
Table 21.26 Compositions of natural waters arranged in increasing chloride concentration (concentration in p. p.m.)

Free CO2

Hardness
(CaCO3)

Tem-
poraryTotal

PHAlkalinity
(CaCO3)

Mg2+Ca2+so2-cr
Total

dissolved
solids

SourceType

3
5
5

( + HCO,)
152

7

4

154
240

216

195
150
165
120
160

305

15
16

210
320

233

195
700
165
470
715
393

602
2990

6-2
6-8
7-0
7-6

7-5-8-0
9-3

7-7

8-1
7-8
7-8

7-8
7-1
8-2

8

200

265
271

210
160

160

<1

10
20
10
29

12
64

113
37
89

309
1250

3

105
118
37
42

35
82

103
142
241

688
380

17
O
5

31
32
48
39

1080
112
423
65

489
136
561

2380

Trace
2
7

14
51

108
117

215
320
540
540
582
681

1 041
1 132
7310

19500

37
34
40

283
360
336
511

870
1250
2968

1860
1525
2656
2577

15000
34800

Vaich Res., Scot.
Shawinigan Falls, Quebec
Lake Vyrnwy, Wales
Bristol
Teddington
Kuwait
Reading

New Windsor
New Windsor
Bledington, Oxon.
Benghazi
Aden
Malta
Damman, Saudi Arabia
Harwich
Awali, Bahrain
Average figure

Reservoir
Bay
Lake
Mains
Mains
Mains
Deep well

Borehole
Artesian well
Mains
Mains
Mains
Mains
Well
Borehole
Well
Sea

Data after Butler, G. and lson, H. C. K., Corrosion and its Prevention in Water, Leonard Hill, London (1966).



Fig. 21.6 Variation of hardness of water in England, Scotland and Wales in relation to
geological formations. (After Butler, G. and Ison, H. C. K., Corrosion and its Prevention in

Water, Leonard Hill, London (1966))

1. Up to 50 p.p.m. —very soft 4. 150-200 p.p.m. —moderately hard
2. 50-100 p.p.m.-moderately soft 5. 200-300 p.p.m.-hard
3. 100-150 p.p.m.-slightly hard 6. Over 300 p.p.m.-very hard



Table 21.27 Corrosion-rate conversion factors

Multiply

Milligrams per square decimetre
per day (mg dm"2 d~ ! or mdd)

Inches per year (in y"1 or ipy)

Milligrams per square decimetre
per day (mdd)

Milligrams per square decimetre
per day (mdd)

Grams per square metre per day
(gmd)

Grams per square inch per hour

Grams per square metre per
year

Milligrams per square decimetre

Milligrams per square decimetre
per day

Milligrams per square decimetre
per day

Milligrams per square decimetre
per day

Ounces per square foot

Pounds per square foot per year

Grams per square metre per day

Grams per square metre per day

by

10

25-4

0-001 44/ p
(p in g cm"3)

0-03652/p
(p in g cm"3)

O- 365 25/ p
(p in g cm"3)

372000

0-0274

0-0003277

0-00000269

36-5

0-007 48

3052

133-8

0-365 25 /p
(p in g cm~3)

365-25/p
(p in kg w~3)

To obtain

grams per square metre per day
(g m~2 d"1 or gmd)

millimetres per year (mm y"1

or mpy)
inches per year (ipy)

millimetres per year (mpy)

millimetres per year (mpy)

milligrams per square decimetre
per day (mg dm"2 d"1)

milligrams per square decimetre
per day (mg dm"2 d"1)

ounces per square foot
(OZ ft"2)

grams per square inch per hour
(g Ui-2Ii-1)

grams per square metre per
(gm^y-1)

pounds per square foot per
year (Ib fr2y- ')

milligrams per square decimetre
(mg dm"2)

milligrams per square decimetre
per day (mg dm"2 d"1)

millimetres per year (mm y"1)

millimetres per year (mm y"1)



Table 21.28 Corrosion rates of metals

The corrosion rate of a metal in terms of weight loss per unit area (g m"2 d"1) or rate of pene-
tration (mm y"1) can be calculated from Faraday's law if the current density is known.
Conversely, the corrosion current density can be evaluated from the weight loss per unit area
or from the rate of penetration. The following symbols and units have been adopted in deriving
these relationships in which it is assumed that corrosion is uniform and the rate is linear:

m = Mass of metal corroded (g)
M = Molar mass (g mor1)

Z = Number of electrons involved in one act of the corrosion reaction
F = Faraday's constant, 96 487 C (1 A m I Cs'1)
/ = Current (A)
i = Current density (A cm"2) and / = I/S
t = Time (s)

p = Density of metal (g cm"3)
5 = Area of metal involved (cm2)
d - Thickness of metal removed (cm).

From Faraday's law the weight loss per unit area is
m Mit
- = (gcm"2) ...(21.1)

Since m = pScf, then from equation 21.1

MiSt Mit
pSd = or pd = ...(21.2)

ZF zF

and from equation 21.2 the rate of penetration d/t when / is in A cm"2 is given by

d Mi
- = (cm s"1) ...(21.3)
t pzF

If the c.d. /' is in mA cm"2, d in mm and t in years, then

d IQ-1 Mi'
_ = = x 1Q-3 (mm -1)

/ 365x24x60x60 pzF

d Mi'
/. - = 3-2706 (mrny"1) ...(21.4)

t ZP
To convert rate of penetration into weight loss per unit area per unit time:

0-36525
(g m~2 of"1) x = (mmy"1)

P
To convert c.d. (mA cm"2) into gmd:

Mi' p Mi'
(g Hi-2C?"1) = 3-2706 x = 8-954 ...(21.5)

ZP 0-36525 z
If i" is the current density in ^A cm"2

Mi"
(g m"2^-1) = 8-954 x 10-3 (21.6)

z



Table 21.29 Corrosion rates of iron at
various current densities

Current density

1/iA cm"2

10
100
200
300
400
500
600
700
800
900

ImA cm"2

2
3
4
5
6
7
8
9

10

mm y !

0-0116
0-1159
1-1591
2-3181
3-4772
4-6362
5-7953
6-9543
8-1134
9-2724

10-4315
11-5905
23-1810
34-7715
46-3620
57-9525
69-5430
81-1335
92-7240

104-3145
115-9050

gm-2 d-1

0-250
2-501

25-006
50-011
75-017

100-022
125-028
150-034
175-039
200-045
225-050
250-056
500-113
750-169

1000-226
1250-282
1500-339
1750-395
2000-452
2250-508
2500-565

Table 21.30 Corrosion rates of copper at
various current densities

Current density

lf*A cm"2

10
100
200
300
400
500
600
700
800
900
ImA cm"2

2
3
4
5
6
7
8
9

10

(mm y l)

0-0116
0-1161
1-1610
2-3220
3-4830
4-6440
5-8050
6-9659
8-1269
9-2879

10-4489
11-6099
23-2198
34-8298
46-4397
58-0496
69-6595
81-2695
92-8794

104-4893
116-0992

(gm-2d-')

0-284
2-845

28-449
56-897
85-346

113-795
142-244
170-692
199-141
227-590
256-038
284-487
568-974
853-460

1137-947
1422-434
1706-921
1991-408
2275-895
2560-381
2844-868

Data: molecular weight of Fe = 55-85 g mol !; density = 7-88 Data: molecular weight of Cu=63-54 g mol !; density=8-95
g cm . gem .

Fe-Fe2+-I-Ze, .\z=2. Cu-^Cu2+ +ze, .'.z=2.
Relationships: (mm y"1) = 11 -5905 /' mm y~l (/' in mA cm"2). Relationships: (mmy~l = 11 -6099 /'. (/ ' in mA cm"2),

or (mmy~1)=0-0115905 i" mm y"1 (/" in ^tA cm"2). (mm y~1=0-0116/*. (/' in/iAcm~2

(g m~2 d'1 =250-056 /'. (g m~2 d~1) = 284-4868 /'.

Table 21.31 Relationship between current density and 1 g m~2 d"1 or 1 mm y"1

for various metals

Al
Mg
Fe
Fe
Zn
Cd
Ni
Sn
Pb
Cu
Ti
Ti
Ag

Reaction

Al3+ + 3e
Mg2+ +2e
Fe24 +2e
Fe3+ + 3e
Zn2+ +2e
Cd2+ +2e
Ni2+ +2e
Sn2+ + Ie
Pb2+ +2e
CU2+ +2e
Ti3+ +3*
Ti4+ +4e
Ag+-He

M
(gmol"1)

26-98
24-32
55-85
55-85
65-38

112-41
58-71

118-70
207-21
63-54
47-90
47-90

107-873

A cm"2 for
l g m ^ d " 1

12-42XlO"6

9-18XlO"6

4-OOxlO"6

6-OOxlO"6

3 -42 XlO"6

1-99XlO"6

3-8OxIO"6

1-88 XlO"6

1-08 XlO"6

3-5IxIO"6

6 -99 XlO"6

9-33 XlO"6

1-04XlO"6

P
(g cm"3)

2-70
1-741
7-88
7-88

7-133
8-65
8-85
7-31

11-36
8-95
4-507
4-507

10-5

A cm"2 for
1 mm y"1

91-81IxIO"6

43 -76 XlO"6

86-3OxIO"6

129-45 XlO"6

66 -79 XlO"6

47 -13 XlO"6

92 -07 XlO"6

37-63 XlO"6

33-59X1Q"6

86-01 XlO"6

86-25 XlO"6

115-13X10"6

29-9OxIO"6

Calculation:
From equation 21.4 and replacing /' by / (A cm"2)

,.!2ZSEx10-* (mmy- ' )

From equation 21.5

/ = LJJpxKT* (gm"2*-1)



Table 21.32 Weight and thickness of certain metals deposited by 1 Ah

Actual thickness for
typical current

efficiency
(mmcm~2)

Typical current efficiency
(C. E.) obtained in practice

(%)

Theoretical thickness at
100% current efficiency

(mmcm~2)

Theoretical weight
for 100% efficiency

(g)

Molecular
weight

(gmo/-1)

Density
(g cm-3)

Metal

2-184
0-063
1-192
1-285
2-932
1-230
3-232
1-188
0-298
3-833
2-817
2-363
1-660
1-474

90 (cyanide)
14
45
97
77
93
95
%
35 (approx.)

100
(93 (acid)
178 (stannate)
(98 (acid)
187 (cyanide)

2-427
0-450
2-649
1-324
3-808
1-322
3-402
1-238
0-850
3-833

3-029

1-694

2-097
0-323
2-372
1-186
7-356
1-042
3-865
1-095
1-821
4-025

2-214

1-219

112-40
51-996
63-54
63-54

196-967
55-874

207-19
58-71

195-09
107-870

118-69

65-37

8-64
7-19
8-95
8-95

19-3
7-88

11-36
8-85

21-4
10-5

7-31

7-2

Cadmium, Cd2+

Chromium, Cr6+

Copper(cyan.), Cu+

Copper (acid), Cu2+

Gold, Au+

Iron, Fe2+

Lead, Pb2+

Nickel, Ni2+

Platinum, Pt4+

Silver, Ag+

Tin, Sn2+

Zinc, Zn2+

Calculation:

Since 1 Ah = 3600 C, the theoretical weight deposited m = 3600M g(Ah)"1

96 50Oz
. . . . . 360OM / A . v - i 36000M / A . v - iThe theoretical thickness = cm (Ah) or mm (Ah)

% SOOzp 96 500^p
_ , . . , 0-3731MXC.E. _!
The actual thickness = mm (Ah)

ZP



Table 21.33 Compositions of industrial metals and alloys

Material

Admiralty brass
AISI type 4130
AISI type 4140
Al-Bz9
Alclad 24S-T3
Alcoa 3S
Alcoa 13 or 13S (Alcan)
Alcoa 52S
Alcoa 54S
Alcoa 61S
Alcoa 355
Aloyco 20

Aloyco 31
Ambrac
Ambrac 550
Amoco 8, 12 or 16
Anticorodal /
Antinit
Ar-Nickel
BA-28
Bergit B
Bergit C
Bohler Antinit /155 Jf
Bohler Antinit SAS 5

Bohler Antinit SAS 10

Bohler Superantinit B
(Antinit HB)

Bohler Superantinit C
(Antinit HC)

BS-Seewasser
Cadag
Carpenter 20
Carpenter 20Cb
Carpenter 20Cb3

Chlorimet 2
Chlorimet 3
Copper, O.F.H.C. or

P.D.C.P.
Corrix metal
Corronel 220
Corronel B (Corronel 210)
Croloy 5 S/
Cron. 2525 Ti

Cunifer
DIN AlMn
DIN X5 CrNiMo 1812

Description and composition
< % )

Cu-29Zn-lSn
Cr-Mo steel: 0-27-0-33% C, 0-75-1-20% Cr, 0-15-0-25% Mo
Cr-Mo steel: 0-37-0-44% C, 0-75-1-20% Cr, 0-15-0-25% Mo
Cast Al bronze with 8-0-10-5% Al
Al-4-5Cu-l-5Mg-0-6Mn, plated with 99-7% Al
Al-I -2Mn; German Werkstoff 3.0515
Al-12-OSi; German Werkstoff 3.2572
Al-2-5Mg-0-25Cr; German Werkstoff 3.3535
Al-3-5Mg-0-25Cr
Al-IMg; German Werkstoff 3.2315
Al-7Si-0-3Mg; German Werkstoff 3.2341
Austenitic steel with 19-21%Cr, 28-30%Ni, 4-0-4-5%Cu,

2-5-3-0%Mo
Austenitic steel with 25%Cr, 10%Ni, 3%Mo, l%Si
Cu-Si alloy with 6 • 5 % Si
Cu-20Ni-5Zn
Cu-8 to 10Al
Al-I -OMg + Si
see Bohler Antinit and Bohler Superantinit
min. 99% Ni; welding quality
Al-SMg-O -5Mn (British alloy)
Ni-Mo alloy with 62% Ni, 32% Mo
Ni-Mo alloy with 53% Ni, 19% Mo, 13% Cr, 5% W
High-alloyed austenitic steel with 17% Cr, 13% Ni + Mo
High-alloyed austenitic steel with 18% Cr, 18% Ni, 2% Mo,

2% Cu + Nb; especially for sulphuric acid
High-alloyed austenitic steel with 18% Cr, 22% Ni + Mo +

Cu+ -Nb

64% Ni, 28% Mo + Fe

60% Ni, 17% Mo, 16% Cr + Fe
Al-3 to 7Mg or Al-SMg + Si
Ag-4Cd
Fe-29Ni-20Cr-2Mo-3Cu
Fe-29Ni-20Cr-2Mo-3Cu + Nb
High-alloyed steel with 20-1% Cr, 33-9% Ni, 2-3% Mo,

3-3% Cu + Nb
62% Ni, 32% Mo, max. 3% Fe
60% Ni, 18% Mo, 18% Cr, max. 3% Fe

min. 99-9% Cu (oxygen-free high conductivity*)
Cu-8 to 10A1-3 to 4Fe
Ni-Mo alloy with 28% Mo, max. 3% Fe, 2% V
Ni-Mo alloy with 66% Ni, 28% Mo, 6% Fe
Low-C steel with 4-5% Cr, 1-2% Si, 0-45-0-65% Mo
High-alloyed austenitic steel with 24-26% Cr, 24-26% Ni,

2-0-2-5% Mo, max. 2% Si, max. 0-06% C (similar to
German Werkstoff 4577)

Cu-IO to 30Ni-2Fe
Al- 1-25Mn
Steel with 16-5-18-5% Cr, 12-14% Ni, 2-5-3-0% Mo (similar

to German Werkstoff 4436)

*See Vergleich US-Amerikanischer, Britischer und Deutscher Normen auf dem Gebiet der Kupfersorten, Deutsches
Kupferinstitut, Berlin (1962).



Table 21.33 (continued)

Material

DIN X5 CrNiMoCuNbISlS

Dowmetal H
Duracid
Duranalium
Duranickel
Durichlor
Durimet 20
Duriron
Elcomet K

Elektron
Elektron AZM
Euzonit 50
Euzonit 5OS
Euzonit 60
Euzonit 605
Euzonit 70
Euzonit 70S
Euzonit 55
Everbrite
Everbrite 90
Everdur /000
Everdur /0/0
Ferry-Metal
Ftf-Silver
German silver
German Werkstoff No. 4000
German Werkstoff No. 4122
German Werkstoff No. 4300
German Werkstoff No. 4301
German Werkstoff No. 4401
German Werkstoff No. 4410

German Werkstoff No. 4436

German Werkstoff No. 4449
German Werkstoff No. 4472
German Werkstoff No. 4505

Geman Werkstoff No. 4506

German Werkstoff No. 4510
German Werkstoff No. 4511
German Werkstoff No. 4523

German Werkstoff No. 4541

German Werkstoff No. 4550

German Werkstoff No. 4571

Description and composition
(%)

High-alloyed austenitic steel with 17-18% Cr, 19-21% Ni,
2-0-2-5% Mo, 1-8-2-2% Cu, max. 0-07% C, Nb>8x%C
(similar to German Werkstoff 4505)

Mg-6Al-3Zn
Cast Si-Fe (min. 14-5% Si) with or without Mo
Al-I to5Mg-0-3toO-6Mn
Ni-4-5Al-0-5Ti
Cast Si-Fe with 14-5% Si and Mo
Cast steel with 29% Ni, 20% Cr, 2%Mo, 3% Cu, 1% Si
Cast Fe, 14-5% Si, 0-8% C
High-alloyed steel with 22% Ni, 23% Cr, 4% Cu, 2% Mo,

1-3% Si, max. 0-12% C
Mg alloy with Zn or Zn + Al and other elements
Mg-6Al-lZn
Cast Ni-Mo alloy with 55% Ni, 20% Mo, 20% Fe
Wrought Ni-Mo alloy with 55% Ni, 20% Mo, 20% Fe
Cast Ni-Mo alloy with 60% Ni, 20% Mo, 17% Cr
Wrought Ni-Mo alloy with 60% Ni, 20% Mo, 17% Cr
Cast Ni-Mo alloy with 67% Ni, 30% Mo
Wrought Ni-Mo alloy with 68% Ni, 30% Mo
Cast Ni-Si alloy with 85% Ni, 9% Si
Cu-IO to 3ONi-SFe
Cu-35Ni
Cu-4Si-lMn
Cu-3- ISi-I - I M n
Cu-20Ni or Cu-45Ni
Ag, little Ni
Cu-20Ni-5Sn-4 • 5Pb-6 • 5Zn
Steel with 12-14% Cr, 0-08% C
Stainless steel with 15-5-17-5% Cr, 0-33-0-43% C
Steel with 18-0% Cr, 9-0% Ni, max. O- 12% C
Steel with 18-0% Cr, 10-0% Ni, max. 0-07% C
Steel with 17-5% Cr, 11-0% Ni, 2-2% Mo, max. 0-07% C
Steel casting with 17-19% Cr, 9-11% Ni, 2-0-2-5% Mo,

max, 0-15% C
Steel with 16-5-18-5% Cr, 12-14% Ni, 2-5-3% Mo, max.

2% Si, max. 0-07% C
Steel with 17% Cr, 13-5% Ni, 4-5% Mo, max. 0-07% C
Cast alloy with 60% Ni, 17% Mo, 16-5% Cr, max. 0-10% C
Steel with 17-5% Cr, 20% Ni, 2-2% Mo, 2% Cu, stabilised

with Nb
Steel with 17-5% Cr, 20% Ni, 2-2% Mo, 2% Cu, stabilised

with Ti
Stainless steel with 17% Cr, stabilised with Ti
Steel with 16-5-18% Cr, stabilised with Nb
Stainless steel with 16-18% Cr, 1-5-2-0% Mo, stabilised

with Nb
Steel with 18-0% Cr, 10-5% Ni, max. 0-10% C, stabilised

with Ti
steel with 18-0% Cr, 10-5% Ni, max. 0-10% C, stabilised

with Nb
Steel with 17-5% Cr, 11-5% Ni, 2-2% Mo, max, 0-10% C,

stabilised with Ti



Table 21.33 (continued)

Material

German Werkstoff No. 4577

German Werkstoff No. 4578

German Werkstoff No. 4580

German Werkstoff No. 4590

Gun-metal
Guronit GS2
Hastelloy B
Hastelloy C
Hastelloy D
Hastelloy F

//-Monel
Hybnickel D
Hybnickel S
Hydronalium
Illium G
Inalium
Incoloy 825

(formerly Ni-o-nel)
Inconel
Inconel 600
Inconel X
Irrubigo 25

#-Monel
AS-Seewasser
Lang alloy 5R
LC-Nickel
Mangal
Marker 1818 (SN18)

Marker SN25

Marker SN42
Meehanite CC (formerly KC)

Meehanite HE

Midvale 2024
Monel 400
Monel H
Monel K
Monel S
Muntz metal
Nichrotherm NCT IA
Nichrotherm NCT 3
Nimonic 75
Ni-o-nel
Ni-Resist /

Description and composition
(%)

High-alloyed austenitic steel with 24-26% Cr, 24-26% Ni,
2-0-2-5% Mo, max. 0-06% C, stabilised with Ti

High-alloyed austenitic steel with 24-26% Cr, 24-26% Ni,
2-0-2-5% Mo, max. 0-06% C, stabilised with Nb

Steel with 17-5% Cr, 11-5% Ni, 2-2% Mo, max. 0-10% C,
stabilised with Nb

Steel with 18% Cr, 20% Ni, 2% Mo, 2% Cu, stabilised with
Nb

Cu-8Sn-4Zn
Alloyed cast iron with 25-30% Cr
Ni-2 • 5Co-28Mo-6Fe- 1 Cr-O • 05C
Ni- 1 6Mo- 1 5Cr-6Fe-4W-2 • 5Co-O • 08C
Ni-10Si-3Cu
44-47% Ni, 21-23% Cr, 5-5-7-5% Mo, 1-75-2-5% Ta-H Nb,

max. 2-5% Co, Fe, other elements; C (wrought) 0-05%,
C (cast) O- 12%

see Monel H
Ni-Cr steel with 20-30% Cr, 5-10% Ni, 0-25-0-50% C
Ni-Cr cast steel with 25% Ni, 20% Cr
Al alloy with Mg
Ni-22Cr-6Fe-6Mo-6Cu
Al-2Cd-0-8Mg-0-4Si

Ni-31Fe-21Cr-3Mo-l-8Cu-0-05C
Ni-15Cr-8Fe
Ni- 14 to 17Cr-6 to lOFe-max. 0-2C
Ni-15Cr-7Fe-3Ti-lCo
High-alloyed austenitic steel with 18% Cr, 25% Ni, 4% Mo,

0-08% C, some Cu
see Monel K
Al-I- 5Mg-I -5Mn-max. ISb
Ni- 15 to 18Cr-17Mo-5W-5Fe
Low-C nickel, min. 99% Ni, max. 0-02% C
Al- 1-5Mn
High-alloyed austenitic cast steel with 18% Cr, 18% Ni,

2% Mo, 2% Cu, 0-08% C
High-alloyed austenitic cast steel with 18% Cr, 25% Ni,

4% Mo, 2% Cu, 0-1% C
Cast alloy with 42% Ni, 18% Cr, 5% Mo, 2% Cu, balance Fe
Flake graphite-pearlitic cast iron for general use for

solutions with pH less than 2
Flake graphite-pear iitic cast iron; all-round material for

general use with good thermal shock resistance
Fe-26Cr-4Mo
Ni-SOCu- IMn-max. 0-5Fe
Ni-30Cu-2-5 to 3 -OSi (cast alloy)
Ni-30Cu-3AI-0-5Ti
Ni-30Cu-2Fe-4Si
Cu-40Zn
Steel with 20% Cr, 12% Ni, 2% Si
Steel with 25% Cr, 20% Ni, 2% Si
Ni-20Cr-8Fe-0- lC-!Si-0-4Ti (stabilised)
see Incoloy 825
Fe-15Ni-6Cu-2Cr-2-8C



Table 21.33 (continued)

Material

Ni-Resist 2
Ni-Resist 3
Packfong
Pallacid
Pantal
Remanit 1880 SSW

Remanit 1880 SW

Remanit 1990 SS
Remanit 2525 SST

Remanit HB
Remanit HC
*SAE 1020
*SAE 4130
*SAE 8630
*SEL 4500

*SEL 4505

*SEL 4541

*SEL 4571

*SEL 4580

*SEL 4585

Sicromal 5S
Sicromal M9
Sicromal MlO
Sicromal Mil

Sicromal M12
Sicromal M20/10
Sicromal A/23/20
Silumin
5-Monel
Steel

Steel APS 10 M4
Stellite 1
Stellite 6
Stellite 6B
Stellite 12
Sterling silver
Super Anoxin
Superantinit
Thermisilid E
Tombac

Description and composition
(%)

Alloyed cast iron with 20% Ni, 2-3% Cr, max. 2-0% C
Alloyed cast iron with 30% Ni, 3% Cr, max. 2-6% C
Ni-Cu-Zn-alloy with 40-44% Cu, 31-40% Ni, 15-25% Zn
Au-Ag-Pd alloy with 30% Au, 40% Ag, 30% Pd
Al- 1 • 4Mg-O • 7OSi-O • 9OMn-O to O • 2Ti
Austenitic Cr-Ni steel with 17-5% Cr, 11-5% Ni, 2-3% Mo,

max. 0-06% C (similar to U.S. type 316)
Austenitic Cr-Ni steel with 18-5% Cr, 11% Ni, max. 0-06%

C (similar to U.S. type 304)
Stainless steel with 18% Cr, 9-5% Ni, 2% Mo, 2-4% Si
High-alloyed austenitic steel with 25% Cr, 25% Ni, 2-2%

Mo, Ti-stabilised
Ni-Mo alloy, Ni-32Mo- ISi-O- 15C + Fe
Ni-Cr-Mo alloy, Ni- 15Cr- 17Mo-SW-O- 15C-I-Fe
Steel with 0-20% C, 0-45% Mn
Steel with 0-31% C, 1-0% Cr, 0-20% Mo
Steel with 0-30% C, 0-55% Ni, 0-50% Cr, 0-20% Mo
Cast high-alloyed austenitic steel with 19-21% Cr, 24-26%

Ni, 2-5-3-5% Mo, 1-5-2-5% Cu, Nb-stabilised
High-alloyed austenitic steel with 16-5-18-5% Cr, 19-21%

Ni, 2-0-2-5% Mo, 1-8-2-2% Cu, Nb-stabilised
Austenitic Cr-Ni steel with 17-19% Cr, 9-11% Ni, max.

0-1% C, Ti-stabilised
Austenitic Cr-Ni steel with 16-5-18% Cr, 10-5-12-5% Ni,

2-0-2-5% Mo, max. 0-1% C, Ti-stabilised
Cast austenitic Cr-Ni steel with 16-5-18-5% Cr, 10-5-

12-5% Ni, 2-0-2-5% Mo, max. 0-1% C, Nb-stabilised
Cast high-alloyed austenitic steel with 16-5-18-5% Cr,

19-21% Ni, 2-0-2-5% Mo, 1-8-2-4% Cu, 0-08% C,
Nb-stabilised

Low-C steel with 4-6% Cr, 1-2% Si, 0-45-0-64% Mo
Steel with 0-12% C, 1-0-1-3% Si, 12-14% Cr, 0-8-1-1% Al
Steel with 0-12% C, 0-8-1-1% Si, 17-19% Cr, 0-8-1-1% Al
Steel with 0-15-0-25% C, 0-8-1-3% Si, 24-26% Cr, 3-5-4-5%

Ni
Steel with 0-12% C, 1-3-1-6% Si, 23-25% Cr, 1-3-1-6% Al
Steel with 0-20% C, 1-8-2-3% Si, 19-21 % Cr, 11 -13% Ni
Steel with 0-20% C, 1-8-2-3% Si, 24-26% Cr, 19-21% Ni
Cast Al with 12-13% Si
see Monel S
see also under AISI, DIN, German Werkstoff, SAE, SEL

and U.S. type
Steel with O- 12% C, 2% Cr, 0-35% Al, 0-35% Mo
Co-33Cr-13W-2-5C
Co-26Cr-6W-l-OC
58% Co, 30% Cr, 4-5% W, 1-0% C, plus some Mo, Ni, Fe
Co-29Cr-9W-l-8C
Ag-7-5tolOCu
Ni-Mo alloy, similar to Hastelloy B
see Ba'hler Superantinit
Cast Si-Fe with 18% Si
Cu-Zn alloy with 72-90% Cu

*SAE = Society of Automotive Engineers.
SEL = Stahl und Eisen-Liste.



Table 21.33 (continued)

Material

Toncan enamelling iron
AISI type 201

AISI type 202

AISI type 302
AISI type 302 B

AISI type 304
AISI type 304 L
AISI type 308
AISI type 309
AISI type 309 Nb

AISI type 3 10
AISI type 3 16
AISI type 316 Nb

AISI type 317
AISI type 330
AISI type 347
AISI type 347 Nb

AISI type 430
AISI type 430 F
AISI type 446 L

AISI type 410
AISI type 416

AISI type 420
AISI type 431

AISI type 44 A
V2A-E
V4A-E

V4AX-E

Vl 6A-E

V24A-E

Wegucit
Worthite
Zircalloy 3
Zircalloy 4

Description and composition
(%)

Pure iron with max. 0-03% C
Austenitic steel with 16-18% Cr, 3-5-5-5% Ni, 5-7-5% Mn,

max. 0-15% C
Austenitic steel with 17-19% Cr, 4-6% Ni, 7-5-10% Mn,

max. 0-15% C
Austenitic steel with 17-19% Cr, 8-10% Ni, 0-08-0- 15% C
Austenitic steel with 17-19% Cr, 8-10% Ni, 2-3% Si,

max. O- 15% C
Austenitic steel with 18-20% Cr, 8-11% Ni, 0-08% C
Austenitic steel with 18-20% Cr, 8-11% Ni, max. 0-03% C
Austenitic steel with 19-21% Cr, 10-12% Ni, 0-08% C
Austenitic steel with 22-24% Cr, 12-15% Ni, 0-2% C
Austenitic steel with 22-24% Cr, 12-15% Ni, 0-2% C,

Nb-stabilised
Austenitic steel with 24-26% Cr, 19-22% Ni, 0-25% C
Austenitic steel with 16-18% Cr, 10-14% Ni, 2% Mo, 0-1% C
Austenitic steel with 16-18% Cr, 10-14% Ni, 2% Mo,

0-1% C, Nb-stabilised
Austenitic steel with 17-19% Cr, 9-12% Ni, max. O- 1% C
Austenitic steel with 13-17% Cr, 33-37% Ni, 0-2-0-5% C
Austenitic steel with 17-19% Cr, 9-12% Ni, max. 0-1% C
Austenitic steel with 17-19% Cr, 9-12% Ni, max. O- 1% C,

Nb-stabilised
Ferritic steel with 14-18% Cr, max. O- 12% C
Ferritic steel with 14-18% Cr, max. O- 12% C, some Zr, Mo
Alloyed cast iron with 23-27% Cr, max. 0-35% C, max.

0-25% N
Martensitic steel with 11-13-5% Cr, max. 0-15% C
Martensitic steel with 12-14% Cr, max. O- 15% C, Se, Mo
or Zr (free machining)
Martensitic steel with 12-14% Cr, 0-35-0-45% C
Martensitic steel with 15-17% Cr, 1-25-2-5% Ni, max.

0-2% C
Martensitic steel with 16-18% Cr, 0-60-0-75% C
Austenitic steel with 17-19% Cr, 9-11% Ni, Ti-stabilised
Austenitic steel with 16-5-18-5% Cr, 10-5-12-5% Ni,

2-0-2-5% Mo, Ti-stabilised
Austenitic steel with 18% Cr, 11-5% Ni, 2-2-5% Mo,

Nb-stabilised
High-alloyed austenitic steel with 16-5-18-5% Cr, 19-21%

Ni, 2-0-2-5% Mo, 1-8-2-2% Cu, Ti-stabilised
High-alloyed austenitic steel with 24-26% Cr, 24-26% Ni,

2-0-2-5% Mo, Ti-stabilised
Cast iron with 30% Cr
Cast steel with 20% Cr, 24% Ni, 3% Mo, 3-3% Si, 1-8% Cu
Zr alloy with 0-2-0-3% Sn, 0-2-0-3% Fe, max. 0-05% C
Zr alloy with 1-5% Sn, 0-2% Fe, 0-1% Cr, 0-005% Ni

Data after Rabald, E., Corrosion Guide, 2nd ed., Elsevier (1968). p^ \VOOD

J. SADOWSKA-MAZUR



21.2 Glossary of Terms*

Activation Overpotential: that part of an overpotential (polarisation) that
exists across the electrical double layer at an electrode/solution interface
and thus directly influences the rate of the electrode process by altering
its activation energy.

Active: freely corroding; the antithesis of passive and immune.
Active Loop: the region of an anodic polarisation curve of a metal

comprising the active region and the active-passive transition.
Active-passive Transition: the range of potential between the active (freely

corroding) state and the passive state.
Activity (thermodynamic): the thermodynamic activity of an entity, /, is a,

= exp(AG//?7) where AG is the free energy increase of 1 mol of / when
it is converted from a standard state (defined as when at — \) to any
other activity a{ = x.

Addition Agent: a substance added to an electroplating solution to produce
a desired change in the physical properties of the electrodeposit.

Adhesion: the attractive force that exists between an electrodeposit and the
substrate.

Alclad: a composite in which a thin layer of aluminium, or an aluminium
alloy of good corrosion resistance, is bonded metallurgically to a high-
strength aluminium alloy (of lower corrosion resistance) to provide a
combination of these two properties.

Anion: a negatively charged ion; it migrates to the anode of a galvanic or
voltaic cell.

Anode: the electrode in a galvanic or voltaic cell at which electrochemical
oxidation takes place.

Anode Corrosion Efficiency: the ratio of the actual corrosion rate of the
anode to the theoretical rate according to Faraday's Law, expressed as a
percentage.

Anode Polarisation: the difference between the potential of an anode
passing current and the equilibrium potential of the electrode having the
same electrode reaction.

Anodic Protection: reduction of the corrosion rate by making the potential

Terms used in chemical thermodynamics have not been included and reference should be made
to Section 20.3. For paint terms, see Section 14.10.



of the metal sufficiently more electropositive by an external source of
e.m.f., so that the metal becomes passive.

Anaerobic: air or uncombined oxygen being absent.
Anaerobic Bacteria (anaerobes): group of bacteria that are unable to

multiply in anv butoa minute trace of oxygen.
Angstrom Unit (A): I A = I O - 4 C m = IO"1 /xm = 10 ~4 nm (preferred unit).
Anodising: the formation of oxide films on metals by anodic oxidation of

the metal in an electrolyte solution. The term can be used for thin
dielectric films but is more particularly applied to thicker films formed on
some metals such as aluminium at higher anodic voltages.

Anolyte: the electrolyte solution adjacent to the anode.
Anti-pitting Agent: an addition agent (Q. v.) which is used to prevent the

formation of pits or large pores in an electrodeposit.
Austenite: the 7-modification of iron, having an f.c.c. lattice, which is stable

above about 70O0C; the term is also applicable to solid solutions of
carbon, chromium, nickel, etc. in 7-iron.

Bainite: a structure produced in carbon and alloy steels by rapid cooling to
a temperature above that at which martensite is formed, followed by
slower cooling.

Base Potential: see under Potential.
Bimetallic Corrosion: corrosion of two metals in electrical contact, in which

one metal stimulates attack on the other and may itself corrode more
slowly than when it is not in such contact; galvanic is often used in place
of bimetallic.

Bode Plot: a graph of the frequency response (see Frequency Response
Analysis) of an electrode whereby the magnitude and the phase angle are
separately plotted as a function of the frequency.

Breakaway Corrosion: a sudden increase in corrosion rate, especially in
high-temperature 'dry' oxidation, etc.

Breakdown Potential: see Critical Pitting Potential.
Bright Plating: electroplating under conditions whereby the electrodeposit

has a high degree of specular reflectivity.
Brightener: an addition agent used specifically to produce an electrodeposit

of high specular reflectivity.
Brush Plating: a method of electrodeposition in which the plating solution

is applied to the article to be plated by means of an absorbent pad or brush
which contains the anode.

Buffer: a substance, or mixture of substances, which when present in an
electrolyte solution tends to diminish fluctuations in pH.

Burnt Deposit: a rough, poorly coherent, electrodeposit that results from the
application of an excessively high current density.

Calcareous Scale: a scale consisting largely of calcium carbonate and
magnesium hydroxide which may be precipitated from a hard water.

Cathode: the electrode of a galvanic or voltaic cell at which electrochemical
reduction takes place.

Cathodic Protection*: reduction of the corrosion rate by making the
potential of the metal to be protected more negative, so that the current
at any anode is reduced while that at any cathode is increased.

*See also list of underground-corrosion and cathodic-protection terms, p. 21:83



Cathodic Reactant: species which is reduced at a cathode.
Catholyte: the electrolyte solution adjacent to the cathode.
Cation: a positively charged ion; it migrates to the cathode in a galvanic or

voltaic cell.
Caustic EmbrhClement: stress-corrosion cracking of carbon steels caused by

the presence of caustic alkali.
Cavitation-corrosion: the wastage of metal caused by the combined action

of cavitation and corrosion.
Cavitation Damage: erosion of a solid surface caused by the collapse of

vacuum bubbles formed in a fluid.
Cementite: the iron-carbon compound of formula very close to Fe3C.
Chemical Conversion Coating: a protective or decorative coating which is

produced deliberately on a metal surface by a chemical environment.
Chemical Polishing: improvement in the brightness and levelness of a

surface finish of a metal by a chemical dissolution reaction.
Composite Plate: an electrodeposit consisting of two or more layers of

metals deposited separately.
Concentration Cell: a galvanic cell in which the e.m.f. is due to differences

in the concentration of one or more electrochemically reactive consti-
tuents of the electrolyte solution.

Concentration (diffusion or transport) Overpotential: change of potential of
an electrode caused by concentration changes near the electrode/solution
interface produced by an electrode reaction.

Corrosion (of metals): the process of wastage of metals brought about by
electrochemical and/or chemical interaction with their environment. The
term has been defined in many ways by many authors: for more detail see
Section 1.1. (See also: Bimetallic Corrosion, Breakaway Corrosion,
Filiform Corrosion, Fretting Corrosion, Galvanic Corrosion, Graphitic
Corrosion, Intergranular Corrosion, Localised Attack, Pitting, Stress-
corrosion Cracking, Uniform Corrosion.)

Corrosion Control: control of the corrosion rate and form of attack of a
metal of a given metal/environment system at an acceptable level and at
an economic cost.

Corrosion-Erosion see Erosion-corrosion.
Corrosion Fatigue: failure by cracking caused by reversing alternating stress

in the presence of a corrosive environment.
Corrosion Potential (mixed potential, compromise potential): potential

resulting from the mutual polarisation of the interfacial potentials of the
partial anodic and cathodic reactions that constitute the overall corrosion
reaction.

Corrosion Product: metal reaction product resulting from a corrosion
reaction; although the term is normally applied to solid compounds it is
equally applicable to gases and ions resulting from a corrosion reaction.

Corrosion Rate: the rate at which a corrosion reaction proceeds. It may be
expressed as a rate of penetration mm y"1, ^m s"1 etc. (inches per year
or ipy is still sometimes used), OJT as a rate of weight loss per unit area,
for example: g m~2 d"1, mg' dm"2 d"1 (mdd) etc. It may also be
expressed as the equivalent current density.

Couple (bimetallic, galvanic): two dissimilar metals in electrical contact.
Covering Power: the ability of a plating solution to produce an electrodeposit



(irrespective of thickness) at low current densities on all significant areas.
Crevice Corrosion: localised corrosion resulting from the presence of a

crevice in a fabricated component or between two surfaces, at least one
of which is a metal.

Critical Anode Current Density: anodic current density that must be
exceeded in order to produce an active to passive transition (for a given
metal it varies with the nature of the solution, temperature, velocity, etc.).

Critical Humidity: the relative humidity (r.h.) at and above which the
atmospheric corrosion rate of a metal increases markedly.

Critical Pitting Potential: the most negative potential required to initiate pits
in the surface of a metal held within the passive region of potentials (it
varies with the nature of solution, temperature, time, etc.).

Current (/): the rate of transfer of electric charge; unit current is the ampere
(A) which is the transfer of 1 coulomb/second (1 C/s).

Current Density (/): the current per unit area (usually geometric) of surface
of an electrode (units: A m~2, A cm~2, mA m~2 etc.)

Current Efficiency: the ratio of the rate of a specified electrochemical
reaction expressed as a current or current density (anodic or cathodic) to
the total current or current density (anodic or cathodic) flowing. It is
usually expressed as a percentage.

Cyclic Voltammetry: measurement of the current or current density as a
function of the electrode potential by application of one or more potential
sweep cycles.

Deactivation: prior removal of the constituent (of a liquid) that is active in
causing corrosion. The term is usually applied to the removal of oxygen
by physical and/or chemical methods.

Dealloying: selective removal by corrosion of a constituent of an alloy.
Delayed Failure: see under Sustained Load Failure.
Depolarisation: reduction or elimination (by physical or chemical methods)

of the electrode polarisation needed to produce a specified current.
Deposit Attack: localised corrosion (a form of crevice corrosion) under and

resulting from a deposit on a metal surface.
Dezincification: preferential corrosion of zinc from brass resulting in a

copper-rich residue on the surface of the alloy. The term also applies to
preferential loss of the zinc component by evaporation at elevated
temperature.

Differential Aeration: Differences in oxygen concentration in the electrolyte
solution in contact with a metal. Differential aeration stimulates
corrosion of that area where the oxygen concentration is lower, which
becomes the anodic site.

Diffusion: Movement of atoms, ions or molecules under an activity (or
concentration) gradient.

Diffusion Coating: a coating produced by diffusion at elevated
temperatures.

Diffusion Layer: the thin layer of solution adjacent to an electrode through
which transport of species to or from the electrode surface occurs by
diffusion rather than by convection.

Electrochemical Cell: a cell in which chemical energy is transferred into
electrical energy.

Electrolytic Cell: a cell in which electrical energy is used to bring about



electrode reactions and is thus converted into chemical energy. (Note: the
term 'electrochemical cell' is frequently used to describe both types of
cells.)

Electrochemical Equivalent: number of moles of substance reacted electro-
chemically by the passage of 1 Faraday of charge.

Electrochemical Impedance Spectroscopy: see Frequency Response
Analysis.

Electrode: an electron conductor by means of which electrons are provided
for, or removed from, an electrode reaction.

Electrode Potential (E): the difference in electrical potential between an
electrode and the electrolyte with which it is in contact. It is best given with
reference to the standard hydrogen electrode (S.H.E.), when it is equal in
magnitude to the e.m.f. of a cell consisting of the electrode and the S.H.E.
(with any liquid-junction potential eliminated). When in such a cell the
electrode is the cathode, its electrode potential is positive; when the
electrode is the anode, its electrode potential is negative. When the species
undergoing the reaction are in their standard states, E = EQ, the stan-
dard electrode potential.

Electrodeposition: deposition of a metal or alloy onto a substrate by electro-
chemical reduction of its ions from an electrolyte under the application
of a cathodic over potential.

Electrogalvanising: galvanising by electroplating.
Electroless Plating: formation of a metallic coating by chemical reduction

catalysed by the metal deposited.
Electrolysis: decomposition by the passage of electric current.
Electrolyte: a substance, liquid or solid, which conducts electrical current by

movement of ions (not of electrons). In corrosion science, an electrolyte
is usually a liquid solution of salts dissolved in a solvent, or a molten salt.
The term also applies to polymers and ceramics which are ionically
conductive.

Electrolyte Solution: a solution in which the conduction of electric current
occurs by the passage of dissolved ions.

Electrolytic Cleaning: cleaning of a metallic surface obtained by making
it the anode or cathode of a cell containing a suitable electrolyte
solution.

Electron Acceptor: a species in solution that accepts one or more electrons
from a cathode for each act of the cathodic reaction and is thus reduced
to a lower valence state.

Electromigration of Ions: movement of ions under an electric field.
Electrophoresis: motion of charged colloidal particles immersed in a liquid

driven by an electric field.
Electrophoretic Plating (Electrophoretic Deposition): production of a layer

or deposit onto an electrode by discharge of colloidal particles from a
solution.

Electroplating: deposition of a thin adherent layer of a metal or alloy onto
a substrate by electrochemical reduction of its ions from an electrolyte
under application of a cathodic overpotential.

Electropolishing: surface finishing of a metal by making it the anode in an
appropriate solution, whereby a bright and level surface showing specular
reflectivity is obtained.



Ellipsometry: measurement of the characteristics of polarised light after
reflection from a surface.

e.m.f Series: a table of the standard equilibrium electrode potentials of
systems of the type M-+(aq.)+ze = M9 relative to the standard
hydrogen electrode, and arranged in order of sign and magnitude.

Epitaxy: the phenomenon whereby a deposit or coating takes up the lattice
habit and orientation of the substrate.

Equilibrium Potential (E0): the electrode potential of an unpolarised elect-
rode at equilibrium. At the equilibrium potential there is no net reaction.
The potential is controlled by the same electrode reaction occurring
anodically and cathodically at an equal rate, called the exchange current
density.

Erosion: loss of material mechanically by impact of a liquid, gaseous or
particulate environment.

Erosion-corrosion: the wastage of a material caused by the conjoint action
of erosion and corrosion by a liquid or gaseous environment, with or
without solid particles.

Evans Diagram: diagram in which the E vs. I relationships for the cathodic
and anodic reactions of a corrosion reaction are drawn as straight lines
intersecting at the corrosion potential, thus indicating the corrosion
current associated with the reaction.

Exchange Current Density (/0): the rate of exchange of electrons (expressed
as a current per unit area) between the two components of a single
electrochemical reaction when the reaction is in equilibrium. The
exchange current density flows only at the equilibrium potential.

Exfoliation: loss of material in the form of layers or leaves from a solid metal
or alloy.

Faraday Constant (F): the quantity of electric charge involved in the passage
of one Avagadro number (or one mole) of electrons. The value of F
(universal) is 96 485 C mol"1.

Faraday's Law: the quantity of charge (Q) passed in an electrochemical
reaction is directly proportional to the number of moles (n) of substance
reacted. Thus Q = zFn, where z is the number of electrons involved in
one molecule of the reaction and F is the Faraday constant.

Fatigue: failure of metal under conditions of repeated alternating stress.
Ferrite: the body-centred cubic form of iron (a-iron) and the solid solutions

of one or more elements in b.c.c. iron.
Filiform Corrosion: corrosion in the form of hairs or filaments progressing

across a metal surface.
Film: a thin coating of material, not necessarily thick enough to be visible.
Flade Potential: the potential at which a metal which is passive becomes

active (see Passivation Potential).
Fogging: reduction of the lustre of a metal by a film or particulate layer of

corrosion product, e.g. the dulling of bright nickel surfaces.
Fouling: deposition of flora and fauna on metals exposed to natural waters,

e.g. sea-water.
Frequency Response Analysis: the response of an electrode to an imposed

alternating voltage or current signal of small amplitude, measured as a
function of the frequency of the perturbation. Also called Electro-
chemical Impedance Spectroscopy.

Fretting Corrosion: deterioration resulting from repetitive rubbing at the



interface between two surfaces (fretting) in a corrosive environment.
Galvanic Cell: an electrochemical cell having two electronic conductors

(commonly dissimilar metals) as electrodes.
Galvanic Corrosion: corrosion associated with a galvanic cell (often used to

refer specifically to Bimetallic Corrosion).
Galvanostatic Polarisation (intentiostatic): polarisation of an electrode

during which the current density is maintained at a predetermined
constant value.

Galvanic Series: a list of metals and alloys based on their relative potentials
in a given specified environment, usually sea water.

Galvanising (hot dip): coating of iron and steel with zinc using a bath of
molten zinc.

Graphitic Corrosion: corrosion of grey cast iron in which the metallic
constituents are removed as corrosion products, leaving the graphite.

Green Rot: carburisation and oxidation of certain nickel alloys at around
100O0C resulting in a green corrosion product.

Half-cell: one half of an electrochemical cell, comprising one electrode
(anode or cathode) and its immediate electrolyte (anolyte or catholyte).

Hematite: an oxide of iron corresponding closely to Fe2O3 produced during
the oxidation of iron: it is an w-type semiconductor in which diffusion of
O2"ions occurs via anion vacancies.

Hydrogen Electrode: an electrode at which the equilibrium H+ (aq.)
+ e-> 7 H2, is established. By definition, at unit activity of hydrogen
ions and unit fugacity of hydrogen gas the potential of the standard
hydrogen electrode E^+/^ H2 = 0-00 V.

Hydrogen Embrittlement: embrittlement caused by the entry of hydrogen
into a metal.

Hydrogen Overpotential (Overvoltage): the displacement of the equilibrium
(or steady-state) electrode potential of a cathode required for the
discharge of hydrogen ions at a given rate per unit area of electrode.

Immunity: the state of a metal whose corrosion rate is low or negligible
because its potential is below (less positive than) that of equilibrium with
a very small concentration (or activity of its dissolved ions. The metal
is thus regarded as thermodynamically stable. Pourbaix has suggested
that the "small" metal ion concentration be 10~6 mol dm"3 (Atlas of
Electrochemical Equilibria in Aqueous Solutions, p. 71, Pergamon/
CEBELCOR, Oxford (1966)).

Impingement Attack: localised corrosion resulting from the action of cor-
rosion and/or erosion (separately or conjoint) when liquids impinge on
a surface.

Inhibitor: a substance added to an environment in small concentrations to
reduce the corrosion rate.

Inseparable Anodes and Cathodes: anodes and cathodes which cannot be
distinguished experimentally although their existence is postulated by
theory.

Interference Films: thin transparent films which exhibit colours by inter-
ference of light in the visible range.

Intergranular Corrosion: preferential corrosion at grain boundaries.
Internal Oxidation (subsurface corrosion): formation of particles of corro-

sion product (usually oxide) within the metal matrix beneath the metal
surface. The surface may additionally be covered with a film or scale.



Internal oxidation often arises from diffusion of oxygen into the metal
matrix at elevated temperature.

Ion: an electrically charged atom or molecule.
Isocorrosion Chart: a chart having temperature and concentration of the

corrodent as co-ordinates and curves (isocorrosion curves) of various
specified constant corrosion rates of the metal.

Knife-line Attack: severe highly localised attack (resembling a sharp cut into
the metal) extending only a few grains away from the fusion line of a weld
in a stabilised austenitic stainless steel, which occurs when the metal
comes into contact with hot nitric acid and is due to the precipitation of
chromium carbides.

Leveller: a substance which is added to a plating bath to produce a levelling
or smoothing action.

Levelling Action: the ability of a plating bath to produce a surface which is
smoother than that of the substrate.

Limiting Current Density: the current density at which change of polarisa-
tion produces little or no change of current density.

Linear Oxidation: oxidation of a metal in such a way that the rate of
oxidation is independent of time.

Linear Polarisation: the linear relationship between potential and current
density that is considered to prevail at potentials very close to the
corrosion potential.

Liquid Metal Embrittlement: the embrittlement of a metal or alloy as a con-
sequence of contact with a liquid metal, resulting in the formation of
cracks.

Local Anodes and Cathodes: the separate anodic and cathodic sites on a
single material immersed in a reactive environment.

Localised Corrosion (or localised attack): accelerated corrosion at certain
sites only of a metal surface, usually induced by spatial separation of the
anodic and cathodic sites. Examples include pitting corrosion, stress-
corrosion cracking and intergranular corrosion.

Matt Surface: a surface of low specular reflectivity.
Metal Distribution Ratio: the ratio of the thicknesses of metal produced

during electroplating on two specified parts of the cathode.
Metal Spraying: application of a metal coating to a surface (metallic or non-

metallic) by means of a spray of metal particles. The metal particles may
be produced by 'atomising' a metal wire in a flame-gun or by introducing
metal powder into a similar gun.

Migration of Ions: movement of ions towards the anode or cathode under
an electric field.

Mil: 0.001 inch or one thousandth of an inch (1 mil = 25.4 ^m).
Millscale: thick oxide layer on metals produced during fabrication by hot-

rolling; most of the oxidation occurs as the metal passes from one rolling-
mill to the next.

Negative Potential: see under Potential.
Nernst Equation: the thermodynamic relationship between the equilibrium

potential of an electrochemical reaction and the activities of the species
involved in that reaction.

Noble Potential: see under Potential.
Normal Electrode Potential: see under Electrode Potential.



Nyquist Plot: a graph of the frequency response of an electrode in which the
imaginary component of the impedance is plotted as a function of the real
component for a range of frequencies.

Occluded Cell: a corrosion cell of a geometry that prevents intermingling of
the anodic reaction products (anolyte) with the bulk solution, resulting in
a decrease in pH of the anolyte; shielded areas or pits, crevices or cracks
in the surface of the metal are examples.

Open-circuit Potential: the potential of an electrode (relative to a reference
electrode) from which no net current flows, so that the anodic and
cathodic reactions occur at an equal rate.

Overpotential (overvoltage, polarisation): the displacement from the equili-
brium (or steady-state) electrode potential required to cause a reaction to
proceed at a given rate.

Oxidation: loss of electrons by a species during a chemical or electrochemical
reaction; addition of oxygen or removal of hydrogen from a substance.

Oxidising Agent: a substance that causes oxidation of another species.
Oxygen Concentration Cell: see under Differential Aeration.
Parabolic Oxidation: oxidation of a metal to produce an oxide film in such

a way that the rate of oxidation is proportional to the reciprocal film
thickness. Thus if x is the film thickness at time t, then djt/cU a x~{.

Partial Reactions: anodic reaction (reactions) and cathodic reaction
(reactions) constituting a single exchange process or a corrosion reaction.

Partial Current (current densities): the currents (current densities) corres-
ponding with each of the partial reactions.

Parting: selective dissolution of one metal (usually the most electro-reactive)
from an alloy leaving a residue of the less reactive constituents.

Passivation Potential: the potential at which a metal in the active state
becomes passive.

Passivator: a substance which in solution causes passivity.
Passivity: the state of a metal in which a low corrosion rate is brought about

by reaction with its environment under a high anodic driving force
through formation of a surface barrier film, usually an oxide.

Patina: a green coating of corrosion products of copper (basic sulphate,
carbonate and chloride) which forms on copper or copper alloys after
prolonged atmospheric exposure.

pH: a measure of the hydrogen ion activity defined by pH = -log aH+
where aH+ is the activity of the hydrogen ion.

Pickle, Pickling: a solution (usually acidic) used to remove or loosen
corrosion products from the surface of a metal.

Anodic and cathodic pickling are forms of electrolytic pickling in which
the metal is anodically or cathodically polarised in the pickle.

Pilling-Bedworth Ratio: the ratio of the volume of an oxide film on a metal
to the volume of metal used to form that oxide.

Pits (in electroplating): macroscopic channels in an electrodeposit which
may or may not extend to the substrate.

Pitting (pitting corrosion): the formation of small holes in an otherwise
passive metal surface as a consequence of locally accelerated corrosion.

Pitting Potential: minimum potential (least noble or least positive) at which
a metal undergoes permanent pitting corrosion.

Polarisation (overpotential, overvoltage): difference of the potential of an



electrode from its equilibrium or steady-state potential.
Polarisation Curve: A plot of the current density flowing from an electrode

against the electrode potential, often presented on a logarithmic current
density axis.

Polarisation Resistance: slope of the linear plot of overpotential versus
current density measured at potentials close to the corrosion potential, or
the tangent of such a curve at the corrosion potential if the plot is not
linear. If a small change in potential, A£, gives rise to a change in current
density, A/, then the polarisation resistance is /?P(Q m2) = AE/A/.

Potential-pH Equilibrium Diagram (Pourbaix Diagram): diagram of the
equilibrium potentials of electrochemical reactions as a function of the
pH of the solution. The diagram shows the phases that are thermodyna-
mically stable when a metal reacts with water or an aqueous solution of
specified ions.

Pores, Porosity (in coatings): microscopic channels in coatings (metallic or
non-metallic) which extend to the substrate.

Positive Potential: see under Potential.
Potential: potential difference at an electrode defined with reference to

another specified electrode.
base potential: a potential towards the negative end of a scale of electrode
potentials. The potential of an electrode which is made cathodic is said
to become 'more base' or 'more negative' (preferred term).
negative potential: a potential more negative than the potential of the
standard hydrogen electrode, e.g. E£n2+/Zn = -0-76 V.
noble potential: a potential towards the positive end of a scale of electrode
potentials. The potential of an electrode which is made anodic is said to
become 'more noble' or 'more positive' (preferred term).
positive potential: a potential more positive than the potential of the
standard hydrogen electrode, e.g. E^2+/Zn = + 0-34 V.
(See also Corrosion Potential, Electrode Potential, Equilibrium Poten-
tial, Flade Potential, Open-circuit Potential, Passivation Potential,
Protection Potential, Redox Potential.)

Potentiostatic Polarisation: polarisation of an electrode during which the
potential is maintained at a predetermined constant value by means of a
potentiostat.

Pourbaix Diagram: see Potential-pH Equilibrium Diagram.
Protection Potential for Pitting: potential below which new pits cannot be

initiated nor pre-existing pits continue to propagate.
Rack: a frame for suspending and carrying current to articles during plating

and related operations.
Rate-determining Step (r.d.s.): the slowest step in the mechanism of a

reaction which thereby controls the rate of the overall reaction. The r.d.s.
has the highest activation energy.

Rebar: an abbreviation of reinforcing bar, referring to reinforced concrete.
Redox: abbreviation for reduction-oxidation.
Redox Potential: the equilibrium electrode potential of a reversible

reduction-oxidation reaction, e.g. Cu2+XCu, Fe3+XFe2+, Cl2XCl".
Redox Reaction: a reversible reduction-oxidation reaction.
Reducing Agent: a substance that causes reduction of another species.
Reduction: a chemical or electrochemical reaction in which a species gains



electrons; the removal of oxygen or the addition of hydrogen.
Reference Electrode: an equilibrium (reversible) electrochemical half-cell of

reproducible potential against which an unknown electrode potential can
be measured. Examples of those commonly used in corrosion are the Pt,
H2XH+ (the hydrogen electrode), Hg/Hg2Cl2/Cr (the calomel elec-
trode), CuXCuSO4XCu2+, AgXAgClXCr, all with fixed activities of the
dissolved ions.

Relative Humidity: the ratio of the amount of water vapour present in the
atmosphere at a given temperature to the amount required for saturation
at the same temperature, expressed as a percentage.

Reversible Electrode: an electrode of high exchange current density.
Reversible Potential: see under Equilibrium Potential.
Rusting (rust): corrosion of iron or ferrous alloys resulting in a corrosion

product which consists largely of hydrous ferric oxide.
Saturation Index: an index which shows if a water of given composition and

pH is at equilibrium, supersaturated or unsaturated with respect to
calcium carbonate (or to magnesium hydroxide).

Scale: a thick visible oxide film formed during the high-temperature oxi-
dation of a metal (the distinction between a film and a scale cannot be
defined precisely).

Season Cracking: cracking resulting from the combined effect of corrosion
and stress, which is usually confined to the stress-corrosion cracking of
brass in ammoniacal environments.

Selective Leaching: see Parting.
Sensitisation: susceptibility to intergranular attack in a corrosive environ-

ment resulting from heating a stainless steel at a temperature and time that
results in precipitation of chromium carbides at grain boundaries.

Sherardising: the coating of iron and steel with zinc by heating in contact
with zinc powder at a temperature below the melting point of zinc.

Shield: a non-conducting medium which is used for altering the current
distribution on a cathode or anode.

Spalling: the break-up of a surface through the operation of internal stresses,
often caused by differential heating or cooling.

Standard Electrode Potential (E6): the equilibrium potential of an electrode
reaction when the components are all in their standard states.

Steady-state Potential: the potential of an electrode which is independent of
time because its reaction occurs at a constant rate.

Stoichiometric Number: number of times the rate-determining step must
occur for one act of the overall reaction.

Stray-current Corrosion: corrosion caused by stray currents flowing from
another source of e.m.f. (usually d.c.).

Stress Intensity Factor K l s c c: a fracture toughness parameter used for
evaluating susceptibility to stress-corrosion cracking (the subscript I
signifies a tensile mode of stressing).

Stress-corrosion Cracking: cracking produced by the combined action of
corrosion and static tensile stress (internal or applied).

Strike (n.): an electrolyte solution used to deposit a thin initial film of a
metal.

Strike (vb): to electroplate for a short time at a higher initial current density
than is normally used.



Stripping: removal of a metal coating by means of an electrolyte solution (or
an electrolyte solution and external e.m.f.).

Subscale Formation: see under Internal Oxidation.
Substrate: the basis metal on which a coating is present.
Subsurface Corrosion: see under Internal Oxidation.
Sulphate-reducing Bacteria (S.R.B.): a species of anaerobic bacteria

(devibrio desulphuricans) that is capable of causing rapid corrosion of
iron and steel in near-neutral solutions in the absence of dissolved oxygen.

Sustained Load Failure: delayed failure due to the presence of hydrogen in
stressed high-tensile steels.

Symmetry Factor: ratio of distance across the double layer to summit of
energy barrier/distance across the whole double layer.

Tafel Equation: the linear relationship between the overpotential (or poten-
tial) and the logarithm of the current density for an electrode reaction in
which charge transfer is rate-determining. If r; is the overpotential, and
/ the current density, then r/ = a + blog /, or TJ = blog (///0) where /0 is
the exchange current density, b is called the Tafel slope expressed in V
when the current is expressed on a natural logarithm scale, or V per
decade when the current is expressed in decadic logarithms.

Tarnish: dulling, staining or discoloration of metals due to the formation of
thin films of corrosion products. (The term can also be applied to thin
transparent film which may give rise to interference colours.)

Thief: an auxiliary cathode which is placed in a position relative to the article
to be electroplated so that the current density on certain areas is reduced.

Throwing Power: a measure of the ability of an electroplating solution to
give a uniform plate on an irregularly shaped cathode.

Transfer Coefficient a: the transfer coefficient of a cathodic process is the
fraction of the electrical energy difference zFA</> that assists the transfer
of an ion through the double layer towards the electrode and inhibits its
transfer in the reverse direction or vice versa for an anodic process;
frequently experimental values of a are approximately 0-5.

Transpassivity: active behaviour of a metal at potentials more positive than
those leading to passivity.

Transport of Ions: the combined motion of ions in an electrolyte (solid or
liquid) under diffusion and migration.

Transport Number: the proportion of the current carried by a particular ion
(transfer number).

Tuberculation: localised attack in which the corrosion products form wart-
like mounds over the corroded areas.

Uniform Corrosion (general corrosion): corrosion in which no distinguish-
able area of the metal surface is solely anodic or cathodic, i.e. anodes and
cathodes are inseparable, cf. localised corrosion.

Voltaic Cell: a term sometimes used for an electrochemical cell; it is
sometimes used to refer to a cell in which chemical changes are caused by
the application of an external e.m.f.

Weld Decay: localised attack of austenitic stainless steels at zones near a
weld, which results from precipitation of chromium carbides.



Terms used in Cathodic Protection
and Underground Corrosion*

Anode Lead: the electrical connection between the anode and the power unit
in impressed-current schemes; normally a copper-cored plastics-sheathed
standard electric cable.

Anode Shield: protective covering of insulating material placed on a painted
structure in the immediate vicinity of the anode to reduce the cathodic
current density in that area, thus preventing the development of excessive
alkalinity and stripping of the paint (see Saponification).

Attenuation*: the decrease in potential and current density along a long
buried or immersed structure from the drainage point.

Attenuation Curves: a graph of interfacial electrical potentials between the
pipe and surrounding soil in cathodic protection schemes vs. the length
of the pipe.

Backfill: the soil replaced over the pipe in the trench (general connotation).
In cathodic protection, special backfills are packed around the anodes.
These backfills are selected to lower circuit resistance of the anode; for
sacrificial anodes a gypsum/bentonite mixture is used, and for impressed-
current anodes, coke breeze.

Bond*: a conductor, usually of copper, that connects two points on the same
structure or on different adjacent structures, and thus prevents significant
differences in potential between two points.

Cantilever Anode: anode supported as a cantilever.
Cathode Lead: the electrical connection from the negative terminal of a d.c.

power unit.
Cathodic Protection Rectifier: transformer-rectifier arrangement for

supplying the direct current which flows between a groundbed and a
buried structure which is receiving cathodic protection.

Continuity Bond: electrical connection made to connect together adjacent
sections of a buried structure in order to ensure its electrical continuity.

Corrosion Interaction (or interaction): increase (or decrease) in the rate of
corrosion of a buried or immersed structure caused by interception of part
of the cathodic protection current applied to another buried or immersed
structure.

Current Drainage Survey: a survey to determine current requirements for
cathodic-protection schemes. A temporary groundbed is installed at a
suitable location and an impressed current is applied between it and the
pipe or other structure. A survey of potentials along the structure will
produce attenuation curves* and permits fairly accurate estimation of
initial current requirements.

Direct Electric Drainage: a means of electric drainage comprising the
employment of permanent metallic connections.

Drainage Bond*: bond to effect drainage (see Drainage, definition (&)).

These terms are derived from various sources, principally from the List of Definitions of
Essential Telecommunications Terms (Part I, Corrosion), International Telecommunications
Union, Geneva, 1957, 1st Supplement, 1960, and the B.S.I. Code of Practice for Cathodic
Protection, CP1021: 1973; terms taken from the Code of Practice are marked with an asterisk.



Drainage (electric drainage)*: (a) flow of positive current through the soil or
the electrolyte solution from the cathodically protected structure to the
groundbed of the impressed current system, or (b) protection of an
immersed structure from electrochemical corrosion by making an
electrical connection between the structure and the negative return circuit
(rail, feeder, busbar) of a d.c. electric traction system.

Drainage Point: the location in a cathodic-protection installation where the
cathode lead is attached to the pipe; normally the point of maximum
negative potential of the pipe, though this is not always the case when an
area of low-resistance soil is adjacent to the drainage point.

Earth*: (a) the conducting mass of earth or of any other conductor in direct
electrical connection with earth, (b) a connection, intentional or uninten-
tional, between a conductor and earth.

Electric Drainage: means of electric protection of an underground system
against the corrosive action of stray currents arising from a d.c. electric
traction system employing one or more connections (drainage bonds)
made between the system to be protected and the return circuit of the
traction system (rail, return current feeder, negative busbar of the
sub-stations).

Electro-osmosis: passage of a liquid through a porous medium (such as a
soil) under the influence of a potential difference.

Flood Coat: application of coal-tar or bituminous coatings to pipelines by
flooding the heated coating materials over the pipe surface; wrappings
and slings are used to pull the coat underneath the pipe.

Forced Drainage*: form of drainage in which the connection between the
protected structure and a traction system includes a source of direct
current.

Groundbed: in cathodic protection of underground structures, a buried mass
of inert material (e.g. carbon), or scrap metal connected to the positive
terminal of a source of e.m.f. to a structure.

Holiday: a flaw, often in the form of a pinhole, in a protective organic
coating.

Holiday Detector: a high-voltage low-current output generator with a built-
in spark gap used for detecting pinholes (holidays) in pipeline coatings.

Impressed Current: cathodic current supplied by a d.c. source to a structure
in order to lower the potential to the protective potential for cathodic
protection.

Insulating Flange*: flanged joint between adjacent lengths of pipe in which
the nuts and bolts are electrically insulated from one or both of the flanges
and the jointing gasket is non-conducting, so that there is an electrical
discontinuity in the pipeline at that point.

Interaction: see Corrosion Interaction.
Interaction Testing: routine investigation carried out when installing

cathodic protection schemes on pipelines. The accepted criterion in the
UK is that when the secondary structure potential has been moved more
than 0-02 V in a positive direction, steps must be taken to eliminate the
interaction.

Line Wrapping: the technique of wrapping a pipeline over the pipeline
trench; applied only to welded steel pipelines. It is carried out by a line-
wrapping machine which travels along the pipe, cleaning it, priming it,



pulling in the reinforcement, and, if necessary, applying the outer wrap.
Locating and Bonding: when cathodic protection is applied to an existing

jointed pipeline, all joints must be located without digging up the pipe.
On location, each joint is exposed and an electrically conducting bond
(usually galvanised steel strip or copper cable) is welded into position.

Polarised Electric Drainage: a means of electric drainage comprising the
employment of metallic connections between the underground cable
system and the traction return circuit, with the insertion of a unidirec-
tional system (rectifier or contactor and relays) in the connections.

Primary Structure*: a buried or immersed structure cathodically protected
by a system that rpay constitute a source of corrosion interaction with
another (secondary) structure.

Protection Current: current made to flow into a metallic structure in order
to effect cathodic protection.

Protective Potential: an optimum negative potential at which pipe protection
is accepted as being sufficient in cathodic-protection schemes. It is a
negative potential of the pipe/environment interface, and is applicable to
steel when the potential is more negative than —0.85 V vs. a CuXCuSO4,
electrode located as close to the pipe as practicable. When sulphate-
reducing bacteria are present in soil the value should be -0.95 V. An
alternative criterion for steel is to change the pipe potential 0.3 V in a
negative direction. Similar criteria are applicable to steel in natural
waters.

Reactive (active, sacrificial) Anode: a mass of metal (Mg, Zn, Al) which,
buried or immersed and connected to a metallic structure which is to be
protected, forms a cell with that structure and has the effect of making
it more negative with respect to the surrounding environment.

Remedial Bond*: a bond established between a primary and secondary struc-
ture in order to eliminate or reduce corrosion interaction.

Remote Potentials: in dealing with a pipeline cathodic-protection system, it
is often advantageous to refer all measurements to a half-cell located at
a distance from the pipe. Such measurements are referred to as remote
potentials.

Resistance Bond*: a bond either incorporating resistors or of adequate
resistance in itself to limit the flow of current.

Sacrificial Anode: see under Reactive Anode.
Safety Bond*: a bond connecting the metallic carcase of a piece of electrical

apparatus with earth, in order to limit the rise in potential of the carcase
above earth caused by the passage of any fault current or excessive leakage
current, and so reduce the risk of electric shock to anyone touching the
carcase.

Saponification: deterioration by softening of paint film caused by action of
aqueous alkali, resulting from cathodic protection at excessively high
current densities, on the fatty-acid constituents of the film.

Sensing Electrode*: a permanently installed reference electrode used to
measure the structure/electrolyte solution potential and to control the
protection current.

Stray Currents: currents flowing in the soil and arising from electric
installations parts of which are not insulated from the soil.

Structure/Soil Potential: potential measured between a buried structure and



a suitable non-polarisable electrode, placed in the soil or water as near to
the structure as possible; when the value is being indicated the type of
electrode used should be clearly stated.

L. L. SHREIR
T. P. HOAR
G. T. BURSTEIN



21.3 Symbols and Abbreviations

Basic Sl Units

Quantity

length
mass
time
force
work
power
current
charge
e.m.f. and p.d.
resistance
conductance
inductance
capacitance
amount of substance

A

^A
ABS
a.c.
Ah
aq.
OL

b.p.
ft
*-"p,m

Name

metre
kilogram
second
newton
joule
watt
ampere
coulomb
volt
ohm
Siemens
henry
farad
mole

Angstrom unit
relative activity (d
acrylonitrile butac
alternating currem
ampere hour
aqueous, hydratec
transfer coefficienl
boiling point
symmetry factor
molar heat capacii
(JK-1HiOl-1)

Symbol

m
kg
S

N
J
W
A
C
V
12
S
H
F
mol

imensionless) of component A
liene styrene
t

I
t

ty at constant pressure

*The abbreviations N (normal) and M (molar), although not S.I. units, have been retained in
the book when these units have been used by authors of published work.



C

CAB
c.d.
CHC
cm
0C
D
d
a

A
d
dia.
d.c.
DCHN
dia.
dm
DPN
e.m.f.
E
E*

Eeq. > ^r

^CClI

E,
Ec

^ con.

^PP

^b

EP

&
e
eV
exp

*?a

Tie

>?A

r;T

1?R

F

f ,P*

concentration (mol m 3, moldm 3)*
cellulose acetate butyrate
current density
cyclohexylamine carbonate
centimetre
degree Celsius (Centigrade)
diffusion coefficient (In2S-1, Cm2S"1)
differential
partial differential; thickness of diffusion layer
(m, cm)
difference, finite change
day
diameter
direct current
dicyclohexylamine nitrate
diameter
decimetre
diamond pyramid number
electromotive force
e.m.f., potential (V)
standard e.m.f., standard electrode potential
equilibrium or reversible e.m.f. or potential
e.m.f. of cell
anode potential
cathode potential
corrosion potential
passivation potential
breakdown or pitting potential (Ec is also used)
protection potential
activation energy (J mol"1)
elementary charge (proton or electron) (C)
electron volt
exponential function
anode overpotential (V)
cathode overpotential
activation overpotential
transport, concentration or diffusion
overpotential
resistance overpotential
Faraday constant (C mol "1J
fugacity (NM"2 or Pa)



G
Ge

r
g
g.m.d.
H
HB
HV
h
/
ij
'corr.

4
'c

'o

1

«1

'L
i.d.
i.p.y.
/
J
KP/V

if
•"^m-y/in

k
£
F
K

K
/
1,/
ln,/n
log
m
M
m.d.d.
m.p.y.
ml
min

Gibbs free energy (free enthalpy) (J)
standard Gibbs free energy (J)
Gibbs surface excess (free energy)
gram
grams per square metre per day (gm~2d~1)
enthalpy
Brinell hardness number
Vickers hardness number
hour
current (A)
current density (Am"2, Acm~2)
corrosion c.d.
actual anodic c.d. measured
actual cathodic c.d. measured
equilibrium exchange current density
cathodic current density for exchange I
anodic current density for exchange I
limiting (or maximum c.d.)
internal diameter
inches per year (iny"1)
ionic strength (molkg"1)
electrochemical equivalent
equilibrium constant for gaseous system
(dimensionless)
equilibrium constant for solution
(dimensionless)
rate constant (mols"1)
rate constant of a cathodic reaction
rate constant of an anodic reaction
electric conductivity (Sm"1)
degree Kelvin
length (m, cm)
litre
natural logarithm
logarithm to the base 10
molecular mass (kg)
molar mass (kgmol"1)
mgdm"2d~1

mmy"1

millilitre
minute



m.p.
mol

A^o, ̂ A
n

"+
n_
V

o.d.
CO

Pa
P(J)

P
PH
p.p.m.

*(*)
p.t.f.e.
p.v.c.
R
P
r.d.s.
S(A)
S
S

S.C.E.
S.H.E.; N.H.E.
s.g.
a
T
e
t
tf
n
M6

U
U.T.S.
V

V
V
VCI
VPI
VPN

melting point
moles
Avogadro constant
number of moles
transference number of cation
transference number of anion
kinematic viscosity
outside diameter
angular speed of rotation
pascal (Nm"2)
permeation rate
pressure
-logtfH+
parts per million
potential of a charged interface
polytetrafluoroethylene
polyvinylchloride
electric resistance; gas constant
density; oxide/metal volume ratio
rate-determining step of reaction
area
entropy
second
saturated calomel electrode
standard (normal) hydrogen electrode
specific gravity
surface charge; stress
absolute temperature
surface coverage
time
time to fracture
chemical potential (J)
standard chemical potential (Jmol~ l)
internal energy
ultimate tensile strength
velocity
volume
partial molar volume
volatile corrosion inhibitor
Vapour Phase Inhibitor (trade name)
Vickers pyramid number



v/v
V/ Wt.

Wt %

Wt. /V

XA

z(n)

volume for volume
volume for weight
weight percent
weight for volume
mole fraction of component A
number of electrons involved in one act of the
reaction (or in the r.d.s.); charge on ion



21.4 Calculations Illustrating the
Economics of Corrosion Protection

Each protective system has its own pattern of capital and running costs.
Choosing the optimum alternative requires care because some of the factors
can be measured precisely while others cannot, and the costs arise at different
points in time.

A quick comparison of systems is to compare present first cost + main-
tenance costs (including access and disruption) in each case. This can be
elaborated as follows:

Step 1 Set out the alternatives, ensuring that there is the same basis of
comparison. Eliminate capital and revenue costs common to all
protection systems. Write in the extra capital arising from the need
to protect the structure. This capital cost may be a direct quotation
from a processor or be calculated (see Note 3 below). Make sure
quotations or calculations refer to the same data.

Step 2 Add extra transport costs (e.g. when work goes to specialist
processing plant instead of direct to site) and extra mark-up (the
contractor will add a percentage on subcontracted work) where
appropriate and where not included in Step 1.

Step 3 Deduct tax allowances. Typically for limited liability companies in
the UK these comprise initial grants for certain projects in develop-
ment areas plus first year allowances, adjusted for corporation tax.

Step 4 Estimate the time required for each system to be complete on site.
For the longer time systems enter the cost in interest of this delay
assuming the capital sums involved could have been otherwise
employed during the extra time required (compared with the
quickest system).

Step 5 Estimate maintenance costs (after making allowance for tax relief)
over life of structure including access costs such as scaffolding. In
general the future maintenance costs must be estimated making
allowance for inflation and then discounted to present values (see
maintenance terms in equation below).



Step 6 Estimate disruption during maitenance (or erection). As with
maintenance costs these can be entered at present costs of such
disruption whenever interest rates equal inflation rate.

Table 21 Al Model cost calculation

Extra capital cost (Step 1)
Add extra transport costs (Step 2)
Add extra fabricator's mark-up (Step 2)

Total gross extra capital cost
Deduct total taxed allowances (Step 3)

Total gross extra capital cost net of tax
allowances etc.

Delay factor (Step 4)
Maintenance costs (Step 5)
Disruption factor (Step 6)

Total cost of system, over and above costs
common to all systems, and expressed in
present value terms

Competing systems
(conforming to systems under same
environment and same time to first

maintenance)

first system second system etc.

The maintenance costs and the initial cost are frequently assessed as the
Net Present Value (N) which represents the sum of money that must be set
aside to now cover both initial and maintenance costs over the total life
required.

M1 M2

(1+/T1 ' ( l+ r ) " 2

where F = first cost of the protective system
M1 = the cost of maintenance in the year P1
M2= the cost of maintenance in the year P2 etc.

r- the interest (or 'discount') rate (NB: 12% rate is written O- 12,
etc.)

P1 = the number of years to first maintenance
P2= the number of years to second maintenance, etc.

Maintenance costs are steadily rising and we must adjust maintenance costs
at present-day values (M) to allow for inflation at an annual rate of T1
(Note: T1 is expressed like r).

i e N-F +
 M(1+'-.)Pl ,"<! + '.)*'•e< N - / - + (l+r)Pl I ( 1+ r ) f t

In the simplest case where the rate of inflation of maintenance costs is the



same as the interest (or 'discount') rate available on money i.e. where there
is no time value of money r{ = r and the formula simplifies to

N = F + the sum of all maintenance costs at present-day rates
= the aggregate of all initial and maintenance costs at present-day rates

Similarly other costs can be treated as for the maintenance costs or for the
first cost, as appropriate.

Note 1 Present day economics usually favour a protective scheme ade-
quate for the full design life of the structure.

Note 2 For many protective schemes initial cost in the factory is roughly
proportional to total thickness but life to first maintenance is not
necessarily proportional to thickness e.g. relatively thin metal
coatings in certain environments often have the longest lives to
first maintenance.

Note 3 Calculation of protection costs from fundamentals has been dealt
with in industry orientated handbooks e.g. Galvanising for
Profit, Galvanisers Association, London, UK. In principle first
costs include:
Materials
Labour
Overheads (including inspection; access equipment and tools for
painting)
These are usually of the same order of magnitude, with materials
being most costly for metal coatings and labour most costly for
paint coatings.

Note 4 Surface preparation for painting is often analysed separately as it
may typically form one-third of the total cost. Poor surface
preparation can more than halve the life expectancy of a coating
(and add over 100% to the total life cost) but save less than 20%
of the total capital cost. Correct choice of blasting equipment (e.g.
nozzle size, grade of abrasive) can save up to half the surface
preparation cost.

Note 5 In calculating paint requirements up to 50% more than the
theoretical dry film weight requirement should be allowed to cover
thick coatings, wastage, repairs, losses (typically 30% for air
spray; 15% airless spray; 10% electrostatic spray; 5% roller or
brush) etc. Manufacturers should be asked to quote percentage
volume solids in their paint to facilitate calculations.

Note 6 Labour costs for the application of paint increase in the order

airless spray normal air spray roller brush
ratio 1 2 3 4

Brush application is very desirable for inhibitive primers applied
directly to steel and for toxic materials. Roller application is not
recommended for structural steel surfaces.



Note 7 Comparative costs (unlike actual costs) change little with time.
When labour costs are rising more rapidly than material costs,
painting will become slightly more expensive relative to metal
coatings and vice versa.

Note 8 Metal spray, paint powder and tape coatings are usually costed by
the area covered which should be known reasonably accurately.
Galvanising is costed by weight of steel coated i.e. by thickness of
steel. Costs also vary by product.

Note 9 The most economical system for one job is not necessarily the
most economical for another, e.g. galvanised steel may be best for
a bolted job but not so where much site welding is necessary.

Note 10 First costs include access costs e.g. scaffolding. Surfaces treated
before erection do not require scaffolding.

F. C. PORTER
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