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* ' ABSTRACT

A sthdy has been made of the corrosion and corrosion fatigue

behavior of the surgical implant materials 316L stainless

"steel and the cobalt alloy, Vital%ium,_in simulated B .

physivlogical solutions, both with and without organics. -
.‘. .l.\“ . s

v

o In solutions contéining no organics 316L stainless

stqél was found to be highly-suscéptible to crevice and

I

-

p{ttinq corrosion. Under these same conditiops) however,
'Vitallium remained completely pas%ive.

In tests on Vitallium in solutions containing organics-
if was found Ehat, while glucose had minimal effeéts on the
polarization behévior, serum shifted the corrosion potential
in the negative direction. Fortunately, the,pptential éhift
occurred wholly‘within the.passive range, SO that no
increase in the corroSion'rate resulted. These testé héve .
also.'indicated that where Vitallium is in;olqu/a‘saline
solution containing serum more closely approximates in vivo
éonditions, at least in the short term, than does an
inorganic saline solution. = )

In the corrosion fatigue’e;pgriments it was detefmided,‘1

: , B e
with a high degree of probability, that serum reduces the

.

corgosion fatigue life of -Vitallium. However, the means by .

—

which this reductiaﬁ”oecugs, without changing the basic

fracture® mechanism, was not determined.
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\ 1. INTRODUCTION

Implants, or prostheses, are devices 'surgically placed in

the body to carry out either an active or a passive functiqn
which the body cannot naturally perform. It may be to
replace a damaged or worn part as is the case for joint or
heaft valve replacements;.to rectify the mode of opération
of aﬁ\organ, for instance a pacemaker; to correct a

\
structhral deformity, for‘ihsrance, a spinal brace;»or to
\Hsimulatg‘an absent or disgigured part of the anatémy, as are
the caseb in breast and facial reconstructions. Materigls
for_thesé\rOIes include metals, pd;ymersv and recently,
ceramics agd modified transplanted materials, such as
'coliagén and bone. Figure 1.1 shows several types-of'
‘metallic ortﬁ§Paedic implants, including totgl hip and knee
replacements, 5 shbuldeE pros;hésis and varioﬁs bone pails
and pins. | \\ - |

Regardlng mékalllc surglcal materials, Venable and

Stuck wrote the fo\lowlng in 1947:

The effort to\ find strong materials

_ attracted the\interest of many different

“ surgeons in the past and then, as-now, they
adopted the most immediately available
metallic materials and modlfled them to
their use.'

Before the electrochemical aspeéts of implant
degradation were fully appre&iated the above phiiosophy was
respoﬁsible for the use of such ma’:- 1ls as bronée and iron
for'extefnal suture, lead Shot L.  internal silver

o
sutures, and magnesium as resorggple suture and bone plates.
: \ - .
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According to Williams and Roaf?, in 1906 John B. Murphy

‘recommended the use of stove\pipe wire and carpenter ,nails

and screws for borie fixation.

‘In response to a fﬂoodhof new alloys in the early_years
of this century,’tests'were conducted to determine their
biooompatibilities.‘in 195?, Austenal Laboratories patented '
a €oCrMo alioy Eo‘he useg‘ior dental purposes; they named it
'Vitallium'. Seven years later,.after conducting in vivo and
clinical tests, Venableland Stuck reported that this
material was "completely inert in body flUldS It\appears\
that it was the;r recommendatlons based on these findings
that initiated the long and exten51ve use of thls alloy
‘group in orthopaedic and other surglcal appllcatlons

Some tlme after 1926 Krupp "18 8 stalnless steel"”

) (roughly equlvalent to AISI 302) was found to exh1b1t
greater re51stance to the body than the wldeky used vanadlum:'
steel, even though it was known te exper1ence p1tt1ng
corrosion. Later, molybdenum-modified "18-8wSMo“ (an early
versi?n of AISI 316) with greater rgsistancé»to p?uting-
displ%Ced,the,earlier version. _.' ’ | o -

Such an improvement were-these new implant mategials
over_their‘predecessors that, over forty'years‘later} they
continue to be the.two most widely used.bewever,.they have
not. been totally without failure for, in‘additioq_to
infection and loosening of -devices, exoessiﬁe wear and .
fracture still claim a number of implants each year. For -

\ .

this reason, research and development into'new materials is
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1.1 Problem:Statement

,,:l . s -

f One'oﬁﬁthe m3jor criteria for the acceptance of a
prospectivg materialfis it%h resistance to corrosion in the
human bédj;'sihceégxlis {%practical orbdangerous to make all
“the neCéSséry teSfé in‘;ivo (ahimal.or.human), simufated, in

vitro, conditions are substituted. In the past, most

vy

researchers*used solutions similar in content to the
inorganic fraction of body fluids, based on the conventional

wisdom ﬁhat t?é exﬁént of”damage increases with the chloride-’
ion;ébhcentratfom§ ' i “
. Rec%At fipgings;‘%bwever, indicéte that physiological
i, : : .
?‘6fgahié§fcanisignificantly affect the corrosipn behavior of
%f?iﬁbme ma;efﬁals?ﬁlt ié, therefore, the aim of this feéearch

to investigate theé effects of organics on the cor

rosian and .
corrosionsfatique of one of the most often used implant
14 : ! “nl

f mate:iaié; the cast cobalt alloy, Vitallium. Preliminary

* work wild alsbqinvolVe the use‘of AISI 316L stainless steel.

. s . o : |

o
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2. SERVICE CONDITIONS

Surrounding a prosthesis is a dynamic system.of flowing

electrolytes, together with living and moving muscle and
bone. The following is a brief description of the in vivo

conditions in which orthopaedic implants must perform?,.

2.1 Fluids

About 56% of the body weight is made up of fluids. Of
this, 38% exists outéide the cells as extracellular fluias
which include blasﬁa,’cerebréspinal, gasfrointestinal,
synoviai, and‘ihterstitial fluids. It is primarily with the

. N
latter two of these that prostheses interact.

Synovial fluid, contained within the 5oints, is
gasically a dialysate of blood plasma. With the addition of
" hyaluronic acié, the fluid is‘resgénsible for the
lubrication and nutrition of the aajacent Articular
'cart{iage“joint'surfaces. Wheﬁ»ﬁips, elbéws, or knee joints
are involved this fluid ts in contact with the_prosthgsis,
Figure‘2.1; E o |

Interspitiallfiuiq,’pr physiological saline solution,
.’lies }n the'spaées between the cells of both soft tissue and
bone.“Ité'mgjor physidiogical‘roles are in the maintenance
of constant tdnditions in the internal environment, and as a
- medium fqrfﬁhe,transport of'nutrients, oxygen,'and carbon
dioxide beﬁQeen the cells and the capillaries. As with all

extracellular fluids, the ionic and nonionic components are

constantly being mixed throughout the body by various

[
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transport mechanisms. The normal static concentrations of

g

the fluid components® are given in Table 2.1.
. o o :

”

/

 Table 2.1

Static Composition of Interstitial Fluid:

Coméonent
Na*

K*

ca** .
Mg

Cl-

HCO3
HPO; ™ ,H.PO;
.SO;".

Amiﬁo Acias

Creatine |

Lactéte
'GlﬁCose‘

Protein

Urea

Interstitial

:(mq/L-of water)

3150
184
96
34, ¢

14000

1726
194
48

| 0.3

D2
108

1000

20
240

Arterial blood iS-regulated by‘several buffer and

transport systems ‘to within a few percentiles of pH 7.4. Due

to a higher carbon dioxide concentration gradient

interstitial .fluid is maintained closer to pH 7.35.

The temperature of the body is rigorously maintained at

37°%C.



» 2.2 Strnctural Members

The structural members of -the body con51st mainly of

j—rﬂ—muscle~and*bone*_muscle developlng—and supportlng -the
tensgletloadsN and boneS'supportlng.they;ens1le'and
compressive loads. |

‘Bone can be described,as a biological tissue consistlng

of long'and highly orlented fibres of collagen, densely
packed:vith small crystallites of.hydroxyapatite. When
reacting'to‘short}term loads;'bone.behaves in a viscoelaStic.
manner,_and in response to long‘term static and dynamic -
stresses the bone fibreS]become reorfented_to facilitate -

‘support of the”load, S ' L T o L

2,2, 1‘Loadind |

Loadlng on the bones and jOlntS varies between that
produced by the minor postural changes durlng sleep, to that
developed durlng ‘the more strenuous act1v1t1es of walklng,

- runnlng, -and Jumplng Rydell"showed that loads on the hip’
can be as hlgh as two to three tlmes the body welght wh1le
walklng, and accord1ng to Pauls, can reach seven tlmes body

.welght for young people Flgure 2 2 shows a typ1cal load
proflle developed on the h1p durlng one walklng cycle.
" As walklng produces between 1 and 2 5 mllllon cycles
i;'per"year, and because the»average_age of.1mplant rec1p1ents;
'is‘falllng; thete‘is'a'growlng need’for prosthesis materials

~with longer fatigue lives.
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g | 3. THEORY
]

'~ This section will deal with the theory of corrosion

commencing with the thermodynamics and‘kinetics. With' the

aid of the;general rate equation, potential-current plots; . ("
¢ . AR . .
., or Evans" Diagrams, will be presented and used to discuss

mixed potential theory.

3.1 Thermodynamics - The*briving Force
" In electrochemistry, the free ‘energy of a reactant-or
> product is glven ‘by the add1t10n of 1ts chemlcal free energy

and an electrlcal energy term, as follows.

Goo = Go *+ Q% f Jewn (1)
where | S S
. g ?
Goe = the electrghhemical free energy,
G, = the chemical free energy,

q$ = the eleotrical energy given by the product
;ofrthe]charge,and the electric potential
at that point. | | . |
‘When molar quantities are in use, the eiectrocheﬁical free
' energy‘of a substance is.given by: ‘.  ‘
| .Gec ='Gc:+ zro | -;:' ';.;..(2)
vhere | - L | R | -
zF-='the.oharge transferred in the reaction.' |
Accordlng to the second law of thermodynamlcs, a
react1on w1ll be spontaneous if there is a net loss of free.
energy as the reactants form products._Thus, in terms of the

above expre551ons, the condltlon for spontane1ty is® g1ven

10



AGgc t+ 2ZFE <. 0 - ' ewena(3)

. vhere

' the»electfical energy are equal:

?

‘E = the potentlal dlfference, or voltage.

From this last expression it is evident that a

.corollary to the second law 1swthat at electrochemlcal

»

-equ111bt;um the magn1tudes of the chemical" free energy and

| . A
AGg. = -2ZFE cova o (4)
. - When conditions are other than standard, and when the

reaction is written in the reduction form, .the change in
N :

"free.energy Vvaries with the chemical activities or

cphcentretipns'eccdgding_to the van't quf isotherm: .

AG = AFB + RT ln}([REbUCED]/[OXiDIZED]) ";L,;.(s)
Qhere | ‘ | h-
AG":F= the chemical free energy at standard

'.eohditions. ‘, A» : .v ‘ v

By 1nsert1ng equatlon (a) 1nto (5) the- equ111br1um

" conditions can be expressed in terms of the readlly

measurable electrlc potent1a1 dlfference. Thus'~

| 'Er‘

E° - (0. 0591/z)log ([Re]/[Ox]) at 25° c

. where - . .
~ E° =‘the equilibrium'redox‘petehtial at standard

condltlons.’

’ ThlS relatlonsh1p, known as the Nernst Equatlon,

" defines theiequ1l1br1um redox potentlal at a giveh

(RT/zF) In ([Rel/[0x1)  .....(6)

?
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temperature'and concentrations of reaCtants.and products.
B Con51der, gpr example, the follow1ng cathodlc reactlon'

Oz + 2H; O +4e” |  40H™

JAccordlng to equation (6) the equ111br1um gotentlal at 25 cC—
. is: | |

0.40 + (0. 0591/4) log(pO ) - 0.0591 log[OH ]

m
]

1,227 .+, 0 0148 log(pO ) - 0.0591pH A
If potentlal E, 1s plotted ‘against pH,- this equation would
describe a series of parallel lines of slope. -0. 0591, and
'p051t10n dependlng on the oxygen part1al pressure.
More generally, if the react1ons 1nvolv1ng a metal and
an aqueous solutlon are plotted a potentlal pH, or
‘Pourbalx, d1agram could be constructed showing the domalns-
'gof stablllty of all reactants and products, and would
therefore, deflne the cond1t1ons under whlch/the metal f aE
qshould thermodynamlcally be elther free from corros1on, or

should corrode.

}3;2 Corrosion Kznetlcs
Although a spontaneous reactlon w1ll by deflnltlon,
%

,reduce the energy of the system, some m1n1mum actlvatlon

“energy is requ1red before ‘the react1on can proceed Thls

notlon of actlvatlon Energy is 1llustrated in Figure 3 1 for'fv
“the followlng hypothet1cal reactlon-- |
A + A" + ze-~
Although the react1on 1nvolves a-reduction in energy, a -b

quant1ty of energy at least equal to AG* must be. supplied to
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14

i

‘ \
overcome the energy barrier. Where corrosion reactions are

involved this 'activation energy' results from the inherent,

random, thermal vibration amohg the atoms.

3.2.1 The General Rate Equation
According to Maxwell's Distribution.Law the numbefsqf' 
particleg, N, in.a total populationy M, having/an ehergy atv
vleast'eqﬁal to a value, E, ig given'by: |
N = M exp(“E/kT) AR ...,.(7)‘
where 4-,

_k =" Boltzmann's cohstant,<

T

absolute temperature.
In cor:osion,'N is,prqpbrtional to the rate of the:

‘reaction, and the equation, on a molar basis, takes onythe

following form:

Raté:= K [A],exp(4AGx/RT)fj ’ .,.;;(8)
where ' | | ‘?
| , [Aj :jthe‘conéentra;ion'of reactant‘A, }
R ‘=vtheAﬁniversal gas constant,
= a constant of proportionality which

- K
| -iﬁcluaes'tﬁe rate of thermal vibra£ion,
a measure of the reversibility of

the feac;ion, étc.

If the rate of the reactioﬁ<is expressed in
;moléé/second, the'ra;e,of.thé_corrOSipn process can bé,«
'expreséed in‘terms"of:eléct:icél cUrfeht uéing Faraday”5'

_ Law: -
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rate = i/(zF’yl cee..(9)
where

i is the current density, or the electrical

current—involved-per-unit—area-

W

:3.2.2 Redox Reactions at Eéuilibrium4Condftions

. 'When a ﬁetal is placed in a solution of its ions the

- activation energy changes as.a charge separation occurs
ac;pss the interfacé;‘ﬁecaUse this electfified interface has
an aésoéiatgd electric field any partiéie,crossiﬁg the
region wil1\bé acted upon by thevfiéld,:and the height of
the éctivatiop energy barrier‘wiil'be altered. Substituting
the hew a;tivatioﬁ eﬁergy termiinto the‘basic'anodic rate
'equatioA givés the folloﬁiné‘expression-fo: the‘equilibrium

corrosion rate:

i - = KzF exp[-(4G* - azFE_)/RT]

\ . Co K’ zF,egp[azFEr/RT] , ;.g..(10)

The cathodic reaction has a similar form:.

i = K"‘zF éxp[—(1—a)zF3r/RTi - e 1)
‘where | | -
| l»a is a,héésu:e'éf thé.éfmmetfy of the2
éneréy ba:rier-withvrégpect to the peak. ..
'ia,.ic~ére.thévéﬁodic‘and'cathddic -
. | current.densities,‘respéCtiveiy.

As the magnitudes of the anodic and the cathodic

reactions are equal at equilibrium the net current flow is

1 .
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zero. The magnltude of the current flow1ng in either

dlrectlon is referred to as the\exchange current den51ty,

ig.

o \.
3 ' i

3.2.3 Non—Equ111brtnm Condxtlons
If a potentlal is supplled from an external power .
soerce the electrode reactions will deviateefrqm the
equilibrium state. If, for example,“the metal is made more
positive (noble), the activation energy fb:‘dissolution.will
be reduced while that_for oxidation will be increased.
Substituting the new value of the activation energy

glves the follow1ng equatlons-

‘Anodic '_Nia i, exp[aan/RT] B ".,...(12)

Cathodic i B exp[—(1ra)an/RT]e ;:...(13)

v c
vahd a net rate (in this case anodic) of:

inet = ia‘_ ic _ _

i, [exp(azFn/RT)-exp(-(1-a)zFn/RT)]) . .....(14)

.where .
- n is the overpotential, er:diﬁferenee
between the eleettode potential and
.:tbelcortosiqn potential! thus E-E_ .
A‘visual'sﬁﬁmary of the corrosion kinetics ‘can be -
’obtalned by plott1ng th1s latter equat1on, in terms of
_potentlal E, versus the leéarlthm of the reactlon current
den51ty, i;'as shqwn>1n Flgure'3.2 for tyo.redqx reactions :e 
involving epecies.'A',ahd (B}; Tﬁis is sometimes refer:ed te |

~as an 'Evans Diagram'
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Considerimg the reactions involving 'A' and 'B', it is
noted that as the electrodes are polarlzed 1n the pos1t1ve

(noble) direction the cathodlc currents become zero, and the

net._ currentﬁ_lequatlon (JA))_ﬁre equal_to_the_anodlc
currents aé given by equatlon (12) However, in terms of the
semi-log plot, the relatlonshlp is expressed in the
-so-called Tafel Equatlon form:
n, = 2. 303(RT/azF) log i, -2, 303(RT/aiF) ln”iof..l..(ISl

As the flgure 1mp11es, and as this equatlon states the
overpotent1al has a linear relatlonshlp with the logarithm
of the current densityfﬂthis slope is referred_to as the
anodic Tafel slope and is written: |

_ a
A 51m1lar argument applies when the electrodes are

polarlzed in the negatlve (act1ve) d1rect10n, wvhich results

in a cathod1c Tafel Equatlon and slope, as follows.

ﬁc = -2, 303(RT/(1 a)zF) log i_ - 2 303(RT/(1 a)zF) log i,

b, = 2.303 RT/(azF) e (16)

ceen (170

b, = -2.303 RT/((1-a)2zF) . .....(18)

As would be expected, the intersection of “the

‘extensioné'of_the linear anodic and"cathodic Tafel regions

~ occurs attthe'point given by (Ef, loghio) for each reaction.

' ‘3.2,4‘Concentration Polarization
As the cathodlc overpotentlal is 1ncreased the rate of

the reductlon reaction approaches the d1ffus1on rate of

reduc1ble spec1es to the electrode, and the cathod1c current



line deviates from the linear Tafel slope. When the
Jdiffusion'rate becomes the rate determining step, that is
when the reduction reaction consumes the reducible species
f“__as_fast_as_it_canmarr;ye+4the_cunnentfneaches_aflimiting__mm_;

value, iy.

3.3 Mixed Potential Theory
when the sites. of the'tno redox reactions are connected
through electric and ionic conductors, the redox reactions'
'may proceed concurrently and the total current at any given
potent1a1 w1ll be the algebralc sum of the- currents for the
1nd1v1dual react1ons. Thus at very negatlve potentlals, in
Flgure 3.2, the}cathodlc current w1ll be prlmarrly the
‘cathodic curtent resulting from the reduction reaction
1nvolv1ng 'B'; Houever, as the’ 1ntersectlon of the cathodlc
curves 1s approached the contrlbutlon from the other |
reductlon reactlon will become 51gn1f1cant shown.by-the: .
- dashed line, and'flnally.domlnant. A.similar situation' | k
vex1sts where the total anodlc curve crosses the cathodlc
curve; the total currents become equal at the equ111br1um
corr051on potentlal

4

pEc§¥r't The 1ntersectlon of the two part1a1 curves defynes

i . o e .
the‘corros;on current_den51ty{
lcorr ¢ ,

Typlcal cathodlc reactlons that interact wlth anodlc?

t
I

processes in neutral aerated solutlons are as follows.

o,.+ 2H,0 + 4€” -+ 4OH"
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2HzQ + 2e” + H, + 20H"

3.3.1 Passivity

Ln_terms—offoxidation~behavior~beyondfthe~linearfmafel—}wé
region,‘metals are divided into.two groops:'those abnormaIl k
4metals, snch as‘bhromium nickel, 'iron' alumlnum, and
t1tan1um, ‘'whose corrosion rates fall 51gn1f1cantly w1th
further increase 1n»anod1c overpotent;al, and‘those normat

. metals whose corrosion rates continue to increase with

~ overpotential. The‘rdealized‘form_of the ﬁvans-Diagram for
the former‘ofAtheSediS‘shown'inFigu@e 3.2 for material 'B'.

ﬁhile it ‘i's appreciated that'the_passive metal,oges its
1owrcorrosion rates‘to;a.prOtectiye.film onfthe:surface, the
/exact natureyof the film is'still'a subject of controversy.
Two theorlesr however, have wide acceptance today the
adsorptlon theory ‘and the oxide f11m theory

" The adsorptlon theory credlts the low corr051onhrates
with the presence of an array of an adsorbed spec1es,bin
:some cases less than a monolayer th1ck on the surface.'The.

avpresence of such a layer ‘has been demonstrated by Langmu1r‘

—

and Fraﬁ/enthalf, among\others;yand ;ts passivating effect.
.,hasvbeen reportedyby Agiuscand Siéjka-, o '{_' | o
-TheioXide‘film theory credits'a threehdimensional ‘metal
,ox1de layer w1th reduc1ng the further- dlssolutlon of the-

' metal DeG moboy and Shrelr ;1n anodlc polarlzatlon_

studles on ~ick-1.in sulphurlc acid, found current arrests



at potentials which corresponded-with several metal
ioxide/metal reversiblevpotentials}'Verink‘b has also

demonstrated agreement of polarization data, at several pH
1 ' . .

values, with thelrespective thermodynamic. E-pH diagrams.

3.3.2 Breakdown'of Passivity.

At the noble end of the pa551ve range a sharp increase
in current is usually observed ThlS current rise 1s' |
assoc1ated w1th -a disruption or breakdown of the pa551ve:
‘film. Although several mechanlsms.have been proposed and
Vcontroversy_continues, all the theorles 1nvolve sOme
;rdamaging species, such as the chlorlderron Whatever the;b
_‘meChanism, it is agreed- that surface 1mperfectlons,'suchva5"
: fnclusions,_lattlce defects, and mlcro pores 'in the fllm'
';become init1a1v51tes.for breakdown and 1ocallzed attack in
the'form'of pittingvcorrosion or'grain boundary-attack

Polarlzatlon studles also reveal a phenomenon which'
mrmlcs breakdown, however, at- potentlals below the breakdownf
potentlal Crev1ce c@rr051on~1s -a form of locallzed attack >
wh1ch is 11m1ted to reglons whlch have become depleted of
‘~thevpr1maryuox1dlzlng agent such as oxygen ‘and contfnue:to:'
corrode by means of another cathodlc reactlon such as -
hydrogen ion reductlon, wh*ch depolarlzes the anode to. a
hlgh anodlc current reglme The ‘new potentlalrd1fference,-or‘
'dr1v1ng force, can be" determlned by apply1ng the Nernst' -
Equatlon to the condltlons of the anodic: and cathodlc half
cells;‘Hydroly51s w1th;n;the crevlce causesvtheva to fallt;

vy



l"
and the,reaction_to become self propagating[cvith severe
locallzed attack. | )
The sen51t1v1ty of a materlal to suffer locallzed

attack can'be determined qualitatlvely by rever51ng the

potentialfscan after_film breakdown has occurred The'form‘
;ofithe-pblarization_curve thus produced can have one of the
“two forns shown in FigUre 3.3, In Flgure 3. 3(A) the current
’is seen‘toffailhto,values Iower than those reached on the
 forward scan. This”indicateS‘that thefsurface‘film has
‘become even more protect1ve, a very des1rab1e 51tuatlon an‘A
vthe other hand the current may remaln hlgh and exh1b1t a |
hysteres1s effect Accordlng to Wllde'f the 51ze of the'

hystere51s is a qualltatlve measure of ‘the suscept1b111ty of:

the materlal to locally corrode; It has been demonstrated"f .

that when potentlals are held above the crossover, or'

repass1vat10n potent1al Er?{ locallzed attack wlll contlnue;
at any pre exlstlng plts or crev1ces. Below the H |
repa551vatron potent1a1 all p1tt1ng and crev1ce attack
‘should cease. A more quantltatlve assessment of the'f
“:suscept1b111ty to locallzed attack can, therefore, be made.d

’by;comparlng the-corr051on breakdown, and repa551vatlon

' potentials. .

3. 3 3 Corr051on Inh1b1t1on'
In’ order for corr051on to occur, three,conditionsﬂmust

,.be‘met:' R B S S
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1. There must be a potential difference, given by the Nernst
Equation,

. \ ) ) R :
2 There‘must_exist'mechanisms for the transfer of charge

:bétWeen'thefelectronlc‘and électrolytic conductors, and
 - 3T There must:exist a continuous eiectronic conductor -
“between the anode and cathode. \ e v
Corr051on 1nh1b1tors act on the flrst two of these

breqnirements; The former involves neutralization of the
corrodent .while the latter 1nvolves the actlon of a barrler
-layer former. L .
| Neutrallzatlon of. the corrodent is achleved by addlng a
h'reduc1ng agent to react- w1th the. ox1dlzer which is .
d;responsable Qorrthe h;gh corrosidn rates. An example-is the-

‘useﬂof.hydrazineA(NZHQ)'against oxygen in acid and neutral

solutions.
2

Two' of the most common types of barrier layer formers
are ox1d121ng 1nh1b1tors and surface actlve 1nh1b1tors. The
former of these“are used with pasSAVe metals when the
'addition.of the inhibitor polarizes‘the meta}’into its
‘passive region, for example, the'nitrite inhibition of
,steel ’as.described‘by Dean et Ai"= |

Surface active 1nh1b1tors adsorb on- the metal su;face
and 1nterfere w1th the a od1c react1on, cathodlc reaction,
';or both The mechanlsm £ the 1nh1b1tor may be to physically
:block'a 51te, preventlngodlffd51on of reactants, to alter
;therelectrified‘interface thus changing the kinetics/ or to

’blockvspecific high. energy sites, such as surface defects.
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and grain boundaries where dissolution may be concentrated.

'Organlcs make up a large proportion of adsorbed layer -

formers, and have found uses in a wide variety of

environmental conditions, as the_following'exaﬁples show:
. Table 3%1
Examples of Organic Corrosion Inhibitors

. Metal Reagent Inhibitor

Fe ' o stou : _4 Amines, .
. thioureas
Al, zn - . NaOH - Glucose

Dependlng on the actlon of the 1nh1b1tor 1t may be
cla551f1ed as elther an anodlc or a cathodlc 1nh1b1tor, or
’both An anodlc inhibitor, as the name 1mpl1es,‘1nh1b1ts‘thet
anodic reactlon and reduces the corrosion rate as | |
: 1llustrated 1n Flgure 3.4. |
| | Slmllarly a’ cathodlc 1nh1b1tor reduces thzirate of -

cbrr051on, Flgure 3.5, by 1nterfer1ng w1th the cathodlc

reaction. -

"3\3 4 Potentzostat1c Polar1zation

The E log I plots, dlscussed above,iare generated w1th
‘a potent1ostat -an’ 1nstrument whrch ma1nta1ns a known |
potentlal between a work1ng electrode Lthe metal sample) andv
a reference electrode, and monltors the corros1on rate in’

@

terms of‘electrlcalvcurrent; By changlng_the potentlal, or
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R

Figufe_3,4-Ahbdic Inhibition' .

]

 Figure 3.5 Cathodic Inhibition
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. strictly speaking, the bvéfpotehtiél, on the-&orking
électfode in a stepwise manner (potentiostatic
‘*‘f4fp6TarTzation77‘0f*sc§nning;a‘_a“présetfraté“(potentfodynamié4f““*
polafizéfion), the'cor;osion‘behavior'of a‘materiél can‘be.‘
- evaluated QVér‘a wide range 6f potentials. The former of
these methodé;will'bé uéea tb.examihé‘ghe implant matérials

in the subsequent tests.
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"3.4 Corrosion Fatigue

Corrosion‘fatigue, or more generally, environmentally

‘“"—‘—ass1sted“fatlgue“can be‘deflned as*the“crackrng“of a
materlal 1n response to comblned cycllc loadlng and chemical
attack Slgnlflcant reduct1ons below expected 11fe can. be
caused.byrcycllc loads well.beIOW‘the ultlmate tens1le
streSs and, in many cases, below the average y1eld stress
Often the chem1cal env1ronment is not exce551vely aggre551ve
toward the materlal in the absence of the loadlng, however |

in- the presence of a, CYCllC stress serv1ce llfe may be

51gn1f1cantly reduced It has been demonstrated for an -

-

e

‘ alum1num alloy that the crack growth rate 1ncreases as the
’1: relatlve humldlty of the a1r is. 1ncreased" For reasons
'such as thlS, some con51der that any fatlgue testlng
performed in other‘than a h1gh vacuum 1s-actually
yenvironmentallyrassisted—fatigue testing o .
- To state that corr051on fatlgue 1s 51mply a
superp051tlon of corr051on and fatlgue 1s ‘a- gross
over- 51mp11f1catlon. Howevery some 1n51ght 1nto the
phenomenon can be obtalned by con51der1ng the two components

2 separately, but 1n the context of the overall problem

3 4, 1 The Fatlgue Aspect

) The fatlgue process has been d1v1ded 1nto three stages._v

-Stage I 1nvolves crack 1n1t1atlon and the subsequent
propagatlon of the crack through the two to f1ve surface ;

gralns. In1t1at10n is con51dered to have occurred when



dislocations accumulate at the metal surface in such a

conflguratlon as to be equ1va1ent to 1rrever51ble extru51ons

~¥—;-~and 1ntruszon5“of~layers~of metal~“if such“deformatlon
cont;nuesy,the intrusions, particularly, w1ll'become-
initiation sites for cracks; |
| In response to the applied stresses cracks will
propagate into the metal follow1ng slip planes in the
surface gralns wh1ch are under . the hlghest cr1t1cal resolved
shear. stress. Because the surface gralns may have a random'
orlentatlon in the metal, Stage I fracture surfaces w1ll
tend to be at 45° to the dlgectlon of the applled stress.
kccordlng to Lalrd’5 Stage 11 fracture occurs by a
plastlc bluntlng process' Flgure 3.6 1llustrates the steps ‘
'ilnvolved As the ten51le stress is 1ncreased toward the
ult1mate, Sllp becomes concentrated at the crack tlp, in the
lobes of the stress f1eld resultlng in- 1rrever51ble plastlc
deformatlon,and flnally»rn‘an 1ncremental extension -of the -
crack;'ﬁhen the'load is,remersed the crack faceS‘areoforced
'/'together-whereithe.hlung;tipvpartly<folds'tO'form al
resharpened t1p Thereafter, the cycle 1is repeated As
1llustrated cracklng 1s usually stralght transgranular andi
: perpendlcular to- the ax1s of the applled stress..~ ' |
’,Another_theory for.Stage II crack growth called crack
closure,‘has been proposed by»Elher?‘; wh1le thlS mechanlsm h
does not offer a radical alternatlve for the exten51on

mechanlsm occurrlng at the t1p of ‘a propagatlng fat1gue

-crack, it argues that re51dual ten51le stresses, remarnlng,
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after tenSileddeformation, play a significant role in the

- kinetics of propagation. "As a consequence of the permanent

_______ _tensile_plastfcmdeformationmleft;in;the.wake_of;aqfatigue‘
/crack one should expect partlal crack closure after N
unloadlng " The crack should also be expected to remain

closed for at least a port1on of the ten51le part of the
load cycle ThlS mechanlsm means, therefore, that ratherv
than the crack propagatlon rate belng a functlon of the

total amplltude of the stress waveform or the :' value,

only that portlon of the cycle durlng which the crack . 1s.'
open actually contrlbutes to-propagatlon; In addltlon to its

-

use in 51tuat10ns where loadlng is known to be regular‘
- (constant amplltude and frequency) thIS theory also glves‘5'
1n51ght 1nto crack retardatlon and acceleratlon follow1ng
low and hlgh load1ng blocks,vand in the propagatlon rate

L) 19

- durlng random loadlng"’P-' .

f Frnally, Stage IIr 1nvolves the: flnal rupture when the
'd drack length exceeds a cr1t1cal value and the crack growth
rate becomes exceedlngly rapid. The advanc1ng crack becomes ‘
hlghly dependent upon 1nherent weaknesses 1n the rema1n1ng |
| llgament and ‘is typlcally characterlzed therefore, by a

Arough surface composed of reglons of brlttle and/or ductllev

fracture.

3. 4 2’ The Corros1on Aspect
"In ‘the 51mplest case, preferent1al anodlc dlssolutlon

at the h1ghly stressed crack t1p may be the only



contribution made by-corrosion t0'the overali'mechanism.
However, the contrlbutlon may be more subtle and |
devastatlng _For. example the anodlc dissolution. reactlon_;uwmm_rm;
- may produce a chemlcal spec1es whlch embrlttles the materlal |
by e1ther absorptlon and accumulat;on wrthln‘thenmetal
_lattice; or'it may adsorbfat the\high energy'crack tib,
presumably reduc1ng the surface energy, and leading to
‘,decohe51on of the metal ;* o hy SR - a .: “
On the other_hand, if the‘species islan effectivefﬂ | |
corrosion_inhibitor,_the effecticf-the'environment may be
vsignificantly reduced, poSSibly'returning the Situation to’
one resembling pure fatigue. | | | L

\\ ’ . . . . . .
: \
3. 4 3 Var1ables Affect1ng Corros1on Fatlgue Crackxng Rates

fhc_JWe1 and Spe1del’° have outllned a large number of o
var1ables whlch can- affect the corr051on fatlgue cracklng

rate. These have’ been d1v1ded into. three groups, as follows._

'Mechanical Variabies

.h% "dﬁakimum stress.or StressifafiQ;'R;"“
';':'”Cycllc loadlng frequency |
- f*Cycllc load waveform (e g. ‘square]or‘

y51nu501dal waves) : |

’.f: ffStress_state (e.g}_bf% or:triaxial);;
%.=h Resfduaigstress.: . -

‘f-»..Notch’or.crack'sfze:

'~ . Specimen geometry. :
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Metallurgical“Variables
- Alloy comp051tlon.

- Dlstrlbutlon of alloylng elements

N
Bl

s Crystal structure and mlcgostructure.
- prior heat‘treatment.
o %‘, ‘Mechanical properties.
| Env1rdhmental Varlablest. |
- Temperature.\ :
—hj_tConcentration of damaging-speciesr o
S ‘Eiectrochemical potentiai.‘

e T Coatings; inhibitors, etc.

Fundamental to all‘theories of.fatigue and corrosion‘

| fatlgue crack propagatlon 1s the 1nvolvement of - Sllp in

plastlc deformatlon and work hardenlng Varlables,

‘therefore, wh1ch 11m1t the number and movement of the

,dlslocatlons w1ll have a major effect on the cracklng

mechanlsm.

"3.4.3. 1‘Mechanica1 Variabies ~”v"h." };ﬂ

Sllp occurs in. response to shearlng stresses. Load

.conflguratlons, therefore, Wthh tend to produce low shear

stress zones, such as under tr1ax1al stress condltlons, w1ll

hresult in- the accumulatlon of dlslocations and p0551bly in

'the formatlon of a crack ThlS sequenc -of events can occur.

,d1n th1ck materlals 1n response to’ external loads, or at the

:roots of cracks or notches.'

@
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d'Just as- the applied>stress is a majorvconcern the
presence of re51dual stresses from prlor formlng and heat

5treat1ng practlce can also have a s1gn1f1cant effect

of partlcular 1mportance in corr051on fatlgue is the
chcllc loadlng frequency and waveform. Barsom" has
demonstrated that the crack propagatlon rate often 1ncreases
:as'the loadlng frequencyvfalls ~Furthermore, the load}ng
waveform is also seen to be a controlllng factor’z. Crack
-rates’ are hlghest when the r1se t1me of the ten51le waveform h
1s longest'-a 51nu501dal loadlng curve is, therefore, more
destructlve than a square wave. |

These phenomena, unlque to corros1on fatlgue, appear to
'be the results of synerg1st1c comb1nat1ons of the fatlgue‘v

:zand corr051on mechan1sms._f-'

3.4.3. 2 Metallurg1cal Varlablesb
As the generatlon and movement of dlslocatlons has a"
ffundamental dependence on, the partlcular materlal the
smetallurg1cal cond1tlon has a profound effect on crack
';nltlatlon and growth;'ln add;tlon'to.lts'crystal»structure(g"
lfohé of the'most'lmportant‘fundamental.pfopertfesfof:a o
"_materlal 1s the relatlve magnltude of 1ts stacklng fault
xenergy (SFE) ThlS energy term is 51mply the surface energy
- of a. plane of atoms 1n the SOlld whlch is stacked in a
_pattern out of sequence from the 1deal As the energy term
falls, the length of the stacklng fault 1ncreases as does

9

the force requ1red to make 1t Cross sl1p
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W1th regard to low cycle fatlgue crack propagatlon
behav1or, face centre CUblC (FCC) alloys can be grouped

accordlng to relat1ve magnltudes of SFE, whlch bear dlrectly

1

~on the dlslocatlon structures generated in those materials‘
in response,to'cyclic loading, Low'SFE‘allogs,'such as
austenltlc\stalnless steels and cobalt chromlum‘alloys;.
hav1ng ‘high re51stances to cross Sllp form f1ne plahar" _____
dislocation structures, hlgh SFE materlals,fforiexample
'copper .and alumlnum, form cell llke dlslocatlon structores
" owing to thelr low re51stance to. cross Sllp

| A'consequence of the hlgher~re51stance'to cross slip;
:1n low SFE materlals, 1s the formatlon oflflne per51stent
' sllp bands, whlch cause -the- materlal toNreach 1ts saturatlon
'hardness at a hlgher number of cycles than the h1gh SFE
‘mater1als ThlS capac1ty to retaln the rever51b;e nature of
‘sllp prolongs ‘the ! t1me requ1red for crack 1n1t1at10n
Furthermore, f1ne sllp more evenly dlstrlbutes plastlc
:deformatlon at the crack t1p, wh1ch leads to lower stressr
_ concentratlons and slower crack propagatlon rates than for.
i h1gh SFE alloys | ; : | |
- Two other factors whlch are con51dered to have 3;-
t s1gn1f1cance in fatlgue crack propagatlon are graln size andl
_dUCtlllty Whereas 1n high cycle fatlgue where,llfe'
1ncreases w1th decrea51ng graln 51ze, the same is not:
hicon51dered to be the case for low cycle fatlgue. Accord1ng

‘fto Feltner and- Lalrd’“ the graln size has no effect on. the

rate of crack'growth 1n_hlgh SFE alloys, presumably,as a_

1
i



_consequence'of the dislocation'cell structures. Concerning
low SFE materials,’on the other'hand it has been

' hypothe51zed by Lalrd" that. fatlgue cracks propagatlng by

plastlc bluntlng should be slowed w1th decrea51ng graln
size. 'd\ , , L
The effects of ductlllty vary accordlng to- whether the_l
- fatique 1s stra1n-, or stress- controlled |
‘ straln—controlled low cycle fat1gue, the greater the
dUCtlllty the greater the capac1ty for deformatlon and
'blunt1ngzép therefore, the lower the propagat1on rate
'In stress-controlled »low cycle ratlgue, hlgh dUCtlllty S
is espec1ally 1mportant for cold worked materlals, Whlch -
fhfatlgue soften“. If the mater1al posesses 1nsuff1c1ent
‘.dUCtlllty the 1n1t1at1on t1me w1ll be short and propagatron_'

rates w1ll be hlgh For ahnealed alloys the 1mportance of . ;7

duct111ty WIll 1ncrease w1th the level of the stress



4. LITERATURE REVIEW
'This chapter"revieWS‘the releVant<ciinical and scientificr<

l1terature on the corr051on and corr051on fatigue behav1or

of 316L stalnless steel and cobalt alloys A review is also
made of‘the literature dealing withlthe-effects.of organics

on these and other materials.
4.1‘Stain1ess'5teel,

1 Cl1n1ca1 F1nd1ngs

C11n1cal reports”"‘ indicatepthatjthe‘fractUre of

. - 316L stalnless‘steel 1mplants is‘usualiy'aCCOmpanred'by

mmetallurgicaifdefectsdinmtne rorm‘ofdporosity, manuractnring
defeots such as.grinding marks, and~varions design’problemsn
HoWever,;the‘actnalrfraoturejmechanisms generaiiy§fallbinto.,
three.gronps:xratigne;,oorrosion'fatione, and.stress' |
V“corrosionICraoking iWhiletit isdsometimes eqUiVocal nhether
the respon51ble mechanlsm is. actually fatlgue or corros;on |
‘mfatlgue, some cases have been reported where two_mechanrsms
were clearly act1ve durlng the life of a-singie-~p
-ncomponent°°fr?, L
| | Some form of corr051on is usually assoeiated:wrth nsed"
“stalnless steel 1mplants. In one study by Colahéeio.and
Greene?5 corr051on was gbserved on 91% of;ail retrieVed'
"components, and crev1ce corr051on was present at 42% of the

p0551ble 51tesi In a number of cases, reported by Cahoon~and‘

»PaxEOn%‘, crevice corrosion was credlted w1th cau51ng such
. » , EROIRN
%

) \-r
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severe tissue irritation that.implant removal was required.

4.1.2 Corrosion Studies : o , .

‘Considerable research has been conducted onithe-v

o corrosfon behaviorjof.austenﬁtic stainless steels under

‘sallne cond1t1ons.,Wh11e some reports have dealt w1th

“'stalnless steel as én 1mplant materlal much of the
publlshed results de%l with materlal select1on for use in
"seawater, chemlcal process llnes, and recently, geothermal
power plants. Fortunately, these latter service-conditions

'<are similar enough to the inorganic fraction of body fluids

»

"to make, at leaSt, a-flrst approximation to the behavior of .
these materlals in vivo. o ' ~ '
1t has been known 51nce the earllest appllcatlons of
the mater1al that “it suffers from locallzed attack. In 1943
Venable and Stuck??’ reported that '18—8' stalnless steel
.‘experlenced- p1t corros1on in body flu1ds, but the addltlon
of molybdenum reduced thlS tendency
N
Recent tests 1n varlous other medla have 1nd1cated
"similar problems.'Strelcher’° studled the corr051on of
vtwenty five dlfferent alloys in seawater and found that the
hlgh Cr Mo alloys, such as Hastelloy C- 276 and Inconel 625,
had the ‘greatest re51stance ‘to locallzed attack, while AISI'
316 had one of the worst. In 51m11ar-tests Hack®* found that
crev1ce corrosion on 316 was varlable .
, .

Susceptlblllty to locallzed attackuhas also been

demonstrated by electrochemlcal means. 'Bennett et al.*
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@
using cycl1c anodlc polarlzatlon compared the relat1ve

re51stances of AJSI 304, 316,-and 317 stalnless steels in ,

pulp mill white water; 316 was rated between the ~other’ two.

Bandy and Cahoon“ studied the effect of alloy

' \
comp051tlon on the re51stance of austenltlc sta1nless steels

to' locallzed attack 1n Ringer™”s Solutlon. In the case of

© 316L the repa551vatlon potential was below the corrosﬂ.n
potential; increasing the molybdenum content; .however,:
. . ' \

produced a higher”breakdown potential,‘and‘a very_smal

'1'hysteres1s loop

While polarlzatlon tests usually g1ve corr051on'_"y

A

;potentlals in the v1c1n1ty of -0.2 V (Mueller and Greener")

to 0.065 v (Bandy and\Cahoon") long term tests 1nd1cate
L

that the’ corr051on potent1al generally drlfts in the“
posltlve d1rect1on to an average value, after twenty days,'
hof approxlmately O T4 V (Lev1ne and Staehle") Brettle and
'Hughes“ also show a 51m11ar trend however, the potentlal-ﬂ'
after 100 - days,bln the1r test was only about 0 014 V '
uBecause they d1d not report 1f the solutlon had been .
"oxygenated thlS potent1al value may reflect7éeoxygenated
\condltlons. Regardless of the source, however, all . -
“,potentkgl t1me plots show frequent potentlal fluctuatlons,iob
’T51m11ar to the results of Levine and Staehle", which Hoarf"

! |

'?“and Mears" suggest ‘are: caused by pa551ve fllm breakdown and |

KL
;

3"

";plttlng S L | $,A’

e Hoar and Mears", who conducted both potentlostatlc

S . . v

polarrzat}on f,: potentlal mon1tor1ng tesﬁs, report that .

Loa . . - il
LA . & s i \

L
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after 480 hours a corrosion pbtential'of 0.26 V was reached.
‘Because they also recorded breakdown potentials_of>0.116 \Y

/o ‘ : o _
“to 0.24 V, they concluded that spontaneous film breakdown is

'p0551b1e if. the sta1nless steel remains 1n aerated sallne
for long perlods.
"Somezconfu51on appears to be associated with the value

.of the breakdown potential. Anodic polariZationycurves

‘ -_generated-by Mueller and Greener" and Bandy‘and-Cahoon“

¥fﬁfor annealed 316 in aerated Rlnger s Solutlon show breakdown"
:1n the v1c1n1t1es of 0. 35 \Y and 0 55 V Mueller and |

'Greener“‘suggest that the dlfference 1s due to a varlatlon‘

B in oxygen partlal pressure,,an explanatlon which is

; \ . ‘
éjcon51stent w1th another of thelr f1nd1ngs that breakdown

7under deaerated cond1t1ons occurs at 0. 16 V In s1m11ar:
‘tests u51ng cold worked 316L however, Syrett“ found that
f )

the breakdown potentlal was 1ndependent of oxygen content.g

Concern1ng Bandy and Cahoon s" results, no:meg.’

made of varylng oxygen concentratlons;_However it*%&ag,r
\ e

‘reported that in the early tests, p0551bly referrlng to
hthose g1vnng lower breakdown potentlals, crev1ce attack
':occurred at the gasket sample 1nterface. As the breakdown
,potentlal-for crev1ce corr051on ‘is lower-than that for ‘
A'"plttlng, it is p0551ble that thlS phenomenon was- respon51blea
'for the ldwer values 1n the cases: of both the annealed and
fcold worked mater1als. | e R o |

A few papers have been publlshed recently deal1ng w1th

the effects of physrologlcal\organgcs:on‘the corro51onvr
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behavior‘of'316’stainless steeljnhowever, the results appear'
to be contradlctory |

Samltz and Katz".compared nlckel dissolution from 316L-

in Varlous solutlons 1nclud1ng {sotonic saline (0. 17M NaCl)~'
‘pooled sweat whole blood and plasma. After one week they
.found nlckel concentrat1ons to be greater, for the ‘most -
'part, in the phy51ologlcal solut1ons than 1n the 1sotonlc',
sallne. -'_."; o ‘ 
“In 1980 Brown and Merrltt“ reported results wh1ch

'supported those of Samltz and Katz*’ . 316L coupons were
ilmmersed 1n solutlons of sallne, sallne plus 1% serum ; and
sallne plus 10% serum. After ma1nta1n1ng an anodlc potentlal
‘of 5 v for thlrty mlnutes; the samples were" compared |
‘ Sampleslln SOlUthﬂS contalnlng serum were attacked more‘
'than those in sallne, and the extent of damage 1ncreased
withlserum content Anodlc polarlzatlon curves in the same
:_solutlons showed that the cr1t1cal current for pass1vatlon
: was 1ncreased 1nisa11ne:conta1n1ng serumr R

' Contrary to theuresults"of theftwo reports above/jﬁ
fl‘however, another serles of tests also reported by Brown and
"ﬁerrltt", on frettlng corr051on of 316L 1nd1cated that thehp
o serum-may have actually-been benef1c1al;.welght losses were
over seven timesféreater ln}isotonic'sallne.than'1n 10%
.serum. As a 51de note, the1r results showed a more negatlve

pcorr031on potent1a1 in serum than in sallne.

& b

Wk
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4.2 Cobalt Alloys

4.2.1 Clinical'FindingS"

T InT a survey of Eén reports*"“‘ deallng w1th both

stalnless steel and CoCrMo 1mplants, the only fallure

'mechanlsm reported for the latter was fat1gue In one paper,-

by Cahoon and Paxton", however _thlS mechanlsm was assumed

51mply on the ba51s that the 1mplant falled in a br1ttleA

4

,manner and because it had been cycl1cally loaded ThlS case

'empha51zes a: cautlon stated by White et al * on’ the

1dent1f1cat10n of fractune mechanlsms- whlle fracture

. surfaces are often obllterated subsequent to fallure, they

~note 1t is 1mportant to cons;der that the necessary

'cond1tlons for corr051on fatlgue and stress corr051on

cracklng, and other mechanlsms also ex1st and that the :

{1dent1f1cat1on of all brlttle fallures as fatlgue w1ll only

- "lead to complete 1gnorance of the root cause of the‘

problem "

As was the case w1th the stalnless steel 1mplants, all

the CoCrMo fractures “had assoc1ated defects. However unllke'

'the stalnless steels, no corr051on of any type was reported

‘:412.2 CorrbSion Studies

Compared to the volume of llterature on the corros1on

of stalnless steels,‘relatlvely llttle 1s avallable on the
: 'tx- . -

;amblent temperature corr051on of CoCrﬁb alloys. Most of what

is- avallable, however, deals w1th the use of the materlal 1n
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4

‘surgical'implants..

The/anodlc polarlzatlon of cast CoCrMo has been stud1ed

by sev ;al teams in solutlons 51mu1at1ng the phy51ologlcal

Cahoon et al performed potent10dynam1c

mlz}
vpo arlzatlon on a cast CoCrMo in Rlnger S Solutlon'

"contalﬁ\pg phy51ologlcal pressures of” .oxygen and carbon"

—

1 d10x1de. The dnodlc cuf?es yhus produced were 51m11ar to
ﬁthose for the staTﬁless sEZ;1 1n that the materlal |

‘self pa551vated w1th a current of approx1mately 10- ¢ A/cm—.
.fOn-rever51ng the-potentlal scan, however, unllke the 316L_','

‘the materlal repa551vated and exh1b1ted only a small

hystere51s. ThlS behav1or agrees w1th the results of Sury"

‘_vwho,stud;ed Vrtalllum in 10% HCl and Uhllg and Asphahanlsz

who examined-HS?21 1n 4% NaCl at 70°C, all w1thout

dexperlenc1ng locallzed attack In fact this materlal is‘so

re51stant to locallzed attack that 1t took Pugh et al 274
days to” detect crev1ce corr051on on. V1ta111um 1n 10% HCl |

plus 1% FeCl3, and of 40 samples tested only two showed

‘-_ev1dence of the attack

fwhlle Hoar _and Mears"‘did not study . reverse'“

;polar1zat10n behav1or, they found forward anodlc curve forms,. -

:f.51m11ar to those reported by the authors mentloned above 1n'ﬂ

‘ Hank s.Solutlon, human blood and 1n NaCl solutlons. _h

Dependlng on the source, breakdown potentlals are
: 2 . .
reported from approx1mately 0 3 V 1n the case of Mueller and

Greener?’, who used aerated Rlnger s, to 0 87 Y for Brettle

and Hughes‘f where 0 17 M NaCl was the test solutlon. Wh11e

EIN
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‘~there are‘several_Cases‘when high breakdown'potentials‘arlse
" (such as high potentiodynamfc scanning rates), Hoar and"
.Mears";report'that the potentials‘in.o 17 M. NéCl are always.
;—m—;hlgher than—dn“balanced sallne solut1on5““such”as Hank*s**—‘;*”“
Solutlon . |
‘As was the case with 316L corrosion’potentials of w'
CoCrMo rise w1th t1me Lucas et_al.f‘ reported.a corrosion'
_-potentlal‘after a_number of;hours'in O 9% saline"to ‘be
-0. 24’v whilevHoar-and Meavrs.‘5 reported an average value of
0 26 v, between 20 and 200 days 1n 0 17 M NaCl .and 0‘07 V
':after 71 days in v1vo. Because these long term values, and
partlcularly that for the in vivo 51tuat1on' are lower‘than'd
the breakdown potentlal Hoar and Mears" conSider : . .<:>
%bspontaneous f11m breakdown to be hlghly unllkely .
“ Regard1ng the 1nteractlons between 1mplant materlals
and phys1olog1cal organ1cs, research has contlnued tob
‘varying degrees, from two - standp01nts.,the effects of body
organlcs on' the 1mplant metal and the effects of the,:‘;v .
dlssolved metal 1ons on the body Work on the flrst of these_.
has been relatlvely sparse. . |
Samltz and'Katzﬁ7; in additionfto worklng with
stalnless steel also studled V1ta111um and found the
concentrat1ons of n1ckel to bé. greatest in phy51ologlcal
solutlons,\as was the case for the steel. f '
Hoar and Mears" monltored corr051on potentlals 1n1v1vo. o

- and 1n v1tro and found the former to be up to- 200 mV more

negatlve after 71 days.'
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Inua'test reported by Clark and Williamss?;'a CoCrMo
"alloy was 1mmersed in a saline solutlon conta1n1ng serum

albumln They found that ‘the cobalt and molybdenum were

'format1on of stable complexes wlth the surroundlng organlcs.-
’ Perhaps the f1rst un1fy1ng theory relat1ng the role of
o phy51olog1cal organlcs to. the corr051on of an’ 1mplant
»'materlal was made recently by woodman et al ) In tests on f*-.
V1ta111um total flnger prostheses 1mplanted 1nto cats they |
'-learned‘that the concentrat1ons of dlssolved cobalt and v
n1ckel 1ncreased exponentlally over the one year test
perlod Furthermore, both 1ons were only detected bound to;A
”"serum protelns It was hypothe51zed that the cont1nued
.?1ncrease in the metal 1on levels was due to an autocatalytlc
mechanlsm d1rectl; 1nvolv1ng the_serum protelns- the.- .
-Jpresence of-dlssolved metal lonS'stlmulates theelmmunehy f!
:system wh1ch results ‘in a- supply of protelns,_metal 1ons
| complex w1th the protelns, d1m1nlsh1ng the 1on concentratlon.“”
.gfadjacent to the metal wh1ch leads to contlnued dlssolutlon,
In comparlson~,a greater number of" stud1es have G
-ycon51dered the 1nteract10ns between metal ions ‘and
t phy51ologlcal organlcs. Among the 1nformat1on gathered to L
v°ydate are - the followlng p01nts" . o o

G ’
- Cr, Co, and N1 tend to c1rculate in the body and

.. become stored in various. organs,r-_ .
4

lf:fat least Co forms complexes with’serum protelns, and

p0551bly other. organlcs,
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- Cr levels are hlghest near the 1mplant
- the metal- proteln bond may grow stronger w1th -

t;me‘fi '

Y

"-1n 1soton1c sallne.

4 3 Effects of Organ1cs on, Other Alloy Systems
| 'In addltlon to ‘the research performed ;;/the effects of
organlcs on stalnless steel and CoCrMo work has also been

‘n
o

made on other alloy groups.

Whlle testlng candldate materlals for 1mplantable*i

RN

:'»electrodes, Nlazy_et al.v‘ stud;ed,the effectSjof varlous o

organics On the anodic polarization behaVior»of’aIUminum and -

~zinc. Whlle none of the test solutlons had any v151ble

effect on: the pa551vatlon of alum1num, solutlons conta1ning

bov1ne plasma proteln, and a. mlxture of chondr01t;n sulphate -

and arglnlne produced pa551v1ty @n 21nc where none ex1sted
’Q Slmllarly, in anod1c polarlzat1on exper1ments on
'COpper ”mackel cobalt and tltanlumnln Rlnger s Solutlon,
' 1Svare et al found that solutlons conta1n1ng ‘the am1no

-uac1d cyst\ne enhanced the pa551v1ty of copper, whlle for

nlckel pass1v1ty was 1nh1b1ted :' jf B f_g

The effects of amlno ac1ds were also 1nvestlgated by SR

fSolar et al ?lon T1 6Al 4V In anodlc polar1zat10n tests,u‘
I

~argln1ne and methlon1ne shlfted the rever51ble potentlal in

the negat1ve dlrectlon, whlle prollne, tyr051ne, gly51ne,;$.'

and. cystlne shlfted 1t 1n the p051t1ve sense. No effects

'fwere;noted rn,the pass1ve.reg10nsy~'”
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T1 6A1 av was also the materlal examlned by Aragon and

Hulbert“, In tests s1m11ar to. thOSe chducted by Solar et

'al 2, lower current den81t1es were atbalned u51ng plasma‘

__“wthan_w1thllsoton1c sallne+MFurthe£mnrew_wh1lemlactated

i

‘value in isotonic saline.

"‘Rlnger s Solution shlfted theAcorr051on potent1al>1n'the

I

: negativerdirectron»by over 300 mvV, the'corroSion,current

increased by_approxfmately;one;order?of’magnitUde.over the -

4 4 Corr051on Fat1gue of’ Cast CoCrMo

As was 1nd1cated above no corros1on related fracture

_CoCrMo. However,qthls may=not reflect the actual mechanlsms,

7A:for‘when faced-withhequiVOcal data,‘one may-choose to

. 1dent1fy the fracture mode as fatlgue, based on’ prev1ous
jexperlence w1th the materlal rather than the more debatable

: mode of corr051on fatlgue. : i ‘£°'“f: -,

A corros1on fatlgue study was conducted by Luckey‘5 '

hc.u51ng deaerated lactated Rlnger s Solutlon Samples were

Z‘hls f1nd1ngs in detall he concluded that hls work r. has

’(60 8 k51) however, he remarked that the endurance curve

v

i

j_shown potent1al env1ronmental effects -on “the hlgh cycle

"

_corros1on fat1gue behav1or of cast Co Cr Mo I

"mechanlsms have been reported in the cllnlcal llterature for’

9f51nu501dally loaded in reversed bendlng at a rate of 30 Hz.f“*

The endurance 11m1t at 107'cycles was reported to be 419 MPa-_J"'

f,was Stlll decrea51ng at thls p01nt..Wh11e he d1d not dlscuss

0,
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Corr051on fatlgue tests were also conducted by Mlller
3et~al, ‘. Cast CoCrMo samples were 51nu501dally loaded in an
aerated tlssue—culture-medlum at a rate of . 2500 Hz They

'justlfled the1r ‘use of th1s high load1ng frequency by

fstatlng that ".{. the work of Bowers and Staehle . and Dev1ne

,and Wulff 1nd1cate that corros1on fatlgue has ‘a relat1vely,
.small effect on this alloy " (the works referred to are'
iunpubllshed)- From the1r results, however they calculate an
“lallowable de51gn stress of 321 MPa (46 5 ksi), such that .
‘bthere is a BS% confldence of less than one fallure in. one
'_thousand after 5 x.107rcycles, aséhmlng_no manufacturlng
,‘defects .. o | | B - |
Fatlgue testlng in a1r was performed by Ducheyne et i

'fal ‘_x ‘In a four p01nt bendlng 31g, 1ntact h1p prostheses

were loaded at 30 Hz to var1ous stress levels. They reportedl”

a fat1gue 11m1t of" 424 MPa - (61 5 k51) at 107 cycles., (

' G:lbertson“~ also us1ng 1ntact h1p prostheses, studled'

the relatlonshlp between fatlgue strength and the loadlng

or1entat10n He found that the endurance 11m1t at 107 cyclesff"

-J'1ncreased from 1054 to 2122 N (237 to 477 lbs)

‘~{approx1mately 1 Ro 3 body welghts,'as the loablng ax1s
‘1.approached the‘long axis of the dev1ce.'.vfw‘_-“: ' ‘b;

' In a rev1ew of the fat1gue strengths of var1ous
"cobalt based 1mplant alloys manufactured by Sulzer Brothers

~Ltd., Lorenz et al. f dlSCUSS the mlcrostructures,'the

:fatlgue re51stance, and the fa%ﬁgue fracture morphologles of

. 0
- cast CoCrMo tested 1n iln. From the bas1c fatﬁgue strength

S 3

N
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of 190 - 280 MPa (27.6 - 40.6 ksi) in the as-cast condition,
the strength increases ‘to 280 - 350'MPa (40.6 - 50.8'ksi)

follow1ng ‘a homogenlzlng anneal Solutlon anneallng,

however,-whlle 1ncrea51ng the impact and. tensrle strengths,

produces fatlgue strengths of only’ 220 —1280 MPa (31.9

40.6 ksi). This lower fatigue strength is blamed on the

presehce of voids, termed "Kirkehdall'holes"‘f} which remain
aﬁter\the carbides are dissolved. |

The relative'effects of hotching‘and cYClic loadiné in
a corrosive'environment were investigated by Hughes et. |

al.¢’. Cast CoCrMo samples vere tested as both smooth and

notched spec1mens in air and in saline, and the endurances

.'at_,1"0a cycles were compared. Their results are l;sted.below: B

: : Table 4.1
Results Reported by Hughes et -al.

_Endurance L1m1t at 10° Cycles, MPa (ksi)

' Smooth Spec1mens . o Notched Spec1mens
~Tested 1n Tested in ) Tested in Tested in
- Air ~ Salipe - = . Air Saline -

248 234 - 438 . as
(36.0)  (33.9) - (20.0) (7.0) -

“Based on these flndlngs, they\calculated that the total

e *ﬂ“*ﬁ

“effect of nqtchlng and. testlng in sallne was to. reduce the e
. N ‘ .., . K_,.
_endurance 11m1t by 81% Of thlS the presence of the notch\ ‘inf;

. - ;,’:%';?pb
had the greatest effect accountlng for 55% of the total - L

reductlon, while the,chemlcal effect"onlyyaccounted«for=?%§‘

e -
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\ : , R : ’ S
Finally, an interaction effect, defined as the difference

between the total effect and the individual contributions of
the notch and the environment, was calculated to contribute.

,over 30%uto the. total'\Therefore; although_thesindiVidual‘

'effect of the saline was small the combination of it with

the notch was very 51gn1f1cant and may have even been_

o greater if. the loadlng frequency were less than 100 Hz.

.Regardlng‘fractographlc»features, most sources,
hincludingithe_clinical reports} agree that fatigue>Crack

: prOpagation in cast‘CoCrMovis charaterized by cleaVagé“v
;fracture resembllng Stage I crack growth Both Gllbertson"
and Lorenz et al i suggest that thlS is related to the lowfi
stacking- fault energy, Wthh makes cross slip dlfflcult
Ducheyne et al 7, on the other hand suggest'that a'
deformatlon induced martenslte phase transformatlon from FCCZ‘

1to HCPrmay be respon51ble

-



5. MATERIALS AND PROCEDURES
The,research was /divided into'fourlSectlonshaccordingftouthe
"objecthes.‘The‘firstdsection waS‘the development of an

\

experlmental procedure whlch could be used to generate

’reflable potentlostatlc polarlzatlon curves. The second and
thlrd parts dealt malnly w1th the polarlzatlon behav1or of a
cast cobalt alloy in solutlons conta1n1ng comb1nat1ons of
' glucose and other phy51olog1cal organlcs, in the formjof
j.calf blood serum.. The‘fourth and last part was a study of‘
the effect of phy51olog1cal organ1cs on ‘the corr051on,
fatlgue crack‘propagatlon rate and fracture morphology in’ a_:
cast: cobalt alloy | | | ' -
bThe following section:will’rewfew the Chemical
“;comp051tlons, metallurglcal cond1t1ons, and mechanlcal

'propertles of the three materlals ‘studied,. and w1ll descrlbev'

'the equlpment used and the procedures followed

g 5;1. Test Mater1als_,m
In add1t1on to the 430 stalnless steel used 1n theif

’E_procedure development runs, the three materlals 1nvolved in

: _the tests were: 316L stalnless steel and cast Vltalllum both _Q~?

7

:machlned from used total h1p 1mplants,'and V1talllum cast
'1nto the form of round tens1le spec1mens. Plate 5. 1 shows h
'that the stalnless steel 1mplant used as the source of

. materlal ﬁzd fractured 1n service. The V1ta111um 1mplant'

_51m11ar to: the one shown 1n Plate 5 2 was, on the other

'hand 1ntact It 1s assumed that 1t was removed because of;

51



H_Plate;5;1_Ffatturedpstainless_Steel”Implaﬁt" o . N
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"Piape'5}2;Intact;vitallium:Implant
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‘infection'or'ldosening . ‘.' : T
a . a C o 3

The Vltalllum fatlgue spec1mens, produced and supplled

3

'

‘by'Howmedlca InC“—of“Rutherford ‘New Jersey, were‘purported‘“—_—‘

2

to be, in the same metallurglcal condltlon as the "Vltalllum"

prostheses that theb manufacture _"; ' gf “'f_t o

.

Analysls of the test materlals con51sted of determlnlng

T

. thelr chemlcal comp051taons, hardnesses, m1crostructures, T

and 1n the case -of the fatlgue spec1mens, ten51le

A pq t1es. Ch%ﬁﬁ?&l égﬁq&51s was performed by the Alberta :§4,2"

A
‘.‘1}
LR

Ty

T

iy

LR
PN

e

Reé@arch Counc1l (ARC _%elr Inductlon Coupled Plasma
.’ ' B . ‘

’W%nd in the Department of

(IQB) spectroscopy equ1pmept
M1neral Englneerlng us1ngﬂﬂhe;Leco carbon analyser. Among

the results reported by ARC the compos1t10ns glven for.
manganese, phosphorus, and sulphur were all hfgh 1n most'ggﬁfc
cases, several times the max1mum spec1f1ed limlts. In the ?jf*,i

‘case. of the stalnless steel.the concentratlons reported’were' L
much hlgher than the levels read1ly obtalnable 1n even the

*

lowest steel grades. It was, therefore, con51dered that the.,

values for these elements did not reflect actual

‘J.

concentratlons, but rather, erroneous analyses on the part
e L R :

.of the laboratory Whlle these results are not 1ncluded in

. - K

the follow1ng summary of results, they aﬁ@ attached as. _ _
Appendix B ‘ ;._;” E ' ". _ '4 ) s'"l:*L;d 'T' e

s .

, All other analyses were carried out 1n the Department

~
4

. oanv

of M1neral Englneer1ng.
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5. 1 1 Sta1nless Stedﬂ

One grade of stalnless steel currently ‘used in the

o

‘*——;nanufacture of 1mp1ant5“fs 316E“"In North“Amerlca—qi

' materlal is often requ1red,tp'confotm to the manlmum
‘reqnirements bf'ASTM F55—82 The comp051t10nal requirements

of this standard and the assay of the test materlal are i‘{_ﬂ

glven below.

Co ;ﬁgL’ -‘ . ‘. ,"'- ‘:j

g Table 5. 1

Chemlcal Compos1t1on of Sta1nless Steel Test"[
- ~ Material . : .
- Eleément  .° ASTM F55-82 - .Test Material |
’ R 'Grade;Z R L
c , . 0.030%(max) 7 <0.01%: i
cr - 17.0-19.0% - . 18.0% 4
. Ni- 12.0-14.0% 14 0% |
A aA . . : . o . . ‘ . ‘ : “\.
T " Mo . 2.0-3.0% 2, 55%
Scu - 0.50%(max) 0. 21%.‘ |
i N y 0.10%(max) N Not Analysed

+
g..‘f-b‘44&uate YO »-yyugﬁz
Longltudlnal and transverse sectk erg” cut - from the Nyﬁ L

_stem of the hip prosthe51s. Plate 5, 3 s?;;g_a trans\ersﬂ

Ré

1!‘) ",4‘.\/‘,{"

cross section to. have an equ1axed gPﬂﬁH'StIUEture,w1th an/9

<Y'ASTM size of approx nately #5 These features,tdgebhér w1t.5
K2

DA 4

the absence of any deformed tw1ns 1nd1cate that thls:{”»dﬁ
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austenitic material was in the annealed condition. .

oo N
AY .
DR

W

Pléte55.3‘TYpfcaleicfostfucture;offihé731€LJStainless Steel

'1(1OOX)”_,f‘

'5.1.1.2 Hardness Results

v L . R
. Rockwell hardpess and Vickers microhdrdness

LT

‘measurements were:made_onf;)transverse,sectlon of the

L;‘implan;.with_thesg'results;'
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Table 5.2
Hardness of~Sta1n1ess Steel Test Mater1al
Rocﬁwellr . - Vickers
Hardness - Microhardness
Test . HRB 75 - HV 162"
Sample . - (average of = (average of |
: - 5 readings) . = 5 readings) .
TypiCal R . . L R o
Values’°- .+~ . HRB 85 -.95 Not Given
Dea§§Soft" ~ ~+. HRB 80 - '_NottGiven. \

e

| Although the hardness spec1f1cat10n was not obta1ned

|

from the manufacturer, the llterature values.would fndlcate
that the mater1al was-1n the fully annealed condition

Although a failure analy51s was: not - performed on the

implant 1t is probable that ‘the mechanlsm of fracture was v"

' aggravated by the low hardness and therefore, a- low ten51le,

-

'strength Howevefbﬁgased on the chemlcal comp051tlon, 1tvas.
. oy .{4‘9; A
u.cons1dered ha ' corr051on propertles would have been :

‘-51m11ar to m g&al 1n a harder condltlon.

- , : Wl

Vioe

- 5.1.2 Cast‘vitallium ‘"'

‘

'pfactured by Howmedlca Inc

- one used 1n thzs research was m.

' and 1s referred to by them as - 'V1tall1um . S1m11ar, 1f not_‘
v = OAREVPORN

fldentlcal alloyaﬂare als% prodUCed\by other manufacturers

i o ST \
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under other proprletary names, suchﬁas- Haynes 21'(Cabot'

.Co.), Zlmaloy (Zlmmer Co. )~ Stelllte (Unlon Carblde) and

mw——Protasul 2~%Sulzet—8rothers Ltd~~
~In North Amerlca the materlals for CoCrMo 1mplants are -
usually produced 1n conformance w1th the m1n1mum_
.requ1rements o) ASTM F75 76. The chem1cal compos1tlon-~"
‘requ1red for‘that spec1f1cat10n,~and the assays for the tho

‘aIJOYS_studiedcate as follo&s:

« . ‘ | *
- ' 'Table 5.3
Chemlcal Compos1t10n of V1tall1um Test .
. "~ Materials )
: ‘Elements .- ASTM Implant Fatigue
' . F75-76 ~~ Sample . Sample
¢ o.3%(max)  0.21%  0.03%
. s 1.00%(max)  0.82%  0.99%
cr . 27.0-30.0%  27.1% . 24.0%
CNL 0 2.5%(max)  2.10% | 0.16%
. Mo 5.0-7.0%  6.05%  5.35%
Fe . 0.75%(max) - 0.18% .. 0.17% . .
Ccu - - Noet ' 0.05%  0.05%

Specified

. -
-

;Of these two alloys only" the 1mplant materlal confozmst'

to the ASTM spec1f1cat10n- the fatlgue sample does not
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'implant,material,-it cannot be said‘that’the alloy is-

unacceptable for use .in the>body'as‘it is\not‘known'if
conformance_to_the_quoted specification.is_required—in this____

instance.

5.1, 2 1 Metallograph1c Exam1nat1on'

Transverse sectlons were cut from the neck of the o

Jprosthe51s and from the gagenlengthxof a:fatlgue speclmen.

In.Plates 5.4 and 5.5 the microstructures of the two samples -

. .appear to be different; thewprosthesis material contains s gy

>

\/

" more 1nterdendr1t1c carblde than the fatlgue test materlal

It is belleved that the - only cause for th1s ‘was the lower

carbon content 1n the latter

I
v"n’i

Common to both materlals was tbe largeﬂdéhdrltlc graln ‘{nb

\J‘IL

'sbructure (ASTM 512e 0) and only a s1ngle laYer of flne

o

_surface gralns. These features are typ1cal of castlngs wh1ch

were poured 1nto heated molds and slowly cooled

Both materlals also contalned por051ty In the case of

t'the prosthe51s materlal it was predomlnantly present at the_f:

. ngaln’boundarles, ghlle 1q the fatlgue spec1men ‘the por051ty

A.was located both w1th1n the gralns, usually assoc1ated wlth

carbldes, and at the graln boundarles.-'”
Based on these observatlons,'ln addltlon to the lack of

exten51ve corlng ¥t 1s llkely that both materials were 1nf"

"nthe cast and homogenlzed condltlons..G/Nthe case of- the

-

'fatlgue specimen, the adneallng temperature may have been

" somewhat high and resuLted 1n-a-partlal.dlssolut10n ofvthe-l

X o
L -



Plate-5,4'Ty?ical-MicroStfuctureibf Vifalliqm”Hip-Implant
C(100%) e e | o

;.Platg-%.5 Typica1'Micfostfuétﬁré

Specimen .(100%)
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interdendritic carbides:and the formation of porosity.

' 5 1 2.2 Hardness Results

Rockwell 'cv hardness tests and Vlckers m1crohardness
‘tests were made on both materlals w1th the follow1ng»

o results.

' Table 5, 4 :
Hardness of V1tall1um Test Mater1als

'ASTM‘ ‘ 'Implant’ " Fatigue

. F75-76 Sample eu'Sample
Rockwell -iC" f ARV S
~Hardness . 25-34 .- .27 25
Vickers rff; - .~ Not ::~"' P Sl
Microhardness - Spec1f1ed "295A-f. 322

Although the . hardnesses are near the lower 11m1t of theh

‘ -T!“
spec1f1ed erdness range both materla “tonform to the

' spec1f1catlon.

The dlscrepancy between the m1crohardnesses and the

: Rockwell hardnesses of - the/;wo samples is llkely a result of\h

"la varlatlon in hardnesses among varlous?heats..,' K]
. e D
5. 1 2. 3 Tens11e Results T B'e : >
S PR L

Three of the fatlgue samples were ten51le tested w1th

the followxng resultS° "ﬂ:,w.',' L - "'7;f : 'ﬂ
T .. . . w ._ P PR ’ e
- : . . . . AP T i i K
. ‘ ) V" ) L
A t . o5
gk N
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Table 5.5 '
. Ten511e Properties of Vitallium Fatigue
' Spec1mens .
"~ " ASTM F75-76 o~ Samples
 Tensile - 655 MPa (min) 630 MPa 663,‘.M'Pa.- 727 MQ
Strength - (95 ksi) . (91.4 ksi) (96.2 ksi) - 105
' T o > ksi) .
Yield . - 450 MPa  (min) 418 MPa 397 MPa ‘hh272 MPa
Strength . (65 ksi) - .(60.6 ksi) (57.6 ksi) (39.4 ksi)
(0. 2% Offset) o : . T '
Elongation ~ 8% (min) ‘Eth}G%,kf;‘- 9.4% .. 10%

- .

Ta

These resultsgshow the ten51le strengths of ' the fatlgue
SRR ol
samples to be hlghly varlable (from -3% to 11% based on the'
1m1n1mum spec1f1ed) as. ‘well as only—marglnally acceptable.

3Furthermore,-the yleld stresses are even more variable, and’

~f;below the speclfled m1n1mum values. Whlle conformance to

: thlS spec1f1catlon may not be requ1red 1t 1s almost certa1n.5
Athat the var1ab111ty is unacceptable.v | |
~ Although the corr051on behav1or gf the fatlgue"
‘spEC1mens would ‘be - almost 1dent1cal to)the prosthe51s |
Hmaterlal the endurance 11m1t may be somewhat low as a_
h’result of the marglnally acceptable ten51le strength andhf
brl but acceptable, d&btlllty » ' |

T . . y
. B o . - "“ .

B
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. 5."1'0“3 water " o N ' K h o . ' » o : .1;1

'Common’to %ﬁ tests was the water used to prepare the

'tand a surfactant quallty e

test sol%tions: It was assuped that ‘the bu1ld1ng s pur1f1ed

h‘uater would‘he-su1table. However, analysls-showed the

L resistivity to“begwell_below the value giVen in the system
_Specificationsifsince.maintenance was scheduied on the‘drder
of weeks per interval va‘fluctuation in uater qualitx was |
texpected ThlS source was, therefore, judged not to be |
suff1c1ently con51stent or_dependable:for the research.
‘Thls_]udgement‘was reanforcgdnwhen;»during ea£1y'h |

'experimentation}»the'deionizer-resin was changed and, fbr'

seVeral days thereafter the. water had a strong organlc odor"

] L N ) .A‘...
. . A

To ensure con51stent quallty,_water from the bu11d1ng s

‘

system was flrst passed through a. serles of 1on exchange

' olumns Any organlcs present were: then ox1d12ed durlng a .
AT

51ngle dlstlllatlon from a pota551um permanganate solutlon

L lWater produced by_thlspmeans had an average re51st;v;ty of

1QK-ohﬁSfcmL

'>f:5 1 4 S1mu1ated Phy51olog1ca1 Solut1ons

| The 1ngred1ents -of the ‘basic 51mulated phy51olog1cal

solutlon were as follows.
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Table 5.6 :
Comp051t1on of Simulated Phys1olog1cal
Solutlon
Component o - "weight
o | a/1)
Nacl - 6.30
k1 0.374
NéﬂéOa,: 276
E r,NaZHPou . I 0.071
ZTANaH PO4.Hz0 o jq;069‘
‘“Glucose S 1000
: JVQ.MgClz.GH o . 70,203

'J7 e

.. The ary_inqredientsrfor simu;ated physidlogical solutions:

; N e T .
_(SPS),werepprepared:in.batCh quantitiesvof‘up'to"thirty .
:tlmes the nomlnal comp051tlon. To ensure homogenelty, all:
:1ngred1ents were f1rst pulverlzed w1th .an agate mortar and
‘pestle,'and to av01d prec1p1tatlon of magne51um salts durlng_
dlssolutlon all components bearlng magne51umxwereg
.segregated 1nto a- separate v1al.v~ o |
»v | Be51des the glucose, organlcs were also added 1n;the"“
'vform of calf serum prepared by Flow Laboratorles. Pr1mar11y
_'eoncentratlons-of 0. 01% 0.1%,. 5%, and 15% were used
d_however' in one test 0. 001% Serum was used
| ;.Solutlons were prepared in a‘one 11tre volumetrlc

' flask F1rst the serum was dlluted then thev.'

-

vas C -+



._.5; '.- ’ .

3

non- magne51um bearlng salts were’ dlssolved followedfby-A

)

‘those conta1n1ng magne51um The solutlons were mlxed w1th a

magnetlc st1rrer

'5.1.5 Gases T S . f“'

o1

The gases used in. the testlng of the cobalt alloys were. .

”prepared by Matheson of Canada Ltd. and hac the follow1ng

comp051t10ns.- o 7.' ;% \
. Table 5.7
© Gas Compositions . - R
Interstitial®> 0, 40 mm (Hg).®
Z ' I e .(0.056 atm)
: " CO, - 45 mm .
' - (0.063 atm)
T “Bottle 1 0, 'p'6 65 molar percent:
: e o eQy e T .
"~ Ar . Balance - - S T
. Bottle 2 coae 0,  6.47 molar percent
Vo B €O, 6.t
;Nz_-]»Balance
\?5' ‘
N - SR oo
5;2vPolarization'StudPes; S e = _ v
\1» L L o Qs [ B

-ﬂ'5 2 1 Development of Exper1mental Procedure

Before potentlostatlc polarlzatlon testlng could beg1n
\ .

it was - necessary to develop a’ standardlzed exper1mental
procedure that would yleld reproduc1ble results*-For thlS
purpose ASTM de51qnat1on G5 78 was used ThlS pract1ce

’1nvolves the generat1on of anodlc polarlzatlon curves for




o 65
. s o '
430 stalnless steel in deaerated 1N H SO, . It prov1des

. standard curves w1th wh1ch to compare results,'and dlscusses '

experlmental problems that may be encountered

Instructlons for solutlon_and sample preparatlon were.‘
generally adhered to, with the follow1ng exceptlons
1. It was. recommended that the worklng electrode be' :

t{ 4/‘ . .
degreased 1n b0111ng benzene' thlS was not done Rather,

v : N ...;‘.‘i
gsamples were ultrason1calF9 r1n5ed rn acetone U
-~

"2,‘Argon replaced hydrogen as. the purglng gas. Accordlng to

K

Chance et alv , when all other factors remaln the same,‘

w_thlS‘does not‘affect -the results

o’

3. The platlnum counter electrodes were not platlnrzed

4.'The startlng potentlal was below the corr051on potentlal
foZ 1'1'Te9t*Apparatus'v:‘;' - S

. ’ o S N
F1gure 5.1 glves an 1llustratlon of the equ1pment used

.*@an thls 1n1t1al work The 5ystem has four ma1n unlts' the

- «

'_,polarlzatlon cell the gas purrflcatlon and mon;torrng_

| system, the potentlostat and'the‘current mea5uring'andv
“recordlng system.‘*“ﬁc;V e

The Cell ”‘Uj | .*““".f.f . o J"-" 'hf?_?‘
The cell and the glassware for the f1ve electrodes were

s1m11ar in: de51gn to those descrlbed by Greene73 The

'temperature of the test solutlon was malntalned at 37 c by i

_partlal 1mmer51on in an 011 bath

«

The Gas System

>

As mentloned argon was used as the purglng gas.»
Because it was found to contaln 011 whlch accumulated 1n
_ : L .
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¥ G o
i the Tygon tublng, an effort was made to remove the dml by 4?
' . ,\v v‘ R . ::

‘v

;. 20 mL/mln. Any re51dua1 oxygen was removed bymp'
s, - %A_

I

-
:u

determlned'by mef e
— o &
v‘

. . , - -, . ,/ P ) )
am lLfler w1red as a~volt‘ge‘followe ngEh' -
The str1p reoorder mdﬁltored corrosion’éurrent wd'"'tlme,

. Th;s system had a number of problems and 11m1" ¢

e O g 7':. ,«ﬁ “‘ o [ , ‘
As Flgure 5 2 showsA the characterlst&c curve°ﬁor the R
ampllfler dev1ates=from llnearlty below 0*03'volts output ;fﬁ

) Y v " - K . .‘.’ N 'l.”“,’ ¥

‘and gives negatlve output fov 1nput potentlals below .

tas

i -

2 X 10’“ V. Thesenﬁeatures of tpe ampllﬁler becamellmportant
AR S - : .
1§Qrangéﬁwere often encountered as the §f-

R _One ‘9t3‘1'eﬂr =§hmt atldn teswlted frt\om"t;he fact’ tha"t ey
Jf Fé51stoxs'of greateriyéﬂue than 10KQ were foundato affect . .
. RTINS A L
%%ﬁl react@bns«the deca%e re51E - box, thereforg, could §4 "

only conta1n flve ranges' the nesretof @aiues are glvens'b'A”
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I . ‘,,-1 . | ,
<0 ’ B P . v
' : 'f" v ,
* U SO :I‘able 5.8 . | 3 |
' Decade Re51stor Values e
% A | ‘4~' - - ’o" : et ‘ ‘
—H— e om1na&—Value~—-—Mﬁ§sured~Value_
. , (Ohms) o (Ohms) R
‘(" - , T . ' " L ®
st T | 1.0
- | _.,jT.’Y.f 10.0 )
J ~‘<‘ Q.:\‘ .“\ . ‘-. 99 aﬁ + o * . ’ s )
» . ns . ' L o o .
. t o SR 980, 3., R -
','*‘510};‘ T ‘8826 o - .-
- ST o . _ S
o v 4 )’ -
. ‘ K o, : .
‘é'.: ﬂ . _..'. 4 ) '. S . . IS o o
o The .ond system con31sted of an AMEL*551,pqtentiostatT"
' R SRR T L ..

wlth an AMEL 560 logmlnterface. As befqre,..h¢‘ A
L - s : e ) . .

: recorder mon1tored current w1th t1me aﬂd an»electrometer was,¢

P N R «\“‘" .
used to dlgltIZB the analog‘aurﬂent values. The experlmentalf

g .

”

¢ﬁn'arrangement for thlS system 1s 1llustrated 1n Plate 5.6 and

o 1n Figure 5. 3 o ﬁ_v _ "7 INER Wr"-#gy_ e ‘
. :_;, o . S ‘ : ‘~ ] . E \’ - ‘:)\‘._ ',0,:5 . ‘m :
. 5.2.1. 2 Procedures - AR o e R
e ; e g
I € e Samples were prepared by wet abr351on down to 600 gr1t
4 w1th SlC paper. They #ere storeﬁ 1n acetone durlng transport
W .l \ - S,
f: irom room to room Praorﬁto 1mmer51on they were r1nsed 1n‘
Er: T -
the bu11d1ng s purlfled wate%“fthen drpped 1n test solutlon.
,3" Before the test begannthe solutlon was purged of oxygen
- - *s-.'.'ﬁ‘.y e ).
fon:at?laast one haﬂf hour prlor to the Lntroductlon o%;the
_52 !",j. 3

then the system wasgalJowEﬂ to«equ111brate for -
; xww-‘ A ISR

~:.,,
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.' At startup, a potentlal below the corr051on potent1al
was set on the&ﬁotent1ostat and a max1mum level and "3
stepplng rate were set om the function generator. FInally;
;;_T__the cell_was sw1tched_1nto thempotentlostatic_c1rcu1t,“andl;;w
the strip recordér ‘turned on. g B
o o - R
S
5. 2 2 Polarlzatlon Stud1es 1n S1mulated Phys1ologlcal
o ;ﬂ' - Solut1on \“y‘ A A f:""' R
When 1t was found that the experlmental methods could :

- 'be used to generate reproduc1ble rESUItSy work began oh

testlng the stalnless steel ‘and cobalt alloy 1n 51mu1ated

phy51olog1cal solutlon.

5.2, 2 1 Procedures , ":; T _j},';“J3‘

The solutlon was prepared by fﬁ%st dllutlng the serum,_ '
where 1t was used followed by,the d1ssolut10n of the

magnes1um free salts, and the magne51um salts LA
""A. . »."‘{

As it was found that aeratlon of solutlons conta1n1ng

-MCSérUm by bubbl1ng, produced large quantltles

foam another methodﬁwas requ1red ThlS new methoﬁ invblved&m

produc1ng a vortex w1th a magnetlc stlrrer such tha; a-

_ sw1r11ng mass of bubbles and solut1on was@formed Any foam
\ =7 ke
produced‘by thls method was: 1mmedrately broken by the
turbulence. Thls process lasted approx1mately twenty m1nutes .

- 'il“‘

pr1or to the 1ntroduétlon of the sample.. afgf_?f(f

': Concurrent w1th solutlon aeratlon, the samples were
A

'prepared;~They were{fan% wet abradedﬁtoya SQBagrr

I . . ‘:., Tas .') o N 2 Lo o .--,—."-.-."‘r"j";";-":..p B ",.
~then .immersed insagcetore while being tramsported, washed -

R . Y B R . “ . i Coe . UL e Ty



with a mild detergent, r1nsed in tap water, and ﬁlnally,n

'ultrasonically degrea%&d, aga1n 1n-acetone{ Before the

__distilledqﬂateraandmdippedlinmtest_solutionl__

“ e
o

\ b

samples were placed in the cell, they were‘ninsed'ln.

Wlth the«stlrrer rotatlng at about 40. rpm the ;ystem T,

was allowed to equ111brate for one hour. After thlS perlod
:the cOrros1on potentlal was measured the startlng potentlal

set, ‘and the cell sw1tched 1nto the potentlostat1c c1rcu1t

where appllcable, the reverse scan was made ‘at the same

' scan rate. The value of the current ]USt before the negt"_' o

"load frame, the cell and the solutlon condltlonlng and e

"'potentlal step was recorded . fy‘l
. -b" ) ..‘
5.3 Qorrosion Fatigue[_ ‘ - 2
P - A B ry ) . .
e : o :» o : A SO PSRN ;
5. 3 1 Apparatus G ST &

These tests used a: system composed of three unlts' thefﬂ;f

A S

g el

c1rculat10n un1t The experlmental arrangement 1s igﬁ};A'{ .
SO e S “ : ,'r W _(
ulllustrated in Plate 5 7 j R A ’
. . R al IR v AR ¥
§ - SRS - PR ot ! R g
5. 3 1.1 Th oad Frame KR '“és" :\‘ e R
w‘ 44 B ' . "&"w

All fatlgue tests were performed on the MTS 810 Load

ﬂFmeme. nhls 1s a ve?%atlle closed loop hydraul1c syst m.wlth

._"Q\L .

A .
"adjustable cycle frequenc1es and waveforms, apd a max1mum

Sy . t . o

‘i',’ D -4
% LA

load capacuty of twen§$ f1ve metr1c ths.
- n N »

v L fe
B v - a .(“3 R -
i ! . g e
N q\:‘,\.. + . o - ; .
2 : 0. . ’ ‘»‘7,‘".__
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- - . W
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Iff‘%;

5.3.1.2 The Cell o B

The cell, constructed.of acrylic; Plate-5.8,-was.
designed'to_allow axial ‘loading ofma.threaded tensile
6 - S '

spécimen in a liquid environment. The assembly consisted of .

"

S
.
RO
:

’b’fh be performed

, at a rate of 1 mL per second return flow was by grav1ty

!

. a cylinder=with endplates, one of,which,was removable. To

accommodate grip extensions, an’ openlng was made in each end
N T B '

o N Coll \V

with-rubber"o' ringS‘to provide leakffree.operatlon, Two

,ports in the 51de of the- cyllndrlcal sectlon served as 1n1etf

As
and outlet for the c1rcul§@ﬁng solutlon ‘whlle a th1rd hole

was made avallable for an’ optlonal reference electrode.»

5 3.1. 3 Solut1on Cond1t10n1ng And C1rcu1at10n"

Constant test condltlons were malntalned at all tlmes*
durlng a test Ina reservolr outs;de the cell the solutlon
oI ™

was aeratedﬂ

he prewlously descrlbed vortex method and

th gas pre§sure above the solutlon was set to?approx1mately‘

lj Pa by a ﬁgger bubbler Solutlon temperature was regulated

R
by 1mmer51on 1n an 011 bath

A perlstaltlc pump c1rculated the solutlon to the cell”

™~

¢

The sample potentlal was not monltored ¥

>
LA .
-8 . . . . . . R B

..é . . - P " Y

5 3 2 Samples

All the spec1mé%s:;ere found to have some aegree of e

w by
. e . e Co
P : B oL A

“ﬁj-' o Y

Mbénd' some . more than’ others.;In ‘ofie case the test1ng machlne*f

' grrps COUld not accommodate thg hend and the test could not_h»



ACTUATOR

Plate 58 "I‘!he.Corro’s‘i'o'nf .Fati'gue Cell . . . LR

e



" concave side. Plate 5 S shows the typlcal locat1on of the

* 77 .'” F{'f ¢

~ The spec1mens were notched w1th a low: speed dlamond

"wheel to a nomlnal depth of 0. 17 of the dlameter In cases‘ T e

Q
where the bend was notlceable, the notch was made on the

ﬁﬁ

- mlxed w1th the other 1ngred1ents 1n the same manner as'ﬁn ‘ 5.,fw

-_fcell was sealed shut and the. SOlUthﬂ pumpedfinr7'

-7 The spec1mens were prepared by r1nsxng fhem in- acetone

-and the crev1ces at each end covered Wlt,r
nl

\

notches and Plate 5.-10 showsva crOSS»secﬁion of'a typlcal,"
notch to have a t1p radlus of approx1mately 0. 25 .mm (note'

~

‘por051ty)

o T DR . IR S e o =5
§%3 3 Test Solutlons A o i - :
. Solutlons con51sted only of: zero and f1ve percent serum T 2
' e . : ‘ ‘ o B ¢ ' '8 , _*. ¥ B“‘_“;‘*;
the prév1ous tests.‘q e ; . . !

4

5 3 4 Procedures

Unlchrome 'QUle

A‘Dry Stop Off Lacquer 323 (a fast dry1ng v1nyl lacquer

a,produced by M&T Chemlcals Inc. for use 1n the electroplat1ng

‘Q e 2N

ylndustry) After the lacquer had drled (one half hShr) he.f.'3

:In order to 51m&§§te loadlng bn the hﬁp, fatlgueq~¢

‘. »

l7test1ng 1nvoived the use of a 51nu501dal“%oad waveform at a -

5

frequency of 1 Hz. As the tests were almed at examlnlng the~
‘corrosion ?%tique.prqpagat;on;rates and,fracture_ -~

@ : . N .
) : e - ) ° s : L . Cony
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P
i

morphologles, and not the total fatlgue llves, loads were -
1ncreased well above the endurance 11m1t at 107 cycles.
Selectlon of ‘the loads wa« 3 on ‘the test stress and on

'the area of the l1gament‘ Co g after notchlng M1n1mum

and max1mum stresses were - .7 ut 48 3. and 448 2 MPa’ (7 0 and '»{j'

»

65.0 ksl) for a. load ratlo of approx1mately 0. 007 ’ [

The number of cycles ‘to- fallure was recorded by a’
MR
counter panel On the 810 system.f; ".yfgn

After the: sampleifhad falled-[thg total number of load

1cycles was recorded and the fracture surfaces were examlned g
’ Lo ﬂy,g \- . : o
3Aby means of a stereo opt1cal mlcroscope and a scann1ng

j'gectron m1croscope.3v.7'?“

S Througho A’khls the51s all electr1cal potentlal

differences‘vlll be referenced to the Saturated Calomel

”5;Electrode ('CE) whlch is, related to the Standard Hydrogen

' Electrode (SHE) by the followlng relatlon'

E(SCE) = 0.244 V‘(SHE) - 0. oooss v/ C

’

v ‘ Whenever a potent1a1 1s calculated by the Nernst

“3”Equat10n the free energy valueiuﬁed w1ll be the reported
) .

;value at 25 C but thj" :-Qerature w1ll be the*test valuq,;

"r“_lf:;,.ytiiﬁ°'fy"h 2, 303 RT/F = 0 0615 v e \."‘ff Cu L

l"

It is con51dered that the error result1ng fr@m‘@h

o .-;P

'hi procedure w1ll be 1ns1gn1f1cant from a prTLtrcal

e ce 4 i ._ \ f - . o ) 4 A R
PP wﬁ’ o S 'y B . 'b Lo T e B . R PRI X
- . . . . [ N . . - ‘. - . ~ . . .
I, . A ¥ S vy 7 . R R 4 )
- L o . . N T i AR E e
. s . . PRI SP C B .
. ‘- i R ) ] t
e ot i Pl Bogl <
‘o - '/ K T ©* \ :
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e
. ~ - 6. RESULTS AND DISCUSSION: e o
[ . R ‘ o ) " ( ! . “
6.1 Technidue DeVElopment .ﬂ“ : e ‘ EEE
LI w -
The results of the procedure standardlzatlon tests are
. .. i \ ~ ’
~given in Figure 6, Flgure 6 2- g1ves«the reference plot o
S TR - o
. taken‘from»ASTM G5—78 Comparlson between these curves;;
andlcates that the procedure can- be used to obtaln . g
'satlsfactory and reproduc1ble results. . : ‘
e R .
@ﬁg 316L Sta1nless ‘Steel and Cast Vltallxum in Serum-Free e
Vi and thgose free Solut1on : e e o

In order to obtaln a’ perspectlve on the corr051on'

s behav1or of the cast V1ta111um, several tests were alsc made &;-:»

_on 316L stalnless steel®1n glucqse and serum free 51mulatedg

N i

'.“phy51ologlcal-solutlon. The results of these potentlostatlc
wpolarlzatlon tests are- presented and dlscussed below.,\» B R

"l:

",6 2 1 Stalnless Steel ”hygf, RS . f"»'zjue - FVT“vf §”5:7J
- A . . - . S J’?

Three tests were performed on the 316L stalnless steel ‘,f”;d

~'to determlne 1ts corr051on behav1d§ﬁ§h a 51mulated ._"th'”~7f

‘phy51ologlcal solutlona-Paramégerézof partf%ular 1nteresth3

v

‘;were the corr051on and pa551ve current den51t1es, and the

-

i cdrr051on, breakdown and repa551vatlon potenu1als. In eachl

\

. ' ' 4
_case the start poténtlals were wrthln 25 mV of -0 50 V

e(SCE) and the potent1a1 was zncgeased by 50 m@'eVery f1ve S 5:1_;

. S v T e e
fmantes'i.ﬁﬁ‘ e . e “’f”“ [},«g’”'ﬁ”
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‘ |
The forward anodic scans of all three tests (Figure )

6.3) had essentially the same features; the reversible

potentials all lay within a narrow range, the corrosion

curréhfgfﬁgre all similar, as were the positions of the "

cathodic and anodic curves. The average values of the

polarization parameters are givén in Table 6.1.

Table 6.1 )
Polarization Parameters.for 316L in Saline
Solution
' Current - Potential
N . (A/em?) T (V)
Corrosion 1.6 x 1077 - -0.26,
Passive + 4,0 x 1077 ————
Breakdo{vn~ ———- ' : 0.15
Repassivation . = ---- - -0..14

) [}

In the case of scan 1, film breakdown had not occurfed
 at the potehtial of reversal and the surface passivated to a
greater degree than on the forward scan. In the cases of the
" other two scans.breakdown occurred,within-fhe range of 0.1
to 0.2 V, whereupon £he currént increased toward an apparent
tfanspassive region. Following revérsai, the currents
remained high formiﬁg a hysteresis; repaésiva%ion was '
achieved petween —0.13_and -0.15 &X | . \
After the létter two of these tests the area beneath

the PTFE gasket was corroded. This localized attack was

interpreted to be responsible for the hysteresis effect.
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Figure 6.3 Polarization curves for 316L in Glucose-Free and
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[

In order to determine whether or not a higher breakdown
.potential, due to pitting, existed in the ‘absence of a
" crevice a further test was performed with the sample only

partially submerged; the gasket-sample interface ;emainéd

above the solution surface. Table 6.2 summarizes the

parameters for this test.

Table 6.2 ,
Corrosion Pan@meterk for 316L " without a
” Crevice -
Y
* Current Potential
(A/cm?) (v)
Corrosion 1.6 x 1077 —0;28
Passi@e 4.4 x 1077 -~
Breakdown ———— 0.60

~

- e
-~ .

s

Figure 6.4 shows that the position of the cathodic

curve, the reversible potential, and the passive région far
this cfevice—free situation to be similar to those of the

previous results. However, a higher breakdown potential now
exists at 0.5 to 0.6 V, 300 to 400 mV above the previous

S

breakdown position.

According to the polarization
current-time trace (not included),
approximately 0.1 V, current peaks

when 0.2 V was reached the current

curve and the
at potentiais of
were experienced, but

trace was steady ance

.again. As breakdown previously occurred in this range, the
disturbance is considered'to have been due to an unstable

crevice-like situation, perhaps at the meniscus.
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Klthough the revers@ scan was not extended back to the
repa551vatzon potent1al,,enough has been completed to

indicate the presence of the hysteresis.,

T\

6.2.2 Cast V1tall1um
- *

_ In Order to evaluate the corrosion behav1or of the
V1talliUm and to compare it with that of the sta1n1ess
steel several tests were conducted in 1dent1cal serum-free
and glucose\}ree solutions as the prev1ous tests. As before
the potentla}-was increased in 50 mV steps every five
minutes from the starting potentials‘of ~0.40 and -0.60 V.
No precautions were taken'to avoid.the formation of a
crevice between the PTFE gasket and the sample.

Samples exhibited qelflpassivation in every case. The

corrosion parameters corresponding to Figure 6.5 are listed
b‘elow'-.' . ' N\ L ‘ / ,

) " Table 6 3
Polarxzat1on Parameters for Vitallium in
" Glucose-Free Saline Solution

=
+*

o Current " Potential
. oot (A/cm?) (V)
Corrosion 2.7 x *10°7 .-0.38
Passive . 4.0 x 1077 -———-
ve ‘ ‘
Breakdown\ﬁ\\\“\, —a—— ~0.38
 Repassivation . -——=- ' 0.35

The material displayed a very small hysteresis which

increased slightly as the reverse potentiaf was. taken to

e
e
g
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more positive values, in agreement with the results of
: Wilde''. No crevice attack or pitting was_observed on the
sample at the end of any-test. Ei

)
It is also interesting to compare the current-time

'traces for the stainless steel and the Vitallium, Figure
6&6, In contrast to the instability shown -by the stainless
.steelfprior to breakdown the cobalt alloy exhibited a stable
low current unt1l the sharp rise occurred at the breakdown
potential. This stablllty would suggest that in the short
time it took to perform this test (less than six hours),-
passive film breakdown and repair did notgoccur.-

_ . P . .%‘ ,
6.2.3 316L vs. V1tall1um ‘ .

Although both materlals exhibit self- pa551vat10n and
the corrosion and. pa551ve currents were approxlmately the"
'same, the relative s1zes and positions of the hystereses
g1ve a'more‘51gn1f1cant measure of the relat1ve long term
;corrosion.behaviors. Based on the values of thei,
repassivation potentials with reSpect toltheﬁbreakdOwn‘
.potentials,'it‘fs} therefore, concluded that the cobalt

, .
alloy should be more resistant to localized attack»than the.
stainless steel. Quantitatively, this'resistance cancbe‘
expressed in terms of the ratio of the .differences between'-
the breakdown,and the repassivation potentials and between
the breakdown and the reversible potentials; fhese results

indicate that the likelihood of localized attack initiating

spontaneously on Vitallium is much less than on_316L. These
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findings are-in agreement with those of others”including

Hoar and Mears*‘®, »

The relevant parameters Of'both_materials are éiven,

~ below. , o ' L
Table 6.4 - : '
Anodic Polarization Parameters o e
| . | . 316L cast
Parameter . - Stainless:Steel Vitallium
Eeopr - —o.zé_v( © -0.38 V
Ep. - \ I 0.15 Vv " 0.38 V
(B = Boopy)/(Bp. = Bgp) . 1.4 13.8

Tne'innlication of;theee results is that, from a
corrosion point of v1ew, Vitallium is more su1table as an
1mplant material owing to its higher resistance to localized
attack and to 1ts broad passave potential range. Although

theﬁstainless steel sh6w§<§ome resistance to localized
/ ) B
attack in the, absence of«ciev1czs . this situation:cannot be

e could, the current instability, -

guaranteed and ewgp
. ’/ 7 s
Anoted 1g the-cge.{ceﬁbpeakdown potential ‘range, may indicate

404
-

‘uld;only.have short‘term value.

,<
VoA
[
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"\\6.3 The Effects of Organics on the Corrosion of Cast
vitallium | -
The next series of experiments was conducted to

evaluate the effects of oombinations of glucose and serum on

/

the corr051on behav1or of the cobalt alloy These tests
'con51sted of two sets: the f1rst was de51gned to determlne
‘whethef or not the organics had any major_effects on the
polarization curuest Tests were made using‘serum at
'conc”e'n'tr.ations of 0%, 0.01%, 0.1%, 5%, and 15%, and at a

stepping rate of 50 mV every five minutes in the manner
, e :

described in the previous chapter. During all of these tests

solution samples were drawn at intervals for pH
determination. ‘o L :'A o ‘

One test was also perfofmed'to monitor'the change in
corrosion potential with timec'A Vitallium sample Vas'
imﬁersed in oxygenated séline solution containing glucose
but no serum,Aand the.potential'was recorded'approximately
every fivefminutes over twenty-four hoursfustng'the ‘
Hewiett—Packard 9825A desktop conbuter

When it was found that the organlcs only affected ‘the
‘p051t10n of the caxhodlc curve ‘and the. value of the |

wcorr051on»potent1al the second set of ‘tests was‘conducted,
“to examine these changes in more deta1l Cathodic |

, potentlostatlc polar1zat10n tests were made w1th the

follow1ng glucose-serum comb;natlons:
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.No Glucose / No. Serum NG/NS
| Glucose./ No Serum - ‘ G/NS
Glucose / Serum . G/S
No_Glucose / Serum __NG/S

N .
4

In contrast to the first set of tests the potential

stepping rate was decreased, in most cases, from 50 mV to .-

10°mV every five minutes.

In the following séection, the results of each set of
. tests will be presented and discussed. At the end} the
overall effects of the'organics on the potentiostatic -

‘ polarizatisén behavior of the alloy will be discussed.

6.3.1 Preliminary Tests on the Effects of Organics
.

6.3.1.1 The Effects of Glucose in the Absence of Serum -

‘The resnlts of the preliminary polarization tests in

solutions containing glucose but no serum are given in

‘Figufe‘6.7 and Table 6.5.

2



i S  rable 6.5
Corrosion Parameters in Solption Conta1n1ng

e — wulucose butmno—Serum

@ ‘ Lo . . Current . Potential

' - ' (A/cm?) ] vy

- Corroslon“l ' _;2.7lx 10'7.‘~ '-0l35‘

Passive ‘u" 4 x 10‘7.' C ;;;_..
.Breakdown . l 574—? ' “'L'O;3é .U? Y
Repasslvation, B u"i{;—;l,;.i B d.35' ' |

Comparlng the results for a sQlution without glucose.

o (Flgure 6 5) and a solut1on w1th glucOSe‘(Figure‘6;7l it is h

ev1dent that they both have essentlally the same‘v

; characterlst1cs. the values of the corr051on and breakdown

potentlals, as’ well as the corros1on and pa551Ve currents L

B ‘are not 51gn1f1cantly dlfferent and the hystereses are o

1dent1cal These 51m11ar1t1es 1nd1cate that “in the absence .

of serum, glucose does not h1nder the format1on or short »
e L :
term stab111ty of the pa551ve surface f11m ; _ ,z;‘ A

The Effects of Serum in- the Presence of Glucose
AT . - '

Flgure 6.7 glves the results of the prellmlnary tests

us1ng glucose and serum. Table 6.6 summarlzes the corr051on

parameters.
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3 Table 6.6
Preliminary Polarization Curves for

Vitalliym—-in-Solution—Containing-Glucose—and

A Serum
Current Potential °
(A/cm?) (a)
Corgbsion " 3 x 1077 Varies
Passive 4.5 x 10f7 ————
Breakdown | m=-= | 0.38
Repassivation - it '0.35

Considering lthe scans given'in Figures 6.7 and 6.8,
(G/NS and G/S), 1 is‘evident that they all have the.same

form of anodic polariZation,curwes}_The'only differences

-
. i

'betweeh the scans are in the value of the corrosion
potential and, possibly, the position of the cathodic curve.

Although only one test was performed at each serum

‘concentration, it.appears that as the serum content is

pd

increased the corrosion potential is shifted to mofew
negative.vélues..Herver, while the change in corrosion
pdtentiél was on the order of»100'mV, the almost vertical}
slope of the passive region r@sulted in a negligible

decrease in the corrosion current.

6.3.1.2 Solution pH* | '~ - ,

During these preliminary tests sa@ples of solution were

'

intérmittently drawn for pH determination. The results,

given below, show no significant differences or trends,

P

- § .



‘neither from one test to another, nor among the serum-free

and serum-containing tests.

7.7+0.1

The overall average pH was

98

Cont

0%
0%

0%

\

Potential
\(v)

0% 40
0.05
0.45
0.80
0.85
0.15
) _0.40\

- -0.60
0.10
0.40
-0.25
-0.60

-0.60 -
-0.20
" 0.50
-0.60

/
NN

Table 6.7

.~ pH Readings:

o)
X

NN NN

“ONVONYOY O~

\
Serum
Content

0.01%

0.1%

15%

- Long Term Corrosion Potential

Potential pH

(v)
<0.60 7.8
0.20 7.7
' =0.60 7.8
0.15 7.8
f.65 7.7
0.15 7.7
-0.45 7.7
-0.25 7.7
-0.60 7.7 |
0.10 7.7
0.55 7.7
0.00 7.6
-6.35 7.7
0.20 7.7
7.8

0.65

The variation of corros\on potential with tie is shown

fin'Flgure 6.9. ‘As indicated,

the potential. increased over

the flrst elghteen hours from ap rox1mately -0. 41V, to4é

maxlmum,value of -0.

approximately -0.25 V. Both these
v :

are consistent with the potentials measured by

Hugheé“ within the fi:st fgn/days of ‘their

tests. Furthermore, as no localized attack

15 v,

then,

ak and minimum values

Brettle and

"ential-time

afkter eighteen hours fell to

1oted at the
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~end of the test, it would Seem that these results
corroborate the speculation by Hoar and Mears*® that
spontaneods—éilm—bpeakdoWnQis—unlikely—for—this—matefial

under these conditions, at least.in the short term.

The results of the fonegoing¢tests have indicated that

" neither the glucose, in the absence of serum, nor the serum,
in the presence of glucose, affect the anodic polarization

behavior. It is also apparent that’ thewserum, in the
presence of glucose, may decrease the corrosion potential,

thus making it a p0551ble cathodic corr051on 1nh1b1tor

The following series of tests will conCentrate on -the

’

effects of glucose and serum on the cathodic pelarization

t B
v ,.
Yo
»

%ehayior of the alloy.

6.3.2 The Effects of Glucose and Serum dnithefCatngd%cf

Polarization Behaviot of Vitallium
‘ o

6.3.2.1 No‘Glucose and No Serum - NG/NS | A #
: [ w®»

-~

The first set of experiments in this series was’ - v

L4

conducted witn no glucose and no serum.and gave the resultsw -

shown 1n Figure 6. 10 As shown the curves have three e
relative p051tions, which only in .part, reflect variations
in procedure. The curves ‘at the left_andACentre were
obtained by the prccedure desctibed'in the earlier chapter,
the‘qnly'major difference“being that the central curve
iequilibrated for tno and one—half hours before starting,
whereas ‘those at the left equilibrated fogionly one hour.

0y

it
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This difference is considered to explain the higher

corrosion potential in the case of the central curve.

The—pEOGedure—leading—to—%he—cuEve—at—thqfright—varded————
significantly from the others. Rathef tﬁan'equilibrating at
the rest potential, the sample was cathodically charged at
-1 V for at least one hour prior'té commencing the scan. The
higher cufrents at all potentials, fherefore, are a result
of the|reduced activation energy for‘the cathodic reaction
on a surface whose anodic film has been either partially or
completely removed by cathod;q charging. Why'the‘cofrosion
potential of the clean electrode (thé cﬁrve at the riqpt).
should be higher than the filmed eiectrode (curves a% the
left) is not known for certain, ‘but may be a resulf of -\\w
either a loﬁger eéuiiibrétion,time, or the longer time ﬂ
required toﬁfeach algivenqgotén€%al.as-a result dfithe lover’(
start potential. d | o
If £he;fi1m redUCtion meéhanism\és also éctivé, at_
least.intermittghtly, in.fhe'fegion -0.65 to -0.70 V, it
might also éxpléfﬁ_&?éfhigher currents ikﬁ;ﬁe\case:of ﬁhe

., Y
central curve. |
~ In addition to the effects of variations in procedure

™

_these curves exhibit sexeraliother'interesting features: the
central curve exhibits a ."hook' or positive slope near the

starting end of the curve, and the curve at the right
) : (l"’\: - : - . S

. appears to be formed by the addition of two cathodic curves.

The latter of these observations is discussed now, while the

former is dealt with later.
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Cathodic Reactiohs 4 ’ | E \3

The curve at ‘the right, ~1n Flgure 6 10, consists of two-
d1stanct~reglons——wh1ch“are—1nterpreted—to Indicate—the———
presence of two separate cathodic reactions.-The first,
which dominates froﬁ the corros}onvpotential to the limiting.
current at approximately -0.7 V,'is*likely due to the oxygen
reductidn‘reaction'which can be written as:

O, + 2H,0 + 4e” > 4OH- |

and which has, under these condltlons, a redox potentlal
Aglven hy. | | |
" E = E° +0. 861 - 0. 062 pH + 0.015" log pOz

i

0.77 V (SHE) or

&)
|

0.53 V (SCE)

' At potentials‘QEIOWI-O.ZO}V the.chtve deviates‘from_the“
limiting cot:ent-toward?highericurreht[values._As.the'test
_solutions aere;neutfal, the predominaht’reaction"is eipected"
to be the reduction of Vater accordihg to the following:

2H;0 + 2e” =+ H, + 200"

which has a redox potentiai of:

E = -0.062 pH | J
= -0.48 V (SHE), or
E = -0.71 V (SCE)

As this potential is:within.the.vicinity of the point‘of
dev1atlon of the. second .slope, and because the overpotentlal

of hydrogen evolutlon is small, th;s water :eductlon

reactlon is mostfilkely respons;ble'for the curvedform below
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-0.7 V.

@ ) . oy

6.3.2.2 Glucose With‘and;withoutgsgrhm - G/S and G/NS

‘Figures 6.11 to 6. 15~gi§e'the results'of the

7.potentlostat1c cathodlc polarlzatlon tests us1ng no serum,

and serum at various concentratlons in. solutlons conta1n1ng
‘glucose Several features are 1mmed1ately apparent- “the |
curves for 0%, 0. 01%, and 0 1% serum are relatlvely closely
grouped- whlle those for 5% and 15% have w1der var1at1ons,o
‘and the curves obtalned at 0 01% ‘serum con51st of two |
groups, those w1th and w1thout p051t1ve slopes on the

‘cathodic curves. These results;wlll now'be‘con51dered in

more detail.
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,‘\

Effect of Serum.on the Corrosion Potential
As was suggested in the preliminary results, the
corrosion potential was found to fall_with increasing serum

contents,vFigure 6.16 (the left-most error bar refers to

zero sérum‘conditionsl As can be seen, the corrosion
potentlal falls perceptlbly after 0.01% serum, and may be
_cont1nu1ng to fall, albelt at a lower rate, after 15%.
Although the mechanlsm behind the potentlal change'is'
unknown, it would appear that these results could be "grouped
'w1th,those of Solar et ‘al.*?, who found that certain
.borgan1cs shifted the corrosion potentlal of Ti-6Al-4V in the
negat1ve (active) direction, Furthermore, these results
corroborate the‘flndlngs of Brown and Merrltt".who found
hthat the corrosion potential of'316h, atmaterial also.
protected by a chromlum oxide film, was shifted‘in the same
‘\directlon by azphysiologicalvsolution; |
| The dffference in the corrosiontpotentials ‘between the
- serum-free’ and 15% serum 51tuatlons also. resembles ‘the.
dlfference reported by Hoar and Mears" between in v1tro
tests in sallne and in v1vo tests using human subjects
'Although the actual potentlal values depend on the |
'procedures used in each case, the 51m11ar1ty in the‘
d;fferences suggest that ‘the conditions used in these tests
51mulate ‘the in vivo conditions more accurately than;
1norgan1c saline: solutlons. R
In terms of the mechanlsm involved in‘shifting the .

corrosion'potential, the results are interpreted to indicate
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that the serum hinders the diffusion of oxygen to the metal
surface.
Effect of Serum on the Corrosion Current

Because the corrosion potentlals were remote from- the

B

reversible potentials for the anodic and cathodic reactlons;
no Tafel lines‘existed inlthe vicinfty, and, therefore,
another method was used to estimete the corrosionicurrents;
The preliminary tests showed thét_the slope of the passive
curve was reproduc1ble and independent of the serum content,
In tests, therefore, where the scans had been taken into .the
anodic range (0.01%, 0.1%, and 15% serum) "the best fit line
describing the passive ranges of the preliminary data wesv
applied to the anodic current values, and the intersectionr-
of these lines with the corrosion'potentials were taken to
be the corrosioh currehts. Where the scans4had been
"term1nated at the corrosion potentlals, the corrosion:
uicurrents were estimated on the ba51s of the p051t10ns of the
cathodlc curves w1th respect to the formerldata..lnvall )
cases’ the estimates-of the corroSion,curreuts were’
eSSentieily‘equal atm1rx 1075'A/cmé..
‘Positive Cathodic Slopes
.During‘some‘ofuthe previousbtests_and‘thesefleﬁter
,'tests, regions'of positive‘siopeiwere encouhtered on the.
cathodic curves. These include one curve obtained-with'u
glucoSe‘end serum-free'solution 'one‘with serum-free
solutlon, one partlally completed curve at 0 001% serum,“

Figure 6. 17 four with 0.01% serum, and one at 5% serum .
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where the curve seemed to alternate between two courses. No
such positive slopes were .observed at 15% serum.\
Common to all these curves is the'location of the

region of positive slope, beginning near the start

potential, -0.65 or -0.70 V,_andfincreasing to naximum
current values between‘-0.63 and -0.67 V. The maximum
increase in current isvonly 22%. - l
Regarding corrosion potentials, Qalues were either
higher or the‘sane as in the curves without positive slopes.
| In‘the.case of the 0.01%ﬂserum results, those curves with
positive slopes hao an average corrosion potential 40 mV
‘higher than-the'other curves in the same group,pand at 5%
serum the difference nas over 100 mV.‘In'addition,‘the curvea
. , ‘

‘obtained with glucose-and'serum-free solution was up to'.
125 hv higher Perhaps the two most 51gn1f1cant observations
are that.  serum and glucose are not necessary for a p051t1ve
"~ slope to occur, and'no,po51tive slope was encountered at 15%
"serum,flh "‘ h‘ o ., '{ .'p ST B -\
In general several situations can-result in positive
;cathodic slopes-'a cathodic curve which closely approaches,
an anodic critical current peak a 51multaneous-ox1dation
>rreaction which exhausts its reactant supply, or a second 'i
'cathodic reaction whose rate 1ncreases w1th time. . |
The first of- these p0551b111t1es is not respon51ble as

it has been reported by Lucas et a1 = that Vitallium

exhibits self pa551vation in deoxygenated conditions.

-
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- ' "
Similarlx, the 51mu1taneous anod1c reaction mechanlsm
~is con51dered unlikely as no such reaction 1s known to be

act1ve under glucose free and serum-free condltlons.

The thlrd situation, however, may-be c105er to the

] 'i
actual mechanlsm. Slnce it 15 thermodynamlcally 1mp0551ble

for the kinetics of a reaction to increase as the driving
force is reduced,:the only’explanation‘for such an
obserwation‘is that time .is the‘controlling factor. It'is
possible, therefore, that,the increasing current.is a result_
of a partial reduction of the anodic fflm (a mechanismd‘
discussed in the glucose-free and\serum-free results,=above)‘ .
whose rate 1ncreases w1th‘t1me untll the overpotentlal :
becomes too low;‘at approx1mately 0. 65'V for the reactlon
to:proceed In addltlon, the decrease in the frequency" of
p051t1ve slopes as the serum content is 1ncreased may

e
1nd1cate that the serum has a stablllzlng effect on the

tfllm.-'

b6.3;2i3 Giucose—Free Solutionrtontafning serum - NG/S‘

Two tests were conducted to determlne the polarlzatlon
behav1or of the alloy in glucose free solutlons contalnlng
15% serum. N | |

As Flgure 6 18 shows, the two curvés were not entlrely'

Jcon51stent elther w1th one another or Wlth the prev1ous
fresults. One curve reached 1ts corr051on potent1al at '

-t—O 63-V whlle the other reached it at -0.69 Vv, but w1thoutf
the asymtotlc decrease ‘in current normally observed as ‘the

corr051on potent1al is. approached The form and corr051on

i
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potential of the latter'offthe above mentioned‘curvesnwould )

.suggest that it was obtained_under_deaerated test

&
conditions; however this is’hot'considered'to‘haveibeen‘the

*

-v-of the four glucose/serum comblnatlons in- terms ofbthe

i

,case. The followlng d1scu551on w1ll 1nc1ude a p0551ble

1expla at1on for these f1nd1ngs

6 3 3 The Effects of 0rgan1c Add1t10ns on the Polar1zat1onhew
Behav1or of V1ta111um ‘ ' ‘

'As‘the-results show, the most s1gn1f1cant effect thatvf'

fthe glucose and serum ‘have on the corr051on behav1or of

Vltalllum 1s to alter the value of the corr051on potentlal. -
For thlS reason the follow1ng table summarizes the results*'~
[ o

corro51onlpotent1alsr

: . Table 6 8 -
»Corros1on Potentials at the Four
Glucose_SerumvComb1nat;ons :

- ‘No Glucose GluCOse',
‘Y‘No Serum '.:f‘rb;3éﬁ',;~_40.3§,

Cserum - -0.63 <046

Accordlng to: thlS summary glucose has llttle, if any,f,

. 51gn1f1cant effect on.- the corros1on potentlal when serum 1s

absent. However, when serum 1s present the,corr051on;'°

“potentlal 1s pushed ; ‘more negatlve values, until when

'glucose is. absent the cc r051on potent1als approach the

.fredox potent1a1 for hydrogen reduct1on. The mechanlsms e
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oy

respon51ble for these potentlal ShlftS almost certalnly
1nvolve the relatlve adsorpt1on of the glucose ‘and other

serum components, and appear to be- dependent on the relatlveiﬁ

concentratlons of the varlous components ' 4“‘1

It 1s belleved that whlle the glucose competes w1th

the serum for adsorptlon,vits adsorbablllty 1s weaker than -

that of the -serum; The fact that the corr051on potentlal is~
hlgher when glucose 1s present with serum 1nd1cates that ;he*.

-glucose is competlng for adsorptlon, but does not h1nder'the
‘dlffu51on of oxyg n/to the cathodlc 51tes. However,‘when
N

»;only serum is- added the lower glucose content (0 15 g

b-vmaxlmum) 1s not suff1c1ent to produce a. s1gn1f1cant effect SR

'_and as a result other serum components adsorb and hlnder

“;1f not completely block the d1ffus1on of oxygen. .'
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6(4'Corrosion Fatigue '
The results of the corr051on fatlgue tests 1n

fserum free and 5% serum are summarlzed in Table 6 9.

Table 6. 9
Corros1on Fatigue . L1ves

'5'Test'ﬂ:..'.0%hSerum "*'S%dserum' -
.V Cyclés . Cycles

1 .. 48000 25892

2 f,29613 S 17410 ;“,1' o

3 36660 o 28399
4t 30710 ¢ 1770001
s o 3ses2 rnfdjf_

626621
7oL 61845
"f.— Rejeeted onna“Statistiqal_basis;7refer

o to Appendlx C

3

Accordlng t& ASTM commlttee E*9 fatlgue 11fe data can

ZLbe con51dered to be log normally dlstrlbuted that 1s, the

.h,data, 1tse1f is. 51gn1f1cantly skewed whlle the natural 'f}u

| ”3logar1thm of the data 15 normally d1str1buted The above

» ”data was . analysed on the ba51s of thls assumptlon (Append1x.

‘1::C) | _ o . _‘

: Table 6 10 summarlzes the means and standard dev1at1ons i
;of the two data sets in terms of the the log normal | |

s dlstrlbutlon,.as well as the 80% confldence 11m1ts and other.
vstatlstlcal parameters for the two data sets 1n terms of the‘h -

"arlthmetlc values. L '. ,} "'f ‘ _1'ﬁ



R R Table 6 10 ..
Results of Stat1st1cal Analyses. of Corros1on

‘p{ L Lo Fatlgue Life Data

.

BN ‘ S 0% Serum R 5% Serum

Mean. o, -_"“ 10.517 ’,'-'  10.060
: ,(log normal) S | L -

‘ f~fStandard PR S ' -
. - Deviationm - . 0,286 " . . 0.260
g‘(lcgfncrmal). T T T

N

,J{_At 80% Confldence Interval L,

) Lower lelt ‘:'f’.*vl I10 361 ° N 9 777

'l(31603 cycles)" (17622 cycles)

’,Uppe:;L;m;Ef_f“;r‘- 0. 673\ . 10.343

s

. (43160 cycles) (31042 cycles)

'“Ar1thmet1c Statlstlcal Values-

.Mean y"‘-"fv- 38432 cycles .Te 29194'cycles
Median . 35897;cyc1es . 23388 cycles
‘Modeic_,_ Tt :A'340091cycles 21857 tycles
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According to the statistical analysis, there is a high
prohability that the two data-sets are from different
._populatlons (based on an 80% confldence 1nterval) The

fatigue llfe of V1ta111um, therefore, is likely to be less

g

4N
when tested in a 5% serum solutlon,vas opposed to when

‘tested 1n serum free solutlon. ‘
While the standard deviations for the two data sets are
fk;nery s1m11ar, whlchvmay reflect_51m11ar basic fracture
'mephanisps;'no solfd fatigue;life data indicates‘a posSible‘

cause for the detrimental'effect‘of the serum.

6.4.1 Fractographic Results

Several of the fatlgued samples were examlned
SN
scannlng electron m1croscope to determlne if the fracture

morphologles changed with the 1ntroductlon of sdrum.
.Photomlcrograph comp051tes of the fracture surt g
‘spec1men from each group are enclosed 'in ,an e - at the
‘back As these compos1tes 1llustrate, ates
.-typlcally con51st of two reg1ons-'a flat o
‘reglon adjacent to the notch 1nterpreted to be the extent‘
of corr051on fatlgue crack propagatlon, and a second mlxed'
‘ trans- and lntergranular, llkely flnal fract re ovgr the

Aremalnlng llgaments. Both these reglons were,}xamined}att

higher magnlflcat;ons and are dealt’w1th.as folIows.

6.4. 1. 1 FiatrFracture

=

’As the comp051tes 1llustrate the flat f Yegions
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1ncoherent 1nclus1ons. Plate 6. 1 from the serum-free group
shows the surface adjacent the notch to be generally flat

‘with cleavage steps beg1nn1ng at the notch. ThlS m1crograph o

shows both poro51ty, labelled P’ and holes from where
'inclusions had been‘pulled out, labelled ’I*,f

Plate 6.2 1llustrates the change in pattern of the
' cleavage steps which resulted when the: crack propagated
across a gra1n boundary |

“Much of the flat fractures consisted of the type of
cleavage steps. shown in Plate 6.3. In all cases, e1ther
sub51d1ary cleavage cracks or dlssolved sllp planes"
~intersected- ‘the surface, whlle 1nclu51ons pock -marked the

surface. A qualltatlve X~ ray analy51s of one such

'.,prec1p1tate revealed it to\be-hlgh in n10b1um.

i.APlate 6 1 Fracture Surface Adjacent to the Notch on- a
Spgﬁimen Tested in Serum Frée Solutlon (1000X) -

.
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’!Plate 6.2‘Cleavage in Two Adjacent Grains (1200X)

L4

'fplate 6.3 Typlcal Cleavage Fracture near the Flnal Fracture

Zone (900X)
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6.4.1.2 Mixed-Mode Fracture
This second fracture zone was typlcally br1ttle,

showing very little plastlc deformatlon The . fact that the

';path of-least re51stance.1ncluded 1nterdendritic3and grain
boundary‘porosity;indicates:thatbtheffracture involyed the
expendfturevof less energy. ‘This would suggest therefore,
that the material would have a greater fatlgue llfe if such
’defects ‘were not present.

[

6. 4. 2 The Effects of 0rgan1cs on the Corrosxon Fat1gue

.Behav1or of V1ta111um ‘

At a confldence 1nterval of 80% the corr051on fatlgue
life of the V1talllum is 51gn1f1cantly less 1n sa11ne ’
‘solutlon conta1n1ng serum, than 1n serum free sallne.‘
However, the fracture modes encountered 1n both sets of
tests'were identical. While- the results 1nd1cate no cause
for the reductlon in fat1gue life - w1th the 1ntroduct10n of

J:serum, the mechanlsm‘of propagatlon does not change

: Therefore, the serum must alter, by degree only, some ratel'
1f‘controlllng step or’ property w1th1n the material. \."
| _ Accordlng to Tyson and Alfred”,‘"Propagation of a’
truly brittle cleavage crack through a crystal 1s p0551ble”
only 1f the stress requ1redto rupture atomlc bonds at the-

~fcrack tlp'ls reached before the-shear strength of the
”"latthe'is'ekceeded " Therefore, 1f adsorptlon of some‘serum
component reduces the cohe51on between stralned créstal |
_planes at the: tip, the fatlgue llfe_would_be;reduced.-

’
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Another possibility'is.that'thé serum affects‘thev

dissolution rate at the tip. If, as Woodson et al,®* suggest

. (that organics can lead to an autocatalytic corrosion

mechanism), an increased dissolution rate may be responsible

for the reduction in life.



7. CONCLUSIONS
‘The effects of serum- and glucose addltlons on the corr051on

and corrosion fat1gue behav1or of a cast CoCrMo alloy have

,been 1nvest1gated with the follow1ng conclu51ons-

-

7.1 Potent1ostat1c Polarization Tests _

1L Both the 316L stalnless steel and the; cobalt alloy,
machlned from the prostheses, exhlblted

‘self- pa551vatlon w1th similar values of corrosion and
pa551ve currentsdln the‘oxygenated neutral sallne

".solutlon _ ‘

L2, .316L stalnless steel 1s hlghly susceptlble to' “

.jspontaneous pass1ve fllm breakdown and crev1ce_

'vcorr051on in these chlorlde solutlons.'

‘:.3.t'.The cobalt alloy tested hereals hlghly re51stant to

:pa551ve fllm breakdown

4 hlGlucose and other serum. components compete forf”

ladsorptlon on. thercobalt alloy in simulated
"phy51olog1cal soldtlons.‘ ) e

5. . Neither glucose nor ‘serum have any effect on the anodlc

‘.dpolarlzatlon behav1or of the V1talllum._

126
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6. Whlle glucose does ‘not appear to alﬁer the co;r051on

potentlal .serum tends to shift it in the negatlve

(actLyelmdlrectlon‘_It_ls_pOSSJble that fhlSuShlff is_a
v result of lower oxygen reductlon rates caused by low
dlffu51on rates through~an adsorbed serum fllm By this
f,.argument 1t would appear that the glucose does not |
hlnder oxygen. dlffu510n.
TR G
7 2 Corros1on Fat1gue Tests o
‘7.; fFatlgue cracks in the: cobalt alloy, from wh1ch the
. fatlgue samples were cast propagate by a cleavage
mechan1sm. . | | . | |
‘8. .xAccordlng‘to'the.fatigueflife‘datafand a‘confldence
'interval of 80%';the'cOrroslon‘fatigue lifebof cast
. Vltalllum 1s less when tested 1n 5% serum than when
'tested in serum- free solutlon. However the means by
wh1ch thlS reductlon occurs,'w1thout changlng the bas1c
7_ﬂ‘h9 fracture mechanlsm, ‘is not known.: | ‘, e
9. . HCastlng por051ty 1s belleved to have been,/at least*‘v'h:'

partlally respon51ble for reduc1ng the fat1gue l1ves of'

-all samples..}1':”71' l'.otf/*



8 RECOMMENDATIONS
3 'Tests have been ‘conducted to evaluate the effects of serum

and glucose on the corr051on of a cast CoCrMo alloy in

solutlons approx1mat1ng the phy51ologlca1 cond1tlons of
healthy tlSSUE. Results have 1nd1cated ‘that while glucose

. and serum compete for adsorptlon on the metal surface,~only
the serum has any 51gn1f1cant effect on the corr051on

‘process. It has, furthermore, been demonstrated that the

“:addltlon of . serum ‘to 1norgan1c 51mulated phy51olog1cal

“solut1on results 1n ‘test cond1tlons wh1ch approx1mate more
accurately the in v1vo condltlons than do many of thej |
-trad1t1onal 1norgan1c test medla. " -
| Several 1mportant quest1ons concernlng the effects of
organlcs on the corr051on and corr051on fatlgue, however
hhave not been dddressed The follow1ng questlons are ; Ve
- suggested as toplcs of further research : |
-uAre any phy51ologlcal organlcs 1nvolved 1nv
electrochemlcal reactlons7 o |
ffé What spec1f1c organlcs are respon51ble for thef;fh
“{effects noted above, and 1s the adsorptlon
o potent1al®dependent7,_ DA
fj What is: the effect of" phy51ologlcal organlcsbrnw~'f
:heallng t1ssue>where the condltlons are. o
:W‘51gn1f1cantly d1fferent from those used 1n thlS
‘study7 |

*ff What 1s the effect of. the organ1cs 1n crev1ce

51tuat1onsz,,”

"f.f~12'8__
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Potentlostatlc polarlzatlon is an accelerated corrosion

testlng technlque the results of whlch only 1nd1rect1y
/ .
forecast the long term behav1or of a system. It 1s

’suggested therefore, that long term testS\be conducted to
h;examlne the effects of phy51ologlcal organlcs. In. addltlon..
to studylng the varlatlon of the corr051on potentlal and o
' .current: w1th tlme, the following quest1ons might also be
T-addressed . N | | |
| L= What is the nature of the adsorbed and.anodlc

fllms, and how do they change w1th t1me7¥'f
‘ -fAre spec1f1c constltuents of ‘the alloy selectlvely'
leached and‘ rf-so,nwhat 1s»the_role.of the.
organlcs7 L .‘ , | . \ _
\Regardlng the corr051on fatlgue aspect thlS research
1nd1ca d there to be a hlgh p0551b111ty that serum reduces
hugthe corr051on fat1gue llfe of V1talllum However the means'*

'by wh1ch the/reductlon is produced is not known It 1s,lf

";therefore, suggested that more exten51ve studles be’

“conducted to 1nvestlgate the effects of serum on the.3

'~m1n1t1at10n and propagatlon phases, W1th the .aim of L

E “:determlnlng the mechanlsm by whlch the serum shlfts theb

”corr051on potentlal and reduces the corroslon fatlgue llves.‘“
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The follow1ng solutlons have been used -as 51mulated

phy51ologlcal sallne solutlons"

Table A, 1 L
Composxtlons of Various Inorganzc Test

Solutlons‘

fSubStancé  ‘ ;lHank sﬂf-", 1Rihgéf;s7T 
CLote/m
.7Nac1 L R a3
‘“CaClz. . ‘._f ‘fo;14 ff. ' f";__;  
'Kcl o o ji ’0;4d fj C0.37
n_xagpd@:.i 0,06 -
"Nﬂmog‘f 'ﬂ“[m35 ],f' fL4f 
CNaH PO, - -=== ... 0.06
& MéCi;‘ki: i 0.0 .fu. ;d;1o o
:: MéSd?.':.{?  ‘F'0,0§:  fH ; '0;66
_l.,S'oa:ium‘ L ? 3.10
‘v,*g,"Pastate,, e (Optlonal)

4
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RE REPORT OF ANALYSIS

Laboratory Sample Number 1662-83G to 16610—-83G

‘\,DtScnurqxohr

e_m___m_Ihcee samples of metal submltted.Septemben_J,~1983 by_the Unlverslty————u«————
of . Alberta. _Mineral .Engineering, 89th Avenide and 11h4th- Street, SRR
Edmonton, Alberta, Attention:, Mr. Bob Sutherby with request for the \

followung analyses. s"’T', o ) R nre :
“pog 18553Nc B e R RE j//// -

/
«

Laboratory Sample Numberz"l‘1662¥83c . 1663-836 0 1664-836
. Reference = - " - ... ‘Implant . Fatigue . Stainless

RN

'Elements'detected‘b; ;1
Induction Coupled Plasma,
- Wt (SL—ARC) '
Cobatt. (Co) - ffi;"i Coseests o3t
| “, Chromium (Cr) l~f f.’«?;i'il27;1 lflﬁ','fzﬁidf”»i"l”ﬂlJS;of»fa PR
. :E?Copper (cu) ,}H;: eff:f”‘iididsa e?f:_'.5;osyf;l.[;‘7¢;2,:' : *['?*'”
lf;lron (Fe)f i::’;:i‘i2iﬁfifi:b;1si}e:2oi::Q;lﬁalf7:jei67éil,fﬂa;i’lolﬁﬁooéli}.
f_Manganese (M")'-Jlii"?;“33&'253&illl;j772;éf?l;"llohgjija?-ﬁ S
vt o) eossas i
j‘,:.‘leCke] (Ni) \ 2 10 016 ”’O
T : : iy R ey

““;;”phosphorus (p)l'"ﬁ;‘,,; f;f.‘e°%7°"11&'u7’IOQGlJ‘IN”".EO;QijT“ﬁ"

?

_“_Sulfur (s) zlf;.'gz‘]lf“;?f'fd:j6”lfa".].d,i5{:liffti o;js.‘."‘“
--Slllcon (Sl) _lf%i; ;oﬁ'xo fQLBZI_E'fy'],O4§§V[": ff'l;QG}ff |

[yyrE September 20 1983~///~\‘ Sn;nﬁmjﬁ;_;;lw_ffd"
“Gasoline & Oil Labotatory ; SRR ORI
j IUbtdalhsanrh(huund ‘,3_: 1.'-5$_g"j» el
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Thevpurposes‘of‘these‘analysesuwere-as follows:'

V-To determ1ne the acceptablllty of the hlgh data p01nt

T ine the 5% serum results,

fTo determine-ﬁf-the-two-data*sets*are from dlfferent“—“"”‘“

vpopulat10ns~ that 1s, to determlne if’ the serum had any

1
stat15t1cal effect on the corr051on fat1gue llfe, and

.To determ;ne the upper and lower llmltS of the data

'populatlons, and to determlne the statlst1cal'

3.:parameters of‘the ar;thmetlc.data values;

The statlstlcal analyses weﬁe made based on the

:'vallOWIng two assumptlonS°

o

A

"=0% serum’ data. %hls assumptlon would be jUStlfled 1f

'ddlstrlbuted and f”' P .=‘ .,."- S T

-That the corr051on fatlgue llfe data 1s log normally

¢

:».Whlle the means of the data may be shlfted the:”

varlance of the 5% serum. data 1s equal to tha? of the N

. R

-

rthe ba31c crack1ng mechanlsms were the same in both
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Table C 1 : -
. Fat1gue Llfe Data in Natural Logar1thm Form

4

—0%Serum————5%—Serum

10.692  10.162
10.296 | e 9.765. |
| ;10;569, | _210;254
©10.332 12,084
,h105568' | |
10.189
”11.032j. i

_ If E(ln x)- k, and (VAR(ln x))”2 =
10.517 and So = 0. 286
g'o'

then-ko‘

*:ahd'1x5 10.566 and:ss

A, ngh Data. Value in 5% Serum Resulksa
- Based on the assumptlons llsted above, what is the
upper 11m1t for. the 99.8% confldence 1nterval based on a

’wt dlstrlbutlon w1th 3. degrees of freedom? o

“;'1:4 a = 0:998..: o
) o1 (a/2) ='0 999'§'t'='i0,2 .
Upper l1m1t = hs'+ t[ss/(n”z)] ;\e»- |
%*, =ff§ 566 + 10. 2 (0 286/(4"2))_ o
| e . “;. .'=.”_'.1'2;.025_L: T I L T
ST e i SESS .wpiii'“’”'

‘VSinCe;ln(177000) 12, 084 > 12, 025 then the data p01nt can e

“i”be rejected at a confldence 1nterval of"BO% e

3 R



- Based on the rejection of»this'data'point, the

v

vstatlstlcal parameters of the rema1n1ng data become as

.

follows. ‘ e
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Ag = 10.060; §5.= 0.260

Although asSumption 2, aboVe, indicates'that the:

‘standard dev1at10n of the two sets shall be con51dered to be
the ‘same (k = 0 286), it is 1nterest1ng to note how closely—u

', the actual standard dev1at1on values compare. ThlS

“51m11ar1ty may 1nd1cate that the- cracklng mechanlsms act1ve

' 1n both test sets. are, 1n:fact, fundamentally the same.

B Statxstlcal Effect of the Serum o

) To determ1ne if the serum had any statlstlcal effect a

‘3t test is performed to test the follow1ng hypothe51s--b

If . ;e 7\5, then T 2 t.

With 2 degrees of freedom and a confldence 1nterval of 80%

) _i 1 ca = 0.80
X id " (.a/g)
- (ho = Xg M(S/(n’“‘)) |
(10. 517 - 10. oso)/ 0 286/(3"2))

0. 90 s t = 1.886

-3
[
... D

2 768

. Since T is}vin‘fact greater than t, the'hypothesis iso

B 1{validaat the.80% confldence 1nterva1
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- C. Statistical Parameters
Based on the confidence intervals*used in the above:
,analyses,_the total confldence 1nterval is:

(0 80) (0. 998) & 0.80 or 80%

"f‘dlstrlbutlon) are"'

Q L
0% Serum

5 degrees*ofifreed0m1%~6

No = 10.517 -

u

S0
ot = 1.440

.0.286

lower limit = 10.361 (31603 cycles)
~ upper limit'=_10;673 (43160 c¢ycles).

VoL

\*‘5%:Serﬁmcx

: fdegrees of freeaom' v2j' .

o A= 10,060

tis'é'O ééO'

"t“% 1.886 '[j} | h‘*;‘tft' 1t*; %i;;",“
9.777 (17622 cycles) BT AT

B ﬁppet limit
lower'Iimit =‘10 343 (31042 cycles)
BéSea’oﬁ the'eqhatith'given bY'Hald”r the statlstlcal

__parameters of the orlglnal data (assumlng the log normal L

0% Serum “b

vvmedlan_xo“; ant1 ln (k¢)

36897 cycles

it

. ‘mode Xo ant1 1n (xo - 2. 030502)

Il" )

’ 34009 cycles
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a

mean Xo anti-ln_1k0‘+ 1.1513502)

38432 cycles -

5% Sefum

a’ » .

S i‘m'i“l“a‘r"l‘y‘: -

medién xgs 23388 cycles

" mode xs = 21857 cycles

. mean x5 = 24&944cyc1esv



