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ABSTRACT

The effect of cold-work, pC}Z and p0, on the aqueous

corrosion of Type 316L stainless steel is investigated. The intent

of this study is to draw conclusions wh'ich could be app'ljed to the

problem of crevice comos'ion common'ly found in surgicaf implant

appl i cat'ions . The stai nl ess steel was tested 'in two condi tì ons ;

annealed (200 DPH) and heavjly cold-worked (400 DPH). The basic

test solution was Ringers physiological solution of pH 7.20 - 7.40.

The electrochemical techniques ut'ilized lvere corrosion potential

vs. time measurements, potentjostatic and galvanostat'ic poìarjzation.

The results showed that corrosìon potentials are lower

(more act j ve ) for col d worked materj al . Col d-lvork al so resul ted 'in a

decrease in the breakdown potentíais (for pjttjng) of 50-.l00 mV

for all concentrations of 0, and COr. The genera'l effect of a hìgh

pC02 (ll0 mm Hg) was to equilibriate annealed and cold-worked

material at a common corrosion potential. Passive current densities

(corrosjon currents) for all concentrations of 0, and C0, were

approx'imately one order of magnitude smaller for annealed specimen

(200 DPH) than for cold-worked specimens (400 DPH). Carbon dioxide

concentration (through format'ion of a COI conta'ini ng ì ayer) has a

much more marked effect on increas'ing breakdown potentìals and 'lowering

passive current densities than p0, (through an oxide passive layer)

with annealed and cold-worked steel. A crevice corrosion mecilan'ism

operatìng on the differing passive currents for annealed and cold-worked

material requìred to heal damaged passive layers is also proposed.
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Chapter I

I NTRODUCT I ON

I . I Background

Today, as a result of manufacturers, metallurgists and surgeonsl

working together, the repair of many anatom'ical systems in the body wìth i
metal I i c dev'ices has become conrnronp'lace. l'4etal l'ic devj ces are especi al ly

suited for appljcations concern'ing skeìeta1 repair and replacement

where strength and rjgìdity are required. Thjs area of orthopaedic surgery 
:

is a major user of metalljc implants

t4ost of the early understanding of metal behav'iour in the human ,,

body originates fronl the efforts of orthopaedic surgeons. The chrono-

ìogìcal development of ferrous ìmplants |, 2,31 begjns wjth a description

by Hansmann in 1886 of bone plates and screls similar'ìn design to those

used today, but made of nickel-plated mjld steel. About l9l2 Dr. l¡Jjllìam

0'Neill Sherman of Pittsburgh, chief surgeon to the U.S. Steel Co., had

the resources to design bone plates using Vanadium steel vrith superior

", 
,.i.,, and greater strength. Vanad'ium steel ì mpl ants contai n'ing 0.1 -

0.15% V with small amounts of Cr, l4o, and other aììoyìng elements had

greater strength and surf ace hardness than the earl j erimpl ants and r¡rere

used until 1935. It was not until the middle 1920's that

of materjals with adequate strength and corrosion resistance real'ly

began. Activìty ìncreased in the .l930's 
and jn .l936 

Doctors C.S. Venable

and l,l.G. Stuck experìmented v¡ith the effects of Vitall i um (65% Co, 30% Cr, 
;

5% llo aììoy), chrome steel , lB-B stajnless steel , vanad'ium steel , plain

carbon steel and other metals in bone. 0f the ferrous metals the most



2.

sui tabl e choic'e seemed to be one of the stai nl ess steels, whi ch tvere

considered jn the following order: first Type 302 or lB-B (18%Cr,8%lli,

0.15%C max. ), then Type 304 (19%Cr, lO%Nj, 0.08iáC max. ), and fìnal ly

Type 3] 6 (17%Cr, 12%Ni, 3%14o, 0.08%C max. ) The steel jmplants used

until thjs tjnre undenrent severe generaì corrosjon in the tissues of

the body and had poor fatìgue strength. Fjg.I shou¡s a bone plate (M5B),

made of 4068 steel , 0.68%C, 0.87%14n, and 0.2%14o. Thìs implant had been

on a man's tibia for 29 years from 1939'1968 and shorvs a considerable amount

of corrosion. A symposium in .l939 
under the auspices of the College of

Surgeons on the basis of v¡ork by Venab'le et al. t4l, and studies by

Hudock t5l and Key t6l recommended the use of Types 302 and 316 stainless

steels for use'in the body. The onset of l,{orld War II hastened the

need for a standard material for use in orthopaedjc ìmplants. The U.S.

government acting through the l{ational Research Council assigned l4urray

and Fink l7l on a top prìorìty project to find the most acceptable metal

or alloy available for bone fìxation and to determine jts chemical and

mechanical propert'ies.They recommended the use of Type 302 to the

medical branches of the Army and Navy in 1943. These studìes were

continued by Fjnk and Smatko tBl 'in various simulated physiological

solutions vrith Vitallium, AISI Type 316 and Type 302 stainless steels.

Their conclusion r¿ras that "Type 302 stainless made the best performance,

but the margin is very s1ight".* Th. differences jn weight ìosses betureen

the material were neglig'ible, hor,vever, the mechanícal property tests

shov¡ed the austen j t'ic stai nl ess steel s to have superí or ducti 1e propert'ies

in bending over the cast Vitallium of that time. In 1945 on the bas'is

of vrork by Blunt et.al . tgl and a report of a subcomm'ittee on bone

piates and screvJs, the superior chemical and nrechanjcal properties of

' P. àll of referenc. lei.
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Type 3'16 made it more desi rable for the manufacture of surgì ca'l ímpìants

than Type 302. Today the lor,,r carbon form of Type 3ì6, Type 3l6L ìs

used (havìng 0.03%C max. compared vrith 0.08%C nrax. for 3.l6) jn llorth

Ameri ca for the manuf acture of orthopaed'ic devi ces, r^rì th Types 3.l6 and

3.l7 having more limited usage.

Based on estimatjons by manufacturers, the number of jnrplants

bought and used runs into the m'illions. The most conrmon metaljjc

surg'ica] implant'is the bone screw and about one mjllion of these screvJs

were manufactured in the U.S.A. in 1967 tl0l. Among the larger fjxation

devices, hip nails and pins are nranufactured in the largest quantitjes.

This is due to the high ìncidence of fracture and arthrjtjs of the hìp

among the el der'ly segment of the popul ati on.

The use of Type 316L stal'nless steel has elìnljnated the probìem

of general corrosìon present 20 years ago as illustrated in F'ig. l.
Hovlever, another corrosíon problem pecuìiar to active-passive metals of

whi ch austen'it'i c sta'inl ess steel s are a major group has come to the

forefront. This is crevice corrosion - a localized intense attack which

occurs ìn confined areas. It is found all too commonly'in inrplants

removed from pat'ients where corrosion was suspected of causìng tissue

reactions with accompanying pain and dìscomfort. Generally the attack

is located betvreen the screws holdìng the plate to the bone or in the

narrotv spaces of mul tì component dev'ices. Th j s study vli'ì I deal wi th thi s

phenomena i n the hope of determìni ng the factors a'idì ng the j ni t'iati on

of the electrochem'ical reaction and the subsequent preventation measures

which then could be taken to decrease the magn'itude of the problern.
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ChaPter I I

PHYSIOLOGICAL ASPTCTS

2.1 Ioni c Compos'itì on of Extracel I ul ar Envi ronment

There has been only.scarce mention tl3l of the physioìogical

factors involved with the application of metals in human tissue by

metal ì urg1sts or engi neers. As comosi on j s an el ectrochemj cal process

it would be benefitial for the metallurg'ist to examine th'is area more

cl early

The surg'ical use of a metallic'implant places ìt in a rather

complex physìcal-chemical environment. The electro'lytes of the body

can be divided into two compartments -'intracellular fluid and extra-

cellular fluid. The compartment whose jonic compos'ition is most pertinent

to the study of the corrosion of ferrous implants is extracellular

fl ui d (ECF) . tCF i ncl udes bl ood p'l asma, i ntersti ti al fl ui d, smal ì

amounts of fluid in the joint spaces (synovialfluid), the tendon sheaths'

and others tlll. The ionic concentration of ECF is roughly about one

third that of sea water tl2l. A further compJjcatjng aspect of human

extracellular flujd, setting it apart from sea water, is the solution

of oxygen and carbon dioxjde. 0f the ionic sp.ecìes found jn ECF, the

major catjon is sod'ium, and the major anions are chloride,. b'icarbonate,

and proteìn" The ionic composition of ECF'is shown in Fjg. 2 along

wjth the ionic composition of sea v¡ater. Expression of ionic concentration

in blood chemjstry is'in terms of equivalents, and as the concentratjons

encountered are very sma'll it 'is convenjent to use the unjt mi'l'ìiequìvalents

per 'li ter (m Eq/'l )*

Hilliequivaìents are usuaìly reported in terms
Hllligrams are reported in terms of .l00 ml of
therefore mgl can be converted to mEq/L by;

of 1000 rnl of solution.
solution,

mEq

x l0 x valence = mEq/L
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has the same chemjcal composjtion. Compare this v¡'ith the oldest
bìo'ìogìcaì lìquid, the jntracellular water. (Reproduced
f rom J . H. Bl and: Cl i n j cal Metabol i sm of Body t^later and
Eì ectroìytes : l^l. B. Saunders Cornpany. )
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Fig.2(b) Diagram to compare the express'ion of electrolytes of pìasma ìn
mjlljgrams per cent, or wejght-voìume express'ions. Note
that prote'in exists as only l6 mEq. expressed as mjllìequjvalents'
but as 7000 rng. per cent \^/hen expressed j n wei ght-vol ume

terms . El ectrolytes are not important physi oì ogì cal ly because
of their weight, but by vjrtue of the number of particles in
solution or their combining power. (Reproduced from: J.H. Bland:
Cl i ni cal l4etabol i sm of Body Water and El ectro'lytes. l.l. B.

Saunders Co. )
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it should be noted that the tota'l equivalent sum of the positively

charged ions (cations) equa'ls the equìvalent sum of the neqat'iveìy

charged ìons (anions). This balance in tenns of equìvalents ìs necessary

because the solut'ion must be electrically neutral. Balance jn ternrs of

rveight per unjt volume (nS%) 'is not achievable. The concentrations

shown are not absolute. Thus jonic concentratjons occupy ranges as

shovrn in Table I.

Some of the fluids used for oral administration in the treatment

of major fluid deplet'ions jn clinical medicjne have been used by some

workers [61,66,671. Two of these electrolytes tll] which may have

appl ì cati ons i n the corrosj on testj ng of impl ants are:

(i) SoOium chlorjde 0.9% (Normal saline) contajns 155 mEq/L of

sodium and chloride ions. This solution is isotonic with

blood and ìs used to restore tCF volume.

(ìi ) Hartmann's Lacated R'inger's Solut'ion is the solution resembìing

most near'ly the el ectroì,vt'ic structure of normal bl ood serum.

There is no excess of chloride or bicarbonate and no change

in reactjon of the blood js induced. The compos'it'ion ìs given

belovr:

f

lla '

mEq/t

-L

ñ

mEq /L

cl-
mEq/L

HC03-

mEq/L

0ther
mEq/L

'l30 llB 25 cal ci um -

magnes'i um -¿



q

Table I

Ranqe of concentratjon of human plasma or serum

( from tl 9l )

Ionic Specìes Concentrati on

I . HC03- Q4 - 3l ) mEq/L

?. cu*Z 9.8 (8.4 - ll.2) mq/'loo ml .

3. Cl- 369 (337-400) mg/lOOml.

4. Mg*Z

5 . lnln+ 
2

2.1 (1.6 - 2.6) ng/100 ml.

B ug/100 ml.

_?6. Po4-' (3..l -4.9) ms/looml .

7. P*3 II.4(10.7- l2.l) ms/looml .

B. c 16.0 (13.1 - l8.e) mg/100 ml.

_29. s04-t 3.7 ( 2.4 - 5.0) mg/lOo ml.

1.28 (0.94 - .l.49) 
ms/100 ml.

lo. Na+ 325 (312 - 338) mg/loo ml.
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An exami natì on of the eì ectro'lyti c vo'l ume of bl ood p1 asma

shows that proteìn occupìes a volume out of all proportions to the

few mEg/L that it represents (Fìg. 2(b)). Qne l jtre of pluyu* wh'ich

is 6 per cent protein contains 940 ml of water in which all the ions are

**
dissolved.^^ Therefore from a strict chemical point of vjew these

concentrations can be corrected to milìiequìvalents/Kg of water by

multjplying by .ì000/940. Protejns are rather different from the usual

ion.ic species encountered in corrosion studjes. All prote'ins contain

four essential elements: carbon, hydrogen, oXygen, and nìtrogen' These

four el ements are bonded together to form compounds cal I ed am'ino ac'ids.

As an organ'ic aci d they must contaì n the carboxy'l groups (C00H) and beì ng

an ammonia derivat'ive they must have the amjno group, NHZ. The am'ino

group and carboxyì groups are always attached to the same carbon atom

in all am1no acids found ìn proteins. These two groups allorv proteins

to assume an ion'ic form'in solution and are titratable to also allow

plasma and t'issue protåin,o act as one of the buffering ac'ids of the

bìood tl4l. The most striking and jnteresting feature of prote'ins are

their huge physìca'l dimensions. Protejns and nucleii acjds can be

spoken of as polymers because they contajn a ìarge number of Similar

structural un'its jo'ined together by the same f inkage. The term

macromolecule can also be appìied to proteins as they have molecular

* Blood plasma is whole blood minus the forrned elements (red blood
ceìls, white blood cells and pìatelets) ie. the extr¿cellular
Itqu'id matrix of blood.

EIood seru'n is pìasma minus fihrinogen.

** .Grams and milìiliters of HrO are used interchangeabiy
le. .1000 nrl = 1000 S. of ltiO.

lons) p'lus 60 g. of Protein.
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weights greater than 5000 due to the repetjtjve structural form. Most

proteins are represented as ellipses of revolutjon tl5l. Physìcaì

data on a few.of the more common prote'ins will illustrate this point:

serum album'in - Ml^l 69,000 (.l50 Â major diam.), hemoglobin - MW 68,000

(54 Â major dìam.), fibrinogen - MI^l 400,000 (i00 Â major diam.) as

compared to l-2 R tor the diameters of common ions such as Na+,
.¡-J tJ- lar aa

Fe", Ni ", Al "', Ca" etc. Album'ins are far more important than the

other pìasma proteins as these are several times more molecules ìn a given

gram of albumjn as ìn a gram of one or another of the globulins* - the

large sìze of proteins results in new and unusual physìcal chemical

propertjes. The size effect could have an influence on the mechanisms
**

of corros'ion. No studies (to the writer's knorvledge) have been done

in th'is area.

In the prevìous paragraphs the ionic specjes found in the

ECF have been described. Equal'ly ub'iqur'tous is carbon dioxide and

oxygen. The emphasi s of thi s rvork wi I I be pl aced on determì n'ing
on -tne

the effects of oxygen and carbon concentration^corrosjon of 3l6L staìnless

steel. In the past, efforts were directed to the in vitro test'ing.

of impl ant materi a'ls i n sol ut j ons of varyi ng chl orj de concentrat'ion

or chloride solutions of varying pH by means of buffering paìrs. There

apparentìy have been no attempts to measure or control the concentratjons

of gases in these test solutjons. This point should be partìcularly

important with a metal such as austenitjc sta'inless steel which behaves in

an active-passive fashion dependìng on whether the aqueous environment
* 

globulins (gìcbulai'prcieins) are more iiighìy coileci anci ioicíeci into
a nearly spherical confìguratìon and are soluble in saìt solutions,
acids and bases. One of the proteins found in red blood cells-

+* 
One of the current theorìes on the solution of metal ions at a

metaìl ic electrode in an aqueous solution is based on the set
up of a planar system of positive and neqative charges reìative
to the metal caìled the Helmholtz eleclrical double laver [38].
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will promote the formatjon of a passive filrn. In the general field of

corrosjon jtself informatjon of thjs sort js sorely lacking.

Carbon dioxide is the major acid end-product of metaboljsm

and is continuously removed by the respìratory system. Oxygen, on the

other hand, i s requì red for cel I ul ar respì ratj on and j s cont'i nuously

transported to the inner tjssues by the systemmic circulation. The physicaì

transport of these gases to the area of jnterest around the jmp]ant

is irrelevant to thjs study. 0f ìmportance js the concentration and forms

of these two gases in the electrolyte and tissues surrounding the ìmp'lant

and the measurement of these concentrations.

When a gas ìs brought jnto equììibrium with a solutìon, a

certaín number of gas molecules enter the solution increasing with the

pressure of the gas above the liqu'id, according to Henry's Law. Then

the gas can be said to be at this given pressure in the soìut'ion,

whether the separate gas phase rema'ins present or not. A partia'l pressure,

measured jn mjllimeters of mercury(mm Hg), then in effect, can be con-

veniently used as a concentration unit. The gradients of c0, and 0,

from the atmosphere outsìde of the body, through the respìratory and

circulatory systems to the tissues of the human body are shown in Fig. 3.

In the t'issues, which require oxygen at a ver.y 1ow pressure tl6l (whìch

is not accurately knov,rn), the p0, varjes from 20 - 0 mm Hg. Therefore

ìn the case of a bone plate fastened to the long bone, the area beneath

the bone and in the crevice betrveen the screw and the hole in the plate

could be very close to 0 mm Hg whereas the top of the plate could be

bathed jn tcF of ?0 mm Hg or slightìy h'igher. A certajn pOz ìs probably

requìred to maintain the passìve ìayer on the stajnless steel. Whereas
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the minjmum p0, occurs in the tjssues, the maxjmum pCO, occurs here, 
.,

being about 60 mm Hg (estimated).

The range of the partìaì pressures have been described; however

the actual physica'l amount of dìssolved gas can be given in two ways: by

the solubjlity factor 'a'(mM/mm Hg/L) or the Bunsen solubility coefficjent o 
::

(milliliter of gas dissolved in I ml of sojution at I atmosphere of the .:

gas). The solubility of oxygen in plasma is 97.5 per cent of that jn

water [SaJ (the solub'ility of COZ'in p'lasma is assumed to behave'in a

simjlarfashion).Thesolubj.ìitycoefficientforoxygenise=0.024ml

of 0, dissolved by I mì of blood at p02=l atm. at 380C. Expressing in different.

units the amount of dissolved 0, ìs 0.003 ml/100 ml blood per mmHg P02* , 
''

or by calculatjon assumìng 1 millimol of 0, occupies 22.4 ml at 00C,760 mm Hq,

the solubility factor'a' for oxygen is 0.00.l34 mM/mmHq/1. Carbon djoxide

is much more soluble than 0, and th'is is reflected in the solubilìty coefficieni

=0.55 and a=0.0301 mM/mm Hq/L or 0.0328 ml4/mm Hq/KgHZO (for protein

' .appears to act as ínert substance tlTl) at 3BoC. Both solubilitjes decrease

with increasing temperature

2.2 Aci d-Base Status of Extracel I ul ar Fl ui d

Carbon dioxide exists jn three forms in the body:

(l ) physical ly d'issolved tC02(d) + H2C03l, (2) the bicarbonate ion,

and (3) an unstable combinatjon wjth hemog'lobìn (carbamino - C02) 'i .e.

HbNHC0O- . The phys i ca'l d j ssol vì ng of C02 j n sol uti on and the hydro'lys'is

of C0, with rvater by reaction (l ) accounts for on'ly a

C}Z + HeO ;* llZCO3

carboni c
anhydras e

* the concentration of a gas in a liouid is usuaììy measured in volume
per cent, ie. ml of gas/ì00 ml of ìiquid

eg. ì nrn of C0, occupies 22.26 nl

' ;'. to convert voì. % of C0, to milìimols/L

vol. g cOz (Ooc 760 nïn. H9) x l0 = mü. cor/L.

22.26

(t )
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minor fractjon of the c0, transportat'ion. In the body the enzyme

carboni c anhydrase f ound i n the red cel I s al'lot'rs the react'ion to proceed

in ejther directjon rap'idly. Most of the transport of c0, occurs

in the form of the bìcarbonate'ion. Thjs is illustrated by the data

from tl6l shown jn Table II.

Tabl e I I : Forms of Carbon D'ioxi de 'in Bl ood Pl asma

(2)

Arteri al Venous

in ml4/L jn mM/L

% of Total

Carri edForm

Total Coz

Physi ca1 1y dj ssol ved C0t I .3
tc02(d)+HZco3l

Bicarbonate ion 19.6

As HbNHC0O-

22.0 24.2

_1.5

2l .0

1.7

100

9

64

27t.l

TheactualformsofC0,areclose.lyrelatedtothemaintenance

of stabl e physì o'ì ogi ca'l cond'i ti ons especì aì ly regardi ng the hydrogen

ion necessary for the metabolism of the body. The ìmportance of the

stabi'li ty of the hydrogen ì on concentrati on of thi s i nternal env'ironment

is attested to b,v the precisìon with urhich it Ís regulated' The pH

in normal cìrcumstances is maintained between 7.35 and 7.45 at 3BoC*

(hydrogen ion concentrations of 4.47 and 3.53 x l0-5 mEq¡L). Variations

.in pH can be described by acidosis whenever the pH < 7.40 and as

alkalos'is when the pH > 7.40. The variation of pH in the ECF compatjble

with life is from pH 7.00 to pH 7.70 (l x l0-4 mtq/L and 2 x l0-5 *Eq/L

* 
Th. normal plasma pH is nearer z.o ttran 7.4 at roorn temperature [16].
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respective'ly) tlBl . Hydrogen equiìibrium is establ'ished by means

of three bufferìng par'rs:

aie tH'l lHrC0"l _
LJ

trTo¡i
Kn' tHzPo4-l^ ine=¡

phosphate

_ v rr 
¡Hprì

-N^ /'1 tÞFl

proteì n

-V- ''Al

bi carbonate

Buffer actjon is neglig'ibìe at pH values more than 1.5 pH units

removed from the pK of a buffer paìr.* Secondary phosphate (pK = 6.8)

is a moderate'ìy effect'ive chemjcal buffer at the pH of extracellular

fluid. However, the concentration in ECF 'is lo',v (1.0 mM/L) and the

role it plays is then accordingly smaì1. The protein bufferíng system

is beyond the scope of this work. Bicarbonate at first glance vrould

seem to be a much less effective buffer since the pH of ECF is far

removed from the pK of the bjcarbonate system v¡hìch is 6.1. However,

the concentratjon is hìgh, 28 nll/L, and the weak acìd H'CO, is volatile

being removed as C0, by the lungs. Therefore the bicarbonate jon'is

very effect j ve i n the physi ol ogì ca'ì bufferi ng of hydrogen 'ions and

hence is the most jmportant buffer system ìn the body fluids. In order

to simpììfy'in vitro studies r^re will be jnterested only in the bicarbonate

buffer pai r.

The relationsh'ip between tH+l and the ratio of the constituents

of the bicarbonate-carbonic acjd buffer system can be expressed by

Hendersons Eqn., |7,39,401

The most effective bufferíng occurs
to either side of pKacid o. pKbar..

,,;.'. ;, ;;.,; ;,,,::].,,0n constant
for ca rbon.i c acì d

within l imits of tl.0 pH unìts

!

tH'l KRI 
+#H
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Rewrit'ing ìn logarithmic form transfonns ( r ) jnto the Henderson-

Hasse'lbal ch equation.

PH = PK + log tHCO3-l

]'FF
The weak ac'id llrcOr, js in equìlibrium rvjth the d'issoìved c0, in the

foì l owi ng rel at'i ve concentrat j ons

cor(s)

1$
coz(d) + Heo ;* H2Co3 ;_ H+ + HCo3

t8oo I tl I [0.03] [0.03]

The concentration of the most predonrinant fonr of H,CO, to the product

of its least predominant form js

tc02(d)l = [800] - 800,000/l

rH-ï]n-eõt I rõ.03j1õ..031

From thi s we see that HrcO, i s a very weak ac'id as the equ'il i bri um

of the hydrolysis reaction is very far in the directjon of c02(d).

Although the weak acjd form of the bicarbonate buffer system'is by

definition HrcOr, the effective concentration of weak acid in this

system is most appropriateìy. represented as tC02(d) + HrCOrJ. The

Henderson-Hassel bal ch becorÌles

pH = pK + ìog tHC03-l

lc02(d) + H2c03l

The concentratjon of the effect'ive v¡eak acid ìs proportjonal to the

partial pressure of C0Z in the gas phase.

je. PCO, o tC02(d) + H2C03l
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OFt

aPCOZ = ÍC}Z(O) + H2C03l where a = 0.03 ml'l/nln Hg/L

and subst'itut'ing pK'* for pK, the Henderson-Hasselbalch equat'ion for the

becarbonate buffer system becomes,

HCO:
pH=pK'+log

aPC02
( 3)

Note; pK remains fairly constant with temperature from tl9l;
at 37. 50C and pH 7.4 for ñìân ,pK.r = 6. l0

at 49oC and pH 7.4, for man,PK'= 6.00

Clin'ica'lly HC03- cannot be measured direct'ly so (3) can be simplified to,

pH=6.10+.lrnffi ..(4)

where: total C0, = mM/1

PC}, = mm Hg

a = 0.03 mM/mm Hg/L

To maintajn a pH of 7.4 at 38oC onìy the ratio tHCO3-l = 20 need

amt
remain constant. The indivjdual terms themselves may vary.

The operation of the buffering system is then wjth the

addition of a strong acid or base;

( I ) Addi tj on of H+:

H+ + HC03- EÞ H2c03 *-rr HrO + C02(d) -* cor(s)

(2) Addi t'ion of 0H- :

The pK changes wjth ionic strength, and the pK applying at a certain
lonic strength (pìasma) is desìgnated pK'.
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co2(d

{f
zco g

0H +ll llc0.- + H^0
J¿

The action of the bjcarbonate buffering system jnfluences

the concentrat'ìon of chlorjde jons. Fjg.4'illustrates thjs. There

is a tendency of the serum chloride to be elevated when the bjcarbonate

jon concentrat'ion is depressed. Thìs is a consequence of the fact that

the m Eq/L of anions and cations must balance. llypothetically if the

b'icarbonate concentratjon were hal ved, the chloride concentrat'ion woul d

increase by an equal number of mjì'lìequivalents, and'it [ror(d) + H2c03 j
remajned constant (which is the case jn the human body as cOz(d) must

be jn equ'il jbrium wìth COr(g)), then the pli wou'ld fall from 1.40 to

7.10. A falì in pl1 (due to metabol'ljc acidos'is) js coup'led rvith

an increase in chlorjde concentration). Later the effect of pH anil

chl ori de concentrati on wi I I be descri bed on the corros i on of aus ten'i t'ic

stainless steel .

More Detajled Stud.v of th-e Chem'istry of COZ

jn Aclueous Sol ution

The detajls outlined so far on the aqueous so'lution of C0, have

dealt wjth l'ts various forms as usualìy encountered in physìoìogìcal

measurements. The concentration of one final form of carbon dioxide -

the carbonate ion, COr= will be determ'ined for compìeteness of the

electrocheniical effects of C0, on the corrosion of type 3161 staìnless

steel. To deternline the anlount of COr=, a more exact treatment of

jonjzation equilibrl'a w'ill be followed than was prevìousìy described.
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}iET¡.BOL IC
ACIDOSIS

f ramework after compensat'i on of
.In the former case chloride'ion
f the des troyed HC0?- ; 'i n the
generated from 0H "+ C0r-rþlç¡"
ðol umn, al ono wi th the i Éject8¿

ilrTAA0L I C
ÂLKALOS I S

Fì s.4 Change in e
HCI or NaOH
has taken t
second case
ha$ been ad
Na'
(Reproduced
Neutraì'i ty

I ectrolyte
inject'i on

he pìace o
the HC0?

ded to tñe

from Christensen: Body Fluids and Their
B:119,1963)

l{o+

HC0t

ct-

,%
,%,

ti0R HÂ L

ilc0t



2).
A solution of carbonic acjd'is really a mìxture of two

acids: HrCO, and HCOr- wjth ionizatjon constants for these acids

gi ven by:

Hzc03 + Hzo=Hro+ + HC03-; KRI =tlbg-LltcOãl = I x 106 ar 49oc (ta)
n r 

tcoz (d)+Hzco3l

From I49l

HC03- + Hzl=;,¡irg+ + c03 ; KR2 =tHsqll tgQ¡= I = 4.g x to-ll
lHCo3 

' ,.or t6gl

(l b)

and lHso 12¡cor=l 
= KRr KRz (lc)

tC02(d) + HzCO3l

Using a method of multistage equiiibrium t68l for solut'íons prepared by

mixing comparab'le amounts of H2CO, (COZ(d) + H2CO3) anO NatlC0r, an

express'ion for [HrO+] will be set up to be followed by a calculatjon

for IC03=] The charge balance equatjon for a H'COr/NaHCO, solutìon is

+ + _ = _ (aa)
tH¡O I + [Na'] = ft1C0, J + 2[C0, I + tOH-]

Choosing to express tH¡0 I ìn terms of ICOZ(d) + H2C03l by substitutìng

from the ionjzation equl'ljbrja for carbon'ic acid and the jon product

constant for water; Eq. (4a) becomes

AL

rHr0+1 + rNa+r = tllzJfiffl:i KAr * r'*ffif*, *0,*or-frþ (4b)

Several sìmp'ljfjcations will be made name'ly: (i ) on the l.h.s.,

lt'ta+ltrlH30*l if appreciable l{aHCO, ìs used to make up the solution

and (i i ) the I ast 2 terms wìl I be smal I if KAZ<<KAI and it IH,O+l

-7+-7
ry 10'M (ie K'^,/tH30'l 1'10'M).



Frorn Eq. (4b) ìs obtaìned

lNa+l = lcoz(d) +-Hzcosl

tH30' l

[Hro+1= W*0, (ac )

vrhich js the same if the mixture of H,CO, and I'iaHCO3 v/ere treated as a simple

buffer (lNa*J = [HcOr-i), neglectìng the amount of HrO+'ionized fron HCOr-.

The expression from tq. (4c) vrhen substl'tuted jnto (lc) results in a

determinatiolr for ICOr=J

tC0z(d) + tlzco¡l
LO

It130' ]'

For the high pC0, solutjons

¡C02(d)+Hrco3j=aPC0,

= (0.03)(lt0)

= 3.3mM/L

liia+ j = 54mE {L (27 mEg contributed by lla0H reacting wìth H,CO,-HCO3-

p'lus 27 mE contrj buted by orì gì nal I'laHCO3) .

Then from Eq. (4c),

¡-tro+ 1 =

22.

V
''Al

=lcc" I =J

= 6.

beìng very cìose to the

of the assumptions made.

KRrl(Rz (+o ¡

mtq/L corresponding to a pl1 7.22 and

pH of about 7.30, justjfyìng the vaììd'ity

54

I x lo-B

meas ured

Then using H30* = 5.0 x l0-8 mEQ/L correspondìng to the

measured pH of 7.30 jn Eq. (4d)

= (3.3) (l xl o-6) (a. Bxr o-l I )
(s.oxìo-B)2

= 6.33 x l0-2 mfq/L

(3.3)(ixto-6)

tc03 l



23,

2"3 Ionic Components of Bone Tjssue

A brief summary of the salts found jn bone tissue is an ajd

in attempts to determine the physiologica'l conditìons responsible for

the initiatjon and continLrence of corrosjons through the anaìysis of

corrosion products us'ing the Debye X-ray djffraction technìque. The

amounts of corrosìon products obtajnab'le from implants submjtted for

metalìurgical analysis by orthopaedic surgeons are usually meager at

the best of times and probably conta'in bone salts mixed in, whìch would

aìso produce l'ines on the diffraction film. To come to a truìy

concl usi ve i dentj fi catjon of a corrosion products al I I ines produced

should be accounted for. indjvjdual ferrous corrosion products are

usually formed wjth'in certain limiting phys'icaì chemical condjtjons,

and so in a round about way, the phys'iological condjtions having a

bearing in the corrosion reactjon could be determined.

Bone tissue consists of organic and ìnorganic material,and

the properties of these ttvo fractions vary from one part of the skeleton

to another. Water free bone contains two-thirds inorganic and one-thjrd

organic material. One half of the organ'ic fraction consists of collagen

or a substance close to col'lagen. The inorganíc fractjon of bone is

called apatite. Bourne [ 20] states that in bone, the apatÍte component

gi ves a h'igh-angì e pattern wj th many I i nes and col I agen g'ives a rvi de-

angle pattern in addition to a low-ang'le pattern wjth several orders

of a fundamental repeating oeriod of about 660Â. Bone also gìves a

low-angìe diffuse pattern of. a "gas-type" appearänce. The overall

chemical composition of bone has been kno'¿rn for a lonq tjme but efforts

collagen is a fjbrous protein
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to determine the chemical structure of bone salts have been fruitless.

Many efforts have resulted jn monstrous formulas whjch are still inadequate

in descrjb'ing all facets of the compìete behav'ior of bone salt. The

chi ef consti tuents are:
+2 -? -2 -2

Ca -, P0+ ", C03 ', HC03 , HZP04 , llP04 -

Other el ements i n bone are:

l,la*, F-, Mg*2

Attempts to'formulate calcjfication theories in terms of the solubìlìty

products of calcium phosphate and calcium carbonate have been unsuccessful

and it'is doubtful that bone salt deposit'ion is a simple precip'itatìon

process. There seems to be little possjbjljty that changes in pH requìred

for prec'ip'itatì on of bone sal ts 'in the heal i ng of f ractures j n terms

of solubiljiy products would have an effect on the corros'ion of ferrous

'imp'lants. In fact f rom [ZOl i n v j tro studì es show that a reduct'ion or

elevatìon of pH beyond the normal for plasma reduces calcjum deposjtjon.

Bone salts'in fact can be jncluded in the corrosìon products

as evidenced by the ana'ìysjs of the corrosion deposits obtained from 1,169

whìch showed the salt calcium carbonate (CaCOr) to Ue present, orìginatìng

presumabìy from the bone tjssue.

2.4 Physjoloqical Chanqes 0ccurrdinq at a Fracture

Some medical researchers have noted a changìng env'ironment

wi th the heal i ng of a fracture. One of the earl i er v¡orks deal'ing wi th

the mechanisms of the healing of fractures was done by Murray [zl].
He noted that t'issue necrosjs when present, under all cl'rcumstances

"creates a pH to the acid si.de (often markedly so) jn the hematoma and

tissue fl uids about the s'ite of the fracture". A pH on the acìd s'ide,

he claimed in the local tissues at the sìte of the fracture in the earìy

days foìlowìng the fracture uJas requìred to act as a local source of
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available calc'ium for ossification of the healing tissue and a change

of pH then to the alkaline sjde would allow the depositjon of calc'ium

in the new tissue to form bone". In a sì'ightly later paper IZZ], nut

still rather dated, he reported a pH 5.5 ot" less follows fracture as

due to products of t'issue death and hemorrhage. taing [2fj notes that

immediate'ly upon insertion, a metalljc'implant ìs exposed to fresh blood.

He says "fresh blood has a hìgh oxygen tension* and a pH of about 7.4

for a short while. At once a clot forms and oxygen js lost and carbon

dioxide accumulated, leading to a fall in the pH whìch may reach 5.

These changes are accentuated jf clott'ing does not take pìace or is

succeeded by ìiquifaction in the absence of organjzation. Usualìy thìs

stage soon ends and the pt1 sì or^t'ly returns to normal over the course of

a few days. Infection of the v¡ound may prolong the perìod of the acid

tide or, 'in the case of some bacteria, may produce an al kal jne tìde ivh'ich

will on'ly pass off with the end of the infection." It has been noted by

some invest'igators that denrjneraljzation of bone will occur if the

pH faìls belorv 6.8 but as mentjoned previousìy, the changes in pH

required by a simple precipitation process, and said to be brought about

by necrotìc tissue at the fracture site have since been shown not to

hold. Much later papers also mentjon loler pH values at the site of a

fracture, perhaps as a resuli of these earljer works. Crimmins ItSj
mentions that the normal pH of body fìuids drops to 5.3 and 5.6 loca'lìy

* 
arteria'l blood has a normal oxygen tension of 100 rrun l{g.
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upon injury to the tjssue. The return to normal pH ìocaììy usually

requìres approximately l0 days. t^Jeisman lll jn I jst'ing the cond'itions

under whjch an inpìant material ought to be tested, suggests '!ìowerìng

the pH if infect'ion 'is present''.

Through personaì communicatjons w'ith Dr. F.R. Tucker and Dr.

R.l*4. Letts more recent I jterature jn th js f ield vras revl'erved. The changes

in pH, pOZ and pC0, concentrat'ions as a result of fracture have been

recent'ly measured by Lauren and Keììy L24']1. Measurements were made at a

fractured tjbia, ìnterna'ìly fixed with a four-hole Vjtalììum plate in

30 adult mongrel dogs. The sampling of the venous blood was done at

jntervals up to '14 days, and 'in weekìy intervals up to l2 weeks. They

found no s'ignìficant differences ìn oxygen content, partia'l pressures

of oxygen and carbon dioxìde, pH, or calcium concentratjons betureen the

fractured and control sides ìn contradiction to the earlier work

of l4urray. Unjon of the fracture was delayed in 2 of the dogs because

of fa'ilure of the screws to maintain stable internal fixation and after

l2 weeks, the pH, pcOr, p}z, and oxygen content were not signìfìcantìy

different on the fractured and control sides; the p0, and oxygen content

in the nutnient vein was increased. In all animals blood flow was found

to have jncreased, to a maximum of about 6 times mean normal at approxìmately

2 weeks. They expected increased oxygen utiljzation ancj increased carbon

djoxide productjon, perhaps with accompanying changes ìn pH because

of the products of 
"apidly 

metabolìzing tìssue in the fracture area.

As blood flot^t was seen to increase wjthout sìgn'ificant changes in pOr,
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pCOZ, and pH between the fracture and control sides their conclusion

was that increased blood flow v¡as the prìme homeostatic* mechanism for

increasing the oxygen supp'ìy to the fracture cite and remov'ing the

subsequent increased amounts of C0, from the tissues.

The low pH values found by Murray may have been due onìy to

decomposition of the blood in the hematoma. Simi'lar pH changes have

been noted in stored samples of blood by Siggard-Anderson iZs]. Wray

[Z'Ol oUtained fluid from 30 of 64 human fracture hematomas. The fluicl

was analyzed for pH, COr, Nâ, K, Cl, Mg, Ca,'and P and compared with

venous blood drawn at the same tíme. Two of these determinations in

the hematoma were found to differ sjgnificantly from the blood stream.

One was pH, with that of the hematoma being lower,attributed to red cell

metabol i sm wi thì n the her¡latoma.

It would appear that a necessary prerequjs'ite for engineers

and metal 1 urg'i sts venturi ng 'i nto thi s area of medi ci ne i s to undertake

a thorough study of the medical physioìogy invoived, to gaìn the

fullest comprehension of the problem before them and in thjs way

bridge the gap between the medical and engineering professions

before attempting to apply engineering principles of thejr particular

discipline to thjs interesting fie'1d.

homeostasis describes the various physÌologicaì arrangenents which serve
to restore the normaì state, once iù has been disturbed.



28.

Chapter I I i
CORROSiOII PROBL[I'IS OCCURRiiIG IN II,lPLAIITS.

3..l lletallurçJica'ì Anal.vsjs of Failed* 0rthopaedic Inlplants.

The prob'ìem of netal loss through corrosion as found jn

orthopaedic surgery has no comparison wjth the usual problems of

corros'ion rihìch are encountered in the petro-chenljcal industries

or food processing'industrjes where vast quantjtjes of stajnless steel

are used. The majn difference is that the amount of corrosjon products

which can be tolerated in the body is one or trvo orders of magnìtude

ìess than that acceptabìe in industrjal appljcations. Corrosion

analyses of medi cal ìmpì ants cal I s for a judì cì ous appl j cat'i on of

ìngenuìty and refjnement of present day corrosìon stuciy techniques.

Through cooperatì on wi th orthopaedi c surgeons i n the l,Jì nni peg

area a varìety of devjces removed because of suspected corrosjon

ylere anaìyzed r.rith the intention of ; f irstly, determinìng the probable

cause of the corrosion, and secondìy, settjng out the'metaìlurgical

variables upon v¡hich an experimental corrosion test'ing program of 3l6L

stainlesssteelcouldbeplannedandcarriedout

The 9 anaìyses which are presented in the follorvjng pages

are indictive of the present corrosion problem in orthonaedìc surgery,

and the types of corrosion prevalent in austen'itic sta'inless steel.

The ana'ìyses vJere preformed on ìmpìants removed durìng the 'ìast 2 years

(1969 and ì970, pìus one in ì968).

Impìants-M69, M70 and 1474. All three are 0sborne-Ball

osteotomy pìates of tngl'ish manufacture and advertjsed to be fabricated
**of B. S. El'i5BJ stai nl ess steel . These p'la'"es j I I ustrate ì ntergranul ar

*'Fuiled'is 
used to describe those imolants which have failed

to rem¡in che¡nicaììy inert in the body and have been removed.

i¡rt
Corresponding to AISI Type 3ì5 stainless steel.
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corrosion initiated for two different reasons. They were probably

manufactured at different times from d'ifferent heats of material as

the plates were of 2 sll'ahtly d'ifferent confjgurations. This particular

manufacturer appeared to be having a heat tr:eatjng problem jn the manu-

facturing process during the tìme previous to the period .l969-1970.

Implant-M69. Manufacturer's identificat'ion: "Down J".

Regardìng the prevìousìy mentjoned composition, a carbon analysis

reported 0 "072%C, wi thi n the specì f i cat'i ons of a max'imum carbon content

of 0.08%C set by the ASTI4 specificatjon for stajnless steel. Med'ical

History: The plate was removed November 25, 1969 after beìng

implanted for six and a half months from an eìder'ly iady being treated

for osteoarthritis of the right hìp.

PATHOLOGY:

A tissue sample (3 x 2 x 1 cm) vras taken from the area of

F'ig. 5 of the rìght hip where a metal/tissue react'ion was suspected.

Mi croscopì c observati ons of the ti ssue reveal ed granul atj on ti ssue

contai n'i ng very I arge numbers of hemos i derj n I aden macrophages .

Fragments of crystalline extracellular Prussjon blue staining iron

material were also seen, clear evidence that iron had been transferred

from the 'impìant 'into the surroundjng tìssue.

METALLURGI CAL ANALYSIS :

Macroscopì c exami natj on showed

product on the under sjde of the implant

ho'le, shown ìn F'ig. 6.

a I arge amount of corros'ion

surrounding the upper screw
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Fig. 5 Compl ete 0sborne-Bal I

with the location of
fixation prosthesis js shown

the corros'ion .

3
a

o

Fig. 6 Corrosion products on undersì de of p'late.
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Dull 9rêY, corroded areas were seen in the counter-sunk portìon on the

upper side of the plate of the same hole and beneath the head of the

screw that had been pos'itioned in this hole. No evjdence of corrosjon

was seen at any of the other holes in the plate or on the remaìnìng

screws.

A mounted polished sect'ion from the plate at the corroded

hole showed a clearly vis'ible "pock-marked" area centered around the

hole at the center of the plate as seen in Fig. 7. The specr'men(s)

were etched electrolytìcally in 10% oxaljc acjd electro.lyte. The

structure was brought out very clearly indicating that the mater.ial

was sensitized. Also,large numbers of grains were seen to have dropped

out from the "pock-marked" central region durìng the polishìng and etchìng

processes. This feature is seen'in Fìg. B. Intergranular corros.ion

had proceeded along the grains immedjately adjacent to the grajn

boundarjes v,ihere the chromium in the material was local ly depleted,

weakening the material jn this immedìate area to al'low gra'ins to drop

out. A major portion of the cross-sect'ion had been weakened and had

the corrosion been allowed to proceed further, a fracture of the plate

at th'is section would have been emminent as the corroded material had

no strength whatsoever.

Two samples were prepared from a section taken from the last

hole in the p1ate. 0ne sanple was de-sensit'ized by annealing for one

hour at 10000C. The trvo spec'imens were then etched followìng the ASTM

oxalic acjd electrolytìc etching test. The heat treated specimen

coul d not be c'learìy etched. The d'iffi cuì ty i n etchi ng shows that the

sta'inless steel has rega'ined jts corros'ion resistence, particularìy'in the
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Fig. 7 Polished, unetched

area centered about

Fig. 8 Mícrostructure

area. 'X' marks

cross-section showing "pock-marked"

countersunk port'ion of the hole. (x6)

<'
,/--l-"

showing "grain-dropping"

a dropped out grain (s).

from "pock-marked"

(xl 50)

'/

r/.
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grain boundary areas. This specjmen was finally etched using 70% HCl

and 30% Hr}, and 'is seen in Fig. 9(a). The sensitized structure is

shown jn Fig. 9(b) for comparjson

A iarge variation'in grain size across the plate was noted.

Very'ìarge graìns were seen on the top outside of the plate, particularly

centered around the upper countersunk port'ion of the hole. These

grains of ASTM gra'in size 2-3 exceeded the allowable ASTM grain size

of 5 or finer 1271. See F'ig. l0(a). The inside port'ion of the pìate

showed an ASTM grain size of 7-B as seen in F'ig. l0(b). Th'is large

variation in grai'n size is undesirable and probably is an indicatìon

that the hot forgìng of the plate possibly was responsjble for the

whole sensitized structure.

Copìus amounts of corrosion product were avajlable to allow

preparation of a powder sample for chemical identìficat'ion using

X-ray diffraction by the Debye-Scherrer method. Two of the compounds

identifjed were calcjum carbonate (CaC0r) and s-jron oxide hydrate

(>.Fer}." HeO) l2B), a common corrosion product enco.untered for steel.

The CaCO, origìnated from the bone as perhaps the resultr of bone

absorpt'ion around the foreign screw or beneath the plate in the same

immediate area. A third compound was identifjed, sodium ìron hydroxide

suìphate hydrate l29l (NarFe(S04)2 (OH; ' 3HZ0), a seemìngly most

un'l'ike'ly corrosì on product but the d'iff racti on pattern of th'is compound

also fit the sample exactly. This product would not bb expected

because the concentrati on of the trace ì on S0O = 'in extracel I u'ìar f I ui d

ìs very small be'ing 1 mEq/1. The source of sulphur or suìphate is unknown.
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Microstructures as a result of the oxal'ic acid electroj.-vtic etching
test: (a) De-sensjt'ized specimen (grajn boundarìes just vjsjble;
the wavey lines are strajn lìnes) (x150); (b) Sensitized spec'imen
showìng heavì'ly etched grain boundaries (x.l50).
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Varí ati on i n grat'n s'ize
ASTM gra'in s jze 2-3 al
(b) Grains of ASTM sjze

'i n m'i crostructure of pl ate ; (a ) Large graì ns
top of pìate by countersìnking (x100);
7-8 at lower portìon of the hole (x]00).
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CAUSE OF FAILURE:

Th'is implant had undergone a very ser.ious amount of inter-
granular corros'ion in a very short time due to sensitization.

Implant-M70): Manufacturer's identifactjon :"1 Down J".

A chemical analysis of the material revealed the following composjt.ion:

17.38% Cr, 11.39% Nì, and about 2%14o. There was no niobíum or titanium
present. l4edical Hìstory: The 0sborne-Bal I osteotomy plate was jnserted

for the internal fixation of a Mcl'4urray osteotomy of the right hip for
treatment of degenerati ve arthri tí s . The post-operati ve peri od was compl i cated

by wound separation and hematoma with the patìent being re-sutured.

A further compiication was a persistenily draining sinus and the

patient was treated with antìbiotics. This fixation device was removed

after a duration of eleven months in the hìp.

MTTALLURGI CAL ANALYSIS :

Visual observat'ion showed marked corrosion of the slotted
holes of the plate, of the hole at the end of the plate, and of the

correspond'ing screws that had been in these holes. The specific corroded

areas can be seen in Fìg. ll. There was no corrosion of the gluteal

post or of the plate in this area.

Optìcal microscopy showed that the microstructure, etched

eìectrolyt'icaliy wìth 10% oxalic acid was brought out very clearly ìn

the gra'in boundary areas. Sensitjzation of the material was immed.iately

suspected and proven to be true by the ASTM oxaljc acid etchìng.

Sensitized and de-sensitjzed mj crostructures (after I hour at l000oC)

were produced be j ng 'i denti caì ì n appearance w j th those of 1,,169.

A cross-section of the pìate across one of the corroded
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Figure ll. Location
of hole
(c) four

of corrosion in implant:
at end of the pìate; (b)
screws showing corrosion

(a) counter-sunk portion
corrosion at slotted holes;just under the head, (all Zx)
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holes also showed a large varìat'ion in grain size as in M69. Thjs

peculiarity was seen in several cross-sections taken from the pìate

and can be consjdered to occur along the ent'ire length of the pìate.

In all locations a very large graìn size (ASTM 2-3) was noted at

the top of the p'late decreasing to ASTM graìn sjze 7-8.. The ìarge

graìn size is probably result of strains put in during the rolling of

the plate coupled with the hot forming and/or heat-treating techniques.

A small amount of strain (1-2%) accompan'ied with an annealìng temperature

critical to each material will result jn a large grain cond'ition of the

materi al .

The med'ical history showed several complicat'ions and the

resultìng variations jn the electroiyte of the body would have made it
difficult for an ìmplant to ma'intajn its corrosion resjstance under these

ci rcumstances. ' 
However a surg'i cal devi ce manufactured of a sensi t'ized

austenitic sta'inless steel vuould have a negligible chance of remainìng

compìete'ly compatìble wjth the body tìssues in these circumstances.

CAUSE OF FAILURE:

The severe corrosion of this surgical device was enhanced

by the materìal being sens'itized, severeìy lowerìng its corrosion

resistance.

Implant-1474: Manufacturer's identification: "Down J,'.

l4ed'ical Hi story: Thi s p'late r^tas removed 30 months after j nsert'ion from

a pat'ient who lvas complajninq of pain in the affected hìp. At the tjme

of removal of the ìmplant, November 
.l969, ìarge amounts of dark staining

of the t'issues was observed.
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METALLURGI CAL ANALYSI S :

Upon cìose exam'inatjon of the comp'lete impìant as receìved,

a 'large corroded area (du'11 sati n grey 'in appearance) was seen on the

glutea'ì post immediately above the threads (Fig. 12). The threads

themselves were seen to be a dull charcoal colour with tiny perceivable

pìts. 0n the back of the pìate at the hole v¡here the gluteal post had

been screwed was afixed a piece of dark brown tissue. when jt was

dìslodged from the hole in the plate, â large amount of corrosion

product was seen. The corrosion product was green ìn colour, close

to the patìna formed on oxidized copper.

The plate was sect'ioned across the hole for the gluteal post

and the section was mounted and pol'ished. Fig. l3 shows "pock-marked"

areas in the immed'iate vic'inity of the threads. This appearance was

in part caused by graìns droppìng out during the pol'ishing process due

to weakening of the material at the gra'in boundaries as a result of

corrosion reactions. The corrosion reaction itself dissolved'large

portions of the grar'ns as seen ìn Fig. l4 (a and b). After etchìng

the general mr'crostructure was seen to have strjations of a precìpitate

running through it bearíng close resemblance to MnS inclusions (Fig.l5).
The orientat'ion of the precipìtate phase was determjned by the plastìc

flow of the material during form'ing. It should be noted that the

a]ìgn'ing of the majority of these striat'ions was cojncident with the

grain boundarìes, indicatjng a grain boundary precipitate. Some of

the precipitate was found grow'ing into the graìns, likely due to a

stress-relievìng anneal after hot forging of the p'ìate, resulting in

recrystall'ized material with a fjne gra'in structure (ASTM grain sìze

5-6). However, the anneal did not dissolve the precìp'itate phase.
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Fig. 12 Gluteal post and dry tissue removed from beneath plate at the
hole of the gluteal post. Corrosìon product, light green ìn
colour, lies withìn the circle. Note: the corrosion in threads
of gìuteal post and also on the shank immediately above the
threads
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Fig. l3 Cross-section across the hole for the
of the intergranular corrosion here.
is the'result of gra'in boundaries and
by corrosion reaciion, allowing graìns
poìishing process (9x).

g1 uteaì post
" Pock -ma rked "
grains beìng
to drop out

shows extent
ap pe a ran ce

a tt a cked
during the
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Fig.l4 Photomjcrographs showing the 2 types of corrosion attack: (a) Here
portions oi the gra'ins adjacent to the graìn boundary have been

borroded vrith thé react'ion seemjngìy to proceed into the grain
rather than foììowing along the grain. At the very top of the photo
can be seen the very severe intergnanular attack; (b) The very íntense
type of intergranulãr attack seen jn the threads of the tapped_hole in
t'hä pl a.te for the 91 uteal post. Note how the attack seems i sol ated
f rom' outs'i de po rtì óns of the pl ate . ( both I 20x ) .
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The p'late was in an almost full soft condition hav'ing a DPH of 216.

Injtial'ly the specimeRs were electrolytically etched in

l0% oxalic acid and although the grajn boundaries etched very readi'ìy

as 'in the case of a sensjtjzed stajnless steel, the morpho'logy of the

precìpìtate observed in th'is ìmplant ind'icates that it is somethìng

other than a massive form of the carbide (Fe, Cr)rrCU qenerally encountered

in sensitized austenitic sta'inless steels. This unknown phase bore a

likeness to s'iqma phase (FeCr) usualìy found in austenitic stajnless

steels subjected to prolonged heating at temperatures in the range

6000-900o. Following the techn'ique of Gjlman et al. t30l to distìnguìsh

sìgma phase from carbìde partìcles fajled to posìt'ively ìdentify the

unknown phase as sigma phase. The microstructure of Fì9. l6 was

achieved by a'l'ight oxal jc acid etch and appeared to be about the same

as that obta'ined us'ing the Murakami etch.

Debye-Scherrer films prepared from an electrolyt'ically

extracted sample using copper Ko radìation and chrom'ium Ko radiation had

insufficient lines to identjfy the unknown phase.

gne samp'le \^/as heat-treated for one hour at l000oC, the usual

treatment for de-sensitizing an austenjt'i c stainless steel containìng

precip'itated (Fe, Cr)rrCU" The temperature of 10000C js sufficient to

bring about dìssolution of (Fe, Cr) 23C6, 
restoring the chromium to the

depìeted austen'ite matrix. The resulting microstructure (Fig.l7 (a and b)

showed that the heat-treatment had encouraged the phase to grow, although

the qrain boundarjes etch less heavily as a result of the heat-treatment.

A powder samp'le was eìectrolytically extracted from the heat-treated

spec'imen. The now more bountiful precìpìtated phase was a chromium,
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iron carbìde ((Cr, Fe)rcr) and vras defin.iteìy not (Fe,Cr)23C6 or

sigma FeCr.

The identjficatjon and observation of th'is unknown phase

deserves further mentj on. Recentiy El I i s and Pol I ard ,t3l I observed precì pi tates

metallographìca11y similar to o-phase (oFeCrMo) but developed after much

shorter ageing tìmes than had been prevjously reported, jn a 20cr-

l0Ni-3Mo steel. The phase was precÍpitated ìn appreciable quantìt'ies

(upto 20 vol.%) after ageing t'ime of onìy ì5 minutes at 7500c and 5

minutes at 9500C.

The plate was observed to have corroded ìntergranular]y

with corrosion being centered around the hole for the gluteal post

and havìng proceeded for at least z cm laterally from the hole. The

intergranular corrosion did not occur unìformìy across the cross-

section but had occurred at several separate locations apparently where

the density of (cr, re)rc, phase was greatest. The microstructure of

Fig" l4(b) shows thìs very intense type of intergranular attack.

Note the great wìdth of the attacked gra'in boundary areas.

Local ízed corrosion (apart from the intergranul ar corrosion)

also seems to have occurred in grains in dense areas of precip'itates.

It appears that the whole matrix in the near proxìmìty of a precipitate

particleis anodic, with the whole graín rather than just the chromium-

depleted graìn boundary areas dìsìntegratìng, as would be the case jn

the intergranular type of an (Fe,cr)rrcu sensitized stajnless steel.

(see Fì s. I a(a) ) .

The dead soft gluteal post (DPH 179) also appears to have been

anodjc relatìve to (Cr,Fe)rCr. General uniform corrosion occurred on

the shank of the gluteai post and a p'ittìng attack occurred in the threads

probably complicated by the fact that small amounts of electrolyte
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trapped in the threads enabled crevice corrosion to occur. The screws

suffered no corrosion.

CAUSE OF FAILURI:

Corrosion was the result of the presence of (Cr,Fe)rC, carbìde

precipitation. T.he condjtion whjch caused the formation of the

carb'ide are not known.

A note 'i n concl us j on;

The manufacturer of these 3 0sborne-Ball osteotomy plates,

Down Bros. and Meyer & Phelps Limìted of Surrey, England were notified

as to the corros'ion problems being encountered jn the use of these

implants. The company is now following proper heat treatment proceedures

and the problem of intergranular corrosion should no longer exìst.

Impl ant-M59. Descri ptì on : I'luel l er p'ìate and 7 screws.

Materjal: 3l6L stainless steel (compos'ition, in wt-%, 16.50%Cr, 10.64%Nj,

2.40%l4o, approx . 65%Fe) . l'ledi cal Hi story : Th j s bone pl ate was removed

August 15, l968 from a pat'ient who suffered severe al'ìergic reaction to

the metal.

I4ETALLURGI CAL ANALYSIS :

Macroscopic examination showed areas of crevice corrosion jn

the end scre\^/ holes of the plate and of the corresponding 2 screws.

The mi crostructure was seen to have a smal'l amount of i ncl us'ions

and the qrain size was ASTM graìn s'ize 5-6, with'in the r^ecommended 
'lìmjts.

The ASTM oxa I i c aci d etch'ing test was negat'i ve .

CAUSE OF FAILURE:

There was no metallurgìca'ì evidence to cause the crevìce corrosion

and resulting al'lergic reaction
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Impl ant 14-68. Descrj ptì on: Sl ì d'ing Hì p Na'il and Pl ate

Material: 3l6L Stainless steel. Medical Hìstory: This

device was removed September 1969 after 5 months ìn the

eìderly lady who vras complaìning of pain in this area.

w'ith 4 screws.

mul tj component

h'ip of an

METALLURGI CAL ANALYSIS :

Macroscopìc examjnat'ion of the 3 component devjce (Fig. lB)

(plus 4 screws) showed a large corroded area.(satin'ing grey 'in colour)

on the end of and on the middle of the nail wh'ich was within the slotted

cylinder. The insìde of this cylinder had been only roughly reamed with

ridges eas'ily seen. There were blue and purple oxide fjlms inside

this cyìinder and on the shaft of the nail near the corroded area. The

corroded areas of the nail are shown in Fìg. l9(a and b). Fig. l9(c)

shows the last three holes'in the plate which were also corroded with

the end hole showing the greatest amount of corrosjon. The 3 corresponding

screws were also severly corroded just under the head. All the components

(includìng the screws) showed heavjly worked microstructúres. The ASTM

oxalic acid test showed no sensjtization of any of the components.

CAUSE OF FAILURE:

There was no direct metallurgical reason for the wìdespread

crevice corrcsion observed at almost every jnterface of this device.

Because 'it v¡as a mul t'icomponent dev'ice there were a great many crevi ces

to act as potentiaì sjtes for corros'ion perhaps outweìghìng the advantages

in'inserting such a multjcomponent device.
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Implant:M7l . Descript'ion: Timmer bone plate (7 cm. 'long).

Material : 3l6L sta'inl ess steel . l4ed j cal Hì story: A f racture of the

left radius was plated and jn January,1970, after ì year, the plate was

removed because of the pain beìnC experienced in the arm over the

plate. There.was no unusual soft tissue reaction noted at the tjme

of removal.

METALLURGI CAL ANALYSIS :

Macroscopi c exami natj on showed

corrosion jn the end holes jn the plate.

The microstructure of the Pìate

fine graìned structure of ASTI'1 grain size

typical cold worked structure. The ASTM

was negati ve.

a possjble small amount of crevice

The screws showed no corrosion.

showed a parti a'lly anneal ed

6-7 and the sçrews a

oxal j c acj d etchi ng test

CAUST OF FAILURE:

Metal'lurgi cal'ly there j s nothi ng to gi ve a hi nt as to the

reason for the suspected corros'ion and the subsequent pa'in experienced

by the patient

Implant t4-72: Descriptìon: Sm'ith-Peterson Na'il and plate with 5 screws.

Materi al : 3l6L sta'inl ess steel . l''ledi cal Hì story: 3 months fol ì owi ng

i nserti on pai n r^..urr.d suggestì ng eì ther a I oosenr'ng of the 'impì ant

or reactjon of the tissues to the metal. One year later, in January 1970'

the patient was readmitted for local skin pa'in over the region of the

pìant and the apparatus was subsequently removed.

METALLURGJ CAL ANALYSIS :

l4acroscopic examination showed crevjce corrosion at 4 holes

in the plate (Fig. 20), with holes #l and #4'show'ing the severest corrosion,

(Fjg. 21). Four of the screls showed easìly detectable corroded areas

immed'iately under head. The othei components of the device - the na'il,
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F'ig . 21 Crevice corrosion of p'late was most severe at #l and #4.
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the slotted bolt, and washer showed no corrosion.

Mì croscopì cal'ly a1'l components showed col d-worked ,fi ne-grai ned

structures.

The hjstory of this partìcular ìmpìant brings up the

quest'ion whether movement between the screws and the pl ate wh.i ch was

suspected after 3 months causes mechanjcal abrasjon of any protectìve

film and leads to crevice corrosion - or does crevice corrosion once initiated
cause reactions in the neighbouring bone tjssue and subsequent loosening

of the screw. Holes #l and #2 were studjed closely with this question in

mind, and it appears that the latter would hoìd, je. crevice corrosjon

could lead to a loosening of the screws. If there lvas a great deal

of movement, the large ìrregular corroded area present at holes #l

and #4 would not be present, but should be sì'ightìy po1ìshed and

certain]y would not have corrosjon deposits adherl'nq to jt. Such was

not the case. The ASTM oxal jc acìd etching test was negatìve for all
specimens.

CAUSI OF FAILURE:

There was no metallurqical reason for the observed crevice

corros i on .

Implant M-73: Description: ztmmer compression plate jnserted wjth B

screws plus one separate screw for a butterfly fragment. Material: 3l6L

staìnless steel. l4edìcal H'istory: The 'injury was a closed fracture of

the t'ibial shaft and the post-operative period was uncomplìcated vrjth no

evi dence of i nfecti on . The pl ate r,vas removed February 27 , 1970 after

the pat'ient fell down some steps 2 weeks prevìous and later experienced
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pain in her leg. X-rays showed no evjdence of a new fracture. A

brownl'sh fluid was found around the plate and brown and black fragments

(whìch appeared to be meta'l ) in the surroundinq tìssues.

METALLURGICAL ANALYSIS :

f"lacroscop'ic exami nat'ion showed severe amounts of crev'ice

corrosion at the 4 central holes of the plate and was especìalìy severe

at one particle hole shown ìn Fiq. 22(b). Thjs amount of crevice corros'ion

occurs, fortunateìy, very rarely. 0n the back of the p'late at thjs

particular hole there was a large concentration of brown coloured

corrosion product which had been betleen the plate and the tibia.

Here crevice corrosion had been takjng place with the corros'ion products

being separated from the other body tissues by the shiny membrane whjch

covers imp'lants, as descri bed by ll ,32,331 . Th'is membrane encapsu'lates

the implant very tightìy; allowing no apparent tissue flujd space,

and usually makes the removal of an implant qu'ite djfficult. The

fall perhaps, damaged thjs sheath and allowed these acòumulated corrosjon

products to come'in contact with the soft tjssues'in the vic'in'ity.

Hence the pain jn the ìeg and the brown coloured flujd found at the

time of remova'l . It is not l'ike'ìy that this amount of corrosion

could have occurred in 2 weeks, 'initiated 'in some lvay by the faì'l .

The microstructure of the pìate was fine-graìned, and slightìy

annealed. The screws possessed a cold lvorked structure. The ASTM

oxalic acid etch'ings test showed that there lvas no sensjtizat'ion of the implant.



52.

A

;ì\$

.-!ìi'
liffi

rrs.,r..iiÈ$*ì,\..::\11,: n*j*!j *&,¡.. i€&

Fig. 22 crevice corrosjon whjch occurred at 4 centralìy ìocatedof Zimmer compression pìate: (a & b) show the iront ofplate vlìth gross crevice corrosion in (b); (c) Reverseplate at the same hole shows extent of lårgò äorrosion

hol es
the
si de of
depos ì t.



53.

CAUSE OF FAILURE:

No metal'lurgìcaì reason could be seen for the wìde-spread

crevi ce corros'ion .

3.2 Summary of the Analyses of Crevice Corros'ion

From this limited survey ìt can be seen that crevice corrosion

is occurrìng ìn imp'lants which appear by present thjnking to be

metal I urg'i ca1 1y compati bl e w j th the body env'i ronment. The 'i nc j dence

of corrosion, mostìy of the crevice type, has been compì1ed by two

v¿orkers for a number of excise implants. colongelo and Green t34l

in 53 dev'ices exarn'ined found 45% to be corroded and only B% to have

been removed due to fracture. Similar corros'ion figures have been

cornpì'led by Scales I351. Colongeìo and Greene also found that the

incidence of corrosion jn 30 singìe component devjces was l0% while

out of 23 multìcomponent dev'ices a staggering 9l% was found to be

corroded. Because of the much larger incidence of corrosjon in multj-

component dev'ices efforts have been made to reduce the number of crLvices

to a minimum by careful design and to avoid the m'ixed use of steels

of slìghtly varyjng composjt'ion. Today crevice corrosion is st'ill
occurring, thouqh somelhat reduced, in multìcomponent implants of

seemi ngìy homogeneous materi al s.

0ne avenue wh'ich has not been 'investi gated i s the rang.e of

hardness encountered between the components of ìmplants, especially

between the screws and pìates. The hardness values of all the ìmplants

analyzed above have been compiled'i¡ Table 3. Examination of Table 3

shovrs that there js some corre'lation between corrosìon and/or tissue

reactions and a hardness gradient betleen the screw and the pìate.
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Table I I I

HARDNESS SURVEY OF EXCISID ORTHOPAEDJC IMPLANTS

Impì ant Descri ptí on Component Hardness Val ue-DPH Extent of Ti ssue

( average of 5 Corrosi on Reducti on ,;

readi ngs ) i

M-69 0sborne-Bal I pl ate gross yes
osteotomy plate screw

M-70 Osborne-Bal I pl ate I 84

osteotomy pì ate screw 408 gross no

91 uteal post 1g4 mentì on

14-74 Osborne-Ball plate 216

osteotomy pì ate gl uteal post 179 gross pai n

screw 376

M-59 Muel I er Pl ate p'late al I eroi c
s |r gnr

reacti on

166

385

SCTCW

341

291

M-68 Sl'idi ng Naì ì pì ate 335

349

328

322

S CTCW

nai I

cy1 ì nder

gross pa] n

M-71 Zimmer Bone plate
Plate (7cm) screw

291

383
mi n'imal pai n

l'1-72 Smi th-Peterson ' pi ate

Nai I and Pl ate screw

354

378

422

353

347

bolt
was he r
nai I

severe pa'tn 
i

M-73 Zimmer Compression plate 276

335
gross pal n

Pl ate screw
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implants 11-59, M-71, 14-72, and M-73 have pìate and screw hardnesses of 34.l

:291' 291 : 383, 354:378, and 347:276 respectìvery. Laing t36l also

oointed out that for opt'imum corrosion resistance, a'll components of the

same device should be of the same hardness or eise they wì1ì behave as

different metals. It appears to be simply a matter of convenience on the part

of manufacturers to make a nai I out of a three-quarter hardness

materjal and the rest of the imp'lant out of a dead-soft alloy. The

reason of conven'ience also seems to apply to the fact that screws are

manufactured of AISI 316 (0.087áC max.) stainless steel, as Schmejsser

shovred t37l j n a surr,,ey of 4 manufacturers, vihi le the pì ates or other

ìarger parts are fabricated of 3l6L or 3l6L vM (0.03%c max). Fronr

'f,231 Lai ng i ndi cates a hardness for ìmpì ants made of AISI 3l 6 sta jnl ess

steel of 30-35 on the Rockvrell C Scale (OpH SOO-345) would be preferred.

According to Hochmann and raussìg, "most ìmplant dev.ices are produced

' in the work-hardened condition to prov'ide the maximum strength, and .if

implanted under adverse conditions such as nonun'ion, they vrilì prov'ide

the best poss'ible service I jke from a mechanjcal standpoint.,,* 0nly a

few impìants are essentìaììy 'in the annealed state.

3"3 Statement of the Problem

Screws being limjted in cross-section by the dimensions of

the bone into v¡hich they are dniven, by necessity must have the greatest

strength. Theref ore they shoul d be Í n the col d-r,rorked cond j t j on. 0n the

other hand the corrosion resistance of stainless steel ìs optìmum when

it is essentially in the annealed state. Theroption is open, for other
* P. 4zg of Referencu [¡1.



parts of the device such as the p'ìate, ìarger bolts, nuts, and larger

najls not requiring the hìghest strength to be manufactured in the

essentialìy annealed state. However, by 'itself an annealed stajnless

steel may have the best corrosion resistance but its performance may

be affected adversely when it is coupled with a cold-rvorked material

(the screw). Therefore the essence of the probìem ìs:

(i) To determine whether a cold-wor"ked material (the screw)

shoul d be coupl ed r¡ri th an equaì ìy hard or wi th an essenti aì 1y anneal ed

material and (ii) to investìgate the performance of cold-vrorked and

essentia'l1y annealed 3l6L stainless steel in physìo'logìca1 solutions

of vanyìng p02 and pCOr"
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Chapter IV

ELECTROCHEMISTRY OF CORROSION

4.1 Thermodynamjc Basis of Corrosìon

Corros'ion is the reaction of a meta'l wjth 'its surroundìngs.

The products of the reaction wjth whjch we are concerned are

solids jn the form of hydrated oxides or carbonates. In orthopedic

surgery jt js the products of the corrosion reaction and damage to

surrounding tìssue which are important rather than the damage 'itself

sustained by the device corroding (as the corrosion is selclom allowed to

proceed to a castroph'ic stage).

' Metall jc coruosìon is the net result of 2 part'ial chemical

reactions; (j) an oxidation reactjon and (ii) a reductjon react'ion.

The djrect consequences of corrosion is the oxidation reactjon in

wh'ich the metal loses electrons and goes to a hjgher valency state

by combìnatjon with an atomic or molecular group. The oxidatjon of

i ron to ferrous 'ions i s :

f's -== Fe+* * 2.

The react'ion'is balanced by a reduct'ion reaction involving the gaìn of

electrons. Theoret'ica1ly, jt can be any reaction which js.more posìtive

than the equì1 ibrium.potentiaì of the netal-djssolution reactjon. In

aqueous electrolytes, the electron-acceptor spec'ies present are Hr0+

jons and dissolved oxygen. Possible cathodjc råactjons are:
+

2H30 + 2e - 2H20 + Hr(s) [acid soìutìons]

and

+0Z + 4H 
' + e * 2Hr0 [aci d s-ql uti ons ]
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In neutral or al kal j ne sol ut'ions (such as ECF) ; hydrogen

ions wi I I be avai labl e on'ry in I imi ted quanti ty, and the cathodic

reaction is the reduction of dissolved oxygen;

0z + 2Hr0 + {s -> {Qtl- falkaline or neutraì I' sol uti ons J

Notice that the overall effect of these reactions is the same in

increas'ing pH. If several cathodjc reactjons are possìbìe, i.e. their
equìlibrium potentials are positjve with respect to the metal - dissolution

equi I i bri um potenti al , the one adopted v¡'il I be the one yi eì d.ing the

highest corrosion current. An example il lustrating this point js used

by Bockris and Reddy l+l]; Û,. corrosion rate of iron ìn oxygenated

solutjon is greatìy increased in comparison with that in a deoxygenated

solution. The rate jn the former is determ'ined by the cathodjc reactjon

2H30+ + ls-----r 1HZO + HZ wh'ile jn the

latter by oxygen reduction. Sjnce the solubjlity of oxygen in the

electroìyte is proportionaì to pressure, the higher the partial pressure

of oxygen in the gas phase the greateris the corros.ion rate.

A pure metal 'immersed jn a solution establjshes a

characteristic potent'ial which reflects a equiìibrium with jts ions.

Thjs metal/electroìyte interface constitutes a half-cell whjch can be
._L+

denoted as l'4l14' ' . A hal f-cel I potentiaì cannot be measured jn absol ute

terms, but the potential between l4/M++ and another half-cell can be

measured. Therefore a table of Standard Electrode Potentials at 2S0C relative
to the standard hydrogen electrode (sHE) has been establ.ished. Th.is

hydrogen reference electrode has by conventjon been assigned a reversible
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potent'ia1 value (fo) of zero. Then experimentally, a measured emf is

equa] in sign and magnitude to the experimental half-cell if the SHE is on the

left (by convention this electrode becomes oxidized) and the electrode

in question is on the right I5

For example, using a short hand notation to denote the two

half-cells with the SHE shov¡n on the left and the verticle double

ìine representing the boundary between the two different solutions

of the hal f-cel i s

PtlHz ( I atm) H+ (a t = t) llt--lt
then, the emf is:

tcell = Eright - El.ft

= tn Tr** - ,o rrrr* = trTr**

(5)

Experimental work 'is usual ìy conducted us'ing the saturated cal omel

electrode (SCE) as a reference potentr'aì. The SCE js more robust

and easi er to use under experìmental condi tions and has a potent'ia'l

of +0 "2420U at 25oC on the hydrogen scale. When a potentìa'l of a

metal has been found us'ing the SCE as a reference electrode, then the

corresponding point on the hydrogen scale can be found by adding 0.24?0U

to the observed potential . Th'is conversion will have to frequent'ly

be performed as corrosìon potentials in the literature are measured

relative to both the SHE and the SCE.

As absolute potentials have not been measured the sign conventions

of the electromotive series are arbìtrary. The metals below hydrogen

which have negative potent'ials are the base metals, and form

ions more readi'ly than the noble metals having pos'itìve potentials



60.

above hydrogen. It is general'ly assumed that base metal potentials are

negatìve as a result of electrons remain'ing'in the metal VZI .

Previousìy it was mentjoned that a cathodic reaction must have

a equil ibrium potential wh'ich ìs positive to the metal-djssol utjon

reaction. Equatìon (5) can be written as:

E.oal^ = Ecath - Eanode

to descrjbe the corrosion process. This 'is a result of thermodynamic

considerations. The reversible emf is a measure of the free energy of

the cel I reaction by

^G 
= -ltl FEo

where Eo = reversìbìe potential , ìe no net accumulatjon of

product.

z = number of electrons 'involved in the redction

F = the Faraday equ'ivalent (96,497 couìombs/equìv. )

This would allow the total free-energy for the corrosìon process to be

negative, Eo beìng positive, and the reactjon will proceed spontaneously -

from a thermodynamic viewpoìnt; from a kinetic vìewpoìnt the rate

may .prove to be neglìgible. Kinetics take into account the effect

of anodic and cathodic electrode areas, the exchange-current densitjes

for hydrogen evolution and oxygen reduction, and the effect of fjlm
formation on the metal being examjned.

The relationshìp between the value of equilibrium potent'ia1s

of metals jn contact with electrolytes where metal cation activity is

different from unity and the standard electrode potentìa'ls (where
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*
cation activity 'is equal to one) is given by the classical Nernst

equati on ,

Emetal = Eo + 
# ìnarn (6)

where E^ = standard electrode potential of the metalo

at temperature T

T = the absol ute temperature (oK)

âMr* = in gram-ions/L

Q = gas constant ( I . 99 j oul es/mol eoK)

I = valency.

It should be stressed that thìs equation only descrìbes

an equilibrium situation where the rates M * M+ + e and M* + e * M

become equal. As a result there is no net product - hardly the situation

in a corrosion process. The exchange currênt io flows in both directions

and a net zero current exists" This equatìon expì'icìteìy descrjbes

the potentiaì difference across a metal/solution jnterface if the

activity ratio of electron donor atoms is altered. If the ratio is

altered the equiljbrium potentìa1 changes

This equation has jn the past had extensive use in electro-

chemical and corrosion studies, perhaps an overuse which has impeded

progressìon this field"
* 

Opposlteìy charged ions in an eiectroìyte exert attraction effects
yhich aìter the behavior of the eìectroìyte frorn the measured
concentration. This attraction effect, which increases wíth
concentration, can be corrected with the use of an activity
coefficient y used in conjunction with a moìaì concentration (gram-
lons of solute/ì0009 of soìvent) to express activity.

l.e. a = ym

when m-0;y*ì
for dilute solutions of l0-3m, concentration can be used
fnterchangeably wi th acti vì ty wi th ì i ttje error
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4.2 Kinetjcs Aspects

Bockris and Reddy t4ll in a crjtjcal review of the use

of the Nernst equat'ion and the Butler-Volmer equatjon to be descrjbed

shortly, pojnt out that the Nernst equation app'lied only to reversible

electrodes (ie net current density across the metal-solutjon interface

is zero) where the overpotential (n) js zero. They go on to say "the

heyday of the uses of th'is equilibrium equatìon is over".* It has

been pushed into every electrochemical situation ('incìud'ing nonequjl jbrium

ones). Corrosìon processes usually being non-equ'ilibrium in nature

limit the use of the Nernst equat'ion to a rather secondary role. Again

from Bockris and Reddy, in reference to use of the Nernst equatìon.

"It should not be forced into jnterpret'ing a situation whjch is far from
**

equilibrium (as electron transfer reactions often are)"

For corrosjon to proceed there must be a net current densìty

i across the metal. (solid)/electroìyte interface and this current is

reïated to the overpotential n = Ei - Eo where E., is the potent'ial of

the metal at the applied current densjty i and Eo is the reversible

potential. Thís poìarjzation may be either anodic or cathodic. The

Butler-Vo'lmer equat'ion I4l I shows how the'current density across a metal -

solution interface depends on the difference n between actual non-

equil ibrium and equjl jbrjum potentia'l differences" At equil ibrium

it becomes the Nernst equation (the proof is beyond the scope of
* 

P. 906 of reference [4] l.
*n lbid. p. 9oB.
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this study) und n.ur^ equiìjbrium reduces to a linear i versus ¡
Ohm's law for interfaces. Thus the immedjate kinetic theory

to follow applies to a non-corrodìng metal electrode in whìch onìy

the ions of the metal itselt (Nt*) are involved in the anod'ic and

cathodic partial reactions. some confusion may arise as to why

this analysìs cannot be applied to a corroding system jf jt does

involve the kinetjcs of metal dissolutjon (oxidatìon). In a corrodìng

system the cathod'ic reaction is something other than one jnvolving metalììc

ions and therefor"e has a different Tafel slope*. However, the equations

used in determ'inations of actual coìrosíon rates are evolved from it.
The importance of this equation arises from the fact that

it connects two basic aspects of charge transfer at an electrifjed

interface; nameìy; (i ) the equil jbrium current jo, which represents

the rate of transformation of substances at the 'interface w'ithout .the

accelerating effect of overpotentiaì and (iì) the electrical effects

resulting from the applicat'ion of overpotential. The chemical and

electrical aspects of charge transfer are described by:

i = i^ lexp (l - ß) FnlRr - exp (-ß)FnlRTlo- (7)

which is the Butler-Volmer equation [4.l] where the partìal currents:

f (cathodic deposition cument) equa'l to io exp(ì -ß)FnlRT ana I (üre

anodic díssolution current equaì to io exp(-ß)rnlnr are represented.

If n is negative (electrons are pushed jnto the metal from the negat'ive

pale of the external source), then the net external current =

j=++ i - i = io, is a net "cathodic"

o 
The Tafel sìopes, ßu and B. are the sìopes of the ìogarithmic anodjc
'and cathodic poìarization curves"
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deposition current. If ¡ ìs positjve (ie, the metal potentìal is made

more noble, so that electrons are withdrawn from the metal into the

"electron sjnk" of the posr'tìve paìe of the external source, and a

net "anodic" dissol utíon current

i=ia=T-T results

As an aside, two experìmental'ly measurable quantitjes can be jdent jf .ied

in equat'ion (7); ürese are the slopes of the anodjc and cathod jc

pol ari zat j on curves , ßu and ß. respect'ive'ly

Ba = 1.3 RT/ßF

and

ßc = t.3 RT/(r - ß)F (8b)

ß itself is a symmetry factor which is an intrinsic characteristjc of

the given charge-transfer reaction at the given interface. For s'imple,

sing]e electrode exchange reactions ß : 0.5.** A p]ot of i versus

n of the Butler-Voìmer equation with a symmetry factor of ! yeilds

a curve resembling a hyperbolic sjne functibn. Then equation (7)

becomes

(8a )

and since

i = fo Iexp(Fnl2RT) - exp(-Fn/2RT)l

exP(x) - exp(-x) = sinh x
2

i = 2io sinh Fn/ZRT

Because ß = Lr, this curve is symmetrical (Fig. 23)

and cathodic currents produce equaì overpotentiaìs,

sine functi.on has, 2 interest'ing f imiting cases;

(i) n very large

exp (Fn/2RT) >> exp (-rn/znr)

and as exp(-Fnl2RT) tends to zero.

(e)

and eiual anodjc

n. The hyperbol i c

The electrochemical activation energy huno presented to the ions leaving
the electrode occurs at 1/2 of the distance across the Heìmhoìtz double-
I ayer.
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2 sinh Fn/ZRT t exp(Fnl2RT

under high fìelds the Butler-Volmer equatjon reduces to

i : io exp(Fnl2RT)

(ii) ¡ is smaìl:

For small n, the two exponentials of (7) are expanded but only the

first two terms of each exponentìaì term are retained:

i = jo Iexp (l-ß) FnlRT - exp (-g)Fn/RTl

=i^ll+(l-ß)Fn - l+ßFnlo[ ---RT- m I

= ioFn (10)
-rT-

The high and low field cases are shown jn F'ig. 24.

Further rearrang'ing of thìs equatr'on yields:

n = RT = o-,^=;- 'm/S't rlo

where 0r/, = reaction resistance (m/s denoted the metal and

solut'ion sjde of the interface). Thìs quantity is also equal to the

differential resistance /an \
\ 5T I cA,cD,T

where CO = concentratjon of the electron acceptor

CO = concentratjon of the electron donor

ie /an\ = RT = p-ls (ll)
\¡l/cA,cD,T Fi; 'm/

p_,_ determines the polarizabil ìty or the over-potential a partìcular'm/s

current densjty requìres and depends upon the exchange-current dens'ity

jo" Asio + -,omls=(*)" * o

-A,CD,T

The slope of the n versus'i curve is zero, despite the fact that a

current densìty i is flowing across the interface. There-fore the



interface remains v'irtual ìy at ìts equjl ibrium potentiaì and the

electrode can be said to be nonpolarizable.

Establ'ishing ranqes of n where hjgh fjeld and low-

f iel d approximat'ions can be used

(i) high_ fields

the hìgh fìeld approx'imation is based upon

exp (Fnl2RT) " exp (-Fn/2RT)

Assuming that the R.H.S. should be less than 1% of L.H.S.

ie. FnlRT > 2ln.l0

n > 120 mV at 29BoK

Hence when the imposed potentìaì Ei exceeds

(rest or corrosìon) potential by about (ì20 mV) for a

process thi s approxìmati on wi I I be val i d.

(ji) low-field

condition for low-fjeid approximatjon is Fn/ZRT

This can also be taken to be

67,

the equì I i brj um

one-el ectron transfer

l.

Fn<lRT5

then n < lOmV

When the overpotentìaì n js about lOmV or less for a one-electron

transfer reactjon, the ljnear j versus n law be used wjth little error.

Bockris and Reddy have tabulated errors for the ljnear

approx'imatjon of the Butler-Volmer equatjon and three such examples

are wjth g=9.5, i^ = lmAcm-2 and T=250C the error in the ljmjtìng law(]
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is -0.7% for n = jOmV, only -2.5% at n = 20mV, and rjses to -4.9% for

n = 30mV.

4.3 Electrochem'ical Technjques

The theoreticaì background for corrosion studjes investìgat.ions

have been briefly covered. Now the various types of electrochemjcal

techniques used to interpret corrosion processes will be revjewed from

the vìewpoint of determinìng what particular points would be relevant

to this particular study.

(i ) Potential Measurements

The measurement of corrosion potentials* and its variation
with time can be employed in a general manner to interpret corrosion

phenomena. This variation with time can be interpretted in terms of

the condition of the protectjve films on the metal surface t43,441.
Hoar and I'lears t44J in a study to chose suitable med jcal imp'lant

materials used the var"iation of tjme of electrode potentiaì between

an isolated specimen and the test solution (o.tzil Nact at 37oc) to

group aììoys as poorly resistant, modera.teìy resistant, and compìeteìy

resistant to that particular solution. Schematic potentíal-time cunves

are shown in Fig. 25. curve (a) typifjes an alloy undergoing f.iìm

breakdown and general corrosion. curve (b) is typica'l of an alloy

showing an initial period of film thickening, foÌlor,red by film breakdown

and pitting corrosion. curv,e (c) represents a film thickening which

remains intact. Quoting from Hoar and Mears, ,,0n'ly a'll oys giv.ing

curves such as (c) can be considered to be proper'ly suitable for
situations in which 'long term 'inertness is essential.,,**_1+,e f all.ing

t 
oth"" terms used are rest ootentjaìs, natural potentiaì or equilibriumpotential of the metal H under the prevailing lonãiitòns.

r*
P. 487 of reference t441.
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and/or fluctuating characterjstjc of several stainless steels (Types

302,304,316 and others) shows that these alloys are liable to fjlm
breakdown and consequent pitt'ing in aerated dilute chloride solutjons.

Phelps t43l says that potentiaì measurements gíve an indication

of whether anodic or cathodic processes, or both, are controlling the corrosjon

rate. For exampìe; if E.o* is close to the neversible potentiaì of

the expected anodic reaction indicates cathodic control; a metaì corrodìng

under anodic control exhibits a corrosion potential that is close to

the reversible potent'iaì for the expected cathodic process; and an

intermediate corrosion potentjal indícates mixed control. Potentjal

measurements when combined with corrosion rate measurements can be

used to gain insight into the effect of changes in the env'ironment

on corrosion processes. "If a change in solution velocity, temperature,

concentration, or the addjtion of an inhibitor or an accelator causes

an increase in the corrosion rate, a corresponding change in the corrosion

potential in the cathodic direction (negatìve) indicates depolarization

of the cathodic reaction. A correspondìng change in the corrosion

potentiaì in the anodic direction indicates increased depoìarization

of the anodic reactjon. Converse'ly, if the environmental change causes

a decrease in corrosion rate, a correspondìng change in the corrosion

potential jn the cathodjc direction índicates jncreased poìarization

of the anodic reaction. A corresponding change jn the corrosÍon potentia'l

in the anodic direction indicates jncreased polarization of the cathod'ic
*

di recti on" .

0ther workers

of the compatabiìity of

l-liçknan I15l found that

have attempted potentìal measurements in studjes

metals in biolog'ical fluids. Clarke and

the measurement of static potent-ials between

*
P. 24'lt of reference [03].
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a piece of teét metal (one of those tested was Type 316 sta'inless

steel) and a calomel electrode both placed in equine serum at 37oc

produced readings whjch bore no relation to the knol^¡n inertness of the

metals concerned. Their results were also not reproducìble. One reason

they experienced diffjcuìty in this measurement was because the calomel

electrode was also at 37oC rather than room temperature connected by

a salt bridge to test solution. Its stability as a reference electrode

decrease rapid'ly if the temperature is much different than room temperature

and if it is not kept in a saturated potassjum chloride solut'ion.

0nly limjted interpretation can be placed ìn potentjal-tjme measurements

w'ith regard to protectìve films unless this type of measurement js

combined with corrosion-rate measurements.

(ii ) Potentjostatic* Polarization Curves

0ne of the most promisìng eìectrochemical technique applicable

to metals dispìayíng active-passive transitjons are potentiostatic '

determined anodic dissolution curves. The constant potent'ial measurements

(see Fig. 26) util jze a logarithmic scale permitt'ing the presentation

of a wide range of current densities" As the potential of the metal

is made increas'ingly more noble (positive) ttre dissol ution rate of a

typical active-passive metal passes through a maximum and then remains

essenti aì 'ly i ndependent of potenti al . The maximum current 'is des i gnated ,

i., the critjcal anodjc current density and the correspondìng potentìaì

Eoo, the primary passive potentia'I. As shown in Fig. 26 the actual

behaviour of an active-pass'ive metal can be divided jnto 3 different

* 
A potentiostat is an electronic device capable of holding a constant
potential with respect to a standard reference electrode (eq. SCE)
between a test eiecrrocie and a counLer electrode.
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reE'ions: active, passive, and trans-passìve. Greene t46l descrjbes

the curves as capable of allov¡'ing descrìption and predìction of the

corrosion behaviour of a acti ve-passi ve metal . From them j t i s

possible to determine: (i ) the pass'ive potential reg'ion. (ii ¡ the

passive corrosion rate, and (jji ) the condition necessary for achieving

passivity. The measurement of an anodic (or cathodic) poìarizatìon by

appìication of an external current does not yìeìd the actual poìarjzation

behavi our of shown 'i n Fì g. 26 . Thi s fol I ows f rom the f act that the appì .ied

current is equivalent to the difference between the rate of oxjdation

and the rate of reduction. Fìgures 27,28 and 29 show three different

cond'itions when a cathodic reduction poìarjzation curve'is superimposed

on an actual anodjc poìarization curve. The curve of Fig.29 ressembles

the low p0, curves to be shown later. l.lote the distortion in the

vicinity of E.0.. and the fact that the characteristic nose of the active-

passive metal cannot be observed. This distortion (Greene t46l) is a

result of the metal spontaneousìy passivatjng and obscurjng Epp and i..
A further distortion of the curves occurs if oxygen reduct'ion begìns at or

within the transpassive reg'ion. Then the measured anodjc curve does not

represent metal dissolution but rather a summation of 2 anodic processes:

metal djssolut'ion and oxygen evolution" In [46] Greene states that

it is usually observed that the measured anodìc poìarjzatjon curve closeìy

corresponds to the actual anodjc djssolution curve at potentials more

noble (positive) than 50mV above the corrosion potential and below

approximately 0.8 to 0.9 V versus saturated calomel.
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The'measured anodìc polarizatjon curveof Fig. 29 is representative

of the performance of stajnless steels in chloride solutions. At

potentials higher than Epp the polarìzíng current decreases with increasing

potent'ia'l to reach a fair'ly constant value jn the passive regìon. As

the poìarizing potentia'l js increased, a "breakdown" potentr'al* is

reached. Above this breakdown potentiaì the sharpìy ìncreased anodjc

curnent indicates the breakdown of passivìty and the onset of pìtting

corrosjon. Leckie and Uh'lig Í,471 using solution annealed (lOSOoC tor

I hour) l8-8 stainless steel in deaerated 0.lN NaCl solutions affirmed

that this pitting would not occurin any degree below the critical
potentìai determjned from short time potentiostat tests,and was not

simply de'layed by time. The passive current and Ecrjt, ìn re'ìation to

the measur.d E.0.., were also used by Hoar and Hears I44l to class'ify

the observed performance of corrosion resjstant aìloys (ìncìudìng

316L and Vitall jum) in chloride solutions. A smaller passjve current

indicated more perfect passivity. Fig. 30 shows 3 types of resistant

alloys. For the first type the anode breakdown potential measure

potentiostaticaìly is much lower than the highest potentialt (E.or.)

measured in potential/tjme measurements. In this case fjlm breakdown would

readily occur. If Ecrit is close to E.or. of long term exposure tests

(Fig. 30(b)), film breakdown would not occur as long as the specimen

undergoes proìonged exposure. In F'ig. 30(c) when E.r* is far higher

(more noble) than theiìghest observed E.or., then breakdown on isolated

specimens during pro'longed exposure is very unlikely. Finally ìf
* 

Alro called the critical potentìal for pitting or the critical breakdown
potenti a ì
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E^*., is higher than the hÍghest possible potential at which oxygencrl f
reduction can occur, then breakdown on isolated specimens in aerated solut'ions

is impossible unless mechanical breakdown of the oxide film occurs.

The value of Ecrit js so important in determìnìng the extent of

stability of stajnless steel that the effect of various changes

which might be encountered in the phys'ioìogicaì environment on tcr.it

are I i sted bel ow;

(1) Effect of pH on Ecrjt

The findings of several jnvestigators was that the critical

potential is not affected apprecìabìy ín the acid pH range. it
moves markedìy in the noble direction in the alkaline range corresponding

to observed resistance to pìtting in alkaline Cl- media: Such were

the conclusions of Leckje and UhliS [47] with l8-8 staÍnless steel in

deaerated 0.lN NaCl adjusted in the acìd range by HCI additions

at 25oC. These results are summarized in F'ig. 3l . Smal I sh'ifts

in the ac'id range were further affjrmed by determìning values of Ecrit

in 0.25, 0.50, and lN HCl. Here Ecrit shifted Ín the anod'ic directi'on

a maximum of only 50 mV whìch is probab'ly accounted for mainly by

rncreasrng tt activity rather than by the change of H+ activity"

This seems to be contrary to what seeming'ly should occur in that

I'oxide films being soluble in acids ought to be th.inner or more

porous, hence more eas'ily penetrated at low pH than at high pH

valuês, yêt the critical potential is not appreciably altered in

0.i N NaCl on go'ing from pH 7 to .l " 
*.

" .p" lzoo of t471.
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Similar results were found in experiments conducted at

higher temperatures, cìoser to that of the body (:zoc), and beyond thìs

such as the testing temperature of th'is experimental work (OOoC). Rocha

t48l presented data at 50oc showìng onìy a srnall effect of pll on

critical potentÍals in the acìd range of pH and uhlig and Morrjl I4Bl

sholed that the pitting of lB-B sta'in'less steel l'n 4% l'{acl at g00c

decreases markedly as the pll is increased above 7.

(2) Effect of tcl- I on Ecr.it

A shift of the critical potent'ia1 to more active values

(negative) on increasing the cl- was noted by Leckìe and uhl íg 1471"

Ecrit was shifted 0.09 v for a l0-fold change in concentratjon (jn

moles) ìn the negative (active) directjon. This was interpretted

in terms of "competitjve absorption" of cl- and other anjons for

sites on the al'loy surface. 0nly at sufficìenily hígh surface

concentrations ìs oxygen, makjng up the pass'ive fììm, displaced

local'ly, and passívity thereby destroyed resurtìng'in a p'it. Thjs

is one of the reasons why crevìces, if they exist, are the first
to pit because they harbour higher concentrations of cl-. Thjs

factor and also perhaps nonuniform compositjon alìoy surfaces

(screw and p'late of different hardness) may account for scattered

val ues of E^.^-.. reported i n the I i terature and the occurence ofcrr t
crevjce corrosion in implants where no apparent metaììurgìcal

reason for the corrosion can be found.
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(3) Effect of 0Z on Ecrit

!,lilde and l,/illiams F0] on the influence of dissolved gases

on the critical breakdown potent'ial in halide medja using soìutjon

annealed AISI type 304 stainless steel in lM Nacl at z50c found

a Ecrit of +0.050v (Vs sct) and a current jn the pass'ive range of

40-50 A wjth Argon bubbled through the so'lution. The metal was seen

to be in a more active state in thjs solutjon as compared to one

through which oxygen was bubbled as Ecrit was more noble being

+0.060v (vs sct) and the passive current of approx'imateìy ì0 A

was smal I er.

(4) Effect of temperature on Ecrjt

up to a temperature of 700c the general effect on ra'is'ing

the temperature of the eìectrolytic envjronment on an austenjtic

stainless steel is to lower Ecrit to more active potentìals [ 47,s1,69'l

as shown in Fig. 32. Above this jn the range 70-l00oc the breakclown

potentia'l of Type 316 stainless steel in 3% llaCl has a constant value of

about l0-20mV vs SCE [Og]. Thus breakdown potentials determined for

3l6L stainless steel ìn phys'iologicaì solutions at 60oC would be roughly

B0-l00mV vs SCE more negative than those occurring at 370C therefore

constjtutinq a slightly more demanding envjronment in r,vh'ìch to evaluate

the performance of an irnp'lant materjal.
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*(iii) Galvanostatìc po-larization Measurements

These techniques are the result of the latest efforts

in corrosjon studies and are perhaps the most exciting and ìnterestìng

as they are aimed at the heart of the corrosion problem, main]y

the measurement of instaneous corrosion rates so'le1y from electro-

chemical data. The successful use of such methods will allow a nearìy

comp'lete assessment of the performance of metallic medjcal materials

under 1 abratorY condi tjons.

gne of the methods makes use of the po'tarjzation resjstance

(not a true ohmjc res jstance r,¡h jch is normal iy assoc jated with

electrical current) whjch is the slope of the po'ìarization curve

in the region very cìose to the corrosion potential. Its jnitjal

advantage is that it has a sound bas'is 'in theory r,¡hich wìll be shown

in relation to the kjnetic theory developed previous'ly for non-corroding

metal electrodes. Thl's'is part'ially due to the fact that the potent'iaì

range investigated is close to the corrosìon potential and the applied

cufrents are generally smaìler than the corrosion current t521.

Thus the nature of the surface of the el ectrode under

investigation is not sign'ifícantly changed and the reactions proceeding

during poì arì zati on are essenti al 'ly those whi ch actual 'ly occur duri ng

the corrosìon process. Finally thìs method permits corros'ion_rate

measurements of alioys under conditjons'in whjch'the rates are so close

r 
Constant current polarization measurements the basics of which are

a stable D.C. povrer source and a variabìe range of hiqh value resistances
io allow several different currenl vaìues wìthin approximateìy
l0rnV of the corrosion Potentiaì.
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to be'ing neg'liqjble to make measurement by any other means ex'ist'ing

today impossìble and, as such, are especìal ìy appì ìcable to

Type 316L stajnless in varjous jn vitro envjronments.

In'itiation of this techn'ique was by Skoìd and Larson IS3l

whodescr.ibedempjricalobservatjonsexistìngbetweenthepoìarjzatjon

slope 
^E/AI 

at low current density, and the corrosion rate measured

by wejght'loss. This study was done after potentiar-tjme studies

confirmed that a particular specìmen potentìa'ì was not related ìn any l
t:

way to the corrosion rate. Their work was wjth mild steel .in 
.,1

sol uti ons contai n'ing 2.4 epm l''lacl and 0. 5 epm NaHCO, wì th the pH

beìng maintajned between 7.0 and 8.0 by continuous addjtion of

carbon dioxjde, and constant disso'lved oxygen at Z0-Z9oC. They

noted that the poìarization potentiaì apoeared to be a straìght ì'ine

functjon of the appljed anodjc or cathodìc currents at low current

density wìth the slope LE/Lr beìng higher for spec'imens having a

low corrosion rate. A plot of the logarìthm of time averaged vaìues

of aE/aI versus the logarithm of corrosjon rate, produced a ljnear

r elationshìp.

SternandGearyt54]inad.iScuSSionontheshapeof tì

poìarizatjon curves for corrodìng systems controlled by activatjon I'

polarization showed that a l'inear re'lat jonship is expected jn the

regi on where the poì ari zed potentì aì i s cl ose to the corros ì on potenti al 
:.:

Basjcally usìng the theory reviewed by Bockrìs and Reddy [41], that i.

js treat'ing a corrod'ing electrode like a noncorroding one they deveìoped
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an equatjon relatìng the slope of the linear region to the corros'ion

rate and Tafel sìopes. Thus for a corroding e'lectrode the corrosion

current, jcorr, ìs anaìogous to the exchange current of a non-corroding

electrode. Also the deviation from the corrosion potentjal of an

electrode potentiaì po'larìzed by an appìied current 'is desìgnated

e, ie:

e = Ei - E.or, 02)

if an electrode is polarìzed cathodicaì1y (as was done

with equatìon (7))

iuop = i. - iu (13)

and using (.l2) then,

ic = i.0., exp ( -2,30e/ßc)
(14)

iu = i.or. exp ( 2.30e/ßa)

where ßa and gc are the Tafel slopesfor the oxidation and

reduction reactions respect'ively of the cathodic process. Fig. 33

illustrates the I inear (Tatel ) relatjonship between e vs log iapp. A

devjation fronr a Tafel s'lope exists at low values of apprìed

current. This behavior can be expla'ined, if for jllustrat'ive

purposes onìy, a anodjc polarjzation js carried out.

For anodjc polarizatjon

tuoo = ju-j.

0nly when ì. becomes insìgnìficant with respect to iu wi11 a true

Tafel relation be seen. Further more, Tafel s'lopes cannot be obta'ined

untjl appììed currents reach magnìtudes of several tjmes the corros'ion

current. In non-corrodìng systems, experìmenta'l verifjcation of
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linearity between e and iupp ..qujres about 2 logarithmic cycles

of current and measurements of 1000 t'imes the exchange current,

Substi tut'ing (l 4 ) i nto (l 3 )

i---, = i.or. It*p(- ?'sot) - exp( z.3oe) I rrslapp ev¡ , L T._ __B;- 
l

and expanding the exponentia'l series around e=0, neglecting the

higher terms for small e, the equation g'iven by Stern and Geary

for activatjon poìar ization js obtained

l='corr
ßuß.

2.30 (ßu*ß.) (e/tuoo)

_ ß_ß^- clu

æ)

where AE is the po'larizatjon resistance. Takìng the
AI

logarithm of both sides of Eq. (16) yields

*j
o

or AE

m

log AE = log
AI

ßu ß.

zÐTßa-FJ

(16)

- loqi--.-.- (17)- corr

Thus, a plot of po'larization resistance versus corrosion current on

logarithmic scales should yìeld a straight line with slope of -1.

However not all corroding systems are free'ìy corrodìng,

that is controlled by s'imp'le ionjzation, as in activat'ion polarization

In pract'ice metal dissolution may proceed at a rate 'ììmited by

díffusion. Thìs was noted by Stern [52] who determ'ined that corrodìng

* l^ l, found by extrapolation of the Tafel region to the reversible
pStentia'|. fite corrosion current can be fouñd in a sinilar fashìon
by extrapolation to E^^..' In fact this method is used in the over-
väìtage-intercept methSå'lo determine corrosion rates. Values of e

are much ìarger for this method.
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systems control'led by concentratìon polarjzatjon also exhib'ited a

linear sect'ion and that the s'lope of the ljnear section was also

related to the corrosion rate. Concentration polarizatjon occurs at

a cathode when the react j on rate or the a ppi 'ied cathod'ic current

is so ìarge that the substance bejnq reduced cannot reach the cathode

at a sufficìent1y rapìd rate. The solutìon adjacent to the electrode

becomes depleted of the reactinq ions, and the rate (of the cathodic

partiaì reactjon and therefore of the anodic partiai reactjon) then

is contro'lled by the maximum rate at wh'ich the reactjng specìes can

di ffuse to the surface. Stern accompl i shed thi s rel ati onshj p ì n a

s'imjlar fashion to that of activation polarizatìon, by consìdering

concentratìon polarjzation first on a non-corrodìng electrode and then

introducjng the compìexity aris'ing when the electrode corrodes. Basìcaì'ly

a lìmjting diffusion current is reached so that the sìope of the

cathod'ic polarizat'ion curve, ßc, approaches infjnìty. Takìng the ljm'it

of Eq (16) as Bc *.-
ie lim
B-r'c

and the

is:
_ß^
-d.

2.30 i-corr
(l B)

Polarizatjon resistance measured cathod'icaì'ìy or anodjcaì1y

shoul d be i dent'i ca'ì as can be seen f rom deri vat'ions of equati ons (l 6 )

and (ta¡ and has been confirmed experimentaììy. The onìy d'ifference

between these 2 methods is that the region of l'inearity ìs somev¡hat

more ljmjted jn the anodjc case. The appììed currents should be such

to l'imit e to a lQmV or, at the greatest,20mV deviatjon from the

ßu ß. ò
_p^
-d,

2.30 i.or. ( ßa+ßc) 2. 30 i

pol ari zati on resi stance i n the case

corr

of concentrati on po'larì zation

AE

TT
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corrosion potential, as tvas noted for non-corroding systems. Therefore

the subsequent corrosion rate of the material will not be affected

by surface changes brought about by ìarge deviations from the corrosjon

potential. This is the most important advantage of this method.

Keeping in mjnd that ßu and ß. are the slopes of the

logarithm'ic local anodic and cathodjc po'larization curves whÍch may

be determìned experjmentally by potentiostatic polarizatìon, jt js

quickly seen that the use of Eqs. (16) and (lB) depends on the values

of the p constants. Fortunateìy the range of values which ß may assume

is really quìte limited. This observation was made by stern and

Weisert [SOJ in a detaj]ed study of the available data_ on activation

polarization kinetics. In general g vaìues ranged between 30 and

lB0mv. ß values at these lower and upper ljmjts are rather rare

with the greater majority of values lyìng between 60 and l20mv.

The effect of a change in ß in Eq. ('16) does not produce a correspond'ing

change in the proportional ity constant between polarization resistance

and corrosion current as S appears jn both the numerator and denominator

of the express'ion.

Fig. 35 shows a variety of bands of limiting ßu and ß. values

describing alì systems wh'ich may be encountered. The cathodic Tafej

slope varjes from 60 to infìn'ity (a I jmit'ing diffusion current) and the

anodic Tafel slope from,60 to l20mV" Stern and l,'Jeisert. cjte an examp'le

situation controì1ed by activation polarization where the ß values

fall w'ithin the range ß. = 60mV, ßa = 60mV and ß. = 60mV, ßa = l2grnV.

A measurement of the polarization resistance then would produce a
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calculated corrosjon current wjthjn about 20 per cent. Sjmilarìy,

in the case of a system controlled by a'l'imìtjng cathodic dl'ffusion

current where Eq. (ìB) appììes, ß. equaìs infinìty and ßu varies from

60 to l20mv. l4easurement of the polarìzation resistance permits a

corrosjon rate estjmate to with'in a factor of 35 per cent. Even wjthout

any prior jnformatjon concern'ing values of a gìven corrosion system,

that js lyìng somewhere jn the ljmiting bonds of Fì9. 35, the corrosion

rate can be determined within a factor of 2. A further calibration curve

covering 6 orders of magnìtude is shor¡¡n'in Fí9. 36 wjth experìnlental

observations. For high corrosion rates, points would be expected to

fall 'into positions where ß. is near infinity whìle for low corrosion

rates the po'ints should fall in the activat'ion polarizatjon range of

the bond.

A more specific survey of constants used in the measurement

of corrosjon rates of stajnless steels jn chlorjde solutions bearing

a ressemblance to the physioìogìcaì envjronment js given in Table IV.

Stai nl ess
Steel

Table IV Tafel Slopes of Stainless Steels

Containing Solutjons.

Solutjon and Conditjons ßa

(mV )

i n Chl ori de

ßc Reference

(mV )

En 5BA

(Type 302)

Type 304

Type 304

Aerated I % I'laCl 140 cr lsz I

50 loo ]
(Assumed)

re [or 1

(4 Po'l ari zat j on runs )

0xygen saturated, 3% llaCl cr

thermostatted at 90oC (Assumed)

Isonotnjc I'laCl (0.9%) at 0

38. 6oC (ni trogen-saturated)
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Thus corrosion rate calculations based on assumed values of

ßu and ß. can be justified l'n this situation where the emphasis is on

the relat'ive difference in corrosion rates between annealed and cold-

worked materjal in an env'ironment of varying p02 and pC0r.
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5.1

Chapter V

EXPERII,IENTAL I4ETHOD

In V'itro Test Condi ti ons

The i n j ti al step t^¿as to synthesi ze a test sol ut j on ressembl ì ng

from a chemical viewpoìnt the physiologìcal sjtuation into rvhich

an impl ant 'is pl aced and i n whi ch p0, and pCO, coul d be man'ipul ated.

Going even further, the concentrations of carbon diox'ide and oxygen

should cover a wide range and yet be such that conclusr'ons can be

applied to in vivo condjtions. And fìnally, it should be kept ìn

m'ind that any in vitro corrosion model w'ill be, at best, only a

rough approximation of actual jn vivo condjt'ions.

The basic physìolog'ica1 solution used 'in al I the corrosion

tests is given in Table V. It is roughly 0.llN jn the chloride'ion

and C.03N ìn the bicarbonate ion which are the major jonic specìes.

In thi s respect i t cl osely resembl es Ri ngers sol uti on t'll I . Inì t'ial.ìy

2mM of CaC12 were also included but later removed as thjs salt yieìded

one of the ions of (Cu**) of the sparingly so'luble salt CaCOr. This

salt had a solubility dependent on pH and easily prec'ip'itated in the

pll range of about 7.2 to 7.4. A second modificatjon vras to make IH2POO-l:

[HP04=] so that these trvo phosphate compounds would provr'de some

bufferl'ng act'ion around pH 7.20 lvhere pt1 = pK and gìve a cómbjned

phosphate ion concentratjon of about 1mi4/L, A conversatjon wjth Dr.

A. Î'laimark of the Dept. of Physioìogy and correspondence rvjth Drs. F.R.

Tucker, Dept. of 0rthopedic Surgery and R.i4, Letts, Resident ìn Orthoped'ic
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Surgery at the lllj nni peg Chi I dren's Hosp'i ta1 were val uabl e i n the

selection of the final test solution.

The physiolog'ica1 test solution was prepared as a stock

sol uti on of f i ve ti mes concentrati on 'i n ti,.ro l i ter vol umes to ens ure

uniformíty of test solutions. It was des'ired to maintain a constant

pH betr^reen 7.20 and 7.40 while the corros'ion tests urere ber'ng conducted.

Therefore as the pCO, was varjed, the pH of the solut'ion lvould vary ìn

response, requirìng supplementary amounts of acid or base to control

the pH. The base used was 0.2N lla0H and the acid 0.2N HCI so that no

nevr chemical species were added to the basjc solutjon. (Sodjum bìcarbonate

proved to be too weak a base to be used as the pH modìfying base).

Three corrosi on envi ronments r,vere produced of the fol ì owì ng

descriptions:

(i) Lovr pC0r,1ow p0,

The preparation of 2000 ml of thjs solutjon was:

324 ml of 0,2N HCI added to 400 ml of five tjmes strength stock solution

and the remainder distilled water. The effect of the HCI addition was

to add 64.8 mEq/2L of chloride ion to'increase tcl-l to approximately

'139 mEq/L or 0..l4N. Argon gas was bubbled jnto the solutjon through

an air stone to remove dissolved 0r'and COr. The solution was held at

60t0.loC in a Blue 11 constant temnerature bath. Twenty-four hours were

allov¡ed to pass to ascertain that a stable pH in the range 7.30-7.40

had been reached aìong with stable values of pCO, (<BmmHg) and p0,

(10-ìlmm Hg). During the tests 2-5 ml additjorrs of 0.02N HCI were requìred

daily for the first week after rvhich additions of more djlute HCI sufficed to

nai ntaì n the pH as 'it tendeo to dri ft sl i girtìy 'in the bas j c di rect j on.
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(ii ) High pC0r, 1ow p0,

A lB00ml volume of test solution r^/ere prepared from: 360m1

of 5 t'imes strength stock solution, 240m1 of 0.2N I'la0ll and rema'inder

di sti I I ed vrater. Carbon di oxj de at tank pressure of 3 ps'i v¡as further

regu'lated vrith a needle value and hose clamps and lead into the corrosjon

cel l s to form a tr,vo i nch bl anket over the tes t sol uti on 'i n the seal ed

beaker. Argon was bubbled throuqh the solutìon to majntajn the pcO,

between 
.l00-l'ìOmm Hg. The C0, by itself was soluble to the extent

to exceed the scale of the pcO, e'lectrode. The pressure of the c0,

i n the bl anket over the sol uti on and 'in equi l'ibri um rv'ith the di ssol ved

C0" in the solution was measured by a draft manometer and was betrveen¿

0.05-0:\o inches of water. The p0, of thjs solution u¡as about 5mm Hg.

(i i i ) H'i oh pCO, , hi gh p0,

This electroìyte was identjcal to the hìgh pC0r, 1ow p0,

test solution. Here oxygen was bubbled through the solutjon to

equifibriate it at an jncreased p0, of 260mm Hg while drjving out part

of the dr'ssolved C0, and mainta'inìng the pCO, at 100-l1r3mm Hg. To

mal'nta'in the pH ì-2mì of 0.02N NaOH nere requjred dajly for the fjrst
week and sl'milar volumes of 0.002N NaOlJ during the remainder of the test.

The concentrations of 0, and the various forms of C0, for

these solutions and the sììght modifications from the basic physìological

sol utj on are gì ven i n Tabl e VI .

5,2 l4easurì nq the Physi oì ogi caì parameters : pH, pC0r, and p0,

A Radi ometer acìd-base anal yzer. Type pHMT'l , was used

measure the parameters pH, dìssolved carbon dioxjde and _oxygen

physìoìog'icaì test solut'ion. This unorthodox appljcation of a

to

in the

cl i ni cal
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instrument jn a corrosjon testinq program would qjve measurements in

uni ts whi ch r¡¡oul d al I ow di rect comparì son wi th the I i terature val ues

as given in Chapter II. The acid-base analyzer operated rvith a pCO,

module, type PHA933 and a 00, module, type PHA930. The tlo gas electrodes

vJere individual'ly mounted in thermostatted cells connected to a Haake

ilodel TP4l constant temperature bath anC circulator controlled at

60t0.01oC. Th'is temperature was at the upper end of the vrorkìng

temperature of 20-6CoC for all 3 electrodes.

The Rad'iometer pC0, eìectrode, type t5036, þras a combjned

glass and silver/sìlver chloride reference mounted'in a electrode

jacket and covered by a teflon membrane which trapoed a v¡eak electrode

sol uti on (0.005i4 NaHC0r/0. 0214 I'laCl ) ì n contact wi th the el ectrode .

The electrode function'ing ljke a normal pH eìectrode related the

jinear change in pH of a bicarbonate solutjon wjth jts pCO, vrhen

equilíbrium had been reached by rvay of tq. (3). The scale range v/as

B-190mm Hg.

The p0, electrocle, type E5046, operated on the poìarographìc

princrlp'le (Clark type) and consisted of a combjned platinum and silver/

s'i I ver chl ot^i cle el ectrode mounted ì n an el ectrode j acket and covered

by a 20p thick polVpropylene membrane. A phosphate buffer and

p9tassium chloride solutjon r^Jas trapped'inside the electrode, In

opefation a constant polarizjng voìtage of approximately 630mV was

applied to the platinum electrode and a current proportìonal to

p0, was generated through the reduct'[on of oxygen djffusing tovrards

the cathode. There were three scales: 0-l00mm llg,0-20Cmm Hg and

Osl000mm Hq,

A Rad'iometer gene¡al purpose combjnatjon pH electrode, type
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GK2321C was used to measure hydrocen jon concentratjon. It r¡¡as of a

small diameter (6.Smm) and l03mm long to fjt the confjnes of the

various corrosion test cells. The electrode was calibrated at 600c

and was brouqht to this temperature prior to use.

5.3 Spec'imen l4aterial s and Preparat j on

To investi gate the corrosìon performance of cold-r,¡orked

and essent'ial ìy annealed Type 3161 stai nless steel , specr'mens havi ng

a hardness of 200 and 400 DPN appeared to represent the two extremes of

cold-worked materjal encountered ìn a multi-component implant -

specifically that of the plate and screvrs respect'iveìy. Thjs chojce

was based on the hardness survey of Table III. The 200 DPH value die not

represent a dead soft condi t'ion (rvhì ch for 3l6L woul d be about 770 DPH

ll0l) but a reasonable hardness value wh'ich could be reached l'n manufacturing

operations correspondr'ng to a steel havìng received up to 12% cold

lvork and an ultimate tens'ile strength of about 80,000 psì. A hardness

of 400 DPH represents the near maxjmum strength condition for Type 316L

stainless havìng an ultjmate tensile strength of about ì90,000 psì after

hqylìng undergone in excess of 40% cold work t641.

The specimens of Type 3161 stajnless steel were cut from a

sheet'inq haying the follorving composjtion: 0.046%C, 17.25%Cr, 12.50%Nj,

2,33%4o, 1,4%l'1n, and 0.8%Si

The matefjal was lishtly and heavily co'ìd-rolled to these two hardness

values, The hardness was measured as the average of 6-8 readings taken

by a Vickers nlacro-hardness testinq machine. The specimens were then

cut to size for the particular test, and electropoljshed. The electroìyte

fof electropolishìng was 95% acetic,5% perchlorìc acid ìn an ice bath
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at a temperature of 15-220C. Thjs was followed by washìng ìn ethanol,

then acetone and air dryìng. Two or three coats of Varathane vJere

sprayed on the specimens to prevent the occurence of pittìng corrosjon

on the edges of the specimen and to limit the surface area. A further

2 coats of acryl'ic clear plast'ic were then appìied. The spec'imens

vJere stored in a calcjum chloride dessicator prior to use.

5.4 Sinqle Electrode Corrosion Potent'ial - Time l4easurements

The i ntent of thi s test t'¡as to measure and record the effect

on the natural restìng (corros'ion) potentials of solutions of varyìng

p0, and pCO, on s'ingle type 3l6L stainless steel specìmens of 200 and

4C0 DPll hardness at a constant pH of 7.3C to 7.40.

Specimens (llcm?) of a configuratjon as shorvn'in Fìg. 37

were placed 'in 400m1 tall form beakers fjlled wl'th 350m1 of solutjon

which had been brought to the desired state of pl1, pC0Z, and p0,

for a 24 hour period. The tr,vo hardness ranges of 200 and 400 DPI'I

were represented by 3 specìmens per corrosìon run. Each cell was

fitted tvith a acrylic plastic lid tvhjch had openings for tr,vo gases,

the specimen and the Luggìn probe vrhjch was kept a dr'stance of about

2-3mm from the specìmen. The Luggin probe (capìllary) and saìt bridge

served to extend the reference electrode to the near vic'inity of the

electrode under study to permit the rìeasurement of the potent'ial djfference

between this electrode (S.C.E. ) and the solution jmmediately adjacent

to the corroding electrode. The 6 test cells for each run tvere supported

în a acrylìc pìastic lid in a Blue l{ constant temperature bath at 60t0..l0C.

A Radi ometer saturated cal omel el ectrode r,¡as i mmersed i n a thi stl e

tube filled with saturated KCI and havjng a capilìary tube end of lmm
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Si¡È1e.:Eleètrodg., : .. ì:,',1

Còrioòiòùr Potenti¿ils. and

,.AúòdierPolari¿atio¡r :.r,.,: :

Fig. 37 Specimen configuratìon used in the corrosion test.
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inside diameter with an agar plug, to prevent mixing of the saturated

KCI and the tes t sol uti on. Thi s agar p'l ug was made by drau¡'i ng up 'i nto

the capi'l1ary section of the vessel, a heated solution of 3-49

agar-agar oer l0Cml of test solution. The reference electrode was

fitted jnto a man'ifold type of salt bridge set-up leading to each of

the 6 cells. The Luggin capì1lary in each of the test cells vras ge1

filled. Coaxial wire connected each of the 6 spec'imens to a ì6 pos'ition

thermocoupl e sw'itch 'in serj es wi th a Kei thl ey di gì tal vol tmeter. The

outer sheath of all the leads were grounded together so that stray

signals picked up d'ifferent specimens would not result in different

measured potentials, A schematic of one of the test cells connected

through the digital voltmeter to the reference electrodes is g'iven in

Fig 38[a) aild a overal] vîew o1' the appa.ratrrs in Fig 38(b).

T'ii¡.; nunl:e. oli.onnections and l'iquid junctions necessjtated

the use of a procedure to verify that the potential beìng measuied v¡as

solely the corrosion potential and not influenced by systematic errors.

Firstly, the half=cel1 potent'ia1 of the S.C.E. itself was checked by

measuring Lhe potentia'l between it and a Cu/sat. CuSOO (l.+Z¡¡) haìf-celI.

The potential of the Cu/sat. CrjSO4 half-cell is 3lB mV vs. the N.H.E.

at 250C" The potential of the Ho-HgCl2, sât. KCI half-cell ts 24? mV

vs. N.H.E. Theoret'ically the potential observed betleen these two

half cells should be therefore +76 mV at 250C. The observed measured po-

tential was +76.2 mV after a stab'ilization perìod of 30 minutes.

Poss i bl e varj ati ons ì n potenti al s betr^reen corrosi on cel I s

due to ìnhomogenitjes'in the Lucgìn capìllaries were checked in the
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same set-up iust described, except that the Lugoin capilìary contaìnìng

agar in the physÍologjcai test solution v¡as immersed in the saturated

CuSOO solution" The potential was taken after about I to 1.5 minutes

to avoi d contami nat j on of the cap'il'lory rvi th Cu or CuS0O, after wh j ch

the capiliary was then thorough'ly vrashed vrith distjlled water. The

potent'ials measured using 6 djfferent capiìlarjes were between 66

and 70 mV. This variation of 4 mV among 6 capillaries agrees

favourably with the observatjons of Pop'ieì t6ll that a small emf e¡

about 5 mv can be tolerated due to liquid junction effects. Other"

variatjons of the Luggìn capìllaries could have been due to small air.
bubbles in the agalitself or if the agaritself has pulled away from

the end of the capil'lary to form a concave interface. The agar shouìd

be perfectìy flush with the end of the capl'ì1ary for the forrnation of

a stable and reproducible lìquid junctjon. The best liquid junction

is one in which the 2 different solut'ions meet at a sharp initial
boundary 162"631

A stabilizatjon period of 24 hours for the potential of the

specimens to adiust and reach a steady state. Then the corrosion potential

measurements vlere taken 4 tjmes daily over the length of the test.

The average corrosion potential for the two groups of 3 specimens lvas then

pìotted. Hydrogen ion concentratìon, p0, and pCO, measurements were

taken twi ce dai ìy and adjustments made j f necessary. l,lost tests were

conducted up to a period of about 3 lveeks at which time fluctuat'ions jn

the corros'ion potential had disappeared and either a generaì trend or

a constant val ue l^/as observed,

5.5 Corrosion Potential-Time Èleasurements in a Crevìce

In visualizing the corrosion occurrìng betlveen--the screw and

softer bone plate of an orthopedic prosthesis, a corrosion modei
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was constructed in an attempt to study this situation. The model con-

sisted of specimens B cr2 in area of 200 DPH hardness representÍng

the portion of a bone plate surrounding a screw and a smaller specìmen

of 400 DPH hardness, 'l .*2 ,imulating the screur. Both specimens

are sholvn in Fig. 37. It was then possible to assess the effect of

the very near proximity of the 400 DPH specjmen clamped to a 200 DpH

specimen by measuring the corrosion (restjng) potent'iaì of the 200 DpH

specìmen in the crevice formed by the tr,vo clamped spec'imens. The

potentia'l observed is that of the 200 DPH specimen as it was th'is specimen

that was connected to one side of the digìtal voltmeter. To allow this

measurement, a l.4mm diameter hole was spark machjned through the 400 DPH

specimen using a copper too'l in a servomet spark-cutting machine

permitting a tubulus frorn the S.C.E. to enter the confines of the crevice.

Eìectropof ishjng followed the making of the hole.

Three couples v/ere tested in each electrolytic cell , w'ith

2 cells being used, for a total of 6 coupìes per test run. The test

cejl was a 800 mj beaker fitted with a 0.75 inch thick plastic lid to

v¡hich was fastened a j'ig to hold the 3 couples separateìy in the

electrolyte. About 600 ml of physiological test solution was used in

the cell. There were'prov'isions in the lid to allow entry of argon,

oxygen, carbon dioxide, the combination pH e'lectrode, and also an

openinq for a syringe to collect samples which were checked for p0,

and pc0t. The 2 types of coup'les r.Jere a soft/soft couple: a 200 DpH

2. .)(l cm') plate held against a 200 DPH (B cmt) specìmen and a soft/hard

couple: a 40C DPH (l .r2) plate pressed against a 200 DpH (A.*2)

speci men ,

The teflon tubulus of 0,8mm'insjde diameter was glued on the

outside of the I cmz plate with General Electric sil'icon rubber sealant
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and was cut flush on the inside of the crevice. The w'idth of the

crevice was 0.3 to 0.4mm due to the coating of varathane and acryl'ic.

The other end of the 0.7 cn long (Luagin) tubulus was connected to the

S.C.E. as shown in Fig. 39(b). In this way alì

6 cnevice couples r{ere connected through a thermocoupìe switch to a

common reference electrode. Agaín coaxjal wiring lvas used wjth the

outside sheath from all the couples being grounded together. The

complete electrochemical apparatus is shown 'in F'ig. 39(a).

The physiologìcal test solutjon was poured into the cell via the

tubules to insure that no air bubbles would be present in this narror,rest

part of the salt bridge to hinder the potential measurements. The

200/2C0 DPIJ and 200/400 DPH couples were tested ìn the same solut'ion

under identical condítions as for the single electrode potential-time

tests" The same general procedures vJere also followed.

5.6 Anodic Potentiostatic Polarization

The poìarizatíon cell was a 1000 ml beaker fitted lvith a

0.75 inch acrylic pìastic lid machined to posìtion the working

ejectrode, Luqgin probe, auxj'llary electrodes, and accomodate the entry

into the cell of the comb'ination pH e'lectrode, argon, oxygen, carbon

dioxide, and a sampì'ing syrìnge. The cell was immersed in a Blue M

constant temperature bath at 60t0.10C. A larger electrolyte volume was

thought necessary to minim'ize the effects of corros'ion products accumulatìng.

as the test progressed. The auxi I ì ary e'lectrodes were 2 bri ght p'lat'inum
c

foils (12 cm" each) located 3 cm on e'ither side of the lvorking electrode.
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The Lugoin probe measured the potent'ia1 of the working e]ectrode

central'ly at the top of the spec'imen area to prevent the probe jtself

from screening the working e]ectrode" The polarization cell set-up

is shown in Fig. 40 (a&B). All leads rvere shielded and the shr'eld

grounded to limjt A.c. no'ise. The u¡orking eìectrode, s.c.E.; and

auxi I I ary ei ectrode were connected to a !^Jenki ng el ectroni c potenti ostat.

The potentia'l stéps were set on the potentiostat whjle the corresponding

current was measured by a Honeylveli Electronik 194 potent'iometrjc chart

recorder. A capacitor-resìstor set-up connected across the recorder

terminals of the potentiostat was sometimes requjred to cut down on

noise pick up by the recorder vrhich occurred partìcuìarly at the

I owes t curren t dens'i ti es .

Before pol arí zati on u/as started, the spec'imen tvas al I orved to

form a passive layer and reach a relativeìy constant rest potential over

a period of about 24 hours. The potentiaì of the r^¡orking electrode

was made progressively more noble (positive) in zE mv steps. The

potential step techniqtìe entailed majntainjng the specimen for an

intervaj of l0 mjnutes at each potent'ial level after rvhich time the

anodic current, Ia, was measured before .the potential was changed" This

technique corresponds to a traverse rate of 150 mv/hr in the anodic

direction. The 2 types of specimens, 200 and 400 DPH, vrere each tested

in the physiologìcal solutions under vary'ing condìtions of p0, and pc0,

at constant pH.

5.7 Galvanostatic Linear Polarization l4easurements

The poìarization cell used for these tests was the

that used for the potent'iostatic polarization measurements.

this technique a constant current sourve lvas buirt using_a 45

same as

To apply

V battery
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as a stable voltage source and decades of 22 megohm resjstors in series

to produce constant currents of 0.024,0.040, 0.059, 0.C79 to 0.235 uA.

The current values were chosen so that 4 or 5 current increments rvould

be required to cause an overpotent'ial of about l0 mV from the rest

potentia'1. The tests v¡ere conducted in the anodjc (positive) dìrectìon

from the rest potential, wìth the positive terminal of the pot^/er source

connected to the working electrode and the negat'ive terminal to the

two auxillary electrodes. The potentiostat was also used in this test

functjon'ing s'imply as a voltmeter in conjunction wjth tne potent'iomet¡ic

recorder allowjng measurements of overpotentjal (e) wìthin 0.1 mV.

The generaì procedure'in conducting the test v¡as to hold the current

constant for about 3-5 mjnutes before a new stable rest (m'ixed) potential

had been reached. The recorder allot¡ed close observation to ascertain

that a stable rest potentiaì had been reached before the current rvas

tlncreased by decreas'ing the external resi stance. The ci rcui try 'is shown

in Fig, 41.

The specimen vlas allor^red to stabjlize'in the solut'ion for about

24 hours before an anod'ic lìnear polarizat'ion was attempted. Several

pol ari zat j on runs were carri ed out lvi th each speci men wi th usuaì 'ly

about 24 hours between runs to allolv the specimen to return to a stable

rest potential. This technique was also used with specìnrens rvhjch had

been potentiostatically polarized Þeyong the critical potentìal to

determine uthethe¡ a noticeable change in the passivation characteristics

of the sta'inless steel could be observed.
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Chapter VI

OBSIRVATIONS AND DISCUSSION

Potenti al -Ti me l'leasurements

(i ) Single electrode corrosion potential

The single electrode potentials for both cold worked and annealed

stainless steel samples in solutions of various 0, and C0, concentrations

alne shown in Fig. 42(a-c). In general these curves exhibited a fl uctuat'i-ng

nature which is ìnterpreted to be a result of a break-down and then

ensui ng bu'i1d-up of a passi ve I ayer i n an oxi dr'zi ng envi ronment,

A breakdov'rn or dissolution of a surface fìlm means that a progressìvely

larger anodic area is exposed to the corrodant. But as the cathod'ic

process can cons ume el ectrons at a I i m'i ted rate , thi s l'ncreased product'ion

of electrons on the surface of the anode leads to gradual fall in the

corrosion potential. In the 1ow pc0r, lorv p0, (Fig. 42 (a)) solution

there was a pronounced variation 'in potential with cold r,¿ork. After

a 23 day exposure the corrosion potentìal for the 200 DPH specìnren

from the slowìy fall jng E-t curve of F'ig. az?) was approximately -zz0 mv

compared to -400 mv for the 400 DPtl one. The ìarger fìuctuat'ions,

from -300 to -400 mV for the cold worked specimen would indicate

an i nstabj l'ity of the passì ve state.

In the hi gh pCOr, 'lorv and hi Sh pOe sol utions , the corrosi on

potentials of the annealed and cold-worked stainless tended to drift
tolards a common value. Thjs was probably due to an ionic derjvatjve

of carbon dioxide precìpitat'ing and forming a relat'ive1y non-protectjve

compound on the surface of the metal. This compound sometimes as a
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corrosion product in an imperv'ious layer, is not as stable as the

chromium oxide cornpound felt responsìble for the passivity of

stain'less steel. Such a generaì coverage of the metal surface rather

than just the de-activat'ion of anodic sjtes is typica'l of a cathodic

i nhi bi tor. In such a si tuati on bi carbonate HC03- i s preci p'i tated as

a carbonate film under the alkaline condjtions qenerated at the cathode,

0z + 2H20 + 4e '-+" 0H-

HC03-+0H-=C0,=+Hz| (lb)

This situation'is analagous to.the Fe - HrO system at zsoc (pourbaix

di agram) , where a h'igh concentrat'ion of di ssol ved C0, (as HC0r- and

C03 ) leads to a relat'ively unprotectjve layer of FeC0, corrosion

product which displaces and extends over most of the stability range

of the passìve film Fe(OH)Z resulting in the corrosion of iron (by

so:côl'led "aggressive C02") t38l , Th'is C0, in excess of that requ'ired

to equilibrate HC03-, calìed "aggressive carbonic acid" by Evans [70],

is said to be a form of undjssociated H,CO, (free COr) by Pourbaix

[71] which in the physioìogical system rvould be a portion of the extra-

ce'llular ICO,(d) + HZCO3I. The carbonate ìayeris formed from bi-

carbonate (through the cathod'ic reduction reaction of Eq. (lb) rather

than a chemical precipitation by an excess of carbonate) onìy when

the C0, content js limited to that amount requ'ired to stabiljze

the bicarbonate. An excess of carbon dioxjde as aggressjve carbon

dioxide rvill cause the electrolyte to dissojve any carbonate film

present and interfere with the formation of protectìve carbonate films

on bare metal. The rest potentials reached for essentialiy - annealed

and cold-worked specimens in the high pC0, envjronment were: -240 mV
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with a 'ìor,r o0r, Fig. 42(b) ; and +50 mV with high pOe, Fig . 4Z(c).

Thus th'is carbonate fiim would mask the different characteristics

of the passive fjlms formed on annealed and cold-worked metal surfaces

and would lead to potentia'l measurements essentially independent of

the quaìity of the chromium oxide passive film.

Increasing the concentration of the reducible component,

dissolved oxygen, yje'lds a greater maximum current density of reductjon.

The consequent pass'ivatjon effect by this oxidizing agent was to

displace the potential of the metal ìn the noble direction from -240

to +50 mv. The rest potential in the hìgh ncOr, high p0, was almoét

identical to that of l8 Cr - l0l'li - 3l4o - 0.07C (chemicaliy poì'ished)

in aerated Hank's physiolog'ica1 solut'ion whjch uras 60 mV vs S.C.E.

after 20 days as measured by lloar and l4ears 1441"

(i i ) Corros i on Potenti al - Ti me Meas urements 'i n a l4odel Crevi ce

Results are shov¡n in Fì9. 43 (a-c) Before'interpretatjon

of these results it should be kept in mind that current theories on

the topic of localized corrosion'in crevices are varied and in several

instances quite contradjctory. This unsettled state of affairs will

beconie evident as this section of the djscussìon proceeds.

The potentials measured in a crevice d'id not show a natural

tendency to decrease relat'ive to those for a single electrode jn

s'imìlar soluti.ons. Therefore the mechanism of crevjce corrosion via

a mechAnism involv'ing an active crev'ice and passive outer surface as

suggested by some workers 172 J3l, was not operati ve. Basì cal]y thi s

concept regards the fate of cofnosion to be dependent upon the potentìaì

in the creyice which becomes active (more negative) for one of several

reasons, one of whl'ch is the depìetion of oxjdjzers du{_ng chemjcal

exposure. An optimum situation for this to occur was in the ìow p0,
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SINGLE ELECTRODE POTENTIALS
TYPE 316L STAINLESS STEEL (I2cm2)
PHYSIOLOGICAL TEST SOLUTION

HIGH pCO2 (125 -l5O mmHg)

LOW pO2 (15-2OmmH9 )

pH 6.8O - 7.4O

2OO DPH SPECIMEN
4OO DPH SPECIMEN

G()
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Ëz
ÙJ
l-où

45
IMMERSION

6

TIME (doys)

Fig.42(b) High pC0r,low p0_¿..vT.ãñ?ål
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solutions urhere it should have been possible for oxygen concentratjons

to reach even lower concentrations than in the bulk solution. The

anticjpated lovrering of potentìa1 in the crevice did not occur. Rather

the actual occurence was qu'ite the oppos'ite. In all crevice couples

the potent'ia1 jn the crevice became anod'ic by at least .l00 
mv (see

Fi g" 43 (a-c ) ) . Further evi dence rul i ng out di fferenti ar oxygen

concentration as a factor was reported by Rosenfeld and i4arshakov

[74] where crevice corrosion has been observed in electrolytes free

of oxygen.

The presence of the deformed steel in a crevice in which

there was actual metallic contact v¡ith annealed metal djd not appear

to cathodically polarize the annealed material to more actjve

potenti al s. The potenti a1 i n the crevi ce of the sel f-poì ari zi ng

couple seemed to be controlled, to the greatest extent, by the

passivation characterjstics of the annealed material. in the low

pc0z, 'low p0, solutions of Fig. a3(a), the steady state corros jon

potential for 200/200 and 200/400 DPH couples rdas essentjally the

same being -100 mv, and -80 mv for a 400/?00 DpH couple (rig. 43(b)).

For a couple composed compìetely of cold-worked material (Fig. 43(b)),

the corrosion potenti al as l.loul d be expected r,vas more negati ve, beì ng

quite steady at -200 mV but still 200 mV anodic to a comparabìe sing'le

electrode specìmen" (Fig. a2(a)).

'[he basi c concept that a I arge potent'ia'l dì fference must

exist betlveen the crevice and the outer surface for the jnitiatìon of

corros'ign does not seem to be truei (France Jr, I7Zl, Karlberg and

I'lrangì en [73] , and Rosenfel d and llarshakov 174l) " It woul d appear that

quite insign'ificant differences in potentjal betrveen the crevice and

open surface 'initiate corrosion. These authors advance-the concept
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that once initiated, a actively corrodìng crevice is active to the

surface urhjch is at passìve potentials. Rosenfeld and l4arshakov 174l

s ucceeded i n measuri ng potent'i aì dj fferences of several hundred mj I I j vol :s

between a corroding crevice and passive free surface of j3% and l7i( Cr

stainless steels jn 0.5I.'l llaCl only in quite exceptional cjrcumstances.

Here the crevi ce and f ree surface r¡lere not i n metal I i c contact (iust

s'imp1e electrical contact) with one another, whereas in actual rvorkìng

crevices there is a gaivanic contact wjth the outer surface. If the

two electrodes were in very close contact, then each would be mutuaììy

poìarized whereby the potent'iaì difference in the working crevice

corrosion cell would be expected to be smaller. Karlberg and llranglen

[73] only measured small potent'ia1 differences of 150 mV for l3% Cr and

50 mV for l7% Cr steels in neutral 3% tiaCl, the crevice being negatr've

with respect to the surface. The potential djfference decreases rvith

% cr and should be quite low fon a lg% cr, l4% Ní, 3% t4o steel (type

316). Their experimental crevice lvas between a metalìic specìmen

and polymethyl methacrylate instead of 2 metaìs, with the crevjce and

surface potentìals being measured on the same specìmen. They found

it very difficult to provoke crevice attack if a specimen was kept

too long in a dessjcator betleen grindìng and immersion. Therefore,

this t'ime was limited to 2 hours. Also the test electrolyte had to

have a low buffer capacity to allorv a substantjal lor,¡er.ing of pH r,rithìn

the crevice for the activation of the steel. perhaps this is one

reason why the corrosion in the present work was limited to random.ing

pitting, as the test solution uras quìte strongìy buffered by HC03-/

H2c03 and to a lesser extent ny He0o./Hzp04-, The greatest amount

of pitting corrosion occurred in the hìgh pcOr, low p0, so]ution
for all three 200 DPH specimens of a 200/400 DpH couplã, Tlre pìtting
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was continuous along the edge of the masked off area and randonr'ly

distributed in the central area. The three correspondinq 400 DPH

specimens suffered no corrosion. In the other two test solutions

smaller amounts of p'itting corrosìon occurred along the edges of a

small number of the 200 DPH spec'imens and none at all jn the 400 DpH

specímens of 200/400 DPH couples. There r^/as no noticeable corrosion

in 200/200 DPH couples.

The specimens in this work were electro-poìished and stored

for several days, It is well known that an electro-poljshed surface

is the most corrosion resistant. Th'is surface 'in the buffer envi ronment

would more closely resemble the actual usage of a medical impìant.

From this data it would appear that the potent'ia1 in the

crevice vlould not reach an active value during corrosion. It js more

likely that the crevìce must be polarized'in the anodic direction

to above the critical potential before crevice attack takes p1ace.

This theory, in compìete opposìt'ion to the actìvated crevice theory,

is supported by recent work done by Pourbaìx [75] who found that the

rupture potentìal (or crrltical potenti.a'l above which the passivat'ing

fi'lm becaffie ñoh-ÞFotective)for AISI type 316 stainless steel in cl-

0.'l0 mol an was roughly 260 rnV vs S. C. E. The cathod'i c protecti ve potentr'al

belor,^r r^lhich pìts wi'll not form was quíte "active" being ìn the range

<440 to -640 nrV vs S,C.t.

6,2 Anodic Pojarization Experiments

(i ) Potenti ostati c

The anodìc potentìostatic po'larization runs served to jllustrate

more clearly the nature of the protective passive fjlm and the

parameters of film breakdotvn for annealed and deformed-type 3l6L sta'inless
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steel in electrochem'ical in-vitro environments which could be extra-

polated to surg'ica'l applìcatjons. These experiments will supply

increasing evidence that the localized corrosjon in confined areas

of medical implants ìs probab'ly a result of anodic polarization in the

crevice by the signìficant'ly differing passìve currents possessed

by stainless steels contajning vary'inc degrees of cold work.

Polarization curves for 200 and 400 DPll type 3l6L stajnless

steel in three solutions of djffering pCO, and p0, at pH 7.33-7.38

and 600C, are shovln in Fìg. 44. Five of the curves approach the

schematic situation ìn Fig. 29 showing the oxidation effects of the

surroundjng envt'ronment to cause pass'ivation of the stainless a'lloy

whereby the cathodic partìaì reaction curve intersects the real

anodì c pol ari zati on curve 'in the pass'ive regi on. Only the curve for

200 DPH material in the h'igh pC0r, high p0, solution shows the cathodic

parti al reaction curve 'intersecti ng rough'ìy ì n a very smal I acti ve

region, The most interesting feature of the polarization rvas the anodic

current density in the pass'iye range for the annealed metal beìng one

order of magn'itude smaller than for metal deformed to 400 DPH. The

passive current densities ranged from l0-2 to lC-l vA/cn? for annealed

metal with the larger values of l0-l to luA/cm? fo, cold-lvorked metal

indicating a larger rate of metal djssolut'ion at a constant rate through

the passive oxide film for the cold r'¡orked specimens. The annealed

steel shorved very constant current densities in the passive range with

only one exception; the 200 DPH specimen in low pC02, ìow p0, which like

all the 400 DPll steel had a passìve current increasjnq with anodic

potenti ai .
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Annealed type 3l6L in a lor,v pCOr, lo'¡r p0, solutjon shovred

a gradualìy increasing passjve current as a function of anodic potent'iaì.

The effect of these two djssolved qases on the formation of protective

films lvould be minimal in thjs test electroìyte. The in..uurìnn

passive current would jndl'cate the presence of a weakly protective

fjlm (perhaos very thin ancl susceptìble to breakdolvn or a film contaìnìng

pores which do not readily repass'ivate in this partícular environment).

A much lolver passive current was observed, (reduced one order of

magnitude to 3 x l0-2 vA/cn') on increasinq the pC0, from <8 mm Hg

to l02mm Hg, trh'ile maintajning a low pOZ of llmm Hg. The pass'ive

range v'ras also enlarged. In the case of 400 DPH steel similar reductions

in the passive current urere noted lvith the alterations'in bloocl gas

concentrations iust described. 0n the other hand the effect of increasing

the oxygen concentration to 260mm Hg 'in combination r,¡jth an aì ready

high pCO, was to reduce the passjve current sl'ightly from 3 x l0-2
-)2to 1,5 x l0'uA/cm'for 20C DPH type 3161. The passive current was

similarly reduced for the cold-r¡¡orked materjal. Thus carbon dioxide

concentration can be seen to be just as important as oxygen concentration

jn the formation and maintenance of protective layers on stainless

steel ìn surg'icaì usage.

Logi ca'l ly , the oxygen formed pass'ive I ayer and protecti ve

carbonate'layer (in the presence of high pC0r) have a djrect effect

on the anodic potentiaì at which pittìng, consjdered and accepted as

a specific case of crevice corrosion 147,77 I commences.

The amount of cold-work introduced into the stainless steel

had a direct effect on the lowering of Ecrit, viz. the 400 DPH specimens

being 50-100 mV more active than for a hardness of 200 DPH as compared

in Table ViI. This would p'lace the breakdown potentials for the cold-
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worked stainless 50-100 mV closer to the highest sìngìe electrode

(or crev'ice potent'ials) encountered durjng the long term exposure

tests. Consequently cold-worked materjal rvould be conceivably more

susceptible to film breakdovrn electrochemjcaìiy. As expected the

effect of vary'ing hardness was to yr'eld tvro different modes of

pitt'ing once the transpassive region vras entered. The 400 Dpll materjal

had a propensity for a large nurnber of very small pìts vrhìle the softer

specimens experienced a contjnuous line type of pitt.ing attack aìong

the masking agent. The lowerinq of the passive breakdor¡rn potentiaì

with the addition of cold-t^rork has been found in other materials: AISI

type 1008 steel (0.6 M NH4N03) lorvered 30 -100 mv lTzJ and 250 mv

less noble with AISI type 3'16 (Rìngers solution exposed to air) t661.

The critical potentìa] for pittìng of 200 DpH steel in low

pCOe (<8mm Hg), ìow p0, (llmm Hg) solution r,ras l25 mV vs S.C.t. and

jncreased to 300 mv with a pc0, of l02mm Hq, Increas'ing the p0,

to 260mm Hg r^rìth a hjgh pcO, d'id not further enoble Ecrjt. carbon

dioxide concentratjon affected the film breakdorvn potent'ials for

400 DPH specimens in a similar vray seemingìy ìndependent of 0,

concentration. Therefore it would appear that the physìo1ogica1

parameter pC0, (as a protectjve carbonate layer) signìficantìy affects

the pitting resistance of type 3l6L stainless steel. The tOel (jn

concentratjons relevant to the medical situation as given ìn Fig. 3

previously) does not i nfl uence the passj ve fi jms al ready exi sti ng on

the surface, in opposition, l{ueller and Greener t66l found that the

passive breakdown potentiaì of type 3.]6 in physiologìca'l saline solution

vras dependent upon t0el using deaerated, exposed to ajr, and aerated
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sol uti ons . !"lo reference was made to actual measured concentrati ons of

oxygen or how vìgorous'ly oxygen rvas removed or added, in which case

the potential could be increased further urith p0, or sjmilarly lolered.

( i i ) Gal vonos tatj c

Knowledge of the magnr'tude of the anod'ic current at the

corrosjon potentjal during repaìring of the passjve and/or carbonate

layers after the occurence of film breakdoln furthers the fundamental

understanding of crevjce corrosion in the circumstances of fixation

devices. Breakdotvn of the protective layer was electrochemically

induced by potentiostatic anodic polarization. Corrosjon currents

v¿ere then determined from measured values of polarization resjstance

(¡eli*) as sholvn jn Fig, 45-46. In the pass'ive state lvhere there js

a I imi tÍ ng anod'ic current and ßu i s consequently 'infi 
n j te the corros j on

current density can be calculated by taking the limjt of Eq. (lo) as

ß^*-
ct

ß^
i 'e" i.or. = zmJft7AT-TX'

A value of ß^ = ll9 mV/decade was chosen from the ljterature t6ll and'c

used jn the calculation of the corrosion current. This equation 
:

:

produced corrosion current values which u¡ere in good agreement vljth the 
i

range of passive currents determined potent'iostatìcally. Holever, this

method also allowed the observation of the corrosion currents and the

state of the protective ìayer on the surface as a funct'ion of time. 
i
ì:

A comparison of corrosion rates before and after fìlm breakdown I

is given in Table VIil. For annealed and cold-worked specìmens'in lovr

pCOr,lovr p0, solution there is steady decrease in corrosion current for
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the periods monitored; 2.38 x l0-2 vU/cm? after 64 hours for the

200 DPH spec'imen and 5.92 x 10-2 vL/cm2 after 35.5 hours for the

400 DPH spec'imen. The cold-worked stainless showed corrosjon currents

50-10C% hi gher compared to anneal ed metal . Fol I orvj nq i nduced pì tti ng

the corrosion currents for both specimens after 14-22 hours viere

approximately the same at 1.5 to l.B x lD-2 vL/cn?. Further measurements

with the 200 DPH specimen shot'ied that there was a continual increase

in corrosion current up Io 52 hours rvhen the test was halted wìth

the current 5.22 x 1O-2 vA/cn?. This would 'indicate that the jnstaneous

repassivation immediately follorv'ing fi lm breakdown was relatìve1y

unstabl e vrj th a tendency to di ssol ve, Fol l orvì ng f i'lm breakdor,rn j n

high pcO, solut'ions of high and 1ow p0, the 400 DPH material disprayed

corrosjon currents one order of magnìtude higher than in the low pCO,

solution. These values shor,ved there vJas no drastic reduction in corrosion

currents after repassivation and that the high anodic current densities

typica'l of passive cold-rvorked material lvere maintajned.

6.3 Proposed Theory of Crevjce Corrosjon Between Orthopedic Devices

and Screws

The role of the mecllanical damaging of protectìve films

formed on the surface of med'ical 'impìants appears to be an important

factor i n I ocal i zed corros j on betlveen bone pì ates and screws r,vhere

there is qreat 'likelyhood of movement. This was concluded from the

very minor nature of the corrosion observed in simole immersjon tests

after extended periods. It jf fur"ther postulated that the crevjce

corrosion observed in actual practice has taken place above the break-
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down potentjal 'in the transpassive reg'ion rather than by lowerjng of

potenti a1 bel orv the Fl ade potentì a'l i nto tire act j ve regi on. Ev j dence

for thi s rvas i ndi cated by the tendency of corros'ion potent'ial s j n

crevices to become more noble rvjth time rising to rvithin 20C-300 mV

of the film breakdown potential. It is quite conceivable that the

extracellular fluid could provide an envjronment suffjcìentìy oxìdizìng

to cause the steel to reach high positive potentìals. it is agreed

that annealed stainless steel bejng most stable in the passìve range

i s prefernabl e to the col d-worked cond j t'ion. But 'in an appì j cati on

where i t i s i n physi cal contact r,ri th col d-rvorked materj al r,vhere rupture

of the passive/protective film has taken pìace the annealed rnaterial

appears to undergo crevice corrosjon whi'lst repassjvation of the cold-

worked material js taking place. An expìanation of th'is type of corrosion

would go as follows.

It has been shor,vn in Table III that there is a marked variation

in hardness between components of orthopedic devices particuìarly

between plates and screws. The screls generalìy bejng much harder

shol the Ieast corrosion damage. When mechanical breakdor'rn or weakenìng

of the protectìve films on both screw and p'late occurs simultaneousìy

the action of the oxidiz'ing envjronment is to cause repassivat'ion by

cathodjc reduction currents (concentration of oxjdizìng agent must be

large enough to provide such a current) to maintain the materjal in

the passive region, For repassjvation of the cold-v¿orked material,

the same current must pass throuqh the annealed material of the plate

as wel I . However, the j n v'i tro potent j ostati c curves shor,led that the

passive currents lvere about one order of nragnìtude larger than for annealed
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material. The passage of such a current would raise the corrosjon

potentia'l of annealed material above the critical value for fiIm
breakdor,¡n into the transpassìve regìon (as shown in Fig. 47) where

dissolution of the film r¡lould occur and subsequent transformation into

metallic ions passing into the tissues. simultaneously, fì1m repa'ir

would be occurring in the cold-worked stajnless steel and steady corrosion

of the annealed metal in contact r,¡ith it. This mechanism of corrosion

vlou'ld expl ai n severe crevi ce corros j on i n hì gh pC0, sol ut'ions vrhere

a protect'ive carbonate 'layer ís also present and is very easily ruptured

or weakened.

CON CL US I ONS

Impl i cati ons for Surgj cal Impl ants

The analyses of a number of excised stainless steel ìmplants

in which the type of corrosion was intergranular due to the precìp'itation

of carbides or an intermetallic phase did emphasjze an ímportant point

Implants should be manufactured from the low carbon form of AISI type

316 stajnless steel or even more preferrab'ìy of type 3l6L vM (whìch

by vacuum melting al1ows close control of composit'ion ljmits and freedom :

from contamination). Thus thjs type of corros'ion probìem whjch js 
,

well knolvn and documented in the engìneerr'ng 1ìterature could be easiìy

el i mi nated wi th today' s technol ogy.

The experimental stud'ies consjderìng the mixed usage of
:.

annealed and cold-worked conditions of AISi type 316L stainless steel i

resul ted ì n the fol I owi ng observat'ions regard'ing the ever present

probl em of crevi ce corros i on :
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In vi tro testing of imp'lant materj al s shoul d focus attent'ion

on the effect of pCO, on the formation of protectìve ìayers.

Dissolved carbon d'ioxide appears to have a greater influence

on protecti ve I ayers than p0, v¡'ith whi ch 'investi gators have

usual ly I im'i ted thei r studies. Furthermore, quantj tatj ve

rather than qualjtative measurements should be made of these

blood gases to clarify their effects.

The I ong term co rros'i on potent'i al s 'i n I ow p0, env'i ronment ,

of both h'igh and lor,v pCO, were betv¡een -200 and -400 mV

with the cold-worked material having a more active potentia1

on'ly in the 1ow pCO, solution. The general effect of a hìgh

pC0t was to prevent a sìgn'ifìcant djfference ìn potentiai betv.¡een

the annealed and cold-worked state. Increasr'ng the p0, did

enable the corrosion potentials'in a high pCO, solution to a

value of 50 mV for both the 200 and 400 DPH cond'it'ion from

-240 mV for a lol pOr. In the crevice configuratìon the

potentials were about 100 mV more positjve.

Breakdown potentìals were 50-100 mV higher for annealed type

3l6L stainless steel than for similar cold-worked materìal

in the three representatjve electroìytes. The pC0, seemed to

have a more marked effect on increasìng the breakdown potential

than pOr.

Anodíc current densities in the passìve regr'on were

approximateìy one order of magnitude smaller for a hardness

of 200 DPH than for the harden 400 DPH steel. By itself
th'is smal I er pass'ive current woul d be proporti o_nal to a much

2.

3.

4.
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smaller corrosion rate in the passive state and would mean a

more stable passive state even durjng a temporary shortage of

the passivating agent because of the slotv rate of destructjon

of the film. Agaìn pCO, had a pronounced jnfluence ìn reducìng

passive current densjties for annealed and cold-worked

condi ti ons . A crev'i ce corros i on mechani sm i s advanced rvlrere

the passage of this greater anodjc current during fiìm

repai r of col d-vlorked materi al res ul ts 'in p'i tti ng of contacti ng

annealed metal. It would appear that the surgical use in

human tissues of stainless steel of varying hardness favours

the occurence of crevice corrosjon in contacting, confjned

areas.' The most jnert surgica'l devjce would be one fabrjcated

completeiy of annealed materjal " If it js absolutely necessary

to have the mixed use of metaìs, then perhaps separat'ing the

metals by a hard inert'insujator like the ceramic Lucalux (high

puri ty al umi num oxi de ) woul d benefi c'ial .

This work could be extended to determine what variation in

hardness for components of an ìmp]ant could be tolerated before

differences ìn passive currents become unacceptable. In this rvay

passive currents would be limited to a common value in the event of

mechanical rupture or thinning of the protectjve films if hardness

was one of the properties rigìd'ly controlled in the manufacture of

surgìcal implants. Further efforts in seeking superìorimplant

materials should be conducted wìth recently introduced industrial

stainless steels. An excellent candidate as an ìmplant material could

be Armco 22^13-5* sta'inless steel which is accredited with havìng a

composition of Armco "22-13-5" sta'inless steel; zz% æ, 12.5% Ni , 5% l4n,
2.25% l',l0, 0.4% Si, 0.3% i'12, 0.lB% Cb, 0.lB% U, 0.05% C, balance Fe.
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corrosion res'istance equal or superior to types 3.l6 or 3161,

p1 us approxì mate'ly twj ce the yi e'ld strength at room temperature.

Perhaps the present stainless steel could be modifìed by a technìque

developed by the General Electrjc co. in which a layer of tantalum

js diffused on stainless steel to vastly increase corros'ion res'istance

in harsh environments. Also to be considered is E-Brjte 26-l**,

a h'igh purity ferritjc stainless steel. It is produced via the

electron-beam continuous hearth refìning process which provìdes carbon

and nitrogen Ievels s'ignìficantly Iower than those obtained wíth

conventional meltjng techn'iques. For e.xamp1e,26-1 contajns 0.002% C

and 0.008% N, compared to 0.020% C and 0.060% N, for type 3ì61 makìng

it very much less suscept'ible to preferentìal attack.

lnli th i ncreasi ng ì nterest and effort i n thi s specì al j zed

med'ical-engineering field, today's modern metal technology should

provide the surgicaì profession with phys'io1og'ica1ìy compatìb'le

metals in the truest sense of the word.

Composition of E-Brite 26-l : 26% Cr, 0.002% C, 0.008% N2,

1% lnlo, bal ance Fe (f rom t7a1¡.
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