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2.1 Effect of Concentration,

Velocity and Temperature

In Chapter 1 the electrochemical mechanism of corrosion was considered in
detail and it was shown how the kinetics of cathodic and anodic partial
reactions control the rate of overall corrosion reaction. In this section the
effects of environmental factors such as concentration, velocity and tempera-
ture will be considered on the assumption that either the anodic or cathodic
reaction, but not both, is rate controlling. Thus if a metal is corroding under
cathodic control it is apparent that the velocity of the solution will be more
significant when diffusion of the cathodic reactant is rate controlling,
although temperature may still have an effect. On the other hand if the
cathodic process requires a high activation energy, temperature will have the
most significant effect.

The effects of concentration, velocity and temperature are complex and it
will become evident that these factors can frequently outweigh the ther-
modynamic and kinetic considerations detailed in Section 1.4. Thus it has
been demonstrated in Chapter 1 that an increase in hydrogen ion concentra-
tion will raise the redox potential of the aqueous solution with a consequent
increase in rate. On the other hand, an increase in the rate of the cathodic
process may cause a decrease in rate when the metal shows an active/passive
transition. However, in complex environmental situations these consider-
ations do not always apply, particularly when the metals are subjected to
certain conditions of high velocity and temperature.

The Effect of Anion Concentration
on the Rate of Corrosion

The numerous metals and alloys used in practice show such a wide variation
in response to various anions in acid and alkaline solutions that common
features are difficult to discern and a basis for predicting corrosion behaviour
is not very apparent.

Although Pourbaix (potential-pH) diagrams (Sections 1.4 and 7.6) have
led to a greater under-standing of the changes in the corrosion behaviour of a
metal due to a change in pH, they are less instructive about the behaviour of
alloys and about the maxima in the corrosion rate that frequently occurs with
increasing concentration of acid. For instance, Fe-ISCr-SNi stainless steel
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Fig. 2.1 Corrosion rate of Fe-ISCr-SNi as a function of sulphuric acid concentration (2O0C)

of calculating the relationships for alloys, although present studies on alloy
dissolution5'6 suggest that for some simple alloy systems this may be possible
since dissolution of each phase appears to be a simple additive mechanism.

Anodic Dissolution under Film-free Conditions

With regard to the anodic dissolution under film-free conditions in which the
metal does not exhibit passivity, and neglecting the accompanying cathodic
process, it is now generally accepted that the mechanism of active dissolution
for many metals results from hydroxyl ion adsorption7'9, and the sequence
of steps for iron are as follows:

Fe+ H2O ̂  Fe(OH)-d,+ H+

Fe(OH) -d, ̂  Fe(OH)ad,+ *
Fe(OH)ads ^ Fe2+ + OH' + e

where Fe(OH)^5 signifies adsorption of OH~ on the Fe surface.
The most important outcome of this theory is that the rate of dissolution

should be potentially greater as the pH increases, which is in conflict with
simple concepts of corrosion kinetics. However, the theory has been proved
to be applicable to many systems, and Bonhoeflfer and Heusler8 found that
iron in sulphuric acid corroded at a greater rate with increase in pH, whilst
Kabanov etal.9 found that it corroded faster in alkaline solution than in
acid solution for the same electrode potential.

has a low rate of corrosion in dilute sulphuric acid which increases with
increase in concentration, to a maximum, followed by a decreasing rate on
further increase of concentration (Fig. 2.1). Recently thermochemical data
has become available so that potential-pH diagrams1'4 have been calculated
for anions such as SO^", Cl", citrate, S2~, etc. However, there is no method
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Since the hydroxyl anion is involved in the mechanism given before, the
implication is that other anions may also take part in the dissolution process,
and that the effect of various chemicals may be interpreted in the light of the
effect of each anion species. Most studies have been in solutions of sulphuric
and hydrochloric acids and typically the reaction postulated for active
dissolution in the presence of sulphuric acid is:

Fe(OH)ads + SO2
4~ -> FeSO4 + OH~ + e,

followed by dissociation to Fe2+ and SO4" aquo ions.
Studies of other metals in sulphuric acid10, hydrochloric acid plus

sodium chloride11 and formic acid strongly support direct anion participa-
tion in the dissolution process. In general, it appears that whilst OH~ ions
(and water molecules) have the largest accelerating effect on the rate of corro-
sion, other anions are also effective and this explains why some strong acids
are more aggressive than others, in that they have different abilities to com-
pete with hydroxyl ions in the dissolution process. This effect of different
anions in increasing the rate of dissolution manifests itself as an increase in
the exchange current density, as shown by Bockris et al.1 who gave the
following series of anions in order of acceleration of dissolution:

No3- < CH3COO- < cr < so2- < CiO4-
However, in the pH range 1-4, the effect of the OH" ion predominates to
such an extent that corrosion rates are similar in the presence of many other
anions at concentrations less than O. IM. Since an adsorption process is
involved in the mechanism, the corrosion rate in the pH range 1-4 may be
represented by the Freundlich equation:

Corrosion rate = KCn
m_

where COH is the concentration of OH~ ions and n is a small integer,
often = 2. At higher pHs and concentrations of anions the rate of corro-
sion can be markedly reduced by either (a) precipitation and crystallisation
on the surface of corrosion products, or (b) adsorption of specific anions
that cover the surface and decrease adsorption of OH", i.e. competitive
adsorption.

An important example of (a) is mild steel which may be used for contain-
ing concentrated sulphuric acid (greater than 70% H2SO4) because of the
process of sulphation12 or in the case of 1OM phosphoric acid13 because of
phosphatisation by ferrous phosphate; in each case the salt crystallises on
the metal surface forming a mechanical barrier. Under these circumstances,
and providing the salt layer is not disturbed by mechanical scraping or by
flow of the solution, the corrosion rate will decrease to a low level. An exam-
ple of (b) is the decrease in the corrosion rate of iron in dilute sulphuric acid
caused by halide ions, e.g. I" ions lower the rate by 95% in 1 N H2SO4,
perhaps as a consequence of the high polarisability of halide anions14.

An increase followed by a decrease in corrosion rate at a certain critical
concentration is a commonly observed phenomenon for many metals and
alloys. If the anion concentration at which the decrease takes place is high,
then the anion species is deemed to be aggressive, but if low the anion is
referred to as inhibitive. A considerable amount of experimental work in



relation to the effect of specific ions on corrosion has been carried out on mild
steel15'17 and zinc18.

Film-forming Conditions

The corrosion rate of many important metals and alloys is controlled by the
formation of a passive film, and the thermodynamics and kinetics of their
formation and breakdown are dealt with in Section 1.2.

The dissolution of passive films, and hence the corrosion rate, is controlled
by a chemical activation step. In contrast to the enhancement of the rate of
dissolution by OH ~ ions under film-free conditions, the rate of dissolution
of the passive film is increased by increasing the H+ ion concentration, and
the rate of corrosion in film-forming conditions such as near-neutral solu-
tions follows the empirical Freundlich adsorption isotherm:

Corrosion rate = KCn
H+

where n is an integer and CH+ is the concentration of hydrogen ions. It has
been observed that in general, rates are controlled mainly by this equation,
but the nature and concentration of anions do have an effect. Many anions
such as Cl ~ appear to be capable of causing pitting and breakdown of the
film as the concentration increases. As the concentration in the bulk solution
increases, corrosion products precipitate in the pits and blocking occurs with
a subsequent reduction in dissolution rate.

For both film-free and film-forming conditions a decrease in corrosion rate
is observed as the concentration of the anion increases. For some anions the
maximum in the corrosion rate may be attained at low concentrations depen-
ding on the species and concentration (Fig. 2.2). One form of inhibition
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Fig. 2.2 Effect of increasing anion concentration on corrosion rate of mild steel in sodium salt
solutions (after Brasher)

based on this effect may be achieved by adding an anion type that reaches
its maximum corrosion rate at low concentration to a solution containing a



more aggressive anion. Legault etal.19 have studied this subject in detail
and show that a Freundlich-type equation may still apply:

Q
Corrosion rate = a + b —^

Qhb.

where a and b are constants, Cagg is the concentration of anions which
stimulate corrosion and Cihb is the concentration of anion type which
precipitates and blocks the surface.

Effect of Solution Velocity on
the Rate of Dissolution

Since the effect of concentration has been shown to lead usefully to salt
passivation in many metal/anion systems the flow rate will markedly affect
precipitation and subsequent corrosion behaviour. There have been many
investigations of the influence of flow on the rate of corrosion, but lack of
an awareness of hydrodynamic parameters has led to many experiments
of questionable validity. In these circumstances it is not surprising that
results from service failures do not correlate with laboratory tests. Some of
these difficulties arise from the incomplete understanding of the theory of
mass transport that still exists, especially in concentrated solution, although
methods are now becoming available that are leading to more accurate
prediction of corrosion rates in flowing systems. The most successful
application of hydrodynamic theory to date has been for metals dissolving
under essentially film-free conditions for a process that is unambiguously
controlled by the arrival of the reactants at the surface, i.e. when the activa-
tion process is very fast compared to diffusion. For this reason it is customary
to decide for each corrosion process which of the four main processes pre-
dominates and controls the corrosion rate. These four processes arise from
the two electrochemical reactions, anodic and cathodic, and whether activa-
tion (act.) or concentration (cone.) overpotential is the dominant process.
Thus, of the four possibilities the rate of mass transport will be involved in
at least three of them as follows:

Anode: act. act. cone. cone.
Cathode: act. cone. act. cone.

In contrast, the temperature may only become important in the case of
perhaps one combination since this parameter will have the greatest influence
on activation-controlled processes. This arises because corrosion processes
controlled by concentration overpotential have a limiting diffusion current,
which in many cases imposes a maximum value on the corrosion rate even
when activation polarisation is decreased (see Section 20.1). When concen-
tration overpotential predominates then the limiting current density will give
a good estimate of the corrosion rate. Since the limiting current density is
determined by the flow-rate it should be possible to predict the changes in
corrosion rate if the relationship between flow and concentration overpoten-
tial is known. If the limiting current density of the corrosion cell exceeds the



critical current density for passivation then increased flow rate could lead to
a marked decrease in dissolution.

Concentration Overpotential at an Anode

There is an important difference between anode and cathode concentration
overpotential. In the former, where anions directly participate in the dissolu-
tion process, ions accumulate at the surface and the rate is governed by metal
ions moving out to the bulk solution; in the latter the rate is controlled by
cathodic reactants (hydrogen ions, dissolved oxygen) moving towards the
surface. In the case of cathode processes the limiting diffusion current is due
to the depletion of ions as a result of the high rate of reaction, but in anodic
processes no such limit is possible. There is, however, a type of rate-limiting
behaviour when the solution next to the surface becomes saturated and
crystallisation on the surface occurs. Solution flow will stimulate both elec-
trode reactions by providing fresh solution with more ions for the cathodic
process and with more water molecules to dilute the saturated solution
formed at the anode. The rate of corrosion when concentration overpoten-
tial is controlling is governed by the diffusion of ions and the length of the
path between concentration of ions in the bulk solution and at the surface.
Pick's first law* can be applied to this situation and the rate/unit area, in
terms of the current density /, can be described by:

.^zFD(as-ab)

M i - O
where z = number of electrons in the electrode process,

F = Faraday constant (96 485 C/mol),
D = diffusion coefficient (mVs),
as = activity of ions at the surface (mol/m3),

Distance from metal surface *•

Fig. 2.3 Distribution of ions during anodic polarisation, showing the arbitrary value used for
diffusion path length

*See Section 20.1 for a more detailed derivation.
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ab = activity of ions in the bulk solution (mol/m3),
6 = path length of diffusing ions (m) and
t = transport number of all the ions involved in the electrode pro-

cess; in high concentrations of electrolytes, NaCl, Na2SO4,
HCl, etc. the charge is carried by ions not involved in the corro-
sion process and may be assumed to be unity.

The rate is a maximum when as = O for a cathodic process and when it
reaches saturation for an anodic process. For isothermal conditions D is a
constant, and at the limiting current (as — ab)is a constant, and in this case
the controlling factor is d the path length for diffusion. Thus the variation
of 6 with solution flow rate determines the corrosion rate.

The change in activity along the diffusion path length is unlikely to be
linear and from diffusion theory the distribution of ions is most likely to be
that given in Fig. 2.3. The distribution shows the difficulty of choosing a
value for 6 and a compromise value is used, 6M, which is the effective diffu-
sion layer thickness when the diffusion gradient is assumed to be linear. The
effect of changing velocity on corrosion processes can best be understood
through the factors that change 6M. Fortunately, there are many practical
examples of corrosion where the rate is wholly controlled by either the anode
or cathode concentration overpotential so that the parameters that control
the effective layer thickness should be known. This is best done by the use
of hydrodynamic theory.

Application of Hydrodynamics

It is important at the outset to define more closely the effective film thickness
6M. In any electrolyte solution in contact with a metal surface there is a
static layer of solution next to the surface whose thickness will decrease as
the solution velocity increases. The way in which this velocity changes the
hydrodynamic thickness (6H) is complex and depends on such factors as
viscosity, geometry, temperature and surface roughness*.

It is also necessary to separate laminar flow when a stagnant layer of well
defined thickness 6H is formed, from turbulent flow when values of 6H are
very low and when flow towards and away from the surface is complex. The
analogy of mass transport with heat transfer20'21 has led to successful
methods of regarding the mass transport interaction with fluid flow, since the
behaviour of heat is in many ways similar to mass transport depending as it
does on a driving force, i.e. the heat gradient may be regarded as analogous
to the concentration gradient.

Relationships between 6H and 6M have been established for certain
geometries, e.g. for a rotating disc Levich21 has found that for laminar flow
SH * 56M. The mathematical proofs of these relationships are not appro-
priate here, but a useful non-mathematical account of the application of
hydrodynamic theory to mass transport has been given by King22. The most
important variables are the main stream solution velocity U9 the character-
istic length L (diameter in the case of a rotating cylinder) and the kinematic

Reference 20 gives definitions pertaining to the various diffusion layers for the special case of
electrochemical mass transfer.



viscosity v (mVs). For application to mass transport such as cathodic
reduction or anodic dissolution, which are dependent on ion or molecular
(dissolved oxygen) transport, the variables are the diffusion coefficient, D9
and the activity difference between surface and main solution, Aa (mol/m3).

Using the mathematical technique of dimensionless group analysis, the
rate of mass transport (RM) in terms of moles per unit area per unit time
can be shown to be a function of these variables, which when grouped
together can be related to the rate by a power term. For many systems under
laminar flow conditions it has been shown that the following relationship
holds:

*ML ft/L>f»V

D^~ L~J (PJ "*( }

where AT is a constant, and x and y are exponents that are very often { and
I respectively. The dimensionless groups in equation 2.1 are referred to as
follows:

— = (Re) (Reynolds No.); ̂  = (Sc) (Schmidt No.);

1J- = (Sh) (Sherwoood No.);

where U is the main stream velocity (m/s), D is the diffusion coefficient
(mVs), v is the kinematic viscosity (mVs) and L is the characteristic length
(m). The application of this equation is only useful if:

1. The relationship between 6H and 6M is known.
2. Concentration has a power exponent of unity, i.e. conforms to a first

order reaction.
3. Dissolution is uniform (etching); otherwise, for rough surfaces such as

pitting, turbulent flow regimes may occur even at low solution velocities.

The rate RM can be converted to the limiting current density /L by Faraday's
law, so that from physical measurements on the solution it is possible to
calculate /corr, since it is of the same order as /L.

It has not been possible to calculate constant K or exponents x and y
directly from theory, except in one case, so that they have to be determined
by experiment. The geometry of a system, i.e. flat plates, stirrers, pipes, etc.
have a large effect in determining the magnitude of the constants and by
using reactions whose parameters are well established for one geometry it has
been possible to gather data for many other systems, by using the known
reactions in other geometries.

In the case of the one system that can be predicted from theory, i.e. the
rotating-disc electrode (radius r), this is proving to be a useful tool for
understanding the effects of flow on corrosion reactions. The equation can
be rearranged to give the limiting current density /L, and velocity -s- the
characteristic length UIL can be interpreted as the angular velocity co. The
equation developed by Levich21 by substituting in equation 2.1 is:

fcTj CUL]^ ft; V
iL = 0-0062*F - — - \DrAa . . . ( 2 . 2 )

\J^J ^VJ \JJJ



Substituting for UL by co and for the limiting case for the cathodic reduction
process when as = O, the activity term Aa is then equal to ab (the concentra-
tion of ions in the bulk solution), and then

/L = 0-0062zFco2 v-iZ)I abr~l .. .(2.3)

Zembura23 has made specific use of the rotating disc for investigation of
the effect of flow on corrosion reactions. This work has shown that it is pos-
sible to determine the type of control (activation or concentration polar-
isation) of zinc dissolving in 0.1 N Na2SO4 (de-aerated), which followed
closely the predicted increase in hydrogen ion reduction as the flow rate
increased, and proved that in this example

4orr. * *L

Although the rotating disc is useful in understanding the mechanism of cor-
rosion it is necessary to evaluate flow rates in the turbulent region which
characterises the effect of velocity in real systems. King22 collected data for
rotating cylinders, which give turbulent flow regimes*, even at low rotation
speeds. For many systems he found that several data fitted the relationship:

Table 2.1 Corrosion rates from hydrodynamic parameters for pipes and annuli

Flow regime

Pipes
1 . Laminar flow

(Re) > 2000

2. Turbulent flow
(Re) < 5000

3. Turbulent flow
(Re) > 5000

Annuli

Appropriate equation

f i i r//i°'33
—^-=1-614 - (Re)*'33 (SO*'33 -
zFDAa \_d] LLJ

Monly if (Re) (Sc) - < 8; d = diameter

Til Fd!0'33

—±— = 0-276 - (Re)O-M(Sc)O-33 -
zFDAa Ld] LLJ

/L = 0-023 - (Re)™ (Sc)0'33

zFD&a [_d_\

Ref. No.

25

25

56

1. Laminar flow
(Re) > 2000

2. Turbulent flow

core radius
radius ratio = ; —

outer radius
When radius ratio = 0-25, K = 1 -8 and when radius
ratio = O- 125, K = 2-03; de — annular equivalent diameter= </2 - </,
for radius ratio 0-5:

F i 1 Frf l0 '3 3

— ±— = 0-276 - (*e)°-58(Sc)°-33 -^
zFD^a UJ UJ

27

27

F i I F^l0'33

-^- = K\- \ (Re)O-3W33I^l ,
zFDAa \_dt] LLJ

* For rotating cylinders the exponent x for Reynolds number is very often unity for turbulent
flow, and therefore L may be included in the constant term for a particular geometry of
cynlinder.



CD] °'83

iV = 0-017zFflbl/l-J

where /L is in A/m2, ab is the activity in the bulk solution and the equation
assumes that the reaction is under cathodic control.

The corrosion rates in pipes and annuli are very important, but for these
geometries the effect must be evaluated experimentally, since the theory
cannot predict the relationships with any accuracy. Although the impor-
tance of the interaction of flow rate and corrosion has long been appre-
ciated, there have been very few studies where hydrodynamic parameters
have been considered or even measured and controlled24'25. However, there
has been much work where these factors have been taken into consideration
for corroding systems26'27, and the work of Ross and Wragg27 contains a
valuable review of previous work. A great deal of work has been done in the
general field of electrochemistry which may be applicable to corroding elec-
trodes when concentration polarisation of one of the half reactions pre-
dominates. Table 2.1 gives some useful equations for pipes and annuli.

Correlations Between Flow Rate in Rotating Discs,
Cylinders and Smooth Tubes

The rotating disc and rotating cylinder have been successfully applied in
the laboratory to study the effect of flow on corrosion rates and are much
easier to use than actual pipelines and other real geometries. The results of
these tests can now be correlated to geometries likely to be found in pipes,
pumps, bends, etc. in plant by use of dimensionless group analysis. There-

Table 2.2 Correlation between rotating disc, rotating cylinder and smooth tubes

where W = rotation speed in r. p.m.
V = flow rate in tubes, m s~ l

v = kinematic viscosity Hi2S"1

Rd = disc radius, m
Rc = cylinder radius, m

Rotating disc . V
(laminar flow) ^ ~ 0-0066 (Rd)0 3

Rotating cylinder K0'9 + const,
(turbulent flow) ^ ~ 0.026 (Rc),.6

Examples of rotating cylinder

V2 + 0-0025
Steel: 94 to 98% H2SO4, 6O0C, W =2 4 0 - 5 »

V2 + 0-004
Copper: 0.1 M HCl + 198 gl~* of Fe3+ at 3O0C, W =

FP 0-25 »>

V2 + 0-88
Lead: 2 M NaOH + O- 1 M NaNO3 , 4O0C, W =

0-36*>

(61)

(61)

(62)

(62)

(62)



fore, rotation of disc or cylinder can be correlated directly with flow rate in
the various geometries.

Erosion Corrosion Rates at Jets, Nozzles, Orifices
and Other Flow Expansions

When corrosion rates are mainly dependent on diffusion, especially of dis-
solved oxygen, carbon dioxide and/or hydrogen ions in weak acid solu-
tions, then it is possible to relate corrosion rates in terms of hydrodynamic
parameters, i.e. erosion corrosion. This makes corrosion allowance in
design, at the drawing-board stage, a possibility. Engineers, who already
carry out similar calculations to estimate the dimensions of pipelines and
other flow systems, can use these concepts to predict erosion rates. Such
calculations could be used as a guide to selection of materials or inhibitor
type when more realistic estimations are made of the rate of corrosion
damage. Thus, effective corrosion control might therefore be achieved by a
larger pipe size, longer bends, more sophisticated 'tee' junctions, and slower
pump speeds as an alternative to the more formal methods of corrosion con-
trol which generally are more costly.

For many cooling waters, including seawater and also drinking water,
where corrosion rates are 70 to 100% of the limiting diffusion current, the
use of dimensionless group analysis can then be applied.

Suitable equations have been given for pipelines in Fig. 2.4 and these
may be compared with the equation for impinging jets and nozzles or
orifices. A more detailed review of this and other hydrodynamic relation-
ships are given by B. Poulson57.

Impinging Jet or Nozzle

There are many examples of increased corrosion at or near nozzles and
jets and this is a recurring problem requiring frequent replacement and
maintenance. The use of hydrodynamics and, in particular, dimensional
group analysis, can show the most important parameters and can indicate
the comparative rates of corrosion.

In the case of jets and nozzles, the general pattern is a stagnant area
beneath the jet and an area adjacent which suffers increased flow rate and
therefore corrosion. The essential parameters are shown in Fig. 2.4 and
for turbulent flow the Sherwood No. (Sh)9 according to Chin and Tsang61,
becomes:

Sh = I-UReO-5ScO-33QUd)-0'054

where H = height of the jet from a flat plate
d = diameter of the jet stream
x = diameter of jet area

This equation applies for turbulent flow when Re is between 4000 and
16 000; x/d between O-1 and 1 -O. For //, d and x, see Fig. 2.4.

This may be compared with fully developed turbulent flow along a flat
sheet or tube when:



Fig. 2.4

Sh = O -023 ,Re08Sc033

This may be compared with the corrosion rate increase at an orifice of the
same diameter ratio, given that

Sh0 = 0-276 Re0'66 Sc0'33

Ud
Re = —

v

The zone beyond the orifice is likely to be corroding faster than for the
material at the orifice.

Assuming H/d = 5 then

frf\ -0-054

[f] .,.„

and since ScQ'33 is common, then the increase in the Sherwood No. (Sh) as
a result of the jet, is proportional to the increase in corrosion rate and an
approximate estimate can be made from the ratio:

1 • 12 Re05:0-023 Re0*

For example, when Re = 5000, the ratio equals 79:21, and therefore an
increase in corrosion rate of about four times is found as a result of the
jet.

Rotating
disc

Rotating
cylinder

Impinging
jet

Nozzle
or
orifice

Tube

Re = ?!!
Y

Rec= 1.7-3.5
X 105

dV cod2

Re= — =
Y 2y

Rec ~ 200

dVRe =
Y

Rec ~ 2000

Re0 =
 d°V°

Y

Rec ~ 500

n
 dv

Re= —
Y

Rec ~ 2000

Sh1 = 0.6205 ReO-5 Sc0-33

Shr = 0.0078 ReQ-9 Sc0-33

Shsmooth = 0.079 Re°-? Sc°-356

Shr0ugh = d.25 + 5.76 Iog10 d/£)0.7 R6 ScO-3^e

ShUA=1.12Re°-5ScO-33(H/d)°-05i

ShTWJ = 0.65 ReO W^-V'2

W

Shmax = 0.276 Re°-66 Sc0-33

Shx r D /ReO-66 \1
-1 +AY 1 + B f _21Shfd

 x I x \ 0.0165 ReO-66 Z I /J

Sh1= 1.6U(ReScd/L)0.33
Sh1 = 0.276 Re0-5" Sc0-33 ld/L}°-33

ShFdf = 0.0165 Re°-86 Sc°-33



Angled Jets

If jets are inclined at angles other than 90° to the flat plate, the overall mass
transport appears to be unchanged except that the stagnation area is nearer
to the down side of the jet59.

Orifices and Other Restrictions in Flow

In practice, deliberate changes in flow are necessary to proportion quantities
of flow into various systems, and to determine flow rate by various measur-
ing devices by restrictions, e.g. Venturi meters and rotameters.

Accidental restrictions in flow, causing considerable premature failure,
have included wrongly sized packing gaskets in pipe and tube joints, weld-
ing ferrules and baffling, in heat exchangers, all of which could have been
allowed for at the design stage if hydrodynamic relationships had been
applied.

It has been suggested60 that (see Fig. 2.4):

Shmax = 0-276ReO-66Sc0'33 \^\
14J

where d = diameter of the pipe
d0 = diameter of the orifice.

The effect of an orifice in a tube on corrosion rate compared with the rate
in a smooth tube can be calculated from:

Sh0 _ O- 276 Re0'66 d
S^ ~ 0-023* Re08 "d0

Where Sh0 is for the turbulance at X9 and Sh1 is for turbulent flow in a
smooth pipe.

If the Reynolds No. is 100 000 and the ratio of the diameter of the tube
and orifice is 2, then the increase in corrosion rate at x is:

0-276 (100 OOP)066

0^023 ' (100 00O)08 ' 2 ^ 5 timCS

Temperature and Flow Rate

For diffusion controlled corrosion reactions e.g. dissolved oxygen reduction,
and the effect of temperature which increases diffusion rates, then by sub-
stituting viscosity and the diffusion coefficients at appropriate temperatures
into the Reynolds No. and Schmidt No., changes in corrosion rate can be
calculated.

For example, Oldfield and Todd63 have confirmed that for mild steel in
seawater then the rate of corrosion can be predicted from:



no-75
CR. in mm/yr = O • 0117 - C02 UQ<9 -—

when C02 = concentration of oxygen in ppb
U = flow rate in cm/sec
D = diffusion coefficient, cmVsec
v — kinematic viscosity, cmVsec

By substituting the appropriate values for viscosity and diffusion at various
temperatures, they found that corrosion rates could be calculated which were
confirmed by experiment. The corrosion rates represent maxima, and in real
systems, corrosion products, scale and fouling would reduce these values
often by 50%. The equation was useful in predicting the worst effects of
changing the flow and temperature. The method assumes that the corrosion
rate is the same as the limiting diffusion of oxygen; at least initially this seems
correct.

Effect of Flow During Conditions
that Lead to Film Formation

For many corroding systems the rate is controlled by the presence of a film
of corrosion products. This may range from the relatively thin films on
metals such as aluminium and magnesium to massive deposits found on cor-
roding iron pipes. Both situations have been considered from the view-point
of hydrodynamic theory. In the case of magnesium corroding in hydro-
chloric acid, Marangozis28 has derived a relationship that includes chemical
dissolution of Mg(OH)2 as a controlling factor, the rate being controlled by
diffusion of OH~ ions. For rotating cylinders the rate of dissolution fol-
lowed the relationship

*Mg2+=2-107(*OH-)(CMg2+)

where KOH- is the mass transport coefficient of hydroxyl ions, CMg2+ is
derived from the solubility product of Mg(OH)2 and the units are gm ~ d"1.
A^OH- can be calculated from purely physical data, thus

[ ( Cr\0 33 f C^O-66 ~| tr \\bC)H+ \&C)OH- y c H + )
f O ~ \ 0 3 3 + /0~\0-66 /r \
WC/OH- WcJn+ J V^OH-J

where (Sc) = Schmidt number (v/D),
(CH+) = concentration (or activity) in main solution,

(Q)H-) = concentration (or activity) at the surface which may be
obtained from the solubility product of Mg(OH)2, and

^OH- = the mass transport coefficient of hydroxyl ions without
chemical reaction and is obtained from:

*s«-H <*>»-(?]"(£)]•



where U = peripheral velocity of the rotating cylinder,
h = distance between cylinder and vessel wall,
r = radius of cylinder, and

D = diffusion coefficient of OH" ions.

The equations are valid up to about O-1 M HCl, but at high rates surface
roughening gives errors as the flow regime changes to turbulent flow. The
analysis of the hydrodynamic situation when a porous film, several micro-
metres in thickness, is formed by precipitation of corrosion products has
been made by Mahato etal.29. The importance of this work is that it takes
into account the varying rate as this layer begins to thicken. The system they
considered was the internal rusting of steel pipes by natural water. The
presence of corrosion product gave rise to turbulent flow, even at low flow
rate and the characteristic length L was the internal pipe diameter which
decreased with time as corrosion product accumulated. Thus the dimen-
sional group theory was modified to accommodate the 'unsteady state' mass
transport.

The details of this calculation are given by Mahato, and the final result
was:

Weight loss = 52-1 (Re)0 54[ (Q-96t + 0-31)° 5 - 0.56]

where the weight loss is in g m~2d~1 and the time / is in hours.
An important assumption was that the solution was dilute (in this case

natural water of approximately 100 p.p.m. total dissolved solids) since there
are difficulties in applying mass transport equations for certain situations
in concentrated electrolyte solution, where a knowledge of activities is uncer-
tain and this can lead to large errors.

The above work is important, since many practical corrosion systems
involve a thick but porous film of corrosion products, e.g. rusting, sul-
phatising, tuberculation and atmospheric corrosion, and the approach may
lead to a more valid corrosion testing technique for these situations.

Some Effects of Temperature
on Corrosion Reactions

In contrast to the influence of velocity, whose primary effect is to increase
the corrosion rates of electrode processes that are controlled by the diffusion
of reactants, temperature changes have the greatest effect when the rate
determining step is the activation process. In general, if diffusion rates are
doubled for a certain increase in temperature, activation processes may be
increased by 10-100 times, depending on the magnitude of the activation
energy.

Bearing in mind the importance of the rate determining process and
because of the complex situation in corrosion reactions of having two elec-
trode processes, the effect of temperature is best illustrated by reference to
specific situations.



Cathode Reactions

Hydrogen evolution process In de-aerated solutions when this process is
under activation control the main effect of increasing the temperature is to
increase the exchange current. Typical examples of the magnitude of this
change have been given by Conway etal.30 who found that for nickel the
exchange current increased from approximately 10~2 A/m2 to 1-0 A/m2

when the temperature changed from 10 to 750C and the activation energy
was about 59 kJ/mol. Thus the rate of corrosion would be increased by at
least 100 times if the anode process was unaffected by the temperature
increase, whilst for control by concentration polarisation, the diffusion
coefficient for hydrogen ions would increase perhaps only twice over the
same temperature range.

Dissolved oxygen reduction process Corrosion processes governed by this
cathode reaction might be expected to be wholly controlled by concentration
polarisation because of the low solubility of oxygen, especially in concen-
trated salt solution. The effect of temperature increase is complex in that the
diffusivity of oxygen molecules increases, but solubility decreases. Data are
scarce for these effects but the net mass transport of oxygen should increase
with temperature31 until a maximum is reached (estimated at about 8O0C)
when the concentration falls as the boiling point is approached. Thus the
corrosion rate should attain a maximum at 8O0C and then decrease with
further increase in temperature.

A striking example of the interaction of solution velocity and concen-
tration is given by Zembura23 who found that for copper in aerated O-1 N
H2SO4, the controlling process was the oxygen reduction reaction and that
up to 5O0C, the 'slow step' is the activation process for that reaction. At 750C
the process is now controlled by diffusion, and increasing solution velocity
has a large effect on the corrosion rate (Fig. 2.5), but little effect.at tempera-
tures below 5O0C. This study shows how unwise it is to separate these various

Vrotating speed (r.p.m.)

Fig. 2.5 Corrosion rate of a copper rotating disc in air-saturated 0-1 N H2SO4 at various
temperatures (after Zembura23)
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parameters of concentration, velocity and temperature until the dominating
electrode process is determined.

Anode Reactions

It is convenient to consider three stages of anode polarisation with regard to
temperature effects, (a) under film-free conditions, (b) under film-forming
conditions and (c) at the active-passive transition.

Film-free conditions It has been observed for many metals that the magni-
tude of /crit (see Section 1.4) increases with temperature and that the activa-
tion energy for dissolution is low, suggestive of a diffusion-limited anode
process when the migration of corrosion products away from the surface is
rate controlling. Some examples of the value of the activation energy for this
process are given in Table 2.4.

These data have been obtained by anodic polarisation work and might
therefore be more relevant when cathodic reduction of oxygen takes place
that can increase the corrosion potential to high positive values.

Table 2.4 Activation energies for critical currents (/crjt ) for passivation

Temperature
range

25-980C
25-750C
25-10O0C
25-980C
4-3O0C

Activation energy
(kJ/mol)

19-2
23-4
37-6
46-0
41-8

System

Ni in 0-05 N H2SO4
Ni in O- 12 N H2SO4
Cr-Ni-Mn steels in H2SO4
Ti in HCl
Fein 1 N H2SO4

Reference No.

32
32
33
34
35

The relationship between /crit and temperature can be described by an
Arrhenius type of equation:

log/cri, = A - I^ .. .(2.4)

where A is a constant and E* is the activation energy. A more useful form
is:

E*
lOg W = lOg/crit. ~~E^+K

Kl

where log /Jrit is the value at, say, 250C.
For many metals the critical current density for passivation (/crit)

increases with increasing pH of the solution:

log/crit. = log/erito + ^pH .. .(2.5)

where K is a constant depending on the metal or alloy and log /crit o is the
value when pH = O.

This relationship is in accordance with the hydroxyl adsorption theory
where polarisation is decreased with increasing hydroxyl concentration



Thus the rate of change of /p under activation control is much faster
than /crit which is under diffusion control, and for the same condition of
solution velocity the two rates could become equal at some common
temperature, i.e. /crit = /p, and there is no active-passive transition. For
many of the systems given in the table this temperature is about 10O0C.
Above this temperature the measured activation energy is lower and diffu-
sion control is established.

In practice the danger of aerated systems becomes apparent when the
temperature is above .a certain minimum, for there is no passive film for-
mation, and it is clear that anodic protection cannot be effective in these
circumstances.

The dissolution of passive films is, in the main, controlled by a chemical
activation step in contrast to film-free conditions at /crit . Many protective
anodic films are oxides and hydroxides whose dissolution depends upon the
hydrogen ion concentration, and the rate follows a Freundlich adsorption
equation:

log ip = log k + nlog CH+ .. .(2.6)

where k is constant and n is related to the valency of the cations; n = 0-5,
0-33 and 0-25 for monovalent, divalent and trivalent ions, respectively. On
rearranging equation 2.6 a more useful form is obtained:

log/p = log/J-/ipH*

(unless film formation interferes). Equations 2.4 and 2.5 may be combined
to determine the magnitude of /crit at various temperatures and pH. Since
control is due mainly to the diffusion of anodic products from the surface,
changes in flow would be expected to have a large effect, and should be con-
sidered when designing anodic protections systems.

Film formation In a few instances the temperature dependence of /p, the
passive current, has been observed and high activation energies (46 to
—84 kJ/mol) have been obtained, indicating a large increase in rate as the
temperature increases (see Table 2.5).

Table 2.5 Activation energies of passivation current densities, L

Temperature
range

25-6O0C
25-6O0C
4-250C

25-10O0C
25-750C
60-10O0C

25-6O0C
10-250C
25-7O0C

Activation
energy

(kJ/mol)

60
49
54
78
56
50
46
48
75
92

System

Sn in 1 N NaOH
Sn in 0-1 N NaOH
Fein I N H2SO4
Ni in 1 N H2SO4

Cu in 0-1 N H2SO4
Inconel 825
Corronel 230
Cr-Mn-Ni steels
Ti in 10 N HCl
Ti in 10 N HCl

Reference
No.

37
37
35
36
23
38
38
33
39
39



p H a t 250C ( - logo H +)

Fig. 2.6 Change in — logaH+ with temperature54

Active-passive transition It has been shown that /p, the current required
to maintain a passive film, increases with temperature at a much greater rate
than the critical current for passivation as a result of an activation-controlled
process. At some temperature ip will exceed /crit and no active-passive
transition will be observed, and more important no protection by a passive
film is possible because of the high rate of dissolution. At this stage the
slow process becomes the diffusion of reactants and control of the rate is

* Note that the pH dependence is opposite to that for *crit which increases as pH increases.
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where log /p is the current density (at constant temperature) when pH = O.
This equation can be combined with the temperature relationship assuming
the pH is constant:

—E*
log/p = log I,*-2^]^+*

where /pT is the passivation current at some standard temperature, e.g.
250C.

Hence log /p = K1 - AzpH + *2 I ̂ ) • • -C2-7)

This assumes that the pH does not change over the temperature range con-
sidered. However, corrections are small for pH values of from O to 5, but
significant in the range 6-9 as shown in Fig. 2.6.



Current density ( A / m 2 )

Fig. 2.7 Anodic polarisation of nickel at various temperatures, in 0-05 N H2SO4 +
0-05 N K2SO4, pH 1-3 (after Cowan and Staehle32)

sensitive to solution flow changes. The temperature at which this occurs
has only been determined in a few cases and an example is given in Fig. 2.7.
It must be emphasised that the rate of dissolution of the passive film is also
determined in many cases by the pH of the solution, and for some metals and
alloys this effect probably occurs at low temperatures below the boiling point
of aqueous solutions when under acidic conditions.

Some metals and alloys have low rates of film dissolution (low /p) even in
solutions of very low pH, e.g. chromium and its alloys, and titanium. In
these cases the value of /p is quite low, and although it increases as the
temperature increases, a maximum is reached when the solution boils. The
maximum current is below /crit and breakdown does not occur. However, in
certain alloys, e.g. Cr-Fe alloys, the protective film may change in composi-
tion on increasing the anode potential to give oxides that are more soluble
at low pH and are therefore more susceptible to temperature increases. This
occurs in the presence of cathode reactants such as chromic acid which allow
polarisation of the anode.

For many metals and alloys the determination of /p is complex, and its
magnitude is governed by many factors such as surface finish, rate of for-
mation, alloying constituents, and the presence of those anions, such as
halides, that promote localised breakdown. In many instances the attack on
passive films by halide ions shows a temperature and concentration depen-
dence similar to the effect of hydrogen ions, i.e. the rate of film dissolution
increases with concentration in accordance with a Freundlich adsorption
relationship

Rate = KCn

where C is the concentration of halide, and the effect of temperature
indicates a diffusion-controlled process.
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Thermodynamic Considerations

Potential-pH diagrams have been calculated for most metals and many non-
metal systems by Pourbaix40 and others for temperatures at 250C. In addi-
tion, theoretical relationships have been established41'42 which enable the
diagrams to be calculated at other temperatures.

The diagram for Fe-H2O has been calculated by two different
methods43'44 and gives similar results. The most interesting feature of the
diagrams is that they predict that for pH 13.0 (determined at 250C) the
thermodynamic tendency for corrosion increases markedly when the temper-
ature is raised above about 750C.

Another important result is the effect of temperature on the pH scale. This
change cannot be calculated from fundamental principles, but it is possible
to calculate the change in activity of hydrogen ion as a function of
temperature. In general, as the activity changes as a function of the dissocia-
tion constant of water, there is very little change at high concentrations of
hydrogen ions, but significant changes do occur from the neutral to the
alkaline region (Fig. 2.6).

Potential-pH diagrams may be made more useful if the solution pH at
250C is given on the axis (since this would be measured in practice) and the
diagram drawn for the temperature of interest. Because of the non-linear
relationship, the various lines become curved as shown in Fig. 2.8. Experi-
mental verifications of these types of diagram are few, but Cowan and
Staehle34 have studied the behaviour of nickel in sulphate solutions at pH
values in the acidic region. Their main conclusions were that at 30O0C in the
pH range 5-10, the corrosion of nickel should be thermodynamically
impossible, and in the range pH 2-5 and 10-13 the driving force for corro-
sion should be small in oxygen-free solutions. These observations confirm
subsequent experimental tests.

The calculations of these diagrams are complicated, but computer
methods are now available45, and using these techniques the effect of
temperature on potential-pH diagrams has been calculated for many
metals46. Their usefulness, however, awaits further experimental evidence
to confirm the predictions.

Heat Transfer

The discussion to date has assumed isothermal conditions, but in many prac-
tical situations corrosion reactions have to be considered when the electrode
is acting as a cooler or a heater.

From various studies47'48 it is becoming clear that in spite of a heat flux,
the overriding parameter is the temperature at the interface between the
metal electrode and the solution, which has an effect on diffusion coeffi-
cients and viscosity. If the variations of these parameters with temperature
are known, then /L (and /corr) can be calculated from the hydrodynamic
equations.

When film-forming reactions occur and activation control is the rate-
determining factor then the interfacial temperature again will determine
the extent of corrosion.



pH ( measured at 250C)

Fig. 2.8 Potential-pH diagram calculated for Fe-H2O system at 25O0C. The pH scale refers
to the solution measured at 250C and then raised to 25O0C (after Ashworth55)

The work of Porter et a/.48 has shown that for copper in phosphoric acid
the inter facial temperature was the main factor, and furthermore this was
the case for positive or negative heat flux. Activation energies were deter-
mined for this system; they indicated that concentration polarisation was the
rate-determining process, and by adjustment of the diffusion coefficient and
viscosity for the temperature at the interface and the application of dimen-
sional group analysis it was found that:

IL = 43-3(CS-CB)Z>31T*

where C8 = surface concentration of ions,
CB = bulk concentration of ions,
D = diffusion coefficient and
v = kinematic viscosity.

This equation provides a means of predicting /L (A/m2), from which an
approximation of /corr can be made from physical measurements alone.

Boiling Heat Transfer

This represents a special case of high-level turbulence at a surface by the
formation of steam and the possibility of the concentration of ions as water
evaporates into the steam bubbles49'50. For those metals and alloys in a
particular environment that allow diffusion-controlled corrosion processes,
rates will be very high except in the case where dissolved gases such as
oxygen are the main cathodic reactant. Under these circumstances gases
will be expelled into the steam and are not available for reaction. How-
ever, under conditions of sub-cooled forced circulation, when cool solu-
tion is continually approaching the hot metal surface, the dissolved oxygen
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appears to be effective51 and cathodic processes are stimulated. When the
activation step is rate controlling the boiling temperature represents a
maximum in the rate. Only small changes (of about 1O0C) are possible for
metal temperatures to exceed the boiling point because of film boiling, when
steam effectively covers the whole surface and corrosion rates become
negligible. There is a danger of metal damage by a rapid rise in temperature
(Fig. 2.9) when the 'cooling' action of evaporation at the surface is pre-
vented, a situation that is obviously to be avoided in the design. When activa-
tion processes are in control the small temperature rise allowable above the
equilibrium boiling point may increase rates of dissolution by two orders of
magnitude51.

Butler and Ison49 have suggested that variation in corrosion rate can be
influenced by surface roughness, which allows a large number of nuclei for
steam bubble formation. In these circumstances they have suggested that
concentration of ions in solution next to the surface will be greater, and their
observations on corrosion damage indicate that the steam bubbles may pro-
vide crevices or at least enhanced conditions for dissolution at the triple
interface (solution/metal/steam).

Thermogalvanic Corrosion

It is impossible to design heat exchangers where all surfaces are-isothermal
and in many cases such differences are required by the design. For instance,
a steam cooler may have a de-superheating zone, a condensing zone and a
liquid cooling zone on the same metal tube, but at different positions along
its length (Fig. 2.10). The question arises as to whether such temperature
differences on the same metal surface in contact with the same electrolyte

'Burn out' of
metal possible

Film boilingNucleate
boiling

Temp.diff. ( A t ) , metal/soln. (0C )

Fig. 2.9 Typical boiling heat-transfer characteristics; At is the temperature difference between
the solution and the metal surface
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Coolent i n l e t Outlet

Fig. 2.10 Temperature distribution in a typical heat exchanger

Origin and Magnitude of Thermogalvanic Potentials

The e.m.f. of a thermogalvanic cell is the result of four main effects42:
(a) electrode temperature, (b) thermal liquid junction potential, (c) metal-
lic thermocouple and (d) thermal diffusion gradient or Soret.

The driving force of a thermogalvanic corrosion cell is therefore the
e.m.f. attributable to these four effects, but modified by anodic and cathodic
polarisation of the metal electrodes as a result of local action corrosion
processes.

In practical systems, (c) and (d) are often very small especially on the
same metal surface when solution flow occurs by convection or forced cir-
culation. In neutral solutions, (b) may be small but is somewhat larger in
acid solution. On this basis several workers have determined effect (a) as a

solution (on the cooling side), can have sufficient electrode potential differ-
ences to give rise to a galvanic cell, i.e. a thermal galvanic cell. Electrode
potentials change with temperature, but as shown previously, temperature
changes may also affect the kinetics of dissolution, especially activation-
controlled processes. The main role of thermogalvanic cells is in polaris-
ing existing electrode processes, which, depending on other aspects of the
environment, may accelerate or decelerate corrosion.
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guide to the subsequent behaviour of a thermogalvanic cell. The main
usefulness of such a calculation is to decide whether a hot anode or a hot
cathode is produced. In many corroding systems, a large cathode area to
anode area is detrimental, because of the many situations where corrosion
is controlled by diffusion of reactants to the cathode. Such a situation exists
at the entrance to a heat exchanger producing a hot zone, and if this is anodic
to the larger area of cooler metal then a thermogalvanic cell is set up, having
a potentially enhanced corrosion rate52'53.

It should be noted that the simple Nernst equation cannot be used since
the standard electrode potential E e is markedly temperature dependent. By
means of irreversible thermodynamics42 equations have been computed to
calculate these potentials and are in good agreement with experimentally
determined results.

In general, temperature coefficients of electrode potential are in the range
=tO- l to 2mV/0C and in many practical systems temperature differences
rarely exceed 750C, so that the driving force for thermogalvanic corro-
sion is small and would be subject mainly to resistance control. However,
in many instances the temperature change also decreases polarisation
(see Fig. 2.11) so that if the resistance of the solution is not high severe
attack can ensue. Because of the resistance effect attack is confined to a small
area of largest temperature gradient, leading to deep notches at the edge of
the heated zone, i.e. the dangerous situation of a small anode and large
cathode.

Active-passive Transitions

Whilst temperature coefficients suggest modest potential differences, these
calculations do not take into account the large potential changes that can
occur when thermal effects allow transition from active to passive states.

Fig. 2.11 Influence of temperature on the anodic polarisation of copper in aerated 3% NaCl
solution51. £corr is the corrosion potential of the hot metal when not in contact with the cold
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Fig. 2.12 Potential-time curves on mild steel in sodium borate/hydrochloric acid buffer solu-
tions, pH 7*60, oxygen-saturated solution (after Ashworth55)

These observations show that kinetic factors can outweigh thermo-
dynamic effects and the situation of the mutual polarisation of two elec-
trodes in a corrosion cell leads to either negative or positive temperature
coefficients. Prediction of thermogalvanic action from consideration of the
anode process alone can therefore be misleading. Thermogalvanic corro-
sion rates may be low in most circumstances but they are persistent for long
periods, existing as long as temperature differences exist, i.e. the operat-
ing period of plant. They represent a dormant situation that can accelerate
corrosion if the environment changes, e.g. high conductivity, and increase
in aggressive ion concentration.

P. J. BODEN
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2.2 The Atmosphere

Metals are more frequently exposed to the atmosphere than to any other
corrosive environment. Atmospheric corrosion is also the oldest corrosion
problem known to mankind, yet even today it is not fully understood. The
principal reason for this paradox lies in the complexity of the variables which
determine the kinetics of the corrosion reactions. Thus, corrosion rates vary
from place to place, from hour to hour and from season to season. Equally
important, this complexity makes meaningful results from laboratory
experiments very difficult to obtain.

However, the object of this section is to outline the principles which
govern atmospheric corrosion, and the emphasis is placed on metals whose
atmospheric corrosion is of economic importance. These include iron and
steel, zinc, copper, lead, aluminium and chromium.

Classification of Atmospheric Corrosion

Atmospheric corrosion can be conveniently classified as follows:

(a) Dry oxidation.
(b) Damp corrosion.
(c) Wet corrosion.

Dry Oxidation

This takes place in the atmosphere with all metals that have a negative free
energy of oxide formation. Gold does not oxidise and this property is utilised
in the coating of electronic components where even the thinnest layers of cor-
rosion product cannot be tolerated. For metals forming non-porous oxides
(alkali metals are an exception) the films rapidly reach a limiting thickness
since ion diffusion through the oxide lattice is extremely slow at ambient
temperatures, and at the limiting thickness, the oxideofilms on metals are
invisible. For example, those on iron are typically 3OA thick. For certain
metals and alloys these films are so fault-free or rapidly self-healing that they
confer remarkable protection on the substrate, e.g. stainless steel, titanium
and chromium.



* There are two methods that are commonly used for estimating sulphur dioxide:
(a) Lead peroxide 'candle' method. The weight gain, caused by lead sulphate formation as sulphur dioxide
reacts with a specified surface area of lead peroxide paste, is measured.
(b) Hydrogen peroxide titrimetric method. A known volume ofair is pumped through a weak hydrogen
peroxide solution in which the sulphur dioxide is oxidised to sulphuric acid. The acid content is estimated by
titration. In Ref. 1 the second method was used, the air first being filtered to yield an estimate of paniculate
matter.

However, in this section emphasis is placed upon damp and wet atmo-
spheric corrosion which are characterised by the presence of a thin, invisible
film of electrolyte solution on the metal surface (damp type) or by visible
deposits of dew, rain, sea-spray, etc. (wet type). In these categories may be
placed the rusting of iron and steel (both types involved), 'white rusting' of
zinc (wet type) and the formation of patinae on copper and its alloys (both
types).

The corrosion products may be soluble or insoluble. If insoluble, they
usually reduce the rate of corrosion by isolating the substrate from the cor-
rosive environment. Less commonly, they may stimulate corrosion by offer-
ing little physical protection while retaining moisture in contact with the
metal surface for longer periods.

Soluble corrosion products may increase corrosion rates in two ways.
Firstly, they may increase the conductivity of the electrolyte solution and
thereby decrease 'internal resistance' of the corrosion cells. Secondly, they
may act hygroscopically to form solutions at humidities at and above that
in equilibrium with the saturated solution (Table 2.7). The 'fogging' of nickel
in SO2-containing atmospheres, due to the formation of hygroscopic nickel
sulphate, exemplifies this type of behaviour. However, whether the corro-
sion products are soluble or insoluble, protective or non-protective, the

The tarnishing of copper and silver in dry air containing traces of
hydrogen sulphide (Table 2.6) is another example of film growth by lattice
diffusion at ambient temperatures. In these cases defects in the sulphide lat-
tice enable the films to grow to visible thicknesses with the consequent forma-
tion of tarnish films which are aesthetically objectionable and may have a
significant effect on the behaviour of the metals in particular applications,
e.g. electrical contacts.

Table 2.6 Typical concentration of atmospheric impurities

Impurity

Sulphur dioxide*' l

Sulphur trioxide
Hydrogen sulphide2

Ammonia 3

Chloride3

(air sampled)
Chloride3

(rainfall sampled)

Smoke particles ]

Typical concentrations 0-ig/m 3 )

Industrial region: winter 350, summer 100
Rural region: winter 100, summer 40
Approximately 1 % of the sulphur dioxide content
Industrial region: 1 -5-90 ^l . ,
Urban region: 0-5-1-7 }• val"es measured

Rural region: O- 15-0-45 J '«*" spring
Industrial region: 4-8
Rural region: 2- 1
Industrial inland: winter 8-2, summer 2-7
Rural coastal: annual average 5-4
Industrial inland: winter 7-9, summer 5-3
Rural coastal: winter 57, summer 18

(these values in mg/1)
Industrial region: winter 250, summer 100
Rural region: winter 60, summer 15



Water vapour is essential to the formation of an electrolyte solution which
will support the electrochemical corrosion reactions, and its concentration
in the atmosphere is usually expressed in terms of the relative humidity (r.h.).

corrosive atmosphere experienced by the substrate (often referred to as the
'micro-environment') is modified from the macro-environment experienced
by a bare substrate. For this reason, corrosion rates are rarely constant for
extended periods of atmospheric exposure.

Composition of the Atmosphere

Nominal Composition

The composition given in Table 2.8 is global and, for most components, is
reasonably constant for all locations, but the water vapour content will
obviously vary according to the climatic region, season of the year, time of
the day, etc. However, only oxygen, carbon dioxide and water vapour need
to be considered in the context of atmospheric corrosion.

Carbon dioxide was once thought essential for the rusting of ferrous
metals (viz. the carbonic acid theory of rusting) but is now considered of
relatively minor importance8'9. However, basic zinc carbonate is frequently
found in the corrosion products of zinc and small amounts of siderite
(FeCO3) are found in ferrous rusts.

Table 2.8 Approximate constitution10 of the atmosphere at 1O0C and 100 kN/m2

(excluding impurities)

Constituents

Air
Nitrogen
Oxygen
Argon
Water vapour
Carbon dioxide

g/m3

1 172
879
269

15
8
0-5

Weight (%)

100
75
23

1-26
0-70
0-04

Constituents

Neon
Krypton
Helium
Xenon
Hydrogen

mg/m3

14
4
0-8
0-5
0-05

p. p.m. by weight

12
3
0-7
0-4
0-04

Salt in solution

CuSO4-SH2O
K2SO4

Na2SO4
Na2CO3-IOH2O
FeSO4-TH2O
ZnSO4-TH2O
3CdSO4-SH2O
KCl
(NH4)2S04

r.h.
W

98
98
93
92
92
90
89
86
81

Salt in solution

NaCl
CuCl2 -2H2 O
FeCl2
NiCI2

K2 CO3 -2H2 O
MgCl2 -6H2 O
CaCl2 -6H2 O
ZnCl2-JcH2O
NH4Cl

r.h.
(%)

76
68
56
54
44
34
32
10
80

Table 2.7 Relative humidities of air in equilibrium
with saturated salt solutions at 2O0C4'7



This is defined as the percentage ratio of the water vapour pressure in the
atmosphere compared to that which would saturate the atmosphere at the
same temperature. Alternatively, the difference in temperature between the
ambient atmosphere and that to which it would have to be cooled before
moisture condensed from it, is also used as a measure of moisture content.
This difference in temperature is called the dew point depression. The actual
temperature at which condensation takes place is known as the dew point.
The relative humidity is then expressed as:

_ Saturated vapour pressure of H2O at the dew point
Saturated vapour pressure of H2O at ambient temp.

Oxygen from the atmosphere, dissolved in the electrolyte solution pro-
vides the cathode reactant in the corrosion process. Since the electrolyte solu-
tion is in the form of thin films or droplets, diffusion of oxygen from the
atmosphere/electrolyte solution interface to the solution/metal interface is
rapid. Moreover, convection currents within these thin films of solution may
play a part in further decreasing concentration polarisation of this cathodic
process11. Oxygen may also oxidise soluble corrosion products to less solu-
ble ones which form more or less protective barriers to further corrosion,
e.g. the oxidation of ferrous species to the less soluble ferric forms in the
rusting of iron and steel.

Atmospheric Contaminants

In a sense this subdivision of the composition of the atmosphere is arbitrary
since some of the so-called contaminants are derived partly or wholly from
natural sources. However, in that their concentrations vary appreciably
within very narrow geographical limits, they may be distinguished from the
contents of Table 2.8 (with the possible exception of water vapour). Table
2.6 lists those contaminants which are important from a corrosion stand-
point. Excluded are contaminants found only in very specific locations, e.g.
in the vicinity of a chemical works. The concentrations given are intended
only to indicate general levels in the usual classification of environments and
not to define a particular environment.

Sulphur oxides These (SO2 is the most frequently encountered oxide) are
powerful stimulators of atmospheric corrosion, and for steel and particu-
larly zinc the correlation between the level of SO2 pollution and corrosion
rates is good 12~14. However, in severe marine environments, notably in the
case of zinc, the chloride contamination may have a higher correlation coeffi-
cient than SO2.

The SO2 in the atmosphere is derived from two sources. Firstly, from the
aerial oxidation of H2S produced naturally (see later) and secondly from
the combustion of sulphur-containing fuels. In industrialised countries the
second source predominates, but on a global scale only about one-fifth of the
total sulphur pollution is derived from human activity. In 1969, the total
sulphur emission, expressed in terms of SO2, from burnt fuel in the UK was
6-06 x 106 tons. In densely populated countries sulphur pollution levels
are very much related to the domestic heating cycle, and in the UK maximum



pollution levels are reached in January/February and the minimum usually
occurs in August1. This cyclic pattern is closely reflected by corrosion rate
variations15'16, corrosion being heaviest in the winter months despite lower
average temperatures.

A more detailed consideration of the role of SO2 as a corrosion stimula-
tor will be given later.

Hydrogen sulphide This is produced by the putrefaction of organic sulphur
compounds or by the action of sulphate-reducing bacteria in anaerobic con-
ditions (e.g. in polluted river estuaries). It is fairly rapidly oxidised to SO2
and concentrations are considerably lower than those of SO2

2 (Table 2.6).
Nevertheless it is responsible for the tarnishing of copper and silver at nor-
mal atmospheric concentrations.

Nitrogen compounds These also arise from both natural and synthetic
sources. Thus ammonia is formed in the atmosphere during electrical
storms, but increases in the ammonium ion concentration in rainfall over
Europe in recent years are attributed to increased use of artificial fertilisers.
Ammonium compounds in solution may increase the wettability of a
metal17 and the action of ammonia and its compounds in causing 'season
cracking', a type of stress-corrosion cracking of cold-worked brass, is well
documented.

Saline particles These are of two main types. The first is ammonium
sulphate formed in heavily industrialised areas where appreciable concen-
trations of ammonia and SO3 or of H2SO4 aerosol co-exist. It is a strong
stimulator of the initiation of corrosion, being hygroscopic and acidic. The
second is marine salt, mainly sodium chloride but quite appreciable quan-
tities of potassium, magnesium and calcium ions are analysed in rainfall3.
Chlorides are also produced in industrial areas and for the UK the fall-off
in concentration of marine salt with distance from the sea is partially masked
by chloride produced by the industrial regions in the centre of the country3.
Chlorides are also hygroscopic and the chloride ion is highly aggressive to
some metals, e.g. stainless steel.

Other airborne particles These are also divisible into two groups. Firstly,
the inert non-absorbent particles, usually siliceous, which can only affect cor-
rosion by facilitating differential aeration processes at points of contact.

Secondly, absorbent particles such as charcoal and soot are intrinsically
inert but have surfaces or infrastructures that adsorb SO2, and by either co-
adsorption of water vapour or condensation of water within the structure,
catalyse the formation of a corrosive acid electrolyte solution. 'Dirt' with
soot assists the formation of patinae on copper and its alloys by retaining
soluble corrosion products long enough for them to be converted to protec-
tive, insoluble basic salts.

Other Atmospheric Variables

Temperature This may be more or less of an important factor, depending
on the metal considered. For example, while zinc is characterised by a very
low positive temperature coefficient of corrosion rate19, steel has a high



positive coefficient15'19. The rate of drying of electrolyte solution from the
metal surface, directly into the atmosphere or through layers of corrosion
product, is strongly temperature dependent. In these contexts the metal sur-
face temperature is probably more important than ambient temperature
although the latter obviously strongly influences the former. However, many
other factors will affect the metal temperature, including the thermal
capacity of the metal structure, its orientation with respect to the sun, the
intensity of sunlight, the reflectivity of the metal surface or its corrosion pro-
ducts, wind velocity and direction, the thermal insulating properties of
insoluble corrosion products, and so on. The prevailing wind direction is
also an important factor in relation to increases in corrosion rates to be
expected from the proximity of large industrial plants producing appreciable
concentrations of potentially corrosive pollutants.

Electrolyte Solution Formation

Wetness of a metal surface The time of wetness of the metal surface is an
exceedingly complex, composite variable. It determines the duration of the
electrochemical corrosion process. Firstly it involves a consideration of all
the means by which an electrolyte solution can form in contact with the metal
surface. Secondly, the conditions under which this solution is stable with
respect to the ambient atmosphere must be considered, and finally the rate
of evaporation of the solution when atmospheric conditions change to make
its existence unstable. Attempts have been made to measure directly the time
of wetness18, but these have tended to use metals forming non-bulky corro-
sion products (see Section 20.1). The literature is very sparse on the role of
insoluble corrosion products in extending the time of wetness, but con-
siderable differences in moisture desorption rates are found for rusted steels
of slightly differing alloy content, e.g. mild steel and Cor-Ten.

Critical relative humidity The primary value of the critical relative humid-
ity denotes that humidity below which no corrosion of the metal in question
takes place. However, it is important to know whether this refers to a clean
metal surface or one covered with corrosion products. In the latter case a
secondary critical humidity is usually found at which the rate of corrosion
increases markedly8. This is attributed to the hygroscopic nature of the cor-
rosion product (see later). In the case of iron and steel it appears that there
may even be a tertiary critical humidity15. Thus at about 60% r.h. rusting
commences at a very slow rate (primary value)20; at 75-80% r.h. there is a
sharp increase in corrosion rate probably attributable to capillary condensa-
tion of moisture within the rust8'21. At 90% r.h. there is a further increase
in rusting rate15 corresponding to the vapour pressure of saturated ferrous
sulphate solution5, ferrous sulphate being identifiable in rust as crystalline
agglomerates16. The primary critical r.h. for uncorroded metal surfaces
seems to be virtually the same for all metals, but the secondary values vary
quite widely.

Moisture precipitation Apart from wetting by sea-spray, moisture may
either be deposited on a surface by rainfall or dew formation. For a known
ambient humidity the dew point can be calculated, using the expression given
previously, from standard tables giving the saturated vapour pressure of



% r.h.at ambient temperature(0C)

Fig. 2.13 Dew point depression below ambient temperature as a function of the relative
humidity of the ambient atmosphere over a range of temperature

water at various temperatures (e.g. Handbook of the Chemical Rubber
Company). However, Fig. 2.13 sets out these relationships graphically and
from a knowledge of the ambient relative humidity and ambient tempera-
ture, the dew point depression may be read off.

Since gaseous pollution, particularly of SO2, tends to be concentrated
near ground level, dew can be considerably more acid than rain which forms
at higher altitudes. Moreover, dew can, unlike rain, wet completely sheltered
surfaces. Thin sheets of metal which closely follow changes in ambient
temperature are more likely to have dew formed on them than more massive
sections of higher thermal capacity which will cool more slowly. 'White
rusting' of galvanised sheeting is usually attributable to dew formation in
poorly ventilated conditions.

Rainfall, besides wetting the metal surface, can be beneficial in leaching
otherwise deleterious soluble species and this can result in marked decreases
in corrosion rate15'16. A recent survey of rainfall analyses for Europe has
shown that, with the exception of the UK, the acidity and sulphate content
of rainfall markedly increased in the period 1956 to 1966, pH values having
fallen by 0-05 to O-10 units per ann22. The exception of the UK may be due
to anti-pollution measures introduced in this period. However, even in the
UK a pH of 4 is not uncommon for rainfall in industrial areas. The signifi-
cance of electrolyte solution pH will be discussed in the context of corrosion
mechanisms. The remaining cases of electrolyte formation are those in which
it exists in equilibrium with air at a relative humidity below 100%.

Capillary condensation The vapour pressure above a concave meniscus
of water is less than that in equilibrium with a plane water surface. It is
therefore possible for moisture to condense in narrow capillaries from an
atmosphere of less than 100% r.h.
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This concept may be invoked to account for electrolyte formation in
microcracks in a metal surface or in the re-entrant angle formed by a dust
particle and the metal surface. More importantly, it can also explain elec-
trolyte formation in the pores of corrosion product and hence the secondary
critical humidity discussed earlier. Ferric oxide gel is known to exhibit capil-
lary condensation characteristic23 and pore sizes deduced from measure-
ments of its adsorptive capacity23 are of the right order of magnitude to
explain a secondary critical relative humidity «70% for rusted steel20.

Chemical condensation This occurs when soluble corrosion products or
atmospheric contaminants are present on the metal surface. When the
humidity exceeds that in equilibrium with a saturated solution of the soluble
species, a solution, initially saturated, is formed until equilibrium is estab-
lished with the ambient humidity. The contaminants have already been
detailed and of the corrosion products, obviously sulphates, chlorides and
carbonates are most important in this context. However, in some cases there
is a lack of reliable data on the vapour pressure exerted by saturated solu-
tions of likely corrosion products. The useful data was summarised in
Table 2.7.

In practice, however, the soluble components are often contained in a
matrix of insoluble product and formation of electrolyte by both capillary
and chemical condensation may occur in the same humidity range.

Adsorbed electrolyte layers In this case the water molecules are bound to
the metal surface by Van der Waals' forces. It is estimated that at 55% r.h.
the film on polished iron is about 15 molecular layers thick, increasing to
90 molecular layers at just below 100% r.h.4. Such films are capable of

The relative lowering of the saturated vapour pressure of water is
described by the Thomson equation:

p=Poe-™'M7>

where p and /?0 are the saturated vapour pressures above a concave
meniscus of radius r, and a plane surface, respectively; a is the surface
tension of the liquid at an absolute temperature T9 d its density and M its
molecular weight; and R is the gas constant. Thus, as the value of r decreases
(r can be approximately equated to the radius of the capillary concerned) so
the relative humidity at which condensation takes place within the capillary
also decreases (Table 2.9).

Table 2.9 Capillary radii for con-
densation at given humidities

Capillary
radius (A)

360
94
47
30
21
15

Relative humidity
for condensation

98
90
80
70
60
50



supporting electrochemical corrosion processes and these have been studied.
As the humidity is reduced below 100% and the moisture layers become
thinner, polarisation of the cathodic and particularly the anodic process
rapidly becomes enormous and corrosion virtually ceases below about
60% r.h.4.

The Role of Sulphur Dioxide in Atmospheric
Corrosion

Sulphur dioxide plays such an important role in the corrosion of metals in
the atmospheres of industrialised countries that detailed consideration of its
action seems justified. For all metals SO2 appears to be selectively adsorbed
from the atmosphere, less so for aluminium than for other metals, and for
rusty steel it is almost quantitatively adsorbed even from dry air at O0C15.
Under humid conditions sulphuric acid is formed, the oxidation of SO2 to
SO3 being catalysed by metals and by metallic oxides.

For some non-ferrous metals (copper, lead, nickel) the attack by sulphuric
acid is probably direct with the formation of sulphates. Lead sulphate is
barely soluble and gives good protection. Nickel and copper sulphates are
deliquescent but are gradually converted (if not leached away) into insoluble
basic sulphates15, e.g. Cu(Gu(OH)2J3SO4, and the metals are thus pro-
tected after a period of active corrosion. For zinc and cadmium the sulphur
acids probably act by dissolution of the protective basic carbonate film15.
This reforms, consuming metal in the process, redissolves, and so on. Zinc
and cadmium sulphates are formed in polluted winter conditions whereas in
the purer atmospheres of the summer the corrosion products include con-
siderable amounts of oxide and basic carbonate15.

Thus for non-ferrous metals, SO2 is consumed in the corrosion reactions
whereas in the rusting of iron and steel it is believed15'24 that ferrous
sulphate is hydrolysed to form oxides and that the sulphuric acid is
regenerated. Sulphur dioxide thus acts as a catalyst such that one SO4" ion
can catalyse the dissolution of more than 100 atoms of iron before it is
removed by leaching, spalling of rust or the formation of basic sulphate24.
These reactions can be summarised as follows:

Fe + SO2 4- O2 ^ FeSO4
4FeSO4 + O2 + 6H2O ̂  4FeOOH + 4H2SO4
4H2SO4 + 4Fe + O2 ^ 4FeSO4 + 4H2O, et seq.

RosenfePd11'25 considers that SO2 can act as a depolariser of the cathodic
process. However, this effect has only been demonstrated with much higher
levels of SO2 (0-5%) than are found in the atmosphere (Table 2.4) and the
importance of this action of SO2 has yet to be proved for practical environ-
ments. However, SO2 is 1 300 times more soluble than O2 in water11 and
therefore its concentration in solution may be considerably greater than
would be expected from partial pressure considerations. This high solubility
would make it a more effective cathode reactant than dissolved oxygen even
though its concentration in the atmosphere is comparatively small.



Electrochemistry of Atmospheric Corrosion

This has already been touched upon in several of the previous paragraphs.
Russian workers have extensively examined the electrochemistry of corro-
sion under thin moisture films and the reader is referred to the work of
Rosenfel'd, Tomashov, Klark and co-workers for fuller details4'11'25'26. It
has been found that the corrosion rate reaches a maximum when the
moisture film is around 150/mi thick.

The cathodic process in atmospheric corrosion is often stated to be oxygen
reduction, and indeed in many cases the evidence is that this is so27'28, i.e.

O2 + 2H2O + 4e~ ^ 4OH-

Kaesche9 considers that proton reduction may also play a role in polluted
environments where the pH of the electrolyte is likely to be low. This would
be particularly likely in the case of iron if the Schikorr mechanism, involving
the presence of sulphuric acid, did in fact operate. However, Russian
work4 '11 has shown that oxygen depolarisation is many times more efficient
in thin moisture films than in bulk solutions and therefore proton reduction
may not be important in affecting corrosion rates.

In the rusting of iron and steel, Evans29 considers that the anodic reac-
tion of

Fe ̂  Fe2+ -I- 2e~

is balanced by the cathodic reduction of ferric rust to magnetite under wet
conditions when access of oxygen is limited:

4Fe2O3 + Fe2+ + 2e~ ^ 3Fe3O4

As the rust dries and is permeated by oxygen, magnetite is reoxidised to rust
with a net gain of 0-5Fe2O3:

3Fe3O4 + 0-75O2 ̂  4-5Fe2O3

There is considerable evidence that under certain conditions this mechanism
may be operative.

Effect of Corrosion Products on Corrosion Rates

The change in corrosion rate with time varies markedly for different metals
due to the differing degrees of protection conferred by the corrosion
products.

Lead, aluminium and copper corrode initially but eventually form com-
pletely protective films4 . Nickel in urban atmospheres does not form a
completely protective film, the corrosion/time curve being nearly para-
bolic4. The corrosion rate of zinc appears to become linear after an initial
period of decreasing corrosion rate4.

The behaviour of steel depends very much on the alloying elements present
for any given environment. Thus the decrease in corrosion rate with time
for mild steel is very much slower than for a low-alloy steel. This can be
attributed to the much more compact nature of the rust formed on the latter
type of steel and this is clearly illustrated in Figs. 2A4(a) and (b).



Fig. 2.14 Surface textures of rust on (a) mild steel and (b) Cor-Ten steel exposed in an
industrial atmosphere for 2-5 years [(a) X 1260 and (b) X 1 320]

Weather conditions at the time of initial exposure of zinc and steel have
a large influence on the protective nature of the initial corrosion products15.
This can still be detected some months after initial exposure. Finally, rust on
steel contains a proportion of ferrous sulphate which increases with increase
in SO2 pollution of the atmosphere. The effect of this on corrosion rate is so
strong that mild steel transferred from an industrial atmosphere to a rural
one corrodes for some months as though it was still exposed to the industrial
environment24.

Conclusion

In a section of this brevity it is impossible to cover all aspects of the
'atmosphere'. There are therefore gaps concerning such topics as corrosion
at sub-zero temperatures, effect of surface orientation and inclination on
corrosion rates and the influence of organic vapours on metallic corrosion.
Neither has it been possible to describe the intensive efforts now being made
to monitor continuously atmospheric variables such as 'time of wetness' with
a view to predicting the long-term corrosion behaviour of metals in a partic-
ular area without resorting to long-term trials.

D. FYFE
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