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Solutions to Problems in Annexe 3

CHAPTER 1

1.1

Fe + H,SO4 -->FeSO4 + H»

Cu+H,SO4 + %2 O, --> CuSO4+ H,0

2Cu+'% 0, +4HCI-->2CuCl +3 H++ H,0O
Zn+2 HCI -->ZnCl, + H,

1.2

Veor = 30um/year

1=nF v¢o

table 1.3: 1 mm/year =3.06 n p /M

iron: p = 7.86 g/em’, M = 55.8 g/mol, n = 2 (in deaerated solution)
1 mm/year = 3.06 (2) (7.86)/55.8 = 0.862 A/m”

30 mm/year = (0.862) (30x107) =2.59 x10* A/m* = 2.6 uA/cm?

1.3

2Al+6H -->2AP" +3H,

2 mol Al yield 3 mol H, ,

Ma; = 27.0 g/mol, 1 g Al=0.0370 mol Al

0.0379 mol Al --> 5.56x10™ mol H,

Vi =N RT/P = (5.56x107)(8.3)(298)/10° = 1.35x10™ m® = 1.375 liter

1.4

dVp/dt = 0.5 ml/h

dN,/dt = P (dVyo/dt)/RT
= (10°N/m?*)(0.5cm’/h)(10°m’/cm’)/(8.3Nm/molK)(298K) = 2.02x10™ mol H,/h
=5.62x10” mol Ha/s

Ni+2H" --> Ni*" + H,

Veor = (5.62x10-9 mol Ni/s)/(20 cm?) = 2.81x10-10 mol Ni/ cm’s

table 1.3: 1 mol/cm?s = 3.5x10* (M/p) mm/year
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My; = 58.7 g/mol, pni = 8.9 g/cm3
Veor = (3.15x10%)(58.7)(2.81x107'%)/8.9 = 0.58 mm/year

1.5

Convert weight percent of Fe-13Cr into mol percent:

Mg = 55.8 g/mol , M¢; = 52.0 g/mol

1 g alloy contains 0.87 g Fe =0.87/55.8 = 1.559 x 10% mol Fe
0.13 g Cr=0.13/52.0 = 0.250 x 10 mol Cr

Total 1.809 x 10 mol
%mol Cr: (0.250x107)(100)/1.809x107%) = 13.8 mol %Cr ---> mol fraction Cr: Xcr=0.138
mol% Fe: 86.2 mol% Fe --->mol fraction Fe: Xg. = 0.862

Anodic current density: i, =1ape T lacr =2 mA/cm?

facr = Xer 1a = (0.138)(2) = 0.276 mA/cm®

fare = Xre 1a = (0.862)(2) = 1.724 mA/cm?

Table 1.3: 1 pA/em® = 8.95x107 mg/dm*day

Cr: Veorcr =(0.276x10°)(8.95x107)(52.0)2 = 642 mg/dm’day
Fe:  Veorre = (1.724x10%)(8.95x107)(55.8)/2 = 4305 mg/dm’day
Alloy: Vcor = Veorcr + VeorFe = 4947 mg/dm*day

1.6

Fe+2 O, -->Fe;04

All the oxygen present reacts:  (8mg/l) (10°g/mg) (300 1) /(32g/mol) = 7.50x10* mol O,
this corresponds to (3/2)(7.50x107 ) = 0.113 mol Fe
surface: 10 m?

Thickness corroded:

L = (0.133mol)(55.8g/mol)/10m?)(7.86g/cm’)(10*cm*/m?) = 9.44x10° cm = 0.094 um

CHAPTER 2
2.1
4Cu+0,; -->2Cu0
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From Fig.2.2: AG° = -130 kJ/mol for 1200°C
AG°=-RTan=+RTlnP02
Pos = exp(AG/RT) = exp {(- 130x10°J/mol)/ (8.31/molK)(1473K)} = 2.4 x10° bar

2.2
Fe+CO, = FeO+CO T=1373K
AG®=-RT InK =- RT In (Peo/Pco2)

AG® =) v,AG!

AG°peo = -264 +64.7x10° T kJ/mol For T=1373K: AG°ke0 =- 175 kl/mol

AG°cor = -394 -1.13x10° T kJ/mol AG°cor =-392 kl/mol

AG°co = -112-87.8x10° T kl/mol AG°co; =+ 8.55 kJ/mol

AG® ==-175 + 8.55 -(-392) —(0) = 225.5 kJ/mol
Pco/Pcor = exp(-AGY/RT) = exp{(-225.5x10%)/(8.3)(1373)}= 19.8
PCO + Pc02 =1 bar

192 Pcor + Pcop =1 bar - > Pcoz = 4.8x107 bar

2.3

Co+H,0 =Co0O + H»

AG® = AG°co0 + AG’1s - AG®co - AG’ 120

AG’; =0, AG°c, =0

AG°co0 = -240 + 78.0 x10> T kJ/mol For 1223K : AG°co0 = -144.6 kJ/mol
AG°mp0 = -246 +54.9x10° T kJ/mol AG°0 = -178.9 kJ/mol
AG° = -144.6 —(-178.9) = 34.3 kJ/mol

K= exp(-AG°/RT) = exp{-(34.3x10°)/(8.3)(1223)}=3.38

K= Pw/Pmo --—--—--- > P =3.38 Puoo
Py +Pio=1bar ---> 3.38Pu20 + Pioo = 4.38 Pioo
P = 1/4.38 =0.23 bar

Pu2o =1-0.23 = 0.77 bar

24

Apslz,z |17 1
Guntelberg equation: logf, = — DBI +J1 — with J =3 > Z; c,
- +
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a) 0.01 M FeCl; solution

J=(1/2)[2%(0.01)+(-1)*(0.02) = 0.06/2 = 0.03 mol/l
log £, =-(0.51)(2x1)(0.03)"*/ (1+(0.03)"*) = - 0.150
f. = 0708

b) Solution of 0.01 M FeCl, + 0.05M HCl
J=(1/2) [(2%)(0.01)+(1%)(0.02) + 0.05 + 0.05] = 0.08 mol/l
log f, =-[0.51)(2)(0.08)"%/1.283] =-0.225

2.5
Erev = 0 + (RT/0F) In [ag:* / Pyo]

n=2 for2H +2e=H, ; T=60°C=333K; Py, =0.5bar; pH=38
Erev = [(8.3)(333) / (2)(96485)] In [10%)* / 0.5] = - 0.518 V

2.6

The corrosion reaction Cu + 2 H' --> Cu*" + H, occurs spontaneously provided Eey.cy < Erevn
T =25°C, Py» = 1 bar, ccuz+ = 10-6 mol/l :
Ereveu = 0.34 +(0.059/2)log acy+
=0.34 +(0.059/2)log 10°® =0.163 V
Erevn =0.0-0.059 pH
= -0.059 (0.5)=-0.030V

It follows that E;eycu > Erevy  ------- > no corrosion

2.7

Fe’* +H,0 = FeOH*" +H' K = cu+ Creom2+ / Cres+
FC‘,OH2+ +H,0 = FE‘,(OH)zJr +H' Ky =cp+ CFe(OH)2+ / Cre3+
Calculate K, K;: -RT In K, = AG; and -RT In K, = AG,
AG’1 = pn+ + Prcomat - UWres+ - HH20

=0+ (-229.4) — (- 4.6) — (-237.2) = 12.6
K = exp(-AG°/RT) = exp[-(12.6x10°)/(8.3)(298)] = 6.1x10™ [mol/l]
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AG®; = uhy + UWreonyps - WFeomH2t+ - L H20

=0+ (-438.1) — (- 229.4) - (-237.2) =28.5

K, = exp(-AG°/RT) = exp[-(28.5x10%)/(8.3)(298)] = 9.91x10° [mol/I]
For pH =4:

creom2s / Crear = Ki/eyr = 6.1x107 /10 = 61

creome+ / Creoms = Ka / Hye =9.9x10° /10 =0.099
total concentration of Fe :

Ciot = CFe3+ T CreoH2+ + CFe(0H)2+ = 0.1 mol/l

= (1/61) creonz+ + Creomz+ + 0.099 creoma+ = 1.12 Creomz+

It follows:
Creomz+ = 0.1/1.12 =0.090 mol/l
Cre3+ = (1/61) creomz+ = 0.001 mol/l
creom2+ = 0.099 creoma+ = 0.009 mol/l

2.8
Ag +2CN =A ' - e,
g = Ag(CN); K= ———7-
aAg+ aCN‘
Table2.8: Ag +e=Ag E°= 0.799 V
Table 2.115: Ag(CN), +e =Ag+2CN E” =-031V
Equilibrium if:

a _
E.= EC"ﬁLEln—AgZ(CN)2 = E°+Eln a_ .
aCN’ F e

E° —E° = (RT/F) In (apg+ acn./ angenp-) = (RT/F) In (1/K)

25°C:

E® —E° = -0.31-0.799 = - 1.109 = 0.059 log;o (1/K)=-0.059 log K
logK=188 > K= 6.3x10"®

2.9
Cell voltage at equilibrium: U=®"’ - @’ = 0.342 V
Cell reaction: 1/2H, + AgCl=H "+ Ag " +CI'
- The cell voltage U is equal to the reverible potentialof the cell reaction E,.

- The standard potential for the cell reaction is equal to that of the halfcell
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AgCl + e = Ag+ Cl- which according to equation (2.117) is E°=0.222 V.
Fre energy of reaction: AG =-nF E,,
AG = AG° + RT In(aps ac. / Pp'?) >  Epey=E°— (RT/nF) In(ans aci. / Prp'?)
For Py, =1 bar :
Erev= E°— (RT/nF) In(ay+ ac. ) = E° - (RT/nF) In (f: cy+ . ccr. ) =E° - (RT/nF) In
For 25°C:  0.342=0.222-0.059 log ( f:* (0.12)*)=0.331—0.059 log f..*
0.059 log f:2=-0.186 > f. =0.807

2.10

Pt’} O,(0.002bar) | KOH(0.01M) | O(0.2bar) | Pt”’

U=®" -®"=E;," " —E’
=(RT/mF)InPpy”" / Pox” =(8.3)(353)/(4(96485)) In (0.2/0.002)
=3.50x10°V > U=0.035V

In this cell Pt*’ is the positive electrode (cathode) and Pt’ is the anode.

2.11
Eprot = E°+ (RT/nF) In 10°  (mol/I)
Ni** +2e¢ =Ni E°=-0257V

Epotni = -0.257 + (RT/nF) In 107

25°C : Eprotni = -0.257 +(0.059/2) log 10° =-0.434 V
Ecalomer = 0.241V

Protection potential versus saturated calomel electrode :

Eprotni =-0.434V-0.241V = - 0.675V vs SCE

2.12

maximum corrosion rate : Veor = K, Cs (mol/m2 S)

surface concentration of Cu®" ions : ¢, = CCuzts

Cu’'+2 e=Cu E°=0340V

E = E°+(0.059/2) log ccu+s (25°C)

0.160 = 0.340 + (0.059/2) log Cccuz+s

log ccuzrs = -6.10 > ¢,=7.91x10" mol/l

Veor = (107 m/s)(7.91x107 mol/dm*)(10° dm’/m’) = 7.91x10® mol/cm* s
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2.13
Pt ! Hy(1bar) | Ni*", OH’, H,O ! Ni(OH), | Ni
Ni(OH), = Ni*" +2 OH
Solubility constant : Ks= ani™ aon.” = 1.6x107"°  (mol’I”)
Water dissociation constant : K., = ap+ aop. = 10 (molzl—z)
ForpH 8 : ags = 10'8, aon. = Ky /aps+ = 10 mol/l

anize = Ks/aon.” =107°/ 10" = 1.6x10* mol/l
U=Ereni — Erevrn
Erevni = -0.257 + (0.059/2)log aniz+ = 0.257 + (0.059/2)log 1.6x10™* =-0.369 V
Erevn =0-0.059 pH=-0.472 V
U=(-0.369) - (-0.472) = 0.103 V

2.14

a) Calculation of standard potential::

Cu(NH3)," + e =Cu + 2 NH;3 E°=-0.10V (1)
Cu(NH3)4*" + e = Cu(NH3)," + 2 NH3 E°%=0.10V )
Cu(NH3),*" +2e=Cu +4 NH; E°; (3)

B)=1)+(2):
E°3 = (ni/n3) E°; + (no/n3) B = Y% (-0.1) + % (0.1)= 0V
b) Dominating species in equilibrium with Cu metal : Cu(NH3)," (because E°; < E°3 )
For reaction 1: Erev.i = E°1 +0.059 log acunmsys / aNH3
Protection potential: E, =E® +0.059 log (10'6/(0. 1)2 )

=-0.1 +(0.059)(-4) =-0.336 V

Note that in ths case the value of the protection potential depends on the ammonia concentration!

¢) From table 2:
Cu'+ e =Cu E°=0.520 V = E% (4)
Cu”"+2e = Cu E°=0.340V E°s (5)

Complexation reactions:
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Cu" +2NH;3 - Cu(NH3)," (6)
Cu”" +4NH;3 - Cu(NH3),* (7

Monovalent copper:

6)=(4)-(1)> AG% =AG’4-AG®; =- F (E°%-E°)) =- RT In K¢
where K = acunmsyr / acus+ anms”

(RT/F) In K¢ = 0.520 — (-0.1) = 0.420 V

25°C: log K¢ =0.420/0.059=7.119 > K= 1.3x107

Divalent copper:

(7 =0B)-3) 2 AG’;=AG’s-AG’; =-F (E°s-E°3) =-RT InK;
where K¢ = acunmzye+ / acus anms”

(RT/2F) InK7 = 0.340 — (0.0) = 0.340 V

25°C: log K7 =0.34/0.0295=11.5 > K=3.3x10"

2.15
Cr*" +2e=Cr E°=-090V (1)
Cr*+3e=Cr E°=-0.74V )
a) Equilibrium with Cr metal: Erev.1 = Erev2

-0.90 + (RT/2F)In acy+ = -0.74 + RT/3F In acs

(-0.90) — (-0.74) =- 0.16 = (RT/F)ln acys+ " - (RT/F) In acw:* = (RT/F)ln (acs+ ' / acros %)
For 25°C and replacing activities by concentrations:

-0.16/0.059 =-2.71 =log (cc+ >/ cens™) D comt P/ eeps P = 1.94x107

conr = (1.94x107) cep®? = 7.31x107 cops

from this we deduce that in contact with chromium metal ccis+ << ccpt -

b) Mol fraction of Cr': Xems =cemsle
Xems = 7.31x107 con® ? o= 7.31x107 ¢ X with Xt = ceni/e
Xem+ T Xer =1

Hence : Xcr = 7.31x107 ¢ (1- XCr3+)3/2

¢) Concentration ratio Cr’"concentration in contact with chromium metal at a total chromium
ion concentration of 0.01 M:

Set  Xcms<<1: Xcmy= 7.31x107 ¢!?
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c=0.01: X = 7.31x1071°
it follows:

Cone = Xems ¢ = 7.31x10° mol/l

ccro+ = 0.01 mol/l

CHAPTER 3

3.1

Kelvin: RT In (P'/P,) =2yM /1p

P, =0.023 bar, T =25°C

y=0.072 Nm' (table 3.4)

pmo = lg/cm3, Mo = 18 g/mol

In (P'/P,)=2yM /RTr p =(2) (0.072) (18) / (88.3) (298) (1x10° (1)) = 1.048x10"
P'/P,=1.001 --> P'=0.023 bar

The small drop size has a negligible effect

3.2

Pressure difference to be applied : AP =2 v/ rpore
¥=0.0720, Tpore =3x10%m

AP =2 (0.072)/ (3x10®) = 4.80x10* N/m?

1 bar=10°N/m”> ---> AP = 0.48 bar

33
(111) plane, r=atom radius, h= (4 r) sin 60° = 3.464 r

surface of triangle: A= (4 r)(h)/2=2rh =6.928 1

number of atoms per triangle:  (3) (1/6) + (3) (2) =2
For copper: r = 0.1278x10” m
number of atoms per m*  N=2/(6.928)(0.1278x10)* = 1.76 x10* atoms Cu / m*
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(100) plane, r= atom radius, a= 41 cos45°=2.828 r

v
’

4

' @

surface of square: A =a” =7.952 r’
number of atoms per square:  (4) (1/4)+1 =2

For copper: r=0.1278x10” m

number of atoms perm* N =2/7.952 ¥ = 1.54 x10" atoms Cu / m*
34
Vads = Sco Pco / (2 Mo RT)"?

Pco =107 Pa

Sco =0.5

Mco =28 g/lmol =28x10.3 kg/mol

T=298K

One gets: (2nt Mco RT)”2 =20.85 Ns/mol
Vads = (0.5)(107)/20.85 = 2.40 x 107 mol/m’s

The number of moles forming a monolayer is obtained by dividing the number of adsorption

divided by the Avogadro number: Npono = 10"/ 6x10%° = 1.67x107° mol/m>

Time to form a monolayer:  tmono = Nmono / Vads

t=(1.67x10 mol m™?) / (2.40x10” mol m™?s) =70 s

3.5
Q.as/R=-d InP/d(1/T) for O = const, here: 6 =0.5

from Figure:

T (K) 425 448 453 493
10°/T (K-1) 2.35 223 221 2.03
10% Pco (Torr) 1.2 9 11 25

In pCO -18.2 -16.2 -16 -15.2
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15 +

-16 -+

Log Pco

17 -+

-18 +

20 21 22 23 24 10T

From this: Qug/R = 8.57x10° J mol™/J mol™ K) > Q.= 7.1x10* J/mol = 71 kJ/mol

3.6
z
carbon i 0
» . 7'y Z4
oxide
LOX
\ 4
Z
metal

Cr’" signal from the oxide film without contamination:
Lox
I, =x J.ccr3+ exp(—z/A)dz
0

integration yields: I, = -k cear A [exp(-Lox/A) — 1] = « cemr A [1 - exp(- Lox/A) ]

Cr’" signal from the oxide film with carbon contamination:

z2
I, = K'[CCr3+ exp(-z/A)dz

71
integration yields:
I. = - xcens A[exp(-z2/A) - exp(-z1/A)] withzy =L.and z, =L. + L
From this:
[/, =[exp(-zi/A) - exp(-z2/A)] / [1 - exp(- Lox/A) ]

= [exp(-Le/A) - exp((-LetLox)/A)] / [1 - exp(- Lox/A) ]

=exp(-Le/A) [ 1 - exp((Lox)/A)]/ [1 - exp(- Lox/A) ] = exp(-Lc/A)
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L. =0.18nm ( =2 x atomic radius) , A= 1.9 nm :

--> I/, = exp(-0.18/1.9) = 0.91

3.7
Energy of ISS signals (Ep = energy of primary beam) :
Fe: Ere/Ep = (Mpe -Mpue)/(Mpe + Mige)
Ni: Eni/Ep = (Mni —Mue)/(Mni + Mie)
My =4 g/mol
Mg = 55.8 g/mol
My; = 58.7 g/mol
Relative energy resolution:
AE /Ep = [(Mni ~“Mpe)/(Mni + Mue)] — [(Mre ~Mue)/(Mre + Mpe)]
=[(58.7-4)/(58.7+ 4)] — [(55.8 —4)/(55.8 + 4)] = 0.8724 — 0.8662 = 0.0062
Absolute energy resolution for Ep = 1KeV:
AE = (AE /Ep) Ep = (1000 eV) (0.0062) = 6.2 eV

3.8

212 1/2
C= 2z°Fee ¢, cosh ZFAD .
RT 2RT

z=1,6=78, ¢, =8,95x10"> C/Vm, T=298 K,

242 1/2
227868, | 5 15x102 As/Vm?
RT
osh ZFADGe | _ 1.51
2RT
Double layer capacity: C=(7.15x10? )(1.51) ¢"*=0.110 ¢
For ¢ = 0.001 mol/l: C=0.110 As/Vm’= 0.110 F/m* = 11.0 uF/cm?
3.9
1 (21 Y(FA® 1 (2 Y F 21 Y
Mott-Schottky: — =| —= (—SC—IJ or —=|—| —=AD —| —=
C &s, RT C ee, ) RT e,

Flatband potential, Ezosc=0):  from the potential of intersect of (1/C2) vs E with x-axis:

1/C2 =0: E= Eintersect
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E = Eintersect : AQsc = RT/F

2
0o 21, | ( FAD .
&e, RT

_lj -

For semiconductor electrodes : ADsc = E — E (avsc-0)

Therefore : E (awse=0) = Eintersect = A®sc = Eintersect — RT/F

Charge carrier density: from slope of 1/C* = f(E)

with 1.2 =g, RT/2F’n,

2
21 F
= d(1/CH/d ADgc = | == | —
a ( ) 3¢ ngjRT

[

a=[4 eeo,RT/2F no(ge,)*](E/RT) = 2/F n, €&,

Measured values:

E(V) -0.1 0 0.1 0.2 0.3 0.5 0.7
10°C 14.0 7.7 6.0 5.0 4.4 3.6 3.2
(F/m?)

10°C™ 5.1 16.9 27.8 40.0 51.7 77.2 97.7
(m*/F?)

From these values we get:

intersect : Eintersect = - 0.15V

--> Flatband potential: Expsc-0) = Eintersect — RT/F = (-0.15)-(0.026) =-0.176 V
slope: a=1.19x10° m*/V F?

n, = 2/aFeg,

£=8, g, =8.95x10"* As/Vm

n, = 2/(1.119x10%)(8)(8.95x107'%)(96485) = 2.43 mol/m’ = 2.43x10°® molem®

Charge carrier density:

CHAPTER 4

4.1

BV equation: i=1, [ exp(n/Ba) —exp(- n/Be¢) ]

Applied potential: E=-0.6V vs SCE=-0.359 V (NHE)
equilibrium potential: E;ey, =0—0.059 pH=-0.177 V

overvoltage: N =E — E., =-0.359 — (- 0.177) =-0.182 V

cathodic Tafel region: i=- i, exp(- n/Bc) =- 10 exp(- (-0.182)/0.055) = - 2.74x10= A/cm?
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4.2
1o = F kKa Crea+ €Xp(Erev/Ba) = F Ke Cres+ €Xp(- Erev/Be)
solution I: Crest = 107 mol/l, Crer+ = 10 mol/l
Erev1 = E°+ (RT/F) In (10°/10° ) = E°
solution I~ cpe3+ = 107 +0.019 = 0.020 mol/l, crez+ = 10™ mol/l
Erevs = E° + (RT/F) In (2x10%/10° ) = E° +0.077 V
iox1/ior = F ke (2x107) exp(- (E°+0.077)/B.) / F ke (107) exp(- E°/Be)
=20 exp[(-E°-0.077+E°)/B.)] = 20 exp (-0.077/ B.)
numerical values: i, = 5x107° A/cmz, B.=0.05V

foa1 =101 20 exp (-0.077/ Be) = (5x107)20 exp (-0.077/ 0.05) = 0.021 A/cm*

4.3

Equilibrium potential for pH=1: Eiew =0-0.059=-0.059 V

Saturated calomel electrode (SCE): Erv=0241V

equilibrium potential versus SCE : Erev (SCE) =-0.059 +0.241 =-0.300 V

Surface area: 6 cm’: i=I/A=1/6 Alcm?

Experimental data:

E(SCE) n (V) 1(A) i (A/em2) log| il
-0.360 -0.060 -0.0003 -5.0x10° -4.30
-0-480 -0.180 -0.0029 -4.83x10™ -3.32
-0.600 -0.300 -0.0310 -5.17x107 2.29
0.720 -0.420 -0.3010 -5.02x107 -1.30
-1
-1. *
2
2. ?
-3
-3.5 *
-4
-4.5 *
5

-05 -04 -03 -02 -01 0

© 2007, Dieter Landolt 15




From graph  log il vsn
intercept withn =0 ---> logi,=-4.8 ->1i,= 1.6x107° A/cm?

slope: (dlogli)dn =840 = 1/23B) —> B.=0.052V

4.4

10 T

[ ]
5
[ ]
[ ]
0
[ ]
[ ]
5
[ ]
®
-10
20 15 10 -5 0 5 10 15 20

slope: di/dE = 1/r. = 0.58 mA/cm’mV = 0.58 Q'cm™? --—> r.=1.72 Qcm?

fcor = (Ur)[(1/b2) + (1/be) T
=0.58 [ (1/0.03)+(1/0.05)]" = 0.58/53.3 =0.011 Acm™

leor = 11 mA/cm?

4.5
100

10 ®

1 ()

0.1

0.01
-08 -0.756 -07 -065 -06 -055 -0.5

E (V vs SCE)

Ecor =-0.55V vs SCE
from figure extrapolation: I, = 0.07 mA/cm? > i, =0.035 mA/cm?
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Table 1.1: 1 pA/em*=3.27x10" (M/np) mm/year
Ni: n=2,M=58.7 g/mol, p=28.9 g/cm’
icor =35 pA/em2 = (35)( 3.27x107)(58.7) /(2)(8.9) = 0.377 mm/year

4.6
Lcor = 1o,Fe €XP[(E-Erev,re)/Pae] (1)
Lcor = 1o €XP[- (E-Erev,n)/Ben] (2)
(2 equations with 2 unknowns: E¢or, 1cor )
Ereyi =0—-0.059 pH =-0.059 V
Erevre = -0.44 + (0.059/2) log 10> =-0.499 V
Bare =0.0174 V, Beyr =0.052V
Corrosion potential:
io,re €XP[(E-Erevre)/Bare] = ion €xp[- (E-Erevn)/Ben]
Iniore + (Ecor/ Bare) — (Erevre / Pare) =Inion - (Ecor/ Bep) + (Erevni / P )
In 10 + (Ecor/ 0.0174) — (-0.499 / 0.0174 ) = In 107 - (Ecor/ 0.052) + (-0.059 / 0.052)
> E¢or =-0.359 V
Corrosion current density:
Leor = Io,Fe €XP[(E-Erev,re)/Bare]
Inicor = Iniope + (Ecor/ Bare) — (Erevre / Bare ) = - 18.42 +(-20.61)+28.68 = - 10.36

> ieor = 3.2 x 102 AJem?

Note: The same result for 1. ccould also be obtained from equation (2)

4.7

icor = 1o €Xp[- (E-Erevun)/Benl Unknowns: icor , o
Eeor = - 0.520 V (SCE) =- 0279 V (NHE)
ben =0.12V > Bep =0.052V

pH 4 : Erevi =0-0.059 pH=-0.236 V
Calculation of 1, 5 from cathodic polarization:
For 1 mA/cm?® E=-0.90 v (SCE) =-0.659 V (NHE)
1=1on exp[- (E-Erev1)/Ben]
107 =ion exp[- (-0.659 +0.236)/0.052] = ion exp[8.135] = ion (3.41x103)

> ion =2.9x107 A/em?
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Corrosion current density:
feor = (2.9x107) exp[- (-0.279 +0.236)/0.052]

> {eor = 6.6x107 A/om?

4.8
PH3 :Ecor=-0.50 V, icer = 10° A/em®  Ery =0-0.059 3)=-0.177V

pH1:E =27, icor =107 A/em®  Ery =0-0.059 (1) =-0.059 V

Corrosion current density: icor = 1o €Xp[- (Ecor-Erev.ir)/Ben] with Bep=0.053
pH3: 10 =i, mepm3) exp[- ((-0.50) —(-0.177))/0.053]

> ionepms = 10°/(4.43x10%) = 2.26x10” A/cm?
Exchange curent density: 1,u =nF k¢ cpyr exp[- Erevrn /Ben]
pH 3 : iompus = n F ke (107) exp[- (-0.177) /0.053] = n F k. (28.2x10™)
pH 1 : ioneun =n F ke (10™) exp[- (-0.059) /0.053] = n F k. (3.04x10™")
Lo / fonms) = 0.304/(28.2x107) = 10.8
o mepr1) = 2.44x10°
Corrosion potential:  Ecor — Erey = - Ber In 1cor/lon
Ecor = Erev - Pt In icor/ion

For pH 1: Ecor =-0.059 —0.053 In (10°/2.44x10™®) =- 0.059 — 0.197 =- 0.256 V

4.9

i1=0.62nFD* v ¢, 0"

n=4

D=251x10" cm%s > D**=8.57x10"* (cm%/s)*”

v=10%cm%s > v " =2.15 (cm?/s)"®

¢y = 8 mg/l = (8x107/32 )10~ = 0.25x10° mol/cm®

© = 1200 rpm = 27 (1200/60) = 126 rad/s > 0"?=11.21 (rad/s)"?
Limiting current density at 1200 RPM:

i1 = (0.62)(4)(96585)( 8.57x10™*)( 2.15)( 0.25x10)( 11.21) = 1.23x10° A/cm?

Diffusion layer thickness:
ilanDCb/S QSZHFDCb/h
& =4 (96585)(2.51x107 )( 0.25x10°®) /(1.23x107*) = 2.05x10” cm = 20.5 um
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4.10
Mass transport controlled corrosion: icor = 11,02
Mass transport rate for turbulent pipe flow: Sh=0.0115 Re”® Sc'”
Re =42000, Pipe diameter L=1.9cm, Dg,; = 2.5x10° cm?/s
coz =7 mg/l =2.19x10™ mol/l = 2.19x10”" mol/cm’
Sc = v/Dgy = 0.01/(2.5x107) = 400
Sh = (0.0115)( 42x103)"3(400)"* = 9.39x10?
Sh =10, L/4F Doz con = 11,00 =Sh4F Doy cop /L

iLo2 = (9.39x10%)(4)(96485)( 2.5x107)( 2.19x107) /1.9 = 1.05x10~ A/em® = 1.05 mA/cm?

4.11

Table 4.27 : Sh=0.079 Sc*** Re"’

Re=wrL /v L=2r=0.04 m o = 2m(4000/60) = 419 rad/s
Sc = v/Dy v=10"m"s Dy = 9.32x10” m%/s
Sh=1,L/nF Dy cp ¢, = 0.00lmol/1=1 mol/m®> n=1

Re = (419)(0.02)(0.04)/(10%) = 3.35x10°

Sc =(10°)/9.32x10” = 1.072x10?

Sh = (0.079)( 1.072x10%)**(3.35x10%)*" = 2.99x 10’
i;=Sh (n F Dy cp)/L = (2.99x10°)(1)(96485)( 9.32x107)(1)/(0.04) = 67.2 A/m*
Corrosion rate: 1 A/m*=0.327 (M/n p) mm/year (Table 1.1); Mwmg =24.3 g/mol, pwme =1.74
g/crn3 ,N=2: > v =(67.2)(0.327)(24.3)/(2)(1.74) = 1.53 mm/year

4.12
H,0, O, |

bentonite 0,

2Cu+0,+2H,0 > 2 Cu(OH),

Oxygen flux across bentonite layer of thickness L=2m: N, =Do2 co2 /L

Do> = 8x10™"" m?s,

co2 = 5.4 ppm = 5.4 g/10° g H,0 = 5.4g/m’H,0 = (5.4/32) mol/m’ = 0.169 mol/m’
Noz = (8x107)(0.169) /2 = 6.76x10"? mol/m’s
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Corrosion rate of copper:

Ncu=2No» =2 Neo = 1.35x10""! mol/m?s

1 mm/year = (3.15x10*)(M/p) mol/m’s where M¢, = 63.5 g/mol, pc, = 8.96 g/cm’
Veor = (1.35x10™"") (3.15x10%)(63.5/8.96) = 3.01 x10°® mm/year

Thickness corroded in 100000 years: 0.3 mm

4.13

c

Cq o ROH- 5

y 0,+H,0 +4e¢e> 40H

hydroxyl ion flux: Nog =4 No;
Noz = i102/4F = 0.62 Do ?? v cp 00 @'
Non = 0.62 DOHZ/3 v1e CsoH o'’ assuming cpon =~ 0
Nou / No> = Dou™ cson/ Dor™ cp00 = 4 > cson =4 (Do2/Don)™” v
Doz =2.5x10" , Don = 5.25x107 , cp.02 = 8 mg/l = 2.5x10™ mol/l
coon =4 (2.5/5.25)7 (2.5x10%) = 6.1x10™ mol/l
Water dissociation equilibrium: coy cis = 10" (mol/1)?
cur ~ 1.6x10" ' mol/l or pH=~10.8

Note: The surface pH does not vary with the rotation rate.

4.14

Limiting current density at RDE in a binary electrolyte:

i1=(1-(z+/2.)) 0.62n F D:** v (ciy — 1) @

FeCly: zy =2, z =1 2> 1-(z4/z)=3

D. =0.72x10” m%/s

C+s =4.25 mol/l, cip =2.0mol/l -2 ¢4 —c+p = 2.25 mol/l

v=10°m’ , ©=200RPM = (200)21/60 = 20.9 rad/s

i1 = (3)(0.62)(2)(96485)( 0.72x10°)**(10%)"(2.25)(20.9)"* = 2.97x10* A/m*
i =2.97 Alem*
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4.15
k = (FYRT) Xz’ Dj ¢

Mnact = 58.5 g/mol, Mcagcosp = 162.1 g/mol

cnact = 1 mg/l = (107/58.5) = 1.71x10”° mol/l = 1.71x10™ mol/m® = cxar = cau.

Ccamcozp = 15 mg/l = (15x10°/162.1) = 9.25x10™ mol/l = 9.25x10™> mol/m’ = ccy+ = % Chcos.
25°C: F/RT = (96485)*/(8.3)(298) = 3.76x10° As/Vmol

Na" Dyas = 1.33x10° m%/s ZNa+ = 1
cr oo Der. = 2.03x10” m%/s zo=-1
Ca™ Do+ = 0.79x10” m%/s Zeare =2
HCOs™: Ducos. = 1.18x10° m*/s  zucos. =-1

K = (3.76X10°)[ Zna+r"Dxa+ CNar+ Zer Dot cort Zeas Dears Ccar + Zrcos- Drcos. Crcos-]
= (3.76x10%[(1.33x107 )(1.71x107 )+ (2.03x107) (1.71x107?)
+(4)(0.79x107 )( 9.25x107)+ (1.18x107 )(18.5x107)] = 2.14x10= Q'm?
Units: (As/molV)(m?/s)(mol/m’) = A/Vm = Q'm"

4.16
steady motion:  z; q; (d®/dy) = 6m i n; Vi

Definition of electric mobility: ue; = vi /(d®/dy) [(m/s)/(V/m)]; ue; =2z; Fu; withu; = Di/RT
Fe* : Drer =0.72x10°m%s 2 Uererr = (2)(96485)(0.72x107)/(8.3)(298) = 5.61x10™ m?*/Vs
Fe’™ : Dpear = 0.61x10°m%s > Uepers = (3)(96485)(0.61x107%)/(8.3)(298) = 7.13x10™® m?*/Vs
ionic radius: 1; =2z; q; /67T N Ue;

Fe? @ rpear = (2)(1.6x107) /(6m)(107)( 5.61x10™®) =3.03x10"" m

Fe*™ 1 rre = (3)(1.6x10™%) /(6m)(107)( 7.13x10™) =3.57x10"" m

Tre3+ > Trez+ because the higher charge leads to stronger hydration

CHAPTER 5

5.1

Fe'"+2e = Fe’ E°=0.771V

CFe3+ = Crez+ = 0.001 mol/l

Erev =0.771 + (RT/F) In (apes+/aper+) = 0.771 + (RT/F) In (Cpez+/Crea+) = 0.771 V
Applied potential E =0.595 V
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Overvoltage : n=E - Erev=0.595-0.771=-0.176 V
Assuming that the rection is charge transfer controlled (Tafel region):
i = -1, exp(-n/Be) = - 5x10 exp(+0.176/0.05) = - 0.169 A/cm®
Assuming that the reaction is transport controlled (limiting current):
1] = - nF Drgest Cpes+ / 0
i1 = - (1)(96485)(0.61x107)(10°)/107) = - 5.89x10 A/cm’
Comparison of i, and i; shows: il <<ic. Under the conditions of the experiment F > will be

reduced at the limiting current density under mass transport control.

5.2
1 Fe + OH - FeOH,y + €
11 FeOH s > FeOH, +e

11 FeOH,ss" +H* > Fe*' + H,0

I: kiacon (1-0) exp(a f E) = ki 0 exp(-(1-a) f E)
where 0 = surface coverage of FeOH,4s and f=F/RT
forO<<1: 0/(1-0)=06=(kia/kic)conexp(afE+ (1-a) fE)=Kjcon exp( fE)
where K; = (kia/ ki)
II: v = ke 0 exp(a fE) = ki, Ki con exp( fE) exp(a fE) = kia Ki con exp [(1+ ) fE)]
anodic current density:
lp=11+ig=Fvi+Fvp=2F v
1, = 2F k, con exp [(1+ ) fE)] where k, = ki, Ky
Charge transfer coefficient:
1/Ba=dIni,/dE= (1+a)f =2 B, =1/((1+a) )
a=0.5;1/f =(RT/F)=(8.3)(298)/96485 = 0.0256 V: B,=0.0256 /1.5=0.0171 V
Reaction order for OH" :

_ dlni —1
S T =

OH CFe2+

Variation of exchange current density with Fe’' cocnetration: i, =2 F k, con exp [(1+ o) f

Erev)]
d1ni, /d In cres = d[(1+0) £ Erey] / d In Cres

Erev = EO + (RT/2F) In CFe2+
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(I+ @) fEry) = (1+ o) FE)+ ((1+ )/2) In Crep+
d[(1+a) fErev] / d In cpeo+ = (1+ a)/2 = 0.75

dIni, —075
dlncpey, T

CoH-

Potential shift with coy. at constant 1 and Cpep-+:
Ini,=In 2F k, cog ) + (1 + )f E
E=[1/(1+o)f] [Ini, —In (2F k,— In con)]

( dE J — U1 +wf = -00171V
dln COH* .
L,CFe2+
5.3
Volmer-Tafel mechanism: H++e -2 H.gs 2X |
Hads + Hads > H2 II
I at quasi equilibrium: kic e+ (1 =0) exp (— (1 —o)f E) =k, 0 exp(a fE)

for small coverage: 0/(1-0)=0

0 = (kic / ko) cp+ exp[-(1-a) fE — o fE) = (ki / ko) cp exp (— £ E)
II (RDS) : vir = ke 0% =k (kie / ki)’ exp (-2f E)
ic=-2F ki (kie / ki)’ exp (-2fE) =- 2 F kye (kie/ kia)’crs” exp (-E/Be)
B.=dE/Ini. > 1/pc=dmlni/dE=-(2f)=2f > PB.=1/(2f
1/f = (RT/F) = (8.3)(298)/96485 = 0.0256 V > B.=0.0128V
be=2.3 B =0.0295V =~ 30 mV

5.4

For a charge transfer controlled reaction:

2c? R’/ oC
=+ , __RIoC , R

TR +1/C? ™R +1/ 0*C?

A Nyquist plot of the tabulated data yields a hemi-circle:
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®=00 ®=0
Charge transfer resistance from graph: R =Zg(®0=0) - Zre(®=0) = 8 Q
A=2cm2 > r;=R;A=(8)(2)=16 Qcm?

Double layer capacity from the maximum: |Zge| = |Zm|
RlwC* _ RaoC

= > 1/oC=R
R +1/&’C> R +1/0’C’ t

®max = 1.25 kHz  (see figure and table) ; Ry =8Q > C=1/0o R;= 10 Farad
ca = C/A=0.5x 10" F/em® = 50 uF/em®

Exchange current density:

At the equilibrium potential : r,=RT/nFi, - i, = RT/nFr,

n=2; RT/F=0.026V; r,=16Qcm’> > i,=0.013/16=_8.1x10* A/cm*

5.5

ZRe
From graph: R =2 Q,
Ri=8-2=6Q
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A=5cm2; rtZRtAZ.%OQcm2
Tafel region: ry =dE/di= (dE/d Ini)(d In i/di) = Ba/1
i=1mA/em2 > Ba=ri = (30 Qecm?)(10° A/em?) = 0.030 V

5.6

()  Ni+H;O=NiOH, +H +e
(I)  NiOH.4 — NiOH + e
() NiOH +H"=Ni*"+ H,0

I: ka1 (1-0) exp(afE) =k 1 0 Cne ! exp(-(1-a)fE)
0/(1-0) = 0 = (ko1 /kex ) cus”' exp(fE)
I: vi=kun 0 exp(afE) = kan [(Kat /ker) e exp(fE)] exp(afE)
= (Kot Kax /kep) e exp ((1+o)fE))

i,=2F vy =2Fk, cu: " exp (1+a) fE))  where  ka = (kou Kax /ker)
Exchange current density:
io=2F k, cs ' exp (1+a) f Erey)
Ini, =In 2F k,) — Incpr + (1+a) f Erey
log i, =log (2F k,) —log cyy+ + (1+a) f Erey /2.3
dlogi,/dpH~=-dlogi,/dlogcy: = 1
(dlog ioj 1

dpH -

CNi2+

dlog io / d 10g cxize = (d 108 io / dErey)(dErey / d logenins) = ((1+01) £/2.3)(2.3/26) = (1+a1)/2
( setting Erey & E° + (RT/2F) In cnip+ = E° + (2.3/2f) log cnin+ )

dlogeyip+

(le_gioJ =(1+0.5)/2=0.75
pH

5.7
I Cu = Cu+e
11 Cutr >Cu”+e

ar=og=ao; f=F/RT N=E-Ery
(a)

reaction step I:
i1 =F kyy exp(a f E) — F ke cour exp(-(1-a)f E)
11 =F ka1 exp(a f Erey) = F k1 Cout(eq) €Xp(-(1-0)f Erey)
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> ir =101 exp(a f1) — o1 (Ceut/ Ceutieq)) EXP(-(1-a)f M)
eliminate (Ccu+/ Ccut(eq)):
i1 =101 €xp(a ) — o1 (Ccut/ Ceutieq) EXP(-(1-a)f 1)
(Ccut/ Ceuteq) =-11 H o1 exp(a f1) /101 exp(-(1-a)f )
= - (ir/ 104) exp((1-a)f n) + exp(a £ 1)/ exp(-(1-o)f n)
=-(1/2 1)) exp((1-a)fn) + exp(fm) because at steady state i; =iy =1/2
reaction step II:

11 = 1o (Ccut/ Ceuteq)) €Xp(a M) — 1o exp(-(1-a)f )  (using same reasoning as for step I)

= lou1 [- (1/2101) exp((1-o)f 1) + exp(f )] exp(a £ 1) —ion exp(-(1-a)fn)

= (-l 1/2101) exp((1-a)f 1) + 1o exp(f n)] exp(a £ 1) —ion exp(-(1-0)fn) =1/2
rearrange:
(i/2)[1 + (ion /io1) exp(fn)] = ion [exp((1+a) T M) - exp(-(1-o)f )]
1=2 i,y [exp((1+a) fn) - exp(-(1-0)f )] / [1 + (iox fios) exp(fn)] q.ed

(b) For io;>>1,1 and n>>0 (anodic Tafel region) :
from above equation it follows (setting i,; =) : 1=1, =2 1,1 exp ((1+a) fn)
Ba.=1/(A+a)f
For i,;>> 1,y and n << 0 (cathodic Tafel region) :
i=1.=-1onexp (-(1-a) fn)
Be=1/(1-a)f

CHAPTER 6

6.1

The standard potential of the halfcell reaction

Fe;03 +6 H + 6 e=2Fe +3 H,0

corresponds to the standard free energy change of the reaction (Chapter 2):

Fe,O3; +3H, =2 Fe+ 3 H,0
AG® =3 AG’n0) - AG®Fe203) =3 (-237.2) —(-742.2) =+ 30.6 kJ/mol
E° = -AG°/nF = (-30.6x10°) /(6)(96485) = - 0.053 V

Equilibrium potential in 0.5M H,SO4 of pH= 0 :

Erw = E° + RT/6F In (1/ay:®) = - 0.053 — 0.059 pH = - 0.053 V
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Passivation potential at pH =~ 0 (from Fig. 6.9): Ep=0.86V
2> E,>> E. !

6.2
3 Fe,03 +2H 2 e=2Fe;04 + H,0 (1) E;°=?
One finds in Table 6.9 :

Fe;04+8 H +8e=3Fe+4H,0 (2)  E)’=-0.087V
Fe,03+6H + 6 e=2Fe+3 H,0 (3) E3*=-0.053V

reaction (1) = 3 x reaction (3) — 2 x reaction (2)
AG°; =3 AG’; -2 AG®;
-ny FE°, =-3n3 FE°; +2n, FE®,

- E° =3 (n3/n;) E°; -2 (ny/n;) E®,
n=2,n=8 n3=6:

E° =3 (3)(-0.053) -2 (4) (- 0.087)=0.219 V

6.3
In|i| /‘
Eor Ep E
1p = 1cor €XP[(Ep — Ecor)/Pal Tafel region
E, =0.15-0.059 pH -> forpH=2: Ep=0.138V

Ecor=-0.05V; i, =0.1 mA/cmz; Ba=30mV
i, = (0.1x107) exp[(0.138 + 0.05) / 0.03)] = 0.053 A/cm’ = 53 mA/cm*

Cathodic partial reaction: Fe’ + e = Fe”" ; anodic partial reaction : M > M* +ze
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What value of cge3+p is needed to passivate the electrode: Passivation if ijpes+ > 1p
Rotating cylinder: Sh = 0.079 Re"7 S¢”*
Sh = ij pe3+ L / nFcpest pDpest > iipe3+ = ShnF Crezsp Dres+ /L
with L = cylinder diameter: L=2r; Re=worL/v=2 /v
Sc = v/Dge3+
iLpes+ = (NFCFe3+5Dres+/21)(0.079) (2 © r*/v)*"( v/Dpess )™’
ipess = 0.0642 nF Cresep Dress @ v 1% @ *7
> CFe3+.b = 11Fe3+ / 0.0642 nF Dyezs 6 v 035 104 07
100 RPM = 1000(27/60) = 104.7 rad/s
i, =0.03 Alcm? ;v=0.011 cmz/s; Dress = 0.5x107 cmz/s; n=1; ijpe3+ = 3x107% A/em?

> Crez+p = 6.55x107 mol/cm®

6.5

From Fig. 6.16 we read:
pH log [ip|
1.8500 -1.6500
3.0200 -1.9500
4.5500 -3.7000
7.4500 -4.8000
8.4200 -5.3000
9.3700 -5.9000
11.500 -7.2000

A plot of log |1,| versus pH of yields:

T T T
a vE -0.58094 - 0.57265x R=0.99181

tog i |

p By regression analysis: log [ip| =-0.08 — 0.57 pH

To reach spontaneous passivation 10> >1, (cf. problem 6.4)

Limiting current density for oxygen reduction:
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1,02 =4 F Doz coap / O with
cozp = 0.5 ppm = 0.5 mg/l = 0.5x107/32 = 1.56x10° mol /1 = 1.56x10® mol O, /cm’
Do =2.5x10° cm?/s  (from Table 4.1) ; 8 =107 cm

> 02 =7.53x10° A/em® or  log|ijoz| =-5.12 (A/ecm®

log [i1,02] = log [ip|
2512 =-0.08-057pH > pH=(-5.1240.08)/0.57 = - 7.97 ~ 8.0

--> Spontaneous passivation for pH > 8§

6.6
From Fig. 6.15 :
o(rad/s) o' Ip (mA/cm?)
261.80 16.180 1550.0
167.60 12.940 1300.0
41.900 6.4700 600.00
160
——y = 281821+ 99.313x /Re 0.997(2
140 ?/
120
_ 100
5 800
<
£ 600 /
400
200
0
0 5 10 15 20
o112

regression analysis: i, = 99 o' mA/em® =99x10” A/em?
Levich equation: i = 0.62 nF D** ¢ v'"® @'

=i~ 99 0"
Saturation concentration at electrode surface:

Cear =11/ 0.62 nF D?? v 2 =99x10° ©'?/0.62 nF D v %2 =99x10/ 0.62 nF D** v*
1/6

For D=10"cm?%s ; v= 102 cm?s ; n=2

> Cear=(99x10-3)/[(0.62)(2)(96485)(2.92x10-4)(2.15)] = 1.29 x10~ mol/cm® = 1.3 mol/l
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6.7
2 CrOs3i + 6 H + 6 e = Cry03¢) + 3 H,0
3H, =6H +6¢

2 CrO; +3H; = Cr,03 +3 H,O
For this reaction: AG® = AG°cr03 + 3 AGmo — 2 AG® o3
Using Tables 6.8 and 2.9 :
AG® = (-1058) + 3(-237.2)-2(-510) = - 749.6 kJ/mol Cr,0;
E°=- AG°®/nF = - (- 749.6x103)/(6)(96485) = 1.295 V
pH 5 : Erey = E° + RT/nF In(1/ag:?) = E°— 0-059 pH

Erev = 1.295 - (0.059) (5) = 1.00V

6.8

Data points:

o(rad/s) i(A/em?) 1/i o'
600.00 0.26200 3.8170 0.041000
400.00 0.25000 4.0000 0.050000
200.00 0.22700 4.4050 0.071000
100.00 0.20000 5.0000 0.10000
50.000 0.17200 5.8140 0.14100
20.000 0.13400 7.4630 0.22400
10.000 0.10700 9.3460 0.31600

——y =|2.9883 +|20.071x |R=0.99998 | ©

0 0.05 0.1 015 02 025 03 035

10 Regression analysis: (1/i) =2.99 + 20.1 (1/0"?%)
oo 1/i=2.99=3.0 or i-w = 0.33 Alcm*

6.9

© 2007, Dieter Landolt



H,CrO, = HCrO, +H' K,;=6.3

HCrO, == CrO4” +H' K, = 3.3x10-’

2HCrO4 = Cr,07” + H,0 K3 =339

To solve this problem we replace all activities by concentrations.

Ki~ cu+ chcros- / Cacros = 6.3 (1)
K>~ cus coros- / Crcros = 3.3x107 )
K3~ ccnor/ Cucos” =33.9 3)
ag: ~ cpr = 107 (pH=3) 4)
Total chromium concentration: ¢ = Cyycr04 T CHCro4- + Ccro4—- T Ccr207 (5)

2> 5 equations with 5 unknowns: Cy+, CHCrO4-, CCrO4-- » CH2CIO4 5 CCr207

Approximate solution:

(1): cucros- / Cmacros = 6.3/107 = 6.3x10° = CHCr04- >> CH2CrO4
(2): ccroa- / Cucroa= 3.3x107 /107 =3.3x10™ > Caros << CHCros-
(3): ccro7 / CHCrO4—2 =33.9 - ccro7 = 33.9 CHCrO4—2

o _ 2
(5): ¢ =0.1 mol/l = crcros-+ Ccros— + Chacro4 + €207 ® Crcro4- + €207 = Crero4- +33.9 Crcros-

solving for (5) cycros- yields : Crcros- = 0.042 mol/l
with (3): ccror = 33.9 (0.042)? ceror = 0.058 mol/l
with (1) cracros = 0.042/6.3x10° Cracros = 6.7x10° mol/l
with (2): ccros = (3.3x107)( 0.042) ceros- = 1.4x10° mol/l
CHAPTER 7

7.1

Erv = E° + (RT/F) In acus E°=0.340 V

0.1 ppm = (0.1x10°g/g)(10’g/1)/63.5g/mol = 1.57x10° mol/l
acu+ = cour = 1.57x10° mol/l
95°C=368K: Eiev0s = 0.340 + (8.3)(368)/896485)In(1.57x10%) = 0.128 V
55°C=338K: Erev.ss = 0.340 + (8.3)(338)/896485)In(1.57x10°) = 0.146 V
AE = E ey 95 - Erevss =0.018 V

For corrosion cells: Eunoge < Ecamode ~ -—> Metal at 95°C is anodic and corrodes preferentially.
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7.2
Cell voltage for I =0 : Ug=0) =20V
Cell voltage for I #0: U =Uq=0) - Ca - |Cc|]- I Rine
with §,=0.18+0.12logI
Cc=-0.20-0.09 log ]|
Rine =0.14 Q
[=0.1A: Ug=0.1) = Ug=0) - Ca - |Cc|- I Rint
Ug=0.1) =2.0—(0.18 + 0.12 log 0.1) - |(-0.20-0.09 log 0.1) | - 0.1(0.14)
=2.0-0.06-0.11-0.014=1816 V
[=1A: Ug=1) = Ug=0) - Ca - |Cc|- T Rine
Ug=1)=2.0—-(0.18 + 0.12 log 1) - |(-0.20-0.09 log 1) | - 1(0.14)
=2.0-0.18-0.20-0.14 =1.480V

7.3
Fe+ 1% 0,+2H" --> Fe** + H,0 --> Vior = Npe2r =2 Npp  (mol/cm2s)
A=Ap + Acy=2500 = A+ 5(0.5) cm® > Acy =2.5 cm’

Are =2497.5 cm” ~ 2500 cm’
No2 = 4x107'"! mol/cm?s
Number of moles O; reacting per second: Joo =N, A= (4x10'11)(2500) =1.0x107 mol Oy/s
number of moles Fe reacting per second: Jre =2 Joo = 2.0 x10”7 mol Fe/s
(a) Rivets made of iron: Ap = 5x0.5 cm®
Veor = Npe = 2.0 x107/2.5 = 8.0x10™® molFe/cm’s
Table 1.3: 1 mol/em’s = 3.15x10* (M/p) mm/year
Mg, = 55.8 g/mol ; pre = 7.86 g/cm3 --> Veor = 179 mm/year

(b) Rivets made of copper: Ape = 2500 cm®
Veor = Npe = 2.0 x107/2500 = 8.0x107'! molFe/cm?s --> Veor. = 0.179 mm/year

7.4
Anodic partial reaction: i,,7n = icorzn €XP(Ezn-Ecor.zn)/Ba.zn
Azn=Acy =10cm?; i;0,=0.05 A/em?;
Ecorzn=-0.765V ; Ecorcu=0.01 V; Rine=1 Q ; Bazn=0.04V
ForI,cy = 0: Lazn = 1102 (Acy + Azn) =(0.05)(20)=1.0 A
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(@) fazn =lazn / Azn =1.0/10=0.1 A/em?
(b) Ezn - Ecor,zn = Bazn In (12,20 / 1cor,zn)
With ia,z0=1.0 A/em2 ; icorzn = ir02=0.05 A/em’ :
Ez,= 0.765 + 0.041n (0.1 /0.05)=-0.737V
(€) I=Tazn +Tezn = Tozn +it02 Azn = 1.0-0.05(10) = 0.5 A
(d) Eca —EZn=1Riy ->Ecu=Ez +1Rin=-0.737 + (0.5)(1) = - 0273 V

7.5

(a) Noble electrode, equilibrium conditions for oxygen: O, +4H +4e = 2 H,0
Erevi = E° + (RT/4F) In(Po2;1 ap+)

Erevi = E° + (RT/4F) In(Poon ap-+)

Erevi- Erevii = (RT/4F) In(Po21 /Po2n) = 0.0064 In(0.01/1.0) = - 0.0295 V

(b)

brass
Infij , 0,y
OZI
E ky = 1.3 x10° mol/dm’ bar
P21 =0.01 bar : coar = ku(0.01) = 1.3x10" mol/l
Poou = 1.0 bar : coon = ku(1.0) = 1.3x10™ mol/l
1102 = - nFD02C02/0  —> 1021/ 1102,1 = Co2,1 / Coout

Dissolution of brass: 1, = icor €Xp(E-Ecor)/Ba
It follows for electrodes [ and II:  E; — Ecor = Ba In(1a1/1cor) and En — Ecor = Ba In(1a11/1c0r)
--> E;—En = Ba In(ia1/1a0) = Ba In(ii02,1/1102,11)

=0.017 In(1.3x10-5/1.3x10-3) =-0.078 V --> Ey; is more noble than E;
7.6
Steel pipe: Ecor1=0.1V
Rebar : Ecorn =0.6 V

soil resistance: p. = 3000 Qcm? = 1/x

Ohmic resistance at coating defect: Rjy (1/2 d x )= 3000 /(2)(1)= 1500 Q
Ohmic control: Ecornr - Ecor1 = (Rint + Rext) = 1 Ring

> 1=(0.6-0.1)/1500 =3.33x10" A
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i =1/A;=3.33x10"0.785 = 4.25x10™* A/em’
Table 1.3: 1pA/cm® = 3.27x10°(M/np) mm/year
veor = (425) (3.27x107)(55.8)/(2)(7.86) = 4.92 mm/year
Wall thickness: 6 mm
Time to perforation: t, = 6/4.92 = 1.22 years

7.7

Fe-18w9%Cr-8w%Ni-0.4w%C: Clissolved == C23Cr

initial concentrations of Cr and C :

18gCr/100g steel = (18/52.0)/100g steel = 0.346 molCr/100g steel M¢; = 53.0 g/mol
0.4gC/100g steel = (0.4/12.0)/100g steel = 0.0333 molC/100g steel Mc =12.0 g/mol

Reaction of 0.0333 mol C with 23 Cr/ 6C :
(0.033/6) 23 = 0.128 mol Cr/100g steel = 0.128(53.0) g Cr/100g steel = 6.64 g Cr/100g steel
Remaining Cr concentration : 18g/100g steel — 6.64 g/100 g steel = 11.36 g Cr/100g steel

Chromium concentration in w% : 11.4 w%

7.8
Pit growth rate: (dL/dt)= (i,/nF)(M/p) = [D (csat-cp)/L] (M/1)
Forcy =0: L = (2 Dge+ Csat M/p)l/2 t!? L = pit depth

Mg = 55.8 g/mol; Pre =7.86 g/cm3
Ceat = 4.25 mol/l
Drer: = 0.72x107° cm?/s (Table 4.)
> L=[(2)(0.72x107)(4.25x107)(55.8)/(7.86)]"* t'* = 6.66x10™* t'*
Wall thickness 3 mm :
Time to perforation: ‘[pl/2 = (0.3 cm) /(6.66x10™* cm s'? )= 455 52
tp =2.07x10° s =2.07x10° / 3600 =57.5 h
(b) Binary electrolyte , 0.1 M FeCl,
(dL/dt)y= (i,/nF)(M/p) = [(1 — +/2.) Drer (Csat-Co)/L] (M/p)
with (1 —z+/z.)=1-2/(-1)=3; (ceu-Cp) =4.25—0.1 =4.15 mol/l
> L=[(2)(3)(0.72x107)(4.15x107)(55.8)/(7.86)]"* t"* = 1.13 x107 t"?
tp = (0.3/(1.13x10%)? = 6.94x10*s=19.2h
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7.9

Pitting criterion: Ep < Eev02

Ey, =0.60 V(SCE) =0.86 V (NHE)

O, +4H +4e = 2H,0 E°=123V

Erev.02 = 1.23 + (RT/4F) log(Poy an: ) = 1.23 - (2.3 RT/F) pH + (2.3 RT/4F) log Po,
T=40°C=313K

pH=8; Po, =0.2 bar (air)

Erev02 = 1.23 —(0.062)(8) + (0.0155)(-0.699) = 1.23 - 0.495 - 0.011 = 0.724 V

--> Eiev.02 <Ep , no pitting corrosion

CHAPTER 8
8.1
Plot L versus log t:
L (nm t (min) Logt
1.5 1.0 0
2.0 11.0 1.04
2.6 98 1.99
3.1 1050 3.02
3.6 9960 4.0
4
Ty =1.493 +0.53084x R=0.99912
3.
3
£ 25
-
2
1.5

log t Regression line : 1.50 +0.53 logt

10 years = 5.25x10° min
Oxide thickness after 10 years : L =1.5+0.53 log (5.25x10°) = 4.5 nm
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8.2

Kelvin equation: In (P./Pgy ) =-2y M/p RTr. =2 rc=-2y M/ p RT In(P./Pgy )
P/Psat =0.85 = In(Pc/Pgy ) =-0.163

y=10.072 J/m? (Table 3.1)

M = 18 g/mol = 18x107 kg/mol

r=1g/em’ = 10’ kg/m’

r. = - (2)(0.072)(18x107) /(10%)(8.31)(298)(-0.163) = 6.42x10” m = 6.4 nm

83

T =30°C ; relative humidity: RH = 53 %

From Fig. 8.10: absolute humidity for these conditions AH =~ 16 g /m3
for T=20°Cand AH=16g/m3 > RH=~95%

Saturation in presence of ZnSO4 : (Table 8.11) :  RHgat, znsos = 90%

- RH at 20°C > RHgy, zns04 condensation is possible

8.4
months mass (mg) log t log m
2 20 0.301 1.30
12 69 1.08 1.84
22 101 1.38 2.00
36 148 1.56 2.17
—y=1.097 + 0.67628x R=0.99835
2.2 o
2
g pd
w18
[}
=
2 16
1.4
o
1.2

02 04 06 08 1 12 14 16
log (months)

Regression line: log m = 1.097 + 0.676 log t
20 years = 240 months
log m=1.097 + 0.676 log (240) = 2.71 --> corroded mass : m =508 mg
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steel: p=7.86 g/cm’ ; surface : A =25 cm®
Corroded depth after 20 years:
L= (508mg)(10~g/mg) / (7.86 g/cm’®)(25cm®) = 2.6x10” cm = 26 um

8.5

Reaction | Oxidation Equation Equilibrium constant
number state of iron

1 Fe(II) Fe(OH), = Fe*" +2OH K, =8x10"

2 Fe(II) Fe(OH), =FeOH +OH K, =4x10"

3 Fe(11I) Fe(OH); = Fe’" +30H K;=107

4 Fe(11I) Fe(OH); = FeOH>" +20H K, =6.8x107

5 Fe(11I) Fe(OH); = Fe(OH)," + OH Ks=1.7x10"

Water dissociation equilibrium:
aon. ags = 101 - logapy. =-14+pH ; pH=6: logaoy.=-8
a) Fe(Il):
Reaction (1): K = aper+ aon.”
log Ki=-15.1 = log apex+ + 2 log apn. = log apext - 16
log aper+ =-15.1+16 =+0.9 2 Cre2+ ® arez+ = 7.9 mol/l
Reaction (2): K, = apeon+ aon-
log K> =-9.4 = log areon+ *+ log aon. = log apeon+ - 8
log aper+ = -9.4+8=-14 > Creon+ * areon+ = 3.6x10% mol/l
b) Fe(IIl):
Reaction (3): K3 = ares+ aon.”
log K; = log ape+ + 3 log apn. = log aper+ - 24
log ape+ =-36+24 =- 12 > Cres+ & apess = 1072 mol/l
Reaction (4): K3 = apeomn+ aOH_2
log K4= log apeconz+ + 2 log apy. = log apeomn+ - 16
log apeoma+ =-24.2+16 =-8.2 > Creom2+ & Apeomz+ = 6.3x10% mol/l
Reaction (5): Ks = apeomy+ aom-
log K5 = log arconyp+ +10g aon- = log areomny+ - 8
log areomyp+ =-14.8+8 =-6.8 > CreOHp+ & areonp+ = 1.6x107 mol/l
c)

Dominant Fe(II) species: Fe* (saturation concentration atpH 6 = 7.9 mol/l )
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Dominant Fe(II) species: ~ Fe(OH)," (saturation concentration at pH 6 ~ 1.6x107
mol/l)
> Because of the lower saturation concentration of Fe(III) species oxidation of Fe(II) favors

precipitation of Fe(OH)s .

8.6

4Fe +30, +2 H,O - 4 FeOOH

Maximum rate = limiting current density for O,
Oxygen flus to surface: Nox = Doz c02/0

Do =2.5x10° m%s  (Table 4. x )

Co2 = CO2. saturation = 2.5x10™ mol/l = 2.5x10™" mol/m’
§=1um=10"m

Noz = (2.5x107)(2.5x10™)/(10°) = 6.25x10™* mol/m’s
Nre = (4/3) Noo

Corrosion rate: Ng. = 8.33x10™* mol/m?s

Table 1.1 : 1 mol/m’s = (3.15x10'4)(M/p) mm/year
Veor = (3.15x10%) (8.33x10™)(55.8)/7.86 = 186.3 mm/year

The actual values are usually lower because of the precipitation of corrosion products on the

surface
CHAPTER 9
9.1
kp=k, Po,""
k, = ko exp(-AG"/RT) > Ink,' =Ink, - AG"RT

Activation energy at Po, = 1bar: d Inkp'/ d(1/T) = -AG"/R
Estimated from Fig. 9.13 for 1 bar :

T | @/Dx10* |k, In k,'

1073 9.32 6.1E-13 -28.128
1173 8.53 4.5E-12 -26.135
1273 7.86 3.1E-11 -24.209
1373 7.28 1.5E-10 -22.649
1473 6.79 5.8E-10 -21.269
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Q\ — |y =-2.8161-2.7227x_R=0.99976 |

-28 -

-29

6. 7 7.5 8 8. 9 9.5

104/ Slope: AG"/R =2.72x10* K
> AG" = (8.3)(2.72x10%) = 22.6x10" J/mol = 226 kJ/mol
(b) Ink,=Ink,'+ (1/n) InPo;
d Ink,/d(1/T) =d In k,,'/d(1/T) + [d(1/n)/d(1/T)] In P>
--> Only if n is independent of T do we find the same activation energy at 1 bar and 0.01 bar

oxygen pressure.

9.2

n-type oxide M,O :

M,0=%0, +2M;" +2 ¢

K= Pozl/2 cMi.2 (:e2 where M; = interstitial cation
CMis = Ce -—> K =P ey

4 12 -1/8
cmie =K Poo -->  Cmie € P2

p-type oxide M,O :
M,0+2 VM +2h=%0,
K= Pozl/2 ch'2 cva'2 = P021/2 CVMF4 (since ¢y, =cym )

4 o 12 -1 1/8
cvm =Po 7K -> cym < Poo

9.3
Cu,O0 is a p-type semiconductor that conducts by movement of metal vacancies V'

O+ . . .
Ni*" is an electron donor in a monovalent copper oxide:
CDe N CvM'

Wagner Hauffe rules: oxidation rate of Cu,0O should increase in presence of Ni
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9.4

600°C = 873 K

From Table 2.1:

Ni+% 0, =NiO AG°Nio = -245000+(98.5)(873) = -159000 J/mol

Ni + % Sy =NiO AG°Nis = -187000+(72.0)(873) = -124100 J/mol

Y S + 02 =SO; AG®s02 = -362000+(73.1)(873) = -290200 J/mol

The following equilibria will be considered:

(1) Ni+% 0, =NiO K;=Px, " log K; = (-1/2) log Po

(2) Ni+SO, =NiS+0, K =PoaPsor™ log K> =log Po; - log Psos
(3) NiO+8S0; =NiS+(3/2) 0, K;3=Px*?Psoy”’  log K5 = (3/2)log Pos - log Psos

Reaction (1): InK;=-AG®/RT
log K, =- (-159000)/(2.3)(8.3)(873) = 9.54
=(-1/2) log Poa
--> log Ppy =-19.8
Reaction (2): In K, =- AG*/RT = - (AG’\is - AG®s02)/RT
log K> = (-159000)/(2.3)(8.3)(873) = -((-124100)-(-290200))/RT = -166100/RT
= (-166100)/ (2.3)(8.3)(873) = - 9.97
=log Po; - log Pson

--> log Ps02 =9.97 +log Po»
Reaction (3): In K;=-AG’3/RT with AG®; = AG’Nis - AG’nio — AG’son
InK; =-[(-124100)-( -159000)-( -290200)]/RT = -325100 /RT
log K3 = - (-325100)/ (2.3)(8.3)(873)= -19.48
=(3/2)log Py, - log Psoa
-->log Psop = 19.48 +(2/3) log P

Plot these equations:
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T
| Nig g
8T A
12 _/
NiO
6 +
Ni
20 +
| | | | | | |
| | | | | | |

20 -16 -12 -8
(b) P.i=1bar : Psor = 2x107 bar

P02 = 10_16 bar

2vol% SO, -->

from diagram: --> NiS is the stable product

9.5
From Fig. 9.1 (Ellingham diagram) for 900°C:
AG°1ic> AG®cra3ce > AG Mmoc > AG Fesc

—> all Ti will react with C to TiC, the rest forms Cry;Ce. (If there were still C left it would form

MoC and Fe;C).

Element w-% M (g/mol) Mol /g alloy
Fe 75 55.8 1.34x107
Cr 23.4 52.0 4.50x107
Ti 0.05 47.9 1.04x107
Mo 0.015 95.9 1.56x107
C 0.05 12.0 4.17x107
Ti +C = TiC 1.04x10” mol TiC formed

Mric =47.9 + 12 =59.9 g/mol
> 1.04x10” mol TiC = (1.04x107)(59.9) = 6.20x10™* g TiC/g alloy

C available for reaction with Cr: 4.17x107 -1.04x10° mol = 3.13 x10™° mol C

23 Cr+6C > CryCs 3.13x10° mol C/ 6= 0.522 x10° mol Cr,;Cs
Mescs = (23)(52)+(6)(12) = 1268 g / mol

> 0.522x107° mol Cry3Ce = (0.522 x107)( 1268) = 6.62x10 = g Cry3Cs / g alloy
Result: TiC: 0.062 w-% Cry3Cs: 0.66 w-%
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CHAPTER 10

10.1

(a) Energy dissipation: Qf=f Fyvs/ A (J/m2s) where v¢ = sliding velocity
Q¢ =(0.1) (100N)(50s™'x 2mm)(10”°m/mm) / (3x10-6 m* ) = 3.33x105 J/m’s

(b) Temperature incease: T-To=(0; 1y /k;) Qs

where 0, = ; 1y = thermal conduction length; k; = thermal conductivity

T —To = (0.5)(0.01m) /0.46 Jem™'sK)(10% cm/m)) (3.33x105 J/m’s) = 36.2 °C

10.2

Adhesive wear rate : vw = Kwa (Fn 15/ 3H)

wear resistance o« (1/vw) o« (H/ Kwa)

If Kwa 1s independent of hardness H the adhesive wear should vary hardness in the same way as

abrasive wear.

10.3
Dimensionless force: F* = Fn/A H
H = 250 kg/mm?” = 2450 MPa
F* = (50N)/(4x10°m?)(2450x10° Ns/m?) = 5.10x10
Dimensionless sliding velocity: v* = v 1, /ot
vy =2mn fr, =2m (3/60)(8) = 2.57 cm/s
Thermal conductivity ot =hr/c, p
with hr=0.46 J/ems K; ¢, =490 J/kg K ; pr. =7.86 g/cm3
ot =(0.46 JJem s K ) / (490 J/kg K ) (7.86 g/em®) =0.117 cm?/s
v =(2.57 ci/s )(8 cm)/( 0.117 cm?/s)= 176

Zone III, Severe oxidation wear

104
Friction coefficient: f= (F¢/A)/Ex
where F¢ = friction force, A wall area, Ex = kinetic energy of fluid
Wall area: A=2nrL where L=10m (length of pipe)
Shear force acting on pipe wall: Fy/A = AP (4nr’)/ 2nrL = AP 2r/L
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with AP = Pjniet - Pouttet = 0.15 bar
F¢/A = (0.15x10° Pa)(2)(0.05)/10 = 150 Pa = 150 N/m’
Flow velocity: v = volume flow rate/cross section = v/ 47 r*
=90x107/4n(5.10%)* = 2.87 m/s
Kinetic energy: Ey = p v* /2 p = density of fluid
Ei = (1/2) (10° kg/m*)(2.87m/s)* = 4.12x10° J/m’

Friction coefficient: f= (150 N/m?)/(4.12x10° J/m®) = 0.036

10.5
Critical flow velocity : Vit = (2 Terit/ P f)” 2
Friction coefficient: f=032Re withRe=vL/v

Teit = 9.6 N/m?%; p = 10° kg/m®; v=10°m?%s ; (a) L=0.05m;(b) L=0.20m

Veit = [2 Terit/ (p 0.32 Re™™]" =12 Terit / (032 p veric " L v14)]12
[2 Teri 0.32°! p—l Vcrit+1/4 LA V71/4 )]1/2 = [2 Tert (3.125) p—l V71/4]1/2 Vcritl/ng/g
=[2(9.6) (3.125) (10)(10°H]"? v B LV®
=[2(9.6) (3.125) (10°)(31.62)]"? vere P LY® = [1.90]"2 v'*L"® = 1.377 v L8
Vaic© =1377L" > v = 144 12

(a)L=0.05m: Vit = 1.44 (0.05)"7=0.93 m/s
(b)L=0.20m : Vait = 1.44 (0.20)"7=1.14 m/s
10.6
f
Tinst 'Ts = FL?/QF*UZ V¥

with N~ 1+@x107) F5(1-F¥)
£=0.5
b=1
Tinst-Ts = 400°C
F*12 = (400) (2/(0.5)(1) N"2 v* = (1600/v*) N

v =1600 N2/ F*'"2 = 1600 (1 + (4 x 107 F*(1-F*)) / F*'?
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F* log F* v* log v*

10 -4.0000 1.6x10° 5.20
0.001 -3.0000 50400 4.70
0.01 -2.0000 16000 4.20
0.10 -1.0000 5000.0 3.70
1.0 0.0000 1600.0 3.20
55
—y=32-05x R=1
5
45
N \
g
4
35
3
; 4 o 1
log v* Wear map showing isotherm for f= 0.5 and AT =400
Discussion: v¥=vgr/or
F*=Fy/AH

For a given set up the heating increases with either sliding velocity or applied normal force.

CHAPTER 11
11.1
Cold worked copper: Erev.i = Eoi + (RT/2F) In acyos
Annealed copper: Erev2 = Eon + (RT/2F) In acys
CUamneated > Clcoldworked ~ AG® = AG®; —AG®

AG®; = -nF E,,

AG®; = -nF E,

AG°’=-nF (Eop — Eo1) =-nF Ece
AG° =12 J/g=(12) (63.5) = 762 J/mol
Ecel =- AGnF =E,5 —Eo 1 = -(762)/(2)(96485)=-3.9x10° V=-3.9 mV
It follws :
Eo2 <Eog The cold worked electrode is anodic and corrodes preferentially

note: The effect of cold work on the equilibrium potential is small, however.
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11.2
Kisce = fa/w) o, (1 a)"?
flaiw) =1
Kisce =5 MN m™? =5 x10° N/m*?
G, =700 MPa= 700 x10° N/m*
1'% a'”? = Kisce/o, = 5x10%/700x10° = 0.714 x107
a'? = (0.714x10%)/1.772 = 0.403x10? m"”?
critical crack length: a =0.162x10* m = 16.2 um

11.3
cross section: A = d¥4=0.005 /4 =1.96x10” m*
applied stress: Gappl = F/A = (1.5x10% N)/(1.96x10°m?) = 7.64x10° N/m’
yield strength: Ge = 1100 MPa = 1.1x10° N/m’
(a) inert environment: Ge > Oappl no rupture
(b) dissolved hydrogen:

in Fig. 11.27 we find for a steel with 6. = 1100 MPa : Sypure = 30 — 80 N/mm?

or Grupture = 30 X107 — 80 x10” N/m®

In presence of dissolved H: G rupture << Gappl rupture occurs due to hydrogen
embrittlement
114
Yo Hy = Hm AG =AG° +RT In (X / Pz (setting ay = Xy)
at equilibrium: AG=0 -> InXy = - AG%RT + In Py,

Pip, =20 bar -=> InPy,'*=1.5
InXy = - AG°/RT + 1.5
Table 11.20 for Fe, :
AH® =263 kJ/mol ~ AS°=-50.3 J/mol K for 300- 900 °C; T =200°C =473 K
AG®= AH® - T AS°
=26.3x10° — (473)(-50.3) = 5.01x10" J/mol Hyy = 50.1 kJ/mol mol Hy,

In Xy = (-5.01x10%)/(8.31)(473) + 1.5=-12.74+ 1.5=-11.24
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> Xp= 1.31x10° [mol H/(mol H + mol Fe)] = [mol H/mol Fe]

Volume H; dissolved per cm’ Fe:
Pre = 7.86 g/cm3 ; Mpe =55.8 g/mol  -->1 cm’ Fe = 7.86/55.8 = 0.14 mol Fe
set: Xy np/nre

where ny | np. are the number of mol of hydrogen and fer per cm’ Fe
ng =Xy nge = 1.31x10°/0.14 = 1.85x10° mol H /cm” Fe

this corresponds to ny/2 = 9.23x10” mol H, /cm® Fe

25°C, lbar: Vi = nip RT/ Py =(9.23x107)(8.31)(298) / (10°) (1 bar = 10°N/m2)

11.5
reaction at anode :  H) -—>H +e
diffusion controlled anodic current density: 1, = 80|JA/cm2 =F [Du(m) Chsat(m)/L]
where L = thickness of Fe sheet; L =20 um
Chsat(m) = hydrogen concentration in Fe on cathode side
Dy = diffusion coefficient of H in Fe
hydrogen solubility:
Chsat(m) = 1.62x107 cm® H, /g Fe  (25°C, 1 bar)
=1.62x10°/7.86 = 1.27x10? c¢m’ H, /cm’Fe ( pre = 7.86 g/cm’)
number of moles Hy:
ni = PV/R T = (10°)(1.27x10)/8.31)(298) = 5.13x10” mol H,/cm’ Fe

ng=2ngp > ng=10.26x10"mol H/cm’ Fe

Diffusion coefficient : Diim) = 1a L/ F Chsat(m)

Diim) = (80x10°A/ecm®)(20x10™*em)/(96485As/mol)( 10.26x10'mol/cm3) = 1.62x10° cm?/s

CHAPTER 12

12.1

overall reaction: Ni*" + H,PO, + H,O — Ni+H,PO; +2 H"

anodic partial reaction: H,PO, + H,0 > H,PO; +2H +2¢ E=0.085+0.065 In
1a.1p

cathodic partial reaction: Ni*"+2e — Ni E =-0.542 - 0.039 In |i¢ni
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at open circuit, E = Ep : lagp = - 1cNi = ldep  (1dep = N1 deposition current density)

0.085+0.065 Inigy = —0.542—0.039 In igep
(0.065 +0.039) Inigp= —0.542-0.085 = -0.627
In igep = - 0.627/0.104 = - 6.026 > igep.=2.41x107 Alem’

Ni deposition rate: Vgep = (1dep/2 F)(M /p)  [cm/s]
with My; = 58.7 g/mol ; n=2; pni= 8.9 g/cm3

Vaep = (2.41x107) (58.7) / (2)(96485)( 8.9) = 8.23 x 10™* cm/s
Time to form 12 um deposit:

t=(12x10"* cm)/(8.23 x 10™® cm/s) = 1.46x10*s =4.05 h

12.2
French hardness = total concentration of Mg®" and Ca®" ions exprssed in mg CaCO3 /1 :
10 mg CaCO; = 1°F
ccae = 107 mol/l
g2+ = 4x107 mol/l
Ciot = Cca2+ T CMmg2+ = 14X 107 mol/l
10 mg CaCO3 = 107 g/ Mcacos = 10°/100.1 = 10 mol CaCO3;  (Mcacos = 100.1 g/mol)
= 10 mg CaCOs3/l corresponds to Cior = 10° mol Ca*'/l
Cot = 14x10° mol/l > 14°F

Although degree hardness is often used in practice this concentration unit should be avoided
whenever possible.

12.3
AG®,4s =-RT Inbp
(a) From Fig. 12.32: c/0=0.1+c [mM/]
Langmuir: c/0=1/by +c
By comparison: 1/by = 0.1x10~ mol/l = 10* mol/l
b = 10" Vmol
AG®a4s =—RT In by = - (8.3)(298) In 10* = 2.28x10? J/mol
(b)  Inbp =-AG®,qs /RT
AG®,4s = AH®aqs T AS°® g5
R (dln b /dT) = - d(AG®yqs /T)/dT
= [ (dAG® g5 /dT) (1/T) -AG® 345/ T?] = -[-AS®ags/T — (AH® 145~ TAS® 145 )/ T* |
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dln by /dT = AHC,q/ R T?
exothermic: AH®,4s<0 --> dlnbp/dT <0
by definition: by = Kags / Kaes; as T increases k,qgs / kges decreases. An increasing temperature

therefore favors desorption.

12.4
Fe + O, + H,0 --> Fe*" + 200

log |i|

Bt Boor g lcor = - 11,02 = NF Veor
Iprot = = leor = 11,02
Veor = 10 mg/em? day = 10x10* mdd = 1000 mdd
Table 1.3: 1 mdd= 0.112 (/M) A/m’ n=2; M=55.8g/mol

Veor = (1000) (0.112)(2)/ (55.8) = 4.01 /Am’
A=2m’ > [, =802A

12.5

Eprot = E° + (RT/NF) In 10 [mol/1] E°=-0.44 V; T =15°C = 288K
Epror = (-0.44) + [(8.31)(288)/(2)(96485)] In10°° = -0.44 — 0.171 =-0.611 V
Ecwecusos =0.316 V

Eprot(Cu/CuSO4) = -0.611- 0.316 =-0.927 V

12.6

Protection current:  Ipror = Iprot A =-1cor A =1100 A

Estimation of corrosion current density from polarization resistance:

rp = (dE/di)g=gcor Or (1/1p) = (di/dE)E=cor

For charge transfer controlled anodic reaction and mass transport controlled cathodic reaction:

1=1cor €Xp(€ /Pa) — 11,02 where polarization = (E-E¢or)

(1/1p) = (d/dE)g=gcor = (di/dC)c=0 = icor (1/Ba) > dgor =Pa/1p
B.=20mV=0.02V; r,=4x10*Qecm®> ; A=9m’
icor = 0.02/4x10" = 5x107 A/em” = 5x10”° A/m’
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Lprot = - icor A =- (5x107) (9) = - 0.045 A
Charge for 6 years protection:
Q=1It/6
t = (6x365x24x3600) = 1.89x10% s
0=0.5 (efficiency)
Q = (0.045)(1.89x10*)/0.5 = 1.70 x 10" Coulomb
Mass magnesium required:
myg = Q My /nF where My = 24.3 g/mol ; n=2
mye = (1.70 x 107) (24.3) /(2)(96485) =2.14x 10° g =2.14 kg

12.7
RE ~. RE2
T ’
1 y -7
1 .
1 -
ry=hi ,z'
: ’,¢ rp
1 -

The stray current creates a potential gradient in the soil. For cylindrical geometry in infinite
space :
dO/dr=-i/k= —pei =—pel/2nrL

where k = conductivity; p. = resisitivity; L = length of pipe, r = radial coordinate

peI ]lg:_ peI lnr_l
T

integration yields: @, —®, = _E ﬁ
I

Here 1, is the pipe radius.

For a finite space we suppose a symetrical image field. The potential difference between
reference electrodes RE1 and RE2 is then obtained from the sum of the two potential fields:
Q) —D' =2(Dy—D;) =-(pel/nL) Inry/1y

setrlzzhz;rzzzthry2 :

@,'— Dy =- (pl/nl) Inra/ry = (122)(pel/nL) In 121> = (12)(pl/nL) In[(h*+y*)/h?]  qe.d.

numerical values:
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L=1m;h=2m ;y=20m; p.=3000 Qcm =30 Om

@, —d,"'=-(1/2)(30 I)/n) In[(4+400)/4]= - (4.78 1) (4.615)=- 22.1 1
Measured potential difference between RE2 and RE1: @,'—®,'=1.25V
Stray current per meter length: 1=1.25/22.1=5.7x10% A/m

12.8

Fe+2H --Fe*" + H,

anodic partial reaction: E =0.08+0.05 log i, e
cathodic partial reaction: E=-0.36-0.12log |icu|

(a) Corrosion current density, no inhibitor : E = E¢;
Ecor =0.08 +0.05 10g icor =—0.36 — 0.12 10g icor
10g icor = (-0.36-0.08)/(0.05+0.12) = -0.44/0.17 = - 2.58 --> izor = 2.58x107 A/cm?

Corrosion potential:

Ecor = 0.08 +0.05 log icor = 0.08 + 0.05 (-2.58) =-0.05 V

(b) Hydrogen exchange current density, no inhibitor

ic =lomexp (-n/Be) > N=-Pc Inlic/ion = PcInion - Pc In|ich]
Erevn =0-0.059 pH =-0.059(0.2) =-0.012 V

at the corrosion potential E = E . ; : [ica| = lcor
N(Ecor) = Ecor — Erev.r = -0.05 —(-0.012) = - 0.038 V

NEcory = Be Inion - PBe Inicor

Inion = MEcon / Be ) + I icor

Bc=0.12/23 V=0.052V

In ion = (- 0.038/0.052) + In (2.58x107) = -0.731 -5.96 = - 6.69

ion = 1.24x107 A/em®

(¢) with inhibitor: io'= 107 igy = 1.24x107
cathodic partial reaction, E = E,:
NEcory = Be Inion" - Be Inicor” = Ecor — Erevi = Ecor — (- 0.012)
Ecor’ =-0.012 + B¢ Inioy' - Be Inigor
=-0.012 + 0.12 log (1.24x107) - 0.12 10g icor” = -6.92 — 0.12 10g icor
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anodic partial reaction:
Ecor’ =0.08 + 0.05 log icor”  (same as without inhibitor)
Combine:
Ecor’ =-0.83 —0.12 log ico;” = 0.08 + 0.05 log icor’
(0.05+0.12) log icor” =- 0.83 -0.08
0.17 log icoy” = -0.91
10 icor™=-5.35 > icor’ = 4.4 x10° A/em?

Ecor’ = 0.08 +0.05 log icor” = 0.08 +0.05 (-5.35)=-0.19 V

(d) Inhibition efficiency: 0 = (icor — cor’) / lcor
0 =(1.24x10" — 4.4x10°) /1.24x10° = 0.997 > 0= 99.7%
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