
AUTHOR .. .

TI{E UNIUffiSITY 0F MAI'IITOBA

LIBRARY

CIDUNG. Franklin C. T.
a.aa.

rrrr,E . . . . .ry.F.ESL .0.F. l4.0ryPP.Eylry. *P. TI9TW.99TTITT. 9T. TTP.|9H{I1+T19I

BEHAV]OR OF COBALT-CIIROMII]M ALLOY
a.a.a

I, the underslgned, agree to rofral¡ from produci-ng,
the above-nemed r+ork, or any part, thoreof, in any rnaterlal

or reproduclng,
forrn, wlthout

aa..a aaaaa.a.aaara.. a.aaaaa...

. a a a ô a a. t a a a a a ô a a aa a a a a a a a a a aa. a a a a.. aa a a a a a. a a a aa a a aa

..oaa a.a.aaaa.. 
aaaaaaaaa

a a a a a a. a.. a. a a a a r a a a a a. a

.aaaa .aaaaaaaaa a.aaa .aaa. aaa..

"""tttt ..r.a.aaa



TI-IE UNIVERSITY OF },ÍA\]TTOBA

EFFECI OF MOLYBTH{UM Ai{D NIOB]I]I"Í COTÍIHVI

ON TTfr POI,ARTZATION

BETAV]OR OF

COBALT- CHROI'trT]M ALLOY

by

Fnarkli¡ C. T. Chieung

A TTTESIS

SUBMITTED TO T}IE FACL]LTY OF GRADUATE STUDIES

IN PAFI']AL zuI,FIIJYENI OF TTIE

REQU]RM4E\ITS FOR TÍIE DEGREE OF

MASTER OF SCIMICE

DEPARTMH\IT OF I'GGTA}TICAL HIGINEERING

\¡IINNIPEG, MANIITOBA

July 1984



THE IINIVERSITY OF MANITOBA

FACULTY OF GRADUATE STUDIES

The undersfgned cerÈffy that they have read a l'l¡rsterrs thesls

enrrÈred 
' 
. .Er.r.::l .qr. .YqlrltqiYT.iiq .Ìi:b.iÏT .g?i::i: .:i.:l: - . . -

PoLarization Behavior of Cobalt-Chromium A11oy
aaaaa """""

.aaaa

- Eranklin C' T' Cheung
eubnitted by:..

fn partfal fulffllnent of the requlrements for the degree of

ivfaster of Science '
.a.aa 'a'a' """"""""'

The Thesls Exanlnlng ComrnlÈtee certfffes that the thesfs

(and the oral examfnatfon, 1f requlred) 1e:

Approved Not Approved

Dr. J. R. Cahoon

a'a"""'

External Examfner

Dare. . Spril. ?þr. ]991.



EFFECT OF MOLYBDENT]M AND

THE POLARIZATION BEHAVIOR OF

NIOBII]M CONTENT

COBALT-CHROMIIDI ALLOY

BY

FRANKLIN C.T. CHEUNG

A thesis submitted to the Faculty of Graduate Studies of
the university of Manitoba in partial fulfilment of the requirenrents

of the degree of

MASTER OF SCIENCE

o, 198s

Permission has bee'granted to the LIBRARy oF THE UNIVER-
SITY OF MANITOBA to lend or sell copies of this thesis. to
the NATIONAL LIBRARY OF CANADA to microfitnr rhis
thesis a'd to le¡ld or sell copies of the film, and UNMRSITY
MICROFILMS to publish an absrract of this thesis.

The author reserves other publicatio¡r rights, a'd neither the
thesis nor extensive extracts from it may be printed or other-
wise reproduced without the author's writteu permission.



ACßNOVüLEDGM4ED{T

The fjnancial support of thre Nationa-l- Science & Engineering

Research Cormcil of Canada i¡r the form of an operating gnrant and

str-ldent assistantship is gratefully ackncnailedged. I am also

indebted to Dr. J. R. Cahoon r:nder whose grridance thris thesis

was pretrEred



TABIE OF CONIMffS

Aclcrowledgenents

List of Tables

List of Figures

L.J

2.2.I Polarization

2.2.2 PassivitivitY

Development of Passive Iayer and its

Page

i
iv
\7

CTIAPTER

1. Intnoduction

2. Corrosion

2.L General-

2.I.I Crevice corrosion

2.I.2 Pitting corrosion

2.2 Polarization and Passivitivity

breakdovnt

2.3.I Mechanism of oxide forrnatron

and growth

2.3.2 Brealcdovm of passive layer

2.4 Rel-ationship between cnevice corrosÍon

arid cyclic Polarizatiorr cun/e

3. E>çer"imentation

3.1 Specimen PreParation

3.2 E>perìmental set uP

3.3 Cyclic potentiod5rnamic polarization

3.4 Sr.r'face arralysis by Auger Electron

11

13

l6

16

16

1B

SpectroscoPY

-- aa --

19



lr Results, discussion arrd conclusion

4.1 Results

+.2 Discussion

4.2.L Effect of Mo content on corrosion

Page

20

20

46

behavion of Co-Cn alloY

4.2.2 Effect of Nb content on

behavion of Co-Cr alloY

corrosion

46

55

56

ós

66

4.2. 3 Obser^vation from microstnuctr.re

4.3 Conclusion

5. References

-- l-l-a --



Composition, time and

of a-11 the alloYs tes

List of a.l.l the signi

alloys tested

List of Tables

temperatr:re of heat treat¡rent

ted

ficarrt potentials of al-l the

Page

2I

47

-- av --



List of Figures

1. Schematic representation of a corrosion process on

a metal surface

2. schematic representation of crevice corrosion in

aerated seawater (PH = 7)

Page

T4

3.

4.

Schematic Cyclic Polarization Curve

exhibiting active-passive behavior

Cyclic polarization behavior of Type 430 stainless

steel in I M NaCl denonstrating the marked effect

of pit propagation on protection potential

Standard Reconrnended Electrode Holder and

Polarization Cel1

Schematic wiring

polarization test

for metal

diagram for potentiodynamic anodic

15

T7

1B

22

1.5

24

25

26

27

5.

6.

30

31

32

33

34

7.

8.

o

10.

11.

12.

13.

14.

15.

16.

77.

18.

19.

20.

Polarízation curve for Co-25%Cr- O%Mo

Polarization curve for Co- ZSv'Cr-I%Mo

Polarization curve for Co-25%Cr-Z%Mo

Polarization curve for Co-25%Cr-3%Mo

Polarization curve for Co- 25v'Cr-5%Mo

Polarization curve for Co-25%Ct-7%Mo

Effect of Mo content on the value of E.- En

Polarization curve for Co- 25% Cr-l%Nb*

Polarization curye for Co-25%Cr-1%Nb

PoTarLzation curve for Co-25%Cr-L. S%Nb

PoLarization curve for Co- 25%Cr-2. s%Nb*

PoLarization curve for Co- 25%Cr-3. s%Nb*

Polarization curve for Co- 25%Cr-3. 5%Nb

PoTarizati-on curve for Co-2S%Cr- S%Nb*

28

29

V

35



2I.

') ')

23.

24.

25.

w
ë
l,Nl

:ë
'N

tffi
füw
IN
!Èl$

*'

I'

tiN

IN
Ë:!l

li$

të
ll;ll
r.,i,$

N
tìì
t,\
i$

IT

ll
*

I

t

r

36

37

38

39

40

4L

42

43

44

45

4B

49

57

s7

58

58

59

59

60

60

26.

') 'I

?o

30.

Polarization

Polarization

Polarization

Effect of Mo

of E. and En

Effect of Nb

of E- and E-.LP

Effect of Nb

of E. and En

curve for Co-25%Cr-5%Nb

curve for Co-25%Cr- 5%Nbx

curve for Co-25%Cr-5%Nb

content on the magnitude

content on the magnitude

content on the magnitude

Norrnalized peak heights vs. sputtering

tjme for Co-Z4%Cr-4.7%Mo a11oY

28. Normalized peak heights vs' sputtering

time for Co-23%Cr-2.Teo't't1p a11oY

Surface spectïLun prior to start of Argon

sputtering beam for Co-24%Cr-4'7%l'/1o al1oy

Spectrun after 28 rnilliamp-minutes of

sputtering for Co-}4eoCt-4.7%lvln a1loy

Corrosion behavior of sorne pure metals31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

PoLarization curves for ì¿lo containíng stainless

steel

lvlicrostructure of

lvlicrostructure of

Microstructure of

lrticrostructure of

Microstructure of

Nlícrostructure of

Microstn-rcture of

lr{icrostructure of

Co-25%Cr X100

Co-25%Cr-1%IÁc X100

Co-25%Cr-z%Mo X100

Co-25%Ct-3%Mo X100

Co-25%Cr-7%Mo X100

Co-TS%Cr-l%Nb X300

Co-25%C'r-1%Nb X350

Co-25%Cr-2.5Nb X100

vi



Microstructure of

Microstructure of

Mlcrostructure of

Microstructure of

l{icrostructure of

Plicrostructtre of

Micnostructure of

Cn-2\eoCr-2 . se,Nb X10 0

Co-2\eoCr-3. Se¿Nb X100

Co-Z\eoCr-3 . se,Nb X100

Co-25%C'r-'5e,Nb X1300

Co-25%Cr-5e"Nb X100

Co-ZïeoCr-SeoNb X100

Co - 2 5e" Cr- SeoKo - 2. 5 eoNb

Paoa

61

61

41.

+2.

l' t

44.

45.

46.

41.

6Z

62

63

o-1

x100

vr!



CHAPTER ONE ]NTRODUCI]ON

Meta_l_lic on'thopaedic surgical imptants have been employed fot:

nepaining the hunran skeletal- system for nnrry years. The finst

recorded use of metal-s came j:r 1550 with the use of gotd wires as

sutures. In the 1800s there vTere numerous repor'ts of netal- plates

and pins to fix broken bones. In this centul5/, especially in the

last few decades, advancenents in the field of matei:ia-ls arrd surgery

have enabled the surgeon titera-l-Iy to nebuild many parts of the humart

body (1).

In choosj¡rg the material-s for surgical implants, the effect of

the implarrt on the body and the effect of the body on the implarrt has

to be considered. In examining the effect of the implant on the body,

the cha-nacteristics of the materiaf that must be exarni.ned are (2):

1. Toxic o:: imiattional- qualities of the matenial- or its
breakdov¡-r pnoducts to the nplecular level-, or additives

incor.ponated into the material-.

2. Mechanic¡l charactenistics of the matenial-.

3. Fabr-icatability of the matenial- into the desired

imptarrt foi:m.

4. Sterilizability of the matenial.

5. Stabirity.
6. Size and shape of the material- (tissue tevel)'
7. Sr.irface structure of the material-'

B. Possible antigenicity of the material'

9. ThronbogenicitY.

10. Antiler:]<otaxis (i¡fection prodisposition)'

11. Ca:ncinogenesis.

In examining the effect of the body on the ìmplarrt, the material- must

be exarnined for ctranges such as Q):

1. Dissolution (i.e. degradation) .

2, Ctranges in mechanical properbies.

3. Irrlea-n par''ticles.
4. Motecular structure (i.e. crosslirrlcirtg i. pol¡rmens and

pbrases in altoys).

--1--



5. State of hYdration'

6. Elution of low molecul-ar weigþt of species'

7. Surface forrn.

B. General- corrosionr crevice cornosion, and crad<

ProPagation'
g. protein satunation on oxidation of the su:rfaces.

10. Cellul-ar ingrovTth'

1l-. Cafcification'

The primary interest of this study is on the effect of the body on

the crevice cor¡r'osion behavion of the implant'

The nost comaon imptarrt alloys r.sed today are stainless steef

and Co-Cn alloys. Botl:r alloys are acceptable (but not ideal-) in tne

physiological envj-::onnrent since metallic materials are always

suscepti-bl-e to cornosion to a ceÏltain extent. Pnevious studies show

that stainless steels have higþ strength and ductility but do not

have sufficient corrosion nesistarrce, especially in the physiological

environnent (3). Co-Cr altoys gener:ally have supenion conrosion

nesistance but do not always have enougþ strength. The najor problem

with stainless steel as an implant material- is its higþ susceptibility

to crevice corrosion (20). Cobal-t-cl:iromium alloys generally exhibit

betten nesistance to crevice corrosion but some such corrosion has

been cbserved.

It is well-]croun-r that the addition of molybdem¡n to stainless

steels wi}l inrprove the pit-ting corrosion and crevice corrosion

nesistance. Ther^efore, an investigation was initiated to deter-mine

flre effect ofniolybdenum content on the corrosion resistance of cobalt-

chroroiun base alloYs.

--2--



CHAPIER T\,{O CORROSION

2.I General

A1l metals are susceptible to corrosion when il] contact with

body fluid. The extent of corrosion is one of the majon factors

tftat determines the acceptability of the implant' Thre most conrnon

t¡rpes of corrosion are uniform, galvanic, pitting and crevice

corrosion.

corrosion is an electrochernical- Process which illvolves two

distinct chenical- reactions and which are dependent on each othen'

First there is the anodic reaction, where metal- atoms tu:n into

positively chasged metal- ions and go into solution }eaving an excess

anp¡nt of electrons on the meta] suirface. A second reaction, namelyt

the cathodic reaction is nequi:red to use up the excess elect:rons

vrhich a¡e produced by the anodic neaction. Hence, the ovenaJ-l chrarge

of the metal- itself rellni:rs neutnal. Thus electrons flolv from anodic

area to cathodic a:rea througþ the metal, and continuous corrosion

occuns.

The ncst cortrnon t5rpesofanodic reactions are:

1. M 
- 

y1+' + ,e- (Metat dissolution on ùxidation)

The most corrnon types of cathodic reactions ane:

1.
I

2H'

oz

1¿e

++4H

-*H^
/

(Hydrogen evol-ution)

(ùq¡gen reduction - acid solution)

(O>q¡gen reduction - basic or

neutral solutions)

(Metal- deposition)

(Metal- ion reduction)

t

tr

+ 4e 
- 

ZHrO

3. 9^ + 2H^0 + 4e-- 4911-//

+-
M' + e ..--.-----M

M++ + ê--* M*

t: l:::

ir{

5.

--3--



Tig.lillustnatestheelectrochenricalreactionsinvolvejna
typical corrosion Process'

CATHODIC
REGION

CATHODIC
REGI ON

4e-* 0z + 2HrO 
-40 

H 2H* * 2e- * HyDRCCEN
EVOLUTION

ANODIC I

REGION I

Fig. 1 schematic representatj-on of a corrosion process

on a metal- surface

pitting and cnevice conrosion are among the most damaging t)4pes

of coffosion. llnese two tJrpes of corrosion can often be for:rrd in

sr.rgical implants, and they represent some of the majo:: problems

facing the implarrt designen today'

--4--



2.I.I CInevice Corrosion

Crevice cornosion occuns in areas where fr\ee nrixi¡rg and

convection is limited. It can be found in localized sites such

as lap joints, arlea unden bolts arrd nuts, gasket surfaces, etc.

To itlustrate the basic mechanism of crevice corrosíon,

consider a riveted plate section (fig. 2) of metal M jnrnersed

j¡ aerated seawater (PH = 7) (4).

Fig. 2 Schenatic representation of crevice corr-osion l-n

aenated seawater (PH = 7)

The anodic and cathodic reactions ane as follow:
'+

Anodicreaction : M*M +e

Cathodic neaction: 02 + 2H2O + 4e- 
- 

4OH

ì"K..,\ì=\ \\\-.
INITIAL STAGE

{.:21-Zi
^cr- cr'/ M\

Na' Mt M'Cl-

tz or2 iz cf Hi c,-,,* M'
oFl 0H' 0H- -M' M' M.n Cl-

\\/â
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During the irritial stage, corrosion occurs rnifor:mly oven the

entire surface, including the i¡rterior of the crevice (rig' 2)'

After a shonL while, the o>rygen concentnation j¡rside the crevice

decreases due to the li¡rited convection. once the o>rygerl is used up

j¡ the crevice, the cathodic reaction i¡r the crevice is no longen

possible. since the cnevice area is insignificant conpared to the

e>çosed su:rface, the ovenall rate of corrosion nemail]s unchanged'

As anodic dissotution pl?oceeds j¡r the crevice, more and more positive

metal ions go irrto solution inside the crrevice. As a result,

excessive positive cha:rge j¡rside the cnevice a-uracts free chtoride

ions i¡rto the crevice and retal- ions combi¡re with chlonide ions to

form metal ctrlonide. The metal- chl0nides of al-t tnansition retal-s

hydrolize in water. Ttre reaction is i¡dicated as below'

+ - r -*. -M'cl-+Hro-MoHl+HC1

which means meta-l chl0nides react with waten to forrn i¡soluble netal

hydroxidearrdhydlochloricacid.Ttrepresenceofhydrrogenand
claloride ions in the cnevice accelenates the conrosion rate of most

neta-Is and alloys because the local acidity increases drastically'

vih-ile the pli of the bulk sotution is around 7, the pH inside the

cr-evice can be as low as 2 or 3'

As anodic dissolution continues at an jricreasing rate i:rside

the crevice, the o>rygen reduction rate on the adjacent surfaces also

increases which cathodical-ly protects the exbernal- s¡rfaces' This

type of corrosion reaction is autocatalytic since the reaction itself

is self-j¡ritiated; i.e. once the corrosion starts, it contilues at art

ever-jncreasjng rate.

2.I.2 Pitting Corrosion

Pitring corrosion is one of the most damaging fo::ms of corrosion' Tt

penforates metal- and altoys with only a snnl-l amount of netal-

dissolution and weigþt loss. This type of corrosion is a localized

--a --



arrd intense forrn of co:rnosion, and failures often occur r.sLpredictably'

pits usual-]y gnow in the djrection of gravity. Pifring nequires an

j¡duction peniod ranging from months to years before pits can'i¡ritiate'

Hovlever, once pits are jnitiated, they penetrate metal- in an ever-

increasjng nate'

The nrechanisms of crevice corrosion arrd pitting corrosion are

basicatly the same. Both are caused by diffenential- aeration which

is a ::esult of limited convection. However, the i¡itiation plrocesses

of crevice and pitìng corrosion a¡re different. The forrnen t¡rpe

i¡itiates by the pneser-Ice of the crevice which results i¡ differential-

aenation. The latter type initiates by a localfy higþ dissolution

rate because of sr.t'face defects sucl. as an emer-ging dislocation,

stacJcing faul-ts, etc. This higþ dissotution rate produces an excessive

positive cJea.nge whichr d:raws chlonide ions (For a NaCl solution) into

the initiation site. Ttre preser-rce of chtoride ions accelerates the

corrosion nate. As a nesult, a pit is forrned and furthen dissolution

at an ever-i¡creasjlg irate is caused by diffenential aeration'

Both cnevice and piftjrrg corrosion are autocatalytic. The basic

öfference betweerr c::evice and pit.ting corrosion is that pil-ting

corrosion creates its ornn crevice (pits). Therefore, metals and alloys

susceptible to pi¡-ting corposion ane also suscepti-J:le to crevice

corrosion althougþ the ::everse is not always true'

2.2 Polarization and Passivation

2.2.L Polarization

An electnochremical reaction is said to be ¡nlarized if the rate

of reaction is retarded by vario¡s physical and chrenical factors' In

corrosion, there are two tl¡pes of pola¡ization, activation polarization

and concentnation Polanization.

iL:É-
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Activationpolar'izationresuftsfromthesequerrtialdelayoft}Le
electrochemicafreactionatthej¡terfaceofmetatarrdelectr'olyte.
For exampfe; hydrogen evolution' \nThidl is one of the cathodic

reactions,@beenvisagedasaprocesspossessirrganrrnrberofsteps.
Firstrelectronstransfenfromtheanodicregiontothecathodic
region.Second,hydrogenionstransporttotJremetaf-electrolyLe
jrrterface. Thrir:d, hydrogen ions conbine with electrons to form

hydrogenatoms'Fourth'hydrogenatomsfusei¡rtohydrogenbr:bbles
and the hydrogen evolution process is completed' If arry of these

processesishinderedordelayed,theprocessissaidtobeactivation
plarized'

ConcentrationpolarizationresuJtsfromtheaggregationofions
nearthemeta.]-surfacewhichrslowsdownthediffusionprocessof
fts'thermignationofions'Again'considerthecaseofhydrogen
reduction. As the cathodic reaction proceeds' more and more hydrogen

ions are drav¡n near the metal--electrolyte jrrterface' As a result'

theconcentrationofhydr,ogerrionsbuildsupforrninglayersnearthe
metal stlrface' This j¡r turn draws the negative ions (e'g' chloride

ions)nearthehydrogenions'layersleadingtothefornntionofan
electrica]-doublelayerr.TtriselectnicaldoublelayeractsaSa
barr,iertothediffwionprocess.Inothenwords,concentr"ation
polairization is contn:lled by the diffusion process'

2.2.2 Passivation

A metal- on al-loy is said to be passivated if its corrosion

nate is considerably lowen than the r:ate corresponding to thernp-

dyramicat equilibnium' The slowi¡g dovrn of the anodic neaction' or

passivation, ma-inly nesufts from the forrnation of a passive layer

onthereta].surfacewhichreducestheionicconductivityoftne
el-ectrocheraical react ion'

i.:'l
ii.ì:
ir.::

,a
ì:ì:,
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Thepresenceofapassivelaye:ronmetalwasfourrdmanyyears
ago.TheearliestexperinentwaspenforuredbyFa-nadaywhoirrrnersed
apieceofironinconcentratednitnicacidarrdfourrd'noreaction
betweentheironandtheacid.Then,heditutedthesolutionby
addingwatertoitbutagainthere\íasnoreaction.Butwhenhe
scratcfied the surface of the netal- with a glass rod' a violent

reaction resulted. This e>çeriment is a classic example whichr

denpnstrates the presence of passive layer'

Dr::ringthepastdecade,thedevelopmentofstrnfaceanalytical
tecl*riques sucïr as Augen Electron Spectroscopy' I-o\^1 Enenry Erectnon

Diffraction,X-raySpectroscopyetc.hasenabledmateria]-scientists
to analyse the su:rface composition of solid sur:faces' Vlith the aid

of these tec}rrriques, it has been fourrd that the passive layers on

themeta.lsr.lrface,ina]lrostaflcases'areoxidefilns.Theseoxide
filns can slow down the corrosion rate considerably' Therefone' the

presenceofthispassivelayeronmeta]su::faceisbeneficialinmost
alloys.Anunberofa'Iloyswhic}rexhribitgoodcorrosionnesistance
possess a stable oxide layer. Hence, the mechanism of oxide formation

and growth, and the meclaanism of brea]<down of the oxíde layen a:ne the

nostimportarrtfactorsaffectingthecorrosionpropertiesofa]most
al-t stl:cgical. imPlant alloYs'

2.3 Development of an Oxide Layer and its Breakdovnt

2.3.L Mecharrism of oxide formation and oxide growth

There are two ways o>{y'gen ffily react with metal sr¡rfaces ' physical

adsorption and chemical adsorption. Physical adsorptiOn jrrvolves no

chenical- bond and the bonding is by van der v'iaals fonces' ctrernical-

adsorptionj¡rvolvesachemica]-bondsuchasacovaferrtonionicbond.
pJ:rysicat adsorption usually occul?s on a par'-tially oxidized surface

where t]re first layer of par,tial layer forms by c}renrisorption. AS

uniform corrosion proceeds, electron tnansfer occurs urriformly oven

the sunface. o4¡gen ions in the solution on electr"ot]rte ane attnacted

--9--
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and the metal- sr.irface. The sligþt electrical charge on the metal

Surface is car.sed by the bombardment of free electrons upon the

metaf Srrface. Ttre physically adsorbed layer is very weak and the

heat of adsorPtion is lcx¿'

The formation of conducting oxide layers occurs when o>q¡gen

ions are attracted to the anodic site on the metal- sr::rface. At

the same tjÍe, tire metal- ions diffuse into the layer foi:ming a

ccnductive layen of metal- oxide. This process' So called the

place exchange mechanism (6), governs the growth of conducting

oxides.

The forrnation and grcr^rth of seni-conducting oxides is simila:n

to that for- conducting oxides o<cept there ane less netal- ions

diffused into the oxide layer: which nesul-ts in the semi-conducting

behavion of the oxide laYen.

The formation of a non-conducting oxide initiates by

chemiso::ption and subsequent growth by physical adsorption.

Frrther g¡owth of the layen is achieved by the pnesence of an

electnic field. The presence of the electnic field accelerates

the pa.ssage of ions in the direction of the field. The thidoess

of the oxide gnowLh depends on the total potential across the

oxide (5).

2.3.2 Breakdown of passive laYen

The cheinical breal<dcnm of oxide films requines a centa-i¡

conditions before the proceedilg of the breakdown (7):

1. A specific potentia-l- must be reached or- exceeded. This

is cal-}ed the cnitical potential- fon pitting or the

bnealcdovn-r potential .

2. Damaging species (halides ions) are needed to i¡itiate
and propagate brea]<down.
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3. Existence of an induction ti¡e between the time of

initiationofbreakdcümandconpletionofbreakdov¡rrwhen
pitti¡g on crevice corrosion collrnences '

4. Breakdovn-r occurs at higþIy local-ized sites '

Ttrerear,ethneeproposedmodelsofbrea]<dc[^jl]!'ihichcansatisfy

theabovereql.lire]IÊntsandcomrnonelenentscanbefou^ldina]-l
tÌ¡ree models '

Adsorbed Ion DisPlaceÍÞnt Model

Thepresenceofhalideions(e.g.C1-)promotesthebrea]<dc'i^in

byreplacingtheanions(o>q¡gerrions)intheoxidefilm.Theha]-ide
ionscombirrewiththemetalionsintheoxidelayenarrdtheoxide
Iayenentersintosolution.Oncethelayenisthinrredbreakdown
wiltproceed'explosively'atanever-jrtcreasingrate.The
displacenrentishigþlylocalizedarrdattac}<ismoretikelytooccuir
at susceptible sites such as defects and jnclusj'ons '

II Ion }tignation or Penetration l4cdel

Thisnpdelsuggeststhatthebrea}<dov¡nisachievedbythe
penetnation of damaging ions (hal-ide) througþ the oxide film and

!ühichreac]rthemeta]--filminterface.Vaniousmechanismsofthe
pe'etnation Model have been suggested and only few wilt be discussed

here. Richrardson arrd l{ood (Brg) suggest that there are always

existingporesordefectsinthefi]-mthatal-tcx^linstarrtaneous
penetnationoftjreha-]-ideionsthrrougþthefilm.Hoar,eta-I(10),
suggest that hal-ide ions errter the film without exchange with the

anions to produce a contaminated site' A few contamilated sites

nrignateirrtothefilmandcreateapathofhigþconductivitywhic}r
j¡ turn produces an electnic field around the path of migration'

Theelectrostaticforcecreatedbytheelectricfieldcausesthe
ruptr.ire of the film.
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:.,;,,'.Acyclicpotentiody-rarnicarroÒicpolarizationmeasunement\^7aS
*¡lprov.¿v'Thichjrrvolvedapotentíalscaninthenobledirection
until the anodic current neached 2000 ua/cm, wheneby the scarLning

djrection vTas reversed.. Pola:rization curves obtained by this

method e>ùibit two significant potentials. 1. The critica-l-

potential(E")orthepi-rtingpoterrtia-l.2.Theprotection
potential (En) or" the repassivation potential' It was fou-rd

that the nngnituae of the "difference potential" (E. - En) can

be correlated dinectty with the extent of crevice corrosicr-t

after ncre than four years in sea water (14' 15)'

For alloYs exhibiting

of hyster:isis di;ring cYclic

to crevice conrosion. Fig'

curve. As shoum in Fig' 3,

active-passive behavio::, the presence

polanization i¡dicates susceptibilitl¿

3 shows a schernatic cyctic polarization

negion I to 2 jldicates the meta-l suffens

genenal corrosion or ovenall dissolution on the metal sr-irface'

3 Schematic CYclic Polarization

active-passive behavion

Curve folr metal exhibiting



pojnt 2 indicates the starL of passivation as oxide layens begin

to build up on the metal- surface. At point 3, the Ftade Potential,

the metal is completely passivated. As the potential is incneased,

the metal- suffers corrosion at a much slower rate than at the rest

potential. As the potential reaches point 4, the cnitical- potential,

brealcdown of the oxide filrn occirns arrd generaJ- corrosion resutles.

At point 5, the l?everse scan stants. IYom 5 to 6, the existing pits

start to repassivate. At the point where the reverse and forwan:d

scarl ljfÌes intersect, point 6, the potential is cal-led the protection

potentiat. The nragnitude of protection potentía] depends on the

extent of pit propagation. I¡iilde (15) has demonstrated the ma¡ked

effect of pit propagation on the val-ue of protection poterrtial
(Fig. 4). It is clear from Fig. 4 that the greater the extent of

pit propagation the lower the protection potential.. It is therefore

importarrt when using cyclic potarization studies to deterrriirLe

susceptibility to crevice corrosion to use the sane ÍlÐ.imun current

vafue fon each of the specimens.

ELECTRODE POTENTIAL ( Vs SCE)

TYPE 430 STAI¡iLESS STEEL
lM NaCl 25'C. N2 Satd.
SWEEP SPE ED 0.6 V / h r.

CURRENT DENSITY 1 MA/cm2 )

Fig. 4 Cyclic polanization betravior of Tþe a30 stai¡less
steel in 1 M NaCl den'ionstrating the ma-r"ked effect
of pit propagation on protection potential

:r.rì

::. i

i::,: i

N EGATIV E
CURRENT

E

E-p
c

E*

I

'{
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3.1 SPecimen PreParation

All specimens \^7ere prepared by melting about 300 grams of alloy

jnavacur..rnjlductionfurnaceandcastingi¡rtocylindricalingots
about 20inn i¡ diameter arrd 100nro long' Ttre specir'rens were thert

machj¡redintocylindersl0rnrjrrdialrctenand2Orrrnlong.Oneendof
thespecimenswasther.rtaperedfr.omtheperimetertcn¡ardthecenter
at an angle of approxìmately 10 degree to ensure a good seal on the

specirrenholder(Fig.5).Aholewasthendrilledineveryspecirren
at the center of the tapened end' The speci:r'ens were then heat

treated- Ttre specimen compositions and heat treatnent tempe::atures

and times for al-l alloys tested are given jrr Table I'

rnrnediately after heat treatment, a piece of bnass rod was

forged l¡to tÏre hole of ever5i specimen' Anotheir hole was then

drilled threaded on the brass porLion. The specimen was then sanded

to600gritpaperarrdwasfinatlycleanedinanultrasonicc]-eaner
and ethanol solution imnrediately prior to testing'

3.2 E>çeninenta-l Set UP

fhestu'faceareaofeachspeci-nenwasdeterrni¡edbymeasL:ring
åJ-I dimensions to the nearest 0 ' 01nrn' The area of the tapered face

was not jnctuded' Thre specimen was then mounted on the electrode

holder as shorn¡n in Fig' 5 (16) ' The speci-:ren was then placed into

apolarizationcelltogetherwiththereferenceelectrode(suLrrrated
calomel electrode on SCE) and courrter electrodes (plati¡um electrodes)

- ! rj -' 5 ' Õnduction betweeri the reference electrode and

as shovm rn rrB
theso}utionwasac}rievedbyasa}tbridgeconrrection.Alralloys
weretestedj¡ra0.lTMsaljrresoluticrLbufferedwith0.034g/lof
NarCOt.

amprun TtiREE Ð(PERI}GNIATION

-- 16 --
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The solution was pouned jrlto the cell

water bath regulated at a temperature

testing solution was adjusted to 7'4

0.1 M NaOH on 0'1 M HCl'

¿-MOUNTING NUT

# EI FCTRODE HOLDER

ING ROD

WORKING
ELECT RODE

which was Placed into a

of 37 C. The PH of the

+ 0.1 by the addition of

SALT ERIDGE
CONNECÎION

THERMOMEfER

AUXILIARY
HOLDER

ELECTRODE

. FLOUROCARBON
GASKET

- 

TEST SPECIMEN

COMPR ESSION

Fig. 5 standard Reconrnended Electrode Holder arLd Polarization cell

Thespecimenwasa]-lowedtostabilizejrrthesolutionfortwo
hor.rsbefonethepolarizationwasstar'ted.Afterstabilization,
the rest potential-, Eï., was obtained and potentiody-rainic

polarizationwasstarted.Polarizationcu:rveswereobtainedby
using a ln/errl<ing potentiostat (#68T33) and an Erwjn Halstrup

motorpotentiometer (#l'{P165) ' The voltage scan rate was 600 mvÆrr

andtheSCanwasreverrsedwhenthecurnentdensityreachedava-]-ue

-- r7 --
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approxjmately tr^7o decades higþer tha]1 the breakdovm potential' The

",rr""r,t 
was npnitored using a strip cha't necorder. Fig. 6 shcx¿s

the schemat ic potentiodynar,ric anodic polarization wiring diagram'

Fig.6schenaticwiringdiagramforpotentiodyrramicanodic
polarization test

3. 3 Cyctic Potentiodyrarnic Polarization

Aften the specimen was placed lrr the pola:rization cell and

stablized for two hours, the rest potential was recorded and the

voltage scan vlas started at a rate of 600 mv/hr' The cument was

POT ENTI OSTAT

WORKIN 6
AUXILIARY 

REFERENC

POTENTI OMETER
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recordedcontinuouslyandwasconvertedintocurrentdensityby
simply dividing the current readj¡rg by the e>posed surface area

of the specimerr' The scan was revellsed when current density

reached a vaf-ue approximately two decad'es higher than the

brealcdoum potentiaf' The value of breakdovm potentiat % *d

protection potential En were also recorded'

3.4 Surface Arialysis by Augen Electron Spectroscopy

Auger Electron Spectroscopic analysis was performed by the

Educationa].andResearcfiServicesofCarnegie-MellonUniversity
whoutilizeð'aP}rysicalElectnonicslndustriesThinFirmAna].yzer.
Thospecimens\^Teresubnittedfor"thistest)(1)Co-249oCr-4.79o14o,
Q)Co-239oCr_2.!gofto.Thespeciilpnswerebothaboutl0nrndiamete::
arß'2nrninthic}c-ress.Thespecimensweresandedto600gritpapen
andtheni¡nrnersedfon6howsj-rl0.lTMNaClsolution(pH=7.4)
buffened wittr 0.034 g/1 of lrlarCor'

Sputtering of the specimen dr':ring Auger analysis was

accomplishedwitha2kVionbeamarrdaninitialcw¡Îentoflma
whichr was held for about 30 mi¡utes after wh-ichthe beam cr:rrent

wasgnaduallyilcneasedtoensurethatthebulkcompositionwas
reached.Theelemerrtpeai<swhichwer:emonitoredweneCo(775eV)'
Cr(571eV),0(510eV),C(2l2eY)andMoQ2IeY)'Complete
spectrawereta}<enpriortoarrdperiodical}ydrrringsputterring.

-- 19 --



RESULTS AND DISCUSSION

4.1 Results

A series of tests was conducted on Co - 25eo Cr atloys containing

0-|eoMor1-SeoNband2'5eoNb-SeoI{o'Thecomposition'heat
treatmenttemperaturearrdtimeforthealloysaregivenjnTableT.
potentiod¡nramic polarization was conducted on alt alloys' The resul-ts

areplottedaspolar.izationcurves.Foralloyscontairring0_79oYIo,,
thepolarizationcurvesareshov¡rrinFig.liuol]2.Fig.13showsthe
effect of Mo content on the nngnitude of Ec - Ep' For alloys

containingl_5goNb,thepolarizationcurvesareshowninFigs.14
to 22. For. an altoy containj¡g 2'5eo Nb - 5øo Mo' the polarization

curveisshovn.rinFig.23.Fig.24showstheeffectofMocontent
on the magnitude of E" and En' Fig' 25 shows the effect of Nb content

onthemagnitudeofE.andEnarrdFig.26showstheeffectoflllbcontent

onthemagnitudeofE"-Ep.Altthesignificarrtpotentialsofeacùr
n,,ñrê rre øiven in Table II'\_- o

T\¡ospecimenshTe]]esl¡bnritredforAugerE}ectronSpectroscopic

Analysis.TtrecompositionprofilesfortheCo_249oC\._4.79oMo
and Co - 23eo Cr - 2'1eo Mo are shornrn in Fig' 27 and Fig' 28' A

com-olete spectrr..rn prior to the start of sputtering is shov¡rr in Fig'

2garrdaSpectrumafter28nilliamp-milutesofsputteringisshov¡n
in Fig. 30.

-- 20 --



TABLE

7

B

9

10

1l
T7,

14*

15

16

17*

1B*

19

20x

2T

22x

L5

Nb

09o

09o

09o

09o

09o

09o

I.2lqo

I.ZIeo
a ao,
L.L'O

2.2eo

2.7Seo

2.75eo

4.jeo

).09o

4.09o

^ -O,1 .3'o

142 3

1423

L+23
-l l-rt ?

r423

142 3

142 3

I423

I+23

r423

r423

I+23

142 3

142 3

142 3

142 3

96

96

96

96

96

96

96

96

96

96

96

96

96

96

96

96

Co
Composition
Cr Mo

Heat Treatment 1

Temp. TiITre

K Hrs.

Heat, Treatment 2'!

'Iemp. rrme
K fiTS.

1473

1473

147 3

1473

147 3

Bal 26.Ieo jeo

Baf 25.6eo leo

Bal- 22 . Beo 2 .Leo

Bal- 24.Beo 3.4eo

Bal- 23 . Beo 4 .7eo

Bal 23.Ieo 7 .\eo

Bal- 26eo jeo

Bal 26eo jeo

BaJ- 25.2eo }ea

Bal- 25.2eo jeo

Ba-l 26.4eo }eo

Bal- 26.4eo }eo

BaL 24.7eo jeo

Bal- 24.7eo }eo

Bal 24.1eo jeo

Bal- 25qo Seo

4B

4B

4B

4B

4B

:'r Heat treatment 2 was ernployed for Solution treatmerrt of ì'liobiun't

carbide which was found ill the microstructure of the specimen aften

Heat treatment 1.
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4.2 DISCUSS]ON

4.2.I Effect of Mo content on corcosion behavior of co - cn alloy

As shov¿r in Fig. 24 and Table II the critica]. poterrtial, EC,

shifts sligþtly to the nobte direction as the molybdenu'n content

increases.AtpotentialE",breakdournoccr-:rsonthesurfacefilm

and general corrosion proceeds. It follcn¡s that the addition of

molybdenum hinders the breakdovm of the sr.:rface film' The hindering

nechanism remains to be investigated' However' nnny studies have

been done on the r,ole of al}oyed molybderrum on the corr'osion resis-

tarlceofstainlesssteel.M.Kolotyr.kinet.al.(17)studiedFe
- l}eo Cr and Fe - 26eo C¡n with Mo contents of 0 - L'7 atomic pencent

in suphiric acid at 22 C. Tests were performed in the potential

region corresponding to the active state of the surface on these

steels. They proposed that the jrhibiting action of the Mo is

achievedbythescreerringactionofitsoxideswhichaccumulate
on the surface of the steel during thein dissolution' A ten-fol-d

inhjbition of the dissotution pnocess was achieved on the product-

ion of onry a fraction of a monorayen of Mo. They suggest that

this inhibiting effect of a smafl degrees of sunface coverage nny be

e>plained if the dissotution of the solid meta-l- ta]<es place i'u-reverLly

and the largest contrjbution to the ovenal-} rate of this process of

disso]-utionta]cesplaceonanelativelysmallnumberofthemost
active centres.

suginroto and Sawada (18) suggest that moofr ions added to

a neutnal- Nacr sorution act effectively as a pitting j¡rhi-bitor

for the 20eo cr - 25eo Ni steel without Molybdenum' Pit initiation

arLd gr,owth are both supPnessed by small adôitions of MoO [ions. It

was found that the added Uod( ions were adso:rbed preferentially on

the steel s'nface a'd pneclude the adsorption of chloride ions' M"O I
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FigrLre

No.

I
9

10

11

L2

14*

l5
16

17x

l8*
19

z0k

2t

zzx

23

r'FEL!!rcp
mV mV mVCo

Cornposition

CnMo

Bal- 26.7eo jeo

BaJ- 25.6eo Leo

Bal- 22.8% Z.Ieo

Bal- 24. B% 3.4eo

Bal 23.Beo 4 .Jeo

Bal- 23.Ieo 7 .Seo

Bal 26eo jeo

Bal- 26eo ]eo

Bal- 25.2eo \eo

Bal 25.2eo jeo

Ba-1 26.4eo jeo

Bal- 26.4eo jeo

Bal- 24.Jeo jeo

Ba-l 24.7eo ]eo

Bal- 24.7eo jeo

Ba-l- 25'o Seo

- 25 410

B 376

52 263

390 0

426 0

440 0

- 68 161

-110 293

NiI Nil
- 90 205

- 60 280

- 28 253

-100 480

420 0

- 40 548

366 27

.I]rE
L-L

a\ Tl

MVNb

09o

09o

09o

^o,U'o

09o

^O,U'o

I.2leo

I.2Ieo
a ao,
L. L'O

.aø
L.L'O

O'1Çoz^

^ -r O,l. I C'o

4.0%

4.jeo

4.jeo

o tro.

-310
_2IB

-290

-286

-24+

-LÕ I

-260

-2+0

-2L3

-28+

-180
aoa_LOJ

-224
1trO_IJ O

- 330

-220

ootrJOU

384

1-1 trJ]U

390

426

440

93

183

120

115

220

225

380

420

508

393

Afl of the above alloys has beerr heat treated at 1423 K fon 96

hor.rs before the specimens Ï^/ere quencùled irL wate:r.

Specimens with arr astenisk above \^7ene furthen heat treated at

1473 K for 48 hot¡rs.
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fi]-tî was then formed on the steel surface by the reduction of l{og-fr

ions,andthefilmpreventedthechlorideattac]<.Theyal-sofourrd
thatthealloyingMoinsteelwou].dshiftthepitìngpotentialin
the ncble direction. They suggest that the process of irrlLibition

u]
q
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lr'l

t
E

r0
3
tsz
lr¡
]-o
fL

I
-Mo

-/

\ ,,-'

for the two precedì¡g cases is sonewhat conrnon. For" alloyìIg l'1o

_t
steel, Moo-'lu ions go into solution dr¡rjlg early dissolution and

::e-adsorption occuns on the active sites withinrPits at passivation

stage. That is, the adsonption process of MoO-[ ions' whic]i

SuppnessesthepitgrowthisthougþttobeÒonrronjrrbothmethods.

Olefjord and Elfstrom (19)

corrosion behavior of some Pure

did some irrterestjng work on

metal-s connonly used in stainless

tr/

\,,

--,1'\..? --¿

¿--¿' 
t

-) -ll0- l0'

Fig. 51 Cornosion

1 l0 100

cURRENf DENSITY {¡ Amp./ cm2 )

behavior of some pure netal.s (Ref' 19)
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steel. The solutions they employed wene 0'1 M HCl and 0'4 M NaCl'

TlreresultsareshowninFig.Sl.Orromiumappearstohavethe
higþest brea]<dov¡n potential as compared to notybdenum' Ttree

otheralloyswerealsotested,(1)le-21.]9"cr-I7.39o1'Ii-3.69oMo,
e) Fe-18 .7e"Cr-LI.2e"Ni-1 .Jeoqo, ( 3 ) Fe-1Be'Cb-BeNi-0 ' leoMo '

The polarization curves are shourn tn Eíg' 32 ' The polar:ization

curves of the alloys show that the high }lo altoyed steel'

-/'

.?¿
-

--¿

tfz l0-' I lu

cURRENT DENsITY l¡r AmP'/ cm2l

Eíg.32 Potarization curves for^ i"Ío containing stainless steel

nr.rrben 1t

alloys are

potential-

is passive ovell a broad potential range'

sensitive to pilting qorrosion above a

which tjmits their passive range' These

Íne other two

critical
, results are i¡r
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agreeÍÞntwiththeresultsj¡rthepreserrtirrvestigationthatthe
critical- potential j¡rcreases as I(: content increases' Although

two different base a'tloys were enPloyed' there is a clear

indication that Mo jrr Co - Cn al1oys arrd stai¡ùess steel-s

contributes to a nerked improvenrent of pittilg resistance'

Bandy and Cahoon (20) ¿id sone polarization tests on

austenitic staj¡rless steels in Rìngerrs solution' They concluded

that the corrosion resistance by shiftjng Ec in the nobl-e

diirection, arid Mo appears to be the most effective in imparting

resistance to loca-l-izeð' cornosion'

It has been reco gttrzeð' fo:r some tjme that the prrotection

potentialrEprisoneofthemajorindicationsofthepolarization
test. However, En itself is not " 

p*P:T:^ot^.-n-- material.' The

magnitude of Eo aãpenas on the 
,"f 

tT^:tt propagation'

This effect na3 tfr"u'Cy been discussed in section 2'5' The

significanceofEoisthereforeapplicabteforcompar-isonp].rposes
if pit propagatiol ," al_lowed to the same exLent fon all specimens'

Inal-fthepotentiodyramicpolarizationtestshere'thevoltage
scan \^ras reversed at current about 100 '¡ra/cml' 

vlilde (15) has

shownthatthemagnitudeofthe,,d.iffererrcepotential''(E._oÞ)
is related to the crevice corrosion weigþt.loss' For alloys that

e><l:rji:it no brea]<dovm dtring a normaf polarization test ' the

presence of hysteresis duri¡rg cyclic polanization with an

artificiafcrevicejrrdicatessusceptibilitytoæevicecorrosion.
Porrrbaixetal.(2t)travedescr^jbedthesignificance"':nîu
demonstrated that pits initiated at potentt*: *1' 

ll l:jî "
short period of tjme would contjnue to grow when the specimen was

held at a potential between E. and En' At potential-s active to

E.,pitsceasedtogrowarrdtñesteeisurfacerepassivated.Thre
P 

'-- 
.: ñ

pi'otection potential' "n] 
as shov'in an lag' a-

direction as Mo content i¡æeases' This is the potential at which

theexistingpitsstarttorepassivateagain.rtcanbeassr.rned
that the same proc;ss as suggested by Suginoto and Sawada i'e'

adsorrptionofMoO.u,ta-r<esplacedr:ringrepassivation.Again,as
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the voltage scan contjriues in the dir^ection mone noble than E"r

general corrosion occuns. As alloying elemerrts dissolve i¡to the
-usolution, MoO f, ions can be forrned. Vrlherr the reverse scan starLs'

-)MoO-Í ions absorb onto the s¡rface and nepassivati-on occuns. ThuS,
4

the pnesence of Mo in co - cn alloys shifts both the E. and tn *
the noble dinection. Fon stainless steel, hlildeis e>çerimental

data (15) al-so show that the presence of Mo shifts both E. and E

in the noble direction.

The difference potential E. - Ep fon a.l-l the Co - Cr - Mo

alloys tested is sunnarized in Fig. 13. The vaf-ue of E" - En is
zero fon Co - Cn alloys containjn1 3eor Seo and leo of Mo. Fon al-loys

containi¡g \eo to 2eo of Mo, the va-l-ue of E" - En Proeressively
decreases. fn sumrnar5/' the pnesence of Molybdem.rn in Co - Cn

alloys improves the cnevice and pitting corn'osion nesistarrce of
the alloy.

In or.der. to investigate the reasons fon the effect of Mo on

the corrosion nesistance of Co - Cn alloys, two speci-nens were

subnilted fon surface analysis by Augen Electron Spectroscopy.

The composition profiles for both altoys Co - 24eo Cr' - 4.7eo Mo

arrd co - 23eo cr - 2.1eo Mo show litf le effect on the ovenal-l

profiles due to a decrease of Molybdenum content from 4.7eo to 2.Ieo.

Both alloys show higþ sunface concentrations of ca:rbon and o>rygen.

The carbon concentnation decreases rapidly upon sputtening reacld:rg

an equitibrium value aften less than 10 m:irHamp-minutes. The

carcbon concentr:ation on the surface is likely due to contarnination

during handling irr atnosphere and is not a part of the actual oxide

film. Evidence fo:r this is given by Bandy (22) atfi Cahoon and

Brandy (26) who observed much l-owen concentnations of ca::bon on

the sr.rface dr.ring a second profile obta-ined on a different spot

of the same specimen i¡nrediately follcr,iing the i¡itial profile.
If the existence of ca:lbon concentration on the sr-r'face is due to

contarnination, then it fol-lows, aS indicated from Figs. 27 and 28

that the oxide fifms for- both alloys a:re located beneath the carbon



contamjrratedlayerwhichrequinesaboutl0rnilliarnp-minutesof
sputtering tjme to remove' If this is true' the oxide layen for

both alloys is mainly rich jn chromium and o>q/gen'

The chrornium concent::ation in both aÌloys peaJcs at about 10

nùfliamp-ninutes and graduatly decreases to a nrinjlum at about 40

to50nilliamp-nirrutes.AfterB0rnilliamp-inìrrutesofspulterhg,
the cln concentration fon both alloys reached the bulk concentration'

Thre o>q¡gen concentration j¡r both alloys also peal<s at about 10

mitlianp-mj¡rutesofspu-tteningtimeandgnaduallydecr:easestoa
bulJ< concentnation after about 60 rnilliarnp-rainutes. The simila:r

sr:rface concentration profiles fo:: both chrornium and o>q¡gen strongly

indicatesthatasur-facestr,uctur^ecomposedofchror,riunoxideis
likely.

The nolybdenum content on the surface of both alloys is

esserrtia]Lyzero.SomesignatofCoarrdMonrigþthavebeenpid<ed
upduetotheatomiclayersofCoandMou.rderneaththeoxidefilin.
ThisindicatesthattheconcentrationofMoandCoareevenloweir
than that indicated at 10 milliamp-mi¡rutes sputLerilg time as shourn

inFig.27æñ'28.TheabsenceofMoonthesu:rfaceisshorn¡rrin
Fig. 29 where trre 22I eV Mo peak is clearly absent' After 28

rrrittiamp-nrirrutes of sputtenirg' the 22L eY Mo pea}< can be found

inrnediately following the 2I2 eV Ar peak' The 186 eV and 22I ev

peaksshouldbeessentialrythesamenagnitude(23)andtherefor.e
the peal< at 186 eV is likely due to the Mo signal'

Sugimoto and Sawada (18) analyzed the passive film of sone

Motybdenunrcontainjngausteniticstajrrlessstee]-semployingX-ray
phrotoelectron spectroscoPy' Ttrey have shown that the Mo content

of the film is dinectly proportion to the bulk content' They

suggestthatthecontrj.butionofMoconterrtintnepassivefilm
isthecauseoftheimprovedpittingresistarrceofsteel.However:,
it strouJ.d be noted that they cl-aim the surface Mo is in the

hexavar_ent state. Auger anarysis for M¡ requires minitoning of
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eithen the 186 ÌeV or 22l e"l Pe*, both of which involve vafence

electrons. Sjnce Augei: peaks from non-vafence electrons are

required to accurately compare surface oxide concentnation with

bul]< concentration becamse of different bj¡rdi¡g enengies invovled

(24),t}reAugerresu]-tsdeternjnedusingva-lenceelectronpea}<s

coul-d be erroneous. Also, the sputtering soss-sections vary from

atom to atom and depend upon i-ts chenical environnent' An unusually

drastic example is the renoval of equal amounts of Mo deposited on

various s*nfaces (25): Mo forms on tr.rrgsten with a r¡niform film

with a normal spu-ttening pr"ofile white on Cu' Au and Af it

agglomerates and can be obsenved oven a range of depth' Anothen

distr:rbj¡rg effect is the ion bon'barônent jnduced movemerrt of ions

on the boundaries of the film (26)' Ttrese effects lirnit the

accuracy of Auger Electron Spectnoscopy and possibly lead to

ert'oneou.s nesu]ts of the above tests '

OlefjondandElfstrom(19)studiedthecomposition-,ofthe
surface during passivation of staj¡rless steel Electron spectroscopy

for onenrical Analysis (ESCA) was employed fon swface arialysis' Two

alloys were used, (1) Fe-2I.]9ocr-I7. 39oNi-3.62oMo, (2) Fe-18. 79oCn-

11.2eNi-1 .leoMo. Fon 3'6e" Flo steel, they for'u-rd the oxide fifn

consisted of the cations of Fe, Cr and Mo' The Niclcel content in

the oxide was rcxnr. The doni¡rating erement i¡ the passive film

againischr,onium.Molybderrumexistsi¡rmorethanoneoädestate
whichr depends on the polarized potential' At low potential'

nrotybdenum exists as low val-ence Mo-oxide, while at a higþ potential

(500mV),Moisoxidizedtoitshexava.lerrcestate.trisresult
agreeswiththatofsugimotoarrdsawada(18).OlefjondarrdElfstron
al-so did some tests on the two alloys by polarirzing them at a

potential 200nv below the corrosion potential- where no passive film

will grow on the surface. They found that the sr'u'face of the al1oy

dr.'ing active dissolution is enriched with the altoying elements'

Itwassuggestedthattheerrric}redsurfacezonedr:rirrgactive
dissorution consists of two prarres. one consisting of atoms in the

oxide and the other ir' the outerrnost layer: i¡r the metal phase

i¡nnediately under the oxide. The diffenence of concentration of
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alloying elemerrts in the surface and bul-l< is in the range of 20 to

30eo. Their expeninent showed that for 3.6eoMo steel, Cr and Ni ane

each enrichedby a factorof 1.5, while Mo is en:richedby a facton

of 7 at the surface laye:: as companed to the bulk. For the case

of polarization at a potential- j¡r the passive lange, the altoy

surface nainly consisted of a layer of chromium oxide arrd Mo was

not errniched at al-I. They suggested that the role of Molybdenum

is to stabilize the passive film and the beneficial- effect is not

nelated to its presence i¡r the passive filn. Instead, the Mo

lowers the dissol-ution rate i¡ the active phase and theneby pr"ovokes

formation of the passive film during passivation and during local

corrosive attack.

Figs. 27 arfi.28 show no indication of Mo enricliirent at al-l-

which contnadicts the resu-lt of Olefjord and Elfstrom. This is an

agreenrent with the resufts of Lurnsden et al- Q7) and Pons et al- (24)

who fourid no Mo on the surface of stainless steels usi¡g AES. However,

the specimens submitted for AES test were not potentiody-ranric polarized

befone the test. Both alloys were inrnersed in the 0.17M sal-ine solution

buffened !,7ith 0.034 g/1 of Ì'larc!, for 6 hours prion to surface analysis.

The nest potential for 6 hoi¡rs irimension fo:r both alloys is about -300mV

which is well bel-ow the breakdown potentiaJ-. This coul-d mean the rest

potential is not higþ enough to activate the mechanism (similar. to short

nange ordening) suggested by Olefjond arrd Elfstrom. However, it is

inter"esti¡rg to note the sunface depletion of Mo and Co of the two

specimens. It can be assumed that the deptetion of Mo and Co at the

surface is nraìnly due to the low rest potential which causes the

errichment of cn at the surface. It may be that the cr is more mobile

than Co and Mo under the low el-ectrochemica-l- potential force' The

resul-t is the trougþ of Cn concentration at about 40 ma minutes as

shornrn in Figs . 2j anÒ, 28. The e>planation for the effect of l{o on the

polarization behavion is not ifilnediately obvious because of the

conftictjng Augen and ESCA resul-ts. Fwther j:rvestigation of the

oxide film (films buift up at various potentials) is necessar5l foir

interpretation of the Mo effect.
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4.2.2 Effect of Niobium content on corrosion behavio:r of

Cobal-t - Chrromiun al-loY

TTre effect of Niobium content on corrosion behavior of Cobalt

chromium atloy is illustrated in Figs. 25 and 26. For all-oys heat

tneated at L423 K fon 96 hows, the values of E" and En both decrease

from 0 to Zeo Nb content arrd both i¡rcrease from 2 to 5eo Nb content '

The diffenence potential E. - Ep decreases from about 400 mV at Oeo

Nb to O mV at 5% Nb. For alloys given a further heat treatment at

1473 K for 48 hours, the va-l-ue of E" - En increases as Nb content

incneases. Howeven, the E. behavior is sirnilar for both treatments'

increasing from about 160 mV at Zeo No to about 450 mV for Seo Nb' Fon

atloys heat treated at 1423 K for 96 hours arrd then 1473..K for 48

hours, the value of En nemains at arourrd -50 mV regardless of Nb

content. Thenefo"", 
-it is suggested that the presence of Nb j:r Co-C\'

base alloys would increase the pitting potentiil E. of the alloy

proviaing that the Nb content is greater than 2 pencent' For the

purpose of crevice corrosion resistance' Graph 20 indicates that the

5eo Nb a1loy treated at 1423 K for 96 hours possesses the best crevice

corrosion resistance. Ttre value of E" - En for Seo Nb alloy treated

at two different temperatr.res exhjbits a difference of al-most 500 mV'

According to the va-l-ue of E" - Ep, the a11oy treated at 1423 K fon

96 houns, is inrm.:ne to crevice corrosion. Due to the lad< of
j¡formation on the surface analysis of these alloys, it is hard to

draw conclusions as to tjre mechanism of Nb on the corrosion behavior

of co - cr base alloys. It may well be that the resul-ts obtajned

for the S% l,ib alloy heat tneated for 96 hoi:rs at 1420 K are en'oneous

and that Nb had little effect at al-I on the corrosion behavior of Co-

25eo Cr alloys.

A Co-2|eob-2. Se"Nb-seoMo alloy was afso tested arid the resul-t is

shovfn in Fig. 23. Both the E. and En for this al-Ioy are rcne active

tharr the E and E- of k.-25eoOr-5eoMo.- A.l-so: the E^ - E* for 2'5eoNb-
-c ---."p -- c p

SøoMo is 27 mV whiie the val-ue fon SeoMo alloy is zero. This means the

addition of 2.SeoNb to the SeoMo attoy increases slightty the

susceptibirity to crevice corrosion.
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4.2.3 Observation from rnicrostructure

Thenicrostnuctr:resofthe0toTgoMoCo-Craltoysareshornnin
Figs. 33 ¡637'. For alloys contain 1 to SeoNb, the rnicrostructures

are shorn¡n from Figs. 38 to 46, the rnicrostruct're of Co-Cr'-5eoMo-2'5eoNb

is shcn^m in fig. 4Z .

ForNbcontainingalloys,theeffectofheattreatnentisnot
obvj.or:sasfarasrnicr,ostructureisconcenned.ThevariationofMo
arrdNbcontentsi¡rCo-Cr.altoysSeenstohavelittleonnoeffect
on the micnostr.uctr.re. It is well ]crown that the addition of l{o in

co-cr altoys wil-l strerLgthen the alloys considerably' In Co-Cn-Mo

alloys, the matnix is HCP at 1073 i( and FCC at I2l3 K' Fon the

alloystestedhereitwasconfirnedbyX_naydiffractionthatthe
structur:e was a nixtire of HCP arrd FCC. The rnicrostructures are

composedmainlyoftwirtrredgnainswithdispersedimptrritycarbi¿es.
Thisise>çectedfonalloysquenctred.inwater"fromtemperatureof
1423 K.
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Fi ø. 33 Co - 25e"Cþ X100
--o

I

Fig.

1423 K 96 hrs.

34 Co - Z\eoCr - 1e"Mo X100
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1423 K 96 hns.
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Fig. 35 Co - 2seocr - 2e,Mo X1C0

1423 K 96 hrs.

Co - 2|eoCr - 3e"Mo X100

1423 K 96 hrs.
Fiø.36--o
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37 Cn - 2\eoCr - 7eol4o X100
1423 K 96 hrs.

Co-ZleoCn-1eoNb
1423 K 96 hr.s.

x300
1473 K 48 hrs.

Fig. 3B
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39 b-25e"Cr-1eoNb X350

1423 K 96 hrs.

Co - 25%Cr - Z.SeoNb X100

1423 K 96 hrs.
Fig. 40
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Fig. 41 b - 25e"Cn - 2.5eo1'trb X100
1423 K 96 hrs. 1473 K 48 hrs'

Cþ - z\eocr - 3.SeoNb X100
1423 K 96 hr"s.

Fig. +2
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Fig.43 Co - ZïeoCr - 3'SeoNb X100

1423 K 96 hrrs. 1473 K 48 hrs'

C-D - 25e"Cr - seNb X1300

1423 K 96 hrs.
Fig. 44
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Fig.45 C.n - Z5saCr - SeoNb X100
1423 K 96 hrs.

C-Ð - zseocr - SeoNb X100
1423 K 96 hrs. 1473 K 48 hrs.
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47 Co - 2ïeoCn - SeoMo - 2.5%Nb X100
1423 K 96 hns.
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4.3 Conclusions

The presence of Mo in Co base CY' alloy has a beneficia-l- effect

on the conrosion resistance of the a-ì-Ioy. Both the piting corrosion

arrd cnevice coposion nesistance jncreased with the i¡crease of
nrolybdenum content in the alloy. The optimr.m crorrosion nesistance

requires 3 on more wb. eo ,\o. Co base Cr a-trloys containing less than

2ro Mo are susceptible to crevice corn¡sion i¡ physiological

environmerrt.

The exact reasons for the beneficial- effect of Mo on the coffosion

resistance of Co base Cn alloys rîenìains to be investigated. The

results of Auger Analysis give no indication as to the preserrce of Mo

in the oxide film nor the enricùrment of I4c on the metal- sunface.

Further study is suggested on alloys polarized at high potentials

nean the critical potentiaÌ.

The effect of Nb on the corrosion behavior of Co base Cr alloys

is not clear. However, the pnesence of ì'lb up to 4eo ot Seo increases

sliglrtly the critical potential- or the pitting potential. Heat

tneatment temperature seeriìs to have some effect on the En of the SeoNb

a-lloy. C-o-25eoCr-5%Nb heat treated at 1423 K fon 96 hours seem to be

i¡nnme from crevice corrrosion in physiologicaf environment while the

same alloy treated an exLna 48 hours at 1473 K is higþly susceptibte.

Further investigation is necessaï5i for clarification'
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