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1. Introduction (f&77)

- Definitions (Eﬁ)
s
Definitions of corrosion (B ELAYEF)

= Corrosion is defined as the deterioration of a material,
usually a metal, that results from a reaction with its
environment. - NACE International

= Physico-chemical interaction between a metal and its
environment which results in changes in the properties of the
metal and which may often lead to impairment of the
function of the metal, the environment, or the technical
system of which these form a part. - ISO

= Corrosion cost to society (expensive, wasteful of natural
resources and loss of life) : typical 3-4% GNP
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1. Introduction (f&77)
- Corrosion Forms (/i B2 3EF)

» Classification based on reactions and
the corrosion processes

+ Wet corrosion (/& &)

+  Dry corrosion (T /& &f)

mechanisms of

- Corrosion forms ([Ea1%EH)

= Uniform (or general) corrosion (2 EfE 514
Srgen)
= Corrosion attack dominated by uniform
thinning due to even & regular loss of metal
over the entire surface area.
= Types - atmospheric corrosion and high
temperature corrosion
= Localized corrosion (/S & & Ak)
= Localized corrosion is common but sometimes
catastrophic, and its occurrences and speed
are hard to predicated.

Types: galvanic (bi-metallic); pitting; stress
corrosion cracking; differential aeration
(crevice corrosion); erosion-corrosion
(cavitation); corrosion fatigue; selective
corrosion
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2. Corrosion theory (/& &IE:H)

2.1 Electrochemical Aspect (E{EE2E )

a) Electrochemical cells (EB{EE2&;t) — sign convention

Galvanic or Voltaic cell (corrosion, battery)

- +

Electrolytic cell (electroplating)
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-+
<) te
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Corrosion Forms (B Al EEHZ)

c “ Uniform or general corrosion (ZHEIEEY) ‘
o p—

__| Localized corrosion (E‘Eﬂ!lﬁﬁﬂ) ‘
galvanic (Bf&EM)

* erosion (EEFERERA)
mg?:fﬁ:g e crevice (REMFEHH)
P * pitting  (BERE )

selective (EiBTEREHR )
cavitation (&84)
inter-crystalline (S RAE8k)
SCC (EAEeRE)
corrosion fatigue (J&8hJE 45
(RAMRFEAY) |+ H embrittlement (SNEIRGEY

microscopic
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2. Corrosion theory (/& 8HIE )

2.1 Electrochemical Aspect (E{LE3 iR )

| 10 ]
a) Electrochemical cells (E{C&&E;th)

- Composed of a pair of electrodes (1) coldancde

in contact with an electrolyte (BEZR)
= 2types

5 Aut—>Au*
Electrolytic cell (EEAZES M) @ Camoue/%

Al glasses
frame to be
plated

e.g., electroplating system (B )

Galvanic cell

e.g. batteries, corroding system(Z&

M TBERAAR)

2. Corrosion theory (/& &HIE )
2.1 Electrochemical Aspect (E{EE32i# )
=
a) Electrochemical cells (B{EEE i)
- Electrode potentials (BB 1)

- Different metals (e.g., iron, zinc, copper) have different
electrode potentials (called reduction potentials) due
to their inherent different tendency toward
electrochemical reaction

= Metal having a more negative reduction potential
tends to be more active (corroding) in an electrolyte

Zn Fe Cu
E(V) -0.76 -0.44 +0.34

{mmm  ACTIVE




TABLE 2.1 Standara Eiectromative Force Polentials (Reduction Potentials)

Standard
Potential, ¢*
Reaction (volts vs. SHE)
e e
s
W0 (GH O) e
+1.2
Standard electrode
. . 0y + 2H,0 + de” = 4OH™ (pH 7)* +0.82
(reduction) potential AgTde = Ag +0.799
Hg,™ + 26 = 2Hg +0.788
AAREEE R o
( u) 0y + 2H,0 + de” = 4OH" (pH 14) +0.401
Cu?* +2e” +0.337
So'*t + 2 = +0.15
Wz 0.000 | g
PO + 2" = Pb =0.126
Sn** + 2 = Sn =0.136
Ni** + 2" = Ni -0.250
Co** + 2" = Co -0.217
Cd* + 2 =Cd =0.403
Fe?' + 2 = Fe ~0.440
Cr* + 3¢ =Cr ~0.744
Zn** + 2" = Zn -0.763
2H;0 + 2¢” = H, + 20H —0.828
AP* 3™ = Al ~1.662
- —2.363
S27is

-2.925

Com Fread
q o add o s

3 Source; A, J. deBethune and N. 5. Loud, Standasd Elecisode Potentials and Temperature Coefficients &t
C. Clifford A. Hampel, Skokie, . 1964.

2. Corrosion theory (/& &IEH)
2.1 Electrochemical Aspect (E{L&E# )
L1 ]
a) Electrochemical cells (E{CZ2&E;th)
- Electrode potentials (Z#E{r)

Steel or iron corrodes in de-aerated acid

Anode ([515)
Fe - 2e —-> Fe?* (E=0.44V)
Cathode (FE1H) :

2H* + 2 e > H, (E=0.00V)

Overall :

Fe + 2H" -> Fe?* +H,

AE=E_,=+0.4V

2. Corrosion theory (/ZEHIE R

2.1 Electrochemical Aspect (E{E23 i )
| 15 ]
a) Electrochemical cells (B{EE ;i)

- Electrode potential (&)
Steel or iron corrodes in contact with water drop (moisture)

atanode: Fe-2¢— Fe'"
at cathode: %0, + H0 + 2e —» 20H

overall reaction :
Fe + %0, + H,0 — Fe(OH):2

.\ ;

(Anodel

Fe + 1/2 0y + H0 > Fe(OH),  AE = E g = +0.84 V

a) Electrochemical cells (E{CE35Eth)

- Electrode potential (BB I)
Galvanic Series in Seawater (i87K)
platinum
gold
graphite
titanium
zirconium
AISI 316, 317 stainless steel (passive)
AISI 304 (passive)

AISI 430 (passive)
nickel (passive)
copper-nickel (70-30)
bronzes

lead

AISI 316, 317 stainless steel (active)
AISI 304 (active)
steel or iron
aluminum alloy 2024
cadmium

zinc

(Noble end)

(Active end)

2. Corrosion theory (/& &IE:H)
2.1 Electrochemical Aspect (E{EE2E )

| R
a) Electrochemical cells (B{EEE;t)

- Electrode potential (EBBEEI)

Rebar (8l £f) corrodes inside concrete (&5t 1)

Fe = Fe**+ 2e-
Fe+2H,0- Fe (OH),+ 2H +2¢-

0 +2Hp0 + 4e™ —> 40H™
4
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b) Thermodynamics (3 /153)
Provides an understanding of the energy changes
involved in corrosion
Some examples
= Iron in contact with water drop
Fe + %40, +H,0 - Fe(OH), AE= +0.8V
= Copper in aerated acid
Cu + 150, + 2H* > Cu*2+ H,0 AE= +0.89V
= Copper in de-aerated acid
Cu + 2H* & Cu*?2 + H, AE= -0.34V
= Nernst equation
To calculate the half-potential E, of a couple where the
reacting species are not at unit activity RT/F = 0.0257V

E=E°+ (RT/zF) In (a 0y /@ eq))
Cu*? + 2e > Cu: Ec,=E°¢,,. + (0.059/2)log ico 24)




b) Thermodynamics (i /153)
E—pH diagram ([Bl) (also known as Pourbaix diagram)

“The conditions of a metal, that is, at
different reduction potentials (E) and
exposed to electrolytes of different pH, M
may determine the 3 regions of
thermodynamic stability of species for
metal/electrolyte system: Corrosionf®
A, Immunityﬁﬁmﬁand qusivityﬁm
REE”

Limitation (BRl)

not all species may achieve equilibrium
with others

pH varies from one point to another
passivity of oxides, hydroxides may not
be necessarily protective

no information on corrosion rate (kinetic
information)

c) Kinetics - Measurement of corrosion potential and
corrosion current density (FR&4E IR E 2 EAYH
&) using Tafel plot n =a *blog i

cathodic

21 Corrosion polarization diagrams (BEMR#EIEH)

2. Corrosion theory (/&&HIE )

2.1 Electrochemical Aspect (E{EE2E )

=
Corrosion rate (BEHEE) of mild steels (fixilfl)

ik [RabEE
Outstanding <0.02 mmy <1 mpy
Excellent 0.02 - 0.1 1-5
Good 0.1-0.5 5-20
Fair 05-1 20 - 50
Poor 1-5 50 - 200
Unacceptable >5 > 200

mmy = mm per year; mpy = mil per year

2. Corrosion theory (Z 8012 )

2.1 Electrochemical Aspect (E{EE3E 5 )

¢) Kinetics (B} %)

i = iy (el ) - exp(-1- )2 )

(Butler-Volmer equation)

Polarization diagram (HE{L )
by potentiostatic scanning (TREI )

Oz +4H'+ 4o — 2H:0 ——P .

Ezerr & liarr

Fe s Fe™ +2¢"

Potential
(V vs SHE)

'
Bl -5.5 -5 45 e 3.5 -3 -25 -2
Log (i{A)) 2

2. Corrosion theory (/&&1IE )
2.1 Electrochemical Aspect (E{EE3E5 )
L2 ]
d) Passivity & Passivation (FERE R ft1E)
Certain metals and alloys are protected from corrosive
solutions by forming very thin, oxidized and corrosion resistant
films on their surfaces
Passivity (#{E) — a condition of corrosion resistance due to
formation of thin surface films under oxidizing (48 {&)
conditions with high anodic polarization or highly oxidizing
agent, such as “fuming” nitric acid (& EfEES)
Metals able to form “passivity” film (#{EHE)
Cr, stainless steels
Al, Si, Ti, Ta, Nb,




d) Passivity & Passivation
(fERE R #E1E)
Passivity (F£E)
= Corrosion rate decreases

when exceeding certain
critical current density (i ;)

Passive current (Fi{EEE7T)
.) is very low

(i pas
Stability of passivity may

be disturbed by halide
ion, causing unpredictable
localized corrosion

o

2. Corrosion theory (/& 8HIE5#)

2.1 Electrochemical Aspect (E{E23 i )

d) Passivity & Passivation (#58 R &{E)
« Chemical passivation ({2 #61L)
Caused by oxidants (Cr, Ni, Ti, Zr in air)
Examples
Iron in dichromate in circulating cooling water
Copper (bronze & #l) forms patina in air
Steel in “fuming” nitric acid (88 @)
- Anodic passivation (1B E1E)
Caused by anodic polarization, e.g., applying an external dc in
aqueous media
Passivity forms as a result of a rate for cathodic reduction > i _;

Alloys with lower i ., and more active Epp are more easily passivated

d) Passivation (#i{E) - iron in sulfuric acid

(FEEE (SE{E )

An%we Passive

110" o
o~
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A plot of potentiodynamic polarization

e) Dry corrosion (§2/& k)

Corrosion may occur

in the absence of a liquid electrolyte (&
fi237) resulting in a corrosion product of

film or scale formed on the metal surface
and acting as an electrolyte as well as

conductor (#&E1E)

when metal is exposed at room

temperature to an oxidizing gas or 1-Fey0; (Henatite) 2
Fel0, —
vapour. e }mlt
Mechanism (#%32) Fe0 — -
(Mustite) e A
adsorption of oxygen atom ye

formation of oxide nuclei

growth of a continuous film
Example

Iron (Fe) exposed to temp >600°C

2. Corrosion theory (/2 EHIE )
2.1 Electrochemical Aspect (E{EE3i# )
L2 ]
e) Dry corrosion (§2/&g1h)
+ Thermodynamics (28 /183)
- Kinetics (81 7188)
Parabolic oxidation (#1414 &1L)

= gives rise to an impervious adherent oxide layer, e.g., Ni
(at all temp), Fe (>200°C), Cu (>800°C)

Linear oxidation (£ %&1{kL) — catastrophic corrosion
gives rise to a non-impervious layer, e.g. Ca, Mg, Ta, Nb

Logarithmic oxidation (##1£&15) (room temp)

2. Corrosion theory (Fm‘?ﬁﬁﬁ )
2.2 Metallurgical Aspect (/& E 12 5)

Composition (A {3) (impurities,
HE) and its effect
C (graphite), Fe;C (cementite) in

Fe and unalloyed steels may act 5,

. i § . . Fe-C
as ccﬂhodlc (B21®) sites in Phase 1,000 4 Austenite
corrosion Diagram aty

= Ferrite acts as anode ([513) Ferrite

= Slag (Y#7&) inclusion in steels, e.g. f
oxides, sulfides, silicates act as !
]

cathode (’271) 300 I
Ferrite + Fe,C
L

1 %C




2. Corrosion theory (Fgﬁﬁfﬁgﬁ)
2.2 Metallurgical Aspect (/& EI2 )

. Metal structure (EE4518)
and its effects

Metal structure - Imperfection or
defects (fiRFE)

Defects usually act as anodic site in

Grain boundary
Different
crysaliographic
orientation
Different
Composition
Different chemical
reactivity

Location for
* Diffusion
* Corrosion
« Sliding

.+ Crack

metal dissolution

« Grain boundary (£ 8) - a
discontinuity region with a width of
several A (1A =10"°m=0.1nm)

«  Dislocations ($&11I) — step-like defect

= Stacking faults (in fcc)

Smerican _ Britsh s M .
standard  standard Cr Ni EC M‘ax_ dax. s
AISI BS [ ) I L
u!iﬁ‘l(.l-;TDd\%mNr:d tetragonal, magnetic, heat treatable
-10“ En 6B 11.5-13 <015 0s :g
410 En 36A 11.5-135 <015 10 I,ﬂ
414 En 57 11.5-135 125-25 <015 10 I,O
420 En 56D 12-14 0.3-04 10 |-e
431 En 57 15-17 1.25-25 <020 10
Esmitic: 5 .d cubic, magnetic, heat treatable
405 k bﬂd’j\l?m" 11 5'|§.5 <008 lrs : 3 Al 01-03
Fi 140-180 <012 1 ¥
@ B 6 2327 02 10 15 N <oz
Austeniic; face-<entzed cubic, non-magnctc, not heat treatable
501 801A 16-18 68 <015 10 ;,g
302 En 58A 8-10 <015 10
104 En SEE si2 <00 10 20
304L §01C $8-12 <003 10 20
309 En 55 12-15 <020 1.0 20
3108 A1l 19-22 <008 15 20 R
316 En 58] 10-14 <008 1.0 20 Mo 20 ,’,Slb e
316Ch A 12Nb 10-14 <008 10 20 Mo 2-3, >§C
316Ti 845Th 10-14 <008 ;g ;g n: i—: >
3 Fy 11-15 <008 4 A -
;%; )E{‘SSE] 13-15 <008 10 20 Mo 1.75-275,
Nb+ Ta>10C
En 5 9-12 <008 10 20 Ti=3C
] En 56 913 2008 10 20 Nb+Tax10C
33 In general, S <003% P <0.045%, So-called easy machining, numslmin, ‘grades have high contents of S
o {or S¢) and P, which reduce their corrosion resistance considerably.
. M &l =
2. Corrosion theory ([& 8812 %)
. am e gt e
2.3 Environmental Aspect (JRIZE2IE )

. Water (7K)

Types

!

= Aerated or de-aerated

-

= Soft water or hard water

|

pH value

Dissolved oxygen |

an

i

Total dissolved solids

Dilte akaline im dissolving

|
|
| [N
= Aggressive ions (chloride, I |
sulfate) AN I ’l
. A,
= Conductivity TN—]
Velocity (water flow) 6B T e e 18
Temperature e

Effect of pH on corrosion rate of Zn

in water

2. Corrosion theory (Fm‘?ﬁﬁﬂ )
2.2 Metallurgical Aspect (/& & E2127H)

- Heat treatment (ZEIE)
Normalizing (IEE1E), hardening or quenching (%),
tempering (EX), annealing(i&:X), sensitizing, welding (15
)

- Effects of heat treatment (ZtEIBAYRYFE)
Change to phase (H)which may act as cathodic sites
Produce defect which may act as anodic sites

Produce residual stress (5£8RF& 1) which may act as
anodic sites

2. Corrosion theory (Fm‘?ﬁﬁﬂ )
2.3 Environmental Aspect (3715 E2 12 5)
L34 ]
- Water (7K)
Effects of

= Oxidizers, aeration

= Velocity of corrodants

= Temperature

= Galvanic coupling (bimetallic)

= Air pollutants (SO,, SO3, NO,, Cl,, dusts...) & relative
humidity and temperature

= Soils

= Water including natural rainfall, marine water...

Soils (+1%)
resistivity (dissolved salt and water)
pH value (acidity)
aeration (presence of oxygen)
texture (porosity) — sand, silt, clay
bacteria (microbial corrosion)
= Anaerobic reduction: sulfate reducing bacteria
= Aerobic oxidation: sulfur oxidizing bacteria

>20,000
10,000 to 20,000
5,000 to 10,000
3,000 to 5,000

Essentially non-corrosive

Mildly corrosive

Moderately corrosive

Corrosive

1,000 to 3,000
36 <1,000

Highly corrosive

Extremely corrosive




- Air (K$)
- Air pollutants (K575 E4)
+ O, + H0 + 2¢- —>20H
+ SO, + H,0 —>H,S0,
- SO, + H,0 __.H,S0,
+ 2NO + 0,—52NO, ; 2NO,+ H,0 —s HNO, +HNO,
« Halides (B1E#) : chloride, fluoride
Dusts and particles: when condensed with moisture on metal, initiate
corrosion by formation of galvanic cell or differential aeration cell
Relative humidity (RH, ¥ 8RBE) and temperature
Critical RH — below which negligible corrosion is found at constant
temperature
For steel (65%); cupper (65%); Al (75%)
= Dew point (corrosion)
When the temperature drops below the dew point, water and acid
37 will condenses on exposed surface, causing corrosion of the metal

3.2 Electrochemical studies (B 1EE775%)

3. Corrosion testing ([ 84 H5) H

yin
Reference electrode (SR L BIE) / \m
A reference electrode provides a fixed I
potential which does not vary throughout FI

the experiment

Maijor types
= Standard reference electrode (SHE)
= Saturated Calomel electrode (SCE)
= Silver chloride electrode

= Saturated copper sulfate electrode

An electrode which measures -0.34V against an
SCE would only measure -0.10V against SHE

Measurement of half-cell potentials

- The potential of an electrode (M*/M) relative to a
Standard Hydrogen Electrode (SHE) and expressed as

Pt/H,(atm)/HCI (a=1) // M* (a=1) /M

(Anode “+" ) [Z1H (Cathode “=") F&4E

e,

cat an

E E

cell =

R e T Il

caTHODE

3. Corrosion testing (/& &%)
3.1 Overview (f#fit)
|==
- Why corrosion testing?
Evaluation of corrosion resistance of materials under
performance conditions for the following pourposes

= material and coatings development (##IF1ZEE#Y
BE)

= Corrosion monitoring (#1%)
» Quality control of materials (E15)
= Failure analysis (242 47)

Find out preventive and protective measures, e.g.
methods (757%), device(f#)

Calculation of potential of reference electrodes (£L:E 1)
+ Nernst equation E = E° + (RT/zF) In (a,,/ 9eq))

Calomel reference electrode Hg/Hg,Cl,, KCI // M*/M
Half cell reaction Hg,Cl, + 2e- <=> 2Hg + 2 CI-

0.1 0.336
1.0 0.283
Saturated (SCE) 0.242

Silver chloride reference electrodes Ag/AgCl, KCI // M*/M
o Half cell reaction AgCl + e- <=> Ag + CI-

0.1 0.288
“ 1.0 0.222

3. Corrosion testing (f&&RAIF)

3.2 Electrochemical studies (BIE&755%)
==

Experimental setup

 J:9 (]

. |

RE 4.10 Controlled poteatial circuitry wtilizing a potentiostat.




3. Corrosion testing (& &RAIF)

3.2 Electrochemical studies (BIE&755%)

Measurement techniques —

n =atblogi
(1) Polarization resistance measurement (Tafel plot)

3. Corrosion testing (/& &4fIEt)
3.2 Electrochemical studies (BIEZ 5 %)

Rating of metal’s corrosion resistance

Corrosion Corrosion rate Corrosion rate
Resistance (mmy) (mpy)
Outstanding <0.02 <1
Excellent 0.02 - 0.1 1-5
Good 0.1-0.5 5-20
Fair 0.5-1 20 - 50
Poor 1-5 50 - 200
unacceptable >5 > 200

mmy = mm per year; mpy = mil per year

(3) EIS (B{c2mbii
= Application

Fit the EIS data (presented in a Nyquist or Bode plot) to a
proposed circuit model used to indicate the electrochemical
system of the coating and the metal substrate

For the study of corrosion of organic coating & oxides on
steel surfaces with the assistance of a circuit model of the
interface in respect of the following

= Corrosion rate determination (electron transfer
resistance or polarization resistance)

= Study of inhibitor, coatings

Investigation of passive layers, e.g. anodizing of
aluminium

BS EN 16128:2015 Ophthalmic optics — reference method for the
testing of spectacle frames and sunglasses for nickel release

Measurement techniques -
(2) Potentiodynamic polarization technique

- evaluation of corrosion resistance of various steels

iz r
~0.6 & 0T 0.6
Ecorr 5

R I
B ) — aeTeENs Y ko
AL P asok: polaizadon of i cn and e 10.3% chvosdarm
A plot of Lari - 3

Effect of scanning rate, v on peak current i,
v =dE/dt (V/s)
i, =2.687x10°n 32 AD 2 cV'/2
where i, = peck current; A = areq;
D = diffusion coefficient

3. Corrosion testing (/& &%)
3.2 Electrochemical studies (B{E&755%)

(3) Electrochemical Impedance Spectroscopy (EIS)
BEEEHRIE)
= Basic principle

Apply a small AC signal (5-50mV) to the across the
corroding system. Measure the test electrode impedance
and phase shift (0) values over a wide range of frequencies
of 0. 1 to 100kHz in a lock-in amplifier

Interpret the EIS results with help of a model of the
interface —

E=1xZ (Zisimpedance in ohms)
(I, = A sin (wt + 8))

Impedance response consists of 2 components:

Real resistance (Z') and Imaginary capacitance (Z")

48

EIS (B{-2m#Hii#) setup

Computer
Frequancy
Analyzor
Potentiostat
oy
Raterence  Countar
oo Eecroce  Eecode
Electrochemical
Cell

NIST SP861, W. L. U-osshandler, et al., Editors




EIS : Nyquist and Bode plot (&)

tog 8 —=

2> fog 0

GAMRY
Electrochemistry as a Circuit
Cgy = double layer capacitance
Rq = solution resistance

Double Layer
Capacitance a.!' | e q
E ] R, = metal polarization resistance

* Electron

In IM H,SO, at 25°C

(3) EIS (B{LEMEM .

v

. sof e
- Corrosion rate of uncoated metal: g
40|
01617
N S <
Egon/mV
Material (Hg/HgS0s) Re/Q cm? - 20 40 60 ;Zl 100 120 140 160
- 8
Mild steel -900 55 oot |
Solid nickel —660 755 Mid sieet |
Polished mild steel —880 110 5 |
63817
< : |
g4 e R
X N 2 S
Measurement of corrosion rate of aluminum 100 k2 NS
— |
7 ¥ G 5 do iz
© z1m
= Reom
| (com B/R,,
Ry
B: proportional constant, B=24 mV for Al
R,(kQ cm?): resistance of charge transfer (ct)
caleulated from EIS at low frequency o
© Cy

;lansfel 2 AAA Z = imaginary impedance
esistance v — f
O E) Z' = real impedance
(electrolyte) e = frequency
i i 0 = phase shift
(Simpiifed)
49
(3) EIS

- for modelling of organic coating (porous, non-conductive film)
on metals 2 a damaged coating model (shown below)

C, = Capacitance of the intact coating ©y = it [y Gt
dl =

metal surface (~40F)

Nyquist plot for the

equivalent model of

Ret = Metal charge transfer damaged coating
or polarization (~10kQ)

Roo

Rs = Electrolyte

Reliable Corrosion Measurements via Electrochemistry

y T of Interest ASTM Reference Methods
DG Technigues - Polarization Resistance (Rp) - ASTM G102-89 (2015)
+ Linear sweep voltammetry + Corrosion Rate (mnvYear) + ASTM G59-97 (2014)
- Tafel slope analysis - Corosion Current
+ Potentio-dynamic polarization (LPR) « Corosion Potential
AC Techniques - Film Resistance & Conductivity = - ASTM G59-97 (2014)
+ Electrochemical impedance analysis (EIS) - Charge-transfer resistance + ASTM G106-89 (2015)

- Solution Resistance
+ Polarization Resistance

Chrono & other Techniques - Redox Kinetics - ASTM G150-99 (2010)
+ Electrochemical noise (ECN) « Pit initiation « ASTM G148-97 (2003)
« Critical pitting technique: (CPT) « Crevice progression + ASTM G100-89 (2015)
« Hydrogen Permeation study = Hydrogen resistance « ASTM GB1-86 (2014)
- Cyclic polarization - Surface morphology - ASTM F746-04 (2014)
- Hydrodynamic linear sweep < ASTM F2129-15

Source: Metrohm, Switzerland

resistance R[‘! o T T T
Rpo = Pore resistance 4300 | = =
in the coating (~100Q) . B
(o), N
] S
b N 22
YN
o
51 0 1200 2400 3600 4300 6000
x'ul1
3. Corrosion testing([Z &)
3.3 Metallographic examination (£181£5)
|

Morphological studies and surface chemical analysis
Metallographic studies (%*E’fﬁﬂﬁ) of cross-section of corroded metal
Instrumentation & techniques (1% 28 B13%1if)

Optical microscopy (FEFEHIR)

Scanning/transmission electrode microscopy (STEM) equipped with EDX or

WDX (for elemental analysis) (X8 F B M +EE B Y HOLIEY)
X-ray diffraction (XRD) (X HEI£EBTHE)

X-ray fluorescence (XRF) (52856 (H 7))

X-ray induced photo-electron spectroscopy (XPS), also known as
Electron Spectroscopy for Chemical Analysis (ESCA)

Auger electron spectroscopy (AES)
ISS (ion scattering spectroscopy)

SIMS (secondary ion mass spectrometry) — for studying the chemical
state of solid surfaces

Optical microscopys&sams)




Scanning electron microscope (SEM) + EDX
(REETFEME + ST HOREY
—ESole =

=

55
SEM-IONA of eerrermion product en sxpankion jaim iracture suriace

3. Corrosion Testing
3.4 Other tests (E 11158 7575)
||

- 3 main types
Immersion tests
Atmospheric tests
High temperature tests
= Elevated temperature and high humidity tests
- Special tests
Intergranular corrosion test & &R ELAIE (ASTM A-262)
Pitting corrosion test BBz (ASTM G48-11)
Hydrogen induced cracking test

Chloride stress corrosion test

Salt spray test SKWNEMIL (ASTMB117)
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3. Corrosion testing (= &2 fI5:)

3.3 Metallographic examination (&18155)

Application of XPS or ESCA
elemental composition of the
surface (top 0—10 nm usually)
empirical formula of pure materials
elements that contaminate a surface
chemical or electronic state of each
element in the surface
uniformity of elemental composition
across the top surface (or line
profiling or mapping)
uniformity of elemental composition

as a function of ion beam etching
(or depth profiling)

ATOM%
o &M B E KB 2w

ATOM%
o & H B 5 E B AW

cHRouuN

= »

DEPTH FROM SURFACE. &
PASSIVATED -
RON

OXYGEN

CHROMIUM

= =
DEPTH FROM SURFACE. A

Corrosion testing -
Atmospheric test (for paints)

(ZBXRRENR)

Atmospheric tests - QUV Weathering Test A T &Rl

(ASTM G53-88)

Cyclic wet/dry testing of paints

simplitied Cross Section
Condensation Period
Q.U.V. Weathering Tester
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Corrosion testing -
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Stress
corrosion
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Corrosion study of re-bar in

“ concrete

3. Corrosion testing (& B4R )
3.5 Corrosion monitoring (/& B8 &5 22)

A systematic measurement of metal corrosion in order to help
understand the corrosion process and/or obtain information for
use in controlling corrosion and its effectiveness

Requires knowledge of corrosion mechanism and sophisticated
electronic measuring devices

Applications in chemical and petrochemical industries, bridges,
highways, oil refining, power generation, food industries

3. Corrosion testing ([ &% HI7)

3.6 Failure analysis (B8 23 4, =59 )
==

Failure of components of devices in service is not

uncommon despite the introduction of a factor of
safety in design

Operating conditions can produce the following
phenomena, which if ignored, will ultimately lead
to failure:

« Fracture (E2) - usually associated with overload

« Fatigue (£55) - caused by repeatedly change stress)

« Creep (1% %) - usually occur under high temp)

= Corrosion - environmental attack to the component
materials associated with chemical and mechanical effects

THANK YOU
FOR LISTENING

Corrosion Never Sleeps!

- B.M. Gordon, USA
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