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ABSTRACT

Despite the fact that fatigue failure of 316L stainless steel

orthopedic implants is still a problem, it has received scant attention.

Tests were performed in air and distilled .hiater, to provide baseline

data, and in Ringerts physiological solution, which simulates the extra-

cellular fluid of the body. Results show t-hat the apparent fatigue

lirnit in Ringerfs solution is 10% lower than the fatigue lfunit in air
or distilled water r,rihich could eriplain some of the failures in orthopedic

implants. A theoretical nodel based on enhancement of stage I crack

growth rates by crevice corrosion is proposed to accorxlt for the experi-

mental observations.

I
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CFIAPTER ONE

INTRODUCTION1.

1.1 Historigal Backgïound

Metals have been surgically funplanted in the hi¡nan body for

many years: in L562 Petronius used a gold prosthesis to repair a cleft
palate (1). rnfection was a rnajor problem, however, and earry attempts

often failed for t-his reason. The work of Pasteur and Lister in the

nineteenth century reduced the possibility of surgical infection, and

with the advent of asceptic operations, experimentation with d.ifferent

rnaterials for implanting began in earnest. By 1910, most materials had

been elirninated as possible orthoped.ic supplements for reasons of expense,

wealmess, or corrosivity. Steels were popular with the surgeons of the

day: Lane specified a "stout (high carbon) steel" (2), while sherman

declared that a new Vandiun tool steel was the best available for internal

prostheses (3). Thus we see the surgeon searching for a naterial

sufficiently strong and corrosion-resistant for service in the body

environment.

In 1926, 18-8 SIr4o stainless steel was patented (1) , and. was

reviewed by Large (4) as having a good potential as an implantable

material. Slow to gain acceptance, in Ig47 this steel had been recomrnended

by the American College of Physicians and Surgeons (3) along with Titaniun

and the Cobalt-based al1oy Vitallir¡n, as being suitable for orthopedic

repair and supplement. Today these same materials are sti11 effectively

and routinely implanted in the body.

I.2 Incidence of Failures

Marty clinical surveys of

done recently. Cahoon and Paxton

excised ortJropedic implants have been

(5) performed metallurgical examinations

1-



2.

of thirteen failed orthopedic implants and for.md five to have failed by

either a fatigue or a corrosion*fatigue rnechanism. They cite poor design

and fabrication techniques as major contributory causes. Colangelo (ó)

and Colangelo and Greene (7) fot¡nd three fatigue failures in 155 excised

implant components. They do not indicate how rnany of the excised prostheses

perforrned satisfactorily. Brettle and Hughes (8), examining four I'apparently

randon" examples of failed orthopedic implants, report that all of the

devices failed by either a fatigue or a corrosion-fatigue rnechanism. Of

four En58J (British equivalent of AISI 316L) stainless steel implants

examined by Hughes and Jordan (9), one had failed due to a corrosion-

fatigue mechanism, and another due to a fatigue mechanism, both witJr

failures initiating at section changes. Another study, by Weinstein

et. a7. (10), reports six of 84 failures attributable to fatigue or

corrosion-fatigue.

Failure of orthopedic irnplants is stil1 a problern, as indicated

by the preceeding surveys. Fatigue and corrosion-fatigue account for a

significant nr¡nber of these failures.

I.3 Recent l,Vork

Corrosion of surgical stainless steel in the body has received :r.i::.r,:::ì:.

much attention, both in suryeys (Scales, Winter, ffid Shirley (11, IZ),

Cohen (13))and in vitro experiments approximating body conditions (Rarna

Char (14) , Cahoon, Chaturvedi, and Tennese (fS¡,¡. Considerably less , ,, .,

interest has been shown in the fatigue behaviour of 316L stainless steel 
: ' '

under simulated body enviroilnent conditiors.

Laing and OrDonnell (16) conducted static and fatigue tests

of several different hip-nail cross-sections nachined fron rods of 
i,::,.¡,:f,:.¡



surgical stainless steel. Their work was conducted from a design view-

point, rather than from a materials selection interest. Consequently,

no attempt I^Ias made to approximate tfre harsh environment in which these

irnplants would ultimately find seryice. 0n the other hand, Grover (17)

dealt with the question of fatigue life of implants from a materials

standpoint. He conducted fatigue tests not only of 316L stainless steel

but also of Vitallir¡n and a Titaniun al3oy (Ti-641-4V), md prepared

S-N curves using t-he results. Groverrs tests were all rur in air at

room temperature. The possibly detrimental effects of qrcling in the

waûn, moist, drloride environment of the body could not be estimated

from his work.

Cohen (18) performed fatigue tests on Sherman plates and

surgical nuts and bolts of both Vitallirm and 316 staínless steel. His

e>iperiment was designed to test relative corrosion rates of the different

metals stressed in a saline solution.

Tlvo papers (6, 19) have been published i.rsing the fracture

mechanics approach to the problem of fatigue in the physiological

environment. Wheeler and Janes (19) showed a distinctly lower crack

growth rate in air than under simulated physiological conditions. They

chose a simrsoidal forcing ftrirction for their baseline (air) tests, but

changed to a squal'e waveform for the simulated physiological test. This

change in forcing fi;nction is regrettable, as it clouds the significance

of their results: one is ursure as to how much of the difference between

the crack propagation rate in air and that in Ringerts physiological

solution is due to the difference in envirorunents, md how much is

3.
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attributable to the change in applied waveforms (20). Because of the

longer times at peak Stress, and the impact loading of every cycle, the

square wave is likely to accelerate the rate of crack propagation,

precisely the effect that Wheeler and James wish to attribute to the

increased harshness of the artificial physiological environment. It

seems reasonable to infer that the difference is, at best, not so great

as reported in their paper. The other fracture mechanics study, by

Colangelo (6), showed a higher crack propagation rate in air than in a

saline solution. Curiously, his baseline data do not agree with those

of lt]heeler and James, despite the generally cornparable testing conditions

chosen by the respective authors. Commenting on this seeming contradiction,

Williams (3) ernphasized the statistical nature of fatigue, noting that

both authors had tested only one specimen. Brettle concluded that "it

seems ¿nreasonable to expect good correlation, or even meaningful results,

on the basis of so little data" QÐ. Colangelo (6) and ÏJheeler and

James (19) have laid the groundr,uork, showi-ng the range of values that

may be erpected. Subsequent confinnatory studies are as yet wanting.

I.4 Raison d'åtre

Surgical stainless steel is widely used for orthopedic repair

and supplement. The surveys quoted (5-10) give evidence of significant

ntrnbers of in vivo failures by a fatigue mechanism. I¡Iork to date (6,

16-19) has left unanshrered the possibility of a detrfunental effect on

fatigue life of repeated loading in the corrosive environment of the

body. Both tr{rilliarns (3) and Brettle (21) have conrnented on this lack

of information available concerning the corrosion-fatigue characteristics
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of irnplant rnaterials. This study will add to the state of the artby

investigating tJre effects of service under physiological conditions on

the fatigue behaviour of surgical stainless steel.
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2.1

HT]I\4AN PFIYSIOLOGY*

Body Fluids

The hr.rnan body is composed of nillions of cells, specialized

to perform certain fil:ctions, and variously aggregated into the macro-

scopic tissues and organs. Despite their rnarry differences, the cells

have several sinilarities, including the composition of their intracellular

fluid, and the metabolic process. The nutrients required for metabolisn

and the waste products evolved therefrom are transported by extracellular

fluid surrounding the cells, which also has a nearLy constant composition

throughout the body. Extracellular fluid is in constant motion as it

transports the nutrients and the waste products between the circulatory

system and the cells. Thrr the internal environment is a dynarnic equi-

librir.rn between the intracellular and extraeellular fluids, separated

by permeable membranes of the cell walls. The tenperature is a constant

98. 6oF (37"C) throughout.

Extracellular fluid contains quantities of ions of sodir¡n and

chlorine, moderate amognts of bicarbonate, and traces of potassir.rn, calcir.un,

magnesiun, phosphate, sulfate, and organic acid ions. Blood plasrna

contains a significant amount of protein, fourd only in trace quantities

in interstitial fluid. Nonelectrolytes, mainly lipitls and glucose, make

up 60eo by weight of interstitial fluid, and 90eo of plasma.

Potassirm and phosphate are the najor constituents of intra-

cellular fluid, with moderate amorrrlts of magnesir¡n and sulfate ions,

and only traces of sodirm, bicarbonate, and chloride ions present.

Additionally, intracellular fluid contains about four times as much

* Note: Most of the information in this section is derived from Guytonrs

''tt..t 1

(22), Crouch's Functional Hunan Anatomy
A"utó*y by dra

Textbook of Medical io1

6-



7.

protein as does blood plasma. Non-electrolytes conprise 97e" bY weight

of intracellular fluid. Figures 1 and 2 gíve the complete composition

of intracellular and extracellular fluids.

04¡gen is required for the netabolic process, and carbon dioxide

is a waste product. These gases are present in both intracellular and

interstitial fluid, carbon dioxide having a partiaL pressure of 45 Ím Hg

in the extracellular fluid and 46 mm Hg in the intracellular f1uid, and

o4rgen having a partiaL pressure of 40 run Hg in the extracellular fluid

and varying between 0 and 40 nrn Hg in the intracellular fluid. These

values are subject to variations in available healthy lu::g surface area,

blood composition and flor¡rr rate, and basal netabolic rate.

Extracellular fluid normally has apH of.7.4. The pH of the

intracellular fluid has been estimated at between 4.5 and 8.0: Gr-ryton

(22) gives 7.0 as an average value.

The composition of the extracellular fluid is closely monitored

to protect against any detrirnental deviations from the norm. For examtrlle,

sodii.nn and potassiun ion concentrations are regulatedby hormones, chiefly

aldosterone. Dissolved olrgen and carbon dioxide levels in the blood

are monitored by the respiratory centre in the medulla. Variations in

pH may be nodified by tJre ubiquitous buffer systems, by regulation of

ventilation, and by kidney response.

Despite these elaborate control mechanisms, deviations from

the norm do occur, especially with trar.mas. Upon injury, histamine is

liberated by damaged ce1ls, increasing the local blood flow and permeability

of capillaries. Large quantities of fluid and protein infuse the area,
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and clotting of the extracellular and lymphatic fluids takes p1ace. This

closure of the injured area prevents the spread of any foreign bacteria

that rnay be present, and reduces fluid flow to a very low level. This

brings a rise in the loca1 pCC2, and a decrease in the pOr. Local pH

nay drop as low as 5.5, and remain thus for ten days, before slowly

returning to the normal level (Murray (25), Crinrnins (26), Laing (27)).

The intra- and extracellular fluids, and the ions and gases

dissolved in them, are the basic internal environment of the body.

Nrmerous effective monitoring and regulatøTy mechanisms maintain a

steady state composition of these dynarnic fluids. Deviations from the

norm occur locally upon trauna.

2.2 Nerves

Neurons are cells which have specialízed to conduct electro-

chemical impulses through the body. They vary in length from a fraction

of an inch to several feet. Basically, rreurons consist of a cell body

with elongated processes, knovm as nerve fibres. Dendrites are nerve

fibres which receive impulses and transrnit them toward the cell body,

while axons carry impulses away. Neurons have only one axon, although

it may throw off collateral branches. Axons and dendrites may develop

sheaths of myelin and neurilemma. Ivlyelin is an excellant insulator,

but its sheaths are discontinuous, being periodically interrupted at

constrictions knoum as nodes of Ranvier. Neurilenma sheaths are found

on all nerves outside the central nervous system. They protect the

nerve fibres , are nuch better conductors than lnyelin sheaths, and play

an important role in the regrowth of severed nerve fibres.
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An electrical potential of -85 nv exists between the extra-

cellular fluid and the intracellular fluid of nerve fibres. This is

larown aS the nonnal resting potential, ffid results form the action of

the sodir¡n and potassir.un ion prrnp within the nerve fibre membrane, and

the selective perrneability of the membrane. Potassirm diffuses through

the resting neïye membrane 50 to 100 times more easily than sodiun.

The transmission of nerve impulses is initiated by a sudden

increase in the permeability of the membrane to sodiun ions, thought to

be caused by the ernigration of calciul ions. The great difference of

sodirmr ion concentrations across the cell wa1l causes a large influx of

these ions into the cell, temporarily making the intracellular fluid 50 mv

positive with respect to the extracellular fluid. This provides a repulsive

force to stop the flow of sodir.un ions into the nerrre fibre. At this time

the nenbrane appears to resune its former impenneability to sodir¡n i-ons, while

allowing potassium ions to diffuse at 30 to 40 times their former rate. The

conjoint action of the sodir.un punp and the increased potassiun diffusion

results in an excess of cations in the extracellular fluid innnediately

adjacent to this portion of the nerve fibre. This cation excess is

characterízed by a positive after potential of -90 mv. As the membrane

permeability to potassir.un ions returns to normal, the potential slowly

resumes its normal resting value. On a time scale, the peak reversal

or action potortial is achieved in about .5 nilliseconds, the positive

after potential follows in another 8 rnilliseconds, and the resting

potential is regained no sooner than 50 nilliseconds and as long as

several seconds after the initial change in sodir¡n ion permeability in
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the nerye fibre membrane. The electric current that accompanies the

moving ions is thought to stimulate this change in permeability in

neighbouringce11s.ThusconductionofanerVeimpu1seisase1f

sustaining propagation: the moving ions cause a cuïTent whictr changes .l 
:

the permeabllity of the neighbouring menbrarie, starting the depolarization

of the adjacent portion of the nerve fibre, Ðd propagating the impulse

further. A threshold level of stfumrlation is required to initiate :::.,-i

depolarization. Conduction nay occur in all directions along the nerve .rr::Ìji'

fibres. There is an absolute refractory period of. 7/2500 of a second ,''.¡,,

during which no amor.nt of stjmulation wí1l cause depolarization

of the neïve fibre. The velocity of conù-rction varies from 2 to 400

feet/second, the higher values being typical of saltatory conduction in

myelinated. fibres which depolarize only at the nodes of Ranvier, thus

lengthening the junps of each depolarization process.

Nerve fibres have a resting potentíal of -85 rnv. The con-

duction of a nerve impulse raises this briefly to +50 mv, from where

it drops quickly to -90 mv, and then slowly returns to the normal resting 
.. :,:

potential. Ion excJrange across the nerye fibre membrane play an integral 
',:,,.,',,','

part in iinpulse propagation.

2.3 Bones

The bones of the skeleton are the structural framework of the

boóy. They give the body shape, act as levers in the transmission of 
,,;;.,,,

force generated by the muscles, protect softer interior tissues and organs, ""

and act as a storehouse and supplier of various organic and inorganic

:

compounds. StructuraLLy, a bone consists of a matrix of cancellous (spongy)

bone surrounded by a dense layer of compact bone. Periosteun forms the 
,::::;:.;:

majority of the outer covering. :':::,1':

10.
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Bone is composed of a tough organic matrix that is greatly

strengthened by deposits of crystalline salts. Collagen fibres, comprising

97% of the organic material, have good tensile strength, and tend to grow

along the lines of tensional stress. The crystalline salts, mainly

hydroxyapatites of calcir¡n and phosphate, are strong in conpression.

Intimate contact of the collagen fibres and the inorganic salts, md

cross-bonding of collagen fibres, makes bone strong in tension, com-

pression, and shear. Morral (28) gives the ultimate strengths of femur

bone as 13 to I7.7 ksi in tension and 18 to 24 ksi in compression, with

a Youngrs modulus of from 2.82 to 2.98 psi x 106. These figures are

sr-rbject to variations of age, sex, and racial type: men have stronger

bones than wcrnen, Negroes more so than Caucasians (29). Furthermore,

as a person ages, the mineral salts replace tJre collagen fibres, decreasing

the organic content of bone below its normal 30%, and resulting in decreased

strength and increased brittleness.

Becat¡se bone is a living, growing tissue, it reacts to external

stimuli. Through the action of osteoclasts and osteoblasts, bone is

continually resorped and replaced. In this way, bones optimize their

structure to accomodate the loads they must carry. The action of the

bone-altering ce1ls is thought to be guided by piezoelectric current

generated by the compression of bone. Other authors (26, 30) have conrnented

on this effect, but it has yet to be measured quantitatively.

Marrow is found in the ho1low shafts of the long bones and

within the cavities of cancellous bone. Red marrow produces red and

white blood cells and. platelets, and is responsible for the destruction



it;+r-i:-i :'11:':t

L2.

of o1d worn-out cel1s through phagoq¡tosis. Consequently, the marror^r

conrnunicates freely with the circulatory systen. This rich blood sr-rppIy

also connects to the haversian system and canaliculi of the bone, srlpplying

nutrients and removing metabolic wastes. Through this contact with the

circulatory system, inorganic salts may be deposited in or removed from

the bones, depending on the particular needs of the body as determined

by the person's activities and nutrient intake.

The bones provide a frarnework for the body. They are able to

modiff their structure in response to the differing loads they are required

to carry. Many organic and inorganic compounds are either stored in the

bones, or manufactured there. Because of this, bones pray a dynamic role

in the maintenance of normal body fluid cornposition. variations in

strength of bone tissue occur particularly with aórrancing age, as the

organic fibres are replaced with inorganic salts, rendering the bones

weaker and more brittle
2.4 Skeletal Muscles

The skeletal muscles, which accormt for 40% of the body weight,

produce all of the voluntary movements. The muscles consist of inany

muscle fibres nurning the length of the muscle, innewated usualLy at

one point only. The muscle fibres, of diameter 10 to 100 microns, are

in turn rnade up of from 100 to several thousand myofibrils, suspended

in a sarcoplasn matrix. Each myofibril is composed of about 1500 nyosin

filanents and twice as many actin filaments, Matrices of rnyosin filanents

interdigitate with matrices of actin filaments, which are cross linked at

their centre points by Z membranes" Thus the motor unitsror sarcomeres,

are for¡nd between adjacent Z membranes.
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Iüt¡scular contractions origirate at the myosin and aetin filament

level. The normal muscle resting potential of -85 rn¡ is excited to +100 nv

by art electrochemical nerve írnpulse of duration 5 to 10 nilliseconds, 
. , ,

transmitted. fron the nerve to the motor point of the muscle and. thence 
".',,,1'.

to all of the rnyosin and actin filarnents by way of T tubules that permeate

the entire muscle. The excitation potential is thought to cause, in

conjnnction with calciul ions and ATP, an electrical attraction along ,=,;-.,,.,

the nyosin fibrils and sliding together and overlapping of the associated " :

l.' r,:, r'-

actin fibrils. The conjugate action of the slight shortening of all of ¡"':''i":

the sarcomeres results in a macroscopic contraction of the muscle. Force

and duration of contraction are affected. by the number of muscle fibres

stinn¡lated, and the frequency of stimulation.

lvfuscular contractions are the macroscopic rnanifestations of

a microscopic electrochemical reaction. Stimulation by a nerve irnpulse

briefly depolarizes the normal muscle resting potential of -85 ÍM to

+100 rn¡.

z.s Modelling the Body Enùirorunent 
,l.;',:,,,,

The chenical composition of the extracellular fluid, noted in ,t,,,,,,

Figure 1, is closely approximated by Ringer's physiological solution 1',',',',:':.

(Table 1). The dissolved gas partial pressure of both o4rgen and carbon

dioxide is roughly 40 nrn Hg. Extracellular fluid normally has a pH of

7.4, although this rnay drop as 1ow as 5.5 during the initial post-tïauna ;..::.:',:.
i..'.:',;;:,;r¡t

period.

BodytenperatureísessentiaLLyconstantat98.6"F(37"C)

L3.
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Electrical impulses originating in muscle or nerve cells briefly

change the normal restíng potential from -85 mv to as much as +100 mv.

The piezoelectric properties of bone have not been determined quantitatively.

Modelling these various electrical signals will not be necessary, however, i ," "' "

as the difference in rest and breakdovm potentials for 316L stainless

steel in a physiological environment is five times greater than the 
; :

rnagnitude of the normal resting potential (15) . ,,. ,, :,,,.,,:
: :.::',r':

Bones of the leg have an ultimate tensile strength of approxi- :: , :

mately 15 ksi. Because of restrictions of size, geometry, and stress ,¡:,:;:,;:,:r,',:

concentrations inherent in fastening, orthopedic implants are subjected

to much higher peak stresses. Furthermore, these stresses are applied

often: level walking at 51 cpm (31) is repeated many himdreds of times

ðal1ry.

Surgical stainless steel implants are subject to high stress,

low frequency fatigue in a warm, aggressive environment. Electrical

impu1sesassociatedwithnerVeandmusc1eactivityare1ike1yinsignificant

in magnitude, and can be ignored in modélling.



CFIAPTER THREE

EXPERIMENTAL APPARAruS AI,ID PROCEDI]RE3.

3.r Philosophy of Testing

It was anticipated that stressing in the aggressive simulated

body fluids would result in lower fatigue life than would be predicted

in air under the same loading conditions. This could be verified by

constructing S-N curves based on tests rr¡r in 37"C air and under sinulated

body conditions. As a further comparison, tests would be performed

using distilled water rather than simulated physiological fluid as ttre

testing rnediun. In this way, the effect of the aggressive physiological

environment on fatigue life of 316L stainless steel could be isolated

and id.entified.

3.2 Specimen Preparation

Specirnens were lathed from half-inch diameter 316L rod. Ilniform

surface fi-nish was ensured by consecutive polishing with 200, 400 and

600 grit emery papers. Finished specimens had a diameter of .138 inch

and an overall length of 2.25 indr. Just prior to testing, the specfunens

were degreased in trichlorethylene, washed in hot water, rinsed in cold

water and ethanol, and dried wrder a hot-air blor,r¡er. Specimen configuration

and dirnensions are given in Figure 3.

3.3 Apparatus

Fatigue tests rvere performed on an Amsler high-frequency

Vibraphore (Photo 1), type I#P22, fitted with a two-ton optical dynamo-

meter. The specimens uiere axially loaded form zero to peak tensile stress

(stress ratio, R = 0) at approximately 8500 cpm, the forcing function

being simrsoidal in nature. Failure criterion was complete fracture,

with run-out at five million cycles.

-15
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To accomodate the different environments, a seven-inch ctùe

of IIPVC with removable 1id and r0' ring seal was constructed (Photo 2).

Adaptors of one inch diarneter type 304 stainless steel (Figr-re 4) held

the specimens in place in the envirorrnental ce1l. Initially, the adaptors

I{Iere accorded the same cleaning tïeatnent as previously described for

the specimens. The environmental ce11 and heating chanrber were sterllized

with a .2 N HCI solution, washed with soap and warm water, rinsed in

warm and cold water, and air-dried. Wtren the different testing nedia

were changed, this procedure was Tepeated, and fresh distilled water was

allowed to circulate for 30 minutes before being drained off.

The temperature of all tests was 37 :T r. A Yellow Springs

fnstrtrnent Co. Model 63 RC (Photo 3) 'rei.ay, used in conbination with

either a T2900 or '12930 therrnoprobe, monitored the temperature of the

neditun in tJre environmental cell. Heating of the air was performed by

an Oster air blower (Photo 4), whereas the liquids were warrned in a

separate chamber by a Briskeat heater, and circulated through PVC tubing

by a trlanostatic Veristaltic Junior nodel peristaltic ptrnp delivering

.5 litre/rnin.

Distilled hlater for use as a testing rneditun and in preparation

of Ringer's physiological solution w¿rs prepared by passing tap water

through a Pako Srper Life l{ater Filter and distilling it in a glass,

single-pass Corning AG-lb distillation urit.
For the tests done in an aqueous or physiological environment,

commercial purity argon, o4rgen, and carbon dioxide were birbbled through

airstones placed in the heating charnber (Photo 5). A PHM-71 Acid-Base
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.a a.1 t1

Analyzer with p0, and pCO, modules was tsed to measure gas partial pressures

and acidity of the circulating fluid. Leads to the pO, and pCO, electrodes

were attached directly to the emrironmental cell, to enable continuous

monitoring of these parameters (Photo 6). Both o4¡gen and carbon dioxide

partial pressures were kept at 40 + 20 rrn Hg. Solution discharging from

the electrodes was collected in a 1.25 rnl Erlenmyer flask, and pH checked

intenrLittantly before successive voidings of the flask.

The aqueous and simulated physiological ernrironment media were

constantly replenished as evaporation and leakage depleted the circulating

fluid. Complete changes of fluid were as far apart as twelve days, and

as frequent as two days.

All tests were conducted in an air-conditioned Iaboratory,

with an average temperature of. 22 + 2"C and a relative hunid^ity of 25 + 7%

as deterinined by sling psychrometer.

3.4 Procedure

3.4.I Tests in a Liquid Envirorunent

The fluid was introduced into the heating chamber, and warmed

to the required temperature. Simultaneously, the water bathing the pO,

and pCO, electrodes l4ras heated.

Corrected barometric pressure was calculated, and the PO2,

pCO2, and pH units were calibrated rxing gases and buffer solutions of

lcrovm conposition.

The specimen ¡nias cleaned as previously described (3.3), and

secured in the testing configuration (Photo Z). Plastic tubing was

con:rected, fluid flow initi-ated, and btrbbling of argon and carbon dioxide

through the airstones in the heating ctramber was begun.
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Mean stress 1evel was set on the Amsler Vibraphore. I4lhen

favorable dissolved gas content and temperature l{Iere achieved in the

fluid, which usually took about two hours, the alternating stress com-

ponent was actuated. Load 1eve1s and pO, pCO, and pH of the fluid

were monitored throughout the test.

Upon completion of the test, the fluid was siphoned. frorn the

environmental cell, the Amsler cross-head raised, and the fractured

specimen removed. After drying, it was placed in a labelled envelope

and stored in a desiccator.

3.4.2 Tests in Air

The speciinen was cleaned, and placed in the testing configuration.

Warmed air was allowed to circulate through the environmental ce11 for

about 15 ninutes before the alternating loads were applied. Iþon com-

pletion of the test, the fractured specimen was placed in a labelled

envelope and stored in a dessecator. Applied loads were monitored during

the test, as were relative hrlniúity and temperature of the roorn air as

determined by sling psychrorneter.
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4. RESULTS

4.L }4aterial Tests

4.L.I Chenicâl Conposition

The stainless steel rod was sectioned and cold-rolled to a

1/8 inch thick x 3/4" wide bar. This was mounted in bakelite, and

polished with 100, 200, 400, and 600 grit emery papers. The unlcrovm

sample and a similarily-prepared standard of lcrown composition were

placed in the specimen holders of a Philips Norelco flourescence

analysis machine. The X-rays r^rere excited at 35 kv and 20 ma. Threshold

a¡rd window voltage levels on the counter were kept constant at 18 and

15 volts respectively. After the angle of bornbarftnent and counter

voltage had been chosen for a particular element, pulses were counted

for a ten-second interval, and noted. Background radiation ("noise")

hras determined by taking counts at one degree above and below the

angle detecting maximum intensity of counts. Experimental data

follorn¡s.

-19-
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Element: Chroniunr

Counter voltage = 1062 v Ø = 69-2"

Ntnnber of cowrts, 10 second interval:

Standard Backgroutd ilnlcrown

LLs. l'high 2 LI3.

113. 1o low 1 LI7.

110. LzL.

115. rL4.

rr3. r72.

trz. Lr7.

Averages: LL2.3 1.5 115.7

Content of standard: L7.25%

content of irnlarown ' 17 '25 x (115'7 - 1'5) = L7,78%
100 (Lr2.3 - 1.s)
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Elenent: Nickel

Counter Voltage = 1056 v Ø = 48.6"

Nr¡nber of counts, 10 second interval:

Standard Background lhlcronrn

351. I" higtr 22 364.

354. 1o 1ow 33 347.

351. 348.

367. 359.

351. 368.

36r. 348.

Averages: 355.8 27 .5 355.7

Content of standard: 12.5%

content of unlcror,rn ' r2'5 x (355'7 - 27'5) = L2.5%
100 355.8 - 27.5



))

Element: Molybdentm

Counter voltage: = 925 v Ø = 20.38"

l,funber of counts, 10 second interval:

Standard Background llnlorovm

258. l'high 53 Z3l.

252. 1" 1ow 76 220.

2s4. 220.

258. 228.

254. 22\.

264. 227.

Averages: 255.0 64.5 224.5

Content of standard: 2.33%

Content of unlcror,¡n ' 2'33 x Q24'5 - 64'5) = !.96%
100 (zss.o - 64.s)

ir.,l:::



Elenent: lvlanganese

C,ot¡nter voltage = 1050 v Ø = 62"9"

Nwnber of courts, 10 second interval:

Standard Background llnlcrown

20. l'high 4 23.

23. 1o low 10 24.

18. 22.

19. 23.

2L. 24.

20. 23.

Averages; 20.2 7. 23.2

Content of standard: L.4%

content of r¡nlmovm, r'4 x Q3'2 - 7' ) = L.7%
100 (20.2 - 7. )

A 50 grn sarnple of lathe turnings was sent to Warnock - Hersey

Professional Services Ltd. to determine the carbon content. It was

fouad that the sanple contained .04% carbon by weight.

23.



4.I.2 Mêchanical PrcjÞérties

An Instron testing machine was used to determine the mechanical

properties. Specimens (Figure 5) were rnachined frorn half-inch rod stock

as previously described (5.2). A total of eight experiments were performed, 
''.',',,

four each in air and Ringer's physiological solution.

After the Instron was zeroed and calibrated, tests were begun,

using a crosshead speed of. .2 cm/rnin. Load and extension were recorded

on a built-in X-Y plotter moving at 2 cm/min. Specinen preparation and
':.: :: .-: .':i

control of environment were the same as for the fatigue tests. Ultimate l',"'':.i':

tensile load and elongation were read directly fron the load-extension

plot, and .02% of.f.set yield load was derived form the graph also. Reduction

in area was estimatedby using a Hounsfield area reduction gauge

Except for the elongation, where specimens averaged 64.33% in

Ringer's solution versus 54.75e" in air, there rtlas little difference in

the results of tests conducted in the two media. Yield strength averaged

72,443 psi and ultimate tensile strength averaged 87,g87 psi, with an

average reduction in area of 75.88%. Tables 2 and 5 give complete

24.

experimentaL ðata.

4.I.3 Microstructure

Fractured samples 33, 57, 6L, 77, and 77 were sectioned in the

threads and mounted in bakelite. Polishing on 100, 200, 400, and 600

grit emery papeïs, ffid with Linde 6 u polishing solution left a mirror

finish. After etching for 20 seconds in a solution of equal parts

glycerine and nitric and hydrochloric acids, the rnoirnted specimens were

exanined at 100 x magnification. Pictures (Photos 7 - LL) were taken,

:'



and grain size estjmated. Average grain size was ASTI4 5.5 - 6. A single

phase was noted throughout. No porosity was evident. Very few inchisions

were fotmd.

4.L.4 Hardness

25.

Specirnens 23, 33, 6I, 7L and 77, mourtted in bakelite as above,

were tested on a Vicker's hardness testing rnachine using a 10 Kg. load.

Average hardness was DPH 200.

4.2 Fatigue Tests
i ._: -.::-:-::. :

Results of the fatigue tests are presented graphicaLly (Figures :;,':,,:;':::;::

6,7,8 and 9) and in tabular form (Tables 4, 5 and 6).

4.3 Statisticál AnálySiS óf'Fâtigue Dâta

4.3.I Applicatioi of Châwerietls Critêrio1

The data was org¿mized into groups according to maximun

alternating stress applied and testing medir.nn. Mean 1ife, f, and estimate

of standard deviation, s, lvere calculated for each data group. Útauvenetrs

criterion, based on the probability of finding one element of a norrnally-

distributed population more than 1.96 standard deviations away form the

mean (which corresponds to a 95% confidence limit) , I^Ias selected to

determine the reliability of certain outlying data points. A measure

of dispersion, c, can be calculated as:

c = (xe x) /s frotn (32)

where x and s are as described previously and x" is the life of an element

in a data grouping. If c exceeds the value of ct, where c' is the

probability of finding x" at 1.96 s from Ï, the elernent in question can

be rejected fron the data group with g5% confidence' 
i:.,,,:,r,,:,,.
li:t :^::
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The test as described was applied (Table 7) to the data groups

deemed nost likely to be affected. Only one grouping was altered, the

specimens tested in air with stresses alternating between zero and 76 ksi, 
.,...

where test ntmber 66 (1ife of 800 kc) was removed. ri''

4.3.2 Application of Studént's t Test

This test is a well-lcrown nethod for checking for the existence

of a statistically significant difference between the means of two normally- 1,.i'
:::l : 

ì

distributed populations. Application of this criterion revealed tfiat at 
:,,:,,,,

the 80 ksi stress level, statistically significant differences were

found between experiments performed in air and Ringerts solution (99%

confidence) and between tests conducted in Ringer's solution and distilled

water(95%confid.ence).The1ackofstatistica1significancetothe

apparent differences found at lower stress levels is attributable to the

greater dispersion and fewer nunber of tests conducted at those 1eve1s

Table 8 gives the results of the statistical analyses of the

experirnental data.

4.4 Verification of Fatigue-testing lr4acliine 
,:rl:,,r,

In accordance with the reconrnendation of the Ansler Co. (35) 
,.

that the Vibraphore be calibrated every six months during periods of i'''r

constant use, the machine was checked for inaccuracy in indicated loads

after the completion of the testing sequence.

A load cel1 was constructed by rnounting four identical L/4 inch ,: t,':':.:

strain gauge (gauge factor 2,05) on an adaptor. T\n¡o of the strain

gauges were oriented along the longitudinal axis of the adaptor, and

two along the transverse, with one gauge of each respective orientation



27.

on opposite sides of the adaptor. Leads were attached, and a full bridge

circuit was constructed. An Autonatic Industries model SB-I switch and

balance gnit and a model 350 strain indicator completed the load cell.

The load ce11 was calibrated on an Instron rniversal testing machine,

which was in turn calibrated electronically.

The load cell was connected to the Amsler Vibraphore and

static loads of zero to 1200 por.rrds were applied in 200 pound increments.

For the range of loads employed during the fatigue testing indicated

loads were 2.5 to 2.6%beLow true loads. Cornplete results are given

in Tables 9-A and 9-8.
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5. DISCUSSION OF RESULTS

5 .1 lvlâterial Properties

5.1.1 Chenical Composition

Table 10 lists the AS11t4 cornposition requirements, ffid the corn-
I

position of the e4perimental naterial. The stainless steel that was used

falls within the accepted lirnits of composition, except for rnolybdenum

and carbon. The carbon content (.04 weight Z) is above the naximtun

allowable content for surgical stainless steel (.05 weight %), and the

molybd.enr.rn content is slightly below (1.96 weight ?) the required content

(2. - 3. weight %). Because the Philips fluoresence analyzer is accurate

only to + 5%, the rnolybdemm content nay well be within the required

limits. The effect of these ccrnpositional deviations will be to increase

the tendency to form chromir.un carbides, and thus lower the corrosion

resistance of the metal. Because the chromir.rn content is above the

ninimun required (I7.75 versus 17.0 weight %), this effect will likely

be small.

5.L.2 Mechanical Properties

The average hardness of the five specimens tested was DPH 200,

indicating an alinost fully-amealled state. ASTM (33) requires fully-

ar¡realled 316L stainless steel to have a yield strength of at least 25 ksi,

and ultjmate tensile strength of 70 ksi, ffid a nininun elongation of 40%.

The experfunental stock surpassed all of these requirements, having a

.02% yîeLd strength of 72 ksi, an ultimate strength of 88 ksi, and an

elongation of 59%.

Note that strength and ductility were virtually identical for

tests rr¡r in air and in Ringerts physiological solution.

-28-
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5.1.3 Microstructure

Average grain size of the specirnens hras ASTM 5.5 - 6., within

the requirement of grain size 5.0 or finer (35).

The material was noted to be single-phase throughout. This

is important, as galvanic corrosion often occurs in netals containing

tr,{o or more phases.

Stainless steel for surgical implants is required (35) to have

a low inclusion count, and it can be seen from the photornicrographs

(Photos 7 - l..L) that this condition has been satisfied by the material

used in the present study.

5.2 Statisticâl Analysis

Applying Student's t test to the different fatigue data groups

revealed that at the 80 ksi stress leve1 a statistically significant

difference at the 99% confidence level existed between the tests run

in Ringer's solution and those run in air, and a significant difference

(95% confidence) was also found between the tests conducted in a distilled

water environment and those performed in Ringer's physiological solution.

The increased scatter and low nunber of tests would accotxft for the

fact that simii.ar differences were not noted at lor,ver stress levels"

5.3 Phenomenonological Approach to Corrosion Fatigue

5.5.1 At High Stresses

Cycling a ferrous metal in a corrosive neditnn nodifies the

well-knov¡n shape of a "dry'r S-N curve (361 37, 38). As the environment

becomes increasingly hostile, the S-N curve shifts further to the left,

signifying a reduction ín life at a given stress. This tendency was

i..:::
iì::-1
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noted in the present study: fatigue life in Ringer's solution was shorter

than in distilled rvater, which was in turn shorter than in air. Inves-

tigations based on the fracture mechanics approach to corrosion fatigue

show that in this high stress region, crack propagation proceeds at about

the sane rate, regardless of testing rnediun (6, 19, 39). This indicates

that the decreased life of specirnens tested in a corrosive environment

is due to an enhancement of the crack initiation rate by the corrosive

mediun. The frequency at which the loads were applied also affects the

fatigue life of the specimens (a0). Higher frequencies of testing tend

to shift the S-N curve to the right (longer life), due to less time in

contact with the corrosive rnedir.un for a given nunber of cycles, ffid

hence less environmentally-induced danage to the test specimen. Results

of this study are consistent with these considerations: in the limiting

case, the tensile tests conducted in both air and Ringerts physiological

solution had equivalent results.

5.3.2 At low stresses

The difference between the air and corrosive atmosphere tests

is even greater at low stresses (361 37, 38). In this stress region,

the corrosion fatigue curve shifts to the left and the sharp 'rlmee" at

the fatigue limit becomes rounded as the curve gradually tapers to the

right, asyrnptotically approaching an apparent fatigue limit at about
1

10' cycles that is below the true fatigue limit characteristic of

ferrous metals (Figure 10). As the environment becomes increasingly

hostile, these changes are more marked.

The results of this present study are in general agreement

with the classical obseryations of corrosion fatigUe. As the testing
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environment became more corrosive, specimen life at any given stress level

decreased. An apparent fatigue limit was obseryed in Ringerrs solution

that is clearly lower (Lou") than the true fatigue lirnit. contrary to 
.:,.:,,:..,:

expectations, experiments conducted in water showed a fatigue lirnit 1::J::'i:1'':::.

sinilar to that of tests run in air. This may be due to the fact that

the smal1 (with respect to 316L stairless steel) corrosivity of water

is further reduced. by the high frequency of load application. Nonethe- .,..i.,..,:
::;:j'.:::.:i:.'::

1ess, it is reasonable to expect a difference between the fatigue limit i,,;,.;.,,

and the apparent fatigue limit for tests conducted in water; and it is :rr: :1 :'

unfortr.nate that more elperiments under these conditions r4rere not performed.

At low stresses, crack propagation is usually for¡nd to be

more rapid. in corrosive than in noñ.corrosive environments (19, 39)

However, since over 90% of specimen life in high cycle fatigue is

required to initiate a critical-length stage I crack (45) the effect

of environmental enhancement of crack growth rates is 1ikely rnore 
:

important in the initiation and stage I propagation aspects of crack

growth' 
,, , ,,,., ,r

5.4 Theoretical Model for CorroSiciri Fátigrie.cif 316L StâinleSs Steel in ,,,, ,.,,.
.: l.: l_: r.:',

a SiImJlated PhysiologicâI FIúi{ 
"''"'1,"'''"

There are many theories that attempt to explain the phenomena 
_.:r¡Ì,

of corrosion fatigue. Laird and D-rquette (41) have commented on the

inadequacy of all of these rnodels in universal applications, and Karpenko 
¡::,,.irr,.i

has gone so far as to suggest that different mechanisms operate at

different stress levels (42). Accordingly, the model that is based on

the preferred dissolution by the corrosive rnediun of ryclically defonned
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areas of the metal has been nodified to erplairr the behaviour of 316L

stainless steel as reported in this paper.

Fatigue cracks grow in three stages (43). In the first stage,

a notch is initiated, either due to slip of ryclically deformed areas ,,,.i,

of the metal (e.g. persistant slip bands) or orginating frorn an inclusion

or other fabrication flaw. The notch acts as a stress-raiser, ffid

stage 1 crack propagation begins. In the second stage of crack growth, ,., 
,,, 

,

shear is the operating mechanism, ffid grov\ith is on a plane favorably '.'

,ì,',tr,t', .

oriented for shear. Continued growth of a stage 1 crack reduces the '""""

effective cross section of the naterial, raising the net section stresses.

Stage 2 propagation follows, with the crack growth being perpendicular

to the axis of applied. stress. Fracture of the member occurs when the 1

stressesinthet¡ncrackedportionexceêdtheu1timatetensi1estrength

of the material

The present theory is concerned with the enhancement of

initiation and stage 1 propagation through environmental action. Basically,

various surface discontinuities are available to act as sites for the 
,,,,t. ,,,

crevice corrosion of the metal in saline solution. This loca]..ized attack :'.;,::'

is particukarhy important in the formation of a notch and the growth to '"1'''''':.:

a critical size of a stage 1 crack. At lower stresses, surface deformation

is not great enough to facilitate crevice corrosion, and an apparent

fatigue linit is reached. , :,

5.4.1 At high strêsses 
:::::ir:'i':

The combination of high stresses and geometrical constraints

causes the pucltering of grain boundaries, forming notches that are preferred



sites for crack initiation (41). Laird and Krause @4) simulated this

effect with plasticine, ffid found that grain boundary notches are formed

quickly after the onset of high-stress cyclic loading.

Although the surface of the stainless steel is protected by

a CrrO, fihn, the sides of the notch are freshly-exposed, and therefore

not similarlLy protected. In the notch (or crevice) iron is oxidized,

and oxygen is reduced to hydroxide ions until the local oxygen supply

has been depleted. In the tip of the crevice, iron dissolution continues

ulaccompanied by the reduction reaction, resulting in an excess of metal

cations which attracts Cl- anions. The ferrous chloride combines with

water to form an insoluble hyd.roxide of iron, and a free acid, H*Cl-,

which accelerates the further dissolution of iron in the crevice tip.
As more iron is oxidízedr more Cl- ions are attTacted, and the danage

to the metal intensifies (36).

The suseptibility of stainless steels to crevice corrosion

in saline solution is well-knor,,¡n. At high stresses, grain borndary

notches are preferred sites for initiation of crevice corrosion attack.

These notches rnay be large enough that stage 1 propagation enhanced by

crevice corrosion can begin irmnediately. It is further proposed that

the propagation of a stage 2 crack proceeds so quickly due to the high

applied stresses (and particularily with low cycle - high frequency

corrosion fatigue) that the effect of the environment is rather small

in comparison for this particular stage of crack growth.

This nodel accounts for the behaviour of 316L stainless steel

as reported in this paper. Tests conducted in air were not subject to

)i:i.:1 ¡1-- 
".r"i.1

33.
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the corrosivity of the Ringer's solution, and so longer life as a result

of the deLay in crack nucleation and stage 1 propagation was obseryed.

Applying the nodel to the tests perforrned using a distilled water environ-

rnent, note that aerated water aids in the removal of some surface metal

10ns. The crevice corrosion process is inconplete because no Cl-

anions are present. The corrosion process in distilled r¡/ater may end

at this point, due to concentration polarization, or may assume the form

of a differential aeration cell, which will proceed more slowly than the

crevice corrosion associated v¡ith the presence of C1- ions, because

oxygen is less powerful than chlorine as an oxidizer. Regardless of

which mechanism is operating, the environmental enhancernent of initiation

and stage 1 crack propagation is less il distilled hrateï than in Ringer's

solution, but greater than in air, which explains why specimens tested

ín water showed. lives intermediate to those loaded in the other media.

5.4.2 At low Stresses

Crack propagation irvestigations using the fracture mechanics

approach to the problen of corrosion fatigue usually show that cracks

will prop agate. rnore quickly in a corrosive than in a non-corrosive

rnediun (19, 39). However, siJrce notch formation and stage 1 growth

require about 97% (45) of specimen 1ife, it is obvious that the large

disparities between fatigue and corrosion fatigue lives at nedir.rn and

low stresses must be due prinarily to an effective enhancement of the

initiation process by the corrosive environment, a process which ceases

to operate below the apparent fatigue limit of the netal-environment

combination.
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There are two factors which are essential to the continuing

operation of arry corrosion fatigue mechanism Ø3):

1. the creation of new surfaces, resultirrg fron either mechanical or 
...::::::

chemical action; and. ':'.,;' '' '

2. the transport to the active corrosion site of environmental agents

participating in the chemical reaction' 
,, , ,.

From the fracture mechanics studies, in which the effect of the environ- 
,.r,,;'.'., ,,r::1,.

ment is evident throughout crack growLh, it can be concluded that diffusion 
' :: : ::':

.,1 .:,t :.,,,r,,:to the crack tip is not the lirniting factor, especially since stage 1 ::':::. ::

cracks are much shorter than the stage 2 cracks considered in those

papers. The passive behaviour of 316L stainless steel in Ringerts solution

eliminates chemical action as the sole agent for creating new metal

surfaces, leaving mechanical darnage due to fatigue as ïesponsible for

erposing unprotected areas of metal in a configuration suitable for the

onset of crevice corrosion.
¡

Notches due to grain boundary puckering, discussed earlier

in this paper, are a low-cycle fatigue phenomenon. Laird and Smith (45) , . ,.
.:,:,:- i:,1r:, r_-.'.:':i

have conrnented on the coexistence of grain boundary notches and persistent -,' ,,,, ,',

slip bands and associated fiormations at high stresses, and Porter and .,',,.,',,r',,',,

Levy (46) and Kemsley (47) have noted the transition of fracture initiation

mode from intergranular to transgranular (grain boundary notches to slip

bands) at intermediate stresses. These authors (46, 47) also observed 
:,,.-.,,.,.,.,,

that all high-cycle fatigue cracks originated in persistant slip bands 
: '''

Clearly, persistant slip bands are increasingly favored crack initiation

sites as stresses aïe reduced f,rom the l-ow-cycle fatigue level.

i.."'.': .'
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Holes (48) , extrusions and intrusions (45 , 49), ffid notch-

peak surface discontinuities (50) are found in persistant slip bands.

These various topographic irregularities grow gradually to a critical
size at which, in fatigue, stage 2 cracks begin to propagate. Assune

that there is a minirm¡n notch depth at which stagnation and thence

crevice corrosion can occur, ffid notice fron the behaviour of grain

boundary notches at higher stress fatigue that this ininim.un crack length

for crevice corrosion is less than the length necessary f.or stage 2

crack propagation to begin in air. Accordingly, stage 2 propagation

will begin more quickly under corrosive than non-corrosive conditions,

resulting in the decreased fatigue life observed in Ringerrs solution,

and to a lesser extent in distilled water. This nodel also erçlains

the existence of an appaïent fatigue linit, and why it is lower than

the true fatigue linit. Below the fatigue limit, stage 1 cracks

terminating due to work-hardening of the ad.jacent crystal will not be

long enough to raise the net section stress sufficiently to invoke the

transition to stage 2 propagation, but will be greater than the critical
length required for the initiation of crevice corrosion. Thus corrosive

action will begin , and the corrosion-fatigue specimen will show a finite
life. At even lower stresses, stage I cracks will terminate shorter

than the critical length required for crevice corrosion, and an apparent

fatigue lfunit will be reached. Because the corrosivity of distilled

water is not as great as that of Ringer's physiofoþicaf solution, these

effects will be less noticeable in this nedir¡n.
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5.5 Applicátion to Iniplant DeSign

Because the frequeîcr/ at which the experimental specimens l4iere

loaded is well above that which irnplants would encoirnter in the body (31),

a ccnrnent on frequency effects is appropriate. ',,,

Brdo and Miyas (40) investigated the effect of different cycling

frequencies on the fatigue life of mild steel in both tap i^iater and saline

solution. They for;nd that at a given stress level, increased frequency i.,,.,,

tended to lengthen the life of a specimen. This is due to the decreased 
;:::':":

time of exposure to the corrosive medium, and hence less damage to the ,,,',t."

specimen after a given nlrnber of cycles , anð is consistent with both

the observed behaviour of materials and the proposed nodel for crack

initiation and propagation. Although their tests conducted in saline ;

showed no fatigue lirnit, those erçeriments perfonned in water did tend

towards a fatigue linit which, after 107 cycles, rrr¿rs slightly lower for

the lower frequency than for the higher.

It¡larcus and co-workers , (51), using the fracture mechanics

approach to the corrosion fatigue of 2024-T3 Alclad ah¡ninun in dry and 
,,,..,

hunid air, noted a decrease in crack propagation rate with increased 
.i,;i,:,
:-t.,,,:

frequency in both environments. This is consistent with the earlier 
l.1,.,f

findiags of Endo and Miyas, who constructed S-N curves from their results. i"

The present progranne of erperiments revealed a significant

d.ecrease in fatigue life above the apparent fatigue limit for 316L i,, ,

stainless steel when a physiological environrnent rather than room air 
i't';

was employed as the testing medir.rn. This difference would almost certainly

be even greater for cycling at the low frequency characteristic of hr¡nan

locomotion.
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The fatigue lirnit of surgical stainless steel decreased 10%

when it was q¡cled in simulated physiological environment. This decrease

is similar to the one noted by Endo and Miyas (40) for nild steel tested

in tap water. Hence it is reasonable to infer that the experinentally

deternined reduced fatigue lfunit is a good approximation of the fatigue

lfunit that would have been observed had the specimens been cycLed at a

frequengr closer to that of hr¡rnan locomotion.

Corrosion fatigue experiments were conducted in air, distilled

water, and Ringerts physiological fluid, at a frequency nuch higher than

is typical of the cyclic loading of hunan locomotion. The purpose of

this paper r4ras to determine the perforrnance of surgical stainless steel

in orthopedic implants, ffid one of the established conditions of that

type of service is a relatively low frequency of loading (51 cpn (31)).

The decrease in fatigue life at stresses greater than the fatigue lirnit

will likely be even greater in the body than as found eriperimentaLly,

but the fatigue lirnit in artificial physiological fluid is a good

approximation of what can be expected tmder the in vitro conditions.

The real significance of the reduced fatigue life of an implant

can best be understood with reference to the actual e>iperience with

orthopedic supplements. The surveys quoted earlier in this paper (5-10)

cite exanples of irnplants tmder-designed for the loads they nust bear.

The results of this paper show that an orthopedic implant can be

designed properly for service i.mder non-corrosive conditions (roon air),

yet have a limited fatigue life e>rpectancy in the in vitro environment

due to the harshness of the extracellular fluid. Although this study

r,aj:^.',.-t:.
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does not delineate the precise nature of the S-N curve that is characteristic

of 316L stainless steel loaded in vitro (because of the high frequency of

cyclic stressing used in the experimental tests), it does give a good idea

of the fatigue linit that can be expected of this material under these con- ,, :, I

ditions. Most stainless steel orthopedic appliances are used to assist the

elderly (3, l2). Because there is no way of lcrowing how many years of

seryice will be required of the rmplant, rror is it desireable to subject ,,,.,,.:

an elderly person to the severe tratma accompanying an operation for the ':.::.::'

removal of an orthopedic device, it is best to design implants for infinite ,,,,1,.,,,,
.'.

life. In this application, the present study is valuable, for it shows

whatfatigue1funitcanbeexpectedof316Lstain1essstee1inthephysio-

logical environment.
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6. CONCTUSIONS

1. At any given stress leve1 above the apparent fatigue lirnit, the fatigue

life of 516L stainless steel was increasingly reduced as the corrosivity

of the environment increased. The apparent fatigue limit in Ringerrs 
,,,,,,,,_,

physiological (60 ksi) solution was 10% below the fatigue lirnit in ' :

air (66.7 ksi).

Z. This reduction in life could account for many of the failures encountered 
l

with 316L stainless steel orthoped.ic irnplants which were designed :'.'''"-"':,'

using fatigue data gathered in air' 
;:":"'"'''

3. The theoretical model for corrosion fatigue of 316L stainless steel 
'."::

explains the experirnentally observed behaviour of this metal in all
of ttre environments in which it was tested. However, this is an

inferred rnodel rather than an observed phenomena. It is suggested

that further experiments be performed to validate the proposed

mechanism of corrosion-fatigue.

-40-
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' 
t: I i:.: ;:\t: :.::. ì :.::. ; ::: :a: :i

Table l. Modelling the Physiological Environment.

P¡ITruVIETER BODY EXPERIMENT

Temperature ('C) 37. 37.

Extracellular Fluid (meq/l*) Ringer's Solution:

Na* rsz. - 150 138.

cl- 100. - 110. LL4.

Hm-- 24. - '30. 29.
-1

IA

Ca" 4.5 - 5.6 0.0

K* 3.8 - 5.4 5.0

PO. 1.6 - 2.7 3.0
4
AIMg'' 1.6 - 2.2 3.0

ro4-- .7 - 1.s 1.0

Dissolved Gases (nn Hg)

O,Z 0. - 40. 40. t 20.

45. 40. t 20.

Electrical Voltages (mv)

Nen¡e Activity -90 to +50

M-rscle Activity -85 to +100 Not Modelled.

Piezoelectric (bone) ?

Frequency of Load Application (cpm)

51 (level nalking): 8500

* l milliequivalent/Liûe = mg/r " ffi

coz
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Table 3. Average Mechanical Properties.

ELONGATION AREA .02% YIELD ULTÏMATEO REDUC"TION STRENSIH STRENGTHTESTSO%PSIPSI

T1 to T4 54.7 5 7 5 .25 72 ,89I 87,880
(ArR)

T5 to T8 64.33 76.50 7I,847 88,125
(RTNGER'S)

AIL 58.86 75.88 72,443 87,987



Table 4. Results of Fatigue Tests Conducted in Air.

I\4AXIMIM ATTERNATING
KSI

66.7

66.7

66.7

66.7

70.7

70.7

70.7

70.7

70.7

76.

76.

76.

76.

76.

80.

80.

80.

80.

TEST NT]IvIBER

TZ

L3

16

67

61

69

70

7L

72

66

73

74

75

77

L4

15

77

18

unbroken.

SPECIMEN LIFE
KC

2,347

5'000 +

4,097 +

5,000 +

139

282

430

184

250

800

98

356

164

184

91

70

68

81

+ Removed from testing apparatus



45.

Table 5. Results of Fatigue Tests Conducted in Distilled Water.

'IvIAXINITM
ATTERMTING

STRESS

KSI

66.7

66.7

76.

76.

76.

76.

TEST
NT]MBER

55

57

43

44

45

4B

MM HG

44

53

58

50

pcoz

MM HG

36

32

3T

32

SPECÏ}4EN
LIFE

KC

2,497

5,000 +

86

89

80

L72

poz

62

69

pH

43

6s

57

44

5.5

5.4

5.4

5.4

5.2

s.4

4.9

5.2

4T

42

80.

80.

60

42

59

69

+ Removed from testing apparatr.;s unbroken.
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Table 6. Results of Fatigue Tests Conducted in Ringerts Solution.

I4AXIMIM
ALTERMTING SPECI}4EN

STRESS TEST pOZ pCOZ pH LIFE

KSI MM HG M4 HG KC

60. 39 49. 49 7.6 5,ooo +

ó0. 40 90 40 8.0 5,000 +

66.7 30 72 47 7.4 268

66.7 32 52 43 7.5 222

66.7 33 s0 34 7.6 r42

70.7 34 59 46 7 .5 111

70.7 35 56 46 7 .6 r23

70.7 36 48 5s 7.6 280

70.7 52 51 28 8.0 L27

76. 37 47 44 7.4 s0

76. 38 60 32 7.6 s7

76. 49 52 47 7.6 104

80. 21 100 3s 7.s 4s

80. 22 65 46 7.6 54

80. 23 50 20 7.2 47

80. 24 51 47 7.4 55

80. 25 28 20 7.7 50

+ Removed from testing apparatus unbroken.
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Table 9-4. Load Cell Calibration.

LOAD
KG

TRIAL 1

-I2I8

-1193

-LT7O

-1145

-IT22

- 1098

-r074

-I2I8

- 100 x 2.205=ffi7 = 9'06 1b'

Arnsler Vibraphore Verification.

INDICATED STRAIN
u IN/IN

GIANffi TRTAL 2

0 -1200

25 -II74

23 -1150

25 -IL25

23 -1100

24 -1075

24 -1051

-t44 - 1198

ABSOLUTE
AVERAGE

0.

22.25

44.25

66.75

9I.25

rLs.25

135. 75

,0

100

200

300

400

500

600

0

1 u inlin

Table 9-8.

CI-IANGE

0

26

24

25

25

25

24

-I47

LOAD
LB

TRIAI 1 TRIAT 2

INDÏCATED STRAIN
u IN/IN

TRIAL 5 TRIAT 4 TRIJE LOAD
LB

0

200

400

600

800

1000

]-200

Error

Error

-1200 -L200 -L200 -1200

-II77 -1178 -1178 -Lr78

-1156 -1156 -1155 -1156

-TT33 .LT34 -LT32 -TT34

-1109 -1109 -1108 -1109

-1086 -1087 -1087 -1087

-106s -1064 -1064 -1064

indicated load of 1000 lb. + 2.6%.

indicated load of 1200 1b. + 2.5%.

0.

20I.6

400. 9

604. 8

826.7

L026.0

L22g.6

at

at



Table 10. ASTI\4

:l:::'i:|::l:i:::ìi)-itj:,j:?;i,:::::i:rl.il..ì¡.j.'.-ì.:.,;''"i']ìit:i
: ::-:

50.

Specification for 516L Stainless Steel Composition.

ELEMENT ASTM REQUTRE4ENI (34)

Carbon .03 nax.

Manganese 2.0 max.

Phosphorus .03 nax.

Sulfur .03 nax.

Silicon .75 max.

Chromiun 1,7 .0 - 20.0

Nickel 10.0 - 14.0

Molybendurn 2.0 - 3.0

Iron Balance

* Courtesy of Warnock-Hersey Professional

*¡t Not analyzed.

WEIGHT PERCENT
EPERIMENIAT STOCK CONTENT

.04 *

r.7
:t:f

:t rT

&&

t7.78

12.50

1. 96

&t

Services Ltd.
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61.

Photo 1. Apparatus arranged for liquid environment tests. The Amsler
Vibraphore is in the backgror.u-rd.
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Photo 2. Environmental ce11 being positioned prior to testing.
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Photo 3. Temperature control equipment" The wire in tJ:e top right
corner is the lead from the thermoprobe.
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Photo 4. Air heater-fan.
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Photo 5. Apparatus view from above.
airstones is in the niddle

The heating chanber containing the
of the table.



Photo 6" Leads from pO, and pCO, electrodes to environmental cell'
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Photo 7. Microstructure of specimen 53. Etdrant: equal parts HCl'
HNO3, and glycerine. Magnification: 100x'
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Photo 8. Microstructure of specimen 57. Etchant: equal parts HC1,
HN05, and glycerine. Magnification: 100x"
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Photo 9. Microstructure of specimen 61. Etchant: equal parts HC1'

HNOS, and glycerine' Magnification: 100x'
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Photo 10. Microstructure of specirnen 7I. Etchant: equal parts HCl,
HN03, and glycerine. l'fagnification: 100x.
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Photo 11. Microstructure of specjmen 77. Etctrant: equ¿Ì1 parts HC1,
HNOS, and glycerine" Magnification: 100x.
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