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ABSTRACT

In this paper the corrosion behavior of different materials has been evaluated
based on exposure in seawater. The laboratory immersion test technique has been
applied to evaluate the effect of seawater on the corrosion behavior of different
materials. In three sets of experiments, carbon steels (A681 Type O7), austenitic
stainless steels (316L) and aluminium alloys (Al5083) were utilized. The specimens
were fixed fully submerged in seawater. The corrosion process was evaluated using
weight loss method, open-circuit potential measurements (OCP) and polarization
techniques. To determine gravimetric index and the rate of penetration, samples
were immersed in corrosive environment for 89 days and weighed periodically. The
electrochemical experiments were conducted with a Potentiostat/Galvanostat (PGP
201) analyzer. It was connected to a PC. The Voltamaster software was used for
electrochemical data analysis. A three-electrode cell composed of a specimen as a
working electrode, Pt as counter electrode, and saturated calomel electrode (SCE)
(Hg (I)/ Hgz2Cl: (s)) as a reference electrode were used for the tests. The weight loss
tests revealed the lowest corrosion rate values for stainless steel and aluminium
alloys, indicating a beneficial use for these materials in marine environments. The
potentiodynamic method shows that the lowest corrosion rate in seawater (2.8 um
/year) was obtained for the AI5083 alloy, and the highest value of the corrosion rate
(41.67 umlyear) for A681 carbon steel.

KEYWORDS: corrosion, weight loss, seawater, corrosion rate

Metallic corrosion in the marine environment
has been studied since the beginning of the century.
Due to the high dissolved oxygen content in seawater,
the corrosion mechanism of different metals is that of

1. Introduction

Corrosion represents the deterioration in time of
metals, alloys, and also of materials in general, that

are exposed to the action of some factors which are in
the surrounding environment by chemical and
electrochemical reactions.

The problem of corrosion is very important. In
order to control this effect, certain methods of control
or reduction of damages are needed, resulted after this
process. Simultaneously, these methods are additional
reasons for the maintenance of equipment.

Corrosion is a process that cannot be avoided
and that causes damages to the industry and implicitly
affects the world economy. For this reason, measures
for preventing and slowing down the corrosion of
equipment and metal parts had to be taken [1].

Seawater is the only electrolyte that contains a
relatively high concentration of salts that usually
occurs in nature, covering at the same time two-thirds
of Earth’s surface.

oxygen depolarization (except Mg and its alloys). In
the Black Sea, the water can have a high content of
hydrogen sulphide with the approximately total
absence of dissolved oxygen. Due to the increase of
acidity, the corrosion effect can take place due to the
hydrogen depolarization, the cathodic overvoltage of
the hydrogen release decreases, and the anodic
depolarization increases due to the formation of
sulphides on the metal surface [2-7].

After some studies, Vermesan discovered that
salinity, the biological component, and the seas and
oceans’ temperature are variables, as well as the
corrosion rates are different in these waters. In warm
seas, where under normal conditions the corrosion
rate increases with the temperature, the deposition
reaction of calcareous layers on metal surfaces is
accelerated and these layers prevent corrosion. The
alloy’s nature is very important because it influences
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the corrosion effect. That is why alloys that have high  determined. Most of the time, more methods,

Cu content cannot be covered by marine organisms
due to the copper’s toxicity [8].

In the naval industry, a series of materials with
various characteristics necessary to develop a quality
product is used to manufacture ships.

Different destructive attack forms can appear in
structures, ships, and equipment that are exploited.
Marine corrosion describes most of the problems that
appear in contact with seawater. But not only, it also
contains the way how corrosion evolves as a result of
metal exposure to the atmospheric action or to salt
corrosion in naval engines that operate with open
cooling systems [9-11].

In this paper, the corrosion behaviour of some
materials i.e., the AI5083 alloy, 316L stainless steel,
and A681 (type O7) carbon steel, was studied in
seawater (Black Sea), and also their level of
resistance to factors met in the corrosive environment.

2. Materials and methods

The tested samples were purchased from the
DAMEN Shipyards Galati, one of the 32 biggest
shipyards of the Damen Shipyards Group, repair sites
and related companies around the world.

These materials, the AI5083 alloy, the 316L
stainless steel, and the A681 (type O7) carbon steel
are used to manufacture various products: coastal
ships, patrol ships, cargo ships, and logistic support
ships, ferries, and barges.

The Al5083 alloy, the 316L stainless steel, and
the A681 (type O7) carbon steel were selected for
constructing products for the naval industry, and not
only, due to certain characteristics that make them
resistant to corrosion up to a certain level.

The applied methods in studying the corrosion
of metals must fulfil the conditions of detailed control
of the factors that characterize the corrosion effect.
Choosing the study methods firstly depends on the
type of corrosion process which must be assessed, the
purpose pursued, and the place where it is

guantitative and qualitative, are used simultaneously.

In this case, for the study of corrosion behaviour
of the AI5083 alloy, 316L stainless steel, and O7
carbon steel materials quantitative study methods
were used. The quantitative methods of corrosion
assessment are classified as follows:

+ gravimetric methods;

 electrochemical methods.

The gravimetric methods are the most used in
studying general corrosion (uniform or non-uniform)
of metals, applying for electrolyte solutions and for
non-polar organic substances.

These methods also have disadvantages which
consist of high consumption of metal, errors after
weighing, and the pickling that is done on the metal,
long period of determination, and the fact that it is not
applied to the forms of localized corrosion (pitting,
intergrain) where the metal loss and the consumed
oxygen quantity are very low [12, 13].

The gravimetric index or the corrosion rate
(Vcor), indicated by g/m?-h or by mg/dm?-day
represent the weight variation of the metal sample
(Am) as a result of corrosion, in the time unit (t) and
on the surface unit (S), being demonstrated by the
ratio:

Am
Veor = o
5t

[9/m?-h] (@)

The penetration index (P) indicates the average
depth of the penetration of the corrosive environment
in the metal mass. In other words, the average
decreases in the thickness of the exposed sample (d)
in the unit of time (t), being defined by the ratio:

P=- [mm/year] 2

The penetration index can be measured with a
corrosion resistance conventional scale for materials
(Table 1) which provides indicative information on
the opportunity to use an alloy or metal as
construction material for a corrosive environment.

Table 1. Corrosion resistance conventional scale for materials [14]

Corrosion resistance group | The penetration index [mm/year] Stability coefficient
Perfectly stable <0.001 1
0.001-0.005 2
Very stable 0.005-0.01 3
0.01-0.05 4
Stable 0.05-0.1 5
. 0.1-05 6
Relatively stable 05-10 7
1.0-5.0 8
Less stable 5 0-10 9
Unstable >10 10
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For determining the corrosion rate by
gravimetric method, the seawater (Black Sea) was
chosen as testing environments.

The tested materials were the AI5083 aluminium
alloy, the O7 carbon steel, and the 316L stainless
steel.

Before determining the corrosion rate of the
materials, the samples were measured, cleaned, and
prepared with metallographic paper, weighted with
the help of an electronic balance, and then submerged
in solution (seawater).

The most frequent polarization methods used in

the  laboratory  for  corrosion  tests  are:
potentiodynamic polarization, potentiostatic
polarization, and cyclic voltammetry. These

techniques can provide important data regarding the
corrosion  mechanism,  corrosion  rate, and
susceptibility to corrosion of specific materials in the
environment. The polarization methods imply
changing the working electrode potential and
monitoring the current obtained as a function of time
or potential.

The potentiodynamic method consists of varying
the electrode potential at a determined speed by
applying a direct current to the electrode. It is one of
the most used polarization methods for determining
corrosion resistance and is used for a wide range of
analyses.

The corrosion current in the potentiodynamic
charts can be calculated with the Stern-Geary formula
which expresses the dependence between the
polarization resistance and the corrosion current:

The value of the corrosion rate was calculated
with the relation:

ipor-A-10

Veor = D-v-96500 ©)

where:

icor - the density of the corrosion current

calculated with the Stern-Geary formula;

A - atomic mass of the metal,

D - metal density;

v - valence of the metal.

The specialized literature presents references to
the behaviour of metallic materials used in the naval
industry in seawater (natural or artificial) [15-17].

The corrosion tests were done using
VOLTAMASTER 4 (PGP 201) connected to the
electrochemical cell with three electrodes: the
working electrode (W.E.), the tested sample on whose
surface the measurement was done, the counter
electrode (C.E.), the platinum electrode and calomel
electrode SCE (Hg (1)/ HgzCl: (s), KCI, sol sat) as the
reference electrode (R.E.; E Hg/Hg.Cl, = +0.2444 V
at 25 °C/ESH). The system was connected to a

computer with data analysis software. The analysed
samples (the working electrode) have been isolated
on one side before being immersed in the seawater
testing solution.

The corrosion tests of each sample began with
the monitoring of the open circuit potential — OCP,
after submerging the samples in the testing solution
until it reached the stationary value.

For the potentiodynamic polarization tests, the
following parameters were used: initial potential
(I.LP.) -1.0V (SCE), final potential (F.P.) +300 mV
(SCE), scanning speed 2 mV/s.

3. Results and discussions

3.1. Results obtained by gravimetric
methods

Determining the corrosion rate after 7 days since
immersion: After a 7-day period from immersion of
the samples in the seawater, they were cleaned,
weighted, and submerged again. The masses of the
samples both initial and at 7 days are shown in Table
2.

Table 2. Weight variation at 7 days

Materials Initial Weight after 7
weight (g) days (9)
Al5083
aluminium 7.4395 7.4299
alloy
316L stainless | g o043 19.6187
steel
AB8L carbon 20.1641 20.1429
steel

The values of the corrosion rate were calculated
with the ratio (1), after submerging the samples in
seawater for 7 days.

Corrosion rate after 7 days since immersion

’h)

é 0.05 0.0446
2B 0.04
E
£ 0,03
= 0.0192
.g 0.02
g or I 0.0094
£ 0.
Al5083 316L A681

Fig. 1. The corrosion rate after submerging in
seawater for 7 days
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According to the data from Figure 1, it can be
seen that after 7 days of immersion in seawater, the
corrosion rate has the highest value in the case of the
O7 carbon steel, 0.0446 g/m?h. Lower values were
obtained for the other materials, such as a value of 2.3
times lower was calculated in the case of the Al 5038
aluminium alloy i.e., 0.0192 g/m?h. The lowest value
for the corrosion rate at 7 days of immersion was
calculated for the 316L stainless steel (0.0094 g/m?h),
a value 4.7 times lower than that calculated for the
A681 (type O7) carbon steel.

Determining the corrosion rate after 28 days
since immersion: The variation of the masses of the
samples tested in seawater after 28 days of immersion
is presented in Table 3 and the corrosion rate for each
tested material is presented in Figure 2.

Table 3. Weight variation at 28 days

_ Initial Weight
Materials weight (g) after 28
days (g)
Al5083

aluminium 7.4395 7.4216

alloy

316L
stainless 19.6243 19.6106

steel
AB8L (07) 20.1641 20.1165

carbon steel

The corrosion rate for the three tested materials
AI5038, 316L, and A681 (O7) have the same rate in
the chart comparatively presented with that from the 7
and 14 days since immersion.

Corrosion rate after 28 days since immersion

h]

m 0.03 0.025
&1, 0,025

o 0,02

S 0,015

g7 0,009

= 0.01 0.0058

o -

= 0,005 I

’5' O I

A

Al5083 jieL A681

Fig. 2. The corrosion rate after submerging in

seawater for 28 days

According to the data from Figure 2, it can be
observed that after 28 days of immersion in seawater
the corrosion rate has the highest value in the case of
the O7 carbon steel (0.025 g/m?h). Lower values were
obtained for the other materials, like a value of 2.7

times lower for the Al 5038 aluminium alloy i.e.,
0.009 g/m?h. The lowest value for the corrosion rate
after 7 days of immersion was calculated for the 316L
stainless steel (0.0058 g/m?h), a value 4.3 times lower
than that calculated for the carbon steel.

Determining the corrosion rate after 89 days
since immersion: The variation of the masses of the
samples tested in seawater after 89 days of immersion
is presented in Table 4. and the corrosion rate for
each tested material is presented in Figure 3.

Table 4. Weight variation at 89 days

. Initial Weight
Materials weight (g) after 89
days (g)
Al5083

aluminium 7.4395 7.4216

alloy

316L
stainless 19.6243 19.6106

steel
AB81 (O7) 20.1641 20.1165

carbon steel

The corrosion rate for the three tested materials
AI5038, 316L, and A681 (O7) have the same rate in
the chart comparatively presented with that from the 7
and 28 days since immersion.

Corrosion rate after 89 days since immersion

h]

L 0,02 0.0182
- 0,015
=
o 001
- 0.0046
o 0,005 0.0024
i
O 0 N
Al5083 316L A681

Fig. 3. The corrosion rate after submerging in
seawater for 89 days

According to the data from figure 3, it can be
observed that after 89 days of immersion in seawater
the corrosion rate has the highest value in the case of
the O7 carbon steel (0.0182 g/m?h). Lower values
were obtained for the other materials, like a value of
3.9 times lower for the AI5038 aluminium alloy i.e.,
0.0046 g/m?h. The lowest value for the corrosion rate
after 7 days of immersion was calculated for the 316L
stainless steel (0.0024 g/m?h) a value 7.5 times lower
than that calculated for the O7 carbon steel.
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Micrographs were done with the help of an

optical microscope to which a USB digital

microscopy camera type OPTIKAM 4083.B1 was
attached.

In Figures 4-6, micrographs for the AI5038,
316L, and A681 (O7) materials are presented, before

and after immersion for 89 days in seawater.
a b

Fig. 4. Micrographs of Al 5083 alloy in the initial phase (a) and 89 days after immersion (b)

a b

Fig. 5. Micrographs of 316L stainless steel in the initial phase (a) and 89 days after immersion (b)

a b

Fig. 6. Micrographs of A681 type O7 carbon steel in initial phase (a) and 89 days after immersion (b)
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It can be observed that a degradation process of

the initial surface after the interaction with the
seawater appears.
The corrosion that was gravimetrically

discovered in the seawater was highlighted by
metallographic analyses on the surfaces of the
AIl5083, 316L, and A681 (O7) materials subjected to
corrosion for 89 days. The induced modifications by
various corrosion mechanisms to the corrosion
material/environment interface were studied by
relating to the witness samples (before corrosion).
After the 89 days of immersion, the morphology of
the samples’ surfaces is deeply modified. It is found
that the degradation mechanisms of materials due to
corrosion are complex. Thus, it can be noticed that
the localized corrosion highlighted by corrosion spots
— relatively big and small depth portions in the case
of the stainless steel, corrosion plates — relatively
small but deep surfaces in the case of the carbon steel,
and pitting concentrated on small surfaces (with
diameters to 100 pum) in the case of aluminium alloy.

Determining the penetration index after 7 days
since immersion: Figure 7. represents the penetration
index P for the tested materials after being immersed
in seawater for 7 days.

Penetration index after 7 days since immersion

. 008 -
B 0.0622
& — 0.06 0.0501
g8
.2 20,04
==
=8 .
g & 0,02 0.0105
& o H
Al5083 316L A681

Fig. 7. Penetration index calculated after 7 days
since immersion

After 7 days of immersion in seawater and after
the calculations were done, the highest penetration
index was obtained for the Al 5038 aluminium alloy
with a value of 0.0622 mm/year. According to Table
1, the AI5038 alloy presents the stability ratio of 5 in
the marine environment, which is group Il of
resistance i.e., stable.

The lowest penetration index was obtained by
the 316L stainless steel with a value of 0.0105
mm/year which is also in group Il of resistance,
meaning that is stable, well usable.

The O7 carbon steel had a close value of the
penetration index to that of the aluminium alloy i.e.,
0.0501 mml/year, thus proving that the carbon steel
also presents the stability ratio of 5 in the marine

environment, which is group Il of resistance i.e.,
stable.

Determining the penetration index after 89 days
since immersion: Figure 8. represents the penetration
index P for the tested materials after being immersed
in seawater for 89 days.

Penetration index after 89 days since immersion

0.025

y 0.0204
2 %92 go140
= § 0,015
g =
£2 oo
B 2 0,005 0.0026
o 0 -
Al5083 316L A681

Fig. 8. Penetration index calculated after 89
days since immersion

After 89 days of immersion in seawater and
after the calculations were done, the highest
penetration index was obtained for the O7 carbon
steel with a value of 0.0204 mm/year. According to
Table 1, the O7 carbon steel presents the stability
ratio of 4 in the marine environment, which is group
Il of resistance that is stable after 89 days since
immersion.

The lowest penetration index was obtained by
the 316L stainless steel with a value of 0.0026
mm/year, resulting in a stability ratio of 2, which is
group Il of resistance, that is very stable.

The AI5038 aluminium alloy had a penetration
index value of 0.0149 mm/year, this demonstrating
that the carbon steel presents the stability ratio of 4 in
the marine environment, which is group Il of
resistance, that is stable.

3.2. Results obtained by the electrochemical
method

Tracing and interpreting the Tafel curves give
information about the corrosion current’s intensity,
polarization resistance, and the corrosion rate for the
tested systems. The corrosion rate values were
calculated with the ratio (3).

The open circuit potential of the 316L stainless
steel inclines towards more positive values,
suggesting a better corrosion behaviour in the
seawater. The open circuit potential for the Al5038
alloy starts from the most negative potential (-670)
and increases linear, passing the open circuit potential
for the carbon steel.

The potentiodynamic charts for the AI5038
alloy, O7 steel, and 316L steel in the seawater are
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presented in figure 10 and the corresponding values
of the corrosion current, polarization resistance, and
the calculated Tafel parameters are presented in Table
5.

—.—AI5083
0 .—07
316L

-50
-100
-150
=200
-250
=300
=350
=400
-450
=500

Potential [mV]

=550
600
-650

1 M 1 M 1 M 1 v 1 v 1 M 1
0 100 200 300 400 500 600
Timp [sec]

Fig. 9. Evolution of open circuit potential in the
seawater testing solution

From the presented data, it can be observed that
the corrosion potential inclines towards negative
values for the O7 carbon steel.

For the tested materials, the lowest corrosion
rate in seawater (2.8 um/year) was obtained for the
AIl5038 alloy and the highest value of the corrosion
rate (41.67 pm/year) for the O7 carbon steel. For the
stainless steel, a corrosion rate close to that of the
aluminium alloy has been calculated i.e., 4.2 um/year.

=—Al_5083
*— A681

316L
=200 =

-300
-400 -

=500

Potential, [mV]

600 4 m— i

=700

-800 <

=2.0 =15 -1.0 -0.5 |°;'|U||,_N2;2] 1.0 1.5 2.0
Fig. 10. Comparative potentiodynamic curves
for AI5083 alloy, A681 type O7 carbon steel and
316L stainless steel in seawater

Table 5. Corrosion parameters determined from Tafel curves

Materials Potential Rp i cor pa Be V cor
[mV] [kohm cm?] | [nA/em?] | [mV/decade] | [mV/decade] [um/year]

Al SOSQ;IT:)L;m'”'“m -508.2 76.70 0.2573 48.8 137.9 2.801

A681 carbon steel -724.0 3.36 3.8484 60.4 107.2 41.670

316L stainless steel -275.6 61.97 0.3522 124.4 110.5 4214

4. Conclusions

On the entire research period of 89 days, it was
observed how each material, the AI5083 alloy, the
316L stainless steel, and the O7 carbon steel suffered
modifications in terms of material density, but also at
the materials’ surface, these cracking at the surface.

After the studies were finished, which consisted
of measuring the corrosion rate, the penetration index
of the metals, and the corrosion potential, it was
observed that of all materials the least resistant to
seawater corrosion is the A681 (type O7) carbon
steel, and the most resistant were the AI5038 alloy
and the 316L stainless steel.

Marine corrosion can be prevented and the most
important factors in preventing marine corrosion are:
the project, material selection, cost criteria,
manufacturing factors, purchasing criteria, elements

of influence due to the construction system, and the
mode of operation and maintenance.
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