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Abstract 

The stability of the barrier layers of bilayer passive films that form on metal and 
alloy surfaces, when in contact with oxidizing aqueous environments, is explored within 
the framework of the Point Defect Model (PDM) using phase-space analysis (PSA), in 
which the rate of growth of the barrier layer into the metal, (dL'/dt), and the barrier layer 
dissolution rate, (dL-/dt), are plotted simultaneously against the barrier layer thickness. A 
point of intersection of dL'/dt with dL+/dt indicates the existence of a metastable barrier 
layer with a steady state thickness greater than zero. If dL-/dt > (dL'/dt)L=o, where the 
latter quantity is the barrier layer growth rate at zero barrier layer thickness, the barrier 
layer cannot exist, even as a metastable phase, as the resulting thickness would be 
negative. Under these conditions, the surface is depassivated and the metal may corrode 
at a rapid rate. Depassivation may result from a change in the oxidation state of the 
cation upon dissolution of the barrier layer, such that the dissolution rate becomes highly 
potential dependent (as in the case of transpassive dissolution of chromium-containing 
alloys, for example, in which the reaction Cr203 + 5 H 2 0  + 2 0 0 : -  + IOH' + 6e- 
results in the destruction of the film), or by the action of some solution-phase species 
(e.g., If, C t )  that enhances the dissolution rate to the extent that dL-/dt > (dL'/dt)~=~. 
The boundaries for depassivation may be plotted in potential-pH space to develop Kinetic 
Stability Diagrams (KSDs) as alternatives to the classical Pourbaix diagrams for 
describing the conditions under which metals or alloys exist in contact with an aqueous 
environment. The advantage of KSDs is that they provide kinetic descriptions of the 
state of a metal or alloy that is in much closer concert with the kinetic phenomenon of 
passivity and depassivation than are equilibrium thermodynamic diagrams. Thus, KSDs 
more accurately account for the limits of passivity in highly acidic systems, where acid 
depassivation occurs, and at high potentials, where transition to the transpassive state 
may occur in some systems. In any event, phase space analysis of the PDM permits 
specification of the conditions over which reactive metals will remain passive in contact 
with aqueous systems and hence of the conditions that must be met for the existence of 
our metals-based civilization. 
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Introduction 

The conditions under which passive films exist on metal surfaces is a matter of 
great theoretical and practical interest, because the phenomenon of passivity is the 
enabler for our current, metals-based civilization [ 13. Thus, our industrial systems and 
machines are fabricated primarily from the reactive metals and their alloys, including 
iron, nickel, chromium, aluminum, titanium, copper, zinc, zirconium, stainless steels, 
nickel-base alloys, and aluminum alloys, to name but a few. In order to illustrate the 
reactivity of the common metals in contact with terrestrial environments, Table 1 lists the 
Gibbs energy changes per mole of oxide produced for the reaction of various metals with 
oxygen and water vapor under prototypical terrestrial conditions [T = 25*C, po2 = 

0.2latm, p ~ , o  = 0.02532atm (RH = go%), p ~ ,  = 6.156~1O-~~atm], where the partial 
pressure of hydrogen has been calculated from the equilibrium 
H 2 0 ( I )  e H2(g) + %02(g) for the prevailing conditions. The reader will note that all 
of the metals listed in Table 1 are used in our current, metals-based civilization, either in 
pure form or as components of alloys. 

Examination of the data summarized in Table 1 show that the thermodynamic 
driving force for the formation of the lowest common oxide under the prevailing 
conditions is essentially the same, whether the metal reacts with gaseous oxygen or 
gaseous water (water vapor). Furthermore, all of the common, reactive metals have large 
negative values for the change in Gibbs energy for the reactions under prototypical 
terrestrial conditions, demonstrating that the formation of the oxides from the metals is 
thermodynamically spontaneous. Even platinum, which is commonly regarded as being 
“inert”, spontaneously forms the Pt( I .  oxide, PtO, under these conditions. On the other 
hand, the change in Gibbs energy for the formation of h 2 0 3  on gold is positive, 
indicating that the oxide will not form spontaneously on the metal. However, in this case, 
we cannot exclude the formation of a two-dimensional “AuO’ phase on the surface (i.e., 
chemisorbed oxygen), as phases of this type generally form at a lower oxygen fugacity 
(and hence at a lower potential) than does the lowest bulk (three-dimensional) oxide. 

Although the phenomenon of “passivity” has been known for about 170 years [2- 
41, and the conditions under which metals and alloys become passive have been 
systematically explored over the past seventy years [5-301, no unifying theoretical 
treatment of the limits of passivity has emerged. While many theories and models for the 
passive state have been developed, starting with the work of Faraday [3] and Schonbien 
[4] in the 1830s, and including the High Field Model (HFM) of Guntherschulze and Betz 
[15-171, Verwey [18], and the variants by Cabrera and Mott [19] and Fehlner and Mott 
[20]; the Place Exchange Mechanism (PEM) of Sat0 and Cohen [22]; the Interfacial 
Equilibrium Models (IEM) of Vetter [23], Vetter and Gorn [24], Kirchhiem [25],and 
Heusler [26]; and the Point Defect Model (PDM) of Macdonald and coworkers [ 1,27,28], 
to name but a few of the more prominent theories, the presently available models 
describe an already existing passive film and do not address the conditions under which 
the film may form or disappear. One of the few attempts to address the 
passivation/depassivation issue is that by Engell [29], who postulated that passive films 
can be thermodynamically stable or metastable, with film formation being governed by 
equilibrium thermodynamics in the first case and by the relative rates of formation and 
dissolution in the second. While Engell’s work [29] made a valuable contribution to the 
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theory of passivity, it did not resolve the theoretical issues with sufficient precision to 
allow specification of the exact conditions under which passivatioddepassivation might 
occur (see below). 

In this paper, the conditions under which passivity may occur are explored within 
the framework of the PDM using phase-space analysis (PSA). It is shown that the PDM 
provides a comprehensive basis for describing the formation and destruction of passive 
films and hence allows specification of the conditions for the use of reactive metals in our 
metals-based civilization. For the purpose of illustrating the processes involved, a 
hypothetical “Alloy X”, having properties that are similar to the highly corrosion resistant 
Ni-Cr-Mo-W-Fe alloys, is employed for the calculations. However, the author stresses 
that Alloy X does not represent any particular alloy currently in existence or use. It is 
further assumed that the barrier oxide layer on the alloy is a defective chromic oxide 
(CrzOj), although the arguments are perfectly general and apply to any barrier layer. 

Background 

Passivity is normally manifest as a sharp drop in the anodic current density at a 
critical potential that is commonly referred to as the Flade potential (Figure 1). For many 
metals and alloys, the current density drops by three or more orders in magnitude leading 
to a corrosion rate in the passive state that is lower than that in the active state (at the 
active peak just negative of the Flade potential) by the corresponding factor. Thus, a 
generally acceptable upper limit for the corrosion rate for components in industrial 
systems is 10 pm/year (0.01 mm/year); if that were increased by a factor of 1000 to 1 
cm/year (10,000 pdyear), the use of metals in our metals-based civilization would be 
impractical. It is for this simple reason that passivity has been termed the “enabler of our 
metals based civilization” [ 13. Of course, in most practical situations, the overall 
corrosion reaction becomes cathodically controlled by mass transport of the cathodic 
depolarizer to the metal surface, well before the higher rate is attained. Nevertheless, 
passivity is the single most important factor in enabling the use of reactive metals in 
corrosive environments. 

At higher potentials, passivity is observed to break down on many metals and 
alloys and the dissolution rate of the substrate increases dramatically. This process is 
commonly due to the oxidative dissolution of the barrier layer; for example, in the case of 
chromium-containing alloys, which form chromic oxide barrier layers, the onset of 
transpassive dissolution is due to the reaction [3 1-34] 

Note that this process results in the physical destruction of the film, such that the rate of 
dissolution, dL- / d t  , exceeds the rate of growth of the film at zero barrier layer 
thickness, (dL+ / dt)L=o , (see later for nomenclature). Under these conditions, the 
barrier layer cannot exist under any circumstances (see below). At lower potentials, 
dissolution occurs via the chemical process 
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which is not accelerated by increasing potential, because no change (increase) in the 
oxidation state occurs. The potential at which the dissolution rate of Cr2O3 due to 
Reactions (1) exceeds (dL+ /dt),,, is known as the transpassive potential, Et,,,,, and 
previous work [34,35] shows that, at this potential, the barrier layer of the passive film is 
destroyed. However, before the transpassive potential is reached, the electronic 
characters of passive films on chromium-containing alloys frequently changes from n- 
type to p-type [36,37], corresponding to a change in the dominant defect in the barrier 
layer from the oxygen vacancy or metal interstitial to the cation vacancy. It is postulated 
in the PDM [1,34] that the cation vacancies are produced by the oxidative ejection of 
cations from the barrier layer into the solutiodouter layer via the reaction 

which appears to become significant at potentials lower than E,,,,, where the barrier 
layer lattice is not destroyed [34,35]. Note that the Kroger-Vink notation is used in 
Equation (3) to describe the various species in the system, with Crc, and VzL indicating 
a Cr(II4 cation in a normal site on the cation sub-lattice and a vacancy on the same sub- 
lattice, respectively. Reaction (3) leads to enhanced cation transmission through the 
barrier layer, and hence to a higher current density, while Reaction (1) results in a thinner 
barrier layer and also leads to a higher current [Elrans,]. Of great significance is the fact 
that, in the case of both reactions, the oxidation state of the chromium cation in the film 
increases by three, so that the rates of the reactions are highly potential dependent, as 
observed. Transpassive dissolution is observed in a great number and of metal and metal 
alloy systems; the critical requirement appears to be that a sufficiently large increase 
occurs in the oxidation state of the principal cation within the barrier layer of the passive 
film (e.g., Crcr in the Cr2O3 barrier layer on chromium-containing alloys) as the potential 
is increased in the positive direction [ 11. 

At still higher potentials, water decomposes oxidatively to produce oxygen. The 
kinetics of the oxygen evolution reaction on a variety of metals and alloys have been 
extensively studied, and a discussion of this subject is well beyond the scope of the 
present article. It is sufficient to state that the mechanism of this reaction is still poorly 
understood and that oxygen evolution marks the upper extreme of polarization in aqueous 
systems. It is also important to note that, in the case of valve metals (Ti, Nb, Zr, Al, etc), 
having rectifying passive films, oxygen evolution may not become a significant factor 
until very high voltages are applied. 

A key question in this analysis concerns the nature of passivity of Alloy X in 
contact with oxidizing, aqueous environments. Embodied within this question is whether 
the passive film on the alloy is thermodynamically stable or meta-stable, and definition of 
the conditions under which a passive film cannot exist on the surface, even in the meta- 
stable state, thereby resulting in depassivation. The nature of passivity and depassivation 
is addressed in the present work within the framework of the Point Defect Model [l], 
which has been developed to describe, at the atomic scale, the growth and breakdown of 
passive films. 
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Point Defect Model (PDM) 

The physico-electrochemical basis of the PDM is extensively discussed in the 
literature (Refs. 1 and citations therein), so that only a brief description will be given 
here. 

The PDM postulates that passive films are bilayer structures comprising highly 
defective barrier layers that grow into the metal and outer layers that form via the 
hydrolysis of cations transmitted through the barrier layer and the subsequent 
precipitation of a hydroxide, oxyhydroxide, or oxide, depending upon the formation 
conditions, or by transformation of the outer surface of the barrier layer itself (an 
“Ostwald ripening” process). In many systems (e.g. Ni and Cr), the barrier layer appears 
to be substantially responsible for the phenomenon of passivity. In other systems, such as 
the valve metals and their alloys (AI, Tu, Ti, Nb, Zr, ) and iron (particularly at elevated 
temperatures), for example, the outer layer may form highly resistive coating that 
effectively separates the reactive metal and the barrier layer from the corrosive 
environment. The “sealing” of anodized aluminum is an example of how the outer layer 
may be manipulated to achieve high corrosion resistance. In the present analysis, only 
the barrier layer is considered, because the theory of the formation of bilayer passive 
films is not well-developed (although see Refs. 38-40), and because the passivity of 
chromium-containing alloys appears to be due to a thin barrier layer of defective Cr2O3 
that forms on the surface. Thus, in these cases, the barrier layer is clearly “the last line of 
defense”. 

The PDM further postulates that the point defects present in a barrier layer are, in 
general, cation vacancies (V;’), oxygen vacancies (Vi’), and cation interstitials (M,X+), 
as designated by the Kroger-Vink notation. Cation vacancies are electron acceptors, 
thereby doping the barrier layer p-type, whereas oxygen vacancies and metal interstitials 
are electron donors, resulting in n-type doping. Thus, on both pure metals and alloys, the 
barrier layer is essentially a highly doped, defect semi-conductor, as demonstrated by 
Mott-Schottky analysis [ 11, for example. Not unexpectedly, the situation with regard to 
alloys is somewhat more complicated than that for the pure metals. Thus, while the 
barrier layers on pure chromium and on Fe-Cr-Ni alloys (including the stainless steels) 
are commonly described as being “defective cr203”, that on pure chromium is normally 
p-type in electronic character [41], while those on the stainless steels [36,37] are n-type. 
It is not known whether this difference is due to doping of the barrier layer by other 
alloying elements, or is due to the inhibition of cation vacancy generation relative to the 
generation of oxygen vacancies and metal interstitials, in the barrier layer on the alloys 
compared with that on pure chromium. The exact details are of little consequence for the 
following analysis and hence they will not be explored further in this paper. 

As previously discussed, the defect structure of the barrier layer can be 
understood in terms of the set of defect generation and annihilation reactions occurring at 
the metal/barrier layer interface and at the barrier layedouter layer (solution) interface, as 
depicted in Figure 2 [I]. However, in analyzing the defect generatioidannihilation 
reactions and their impact on the locations of the boundaries, it is vitally important to 
classify the reactions with regard to being lattice conservative (no movement of the 
boundary relative to the laboratory reference frame) or lattice non-conservative 
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(movement of the boundary) upon their occurrence. By using the analogy of a brick wall 
comprising alternating red and blue bricks, and by noting that the minimum unit of the 
wall is an adjacent red brick/blue brick pair [MO,,, , i.e. M ,  - (Oo)x,z in Kroger-Vink 

notation, or "red brick-blue brick" in the brick wall analogy, where M ,  is a cation in a 
normal cation sub lattice site in the barrier layer (red brick) and 0, is an oxygen ion in a 
normal site on the anion sub lattice(b1ue brick)], it is possible to show that Reactions (l), 
(2), (4), (5 ) ,  and (6)  are lattice conservative processes, whereas Reactions ( 3 )  (oxygen 
vacancy generation) and (7) (barrier layer dissolution) are non-conservative? Note that 
oxygen vacancies (V,") and cation vacancies (V,"') can be considered as being real 
species (0, and M ,  , respectively), so that M ,  ( V;')x/2, Vb'(00)x,2, and (depending 

upon the context) even VL' ( V,"),/2 also represent minimal units of the barrier layer. Note 
also that the occurrence of Reaction ( 3 )  causes the barrier layer to move into the metal 
substrate and the dissolution Reaction (7) results in the barrier layerlouter layer interface 
moving in the same direction (right to left). Finally, it is evident that the occurrence of 
Reactions (1) and (4) and Reactions (2) and (5) simply result in the transmission of 
cations through the barrier layer via the existence of vacancies on the cation sub lattice or 
as interstitials, respectively, with the barrier layer acting as a semi-permeable membrane. 
In this case, the metal vacancies, v,, injected into the metal substrate are annihilated at 
the metal/film interface [l] or at the (rear) free surface, resulting in the metal tending to 
move through the barrier layer. 

Regardless of the electronic type, that is, irrespective of the identity of the 
dominant defect in the system, Reactions (3) and (7) are responsible for the growth and 
destruction of the barrier layer and any analysis of the stability of the layer must focus on 
these two reactions. That the barrier layer always contains oxygen vacancies is self- 
evident, since the rate of dissolution at the barrier layer/solution interface is always finite. 

As noted elsewhere [l], the rate of change of the barrier layer thickness for a 
barrier layer that forms irreversibly on a metal or alloy surface can be expressed as 

where a3 = a3(l - a ) ~ y ,  a7 = a7a(r - x ) y  , b3 = -a3x&y, c3 = -a3xP;r, and 
c7 = a7P(r - x ) y  (Table 2). In these expressions, R is the mole volume of the barrier 
layer per cation, E is the electric field strength within the barrier layer (postulated to be a 
constant and independent of the applied voltage in the steady state, because of the 
buffering action of Esaki tunneling [ l]), klo and ai are the standard rate constant and 
transfer coefficient, respectively, for the appropriate reactions depicted in Figure 1 [i.e., 
Reactions (3) and (7)], a is the polarizability of the barrier layer/solution (outer layer) 

The original version of the PDM [26]  did not distinguish the interfacial reactions with regard to their 
impact on boundary position and did not incorporate barrier layer dissolution. Consequently, the original 
PDM, like all other models for passive films (see above), can not account for the experimentally-observed 
steady states in barrier layer thickness and passive current density. The PDM was subsequently in 1991 
amended to include these features. 
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interface, (i.e., the dependence of the voltage drop across the interface, q,'ys, on the applied 
voltage, V ) ,  ,O is the dependence of @yS on p H  (assumed to be linear), y = F/RT, x is the 
oxidation state of the cation in the barrier layer, T i s  the corresponding quantity for the 
cation in solution, C,, is the concentration of hydrogen ion, Ci+  is the standard state 
concentration, and n is the kinetic order of the barrier layer dissolution reaction with 
respect to H'. Note that the rate of the dissolution reaction is voltage dependent if T z  x; 
for r< x (e.g. reductive dissolution of Fe304 to form Fe"), the rate decreases with 
increasing voltage), whereas for S > x (e.g. oxidative dissolution of Cr203 to form 

Cr0;- ) the rate increases with increasing voltage. For r= x (e.g. dissolution of Cr203 
as Cy3+), the rate of dissolution is voltage independent. The reader will identify the first 
and second terms on the right side of Equation (4) with dL+ / d t  and dL- / d t  , 
respectively. 

By setting the left side of Equation (4) equal to zero, the steady state thickness of 
the barrier layer, L,, is readily derived as 

I -a  aa7 

which is identical to the previously published expressions [l]. For systems in the passive 
state, r=x, Equation (5) reduces to the somewhat simpler form of 

Lss = [ -]V I -a  + [ 2303n - - ,O ] p H  + - 1 ln[ 5) 
E a 3 E . Y  E a3ExY 

where the parameters are as previously defined. Note that in deriving these expressions, 
the convention has been adopted that, for the rate of barrier layer dissolution, C,, and 

C i +  have units of mol/cm3, but when used for defining pH, the units are the 

conventional mol/l. Thus, the standard states for the dissolution reaction [second term on 
the right side of Equation (4)] and for the p H  are 1 .O mol/cm3 and 1 .O mol/l, respectively. 
The introduction of a standard state into the dissolution rate renders the units of ky 
independent of the kinetic order, n, without altering the numerical value of the rate. 

The steady state passive current density is readily derived [ 13 as 

where the first, second, and third terms arise from the generation and transport of cation 
interstitials, cation vacancies, and oxygen vacancies, respectively, with the term due to 
the latter being expressed in terms of the rate of dissolution of the barrier layer [ 11. This 
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expression is derived in part by noting that the fluxes of a given defect at the two defects 
under steady state conditions are equal; in this way the expression of the current can be 
formulated so as to avoid the defect concentrations at the interfaces. 

Phase Space Analysis 

Analysis of the stability of the barrier layer is best achieved by plotting Equation 
(4) in “phase space”; that is by plotting dL+ / d t  and dL- / d t  versus L as a function of 
the applied voltage, pH, and other variables, as may be deemed appropriate. For 
illustrative purposes, a schematic phase-space plot of Equation (4) is shown in Figure 3 
for constant voltage and pH. As seen, the first term on the right side of Equation (4) 
decreases exponentially with increasing L, whereas the second term remains constant. 
The point of intersection between dL+ / dt and dL- / dt defines the steady-state film 
thickness, with L,, > 0 being the only physically-viable solution. Because a physically- 
meaningful value of L, results from a balance between the rates of film growth and 
dissolution at the metal/film (m/f) and fildsolution (f/s) interfaces, respectively, the film 
is only thermodynamically meta-stable. If dL- / dt + 0 then, from Figure 3 ,  L, -, co, 
corresponding to the thermodynamic equilibrium state. Another way of looking at this 
issue is to note that, for a system at equilibrium, the net rates of all processes in the 
system must be zero; that is, for the passive film dL+/dt and dL-/dt  are 
simultaneously zero. Clearly, this is only satisfied for dL+ / dt if L, + and it is never 
satisfied by dL- / d t  for any real substance. Accordingly, the equilibrium state is ’ 

physically non-realizable, in contrast to the conclusion of Engell [29]. Furthermore, even 
if the composition of the solution is such that the outer surface of the barrier layer is at 
equilibrium, the barrier layer as a whole can not be at equilibrium, because of the 
transmission of cations as interstitials and via the cation vacancy structure. This is so, 
because the source of the cations (the metal) is thermodynamically less stable than is the 
barrier layer [this can be shown by adding Reactions (1) and (4), (2) and (9, and (3) and 
(7)]. Of course, one could postulate that the system might come to equilibrium once the 
metal ion concentration in the solution had built up to the equilibrium value for the metal. 
However, if this occurred, the solution would be super saturated with respect to the 
barrier layer (and more so with respect to the outer layer) and precipitation would occur 
continuously until the metal was consumed. Again, the passive film can not be in a state 
of equilibrium and the previously held notion that it is (or can be) must be abandoned. 

It is evident from Figure 3 that the physical condition that must be met for the 
barrier layer to exist on the surface is (3 >- dL- 

dt 
L=O 

This condition is equivalent to specifying that L, > 0. As is shown below, 
depassivation, particularly that due to transition to the transpassive state, is a catastrophic 
event that occurs over a minuscule change in an appropriate independent variable 
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(potential or pH). Accordingly, for the purposes of defining the boundary between the 
passivated and depassivated states, the inequalities may be replaced by equalities to read: 

or Lss = O  dL- 

L=O 
(9) 

Equations (8) and (9) are, in a very literal sense, a statement of the conditions that must 
be met for the use of reactive metals in aqueous environments and hence the conditions 
that had to have been met for the development of our metals-based civilization. 

In applying phase space analysis, the set of parameter values summarized in Table 
4 are employed. These values are typical of those recently determined by Macdonald, et 
al. [42], for Alloy 22 in saturated NaCl brine and for iron in caustic (NaOH) solutions 
[43], but the selected parameter values have been arbitrarily changed, so that the reader 
cannot take the values as being representative of those particular systems. This was done, 
because the studies in determining the parameter values are incomplete. Finally, the 
current treatment is valid only for acidic systems, where the dissolution rate is a positive 
function of [If]. Specifically, this requires that pH << pzc, where pzc is the pH of zero 
charge for the oxide comprising the barrier layer. A more complete theory, one that 
covers the entire pH range, is currently being developed by the author. 

Transition to the Transpassive State 
Phase space plots for Alloy X in acidified (pH = 3) ,  6.256m (sat.) NaCl at 5OoC 

are shown in Figure 4. Two sets of plots are presented, linear-linear (a) and log-linear (b) 
plots, because of the difficulty of presenting the entire phenomenon on a single scale for I 

the ordinate. As expected, the dissolution rate of the barrier layer, dL- / d t  , in the 
passive state, is potential independent, whereas the film growth rate increases with 
increasing voltage for a constant barrier layer thickness [see Equation (40) with x = 4. 
The values of (dL+ /dt),=, are not shown in Figure 4 (a), because of the scale chosen 
for the ordinate, but they are evident in Figure 4(b). As noted above, the point of 
intersection of dL+ / d t  and dL- / d t  defines the steady state thickness, which is plotted 
as a function of voltage in Figure 5. In the passive range, where = x = 3,  the barrier 
layer thickness varies linearly with voltage with a slope of ( I  - a )  / E = 1 SnmN,  which 
is typical of barrier layer growth. At V = 0.9957VSHE, the oxidation state of chromium, 
4 in the dissolution product increases to from 3 to 6 (chromate formation), and the 
thickness of the barrier layer is predicted to become negative (Le., zero). This sudden, 
catastrophic destruction of the barrier layer marks the transition of the system into the 
transpassive state [34,35]. 

The origin of the catastrophic destruction of the barrier layer is revealed in Figure 
6, in which the initial growth rate of the film at the metal/barrier layer interface, 
(dLf / dt)L,o, and the dissolution rate, dL- / dt , are plotted against voltage. The initial 
barrier layer growth rate increases linearly with voltage through the critical transpassive 
potential, E,,,, = 0.9975VSHE, but the dissolution rate increases abruptly at Erran,, such 
that dL- / d t  > (dL+ /dt),=, . Thus, the transition into the transpassive state is induced 
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by enhanced dissolution of the barrier layer at the barrier layer/solution interface, in a 
manner that leads to a catastrophic loss of the barrier layer. 

Depassivation also occurs at very negative voltages, due to the barrier layer 
thickness extrapolating to zero. This may occur, because the film is electrochemically 
reduced to the metal, e.g. Cr203 + 6H' + 6e- + 2Cr + 3 H 2 0 ,  or because it is reduced 
to a lower oxidation state species in the solution 
[ Cr203 +6H+ + 2e- + 2Cr2+ + 3 H 2 0 ] .  In this latter case, T i s  less than x.  At lower 
potentials, the system enters the passive-to-active transition. It is evident, then, that the 
passive state exists between these two extremes. 

From Equation (5) or, equivalently, by setting dL- / dt = (dL+ /dt),,, , the 
following equation is derived for the value of the oxidation state of the metal species 
produced by dissolution of the barrier layer above which catastrophic loss of the barrier 
layer occurs at high potentials: 

where 

with the parameters being as previously defined. Note that, for the electro dissolution of 
the Cr2O3 barrier layer [Reaction ( l ) ] ,  

where (in this case) the activity of chromate ion is calculated from the equilibrium 

subject to the constraint imposed by the solubility of sodium chromate 

NaCrO, = Na' + CrO% (14) 

(Note that the passive film on the Alloy X surface is assumed to be in contact with a thin, 
saturated solution of NaCl). 

Substitution of values for the parameters shows that for 0 < pH <6, the region 
over which the current theory has been developed, r,, = 3.7162, regardless of the 
applied voltage. Because oxidation states (in this system) change in units, it is concluded 
that there are no circumstances for which the potential is greater than E,,, that the barrier 
layer can exist. An increase in the oxidation state of chromium in the barrier layer, alone, 



upon dissolution, is sufficient to cause the catastrophic loss of the barrier layer at EfranS. 
Thus, even if the barrier layer dissolved to produce a Cr(1v) species (e.g., CrOj-), 
transition to the transpassive state is predicted. Indeed, nickel in borate buffer solution at 
pH = 8.6, exhibits a transition into the transpassive state, as indicated by the sudden drop 
in the interfacial impedance, and it appears that this transition is induced by a change in 
nickel oxidation state from 2 to 3 [44]. 

Plots of the calculated partial current densities for the generation of oxygen 
vacancies at the metalharrier layer interface (Reaction 3, Figure 2) (I,,), generation and 
annihilation of cation interstitials, IC], (Reactions 2 and 5, respectively, Figure 2); 
generation and annihilation of cation vacancies, Icv , (Reactions 1 and 4, respectively, 
Figure 2); and barrier layer dissolution, Idiss, (Reaction 7, Figure 2); and the total current 
density ( I f o , ) ,  as a function of voltage, are shown in Figure 7, in which both linear-linear 
(a) and log-linear (b) plots are presented. The plots show that the partial current densities 
due to the generation of oxygen vacancies and cation interstitials are independent of 
voltage within the passive state (note that r = x for the passive state), while the partial 
current density for the generation of cation vacancies increases exponentially with 
voltage. Note also that the partial current density for barrier layer dissolution is zero 
within the passive state (T = x). All of these partial current densities, and hence the total 
current density, abruptly increase when the potential exceeds Etranp Of particular 
importance is the abrupt increase in the barrier layer dissolution current density, which 
leads to the destruction of the film. For all four currents, the fundamental cause of the . 

sudden increase is the change in oxidation state of the dissolved species from 3 to 6 .  
Also shown in this figure is the potential at which the cation vacancy partial 

current dominates the total current density. At more negative potentials, the dominant 
defects in the barrier layer are the oxygen vacancy and the cation interstitial, both of 
which are electron donors and hence dope the barrier layer n-type. At higher potentials, 
the dominant defect is the cation vacancy, which is an electron acceptor and hence dopes 
the barrier layer p-type. It is also evident that the total current exhibits a Tafel-like 
behavior, which is often found in the “pre-transpassive” state. 

Finally, it is important to note that the barrier layer may undergo reductive 
dissolution, as noted above. In this case, T< K, so that the dissolution rate is predicted to 
increase abruptly as the potential is displaced in the negative direction past the value for 
transition to the sub passive state. This case is readily accommodated by the above 
theory with Esub being equal to the equilibrium potential for the barrier layer dissolution 
reaction, e.g. Cr203 +6H’ +2e-  + 2Cr2+ +3H20. However, there are few reactive 
metals for which the transition to the sub passive state is of practical interest, because of 
the intervention of hydrogen evolution prior to attaining Es,,b when displacing the 
potential in the negative direction. 

I 

Acid Depassivation 
Log-linear phase space plots for Alloy X as a function o f p H  are shown in Figure 

8. From these plots, it is evident that the barrier layer growth rate is only weakly 
dependent upon pH; this is primarily due to the small value ofp.  On the other hand, the 
dissolution rate of the barrier layer is a strong function of the concentration of H+, by 
virtue of the value of the kinetic order, n. In any event, the thickness of the steady state 
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barrier layer is predicted to decrease sharply with decreasing pH, such that at pH = - 
1.2657, the barrier layer is destroyed (Figure 9). At this point, the surface has become 
depassivated and the substrate dissolves rapidly in the passive-to-active transition, 
depending upon the applied potential and the kinetics of the metal (active) dissolution 
reaction. 

A more explicit demonstration of the fundamental cause of acid depassivation is 
shown in Figure 10. In this figure, the initial film growth rate and the dissolution rate are 
plotted as a function of pH, demonstrating that the two functions intersect at pH = - 
1.2657. Thus, for a lower pH < -1.237, dL- / dt > (dL' /dt),,, , and the barrier layer 
cannot exist on the surface, even as a metastable phase. 

Log-linear plots of the partial and total current densities as a hnction o f p H  are 
displayed in Figure 1 1. In this case, the partial current densities due to cation interstitials 
and oxygen vacancies vary exponentially with pH, while that for cation vacancies is 
predicted to be essentially independent of pH. This is because the current densities for 
the generation of cation interstitials and oxygen vacancies at the metal/film interface are 
not functions of the respective defect concentrations at that interface, whereas they are 
functions of the defect concentrations at the barrier layer/solution interface and an 
expression of the current densities, based on the reactions at the barrier layer/solution 
interface, would require knowledge of these concentrations [27]. The rate constants for 
these reactions are exponentially dependent upon the pH and the barrier layer thickness, 
with the latter being a linear function o f p H -  Figure 9. It is the barrier layer thickness 
that dominates the pH-dependence of the partial currents for the generation of cation 
interstitials and oxygen vacancies, and it is for this reason that the currents depend 
exponentially on pH. On the other hand, for cation vacancy generation, Reaction (4), 
Figure 2, the partial current does not depend on the thickness and, because of the value o f .  
p, the dependence of Icv on pH is very weak. Finally, for the parameter values chosen for 
this study, the cation interstitial current density dominates the total current density over 
the entire range o f p H  assumed. 

Because the corrosion rate is readily calculated from the total current density that 
passes across the interface, as 

where r; M, and p are the oxidation number, atomic weight, and density of the metal, 
respectively, and F is Faraday's constant 0; = 96,487 C/equiv). Values for M, and p of 
2, 60g/mol, and 8g/cm3, respectively, were selected. As expected, the corrosion rate is 
also a falling exponential function ofpH,  with values ranging from a little more than 
40pm/year at the point of acid depassivation to 0.0045pm/year at pH = 6 (Figure 12). 
These values are eminently reasonable for highly corrosion resistant alloys. 

Finally, it should be noted that a comparable depassivation phenomenon occurs at 
very high pH, for those systems where the barrier layer dissolves at an increasing rate 
with increasing pH. Both acid depassivation and alkaline depassivation can be 
accommodated in a single theory by redefining the dissolution rate as 

(16) n a7V c7pH -- dL- - Ok!(C,+ / C i + )  e e +LYc~(C,- /C:H-)mea8VecapH 
dt 
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where the second term on the right side of Equation (16) corresponds to the dissolution 
rate of the barrier layer via attack by hydroxide ion, e.g. 

and m is the kinetic order of the reaction with respect to [OH]. The value of ka is such 
that the two terms on the right side of Equation (16) are equal at the pzc (PH of zero 
charge) of the barrier layer. However, note that the values of n and m may be functions 
of pH. 

Effect of Temperature 
The predicted effect of temperature on the phase space plots for Alloy X in 

6.256m (sat.) NaCl at 5OoC and at a voltage of 0 .3oOvSHE is shown in Figure 13. In this 
case, the ordinate data are plotted on the log scale, so that the phase space plots appear as 
linear relationships. As seen from Figure 13, increasing temperature shifts both dL- / dt 
and (dLf /dt),=, to higher values, in a manner that the steady state barrier layer 
thickness is predicted to be only weakly dependent on temperature. The shift is such that 
thermal depassivation is not predicted, at least for systems under ordinary conditions. 
Thermal depassivation will not be considered further in this paper. 

Kinetic Stability Diagrams 
The great contribution of Marcel Pourbaix in developing potential-pH 

(“Pourbaix”) diagrams is firmly recognized in electrochemistry and corrosion science and 
these diagrams have proven to be powerful tools in analyzing physico-electrochemical 
phenomena in fields ranging from electrochemistry I to geochemistry. However, the 
diagrams provide equilibrium thermodynamic descriptions of electrochemical systems, 
whereas, as demonstrated above, passivity is a kinetic phenomenon. The limitation of 
Pourbaix diagrams in interpreting passivity is well illustrated by the author’s resolution of 
Faraday’s paradox [ 1,451, which showed that the passivity of iron observed by Faraday in 
concentrated nitric acid can only be accounted for by the formation of a metastable 
magnetite (Fe3Od) barrier layer covered by an outer layer of a precipitated Fe(II1) 
hydroxide, oxyhydroxide, or oxide. 

The reader will recall that the condition for depassivation is given by L, = 0 
[Equation (5 ) ] .  The reader will further recall that the conditions for electrochemical 
depassivation are I- > rmin or Y > Etrans (oxidative depassivation or transition to the 
transpassive state), I- < rm, (reductive film dissolution), pH < pHmin (acid 
depassivation), or pH > PHm, (alkaline depassivation), such that dL- / dt > 
(dL+ /dt),=, . For those cases where no change in oxidation state occurs upon 
dissolution of the barrier layer (e.g., acid and alkaline depassivation), I-= x. The voltage 
at which the barrier layer has zero thickness, VZT, for a given pH, and the pH at which the 
thickness is zero for a given voltage, pHdepass, within the acid depassivation region, are 
obtained from Equation (5) as 
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V,, = [(2.303n + c3 - c7)pH + ln(k; / k;)]/(a7 - a 3 )  

pHdepass = [(a7 -a3)V -ln(k! /kp)]/(2.303n+c3 -c7) 

respectively. The importance of Equation (5) is therefore evident; this single equation 
describes the conditions that must be met for the existence of our reactive metals-based 
civilization. 

The conditions specified above may be used to develop “kinetic stability diagrams 
(KSDs)” as alternatives to the classical Pourbaix diagrams, noting that KSDs are kinetic 
descriptions of the passive state and hence are not encumbered by the need for the system 
to be at electrochemical equilibrium; a condition that never exists in the passive state, as 
demonstrated earlier in this paper. A primitive KSD for Alloy X under acidic conditions 
at 5OoC is shown in Figure 14; a more complete treatment of KSDs will be published at a 
later date. The figure is divided into three regions; the transpassive state for potentials 
more positive than E,,,,, the passive state at lower potentials, and the depassivated state 
at the most negative potentials and the most acidic systems. The boundary between the 
passive and depassivated states can be described by either Equation (18) or (19), 
depending on whether pH [Equation (IS)] or voltage [Equation (1 9)] is considered to be 
the independent variable. Both equations are plotted in Figure 14 to demonstrate that 
they must yield identical results, because they stem from the same source [Equation (5)]. 

Finally, the KSD indicates that Alloy X should be passive at very low pH values 
over a significant range of voltage, a prediction that is in keeping with observation for 
highly resistant stainless steels and Ni-Cr alloys, but which is not predicted by the 
classical Pourbaix diagrams. Also, no need exists to specifL the activities of dissolved 
species (other than that of p), unless the reactions are reversible (near equilibrium), 
which generally is not the case for passive systems. This factor alone removes a great 
ambiguity with the Pourbaix diagrams. 

Other Models 
A number of other models and theories for the passive state [l-291 have been 

proposed since the pioneering work of Faraday [4] and Schoenbein [3], and it is of 
interest to determine whether these models and theories, too, might form a suitable basis 
for describing the passivity of reactive metals. From the phase space analyses presented 
above, it is evident that a viable model must incorporate two important features: (1) 
Dissolution of the barrier layer, and (2) prediction of a finite value of (dL+ /dt) ,=,  . If 
either of these elements is absent in the theory or model, the theory or model cannot 
account for the known experimental data, as discussed below. 

The most extensively used model for the passive state originates from the initial 
work of Guntherschulze and Betz [ 15-1 71 and Venvey [ 181, or variants thereof, such as 
the high field model (HFM) of Cabrera and Mott [19] and Fehlner and Mott [20]. None 
of these models incorporate dissolution of the barrier layer and could be rejected on those 
grounds alone, since they cannot account for the existence of steady states in barrier layer 
thickness and passive current density [l]. However, variants of the high field model that 
do incorporate barrier layer dissolution have been developed [46] and, ostensibly, remove 
this objection. Of much greater difficulty is the form of the equation that describes the 
growth of the film under potentiostatic conditions 
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g B / L  = A e  
dt 

where A and B are constants. Thus, as L + 0, dL/dt + 

condition dL- /d t  > (dL’ /dt),=, can never exist and 
coy demonstrating that the 
hence that depassivation, 

including the transition to the transpassive state can never occur. This is in direct conflict 
with experiment. It is possible, of course, to impose the ad hoc condition that when L < 
LO, where LO is an arbitrarily chosen dimension, that (dL+ /dt),,, = constant, but this 
would violate Einstein’s admonishment to the scientific community that one should not 
introduce features on an ad hoc basis simply to make a theory ‘work’. Accordingly, this 
approach must be rejected as lacking a physical or experimental basis, as must any model 
that is characterized by a growth rate law of the form descried by Equation (20). This 
objection to the HFM is added to a long list of other objections [1,21,46,47], with the 
result that the high field model must be rejected as a physical description of passive film 
growth, on this ground and on the lack of film dissolution. 

According to Olsson and Landolt [6], the film growth equation for all interface 
models [IFM:s] can be written in the form 

dL if k2[AlJ-EoAL] -=k, e 
dt 

where ky and k, are constants with different meanings, depending upon the model 
being considered, AU is the applied voltage, and: “The film will show a thickness change 
dL until the potential across the film is balanced. For the IFM, the thickness change is 
found in the nominator and the growth rate is not explicitly dependent on the absolute 
film thickness” (?). Examination of one of the models cited by Olsson and Landolt [6], 
that of Vetter and Gorn [24], for example, shows that the above claim [that the rate law 
has the form of Equation (21)] is not justified by the properties of the model, as presented 
by the original authors. Thus, using the notation of Vetter and Gorn, as much as possible, 
it is evident that the voltage applied across the film can be written as 

V = E,,, + IEIL + ~ 2 , 3  and hence ~ 2 , 3  = V - E,,, - lslL (22) 

where E,,, , ~ 2 , 3 ,  E ,  and L are the potential drop across the metal/film interface, the 
potential drop across the film/solution interface, the electric field strength, and the film 
thickness, respectively. Because film growtMdissolution is envisioned to occur at the 
fildsolution interface, the rate of change of the film thickness can be written as 

where A is a constant, b = a!F / R T ,  a! is a transfer coefficient, and the other parameters 
have their usual electrochemical meanings. Equation (23) is coincident with Equations 
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(21) and (4), only if and E are independent of the applied voltage. However, there is 
nothing in the paper of Vetter and Gom [24] that would justify a postulate that and 
E are independent of the applied voltage and film thickness, and there is nothing in that 
paper or other papers by the authors, which the present author can discern, that indicates 
that they entertained that these assumptions could be made. Indeed, as near as present 
author can determine, all interface control models that envision film growth to occur at 
the filmholution interface (as opposed to the metal/film interface, as envisioned by the 
PDM) have this same weakness. In any event, Equation (21) contains only a single term 
on the right hand side and hence no steady state in the film thickness can exist. 

One other class of models, the Place Exchange Models (PEMs), or variants 
thereof, of Eley and Wilkinson [47], Sat0 and Cohen [22], and Fehlner and Mott [20] do 
yield a rate law with the correct functional form for the growth term with respect to the 
dependence on film thickness [first term of Equation (4)]. For example, Eley and 
Wilkinson [47] postulated that the activation energy for film growth increased linearly 
with thickness and noted that this postulate could account for the logarithmic rate law. 
Sat0 and Cohen [22], in their elegant work on the growth of passive films on iron in 
borate buffer solution, noted that the growth current decreased exponentially with the 
accumulated charge. Since the film thickness is proportional to the accumulated charge, 
the Sat0 and Cohen findings are consistent with the postulate of Eley and Wilkinson [47]. 
Fehlner and Mott [20] further assumed that the electric field strength is independent of 
film thickness, that film growth occurs via the transmission of anions through the film, 
that the rate determining step is the injection of oxygen ions into the film at the film 
solution interface, and that the activation energy for the rate-determining step increases 
linearly with film thickness by “whatever the mechanism is”. These postulates may be 
compared with those of the PDM summarized earlier in this paper. However, none of the 
models discussed above incorporate film dissolution and hence the rate law contains only 
a single term. As noted above, models of this type cannot account for the existence of 
steady states in the voltage and current and are not amenable to phase space analysis. 

Summary and Conclusions 

The conditions under which reactive metals can exist within the passive state and 
hence may be used in our metals based civilization have been explored by phase space 
analysis (PSA) within the framework of the Point Defect Model (PDM). PSA 
demonstrates that a steady state in barrier layer thickness and passive current density 
exists only at the point of intersection of dL+ / d t  and dL- / d t  , where dL+ / d t  and 
dL- / d t  are the rates of barrier layer growth at the metal/barrier layer interface and 
dissolution of the barrier layer at the barrier layer/solution interface, respectively, with 
the former being a decreasing exponential function of the barrier layer thickness. PSA 
also demonstrates that a passive film cannot exist in an equilibrium state and hence that 
the barrier layers of passive films on reactive metals and alloys in contact with oxidizing 
aqueous environments are meta stable in nature. Furthermore, PSA shows that, for a 
passive film (barrier layer) to exist on the metal surface, (dL+ / dt),=, > dL- / d t  . 
Violation of this condition occurs upon the transition of the system into the transpassive 
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state, resulting in a sudden increase in the film dissolution rate brought about by an 
increase in the oxidation state of the dissolving species at the transition potential, E,,,,,. 
Alternatively, depassivation may occur due to a combination of a change in growth rate 
and/or film dissolution rate brought about by a causative agent in solution (p, as in the 
case of acid depassivation). In this latter case, no change in oxidation state is required. 
All of these depassivation phenomena can be described and predicted by a single 
equation, L, = 0 or equivalently (dLf /dt),=, = dL- /dt . Finally, kinetic stability 
diagrams (KSDs), in which the regions of transpassive dissolution and depassivation are 
delineated from the passive state, are proposed as alternatives to the classical Pourbaix 
diagrams for describing the electrochemical states of passive metals and alloys in 
potential-pH space. 
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Table 1. Gibbs energies of reaction of metals with oxygen and water vapor 
under prototypical terrestrial conditions [T = 25 "C, poz = 0.21 atm, pH,o 

= 0.02532 atm (RH = 80 %), p H ,  = 6 . 1 5 6 ~ 1 0 ~ '  atm]. 

Metal I Reaction AG, M/O2 (kJ/mol) I AG, M/H20 (kJ/mol) 
-1007.5 

-1005.3 
-1 047.3 

-1 045.7 
-209.7 

-209.1 
-145.9 

-145.4 
-1 576.5 

-1574.9 
-885.6 

-884.5 
-1038.6 

-1037.5 
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0 alV biL c,pH Table 2. Rate constants ki = ki e e e for the interfacial defect generation and 
annihilation reactions employed in the Point Defect Model. 

Reaction 
Ci 

x .. " >MM +-Vo+xe' 
2 (3) m 

Table 3. Definition of the standard rate constants for the interfacial defect 
generation and annihilation reactions employed in the Point Defect Model. 
Note that the base rate constant for the th reaction is designated k,oo. 

I Reaction 
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Table 4. PDM Parameter Values for Alloy X. 

Parameter Value Units Identity/Origin 
n 14.59 cm3/mol Mol volume per cation of the barrier layer 

(Calc. for cr203’). 
a 0.70 Polarizability of the barrier layer/solution 

Dependence of the potential drop at bl/sol 
interface on pH. 

-0.005 P 

a, 0.15 Transfer coefficient for Reaction 1. 

V 

0.1 10 

0.120 

0.15 

0.15 

0.15 

0.50 
3 
3 or 6 
2.00e6 

5.00e-06 

1.00e-11 

5 .OOe- 14 

1 .OOe- 16 

1 .OOe- 15 

1.00e-25 

1 .OOe- 13 

V/cm 

S-I 

Transfer coefficient for Reaction 2. 

Transfer coefficient for Reaction 3. 

Transfer coefficient for Reaction 4. 

Transfer coefficient for Reaction 5. 

Transfer coefficient for Reaction 5. 

Transfer coefficient for Reaction 7. 
Oxidation state of cation in barrier layer 
Oxidation state of cation in solution 
Electric field strength 
Base rate constant for Reaction 1. 

m o ~ c r n ~ . s  

mo~/cm~.s 

mo~/cm~.s 

Base rate constant for Reaction 
2. 
Base rate constant for film formation, 
Reaction 3. 
Base rate constant for Reaction 4. 

mot/cm3.s 

Base rate constant for Reaction 5. 

Base rate constant for Reaction 6. 

m o ~ c m ~ . s  ky 

El - E, 25.1 kJ/mol Activation energy for Reactions 1 - 7. 
n 0.6 Kinetic order of film dissolution wrt [m. 
&s -0.1 V constant4. 

Base rate constant for film dissolution, 
Reaction 7. 

= Mol. Wt./density. 
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Figure 1: Polarization curves for iron in phosphoric acidsodium 
hydroxide buffer solutions at 25'C as a function of pH (data taken from 
Sat0 [30]). 
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Metal I Barrier Oxide Layer I Solution 

Figure 2: Interfacial defect generatiodannihilation reactions that are 
postulated to occur in the growth of anodic barrier oxide films according 
to the Point Defect Model [3]. m =  metal atom, VL' = cation vacancy on 
the metal sublattice of the barrier layer, M:' = interstitial cation, M ,  = 

metal cation on the metal sublattice of the barrier layer, Vi' = oxygen 
vacancy on the oxygen sublattice of the barrier layer, 0, = oxygen anion 

on the oxygen sublattice of the barrier layer, Mr+ = metal cation in 
solution. 
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