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Uniform corrosion is
characterized by corrosive
attack proceeding evenly
over the entire surface
area, or a large fraction of
the area of the metal under
attack. Uniform corrosion
results in loss of material
until failure (most
widespread form of
corrosion

Pitting Corrosion

IS considered to be more
dangerous than uniform
corrosion damage
because it Is more
difficult to predict and
design against.
Corrosion products often
cover the pits making the
detection often very
difficult.
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Crevice Corrosion
occurs in the presence of
stagnant solution in a small
(micro) crevice. Local
chemistry changes in crevices
(shielded areas) such as those
formed under gaskets,
washers, insulation material,
fastener heads, surface
deposits, unbonded coatings,
threads, lap joints and
clamps, can result in crevice
corrosion.
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Typés of corrosior

Galvanic Corrosion
refers to corrosion damage induced when
two dissimilar materials are
coupled in a corrosive electrolyte (into
electrical contact under water)
- one of the metals in the couple becomes
the anode and corrodes faster than it would
all by itself, while the other becomes the
cathode and corrodes slower than it would
alone. Either (or both) metal in the couple
may or may not corrode by itself
(themselves) in seawater.
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Microbiologically Induced

Corrosion (MIC) refers to corrosion
caused by biological organisms or microbes.
These microbes are categorized by common
characteristics such as their by-products (i.e.,
sludge producing) or compounds they effect
(i.e. sulfur oxidizing). They all fall into one of
two groups based upon their oxygen
requirements; one being aerobic (requires
oxygen) such as sulfur oxidizing bacteria, and
the other being anaerobic, (requires little or
no oxygen), such as sulfate reducing bacteria.
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The process of corroélbn of metals

deterioration or degradation of metal

the formation of rust on steel

most corrosion phenomena are of electrochemical nature

consist of at least two reactions on the surface of the corroding metal

1) the oxidation (e.g., dissolution of iron)
Fe = Fe?* + 2e (anodic)
2) the reduction (e.g., reduction of oxygen)
2H,0 + O, + 4e- =40H- (cathodic)
1) and 2) :

2Fe + 2H,0 + O, = 2Fe(OH),
2 Fe?* + 40H- = 2Fe(OH), (non-electrochemical)
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Electrochemlcal characterlsatlon

| SVV - Linear sweep voltammetry

EIS ° Electrochemical impedance
spectroscopy

e Electrochemical noise with
ECN FFT



Measu rement of corrosmn rates

Weight loss measurements

e as a function of time

* no simple way to extrapolate the results to predict
the lifetime of the system under investigation

Electrochemical Tests

e to characterize corrosion mechanisms
» to predict corrosion rates
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Calculatlon of corrosmn rate

» The corrosion rate depends on the kinetics of both anodic
(oxidation) and cathodic (reduction) reactions.

» According to Faraday's law, there is a linear relationship between
the metal dissolution rate or corrosion rate, Ry, and the corrosion

current I,
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| b=

M
corr an COFF

M is the atomic weight of the metal, p is the density, n is the
charge number which indicates the number of electrons
exchanged in the dissolution reaction, the ratio M/n is also

referred to as equivalent weight.
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Calculatlon of corrosmn currents

Calculation of corrosion rates requires the calculation of corrosion currents.
When reaction mechanisms for the corrosion reaction are known, the

corrosion currents can be calculated using Tafel Slope Analysis.

orr {EXP(23033+9XP(—23033} n=E _Ecorr

E...r IS the open circuit potential of a corroding metal, b,, , b, Tafel constants

corr

For large anodic overpotentials (x / b, >>1) the Butler Volmer equation
simplifies to the Tafel equation for the anodic reaction.

n =109 Igo, + b, log |

For large cathodic overpotentials ( / b, << -1)

n = =109 Ieor — b l0g |i

Tafel equations predict a straight line for the variation of the logarithm of

current density
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figure 1: Current potential curve for iron screw
Immersed in seawater.
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Figure 2 Tafel plot for iron screw immersed in
seawater,
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Figure 3 GPES window for specifying the parameters
required for Tafe! analysis.
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Figure 5: GPES window for showing the results
of Tafel analysis.
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Figure 4: GPES window for the specification of Tafel
regions with the help of markers.
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Figure 6: Tafel plot showing passivation of iron in the
presence of inhibitor.
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Calculatlon of corrosmn rate

the assumption that

» the corrosion reactions were under charge transfer control
(activation overpotential)

» the mechanisms of the reactions were known

Polarization resistance - RIO
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Measurement of polarization resistance
_
Al

AE polarization voltage
Al polarizaton current

R

AE—0

=i {exp(2.3033+exp(—2.303ﬂ

a C

For small n, 1.e. for potentials close to corrosion potentials, the above
eguation can be reduced to:

_ b.b 1 If the Tafel slopes are not
I,y = 2.303 2= known (e.g. when corrosion
b, +b, ( R, mechanism is not known), the
R, can still be used as a
b b 1 quantitative parameter to
Rp =2303 2° | compare the corrosion
ba + bc - resistance of metals under
various conditions. 11
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Measurement of Rp

 Linear sweep
LSV voltammetry

£l Electrochemical
Impedance spectroscopy
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Figure 1: LSV data for corrosion of iron screw immersed in seawater
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Electrochemical i o spectroscopy
corrosion EIS

electrodeposition, 3
electrodissolution, passivity
SAM
diffusion of 1ons across
membranes semiconductor
Interfaces

L
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The fundamental approach of all
Impedance methods is to apply a S |
small amplitude
sinusoidal excitation signal Nt
l; — ¥
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and

Taylor series expansion for the current is given by

2
Al = (d'j AE + L[ '2 AE? +....
dE Je, . 2 \dE® ).

If the magnitude of the perturbing signal AE is small, then the higher
order terms can be assumed to be negligible. The impedance of the
system can then be calculated using Ohm’s law:

Z(e) = AE (o)
Al (w)

Z(w)Is Impedance = T (w)

frequency range of 100kHz — 0.1Hz
15
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Principles of EIS

The impedance
of a resistor

_AE(w) _AU(w)

Al(w)  Al(w)

The impedance
of a capacitor

The impedance
of an inductor

The current through a resistor will be in phase with the po-
tential drop and the impedance will thus be given by a vec-
tor lying on the real axis i.e. Zp = R +i*0

The current through a capacitor with the capacity C can be
calculated by help of the capacitor equation: Q = C*U:

_dQ _  dU
I_dt—[J dt

If a sine current, U = U_sin(wt), is used: 9(Qo

I=-0-C-U, -cos(w-t) = m-C-Un-ﬂin(m-t—g}

This shows that the impedance has the magnitude 1/@C and
will be phase shifted by 90° negative in relation to the po-
tential drop. The impedance can therefore be expressed as:

1
w-C

Similarly the impedance of an inductor can be shown to be:

Zo=0—i-

Z; = 0+i o L

where L is the inductance. Only very few electrochemical re-
actions contains inductive elements in particular auto cata-
lytic reactions.
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E1S: data analysi
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summary of equivalent circuit elements

Circuit Element Impedance tanh . i
R, Resistance R F=F an joT
C. Capacitance 1 Jr

JE _ 1_5.':-
L, Inductance jeo L = o
CPE, Constant Phase 1
Element, [ C)
W, Warburg Impedance = A isthe diffusion resistance
Infinite diffusion length ;l';_c,-_:- T is the diffusion time constant
W, Warburg Impedance - m o isthe diffusion layer thickness
Finite diffusion length R D is the diffusion coefficien t
JT
Constant phase element - CPE
7 . - -

Z=oF 9% 1, CPE acts as an ideal capacitor

a = 0, CPE acts as an ideal resistor

17



Principles of EIS measurements.
The double layer

This double layer capacity, Cy,. gives rise to an alternative

CapaCIty path for the current across the electrode/electrolyte inter-
face and will therefore operate in parallel with the charge
transfer reaction:
Im
zZ
C S .
dl .
1Z| !
|
[ 1 .
® L =
—+ —
I | Tl'; U

The charge
E transfer resist- R _ RT

react l'lFin

ance
Rct

The impedance of the parallel combination can be found

from:

% = %+i C-w
The impedance R ‘ R20C
of a parallel com- Z = 5 5 3 1 SR
bination 1+C o R 1+C o"R
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Principles of EIS measurements

In cartesian co-ordinates Z(W) = Z (W) + JZ;(W)

A Im

In polar co-ordinates Z(w) ;LZ (CO)GW\ e z

magnltude of the ohase shift 1Z| |
impedance |
i e
=
Z(t) = E(t) E,cos(at) _7 cos(at)

I(t) I, cos(wt—¢) ° cos(wt—g)

The plot of the imaginary part against the real part of impedance - Nyquist plot.
The shape of the curve is important in making gualitative interpretations of the data.
The disadvantage of the Nyquist representation is that one loses the frequency
dimension of the data. One way of overcoming this problem is by labelling

the frequencies on the curve. The absolute value of impedance and the phase shifts
are plotted as a function of frequency in two different plots giving a Bode plot. The

relationship between the two ways of representing the data is as follows:
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The different views on-impedance data

St

The impedance data are the red points.
Their projection onto the Z““-Z* plane is called the Nyquist plot
The projection onto the Z““-v plane Is called the Cole Cole diagram
The absolute value of Z and the phase shifts are plotted as a function of
frequency In two different plots giving a Bode plot
79
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EIS: Experlmentalset up%

potentiostat/galvanostat, a frequency response analyser (FRA modul)

2 electrode cell
3 electrode cell
4 electrode cell

4 electrode cell

- between two measuring electrodes separated by a
membrane, the WE and the CE enable current flow.
This kind of a cell is usually used :

» to study ion transport through a membrane,

» to perform electron or ion conductivity measurements

» to measure low impedance where the influence of contact and wire resistance
should be minimal.

23



- X = r s g R
s -. : SEPTR N T GRS TR [ Lkl L v vq'::‘ T D
mﬁ% i B i :::. SRS gy _:_-._.: o “_t -n.l,__ .-',,-,_-:... aAA '.:_:x,\_ : - ? . % g ,? § %‘5
S = HEE ! . "-.- e .' ! _. b '] . E :-._" Nk S l"d:- . kh a:-
A =

EIS: experlment parameters

@stat/gal@ FRA modul

Poted{ostatlc or galvanostatlc mode
at a fixed DC potential at a fixed DC current

DC potential or current
typical current potential curve for a corrosion of iron in passivating solution

* Dpen circuit potential (OCF), cormosion
Limiing current plabeau region potential or zero current
+ Potential or cumrent in the active region
+* Potential or current in the passive region
* Potential or current in the limiting current
plateau region

log|l]
it is desirable that OCP is measured
OCP can change dynamically at each frequency or the
due to changes in measurements are done under

the electrode E galvanostatic control at zero current

surface

24
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EIS experlment parameters

FRA parameters or settings

1. AC mode (single sine or multi sine)
2. perturbation (sine wave) amplitude (10 mV)

3. Integration time
4. wait for steady state

5. frequency range (100kHz — 0.1Hz)
6. frequency distribution (linearly, logarithmically or with a square root distribution)
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Model 1

& resistance and a capacitance in seres

r

EIS: equivalent circuit models

R
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Model 2

A resistance, a capacitance and an inductance in
series

Model 2 can be used to model the responze of a
supercapacitor.

R g R

Model 3

A resistance and a capacitance in  parallel
(Randles circuit)

Ra | corcee

Fio Yem Dope Pt Srolee [obea ke R
Erwwr __ EEE|
Model 1 can be used, for example, to model a
tal with d d hiah i P d fi (T— The Randles circuit is one of the simplest and most
metal with an undamaged high impedance coating. [ common  cell models. It includes a solution
| a0 resistance, a double layer capacitor or a CPE and
Fo Yen Doy Pl dnckve [obcdla Wiwdee id a polarization resistance. It is used o model
14 comosion processes and is often the starting point
[ i -1 + for other more complex modeals.
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EIS: equivalent circuit models

Model 4

Mixed kinetic and diffusion control

C

Model 4 can be used to descrbe electrode
proceszes when both kineties and diffusion are
important.
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Model 5

Two Randles circuits in series
| 1

R
o C C |
R R
ct it
L AA—

Model 5 can be used, for example, to model the
response of batteries.
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Model &

A complex circuit

Model & can be used, for example, to describe the
impedance of an organic coating on a metal
substrate in contact with an electrolyte.
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