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ABSTRACT 

The corrosion of zinc- and zinc- all 

coated steels was measured by electrochemical methods 

in 0.1 N and 1.0 N sodium chloride solution. The 

purpose was to develop improved testi ~ g methods for 

quality control and development of improved coatings. 

In order to study the effect of galvanic 

coup I ing between coating and substrate steel, a scribe 

was md chined in the coating to expose the steel which, 

in turn, was exposed to electrolyte. The purpose was 

to simulate service conditions wherein coating may be 

mechanically damaged. It was found that co r rosion rate 

of coating, regardless of composition, increased in 

deaerated solutions. In solutions containing dissolved 

oxygen this was not always the case because of the 

non - reproducibility of migration of dissolved oxygen 

to corroding surface. 

Although it was difficult to distinguish 

between pure zinc coatings, demarcation between pure 

zinc- and alloy- coatings was possible. 
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Chapter 

INTRODUCTION 

Corrosion may be d e fined as the deterioration 

o f ma t e r i a I b e c a u s e o f r e a c t i o n w i t h i t s e n v i r o n me ·n t ( I ) . 

The a nual cost of corrosion and of protection against 

corrosion in this country is estimated at several 

billion dollars. 

The major cause of corrosion i n automobiles 

is the deici n g salts used on highways. The industry 

i s responding to the s i tuation by developing new 

coatin y s to improve the galvanised (pure zinc ) coatings 

which have been predominant. The result has been a 

variety of new alloys, pr i mari l y zinc - based . This in 

turn necessitated the development of procedures for 

corro s ion testing and quality control. The present 

pro j ect was initiated to address this specific need. 

Corrosion rate was studied using electrochemical 

polarisation with a view to develop a testing procedu r e 

which wil l be inexpensive and s i mple, if necessary, 

to be used for qua! ity control and coating development . 

The corrosion rate of a metal may change 

continuously with time because of several factors (2). 

Among these may be included changes in the nature of 

insoluble corrosion products which may accumulate on 
--- .... 
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' 
the surface; or changes in composition of environment 

because of corrosion process; or changes in the real 

area of the metal surface due to such effects as 

preferred grain boundary attack. The weight loss of a 

metal over a time interv a l does not yield the true 

corr o sion rate, but rather produces an average rate 

over the interval Intermittently removing the sample 

for weigh t change measurements affects the subsequent 

corrosion rate upon re - exposure to the environment. 

Chemical analysi s of the solution also presents 

difficult .ies particularly when the rate changes 

markedly with time or when corrosion products are 

insoluble . These methods are also tedious and ma y not 

be sufficiently sensitive to detec t changes durin g the 

early stages of corrosion. 

It is imperative that corrosion rate in a 

system be measured without the method itself disturbing 

the corrosion process. Electrochemical methods achieve 

this objective. The obvious advantage of 

electrochemic a l testing is that it may serve as an 

alternative to the salt spray accelerated test. The 

latter consists of spraying the specimen in an 

enclosed chamber with . 5% sodium chloride solution (3). 

Corrosion attack is evaluated by any one of the 

several specified methods (4,5,6). Further, the 

-·-
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' 
electrochemical method is sensitive to coating 

degradation as evidenced by the work (7) on anodised 

coatings of aluminium, and on phosphate - coated 

steel (8). Thus the choice of the same tool of 

investigation assumes special significance in relation 

to t ~e project at hand. 

Electrochemical priciples 

A simple way to understand corrosion 

process is to consider it as an electrochemical 

r~action (1). An electrochemical reaction can be 

divided into two or more partial reactions of oxidation 

and reduction. An oxidation or anodic reaction 

involves an increase in valence or production o f 

electrons while a decrease in valence or consumption of 

electrons is indicated in the reduction or cathodic 

reaction. Consider a metal in contact with a solution 

containing its own ions. Such a situation is 

represented by the equation 

M •••• ( 1 ) 

At equilibrium, rates in forward as well as reverse 

directions are equal and the net rate is zero. Since 

electrons are being transferred, it is possible to 

represent reaction rates by current density. From 

Faraday's law, the amount of metal reduced or oxidised 

-·-
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is given by 

where 

w 

t 

A 

t A 
z F 

current 

t i me of reaction 

atomic weight 

z = valency 

f r om which t h e r a t e of re a c t i on i s found to be 

proportional to the current. At equilibrium the rates 

of forward and reverse reactions are equal and the 

correspondin~ current density is called the exchange 

current density. The reversible electrode potential is 

known to var y with the concentration of io ns, and thes e 

potentials, when reactants are at standard states, 

comprise t he electromotive series. 

However, it is not always possible to have 

the above situation in practice since some reducible 

ions are usually present in the solution. In this case 

the equilibrium is represented by 

M = Mz+ + z e 

xz+ + z e X 

E
1 

(anodic) •. (2) 

E2 (cathodic). (3) 

where M represents the metal and X any reducible ion in 

the electrolyte. The free energy change accompanying 

the above reaction is related to the electrochemical 

potential by the equation 

-·- tiG = - z F E ( 4) 

OR ·, .~· > sm:::z:erc, ers 
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' 
where z is the number of electrons involved, and F is 

the Faraday constant (=96500 coulombs). Equations (2) 

and (3) represent the two half - cell react 

and X being the anodic and cathodic reactants 

ns with M 

respectively. When Mand X are coupled together, the 

.... 
more electrochemically negative element wi 11 act as 

anode and the other as cathode and the algebraic sum of 

the standard electrode potentials wi I I indicate the 

direc ~ ion of the overal I eel I reaction since a 

negative value of change in free energy as calculated 

~Y the above equation wi 11 indicate the most feasible 

direction. 

Figure shows the variation o f electrode 

potential with current density when meta l Mis in 

contact with the electrolyte. The i values represent 
0 

the exchange current density where forward and reverse 

reactions are in equi I ibrium. The firm I ines portray 

the polarisation phenome0on for both forward and 

reverse directions. It is not possible in practice to 

obta i n these polarisation curves because of the 

difficulty in isolating a single specie in an 

electrolyte. Figure is actually a juxtaposition of 

the behaviour of two species in an electrolyte, 

either behaviour comprising of its own particular 

oxidation and reduction reactions. 

-·-
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The condition of equality in rates of 

oxidation and reduction dictate that there be an 

equi I ibrium between the two. This is represe l ed by 

the corrosion potential E and the corresponding c orr 

corrosi?n current density. Therefore i is a corr 
"' measure of the corrosion rate of metal Munder the 

particular environment. 

The firm lines t o the right of i 
corr 

represent the situation when current is applied to the 

system. The applied current is the difference 

b~tween the cathodic and anodic currents, i.e., 

i i i ( 5 ) 
a pp c a 

as shown in Figure l. It may be noted that the system 

may be anodically (M = M
2

+ + z e-) or cathodically 

z e = X) polarised depending on the direction 

of current flow, the overvoltages being designated b y 

£ to distinguish from redox overvoltage. By 

polarisation it is possible to arrive at a value for 

B by measuring the slope of the voltage - curren t plot. 

The situation arising out of a deviation from 

equilibrium is called polarisation. Two types of 

polarisation are encountered most frequently. They 

are concentration and acti~atlon polarisation. As 

reducible ions are consumed at the electrode surface 

the rate of migration to the surface becomes 

-· ... 
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control I ing. There is a maximum or I imi t ing current 

which can be sustained by ionic diffus i on. 

limit i no current is given bv 

This 

Dz F Cb 
o(1 - t) 

where D diffusiv i ty of ionic specie 
~ 

t transport number 

bulk concentration 

thickness of d i ffusion layer 

The deviation in potential from equilibrium 

potential broug h t about by concentration effects is 

term e d ~oncentration overvoltage and is given by 

(Fig u re 2 ~ 

z F 1 og ( 1 
2.303 RT 

i - -. ) 
'L 

The second type of polarisation (Figure 3) is 

encountered when a reaction is associated with a 

rate - deter mining step other than dif fu s i on. 

termed activation polarisation and is given by 

+ - B 1 og 
i 

0 

This is 

where na activation polarisation 

B Tafel constant 

i exchange current density 
0 

Galvanic corrosion 

Figure 4 i 1 lustrates the mechanism of 

ga 1 van i G.-- •C.O-UP 1 i ng ( 1) . The norma l corros i on 

z .. ., ..... _ ... :r::srrn : am amr:a 

8 

.. 

.J 



9 

'\c 

i I. l og 

(:on c- e n t r a t i. u n 1> u L a r i. s ,1 t i u n 

'\a 

lo~ i 

Fi~ure 1. Activation polarisation 

-· --

I 

_J 



+ 

couple 
E. 

Figure 4. 

-· ..... 

i 
corr{M) 

lo~ i 

i 
c orr(N) 

T ot 

To ta l 

Electrochemical mechanism of Ralvanic 
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behaviour of two metals Mand N are depicted by the 

firm lines. While Figure is a juxtaposition of 

corrosion behaviour of two species of ions, na ly, 

metal Mand reducible specie X, Figure 4 represents the 

juxtaposition of two such couples each of which 

.... consists of two species. In the present instance the 

couples are M - hydrogen and N - hydrogen. Together 

they form the galvanic coup l e. Galvanic corrosion is a . 

type of c orrosion which occurs when two dissimiliar 

metals are in electrical contact in the presence of an 

ele':trolyte. The metal with the more electronegative 

corrosion potential becomes an anode and the noble 

metal becomes the cathode. For equilibrium, the total 

oxidation rate should equal the total reduction rate. 

These are represented by the dotted ines which are 

the algebraic sum of each of the oxidation and 

reduction curves. The point of intersection signifies 

equality in rates and determines the galvanic corrosion 

current. This current is found to be higher than the 

corrosion current of the more electronegative metal. 

In other words, the corrosion rate of metal N is 

accelerated from i (N) corr to i corr (M-!!_) wh i 1 e that of 

M is decreased from i (u) corr,, to icorr(t!_-N)" Metal N 

is known as sacrificial anode. This is the basis of 

galvanic protection of steel. The coating here is the 

-·-
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anode and steel the cathode, whenever the steel 

substrate becomes exposed. The coating becomes the 

sacrificial anode and corrodes, while steel 

protected. 

Determ i·nation of corrosion current .... 

Both anodic and cathodic polarisation are 

e mployed to obtain the polarisation curves in Figure I. 

Cathod i c polarisation data are more reversible, less 

time - dependent, and do not cause surface dissolution. 

If the potential of the electrode is plotted against 

the logarithm of applied current, a figure similiar to 

that shown in Figure is obtained. The c hain - dotted 

curve is non - I inear at low currents, bu t at higher 

currents becomes I inear. Applied cathodic current is 

equal to the difference between the current 

corresponding to the reduction process and that 

corresponding to the oxidation process. At relatively 

high applied current densities, the applied current 

approaches the total cathodic current, since the 

corresponding total anodic current becomes negligible. 

This region of linear i ty is referred to as the Tafel 

region. To determine the corrosion rate, the Tafel 

region is extrapolated to the corrosion potential. At 

the corrosion potential, the rate of reduction is 

~'IJ"al to the rate of metal dissolution, and this point 

iftM r · · · .... : :m::zr: rs , am et - ~, 
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corresponds to the corrosion rate of the system 

expressed in terms of current density. 

The advantages of this method are many (I). 

Rapid measure ment of corrosion rate is possible. 

Very low corrosion rates can be measured. Also 
~ 

corrosion rate of structures which cannot be visually 

inspected or subjected to weight - loss tests may be 

evaluated However, there are a few restrictions. 

ensure reasonable accuracy, the Tafel region must 

e x tend over a ran g e of at least one order of 

magnitude. In many systems this cannot be achieved 

because of e x traneous effects. Also the method can 

only be e mployed in systems c o ntaining one reduction 

process, since t he Tafel regi o n is usually distorted 

if more t han one reduction occurs. 

To 

The second method, which is known as I inear 

polarisation resistance method, is based on the fact 

that within a few mV of the corrosion potential, the 

applied current density is a 

overvoltag(: and r ope of 

r e I a t e d t o c:.::15 i on r a t e . 

Referring to Figure 

potential E (IO) , corr 

I inear function of 

this inear curve is 

I, at the corrosion 

n 
i 
o, I icorr exp 

( a, I corr) 
b 
a, I 

, ers::::ec r::n + e-o 

I 3 



where 

Defining 

i o,2 

b 

E: 
C 

Tlc, 2 

i = 
C, 2 

i exp corr 

SI 2.303 

E - E corr 

nc,2 corr 

i 
o,2 exp 

l 4 

Tl ( c 1 2 corr) 
b 
c,2 

and 

+ E:c 
-n 

( CI 2) 
b 

C, 2 

n - n 
i 
C, 2 

i exp ( CI 2 corr) exp ( C I 2) 
corr b b 

C, 2 

- nc 2 - nc 2 
i exp ( ! ! 
corr b 

C, 2 

E: 
i exp ( ~) 
corr b 

C, 2 

i = 
a, l 

E: 
i exp ( ~) 
corr b a, l 

For cathodic polarisation 

i 
app,c 

E: 
• ( - C ) • , exp -b-- -, exp 
corr 

2 
corr 

C • 

C, 2 

corr) 

E: c 
(-b-) .. (6) 

a, l 

For cathodic polari s ation E is more negative than E ; 
corr 

therefore E: is a negative term and i 
I 

decreases as 
C a, 

E: increases. 
C 

i app,c 

Thus 

icorr exp 

Differentiating equation (6), 

-·-

E: 
(~) 
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o i i E i E app,c 
OE 

corr ( c ) b exp -b--
c, 2 C 

corr 
b 

a, 1 
exp(~) 

a, 1 C 

As E - 0 
C 

o i 
app,c 
0 E 

C E: "' 0 
C 

i 
co rr 

(.J_ 
b c,2 

_I_) 
+ b 

a, 1 

In terms of Tafel constant S = 2.303 b 

o i 
app,c 
is E: 

C E: = 0 
C 

corr 

Since S 's are constants, it fol lows that E varies 
C 

linearly with applied current near E: 
C 

o. The slope 

of the voltage - current curve at the origin, i.e., 

OE 
C 

o i 
app,c 

is called the polarisation resistance or R 
p 

Thus 

R 
p 

When cathodic reaction is diffusion - controlled, 

the corrosion rate is imited by the limit i ng current 

density illM' Thus S = 00 at E and Sc+ Sa ~ 00 

c corr 

The modified equation for R reads as 
p 

R = 
p 2. 30 3 i corr 

( 8 ) 

Equation (7) is valid only for overpotent ia ls 

close to the origin as is clear from boundary 

conditions. Also it indicates essentially a inear 

a · ·, .... __ , e=-rrt : em nm - rw:w-_,e,, • ........ -,c;; 
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relationship between applied current and · overvoltage. 

The linear relationship between potential and applied 

current, very close to corrosion potential, exists 

because the difference between two logarithmic 

functions of current approximates a linear function 

when the logarithmic functions are of the same order of .... 

magnitude. However, in some instances deviation from 

linearity even at overpotentials of a few millivolts 

is possible. Thus in actual oractice polarisation 

resistance is measured most precisely as the slope at 

the origin of the overvoltage - current curve of which 

Figure 10 i's typical. 

Unlike the Tatel extra polation method, the 

polarisation resistance method is not 1 ikely to 

affect the subsequent corrosion rate of the material 

by changing the nature of the surface due to marked 

changes from the corrosion potential. Because Sa 

and Be a ppear in both numerator and denominator of 

equation (7) the polarisation resistance is relatively 

insensitive to changes in either. Instead, very rough 

estimates of Ba and Be will give an accuracy of 

30 50%. 

The 1 inear polarisation method can be used 

to measure galvanic short - circuit current without 

Inserting any instrumentation between the two couple 

-·-
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electrodes. This is because, as stated under the 

secti o n on galvanic corrosion, when two metals 

forming the galvanic couple are in elect ical contact 

in the presence of an electrolyte, a galvanic current 

is established which is equal to the rate of 

dissolution of the anode in the couple. At 

overvoltages very close to zero the equation (?) is 

satisfied since the galvanic cour,ling results in an 

equilibrium between two opposing reactions of oxidation 

and reduction. The absence of instrumentation 

between the participating electrodes is of special 

advantage when such instrumentation would disturb the 

corrosive or physical conditions of t he galvanic 

couple. 

re ca· ·--·,,. >e:zera: z ,, = -
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Chapter I I 

EXPERIMENTAL APPARATUS ANO HATE ~ 

Polarisation cell and electrical circuit 

The schematic arrange me nt of galvanostatic 

constant current polarisation circuit is shown in 

Figure 5. The polarisation eel l consisted of a Pyrex 

joint clamped t o the test specimen (working electrode) 

,. ith an O - ring seal. It contained an electrolyte 

into which the saturated calomel reference electrode 

(SCE) and auxi I iary elect r ode were immersed (Figure 6). 

Platinum wire wrapped around the calome l reference 

electrode was used as auxi 1 iary electrode. The 

diameter of exposed area was 6 cm giving an area of 

2 28 cm . An identical Pyrex joint was positioned 

below the specimen as in Figure 6 to faci 1 itate 

clamping. For anodic polarisation the working 

electrode was connected to the positive terminal of the 

power source and, for cathodic polarisation, polarity 

was reversed. 

The D.C. power source was used t o drive 

cu r rent through the polarisation circuit with an 

ammeter to measure the ~urrent level. The 

potentiometer measured the potential of the working 

_ . • ~lectrode with respect to the reference electrode 

a- ··,.. ...... , m::zrrz: em - r 
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which was connected to it through an electrometer 

acting as null detector. For polarisation resistance 

measurements a chart recorder was con ected to the 

nul 1 detector to measure the deviation of working 

electrode potential from the corrosion potential. Current 

was lead into the working electrode by alligator clips 

positioned outside the polarisation cell. A decade 

2 1 

resistance box was used in conjunction with the D.C. 

power source to maintain current at constant levels. 

Details and specifications of electronic instrumentation 

are given in Appendix A. When necessary, the solution 

was deaerated with nitrogen bubble d through the solution 

with small diameter glass tubing (Figure 6). The 

gas escaped from th e cell through a glass tube 

having the exit end immersed in a water seal to 

prevent air leakage into the cell. 

Materials and specimen preparation 

The coated sheet steels investigated in the 

present project were designated as fol lows 

l ) G - 60 

2) G - 90 

3) Electrogalvanised steel 

4) One - side hot dip 

5) Nizencote 

6) Galvalume 
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The first four coatings were nominally pure zinc, 

while the last two were zinc alloys. 

received from Inland Steel Corpora 

Sheets were 

on in panel_s 

measuring 12 inches by 4 inches by about 0.03 inch 

th i Ck. 

The panels were sheared to 4 inch by 

3 inch size and scribes were machined into the 

surface on a mi I I ing machine when required. Scribes 

measured 1 / 2 inches by 1 / 8 i n ch ( F i g u re 7) and , for 

the sake of convenience, scribe depth was held to 

half the thickness of the sheet. The area of 

exposed steel was 1.21 
2 

cm giving an area ratio of 

1/22 of steel to coating. Scri b ed specimens were 

stored in a desiccator to protect the exposed steel 

surface. Whenever substrate steel was to be studied, 

the coating was etched away in suitable acid solution 

followed up by abrasion on belt grinder. Be f ore 

commencing the experiment, specimens were degreased 

in benzene and then washed in detergent solution. 

After rinsing in distilled water, the specimen was 

dried in an oven at 250°c for ten minutes. The 

0 - ring joint was also separated each time , washed 

in distilled water, and d r ied in the oven along with 

the specimen. After drying, the assembly was set up, 

clamped, and filled to the required level with 

r -

22 
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electrolyte. 

The electrolyte consisted of either O. I N 

or 1 .0 N sodium chloride solution made ~ 

distilled water and reagent grade salt. 

from 

In it i a 1 

experiments were conducted in electrolyte in 

equilibrium with atmospheric ITT( ygen. Deaeration, 

when necessary, was carried out by bubbling nitrogen 

for thirty minutes. A holding time was allowed 

subsequently for sixty minutes to stabilise the 

corrosion potential, with nitrogen passing over the 

top of the solution before the polarisation 

nrocedure was initiated. 

24 
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Chapter I I I 

EXPERIMENTAL PROCEDURE ANO RESULTS 

Separate specimens of each coating material 

were subjected to anodic and cathodic polarisation. 

The coating was stripped off ~ third specimen which 

was then subjected to cathodic polarisation to 

d etermine the B value for steel. 
C 

The corrosion rate 

of a fourth specimen was measured by the po l arisation 

resistance method. Effect of galvanic coupling 

was studied by polarisation resistance measurements on 

a fifth specimen having a scribe machined into the 

coating to b a re the substrate steel. The above steps 

were repeated on all si x materials in both 0.1 N and 

1.0 N sodium chloride solutions, aerated and deaerated. 

Polarisation measurements 

The polarising current was increased from 

zero by gradually increasing the voltage output of the 

power supply and decreasing the resistance of the 

decade box from its maximum (Figure 5). Current was 

increased in steps with potential recorded at steady 

state after ten minutes at each current step. 

Typical results for bare steel, G - 90 

unscribed, and Galvalume unscribed are shown in 

Figure 8 for these materi a ls exposed to 1.0 N NaCl 

fmM rze ·g ·"':m>z-::r::-:na:c "' C = 5 
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in equilibrium with ambient atmospheric oxygen. It 

is notable that the polarising currents for Galvalume 

are significan t ly lower than for - 90, suggesting 

that Galvalume has a lower corrosion rate. Later 

rep! icate polar i sation resistance measurements have 

substantiated such a conclusion. The "knee" in the 

cathodic curve for steel and G - 90 suggests a 

contribution by diffusion control of dissolved 

oxygen. The curves for the same materials in 

deaerated solution (Figure 9) do not e x hibit the 

"knee" in support of such an interpretation. 

The "knee" is absen t from the cathodic 

curve for Galvalume in both cases, indicating 

activation control for the reduction reaction on this 

material. In the presence of dissolved oxygen 

(F i gure 8) a change in B from 0.185 to 0.156 
C 

suggests that two activation controlled processes may 

be present. Further comments are offered in 

subsequent DISCUSSION. 

Polarisation resistance measurement 

The polarising current was gradually 

increased until an initial deviation of only 0.5 to 

0.6 mV could be observed on the chart recorder. The 

current was then maintained until steady state was 

raa ··, ·u nc:zr:r:: sa: :a JKW--=s 
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obtained (usually about one minute), and then adjusted 

to a value I I to obtain a potential change 

(overvoltage) of - 2 mV. The current was n 

29 

increased in · steps I 2, I 3' I 4, ••••• t I where I n I I . n n 

Corresponding overvoltages E a, Eb, E 
C' ... ' En were 

obtained at steady state. A typica ~ tracing taken 

from a chart record is shown in Figure 10 which 

shows the procedure for obtaining near steady state 

values of overvoltage at each current step. The 

overvoltages E at each current were olotted in 

Figure I 1 to obtain the polarisation resistance R 
p 

which is the slope at the orig i n. Note that 

polarising current rather than current density is 

plotted in Figure I I. The R from such a curve yields 
p 

a corrosion current I when substituted into 
corr 

equation (7) or (8). The corrosion rate (corrosion 

current density) is then calculated by dividing I 
corr 

by the exposed surface area. 

The results of polarisation studies of the 

various materials in 0.1 N and 1.0 N NaCl with 

equi 1 ibrium dissolved oxygen are tabulated in Table I. 

E represents the equi I ibrium corrosion potentiwl corr 

prior to application of current. At higher 

concentration of electrolyte, E was found to take 
corr 

up more noble values for steel while assuming more 

e~e~tronegative values for coatings. 8 and 8 are 
a C 

== ::rr:r:ntt nm sr:-:weee 0 
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Table I 

Results of p:>larisation studies t.nder equi.: .... 

NaCl -&."'Orr - Sc -Ecorr -Egalv Sa - 8c ig Cba1 

Material ooncn. Steel Steel Coating Scribed (bating (bating Coating ...._ 

N Volt/ SO: Volt 'vblt 
(bating Volt Volt Steel µA/ Rp 

Volts an 2 102 a 

0.1 0.753 0.33 1.044 1.025 0.08 : 23 8 2. : 
G-60 

1.0 0. 727 0.15 1.077 1.081 0.01 0.156 71 o. : 

G-91! 
0.1 o. 736 0.185 1.033 1. 034 0.027 0.325 18 2 ' 

I 

1.0 6.699 0.181 1.066 1.072 0.01 : 0.199 23 1. 
I 

Electro 0.1 0.702 0.29 1.060 1.032 
\ 

0.021 o. 3061 7 0.1 
Galvanise I 

1.0 0.659 0.175 1.072 1.082 0.014 0.1766 36 0 •' 

One-side 
0.1 0. 719 0.231 1.023 1.026 0.028 o. 3004 36 0. ' 

tot dip 1.0 0. 716 0.13 1.067 1.072 0.011 0.2497 51 0.1 

0.1 0.697 0.17 0.948 .937 · 0.035 I 0.28 13 2. , 
Nizencote 

1.0 0. 724 0.17 1.006 . 937 0.02 0.2119 16 0. I 

-
0.1 0.684 0.21 0.986 .981 0.043 o.u 8 6: 

Galvalune 
' 1.0 o. 725 0.185 1.049 1.047 0.030 0.1565 18 1: 

-·--· 
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Table I 
. 

n stooi.es lllder equil.ibriun oxygen. ..... 

- l! C ig Coat.i.rg Plain Coating Scribed Coating Scribed 

ating Coating i 
s:::.r I and ooak.ed 

blt Steel µA/ Rp i i i I i oorr Rp scr oorr Rp scr 
an 2 102 ohms µA /cm 2 102ohns µA/an 2 102 ohns llA / an 2 

.23 8 2.3 5 1.4 7 1.4 

1.156 71 0.35 4 0.3 5 1.25 

l.325 18 2.2 2 1. 7 2 1.0 
, 
' 

). l99 23 1.1 1 0.35 4 4.0 ;o. 3 5 
' 

l. 3061 7 0.6 7 1.4 3 0.4 

).1766 36 0.4 5 0.7 3 0.6 

). 3004 36 0.95 5 1.2 3 0.6 

). 2497 57 0.65 3 0.7 2 0. 7 

).28 13 2.4 2 1.8 2 1.0 

).2ll9 16 0.91 3 1.6 2 1.5 0.25 11 

).U 8 62 0.08 80 0.7 88 

).1565 ' 18 19 0.2 3.6 1.1 5.5 2.8 1.4 



_ .. ... 

33 

the anodic and cathodic Tafel constants measured 

from polarisation curves as in Figure 8. B values were 

generally higher in 0.1 N solution. i is the current 
g 

density at the intersection of the ~athodic polarisation 

curve for ~teel and anodic polarisation curve for the 

corresponding coating. 
~ 

corr represents the self 

corrosion rate, .e., the rate at which the coatings 

corrode when exposed to the electrolyte in the absence 

u f the scribe. 
scr 

is the galvanic current density 

b e ~ w e e n t h e c o a t i n g a n d t h e e x p o s e d s t e e ·I r e s u I t i n g 

when a scribe is made in the coating. The ratio 

scr I corr 
indicates the extent of galvanic corrosion. 

In the presence of oxygen 1 the cathodic 

reaction was diffusion controlled a n d equat i on (8) was 

used to calculate i for al I unscribed specimens 
corr 

except Galvalume. For the scribed specimen, the 

c a t hod i c c u r v e f o r s t e e I i s e x p e c t e d t o m_o v e t o t h e 

left in comparison to the zinc coatings because area 

of scribe is only / 22 of the fut I area exposed 

during the experiment. This implies that the 

corrosion rate of the coating must be controlled by 

activated reduction of water. Therefore equation (7) 

holJs good for scribed specimens. Also, since no 

"knee" was observed for Galvalume, equation (7) was 

used for Galvalume. 



' 
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The polarisation data presented in Figure 9 

indicates that cathodic reduction is activation 

control led under deaerated nditions because the 

"knee" is conspicuously absent. The cathodic reaction 

is assumed to be water reduction which is activation 

controlled. This~ssumption is also in line with the 

earlier discussion on polarisation curves. For this 

reason eq uation (7) was used to determine the 

corrosion rate of all coatings including Galvalume in 

deaerated electrolyte. 

Table II l i sts the results obtained 1-Jh en 

the solution was deaerat e d. The corrosion potentials 

assume consi s tantly mor~ electronegative values than 

those in oxygen - contai n ing solut i ons. As may be 

seen, 
SC r 

in Table is less than in several corr 

cases. This is contrary to theoretical considerations 

since, in the presence of bar~ steel at the scribe, 

the corrosion rate should be higher than scr corr 

of the unscribed coating as explained under the 

section on galvanic corrosion. As may be seen from 

Table I I, is consistantly higher than i scr corr 

when solution is deaerated. 

To determine in a preliminary way the 

variation in corrosion rate measurements, triplicate 

measurements of all materials were made in deaerated 

1.0 N NaCl solution. The results ,He presented in 

34 



Table II. 

,..,, Results of i:olarisation stu:lies under deaerat 

NaCl -Egalv ~ Coating ( 
-Ecorr sa -Sc Plain s 

Material iconcn· coating Scribed • coating coating 
Cbati.n:J I Rp icorr R 

N volt Volt 1 
~lt ~lt · .. , -µA.,tm 2 ~1d ;11JUllllt:::i 

0.1 1.102 1.081 0.026 0 . 218 1. 3 0.3 
G-60 

1.0 1.151 1.103 0.028 0.155 1.4 0.2 l 

0.1 1.095 1.066 0 .026 0.218 5 0.1 5 
G-90 I 

I 

1.0 1.138, ' 1. 076 ; 
0.028 0 . 155 20 0.2 1 I I 

' Elect;,ro 0.1 1.115 1.053 0.029 0.193 2 0.2 3 
galva-
nise:i 1.0 1.154 1.093 0.028 0.154 1 0.4 1 

Qle-side 0.1 1.074 1.061 I 0.023 0.15 4 0 . 1 5 
' 

rot dip 1.0 1.16 1.094 0.023 0.17 0.6 0.5 2 

Nizen- 0.1 .957 . 949 0.034 0.167 2.5 0.2 
cote 

1.0 1.022 1.013 
I 

0.02 0.163 1.0 0.3 3 

Galva- 0.1 1.llS .983 0.032 0.124 35 b.01 
lure I 

1.0 1.167 1.032 0.03 0.115 16 0.04 

_ ..... 
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(bating 
iscr/ Scribed 

Rp iscr i cnrr 
?otrns µA,Crn2 

7 1.1 3.7 

1.4 2.3 ll.5 

5.5 0.6 

1.8 1.8 9 

3.2 Ll 5.5 

1.6 2.1 5.3 

5.5 0.5 5 

2.6 1.1 2.2 

17 0.3 LS 

3.5 0.7 2.3 

10 0.4 40 

4 0.9 22.5 

-·-



' 
Table I I I. The zinc coatings on the whole displayed 

higher corrosion rates than Galvalume under deae r ated 

conditions, the corrosion rates of zinc coatings, 

~wever, exhibiting considerable variance under 

aerated condittons. Thi 6 prompted a statistical 
.... 

analysis t_ o ascertain whether it is indeed possible to 

distinguish between the corrosion rates of two 

materials with the aim of ranking different materials 

by electrochemical methods. The procedure, as 

descr i bed by Legault and Dalal (13), was as follows. 

Ten runs were conducted on separ a te 

J speci mens nf G - 90 and Galvalume in 1 .0 N sodium 

chloride s olution under deaeration. Results are 

presented in Table IV. The over a 11 mean is the 

arithmetic mean o f the ten corrosion rates and the 

standard deviation represents the a mount by which 

corrosion rate obtained from a test run would 

statistically deviate from the overall mean. The 

95 % confidence interval represents the limits within 

which such a value should I ie, from statistical 

considerations. The confidence interval in Appendix B 

signifies that there is 95% statistical propability 

that the measured difference in corrosion rate wi I I 

I ie within the said interval. 

The data described above yield corrosion 

rates of t: 0

h·e various coatings but do not indicate 

36 
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Table I I I 

Triplicate corrosic:n values in 1.0 N NaCl (Deaerated ) 

icorr iscr ,iscr 
/ icorr I 

l,Jl\,/an 2 UA/an 2 

Material 

l 2 3 1 2 3 l 2 3 

u-60 0.25 0.35 0.28 2.4 2.1 .lj . 7 9.6 6 6.1 
' 

G-90 o. 32 0.18 0.14 1.8 2.1 1 '. 0 5.8 11.6 13 

Electro- 0.35 0.35 0.28 l. 7 2.1 2.5 4.7 5.8 8.8 
galvanised 

One-side 
h::>t dip 0.53 0.46 0. 32 1.1 1.8 l. 4 2. 1 3.8 4.4 

Nizencc;:>te 0.46 0.28 0.14 0.71 0.46 0.42 1.5 1.6 3 

Galvalune 0.04 0.04 0.01 0.9 0.9 0.6 25 25 64 

( 
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Run no. 

2 

3 

4 

5 

6 
\ 
7 

8 

9 

I 0 

TABLE IV 

Corrosion current dens · y (µA/ cm 2 ) 

in 1 .0 N sodium chlori~e with deaeration 

G - 90 ..... 

0.304 

0. 1 82 

0. I 3 7 

0.304 

0. 182 

0. 2 7 3 

0. 2 7 j 

0.21 9 

O. I 8 2 

0. I 56 

Galvalume 

0.023 

0. 0 l 4 

0.003 

0.046 

0.018 

0.024 

0.036 

0.003 

0.014 

0.014 

Overall mean X ._ 0. 2 2 l 0.020 

0. 0 l 4 Standard deviation s 
X 

For degree of freedom 

t 

at 95 % confidence level 

95 % confidence interval · 

0.062 

l 0 -

l . 8 3 3 

0. 2 2 l 

0. I l 4 

9 

± 

(from tables) 

0.020 ± 

0.026 
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' 
the 1 ifetime of the coatings which are dependent also 

on the coating thickness. To obtain a preliminary 

indication of coating 1 ifetime, the variation of 

corrosion potential with time was studied for ~he 

various mat ,erials (F i, gure 12). Courions of each 
,.,, 

materi~l measuring inch by 4 inches were dipped in to 

1 .0 N sodium chloride solution contained in separate 

beakers. The corrosion potential was measured every 

twenty - fuur hours, keeping solution and specimen 

unchanged ov~r the entire period of observation. 

Nizen~ote, at a very early stage, atta t ned corrosion 

potential values close to that of steel while G - 90 

exhibited values consistantly close to that o ~ zinc 
I 

b e f o r e r e v e r t i n g t o c o r r o s i o n pp t e n t i a 1 o f s t e e 1 a t t h e 

end of almost two weeks. No notable change was 

observed in Galvalume even after two weeks. 

\ 
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Chapter IV 

DISCUSSION 

l. Polarisation data 

The shape of the cathodic polarisation curve 
..... 

for steel and G - 90 may be explained on the basis of 

mixed activation and concentration polarisation in the 

current range employed. Consider the two reactions 

2H
2

0 + 2e 

0
2 

+ 2H
2

0 + 4e 

H
2 

+ 20H 

40 H 

If indeed oxygen reduction limited by con centrat ion 

polarisation occurs at lower currents , the 

concentration overvoltage would resul t in a curve 

similiar to Fi gu re 2. Also the water reduction at 

higher current ranges would give rise to a curve 

similiar to Figure 3 wherein activation polari s ati on 

is controlling. Diffusion control is often 

experienced in the reduction of dissolved o x ygen 

because of the limited solubility (8 ppm maximum) 

of oxygen in aqueous media . Activation control . 
for reduction of watet to H2 would be expected due 

to the unlimited supply of H
2

0 molecules. Combining 

the two curves could result in a curve as shown in 

F i g u re I 3 sh ow i n g the ch a r act er i s t i c 11 knee 11 
• 

- · · · conclusions were reached in earlier work (12) 

Sim I I i a r 

4 l 



C 
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n 
2 + 

Fi.pur t2 13. 

o x v· gen rt:.' du c t ion 

.?nli -

cu r re nt d ensitv 

Theoreti c al model for c athodi c 
polarisation c urves . 
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involving different metals in chloride solutions. 

Further verification is shown in Figure 14. 

A trial - and - error value of limiting current iLIM 

for oxygen reduction is selected and marked by t _ 

vertical dashed line ab. The water reduction ' portion 

of the cathodic polarisation curve is defined by the 

~ 

dashed line beyond Ecorr toe. The sum of reduction 

curves ab and cde between d and a is given by the line 

-·-

dfa. At potentials active to d reduction of water to 

hy c rogen predominates along the 1 ine ed . At potentials 

noble to f, the reduction of dissolved oxygen would 

predominate. 

The anodic dissolution process for the zinc 

coating is given by fitting the dashed 1 ine ~h to the 

anodic data at high current density . The ap~l ied 

current density at any given potential is derived from 

where ired is the total reduction current density oo 

the line afd and i
0

x is the total oxidation current 

density on the line gh. The three currents are 

marked at - 1.1 volt on Figure 14. The solid line in 

Figure 14 is derived by finding iapp at various 

potentials between Ecorr and point c . . The solid 1 ine 

con.forms wel 1 to the data points and is near to the 

shape of polarisation curves drawn through the points. 
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The fact that the so 1 id 1 i n e c 1 o s e I y f o 1 1 ow s the data 

points confirms. the initial assumption that corrosion is 

control led by combined reduction of dissolved oxy 

water to evolve hydrogen. 

The "knee" ,was exhibited by all coatings 

n and 

except Galvalume. It would appear that t he cathodic 

reaction is act i vation controlled in this ins tance. 

G a l v a 1 'J m e e x h i b i t e d v i r t u a i l y n o c h a n g e i n c o r r o s i o n 

potential v' ith time as shown in Figure 12. An 

explanat i on for the consistnntly isolated behaviour- of 

Galvalume is in order. The coating material (nominal 

composition 55 % Al, 43.4 ~ Zn, l .6 % Si) in th is case 

is an alloy of zinc and aluminiun in roughly ek:lual rarts. 

The E values of this material being close to that corr 

of pure zinc indicates the contribution of zinc in the 

coating and the lower corrosion rate of the coating is 

probably a reflection of aluminium content. This P(?ints 

to the possibilit y that the formation of an aluminium -

oxide - bearing f i l m on the surface s 1 ow s down the 

migration 9f electrons to outer surface and transfers 

control to an activation process which is slower than 

the maximum rate of diffusion of dissolved oxygen to 

the interface from the bulk solution. 

2. Polarisation resistance data 

- · - Corrosion current densities from polarisation 



resistance data for G - 90, Galvalume, and Nizencote 

after ove-rnight (twenty hours) exposure are shown in 

column 12 in Table I. Fo r separate specime s of G - 90 
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exposed to solution for thirty minutes and twenty hours, 

the 5 µA/ 2 
cm .v aJ ue is approximately same for both , 

~ 

Much of the protective nature of Nizencote was lost 

after the twenty - hour exposure, since scr is quite 

high at 11 µA/ 2 cm 

a_fte, twenty hours 

i scr 
is still 

as 

nearly the same 

i t was after 

thirty .- minute exposure ( 1.1 
2 

UA / c m ) for Galvalu me. 

Therefore these data suggest that the initial th i rt y -

minute exposure data gave an accurate in d ication o f the 

longer ter m electrochemical behaviour ~f the coatin g . 

The values . should t h e o r e t •i c a I l y h a v e b e e n scr 

h i gher than 
corr 

As explained in Figure 4, the scr i be 

exposes the substrate steet and results i n a higher 

measured current for the coating due to g alvaQiC 

coupling to a nobler metal. The coating becomes the 

s acrifi c ial anode to protect the exposed steel. 

Howe ver, the metal area over which oxygen is reduced 

is still the same when the scribe is present. Therefore 

the iLIM should be the same for both scribed and 

unscribed specimens (Figure 15). scr 
is sometimes 

g r eater or less than i d~e to the inherent corr 

variability of iLIM and this explains the values given 
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f ip:ure l5. Corro sion behaviour i n the 
oresence o f eouilibrium dissolved o xvp:en 



., 
by Table in the presence of equi l lbrium dissolved 

oxygen. The ariability of iLIM is inherent due to 

variations in dissolved oxygen concentration an s 1 i gh t 

variations in rate of convection. Bubbling compressed 

air throug~ the electrolyte did not improve the 

var i a ~ i I i t y of i corr 

.... 
The results were essentially the 

same as for solutions in equilibrium with atmospheric 

ox yg en. 

brevity. 

Thus they have not been repeated here for 

Ta bles and I I give the corrosion current 

densities under equilibrium dissolved -oxygen and 

deaerated conditions in 0.1 N and 1.0 N sodiu,n chloride 

solulions. The scr values are definitely h i gher than 

i under deaeration, as exp-ected. 
corr 

In the absence of 
' 

dissolved oxygen, the two redox reactions are 

Zn Zn 2 + + 2 e 

20H 

Figure 16 i 1 lustrates the mechanism of unscribed and 

scribed coating. Note that in the case of scribed 

specimen there is a second reduction reaction, namely 

48 

the reduction of water on steel and as a result the total 

reduction curve is the sum of water reduction on the two 

different metals. It is assumed that water reduction is 

more rapid on the exposed steel surface than on the 

same- a~ea of coating which was removed by the scribe. 
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Figure 16. Corrosion behaviour under deaeration 
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It would be observed from Figure 8 that the 

cathodic polarisation curve for Galvalume changes 

slope and this change is not observed in Figure ~ under 

deaerated conditions. This indicates that und~r 

aerated conditions bqth oxygen and water reduction take 

p I a c e , t h e d i f f e r e n c e b e i n g t h a t i n t h e """"c a s e o f 

Galvalume the o x ygen reduction : s activation controlled 

even under aerated conditions. 

:he statistical analyses presented i n 

Tab I e I V and Append i x B h i g h I i g~ t the d i ff ere n c e i n 

corrosion behaviour between G - 90 and Galvalume. The 

95 % confidence interval indicates not only tha t it is 

possible to assign statistical limits for the ,corrosion 

behaviour of either material but also brings ~bout the 

significant difference between the two materials as 

regards to corrosion rates. It should be noted that 

the interval for true difference i n corrosion 

behaviour does not include the value zero. This 

indicates that it should be possible to discrim i nate 

between the two materials on the basis of an 

•electrochemical method. 

Figure 12 provides an indication of the 

longer - term behaviour of coatings where the thickness 

of the coating has a significant role. This is 

evident from the difference in behaviour between 

-·-
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Nizencote which is thinner and the other coatings. 

This aspect was not further explored in this project 

and requires more in - depth investigation. 

-· -· 
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Chapter V 

SUMMARY 

In both aerated and deaera!ed solutions bare 

steel is polarised and protected cathodically by 
~ 

c9upling to zinc and zinc alloy coatings. In aerated 

solutions, the corrosion rates of coatings are .. 
considerably higher and coating ifetime may be 

expecled to be considerably lower for given coating 

thickne ~s. Aluminium - zinc (Galvalume) coatin g s 

exhibited considerably lower corr o sion rates yet were 

sti 1 I successful in cathodical ly protect in g bare steel 

~urfaces. Lower corrosion rates of Galv 9 1ume in both 

aerated and deaerated solu.tions correlate' with 

ao1:>arent activation controlled reduct io n of both water 

and dissolved oxygen. 

Measurements in aerated solutions were rather 

unpredictable. The corrosion rate in the presence of a 

scribe i il the coating scr 
could be greater or less 

than the corrosion rate i of the unscribed coating. 
corr 

Presumably the variability is due to changes in 

disf olved oxygen content in the chl_oride solution. 

However, it has been impossible to quantitatively 

relate i to dissolved oxygen. corr 

The corrosion rates, i were decreased corr' 

-·-
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by several orders of magnitude when dissolved oxygen 

was removed by sparging with pure nitrogen. The 

variability of i was reduced much below the 
corr 

increase caused by the presence of~ scribe. Thus i scr 

was consistpntly gre~ter than i corr 
in deaerated 

"" 
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s o luti o ns. The steel exposed by a scribe in the coating 

has a greater rate of reduction than the coating 

material which it replaces, resultin g in higher total 

corrosion rate in the presence of a scribe. 

Th e re seem to be no sensible differences 

between the various pure zinc coatin gs ; i.e., G - 60, 

G - 90, electrogalvanised steel, and one - side hot 

dip; e n the basis of polarisation resistance 

measurements. The electrochemi~al properties 

(includlng corrosion rate ) of these no minally 
corr 

oure zinc coatings appear to be quite similar. 

Coating lifeti me on steel is at least 

partially a function of thickness. In a preliminary 

way, simpl~ corrosion potential measurements have been 

shown to be sensitive to the loss of the coating. 

' Further work is recommended to assess electrochemical 

procedure for evaluating longer - term P,erformance and 

lifetime of coatings on steel sheet. 

The electrochemical methods show great 

promise in evaluating the alloy coatings 

-·-



p 

' 
(e.g. :- Nizencote and Galvalume) in which 

electrochemical propert l es differ substant'ally from 

pure zinc. Nizencote does not show a substan ti al 

r eduction in i below that of zinc coatings and 
corr 

could not be recomm~nded in p r eference to pure zinc 

coatings. Gal , alume shows very g ood properties 

very low i and a very high ratio of corr scr I corr 

in both aera t ed and deaerat e d sol u ti o ns. 

-· -
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Appendix A 

APPARATUS 

The experimental set - up consisted of 

1) D.C. power source 
~ 

2) decade resistance box 

3) electrometers 

4) potentiometer 

5 ) ammeter 

. I) D.C . power source 

Although batter i es may be used, D.C. power 

s u p p 1 i e s a r e mo r e c o n v e n i e n t t o u;s e o v e r I o n g --p e r i o d s 

o f ti me " t s teady output voltage s . Also t he lack o f 

A.C. rionle is i mp ortant 

behaviour is distorted in 

becaus ~ polar i sation 

the presence of s mal 

superi mposed alternating voltages. A Heath -

Schlumberger power suooly, Hodel no. S~ 2 7 10, was used 

in the present project. I t had an output range of 

0 - 30 volts. 

2) Decade resistance box 

Decade box is used in between power source 

and polarisation cell to maintain a steady current. A 

Phipps & Bird decade box, Model A236, with an accuracy 

of 1% and power rating of 10 watts was used. By using 

toggle switches, it was possible to vary the resistance 

55 



included in the cell. 

3) Electrometer :-

An electrometer is an electronic voltmeter 

with extremely high input Impedance. The primary 

reason for using high input impedance voltage 

measur,i ng circuit s is to avoid drawing current which 
~ 

~ould polarise the reference electrode (14) . Keithley 

electromete r , Model 610C, having an input impedance of 

14 10 ohms , was used as null detector . Its funct ion 

was to compare the potentiometer standard voltage wi th 

that of ~ he work i ng electrode through a re fe rence 

. electrode. 

~) Potentiometer 

Electrode potential measurements were done 

with a compact portable poten ~i ometer . Used i n this 

p roject was a Biddle potentiometer, Model 72 - 312 , 

with a measuring range between 0 . 11 t u 1. 161 volts . 

This instrument was powered by a battery . 

5) Armieter : -

It is imperative in electrochemical 

measurements that no current be drawn from the system 

by the equipment for measurement itself . With this in 

v iew, an electrometer was used to measure currents . 

Further advantage is the wide range of currents 

measured by this instrument. It differed from the 

null detector in that It was solid state battery -

operated whereas the latter was 1 ine - operated. Battery 
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-·-

operation ensures the absence of interference from 

line - operated null detector. Keithley Instruments , 

-11 
Mo·del 602, with a current range from 10 to 1 

ampere was used. 
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AP PENDIX B 

Confidence Interval for the true differen e in corrosion 

behaviour between G - 90 and Galvalume 

Confidence i ~ terval .. X - X :!: 
g ga 

~ 

t X .k~t,mated variance of 

( x - x ) 
g ga 

where X sample mean 

data point - poeulation mean 
t standard deviation 

For degree of freedom (10 - I)+ (10 - 1) 18 

estimated variance 

where 

where 

t 

of 

2 
s p 

n 

( x 
g 

1 • 7 3 4 from t-distribution 

t a b, 1 e f o r 9 5 ~ 

co ,fidence level 

-X )=s('-
1
-ga p n 

+ -'- ) 
n 

( n 
g 

2 g 
1 ) s + ( n 

g 1a 
( n - 1) + n 

g ga 

ga 2 
1 ) s 

1ra 

number of data points in a 

sample 

s standard deviation 

95 % Co n fidence Interval 0.202 ± 0.035 
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