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ABSTRACT

Localized corrosion, namely pitt'ing and crevice corrosion, is

the major cause of failure of rnetalli'c orthopedlc implants. Crevice

corrosion occurs in shielded areas and is very common in multi-comPonent

implants, ê.g.r coFFoSion between screws and plates in stainless steel

fixation deyices. Pi'tttng corrosi'on Eenerally occurs in active-passive

metals in chlorîde envÌronnent due to the breakdown of passivity. Pits

initiate when the potenttal of the rnetal is more noble than the cr,itical

pitting potential, Ec, of the rnetal in the enyironment under jnvestigat'i<ln.

Actiyely Erowtng pits repassiyate at a potential called the protection

potential, E^. Both pitting and crevi'ce corrosion are generally governed
P

by a similar nechantsn except that due to restricted flow of electro'lyte

and oxygen the cneyice enyironment has a lower pH and h'igher chloride ion

concentratt'on.

Electrochemical tests in Ringerls physiological solut'ion on

Type 3161 stainless steel and 65% Co,30% Cr,5% Mo alloy show that the

cobalt based alloy has nobler values of E. and EO. Addition of more

chromium, nickel and molybdenwn shifts the E. values of stainless steel

in the noble direction. However, lower pH and higher chloride ion

concentration driye both E. and EO in the actiye d'irection. The E. and

E^ values of the cobalt based alloy are rather insensitiye to changes in
p

pH and chloride ion concentration. Therefore, the cobalt based a'lloy

appears to be more desirable in nulti-colnPonent orthopedic devices where

the chances of creyice corroston are hi'gh.

Atornic absorption analyses of Rr'ngerrs solution contaÌning

corrosion products of Type 3161 stainless steel and 65% Co,30% Cr, 5% Mo
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ii.

alloy show that no selective dissolut'ion occurs during the localized

corrosion of these a11oys.

Results of Auger electron spectroscopic analyses show that the

oxide film of Type 3161 stainless steel contain metals in higher valence

states cornpared to those of rnore corrosi'on resistant stainless steel and

the cobalt based alloys. Th'is poss'ib1y accounts for the more active

critical pitting potentîa1 of Type 3161 stainless steel. It is also

observed that for two stain'less steel a'lloys containing the same amount

of chromium in the bulk, the oxi'de filn of the hiEher molybdenum bearing

alloy lias more chromium than that of the less nolybdenum bearing al1oy.

This implies that molybdenum tmproves the passiyity of stainless steel

a'l I oys by s tabi 1 i zi ng more chnornl';unn on the oxi de fi I m.
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CHAPTER I 1

TNTRODUCTTON

Orthopedic devices have been reported to have failed due to

corrosìon [1,2f, 1ow cyc'le fatigue [3,4], poor design, and manufacturìng

defects t5l . l^Jhile general corrosion inevitab'ly occurs even when the metal

is in the passive state and may not cause any serious problem, localized

corrosion such as pitting and especrially crevice attack is the predominant

cause for failure in service [6-8]. Crevjce corrosion occurs in shielded

areas and is very common in multi-component imp'lants, ê.g., corros'ion

between screws and plates in stainless steel fixation devices t9l. Pitting

corrosion occurs in active-passive alloys such as austenitic stainless

stee'ls in chloride environments. These types of coruosion cause severe

contamination of the tissues around an imp'lant, leading to inflamation,

pain and related complications ttOl. PÍts may also act as stress raisetts

which could initiate"fracture [11]. Recent studies [12] have shown that an

immune reaction may develop in the tissues adjacent to buried metallic

implants. This may lead to vascular changes, local bone necrosis and even

loosening of the prosthesis. The reason may be the high'level of metallic

ions generalìy found within and around crevices. Recently, carcinogenic

properties of corrosion products from prosthetic devices have also been

reported ttS¡.

Though Type 316L stainless stee'l seems to be significantly prone

to pitting and crevice corrosion II2,L4], there are a number of recorded

cases 'i n whi ch Co-Cr-Mo devi ces [ 7 ,15] and Co-Cr-l,'l-Ni devi ces [ 16] had to

be removed for reasons which were subsequently ascribed to corrosion.

Both Type 3161 stainless steel and cast Co-Cr-Mo ailoys are extensively used
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as metal I i c impl ant materi a1 s. * l¡lhi 1e both have adequate mechan'ical properti es

and excellent general corrosion resistance, none are immune from localized

coryosion. Stainless steel however is considerably more prone to localized

attack than cast Co-Cr-Mo alloys. 
,:,::,::..',

The superior corrosion resistance of the above mentioned alloys is 
.

ascribed to the passive films that form on the surface of these alloys and

impart passivity to them t17]. Localized corrosion presumably occurs due to .,,, ,,,,,,,,

the breakdown of the passive film. In the laboratory, êlectrochemical '''1''':.':''

tests are performed to investigate the susceptibiI ity of different material s ,:,,:,,,'r,,:1,;'.'.'-...

to localized corrosion. These tests are accelerated tests in simulated

environments and are designed to predict the corrosion behaviorin service.

The present study sought to determine the electrochemical parameters

involved in the passìvity and the breakdown of passiv'ity of commonly used

metal'lic'implant materials such as Type 3161 austenitic stainless steel and

Co-Cr-Mo alloys. The effect of individual alloying elements on the 
;

electrochemical behavior was also studied. The purpose was to compare

the existing alloys on the basis of thejr comosion resistance and to

develop and recommend better alloys relativeìy or totally immune frorn ,,,'.,',,
;.: 

'::'--:-:-.;:

localized corrosion in the environment under consideration, namely human 
',:.:,,',,:,:,,,

interstitial fluid. It is however felt that to obtain an insight'into 
'::ii':"':':::

the complex nature of the passivity of an alloy, investigation of the

el ectrochemi cal parameters al one i s not suff i ci ent. Therefore , an attempt 
;:, :,,; j;.¡:,

was made to characterize the passive film itself by the Auger electron ii::'::''1)r:

spectroscopic technique. This m'ight lead to a better understanding of the

nature of passivity and the cause of its breakdown.

*A list of metallic implant materials and their chemical
composition is shown in Appendix I.
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Though the study wasctpe,tr.fionnmetJ:d on orthopedic implant materials,

it has a much broader implication in that stainless steel and many active

passive alloys are highly susceptible to localized corrosion in halide

environments of which human extra-cellu'lar f'luid is a typical example. In ,.,,',.r,

this nespect, this study wiil encompass many industrial problem areas such

as corrosion in chemical p'lants, tefineries, nuclear p'lants, seaswater

corrosil on o etc. .,,, , 
',,,,,i

'. - ., . ..- :--

ì:: ..
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CHAPTER 2:.

LTTERATURE SURVEY

2.1 Metallurgical and Corrosion Studies on Metallic Impìants and Implant
Materi aï s

The compatibility of metallic implants in the human physiologica'l

environment has been studied from different aspects such as investigations
..: .:

on fai'led orthopedic devices and various in-vivo and in-vitro tests. Table 1 :,,,.,

shows the results of a detailed study conducted by Scales [7] on imp'lants

removed from 667 patients treated in England. The imp'lants were inserted

during 1962-65 and a fol'low-up was made in 1969. Stainless steel,

Co-Cr-Mo, and titanium implants conforming to B.S. 3531 were used. Bacterio-

logical and metal'lurgical examination revealed that a high percentage of all

the alloys had to be removed due to corrosîon. Co'langelo and Greene [2]

also noticed corrosion damage in 9L% of all multi-component devices that

they studied.

Cahoon and Paxton tllbbased their investigations on metallographic

and e'lectron mi croprobe ana'lyses of fai I ed imp'l ants . In mul ti -component

devices corrosion was generally observed within the crevices such as screw

hole areas. It was revealed that the ìnclusion content of some of the

failed stainless steel implants was prohibitive'ly high, thus impairing the

fatigue strength of the material. In some cast imp'lants, failure was

ascribed to porosity. In some of the stainless steel imp'lants the

molybdenum csntent was found to be below the minimum A.S.T.M. spec'ification

of 2.0%, thus lowering the pitting corrosion resistance.

X-ray studies to analyze the corrosÍon products obtained from a

high carbon steel implant were conducted by Cahoon tl8l. The corrosion
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TABLE T 17]

STUDIES ON RETRIEVED METALLIC IMPLANTS

TABLE 1(a)

PERCENTAGE OF CORRODED IIvIPLANTS AMONG 667 RE},IOVEI)

S. S. Co-Cr*Mo Ti tani um

Number and percentage of total 478 (7L6%) 83 (r2,4%) 106 (rs,B%)number of iinplants

Percentage corrosion or
fretti ng" 62'6 2l'7 22'6

Table 1-þ) shows the inctdence of contact/crevice coryosìon and fretting
andnechani.calfat]ureofcomponentsofimp1antsusedinwe.ight*beartlng
bones 

.

TABLE 1(b) 
,

.

313 MULTIPIECE IMPLANTS = 7,759 COMPONENTS USED
IN I^IEIGHT.BEARING BONES ONLY :

S, S. Co-Cr-Mo Titani um
'r[ "410 184 165 

: . :

Percentage wi th cr¡ntact/crevi ce a-t trô - , ,Ê A :'':''"':''

corrosioñ ano/or-ir;;;i;õ'
,-t,;'.t,.',
,.-.-,,,Percentage.with fatigue or 0.S 6.5 4.gtorsion failure

. continued
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Table 1(c) shows the percentage of contact/crevice corrosion andlor
fretting and mechanical failure of screws used with tntertrochanteric
devices and bone-plates in weight-bearing bclnes.

TABLE 1(c)

T,232 SCREbIS USED l^IITH INTERTROCHANTERIC AND BONE PLATES
IN hIETGHÏII.BEARING BONE

S, S, Co^Cr-Mo Ti tani um7,002 LIz 118 
:

Percentage with contactlcreyice Fr Ân ^ ,ô ^ ,.,' ,,'

.orrõiioñ-unàló.'iil;i,¡ð'er 
I vs 55 41't9 43'2 ':',"',"

Percentage with fatt'uEe or ^-o ô ^ô n ^ ,,,,,..,:,,

torsion fai I ure 0'2 8.03 4.2 ;:,,:,:,':.'.

Fron Table 1(d) it could be seen that there îs no correlatlì'on between
corrosion or frettt'ng and the inct'dence of sepsis.

TABLE 1(d)

THE INCIDENCE OF SEPSTS RELATED TO CORROSTON OR FRETTING
rN 667 IMPLANTS REMOVED FROM PATIENTS

S . S. Co*Cr-Mo Ti tani um

Percentage of^sepsis with 8.3corrosl'on or fretttnE

Percentage of-sepsîs with no 6:7corrosion or fretting

11' 1 4,2

10.9 3.6
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products were determined t'o comprise FeC0, and ß-Fe00H which appear to

have formed due to the carbon dioxide content of the interstitial fluid and

potass'ium ions of the intra-cellular fluid respective'ly.

l¡li I I i ams t 191 conducted combi ned metal l urgi caì and histo'logi ca'l

studies on tissue-prosthesis interactions in orthopedic patients. He has

emphasized the skill and competent workmanship needed in conducting

orthopedic surgery. The conventional countersunk profi'le of a screw-p'late

interface can only result in good mating if the screw is inserted

perpendicular'ly through the plate. If inserted obliqueiy, a crevice results

leading to localized corrosion. This was clearly demonstrated by laboratory

e*periments conducted with the conventional arrapgements; but when

hemisphenical countersunks were used, thereby producing even mating, the

corrosion was eliminated. He also noticed that the stress-induced

martensitic transformation which occurs during the production of bone screws

is responsible for severe corrosion. The magnetic moment of the various

components of impìants were compared with the occurrence of corrosion and

it was noticed that the interfaces associated with the most martensitic

of the screws, as measured by the degree of magnetism, were most susceptible

to corro$iion. Coruelating the amount of martensitic transformation with

'tthe nickel content, he concluded that a minimum lI% nicke'l would be

desirable for austenitic stability. Cohen and Hammond [20] also noticed a

higher incidence of pitting corrosion in samples hav'ing non-austenitic

compositions, as determined by magnetic permeability.

In the above studies [20], galvanic and stress corrosion were not

evident. Cohen and Fou'ltz l2ll studied the failure of an AISI type 420

Steinman pin which was used as an jntramedullary rod for fixation of a

fracture of the fibula. The screw used was made of AISI type 316 steel.



8.

Upon examination, a series of pîts was observed on the shaft of the pin

whereas the screw revealed no corrosion. However, the pits on the pin

were localized at a distance from the screw and not on the surface

closest to the screw which in this case is the cathodic metal . The .,,, '

authors concluded that galvanic corrosìon, namely corrosion due to the

dissimilarity of the metals played very little, if any, part in the

corrosîon in this case. They also chemically analyzed the corrosion 
.,,.,.

products within the pits of the pin and characterized them as principalìy :':::'

._.:: .,..iron salts. :::::

Rostoker et al lZZl studied the galvanic compatibility of

present-day orthopedic implant materials. Using a metallographic 
,

technique to identify and count comosion pits, the tendency for passive

film breakdown was studied under conditions that simulated a crevice and

a combination of two different materials. Galvanic corrosion due to

contact between any two dissimilar materials did not arise.

Corrosion in orthopedic implants is often designated as "face"

corrosion. Thís however has been properly identified as a form of 
,,.,,.

fretting corrosion or crevice coruosion or a combination [2]. I

;:.'1:i .

Failures due to corrosion fatigue have been reported by severa'l r.".,1,';,

authors. Metallographic and fractographic examinations using electron

microscopy revealed distinct evidence of fatigue failure in 316 SMO

imp'lants removed from human subiects [2,4]. 0n metallographic ,,,.

examinations of bone nails made of austenitic stainless steel, Fabler ""'"'"

noticed distinct evidence of fatigue failure initiation [3] . 0n adding

O.l8% nitrogen to austenitic stainless steel, superior fatigue corrosion

resistance was obtained [3] . Metallographic studies on retrieved

intramedullary bone pins made of Type 316 stainless steel also showed l''"'''
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evidence of corrosion fatigue failure [23]. Corrosion pits may act as

stress raisers leading to fatigue crack nucleation and corrosion-

accelerated mechanical failure. Rose et al I11l investigated the failure

of a Vitallium* nail-p1ate device which had been used to fix an inter- ,i.,,,,,'

trochanteric fracture of the hip. The nail was composed of cast Vitallium

and the plate of wrought Vitallium. Scanning electron microscopè studies

revealed the presence of microscopic cracks nucleated by corrosion pits 
¡,,:..,:i,:.

in the nait-p'late contact area. The authors suggested that the possibili;ty 
:'::::'!:'

of galvanic comosion due to the contact of dissimilar metals could not ii.,l'.'','-: _

be ruled out; however, it appears that crevice corrosion was responsible

for pit initiation.

GreeneandJonesl241discussedtheapp]icabi1ityofthe]inear

poìarization technique of measuring corrosion rate to in-vivo corrosion

of surgical imp'lants and concluded that this technique might be useful

in detecting the onset of localized coruosion in buried implants. Thus,

an implant can be removed before extensive tissue damage occurs. In-vivo

studies were performed by Colangelo and Greene [25] wtrbomonitoredo by the

linear polarization methdd, the comosion rate of a SAE type 1018 steel

specimen surgically imp'lanted in the thigh muscle of a mongrel dog. They

observed that the comosion rate was highest during the first few days

after implantation and it gradual'ly fell off with time. The decrease in

the comosion rate is believed due to either surface precipitation of

proteins and other organics or formation of protective oxide films on

the stee'l surface.

Anodic polarization studies on imp'lant materials have been

*Vitallium is a registered trademark of Howemedica, Inc.
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conducted by Hoar and Mears 126l , Aragon and Hul bert [ 271 , Cahoon et

al [9], Revie and Greene 1.281, Mueller and Greener [29], etc. 0n the

basis of tests over a period of 100 hours Aragon and Hulbert [27] observed

that the Ti-641-4V al'loy corrodes 176 times slower than Type 3161

státi¡,nless steel. Cahoon et a'l tgl observed that the cast Co-Cr-Mo aì'loy

has a nobler critical pitting potential than Type 3161 stainless steel.

In-vitro comosion rates of Type 3161 stainless steel, ca$tTVt':üäTlri,ruru,

and titanium, all under passive condition Ín Ringer's solution, were

measured by Mueller and Greener 1291. They appeared to be the same for

a'I1 three materials placed at 0.5 uA/cm?, brt decreasing with time to

less than 0.015 vL/cn? as also indicated by Revie and Greene t281.

Furthermore, in-vivo corrosion rates have been pìaced at only about :

I

one-tenth of the in-vitro corrosion rates.

Cohen and hlu'lff [16] investigated the clinical failure of a

surgÍcaì implant (a Thornton p.late and Smith-Peterson nail) caused by

crevice corrosion of the plate. In this impìant which was composed of

wrought and cast Vitallium, it was the wrought Vitaltium that showed
., ,, ,t'., - ,

the most significant deterioration. It was shown that superior resistance ,;,,',,,i,,'..,

::r::, -:-::1.

to crevice corrosion cou'ld be imparted to the current'ly used cast 
,:,,.:.,,::,t:

Co-Cr-Mo alloy such as H.S. 21, Vital'lium etc, by alteration of fabrication 
l

methods, thereby giving it over-all superiority as a surgical implant

material.Theauthorssubjectedthecasta11oyH.S.21tovarioustypes
¡,: ,t-t-. -,:t

of hot working such as press forgihgr êXtrusiono hot ro'lling, etc.

followed by annealing in each case. They observed that alloys with

mechanical properties similar to those of wrought H.S. 25 but with

resistance to crevice corrosion equîvalent to or better than that of the
-,:ì: 

_.: -.._--

cast type H.S. 2L or cast Vitallium might be produced by the above process "'.j'':",,'
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The superior propertìes were attributed to the figì1ê, homo'geneous-, 'f,i,nën

grained matrix structure and more uniform distribution of carbides

¡achieved by hot work'ing and heat-treatment.

Cameron et al i30l tested the reactivity of porous Vitallium

in-vivo and in-vitro. No harmful tissue reaction or evidence of crevice

corrosion was noticed.

Researches aimed at developing superior quality of metallic

implant materials are in progress throughout the world. It appears that

present-day orthopedic implant materials, if manufactured conformíng to

prescribed recommendations [ 31] , have adequate strength and general

corrosion resÌstance. However, they are stil'l not totally immune from

pitting and crevice corrosion.

2.2 PhySiölogicàl Envir.onment of l-luman Extra-Cellular Fluid t32-331

In.vitrocorrosionstudies[26.2g]aregenera11yconductedin
:

fisotonic saljne solutions such as 0.9% NaCl solution,0.15M NaCl solution
.

or Ri nger's physi ologi cal sol uti on, dDl aðf r4lfiohti¡gftoSs:ty,ssi¡mgliæUðaf¡qs il:i,

extra-cellular environment. Therefore, it is felt necessary to discuss 
- r,,,,,

the ionic components and various dissolved gases in the extracel'lular ,'i,'.

fluid, ê.g., blood p'lasma, interstitiat fluid, etc. The principal ''.:'"'"'''
.

constituents of extra-cellular and intra-cellu'lar fluids are shown in

Table 2. Ionic concentrations in blood chemistry are generally expressed

in equivalents; and as the concentrations encountered are very smaìì it i,,'',,,tt,i:'. :a -'--:

is convenient to use the unit mi'lli equiva'lents per litre (m Eqlt ).

Among the ionic species found in the extra-cellular fluid, the maior

cation is sodium, and the major anions are chloride and carbonate. The

predominant cations of the intra-cel'lular fluid are potassium and ::::::,:
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TABLE 2

cOMPOsITION 0F THE BODI FLUIDS I32l

Subs tance

f

Na'

c
^++UA

Mg**

cl-

HCO:J

Po+---

So+--

0rganic acids

Protei n

$3r
.t

È.
,,,pj02

Pcoz

pl-l

Interstitìal Fluid
(n EqlL )

i41

4.i

4.1

3

115

29

2

t.1

3.4

1

Dissolved Gases
and pH

mm Hg

mm Hg

7.4

Intracellular Fluid
(m EqlL)

40

15

10

100

20

60

2t i-rni rìg- 
"

10

150

20 mm Hg

50 mm [9.

7.0

35

46
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magnesium and the major anions are organic phosphates and sulfates.

Table 2 a'lso shows the concentrations of oxygen and carbon-dioxide and

the pF-l of the extra-cel I u'lar and i ntra-cel I ul ar fl ui ds. 0xygen and

carbon di oxi de transport i s governed by the respi ratory mechani sms . Both 't..,.i,l,l, :

oxygen and carbon dioxide diffuse downhill along gradients of decreasing

pressure. Hence the p0, in the body fluids is less than the partia'l

pressure of ambie,ßt oxygen, whereas the reverse is true for carbon dioxide. :::::.,;:..:

The mechanÍsm of buffer action is mainly controlled by the "¡'t";t:t'"'

bicarbonate system as outlined in the following equation

cor+ HeQ = H2c03 = H+ + HCoã (1)

If hydrogen ions are added to the system, some will combine with

bicarbonate ions and drive the reaction to the left. Thus, not al'l the

hydrogen ions added will stay in so]ution in the ionic form. Conversely,

if a base is added, the reaction will shift to the right causing H2C03

to dissociate into hydrogen and bicarbonate ions. This inverse

relationship between the hydrogen and the bicarbonate ion concentration

is shown in Figure 1(A) which represents the buffer properties of plasma

of which bicarbonate is the principal buffer. The initial point A in

the figure represents the normal condition of plasma in the arterial

blood, namely a pH of 7.4 and a bicarbonate ion concentration of 24 mlul

per litre. The effects of adding acid to blood or to p'lasma are shown

by amows. This however is the picture when C0, tension is maintained

constant and the acids and bases added are fixed in that they are not

removed by respiratory activity.

The effect of C0, on the pH and the bicarbonate ion is however

very different as shown in Figure 1(B). If C}Z is added or removed, the
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concentration of hydrogen and bicarbonate changes in the same direct'ion'

as indicated by equation (1). Figure 1(C) shows the combination of the

effects of (A) and (B). The four variations from the normal buffer

point as depicted in Figure 1(C) represent the four types of acid-base

disturbance observed clinica'l'ly: respiratory acidosis (COt excess),

respiratory alka'losis (C0, deficit), metabolic acidosis (fixed acid

excess), and metabolic a'lkalosis (fixed base excess).

To carry the considerations further, it is necessary to analyze

the quantitative aspects of various parameters. The relationshtlp

between H+ and the ratio of the constituents of the bicarbonate-carbonic

acid buffer system can be expressed from equation (1) as

I HrcorlI

t H'l = l(An
¿

(2)
I H coãl

where Mt is the first dissociation constant of carbonic acid. Rewriting

equation (2) in the logarithmic form, the Henderson-Hasselbalch equation

is obtained:

lH c03l
pH = pK + loe 

TtrF%j-
(3)

The pK of the bicarbonate system is known and the pH and the bicarbonate

ion concentration can be measured, but the HrC0, concentration, which is

extremely low, cannot be directly measured. However, equation (1)

reveals that the H,CO, concentration is directly dependent.upon the

concentration of dissolved COr, which is in turn dependent upon its

partÍa'l pressure and solubility co-efficient of C0, in plasma. Thus

equation (3) can be rewritten as follows:

(4) 
",;',:;;',,,,

tH coll
pH = pK + log Tffidt
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u,here the solubility constant'a = 0.0301 and pK = 6.10. Substituting,

equation (a) becomes:

t H co.l
pH = 6.10 + log O.æõtr; (5)

The equation now relates the three measurable quantities; if any two are

known, the third may be calculated or obtained from the nomogram of

relation between RH, HC0J and pCO, as shown typically for plasma in

Figure 2.

Thehumanphysio1ogica1environmentisacomp1eXone.Theabove

discussion shows only the outline of the mechanisms involved in maintaining

the acid-base balance of the environment. It is felt that any engineer

undertaking an investigation of corrosion or fracture of orthopedic

implants should be well conversant with the composìtion and the chemical '

kinetics of the intra-cel'lular and extra-cellular physiological environment. '

2.3 Electrochelnicâl Princip]eS of Localized CorroSion

A metal corroding uniformly in an electrolyte usually corrodes

at an equilibrium potential ca'lled the open circuit potential or corrosion

potential, Ecorrr and at an uniform current density, icorr. Howevero 'if

an external current is impressed on the material, its potential changes.

The applied current density vs. potentia'l curve so generated is called

the polah,fization curve. Electrochemical studies based on anodic

potarization (potential increasing in the noble direction) are general'ly

conducted to investigate the susceptibility of an alloy to localized

corrosion t34.l. These tests are accelerated tests in simulated

environments and are designed to predict the corrosion behavior in

servi ce. The experimental technii'que [ 351 i nvol ves a potenti ostati c or



90 8.00
\20 \-2s

17.

ptl -O 6.t0

t0

,loo
t00

90

l0

?0

60

30

l0

!0

.25

20

t5

pg+ 6.80 .90 ?.00

[uco¡] (mtttt molr/ltter
.20 .30 .{0
5

.60 .?o\ .80

¡5

t5
I

l0ts

!to

Ãl¿l
æl

EI

{l

Figure 2 Nomogram of relation betb,een pH, HCOã, and pC02 of human
pl asma.

ao t5 30 * [xco5] lmttrt not¡/urcr¡

.rol l.,o .5o .60 .?o .ro



18.

potentiodynamic potential scan in the noble direction from the corrosion

potential. Figure 3 shows schematical'ly the anodic polarization curve of

an active-passive al'loy of which stainless steel is an Ìmportant examp'le.

The current density is practical'ly constant and relativeìy very low over ,.,,.,,,,,:

a wide range of potential. This is called the passive current density,

ipassive. The current starts to increase rapid'ly at a certain potential

cal 'l ed the cri ti cal pi tti ng potentì aì Ec [ 34] of the a'l l oy i n the 
,1,,: ,,,:,,.

environment under investigation. At a potential more noble than E. Pits :::: :

start to grow and deterioration occurs very rapidly in a localized region. ','',':,,'.'

Ko'lotyrkin [36] has used the breakdown or critical pitting potential to

appraise the resistance of several al'loys to pit initiation in halide

:media

If the potential scan is continued beyond E.o then on reversing

the scan a cyclic hysteresis behavior is observed in some cases t371.
l

The potentia'l at which the forward and the revqrsed scans intercept is

called the protection potential, E^ $Figure 3)" Pourbaix and hi, '

P

co-workers [37,38] and 'later l,,li I de and l¡li'l'liams [39,40] showed that at a '

potentia'l more active than EO, no pit initíation occurs and actively ,,',':-,,'',..:
, , ,''-,

growing pits repassivate. Based on cyclic polarization tests on stainless ;,, ,,,

steel in halide media, lllilde t41l also showed that EO ís not a unique

material property but depends on the current density at which the

potential scan is reversed, that is, the amount of pit propagation during 
.,:..,,:'...,..

the forward scan. Wilde conc'luded that susceptibility of alloys to ' : "

breakdown of passivity by crevice corrosion may be predicted by the

presence or absence of hysteresis during cyclic polarization. It was

also observed that the difference between the pitting and protection

potential, (Ec - Ep), the difference potentiaì, cou'ld be correlated ,',',t, ,1,
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directly with the extent of crevtce corrosl'on.

Crevice comosion is genera'l1y assumed l42l to be governed by

the same kind of mechanism as pittinE corrosion, namely the breakdown

of passivity. Crevice corrosìon however occurs underneath gaskets and

shielded areas where the flow of electrolytè and oxygen is limited.

Hence, the electrochemical environment withÌn a crevice is more aggressive

than the bulk environment, as reflected in a higher chloride ion

concentration and lower pH within the crevice t4S1. Figure 4 shows

schematically the various processes and mechanisms involved in a crevice

configuration. The oxidation and reduction reactions are as fol'lows:

0xidation: M*M++e (6 )

Reduction: 0Z + 2HZ0 + 4e + 40H- (7)

Initially, these processes occur uniformly over the entire

metal surface incìuding the crevice interior. After some time, the

oxygen within the crevice is depleted because of limited convection but

the metal dissolution contÍnues. lrlith the cessation of the cathodic

hydroxyÞ ion-producing re-action, negative chloride ions start moving

into the crevice area to maîntain a charge balance. The resulting metaì

chlorides hydrolyze in water to insoluble metal hydroxides and free acid

as fol lows:

M++Cl +Hro=MoH+HCl

The acidity lowers the pH within the crevice [44] and a pH as]ow as 1.0

has been reported t431. Both the chloride anions and 1ow pH accelerate

crevice corrosion in a manner similar to autocatalytic pitting, while the ,' l

'I

reduction reactÌon cathodical'ly protects the exterior surface. Also, for ,: 
:

:_:;. --:::.,:.:.:_:

active-passive metals that depend on protective oxide films for their ','',','','," '

20.

(8)
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corrosion resistancen the breakdown of passîvîty and active corrosion in

crevices are favoured by the increased concentration of chlorides and

hydrogen ions.

In the laboratory, evaluation of pitting or crevice corrosjon

resistance is carried out not only by anodlúc polarization tests t45l

but also by jmmersing test specimens in aggressive, pit producing

environments such as FeCl3.6H20 or KIvlnOO - NaCl solutions t461. These

are highly oxidizing chloride so1utions capable of causing pits or

crevice corrosion in a short period of time. A somewhat different

approach was used by Streicher [47] who applied a potential sufficient

to cause pitting initiation on various alloys and counted the number of

pits formed under standard csndîtions. In the general case' interpretation

of the results obtained by his technique requires knowing how overall

pitting resistance would be expected to correlate with the number of pits

found în this type of test.

Pessal and Liu t48l have attempted to determine critical pitting

potentials of stainless steels in aqueous ch'loride environment by another

techniflQue. It consists of polarizing the test electrode to the desired

potenti al and then I i ghtly scratchi ng the e'l ectrrode surface. lllhi'le the

potential is held constant, the current is recorded as a function of

time after scratching until the electrode either repassivates or stable

pit growth takes place. The potential is gradualìy raised in the noble

direction and the above process is repeated at each potential until the

minimum potential is noticed at which the electrode does not repassivate

after scratching. This potential is designated as the critical pitting

potential. The results obtained by this method are, in general,

comparable to those ob,tained by the scanning technique. Fo'rnsome al'loys,
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especialìy those containing molybdenumo only small differences were

observed in the pitting potentials determined by the scnatch test and by

scanni ng tests.

gond [49] has emphasized that pÍtting potentials of stainless

steels are dependent on a variety of factons such as surface preparation,

dissolved gases, rate of change of potential, prior history of the

electrode, etc. Thus, there is a need for maintaining uniformity in

specimen and e'lectrolyte preparations, duration of immersion, and

experimental methods.

Suzuki ;;iÌ¡* a] tSOl corre'lated the cri ti cal pi tti ng potenti al and

the cri ti ca'l anodi c current dens i ty to the chemi ca:l and el ectrochemi ca'l

characteristics for the anoìyte within a pit. Artificial pits were

galvanostatica'l1y activated in some austenitic stain'less steel specimens

in 0.5N NaCl solution at7JCI?C. The acidity and the chloríde ion

concentration with,in the pits were measured. Very'low pH (0.13 to 0.80)

and veny high concentration of ch'loride ions (3.78 to 6.47N) were

observed. The concentration of metallic ions in the anolyte within the

pit was determined using atomic absorption spectrochemical technique [51] .

The distribution of metallic components on weight % agreed well with the

respective constituents of the base metal, indicating that no selective

dissolution occurred in the process of pitting corrosion.

The electrochemical techniques discussed above help to determine

some desirable properties that should be taken into consideration when

selecting or developing an alìoy for using in a specific environment.

However, they do not offer any information regarding the nature and

composi.tion of the passive film that imparts corrosion resistance to the

al1oy. For this reason, spectroscopic studies are necessary to obtain



24.

deta'iled knowledge of the passive fi'lms.

2.4 Theories of Pâssivity and Passive Films

Passivity is generally ascribed to a very tenacious passive fiilm

on the surface of the material. There are two theories regarding the

nature of the passive film IfZ]. The first suggests that the passive

film is always a diffusion-barríer layer of reaction products such as

metal oxide or other compound which retards the anodic disso'lution. Lead

sulfate film on lead immersed in sulfuric acid is a good example. In an

a'l l oysprotecti ve oxi de fi I ms form above the cri ti cal al 'loy compos i ti on

for passivity, but nonprotective oxide films form below the critical

composition. Thus, in Fe-Cr system, it is suggested that a protective

Crr0, type oxide will form on'ly when cht"omium content is at least t2%.

The second theory regarding the nature of the passive film holds

that generaì]y a monolayer or so of a chemisorbed film of oxygen imparts

passivity [52] by displacing the normally adsorbed water molecules and

thus slowing down the rate of anodic dissolution involving hydration of

metal atoms. This theory is based on the fact that most of the metal

exhibiting passivity or imparting passivity to an alloy are transition

metals having electron vacancies or uncoupled electrons in the d shells

of the atom. These uncoupled electrons form strong bonds with oxygen

which also contains uncoupled electrons, resulting in electron-pair or

covalent bonding supplementary to ionic bonding. The high heats of

sublimation of transition metals compared to non-transition metals favor

adsorption of the environment because meta'l atoms tend to remain in their
'lattice, whereas oxide formation requires metal atoms to leave their

lattice. Multilayer chemisorbed passive fi'lms, however, react in time

::::.: .:.j



25.

with the underlying metaì to form compounds such as oxides.

The chemisorption theory overcomes the difficulty faced by the

oxide film theory în explainîng the observed Flade potentia'l 0.63 V vs

N.H.E. for iron in 1N HrSOO at 250C. The reaction that possibly takes ., ,

place duning anodic passivation is [17]:

M + H2o + o'M + zH+ + 2e' (9) 
,..r ,

where M ¡r,ep--ussenlfs (a) Fer0r, (b) FerOo, (c) chemisorbed oxygen. using the ,::

data I17J: ¡G0 of formation for Fer0, = -L77.1 Kcal/mo1e of FerOr; for 
,,,,:,.¡,

FerOO = -242.4 Kcallmole of FerOO; for HrO (l ) = -56.69 Kcal/mole of

HrO; for H+ = 0; for chemisorption of oxygen on Fe, aHo = -75 Kcal/mole 0r;

ASo=.46.2ca]/mo1e0,.oc,(a)and(b)giveaFladepotentia1of

-0.051 V vs N.H.E. and -0.086 V vs N.H.E. respective'ly which are too

active compared to the observed value. However, (c) gives a Flade

potentiaìof#o..i56:;.VVsN.H.E.,inreasonabIeagreementwiththeobserved

va'lue.

The chemisorption theory can also predict,quantitantively the

critical alloy composition for passivity. Chem$$orption on any metal is ,,,,,,,¡,

known to be favored by an unfilled d-band configuration [53]. The .:
,..ì,,t

following analysis LL7l shows how the composition for Ni-Cu system can - "

be predicted. In the gaseous state, nickel has the configuration

3d84s2s2c@Þrersporìidiiiigg to two d electron vacancies, i.e., two uncoupled

d-electrons in the third shell of the atom. In the process of condensing :-,,,,,

to a solid and forming the meta'llic bond, uncoupled electrons of

neighboring atoms couple with each other, resulting in a vacancy of 0.6 per

nickel atom (as measured maEnetically). Similarly in the process of

alloying, the intercoupìing of d-electron increases wìth the proximity of :,r
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nickej atoms in the alloy. Assuming a linear relationship between

intercoupling and concentrati'on, the vacancies per nickel atom can be set

equal to 2 - (2 - 0.6) at.% Ni/100, comesponding to 2 vacancies for 0%

NÍ and 0.6 vacancy for 100% Ni. Copper (ga10+s) can donate one electron

per copper atom. The al 'l oy 'lb:wes i ts trans i ti on metal characteri s ti cs

and hence passivity when al'l the d vacancies of nickel atoms are filled
up by electrons donated by copper. This is given by:

at.% Ni (2 - 0.014 at.% Ni) = 1 x at.% Cu (10) :: ::
:¡,,,,,r,.,.,t't,

Using at.% Cu = (100 - at.% Ni) in equation (tO) tfre criticaì composition

is found to be 4l% Ni, 59% Cu. This value comesponds closejy to the

obserued va'lue derived from magnetic saturation data. Also electrochemical

tests show that nickel imparts passivity to the alioy at around 40 at.% Ni 
.

orabovet17].fioral1oysmadeupoftwoormoretransitionmetals,the

most passive component of an alloy is assumed to be the acceptor element.

Thecritica]compositionsforpassivityintheFe-Cr,Ni-CrandCo-Cr

a'lloys are simÍìar'ly found to be 12% Cr, !4% Cr, and 8% Cr respectively

t54] . I n the ternary Cr-Ni -Fe sol i d sol uti on sys tem el ectrons are 
r. .:,i:,:i::r,:,':-: :":

donated to chromium mostly by nickel above 50% Ni but by iron at lower ,,¡,r,,,,,:,;:

nickel concentrations 1551. Molybdenum similarly exhibits passÍvity as 
"¡,',"':":

long as its d bands remain unfilled. In type 316 stainless steel

Og% Cr, !O% Ni,2-3% Mo), for exampie the optimum weight ratio of Mo/Ni

is best maintained at or above 15/85 corresponding to the observed ,,,,'',,,..,.:.,',. '-: :

critical ratio for passivity in the binary Mo-Ni system equal to 15 wt.%

Mo [56].

A schematic structure of the first-formed chemisorbed film has

been proposed by Uhlig t57] . The film consists of a regular array of ,.,,,...,,,,
:.-t.r ''
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oxygen and metal atoms located in the same approximate plane of the surface.

This initial layer is found to be more stab'le thermalìy than the oxide M0.

However with increasing oxygen pressure and passage of time several layers

of adsorbed oxygen are formed. Metal ioriis, also migrate into the film

which can be considered at this stage to be an amorphous nonstoichiometric

oxide. However, eventually it converts into stridlchiometric oxides. Thus,

both oxide fìlm theory and chemisorption theory predict that the ultimate

components of the passive film are süø'ri:ihì:cime,tf¿i:cøN*des¡"

2.5 Spectroscopic Studies on Oxide Fi'lms

Electron diffraction studies have been employed on active,

passive, and transpassive oxide films formed on iron by Foley, Kruger,

and Bechtold [58] and on oxide films on austenitic stainless steels by

Nakayama and Oshida [59]. Soft x-ray spectroscopy has been applied to
o

characterize relatively thick oxide films (> 100 A) on transition metals
o

[60] and thin oxide fi'lms (20-40 A) on iron-chromium alloys [61]. Auger

electron analysis of the surface reaction film of aluminum has also been

carried out 1621. The advantage of the soft x-ray spectroscopy is that

it can characterize very thin fitms. When a metal, alloy' or compound

is bombarded with electrons up to 3 KV, soft x-rays originatÍng near the

surface are emittedi the depth from which the x-rays come decreases with

decreasing e'lectron energy. The wavelength and intensity distribution of

the x-ray band spectii.a are sensitive fiffigitiiqnsof the electronic structure

of the emitter, that is ionizatîon state. Auger electron spectroscopy

[63] probes the electronic energy levels of ions undergoing auto ionization

and is part of the broader fie'ld of secondary e'lectron energy spectroscopy

which deals with the anaìysis of the entire secondary electron energy
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spectrum. The secondary electrons, created by bombarding a surface with

an electron beam, are energy analyzed to obtain the energy distribution'

N(E). Auger spectroscopy is capable of uniquely identifying each element

and is essentially a surface probe as the data come from the top five

atom layers or so, depending upon the material and the ionizing energy.

This method is partjcularly suitable for surface analysis and

characterization of passive films on various alloys.

2.6 Statement of the Problem

Since the present-day orthopef,ic imp]ant materials such as

austenitic stainless steel and Co-Cr-Mo alloys are not totally immune

from localized corrosion, further studies vuere necessary to investigate

the mechanisms of the breakdown of passivity and repassivation of.these

a11oys. Most of the previous electrochemical studies [26'29] were

limited to determining'critical pitting potentials only and surprisingly'

no studies on the cyclic polarization behavior have been reported.

Critical pitting potential studies give information on breakdown of

passivity on1y. The ability of an alloy to repassivate or interrupt pit

propagation can be determined only from the cyclic polarization curve

and a knowledge of the protection potential of the a'lloy. Hence, the

susceptibi'lity to coruosion of these alloys was studied, based on

cyclic polarization curves. A comparison of the corrosion resistance of

the alloys was made on the basis of such electrochemical parameters

as the passive current density, the critical pitting potential and the

protection potential. A systematic program was undertaken to study

the effects of various a'lloying elements on the corrosion behavior of

austenitic stainless steel; the aim was to develop an alloy having a
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corrosion resistance superior to that of the present-day austentitic stainless

steel. The studíes were generally conducted in Ringer's physiologicaì

solution which gross'ly simulates the jonic composition of the extra-

celIular human physiological environment. However, multi-component ,,,,,
orthopedic devices are often manufactured with in-built crevices. Due to

the restricted flow of oxygen and electrolyte withín the crevice, the

chemical reactions within a crevice lead to an environment with lower pH ,., .,

and higher chìoride ion concentration compared to the bulk electrolyte. ""'"'"'
Accordin91V,testswereconductedinsimu]atedcreViceenvironments

prepared by adding to Ringer's solution controlled amounts of hydrochloric

acid which increased the chloride ion concentration and decreased,the pH

at the same time.

Studies were also conducted to analyze the oxide films on

various a1loys by Auger electron spectroscopic technique. This heìped

to ascertain the exact nature and composition of the passive films )

thus leading to a better understanding of the cause of passivity and

its breakdown.
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CHAPTER 3..

EXPERIMENTAL PROCEDURES

3.1 ApÞaratus for Electrochefiical Tests

Potentiodynamic anodic po'larization tests [64] were conducted

employing generally the ASTM recommended practice for po'larization

measurements regarding equipmento circuitry, and procedures [65]. The

apparatus [35] consisted of:

(i) Polarization ce]l, salt bridge, and the Lugg'in probe.

(ii) Electrode mounti:nE devices.

(iii) Reference Electrode

(iv) Auxiìiary electrodes and the working electrode.

(v) Electrrical and e'lectronic equipment, such as

(a) Potentiostat

(b ) Di gi ta] vol tmeters

(c) Motor potentiometer

(d) Logarithmic converter

(e) X-Y recorder

(f) Combined pH meter and 0, - C}Z analyzer

(g) Constant temperature bath

(i) Polarizatiion cell, salt bridge, and the Luggin probe

A multinecked, round bottom, one litre poìarization cell [35]

was used. This permitted the introduction of electrodes, and gas ìn'let

and outlet tubes. A Luggin probe - salt bridge assembly was used to

separate the bulk solution from the reference eìectrode. The Luggin

capi'l'lary was filled with an agar gel made by mixing 3-4 gm of agar-agar

per 100 m1 of 0.2 M potassium chloride soTution. The reference electrode
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was immersed in a thistle tube fi'lled with saturated potassium chloride

solution. The thistle tube had a capi'llary tube end of 1 mm inside

diameter with an agar plug to prevent mixing the test solution wìth the

potassium chloride solution. The thîstle tube was connected to the Luggin ,i,,',.';';,,

probe by a plastic tube filled with the test solution.

( i i ) El ectrode mounti ng

An electrode mounting assembly t66l is shown in Figure 5. .:',:i;:;:.:::l

Visible is a cylindrical e'lectrode, together with a Teflon compression 
:::'r :

t: t tt lttttti:t'

gasket, el ectrode mounti ng rod, and el ectrode hol der. Mounti ng i s ": :i:':

accomp'lished by compressing the electrode against the Teflon Easket by

means of the upper nut and washer assembly. Electrical contact is made

by the mounting rod. The advantage of this electrode mounting lies in
isolating the specimen. It was employed in standardizing our experimental

set.upaSperASTMrecommendationst65].HoweVer,duringsubsequerht

experiments, occasional ùrouble arose due to crevice corrosion underneath

theTeftongasket.ThisWasavoidedbymountingthespecimensin

acrylic plastic with a single exposed surface of about L cm2 area t451.

Elec,trical contact was made by drilling a ho'le into the specimen through

the acrylic mount and tapping the specimen. Mounting was done using a

Teflonggasket, electrode mounting rod, and glass electrode ho]der as in

Stern-Makrides assembly (trägru¡".ss 5.). The specimen was mounted eccentrical'ly

on the acrylic mount; this allowed the specimen to be compìetely immersed

in the electroly.t'ècÞwhi.le isolating the rest of the mounting devices, as

shown in Figure 6. This holding device proved satisfactory in the present

work and was free from any contamination.

Another specimen holder, designed by Pessa'll and Liu [48], was
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f 'sreetNuÈ

Disassembled section
device t601.

SËeel l.lasher

Plastf.c Washer c

. Electrode Holder,
heavy wall pyrex rubing"

24140' .

Steel Rod,
threaded both ends.

Tt¡readed rod to
fft specluren

leflon Gasket

t . Specimen,
drflled & tapped.

of Stern-l4akrides electrode mountingFigure 5
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THREADED HOLE
STAINLESS STEEL HOLDER

TEFLON GASKET

SPECIMEN

sîï" LEVEL

PLASTIC MOUNT

Figure 6 cross section of an acry'lic p'lastic mount with a single
exposed surface of the specimen
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tÈ:i:ed and found to be very successful . Figure 7 shows this assembly.

This holder has the advantaEe of aìlowing independent sealing of the

specimen and the sample holder, as well as accommodating specimens which

are di ffi cul t to dri'l i and tap.

(iii ) Reference electrode

A Radiometer saturated calomel half cell, model K401, was used

as a reference electrode. ThÌs electnode is not easily poisoned or

contaminated and is insensitive to e'lectro'lyte composition; it is a'lmost

spill-proof and very rugged" Ejectrical contact with the electro'lyte is

maintained by a small crack at the tip of the electrode body. The cell

is filled wîth potassium chloride soluti<ln whtch is always kept saturated

by introducing a few crystals of solid potassium chloride.

(iv) Auxil iary electrodes

Two electrodes of platinum were used as auxiliary electrodes.

Platinum was used because of its ìarge exchange cument densi:ty and its

resistance to anodic dissolution. Also, it has the advantage that its

polarization is very low in most solutions.

(v ) El ectrÍ cal and el ectroni c equi pment ,ì ,:,ì,.,

The fo j r owi ng equi pment waseusedcr, i:"Ì""""

trlenking model 68T53 potentiostat having 11 current ranges, 7

vo'ltage ranges, and a control voltage source of 10 lil¡nim, 1000 division
',. 

;,, ,,,,,..,.,.,

precision potentiometer of range t2000 mV. '"': ::',:

A Kiethley model 160 digital mu1timeter havinE I current ranges

from 100 nA to L A, and 7 voltage ranges: l mV to 1000 V

Erwin Halstrup model MP165 motor potentîometer equìpped with

three sweep ranges , yir..0 to 1000, 2000 or 5000 mv and with 30 different r -.,'
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scan rates ranging from 1 mvlhr to 150 vlhr.

Moseley model 608 logarithnric converter having a dynamic range

of 60 db.

Moseley mode'l 65-A X-Y recorder with two independent servo- ;,, ,;,,,

actuated drives for X and Y axes, isolated and free of ground, each axi.s

having 11 calibrated input voltage ranges: Variabìe range mode permits

arbitrary full scale voltage settings. 
:,i,,,,,,,,

Radiometer mode'l PHM71 acid base analyzer having the following ':'..'""'

fanges: ,:,,,,,,,,,,,

02, 0-30; 0-160i 0-800 mm HE

Clr: 8-200 mm Hg

pH: 0-14; 6.6-8.0

There is independent calibnatÍon for OZ, COZand pH modules and temperature

compensation adjustible from 14 to 46oC calibrated in 2oC divisions. ,

l

Blue M model 1120 A-1 constant temperature heating bath having a

temperature range to 100oC calibrated in 1oC divisions start'ing from zooc. l

3.2 ExÞerirhentâ1 Methods for Po'larization Tests 
,,,.,,,,,

The experimental methods consisted of the fol'lowing major stepsr ,,i. 
,,..

(í ) Preparations of specimens and thei r mounti ngs. ""'"'',¡"

( i i ) Preparati ons of sol uti ons .

(iii) Setting up the apparatus and its ca1ibration.

(iv) Standardizing the experimental set-up. ''.;.''.

(v) Conductiir.ng the tests and data compÌlation

(i ) PreÞarâtfon óf Specimens :

Type316Lstainlessstee]specimensWerepreparedfrornhhlfinch

diameter mill annea'led rods having a composi'tìon of 17"I% Cr, 11.4% Ni, ,,',.,1,',,,
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2.3% !4o, 1..5% Mn, 0.8% Si, and 0.04% C. Cylindrical specimens approximate'ly

2 cnlong and 5 cm2 surface area were turned from the rod, drilled and

tapped for mounting on the Stern-l4akrides assemb'ly (Figure 5). They were

solution annealed for t hour at 1050oC and water quenched. Thr's heat

treatment dissolves any chromium carbi'de along the grain boundary region

and thus ensures immunity from sensi'tization and intergranular attack t671.

The specimens were po'lished by grinding through a sequence of 220,320,

400, and 600 emery papers. The dimensions were measured to the nearest

0.001 cm with a micrometer and the surface area was ca]cu'lated. Similar

specimens were mounted on acrylic mounts [Figure 6) and then dri'l]ed and

tapped. These specimens were mechanically polished to one micron finish.

After mounting,rspecimens were u'ltrasonically cleaned for two minutes in

deterEent solution, rinsed in disti'lled watero cleaned in alcohoì, rinsed,

dnîed and immedíately immersed in the polarization cell. For tests on

the Peeeal-Liu type holder [48], about 0.4 inch diameter and 0.1 inch

thick disc samples were parted off on a Buehler Model 1010 cut-off

machine. The discs u,ere then po1ü,Èhed upto L micron finish, cleaned as

before and mounted on the holder (Figure 7).

For stainless steel al'loys cast in the induction furnace in our

iaboratory, the castings (approximately 5/8 inch diameter and 6 inches

Iong) were homogenized at 1i50oC for 24 hours and cold swaged by 20%.

Specimens were then prepared as explained above. They were solution

annealed at 1050oC for t hour and water quenched. Similar mounting

and cleaning methods as described above were applied.

Co-Cr-Mo and Co-Cr alìoys were also prepared in the induction

furance in our laboratory. These alloys u,ere generally tested in the

ôS-câSt conditi'on. The Co-Cr-Mo ajloy was also tested in the annealed
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condition (12000C for 24 hours, water quenched). These a1loys are hard

to drill and tap. Thereforeo disc sampies were parted off on the cut-off

machine and tested on the Fessal-Liu type holder (Figure 7).

(li ) Prepàrêt,iön óf sö1,utìon

The physiological environment of human extracel'lular fluid has

been discussed in chapter II and the principal constituents of

extracellular and intrace'llular fluids are shown in Tabl-e 2. The basic

physiologicaì solution used in the present-study is shown in Table 3.

The composition is so chosen that the ionic concentration of various

elements corresponds to that of human extrace'llular environment where

the orthopedic implants are generally placed. The major ionic species

are sodium chloride and sodium btcarbonate. Initial'ly 2 r,rlrrtr of CaCl, was

included in the solution. This was later removed because of CaCO,

precipitation in the pH range of 7.2 to 7.4.

A two 'litre stock solutìon of five times concentratìon was

prepared. During each test, one litre solution of proper strength was

prepared by di'luting with distilled water. The concentrations of carbon

dioxide and oxygen in the solution were regu'lated by bubb'ling pure carbon

dioxide, oxygen and argon through the so'lution. The temperature of the

solution was general]y maintained at 37.10C, the body temperature, by

immersing the po'larization cel'l in a constant temperature water bath.

A Radiometer acid-base analyzer type PHMTL was used to measure

pH, dissolved carbon dioxide and oxygen in the test solution. The

ana'lyzer operates with a p COZ modu'le, type PHA933, and p 0, module,

type PHA930. The corresponding eìectrodes were individual'ly mounted in

thermostatted cells connected to a Haake model TP4l4constant temperature

bath and circulator maintained at 37.loC. The Radi'ometer C0, electrode,
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TABLE 3

COMPOSITION OF PHTSTOLOGICAL SOLUTTON

co'pound 
T?'ll,Í?(llT*

NaCl

NaHC0,

KCI

Mgclz.6Hz0

MsSOO. 7Hr0

NarHP04

NarHrP0O. HrQ

6. 30

2.44

0.374

0.203

0. 123

0. 071

0. 069
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type E5036 is a combtned E]ass and silverlsîlver chloride neference

electrode mounted in a Jacket and covered by a Teflon membnane which traps

a weak electnode soluti'on (0.005 M Nal-lCO, per 0.02 M t{aCl) in contact

with the electrode. The electt'ode functi'ons like a normal pH eiectrode

and relates the linear change i'n pH of a bicarbonate so'lution with its
pc}z. The p0, electrode, type E5046, operates on a clark type polarographic

principle. It consists of a combîned platinum and silverlsilver chloride

electrode mounted in an electrcide jacket and covered by a 20 micron thick

po'lypropy'lene membrane, The electrode traps a phosphate buffer and

potassium chloride solution. In operati'on a constant polarizing voltage

of 630 mV vs. S.H.E. rìs appll'ed to the plati'num electrode and current

proportional to p0, is generated due to the reduction reaction on the

cathode" A Radioneten Eeneral purpose combination pH electrode, type

GK 232C was used to measune hydnogen ion concentration. The electrode was

calibrated at 37.LoC.

(tii¡ Setting up the aÞparâtus and its calìbratton

The autOmatic poiarization apparatus is shown schematicaì ly in 
.,,..,,:.,,,,,,,,,iFigure 8. The automatìc polarîzation techni'que was chosen because it ,1, ,.' 

,

improves reproducîbility and eliminates timing errors present in manual ,"',.'.' '"'"'''

technique. The set-up shown in Figure 8 is capable of automaticaììy

conducting anodic and cathodîc polarization measurements under potentiodynamic

conditions and automatical'ly recording the results on a semi-logarithmíc .,, , '

graph paper. The motor potentiometen is a programmer capabìe of generating

variable vo]tage whlch Ìs applied to the input terminals of the potentiostat.

This allows the working electrode to be polarized at any predetermined

anduniformnate.Thepotentia1dîfferencebetweentheworkingelectrode
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and the reference electrode is fed into the input ter.minals of a digita'l

multimeter (set at 1000 mV range and i'nput resi'stance of 10 meg-ohms).

The output of the multimeter is connected to the X axis of the X-Y recorder.

The current flowing between the auxÌliary electrode and the working eìectrode

is imposed on the input tenmina'J of another multimeter. The resultant

potential drop across a precision reststor" is impressed via a logarithmic

converter on the Y axis of the necorder. A smoothing of current fluctuations

was achieved by p'lacing a low-pass R-C fi"lter of time constant (R x C)

L sec across the input terminals of the logarithmic converter.

The apparatus shown in Figure I is capable of measuning

polarization curves of normal and active-passive metals over a current

range of six decades at potential traverse rates between 1 mV and 150 V/hour.

The potenti'al traverse may be automatical'ly arrested at any desired value,

and measurements can be conducted through zero volt without the necessity

of swi tching . However, commercial ìy avalì'labl e 'logarithmi c converters are

general'ly ìr'mited to an input voltage range where the ratio of maximum to

minimum voltage is about 1000:1. As a consequencg, for potentiodynamic

polarization, calibration of the current axis is necessary. The calibration

was done by setting the Y axis of the X-Y recorder in the variable range

mode which permitted arbitrary full sca'le voltage settings. For a

particular cell current, the multimeter was set at a fixed voltage and

the cument range switch of the potentiostat was changed by a decade.

The variable control knob of the Y axis of the recorder was then adjusted

unti'l one decade change in cut rent corresponded to a shift of tlre recorder

pen by one divîs'r'on on a loEarithmic scale. The span between two

successi.ve decades on the logarithmÌc gnaph paper was so chos.

mEa*F"*one turn of the zero control knob the pen moved by one dìvis
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whenever the current went beyond the scale of the iogarithmic converter,

the cument range setting of the potentì'ostat was changed by one decade

and the reconder pen brought back tr¡ the origr'na1 posìtion by simply

giving the zero control knob of the necorder I axis a one complete turn

in the proper direction. The followîng example will exp'lain this procedure',

cìearly. For the potentiostat, the voitage dnop for ful'l scale deflection

of the panel instrument is always 200 mV regardless of range. Thus,

when the potentiostat is set at L mA current ranEe, d 2 mV drop ìn the

multimeter wi1l correspond to 2/200 = 0.01 mA of current. For the same

cunrent, the vo'ltage drop in the multimeter will be 20 mV or 0.2 mV

respect'lveiy for 0.1 mA or 10 mA range setti'ng of the potentiostat. Hence,

ftor a properly calibrated recorder, the pen on the curnent axi.s wil'l move

by one division but in opposite directi'ons if the potentÌostat is switched

from 1 mA range setting to 0"1 mA and 10 mA settings respective'ly.

The voltage axÌs of the recorder was calibrated by setting the

X axis of the recorder in the fixed range mode (typica'lly 0.1 Vldiv) and

impressing a 1000 mV voltage from the motor potentiometer. The gain and

Ínternal calibration of the recorder were then so adjusted tha,t for 1000 mV

of voltage the pen on the recorder moved along the X axis through the

qorresponding distance (typically 10 dîvisions). The motor potentiometer

was calibrated beforehand as fo'llows. The motor potentiometer was set

aË 1000 mV and connected to a standard 1000 mV cell to appropriate terminals.

The slotted trimmer potentiometer on the motor potentiometer was then

adjusted untÍl the needle on the panel indicated "0".

At the beginning of each test the zero adjustment and calibration

of the potentiostat were performed. To adjust zero, the ranEe switÈh&
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"mA, mV" of the potentiostat was turned all the way clockwise to position

10 mV and the function swìtch was set at "0" posftion so that the pane'l

instrument operated as a vo'ltmeter" The zero deviation was corrected

by adjusting the trimmer potentlometer (zero control). For calibrating

the contr"ol potentia'l supply, the vernier of the 1O-turn potentiometer

was set at posîtion 500 which comesponds to 1000 mV. Thts was opposed

by applying a 1000 mV from the motor potenti'ometer to the input terminals

of the potentiostat.whose function switch was now set in "E." position

so that the panel instrument served as a null detector. If the meter

reading was not zero, appropriate correction was made on the calibrating

potentiometer located between the control potential termtnals.

(iv) standarNfjnE the exÞerìmentai set:up

Before conducting any tests, ít was fejt necessary to check our

experimental technique and instrumentation. For this the ASTM

recommendations t65l for potentiostatic and potentiodynamic polarization

measurements were fol'lowed. A corrosion samp'le (3/8 inch dia x U2 inch

long) of the standard ferritic Type 430 stainless steel was obtained from

the ASTM headquarters. Thìs was dril'led, tapped, and mounted on a

Stern-Makrides gasket assembly t651. After proper poiishing and cìeaning,

the specimen tÀ,as immersed ìn a hydrogen saturated lN HZS04 solution

maintained at 300C. The open circuit potential of the specimen was noted

L hour after immersion. Potential scan was then started beginning at the

corroF{ón, potential. Both potentiostatic and potentiodynamic tests were

conducted. The experimental set-up tncludi'ng the polarrìzatîon cell and

the specimen is shown in Figune 9. The polari'zation curves obtained in

our labonatory correspond wi'thìn ttl% to the standard curves shown in

the ASTM annual book [65] and were adjudEed satisfactory for our purpose.
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Fìgure 9 Photograph showing the experimental set-up for
potentiodynami c pol arj zati on.
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(v) CöndúctinE polarizatión teStS and dâta compiláti0n

Hav'ing standardized the technìque and instrumentation, systematic

polarization tests were performed as follows:

(a) Cyclic potentiodynamic behavior of Type 3161 Stainless Steel
i n Ri nqerrs soil uti on

The initial program was to conduct potentiodynamic tests in

normal physiologica'l environment. The aim was to establîsh various

electrochemical parameters such as the open circuit potential Ecorr, passive 
,,

current density ipassive, ."itical pitting potentiaì E., and protectìon i'

.,'']

potential E^. The specimen was immersed in the solution whose composition 
":''P

is shown in Table 3. Sufficient time (20 hours) was allowed for the

system to stabilize. From time to time the open circuit potential of the

specimen was noted. l¡lhen its fjuctuation became less than t5 mV in half

an hour it was adjudged to be steady. The open circuit Þotentjali E.or.

was obtained at this point. Anodic polarization rnras started in each

case from E-^.-.-. A scan rate of 600 mV/hour was used. This correspondscorr F-"--

to 50 mV shift of potentìa'l in 5 minutes, which is often followed in

potentiostatic tests [59]. The poìarization curve was automaticaì'ly 
,,,

recorded on the X-Y recorder. In the passive region, the current density :.::

ipassiu. *ut very low and uniform. At the onset of the breakdown of .,:,,

passivity current fluctuations were noticed and at the critical pitting

potential Ec, current started'increas'ing very rapidìy. In order to

investigate the cyclic polarization behavior, the potentiaì scan !{as 
,,,,,

reversed at some desired potential beyond E.. The potential where the

reverse scan curve intercepted the forward scan curve, namely the

protection potential EOo was obtained. The reverse scan was continued

until the current became low and comparable to ipassive. The polarization 
:
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process was stopped at this po'int and the open circuit potentia'l of the

specimen was noted after 10 minutes. This completed one set of

observations. For each polarization run, the specimen was repolished after

necessany light machining, mounted, cleaned, and immersed in a freshly

prepared solution. A number of runs was obtained but each time the

potential scan was reversed at different current densities. The purpose

was to ascertain whether the cyclic polarization behavior r/ì,as dependent

on the extent of the forward scan.

(b) Effect of compos'ition on the polarization behavior of
austeni ti c stai n'less steel

Starting from Type 3161 stainless steel as the base material

several stainless steel a11oys were cast in our laboratory. The amount

of any one of the three alloying elements, namely chromiumo nickel and

mo'lybdenum tnras systematica'l1y increased keepìng the percentage composition

by weight of the rest of the alloying elements at the base level. Thus,

three different sets of a11oys - hìgh chnomium, high nickei and high

molybdenum type stainless steels were prepared. A few samp'les with some

copperrpeibalso prepared. The compositions of the various alloys are

shown in Table 4. Specimens were prepared from these alloys and cyclic

polarization tests were conducted as described in the preceding section.

(c) ftfect of low pH and high chloride ion concentratìon on
the electrochemica] behavior of stainless steel

It has been discussed in Chapter II that in a crevice configuration

1ow pH and high chloride irin concentration are genenally observed due to

hydrolysis of metal ions. According'ly, specimens were immersed as before

in the R'inger's solution and after a period of stabilization, cc¡ntrolled

amounts of hydrochloric acid of 0.2 N strength were added to the solution.

Hydrochloric acid was chosen because ît lowers the pH and increases the
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chloride ion concentration at the sane time. Each time the open circuit

potent'ia1 of the specimen shifted immediately after the addition of

HCl; and its variation with time was recorded. The open circuit potentia'l

became steady again in 2-3 houns and approached the potent'ia'l registered

before HCI had been added. Potentiodynamic cgcTlcit po'larization tests were

conducted each time after the potent'ia1 became steady.

(d) Potentiodynamic tests on 25% Ni, 20% Cr, 4.5% Mo, 1.5% Cu alloy

This al'loy, general ly similar to Type 9041 stainless steel

manufactured by Uddeho'lm stee'l Co. of Sweden, was prepared in our iaboratory.

This austenitic stainless steel Ìs widely used in structural appììcations

in chemical and other process industries" It has mechanical properties

comparable to those of Type 3i6L sta'inless steel. But in view of its

superior corrosion resistance, it was investigated as a possible orthopedic

implant material. Cyclic polarization tests, similar to those on other

specimens explained before were conducted on samples of this aì1oy.

(e) Effect of higher ch'loride ion concentration and temperature
on the coFrosion resistance of 25% Ni, 20% Cr, 4.5% l4o,
I.5% Cu al 'lo.y

The above alloy did not exhibit any breakdown of passivity

either in Ringer's solution with or without hydrochloric acid. Hence, it
was felt necessary to test ìt in a more aggressive chloride environment

where the passiv'ity of the al'loy might break down. Previous studies

have shown that hìgher chloride ion concentration and higher temperature

impair the corrosion resistance of stainless steel. Leckie and Uhlig [68]

observed that higher chloride ion concentration and temperature shifted

the critical pitting potential of Type 18-8 stainless steel in the more

acti ve di recti on. Uhl i E and Morui l 169l noti ced an i ncrease i n the
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corrosion rate of Type 18-8 stainless steel with increase of chlot"ide ion

concentration and temperature. Their results indicated maximum pits

occurring at 4% sodium chloride soluti'on at 900C. Trabanelli and Zucchì t70l

and Szklarska-smialowska [71] also reported that w'ith increase in temperature 
:;:

the critical pitting potential of Type 3161 stainless steel shifted towards

more active direction in 3% sodium chloride solution. In view of the above

findings, the 20% Cr,25% Ni, 4.5%ltlo, L.5% Cu al]oy was potentiodynamically
: '. '.t '. .;.

tested in 4% sodium chlorìde solution at 37.10C and also at 600C. , ':',t,';

(f ) Cyclic polarizâtfon behavior of 65% Co, -30% Cr, '5% Mo alloy 
.,,:,, ..:,

Co-Cr-Mo al1oys under various trade names such as Vitallium,and

H.S. 21 are widely used in orthopedic implants. These alloys are generally

used 'in the as-cast condition though sometimes annealing and thermo-

mechanical tneatments are also performed [9,16]. Dìsc samples of the

as-cast and annealed (24 hours at 1200oC) al1oy were mounted on the holder

shown in Figur"e 7 and potentiodynamlcally tested in Ringer's solution

A number of tests was also performed in Ringer's solution containing

various amounts of hydrochloric ac'id. A few samples were a'lso tested in

4% sodtum chloride solution at 37.1oC and 600C. Hot working was performed 
:,,,:.,,t,,,,

on some specimens. A portion of the 65% Co=30% Cr-\% Mo casting was cut ,.,,',

off, hot swaged at 1150oC by 20% on d'iameter, annealed at 10500C for 2

hours and quenched in water. A dri'Ëc sample was obtained and cyclic

polanization tests were conducted in the usual'way.

(g) Polarization t¿sts on 70% co:90% cr allov

To investigate the effect of molybdenum, or the absence of it,

on the comosion resistance of Co-Cn-Mo alloys, the aboVe molybdenum

free Co-Cr alloy was prepared. Polari'zation tests were conducted on an

as-cast specimen.
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(h) Polarization teStS on ihdiVidual alloyilg elénrênts

Iron,. chromium, nickej, and moiybdenum are the principal

constinuents of austenitic stainless steel and cast coba'lt based implant

materials are generally composed of cobå¿lt, chromium, and molybdenum.

Though the cornosion characteristics of an alloyairc determtned by its

overall compositiono the behavior of each constituent element might a'lso

be significant. So cyc'lic polarization tests were conducted on pure Fe,

Cr, Ni, Mo, and Co. The punpose of these tests was to correlate the

electrochemical parameters of an alloy to those of each element and to

determine whether any specific element has a predominance over the rest

of tlre constituents in governing the corrosion resistance of the a11oy.

-il-.3 Atömic Absonption Analysis of Corrosion Products

To study further the role of each of the alloying elements in

the corrosion process, atomic absorption analysis of the corrosìon products

was carried out. The tests were conducted in two stages. The first stage

consisted of analyzing the Ringents solution itself for various trace

elements. The Ringer's solution, although prepared from reagent grade

chemicals of highest purity available, contains trace elements. Accordingly,

a freshly prepared one litre Ringer's solution was first analyzed on a

Perkin-Elmer Model 306 atomic absorption spectrometer in the department

of chemistry to determine the concentrations of various trace elements.

In the second stage of the tests, the Ringerts solution was

analyzed for corrosion products formed dunÌng anodic po'larizatìon processes.

Specimens of Type 3161 stainless steel and as-cast 65% C0,30% Cr, 5%t4o

alloy were separately polar.ized anodically. In each case, the potentía1

scan ulas reversed at a current density 2 decades hîgher than the passive
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current density. During reversal, the potential was held steady for 2

hours at 200 mV more active to the crìtical pitting potent'ial. This

allowed sufficient amount of ions to flow into the solution. After 2 hours,

the reversal scan was conttnued untì I the current became very smal I and

comparable to the passive current. In the case of Type 3161 stainless

steel, some precipitates were observed in the cornosion cell. These

üorrosion products were fÌïternledr':aìnOjOîs3o.'î$s{$i,r¡:rc'oadênüË¿sdeðÌlitlyOroifrloric

acid and the solution was mixed with the fi'ltrate so that both the

dissolved and the undissolved portions of the corrosion products were

available for analysÌs. The electrolyte in which Co-Cr-Mo al'loys were

tested was clear and no filtering was necessary. The electrolytes were

anaìyzed for each element on the atomic absorption spectrometer.

3.4 Auger Electron Spectroscopic Analysi's of the Ox'ide Films on Stain'less
Steels and Co-Cr-Mo AlloYs

Three d'ifferent stainless steel a11oys and one Co-Cr-Mo alloy

were analyzed to characterize the oxide films. The stainless steel alloys

are Type 3161 stainless steelo the alloy with 17.1% Cro 11.4% Ni and 5% Mo'

and the 20% Cr, 25% Ni', 4.5% l4o" 1'-5% Cu a'l1oy. 1 cm x t', cm x L mm

specimens were obtained by stages of cold rol'ling and annea'ling. They

were finally annealed at 10500C for t hour and water quenched. A

spec'imen of similar dimension was also obtained from a 65% Co-30% Cr-5% Mo

casting. The sampìe was annealed for 24 hours at 1200oC. The specimens

were mechanically polished upto 0.05 micron fin'isho cleaned ultrasonically

in a detergent so'lution, rinsed in distî'lled water, cleaned in alcohol,

ri nsed, dri ed and fmmersed i'mmedi ately i n separate cel I s contai ning Ri nger' s

solution at 37.10C. These were kept i'n the solution for 4 days for

sufficient growth of the passive fi'lms on the surface. After wi'thdrawal'
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the specímens were rinsed in dìstilled water and dried. These were then

sent to the Educational and Research Services of Carnegie-l4ellon University

for Auger electron analysis of oxide films. TypigOl:irlesulËgsêìî€s ¡,,,.:

shown in the Appendix II.



54.

CHAPTER 4

RESULTS AND DISCUSSIONS

4.1, Electrochemical Polarization Tests:

Cyclic Polarizatíon Behavior of Type 3161 Stainless Steel in
Ringer's Solution

Potentiodynamic cyclic polarization curves for Type 316L stainless

steel are shown in Figure 10. Three seaprate runs, each under identical

conditions of pOr, pC}Z and pH are shown. The potential scan hlas reversed

at a different current density in each run. Tabte 5 shows the open circuit
potentials at the beginning and 10 minutes after the potential scan, the

current densities at which the potential sv'Jeeps were reversedo and the

difference potentials, (E.-Ep) I41l for these runs. It is observed that the

hysteresis behavior varies with the range of the potentiaì scan, i.e., the

amount of pit propagation. Thus, no hysteresis was observed when the scan

t,,Jas reversed at approximately 5 uA/cm2 but a large hysteresis loop was

noticed for a high reversal current (= 200 vA/cn?), and an intermediate

behavior was observed for an intermediate value of cument reversal. As

the forward scan beyond the critical pitting potential, Ec, increases,

the amount of localized attack within minute pits increases due to more

time available for the reaction involving hydrolysis of corrosion products

and chloride ion bui'ld-up within pit cavities t431. Thuso the protection

potential, EO, is not a unique material property but varies with the amount

of localized attack induced by polarization, as was also observed by

l¡lilde t41l for stainless steel in halide media.

Examination of Table 5 and Figure L0 reveals that in spite of

some hysteresis in the internrediate case, the open circuit potential at
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the end of the scan quickly comes back to the value at the beginning of

the experiment; whereas for the more severe case, the open circuit

potential remains at about 120 mV more active than the original rest

potential. In this case visible pits on the surface of the specimen were

observed at the end of the experiment. This is in agreement with Jones

and Greene L72l who also observed a drift of potential in the active

direction for localized corrosion of stainless steel in chloride media.

The absence of hysteresis for up to a certain range of forward

scan (Fig. i0) indicates that for each sweep rate there may be a unique

current density below which a reversal of current gives Ep = E.. Thus,

this current densìty is an ìndex of resistance of the alloy to localized

corrosion in ihat hysteresis starts only after this current density is

exceeded. For the Type 3161 stainless steel in Ringer's solution this

index:,appearsto be somewhere between 5 and 10 uA/cnr2. Beyond this curreni

density, the difference potential (E.-EO) indica'bes the resistance of

the material to local'ized corrosion. Ii is noticed thai as the area in

the hysieresis loop increases, the magnitude of (E.-Ep) increases, ancl

eventually E^ becomes more active than the rest potential (Fig. 10).
v

From the point of view of comosion resistance, a desirable

a11oy should have not on'ly a very noble value of E. but also a very noble

value of E-. A noble value of E^ ensures that even if the passivity ofpp
the material is somehow destroyed, the material has an excellent chance

of repassivation and restricting pit propagation. The 1ow passive current

density of Type 3161 stainless steel (= 0.2 trL/cn?) as observed in this

study (Fig. 10) and by others 126,291 onìy 'indicates tha'b the alloy has

an excellent general comosion resistance, attributed to a very tenacious
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passive film on its surface. This however does notfurnjsh any informa'lion

regarding the resisùance of the a'l'loy to localized corrosion which occurs

due to the breakdown of passivity. A very active protection potential

exhibited in the case where the potential scan is reverseci ai about
,

200 uA/cm'(Fig. 10) indicates that if passivity is destroyed ancl pits

s'üart to grol, they wil'l continue growing instead of being repassivated.

In orthopedic devices where the so-callecl "face" corrosion or fretting
corrosion l2l Ís very conmon due to mechanical rubbing, ii is likeìy that

the passive film will be destroyed causing some pit propagation. Therefore,

in deterrnining the resistance of an a'l'loy to crevice corrosion using the

cyc'lic po]arization technique it would appear that the alloy rirust exhibit

a very noble protection potential even when ihe poiential scan is reverseci

at current densities exceeciing aboui 2 decades that of the passive current

ciensiiy. The active protection potential exhibited by Type 3161 stainless

steel ai a scan reversal of aboui 200 uA/cnr2 impl'ies that chances of

repassivation of grovring pits in inrplants r¡ade of this alloy are limited.

In order to determine whether the large current density observeci

during hysteresis (Fig. 10) is due to increased surface area of the

specimen caused by pitting, the following experiment was perforrned. A

cyclic polarization tesi, as shovrn in Figure L0, was first carrieci ouù.

The rest potential of the specinren was then allowed to siabilize for

2 hours. A second po]arization run was then obtained in the same solution.

Two such successive runs are shown in Figure 10(a). It is observed ihat

the two consecutive runs yield almost identical results; particu'larly, the

ipassiuu of the tlvo curves are icientical. Had there been a large increase

in the surface area caused by pitting during the firsi po'larizatiorl run,
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the ipassiu. in the second run would have been larger than that in the

first run. The absence of any difference of ipurriu" betvreen the two runs

however rules out the possibility that the high current density during

hysteresis is due to the increase in the overall surface area of the

specirnen.

Ëffect of Composition on the Polarization Behavior of Stainless
Steel

Figure 11 shows typically how various alloying elernents influence

the polarization behavior of sùainless steel. Each polarization curve

in the figure represents ihat of an alloy developed from Type 3161

stainless steel as the base material. Copper content between 0 to 3%

had no influence on the polarization behavior and all curves were sirnilar

to that for the 3/" Cu a'l1oy shovln in Figure 11. Cr, ¡ii, and [vio, all

improve the corrosion resistance by raising Ë. towards the noble direction,

while Cu does not cause any significant change. i,.lhile large hystereses

are observed in high Cr and high Ni alloys, hysteresis cannot be observed

in the 5% ifto a1loy (alloy i'io. 6 in Table 4) since the breakdown poteniia'l

for this ajloy is above that for the decomposition of r¡ater (the increase

in curreni occurring at about 1000 mV vs. SCË for the 5%i{o alloy is due

to the breakdown of water).

However, as v¡ill be described laier, a noble value for the

breakdown potential reqardless of the value for the protection potential

is a desirable feature in limiting crevice corrosion and therefore larger

amounts of Cr, üi anci particularly l4o would seeln desirable. Unfortunately,

high Cr and [',io contents give rise to the formaÈion of ô ferrite antl the

resuliani undesirable two phase micros'Lructures as shown iypicaìly in
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Figures 12 and 13. However, higher üi contenis prevent the forr.¡lation of

ô ferrite and therefore a sing'le phase austenitic alloy (microstructure

shown in Figure 14)with 20% cr, 25% Ni, 4.5% r4o, anci r.5% cu was prepareci

and tested. This alìoy is also passive throughout the potentiaì range

stuciied (Figure il). All the alloys shown in Figure 11 and Type 3161

stainless sieel in Figure L0 have alrnost the same value of passive current,

indicating that their general corrosion resistances are similar.

Effect of Low pH and lligh c1- on ihe porarizaiion Behavior of
Stainless Steel

controlled amounts of HCI were added to 1 litre of Ringer's

solution containing the specimen and the variation of the open circuit
potential was recorded as shown in Figure L5. Aciciiiion of 200 rnl of

0.2N HCI ciecreaseci the pH to 1.5 and ad<ied 40 milli equivalenis of chloride

ion in a solution already containing aboui lls meq of c1- t331. The pl-l

of 1.5 and the new Cl- concentraùion are consistent with those generalìy

observecl in crevices 142,431. All the three aìloys in Figure 15 exhibiùeci

similar potential fluctuations upon aclding l-iC1 . The potential quickly

rose in ihe noble ciirection, fell off to a very active value and ùhen

graciual]y increased iowards 'i;he original rest poiential . For Type 3161,

the potential went as high as +302 nrV vs. SCE. The significance of this

will be clear on examination of Figure 16 which shows the polarizaiion

curves for the ùhree a'l'loys in ihe above-mentioned aciciic medium. The

20% cr" 25i'" Í,Ii, 4.5% i,40, L.5% Cu alloy reniained passive while both i7.I% cr,
II.4% ïli' 5% Mo alloy and Type 316L steel showeci hysteresis with a very

active value of Eo. comparison of Figures 15 and 16 reveals ùhat for

Type 3i6L stainless steel the peak open circuit poteniial in the noble
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F'igure 12 Microstructure of 2l% Cr, II.4% Ni, 2.3% l4o alloy (X100).
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Figure 13 Microstructure of U.r% cr, 11.4% Ni, B% F1o alloy (x100).
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Figure 14 Microstructure of 20% Cr, 25% Ni, 4.5% l\o. I.5% Cu alloy
(x100).
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direction (+SOZ mV vs. SCE in Fig. 15) exceec.ls the critical pitting
potentiaì (= 260'280 mV vs. SCE, Fig. 16) in the same medium. This implies

that if sufficient free l-lCl is generaied v¿ithin a crevice, the poteniiaì

of Type 316L stainless steel may be temporarily more noble than the criticàl
pitting potential, causing a spontaneous breakdown of passivity. This

makes Type 3161 stainless steel a less-than-ideal material for use in

nlulti-component orthopedic devices where the chances of crevice corrosion

are very high I1l.

Effeci.of Higher Chloride Ion Concentration ancl Temperature on the
Corrosion.(esistg-rce.__q-f_?-Þ-U r,lj , Z0?; ür, 4.5% i4o, t.S?[ Cu Aj]oy

The above a1ìoy remains passive and does not exhibit any hysteresis

in Ringer's solution with or r,¡ithout hydrochloric acid (Fig. 11, 16).

Therefore, it was felt necessary to study its behavior in a nlore aggressive

chloride meciium. Figure 17 shows the results of a poÌarization test in
4% ItaCl solution at 600C. This solr.¡tion was chosen because higher chloride

ion concentration and higher temperature impair the corrosion resis¿ance

of stainless sieel [68,69]. The 4% ttaCl solution is about 4 tinres stronger

in chloride ion concentration than Ringer's solution. But even this high

chloride ion concentration may sometimes be expected within crevices 142,431.

Figure 17 shows that the above alloy indeecl breaks ciown in an aggressive

chloricie environmento and pronouced hysteresis wiih a very active value of

E^ "is observed. The tests in Ringer's solution containing HCI ancl in
tr

4% i{aCl at 60oC were ciesigneci to study Èhe poÌarization behavior of the

specimens in simulated crevice environmen'Ls, raiher than the bulk environment.

fviulti-component or'lhopedic devices are generally nianufactured with in-built
crevices. Thus, tests in the crevice environments are likely to give more
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realistic informaiion regarding the actual servíce performance of the

aì loys uncier consideration. The results of these studies imp'ly thai
hysteresis phenomenon is a comrnon r"eature of austeniiic stainless steels

in chloride media, and the resulting acùive protection potentials render

them hi ghìy suscepti bl e to l ocal i zed comosi on.

Polarizaiion Tests on indivicluar Alìoying Eìenrenrs of
Austenitic Stainless Steel

Fiugre 18 shows the cyclic po'larization curves for iron and

moìybdenun and Figure 19 shows the curves for nickel and chron¡iurn, in

Ringer's physio'logical solution. The purity of all the elements was

ntore than 99.9%. The purpose of these tests was to correlate the

poìarization characteristics of ihe in,jiviclual elemenüs with those of

the alloy itself. It is observed thaL all the four elements exhibit

varying degrees of passity and aìì have clifferent critical pitting
poientiaìs. The open circui'ü potentials and the passive current clensities

also ciiffer widely. The passivÍty of chromium is ntost pronouncecl; its
passive region most extended ¿¡çt the ipassiuu the least of all the elements.

All the four elements show varying degrees of hysteresis. The ciifference

potential ' (Ë.-Ep), for Cr and í"lo is raiher small cornpareci ùo üi ancl Fe

both of which have EO values nrore active than the respective open circuit
potential s.

It seems difficult to predict the cyclic polarization behavior of
an alloy from that of the constituent elernents. Thus, Type 3161 stainless

steel having a composition of 17.!% Cr, lL.4% iii, anci 2.3% '4o shows

considerable hysteresis in Ringer's soluiion rvhile another austenitic

stainless steel having 20% Cr, 25% i.,li, 4.5?[ i4o cioes not shovl any hysteresis
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in the same solution (Fig. li).
The above experiments reveal that the po'larization behaviors of

the individual a]loying elements of stainless sieel aìloy differ. It is
also noticed that the bulk conrposition of the alloy influences its
polarization behavior. ilowever, ihese tests do not expìain how ihe change

of composition is correlated to the polarization behavior. The need to

investigate the role of the passive film on the surface of the alloy was

felt at this point. It is reasonable to believe ihai depenciing on the

buìk composition of the alloy the composition of the passive film varies;

and ultitnately the composition of the passive film, rather than the bulk

composition, determines the comosion behavior of 'Lhe a'lloy. Subsequent

studies to analyze the passive films of various alloys by Auger electron

sepectroscopic technique were prompted by thi;s need to ascertain the

composition of the passive films.

Figure 20 shows the polarization curve for the as-cast alloy

which is lvidely used in orthopeciic imp'lants. The ipassiu. of lhis a'lloy

is similar to ùhat of rype 3i6L stainless steel (Fig. 10), as was also

observed by f'lueller and Greener [29] and Cahoon et al [9]. Thi:s signifies

that the generai corrosion resistance of these 'Ewo al1oys is probably

the same. I-loweveF, the cast Co-Cr-l.lo alloy has a nobler critical pitting
potential (= 500 rnv in Fig. 20) conrpared to'Iype 3161 stainless sieel

(320 = 340 mV in Fig. 10). This implies that the cast co-cr-tilo a]loy has

greater resistance to pitting corrosion than Type 3161 stainless sieel.

A nobler critical pit'ting potential for the Co-Cr-i'lo aì1oy was a'lso reported

by other auLhors [9"73,74]. An exarnination of the transpassive region in

73.

lic Polarization Behavior of 65% Co - 307; Cr - 5% i'{o Allo
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Figure 20 shovts that after about 10 uA1cm2, the transpassive current

increases less rapidly, giving rise to a secondary passivity. The

secondary passivity however can be predicted frorn ihe two phase nlicro-

structure of the as-cast alloy as shown in Figure 2L.

The cyclic polarization curve in Figure 20 gives very significant

jnformation. It is noticed that the cast Co-Cr-þio alloy has a relatively

noble protection potential and also the EO for this alloy is very

insensitive to the amount of pit propagation during the forward scan.

For the tvlo ciifferent values of scan reversal , EO varies froln about 420 mV

to 400 rnV vs. SCE and the ciifference potential (E.-Ep) varies from 80 to

100 mV. A noble value of EO implies that ihe chances of repassivation

of growing pits are higher. And the fact that EO'is not sensitive to the

arnount of forward scan ensures thai irrespective of the amount and duration

of pit propagation the potentia'l range where the material can be

repassivateci remains relatively constant. Compared to Type 31'61 stainless

steel , the Co-Cr-Mo a'lloy 'is thus more desirable. For Type 316L stainless

steel (Fig. 10) Ë^ is not only more active bu'b also very much dependent
P

on the anou¡rt of pit propagation during the forward scan. When the scatt

was reversed at about 200 uU/cm?, EO for Co-Or-ltlo alloy was about 400 nrV

and that for Type 3161 about -50 mV vs. SCË giving a difference of 450 rnV.

Fiugre 22 shows the cycl'ic poìarization curve of a hot lvorked

and annealed specimen of 65% Co - 30% Cr - 5% l'10 alloy. The ingot was

hot swagecl at 1150oC by 20% on ciiameter, annealecl for 2 hours at 1050oC

and water quenche<i. Similar treaiments Ii6] improve the corrosion resistance

because of improvemen'ü in nicrostructure as shown in Figure 23. Ä more

homogeneous finer graineci matrix structure and more uniform distribution



76.

Figure 21 l4icrostructure of as-cast 65% Co' 30% Cr, 5% f'lo al loy (X100).
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of carbides are obtained. The po'larization curve of the hot-worked alloy
is however very similar to the as-cast al'loy except for a margt'na1 improvement

of 8., about 540 mV for the hot'worked alloy comparecl to about 500 niV for
the as-cast one. There is also a slight irnprovement of E,, by about 30 mV

in the case of the hot worked alloy. Furthennore, the ho.L-worked samp.le

does not exhibit any secondary passivity. This appears to be clue to its
uni form mi crostructure.

Ëffecù of Low pH and l{igh cl- on the polarizaiion tsehavior of
65% Co ^ 30% Cr - 5% Isio Al ì ov

Figure 24 shows the effect of HCI aticiition on the as-cast bE% Co -

30% Cr - 57i, a1loy, as was also clone for stainless steels (Figure 15). The

variation of the open circuit poteniiô1, shown in Figure 24 is caused

by the addition of 2ûû nrl of 0.2 ii HCI to one litre of Ringer's solution

containing the specimen. It is observed that compare<f to the stainless

steels (Fig. 15) the fluctuation of potential for the Co-Cr-i,'lo a'lloy is
considerably less severe, irnp]ying that the cobalt based alloy may be ìess

sensitive to hydrochloric acid

Figure 25. shows the polarization curve for the cast Co-Cr-l.lo alìoy
in Ringer's solution with hyclrochloric acid addecl. It is observeci that

the critical pitting potential E. in this solution is about 800 mV vs. SCE

and the protection potentia'l Ëo is approxinrately 750 mv vs. scË. Thus

both E. and EO are nobler than in the case where no hydrochloric acicl is

added (Fig. 20). 0n the o-uher hancl, in Type 3161 stainless steel both Ë.

and E^ move in the active direction when HCI is added to äinger,s solutionp

(Fig. i6). The difference of behavior between Type 3161 stainless sieel

and the Co-Cr-ivlo ailoy in the above acidic mediui¡ is thus very significant.
T^Jhile ihe stainless steel becomes more susceptibìe to localized corrosion,
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the co-cr-ltlo alloy exhibits an opposite tendency. Also, one observes

that the peak potential of about 150 mV in Figure 24 is considerably'less

than 800 mV, the critical pitting potentiai in the sanre medium (Fig.25).

Thus, in the Co-Cr-Mo a]1oy, unlike the stainless steel, there is no

danger of a spontaneous breakdown of passivity due to ùhe accumulation

of hydrochloric acid in a crevice configuration.

The cyclic poìarization curve for the as-cast Co-Cr-i'io aì1oy in

4% Nacl solution at 60oc is shown in Figure 26. The values of E. ancl Eo

are slightly active to those in Ringer's solution (Fig. z0). This implies

that the Ë. and E,, values of the cobal'L based a1loy are rather insensitive

to higher chloride ion concentrations and temperature

In comparison to Type 3161, or even rnore corrosion resisiani

stainless steels, the 65% Co - SO% Cr - 5% f,,lo alloy has a number of ,listinct

advantages. It has nobler values of E. and Eo. /rlso iis tiifference

potentÍaì, E,^-E^, is very small, about B0 mV compared to aboui 400 mV(.P

for Type 3161 stainless steel. Its EO is insensitive to the amount of

pit propagation. Also its E. and Eo are not much sensitive to higher

chloride ion concentrations and higher temperature. Thus, the Co-Cr-Mo

alloy appears to be more inunune to localized corros.ion than any of the

stainless steel aì1oys investigated in the present study.

In order to determine the influence of moìybdenun on the

polarization behavior of the cobalt based alloy, tests were conducted on a

moìybdenum free 70% Co - 30% Cr alloy. Figure 27 shows tne cyc'lic

polarizaùion curve of the as-cast a'l'loy. It is reacliìy observed that the

polarization curve of ihis rnolybdenum-free alloy is similar to that

for the a'lloyr containing 5%.140. The values of E. (= 420 mV vs. SCE) antt
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Ë,-, (= 360 rnv vs. scE) of the 70% co - 30% cr al]oy are however somewhatP

more active than the 65?,i co - 30% cr - 5% tlo aìloy (Fig. z0). Also the

rest potential in the Co-Cr al]oy is +49 mV vs. SCE compared to about

-100 mV vs. SCE for the Co-Cr-['î0 a]ìoy (Fig. 20). But the influence of
molybdenunr in the cobalt based al'loy is not as significanù as in the case

of stainless steel (FiS. 11).

The cycìic poìarization curve in Ringer's solution of pure

cobalt' the major constituent of the Co-Cr-l4o a'l1oy, is shown in Figure 28.

It is observed that cobalt has a very aciive rest poiential (= -500 mv

vs. scE)' has a passive region with an ipassiuu in ihe range of 30 to

60 pL/cn? and an E. of about -180 mv vs. scE. The hysteresis in-ühe

poìarization curve is not pronounceci ancl the resuliinS EO is about -240 nrV

vs. scE. The difference potential, (E.-Ep) is thus only 60 mv which is

cornparabìe to the magnitude of that of the 6s% co - 30% cr - s% i'.io alloy
(Fig. 20). The polarization curves for l4o and Cr are shor,¡n in Figures 1g

antj 19 respectiveìy. It appears that as in the case of Type 3161 stainless

steel the Co-Cr-l4o alloy aìso exhibits a polarization curve which canrroi

be correlated expliciily to that of any one of the constituent elements.

Howevero it can be qualitative'ly predicùecl that the major constituentsr

namely, Fe in Type 3i6L stainless steel and Co in 65% co - 30% Cr - 5% I,lo

have a maior influence in governing the shape of the poìarization curves

of the respective alìoys.

4.2 Atornic Absorption
Steel and 65% Co -

Analysis of Corrosion Prociucts of Type 3i6L Stainless
30% Cr - 5% l4o Al I oys

The purpose of

amount of each elernents

the atonlic absorption

of an a'l'loy going into

tests was to determine the

the electroìyte during a
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dissolution process. Contrary to polarization curves which give only the

overall dissolution characteristÍcs of the alloy, the aiomic absorption

tests show how much of each of the constituent elements is ìnvolved in

the process of dissolution. Table 6 shows the results of analyses of

solutions af-Ëer polarization tests were conducted - one for a Type 3161

stainless steel and the other for an as-cast co-cr-t4o alìoy. During

cyclic poìarization tests, the potential was helci constant for Z hours

at 200 mv more active io ihe critical pitting potential, as already

exp'lained in section 3.3 of chapter IIi. The solution was ana'lyzed for

individual elements after the end of the poìarization tests. The Ringer's

solution, although made of reagent-grade chemicals of highest purity

available, contains trace elements. Accordingly. the solution itse.l:f

was analysed for various elements on the atomic absorption spectrometer.

Table 7 shovus the concentrations of various elements in Ringer's solution

before polarization tests. The concentrations shown in Table 6 are the

values after necessary coruections for the trace elenlents are already done.

It is readily seen that the percentage composition of each of

the elemenis in the solution after compìetion of the poìarization test

corresponds approximateiy to that in the bulk composition of the a1'loy,

especially in the Type 3161 stainless steel. In the case of the Co-Cr-t'î0

a'lloy lhe % of t"îo in the solution (L3%) seems to be rather hiEh cornpared

to the Mo content of the alioy (5%). The above results of atomic

absorption analysis generaìly confirm the observations of Suzuki et al t50l

who also analyzeci by atornic absorption technique the distribution of

metallic ions wiihin the anolytes of various artificial'ly induced stainless

steel pits. They observed that the distribution of various elernents in
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TABLE 6

RESULTS OF ATOMiC ABSORPTION ANALYSIS OF
RTNGER'S SOLUTTON AFTER ANODTC POLARIZATION

OF TYPE 3161 STAINLESS STEEL AND
65% Co - 30% Cr - 5% Mo ALL0y

Type of Aì10¡r

BB.

El ements

Fe

Cr

Ni

Mo

Co

Cr

Mo

Amount App Z
tPPrn)

3161 Steel
(L7.I% Cr,7I.4% Ni,2.3% Mo)

65% Co - 30% Cr - 5% Mo

1.31 t 0.04 65

0.41 t 0.02 20

0.25 I 0.01 12

0.06 t 0.03 3

0.47 ¡ 0.02 53

0.30 t 0.01 34

0.12 È 0.03 i3
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TABLE 7

ATOMIC ABSOBPTION ANALTSIS OF TRACE ELEMENTS
IN RINGER'S SOLUTION

Eï enents

Ni

Cr

Co

Fe

Mo too

Anount (ppin)

0.13 t 0.01

0.005 r 0.001

0.33 r 0.02

0.09 t 0.01

low for analysis
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the anolyte was in ihe same proportion to that in the bulk metal. These

results imp'ly that no selective dissolution occurs in local ized comosion

of stainless steels.

4.3 Auger Electron Spectroscopic Tests on the Oxide Films of Stainless
Steel and Co-Cr-þlo Alloys

Figure 29 shows the profile curves obtaineci by Auger electron

spectroscopíc analysis on oxide films of a Type 3161 stainless steel

sampìe which lvas kept, prior to Auger analysis, in the Ringer,s solution

for about 4 days. Si, I'lo, 0o Cr, I,li ancl C profiles are shown on the

diagram where the heighù of each mark above the 0-0 zero line is
approximate'ly proportional to the concentration. The x axis (0-0 line)
represents the Ùime which can be correlated to the penetration of the

electron beam into the oxide layer and beyond. The distance - rnilìiamp

current relationship is linear when the accelerating voltage is held
oconstant. Thus, if a 2 KV l irlA beam penetrates about s A/mlnute in the

oxide layer, a 2.KV 5 Í{A beanr will penetrate 15 Â/rninute. ûxide filnrs

on sarnpìes of 17.L% Cr, Ll.4% Ni, 5% Í,10 alloy (no. 6 in Table 4) and

20% cr, 25% üi, 4.5% r,io, L.5% cu a]loy (no. 10 in Table 4) anci a 65% co,

30% cr' 5% l4o alloy were also analyzeci. Typicar spectra and

profile curves, including the one shown in Figure 29 are shown in the

Appendix Ii.
it is readily seen from Figure 29 that the oxygen concentration

is very high on the surface, signifying ihe presence of the oxide ìayer.

The oxygen concentration however soon falls off very rapiclly to a steady

level. The entire oxygen profile thus gives a picture of oxygen diffusion
from the surface to the bulk material. An interval of 5 rninutes is shown

between two arror¡¡s in the diagram. if ii is assumed that the 1¡nA beam
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: l. l:

penetrates roughly S Å/m.¡nute L7Sl, the thickness of the oxide layer is
approximately 30-50 Â" it is also observed that the diffusion affected

zone is large compareci to the oxide 'layer thickness.

Examination of the profi les of the nrajor al loying elernents reveal s 
,,,,,,,,,

that the nickel concentration reaches a maximum value somewhere between

the surface and the bulk materiaì, probabìy between 50 and 1S0 Â U.to*

the surface. The molybdenum concentration is very 'low on the surface 
::... :

and increases steadily from the surface to the bulk material , save for ',;,',:,,t,

minor fluctuations. The chrontium concentration reaches a maximum in the ,,,,,,,,,

viciniüy where the oxygen concentration is decreasing and the nickel

concentration is increasing. The peak occurs at roughly 30-40 Å trom the

surface.

Since the height of the profile curve above the zero line in
Figure 29 is approximately proportional to the concentration, a pìot of
compositiona]ongtheprofilerel.ativetothebu]kcompositioncanbe

obtained. Figure 30 shows such a plot for chromium for two runs each of
the three stainless steel alloys. The curve corresponding to 316L, Run 1

is obtained from Figure 29 where the bulk chromium composition corresponding .,,,, ,,,
to the point at the end of the spectrum is assumeci to be I7.lL%, the chromium ,,, 

,

content of the aìloy. The rest of the curves in Figure 30 has been :::r'¡

obtained from profile curves shown in the Appendix iI. The clistance a'long

the x axis is obtained on the basis of penetration of a 1 nrA beanr by

, ::.:l ..1roughìy 3 A/rninute. Though the composition vs. distance correlation in : :

Figure 30 is noi exact, it appears to be quite suitable for comparison

purposes. Figure 31 shows the chror¡ium composition vs. ciistance on a linear
scale to permit a closer examination of the first 50 Å, i.e., esseniially
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the oxide layer. The simi'larity between the chromium profiles of all the

three alloys is very striking. It is noticed that within fírst tO Å, the

anlount of chromium is relatively constanù and is generally'lower than that

in the bulk. Betv¡een 10 and 50 Å, the amount of chromium increases very

sharply to a peak value of 20-25% except in 3i6L Run 1 where the peak

is about 35%. In 3i61, Run 1and Run 2 comespond to the first run on

two different samples. For the other two alloys, Run L and Run 2

correspond to two separate runs on tv¿o different spots of the same sample.

it appears that for these two alloys, the profile for Run 2 is ciifferent

from that of Run 1. This is possibì¡z due to some cleaning of the eniire

sample during the first run. The profiles for Run 2 of these two aìloys

however follow a simi'lar pattern. It is interesting io note that ùhe

chromium peaks in these cases are not so pronounced. This rnay be clue to

the depìetion of chromium on the oxide'layer caused by the cleaning action.

A comparison of the chromiunr content Ín the viciniiy of the oxide

layer for the three alloys in Figures 30 and 31 reveals some interesting

results. It is observed that between 0 to 10 Å, typ.316L stainless s.leel

has the nrinimum chromium content, varying between 5 to l%. The other

two alloys namely 20% Cr, 25% i''li, 4.5% Flo, !.5% Cu and L7.I% Cr, Lt.4% Iii,
59á l'10 have consirJerably higher chromium in the 0 to 10 Å region. The

higher chromium content in the oxide layer of the Z0% Cr, 25ï" Hi, 4.5% l4o,

I.5% Cu alloy is expected because of its higher bulk chromium content.

Horvever, the 17.1% Cr, 11.4% Ni, 5% l4o aìloy has the same amount of

chromium in the bulk as in Type 316L stainless sieel. But it has almost

2 to 3 times more chromium in the oxide ìayer than that of Type 3161 steel.

The passivity of an alloy is generaììy governed by the surface passive
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film. The higher chrorniun content in the outer oxide layer of the 17.I% Cr,

lr.4% Ni,5% Mo steel thus accounts for its greater passivity over

Type 3161 st¡ã,ùnless steel in Ringer's solution (Fig. 11). The rnajor

difference between these two alloys îs that wtLile 3161 has 2,3%N1o in the

bulk, the 17.1% cr, 11.4% Ni, 5% Ivlo al]oy has 5% Mo. This suggests that

a higher anount of mo'lybdenum improves the compositl'on of the oxide layer

by astiibilTfli'trigs'.a higher amount of chrornium ìn the o-ride'layer. This

appears to be one of the possib'le explanations of the beneficial effect

of molybdenum in combating localìzed corrosion of stainless steel.

Figures 32 and 33 show the nickel profiles obtained by the same

procedures as for chrorniun profiles of Figures 30 and 3L. A1'l the three

alloys exhibtt a similar course for nÌcke1, nanely a relatively low and

steady value between 0 to 20 Â, a peak at roughly 50 to 70 Â which leyels

off to a lower value around 100 Â. "lhe Z0% Cr, ZE% Ni, 4 .5% t¡)o, LS% Cu

a11oy has a considerably higher amount of nickel throughout its course.

This is expected because of the hrlgher amount of nickel in the bulk of

this a]1oy. It is interesting to note that rnaxinum concentration of

chronium and nickel occurs at different distances from the surface. Nickel

reaches a peak value at a distance whêre the chronium begins to leye'l off
frorn the peak va'lue and chromium concentration reaches a peak value in the

vicinity where nickel concentration begins to increase towards a peak

value. This indicates an overall balance of nickel pìus chronium in the

oxide and diffusion layer.

Figures 34 and 35 slrow the rnolybdenwn concentration profiles for

the three al1oys. It is observed that the molybdenum concentration is very

low and has practicaìly the same value between 0 to 10 Å for a'll the three
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0
al1oys. Roughly beyond 10 A, the concentration of nolybdenum increases

graduä11y acconpanied by very'ninor fluctuaù'tons. The rnolybdenun

concentration for the 17.1% cr, 11.4% Ni,5% I\o alloy is generally higher

throughout because of its higher bulk nolybdenum. , . ,

Figures 36 and 37 show the profiles for iron concentration for

the three alloys. The amount of t'ron in the bulk was obtained by subtracting

the sum of thLe amount of various alloying elernents fron 700%. The rest 
:, .i,:,.,

of the iron profile was then obtained by conparison wÌth the bulk iron :

concentration. The iron signa'l was monitored only in Run 2 for each of ,., ,.

the tiLree a11oys. It is obseryed that iron concentration is low and

relatively constant wÍtht'n 0 to fO Å Ueyond which the concentration rises
o

very quickìy:to a rnaximum value at ab.out 50 A and rernains practically

steady throughout.

Figures 38 and 39 show the oxygen profiles in arbitrary units for

the three a]ìoys. The oxygen concentration is relatively steady at a

high value within the initial 10-20 Â. The concentration then falls off
sharply and becomes very low at about 50 Å. Thus, the oxide filnrnay be

assumed to extend up to anywhere between 10 to 50 Å. The depth of the ,,'.,,,,..,i1

oxide layer ìs more or less the sane for all the three alloys, though for ,:,,:,.,,',,.,;
I. ...:rt: .

3161 l't appears to be slightly rnore extended than the other two alloys.

Figures 40 and 4L show the carbon profiles for the three a]1oys.

The concentration is high at the outer s Å or the oxide layer. The 
:,i::1.;:..

concentration then falls off but rises again and fluctuates. Part of the 'i'r' :

higher carbon concentration at the outer oxide layer is due to contamination

from handling and cleaning. 0n examinatîon of the yarious.$pectt"a

cor,Pesponding to Run 2 on Type 3L6L stiåi'nless steel (details Ìn Appendix II)
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it is observed that the carbon peaks for spectra 1 and Z are different
from those for the remaìning four spectra. The carbon peaks in spectra 1

and 2 have a sharp positive rnaxirnun before the large negatiye mininum.

The ratio of these are about 4lz3 for spectrun 1. spectra 4-6 all show

two s¡nal'l negative peaks before the large negative peak. This is related

to carbon in a "boundtrstate, as opposeddto being an fiadsorbed!'molecule.

Thus, the carbon observed is not simply contanination fro¡ handling and

or cleaning, but a good part of it îs integral with the oxide layer.

The sî1rìcon profiles are shown in Figures 42 and 43. The silicon
signal was monitored in Run 1 only of all the three alloys. Silicon was

present at detectable levels up to approxîrnately 4O Â fron the surface.

Sulphur, phosphorus, calcium and occasionally copper were detected

outennost layer of the oxide film. All of these elernents disappeared

buìk region.

In the profile curves discussed so faro it is assuned that the

height of each nark aboye the 0-0 line (x-axis) is proportional to the

concentration. However, interpretation in tenns of conposition depends

on the gain set for each channel and relative spectraì line strength.

For the lines used for the analyses of the three al'loys discussed so far
the channel gain settings and the relative spectral line strength are

shown in Appendix II (Tab'le II, Appendìx II). Also, one shou'ld remember

that the sensitivity of a signal may not be rinear. Howeyer, for a

comparative study of various alloys the approxirnation in the present study

is acceptable.

Since the composition of the JnaJor constituents in the oxide ìayer

h.as been approxirnately determìnedo an attempt can be made to formulate the

in the

in the
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overal l conposi ti on of the oxi de fi'ln. The percentage cornposi tion by wei ght

of each of the constituents has been converted to the atornic cornposition

and the following results have been obtai'ned:

Type 3161 stainless steel: IA% tt), g0% 0

77.I% Cr" I1.4% Ni, 5% Mo alloy: 29% 14, 77% 0

20% Cr, 25% Ni, 4.5% I\o, 7.5% Cu a11oy: 36% 1,1, 64% O

where M and 0 stand for the combined rnetallic elenents and oxygen respectively.

Detailed calculations are ,rro*n in Appendix ïII. It is interestÍng to

note that in Type 3161 stainless steel the amount of.oxygen is highest,

about 9 tines that of the conbined rnetallic elenents; whereas in the

20% Cr" 25% Ni, 4.5% l4o, 1.5% Cu at'loy the amount of o¡ygen Ìs the lowest

among the thnee a1loys, roughly twl'ce that of the netallic elements. This

suggests that in the oxides of Type 3161 steel the metals are in higher

valence sta'üèsr than in the other two alloys. In view of the discussions

in section 2.4 of Chapter II regarding the nature of the passive film, it
is felt justified not to assign a definite fonnula because not on'ly Êherthere

c-Qnlp tQXrQ xí:desr i biuÈ ô herehruau þeys Orue sqxug eqyue nt ll e ad eo nÐe d ri¡êdt e t a te "

It seerns likely that the oxides with metals in higher valence states

in the passive film of Type 3i6L stainless steel render this alloy less

stable compared to the other two alloys. The higher oxides can be readily

reduced to the lower ones and jn the process can provide an electron sink

for the anodic dissolution reaction of the exposed regions of the basis

netal. Thus the fotlowing reactions can easily take place 176lz

Fer0, + 6H+ * 2e = zFe+i + 3H20(ET = +*077j3)V) (1)

Fe = Fe*t + ØeÞl = -0.44V) (z)



r1.2.
:, .:.

The large .;Ìdriû¡irngg e.n.f. E = tl - ,7 = 7.77U gì.ves rise to arlarge negative

net chemical free energy change for this reaction. This inp'lies that the

overall reaction can take piace spontaneousiy. The net result is that
J-f!Fe"' ions in the lattice are either remoyed directly into solution as 

,,,,,,.,,,;,,

fel{ or reduced to the ferrous state while still in the lattice. Either

process pronotes the formation of vacancies, where the lattice energy is

abnornally large, in the surface, ê.g. 176lz , '. ''. ..:
:.: :.:'.:: :l

., ,. a .a, 
,,,.

'*ilirt.. * 0iutrice + Fe + 2H+ = zreflrrice rno*un.n 
,,,,,,:,

+ Feil + H20 (3) : rr :: ::

and so facil'itates dissolution.

Sinilarlv crOo-- ions, where chrornium is at a higher valence

state, can provide an electron sink to facilitate the reaction:

ZCnOO-- + ZFe + 4H+ = Ferg, + Crrg, + ZHZ' (4)

This causes Fer0, to precipitate a'longsÍdde CrrOr.

It appears that the difference of composition of the passive film
nay weì1 explain the difference of electrochemical polarization behavior

of the bulk specimens of the three alloys, namely !7.!% Cr, 11.4% N.i ,

2.3% I\o (Type 3161); t7.t% Cr, tJ..4% Ni, b% I\o; 20% Cr, 25% Ni, 4.5% ÌÍo,

I.5% Cu, as observed earlier (Fig. 11). Type 3161 has a film cornposition

where the metals are in their higher valence states to foryn the oxìdes.

As explained in equation (3), these oxides will promote forynation of

vacancies on the surface. Since conductivity. is direcily related to

vacancy concentration, the filn in this case is initially nore conducting,

l¡lith the application of an external potentrìal tn the noble direct.ion,

the conducttvity progressively increases. Polarizable agEressiye anions
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such as C]- introduce an additional electrical field. l¡lhen the electric

field Ín the passivating film is sufficiently great, which will occur at

a lower applied potentia'l in Type 3161 stainless steel than in the other

two alloys, metal cations are pulled outwards or Cl- pu'lled inwards {771

through the film. Thus, there exists a critical pitting potential, Ec,

above which appreciable coruosion occurs at the "contaminated" points and

pitting initiates local1y. The strength of the induced field is greater

at higher concentration of the aggressive chloride anion. Therefore, a

lower applied potentiai ts necessary to break down the film. The results

of ttbe electrochemicaü polarization tests support,; this theory. The 20% Cr"

25%Ni,4.5% Mo,1.5% Cu alloy does not exhibit a breakdown of passivity

ìn Ringerrs solut'ion (Fig. 11), whereas,in 4% NaCl solution at 600C, it
readiìy breaks down (Fig. 17).

Figure 44 shows tlLe profiles of various elements monitored in a

65% co,30% cr" 5% Mo specimen. As in the case of stainless steel, here

also the oxygen concentration is very high on the surface and falls off
rapid'ly. For the chromium signaì, a chrome depletion behind the chrome

oxide band is noticed. Cobäiit content is low on the surface, but soon

rises to a high steady value. Also, cobalt makes up the difference in the

chromium depletion zone. Initially C'l and Mo signals interfere." It was

assumed that the cl was a surface contaminant and the cl signaì was

monitored. It fell and rose again. The increase was interpreted as the

Mo signal. T.ypircä1. spectFai.ândspnofi"tresiidrp¡sliówn i:n the :. ,,ì

Appendix II.
Profiles of individual elements were obtained applying procedures

simi Ï ar to those of the stainl ess steel al 'loys. The cobal t prof i'le i s
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shown in Figures 45 and 46. The amount of cobalt is ìow up to about l0 Å,

then it increases rapidly and reaches a maximum at about 6c-70 Â. The

chromium composition as shown in Figures 47 and 48 is steady between 0 to
OO

10 A; it reaches a maximum at around 30-40 A but then falls off to a

smaller value and fluctuates along the diffusion layers. The chromium

composition on the surface in the second run is found to be higher than

in the first run. This may be due to the cleaning of the entire sample

during the first run, It is interesting to note that similar effect for
chromium also occurred in the star'nless steel alloys (Figs. 30, 3l).
Molybdenum (Figs. 49, 50) on thecontraryexhibits an opposite behavior

from chromium. Here the Run 2 shows a lower composition compared to Run 1.

In both cases there is a Mo dep'letion zone around 20^25 Å UeyonA which

the composit.i;on increases steadiiy al'l along the diffusion zone. The

oxygen profile is shown in Figures 51,,52 and Figures 53,b4 show the

carbon prof i 'l e.

As in the case of stainjess stee'l ,

film has ùeen calculated. Calculations for

composition of the surface

2 is shown in Appendix III.
The composition is found to be 17%V.j,83% O. Thus, the film in this alloy

has oxides with metals in their high vaìency states. The critical pitting
potential of this al'loy in Ringer!s so]ution is roughly s00 mv vs. scE

(fig. 20), a value in between the critical pitting potentials of Type 3161

and 20% Cr, 25% Ni, 4.5% l4o? 1,5"/" Cu alloy (Fig. l1). This is expected

because of the oxide compositlon of the cobalt based aì1oy also lies in
between that of the above two stainless stee'l aìloys. However, in

4% tiacl solution at 600c [Fig. 1.7), the 20% cr? zs% Ni, 4" s% ]lo, J..5% cu

a]'loy starts to break down at about 450i¡nV vs. SCE, whereas the cobalt

the

Run
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based ailoy is relativeìy immune in higher chloride concentration [Fig. 26).

The possible reason for this may be the high concentration of chromium

(SO"t"¡ in the Co-Cr-Mo alloy. It was discussed Ín section 2.4 in Chapter II
that the critical chromium content for the Co-Cr system is only B%. Thus

with 30% Cr, this alloy has considerable amount of d electron band unfilled
which favours chemisorptrìon of oxygen. The Ct- ion compétes with oxygen

ion for preferential adsorption on the metal surface. As ìong as the

affinity for oxygen remains greater than that for cl-, passivity is
maintained. This probably accounts for the immunity of the 65% Co, 30% Cr,

5% I4o alloy to higher chloride ton concentration.

After the reversal of the potential scan'in a poiliánization process,

the cuffent density becomes very low and comparabìe to the ipassiu. at a

potential called protection potentiaì, Eo. It is likeìy that at Eo the

film compìetely regains its original passive structure. If the passive

film is completeìy destroyed during the pitting process, repassivation

necessitates the formation of the fi'lm again. Thus the repassivation process

may be similar to that of the formation of the passive film in the initiaì
stages of immersion of the specimen.

Accordingly, the open circuit potential vs. time curves of a

Type 3t6L stainless steel and a 65% Co,30% Cr, S% Mo sample were obtained

as shown in Figure 55 in log sca'le and Figure s6 in linear scale. It
appears that in the initÍal period the potentiaì changed very differen¡y
for the above two alioys. In the Type 3161 sampìe, the potential fell off
by about 100 mV in the active direction in about 40 seconds after immersion

of the specimen. The potential renained steady at ahout -200 mI vs. SCE

for about 300 seconds and then rose graduaìly in the nobte dlrection. The
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potential of the co-cr-Mo a'l]oy changed by a very small amount from

-368 mV to :382 mV in the first L0 seconds. It remained steady at -382 mV

for on'ly 30 seconds and then rose gradually in the noble direction.

It is reasonable to believe that the passive film in the electrolyte

forms soon after its immersion. Therefore, the potential-time curve in

the initial period reflects a mechanism of formation of the passive film.

It is clearly seen that the films on the stainless steel and on the Co-Cr-Mo

alloys form by different mechanisms. The large drift of potentiaì towards

the active direction for the stainless steel probably irnplies a iarge

activation energy baryier for the formation of the film, whereas the

energy barrier for the Co*Cr-Mo alloy is much smaller.

A comparison of the protection potentials of the aboye two

alloys (Figs. 10 and 20) shows that the protection potential, Eo, for

Type 3161 stainless steel is about -60 mv vs. SCE, that is roughìy 120 mv

active to its rest potential. 0n the other hand the Eo of the Co-cr-Mo

alloy is about +400 mV vs. SCE, that is roughìy B0 mV active to its p.i:bting

potentia'l. The rapid increase in current at the critical pìtting

potentia'|, E., for the 3161 stainless steel (Fig. 10) suggests that the

pitting attack is quite severe and the passive film is probably compietely

destroyed. The reverse process of the film formation may not be

thermodynamicalìy possible in this case until the applied potential reaches

a sufficient'ly active value so that the large energy bamier against the

film formatlìon is overcome. For the co*cr-Mo alloy, the passiye film

appears not to be completely destroyed even beyond the critical pitting
potential. This is evident from the relativeìy gradua'l rise of current

beyond E. [Fig. 20). Hence, a change of applied potential in the active
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direction by about 80 mV reduces the electrostatic field across the film
sufficient'ly to enable a comp'lete reconstruction of the passive ftlm.

One final point regarding the Auger analysis is in order. All
the spectroscopic anaìyses were performed on passive filns formed during 

:..,.,r,,:.,,.,
a period of 3-4 days' immersion of the specimens. More informaùÌon can

be obtained if the specimens are progressively anodicaìly polarized to

various ranges of potential up to and beyond the critical pitting potenti.aì 
,,,,.1,.,,,

and back to the protectìon potential , and the films on the surface are ::i:ri::::ì::

Auger ana'lyzed at each stage. This may g'ive a detaiìed picture of the i,,,.,.,., 
,

dynamic processes involved in passivity, its breakdown and the repassivation

process. Further studies in this direction are high'ly recornmended.
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CHAPTER 5

CONCLUS I ONS

The following conclusions can be drawn from the various investigatìons

and results of this study.

1. It is confirned that the protection potentiaì is not a unti¡Que

material property but varies with the amount of localized attack

induced by poìarization.

2. If sufficÌent free HCI is generated within a crevice, the potential

of Type 3161 stainless steel may exceed in the noble direction the

critical pitting potential, causing spontaneous breakdown of
passivity. Thus, Type 3t6L stainjess steel does not appear to be

ideal for use in orthopedic implants.

3. All the three alloying elements, namely Cr, Ni, and ivlo improve the

corrosion resistance of stainless steel by shifting the critical
pitting potential, E., in the noble dirrection. However, moìybdenum

appears to be the most effective in imparting resistance to'localized
corrosion.

4- Hysteresis and a very active protection potential are common features

of all the stainless steel allo¡rs considered. Thus, if passivity is
somehow destroyed in these aì1oys, pits would propagate without

interruption. Therefore, austenitîc stainless steels should not

genera'lly be recommended in rnulti-component orthopedic devices where

the risk of crevÌce corrosi.on is very htgh.

5. It is confinned that in Rrìnger's solution 65% Coa 30% Cr, S% Ir4o alìoy

has a critical pitting potentiaì about 150 mV nobler than Type 3l6L
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stainless steel. This imp'lies that the above cobalt based a'lloy

has greater resistance to pitting comosion in human physiologicaì

environment than Type 3J.61 stainless steel.

6. For the same value of curyent reversal (= 100 vn/cm?), the Co-Cr-Mo

al1oy exhibits about 450 mv nobler protection potential than

Type 3161 stainless stee'I. This indicates that chances of

repassivation of growring pits in the cobalt based aìloy are

considerably higher.

7. The protection potential of the co-cr-Mo ailoy is relativeìy

insensitive to the amount of impressed cument during the forward

scan, and the chloride ion concentration and acidity of the

eìectrolyte. The protection potential of the stainless steel

a1 ì oys .vrer$'esoeorisiûdehaþ"lyirü.irtl,r:hühebab'Ovgap,ararñet:ers .'ìihIhus 3;hËhe

Co-Cr-Mo a1'loy is more desirable as an orthopedic implant material.

B. The atomic absorption analysis shows that the distribution of

various elements in Ringer's solution after the anodic po'larization

test is generalìy in the same proportion to that in the bu]k 3161

and Co-Cr-Mo al'loys, This impìies that no selective dissolution

occurs duing anodic polarization of these alloys.

9. The composition of the protectrive film on the surface of three

stainless steel aììoys and one Co-Cr-lvto aì'loy has been inyestigated

by Auger spectroscopic anaìysis. It appears that the composition

of the film varies with the bulk composition. For Type 3161

stainless steel, the film appears to haye oxides with metals in

higher valence states compared to the oxides of ilte other two

stainless steel alloys. This possibly accounts for the more active



133.

10.

critical pitting potential of Type 3J.61 stainless steel.

Comparison of the chromium profile of Type 3161 stainless steel

having 77.I% Cr" I1."4% Ni, 2.3% Ivlo and the aì1oy having 17.1% Cr,

1,7.4% Ni, 5% Mo shows that the 'latter a1loy has roughly 2 to 3

times more chromium on the outer first 10 Å of the film. This

accounts for the greater stabiìity of the passive film; leading

to a nobler critical pitting potential of the latter alloy. Both

the alloys have the same amount of chromium in the bulk; but the

latter has 5% Mo compared to 2.3% I4o in the former. Therefore,

it appears that molybdenum inparts passivity to stain'less steel

by stabilizing niórcechromium on the outer surface of the protectiver

fi lm.
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APPENDTX I

METALLIC TMPLANT MATERTALS AND COMPOSITIONS :31

i. Statnless Steel Bars Element
and [,li re

Pèfcent

Type,A. Type B

Carbon 0.08 nax 0,03 ¡ax

l4anganese 2,00 rnax 2.00 4ax

Phos:phorus 0.03 rnax 0.03 max

Sulfur 0.03 max 0.03 nax

Stl i.con 0. 75 max 0. 75 nax

Chromiun 17.00 * 20.00 17.00 - 20.00

Nickel i0.00 * 14.00 10.00 - 14.00

Mo'lybdenurn 2.00 - 4.00 2. 00 * 4.00

Ir.on Bal ance Bal ance

2, Cast Co-Cr*l4o alloys. Elenent Min. % Max. %

Chromium 2J,0 30.0

lvlolybdenum 5.0 7.0

Ni ckel 2.5

iron - 0.75

Carbon 0.35

Stlicon - 1.00

Manganese - i.00

Cobal t Bal ance Bal ance
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3. hlro ug h t ..Co -Cr-Mo al l qys . El ement l.Úin. % Max, %

Chrorni um

Tungs ten

Ni ckel

Iron

Carbon

Si I 'icon

Manganes e

Cobal t

19.0

i4. 0

9.0

0. 05

Bal ance

21.0i1

16,0

11.0

3.0

0. 15

1. 00

2.00

Bal ance

4. Ti 6 A1=4 V alloys, El ement Composi tian %

Ni trogen, max.

Carbon, Jnax.

Hydrogen, max.

Iron, max.

0xygen e rnax.

Al uni num

Vanadi um

0ther elements

Ti tan i um

0.05

0.08

0. 0125

0.25

0. 13

5.5 - 6.5

3.5 - 4.5

each max. or 0.40
total

Remai nder

0.1
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5. Ti tani um El euent Co;uposition % Tol e¡ance

Ni trogen

Carbon

Hydrogen

I ron

0¡ygen

0.07

0. 15

0.02

0. 50

0:31 to 0,40

+0.02

+0.02

+0.002

+0. t5

+0. 04
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Table II

Element
Relative Sígnal
Strength, Pure SËd.

Cherníca1. Gàin
Setting

c

o

SÍ

Cr

Ní

Fe

Mo

Ll2

4

2

Ll4

1

1

L

5

10

J

10

2

5
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APPENDIX III
CALCULATIONS FOR APPROXIMATE COMPOSITION OF OXIDE FiLMS

1. Type 3161 stai nil,ess steel

The wejght percentage of the rnajor elements are (frorn Run 2)

as fol lows;

Hence, 0 = 100

coinbined.

Fe -- L7%

Cr- 7%

NÌ - 3.5%

I'lo 0.!%

27 .9

^ 27.9 = 72%. Let 14 stand for all the metals

Hence, At% M =

t7 ,7 3.5,. 0.4
56 52 ', 59 ' 'es6
17,7 3.5 0.4
56-6î-59--96

Hence, the compos'i ti on îs

10% t4, 90% 0

2. 17.L% Cf , 1.1.4% Ni, 5% f{o a11oys

= 0.L0 = l0%.72+-'16

(Run 2);

The weight percentage of the rnajor elements are as follows

Fe ^ 25%

Cr * 25%

Ni 7%

It4o * 0.6%

57 .6

57.6 = 42%.Henceo 0 = 100 *
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25,25,7 0.6

Therefore , At% rl =ffi = o.z9 = 29%

ñ-v'Eg-96--T6-
Hence, the composition is;

29% rvl" lI% 0. 
, ,.,'.

3. 20% Cr,25% Ni, 4.5% Itlo, 1.5% Cu al1oy

The weight percentage of the rnajor elernents are as follows

(Run 2): ,:,1..,

Fe - 24 :; 
:

Cr - 20 .,....

Ni*21
Mo - 0.6

65.6

Hence, 0 = i00 - 65.6 = 34%.

Therefore:

At%t4=ffi =0.36 =36%

ld'v*s9'9il*16
Hence, the compos'ition is;

36% 14, 64% 0. tl,,,.

'.-' '.;;;,
4. 65% Co, 30% Cf , 5% l\o à11oy ,'. -''

The percentage by weight of the rnajor elements are obtained from

Run 2.

Co - 17% 
..,.'.i

Cr ^ 23%

l4o ^ I%

47%

Hence0=100-47=59%. :-
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Therefore At% of the combined metals:

17.23.1
n-o,_59 52'96 -.,At%=ffi =o'I7 = 17%

59 52'96 '16

Hence, the oxide film consists of;

17% Iul, 83% 0.


