

Updated understanding on the effect of biofouling on corrosion rate is needed to protect mar-
ine structures as climate change is altering seawater physiochemistry and biofouling organism
distribution. Multi-disciplinary techniques can improve understanding of biofouling development
and associated corrosion rates on metals immersed in natural seawater (NSW). In this study, the
development of biofouling and corrosion on welded Nickel Aluminium Bronze (NAB) was investi-
gated through long-term immersion tests in NSW, simulated seawater (SSW) and air. Biofouling
was affected by geographic location within the marina and influenced corrosion extent. The cor-
rosion rate of NAB was accelerated in the initial months of exposure in NSW (1.27 mm.yr‘1) and
then settled to 0.11mm.yr~' (annual average). This was significantly higher than the
0.06 mm.yr~"' corrosion rate measured in SSW, which matched published rates. The results sug-
gest that corrosion rates for cast NAB should be revised to take account of biofouling and
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updated seawater physiochemistry.

Introduction

Biofouling is ubiquitous in the marine environment
and is a large concern for the marine industry as it can
increase costs and reduce the operational lifespans of
immersed structures (Vinagre et al. 2020). Impacts of
biofouling on marine operations include the loss of
performance due to increased drag (Schultz 2007) and
the obstruction of sea valves, heat exchangers or sen-
sors (Delauney et al. 2010). Flemming (2011) estimated
the annual cost to the combined marine industries due
to microbial biofouling to be over US $15 billion.
Marine biofouling is a multistage process that is
usually initiated by the development of a biofilm on
the immersed surface (Zobell and Allen 1935; Railkin
2004). Biofilms are known to substantially change the
local chemistry of the surface that they attach to
including affecting local pH, oxygen concentrations,
organic and inorganic species (Little and Lee 2007).
After one month immersed in natural seawater
(NSW), the chemicals released by biofilm organisms
encourage larvae and spores to attach and grow
(Railkin 2004). Within a few weeks or months,

macrofouling organisms (such as sea squirts
(Ascidians), Hydroids, sponges and barnacles) will
also attach (Vinagre et al. 2020). Due to this, materi-
als intended for immersion in NSW must be carefully
selected for their physical properties and for their cor-
rosion behaviour, when exposed to the complex inter-
acting effects of biofouling (Dexter 1993).

Nickel Aluminium Bronze (NAB) is used exten-
sively in the marine industry for components
immersed in seawater. This is due to its high strength
and good corrosion resistance in seawater when com-
pared to metals such as carbon steels, brasses and
pure copper (Ahmad 2006). Copper is the largest
chemical component of NAB with a compositional
percentage of 76.5-85.5% (Richardson 2016). From a
biological perspective, copper is an essential metal
that only becomes toxic to plants and micro-organ-
isms at high concentrations (Yruela 2005). This tox-
icity is used in antifouling coatings (e.g. Cerchier
et al. (2020)) and copper can prevent the metamor-
phosis of juvenile barnacles by preventing calcification
of their outer shell (Pyefinch and Mott 1948).
However, when immersed in NSW, copper alloys still
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experience biofouling and microbially-induced pitting
corrosion (Booth 1964; Little et al. 1988; 1989;
Kushkevych et al. 2021).

Interactions between biofouling and corrosion need
to be understood to enable the development of new
antifouling and antifouling coating schemes that pre-
vent corrosion and biofouling simultaneously. Thus,
quantifying corrosion rates and biofouling cover for
uncoated copper alloys is of interest both for survey-
ing components as part of normal maintenance activ-
ities and evaluating antifouling and corrosion
protection technologies.

When NAB is immersed in corrosive media (such
as seawater), localised corrosion occurs when the pas-
sivation layer breaks down, allowing accelerated cor-
rosion at discrete sites (Frankel 1998). NAB is
vulnerable to Selective Phase Corrosion (SPC) when
immersed in natural seawater (Neodo et al. 2013;
Richardson 2016) especially underneath biofouling
and corrosion product deposits. SPC in NAB is clas-
sically reported as the accelerated dissolution of the
copper-rich o phase within the o-xy; eutectoid, due
to the more negative electrode potential of the o
phase compared to the ky; phase (Culpan and Foley
1982). Oakley et al. (2007) observed a higher general
and local corrosion rate in once-through flowing nat-
ural seawater immersed samples compared to samples
in recirculating tanks of Portland Harbour seawater.
To support this, a recent review of corrosion and bio-
fouling by Vuong et al. (2023) highlighted the need to
use holistic, multi-disciplinary approaches to under-
stand biofouling drivers of corrosion.

Previous corrosion studies of NAB in seawater car-
ried out by Culpan and Foley (1982) and Schiussler
and Exner (1993) improved our understanding of the
corrosion performance of this alloy in the absence of
biofouling. Some studies have included the effect of
galvanic coupling on NAB corrosion, showing that
pitting corrosion can occur in NAB coupled to
Stainless Steel (Krogstad and Johnsen 2017) and other
metals (Wharton et al. 2005), highlighting the
increased complexity of these interactions when a bio-
film is also present. Other studies have considered
biofilm or microfouling effects in isolation
(Characklis 1989; Beech and Sunner 2004; Little et al.
2008; Procépio 2019), improving understanding of
the bacteria-metal interface. However, these do not
consider the interacting variables such as macrofoul-
ing, tide and wind forces, seawater chemical compos-
ition, temperature and salinity. Studies that consider
the effect of biofilms on the corrosion process often
used simulated seawater (SSW) with added nutrients

and microorganisms (Dexter 1988; Webster and
Newman 1994). However, these tests proved unreli-
able as added media often contain anions (which can
inhibit local corrosion) and yeast extract (which can
interfere with electrochemical measurements), plus,
the deaeration of SSW under testing conditions can
produce environments that inhibit SRB growth (Little
et al. 2008). For these reasons, corrosion rates meas-
ured in the laboratory often differ from those meas-
ured in natural seawater in the marine environment
(Videla et al. 2005). Large variations in corrosion
severity are reported in long-term NSW immersion
tests (Wharton et al. 2005; Oakley et al. 2007;
Krogstad and Johnsen 2017). These studies focus on
corrosion severity and do not specifically consider the
effect of the biofilm or biofouling organisms or
include welded samples.

Welds are often the most vulnerable part of a
structure, not just for corrosion, but also for load
induced fracture. The corrosion of weldments can
include galvanic corrosion between parent and weld
material, pitting corrosion in the HAZ and residual
stress effected areas, crevice corrosion due to weld-
ment geometry and stress corrosion cracking
(Aljohani et al. 2023). In NAB, heating and cooling
during welding enables the development of the
B-phase in the HAZ and this phase is prone to select-
ive phase corrosion (Cobo et al. 2022).

The physiochemistry of NSW is changing due to
climate change: effects such as reduced pH (Feely
et al. 2009) and increased temperature (Maul et al.
2001) have been observed and the availability of foul-
ing organisms is changing with it (Meng et al. 2019).
As highlighted in a review by Vuong et al. (2023), it
is important that new, multi-disciplinary, NSW corro-
sion and biofouling tests are carried out to take these
interacting physiochemical changes into account so
that marine structures and components can be pro-
tected. This paper presents a multidisciplinary long-
term immersion study of plasma welded NAB in
NSW, SSW, and air, investigating the development of
biofouling and corrosion.

Materials and methods

NAB coupons were bead-on-plate plasma welded and
immersed in one of three environments: natural sea-
water (NSW in Millbay Marina, U.K.), simulated sea-
water (SSW) or air. The physical parameters of each
environment periodically monitored. Each
month the coupons were photographed and weighed.
The photographs were used to map the development
of corrosion and biofouling. A thematic coding

were



method was developed to quantify the photographic
output as the percentage surface area cover of each
theme. This was analysed to consider the relationship
between corrosion and biofouling. The NSW coupons
were assessed for biofilm density and the presence of
SRB to consider the effect of bacterial cover on corro-
sion rate. Corrosion rates were evaluated and com-
pared between immersion environments.

Nickel Aluminium Bronze and welding

Coupons of cast NAB were manufactured in accord-
ance with Def Stan 02-747 Part 2 (Ministry of
Defence 2013) meeting the requirements for Defence
Standard 02-833 Part 2 Issue 4 (Ministry of Defence
2018) (Al-9.14, Fe-4.38, Ni-4.84, Mn-0.09, Cu-balance
wt%, Go, = 265MPa). The coupons were sized with
thickness = 30 mm and diameter = 200 mm to pre-
sent a large enough surface that enabled typical mar-
ine biofouling organisms to attach (First et al. 2014).
The coupons were polished to Ra = 3.2 to represent
the standard commercial machine finish (Xometry
2018) and to remove the potential for crevice

Table 1. Plasma welding parameters.

Description Parameter
Pure Argon gas flow rate 10 L.min™"
Plasma gas flow rate 0.8 L.min~"

Stand up distance 8mm

Nozzle diameter 3.9mm
Wire diameter 0.8mm
Trailing shielding Ar gas 40 L.min™"
Current 180 A
Travel Speed 4mm.s™!
Wire feed speed 5 m.min~"
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corrosion in the ridges of the saw cuts (Dobson et al.
2022).

Before welding, each NAB coupon was preheated
to 250 °C. The plasma welding process was front wire
feeding, plasma torch shielding and trailing shielding.
The welding wire used was 1.2mm diameter SIFMIG
44 from SIG Consumables (Cu6328 EN 14640). Each
sample was plasma welded in a bead-on-plate geom-
etry using the parameters described in Table 1.

Natural sea water (NSW) immersion environment

Twelve (12) NAB coupons were immersed in natural
seawater (NSW) at Millbay Marina (Plymouth, UK),
Figure 1, from December 2021. The coupons were
suspended at 1 m depth with the welded surface fac-
ing downwards to replicate the underside of a marine
vessel. Six coupons remained immersed for 18 months
whilst six were removed after 12 months.

Physical environmental data (including salinity,
temperature, pH, dissolved oxygen and chlorophyll
concentration) were measured weekly, at 1-2m depth
at the centre of the middle site (Figure 1), using a
Aquameter Aquaprobe AP-5000. Millbay Marina pil-
ings were sandblasted after 6 months of immersion
for a period of 3months (June - August 2022). This
produced a black deposit of polyamine adduct cured
epoxy (Sigmashield 880, conforming to BS EN ISO
12944-6: 2018) that settled on many of the coupons.
The sandblasting vibrations were kept within UK HSE
recommended limits. As such, the noise and vibra-
tions were not considered to effect the study although
they may have had a short term effect on local marine
organisms during operations (Chahouri et al. 2022).

Storm
@& overflow

Figure 1. Deployment locations of the twelve (12) NAB samples in Millbay Marina (each coupon location indicated by a yellow

circle).
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Simulated seawater (SSW) and air control test

Simulated sea water (SSW) tank was used to observe
the corrosion of plasma welded NAB coupons in the
absence of marine biofouling organisms. SSW was
produced in accordance with ASTM D1141-98
(ASTM International 1998). The temperature was
maintained close to the maximum seawater tempera-
ture (Persian Gulf, 31.3°C predicted for 2030, (Noori
et al. 2019)) as per ASTM G31-21 (ASTM 2012). The
SSW salinity was maintained close to the mean for
open ocean natural seawater, 35 psu in line with
ASTM D1141-98 (ASTM International 1998) which
was also the maximum salinity seen in Millbay
Marina. Salinity was measured weekly using a port-
able refractometer. An automatic monitoring system
(Seneye Reef™) was used to monitor water tempera-
ture, pH and dissolved oxygen, supported by manual
measurements of temperature and dissolved oxygen.
The growth of green and brown algae was prevented
using an algae inhibitor (Dr Tim’s Aquatics™ “Re-
Fresh” for reef water). Two coupons remained
immersed for 18 months whilst two were removed
after 12 months.

The air control test consisted of three coupons that
were exposed to ambient laboratory air for a 12- or
18-month period. The air in the laboratory was main-
tained by university wide air conditioning and meas-
ured monthly. Two coupons remained exposed for
18-months whilst one was removed after 12-months.

Corrosion and biofouling mapping

The coupons were removed from the immersion
environment (NSW, SSW or air) on a monthly basis
to monitor mass and surface corrosion. Masses were
measured to the nearest 10g using a calibrated elec-
tronic scale (Hanwell 50kg Luggage Scale) and the
coupons were photographed using consistent equip-
ment, position, and distance.

Photographs of the coupons taken at 2-month
intervals were identified as sufficient to show corro-
sion and biofouling trends in the photographic data
series. A thematic coding method was developed to
allow quantification of the photographic output by
measuring the percentage surface area cover of each
theme. The themes used in this study were: Ascidians,
Barnacles, Bryozoans, normal NAB surface, discolored
NAB surface, corrosion products, black deposit and
sediment/Hydroids (Figure S1). Photographs were
taken from a standard distance, using the same
iphone SE7 camera and using body shadow to allevi-
ate reflection from sunlight (to create similar light

conditions for all images). The images were analysed
with Photoshop (Adobe Inc, San Jose, CA, USA),
using standardised “colour select” algorithms for each
theme except for Ascidians, Barnacles and Bryozoans,
which were selected manually (due to colour variabil-
ity). This method was repeated, with the weld mater-
ial taken as an isolated image, to investigate the
different corrosion and biofouling patterns on the
base material compared to the weld material.

Biofilm density analysis and tests for Sulphate
reducing bacteria (SRB)

An additional plasma welded NAB coupon was
immersed at the middle site of Millbay Marina in
January 2023 and removed in March 2023. This 2-
month immersion period allowed biofilm develop-
ment before macrofouling species settled and before
significant corrosion product had time to build-up.

To measure biofilm density, 12 swabs were placed
in an oven (60°C for 2h) and then weighed using a
high-resolution (0.1 mg, R200D,
Germany). The dried and weighed swabs were then
used to sample regions of interest: the weld (n=3),
weld toe (n=3) or base material (n=3). Each
swabbed area was photographed with a ruler in the
image to provide a size reference, and the sampled
area was estimated. The final 3 swabs were used as air
control samples to take account of moisture changes
on the swabs.

After sampling, all 12 swabs were immediately
placed back into the oven for re-drying (60°C for
36h). On removal from the oven the swabs were re-
weighed and the difference in mass before and after

scale Sartorius

swabbing was calculated. Any difference in moisture
content in the dried swabs before and after sampling
was considered by subtracting the average difference
in mass of the air control swabs from each sample
mass change. This “moisture calibrated” mass differ-
ence was taken as the mass of the biofilm for each
swab. The density of the biofilm in each case was cal-
culated by dividing the biofilm mass by the sampled
area for each swab.

To confirm the presence of SRB, 18 further swabs
were used. Swabs were taken of the weld (n =4), weld
toe (n=4) and base material (n=4), swabs were also
taken of the seawater close to the coupon (n=3) and
taken as air control samples (n=3). After sampling,
the swabs were immediately thrust into an iron sul-
phite agar (Sig Tests® ECHA Microbiology Ltd.,
UK. and left in an incubator at 35°C for 5days.
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Blackening around the swab was a positive result for
the presence of SRB (ECHA 2016).

Coupon cleaning and microscopy

After immersion, the coupons were removed from
their test environment and cleaned as per ASTM G1
(ASTM 1985). This allowed the extent of corrosion
underneath the corrosion products and biofouling
layer to be measured. Some of the samples were
imaged using scanning electron microscopy (SEM).
Corrosion products were sampled from the coupons
using a scalpel and analysed using Energy Dispersive
X-Ray Spectroscopy (EDX). A Hitachi TM2020Plus
Tabletop Microscope (SEM only) and FEI Quanta 200
FEG-SEM (SEM and EDX) were used for this
purpose.

Mass loss and corrosion rate

After immersion, the coupons were cleaned as per
ASTM G1 so that overall mass loss could be calcu-
lated. From the mass loss results, the corrosion rates
were calculated using ASTM G31, as replicated in
Equation 1, with units corrected so that k=1.

Equation 1: Corrosion Rate equation from ASTM
G31, where k is a constant for unit conversion
(k=1), t is time of exposure in years, a is the exposed
surface area in mm?® m is the mass loss in grammes
(to the nearest 10g) and p is the density of NAB in
g/mm’.

__km

CR=—
atp

Results
Environmental physiochemical properties

The physical properties of natural seawater (NSW) at
the immersion test site (Millbay Marina, Plymouth)
and in the SSW tank were recorded periodically.
Figure 2 shows the monthly mean temperature, pH,
salinity, dissolved oxygen and chlorophyll measured
at Millbay Marina during the immersion tests.

Over the 18-month study in Millbay Marina, the
average pH and dissolved oxygen were 7.94+0.18
(SD) and 10.16+0.81 mg.L_1 (SD), respectively. The
chlorophyll level is an indicator of phytoplankton
abundance and can be used to gauge the availability
of biofouling species (as many biofouling species feed
on phytoplankton e.g. the sea squirt Ciona intestinalis
(Hackl et al. 2018) and Bryozoans (Lombardi et al.
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Figure 2. Monthly mean timelapse of key physical data during
the 18-month immersion period at Millbay Marina
(Plymouth, U.K.).

2020)). In Figure 2, a clear seasonality is seen in the
chlorophyll abundance, with maximums reached dur-
ing the late spring and early summer months.

The salinity, temperature, pH and oxygen levels in
the SSW tank were maintained and therefore had no
seasonal pattern. Over the 18-month study period, the
salinity, temperature, pH and oxygen concentration
varied between 34.4-36.2 psu, 27.2-32.5°C, 8.1-
8.4pH, and 7.2-7.9mlL1™" respectively. The air tem-
perature in the laboratory was measured to vary
between 16-23 °C.

Overall biofouling and surface corrosion

Sulphate reducing bacteria (SRB) were confirmed on
the base material, weld material, weld toe and in
Millbay Marina seawater. SRB in the seawater sug-
gests the presence of an SRB species with oxygen
resistant proteins (Beech 2003). After 2months
immersion, the biofilm density was found to be con-
sistent across all areas of the coupon with an average
density of 20.8ug mm™? (standard error = 5.98 g
mm™2, n=12). This is consistent with the biofilm cell
density stated in a review of marine biofilms carried
out by Qian et al. (2022).

The dominant biofouling organisms observed in
Millbay Marina were Ascidians (predominantly Ciona
intestinalis), Bryozoans (erect and encrusting), and
Hydroids (Figure S1). Bryozoans and Hydroids are
colonial organisms that are often mistaken for flora.

Photographic time-series of immersed samples in
the three environments are shown in Figure 3. Using
the photographic data, surface cover was analysed
thematically for the 12-month immersion period,
Figure 4. This shows that the surface area covered by

corrosion  products and biofouling organisms
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b)
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<)
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Immersion Time (months)

Figure 3. 3-monthly interval photographs of a) a coupon immersed in natural sea water (NSW) at the middle site of Millbay
Marina (Plymouth, UK) b) a coupon immersed in simulated seawater and c) a coupon exposed to laboratory air. All coupons (as

photographed) have a diameter of 200 mm.
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Figure 4. Surface cover measured every 2 months for the 6 coupons immersed in the inner, middle and outer sites of Millbay
Marina over the initial 12-month study period. Each coupon (as photographed) has a diameter of 200 mm.

increased with time for all Millbay Marina immersion
sites. After 4months immersion, all coupons were
showing at least some surface discolouration, although
the surface was still dominated by “normal NAB”.
Between 4-6 months of immersion the surface of all
coupons darkened, patina was formed, and the first
fouling organisms were observed. Between 8-
12 months of immersion, the surface of most of the
coupons was dominated by Hydroid growth. By
the end of the 12-month immersion period, most of
the coupons were covered in marine sediment and

Hydroids which completely obscured the metal sur-
face from the photographs (Figure 3). These results
show that the coupons immersed at the inner site in
Millbay Marina were predominantly biofouled by soli-
tary Ascidians whilst the coupons deployed at the
outer site were predominantly biofouled by colonies
of erect Bryozoans.

After 18 months immersion, the coupons were pre-
dominantly covered with sediment and Hydroids and
the biofouling pattern had altered. Ascidians attached
more to coupons at the outer and middle sites of



Millbay Marina (Figure 5) and calcified, adult bar-
nacles (Balanus crenatus) were attached to coupons in
all three sites (Figure S2). The outermost coupon
(closest to the marina mouth) was observed to have
the most diverse biofouling community with fast spe-
cies succession, as illustrated in Figure 6.

Energy-dispersive X-ray spectroscopy (EDX) ana-
lysis was performed on two samples of the black soot
deposit after 12 months immersion, Figure S3. The
Na, Cl and S content represent seawater salt and sul-
phur content whilst the presence of Cu, Al and Fe are
assumed to be caused by the introduction of corro-
sion products into the black soot samples. N is diffi-
cult to detect through EDX and H is not detectable
(Wolfgong 2016). The high wt% of C and O is con-
sistent with the polyamine adduct cured epoxy that
was sandblasted off the pilings as this coating primar-
ily contains epoxy resin (C,;H,5ClOs) and polyamine
(N(CH,CH,NH,)3)). These results along with the tim-
ing of the black deposit appearance on the coupons,
strongly suggest that the black deposit seen on the
coupons is from the sandblasted piling paint.

Weld material biofouling and corrosion

Surface cover of the weld material was significantly
different to the average surface cover when calculated
over the coupon’s entire surface, Figure 7. The weld
material appeared darkened immediately after welding
due to the oxide layer produced by the welding pro-
cess. After 2 months immersion, the weld area showed
an average of 36% cover by corrosion products com-
pared to <1.5% average cover on the coupons overall.
The maximum cover of corrosion products on the
weld material is seen after 4-10 months immersion,
with > 66% surface cover on the weld compared to
<20% cover on the coupons overall. After 12 months

Inner Site Middle Site

ui

wv

Surface Cover (%)
wu
o

100
7
2

0
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immersion, the difference in corrosion product cover
on the weld material (32%) compared to the coupon
as a whole (14%) remained significant. After
18 months immersion, the difference started to
reduce, with corrosion products on the weld material
less visible due to increased sedimentation and fouling
cover.

In comparison, the weld material on coupons
immersed in SSW showed significantly less corrosion
cover (0% after 12 months) and corrosion product
deposits on coupons immersed in SSW were only
found in small, isolated deposits on the weld bead
after 15 months immersion, Figure 8. No corrosion
products were measurable on the air control samples.

Mass loss and corrosion rates

Figure 9 compares the mean mass loss for all immer-
sion times and immersion environments. The 2-
month mass loss data was measured from the coupon
immersed in the middle site of Millbay Marina (for
biofilm and SRB tests) between January - March
2022.

The changes in mass measured on coupons
immersed in NSW include mass loss caused by ero-
sion corrosion and/or tribocorrosion of material due
to abrasion of the attachment rope. The volume of
rope erosion was estimated from scans where the
average depth, width and length of the eroded volume
was measured (n=6). From this data, the average
eroded volume (913mm?, SD = 276mm?) was used to
calculate the average mass loss through rope erosion
(assuming the density of NAB to be 7.65x 107>
g.mm ). This was calculated to be 1.4 x 10~>kg per
coupon per year. Considering the mass change seen
in Figure 10, this is considered negligible. In addition,
as many NAB components that are immersed in

Outer Site

sl
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[l Ascidians
Barnacles

[ Bryozoans

B Corrosion products

= Deposit — Black soot

Hydroids / Sediment

Figure 5. Surface cover on plasma welded NAB coupons after 18 months immersion in natural seawater (Millbay Marina,
Plymouth, U.K.) showing the location of the coupons in the inner, middle or outer site as per Figure 2. Photographs of the cou-
pons are shown above each month to further illustrate the biofouling cover. Each coupon (as photographed) has a diameter of

200 mm.
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10 mm

Figure 6. Species succession on the outermost coupon in months 14-18 taking one area of the coupon (highlighted in yellow) as
an example. a) Whole coupon at Month 14 with a zoomed image showing a nudibranch (a mobile species). b) The yellow high-
lighted area at Month 16 showing the presence of a (bushy) erect Bryozoan species (Tricellaria inopinata) and a Hydroid species
from the Tubulariidae family (stalked with red/pink heads) c) The yellow highlighted area at Month 17 showing the presence of a
Star Ascidian (Botrylloids diegensis) and a sponge (Sycon ciliatum) d) The yellow highlighted area at Month 18 showing the pres-
ence of an adult barnacle (Balanus crenatus) with Copper oxide on its outer shell. Note that the encrusting Bryozoan (Watersipora
subatra) seen forming in Month 14 grows during this time frame and remains in situ as a frame of reference.

natural seawater will experience an element of abra-
sion (or erosion corrosion or tribocorrosion) due to
wave motion and/or mechanical wear (Wood 2017), it
was considered appropriate to include this mass loss
in the analysis.

Monthly mass change measurements taken during
the experiment include biofouling mass (for NSW
coupons) and the mass of any retained water (NSW
and SSW). As such, monthly mass change measure-
ments for the NSW immersed coupons were domi-
nated by mass gain due to biofouling, whilst the SSW
coupons monthly mass

immersed change was

dominated by mass loss due to corrosion, Figure 10.
The air control coupons showed no significant change
in mass during the study.

The corrosion rates in air were calculated to aver-
age <0.02 mm.yr_l.
from the SSW immersed coupons exactly replicate the
predicted corrosion rate of 0.06mm.yr—' (The
Aluminjum Bronze Advisory Service 1981). However,
the corrosion rates calculated for the NSW immersed
coupons were, on average, 10 times higher than this
and varied with immersion time. A corrosion rate of
1.27mm.yr ' was measured in the first 2months,

The corrosion rates calculated
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Figure 7. Surface cover for an average coupon compared to the surface cover for an average weld bead during an 18-month
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Figure 8. a) Coupon after immersion in SSW for 18 months. b) Model of the section containing the black dotted line with corro-
sion deposit on the weld material circled in red. c) Profile of the weld taken along the black dotted line in a) showing the corro-

sion product deposit heights (circled in red).

1

settling to a mean of 0.11mm.yr " after 12 months,

Figure S4.

Discussion
Temporal and seasonal effects on macrofouling

Millbay Marina was found to experience biofouling
all year, with seasonal variation in abundance and
community composition. The main biofoulers were
Ascidians, Bryozoans and Hydroids, however bar-
nacles (Balanus crenatus) were found on the coupons
after 18 months immersion. Hydroids are considered
to be opportunistic species that exhibit rapid recovery

rates through both asexual reproduction and larval
colonization within 6-8 weeks of settlement (Hughes
1983) and therefore their presence in this study was
predicted. Ascidians are a known biofouling species
in Millbay and are a global fouling threat due to their
rapid growth rate and ability to settle on a wide range
of materials (Lambert 2007). Their proven ability to
settle on copper alloys is disadvantageous.

The coupons were immersed with the welded sur-
facing facing down in the water to ensure that the
welded face was non-illuminated. This discouraged
the growth of macroalgae (which requires sunlight for
photosynthesis) and the results support the research
carried out by Durante (1991) and by Rius et al
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Figure 9. Mean mass loss per immersion time and immersion environment (NSW = natural seawater (Millbay Marina, Plymouth,
U.K.), SSW =ssimulated seawater and Air = control environment, exposed to ambient laboratory air). SD shown where n > 1.
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Figure 10. Mass change averaged for the coupons immersed in natural seawater (NSW), simulated seawater (SSW) and exposed
to ambient air (control) per month over the 18-month study. These masses were measured during the experiment and therefore
include fouling mass (for NSW coupons) and any retained water (NSW and SSW coupons).

(2010) showing that most Ascidians will preferentially
settle on non-illuminated surfaces.

Two seasonal peaks in mass gain were seen for the
NSW immersed coupons in the spring (months 3-4)
and summer (months 7-8), Figure 10, caused by bio-
fouling cover which was influenced by seasonality,
biological lifecycles and organism availability. The 18-
month data represents biofouling and corrosion
expected in mature fouling communities in the early
summer months and therefore represents a situation

that is common on marine structures that have life-
times of >1year (e.g. Offshore wind turbines with
lifetimes of 20-25years (Pakenham et al. 2021) and
merchant vessels that, under the rules of SOLAS
(United Nations 1974), can have up to 5years
between dry docks).

Individual Ascidians were found to grow to a range
of sizes with the largest organism measured in situ at
12 months with 45 mm length. This is longer than the
10-30 mm annual growth reported by Millar (1952),



however, the measurements in the present study were
carried out remotely (by photographic analysis) and
therefore did not involve touch, which would have
stimulated them into contracting (as reported by
Millar).

After 18months immersion, juvenile barnacles
attached to the coupons were able to complete their
metamorphosis and calcify into adults (Figure S2).
This appears contrary to the work done by Pyefinch
and Mott (1948) who showed that the presence of
copper prevents the metamorphosis of barnacles. The
barnacle attachment seen after 18 -months NSW
immersion could have been due to external influences
(such as food availability or seawater physiochemistry)
but could also have been enabled by the biofouling
build up acting as a block to slow the seepage of cop-
per into the local seawater. Equally, it could have
been enabled by a reduced release of copper as corro-
sion rate decreased with increased immersion time (as
suggested in a 28-day experiment by Yang et al.
(2018) and in Figure S4). Further work could consider
why barnacles attached to the NAB coupons did not
remain attached until the final month of the 18-
month study as this could inform the anti-fouling
coating industry and biofouling management.

Effect of position within the Marina
on macrofouling

In Millbay Marina, the differences between biofouling
seen on coupons immersed at the inner site and cou-
pons immersed at the outer site were significant. The
coupons immersed at the outer site were within 2 -
15m of the marina mouth and were therefore influ-
enced by the physiochemistry and fouling organism
availability in the seawater of Plymouth Sound.
However, the coupons immersed at the inner site
were closest to the inner wall of the marina and to
the storm drain outlet (Figure 1). During periods of
high rainfall, the inner site may have experienced
reduced salinity and increased pollution.

In the first 12 months, the inner site coupons were
predominantly fouled by Ascidians (particularly Ciona
intestinalis) whilst the outer site coupons had a larger
proportion of Bryozoans and a more diverse fouling
community including sponges and star ascidians
(Botryllus spp. Figure 6). The differences in the bio-
fouling communities seen on the coupons in the
inner, middle and outer sites illustrate the significant
effects of small-scale geographical and temporal dif-
ferences in larvae availability, anthropogenic disturb-
ance and seawater physiochemistry. However, the role
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of biofilms on larval settlement cannot be excluded
(Cacabelos et al. 2020).

The inner and middle sites were measured to have
the largest percentage cover of black soot after sand-
blasting of the nearby marina pilings. However, no
relationship was found between the surface area cov-
ered by black deposit and the surface area covered by
macrofouling products.
Figure 7 shows an increase in the percentage cover of
black deposit after 18 months immersion which was
mostly due to a large percentage seen on one of the
coupons immersed at the outer site (exact position
shown in Figure S5). This could be linked to the sedi-
mentation time in the marina, where finer particles
take time to coagulate and settle on the coupons. A
typical flux profile of particulate carbon in the ocean
was shown by Omand et al. (2020) to illustrate this.
However, the marina pollution was also observed to be
higher on the final day of the 18 months immersion
test at the outer site compared to on previous sampling
days (Figure S5) and this could have resulted in an
increased bacterial load, encouraging oxidation of the
coupon at this attachment point. The outer most cou-
pons were not found to be affected by this pollution,
possibly due to the flux of seawater from the nearby
marina mouth.

In addition, the proximity of coupons to other
metals (such as the steel pilings of the Marina wall
and the hulls of nearby yachts) could have induced
galvanic corrosion. However, the coupons were posi-
tioned on the opposite side of the floating dock to the
moored yachts (approximately 3m from the nearest
yacht) and the steel pilings were a minimum of 5m
away from the coupons (and these were painted,
except during the sandblasting operation). As such,
galvanic corrosion would not have been expected to
be significant. In contract, no galvanic corrosion
would have occurred on the coupons immersed in the
simulated environment as they were immersed within
a plastic tank, isolated from metallic equipment that
was placed within a separate (sump) tank.

organisms or corrosion

Corrosion rate, severity and biofouling

Overall corrosion product cover after 12 months of
corrosion was 13.9% (SD = 3%) for NSW immersed
coupons (n=6) and 0% (SD = 0%) for SSW
immersed coupons (n=4) and air exposed coupons
(n=3). This shows that immersion in NSW results in
significantly increased corrosion compared to SSW
immersion and air exposure.
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The differences seen in the surface cover on the
weld material compared to the coupons overall
(Figure 7) suggest that the weld material is more vul-
nerable to corrosion and that fouling build up is
slower on the weld material. When immersed for
between 6 - 16 months, the weld had on average 18 -
88% fewer macrofouling species per unit area than
the overall average. This observation was consistent
across samples. However, after an immersion time of
18 months, an anomalously high percentage surface
area of the weld of one of the coupons in the outer
site became fouled, leading to a change in this pat-
tern. This can be seen in the photograph of the outer
coupon in Figure 5. This suggests that corrosion pro-
tection methods should be focussed on weld material
whilst antifouling should be focussed on both weld
and base material.

Evaluation of the corrosion and biofouling maps
alongside photographic observations evidences corro-
sion pits underneath corrosion product deposits and
macrofouling organisms (50% of the corroded areas
shown in Figure S6 were also biofouled).

The results show increasing weight loss with immer-
sion time when immersion times >6 months and an
initially accelerated corrosion when immersion time =
2 months, Figure 9. This variation in corrosion rate for
NAB (Figure S4) supports Oakley et al. (2007) who
showed that, after 12 months immersion in natural sea-
water, corrosion rates stabilised due to corrosion prod-
uct and marine sediment build-up. Similarly, Wharton
and Stokes (2008) suggested that the faster initial cor-
rosion rates were due to corrosion occurring before
the development of a mature protective oxide film.

The local hydrodynamics in the marina (due to cur-
rents, wave and tidal action) will effect the rate of sedi-
mentation and also alter the corrosion rates (Ault
1995; Wood 2007). As there is only a low flow rate
within Millbay Marina (due to the protective marina
wall), there will have been increased sedimentation
and reduced hydrodynamically initiated
corrosion compared to an open-sea environment. As
such, the results could underestimate corrosion rates of
NAB in service in an open-sea environment where it is
exposed to a higher seawater flow rate. For example,
previous research has investigated the effect of erosion-
corrosion on friction stir-processed chromium-rein-
forced NAB composites (Dutta et al. 2022) and the
effect of cavitation induced erosion (Li et al. 2021).

The high corrosion rate calculated for the coupon
immersed in NSW for 2 months represents a worst-case
scenario due to the immersion being carried out in the
spring and early summer when some bacterial clades

erosion-

(such as bacteria in the Order Rhodobacterales, which is
known to be present in Plymouth, U.K. (Gilbert et al.
2012)) will have been at their peak (Mestre et al. 2020).
The results confirm the presence of a biofilm and SRB
and there are numerous reports describing increased
corrosion in the presence of bacterial metabolites
(Scotto et al. 1985) and enzymes (such as catalase)
within the EPS of the biofilm (Schiffrin and De
Sanchez 1985). SRB have been particularly implicated
in examples of accelerated corrosion (Beech 2003;
Videla et al. 2005; Videla and Herrera 2005).

The overall corrosion rates calculated assume that a
weld bead is present and that no material protection is
in place and therefore represent a worse-case scenario.
This is important as corrosion protection such as paint
can be chipped off as seen in the sinking of the vessel
Ms Nancy C where pitting and wastage around a for-
ward access cover contributed to the sinking of the
vessel (National Transportation Safety Board 2019).

Corrosion rates calculated from the SSW study
were a factor of 10 times lower than the corrosion
rates calculated from the NSW study. This is because
they do not include the corrosion caused by the add-
itional factors found in the natural seawater (includ-
ing microbially induced corrosion (MIC), crevice
corrosion caused by macrofouling organisms, tribo-
corrosion, temperature, salinity and oxygen concen-
tration variations with time and season etc.).
Therefore, corrosion rates calculated from SSW tank
tests should be used with caution when predicting the
behaviour of metallic components immersed in NSW.

Sea wetted cast NAB components used in UK.
Naval Defence applications must be validated following
the requirements of Defence Standard 02-872 Part 2
before service. The purpose of validation is to establish
the integrity of the component and create baseline
measurements for wall thickness and weld repairs.
Defence Standard 02-879 Part 1 Issue 1 states the cor-
rosion rate of NAB to be 0.05-0.075 mm.yr . Based
on the results shown in the present study, basing valid-
ation requirements on this corrosion rate may lead to
the underprediction of wall thickness loss per year.

Once cast NAB components have been used in ser-
vice involving contact with seawater, revalidation of
the component (to allow component re-installation
following a long overhaul (dry-dock) period) is car-
ried out following Defence Standard 02-872 Part 3.
This revalidation establishes the extent of corrosion,
the status of any weld repairs and determines the
remaining wall thickness. If revalidation of a compo-
nent is accepted, it will be re-installed on the vessel
for continued service.
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Revalidation is accepted when all critical wall
thicknesses are >90% of the finished machined draw-
ing. When this criterion is not met, revalidation can
also be accepted using the probabilistic approach and
the MoD developed a code (NABWETIFE) based on
a submarine specific database of castings and inspec-
tion  timescales for  this  purpose. = When
NABWETLIFE cannot be applied, a deterministic
approach (using FEA and fracture mechanics) can be
implemented to suggest revalidation acceptance. In
this instance, where SSW based corrosion rates are
being used as part of the deterministic approach, and
based on the results presented here, it is recom-
mended that a 10x corrosion rate factor is included to
take account of the effects of biofouling.

Method and testing environments

Wells et al. (2015) summarised time-lapsed corrosion
and biofouling data using a thematic coding method.
They had small samples where only one code was
allocated to each sample and the sampling occurred
daily for 43days. In this study, their method was
developed to allow quantification of the photographic
output by mapping percentage surface area cover of
each theme.

The mapping of the biofouling organisms involved
inherent and unavoidable inaccuracies due to the
movement and different colour morphology of the
organisms. Hydroids and erect Bryozoans stand per-
pendicular to the coupon surface when immersed in
seawater but can relax down onto the coupon surface
in air and the colour and texture of Hydroids and
sediment are similar. Due to this Hydroid presence
was marked as a binary “present or not present” in
the early months and then considered as part of the
“sediment and Hydroid” percentage coverage once
present. Surface area mapping of Ascidians also
involved inherent inaccuracies as the surface area cov-
ered by each individual organism varied depending
on the contraction of the organism’s muscles, how
full the organism’s gut was and whether it had
flopped over onto its side when it was removed from
the water or fallen in on itself longitudinally.
However, the comparability of all image based meas-
urements was ensured through consistency in person-
nel, method and software across all measurements.

The surface cover method used in this paper shows
a 2D output for a 3D process. As such, vertical build-
up of corrosion products and biofouling is not con-
sidered, and this data does not capture where erect
Bryozoans flopped on top of nearby Ascidians or
where hydroid growth obscured corrosion products.
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To avoid this, underwater scans could have been
used; however the inherent inaccuracies in capturing
moving organisms on a coupon hanging in the water
column would also have produced errors.

The testing environment for any corrosion or bio-
fouling study is key and, can typically be identified as
“natural seawater” (NSW) or “simulated seawater”
(SSW) (The Aluminium Bronze Advisory Service
1981). SSW used in corrosion experiments is well
characterised by ASTM  D1141-98  (ASTM
International 1998) whilst test carried out in NSW
(e.g. (Videla et al. 2005)) are exposed to natural fluc-
tuations in parameters including seawater tempera-
ture, salinity, nitrate and sulphate concentrations,
oxygen concentrations, light etc.

Due to the cost and access issues created by carry-
ing out natural seawater immersion studies in the
marine environment, SSW tank studies are often used
preferentially. For example, Ault (1995) carried out a
corrosion study in an SSW tank as it allowed them to
alter the flow rate over the samples whilst controlling
other corrosion factors such as water temperature, sal-
inity and pH. Similarly, Wojcik et al. (1997) used an
SSW tank with an impinging jet system and continu-
ous, in-situ corrosion potential monitoring which
would have been prohibitively difficult to set up in
the real marine environment. However, we observed a
significant difference in the overall corrosion rate
between coupons immersed in NSW, SSW and air.
This stands as an example of the importance of repre-
sentative testing environments, supporting the find-
ings of Mele et al. (1989) and Oakley et al. (2007).

Conclusions

Marine biofouling profoundly affects corrosion rates
of welded NAB. Plasma-welded NAB immersed in
natural seawater experienced macrofouling which was
widespread and well-developed, in addition to a bio-
film with density of 20.8ug mm™> and confirmed
presence of sulphate-reducing bacteria. Furthermore,
juvenile barnacles (Balanus crenatus) were able to
metamorphose into calcified adults when attached to
NAB material that had been immersed in natural sea-
water for 18 months. The effect of these macrofouling
and microfouling organisms (along with the differ-
ence in physiochemistry between natural and simu-
lated seawater) increased the corrosion of NAB
relative to NAB exposed to the simulated environ-
ment. The corrosion rate of NAB immersed in natural
seawater was accelerated in the initial 2 months and
the average rate over 18 months was calculated as 10
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times faster than NAB immersed in simulated sea-
water and 30 times faster than NAB exposed to air.

Since biofouling can accelerate corrosion in NAB
so severely, corrosion rates calculated from simulated
seawater tank tests should only be used with extreme
caution when predicting life expectancy of metals
immersed in natural seawater. As the purpose of cor-
rosion testing is to allow behaviour predictions for
metals used in the natural marine environment, it is
important to carry out tests in natural seawater where
possible and use the results of these tests for life
expectancy predictions. This will ensure that all nat-
ural variables (such as wind, seawater hydrodynamics,
temperature, biofouling and salinity) are included in
the predictions.
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