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ABSTRACT - .. 

The ·anodic oxide films of single phase Ni-Mo alloys 

(5 - 15 wt % Mo)formed in 0.15 N Na zS0 4 (pH 2.8) have been 

investigated using el~ctrochemical techniques, atomic absorption 

spectroscopy, Auger electron spectroscopy and'X-ray photoelectron 

spectroscopy. The anodic oxide film of Ni formed under the same 

condition has been used as a reference in order to study the 

effect of molybdenum addition on the nature of the passive film 

of nickel. 

The electrochemical studies have indicated a negative 

effect of molybdenum addition to st~bility of the passive film 

and a different mechanism of the film growth.on the alloys with 

respect to that on nickel. 

Dissolution of nickel and m91y~denum during the film 

formatio~ has been found to proceed in. proportions other than 

thei~r~tio in the alloy and which was also time dependen 

selec~ dissolution of molybdenum has been found during 

initial stages of anodization and its. enrichment in the at 
, 

longer anodization ·times. Chronoamperometric measurements 

combined with dissolution analysis suggested an increase of the 

film thickneses with anodization time. 

Auger electron spectroscopy wit? ion sputtering 

confirmed the anodization time dependence of the film thicknes& 

(iii) 

\ 



and an enrichment of the film-solution interface in molybde.~~~ 

The thickness of the passive film of nickel has not been found to 

change significantly with anodi'zation time. 

Characterization of nickel and molybdenum speci~s in 

the film has been based on the findings of X-ray photoelectron 

spectroscopy, which combined with the evidence offered by 

structure analysis (RHEED), suggested the passive film to be a 

two-phase oxide film containing defective or hydrated NiO and 

probably amorphous Mo0 3• A model which explains the growth of 

two-phase oxide coverage on Ni-Mo alloys has been proposed. 

( iv) 
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. . 
CHAPTER 1 

INTRODUCTION 

1.1 PASSIVITY OF METALS AND ALLOYS 

Some of the most important and ,interesting methods for 

upgrading the corrosion resistance of metals and alloys deal 

with the phenomenon of passivity. From a technological point of 

view an understanding of the mechanism of passivity is essential 

because the breakdown of passivity is the principal reason for 

corrosion failures. An· enormous number of papers relating to 

various aspects of passivity have been published. Such 

widespread interest is provoked not only by th~ practical impor-

tance but also by the complexity of the phenomena. 

Since the rate of any~e~odynamically probable elec-

trochemical corrosion process depends on the degree of thermo~ 

dynamic instability and cathodic and anodic polarization as .the 

principal resistive factors, it seems most logical to define 

passivity on the basis of these controlling factors. Numerous 

examples of passivity show that in all cases of improved cor-

'rosion resistance there is a sharp increase in inhibition of the 

anodic process. Therefore passivity can be defined [1] as a 

state of improved corrosion resistance (under·conditions where, 

from a thermodynamic point of view, the metal or the alloy is 

active) accounted for by inhibition of the ~nodic process .of 

metal dissolution. • 

The phenomenon of passivity is associated with a 

decrease of the rate of anodic dissolution to very low values 

1 



2 

. 
with increasing oxidizing conditions of the electrolyte. This 

is generally due to the formation of'oxide ~lms by anodic reac-

tions in aqueous electrolytes. The formation of a passive fi~m 

,is governed by the potential and pH conditions in the case of a 

stable surface oxide layer, and by the relative reaction rates 

when the oxide film is metastable [2J. 

For most metals the formation of an anodic oxide film is possible 

in aqueous solutions according to the reaction 

nMe + mH 20¢Me 0 + 2mH+ + 2me
n m (1-1 ) 

In concurrence with (1-1), the anodic dissolution of the metal, 

(1-2), and chemical dissolution of the oxide, '(1-3), take place 

, 
-, 

z+ 
Me + yH 20 ¢. Me ( H 20) y + ze ( 1-2) 

Under c.ertain conditions, oxidative, (1-3a), or reductive, (1-36) 

dissolution of the oxide should be taken into account as well: 

(1-3a) 

(1-3b) 

From a phenomenological standpoint, the equilibrium potential-pH 

.' 



3 

diagram (3] shows the range of pH/values and potentials (with 

reference to the standard hydrogen potential) where the reactants 

participating in reactions (1-1), (1-2) and (1-3) are the most' 

stable ones. However, the formation of metastable oxide phases 

is possible in certain ranges of pH and potential, ven if they 

are less stable than the metal ions, if the rate on oxide gr th 

according to (1-1) exceeds the 
, J 

rate of dissolution b~(l-
3a) or (1-3b). ~e rate of oxide dissolution depends on the pH 

value of the electrolyte and on the potential difference at the 

inte~face (4]. The potential at which the rate of dissolution 

drops because the reaction (1-2) is blocked by the anodic oxide 

film is called passivation potential. The well known N-shaped 

current density-potential curve (e.g. fig. 3-1) is indicative of 

passivation of a metal. Hoar (5] pointed out that the behaviour 

of an anode above the passivation potential depends largely on 

the electrical, mechanical and chemical properties of the film. 

If it is a good electronic ~onductor and if the anode potential 

is allowed to rise, so that anodic oxidation of electrolyte (e.g. 

OH or H20 to 02) ,at the film/solution interface becomes 

possible, this process may account for practically all the' charge 

passing; little further change of metal takes place and the metal 

is anodically passivated. If the film is a very poor electronic 

conductor, passag~ of charge across it can take place only by ion 

movement from the metal/film or the film/solution interface. In 

this case more metal is converted into oxide, i.e., anodic 
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oxidation or film growth occurs, and the metal cann6tbe said to 

be passive. When the film is not mechanically stable it becomes 

disrupted during growth and further growth is stimulated at 

points where solution enters the defects in the film. If the 

film substance is not the only thermodynamically possible product 

it may be d'issolved by the electrolyte and become porous, and 

thus more easily thickened. Combinations of the above phenomena 

are often observed. 

The oxide film theory in the modern form, due primarily 

to Evans [6], has been challenged by proponents of the theories 

of change of the metallic surface fnvolving not film formation 

but electronic modifications [7-12] or adsorption of ions or 

molecules [13-1S]. Many passivity theories that have been 

presented in the literature fall into the categories of adsorp

tion theory and three-dimensional oxide theory. Relatively 

recentlY', Sato [19] presented a generalized theory in which the 

passivity of transition metals is attributed to a thin oxide film 

which in the initial stages of formation might involve adsorption 

of oxygen or OH- ions. 

Within the framework of the general theory, which is 

rather phenomenological, there are three mechanisms that have 

been proposed: 

(i) electron conf~guration induced adsorption passivity [20-21] 

(ii) ionic space charge induced passivity [22-23] 

(iii) ion selective fixed charge induced passivity [24] 



The first one, proposed by Uhlig, stated the importance 

of chemisorption of oxygen in the occurence of passivity of 

metals and alloys. The adsorbed oxygen' film is favoured by the 
-

transition metals with uncoupled d-electrons with which adsorbed 

oxygen interacts. In the case of alloys, the more passive compo-

nent is the electron acceptor and the other component is a donor. 

The critical composition of a binary alloy corresponds to a 

percent of acceptor at which the number of available uncoupled 

electrons in it is equal to the number of available electrons in 

the donor. 

The second theory proposes the space charge induced 
- \ 

passivity model according to which the ~onic current in the 

barrier layer can be greatly reduced by the ionic space charge 

within the layer, as compared to the corresponding rat~ expected 

in the absence of the space charge. This approach is based on 

field assisted ionic conduction. 

The first model does not consider the kinetic stability 

of a passive film and the second one is not concerned with disso-
• 

lution rate of the barrier layer which eventually determines the 

dissolution rate of the passive metal. 

Sakashita and Sato [25] have proposed that the ion 

selectivity due to the fixed charge in hydrated oxide membranes 

on metals plays an important role in producing passivity. In 

this model a bipolar film consisting of an anion selective layer 

on the metal side and a cation selective layer on the solution 
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side might retard the ionic current in the anodic direction. The 

role of hydrated metal: oxide membranes could provide the explana-

tion for the effect of various electrolytes on passivity. 

According to Sato [25] the passive films on metals may 

be classified into the five types: 

- the adsorption film f 
- the barrier film of a three-dimensional oxide 

- the film consisting of a barrier layer covering less 

protective layer 

- the film composed of a barrier layer covered with a 

hydrated deposit layer 

- the film with a barrier layer with a porous layer of the 

compositton on'top of it. 

The adsorped film consists of a monoatomic or multi
~ , 

mOlecular layer of oxygen or other species. Frankenthal [27] 

reported '10 6 - 10 7 C/cm field slightly above the passivation 

potential of Fe-26 Cr al~oy due to an adsorbed layer of oxygen or 

oxyhydroxide ("primary" film 0.35 mC/cm 2 thick. reduces uniformly 

and completely). 

The three dimensional oxide film generally has the 

steady state thickness which is a linear function of potential if ' 

the passive current is independent of potential. (This is not 

the case if the passive current is potential dependent [29].) A 

typical example of a barrier type passive film is that on Fe 

[28]. This type of film sustains - 10 6 - 10 7 V /cm. However. it 
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is often difficult to draw a line between an adsorbed film and a 

thin three-dimensional barrier film. 

The passive films on Co [30] and Cu [31] in neutral 

solutions are examples of a barrier film formed on a less protec-

tive layer: the barrier Co 30* film is formed on an inner layer 

of CoO and similarly for copper, of Cu~ on CuzO. 

The passive film on Fe in neutral solutions is composed 

of a barrier oxide film covered·with a hydrated deposit layer 

[32]. A similar type of passive film was found on Ti in acid 

solutions [33]. 
,The anodic oxide films on Al are typical examples of 

passive films consisting of a compact layer in contact with the 

metal and a porous layer of the same composition in contact with 

the electrolyte. 

The composition of barrier films often changes with the 

potential. Changes in the film composition induce changes in the . . 
electronic band structure of the films. According to some 

reports [34] the passive film on Ni is Nil_xO (p-type semi

conductor). Its composition changes o~er a wide range of poten-

·tials and its passive dissolution current increases continuously 

with potential. 

For alloys, the degree of enrichment or depletion of 

'\ 
the film is generally a function of potential [35]. In some 

cases an enrichment or depletion of some components is found in-

the substrate layer [36]. 

, 
I 
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The presence of water in the passive films has been 

reported -for some metals and alloys·. [37-42]. Since the presence 

of water affects the structure of the film and consequently 

influences its physical and chemical properties. its role should 

-not be ignored. Okamoto [40] suggested the necessity for the 

presence of water in the passive film. However. experimentally 

it is difficult to distinguish between the incorporated; adsorbed 

and water of hydratation of metal compounds in the passive film. 

The mechanism of electronic conductivity 'in the passive 

l,ayers has a great influence on their corrosion resistance. e.g •• 

high elec~onic conductivity favours the anodic oxidation of 

anions in the solution instead of metal dissolution. Generally. 

for most metals the passive film is a poor electronic conductor 

with properties ranging from those of a semiconductor,to those of • 
an insulator. Redox reactions (e.g. oxygen evolution) can occur 

if the film is sufficiently thin [43]. On the other hand. for 
'0 

metals to dissolve. the transport of cations or anions through 

the oxide layelitis necessary. The ionic current in a passive 

film folidWs either the field-assisted ionic conduction [44] or 

the place-exchange mechanism [45]. probably depending on the film 

thickness. Experimentally. it is d~cult to differentiate 

between these two mechanisms. An alternative model. the validity 

of which has been demonstrated by use of experimental data for 

Fe, has been recently proposed [46]. 

When a metal enters the passive state, where the 
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r 
dissolution of metal is inhibited by the presence of a surface 

film, the maintenance of such a passive state depends upon the 

electrical characteristics of the film and the stability of the 

film to the environment. In the steady state, the ionic current 

through the film is equal to the film dissolution current across 

the double layer at the film/solution interface. The rate of 

film dissolution is controlled by the double layer potential 

difference. Vetter [47] assumed that potential difference to be 

determined by the oxygen reaction at the film/solution interface 
R 

in the steady state. An alternative approach has been made by 

Sato [19] wh~re the double layer potential difference is related 

to the electric field in the film in the absence of surface 

charge at the int~face. It has been pointed out that dis

solution rates of a passive film under non-steady state and 

steady state conditions are not equal [28,48,49], but whatever 

the mechanism is in each case, the dissolution rate is always a 

function of the potential difference in the double··layer. 

Although passivity is quite a general phenomenon, not 

being restricted to a specific metal or alloy or to a specific 
, 

passivating solution, it is possible to conclude tha~ a general 

framework of passivity has been established. The problems of 

fundamental and practical interest that have been proposed for 
I 

further study [25] are the mechanism of dissolution of passive 

metals and alloys, the role of anions in growth and dissolution 

of passive layers, the effect of alloying elements on the 
." 
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composition and properties of the passive films and the effect ~f 

various environments on the stability of passive films on metals ~ 

and alloys. 

1.2 PASSIVITY OF NICKEL 

The electrochemical behaviour of Ni has been the sub-

ject of intensive investigation in a variety of electrolytes. 

Models for the passive film and the experimental data on which 

the models are based have often contradicted each other, mostly 

due to differences in experimental techniques and often due to 

different interpretations. 

Well established experimental results exist for the 

steady state polarization curve of Ni in different electrolytes. 

The anodic polarization of Ni shows typical current density -

potential profile with the active, passive and transpassive 

regions. The oxide film is believed to inhibit Ni-dissolution by 

forming a physical barrier between ·the metal and solution 

[50-53 ]. 

In acid solutions the current density drops until a minimum is 

reached and increases again towards oxygen evolution region, 

Le., Ni does not show a potential region with constant current 

density [50,54,55]. Wagner [56] explains the potential depend~nt 

dissolution of Ni in the passive state with the low Qensity of 

electronic defects in Nio which, therefore, behaves like a 

dielectric. The potential gradient in the oxide is caused by the 

, 
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surface charge, not by the space charge, which leads to the 

potential dependent dissolution current. 

Dissolution of passive Ni yields Ni 2+ ions up to the 

potential region where oxygen starts to be evolved simultaneouslY 

[57] although some authors [58] propose that Ni 3+ goes into 

solu~ion in the oxygen evolution potential region. It was found 

that the dissolution rate in the passive region is pH dependent 

[54,58-62,89,90]. The 'pH dependence of passive Ni dissolution as 

given by Vetter [54] is similar to that found by others 

[58,89,90]. Within a certain potential range the dissolution 

current density seems to be independent of pH because the change 

of oxide composition w~th potential and the change of potential 

difference at the oxide/electrolyte in~erface, due to the pH of 

electrolyte, compensate each other. 

The change of dissolution current density with the 

po'tential is related to a corresponding change in the degree of 

oxidation. Sato and Okamoto [58-62] found the dissolution 

current density 1n the passive region to be independent of 

potential and dependent on pH in the acid solutions, with no 

effect of Ni 2+ and S042- ion concentration~ 

The formation and dissolution of the passive film 

proceed simultaneously and the rates of bhose reactions at steady 

state are exactly the same 50 as to keep the film thickness 

constant. The dissolution reaction may be expressed as follows: 

2+ 
Ni (oxide) + OH-(aq) ----- + ' 

NiOH (surface) (1-4a) 



NiOH+(surface) ~ NiOH+(aq) 
+ U _ 

NioH (aq) ~ Ni (aq) + OH (aq). 

12 

(1-4b) 

(1-4c) 

The thickness of the passive film on Ni has been deter-

mined by coulometry [63], ellipsometry [64-68] and nuclear micro-

analysis [69,70]. The composition of the passive film formed in 

neutral and acid solutions is generally thought to be NiO with 

maximum thickness reported from 12 A [71-76] to 18 A [77,78]. In 

contrast, Bochris et al. [65] have reported 60-100 A film formed 

on Ni in the sUlphate electrolyte of pH - 3. In a borate 

electrolyte a considerably thicker, porous film could be grown 

the thickness of which changes with the potenti,al [63,67,80-84]. 

The current efficiency for the film formation is rather small 

[63,83,84] and therefore coulometry can be used for the film 

thickness determination only by taking into account the charge 

that corresponds to Ni dissolution. On the other hand certain 

assumptions about the optical constants must be made in ell ipso-

The two main mechanisms suggested for the oxide forma-

tion on Ni are: 

(i) dissolution-precipitation mechanism [64-66] 

(ii) direct oxidation of the metal surface [Sl;52,85,86] 

In the first case it is postulated that oxide can form when the 

solubility of a species such as Ni(OH)2 in the vicinity of the 

electrode is exceeded, resulting in precipitation of Ni(OH)z .onto 
• 

the electrode surface. The second mechanism would involve an 
• 

electrochemical reaction such as 
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N ~ + H 0 N'O 2H+ 2 ~ 2 + ~ + + e. 

The most probable mechanism of film formation assumes that in the 

early stages of Ni-anodization the surface is covered with chemi-

sorbed oxygen which is converted to Ni-oxide with continued ox i-

dation [71-75,80,81]. The stability of different oxygen species 

on anodized Ni was characterized in relation to their cathodic 
v 

redu.ction behaviour and the open-circuit potential decay. The 

surface-analytical techniques (RHEED, Oxygen K 'X-ray emission 
a 

spectroscopy, AES and replica electron microscopy) were employed 

to study the film structure, composition, thickness and morpho-

logy. These are probably the most comprehensive studies of the 

nature of passive film on Ni., It appears that 9 - 12 A Nio with 

a defect character is the passive film on Ni in acid sulfate 

solution!!. The oVeral,l film thickness seems to be independent of 

the anodic formation conditions but the defect character of the 

film and consequently its stability changes as a function of both 

the time and the potential of anodization. The defect character 

of the film was found to depend also on the epitaxy between the 

metal and the oxide. In the case of borate solutions (pH - 8) a 

distinctly different oxide film is formed. It is believed to be 

NiOOH with the thickness going up to 1000 A [80,82]. The growth 

kinetics of this film are interpreted in terms o'f an outer porous 

\ film growing on top of an inner, compact, pass~ve film, i.e., the 

measured corrosion current determines the rate of growth of the 

porous film. 
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According to some earlier reports [52,53,5B-62,B7], the 

passivation potential of Ni corresponds to the NiO/Ni 30 4 equili-, 
brium potential and polarization to higher potentials leads to .. 
conversion of the oxide to Ni z0 3• Different oxidation states as 

a function of pH and the potential could be expected for Ni on 

the basis of equilibrium potential - pH diagram [3]. Thus the 

passive film on Ni was thought to be either simple Ni 30 4 or a 

duplex oxide of Nio and Ni 30 4 • In another view [BB] the direct 

oxidation to Ni 30 4 and Ni~03 has been proposed to take place in 

the active region which can lead to the formation of solid solu-
>, 

tions of Ni z0 3 in NiO. This means an increase in Ni 3+ ion con-

centration (3d holes) in the oxide. If the oxidation rate is 

determinedJby the concentration of 3d holes, an increase of 

concent~ions should cause an acceleration in oxidation. 

1.3 PASSIVITY OF MOLYBDENUM 

their 

Reports concerning the corrosion characteristics and 

anodic dissolution of Me have appeared in the literature 

sporadically. The variety of oxidation states and the complex 

chemistry exhibited by ~ have led to some confusion and 

seemingly contradictory information concerning its behaviour. 

Latimer [91], Pourbaix [3], Pozdeeva et at. [92] and 

Markovic [94] calculated the standard potentials for systems of 
1 

Me and its oxides in aqueous solutions from thermodynamic data 

taken from the literature. The potential - pH diagram was 

( , 
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constructed [3] taking the following species into account: Mo, 
z-

MoO z' MoO 3' Mo 3+ and Mo0 4 ." The diagram is valid only in the 

absence of substances which form complexes or insoluble salts 

with Mo. 

According to the published work on the dissolution of 

Mo in aqueous electrolytes, the metal goes into solution in the 

hexavalent state whereby a dark, amorphous and porous layer is 

formed. The composition of this layer has not yet been esta

blished. Heumann and Hauck [95,96] have reported that layer to 

be composed of MOO z and that the anodic oxidation of that oxide 

determines the course of the current-potential curve. The work 

of Wikstrom and Nobe [97] agrees with these findings. 

Pozdeeva et al. [93] studied oxidation of Mo in lNH z50 4 

and in KOH solutions by taking potentiostatic polarization curves 

and comparing the results with the curves taken with various Mo-

oxides and with the standard potentials of formation of the 

oxides, calculated from thermodynamic data. From the potentials 

of formation it was concluded that only 0- and y-phases could be 

the pas.sivating species in acid solutions. These phases were 

synthesized •. " They had the compositions MoO z. 0 8 and MoO z _ 70' 

respectively_ From the electrochemical behaviour of the synthe-

sized oxide phases it was concluded that Mo is passivated by a 

film' of Y-phases (MoO 2 _ 65 - MoO z .75)' On anodic polarization of 

Mo in IN H z50 4 the authors found" that Me did not dis sol ve at 

potentials mor~ negative than -0.15 V (NHE). Since the value of 
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standard potential for reaction 

Me 
3+ 

Mo + 3e 

is -0.20 V (NHE) they concluded that Me has no active region in 

its solution, i.e., the region of immunity bord~rs with the pas

sive region. (These results do not agree with those of Wikstrom 

and Nobe [97 ].) The interpretation of polarization curves was as 

follows: Metallic Me is passive in IN H2S0 4 in the potential 

range of -0.15 V to 0.4 V (NHE). At potentials of 0.4 - 0.7 V it 

dissolves by passing through the formation of 6- and y-oxides and 

subsequent oxidation of these oxides to H2Me0 4• At hi~her poten

tials the process is slowed down by the formation of e- and e'-
phases mixed with Mo0 3• At potentials higher than 1 V (NHE) the 

rate of oxidation is independent of potential. The process of 

formation, oxidation and chemical dissolution of the mu~tilayer 

film determines the anodic behaviour of Me at potentials higher 

than 0.75 V. No oxygen evolution was found in lNH 2S0 4• Mo goes 
2-

into solution as Mo0 4 ions. At - -0.15 V a film appears on the 

electrode surface. The authors claim that Me cannot be passi-

vated in alkaline solutions because 6- and y-phases form at -0.9 

-
V but these species are oxidized at -0.96 to -1.0 V so they 

cannot exist at -0.9 V. The e and e' phases (Me0 2 • S7 and Mo0 2 _S9 

resyectively are stable at'the potentials of interest but dis

solve chemically in alkaline solutions making passivation impos

sible. These conclusions are in disagreement with the findings 
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of other authors [95,96,98] who consider Mo to be in the passive 

state in alkaline solutions and find that the anodic dissolution 

curve overlaps with the transpassive region. Studies of the 

dissolution of Mo in a broad range of pH (0.28 - 14) by 

static methods [98] led the authors to propose at least 

steps for the transpassive dissolution of Mo: 

MoO 2 ' .. MoO~ + e 

MoO+ + OH 
2 • >- Mo° 20H, 

MoO 20H + OH + H2Mo0 4 + e 

ga1va~~ 

five 

(1-5-1) 

(1-5-2) 

(1-5-3) 

(1-5-4) 

The authors suggest that some of these steps take place simul-

taneously. The sequence (1) + (2) + (3) agrees with the mecha

nism proposed elsewhere [95,96] whereby it was found by means of 

chemical and X-ray analysis that the surface film is Mo0 2 • 

Anodic polarization of Mo in IN H2S0 4, as investigated by 

differential capacitance measurements and open circuit potential 

decay [97], indicated that Mo0 2 was always present on the ,,: 

electrode surface and that anodic dissolution of Mo involves 

MoO 2. Johnson et al. [99] studied anodic polarization of Mo in 
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acid and alkaline solutions and'reported that Mo dissolves as 
:' 

Mo6+ and forms a dark blue film in acid electrolytes and a black 

one in alkaline electrolytes. X-ray studies showed that films 

were generally amorphous except those formed in alkaline 

solutions which exhibited a certain degree of crystallinity. The 

films were found to be Y-(Mo0Z.6S-Z .. 7S) and B-(Mo0 z . S7 ) for pH 

13.6, depending on the current density, and a-(Mo0 3) for pH 9.5. 

In alkaline electrolytes the authors found an active dissolution 

range followed by a transpassive range. In acid electrolytes the 

active and transpassive regions were separated by a "secondary 

passivation" region where current fluctuations were found. This 

effect was considered to be due to the film growth on the 

surface. By-comparing the open circuit potentials with those of 

possible equilibria, it was concluded that the reaction at open 

circuit was: 

+ MozOs(s) + 3H zO(aq) + 2H zMo0 4 (s) + 2H (aq) + 2e (1-6 ) 

MoZO S is formed by one of the following reactions both of which 

are rapid: 

+ 
2Mo(s) + 4H zO(aq) + MozOs(s) + lOH (aq) + lOe (1-7) 

(1-8) 
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In the transpassive dissolution the overall rate is determined by 

a slow dissolution of. H 2MoO 4. 

The.anodi~ dissolution of Me in 2N H 2S0 4 and lN HCl 

[100], investigated by the potential sweep method and rotating 

• electrode, gave five current maxima independent of the sweep 

rate, indicating that the corresponding potentials were 

reversible. Those potentials were dependent on pH and one of the 

five current maxima was sensitive to addition of Mo 6+ to the 

solution. The same authors performed impedance measurements in 

nonaqueous electrolytes [101] in order. to obtain information on 

the oxidation of Me to the states loWer than +6. It was 

concluded that there are many conceivable dissolution mechanisms. 

The electrochemical behaviour of thin surface films on 

Me in lN H2S0 4 and lN Na 2S0 4 [102] investigated by galvanostatitr 

and potentiostatic polarization showed that the thickness of the 

film increased with the potential. The film thickness was 

constant up to 100 min of polarization and increased ~harply 

after that. A critical value of current was found at which the 

film reached its maximum thickness (300 - 500 Al; thereafter the 

thickness decreased'with increasing current. It was also found 

that cathodic reduction did not cause Me to become active but the 

film thickness decreased with time to a certain extent. 

Ikonopisov [103] found that very thin anodic films on 

Me are semiconducting and believed that they consisted of a lower 

oxide. Beyond a~itical thickness, this semiconducting film was 
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argued to be converted to Mo0 3 since the latter is the only known 

oxide of Me which has low enough conductivity to permit film 

growth. 

Daly and Keil [104] have found, by measuring the charge 

and comparing it to chemical analysis of dissolved films, that Me 

in anodic films has an average oxidation state of 5.5. 

" Thermal oxide formed on Me was shown by Hickman and 

Gulbransen [105] to exist in layers such that Me0 z was next to 

the metal and M?03 on the outside. In other work [106] only MoO z 
+ 

was identified, while ion-implanting Me with 0z also led to MOO z 

[107 ]. 

Arora and Kelly [lOa] found that anodic films on Me are 

crystalline below a critical thickness of 90 - 300 A C6-10 V" and 

amorphous beyond that thickness. The diffraction patterns sug-

gested the thin film to be MoOzoHzO. 

Judging from the results, an elucidation of the mecha-

nism of anodic dissolution of Me in aqueous solutions seems very 

difficult. 

1.4 EFFECT OF Mo AS AN ALLOYING ELEMENT ON THE PROPERTIES OF 

PASSIVE FILMS 

In recent years corrosion research has been increasing

ly concentrating attention on elucidating the role played by 

alloying components in the formation of passivating layers on 

alloys and on ensuring the increased stability of these layers. 
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The effect of Mo has been dealt with mostly in the case of 

stainless steels where it has been known for a long time that it 

reduces pitting susceptibility. The quantitative analyses have 

been done relatively recently but a few consistent conclusions 

were obtained. Some information also exist about the corrosion 

characteristics of Ni-Mo-Cr alloys (Hastelloys) [109-111] and a 

number of reports concerning binary Fe-Mo alloys [112-117] and 

Ni-Mo alloys [118-122]. 

Uhlig [109] believed that:' the alloys of Ni-Mo system 

are not passive in the sense that their electrochemical behaviour 

does not approach that of less active metal. The electrochemical 

studies of Greene [118] have shown this to be untrue; all single 

phase alloys exhibit typical active-passive behaviour. By means 

of electrochemical and dissolution measurements [121] it was 

found that Mo accumulates in the passive film accelerating the 

film growth. ESCA results suggested the existence of Ni- and M~ 

oxides in the form of a solid solution in the passive region and 

as separate phases in the transpassive region. It was also 

pointed out that small amounts of Cr added to single phase Ni-Mo 

alloys lowered the passive current density. The electrochemical 

measurements on Ni and single phase Ni-Mo alloys [122] suggested 

a negative effect of Mo on the stability of passive film on Ni. 

According to the polarization behaviour [113] when Mo 

alone is added to Fe, there are no beneficial effects in the 

solutions of pH 3, although that pH lies in the middle of Me0 2 

stability zone on the potential-pH diagram [3]. 
;. 
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Kodama and Ambrose [116] have studied tt effect of 
"---...~ 

ion on the repassivation kinetics of Fe in a rated solu-
2-

tions containing Cl ions and Mo0 4 ions. Their results 

demonstrated that dissolved molybdate ion is effective in-repas-

sivating Fe undergoing pitting corrosion in borate-buffer solu-

• tions containing 0.01 M NaCl and 0.01 M Na 2Moo 4 • Thermodynamic 

data suggested that Mo improves localized corrosion resIstance by 

forming an insoluble molybdate compound which inhibits propa

gation of pits but not their initiation. Ambrose [117] has also 

investigated the effect of Mo on the repassivation kinetics of Fe 

on a series of Fe-Mo alloys with the intention of comparing the 
2-

results with those obtained when Mo0 4 was added directly into 

the solution. It was found that a critical concentration of Mo 

(- 5%), whether present in the metal ~n the solution, was 

necessary to provide a film of critical thickness which 

determines whether the localized corrosion process will propagate 
• 

or not. 

Composition profiles in· depth of passive films on 

Fe-5Mo and pure Fe [115] in deaerated borate-buffer solution 

(pH 8.4) have shown that there was no Mo in the outer layer of 

the passive film.- The thickness of the inner layer was about one 

half of that on pure Fe and it increased linearly with anodic 
# 

potential of the film formation. The estimated e~ectric field of 

the inner layer was two times as high as that for pure Fe. The 

diffusion coefficient of migrating ions in the inner layer of the 

passive film on Fe-Mo alloy suggested that ionic current of 

' . 

• 
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.. 
Fe 3+ ion migration is predominant as opposed to the case pure 

Fe where the ionic current is carried by oxygen ions in the 

barrier laye r. It was concluded that Me was incorporated in 0 

the inner layer to form a stable oxide with high resistivity to 

ionic conduction. 

There have been numerous studies concerning the bene-

ficial effect of Me on the corrosion properties of stainless 

steels;' due"both to the complexity of the passive state of steels 

and its practical importance. Recently, more detailed studies 

have investigate? the relationship between the electrochemical 

properties of passive films and the results of physical measure-

ments of·thin surface layers. From potentiostatic polarization 

Me is' known to decrease the critical and the passive current 

density in H2S0 4 solutions [123-126]. In addition, the pitting 

potential in the chloride containing solutions increases 

remarkably with Me content [123,127-129]. AES and ESCA have 

suggested that no or exceedingly small quantities' of Me are 

present in ~he passive films on stainless steels in acid and 

neutral solution, independent of chloride ions in the solution , 

'[113,130,131]. 

It has been proposed [116,117,132] that the effective-

ness of Me alloying against pitti~g is achieved through the 
2-

adsorption of Me0 4 rather than through Mo incorporation into 

'the passive film. Some ESCA measurements, however, demonstrated 

that Mo is incorporated into the passive f~lm as Mo6+ (Mo0 3 ), 
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playing an important role in the pitting corrosion resisitance 

[1l4.133]. 

According to some investigators [114.121.125.126.128] 

the beneficial effect of Me was dependent on the Cr level. with a 

higher Cr level exhibiting the greater effect. In order to 

clarify the influence of Me on the electrochemical charac
." 

teristics of Cr Klimmeck [134] carried out electrochemical 

measurements on Cr-Me alloys (with up to 29% Mo) in the active 

and passive region. It was ,shown that the behaviour in the . 
active region was determined mainly by Mo. The active state • 

. , . 
easily obtained for Cr. appears for 10% Mo and does not'appear at 

all for 20% Me in 5N HCl solution. In contrast to this no speci-

~ic effect of Me could be found in the passive and transpassive 

region. 

In spite of the fact that addition of Me to Fe 
• 

decreases the passivation tendency of Fe in H2S0 4 solutions and 

does not allow Fe to passivate in IN HCl [12]. Hashimoto and 

coworkers have found that amorphous Fe-Mo-13P-C [135] passivates 

in IN HCl as well as FJ!-Mo-18C alloy [136]. as long as· the amount 

of Me does not exceed some critical value beyond which the anodic 

current density increases in both the active and the passive 

regions. 

It is evident that there is no definite explanation of 

the role of Me in improving the corrosion properties. The 

explanations made to date can be summarized as follows: 
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(1) Me once dissolved as molybdate ion into'solution is adsorbed 

on the break-down sites of passive films and acts as an 

anodic inhibitor [116-137]. 

(2) Me in the alloy substrate promotes the repassivation of 

microbreakdown sites and enhances the'corrosion resistance 

[138 ]. 

(3) Mo stabilizes the inner layer of passive fi'lms [139-140] by 

improving the quality of the bonding at the metal oxide 

, surface. ( , 

(4) Mo produces passive films'with non-defective structure. 

Thus. serious contradictions have been found. even when the same 

experimental techniques were used. The available evidence to 

sup'port various ideas explain.i,ng the critical role of Me are 

rather limited. Further studies are required in order to 

elucidate the presence of 'Me) and i.ts state in the passive film • 

• 

• 
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1.5 STATEMENT OF THE PROBLEM 

To understand the role played by the surface oxide film in 

determining the corrosion susceptibility of metals and alloys, it 

is necessary to understand the nature of the oxide film itself, 

e.g., its thickness, composition, structure and stability. 

Many of these film properties cannot be obtained bi 

the exclusive use of electrochemical methods but require comple

mentary information from surface analytical techniques, e.g., 

Auger electron spectroscopy (AES) to give the ato~c composition 

and thickness, X-ray photoelectron spectroscopy (XPS) to give the 

chemical composition of the film, reflection high energy electron' 

diffraction (RHEED) to give the structure of the £ilm. 

Additional information on the role played by alloying components. 

in the formation, growth and stability of passive layers on 

alloys can be obtained from the dissolution behaviour of an alloy 

and its components under the conditions of passivation. 

The purpose of this work was to study the nature and 

character of the anodic film formed on single phase Ni-Mo alloys 

in an acid solution. A combination of electrochemical measure

ments and the above noted .surface analytical techniques with 

dissolution measurements would provide needed experimental infor

mation for better understanding of the effect of Me as an 

alloying element on the properties of the passive £ilm on Ni • 

• 



CHAPTER II 

EXPE}IMENTAL TECHNIQUES 

2.1 MATERIALS AND SPECIMEN PREPARATION 

The materials used were Ni and Ni-Mo alloys containing 

1 - 22 wt % Mo. The preliminary electrochemical investigation 

was performed on Ni and Ni-Mo alloys supplied by Metalturgical 

Laborato,ries, Falconbridge Nickel Mines Ltd., Thornhill, Onto 

The characterization of the alloys has been based on the phase 

diagram of Ni-Me system, Fig. 2.1 [141]. All the alloy samples 

except 22% Mo belong to the a-phase, i.e. solid solution of Me in 

Ni and have the FCC structure. The Ni was "low oxygen Ni" 

received as cold-rolled sheets prepared from cathode material. 

The composition of Ni and Me used for preparation of the alloys .. ' 
is given in Tables 2-1 and 2-2 respectively. 'Samples were cut 

from sheets rolled from arc-melted buttons, heat treated in 

accordance with the schedule given in Table 2-3. These heat 

treatments produced the average grain size 50 ~ 100 urn. The 

major part of the work was done on Ni-13% Mo alloy, supplied as 

hot rolled, 0.8 em. sheet by Cabot Corporation, Kokomo, Indiana. 

The composition of Ni-13% Mo alloys is given in Table 2-4. The 

material was checked for segregation by mea~s of el~£ron 

microprobe analysis. No segregation of Me was detected. 

27 
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Fig. 2-1 

Ni-Mo Constitutional diagram 
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TABLE 2-1 

Analysis of cold-rolled sheets of Ni prepared 
directly from cathode material 

Element Analysis in ppm by weight 

Al 1 

Ca 3 

C 15 

Cr <0.6 'v 
Co 6 

Cu 8 

Fe 4 

PC 8 

Mg <1 

Mn <0.7 

P <2 

Si 5 

S 5 

Ti <1 

H 1.5 

N 2 

0 1.4 

, 

29 
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TABLE 2-2 

Qualitative spectrographic analysis of Ni and Me 
used for preparation of Ni-Me alloys 

Element 

Al 0.01 - 0.10 0.003 - 0.003 

Ca 0.0003 - 0.003 0.001 - 0.01 

Cr 0.001 - 0.01 

Co 0.001 0.01 0.003 

~~ Cu 0.0001 - 0.001 

Fe 0.003 - 0.03 0.01 - 0.'1 

Mg 0.001 - 0.01 0.001 - 0.01 

Mo MC 

Ni MC 0.1 - 1 

si 0.001 - 0.01 0.003 - 0.03 

MC - Main Component 

, 

R 
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TABLE 2-3 

Heat treatment schedule for Ni and Ni-Mo alloys 

Material Conditions of Heat Treatment 

Ni 

Ni - M9 

Ni - 3 Mo 

Ni - 5 Mo 

Ni - 10 Mo 

Ni - 15 Me 

FC - Furnace cooled 

900·C x 1 h 

800·C x 1.5 h 

800·C x 1.5h 

800·C x 1.5 h 

800·C x 7.5 h 

850·C x 57 h 

FC 

FC 

FC 

FC 

FC 

FC 

, 
.( 

31 
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TABLE 2-4 

Composition of the hot-rolled Ni-13 Me alloy 

Element Analysis in wt % 

Al 0.11 

Co 0.01 

Cr <0.10 

Fe 0.12 

Mg 0.001 

Mn <0.01 

" 
Me 13.03 

Ni 86.68 

p <0.004 

S <0.002 

. ' 

," 
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The materials were used as electrodes of the plate·type with a 

surface area 0.5 - 2.5 cm 2 . The sample used for the dissolution 

measurements was rectangular with a surface area of 14.0 cm 2 • 

The Ni-13Mo was used as received, without a heat treatment. The 

grain size was 150 - 300 urn, as shown on the Fig. 2.>.2. 

A standard polishing technique to 1 urn diamond.was adopted. 

Polished samples were ultrasonically degreased in acetone. 

The electropolishing technique (0.1.A/cm 2, 1 min, 60 vol % H2S0~) 

followed by cathodic reduction in the cell was employed in the 

course of preliminary experiments. The influence of such sample 

preparation will be discussed in the section devoted to the 

experimental results. As a consequence, mechanical polishing was 

adopted as the final step before the cathodic reduction. 
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Fig. 2-2 

Microstructure of Ni-13 Mo (hot rolled) 
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2.2 ELECTROLYTIC SOWTION 

All experiments were performed in 0.15 N Na 2S0 4 solu

* tion prepared from ultrapure Na 2S04 and double distilled 

deionized water. The pH of the solution was adjusted with con-

centrated H2S0 4 to pH 2.7 - 2.8 

The studies of formation and removal of oxide films on 

Ni in Na 2S0 4 solutions (pH 8.4 - 2.0) [73]. have shown that 

complete removal of all oxide films was possible in solutions of 

pH < 2.8 with moderate cathodic treatments. On the other hand 

the study of the na,ture of anodic oxide film on Ni in lNH 2S0 4 (pH 

0.4) [142] revealed a large amount of anodic dissolution of Ni 

and very fast removal of the pasive film. Therefore it was 

decided to perform the experiments on Ni-Mo alloys 'in a less 

aggressive solution of pH 2.8. 

All measurements were performed under 

stirring conditions maintained by continuous bubbling of purified 

nitrogen. 

The temperat~re of the electrolyte was 23 ± 1°C. 

* Alfa Division of the Ventron Corporation. Danvers. Ma •• U.S.A: 

\ 

.. 



• 

•. 

2.3 DESCRIPTION OF APPARATUS FOR ELECTROCHEMICAL MEASUREMENTS 

A single compartment electrochemica~ cell, with a capa-

city of 600 ml was used for the electrochemical measurements (see 
\ 

fig. 2-3). The two Pt-g~e counter electrodes were set symetri-

cally to the plate type working electl:'ode.. The reference elec-· 

trode was a saturated calomel electrode (SCE) with an agar/NazS04 

salt bridge and Duggin capillary. All potentials quoted as 

results of this work refer to the saturated calomel electrode 

(+243 mV vs SHE). 

The electr·ochemical setup consisted of .a potentiostat (Wenking 

70HC3), a galvanostat, and a two pen potentiometric recorder wi~h 

an integrator on the current channel, Fig. 2-4. • 
The electrical circuit is shown on Fig. 2-5. It provided the 

possibility of switching the working electrode from the potentio-

static to galvanostatic mode of control· and vice versa without 

leaving it on the open circuit at any instant of time • 

, 

, 
.~ . 

____ ---. ________ "I'! ____ _ 

• 



Fig. 2-3 

The electrochemical cell 

• • 

c - counter electrodes 

w working electrode 

LC - Luggin Capillary 
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Fig. 2-4 

The electrochemical setup , 
• 

• 



• 
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The electrical circuit 
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2.4. ELECTROCHEMICAL TECHNIQUES 

2.4.1 POTENTIOSTATIC POLARIZATION 

After polishing the electrodes were cathodically 
"0 

polarized at -2.0 V for 10,min without N2 bubbling. The condi-

tions for the cathodic reduction were established on the basis of 

the current maximum.in the region of active passive transition, 

which was found to be strongly influenced by the potential and d 

time of cathodic treatment [142]. ~ 

The anodic potentiostatic polarization curves were 

obtained -in 50 mV steps, made at 2 min intervals, starting from 
" 

-600mV or the rest potential established after the cathodic 

reduction. 

Polarization at fixed pote~tials in the passive region 

was performed by the potential step from a cathodic or the rest 

potential to a desired value in the passive region. Correspon

ding anodic curren~ t~ansients followed by a slow change of 

current with time were reco~ded. 

2.4.2 OPEN CIRCUIT POTENTIAL DECAY, GALVANOSTATIC CHARGING AND 

the 

SURFACE REACTIVITY MEASUREMENTS 
• 

The potential decay.curves were 

potentio~ff after the_samPle'was 

recorded by switching 

potentiostatically 

polarized for a desired period of time at a potential in the 

passive region. 

--1 

, 



41 

Galvanostatic charging of an anodized sample Was 

performed by switching a constant cathodic current on wfthout 

leaving the sample on the open circuit. The change of potential 

with time was recorded (see Fig. 2-5). 

\ . Surface reactivity measurements [72,] were performed in 

~der to determine relative activity of the surface after a time 

on the open circuit o~ after the passage of a certain amount of 

cathodic charge. 

When a film free metal electrode is directly subjected 

to a potential in the passive region. the amount of charge 

consumed during the ·formation of a steady state film. a o' can be 

considered as the amount of charge needed for film formation on a 

"clean" surface. If. however. the film were formed under the 

same conditions (potential and time of anodization) 

with a surface not completel~ilm free. the charge 

~. 

but starting 

consumed. a. 

would be less than in the former case. The ratio (0/0 0 ) x 100% . .... 
cart be defined as surface reactivity. Rs; since a film free 

surface would be 100% active. 

The surface reactivity was measured after different 

elapsed times on open circuit by stepping the potential back to 

the value at which the film~ad been previously grown. 

The same procedure was performed after a partial 

removal of the anodic film by galvano.tatic cathodic reduction. 

Conclusions on the stability of film coverages on the 

open circuit and efficiency of their removal by galvanostatic 

-, 
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cathodic reduction could be made on the basis of surface reacti-

vity measurements. 

For all experiments ,the data presented here are the 

record of particular experimental runs but are typical for the 

given conditions. Potentiostatic polarization measurements were 
-~ 

reproducible toiwithin ± 5%. The maximum s~tter in the poten
\ 

tial decay measurements was ± 10 mV. 

2.5 SURFACE ANALYSIS 

The surface analysis techniques that have been employed 

in this investigation are Auger electron spectroscopy (AES) and 

X-r~y photoelectron spectroscopy (XPS or ESCA). Both are based 

on .. emission and subsequent energy analysis of secondary electrons 

produced by high energy electrons in the case of AES and by soft 

X-ray bombardment in XPS. 

) 
2;5.1 AUGER ELECTRON SPECTROSCOPY AND ION SPUTTERING 

In an Aug~r process an atom is initially ionized in an 

inner level x and Auger emission results in an atom with two 

final state holes in levels y and z and aq Auger electron of 

energy E ( xyz) • 

The energy of Auger electrons in principle can be 

determined by the difference in total energies before and after 
I 

the transition. 

The AES technique involves energy analysis of Auger 



43 

electrons. It employs primary electrons in the 2-10 keV range to 

cause primary excitation. The e~ergy analysi~ of secondary elec-

trons is usually accomplished'with a cylindrical mirror analyzer 

l\43 ]. 

~e Auger spectra are most often presented as the 

derivative of the energy distribution, dN(E)/dE. as a functioQ_of 
.\ 

kinetic energy E. Elements are identified by the energy ~osi-

tions of peaks in the spectrum. Peak heights are related t~.£he 

atomic concentrations and quantitative information can be, in 

principle, obtained from the spectr\lIll' The problem of quantita

tive analysis is described in detail by Powell [144].' Th.e suita-

bility of thia technique to the application in the field of thin 
". 

films is due to three reasons: 

(i) The analysis depth is typically less than 20 A and 

corresponds to the escape depth of Auger eleotrons. 

(ii) The technique is capable of obtaining compositional 

the areas of the same size as the 

nt electron beam (submicron range). 

(iii) t and heavy elements. 

Other important assets include data acquisition and depth 

composition analysis in conjunction with sputt'er etching. 

The instrument used for e AES analysis was a Physical 

Electronics Industr~es (PEl) 590 System, which employs a 

cylindrical mirror analyser (CMA) with a concentric electron gun. 

The samples were positioned so that their surface normal was 30· , 
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to the axis of the CMA. The electron gun was operated at 5 keV 

with a current - 5 x 10- 7 A. The beam diameter was 3 x 10- 4 cm 

and it was rastered 300-400 times over the surface area of 9 x 

The ion gun, operated for sputtering with Xe+ at 1 keV, 

was positioned so that the ion beam struck the specimen surface 

at an angle, of - 52° to the surface normal and - 80° to the axis 

of the electron spectrometer. The beam current was 4 x 10- 9 A 

and it was-rastered over 4 x 10-2 cm2 • 

The gas pressure in the ionization chamber was < 5 x 

10-5 torr, while the pressure in the vicinity of the sample was 

in the mid 10-9 torr ran~e. 

The common method of converting derivative-mode Auger , 

signals to atomic percent (at%) concentration, based on the equa

tion of Davis et al. [145]. was employed for the analysis: 

I 
x X 100 S 

C 
x = x L In 

n S n 

where Cx (at%) is the concentration of element X, Sx is the rela

tiv~ sensitivity of element X and I the magnitude of-Auger deri-x , 
vative mode signal (Auger peak-to-peak height - APPH). The sum 

is over one peak from each element present in the surface • 
• 

The relative sensitivity factors for Ni and Mo were 

determined from thick film standards: NiO on pure Ni and Mo-

oxide (assumed to be M00 3 ) on Mo-foil. There are several 

r 
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inherent errors in this semi-quantitative approach. These are: 

(i) Matrix effects on electron transport properties. The 

dependence of Auger. electron escape depth on. the electronic 

structure of the host material may alter the depth of 

measurement in the specimen relative to that in the 

standard [146-148]. 

(ii) Chemical effects on peak shapes may lead to error when 

using APPH in the differentiated spectrum [149,150]. 

(iii) Surface topography affects the magnitude of the signal 

[157-152 ]. 

Therefore, the analysis is considered to be semi-quantitative 

with an accuracy of 30 - 50%. On the other hand it is recognized 

that the process of ion sputtering can induce changes in the 

surface composition of a multicomponent system. A number of 

papers [153-158], mainly on binary alloys, have considered the 

quantitative aspects of AES combined with ion sputtering. 

2.5.2 X-RAY PHOTOELECTRON SPECTROSCOPY 

X-ray photoelectron spectroscopy (XPS or ESCA) is 

similar to AES. The main difference .is that in XPS the electrons 

originate directly from the core and valence levels. The energy 

spectrum of core level electrons uniquely identifies the emitting 

atom. The chemical information is obtained from the core level 

energy shifts that are associated with the degree of ionic or 

covalent binding [159]. The analysis consists of irradiation of 

-, ' . 
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a sample by monoenergetic X-rays (usually KaAl or KaMg ) and 

measurement of the number of photoelectrons as a function of 

their energy. 

The major advantages of XPS are its surface"sensitivity 

(sampling depths 5-25 A for metals) and minimum radiation damage 

of the surface. 

On metal-oxygen systems an appreciable amount of work . 

has been published. Shifts in elemental binding energies are 

usually sufficiently large to permit clear differentiation of 

metal anQ oxide phases. The quantitative aspects of the tech-

nique for metal and oxide surfaces have been discussed exten-

sively by McIntyre [160,161]. 

XPS was used in this work in a qualitative se~se only, 

in order to characterize the species present on Ni-Mo alloys 

after the different conditions of sample pretreatment in the 

electrochemical cell. 

X-ray photoelectron spectra were recorded uqing a Mg X---ray source (~g s 1253.6 eV) and a PHI 15-255G double pass 

cylindrical mirror analyzer attachement, which was operated with 

50 ,eV pass energy. The data have been collected at 0.1 V/step 

and 100 msec/step. • 

All the data reported are referenced to Au (4f 7/2) 

level. at 83.8 ± 5 eV. 
(!l 

2.6 DISSOLUTION MEASUREMENTS BY ATOMIC ABSORPTION 

r SPECTROSCOPY (AAS) 

Absorption of energy by ground state atoms in the 
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gaseous state is the basis for the atomic absorption process. 

Ground state atoms are produced by evaporation of solvent and 

decomposition of molecular species into neutral atoms. A h":j1ll0 

cathode is~ally used as a source of radiation of the prop ~ 

wavelength. The magnitude of the atomic absorption signal s 

directly related to the number of ground state atoms in the opti

cal path of the spectrometer. The signal is the difference 

between the intensity of the source in the absence of analyzed 

atoms and the decreased intensity obtained when those atoms are 

present in the 9ptical path. The absorption of radiant energy is 

related to the path length, 1, and the concentration of atomic 

vapour, c, by the Beer-Lambert relation: 

= 

where Px and Po~ 'ar~ the power of the source at wavelength X and 

the power of r~diation at the same wavelength a~ter passage 

through the sample, respectively. ·By definition, absorbance, A, 

A = atc 

where a is a constant, called absorptivity. Therefore the 

measurement consists of the construction of a calibration curve -
• 

A vs c - which is a straight line from the origin in the absence 

of interference effects, and determining the values of concen-

tration of the sample for each absorbance measured. 

" 
• .... 

• 
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~ Interference~ i~ AAS, in general, could be spectral, 

ionization and chemical. General background radiation from the 

solvent, the emission lines of other elemen~s, radicals or mole

cules beong to the first group of interferences. The ionization -
interferences result from the fact that production of ground 

state atoms also involves the production of some excited state 

atoms, ions and electrons. H~ever, at temperatures commonly 

used for evaporation, the population of atoms in the ground state 
I 

is much larger than those in the lowest excited state, except 

when the particular element ionizes easily. Whenever some 

chemical reaction changes_the concentration of the ground state 

element a chemical interference occurs (e.g., if- stable oxides, 

h~roxides or carbides are formed). 

The AAS analysis Was performed by a flameless atomic 

absorption spectrometer (Perkin Elmer HGA-2100), graphite 

furnace). The HGA-2100 uses a graphite tube, about 28 mm long 
'-

and 8 mm in diameter placed so that the sample beam of the spec-

trometer passes along its axis. Solution samples (5-10.0 111.) are 

pipet ted through a sample introduction hole in the centre of the 

tube. The tube is heated in three stages by passing an elec-

trical current through its walls: a low current is used for 

drying the sample, an intermediate one for charring and a high 

current for atomizing. The signals are read from a strip chart 

recorder. 

A deuterium background corrector, wh~ch automatically 



• 

49 

corrects for non atomic absorption was used because of the rela-

tively high concentration of the electrolyte (0.15 N NazS0r.>". 
\ 

Sensitivity for the HGA is defined as the mass of the 

element giving a peak aqsorbance of '0.0044. The wavelength and 

the detection limit for each elem~t are as follows: 

Mo: 313.3 nm90 pg/O. 0044 abs 

Ni: 232.0 nm 140 pg/0.0044 abs 

The electrolyte was analyzed for Ni and Me dissolved during the 

potentiostatic'polarization of a Ni-13Me sample at a constant 

potential. Samples of solution for analysis were removed in 10 

ml aliquots at various times using a metal-free extractor. The 

concentration of each component in the aliquot was determined by 

AAS not l~r than 24 hours after the sample solution had been 

taken from the cell • 

~though the spectrophQtometer showed comparatively 

good reproducibility, the concentration of sample solution was 
, 

determined from the average of seven samples of each solution. 
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CHAPTER III 

RESULTS AND DISCUSSION 

3.1.1 POLARIZATION CHARACTERISTICS OF Ni and Mo 

The anodic polarization curves for Ni (Fig. 3-l).and Mo 

(Fig. 3-2) were obtained in 50 mV/2 min steps after cathodic 

pretreatment in the same c:ll. 

On the basis of the results obtained from, applying 

different regi~s of cathodic pretre~tment [142] the followipg 

conditions were adopted: E ~ -2.0 V, t = 10 min. 

The passive current densities obtained were not' the 

true steady-state values and would be expected to decrease in 

magnitude with time. The 50 mV/2 min. step polarization was 

adopted to reduce the time required to cover the active-passive-

transpassive potential range. At the same time it provided a 

reasonable approximation to steady state values although the 

obtained polarization curves should be considered only quali-

tative because of the influence of time. 

• The potentiostatic polarization of Ni (Fig. 3-1) shows 

a typical active-passive transition. Passive Ni does not show a 

potential range of constant passive current density. In the 

transpassive region a change of slope around 1.2 V can be 
• 

observed, probably due to oxygen evolution. The potential depen-

dent current density might be related to a corresponding change 

in the degree of~xidation, in agreement with the literature data 

[50,54-56]. L/50 

I 
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Fig. 3-2 

POLARIZATION OF Mo 
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Polarization of Me (commercial sheet 99.99%) from -1200 

mV to +200 mV is given on Fig. 3-2. The limiting current plateau 

in the range -1100 to -SOO mV is probably due to evolution of 

hydrogen adsorbed on the surface [93]. A change of slope 

observed in the range - -500 to - -300 mV could be associated 

with a small current plateau. According to the potential - pH 

equilibrium diagram [3] and some reports on the elec'trochemical 

behaviour of Me [95-97] it is possible that in the above poten-

tial range the surface of Me is covered by ~b02 which undergoes 

oxidation and dissolution (Me6+ 

zation. Therefore polarization 

transpassive dissolution of Mo. 

state) on furthe~odic polari~ 

beyond - .-300 mV\leads to the 

On the b~S of thermodynamic 

considerations the product of transpassive dissolution of Me 

depends on the pH of the solution, i.e., Me0 3 is expected to be 
2-

formed in solutions with pH < 3.5 and M0 4 (on HMo0 4-) in solu-

tions pH > 3.5. Oxidation state's between +4 and +6' and mixed 

oxide phases have also been proposed [93]. 

Polarization characteristics of Ni and Me in the sul-

phate eletrolyte of pH 2.S show that the passive range of Ni 

corresponds to the potential range of transpassive dissolution of 

Mo. \< 

3.1.2 ANODIC POTENTIOSTATIC POLARIZATION OF Ni-Mo ALLOYS 

The polarization curves for al'l Ni-Mo alloys were 

obtained by the potential step method, at 50 mV/2 min after the 

cathodic pretreatment at -2.0 V for 10 min • 
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Fig. 3-3 gives the anodic polarization behaviour of Ni 

and Ni-Mo alloys low in Mo (1.2, 3.7, 5 wt% Mol. Samples with 

1.2% and 3.7% Mo do not show typical active-passive transition 

behaviour, exhibiting two regions of active dissolution and 

subsequently two narrow "passive" regions approximately in the 

range of passivity of pure ~ is. possible that initial 

formation of one type of surface coverage which undergoes dis-
. . 

solution at higher anodic pote·ntials is replaced. by a~other type 

of surface film formed upon further anodic polarization. 

Fig. 3-4 shows that the typical anodic polarization of 

Ni is retained in the case of alloys with 5, 10 and 15· wt% Mo. 

The alloy with 22 wt% Mo, which is a two-phase alloy, does not 

show the characteristic active-passive behaviour of Ni. The same 

figure shows the polarization behaviour of Mo in the potential 

range of interest. 

·The polarization parameters are summarized in Table 

3-1. 

The passivation potential shows no trend with Mo 

content, being shifted for 200 mV in the more noble direction 

with respect to pure Ni. -The critical passivation current 

density does not show any dependence on Mo content for the.alloys 

with Mo content higher than 5%, i.e., it increases and then 

decreases with increasing Mo content. Similar. observations were 

reported by Greene [llS]. The current density increases mono-

tonically with Mo content for the alloys higher in Mo (> 5 wt% Mol. 
o 
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Potentiostatic polarization of Ni and 
Ni-Mo alloys (1%, 3%, 5% Mo) 
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Potentio~ polarization of Ni, Mo and 
Ni-Mo alloys (5%, 10%, 15%, 22% Mo) 
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TABLE 3-1 

Effect of Me Content on Characteristic 
Polarization Parameters 

-250 0.72 0.004 

- 50 1.22 (0.010) 

- 50 
-' 

1.58 (0.013) 
~. 

- 50 0.93 0.008 

- 50 0.89 0.010 

- 50 0.43 0.018 

~22 + 50 2.40 0.330 

E - passivation potential p 

ip passivation current 

i ps - the lowest value of current in the passive range 
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From the polarization characte-ristics' of Ni, Me and 

single phase Ni-Me alloys it appears that Mo as an alloying ele-

ment decreases the corrosion resistance of the passive film on Ni. 

This effect,could be caused,by a transpassive dissolution of 

alloyed Mo, as judged by the fact that pure Me undergoes trans-

passive dissolution in the potential range of passivity of pure 

Nt. 

Small amounts of Me (1.2 and 3.7 wt%) have a strong 
• 

effect on the passivation behaviour of Ni, modifying the passive 

state of Ni more 'than the higher Me contents in the single phase 

region of Ni-Me alloys. It might suggest an inhibitive action of 

Mo dissolved in the active region which requires a certain criti-

cal concentration to be effective. On the other hand small 

amounts of Me could be incorporated in the passive film on Ni 

thereby increasing the defectiveness of the film and decreasing 

its protective properties. A highet;' 'amount of Me (3.7 < Me ~ 5) 

might be required for the formation of another type of oxide 

coverage, less protective than the passive ,film on pure Ni but 

mor~ than the film formed in low Me alloys. 

Low Mo, alloys were not further studied in the course of 

this work. 

,3.1.3 POTENTIOSTATIC FILM FORMATION 

The kinetics of passive film growth on metals is often 

investigated by following the change of the anodic current with 

time upon polarization into the passive potential region. 
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Anodic current transients, i.e., change of anodic 

current with time, recorded by s~itching the potential to the 

passive range, plotted on a log-log scale, are shown on figures 

3-5 and 3-6 for Ni and Ni-lOMo alloy respectively. 

In electrochemical oxidation the amount of charge for 

oxide film formation (Of) is proportional to the weight gain (or 

film thickness) if the anodic current efficiency for film 

formation is unity. In that case!' parabolic, cubic and 

logarithmic rate laws are expressed as a function of time, as 

parabolic Of = Atl/2 (3-1) 

cubic O'f = At l/3 (3-2 ) 

logarithmic Of = AR.nt + B (3-3 ~ 

• 

where A and B are constants. Since the derivative, with respect 
• 

to time, of Of gives anodic current, equations 3-1 to 3-3 give 

equations 3-4 to 3-6 respective: 

'r 

i = f 
1 
'3 

- -'--

(3-4) 

(3-5 ) 

(3-6) 

* Inverse logarithmi~law (i.e., ~f = C-DR.nt) is also sometimes 

observed. 
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The exponent of t gives the slope (m) in the logi-logt 

plot. Thus, one can obtain the following results for the growth 

rate laws: 

m = -1/2 

m = -2/3 

m = -1 

for parabolic 

for cubic 

for logarithmic. 

Conventionally, the time of the current maxima appearing 

on the current decay curve when applying a potential step method, 

is used, as the start ,of film growth (t-O). However, the current 

maxima were not reproducible and the attention was therefore 

placed only on the relative change of anodic current with time. 

It can be seen from Fig. 3-6 that the passive film on 

Ni-lOMb alloy grows approximately in accordance with either the 

cubic rate law (at +300 mV and +500 mV) or with a slope in between 

-1 and -2/3 (at +700 mV). 

Approximate logarithmic growth of the passive film on Ni 

is shown on Fig. 3-5 in agreement with the literature data [84]. 

The dependence i-t for the potentiostatic passivation of 

metals has been derived theoretically by Schwabe et al. [86]. It' 

follows from the considerations that for conditions distant from 

stationary state, i.e., for the initial period of passivation, the 

direct lo~arithmic law is obeyed for very thin -layers. It has 

been assumed that 

el$btrcin transfer 
" 

, 

, r 

theslowe,t step 

across th~ I?hase 

in the oxidation process is 

boundary. The migration of 

• 
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ions through a thin layer is rapid and exponentially dependent on 

the gradient of electric field in the layer. 

The laws of cubic and parabolic build-up kinetics have 

been derived under the following conditions: 

- the rate controlling step is the lattice defect 

migration through the film. 

the driving force for the lattice defect migration is 

concentration and/or electric field gradient. 

- migration rate is directly proportional to the 

gradient of concentration or potential. 

Consequently, these laws ar.e obeyed for relatively thicker films 

[6]. 

Accordingly, from the results shown on figures 3-5 and 
• 

3-6, it appears that the film on Ni-10Me could be somewhat thicker 

than that on pure Ni under the same potentiostatic conditions. 

The fact that i-t dependence is changed after - 100 sec 

and the density of anodic' current is considerable suggests a rapid 

dissolution and/or poor protectiv,e properties of the film on 

Ni-10Mo alloy. 

3.2 OPEN CIRCUIT POTENTIAL. DECAY AND SURFACE REACTIVITY 

MEASUREMENTs.. 

In;order to investigate the nature and relative stabi-

lity df the passive film on Ni and Ni-Me alloys, open circuit 

potential decay (OCPD) and surface reactivity measurements were .. 
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performed on Ni and single phase Ni-Mo alloys. 

When an electrode is polarized in the passive region and 

then the regulating circuit is opened, the electrode potential 

changes spontaneously towards its rest potential exhibiting one or 

more potential arrests. 

It is well known that the observed potential of a metal 

immersed in a solution represents either an equilibrium potential 

of a single redox reaction or a mixed potential of several redox 

reactions. Even if the hydrogen and oxygen-electrode reactions 

can exist thermodynamically in the solution within the experimen-

tally observed potential range, they will not proceed if there is 

no dissolved hydrogen and oxygen in the solution. In such a case, 

it may be assumed that the potential of a metal is determined by 

some redox reactions concerning either the metal itself or the .. 
surface film. It has widely been accepted that the arrest poten-

tial of a metal anode is closely related to the equilibrium poten-

tial of the surface oxide on the metal, which was verified in some 

cases with the negligible dissolution of the'oxide film [162, 

163]. An approximate coincidence of the two may be expected if 

the rate of dissolution is small. Then the potential arrest 

should occur near the equilibrium redox potential of a metal anode 

and the' oxide composing the passive film, MeOn/Me or at some equi-. , 
librium poten~ial of two oxides MeOn/MeOm. A number of irivestiga-

tors [58, 60, 62, 119, 164] have employed the OCPD technique for 

studying passivity, the work of Flade [196] being probably one of 

the first. 
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The interpretation of potential plateaux on an open 

circuit potential decay curve of a passive metal, in termsrof an 

equilibrium redox potential of a metal/oxide or the two different 

oxide species, has difficulties in explaining a siow change of ,., 
potential during an arrest. The argument could be explained by 

introducing a non~toichiometric nature of the oxide film, in which 

case an equilibrium potential is not necessarily well-defined. 

Relatively recently, MacDougall and Cohen [72-74] applied the OCPD 

technique in order to determine the stability of the steady-state 

oxide on anodized Ni. The observed p~tential arrests did not 

correspond to the redox potentials of Ni-oxides. It follows from 

their conciusions' that potential arrest may also be associated' 

with the presence of a defective ,oxide of the same oxide species, 

not 'necessariLy with the stoichiometric oxide and its equilibrium 

redox potential. 

3.2.1 OPEN CIRCUIT POTENTIAL DECAY OF PASSIVE Ni 

The OCPD was studied as a function of anodization time 

and potential. The potentials of anodization were chosen within 

the passive,potentia;], region, Le., +300, +500 and +800 mV. The 

pasliive film was forniltd by stepping the poten~ial from the catha-
.,'. ". h 

dLc region to the desi~ed value. The specimen was held at the 

chosen potential..5, 10 or 30 min. After that, the circuit was 

opened and the spontaneous change of potential with time was 

recorded. 
, , 

'. 
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For all the anodization conditions" the surface 

reactivity (see page 40) was estimated immediately after the 

appearance of the potential spike, R , and 10 min. late'r, R '. 
s s 

The time elapsed before the spike has been termed the induction 

'tia. ' 

Figures 3-7 and 3-8 show the effect of anodization time 

and potential, respectively. 

The of surface reactivity measurements are given 

in Table 3-2. 

TABLE 3-2 

Results of the Surface Reactivity Measurements 

for Pure Ni 

Anodization Anodization Induction Rs ,' R' s 
, 

, 
Potential Time Time 

[mV] [min. ] [min. ] 

5 21 48 91 

+300 
~, 

10 56 28 77 . 
• 30 71 1,0 67 

" 

) 
/ 

. 27 59 5 ~. 29 

+500 10 83 22 52 

30 92 B 50 

+800 30 324 9 .. -
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All decaY'curves exhibit well resolved potential 

arrests, even in the case of electropolished Ni (Fig. 3-8). It 

can be seen that higher anodization potential and longer anodiza7 

tion time give rise to longer duration of the arrests. It is also 

evident that polarization at +800 mV brings out an addit~onal 

potential plateau at - 0 mV which does not appear on the potential 

decay from the lower polarization potentials. ' 

The abrupt change of potential occurs always at 

- -300 mV. Characteristic potential plateau'appears at - -150 mV 
) 

and - -200 mV. The observed potential arrests do not correspond 

to the equilibrium potentials for the oxides of ,Niin the 

electrolyte of pH 2.8, which are given in Table 3-3. These are 

calculated on the basis of thermodynamic data [3, 91, 165]. 

TABLE 3-3 

Equilibri um E [mV] vs seE (pH - 2.8) 

NiO2/Ni :zO3 .+ 1026.5 

Ni:zO JNi 30 ... + 897.5 " 
Ni 20 3/NiO + 624.5 

-

Ni aOJNiO + 489.5 

NiO/Ni . 299.5 
.. - '. 

Ni 30 .. /Ni - 97.5 

Ni 20JNi + 12.52 
~ 

• 
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The abrupt change of potential at - -300 mV corresponds 

to the redox potential of Ni/NiO electrode in the given solution 

and the arrest at - 0 mV could be due to the Ni/Ni z0 3 equilibrium. 
• 4 

From the val~es of surface reactivity, it appears that 

tpe major part of Ni surface remains covered with the passive film 

, during the induction time (8% < R < 22%) but is removed rela
s 

tively quickly at longer times, in agreement with the findings of 

McDougall and Cohen [71-76]. 

Considering the behaviour of anodized Ni, 'one Qould 
" 

~ppose that each observed potential arrest.corresponds to a 

particular degree of imperfection of Nio. Nio is a metal deficit 

oxide with certain concentration of Ni vacancies. Therefore, each 

potential Pl~ea~ might be thought of as the equilibrium potential 

'of Ni/ (NiO )def'. Thf difference in pot'ential, AE, between an 

arrest and the Ni/NiO equilibrium ~tential would give an estimate 

" of the excess free energy, ~G',associated Wi1h the'concen~rat~n 
of defects, from the simple relationship ~G ,. i$ /;F:, where F is 

Faraday constant. The estimated concentrations of Ni-vacancies 

which coui"d contribute to the observed 

, 

• 

are 

AE-E -E' 
Ni/(NiO)def Ni/NiO 

however extremely la\ge 

It is ~nteresting 

and difficult to rationalize. 
" 

to note that polarization of Ni,at the, 
.' ~ " 

end of the passive 'region (+800 mV) brings out the plateau - 0 mV, 
• 

, 
correspond to Ni/Ni z0 3 equilibrium. 

- j 
Ni z0 3 could, be which might 

• 
" .. 

" , 
,.' . 

, 
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• considered to be NiO with sufficiently high concentration of point 

defects.(Ni7 vacancies). The defect equation 

1 2' O 2 + 
" , 

+ VNi + 2h ' 

" implies that concentration of vacancies, [VNi ], increases with 

increasing partial pressure of oxygen. Since the condition of 

electroneutrality requires that 

= 1 [h'] 
"7 

where [h']'denotes the concentration of positive holes (Ni 3+ ions) 

in the structure of NiO, then 
k 113 116 

r Po 2 

Polarization potential of +800 mV might be sufficiently close to 

the o~ evolution region and high enough to produce the ~igher 

valen~ate of Ni, i.e., Ni 3+ ions. Therefore the long poten-

tial arrest at - 0 mV could be due to the presence of highly 

defective NiO or Ni 20 3• 

A further speculation on estimated values of bG from 

observed ~ is possible assuming other types of imperfections (the 

film could be strained, cracked or porous) so that the excess free 

energy could represent strain and/or surface ener~ but these 

would als~ be'excessive. 

3.2.2 OPEN CIRCUIT POTENTIAL DECAY OF Ni-Mo ALLOYS 

~e effect of the amount of Me on the relative stability 

of the passive. film, with respect to that formed on pure Ni, was 

investigated by means of open circuit potentiai decay and surface 
. " 

reactivity measurements, The results oqtained on,Ni-S-lSMe alloys 

are shown on Fig, 3-9. The same figure, contains the values'of 
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• 
surface reactivity at different times on open circuit. Each value 

was estimated for an anodized 'sample which was then left on the " 

open circuit for a desired period of time, i.e., the measurements' 

do not correspond to successive polari~3fion and. opening of the 

circuit for the same sample. 

The potential arrests are no resolved well enough to 
• 

indicate any definite trend with Mo c 

The equilibrium potentials 0 .Mo-species possibly 
-

present, calculated from thermodynamic data [ 3] are given in table 

3-4. These data do' not include the equilibrium potentials. of the 

species that depend on the concentration of Mo-ions in the 

so'lution. .. 

TABLE 3-4 

--~"" J Equilibrium E (mV) VII SCE (pB - 2.,8.1 

MoO .. /,MO 

Mo° 3/Mo 

Mo°z/Mo 
" 

BzMoO .. /Mo 

,MoO .. /MoO 3 

MoO..!Mo° z 
~ .. 

• MoO 3/MoO Z • . 
'BzMo~Oz 

, 
• 

MoOI)Hz~4 
• 

... . .. 

13 

- 350 

479 (- 487) 

407 (- 409) 

+ 994 

+- 454 
. ., 

. 
67 (~ 8l') , 

~ 1 . 

• - .258, (-269),~ 

+ li90' 
r· 

, 

," 

. . 
I 
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During the first 5 min on open circuit the rates of potential 

decay in in the order 

dE 
dt 5 lMo 

> 
dE 
dt 10Mo 

> 
dE 
dt 5Mo 

> ' dE 
dt 

with the corresponding surface reactivities (5 min) 
I 

R (15Mo) > R (lOMo) > R (5Mo) > R (Ni) 
s s s" s ' 

.' 

Ni 

indicati~i that the film on alloys breaks down faster than the 

passive f·ilm on Ni, the rate of ·breakdown being proportional to 

the Mo content. 

The surface reactivity data obtained at various times 

suggest that up to the abrupt change of potential'of Ni-electrode 

the oxide film on Ni is the most stable one. Afte~ that the 

situation ,is reversed: at longer times (17 min after the 

appearance of potential spike of Ni) the surface reactivity values 

are in the order 

t, 

R (Ni) > R (5Mo) > R (lOMo) > R (15Mo). 
s s s s 

It appears that the rate of film breakdown on open circuit 

increases monotonically with Mo content while the rate of its 

removal at longer times is inversely proportional to the Me 

content. No sharp change of potential was observed for the alloys 

. even after 24 h on the open circuit, except slight fluctuations of 

potential (± 20 mV). 

\ l 
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The change pf potential and ~urface reactivity of Ni and 

Ni-10Mo alloys with time is given on Fig. 3-10 indicating a 

• gradual removal of surface film on the alloy and almost completely 

coveredsurfa~e of Ni during the induction time. Only the film on 
J @ 

Ni is removed rapidly from the surface at longer times. 

If the destruction of the passive state is defined in 

terms of the time required for the potential to decay from the 

passivating potential to the active potential then it could be 

concluded that the passive film on Ni provides better corrosion 

resistance than the film formed on Ni-Mo alloys. The fact that 

surface ~ity for these alloys increases fasher than that for 

Ni at t < t ind also indicates a faster breakdown of the film on 

alloys at open circuit. Once the film breaks down its removal 

involves active metal dissolution from oxide free 6~.defective 
• 

areas and a cathodic reduction (such as H2 evolution) on the 

remaining film-covered surface. A slower removal of the film from 

alloys than that from Ni at t > t ind 

of the effect of Mo being such that 

(i) it increases the polarization associated .the active 

dissolution (by decreasing the exchange curre density) 

which leads to slower oxide undermining at t >~nd and/or 

(ii) the cathodic reaction might be slowed down with resulting 

decrease of metal dissolution and 90rresponding lower rate of 

reactivation • 

• 
3.3 CATHODIC REDUCTION OF ANODIZEDNi~Mo ALLOY 

An open circuit potential decay (OCPD) experiment is 

, 



.' fundamentally equivalent to the cath~ic 

film at which the externally imposed 
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duction of. the passive 

t is zero, thus a small 

and unknown time-dependent reduction current is used for the 

reduction of the passive film. Since the charged stored in the 

film is a measure o·f the film thickness, the charge consumed for 

the galvanostatic reduction of a passive film could provide infor

mation on the film thickness, provided that ,the reduction proceeds 

with sufficiently high current efficiency and that proper assump

tions are made about the valence state of the components in the 

film as well as about the uniformity of the film removal. 

• 
3.3.1 CATHODIC REDUCTION·OF Ni-13Mo ALLOY 

Fig. 3-11 shows the cathodic galvanostatic charging 

curves and the open circuit potential decay of Ni-13Mo alloy that 

had been previously anodized at +500 mV for 1 hour. 

When a cathodic current was used for the film reduction, 

the sample was cathodically charged ~or .30 min, left on open 

circuit for 2 min and then the potential was stepped back-to the 

value at wh.ich the film had been previously formed, Le., +500 mV. 

Therefore, the surface reactivities given on Fig. 3-11 were 

obtained after 32 min of potential decay in each case. 

It is evident that both the rate of potential decay and ~ 

the surface reactivity increase by increasing the cathodic 

current. 

The values of surface reactivity as well as a potential 
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shift towards more positive values on open circuit after the 

cathodic reduction indicate that 30 min of cathodic charging does 

not remove the surface film. The values of surface reactivity 
-' 

also show that the current efficiency for the film removal is 

relatively low, e.g., ~ 86 mC/cm 2 leads to a less than 30% 

increase of surface reactiv~y with re-spect to the value obtained 

after the same time on open circuit. 

The possible side processes during cathodic reduction 

are: reduction of oxygen adsorbed on the surface during anodic 

passivation, hydrogen evolution and self-dissolution of the layer. 

Overestimation results from the first two effects, underestimation 

from the last one. 

By comparing the values of surface reactivity after OCPD 

and those obtained after cathodic reduction it can be concluded 

that current efficiency for the film removal is very low and the 

side reactions could not be neglected here. Therefore conversion 

of the cathodic charge into the film thickness would have no 

meaning. 

3.4 DISSOLUTION DURING ANODIC POLARIZATION AT 

A FIXED POTENTIAL IN THE PASSIVE REGION 

In order to elucidate the role played by alloying- compo-

nents in the formation and growth of passive layers on alloys it 

is essential to know the dissolution behaviour of an alloy and its 

individual components under the conditions of passivation. 
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3.4.1 DISSOLUTION OF Ni-13Mo ALLOY DURING POLARIZATION AT +500 mV. 

~ Fig. 3-12 gives the time dependence of the dissolution 

rates of Ni and Mo during polarization of Ni-13Mo alloy at +500 mV 

The results were obtained by atomic absorption spectroscopy of the 

solution aliquots obtained' during potentiostatic polarization. It 

is evident that both dissolution rates change significantly with 

time during the first 2 hours of passivation. 

Fig. 3-13 shows the selectivity coefficient of Mo, ZMO' 

calculated from t:,1te amounts of Ni and Mo in the solution, Le., 

= 
Mo 
Ni 
Me 
Ni 

solution 
\ 

alloy 

The ~electivity coefficient of Mo shows by what factor the ratio of 

the concentrations of Mo to Ni in dissolution products differs from 

the actual ratio in the alloy. When ZMo = 1 ~he components of the 

alloy dissolve uniformly. When ZMo > 1 the solution is enriched in 

Mo, indicating its preferential dissolution. At ZMo < 1 the solu-' 

tion is impoverished in Mo. 

Table 3-5 summarizes the results obtained from the disso-

lution analysis and the charge measurements during potentiostatic 

passivation of Ni-13Mo alloy. 

It is not evident from fig. 3-13 that ZMo changes with 

time. The sharp changes are clearly correlated with the changes 

of the partial dissolution rates of the alloy. Although the error' 

that comes from the standard deviation in atomic absorption data 
, ( 

• 
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Dissolution rate of Ni and Mo as a function 
of anodization time (Ni-l3MO) 
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Fig. 3-13 
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Calculated"and ~easured dissolved amounts 
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TABLE 3-5 

DISSOLUTION OF HI AND Mo FROH HI-13 Ho ALLOY DURING POTENTIOSTATIC POLARIZATION AT +SOO mV 

,9 .,UnAl t.U 

. -. ACCUMULATION RATE 
-{ ;' _ IN THE Flut 

-a -a .. ,~ 

g cr "'Z ~ a ~ ~ a (Ho) (Mo) oCr HI Ho Hi Ho 
....t....... > IG ..-t > III .-t ....... Hi Hi A"" 
&.I g 41 N ........... -t 0....... ....t.-. .......... .... 0'....... ....t N 801 til. ~ ('" J (pg J Layers of Layers of 
l1:li .... co 6 0 N :::I~" ~ 0 N ::I N ..... B Ho Ho ......t:.A.-. 
N 6 '"' U • a u a Z H • 9 U B B ::c U (-) (-) Ho) Ho) 2 1 2 "1O/m!n HoD/mIn t...... ~ '0 .= ~ ';1 e ~ I _ !l _ -;;; tI ~ • "'Co Hi 1 Hi film (Hi (Hi em III n em IIIln 
IG" u...... c -;:: u ... co co c co u ... co :1 80 . alloy ..alloy 
.-tB .511.&00...-1:1 1:1 IJ&o;1~-
0.. • 1% ........... <rl ...... z...... 0""" Q ...... 
~~ - z z q ::c ::c 

5 0,0187 6.72 6.B54 O.13~ ),19 1.022 J 0.18 - }.19 - 0.027 - I'" 0.24 -
10.14 10.968 10.208 10.049 10.010 10.010 ;to.07 10.042 

20 0.0403 8.23 9.624 1.394 1.35 1.434 0.084 0.16 0.06 1.09 D.40 0.070 0.004 0.64 O.O~ 
10.34 10.096 10.436 10.05 10.014 iO.064 iO.012 iO.06 iO.08 '0.40 iO.002 iO.0032 "-

50 0.0597 10.07 14.256 4.186 1.68 2.125 0.445 0.17 0.10 1.12 0.71 0.084 0.009 0.77 0.097 
12.26 iO.lit2 13.502 10.05 10.021 10.071 to.a60 10.~O 10.40 10.67 10.010 to.aH 

llO 0.lll0 14.78 26.506 17.726 2.66 3.952 1.292 0.18 .O.ll 1.20 0.74 0.107 0.012 0.97 0.128 
1].28 19.265 13.545 10.06 10.040 10.100 10.053 10.0~ 10.35 10.26 10.032 10.0009 

180 0.178024.9142.506 17.596 4.18 6.366 2.186 0.17 0.12 1.12 0.83 0.098 0.012 0.89 0.130 
14.02 10.~2S 14.4~S 10.09 10.063 10.1S3 10.030 10.04 10.20 10.03 10.024 10.0008 

240 0.242034.5757.789 23.219 5.50 8.615 3.ll5 0.16 0.13 1.06 0.90 0.097 0.013 0.88 0.1'0 
13.14 10.518 10.13 10.086 10.216 10.018 10.03 10.12 10.20 10.015 10.0009 

960 1.527 125.16364,648239.488 16.89 54.361 37.471 0.13 0.16 0.90 1.05 0.249 0.040 2.28 0.420 
18.44 13.646 112.086 10.19 10.5~4 10.734 10.010 10.01 10.01 10.44 10.012 10.0008 
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introduces a fairly large eror in ZMo' it is possible that during 

'the initial period of polarization there is a tendency of 

preferential dissolution of Mo. At longer anodization times ZMO 

falls below 1 indicating an enrichment of the surface film by Mo. 

From the charge, Q, consumed duri'ng polarization, it is 

possible to estimate the amounts of Ni and Mo that would be present 

in the solution under the following assumptions: 

the total charge is consumed only by the dissolution of both 

components, 

the dissolution ratio of the components corresponds to their 

ratio in the alloy, i.e., there is no preferential 

dissolution, 

Ni and Mo enter,th~ solution as Ni 2+ and Mo 6+. 

Figure 3-14 gives the dissolved amounts of Ni and Mo experimentally 

observed and the corresponding calculated values. 

From the observed total charge and the amount of each , 
component diss~ed during polarization at a fixed potential, the 

amount of Ni\ and Mo accumulating on the surface can be estimate.d. 

The difference between the estimated and observed dissolved amount 

is a measure of surface accumulation. Table 3-5 ~ives the accumu

• 
lation rates of Ni and Mo on the surface as Ilg/cm2 min. The 

accumulation rates 'are also expres'sed in terms of layers/min of 

Mo0 3 and NiO, where the layer growth rates have been estimated 

using the interatomic spacings of NiO and Mo0 3 • Theseresults 

suggest much thicker films on Ni-13 Mo alloy than the values 

reported for pure Ni, i.e., 6 - 20 A, in the same solution [71-

75] • 

o ' 
~. 

• 



The process of dissolution at initial stages of passi

vation is governed by the dissolution properties of the components 

in the alloys and the mechanism of film formation. The mechanism 

of growth and the properties of the film are the factors that 

control the dissolution of the components at, later stages of anod-

anodization. 

The question that naturally arises in the cases when ZMO 

< 1 (depletion of dissolution products in Mo) is whether it is the 

result of the adsorption of Me ions from the solution onto the 

active areas of the surface (~defects in the passive film) or a 

consequence of the slowing dOwn of the passage of Mo into the solu-

tion from the film. At initial stages of passivation there is a 

selective dissolution of Mo which might be expected since Mo under-

goes transpassive dissolution at the anodization potential applied 

(+500 mV). The values of ZMo > 1 are maintained probably until the 

film is fully formed,on the alloy surface. During that period of 

time Mo can to a certain extent display its individual properties, 

one of which is a high gissolution rate. This would further 

,suggest that the composition and structure of. the passive layer on 
( 

Ni-Mo alloys depend on the time of its formation. 

3.5 AUGER ELECTRON SPECTROSCOPY AND DEPTH PROFILING 

AES with depth profi'ling was applied to anodized Ni and 

Ni-13Mo alloy in order to determine the composition of the film and 

estimate the film thickness as a function of anodization time, the 

time on open circuit, and the solution pH.' 

~ 
I 

) 



The technique was also used' in order to clarify the 

influence'of the alloy sample pretreatment on the composition of 

the surface which is then subjected to a fixed passivation 

potential. 

3.5.1 AES ANALYSIS OF THE PASSIVE FILM ONNi 

Figs. 3-15, 3-16 and 3-17 show the AES spectrum of 

passive Ni, anodized 48 h at +500 mV and the corresponding depth 

profiles as Auger peak-to-peak heights (APPH) and atomic 

concentrations (at %) as a function of sputtering time, 

respectively. 

The depth profile (Figs. 3-17 and 3~18) of anodized Ni 

was obtained by employing a model for the quantitative analysis of 

thin surface layers developed by'Mitchell [167]. The "model 

combines Davis' [145] and Pons' [197] apprOach. 
I 

The composition profiles in d~p~h measured by AES involve 

in part the composition of subsequent layers since the escape depth 

of 'Auger electrons is 5 - 30 A. Pons et al. [166] proposed a dif-
\ 

ferential method to obtain the exact composition of successive 
" , 

layers by eliminating the influence of subsequent layers. 

According to Davis [145] the concentration of a component 

X in the surface, C (at %), can be expressed as follq'ol(.s:" 
. x \ "''' 

I 
x 

S X 100 
C = x (3-7) x I 

l: n 
s;-n 



88 

where Sx - relative sensitivity factor 

Ix - magnitude of the Auger derivative mode signal from 

element x (Auger peak-to-peak height APPH) 

The APPH for a component X, Ix, as given by Pons [197 1 is 

where a 
X 

.. 
I 

i=O 
a k~(X, i) x x 

sensitivity coefficient (a function of ionization 

(3-8 ) 

cross section for the particular transition, of the 

probability that the ionized atom will decay through 

that transition and of the geometry of the system 
., 

attenuation or abs~ption coefficient (reflects the 
c 

probability of production and escape of Auger electron 

from the layer i compared to that for the topmost layer 

(i=O) 

N(x,i) - fraction of element x in the layer i. 

The relation beween'Sx and ax can 'be obtained by combining .,. 

equations (3-7) and (3-8) and by assuming a homogeneous. sample, in. 

which case N(x,i) becomes independent of i and equal to ex' It 

follows that 

a 
x 

1-k x 
(3-9) 

.J 
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and consequently (3-8) becomes 

.. 
Ix = Sx(l-kx ) ilo k;N(i.x). (3-10) 

The attenuation coefficient. k x • is a function of the mean free 

path (mfp) of primary electrons. Ap. and the escape depth of 

Auger electrons. As: 

k =- exp- [ x 

1 

A cos9 
P P 

-+- (3-11 ) 

l'lhere 9p and 9s are the primary electron beam angle off normal 

(30°) and the emitted Auger electron beam angle (42°) respectively. 

Ap and As are the electron absorption path lengths 

(mean free paths. mfp) for the primary and secondary (Auger) elec

trons. Th'e mfp of Auger electrons may be approximated [147.148] to 

A = KVE where E is their energy and K is a constant. While 
s s s 

appropriate v~lues of Ap are not available [147]. for, the large 

ratio of the primary beam energy to the Auger energies used in this 

work. Ap » A i and thus the term s • 

equation (3-11). approximating 

1 
~~~- may be dropped from A cos 9 

P P 

1 
K'V'E cos 42" s 

(3-12) 

-: .. 
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Fig. 3-15 

AES spectrum of passive film on Ni (+500 mV, 48 h. 

pH 2.8) 
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Fig. 3-16 

AES profile of passive film on Ni (+500 mV),4h h., 
pH 2.8) 
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Fig. 3-17 

AES profile of passive film on Ni (+500 mV, 48 h. 
pH 2.8) 
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Fig. 3-18 

AES profile of passive film on Ni (+500 mV, 48 h. 
pH 2.8) - carbon line removed 
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. 
Knowing independently the oxide thickness, equation (3-10) can be 

used to determine kx and then equation (3-12) to determine K. 

For Ni-oxide, the value of K is 0.19, when As is expressed in 

terms of atomic monolayers and Es in eV. (The value of 0.19 for 

K could be used for other oxide systems if 1 monolayer in a {100) 

plane = 1. 6 x 10 l5 atoms/ cm 2 corresponds to - 2.1 A). By using 

equations (3-10) and (3-12) and the relative sensitivity factors 

obtained from thick film standards, it is possible to calculate 

relative signal intensities for a thin film system, assuming 

uniform later by layer sputtering. 

The analysis performed on anodized Ni (Fig. 3-17 and 3-, 
,18) with the sputtering rate of 2 layers/min, shows that 48 h of , \ 

anodization at +500 mV produces a 12 - 16 A film, assuming NiO with 

2.1 A/layer. 

The carbon profile shown on Fig. 3-17 could be removed by 

ignoring the carbon signal and considering the presence of Ni and 0 

only. In doing soc is effectively distributed proportionally to 

the other elements present, i.e.~ Ni and O. The composition pro-

file obtained in this manner is given in Fig. 3-18. 

It is evident,that the passive film on Ni does not 

thicken with anodization time, i.e., the films formed under the 

same conditions of the solution pH and the' potential ,for short 

periods of time were reported to be less than 20 A thick [71-76]. 

3.5.2 AES ANALYSIS OF THE FILMS ON Ni-13 Mo ALLOY 

The model applied for the quantitative analysis of the 

" 
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)passive film on Ni was not applicable for Ni-Me alloys for several 

reasons. The experimental determination of the relative sensi-

tivity factor, Sx' was not possible since the composition of the 

film to be used as a standard was not known. Instead of using 

elemental sensitivity factors for Ni and Me [145], the sensitivity 

factor for Me was determined from a thick, air-formed film on pure 

Mo, which was assumed to be composed of a layer of MeO z at the 

metal/film interface and a layer of Mo0 3 covering it. The sensi

tivity factor for Ni was taken to be the same one used for' the 

analysis of the passive film on Ni (NiO). Two other important 

factors that,prevented a quantitative analysis in the case of Ni-Mo 

alloys are a significant preferential sputtering of Ni and changes 

of Mo Auger peak (a peak shift and shape change) during the sput-

tering process. Therefore, the results presented should not be 

considered as quantitative, although a number of conclusions could 

be drawn by. comparison of different AES profiles obtained under the 

same experimental conditions. The sputtering rate was estimated to 

be approximately 2 layers/min •. 

, 
3.5.2.1 THE EFFECT OF SAMPLE PREPARATION ON THE COMPOSITION 

OF THE SURFACE OF Ni-13Mo 

Although a mechanical polishing followed by cathodic 

reduction in the cell had been adopted as a pretreatment procedure 

for the alloy samples, the influence of electropolishing and catho-

dic reduction on the composition of the 'starting' surface was 

examined by AES. 

• 
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The AES profiles given on Figs. 3-19, 3-20 and 3-21 cor

respond to an electropolished surface,\electroPolished and cathodi

cally reduced surface and the one that was subjected to cathodic 

reduction only, in the order mentioned. In all three cases the 

samples were first mechanically polished to 1 urn. 

The elemental composition of the surface before sput-

tering is given in Table 3-6.' 

Using 75% reduction in the oxygen concentration profile 

as a measure of the film thickness, the films, (probably due to air 

exposure). are less than 10 A thick in all three cases. 

Table 3-6 

Ni Mo 0 (Mo)surf. kMOLNil surface] 
at % at % at % Ni Mo/Ni) alloy' 

Electro- 5S.0 3.5 41.5 0.064 - 0.7 , 
pol. 

Electro- 68.0 3.0 29.0 0.044 - 0.5 
pol. + cath. 
red. 

Cathod. 63.0 6.0 31.0 0.095 - 1.0 
red. 

The ratio (Mo/Ni) surface/(Mo/Ni) alloy (Table 3-6) shows that the 

composition of mechanically polished surface followed by cathodic 

reduction corresponds to the nominal composition of Ni-13 wt% ~o 

(8.2 at % Mo). Electropolishing leaves the surface depleted in Mo • .. 
The effect of cathodic reduction (-2.0 V) remains unclear (it seems 
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Fig. 3-19 

AES profile of Ni-13 !40 following electropolishing 
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Fig. 3-20 

AES profile of Ni-13 Mo following electropolishing and 
cathodic reduction 
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Fig. 3-21 

.I 
AES profile of Ni-13 Mo following cathodic reduction 
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./ 

that electropolishing with subsequent cathodic reduction produces a 

surface with the highest degree of Ni-enrichment). 

These results demonstrate that electropolishing might not 

be an appropriate technique in the case of alloys due to the effect 

of preferential dissolution and consequent change of the surface 

composition. 

3.5.2.2 FILM THICKNESS AS A FUNCTION OF ANODIZATION~IME 
\ 
I 

The AES profiles obtained on Ni-13 Mo samples anodized at 

+500 mV for 1, 2, 4 and 48 hours are shown on Figs. 3-22 to 3-25 

respectively. 
( 

The elemental composition of the surface before 

sputtering is given in Table 3-7. 

Table 3-7 

Anodization Ni Mo 0 (l:1Q.) surface [< Mo/Ni) surface J 
Time [h 1 [at % 1 [at % 1 [at % 1 Ni (Mo/Ni) alloy 

1 42.0 5.0 53.0 0.119 1.3 

2 40.0 5.0 55.0 0.125 1.4 

4 39.0 -6.0 56.0 0.154 1.7 

48 39.0 5.0 56.0 0.128 1.4 

It is evident (Figs. 3-22 to 3-25) that the film th1ck-

ness increases with anodization time in contrast to the passive 

film on pure Ni formed under the same experimental conditions (Fig. 

3-26). On the basis of 75% reduction of the oxygen concentration, 

• 
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Fig. 3-22 

AES profile of Ni-13 Mo following anodization 
(+ 500 mV, 1 h., pH 2.8). L 
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Fig. 3-23 

AES profile of'Nj-13 Mo fol~owing anodization 
(+ 500 rnV, 2 h., pH 2. 8) 
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Fig. 3- 24 

AES profile of Ni-13 Mo following anodization 
(+ 500 rnV, 4 h., pH 2. B) 
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Fig. 3-25 

AES profile of Ni-13 Mo following anodization 
(+ 500 mY,. 48 h., pH 2.8) 
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Fig. 3-25 

·~elative change of filQ thickness with ano~ization tiQe 
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the thipkness of the film on Ni-13Mo increases from - 30 A for 1 h 

of anodization to - 150 A for 48 h of anodization at +500 mY. 

Therefore the nature'of the film formed on Ni-13Mo is different 

than the one of passive film on Ni formed under the same 

condi tions. 

It has been generally accepted that continuing anodic 

oxidation of an anode passivated by a slightly ion-conducting film 

does not occur unless 

(a) the film becomes mechanically or chemically u at very 

small thicknesses - breakdown of the outer lay s of such a 

film can then lead to further ion transport, or 

(b) the electron conductivity of the film is especially low - when 

the ion current is the only important, and'the film growth is 

the major process. 

Difficult ion transport through even the thinnest film must 

discourage outward growth and encourage lateral growth or further 

nucleation on uncovered metal: in the limit, a monolayer film 

(often epitaxial) forms on each metal grain before any further 

thickening [5]. On the other hand, easy ion transport may lead to 

considerable outward growth from each nucleus before lateral growth, 

links up all the small patches of film: these thicker less regular 

films are likely to have at least some subgrain structure or to be 

polycrystalline over each metal grain and hence to be structurally 

imperfect. Structural imperfections play their part in allowing 

solution to reach the metal so that electrochemical processes take 

" 



107 

place "within" the film and lattice transport then occurs over 

distances much shorter than the macroscopic film thf~ss. Ion 

diffusion and migration over internal surfaces is also much easier 

than through the lattice. Consequently, film growth is usually an 

easier process with imperfect than with compact films and much ... , 
'greater thicknesses are possible to attain at relatively low poten-

tial differences across the film. 

It is evident that the anodic film formed on Ni-13Mo is 

less perfect than the passive film on pure Ni. 

An enrichment of the film in Me was found for all anodi-

zation times investigated (Table 3-7) ~ it increases monotonical"ly 

with time, at least up to 4 h of anodizing. 

It should be pointed out that the absolute values of the 

concentration ratios obtained by AES are sensitive to the values of 

relative sensitivity factors employed for converting APPH-s to 

atomic concentration units. ',Consequently the data given in Table 

3-7 are not to be taken as accurate but rather as the results that 

show a trend of increasing (Me/Ni) ratio in the film with an 

increase in polarization time. 

The AES profiles through the film (Figs. 3-22 to 3-25) 

'coUl~~nlY serve as the evidence for 

film~'-~e concentration profiles in 

the presence of Me in the 

depth could not give' reliable 

information on change of the (MO/Nii ratio with depth because of 

quite severe changes caused by sputtering. 
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.. 
3.5 .• 2.3 ANODIC FILM CHARACTERIZATION AFTER OPEN CIRCUIT POTENTIAL 

DECAY (OCPD) OF ANODIZED Ni-13Mo 

A better understanding of the processes occuring on the 

surface of anodized Ni-13Mo on the open circuit could be achieved 

by analyzing the composition and relative thickness of the surface 

film after different times on the open circuit. 

Three Ni-13Mo samples were anodized at +500 mV for 2 h. 

One is then left on the open circuit for 3 min (Fig. 3-28) and the 

other for 30 min (Fig. 3-29). Fig. 3-27 shows the AES profile of 

the sample that was not exposed to the open circuit after 

anodi za tion. 

The surface composition before sputtering (Table 3-8) 

shows that·the ratio (Mo/Nil. decreases with time on the open cir-

cuit due to both a slight increase in Ni concentration and a 

decrease in Mo concentration. 

TABLE 3-8 
t· • 

Ni Mo 0 ( Mo) surf. I(Me/Nil surface 

at % at % at % Ni (Mo/NiLalloy .-
Anodized 40.0 5.0 55.0 0.125 1.4 

3 min OCPD 41.0 4.0 55.0 ';". 0.098 1.06 

30 min OCPD 42.6 ~.4 54.0 0.079 0.87 

The film thickness, estimated from the sputtering time 

needed to reduce the concentratiof'i of oxygen 75%, does not change 

with time on the open circuit, nor does the surface concentration 
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Fig. 3-28 

AES profile of Ni-13 Mo following anodization 
(+ 500 mV, 2 h., pH 2.8) and OCPD (3 min) 
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Fig. 3-29 

AES profile of Ni-13 Mo following anodization 
(+ 500 mV, 2 h., pH 2.8) and OCPD (30 min.) 

laa AES, PROF!~ 'IS818F I 

~ " . ...+ .........:... ......•.• . .. l.... ..... .;l.Hi" ............ j 
· . .. . .' . sa ............ : ... ,. ......... : .............. :.............. . ........... : ..... , ........ : .............. : ............. : .............. : ........... . 

· . . . · . . . · . · . . . · . n . ..... . 
~B···r·········'·············· .. ···········'··········· ... , ............................ , .............. , ............. : .............. , ........... . 

" .... .. ....... ) ......... : .............. 0 .............. ; .............. : .............. ; .............. ; ............. , .............. ; .......... .. 

59 

u 
,49 

II 

39 

29 

19 .... 

· . . . . . . . . ......................... _ ............. - ........................... _ ........................... _ ............. _ ......................... . · . ' · .. 
. . . . . . . . . . ....... p.~ ............ : .............. ' .............. ; ....... : ...... : .............. ; .............. ; ............. , .............. ; .......... .. 

. ... . ....... : .............. ~ .......... .... ~ .............. : ............. : .............. ~ ............. ~ .............. : ........... . 
· . 

· .0& . . · . ............ , ............. .,. ............ . ........... ~ .............. ~ ............. ; .............. ~ ............. ; .............. , ........... . · . . . . · .. · " . . · . 
....... i ..... o·IUt .. · ......... ~ .... o .. ~!· : . ........... : .............. : .............. ~ .............. :- .............. ,' . . . 

B~~I--~--~----~--~--~--~---L---L--~~~ 
8 2 4 6 

" 

8 18 12 

SPUTTER TIME ("IN.) 
14 16 18 29 

( 



112 

of oxygen. This observation indicates that the anodic film on 

Ni-13Mo is not being removed from the surface on the open circuit. 

at least not to an extent observable. by means of AES analysis. The 

change in Ni and Me concentration. however. might suggest some 

local dissolution with preferential dissolution of Mo. 

3.5.2.4 SURFACE COMPOSITION OF Ni-13Mo POLARIZED IN THE 

ACTIVE REGION 

It has been generally accepted that passivation occurs 

through the process of active dissolution. Even if the potential 

is set in the passive region an increase in concentration of solu-

ble meta~ or hydroxyl ions in the vicinity of the electrode sur-

face. i.e •• active dissolution is a necessary precursor for passive 

film formation [168.169]. 

There is a view expressed by Hashimoto [131.170 ] that ,. . 
effect of Me as an alloying element on improving the corrosion 

resistance is due to an enrichment of the surface b~eCie.s 
during the active dissolution. These species do not have high 

protective ability ~ut they may decrease the activity of active 

surface sites prior to the passive film formation. 

the 

Consequently. it was thought to be useful to examine the 

surface composition of Ni-13Mo subjected to a potential in the 

active dissolution region. 

Figs 3-30 and 3-31 give the Auger spectrum of Ni-13Mo 

alloy polarized at -100 mV for 30 min and the corresponding AES 
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Fig. 3-30 

AES spectrum cif"Ni-13 Mo following polariza
tion in the active region (30 min) 
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Fig. 3-31 

AES profile of Ni-13 Mo following polarization in 
the active region (30 min) 
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profile, respectively. A contamination of the surface with Cl was 

detected so that the apparent surface concentration of Me is not 

the true one (Mo - 186 eV, Cl - 182 eVl. Since the high energy Mo 

peak (2040 eVl was not detected it appears that Mo dissolves 

preferentially leaving the surface covered with Ni. An exceedingly 

small amount of Me might be present but not detected (sensitivity 

of 2040 eV Me peak is very low, i.e., 0.055l. 

The oxide film on the surface (- 10 Al is probably an air 

formed film alt~ough it could have been formed by anodic oxidation 

at -100 mV (beginning of the passive range for pure Nil. 

These observations exclude the possibility of enrichment 

of the surface by Me species during the active dissolution before 

the film formation. On the other hand the presence of Me in the 

passive film with (Me/Nil ratio greater than in the alloy suggests 

a different mechanism of the film formation on Ni-Mo alloys than 

direct oxidation, widely accepted for the passive film on Ni in 

acid solutions [51,52,85]. The dissolution-precipitation [64-66] . . . 

could be the mechanism of the anodic film formation on single-phase 

Ni-Me alloys. 

3.5.2.5 THE EFFECT OF SOLUTION pH ON THE COMPOSITION AND 

THICKNESS OF ANODIZED Ni-13Mo . 

The effect of the solution pH on the anodic film-.formed 
l-. 

at +500 mV was examined by forming the film for 2 h in·0.15 N 
.' 

I 

Na2So4 with pH adjusted to 10.2, 2.8 and 1.5 by either concentrated 

H2S0 4 or NaOH. The corresponding AES profiles are given on Figs. 

3-32 to 3-34 i·n th order given. 

.. 
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It is evident that the thickness of the film increases as 

the solution pH increases, the film formed at pH 10.2 being almost 

3 times thicker than the one formed at pH 1.5. The passive current 

density during polarization was - 15 IlA IlA cm 2 for pH 10.2 and - 1.5 cm 2 

for pH 1. 5. 

• 
Elemental surface composition before sputtering is given 

in Table 3-9. 

Table 3-9 

Solution Ni • Mo 0 (Mo)surf tMo/Nil surface 

pH [at %] [at %] [at %] Ni ( MO/Ni) surface 

10.5 40.2 6.2 53.6 0.154 1.7 

2.8 37.8 8.2 53.0 0.126 2.4 

,loS 43.0 5.5 51. 5 0.128 1.4 

• No trend in (Mo/Ni) ratio with pH is observed. Fbrmation 

of a much thicker film and an order of magnitude higher than 

passive currerltdensity in the alkaline solution implies a pH 

dependent mechanism of the film growth on Ni-Mo alloys. According 

to Vetter [171], the measurable electrode current, i, in the 

passive state is composed of two parts, a current iL for the 

layer formation or removal, and· a current ic for: the corrosion 

process, i.e., the passing of catrons into the solution at the 

phase boundary layer/electrolyte. OnlY at the stationarr state 
.' 

, 
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Fig. 3-32 

AES profile of Ni-13 Mo following anodization 
(+ 5 0 0 mV, 2 h., pH. 10.2) 
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• Fig. 3-33 

AES profile of Ni-13 Mo following anodization 
(+ 500 mV, 2 h., pli 2.8) 
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Fig. 3-34 

AES profile of Ni-13 Mo following anodization 
(+ 500 rnV, 2 h., pH 1.5) 
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which is characterized by equal rates of the layer formation and 

removal (iL=O), the measured current, i, is equal to the 

stationary corrosion current, i c • For thickening of the passive 

layer the rate of layer formation has to be increased', which means, 

after Vetter, an increase of the potential difference at the 

layer/electrolyte phase boundary. For this reason the corrosion 

rate is increased too [28]. The extent of this increase is 

governed by the potential dependence of the corrosion reaction and 

the properties of the phase boundary. Consequently, a much thicker 

film and an order of magnitude higher current density indicate also 

very poor protective properties of the film formed at higher 

solution pH. 

3.5.3. QUANTITATIVE ASPECTS OF AES ANALYSIS OF Ni-Mo ALLOYS 

The AES data on Ni-13 Mo presented so far are to be , 

considered as semiquantitative, i.e. the accuracy of the method is 

considered to be 30 - 50% [172,173]. ,~ 

The use of proper sensitivity factors would require ,a set 

of standards with known composition and similar surface topography. 

In the present case preparation of such a set of standards was 

impossible. Assuming the film to be composed of NiO and Mo0 3 ~nd 

using corresponding values for the sensitivity factors obviously 

introduces an error. 

,Preferential sputtering, caused by differences in sputter 

yields of Ni and Mo [155], leads to a ttansient change in the 

composition. Upon further sputtering a steady state composition is 

reached at which the concentration becomes quite different from 

, ,-
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that in the bulk (Fig. 3-35). The effect has already been observed 

elsewhere [157]. Surface roughness introduces complications in 

'" relation to preferred sputtering behaviour. When surface roughness 

increases, the exposed surface area increases. This can promote 

the sputter yield and alter the Auger signal [174]. These factors 

can introduce a ~ime variation of the signal not really:related to 

selective sputteri~g. 

Another significant effect observed during ~puttering is 

Mo peak shift and shape change, shown on Fig. 3-36 for the air 

formed film on pure Mo, and on Fig. 3-37 for the anodic film on Ni-

13 Mo alloy anodized at +500 mV for 2 h. This peak corresponds to 

the MNN Auger transition. According to the literature data [175] 

on AES studies of chemical shift and beam effect on molybdenum, 

oxides, the 183 eV peak is usually assigned to Mo6+, the 187, eV 

peak to M0 4+ and the 188 eV peak to MoO. The spectrum of the ano-

dized alloy suggests the presence of Mo0 3 which is reduced to Mo0 2 

during sputtering. The air formed film on Mo appears to be 

composed of both Mo0 3 

cates the possibility 

between Mo0 2 and Mo0 3 . 

and Mo0 2 • The broad peak shape also indi

of the presence of othertntermediate oxides 

Reduction of Mo0 3 to the lower vaience 

state is observed in this case as well. 

Fig. 3~38 shows the LMM spectrum of Mo obtaine4 on the 

,air formed film on pure Mo (2044 eV). This' peak does not change as 

much under the ion beam as the one discussed above. However it is 

extremely weak (sensitivity O.OSS) and was not used further i~he 
--t 

. ' 
-. ', . 
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Fig. 3-35 

AES profile of Ni-13 Mo (91. 6 at· % Ni, 8.4 at 
% Mo) following anodization 
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Fig. 3-36 

.Variation of Mo Auger MNN spectra with sputtering 
tine (1 keV Xe+) (air formed film on Mo) 
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Fig. 3-37 

Variation of Me Auger MNN spectra with sputtering 
time (1 keV xe+) (anodized Ni-13 Mo) 
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Fig. 3-38 

Variation of Mo LMM Auger spectra with sputte
r ing time (1 keV Xe +) (air formed f i1m on Mo) 
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I 

Fig. 3-39 

AES profile on the air formed film on Mo. concentration 
change of Mo as a 'fwlction of the type of Auger-
transition consider~d 
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Fig. 3-40 

AES spectrum of o~cygen af te;r 2.3 min of sputte
ring (1 keV Xe+) 
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Fig. 3-41 

.J 

AES spectrum of oxygen after ~ 10 min of sput
tering (1 keV Xe+) 
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Fig. 3-42 

Variation of Ni (848 eV) Auger spectrum with time 
of electron beam irradiation (5 keV) 
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analysis. AES profile of the air formed film on pure molybdenum, 

containing both Mo peaks, is shown on Fig. 3-39. It is clear that 

-the 2044eV Mel peak does not give r.ise to apparent increase of Mo-

concentration which is due to the ion beam effect in the case of 

the 186 eV Mel peak. 

The ion beam effect on the oxygen peak is shown on Figs. 

3-40 and 3-41, after 2 min and 10 min sputtering"with 1 keV Xe+. 

The electron beam irradiation effect on the Ni (848 eV) 

peak is shown on Fig. 3-42 for an 8.5 min exposure to a 5 keV beam. 

Bearing in mind that the electron beam, as well as th~ 

ion beam, energy [176-178] affect the AES depth profiling it is 

clear that establishing the optimum conditions w~th improved accu

racy would involve an extensive experimental research effort which 

was beyond the scope of this work. 

3.5.4 X RAY-PHOTOELECTRON SPECTROSCOPY (XPS) OF ANODIZED Ni-13Mo 

XPS was employed to characterize the species present on 

Ni-13 Mel electrodes after a variety of treatments including the 

sample preparation techniques, polarization in the active and pas-

sive ranges, the influence of the solution pH and of the time on 

open circuit of a previously anodized sample. 

All the data"" reported are referenced to the Au (4f 7/2) 

level at 83.8 ± 0.5 eV. The Mg ka X-ray line (1253.6 eV) was 

used for Photoelectron excitation. The data have been collected at 

0.01 V/sec (0.1 V/step, 100 msec/step) with the electron pass 

energy set to a constant 50 eV. 
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3.5.4.1 Ni(2p) ELECTRON SPECTRUM OF Ni-13Mo 

XPS Ni(2p) spectra obtained on Ni-13Mo samples after a 

series of different electrochemical treatments are given on Figs. 

3-43 to 3-51 with the corresponding conditions of each sample prior 

to the XPS analysis. 

Table 3-10 summarizes Ni(2P) binding energies (eV) 

determined visually for the set of conditions examined. 

The exact kinetic energy of the photoelectron reflects 

the chemical environment of the element. A variety of Ni-oxygen 

species have been .identified by a number of workers and although 

some controversy exists a.s to specific spectral components, Nio and 

Ni(OH)2 can be clearlydistinguishtd [179]. Various other species, 

such as NiOads ' Ni 20 3 , NiOOads ' a-NiOOH have been observed [180-

182], with poor agreement of the reported values. 

The electron binding energies reported range, for NiO 

from 854.0 ± 0.2 eV to 854.5 eV, for Ni(OH)2 from 855.6± 0.3 eV to 

856.6·eV for Ni 20 3 855.8 ± 0.1 eV. Therefore from the data 

obtained on Ni-13 Mo (Table 3-10) it appears that NiO is not a 

component of the anodic oxide film. Either Ni(OH)2' Ni 20 3 or some 

mixed oxide phase with Mo could be assumed. Unanodized samples 

show the presence of Ni-metal (852.3 eV). 

. 
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Fig. 3-43 

Ni(2p) electron spectrum of Ni-l3 Me following 
the mechanical polishing and electropolishing 
procedure. 
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'Ni (2"P) electron spectrum of Ni~13 0 following 
'the electropolishing and cathodi 'feduction 
procedure . 

'. 

~XPANSIlJ!!'. "'!"IWI 
• · . · ... . ............. , ............... , .............. , ............................ , ...................................................................... . :OP 6 · .. .... . .. .. . · . . . · .. · . · . · . · . .. .. · . . . . . . 

.••••.•••••••••••••••••••••••••.•••••••••.•• , .............................. , ••••••••••••••••••••••••••••• y •••••••••••.••••••••.••••••••••••••• 5 · . . . . . . . · .... · . .. · . . · . . · . . 
" · . . · . . · . . W' 
\ 4 
~ 

w 
z \ : -. u .' . · . . . ............. ~ ............... : .............. : ............... : ............... : .............. : ............... : ............... : .............. ~ . ......... . ~ 3 
~ 

\1 
l: 

. .. . 
2 ............. ~ ............... , ....................................................................................................................... . 

: , 
. .. . ............................................ , .............................................. , .......................................................... . 

8~--~--~----~--~----~--~----~--~----~~~ 
-BBB . -BB4 -BB8 -B76 -B72 -B6B -864 -868 -956 -B52 -B48 

BINDING ENERGY, EV 

• 

• 

• 

• 



-

.. --; 

, 

, 

-, '., .. 

1 

Fig. 3-45 

Ni(2p) electron spectruIDCof Ni-13 Mo following the 
mechanical polishing I and c;:athod.ic reduction procedure 
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Fig. 3-46 

Ni(2p) electron spectrum of Ni-l3 Mo following 
polarization in the active potential range 
(30 min.) , 
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Fig. 3-47 

'Ni(2p) electron spectrum of Ni-13 Mo following 
anodization (+500 mV, 2 hr, pH 2.8). 
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. Fig. 3-48 

Ni(2P) electron spectrum of Ni-13 Mo following 
anodization (+500 mV, 2 hr, pH 2.8) and OCPD 

• (3 . min.) 
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Fig. 3-49 

Ni(2P) electron spectrum of Ni-l3 Mo following 
anodization (+500 mV, 2 hr, pH 2.8) and OCPD 
(30 min.) 
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Fig. 3-50 

Ni(2P) electron spectrum of Ni-13 Mo following 
anodization (+500 mV, 2hr, pH 10.2). 
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Fig. 3-51 

Ni(2p} electron spectrum of Ni-13 Mo following 
anodization (+ 500 mV, 2 hr, pH 1.5 ). 
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TABLE 3-10 

Binding energies for the Ni(2p) observed 
in XPS spectra of Ni-13Mo. 

Sample Ni(2p) binding energy (eV) 
Treatment NiO x 2p 3/ 2 Ni 2p 3/ 2 

Electropolish 855.5 ± 0.2 ' 852.5 ± 0.2 

Electropol. + 
Cath. Red. 855.7 ± 0.2 852.3 ± 0.2 

Cath. Red. 855.7 ± 0.2 852.3 ± 0.2 

Active Range 856.2 ± 0.2 Shoulder 
852.3 

+500 mV, 2 h 
pH = 2.8 855.6 ± 0.2 

OCPD (3 min) 855.6 ± 0.2 

OCPD (30 min) 855.4 ± 0.2 

+500 mV, 2 h 
pH .. 10.2 856.2 ± 0.2 

+500 mV, 2 h 
pH .. 1.5 855.5 

r£ 
± 0.2 

• 

, , -
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3.5.4.2 Mo(3d) ELECTRON SPECTRUM OF Ni-13 Mo 

The Mo(3~) electron spectra given in Figs. 3-52 to 3-60 

correspond to the results of XPS analysis of Ni-13 Mo electrodes 

after different electrochemical treatments (specified on each 

figure)., Mo(3d) electron spectrum of the air f~rmed film on pure 

Mo is given on Fig. 3-61. 

Table 3-11 gives X-ray photoelectron binding energies for 

each spectrum examined. 

~ TABLE 3-11 

Binding energies for Mo(3d) observed in XPS 
spectra of Ni-13 Mo 

Mo(3d) Binding Energy (eV) Sample 
Treatment Mo3d 3/ Z Mo 3e/ Z 

Electropolish 

Electropolish 
and' 

Cath. Red. 

Cath. Red. 

Acti ve Range 

+500 mV, 2 h 
pH = 2.8 

OCPD (3 min) 

OCPD (30 min) 

+500 mV, 2 h 
pH = 10.2 

+500 mV, 2 h 
pH = 1. 5 

Mo Foil 
Air Formed Film 

235.4 

235.0 

235.2 

235.2 

235.4 

235.1 

235.2 

235.4 

? 

235.4 

• 

232.1 ± 0.2 227.9 

231. 3 ± 0.2 227.9 

I, 

231.8 ± 0.2 227.9 

232.6 ± 0.2 228.0 

232.3 ± 0.2 

232.3 ± 0.2 

232.2 ± 0.2 

232.3 ± 0.2 

? ? 

232.3 '± 0.2 
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PUblished work on the XPS analysis of Mo compounds (192-

196] gJves the values of the characteristic binding energies for 

the compounds of interest, summarized in'Table 3-12. 

Compound 

MOO x 
2 <x <3 

Na 2MoO .. 

Na 2MoO .. x 2Hp 

TABLE 3-12 

Mo (3d ) 
3/2 

235.6 ± 0.1 

235.95 

235.5 

, 

234;3 

233'.9 ± 0.1 

232.5 

232.4 

235.2 ± '0.2 

235.3 

232.5 ±,O.l 

232.65 

232.2 

231.7 

231.2 

230.9 

229.4 

229.3 

231.0 

232.1 

231.5 

232.3 

232.2 

± 0.1 

± 0.2 

By comparing the measured values of Mo(3d) binding 

energies for the Ni-13 Mo,samples, oxidized Mo and the values given 
~ 

in Table 3-12, it appears difficult to cqaracterize Mo~species 

'--' ;, 
• 

\ 

/ 
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Fig. 3-52 

MO(3d) electron spectrum of Ni-13 Mo following 
mechanical polishing and electropolishing. 
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Fig. 3-53 

Mo(3d) electron spectrum of Ni-13 Mo following 
electropolishing and cathod1c reduction 
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Fig. 3-54 

MO(3d) electron spectrum of Ni-13.Mo fo~lowing 
mechanical polishing and cathodic reduction. 
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Fig. 3-55 

Mo(3d) electron spectrum of Ni-13 Mo following 
polarization in the active range (30 min.) 
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Mo(3d) electron spectrum of Ni·13 Mo folloing 
anodization (+500 mV, 2h., pH 2.8 
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• 

Mo(3d) electron spectrum of Ni-l3 Mo following 
anodization (+500 mV, 2h., pH 2.8) and OCPD (3 min). 
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Fig. 3-58 

Mo(3d) electron spectrum Df Ni-13 Mo following 
'. anodization (+500 mV, 2h:, pH 2.8) and OCPD (30 miR.). 

'. 

7 ESCIt SURVEY SF= .181. 1.161 YS819B 

::XPAHS I 
COP 6 

FACTOR =J . 48 
· . .. .............. , ... ~ ................... : ................... ~ ............ ...... : ................. : .................... : ..................... : ....... . 
· . . . . . . · . . . \ . . . · . . . . . . · . . . . . . · . . . . . . · . . . . . . · . . . . . . . .. 

~ 

101 

Z 
u 3 .................. ,............... ..,. ................... : ................... ;........ .. ....... , .................... ; ................... , ...... .. ,.. . . . . . . . " : : : : : : : · .. . . . . . . · . . .. . · . . .. . · . . .. . 

: .. " . · . . . . . . 
.e> 

2 .................. : ..... ~ ..... ...•..• : ..•.••.•.......•... : ......•....•....... : ...... ':' ........ : .................... ; .......•......•.•.. : ......•. 

. . ., . 
•.. . ''';' .•....•.••...••. .•• ~ .••••••..• ! ••••..•• -:- •••••.•. .• ~ ••••. .•• ~... ••.••••••••••..• • . ................. ~ ..... ~ ••••. .•••••.. ! ....... . 

· . .. .. · . .. .. · . .. .. · . .. .. · . .. . · . .. . · . .. . · . .. . 
8L-----~----~----~,~,~ .. ----~----~ ____ -L ____ ~~ 

-248 -238 -236 -234 -232 -238 -228 -226 
BIHDING EH£RGY, fY 

• 

. ~.- ~ .. 
• ~ • ') 

.\ ~. " .v.J • 

....:J 

\ . 



, 

" 
, 

'/ 

Fig. 3-59 

/ 
/ 

151 

Ho (3d) electron spectrum of Ni-13 Ho following 
anodization (+500 mV. 2h •• pH 10.2). 
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Fig. 3-60 

Mo(3d) electron spectrum of Ni-13 Mo following 
anodization (+500 rnV, 2h.,. pH 1.5). 
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Fig. 3-61 

Mo(3d) spectrum of air formed film on Mo 
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Fi • 3-62 

Deconvoluted Mo( d) peak for anodized Ni-13 Mo 
(+500 mV, 2h., pH2.8) 
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present on the surface of Ni-13Mo alloy in each case. However, 

certain conclusions'could be drawn: 

- The valence state of Mo appears to be +6 in_all cases 

M6(3d 5/ 2 ) peaks of the air formed film on Mo and of the anodic 

films formed at pH 10.2 and pH 2.8, as well as those observed on 

the samples after the open circuit potential decay have the same 

values of binding energy, suggesting the presence of MoO 3' or 

MoO~- in each case (Figs. 3-56 to 3-59). 

~ presence of Mo-metal (227-9 eV) is evident 

previously subjected to all three pretreatment 

for the samples 
" 

procedures (Figs. 

3-52 to 3-54), for those polarized in the active potential range 

and in the solution of pH 1.5 (Figs. 3-55 and 3-60). 

- The absence of Mo-metal peak in the spectra obtained on the 

samples after the open circuit potential decay indicates that 

the film is not being removed on the open circuit (Figs. 3-57 

and 3-58). 

Deconvolution of the Mo(3d) peak of anodized Ni-13Mo (Fig. 3-62) 

and the data on b~nding energies of Mo (3d3/2, 3d5/2) [186] clearly 

show that t~e surface film produced by anodization of pH 2.8 con

tains Mo-species in Mo 6+ state. It is, however., not certain 

whether the film is Mo0 3 or contains Mo 6+ in the form of Mo~-. 

, ) 
3.5.4.3 O(ls) ELECTRON SPECTRUM O! Ni-13Mo 

Since the O(ls) line postiions of metal oxides generally 

provide another means for their identification, the O(ls) spectra 
-

of Ni-13Mo samples, already examined by XPS analysis of Ni(2p) and 

J 

. " 
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Mo(3d) lines, is given on Figs. 3-63 to 3-71. The O(ls) spectrum 

of the air formed film on pure Mo is given on Fig. 3-72. 

The values of binding energy are summarized in Table 3-

13. 

.* 

TABLE 3-13 

Binding energies of O(ls) spectra of Ni-13Mo 
when fit to one peak 

Sample O( la) 
Treatment Binding energy (eV) 

Electropol. 531.3 

. Electropo1. and , . 
Cath. Red. 531.4 

Cath. Rl:Id. ·531.4 

Active Range 531.5 

+500 mV, 2h 
pH = 2:8 530.9 

OCPD (3 min) 530.7 (530.2 ~h) 

OCPD (30 min)~ 530.7 

+500 mV, 2 h. 
pH .. 10.2 530.9 

+500 mV; 2h 
p~ = 1.5 531.6 

Mo Foil 
Air formed Film 530.2 

full width at half maximum 

FWHM* 

1.85 

1. 75 

1.70 

1.90 

2.35 

2.25 

2.25 

2.30 

1.65 

- 1.90 



n 

Fig. 3-63 

O(ls) electron spectrum of Ni-13 Mo following 
mechanical polishing and electropolishing. 
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Fig. 3-64 

O(ls) electron spectrum of Ni-13 Mo following 
electropolishing and cathodic reduction. • 
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Fig. 3-65 

0(15) electron spectrum of Ni-13 Mo following 
m~anical polishing and cathodic reduction. 
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Fig. 3-66 

0(15) electron spectrum of Ni-13 Mo following 
polarization in the active ~otential range (30 min). 
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Fig. 3-67 

" 
0(15) electron 5pectrmn of Ni-13 Mo following 
anodization (+500 mV, 2 hr. pH 2.8). 
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Fig. 3-68 

0(15) electron spectrum of Ni-13 Mo following 
anodization (+,500 mV, 2 hr., pH 2.8) and OCPD (3 min). 
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Fig. 3-69 

O(ls) electron spectrum of Ni-13 Mo following 
anodization (+500 mV, 2h., .pH 2.8) and OCPD (30 .min). 
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Fig. 3-70 

O(ls) electron spectr~ of Ni-13 Mo following ;r 
anodization (+500 mV, 2h., pH 10.2). 
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Fig. 3-71 

0(15) electron spectrum of Ni-13 Mo following 
anodization (+500 mV, 2h., pH 1.5): 
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Fig. 3-72 

O(ls) electron spectrum of air formed film 
on Mo . 
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The values for binding energy of O(ls) line given in the 

,literature for Ni-oxygen and Mo-xoygen compounds are compiled in 

Table 3-14. It is clear that the air f-orrned .film on Mo is MoO 3' 

From the data on polarized samples it could be concluded that the 

TABLE 3-14 

Some values of O(ls) XPS binding energies 
reported elsewhere [179-186] 

Compound -O(ls) 

529.9 
Nio j. 

529.6 ± 0.15 . 

529.7 

Nip 3 531. 7 

530.9 

Ni(OH) 2 530.8 ± 0.1 

531.2 ± 0.3 . 

MoO 3 530.3 

MoO 2 530.8 

530.7 

samples polarized in the active potential. range and at low pH (1.5) 

as well as those subjected to the ~ample pretreatment procedures 

have the same type of oxygen bonding. On the other hand, 

anodization at pH 2.8, and 10.2 appear to have the same type of 

oxygen bonding, which remains unchanged for the samples left on the 

open circuit after anodization at pH 2.8. 

J 
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Fig. '3-73 

Deconvolution of O(ls) peak for anodized 
Ni~13 Mo (+500 mV, 2h., pH 2.8). 
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Deconvolution of O(ls) peak for Ni-13Me anodized at 

pR 2.8 (Fig. 3-73) reveals that at least two peaks (529.76 eV an~ 

531.46 eV) coul~ be fitted to the broad 530.9 O(ls) peak. 

Therefore at least two different oxygens seem to be present in 

the anodic film of Ni-13Mo. 

1 If one of the two oxygens comes from Me0 3, and since. 

the deconvolution of Mo(3d) suggested the presence of'Mo0 3 or 
2- • 

Mo0 4 then it·is most likely to be the 529.76 eVone. The other 

oxygen peak (531.46 eV) could be assigned to either Ni 20 3 

(531.7 eV) or Ni(OR) 2 (531.2 ± 0.2 eV) (Table 3-14). 
. • I 

This observation can be considered to be a strong 

evidence for th~ presence of two different oxide phases' in the 

film. 

3.5.4.4 REFLECTION HIGH ENERGY ELECTRON DIFFRACTION (RHEED) 

OF ANODIZED Ni-13Mo 

Although the XPS data provided an. indication that the 

anodic film on Ni-13Me could be a two phase oxide coverage, it is 

nece~sary to have some structural information in order to confirm 

it. 
. 

A reflection high energy electron diffraction (100 keV) 

pattern of an anodized Ni-13Me sam~e is shown on Fig. 3-74. A 

semicircular ring pattern, typical of a polycrystalline sur~ace 

is observed. It corresponds to polycrystalline "NiCD [187,188] 

.' ... . ! 



170 

* . with the mean particle size of - 20 A. No Mo-containing phase 

coula be related to the diffraction pattern observed. The 

absence of the reflections from the metal and the mean particle 

size of NiO of - 20 A on one hand and the findings of AES ana-

_ lysis, Le., Mo-enriched, 30 - 150 A thick film on the other, 

suggest either an amorphous Mo-conta,ining phase or in the form of 

small crystallites « 20 A), located in between the NiO 

* particles.* 
, 

* /" 
RHEED gives well defined ring structure for the mean particle ~ , ! 

size, MPS, of 10 - 50 A. The particle size < 10 A gives a dif"" 
t. 

fuse reflection. The line half width fs inversely proportional 

to MPS. As the MPS increases, the line width decreases up to -

50 A, 1. e., the lines do not become sha.rper for the parti le size 

greater than 50 A. 

: Similar observations were obtained using dedicated ST 

(sc'anning transmission electron microscope): both the se cted 

area electron diffraction (beam size - 200 A) and micro-

diffraction (beam size - 30 A) analysis of anodic films formed on 

specially thinned metal foils.of Ni-13Mo have shown the presence 

~ of NiO only. However, the micro-X-ray analysis (beam size - 50 

A) revealed not only the presence of Mo in these films but also 

an enrichment of the films in Mo [189]. 

• 
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A disagreement appears in comparing the findings of 

RHEED analysis that reveals only NiO, and XPS analysis which 

indicates either i 20 3 or Ni(OH)2 (Table 3-10) on the surface of 

anodiz~e~~~-~l~Mo alloy. A possible explanation might be that the 

surface film changes under the influence of electron beam during 

the analysis (100 keV beam was used for the diffraction analy~ 

sis). Alternatively, a defective Nio with the composi~on that 

corresponds to Ni 20 3 (Ni l _ 6°) with high enough concentration of 

Ni-vacancies and positive holes, Le., NiH ions) would probably 

give a diffraction pattern not very different from that obtained 

for NiO, especial~y in the case of polycrystalline oxide films 

[187]. There have been no experimental evidence reported in the 

literature on prepared Ni 20 3 and its diffraction pattern. 

The growth of thicker films on Ni can be obtained by 

disturbing NiO lattice [190] by incorporation of foreign 

elements, coming either from the solution or from the metal. 

Blondeau et al. [190] have shown that in spite of large chemical 

differences introduced by incorporation of foreign elements into 
• 

NiO lattice, the crystallographic parameters of Nio remain the 

same as for the "real", thin compact and protective film on pure 

Ni, in the sense that the crystal lattice of Nio is essentially . ,,-
preserved but distorted. Therefore, in the present case of an 

anodic film on sigle phase Ni-Mo alloys a small amount of Mo+6 

could be incorporated into Nio lattice, causing its reorgani-
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zation and allowing the growth of a much thicker film with a 

crystal lattice modeled after Nio but with cation-2-anion-3 

• 

Fig. 3-74 

Reflection high energy electron diffraction 
pattern of anodized Ni-13M6 

/ 
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CHAPTER IV 

4.1 SUMMARY AND CONCLUSIONS 

The results of this investigation can be summarized as 
" 

follows: 

(a) Anodic oxide films on Ni in Na 2S0 4 solution (pH 2.8) are 

composed of NiO. The overall film thickness is not 

influenced by the formation time at· +500 mV (SCE) being 12 -

16 A after 48 h of anodization. The character of the film 

changes with varying time and potential of anodization, as 

observed from the open circuit film breakdown. The film 

formed at the end of the passive region, e.g., +800 mV could 

be highly defective NiO with a composition closely corres-

pending to Ni 20 3 • 

(b) Mo undergoes transpassive dissolution in the range of poten-

tial where Ni is passive. 

(c) The single phase Ni-Me alloys ( 5 - 15 wt % Mo) retain in 

general the. polarization behaviour of Ni with a shift of the 

corrosion and the passivation potential in the noble direc-

tion and a monotonic increase of the passive current density 

with Me content, suggesting a negative effect of Mo on the 

corrosion ·resistance of Ni. 

(d) The anodic current transients for the potentiostatic film 

formation indicate two different types of anodic oxide 

173 
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coverage on Ni and Ni-Mo alloys, the latter being thicker 

but with poor protective properties. 

(e) Open circu~t potential decay and surface reactivity measure-
"---. 

ments have shown that films on the. alloys break down faster 

/. than those on Ni with a rate which increases with Mo con

tent. Removal of the film proceeds gradually on open cir-

cuit with the raee inversely proportional to.Mo content at 

t > tind(Ni). The effect of Mo was concluded to be 

associated with polarization of either anodic or cathodic 
J 

reaction. 

(f) Cathodic galvanostatic charging of anodized Ni-Mo alloys 

have shown that the cathodic current efficiency for the film 

removal is very low indicating that the film on the alloys 

is difficult to remove at pH 2.8, even with the passage of 

~onsiderable cathodic charge (e.g., 86 mC/cm 2 led to an 

increase of surface reactivity of less than 30% with respect 

to the open circuit conditions). 

(g) A selective dissolution of Mo during the initial stages of 

anodization and an enrichment of the substrate in Me at 

longer times indicate a time dependent nature of the film. 

Conversion of anodic charge into accumulation of species on 

the surface suggest~ a much thicker anodic film on the 

alloys than that on pure Ni. 

(h) The AES analyiFs of. the anodic film of Ni have shown a 12 -

16 A film, independent of the time of anodization. The 
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film on Ni-Mo 'alloys was ,found to be slightly enriched in 

Mo. The film thickness was a function of anodization time, 

Le., it increased from - 30 A for 1 h of anodization to 
. 

- 150 A for 48 h of anodization at +500 mV (SeE). 

The AES analysis of the film on alloys that had been exposed 

to the open circuit indicated practically no change in the 

ove~all film thickness for the times examined, i.e., 5 min 

and 30 min. A small preferential dissolution of Mo, proba, 
bly localized, confirmed a local breakdown of the film on 

allOYS, but also very sluggish film removal. 

The thickness of the film on alloys was found to be pH-. 
dependent. An order·of magnitude higher current density 

associated with a three times thicker film formed at pH - 10 

than that formed at pH - 1.5 confirms that the thicker 

anodic films are less perfect and less protective. 

(i) The XP,S analysis of the films formed on single phase Ni-Mo 

alloys suggested the following: 

- The anodic oxide film does not contain Ni in the form of 

NiO: it could be either Ni(OH) 2 or Ni 20 3 

- Mo is present 
2-

MoCl ... 

in the film as Mo 6+ , i. e. , 

" 

either as Mo03 or 

- A broad O(ls) peak containing at least two different 

binding states of oxygen is a strong evidence of the 

presence 0/ more than one oxide phase in the surface 

, film. 
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\ 
(j) Reflection high energy electron diffraction pattern of the 

anodic film on Ni-13Mo alloy corresponds to that of poly-

• 

crystalline Nio with the average particle size of -~O A. 

No ~containing phase could be related to the diffraction 

pattern observed. It, however, ,~es not exclude the possi-

bility of either the conversion of Ni(OH}z to NiO under the 

influence of high energy electron beam or the presence of 

somewhat distorted lattice of NiO (Nil_I? or Ni'z03) due to 

incorporation of a small amount of Mo+6 into the NiO 
,.... 

lattice. 

In view of these findings it maybe concluded that the 

film on single-phase Ni7Mo alloys (5-15 wt , Mo) formed in 

0.15 N Na zS0 4 (pH 2.8) is a two phase oxide film, possibly 

with a structure similar to that given on Fig. 4-1 • 

The nature of that film is different from the NiO film 

on pure Ni under the'same experimental conditions, i.e., the 

solution pH, time and anodization potential. The oxide film 

formed on pure Ni does not change its thickness appreciably 

with prolonged anodization • 

Since a thick, porous Ni-oxide (Ni'(OH) z or oxi

hydroxide} can be formed on Ni in neutral and alkaline solu

tions [80-82] it is possible that a local pH change in the 

vicinity of electrode is responsible for the growth of rela

tively thicK films on Ni-Mo alloys. A local pH increase 
I 

• 

, ... 
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might be a result of Me dissolution as MoO~- and subsequent 

precipitation of Me-oxide, since molybdate ions are not 

stable at pH 2.8. If molybdenum is present in the film as 

MoO 3' the reaction leading to a local increase in pH and 

'precipitation of Me0 3 could be: 

Poor protect.ive properties of Mo0 3 could cause ,continuous 

dissolution and precipitation and maintenance of a higher pH 

which pr'omotes the outward growth of Ni-oxide phase, proba-

Qly as Ni(OH) 2., 

, The growth of thicker films can also be obtained b~ 

disturbing the Nio lattice by incorporation of small amdunts 

of Me6+ ions. In a crystallographically perfect NiO film 

(which has an insulating character) ionic transport is very 

slow. Indeed it was shown (Fig. 3-26) th,at the oxide film 
.f 

thickness on pure Ni increases very little with anodization 

time. In the case of an anodic film on single phase Ni-Mo 

alloys small amounts of Mo6+ could be incorporated into the 

NiO lattice, causing its reorganization and allowing the 

growth of a much thicker film with a crystal lattice modeled 

after NiO but with Ni 20 3 structure. 

Both mechanisms of thickening of the film on Ni-Mo 
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Fig. 4-1 

Schematic illustration of a two phase anodic oxide film 
on s'ingle phase Ni-Mo alloys in acid solutions 

Nil_~O with· Mo6+ 
and/or 

Ni203 and/or Ni(OH)2 

./ 

Ni-13wt.% Mo 

.. . , 



, 
179 

alloys are equally well supported by the results of XPS 

analysis and the diffraction analysis, since Ni(OH)2' the 

most probable phase according to the former mechanism of 

film growth, could be converted to NiO during the electron 

diffraction analysis. 

A model involving Ni-oxide with Mo6+ filling the 

cati~nic sites would have difficulties accounting for Mo-

enrichment of the film, found by the AES analysis. It is 

difficult to estimate how much molybdenum can be 

incorporated into the NiO lattice without changing its 

crystallographic parameters significantly. Therefore it is 

most likely that the anodic film on single phase Ni-Mo 

alloys is a two phase oxide film with the structure given on 

Fig. 4-1. The Mo-containing phase is either in an 

amorphous state or in the form of very small particles 

« 20 A) located in between the particles of Ni-oxide 

phase. 

The fact that the anodic film on Ni-Mo alloys is much 

thicker than the passive film on Ni and that it breaks down 

faster than that on Ni indicate that the protective ability 

of this film is lower in spite of its relatively sluggish 

removal from the surface. 

These results illustrate the complexity of the struc-

ture of films formed on single phase Ni-Mo,alloys by an 

electrochemical mode of growth. The study of these films, 

thicker than "real" (thin, compact, protective) passive 
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films on Ni have shown that only an examination using 

several different techniques allows one to point out the 

structural and chemical differences between these films and 

NiO passive film. 

, 
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