e




_'_:;j;:;;_j_.{.:fiModern Theory prlnmples |n Cerrosmn and } ﬁ
'f;:'_-if_'-i-f:;:;_i.j__}the|r applications :- U e Y |
D Corrosron studles can be carrled out by two methods Lo B

\ 4 - . . i e .
= =

T hermodynamlcs grve the change m energy state also predlcts

f'_-_‘;f:ifl_the directions: of a reactions. For spentaneous reactlons ‘the' -

-+ systems:must decrease their Free-energy-and moveto a Iower
._r_._.._-_:'__'-"’.--energy state; e.g. Corresmn IS a spontaneous reactlon For non- _3':;-";,.
i, spontaneous reactions energy must be added to the system m i
'7:*.‘}:-.'_--;.-.};-erder to facmtate the: reactlen S e - S Ren

L oFE FJeQO3 spentaneous ( AG )

.‘ _ Fe . Fe2®3 Non spentaneeus ( +: AG )

By thermodynamrc rate of reactron can not be predlcted
Free Energy Drlvmg Force of a Chemical Reactron |
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:-5-"'MQ+H20(I) +1/20(___ ; : :':Mg(QH)z (s)
- . Spontarieous ... .. |
' -.__..-cu+H20(|) +1/' —>Cu(OH)2 (s)_

%Au(OH)3 (S)

S['l'l.'}I'JLIj'll.:,';_'}ll‘x_
direction
Spontaneous &8 -
:direction -
AG s (\}
Change in GLa _

D8 [rcc energy
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Fig.(1) mechanical analogy of F|g ( ) Effect of reactlon path on reactlon rate
B free energy change. | Y —.
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8 AG is in Joules
& E is emfin volts
g N is the number of electrons involved in the reaction
Fis the Faraday (96500 C/equwalent)

Membrane

'3"--".'---i%indlwdual electrodes e 9

Zn — Zn+2 + 29 '

i Zn+2 +2e - Zn and CU*Z + 29 — Cu
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_Cﬂrrﬂs|an Sl e
“If the: Oxldant and F{educmg spemes are at Unlt actlwty then
cell potenhal rs calculated by Nerst equatlon for Cu pctentlal

R e —FE° + 2.3 E log (OXId )
R = standard cell potential vs. SHE . hen
= EEs e R — gas constant ( 8.3 J/Ko/mole ).
W T — temperature (Ko ).
SEREEE N — clectron involves ( Valence ).
e - — faraday constant (96,500 coulomb ).
g8 2 (oxid.) — concentration of oxidizing species / liter .
(red ) — Concentratlon of reducmg spemes / liter .

e PR }_.The change ln free energy glves an |dea of conterit of energy

= .'-‘_'_’f_'_'d|splacement But it dose not give the veloclty or the rate of - I
el -;-::_'-electro-chemlcal reaction. The: other limitation eq’ulllbrlum states
e ;-_'_'WhICh are: dlfflcult to estabhsh in ccrrcslon reactlons S
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:'-{C“"ms“**”._ O R it R IRkt e R
| -'.'__':-"Fl‘ ee energy calculatlon have been used to determl-__ i F

S 1 — Spontaneous direction of a reaction .
M. 2 — Estimating the composition of corrosion products.
B 3 — Predicting the environment changes that will reduce the
corrosion rate.
B 2 & 3 could be explained by the potential vs. pH diagram of
gy 2 metal (also called pourbalx diagrams ) . e.g. iron in water . [
" "Redox potential or e,m.f. Series is a thermodynamic function. - redox .
" “has been utilized'to predict the corrosivity of metals:in various. .
-_-'envrronments e.g. metals (- ve) to hydrogen electrode woufd corrodes i
7o inacids but metals’ (+ve) to hydrogen elec’trode would nbt corrode ln
the absence of oxygen e e L e S

( -ve ) such as ( Fe or Zn ) + ACId — Corrosion
(+ve)suchas (CuorAg) +Acid — no corrosion
(CuorAg)+Acid + O, — Corrosion would happen in this case .
Cu + H,SO, — No corrosion ( Cu/Cu*? more + than H,/ H*)
Cu + H,SO, + O, — 2CuSO, + 2H,0 ( O,/ H,O more + than Cu/Cu+?)
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The corrosron rate of a metal decrease |n presence of Oxygej A
-in aclds Wlth the mcrease n electro posltlve character ofa:
metal ( e,g Pt Pb Sl .etc ) are un affected by contammg 92
Pourbalx Dlagram. Hidl _._-_,:-_ L :_ i, .; e CUT s
1)Marcel Pourbalx developed potentlal-pH dlagrams to show the
thermodynamlc state’ of most metals in.dilute’ aqueous solutlons
2)W|th pH as absclssa and potentlal as ordmate these dlagrams

between metal and aqueeus envrronment e s
3)These dlagrams ultlmately show the condrtlons for Jmmunlty,
corrosmn or passrvatlon i B RS R e L T

A q el L e o
S A Toal s

" ._. :ll': _:. [ o

; : -.- .- e e T AL N e e L Rl e o e R T
] ' _'-I" P il e e s e A L : : e AT s i 12 0 AL -' . i el it S ELarg
R '_-'..-'_.-..- ae Sp‘HE E_- MMHH DI . S _'.- R ke e e e CRL R TS e R R e
T e T e e e S e e L e e e : tooot it e :d i




e . . s ] . - . b r

.Cﬂrrﬂslgn Al "_,'._::'::.'--':r.: : ::.;...._5 f SRR R _..I_ 2
ECIUlllbrlum Reactlons of |ron m Water

2 &'} 2H+_-— H e e2‘+ + H e FeOH+ b H+ st

ke w0, Tk = sze Sl FeOH: s HO = Fe(QH)(sn) & H+
2 e + Fe(OH) il ZH*. = Fe + 2HZO }_:‘};SFe(OH)Z(s{n) 4 HZO Fe(OH) + H+
e “Fe . - FeltwH20: = Fe®H2+ Shnaa T i- L
2 e . Fe(OH)3 I 3H+. = Fe X 3H2© '-':j.-'__-FeOH 254 Hy 0 g Fe(C)H)2+ L H+ e
s Fe(OH) A+, H+_._ Fe(OH)2 e HEQ Fe(OH)2+ 4 HZG ' Fe(OH), (sln) + H+
e Fe(@H) g 3H+ = Fe?*+ 3H, O ;: _j-_FeOH2+ £ Ht = Fe 2# ¥ H,0 S e
CFe(OH)F TR = Fe(OH)2+ HZO e+ Fe(OH) 2 2H = Fef“—’* ¥ 2H O |
e Fe(DH)3 = Fe(OH) '-.f,j_:e +Fe( OH)S(sIn) + H+ = Fe(OH) (sln) 15 H2®

- Fe 1 3H,0. = Fe(OH)s + e e + Fe(OH);(sln) +2H" ‘= FeOH" + zHQe
(

:_.;:-'.:[:92+ +2H,0 2‘ - Fe(OH)2 * 2H+'3 e + Fe

) (Sln) + 3H+ o Fe 2+ + 3H O
..-Z".':i'-'_'e i Fe3+—_ Fe'i’+ At s A R
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..jCGrro-merr e Beneflts of Pourbalx Dlagram

-Pourbalx dlagrams offer a Iarge volume of thermodynamlc

" information in a.very: efficient and compact format:.
v --2--The mformatron in the dlagrams can be: benefrcrally used to

control cbrrosmn of pure metals m the aqueous envrronment

>By altermg the pH and potentlal to the reglons ot lmmumty and
passrvatlon corrosion canbe controlled For example on -

incréasing the pH of énvironment in moving to. sllghtly alkalme

reglons the ¢ortosion of iron-can be controlled

>Changmg the potentral of'i iron to’ more: negattve values ellmmate ' i

| cotrosion, thls techmque |s called Cathodreprotectlon. i
>Raismg the potentlals to more posmve values reduces the
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.}?“?" "‘f"s_"f'” leltatlons of Pourbaix Dlagrams e

i 1 )These d|agrams are. purefy based on thermodynamic data.'_
.-+ '* and do not provide any information on the reaction rates.:
Z’f;.._:2)Con51derat|on is glven only to equmbrlum condltlons 3 W o
ol speclfled en\nronment and factors such as temperature ;?

affect the corroswn rate o R L
_:?;"{-;'..’.3)Pourbalx dlag rams. deal W|th pu re metals whlch are not of.,f.:'-;'..-.-};_i-.'_.-.'__j.a_?r:_j:;fij
S much mterest to the engmeers Beldlunin e e

-\. - |" ¥ -_.-..:_.._ __.' = gnati o]
- L e E & (&
r ® |

"H.---

e We are |nterested m what happens when ceIIs such as ShOW" ,

i _fic-'J.:i";{-occurs The zmc Electrode rapldfy dlssolves ln the solutlon
et and SImuItaneoust a rapld evolution of: hydrogen is’ -4 Z.; o
.71 observed at platinuni electrode. Electrons released from the

ﬁZn dISSOIUtIQn and consumed in the hydrogen reductlon |

" ._. :'|._ _:. [ o
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Fie (3 Electrochemicalcell conssting of | 1B
standard Zn & Hydrogen electrodes that has

| been short- 01rcu1ted

the overall reactron-l-" 3-"Z_.n dlssolutren and H2
. evolution..The potentials of these. elet:trode
o ~willno Ionger be at their equrhbrrum e
TAEES - potential. Thls devratlen from equrllbrium
il potential is called 74! ‘(the -
| Menibrare | B displacement of electrode potentlal gy
I . Tesulting from a net current) ltis measured i
o intermsof ¢ iThe ’; S i
}'_-"overvoltage IS stated ln terms of volts or
~.mill volfs plus. or'minus, w1th respect to:
g equrli‘brlum potential ('zero reference)
el --_-{From flg.( 3 ) the potential: after ceulolmg
el 4 (210166 '_':overvoltage is {+100mYV.

Zrft =outar,
1LOM

|

H* Zn'2s unit octivity

F1g (4) Corrodmg Zn schematlc
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f_-:..;._"'__'_fversus reaction rate as. showni
S FgLE)Sts possrble to establlsh a
o f:'fpomt correspondlng to the platlnu

j'3_._l-_:...-:-"-represents the partlcular exchange__:
|- Feaction'rate of-electrode expressed -
?';_-_.-_-'-.'ln terms, of moles reactmg per -

=

s._'f-f_.j'-_;"net reactlon Xid

Potential . ".H][H

: preSSEd m terms °f CUI‘ rent e s

“nisrty, and current d' 'nS|ty c n__ e e — S
¥ g SRR Exchange reaction rate, moles/c ‘m?*/sec [

Flg (5) Hydrogen Hydrogen |on on Platlnum




Table (1) Exchange Current Densities .

Reaction Electrode Solution i, ump/cmj

2H'+ 2e=H, / 2N H,SO, | 10™"
2H'+ 2e = Ha - IN HCI 10°
2H'+ 2e=H, 8 0.1N HClI 2X 107
2H'+ 2¢ = H, C 2N H,SO, | 10°

2H'+ 2e=H, ¢ IN HCI 2X 107"

2H++ 2e= H: g SN HCI 4 X”)—]]
JH ™+ 2e = H, Ni IN HCI 4X10°
2H™+ 2e = H; IN HCI 2 X 10772
2H"+ 2e = H, ' IN HCl 103
2H™+ 2e=H; 0.6N HCI 21X 10
2H*+ 2e = H, IN HCI 107

0.+ 4H™+ 2e = 2H,0 0.1N NaOH
O+ 4H + 2e = 2H,0 0.1N NaOH

Fe* + e = Fe*
Ni = Ni™ + 2e Ni 0.5N NiSOy,

| SAHEB M MAHDL © -0



'_Cﬂrrc-emn

f' f-?'='-"-_'Exchange cu rrent densﬂy depen?ds on e
s 1) Redox: potentlal ofa metal - s
'-f{-':;:}i""-'_.;'; ;'f.'-2) Ccmposmon of electrode

i 3) Temp Qf the SyStem : SR eoen i L
4) The ratle of oxtdrzed and reduced spacnes

B Polarlzatlon Fi R
Means the reductlon in ccrrosmn rate elther by slowmg dcwn the

; Actlvatlon Polarlzatlon

_':-f appl |ed to thls type of polarizatlon because an actlvatlon energy barrler |s_f_;_
L é-f'-j_i__r'._".*-:.rassoclated W|th thrs slowest rateehmltmg step s Sl tae e e
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S eps in hydrogen reduction. The rate

Vi Jltmetwr

P B B B i il

Pt

H* solution,
10M

H, gas, |

0 Q) 0

L
-
|

|

|

|

|

I

|

|

|

|

I

|

I

® Fig.(6) representation of possible

Mambrane

of which is controlled by Activation Fig.(7) The standard Hydrogen
polarlzatlon reference half cell

"'_on_sldermg the reductlen of hydrogen 1ons to for_ "'_bubbles of
“hydrogen‘gas on the surface of a zinc. eIectrode_ S
;.:The slowest of these steps determlnes the rate | _f;'.-

pressure B8
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For activatlon polarlzatlon the relatlonshlp between bverveltage na
and curreht densityns deie Bl e

Called Tafel equation - =~ © = 7"

Z:_.-.-_i'-;'="_‘.-flf'Where B and | are constants for the particular half-cell The parameter |
- - is:termed: the: exchange eurrent dens:ty which: deserves a brref e '? =
Ll -explanatlon Equmbr[um for some partlcular half-cell reaction is: really a

j_'_.'.";_.fdynamlc state oh the atomic level. That is, oxidation’ and feduction

-, ‘processes are occurring, but both at the same rate; so that there'is noneét -
-,"_"-"reactlon For. example for.the, standard hydrogen cell { Fjg 7) reductlon of i
“ 7 hydrogen jons in sotutron will take place at; the surface of the platmum o

}?-"f‘!fr'-.'-?'?‘_"f'"_f’fe_a"?f”f"_“g to [ 2H" 4 20 H2

] i e R Cmat T e S ::..._ . e R 4 LR L i 0 fiein oo SRS %
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_‘_CDITD-EIGH : , :
: ThI'S exchange current densrty |s the current densrty from Equatlon (1)
_h._.r_f-_at equﬂrbrlum or i i SR S

Where W Cor-‘rosmn rate |~n welght galn or Ioss ( gm) PEa e
S r_ exchange Current densﬂy (A/ cmz)
t— ‘expoesure. time { sec ) S . e :

M - Atomic welght of the' metal ( g;m i mole ) By
'n="No. of glectrons traristerred ( the vaIence) M Tt
Fis Faradays constant ( 96 500 Coulomb s or A Seo/ mole )
]-Current(A) S e e Sealsuies i
: _ A Ceroded surface area (ch

‘-.
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-_'-"-_:current dens:ty jS hnear function T he value of the € B slepe oF Tafel - Prvgne]
7 f:constant ) for electr c._hemlcal reactlons ranges between 0.05 and 0.155 " T
: -_: ,1VOIt) S

Flg (8) For a hydrogen eIectrode
B Plot of activation polarization T
B Overvoltage versus logarithm of

Current and reduction reactions.

2
E 0.1

'j Both Ilne.-;segments orrgmate
i -Z-:.ﬁ.}_.'_'at the exchange current..
de'nsﬂy, and at zero”
4 f:-;;_-overvoltage 'since’at :thls
* “point the system is-at”
s _'__.'.:;-;equmbrlum arid the isn
" '..net_reactlon

(hfl:n-'ultu;:u T, voIts

Current density
(logarithmic scale)



Nable

Fig.(8a) Polarization diagram. &
( reversible electrode ) R

rev

r
—
il

ot

Potential vs Calomel

gFig.(8b) Polarization diagram of Zinc
i in contact with its own ions.

Potential vs Calomel




'}5;5 Concentratlon Polarlzatlon

;_"_j_.;.:_;;:Concentratlon polanzatlor_l ists when
7 "'idlffusmn in the solutlon o ' -

[eplerti-:un B
Zane

|
¥

4

-;_______fif_

A
!
)

1=
|
|
|
|
|
|
o
«{H) ={H
e
|
|
—
|

[ 5]
w’

Cathoda Cathode

¥ ig.(9) For hydrogen reduction, schematic representation of the H+
g distribution in the vicinity of the cathode for (a) low reaction rates and/or
& high concentrations, and (b) high reaction rates and/or low concentration
4 wherein a depletion zone is formed that gives rise to concentration




-_Corrc:nsmn

Sip concentra‘tron polarlzatlen we calcu‘late the Irmmng d/ffusmn
-eurrent a’ensd‘ylLe.It represent the maxlmum rate of reductlon g
pessrble for a glven system the eq expressrng thrs parameter IS § "

Where |L = hmltlng dlffus.lon current densﬂy
P D dlffoSlon coefflcrent of: the reactton lons
i o “conoentration of the redcting’ |ons m the bulk selutlort
: ""L"3.'-.;._.~X-—thlckness ofthe dlfoSlon tay~er e i S e

The dlffusron Iayer thickness is’ mfluenced by the shape of the partlcular
electrode the geametry of the system and by: aglfat/an I we consider: no

:-l actlvatlon polarlzation then the equatlon for concentratlon polarlzatlon ts
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Log current density, ¢
il

Fig.(10) For reduction reactions. Schematic plots

| of overvoltage versus logarithm of current density §

f# for Concentration polarization .




2y Flg (11) |llustrate the effects'o_ _.-changmg llmltmg dlfoSIOI‘I 'curre'nt on’-zi }:f. |
.. “ the shape of the polarlzatlon curve encountered: durmg concentration
" _’"""polarlzatlen As the solution velocity.,’ concentratlon or. temperature R =
- .are increased, limiting diffusion current mcreases smce all. of these.- o= T
o '”tors exert an mtluence as indicated in'eq.(2). - i |

[ncreasing velocity
» Increasing temperature

log i
Fig.(11) Effect of environmental variables on
concentmtmn [JC-ldI ization curve.
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:"f';";'f'ﬁ_::_f_contrlbutlons of actrvallon polarlzation and concentrahon polanzatmn
Corros:dn F{ates from Palarlzatlon Data ' PR R

i
Ny = IB log—

0

BT ;
,Blog +2.3—1Ilog 1——
nk ll

O
o This eqUatron |s graphlcally illustrated m flg (1 2)

A e % i
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pﬁ;iﬁ;;?;n Fig.(12) For reduction reactions.
Schematic plots of overvoltage

~ ~ ~———— versus logarithm of current

density for combined activation- | .

concentration polarization . i

H:Elgp r]..

e

Concentration
polerization

L-:-E furrﬂnt deneit’,' i

ered potentral Theory ;
. : 'The mrxed potentral theory consrst of:-two slmple hypotheses
1- Any electrochemrcal reactlon can be drvrded rnto two or more partral

_f-_:}" oxrdatron and reductlon reactrons
2 There can be no net accumulatro.n of electrrcal




_-_Corrnm tm Ba _' S '_ _ L
Durmg the corra.smn af an electncall y tsolatea' metal sample the
- -total rate of ondaﬂon must equal the-total rate of reductfan. el

=~ A mixed electrode'is an electrode or-metat sample which is lh Y M
i cantact wnth two or more ox1dat|on — reductlon systems. LT

}f Example Zn |mmersed m HCI such |n Flgure (13 ) _

F|g (13) Electrode klnetlc behawor of zinc in an
acid solution. :

| Bath oxra’aﬂan and reduct/on reacﬂons are G
7 rate Itm/tea' by acf/vatlan polar/zaﬂan. i ;;}-_’;
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Corrosion behavior of Iron in dilute HCI

-0.8 l |

0’ 0P 107 10! 107% T ot

Current density, amp/cm?

Z;': Fig.(14) Electrode kinetic behavior of pure iron in
4 acid solution schematic.



agleulatlon of Corrosmn- rate from corrosion curren_' -:'Faradays Law' ¥

Faraday s Law states the 96 486 7 Coulombs of charge transfer W|II
Oxidized or Reduce ohe gram Equwalent Welght ef matenal mvelved |n
electrochemlcal reactlon ol B R R S e

(Avmddro s Number ) 6.02 3><10 Afcmumem Atmmc Welr‘rht 96 486 7 (‘oulmmbx
' 6 24><IO E!e’cfr mm"( Oulomb ann’m

If we Want to know how many Kllograms of |ron ( Fe ) WI|| be cerroded byra
o f_.'."._.'-dlrect current dlscharge from. the metal S surface |nto the surroundlng 3

' 'a current flow. of one-ampere for-one'y |n_,g".-_,|-?.a.|_jaqlay--'__‘s‘

60Seconds o 60Minutes " 24dHours " 365Drr_r.s' al 5 36 0005{{ rm’ 3

f ®  Minute Hour Day Year Year

> | Coulomb = Ampere- Second ., Or I Ampere =1 Coulomb/Second
31,536,000 Seconds 1 Coulomb 31,536,000 Coulomb

g | Ampere/ year= X — = ,
Year Second Year




quivalent weightof ron) -

% 1,536 000 C oulombx/Yem 326 9 gram equwalent W eﬁhts tr ’ll‘l%fel 1‘ed

96 -186 Coulombs/(}mm i . | ~ Year

":'lvalent welgh"“'_f_'_.nron can be calcula:""d_;a.s o T n

L‘.ram Atﬂl‘l‘lic Wei ght |
No.of Electrons Transferred / Fe Atom Corroded
~ 55.85Grams (Fe) '
- 2(Fe » Fe** +22)
27.93Grams
| C-deL una]ent V» eight(Fe)

S Gram Equivalent Weight ( Fe )=

;.-‘-: The f'“al calculatlon t° °b a'“ the F r .gu.mllbtlén rate of lron IS a '
27. 93 Gl ams (Fe) %26 9 Gram Eq Wt Transterled (Fe) 130 Grams (Fe}
B Gram Eq. Wt. Ampere - Year ~ Ampere - Year
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-_Correeten

Rate of OX|dat|on Computatlon ain e SR e
= "_'{ﬁ.{Zth experlences conrosmn inan acrd solutlen accerdlng to the reaetton A
T s s
The rates of both OXIdaUOH and reductlon half reactlens are controlled by
5 f:;'-.actlvatton polanzatton _- WS b s SECD R T T e
(a) Compute the rate ot o><|dat|on of Zn ( |rt me.l/cm2 ) gtven the tollomng e
._actlvatton po—larlzatlon data L e -

. R ." . "." 'K

, For Zn FOfHYdrOgen

Izt = —O 763 V E(H+/H2) =0V

SR | — 107" A/em” 1, =10"" A/em’
*- = +0.09 [3 =-0.08
(b) Com pute the vatue of the corresnon potenttal.':2_,:::_':;*7'_%1'_3::_'.;'=':'::':__::__'_;:"_:_5__::_:'::'é_;-:;_:'_: if'ﬁ-f-':ff; P G

.

" ._. :'|._ _:. [ o

i e s e a0y g B e B S A . e o) i o, A | LA S .
: FENR o b el . e s e o, e ) e e e e e S R o .
oy -t s - R S - - LI G - ER S e L] atep . i ik . -

T i ey S 5 M M BIJ '. bl o bk s e A = T b
SR 25 ﬁi PI‘ - T i e e .
= - AL LA B L ~ N, . . : ._-I '\- i o
al HI e R g - o = LR R ICL I T T = = ) s o -




(a) To compute the rate of oxrdatlon tor Zn lt rs flrlst necessary to establlsh
relatlonshrps in the form of Tafet equatlon for the pote‘ntral of: both QX|dat|on
Jand reduction reaottons Next these two: expressrons are set equal to one
another and then we: solve for the vatue of 1 that is'the. oorrosmn ourrent

densrty, rC""Fmatly the oortosron rate’ may be oaloulated usrng Equatron(t)
The two potentral expressrons are foJIows For hydrogen reduotlon e

o AT s ey TR O ST G T oA R e T T ' -' . & el H B L EE
U SANE B M MARDE, 5 = i T e




BBJ[E (rrm,) — E(Zn/Zn2+) ~Pulogio +Bzlogiy, ]

~ 1
- {0.09 -(-0.08)

}[O ~(0.763)~ (-0.08)(10g 10" )+ (0.09){tog 107 )

- T _-_5.:: 2

B 110 < 104 Cls-cm? e .
g - - - — = (.17 x 107" mol/cm?*-s
(2)(96,500 C/mol)




-

; E.= E(H+/H2) + BH]() gl —

_Currua|an s Sl s o Stk
b)) Now |t beoomes necessary to eompute the value of the
" ‘.g}ﬁ'.'.,_:.corrosmn potentlal EC Thrs is possrble by usrng elther Qf the
7 -above-equations. for E,, of EZn ‘and substttutlng forlthe value "< 7
i -r_'idetermlned above tor |C Thus usrng the E,rI expressron yrelds fi'_jf.- e

1o
1oH

1.19%x10™ A/cm®

=0+(-0.08 Vo
( ) < 107" A/cm?

};';{-Thrs |s the same problem that |s represented and solved graphlcally rn
L:Zf?'-_:_:' ‘the: voltage versus logarrthrrr current densrty plot of Flg (1 3) Itis WOrth
_-_-._';.'-jf;';notlng that the ig and E. we' have obtamed by this: analytlcal treatment
B :._-;’_r’-;'_'_-__'j_are in: agreement wrth those values occurrlng at the mtersectlon of the ';

: Rl LI .-'\- et t _._'.. QAT o 2 -\.-. s e 13 iy HAEL G -:.\_ e £ L Bl |.
T ey FLey e Lot s . it N h _;_'. S M PR P ] e it AR o
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