
S

B

R
a

b

c

a

A
R
R
A
A

K
B
S
G
C

1

t
o
t
c
t
s
n
a
i
e
w
o
[
t

b
r
c
c
p

0
d

Colloids and Surfaces B: Biointerfaces 79 (2010) 524–530

Contents lists available at ScienceDirect

Colloids and Surfaces B: Biointerfaces

journa l homepage: www.e lsev ier .com/ locate /co lsur fb

hort communication

arnacle cement: An etchant for stainless steel 316L?

. Sangeethaa, R. Kumara,∗, M. Dobleb, R. Venkatesanc

Department of Metallurgical and Materials Engineering, IIT Madras, Chennai 600036, India
Department of Biotechnology, IIT Madras, Chennai 600036, India
National Institute of Ocean Technology, Pallikaranai, Chennai 600100, India

r t i c l e i n f o

rticle history:
eceived 28 January 2010
eceived in revised form 23 April 2010
ccepted 2 May 2010
vailable online 12 May 2010

a b s t r a c t

Localized corrosion of stainless steel beneath the barnacle-base is an unsolved issue for the marine indus-
try. In this work, we clearly bring out for the first time the role of the barnacle cement in acting as an
etchant, preferentially etching the grain boundaries, and initiating the corrosion process in stainless
steel 316L. The investigations include structural characterization of the cement and corroded region, and
eywords:
arnacle cement
tainless steel 316L
rain boundary etching
orrosion

also chemical characterization of the corrosion products generated beneath the barnacle-base. Structural
characterization studies using scanning electron microscopy (SEM) reveals the morphological changes
in the cement structure across the interface of the base-plate and the substrate, modification of the
steel surface by the cement and the corrosion pattern beneath the barnacle-base. Fourier transform
infrared spectroscopy (FTIR) of the corrosion products show that they are composed of mainly oxides
of iron thereby implying that the corrosion is aerobic in nature. A model for the etching and corrosion

ased
mechanism is proposed b

. Introduction

Marine biofouling is a natural phenomenon which occurs on
he surfaces of submerged structures. The impacts of the growth
f micro- and macro-organisms on the surface include the reduc-
ion in the efficiency of marine vessels, destruction of protective
oatings on the surfaces thereby enhancing corrosion and reduc-
ion in the efficiency of underwater acoustic devices like sonic
ounding devices [1–4]. Stainless steels are alloys of great tech-
ological importance as they have good resistance to corrosion
nd are widely used in marine systems. But their usage is lim-
ted as they undergo various types of localized corrosion [5–8]. The
ffect of adhesion of microorganisms on steel surfaces has been
ell-studied and the electrochemical mechanism by which these

rganisms induce corrosion has been investigated and formulated
9–15]. However, the corrosion due to macrofoulers, especially due
o barnacles, has been relatively less explored.

Localized corrosion of stainless steel under the calcareous
arnacle-base is a widely recognized phenomenon. The cor-

oded region replicates the barnacle-base and appears as distinct
revices under individual barnacles. It was initially understood that
orrosion happens only beneath the base of dead barnacles. Decom-
osition of the barnacle flesh by putrefactive bacteria into acidic
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products and the interaction of the same with steel substrate were
considered to be the reason for corrosion and pit formation [16].
Subsequently, corrosion was reported to be taking place beneath
the live barnacles as well. The crevices thus produced appear either
as a continuous single ring along the periphery of the barnacle-
base or as concentric rings replicating that of the annular ring
pattern of the base. The metabolic activities of the sulfate-reducing
or putrefactive bacteria on steel surfaces were believed to generate
corrosion products such as iron sulfide and iron oxide though no
experimental evidence have been provided till date [5,17,18].

Despite the evidence of the multi-protein barnacle cement
binding the base-plate firmly with the substrate, to our best of
knowledge, no attempt has been made to elucidate the role of
this marine adhesive on the corrosion process. Hence, the present
study has been undertaken to try to investigate the role of barnacle
cement on corrosion process through structural characterization of
the corroded substrate and chemical characterization of the corro-
sion products.

2. Materials and methods

Stainless steel coupons of size 10 cm × 15 cm were immersed
in the marine water of Bay of Bengal (Chennai port, India) for 6

months. The coupons were collected from sea and cleaned well
to remove the debris. The seawater quality parameters were mea-
sured at the time of removal of the substrates and are appended
in Table 1. Corrosion centers were visible below the live barnacles
as well as the dead ones. Not every barnacle has corrosion center

dx.doi.org/10.1016/j.colsurfb.2010.05.009
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:nvrk@iitm.ac.in
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Table 1
Seawater quality parameters at the time of removal of substrates.

Temperature 28 ◦C
Submerged pulse corona 54.2 mS/cm
Dissolved oxygen 3.6 mg/l
pH 8.0
Salinity 36.0 ppt
Oxidation reduction potential 396.7 mV
Ammonia 3.04 �M
Inorganic reactive phosphate 0.80 �M
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Nitrite 0.18 �M
Silicate 0.11 �M
Nitrate 14.29 �M

eneath its base. The younger ones probably showed no corrosion
eneath them when viewed with naked eye. The coupons were
ubsequently allowed to dry up after removing the tissues of the
arnacles. The shells of the barnacles along with their cement were

eft on the substrate. Adult barnacle shells belonging to the species
mphibalanus reticulatus were chosen for the present investigation.
eneath the younger barnacle shells, the chemical imprint left by
he barnacle cement resembling fingerprint mark was clearly visi-
le (see Fig. 1a). The corroded regions beneath the adult barnacles
ere distinguished into rusted and non-rusted regions (see Fig. 1b).

.1. Scanning electron microscopy
The microstructure of the dried cement imprint and the cor-
oded substrate, both in the secondary electron mode (SE) and
ackscattering mode (BSE), were studied using FEI Quanta 200
USA) scanning electron microscope fitted with lithium doped sili-

ig. 1. Photographs of barnacle-fouled stainless steel substrates. (a) Cement imprint
eft on the substrate after the removal of the base-plate. Some regions of the cement
re corroded and (b) rusted and non-rusted corrosion centers found on the substrate
fter the removal of base-plate.
B: Biointerfaces 79 (2010) 524–530 525

con energy dispersive X-ray spectrometer (EDS) of AMETEK Process
and Analytical Instruments. The substrate having the dried cement
imprint was coated with 6 nm thick Au/Pd prior to SEM examina-
tion.

2.2. Fourier transform infrared spectroscopy

To understand the chemical composition, the corrosion prod-
uct beneath the barnacle-base was scraped off from the substrate
and pressed into a pellet with spectroscopically pure KBr. The func-
tional groups of the compounds present were collected by Fourier
transform infrared spectroscopy (FTIR) using a Perkin Elmer (Spec-
trum, USA) spectrometer at a resolution of 4 cm−1 in the frequency
range of 4000–400 cm−1.

3. Results

In this section, results obtained on the barnacles using the
above characterization techniques are presented which provide a
comprehensive understanding of the corrosion pattern. Based on
these results a model for etching and corrosion process happening
beneath the barnacle-base is proposed towards the end of Section
4.

3.1. Structural characterization: barnacle cement and corrosion
pattern

The SEM images corresponding to the barnacle cement as an
etchant for SS316L are illustrated from Fig. 2a–d. The preferential
etching of the grain boundaries by the barnacle cement is depicted
in Fig. 2a. Here a thin translucent layer of cement over the sub-
strate is observed and the grain boundary-etched substrate is seen
through this translucent layer. Fig. 2b represents the cement struc-
ture at a higher magnification. At some region where the top-layer
is peeled off, the mesh-like structure of the cement is notice-
able. The mesh-like structure has been reported previously for live
cement [19]. Fig. 2c indicates that the barnacle cement forms a thin
dense sheet at the immediate vicinity of the surface and the mesh-
like structure is seen above this dense layer. This kind of a dense
smooth layer is seen very close to the base-plate also (Fig. 2a as this
image corresponds to the base-plate detached surface). The etched
surface shows the absence of any dense sheet over the etched grain
boundary regions as in Fig. 2c. However, the mesh-like cement is
seen above the grains, which is illustrated in Fig. 2d.

Both the rusted and non-rusted corrosion centers of the sub-
strate, as indicated in Fig. 1b, were characterized using SEM. In
the rusted regions hardly any trace of cement was observed. The
overall view of the periphery of the corroded region both in SE as
well as BSE mode is represented in Fig. 3a and b. The rusted region
appears dark in the BSE image and the elemental composition data
indicated the presence of Fe and O as the major elements reveal-
ing that the corrosion product is mainly composed of oxide of iron.
The magnified images of the rusted and non-rusted regions that are
shown in Fig. 3c and d and a combined image inclusive of both these
regions under BSE mode is shown in Fig. 3e to show the contrast
due to composition difference. The rust appears as a uniform layer
comprising of iron oxide particles (determined by EDS) over the
non-rusted surface which has undergone chemical etching along
the grain boundaries. Grains of size approximately 20 �m were
seen throughout the substrate. Along the grain boundary regions,
spot EDS indicated the chromium to be present around 18 wt% and

along the edges of the grains the composition was around 13 wt%. At
the center of each grains 15 wt% of chromium was observed. Fig. 3f
represents the corroded peripheral region of the barnacle attach-
ment and in some regions near to the periphery severe pitting was
observed which is indicated in Fig. 3g.
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ig. 2. Secondary electron mode SEM images of barnacle cement over the steel su
tructure of the cement seen below the dense top-layer, (c) thin dense layer of cem
he grain boundaries.

In order to estimate the chemical etching of stainless steel, a
resh piece of stainless steel (unexposed to marine waters) was
ut and polished until mirror finish using diamond paste (1 �m). It
as then etched for 60 s with an etchant of composition 15 ml HCl,

0 ml, HNO3 and 10 ml acetic acid [20] and was observed under
EM. Chemical etching of the grain boundaries similar to that of the
arnacle-induced etching is observed which is illustrated in Fig. 4a
nd for comparison, an image representing the barnacle cement-
tched is given in Fig. 4b. Grain sizes were similar in both the cases.
pot EDS done along the grain boundaries and on the grains also
hows a correspondence with the composition difference observed
n the barnacle-induced etching.

.2. Composition of corrosion products

Fig. 5 represents the FTIR spectrum of the corrosion prod-
cts found underneath the barnacle-base. The broad IR band with
ransition minimum at 3442 cm−1 corresponds to the molecular
ater of hydration in limonite (�-FeOOH·nH2O), while the sharp
and at 1034 cm−1 belongs to lepidocrocite (�-FeOOH) [21]. The
road band with transmission minimum at 1633 cm−1 corresponds
o molecular water in hydrogen bond association with ferrihy-
rite [Fe(OH)2], ferrous sulfate and/or goethite (�-FeOOH). The IR
and at 497 cm−1 cannot be ascribed to just haematite (�-Fe2O3)
te. (a) Translucent cement over the preferentially etched substrate, (b) mesh-like
tached to the substrate, and (d) cement present over the grains and not seen along

alone as the vibrational frequencies originating from magnetite
(Fe3O4), lepidocrocite (�-FeOOH), maghemite (�-Fe2O3), limonite
(�-FeOOH·nH2O) and ferric hydroxide [Fe(OH)2] have strong influ-
ence in this particular region of IR spectrum from 400 to 700 cm−1

[22]. The presence of [Fe2(SO4)3·9H2O] and (FeSO4·7H2O) is
detected on the basis of the band at 1114 cm−1 [21,22]. The rest of
the peaks present in the spectrum can be ascribed to the barnacle-
base-plate and the proteinaceous cement which is secreted for its
settlement. The characteristic calcite peak is observed at 874 cm−1

and the carbonate ion peak at 1439 cm−1 [23]. These probably arise
from the basal shell of the barnacle which is composed of calcite.
The other spectral bands at 2916, 2519, 1139 cm−1, including the
one at 3442 cm−1 can be attributed to the amide II group of the
barnacle cement protein [23].

4. Discussion

An investigation on understanding the adhesion behavior of bar-
nacles on metallic substrates like austenitic stainless steel was the

motivating factor for exploring the corrosion mechanism happen-
ing below their base. Localized corrosion under the barnacle-base
is reported in literature as the activities of bacterial community
(especially sulfate-reducing and putrefactive bacteria) occurring
under anaerobic conditions formed due to the cement beneath the
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Fig. 3. Effect of barnacle attachment on SS316L substrate. (a) and (b) Represent the pattern of rust formation from the periphery towards the center of attachment in
secondary and back-scattered electron mode. (c)–(e) Correspond to the magnified view of rusted and non-rusted regions. (f) and (g) Represent the peripheral region of
barnacle attachment. The non-attacked substrate is seen in both the image. Severe pitting is the notable feature in (g).
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Fig. 4. Secondary electron SEM images of artificially etched (a) and barnacle-ad

arnacle-base [17,18], and also because of the crevice propaga-
ion produced due to the carapace associated with the barnacle
rowth [5]. It has been reported that as the liquid adhesive of
he barnacle spreads over the surface, it entraps the living colony
f the biofilm layer and provides ambient conditions for specific
rowth of certain bacteria [17]. Wiegemann has reviewed that even
hough a damp biofilm is a key factor for the attachment of larvae
f macrofouling species, a direct contact of their adhesives with the
ubstratum is equally essential for their survival and the adhesives
f the macrofouling species penetrate the biofilm layer to attach
ith the substrate [24].
The results of our present investigations show that the barna-
le cement has a major role in the initiation of corrosion process.
he non-destroyed, translucent cement seen uniformly above the
referentially attacked grain boundaries imply that corrosion is ini-

Fig. 5. Transmittance spectrum of the corrosion products
e etched (b) surfaces. Grain size and morphology are similar in both the cases.

tiated by the cement itself (Fig. 2a). A closer examination of the
cement reveals the formation of two types of structures. Towards
the substrate and the base-plate a thin dense layer is formed, which
is evident from its translucent appearance (see Fig. 2b and c), and
the mesh-like structure is formed in between these two dense lay-
ers at the bottom of the base-plate and the top of the substrate.
Apart from the thin dense layer of barnacle cement, also no bac-
terial colony is observable in the SEM micrographs which are in
accordance to the report of Wiegemann [24]. Even though there
is a possibility for the mesh-like adhesive to entrap the bacteria,
the dense cement layer found at the immediate vicinity of the sub-

strate prevents the direct contact of the bacteria with the substrate
providing no crevices for the bacteria for their corrosive metabolic
activities. It is this dense sheet of the cement that interacts with the
substrate to preferentially etch the grain boundaries and not the

indicating the various oxide phases of iron present.
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Fig. 6. A schematic of the various processes involved in the etching and corrosion of stainless steel surface. (a) Solidified structure of barnacle cement over the substrate.
T le-bas
g the ab
a ractio
b
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c
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he insert in the figure shows the BSE-SEM image of the cross-section of the barnac
rain boundaries in the absence of the cement. (c) A cross-sectional view showing
s channels for seawater to flow in. (e) Rusting of the substrate as a result of inte
arnacle-base towards the center.
etabolic activities of any sulfur reducing bacteria. The absence of
ny dense sheet over the etched grain boundary regions, as indi-
ated in Fig. 2d, supports this statement. The question of how the
arnacle still remains attached to the substrate even after this dense

ayer vanishes, as one might expect, can be explained by the same
e attached to the surface. (b) Barnacle-etched steel surface showing the grains and
sence of barnacle cement along the grain boundaries. (d) Grain boundaries acting
n with the corrosive seawater. (f) Rust propagation through the periphery of the
micrograph where one can see the mesh-like cement sticking on
the grains.

Propagation of the rusting pattern from the periphery towards
the center of the base is another notable feature (Fig. 3b) and this
was reported earlier by Eashwar et al. [16]. Ferrous sulfide (FeS)
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as considered as the corrosion product formed, but no chemical
haracterization as an evidence to support this hypothesis was pro-
uced in any of the reports to the best of our knowledge. The FTIR
pectrum shows a major band for limonite (�-FeOOH·nH2O) and
ther peaks corresponds to mainly different oxides of iron along
ith another peak for [Fe2(SO4)3·9H2O]. Hence, this corrosion can

e classified under aerobic corrosion and the absence of FeS in the
pectrum further confirms the same. It is also important to keep
n mind that the substrate deployment was carried out in coastal

aters, 3 m deep from the land level, where the dissolved oxygen
evel is much higher when compared to the deep oceans, which
urther boosts up aerobic corrosion. Hence, for the discussion of
ur data we can assume that the corrosion is solely initiated by the
referential etching of the grain boundaries by the barnacle cement
nd not due the metabolic activities of any bacteria.

To ensure that biological etching of stainless steel is typical
f barnacles, those regions where no corrosion center was seen,
as wiped with acetone to remove the barnacle cement and was

bserved under metallurgical microscope. Our assumption can
e considered justified as the etching of the grain boundaries

s observed in non-corroded regions also wherever the barnacle
ement was present. A comparative study of the artificially etched
nd barnacle-etched surfaces shows a similarity in the etching
ehavior for both the chemicals. Hence, barnacle cement can be
onsidered as an etchant for the stainless steel 316L.

.1. Model for etching and corrosion mechanism

Based on the results obtained, we present a model here
o explain the mechanism of etching and corrosion happening
eneath the barnacle-base. A schematic representation of the
odel is depicted in Fig. 6. This has reference to the schematic rep-

esenting the cementing mechanism of barnacles explained in our
revious study [23].

1) Barnacle larva settles on the surface by penetrating the biofilm
and metamorphoses to juvenile adult. This juvenile form grows
by the process of repeated molting cycles and in between
each cycle, it secretes its adhesive, the barnacle cement, which
spreads in such a way that any gap between the base-plate and
the substrate is completely filled and cures in a period of few
hours as described in the literature [24].

2) The solidified cement has a peculiar mesh-like structure
throughout. But it forms a smooth dense layer at the imme-
diate vicinity of both the substrate and the base-plate. Thus the
structure is as follows in that order: substrate, smooth dense
sheet of cement, mesh-like pattern of cement, smooth dense
sheet of cement and base-plate (Fig. 6a).

3) The dense layer of cement, which is a part of the unknown
protein complex, is capable of reacting with the protective
chromium oxide layer of the austenitic substrate and disrupts
this layer.

4) As, this protective layer is ruined, grain boundaries which are
comparatively at a higher energy state with respect to the
grains, get exposed and are attacked which is depicted in Fig. 6b.
But still the barnacle remains adhered to the substrate because
the cement connection is disrupted only along the grain bound-

aries and not over the grains (Fig. 6c).

5) The attacked grain boundary regions provide a channel for the
corrosive seawater to flow inside the crevice formed by the
barnacle (Fig. 6d) and starts attacking the grains. This initi-
ates rusting at the periphery (Fig. 6e) and progresses inwards

[

[

[
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as shown in Fig. 6f. Severe rusting can result in the formation
of pits later on (Fig. 3g).

(6) Further, the absence of ferrous sulfide in the corrosion products
confirms that the corrosion is not due to the anaerobic activi-
ties of the sulfate-reducing bacteria, but due to some unknown
activity of the barnacle cement, which can be understood only if
its exact chemical composition at the interface (at the substrate)
is resolved.

5. Conclusions

In summary, the present work attempts to understand the
mechanism of corrosion happening below the barnacle-base by
associating the available knowledge on the corrosion products and
structural properties of the cement. The structural characteriza-
tion of the corroded regions shows that the corrosion process is
initiated by the preferential etching of the grain boundaries by the
barnacle cement. The process further progresses aerobically to yield
different oxides of iron which constitute the corrosion products. To
speak about the chemical reaction of the cement with the substrate,
knowledge on the exact composition of the adhesive is essential
which has not been fully understood yet up to the molecular level.
Future work will be focused on resolving the proteins present in the
cement and comparing them with the interfacial cement structure
to understand their role in corrosion.
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