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ABSTRACT

The corrosion behavior of the sputter-depositecbogystalline W-
Mo alloys is studied after immersion for 24-29 Hdifferent concentrations
of NaOH solutions at 2&, open to air by using corrosion tests and open
circuit potential measurements. Molybdenum metdk a&ynergistically
with tungsten in enhancing the corrosion resistaridbe sputter-deposited
W-Mo alloys so as to show the lower corrosion rdbes those of alloy-
constituting elements (that is, tungsten and madyloan) after immersion
for 24-29 h in NaOH solutions. In general, the opeauit potentials of all
the examined W-Mo alloys are shifted to the moresitpe (noble)
direction with increasing the molybdenum contenttie alloys. The
stability of the spontaneous passive films of theaty W-Mo alloys is
decreased with increasing the concentrations ofHNa@utions. However,
the corrosion rates of all the examined W-Mo allogee almost
independent of concentrations of NaOH solutionat(th, 0.01 M, 0.1 M
and 1 M NaOH).

Vi



CHAPTER-I

INTRODUCTION

1.1 GENERAL INTRODUCTION

In general, corrosion is regarded as the graduatrutgion of a
material or an entity with its environment by mearislectrochemical
and/or chemical processes. International Union ofePand Applied
Chemistry (IUPAC) defines corrosion as “an irrevass interfacial
reaction of materials (metallic, ceramic or polyjneith its environment
which leads to the consumption of materials” [1hisT definition of
corrosion considers not only metallic substancdsalao other materials
which can be used for engineering purposes accomatingda broad area.
However, nowadays the term corrosion is specificalpplied to the
metallic substances. Thus, corrosion is the unalelgirdeterioration of
metallic substances due to electrochemical reactibatween
electronically conducting materials and ionicalgnducting environment
[2]. Many materials scientists and corrosionisteisider that the term
metallic corrosion embraces all interactions of etahor alloy (solid or
liquid) with its environment, irrespective of whettthis is deliberate and
beneficial or adventitious and deleterious [1]. $hthis definition of
corrosion is referred to as the transformationrdédin of corrosion, for
example, the deliberate anodic dissolution of zZmcathodic protection
and electroplating as well as the spontaneous gtadastage of zinc

roofing sheet resulting from atmospheric exposure.

The development of new engineering materials isagbvdone to

obtain the desired properties like durability, tEnstrength and improved



corrosion resistance properties of the materialsdrlier days engineers
often did not give sufficient emphasis on impor@araf corrosion in
initial designing state assuming that it can beidgaa simply by
additional surface treatments like thick polishiog painting. In many
cases, industrial applications of novel materialt wtimately depend
upon corrosion resistance properties over extepeedds of service and
corrosion problems have to be considered at anopppte stage of the
materials development. In this context, corrosioierttists can play two
significant roles in the engineering world, firstidathe foremost is the
practical role emphasizing engineers that the dutsalof structure
depends on the nature of materials and environmgatsicularly the
aggressive ions present in the environment. Se¢bad;orrosion science
fills up gap between atomic physics, chemistrycteteehemistry and
metallurgy. Hence, the study of corrosion phenomesguires sound
knowledge on other sciences like physics, engingeaind metallurgy as

well as chemistry or electrochemistry.

The development of new technology is, in part, depat of
corrosion science. The function of corrosion saei to make clear
understanding of the corrosion mechanism of theerm$ and to
formulate the available and novel means of thegmgeon, elimination or
minimization of corrosion phenomena. The corrogagineers apply the
accumulated scientific knowledge to control thergsion damage in

practical and economically efficient way.

In general, the various measures of corrosion &kedic and/or
cathodic protection are widely used. Corrosion gebon by passivation
was discovered early in eighteenth century whem was corroded
heavily in dilute aqueous solutions of nitric acmlit stayed as inert as

platinum in concentrated solutions. Later, it hasrbsubsequently found
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that the passivation may be due to formation oSipasfiims of oxides,
hydroxides or oxyhydroxides or salts on the surfatematerials that
separate the materials from its environment. A@oihcentive to the
study of corrosion was development of widely uséainfess steels,
which have very low corrosion rate, compared td tfaron metal [2].
Therefore, it is said that corrosion problems ana#@ the widespread
use of stainless steels and steel enforced condoeteheir tensile
strengths. However, corrosion problems are encoedht@ all branches

of industries, technologies, sciences or engingerin

From economic point of view, corrosion causes laagenomic loss
of the most industrialized countries. With incregsidependence of
civilization on mechanical than muscle power, maehki have become
integral part of life. Almost all machines are madk the metallic
substances (metals and alloys) and the material$ fas the fabrication
of machines should be highly resistance to corrosio working
environments. Industrial civilization, thus, depsrah crucial way upon
stability of such metallic substances. Therefdlee corrosion loss
accounts for enormous amount of money each yewmrbltlieved that the
cost of corrosion is 3-4 % of GNP (Gross Nationad®cts) of the most
industrialized countries [2]. Furthermore, it idgiested that nearly 40 %
of this corrosion loss can be avoided by properosion engineering [2].
Actually, corrosion is one of the major scientiéicd industrial problems,
which affect many industrial processes. New chehioacess that seems
to be attractive on paper spell doom as their macapplication is
limited due to pronounced corrosion damage of usederials. If the
materials have to be replaced frequently due toctireosion damages,
then the system is less likely to be of industimdkrest because of the

economic reasons. So all the sectors, where themichk or



electrochemical processes are involved, knowledgemosion scientists
and engineers is essential to the success of thalbyrocesses run for
long periods. Corrosion experts are highly awarethed danger of
different aggressive ions like chloride coming iontact with metallic
structures. The lack of knowledge of corrosion rsoge could lead to
failure of what is otherwise an excellent enviromitaé treatment system.
This shows the importance of corrosion researchdéwelop new
approaches to minimize corrosion process in elelmical, chemical

and metallurgical processes.

In the study of corrosion, the surface reactionantdérest include
anodic dissolution (the passage of metal atoms fifeensurface to the
solution which is fundamental reaction of corro$jopassivation (the
formation of thin layer of insoluble oxides, hydidas, oxyhydroxides or
salts of few nanometers, that protect metal oryalfoom further
dissolution) and passivity breakdown (localizedtuue of passive film
leading to the localized corrosion) and so on. €hasface phenomena
are extremely useful to find the remedies of coomsroblems that
almost all countries are confronted with and whacl extremely costly.
Furthermore, the degradation of industrial matsrighn cause the
shutdown of the entire process system with subsegquess of
productivity, system reputation and money. Nowadagserrosion
remained no more of the interest only for corrosorentists but interest
also of those industrialists whose processes aseeptible to materials
degradation. Materials degradation is a problen itifuences all areas
of modern technology. In fact, corrosion touchesrgwhere on road, in
sea, oil pipelines, aerospace vehicle and evenimggsots and so on.
This is a burning topic of today world because tefprofound and all

encompassing grip.



1.2ELECTROCHEMISTRY OF CORROSION

Modern corrosion science stems from the local ttedbry proposed
by U. R. Evans and mixed potential theory by C. Waagand W. Traud.
These two marvelous theories are combined into efleetrochemical
theory of corrosion. According to the electrochexhibeory of corrosion,
the anodic current of metal or alloy dissolutiom (alectrochemical
anodic oxidation) must be balanced with cathodicent on the metal or
alloy. The cathodic reaction is the reduction ofgen dissolved in the
electrolytic solution or/and the reduction of pmotdhat is, hydrogen
evolution. The magnitude of the currents of an@udfid cathodic reactions
must be equal. However, the direction is reversedorrosion process.
The model is known as a local cell model of cowosin which the
anodic and cathodic reactions take place on the saatal surface with a
current of the same magnitude [3]. The anodic atbazlic sites usually
change location by time to time. Occasionally, tites are fixed.
Therefore, the corrosion of metallic substancesnselectrochemical
reaction and is explained by the local cell modeivhich both anodic
and cathodic reactions simultaneously occur atviddal anodic and
cathodic sites. Since the anodic and cathodic irectoriginate in
different redox reactions, the corrosion poten(iaat is, the open circuit
corrosion potential under the corrosion) is exmdinby the mixed
potential theory. The mixed corrosion potential ri@nbe determined
from thermodynamic equilibrium potential, but froen balance of
electrochemical kinetics. Therefore, the mixed po#k theory is a

versatile tool to have better understanding of tietorrosion [4].

The mixed potential theory of corrosion is composed two
hypotheses- (a) any electrochemical reaction magivided into two or
5



more oxidation and reduction partial reactions, émdthe total rate of
oxidation must be equal to the total rate of reiductThis is illustrated by
the Evans diagram (figure 1), for the case of aamet alloy (M)

immersed in an acidic environment.

(N Chm,
I 0 :
= 1 Eum,
=
Z |
---- Ecor _
| o
20 Bvwpd
o | :
<
-V i :

- :
vt ™ Icorr
Logi= =2

Figure 1. Schematic Evans diagram showing corrosion poaeQti..)

or open circuit corrosion potential (OCP) and cosion current (io).

On the other hand, Nario Sato of Hokkaido univgrsit Japan had
proposed that the corrosion process involved ndy eftectrochemical
oxidation-reduction reactions but was also accongohmy chemical
acid-base reactions [5]. According to Sato, thedanmetal dissolution
commenced with the ionization of metal atoms onsiinéace, and hence
the metal ions produced on the surface are traesfento aqueous
solution to form hydrated metal ions or metal i@mplexes associated

with anions as shown in the figure 2. The ionizataf surface metal



atoms is an electrochemical oxidation, whereas Hyelration or
complexation of metal ions is a chemical procest thelongs to the
Lewis acid-base reaction. Therefore, both electotbal and chemical

reactions are involved in the corrosion process.

SOLUTION

D Nl
26-‘/ (1) 0 Q

OHP

(Lewis Acid-Base Reaction)

(1) Oxidation, (2) Hydration

Figure 2: Anodic metal dissolution comprising of metal atomzation

(oxidation) and metal ion hydration (Lewis acid-bagaction [5].

Corrosion of metals or alloys is an electrochemieaktion occurring
on metals’ or alloys’ surface due to the influendéeheir environments.
So the corrosion behavior of various metals oryalican be compared by
polarization measurements. Corrosion scientistge maticed that shifting
direction of the corrosion potential of the subs@amay in principle be
used as diagnostic test by indicating whether anodicathodic kinetics
are most effective for corrosion behavior [2]. Sotygical examples of

the anodic polarization curves are shown in theurég 3. These



polarization curves are also very useful to expthm corrosion behavior

and mechanism of the metastable metals or alloys.

Let us consider the dissolution reaction of a metaln alloy (M) in a

corrosive environment as given by equation (1):
M — M™ + né (1)

If stable surface film is not formed on the surfadametal or alloy
and neither of the current density is limited by tlmass transport, the
dissolution rate is measured by the anodic curdemisity (i) which is

given by the equation (2).
2= jaexp[B (E - Bn)] (2)

where,i2is the equilibrium exchange current density at a)fds a

constant value for the reaction (1), E is the mesbypotential of the

anodic reaction and,Hs the equilibrium potential of the anodic reastio

This equation reveals that anodic current densgjtys(increased
logarithmically with increasing potential. A rise potential results in the
formation of a new corrosion product that is a lt@olid product of
oxides, hydroxides, oxyhydroxides or salts in the@sive environments
and able to cover the metal or alloy surface spwaasly. This results a
substantial decrease in the dissolution rate ofrteé&l or alloy. This
corresponds to the spontaneous passivation (fi§yajeand the oxides,
hydroxides, oxyhydroxides or salts corrosion pradim covering metal
surface is called as the passive film. If the sotutontains more
aggressive ions like halides, pitting corrosiondome materials can be
easily detected by anodic polarization of matedalshown in figure 3.b.
Besides pitting corrosion, anodic polarizationied material beyond

certain potential leads transpassive dissolutioa i@sult of the formation

8



of soluble cations at higher potential which usublve higher valence

than cations of same metal forming a passive férstaown in figure 3.c.

Thus, clear understanding of the anodic passipit{ing corrosion and
transpassivity can be obtained from knowledge @ftebchemistry.

4 %A Pitting corrosion

2 5
= )
21 o 5l .
_q§ I, Spontaneous passivation <= | Passive
= =
= o)
o

Potential Potential

(a) (b)
A

Transpassive dissolution

Current density

Potential

(©)

Figure 3: Anodic Polarization curves showing (a) spontareou
passivation, (b) pitting corrosion and (c) activassive and

transpassive dissolution

On the other hand, hydrogen ion and/or dissolveggen in the
corrosive environment undergoes cathodic reactionthe surface of the

materials as given in equations (3) and (4) below.
2H" + 26— H, (3)
O, + 2H,0 + 4e — 40H (4)

9



The rates of these cathodic reactions rise logardhlly with
lowering of the measured potential (E) of the cdibaeaction as given

in the equation (5) as;
L = i2exp (E - E)] ()

where, { is the cathodic current density? is the equilibrium

exchange current density at cathdgles a constant value for the cathodic
reactions (3) and (4) and. § the equilibrium potential for the cathodic

reaction.

According to the mixed potential theory of corrasiovhen a
metallic substance is immersed in an electrolytilttgon, both anodic
and cathodic reactions go hand-in-hand with theeseasite at the open

circuit corrosion potential [3, 4], that is:

la=lc (6)

1.3 DEVELOPMENT OF SPUTTER-DEPOSITED METASTABLE
METALLIC ALLOYS

It is generally believed that the preparation omlegeneous alloys
having a liquid like atomic arrangement requirdsadtapid quenching of
the alloy melt. Early in 1960s, amorphous and ssgierated solid
solutions of metallic alloys prepared by ultra-chpjuenching attracted
considerable attention from materials science conities, because of
their technologically important properties such @sg/sical, chemical,
mechanical, magnetic, electronic and catalytic prtgs [4]. Professor P.
Duwez, universally regarded as the father of rapdnching from the

liquid state, reported for the first time in 1960 n@w metastable

10



amorphous Au-25Si alloy [6]. After the preparatiohthe amorphous
Au-25Si alloy, Duwez and his co-workers developeslies of new
metastable amorphous or/and nanocrystalline sipigdgse solid solutions
by using various techniques like vapor quenchihggteodeposition from
mixture electrolyte, mechanical alloying and so dkmong these
techniques, the vapor quenching method is one ef rttostly used

methods to prepare a homogeneous mixture of commpgne

Sputtering is one of the main methods of the vagoenching
techniques and used as one of the potential metbodtlse preparation of
varieties of amorphous or nanocrystalline alloys T4 For last two
decades, this technique of the sputter depositietiaal is known to form
amorphous or/and nanocrystalline structures ovemtldlest composition
range among the various other methods. Therefoee,use of sputter
deposition method is quite suitable for tailorirfglte corrosion—resistant
metastable amorphous or/and nanocrystalline alleyghermore, even if
amorphous alloys are not formed by the sputter sigpn method, the
alloys thus prepared are always composed of nastadsywith very fine
grains (that is, less than 20 nm) and sometimesvashsimilar to the
single-phase amorphous structure regarding the osion-resistant

properties of the alloys.

In particular, sputtering is suitable for formindglogs when the
boiling point of one of the alloying component asvier than the melting
point of the other alloying components, becausesihgtter deposition
method does not require melting of alloying compusefor the alloy
formation. For instance, boiling points of chromia70'C) and nickel
(2900°C) are far lower than the melting point of tungstestal (3420C).
However, successful attempts were reported to peepgangle-phase

amorphous or nanocrystalline W-Cr [8, 9], W-Ni [114,] alloys by using

11



the advantages of sputtering. Similarly, it hasnbsgccessfully prepared
sputter-deposited amorphous or/and nanocrystalihbo alloys in a
wide composition ranges, even though there isgeldifference between
the melting points of tungsten and molybdenum [10].

For about last two decades, the sputter depositmathod has
emerged as one of the best techniques to prepaemicly
homogeneous amorphous or nanocrystalline alloysause; the
chemically homogeneous single-phase nature of dmog or
nanocrystalline alloys are generally responsiblett@ir high corrosion
resistance, owing to the formation of uniform pobtee passive films
that are able to separate the bulk of the alloymfraggressive
environments [4]. Furthermore, sputtering is ondha& most important
techniques for coatings, and its feasibility foremaring corrosion-
resistant amorphous layer on the surface of stsnkteel has been
reported by Nowak [12] and Anderson et al. [13]eTimportance of the
sputter deposition method for the coating on stamlsteels is another

incentive to use of sputtering in technology.

14 STRUCTURES AND CORROSION BEHAVIOR OF
METASTABLE ALLOYS

Nanocrystalline structures are usually believedddree from crystal
defects such as dislocation grain boundaries aerdiptates acting as
nucleation sites for corrosion, and the chemichliynogeneous single-
phase nature of nanocrystalline alloys are resptandor their high
corrosion resistance. This is because of formatioaniform protective
passive films, which are nonporous and insoluble #us are able to

separate the bulk alloys from aggressive Envirorse@n other hand

12



according to Heusler and Heurta, the extremely kmynosion resistance
of the sputter deposited alloys has been explamedthe basis of

homogeneity of the alloys [14]

1.5 ROLES OF TUNGSTEN AND MOLYBDENUM METALS IN
THE CORROSION RESISTANCE OF W-Mo ALLOYS

Tungsten and Molybdenum are regarded as very aféeetloying
elements for enhancing the corrosion resistancethef alloys in
aggressive environments. In alkaline and neutralimydéungsten shows
corrosion behavior with spontaneous dissolutiotutmstate ion, but it is
passivated in acidic media, except for complexieglsa as shown in
figure 4 [15].
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Figure 4: Theoretical domains of corrosion, immunity andgsaation of
tungsten metal at 26 [15].
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It has been reported that addition of small amoahttungsten
Increased corrosion resistance of steels and sszirdteels [16]. Several
surface studies have been carried out for bettédenstanding of the role
of the tungsten in the passivity of stainless st@elaggressive chloride
media [17-19]. It has been also reported that tihditian of a small
amount of tungsten to amorphous Fe-P-C alloys wvath without
chromium [20-23], to Ni-Fe alloys [23] and to thm@phous Ni-P alloys
[24, 25] was effective in improving the corrosioesistance of these
alloys in aggressive hydrochloric acids. Similatliye addition of only
small amounts of tungsten, (that is, 9 at %), waeugh to cause
spontaneous passivation of the sputter-depositedll@f-alloy in 12 M
HCI solution and the alloy showed about five ordafrsnagnitude lower

corrosion rate than the corrosion rate of chrommetal [8].

Molybdenum as an alloying element for the steets stainless steels
has been found to reinforce their corrosion rese#a Molybdenum is
thought to play its role either by promoting theiegmment of chromium
on the surface films of stainless steels [26-31]bgr blocking and
eliminating the active surface site [32]. WanklyB3] emphasized
inhibitive effects of insoluble tetravalent molylmlen oxide (MoQ)
while others elucidated the beneficial effects oblyhdenum by
considering the elimination of active surface siigsvioO,? or the cation

selectivity of the surface films enhanced by M6(29-31].

On the other hand, it is well known that the additof molybdenum
to crystalline Fe-Cr alloys [32, 34, 35] and amanpd Fe-C metalloid
alloys [36, 37] improved their corrosion resistab@gitting corrosion in
aggressive chloride solutions. Hashimoto et al] [&ported that the

beneficial effect of molybdenum appears for fesrgtainless steels in 1

14



M HCI at 30°C. They found that the surface filmrfead on the stainless
steels in active region contain a large amount ofybdenum cations.
The beneficial effects of molybdenum is interprat@ded on the fact that
molybdenum eliminates the active sites, on whiehdtable passive film
is hardly formed, by the formation of tetravalendlylpdenum oxide or
oxyhydroxide and assists the formation of chromienmiched passive
film [32, 38]. Furthermore, it has been reportedttthe addition of
molybdenum enhanced the stability of the inneridatehe oxide- metal

interface creating a barrier layer [36].

In the middle of 1990’s Park et al. [39-44] havesiveeported the
synergistic effect of molybdenum addition on that&gr-deposited binary
amorphous and/or nanocrystalline molybdenum-treomsit metal
(chromium, titanium, zirconium, niobium, tantalumdanickel) alloys for
significantly high corrosion resistance properties aggressive
environments. Furthermore, it has been considdrati the addition of
molybdenum improved the passivating ability of sgutter-deposited
ternary Al-Cr-Mo alloys not by formation of molybaem enriched
passive film, but by the formation of chromium ehed passive film [45,
46]. High corrosion resistance properties for mdfum based alloys
were observed in the case of the sputter-depobitedy nanocrystalline
W-Mo alloys in 12 M HCI [9, 47]. It has been repdtthat the sputter-
deposited nanocrystalline W-Mo alloys showed highrasion resistance
than those of tungsten and molybdenum metals i 22l [47] and 0.5
M NaCl solutions [48]. It is meaningful for mentiog here that the
tungsten is passive in the acidic environmentsritapiH < 4, whereas it
corrodes in alkaline and neutral solutions [15]. @® other hand,
molybdenum is passive in only a very narrow posdmange at pH 4-8 of

the environments as shown in figure 5 [49]. Theyindenum corrodes in

15



both acidic and alkaline environments. In this eaht present work is
focused to study the effect of molybdenum on theosion behavior of

the binary nanocrystalline W-Mo alloys in NaOH dalus.
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Figure5: Theoretical conditions of corrosion, immunity goassivation
of molybdenum at 26 [49].

16 LITERATURE SURVEY

The research activities on amorphous or/and nastatlipe alloys
produced by liquid quenching are of widespreadra@diein the field of
materials science during the last five decades.n\Brenner et al. [50]
reported the fact that the amorphous nickel- armhltobase alloys were

formed by electro-deposition from electrolytic daa containing

16



phosphate; they described the corrosion propentiesthe electro-
deposited alloys. The development of novel metéstamorphous alloys
with unique properties encouraged corrosion sa@emntito explore
chemical properties of the amorphous or nanoctystaalloys because,
some amorphous or nanocrystalline alloys showedemmely high
corrosion resistance in aggressive media [51-58jarHet al. [54, 55]
reported that the binary Ti-Mo and Ti-Ta alloys wled high corrosion
resistance due to the formation of mixed or complotype of oxides on
the surface of the alloys without defective granuidaries. The detail of
the fifty years history of the rapidly-quenched ahd sputter-deposited
corrosion resistance amorphous or/and nanocrysattietallic alloys has
been recently discussed in detail by Bhattarai.[56]

Since it was found that the rapidly-quenched amwmughiron-base
alloys [57-59] containing less than 10 at % chramishowed extremely
high corrosion resistance as compared to crys¢éallifoys in aggressive
chloride containing acidic and neutral environment@rieties of
corrosion resistant amorphous cobalt-[60], niclkdl-64] and copper-
[65-68] base alloys were reported. The extremelghhicorrosion
resistance of these rapidly-quenched alloys has legplained on the
basis of the homogeneity of the amorphous alloygs [@]. Extensive
studies were carried out to clarify the effect atallic elements (M = Ti,
Zr, Nb, Cr, Mo, W, Mn, Co, Ni, Cu, V, Ru, Rh, Pdt) in the corrosion
behavior of amorphous Fe- M-13P-7C alloys [71-73].

It has already been pointed out that the sputteisngne of the
potential methods for the preparation of varieéscorrosion-resistant
amorphous or nanocrystalline metastable alloys.efsmh et al. [13]
studied the corrosion behavior of the sputter-degdsamorphous Ni-Nb

coatings on commercial 316L stainless steel ireckffit aggressive media
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and they found that the amorphous Ni-Nb coatingselgiood corrosion
resistance. Furthermore, successful attempts ve@ated to prepare the
corrosion-resistant single-phase amorphous alumirafractory metal
(Mo, W, Nb and Ta) [74-76] alloys by using advamtsgf sputtering.
Shimamura et al. [77] reported that the sputteredigd nanocrystalline
Cu-Nb alloys were spontaneously passivated in 12H®I solution,
showing a very high corrosion resistance. Yashiekaal. [78, 79]
reported extremely high corrosion resistance ofsimater-deposited Al-
Nb and Al-Ta alloys, and these alloys were immumedrrosion in 1 M
HCI at 30C.

Furthermore, a series of sputter-deposited binargrmium-metalloid
alloys showed superior corrosion resistance conaptrgpure chromium
in aggressive media [80-83]. Further studies of $patter-deposited
aluminum-transition metal alloys were carried omtaarly 1990's by
Yashioka et al. [84, 85]. All these aluminum-basbBoyas were
spontaneously passivated in 1 M HCI. It is notelwpitio mention here
that all these alloys discussed above showed logiosion resistance in
aggressive media even though these alloys didhoat fiigher corrosion
resistance than those of alloy-constituting eleserftalloys before the
early 1990's. In general, designing of corrosiaistant alloys is carried
out to bring the corrosion resistance of the allolsse to that of the
corrosion resistant alloy-constituting elements. wideer, the most
interesting fact is observed since the beginning16€0's that the
corrosion rates of some sputter-deposited chromiumelybdenum-,and
tungsten- base amorphous or nanocrystalline alogdower than those

of alloy-constituting elements in hydrochloric aswlutions at 3TC.

Various amorphous or nanocrystalline chromium-titaors metal

(@luminum, titanium, zirconium, niobium and tantalu alloys were
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prepared by sputter deposition technique, and tt@mnosion rates were
reported lower than those of the alloy-constitutimjements in
hydrochloric acid solutions [86-89]. Furthermorhe tsputter-deposited
amorphous or nanocrystalline molybdenum-transitiatal (titanium,
zirconium, niobium and tantalum) alloys [39-44, 90Q] showed higher
corrosion resistance than those of the alloy-ctutstg elements in 12 M
HCI solution at 30C similar to the sputter-deposited amorphous

chromium-transition metal alloys.

Such interesting findings of the lower corrosiotesaof chromium-
and molybdenum-transition metal alloys than thosalloy-constituting
elements have recently encouraged corrosionistailar new series of
highly corrosion resistance binary tungsten-tramsitmetal (titanium,
zirconium, niobium, tantalum, molybdenum, chromiand nickel) alloys
by sputtering [8, 11, 47, 90-103]. In addition, teputter-deposited
ternary W-Cr-Ni [104-106] and Cr-Zr-W [107, 108lajs are recently
been prepared and all these sputter-deposited &masp and/or
nanocrystalline tungsten-transition metal alloysvedd higher corrosion
resistance than those of the alloy-constitutingnelets similar to the
sputter-deposited chromium- and molybdenum-trassitnetal alloys in
hydrochloric acid solutions. Furthermore, the sputteposited W-Nb
[109-112], W-Ni [112-116], W-Ti [112, 117-121], WrNi [122, 123],
W-Zr [124, 125], W-Cr [126, 127], and Zr-Cr-W [12829] alloys which
are composed of either amorphous or nanocrystadimgle phase solid
solution showed high corrosion resistance in nélN&Cl and alkaline
NaOH solutions at 2&.

In these contexts, one more step is pursued inrgsisarch work to

study the effects of molybdenum and tungsten orctmeosion behavior
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of the sputter-deposited nanocrystalline W-Mo alay alkaline NaOH

solutions at 2%, open to air.

1.7 OBJECTIVESOF THE STUDY

The novel corrosion resistance properties of th@dha quenched
materials has stimulated the interest of corrosmantists since in 1960’s
because, some single-phase amorphous and/or natadlang alloys
showed remarkably high corrosion resistance in tb@&rosive

environment having aggressive ions.

Since the extremely high corrosion resistance efrépidly quenched
iron base alloys was reported in 1970’s, varietiEgorrosion resistant
ultra-rapidly quenched alloys were developed dutasj four decades.
Toward the end of 1990’s, it had reported that $ipatter-deposited
amorphous and/or nanocrystalline tungsten-baseysaliloying with
titanium, zirconium, chromium, niobium, tantalum,olybdenum and
nickel showed high corrosion resistance than atloystituting elements
in concentrated hydrochloric acids open to air@IC3 In particular, the
sputter-deposited nanocrystalline W-Mo alloys ofdevi range of
composition showed high corrosion resistance ptagseimn 12 M HCI
and neutral 0.5 M NaCl solutions. Thus, it becomesatter of interest to
study the corrosion behavior of the sputter-depdsitanocrystalline W-
Mo alloys in NaOH solutions in this time. The mahjectives of this

research work are:

1.to estimate the corrosion rates of the W-Mo alloy$.01 M, 0.1
M, 1 M NaOH solutions open to air at 25°C, and
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2.to study the electrochemical behavior of the W-NMoys in NaOH

solutions open to air at 25°C.
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CHAPTER- Il

EXPERIMENTAL METHOD

21 SPUTTER-DEPOSITED W-MoALLOYS

All the sputter-deposited W-Mo alloys used to cayuy this research
work were provided by Dr. Jagadeesh Bhattarai oftkaeDepartment of
Chemistry, Tribhuvan University, Nepal. The appasatused and
conditions subjected for sputter deposition of\ttido alloys were same
as those described elsewhere [10]. The providetlespdeposited W-Mo
alloys containing 24-83 at % molybdenum were charaed as single-
phase solid solutions of nanocrystalline structusging apparent grain
size less than 20 nm as summarized in Table 1 TI¥.compositions of
the sputter-deposited W-Mo alloys hereafter aredalhoted in atomic

percentage (at %).

2.2 CORROSION TEST

Corrosion tests of the sputter-deposited nanodhystaV-Mo alloys
were carried out in alkaline 0.01 M, 0.1 M and 1INAOH solutions at
25+1°C, open to air. Prior to corrosion tests, the siarfaf each alloy
specimen, which was cut into pieces having the afd® to 30 crfy was
mechanically polished with silicon carbide papeit grumber 1500,
rinsed with acetone and dried with air blower. Weight loss method
was used to estimate the corrosion rate of thg/zalldhe specimens of
alloys were immersed in 0.01, 0.1 and 1 M NaOH tsmhs for about 24-
29 hours. The weight loss of alloy specimens wdsutated from the

difference of weights of the specimens before dtet anmersion in the
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electrolytic solutions. The measurement of cornogimte by weight loss
method was done two times or more so as to getsereesults. The
average corrosion rate of individual alloy was reated by using the
equation (7)

Aw x8760x10

CorrosionRate (mmy™) = XA X (7)

where,

Aw = weight loss of the alloy specimen in gram,
d = density of the alloy specimen in gftm
A = area of the alloy specimen in §rand

t = time of immersion in hour

Table 1. Chemical composition, apparent grain size andicuire of the
sputter-deposited W-Mo alloys, including sputtepatated

tungsten and molybdenum metal [10}, 47

Name of Alloy | Mo Content Apparent Grain Size  Structure
(at %) (nm)

Tungsten 0.0 20.0 Nanocrystalline
W-24Mo 24.2 19.8 Nanocrystalline
W-34Mo 34.2 16.0 Nanocrystalline
W-52Mo 51.8 15.0 Nanocrystalline
W-83Mo 82.8 16.5 Nanocrystalline
Molybdenum 100.0 20.0 Nanocrystalline
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2.3 ELECTROCHEMICAL MEASUREMENT
2.3.1 Preparation of alloy specimen

The sputter-deposited nanocrystalline W-Mo alloysrevcut into
small pieces of 2 to 3 cm in length and 1 cm intvidEach specimen was
mechanically polished with silicon carbide papedascribed in previous
section 2.2. The alloy specimen was clipped bydheple holder that
was made by welding the crocodile pin with a stsglsteel or titanium
rod. The specimen was immersed in an electrolyteuch a way that
about 1 crh area of the alloy specimens was used for electroatal
measurements. All the electrochemical measuremestge performed

two times or more so as to obtain precise result.

2.3.2 Electrolytic solution

The electrolytes used in the electrochemical memsents were 0.01,
0.1 and 1 M NaOH solutions at 25 31 open to air.

2.3.3 Electrode

A saturated calomel electrode (SCE) and a platimesh were used
as the reference and counter electrodes, resplgctAe alloy specimen

was used as a working electrode.
2.34 Measurement of open circuit corrosion potential

The open circuit potential (OCP) of the nanocrystal W-Mo
alloy specimens in different concentrations of sadhydroxide solutions
at 25+fC, open to air, were measured using a potentiomé&tee

readings were taken immediately after immersionthef alloy specimen
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in the electrolytic NaOH solutions for two hourshel electrochemical

measurements were repeated two times or more {@rease results.
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CHAPTER-III
RESULTSAND DISCUSSION

3.1 CORROSION RATE OF NANOCRYSTALLINE W-Mo
ALLOYS

The corrosion rates of the sputter-deposited nastadtine W-Mo
alloys were estimated from the weight loss aftemersion for 24 hours
in alkaline NaOH solutions at 25, open to air. The weight loss for each
alloy specimen was estimated two times or more Hrel average
corrosion rate was calculated. The time dependehtiee corrosion rates
of the alloy specimens were also estimated at uariame intervals in
0.01, 0.1 and 1 M NaOH solutions.

3.1.1 Averagecorrosion ratein 1 M NaOH solution

Figure 6 shows changes of the average corrosies cdtthe sputter-
deposited nanocrystalline W-Mo alloys including deten and
molybdenum metals after immersion for 24 hourslkalame 1 M NaOH
solution at 28C, open to air as a function of alloy molybdenumteat.
The corrosion rates of the sputter-deposited temgsind molybdenum
are about 5.25 x I0omm.y' and 1.04 x 1% mm.y', respectively.
Corrosion rates of the sputter-deposited binary \W-&lloys containing
24-83 at % molybdenum show about one order of ntadeilower
corrosion rates than that of tungsten and evenrl@agosion rates than
that of the sputter-deposited molybdenum metal ivh llaOH solution at
25°C. In particular, the sputter-deposited W-Mo all@ysitaining 24-52
at % molybdenum show lowest corrosion rates (thaabout 4.5 x 10

mm.y') among all the examined W-Mo alloys than thoseabéy-
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constituting elements (that is, tungsten and madyloain) after immersion
for 24 h in an aggressive 1 M NaOH solution at@5These results
revealed that the synergistic effects of the siamdbus additions of
tungsten and molybdenum metals to the sputter-dteplasanocrystalline

W-Mo alloys is clearly observed in alkaline 1 M Nd@olution.
3.1.2 Time dependence corrosion ratein NaOH solutions

It is generally said that the nature and compasstiof passive films
formed on alloys play a vital role for high corrasiresistance of the
alloys. In general, alloys show high corrosion s&sice through the
active dissolution of the alloys at the initial jpels of immersion in the
corrosive environments. Furthermore, the high chahmeactivity of the
alloys leads to the rapid accumulation of a beradfispecies in the
passive films. This accounts for the high corrosresistance of the
alloys. Therefore, it is important to identify thie of immersion time for

better understanding of the corrosion nature oftlugys.

In order to clarify the time dependence of corrnsiates of the
sputter-deposited nanocrystalline W-xMo alloys,rosion rates of W-
24Mo, W-34Mo, W-52Mo and W-83Mo alloys were estigthtafter
immersion in different concentrations of alkalinea®H solutions at
various time intervals. Figure 7 shows the changdbe corrosion rates
of W-24Mo, W-34Mo, W-52Mo and W-83Mo alloys in 0,00.1 and 1

M NaOH solutions open to air at®5 as a function of immersion time.

In general, the corrosion rates of all the examihédlo alloys are
significantly high at initial period of immersiorth@t is, for 2 h). The
corrosion rate is decreased with immersion timeabbut 8 h for W-Mo
alloys containing 24-83 at % molybdenum and theasoon rates of all

the examined sputter-deposited nanocrystalline W-alloys become
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almost steady after immersion for about 24 h. Irtigpalar, the corrosion
rate of the alloys is significantly higher in 1 Ma@H solution than those
in 0.1 and 0.01 M NaOH solutions after immersionZdours. However,
the corrosion rates of all the examined W-Mo allays almost same in
all three different concentrations of the NaOH #ohs after immersion
for 8-29 h. Accordingly, initially fast dissolutionf the W-Mo alloys
results in fast passivation by forming more praotectpassive films
formed on the alloys in alkaline NaOH solutions e air at 25C.
Consequently, the average corrosion resistancéeoputter-deposited
W-Mo alloys containing 24-83 at % molybdenum ish@gthan those of
tungsten as well as molybdenum metals after immerfr about 24 to

29 h as shown in figure 6.
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32 ELECTROCHEMICAL MEASUREMENTS OF THE
SPUTTER-DEPOSITED  NANOCRYSTALLINE W-Mo
ALLOYS

Electrochemical measurements were carried out forbedter
understanding of the corrosion behavior of the tsputeposited
nanocrystalline W-Mo alloys for about 2 hours ikaiine 0.01 M, 0.1 M
and 1 M NaOH solutions open to air atf@5

3.2.1 Open circuit potential in NaOH solutions

Figures 8, 9 and 10 show the changes in open tpotentials for the
sputter-deposited nanocrystalline W-Mo alloys adl we the tungsten
metal in 1 M, 0.1 M and 0.01 M NaOH solutions, edprely, as a
function of immersion time. The open circuit potalst of the sputter-
deposited nanocrystalline W-Mo alloys are in moxbla (positive)
direction with increasing the molybdenum contenttipalarly in 1 M
NaOH solution (Figure 8). Furthermore, the openuirpotentials of all
the examined W-Mo alloys are increased with imnegrstime and
attained a steady state after immersion for abOuiihutes in different
concentrations of NaOH solutions. In particulare tlopen circuit
potentials of all the W-Mo alloys containing 24-88% molybdenum are
almost same in 0.01 M NaOH solution. These faciace with the
changes in the corrosion rates of the sputter-digaosanocrystalline W-
Mo alloys after immersion for 2 hours in differecbncentrations of

NaOH solutions as shown in figure 7.

A comparative study of the changes in the operuttipotentials for
the sputter-deposited nanocrystalline W-Mo alloys tihree different
concentrations (that is, 0.01 M, 0.1 M and 1 M)N&OH solutions are
also discussed to explain the changes in the acorraates of the alloys
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in the alkaline environments. Figure 11 shows thenges in open circuit
potentials of the sputter-deposited nanocrystalite€4Mo, W-34Mo,
W-52Mo and W-83Mo alloys in different concentragormf NaOH
solutions at 2%C, as a function of immersion time. It is clear@dnf
these figures that the open circuit potentialdheftungsten-rich W-24Mo
alloy are in more noble (positive) potential value 0.01 M NaOH
solution. The ennoblement of the open circuit ptigds of the tungsten-
rich W-Mo alloys is clearly observed with decregsihe concentration of
NaOH solutions. However, the open circuit potestiabf the
molybdenum-rich W-Mo alloys are almost same inthliee different
concentrations (that is, 0.01 M, 0.1 M and 1 Mjtled NaOH solutions
open to air at 2%&.
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3.3 CONCLUSIONS

The corrosion behavior of the sputter-depositedoogystalline W-
Mo alloys is studied in alkaline NaOH solutions2&fC, open to air by
using immersion tests and electrochemical measursméhe following

conclusions are drawn:

1. The corrosion rates of W-Mo alloys containing 24-88 % of
molybdenum showed about one order of magnitude rl@eerosion
rates ( i.e., 4-5xIOmm.y") than that of sputter-deposited tungsten
and even lower corrosion rate than that of molybdenafter

immersion for 24 hours in alkaline NaOH solutions.

2. The corrosion rates of all the examined W-Mo allaye almost

independent of concentrations of NaOH solutions.

3. The open circuit potentials of the sputter-depdsité-Mo alloys are
shifted to the noble (more positive) direction withicreasing the

molybdenum content in the alloys in alkaline NaQitusons.

4. The stability of the spontaneously formed filmsnfied on the binary
tungsten—rich W-Mo alloys is increase with decnegsithe
concentrations of NaOH solution, although suchatfie not observed
for the molybdenum-rich W-Mo alloys after immersifam two hours

in alkaline NaOH solutions.
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