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Introduction to corrosion




What' Is; Corrosion?

® The tendency of a metal to revert to its native state. (or)
Metallurgy: Inf reverse

®© he chemical' or electrochemical reaction hetweena
materal and 1S envirenments that preduces a
deterioration of the matenall and Its Preperties

® The destructive attack of amaterial by reaction With Its
envirenment

@ Corrosion off metals Isi the cemmaenest electrochemical
PhREnGMENORI encountered i day-te-day life




Corresion — A natural process
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Corroesive environment

@ All'envirenments; are corrosive te some: degree

® Typical cerresive envirennments:
@ Allr and Rumiaity,
© Eresh, adistiliea) salt and marne Water
® Naturall, urean, marne and industrial atmospheres.
@ Steam and gases, like chlerne
© Ammoenia
@ Hydroegen sulfide
@ Sulfur dioxide and oxides of nitregen
© Elel gases
® Aclds andl Alkalies
® Solls




Conseguences of corresion

® Plant shutdowns

© Shutdoewn eff nuclear plants, Process plants, PoWer:
plantsi andl refineres may: calse SEVere proklems to
IndustRy and CeRsUMmErs.

® |Less of preducts

@ |leaking containers, storage tanks, waterand ol
transpertation ines anaffiuel tanks cause significant
|0SS Of preduct

@ It may generate severe accidents and hazards

@ |t Isiwelllknewn! that at least 25% of Water Is |est by,
leakage.




Conseguences of corresion

® Lass of efificiency.

@ Insulatien off heat exchanger tulking and pIREIINES; Y/,
COrresIon pProducts reduces heat transfer and piping
CaPacIty.

@ Contamination

© Cornresion products may contaminate chemicals,
pharmaceuticals, dyes, packagead geeds, etc. With
dire consequences to the consumers.

® Nuclear hazards

@ Tihe Chemoehyl disaster IS; a continuing example: of
transport of radieactive coresion preducts infwater,
fatall te hiuman, animal and! biological life
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Pue te corresion It coular ... Would turarlike tais ...




Corrosien off hoats and ships




Corrosion on the bow of an


http://en.wikipedia.org/wiki/Oil_tanker

Rusting tank at the Highway of Death in Iraq



E[0SION-COIrOSIONI Off caron Steel components of a low: pressure
tUdINE causea By the pPassage of nigh: velocity Wet steam



Pitting coerresien of high pressure turbine blades caused by a
leaking| Iselatien valve combined with InCorrect steam: chemistry



A off turkine nglde foots and
COVEI Dand Causea By INCOrECt Steami chemistry/

Pltting corrosio






Pressure Valve in Petrochemical Plant

courtesy. Corbis Photos



Rusty Gear

Courtesy: Corvis Photos



Corroesion of Iped nane



LOSS due te corrosion

Economic impact: ~3.5% of GDP in developed
countries

component replacement
Direct Iosses___/'——h painting and other

\ preventative measures
use of expensive corrosion-

resistant materials

i ——_———
Indirect losses \ plant shutdown
\ loss of product e.g. in pipes
loss of efficiency

contamination of product




Cost of corrosion

® For most industrialized nations - 3.0 to 4.5%, ofi the: GINP.
@ In U.S.A. - Abeut 3.1%, - $276 hillien/yr

$17.6 billion
Production &
Manufacturing
12.8%

£20.1 billion
Government
14.6%

$22.6 billion

Infrastructure
16.4%

$29.7 billion
Transportation
21.5%

Cost of corrosion In USA




Cost of corrosion

@ The corresion-free life of automoniles in the coastal
[egions off Arabian Gulfiis akeul Six: mentias enly:

® [he coliresion cest of gas & liguid transmission pipelines
@ In USA - seven billion US, dellars
® In gulf countries? - several times higher

®© Nearly 95% of concrete damage in: the: Aralian Gulf
coastal region IS, caused By reinfercement corresion
andl consequent spallingl eff concrete

@ |t Is estimated that 10% of all alrcraft maimtenance: in
USA IS Spent: 6 corrosion remediation

© EVenry new: hem baky in the ' woerld new: has an annual
corrosion debt of $40.




Wiy ene shieuld stldy Corresion?



Eive Goodl Reasons te) Study: Cerresion

© Reaseon 1 — Presenvatien of vValuahle reseurces
© Materials are precious reseurces ofi a Countny.

© Our matesnal reseurces of iren, alluminumn, CoPREN,
chromium;, manganese, titanitm,, etc. are dwinadling fast.

@ 1o preserve these valuable resoeurnces, we need! te
Understand hew these reseurces ane destroyed by
corresion and hew they must be presernved by applying
COrrosion pretection: technelegy.




Eive Geod Reasons ter Study Corresion

®© Reasen 2 - Engineering knewledge: Is incomplete without
an understanding ol corresion

®© Aereplanes, ships, autemoniles; andl ether transport
carrers cannot e designed witheut any recourse te the
COrrosion kehavior ofi materals Used In these: strlctures.



Eive Geod Reasons ter Study Corresion

®© Reason 3 — Disaster prevention

® Severall engineenng disasters, such as; crashing of civil
and militarRy: aireralt, naval and passenger ships;
explesion of ol pipelines and' el sterage tanks, collapse
eff Bridges and decks and failure of dilling platiorms and
tanker trucks ave heen WItnessed In recent years

@ Corroesion has been a very Impoitant facter in; these
disasters. Applying the knewledge ofi Corresion
pretection: can minimize: such disasters.

® Two million miles of pipe need to) e corrosion-protected
for safiety,



Eive Geod Reasons tor Study Corresion

® Reason 4 — health care

@ The designing of antiicial implants for the htman: hedy,
reguires a complete understanding of the: Corresion
SClence and engineering

® Surgicall implants MUSE e Very Corresion:resistant ecause
Off CoNresIvVe nature of htman Bedy envircRment




Eive Geod Reasens tor Study Corresion

© Reason s - threat to the envienment
@ Water can hecome: contaminated 13y Corrosien Products
andi unRsuitaklerfor consumption

@ Cornresion prevention Is integral ter step centaminatien of
air, Water and soil.



Classification ofi Corresion PreCesSs

® [Depending| en the characteristics of the envikenment,
COIrOSION| PrECESSES: are. classified as:

@ chemicall— Dy’ coerresion
© Electrochemicall— Wet corresion

® Chemical corrosion| - Reaction: off metals With a nen-
electrolyie

© exidatien In Righ temperature: air
@ dissplution I liguid metails

@ dissplution In; a carpon! tetrachioride: solution: containing
jodine



Classification ofi Corresion PreCesSs

@ Electrochemicall corresion — Dissolutien ofi metals i an
electroelyte fierming metall cations, Which implies transier
Off Electric charge acress the metal/envirenment
Interface.

® Electrochemicall corresion 6ceurs Ini the large variety, of
electrelytes fieund inrnatural envirenments and industrial
applicatiens) ranging from groundwater te melten salts
and acids dissoelved In erganic polar solvents (e.g.,
hydrechlenc acidlin methanol)




Dry corrosion / oxidation / tarnishing

Formation of oxide film at metal surface
e.g. Aluminium (Al) = Alumina (Al,O,)

Not generally a problem at room temperature, because:
¥ reaction is slow

¥ film is protective i.e. separates reacting species

Can be a problem at high temperatures, especially if film quality is
poor i.e. it has cracks or pores, or is unstable




Oxidation: examples

Aluminium: oxide film is of high quality - protects
underlying metal

Magnesium: low-quality oxide film, with cracks and
pores - high oxidation rates

Stainless steel: contains Cr, which forms protective
and highly adherent Cr,0, film

Tungsten: oxide volatile above 800°C - no protection



Rate of oxidation

Rate of oxidation and the
tendency of the film to protect
the metal from further oxidation
are related to the relative
volumes of the oxide and metal.

Where:

P-R ratio = Pilling-Bedworth ratio

A, = is the molecular (or formula) weight of the oxide
A, = is the atomic weight of the metal

Py = oxide density

Py = metal density




Oxidation rate (kinetics)

Where:
w = weight gain per unit area

t = time

Wesigh! gain per unit anes, W

K|, K, and K, are the constant
linear, parabolic and logarithmic
respectively.

C and A are constant.
Linear:

Parabolic

Logarithmic

o =k log (C:t+A)




Electrochemical (WWet) corresion

Basic principles:

Metals in aqueous solutions tend to form ions
M-> M2+ + 2e




Electrochemicall (WWet) corresion

e.g. evolution of hydrogen:
2H* +2e- 2> H,

or, if oxygen is present:

2H,0 + O, + 4e~ > 40H




Electrochemicall (WWet) corresion

_.... anodic reaction (oxidation)

conductive solution

@ : (electrolyte)

cathodic reaction (reduction)




Electrochemical (WWet) corresion

OXIDATION REACTION (occurs at the ANODE) - Corrosion (dissolving)

Metals — Ions eg o — Znt* + 2a -

Na —= Nal*+ le-

M—- M2 + ne
Fe — Fel™ + Ze-

1.e. Metal anode dissolves.

REDUCTION reactions (occur at the cathode - Cathodic Reaction)
* These depend on what 15 available:
v If H™ 1ons are available then: 2HT + 2e- — H;
v If acid solution with dissolved oxygen: O, +4H™ + 4e- — 2H,0
v" If basic/neutral with dissolved oxygen: O; +2H.O + 4o — 4(0OH)

Total oxidatieon = Toetall reduction (Charge balance)




The fourr hasic parts of a corresion cell

Anode — A metal electrode In contact with the
electrolyte which corrodes

Cathode - A metal electrode in contact with the
electrolyte which is protected against corrosion

Electrolyte — A solution or conducting medium
such as soil, water or concrete which contains
oxygen and dissolved chemicals

Metal Path — An external circuit that connects
the anode and the cathode




The simplified corresion cell

1. Anode
2. Cathode

3. Electrolyte

4. Metal Path




Corresion cell — Anodic reactions




Corrosion cell — Cathodic reactions




Corroesion celll— Combined reactions




Corrosion Memorabilia!l

« Electron flow direction is FAT CAT (from
anode to cathode)

« Oxidation at the anode, reduction at the
cathode (OAR-CAT !)

« Anion to anode - cation to cathode

« ANO (anode attracts negative ions and
results in oxidation)

« CPR (cathode attracts positive ions and
results in reduction)




Standard electrode petential

e EMF series

metal Vmet.al

o Au +1.420 V .

3 +0.340 Metals Wlth_a

< -0.126 more negative

©

3 - g-;gg Standard

o ' .. Electrode

o -0.277 _

S -0.403 Potential are
-0.440 more likely to
-0.744 :
-0.763 corrode relative
-1.662 to other metals.

-2.262
-2.714

Data based on Table

- 2.924 17.1, Callister Be.
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Galvanic series
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more anodic

(inert)

(active)

Platinum

Gold

Graphite

Titanium

Silver

316 Stainless Steel
Nickel (passive)
Copper

Nickel (active)

Tin

Lead

316 Stainless Steel
Iron/Steel
Aluminum Alloys
Cadmium

Zinc

Magnesium

Reactivity of
metals and
alloys In sea
water based on
standard
electrode
potential

Tendency of
metals to
oxidize




Corresion of Zinc n aciad

* Two reactions are necessary.
- oxidation reaction: Zn — Zn’ ' +2e"
-- reduction reaction: 2H" +2e~ — H,(gas )

H-I-
pxidation reaction

Acid
2e- solution

Adapted from Fig. 17.1, Callister
de. (Fig.17.1 is from M.G.
Fontana, Corrosion Engineering,

reduction reaction ard ed., McGraw-Hill Book
Company, 1986.)

flow of e-
in the metal

¢ Other reduction reactions:
-- in an acid solution -- in a neutral or base solution

O, +4H" +4e~ 52,0 0, +2H,0 +de” — 4(OH)"




RUSHING Of 1fen Infwater

Dissolved oxygen
1s needed to form
OH- 1ons.

Rust butld-up

Two step process:
Fe — Fe?t +2e (anodic reaction)

15,0, +HO+2¢ > 2(0OH) (cathodic reaction)
Fe + H,O + %07 — 2Fe(OH),  1nitially.

Then:
2Fe(OH), + H,O + %0, —|2Fe(OH); ¥ ppt




Eacters Infllencing| corresion

®© NMetal
®© Chemicall compesition
® Reactivity. — Inclusiens and Stress
© Envirenment
© Humidity: (DR corresion)
® Concentration of corresive gases ([Dny conresion)
@ Concentration of the electrolyte (Wet colresion)
® Type ofi anions present (Wet cornresion)
® Acidity’ (pH) (Wet cornesion)
@ Temperature (Pry and Wet corresion)
@ Disselved oxygen concentration (Wet corrosion)
® Time off exposure (Dry and wet corresion)




Flow: of electrons

Porous membrane

Low O, F'-.":' ¥ 1' High O2.
concentration; g _ concentration

Anode | Cathode

(corrosion) (gaseous
reduction)

Effiect off dissolved oxygen on the corresion



IS CoeSIonalWays a prelklen?



IS corresion always a proplen?

> Anedizing — fermaten of 10, nanecpoieus
stiticiure — nanoetulkes — controllied drug
deliveny,

> AAO mEmMBranes for prepanng metallic
RaReWIES and nanotukes

> Etching| off metals — metallographic
> Cathedic protection — sacrificial anedes
> DRy cellbatteries



Forms of corrosion



Forms of corrosion

% [he eight forms: eff corresien are:
> Uniiorm eor general attack
> Galvanici er Bi-metal corresion
> Crevice corrosion
> PItting| corresion
> Intergranular corresion
> Selective leaching er panting
> EIf@SI0n Corresion
> Stress: corrosion



Uniform corresion
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Uniform corrosion

Viost common ferm of corrosion.

Characterzed! by a chemical or electrechemical reaction
WhICH proceeds unifermly: ever the: entire expesead surface
Olf OVEr a large area

The metal becemes thinner and eventually: fails

Steel or zinc Immersed in dilbter sulfuric acid will-nernally
disselve at a uniferm: rate over Its entire: surface

A shieet Iren reof Will'show: essentially’ the same: degree of
ruSting oVer Iits entire outside surface.

Uniferm| corresien represents the greatest destruction: of
metal on a tennage vasis

RIS fernm ofi CoKresion, NOWEVEF, IS not of toe) great
concern firem the technical standpoint, because the life of
egquipment can e accurately estimated on the basis of
comparatively simple tests.




Corroesion on Weatherng Steel Lamppost



WAL L 0 SRy R B
Active Corrosion on Carbon Steel Manhole



a \Weathenng Steel



b

e /RO
Coutesy of NASA




Galvanic corrosion
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Galvanic or Twoe-Netall Corrosion

% \When two dissimilar metals are immersed In; a. corresive
O conductive selutien - A petentiall difference: usually.
exists; between them: - electron flow: between them.

% Jihe less resistant metall hbecomes the anode and the
more resistant metall hecomes the cathode

% Corrosion ofi the: less corresion-resistant metallis; usually.
ncreasead and attack off the more: resistant material s
decreased, as comparned with the benavior of these
metalsiwien they: are not I contact.

2 Usually’ the cathede: corrodes) veny little or net at all in
thIs type of couple.

% Because: of the invelvement of electric currents and
dissimilar metals, this formi of corrosion Is called
galvanic, or two-metal, corresion.



Galvanic Corresion Couple between Steel and Biass



Eactoers influencing galvanic coenresion

% [he veltage difference hetween the twe metals on the
galVanic Seres

% [he pnature of the environment

% T he size off the exposed area of cathodic metall relative
10 that efithe anodic metal

% [FACLONS SUCh as; area liaties, distance netween: electrically,
connected materals, and geeometric shapes alse alifect
galVanic-Coriesion BeRavier

% COnesIon ofi the anedic metaliis heth more: rapid and
moere damaging as the voltage difference Increases and
as the cathode area Increases relative to the anede area.



Galvanic series in seawater at 25 °C

Corroded end (anodic, or least noble)

Magnesium
Magnesium alloys

Galvanized steel or galvanized wrought iron

Aluminum alloys

5052, 3004, 3003, 1100, 6053, in this order

Cadmium

Aluminum alloys

2117, 2017, 2024, in this order

Low-carbon steel

Wrought iron

Cast iron

Ni-Resist (high-nickel cast iron)

Type 410 stainless steel (active)

50-50 lead-tin solder

Tvpe 304 stainless steel (active)

Type 316 stainless steel (active)

Lead

Tin
er alloy C28000 (Muntz metal, 60% Cu)
er alloy C67500 (manganese bronze A)

_ er alloys C46400, C46500, C46600, C46700 (naval brass)
Nickel 200 (active)
Inconel alloy 600 (active)

Contd ....



Galvanic series in seawater at 25 °C (Cont ...)

Hastelloy allov B
alloy C27000 (vellow brass, 65% Cu)
1 alloys C44300, C44400, C44500 (admiralty brass)
1 alloys C60800, C61400 (aluminum bronze)

Copper
Nickel 2

Protected end (cathodic. or most noble)



Aluminum
_ _a— Rivet

s,

.

Couple A o

Stalnless Steel
. ‘f——-" Rivet

Couple B

In beth couples, aluminumiis the anode, and! stainless steel Is the cathode.
Couple A — Size of the Al rivet Is very smalll - the C/A ratior s large.
Couple B — Size of SS rivet is very small - the C/A ratio IS alse small.
Corresion of the aluminum rvet In couple A will be severe.

IHowever, corresion of the large aluminun plate n couple B will be much
less, even theughi the potential difference Is the same In eachi case.



Effect of distance on galvanic corresion

% [Dissimilar metals inra galvanic ceuple that are ini CIose

physical proximity: usually’ suffer greater galvanic effiects
thani those that are furtner: apart.

% ihe distance effect Is dependent: en selution

conductivity: because the path of current flow: s the
primary considerauon

Fhus, I dissimilar pipes; are: buitt welded with the
electrelyte fiowing through them, the mest severe
corresion Will"eccur adjacent te the weld en the anedic
MEmIEr.
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Galvanic colresion of aluminum: shielding 1n bukead

telephone cable couplead te bued copper plates
courtesy. R. Babojan, Texas lhastiments, 11c.



CORROSION OF ALUMINUM IN

COPPER-=-ALUMINUM POWER CABLE SPLICE

hm

- —

ALUMINUM

Galvanic corrosion of aluminumiin bured pewer cakle splice




Painted auto
body panel

wheel opening
mold - 5.
. - N
Galvanic cerresion of painted steel aute vody panel in
contact withl stainless steel wheel epening; melding




Galvanic corresion of steel piperat hrass
fitting Inf humidi marne atmosphere



Crevice corrosion




Crevice Corrosion

% Crevice corrosion - Ccoerresion in ocecluded regiens, IS one of
the mest damaging ferms off matenall degradation.

# |ntense localized cerresion frequently: eceurs WIthin crevices
and other shielded areas onlmetalisurfiaces expesed to
CONreSIVe envirenment:

% CreviCe ColresIen OCCUrs as a Consequence: of concentration
diffierences of Ions or disselved gases In an electrolytic
soluitien.



Crevice Corrosion

# Crevice corrosion attack Is usually: asseciated withrsmall
VolUumes of stagnant selution: caused lhy oles; gasket
surfiaces;, lap jeints, surface deposits, anadi cheVvices Under
Bolt andirvert heads

% Soelution trappeadl between a pipe and the flange - Tihe
stagnant liguid inr the' erevice eventually hadla leweread
disselvead exy/gen| concentiation: and ClieVvice corresion
0ok eVer and destroyed! the flange

2 | the absence: off Xy een, the metal and/er It's passive
layer Pegin to oxidize



\When crevice corrosion occurs?

% Crevice corresion eccurs when: a wetted metallic surface
IS Inl clese preximity, to' anether suiface

\u_a"lﬁ‘u"riﬂ\u_./fx\._.r" ,H"'~b‘_/\‘-"‘_,rﬂ~xvj !ﬂku!\‘-—-'f‘r
Crevice former

G — Y

S N |
/

Metallic substrate Crevice

Geometry efi Crevice corrosion
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Crevice corrosion under seal in type 316 stainless steell sieve
from| steam condenser cooling water systen exposed to
flewing seawater for two)years at less thamn 40 “C



Crevice corresion of aluminum, alloy 2024-1 3! surfaces after
three-month exposure to simulated lap-jeint solution



Crevice corresion hetween a pipe and flange




Piitinal CeNresien

Corresion of a metalfsurface; confined to a polnt
or small area, that takes the fierm: ofi cavities



Pittingl cerresion

Pitting corresion IS a localized forn ofi Corresion By Which
caVvities or “lplest are: preduced i the material

These holes may: e smalller large in diameter, But In
MESt cases they: are relatively: snall.

PIts’ are semetimes Isplatéd or So ClIose together thal
they’ ook likera reugh surface.

PItting IS  ene ofi the' mest destructive and Insidieus; forms
off corrosion and! falltres; ofiten occul Withr extreme
suddenness.

Pitting IS considered to e more dangerous than: URiferm
corresion damage hecause It IS more difficult to detect -
smalll size and often’ coverea with corroesion products



Pitting corresion

A small; narrew: pit with minimalleverallfmetal 16Ss; can
leadi te the failure: of an entire: engineerng system.

It difficulit ter measurer quantitatively: and compare: the
extent ofi pitting hecause off the vVarying depthas and
AUMIRENS, ofi pItS that may: eccur Under identical
conditions.

Pitting cani go onl Undetected: for extended perieds of
time;, until a fiallure: oeeurs.

Example’ — Stainless steel infsea Wwater

Pitting weuld everiun stainless steel inra matter off Weeks
due to It'S Very poor resistance to chlorides, Which are
noterieus for thelr ability to Initiate pitting cerresion



Deep pits i a metal



Pitting corresion In a stainless steellwater jug



Pittingl corresion In a stainless steel tubhe



Intergranular Corresion

% he microstructure off metals and alleys Isimade: up: of
gliains, separated by grain heundares

Grain

Graini heundany.

% |ntergranular corresion! Is localized cornresion attack
WRHICKH 6ECUKS along the grain; houndares, or Immediately,
adjacent tergrain hounaamnes, while the bulk of the
giains remaintiargely: tnaffectead

2 The alloy disintegrates; (grains: fall eut) and/or
l0ses Its strength.


http://www.google.co.in/imgres?imgurl=http://pcwww.liv.ac.uk/johnwh/DiffForm/BigGrain20e8.jpg&imgrefurl=http://pcwww.liv.ac.uk/johnwh/DiffForm/DiffusionCreep.html&usg=__pIeq9S5CF8m8NLELeXbt5K66wiM=&h=736&w=605&sz=56&hl=en&start=75&itbs=1&tbnid=aQKB6Rqxh8F0mM:&tbnh=141&tbnw=116&prev=/images%3Fq%3Dgrains,%2Bgrain%2Bboundaries%26start%3D60%26hl%3Den%26sa%3DN%26rlz%3D1R2ADFA_enIN341%26prmdo%3D1%26ndsp%3D20%26tbs%3Disch:1
http://www.google.co.in/imgres?imgurl=http://www.weldreality.com/grain-boundry.gif&imgrefurl=http://www.weldreality.com/stainlesswelddata.htm&usg=__RC11TCoC3lEJ4fZ7-HzbKa0zY48=&h=163&w=275&sz=23&hl=en&start=5&itbs=1&tbnid=1RRbCzkp5htQLM:&tbnh=68&tbnw=114&prev=/images%3Fq%3Dgrains,%2Bgrain%2Bboundaries%26hl%3Den%26sa%3DN%26rlz%3D1R2ADFA_enIN341%26prmdo%3D1%26ndsp%3D20%26tbs%3Disch:1

Intergranuiar Corrosion

% |ntergranular corroesien can ke caused
2 Py IMpURties at tae: grain; boundares

% enrichment or depletien ofi one ofi the'alleying
elements i the' grai-heundary areas

2 Small amoeunts; o EerinrAllwherein the: selubility of
Eelis lew, have Been shewn te segregate: inl the grain
PeURdares and cause Intergranular Corresion.

% [Depletion of Cr Inl the grain:-houndany regions results
N Intergranular corresion — sensitization of SS



Intergranular cerresion off a falled aircralit compenent
made: off 707S-1i6r aluminun (picture widih: 500 wm)



Dealleying (Selectiverleaching)




Dealloying or selective leaching

Dealloying| or selective leaching| refers to the selective
remeval ofi one. element fren an; alloy: by ceriesion

A common example Is the dezincification of brass, a
copper-zine alloy,

Copper-zine alieys containing more: thank 15% zZIne are
susceptinie te dezincification

DUKNG dezincification, the mere active ZINc Is selectively,
removedl firom therbrass, leaving henind a weak: deposi
off the poreus, moere nohble copper-rich metal.

After leaching,, the mechanical preperties of brass gets
Impaired — cracking i the: alley.

Conditions favoring dezincification are centact with
slightly acid or alkaline water



Dezincification of a Brass Valve



TVpes of dezinclfication

Plug-type dezincification| s/ localized and the sureunding
surfaces are mostly unaffiectead By corresIon

RIS type: 6ff dezincification: penetrates; deeply. Inte; the
sidewalls off valves;and fittings

Cemmoen faillures asseciated with plug-type  attack
nclude penetration; threughrthe sidewalls: that causes
Water seepage: 61 1oss off mechanicall strengtn in
threaded sectiens to the: point off fracture.

Unlierm=layer dezincificatien Ieaches ZInc from a bread
area off the sukfiace

This type of dezincification uniformly reduces the wall
thickness ofi the' valve or fitting.



Uniform-layer dezincification

Plug-type dezincification




ENOSION! Corresion




Erosion Corresion

% Acceleration In rate of corrosion attack in metal due to
the: relative motion: off a corrosive: fluld/metal surface

% ArISes from a combination; eff chemical attack and the
physicall albrasion as a censequence of the fluid metien.

% Charactenzead in appearamnce by greoves; gullies, waves,
rfeunded holes) and valleys and tsually:exnipits a
directional pattern.

< Fallures - relatively: shoert time,, and they: are Unexpecied

2 AllFtypes o metals andfalloys: are: susceptikle for erosion-
COrresion



\)

Erosion Corresion

ElGSION-CONIresIon IS Most prevalent ini soft alleys
(Ioe. copper, aluminum andtlead alleys)

Materals rely: onra passive: layer ane especially: sensitive
10 erosion-conesion (Stainless steel and titanium)

Once the: passive layer has Peen remoeved, the bare
metal surface Is expesed te the corresive materal. I the
pPassive! layer cannet e regenerateal quickly: significant
damage can he seen.

[T the fluids contain suspended selids, then the erosien-
corresion rate willfe significantly Righ.



corrosion-doctors.org

ErGSIon| corresion off a hrass tuke In flewing seawater



SIress-cornesion cracking

Cracking Induced due to the combined mfluence: of
tensile stress and' a corrosive medium

Seme materials heceme: susceptinble ter SCC in a given
envirenment once: a tensile stress Is applied.

The tensile stresses may: be 1n the form off directly,
applied stresses o In: the fiernm! of residual Stresses

Once the Stress cracks lhegin, they: easily: prepagate
throughout the materal, Which' i turmn; allewss additienal
COIresion and cracking tos take: place.

All'eracking fallures that 6CCUr I1n| Corresive mediuni can
NOL e considered as Stess-corrasion| chacking Since
ydregen embrittiement alsel leads to cracking



SIress-cornesion cracking

During SCC, the metal or alloy: Is virtually: unattacked
OVer most of Its surface, while fine cracks pregress
tAreuUghIt.

Cold defermatien and forming, Welding, heat treatment,
Mmachining and grinding can intreduce residual Stresses.
The magnitude and importance: ofi SUChI Stresses IS eften
Underestimated

SCC usually: eccursiin certain specific alley-envirenment-
stress comninations.

SCC Is classified as a catastrephic form ofi Cenresion, as
the detection of such fine cracks, can e very difficult and
the damage not easily: predicted

A disastrous failure may ecculr unexpectealy, with
minimall everall' material 10ss.



Stress corresion cracking (SCC) of an aircralt component



Stress Corresion; Cracking Infa brenze compoenent



most of the surface

remains unattacked
cracks can have an

Intergranula
Olfa transgranulair
morpheleay

he micregrapilen the nght (X500) lustrates
Intergranular SCC of an Inconel heat exchanger
tue with the' crack fiellewing the grain beundaries



SCC Inja 316 stainlesss steel chemical processing piping system
Chloride stress| corresion cracking In austenitic SS Is characterized
Py the multi-pbranched “lightaing Bolt™ transgranular crack pattern



TVpe: of stress conresien clacking

% Chloride SCC — Nuclear industry.

% Austenitic stainless, steel under tensile stress; in the
Presence of oxygen, chioride iens, and high
temperature.

% Chromium carbide depoesits along grain heunaares that
leave' the metal open te) Corresion

% IS ferm 6ff Colresion| IS controlled by maintaiming low
chleride 1o/ and exygen content in; the envireRment and
Use of lew carsen steels.

< Caustic SCC — Inconel and steel



Effective. means of preventing SCC

2 The most effective means of preventing SCC are:

<

o
s

<

Cheose the nght materials

% Reduce stresses

2

% Remove critical envirenmental SpecIes suchras
nydroxides, chiorides; and oxygen

% Aveld stagnant areas; and Crevices, I heat exchiangers
Where chioride and hyarexide might heceme
concentrated



Cavitatien and limpingement




Cavitation

% Cavitation ececurs When a fluid's operational pressure
direps; PEIGW! It°S| Vapor: pressure causing gas pPoeckets and
pubkles te fierm and cellapse

% Cavitatien cam GCCUr IRl a rather explesive and dramatic
fashien

% he locations Where: cavitation Is most likely: tereccur:

2 Al the suction off a pump, especially: iF operating near
the net pesitive suction head required (NPSHR)

“ Al the discharge: of a valve or regulater, especially,
WhEnR eperating nia near-clesed pesitien

“ Al other geeometry-affected fow:areas suchias pipe
ellboews andl expansions

% By PrOCESSEes Incurring sudden expansion, Which can
lead te) dramatic pressure drops
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Cavitation

TFhis ferm efi corresion will'eat; ouit the voelutes and
Impellers; e centrifugall pumps Withr ultras pure Water as
the fivid.

It wWill eat valve seats

It Willl contripute ter other forms ofi EreSIon; CoXreSsIon,
such as found in elbows and tees.

Cavitatien should lbe designed out by reducing
ydredynamic pressure: gradients and designing| te aveid
pressure dreps below the vapor pressure: of the liguid
and air Ingress;

he use ofi resilient coatings and cathoedic protection; can
also be considered as supplementary: controll metheds.



Impinaement

2 |mpingement attack Isi related to cavitation damage, and
nas been defined as; lecalized! eresion-corresion calusead
Py turbUlence: o ImpIngIng flew,

% Entrained air bubbles; tend to accelerate this action, as
doisuspended selids

% ThIS type of corrasion 6ccurs In pumps, valves, orifices,
On  heat-exchanger tubes, and at ellbows and tees in
PIPElInES.

2 Impingement corresien usually produces:a pattern of
localized attack with directienal features. The pIts or
glreoves tend to be undercut on| the side away: firom| the
source of flew, In the same way: that a sandy. rver bank
at a hend ini the rver Is undercut by the encoming
Water.



Impinaement

When a liguidtis flowing over a surface (e.q. I a pipe),
there Is; usually a critical velecity below Which
IMpIRgEment does nNet eecur and: abeve WhICHIE
IAcreases; rapialy,

ImpiRgement attack first received attention due: ter the
PO0rK BERaVIer of Some copper: alleys Ini seawater.

I practice, ImpIngement and cavitation may: Ceur

together, and the resulting damage: cani be the result of
ofojig

ImpIiRgemMEent: may, damage a protective oxide film and
CAlLISE Corresion, or It nmay: mechanically Wwear away: the
surface film te preduce a deep groove.
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Cavitation corrosion of a deaerator



Corroesion=fatigue

'\lw

% Conresion-fatigue IS the: result of the combined action
off an alternating or cycling SLresses and' a coliresive
envirenment

% The fatigue process IS thought to cause: rupture: of the
pretective: passive: film, Upoen WRICH Corresien IS
accelerated

2 |f the metal s simultaneously’ expoesed 1o a Corresive
envirenment, the failure: can| take place at even lower
loadsi and afiter shorter time.



Other types of corresion

> Hydregen embrttlement - Tihe embrittlement of a metal
oK alley by atemic Nydrogen INVoeIVeS the Ingress: of
Ay AreEER INteI a cCOMPORENT, anevent that can| Sereusly,
reduce the ductility and' lead-bearng capacity, cause
cracking and catastrephic brittle falures

> Eretting cerresion

~ Stray current corresion



Potential=plH diagrams



Limitations of EME series

% Prediction ofi cenresion enly: based on EME series has

ey severe limitations

% EMFE series does not account for thereffect of films which

may; fermen metals Under a varety off conaditions



Potential-pH diagrams

he principle off petential-pHrdiagrams Was established
I ther 194105 inrBelgium: ay:Marcel Peuraix

I 1945 - Varcel Peurnaix sukmitied a Ph. D dissertation
entivled “fhermoedymnamics inf dilute selutiens: graphical
representations of the rele off pHiand petential;, Which
was initially’ rejected

It IS} also calleal as Peurbaix diagiam

Phase diagram — Iiemperature— composition diagyam -
Metallurgy: or Materials; science

Poureax diagram— Electrochemistny.



Marcel Pourbaix and ULR. Evans



Potential-pH diagrams

2 |t provides a Usefiul means, of summarnzing the
thermoedynamic henavior off a metall andrassociated
SPECIES! Nl gIven envirenmental’ conaditiens:

% |t IS  a graphicall representation - relationr between: the
pHand the equilibrum: petentials: (£) of the most
prokakle electrochemical reactions eeeuring In a
SelUitien containing a SPecific element

% EpPH diagrams are typically: plotted for varieuss equilinma
With petential’ (£)ras ther erdinate (J7axis) and pH'as the

alseIssa (X axis)



Potential-pld diagrams

2 [hree types of lInes exist on’ Peurnaix diagrams

% Honzental lines: descrilbe reactions that are dependent
only on potential (e.g., ke = Fezt + 2e)

2 Vertical lines; descrihe reactions that are dependent only,
on pH (e.q., Fez* + 20H" = Fe(OH),)

“» Angled lines correspond' te reactions that depend on
poth potential and pH (e.a., O5+ 45"+ 4e- = 215,0)



Potential-pH diagrams

2 Potential- pH diagrams synthesize many. Important tyjpes
off Information that are useful Inf corresion and In other
elds.

2 hey make it pessible to discermn at a glance: the stakle
SPECIEes for specific conditions off potentialiand pH

“» Thermoedynamic data can e used tor map ouit the
@CCUrrence: off Corrosion, passivity, and nebility efi a
metal as a fiunction off pH and potential



Oxygen is stable

Oxygen evolution
and acidification

£=pH (Pourbaix) diagram
fior Water:

1.23 V difference at any pr ’ ‘

Water is stable
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Hydrogen evolution
and alkalization

Hydrogen is stable

Thermodynamic stability: of water,
OXy@en, and hydregen

Equilibrumline for the reaction:
2H,0 — O, + 5H" + 4e-

Equilivrum ine for the reaction:
[N A A A 2

*Indicates Increasing
thermoedynamic drving| ferce: fior
cathoedic exygen reduction

** ndicates increasing
thermodynamic driving| force fior
cathodic hydregen evelution



Three possible states of a metallic material

Z |mmune region

» In this region a metal Is; considered to be: totally
Immune from corrosion attack and safe te Use.

% Cathodic protection’ may: e Used tor bring the:
potential of & metal closer to the Immune: region
By Torcing| a cathoedic shiit

% PassiVe region
| SUCh region; a metal tends to heceme coated Wit
an oxide or hydrexide that may ferm en the metal
eithers asia cempact and adherent filin practically
preventing allfdirect contact between: the metallitself
andi the envirenment, or as a pPoreus; deposiit WhAICH

enly: partially: prevents contact between ther metal and
the envirenment

% Corrosive region

% In such region, a metal Is stable as aniionic (soluble)
product and' therefore susceptible te corrosion attack.
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Thermoedynamic boundares of the tyjpes off corresion ohserved on steel
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£-pH diagram of Iren 1In water at 25°C




Uniform Localized
Corrosion Corrosion

e S o e

Decreasing Desirable
High oxygen | severity of operating
pitting / pH
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Increasing
oxygen level

Corrosion hehavior off Iron Inwater at 25 C
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Pourbaix Diagram for Iron

20
1.6
1.2
0.8
04
0.0
-0.4
-0.8
-1.2
-1.6

Fe oxides

Fe metal stable

Will iron corrode in
deaerated acid?

!
oH

Yes - there is a reasonably
wide range of potentials
where hydrogen can be
evolved and iron dissolved

o




Pourbaix Diagram for Iron
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2.0
1.6
1.2
0.8
04
0.0
-0.4

Fe oxides
stable

Will iron corrode In
neutral waters?

Yes - although iron can form
an oxide in neutral solution, it
tends not to form directly on

-0.8
-1.2
-1.6

Fe metal stable

7
oH

the metal, as the potential is
too low, therefore it is not
protective.

% %
« ¥




Pourbaix Diagram for Iron

2.0

1.6 Will iron corrode in
1.2 alkaline solutions?
0.8
04 Fe oxides
0.0 stable J No - iron forms a solid oxide

at all potentials, and will
-0.4  passivate

-0.8
-1.2 Fe metal stable

16 - s *

aom *

o
c
2
o
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Pourbaix Diagram for Zinc

20 /J Equilibrium for
16 [ Zn?* + 20H < Zn(OH),
. ___.—-r___—"_":..——-—-—-_'_'_-_-l

ch}zz__
1.2 stable in

0.8 w Equilibrium for
04 F Zn(OH), A | Zn(OH), + 20H- < ZnO,% + 2H,0

| —
Zn2+ stable stable

0.0 solid —
men\ J Equilibrium for
04 | ' 3~ Zn + 20H < Zn(OH), + 2

-08 L 4

J Equilibrium for
1.2 ‘th;“bf" = Zn + 40H < Zn0,? + 2H,0 + 2

_16 | .
0 14 . o

Equilibrium for *
- - Zn © Zn2+ + 2e- 34

O
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Pourbaix Diagram for Zinc

Corrosion requires strong oxidising agent

2.0 Corrosion requires strong
oxidising agent

1 .6 1 ___ﬂ!,_____._.-—-—__':.‘l':.—-—-—'—'_
1.2

0.8 Corrosion is possible,
0.4 but likely to be stifled by

Corrosion |_———1 solid corrosion product

0.0 — My =

-0.4 \I\ Corrosion possible with
08 oxygen reduction
-0 —~—
\.\I

1.2 F Immunity Corrosion possible with
-16 hydrogen evolution

0 DEIA 14 n

- - Corrosion is thermodynamically impossible

O
c
L
o
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E-pH diagram showing| the seluble species
off aluminum 1 water at 25°C




Possible reactions in the Al=H,O' system

Equilibria invelving aluminum metal
3e + Al = Al
3e +AlOH); +3H =Al+3 H,0O
6e + A1,O;H,O+ 6 H =2 Al+4 H,0
3e+Al0y +4H =Al+2H,0
3e +Al(OH)” +H = Al+H,0
3e +AlOH), +2H =Al+2H,0

Equilibria involving solid forms of oxidized aluminum
A.I(OH)g +H = A.I(OH)g_ + Hgo
MgO;'H;O +2H =2 Al(OH):_
Al(OH); +2 H = Al(OH)* + 2 H,0
AlL,O3H,0 + 4 H =2 Al(OH)™ +2 H,0
Al(OH); +3H = A" +3H,0
AlLOyH,0 + 6 H =2 A" +4 H,0
Al(OH); = AlO, + H + H,O
AlgOfH'__&O =2 AIO;' +2H

Equilibria involving only soluble forms of oxidized aluminum
AlO, +4H =Al" +2 H,0
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E-pH diagram; efi selid species of aluminum when the
soluble species are at one molar concentration (25°C)
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E-pH diagram' of aluminum With' feur
concentrations of soluble species (25°C)
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Cathodic protection range

Immunity

E-pH corresion diagram ofi aluminum at 25°C




Pourbaix Diagram for Copper

= Cu oxides
stable
- Cu?t stable

» In solution

Will copper corrode
In deaerated acid?

(Fuopf s’ﬁableI in slnln.

[
c
L
o
a

' No- hydrogen evolution
only occurs below the
potential for copper

corrosion




Pourbaix Diagram for Copper (Cont.)

= Cu oxides
stable
- Cu?t stable

— In solution

O
I=
L
o
Al

(FUOJ siiableI in slnln.

Will copper corrode
In neutral aerated
waters?

Usually it will just passivate,
but corrosion can occur in
slightly acid solutions

"

)

39




Ti02E.07  HLO, 7 T,
"—-.-_‘_--_‘--_

Corresion

Choidation of water

---..__________'

Faduction of water or H

e

--.._______-_-_-

Passrre ThH,

Pourbaix (potential-pH) diagram for T-H50 system of 25°C




Practical Use ofi £~pHH Diagrams

> The E£-pH diagram is an important tool for understanding
electrochemical phenomena

> It provides useful thermodynamic information in a simple
Illustration



Advantages of E-pH diagram

> E-pH diagram IS proved to)be usefiul not only’ In coriesion
PUL also Ik many. ether fields suchras

> Industrial electrolysis

> Plating

> electrowinning and electrorefining o metails
> pPrmany, andsecenadany electric cells

> Water treatment

> hydremetaliurgy.

> |t Is pessible: te) predict whether a metal will tend te
correde or not:



Limitations ofi E-piH diagram

> |t IS not pessible, hewever, to determine. firom: these
diagrams alene how!leng a metal Will' resist corresion.

> Pourbpaix diagrams; ofifer a firamework for KInetic
Interpretation;, but they de net provide: iInformatien on
corrosion rates. They: are not a substitute for Kinetic
studies.

> Each EpHidiagram Is compuited for selected chemical
SPECIES corresponding te the possible fierms ofi the
element: considered In the solution; under study,



Corresion testing




Reasons: el conducting corresion testing?

v/ i0) provide: an InsIght INto’ Cerresien Mechanisms.

v. [0 provide a vasis for estimating senvice lifie: of precess
eguipment

v- 1l0) compare the conresion resistance of one: alloy with
anether under standard conditions — for example inl the
development Iif Rew: alleys with! Better corresion; resistance

v As'a quality. controel test forr a given heat of alley,



lmmersion testing

% NMost freguently conducted test for evaluating the
COIresion eff metals in agueous; selutions

% lImmersion; tests are conducted to determinge: the
colrosion rates off metals in a given; environment

% Totally’ Immerse a test Specimen In a: corrosive, solution
oK a peried of time and then remeve: the Specimen

% [FACtors 1o consider When: perfierming Inmmersion testing
© selutien cemposition
© lemperature
®© Aeration
® Vvelume
® Velocity,
®© waterline effects
© Specimen surface preparation
®© method of Immersion of Specimens
®© duration of test
® method of cleaning specimens at the end: of the exposure period



Total limmersion testing

> Composition off Selutien
> Simulated| selution as; per standards
»> Naturally: ecetrring selutions — sea Water
» Plant process solutions

> Aeration of Solutien

> Aeration or the presence of disselved oxygen can influence
COIresIon| rates profounadly.

> Volume off Solution

> TThe velume should be lange eneugh te avoeld any: apprecianie
change In Its corresivity during the test

> solution-to-specimen area ratio of 200! LL/m?

> llemperature of Selutien
~ lemperature I1s a critical factor In coerresion
> contrelled-temperature water or ol haths

> Evaporation lesses
> freguent addition to maintain the original velume within £1%




|ntermittent lmmersion testing

A Alternate Immersion and emersion; in; a corresive liguid

A Practical Impoertance; hecause: they: simulate the effects
off the rise and fiall off tidal Waters: and the: meVvements of
Corresive liguids in;chemical plants

AA i film, eff the: selution, freguently: renewed: anad
almest saturated Withr oxy/gen, cam Be maintained on the
test specimen during mest of the perod: ofi exposure

AL Alternate Immersion: i 3.5% NaCl - ASITIVI G 44

4 1 hour test cycle

A1 0rmin peroed ofi IMMErsion N an agueoeus, selutien of
3.5% NaCll o1 a substitute ecean; water (Withoui
neavy. metais)

A 50 min emersion peroad
A This 1 heur cycle Is continued 24" h/day



SPECcIMEN Preparation and Duratien ef Tests

®© The type, size, and shape of SPECIMENS Vany With the
PUrpese off the test, the nature of the test materals, anad
the appalatus Uusead

© Standard practices; for preparng, cleaning, anad
evaluating colresion test specimens - ASIIMI G 1

® Corresion s a surface phenemenon. Surface condition; of
SpPEecimens; IS critical in determining| the outcene: of tests.

®© Preper selection ofi appropriate lengtihs of expesure. Is
Impertant for any: corresion test, and misieading results
may. be obtained Ifi the time' facter IS net consideread

©® Planned! interval tests; invoelve: the' accumulated effects of
Corresion at several times URder a given set off conditions
as well as the: initial rate of corrosion of firesh metal



/o€l o1 tEST COUPONS' thal' are USE o) Corrosion testing



IYpEe of test Coupens; that arerused for corrosion; testing



Elat test coupons that are Used fier corresion testing



Cylindincal test; coupons that are Uused ol Corresion| testing



From System
Water Line




Slot To Be Vertical

Control

From System
Water Line




Jiest ceupons: aiter sukjecting| ter corresion testing



Cleaning Coerresion. Test SPECImMERS

After: corresion testing, Specimens shouldl e properly.
cleaned toer remoeve: bulky: depesits and Cormesion: preducts
BUL net the metals

This must be done: as seon; as pessikle, se that the
measured: corresion time: iInterval Is accurate.

Corresion may he continuingl UNAer the damjp! Corresion
products; untill they: are removed.

Various mechanical, electrolytic, and chemicall cleaning
methoeds, have been developed te) clean different metals
and alleys



Calculation off Corresion Rate

= [he average conresion rate niay. e ebitained as follows:
Carresion rate = (K x W)/(A * T *x D)
Where K'isia constant: (Varies withrthe unit)

I IS the time off exposure: Inrheurs to the nearest 0.04 N,
A s the area in cm? to the nearest 0.01 cm?

WIS the mass 10ss Inf gramsi te the nearest 1 mg
Dis the density in g/cn>
= Several units are used to express cornesion rates

= Using the above mentioned units fier I, A, W, and D;
the colresion| rate canibe calculated n a variety: off URIts;
With! an approprate value of K



Various units Used to: EXPress corrosion rate

Coerresion rate Constant, K
Milstper year (mpy) 3.45 x 10°
Inches per year (ipy) 3.45 x 10°
Millimeters: per year (mm/yr) 8.76 x 107
MicCremeters; per year (wm/yr) 8.76 x 107
Milligrams: per sguare decimeter | 2.401x 106 x D
per day (Imdd)




AUMESPRENC ColresIon testing



AtMOSPHENIC cornresion



Atmesphenc corresion

> Atmospheric corresion Is a complicated! process which
InVelves

> lilerpase metal
> Metallic corrosien products
> Ihe surface electrolyies

> e atmosphere
> Relative htmidity
> emperature
> Sulphurr dioxide centent
> Hydregen sulphide: content
» Chloride content
> Amount: ef rain fiall
> Dew fiermation
> [DUst
> Positien ofi the expoesed metal
> Geographic locations




Dus H,O (humidity)  Air (O,)




Classification lhased on| atmespheric condition

% Based on potentiall cerresion rate the
atimoesphernes are classiiied intorthe fiellewing
categeres

“ RUral

“ Uran

“ ndustrmial
\armne
2| glefe)o]f




Ype of atmosphere and ItS; CorrasIvity,

Rural

> linland agricultural area with little er ne: heavy
manufiaCturnge operations

» Proklems eff almesphenc conresion are relatvely |ess

Urban

> Polluien fren fast traffic — Oxides of nitregen —
exidized to nitric acid

> Burning of fessil fuels (petroleum, coal and natural
gas) — sulphur dioxide WRIChI IS converted to sulpauric
acid




Ype of atmosphere and ItS; CorrasIvity,

Industiial
> Sulphuir diexide and hydregen sulphide

> HCI, HE, HBIF formed due ter combustion products
firom buring of chemical waste

> HCI — lncineration off municipalwastes
Marine
> Chileride — fine spray. of the salt solution — drying

> Ameunt of chlerde deposition! firom: a marnine
envirenment Isidirectly’ prepertional te the distance
from the shore

Igfefe)o)f
> Eree of corresion| in; clean roems — class roem
> SEVEre Corresion In ether reoms — chemistry: lab




| '
2 FeO - Fe0
= s

Fe 3+ {(magnetite)
FeZ2+

Iron metal

FIGURE 12.6 Schematic diagram showing electrochemical mechanism of atmospheric
rusting in an SO,-polluted environment.




Atmoespherc corresion — Wet or dry?

% The electrolyte Is net always present

% [DIscentinuoeus pPrecess, unlike the wet

*» Corrosion rate off atnespRErc CorresIon depends en
“ Jlotal Wetness
< Compositions off the' electrelyte
< femperature




TABLE 12.1 Effect of Hygroscopic Salt Particles on Atmospheric Corrosion of
Iron

Relative Humidity, %

Salt Used % 80 70

Na,SO, + 10H,0

KCl 86
NaCl 78
NaNQ; T
NaNO, 66
NaBr - 2H,0 59

Nal - 2H,0 43
LiCl - H,O 15

N O ¥ (¥ ¥ x

#  Salt coating 1s moist; underlying rust and attack of the steel.
X Salt coating colored brown at edge: underlying attack of the steel.
+ Salt coating converted to colorless solution; no corrosion.

o Salt coating is dry; no corrosion.

From H. Kaesche, Metallic Corrosion, NACE, Houston, pp. 216-19, 1985. Reprinted by permission,
National Association of Corrosion Engineers.




Rate off atmoesphernc corresion — Linear?

% AUMOSPRENIC CONreSIoN Proceeds threugh three stages
% lnduction perod

% metallis| covered With a spentaneously: formed oxide and
agueous layer

“ Jie oxide layer proved some: degree of pretection
 Transition pemroad

e oxide layer Is transforms Intoe; a fully, developed
COIresion product

% Statienary peried

% Surface Is fully; coverediwiih corresion preducts; eventually.
reaching a coenstant: preperties With respect: te: chemical
COMPOSItIeN and corresion rate

% Viere aggressive the envirenment - the shorter will lbe
the Induction and transition’ perieds




Caibon steellvs. weatherng steel

> Carlon steels has little or nescorresion resistance against
atiMmeSPAENC corrasion

> \WWeathering steels

> alloying| cailaoni steel With CopRer, chremium, nickel;
phesphorus; silicen and manganese

> Improved corresion resistance
> Similar corresion mechamnism

> RUSH ferms on Weathenng steels
> INore dense and cempact
> Effectively screen| the steell firem colresive: environment

> Decreases the difftusion rate: off oxy/gen — cathoedic
feaction

> Limiting| the supply: of water/meisture and ether anions
firom| reaching the surface




Infiuence of alleying elements off Weathering| steel

> \Weathering steels - alloying carbon steel with; copper, chremium,
nickel, phesphorus, silicon and manganese

> Copper — most prenounced effiect In decreasing the corresion rate. -
Increase in Cu from 0.01 te 0.40%) decreases the corrosion rate by,
70%

> Copper forms the hasic sulphates with low: selulbility: which
precipitates Within the peres: ofi the: rust layer, thereby decreasing
their pPoresIty.

> Cu When added aleng with Cr, and Ni — Cr - 0.40 te 1.0%:; NI — up
10 0.65% further Increase i corresion resistance

> Cr Is enriched in the mner rust layer together with Cu and P —
promoete the formation of a dense layer off FEEOOH — harrer layer

> NI'—ferms basic sulphates with lew: selubility Which precipitates
Withinrthe poeres of the: rust layer

> P'alse helps to increase the corresion resistance — Increase in P
content from 0.01 te 1% - 20-30% Improvement in: corrosion
resistance

> P'forms insoluble phosphates — barrier layer




Structural carbon steel
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Structural copper steel
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FIGURE 12.4 Effect of copper and other alloying elements on the long-term atmos-
pheric corrosion resistance of steel. (From C. P. Larabee and S. K. Coburn, First Int.

Cong. Metallic Corrosion, Butterworth, Sevenoaks, Kent, England, p. 276, 1962. Re-
printed by permission, Butterworths Publishers Ltd.)




AUMESPRENC ColresIon testing



Table 1 Typical activity ranges of SO, and Cl measured in various atmospheres

These are average activity ranges measured over a 20-25 month period.
Type of atmosphere mg SO,/dm~/d mg Cl/m~/d

Industrial

Marine




Envirenmental parameters often considered as influences
on the atmoespheric degradation of materials

Category

Parameters

Wet
deposition

pH

Conductivity

Cations: calcium (Ca™), magnesium (Mg” ), sodium (Na ), potassium (K'), ammonium

(NH:IL_ ), and hydrogen (H")

T— p—
Anions: sulfates (SO-L ) nifrates (NO3 :], and chlondes (CI)

Dry
deposition

Sulfur dioxide (SO»)

Nitrogen dioxide (NO)

Nitric acid (HNO3)

Ammomnia (NH3)

Particulate matter, sulfates, nitrates

Meteorology

Ozone

Wind speed

Wind direction

Relative humidity (dewpoint)

Temperature

Solar radiation

Rainfall volume and intensity

Test specimen surface temperature

Time of wetness




1S 5555:1970 - Code of procedure for conducting
field studies en atinioSPRIENIC CorresIon. O Metals

@ This cederdeals with the precedure ofi conducting Indoor
andl eutdoor exposure tests en metals and alleys fior
collection efi corresion: data.

® EXpoesure site

® Eor the purpese: ofi selection: off expoesure: site, the country has
peen divided inter eight climatic regions

@ The site shall'be so selected as to appreprately represent ene
off these climatic regions.

@ I the lecations of the: site care shall be: taken against any,
obstructions te the free passage of air te the: site.
® Test panel
@ The test panels to be exposed shallibe off mild steel and zinc.

® Other metals like galvanized steel, copper, aluminium,, tinplate
and stainless steel, may also be exposed If required



Size of the specimen and exposure conditions

£z Size of the panels

£x 1501 % 100 mm for outdooer exposure and 150 »* 50 mm! fier
INCOOK expesure

2z A thickness of 1.25 mim IS recommended
£x Preparation off the test specimen

£x Jihe metal panels shallfhe cut frem a single siheet or fromi sheets
manufacturedin the same: hatech

£x EXposure of the panels
£z All panels shallfbe weighed hefiere exposure
£z Jihe panels shall be held at an angle of 45° 1o the hoerizental

£x Specimens shalliface seuth and shall be: exposed ai
1 to 1.5 metres above the ground level

tx The panels shall be held i pesition by ceramic or Perspex cleats

& The panels shall be so arranged andl fixed toi the fiiame: that
cosrosion productsi or leachings firomi one panel do net
contaminate the ether and minimuny area of the panels Is
shielded during exposure.

2 Any bimetallic contact with belts, nuts or frames shall be
avolded.




INSPECTION DURING EXPOSURE

he exposed panels shall he: periedically: examined for
nature andi extent of corresion.

One of the two panels in each set: exposed for ene year
shall be 'welghed every month and the menthly weight
Increments shall e recorded.

hese panelsishallibe put hack for continued exposure
for a totallperiod off ene year

Pitting and perioration| off specimens shall be noted.



AtmoSphEerc-corrosion test rack



AtmoSphEerc-corrasion test rack



Evaluatien technigues for atinioSphRErC-Corresien SPECIMENS

Technique Value

Photographic Photographs of the specimens before and after cleaning give a permanent record of

documentation the performance of the material in the particular atmosphere.

Corrosion product Atmospheric-corrosion specimens usually have the corrosion product and airborne

analysis and surface deposits on the surface at the time of removal. This adds a wealth of information to

deposits the observed behavior of the material.

Mass loss For uniform corrosion, this 1s simple and can be converted to corrosion rate as
g/m?/d, mils per year, etc.

Pitting and localized Yields information on the susceptibility of a material to localized attack. Pitting

corrosion corrosion is often reported as average or maximum depth of attack and 1s usually
measured with a dial depth gage or vernier microscope. Where possible, pitting data
should be treated statistically with recognized methods covered in various standards.
Weight loss data should not be used indiscriminately to calculate corrosion rates




Salt spray. testing



Salt spray. testing ASTIM B 117-90
(1519644 1981) (2006)

% TEST APPARATIUS REQUIRENMENTS ASTIM. B 117 -90) and
IS 11864: 1988) (2006)

2 ATeg chamer (test caninet) with

% a compressed air inlet

% @ SeIULIon reservelr

% a solutien atemizing device

% SPECIMER SUPPeKLS

% [emperature controll eguipment

% The method of construction shallibe such that they: shall
NOL get correded by the feg/spray: In the' chamiber



T'est selutien, pressure anad atemizer:

Test solution — NaCl — 50 g/I

The pH ofi the selution - 6.0 te 7.2
Spraying — Using' a compressed ail
Pressure: 10-25 psi

Collection voelume: sheuldfbe measured using a
measuring cylinderand a ftnnel

Ateomizer shall lse made ofi Inert materials, - plastic
Spray: must net e aimed' directly’ inte the test pieces

Direct the spray’ against a baffle or directing plate in
suchia way: that a unifierm: distribution of the: spray
through the entire test cabinet Is obtained.



TRAY AND PANELS

ATOMISER

POOL OF SPRAY SOLUTION

TO COMPRESSED
AR SUPPLY




T'est specimens

® The specimens; shall be thoroughly: cleaned hefore
testing

@ Care shall e taken that Specimens are not
[e-contaminated after cleaning by exXcessive. or
careless handling.

© the cut edges shall lve adeguately: protected By coating
them with' a suitable mediun, stakle under the
conditions of the test; such as paint, Wax or adnesive
tape.



Method of exposure of test Specimens

he specimens shall be so placed in the cabinet that
they are not in; the direct line: of travel ofi spray firemi the
atemizer

Baflies may be'used 1o, prevent direct Impact ofi the
sprayeadi solutien and the SPEeCImMEens

The angle at Whichrthe sample’is expeseadiin the cabinet
IS Very Important.

Fhe surface shall i prnciple, be flat and placed 1n the
calINet facing Upwards at an angle as; ¢close as pessikie
10 20° te the vertical

This angle shall; i all'cases, hbe within the limits 15-30°



Method of exposure of test Specimens

% The specimens; shalllbe se arranged that they do not
come Inter contact With; ene anether or With the caninet
and that surfaces, tor e tested are exposed to free
ciicUlation; ol spray,

» SPEecimens may: e placead’ at adifferent levelswithin the
cabinet asilong as the selution may: net drp: frem
SPECIMENS Or thellr supports at one level enter ether
SpPecimens placead elow.

» e suppoert fer the specimens shall bermade: of Inent
non-metallic materal stchi as glass;, plastics

% |fi necessary test specimens can be suspended.
IHowever, the materal used shall on ne acceunt e
metallic and shallfbe synthetic filre, cotten thread or
ether Imert Insulating material.









Operating conditiens

The temperature inside the spray. cabinet shall be
maintained at 35 + 2°C

he selution cellected: n each of thercollecting devices
shall have:a sediln chioride concentration of S0/ 10/ g/l
and a pHvalue in the range 6.5 to 7.2

The average rate ofi collection ofi selutien I each device
measured over a minimum: peroed ofi 24 hours shall 9e
1 to 2 ml/hi for a hoerizentall collecting area ofi 80 cm?

Jest selution whichr hash veernisprayed shall not be
reused.



\)

Duration of tests and evaluation

< Recommended penoads of exposure are 2h, 6:h, 24 h,

48 I, 96 h, 240 h, 480 h andl 720 A.

Spraying shall not be interrupted durng the prescribed
test peried

“» The cabinet shall be epened only for briefi visual

IASpections, ofi the test specimens In pPosition: and for
replenishing| the salt selution Ini the reservolr

% Evaluation

% the time elapsing before the appearance: off the first sign

of corrosion.



Humidifying tower reservoir

Air pressure gage
Fog tower assembly —

Fog baffle < . N £oe Humidifying tower
=1 - pressure gage

Atomizer - '
Airflow meter

Fog tower reservoir .
(salt-solution) — "\ ,. - Salt solution reservoir

Chamber heater(s) | B, R, '- i~ Humidifying tower

High pressure regulator _ _
Air purge valve and line

Supply air Humidifying tower heater

(by customer, 60-150 psig) =

J .
/ Low-pressure air regulator

A diagramy oif a standarnd’ salt-fieg coresion test
chamber shows key: components ofi the envirenment
conditioning and centroll systems

Air supply filter




Extent: of corroesion| firon the scriked region
after 96 | of salt spray: test

Painted steel Phoesphated and painted steel



Extent: of corresion of after 24 h ofi salt spray. test




Visuiall appearance ofi the VI vars befere and
after: salt: spray. test: as: per ASTM B 417 -90

After 440 hioff NSS

25 mm @ M bar: before NSS -“—

After 672 h of NSS



Corrosion rate after various duration: of
testing and the average Corresion liate

Sample 1D Coresion Cornresion Corresion AVerage
rate after rate rate after COrresion
174 h afiter 440'h 672 1 rate
(Lm/year) (um/year) (Lm/year) (my/year)
8 mm| @’ bar 350 499 443 428
12" mm; 2 lhar 362 A8\ 451 433
20 mm| 2 bar 358 493 450 434
25 mmi 2 bar 364 495 451 A3




CY/ClIC CoeSsIonN teSting



Cyclic cornesion testing

O A more realistic: way tor perform salt spray’ test thani the
traditionall steady: state: exposures

© Actualf atmosphenc exposures usually include bothr wet
and dry’ conditions

O IHence;, It makes Sense to: pattern accelerated: lalvoratory.
tests afiter these: natural cyclic conditions

O Research indicatesithat, with: cyclic cornrosion tests, the
[elative corresion rates, structure andi morphology: are
more similal tor thiese  Seen; outdoors

© Cyclic tests; usually give better correlation to outdoeors
thian conventional salt spray: tests

@ hey are effiective fier evaluatingla varety off corresion
mechanisms, Including generall, galvanic, and crevice
COrresIon.



Cyclic cornesion testing

2 Any or all ofi the fellowingl environments may: e usead! fior
cyclic corresion testing

“» Ambient Envireament
2 EOg (Spray) Enviienment
2 Humid Envirenment
% 05-100% Relative Humidiity
% Dry-Ofiff Environment
% Corresive Immersion Envirenment
» \Water lmmersion Environment



Tab. 1: Cycle exposure for GM9540P/B

00 min.

00 min.

00 min.

210 min.

8 hours
8 hours
Repeat

Thorough Salt Mist Application

Ambient Conditions (25 °C, 30-50 % RH)
Thorough Salt Mist Application

Ambient Conditions (25 °C, 30-50 % RH)
Thorough Salt Mist Application

Ambient Conditions (25 °C, 30-50 % RH)
Thorough Salt Mist Application

Ambient Conditions, 25 °C, 30-50 % RH)
Humidity (95-100 % RH)

Dry Off (60 °C, <30 % RH)




Tab. 2: Cycle exposure for CCT-4

Time

Application

10 minutes
155 minutes
75 minutes
160 minutes
80 minutes
160 minutes
80 minutes
160 minutes
80 minutes
160 minutes
80 minutes
160 minutes
80 minutes

Salt fog application at 35 °C
Dry Off at 60 °C
Humidity at 60 °C, 95 % RH
Dry Off at 60 °C
Humidity at 60 °C, 95 % RH
Dry Off at 60 °C
Humidity at 60 °C, 95 % RH
Dry Off at 60 °C
Humidity at 60 °C, 95 % RH
Dry Off at 60 °C
Humidity at 60 °C, 95 % RH
Dry Off at 60 °C
Humidity at 60 °C, 95 % RH




Acid Rain CCT exposure conditions include:
— Solution: 5 % (wt) NaCl, 0.12 % (vol) HNO;,
0.173 % (vol) H,S0,, 0.228 % (wt) NaOH:;
— Solution acidity: pH of 3.5.
The Acid Rain CCT exposure cycle 1s:
— 2 hours fog at 35 °C;
— 4 hours dry-off at 60 °C, less than 30 % RH;

— 2 hours wet/humid at 50 °C, over 95 % RH.

Acid Raimn CCT specifies transition times between
environments as follows:

— Fog to dry: with 1n 30 nunutes;
— Dry to wet: within 15 minutes;
— Wet to fog: within 30 minutes.




ElecCtrochemical corresion! testing



Elecirocheniical cCorresion testing

% DURING CORROSION, at least twoe electrochemical
reactions

% ANl oxidatien reaction (iImetal disseluition)
% A reduction reaction (oxygen reduction)
@CCeUr at a metal-electrolyie interfiace

% Corresion Is an electrechemical phenemenen and Is
governed by an electrochemical mechanism

2 Henece, electrochemical technigues; cam e used! te study.
COIreSION reactiens ana Mechnanisms



Elecirechenical Corrosion testing technigues

> Open cireuit potential measurement
> LLinear polanzation

> Potentiodynamic pelanzation

> Galvanedynamic pelarzation

> Potentiostatic clrrent-time transient
> Galvanestatic petential measurenent
> Electrochemical Impedance

> Galvanic corresion measurement



NS S TS

N

Basic Instrumentation needed for
electrochemical corrosion tests

Test or working| electrede (WE)

One or mere coeunter electrodes (CE)
Reference: electroede (RE)

Test cell

Potentiostat/galvanestat or Veltmeters andiammeters for
monitenng of potential and current (eptional)

Recording devices (Strip: chart or x-y/recorders) or
Computer With' sefitware program and pletter;

Gas tank With nitregen, argemn, ol anether gas) te
deaerate the solution: (optional)

Thermostat With a constant temperature bath or heating
mantie (eptional)



Counter electrode

® Counter Electrode — The counter electrode should! be of
go0d conductivity’ anal sheuld net disselveras a resuli of
currrent flew

® Platinumiis USed In moest EXPERNMENLS — ExXpPensive

@ |t Is desirable to use CES with much larger area than the
WE In order 1o reduce the: current density at the CE and
avold contaminatien by reaction products, ofi the
electrolyte, 1ess' expensive materials, suchr as graphite,
are often used'as CES

® FOr the same reasen, the CE should be placed in a
separate compartment with a glass firfit ter the main cell.
IHowever, this precautionary: measure Is often neglectead



Reference electrode

® Reference Electrode - Tihe saturated calemel electrode
(SCE) Is the most common RE Used In studies of
COIresion reactiens, due to Its stability’ and cemmercial
availaniiicy

@ Care must be' taken te avoid centaminatien of the test
electrelyte by leakage: of: chlende ions fiem a SCE When
tests are carred out 1n chloride 1on-free test solutiens

© A mercuny/mercureus sulfate electrede may be used
When chlerde 10/ contamination| IS not accepitanie

® Other REs: Ag/AQCl and the Cu/ CuSO4 electrodes

® A luggini capillary is used ter minimize the echmic drep
petween WE and RE



Potentiostat/Galvanostat

WE RE

Saturated calomel
electrode

Pt Elecirode

I
Working 7+
electrode ~ H“

J

Luggin probe

2
DI IINIIIIIVIIIIIIII I

L e

3.5% NaCl

%

il

Schematic diagram ofi a flat cell used fox

evaluating the corresion resistance
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A- 8 mm < bar

B- 12 mm & bar
C- 20 mm < bar
D- 25 mm & bar
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Current (pHA/cm?)

Potentiodynamic polarzation curves ofi TIMAF bars
i 8.5% NaCl performed as; per ASTVIG5-87




Corresion potential, corresion current density and
corresion rate of TVIIF bars evaluated: by,
polarzation! test astper ASIVl G 5 -6

Sample: D A o 4 Corresion rate*
(mV vs. SCE) (nA/cm?)
(mils/year) (um/year)
Slmim @ laar -630 24.11 11.00 260
12 mm 2 bar -655 24.00 10.95 278
20/mm @ laal; -631 24.08 10.99 21
25 mmi & bar -625 24.00 10:95 278

* Average of 3 determinations.
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VIEetieas Of CoIeSIen! Proteclion
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Corresion protection — cheICes?

Corresion — material and envirenment
Cornesion pretection

< Modification: off the environment

“ Modification of the materal
Alleying

< Cu, Ni, Mo, Cr In steel

% Stainless steel — 304 — Nirand Cr; 316 grade — Ve

Galvanic couplingl= steel with ZIne — cathedic protection

Coatings — nen-metallic; metallic and erganic ceatings —
physical harder hetween thermateral and the
envirenment

InhibIters — chemical compounds by: virtue off thelr
adsorption moedify the surface



Modification, of the envirenment

v. Rust preventive oll
v Inhibitors
v PlieSphates
v Chremates
v- Organic compounads
v Amines
v Azoles - Cul alleys — MBTr, MBI,
v- \V/apoeur phase: corresion Inhikiters
v. Cyclehexylaming



VapoeUur phase corresion Innikitiors

AVCI canibe ani individual chemical or combination i
chiemicals, (mostly: organic) having highn Vapor: pressure
that can prevent the reactien ofi the metalfwithr the
envirenment

The VCI must be capahle of fiermming a relatively: stable
pond at the metaliinteriace, thus preducing a protective
layer that lImits the penetration! off correding SPECIES

VCI assumes; significance for Conresion; prevention in
fecent years

Use ofi camphor inia gun case to protect It frem
corresion was practiced: in Swedeni in the 19th Century.



Mechanisni ofi ColresIon: protection By
\VapeUur phase corresion InRInIterKS

000000000000

. VCI vaporize and ionize

. VCI vapoeur condenses en metal

surface

. V/CI ions dissolves in the moisture

. VCI ions migrate towards the metal

- even the recessed areas and
cavities

. VCI Ion fierm a thin: proetective film

. Pretective layer re-heals andiseli=

replenishes threugh further
condensation off the vapoeur



Mechanisni efi Corresion protection by
\/apeUur phase: corresion INRIBIteKS




Salient feature off V.CIf hasead products

@ Offiers, protection te a wide range: off ferrous, nen-fermeus
and composite metals by direct centact, as well as
distant: Vaper phase

® Moeno:- lenic VCI layer dees not afifect electrical,
eptical,, mechanical suiface properties.

@ Carnes sufficient load of chemicals ana:is
self-replenishing, thereby permitting Inspection
and re-packing

@ Eliminates conventional messy: and pelituting metheds




VCIl papers/conrugated DoxXes

Prepared using specially: matured kraft -papers iImpregnated
with VCI te previde an extremely dry method of protection



\/CI emitters

A perous device loaded! wiithr VCI
e porosity: enables an easy: evaperation of the: V.Cl

They are compact, self-sticking and easy to install 1 clesed
electrcal and electronic panels



VCI plastic and stretch films/poeuches

A 50/100 micren thick pelyetaylene filn impregnated with
V/CI' to pretect ferrous and non-ferreus metals from
corresion/oxidation



I anuiStatic: mmris, commoniy: USed Tor electrical &
ElEcCtronic proauct packing

[RESEe Tims; are: manuiactured ny: extrusion; process using
NIgN PErormMance resin anal Spec eJ A0 dItVES;, WRICA Makes
tnem superior to conventional packaging fims



\/CI o1ls

VCIl Is dispersed in an oil base

It IS/ 1deal fier closed! systems like fuel tanks, gearlhoxes,
engines; engine oilsumps, hydraulics, etc.

Most viable option wiere VCI paper, VCIFPewder, VCI Tablets
cannot be used



Corrosion of celd relledl steel finished with rust preventive oils
andl ell centaining vVapour phase corresion InhnInItiors
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Surface appearamnce and extent ofi corresion ofi celd rolled steel
after 600 hours of exposure te 95 %, relative Rumidity.
(as per ASITM D 1748)




Corresion off carlon steel finished with rust preventive oils
and oll containing vapour phase: corresion Inhibiters
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- Finished with N L a ¢
— No oil/VPI Benz Oil s QOil containing VPI

Surface appearamnce and extent ofi corresion ofi celd rolled steel
after 600 hours ofi expesure 1o 95 % relative humidity
(as per ASTIMI Dr1748)




VCIl powders and! tablets

They can be efifectively used 1n difficult te) aceess areas



Ereomi nuts and bolts to planes and pistols; -
VCI technoelegy will werk




Intercept Nlechnoelegy™ fer corrosion protection

% Developed by Lucent Bell Lals

% Develeped by reacting selid state: reactivimaternails Intoe a
POIyMEr matrix.

% Jhese reactive materials react with and neutralize
all cerresive gases that contact the film



How! Intercept Works?

L
H FILM

Corrosive /—?@

Gas

. Chemistry

Corrosive

Neutralized
Corrosive
Gas

Protected
Metal
Part

e



Intercept Technoelegy ™ for anti-tarnishl pretection
oft silver jewelry and articles




Other methods ef Corresien protection

> Phosphate cenversion: coatings
> Anoedizing (anedic exidatien)

> Electrodeposition

~ Electroless deposition

> Cathoedic anadlanedic pretection




CONVERSION COATINGS




Chemicall CORVversion coatings

% Adherent, nsoluble, nerganic surface: films, fermead
as an integrall part ofi the metall suiface: By means, of
a non-electrelytic chemicall reaction: between the
metal strface and the selution

% A portion of the vase metal Is: converted Into one: of

the components; off the: resultant protective: film

» Adherent nature, high speed of coating fermation
and cost-=efiiectiveness: makes; conversion: coatings: a
preferred method eff surface pretreatment

% Plosphating, chromating and exalating — major
classes of chemicall conversion ceatings



Plhiesphate ConVversion: ceatings

» Phesphating - defined as; the treatment eff 2 metal
surface se as to give a reasonanly hard, electrically
AeN-conducting surfiace coating ol Inseluble
phesphate; Whichrisrnighly adherent te the
Underlying metal and 1S consideranly moere
apsorptive than the metal.

% e ceating| s formed asia result: of a tepechemical

reaction, WHICH causes the surface: of the hase
metal terintegrate itseli*as a part of the' coresion
resistant filim.



Chemistry ofi phoesphating

Iren disselution IS Initiatedl at the micreaneades: by the
firee phosphoerc acidl present 1n the bath. Hydrogen
evolutien occurs at the micrecatnodic sites

Fe + 2H.PO), -—-—-> Fe(H.PO,), + H, 1

Eermation of soluble primary. ferreus; phosphate - lecal
depletion of firee acid concentration - rise in pH at the
Interface - alters the hydrelytic equilipritms - rapia
CONVENSIoN & Gepositien ofi Inselukle tertiany phesphates

Zn(H,P0,), < ZnHPO, + H,PO,
3ZNHPO, < Zn,(PO,), + H,PO,



Phesphating process

% Phosphating  compesitiens: are  essentially:  dilute

phesphoric. acidl hased! solutiens containing alkall
metal/heavy: metal 1ons i them besides: suitaile
accelerators.

+» Based on the nature ofi the metall Ien: constituting the

major cempenent of the phosphating) selution, these
COMPOSItIGNS are: classiiiedl as) ZIne, Mmanganese: and Iren
phesphating baths

% Phosphate coating could lhe' deposited onl boeth ferreus

and non-ferrous metals. Low carbon steel - most
frequently, Used' - maraging steels, galvanizead: steels and
stainless steels can also be coated.

» Non-ferrous metalsi that can be phoesphated include zingc,
aluminium, magnesiunm and cadmium.



Phiesphating process

» Phesphate ceating formation: - spray. and: Immersion

Processes -choice: depends; Upen the: size and shape. of
the substrate and the end use of the coating

> Spray’ Process; - prefenred Where: the: processing time; IS
shoerterr - reguires. more floor space and: special
eguipment for their application:

» Immersien precess - relatively: slewer, preduce: uniform
coatings anad reguire: less floer space - more
susceptible to = contamination durng CcontinUoUS
eperation

» Smaller parts: cam e effectively: and economically

phosphated by IMMErsion  Process WNEreas: spray
PrOCEsSS IS more: suitable fior larger Werk pIeces.

» Operating temperature range firomi 30-99°C- processing

time varied from a few seconds to several minutes



PHASE CONSTITUTENTS OF PHOSPHATE COATING

% Determined by the type of heavy metal used!in
the bathrand the type: off material coated

% ZINC phosphate coating formed oni steel
CONSISLS! of
> phoesphoephyilite (Zny,Ee(R0O,),. 4 H,0) and
nepeite (Zns(P0O,),- 4 H,0) phases

% Phase constituents; decides the quality: ofi the
coating = determinedl By XRID.




Coating Weight

> Parameter that decides the: choice ofi the phosphating
patih - usually: quantifiedl In; terms off Weight per unit
area (usually' as g/m? or mg/ft?)

IS 3618: 1966

% Class Al — Heavy/welght Mn & Fe phoesphate = 7.5 g/m?
% Class A2 — Heavy welght Zn phosphate 2 7.5 g/m?

% Class B2 — Medium weight Zn/Mn/Fe = 4.3 g/m?

+ Class C2 — Light weight Zn/Mn/Fe - 1.1 10 4.3 g/m?

% Class DI— Extra light weight Ee'phosphate — 0.3/ to 1.1 g/m?

» IHigher coating, weight dees not directly: relate to
corrosion  performance. Coating Weight in: relation: 1o
ether characterstics - structure, hemegeneity, ete.




Poresity: off plosphate’ coating

» The layer off phoesphate coating censists off nUMmerous
crhystals ofi very: different sizes - Inherently: implies, the
existence of fissures: and channels threugh to the basis
metal — pPoresiity

% Falrly low, of the: order off 0.5 - 1.5%, - Decreases with

Increasing phesphate coating thickness

2~ V/Pe of plaosphate’ solution, treatment time; ren| content

off thhe bathr andl the chemical composition: of the ceating
determines the peresity off the coating

% Detrnmental efifect on corresien performance- could act

as large: resenvoirs, for ells

% A hemogeneous fine-crystalline: coating IS desirable to

Improve the adnesion ofi a paint film



Applications: of phesphate coating

% COlIresion pretection, as a base fior paint, to provide

Wear resistance anadl an aid i cold ferming| ol steel.

% Provide an' effiective: physical barrier te; protect Corrosion-

prone metals against their envirenment

% [helr Insulating nature prevent the onset and spreading

Of corrosion.

% Previde an effective base: for the application ofi paints

and this censtitutes the most Widespreaad: application —
served as an excellent Pase even fier electrephoretic
paInting| anel pewder coating

» Reduces Weal on machine elements anal meving| parts -
function as lulbricants - their ability: te; retain eils and
soaps fUrther enlances this action.



Applications; off phesphate coating

% Deep drawing operations setsy up: a great amount of
friction; between the steel surface and the: die — this
will'decrease the speed off drawing| eperation: asiwell
as the: senvice life’ off toels and dies;

» Enaples distribution and retentien eif a unifermfilm
oft lulbricant, prevents; metal ter metall contact and
makes pessikle the cold fermingl and extrusion of
more diffictlt shapes:- prevents welding and
scratching ofi steel anadl decreases; the rejections.

% AS alserent ceatings: for |aser sulface hardening



Plhiesphating asya paint base

» Unifermity, Improved adhesion and anility te) prevent

Undesdiing cerresion — paint base

% Jihin coating 0.3-6 g/m? — zinc phesphate
% Attribuites ofi paint ceatings — Corrosion resistance and

adiesion — could lhermodaified by the applicatien of
phesphate coating

» \When a paint filn'1s damagead andl the underying steel

IS EX|POSEd — Il Presence ofi a corresive medium,
differential aerationiresults in; the fermation; of lecal
cathodic and anedic sites — resulis Inl Corrosion of the
pase metal and peeling ofi the paint film — the
sulating nature: off phesphate coating prevents suchia
falltire






Pretreatment fier electrocoating

% Cathodic electrecoeating - finishing of autometive
oAy panelsi— IMPreVves: Corresion; resistance ofi
the tetall paint system: - Impreved threwing
POWEY;

«» Com

patipNity of the pretreatment andl cathoedic

electrocoating IS essentiall te achieve: the

ProC

almed benefit since any weak link In; the

system will'lead tera tetal faiure

% IS ZINC phesphating adopted as; a paint vase s
compatinle withr cathoedicl electreceat?

» Walrants modification; in the pretreatment cycle,
specifically inf phesphating formulatiens



Cathodic electreceating

» Inherent problem of cathedic electrocoating

» Generanon eff ydroxyl 1ons feliowing
decompositien e Water

% Caluses dissolutien eff the phesphate ceating

% Appreximately 30-40 % eff the: coatinglis
disselved resulted in greater poerosity: of the
pPhesSphate coating

% Occlusion of the disselved! Iens WhIchr are
subseguently: concentrated durngl paint
Paking affects the corresion| resistance




Cathodic electreceating

% Chianges during curing after electreceating

% Cathodic electroceated panels are usually
cured at 180 deg.C for 20 min.

» Phosphate coating willfunderger a definite
Welght less associated With a structural
change In the constituent ecrystals

% LSS In welght should e restricted torless
than 15%

% Caluse deteration of the phoesphate; coating
and a Iess In Corresion resistance




Cathodic electreceating

» Proplems due te renydration: of the
denydrated phesphate: ceating

% Phesphate coating chystals that are
dehydrated during paint Paking have the
apility ter revert back o) its original
ydratead i When subjected to humia
Service: conditions.

% Rehydration ofi the phesphate crystals
Induces residuall stresses and reduce the
phesphate-paint adhesiveness




Lessens; leamed firon cathiodic electrocoating

% Phosphate coating Used: asi a pretreatment for
cathodic: electrocoating should: e capable of
withstanding) = the — themmal = anadl  chemical
agglessions; durng the precess: — Implies that
the phesphate coating shoeuld e tested! fior
thelr chiemical andl thermall stanilities

% NUmMEereus: studies were made by researchers —
all off them unifermly. agree that phesphate
coatings richer In  phoesphophyllite: pPosses
greater alkaline: stapility and the apility te’ resist
rehydiratien” during Senrvice: and could Serve as
effective’ bases for cathodic electrophoretic
painting.




Corresion protection; by electro- and
electroless deposited coatings



Electro- and electroless plated
coaungs for surfiace engineerlng

* Electro- and electroless plated coatings receivead
Widespreaad aceceptance

L

a

a

Simple, versatile and cost-effective
LLess complex processing seguence

Precess methodoelogies can e easily,
tallored tor meet the property: requirements

Alleying ofi pheSPReKeUS/IereN! OF INCorporatien: of
second phase particles in the metal matihx enanbles;an
Imprevement In' hardness, Wear resistance: and
COrresion resistance

Offfiers the pessihility to prepare duplex, graded and
multilayer coatings te suit the end use



Electrodepeosition off metals

Metal cathode
Metal-solution Metal-solution

interface

. Electrodeposition can lve: definedl as the depoesition: of an
adherent metalliciceating felF the puUipese of Secuing a
surface With properties ol dimensions; different frem those
off tae’ base: material.

i Electrodeposits are applied tor metal substrates for _
decoration, corresion resistance, wear resistance, electrical
properties, magnetic properties, selderanility, etc.



Various; constituents; i the: electrolyie: selutiens
used for electredeposition of metals

Constituent EUunctions Example
Metall salt 0 supply metal iens CuSO,, NiCl,
Complexant Stabilize metal n solulkle formn; KCN;, NaOH

afifect mode of ioni discharge
Complexant EXxcess complexant, acid or alkaline reagent KCN, NaOH
stabilizer
Buiifer salt Stabilize piSiat optimum value H,BO;, Na,HPO,
Anoede Smeoth anode dissoelutien and Chleride
depassivator exide film disruption
Addition agents | Surfactant for hydroegen: bubble dispersal Detergent:
Brightener for bright depoesits Organic S and
LLeveler for grain refinement NI containing

Stress reliever

compoeunds




Corresion protectien by electreplated coatings

= Electroplated coatings ofifer corresion protection
Ol substrate metals In' three pPossible ways
= Cathoedic protection

* sacrificial corresion of the coating - ED Cd and Zn
coatings on steel

* Barrier action

* (ISE Ofi a More CoKresion| resistant deposit hetween
the envirenment and thersubstrate: 1o be' pretected
such asizine alley’ plated automotive: parts,
CU-NI-Cr and NI-Ci ceatings over steel

*Envirenmental medification; or controel

* combination With a nen-iImpervious barrier layer -
electrolytic tinplate used! in foed packaging



Electroless deposition

Electreless deposition pProcess Is an aceidental discovery: by
Brenner and' Riddell in 19461 when they: tred to electroplate
NI-W-alley: on) the nner side: off a steell tulbe Using a citrate
DAt 1N Presence ol soditmr nypephesphiiie

Since therchemical reducinglagent provides the electrons
necessary to produce; a metallic deposit the. Process Was
named as chemicall nickel plating.

Based on Iits analegy with' electreplating process, William
Blum| coined! the term as “Electroless, Plating”

Compared to electredeposition, coatingss entamed vy the
electroless plating process IS Unifom and they: PeSsSEeSS: a
Very hemegeneous distribution regardless of the substrate
Qeometry.

Since no: cuirent flew! Is nvelved, the rate of deposition on
all areasishouid e equal as leng as; the selution; conditions
are maintaimed! prepenly. Tihnis attrbuie: off electroless plated
coatings Is beneficiall when coating| complex: parts with
critical dimensions, such as ball'valves or threaded
components



Varieus) components of electroless
plating vath and thels functions

Compoeneni Eunction
Nickel lon sSource off Metal
IHypephesphite/Borehydride/DMAB Reducing agent:
Complexants Stabilizes tiie splution
Accelerators Activate reducingl agent
Bufifers Contrelling pH (lenger term)
pH regulators Regulates; the pH of the selution
Stabilizer Prevents selution: hreakadown
Wetting agents Increases wettability: of surfaces




Corresion protection by electreless plated coatings

* Electreless nickel coatings

* excellent conresion resistance in many industral
EnVvIrenMments

** et susceptible to stress corresion; cracking

*Widely used elther as pretective or decorative coatings 1n
many. Industries;, suchias petroleum, chemical, plastic,
OpLICs;, pPrnting, MINING, aerespace, nuclear, automortive,
electrenics, computer, textile, paper, and feoad

' CONresIon| pretection of steel reimfiercement nar

# Electreless nickell doesi not perferni as; a sacrificial
coating like electrodepoesited Zn or Cd on steel.

|t behiaves as; a true harrier coating, protecting the
supstrate by sealing It off fremi the corrosive
envirenments. Hence, the thickness of the depesit and
the absence of perosity’ are of great Importance.



Eactors that Infllence the: corresion
[esistance ofi electroless deposited ceatings

* Jhe most Impoertant factors that determine the corresion
fesistance: off electroless plated coatings, are:

s Substrate

* Compositien), structure; Inclusiens/Imperiections,
surfiace: finish, preteatment

Plating vatin

* |mproper contrel ofi process: parameters,
contamination, ageing

Coating

* Compesition, peresity, thickness, Intermal stress,
codeposition of trampr coRstituents

POSt treatment

' Passivation, annealing
Corrosive medium

* Aggressiveness

P
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P
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Corresion resistance ofi EL Ni-P ceatings

* Jhe corrosion resistance: of EL Ni-P coatings, Is

dependent on the phesphoerus content of the coating

@ EL Ni=high P (10-12 wi.%: P)l coatings are more resistant

tor acidic environments

= ElL NI-Eow P (1-8iwit. % P) coatings; are: more resistant to

strongly’ alkaline: envirenments; than EL Ni-medium: P
(6-8IWi.% P)rand EL Ni-Right P ceatings

e better corresion resistance: offered by EL Ni=high P

coatings Inracidic envirenments cani e explaineadl as
follews:

i Electreless Ni=high P ecoatings Underge: preferential
dissolution: off nickel even at open circuit potential,
leading| te; the enrichment off pnesphorus: at the
surface: layer. Tihe enriched phespherus surface
reacts with water te fierm' a layer of adsorbhead
nypephesphite anions (H;PO55). This layer i tliim
plock the supply: of water to the electrede surface
and prevents the hydration: off nickel.



a

Corresion resistance of EL NI-Bf coatings

EL Ni-Bf coatings offier relatively: lewer resistance: te
corresion compared te EL Ni-high! P ceatings.

The difference In corrosion resistance hetween
EL Ni=high P and EL Ni=B' coatings Is; due. te the
difference inl their structure.

EL Ni-B coating Is net tetally: amerpheus. IHence, the
passivation films that fierm o Its surface are not as
glassy’ or protective as; those: that fiermn en EL Nichigh P
coaungs

Ihe phase: boundaries present in EL Ni-B, coatings also
produce passivation filmrdiscontinuities, Wiichrare
preferred sites folf corresion attack ter Begin.

he nhemogeneous distrputien ofi heren and thallitm
create areas of different corresion poetentiall on the
surface, leading te the formatien off minute
active/passive corresion cells and aceelerate the
corrosion attack.



Corresien resistance of electro- and
electroless plated composite coatings

 Corrosion resistance of EDrand EL composite
coauings has heeni a debatableissue

e Improvement o Impaiiment o corrosion
resistance of EDrand EL composite: coatings
depends; en many/. fiaCtors:

e chemicall staldility: off the particle
* The effective metallic area prone to corresion

4 Structural state o microstructural feature of the
coating

* Porosity o defiect size of the: coating

* APty to: prevent diffusion; of chleride ions aleng| the
Interface hetween the metal and the particle

Aty off the particle to prevent the corresive pits
from grewing up



Electroless Ni-P/NI-Bf Duplex ceatings
Rl ¢

P
i -

Prepared using acidic
nypoephesphitie- andl alkaline
poerehydride-reduced eleciroless
nickel haths wWith beth

EL NI=P"and Ni=B'as IRner layers

The ceatings are: uniferm and the
compauility Between the layers

9275 20KV X758 10Fm WD32 are goeod

The EL NI=R/NI=B duplex ceatings
Indicate the formation: off nickel;
nickel phesphide and nickel Poerdes
Upen heat-treatment at 450, C fior
1 eur

The EL Ni=R/NI=Bf duplex ceatings
will e a uselul replacement: fior

EL Ni=Brand NI=P" coating, as they.
could previde the desirable gualities
off both types: off coatings

P
i -

P
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P
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Electroless Ni-P graded coatings

g2es  ZBKV \ X1.488 NoMm WD34

EL Ni-high P EL Ni-low P
EL Ni-med P

Prepared by sequential Immersion; in
three: dififerent hypephosphite-reducead
electroless) plating baths

The graded coatings: are: uniterm and
the compatibility’ between: the three
|ayersiIs geod

Jhe use off NI strike between each
layer IS lrecommended

Eermationi i a passive: film weuld
delay the deposition; eff Sulsequent
layers. This; effect 1s well prenounced in
graded coatings withi Ni=high' P as the
first layer (adjacent to the sulsirate)
due: te 1ts ability: te fiermi an Intact
passive film

Heat-treatment of ELL NiI-P' graded
coatings will moeaify: the gradea! layers
and the gradation will be lost



CathoaIc andrfFanoaic pPretechien



Catlodic pretection

® Basic principle

@ Threugh the application: off a catnedIic Curient ente a
protected structure;, anodic dissolution IS minimized

@ Tiherfirst application; eff CP dates back to 1824

@ Cathoedic pretection Is often applied 1o coated
structures, with the' coating providing, the primeany form
off corresion pretection

© CP of buried pipelines - an importiant application



Electrons are supplied to the pipeline (=— Electron flow)
by the dc source and the anode -

Cathode (pipe)

Anode

Current flew and distrpution In cathedic pretection) of a pipeline




Relationship hetween: Petenial and
Corresion Risk for Buried Steel

Potential (V vs. Cu/CuSOy) Condition of steel

—0.5to —0.6 Intense corrosion

—0.6 to —0.7 Corrosion

—0.7 to —0.8 Some protection

—0.8to —0.9 Cathodic protection

—09to —1.0 Some overprotection

—1.0to —1.1 Increased overprotection

—1.1to —14 Increasingly severe overprotection, coating
disbondment and blistering, increasing
risk of hydrogen embrittlement




Selected Cathodic Protection Criteria for Different Materials

Material

CP criteria

Standard/reference

Buried steel and cast iron
(not applicable to
applications in concrete)

Steel (offshore pipelines)

Aluminum

Copper
Lead

Dissimilar metals

—850 mV vs. Cu/Cus0y

Minimum negative 300-mV shift under application of CP

Minimum poesitive 100-mV shift when depolarizing (after CP current
switched off)

—850 mV vs. Cu/CuS0, in aerobic environment

—950 mV vs. Cuw/CuS0y in anaerobic environment

—850 mV vs. Cu/Cus0y
Minimum negative 300-mV shift under application of CP

Minimum positive 100-mV shift when depolarizing (after CP current
switched off)

Minimum negative potential shift of 150 mV under application of CP
Positive 100-mV shift when depolarizing (after CP current switched off)
Positive limit of —950 mV va. Cu/CuS0y

Negative limit of —1200 mV va. Cu/CuS0y

Negative limit of —1200 mV va. Cu/CuS0y

Positive 100-mV shift when depolarizing (after CP current switched off)
—650 mV vs. Cu/CuS0y

Protection potential of most reactive (anodic) material should be reached

NACE Standard RP0169-583

NACE Standard RP0169-83

NACE Standard RP0169-83
British Standard CP 1021:1973
British Standard CP 1021:1973

NACE Standard RP0675-75
NACE Standard RP0675-75

NACE Standard RP0675-75

NACE Standard RP0169-83
NACE Standard RP0169-83
British Standard CP 1021:1973

NACE Standard RP0169-83
NACE Standard RP0169-83
British Standard CP 1021:1973
NACE Standard RP0169-83




Cathodic pretection uUsing Sacrificial anede

Principle of CP using sacrificial anode

> to create a galvanic cell, with the anode representing
the less noble material that is consumed in the
galvanic interaction

The structure will be protected as a result of the galvanic
current flow

Typical applications include buried tanks, underground
pipelines, buried communication and power cables,
water and gas distribution systems, internal protection of
heat exchangers and hot water tanks, ships, and marine
structures

In practical applications a number of anodes usually
have to be attached to a structure to ensure overall
protection levels



Ground Level

Current due to Electron Flow in Cable
-

- — Coated
Copper Cable

—

lonic Current in Soil
e |

Sacrificial

| s

Steel Pipe (Cathode)

Principler eff cathedic protection Withr sacrficiallanedes




Advantages of CP UsIng sacrificiallanode

\/
0‘0

NI external power SoUrces required.

o

Ease off Installations (and relatvely low: installation’ cests)

\)

0‘0

Unlikely cathedic interference in other structures.

\/
‘0

» Low-malntenance systems (assuming Iow: Current
demand):

% System IS, essentially: self-regulating.
% Relatively low, risk ofi oVerprotection.

% Relatively uniferm potential distributions



Limitatiens off CP UsSing. sacrificiall anode

< Limited current and power output.

< High-resistivity environments or large structures may
require excessive number of electrodes

< Anodes may have to be replaced frequently under high
current demand.

< Anodes can increase structural weight if directly attached
to a structure



Reguirenents of sachificial anedes used fier CP

The anede material must be' capable ofi providing sufficient
current teradequately: protect a structure

Shpuld be seli-regulating 1 terms off potential

The driving voltage - difference between the eperating
Voltage of the anede and the: petential of the polarzed
structure It Is proetecting sheuld be high

» OVer Its lifetime, an anede must consistently have a high
capacity to deliver electric current per Unit mass of
materal censumea



Reguirements of sacrificial anedes used forr CP

< The capacity Is defined as the total charge (In coulomias)
delivered by the: disselution of a unit mass of the anede
material.

% e theoretical capacity can he determined from
Earaday s law, and the anede efficiency entained 1n
practice: can be defined as

actual capacity

Efficiency = X 100%

theoretical capacity

% Passivation off an anede Is ekvieusly undesiranble

% [Ease o manufacturng In bulk guantities and adeguate
mechanical preperties are alse Importiant



DC Current Supply
{Transformer-Rectifier)
Current due to Electron
\ Flow in Cable
- [N\ +

Ground
Level

Coated
=~ Copper Cable

Backfill in
Groundbed

- ——

lonic Current in Soil
g

Inert or
Consumable
Anode

|

Steel Pipe (Cathode)

Principle off cathedic protection With impressed current




Examples of Impressed Current Anedes Used i Diffierent

Marine
anvironments

Platinized surfaces

Iron, and steel

Mixed-metal oxides
graphite

Zinc

High-5Si Cr cast iron

ERvironments

Concrete Potable water

Platinized High-5i iron
surfaces Iron and steel
Mixed-metal Graphite
oxides Aluminum
Polvmeric

Buried in soil

Graphite

High-5i Cr
cast iron

High-Si iron

Mixed-metal
oxides

Platinized
surfaces

Polvmeric, iron
and steel

High-purity
liquids

Platinized
surfaces




Current supply to this side of structure is also limited
if anodes are too close to structure

/ \ Structure

N
) Overprotection Underprotection Overprotection /

Annde\ / Anode

Concentration of current at
path of lowest resistance

Current distribution 1s Current distribution is
improved by moving improved by moving
anode back anode back

INenR-unifierm distribution ofi pretective: current resulting firem anode
positioning too close to the corroding structure




Fipeline

Less negative potential

.. Highcurrentflow . - -

T Low current flow

T Sandy Soil
(high resistivity)

The main current % '\
flow will be along

the path of least
resistance.

INOR-uniferm curent distrilkbution ever a pipeline resulting
firom differences i the: electrolyie (Soil)r resistivity




Resistivities) oft Different Electrolytes

Soil type Typical resistivity, {2-cm

Clay (salt water) < 1000

Clay (fresh water) = 2000
Marsh 1000-3000
Humus 1000—4000
Loam 2000-10,000
sSand = 10,000
Limestone = 20,000
Gravel = 40,000




AROAIC protection

< Anodic protection is relatively new

< Edeleanu first demonstrated the feasibility of anodic
protection in 1954 and tested it on small-scale stainless
steel boilers used for sulfuric acid solutions

< Anodic protection is based on the formation of a
protective film on metals by externally applied anodic
currents

<+ The applied current is usually equal to the corrosion rate
of the protected system

< Anodic protection not only protects but also offers a
direct means for monitoring the corrosion rate of a
system

< Anodic protection can decrease corrosion rate
substantially



Anodic Protection ofi S30400 Stainless Steel Exposed! to
an Aerated Sulfuric Acidl Envirenment at 30°C withr and
Witheut Protection: at 0.500 V. vs. SCE

Corrosion I‘at&, JLIT] - }f-l

Acid concentration, M NaCl,M  Unprotected Protected

107° 360 0.64
1073 74 1.1
1071 81 5.1
107° 49.000 0.41
1073 29.000 1.0
1071 2,000 5.3

o o2

5
5
5)
5)
5)
5)




Current Reguirements for Anedic Protection

Current density

To passivate, To maintain,
HsSO Temperature, °C Alloy mA-cm 2 pA-cm ™2
1M 24 S31600 2.3 12
15% 24 S30400 0.42 72
30% 24 S30400 0.54 24
45% 65 S30400 180 890
67% 24 S30400 5.1 3.9
67% 24 S31600 0.51 0.10
67% 24 N08020 0.43 0.9
93% 24 Mild steel 0.28 23
99.9% (oleum) 24 Mild steel 4.7 12
H3PO,
75% 24 Mild steel 41 20,000
115% 82 S30400  3.2x 107° 1.5 x 1074
NaOH
20% 24 S30400 4.7 10




Advantade. ofi anedic pretection

v" The primary advantages of anodic protection is its
applicability in extremely corrosive environments and its

low current requirements



Limitations of anedic protection

> Anodic protection is used to a lesser degree than the
other corrosion control techniques, particularly cathodic
protection

> This Is mainly because of the limitations on metal-

chemical systems for which anodic protection will reduce
corrosion

> It is possible to accelerate corrosion of the equipment if
proper controls are not implemented.



Iy (passive current) i
Oxygen evolution

l transpassive

The corrosion rate of an active-
passive metal can be significantly
reduced by shifting the potential

passive of the metal so that it is at a
value in the passive range

I (critical current)

©
-
-
o
o
o

(passivation

active potential)

(corrosion potential)

Log (Current density)

Hypotneticall pelarzation diagrami ol a passivValer system
Withractive, passive: and transpassive: regions.




Hastelloy \

/ cathode

Hg/HgS04 —

reference electrode

/

Sulfuric acid

OO

Schematic off anl anodic protection system, for a sulfuric acid sterage vessel




Catlodes Used for Anedic protection

he cathoede sheuldibe a permanent-type: electrede that
IS net disselvedi by the selutien or the currents Impressed
petween the vessel wall and electrode.

Jihe overall resistance: Is a direct function of current
density, It ISiadvantageous, to; use large surface: anea
electrodes

The electrede size IS chesen| to conform te the geometry
Off tie! vessel and 1o previde a large suriace area

helocation of the cathede: IS et a crtical factor 1n
simple geemetry/, suchias storage Vessels, but in heat
exchangers, ItIs necessary teextend the electrede
around the surface te be protected.

Multiple cathedes can e usead in; parallel ter distrbute the
current and to decrease circult resistance



Cathode Materials Used in Field Installations

Cathode metal

Environment

Platinum-clad brass
Steel

Chromium nickel steel
Silicon cast iron

Copper
S30400

Nickel-plated steel
Hastelloy C

Sulfuric acid of various concentrations
Kraft pulping liquor

HSO, (78-105%)

HoSO,4 (89-105%)

Hydroxylamine sulfate

Liquid fertilizers (nitrate solutions)
Sulfuric acid

Chemical nickel plating solutions
Liquid fertilizers (nitrate solutions)
Sulfuric acid of various concentrations
Kraft digester liquid




Reference electrode for AP

¢ Refierence: electrodes must e used infanodic protection
systems because. the potential of the vessel to e
protected has to e carefiully: controlied

¢ [he reference electrode must have an electrochemical
potentiali that IS censtant With reSpEeCE te) time: andi that IS
minimally: affiected by changes in temperature and
Solution composition

¢ [he reference electrode has Peen' a Source ofi many.
problems I anedic protection; nstallations because ofi Its

fragile nature



Reference: Electrodes Used for Anodic Protection Installations

Electrode

Calomel

Ag/AgCl

Hg/HaSO,
Pt/PtO

Au/AuO
Mo/MoOg4

Platinum
Bismuth
S31600 steel
Nickel

Silicon

Environment

Sulfurie acid of various concentrations

Kraft digester

Sulfurie acid, fresh or spent
Kraft solutions

Fertilizer solutions
Sulfonation plant

H-S0,

Hydroxylamine sulfate
HsS04

Alcohol solution

Sodium carbonate solutions
Kraft digester

Green or black liquors
HsS04

NH,OH

Fertilizer solutions

Hs50,

Fertilizer solutions

Nickel plating solutions
Fertilizer solutions




Applications off AP

® Anodic protection has been used for storage vessels,
process reactors, heat exchangers, and transportation
vessels that contain various corrosive solutions

® The majority of the applications of anodic protection
Involve the manufacture, storage, and transport of
sulfuric acid, more of which is produced worldwide than
any other chemicals

® A large market has developed for anodically protected
heat exchangers as replacements for cast iron coolers.
Shell and tube, spiral, and plate-type exchangers have
been sold complete with anodic protection as an integral
part of the equipment



Micronielegically infitienced corrosion



Micronielegically Infilenced coresion

» Microehielegically infiuenced corrosion (MIC) - coriesion

asseciated Withrthe action eif mMICIroerganisms; Present In
the system.

% MIC IS aninterdisciplinany: sulbject that embraces the

fields of materialsi science, chemistry, microkielogy,
anadi BIochemistry

» MIC affects many Industies; such as petrochemical,

Ships and marne structures, PewWer generatng, aikcraiit
fiuel systems, waste water fiacilities, cooling Water
systems, Process Industries, paper mills, and water;
supply and distrbution; systems.



Eeiimation ofi BIoflmIand Itsf conSegUERCES

% Micreorganisms - bacteria, algae and fungl are: present
virtually at allfnaturalfenvirenments

% e tendency off MICroorganisms: present in Water to
attachl 1o and grow: ol surface ofi a Variety: ofi materials
results 1n the formation of a piofiim

» Microerganisms tend te settie: nenunifermiy. en metal
surfaces: - they fierm discrete colonies



Eeiimation ofi BIoflmIand Itsf conSegUERCES

% The microerganisms; have the ability te change the
envirenmental varakles suchias pH, oxIdIZIng pPewWer;,
\Velocity ofi flevw, and concentration off chemical Species

% Ihe most effective: strategies fior controlling biefilm
formation Is prevention ofi hacteral adhesion at an mnitial
stage: Inl biefilm; fermation

» Blefilm formation causes choking ofi the: pipe;
deterieration eii heat-transier efficiency/, micrebiologically,
nflienced corresion (MIC), pitting| corresien and Stress
COrresion cracking



Characteristics of the mIcroerganisms

» Length: 0.1 to > 5 pym; Width: 3 pm

% Many: ofi theny are motile - they can “swim# to a

favoerable, or away frem an unfavoeranie; enviroRment.

» Because of thelr small size, they can reproduce

themselves infa short time - a single hacterum can
produce ever ene million micreerganisms Inf< 7 AeUrs

» IR additien to rapidi repreduction, the bacteria asia greup
Can survIve Wide: ranges; of

% Jlemperature: -10 to >100°C

«» pH: up to 10.5

+ dissolved oxygen concentration: 0 to saturation
% Pressure: vacuum to =31 MPa, or 4500 psi; and
% Salinity: frem pph te — 30%.



Characteristics of the mIcroerganisms

% A large percentage: off microerganisms can fiernm

extracellular polymerc materals termed simply: pelymer;
QF slime

% The slime Is Invoelveaiin attaching the' erganisms to the

surface, trapping and concentrating nUtrents fer the
MICIeRES te) Use asfoed, and often, 1n shielding the
erganisms; fren the texic efifect ofi hiecides



Characteristics of the mIcroerganisms

% The slime. film can infllence corresion by trapping or

complexing; heavy-metal Iens near the surface.

% SEIME SPECIES off MICIOES can produce erganic acids,

such as fermic and succinic, or minerallacids, suchi as
H,S0,,

% ey can oxidize sulfuir or sulfides te sulfates or H,SO), or

they: can reduce: sulfates) tor sulfides, ofiten: preducing
coiresive HoS asian end product:



Corresion off metals

Corrosion ofi metals; in presence of Water —
electrocnemical nature

Jhe anodic and cathodic reactions mvelved are shewn
pelow:

Anoagic reaction

Catnoalc reactiofns

0> 4+ 2H->0 + 4¢e — 40H

O; +4H" + 4e — 2H;0

Acidic solutions

2H,0 + 2¢ — H, + 20H Neutral or alkaline solutions



Mechanism oiff MIC

» MIC ofi metallic materals does noet InVeIVe: any: new. fiemrm

of corrosion

2 The maim ways IRfWAICh MmICKeeKganIsSms may: Enhance

the rate of corresion off metals and/or the: susceptipility,
10 Iocalized Corresion In anagueeus; envikenment are as
fellews:

% FO/TIAl0o/ Ol concenanon cels art e melal suiiace
ana.a particiar 6xygen. corcentanorn cells

% Voallication O ColoSIGHNAAIITONS

% ProaUiction! Ol ColosVe [elanolilés

% DEsliclion: ol protective. /ayers

% SUIMUIanon ol electiocenical reactions
% [Hyarogen empittienent



Mechanism oiff MIC

Formation of concentration cells

% Eermation| off concentration| cells, particularly:oxygen
concentrations cells may: eceur Wheni a kIokin or
pacterial growth develeps heteregeneously: on the
metall surface

% Certain hacteria may: alse traprheavy: metals such as
COPPEr and cadmiunm withinr then: extracellular
POlYMEnc substance; resulting 1n the iermation of
IORIC concentration cells



Mechanism oiff MIC

Vodification of cCoxrosion ININILeKS

% Certain microerganisms may’ destroy Corresion
InNIdIters

> ey can transfierm nithte te nitrate, or nitrate: to
nithte and ammoenia anaiN;



Mechanism oiff MIC

Production of corrosive metabolites

% L 0100X104/75 — 10K anIc acids

% Almest all hacteria, algae, ana fitngi— organic acids
% Sulfate-reducing bacteria - sulfide

+» AllFare corresive tor metallic materals

IDESHUCTIORI O PrEIECHIVEIAVENS

% Varous micreorganisms, may: attack erganic coatings,
andithis may lead! teycorresion: off the Underlying
metal



Mechanism oiff MIC

Stimulation of electrochemical reactions

% AN example off this type: off action| s the evolutien of
cathodic hydregen: firom micrebially, preduced
ydregen sulfide

HYAreeen emprittiement

% Microorganisms may. infiluence hydrogen
embrittiement onl metals by acting as a Source: of
nydregen or/and through the' production of H5S



BULK FLUID

When the film becomes
sufficiently thick Its Inner part
willfoe anaerebic with the
possible develepment ofi SRB
micrecelenies: (black cells)

Diagrammatic representation ofi the formatien of micrenial
consertia and thelr nfllence en the Corresion PreCESSES
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BULK FLUID

) L | The SRB attracts secondary.
o op e colonizers by its metabolic

products and forms a
consortium with; them
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Diagrammatic representation ofi the formatien of micrenial
consertia and thelr nfllence en the Corresion PreCESSES




The development ofi lecall areas
Withl varying physicehemical
parameters leads to pitting
corrasion.

Diagrammatic representation ofi the formatien of micrenial
consertia and thelr nfllence en the Corresion PreCESSES
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AR OTOhys B

o SN, : ; 3 T
Covered by a fllamentous Rod shaped bacterial Eilamentous fiorms covered by
bacteral net attachment sulfur corresion products - SRB

Detachment of bacterlal net Central diatoms
(Stephanoediscus)

SEM micregraphs of admiralty’ brass/fresh water system: as a function ofi time



How! It occUrs?

% Durng Initial-micrekiall preliferation the disselved O IS

USed Up By aerehic Pactera and other MICIoRES - the
ZONE neal the micreniall grewin BECOMES OXYJen
deficient and anoedic

% e fermation off milaly  acidic erganic chemicals

fellewingl the oxidation accelerate corresion

% SRB utilise the oxygen Ini sulphates for ‘breathing” anad

ieduce the sulphates te suiphides = H;Sis the end
proeduct of ther SRE activity.



How! It occUrs?

% Reaction ofi H,S with metallions; leadi to the: formation of

the conrespenading metal sulphides, which acecelerate the
COrresIon

% H,Siisi alserhighly toxic and flammailerand is; believed to

accelerate nydregen emprittiement

% Srong acids such as sulphuric acid can; e producead

fireny sulphides By sulphur oxidising, bhactera " When O,
PECEMES avallanle again - the strong acids will further
accelerate the 6ngoIng CorresIon PreCEss



MIC ofi copper: alleys

% [he texicity: ofi cuprous, Ions teward living organisms: Is

well knewni - But It dees not mean that the Copper-hase
alleys are Immune to bielogicall effiects I Corrosion.

% Certain micreorganisms have a high telerance for Copper

and they are likely 1o cause: a substantiall effiect

% Thiehkacillus - telerate’ Cul cencentrations as highras 6%

% SRB - Localized corresion of copper alleys in| estuarine

enpvironments



MIC ofi copper: alleys

% MIC Is ohserved at electrc generating faciities using

firesh or brackish coeling Water
% CU-10NI
% Admiralty: brass; (Cu-30Zn-15Sn)

% aluminuny lrassi (Cu-20Zn-2Al)

2 MIC - caused! by the production of corrosive SUStances

suchi as €Oy, H5S5, NH:, and organic or Inerganic acias



MIC ofi copper: alleys

% Several million SRB were found within eachl pit under the

deposit. It was theught that the depoesit-ierming
Olganisms created! an environment conducive ter grewin
off SRB, wWhichi then accelerated! corroesion ny: the
preduction of 1H5S

% |t Is guite: commoen ter have hacteral slime films; on the

Interor el copper alley heat-exchamnger and cenaenser
tukIng



MIC ofi copper: alleys

% Usually, these films are a problem only: with heat

transier as leng as the: erganisms ane living. When: they.
die, hewever, erganic decomposition: produces sulfides,
WhICHh arernoeterously: corresive: te Copper: alloys.

» ©Occasionally; NHs-1nduced stress-corresion| cracking ieas
Deen| directly’ attributed to: micronial NH; production:



pical signs ol MIC

% Clusters; ol pits several cm in diameter found under a

COVEl of' erganic deposits, for example dirt and rust scale
mixed with ollfspills

% Black colouration -iren sulphides appearing during

iemovall ol cover (quickly disappearing When uncevered
due toe exidation)

% Sulphidic smell, guickly disappearing after ventilation

(Watch out Ter peckets of poisenous: H,S gas)



Role ofif Sulfate Reducing Bacterna (SRB)

2 IR anaerobic conditions, SRB can reduce the sulfate ion

o) produce oxygemnand the sulfide ion

% he sulfide ion then combines withi the metal ions to

fiorm the corresponding metal suliide, leading| te the
disselution efithe metal

%~ SRB' can thrive best in envirenments: at low: pH andi can

produce localised sulphuric acid concentrations; Up; te
5 Wi%. Thus they are capable of creating extremely
corresive conditions.



Counter measures for MIC

2 Choice - depends onl nany: iactors:

< R

% nature of the envirenment infwhich MIC eceurred
(e.q., sell, cooling Water, seawater)

% Ly|pe! off micreorganisms invelved; and

» nature of the matenal

Changing or Moediiying the Materal

Mediiying the Envirenment: or Process Parameters
Organic Ceatings

CathedIC Protection

Biocides

Micronielogicall Methods

Physical Methoads



Counter measures for MIC

Chanaeine or Vediiing the Vateral

% The chelce of a materal that IS not susceptinle’ o less

susceptible ter hactenalldegradation may: be ene selution

% Hewever, this IS often not pessible: for econemic reasens



Counter measures for MIC

Moediivina the Environment o Precess Palrameters

% The envirecnment can be moedified through, fier Instance,
aveldance: ol anaerenic Zzenes or moedification of the pH
I Grder ter prevent acid accumulauen

% Stagnani conditiens sheuld ke avelded InwWater systems

% ain Increase In water velecity in heat exchanger tulkes
leads 1o’ partial detachment off biofilnm — net always
possikle — might Induce eresien coresion



Counter measures for MIC

Oneanic Coatngs

% Widely' used for the: pretection; off BUread pIpPEes) EXLEROrS
off bulldings, and marne Structures

% Allfpaint coatings ane more or Iess biodegradalle

% Microerganisms may grew. i the: pores analvelds in: the
erganic coatings - result mara highly lecalizedl corresion



Counter measures for MIC

CathediC Pretection

% Widely used in buried steel pipes and marne Structlres

% e potential of the structure Is depressed te at least
—1 V'vs. Cu/CuSO4 instead ofi —0.85 V' vs. Cu/CuSO4,
whichrisy usually recommended! in the: albsence off SRB

» Cathodic protection Is oftenr used In combination With
erganic coatings - efficient at defects; ofi the: coating



Counter measures for MIC

BIGCIdES

+» Commuonly: used 1n industrial water: systems — TWo ty/pes

% OXIdiZIng agents suchr as chiloenne; 6zene, and chlenne
dioxide

» Nenexidizing agents; such: as; kisthiocyanate,
ISENIAZGIINES), aclroleln,, dedecylguanidine

ydrechlende; fiermaldenyde; giutaraidenyde,
chierophenols, and guaternary ammenitm; salts.



Counter measures for MIC

BIGCIdES

% Bacterna may adapt te) hiecides! i different Ways
% Production ofi enzy/mes
% chianges In the internal structure of the cell
% chamnges In the cemposition; ofi the cell wall

% Few biocides are efficient when the: biofilm sk already,
Present - Increase in dosage: up ter 100 times Isineeded

% TOXICItY. ofi bIecIdes to higher organisms — limitatieon



Counter measures for MIC

MicrenieleaicallVietihieds

% Vamation in pH, oxygen concentration, temperature, o
light: conditions may: be used to contrel micrebial growih

% A change In these parameters may. Increase: the
electrochemical corresion off metals and alloys



Counter measures for MIC

Physical Vetheds

% Flltration off the water, mechanical remoeval of the

pIefilm;, or the use: of ultravielet (UV) radiatien: can; e
used fier seme speciific applications, - Iess efficient: and
more costly than the use of chemicals



Corrosion In automobiles



Modes, of corresion

® Corresion In motor vehicles Is
present 1ni several different
OrmMSs

® The most ehvieus form; of
COrresion for vehicles Is
general corresion of the
painteadl steell boeay: panels

® General corresion alse
affiects, the underside and
frame ofi a venicle, leading to
possible fioerheald
pPerferation and weakening of
the frame

A
\

(GENnEral corresionl el painted
steel automoniie ey panel



Modes, of Corresion

4 Pitting| corresion - occurs When chlerides and other
chiemicall Species are In contact With metal

4 PItting corresion preduces; small cavities that can cause
leaksi ini the radiatoer anadiin the muifiler and: tail pipe

| Galvanic corrosion - occurs between: dissimilar metals

H Galvanic corresion Was a cosmetic concern When more
metallwas used! for trim and decoration on: vVehicles than
IS USedl teday,

4 Galvanic cerresien can he'reduced threugh careful
design and must be considered because ofi the number
off different materals used In a moetor Venicle

4 Crevice corresion - oceurs Wnena fuid enters; a tight
space between tWwo surfaces, such as between a Washer;
andia steel beam

A This fluid' can| concentrate in a narkew: crevice, resulting
I highly acecelerated corrosion In the crevice area



AREAS OF MAJOR CORROSION IMPACT

2 e primary cost of corresion In the autemotive Sector
can be broken down Inte three majer elements:

% e Cest Of cornesion engineerng and materials
added inte) the cost off new’ automoeniles. TThese costs
Include: corrosion-resistant materals; such as
galvanized steell and aluminum, coatngs Peyend Wihat

IS needed for appearance, anad testing of materials
andl designs.



AREAS OF MAJOR CORROSION IMPACT

% e’ cost ofi repairs and maintenance: duge: to Corresion.
TFhis Includes the cost of repairing er replacing
compenents off the: car, suchias radiators;, exnaust
systems, and electrcal/electronic compoenents, due e
non-accident-related failures. This cost alse includes
the penodic replacement ofi ceoling filids, Which need
10 be' changedl due: 1o the' degradation) of corresion
INNIBIters rather than a eSS eff ceolant fFinction



AREAS OF MAJOR CORROSION IMPACT

“» Jhe detrmental Cosmetic effiects, ofi ColroSIon: CauSes
reduced! resale values; Whichr eften leads to
premature replacement ofi the autemebile. Corresion
damage Is net likely te necessitate: the replacement: of
a vehicle; however, the reduced value off a venicle
due te corrasion Will cause: major repairs; suchi as
Engine or transmission! replacement, Which efiten
costs mere than the cars value. Thisileads to
scrapping of autemoeniles that might have been Wortn
repairing Iif cenresion had net occurred



Areas that are more vulherable for corrosion

Z Autemoekile hedy.
2 e engine and asspcliated Systems
% Reclliculating Water-coeling systems

% Exhaust systems



Corresion o aute hoady

» llhe design of an autemohile hoedy: shell
v Style — attraction
v \Welght reduction — fuelleconemy

v/ cold-relled lew=carbon steel stip, selected from a
range of tempers and gauges - 0.5, 0.7, and 2 mm

» BasIC Corresion: pretection
v Phesphate conversion: coatings and paint coating

» Cornresion resistant ceatings - should have hoth
protective’ and cesmetic funciiens

» Chpice ofi the' proetective coating

v Must be durable but not to INCUK EXCESSIVE COSTS to
maintain 1t beyond the venicle life expectancy,
elsolescent technology and changes in| fashion



Corresion o aute hoady

Erent and Side Pangls
® receive the most Intense expoesure to grit andi spray
© Electrogalvanized steel sheet (EZ steel)
® Hoet-dip galvanized! steel sheet (1Z steel)

© Galvannealed' steell sheet — formatien of an Zn-Ee
alley at the: ceating/steel interface

® EZ steellIs least expensive for gauges of 2 mmi ana
abeve and IZ steel for thiinner gauges



Corresion o aute hoady

Wheel Arches
@ Vulneranle te paint damage: by read stenes andl g

@ [lfregulal conteurs offer traps;for Wheel splash that
may’ accumulater as mya. pou/tces

© IIlese peultices; can renjain damjg, stimulating
corresion long aiter rai has fallen

® Tihe proklem,is exacerbated by the high conductivity
andiaggressive nature eofi chioride-heanng de-icing
salts laid dewmn By Righway: autnerties In Wintes;

© SUCHI peUltices;can e moere: active: in; a heated! garage
than i the: cold open air

© Remedial measure - deflect the splash by fitting
Smooeth plastic internal arches over the Wheels.



Photegraph of peulticer hulld-up of read
contaminants in the wheel area of a Bus



Corresion o aute hoady

JoInts

% Varieus' Kinds of joints are: there in auternody,

% Tnese jeints can act net enly: as water traps but alse) as
Watelr conaduits, so that the: siter ofi CorresIon; may. not
coincide withrthe jeint

% Part off the difficulty is that the joints often have ter e

made durngl the: shell assembly/ Before the applicaton
Off palnt

4 Remedial measure - Apply. beads ofi plastic sealer
wheni the shellfhas received! an undercoat of paint



Corresion o aute hoady

Ralnways

1 Rainways are: built inte the shellter defiect rain fialling on
the roel clear ofi the deors

4 Due ter seme unfiereseen circumstance the raimn can e
collected and inadvertenily directed inter a Water trap,
suchias the gap between the hoed and bulkheaad

H Remedial measure - TThis Is a matter for minor
modification



Corresion of exhaust system

% Exiiaust systems were: formerly easily’ replaced when
Perferatead by conesion

2 he advent eff catalytic converters anadi a desire by
manufacturers to give extended warranties puts them:in
a New. categery as long Service Items

% Abatement ofi neISe fem pPerferations Is anether factor

% COnresion off exhnaust system assumes significance



Corresion of exhaust system

% he exihaust gas emitted from autemeblles IS GRe calse
eff alrr pelltiien; and Vareus efiforts have heen made: o
prevent this problem

% The exhaust gas firom' a gaseline engine forms
condensed Water containing| the 10Rs o ammonia,
sulfuric acid, chlerne, nitrc acid;, carbenic acid, etc.
Wihen It Is; coeled

% HESe 10ns ale VEery Coresive and create a Very! severe
environment: for materials

% The whole externall surfiace of an exhaust systen must
also have coerresion resistance: te the deicing salts tisead
A cold districts) and' ter atmospherc salt 1 coastal
adistricts



Corresion of exhaust system

The muffiler off an exihaust system must have sufficient
COIreSIion resistance: te Withstana the internal attack: of
condensed water containing these: corresive: Iens anad
external attack of these salts

The materialsimainly’ Used fier these ComPoRENLS are
IOWECaIH000| FEerrtic stainless steel Incorpoating net less
than 11% chremium

he components nearer te the engine in firont of the
muiifier need high oxidatien resistance, hecause they are
neated ter about 773K (500°C) during Gperation

Fhe exhaust manifeld, Which 1S heated o, the highest
temperature, must Possess boeth Nigh-temperature
striengtih and resistance te thermal fatigue

IHIgh-chremium; stainless; steel Is new: used mainly for
these upstream cempoenents. As a result, the life ofi the
exhaust system has been substantially: extended



1E(2) Stainless Steels Used in Exhaust Systems

Exhaust systems

I
060
5.Center pipe

SOEILISE 1.Exhaust : : .
systams Franifold 2.Front pipe 3.Flexible pipe  4.Converter ?;Il‘{":'lr“;;e

Fuel saving Cost reduction  High durability  Cost reduction  High durability

High terrperature High termperature High termperature High terrperature Comosionresistance

oxidation-resistance  oxidation-resistance  oxidation-resistance  oxidation-resistance  to salt and condensed
Perdormance liquict

Thermal fatigue High temperature High temperature

strength COMfOSionresistance  comosionresistance

304 409L

Materials :g?"“ type :?gt $04 mod. 410L :?ﬁt
305 mod. 20Cr-5A

409L 110k

}Austenitic stainless steels 410L 12Cr } Low C ferritic stainless steels
430LX | 18Cr-Nb

304 | 18Cr-8Ni
305 | 18Cr-12Ni
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Corresion of exhaust system

% The environment In the: exhaust firont section: IS more
agagressive

% [t must run; hotter to admit gases te the converter at
a nighr eneugh temperature

% e CenSeguUEnCces of CornesIon are more serious
PECAUSE exide filakes can hlieck the catalyst and
Perferation: can allew: combustion Gases o ByPass It

% the frent end and the catalyst containment casing are
formed from AlSI 409 stainless steel

% During short trips, the efifect of the converter Increases
the condensation off acidified wWater In| the exhaust rear
section and muiflers associated With It

% These items must e well protected; they are made frem
seam-welded mildl steell protected by hot-dip aluminizing



Corroesion of aluminized low: carlbboen steell exhaust system

2 |n autemoniles eguipped with: three-way: catalytic
converters (TWW.CCs) withl ner secondary. air, the cause: of
COIresIon: eff the exhaust system has been identified te
e ammoniun sulfiate fermation

“ Ammonia Is formed over three-way: catalysts (TWEs)
Under reducing conditiens;and reacts With sulfur troxide,
fermed durng lean;conditions andl stered en Righ
surface area Al203; 10 fierm ammoenium; sulfate

» he condensate solution of: ammenium sulfiate: thus
formed In the: exhaust system) reacts withithe aluminizead
surface of the aluminized Iow-carsen steel; strpping it
awayanael correding the lew caren: steell compenenis

% A coating composition; hasi heen develeped fron a new
phenolic-type epoxy. resin and diaminediphenyl sulfene.
This ceating has a softening| temperature higher than
200°C and I1s thermally: stable 1 air up te 375°C

&



Corresion of ceoling system

% The cooeling system - mixed metal system; in clesed! circuit
» \Water ways in engine bleck - iren or cast Al=Si alley

% Heat exchangers - aluminun 6r COPPEY ShEet

“» hermostats -seldered copper ellows

% Te whole system Is connectead by runkher NESES

% Jihe coolant I Winter Is net water but an antifreeze
mixture off water and typically: 25%:, ethylene: glycel

% Glycol - ox1dizIng INIkIterS SUchIas chromates and nitrtes

2 A mixture of InhibItors Isi needed te cope with the: mixead
metals system

% A common systemy s 1% boerax, toract as a mild alkaline
pufier, pH 95 to passivate ren and steellwith 0.1%
mercaptehenzethiazele te Innibit cupreselvency: that can
deposit copper en steel causing| indirect galvanic
stimulation



Increase consciousness of corrosion
costs and potential savings.

Total cost of corrosion in the automotive sector 1s $23.4 billion.

Change perception that nothing can
be done about corrosion.

Examine the cause of failure of electrical and other components. Convince
the public that corrosion is still causing problems in automobiles.

Advance design practices for better
COITOSION management.

Increase the use of specialty metals in electrical systems and other
components.

Change technical practices to
realize corrosion cost-savings.

Continue to update technical practices based on new materials and design
considerations.

Change policies and management
practices to realize corrosion
cost-savings.

Show management, through various studies. that small expenditures on
corrosion can provide huge cost-benefits.

Advance life prediction models and
performance assessment methods.

Assess the percentage of electronic component failures that are due to
corrosion to determine the extent of the problem.

Advance technology (research.
development, and implementation).

Use advanced alloys and materials from other industries for certain critical
components.

Improve education and training for
corrosion control.

Educate the public and technicians that not all corrosion on automobiles
mvolves red rust.




corrosion In Solls



Corresion In solils

% Solll IS an aggregate off minerals, erganic matter, Water,
andl gases (Imostly air)

% CONresIon: In sells'Is a majoer concern
% COnresion In sellsiis related to
> 0ll, gas, and water pipelines

> buried storage tamnks (a vast number are used by gas
stations);

> electrical communication cables and cenduits;
> anchoernng systems; and
> Wellland shailt casings

% Such systems are expected to function reliably and
continuously: over several decades



Corresion In soils

7 Corresion.ini soells IS a cemplex phenemenen, With a
multitude of varanbles; invelvea

Z Varatiens; In soll preperties and characterstics across
three dimensiens can Mave a major IMpact 6 Ceriesion
Off buried structures



Soll parameters alfecting CoresIVity

® Several importiant Variabless have heen identified that
nave ani infllence el corresion rates ini seil.

v ater

v- @degree oii aeration

v pH

v- redex potential

v Resjstivity.

v- SolUble Ienic species; (salts)

v Microhielegical activity.



Type of Saoll

Drainage
Groundwater

lonic Species

Y

and Breakdown

o
L

l

Degree of Aeration

l

—=  Moisture Alkaline

l l Weak Acids
__—» Resistivity =——— pH=-—— Acidity =

Rate of Corrosion )

Passive Film Formation

Sulfate
Reducing

Anaerobic Conditions ———= Bacteria
(SRB)

species

Total Strong Acids
Organic Acids
Inorganic Acids

—— Cathodic Reaction -

~_ |

—

Amount of

Dissolved Oxygen

Sulfides

Relatienship off variables affecting the rate of corresion 1n soll




Deqgree of aeration

OXy@eEn| concentration decreases With Increasing| deptn
off sell

I neutral or alkaline solls, the oxygen concentration
ERVIOUSIY has an Impertant efifect en CoNesIon rate!as a
fesulit off Its participation N the catnodic reaction

OXygen transpert IS more rapid in; coarse-textured, dny.
solls tham 1 fine, waterloegged textures

EXcavation cam ebviously Increase the degree ofi aeration
I Seil, compared with the undisturbed state

Corresion rates In; disturibed solll with greater oxygen
avallanpility: are: significantly, higher than inr undisturnead
soll



pH
Solls; usually have a pH range of 5 to 8. In this range, pH: Is

generally: net censidered to) e the dominant varianle
affiecting corresion rates

More acidic soeils ohbviously: represent ar serieus corrosion
risk ter commoen construction materials; such as; steell, cast
iGN, and ZInG ceatngs

Sollf acidity. Is preoduced By mineral leaching, decempesition
off acidic plants (for example, conliereus tree needles),
Industral Wastes, aciarain, andl certain forms of
micrenielegical actvity.

Alkaline sellsi tend! te have high sedium, petassium,
magnesium, and caleium contents.

The latter twe elementsitend te form calcaneous, depesits
On buried structures, and these have: pretective properties
against corrosion.

The pHilevel can affect the selubility of corrosion products
and also the nature of microbiological activity
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SeIl_resistivity:

Resistivity has often been used as a broad indicatol of
Soll conresIvVity.

Since ionic current flow: s assoeciated with sell corrosion
reactions,, nigni sellfresistivity wills argually slow: down
COrrosion reactions

Soll resistivity'Is by ne means; the: only’ parameter
affiecting| the risk ofi cerresion: damage

A highrsoll resistivity: alone willfnot' guarantee alsence: of
SENoUS Corresion

Variationsiin sell resistivity’ along therlengin of a pipeline
ane highly: undesiranie, as this willlead 1o the formation
Off macroe corresion cells.

Therefere, fior structures such as; pIpelines;, the merit of a
Ccorresion risk classification; based! on an absolute value
off soll resistivity IS limited.

Soll resistivity generally decreases with increasing water
content and the concentration; of IoNIC SPECIES



Redox potential

2 [he redox potentiallis; essentially a measure: of the
degree off aeration Inl a seil

2 ANIghl redox petential indicates a high oxygen: level

z LW redex Valles: may: previde: an indications that
conditions; are conaducive 1o anaerehic micronielogical
ACUIMITY,

% Sampling of soil will'ebviously lead to oxygen; exposure,
and unstable redox petentials;are thus likely to; e
measured in distureed soil.



Chilorides

4 Chilende ionsiare generally: hammiul, as they: participate
directly 1 anedic disselution’ reactions ofi metails

i EUrthermore; thellr presence tends) tordecrease the soll
resistivity.

4 They may be found naturally in seils as; a result of
prackish groundwater and- histerical geological sea-heds
(some waters enceuntered 1 drlling mine shafts have
chilerderion levels comparable tor these: ol seawater) or
come from externall sources such as deicing saltsiapplied
10 feadwWay/s

4 Tihe chleride 1on concentration: Ini the corresive agueous
sollf electrolyte willlvary as sell conditions: alternate
petween wet and dry.



Sulfates

% Compared to the corrosive efifect of chleride 1ons,
sulfates ane generally’ considered to e mere henign 1n
thelr cornresive: action| teward metallic materals

% Hewever, concrete may be attacked asia result of high
sulfate levels

% The presence of sulfates dees pese a major risk for
metallic materals in the sense that sulfiates can lve
converted torhighly corresive sulfides by anaeronic
sulfate-reducing bacteria



Micronielegically Infilenced coresion

MIC refersi te corrosion that Is influenced by the
presence; andl activities off microerganisms and/ox: thelr
metabplites (the preducts produced through thelr
metabelisn)

Bacteria, filngl, and ether micreorganisms can play: a
MaJoIF part IR sell Coresion

rapid corresion fallures have Been ehserved i sell as a
result: off micronial action

Mest metallic alleys ane susceptible te seme: fierm: of MIC
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Sl corresivity. classifications

Eor design and cerresion risk assessment purpeses, It is
desiranle te estimate the ceresivity: of solls, Withoui
conducting| exhaustive corresion! testing

Corrosion testing 1 sells s complicated by the fact that
IOng exposuUre periedst may e reguired (luried structures
are usuallyexpected to Iast for several decades) and that
many. dififerent sollf conditions can e encountered

One of the simplest: classifications IS Based on a single
parameter;, seill resIstivity,

Sandy:sells ane high enithe resistivity scale’ anal therefiere
are considered te be the least colnresive

Clay: soells, especially’ thoese' contaminated with saline
water, are on the oppesite end of the spectrum

The soil resistivity: parameter IS very widely used 1n
practice and Is generally’ considered te be the deminant
variable in the absence of microbial activity,




Corrosivity: Ratings Based oni Seil Resistivity:

Soil resistivity, (}-cm Jorrosivity rating

> 20,000 Essentially noncorrosive
10,000-20,000 Mildly corrosive

5000-10,000 Moderately corrosive
3000-5000 Corrosive
1000-3000 Highly corrosive

< 1000 Extremely corrosive




Point System for Predicting Soil Corrosivity,
According to the AWMA C-105 Standard

Soil parameter

Resistivity, {)-cm
= 700
700-1000

1000-1200
1200-1500
1500-2000
= 2000

pH
0-2
2-4
4-6.5
6.5-7.5
7.5-8.6
= 8.5

Redox potential, mV
= 100
50-100
0-50
=<0

Sulfides
Positive
Trace
Negative

Moisture
Poor drainage, continuously wet
Fair drainage, generally moist
Good drainage, generally dry

Assigned points

-

S OT®m o

If the total points
of a soil is 10 or
higher - cathodic
protection is
recommended



\/ariables Considered in Worksheet
off Sell Cornresivity.

Eating number Parameter

R1 Soil type

R2 Resistivity

R3 Water content

E4 pH

R5 Buffering capacity

R6& Sulfides

R7 Neutral salts

R& Sulfates

R9 Groundwater
R10 Horizontal homogeneity
R11 Vertical homogeneity
R12 Electrode potential

Overall SellfCorresivity: Classiiication

Summation of R1 to R12 ratings Soil classification

=() Virtually noncorrosive

—1to —4 Slightly corrosive
—5to —10 Corrosive
=10 Highly corrosive




Corresion characteristics of metals and alleys

% Steels are widely used ini sellfwitheut additienal ceresion
protection — It Isi very vulnerable te lecalized corresion
damage (pittnag) when bured in seil

% Slichi attack: Is usually: therresult of differential aeration
cells, contact With different types of soeil, MIC, or

galvanic cellsiwhen ceallparticles come: Inte; centact With
puried steel

% Stray current fiow:in seilsican alse lead te) severe pitting
attack

% A low: degree ofi seill aeration Will net necessanly.
guiarantee low: colresion rates fier steel, as certain
microerganisms; asseciated withrsevere MIC damage
thrive under anaerobic conditions



Corresion characteristics of metals and alleys

< The primany form of cerresion pretection for steellbured
A seIl s the application eff coatings. When suchr coatings
fepresent a physical barrer to the environment, cathodic
proetectioniin: the ferm of sacrficial anedes or Impressed

current systems is; usually: appliedas an additienal
precaution

% IS additionall measure IS reguired hecause coating
defects and discentinuities, will' inevitably be present in
proetective ceatings



Copper and galvanized steel tuhes

Copper Is considered te have geod resistance to
COrresion In solls

Conresion concerns: are mainly related te nighly acidic
SeIIS and tie presence; off cartonaceous contaminants
such as cinder

Chloridesand sulfides also Increase the: risk of corrosion
damage

Contrary tercommpon belier, copper and its alleys ane not
Immune te MIC

Cathedic depolarization, selective leaching, Under
deposit colresion, anadl differential aeration’ cells have
peen cited as MIC mechanisms: for copper: alleys

Galvanized steel - Performance Is usually: satisfactony:
Unless solls are poorly aerated



Relnfierced concrete pipes

v. There are three dominant species in seils that lead te
excessive degradations off reinfierced concrete piping

% Sulphate
<+ Chloride
% Acldic solls

v. Sulfate 1ons tendl te attack the trcalcitim altminate
PIASE I COnclete, leadingl te: severe degradation of the
concrete/mertal cover and enanle exposure: off the
reinforcing steel

v- Viechanism o degradation - fermatien of a velumineus
reaction| preduct Inl the mortar, wWhichi leads' ter internal
pressure bulldup and subsequent disintegration of the
COVer



ReInfierced concrete pipes

4 Sulfate levels = 2% by Welght 1 seils and groundwater
repoertedly put cencrete pIpes at risk

4 Chilende ionsare also hammiul, as they: tendl te diffiuse
It the concrete and leadi te corresion damage. to the
reinfiercing steel

A common source: off chioride: 1ons Is sell contamination
By deicing salts

| AcidIC SeIlS' present a corresion: hazard

4 The protective alkaline envirenment that passivates the
reinfercing steel can be disrupted over time

4 Carbonic acid and hiumic acid are examples, of acidic soll
SPEcIes



SUmmary.

% COoIresion processes in soil ane highly cemplex
phenemena, especially sincer micrehiologically infiuenced
COIrOSIoN cam play: a major role

Z Soll parameters tenad te vary In three dimensions, Which
as Important rMIfiCatIeNs fier Corrosion danage

2 e corrosion benavior of metals and alleys: In ether
envirenments; snould not e extrapolated te: thelr
pPerfermance in soll

% In general, solls represent highly: corresive
envirenments;, often necessitating the use of additienal
COIrosion pretection measures, for cemmon engineerng
metals and alleys



Corrosion of electronics



Varieus: electrical components and materials oifi constiuction

Component

Design

Materials

Printed Circuit
Board

Metallic conductor
separated by insulating
ELEIELS

Copper, copper alloys, copper clad materials,
epoxy, resins, ceramics, woven glass fiber,
electroplate, solder, tin, lead, conformal
coatings

Electrical contact maintained

Base Metal - copper alloys, steels (clad)

Contacts . Contact Surface - gold, palladium, silver-
by mechanical force ; . ¥
palladium, silver, tin, tin-lead, copper
Spring Material - beryllium copper, stainless
Electrical connections steels
Connectors

between systems or boards

Contact Surface - gold, palladium, silver,
silver-palladium, tin, tin-lead

Switches and
Relays

Cyclic electrical connection

Copper alloys, steels, stainless steels,
electroplate and contact surface materials

Copper, steels, aluminum, nickel, tin, tin-lead

Groundin 7l .
J For shielding and contact surface materials Copper,
contacts .
aluminum
Thermal . .
. . : Gold, silver, aluminum, Kovar, solder, glass,
contacts Heat sinks Small dimension . - e = i =
ceramic, silicon, silicon dioxide, silicon nitride,
Integrated complex systems

circuits

tungsten
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Corrosion of electronics

Corresion In electronic compoenents manifests tself in
several ways

Computers, Integratead circuits, and micrechips: are new: an
Integral part off allftechnoelegy-Intensive Industn/ products,
ranging fen aerespace: and autemetive ter medical
equipment: and coRsumer products, andlare therefere
exposed 1o a valiety of envirenmental cenditions

Corresion In electronic compenents IS INsidious and cannot
ve readily detected

herefore, when corrosion faillure eceurs, It Is eften
dismissed as Just a failure and the part Is replaced

Because of the: difficulty’ In detecting and Identiiying
corrosion falures, the cost of corresion: Is difficult te
determine

A significant part ofi all electric component fallures may: e
caused by cerresion




Corrosion of electronics

» Ini recent years, cornrosion of electronic systems has been
a significant Issue

» Multiplicity of imaterials used Is one reason limiting tie
corresion relianility.

2 e reduceadl spacing PEWEEen COmPONERLS 01| a
prntead circuit heard (PCB) due to miniaturizatien of
device Is anether factor that has made: easy. fior
Interactien of CoOmPORNENtS INf CorresIVEe ENVIFGRAMENTS

% UnRpredictanle user environment

“» Ie presence of less than 1 microgram: of Corresion
product en thersurfiace off @ CORNECLOr IS INf SeMEe Cases
a sufficient amount to Interrupt the flew ofi electrons
pPetween mating contacts, thus rendering the
compenent useless

% Presently the knowledge on corrosion| ISSUes: of
electronics Is very limited



n '\\ = : ] - . -~
Increase of contact 1, Deterloratiomof

.I'll

/  resistance materials

Mechanical
deterioration

Figure 1.1. Basic problems caused by corrosion in electronics.




Temperature ( °C) Relative humudity RH (%)
I I I I I I | - 100 %

90 %

Humudity >
80 %

70 %

60 %

50 %

40 %

30 %

20 %

10 %

-20 0%
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 1.4. Weather averages of temperate and cold regions during various
seasons (Middle Europe, Canada and northern parts of United States)
[Gellerstedt 1995 and STANAG 1980].




Wetting because of the
condensing or gravity water

High operating tempera- Air pollutants, salts,
ture, change of tempera- l/ dust, flow rate

ture and speed of change

:
Mechanical vibration,

stress, thermal expansion
J

,\
Electrical stress. current, | ~ | Enussions of industry,
voltage traffic and power plants

CDITDSMI_] of e[ Solar radiation
electronics

[ Emissions of the animal] Human recrements and [ Microbes and m‘ganisms]

shelters other chemiecals

Figure 1.5. Conditions increasing the risk of corrosion.




Dust Vibration

6 % L

—

Humidity
19 %

Figure 1.6. Reasons for failures of electronics in aviation (Flomerics, US Air
Avionics Integrity Program, Journal of the IEST).




(e
Bare metal surfaces Wiring spaces and

conductivity of

- . insulation surfaces
Separable connector

contacts
L

P
Solder areas and

wiring of PWB:s

-

EMC-contacts and
seals Solder connections

.

Switches and relays

Leads of components

Keyboards
N ) Capillar spaces
- ~
Absorption of water in

plastics Semu-tight boxes

\ Wy, L

Figure 1.5. Areas with corrosion risk in electronics.
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[ Water and oxygen J Temperature and

change of 1t

Salts and dust

e
(Gases H,S ., SO, .
NO, .CI", NH,", ete.

 Alr velocity

Bacterna, algae, r
mildew, fungi, ~ Wear and tear
lichen. moss

Mechanical
i abrasion and strainj

- Animals and plants |

[ Compatibility of J

. Chemicals materials

Figure 2.2. Corrosive environmental effects.




Corrosion and climatic effects

Electrical Change of series resistance in contacts
functionality Breaks of conductors
Change of insulation resistance
Leakage currents, soiled surfaces
Short-circuits
Change of dielectric constant of materials
Faults of component packages
Faults of component leads
Breaks of cables

Mechanical Increase of friction

Hindering of movement

Weakening of spring

Fault of contact mechanism

Fault of switch mechanism

Sudden breaks during heat and mechanical
stresses

functionality

Mechanical Break of mechanical actuator
streneth Break of supporting structure
- Break of solder joint

Appearance Nusty appearance
Faults in outer surface
Color changes of platings
Soiled surfaces
Disappearance of markings

Malfunction  Intermuttent failure
Groundless change of new component
Rejection of nearly intact device
Failure of software
EMC-fault, fault in electric supply or LAN

Figure 2.4. Classification of corrosion effects according to category.




Table 3.1. Effects of humidity on equipment [IEC 60068-1, table I].

Humidity

Principal effects

Typical failure

High
relative
humudity

Moisture absorption or adsorption
Swelling

Loss of mechanical strength
Corrosion and electrolysis

Increased conductivity of
insulators

Increase of dielectric constant &,

Physical breakdown. insulation
failure, mechanical failure,
mcrease of dielectric losses

Low
relative
humudity

Desiccation

Embrittlement

Loss of mechanical strength
Shrinkage

Abrasion of moving contacts

Mechanical failure. cracking




Elecironic components that EXPErience
significant: Colresien pPrekliems

% |ntegrated: Circuits (ICs)

% Printed Circuit Board (PCB)

% SWItChes

% Viagnetic Recordingl Viedia (Haral adisc)
% Packaging anadi shielding parts
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Gas phase corlesion

% Presence ofi low! levels of hyaregen sulphide could create
severe prohlems infelectronics

% The most susceptivlermateral tor H,S IR taer electronic
system IS silver due to the formation of silver sulphide
crystals

2 [he preblemisiwell known 1 ERVIFeRMENLS, EVER With
oW concentrations of H,Si (Under SOpph), WhICH IS; helow
the detecuon limit off H;S 19y smell



Eermation of silver sulphide onia siver-palladitim
filmi en expoesure to H2S



Anodic corrosion and
electrolyiici metal miaiEbion

Electrelytic migration is a typical form: ofi Colresion found
On electronic systems

It 1S; usually’ elservediin eguipmentsyexposed ter high
magnetic or electrc fiela

I an’ electronic system, electrolytic migratien e6ecurs due
10 the presence of a petential gradient between twoe
conductors connected lhy a thin layer of selution

We solder peintsi en a PCBr connected by a thinlayer of
liguicdi water

The metalliens; dissolve firomi the pesitive electrode
(anede) and migrate towards; the oppesitely charged
negative electrede (cathede) and depeosit there



Anodic corrosion and
electrolyiicimetal migiaiien

% Only few metals are susceptible 1o electrolytic
migratien, While ethers; JUSt precipitate  as: nyadrexides or
ether compeunds

2 Atypical exampler eff naeR-migrating metalrused in
electrenics Is alluminium,. I Aumid envireRment With
chlerides; aluminiun disselves and ferms, hydrexide: (or
Aydrexy’ chiorides) Instead eff migratng to the cathede
(eloflo)pls

% On the ether hand metals like Cu, Ag, Sn, Pl etc.
migrate: upen disselution and deposit at the cathode: at
least over a range of potentials and piHf predicted by the
Pourbaix diagram

\)



Anodic corrosion and
electrolyiicimetal migiaiien

% Electrolytic metal migratien IS a Very Common fierm of

COIresion ehserved fior electronic systems attributed to
the presemnce of susceptible metals suchas Ph, Sn, Cu,
AU, Ag etc.

% Due to electrelytic migration), dendiiites; grow. frem

cathode to anode fillingl the gap finally leading terelectrc
shert and system fialure



Anodic corrosion and
electrolyiicimetal migiaiien

% Electrochemicall migration willf become ene off the: most
severe problems in electronic seldenng fier the follewing
tWe reasons

» Reasonid - The narrew: conductor spacing due: to
miRlatlrizatien

% At constant voltage, the electric field between: the
CONAUCLOrS FHSes Inversely withr the conductor Spacing,
and electroechemical migration s kKnewin| te be enhancead
Under high electric fields

» Reason 2 — the chianges i the micre-Seldering pProcess

» Seldering InInert gas atmoesprieres using Iow: residue
fllxes and the se called no-clean fiuxes that require ne
cleaning| stepr have heceme pepular.

2 The change in the cleaning and soldering processes
provides a higher chance for corrosion and ECM.

&
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Short cirrcurt 1 microelectronics due to
corresion and dendritic growih



Cathedic corresion

< Some metals used for electronic systems are soluble In
acidic and alkaline environments over a wide range of
potentials and pH

< Cathode - oxygen reduction takes place, which produce
OH- ions.

<+ Production of OH- Ions at the cathode surface shifts the
pPH to alkaline values causing the metals like aluminium
to dissolve

< Among the metallic materials used for electronic
applications, aluminium conducting paths for IC chips
are susceptible to this type of corrosion



Cathodic corrosion

Cathode

| Al+OH +HO »
-

Al > AP +3 e

Water condensation

Schematic off the possikle cathodic colresion prokliem fier
aluminium cenaucting lines on ICs.



Galvanic corrosion

< Connectors are made of multi-layer metallic coatings

<+ The metallic layers have distinctly different
electrochemical properties - ENIG parts on the PCB

< The immersion gold (IM Au) layer Is porous that exposes
part of the EL NI layer

<+ The large difference in electrochemical potential
between EL Ni and IM Au cause corrosion of EL Ni, while
the Au layer acts as powerful cathode

< As the corrosion proceeds, pitting of EL Ni layer exposes
Cu at deep pit areas

< Even In the absence of porosity on the top coating, the
gap between metallic component and resist edge can be
point where all the metallic layers get exposed to the
solution

< Palladium - substitute for gold; Pd has faster cathodic
reaction Kinetics than gold - use of Pd can enhance the
galvanic corrosion problems




Electroless Ni

Cell phone key-pad system and galvanic corrosion
(a)key-pad, (b) schematic of the layers on key-pad
(c) microstructure of the gold layer, and (d) corrosion of the
key-pad in chloride solutions



Corrosion products.
electrically mnsulating

\

Gold plating

Barrier layer of nickel.
undercoating

Base metal

Figure 2.3. Pore corrosion on a contact [Henriksen et al. 1991].




Strray. cllirent corresion

% Stiray currents cam; eceur Iiff the conductors are placed in a high
electric or magnetic fields.

% MIcro Waves Induce: severe turbulent flow on the surface: of Al,
WRHICH Ik cembination withl a Wet surface - there will be langereddy.
currents Ini the fluid film

% The rate of corresion depends upon the local resistivity of the
electrolyte.

% Presence of stray currents over the PCB surface canigenerate
COrresIon proklems

Severe corrosion Was noticed on the surface after a
few hours of Use

Stray current cerresion of a micrewave module for 24 GHz used
I a control eguipment made of an aluminium-silicen die-cast alloy:
follewed! by chromate passivation



Eretting corrosion



Use fault tolerant technology

(Use large tolerances of the components in the electr
design and maximize the allowed changes of series
resistances and leakage currents on the signal paths

Minimize the gas contacts on the electronics

(Minimize the air flow and its velocity inside
electronics and use mechanical protecting covers,
avoid bare metal surfaces.)

Keep dry the surfaces of electronics and make s
to take off water from boxes

(Heat. isolate, ventilate, breath and prevent gravity
water and condensation on the surfaces.)

Avoid excess temperature changes and vibration

(Take care of avoiding fretting of contacts.)

Use chemically (electrically) compatible materials
in the electrical contacts and connectors

(Dont use very dissimilar metals in direct contact W
each other to avoid bimetallic (galvanic) corrosion.)

Protect the metallic surfaces against the direct
contact of the air and the water

(Use protective coatings.)

Figure 1.7. Physical basic principles of corrosion control.




Quter and 1nner
enviromment

Electrical design. specification Production.
EMC transport package
and logistics

{ Mechanical [ Component

design Good corrosion quality

tolerance

{Thermal design] Use of field
feedback

[ Materials ] [ Platings ]

Figure 1.9. Sub-areas of the design for corrosion tolerance.




Corrosion risks in the Corrosion risks in the
product case electronic parts

% %

Protective measures in the Protective measures in the
case and outside electronic parts

N/

Protection level

Corrosion resistance =
Corrosion risk

Figure 4.3. Definition of overall level of corrosion resistance.




Envirenmental Testing of Electrenics

eCabinet Accelerated Testing eThermal Cycling(-30° C to 440° C)

Mixed Flow Gas Testing (MFG) eSurface Contamination Studies

eSpecial Design Testing eFailure Analysis Root Cause
Determination

eCorrosion Testing eMaterials, Coating Selection

*Residual Gas Analysis eConformal Coating of Printed
Circuit Boards

eResearch & Development *QUV, Humidity, Temperature,
Mixed Gases




Corrosion of steel In concrete



Concrete ana renar coresion — A preamble

> Concrete Is the most Widely: produceadl materal on easth

> Worldwide consumption: of concrete Is close 1o 9 hillien
t0ns andl Is; expected to rise even further

> Concrete has lew strengthwhneni leaded 1 tension, and
NENCce It ISIComMmoen practice to reInfierce: concrete with
steel, fior Impreved tensile mechanical properties

> I'he principalicause: ofi degradation| ef steel-reinforcead
StiUcCtures Is; corrosion damage: te the rebar embedded 1n
the concrete

> Iihe cost of rebar corrosion In the United: States alone
were estimated at $150 te $200 billion: per year (1990)



Concrete as a structural material

> The fundamentall ingredients reguired to) make: concrete
are cement clinker, Water, fine aggregate; coarse
aggregate, and certain speciall adaitives

> Ihe cement reacts With Waterr to ferm the se-callea
cement paste, Whichi surrounds; the cearse and fine
agaregate particles anadhoelds the maternalf togetner

> Cement paste isinot a continueus selid materal andit s
classified as a “gel* due ter s limited crystalline character
and the water-filled spaces between the solid phases



Concrete as a structural material

These micrescopic spaces are alse known as gel “pores™
are filleaiwithran 10RIc seluitien; rather than “Water:.*

Additional pores of larger size are fieund IR the cement
paste and between the cement paste and the aggregate
particles

The peres that result from excess Water In the concrete
mix are knewnras capilian peres

Concrete Is a porous material, andi it Is this poresity, that
allows  the ingress of corresive species to the embedded
reinfercing steel



Pore selutien and Corresiviby,

A Tihe pore solutien i concrete Is highly: alkaline - calcitim
nydrexide; sedilny and potassiun hydrexide are fiermed,
resulting 1 a pH between 12.5 and 1.3. 6.

4 Under such alkaline cenditions, reinforcing| steell tends te
display’ completely passive henavior, as fundamenially
predictead by the: Pournaix diagram for en

4 I the anpsence: of corresive Species penetrating inte) the
concrete, ordinary. canon steelfreinforcing thus; displays
excellent corrosien resistance.



Corresion damage In reinforced concrete

Concrete durability: directly related te) the strengti of
COncrete

HIgher Water-te-cement ratios: 1 concrete lead ter lower
stiiengi and Increase the degree: of peresity In the
concrete

loW: strength;, more: permeanie concrete: Is less; duranle

The seundness off concrete under service conditions
Implies; frieedem; frem; cracking



Corresion damage In reinforced concrete

Under envirenmentall weatherng and loading effects, the
permeanility ofi the concrete gradually Increases as, the
network ofi “defects™ hecemes more Interconnected over
time

It IS then' that Water, caroen dioxide, and cerresiVe 10ns

SUCHIas chlerdes can enter the concrete and preduce
detrimental effectsyat the'level of the reiafercing steel.

he bulldujp eff corresien products leads te a bulldup of
Internall pressure in the reinferced: concrete hecause: of
the velumineus nature eff these preducts.

I turn,, these: intermal stresses lead te Severe: cracking
and' spalling ofi the' concrete covering the reinforcing
steel



Relative
Volume

Fe(OH),.3H.0

Relative velume ofi pessikle rebar Conresion products



Concrete degradation causead: by rehar Corroesion



The role of cracks in the concrete

The iImportance: of concrete cracks Ini rebhar corresion has
also been highlighted

Bothl carbenation and chioride ion diffusion), tWo
IMpertant ProCESSES asseciated With reldalf Cermesion, can
proceed more rapidly Inter the cencrete alengl the crack
faces, compared with; uncracked coencrete

Corroesion In the vicinity efi the crack tip ceuld e
accelerated further By Crevice: corresion| effiects and
galvanic cell fermation

he steellin the crack will' tend te) e anodic relative to
the cathedic (passive) zones In Uncracked concrete



Corrosion mechanisms

% The two most commoen mechanisms ofi reinforcing steel
COIrOSION damage In Cenclete: are:

% localized breakdewn of the passive: il by, chioride
OIS

% calpopation), a decrease inl pere selution pH, leading
10 a generall breakdewn In Passivity/

% Harmmiul chioride  iens usually’ erginate fren deicing salts
applied in cold climate regiens: or firemi marne
envirenments/atmespheres

4 Carbenation’ damage IS predominanty/ induceal by a
[eaction of concrete with caridon dioxide (CO5)iin the
atmesphere



Anode Reaction : Fe = Fe2++ 2e
Cathode Reaction: 1/205 + HzO +2e = 20H"

Oxygen diffuses into
the Concrete

707 )

Schematic illustration of electrochemical
COrrosion reactions In concrete




Chloride-induced: rehar corrosion

% Chlonde ions In the pore selution, having the same
charge as OH" 1ons, compete with these aniens te
combine withi the Eez" cations

% The resulting iron chlende complexes are thought to: e
soluble (Unstable); therefore, further metal disselution; s
not prevented, and ultimately: the: bulldup: eff Veluminous
COIresion preducts takes place

% Chilerde ions alse tend te e releasedifren the unstakle
Iren chlerde complexes; making these hamiuliions
availablerfor further reaction Withr the: reinforcing steel

% As| the ren ultimately: precipitates eut In the form of Iren
exide or hydroxide corresien products, It can e angued
that the censumption; ef hydroxide ions: leads to: localized
pPH reduction; anadl therefiere enhanced metal dissolution



Chloride-induced: rehar corrosion

% Chloride-induced rebar corresion tends to e a localized
COIreSION Precess, With' the original passive: surface: Pelng
destroyed locally under the mfluence: e chioride Iens

% Apart firem the: internal stresses created! by the formation
Off corresion products;leading| te: cracking and spalling ofi
the concrete cever, chlende attack ultimately reduces
e Cross Section; andl significantly’ cempremises the load-
carrying capanility’ of steel-reinforcead concrete



Sources of chloride Ions and diffusion Into concrete

4 Tihe harmiul chlerde ions leading te rekhar coresion
damage elther originate directly froni the cencrete mix
constituents or diffuse Into the concrete frem the
sUIreURdINg environment

4 The use ol seawater or aggregate that has een
expoesed te saline water (suchras heach sand) In
concrete mixes

4 Calcium’ chleriderhas, lheen deliberately added ter certain
COncrete mixes teraccelerate hardening at lew,
temperatures



Sources of chloride Ions and diffusion Into concrete

¢ An important source: ofi chiorides from the external
envirenment Is; the widespread: use of deicingl salts on
read sulfaces in coldl climates

¢ Other obvieus Important SeUKCEes 6f corresive chloride 10ns
are seawater and marne atmospheres

¢ Alternate drying and Wetting cycles promote the bulldup
off chloride Iens; en surfaces

¢ Hence actual surface: concentrations of chiorides cani e
well in excess; of those of the bulk envirenment

¢ the diffusion rate ofi externall chlorides into concrete to
the reinforcing steel Is very important



IV/pes ofi chlendes In cencrete

Chlerides Inf concrete exist i two: basic fiorms, so-called
free chlerides and bound chlordes

Eree chlorides - mobhile chlerides disselved In the poere
solutien

Bound chiordes - relatively immoile chioride 16Rs thal
Interact (by: chemicalibinding and/or adserption) Withrthe
cement paste

Both beund and firee’ chlerdes are important Inl corresion
[PrOCESSES



Critical chloride level

7 The determination of a critical chiorade level, belew,
WHICH SEreUS relnalr Corresion damage: dees net GCCUr: IS
Very Impertant forf design, maintenance planning, and
lifie: prrediction’ puUIPOSES

7 Uniortunately; the cencept of a crticall chlerde content
as a universal parameteris unrealistic

7z Rather, a crtical chioride level should he defined only. 1n
combinatien With a hest eff othelr parameters



OXRENIO L 1.0 HO, M8 O g OL 8 Op8 104 . (O

Eacters infilencing the threshoeld chilende

level 1ol Colesion damaae

The pore solution pH

Moisture content of the cencrete
emperature

Age and curing cenditions of the concrete
\Water-te-cement ratio

Pore structure and other “defiects”
Oxyaen availaniity

Presence of prestressing

Cement and concrete composition



Carbonation-Induced corrosion

Caron| dioxide present In the atmesphere can reduce. the
pore: solution pH significantly by, reacting Withr calcium
ydroxide (and other hydrexides) to) produce inseluble
calldenate in the concrete

Ca(OH), + CO, — CaCO, + H,0

€
amd

ihe passivating alility ofi the: pore solutien diminishes Wit
the decrease InpiH

Carnnonation-Induced corresion tends, to; proceed ina mere
URIierm manner over the rebar suriace than chliernde-imduced
CONresIoN damage

The rate off Ingress of carbenation damage N Concrete
decreases with time

he precipitatien ofi calciums carbenate and possibly additional
cement hydration are alse theught te contribute to the
reduced rate ofi Ingress



SVYRErgistic effect ofi chlende anad carkhonation

I many: practicall sitiations, carsenation- anal chioride-
Induced corresion can eccur In tandem

Research studies; liave: shewn that Conresion caused oy,
carbonation Was; Intensiiied wWithrncreasing chlerde ien
concentration

i Chloride attack an@l carnonation cam act synergistically.
(the combinead damage BeIng Morersevere tham the sum
Off Its parts) and have Peen responsible fol major
COIroSIion prekliemsiin Mot coastall areas



Remediall measures

Repaliing the damaged concrete
Moediiying the external envirenment
Moedifying the intermal concrete envirenment

Creating a barifer Between| the concrete and ther external
envirenment

Creating a barrer between the rebar steel and the
Internal concrete environment

Applying cathodic protection te the renar

Using alternative, mere CoKresion-resistant renal
materials

Using alternative methods of reinfercement



Electrochemicall chlonide. extraction

= Electrochemical removal oft harmiful 1ens such an chioride
jons — similar to cathedic pretection

= Estallishing an anede and a caustic electrolyie eon the
external concrete surface, and Impressing a direct
current Between the anede and the: reiniforcing steel;
WhICHh acts as the cathode

= Under the application of this electric field, chlorde 1ens
migrate: away’ frem the: negatvely: changed steel and
toward the: poesitively: charged externall anede



Electrolyte in fibrous blankets

Rectifier

Principle: ofi electrochemical chloride extraction andlre-alkalization| treatments



Limitations; of the: chloxide extraction method

% The current densities involvead ane significantly Righer
than these Used In; catnodic pretection

% T he risk ofi hydregen evolutions en the rebar and
subsequent hydrogen embrittiement Is clearly: much
greater thanin| cathodic proetection

% EUrther reguirements are a higih degree: off rebar
electrical continuity’ and preferably: lew: concreie
resistance

% SlAce the extraction Precesses reguire: severall days or
even Weeks using suitaible current densities, the
technigue Isimore  applicanie to highway substructires
than to bridge decks



Limitations; of the: chloxide extraction method

> The methoed dees net remove: the chloride: lons from the
concrete completely. A certain percentage Is remeved
andithe balance s redistrbuted away firemithe
feinfiercing hars. lmpoertantly, threough the catnodic
feaction; on the rebar surfiace, O Iens are generated,
WRHIChrhave an Important effect 1n counteracting| the

harmiul influence of chioeride 1ons



Limitations; of the: chloxide extraction method

> The applied current density: has to be controellead. If the
current magnitude Is excessive, several proklems such
as reduction ' bend strengtn, seftening ofi the cement
paste around the rehar steel, and cracking of the
concrete could arise

» Thoughs electrechemicall chloride: extraction has Peen
applied industrally for a AUMmBEr oiff years and can e an
efifective controlfmethoalfier chlerde Induced CoriesIon
off existing structures, It Is a relatively complex methoed
and' reguires specialized knewledge: te Implement: It
successtiully



Re-alkalization

S TThis treatment Is applied to existing structures, te
restore alkalinity around! reinforcing| Pars: i previously,
calldonated concrete

S Prncipleris similar te electrochenical chioride: extraction
- Direct curirent Isiapplied between the cathedic rekar
and externall anedes pesitiened at the: extennall concrete
surface andl surrounded by electrolyte

Sy The external electrolyte used inire-alkalizationis a
sodiums carpvonate selutien, with a caustic pH



Re-alkalization

Sy fhe current density applied in re-alkalization Is

significantly: higher. Typically; the precess Is applied fio
several days te restore alkalinity. In; carnonated concrete

Sy e potentialfdisadvantages; ofi re-alkalizatien: ane similal
10 thoese' off chleride extraction, namely, risk ofi reduced
pond strength;, hydregen embrttiement, alkali-

dggregate reaction, anadl other micrestructural changes
A the concrete.



New Structures

an

Service life includes corrosion
initiation and propagation phases

Reinforcement experiences a
relatively uniform internal concrete
environment (at least initially)

Durability requirements are related
to design life

Low permeability concrete generally
offers excellent protection

Corrosive species usually penetrate
from the outside into the interior,

toward the rebar

Good and relatively uniform bond
between rebar and concrete

Protective coatings on rebar can be
applied under controlled, off-site
conditions

Service life involves mostly the
propagation phase - corrosion Is
generally more severe

The internal environment affecting
the rebar is very heterogeneous -
corrosion macrocells can be set up

Durability requirements are related
to minimizing further corrosion

Low permeability concrete in one area
can lead to problems in another area

Transport effects from outside through
the protective cover but also from
old concrete to new concrete

Bond between rebar and concrete
often weakened and variable

Existing rebar cannot be removed from
site, hence surface preparation and
coating application is more challenging




Repair technigues

% T he removall of leose, spalled concrete, followea! by
further systematic remeval ofi therconcrete: surreunding
the correded renar

2 he rebar and concrete suifaces are cleaned andl prmead
pefore the new: repair concrete 1s applied

% IINe repailk precedures thus create: three diffierent
materal ZoRes that Interact Withr the reinforcing steel:

% the old chloride-contaminated/carbonated concrete
% the new concrete

% the interface between the old and new: concrete



Repair technigues

2 e Interface may represent a zene of Weakness with
respect toe fiurther Ingress, of CoriesiVe SPEecies

2 e existing concrete sheuld heremoeved te a deptha well
pelow! thercorroded reinforcing bars. Failure ter dos thrs
can easily produce a detimental galvanic cerresion cell
I the repaired area

%» 10 avold rebar corrosion damage In: the' existing Concrete
A thIS situation, more extensive removall ol the old
chlerde-contaminated Concrete: Isi Mecessary/



L 'contamlnated

"':'1'1' ,ontammated """

concrete ; i E

concrete ; f ;

Galvanic corrosion Celllinr concrete: repair




Epoxy-coated! reinforcing steel

A Epoxy coatings provide: an Inert physical barrer that
ISelates the: reinfercing steel frem the corresive
envirenment

- [he use: ol epexy-coated rehalt dates back more than| twe
decades, anadl at present It represents the most commonly.
used alternative: te standard reinfercing steell - ASTM A
/75 and BS 7295

1 Surface cleanliness andl preparation, coating thickness,
coating adhesion to the rebalr, coatingl continuity, and
coating thicknesss have to) e considered for eptimal
COIresion resistance

- Banrier layer - the coating continuity. IS clvieus|y: Very
Impertant - the risk eff coating damage: durng
transpoertation, ofi-loading, sterage, installatien onfsite,
and concrete pouring and vibration Is consideranly
greater.



Stainless steel rebar

> Industrial applications of stainless; rebar date back mere
than twoe decades

> Severallpotential advantages could leadi te grewing
Interest In; stainless renars:

v. Corrosion, resistance: Is integrall tos the: material (this
dees not imply that the:materal istalways immune. to
corresive: attack)

v- NG coatings are invelved that ceuld chip, crack, or
degrade

v ey have the' capability ter withstand shipping,
nanadling, and bending

v. [here are no “expoesedr ends to CeVEr or coat

v- Commen rebar grades have geod! ductility, strengtn,
and weldalrity

v They can be magnetic or nenmagnetic, depending on
grade



Stainless Steel Rehar Applications

Application

Comments

Bridge deck in I-696
highway near
Detroit, Michigan

Bridge deck in I-295
highway near
Trenton, New Jersey

Bridge deck in 407
toll highway, near
Toronto, Ontario

Seafront structure

regtoration,
Scarborough, UK.

(Guild Hall Yard East
project, London

Road slab of underpass,

Cradlewell, U.E.

Svdney Opera House
forecourt restoration,
Australia

mid 1980s

Type 304 rebars. Exposure
to winter deicing salts.

Carbon steel rebars with

tvpe 304 cladding.

Exposure to winter deicing salts. If
ends of clad products are exposed, these
represent a galvanic corrosion risk.

Type 316LN rebars.
Exposure to winter deicing
salts.

Type 316 for replacement columns and
precast beams.

Type 304 zelected for very long design
life, in keeping with the famous historic
buildings on the site.

Type 316.

Type 316 in a marine
environment.




Galvanized rebars

> Corresion protection ofi rebars by galvanizing are based
on three principles

> ZInc-coated rehar Is theught te) remain passive in
CONCrete at semewhat Iower pH 1evels than erainany
steel

» e zine coating| represents; a sacrificiall anode: that
will'tend 1o protect the steel cathodically. The
galvanized coeating Is clearly:consumed i the
protection ofi rekar rather than Being ofi the Inert
/PE, asiepoxy. coatings:

» Ihe usual corresion product(s) of ZInc occupy: Iower
volume than the: corresion preducts ofi steel, implying
lower expansive stresses



Corrosion InNIBIters

A Corrosien-inhibiting admixtures, are essentially’ designed
10 Improeve the perfiermance: of goed-guality: reinforced
concrete

i One of the Petter-knewn: Corresion=InnIvIter admxtiures
Uused 1o control chlerde-induced: rebar Corresion IS
calciumr nitate; Ca(Noy);

A e mechanism eff Inhikition Invelves nitrte Iens
competing with' chloride ions to) react with! Feh iens
preduced at the anode

1 Essentially, thenitrte ions limit the: fermation| eff unstable
[lien chioride cemplexes: and! premote the fiermation; of
stalble compounds; that passivate the: relhar sukface

2Fe?* + 20H- + 2NO,” — 2NO(g) + Fe,0, + H,0

or
Fe** + OH™ + NO,” — NO(g) + FeOOH




Concrete cover and mix desian

Increase: the concrete cover — to decrease the diffusion
off chionde and other corresive Species to; the
reinforcement steel

Atwoloeld Increase In the concrete cover produces a
ourfold life: extension and a threefold Increase: In CoVer:
results inr a ninefold benefit

HIgGher Water-te-cement raties and' IowWer cement content
IAcreases the poresity: andiallews the diffusion; of
chlerides

Use: ol Portiandlcement — containing SCa0AlL 05 (CZA)
decreases the penetration of chlerides; by dififtsion

® \Water/cement ratio . 0.45

® Cement content > 400 kg/m3

o C,A content in cement : 11% (by weight)



Concrete cover and mix desian

4 Adeguate curing (2 te 4 weeks' hydration) IS requireadl fior
the develepment off a dense: internall texture Withrlew,
POLGSILY,

4 Adaition supplementan/ ceEmentitious materials

% Pozz0)ans, such as iy ashrand silica fume, react With
the cement hydration! preducts, netably calcium
nydrexide

S nyaradycimarerals, suehl as granulated hlast furnace
slag, undergo direct hydration, reactions

% these materials canl improve the strengti and
durability: of cencrete



Concrete cover and mix desian

4 High-perfermance concrete (HRPC) mixes with; particularly
oW Water-te-cement raties, resulting 1 high
COMPrEssIVe strengins, nave heen achieved with
SUperplasticizer adaitives

4 hese additives, evieusly: play: a crucial rele In ensurng
satisfiactory, Werkanility: at the: lew Water Contents

A Highr density: and lew: permeanility. typically: characterze
such mixes, Which cani be expected te represent an
efifective lharmer to the Ingress of corrosive SPecies,
provided the cencrete IS I the uncracked cendition

4 Certain additives also; ncrease the: electrical resistance of
the cement paste, thereby: retarding the kinetics off Ionic
COXrosion reactions.



Corresion protection of reinfercement steel:
Available eptiens and: future prospects



Ll

|ntroduction

Corresion off metals costs the United States in
EXCESS 0ff $2761 billion' per year

40% of U.S. steel preductien goes to the
rfeplacement ofi corroded! parts and preducts

Corroesion Is the single most Important cause: of
damage' to) concrete stitictures

INACE estimates the: cest ofi corresion damage te
concrete structures (In the USA)i IS
approximately $ 125! Billion’ per year!l!



Corrosion of steel In concrete

» Concrete Is a beneficial environment for steel because of

its high alkalinity.

& Thishigh alkalinity: (nighrpH valie), causes the steel to

rfeact and fierm' a passive oxide: filny on Its) surface
Protecting It 2gainst Corresion.

& When the passive filmyisirenoevea, tihe steellis subject to

COrrosion damage.

* Eew conditions cause: the passive film to) be disrupted,

the most common BeIng| the contamination of the
concrete hy chlorides:

* Chiorides penetrate the concrete through Its pores and

cliacks and when they: reach the level off the reiniforcing
par In sulficient ameunts, they remove the passive filim
from the steel.

"t Another cause fior the loss of passivity: ofi the steel in

concrete Is carbonation.



a

Corrosion of steel In concrete

Carbonation = Carbon diexide present In the atimosphere
[eacts Withr pere mejsture: and ferms caionic acid.

Fhis mild acidl solutien reduces the alkalinity: of the
concrete surreunading the steel resulting 1 the less) of
PASSIVITY.

Once the passive filmien the steel suiface Is
compromisead, moisture and oxygen then fuel the
COrrosion.

AS the: steel corrodes, ferric hydroxide: (rust) Is produced,
and its velume: can be six to elght ties greater than the
erginal size ofi the: reinforeing har.

Tne increase in Volume Causes Stresses Within the
concrete of as much asi5000:b/in.#, causing cracks and
spalling the concrete.



Cathode
0, + ZH,0 + de-= 40H"

T

Fe (OH) + O, = Fe,0, - H.0O + 2 H,0 ( Red-brown rust)

Fe™ + 20H: < Fe (OH),

OF

6 Fe (OH ) + 0, & 2Fe,0, - H.O+4 HO
Fe,0, - H,0'= FeyO, + H,0 (Black mognetite)

Steel Corrosion Reactions In Concrete




Corresien pretection of reinfercement steel

4 I

Available options

h_ /
I I I |
4 Nog 4 Nl 1 A
Addition of Addition of : :
fly ash, BES, corresion CO”.OS'O” Cathodic Micre-alloyed
Silica fume te Inhibiters to ESISLant protection - steels
: : coatings Stainless steels
concrete mix concrete mix
\_ y N \_ A N . AN /
4 h'd h 44 Ty I
Phosphate
coating Galvanizing Fusion hended Electroless
Zinc phoesphate epoxy. coating Ni-P’ coating
Primers
- LN NG A\ J




Role off coatings

Coatings - effective methoed for combating| corresion
Ceatings; are either barrier layer or sacrificial

Barrier layer coatings protect the; metal by isolating it fiom
the surretnding envirenment. It net only: paysically: separates
the metal firem| the envikenment, but alse) prevents current
exchange between the metal and the surreunding| electrolyte.

Ge0d harfer coatings: nave: NIgh dielectric strength Properties
and withstandf expesure: to; ultravielet radiation), moisture, and
sal. WWhen barrier coatings are damaged, the sulbstrate metal
IS firee: to) correde.

Sacrificiall coatings alsoe; previde: a harrer hetween the metal
andiits surmeunding envirenment. linfaddition;, they: protect the
metaliwhere a damaged coating allows the metal toer e
ExXposed.

Sacrificialicoatings ane generallysmetallic and-are: prmarily
produced from metals anoadic te steel, such as zine. At
exposed sites, the zinc (sacrificial metal) COrrodes
preferentially, protecting the steel - A form ofi cathodic
protection.



Ill!

IHot Dip Galvanizing

lmmersion Inl molten zine at 450°€C

Metallurgicall reactien Betweeni the canaon| steel
and the moelten zine

Fhe resultant coatng = Zn/kEe alloy: adjacent: to
the steel with' pure zine layer on the top: surface

Passivation — 0.5 — 1 %, soedium: dichremate

Fhickness < 2001 um| te aveld britteness ofi the
coating

Provide barrer asiwellfas cathodic protection

IHIghly. resistant' te damage: duing
transportation, storage, site handing



m
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HDG steel in concrete environment

ZING IS nighly. reactive at pH < 6 and pH > 12.5
Ereshly’ poured concrete pH= 12.5 -13

The euter layer off Zn| reacts with the: cencrete
mix — calciun Rydroxy: Zincate
2/7n + Ca(OH), + 6H,0 > Ca[Zn(OH);],.2H,0 + 2H,

The hydreogen: evoelution reduces the hond
strengin; between the HDG reinfercement steel
andithe concrete

This preblem eccurs durng the: first 6-101 days




Effect off carbhonation and chloride attack

"t Carboenation — Ingress of carben diexide from the

atimesphere. - formation of carbenic acid — reduces; the
pH - mild alkaline: condition Which Is saile

* Reaction! of zinc With carbonate leads te the formation of

ZING carponate - stable and pretective

- Other products — ZnOrand Zn(OH)s
* The corresion rate off HDG steel In carlhenate

envirenment 1Is 0.5-0.8' umy/year

A S0 pm HDG coating — 100 years
[T cansenationt s  ther enly. reaction, then HDG steel will

give: Better performance

* Pepetration of chlerde 10ns depassivate steel and

promoete active metal disselution

n A combination off less of alkalinity due: te: caroenation

and the Ingress, ofi chlorde ions affect the long term
durability off HDG reinforcement steel



Epexy coating for reinfercement steel

" QOrganic compound - bisphenol-amine epoxy
» Condensation of bisphenol A and epichlorohydrin
= Can be cured at ambient or elevated temperature with

an amino resin

» The epoxy Is a thermo-setting plastic that is resistant to

solvents, chemicals and water

» |dentified as a potential corrosion resistive coating for

reinforcing steel

» The bisphenol amine epoxy has mechanical properties,

such as high ductility, low shrinkage during curing, and
heat resistance, which make it desirable for use as a
reinforcing steel coating

" Applied by two methods — two part liquid or powder



Suliface Preparation ol epexy. coating

# - Reinforcing| steel surfaces; to e coated should receive a
thereugh biast cleaning ternear-white metal in
accordance WithrSSPC SP1.0.

= Wil scale, rust and! fereign matter shallibe completely,
remeyved. TThe blasting media containing sulficient grit
shalll preduce: a suitable anchor pattern prefile. A profile
deptih off 2.0 te 4.0 milsi (50! um' ter 100! um)! Isi consideread
10, be suitaikle to provide: an anchoer patterm.

* Coating| sheuldibe applied te’ the cleaned suiface soen
thereafter. In ne case the applicatien oif the: ceating
shieuld he delayed moere: than Y2 [r. after cleaning



Liguial epoxy: (Thwor Pack: System)

- Liguidiepoxy:Is: commonly’ prepared by mixing

steichiemetrically balanced Propertions: i a tWe-part
systen, epoexy. resin and polyamine.

® e liguid epoxy Is applied by brushing or spraying, or

By IMMENSING therlars to e coated.

= BrUShing - Mest apprepriate
# e liquid coatings, commonly: contain solvents that,

Upen evaporation, may: result In pore: ormatien Within
the cured coating.

- Shrinkage due torselvent loss and curing IS alse a

CONCcern Withi the use of liguid epexy’ coatings



Eusion bonded! epoxy: ceating system

* e matenal, i the form ofi a pewder (10-100: unm)
Peanngl an electrostatic charge, Is applied tor therhot,
fireshly: blasted reimiiercing steell surface

- Application temperature: 204°C to 230°C

* e electrcally, charged powder particles are attracted to
the preneated steel;, and melt te forn a centinuoeus, film,
then the system Is guenched: te fierm: a selid coating

Sand/Shot Powder Holiday
Blast Application Detection




Characteristics off epexy. coatings

s ihickness
e ASTIMEA 775-8%9a — 127 to 305 um (5-12 mils)

et Veisture uptake
* Not Impermeanie to: moisture

e Adhesion

* Jmperfect — heterogeneity of the coating
—Weak honded aneas

A meist environment, difftsion of moisture
— |ead! to wet adhesion: fallure — blister



IHoliday detection

= Holiday detector using 67.5 V

» Handheld (wet sponge type with direct
current) detector checks should be
performed each production day

» No visible holes, voids, cracks, defects
are permitted

* Not more than 2 holidays per 0.3 m of
the coated steel bar is allowed



Bend! test

» The bend test should be performed to evaluate the

flexibility of the epoxy coating.

» Epoxy coated steel bars should be tested at a uniform

rate, a minimum of one bar of each size every four
production hours around a mandrel of a specified size
within a maximum specified time period as per

ASTM A775/AA775M

* No cracking or disbonding of the coating should be

visible on the outside radius of the bent bar.

= Evidence of cracking or disbonding of the coating shall

be considered a cause for rejection.

" The test bars shall be between 68°F and 86°F

(20°C and 30°C) when tested.



EpOXy: ZINc prHmer

Single pack epoxy shop primer with a high zinc content for
protection of steel structures against corrosion during
construction.

TECHNICAL PROPERTIES

Colour

Finish

Curing Agent

Mix Ratio

Specific Gravity

Volume Solids
Recommended Film Thickness
Theoretical Spreading Rate
Application Method

Flash Point

VoOcC

Drving Times

Touch Dry
Hard Dry

2.25
38%

60-90um WFT / 23-34um DFT
11-16 m’litre

Brush, Roller. Spray

=12°C

560 g/litre

10°C 20°C
6 nmunutes 3 munutes

8 hours 4 hours

30eC

2 minutes
3 hours




East dry high bulldizine phesphate: primer

Description

A fast drying, high build, anti-corrosive ferrous metal primer that is non-toxic in the dry film and affords
excellent protection to correctly prepared surfaces.

Recommended Use

Suitable for airless spray applications to blast cleaned structural steel etc. Provides a hard drying corrosion
inhibiting base, suitable for overcoating with a wide range of single pack products.

Compliance

Complies with “the VOC in Paints, Varnishes & Vehicle Refinishing Products Regulations 2005".
EU limit value for this product (cat A/i): 600g / Iitre (2007), (cat Afi): 5009 / litre (2010)

Recommended
Application Methods

Airless Spray - Tip size 0.43-0.54mm  Pressure 110-150kg/sq cm
Brush (small areas anly)

Colour Range

Aircraft Grey, Red Oxide & Medium Buff

Physical Properties

VOC Content (as supplied) : max 520g / litre
Volume Solids © 45%

Mass Solids - 59%-62% (dependant on colour)
Flash Peint : 25°C

Drying Time @ 20°C

Surface dry - 20 mins.
Hard dry - 1 hour.
Do not apply when ambient temperature falls below 5°C or relative humidity exceeds 90%.

Dry Film Thickness

50 - 100 u

Wet Film Thickness

110 - 220 4

Theoretical Coverage
Rate

6m?* per litre @ 75u DFT
coveraqe rafe can be affected by such variables as type and condition of substrate, type of application
equipment and individual method of application.




HIgh durabpility’ Zine phesphate pPrHmer

An alkyd based versatile zinc phosphate anticorrosive
primer, which gives a high level of protection and

adhesion to steelwork. Contains no lead additives and is

of low toxicity.

TECHNICAL PROPERTIES
Colour
Finish
Curing Agent
Mix Eatio
Specific Gravity
Volume Solids

Recommended Film Thickness

Theoretical Spreading Rate
Application Method

Flash Point

voc

Drying Times

Touch Dry
Hard Dry

White, Light Grev, Mid Grey. Red Oxide
Martt

n'a

n'a

1.30

45%

73 -150um WFT / 34 - 68um DFT
6 — 13 m*/litre

Brush, Roller, Spray

3g9°C

429 g/litre

10°C 20°C 30°C

1 % hours
7 hours

20 minutes
3 hours

30 minutes
4 hours



Electreless nickel coatings

% Electroless nickel coatings

% Offers excellent corresion resistance in many. industral
envirenmMents

% Mot susceptidle to stress corresion; cracking

2 Widely Usedl either as pretective: or decorative coatings In
many. Industries;, suchias petroleum, chemical, plastic,
OPLICS; printing, MINING, aerespace, nuclear, automotive,
electrenics, computer, textile, paper, and feoad

% Ofifers cormesion pProtection te) steel relnfiercement nar

% Electroless nickel dees noet perform as a sacrificial
coating like electrodepoesited Zn or Cd on steel.

2 |t behaves as a true barrer ceating, pretecting the
substrate by sealing It off frem| the corrosive
environments. Hence, the thickness ofi the deposit anad
the alsence ofi perosity’ are ofi great Importance.
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Concluding remarks

** Coatings - effective method: for comating corrosion: of

reinforcement steel

** HIDGE coating provides harrier as well asicathoadic

pretection;

& HDE ceatings arer nighly. resistant: 1o damage during

transporiauen, sterage, site handing

* Epoxy coating 1s an effective physical barrer coatng,

nighly: resistant te; chemicals andi it Is Identifiead as a
potential cerresion resistive ceating| fior reinforcing| steel.

2 EPoXy coating Is not totally: impermeablertormoisture; and

diffusion: eff moisture leads te Wet adhesion failure

' Cracking or dishending of the coating — during

transportatien, site: handling and durng’ construction —
spreading of corresion undermeatih the coating leading to
peeling ofi the' epoxy: coating
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Concluding remarks

Phiesphate coating IS only. a pretreatment and need te be
finished with el or paint. The Use: efi phosphate coating
as a temperany/ Corrosien pProtective measure nas enly
limited potential

ZING phoesphate prmers canibe Usedi as a temporary
COIresion protective measure. They ane effective in
Preventing colresion; during sterage: at the factony and at
the site. Some damage might eccur during transit. The
corresion will'lve lecalized only’ at the danmaged site and
willfnet spread Undermeati the coating.

Electreless Ni-P coating Is an effective barier layer
coating. It readily: passivate: i alkaline medium anal the
passive filnrwill e intact for a Ionger perods of tinme.
It IS/ not cost-effective.



TFhank you
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