UNIVERSITY OF R EUROPEASI\: ur;uO:\l T ’\Kﬁr
uropean Structural and Investing Funds

CH EM ISTRY AN D TECH No LOGY :, : Operational Programme Research, WY L

PRAGUE itk Development and Education Gt AND SroRTs

Corrosion Engineering

Tomas Prosek

Corrosion of Materials |

Steel and Stainless Steel @O0




ammsmaoremoos Role of Metallurgical Paramet_

Composition: Nobility (standard potential series) and ability to passivate
(E—pH diagrams), purity — alloys, phases, impurities, inclusions

Structure: Lattice, grain size, grain boundaries, dislocations

Stress: Tensile stress dangerous — cracking of passive films, adsorption
of activators, environmentally assisted cracking

Surface state: Smoothness, presence of impurities, contamination

©Nole
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Vliv tvareni za studena
na vznik anodickych
mist na povrchu zeleza

Hrebik

Corrosion Engineering
Corrosion of Materials |

Water solution:
10 g/1 NaCl
1 g/l K;[Fe(CN)¢]
Phenolphthalein

Blue color = presence of

Fe?*— Prussian blue
(berlinska modr)
KFe[Fe(CN).] = anodic site

Red colour =pH > 8.2 =
alkalization, cathodic site
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April 2017 (London Metal Exchange and other sources)

Price of Basic Metals, Production _

Metal | Price [CZK/kg] Metal | Price [CZK/kg]
Au 1 031 500 Cu 145
Pt 784 500 Cr [1] 87
Pd 642 900| |SS 316 [2] 67
Ag 14 832 Zn 65
Ta 3226 Pb 57
Co 1411 Mg 55
Sn 507 | |SS 304 [2] 52
Mo 384 Mn 49
Ti 257 Al 48
Ni 253 Steel 3] 11-20

SS Stainless steel

[1] As ferrochromium

[2] Sheet

Metal Pro[dl\tjliicion En(igy}tc]ost
Steel 1440 25
Plastics 265 30
Al 41 175
SS 31 31
Cu 16 90
Data 2010

[3] Products (rebar, sheet, ...) }@ ®O



s Sonanacer - Steel — Selected Application Types -

* Construction steels / konstrukcni: non-alloyed, used for engineering and construction applications

* Free cutting steels / automatové: carbon steel with increased content of sulfur (about 0.3 %) and
manganese (about 1 %); presence of MnS makes them well machinable (fragile chips)

* Reinforcing steels / betondrské: reinforcing wires or bars for concrete; non-alloyed or low-alloyed

* Spring steels / pérovd, pruzZinova: good static and dynamic loading properties, high fatigue limits; elevated
carbon or manganese, chromium and silicon contents

* Hardening steels / oceli pro kaleni (precipitacné vytvrditelné): low carbon content ensures good
mechanical properties after quenching

 Electrical steel sheets / ocel pro elektrotechnické plechy: cores of transformers; good magnetic properties;
containing 1 to 4.5 % silicon

» Deep-drawing steels / hlubokotazné: good plastic deformation properties; low carbon and impurities
content; micro-alloying with aluminum, titanium, vanadium, boron, zirconium and niobium; for car body

* Heat-resistant steels / Zdruvzdorné a Zarupevné: medium content of alloying elements

* Tool steels / ndstrojové: higher carbon content; used for tools and molds

* Weathering steels / patinujici: addition of Cu, Ni, Si, Cr, P

* High strength steels / vysoko pevnostni: yield strength >600 (usually 1000—2000) MPa; alloying with Mn, Si,

Cr, Mo, Ti, ... }@ ®HO




it soremace - Steel — Classes by CSN 4

Zakladni znacka
(znacka oceli) i i

Dopliikové &islice

|
Trida oceli ‘_"Ll__x__}w - XX L____i-~— Zpusob vyroby, je-li tfeba
A A T

1 = ocel (tvafena) —T Stupen pretvareni
(deformace)

Oznaceni jakostni )

skupiny oceli Stav oceli
(druh tepelného

zpracovini)

Vyznam 3. az 5. Cislice
ve znac¢ce oceli se méni
podle tiidy oceli

Poradova cislice

Druh tepelného zpracovini: 5 — normaliza¢né Zihano a popusténo .
0 — tepelné nezpracovino 6 — zuslechténo na dolni pe%n%st Sz)ulfﬁngi?,:,gzni'an
1 — normaliza¢né Zihino .7 — zudlechténo na stiedni pevnost 1 — letﬁ: e of ex?':l " o{' an
2 — zihano (uveden druh) 8 — zuslechténo na horni pevnost 2 —1/4t F,:] i
3 — zihdno na mékko 9 — zvlastni stav tepelného zpracovani 3 —1/2 tvr dy
4 — kaleno a nizko popusténo (uvede se slovné za &islief) 4 — 3/4 t;:dg
5 — 4/4 tvrdy
Zptisob vyroby: 6 — 5;4 tvedy
T — Thomasiv konvertor 7 — (neobsazeno)
M — Martinova pec u — uklidnéna 8 — specialné zpevnéno
E — Elektricka pec p — polouklidnéna 9 — podle zvladtniho ujednéni ©. OO

K — Kyslikovy konvertor n — neuklidnéna



s soemocer Stael — Classes by CSN 42 0002 _

e CLASS 10: cheap, low carbon content, purity and chemical composition not
guaranteed; only minimal yield strength is given; good weldability and
machinability; sheets, bars, wires, rails, tubes, fasteners

 CLASS 11: non-alloyed construction steels with guaranteed purity, content of
phosphorus and sulfur, minimal yield strength and ductility; profiles, wires,
sheets, tubes, deep drawing sheets, shafts, screws, cogged wheels; free cutting
steels

* CLASS 12-16: low-alloyed construction steels for manufacturing of machine parts,
engines and other car parts for hardening such as cogged wheaels, springs, etc.

e CLASS 17: stainless steels for knives, surgery tools, industrial equipment and
steels for permanent magnets

e CLASS 19: tool steels

©Nole



V4] i sioremaor - Steel — Corrosion Resistance

* Uniform corrosion with often unacceptable corrosion rate =
protection necessary

* Worse stability especially under acidic conditions

* Dry air: Formation of protective oxide film

* Outdoor atmosphere: Corrosion rate in Central Europe
10-40 um/year, marine and polluted industrial atmosphere up to
hundreds of um/year

* Electrolytes: Formation of FeOOH and Fe,0; in different
modifications, low protective ability (red rust)

oL : | * Aqueous media: 100—800 um/year, access of O, critical, formation

pH of deposits; protection necessary in most cases

* Steam: Formation of magnetite Fe;0, with good protection ability

» Soil: Usually about 0.2, but up to 1-3 mm/year; protection (cathodic, coatings) necessary

* Concrete: Initially alkali, low corrosion rate under 0.1 pum/year, no protection required;
10-20 um/year after carbonation

* Non-uniform corrosion: Hydrogen entry — hydrogen embrittlement and blistering (oil & gas);
stress corrosion cracking in sodium hydroxide or HCO,=/CO,* (soil)

©Nole



e Low-alloyed steel containing
Cr, Ni, Cu (0.3-0.6 %), P, Si

e Compact and adherent layer \
of corrosion products |

e Attractive to architects

UNIVERSITY OF
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PRAGUE

Weathering Steel (Corten)

Novdk et al., §orozni inzenyrstvi, UCT 2002

http://www.juluis.com/wp-content/uploads/2012

Initial stage crack
g J

dissolution and precipitation

i

Meta-stable siage
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Amorphous oxyhydroxnde
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solid state J transformation

Final stage

Initial rusting

[several years]
Meta-stable state

[decades]

Final stable state of
protective rust layer

&0




fE,[VISVE) [ (Afm) ([Jr.'- (Am?)
10

e One of several alloys developed due to corrosion s 10t
resistance ,—\‘

+ [0t

ciemsr ooy Stainless Steel

e Combination of Fe (low corrosion resistance, high ot 1t
strength, cheap) and Cr (high corrosion resistance, L
brittle, expensive)

L 1 1D£- i [ 1ﬂﬂ- 1 i
10 20 10 20 1 20

e Developed at beginning of 20" century .
simultaneously in the USA, France and Germany

 Passive film of Cr,0, replaces fully Fe oxides at Fe
10.5 wt. % Cr Cr /

e 12 wt. % practical limit, most stainless steels
contain about 18 wt. % Cr, maximum 29 wt. %
(poor mechanical properties above this level) OO




mm/a
0,20 [
0,15
0,10
Stainless steel
0,05 > 10.5 wt. % Cr
L Corrosion Rate
in Atmosphere

% ch ,
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Stainless Steel — Groups _

PRAGUE
Group Strength Ductility Magnetic Weldable Formable =
Ferritic stainless steel |
. L
Austenitic C X ) (Y X ] )'e \/ 000 [ o
Duplex — FeCri3  FeCrig  FeCr26Mo1
p o0 oo v v o0 s e O ~
=
. . H
Ferritic o0 o0 \/ ( \/) o0 §
[
S Duplex stainless steel FeCr25NiSMoz2 FeCr25MiTModN3
) B
g £ O H
le) =
= X FeCrZz2NEMo3N1
) O L
=h n
£ %“ = Super duplex
5 = = L FeCrigNi11Mo3 FeCr2sNiz0Mo7CuN
S < ) Austenitic stainless steel - = n
o @ ; —
¥ o P FeCri7Ni12Mo2 FeCr20Ni18MoBCuN
S Q P []
+ oQ
g = 8 FeCrignis
I 3 ‘g L
o Super austenitic

Hi- Equivalent

Resistance against crevice and pitting corrosion (PRE) '

Limited application: Martensitic and precipitation

hardening (PH) (@NOIC)

0 4 ] 12 16 20 24 28 32 36 40
Cr Equivalent = ZCr + %Mo + 1.5 x %Si + 0.5 x ZNb
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FeCr18Ni105)
tCriMo .
, ofolnost 1 Ni tS pebo Se
kBK t #aruvadomost
i T =7
Vermene (EE2 $ tCr, Mo, N
oy

hd:h;ﬂ tCrl tNi - tadohost k BK
FOCTBNHOMNG) |, " fodolnont T
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=t .
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4 pevnost d‘:-l',- *5,0
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Stainless Steel -

Types (Grad

Superferritic Ni-Cr-Fe
stainless steels alloys
Add Cr, Mo Add Ni for corrosion

resistance in high-temperature
environments

(430)

(309, 310, 314,330 )
No Ni .
2 Add Cr and Ni
Add Nb+Ta ferritic for strong_tl'l and

sensitization resistance

AddTi 304 (“18-8")
to reduce Fe-18 to 20Cr-
sensitization 8to 10 Ni

Add Mo for
pitting resistance

\ Lower C

316L) €— to reduce
sensitization (316)
317L Add more Mo for
pitting resistance
Superaustenitic Add Ni, Mo, N
stainless -<€t— for corrosion
steels resistance

303, 303 Se
Add Sh or Sprfor
machinability Duplox
stainless steels
Increase Cr,
lower Ni for
higher strength
Add Cu, Ti, Al, Pr:cighafio n-
lower Ni for > ardening
precipitation stainless
hardening steels
Add Mn and N, lower Ni
for higher strength
No Ni addition, 201, 202
lower Cr,
martensitic

(403,410,420 )

0




(4] casisonemocer - Stainless Steel — Labeling _

Labeling of Stainless Steels (CSN) EN 10088 :

According to (CSN) EN 10088: 1. 43 01

e EN 1.4301 Steel Group of stainless steels Type

* X5CrNilg-10 Groups defined in CSN EN 10027-2:

Older Czech system: —1.40XX: SS with Ni< 2.5 %, no Mo, Nb, Ti

» CSN 17240 —1.41XX: SS with Ni < 2.5 % and Mo, no Nb, Ti

ARV _1.43XX: SS with Ni > 2.5 %, no Mo, Nb, Ti

Further standards/systems: —1.44XX: SS with Ni > 2.5 % and Mo, no Nb, Ti

* AISI/ASTM 304 (USA) —1.45XX: SS with special alloying elements

* BS 304S31 (British Standard) . _ _

«  UNS $30400 (Unified —1.46XX: chemically resistant SS and high
Numbering System) temperature SS

@O0



s Soemoco - Dyplex Stainless Steel
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Stainless steel Labeling / Grade wt. %
type General UNS EN Cr Mo Ni N PRE
|. generation 329 $32900 1.4460 255 15 3.5 30
2304  S32304 14362 230 08 42 0.1 27
Ferrite Il. generation 2205  S31803 14462 220 30 55 0.1 34
_ 2205  S32205 1.4462 225 32 55 02 36
Austenite Super duplex 2507  S32750 1.4410 250 40 7.0 03 43

PRE [%] = w(Cr) + 3.3x w(Mo)+16 x w(N) ‘@ ®H©




s oo Stainless Steel — Type Sele

e Grade selection: sufficient corrosion resistance at the
lowest possible cost is required

e For most aqueous environments, data available

SULPHURIC ACID
HoSO,

Conc, % 0.1 0.5 0.5 0.5 1 1 : : 2 3
Temp. °C 100 20 50 100 20 50 70 85 100 20 50 60 20 35
=BP =BP =BP

o
O@

Carbon steel 2
13% Cr-steel 2
18-2 2
18-10 2
;
1
1
0

Corrosion Handbook

Qutokumpu Stainless

17-12-2.5
18-13-3

17-14-4

904L

Sanicro 28

254 SMO

654 SMO

SAF 2304 1
2205

SAF 2507

Ti 1

O= === NN

0:v.. <0.1 mm/year

corr

1:v_ .. 0.1-1 mm/year

corr
2:v___>1 mm/year

corr ‘@ @@

—_ O =S O == == NONMNN

eNeNoloNeoloNoNeloNeNololollol b
[cNoNololoNeloleNo oo gl vl \o N\
OO0OO0OO0OO0O0ODO0OO0OOOCOOMNMN
OCOO0OO0OO0OOOCOCOOO—=MNMNN
OO0 00000 OCOO—=MNNN
-~ 00 0COO0Q0CO==MNMNMMNN
OCO0OO0OO0OO0ODO0OOOCOO0OOoOOOMNMN
eNoNeoRloNoloNeleNoNolol ol VIR V)
—~— 00000000 OO—=MNMNMMN
OO0 ODO0OO0OCOOOCOOONN
eNeoloNoloNeoNoleoNe Neo ol iV RN
000000 OCOCOoOOoO—=MNMNMNN
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UNIVERSITY OF

s eranocer - Stainless Steel — Type Selection

Atmospheric conditions:

e Standard (CSN) EN 1993-1-4/A1
(Eurocode) defines Corrosion
Resistance Factor (CRF) for any
environment

CRF=F1+F2+F3

e F1 = Risk of exposure to chlorides from salt
water or de-icing salts

e F2 = Risk of exposure to SO,

e F3 = Cleaning regime or exposure to
washing by rain

Swimming pool halls and ferritic stainless
steels not included

F1 Risk of exposure to chlorides from salt water or de-icing salts
NOTE M is distance from the sea and S is distance from roads with de-icing salts.

1 Internally controlled environment

0 Low risk of exposure M > 10 kmor S>0,1 km

-3 Medium risk of exposure 1km <M <10 km or 0,01 km<S<0,1km
-7 High risk of exposure 0,25km<M<1kmor S<0,01 km

Road tunnels where de-icing salt is used or where

-10 \Very high risk of exposure _ . o _
vehicles might carry de-icing salt into the tunnel

Very high risk of exposure M <0,25 km

-10 North Sea coast of Germany and Baltic coastal
areas
o Very high risk of exposure M <0,25 km
Atlantic and Mediterranean coast line
F, Risk of exposure to sulphur dioxide
0 Low risk of exposure <10 pg/m?3 average gas concentration
-5 Medium risk of exposure 10 - 90 ug/m?3 average gas concentration
-10 High risk of exposure 90 - 250 pg/m?3 average gas concentration

F 3 Cleaning regime or exposure to washing by rain (if F; + F, > 0, then F3=0)
0 Fully exposed to washing by rain

-2 Specified cleaning regime
cleann o @ 00
-7 No washing by rain or no specified cleaning




ammsmwnrsnocer Stainless Steel — Type Selecti_

Atmospheric conditions: Corrosion resistance class CRC

. . | I 1 \, Vv
e Corrosion Resistance
. 1.4003 1.4301 1.4401 1.4439 1.4565
Class (CRC) established 1.4016 1.4307 1.4404 1.4462 1.4529
from CRF 1.4512 1.4311 1.4435 1.4539 1.4547
1.4541 1.4571 1.4410
CRF CRC
1.4318 1.4429 1.4501
CRF=1 |
1.4306 1.4432 1.4507
0> CRF > -7 I
1.4567 1.4162
-7 > CRF > -15 I
1.4482 1.4662
15>CRF2-20 IV
1.4362
CRF < -20 V
1.4062
1.4578

©Nole
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April 2017 (London Metal Exchange and other sources)

Price of Basic Metals, Production _

Metal | Price [CZK/kg] Metal | Price [CZK/kg]
Au 1 031 500 Cu 145
Pt 784 500 Cr [1] 87
Pd 642 900| |SS 316 [2] 67
Ag 14 832 Zn 65
Ta 3226 Pb 57
Co 1411 Mg 55
Sn 507 | |SS 304 [2] 52
Mo 384 Mn 49
Ti 257 Al 48
Ni 253 Steel 3] 11-20

SS Stainless steel

[1] As ferrochromium

[2] Sheet

Metal Pro[dl\tjliicion En(igy}tc]ost
Steel 1440 25
Plastics 265 30
Al 41 175
SS 31 31
Cu 16 90
Data 2010

[3] Products (rebar, sheet, ...) }@ ®O



* Light; high strength to mass ratio
(in particular for alloys)

* Corrosion resistance maximal for pure
Al; alloys often require additional
protection

e Atmosphere: Low uniform corr. rates:

CHEMISTRY AND TECHNOLOGY AI um i num an d AI ons

PRAGUE

E/V

7 14
Pr e Rural: 0-0.1 um-year™!
e Active metal; applicability due to e Urban: up to 1 um-year!
presence of stable passive film e Marine: 0.4-0.6 um-year-!
e Amphoteric, maximal stability at * Risk of pitting and crevice corrosion
neutral pH (4-8.5) (chlorides; atmosphere without SO,),

galvanic corrosion (e.g., Cu) 600



%o Aluminum and Alloys - Products  Sreensisacit

o Al OXi d e / hyd roxid e, Substance® Hey index  Crystal Formula Ko
o no.’ system
AIZO3 (In Itlal)’ later e.g. Oxides and hydroxides
: _ Aluminum oxide Cub. v-Al,O;
boehmite Y AlOO H’ Akdalaite 7.6.8 Hex. Al,O;Y,H,0 4.8 107
ba e rite AI O H Boehmite 7.6.3 Orth. v-AlIOOH
Y 2( )3 Gibbsite 7.6.4 Mon.  Al(OH) 3.7 %107
Bayerite 7.6.5 Mon. Al(OH); 1.5 % 10™
Tucanite Amor. Al(OH);-',H,0
Sulfates
Aluminum sulfate Amor. AL(SOy), (H,0),
hydrate
Jurbanite Al(SO,)(OH)-5H,0 Lex10*®
Aluminite 2363 Mon. A1,(804)(OH),7H,0
Chlorides
Aluminum chloride Mon. AlCl;
Cadwaladerite _ 8.6.17 Amor. AICI(OH),-4H,0

@O0



E:EE&%E\\(’A?JD TECHNOLOGY AI u m i n u m a n d AI ons

Aluminum in water containing chloride, before and after
removal of corrosion products
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cememeremocs - Aluminum and Alloys — Exfoliation corosi
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|
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http://www.amteccorrosion.co.uk/Aluminium%20Pics/End%20grain%20DSCN1992.jpg




ST Sorcnoco - Aluminum Alloys G

Alloy ~ Typical | ‘Corrosion Resistance**
‘Class Temper* “Alloying Elements = General  Pitting - Exfoliation .+SCC

N | Limited commercial use

o

(dxxx VAl Natural impurities ~ E E
- =+ in.refinery Al
C2xxx  T3,T4, v Cu

= R P P . 'VS  Airframes
- T8  F 3 P F 'R Kitchenware, food
3xxx Al Mn, Mn +"Mg 'E E E I processing, construction
4xxx All Si F G G G  Welding wires
5xxx = Most - Mn, Mg, Cr ‘E - @G G . I-R  Train frames, ships
c6xxx . All + Mg, Si " E "G E I  Automotive
CTXXX T6, - Zid, Mg, Mn, Cu F F F-P © §-VS Maximal strength;
- T73 F "~ F G R  aeronautics, automotive

(replacement of 2xxx)
* T3, T4, T6: age hardened; T8, T73: overaged.

. . Al
** E-excellent, G-good, F-fair, P-poor. I-immune, R-resistant, S-susceptible, VS-very susceptible. = N
Cu Mn Si Mg Mg/Si Zn Other
Txxx Zxxx  3xxx  dxxx  Sxxx Cxxx 7axx  Bxxx

INCIICH,  Saeapin  Formutity Bvaciag. Sty Stemgth, Streegth
Tharmy' Wedimo Afver Extradadiity
Conductivty Fler Welding

Nonheat-treatable ‘ @ @ @
Heat-treatabie




UNIVERSITY OF

cmsrmvavoeenorosr — AJuminum and Alloys — A

Wing box — 7075 Aluminium alloys in aircraft —

Frames— 7075, 7178

Stringers— 7075

Vertical and
Horizontal
Stabilizers

Main frames— 7075 Stringers

Mid Fuselage
Vertical Stabilizer:

skin and stringers— 7075

Trailing Edge Center Fuel Tank — :
N g .
s \J ™
P Entry/Panel Doors Forward Fuselage

\

\
Inlet Nacelle

Longerons — 7075

Horizontal

stabilizer - 7075

http://aluminium.matter.org.uk/content/media/images/airbusA340.jpg
Fuselage skins— 2024, 7075

Center engine support -2024

-

Elevator and Rudder — 2024 - ' - e g

http://www.}t’ltuna—yach ts.com/yachtnells/wp- [ ttp://www.futuha-yachts.com/explorer54/images=

content/up/dads/ZOl 2/01/aluminum-hull.jpg explorationzyacht/expedition-yacht-11.jpg
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g;l:g&sémvmo TECHNOLOGY AI u m i n u m a nd AI ons —

Extrusions
(6005, 6060, 6063, 6082, 6260)

Structural sheets
(5182, 5754, 6181)

Inner panels
(5182, 5754, 6009, 6181)

Outer skin (6014, 6016, 6111, 6060)
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UNIVERSITY OF

g;l:gll’sETnvANDTECHNOLOGY Copper and Alloys

2

e VVery high electric and heat conductivity, formability
e High price, lower strength (non-alloyed), toxicity

e Ability to “passivate” — Cu,0O
and other compounds
(verdigris / médénka)

e Low driving power to corrosion,
good resistance especially in
reduction conditions




* Non-alloyed copper: Water and heating pipes, roofs, electric conductors,
electronics

(4] srsmionemace - Copper and Alloys

e Brass (Cu + 10-40 % Zn): Better mechanical properties, lower price;
dezincification, SCC

e Admiralty brass: Cu + 30-40 % Zn + 1 % Sn (+P, As, Sb): Resistance against
dezincification

e Bronze (Cu + 8-10 % Sn): Casting, sea water — valves, pumps
e Al bronze, Cu-Ni alloys

©Nole



PRAGUE

e Low corrosion rates:
e Rural: =0.5 pm-year™
e Urban: 1-2 pm-year
e Industrial: <2.5 um-year
e Marine: =1 um-year—!

e Mechanism of the
patina formation well

described

gma‘ﬁll;'srlgfrfoﬁcnuomav Copper and A"oys — Atmos_

seconds  hours days weeks  months years
| ; % | % i >
SO,/SO,*
Strandbergite Antlerite .
Cu, ;SO,(OH),-2H,0 \\—: Cu,SO,(OH),
v/
%
Ill “
Cuprite Amorphous Posnjakite /4 Brochantite
Cu,0 | | copper sulfate || Cu,SO,(OH),H,O P4 CuSO(OH),
Langite / Copper chloro- e
Cu,SO,(OH)s2H,0 |* 4| hydroxysulfate?
I'l~
!
‘I
I,‘
Nantokite Atacamite ,”
CuCl |~ | Cu,CI(OH), v
Cr

©Nol®
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Erosion corrosion
of brass pipes in
flowing water




Corrosi

S Soremacer - Copper Alloys — Dezincification o

Local dezincification

.Al_ﬂl‘ of brass in water () DO




s Seranace - Copper Alloys — Dezincification

é Phase a: Solid solution of copper and zinc, <35 % Zn
+ 0.3~ — Phase B: Zinc-rich phase
g smg‘firgnz‘mgé"i . a-brass: single-phase structure
B-brass: two-phase structure
+ 0.2—Cu#*Cl'=CuCl+€ \
—Cu=Cu'+ 2e i
: -
—CuCl=Cu*'sClse 5%
+01—jCuCi;=Cis2Cr+e T8 o
g9
s
- 0,0~Cu + 2CI"= CuCl; + @
5
2
S pfednostni
=0.1=3 3 rozpousténi Zn
- 0,9~ Zn = 2r** 2¢




ciamsr oo Copper and Alloys - SCC / NH

Cold-formed brass pipe after exposure to humid atmosphere
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— ; L
# http:/gblog.margbu.bg¥wp-content/uploads/2014/03/godishnina; 0t “_ https://upload.wikimedia.org/wikipedia/commons/a/a4/Minn
: svatba-otpraznuvai-svoja-siavoke.] > eapolis_City_Hall.jpg
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http://www.lakshmiindustries.com/images/brass-copper-strips.jpg

http.//cfnewsads.thomasnet.com/images/cmsimage/image/trumpet-brass.jpg http.//nothingbutpadlocks.com/uploads/products/1259171331_brass_padlocks.jpg
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https://s-media-cache-
ak0.pinimg.com/736x/85/37/8a/85378a6¢5244d
7021ac0726ecd2e91af.jpg

http://www.aerospecialties.com/app/uploads/20
15/03/001463_TEEL-Centrifugal_Pump_01.jpg

http://www.valves2u.com/website/Worthington%206L11%20Bronze %20Pump/Worthington%206L11%20Bronze %20Pump, %20New%20Surplus.jpg



s enenoce Zine and Zinc Coatings

e Zinc coated steel is widely used in building,
automotive and home appliance industries

e Low corrosion rates:
e Urban: <1 um-year!

Corrosion loss [pum]

e Industrial: 1-15 pm-year™!

e Marine: 0.5—-8 um-year % 85 & 588 55 8 &:
. . o S EQ = S0 8%
e Aesthetically acceptable appearance of zinc g o & P> TE

corrosion pro ducts Corrosion Rates of Zinc

Data from an ASThI study, STP435, 1968

urban
rural
e
L] -
N .
[ ]
" industrial _
indocr » marine

=
=
-
—_
|:]_':|-
_—
[3u]
.
=
()
iy}
(]
=

0. gif

@ vww.galvinfo.com:8080/zclp/images/zclp




s merenocer - Zine and Zinc Coatings

Substance Hey index no. Crystal system Formula
e |nitial formation of zincite ZnO and ZnOH, Meta, oxidesand hydrosides P
incite S ub. n
. Wiilfingite 7.5.4 Orth. ¢-Zn(OH),
e Stable corrosion products: Lo
. . Wurtzite 343 Hex. B-ZnS
= Hydrozincite Zn¢(CO,),(OH),
Sulfites
. . Zinc sulfite (h) Mon. ZnS0;2H,0
= Simonkolleite Zn Cl,(OH)4-H,0 o
Sulfates
] 1 . Zinkosite 25.5.1 Orth. ZnSO
Gorda Ite Nazn4[C|(OH)6 | 504] 6H20 Gunningite 25.5.1a Mon. ZnSO:HZO
Boyleite 25.5.6 Mon. ZnS0O44H,0
Bianchite 25.5.14 Mon. ZnS0O,6H,0
Goslarite 25.5.2 Orth ZnSO,7H,0
Zinc hydroxysulfate (b) The Zn,SO4(OH)¢4H,0
Odnevallite* Hex. NaZn,Cl(OH)sSO,6H,O
Chlorides |
Simonkolleite Hex. Zn;ClL,(OH)s-H,O
Zinc oxychloride 7ZnsCl,0,H,0O
Zinc chlorosulfate Mon. Zn,Cl,(OH),SO45H,0
Carbonates
Smithsonite 11.6.1 Hex. ZnCO;
Zinc carbonate ZnCO,4H,0
Zinc carbonate Zn,CO;(OH)s
Hydrozincite 11.6.3 Mon. Zns(CO;),(OH)s
Zinc carbonate Zn,(COs),(OH).0Cl
oxychloride
Nitrates

Zinc nitrate Zn(NO3), @ @ @
Bruno'S., Zapponi M., Lazzarino H.A., Pedraza J.P., 3" SympositmrCollcoatethstec/, Paris, 2012




s enenoce Zine and Zinc Coatings

e High corrosion rates in absence of CO,
and permanent wetness: formation of

non-protective corrosion products
(ZnO)

air air CO,
/\/\/\/\/\/\/ /\/\/\/\><.\/\/
H*+ HCO;5
H,0
Z 2+ Na Na
- \/ c,
Zn(s)
Zn,CO; (OH) H,0
Zny(OH),Cl, HZO Zn(OH),C1, H,0 @ g =
anode cathode anode cathode
No CO, 350 ppm CO,

8 i i L 1 1 1 i
e
6- n
L
O
£ A
»n 4 - -
N
ke, A
=
/ 2
0 T T T T _ITI T T l_i?l

2 6 10 14 18 22 26 30 34 38
Temperature (°C)

Figure 8. Metal loss as a function of exposure temperature: (A) <1 ppm CO,
and 70 pg/cm? NaCl; (H) <1 ppm CO, and 14 pg/cm? NaCl; (A) 350 ppm
CO, and 70 pg/em? NaCl: and ((J) 350 ppm CO, and 14 pg/em? NaCl.

<1 ppm CO, at 22 and 38°C desiccator exposures. ‘ @ ® 0O




S Yoramacer - Zine and Zinc Coatings —

1.8 r
25 F - ” 1.6
20 °C, 28 dni
R%=1.00 o~ L4
20
B él.z -
E E ¥
2 15} »
2 208 |
o —
— «
S = 0.6
10 @
s =
= 0.4
5} 0.2 + A///—‘
Mg _. 0 O Bl 1 1 1 1 L 1 1 1 1
-
0 i . . - 0.0 0.5 1.0 1.5 2.0 2.5
0 700 1400 2100 2800

Applied Na* (umol)
Chloride surface concentration [mg/m?]

Figure 6.4 Metal loss as a function of applied amount of sodium: (w) Na2S04, (#)
NaCl and (4) NaNO3. The exposure time was four weeks, the relative humidity 95%,
the temperature was 22°C and the CO2 concentration was 350 ppm.

&0



s orenacer - Zine and Zinc Coatings — _

4.5 -

4 - ™ OpenZn
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~ 35 -
=
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(@))
E o5
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-
© 15
(D]
2 17
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Temperature (°C)

o

©Nole
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* Roofing, currently also facades

* Life time over 100 years, grey patina

* High price

e Addition of titanium (0.1 wt. %) for higher

strength (, titanzinc®) A &
’ https://) \ s /

-malaga-espagne.html|

v

s Minster, Germany
/1

llﬂ

'I"“‘H“'HH o
1

|
|
|
!
|
|
|
|
1
i

fi

| “-m-‘ .

|_https://www.vmzinc.dk/projek

W‘fv'qu.z 1o/ m}’pro} ct5/558 -S| jege- -social-stival- oﬁrokowce crech- -republic.htm! coTleE\'/e-hO sing-muenster-ge
‘



s emanooo Njckel and Alloys

2 -1 0 1 2 3 4 5 6 7 B 9 @ H 12 3 1% 15 18
E{%ﬂ Y Y Y 3 i ; ¥ F A ¥ T b Y 7 T i ¥ 22

Passive in alkali solutions

Low corrosion rate in activity
under acid conditions

Worse corrosion resistance in
oxidizing acids

41,6

H
i
F3
i
¥
]
1
]
41 @ ~1.4
i
. §
¥
¥
£

«} & % i i 3 3 ‘ P k : i ) I i A i : i ~-1.8
“2 -1 0 1 2 3 4 5 & 7 12 13 ’
8 8 1o 2 3 iﬁpﬁiﬁ @ @@
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Nickel and Alloys

Alloy EN USN - Principal alloying elements, wt. %
Ni Cr Mo Fe Other

Mi
200, 201 24060 (MOZ200 (99,2
Ni-Cu
0 24360 (MO4400 (65 1,5 d2 U
Ni-Cr-Fe
G00 24816 |MOGG00 |72 16 8
601 2.5851 [NDG601 [62 |25 10 [271AL048C
200 14876 |MOBE00 (22,5 |21 44
Ni-Cr-Fe-vlo
325 24858 [MOS825 (22 21 |3 42 [0.6Ti0.2Al
a1 31 |27 &5 [31 [02N:12Cu
a3 31 33 16 |32 0.4N;0.6Cu
Ni-Cr-vio-W
C-276 24819 [M10276 (57 16 16 ] 35W
C-22 MOGO022 (60 21 13 5 3 W
G-3 24619 |MOE9SS [45  [22 |7 19 [2.0Cu:5.0Co:1.5W
C-4 24610 [MOB4s5 [66 [16 |16 |1 03Ti

Alkali (NaOH, KOH)

Monel. Non-oxidizing acids, e.g. HF; heat exchangers

Inconel
Passivates in oxidizing acids due to presence of Cr
Cheaper, lower resistance (Fe); pitting, crevice; less SCC

Higher resistance against pitting and crevice corrosion

Very high resistance against pitting and crevice corr.

Nimonic. NiCr20Co20Ti2Al1 (about). Resistance at
high temperature; turbines, combustion engi’@ 016 ‘
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e Better than aluminum alloys from the

~ viewpoint of strength-to-mass ratio

e Protection methods sought: Alloying,
coatings

e |f coatings fail, rapid corrosion
degradation

pH 14

e Magnesium highly active
e Impurities (particularly heavy
metals) undesirable

e Applicable only in less corrosive
atmospheres @O0
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e Typical corrosion rates: Corrosion product  Formula

e Rural: 4 um/rok Oxide/hydroxide

e Industrial: 10-20 um/rok Magnesium oxide MgO

i Magnesium hydroxide Mg(OH)
e Marine: 20 um/rok ?
. Sulfat

e Tropical: 20-60 um/rok ulfates MgS0,-6H,0

0.9 MgSO;-6H,0

0.8 I O<1ppmCO,

Chlorid

07 | ewommco, oraes Mg,Cl(OH);-4H,0
& 0.6 MgOHCI
205
é 0.4 Carbonates
5 03 Lansfordite MgCO;-5H,0
® 02 01 4 weke 95 5% R Giorgiosite Mgs(CO;),(0H),'5H,0

weeks 0
041 f ’ ’ / i 3MgCO, Mg(OH),-3H,0
25 °C (data Lindstrém, 2003) Hydromagnesite 8CO; Mg(OH), 3,
0 Hydrotalcite MgsAl,(OH),s CO5-4H,0

0 0.02 0.04 0.06 0.08 @ 0]0)
NaCl added (mg/cm?) L‘mJ
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. Ductilit
_ Specific Strength Sory formed Most common:
uper light, high strengt , .
Thermomech. Treatment, MgLi Creep Resistance
A . AZ31 (MgAl3Zn1)
== V4 « AZ91 (MgAI9Zn1)
ey |
Meg-Si .  AMG60 (I\/IgA|6MnO4)
Mg-Y-RE-Zr
biiﬂhiﬂﬂ"ﬂ} Sand
Casting ‘
Mg-Ag-RE-Zr
(200-250°C) ‘%

Thermal Expansion
E- Modulus

Fiber & Particle — Wear

reinforced Mg-MMC's :
©NOIO)

http://www.intechopen.com/source/html/37746/media/imagel.png




s emanooe [\lagnesium Alloys — Applic

Tailgate inner
door panel

o
Steering wheel

-

Steering hanger beam

s Rl s et e

e

Q

3

Cylinder head cover

Inner doorframe
Seat frame

http://www.totalmateria.com/images/Articles/ktn/Fig246_1.jpg



Titanium and Alloys

2
E/V e Worse stability in presence of reducing

1\— acids: alloying with Pd (=0.1 %) to
|

improve the ability to passivate

e Great resistance against pitting and
crevice corrosion: crevice corrosion
occurring only in concentrated

pH 14 chlorides at 70 °C and above

e Complexes with F: HF and F" corrosive

e Explosive reaction with concentrated
HNO,

e Danger of H_, entry into structure,
embrittlement (under specific cond.)

[ONoloN

0

-1

270 7

e Highly active
e Great ability to passivate due to
formation of TiO, film

e Great corrosion resistance in
oxidizing acids




Titanium and Alloys

e Grade 1-4: Non-alloyed and low-alloyed Ti, forgeable, soft; use in chemical
industry, limited use in architecture, automotive

e Grade 5 (TiAl6V4): Most used, 50% applications of Ti; tough; turbines, engine
parts, aeronautics, sport, sea water

e Grade 23 (TiAl6V4): High purity, biomaterials — good biocompatibility
e Grade 7, 11, 16, 17 (TiPd0.15, TiPd0.05): Higher resistance in reducing acids
e and others -

“— http://c1038.r38.cf3.rackcdn.com/group1/building6485/media/htkb_dsc_1076w.jpg=:
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https://i.kinja—img.cdq 86 hitpe//wiWw.periodictable.com/Samples/022.8/5s13.JPG
N . .

N

http://wwvv.titanmf.com/wp—conterg,t/uploads/2014/03/Titanium-5hell—and—mHeat—Exchanger—006-600x300_c.jpg Oy tQk X VIEHE8S.jpG wikimedia.org
g N «
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EV e Corrodes in presence of SO, and HF
1\' * Brittle, expensive = Often coatings

Ak

] I I
-2
0 7 pH 14

e Strong ability to passivate
e Resistance similar to glass

e Stable in both oxidizing and
reducing environments

e Used in production of acids




s swremacer  Cobalt Alloys

e Wear resistance, fatigue strength,
high temperature resistance

e Vitallium (CoCr30Mo5): Implants

e Stellite (CoCr): Table accessories

e Alacrite (CoCr20W15Ni10): Jet
engines (aeronautics, aerospace),
kg standard

(@ 0O

BY SA
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e Atmosphere: Protected with PbO, PbSO, or lead f;n':,‘:l's Cathed

carbonates, corrosion rate less than 1 um/year

e Earlier water piping and production and storage of
H,SO, (protective sulfate film)

e Toxicity and environmental aspects limit

application
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I4] smsmsomamace - Corrosion Protection Methods p_

e Material selection
e Modification of the environment PROSTREDI M ;{EI'HE:ELU

e Physical parameters

e De-stimulation -

e Inhibition KOV @ETﬁEE Pé’;:?;:m
e Electrochemical protection

e Cathodic

* Anodic “‘3’”@ PROSTREDI | | GHEMICKY
e Coatings
e Design A

KOV PROSTREDI POVLAKY
\/ @NoIe)




s soenacer aterial Selection Pri_

About % of the corrosion costs can be eliminated by the application of known
corrosion protection methods

Most efficient protection in the design phase; material selection crucial

Material selection based on requirements on:
Mass loss (corrosion

Mechanical properties (strength,
Prop ( ® . i depth) critical

wear resistance and others);

Further application properties (electric

. . - =) Surface state critical
conductivity, optical)

Aesthetic properties
Price

Empirical experience available in handbooks: Dechema Corrosion Handbook,
ASM Handbook of Corrosion, ad.; further resources: proceedings, journalf@ olo}




Total Cost of Ownership / LC

UNIVERSITY OF
CHEMISTRY AND TECHNOLOGY
PRAGUE
Total life Initial Initial Operating & Lost Replacement
cycle cost materials materials maintenance | | production materials
(LCC) acquisition installation & costs (OC) costs costs (RC)
costs (AC) fabrication during
costs (IC) down-
time (LP)
N N N
TCO|| AC || IC S-S S
(1+i)" (1+i)" (1+i)N
n=1 n=1 n=1

R 250

R 200

Thousands

R 150

R 100

R 50

RO

Where: N = Desired service life i = Real interest rate

Bus frame

W Material Costs

| el

Mild Stewl

M Fabrication Costs

Other Installation Costs ® Maintenance Costs

W Lost Production

n = Year of the event

600

500

400

Cost (x1 000€)

200 +

100 +

Stainless Steel

200 | Pedestrian
bridge
-
g
: 0

10

20 30
Life in Years

300 f

OMaterial cost BForming cost

OWelding cost MPickling cost

Storage tank
12 m diameter

18 m height
®

304 L 2202 36 L

2304 2205



Change in physical parameters — temperature, flow rate, irradiation

s seraoce - Environment Modification

De-stimulation
Removal of corrosive component(s)
Condition: Present in limited quantities and technologically unnecessary

Examples: Oxygen in power generation, H* ions (alkalization), chlorides
and other ions from water solutions, water from crude oil and atmosphere

Inhibition
Addition of small quantities (typically from 0.1 to 10 g/I) of a compound
with a significant effect on corrosion rate

Systemization rather artificial, usually a combination of effect

©Nole
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Passivation: increased rate of cathodic reaction by direct reduction (Fe3*, Ce*,
CrO,%", MoO,%7, VO,37, NO;") or by catalysis of reduction of other system
components (Pt**, Pd?*, Cu?*); effect on anodic reaction (PO,*-, SiO;*)

Cathodic: cathodic reaction blocking (As3*, Sb3*, Zn?*, polyphosphates, CrO,*")
Adsorption: surface blocking (typically organic compounds)

CH;—CHz, ,CHE_CHL o R
MH g MH | |
CH;—CHy” CH;—CHy” e e NH . HNO3 @CHQ—S—CHQ—Q

Diethylamine Morpholine Pyridine Chinoline C( Diphenylsulfoxide

Dicyclohexylamine
N—CH, H N
/ |
0 R—C 3 | I
c W—CH ]/ T e i
"ONa ;e | | | i @ I
R N H N H—C—NH; g SH

Sodiumbenzoate Imidazoline Imidazole Benzenotriazole Thiourea Mercaptobenzthiazole

Soluble or volatile; often mixtures @ OB
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Protection by direct current: change in potential

Cathodic protection by sacrificial anode Soil

Sacrificial
anode

Galvanic coatings, ships, buried structures,
reinforcement in concrete

Protected

Zn, Mg, Al (for sea water, alloying necessary) pipeline
Protective current efficiency 50-90+ %

Long-term reliability without maintenance, 3 //

lifetime limited y
Throwing power limited by resistance of the /
environment -

\
(®)
5
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Novdk et al., Korozni inZenyrstvi, UCT 2002

Protection by Sac

Waoarter
outlet
/

—~Woter

Sacrificial
anode after
exposure in
heater of

utility w
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Iy By 7 N 1‘7

A/

Sacrificial anodes
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ammsmranreemocer — Protection by Sacrificial A

bt

L~ http://marineinsight.com/wp—content/uploads/ZOl0/1l/u_,wug,.,,?yY. -w§f\“_
o
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cemsran oo Protection by Sacrificial A

-

ode

Sacrificial anodes for
protection of steel bars
in concrete ©N0IO)




UNIVERSITY OF
CHEMISTRY AND TECHNOLOGY
PRAGUE

Insulatad wira

Protection by Sacrificial An_
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—_Weld
steel pipaling ,/;

Prepackaged magnasium
ancde in a porous cloth bag
with bentonite clay backlill

Fe pipe Moist soil

Moist sand

and gravel Mg block

4.
7

Ground
level

7

Sacrificial anodes for protection of buried stru) ®©
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(4] cresmitonamacer - Protection by Sacrificial Anode prncples

T. Prosek, Koroze a ochrana materidlu 61 (2017) 155-161

Topcoat
Primer

Corrosion
products

Width 225 pm

Oxygen | Zinc
reduction ! dissolution

Width 380 um prevails



AC POWER SUPPLY
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Hitns://upload. wikimedia.org/wikipedia/commons/6/65/Ku%€5%99%C
BYAD, Kv%CA%IBtNBCI%A L istanice. katodick%E3%A9: obhrany.jpg
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.’//www. raychemrpg.com/ogd/cathodic_protection/plant_piping/plant_piping_6.jpg
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— 1.0 -
T
4
Z 0.5 - N
- Pasivity n
- n
=
0 -
<
L
0.5 - Activity
A\ | 110
-1.0 -
Immunity Cathodically
protected steel
in soil
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pH ©Nole
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Metals with ability to passivate and low
corrosion rate in passivity

E.g., stainless steel in sulfuric acid
Risk of rapid damage in case of failure

J+

zdroj regulator
potencialu
o L ]

Cooling field with ;

\_ anodically protected
katoda
“E- coolers made of —
stainless steel

FeCrl18Nil0 in sulfuric

_ acid production
j- (0 DO

-
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Fooling field.made of Last iron Detail of anodically protected cooler made of
in sulfuric acid production stainless steel FeCr18Ni10 in sulfuric acid prodi&aa,



Optimal combination of mechanical and physical properties of basic material
and coating — wear resistance, aesthetics, optical, corrosion properties

Principal effect: Barrier
Types of coatings:
Organic (paints), 70 %
Metallic, 20 %
Conversion coatings and passivation — phosphatation, chromate,
blackening, ...
Thick organic coatings — rubber, bitumen, polyethylene coatings

Enamel

s menenocer - Protection by Coatings

Cement

Thermochemical (diffusion) ©Nole
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https://www.smlmarinepaints.co.uk/files/llbrary/images/generic/how. not_to_paint.png



S Sonamacer - Qrganic Coatings

e Most common method of corrosion protection
e High efficiency (performance-to-cost ratio)

e Micrometers to hundreds of micrometers: short-
term protection as well as heavy duty systems

e Duplex systems: combined with metallic coatings Primer

Topcoat

Basecoat
Steel
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EEE‘&’E'SrIHSJDTECHNOLOGY OC - Composition

° PO Iym er bi n d er Trivialni nazev Pojivo

Akrylatové Estery kyselin polyakrylové a polymetylakrylove
® Th Inner ( exce pt fo r p OWd e r) — Alkydove Polyestery vzniklé esterifikaci polykarboxylovych kyselin polyalkoholy *
. . . Asfaltove Prirodni a ropné asfalty, pripadné kamenouhelna smola 2
real, colloid (dispersions) o o
Epoxidové Epoxidova pryskyftice

[ Fi I Ie s — St ru Ct ure re | N fo rceme nt’ Chlorkaucukové Chlorovany pfirodni kauc¢uk nebo synteticky polyisopren

Nitrocelulézové Derivaty nitrati celulozy (acetobutyratcelulozy, acetyleeluloza, etylceluloza

better barrier effect, higher UV a benzylceluloza)
. . . Olejové Vysychavy rostlinny olej nebo olejopryskyfi¢ne pojivo
res Sta N Ce’ etc °/ c. g ’ I Im eStO n e’ Polyesterove Produkty reakce diolu s vicesytnymi kyselinami

C h a I k’ gy p sum , t d | k Polyuretanove Pryskyfic,e, \_f'znikajici rea}qci vigefunkénich isokyanatu s latkami
obsahujicimi hydroxyloveé skupiny

o Pi g ments — co I ou r’ cove r| N g , Silikonové Silikonové pryskyrice, obsahujici fetézce —O—-Si—O— (smiSené

metylfenylpolysiloxany)

corrosion p rOte Ct IoN ; Tl O 27 B d S O 47 Vinylove Polystyren, kopolymer vinylchloridu, chlorovaného PVC a chlorovanych

Z O h t polyolefinu
N rapnite, ... i

, g p , I Do této skupiny patii hmoty v CR oznacované jako , syntetické* zdakladni barvy nebo
PS Add ItIVES — frot h N eSS, d IS pe rsion emaily. Jde o nejvétsi skupinu natérovych hmot. ° Mohou se kombinovat s epoxidy a po-

lyuretany za vzniku epoxidehtii a polyuretandehtil.
agents, antibacterial, rheology, ...

©Nol®



S Sonomens - OC — Surface Preparation

“Application of organic
coating on untreated




S Sonomens - OC — Surface Preparation

e Clean surface = up to 10-fold higher coating lifetime

e Higher surface roughness = higher paint adherence = longer lifetim

2 =

10 Corrosion cree
% 9 N A Periodic surfaces: triangular peaks
cu , . .
z 8 ¢ Periodic surfaces: rectangular, tilted peaks
e
£ 7 .
£ A X Grit blasted surfaces
ay O ,
o 5 * Steel
E A * Two-component polyamine
o 4 cured epoxy mastic coating
'g * DFT of 350-400 um
e 3 « Corrosion test ISO 12944-9
£ “ AA (UVA, condensation, NSST)
% 2 ‘ A * Delamination from defect
0 —oo9—&
1 10 100 1000

Rz [um] ONOIO
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PRAGUE 0 TECHNOLOGY OC B Application Principles of Corrosion F

e !
o

\ .
\Y > ,
= .’ A g
-
S .com/mec_z’iafc ent! 1/compact/compactX
http://www.steelconstruction.info/images/thumb/b/b7/Roller_application.jnd#B00px-R&ller an@ication.jpg 0444 479 11 auf@\zc image_w886.jpg
k - —al —al < i

e
contel

http, ://i.ytimg.com/vt/YyCZIXf7 resdefault.jpg = UOSTEET-COom)/ W -
P o < ploads/2014/05/ olor-coils1.jpg

Pty



UNIVERSITY OF Corrosion Engineering

PRAGUE | TECNOROGY OC B ThiCkness Verification Principles of Corrosion Protection

.. Measurement

»

' of coating
thickness

eXole

Novdk et al., Korozni inze BY SA



Electrolyte

e Galvanic (electrochemical)
e Coatings filled with metallic
(Zn, Zn-Al) pigments
e Polarization of steel towards
negative potentials (cathodic
protection) in defects

e Short-term effect

e Inhibition
e Release of anticorrosion
pigments in defects

XYY

og'%s

Electrolyte
... .0 @ .. ..
......0.. ‘. .0.

e Aan




UNIVERSITY OF

sy anorecnnorosy ()G — Protection Mechanism

arrier effect

e Primary; physical barrier between
corrosive environment and metal

e Limits access of water, oxygen and/or
ions to the metal surface = blocking
the electrochemical reaction

e Water: rapid saturation (hours/days),
0.1’s to 1’s volume %

e Oxygen: transport rate sufficient for
corrosion rates in 0.1’s to 1’'s mm/year

e lons: Most probably the critical factor

Electrolyte

Paint

Metal

Transport
processes

1
2
3
4
5
6

ons from and to anodic sites
ons from and to cathodic cites
Electrons in metal

ons in electrolyte () DO




e moamocer )C — Defects

velmi

e Defects are
pomalu
2— 2— - s
-
regularly Cro,*, Cr,0;*, HCro, cr3
present — ° difu\
micro vrchni S | Cré* (migrace)
: natér = Cré+
(porosity), , ,
. SrCro, SrCrO, zakladni srcro, srcro, adsnrpﬂﬂ*l redukce .
macro (scribes, SrCro, SrCro,  NAt&r SrCro, Srcro, et G
cut edges) S

e Inhibitors in primer coats: ideally self-healing

e Traditionally Pb,0,, chromates; toxicity = phosphates, silicates, borates,
molybdates, nano-encapsulation

e Metallic pigments (Zn, Zn-Al): Pore sealing, inhibition, short-term cathodic
protection @O0
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6 gll‘-I‘I\E(I-\_:lLI’SETRYANDTECHNOLOGY OC - Degradation

-

©Nole

Novdk et al., Korozni iméenyrstuinlCT 2002




UNIVERSITY OF
CHEMISTRY AND TECHNOLOGY
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e Typical of
Zinc
protected
steel

e Cathodic
protection
of defect

e Slow,
natural
and
desirable
process

0, H,0

OC - Anodic Delamina

x M NaCl

rana materidlu 61 (2017) 155-161
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EE;E‘EIE'SrE;{fJDTECHNOLOGY OC ‘B AnOdic Delamination Principles

T. Prosek, Koroze a ochrana materidlu 61 (2017) 155-161

Topcoat
Primer

Corrosion
products

Width 225 pm

Oxygen | Zinc
reduction ! dissolution

Width 380 um prevails



e e renoe ()C — Anodic Dela

b 8

: -
opCnz g
% g s
Jrafs
Lk

Steel, Zn-Al-Mgq coating, exposure to marine climate Width 1.9 mm

WA e e Delamination rate controlled by the ratio
ﬂ- ‘ of zinc coating thickness and defect size
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Zinc 7 um Zinc 20 um

“'.

ooy g Steel, zinc coating, ,mud test”



gEEEEiEJ?JDTECHNOLOGY OC ‘B CathOdic Delamination Principlecs:o

0, H,0

0,,H,0

e Alkalization of the interface
Me"* / x M NaCl

between metal and organic coating
- loss of adhesion T
e Testing: Cathodic polarization

e External current
e Anode made of active metal (Mg)

Me

Me = Me™ + ne 0, + 2H,0 + 4 > 4-0H

Carbon steel =450um

A. Tahara, T. Shinohara: Morphology of corrosion products formed by edge corraosion-of residual coated steel sheets, Proc. of
Galvatech '07, 7th International Conference on Zinc and Zinc Alloy-Coated Steel Sheet, Osaka, Japan, November 18-22, 2007

'.:_", w
ot AR SR s Gl AT
VY . e i
: - L. - '. BT e T
) e A

50x25 mm

Steel, zinc coating, tropical marine c/imat



s oo OC — Blistering

e Local defects

e Classification according )
to CSN EN ISO 4628-2

e Several mechanisms

&
S
]
SN
i,
v
U
=
S
E
S
v
<
<
s

Cyclic tropical test,

Constant condensation test, 60 °C, 1450 hours 50 °C; 15x15mm




6 EEE&E?S AONFD TECHNOLOGY OC - B I iste ri n g

Novdk et al., Korozni inZenyrstvi, UCT 58




&) ez avwnamoosr - QC — Blistering, Mechani

e Osmotic blistering e Stress-induced blistering
, Soluble salt is Tensile Paint
Paint present at the stress Substat
paint/metal bt
Metal interface o
Blister initiation
Humid air Wat
ater
penetrates
) Paint organic coating
SR Water Tensle __, - - eeniom
penetrates Substrate due to local de-

through paint adhesion
Paint \ / \ / \ / and water Blister growth
clusters form . -
|

Paint expand at elevated
temperature, stress becomes
compressive and blisters form; they
are reversible (may disappear at
lower temperature) until plastic
deformation of the paint takes place
Substrate or are filled with corrosion products;
can be empty

due to local de-
adhesion

Metal

Compressive
stress

Osmosis is the
driving force of
further water

: \/ . transport to the
Paint \ / interface; the solution ® Cathodic blistering

dilutes, its volume
grows and blister
Metal appears @ ®©




s seremoer )C — Loss of Adhesion :

s 17 5710
e Perfect paint adhesion is necessary for good
corrosion protection

e Global loss of adhesion can be caused by:
e Presence of soluble contaminants

e Presence of corrosion products, in
particular non-adherent

e Failure of conversion coating
e Incompatibility of paint system layers
e Dramatic UV degradation

Steel, zinc coating
Volkswagen PV1200 test, 11 cycles (days)

120x90 mm B ¥ | “\—

Gl o A AR




E:E;E‘éaigg\\;fpfn TECHNOLOGY OC — C hal ki ng

e Global degradation of topcoat

e Usually photochemical degradation
of polymeric binders (UV, O,)

e Release of pigment particles from
polymeric structure and loss of gloss
and colour changes

e Specific of different binders

e Resistance can be improved by
stabilizers, antioxidants,
UV absorbers and quenchers

e |nitially only aesthetic problem, in long run a drop in barrier effect

e Tests: UV irradiation in combination with humidity, possibly with
corrosive environment




UNIVERSITY OF
CHEMISTRY AND TECHNOLOGY
PRAGUE

OC - Filiform Corrosion

Filiform (nitkova,
filigranska) corrosion
of aluminum with
epoxy paint



ammsavoreemoos  [l@tallic Coatings _

ey Postup Obvykla Typické pouziti Poznamka
® U N d er mo St con d |t I0ONS ) on Iy povlakovani tloust’ka (povlak/podklad)

zinc and certain zinc alloy v il
Zéro_vé 7-40 pm Zn/ocel Dominantni proces pro plechy a drat
coatings able to protect stee|  kentimali Zu-Allocel
-Si/ocel
Cat h Od 1ICa I Iy ) Ot h ers p FoVvi d e Zarové vsazkové  40-200 um Zn/ocel Konstrukéné sloZitéjsi a rozmérné
. . vyrobky
on |y b arrier p rOte Ct ion Zarovy nastiik 80-300 um Zn/ocel Velmi rozmérne vyrobky
. . Zn-Al/ocel
e Zinc coatings: el
e Buildin g an d automotive Elektrolytické 1-25 um Zn/ocel Drobnéjsi dily vsazkové, v mensi
. . (galvanicke) 7n-Ni/ocel mife kontinualni proces pro plech
industry, home appliances Cr/RM
. Au/RM
* Low corrosion rate Swocel
e Aesthetical |y acce pt able Bezproudé <1-50 pm Ni/RM Podklad pod dekorativni chromové
. z roztoku povlaky
d p pea rance Of corrosion Depozice ve <1-10 um AI/RM PVD, CVD, iontova implantace
products vakuu
. . Termochemicky  <1-80 um Zn/ocel
* Other coatings: Al, Sn, Ni, Cr, Plitovéni <0,071-10 mm Ni/ocel NandSeni navilcovanim a dalSimi

Zn/ocel postupy

Cu, rare metals AURM 00




ammsmwnronocsr letallic Coatings — Zinc _

e Stable corrosion products

e High corrosion rate in absence of CO,
and at constant humidity, acids

e Alloy coatings: Zn-5Al, Zn-55A|,
/n-Mg, Zn-Al-Mg, Zn-Ni, Zn-Fe

Mass loss [um]

Praha
Hory
Kopisty
Pribram
Brezové
Hory
Pribram
Vojna
Ostrava
VSB-TU
Ostrava
koksovna

KaSperske

http://en2img.allhaving.com/upload/2108/0/3_4 2_auto_industry_02.jpg




6 E:EEE?E\‘({A?JDTECHNOLOGY Meta"ic Coatings — Ap

COUING TOWER

Continuous hot dip galvanizing

1Ty

PRE-TREATMENT
‘ ¢ ¢ ! . L
1 . L R
£OLD ROLLED COIL VERTRAL N vy e
EHEI‘R LOGPER ANNEALING [i"g 4 r.
FURMALE b WATER QUENCH
TINC FOT

O—0o o syt

GALVANIZED STEEL COIL mnnmm BOST TREATHENT :m e
EKIN PASS

http.//www.gobizkorea.¢om/att/cat/1138175000/tps htmi/img/1138175
000_cat_1-large_imgl_2.jpg

Thermal

. Overspray Wire feed

Electric arc \\ S p rayi n g

/_»-

Spray stream

Coating

£ Overspray




s Sonamacer - Metallic Coatings — Application

Eta

(100% Zn)

70 DPN Hardness
Zeta

(94% Zn 6% Fe)
179 DPN Hardness

Delta

(90% Zn 10% Fe)
244 DPN Hardness
Gamma

(75% Zn 25% Fe)
250 DPN Hardness

Base Steel
159 DPN Hardness

Batch hot dip

galvanizi



Metallized Hot Dip Zinc-Rich Galvanized Electroplated
Galvanized Paint Sheet (co) DO

: BY SA




@] cimimvsnramacer - Metallic Coatings — Chromium o contil

Principles of Corrosion P

https://up/oad.wik/mf@& https://c2.&ticiickr.comy/4/3393/3499013648 080%ae5099 b.jpg
e - —
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Ay | 7 E

http://www.chromovani- » ( 3 b\
zajic.cz/Foto/bigHridell.jpg . p
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ttp.//custompolishchromeplating.com/wp-content,



camsmy o reemoos — Copversion Coat., Passivation _

e Formation of thin films by chemical reactions between metals and baths
e Passivation: Thinner (<10 nm), self-healing films

e Conversion coating: Self-healing not possible, usually thicker (>10 nm)

e Usually good basis for painting — large specific area, metal-paint anchor

e Oxidic (anodization of aluminum, blackening of steel), phosphate-based
(phosphatation of zinc, steel, magnesium and aluminum), chromate
(chromating of aluminum, zinc and tin), silanes, Zr-Ti, etc.

Phosphating: Precipitation of insoluble
phosphate (zinc phosphate, Zn,(PO,),; iron
(1) phosphate, FePO,) films by reactions
with acidic phosphate solutions

conversion coating (SEM) (<9 DO
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s meremaoe Thick Non-Metallic Coatin

Acid-proof brick lining
of floor in chemical
production site

' Rubber lining
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6 UNIVERSITY OF D u
CHEMISTRY AND TECHNOLOGY
PRAGUE es I g n

Basic approaches:

e Uniformity of conditions (flow, temperature, composition ...)

e Good accessibility (inspection, re-painting, repairs, cleaning)

e Shorten contact time between corrosive environment and metal
e Limit risk of galvanic coupling

@O0
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CHEMISTRY AND TECHNOLOGY
PRAGUE es I g n

Crevice

Prevention .
of crevice N\ —y——— 4;

formation -

Accessibility of h
painted parts
(for re-painting)
13h
| T
z h
1

13h Sxole



6 UNIVERSITY OF D .
CHEMISTRY AND TECHNOLOGY
PRAGUE es'gn Princi

S — Deposits

Drip—off .sheet
7»7777774— \ /Suppoﬁ
777777777

Prevention
of liquid and
deposit
retention A \

. 5

/.

ST T TIITTTTTTIS T @O0
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6 CHEMISTRY AND TECHNOLOGY De s I n N
PRAGUE Principles

: Cu Fe Fe Cu Insulation
Prevention -
of galvanic
coupling AN -
SN
Formation of concentration galvanic couple Thermogalvanic couple due to heating
lknncic} (———\
) Y
ohrivak
/’
quln;;_.ii}—- \ — -
S ” - -
Il -/
\—‘ ”/ L] ,J oblast prehrati @ 0I©
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Flange

Uniform flow Gland

@00



cmsv e Gopyright & Contact

The published materials are intended for students of the University of Chemistry and Technology, Prague as a study
material. Some text and image data contained therein are taken from public sources. In the case of insufficient quotations,
the author's intention was not to intentionally infringe the possible author(s) rights to the original work.

If you have any reservations, please contact the author(s) of the specific teaching material in order to remedy the situation.

Uverejnéné materialy jsou uréeny studentim Vysoké skoly chemicko-technologické v Praze jako studijni material. Nékterd
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napravu.

Tomas Prosek, Ph.D.
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Corrosion Testing

©Nole




6 UNIVERSITY OF C
CHEMISTRY AND TECHNOLOGY t t
PRAGUE o n e n

* Principles and goals of corrosion
testing

e Assessment of corrosion
degradation

* Exposure tests in natural
environment

* Accelerated corrosion tests
* Laboratory tests

e Laboratory measurements
* Summary




ey o enooe— (G0als of Corrosion Test_

* Minimization of corrosion losses
* Application:

* Selection of materials with optimal corrosion resistance for a given application
 Lifetime prediction for inspection and replacement planning, warranty

* Development of new materials and anticorrosion methods
e Quality control




cimmsrmmoreomorosr - New Trends in Corrosion Testin_

* Material selection for new environments
» Deep sea mining: H,S, high temperature and pressure
» Deicing salts for winter treatment of roads: MgCl,, CaCl,, organic mixtures

* Development of new materials
» High strength steels for automotive industry
» Alloyed zinc coatings: Zn-Al-Mg, Zn-Mg...

» Environmentally friendly surface treatment = Often need
» Water-based paints of new or
» Functional and thin coatings improved
> Nanomaterials testing
methods

» New light Al and Mg alloys

©Nole
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PRAGUE p I o n s

Field exposure tests

+ Reliable, real conditions

— Time consuming, expensive
Standardized accelerated corrosion tests
+ Rapid and relatively cheap

— Can be unreliable

Lab tests

= Specific problems, often development
Lab measurement

" Measurement of parameters with obvious
effects on corrosion stability
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i mercnoe Agsessment of Corrosion

 Visual

* Mass loss (or gain)

* Presence of non-uniform corrosion
* Corrosion depth

* Loss of mechanical properties

* Changes in other properties



UNIVERSITY OF

cimmsmvaeeamocs - Agsessment — Visual

e Extent and morphology

* Degradation has to be accompanied with the formation of corrosion
products or other visible changes

 Less useful for non-uniform corrosion, e.g. SCC or pitting corrosion

Steel, NaCl deposits, 20 °C, 80% RH

© Tomds-Prosek
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T moremoce Ags@ssment — Visual

e Corrosion products:

* Degree of rusting: EN ISO 4628-3 Paints and varnishes — Evaluation of
degradation of coatings — Designation of quantity and size of defects, and
of intensity of uniform changes in appearance — Part 3: Assessment of

degree of rusting

| By
G Y

Degree of rusting

Rusted area
%

Ri O
Ri 1
Ri 2
Ri 3
Ri 4
Ri 5

0
0,05
0,5
1
8

40 az 50

* Time to formation of corrosion products (e.g. to 5% coverage)

* Image analysis and calculation of the area covered with corrosion products

[ONoloN

» Practical for steel, worse for e.g. zinc




e renoe - Assessment — Visual

e Paint delamination from defects:

* Mean distance: EN ISO 4628-8 Paints and varnishes —
Evaluation of degradation of coatings — Designation of
quantity and size of defects, and of intensity of uniform changes
in appearance — Part 8: Assessment of degree of delamination
and corrosion around a scribe or other artificial defect

e Maximal distance or area can also be evaluated

3
7

_atbretrdtetrif

6\@®©|

A
|




 Paint blistering (puchyrkovani):

 Size and density: EN ISO 4628-2 Paints and varnishes — Evaluation of
degradation of coatings — Designation of quantity and size of defects,
and of intensity of uniform changes in appearance — Part 2:
Assessment of degree of blistering: <2(S2), 2(S2) ... 5(S5)

» Scatter in scores between operators, trials to use digital image
analysis

S B G S B it i
DRRE IR ; N v,
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ke :
Py L
v“"‘ -
Lk R A - .
FeLBR AN :
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[4] smmsmtoranacs Assessment — Visual _

* Chalking (EN ISO 4628-6, 7)
* Cracking (EN 1SO 4628-4)

METHOD D 130/1IP 154

AVOID EXCESSIVE EXFOSURE TO LUGHT

* Flaking (EN ISO 4628-5) qsn, ASTM COPPER STRIP CORROSION STANDARDS q{m,

e Filiform corrosion
(EN 1SO 4628-10)

* Loss of gloss of copper
(assessment of indoor
air corrosivity)

20LISHED 2) (D)
(ISHGH TARNISH MODERATE TARMISH DARK TARNISH CORROSION @ ? ?
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i morcmoos - Ags@ssment — Mass Loss

* Mostly used for uniform corrosion

* Chemical agent dissolving corrosion products with minimal corrosivity
towards metal itself

e Zinc: Saturated glycine solution

(NH,CH,COOH) | c
e Steel: Concentrated HCI + | L

20 g Sb,0;,50 g SnClyin 1liter .o 7 .

e Givenin g/m?, g/m? year, um/year = £ o | I/
g 0.03 §'§ "

ISO 8407 Corrosion of metals and alloys — Removal of s/
corrosion products from corrosion test specimens 02 T \;
ASTM G1 - 03 (2011) Standard Practice for Preparing, | »
Cleaning, and Evaluating Corrosion Test Specimens 000 L2

—— [eNclel
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ciemstay anoecunorosy A ggagsment — Non-Unifor

T ey a—

i NG Z
_ 2 |

Uniform corrosion Pitting corrosion Crevice corrosion Galvanic corrosion Exfoliation

Castiron / copper Aluminum alloy

1cm
Stress Stress )
= s g Hydrogen induced cuirfacs eracks
corrosion
Blister
e
a S
Internal voids
Transgranular stress Intergranular stress

corrosion cracking corrosion cracking Corrosion fatigue

i
20 pm
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\

Narrow, Deep

v,

Eliptical

Wide, Shallow

Undercutting

Subswface

NN

NS
N

Horizontal

SN

= -.'\\.\'\"

S

N

)

N

WVertical

ISO 11463 Corrosion
of metals and alloys
— Evaluation of
pitting corrosion

ASTM G46 — 94
(2013) Standard
Guide for
Examination and
Evaluation of Pitting
Corrosion

—

A
DENSITY

2,5 x 10%m?

1x 10%m?

5 x 10%m?

0,5 mm?

2,0 mm?

Assessment - Pitting Corrosion_

<
DEPTH

0.4 mm
0.8mm

1.6 mm

6.4 mm

[ONoloN




(4] srisonemocer - Assessment — Corrosion Depth _

* For non-uniform corrosion, mass loss is usually not representative
 Maximal depth practically most important; assessed by:
* Metallography at cross-section (location selection, time consuming)
e Sequential polishing (time consuming, sample destruction)
* Micrometer gauge with sharp tip (only defects with larger mouth)
* Profilometry (only defects with larger mouth)
* Advanced techniques: X-Ray, tomography




camsry o ey~ A gg@gssment — Mechanical Pr_

el L\ 8l ‘ ‘ 900.0 -

.......................................................................................

800.0 F— 4hrPrechangingwith H, 10-3
h

e Usual for safety-
critical parts with

700.0 £ 16h Precharging with H, 1

600.0 -

danger of brittle ~

failure i il
e Either corrosion |

test with applied i o svsse i e o sfymueg wpeel |

mechanical stress

or mechanical test

after corrosion
test
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s renace - Assessment — Other Propertic

 Electrical resistance (proportional to thickness)

* Gloss, colour (organic coatings)

* Functional properties: antibacterial, self-cleaning, heat-
reflective

* Changes in the environment — released corrosion
products (Cu, Zn, ...), reduction of components (H, ...)

CIE L*a*b*-System
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aamsoreemocs - Exposure Tests — Principles _

* Exposure to conditions as close as possible to real applications regarding:
 Composition and physical parameters of environment
e Surface state (surface treatment, processing, installation, ...)
e Position and geometry

* Used mainly for:
* Outdoor atmospheric corrosion (construction, transport)
* Indoor atmospheric corrosion (objects of cultural heritage, electronics)
e Seawater corrosion (oil & gas, marine transport)
* Corrosion on power generation
Automotive industry

©Nole
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s aeronace - Qutdoor Exposure — Effects

e

Temperature i “ .
Concentration of activators, mainly ‘
chlorides (Cl") and sulphur dioxide (SO,)
but also:
= UV radiation (organic coatings)

" Degree of sheltering (rainfall,
irradiation)

" Wind, specimen orientation, surface

preparation
= Presence of other pollutants (NO,, — Too many parameters;
HNO,, O,, ...), dust deposition, ... need for simplification

©0



aamsmmoremocs: Qutdoor Exposure — Effects _

Standards define how to handle climatic and exposure parameters:

Important + Incontrollable & Measure (T, RH)
Important + Controllable @ Fix (inclination, orientation)
Unimportant @ Omit

Can differ for individual types of sites and materials

©Nol®



cememmoenoos Qutdoor Exposure — Standar_

Basic requirements for field testing defined by ISO standards:

= (CSN) EN ISO 8565:2012 Metals and alloys — Atmospheric corrosion testing — General
requirements for field tests

= (CSN) EN 1SO 9223:2012 Corrosion of metals and alloys — Corrosivity of atmosphere —
Classification

= (CSN) EN 1SO 9224:2012 Corrosion of metals and alloys — Corrosivity of atmospheres —
Guiding values for the corrosivity categories

= (CSN) EN 1SO 9225:2012 Corrosion of metals and alloys — Corrosivity of atmospheres —
Measurement of pollution

= (CSN) EN ISO 9226:2012 Corrosion of metals and alloys — Corrosivity of atmospheres —
Determination of corrosion rate of standard specimens for the evaluation of corrosivity

= (CSN) EN I1SO 12944-2:1998 Paints and varnishes — Corrosion protection of steel structures by
protective paint systems — Part 2: Classification of environments (for water, soil and
atmosphere)

Additional standards for specific materials, environments and applicatior"@ 010



i s Qutdoor Exposure — Typ_

Main corrosion factors

a Rural Urban Industrial Marine/ Marine High UV -4
“"“’Sp_'}‘““ o ustrial J ( CVSN) EN ISO 12944-2
LParameters (CSN) EN ISO 9223
Rainfall X X X X X X
Temperature X X X X X X
[Dew point] [X] [X] [X] [X] [X] [X] X Requi red
[SO, of rain] [X] [X] [X] i
S0, of air X X X [X] OpthnaI
NO, X X X X
Cl X X
[PH of rain] [X] [X] [X] [X] [X] [X]
Relative
Humidity X X X X X X
Total Basic information on the type
Radiation X X X X X X of atmosphere in view of
[Time of [X] [X] [X] [X] [X] [X] expected corrosivity
wetness] @ 0IO)



s aoremacer - Outdoor Exposure — Classe

Corrosivity according to (CSN) EN 1SO 9223
standard:

= Yearly exposure of carbon steel, zinc,
aluminum and copper coupons

= 45°, facing south (for northern hemisphere) or
sea

Carbon steel, marine climate, 1 year
* Removal of corrosion products

* Measurement of mass loss

T AL - Bohus-Malmon
T l" |

o 4 ens - o

I M;I/M gy W
gy
gty ./ /

il 4, i
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Outdoor Exposure — Classes

Corrosivity Corrosio}r;;r?te (loss)
class
Unit Steel Zinc Copper Aluminum
C1 g/(m?.a) reorr = 10 reorr = 0,7 reorr = 0,9 negligible
Very low um/a Feorr < 1.3 Feorr < 0,1 Feorr < 0,1 —
C2 a/(m2-a) 10 < Fegrr < 200 0,7 < 7o <5 0,9 < reor <5 Feorr < 0,6
Low um/a 1,3 < reorr < 25 0.1 < rgorr < 0,7 0,1 < rgor < 0,6 —
C3 g/(m2-a) 200 < 7gorr < 400 5< reonr < 15 5 < reor < 12 0,6 < Feorr < 2
Medium um/a 25 < rgonr < 50 0,7 < reor < 2,1 0,6 < reorr = 1,3 —
C4 g/(m2-a) 400 < 7¢or < 650 15 < Fegrr < 30 12 < Feorr < 25 2 <reor<5
High um/a 50 < reor < 80 2,1 < reor < 4,2 1,3 < Fegrr < 2,8 —
C5 g/(m2-a) 650 < reorr < 1500 30 < reopr < 60 25 < reorr < 50 5 < roorr < 10
Very high um/a 80 < reon < 200 4,2 < reor < 8,4 2,8 < reor 5.6 —
CX g/(m2-a) | 1500 < rer < 5500 60 < roo < 180 50 < reorr < 90 Feorr > 10
Extreme um/a 200 < 7gorr < 700 8.4 < roor < 25 5,6 < reory < 10 —

The classification used for other materials as well (organic coatings, plastics, stone, ...

(CSN) EN 1SO 9223

\—

©Nole
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Sainte Anne, Brest, France, 2010

Outdoor Exposure — Classes

Steel Zinc Copper Aluminum
Corrosion | g/m? year 692 £ 43 839+04 20.1+£0.8 0.6+0.1
rate um/year 88 +5 1.2+0.1 2.3+0.1 0.2+0.0
Corrosivity class C5 / Very high | C3 / Medium C4 / High C3 / Moderate
Base navale, Brest, France, 2010
Steel Zinc Copper Aluminum
Corrosion | g/m?year 747 + 55 12.7+1.3 42.0 + 4.4 1.2+0.1
rate um/year 95 + 7 1.8+0.2 4.7+0.5 0.4+0.0
Corrosivity class C5 / Very high | C3 / Medium | C5 / Very high | C3 / Moderate

GOl



Corrosion loss [g/m? year]

UNIVERSITY OF

g;l:gdiTRYANDTECHNOLOGY Outdoor Exposure — C

15 == - -

S P U g U S S

C2

Brest, Sainte Anne

2002 2004 2006 2008 2010 2012 2014

— SV KSR NN R,




S soremc - Qutdoor Exposure — Sit

~— — Florida

* Marine tropical: Florida, USA (Q-Lab)
 Marine: Brest, F; Bohus-Malmon, SE

* Industrial: Kopisty (SVUOM); Ostrava-Radvanice (UCT);
Shenyang, CN

e Rural: Kasperské Hory (SVUOM)

. []
U rba n . Type Name T RH Precipitation  CI- depos. 50, WL steel WL zinc
[°C] [%] [mmiyear] [mg/m?day] [Hg/m3] [g/m?lyear] [g/m?/year]

P ra h a (SV U O M ) Marine Brest 12 79-85 840-1320 140-1850 Low 750-860 9.1-16.4

K | U CT Marine Bohus-Malmdn Kvarnvik 6-9 75-81 620-860 160-1160 Low 340-1330 6.2-13.4
ralupy ( ) 13-14 73-74  500-930 g

Marine / Industrial  Qingdao 16=30 320-340 3.5-7.4
Industrial Ostrava 8 80 700 Low 17 570 9
Industrial Kopisty 9 79 500 Low 14 180 7
Industrial Jiangjin 19 79-81 1080-1140 0-1 54-231 260-290 7.6-10.6
Urban Praha 10 68 520 Low 7 60 3
Urban Shenyang 10 63-65 440-790 2 33 140-170

Rural Langonnet 10-11 83-85 1080-1350 8 Low 170

High UV Dubai 29 57 94 3 10-11 NA

WL ... Weight loss in 15t year; NA ... Not available; [1] 36-57 mg/m*day
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Outdoor Exposure — Kop
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cememmoenoos Qutdoor Exposure — Requir_

© Tomds Prosek

Samples exposed facing south (for northern
hemisphere); marine sites: facing sea

Orientation 45° to horizontal
Climatic data measured and reported
Samples of 150x100 mm or any other

Corrosion rate measured in parallel using
zinc, steel, copper and aluminum

All specimens should be mounted on the
same day

Avoid galvanic effects




camem oo Qutdoor Exposure — ECCA _

Standards developed by European Coil Coating Association for building
materials

Addition to the ISO system
Provides more relevant modes of degradation of pre-painted materials

(CSN) EN 13523-19 (2011) Coil coated metals — Test methods — Part 19: Panel design
and method of atmospheric exposure testing specifies conditions of outdoor exposure
testing

(CSN) EN 13523-21 (2010) Coil coated metals — Test methods — Part 21: Evaluation of
outdoor exposed panels describes the evaluation of panels

©Nol®



» ECCA racks 5
= 45° south 45° — .
= 5° south / \ 90°
= 90° north




camem oo Qutdoor Exposure — ECCA

2
Effect of panel orientation: 727 g/m

Sainte Anne, Brest, carbon steel, from
October 2007 until October 2008

90° north — most aggressive for most
non-painted and painted materials
under high chloride deposition

45° south



» Specific panel design for each orientation as a function of studied
properties
» E.g., 90° N simulating side claddings:
= Corrosion in the unwashed area under overhang

= Overlapped panels with variable radius bend, scribe marks and stainless
steel screws F— S

% Sela Screws
POP Rivets ﬁ

3T Lomm, at

s
Variable Radius Bend Bl e

P

" " # u
Scribe Marks



& cizmswioremacs: - Qutdoor Exposure — ECCA

Panel Identification N° Start of exposure Date of inspection Accumulative time of exposure Exposure Site Angle
L]
Eva I u a t I O n 22/02/2007 02/03/2009 24 months Sainte Anne BREST (France) 90° North
Description: Substrate Coating Colour Other (surface treatment)
. type
following o i o o
Property/Area inspected Measured values / Results of inspection Other observations
o
St a n d a rd Gloss (60%) initial gloss Gloss after exposure Change in Gloss Gloss Retention %
EN 15323-2 26,8 25,8 1 4
E N 1 3 5 2 3 2 1 Coulour initial colour Colour after exposure Coulour change Colour différences
EN 13523-3 L* a* b* L* a* b* AL* Ag Ab* AE
41,79 -1,77 -11,12 41,55 -2,09 -10,84 0,24 0,32 -0,28 0,49
Edges ili i
9 Filiform corrosion Delamination Blistering Rusting
Size
o Colour of
mean | max. | % affected mm y Size Number | % affected rusting % affected | Number of the spots
affected
WR or RR
side| © 0 0 0,5 50 0 0 0 WR 10 _
top| O 0 0 1,0 70 1,0 1 _ WR 100 _
bottom 0 0 0 05 20 0 0 0 0 0 0
overlap| O 0 0 1,0 50 0 0 0 WR +RR 30 2 spots for RR
Overall surface Cracking Flaking Blistering Rusting
prEN ISO 4628-4 prEN ISO 4628-5 prEN ISO 4628-2 prEN 1SO 4628-3
Size Quantity Size Quantity Size Quantity Size Quantity
no no no no no no no no
Bends Cracking Flaking Blistering Rusting
Leng in mm from 1T prEN ISO 4628-5 prEN ISO 4628-2 PrEN I1SO 4628-3
A te r no Size Quantity Size Quantity Size Quantity
no no no no no no
Areas around screws type of degradation Size (mm): O
6 month S, Intal Scratches
Areas around rivets type of degradation Size (mm): O
h | Initial Scratches
t e n ye a r y Scribe Delamination Area affected (%) Blisters O Rust O Filiform corrosion O
0
Reverse side white Rust @ @ @
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cimmsr aoremoce - Accelerated Tests — Requi_

What should a corrosion test be capable of?

* Acceleration of corrosion processes
with identical mechanism

e Simulation of service conditions in
view of main corrosion factors

* Corresponding material and geometry
ranking

* Enable co-simulation of other possible
interactive mechanisms, such as heat,
solar impact or mechanical stress and
fatigue




ciemsrmmorecmoosr A ccelerated Tests — Acceler—

How to accelerate corrosion?

e Higher temperature boosts kinetics of corrosion reactions

e Changes in chemical composition, e.g. chloride concentration

* pH changes, mostly acidification

* Increasing relative humidity

e Cyclic wetting and drying lead to change in electrolyte concentration
e Defects such as scribes, cut edges

e Geometry or orientation increasing tendency of a product to corrosion
degradation, e.g. artificial crevices

* Mechanical load, relevant to SCC, corrosion fatigue, etc.

@O0



s aoranoce Accelerated Tests — SST

e Salt spray test
e Firstly usedin 1914
e First standard (ASTM B117) from 1939

e (CSN) EN I1SO 9227, (CSN) EN 1SO 7253,
ASTM G85 and many others

e Still most used corrosion test

e Usually 35 °C, 5 wt. % NadCl,
pH 6.5—-7.2, 2—-1000+ hours (NSST)

e ASS: NaCl solution acidified by CH;COOH
e CASS: CH,COOH and CuCl,




s aoranoce Accelerated Tests — SST

+ Many reference data
+ Widely used quality control tool

+ Cheap
+/— Extreme corrosivity: High chloride load,
permanent wetness, good access of O,: mass
loss 5 um/day (40 g/m?-day) for carbon steel

— Unrealistic test conditions leading to poor
correlation with service (real world) performance §

— Important variations in results between parallel
samples, between cabinets and labs, mainly due
to high sensitivity to chloride deposition
(15 ml/h per 80 cm?): calibration certificate and
reference samples should be required




ammsmaoeamocs - Accelerated Tests — Cycli_

* |nitiative of automotive industry (1980’s to 1990’s)
* More realistic conditions due to repeated cycles of:
e Chloride contamination (fog, rain, immersion)

e Drying phase -> Significantly
e Wetting phase better
e 1t generation: Lower, but still high CI™ deposition prediction of
e 2nd geperation: Dramatically lower Cl™ deposition material
performance

e New trends: Further technical phases such as freezing
or rapid temperature changes

©Nol®



UNIVERSITY OF
CHEMISTRY AND TECHNOLOGY
PRAGUE

Accelerated Tests — Cyclic

Activation phase

Duration
Salt solution Chloride deposition; c 0 [days]
Standard pH Frequency mg/cm?/test vl & "l
Deposition rate per 80 cm? Approximatelly
30 min/day 35.. ..20,1h35
O H
1 |Renault ECC1 D172028 g";‘n(f/'hl/‘” pH 4 3.5 hiweek 8 35.. ..55,2h40 42
35.. ..90,1h20
,  |Volvo Car Corp vICT NaCl 1%, pH 4 3x15 min twice a week - 45.. .50, 4h 45
VCS1027,149, STD 423-0014 120 ml/h (15 mm/h) 1.5 hiweek 35.. .95, 4h
24 hiweek 40.. ..100, 8h
0 - 1
3 |vDA 621-415 'I'%Crl]sh/" PH 6.5-7.2 136 18-28.. .50, 16h 70
' 23.. ..50, 48h
Immersion 1 h twice a 35 45 2h
4 Scania SICT STD4233, I1SO 16701 NaCl 1%, pH 4 week ? = o0, 7h 84
) 2 h/day (4 days) ;
. NaCl 1%, pH 6.5-7.2, 15.. .50
5 Daimler KWT 2 mi/h 8 h/week 73 up to 50.. ..up to 100 42
NaCl 1%, pH 4 1 h twice a week 35.. ..85,7h
6 PSA TCAC D13 5486 3 i 5.4 e e 84
NaCl 1%, pH 6.5-7.2 3h (3 x week) -15.. .50
7 |vDA 233-102, SEP 1850, N-VDA A 9 hiweek 8.1 D150, . Up t0 100 42
vo/Ford | 0.5 10+3+3+3 min/ 6 h (wet
VOLVO/FORD ~120-160'm 5 days/week 50.. ..70,15h30
10 min/day
_ NaCl 5%, pH 6.5-7.2 60.. ..30, 160mn
9 Nissan M 0158 CCT IV 15 mih 1h10/week 4 60.. ..95. 80min 42
NaCl 5%, pH 6.5-7.2 40.. ..100, 16h
10  |Volkswagen PV1210 B~ 4h (5% week) 113 o BT 42
0, -
11 |Neutral salt spray ISO 9227 NSST NE(E 0, (] (81702 Permanent 383 35.. ..100

15 ml/h

©00"




G Soremecer - Accelerated Tests

‘ Salt fog, 5 wt. % NaCl, pH 7, 4 hours Duration: 6 weeks
Volkswagen . | : >
30 = : - 4 90
| i ‘ :: {180
70 -1 S I | : S
- ‘ | | . >
£ 60 - L s
) | €
S ; | ; 160 3
I B — e -l - - @
qé' | | " 50 &
E » - 40 g
= |
2 ol 1 30 E
= | =
- N 0 <
20 [ - P ] i - 4 20 -E
i)
3 ; i ] = [4}}
10 — = 4 10 o
o L 1 L Prt b bt 0
o‘ 24 48 72 96 120 144 168

4 hours of salt spray fog, 5% NaCl, pH 7.00
4 hodiny solné mihy, 5% NaCl, pH 7.00

Cas [hodiny]/Time [hours]
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¢ cmsvanremocer - Accelerated Tests — N-VD

60 100 60 100
VDA 233-102 AN =
© ] X
O © <. O J Frd
°404 T 2 °_40 - ] =
¢ B £ @ 1.. 2
5 = S ; 60 £
= ) IS = 1 S
©301 2 3 T30 \ / ] 2
5 Z ] ]
N-VDA L B e
S cycer SRECEEENTY [ CyeleB |1 F
[ = Q [ i (O]
5 —T 12 ® —T t20 &
10 - ] 10 A ]
—RH|] —RH
0 L B B A — ] 0 0 —_ —_ — —_ —_—t 0
0 4 8 12 16 20 24 0 4 8 12 16 20 24

6 WeekS Time, h Time, h

sub-cycles ;
50 -
B-A-C-A-B-B-A ; s
4 O S
o LR < =
° T = N
U 30 in b= 2
=1 2 g o
= =)
g 20 - = E 5
= ) n
£ 101 3 2 °
o & © 5
= 0 L E O
24
_10 .
-20 S s e B L 0
0 4 8 12 16 20 24 : : ‘ w \ ‘
Time, h 0 24 48 72 96 120 144 168

Exposure time [hours]
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cmsmv o eenooer - Accelerated Tests — Comparis_

 Example 1: Does it make

sense to apply a zinc coating?

e NSST: Similar corrosion
losses of steel and zinc

* Only the tests of the
2"d generation provide
the correct ranking

Corrosionloss [um]

120 |

60 |

30 |

8760h

1.3
2.4
T O Steel
IL
E Zinc
T 36
I I
[K:
= 13
I -+
- . n —
NSST VDA ECC1 Car, deicing Car, no Marine
762h 1680h 1008h 8760h deicing, site, 8760h

&0



e Example 2: e Lap joint corrosion critical for car bodies

Lap joints e Samples with .
) & 3
model crevices 5
with 2
c
- non-protected 2
~ 9 2
surface 3
50%86 mm £ .E
o Phosphated, € "
o 120 um constant § §
gap c
K T T RROCES!  BENE EEE BEEE SRS SRS SR
8
2 s |
5 |
130 mm g 0 1

NSST VDA ECC1 VICT Bus, no Car, Marine
762h 1680h 1008h 1008h  deicing deicing site,

17520h  8760h



e o ecnoroer A ccelerated Tests — Co_

 Example 3: Alloy ¢ Zn-Mg and Zn-Al-Mg coatings perspective for many

Zn coatings applications: T
weldability, =
formability, =
ernary eutectic inarv eutectic Orma I I a0
g ility, ¥ |
corrosion S
resistance 5
= i
N 10 t
8
c
2
S
§ 5
2
E l
o T
I
ey : 0 ' ' : :
- ; NSST Statictest, N-VDA, ECC1, Rural site, Marine site, Marine
20 “m 1.4g/m?Cl- 1008h 1008h 4 years 2 years ies, e

() DO



s mercnoe Accelerated Tests — S

» Salt spray test
= Unrealistic

= Missing correlation to results of exposure
under service conditions

= Applicable to quality control

» Cyclic accelerated tests simulate better real
environments and they are optimal for material
selection, lifetime assessment and development
of new anticorrosion measures (especially for
combined materials)
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Accelerated Tests — Other F_

* Many accelerated tests used in oil & gas, power generation, etc., e.g.:

Stress corrosion
cracking: Slow
strain rate test
(SSRT)

ASTM G129-00, Standard Practice for
Slow Strain Rate Testing to Evaluate
the Susceptibility of Metallic

Materials to Environmentally Assisted

Cracking

CSN ISO 7539-7, Zkouska koroze za
napéti, Cdst 7: Zkouseni pfi malé
rychlosti deformace

S0

—

J

Load cell

[]-—o Movable carriage

Corrosion cell
and test specimen

Screw drive
mechanism

Stress [MPa]

600 -+
500 -+
400
300 74
200 1

100 —+

f g et water
”‘.M’”' il 45 OC
"""M
‘W’ )
i 'y 1\ o ! '.
A" .r'x‘nlw” yr\r\\ Q
A- i w'j"’h, \ §.
, vi,\‘
,, ,ﬁv” \ MgClp, 35% |
et \ 50 °C
ndf§ \
[/ \\
ol \
‘ | MgCl, 35%
\
MgCl,, 35% | 45°C
MgCl, 35% 60 °C \
100 °C \
|

0,02 0,04 0,06 0,08 0,1 0,12

88

Deformation



cmsm o eeooer - Accelerated Tests — Other Fields_

Inte rgranu lar corrosion of stainless steel ASTM A262 — 15, Standard Practices for Detecting
Susceptibility to Intergranular Attack in Austenitic
e Boiling 16 vol.% sulfuric acid Stainless Steels, Practice £

with Cu shavings for 15 hours,
then bending

Stainless
steel
FeCr18Ni9,
Strauss
solution,
after bending



EEE‘&?H frf D TECHNOLOGY L a b Te sts

 |f an appropriate standardized accelerated test is unavailable

e Usually in research, but can be useful for material selection and other
technical problems as well

* Focused on specific degradation mechanisms
 Example: Pressurized Blister Test (adhesion of organic coatings)

Pressure

ﬂ

Glass tube

Electrolyte
+— O-ring

Sample | | Substrate
—» ﬁ Topside paint

1
Electrolyte ——

Tape




cmsm o cmoosr | gl Measurements _

e Limited use
* Parameter correlating with corrosion resistance

* Link between the parameter and corrosion resistance needs to be well
known and straightforward

* Examples:
* Thickness of metallic or organic coating
e Coating adhesion

* Impedance response of coatings (electrochemical impedance
spectroscopy)

* Chemical composition (of stainless steel, aluminum alloys, ...)

©Nole



UNIVERSITY OF

CHEMISTRY AND TECHNOLOGY Summa ry

Although time consuming and expensive, tests in service environments
provide the most valuable data; they are irreplaceable at the final stages of
testing and qualification of new materials or anticorrosion solutions
Standardized accelerated corrosion tests

Necessary for quality control and in early phases of product development

Applicability for lifetime assessment is limited, because real environments are
more complex

There is space for optimization based on comparison of results from service
conditions

Lab tests can be used when no relevant standardized test is available

Lab measurements are complementary and can be used only if there is a
clear correlation between corrosion resistance and the parameter measured

[ONoloN
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Corrosion Engineering
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Measurement of Corrosion Rate

and Corrosion Monitoring ©N0l0)




amemmonamacs  leas. of v, and Corr. Monitor_

e Quantitative data on corrosion properties

e Comparison of corrosion resistance of different materials — material selection,
efficiency of anticorrosion measures

e Lifetime prediction
e Under operation

e |nspection

e Corrosion monitoring
e Lab conditions

e Simulation of service conditions

e Accelerated tests

©Nole



Corrosion Rate

Thickness reduction in time:

UNIVERSITY OF
CHEMISTRY AND TECHNOLOGY
PRAGUE

%. N,

Uniform corrosion

"ﬁ:;ﬁ‘}'ti
els
S LTS

Intergranular corrosion

Exfoliation

by

Pitting corrosion

Selective corrosion

- Flow

Corrosion erosion

Crevice corrosion

Stress
- —

S

Transgranular stress
corrosion cracking

[mm/a], [mm/a], [mpy]
Mass loss per area in time:

[g/m?-h]

Corrosion is an electrochemical process
Fe > Fe* +2e”
H"+2 —H,
O, +2H,0 +2e~ —> 40H "

Electrochemical methods [A/m?]

Analysis of corrosion environment
©NoIO)
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Corrosion Monitoring Methods

Method Measures Response Measurement on

Electrochemical:

e  Free corrosion potential Indirectly corrosion rate Probe or facility

e LPR (polarization resistance) Actual corrosion rate Immediate Probe under operation

e  ZRA (galvanic current) Corrosion degradation Probe under operation

e EN (electrochemical noise) Non-uniform corrosion Probe under operation

e Impedance techniques Corrosion rate Probe under operation

Acoustic emission Formation of cracks, leaks, erosion by particles Immediate Facility under operation

Electric resistance (resistometric) Corrosion degradation Medium Probe under operation

Analysis of corrosion environment Total corrosion of facility Slow Facility under operation

Released hydrogen Uniform corrosion, hydrogen embrittlement Slow Probe or facility under operation
Ultrasound Uniform corrosion, presence of cracks and pits Slow Facility under operation or during shutdown
Electromagnetic, induction Distribution of non-uniform corrosion Slow Facility during shutdown

Visual inspection Distribution of corrosion degradation, pits, cracks Slow Facility during shutdown

Radiation Distribution of non-uniform corrosion Slow Facility under operation or during shutdown
Thermography Distribution of corrosion degradation Slow Facility under operation

Changes in mass and dimension Average corrosion rate Very slow

Facility under operation or during :1@ @O




EEE‘&?HSJDTECHNOLOGY Corrosion Coupons

Corrosion coupon = sample of material exposed to real environment
Evaluation

= Change in mass after given exposure time — average corrosion depth (mm/a),
(CSN) EN ISO 8407 sets rules for removal of corrosion products
" Type of corrosion degradation — uniform corrosion, pitting — depth of attack
Implementation

* To be representative, parallel samples needed
= Sample removal during operation
= Critical location — weld, crevice, etc.

“ Dependence of corrosion
rate on time: periodical
sample removal
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Y

C5
ca

Corrosivity classes:

= (CSN) EN ISO 9223: Mass loss
after 1 year of exposure

= |SA-S71.04: Film thickness on
copper after 30 days in
industrial areas

= |SO 11844-1: corrosion rate of
silver and copper after 1 year
of exposure

u de Sa ntoll et al.: Fllm ISO 11844-1 ISO 9223 IEC 60654-4:1987 ANSV/ISA-S71.04-1985

App. B
thickness on copper and silver
after 30 days of exposure

10 000 GX

C3 Class 3

IC5 C2 G3
IC 4

1000

Class 2
IC 3 G2

100 C1

IC 2

LN LIRS LLAL Y

Class 1 G1

Mass gain after 1 year of exposure [mg/m?]

IC1
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= (CSN) EN I1SO 9223: C1-C5, CX ‘ ‘_

= Corrosion rates at C3 (mm/a): : m |
~Steel < 10 3\ i} 25
—Copper< 2
—Zinc< 2
—Aluminum < 0.2
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e Polarization resistance — probe
— Fixed or removable, for chemical industry
e Up to 150 °C, 10 MPa

e Practically all materials available

MINIMUM 1" FULL PORT
BALL VALVE \
.75 . ¥
[19] ol (REF.)
oy SRSt

—ﬂ —-—1.25

(32] 1" NPT MOUNTING NIPPLE
5.0 MINIMUM LONG
[127]
— A DIM. — - 52 -
(132)

(MM]
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[Environmental Classification for Museums
Assessment of the amount of corrosion products - i‘o CWC —
ass ir Quall Orrosion Kate
from electric charge necessary for their reduction to Classification | (A130 Days)
S1 Extremely Pure <40
metal S2 Pure <100
S3 Clean <200
= Well established for Cu and Ag O T
= EXpOSUFG for S5 Polluted >300

-0.3

at least 30 days I

= Real time xR T

monitoring _0:6 \\ \ —cowon 1 525 w2
impossible N N | e

potential [V/ACLE]

TN X
N \
_1 AN

-11

0 50 100 150 200 250 300 350 400 450 500
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» Quartz crystal micro balance
* Quartz crystal covered with metal film
= Resonance frequency depends on mass:

Frequency change
Frequency constant
Density

Mass change

e High
sensitivity

e Detection of
whatever
change in
mass

) DO

BY SA



camerymoeemoroer - Registometric Method _

R I B I |
= 0 R = P / Measuring part / Reference part Protective coating )
S hS h [ /
‘ | u - u | |
. . | . |
Corrosion probe — metallic

sample with small size of one

dimension (a small change in R R

the dimension leads to a Ah =, '[1— RR ' RM ’Oj p(T)=pTy)-A+a) "

significant change in electric o

re Si stanc e) ikl o \ ey

Change in ER with temperature: ” —17 /2\

= Compensation necessary, E / AN T

measuring and reference .
parts 3 ) e Non-Upsst Conditions

©NOIO)
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e Resistometric probes
— Fixed or removable for chemical industry

e Upto 520 °C, 27 MPa
e Non-alloyed steel, stainless steel, nickel alloys

= NN \

W
\ vl ;

- gttt ) A {

A sand probe is positioned
middle-of-the-line and exposed
to the flow at a 45 degree
angle where velocity of flowing
sand is the greatest

((((((((

Ol [
(((((((((




S meremooe - Resistometric Method

e Resistometric probes
— For soil and concrete

e Up to 520 °C, 27 MPa
e Non-alloyed steel, stainless steel, nickel alloys

3.00 —== . CABLE LENGTH -

[76] IN
[MM]




T aranoce - Resistometric Method

e Resistometric probes
— For atmosphere

e Copper and alloys, silver, steel, lead, aluminum, etc.
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Measurement summary
Start time: 18.1.2013 22:38:18
Meazurement frequency: 1 heure(s)
Stop time;  11.7.201315:58:19
Meazurement duration: 174 dayls]
Mumber of data point(z): 4170

Air cormosivity
Fe-250 pm [lron/Steel, thickness 250 pm)
Corrogion depth:. 64.079 pm
Corrozion rate; 134,727 pm/dyear

Corrazsioh classification:
-150 11844-1: over [C5

I 2 5 15 40 110 288 2102 20F SEWE 275
-150 9223 C5 - Wery high

.m&
1 2 5 15 4D 110 258 8100 208 %866 276 20D

Cor 18.653 um

21.9.2012 10:58:13 000

Resistometric Method

O Riret
O Rsens

S0

B3

a0

75

70

65 1

B0

55

50

T 2012 55T

43

[2] W aming: The exposure period was longer than
zpecified in the standard. Therefore, the given corrozion
rate [and clazsification] is/are only indicative.

15
10
s
o T T

1072012 522012

Save data to file
Export data

T T
89212 8102012 TA1.2M2

Filtered data
Exclude wrong measurement

T T T T T
TA220M2 61203 52203 732013 65.4.2013

[ Offzet coragion depth ta start at 0

[ Exclude peak points [Fine)
[ Exclude peak points [Coarse]

T
6.52013

Feset cursors

Close

T
562013

T T T T
572013 482013 35203 3102013
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Resistometric method Quartz crystal micro balance
3 — + Cu-100nm ¥ indoortemperature — 30 8 — 4 3
* Ag-50nm outdoor temperature
2.5 /
) +  Pb-400nm —_
—_ £ 6
£ - — c
c 2 O =
< e o 5
- Q ]
2 1.5 7 5 % 4
T 8
§ 1- g T 3
‘» £ A=l 4 * Ag
o v 2 —
b ot o
o 0.5 = b + Cu
(] ] 1 —
o
0 - 0 —
-0.5 T T T -30 -1 I | | |

1-Jan 1-Feb 1-Mar 1-Apr 1-May 1-Jan 1-Feb 1-Mar 1-Apr 1-May
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Detection of defect formation

) Signal
" Measurement of acoustic pulses —
emitted during initiation and Amphtude

Acoustic emission Counts to | Count

propagation of defects in material Ee"i f peak | ||I|"|'f'
. ) 4 [Talhye,, Threshold
Suitable for non-uniform - *fﬂ""'"'"i|"'i[i"ii-'}’i‘;“.iJ- =
T

corrosion, mainly SCC f .;_:32:"' / il

. . . . Dwration
Sensitive piezoelectric > 5
Malerial
sound sensors Samage under load Detection
.. Ln-ci_l'!saﬁ_n-n
Placement close to critical zones Identification
. Defect assessement
(welds, tension) Monitoring

Qualitative information
Disturbance needs to be eliminated

@O0
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» Thickness measurement by ultrasound
= Measurement directly in the facility of interest
= Inspection of the inner, non-visible surface

= Sensitivity in micro meters

* Measurement of time until the impulse returns back
from the opposite surface

Surfacewith 3 —"" T~

.. «—1—— Object of interest
contact liquid —_—

Ultrasound
signal

Probe

| A:Probe
\\—__—-‘/ A
T: Upper limit

A T L L: Lower limit




I imsiRonamans - Electrochemical Methods

Potential — qualitative assessment
Free corrosion potential — passivity vs. activity
Protection potential — setting the cathodic and anodic protection

Redox potential — amount of oxidation agent in environment (oxymeter,

Pt — inert metal)
Potential of ion-selective electrode —amount of aggressive ions
pH electrode potential
Rate — corrosion current (density) M |t
Corrosion rate from polarization resistance m= ;7 E

Galvanic current

M
Z.0.F

-60-60-24-365
[ONoloN

Vi [mm/ a]: jkor )




I4] smsmaoranacs  Electrochemical Methods _

e Polarization resistance

B often unknown, but change of R in order of magnitude is equal to a similar change
In corrosion rate

Response: Minutes, actual corrosion rate
Limited to conductive environments
Calculation of corrosion rate of uniform corrosion

@O0
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e Electrochemical impedance spectroscopy

e Excitation by alternating current

300

_ Cal
240 RS | |
180 — — I— .
(-imag),
T 120 — — |
60 — Ret or Rp

0 &0 120 180) 240 300
feali

©Nole



I4] smsmaoranacs  Electrochemical Methods _

e Current in galvanic couple

Higher corrosivity of the environment leads to an
increase in galvanic current between dissimilar metals

Current between such metals correlates to i
Measurement of galvanic current:
* Current recorder
" Bypass potential

corr

@O0
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e Electrochemical noise

e Recording of immediate changes in the potential or current

— Instant damage of passive film — anodic process
e Small changes in the potential in anodic direction — potential noise

e Current flowing between two identical samples — current noise

-0.266 100
Steel in Ca(OH) ; + NaCl

-0.270 _W\L—‘—J Current 1
. -TW/ .

-0.276 4 } + + + 4 + Q
WE1 WE?2 RE 300 350 400 450 500 550 600 650 700

Time /s @ @
4.1 Three-electrode method of EN measurement. FIGURE 7.1. Current and potential time records for a steel sample in 0.05M Ca(OH), + 0.025M NaC| solution, showingm

[+,]
[=]
Current / nA

5
o

Potential / V (SCE)
8
N




[4] smsmsoramace Electrochemical Method_

e Data acquisition
— Portable recorders, data loggers, distant monitoring
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Lesson 1

a) Calculation of corrosion rates from the current density; derivation of units (mm.a?, kg.m2.s?%).
b) Calculation of Fe corrosion rate in the closed water system.

Example 1
Calculate corrosion rates for:

a) Fe, M. = 55.85 g.mol™?, pre = 7.86 g.cm™
b) Zn, Mz, = 65.39 g.mol?, pzn = 7.13 g.cm™
c) Al, Ma = 26.98 g.mol™?, pa = 2.7 g.cm™

d) Cu, Mcy = 63.55 g.mol?, pcy, = 8.96 g.cm™

The current density isj = 1 A.m. Specify units in [mm.a] and [g.m2.h}].

Example 2

Calculate a decrease in the thickness of steel pipes and heaters after every filling of the heating system
with aerated water; calculate a change of pH of the electrolyte. The volume of water in the system is 150
litres. The heating system consists of 12 pieces of steel heaters and 60 meters of supply steel pipes. The
surface of each heater is 4.5 m? and the surface of supply pipes is 4.5 m2.

Mee = 55.85 g.mol*

DO

BY
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Lesson 2

a) Nernst equation.
b) E-pH diagrams.

Example 1
Construction of E-pH diagram for Cu-H,0

Ccu = 10°mol.I%, t =25 °C, p= 101 325 Pa

*
*
*

* X

* x X

*
*
*

EUROPEAN UNION

European Structural and Investing Funds
Operational Programme Research,
Development and Education

1.6+

1.2+ e

0.8 +

0.4+

Eh /W
[=]

-0.4 =+

0.8+

T Cu(OH)(s) L

QUJO{S}I

-1.2 t
-2 a

pH

Fig. 1 E-pH diagram Cu-H,0

Corrosion Engineering
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Lesson 3

a) Construction of j-E diagrams.
b) Construction of log j — E diagrams.

- Equilibrium potential, mixed potential
- Bimetallic couple
- Concentration cell

A1

Fig. 2 Principle of bimetallic couple

DO
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Lesson 4

a) Kinetics of corrosion reactions.
b) Butler — Volmer equation.

Example 1

Calculate the corrosion rate of Zn and Fe in diluted hydrochloric acid. Construct the log j-E diagram.
Compare the calculated value of corrosion current density jeorrzn) and jeorr(re) With the value of jeorr(zn) and
jeorr(re) from the constructed log j-E diagram. Explain the corrosion rate difference between both of the
metals used in the measurement in diluted hydrochloric acid.

Zn:

Erzn)=—0.7V,Ezn) =0V, jozn = 107 A.cm'z, Er,z0) =0V, Ezn) =—0.7 V, jon) = 1010 A.cm‘z,
Ba=0.1V.dec”, Bc=-0.1V.dec™

Fe:

Erre) =—0.44V, Ere) =0V, jo(re) = 10°® A.cm'z, Eri,re) =0V, Enre) =—0.44 V, jon) = 1010 A.cm'z,
Ba=0.1V.dec?, px=-0.1V.dec™

DO
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Lesson 5

Summary test |
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Lesson 6

a) Explanation and correction of mistakes from summary test I.
b) Pitting corrosion and crevice corrosion.

Example 1

X

How long will it take for oxygen to be consumed in the crevice width of 10 um? What is the critical

parameter for the crevice corrosion initiation? Approximate the crevice by a cuboid. The corrosion rate

of the metal is veorr = 0.1 um.a™.

Mee = 55.85 g.mol?, Mo, = 32 g.mol?, pre = 7.86 g.cm™

Corrosion Engineering 7

Exercises
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Lesson 7

Revision, questions and answers

DO
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Lesson 8

a) Other types of uniform corrosion.
b) Corrosion caused by galvanic cells.

Example 1

Calculate the range of the galvanic cell when stainless steel (KO) and carbon steel (UO) are coupled
together. The free corrosion potential values before coupling were Eyo) = —0.6 V/SCE and Eo) = 0 V/SCE.
Assume that the potential in the galvanic cell on the interface is equal to the potential of the carbon steel
(UO) (with regard to the easiness of polarization of the stainless steel). Conductivity of the electrolyte is o
=662 pS.cm™. The initial corrosion rate of the carbon steel is Veorruo) = 0.3 mm.aL. It corresponds to the
limiting current density of oxygen jim(02). Assume the same value of jim for the stainless steel.

Example 2

Calculate the concentration of OH" in the solution given by the solubility equilibrium of Fe(OH),. What is
the pH value of the solution? Assume that Fe(OH); is completely dissociated.

KS(re(on)2) = 1.67.10%

DO
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Lesson 9

a) Average and immediate corrosion rate dependency on time, bi-logarithmic dependency.
b) Estimation of mass loss from atmospheric parameters and classification of corrosivity.

Example 1

Carbon steel exposure at a seaside resulted in mass loss p = 130 um after one year. After four years, the
mass loss was p = 190 um. Assume the validity of bi-logarithmic dependency.

Calculate:
a) the average corrosion rate in 40 years, on the assumption that the conditions are stable.
b) the immediate corrosion rate in the fifth, twenty-fifth and fortieth year of the exposure.

Example 2

Calculate the maximum concentration of Fe3* for the passivation of stainless steel by ferric sulphate
(FezS0,) in the aerated solution of 0.5 M H,S0..

[Fe?*] = 10 mol.I*, E, = 0.04 V (0.2 V/SCE), jcorr = 10? pa.cm?, jp= 10*pa.cm?, j, = 1 pa.cm?,
jrea+/res+ = jo = 0.1 pa.cm? E%esi/rear = 0.771V, B = 0.1

DO
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Lesson 10

a) Formation of deposits in water, Langelier saturation index, Ryznar index of stability.

Example 1

Determine the quality and quantity of deposit of CaCO;s (i.e., the saturation index of stability) on the
surface of steel in solutions:

Solution A: t =75 °C, saturation pHs = 6, current pH =6
Solution B: t = 75 °C, saturation pHs = 10, current pH = 10.5

Example 2

Determine the quality and quantity of the deposit of CaCOs (i.e., the saturation index of stability) on the
surface of steel in solutions:

Solution A: t =40 °C, ¢(HCO3) = 120 mg/I, ¢ (Ca*") = 28 mg/I
Solution B: t =27 °C, ¢(HCOs') = 264 mg/|, c (Ca?*) = 84 mg/I

DO
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Lesson 11

Summary test Il
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Lesson 12

a) Explanation and correction of mistakes from summary test Il.
b) Cathodic and anodic protection.

Example 1

L

When the cathodic protection of steel is applied in a soil electrolyte, the resulting pH value depends on
the intensity of the cathode reaction and on the concentration of the soil anions. What is the influence of
the alkalization speed of the electrolyte in the close proximity of the cathodically protected surface at
the concentration of HCO3 = 77 mg/I? The volume of the electrolyte is 120 ml and consumed charge Q =

392 C. The exposure time is 72 hours. M(ox) = 17 g.mol ™.

Corrosion Engineering 13

Exercises
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Lesson 13

a) Stainless steels - PRE, ARE, CPT, CCT.
b) Corrosion of non-ferrous alloys.

Example 1

Calculate PRE and ARE for the following alloys and evaluate their resistance against pitting and crevice
corrosion, and their resistance in acid solutions.

Corrosion-resistant steels

[wt.%] C Si Mn P S Cr Mo Ni Cu N
304L <0.03 <1 <2 <0.04 | <0.03 17-20 - 10-12.5 - -
316L <0.03 <1 <2 <0.04 | <0.03 16.5-18.5 2-2.5 11-14 - -
317L <0.03 | «1 <2 <0.04 | <0.03 18-20 3-4 11-15 - -

AL-6XN* | <0.03 | <1 <2 <0.04 | <0.03 20-22 6-7 23.5-25.5 0.18-0.25
1.4529** | <0.02 | <1 <2 <0.04 | <0.03 19-21 6-7 24-26 1.2-2 <0.15
*superaustenitic stainless steel, ** austenitic-feritic stainless steel

Inconell Alloy 625

[wt.%] C Si Mn P S Cr Mo Fe Co Nb+Ta Al Ti
0.1 0.5 0.5 <0.015 | <0.015 20-23 8-10 5 <1 | 3.15-4.15 | 04 0.4

*the rest is Ni
Example 2

Determine if silver will corrode at the increase of H, in the deareated solution of KCN at pH = 7.

Eon/H+ =0V, EOAgo/Ag+ =0.799V, KD(Ag(CN)Z-) = 1.5.10’19, a(cN-) = 1, d(Ag(CN)2-) = 0001
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Lesson 14

Revision/recycling, questions and answers
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