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. Dissimilar metal corrosion.
Y .

. Insulation.
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' Bimetallic.
" Iron ribs.
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Tar insulation
Steel support
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Failed rivet

Corrosion product

Warped plates
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' Plastic Fasteners.
" Aircraft handler.
" Graphite grease.
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.Galvanic series..
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' . Explosively bonded transition joint.
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. Galvanic Series.
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2. Zinc

3. Beryllium

|4 Aluminium

alloys
5. Cadmium

6. Mild steel,
cast iron

_17. Low-alloy

steel

__| B. Austenitic nickel

cast iron

_19. Aluminium

bronze

| 10. Naval brass, yellow

brass, red brass

11. Tin
12, Copper

13. Pb/Sn solder, 50/50

14. Admiralty brass,
aluminium brass

15. Manganese
bronze

16. Silicon bronze

17. Tin bronzes (G and M)

18. Stainless steel
(410, 416)

19. Nickel silver

20. 90/10 cupronickel

21. 80/20 cupronickel

22, Stainless steel
(439)

23, Lead

24. 70/30 cupronickel

25. Nickel aluminium
bronze

26. Nickel chromium
alloy 600

27. Silver braze
alloys

28. Nickel 200

29. Silver
30. Stainless steel
(302, 304, 321, 347)
31. Nickel-copper alloys
, K500
32, Stainless steel
(316, 317)
33. Alloy 20, stainless
steels cast and wrought
. Nickel-chromium-~iron
alloy 825

35, Ni-Cr-Mo—Cu-5i
alloy B

36. Titanium

37. Ni-Cr-Mo
alloy C

38 Platinum

3
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39. Graphite
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. Boiling hydrochloric acid.
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Copper
v\ 1 stainless steel Poor — pit initiation at
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¢ .« series stainless steels

v4



b (59,95 —1Y—0
ook il e Yl 5 306 S o T OES 5l Jold il (Sussa slanul i als
18 o 581 (Sussa aSly ey s 5B a5l G o 2Soa (S
S ol Sl sa s (Sl amaal B s gloa oTs € (Sussa slaaul j
3058 o (Susea GEalS b 5 (Bl 38) ca Jlaw Gloa 0sd oo susell hsa ) 30

L¥A]

aleasS 5l sleidny (a5 oloa S s il o0 VC); 5 Ol
S0 5 b Sloa s G Huil gl 1 el ) ot 45 it o 50lKe gu L]
LYA] wleals Laud &3

"ttt 31 3b 31 p g2 JUEH Bl o 5 (59395 (!

oo JUEI 0T 8 b paslians dasly (S558 (BS1 5 e e 4S WS o Gl 050180 (ol
el e Gl sslis ool w8 oo o sum Jlw / 518 S it had o plasla 320k 51 S

35 ¢l sl ((alasla 4yl an) JLEDI L (Su) A cae i 008 (5T 5 00380 g

. Interaction.

. Ellison.

. Wen.

. Convective mass transfer controlled corrosion.

. o4 < -



ot da (Sao0a oY paas (58) DLE L 5 5B o 4 (oo i€ wunSl) s 55
oS 1 5sS3e a588e 55 (9 00lS) Glae JBe 5o iadilspo O oom e 4 51 plaws

S
oS S a1y (70 ) Ll S ad g sl [ S Y 58 e 31T 1Y 8590
3 (ebesls 4Bk ) ool sl JEBIL oS Y 58 (Suja o s

.JJ;GAJJAMJJ)ISAH‘&M‘L?@LQ/O.ATC;LUJMSJL.’LAJ@

Sl 459 50 1 (Y ala L) Dhis s T 5 S 0¥ 68 s 1YY 8 00
o] GRSl (LS wilen 55 alewrs Gol 5o 5 Sl Ha V00 °C ygua
ol e s b (2819 () e sen 9 caal ey 800 (yaaad dla jo S
o (555 = sy 1Y &) 5o 4 45) Al Wl 5 ua / waS
adasl ) (IMad) ey 80 538 co S gane 5 JHIS ()l 0 sa s sud su 5
gl /Sl S i Juad o (el Gaob @) pos JEBI L pailiiw.

JJ‘J@LO‘AAA;:\AJ-H‘L\

AN



' 36 JUSH b gi 0k J S (59395 (¥

51 aia e 50 €S 8,5 5A (531 4 s 3 e T GBS Gloee 4 a0 ol
o9 aomlSe ol sle (S ol (So5Ss 4l ol S o sl wls usa s
Llle 4S5l win b oo (5318 (sl S s,mea (B 5 Joa) JEBI 5 w3153 cadd 53 Jaul s
Do aala ol sloh csanl (il o (gloinsa sut Ja sl3al gl 4 wiica o (gla
o 35 50 3 50 0T I3 Vb slgte pe 5ol o JED) Lsha 5o S gad ol sie
SIS (s ce s S5 5 Somly S Jla o (Slepe SU Blae o) pats) 9 s oo
B ed o (rSdS (g0 guae LI Hu ol

15 (43s5 O may 45 55) Lhis—s o 4udiS alew s wal s 5 (g3 4akd (VY-Yo) U
L das of (Sosdl .ol Vo0 °C 4T slos 5 s ola)len was O aas oo olis
ST VL e onle a0 Gaiaan gl oo T GLASLIT 5 Gue (Su)5a el (S el
s Plaa sl o (il 5 (Soosa alss 3aas oo 5 50 Glula saay @i
Jol8 2 SLgal ¢ pun 40035 ST Sl solii il €S el 5o pd o L5 O Wl
5 SLgel ol 5o Sids s glie) HIaJS Guy Guin 51l calu 13 el Glial

' . Convertive mass transfer.
" Wetting.

AY



S

A olas b 5l Gaao s 5lan b dlgl 50 0 S oS ¥ 6 Guia 51 233 (VY- S

wneal 80l F5 Gl sy 0 5o 4S aas o Gl 15 (Y0 °C ol pa da s 5 b

R oSaS ¥ i Luia B 20 o (ol (gewsny (VY=Y S

AY



e g el g SN s oS 31 o S sl Supsa pinbe Sussa Kb
Lol ot o ¢ 580 (biand g3 sl T3 (Sus5a o8 Cnl oo da S gl o ol
et s ol 0 Gl bt ¢ SlSe BT 51 L g0l slads e 5o Susa
ool Lol ciien s Guliaa (S0553 295 Gal 4 me 5 palls agine sl o5 e alis
i ol cdoba (Sos6a 4 oloa ) pald Ll Hu oI5l

29 (3552 5s) pobeas 5l il ol MalyT plisa 3 b (Sasea (idy onl o
o9 s ail e el (Susea ) eld U< €T pla (Supsa o ke Lyl
WSS oo S8 Ems a5 WS o oS pa e ha e € pla s

3,95 » g bW (s g —1Y—0—)

LAty (e S oogm 0 1 T Ol aibioe Gloa 8 s 5o s oS oK
Y astel,l il oS oa Jla 5o Al gla e b Y 58 4S5 gad  gead (55 50
sLass a5 SKal gla gy S pla ju e ol 51 phais o slas 5
99 05598 ol s 5o Y ce yen ayls 1) Dl fp it el sla (SKaal 5o " S SDse

(s142Y) ot Olaoa Oloe 4 531 ol sl oo G581 SiSlaa Hlale Sy 4 Jlos 0053

. Laminar flow.

. Impingement in turbulent conditions.
. Cavitation Corrosion.

. Friction forces.

. Molecular.
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" . Inhibitors.
" . Turbulence.
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" . Impingment.
Y
. System geometry.
.
. Flange.
‘. Gasket.
° . Valve spindle.
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. Heat exchangers.
. Grooves.

. Rounded holes.

. Gullies.
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" . Admiralty brass
" Cavitation Corrosion
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. Propellers.
* . Impellers and hydraulic turbine gear.

1)



alasl sy olal o g sad 5o ) Ta) el oS el (ol (Sus0a £ 68 Gl stad i

.JJ;L;G

ome ST Guia 51 g 445 S5 555 el (Sao5a 5l (U ooled AY-Y S

oL s e GhalS Wi o) S 5l 4 Bl mhis (595 b Gl € (oK0s
b oo 2l Ol S5d0 s Yl A0 G alA (gla 1S o Saelbu g uss
OS5 g oldd (il 581 s o sl oo HLid LLalS Eels S (SalSe 31 las o g e 8
50 SO a3l s Ol S0 a8 e alasl glaiadle BB 558 s sad b Ll
5 aaddh Sl Lilas 6BQYW.JAJ§@\JS&MJ§4;J§CLM‘AJ&M

C)_J‘.JJ.A.:Z-L;A}.‘:Qc.‘a.‘.uC).\.a.:b&j’A&LQL’sJJJ&QYWJ‘%ﬂ‘.MéwGJJL’sJJJ&

' Deformation.
" . Protective films.
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. Surface roughening.
. Liner.

. Enjector.

. Rubber coatings.
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' . Hydrogen embrittlement.
" Stellite.
" Stress corrosion cracking.
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. Tensile stress.
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. Tensile strain.
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" . True stress.

" . Engineering stress.

" . Engineering tensile strain.
* . Shear stress.
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' . Hydrostatic stress.
" plane stress.
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" Brittle fracture.
" . Plastic deformation.
" . Proof Stress.
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. Linear elastic fracture mechanics.
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. Fracture toughness.
. Brittle materials.

. Catastrophic failure.
. Concrete.

. Compression.
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" . Safety factor.
" . Geothermal.
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" . Caustic embrittlement.
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" . Stress — Corrosion Cracking.
" Intergranular Cracking.

" - Trans granular cracking

* . boiling water reactor.

* . Pressurised water reactor.
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" . Dissolution.
" Rate of film rupture.
" Film rapture.
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| Process/Application | Temperature Range | Type of Corrosion
Nitric acid production Up to 950°C nitriding/oxidation
(NH3 oxidation)
reactor and catalyat
supports
Ammonia synthesis: Up to 550°C nitriding
converter internals hydrogen
hot NH3 piping embrittlement
H-P ateam generator
Styrene production Up to 900°C steam/oxidation
steam superheaters
Melamine production Up to 500°C nitriding
from urea:
reactor and internals
Vinyl choloride production Up to 650°C halogen gases
(ethylene
dichloride crackertubes)
High temp. Up to 550°C Chlorine
Chlorination: reactors
Aluminium melting ~550°C Chlorine
Reprocessing of fuel 650°C Molten fluorides
elements HF
hydrofluorination
Uranium refining: 600°C HF
hydrofluorinator fluorine
fluorinator (reactors/kilns)
Titanium oxide production 900°C + oxidation
heater tubes + TiCl4 chlorine
glass making 600-950°C fluorides
recuperators chlorides

(sulphides)
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Process/Application

Temperature Range

Type of Corrosion

waste incineration

various

oxidation

methanol, H,
production):

reformer catalyst tubes

halogens
sulphur
carburization
fluidised bed 900 + °C sulphidation gl
converters carburization
Boiler tubes Up to 900/950°C Fuel ash corresion
superheaters chlorides, sulphates
| Gas turbine Up to 950°C Sulphate/Chloride
application: attack ’hot corrosion’
blades vanadic attack (heavy
combustion oils) "lead" contribution
chamber (contaminants)
Flare attack tips Up to 950°C Oxidation
Oxidation/sulphidation
Hydrogen production: Up to 1000°C Oxidation/flue gas
reformer catalyst tubes (combustion) attack
Hydro cracking: Up to 550°C HoS/Hp
hydrodesulphurisation:
reactor
tubes internals of reactor
Carbon disulphide: Up to 850°C HoS
production: sulphidation
reaction tubes (furnace) carburization
Ethylene production Up to 1100°C carburization
steam craker furnace tubes oxidation
Synthesis gas Up to 1000°C carburization/
production (NH;, oxidation
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Adsorplion

Oxide nucleation + growth

Omygen dissolution

w  Filmiscale growth

Internal oxidation

Cavities
Porosity
Microcracks

Macrocracks

Possible molten oxide
phases, oxide evaporalion
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Metal

Oxide

Gas

(a) Metal
excess

Interstitial
cation

n-type

Example:
Zn0

M —= M2+ 2e”

Interstitial Cations —»=

M'_Zf » MIZ- - Miz' - MI2+ -

Conduction Band Electrons —s=

g — —— P —

10% 4+ 2e — 02“\5_./ 0% + MZ =2 Mg, + Ogy
o*

(b) Non-metal
excess

Anion
vacancy

n-type

Example:
ZrO,

M —= M?*+ 2¢”

M2* 4+ 0% —B Moy + Oox

-%— |attice Anions
e

o QA A A

088w O w5

Anion Vacancies —s=

A

Conduction Band Electrons —s=
g —g — g —— g —— g —

$
t
©
+
‘EJO

R
02—

(c) Metal
deficit

Cauon
vacancy

p-lype

Example:
NiO

M -3 M™*+ 2e

25 -‘MUr

=

2

Mt 4+

— ’\_12'!

M*4 g

Lattice Cations —=
[ ME* ay M2t MZv,""\1
=] —_e_ i 2
-i— Cation Vacancies

MOx

-=— Electron Holes
M=+ M3 M2 M3 M2 M3 |
o o

e a e

f
“_M:“\l

Electron Charges —»~

MDX

'MJ"‘“

Mgy =3 M** + 0%

0% + M - My, + Oy, | 307 + 2¢"—» 0%

M2 — My e

Legend:

0
oz
M_?f

MO

Oxygen
anion
Anion
vacancy
Interstitial
cation

Oxide
product

Lattice
oxide

Lattice
metal

Metal
cation
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vacancy

Electron
hole

Electron
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Corrosion Rate

Behavior % Alloy Additions 35Ni15Cr Influence
Slightly Beneficial 2 and 4 Mo, 2 and 4 Zr, ‘
2and 4 Be, ZW Reduces Corr.
Slightly Harmful 4W,2Ti ~1.5X
Harmful 4Ti, 2and 4 Cb, 2 and 4 Ta 2X or 3X
Extremely Harmful 2and 4V -~ 20X

[SOURCE: Brasunas, A. deS., Unpublished research.)
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Material Sulphidation Oxidation Sulphidation
Oxidation

Nickel 1.6 5.6x10° 2.9x10*
(650°C)

Cobalt 8.9x10°! 4.5x10 1.9x10°
(750'C)

Chrpmium 2.5x10°! 1.0x107 2.5x10°
(PS, = 0.8torr)

Nickel-20/22 Chromium | 9.1x107 1.0x10°5 9.1x10*

(PO,=0.1 atm.)

Cobalt-20/25 Chromium | 7.5x10% 1.4x107 5.3x10°
(35 Pet. Hy
65 Pct. H,S)
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Waste gases (% by vol.)

Fuel :
CO, H,0 N,

Bituminous coal 17-19 4-9 73-77
Anthracite 18-19 3-4 77-78
Lignite, peat, woed 17-i8 10-16 66-72
Coke, charcoal 1920 i-4 77-78
Petroleum products 13-34 ii-14 73-75
Coal gas 8-il 20-22 69-71
Blast-furnace gas 22-25 0-2 74-77
Coke-oven gas 8-10 20-22 70-72
Producer gas 14-i9 6-14 72-76
Water gas 13-16 15-18 67-71
Oil gas 9-11 18-22 68-72
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/ish_ _ Fuel

;%J British coals *® Peat Fuel oil
Si0, 25-50 20-50 2-20
AlLO, 20-40 7-15 2-20
Fe,0, 0-Bo 0-20 1-60
TiO, 0-3 - -
CaO 1-10 5-30 0-10
MgO 0.5-5 5-25 =2
c.éo 1-6 0-6 1-30

s = = 5-60
S0, 1-12 5-20 7-30
Cl, = 0-1 -
P04 = 1-3 -

' - High — Octane Petrols
" - Anti — Knok Additives
" - Sporking — Plug electrodes
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Consituent m.p., °C Consituent m.p., °C
—NaCl 800 FeO:I_-?‘-e_s_;i_l_t;ctic Er 940 I
KCl . -776 Fe-FeS etuectic 965
ALy (SOy), 770 V,0, Sige— % ¢ Beln
CaCl, 772 V503 690
Crvo, 810 Na;0.V,0, -630— i
FeCl, 282 Na,0.3V,0, 621
FeVO, 816 2Na,0.3V,0; 620
| Na;SO, 884 | MNaOV,0;, | 60 ]
K,S80, 1076 3N2a,0.V,0, 850 >
MgSO, decomp. 1124 10Na,0.7V,05 573
NavoO, R 630 N2,0.V,0,.5V,0; 625
Na;S04 - NaCl eutectic 625 SNazd:{’\204.11V203 535
Na,$,0, y 400 2Mg0.V,0; 835
K,S8,04 335 3MgOV_203 1190
3K,S5,07.Na,8,04 280 Al (80y), decomp. | 770> AL O,
Na,Fe(S0,), 624 CaSO-4” A 1450 _
K/ Fe(S50y), 618 Fe)(SOy), decomp. 480—> Fe)O5
NazFe(SO4)2K;£';(;OI—_S§_2 _Nisod decomp. | 783— NiO
Na,Al(SOy), 646 NaHSO, decomp. 250—> Na,S5,0;+H,0
K,Al(SO,), X 695 CaV,0, 778
ZnS0, decomp. 740 CoyV,04 820
Na,5,0, decomp. 460 Ni;V,04 820
MgV,04 700
CoV,04 705
- NiV,04 720
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' - Low grade Fuels
" - High grade Fuels
" - Alkali metals Vanadyl Vanadates
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' - Evans

" - Nickel — Free iron — base alloys
" - Harris

* - Sachs and lewis

° - Incubation — stage

" - Catasteophic Corrosion
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" - Coal — gasification
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Material C Mn P S Si C Mo N T CbfTa

SA213-T22 0.15 0.30- 0.03 0.03 050 1.90- 0.87- =— - -
(UNS K21590) max 0.60 max max max 260 1.13

SA213-T9 0.15 0.30- 003 0.03 025 8.00- 090- — - =
(UNS K81590) max 0.60 max max 1.00 10.00 1.10

SA268-TP410 0.15 1.00 0.040 0.030 0.75 115~ — 050 ~— -
(UNS S4100) max max max max max 13.5 max

SA213-TP321 0.08 2.00 0.040 0.030 0.75 17.0- — 9.0~ 4xC-
(UNS S32100) max max max max max 20.0 13.0 0.60
SA213-TP347 0.08 2.00 0.040 0.030 075 170 - 9.0- =~ B8xC-
(UNS S34700) max max max max max 20.0 13.0 1.0

SA213-TP316 0.08 2.00 0.040 0.030 0.75 16.0- 2.0- 11.0- -~ -
(UNS S31600) max max max ma» max 180 3.0 140

SA213-TP310 0.15 2.00 0.040 0.030 075 24.0- — 19.0- -— -
(UNS S31000) max max max max max 28.0 22.0
p Activation No. of Corrosion Correlation Temperature
Alloy Fa’:;::e:“a' Energy, Q@ Data at593°C References Coefficient Range
) (cal/mol) Points (mpy) R °C (°F)
SA213-T22 5.252 -14,030 10 516 .9, 21,32, -0.772 538-849
(UNS K21590) + 6.3 54,55 (1000-1560)
SA213-T9 2.989 - 6,602 11 21.0. 121538 -0.309 543691
(UNS K81590) = 3.6 (1010-1275)
SA268-TP410 7.126 -33,554 21 93 13,2538 -0.805 577-849
(UNS S41000) + 47 (1070-1560)
SA213-TP321 7.126 —21,943 33 39.0 7,89 13,25  -0.695 577-849
(UNS S§32100) + 6.4 B&W data (1070-1560)
SA213-TP347 3.933 - 9,680 39 31.0 7 13,15 —0.448 571-850
(UNS S34700) = 46 50,25 (1060—1562)
SA213-TP316 6.800 -19,805 37 60.1 13, 25, 38, -0.729 558-788
(UNS S31600) + 3.5 B&Wdata (1037-1450)
SA213-TP310 4344 —11,463 34 283 8,15, 52, -0.300 571850
(UNS S31000) =125 B&W data (1060-1562)
SA213-T22 8.636 -30,295 47 9.8 Long-term -0.622 539-629
(UNS K21590) = 3.9 operating (1002-1164)
experience,
B&W data
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== —~Nickel base alloy

—— Cobalt base alloy
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Ni A~ Nickel base alloy (12,5%cr — 6,1%Al)

NiB — Nickel base alloy (19%cr —30%Al)

CoC — Cobalt base alloy (21%cr — 0%Al1)

Copy - Cobalt base alloy (30%cr —0,15%Y — 0%Al)
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' - Vanadium — Porphyrin
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" - Eutectic compound
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Chromium Critical current density Flade potential
(%) (ierir. » Am~2) (Eg, V)
0 1-0 x 10* +0-58
2-8 3-6 x 10° +0-58
67 3-4 x 10° +0-35
G5 2-7 % 10? +0-15
14-0 1-9 x 10? —0-03

JLosd V Soo sl s a5 G G5 Jawdliy Sl Gty 5 (Sloas Olisa Ganls 5 U5 31VE-Y Jgua

[\']Aail:\wdu);()/s KZSO4 sola S Jbo sy

Nickel

Critical current density

Passivation potential

() (icriv,» Am™2) (Eppy V)
IN acid 10w acid IN acid 10N acid
100 1-0 x 10° 2:3 x 102 +0-36 +0-47
91 9-5 39 x 10 +0-06 +0-14
73 1-1 8-2 +0-07 +0-08
49 2 %167 2:0 +0-03 +0-06
27 1:2 x 1071 4-1 x 107! +0.02 +0-05
10 1-3 x 1072 1-1 x 10~} +0-04 +0-08
1 1-0 x 10 5.0 x 10 ~0-32 -0-20
0 1-5 x 10 8:0 x 10 —-0-30 -0-20
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Critical current Current density to

Electrolyte density maintain passivity
(';cril. ' Am_z) (fpass.' Am_z)
20% sodium hydroxide 4-65 x 10 9-9 x 1072
67% sulphuric acid (24°C) 5-1 9-3 x 1074
Lithium hydroxide (pH = 9-5) 8-0 x 107! 220 10s!
80% nitric acid (24°C) 2:5 %1072 31 % 10~
115% phosphoric acid (24°C) 1-5 x 1074 15 x 10=8
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Sulphuric acid Corrosion rate Critical current density
(o) (gm~2d~ ) Goi o AM )
0 0 47
40 48 16
45 120 14
59 192 10
65 168 7
73 144 4
105 0 1
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Critical Current density 10 Corrosion rare (mm y~") thte,
Alloy Acid concentration Temp. (*C) curvent maintain passivity : =
i density # Am-2) Unprotected Anodically range
Ger.. Am™3) (pus. protected (v)

Stainless sieel 304"  Phosphoric, 115% 24 1:5 x 1074 1-5 x 10-¢

(Fe-18 10 20Cr- 82 31 x 10! 15 x 10-%
8 1o 12Ni) 1M 6-5 x 107! 2:2x 1073

Nitric, 80% 24 2'5 x 10-2 31 x 107!
82 1-2 x 10-! 1-1 x 1072
Sulphuric, 67% 24 5] 9-3 % 10~
82 46 x 1072 2:9 x 10-}

Stainless steel 316 Sulphuric, 67% 24 5-0 1 x 10?3 0-26-1-09
(Fe-16 10 18Cr- 66 4-0 x 10' 3x 107 0-27-1-04
10 10 14Ni-2 1o 93 1-1 x 102 9 x 1072 0-32-0-72
IMo) Phosphoric, 115% 93 0-26-1-14

17 0-26-0-94
Phosphoric, 75-80% 104 9 x 107%-1.4 x 10-! 1-5 0-12
121 1-5 x 10™'-35 x 10~! 2:2 0-12
135 38 x 10~"4-4 x 107! 5-3 085
Carbon steel ¥’ Sulphuric, 9%6% b1} 1-1 x 1072 015 0:01
49 1-16 x 10! 0-8 011
93 1-16 2+8 0-8

oy b SIxl (Susea ooy il (o Guae Jal il jo cul g 5SI Ga as 5 Al
aas il 581 Gads s Glisa Gy 4l 5o g sala Gl 38l cud g KT 50 sa
(VE=VJsaa)
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Corrosion rate (mmy ™) Current density
Acid Condition : fo maintain
Unprotected Anodrcan::n;y POV,
protecie (‘N“A ,Am™?)
Spent alkylation acid Stirred 3-0 0-15 2-48 x lO’g'
(sulphuric acid and quiescent 1-4 0-12 32 10
organic matter)?’
Sulphuric acid,
937,28 Stirred 3-3 0-28
quiescent 0-9 0-07
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