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What Is Corrosion?

m Corrosion Is the deterioration of a material by
the reaction with its environment
Metals
Polymers
Concrete
Wood
= In this course we will be discussing metals in a
pipeline environment
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Corrosion of Steel

Natural process which returns metal to its native state

Iron ore, e.g. iron-oxide Smelting - to produce iron

(lower energy, stable state) (higher-energy, metastable state)

Corrosuon in service environment Steel mill products
(iron-oxide corrosion products - (higher-energy, metastable state)
lower energy, stable state)



Corrosion Cell

Requirements of a Corrosion Cell

* ANODE — where corrosion (oxidation) occurs and metal ions
and electrons are generated

* CATHODE — where reduction of certain species in the

electrolyte occurs by consumption of electrons that were
generated at the ANODE

* ELECTROLYTE — which allows passage of ionic current —

(Earth or Water capable of carrying an electric current)

* METALLIC PATH — which allows passage of electrons
from ANODE to CATHODE
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Basic Corrosion Cell
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Basic Corrosion Cell
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FUNDAMENTAL CORROSION CELL
AS IT APPLIES TO A PIPELINE
A Electrochemical cell
B Conventional current cell



Corrosion Reactions

- ANODE:

« More Active (i.e. more electronegative) potential

« Metal atoms lose electrons and become ions

* Electrons flow in the metallic path from Anode to
Cathode

- CATHODE:

« More Noble (i.e. more electropositive) potential

* Certain species in the electrolyte accept those
electrons
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Corrosion Reactions

 Corrosion of the ANODE is Accelerated

« Corrosion of the CATHODE is slowed down
or stopped

« Species produced by reactions at the Anode
and Cathode may react to form insoluble
corrosion products, e.qg.,

M2* + 20H ——>  M(OH),
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Corrosion Reactions

* At the ANODE:

* Al —> AR+ 3e

» At the CATHODE:

c2H* + 260 —> H,

(hydrogen ions reduced to gaseous hydrogen, e.g. in acids)

(dissolved oxygen reduced to hydroxyl ions, e.g. in neutral-pH

waters)
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Types of Natural Corrosion

= Dissimilar Metals

m Dissimilar Surfaces
= Dissimilar Soils

= Differential Aeration
m Stress




Dissimilar Metals

* There Is a natural

notential difference between

different metals when immersed in a

conducting electro

yte

» More “active” the more corrosive (anodic)

* Less “active” or more noble the less corrosive

(cathodic)
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Galvanic Series

Ranking of Metals and Alloys according to their
Electrode Potentials

Potentials Measured in Bulk Electrolyte
Environments,

e.g. Soil, Water

Measured with respect to a Reference Electrode
(half-cell)

Appalachian Underground Corrosion Short Course



Practical Galvanic Series of Metals and
Alloys in Neutral Soils and Water

Potential (Volts)

Material vs. Cu/CuSO,
More Anodic
Pure Magnesium -1.75 .
or Active end
Magnesium Alloy -1.6
(Mg-6Al-3Zn-0.15Mn)
Zinc -1.1
Aluminum Alloy (5% Zn) -1.05
Commercially pure Aluminum -0.8
Low-carbon steel -0.5t0-0.8

(clean and shiny)

Low-carbon steel (rusty) -0.2t0-0.5
Gray cast iron -0.5
(not graphitized)

Lead -0.5
Low-carbon steel -0.2

(in uncontaminated concrete)

Copper, Brass, Bronze -0.2
High-silicon cast iron -0.2 .

- More Cathodic,
Mill-scale on steel -0.2

Carbon, Graphite, Coke +0.3 Passive or Noble end




Practical Galvanic Series of Metals and Alloys
in Flowing Seawater (13 ft/s, 24°C)

Potential (Volts)

Material vs. SCE
Magnesium -1.55 More .AI‘IOdIC
— o3 or Active end
Aluminum Alloy 3003-H -0.79
Ductile Cast iron -0.61
Carbon steel -0.61
Copper alloy -0.40
(Naval brass)
Copper -0.36
Copper Alloy -0.29
(Admiralty brass)
Type 316 SS (active) -0.18
Titanium -0.10
Ni-Cr-Mo Alloy C -0.08
Type 316 SS (passive) -0.05
Platinum +0.15 More Cathodic,
Graphite +0.25 Passive or Noble end




Dissimilar Metal Corrosion

Also called Galvanic Corrosion

Different Metals have Different Electrode Potentials

Potential of metal measured using a DC voltmeter and a reference
electrode (half-cell) in electrolyte of interest

Galvanic Corrosion Cell created when dissimilar metals are
electrically coupled to each other in the same electrolyte

ANODE - Metal with more Active or more Electronegative
potential

CATHODE — Metal with more Noble or more Electropositive
potential

Potential Difference between the two metals is the driving force of
the corrosion cell




Electrode Potential

Potential of Metal measured using a Reference
Electrode (RE) and a DC Voltmeter

Highinput ___ || -0.673V
Impedance

DC voltmeter Metal
I — + \ /

Reference Electrode
RE (half-cell) =—

. Electrolyte
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Reference Electrodes

Various types
Examples:

Copper-Copper Sulfate (Cu/CuSQO,)
Silver-Silver Chloride (Ag/AgCl)
Saturated Calomel (SCE)

Standard Hydrogen (SHE)

Measured values can be converted from one
scale to another
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Practical Reference Electrodes

- Examples:




Meters
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Examples of Potential Measurement

Buried or submerged

Storage tank interior

pipeline \V/

V

R
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Ship or boat Rebar in concrete
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Dissimilar Metal Potentials

Open-Circuit Potential (OCP) or Corrosion Potential (native)

-0.257V Ammeter -0.698 V
S Q-
RE RE
< v,
METAL - A " METAL-B

No Current Flow between the Metals




Dissimilar Metal (Galvanic) Corrosion

Metals Electrically Connected by Metallic Path

Ammeter
-0.563 V -0.607 V
-
o—o0—(-
A 4 V,‘
METAL-A" . METAL - B

Current Flow between the Metals.
Metal-A is CATHODE and METAL-B is ANODE




Bimetallic Corrosion

o Steel Tank
o Floor
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Corrosion by Cinders

Soil Comtaminated with Cinders

TP N R

S — S — - = - =

qi;;’ Pipe Wall (Anode) -

i i
Cathode N EBotween Pipe amd
~—_ Cinders

CORROSION DUE TO CINDERS
FIGURE 2-3



Corrosion by Cinders




Galvanic Corrosion — Dissimilar Metal

T T Steel Gas
Service [Anode)

Gas Meter with no isolating fitting,
shorted isoclating fitting or

[brmssﬂdisnlaﬁngﬁmm
Water

T VAV 1 ool

\ Copper Water Service (Cathode)

Gas
Water

DISSIMILAR METAL CORROSION
GAS AND WATER SERVICE LINES



Dissimilar Surfaces

Occurs on same metal

E.g. due to local metallurgical differences,
defects (bright metal scars), differences In
stresses, etc.

Conventional
Current Electrolyte

(Soil or Water)
ANODE /-\ CATHODE

s

Electron Flow
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The Corrosion Process

a ANODE « ELECTROLYTE
m CATHODE « METALLIC PATH

ELECTROLYTE

REDUCTION
OXIDATION O, +2H,0 +4e" --->40H"
Fe--->Fe* +2e- x‘

METAL




Galvanic Corrosion

s N\

Old Pipe MNew Pipe Old Pipe
(Cathode) (Anode) (Cathode)

AN

NEW-OLD PIPE CELL

FIGURE 2-5



Surface Condition Variations

VN e N

|l | — (catt
—— (Cathode)
Threads Scratches
Bright Metal Caused by
(Anode) Pipe Wrench
(A node)

CORROSION CAUSED BY
DISSIMILARITY OF SURFACE CONDITIONS

FIGURE 2-6



Galvanic Corrosion - Used to Advantage

* |In Galvanic Cathodic Protection Systems

No power source is needed

Lead wire

Mg or Zn anode

Protective current

. g . ' e P " . .
Graphite rod
(cathode)
° I Moist paste of MnO,,,
| n Batte rIeS NH,CI, and graphitez Spacer (porous)
powder

Zinc case (anode)
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Dissimilar Surfaces

Mill scale — Thin, tightly adhered, surface oxide on
steel that come from the mill.

e Electrically Conductive
* Potential of -0.2v - -0.5v

Which is the Anode and Cathode?



Pitting at Breaks in Mill Scale

Mill Scale
(Cathode)
Soil _“H“‘:y"
k,\ j,f

Pit Forming at Break FPipe Wall
<.>' in Mill Scale (Anode) %

% A

PITTING DUE TO MILL SCALE

FIGURE 2-7



Dissimilar Soils

» Changes in soil characteristics

» Difference In pipe to soll potentials in respect to
a reference electrode

» Creates Cathodic & Anodic areas along the
surface
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Variations in Soil Types
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FIGURE 2-8



Differential Aeration
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Corrosion Due to Differential Aeration

AERATION RESTRICTED BY PAVIMNG

SANDY SOOIl FAVED ROAD 1
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e
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CURRENT FLOW u PIPE b
CATHODIC CATHODIC

DIFFERENTIAL AERATION AS A
SOURCE OF CORROSION CELL POTENTIAL

FIGURE 2-10



Differential Aeration Corrosion

Aerated Soil —+— . - Structure
Oxygen

Available
(Cathode) (f" "H‘j

Poor or No Aeration
(Anode)

CORROSION CAUSED BY
DIFFERENTIAL AERATION OF SOIL

FIGURE 2-11
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Stress-Cell Corrosion

I,' AREA OF SMALLEST CROSSSECTION
AMND HIGHEST STRESS IN POUNDS
PER SQUARE INCH. ANODIC AND

]

|

]

' CORRODING

COMDUCTIMG ELECTROLYTE
f
f

SURROUNDING STRESSED
- . |II. -
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APPLIED "(—|
TEMSION .
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DIFFERENTIAL STRESS AS A SOURCE
OF CORROSION CELL POTENTIAL

FIGURE 2-12



Lower Stress Area
(Cathode)

Threaded Bolt
Higher Stress Area
(Anode)

Metallic Coupling




Microbiologically Influenced Corrosion
(MIC)

* Many different types of Bacteria

» Sulfate-Reducing Bacteria (SRB) - Usually most
problematic

« Require sulfate (SO,%)

* Require anaerobic conditions

* Require Organic carbon food source

- SRB activity produces hydrogen sulfide (H,S) which is

colrfr_%sive to many metals. On steel corrosion product is iron
sulfide

- Certain aerobic bacteria can also be problematic
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Corrosion of Steel by SR




Examples of Corrosion Attack by SRB




Corrosion by Aerobic Bacteria







Amphoteric Metals

m Metals that corrode In acidic as well as
alkaline environments

= E.g. Aluminum, Zinc, Tin, Lead

m Possibly corrode under cathodic
conditions



Stray Current Corrosion

m Corrosion caused by current that
deviates (strays) from its intended path



Sources of Stray Currents

= Dynamic
DC (Electric) Transit Systems
Mining Operations
Welding Operations

m Static

Impressed Current Cathodic Protection
Systems (ICCP)

High Voltage Power Transmission




Stray Current Corrosion
Source ICCP System
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Stray Current Corrosion
Source DC Transit System
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Stray Current Corrosion
Source DC Mining Cars

AC POWER TO UNDERGROUMD
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Stray Current Corrosion
Source DC Welding
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FIGURE 2-19






Stray Current Corrosion
HVDC System

Bipolar Operation
Mo Current in the Earth

—— Stray Current -

Mo nopolar Operation
Showing Earth

HIGH VOLTAGE DC TRANSMISSION LINE



e ...

| PIRTIERS 8P
ey

» R ) (b

,o,‘f




OHMWM’S LAW

I_E
R

|I= Current (Amps)
E / V= \Volts
R= Resistance (Ohms)
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OHM’S LAW




Effect of Anode-to-Cathode Area Ratio

Galvanic Corrosion

DIRECTION OF GALVANIZED IRON COUPLING
CURREMNT FLOW (ANCDIC)
L,_/.:/:;i "" (CATHODIC)

\_//\—//

A - SMALL AMODE — LARGE CATHODE (SERIOUS CORROSION)

BERASS COUPLING

(CATHODIC)
/—\ A\\ —— GALVAMIZED
& fﬁﬂj P 7 IROMN PIPE

[(AMODE)

B — LARGE AMNODE — SMALL CATHODE [(LESS INTEMSE CORROSIOM)

ANODE-CATHODE SIZE RELATIONSHIP

FIGURE 2-20



Galvanic Corrosion

Bronze valve




Faraday’s Law
(Rate of Corrosion)

W=KXxIXT
Where:
W = Weight Loss in One Year
K = Electrochemical Equivalent in Pounds
Per Ampere Per Year
| = Corrosion Current in Amperes
T =Time In Years



Metal Corrosion Lo0sS

TABLE 2-2

CONSUMPTION RATES OF TYPICAL METALS

Metal EIe_n:_;_r-::.chemi-:al Equivalent CGTSEE‘E&?';;NE _h G!:éjgl-fm?:rgde @
[Grams per coulomb) Ampere-year) I_I:.qunt:]l::tl:‘?'l;g:g:gr?er
Carbon® (T 0.4149 »x 107 2.89 36.99
Alurminum (A7) 0.9316 x 10 548 59.99
Magnesium (Mg™) 1.2600 x 10 BTG 141 .47
Iron (Fe™) 2.8938 x 107 2012 70.81
Mickel (Ni™) 3.0409 x 10 2115 Gr.0s
Copper (Cu™) 5.5875 x 107 45 81 142.89
Jinc {(Zn™) 3.3875 x 107 2356 a0 87
Tin (Sn™) G.1502 » 10 4277 162.43
Lead (Fbh™) 10.736 x 10 7485 181.68

Carbon is not strictly classified as a metal but as a metalloid -- but subject to consumption as a metal.

Each metal is followed by its chemical symbol. The number of (+) signs following the symbol indicates
the valence {a chemical term) for a typical anode reaction. The electrochemical equivalents are
calculated on the valence shown. Other valences may apply under certain conditions for some metals.



Current Density at Coating Holidays

Current Discharge Current Discharge
ELECTROLYTE
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Anodic current density at coating holidays will be very high. According
to Faraday’s Law the metal penetration (corrosion) rate will also be
proportionately high.



Corrosion Failure Consegquences




Corrosion Failure Consegquences
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Corrosion Failure Consegquences




Corrosion Fallure Conseguences
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