-
r

: . \.’ ‘ | : 5-3.(5-OQ\69 -3

"E % National Library  Biblioth&que nationale CAMADIAN THESES THESES CANADIENNES
° of Canada du Cenada ON MICROFICHE SUR MICROFICHE

/04 o - |
57079

e e s b

NAME OF SUPERVISOR/NOM DU DIRECTEUR DE THESE__ Dy . M. B. Iven

«‘U

/\@D B ‘

o ~ i

. Vesna; Scepanovic . ;

NAME OF AUTHOR/NOM DE L AUTEUR =2A ,
. > "anodic Fflms on Single-Phase Ni-Mo Alloys in i

TITLE OF THESIS/TITRE DE LA THESE. R
Acid Solution" . : tP
i
- 4
:}
4
i
UNIVERSITY/UNIVEBSITE. McMaster 3
DEGREE FOR \WHICH THESIS WAS PRESENTED/, - PR.D v 3
GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE. -0 7 . ¥
. X i

YEAR TH1S DEGREE CONFERRED/ANNEE D"OBTENTION DE CE DEGRE 1982 . ' *
:

. . ) ]
Permission is hereby granted to the NATIONAL LIBRARY OF L°autorisation est, par la présente, accordéa 2 /a2 BISLIOTH?
CANADA. to microfilm this thesis and to lend or sell copies QUE NATIONALE DU CANADA de microfilmér cette thésé e :

of the film.

-

de préter ou de vendre dzs exemplairas du film, |

The author reserves other publication rights, and neither- the L'auteur se réserve les autres droits de publication,- il

thesis nor extensive extracts from it may be printed or other-  th2seni de longs extraits de celle-ci ne doivant étre imprir:

wise reproduced without the author's written permission. our autrement reproduits sans 'autorisation écrite de I'aute.

-

DATED/DATE September 3, 1982. SIGNED/SIGNE U E (‘%W‘Uﬁc

1

PERMANENT ADURESS/AESIDENCE FIXE NATIOwAL E.G’SQAE CH ~Cobincd/
(cHLeH. Division J MOnTR AL RD

. / -

OTTA A / Ovr

1]
|
[]
I
H
|
N
SRR N O RCT e N PP SRR

NL=DE (31273} - ' &i



ANODIC FILMS ON SINGLE PHASE Ni-MO

ALLOYS IN ACID SOLUTION

By
VESNA MITROVIC-SCEPANOVIC, Dipl.Eng.Tech., M.Eng.

A Thesis
Submitted to the School of Graduate Studies
+ in Partial Fulfilment of the Requirements
for the. Degree

" Doctor of Philosophy

McMaster University

June‘1§82

.“"

e e Mot



ANODIC FIIMS ON Ni-Mo ALLOYS



e

DOCTOR OF PHILOSOPHY {1982) MCMASTER UNIVERSITY

(Metallurgy and Materials Science)

TITLE: Ancdic Films on Single Phase Ni-Mo Alloys in Acid

Solution

AUTHOR: Vesna Mitrovic-Scepanovic, Dipl. Eng. Techn., Belgrade

M.Eng., McMaster

SUPERVISOR: Professor M.B. lves

NUMBER OF PAGEﬁ?\nyfffIBZ
' |

y

(ii)

R



. ABSTRACT

1

The ‘anodic oxide films of single phase Ni-Mo alloys
(5 - 15 wt % Mo) formed in 0.15 N Na,50, (pH 2.8) have been
investigated using electrochemical techniques, atomic absorption
spectroscopy, Auger electron spectfoscopy and "X-ray ﬁhotoelectron
spegtroscopy. 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 néture of the péssive film
of nickel.

The electrachemical studies have indicated a negative
effect of molybdenum adaition to stability of the passive film
and a diff?rentdmechanism of the film growth on the.alloys with
respect.to th;t on nickel.

+

Dissolution of nickel and molybdenum during the film
formatiqp haé been found to proceed in.péoportiogs other than
their rﬁtig in the alloy and whicﬂ was alsc time dependen
Selectivel dissolution of molybdenum has beén found during e
initial stages of anodizétion and its enrichment in-the Im at
longer anodizﬁtion'times. Chronoamperometric measurements
combined with dissolution énalysig suggested an increase of the
film thickneses wiﬁh anodization time. |

Auger electron spectroscopy with ion sputtering
confirmed the anodization time dependence of the film thickness

-~

(1ii)

3



~

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 anodization time.

Characterization of nickel and molybdenum species in
the filﬁ has been based on the findings of X-ray photoelectron
sPedtroscop;; 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 MoO,. 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

l.l 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 the practical impor-
tance but also by the complexity of the phenomena.

Since the rate of %ny-thermodynamically probable elec-
trochemical corrosion process depends on the degree of thermolr
dynamic insﬁability 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 érocess. Therefore passivity can be defined [1] as a
state of improved corrosion resistance (under conditions where,
from a thermodynamic point of viéw, the metal or the alloy is
active) accounted for by inhibition of the anodic process .of
metal dissolution. *

The phenomenon of passivity is associated with a
decrease of the rate of anodic dissolution to very low values‘

1



with increasing oxidizing conditions of the electrolyte. This

is generally due to the formation of oxide £ilms by anodic reac-
tions in aqueous electrolytes. The formation of a passive film

.is governed by the potential and pH condition§ in the case of a
stable surface oxide layer, and by the relative reaction rates
when the oxide film is metastable [2].

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

in aqueous solutions according to the reaction
— + - -
nMe + mH,0.=Me O f 2mH  + 2me (1-1)

In concurrence with (1~1), the anodic dissolution of the métal,

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

N

.

Me + yH,0 ==Me™  (H,0)y + ze~ : (1-2)

: + z+ .
Me O + 2mH = Me™ + mH,0 (1-3)

Under certain conditions, oxidative, (1-3a), or reductive, (1-36)

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

[

(z-1)+ + e + mH ,0 (1-3a)

+--—-.
Menom + 2mH U= Me

-

Me O + om’ + e mmme (ZTIY 4 mH ,0 (1-3b)

From a phenomenological standpoint, the equilibrium potential~pH



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, gven if)they

are less stable thgn the metal ions, if the rate oﬁ\oxide gr
according to {1-1) exceeds the rate of dissolution b;¥1i:;}7’11-
3a) or (1-3b). The rate of oxide dissolution depends on the pH
valué of the electroiyt; and on the potential difference at the
interface [4]. The potential at which the rate of dissolution
drops because the feaction {1-2) is blocked by the anodic oxide
film is called passivation potential. The well known N-shaped
current deﬁsity—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 poteptial depends largely on
the electrical, mechanical and chemical properties of the film.
If it is a good electronic conductor and if the anode potential
is allowed to rise, so that anddic oxidation of electrolyte (e.g.
OH or H,0 to 0,) at the film/solution interface becomes
possible, this process may account for pnacticaily 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, passage 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
!



‘

oxidation or film growth occurs, and the meta; canndt be said to
be passive. When the £ilm is not mechanically stab;é it becomes
disrupted during growth and further growth is stimulated at
péints where solution enters the defects in the film. If the
film substance is not the only thermodynamically possible product
it may be dissolved by the electrolyte and become porous, aﬁd
thus mére easily thickened. Combinations of the above phenomena
are often observed.

The oxide f£ilm theory in the modern form, due primarily
to Evans (6 |, has been challenged by proponents of the £heories,
of change of the metallic surface involving not film formation
but electronic modifications (7-12] or adsorption of ions or
molecuiés [13-18]. Many passivit} theories that have been
presented in the lit;rature fall into the categories of adsorp-
tion theory'gnd three-dimensional oxide theory. Relatively
reéentlj, Sato [19 ] presented a generalized théory 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 ioné.

Within the framework of the general theory, which is_
rather phenomenological, there are three mechanisms that have
been proposed:

(i) electron configuration induced adsorp£ion'passivity [20-21]
(1i) ionic space charge induced passivity [22-23]

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



The first one, prdposed 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 elecﬁroh acceptor and the other component is a donor.
The critical composition ¢of a binary alloy corresponds to a
percent bf acceptor at which the number of available uncoupled
electrons in it is equal to the number of available electrons in
the donor. : i ‘ -

The second theory proposes the space charge induced
p;ssivity model according to which the ionic current in the
barrier layer can be greatly reduced by the ionic space charge
within the layer, as compared to the corresponding rate expected
in the absence of the space charge. This approach is vased on
field assisted ionic conduction.

The first model does not consider the kinetic stability
of a passive film anq 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. 1In

this model a bipolar film consisting of an anion selective layer

on the metal side and a cation selective layer on the solution



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 {

- the barrier £ilm of a three—diménsional oxide

- the film consisting'of a barrier layer covering léss
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
composit¥on on' top of it.

Theqadsogped film consists of a monocatomic or malti-
molecular layer of oxygen or other specieé. Frankenthal [27 ]
reported 106 - 107 C/cm field slightly above the passivation
potential of Fe-26 Cr aiLoy due to an adsorbed layer of oxygen or
oxyhydro;idé ("primary" f£ilm 0.35 mC/cm? 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
ﬁhe 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 ~ 108 - 107 V/cm. However, it



is often difficult to draw é line between an adsorbed film and a
thin three-dimensional barrier film.

The passive films on Co [jé] and Cu [31) in neutral
solutions are examples of a barrier film formed on a less protec-
tive layer: the barrier Coj 0, film is formed on aﬁ inner layer
of Co0 and similarly for copper, of CuO on Cuéo.

The passive film‘dn Fe in neutral solutions is composed
of a barrier oxide film covered with ; 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 chanées in the
electronic band structure of the films. According to some
reports (34 ] the passive film on Ni is Ni, O (p-type semi-
cpnductor). Its composition changes over a wide range of poten-—
tials and its passive dissolution current increaées continuously
with‘potential.

For alloys, the degree of enrichment or depletion of
the film is ésnerally a function of potential [35]. In some
- cases an enrichment or depletion of some components is found in .

the substrate layer [36 ].

[N



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 conseguently
influences its physical and chemical properties, its role should

“not be ignored. lOkamoto [40] suggested the necessity for the
presence of water in the passive film. However, experimentally

- it 1s difficult to distinguish between the incorporated: adsorbed
and water of hydratation of metal compounds in the passive f£ilm.

The mgchanism of electronic conductivity in the passive
layers has a great influence on their corrosion resistance, e.g.,
high electxonic conductivity fagpurs 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 eGolution) can occur
if the film is sufficiently thin [43]. On the other hand, for
metals to dissolve, the transport of égtions or anions through
the oxidedlayeg.is necessary. The ionic current in.a passive
film folldws either the field-assisted iohic conduction [44] or
the place-exchange mechanism [45], probably depending on the £ilm
thickness. Experimentally, it is difficult 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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digsolution 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 déuble layer potential
differeénce. Vetter [47 ]| assumed that potential difference to be
determined by the oxygen reaction at thé film/solution interféce
in the steady state. &An alternative approach has been made by
Sato [19 ] where the double layer p;tential difference is related
to the electric field in the £film in the absénce of surface
charge at the inté{face. It has beed pointed out that dis-
N

solution rates of a passive film under non-steady state and
steady state conditions are not equal [28,48,49], but whatever
the mechanism ig in each case, the dissolution rate is always a
function of the potential difference in the double-layer.

Althougﬁ passivity is quite a general phenomenon, not
being restricted to a specific metal or alloy or to a specific
passivating solution, it is possiﬁle to conclude that a general
framework of passivity has been established. The problems of
fundamental and practical interest that have been proposed for
further study [25] are the mechanism of dissqiution of passive
metals and alloys; the role of anions in growth and dissolution

of passive layers, the effect of alloying elements on the

o]
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composition and properties of the passive films and the effect 'of
various environments on the stability of passive films on metals‘\\\

and alloys.

1.2 PASSIVITY OF NICKEL

The electrochemical béhaviour of Ni has been the sub-
ject of intensive investigation in a vafiety of electrolytes.
Models for the passive film and the experimental data on which
the models are based have often‘céntradicted each other, mostly
due to differences in experiﬁental techniques and often due to
different interpretatiogs. ,

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 activé, 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 unt¥l a minimum is
reached and increases again towards oxygen evo;ution region,
i.e., Ni does not show a potential region with constant current
density [50,54,55]. Wagner [56] explains the potential dependent
dissolution of Ni in the passive state with the low density of

electronic defects in NiO which, therefore, behaves like a

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



surface charge, not by the space charge, which leads to the
éotential aependent diésolutiou current.

Dissolution of passive Ni yields Ni?*+ jons up to the
potential region where oxygen starts to be evolved simultaneously
[57]Ia1though some authors [58] propose that Ni3+ goes into
solution in the oxygen evolution potential region. It was found
that the dissolution rate in the péssive region is pH dependent
[54,58-62,89,90]. The pH dependence of passive Ni dissolution as
given by Vetter [54] is.simi;ar to that found by others
[58,89,90]. Within a qertain potential range the dissolution
current density seems to be independent of pH because the change
of oxide composition with potential and the change of pptential
difference at the oxide/electrolyte interface, due to the.pﬁ of
electrolyte, compensate each other. ) |

The change of dissoclution current density with the
potential is related to a corresponding chang; in the degree of
oxidation. Sato and Okamoto [58-623 found the dissolution
current density in the passive region to be independént of
pofential and dependent on pH in the acid solutions, with no
effect of Ni2* and 50“2- ion concentration. |

The formation and dissolution of the passive film
proceed simultaneéusly and the rates of those reactions at steady

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

constant. The dissolution reaction may be expressed as follows:

2+ - :
Ni (oxide) + OH (aqg) === NiOH+(surface) (1-4a)

N\



NiOH (surface) — NiOH+(aq) (1-4b)

24+ -
NioH (ag) === Ni  (ag) + OH (aq). (1-4c)

The thickness of thé passive film on Ni has been deter-
mined by coulometry [63], ellipsométry [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]. 1In
contrast, Bochris et al. [65] h;ve reported 60-100 A film formed
on Ni in the sulphate electrolyte of pH ~ 3. 1In a borate
electrolyte a considerably thicker, porous film could be grown‘
the thickness of which changes with the potential [63,67,80-84].
The current efficiency.for the film formation is rather smali
[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 Qe made in ellipso-
metry:

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 [51,52,85,86 ]

.

In the first case it is postulated that oxide can form when the
solubility of a species such as Ni(OH), in the vicinity of the
electrode is exceeded, resulting in precipitation of Ni(OH), onto
the electrode surface. The secoqd mechanism would involve a;

electrochemical reaction such as



.

/" Ni + H'ZO +Nio + 28" 4 2e.

\

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 oxi-
dation [71-75,80,81]. The stability of different oxygen species
on anodized Ni wgi characterized in relation to their cathodic
reduction behaviour and the open-circuit potential decay. The
surface-analytical techniques (RHEED, Oxygen Ka'x-ray emission
spectroscopy, AES and replica electron microscopy) were employed
to study the film structufe, composition, thickness and morpho-
logy. These are probably the most comprehensive studies of ther
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
gsolutiongs. The overall film thickness seems to be independent of
the anodié 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 £he oxide. In the case of bofate 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 of an outer porous
film growing on top of an inner, compact, passive film, i.e., the
measured corrosion current determines the rate of growth of the

porous film.



According to some earlier reports [52,53,58;62,87], the
passiva?}on potential of Ni corresponds to the NiO/Ni3O0, equili-
brium potential and polarization to higher potentiali‘leads to
conversion of the oxide to'Nizoa. Different oxidation states as
a function of pH and the poteétial 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, 0,k or a
duplex oxide of NiO and Ni,0,. 1In another view [88] the direct
oxidation to Nisou anad Nizo3 has been proposed to‘take place in
the active region which can lead to the formation of solid solu-
tions of Ni,0, in NiO. This means an increase in Ni31 ion con-
centration (3d holes) in the oxide. If the oxidation rate is
determined the concentration of 34 holes, an increase of their

LY

concentrations should cause an acceleration in oxidation.

1.3 PASSIVITY OF MOLYBDENUM

Reports concerning the corrosion characteristics and
anodic dissolution of Mo have appeared in the literature
sporadically. The variety of oxidation states and the complex
chemistry exhibited by Mo have led to some confusion and
seemingly contradictory information concerning its behaviour.

Latimer (91], Pourbaix (3], Pozdeeva et al. [92] and
Markovic [§4] calculated the standard potentials for systems of
Mo and its oildes in agueous solutions from thermodynamic data

taken from the literature. The potential - pH diagram was

N



constructed [3] taking the following species into account: Mo,
MoO ,, MoO ,, Mo 3+ and Moozj_ The diagram is valid only in the
absence of substances which form complexes or insocluble 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, 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. (23] studied. oxidation of Mo in 1NH,50,,
and in KOH solutions by taking potentiostatic polarization curves
and comp;ring 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 &~ and Y—phaseé could be
the passivating species in acid solutions. These phases were
sfnthesized." They had the compositions MoO, ,, and ﬁ002.70,
respectively. From the electrochemical behaviour of the synthe-
sized oxide phases it was concluded that Mo is passivated by a
film:of Y-phases (Mooé,ﬁs -~ Mo0O,.75). On anodic polarization of
Mo in 1N H,SO, the authors found that Mo did not dissolve at

potentials more negative than -0.15 V (NHE). Since the value of



standard potential for reaction

3+
Mo ——= Mo + 3e

is -0.20 v (NHE) they concluded that Mo has no active region in
its solution, i.e., the region of immunity borders with thelpas-
sive region. (These.results do not agree with those of Wikstrom
and Nobe [97 ].) The interpretation of polarization curves was as
follows: Metallic Mo is passive in 1N H,50, in the potential
range of -0.15 V to 0.4 V (NHE). At potenti;ls of 0.4 - 0.7 V it
dissolves by passing through the formation of &- and y-oxides and
subsequent oxidation of these oxides to H;MoO,. At higher poten-
tiais the process is slowed down by the formation of B- and g'- |
phases mixed with MoO3;. At potentials higher than 1 V.(NHE) the
rate of oxidation is inéependent o% potential. The procesé of
formation, oxidation and chemical dissolution of the multilayer
film determines the anodic behaviour of Mo at potentials higher
than 0.75 V. No oxygen evolution was found in 1NH,S0,. Mo goes
inté solution as Mooi- ions. At ~ -0.15 V a film appears on the
electrode surface. The authors claim that Mo cannot be passi-
vated in alkaline solutions because §- 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 B and 8' phases (MoO, g7 and MoO, g9
regpectively are stable &t’the potentials of interest but disg-

solve chemically in alkaline solutions makihg 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 galvanf:)

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

steps for the transpassive dissolution of Mo:

Y MO, === Mo0} + e~ (1-5-1)
MoO, + OH === MoO ,OH (1-5-2)
MoO ,0H + H,0 » H,Moo, + H' + e~ (1-5-3)
MOO ,0H + OH + H,MoO, + e (1-5-4)
MOO + 2H,0 + H,M00, + 2H' “+ e~ | (1-5-5)

The authors sugéést 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 MoO,.
Anodic polarizétion of Mo in 1N H,50,, as investigated by
differgntial capacitance measurements and open circuit potential

decay [97], indicated that MoO, was always present on the

I\'

electrode surface and that anodic dissolution of Mo involves

MoO ,. Johnson et al. [99] studied anodic polarization of Mo in



acid and alkaline solutions agd‘reported that Mo dissolves as

Mo 8t 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—(M502_55-2_75) and B-(MoO, g,) for pH
13.6, depending on the current densitj, and a-(MoO,) for pH 9.5.
In alkaline electrolytes the authors found an active dissolution
raﬁge followed by a transpassive range. In acid electrolytes the
active and trénspaséive 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 wasa:
' Mo ,0:(s) + 3H,0(aq) - 2H2Moou(s) + 2H+(aq) + 2e . {1-6)

Mo,0, is formed by one of the following reactions‘ﬁoth of which

are rapid:
2Mo(s) + 4H,0(ag) + Mo,0.(s) + LOH (aq) + 10e (1-7)

2Mo(s) + 50H (aq) + Mo,0.(8) + 5H+(aq) + l0e {1~-8)



In the transpassive dissolution the overall rate is determined by
a slow dissolution of-HzMooq.

The .anodic dissolution of Mo in 2N H,S50, and 1N HC1
[L00 ], investigated by the potential sweep method and rotating
electrod;, gave five current maxima independent of the sweep
rate, indicating that the corresponding potentials were
reve:sible. Those potentials were dependent on pH and one of the
five current maxima was sensitive to addition of Mo®+ to the
soluﬁion. The same authors performed impedance measurements in
nonaqueous electrolytes [lOl] in order to obtain information on
the oxidation of Mo to the states ioWer than +6. It was
concluded that there are many conceivable dissolution mechanisms.

The electrochemical behaviour of thin surface films on
Mo in_lN stou and 1N Na,SO, [102] investigated by galvanostatisr
and potentiostatic polarization showed that the thickness of the
film increas;d with the potential. The film thickness was
constant up to 100 min of polarization and inéreased sharply
after that. A critical value of current was found at which the
film reached its maximum thickness (300 - 500 A); thereafter the
thickness decreased’' with increasing current. It was also found
that cathodic reduction did not cause Mo to become active but the
film thickness decreased with time to a certain extent.

Ikonopisov [103] found that very thin anodic films on
Mo are semiconducting and believed that they consisted of a lower

oxide. Beyond a rritical thickness, this semiconducting film was

(L
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argued to be converted to MoO, since the latter is the only known
oxide of Mo 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 Mo
in anodic films has an aﬁerage oxidation state of 5.5.

| ‘Thermal oxide formed on Mo was shown by Hickman and
Gulbransen [105] to exist in layers such that MoO, was next to
the metal and MoG; on the outside. In other work [106] only MoO,
was identified, while ion-implanting Mo with O: also led to MoO,
[107 ].

Arora and Kelly [108] found that anodic films on Mo are
crystalline below a critical thickness of 90 - 300 A (6-10 V) and
amorphous beyond that thickness. The diffraction patterns sug-
gested the thin film to be MoO,-H,O.

Judging from the results, an elucidation of ﬁhe mecha-

nism of anodic disscolution of Mo in aquecus solutions seems very

difficult.

l.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 ].

Unhlig (109 ] pelieved that” tHe alloys of Ni-Mo system
are not passive in the sense that their electrochemical behaviour
doea-not approach that of less active metal. The electrochemical
studies of Greene [118 ] havé shown this to be untrue; all single
phase alloys exhibit typical active-passibe behaviour. By means
of electrochemical and dissolution measurements [121] it was
found that Mo accumulates in the passive film acceleratiﬁg the
£ilm growth. ESCA results suggested the existence of Ni- and Mo~
oxides in the form of a solid solution in the passive regioh and
as separate phaées 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 dénsity. 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, ﬁhere are no beneficial effects in the
solutions of pH 3, although that pH lies in the middle of MoO,

stability zone on the potential-pH diagram [3].
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Kodama and Ambrose [116 ] have studied tt: effect of
MoO, ion on the repassivation kinetics of Fe in a rated solu-

tions containing Cl~ ions and Mooq_ ions. Their results
demonstrated that dissolved molybdate ion is effective in repas-
sivating Fe undergoing pitiing corrosion in borate-buffer solu-
tions containing O:Ol M NaCl and 0.01 M Na,MoO,. Thermbdynamic
data suggested that Mo improves locaii;ed corrosion resistance by
forming an insoluble molybdate compohnd which inhibits propa- |
gation.of pits but not their initiation. Ambrose [117] has also
invéstigated the effect of Mo on the repassivation kinetics of Fe
on a series of Fe-Mo alloys with the intention of comparing the
results with those obtained when Moou— waxs added directly into
the solution. It was found that a critical concentration oﬁ Mo
(~ 5%), whether present in the metal .or—2n the solution, wﬁs
necessary to provide a £ilm of critical thickness which
determines whether the localized corrogion process will propaéate
Qr not.

Composition profiles in-depth of passive films on
Fe-5Mo and pure Fe [115] in deaerated borate-buffer solution
(pH 8.4) pave shown that there was no Molin the outer layer of
the passive film.. The thickne;s of the inner layer was about one
half of that on pure Fe and it inqreased.linearly with anodic
potential of the film formagion. The estimated electric 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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Fe3* ion migration is pfedominant as opposed to the case pure
Fe where the ionic current is carried by oxygen ions in the
barrief layer. It was concluded that Mo was incorporated into
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 Mo 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 investigated the relationship between the electrochemical

properties of passive films and the results of bhysical measure-

‘ments of ‘thin surface layers. From potentiostatic polarization

Mo is known to decrease the critical and the passive current

density in H,S0, solutions [123-126]. In addition, the pitting

potential in the chloride containing solutions increases

remarkably with Mo content [123,127-129]. AES and ESCA have
suggested that no or exceedingly small quantities of Mo 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 Mo alloying against pittiqg is achieved through the
2 -

adsorption of MoO, rather than through Mo incorporation into

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

that Mo is incorporated into the passgive fi}m as Mo St (Mooa),
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playing an important role in the pitting corrosion resisitance
114,133 ].

According to some investigators [114,121,125,126,128]
the beneficial effect of Mo was dependent on the Cr level, with a
higher Cr level exhibiting the greater effect. In order to
"clarify the influence of Mo on the e;gptrochemical charac-
teristics of Cr Klimmeck f134] carried out electrochemical
measurements on Cr-Mo alloys (with up to 20% Mo) in the active
. and passive region. It was §hown 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'aépeaf at
all for 20% Mo in SN HCl solution. In contrast to this no speci-
-ﬁic effect oé Mo could be found in the passive and transpassive
region.

In spite of the fact that addition of Mo to Fe
decreases the passivation tendency of Fe in H,50, solutions and
does not allow Fe to passivate in 1N HC1 [12], Hashimoto and
coworkers have found that amorphous Fe-Mo-13P—C [135] passivates
in 1N HCl as well as Fe-Mo-18C alloy [136], as long as the amount
of Mo does not exceed some critical value beyond which the anodic
‘current density increases in both the active and the passive
reéioné.

It is evident that there is ﬁo definite explanation of

the role of Mo in improving the corrosion properties. The

explanations made to date can be summarized as follows:



25

(1) Mo once dissolved as mglybdate ion into solution is adsorbed
on the breék—down gsites of passive films‘and acts as an
anodic inhibitor [116-137].

(2) Mo in the alloy substrate promotes the repassivation of
microbreakdown siteg-and enhances the- corrosion resistancé
[138].

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

‘ improving the quality of the bonding at the metal oxide
surface.

{4) Mo produces passive films'with non—defectivé structure.

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

experimental techniques were used. The available eviéence to

; supbort various ideas explaining the critical role of Mo are
fqther limiﬁed. Further studies are required in order to

elucidate the presence of Mo and its state in the passive film.



1.5 STATEMENT OF THE PROBLEM

To understand the role played by the surface oxide film in
determining the cofrosion susceptibility of metals and alloys, it
is necessary to understaﬂd the nature of the oxide film itself,
e.g., its thickness, composition, structure and stability.

Many of these film properties cannot Se obtained by
the exclusive use of electrochemical metﬁods but require comple-
mentary information from surface analytical techniques, e.g.,
Auger electrdon spectroscopy (AES) to give the atomic composition
and thickness, X-ray photoelectron spectroscopy (XPS) to give the
chemical composition of the film, reflection ﬁigh energy electron:
diffraction (RHEED) to give the structure of the film.

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-;ompbnents 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 Mo as an

alloying element on the properties of the passive film on Ni.



CHAPTER II

EXPEEEMENTAL TECHNIQUES

2.1 MATERIALS AND SPECIMEN PREPARATION

The materials used were Ni and Ni-Mo alloys containing
1l - 22 wt § Mo. The preliminary electrochemical investigation
was performed on Ni and Ni~Mo alloys supplied by Metallfurgical
Laboratories, Falconbridge Nickel Mines Ltd., Thornhill, Ont.
The characterization of the alloys has been based on the phase
diagram of Ni-Mo system, Fig. 2.1 [141]. All the alloy samples
except 22% Mo belong to the o-phase, i.e. solid solution of Mo 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 Mo used for prepafation of the alloys
is given in Tables 2-1 andj;—2 respectively. ‘Samples were cut
from sheets rolled from arc-melted buttons, heaﬁ treated in
accordance with the schedule given in Table 2-3. These heat
_ treatments produced the average grain size 50 - 100 um. The
major part of the work was done on Ni-lj% Mo alloy, supplied as
hot rolled, 0.8 cm. sheet by Cabot Corporation, Kokomo, Indiana.
The composition of Ni-13% Mo alloys is given in Table 2-4. The
material was checked for segreéation by means of elé&ﬁron

microprobe analysis. No segregation of Mo was detected.

27



-

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 “\J
Co ' ' 6 ,
ICu 8
Fe . 4
PC - 8
Mg <l
Mn , ) S <0.7
P ‘ o <2
Si 5
S‘ - 5
Ti <1
H 1.5
N 2
0 1.4



TABLE 2-2

b

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

Element
Al 0.01 - 0.10
Ca 0.0003 - 0.003
Cr -
Co 0.001 - 0.01
Cu - 0.000)1 - 0.001
Fe o 0.003 - 0.03
Mg 0.001 - 0.01
Mo ’ -
Ni MC
Si- 0.601 -~ 0.01

MC - Main Component
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0.003 -
0.001 -~
0.001 -

0.003 -

o
.
o
o
|
|

MC

0-1 -

1 0.003 -

0.003
0-01

0.01

0.03




TABLE 2-3

3L

Heat treatment schedule for Ni and Ni-Mo alloys

FC

Conditions

of Heat Treatment

Material

Ni

Ni Mo

Ni 3 Mo
Ni 5 Mo
Ni 10 Mo
Ni 15 Mo

Furnace cooled

900';
800°*C
80oo0°C
8o0o°cC
800°C

850°C

"

1h FC
x 1.5nh FC
x 1.5 h FC
x 1.5 h FC
x 7.5h rC

x 57T h FC
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TABLE 2-4

Composition of the hot-rolled Ni-13 Mo alloy

Element . Analysis in wt %
Al 0.11
Co . 0.01
Cr <0.10
Fe E 0.12
Mg | . 0.001
Mn | T <0.01
Mo 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 cm2. The sample used for the dissolution

measureﬁents was rectangular with a surface area of 14.0 cmZ2.
The Ni-13Mo was usedlas received, without a heat treatment. The
grain size was 150 - 300 um, as shown on the Fig. 2s+2.

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

Polished samples were ultrasonically degreased in acetone.

The electropolishing technique (0.1 A/cm?, 1 min, 60 vol % H,S0,)

followed by cathodic reduction in the cell was employed in the
course of>preliminary experiments. The influence of such sample
preparétion 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.



Fig. 2-2

Microstructure of Ni-13 Mo (hot rolled)
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2.2 EIECTROLYTIC SOLUTION

All experiments were performed in 0.15 N Na,SO, solu-
tion prepared from ultrapure Nazsou* and double distilled
deionized water. The pH of the solution was adjusted with con-
centrated 1,50, to pH 2.7 - 2.8

The studies of formation and removai of oxide films on
Ni in Na,SO, 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 nature of anodic oxide film on Ni in 1NH,50, {(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 sclution of pH 2.8.

Al)l measurements were performed under dearation and
stirring conditions maintained by continucus bubbling of purified
nitrogen. \

The temperature of the electrolyte was 23 % 1°C.

* Alfa Division of the Ventron Corporation, Danvers, Ma., U.S.A:
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2.3 DESCRIPTION OF APPARATUS FOR ELECTROCHEMICAI, MEASUREMENTS

A single compartment electrochemical cell, with a capa-
city of 600 ml was used for the electrochemic&i measurements (see
fig. 2-3). The two Pt—gaﬁge counter electrodes were set symetri-
cally to the plate type working electrode. Thé reference elec- _ -
trode was a saturated calomel electrode (SCE) with an agar/Nazsoq
salt bridge and Iuggin capillary. All potentials quoted as
results of this work refer to the saturated calomel eléctrode
(+243 mv vs SHE).

The electrochemical setup consisted of a potentiostat (Wenking
70HC3), a Qalvanostat, and a two pen potentiometric recorder wiph
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 froh the potengio—_

static to galvénostatic mode of control. and vice versa without

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

o,




Fig. 2-3

The electrochemical cell

¢ - counter electrodes
w = working electrode

LC - Luggin Capillary
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Fig. 2-4

The electrochemical setup

i
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The electrical circuit
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2.4. ELECTROCHEMICAL TECHNIQUES

2.4.1 POTENTIOSTATIC POLARIZATION

After polishing the electrodes wer%\?athodically
polarized at -2.0 V for lo;min without N, bubﬁiing. The condi-

tions for the cathodic reduction were established on the basis of

-

the current maximum in the region of active passive tfanéitipn,
which was found to be strongly influenced by the potential and
time of cathodic treatment [142].

The anodic potentiostatic polarization curves were
obtained -in 50 mV stepg, made at 2 min intervals, starting from
-600mV or the rest potential established after the cathodic
reduction.

Polarization at fixed péteqtials in the passive region
‘was performed by the potential step from a cathodic or éhe rest

- potential to a desired valﬁe in the passive region. Correspon-
ding anodic current transients followed by a slow change of

current with time were recorded.

2.4.2 OPEN bIRCUIT POTENTIAL DECAY, GALVANOSTATIC CHARGING AND

SURFACE REACTIVITY MEASUREMENTS P

L] »

. The potential decay.curves were recorded by switching

the potentiodé!fjgff after the.sample was potentiostatically
polarized for a desired period of time at a potential in the

L

passive region.

-/



41

Galvanostatic charging of an ancdized sample was
performgd by switching a constant cathodic current on wIEhéut
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

féér to determine relative activity of the surface after a time
on the open circuit or after the passage of a certain amount of
cathodic charge.

wﬁen a film free metal electrode is directly subjected
to a potential.in the passive regioh, the amount of charge
‘consumed during the formation of a steady staté film, Q,, 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) but Starting
with a surface not completelyé%&lm free, the cha?ge consumed, Q,
would be less than in the former case. The ratio (a/Q,) x 100%
can be dgfined as surface reactivity, Rg, since a £ilm free
surface would be 100% active.

The surface reactivity was measured after different
elapsed times on open cirguit by stepping the potential back to
the wvalue at which the £ilm ‘had been previouély groﬁn.

The same procedure was per formed aftef a partial
removal of the anodic film by galvanostatic 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 conditiqgf. Potentiostatic polarization measurements were

reproducible to lwithin t 5%. The maximum sgatter in the poten-
N

tial decay measurements was * 10 mV.

2.5 SURFACE ANALYSIS

The surface analysis technigques that have been employed
in this investigation are Auger electron spectroscopy (AES) and
x-rgy photoelectron spectroscopy {(XPS or ESCA). Both are based

on .emission and subsequent energy analysis of secondary electrons

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

) _

2.5.1 AUGER ELECTRON SPECTROSCOPY AND ION SPUTTERING

X-ray bombardment in XPS.

In an Auger 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 ana an Auger electron of
enerqgy E(xyz}.

The energy of Auéer eléctrons in principle can be

determined by the difference in total energies before and after

- }
the transition.

The AES technique involves energy analysis of‘Auger

\\,ﬂ o



electrons. It employs primary electrons in the 2-10 keV range to
cause primary excitation. The energy analysis of secondary elec-
trons.is usually accomplished’'with a cylindrical mirror analyzer
Ras).

The Auger spectra are most ofﬁen presented as the
derivative of the energy distribut;on, dN(E)/4E, as a function of
kinetic energy E. Elements are identified by the energy posi- |
tions of peaks in the sgpectrum. Peak hgights are related t&r€hg
atomic concentrations and quantitative information can be, in
principie, obtained from the spectrum. The problem of quantita-
tive analysis is described in detail by Powell (144 ]. The suita-
bility of this technique to the application in the fie%d oﬁ thin
films is due to three reasons: | ™ | \;\\\
(i) The anaLyéis depth is typically less than 20 A and \

corresponds to the escape depth of Auger électrons.
(ii) The technique is capable of obtaidiﬁg compositional

iinformation from the areas of the same size as the
]

(iii)

Other important assets include rapiy data acquisition and depth
composition analysis in conjunctionwith sputﬁér etching.

The instrument used for e AES analysis was a Physical
Electronics Indﬁstrigs {({PEI) 590 System, which employs a
cylindriecal mirror analyser (CMA) with a concentric electron gun.

The samples were positioned so that their surface normal was 30° «

S~



to the axis of the CMA. The electron gun was operated at 5 keV
with a current ~ 5 x 107 A. The beam diameter was 3 x 10~% cm
and it was rastered 300-400 times over the surface area of 9 x
10~* cm2.

The ion gun, operated for sputtering with Xet at 1 kev,
was positioned so that the ion beam struck the specimen surface
at an angle of ~ 527 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 k 10-2 cm?.

The gas pressufe in the ionization chamber was <'S X

105 torr, while the pressure in the vicinity of the sample was

in the mid 1079 torr range.

-

The common method of converting derivative-mode Augef
signals to atomic percent (at%) concentration, based on the equa-

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

. ﬁhere Cx (at%) is the concentration of element X, Sx is the rela-
tiveé sensitivity of element X and Ix the magnitude of-Auger derif
vative mode signal (Auger peak-to-peak height - APPH). The sum
is over one peak from eécﬁ-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-

oxlde (assumed to be M003) on Mo-~-foil. There are several



inherent errors in this semi-quantitative approach. These are:
(i) Matrix effects on electron transport properties. The
dependence of Auger. electron esciape depth on_the electronic
ééructure 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 multicompdnent system. A number of
papers [153-1%8], mainly on binary alloys, have considered the
quantitative aspects of AES combined with ion sputtering.

L

2.5.2 x;RAY PHOTOELECTRON SPﬁCTROSCOPY
‘ XQfay photoelectron spectroscopy (XPS or ESCA) is
similar to AES. Tﬁe main difference .is that in XPS the electrons
originate directly from the core and valence leQels. The energy
spectrum of core level electrons uniquely identifies the emitting
atom. The chemical information is obtained from the core-levéi

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 K.a1 ©F KuMg) and

measurement of the number of photoelectrons as a function of

their enerqgy.

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 and oxide phases. The quantitative aspects of the tech-
nique for metal and oxide surfaces have been discussed exten-
siveiy by McIntyre [160,161 ].

XPS was used in this work in a qualitative sense only,
in order to characterize the species present on Ni-Mo alloys
after the different conditions of sample pretreatment in the

.eiectrochemical cell.

X~-ray photoelectron spectra were recorded uging a Mg X~

—

ray source (§Mg = 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. g -

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

level at 83.8 £ 5 eV.
ol

2.6 DISSOLUTION MEASUREMENTS BY ATOMIC ABSORPTION

SPECTROSCOPY (AAS)

Absorption of energy by ground state atoms in the

1
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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 hollo
cathode is,aq&ally used as a source of radiation of the propefs
wavelength. The magnitude of the atomic absorption signal~-is
directly related to the numbe; 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
a£oms and the decreased intensity obtained when those atoms are
present in the.gptical path. The absorption of radiant energy is
related to the path length, £, and the concentratiaon of atomic

vapour, ¢, by the Beer-Lambert relation:

‘- =k, %c
P?\ = nge A
where PA and Pul-ar% the power of the source at wavelength X and
the power of radiation at the same wavelength after passage
through the sample, respectively. By definition, absorbance, A,

is given as log (POA/PX) and hence
A = aic

where a is a constant, called absorptivity. Therefore the

measurement consists of the construction of a calibration curve -
<
A vs ¢ - 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.

‘i



ﬂ\\ Interference§ iﬂ AAS, in general, could be spectral,
ionization and chemical. General background radiation from the
solvent, the emission lines of other elemen%F, 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 ;nvolves the production of some excited ;tate
atoms, iona and electrons; However, at temperatures commonly
used for evaporation, the population of atoms in the ground state
is much larger than éhose in the lowest eéxcited state, except
when the particular element ionizes easily. ﬁhenever some
chemical readﬁion changes _the concentration of the ground state
element a chemical interference occurs (e.g., if- stable oxides,
h;éroxides or carbides are formed). |

The AAS analysis was performed by a flameless atomic
absorption spectrometer (Perkin Elmer HGA-2100), graéhite
furnace). The HGA-2100 uses a graphite tube, about 28 mm long
and g mm in diameter placed so that the sample beam of the apec:
trometer passes along its akis. Solution samples (5-100 ui) are
pipetﬁed ;hrough 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 fo;
drying the sample, an intermediate one fér charring and a high
current for atomizing. The signais are read from a strip chart

recorder.

A deuterium background corrector,.wh;ch automatically
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corrects for non atomic absorption was used because of the rela-
tively high conceptration of the electrolyte (0.15 N NaZSOQ):

Sensitivity for the HGA is defined as the mass of the
element giving a peak absorﬁance of 0.0044. The wavelength and
the detection limit for each elemgnt are as follows:

Mo

313.3 nm 90 pg/0.0044 abs

Ni

232.0 nm 140 pg/0.0044 abs
The electrolyte was analyzed for Ni énd Mo dissolved during the
potentiostatic-pola;izatio& of a Ni-13Mo sample at a constant
potential. Samples of solution for.anélysis 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 laker than 24 hours after the sample solution had been -
taken from the cell.

Although the spectrophqotometer showed comparatively

good reproducibility, the concentration of sample solution was

R I
determined from the average of seven samples of each solution.

wr
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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. 3-1) and Mo
(Fig. 3-2) were obtéined in 50 mv/2 min steps after cathodic
pretreatment in the same cgll. |

On the basis of the results ob£ain§d from, applying
different regimes of cathodic pretreétmené [142] the following
conditions were adopted: E = -2.0 V, t = 10 min.

The passive current deﬁsities obtained were not' the *
true steady-state values and would be expected‘to decrease in’
magnitude with £ime. 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 ti?e it provided a
reasonabie 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. 331) shows
a typical active—passi@e trénsition. Pagaive Ni does not show a
poténtial range of constant paséive current density. In the
transpassive region a chaﬁge of Flope around 1.2 V éan be
observed, probably due to oxygen evolution. The potential deéen-
dent current densiiy might be related to a corresponding change
iﬁ the degree of voxidation, in égreement with the literature data

[50,54-56 ].




Potentiostatic polarization of Ni
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Polarization of Mo (commercial sheet 99.99%) from -1200
mV to +2OQ mV is given on Fig. 3-2. The limiting current plateau
in the range -1100 to -800 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 electrochemical
behaviour of Mo [95-97] it is possible that in the above poten-
tial range the surface of Mo‘is covered by MoO, which undergoes
oxidation ana dissolution (Mo®*t state) on further awodic polari-
zation. Therefore polarization beyond ~ -300 mv(:;:ds to the ’
transpassive dissolution of Mo. On the bf;is of thermodynamic
considerations the product of transpassive dissolution of Mo
depends on the pH of the solution, i.e., MoO; 1is expected to be
formed in solutions with pH < 3.5 and MOH_ (on HMoO, ) in solu-
tions pH > 3.5: Oxidation states between +4 and +6 and mixed
oxide phases have also been proposed [93].

Polarization cﬁaracteristics of Ni and Mo in the sul-
phate eletrolyte of pH 2.8 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 all 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.



Fig._3—3 gives the anodic polarization behaviour of Ni
and Ni-Mo alloys low in Mo (1.2, 3.7, 5 wt% Mo). Samples with
1.2% and 3.7% Mo do not show typical active-passive transition
behaviour, exhibiting two regions of active aissolution and
subsequently two narrow "passive" regiqns approximately in the
range of passivity of pure_gii_\£3~is possible that initial
formation of one type of surface coverage which undergoes dis-
solution at higher anodic potentials is fépléced by another 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 potedfial
range of interest.

‘The polarization parameters are summarized in Table

The passivation potential shows no trend with Mo
conhent, 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 observationq were

reported by Greene [118]. The current density increases mono-

tonically with Mo content. for the alloys higher in Mo (> 5 wt$ Mo).

o



Potentiostatic polarization of Ni and
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TABLE 3-1

Effect of Mo Content on Characteristic
Polarization Parameters

% Mo E, (mv] i, (o] ie (En7)
0 ‘ _ -250 '0.72 0.004
1.2 - 50 1.22 " (0.010)
3.7 | - 50 . 1.58 (0.013)
5 - 50 0.93 0.008
10 ~ 50 , ' 0.89 0.010
15 - 50 ~0.43 0.018
22 ‘ + 50 2,40 0.330
EP - passivation potential
iP - passiva?ion current
i = the lowést value of current in the passive range

P8



From the polarization characteristics of Ni, Mo and
single phase Ni-Mo alloys it appears that Mo as an alloying ele-
ment decreases the corrosion resistante of the pas;;ve £film on Ni,
This effect.could be caused by a transpassive dissolution of
alloyed Mo, as judgea by the fact that pure Mo undergoes trans-
passive dissolution in the potential range of passivity of pure
Ni.

Small amounts of Mo (1.2 and 3.5 wt%) have a strong
effect on the passivation behaviour of Ni, modifying the passive
state of Ni more than the higher Mo contents in the single phase
region of Ni-Mo 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 Mo could be incorporated in the passive film on Ni
thereby increasing the defectiveness of the film and decreasing
its protectivg properties. A hiéher amount of Mo (3.7 < Mo £ 5)
might be required for the formation of another type of oxide
coveragde, less protec£ive than the passive film on pure Ni but

more than the film formed in low Mo 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., éhange of anodic
current with time, recorded by switching the potential to the
passive range, ﬁlotted on a log-log scale, are shown on figures
3—5 and 3-6 for Ni and Ni-10Mo alloy respectively. L

In electrochemical oxidation the amount of charge for
oxide film forﬁation (Qf) is proportional to the weight gain (or
film thicknesé) if the anodic current efficiency for film
formation is unity. 1In that case, parabolic, cubic and

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

follows*:
parabolic Q. = Atl/2 A (3-1)
cubic Qp = Atl/3 - (3-2)
logarithmic Q. = Afnt + B (3-3)

r

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

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

equations 3-4 to 3-6 respective:

) aQ. |
ig= go = 7 a7l - (3-4)
Y .
i = 1 A -2/3 1
£~ 3 At . (3-5)
if = At_l = ) e — . _ (3-6)

*»

Inverse logarithmid®law (i.e., % = C-D&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 fér the growth
rate laws:

m= -1/2 for parabolic
m= -2/3 for cubic

m= -1 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=0). However, the current
maxima weré not reproducible and tﬁe 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-10Mo 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 péssive film on Ni
is shown on Fig. 3-5 in agreement with the literature data [84].

The dependence i-t for the potentiostatic passivatioh of
metals has been derived theoretically by SchQabe et al. [(B6]. 1It’
follows from the considerations that fof conditions distant from
stationéry state, i.e.; for the initial period oflpassivation, the
direct loéarithmic 1;w is obeyed for wvery thin -layers. It has
been assumed that theslowezt step in the oxidation process is

eléctron transfer across the phase boundary. The migration of

L

. « * ) ’ 1

L N
R N 3
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ions throuéh a thin layer is rapid and exponentially dependent on
the graaient 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 f£ilm.
- 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 are obeyed for relatively thicker films
[Q].
Accordingly, from the results shown on figures 3-5 and
3-6, it appears that the film on Ni-10Mo could be somewhat thi;ker
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 protective 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 9f the passive film on Ni and Ni-ﬁo 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
changeé 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 representé either an equilibrium potential
of a single redox reaction or a mixed potential df 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
gsome redox reactions concerning either the metal itself or the
surface fil;: It has widely been a;cepted 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.bé 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'pxidé composinq the passive film, MeOn/Me or at some equi-
librium potential of two oxides MeOn/MeOm. A number of investiga-
tors (58, 60, 62, 119, 164] have employed the QOCPD technigque for
studying passivity, the work of Flade [196] beinglprobably one of;

the first. b
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The interpretation of potential plateaux on an open
circuit potential decay curve of a passive metal, in terms“of an
equilibrium redox potential of a metal/oxide or the two different
oxide species, has difficulties in explaining a slow change of
potential during aﬁ¢arrest. The argument could be explained by
intfoducing a nonstoichiometric 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 thé steady~state -
oxide on anodized Ni. The observed p9tential arrests did not -é;
correspoﬁd to the redox potentials of Ni-oxides. It follows from
their qoncfusions'that poten£ia1 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 6f‘anodization time
and potential. The potentials of anodization were chosen within
the passive,potential region, i.g.; +300, +500-and +800 mvV. The
pas8ive film was foraqg_by stepping the poten;ial_f;om the catho—.
dic region to the ae§f¥ééivalue. The speélmen was‘heldlat the
chosen potential.5, 10'or 30 min. After that, the circuit was

opened and the spontaneous change of potential with time was

-
B

recorded.
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For all the anodization conditionsq the surface
reactivity (see page 40) was estimated immediately after the
appearance of the potential spike, Rs' and 10 min. later, Rs'.
The time elapsed before the spike has been termed the.induétion
tif. |

Figures 3-7 and 3-8 show the effect of anodization time
and potential, respectively.

The rifelts 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; 3
- Potential Time Time
{mv] (min.] [min.]

5 21 48 91

+300 . 10 56 . 28 77

30 71 10 67

-A

: ' 5 27 « 29 59
3 +500 10 83 22 52
30 - 92 8 " 50

+800 30 324 ‘ 9




Open circuit decay of potentiai as a
function of anodization time (Ni)
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All decéy'curves exhibit well resolved potential
arrests, even in the case 0of electropolished Ni (Fig. 3-8). It
can be seen that higher anodization potential and longer anodiza-
tion time éivé rise to longer duration of the arrests. It is also
evident that polarization at +800 mV brings out an additional
potential plateau at ~ 0 mV which doés not appear on the potential
deéay from the lower p&larizatioﬁ gotentials. !

i The abrupt change of potential occurs always at
~.-300 mV. Characteristic potential plateau appears at ~ =150 mv.
and ~ -200 mV. The ?Bserved‘potential arrests do not correspond
to the equiiibrium potentials for the oxides of Ni ‘in 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 !

Equilibrium E [mV] vs SCE (pH = 2.8)

N10,/Ni ,0 | .+ 1026.5

Ni 0 4/Ni 0, + 897.5 v
= Ni ,0,/Ni0 + 624.5

'Ni 30, /Nio + 489.5

Nio/Ni - - 299.5

Ni,0,/Ni ' ¥ 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’Nl/Nl 203 equilibrium.

From the values of surface react1v1ty, it appears that
the major part of Ni surface remains covered with the passive film

"during the induction time (9% < RS < 22%) but is removed rela-
tively quickly at lﬁnger times, in agreement with the findings of
McDougall and Cohen [71-76].

COnsidering thelbehaviour of anodized Ni;'one eould

-§-§ypp§se that each observed potgntial arrest corresponds to a
particular degree of imperfection of NiO. NiO is a metal deficit
oxide with certain concentration of Ni vacancies. Therefore, each
potentiﬁl plgiead might be thought of as the equilibrium potential .
of Ni/(NiO)déf; Thé/difference in potential, AE, between an ' |
arrest and the Ni/NiO equilibrium potential would give an estimate
.~ of the excess free energy, AG.’gsqociated wiﬁh the‘concenrratfsh
. of defects, from the simple relationship AG = QFAEZ where F is
Faraday constant. The estimated concentrations of Ni-vacancies
which could contribute to the observed
. | -

= Byi/f(nio) g . T Fwi/Nio

are however extremely laﬁ?e and difficult to rationalize.

It is interesting to note that polarlzaticn of Ni. at the;
end of the passive region {+800 mV) brings out the plateau ~ O mV,
which might correspond to Ni/Ni,O, equiliprium. Ni ,0, could, be |

) i . ) o .
N
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considered to be NiO with sufficiently high concentration of point

defects .(Ni-vacancies). The defect equation

1 * " N

implies that concentration of vacancies, [vNi]' increases with

increasing partial pressure of oxygen. 8ince the condition of
electroneutrality requires that
- " - 1 -
g = 1)
where [h° ] denotes the concentration of positive holes (Ni3+ ions)

in the structure of NiQO, then

; ; x 173 1/6
: %,[Vui] = 3 P, -

Polarization potential of +800 mV might be sufficiently close to

k]

the oxygen evolution region and high enough to produce the higher
*ate of Ni, i.e., Ni3* ions. Therefore the long poten-

valen

' tial arrest at ~ O mV could be due to the presence of highly

defective NiO or Ni .0 ;.

A further speculation on estimated values of.ME from
observed AE 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 energy but these

woﬁld alsé be- axcessive,

.

3.2.2 OPEN CIRCUIT POTENTIAL DECAY OF Ni-Mo ALLOYS

The effect of the amount of Mo or the relative stability

of the paﬁsive-film, with respect to that formed on pure Ni, was

- ]

investigated by means of open circuit potential decay and_aurfacé

reactivity measurements. The results oﬁtiined on,Ni-5-15Mo0 alloys

are shown on Fig. 3-9. The same figure contains the values "of

-

- ) ] N
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surface reacéivity at different times 6n open circuit. Each valﬁe
was estimated for—an anodized sample which was-thenrleft on the
open.circuit for a desired period of time, i.e., the measureménis
do not correspond to sﬁccessive polariqa;ion and. opening of the
circuit fér the same sample.

The potential arrests are no resolvéd well enough to

indicate any definite trend with Mo c
The equilibrium potentials 6 .Mo-apec;es possibly

present, calculated ffomdihermodynamic data [3j:are giveﬁ in table

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

species that depend Qn‘the concentration of Mo-ions in the -

solution. . .
: * '
‘  TABLE 3-4
e q] Equilibrium - - 'E (QV)'vs SCE (pH - 5.8_
. MO /Mo - ° . - 13 ,
MoO /Mo . . =35
g Mo0,/M0 T - ' - 479 (-487) |
. N . . n
, N  HpMoO, /Mo " - , - 407 (- 409)
; ‘Moo, /MO, o+, + 994 .
MoO,/MoO, . {7 4 454 o
. | MoOy/Mo0; e - 67 («B7)
' H MOBG/Mo0, - e '- 258 (- 269)~
mol.]HzmH ’ -‘ - . . ' = « + ligo . | )
Y | * , . - . "U- - VA
r « ¥ \ s




‘l ; N— -

73

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

decay in in the order s

dE -, dE . dE , . dE

dt S oMo dt 5Mo at g

with the corresponding surface reactivities (5 min)
/7

4

L

Rs(lSMo) > RS(IOMO) > Ra(Sﬂo) > Rs(Ni) ' ‘
indicatiq& that the.film on alloyé breaks down faster than the
passive £ilm on Ni, the rate of-breakaown being proportiénal to
-thé Mo content.

The surface reactivity data obtained at various times
suggest that up to the abrupt change of potgntial'of Ni—electfode
the oxide film on Ni is the most stable one. After. that the |
situation is reversed: at ionger times (17 min after the

appearance of potential spike of Ni) the surface reactivity values

It appears that the rate of film breakdown on open circuit
increases monotonically with Mo content while tﬁe rate of its
removal at longer times is inversely proportional to the Mo
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),.



Open circuit decay of potential as a function
of Mo content (5%, 10%, 15% Mo)
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Open circuit decay profile and change of
surface reactivity for Ni and Ni-10Mo alloy



Figure 3-10
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The change of potential and gurface reactivity of Ni and
Ni-10Mo alloys with time is given on Fig. 3-10 ind?cating a
gradual rémoval of surface film on the alloy and almost completely
covered surface of Ni during the inductioé time. Only the film on
Ni is:-removed rapidly from the surface atllonger times.

If the destruction of the passive state is defined in
terms of the time required for the potential to decay from the
passivating pétential.to the active potential then it could be
concluded that the paséive film on Ni_érovides better qorrosion‘
resistance than the film formed on Ni-Mo alloys. The fact that
surface reactivity for these alloys increases fasher than that for

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

d
alloys at open circuit. Once the f£film breaks down its removai
involves active metal dissolution frop-oxide free df_defective
areas and a cathodic reduction (such as H, evolution) on the
reméining film-covered surface. A slower removal of the film from

alloys than that from Ni at t > tin could be explained in terms

d

of the effect of Mo being such that

(i) it increases the polarization associated wiXh the active

dissolution (by decreasing the exchange curré density)

which leads to slower oxide undermining at t > £, and/or

ind
(ii) the cathodic reaction might be slowed down with resulting
decrease of metal dissolution and corresponding lower rate of
‘ -
reactivation.

P

3.3 CATHODIC REDUCTION OF ANODIZED Ni-Mo ALLOY

An open circuit potential decay (OCPD) experiment is

L
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fundamentally equivalent to the cathqéic duction of the passive
film at which the externally imposed currenht 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 of the film thickness, the charge cbnsumed for .
the galvanostatic reduction of a passgive film could provide infor-
mation on the film thickness, provided that the reduction proceeds
with sufficiently high current efficiency and that proper assump-
tidns 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 S,

Fig. 3=-11 shows the cathodic galvanostatic charging‘
cu;ves and the open circuit potential decay of Ni-13Mo alloy that
had been previéusly ancdized at +500 mV for 1 hour. |

When a cathodic currgnt was used for the film reduction,
. the sample was cathodically charged for 30 min, left on open
circuit for 2 min and then the potential was stepped back to the .
vaiue at which the fiim had been previously formed, i;e., +500 mv.
Therefore, the surface reactivities giﬁen on Fig. 3-11 were
obtained after 32 min of po%ential decay in each cﬁae.

It is evident that both ;he rate of potehtial decay and ~
the surface reactivity increase by ingreasing the cathodic
current. ‘

The values of surface reactivity as well as a potential



Galvanostatic cathodic charging of
anodized Ni-13Mo
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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 re;;val is
relatively low, e.g., ~ 86 mC/cm? leads to a less than 30%
increase of surface reactivity with respect to the value obtained
-after the same time on open circuit.

The possible side processes during cathodic reduction.
are: reductian Qf oxygen adsorbed on the surface during anodic
passivation, hydfogen 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 currert efficiency for the film removal is very low and the
Qide reactions could not be neglected hefe. 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 POIARIZATION AT +500 mV.

L ' ) Fig. 3:12 gives the time dependence of the dissolution
S~ 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, Zyo !

calculated from the amounts of Ni and Mo in the solution, i.e.,

: Mo

- ‘solution
7 - N1
Mo Mo iioy
Ni Y

The selectivity 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 the components of the

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

Mo, indicating its preferential dissolution. At Zy, <1 the solu—

tion is impoverished in Mo.

Table 3-5 summarizes the results obtained from thé disso—
lution analysis and the charge measurements during potentiostatic
passivation of Ni-13Mo alloy. ' i

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



Dissolution rate of Ni and Mo as a function
of anodization time (Ni-13Mo)
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TABLE 3-5

DISSOLUTION OF Ni AND Mo FROM Ni-13 Mo ALLOY DURIHG.POTENTIUSTAiIC POLARLIZATION AT +500 oV

'} ESTIFATED
) - ACCUMULATION RATE ,
* IN THE FILM
L)
] ~ -
5§ 1o _ |3 |8 a |3 8 8 Moy ) A M "o
08| sen |A 30 A~ 3 ~] J3o~| Fa HL o1 B i im o Layers of | Layers of
84| 2B Qi | 2T 4 Q 3 e - Mo Ho (EE— | (-EEB——) C
h o a gl o ]l = 8 2 g o _®B| = (=2} <) Ho Ho 2 2 Hio/min MoO_ /min
- 2% 233 EJ:I o~ a < iR o Ni 1 Hi film (ﬁ) (ﬁ cm min cm min 3
agl 6= |a Houw 2| 8 af 325 E gol. alloy alloy
ol Laiy=2lza2]s 2 &2 g
ap| 1z | 2 3 = £
5 0.0187]| 6.72| 6.854 0.134] 1.19 1.022 3 0.18 - 1.19 - 0.027 - N 0,24 -
$0.14|20.968| £0,208| £0,049| :0.010 10.010 10.07 10,042
20| 0.0403] 8.23 9.624 1,394 1.35 1.434 | 0,084 0.16 0.06 1.09 b.40 0.070 0.004 0.64 0,046
£0.34(20.096| 20.436 ] 20.05 | :0.014 | 20.064 10.012 20,06 10.08 10,40 10,002 10,0032
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
$2.261%0.1421 £3,502 § £0,05 +0.021 | :0.071 0.060 $0.10 10,40 10,67 +0.070 10,014
- ™
110| 0.1110)14.7826.506 | 17.726 | 2.66 3.952 | L.292 0.18 .0.11 1.20 0.74 0.107 0.012 0.97 0.128
+3,28129.265| £3.545 | £0.06 | 20.040 |20.100 $0.053 10,04 10.35 $0.26 10.032 | $0,0009
180 0.1780124.91]42.506 | 17.596 | 4,18 6.366 1 2.186 0.17 0.12 1.12 0.83 0.098 0.012 0.89 0,130
24,02 20,425 | 24,445 | 20,09 | $0.063 {10.153 10.030 10.04 30.20 $0.03 $0.024 | 10,0008 "
240} 0.2420034.57[57.789 | 23.219 5.50 8.615 3.115 0,16 0.13 1.06 0.90 0.097 0.012 0.88 0.140
$3,14 140,578 20.13 | 20.086 |20.216 $0.018 10.03 10.12 10.20 $0.015 | t0.0009
960| 1.527 |125.16[364,64B)239.488| 16.89 54.361 [37.471 0.13 0.16 0.90 1.05 0.249 0.040 2.28 0.420
+8.44 (*3.646 |+12.086 | £0.19 20.544 [20.734 10,010 0,01 10.07 10.44 0,012 | t0,0008

*
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introduces a fairly large eror %n 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 durihg 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. the solution as Ni2* and Mo®+,

Figure 3-14 gives the dissolved amounts of Ni and Mo experimentally
observed and the corresponding calculated values.

F?omﬁthe observed total charge and the amount of each
‘component disscdyged during polarization at a fixed potential, the
amount of Nf{and Mo accumulating on the surface can be estimated.
The difference between the estimated and observed dissolved amount
is a measure of surface acqumulation. Table 3-5 ﬁives £he accumu-

¢ .
lation rates of Ni and Mo on the surface as ug_/cm2 min. The

accumulation rates ‘Are also expre;sed in terms of layers/min of
MoO, and NiO, where the layer growth rates have been estimated

using the interatomic spacings of NiO and MoO,. These results

suggest much thicker %ilms'on Ni-13 Mo alloy than the values

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

75]. .
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The process of dissolution at initial stages of passi-
vation is governed by the dissclution properties of the components
in the alloys and the mechanism of film formation. The mechanism
0of growth and the properties of the film are the factors that
control the dissolution ¢f the components at.later stages of anod-
anodization.

The guestion that naturaliy arises in the cases when ZMo
< 1 (depletion of dissolution products in Mo) is whether it is the
result‘of the adsorption of Mo ions from the solution onto the
active areas of the surface (thQ\defects in the passive film) or a
consequence of the slowing down éf the passagé of Mo into the solu-
tion from the film. At initial stages of passivation there is a
selective dissclution of Mo which might be expected since Mo under-
goes transpassive dissolution at‘the anocdization potential applied
(+500 mv). lThe 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 dissolution 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 profifling was applied ﬁé anodized Ni and
Ni-13Mo alloy in order to détermine the composition of the film and
estimate the f£ilm thickness as a function of anodization time, the

time on open circuit, and the soclution pH.

N
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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 passiyation
potential.

3.5.1 AES ANALYSIS OF THE PASSIVE FILM ON: Ni

Figs. 3-15, 3-16 and 3-17 show the AES speétrum 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,
respectiveiy. _ _

The depth profile (Figs. 3-17 and 3-18) of anodized Ni
was obtained by employing a model for the gquantitative Analysis of
thin surface layers developed-by“Mitchell,[167]. The model
combines Davis' [145] and Pons"[i97] appf?ach.

The composition profiles in dgpph 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-
fef;ntial method to obtain the exact composition of successive
-layers by eliminating the influence of subéeqﬁent layers.

According to Davis [145] the concentration of ; component

X in' the surface, Cx (at %), can be expressed as follous:,

y ™

I
X

S X 100

c, = x"’i"_— (3-7)
E n
n Sn




where Sy - 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, Iy, as given by Pons [197] is

I_= ¥  akN(x,i) (3-8)
x . X X
i=0
where a - gensitivity coefficient (a function of ionization

cross section for the_particﬁlar transition, of the
prcocbability that the ggnized atom will decay through
that transition apd of the geometry of the systeﬁ

k attenuation or ab55rption coefficient (reflects the
probability of product;on and escape of Auger electron
from the layer i compared to tﬁat for the topmost layer
(i=0) ‘
N(x,1i) - fraction of element x in the layer i.

. The relation beween*Sg and ax'can"bﬁ_dbtained by combining

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

which case N(x,i) becomes independent of i and equal to Cyx. It

follows that

s = X (3-9)
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and consequently (3-8) becomes

-] i )
I, = Sx(l-kx) i=};o K N(i,x). (3-10)

The attenuation coefficient, ky, is a function of the mean free

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

Auger electrons, Ag:

1 1l
kx = exp-[ — _— (3-11)
Apcoaep Ascoses
——

Where 6; and 8g are the primary electron beam angle off normal
(30°) and the emitted Auger electron beam angle {(42°) respectively.
AP and Ag are the electron absorption path.lengths
(meéﬁ free paths, mfp) for the primary and secondary (Auger) elec-
trons. The mfp of Auger electrons may be approximated [147,148] to
Ay = Kdﬁs where E_ is their energy and K is a constant. While
appropriate values of Ap are not available [147 ], for the large

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

1

work, Ap >> As} and thus the term 153333; may be dropped from

equation (3~1l), approximating

1 .
- ke = exp- KVE_"cos 42° (3-12)
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AES spectrum of passive film on Ni (+500 mvV, 48 h.
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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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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 ky and then equation (3-12) to éet;rmine K.
For Ni-oxide, the value of K is 0.19, when Ag is expressed in
terms of atomic monolayers and Eg 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!5 atoms/cm? 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 layer by layer sputtering.

The analysis performed on anodized Ni (Fig. 3-17 and 3-
;18h with the sputtering rate of 2 layers/min, SQOWS that 48 h of
anodization at +500 mV produces a 12 -I16 A film, assuming NiO with

Se——

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 O
only. In doing so C is effectively distributed proportionally to'
the other elemenés preéent, 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-Mo alléys for several
reasons. The experimental determination of the relative sensi-
tivity faétor, Sx: was not possible since the composition of the
film to be used as a standard was not known. Insteaé of using
elemental sensitivity factors for Ni and Mo [145], the sensitivity
factor for Mo was determined from a thick, air-formed film on pﬁre
Mo, which was assumed to be composed of a layer of MoO, at the
metal/film interface and a layer of MoO, 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. Thérefore,'the results presented should not be
considered as guantitative, although a number of conclusions could
be drawn by. comparison of aifferent 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 bretreatment procedure
for the alloy samples, the inflﬁence of electropolishing and catho-
dic reduction on the composition of the 'starting' surface was

examined by AES.



The AEé pr&files given on Figs. 3-19, 3-20 and 3-21 cor-
respond to an electropplished surface,kelectropoliéhed and cathodi-
cally redﬁced surface and the one that was subjected to cathodic
reduction only, in the order mentioned. 1In all three cases the
samples were first mechanically polished to 1 um.

The elemental composition of the surface before sput-
tering is given in Table 3-6.

Usiﬁg 75% reduction in thé oxygen concentration profile
as a measure oé_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 (Moy gur£. Mo/Ni) surface

at % at % at % Ni Mo/Ni) alloy -
Electro- 55.0 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) surfacq/(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 % Mo
(8.2 at % Mo). Electropolishing leaves the surface depleted in.yo.

The effect of cathodic reduction (-2.0 V) remains unclear (it seems
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Fig. 3-19

AES profile of Ni-13 Mo following electropolishing
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Fig. 3-20

?

AES profile of Ni-13 Mo following electropolishing and
cathodic reduction :
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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 miéht not

be an appropriate technique in the case of alloys due to the effect

of preferential digsolution and consequent change of the surface

composition.

3.5.2.2 FILM THICKNESS AS A FUNCTION OF ANODIZATIONJTIME

b
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 (M) surface [Lﬂglﬁil_gggiggg}
Time [h] [at 8] [at &) [at 8] Wi (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 thick-
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,

W

PRI AN, - oL el U gL o0
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Fig. 3-22 .
AES profile of Ni-13 Mo following anodization
(+ 500 mV, 1 h., pH 2.8).
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Fig. 3-23

AES profile of°Ni-13 Mo following anodization
(+ 500 mV, 2 h., pH 2.8)
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Fig. 3-24

AES profile of Ni-13 Mo following anodization
(+ 500 mV, 4 h., pH 2.8)
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Fig. 3-25

AES profile of Ni-13 Mo following anodization
(+ 500 mV, 48 h., pH 2.8)
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Fig. 3-25

" TNelative change of film thickness with anodization tine
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the thickness 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 mV.
Therefore the nature' of the film formed on Ni~13Mo is different
than the one of passive film on Ni formed under the same
conditions.

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 ugg at very

small thicknesses - breakdown of the outer layers 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 £ilm growth is
the major proéess.

Difficult ion transport through even the thinnest film must

discourage outward growth and encourage lateral growth or furthér

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

]
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place "within" the film and lattice éfansport then occurs over
distances mach shorter than the macroscopic film thfcgﬂf?s. Ion
diffusion and migration over internal surfaces is also much easier
than through the lattice. Consequently, film growth is us&élly an
easier process with imperfect than with compact filmsg 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 f£ilm in Mo was found for all anodi-
zation times investigated (Table 3-7):; it increases monotoniéallyl
with time, at least up to 4 h 6f anodizing. v

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-g 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 (Mo/Ni) ratio in the film with an
increase in polarizatién time.

The AES profiles through the film (Figs. 3-22 to 3-25)
could only serve as the evidence for the presence of Mo in the
film?xNThe concentration profiles in depth could not give reliable
information on change of the (Mo/Ni) ratio with depth because of

quite severe changes caused by sputtering.

RETPORE X AT ST X
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3.5.2.3 ANODIC FILM CHARACTERIZATION AFTER OPEN CIRCUIT POTENTIAL

DECAY (OCPD) OF ANODIZED Ni-1l3Mo

A better understanding of‘the processes occuring on the
surface of anodized Ni-13Mo on the open circuit could be achieved
by analyzing the compoéition 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.
On; 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
anodization. . .

Tﬁe surface composition before sputtering (Table 3-8)
sﬁows that the ratio (Mo/Ni). 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 .
Ni Mo e (M) gurt. i!QLEEI_EEESEEE]
at ¢ at 3 at % Ni o (Mo/Ni) alloy
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 3.4 54.0 0.079 0.87

The £ilm thickness, estimated from the sputtering time
needed to reduce the concentratioff qf 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.)
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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 Mo concentragion, 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.l Even if the potential
is set in the passive region an increase in concentra£ion of solu-
ble metér 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,i70] that the
effect of Mo as ’;n alloying e‘]‘.em.ent on inproviﬁé] the corrogion
resistance is due to an enrichment of the surface £§‘ﬁaqueéies
during the active dissolution. These species do not have high
protective ability but they may decrease the activity of active
surfaqé sites prior to the passivé film formation.

Consequenély, it was thought to_be useful to examine the
surface composition of Ni~13Mo subjected to a potenti;l in the
active dissolution region. Ty

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

a
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AES spectrum of*Ni~13 Mo following polarizaf

tion in the active region (30 min)
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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 conéentration of Mo is not
the true one (Mo - 186 eV, Cl - 182 eV). Since the high energy Mo
peak (2040 év) was not detected it appears tha£ Mo dissolves
preferentially 1eaviﬁg the surface covered wiih Ni. An exceedingly
small amount of Mo might be present but not detected (sensitivity
of 2040 eV Mo peak is very low, i.e., 0.055).

The oxide film on the surface (~ 10 A) is probabiy an air
formed film although it could have been formed by anodic oxidation
at =100 mV (beginning of the passive range for pure Ni).

These observations exclude the possibility of enrichment
of the surface by Mo species during the active dissolution before
the film formation. On the other hand the presence of Mo in the
passive film with (Mo/Ni) ratio greater than in the alloy suggests
a differeﬁt mechanism of the £ilm formation on Ni-Mo alloys than
direct oxidation, widely accepted for the passive film‘on Ni in
acid solutions [51,52,85]. The dissolutionwpregiéitation [64-66 ]
could be the mechanism of the anodic film formation on single-phase

Ni-Mo alloys. '

3.5.2.5 THE EFFECT OF SOLUTION pH ON THE COMPOSITION AND S

THICKNESS OF ANODIZED Ni-13Mo

The effect of the solution pH on the anodic film- formed

PR

at +500 mV was examined by forming the film for 2 h in-0.15 N’

Na,So, with pH/adjusted to 10.2, 2.8 and 1.5 by either concentrated

H,50, or NaOH. \ The corresponding AES profiles are given on Figs.

3-32 to 3-34 in the order given.

P
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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 5%7 for pH 10.2 and ~ 1.5 g%z

for pH 1.5.

L )
Elemental surface composition before sputtering is given

in Table 3-9.

ax

Table 3-9
Solution Ni * Mo o (ﬂg)surf (Mo/Ni) surface
pH [at 8] [at 2] [at 8] 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
1.5 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 currerit density 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 iy for the

layer formation or removal, and a current i for the corrosion
process; i.e., the paﬁsing of cations into the solution at the

phase boundary layer/electrolyte. Only at the stationary state
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Pig. 3-32
AES profile of Ni-13 Mo following anodization
(+500 mv, 2 h., pH. 10.2)
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AES profile of Ni-13 Mo following anodization
(+ 500 mV, 2 h., pE 2.8}
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Fig, 3-34

AES profile of Ni-13 Mo following anodization
(+ 500 mv, 2 h., pH 1.5)
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which is characterized by equal rates of the layer formation and
removal (iﬁ=0),'the measured current, i, is equal to the

stationary corrosion current, i,. For thickening of the éassive
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 boundarf: 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 ;lso
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 - 508 [172,173]. ‘¥

The use of proper sensitivity factors would require a set
of standards with known composition and Qimilar surface tépography.
In the present case preparation of such a set of standards was
impossible. Assuming the film to be composed of NiO and MoO, and
using corresponding values for the sensitivity factors obviously
introduces an error.

.Preferential sputtering, causedqby differences in sputter
yields of Ni and Mo [155], leads to a t;ansient 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 bzhaviour. When surface roughness
increases, the exposed surface area increases. This can promote
the sputter yield and alter the Auger signal [174]. These factors
can introducé a time variation of the signal not rééllyjrelated to
selective sputtering.

Another s}gnificant effect observed during sputtering 1is

Mo peak shift and shape change,rshown 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 litera@ure data [175]
on AES studies of chemical shiff and beam effect on molybdenum .
oxides, the 183 eV peak is usually assigned to M05+,'the 187 eV
peak to Mo“* and the 188 eV peak to Mo®. The spectrum of the ano-
dized alloy suggests the presence of MoO, which is reduced to i“loo2
during sputtering. The air formed film on Mo appearsuto be
composed of botﬂ MoO; and MoO,. The broad peak shape also indi=-
cates the possibility of the presence of other'gntermediate oxides
between MoO, and MoO;. Reduction of MoO, to the lower valence
state is observed in this case as well.

Fig. 3-38 shows the IMM spectrum of Mo obtained on the
~air formed £ilm on purelMo (2044 eV). This'peak does not change as
much under . the ion beam as the one discussed above. However it is

s

extremely weak (sensitivity 0.055) and was not used further itNthe
— - . -
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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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.Variation of Mo Auger MNN spectra with sputtering
time (1 keV Xe+) (air formed film on Mo)
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Fig. 3-37

-

~ Variation of Mo Auger MNN spectra with sputtering’
time (1 keV Xe ) (ancdized Ni-13 Mo)
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Fig. 3-38

Variation of Mo LMM Auger. spectra with sputte-
ring time (1 keV Xe ) (air formed film on Mo)
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AES profile on the air formed film on Mo, concentration
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Pig. 3-39

change of Mo as a function of the type of Auger-
transition considered
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\—/¥/ Fig. 3-40

AES spectrum of oxygen after 2.3 min of sputte-
ring (1 keV Xet) _
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Fig. 3-41

.y
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 éhown En Fig. 3-39. It is clear that
-the 2644~ev Mo peak AOes not give rise to apparent increase of Mo-
concentration which is due to the ion beam effect in the case of

the 186 eV Mo peak.

The ion beam effect on the oxygeh peak is shown on Figs.
3-40 and 3-41, after 2 min a;d 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.

Beariné in mind that the electron beam, as well as th%
ion beam, ene;.'gy [176-1'78] affect the AES depth profiling it is
Elear that establishing the optimum conditions with 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~1l3Mo
XPS was employed to characterizelthe-species present on
Ni-13 Mo electrodes after a variety of treatments including the
sémple preparation techniques, polarization in the active and pas-
sive ranges, the influence of the sclution pH and of the.time on
open circuit of a previocusly anodized sample.
All the data reported are referenced to thg Au (4# 7/2)
level at 83.8 * 0.5 eV. The Mg k, k-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—45 to 3-51 wi£h the corresponding conditions of each sample prior
to the XPS analysis.

| Table 3-10 summarizes Ni(2P) binding energies (eV)
determined visuaily 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 as to specific spectral components, NiO and
Ni(OH), can be clearly distinguished [179]. Various other species,
. . B-NiOOH have been observed [180-

such as NioQ Ni203, NiOOa

ds

182], with poor agreement of the reported values.

ads’

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 N1203 855.8 £ 0.1 eV. Therefore from the data |
obtained on Ni-13 Mo (Table 3-10) it aﬁpears that NiO is not a
component of the anodic oxide film. Either Ni(OH),, Ni,0, of some
mixed oxide phase with Mo could be assumed. Unanodized samples

show the presence of Ni-metal (852.3 eV).



X

132

Fig. 3-43

Ni(2p) electron spectrum of Ni-13 Mo fo}loying
the mechanical polishing and electropolishing
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Fig. 3-44

‘Ni(2p) electron spectrum of Ni-13 Mo following
‘the electropolishing and cathodi¢ 4eduction
procedure.
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Fig. 3-45

Ni(2p) electron spectrum&of Ni-13 Mo following the
mechanical polishing, ard cathodic reduction procedure
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Ni(2p) electron spectrum of Ni—lB‘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).

-

5 ESCA  SURYEY $F=-.316, 6.282 DAT= 18.18 Y3888
| 1 1 1 1
10659, $73.000 ¢ . ¢

SESPLHIE) ~E 1

0 S S S SR R R
408 -0 08 4% -2 B8 <G54 <868 856 -8R -0
o BIKDIKG ENERGY, EY

L




137

Fig. 3-48

Ni (2p) electron spectrum of Ni-l3 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-13 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
anodizdtion (+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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Binding energies for the Ni{(2p) observed

in XPS spectra of Ni-13Mo.

Sample Ni(2p) binding energy (eV)

Treatment Niox 2p3/2 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 t 0.2 852.3 t 0.2

Active Range 856.2 = 0.2 Shoulder
852.3

+500 mvV, 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
Ird

H+

-4
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3.5.4.2 Mo(3d) ELECTRON SPECTRUM OF Ni-13 Mo

¢

The Mo{3d) 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 sgpectrum of the air fprmed film on pure
Mo is given on Fig. 3-61.

Table 3-11 gives X-ray photoelectron binding energiés for

each gpectrum examined.

£y

§ TABLE 3-11

Binding energies for Mo(3d) observed in XPS
_ gspectra of Ni-13 Mo

Sample Mo(3d) Binding Energy (eV)
Treatment Mo 3d3/2 Mo 3'd'5/2
Electropolish 235.4 232.1 0.2 227.9
Electropolish

Cath. Red. | , '

’ t
Cath. Red. - 235.2 231.8 % 0.2 227.9
Active Range 235.2 232.6 * 0.2 228.0
+500 mV, 2 h |
pH = 2.8 . 235.4 232.3 t 0.2 -
OCPD (3 min) 235.1 232.3 £ 0.2 -
OCPD (30 min) . 235.2 232.2 £ 0.2
+500 mV, 2 h
pH = 10.2 235.4 232.3 £ 0.2
+500 mV, 2 h ’ ? . ? ?
pH = 1.5
Mo Foil ‘ oo
Air Formed Film 235.4 232.3 = 0.2 -




Published work on the XPS analysis of Mo compounds [182—
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186 | gjves the values of the characteristic binding energies for

the compounds of interest, summarized in Table 3-12.

TABLE 3~12
Compound Mo (34 ) Mo (3d
mp ( 3/2 7 5/2)
235.6 £ 0.1 232.5 t 0.1
MoO , 235.85 232.65
235.5 232.2
. 231.7
MoOy 234.3 231.2
2<x <3
233.9 + 0.1 230.9 % 0.1
MoO , 232.5 229.4
232.4 229.3
231.0
Na,MoO, 235.2 * 0.2 232.1 % 0.2
231.5
NazMoou X 2H20 232.3
(”_“\ 235.3 232.2

energies for the Ni-13 Mo samples, oxidized Mo and the values given

By comparing the measured values of Mo(3d) binding

)
in Table 3-12, it appears difficult to characterize Mo-species

—

/

o2 sy,
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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 cathodic reduction
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Fig. 3-54

Mo{3d) electron spectrum of Ni-;S,Mo fol;owing
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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Fig. 3-56

Mo(3d) electron spectrum of Ni-13 Mo folloing
anodization (+500 mV, 2h., pH 2.8
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Mo (3d) electron spectruﬁ Sf Ni-13 Mo following .
anodization (+500 mv, 2h., pH 2.8) and OCPD (3 min).
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Fig. 3-58

Mo (3d) electron spectrum of Ni-13 Mo following
" anodization (+500 mV, 2h., pH 2.8) and OCPD (30 min.).
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Fig. 3-59

Mo (3d) electron spectrum of Ni-13 Mo 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 mV, 2h., pH 1.5).
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Fig. 3-61

Mo (3d4) spectrum of air formed film on Mo
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Fig. 3-62

- Deconvoluted Mo(3d) 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 éf Mo appears to be +6 in_all case;

- Mo(3d 5/2) peaks of the air formed film on Mo and of £he anodic
films formed at pH 10.2 énd pH 2.8, as well as those observed on
the samples after the open circuit potential decaﬁ have tﬁe same
values of binding energy, suggeéting the presence of MoQ, or
MoOf~™ in each case (Figs. 3-56 to 3-59).

- presence of Mo-metal (227-9 eV) is evident for the samples
previously subjected to all three pretreatment proéedures (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).

- Thé absence of Mo-metal peak -in the spectra obtained -on the
sémples after the opén 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 binding energies of Mo (3d3/,, 3d5/,) [186] clearlf

show that the surféce film produced by anodization of pH 2.8 con-
tains Mo-species in Mo®+ gtate. It is, however, not certain
whether the film is MoO; or contains Mo®* in the form of Mo2™.

. | > -~

3.5.4.3 0O(1ls) ELECTRON SPECTRUM OF Ni-13Mo

Since the 0(ls) line postiions of metal oxides generally
provide another means for their identification, the 0O(ls) spectra

of Ni-13Mo samples, already examined by XPS analysis of-Ni(2p) and

L]

-~



156 °

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 0O(ls) spectra of Ni-13Mo
when fit to one peak
Sample o(1s) N
Treatment C Binding energy (eV)’ FWHM
Electropol. 531.3 1.85
.Electropol. and , o
Cath- Red- ) 531!4' 1.75
Cath. Red. - "531.4 1.70
Active Range 531.5 1.90
+500 my, 2h
pH = 2.8 530.9 2.35
OCPD (3 min) | 530.7 (530.2 sh) 2.25
" ocPD (30 min)* ' 530.7 2.25
0 ‘ R . .
+500 mV, 2 h-
pH = 10.2 . 530.9 2.30
+500 mV, 2h - '
pH = 1.5 : 531.6 ' 1.65
Mo Foil ‘ : '
Air formed Film ) 530.2 .- 1.90

* full width at half maximum
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Fig. 3-63

O(ls) electron spectrum of Ni-13 Mo fo;lowing
mechanical polishing and electropolishing.
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Fig. 3-64

0(ls) electrOn spectrum of Ni-13 Mo follow1ng
electropolishing and cathodic reduction.
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Fig. 3-65

-

O(ls) electron spectrum of Ni—l? Mo follgwing
mégyanical polishing and cathodic reduction.
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O0(ls) electron spectrum of Ni-13 Mo following .
polarization in the active potential range (30 min}.
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Fig. 3-67

16l

0(ls) electron spectrum of Ni~13 Mo following

anodization (+500 mV, 2 hr. pH 2.8).
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Fig. 3-68

0(ls) 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

0(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

0(1ls) electron spectrum of Ni-13 Mo following ;7
anodization (+500 mV, 2h., pH 10.2).
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Fig. 3-71

0(1s) electron spectrum of Ni-13 Mo following
anodization (+500 mV, 2h., pH 1.5)7
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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 0(1ls) line given in the
.literature for Ni-oxygen and Mo-xoygen compounds are compiled in

Table 3-14. It ié.ciear that the air formed film on Mo is MoO,.

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 0(1s)
529.9
Nio 3
529.6 % 0.15°
529.7
Ni,O, 531.7
530.9
Ni(OH) , 530.8 £ 0.1
531.2 £ 0.3
MoO 530.3
\ MoO , | 530.8
. - 530.7 .

sampleé polarized in the active potential. range aﬁd at low pH (1.5)
as well as those subjected to the sample pretreatment procedures
hav; the same type of oxygen bonding. On the other hand,
anodizaﬁion 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 c¢ircuit after anodization at pH 2.8.

J
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Fig. '3-73

Deconvolution of 0(ls) peak for anodized
Ni=13 Mo (+500 mV, 2h., pH 2.8). <
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~

Deconvolution of 0(ls) peak for Ni—lBMo anodized at
pH 2.8 (Fig. 3-73) revealé that at least two peaks {529.76 eV and
531.46 eV) coulg be fitted to the brbad 530.9 0(1s) peak.
Therefore at least two‘Aifferent oxygens seem to be present in
the anodic film of Ni-13Mo. |

I If one of the two o*ygens comes from MoO,, and sinceo

the decqﬁvolution of Mo(3d) suggested the presence of-Mbo3 or
'Moof_then it . is most likely to be the 529.76 eV one. The other
oxygen peak (531.46 éV) could be assigned to either Ni,O,
(531.7 eb) or Ni(oH), (531.2 t‘o.? eV) (TaPle 3-14).

This observation can be considered to be a strong

evidence for the presence of two different oxide phases in the

£ilm.

3.5.4.4 REFLECTION HIGH ENERGY ELECTRON DIFFRACTION (RHEED)

OF ANODIZED Ni-13Mo

Although the XPS data provided an indication that the
anodic £ilm on Ni-13Mo could be a two phase oxide coverage, it is
necessary to have some structural information in order to confirm
it.

A reflection hiéh energy electron diffraction (100 keV)
pattern of an anodized Ni-13Mo aémz}e is shown on Fig. 3-74. A
semicircular ring pattern, typical of a polycrystalline surface

is observed. It corrésponds to polycrystallinefnim (187,188 ]



170

'Qiﬁh the mean particle size of ~ 20 A*. No Mo-containing phase
could be re;ated to the diffraction pattern observed. The
absence of the reflectioﬂs from the metal and the mean particle
size of NiO of ~ 20 A on one hand and the findings of AES ana-
lysis, i.e., Mo-enriched, 30 - iSO.A thick film on the other,
suggest either an émorphous Mo-conta}qing phase or in the form of
sm&ll crystallites (< 20 A),.located in between the NiO

*
particles.* ‘

-
o

* RHEED gives well defined rgng structure for the mean particle _?
size, MPS, of 10 - 50 A. The particle size < 10 A gives a diff"
f&he reflection. The line half width is inversely proportional
to MPS. As the MPS increases, the line width decreases up to ~
50 A, i.e., the lines do not become sharper for the partigle size

’

greater than 50 A.

¥ Similar observations were obtained using dedicated ST

(schnning.transmisaion electron microscope): both the selqcted

area electron diffraction (béam gize ~ 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 ﬁnalysis (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 Ni,O0; or Ni(OH), (Table 3-10) on the surface of
anodi)&ﬂ*ﬂtfiﬁﬁg/:lloy. A possible explanation might be that the
surface film éhanggs under the influence of électron beam during
the analysis (100 keV beam was used for the diffraction analy-
sis). Alternatively, a defective NiO with the coméosition that
corresponds to Ni,0; (Ni,;_ ,O) with high enough concentration of
Ni-vacancies and positive holes, i.e., Ni3+ ions) would probably
give a diffraction pattern not very different from that obtained
for NiO, especially in the case of polycrystalline oxide films
[187]. Tﬁere have been no experimental evidence reported in the
literature on prepared Ni,O3 and its diffréction 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 larée chemical
d}fferénces introduced by incorporation of‘foreign elements into
NiO lattice, the crystallographic parameters of NiO remain ghe
same as for tﬁe "real"”, thin compact and protective film on pure
Ni, in the sense that the crystal lattice of NiO is essentially
preserQed but distorted. Therefore, in the present case of an
anodic film on sigle phase Ni-Mo alloys a small amount of Mot6

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

structure (Ni203).

Fig. 3-74

Reflection high energy electron diffraction
pattern of anodized Ni-13Mo




CHAPTER 1V

SUMMARY AND CONCLUSIONS

4.1
The results of this investigation can be summarized as
b
follows:
(a) Anodic oxide films on Ni in Na,SO, solution (pH 2.8) are

(b)

(c)

(d)

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-
ponding to Ni,0,.
Mo undergoes transpassive dissolution in the range of poten-
tial where Ni is passive.
The single phase Ni-Mo alloys ( 5 - 15 wt % Mo) retain in
general the polarization behaviour of Ni with a shift of the
corrosion and the passivation éotential in the noble direc-
tion and a monotonic increase of the passive current density
with Mo content, suggesting a negative effect of Mo on the
corrosion resistance of Ni.
The anodic current tr%nsients for.the potentiostatic film

formation indicate two different types of anodic oxide

4 . 173
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(g)
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-coverage on Ni and Ni-Mo alloys, the latter being thicker

but with poor protective properties.

Open circuht 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 rate inversely proportional to Mo content at

t t, . The effect of Mo was concluded to be
ind(Ni) _
associated with polarization of either anodic or cathodic
;
reaction.

Cathodic galvanostatic charging of anodized Ni-Mo alloys
have shown that the cathodic current efficiency for the fi;m
removal is very low indicating that the film on the alloys
is difficult to remove at pH 2.8, even with the passage of
consider;ble cathodic ;ﬁarge (e.g., 86 mC/cm?2 led to an
increase of surface reactivity of less than 30% with respect
to the open circuit conditions).

A selective digeolution of Mo during the initial stages of
anodization and an enrichment of the substrate in Mo at
longér t;pes indicate a time dependent nature of the film.
Conversi&n of anodic charge into accumulation of species on
the surface sﬁggestq,a much thicker anodic film on the
alloys than that on pure Ni.

The AES analyiks of the anodic film of Ni have shown a l2 -

16 A film, independent of the time of anodization. The
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film on Ni-Mo;alloya was found to be slightly enriched in

Mo. The filh thickness was a function of anodization time,

i.e., it increased from ~ 30 A for 1 h of anodization to

~ 150 A for 48 h of anodization at +500 mvV (SCE).

The AES analysis of the film on alloys that had been exposed

to the open circuit indicated practically no change in the

ovgkall 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, buf also very sluggish £ilm removal.‘

The thickness of the film on alloys was found to be pH-

d;pendént. An order'oé magnitude higher current density

assoéiated 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.

The XPS agi}yais of the films formed on single phase Ni-Mo

alloys suggested the following:

- The anodic oxide film does not contain Ni in Ehe form of

- NiO; it could be either Ni(OH), or Ni,O,

- Mo is preseﬁt in the film as Mo &, i.e., either as MoOj or
MG, . T

- A broad 0{(ls) peak containing at least two different
binding statés of oxygenlis a strong evidence of the
presence of 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-
crystallihe NiO with the average particle size of ~+«20 A.
No Mo~containing phase could be related to the diffraction
pattern observed. 1I¢t, howevgr,.daes not exclude the posgi-
bility of either the conversion of Ni(OH), to NiO under the
influence of high energy electron beam or the presence of

somewhat distorted lattice of Nio (Ni 0 or Ni,O0,;) due to

1-§
incorporation of a small amount of Mo+® into the NiO
lattice. ‘

. In view of these findings it may be concluded that the
film on single-phase Nifub alloys (5-15 wt § Mo) formed in
0.15 N Na,sO, (pH 2.8)-13 a two phase oxide film, possibly

,"with a structure similar to that given on Fig. 4-1.

The nature of that £ilm 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
fofmed on pure Ni does not change its thickness appreciably -
with prolonged anodization, ‘

Sincé‘a thick, porous‘ﬁi-oxide (Ni(OH)2 or oxi-

hydroxide) can be formed on Ni in neutralland alkaline solu-

tions [80-82] it is possible that a local pH change in the
vicinity of elec£rode is reaponsible;for the growth of rela-

tively thick films on Ni-Mo alloys. A local pH increase
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might be a result of Mo dissolution as MoOZ~™ and subsequent
precipitation of Mo-oxide, since molybdate ions are not |
stable at pH 2.8. If molybdenum is present in the film as
MoO ,, the reaction leading to a local increase in pH and

;

‘precipitation of MoO, could be:

+ K
MoO, + 2H' » MoO, + H,0

Poor protectdive propertieé of MoO, could cause continuous
dissolution and precipitation and maintenance of a higher pH
which pfomotes the outward growth of Ni-oxide pﬁase, pfoba-
hly as Ni(ORH) ,.

' The growth of thicker films can also be obtainedbj
disturbing the NiQ lattice by incorporation of small amdunts
of Mo% ions. 1In a crystallographically perfect NiO film
(which has an insulating character) ionic transport is very
slow. 1Indeed it was shown (Fig. 3-26) that the oxidelfilm
thickness on pure Ni increaaés very little!with‘anodization
time. In'the case of an anodic film on single phasé Ni-Mo
allﬁya small amounts of Mo®t 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,0, structure.

Both mechanisms of thickening of the film on Ni-Mo
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Schematic illustration of a two phase anodic oxide film
on single phase Ni-Mo alloys in acid solutions

S

~20 ,[ MoOg MoO3

Nij_$O with-Mo®*
~ and/or
Ni2O3 and/or Ni(OH)2

Ni-13 wt % Mo



alloys are equally well supported by the results of XPS
analysis and the diffraction analysis, since Ni(OH)Z, the
most probable phase according to the former mechanism of
film growth, could be converted to Nio during the eieétron
diffraction analysis.

A model involving Ni-oxide with Mo®" filling the
cationic 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
incorpofated 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 ig a two phase oxide film with the structure given on
Fig. 4-1. The Mo—containiné phase is either in an
amorphous state of.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 ailoya 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 ﬁhis 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.allon by an
electrochemiéal 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 f£ilm.

L
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