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Contribution to the Theory of Galvanostatic Anodization
 

Dr. I. A. Animar
 
Professor of Physical and Electrochemistry

Department of Chemistry, Faculty of Science
 

Cairo University
 

INTRODUCTION
 

The theory of galvanostatic anodization dates 
to the early work of G~untherschulze
and Betz (1-2) 
on valve metals in the period between 1931 and 1937. 
 Later in the period
between 1955 and 1964, it was extended by Adams and co-workers 
(3-6) who first defined the
oxide formation rate as the 
rate of potential rise at constant current density. 
The same
authors were able to calculate another important parameter; namely, the reciprocal 
capacity which was used to differentiate between the two modes of ionic conduction in the oxide
film known as 
the low and high field approximations. 
 Among other contributions to tile
theory, one may mention the significan wcA of Vermilyea (7-9) and of Young (10). 

My co-workers at Cairo University and ! became interested in)galvanostatic anodization in 1970 simply because tile experimental .ecchnique is very simple and does not
elaborate instruments which are still require

lacking. 'lle group 
at Cairo University was able to
rationalize tihe theory in order 
to enable it to predict some new information concerniingthe parameters of oxide growth. 
 Theoretical deductions were
,nodization of Ta and Zr (11), Ti (12, 13), 

tested by experiments on tile 
Sb (2, 23), 

Nb (14, 15), W (16, 17), Al (18-20), Te (21),and Bi (24-26). lhe paperpresent "ummarizes the importnt results of theselublications and indicates some new applications of the theory of galvanostatic

anodization.
 

EXPERIMN'l ITCHIIN 1 
Anodization does 
not requi re extensive ipunificatiorl of solution, e.g. ,electrolysis, by prea procedure whch is necessary for other rields of electrochemical kinetics."AR" grade reagents are sufficient for this purpose. lurthermore, there is need toguard the solution against since 

no a ir, experiments
practically the 

in aerated and deaerated solutions givesame results. 'liw electrolytic cell simply consists of a beaker containing the working anode, tihe luxiliary Pt cathode, and tile 
probe of tile reference half cell.
The electrical circuit is composed of a galvarostat or stabilizedand a a constant currentpotentiometer. unitSince recording potentiometers ire not available, the potent ial/timerelat ion is recorded maniia lly. 

Below the region of dielectric breakdown, the possible anodic pr )cess(s are
dissolution, anodic
gas (0,) evolution, and oxide film growth. The contribition of each of tilethree processes has ben tofound deped mnarkedly on tit, state of the metal surface.hiile a hete'rog(,neous surface favors anodic dissolution and 0 evolution, a homogeneous
surface favors oxide fi lmngrowth. 

1Cmp~osit ion of1h1e ,olution undoubtedly plays an important role. 'lier,,fore, successful anodization cal on 4 he achieved if tile surface is free from scratches arid otherdefects. In cs., thethiS ,'fficiency of oxide growth approaches 100%.
 

Va (iolsmethods of' pretreatment have been used, including chemica and mechanical,with the latter preferred since chemical methods invariably leavesurface whose composition depends oi the 
a film on the metal 

chemical used. Mechan i cal pretreatmentthe use of metallurgical papivr, of various grades, tile 
Involves 

surface but essential .step Is subjectthe finally to thtorough rubinp with 
to 

fine t issue paper, and tt, examining thesurface now and then until all scratches disappear arnd edges become smooth, .he surfaceat tie metal to glass seal should be properly covered with a resin. 
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Another source of error is the presence of halides, particularly chloride ions,

which hinder oxide growth. Therefore, when sat.calomel is used as a reference, the
reference electrode probe should lead to a small beaker. 
The probe and this beaker
 
are filled with the solution used for the test. 
 The calomel is connected to this
beaker via a conventional salt bridge. This arrangement retards the diffusion of
 
chloride ions to the test anode.
 

All potentials are referred to nhe, and current densities are 
calculated on the
basis of geometric areas. 
 Stirring of the test solution is recommended, particularly

at current densities which release heat in the anolyte.
 

BASIC PRINCIPLES
 

An oxide film grow. anodically onto an existing prepolarization film formed eitht.

by tarnishing reactions in air or by interaction with the solution prior to polarization,

or by chemical pretreatment. The composition of the prepolarization film is not

necessarily similar to that of the growing oxide. 
 Two partial reactions are associated
with the beginning of oxide growth. 
 The first is the forward if related to ions moving

in the direction of the field, and the second, ir, is the backward du- to ions moving

against the field. 
 The net ionic current density becomes:
 

i = if ir (1)
 

Expressing both rates in the exponential form of GUntherschulze -nd Betz (1, 2) one gets:
 

i = A exp (fill) - 1.'exp (-BFll) (2) 

where A, A' and B, B' are constants, Itis the field, and the negative sign is for the

cathodic process. At sufficiently 
low fields, one gets by expanding the exponentials:
 

i = (A - A') + (AR + A'B') If (3) 

indicating a direct proportionality between i and II in accordance with Ohm's law of
conduictivity. his situation 
 is known as the low field approximation. However, at high

tields the cathodic rate becomes negligibly small and can be neglected, and E~quation 2

reduces to the fami I il r law of' Guntherschulze which describes the high field
 
al)prox i mit i on: 

i = A exp (BII) (4)
 

lbe ionic and the measured anodic current densities rcds) are .-qual when the anode
 
lir'ocess is oxclusively oxide formation. 
 'Thiis situat ion is approached in fQst of the ri,'oto be presented here by the proper choice of solution and by careful pretreatment of tht,sitrface. In some Cases, such as W in acid, neutral, and aikaline solutions, anodic di.n
 
;Oli tioni canllot he suppressed completely at the beginning 
 of polarization, particulairl,.
it low cdt;, but as )olarizat ion lroceeds the efficiency of oxide growth rises to about

1)(11 'l,the oxide film grows at the phase boundary oxide/sohition if the mcbile ion is tkil,
cation, at the p)ha e boundary mtal/oxide if the mobile ion is the anion, and at hoth
olindorie.; when both cation ind anion .re mobile. lierefore, the potential of a wojil iji ,

.iliode a,;measured aglinst nie may be replaced b), tbe sum 0 of the pds at the two phiasc
Ihounildar'i es and p'i ILf1l';-oq.; oxide film.the the 

'flit' simplest case occurs when the phase boundary potentials remain constant durins,oxid growth and the whole change in F"is manifested across the oxide phase. Ilence: 

1I. lIf 4 0 (5) 

if 4F representq the oxide thickiiess: 

i-(4i)dE 1 dE(f
"(V7) 1 (6)
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and in practice H is calculated from 4AE/a 
 ). This gives the effective overall
field, which is 
a useful parameter insofar as 
it does not depend on the nature of the
rate-determining step whether it is: 
 (i) the entry of metal ion from metal to oxide, as
in the Caberera-Mott theory (27), 
(ii) the transfer of cation within the oxide phase, as
in the Verwey theory (28), or (iii) both interfacial and bulk control, as in the Dewalu
 
theory (29).
 

The amount of electricity (Q = i t) which passes per cm. at constant i increases the
oxide thickness by 4ce( such that at any time:
 

A'
C" = 6 (7) 
where Cr. is the prepolarization film thickness. 
 It follows that:
 

M ) i t (--) t (8) 

s~n F a"= I 
where NIis the molecular weight of oxide, 
 s its density, n the number of Faradays required for the formation of one mole oxide, 
 o is a roughness factor, r is the volume of
oxide in cm.3 
formed per coulomb, and t is reckoned from the beginning of polarization.
If at stationary states the oxide suffers from dissolution with a rate is then:
 

sn F (i - is) t (9)
 

and is can be neglected when i >> 
 i . In generai one may write: 

i = (3 i a (10)
 

where as previousiy mentioned i is the ionic cd, ia 
is the total anodic cd, and (3 is
the efficiency of oxide growth. 
Except for W, the efficiency is 100% 
for all other metals
 
studied here. For W, however, k3 is 90%.
 

FORMAT ION RATE 

Representative anodic charging curves are given in Figure 1 for Ti in O.IM ammoniumborate at 400 C., in Figure 2 for W in 0.05M Na2SO4 at 300 C., in :igure 3 for Bi in112 SO4 at ',0° C. , and in Figure 4 for Al in 0. lMi 113 PO4 at 30 C. In general, the shape ofthe charging curve depends on the metal, the composition of solution, the temperature,the polarizing cd. In the region and
where anodic dissolution is significant, the potentialdoes not rise at all, e.g., W at low cds, or rises nonlinearly with time at the beginningof polarizat ion. 'This is followed in most cases by a linear E/t relation characteristicof galvanostatic oxide growth, a process which occurs under constant field since at constant i the potential across the growing oxide increases with increase of the time ofpolarization, i.e., with increase of oxide thickness thus maintaining a constant effectivefield. In this manner, the linear part of the charging curve is associated with a steadyrate of oxide growth. Therefore, it follows from Equations 4, 7, and 8 that: 

i = A exp _ f (11) 

S+ (rit/o ) 

from which 

E - rit/ I ( (12)In ) 

and the experimentally measured potential becomes:
 
- 0 + -, it/a- In ( ) (13)
 

Therefore, the oxide formation r.te is given by: 

dF 
 d F 
 ri
 
dt =-}-" () r- In C( ) (14) 

which Is a con.stant at constant i. 
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T.e formation rate can be expressed in terms of the field by introducing the
 

relation:
 

H in ( (1) 
in Equation 14. Thus:
 

dE ri
 
d.Pi f( ) H (16)

and this relation can be used to calculate H from the experimental formation rate with 
the knowledge of r and a-

In almost all the literature on the anodization of value metals, the formation rate
is related to i by the empirical relation:
 

dE b
 
(-)i = a (i) (17)


where a and b are constants characteristic of the system. 
Consequently, log (dE/dt). is
linearly related to log i as shown in Figure 5 for Ti in 0.1M ammonium borate at
temperatures between 20 and 700 C. The fornation rate is expressed here in V/sec. 
several
 

empirical 	relation does 
 The
not follow directly from the theory (Equation 14) unless
 

a= (2.303 ) log (
, and b 	= 1 (18)
 

in which case a should be a linear function of logshow that 	 i. However, the experimental resultsa is practically constant in 
a certain 	solution over a range of cds.
more, b is not exactly one. 	 Further-
It is possible that 
a varies with log i according to Equation
18, but the variation is of the order of the experimental error, particularly in
range of cds. 	 a limited
Regardless of this difficulty, the constants a and b are useful
the oxide formation rates 	 to predictat cds within the range in which a and b are determined fromexperimental result-. Table I gives some values of a and b. 

RECIPROCAL CAPACITY
 

The reciprocal capacity is derived from Equation 1H by dividing boli sides by i: 

I = 1 	 di dE = r 
(it i dQi 0r B ~ (19) 

and 1/C is given in 'm. '/farad. 'The linear relation between reciprocal capacity and log igives a slope of (2.303 r/or" 
 B) and an 	intercept
This 	 on the 1/C axis of -( r) log A.enables us to calculate 
Examples of I/C vs. 

both A and B which are known as "electrolytic prameters.,, 
Since 

log i plots are given in Figure 6 for Al and in Figures 7 and 8 for W.Equation 	 19 is based on the exponential lawshown 	 of Guintherschulze, straight lines asin Figures 0-8 are taken as positive criteria for the applicability of the highfield approximation, i.e., 
high field ionic conduction.

linearity 	between I/C and log 

In all cases studied here, thei is established 
even at low cds between I and 1 	

for all cds at which oxide growth occursAA/cm. 2 , and no indicationhas been obtained here. 
of the low field approximationIt is possible that Ohm's law of corduction may operate at cdsbelow 1 A 	A/cm.2 and also for tarnishing reactions. Again, the effective field IIcan be
calculated from reciprocal capacity by introducing Equation 15 in 19:
 

if = 1 (20)
Ct" r C
 

It is better to express the field as II/O- in order to eliminate the uncertainty in
Alternatively, one may take a value of 2-3 for 	
a. 

c- which 	has been experimentally found for
fine mechanical pretreatment. 
 The value of r depends on
which is predominantly formed during anodization. 
the nature of the oxide species


This species can be indicated after
consulting thermodynamics concerning the stability of the various oxides.
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EFFECTIVE FIELD
 

Some representative values of H are given in Table 2. These are calculated on the
basis of a" = 2. While most of the results lie around 106 V/cm., W is associated withvalues higher than 106 and both Sb and Bi give slightly lower values. The effect of cd
is evident from the data given in Table 2, and direct proportionality between i and H is
established in accordance with the requirements of the theory. Moreover, information
regarding the effect of solution composition un 
the film can be obtained by comparing the

values of H calculated for a certain metal at 
constant cd and constant temperature in
different solutions. Thus for Bi, the effective field at 
100 A4A/cm.2 decreases in the
order Na2SO4 , Na2CO3, and NaOH (all 0.05M). This behavior may be related to the pH of
 
solution.
 

PREPOLARIZATION TIIICKNESS
 

The potential/log i relation, i.e., 
the usual Tafel relation of electrode kinetics,
can be constructed from the anodic charging curves 
at various cds but at the same value
of t. Assuming careful work, the 
same procedure of pretreatment leads to the same pre
polarization oxide thickness c i
Therefore, one gets from Equation 13:
 

(dE )t )+ .-rit 1 + In I 
d In i t B B~ [~ A J (21) 

which shows that the Tafel slope increases with increase of cd. 

One may also construct Tafel lines at 
constant Q. Thus, replacing it by Q in Equa
tion 13 ine gets:
 

dE Qd I n--) i Q B - r Q (22)(--;--) 

rn this case, E/Q relations are first obtained from the experimental E/, curves, and rafel
lines are constructed at some selected values of Q. Examplcs of the results thus obtained
 are shown in Figure 9 for N in neutral solutions. It is interesting to note that N is among the few metals which can be anodized in presence of chloride ions. The Tafel slopesin Figure 9 increase with increase of Q in accordance with Equation 22. Thus, with theknowledge of r, a" , B, and Q, the prepolarization oxide thickness c.,. may be estimated from the slope of the Tafel line. Assuming a" = 2, the values obtained for on W in NaCl and Na2 SO1 solutions range between 4 and 62A. Nuch lower values of 3-12A 
are obtained for Ti in acid media. One may use these approximate values of 6. inEquation 13 in order to obtain approximate values for 0, the of thesum phase boundary
potentials. The results give 0 - 400 to = 
 600 mV (NIIE) for Ti in acid media.
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ENERGETICS OF ION TRANSPORT
 

The exponential law of Guntherschulze (Equation 4) has been derived by Yahalom and
 
!Var(30) 
on the basis of the theory of rate processes as:


k--n p G *) z Fa *
A T r
(hzexp 0) exp (R- H) (23)
 

where z is the valency of the mobile ion, n is the number of charge carriers per cm.2
d~hG9 is the standard free energy of activation for the ionic jump in absence of field,
and a* is the effective activation distance which is related to the width x of energy

barrier by:
 

a*= o( x (24) 

where o( is the symmetry factor. Therefore, a* is half the barrier width for
 
symmetrical barriers. 
 It follows by comparing Equations 4 and 23 that:
 

A = z F ( T) () exp (-
 ) = A0 exp (--) (25) 

where W is the heat of activation in absence of field,
 

F a* z F KX c a*

RT RT = T (26) 

and q is the charge of the mobile ion. 
 Therefore, the parameters A and B which can be
calculated from the reciprocal capacity/log i relations are used tW 
 throw some light on
the height and width of energy barrier. 

tion on 

In this manner, the effect of solution composithe oxide film can be studied by comparing the height and width of energy barrierfor different solution composition and contamination of the oxide film by anions fromsolution, e.g., phosphate and sulfate can be detected.
 

Table 3 gives some values of the electrolytic parameters and the activation distance.Since a* is very sensitive to variations in B, both B and a* are reported as r B and
cr a*. 
 Although the data obtained for the activation distance are on the whole very
small, some reasonable values of several angstroms are obtained. It must be emphasized
here that the nature of the experimental technique does not allow accurate determinationsof the 
activation distance, and the results can only give relative magnitudes for
comparison. Thus, for 
Sb the width of the barrier is maximum in oxalate and minimum in
112SO4 solutions. 

It is clear from Lquation 25 that parameter A is a function of the height of theenergy barrier, and values of A can be qualitatively used to study the effect of solutioncomposition, p11, temperature, etc., on the height of the energy barrier. 

Quant itative results may be obtained by considering the effect of temperature on A.Thus, if the pre-exponential term Ao is independent of temperature, one expects to get 
a
straight line relation betw;een log A and I/T according to: 

(d log A/d -1) (27) 

This linearity is established in many cases, and an example of the results obtained is
shown in Figure 
10 for thin films on Ti in 0.I1M ammonium borate (pil = 7.6) in the temperature range 20-70o C. at cds between 7 and 50 "A/cm. 2. Figure 10 gives Ao = 7.9 x 10- 3
 A/cm.2 and W = 8.7 Kcal/mole. 
Similar results have been obtained for Nb.
 

The effect of temperature on the electric field is derived from:
 

iA°0 exp (- ffT) exp (131).
W (28)
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When the experimental results indicate constant values of both B and W in a certair
temperature range, and since Ao is independent of temperature, one gets at constant i: 

dR" 
 (29)
 

The field may be expressed as H! ca 
in order to eliminate the uncertainty in the rough
ness factor, and hence Equation 29 may be written as:
 

d H/o- = W 
(d lT i a-BR (30) 

This relation is shown in Figure 11 for Ti in 0.lM borate for cds between 7 and 30

,6-A/cm.2 Parallel straight lines are obtained in all cases, and these lines 
are
displaced toward higher values of H as 
the cd increases. It is seen from Equation 28
 

that at constant Ao, W, B, and H1:
 
d lo g 1i 
 W (31)
 
d - Tt - 2.303 R 

and this is identical to Equation 27. Equation 31 is plotted in Figure 12 
for Ti, 	and

three parallel straight lines 
are obtained at three different values of field. Identical

results are 
obtained for W from the dependence of A, II,and i on the reciprocal of T.
This adds another proof for the validity of the high field approximation, even for thin
 
films formed below the oxygen evolution potential.
 

CURRENT DENSITY/TIME RELATIONS 

The dependence of cd on time at 
constant anode potential (i.e., potentiostatic) can
be derived from the experimental galvanostatic charging curves at some selected constant
values of potential. 
 Fi.:ure 13 shows the results obtained for Ti in 0.1M borate at 40'C. for potentials between 0.5 and 2.5 V (nhe). The cd decreases asymptotically with time
at constant E. Figure 14 
shows that log i is linearly related to log t at each potenti.iland that the slope of the straight line decreases with increase of E. The straight lines
of Figure 14 may be expressed by the relation: 

i (t) = constant (32) 

where 	 Vt is the slope of the log/log relation. Figure 14 gives the following values of 
: 1.06, 1.00, 0.95, 0.90, and 0.85 for 0.5, 1.0, 1.5, 2.0, and 2.5 V.
 

It will be shown below that Equation 32 follows from the theory of galvanostatic
anodization under the conditions of high field. 
 Since at constant potential both i and If
decrease 	with time (Figure 13), 
the oxide thickness must increase with time. In thiL
 
case, one may write: 

r t	 rt)d 

i (t) dt = --- Q (i,t) (33) 
with the amount of electricity Q as a function of i and t. Therefore, the exponential law
(cf. lquation 11) may be written in the general 	 form which applies to galvanostatic and 
potentiostatic conditions as:
 

i = d) 	 = A exp I.fr--)Q (34) 

dt ex r F 

From Equation 34 one gets:
 

d In t - B Ef (r/c ) (dQ/dt) (35) 
+dt J' (r/ r ) Q 2 

http:potenti.il
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Multiplying the numerator and denominator by B Ef and substituting Equation 34 in the
 
resulting equation, one gets:
 

dIn i - r i ) ( n ) (36) 

dt 0BEf
 

Putting dt = t d In t, it follows that:
 

d In i = - it ) 2(37) 

dint OBEf 
and this reduced to Equation 32 which is based on experimental data. 
The fact that 1
decreases with increase of E is evident from Equation 37.
 

Equation 37 can be verified in another way. 
 Rearranging (37) and dividing both sides

by A, one gets:
 

L(t ) (I ) =- " ) (38) 
A 
 A rA
 

where ? is 
a constant at constant potential. Putting u = (i/A), it follows:
 

Y = u (Inu)2 = /t (39)
 

and the plot of Y vs 
l/t should yield a straight line if Equation 37 is valid. 
 Figure 15
shows that this is true for the results on Ti and that the slope P increases with increase of potential. The straight lines of Figure 15 do not exactly pass through theorigin, and such small deviations are expected since potentiostatic curves are derived
from galvanostatic measurements.
 

DIELLCfIR IC BRAKDOWN 

While measurements at low cds are associated with the development of interferencecolors on the surface, measurements at relatively higher cds (mA range) produce dull greyfilms and bring the potential rapidly to high values whereupon dielectric breakdown commences. This is manifested as oscillations in potential, the amplitude of which increaseswith increase of the time of polarization. In 
some cases, sparking occurs. 
The breakdown
potential depends 
on 
the nature of the metal and the composition of solution. It may
reach values as high as 
250 V. Visible gas evolution is observed during breakdown.
Various mechanisms have been proposed for dielectric breakdown. These include: (i) jouleheating, (ii) mechanical flows, (iii) avalanche breakdown,
stress. Wood and Pearson (31) have 

and (iv) internal compressive
shown that the breakdown potential does not dependthe rate of cleetroly-te flow, thus excluding joule heating. 

on 
Furthermore, this potentialdoes not depend on the distribution of flaw!. Therefore, the most likely mechanisms arethe avalanche breakdown and tire internal compressive stress caused by mechanical changesin the oxide film. Both mechanisms are indicated in the present work,.n the electrolyte by virtue of its conductivity for the avalanche type 

since they depend 
and due to contamination by anions for the internal compressive stress. 
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Table 1: Constants of Bmpirical Relation at 300 C.
 

Metal Solution cd Range a* 
 b
 

Ta 0.lM H3PO4 1-10AA/cm.2 
 2.0 x 103 1.20
 

Zr 0.1M H3PO4 1-10 
 2.2 x 102 1.06
 

Nb O.1M NH4H2PO4 500-5000 
 4.1 x 102 1.10
 

W 1.O HC104 50-250 
 2.0 x 1C3 1.27
 

1.0M HNO3 50-250 
 3.9 x 104 1.57
 

H2SO4
2.SM 50-250 
 1.2 x 104 1.42
 
Al 0.1M Borato 5-25 
 4.7 x 104 1.55
 

0.11M (NH4)2HPO4 5-25 x 103
1.0 1.26
 

0.1M Benzoate 5-25 
 9.8 x 103 1.38
 

Te O.1H Benzoate 1-10 mA/cm.2 5.6 x 103 1.70
 

0.1M Na2so4 1-10 mA/cm.2 3.0 x 103 1.70
 
0.1M Borate 1-10 mA/cm. 2 5.1 x 103 
 1.82
 

0.1M Na2C03 1-10 mA/cm.2 
 4.0 x 103 1.85
 

K2CO3
Sb 2.M 0.3-1.0 mA/cm. 2 2.4 x 103 1.45
 

0.1m H3PO4 0.3-1.0 mA/cm.2 
 2.0 x 103 1.43
 

0.1M Na~fl 0.3-1.0 mA/cm.2 
 0.8 x 103 1.33
 

Bi 0.05M Na2so4 10-O00A/cm.2 
 2.4 x 102 1.17
 

0.05M Na2CO3 10-100MA/cm.2 1.9 x 102 
 1.16
 

0.05M NaOH 10-100.AA/cm. 2 2.5 x 102 
 1.20
 

*a has the dimensions of recirocal capacity (cm.2/farad) if b 
= 1. However, since 
b 1, a is expressed in (cm.3/farad) x (cm.2/amp)b -1 .
 



Metal 

Table 2: 

Solution 

Ta 0.MH H3PO4 

Zr O.IM Na3PO4 

Ti 1.OM Na2so4 

I.OM NaNO3 

W 0.s5 if2SO4 

Al 

Sb 
S 

0.IH Borate 

O.OSMH ! SO046 
.M 12so4 

B2 O.Osm If2so4 

0.05M Na 2SO4 

0.25M Na2CO3 

0.05M NaOII 

Effective Field at 300 C.
 

cd 2 H x 10 6 

A4A/cm. (V/cm) 

5 
 6.6
 

10 
 7.6
 

5 
 3.6
 

10 3.8
 

10 
 7.4
 

20 
 8.4
 

35 
 9.2
 

10 
 6.2
 

20 
 7.0
 

100 
 9.0
 

150 
 10.8
 

200 
 12.0
 

10 
 3.6
 

O 
60 
 0.6
 

240 
 2.5
 

1000 
 2.0
 

100 
 1.0
 

100 
 0.9
 

100 
 0.7
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Table 3: Electrolyte Parameters and Effective Activation Distance at 300 C.*
 

A x 106 rB x 106 a* 
Metal Solution (A/cm.2) (cm./V) (A ) 

Nb O.l H3PO 4 13.4 1.00 0.50 

O.1M H2So4 2.3 1.70 0.85 

O.lM HNO3 14.9 1.58 0.80 

0.1M NaNO3 12.0 2.27 1.13 

Ta 0.1M H3PO4 0.014 1.80 0.90 

0.114 Na PO4 0.04 1.90 0.90 

Al 0.1M Benzoate 0.96 0.98 0.80 

0.1M Borate 1.70 1.00 0.80 

O.1M H2SO4 7.4 7.9 6.60 

0.1M (NH4)2HPO4 0.12 4.7 3.9 

Sb O.lM Na2so4 53.0 2.5 2.1 

0.05M If2So4 17.0 2.1 1.7 

0.03M H3PO4 0.41 3.5 2.9 

O.lM Borate 37.1 3.1 2.6 

O.1IN Acetate 3.9 6.5 5.4 

O.lM Oxalate 31.6 14.0 10.5 

O.1M Benzoate 15.5 2.2 1.8 

Bi 0.05M Borate 4.1 3.9 3.2 

0.OSM Benzoate 1.3 4.7 3.9 

* Calculations are made for a mobile cation. 
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Reciprocal capacity/log i relations for W in alkaline solutions:
 

o 	0.03M olutions of ammonium borate (I),Na2CO3 (III), Na3PO4

V), NaOH (VII).
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Surface Chemistry and-Crystallographic Factors Affecting
 

Adherence of Paint to Galvanized Steel
 

Henry Leidheiser, Jr.
 
Director and Professor of Chemistry


Center for Surface and Coatings Research
 
Lehigh University
 

Bethlehem, Pennsylvania
 

[Note: Dr. Leidheiser's lecture is in the process

of being approved by sponsors of certain of his work.

Its content is indicated by brief abstracts from two

of his recent publications that appear here.]
 

Chemistry of the Surface of Hot-Dipped Galvanized 
Steel and Its Relation to Paint Adherence (1) 

"Auger spectroscopy studies of many samples of hot-dipped galvanized steel have revealed the presence in the surface of aluminum, antimony, barium, calcium, carbon, chlorine, iron, lead, magnesium, nitrogen, oxygen, phosphorus, potassium, sulfur, tin and zinc.
Auger analysis and electron microprobe analysis yielded approximately the 
same results for
aluminum, but Auger analyses for lead tended to be low under those conditions where carbonaceous matter was present on the surface after cleaning in isopropyl alcohol.bound carbonaceous material appeared to contain sulfur. 
The tightly

The ability of the regular andminimized spangle galvanized steel to retain paint on severe deformation was a maximum on
those panels with a low residium of carbonaceous material after isopropyl alcohol cleaning and was a minimum for those panels with a high residuum of carbonaceous material.This relationship was explained in 
terms of the degree of (0001) preferred orientation
since orientation is known to be related to paint adherence. Organic matter containingsulfur was more readily removed on those panels having crystallites whose (0001) planes
were oriented parallel to the subst rate!' 

Crystal lographic Factors Affecting the Adherence of
P:int to Deformed Galvanized Steel (2) 

"The coil coating industry is a fast-growing industry because of economies of production, economies in the use of energy, the capability to deal with polluting solvents,the ability to provide high standards and
of quality control. The industry has made greatstrides in the development of ;ystems (substrate/pretreatment/paint) that permit severedeformation without loss of adherence of the coating or loss of corrosion protection. ;a I -vanized steel as a substrate materi al has a proven record of good performance but occasionally a product is made in which the paint adherence does not meet the deformation requirements. In a talk delivered hefore tie National (oil Coaters Association in ChicagoOctober 1972, R. .. Kieckhefer, pa;t president in

of a major coil coater, made a convincingcase for a concerted attack on the problem of sporadic instances of imperfect adhesionof paint to coil-coated galvanized steel. lie offered several hypotheses for poor adhesionquality based on his experience in the industry but these hypotheses were lacking in experimental justification. The work reported bore in is a direct answer to the challenge made
by Mr. Kieckhefer... 

S". .. It appears clear.. .that the crystallographic texture of zinc in galvanized steelnecessary for superior paint adherence characteristics has been established. The highestquality material is one of small grain size with a high percentage of the grains orientedwith the (0001) planes parallel to the surface. Some evidence has been found that rapidcooling of the molten zinc results in superior paint adherence properties. Other workhas shown that galvanized steel with a large fraction of the grains oriented parallel 
to
the (0001) plane are more readily cleaned of contaminating organics that might conceivably
 



31
 
interfere with the pretreatment efficiency. 
Thus, highly 
 lO)-oriented
may be cleaned more efficiently and more economicall

galvanized steel
 
1 in production line situations.
 

$'It is obvious that small grain size and (0001) preferred orientation can be obtained
Vnder production line conditions as 
indicated by the fact that such materials were furnished
to the study. 
 These two desirable properties must be obtained without deleterious side
effects, such as poor adherence at the steel/zinc interface
under service conditions. No evidence has come to light 
or increased corrosion rate
 

so far that reduced grain size and
proper crystal orientation lead to any undesirable properties.
related studies that the In fact, it appears from
(0001) orientation has a low rate of corrosion in 
an aggressive
environment such as 
sulfuric acid.
 

The work done to date has focused exclusively on the zinc coating and the directions
that production research should take to improve the zinc has been delineated.
sumed that galvanized zinc of very small grain size and a high degree of 
It is pre

(0001) preferred
orientation should be capable of deformation more severe than that to which coil coated
material 
can now be subjected. If this presumption is correct, it then becomes the responsibility of the pretreatment industry and the paint industry to develop systems that will
allow the full capabilities of such material to be utilized."
 

1. Kim, Dong K., and Leidheiser, Henry, Jr., 
Surface Technology, 5, 379 (1977).
 
2. Leidheiser, Henry, Jr., 
and Kim, D. K., J. Metals, 28, (November 1976)
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Some Aspects of the Corrosion of Reinforcing Steel in Concrete
 

Dr. V. K. Gouda
 
Research Professor
 

Laboratory of Electrochemistry and Corrosion
 
National Research Centre
 

INTRODUCTIQN
 
Because of the alkaline nature of concrete, reinforcing steel embedded in good qual

ity, dense concrete with adequate thickness of cover remains unattacked for long periods

in the majority of instances. If concrete is carbonated, h vever, this immunity is lost.
 

The corrosion of iron and steel in contact with concrete is of much greater import
ance than all other cases of corrosion of metals. This is not merely because the amount
 
of metal involved is greater, but also because the metal which is corroded is load-bearing

and the durability of the structure may depend upon tile 
control of this corrosion. Any

corrosion of the reinforcement results in the formation of rust which occupies a volume
 
about 2.2 times that of the iron from which it is formed. This corrosion product has no
 
place to go, so 
that it produces large internal pressures in the structure, which may be 
as high as 1 ton/sq. in. (1) and it cracks the concrete. 

CORROSION OF REINFORCING STEEL IN DIFFERENT COUNTRIES 

A survey (2) made in 1910 of numerous concrete structures along the seaboard of the
 
United States revealed that the majority of the reinforced concrete structures subjected

to seawater action showed evidence of deterioration or failure because of the corrosion
 
of the embedded reinforcemeitt above the water line.
 

The major portions of the San Mateo-Ilayward Bridge across San Fran:zis: Bay in
California consist of a reinforced concrete two-lane causeway 7 mile-. long. structure'lhe 

was built in 1928-29. Starting about seven years after initial construction, an unex
pected maintenance problem developed because of excessive spalling of the 
concrete. In
vestigations (3) disclosed that the spalling of the concrete was the resuilt of accelerated 
corrosion of the reinforcing steel. Despite initial preventive measures such as painting,
the afflicted areas of corrosion increased progressively and were to be found in the con
crete pilings, caps, diaphragis, main deck beams, and occasionally in tie underside of the 
(leck. 

lte major cause of deterioration both in Maine aid] Florida has been risting of tile
reinforcement causing cracking of the concrete (4). In 19S9, an investi gation (S) by the 
California Division of Highways showed that 20 out of 06 reinforced concrete bridges in an 
arid desert had evidence of corrosion of reinforcement within 10 years of service. The 
investigation indicated high concentration of chlorides (4,1lUO{ p.p.m.) in soils to be 
responsi b I v. 

In 1929, a large series of tests was started in the United Kingdom by the Institution 
of Civil Engineers on the resistance of reinforced concrete to attack by seawater (6). It 
was found that the reinforced concrete piles suffered less from the direct attack of con
crete, and deterioration stemmed primarily from corroding of the reinforcement with 
consequent cracking and spalling of the concrete. 

Within 25 years of the reconstruction of a reinforced concrete bandstand at a seaside 
resort in the U.K., the concrete cracked badly because of the corrosion of steel reinforce
mont (7). A reinforced concrete tank 200 ft. in diameter handling magnesium hydroxide

slurry was seriously deteriorated (8). Reinforcing rods of 3/4 in. diameter were
 
completely rusted in some areas. 
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Failures of seawater structures have been observed in Norway and 	 reported to be dueto the corrosion of reinforcing steel (9). 
 In Italy, Zingone (10) studied the deformations of the various structural elements in the seacoast area. 
In general he found a
relation between the degree of deterioration of the object and its distance from the
 

seacoast.
 

In India, a survey by the National Buildings Organization in 1960 revealed premature
failure of a large number of constructions caused by reinforcement corrosion (11). 
 The
observtions made were as 
follows:
 

1. 	T e corrosion of reinforcement was generally detected by swelling and spalling
of the ceiling plaster.
 

2. 	The corrosion of reinforcement was more severe in roofs of latrines, bathrooms,

and urinals.
 

3. 	Residential buildings located in highly industrialized areas showed heavy
rusting of reinforcement in all parts of the structures.
 

4. In the case of multistoried construction, columns, beams, and staircases were
the worst affected portions. The columns facing the sea were more readily
affected than those which were protected from the direct sea breeze.
 
5. 	 Corrosion of reinforcement in buildings within a period of 10 to 15 yearsafter construction was due to inadequate cover thickness. 
In the Union of South Africa, it has been

tures exposed to marine 	
observed that reinforced concrete strucatmospheres deteriorate in a relativelyconditions are part icIlarly severe on 	

short period (12). Thethe south coast ofbalusters and handrai Is of bridges 	
Natal. Minor sections such ashave sometimes disintegrated inIt has been observed that 	 four to five years.in marine atmospheres, deteriorationoccurred even when 	 because of corrosion hasthe 	workmanship, design, and general construction practice areapparent ly sound. 

In Egypt, it has frequently been observed that reinforcedto marine atmospheres deteriorate 	 concrete structures exposedin a relatively short period.is the deterioration 	 The most important of allwhich occurred within a few months after completiontion of Ashtoom El Gameel, 	 of the construca two-road bridgevarious reported cases 	
in Port Said. In 1965 a comparative study ofof damage because of reinforcement corrosionMlinistry of Housing 	 was carried out by theand 	 Public Utilities (13). le observations made can be summarized as

follows:
 

1. 	 Some buildings Thowed corrosion cracks while still incomplete because of design
deficiency. 

2. 	 Columns were the structural elements most susceptible to cracking. 

3. 	 The susceptib ility to ease of cracking in the 	concrete columns is circular )square > rectangular. 

,4. 	 The time for cracks to appear differ from a few months to a few years after 
cons t ruc t i on. 

A ;eries of studies (1.1-23) were undertaken atcorrosion behavior 	 NRC with the aim of elucidating theof steel reinforcement under various conditions.to 	 Another objectivefind out the cause of deterioration of reinforced concrete 	
was 

locations in Egypt. Part of these 	
constructions in differentstudies were carriedNRC 	 and the out tinder joint programs betweenBlui 	 lding Research Institute. A summary of what has been done and 	of the workstill in progress follows. 
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CORROSIO BEHAVIOR IN ALKALINE MEDIA
 

Determination of the Critical pH Value. The pH value above which mild steel becomes
 
passive in pure alkaline solutions has been determined by means of the polarization
 
technique, free corrosion potential measurements, and visual observations. Solutions of
 
NaOH having pH values in the range of 10-13 were tested. Figure 1 shows the change of
 
free corrosion potential of steel vs. time. The results indicated that steel corrodes in
 
all 	solutions of pH1values ( Jl.5, while in the solutions of pi values > 11.5 the 
steel remained bright (during the Lest period of 20 days). It is of interest to mention
 
that in NaOlt of pH 11.5 the steel was bright during the first two days and then rusting
 
started to occur exactly at the same time when the potential started to drop toward the
 
active direction.
 

RELATION BETWEEN pil AND TOLERABLE AMOUNTS OF AGGRESSIVE IONS
 

The breakdown of steel passivity in alkaline solutions because of the presence of
 
Cl, SO4 , and S ions was studied in sodium hydroxide solutions of pH values r 11. 
For 	each pll value, three series of experiments were conducted in order to find the maximum
 
concentration of each aggressive ions that could be present without disturbing the steel
 
passivity. The results are shown in Figure 2. It is clear that a linear relationship
 
holds between the pH value and log maximum tolerable concentration of each of the aggres
sive ions tested but only in the range of p1 11.75 to 13.5 (17). This can be represented 
as follows: 

pH!= a + b log C 
agg.
 

CORROSION OF STEEL EMBEDDED IN CONCRETE
 
CONTAINING AGGRESSIVE ANIONS
 

As corrosion of steel in concrete structures is essentially a long-time process, a
 
rapid method for evaluating the corrosion behavior of embedded reinforcing steel was of
 
great importance. Galvanostatic polarization at a low current density (l0-50A.!m.2)

(14, 15) proved to be a reliable accelerated test for predicting the corrosion or inhibitive 
character of the medium surrounding the steel reinforcement. Using such a method, three
 
states of metal can be assessed; namely, passive, active, or borderline condition. The 
effect of the presence of different concentrations of CI-, S0 4 -, and S'- in the mixing 
water of the concrete on the corrosion behavior of embedded steel was studied. It has 
been found that steel passivity was impaired when the concrete contains chloride at 
concentrations > 0.75% (relative to the weight of cement). 

It is of interest to find that concrete can tolerate higher concentrations of sul
fate and to a lesser extent chloride ions than does a simple saturated lime solution. It 
should be mentioned that the amounts of CF" tolerated by the concrete depend on several 
factors, the most important of which is the concentration of calcium aluminate and gypsum 
content of the cement, as calcium sulfoaluminate (being less soluble) forms in preference 
to the ch loroa lumi nate. 

lHowever, when portland blas5t furnace slag cement was used instcad of ordinary port
land cement, the corrosion of steel was not inhibited when using concent rations of NaCl 

* 0.3%. The results indicate that portland blast furn;'ce slag cement has inferior 
corrosion resistance compared to ordinary portland cement. 'his may be due to two 
factors : 

I. 	Slag cement produces less calcium hydroxide than does the equivalent portland 
cement because of dilution (24). 

2. 	Presence of impurities and namely of sulfide (the concentration of sulfide in
 
the slag cement used was 1.5%).
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It may be concluded from these results that the presence of S- ions and to a lesser
 
extent CI-- ions are more dangerous than S04-- ions for the corrosion of embedded steel
 
reinforcement.
 

INHIBITION OF EMBEDDED REINFORCING STEEL
 

In order to simulate the most severe conditions that prevail in our practice, tests
 
were conducted on portland cement concrete and portland blast furnace slag cement concrete

admixed with 2% NaCl. The inhibitors used were sodium nitrite, potassium chromate, sodium
benzoate, disodium phosphate, and hydrazine. Black liquor (or black lye, which is 
a

commercial by-product from the pulp and pape: industry) was also tested as an inhibitor
 
(18). The results are summarized in Table 1.
 

The effect of coating the steel with portland cement slurry alone or cement slurry
containing inhibitors on the inhibition of the corrosion of steel 
was also tested and the
 
results are shown in Table 2.
 

IMPROVING TIlE CORROS ION RESISTANCE OF 
PORTLAND BLAST FURNACE SIAG CEMENT 

For economic reasons, portland blast furnace slag cement 
is nowadays being used

frequently in Egypt. Thus, o series of studies (22) were conducted with the aim of improving the corrosion resistance as well as the physical properties of portland blast

furnace slag cement c',ncrete 1y 
means of control ling tile degree of fineness of the drY slag
cement, the N/C ratio, and tile use of additives. 'lie results indicated that 
the corrosion

resistance of portland blast furnace slag cement is improved with tile increase of the

blaine area. With pastes produced from high-blaine-area cement (6,535 cm. 2 /g.), embedded

reinforcing steel behaves very 
 closely to steel embedded illnormal or Type I portland

cement pastes. W/C ratio'; of 01.25 ;1ad 
0.,4 provided a better passivating medium as com
pared with W/C ratios of 0.18 arid 0.7. However, addition of lime did not appreciably im
prove the corrosion resistanlce, wh Ile admixing with gypjsnm had in adverse effect. 

DI1!F_ 1INIF AL ;LI ANI( CELLS INVOIVEDU IN 
_1IIi UiR S I-ON OF S'jITIA. IN (:tNCIE'lE 

Galvalic coupl e,S i mulIatinrig t hose encounitered illthe corrosion of steel in practice
have been investigated exten;ivu ly illour laboratory. llese couples are differential salt
concentration, differential p1l, di fferernt i al erat ion, ,ss ive/act iye, and rusted/non
rusted cells. A ;imple technique hra" been developed for such a study. The corrosion
diagrams (Evan.s diaigraiws) were determined experimentally for all the cells studied. llus,
a quantitative relatiolsh p coMnnectig the principal controlling factors of the corrosion 
process ill each galvanic cell were assessed by 'truldyiig the ki netics of the anodic arid the
cathodic react ions. Al;so, the degree of cont rol 
for tile cathodic arid tre ano,.dic react ioliS
 
were calciilat ed. Lximpl eM of' the cor'oS ion diigrains Olt ailled car| be ,een illFigure, 3 aind
4. The piirametcr5 obtaille,t froum Iv; diagrams for the differential cells studied are 
cnllect(ed illl;bl 13.
 

lintere ;tii' cM ln'i 0r'; mA)' be dr;rwrl from these s itdies which can Ie summarized as 
fo I I ows: 

1. ThirseiCease ot' agres';V'lleSs of an)' type of galvanic cell is mainly defined
 
by tile kinet ic ret artlation of the corros ion 
system and not necessarily by cell
 
e.iI.f, or mixed poltertial vallfies.
 

2. Maximum galvanic current is always Iroduced at p11 10 illtile differential salt 
concentration, in the differential aeration, and in the passiye/active cells. 

3. CI" enhances; general attack in near neritral and alkaline media (pil < 11)
anl induces pitting ittack in alkaline media of pll ) 11. 
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4. The cells 
can be arranged in order of decreasing aggressiveness as follows:
differential aeration 
> differential sat concentration passive/activedifferential pH cells 
) rusted/nonrusted cells.
 

DIAGNOSIS OF STEEL REINFORCEMENT CORROSION 
EGYPTIAN CONCRETE COjNSTRUCTION 

Recently, an investigation has been conducted on some deteriorated construction
caused by the corrosion of steel reinforcement (20). Three deteriorated structures exposed to different environments in Egypt 
were chosen for careful examinations. They are:
 

1. The rice treatment hall in Alexandria.
 

2. The filtration building for the domestic water project in Fayoum.
 

3. The administration building of the Ministry of Htousing Public Utility in Cairo.
 
For comparison, the study included an examination of 
a nondeteriorated structure 
i,


Tanta.
 

Samples of reinforcing steel, concrete cover, and the surrounding medium were subjected to chemical analysis and microscopic examination. Results are summarized in Tables
4-;, and Figures 5-9. These results indicated that the low concentrations of aggressive
ions and high alkalinity met with ill
Tanta concrete establish ideal conditions in which
the passivity of the steel reinforcement is maintained. 
 The relatively low C and S contents of the steel also favor a satisfactory corrosion resistance.
 

'1l7e Alexandria building, 
 which lies directly onthe environmental conditions enhance 
tile shore, is a typical case wherecorro-,ion of the steel. hlle rich concrete used inthis building, did not afford the required protection.
 

For the Fayourm building, 
 it seems that leakage of wat '.r containingtile filtration pipe,. together with S0 4 ions fromtile heterogenity of gra n size and the relatively highC content of the steel might have provided favorable conditions for corrosion. 

II tlhe' Case of the Cairo building, the high CI- ion in the concretecLItami mition may be due toof the aggrvg:ite or the water used for mixing was chlorinated.sulfide content, however, The highis t(, he expected, since portlan blasthad furnae slag cementbeen used instead of portland cement. Also, there ar., relatively highof the reinforcing steel. It. seems that 
C & S contents 

all these facto's plus the presence of tensilestress enhanced the suscept ih iit) to, SCC.
 

III our ent St
!i;' t of' knowleige, pract ical means to protect reinforLing steelgreat ly needed, especially arefor prevai l ing conditions in Egypt, iTIcIutding cnvironmental,di versi ty of types of cement , and economi cs of const nct ion. 
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Table 1 

In...1oA.of Cor:oslon by Addition of 
Inhibitors in Presence' rf 2%iof'"3odium Chloride 

Critical Concentration
 
for Inhibition, %
 

Portland Blast
 

Inhibitor 
Portland Cement 

Concrete 
Furnace Slag 

Cement Concrete 

Sodium nitrite 0.75 1.5 

Potassium chromate 3.00 3.5 
Sodium benzoate 5.50 6.0 

Disodium phosphate 5.50 6.0 
Black lye 2.00 3.0 

Table 2 

Effect on Corrosion Inhibition of Coating Reinforcing Steel 
with Portland Cement Slurry and Inhibitors
 

Cri t i ca I Maximum 
Concentration Concentration 
of Admixed of Chloride 

Co.at ing In.hibitor Tolerated, % 

Cement slurry 1.2
 

Cement slurry + 1.6 
8%sodium nitrite 

Cement slurry f 1% Sodium 2.0 
2% Sodium nitrite nitrite 

Cemeniit s I rv,r + j% 1.5
 
Potassillirn chromat , 

Cement s2lrry 2% ++ 5% Potassium 2.0 
Pot ass i urm ch roina t e ch roma t e 



Table 3 

Corrosion Parameters Obtained from Polarization Measurements
 

0 aEc Eo (E-E0)(c- a) EECOrr. I* dEa-.aa. 
di 
dEa 

dEc
di 

di 
dEc 

Solution (nV) (mV) (rnV ) (tiN ) (,. A) mV V 
Percent Control 

.Anodic Cathodic 

A. Differeitial p1 cells (pH S pfl 12) 

0 Cl- -720 -215 505 -545 34 5.12 0.19 8.00 0.12 34.30 65.70 
10-3 M CI- -t20 -140 480 -590 40 0.60 1.66 9.00 0.11 6.30 93.70 
10-1M Cf- -635 -250 385 -610 60 0.40 2.50 5.37 0.18 6.50 93.50 
B. Differential salt concentration cells (10-3 1 CI-:10-M CC) 
NaOH of pH 6.5 -670 -290 380 -610 69 0.88 1.13 5.63 0.178 15.80 84.20 
NaOH of pH 10 -712 -340 372 -665 72 0.61 1.64 3.50 0.286 12.65 87.35 
NaOt of pH 12 -485 -165 320 -455 27 1.11 0.90 6.13 0.163 9.30 90.70 
NaOH of pH 12.5 -520 -195 325 -485 32 1.05 0.95 5.50 0.183 10.70 89.30 

C. Passive/active cells 

NaOH of pH 10 -745 -305 440 -695 66 0.80 1.25 5.8 0.17 11.3 88.7 
NaGH of pH 10.5 -710 -290 420 -675 47 0.80 1.25 8.3 0.12 8.3 91.7 
NaOH of pH 11 -660 -245 415 -635 32 0.80 1.25 10.0 0.10 6.0 94.0 

(10-3.: Cl-) pH 12 

(10-2M CI-) pH 12 

-585 

-610 

-198 

-175 

387 

435 

-525 

-565 

22.5 

26 

2.77 

1.72 

0.36 

0.58 

8.1 

7.0 

0.12 

0.14 

15.5 

10.3 

84.5 

89.5 



--- 

° 


Solution 
 (mV) 


D. Differential aeration cells
 

NaOH of pH 10 -735 

NaGH of pH 10.5 -690 

NaOH of pH 11 -655 

NaOH 3 of pH 11.5 -565 

(10- 3 M Ci-) pH 12 -535 

(10 -M Cl-) pHl 12 -565 

0 a E
 

(mV) 


-255 

-225 


-210 


-115 


-225 


-185 

Icorr 


dE 


diT
di 


o )
Cr°_E E!
c acorr. 
 I** dEa di dE di
C 

a ¢i
 

Y)MV (mV) 
 mV 
 V 

-

'--=mV . -- mV 

480 -675 110 0.54 1.85 4.75 
 0.210 


465 
 -635 
 105 0.54 
 1.85 
 5.25 0.190 


445 
 -605 
 90 0.55 1.82 
 5.50 0.182 


450 -520 85 0.57 
 1.75 
 6.75 
 0.148 


310 
 -465 
 32 2.25 0.44 
 4.40 0.230
380 -475 62 1.50 0 67 375 0.266 

Measured galvanic current/electrode 
area (4.7 ca).
 

The true polarization of the electrode (anode or cathode).
 

The actual electrode reaction rate (anodic or cathodic).
 

Percent Control
 
Annodic Cathodic 

12.5 
 87.5
 

11.8 
 88.2
 

11.2 
 88.8
 

10.0 
 90.0
 

22.0 78.0 
24.0 76.0 
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Table 4
 

Analysis of Fayoum and Alexandria Water.
 

Substance Concentration, mg/l
 
Fayoum Alexandria
 

Total dissolved solids 
 180 25,550
 
Total alkalinity 
 136 
 1,200
 
Total hardness 
 116 
 4,800
 
Chloride 
 22 13,200
 
Sulfate 
 18 1,489
 
Fluoride 
 0.35 

pH 
 7.2 
 8.1
 

Table 5
 

)isagpregation of Gravel and Mortar and

Determination of Cement Percenta-ge 

(500g. Samples)
 

Samplf, (omponents, Grams '0Cement as 

(;ravel Mortar Sum Loss on 
Dry Mix in 
Concrete 

- - DiLagg._______ 

Cairo 210.3 280.0 496.3 3.7 17.8 
Fayoum 359.5 138.5 198.0 2.0 16.1 
Alex. 271.5 214.5 486.0 14.0 32.5 
Tanta 298.5 193.5 492.0 8.0 19.8 

1.1 
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Table 6 

Chemical Aanlysis of 1 g. of Mortar
 

Sample 


Component 


Loss on
 

ignition 


SiO 2 


Fe203 

A203 


CaO 


MgO 


so3 


Sum 


Cl 


S 


Free CaO 


Na20 


K20 


Sum (alkalinity) 


Chemical Analyses 

Cairo, Fayoum, Alex., Tanta,
 

% 


12.80 


61.40 


1.28 


2.98 


18.57 


0.85 


1.58 


99.46 


0.417 


0.999 


1.30 


0.74 


0.35 


2.39 


Table 7
 

% % % 

15.88 27.39 13.04 

38.62 22.89 45.40 

1.48 1.56 1.92 

3.66 2.74 2.88 

35.74 42.00 34.38 

1.18 1.25 0.29 

2.82 2.53 1.74 

99.38 100.38 98.85 

0.325 0.390 0.106 

Zero 0.479 0.290 

0.86 1.26 1.74 

0.66 0.66 0.61 

0.31 0.20 0.32 

1.83 2.12 2.67 

of the Reinforcing Steel Samples 

Element, % 
Samples c S P n 

Cai ro 0.25 0.070 0.080 0.52 

Fayoum 0. 15 0.034 0.70 0.31 
Alex. 0.08 0.025 0.052 0.50 

Tanta 0.11 0.050 0.096 0.42 
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- t N H 1h2, 
2.3. "• P 12.1PH 11'S400. + . PH 10.2I 

1. 3"% NoCI 

6 8 10 ,0 2 9- l t 12 $4 112 0
TWWo hprl 

ww, days 

Figure I
 

Potential 
 /time curves of steel in different solutions 

10' 
/ 

/ 

Log C, t 

Figure 2
 

Effect of pll on the tolerable amounts of aggressive ions
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2 
Current density , JA /cm 

2 4 6 B 10 12 14 16 
-10011111-i 0 II I I I I II 

-200 0 In absence of C1- ions 

a In presence of 10-3 M C- ;on 

-300 0, 10- 1 MCI ions 

-400 

-500 

-600 

-700 

-Boo1 I I I I I I
 

0 10 20 30 40 50 60 70
 

Current, pA / Elect rode area 

Figsre. 3 

Evans di grams of differential p11 cells (pl 8 : pll 12) 



-- 

--- 

- -

<-ii 

44 

-

4 
~~44444?4<-~-- 44~- UD4~ 

~ ~4J~-
~ 

- -4~-4 -~ 

A 
~ 

9- -~ 

~4' - 44] ~4444 - ~ 

-

4L44 ~ -~ 4~r-4.4-4 
44 *~ ' IA LA. ~44, 0-, ---- , 

4 *9 ~ ~ 
'4445 - Cj .4 fl 

-

~ [I'~~~-- ~ed
'-4--4 ~ 

4 

4-- 4 ~4 ~4t{
4' ~'VIII~, 

--

-
- -4 - ~44 

44 -4-, 444 ~ 

4 
- - ~ 4-4-4 

-4 ~~**'~4-4444~44- -44I1~~ 
-,~

-
~- ~--~4'~p

-4- 

- - - -: 4~~ 

o 
. 

4 
1-4,44 4-L~ 4444 

~111 
-

- 44 

444-4 

-~ 
4 4-

-- 4 
~ 

--4) 
-~ 

--4-44 

K 
4 4 4 

4'U Y 
~ -

- N '--4; - -
,Ijj b~ -)~ 

4 ~ 

-A - ~ -44 

-4 

~4-4? 

-4 

I  -

- It 4 f4~-~O~~-C) 0 ~ 7, -44 
-

AW 4 4-4-44 4 -
4444-4 -
- 44-44.~~44~* 

-
-4 

4- 4 -4-


4-..... 444
 

-4 
4,4 -4----- 444
 

-

4 

',44-t- 4 4 944 4 4 
4 4 ,444 44-4----~ -44~~4-4 -44 

44---
49444 - 

- 4444-444444 '~~~44----4-4- 4~44 4----4'~-~b7~LU ~%~~am*o 


4 

p

4 44 

-4~ 44-4~44~4~ - -4~~-4- ----



Cheqcal14AspecW~ofT ese de Coo on 

'4 l 

D.r.nh Sr_ aB e 
Senior ResearchOfficer 

Laborator CLorroson ind Metal Coating.0Z tionalResearch Centre 

INTRODUUCTION,
 
Mazot and crude oil comprise 92% otefelsd
statios in Egypt, , The .consumption amounts to y thethrieltr 3:105 xO 

about 2,512 MW of electricity.EyptThe0Present trends towardstatons n 10 X14 tos/yar b 16plants to produce
te o rtioflarge generatingunits in power stations requires continuous improvement in the r"liabilit 
 va+firious:
boiler components and in the performance of their materials of construction runder
operation conditions encountered, 
the
 

The need for economy and the demand for increased amounts of energy has forced large
users of fuel 
to explore low-grade fuels for use 
in steam boilers and gasturbines, Fuelssuch as unrefined crude oil and residual oil, however, contain large amounts of impUriic,
mhich corrode equipment. 
 Failures in power stations because of corrosion of equipment
.
ead to great losses and danger, and fireside corrosion is particularly troublesome.
 
Sodium and vanadium are the most corrosive impurities. They form low-melting sl.gs
that can destroy boiler materials ina short time. 
 In spite of a 
great deal of theoret-
ical evaluation and experimental evidence, the process of formation of vanadate compounds 


is not completely understood. Detailed information on V-compound reactions with sodium
salts, therefore, could help clarify some of the less understood aspects of the constitu-ents and could also have important technological applications. 

A 

The purpose of this work has been to investigate In detail the kinetics of formation
of vanadate compounds and the relations to the composition of fly ashes, 
 Th effect of
the sodium vanadates on the corrosion of boiler steel also has been studied to clarify the
general mechanism of fireside corrosion.
 

rpOmATiONANDCOMPOSITIONOPPLYASHES
 
The chemical, differential thermal, and X.ray analyses Indicate that 71% of te fly
ashes are compounds of sodium, vanadium, and sulfur, 
 The mechanism of formation of vana
date compounds during the combustion process was 
assumed to proceed according to the 

following steps: 
A, Sodium, sulfur, and vanadium present in the oil are oxidized to give Na2O, SO3,
and a number of varindium oxides.
 
B. A series of chemical reactions occur which start by,,the formation of different
compounds of sodium (carbonates, uulfeate#, ,and,thioliulfatos) which Intr~o
 

atwith V20S to form a number of sodium vanadaecmons(AV
 
Ca OtherI elements prsn In~mlti 
 ml r rin ~haj, 4,'nars partly sulfatizod and partly exista 
o~o oriWid *ideS 

4 j4 4 

l 



CORROSIO., Op111 V OAIQRs U OUgDS 
-r 
Comparative'labo atoratbrests of corrosofar onwr 
 fused
e a e t revuo J fe t 


suport he concl ncorroononncofnool
inesene of anadium brne 
Ni1 ersco i4th2131jd'N 0) C0 r crno l 5,_1 
brw s observed atme h mlng d o tcorrosiona rol

corrosion wi tmeiature. 
 a b
lIberated upon solidificaji~hjjtifT hethe vanadante I~one to -isbTe~nsblei'r ygen,"high corrosivenessbelow their-u6 1a
i e long p t The
 
to, tile DA cooling curvesfor ihe clp o
 

onu
coof 5 t0 8000 Cigtos vas nrt.tis ha~v:
tI o e odnTheorosion oesuho and moltenby Vehnism of the oxidation process. phases,indicatingIbronzes a s d is characterized by twova1ues for actpii
1f- c
Y: rc Thechange isattribut~, to 
i
thre natnrhOand vmcratros 
 'e
only nd secai
ne value for activation energy,. T-se in 

sultsll o!pu~d h~~~-iniaeas1)~ttewllt h VO
p! n...if ron etcmon S~foloed b ,lneriireseo
 
It was possible 
to calculate the value ofrinitial corrosio
factor for corrosion caused by the vanadates 

rate and the blockinj
 
rate inthe fusedstate, Theriritial corrosioi
is indicative of the corrosIvity of the molten compound to thenaturallyfoed oxide
film, while the hlocking factor can be an 
estimate for the protective character of the
 

o' If the vanadate compounds tire fused at
xyosue evto n byrsh e Irxnealt o rfrequent intervals, sever corrosion would
sure ont;hoe 
 te 

ncreasing number of fusions. 


'oadr
71continue and weight loss values would Increase by
tmpoand:

theh i 
t' compounosiadVO~hasdt'et (sh'
supports the conclusion of enhancement of corrosion because of liberated oxy'gen by~vanadium
bronzes every time the sample Is cooled below the melting 


This
 

t1silts 
 int of the compound. The re
 indicate also that the weight difference between repeated fuslon numbers decreases
as the exposure time Increase., which may be due 
to the dilution of'the V-bronzes by, the
oxide film dissolved in it upon fusion,
[ ~A
series of periodic dipping experiments were carried out

N for the V-bronzes and.*
llOj,
and the results showcd a substantial increase in weight loss 
as the time interval

bewe w rpig 
erae. Ti
rate values with increasing number of dips, which can be safely.predicted Ifwe
consider the fusion effect 

slkl ob u oa nraeojiilcorrosionof molten salt on the formed layer ofexposure of corrosion scales and thefresh metal *surface to the vanadate 14 
Ing 

compound and the atmosphere. The blockfactor calculated for these experiments decreases by Increasing number of dipping because of excessive attack of the Melt
bewe the film of corrosion scale.
tw drppng derass theo 
on 


'Ii Is lithl bemdue to 
an ncreaseofInitia
I~i The effect of~ the 
int tally formed oxide film on the corrosion rate by vanadate comnpounds was also Investigated In order to examine the protective character of this film:
*and 
 Its fusion characteristics with the vanadates,the metal decreases as 
It was shown thatytho weight loss of $~ 

Sdemonstrates the protective character of this film. 

the thickness of the initially formed oxide film increases, which
The protection afforded by the oxidefilm decreases as the exposure temperature Increases because of the groatcr~laility ofthe film to fuse and react with the V-compouind, 

Thf i t l y o b o z I ( a V 20 1 o re c it r n oxd ,ac od n t4h s 

a ou --- a 

8o~1~o. ?o~I~I ....::
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The mechanism of corrosion caused by vanadates has been proposed on the basis of:
 
A. 	The increase of the corrosion rate because of the delivery of atmospheric
oxygen and liberated nacent oxygen of the V-bronzes to the metal skin
through pores and fissures of the solid compounds formed on the metal.
 

B. The ability of the vanadate compounds to fuse with the protective oxide
 
film on the metal skin.
 

C. 	The possibility of formation of iron vanadate compounds and its effect on

the enhancement of corrosion.
 

RELATED RESEARCH ACTIVITIES
 

The corrosion 
 group has carried out a number of research activities rel'ted to fireside corrosion in collaboration with the General 
Egyptian Electricity Corporation:
 

A. 	 Investigation of several failures of boiler pi wes in power stations. 

B. 	 Laboratory evaluation of fuel additives to inhibit the corrosion of boiler 
steel by fly ashes. 

r. 	 rfeld corrosion tests using probes to be introduced in the combustion chamber. 

f:UTURE WORK 

We suggest the following topics are among those couldthat be suitable for future
research. 

1. 	 Evaluation of fuel additives using test rigs. 

2. luLIcidation of the equi librium diagram hetween iron oxide and different 
vanadium complounls. 

3. 	 Development of :1 techiique for rapid study of the interaction of corrosive slagswith an alloy. An electrochemicL;il method may be useful for 	this purpose. 
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INTRODIICT ION .
 
Extensive'studieson the corros~ion of stoolsand Some other alloys i
emphasized the destructive role ofehorin Ios 04), 
 esainaton echnlog
onrafn
t14h cntoride Ion
to ar. DslnatIo
 

synteti honraigiteetieffect of temperature,(5-6)
seWatr~.tha 
i~ NaCl solui~tof--hais been used, 
,Inmost'of these studies,
3- Aiiing the other cations In


actual seawater, only magnesiumnjigd calcium have been considered and huive been shown t6'
to the formation of a chalky film of calcium or magnesium carbonates (7),. 7. 
A more recent study onshown a the olectrochemistry and corrosion of chromim
higher corrosion rate for 13% Cr steel
son in' steel:(CWhas
0.33M4 FcC 3 than In 1.014 lICI. Coimp.ri..
 (9)of the Tafel constants for the process of anodic dissolution-of Pt insolution.%
of Nadl, IICI, and a mixture of hoth,chloride Ion activity and not 

showed that the corrosion process depends on theon 
the pit of the solution,
etched stainless steel Ina Bianchi, et al (10), chemically
p series of chertical etchants and showed the role played hy~different cations (LI+, 1:0o+++, 
 and Al..
), The monovalent cations 
(Na+, K+, .)aewdl
assumed to behave alike at the same chloride ion concentration, although no experimental
 
itappears, therefore, that cations exert
different solutions. an effect on the corrosion of stools In
'rTho present work war, designed to Investigate the effect of XCI addi-

Weight loss poeni of-m anplriztio 
tehiusw 
 tlze oivsiaete
 

Techemical analysis of the austonitic steel used Isas follows:

C Mn S Si NI Cr Ile 

0,12 0.62 0.014r For corrosion tests, coupons 15 x 
0.33 10.58 17.8 
 Balance
The specimens were annealed Invacuum 
ISmm. were cut from a rolled shoot 0.8 m., thick,(l- mm 
 at
water quenching. Wi1g) 1050* C. for 2-hr1The surface preparation consisted of grinding the 

fohlowid bypaper. (0-4/0), pickling Inan iecim''onaqueous solution of 15% HNrw emersoid 10% UiiInwater and ether, and finally drying, l *I cle.aqning
After weighing, the"v'6
corrosion test solution. n weeImrsdI 
h
Three specimens wore tostedAt'a ti,oand the tavoere weightloss wa's taken,
 

The solutions of Nadi and IWI wore prprdfrmAaawator. ~r~L gra e i4d-'.it~ 

xperienta wgt
The: set-paf losm-'A I 
10avior are 
reore 
 i i t. pulctin11
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tions -- namely relMsNuCland 0 MNaCl t - as 


T seo
iainless steel in 0.SMNaC1 
with Various 


(tikations 

in theonrane weig1t0t' o to es s I-
investi'gat d'. Figure:.2trepo the 

,t
: htile KC additions u 
to 0.4M have some retain fecisee ad e
: :~~~~~~~ i ouincentration aC:fN~ n:alKlmxu~; I~s:~d t
eghtloss ~~~ cofuhthe additions of KC1 resultinayhigher coirOnl rate Th6e
data after 10 hours of immersion in 0.5M NaCl with various additionsof KC
Table 1. ar r'e
 

asddi ans 
 t 90C 

eni
 

g o s
 

give in',
 

The effect of various KCI additions on the wd.ght losin
In . . lM.NaCl,soution is shownFigure 3. A minimum weight loss is d 
paed i esdut on contai'Inng 0.08 Kl:::n
creasing KClcauses a 
rapid increase Inte corrosion rate.ndi~A
 

Table 2 summarizes the weight 
loss data as a fnion ote 
tl con
centration in solutions of NaCl and NaCleKC
shift~Intoward mixtures. It is identfromthis table that
ithe weight loss is 

vaue iciatv oa ittdee'. cause aases s' . ineeenot directly related to the chloride ion concent 
 bsr
,Influencea b4 the NaCl 
to KCl ratio. For example, the weightlssinasolution 0 SM NaC1
(112 ug./cm.-) is almost three times that in 
a mixture solutiog having the same total chioride ion concentration (42 ug./cm.2), This figure (112 ug./cm. ) Is also more than twice
the weight loss resulting in a solution of Nad 
 and KCI of total molality0.7.
 
ha oenil o 50 V( s displea ye adrpoasu .....n! . 08Hi~in
in),:- de KCI. I :'::
 

Standing Electrode Potential
 

The stainless steel electrode potential measured against a 
calomel electrode was found
to decrease with time for Nadl and NaCl-KCl solutions, as shown inFigure 4. The potential ishift toward more base values isIndicative of an active electrode, and thisreactivity in- -creases with the concentration of NaCl. The steady-state potential isattained after some
time within 40 to 60 minutes. 
 Adding KCI to the electrolyte (to a certain limit)-minimized
the decrease Inthe electrode potential.
 

Inpure (1,5M.NaCI, the stainless steel potential rested at 650 mV, whereas adding 0.4--A,
K~l risedthatpote 
 t to -570 mV (va. SCE). More potassium chloride additions shift
the standing electrode potential to more basic values, as 
indicated InFigure 4, 
- A 

A preliminary Investigation of other types of ;tainless stools and copper nick~el alloys ...
has been carried out and has shown that the inhibiting effect of KClis o limited t&
austenitic stainless steel. 
 Figure S shows this phenomenon for martensiticstainl, steel$ 
A 

A~The steady-state potentials after 60 minutes were 
-320 mV, 4.275 mV, ad -lS0iMV'for 0.'SM
NaCl, 0.514 NaCI + 0.2M4 KCl, and 0.5M4 NaCl 
AA&
 

+ 0.4M4 KClI respectively. ,On the other hand,
adding 0,6M4 XCI to synthetic seawater at 800 C. showed more basic potentils (-350 mv)
Figure 6 gives the results obtained for the standing electrode potentfils of Cf lloy 
 A in 0.514 NaCI with different additions of KC. 
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DISCUSSION
 
Using autoradiographic techniques, Henriksen (12) 
 +
has shown that Na
cathodic areas is located at the
and Cl- at 
the anodic sites on iron corroding in saline water,
in parallel with other studies Ths studyinitiated by Evans (13)suggestion of a simple mechanism. According 

and others (11) may lo0d to tileto that mechanism, the steps of free corrosion
of steels in aqueous aerated solutions in the presence of chloride ions 
can be summarized
 
as follows:
 

H20 =lf + OH_ (1)
 

M =+ - (. anodic process
 

H+ 
 +e =1 (3a) 

and/or H2 0 + 1/2 02 + 2e = 2011-cathodic process 

NaCI= Na 
 + Cl (4)
 

Na fOH (Na+Off) (5) near cathodic areas 
M+ + I- (l+ "
 
M+ + Cl = (NICl ) (6).
 

-
l+cl ) = MCI (7)1 near anodic areas
 

where (Na 0t ) and 
(M CI ) represent the associated form of ions in the electrolyte. The
association may proceed to 
form a soluble compound as 
in the form shown by Equation 7 resulting in nonionized metal chloride. 
 Solid products may form as 
a result of the follow
ing reaction:
 

M + off N8) 

In tile present investigation, however,
corrosion no solid products were detected, and tilewas of the general relatively uneven type 90 ° at C. The solubility of possiblehydroxides or hydratcd oxides of iron and chromium are quite high at these temperatures
(IS). 

Siml)Ie application of the law of mass act ion to iFquation o may explainthe corro,ion rate of steel the increase inin solutions of hi gher concentrat ions of sodium chloride (seeFigure 2). The activitv of CI in NaCi-110 increaes as the mole fraction of NaCI (10)increae,;. IHoweve r, it wel'',; that VU"Iadditio l ; upset tile picture. According to earlymeasturements (17) at 25" C., ;ome complexation process betweenThi s leatl" KV! and NaCI was sut'gestedto lowei'ri g the ct ivity of (:I ill tile soltt ionl. Th is may expl aill
which ;hows the i nhihiting (Fi gure 3)
effect of ;ome additions of KI . Stable complex ion formationis ratiher difficult to viksali e between alkali cation,; and halide anions. Pet rucc ihas revietwd and ciiborated t he modern concepts oif sta t i st ical 
(18)

thermodynamics of ionicassoc i it ion land complexat ion in di lute solit ions;
ion 

of elect rol't e';. ie distinguished betweenpairs arutcom)lexe;, t hough appa rent ly they mac have the ame influence on the rate ofreact ions. 'lm(, electrical condurctivity method 
gate the pos;ibi lit ies 

was tit iized in the present study to investiof ionic association between Na(l and KCIat 80 C. F:igur'e in the aqueous electrolyte
, sOhow; the anal opy hetwecn electrolyt ic conductivity , and the effect of
KCI addition onl the corrosion rate of stainless, stcel.
 

The iiteract ion letwee VtI
NaWCI;mrrd is a maximum at a rat io of 5 to 4. It is interest irg to nlote that thi ralti i; aliom;t id'nt ical to the eutect ic rat io of NaCIill tile imolten saIt ';'c;t, wlhich to KCIi; the least corrosive salt mixture (19). 

The ,;tandi elect rode pot ent ia I errobli i nomol e ra t io, name ly, 
due to KCI addition is a maximum at the same5 to 4. Indeed, a comparison between Figures 2 and 4 emphasizes theanalogy between direct corrosion 

almost 
rate and electrode potential. These two parameters areequal in both I.5M NaCI and 0.SM NaCI + 0.6MKCI KCI. The interaction between NaCl andreduces the effective number of chloride ions needed for Reaction 6 to form Iron and/orchromium chlorides. 
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Under applied external potential, the retarding effect of KC1 addition is no longer 

evident. It may be a proof that the association is of the type named "outer sphere complex 

formation" (18) or ion-pair formation. The ion pairs formed from NaCl and KCI are so weak 

that they dissociate under applied potential. Dissociated ions under the applied potential 
(paricularly CI-) are free to react with the anodi product on tile met allic electrod,. 

Optical spectroscopy may he the method to he followed to discriminate between ion pairs and 
complexes.
 

Preliminary investigations of other alloys confirms the inhibiting effect of KCl
 

addition. However, the above mentioned model may not generally be applied, since other
 
Cr+ + + +4dissolved cations (e.g., , Cu , and Ni+ +) may well play some role in the electrolyte. 

Thus, standing electrofc potential does not follow the same route for different alloys as 
evident from Figure 2 -istenitic steel), Figure 5 (martensitic steel) and Figure 6 (copper

nickel alloy). More d'tailed measurements and investigations are :,l needed to under

stand the role of catic, s on the corrosion of metals. 

CONCIIJS IONS 

1. 	The corrosion rate of stainless steels and copper-nickel alloy in pure NaCl aqueous 
solution is a functioil of the concentration between O.IM and 0.;5M NaCI. 

2. 	 Adding Kl to the base sotlition retard,; corrosion and ennobles tile standing 
electrode potent il. The maximum effect is at NaCi to K1( mole ratio of S to 4. 

3. 	 Ion-pair format ion i; s iigested to explain the retarding effect of KCI . Conduc
tivi t me asirement s st pport thI s hypot hes i s 
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Table I
 

Effect of KCI 
Addition on Weight Loss 
of Stainless Steel 
in 0.SM NaCI 

Molality of KCI 
 0.1 0.2 0.3 
 0.4 0.5 0.6 
 0.7
 

Weight loss, tig./cm. 2 78 66 60 
 48 92 
 100 120
 

Tale 2 

Corrosion of Stainless Steel at 900 C. after 10 Hours of 
Immersion in Different Soluition-

Weight LossTotal Cl (g ion) 
 Soltt ion 2 )(1g./cm. 

0.1 0. IM1 a (I 2 
(). I K 23KC l 

0.2 
 0. 2M NaCI 27 
0.IM Na(.I 4 0. 1M KCI 29 

0.3 
 0.3M NaC1 52 
0. l N;i(,l 0. 2ki KCI 36 

0.4 0.4M Na(l 54 
0. IM Na(' 0, 2M KCi 40 

0,5 O. M N.,a(l 112 
0. i Na( I + .IN VI .12 

0.6 (). I Na(:l + 0. I k CI 78 
0. IM NaCl * 0. 5 KC 50 

0.7 0.5M NaC], 40.2'1i K('I 50 
0. IM NaCI1 + 0.6 KCI 53 
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A Review of the Thermometric Method of Corrosion Testing
 

Prof. Dr. A. N. Shams El Din, Hfead 
and
 

Dr. J. M. Abd El Kader, Research Assistant Professor
 
Laboratory of Electrochemistry and Corrosion
 

National Research Centre
 

INTRODUCTION
 

The thermometric method of corrosion testing was developed by Mylius in 1922 to 
assess
 
the dissolution of Al and its alloys in liC1 solutions (1). In this test, a piece of the
 
metal of known area is allowed to react with a definite volume of the corroding solution,
 
and the variation of the temperature of the system is followed as a function of time.
 
After an initial period of almost constant temperature, the temperature rises quickly to
 
attain a maximum value. A reaction number, R.N., was defined by Mylius as:
 

R.N. = TIn - Ti/t = T/t °C./min. (1) 

where Tm and Ti are the maximum and initial temperatures, respectively, and 
t is the time
 
in minutes from the start of the experiment to the attainment of Tm. Easily corroding

materials are characterized by high R.N. values through an increase in Tm and/or diminution 
of t. 

It is the object of the present review to reveal tile potentialities of the thermomet
ric method for studying phenomena of diverse nature. Although the technique was developed
 
more than half a century ago, it is not included in reference books on the subject (2-4).
 
A recent article described the application of the method in corrosion educat-on (5).
 

EXPER41MENTAL 

lhe reaction vessel (a shown diagramatically in Figure 1) is )asically tle same as
 
described by Myliis (1). 'lire total volume 
 up to mark a amounts to about 30 cc. To minimize 
heat losses by radiation and to obtain reproducible results, we found it essential to keep 
the vessel immersed to level ) in a Dewar flask of suitable dimensions ((,). 

Wheir the corroding solution contains a cathodic depolarizer other than WIt, it mipht

be neces'.;try during the thermometric experiments to determine tile distrihution of the par
tial cathodic current between 112 evolution arnd dhepo larizer redtiction. For this purpose,
 
vessel b (Figure 1) is employed (7) Which allows the collection of Ih. The volume of the
 
gas calculated at N'T' plu; the lo; in weight of the metal specimen enable one to calcur
late the deJ)olari;zer eqlirivalcnil reduiced duririg di so lilt ion (7). Vessel c (Figure 1), on
 
the other haid, allows the eltal potential duril i dissolution to be followed as a function 
of t ifle, relatiVe to a sui able r'ft'renIct half' cell (8). In this case, the unwantd metal 
surface is covered by ;i thini ltaye' of irelillrIaI wax. 

Before use, tire thiermomet ri c ve ;;el i; c leaned by a 112CrO.1-112SO4I mixture. It is ad
visable , partici I arI ' when stirdy i rrg the effect of ,,rfact ant s on the rate of di'ssolution, 
to subject the vessel to a firrther wash iig by stearam. 

'lhe metal test specimers cain be of airy convenient form. When the material is avail
abrle in the form of thin sheets, strips measuring I x 1) cm. are used (0, 7, 9, 10). These 
are bent into a U form and are introduced into the test vessel with their edges downward. 
Cylindrical pieces cut from rods (I1) or wires (8) can also be employed. 

TIle cleaning of the metal srirface is essential to obtain reproducible results. A 
variety of cleaning procedures is available, and the choice between one or tile other is 
left to tire worker. Strips of Al and Zn were degreased in a hot alkaline mixture, and this 



wiJLO8a, lwebwashng wih runnnrdstilled water and ryn e fe e~r-papDegeasgetta r 
h tr ioroet a
 

F sp.een weem abaed ith 
 fte 'maud
 
fo each experimnt. h 

"
...............
. ,... niq e 'wa tu e t e,stuy ,ptper;dl soti ri
 
C50, ,g reservoir is-tomreston esremdnt idei m
as C.e Itsi
he tevTgt a l v d mI2 ( 4 .jsed Ws is 

for example invessel c,itshould be brought as''near to-it as practical.~
nh ;uh thits .. ........
'... e li.... ~ ~: ....... a ....H2•i.
 po . e disolutionThy HN0 ed n ofl::.sameC " .. . . :" ' : 

AVAILABLE INFORMATION
 
•,/ -- yhe thehrmomtrued shouildqil
The thermometric Wdbwt onmesu Ciretechnique used el{was eoonstudydthe. nearestit~ldis ol tio 0f ini i (6) nd . .NaOH- (9) as well as of Zn in HCI (6), 11C10 4, HINO3, lf2SO4~ H POmixtures of H2 CrO4 with JACI 4 a'd1HCra4 (13) aiid'iig1Iso4 n I3 0 (14). Sanyan Srvastava,(15)' and Shams
 

El Din and Fakhr (1) ine oC
workers recently reported on the dissolution Cu-
ex the reaction between()Fe ad'andHNO3. n.Shalsm El1 Di and c 6'""ia i tions The thermometric technique was applied to 
i!lu

study corrosion inhibition by surfaceactive agents by a number of authors (6,9, 10, 16-19). 
 The results of corrosion assessment by the thermometric technique wore confirmed'by carrying out weight-loss (6,12,
:~~ ~ olto:l. ~ ~ 15),7~ ~ thfisoui' ~Opotential (7, 8, 13), and polarization (16) 
~rcgie ouin Al in (n6)measurements and wore complemented by collect
ing the evolved 11 (14).
 

TYPES OF 1hERMOMETRIC CURVES 

Three types of thermometric curves are commonly encountered, and these are represented
diagramatically by the curves of Figure 2.the dissolution of Al as 

The curves of Figure 2a are characteristic forin solution (1,. 69). One recognizes at first an Incubationperiod at 
the foot of the curves, along which the temperature remains constant. During
this period, the C1 
 Ion penetrates the preimmersion oxide film, 
 When this film Is fully
undermined, the metal is exposed to the attacking action of the acid, and the temperature
rises almost linearly with time to attain a maximum value,
ii- Note that the slope of the
Ing parts of the curves, which represnts e actual dissolution of the metal, Is practi
cally Independent of the concentration of the acid.
dissolution inacids Iscithodicnlly controlled.j This s taken to indicate that Al
 

The dissolution of Al Inbasic solutions, shown InFigure 2b, Is
Induction period (9), characterized by amduring which the temperature rises slowly with time, 
 Tho preimmersion oxide film undergoes chemical dissolution, and the reaction Isautocatalyzed by the
 
heat evolved therefrom, 
 The attack of the basic solutions on
and Isaccompanied by the rapid rise of temnperature. the bare mestal isvigorous
Incontrast to the.behavior inacid
modIa,however, the slope of the rising parts of the curves 
increases hand inhand with the 
 ~concentration of the aggressive solution, 
 This signifies that metal dissolution under 
those conditions Is anodically controlled,
 

Type c of the thermometric curves Is obtained with base metals whose
offer no protection against acid attack, irformed oxids-
tiNa, (11). Dog$, tf2SQ4;'and flC10 (6 7)or eiZn Inlig(,
no reaction with the acids strts frointhe Instanit the'M6ail introued Int
the' corroding solution, 

- i. n4 s-

FACTORS,RrI'UUT iNQTIflEHACIONNUMNBER' ~~ 
~' A nitilior of variables efec the mantd fte A truh nf n1Ta
tThos s~houdb fully a-proitei 'whend h ln'it
" iii!lsWZ 

4J,' 
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1. The initial temperature T.
 

2. Specimen area/solution volume ratio.
 

3. Strength of the corroding solution.
 

4. Presence of additives (surface activo agents).
 

The effect of each of these parameters on the R.N. is outlined in the following
 
discussion.
 

Effect of T. on R.N.
-1-

With metals whose preimmersion oxide films offer an initial protection against attack
 
(e.g., Al) the rise in Ti causes the shortenine of the incubation or induction period.
 
4 T does not vary, however, in a systematic manner with the increase in Ti (20). This 

latter behavior (i.e., the nonlinear dependence of & T on Ti) is also noted with metals 
which do not exhibit an induction period, such as Zn (12) and Fe (15). Accordingly, the 
R.N. of these metals depends greatly on the chosen initial temperature. For comparative 
work, this should be kept the same to + 0.50 C. 

For reasons to he disclosed in the following section, it is essential to establish the 
effect of Ti on the shape of the thermometric curves wheni studying the dissolution of 

hi nary a IIoys. 

Effect of' Specimen Area/Solution Volume Ratio on R.N. 

Since the heat evolved from the interaction between the met;!l and the corroding 
soluhtion warns the whole sy,;tem, it is expected that variations in ie area/volume ratio 
wi 11 ilfluellce tile Va'vlue of I, ani correspondingly R.N. This has been proved in a 
tiumber of cases (12, 15). Within certain limits, the decrease in the ratio produces a 
linear lowering in R.N. (12). le volume of the solution should not, however, be too large 
So as,;to dissipate the heiA evolved, nor ,hould the specimen area be too small so as to 
Utitii 1'80 ('0111le t dd i ;S lt i (ill. 

t1hle ire;i/voinicu pr;li'illeter thould ie exani ned in detail when deal ing wi th binary alloys. 
" illayliI the iei o ol ofa 70 ;11lti - ui ii IN IINt)3, a slight break in the thermometric 

CUI'V"; W;I noted (121. lhl' represelits the preferential attack on the nItcomponent of the 
a I 1)'. H)' in trc:v;injt t vltlime of the corroding solution, the reaction was slowed down, 
arid a cl.,;'r ,tcp for :11d1,i';oltit ion was recu,dz l (Figure :i). A simi lar effect as that 
produced b' chatig ing the arlea/volime ratio was obtained by lowering tlhe initial temperature 
T i, while keeji i, tile othe,r cxperimental conditions the same. As is seen from the curves 
of :igure M;, the brealk iII the thermometric curves which was well developed at low Ti, 
diffnsed niia the ma in, i ii;wlt ,w.ntit ;i, ri w;is raised (12). 

1:f fece I t rfI p;t i he I ol rtdi!lls Soliil ion oilR.N. 

ions' p1 ice, increase tihe of 
corrilding n;olt is b)' iacorresponding increase in both ,1 and R.N. Usually, 

Wheni oIt hier side I''ait't take the in concelnt rat ion the 
ion accolmpani id 

& T var i'e; with the normal itY ,Noft to' ;olti on a; (6, 9, 12): 

T - , N (2) 
or
 

a'IT AtI(N-N°) (3)
 

wiere N' is the concentration of the corroding medium which would not yield a measurable 
rise in tetipev rat ire. i,;it,rate of temperaiture rise per unit concentration, * (./mole.A1 
C, , atid is a measure of til,tendency Of the metal to be attacked. The diss;olution of Fe 

in IIN0 3 follows reaction 2 relation up to about 4N. In solutions 44 Ng 10.8, aT is in

dlpendetit of N, as Tin approaches the boiling point of the solution (11, 15). 
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nd17
of Interest to remark that the corrosion rates, as determind b9~the eighAl0ss,.method, iiie' omoeinly expresd by, a relation similar to 4,whee .' 

near to, 0.5' C21-24). The disparity between iseu oo verythis lvaltie and ths~trie bytet1
mtimehdIs apaetyrelated to the~expcimna
fl lss' ea~u~ejents are usually carried out in'wellI-h odtossj jjiistaj sohiti the cotiuou's93increase initemperature ina thermomic e~e iela s t6',the! aumetaino h isolution rate and to Its complex dependence on the concentration of the attaicking solution. 

Effect of Additives on R.N.
 
Substances 
 added to the reaction medium can Influence the R.N. In -a number of ways-Surface active substances adsorb on the metal surface and Interfcre-to various extents wi ththe partial anodic and/or cathodic reactions, 
 Additives mi ht also offer an alternative
path for the cathodic reaction other than the II-i-eVolution reaction.
technique presents a Thew thermometric
simple and rapid method for establishing the efec oadditives and~
allows, Inthe meantime, conclusions to be drawn regarding the type and mdie.of adsorption.
To obtain a clear Picture about the role of a 
certain substance, itis meonumended that a'
series of experiments be performed with Incrcasing additive concentrations,' Sanyal (15)
hoeve,
propsed te pogrssive introduction of' the additive Inincrements during the
course of a single thermometric experiment, 

Otrgaicddiives. The effect of urea, thiourea, gelatin,starh, 8hydozxyquTnol Ine, jp-toluene egg albumin, glycogen,sulfosalicille acid, and hydrazine on the dissolution of Al 

sulfonic acid, earboxycelluloso, methyl cellulose,In 2Ni 1101 and Zn in3N HCI wasAstudied by Shams El Din and Aztz ((s). 
 Abd El Kadar and Shams fil
fect of alkylammonium Ions and nlkylamines for retarding the dissolution of Al 


Din (9)compared the ef-
In cid ad
basic solutions, respectively, Saich and Shams F1l
U: Din (10) carried out a similar study onorganic acids and their anions, Hlomologues of aliphatic, aromatic, and amino acids were
tested, The thermometric technique was also employed to study corrosion inhibition by ex.tracts of naturally occurring substances. 
 The effect of oxtract4 of karkado loaves
(Hibiscussubdarifa) (16), of the fruit-juice and fruit-shell 0; tracts of pomegranate~ of' extracts 
leaesufC~Tji 

of the fruits of tamarind (Tamarindus Indica) arid of theeaon the dissolution of both Al 
and Zn 1h acld~and ba~ ouins was
simlary 4etabishd (17). 
 lI'sa and coworkers examined the Iihibition of the dissolution~of Al Inacid solutions by cystino, cystein, semlcarbazide, and thliilcii
well as by methylethylketone, chloral hydrate, pinacolone, an 
i'l)a


ol xd'A9last authors, however, overlooked the fact hsthat in most caso$ the offt nted wasthe reduction products rather than of the additives thmevs 
tat of 

(11) hm glDiIn and Fak
compared the Inhibition of the attack on Peoby IINO ,b ureaand geltin 
whereasSanyal (1S) studied the effect of thiourea on-tho e nreaction, 
 ~~ 
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inginacid solutions, we4akly adsorbed adfditives. act 'as cathodic inhibitors., , sT s
 
readilyleanCd fro the factsthat the i c es fl le e slop
 

t sae osolutions.as In additivei:-' Thil 'biehaviorIs epis ptd a
 
0 !it] d ncrascubaion pin iodj cease
curves a of~Figur 4.<( ~ 2 ~r . 

•Besides increasing thetime t,, strongly adsorbed adi-iv,-on- the otherlower 
the maximum temperature. This~can occur while' the slope' of the ising 'parts of the curves
 

~~~~): F Igie, re 4b,o rwith'tbeslopeturmtedeclining theyremin the same(c(thodic inhibitors)as emas 
ols, n:rsethe as b''"O A case~
 

where the additive adsoris onlyCudton the anodic sies, causingehFaediminutionalfc.eat:ihe 'slope of
 
ising66itrationpatiofheic'of. thie additivev isincreased(miedi d s actal~tbinh~ibitor),disi in.Npigure.4c,-N03;6,metal 

er~rmta e 

the rising parts of the curves without affectifig the length ofc th' 1'p6 tio rodshown
 
in.,Figure 4d, has not,hitherto been encountered, '
 

Only a single example has been noted thus far where the R.N. decreases as a result of' 
reduction in T while t remains the same (Figure 4e). This concerns theeffect of urea on 
the thermometric curves of Fe in hNOr(11), Urea destroysh N02, whichthe key ersoduct 
in the autocataolytic cycle involved n metal dissolution in NOil The effect of the same 
additive on the dissolution of Cu differs from that on PF in that tacts both'sa des
troyer for HNo 2 as well as an adsorption inhibitor (9). 

Plots of the R.N. (6) or the percentage reduction inuR.N. (9, 11, 16, 17) as a function
 
of the logarithm of additive concentration are essential for comparing the action of various
 
substances. Thse plots are sigmaid in nature, corresponding to mnolyeand multilayer
formation on the metal surface, before and after the inflexion, respectively. Thefom of
 
the ir.N./log C curves was derived theoretically on the basis of known adsorption Isotherms
 
(6). :Issa's model of stepwise adsorption (19) Isqualitatively the same as given above,
 
The presentation of the data in terms of the time delay A t (or log &t) asa fuuction
 
of C (or log C) Is, however, meaningless, since those are more reflections of the original

R.N/log Ccurves, 

As expected, both the inflection in the .N./log C curves and the extent of reduction
 
inthe RAN depend on the nature of the additive used. These differences are the result
 
of disparities in the energies of adsorption, cross-.sectional areas, and probable inter
actons between the adsorbate and the metal surface, Comparison of the RA/loj C curves
 
of inhibitors belonging to the same homologous series allows soume definite conclusions to
 
be drawn regarding the mode of adsorption. Inthe case of monoalkylamines Inacid solutions 
(monoalkylammonium ions), inhibition increases with the increase ofthe chain length (9). 
This indicates that the additive molecules either lie flat on the surface oar Inclined 
to the vertical. Inhibition Increases also as one goes from the mono-to the di-sndti-J 
substituted amines, A linear corrolation was established between the loari ofconcon. 
tration of the various amines necessary to inhibit attack toone and and the swi tent, 
and the cross-sectional area of the inhibitor used, indicating that the additves'act by: 
way'of blocking (9), The inflections inthe RAH/Iog Ccurves of aiihaicacids were In-~~
 
dependent of their chain ieiigth, a fact which was taken to support th~-nlso iht' , 
sorption occurs through their carboxylic groups, while-their tails protrue brsik11j;.''
 

ainto the solution (10).-- In -the case of romatic acids, e
~the Increase of the side-chain length, sinfigtoAtcm~'t the mea surface 
through .the benzene nucleus as well as ThebA s alo
through the carboxilicgroups; s 
true for anen acids, where both functional groups are~ mvol &ininibition, - A 
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rde omonf ai mhich t 1s,;:::-' o din ase ', In, th"of 'th-e"i-a-i-ocli i3"} 
de )th6 ..... ..pr lessnormality cu disti'cpiirt
.ves .( culd 6 6 made betwen corrodignN0
inhibiting (11 nd P..
3P04), ar acids, F, 3 .. H' 


t. : H " ev)
linearly with, Ntahtaar e n thoe natthug of :- rt ai{e ~iinshf

highest: irHN 3 and decreased in the su'ces16nHN3r; 
 H" "JSCIeIn :l'i1W the %passivatingacid6k T-normality f no in temperature ' 2 CrO4, rise ' curve of H3P0 ~1 wa r'6ided 16iis t Th4 was not~l ar~and in so , o 4N'..fay~be(~th6f dniand that Of H2CrO4 (13).

from 

The sequence of inhibition by the vario.us.ani..s as.established. " thermometric ex eriments, confirmed byma~surintg'the potent al'of'thjeZnel ctrode inaeiatedsolutions 
was 

of the same anion(13). Inthe meantime I eancdissolution were niis wh fchfound to accelerate the electroreduction Of 02 i(30). hand,
inhibition of dissolution by due to 
N thleitie0 was the formation of m dZnOCr2Q3 on thenhdissolien ;so tn ofaon otho vringsurface of the metal (31). "ocnrtos," . s o'ept a 

..th. e. redThe dissolution of Fe incti o ttN0of t he l at e 3 wason•inhibited ..by additions of Cln .. .. .. . n. o. 1 (11-I5), which :displaced one of the products of the ..and. ..s~.. t o w a s.,: ' " ,*
similar effect was autocatalytic cycle of the IIN0 3 reactions (11),noted -with ISO- (11). Dissolution was promoted,- however, by NOj and

A
4
to a-lesser extent by NO.1 (11).
rate,~~~ocu hn h ~ ats s.e,.^__noftheo'rronThe attack of IIN0 3 on Cu was also retarded by Cl
2PO., and, incontrast to the 
~ ~n $. enn. acids..,H-SO4) : :11 ,case of Fe, by N03 (8). 
 The same was also true for Cu-Zn
alloys of various compositions (12).
 

As isthe case with organic compounds, the dissolution of metals Inacid solutions
stmln hnmCd lhohrOai{ 4 )r 
can be enhanced through inorganic additives which can depolarize the complementary cathodic
reaction. This latter can he the same as thsct mUd :iiixed i,Inadditive-fe mei11~. 
 tef 2 ev io

reaction) but kinetically favored, 
 This state of affairs Is noted when the reduction of
the additive leads to the formation of a metallic deposit 
on which the II1overpotential is
lower than that on the dissolving metal (6). Impurities af metals with Iow Ifoverpotential (e.g., Cuj)
aro more 
harmful than those with high overpotential (e.g. IlgY
the reduction of the latter even whenIs accompanied by a larger decrease in free energy (6). 

Depolarization of the cathodic reaction, leading to augmentation of the corrosion
rate, 
can also occur when the additive offers a 
reduction path which Isthormodyn
more feasible than the evolution of IJ, Thus, the dissolution of Al In Id! 
amia 

ably accelerated through additions of*K 2Cr
was consider

207 (6)or FeCI3 (20). Similarly , 11alone acts as a strong passivator for Zn, reversed Its action and became 
2Cr04, whichU stimulant when mixed with other acids (14). a corrosion

Under these conditions, the overall cathodic
current, accounting for the dissolution reaction, was divided between that taken imthe
eoalu tion of 112 and that consumed Inthe reduction of the oxidizing agent, 
 The ratio of
~.I'the two partial currents depended on the relative concentrations of the two acids, as wellmei-Iete ~t~ ~ -fe ~ -vlto~ as on the nature of the attacking one (14). .= 

STUDYOf'OCAIZEDATACKCByTIMflIlMPl.BTRICTCUIOUR-
'Although the thermnometric technique is commonly applied to, tyte eealdsflsolution of metals In corroding media (general corrosion), It can b uselocalized (pitting) attack, to invtat 

isatisfiod; name ly, the development
For this

ofa,
type or attack to occur,' two reurmnssol beP i aupnwicif't
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, lt th log C a + b log Co n hii td4 
pass,emperatur i paial 

agg. 
en r arapddcre3s 4where atad b are constantss Theractical iabilit o ,heseresulti
q
thee, fN tO
€ocnrt~; al:aree Iit din 
 tExtremne car be iakent 

O!i 8e sh ldi o 
 avoid conamination with any pittfigorroi
e a
t ermielric techniqueoffers a rapid an
heasy way fordet hermoiingpurity and
te
safety ofthe'acid before being introduced into the container'.'
 

A somewhat different case of pitting corrosion w-s noted in the case of Cu (8)and
Cu-Zn alloys (12). These materials are immune to attack by coldconcentrated solutions
of HCl.
vrse ~ i eunThe additionton andofbehveKNOe toasathe corrodingomedium initiates attack, andthernometric curves agoenta.d. special typeofisrecorded. 
 These exhibit an induction period, a:siidden rise in
temperature ending Ina
sharp maximum, and a 
rapid decrease intemperature thereafter,
o-Pr the same 1C concentration, the length of the induction period varied Inversely with
the KNO3 content when plotted on a double logarithmic scale (8) Similarly, 
 the R.N.
varied with the concentration C of N03 according to:
 

RA -,NA (C-CO)No; (6)
 
where CO isthe concentration of the anion that 
can be tolerated by the particular concentration of 11. 
Both A and CO in Equation 6 changed with the concentration of
a d in
manner which suggested that the conditions prevailing during attack propagation were
practically the same as those governing pitting initiation (8). 
 ItIsof Interest to re~
mark here that the C1' 
ion, which normally acts as a pitting corrosion agent, acts Inthe
case of Cu and Cu-Zn alloys as corrosion Inhibitor, 
 On the other hand, the 1403 ton re~' verses its function and behaves as a corroding agent., 

CONCLUSION 
 f 
Tlie thermometric method of corrosion testing Isa
simple and rapid procedure that can
be applied for the assessment of a
variety of corrosion phenomena. The results obtained.
4therefrom 
 conform with those of other more elaborate and sophisticated techniques. 
 The
first direct use of the method Isto compare the ability of a number of materials to with.stand the attacking action of the some aggressive electrolyte or the corrodability of the
some material Indifferent media, 
 Based on the dependence of the thermometric curves andthe R.,N. values on the concentration of the aggressive solution, one can conclude whether
~'attack Isunder cathodic or anodic control. 

One of the primie advantages of' the thermometric method lies inthe study of a effectof surface active agents on the dissolution of metals in corroding solutions# 'The methodallows the rapid establishment
the choice of the most 

of the inhibition efficiency of surfactants and assists in,suitable retardant fromScan be easily made 
anon$ A group of possible oot., Diotinctionbetween weakly and strongly adsorbed substancs Aswell'al heiW..,11cathodic, anodic, and/or mixed inhibitors. In some instance#,~.rogardfng the mode and orientation of the adsorbate 

Inraft iocan baSind 
on the sufc o hmtl
 

The,.feAlbiuty of the thermomtric method
+AlloyA ha for studyingth dsslutio of b64irbeen'recently eitablished"' The fullmerits of, he tocni4 ' 't Ii 
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Figure 1. 
Various vessels for carry'ing out thermometric corrosion experiments (1, 7).
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Effect of specimen area/solution volume (a) and of
initial 
tem-perature (b) on the thermometric 
curves
of 70-30. Cu-Tn allow in 4N f03 (12).
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THE NATURE OF THE PROBITEM 

Baharia iron ore, unlike any other iron ore in the,world, is contaminated with alkali
 
halites These contaminants vary from,0.35 to 1.3s% depending on the lOqation and the
 
depth of bed, 
 The hse of such ores in the sinter stand is likely to cause trouble by
corroding the cast iron grate and suction chamber, A research project, enbheasini ied 
in the Corrosion Section of the Central Metallurgical Research and Developent Instituteii' to study hot corrosion of cast Iron under conditions which do not differ greatly from. > those prevailing in the sintering plant. The threshold amount of sodium chloride, below
 
which attack is not encountered, will be determined. Other types of cast iron, expected

to be more corrosion resistant than the type used in the sintoipant, will be tested
 
under the same conditions.
 

U THE ENVIRONMENT AND SINTERING CYCLE 
The change consists of 50% Iron ore (Fe10 3 . "20), d limestone furnishing 

a basicity of 1.2%, and 5% coke breeze. The moisture amounts to 10-12% and sodium chlo-

Sm t moae e through a distance of 30m, at arate of2-5 m./min It
 
starts at room temperature and reaches a maximum of 1 0 0 0 *C. 

MIICIIANISM OF HOT CORROSION4 OF CAST IRON 

Cast irons are useful In elevated temperature service because the oxide film commonly 
.produced 
 adheres quite well to the base metal, The rate of attack decrea'ses with time as
 

~ £the oxide film forms. The thickness of the scale naturally depends on temperature and
 
duration. Ideally, the thickness of the scale should Increase as t0, but inpractice

cracks develop Inthe scale and allow the gases to reach the metal surface somewhat more
 
readily than ispostulated by this relationship, Cracking will always tend to occur as
 
the film thickness Increases, but ifthe Iron .Issubjeted to cycle variations intempera-.

ture, the extent of cracking will increase, With flake graphite cost irons,.since there. ..
 

VIs a tendency for oxide penetration to occur along the graphite, the scale adheres to the ~.j metal surface more securely than Isthe case with stools and therefore becomes detached 
Iless 
 readily.
 

scale on cast
Then Iron Isusually continuous and adherent at l1east up..o,8000 C,

Oidation of the metallic matrix around the 9raphite flakes may occur proferentially to
 
graphite oxidation at temperatures above 400 C, and beiow,6SO'7OO.' C,1 AboV'e 650,400"

C,, carbon and Iron oxide will mot exist together Inequilibrium, anid oxide so.,oreat a'
 
lower temperature may be reduced by graphite If.the temnperature rises abve5't'700' C.
 
yielding a layer of forrite around grape~ flakes. Breakdown by scln~dw o ~oml 
Wybecome important, untilI temperaturos In excess,,of, 600O*70'0 0., e rid'.,-Ao :750 

LCo unalloyed irons are attacked with rail nrain po st tertre h'. 
inc~realses,'. 'I I I-. 

I~t isusual to assess the heat r'esistance of cast iiros 

_Sarvi~~o totoso hiHI
Co6iosctunIaly cofr a 


modfie b,* exmpefor the.,, 

c 

http:from,0.35
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occuring during heating up, cooling, or standby, such as moisture condonsation, the
presence of ash, clinker, fluxes, etc. 
 The presence of trace gases such as
and S02 in air can appreciably increase the scaling rate. 

steam, C02,
No final explanation of this
effect has been produced, but it is possible that it is connected with the development
of a more porous scale. Such a scale might be expected to result if the first product of
the reaction were 
a compound, such as 

poses 

a hydroxide or carbonate, which subsequently decomto give the oxide. 
 Scaling can be minimized by the use of an 
atmosphere containing
hydrogen or carbon monoxide, but above 
8000 C. scaling 
can be only prevented where the
reducing gas appreciably exceeds the amount of water vapor or CO
2. Carbon deposition can
occur where free CO (13%0) is present, and deposition on graphite flakes can 
cause severe
growth and distortion at temperatures of 3500°530* C. and probably above.
 
At temperatures of 4000 C. or more, the combined carbon in
to graphite. When most cast most cast irons changes
irons are heated within the temperature range of 700' to
780' C., an allotropic transformation occurs which is accompanied by anvolume. increase in
Heating and cooling through the temperatures, therefore, can also cause an
incipient cracking.
 

AFFECT OF ALLOY CEMISTRY 
"lhe three principal alloy elements employed
7500 C. are Si, 

to improve oxidation resistance above
Cr, and Al. 
 Some resistance to oxidation above 7500 C. is conferred by
Si contents above 3%, Cr contents above 1%, and Al contents above 0.9%.
point Solely from theof view of scaling, low contents of Cr (below 1.51) are of limited value. 
Alloy cast irons containing carbide-stabilizing elements, suchthese elements in combination as Cr, Mo, or V orwith Ni

applications up to C. 
or Cu, are employed successfully in commercial4000 These same irons can be used at or slightly abovesome reduction in service life. 500' C. withGood oxidation and growth resistanceobtained up to 8000by the uise of high-a] oy cast irons such 

C. is 
or high Is aus ten itic, high silicon (5-81 Si),Cr cast irons Cast irons containing 15,, or moreresistance Cr show practically completeto scal inp and 'i.owth up to 9000 C. with 35% (r, they show resistance up to0(00 c. 

l1wi rate of oxidation is ;aIso i 7flL enced by theare fine, the size of tile graphite flakes. Ifdiffusion of oxygen along tihe tile),graphite intoThe form the metal will be suppressed.of tile graphite greatly affects

spheroidal graphite 

growth and oxidation resistance. For example,
in duct i le iron improves the resistance to high-temperature oxidation
and growth.
 

lhe selection of a test method ik extremely important. It is importantpreliminlare sorting to have atest wiich is neverthelessoperating conditioi s 
realistic and correlates with the actualA number ot Ilaboratory tests have been employed.thcL crucihlht' test and These includetit' saIlt co.,ted oxidation test.Mel is coated lwith a layer 

This last method in which a speciof salt alld then oxidized in a' Bori.,t the rmoba lance has been used byin, et a I (1), Peti , et ;al(2), and Stringer, etmochili::1 (of the react icn. al (3), to elucidate theIYlc crncible tes t was used until quite recentlyuation of a i loy in the eval, but it certainly represents untypical conditions and the correlationwith experience !eems pool. 



AE R .RSULTS ORS Er 

Tab Ie I shows the chemical composition of the s Usedsaiirons nthe mianfaci6 6othe 

S. . r e c ss tT ab le 1 

4
i C Si M~ p : s C4. t4 
524 3.25 1.96 

40.58 0.19 0.066 0.78 :4..4444'
 
:...: oi.~ Signs 
 .4..Ta*4~4. 

SO The specimens, which were machined from bars provided by Iron Steel Co, had the
dimensions 20 x 30 x 2 mm, A thermobalance was used, and coating withasodium chloride was 
effected by a spraying technique. hntnc, 

Results 

4 

- ietallographic examination of the corroded samples revealed that they are pearlitic 
 ;A.grey cast Irons. Signs of attack on the graphite flakes to a depth of about 25 AL were
 
noticed.
 

J .. Uncoated Samples. The weight gain-time curves obtained at 700, 800, 9000, and: 
1000" C, in air display a minimum which appears earlier the higher the temperature. The 

( - . minimum is followed by weight increase along one or more linear sections. The number of 
these sections and the corrosion rates characterizing each of them increases with Increag-Ing temperature, The corresponding curves obtained for a mild steel conform with a
 
parabolic law. o 

Ss Coated Samples. The correspondig curves obtained for samples which had been coated

with a layer of sodium chloride reveal the minimum mentioned above The appearance of the
 
minimum is delayed by coating. However, the corrosion rates are higher in presence thn

inabsence of the salt film.
 

Metallographic Examination of Heated Samples. Heating for 3 hrs, at 9000 C.inair:

results indecarburization across a 20 M-thick layer. Visual examination of the samples 
 4,
 

441~ ~coated
with films of NaCi and heated for 5 hrs. within the temperature range,7000-1006" C. }4.

shows that the corrosion scales tire not adherent to the base metal,. There 'are signs of.
Sdeep 
attack on the metal espociall along the graphite flakes. Decarburization occursat

~~fl 800* C.and above. Hiowever, the thicifness of the decarburized layer Issmaller than the 
 44.44 

corresponding one 
for uncoatod samples. j.i444 , 4' 
4 Th'e preliminary results obtained hitherto are not sufficient .to allow any sound ~44. 4.

conclusions to be drawn, However, the minimum ca~n be clerrVasc ibed to the s 
4 

~a 'o f 
graphite from the uppermost layers, Tbe linear gain inlweigiiot inasnc n pee

of NaCl shows that inthe Initial stages of oxdtonM s 8 xd fiIi 6m 4mhis niot protective, Continuous cracking resuhtiA a t,0 6iosuro of?~m ~ai~jt

Stion, I t may be anticipated thatdMCl vapor reacts with '~ g4eNM'-d-M-£0o a
 
_' .4--4,...4 atak Itmy be proposed' tha "he i delo
late 4theoxide ;film formeid,' 


4' esap of4>4 carbon~4 V 44 4 J w<i>i'a4' -xdo~. 4 

44 4~ ~A-4 
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PLAN FOR FUTURE WORK
 

It is planned to modify the composition of the coating in order to simulate the
 

conditions prevailing in practice. The weight-gain experiments will be extended to longer
 

periods, and other alloy cast irons will be tested.
 

SUMMARY 

The sinter grates in a sintering plant have been severely corroded presumably because
 
Trials are made to understand the
the iron ore is contaminated with alkali halites. 


mechanism of the corrosion process and to consider the possibility of using other types of
 

cast iron.
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