NOVEL METHOD OF THE INITIATION STAGE OF STRESS CORROSION CRACKING
MONITORING WITH RESPECT TO MARINE CONSTRUCTIONS

K. Darowicki, ® J. Orlikowski?, A. Arutunow®", W. Jurczak®

a) Gda®sk University of Technology, Fatgulty of

Corrosion and Materials Engineering, Gda@EsKk
b)  Naval University of Gdynia, Division of Mechanical and Electrical Engineering, Gdynia,

Poland
Abstract

Corrosion of marine constructions and vessels is a very important issue in relation totthe safe
aspects. It is connected with the fact that many marine constructions are exposed to the aggressive
corrosion environment. As a result it leads to vessels collisions and unexpected accidents.

The following paper presents the application of dynamic relelsemical impedance spectroscopy
(DEIS) for examination of the initiation stage of stress corrosion cracking (SCC) of aluminum
A91050 immersed in 0.1M NaCl solution at room temperaflings paper presents instantaneous
impedance spectra obtained at d#fa potential values. The results obtained indicate that process

of the passive layer cracking can be considered as the initiation stage of the SCC and depends on
tensile stresses, whereas further evolution of corrosion processes depends on electtochemica
conditions.
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Introduction

Each year various water regions witneeflisions of vessels what leads to extremely dangerous
environment pollution due to tbdgd transported
In many cases, these situations are caused by human mistakes and/or improper activity of power
transmission system and control system. The best solution to this problem is a proper designing
procedure. Safety of marine constructions and vesselsnsidered as one of the most important
issues for technical structure designers. Accordingly, properties of applied construction material for

assumed working conditions and the environment influence should be included at the designing



stage. Additionally,to assure specified construction strength the safety coefficient should be

specified.
<k k=—= 1
o X 1)

where:.
k1 general coefficient of permissible stresses
X 1 safety coefficient in relation to tensile strength (for aluminum and alumialloys X = 4 as it
is in the case of steel and it includes corrosion resistance).

Generally, structure of a hull of a ship, superstructure and other outer elements of power
transmission and control system are made of steel and aluminum alloys. Deriagpthitation
they are subjected to the aggressive marine environment what leads to corrosion processes (general,
pitting and stress corrosion cracking). More than once the corrosion of power transmission or
control elements causes they inefficiency. @& dther side, the corrosion construction is the reason
for faster wearing of power transmissions elements and unexpected damages leading to dangerous
accidents.
One of the most dangerous types of corrosion that causes failures of marine constructions and
vessels is stress corrosion cracking (SCC). The main feature of the SCC is simultaneous presence of
tensile stresses and aggressive electrolyte environment. Rupture of the passive layer under tensile
stresses conditions causes faster dissolution of nretafjgressive corrosion environments [1].
Studies performed by Darowickt al.on 304L stainless steel in chlorides solution confirm that fact
[2]. Classical stress corrosion cracking researches are based on electrochemical and mechanical
measurements amdetallographical studies [3The use of potentiostatic techniques developed the
knowledge of the SCC mechanism [4] and allowed the determination of the SCC characteristic
potentials [3]. Classical electrochemical impedance spectroscopy (EIS) also nadsislep
receiving information concerning the SCC process, but only before and after the moment of

cracking, when investigated system is in the stable state [5].



The objective of this paper was determination of aluminum passive film quality and its
protecive properties during the tensile test by means of dynamic electrochemical impedance
spectroscopy (DEISApplication of DEIS technique allowed the observation of dynamic changes
of nonstationary process of aluminum passive layer cracking. This novebdetlade possible
monitoring of aluminum passive layer behaviour during the whole tensile process. Thus, it can be

used in corrosion monitoring as a very useful scientific tool.

Experimental

Electrochemical measurements were carried out under tensilsestr&rain rate was equal to
0.01s" in order to detect such a rapid electrochemical process as the passive layer cracking.
Application of slower strain rate would result in too large measurement files, which would be
unable to be analysed. Examined saaplere made of aluminum A91050 H16 B221 (according to
ASTM standard) in the form of bars.

Samples were mounted in a measurement cell and then in a tensile testing machine MTS 81012.
Tensile tests and samples preparations were performed according t@&AL1-EAC1 standard at
room temperature with the MTS extensometer characterized by the measurement base of 40 mm.
The middle part of the investigated samples had been narrowed and that was the working specimen.
Characteristic dimensions of a specimen drelrheasurement cell are presented in Figure 1. The
narrowed part of the samples was exposed to electrolytic environment. The rest of the specimen was
isolated from the environment. Silver / silver chloride electrode was used as a reference electrode
and the auxiliary electrode was made of platinum net. Electrolyte environment used in the
investigations was 0.1M NaCl solution. Geometry area was equal to 3.14Timma of impedance
measurement was correlated with tensile process. Total measurement timeuak$oeld50
seconds. The measurement had been stopped when the sample was broken.

Fig. 1
The measurement sep consisted of an ELPAN EP20A potentiostat and a National Instruments

AT-MIO-16E-1 card generating the perturbation signal. Impedance measuresmsgatsonducted
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for the frequency range: 2640 HB Hz. Two National Instruments PG052E cards driven by one

signal registered voltage perturbation and current response signals. Sampling frequency of 12288
Hz resulted from measurement card settingsgoainour disposal. In our investigations the rulti
sinusoidal signal composed of 12 sinusoids was utiliZdte papers[6,7] contain detailed

description of this method.

Results and Discussion

On the basis of performed tensile tests stiesfain curvesvere recorded. However, for all
examined specimens received tensile curves did not show any significant differences. Therefore,
Figure 2 depicts averaged stressrelative elongation dependence obtained for investigated
specimens. Accordingly, the follomg mechanical properties were determined: tensile strength R
= 152 [MPa], yield strength related to 0.2% of elongatign R70 [MPa], elongation A= 10,4
[%],Young modulus of longitudinal elasticity E = 6,67 [GPa].

Fig. 2

Presented tensile curve indiea that the stregsrelative elongatiomlependence is not linear in the

initial phase. It means that Young modulus of longitudinal elasticity decreases with increasing stress
values at the same time, and in this region H

DEIS meaurements were conducted to receive sets of instantaneous impedance spectra and
changes of characteristic electrochemical parameters in time domain at various electrochemical
conditions (E =-0.600V, E =-0.650 V, E =-0.700 V, E =-0.750 V, E =-0.800 V)during the
passive layer rupture process.

Fig. 3

In Figure 3 a set of instantaneous impedance spectra in the form of Nyquist plots received for
examined potential range has been illustrated. Concerning the fact that time of impedance
measurements was celated with tensile process each spectrum refers to 0.4 of a sdaond.
separate regions can be distinguished in these diagrams. The first presenting semicircles and

exhibiting the capacitance character and the other, registered for hetgitere elongtion values,
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bending in the direction of negative of the real axexhibiting the inductance character. It can be
clearly visible in the diagrams presenting the magnification of obtained spectra fel0OEG0 V
depictured in Figure 3d. Size and shapfe impedance spectra depend strongly retative
elongationand potential. For E 0.800 V the inductance loop does not appear. On the other hand,
for the potentials E =0.750 V and E =0.700 V it decays just before the end of measurement.
Analysis ofrecorded impedance spectra had to be performed to give a detailed characterization of
the process occurring during the tensile te€istained results weranalysedusing equivalent

circuit presented in Figure 4.

Fig. 4

Fitting of the proper equivalentircuit was performed by means of professional computer
programme ZsimpWin. The best compatibility of measured and calculated impedance spectra was
received for the equivalent circuit proposed by Lee and Pyun [8] and Breslin and Rudd [9]
presented in Figuré. Accordingly, this equivalent circuit was used for further calculations.

Particular elements of employed equivalent circuit have been desribed to explain phenomena
occurring on the aluminum surface. Dynamic changes of calculated electrochemical parearete

be found in Figures b 6.

Fig. 5

Figure 5 presents passive layer capacitance (C) versus relative elongation dependence. Distinct
increase in capacitance values was detected for relative elongation of 0.8. According to the fact that
this capacitancelenotes dielectric properties of the layer the increase in its values indicates the
passive layer tightness decay and initiates the corrosion process of aluminum. Therefore, crack of
the passive layer is observed due to the tensile stresses. Similés vestd recorded for 304L
stainless steel [3]. For the potentialio®.600 V capacitance increase is more rapid what can be
connected with initiation of pitting corrosion process observed for this potential festremsed
specimens. Slight impact of lawization on the capacitance changes with the relative elongation is

visible for higher relative elongation values, i.e. just before rupture of passive layer. In such



conditions passive layer was already damaged. In that way measured capacitance sanbleel de

as the electric double layer capacitance of aluminum corrosion processes. For relative elongation of
0.7 slight decrease in capacitance can be found in Figure 5 for all examined potentials, except
E =-0.600 V. It might be involved with the strucal transition occurring in the passive layer what

is not clear at the moment and requires further studies.

Lee and Pyun [8] in their work do not include the electric double layer capacitance (C) due to its
high values. A result of capacitance obtainedthis paper points out that capacitance for high
relative elongatiorvalues is connected with the electric double layer capacitance. The capacitance
behaviour of the passive layer with increasing relative elongation confirms mechanical reasons for
the pasive layer rupture. Increase in capacitance and cracking of the passive layer occurs at the
same time at (px/x) = 0.8 and is independent

Fig. 6

The resistance Rdependence as a function of relative elongation is depint&dgure 6. For all
examined potentials Falues decrease gradually. However, observed decrease is more rapid for
more anodic potentials. For E-8.800 V resistance is stable up to the crack of the passive layer and
does not go bel-070 \2abdE=0.d00 V fheresistBnce=equals zero. Regions,

in which the R values are low, are correlated with the occurrence of inductance loops in impedance
spectra for all examined potentials.

According to the Lee and Pyun model [8] the resistances Related to the process of anodic and
cathodic charge transfer through the passive layer, and depends on the ioglecardnature of

this film. They explain the decrease in Yalues by chloride ions penetration to the oxide matrix
and substitution ofoxide ions &, which not only causes additional charge carrier, but also
influences the aluminum ion vacance formation in the cathodic matrix. In that wagluRs are
reduced due to ionic and electric charge transfer. However, what is the most @rdimaldecrease

in Ry values is connected with the passive layer rupture due to the tensile stresses presence. During

the tensile process density of punctual defects increases leading to the passive layer with more



disordered structure than it was in these of norstressed specimens with the same chemical
composition [9].Slight decrease in Rvalues for E = 0.800 V proves that after the crack of the
passive layer the rate of corrosion processes is not significant because of conditions that were
similar to stationary potential.

Completely different character of,Rhanges with relative elongation can be seen @600 V

involved with the presence of localized corrosion and limiting tightness of passive legistance
decreases for relative elongatiexceeding 0.5. Similar situation can be found for the potential of

0.650 V what also indicates the initiation of localized corrosionvdtues measured for lower
relative elongation characterize the passive layer resistgo@emeter that cannot bdated to the

anodic polarization level. For all examined potentials dynificantly decreases for relative

el ongation of 0.8, which also points out the
R, represents the charge transfer resistanaushinum corrosion processes for its value depends

on applied potential.

In many literature positions the inductance loop is represented by inductance that does not have any
physical sense. However, it is accessible to analyze using the equivalent biamyt scientists

replace the inductance by the negative capacitance [10]. In the case of analysis performed in these
studies the authors adapted the inductance due to its better fitting.

Negative capacitance assignation, as it was in the casg ofaBburdened with distinct error due

to the low level of employed frequencies (7Hz).

Summary

Applied measurement technique (DEIS) due to its methodology can be recognized as a very
useful scientific tool in the SCC monitoring for marine constructions.

Initiation of aluminium passive layer cracking under tensile stresses is a very rapid
electrochemical process, so the application of classical impedance technique does not allow

receiving information concerning dynamics of that process. Results presentedpapér are the



first that take into account dynamic changes during the passive layer cracking and stress corrosion
cracking (SCC). Moment of the passive layer rupture can be distinctly observed and distinguished
from the specimen breakdown.

Recorded irpedance spectra present highquency capacitance behaviour and -low
frequency inductance loop. Shape of impedance spectra can be explained {syepuissolution
mechanism, though the origin of capacitance behaviour and inductance loops stilléanot cl

Values obtained for electrochemical parameters, the charge transfer resistance through the
passive layer Rand the capacitance of passive layer C in particular, confirm dynamic character of
the passive layer cracking process. Changes of these giarantlearly indicate aluminium
transition from the passive into the active state. C values evidently showed the instant of passive
layer cracking that takes place for relative elongation of 0.8. Changesaofl &} are good
correlated with the stress c¢iges occurring during the tensile process.

Threshold relative elongation value of 0.8 proves that aluminum has a very resistant passive
layer, and in such conditions corrosion processes will not go according to the SCC mechanism.

However, different situgon might be observed in the case of aluminum alloys.
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Figure Captions

Fig. 1.: Meastement cell and characteristic dimension.

Fig. 2.: Average tensile stresses curve as a function of relative elongation.

Fig. 3.: Instantaneous impedance spectra at different potential values obtained for aluminum
A91050.

Fig.4: Equivalent circuit for alumum passive layer [8]: € capacitance of the passive layes,iR
coupled resistance of the passive layer and the charge transfer reagiicagd®rption resistance,

L 7 inductance.

Fig.5: The aluminum passive layer capacitance (C) versus relativgagtom for investigated
potentials

Fig.6: R versus relative elongation for investigated potentials.
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