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The corrosion behaviour of a proprietary stainless steel ('Fex 73̂ ''*) 

was measured under conditions simulating those found in the human 

body, in order to assess its suitability for use as an orthopaedic 

implant material. The performance of this alloy was comoa-^ed to 

that of another austenitic stainless steel implant alloy, AI^I 316^12.
A potentiostat, operating under an original system of computer control, 

was used to obtain corrosion,breakdown and protection potentials, 

and massive corrosion current densities. Testing was cs^^iei out in 

a variety of different solutions, with various material and surface 

p^emaration techniques. Corrosion fatigue and fretting experiments 

we^e also performed. Electrochemical corrosion measurements indicated 

that Pex 7'}^' is more resistant to pitting and crevice attack than 316L 
in isotonic saline solution. Changing the austenitic grain size of 

both alloys o-'- cold working Rex 73̂ ' did not produce any significant 

changes in corrosion behaviour. Electropolishing reduced the massive 

corrosion current on both materials. Torsional fatigue strengths of 

Fex 73̂ ' were higher than those of ^ 1 6 L  in air, and we^e reduced by a 

smaller amount on exposure to physiological solution, fretting 
exmeriments carried out on simulated bone plate and screw assemblies 

showed that ^ex 73̂ ' had a higher initial electrochemical corrosion 

rate when fretting was initiated, but recovered more quickly after 

prolonged fretting. J l S h  specimens showed more fretting damage and 

wear than Rex 73̂ ' assemblies, with specimens containing a mixture of 

'alloys having the worst fretting behaviour. Test samples containing 

welds exhibited electrochemical corrosion characteristics similar to 

those of unwelded alloy, but had a poorer fatigue performance. In 

conclusion, Pex 73''' was recommended as a direct replacement for J 1 6 l  

in orthopaedic surgery.
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Chapter 1

INTRODUCTION



1.1 HISTORICAL BACKGROUND AND AIMS OF PROJECT

Foreign materials have been introduced into the body aince ancient 

times in attempts to treat various diseases, but not until the 

development of aseptic surgical techniques by Lister in the 1870*s 

could the reaction of the body to the implant be separated from the 

almost inevitable wound infection. The history of surgical implant
1“3designs and materials has been reviewed in a number of publications 

A lot of early work was concerned with the structural orthopaedic 

uses of metallic materials, and this led to the specification of a 

number of metals as being suitable for implant construction. Iron 

was soon found to corrode quickly in the body, as did the stronger 

vanadium-containing steels. Simple 18/8^ chromium/nickel stainless 

steel was introduced in I926, but was susceptible to general 
corrosion. Molybdenum additions of between 2 and were found to 

prevent attack in the body in work carried out in I926, although it 
was 19^7 before this material (subsequently designated AISI type 
316) was recommended for implants. The same recommendation 

endorsed a cobalt-chromium-molybdenum alloy, Vitallium, which had 

been developed in I929 and used as a dental alloy since the 1930*s. 
Both of these materials are still in common use although ^l6 is now 

employed with a lower carbon content. Attempts have been made with 

mixed success to introduce other implant alloys based on these two 

groups of material, wrought cobalt-chromium-tungsten-nickel alloys 

having gained acceptance. Other varieties of stainless steel with 

single or multiple phases and varying compositions have been 

evaluated, but so far have not shown a great enou^ improvement in 

properties to be classed as replacements for 316L. A third group



of alloys based on titanium has been successfully used as implant 

material since the 1950 the favoured alloy being a titanium- 

aluminium-vanadium combination.

Introductions to the ways in which these metallic materials behave

in the body have been published , some of these reviews also

covering non-metallic materials. Most of the topics covered are

discussed in more detail in the Literature Review section of this

report. The susceptibility of 316L to corrosion and its marginal
7strength when used as an implant material have prompted a search 

for alternative stainless steels, having improved strength and 

corrosion resistance; the for inability and cost of stainless steel 

are reasons why it has not been superseded by alloys from the other 

two material groups. There is also a need to examine any potential 

implant material to see whether it offers improved material properties, 

whether for general use or in particular applications. The stainless 

steel examined in this project has been successfully used as a 

replacement for 316 in a number of demanding applications, and after 
initial evaluation was adopted as a suitable material by an orthopaedic 

implant manufacturer. It is currently forged into the femoral 

components of total hip replacement prostheses, and has been 

performing satisfactorily in this application for several years. It 

has recently been incorporated into British Standard 3551:1980 Part 2 

as stainless steel composition D, indicating its acceptance as an 

implant material. The composition and structure of this alloy is 

compared to that of 3I6L in a subsequent part of this Introduction,



This project aims to extend the previous work which has been carried 

out in vitro to evaluate the suitability of this material for 

implant applications. Corrosion measurements have been performed in 

different environments and with various surface preparations, to 

compare the behaviour of this alloy to 316 and gain an understanding 
of its fundamental properties. Fabricated material and simulated 

bone plates were also tested so that the range of possible alloy 

applications could be assessed. Fatigue and mechanical testing 

results are also important indicators of performance, and these were 

obtained under different conditions. The tests were designed to be 

comparable to other material evaluation studies; the next part of 

this Introduction looks at a number of such studies and the 

techniques that they employed.

1.2 EVALUATION TECHNIQUES

A number of in vitro evaluation and comparison studies have been

published in the literature in recent years. These have included
8the coverage of different Go-Cr alloys - wrought , precipitation- 

hardened^ and powder metallurgy formed^^j titanium alloys^^; and 

different types of stainless steel^^ The paper by Smethurst^^

compared type 316 to the stainless steel considered in this report, 
and includes results which are directly comparable to ones obtained 

in this project. All the studies included one or more of the 

commonly-used implant materials as a comparison, usually cast 

Go-Gr or 316. After detailing the compositions and structures of 

the alloys being evaluated, mechanical testing was performed to 

establish material tensile properties, often with measurements of 

hardness as well; Smethurst^^ also recorded torsional testing results.



The fatigue behaviour of materials was determined with a variety of 

geometries in bending or tension, in air and in saline solutions, 

fatigue strength being estimated from curves. Corrosion tests 

were often limited to cyclic anodic polarisation, to measure 

breakdown and protection potentials and corrosion current densities.
g

One paper included work on a crevice model, estimating crevice

initiation potentials from current-time measurements at constant
Q m.potentials. Two studies^* also contained in vivo observations of 

metal weight loss, corrosion and histological reaction, but these 

methods were not used in this study.

The evaluation techniques used in this project broadly follow the 

outline above. Both cast Co-Cr and 316 were used as comparison 
materials at various stages of testing. Mechanical results were 

obtained in tensile and torsion modes, with the majority of fatigue 

tests being performed in fully-reversed torsion. Potential-time and 

cyclic polarisation measurements were used to assess the corrosion 

behaviour of the basic material and fabricated assemblies, and a 

novel system was developed to generate polarisation curves under 

computer control. These tests were supported by general optical and 

electron microscopy, and other techniques as required.



1.3 ALLOYS STUDIED IN PROJECT

The basic metallurgy of the three groups of alloys used as implants 

has been discussed elsewhere, these being stainless steel^^, 

cobalt^^^® and titanium^^ alloys. No titanium alloys were tested 

as a part of this project, and their composition and structure will 

not be described here. Table 1 lists typical compositions of the 

alloys which were examined, under the labels by which they are 

referred to throughout the Results section. *316* is stainless 

steel AISI 316L which has undergone a double vacuum remelting 

procedure, to reduce the inclusion and impurity content; a number of 

other refining processes are applied to the steel by other 

manufacturers (e.g. electroslag remelting), and this purified steel 

(for orthopaedic use) is given designations such as 316 S12, 3I6 SMO 
etc. *73^* is the manufacturers reference number for the alloy 

being evaluated in this project, and it does not have (as yet) an 

AISI reference number. 'Vitallium* is the proprietary name for 

a Go-Cr-Mo casting alloy that has been in use for many years.

316 and 73^ are fully austenitic stainless steels which do not 
form deformation martensite during cold working at room temperature 

(to at least 30% thickness reduction). The different alloying 

additions to 73^ change its properties significantly from those 

of 316, the influences of individual alloying elements on material 
behaviour being well understood. Increased chromium contents improve 

corrosion resistance and reduce the likelihood of martensite 
formation during cold working, but the ferrite-forming tendency of 
chromium then needs to be balanced by a hi^er input of austenite- 
stabilising elements such as carbon, nitrogen and manganese; they



can also reduce the levels of the expensive element nickel that 

are required to maintain an austenitic structure. The interstitial 

elements carbon and nitrogen are particularly effective in this 

regard and they also increase the strength of the alloy by solid 

solution strengthening. The higher chromium and manganese content 

of 734 also increases the amount of nitrogen which can be dissolved 

in the alloy. A danger of increasing the levels of carbon and 

nitrogen is their tendency to form carbides Or carbonitrides with 

chromium, reducing the concentration of this element around such 

particles and leading to enhanced local corrosion. The low levels 

of carbon in 316 reduce this possibility, and in 734 the strongly 
carbide-forming element niobium is added to form carbonitrides in 

preference to chromium, preventing localised depletion of this 

element. Niobium and other metal carbo-nitrides have been observed 

in a number of morphologies in 734, and are likely to affect the 

properties of the material. A fine dispersion of the second-phase 

particles (also called %-phase') could produce precipitation hardening, 

while larger particles would nucleate cracks on tensile testing and 

reduce ductility. This phase could also affect the corrosion 

resistance of the material, acting as sites for pitting nucléation 

and increasing passive corrosion current densities through passive 

film weakening or galvanic effects. Detailed study of this phase 

and its consequences is beyond the scope of the present work. One 

other consequence of niobium addition is the inhibition of 

recrystallisation on annealing after cold work, with a tendency 

towards fine grain sizes. Silicon improves strength and ductility 
to some degree in these materials, and molybdenum markedly improves 

resistance to pitting corrosion in chloride media. Finally the 

content of impurity elements (sulphur, phosphorus, copper etc.) is



kept as low as possible to reduce the levels of inclusion formation. 

Fig, 1.1(a) and (b) present photographs of polished 316 and 734 

surfaces, showing the low level of inclusions and the second phase 

in 734. Riotomicrographs of the austenitic grain structure of the 

two annealed materials are given in (c) and (d); 734 has a smaller 

grain size and annealing twin spacing, the latter because of its 

lower stacking fault energy which also gives the material a 

higher work-hardening rate.

The microstructure of Vitallium is shown in Fig, 1.1(e); the grain 

size is very large with interdendritic carbides. These carbides 

are of various possible compositions M^C^, M^C) and also

form along grain boundaries (Fig. 1.1(f)), carbon combining with 

chromium and molybdenum. Both of these elements contribute to 

solid solution strengthening, the second-phase carbides also 

adding to the strength of the alloy. The morphology of the carbide 

distribution, and the consequent performance of the material, 

depends critically on the carbon content and casting technique of 

each component. The presence of carbides makes the alloy resistant 

to abrasive wear. An intermetallic sigma phase can also be present, 

reducing ductility and impact strength. The natural corrosion 

resistance of the cobalt matrix is enhanced by the chromium content, 

the passive film on cobalt also being more resistant to fretting 

than that on stainless steel.



1.4 STRUCTURE OF THESIS

This Introduction does not include any discussion of corrosion 

phenomena; a brief introduction to corrosion forms the main part 

of Appendix C, and has the restricted aim of presenting some basic 

corrosion ideas which underlie the theory behind the electrochemical 

tests performed in this project. Variables measured in these 

experiments are also defined in the forms in which they are 

referred to throu^out this thesis. The other two Appendices 

describe in detail the hardware and software developed to perform 

corrosion tests, an understanding of this computer-based 

instrumentation not being necessary in order to interpret the 

electrochemical tests. Each of the following four main sections 

(Literature Review, Experimental Work, Results and Discussion) 

includes its own short introduction, to explain its particular 

structure and terminology. Finally the Conclusion section sets out 

the main results shown by this project, together with recommendations 

as to the use of 734 in the body environment based on these results.
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Chapter 2

LITERATUPE REVIEVJ



2 LITERATURE R E V M

2.1 INTRODUCTION

One major- n^oblem facing the author of a review concerne! with

ortho-oaedic implant materials is the sheer volume of information
20published on the subject. A recent bibliogranhy lists over- 2^0 

Tapc's covering just metals and alloys for implant use, without 

considering the large number of nublications about nori-metallic 

materials and their applications in the body. The task of a reviewer 

'i. t l  '  s  f i e l d  is therefore necessarily selective rather than 

exhaustive. As the subject of this project is a stainless steel 

the contents o" the reviev; aî e slanted towards this material with 

comparisons being drawn to the other two common implant alloy 
groups, those based on cobalt or titanium. In orde^ to simplify 

terminology these alloys are usually ref erred to unde^ the generic 

names, o^ stainless steel, Co-Cr and titanium, mainly for historical 

reasons. The major alloys from each group in current usage are 

wrought 316L, cast Co-Cr-Ko and wrought Ti-Al-V respectively, and 

the reader is -referred to each cited paper for detailed compositions. 

The distinction is usually drawn between 3I6 and 316L alloys, the 

latte^ being low in carbon and re-melted and purified for orthopaedic 

use.

The topics covered in the review are those to do with alloy use as 

a structural orthopaedic material, so there is no consideration of 

the problems caused by contact with the bloodstream for example.

The review starts by considering the results of a number of surveys 

of failed and removed implants, and also the biocompatibility of
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implant alloys. The information gained from monitoring behaviour 

in the body is of direct relevance to deciding which aspects of 

material performance require more detailed study, and so the 

remainder of the review looks at topics under the general heading 

of ’Corrosion’ which are thought to be important. After considering 

general corrosion, the processes which lead to localised electrochemical 

attack are discussed: pitting, crevice and galvanic co^^psion. A 

separate section looks at the additional mechanisms which one-ate 

in the presence of stress or relative movement: ^retting, ^atigue 

and stress corrosion cracking. Finally a small section on the weldinc 

of implant alloys is included, as that subject is of pa^ticula- 

inte-^est in this project. ?àch section takes a similar fo^m, 

where the corrosion mechanism under discussion is briefly described 

and referenced; studies directly relevant to the use o^ implants 

are then quoted, and if appropriate some of the basic investigations 

of how the mechanism operates are selected from the general 

literature on corrosion. This helps in understanding how the 

problems of a particular environment (the body' are related to 

the overall performances and structure of an alloy.
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2.2 IMPIANT PERFORMANCE

2.2.1 FAILURE SURVEYS

Many studies of failed and retrieved implants have been published

during the past 15 years, and these have contributed to a growing

understanding of the problems associated with the use of implanted
20metallic materials in the body. Holt and Tallace in their 

bibliography refer to 3 ^ papers written since 1P68. A number of
21-9?failure reviews have been published" and there are regular 

reassessments appearing in the literature. The aim of this section 

is to sketch briefly the development of opinion as to the causes 

of implant failure, whether due to direct breakdown O"̂ the implant 
or to associated clinical problems.

oh.One early study by Scales et al of 65 retrieved hir nails 
included a number of devices fabricated from various alloy steels; 

in all of the 13'̂ chromium steels severe corrosion had occurred, 
this being associated with pain and tissue reaction. 30% the 

316 nails had corroded but neither of the two Co-Cr devices.
There was no relationship between the hardness of 3i^ and its

2 5corrosion resistance. A multicomponent device examined in iQfh 

contained two different stainless steels: there was no evidence of 

galvanic corrosion but crevice corrosion was observed. The 

components were also partly magnetic, indicating the presence of 

fe-rite or martensite in the nominally austenitic steel. Loading 

on the implant had resulted in the bending and breakage of some of 
the fixing screws. There was also severe infection, with 'rust' 

particles seen in the tissues. Details of a long-term retrieval
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26and follow up study by Hicks and Gate- were published in I962.
Out of 286 316 and Go-Gr plates, 20^ of the 316 but only 2.3^
of the Go-Gr implants were removed because of skin or wound reaction. 

No breakages were reported.

27A retrieval study in I969 of 53 implants recorded not only the 

incidence of corrosion but also its severity. 37% of individual 

316 components exhibited some deg-ee o-̂  corrosive attack (comparable 
to the 30% figure quoted by fcales above', but 9l?o of the 
multi-component devices were corroded in one or more locations 

where two pa-ts of the implant met to fo-m a crevice. There was 

an increase in corrosion severity with the length of time of 

implantation, but the correlation between this time and the incidence 

o-̂ attack was less pronounced; some implants showed evidence of 

corrosion after only 2 months in vivo. 3 the 5 failu-es were 
att-ibutable to fatigue, one crack initiating from a pitting defect.

28lahoon and Paxton in a smaller study of failed implants observed 

a similar incidence of crevice attack in 31^ devices, failure being 
due to fatigue cracks arising from design or 'predominantly) 

metallurgical weakness. In a number of cases cracks had begun

from pits created by crevice or pitting corrosion. They subsequently
2 Qexamined a number of new 316 and Go-Gr implants , and classed 

over 50^ of them as unsatisfactory. Defects included high inclusion 

contents; porosity and ferrite in stainless steel welds; cracks in 

cold-worked 316; surface pitting; and material outside its stated 

composition.
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In the 1970's, as well as further reports of design and materials 
30 31problems , the correctness of implant use and inse-tion was

31 32also cited as being a contributo-y cause of failure . The 

normal mode of implant breakage observed was a fatigue process, 

the fatigue strength of alloys in current use being criticised as
32 3/'inadequate ’ . Cracks we-e initiated at sites of metallurgical

weakness or where inco-rect insertion of the implant had resulted
35in its being overstressed. A study of bone pins and screws^ for

example showed multiple 'atigue c-ackinr at the base of screw threads,

the shape acting as a st-^ss concent-ato-. ^retting and/or crevice
35CO— osion was commonly seen at inte-faces between 31^ components ,

31 ’̂ 3was less frequent with Co-Cr '̂  and was not observed in titanium
36devices, which seemed to be ^ree from corrosion problems

Pa-ticular problems noted "̂ or stainless steel^ we-e pitting of

components with low molybdenum contents and a correlation between

the amount of defo-mation ma-tensite 'due to cold-working of samples

with low nickel content' and the incidence 0-̂ co— osion. The

occurrence of pain was in some cases related to the mere presence

of the implant, the pain subsiding when the implant was removed,
38A numbe- of such cases was also obse-vei by Scales in a ten year

follow UP study of plates, although there was no co— elation between

the extent of corrosion and the degree O"̂  clinical inflammation and 
39sepsis. veinstein however did report such a correlation for a 

small number of retrieved implants, for both infection and removals 

due to pain or device mig-ation. The relationship was not clear-cut, 

amd individual patient tolerance was thought to be an important 

factor. Reports of long-term studies on total hip replacements ^ ^

showed the incidence of component failure to be quite low (about
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0.2# over 10 yea-s'' with the predominant causes of removal being 
infection and loosening.

20 fD'More recent failure studies ’ have observed implant b-eakage

resulting almost exclusively from mechanical or corrosion fatigue,

Taussig evaluate! 110 failed prostheses, the majority being

made from stainless steel: he -eco-ded the ratio of mechanical

to corrosion fatigue failu-es as vary!nr from 87/13 for femo-al hip
components down to '^/6̂  with bone plates. The-e was also an

element of torsional fatigue in many of the hip prosthesis failures.

No corrosion fatigpce was seen in Co-Cr o- titanium implants. He

concluded that nea-ly all implant breakages are due to clinical

factors (loosening, lack of bony union etc.' with a few resulting

from material or design defects. This was in agreement with an

ea-lie- series of tibial plate examinations carried out by Pichman

et al who however saw no evidence o-̂  co-rosion fatigue. The

incidence of crevice/fretting co-rosion at stainless steel component

interfaces was put at 75% by Taussig but at nearly 100# by Skinner 
h 7et al , who in thei- retrieval study postulated a competing 

crevice corrosion and fretting mechanism. They noticed a correlation 

between the severity of interface attack and the load borne by the 

implant, but no co-relation with the time of implantation or the 

hardness of the steel. The locations of attack were seen to 

correspond with areas of surface damage caused by screw insertion.

The detailed composition of the steel alloys was also explored but 

the only element seemingly related to the degree of attack was 

copper.
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Interest in the influences of compositional details on corrosion
Zi8prompted a study by Shepherd and Wilkinson , who looked at the 

inclusions in a series of retrieved 3l6b implants with a microprobe 

analyse-. They used a compute— -based statistical package to search 

for relationships between inclusion composition and the degree 

of cor-osion as measured on their own index: calcium and aluminium

inclusions showed a significant correlation, as did the silicon
/' Qcontent o-̂ the alloy. Another failure evaluation series examined

stainless steel implants in order to classify the type and extent of

co-rosive attack with the alloy pitting resistance, defined as

' t  chromium r] x % molybdenum'. A level was specified for this

parameter (2.5' above which pitting is unlikely to occur, this

statement being based on implant observations and in vit-o

expe-imental wo-k. This pa-amote- had no influence on the percentage

incidence of failu-e due to corrosion fatigue but affected the cause

of it: below 23 the majority of fatigue cracks started in pits,
with construction and fab-ication defects becoming more impo-tant
as the pa-amcter increased. The number of failures attributable to

fretting/crevice corrosion increased as those due to pitting went

down. A microprobe analysis of the articulating surface of a single
L:h316 hip P-osthesis which failed by co-rosion fatigue showed 

pitting in this component to be associated with the presence of 

chloride ions; the component itself was high in carbon and its 

pitting resistance, as defined by Zitter above, was below 25.

The early stages of a comparative study of different materials for 

thei- suitability in plating bone fractures have been reported by
r\

Simpson and Geret . The devices are used as short term implants 
and their performance is monitored from insertion to removal. Four
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groups of materials are being studied, those alloys (3I6L, Go-Gr 
and titanium'' mentioned before and a set of mixed titanium and 316L 
components. Clinical, histological, chemical and metallurgical 

information is being collected. Preliminary -esults agree with the 

othp- findings outlined in this review. The effects of swelling and 

pain we-e equal in all the groups except that there were no problems 

with titanium; the tissue Traction was greatest with Go-G- and least 

with titanium. The la-gest amount of deirûs adjacent to the implant 

was found with titanium, p-esumably generated by fretting. The 

elect-ochemical co-rosion of Go-Gr and 316L, leading to a greater 

weight loss fo- 3I6L, partially removed their wear and crevice 
co-rorion p-oducts from tissue close to the implants. There was a 

co-relation between the 've-y variable' amounts o-!̂ tissue deb-is and 

the cellula- reaction for all alloys except titanium, although all 

g-ou-= o" implant had cases of bad tissue reaction. The mixing O"̂
3161 and titanium did not significantly change the pe-fo-mance of 
eithe- mate-ial.

The most important facto-s involved in metallic implant degradation 

are thus becoming clea-er, and have been outlined by Pohler^^. 

Imp-ovements in manufactu-ing techniques, design and application 

of nate-ials should continue to reduce cases of failure. The 

findings of the most recent implant surveys can be b-iefly summarised:- 

(1) Clinical problems - e.g. f-acture non-union or component 

loosening - can lead to implant failure by mechanical or corrosion 

fatigue
(2' All multicomponent devices a-e susceptible to fretting and/o- 

c-evice corrosion
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(3' 316l is vulnerable to corrosive attack, Go-Gr has a much

g-eater resistance and titanium is not corroded noticeably by body 

fluids.

Local and systemic reactions of the body, to implants and their 

co-rosion p-oducts, are being increasingly implicated as factors 

affecting the successful pe-formance of implanted metals. The next 

section p-esents some of the important issues in this area o-̂ 

iicronpatability.

2.^.: blGlOMPATIrlLITY

The testing nate-ials as to thei- suitability for usf in the 

huns! tody har & long history; a systematic comparison between 

di^^e-ent metals in vivo was ca-riei out as early as 182'̂" .
Pince then the processes through which the body reacts to inju-y 

and th‘. --esence o" -oreign bodies have been understood no-e
59clea-ly, and a summa-y o*̂  the body's behaviou- is given by Pa-ks ~.

2illians and -oa^ classify the effects of implanted mate-ial 

unde- local and systemic responses, covering both the effect of 

implants on cells and the role played by individual metallic elements 

in bodily metabolism. The aim of this section of the review is 

not to discuss in detail the interactions that take place when 

metals are implanted, but is to attempt to present the range and 

scope of factors which a-e impo-tant to metal biocompatibility.

The local tissue reaction to a foreign body has been described as
53a ch-onic inflammatory response . All of the metals used for 

prostheses corrode at a finite rate in the body, encouraging the
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formation of a fibrous layer around the implant^^*^^. Generally 

the higher the rate of ion mig-ation from the sample the thicker 

the fibrous capsule. The compositions of pa-ticles p-oduced under 

wear or corrosion conditions can vary from those of the o-iginal 

alloy, with the corrosion process breaking down an alloy into its 

constituent elements^^'^^. ]l6L fo- example p-oduces a numbe- of 
di^^e-ent types of deposit in tissues, these being made up of 

insoluble i-on--ich material, while titanium generates apparently
6oin^-t oxide deposits ' . Human tissue normally contains trace

58concentrations of various metallic elements , but the levels of

those elements contained in the implant are dramatically increased 
50in adjacent tissue .

Tn- consequences of this inevitable influx of metal ions on the

histology o"̂ surrounding tissues has been summarised in many

sublications^'^^'^^'^^. The variability and lack O"̂  objectivity

inhe-ent in some evaluation studies was criticised in the 
50literatu-e , and the use of cell culture techniques was recommended. 

Tissue cultu-e has been used successfully to screen materials as
6 ]_ 62to thei- suitability for implantation ’ as well as being a tool

f0- explo-ing the impact of metals on the processes taking place in
cells. Pappas and Cohen exposed cell cultures to finely-milled

samples of Co-Cr and stainless steels, and noted an inhibition of

cell g-owth by both groups of material; The Co-Cr alloy was however

mo-e toxic than 3l6b, but neither the identity or concentration of
the -elevant species were determined, A study of the in vitro growth

O'inhioition of cells by cobalt and nickel revealed that an increasing 

concentration of the elements depressed growth rates further, except
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for a slight increase in rate for a low level of nickel. The levels 

of element required to kill cells was not quoted, but Bundy^^ 

observed threshold concentrations for the bacteriocidal properties 

o" pure metals when allowed to corrode in vitro with caries- 

p-oducing bacteria; the process depended on, or was associated with,
O'th<̂  ̂ corrosion reaction. Bea-den and Cooke explained their 

inhibition results from measurements of the degree of uptake of 

cobelt and nickel by calf serum p-oteins. The binding of cobalt 

was non-specific and va-ied directly with cobalt concentration, 

whe-eas nickel uptake became saturated at a ce-tain level. The 

g-eate- effect on cell growth rates of cobalt was therefore a 

consequence of its higher transport rate through the protein- 

containing medium.

P-oteins have also been observed to affect the co-rosion rates of
metals. B-own and Me— itt^^ tested ]l6L electrochemically in saline
solutions with different quantities of calf serum added. The

mechanism of passivation appeared to alter, with a significantly

g-eater loss of metal when serum was p-esent. Bovine albumin and
6 7^ib-inogen we-e used by Clarke and Williams ' , in a buffered saline 

solution, to examine the dissolution both of pure metals and a 

2 o - Z - alloy. Highly passive metals (aluminium and titanium' were 
unaffected by the protein additions; attack on nickel and chromium 

was increased by a factor of x2 to x^, and that on cobalt by x30 
to x' 0. Molybdenum, which had a high rate of dissolution initially, 

showed a decrease in rate with protein present. The Co-Cr alloy 

suffered preferential removal of cobalt and molybdenum, to leave the 
su-face rich in chromium. The model suggested for the action of



20

proteins was a catalytic one, whe^e protein aided the oxidation of 

the metal; the consequent denaturing of the protein would encourage 

metal uptake into cells and tissue to produce an immune (and possibly 

carcinogenic') effect. The evaluation of metals and their influence 

in the body should therefore take account of the influence of 

proteins.

Other tests of interest in determining local response to implants

include the obse-vation of enzymes^^, auto-adiography of labelled

p-oteins and monitoring the concentration of inflammatory cells^'.

Biomechanical tests on healing fractures reinforced with implanted 
70rods revealed that titanium-reinforced fractures w e r e weaker than 

expected; histological studies were not conclusive but it was 

suspected that titanium may have an inhibitory effect on fibrogenesis 

and/or osteogenesis. It is important therefore to assess materials 

for their possible consequences on the bodily systems with which 

they are used.

The systemic reaction of the body to implants has been reviewed 
71recently by Smith , who points out that although local cell -eactions 

to implants have been investigated extensively the results o"̂ the 

diffusion of metallic ions and complexes into the rest of the body 

are still poorly understood. Three different areas of concern 

are the metabolic, immunological and carcinogenic properties of 

implant products. The consequences of implanting 3l6l on the 

metabolism were discussed, with reference to work carried out by 

the author on rabbits. There were symptoms of mild iron overload, 

and elevated chromium levels in plasma and in the liver. Changes
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in the plasma serum indicated that cell damage was taking place.

Raised concentrations of cobalt and chromium from Co-Cr hip

prostheses were observed in the blood, hair and urine of patients
72after him prosthesis implantation , the increases being less

marked in patients with metal/polymer joints than in those with

metal/metal devices, the all-metal joints producing a g-eater

quantity of wear p-oduct. The levels o:̂ metals in serum were 
73studied by ..'oodman both in rats and with human se-um in vitro.

Co-Cr and 3l6l alloy powde-s were used at 3 different magnitudes of 

concentration. All of the elements measured in serum were associated 

with serum proteins; nickel, ch-omium and cobalt were monitored.

The in vit-o concentrations o:̂ nickel and chromium increased with 

additional surface area exposed ^x6-12 and xl.8-3.2 -espectively), 
whe-eas the raised level of cobalt was unaffected by alloy surface 

area. These results were reflected by the in vivo tests, and imply 

that nickel and chromium complex with protein at the metal su-face 

while cobalt complexes in solution. The g-eate- p-oportion of nickel 

in 316L compared to that in Co-Cr was reflected in the amounts of 

nickel measured in the in vitro se-um. Observations serum 

metal levels are thus a useful tool for indicating systemic 

transpo-t of implant b-eakdov'n p-oducts but the results -̂ o- each 

element need careful interpretation.

Another bodily system on which implants may have an impact is the
71immune system. Smith points out that a proportion of the 

population are 'naturally' hypersensitive to the metals used in 

implants (6#', with the mere presence of a metallic device sensitising 

a further number ''about 6#G, and unstable prosthetic devices
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7/-!sensitising even more patients (13”7̂ '#). Brown and Merritt 

describe an in vitro test for metal sensitivity that avoids the 

dangers of skin testing. Samples of the patients serum are incubated 

with their own lymphocytes and solutions of metal chlorides. They 

detected three types of response: no reaction, one showing sensitivity

to the particular metal, and one indicating an active allergic 

reaction to an implant. This last condition always subsided after 

removal of the implant, A preliminary study of l6̂ ' patients 

showed that 3̂ '# were insensitive and 29# sensitive to at least one 

element (cobalt, nickel and chromiumcompared with 72# and 28# 

respectively in the general population; a further 37# of patients 

exhibited an active allergic response to their implants.

The existence of carcinogenic effects are suggested by animal 
2 71 73models * ' for both Go-Gr and stainless steels. Examples of

human carcinomas associated with implants suggest a 25-year latency 
period, and so if there is a major carcinogenic response it would 

be likely to be observed in the next few years.

Other situations in which the compatibility of implants is important
2are interactions with blood and infection , but these will not be

considered here. The presence of a foreign body drastically reduces
75the resistance of local tissues to infection , creating a clinical 

problem. The genetic variability of individuals complicates attempts 

to lay down general rules for the biocompatibility of materials, 

but some observations include

(l) The major constituents of common implant alloys, cobalt, nickel, 

chromium and possibly titanium, have all been shown to affect the body



23

(Z) All the components of the tissue environment influence metal 

corrosion processes, as well as corrosion products having an impact 

on local tissue

(3) The spread of metals through the body affects the immune and 

metabolic systems, and more work needs to be done in this area to 

define the extent of the response.

One possible approach is that of Steinemann*^^, who develops a 

transport model to relate ion concentrations near an implant to 

corrosion current. Combining this model with thermodynamic 

considerations o!̂  solubility indicates which alloys and elements are 

likely to p-ove locally toxic to the body. Such an approach could 

be extended to explore likely systemic effects, and p-edict the 

biocompatibility of new materials and devices.
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2.3 IMPLANT CORROSION

2.3.1 INTRODUCTION

The common implant alloys all owe their resistance to corrosion in

aqueous media to the formation of a passive surface film. The

nature of this film is complex, and it is difficult to study; it
77contains metal oxides and water of hydration. Uhlig when reviewing 

passivity suggests that on stainless steel and cobalt alloys the 

effectiveness of the film is due to a chemisorbed oxygen layer. 

Whatever the detailed structure of the film, it controls the overall 

corrosion behaviour of these alloys (and also titanium). General 

papers covering the corrosion of metallic implants have been
C '70

published ; these consider the corrosion process from both 

thermodynamic and kinetic viewpoints, indicating how general and 

localised corrosion occurs. The following section outlines the 

electrochemical measurement techniques which have been used to 

develop an understanding of the role of passivity in protecting 

alloys from corrosion and the factors which lead to its breakdown.

The general corrosion of implants is also discussed, a passive film 

greatly reducing but not completely halting the dissolution of an 

alloy. This background then allows the causes of local electro

chemical breakdown of the film to be examined.
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2.3.2 GENERAL CORROSION

The background to aqueous corrosion has been covered by Fontana and
79Greene . One of the earliest methods of monitoring implant

80behaviour was the measurement of rest potentials ; their values

for stainless steels varied with the mechanical state and surface

preparation of the material, and also with static or fluctuating

stresses. An advantage of this method is that it creates minimal

disturbance in the system being measured, but the amount of

information which it provides is also limited. A number of tests

have been developed which involve the application of an external

current or voltage to the test specimen. Linear polarisation

requi-es the specimen to be polarised about 10 or 20 mV away from

its rest potential, and allows the general corrosion current at

the rest potential to be estimated. Originally developed for 
8lin vitro tests it has been used to estimate corrosion rates in

82vivo , these comparing well to rates determined using physiological 

analogue solutions in vitro. The changes in passive films on 

alloy immersion in solution have been observed with a current-time 

technique®^, the specimens being kept at their rest potentials by 

an applied current. This current reduces with time, as the film 

thickens and becomes more resistant to ion transfer. Potentiostatic 

polarisation however has become the major tool for predicting the 

aqueous corrosion behaviour of materials and is explained in
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Qkdetail by Greene • It has been applied to many studies of 

implant material behaviour, and enables the response of an alloy 

to be understood from the performance of its component elements

An early ranking of implant alloys by Clarke and Hickman^^ was 

based on measurements of the potential drops across passive films 

on highly polished anodes with a small fixed current passing between 

the anode and a reference electrode. The 'resistance* of the 

passive film on titanium showed its suitability for implantation, 

and stainless steels with higher nickel, chromium and molybdenum 

contents were preferable. They noticed a change in the behaviour 

of samples with time but did not investigate this further. Linear
82 87polarisation measurements on titanium , cobalt and molybdenum in

vivo showed a rapid decrease in corrosion rates after implantation,

similar falls in vitro suggesting that the drop resulted from

changes in the passive film with time. A major study by Hoar and 
88Wears looked at the suitability of a number of corrosion-resistant 

alloys for use in the body, and made use of rest potential-time, 

current density-time and potentiostatic curves measured in vitro. 

Titanium, Go-Gr and J16 all formed stable passive films in solution 

as judged from potential-time curves, very similar results being 

observed in vivo. Mechanical disturbance of the passive film 

(by scratching) caused an initial drop in potential which quickly 

recovered in titanium and Go-Gr, J26 however taking several hours 

to recover with irregular fluctuations of potential indicating 

possibly that chloride ions were being incorporated into the passive
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film, Potentiostatic tests showed the immunity of titanium and 

the high resistance of Go-Gr alloys to local film breakdown by 

electrochemical action, but it was seen to be possible that 316 

might spontaneously pit in the body. The passive corrosion currents, 

measured potentiostatically, were lowest for titanium and highest 

for 316. Their conclusions were supported in a later study by
89Brettle and Hughes , who were able to reduce the passive current 

density of titanium by two orders of magnitude after an anodising 

treatment. They used potentiodynamic tests on both established 

and newer alloys, noting for example that the superior mechanical 

properties of wrought over cast Go-Gr alloys were offset by a 

poorer corrosion resistance. Breakdown of passivity at higher 

specimen potentials was due to a pitting attack in 3I6L but a 
general one in Go-Gr, the rate of current increase with voltage 

being slower in Go-Gr^^. Once pits had become established on 316L 
a markedly lower voltage was required to repassivate them; the 

reasons for and deductions from this will be covered more fully 

in the section on pitting. The corrosion behaviour of titanium has
91been reviewed by Solar , who confirms its good corrosion behaviour 

and resistance to local corrosion.

These techniques have been used to study the extent to which

environment and material preparation change the corrosion of alloys,
92Gurrent-time curves were obtained by Revie and Greene when looking 

at sterilisation and surface treatments on 316, Go-Gr and titanium.
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The passive current of 316L was reduced after heat sterilisation, 

longer oven times decreasing the current further for any given 

time in solution. The effect was small with titanium and non

existent in Go-Gr, Smoother surfaces on 316 also reduced the
go

passive current, as did electropolishing, althou^ Hoar and Hears 

using chemically polished specimens failed to see a fall in current 

with time. Pre-passivation of 316 and Go-Cr in isotonic oxygenated 

saline was recommended over a nitric acid treatment, no differences 

however being observed with titanium, Aragon and Hulbert^^ however 

did endorse saline storage for titanium implants after testing in 

a number of different environments, Gurrent densities on titanium 

were much lower than those of 31^ controls, with certain saline 
solutions containing phosphates and bovine plasma giving lower 

values than ordinary saline. The existence of phosphate or organic 

films was postulated to explain this although another experiment^^ 

did not observe any significant reduction in the passive current 

density of 316 samples in serum-containing saline.

Polarisation studies in saline environments at different oH values 

and with varied oxygen and carbon dioxide contents have shown the 

behaviour of 316L to remain unchanged within the normal nhysiological 

range^ . High oxygen^^'^^ and carbon dioxide levels^^ increased 

the breakdown potential and reduce the passive current density, 

whereas cold-working of the steel had the opposite effect. Annealing 

Go-Gr alloys also lowered their passive currents compared to the 

as-cast state. Further tests on 316 considered the consequences of
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cold work on its corrosion behaviour. Directional anisotropy

in its performance was seen by Mazza^*^"^ in acid media with and

without the addition of chloride ions. The extent of the active

corrosion region was increased with more than 15# cold work, the
critical passivation current being greater transverse to the rolling

direction. The breakdown potential was reduced with increasing

amounts of cold work, the most stable passivity occurring on

surfaces parallel to the direction of deformation, Bultitude and 
98Morris also reported reductions in breakdown potentials with 

cold work on 316, with more active corrosion potentials on heavily 
worked areas of implants. An increase in the breakdown potentials 

of plates was observed after long prepassivation treatments in 

nitric acid, but any improvement did not persist after two days in 

isotonic saline. Electropolishing was found to remove the cold- 

worked layer formed during the mechanical preparation of samples

for testing^^, increasing the breakdown potential both for cold-
oZ|worked and annealed specimens and reducing the passive current, 

pres^umably by removal of the defect-containing surface layer.

The information obtained from electrochemical testing has proved 

to be of value in predicting the corrosion behaviour of alloys in 

the body. One of the most widely used techniques is potentiostatic 

polarisation; it can be used to compare different metals and material 

treatments for their in vivo suitability, and also yields information 

about the basic corrosion processes which are taking place.
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2.3.3 PnriNG CORROSION

The phenomenon of pitting is one that can potentially attack all 

alloys which owe their corrosion resistance to the development of 

a passive layer. Theories covering pitting and the conditions 

affecting it have been reviewed by Kolotyrkin^^^. The presence of 

chloride ions in aqueous solutions is particularly conducive to 

the development of pitting, and human tissue fluids contain 

sufficient chlorides to make nitting likely in the body. This 

section will begin by discussing the work that has been carried out 

to elucidate the mechanisms of pitting and continues by mentioning 

some of the studies which have been carried out in vivo to predict 

alloy performance in the body.

Models of corrosion pits^^^'^^^ have shown that they develop by

the penetration of the corrodent through the passive film, a volume

of solution becoming virtually trapped under a 'lid* of undisturbed

alloy with restricted access to the bulk solution. Pits experience

periodic passivation and renewed attack, the rate of material

dissolution being inversely related to the depth of the pit and

controlled by the diffusion of the aggressive ions. The solution

within a pit is of low pH and has a higher chloride ion content
103than the bulk solution , Pits can cease to propagate when the 

bulk solution has freer access to the pit, or by the shielding 

precipitation of insoluble corrosion products. Chloride pitting 

can only take place when the activating sorption of chloride ions

onto the metal surface requires a more positive electrochemical 

potential than the passivating sorption of oxygen^^^. There is 

thus a point at which increasing chloride ion concentration or



51

solution acidity allows chloride ions to weaken the passive film on

the metal with a progressive activation of the alloy, and this

threshold anion concentration is specific to material/environmental 
100combinations . The pattern of pit development is also affected 

by the homogeneity of the metal surface and the type of environment; 

polished or prepassivated surfaces have fewer sites for pit 

development, and the morphology of attack changes in more aggressive 

solutions, with grain boundaries for example becoming pitting 

sites in very active media.

The development of electrochemical testing techniques has enabled 

the pitting process to be studied in more depth; the idea of a 

'pitting potential', deriving from the breakdown of passivity as 

measured on potential-current density curves, has been shown to be 

relevant to the threshold electrochemical potential for pitting 

in both acid^^^ and near-neutral^^ chloride media. The reproducibility 

of this parameter in one study was within -50 mV^^^, and its value 
was largely independent of chloride concentration and pH across the 

range measured (0,1-5 M NaGl and 3-8 respectively). Above this 

value of potential pits were observed to develop on anodically- 

polarised stainless steel specimens, whereas none grew at lower 

(more active) potentials. Once the pits were nucleated however a 

lower applied potential was required to make them repassivate, this 

lower potential dropping as the pits were allowed to propagate 

further. This repassivation potential has been named the "protection 

potential' when it is determined from cyclic anodic polarisation

107curves » its value being affected by the extent to which the 

growing pits are allowed to develop before reversing the anodic 

polarisation.
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The determination of pitting potentials for surgical implant 

alloys has been mentioned in the section on general corrosion. 

One way of ranking alloys is to compare the difference between 

their pitting potentials and rest potentials in solution; the

smaller this difference, the more likely the alloy becomes to

and
108,109

83exhibit pitting . Studies on the effects of composition and

environment on the pitting potentials of stainless steels'

Imve shown that increasing amounts of chromium, nickel and

particularly molybdenum increase resistance to pitting. Nitrogen

is also beneficial, possibly because of its austenite-stabilising

properties, ferrite being less resistant to pitting according to

some sources^^^'^^^. Increasing the carbon content is detrimental

because of its tendency to form carbides with nickel and chromium,

the volume around such carbides being depleted of these elements

and thus becoming more vulnerable to attack. Increasing the acidity

of the environment did not change the pitting potential but increased

the rest potential^^^, making breakdown in crevices more likely

since differential aeration can reduce the pH in areas with limited 
107oxygen diffusion , A wider review covering these factors has

111been published by Sedriks

The concept of protection potential has been applied to the 

corrosion of stainless steels in seawater, another chloride 

medium^^^*^^^. The amount of material lost to corrosion during 

long term immersion in seawater was shown to depend on the 

difference between pitting and protection potentials, and the 

protection potential was also related to the severity of crevice 

corrosion. The development of crevice corrosion suppressed pitting 

on samples and care was taken to avoid crevices in designing
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sample geometries for pitting tests. The variation in the value 

of protection potential with the degree of pit propagation has 

been exploited by Syrett^^^ in developing a test which assesses 

the resistance of an alloy to the growth of pits at potentials 

below that at which pitting can initiate. He found this test to 

be sensitive to cold-working of the material, giving more noble 

values for the nrotection sciential.

Studies on the effect of metallurgical state on pitting potential

have made use of a number of techniques. The breakdown of nassivity

on Co-Cr alloys was unaffected by whether the material was in a

cast or annealed condition, as judged from cyclic anodic polarisation
12tests o- pitting propagation measurements . The transpassive 

increase in the corrosion rate in Go-Cr alloys was ascribed to
112localised attack at grain and phase boundaries. Another study

indicated that these alloys were not susceptible to pitting,

hysteresis in the cyclic polarisation curves being attributed to

restructuring of a prepolarisation passive film. Deformation was

observed to change the pitting behaviour of stainless steel alloys

in a number of studies carried out in chloride media. Pitting
12 113susceptibility was increased with cold work ' , the protection

potential rising if the alloy was annealed while the pitting

potential fell a correspondingly smaller amount. The number of
113pits was observed to increase with the amount of deformation 

with growth rates higher after only 1% specimen elongation.
Pits did not form with any relationship to deformation or structural 

features. This was noticed by a group conducting experiments to 

determine the changes in pitting potential of 3l6l and 30^L 
stainless steels in seawater and physiological saline^^'
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117They used a scratch technique developed by Pessall and Liu , 

which gave results which were more reproducible than those obtained 

from cyclic polarisation, and were also more active. This method 

has been criticised by Syrett^^^ as measuring the potential required 

to repassivate a scratch ^ather than that at which pits spontaneously 

nucleate, but the results showed a decrease in the pitting 

potential with increased cold-working of the material. The amount 

by which the potential fell was also increased transversely to 

the ieformation direction as opposed to surfaces which were tested 

parallel to this direction, typical values being 150 and 50 mV 
respectively -̂ or a ^0% -reduction in thickness on -rolling. They 

explained their results in terms of the deformation and cracking 

o"̂  inclusions in the structure, these acting as sites for corrosion 

initiation, with the density of inclusions being increased on the 

transverse faces. Ma^tensite, which was produced in the structure 
by low-temperatu^e deformation, had no significant effect on the 

pitting resistance.

The sites at which pits initiate has been a topic for considerable 

study, as it potentially yields information about the basic processes 

of pitting as well as opening up ways in which pitting might be 

controlled. Electron mic^oprobe analysis of the distribution 

of elements before and after stainless steel exposure to chloride- 

containing solutions^^^'^^^ has shown that pits nucleate preferentially 

at inclusions. Above the pitting potential nucléation occurred 

at manganese and i^on sulphide inclusions, these dissolving to allow 

the alloy to be attacked in the pit so created. Pitting also 

started at complex sulphide/oxide inclusions and around chromium
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oxide particles when sulphides were absent. After polarisation
llgbelow the pitting potential chloride ion agglomeration was

observed at discrete points, these mainly being localised at

metal/inclusion boundaries. The association of potassium ions

from the solution with the chloride at these sites suggested that

quantities of the solution, or reaction products containing it,

were trapped in microcrevices at the edges of the sulphide or

oxide particles. In a very pure iron sample pitting initiated at

points on the surface where the chloride concentration was locally

higher, such regions also being observed on stainless steel. This

supports the assertion that pitting nucleates preferentially at
102inclusions, but can star-t anywhere on the surface . The probability

of pit formation at inclusions was affected by the composition
120and pH of the solution and the shape of the inclusion itself ' ,

transverse sections being mo^e reactive tlmn longitudinal ones

although this difference fell with pH. Pit propagation has been

shown to depend on the growth and coalescence of small micropits,

unfavourable geometries halting growth through mixing o^ the more
121aggressive pit contents with the bulk solution . The precipitation

o^ corrosion products or adjacent more active pits may also

suppress development. Sulphide inclusions have been classed as

the preferred sites of pit initiation with carbides also being
122implicated in austenitic stainless steel . Higher nitrogen 

contents in stainless steels can therefore increase the pitting 

resistance b y  tying u p  carbon in complex carbo-nitrides rather than 

carbide particles, to reduce the number of sites for pit nucléation.
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2̂ 0 22Q
The examination of retrieved implants by Shepherd and Wilkinson ' 

noticed that 10% of components were below their specified nickel 

content, and the higher incidence of interfacial corrosion on 

these specimens was associated with a higher inclusion content. 

Aluminium was frequently detected in corroded areas, both in simple 

oxides and combined with silicon. Calcium inclusions were also 

associated with the areas of interfacial corrosion. Silver was 

also observed much more frequently in corroded than in polished 

areas.

The incidence of pure pitting corrosion on implants appears to be

low , but the processes involved in pitting and interfacial
102corrosion seem to be similar . Consideration of the intrinsic 

resistance of alloys to pitting, and of the mate-^ial and processing 

variables which affect resistance, can help to optimise the design 

and corrosion resistance of implants. Careful metallurgical
123treatment can -^educe the inclusion contents of austenitic steels 

and possibly improve their performance as implant materials.
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2.3.4 CREVICE CORROSION

The propagation of crevice and pitting corrosion is thought to

occur by the same mechanism, accelerated anodic dissolution in
102 107regions of restricted anion and cation diffusion " . Both

processes require the local breakdown of alloy passivity, the ways

in which this initiates differentiating the two types of corrosion.

When a crevice is formed on the surface of a susceptible metal,

whether between two pieces of metal or the metal and an inert

substance, restriction of oxygen diffusion into the crevice allows

the solution to hydrolyse metal ions, causing chloride ions to
124migrate into the crevice to maintain charge neutrality , The

increased aggressiveness of the local solution (high chloride levels

and conductivity, low pH) eventually results in local and then

general passive film breakdown, inclusions possibly being weak sites
12 5where the passive film is first attacked , As has been discussed

in the section on pitting, on the open alloy surface film breakdown

is initiated solely at weak points in the passive film, most

commonly at inclusions, whether at microcrevices or by selective

chloride adsorption. The initiation and propagation of crevice

corrosion occurs at lower electrochemical potentials than those

required for pitting, so that in any practical situation crevice

corrosion is likely to begin before pitting and its higher rate of
107growth will prevent the latter type of attack from developing 

Many of the techniques used to study pitting corrosion have been
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applied to crevicing, and because the two mechanisms have a lot in 

common resistance to pitting and crevice corrosion are usually 

related.

The levels of hysteresis obtained from cyclic anodic polarisation

curves have been used to classify resistance to crevice corrosion^^^"

although this has been shown to be inappropriate for alloys such as

the Go-Gr implant ones, which do not develop transpassive breakdown

through pitting attack^^"^*^^^'^^. The simpler measurement of rest

potential with time has been used to monitor the development or

breakdown of passivity in a number of in vitro crevice models,
127Levine and Staehle studied the potentials of crevices formed 

between two metal coupons, for single and mixed metal implant alloy 

combinations. The greatest drop in potential for single alloy 

crevices occurred with 316L, with a smaller drop for titanium and 
no apparent change in the Go-Gr potential over 30 days. Enhanced 

attack of 31&L developed when it was paired with Go-Gr, which itself 

was affected when coupled with titanium. Bone plate and screw 

assemblies have been placed into saline solutions of increasing
76 128concentrations " ; no crevice corrosion was observed in isotonic

saline for 316L, Go-Gr or titanium, and as the saline concentration 

increased only 316L showed itself to be vulnerable, at levels 
above about 3^ NaGl, It was suggested that limited diffusion may 

have kept the in the crevices at about 1.5^^, the depassivation 
pH values of Go-Gr and titanium being below this whereas that for
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316L is just above (I.65 Similar results obtained by
130Syrett and Davis were amplified by pitting propagation rate 

tests, these proving that the rest potential of the 3I&L plate 
assemblies was slightly above the protection potential, indicating 

the possibility of crevice corrosion for this alloy in physiological 

saline. They also carried out in vivo testing of plates screwed 

to bone; as well as-frie common microscopic observation of crevice 

corrosion taking place at plate/screw junctions there was also a 

small degree of corrosion at the plate/bone interface. Go-Gr alloy 

showed no evidence of crevice attack.

Studies have also been performed on stainless steel to look at
125 12Qthe effects of cold work and surface preparation  ̂ on the

125initiation of crevice corrosion. Gigada et al used a specially

designed probe to monitor potentials within a crevice and then 

initiated and propagated crevice corrosion under potentiostatic

control. The potentials at which crevice corrosion began were

reproducible to -50mV, and were consistently 100-200mV lower than 

those required to initiate pitting under the same conditions. The 

dependence of crevice-creation potentials on cold work followed 

the same pattern as that for pitting potentials^^^, there being a 

fall in potential with increasing degrees of specimen deformation. 

This was greater in samples which were tested across rather than 

along the deformation direction. A different technique was used 

by Hultquist and Leygraf^^ when evaluating different surface
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treatments of 316 for their effect cm crevice corrosion. They 

measured the time required to induce crevice corrosion at fixed 

potentials as judged by the corrosion current, and noticed that 

this increased for treatments which resulted in a greater enrichment 

of chromium in the passivated oxide layer. Their treatments did 

not change the pitting resistance and they suggested that crevice 

corrosion initiation is controlled more by the nature of the 

passive film than its local breakdown at inclusions, A chromium- 

enriched film would slow down iron dissolution from the steel and 

reduce metal ion hydrolysis in the crevice cavity.

The ways in which crevice attack on implants can be reduced are

similar to those for pitting. In addition certain surface treatments

and material compositions may prove effective. The design of
131implants is also important, as propagation studies ^ show greater 

attack in smaller fissures. Certain metal combinations may also 

enhance crevice attack.
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2.3.5 GALVANIC CORROSION

The topic of galvanic corrosion in the body hais been reviewed by 
132Mears . He points out that the important considerations in 

galvanic corrosion now concern the use of passive metals in 

combination with one another, the aim being to construct devices 

with better mechanical properties without at the same time reducing 

the corrosion resistance of any or all of the individual components. 

Galvanic corrosion between passivated metals may slightly increase 

their corrosion rates, a possible cause for concern being any changes 

in adjacent tissues by galvanically generated currents. Coupling 

together different implant metals is unlikely to destroy passivity 

in one of them, and where a metal is susceptible to crevice corrosion 

galvanic coupling is unlikely to change either the likelihood of 

crevice corrosion occurring or its severity once it has initiated.

Examination of compound Go-Cr/titanium total hin prostheses revealed

no evidence of crevice corrosion between dissimilar metal components
133after up to 6 years implantation . The greatest material attack

occurred at the articulating Go-Gr bearing surfaces and was due to

irregular wear, althou^ there were some deposits that may have

been due to corrosion. A report on a JlS stem/Co-Gr socket hip

prosthesis, removed because of loosening and pain, detailed

extensive abrasive wear and fretting corrosion of the bearing

surfaces with extensive stainless steel wear and corrosion products
134in the surrounding tissue. .
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In vitro studies of the effects of galvanic corrosion have included

carbon as a material of interest; one of its current uses is in
135reinforcing polyethylene acetabular hip components. Rostoker

created a series of crevices between 3l6L, titanium alloy, cast and
wrought Go-Gr and graphitic carbon. When the pitting caused by

crevice corrosion was measured, the amount of attack on 316L
samples was unaffected when it was coupled to any of the other

materials. None of the other alloys developed crevice corrosion,

whether used alone or when coupled to the other materials. A

single scratching operation on the passive film inside the crevice

showed that those materials which were immune to crevice attack could

also repassivate under essentially adverse conditions, although this

did not reproduce the repeated film disruption found during

fretting. Work on a compound Go-Gr design supported the observations

that galvanic effects did not occur between forged and cast alloys,
*1

or across welded joints ^ . Any galvanic corrosion currents quickly

fell to become the same order of magnitude as corrosion currents,
—8 2that is below 10 A/cm , both alloys remaining in the passive state. 

Another series of studies covering the same materials as Rostoker 

reached the same conclusions using various electrochemical testing 
m e t h o d s 139^ Theoretical predictions of galvanic corrosion 

potentials and currents for mixed couples were in agreement with 

the experimentally-determined values; titanium and Go-Gr alloys 

were essentially unaffected by coupling apart from slight increases 

in passive corrosion currents, while attaching 316L to larger areas 
of carbon (ratios over 10:1) would render it liable to pitting 
attack. Grevice corrosion in the stainless steel could also be 

enhanced by coupling to large carbon cathodes, these supplying 

additional cathodic current if the rate of anodic attack was limited 

by the corresponding oxygen reduction reaction.
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2.4 IMPLANTS UNDER STRESS 

2.^.1 INTRODUCTION

This section covers mechanisms of localised attack on implant 

alloys which only occur in the presence of static (stress corrosion) 

or alternating stresses (stress corrosion and fatigue), or with 

relative surface movements (fretting^. The corrosive environment 

of the body ensures that any mechanical degradation processes 

are operating in synergy with corrosion effects, and this usually 

leads to an enhancement of both forms of material breakdown. The 

section in this review on implant failure concludes that fatigue 

is the main cause of implant breakage, whether purely mechanical 

O"̂  corrosion-assisted, and it is the first mechanism of low stress 

crack propagation to be considered in this section. Stress 

corrosion cracking is a type of failure which can occur under 

relatively small residual stresses; there is some controversy as 

to whether or not it can operate in the body environment, and the 

argument is followed in some detail. Finally fretting is considered; 

it is important more to local corrosive attack than implant 

failure, although like all forms of localised corrosion it can 

generate stress-intensifying cracks and aid in the initiation 

of fatigue.
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2.4.2 FATIGUE AND CORROSION FATIGUE

A review of aqueous corrosion fatigue by Duquette^ ^ suggests 

mechanisms through which corrosion fatigue may operate;

(1) The formation of corrosion pits which act as stress 

concentrators for crack initiation and growth

(2) Electrochemical attack of deformed areas, with undeformed 

metal acting as cathode

(3) Electrochemical attack of ruptures in a protective 

surface film

(^0 Adsorption of ions from the environment leading to 

enhanced crack propagation

In stainless steels (l) is likely to be of importance where

fretting is also taking place, while (2) and (3  ̂ combine in a

chloride environment to cause localised film rupture and enhanced

attack. The development of slip steps on the surface does not

damage the passive film, preferential metal dissolution being due
IL'Ito the action of chloride ions in disrupting the film . Faster

crack initiation is followed by the growth of the crack, which may be

speeded up by a mechanism such as ) or aff ected by some other
l/i2preferential dissolution mechanism. Rollins in work carried 

out with high carbon steel described a yield-assisted process, 

where dissolution of the material was enhanced during the tensile 

part of the fatigue cycle in the early stages of crack growth 

before mechanical fatigue became predominant. The propagation of 

fatigue cracks was often faster in air than in solution, suggesting 

that the corrosive environment facilitated fatigue crack nucléation 

but also slowed down crack growth rates, possibly by reducing the
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stress concentration at the crack tip through selective corrosive 

attack.

Other variables which affect corrosion behaviour include metallurgical,
111test and environmental ones. Sedriks when reviewing the effects 

of metallurgical variables in stainless steels selects ultimate 

tensile strength, pitting resistance and grain size as parameters 

which alter the corrosion fatigue strength. Gold-work strengthening 

raises the fatigue strength, as do increased tensile strengths and 

pitting resistance, while grain sizes below about 100 pn are 
preferable^ Introducing nitrogen into 3I6L appears to improve 
fatigue performance for smooth specimens but decreases fatigue

strength with notched specimens, in both air and saline solution.
l4cThe method of loading will change apparent fatigue lives , 

different workers observing ratios of between 0.8 and 3 for lives 
measured in tension versus bending modes. One suggestion for this 

was that bending would deform anodic areas more than tension, 

leading to enhanced corrosive attack and faste^ fatigue initiation. 

Lower test frequencies reduce the corrosion fatigue strength, 

failure depending predominantly on time in solution, the effect
143however being relatively small. Hughes and co-workers noticed 

a 10% fall in the corrosion fatigue strength of ^16L with a drop 

in frequency from 00 to 10 HZ. The pH of the corrosive solution 

does not affect fatigue behaviour until it falls below about 4.

Above this value the corrosion rate is controlled by oxygen diffusion 

to the cathode, and so remains independent of pH, while below 4 

the hydrogen evolution reaction increases the available cathodic 

current as well as improving solution conductivity through the
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presence of hydrogen ions. The oxygen content of the solution
14 0affects corrosion fatigue , a higher concentration reducing the 

fatigue life. The detrimental influence of the chloride ion has 

already been noted, but its effects are only seen in the presence 

of oxygen.

A number of studies have been carried, out in order to characterise

the fatigue behaviour of typical implant materials. The fatigue
q

st-^engths(stress for an endurance of 10'" cycles'! of various alloys
were measured in tensile fatigue with smooth and notched specimens

14pin air and in saline The saline environment reduced the strength

of smooth 316L specimens by 15% when annealed and 10% when cold-
worked 20%; with cast Go-Gr the reduction on annealing was 6%,
but this was doubled with a wrought alloy. Titanium alloys

generally had an improved strength in saline compared to that in

air. The presence of a notch was detrimental to all alloys, with

the effect of the environment being much smaller than that due

to the notch. Another study^ ̂  compared three materials (316L,
cast Go-Gr, titanium alloy) in fully-reversed torsion at constant

shear strains, and monitored the resulting fatigue life in

physiological solution for a 1 HZ cycle frequency. At high and

medium strains the ranking order for longest life was titanium/

3161/Go-Gr but became 316I/Go-Cr/titanium at low strains. The

fatigue life of titanium alloy could be improved by suitable heat

treatments. Potential-time measurements revealed that the

potential drop on fatiguing was greater at increased strains,

implying that the passive film is disrupted. Tests in air on the

titanium alloy resulted in the fatigue life being more than doubled. 
146,147Other workers when studying titanium found no difference in
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its fatigue behaviour between air and saline environments; saline 

increased the fatigue crack growth rate but crack nucléation was 

thought to be predominantly structure sensitive. Applied anodic 

potentials and a finer surface finish improved fatigue life by 

increasing the time required for crack initiation.

The fatigue life of 3I6 was unaffected by surface finish but was
l/'7reduced by an applied anodic potential , This potential was 

la^ge enough to cause pits to form, and was thought to aid corrosion 

fatigue by material dissolution. ithout any imposed potential 

the fatigue life was not significantly different in air or saline. 

Although Pohler and Straumann^ ^ reported a reduction in 3l6L 
fatigue life in Ringer’s solution, they saw no examples of typical 

corrosion fatigue but suggested that corrosion of fatigue cracks 

is a process secondary to crack devclrpmpnt. fracture mechanics 

studieF of crack growth rates under conditions o:̂ fatigue have been 

reported for titaniium^ ^, Co-Cr' and , and they all

indicated alloy suscertibi1*ty to corrosion fatigae phenomena.

The stress intensity factors for 3l6L and Co-Cr at low crack growth
_Q .1

rates (10 m/cycle'' are similar (12-20 MParr.'' and fell between 

20 and ^0% when the specimens were exposed to physiological saline 

solution rather than air. The threshold A  K values for crack 

growth were also reduced in saline, but at higher crack growth 

rates (above about 10 ^ m/cycle) the stress intensity factor was 

independent of the environment. Increasing crack growth rates 

led to less corrosion being visible on the crack faces^^^, supporting 

the idea that corrosion of fatigue cracks is not necessarily a 

consequence of corrosion fatigue.
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The presence of a corrosive environment in the body will therefore 

affect the fatigue performance of commonly-used implant alloys. 

Fatigue in the body can thus be classified as 'corrosion fatigue* 

even when the traces of corrosion are not obvious. Mechanisms 

to do with crack initiation^^^ as well as crack propagation^^' 

are likely to be involved. Processes such as crevice corrosion
ic/jand fretting may hasten fatigue failure in multicomponent devices

2,k,3 STRE^f CORROll'F

The question as to whether cracks formed in metallic implants 

can propagate by stress corrosion cracking fPCC' has been addressed 

repeatedly by different authors. Examples o-̂ stress corrosion 

cracks in failed 3l6L implants have been published^^'^^^, as have 

refutations of the occurrence of this mechanism in the body ’

The causes of the phenomenon appear to vary: a review by Staehle^^^

points out that the^e is no general mechanism which explains why 

SGC occurs, but puts forward a set of conditions that needs to be 

satisfied before the combination of an alloy and a specific 

environment is likely to produce SGC. The features commonly 

associated with a stress corrosion crack a-̂ e its branching, 

transgranular path and its ability to propagate without an external 

applied stress, relying on residual stresses in the material or 

even the pressures generated by corrosion products. The characteristic 

crack morphology must depend on the attack being 'marginal', 

i.e. material dissolution takes place only at the tip of the crack 

with the material behind the advancing crack front remaining 

relatively free from attack. The production and diffusion of 

hydrogen at dislocations adjacent to the crack tip is one possible 

way in which SGC could operate.
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Some of the variables affecting the SGC of austenitic stainless

steels in vitro have been studied in chlorine environments, with
157type 30 '̂ steel. Harston and Scully observed crack initiation 

in a strongly acidified chloride solution to initiate by grain 

boundary corrosion before tunnelling along dislocation pile-ups 

in g-rains. T r u m a n f o u n d  that solution temperature, oH and 

chloride ion concentration all affected the onset of SGC, the 

cation species also slightly changing the aggressiveness of the 

solution; these are the same parameters that are important to the 

incidence of localised corrosion. Ft-acture mechanics experiments 

produced SGC in in a 22% sodium chloride solution at temperatures 

as low as 5C'̂ G, and at room temperature with sensitised material^^^. 

3161 possessed a threshold stress intensity for SGC at 105°G 
below that of 30' , its molybdenum content however resisting SGC 
attack at lower temperatures. -Inw strain-rate tensile tests 

carried out by Joneŝ "̂ "' in ai^ and in saline at 37^C showed '}16L  

and Go-Gr alloys to be immune to ^GG under these conditions, 

irrespective o^ material metallurgical condition, a conclusion
162supported by Brettle

Returning to the failure surveys mentioned earlier, Bombara and 

Gavallini^-^^ in their investigation of  ̂ failed % 6 h  surgical 

nails reported metallurgical and microscopical features typical 

of SGC, the cracks which formed being associated with corrosion pits; 

pits were thought to have formed at crevices between the nail and 

its surrounding bone, the high sulphur inclusion content of the 

implants making them prone to this type of attack. They suggested 

that the corrosion pits both acted as stress raisers which could 

nucleate a crack and provided an aggressive environment in which
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28SGC could propagate. Gaboon and Paxton also saw cracks associated 

with crevice corrosion and pitting but thought that these cracks 

developed by fatigue. In vivo tests by Galante and Rostoker^^^ 

on static bend specimens of titanium, Go-Gr and 316L alloys loaded 
beyond their yield stresses, did not produce any SGG or general 

corrosion visible at optical magnifications. Samples tested in 

vivo and in vitro by Bundy^^^ were observed in an electron microscope, 

when surface changes and the development of pits and crack-like 

features were visible in both titanium alloy and 3l6b. Go-Gr 

did not show such features but one specimen developed a c-rack in a 

highly deformed area in vivo. Some of the in vivo tests involved 

the coupling of dissimilar metals. The application of an anodic 

potential to in vit^o specimens ^100 mV above rest potential), in 

an attempt to model behaviour' in the presence of bioelectric 

potentials, enhanced the development of the crack-like features.
It was suggested that these were indicative of SGG susceptibility, 

forming by a pitting mechanism in 3l6b but an unknown one in titanium. 

The fact that implants can be stressed beyond their yield strength 

on occasions may make them susceptible to SGG. Potentiostatic 

measurements on stressed samples indicated that the dissolution 

rate of titanium was increased and the breakdown potential of 316L 
reduced on loading, making surface attack more likely,

The environment provided by the body is a very specialised one, 

with organic as well as inorganic constituents. A possible 

resolution of the above findings is that SGG may occur in the body 

only under a very limited set of circumstances, ones which are not 

recreated normally under experimental conditions. This could also
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explain why SGG is observed so infrequently in clinical practice. 

Its occurrence has been noted in alloys being evaluated for 

corrosion susceptibility^^^, and thus it is a failure mechanism 

which must be taken into account when assessing causes of material 

failure.

2.4.1'. FRETTING CORROSION

Fretting is a general mechanical phenomenon which occurs when two 

surfaces are in relative movement. It is usually thought of in 

connection with metals, mechanical motion removing particles of 

iTietal through wear-like processes such as the formation and breaking 

of welds. In corrosive environments (including air'i the disruption 

o^ the surface increases chemical activity, with oxidation, active 

corrosion o- repassivation occurring on metals with passive surface
163films . The corrosive environment in the body plays an integral 

pc-t in the mechanism of fretting which is why, like fatigue, it 
is classed as a corrosion-related phenomenon in this review. It 

also plays a pa-̂ t in the fatigue process, accelerating the
16 '̂nucléation and early growth of fatigue cracks , In titanium 

alloys, fO"' example, the fatigue life is reduced by half under 

fretting conditions in both air and saline. Because fretting 

exposes a fully active surface (in passivating materials) the 

relative activity of the environment has little effect on the 

magnitude of the resultant damage. Fretting corrosion and fatigue 

have been observed in i m p l a n t s ^ ^ * w h e t h e r  at countersinks 

in multicomponent devices or at points of friction on prostheses, 
some implant failures being caused in this way^^ ,l64^
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One characteristic of fretting is its ability to operate with 

very small relative motions between surfaces, typically of the 

order of microns. A study by Sherwin^^^ used transient linear 

polarisation to deduce the increase in corrosion current on a 

stainless steel specimen subjected to fretting in 1% NaGl. The 

ratio of 'fretting' to 'background' corrosion current over the
-4 2 ssmall contact area (about 2 x 10 cm .) was x 250-3000 with a

-6fretting amplitude range of 25-100 x 10 m. Holding the specimen 

at a constant potential showed there to be a linear relationship 

between fretting current and amplitude under cathodic polarisation, 

with a marked current increase below a pH value of 4, The changes 

in rest potential on fretting were related to the formation of 

active slipbands in the surface with the disruption of the passive 

film, welding across the interface resulting in high strain fatigue 

with mechanical removal of the oxide film. Repeated cycles 

prevented full repassivation of the film under near-equilibrium 

conditions while the development of regions of low pH, perhaps by 

a crevice corrosion mechanism, would enhance steel dissolution.

A number of workers have used plate/screw assemblies to try to 

determine the importance of fretting and material selection in 

implant corrosion^^'^^^'^^^. None of them reported crevice 

corrosion occurring on static plate systems immersed for long 

periods in isotonic saline. Gohen^^ measured weight loss on J16 
and Go-Gr assemblies subjected to low alternating stresses. Go-Gr 

alloy had the lowest weight loss, different batches (and compositions) 

of ' } l 6  producing different weight losses. ’>.'ith mixed metal systems 

316 lost more when in contact with Go-Gr, presumably due to the
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Go-Gr carbide content enhancing abrasive wear. The corrosion 

potentials of plates fell on dynamic loading both in vitro and 

in vivo^^^, the magnitude of the drop depending much more on the 

amplitude of movement than on the fixing screw torque. Potentiostatic 

determination of corrosion current showed it to increase by 

xlOO-1000 times in the fretted region, with corrosion products 

becoming visible after as few as 1000 oscillations . Relative 

determinations of mechanical and electrochemical wear, as determined 

by weight loss and corrosion current measurements respectively, 

suggested that corrosion made up l/6 of the total wear, although
128cor-osion could also enhance the mechanical wear. Brown and Simpson

put forward the hypothesis that fretting helps to initiate crevice

corrosion in implants by removing oxygen from the su^'rounding

region, with oxidation of the reactive metal bared by fretting.

Increasing levels of metal ions in solution locally would also aid

metal hydrolysis, and increase the amount of metal corrosion debris,

ilie great affinity of titanium for oxygen coupled with its low

solubility may explain the apparently large amounts o-̂ titanium

wear debris in tissue adjacent to titanium implants. The fretting

corrosion current was also observed to increase steadily during the

fretting period, with the corrosion rate of Go-Gr alloy being
13about hal^ that of 3I6 . The value of corrosion potential on

fretting was not a predictable function of test amplitude, frequency 

or contact stress, but the drop in potential when fretting was 

thought to have some reproducible significance^^^. The weight loss 

of samples placed in a fretting simulator was observed to fall by 

a factor of 10 when saline containing 10% calf serum was used as 
the corrosive medium instead of isotonic saline. This reduction
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in aggressiveness was confirmed by measurements of nickel 

concentrations in solution, and is in agreement with the general 

observation that corrosion rates are slower in vivo than in vitro,

^Yetting is likely to play a part in the development of corrosion

on multicomponent stainless steel devices. The in vitro

indications that Go-Cr and titanium alloys are subject to this

form of attack are not clearly borne out in the examinations

of retrieved implants. The structure of the oxide film on

titanium suggests that it will be more vulnerable to fretting than
l63the other two alloys and this hypothesis needs further 

verification. Cobalt in a passive film also improves fretting
77resistance by influencing the structure of the film , and this 

may explain the higher resistance of Go-Gr alloys to fretting when 

compared with stainless steels.
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2.5 WELDING

The influence of welding on the corrosion behaviour of implant

materials has only recently been of interest, E^rly reports of the

behaviour of fabrication welds in stainless steel components
29noted their deleterious effects , as did a study of welds used

to repair surface defects in Go-Gr alloy castings^^^. Improved

material-handling techniques have reduced impurity levels in both

alloys and enabled Go-Gr castings to be produced without the need

for welded repairs. The forming of stainless steel implants by

welding processes has also been superseded by other fabrication

techniques where possible. As the requirements for implanted

materials and different prosthesis designs have become clearer,

however, the use of welding techniques has grown more desirable.

One application the.t has been examined is the formation of a

compound Go-Gr hip prosthesis, the high wear resistance of a cast

Go-Gr femoral head being combined with the improved fatigue strength
170of a wrought Go-Gr alloy stem , This combination of optimum 

properties is one reason for forming welded jdnts; another is 

ease of manufacture, where for example a spherical hollow femoral 

ball is more easily made by welding than by casting or forging.

170A study of Go-Gr weldments in compount hip prostheses has shown 

that the welded material is no more susceptible to local corrosion 

than the cast or wrought alloys adjacent to it. The different rest 

and breakdown potentials of the TIG weldment did not lead to 

any observable galvanic corrosion, and the whole assembly appeared 

to perform satisfactorily. No corresponding studies have been
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published on stainless steel, but the use of these alloys in

contact with chloride media has prompted a number of more general
171studies, Brautigam presents a basic outline of the nature of 

welds and their corrosion problems in stainless steel, A common 

feature of welds in austenitic stainless steels is the development 

of ferrite due to the fast cooling conditions; this is desirable 

in that it helps to reduce cracking of the weld metal as it cools, 

but may be detrimental to the corrosion resistance particularly 

where intermetallic phases a:̂ e present. The development of these 

phases can occur when the weld is given a stress-relieving treatment, 

ferrite transforming to austenite; an intermetallic phase, sigma,
172is usually formed, or chi-phase in the presence of carbides

The end product of annealing depends on the composition of the

ferrite and surrounding austenite matrix, Faste^ rates of weld

cooling, at the edges of the weld, result in ferrite which resists

the development of intermetallic phases. The presence of sigma phase

is particularly detrimental and it may occur in a sub-microscopic
173 17bdistribution even in stabilised alloys • This chromium-rich

phase depletes surrounding areas to enhance localised attack,
175Potentiostatic measurements of weld metal in acidic chlorides 

showed that the pitting potential was lower for the weld than parent 

metal with pitting occurring preferentially in the weld metal. 

Annealing the welds at temperatures up to 900°C did not improve 

the properties, ferrite transforming to chi and sigma phases. The 

preferential attack was centred on the molybdenum-depleted centres 

of the austenitic dendrites, not on the ferrite; similar behaviour 

was observed in a ferrite-free alloy. Increasing the molybdenum
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and nitrogen contents above those for 316L improved the pitting 
resistance of the unwelded plate but had no significant effect 

on the weld behaviour.

The corrosion resistance of fabricated titanium components^^^ is 

similar to that of Co-Cr alloys, in that both appear to be resistant 

to corrosion in heterogeneous structures. The reliable performance 

of welded stainless steel components in the body is however less 

certain, and more research is needed into this aspect of implant 

alloy forming. The current relevant British Standard BS 3531 (I980) 
allows for the limited repair of Go-Gr castings by welding (Part 

but prohibits its use with stainless steels (Part l), reflecting 

the uncertainty surrounding the corrosion of welds in austenitic 

stainless steel.



Chapter 3

EXPERIMENTAL PROCEDURE
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3.1 INTRODUCTION

3.1.1 STRUCTURE OF CHAPTER

The scope and aims of the present work were put forward in the 

Introduction (Chapter 1), These can be summarised as an attempt 

to assess the suitability of stainless steel type 73^ for use as 

a load-bearing implant in the human body, by comparing its properties 

with those of ^l6 in a simulated body environment. This chapter 

describes the experimental techniques chosen to achieve the limited 

aims adopted. None of the techniques are new ones, reflecting the 

need to be able to relate the results of these experiments to those 

of other workers, the majority of whose tests were carried out a 

number of years ago using conservative techniques. The methods 

of applying these techniques to the present project however do have 

some novel features, particularly the ones used in electrochemical 

testing.

The next part of this introduction documents the sources and 

conditions of all the different batches of material used in the 

experiments. Each batch was subjected to optical microscopy and 

hardness testing. Section 2 begins by covering in detail the 

preparation of samples for electrochemical corrosion testing and 

continues with an account of the method of determining potential

time curves. Itie system used for potentiostatic testing is then 

described, and mention is made of the fact that a computer was used 

to control the potentiostat (the way in which a potentiostat works 
is set out briefly in Appendix C). Employing a computer to control 

a potentiostat is a relatively new idea, and although some systems
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have been described in the literature either they had not been 

published at the planning stages of this project or they required 

equipment that was not available readily, A suitable control 

system was devised, the hardware interface and operating software 

being described in Appendices A and B respectively.

The corrosion fatigue tests of Section 3 are based on those of 

other workers who used rotating bending loads, but the majority of 

the work was carried out in fully -reversed torsion. This is a less 

common mode of testing, and it was chosen because of the observation 

that femoral hip components capable of resisting pure bending 

fatigue could be made to fail when a torsional component was added 

to the applied stress^^^. There was therefore an interest in seeing 

how torsion fatigue lives compared to those specified for bending 

fatigue. Samples of welded and unwelded 73^ plate were also tested 

in pure bending fatigue, in a corrosive environment, in order to 

assess the likely fatigue resistance of welds in the human body.

Section 4 describes some fretting corrosion experiments which were

carried out on simulated bone plates and screws. These tests were
128based on the in vitro tests published by Brown and Simpson , but 

extend their work to compare the behaviour of 734 and 316 assemblies, 

The final section looks at the techniques used for microscopy and 

mechanical testing.
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3.1.2 SOURCE MATERIAL

The material used in this work was stainless steel of surgical

implant grades 31&S12 and 734, with compositions to B and D
177respectively in British Standard 3531 • Tables 3.1 and 3.2

summarise the source materials and processing involved in the 

oroduction of the different 73^ and 316 test specimens. Also given 

are the grain size numbers and Vickers hardness values of the 

materials, all of them being single phase (austenitic) in structure. 

Grain size was estimated from charts in British Standard 4490, 

and hardness was determined with a 10kg load on a Vickers hardness 

machine. The one-inch annealed bar was as supplied by the 

manufacturer. Firth Brown Ltd.; the remaining source materials 

had been processed by an implant manufacturer, Ghas. F. Thackray 

Ltd. Further details of specimen design and manufacture will be 

given in the sections below. The Vitallium material tested 

electrochemically was taken from the as-cast stem of a femoral 

prosthesis, and its analysis conformed to British Standard 3531.

The levels of impurity and porosity were also low and well within 

the above Standard.
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3.2 ELECTROCHEMICAL TESTING

3.2.1 INTRODUCTION

This section describes the material preparation and fabrication 

techniques used in the electrochemical investigations, Potentiostatic 

experiments gathered data in four main areas, The effects of 

different environments on the corrosion behaviour of the alloys 

was explored, and the different solutions are described together 

with their ventilating gas mixtures. The material condition of the 

stainless steels was varied by testing samples with different grain 

sizes and degrees of cold working, both steels remaining single 

phase with cold work. Changes in measured corrosion behaviour with 

various surface preparation regimes also gave information about the 

corrosion resistance of the steels. Finally some practical 

problems arising from the manufacture of implants were highlighted 

when welded and shrink-fitted specimens were tested, these being 

designed as model samples rather than actual implants. The only 

testpieces prepared to behave like implants were the plates and 

screws used in the fretting experiments, and these are described in 

a later section.

3.2.2 SPECIMEN PREPARATION

All the Vitallium and standard yuS samples were cut from the stems 

of single femoral prostheses on a Discotom (water-cooled SiC cut-off 

machine),

The yiS grain size and cold work samples were cut from welded plate. 

The Discotom was also used to slice up square-section 73̂ -̂ bar into
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coupons which were approximately 5 && in thickness, these being 

cold-rolled and annealed to produce sets of specimens with different 

degrees of cold work and grain sizes. Rolling was carried out on a 

small rolling mill, along the same axis for each coupon, with 

gradual reductions in thickness. The amount of cold work was assessed 

from the final changes in specimen thickness and Eurea, The details 

of the specimens produced are shown in Table 3 •3» Annealing of 

samples was carried out in a muffle furnace under a nitrogen atmosphere 

to reduce the amount of surface oxidation.

Two other sets of test materials were produced for 316 and 734.

Welded samples were cut from plate that had had either an electron 

beam (EB) or tungsten inert gas (TIG) weld run down the centre, the 

TIG welds using a filler rod of identical composition to the parent 

material. These specimens were approximately 10 mm wide and 45 mm 

long, the weld running across their width. One face of each coupon 

was ground flat for corrosion testing.

^ e  shrink-fit specimens were machined in the form of a ring and a

rod, as drawn in Fig. 3.1» with a honing operation to produce final

dimensions to the required tolerances. A temperature difference of

300^0 was used in the shrinking operation, the rings being heated in

boiling water and the rods cooled in liquid nitrogen. The rods

were inserted symmetrically into the rings. The final maximum

tensile stresses in the assemblies were calculated to be below the
_2

yield stress of the steels (less than 120 MNm ), using standard 

formulae .
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All of the 316 and 734 specimens were mounted for testing by 
having 6 BA or 3 a® threads tapped into them, aluminium or copper 

rod being threaded to fit into the holes. This gave a rigid, 

electrically-conducting mounting. The more active corrosion 

potentials of the mounting materials also showed up any failure 

of connector insulation. Because Vitallium as a casting alloy is 

so difficult to machine, holes were spark-eroded into the specimens 

and they were then glued onto copper rod with a silver-loaded 

epoxy adhesive, for good electrical contact.

Shortly before testing, the surface of each specimen (except shrink-

fitting ones) was ground flat with successively finer grades of

waterproof silicon carbide paper, down to 60O grit, before being
degreased with trichloroethane for about ten minutes in an ultrasonic
cleaner. After hot air drying the sample was mounted, and several

thin coats of Lacomit applied at hourly intervals to insulate the

connections to the specimen and to define the area being tested.
Lacomit has been shown to be a suitable medium for coating 

179electrodes . Shrink-fit specimens were degreased as above but then 
dried in a warm air oven for a couple of hours at 100°C, to ensure 
removal of the degreasing agent from the crevices. Lacomit was 
then used to stop-off areas of the specimens so that only one crevice 
was exposed to the medium during a test. A small number of standard 
samples were given further mechanical polishing treatments (6pm and 
1pm diamond paste) and electropolished. The electropolishing solution 

used for both stainless steels was a sul#iuric/orthophosphoric acid 

mixture (35 =1 H^SO^, 41.5 ml H^PO^, 23.5 ml HgO); polishing was
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effected at room temperature for 90 seconds at 2.7 V, with a cathode 

of identical composition to the anode. Some samples were also 

passivated after electropolishing, by immersion for 30 minutes 

at room temperature in a 5056 nitric acid solution. After washing 

and drying they were then mounted and coated with Lacomit as for the 

600 grit specimens. Finally the area of the exposed surface was 

measured for each specimen, so that current measurements could be 

converted into current density readings,

3.2.3 POTENTIAL-TIME TESTS

The prepared specimens were placed in a small glass beaker, together

with a reference electrode, to make a corrosion cell (Fig. 3.2). A

standard silver-silver chloride or calomel reference electrode was

used to measure specimen potential, this being immersed (with the
12 5test coupon) in about 75 ml of buffered saline solution of which

the pH was maintained at a neutral value (7.010.2). A glass tube

bubbled a water-saturated gas mixture through the solution and out

of the cell via a pressure lock, to avoid back diffusion of oxygen

into the cell. The gas mixture employed was based on the concentrations
180of gases found in human tissue fluids , and was mainly nitrogen, 

with oxygen and carbon dioxide partial pressures of 20 and 4o mmHg 

respectively. The gas mixture was formed by mixing the three 

gases through needle regulators. The cell was sealed with Lacomit 

and placed in a water bath kept at body temperature (3811^0). The 

gas concentrations were monitored at regular intervals during the 

test using an oxygen electrode and a pH probe. The level of solution 

was topped up occasionally with distilled water to compensate for 

evaporation losses.
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The electrical connections from each cell were taken to a specially- 

built buffer unit. This incorporated two ?6ll CMOS operational 

amplifiers, acting as high impedance (>100Mci) input to low 

impedance output voltage followers. This unit was battery-powered 

to avoid interference, and the buffered voltage reading from each 

cell was fed into a Servoscribe RE511.20 chart recorder. Two cells 

were tested simultaneously. Measurements of specimen potential 

were taken directly from the chart record, and a digital voltmeter 

was used to check that the readings were accurately calibrated. The 

reference electrodes were regularly checked and replaced when their 

condition deteriorated.

In addition to the standard tests, a series of readings were taken 

with higher oxygen levels (about 100 mmHg). This increase in 

oxygen level was achieved simply by increasing the flow of this gas 

into the cell. Scratch tests were also performed, in which the 

specimen was removed briefly from solution and a diamond point 

drawn across the area of interest (e.g. a weld region). Each 

scratch was about 10 mm in length, and the samples were reimmersed 

as soon as possible after scratching. The potentials of the 

specimens were then monitored for several hours in order to see 

how quickly the scratches repassivated.
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3.2.4 POTENTIOSTATIC TESTS

After being prepared, specimens were placed in a purpose-built

corrosion cell (Fig. 3.3). The gas being used was bubbled through

a ceramic plug into a glass chamber containing one litre of the

chosen corrosive medium. A water jacket surrounded the inner

chamber, a peristaltic pump circulating heating water from a water

bath through this jacket. The temperature of the corrodent was

monitored with a thermometer and kept to 38±2°G. The reference

electrode for the cell was placed in a 3M KGl solution in a shaped

glass tube, the neck of which was sealed with a conducting
l8lpolyacrylamide gel . The counter electrode was of bright platinum 

in the form of a mounted piece of coarse gauze 25 mm square. The 

thermometer and electrodes were placed in Teflon holders set in 

the glass lid, petroleum jelly helping to form a low pressure seal 

against the atmosphere.

The potentiostat used in the experiments was a Ghemical Electronics 

Go. (Durham) Model 703A. Once it had been switched on and calibrated, 

the potentiostat was controlled by a Gommodore PET 4032 computer 

through a specially-designed interface unit. Both the interface 

unit and the computer program are described in detail in Appendices 

A and B of this report. The connections from the cell to the 

potentiostat were screened to avoid mains interference, and the leads 

kept as short as possible. The results of the tests were printed in 

graphical form on a Gommodore printer.

All tests were carried out at approximately body temperature. The 

only alternative gas mixture used was nominally pure nitrogen, the
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oxygen partial pressure in the cell then falling to below 3 mm Hg.

In this case the absence of carbon dioxide allowed the pH of the 

solution to rise due to the change in equilibrium of the NaHCO^-GO^ 

buffer, and this was compensated for by adding NaHgPO^. Several 

different solutions were employed in the corrosion tests, their pH 

values being adjusted by small additions to the phosphate and 

carbonate buffer systems. Solution A was standard buffered isotonic 

saline, and its composition is given in Fig. 3.2. Solution B was 

the same solution minus NaGl, and was used in determining oxygen 

evolution potentials. Solution G had a IM NaGl concentration, with 

the same buffering additions as A. Solution D however was a low pH 

(about 5) version of A, with all the NaHGO^ and NagHPO^ replaced by 
NaH2P0^ (a weight substitution). Solution E was a very aggressive 

environment, 0.23M G1 with a pH of 1.3» formed by adding HGl to 

0.21M KGl. All the solutions were prepared with double-distilled 

water and reagent grade ingredients.

The majority of tests were carried out o v e m i ^ t  and were unattended, 

so that optical observations of specimens had to be carried out 

after the tests were completed. Macro- and microscopic appearances 

of the exposed and surrounding surfaces were noted. Occasional 

disruptions of the mains power supply meant that a few test runs had 

to be rejected but overall the system proved to be very reliable. 

Potentiostatic curves were constructed for each test from the 

computer print out. Various parameters were measured from each curve, 

their physical significance being discussed in Appendix G. A 

standard rate of voltage scanning in these tests was achieved by 

changing the voltage level by one 4 mV step each minute.
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was annealed, but the 734 material had undergone approximately 30# 
cold work. The stems were first turned down to 7 mm rod, and were 

then cut to shape using a template and a pantograph lathe attachment. 

Flats were milled onto the grip portion of the specimens, and notches 

were cut in the torsion grips of the fatigue machine so that the 

axis of rotation of the specimens and the machine coincided, E&ch 

specimen was mounted in a rotating chuck and the surface ground 

through finer grades of silicon carbide paper to 600 grit. After 

ultrasonic cleaning the surface was polished with 6 pn and 1 ^  

diajnond paste before being electropolished in sulphuric/orthophosphoric 

acid solution (see Section 3.2.1). The specimens were then cleaned 

in acetone, dried and stored in a dessicator. Their smallest 

diameters had been measured with a pin micrometer before the final 

polishing stages, so that any scratches on the surface due to the 

micrometer would be remoVed.

The two different materials were first tested under torsion in air. 

Individual specimens were mounted in the machine, and the applied 

angle of twist increased until the desired value of torque was 

reached. Careful adjustments of the maximum angle of rotation and 

offset of the specimen were required to keep R equal to -1 while the 

experiment was being set-up. The laboratory environment had a mean 

temperature of 22^0 and a relative humidity of about 45#. The medium 

used in the corrosion fatigue testing was neutral buffered saline 

(solution a ). It was kept in contact with each specimen by a 

silicone rubber sleeve which enclosed the profiled length of the 
fatigue sample, the solution being injected into the sleeve with a 
syringe. The permeability of the silicone rubber ensured that the
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saline was saturated with air, and it was kept at laboratory 

temperature. The ends of the sleeve were clamped to the grip 

portions of the specimen with twists of wire and any loss of 

solution through this seal was made good by further injections into 

the sleeve. The addition of the sleeve added a negligible amount 

to the stiffness of the specimen.

The bending fatigue samples are shown in Fig. 3.4(b). They were 

made from welded and unwelded 734 plate, which was cut into slices 

on a Discotom machine and then milled into shape. The top surfaces 

of the samples were ground flat to 600 grade, and the sides also 
ground to remove machining marks. The edges were rubbed lightly 

with abrasive paper to remove any burrs, and the samples were cleaned 

amd degreased. Ehch specimen was mounted in the Avery offset grips, 

which apply a sinusoidally-varying bending moment that is constant 

along the length of the specimen. The welded samples had the TIG 

welds running at right angles to their length and positioned in the 

centre of the gauge length. All the tests were carried out in a 

saline environment at laboratory temperature ; a length of gauze was 

wrapped round the specimen and soaked in buffered saline (solution A), 

with the end of the gauze being immersed in distilled water to keep 

it moist through capillary action.

The results obtained for both types of fatigue test were the number 

of cycles to failure of the specimens. When a specimen did not 

fail the maximum number of cycles that could be applied was limited 

by the low frequency of testing and the available time, rarely 

exceeding 5 x 10^ cycles. After testing each specimen was examined 

optically.
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3.4 FRETTING CORROSION EXPERIMENTS

The geometry of the specimens is shown in Fig. 3.5(a)* The plates 

were machined from annealed 316 and 734 plate before having holes 

with spherical countersinks drilled into them by means of a 

spherical grinding tool. The bolts were turned down from bar and 

the heads given a matching 9 mm diameter s^^erical contour with 

another shaped grinding tool. A 2BA standard thread was cut onto 

the ends of the bolts. The outer surfaces of the plates were 

mechanically and electro-polished to a sub-micron smooth finish, 

while the bodies of the bolts were left in their as-machined state. 

Special attention was paid to the surface preparation of the contact 

areas of bolts and plates, namely the heads of the bolts and the 

countersinks on the plates. The heads of the bolts were straight

forward to polish; while being turned in a chuck they were ground 

and polished by the application of silicon carbide paper and diamond 

paste impregnated polishing cloth, in the same manner as the torsion 

fatigue specimens. The plate countersinks presented some problems, 

carrying coarse machining marks and being difficult to get at.

After trying a number of different methods for cleaning them up the 

final technique adopted was to grind the holes with coarse and fine 

carborundum paste driven around by a ball bearing. A spark-etching 

machine was used to drill holes into the centre of 9 mm ball bearings, 

these then being glued with epoxy resin to the bodies of 2BA bolts 

so that the centres of rotation of the balls and the bolts were in 

line with one another. The mounted bearings were held in a rotating 

chuck whilst the countersinks, coated with a mixture of carborundum 

powder and oil, were brought into contact with them. 200 and 400 
grade carborundum was used, and the shape of the beauring ensured that
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the profile of the hole remained spherical while the machining marks 

were ground away. The ball bearing was changed when its diameter 

had been reduced by 0.05 mm. Further polishing of the surface was 

carried out using 25 fim diamond paste carried on pieces of polishing 
cloth which had been glued to spherical balls of silicone rubber.

The countersinks were then electropolished and given a final 6 pi 

and 1 pn diamond paste finish. Testing the fit of heads and 

countersinks, by rotating the heads of bolts in their holes with 

a small quantity of abrasive paste added, showed that the above 

technique resulted in close contact between the two components over 

about half of their total areas.

The plates and bolts were assembled onto short lengths of 25 mm

diameter polyacetal ("Delrin*) rod, which had six holes drilled through 

it to accommodate the bolts. Nylon 2BA nuts with integral washers 

secured the bolts, and these were tightened to a torque of 0.6 N-m. 

Electrical contact to the plate was made by drilling a 1 mm hole into

the centre of the plate and driving in a mild steel tapered pin, to

which a length of PVG-insulated multicore wire was soldered. The pin 

was surrounded by several layers of single-component silicone rubber 

adhesive/sealant, to avoid contact with the corrosive solution. The 

complete assembly is shown in Fig. 3.5(b).

Potential-time measurements were made on the simulated bone plates 

using the same apparatus as in section 3*2.2, but with a larger 

corrosion cell. The rod on which the plate was mounted was suspended 

between two Perspex holders in the base of a polyethylene "sandwich* 

box, and covered by 500 ml of neutral buffered saline (solution A).
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The components of the cell were mounted in holes in the lid of the 

box, which was then fastened down. All the joints in the cell were 

sealed with silicone rubber, and it was then immersed in a water 

bath kept at body temperature, with a gas mixture simulating that 

in tissue fluid being bubbled through it. The potential was 

monitored with a chart recorder, as before.

The fretting experiments were carried out in a Perspex corrosion cell, 

illustrated in Fig, 3.6, which was supported on a 2 cm thick steel 

plate attached to the base of an Instron model 1026 testing machine. 

This cell contained the same components as the potentiostatic testing 

cell in section 3*2.3» with the addition of a length of PVO tubing 

through which hot water was peristaltically pumped to bring the 

temperature of the contents of the cell up to 38°G. Solution A was 

again used for the tests, the cell containing 1 litre of saline, and 

the tissue gas mixture described in section 3*2.2 was passed through 

the solution. The Perspex lid was lightly clamped to the body of 

the cell and the joint sealed with petroleum jelly. The tubes and 

electrodes were sealed into the lid of the cell with silicone rubber.

A 28 mm internal diameter Perspex tube was cemented into the lid as 

a channel through which a length of 25 mm Delrin rod was passed into 

the cell. An alternating load was applied through this rod to the 

plate assembly. The end of the rod was milled to fit the profile 

of the plate mounting and a flexible gaiter was attached to provide 

a seal between the rod and the lid of the cell. The maximum load 

that could be applied safely to the plate assembly was 50 kg. The 

Instron used in the tests did not have a load cycling facility, 

although the crosshead could be cycled between position limits
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using movable stops to apply a varying load to the assembly.

The first experiments carried out on each assembly involved the 

determination of potential-time curves, with and without fretting 

loads. The crosshead limit stops were positioned so as to apply 

the maximum load to the specimen, and the load was measured from 

the Instron chart linked to a 500 kg load cell. The machine was 

then switched into the cycling mode for ten minutes, before being 

switched off for an hour to let the potential recover. This 

sequence was repeated several times. The speed of movement of the 

crosshead was 100 mm per minute, and the fretting cycle frequency 

was normally 0.8 Hz, with a standard load of 50 kg applied to the 

specimen as a trapezoidal wave with a 30# duty cycle. The specimen 

potential measurements were logged on a chart recorder in the same 

way as in section 3,2,1.

Several potentiostatic polarisation curves were then obtained for 

two plate assemblies, both with and without aji applied fretting load. 

The same apparatus as outlined in section 3*2.2.was used to plot 

these curves. The voltage scan rate used in these measurements was 

higher however, with fifteen 4 mV changes in voltage level each 

minute. The length of time between curve determinations varied from 

a few minutes to a few days. After removal from solution, the 

assemblies were dismantled carefully and then were examined optically.
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3.5 ADDITIONAL TESTS

3.5.1 MICROSCOPY

Optical microscopy was carried out on a Zeiss ICM405 photomicroscope. 
The techniques for optimum preparation of the sample surfaces took 
some time to perfect, stainless steel being difficult both to polish 
and to etch. Ehch sample was carefully ground on silicon carbide 
paper to 6oo grit, and then ultrasônically cleaned and degreased.
It was then polished for between two and three minutes on a 

polishing wheel freshly impregnated with 6 pm diamond paste, 

rotating at 250 rpm. After a further clean it was polished on a 

1 pm wheel, this time applying only light pressure, for half a 

minute before being cleaned and degreased in trichloroethane. Too 

much polishing at either of these stages produced pits on the samples, 

and it was difficult to avoid these. Two methods of grain boundary 

etching were explored. Electrolytic etching with 10^ oxalic acid 

gave more reproducible results, the regime adopted being an etch at 

5 V for 2 minutes with a stainless steel cathode. Sometimes an 

additional etching period of 1 minute at 3 V was added after the 

previous treatment. It was not always convenient to use electrolytic 

methods, and a chemical etch, Vilella's reagent, was also employed.

The composition of this etch, similar to glyceregia, is 2 parts 

glycerol ? 1 part nitric acid ; 2 parts hydrochloric acid. Additional 

hydrochloric acid can be added for a fiercer etch, but that was 

found to cause bad pitting on the specimens. The etch is most 

effective if used warm within half an hour of mixing. Both etches 

gave variable and often patchy results, even with adequate stirring, 

for no clear reason. Etching the samples as soon as possible after
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their final polish seemed to give the best results, Vitallium 

samples were much easier to prepare, and the grain structure was 

revealed by electrolytic etching in 10^ ammonium persulphate for 

10 seconds at 5V.

Microhardness measurements were made on polished or lightly etched 

samples on a microscope fitted with a Vickers M12a pneumatic 

microhardness indenter. The load is applied to the indenter for 

thirty seconds and the size of the indentation measured through a 

40X objective and a filar micrometer eyepiece. The load can be 

varied from 5 to 200 grams, and because of the small size of the 

indentation the effects of cold work in the surface of the material 

mean ttet apparent hardness values vary with applied load, smaller 

loads giving higher readings. The extent of the variation is shown 

in Table 3.4, which presents a set of hardness reeidings taken on 

316 and 734 plate with different pyramid loads. Microhardness 

values can therefore only be compared directly when the same load 

is used. As far as possible this condition was fulfilled within 

a test, 50 gm loads being used for measurements on 316 steel and 

100 gm for 734.

Scanning electron microscopy was carried out on a Jeol JSM 35G 

microscope. No special surface preparation was required, specimens 

simply being cleaned and degreased before mounting. Microprobe 

measurements of elemental concentrations across welded material 

were made on a Jeol Superprobe 733 equipped with a wavelength 

dispersive spectrometer.
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3.5.2 MECHANICAL TESTING

The mechanical properties of annealed 3^6 and 73^ were measured on 
an Instron 1195 testing machine. The specimens are shown in Fig.
3.7. Three specimens of each material were turned from annealed 
one-inch bar on a lathe fitted with a pantagiaph attachment following 
a mild steel template, and flats were milled on the grip portions 
of the specimens. The surfaces of their gauge lengths were ground 
to 600 grade before their diameters were measured with a pin 
micrometer. One specimen of each material was tested in tension, 
and a 12 mm extensometer used to obtain the elastic modulus and 
proof stress. The cross-sectional area at fracture was determined 
from the minimum diameter of the necked region.

Torsion testing was done with a standard Instron attachment. No 
torsional extensometer was available and torsional yield stresses 
had therefore to be estimated from a graph of torque against cross 
head movement. The mechanical stability of material under torsion 
meant that no specimen was taken to failure even after eight 
complete revolutions. Reverse torsion tests were done on one specimen 
of each material to look at the magnitude of the Bauschinger effect.
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Load Hardness Hardness

(g) 316 734

50 234 - 5 480 i 5

100 207 434

200 188 412

2,500 170 405

10,000 164 409

T ABLE  3.4: Comparison of Vicke rs  microhardness values 
measured w i th  d i f fe r ing  pyramid  loads, for  
316 and 734
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4.1 INTRODUCTION

The background to the tests used in this project has been referred 

to in the Literature Review section of this report, and details of 

techniques have been described in the Experimental section. This 

part of the report presents the results of the electrochemical tests, 

sub-dividing the potentiostatic tests into those on different 

environments, material condition, surface preparation and fabrication 

techniques. Corrosion fatigue and fretting corrosion results are 

presented in separate sections (with their relevant electrochemical 

data) and there is a final section dealing with the mechanical 

testing results and collecting together investigations on the 

structure of welded material. Detailed interpretation of the 

results is left to the Discussion section.

All of the values of potential quoted in this section were measured 

in solution relative to a silver-silver chloride reference electrode. 

The potential of this electrode is +200 »V compared to a standard 

hydrogen electrode and -4o mV relative to a standard calomel 

electrode. The potential at which transpassive current increase 

occurs is referred to as the 'pitting potential* for 316 and some 

734 tests, where pitting was observed, but as the'breakdown 
potential' for most 73^ and all Vitaliium tests where a different 

mechanism was responsible. The term 'protection potential* was 

used in the same sense for all tests, irrespective of whether 

hysteresis was due to pitting or crevice corrosion. These terms 

and their derivations are outlined in Appendix G. The results are 

recorded directly in the Tables for single values, but as means
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and standard deviations with more than one reading for a particular 

experimental arrangement. The number of measurements taken to 

derive an average reading are sometimes inserted as parenthesis 

next to that result,

4.2 ELEGTRQGHEMIGAL TESTS

4.2.1 POTENTIAL-TIME RESULTS

Rest potential-time curves for the three materials tested, 316,

734 and Vitallium, are presented in Fig. 4,1, The curves obtained

with oxygen partial pressures close to those found in tissue

(20 mm Hg) are typically ones of passivating metals, with a steady
increase in open-circuit potential until the final rest potential

is approached after about 100 hours in solution. There were

fluctuations in the rest potentials, particularly with 31&, but
these were within the passive potential region of the metals and

88similar to ones observed by Hoar and Mears , Their tests were 

performed in aerated solutions, and so comparative tests were 

carried out (Fig. 4,1) at higher oxygen levels (100 mm Hg), These 

gave rest potentials which were 50-100 mV more noble than for the 

standard gas mixture, the levels being closer to those previously 

found for 316 and Vitallium, Table 4.1 summarises the rest 

potentials measured for the standard materials and also the range 

of results obtained in different tests.

The rate of increase of specimen potential with time was also 

greater in solutions with a high oxygen content. This is illustrated 

in Fig. 4.2, which plots the same data as Fig. 4.1 on a logarithmic
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time axis. There appears to be an approximately linear relationship 

between open-circuit potential and the log of the time spent in 

solution; this general relation was also seen in the other 

immersion tests. For standard oxygen level readings, the rates 

of increase of specimen potential were the same for all three 

materials, indicating a similar rate-controlling step in the 

consolidation of their passive films. An increased oxygen content 

in solution facilitates the rise of potential. Rates of change 

of rest potentials are reported in Table 4,1 for immersion tests.

Recovery curves for the three materials after scratching are shown 

in Fig. 4.3, 31^ and 734 show similar behaviour, regaining their

original potential an hour after being scratched, for both high 

and low oxygen states. Rates of rest potential increase after 

scratching (Table 4,1) are similar to those of immersion tests, on 

a log scale.

The potential-time curves for polished and passivated 316 and 73^ 

surfaces are presented in Figs, 4,4 (linear) auid 4,5 (log), with 

scratch test results in Pig. 4,6. In the immersion tests both 

specimens reached a peak voltage well above their final rest 

potential, maximum values being 570 and 3 ^  mV for 316 and 73^ 

respectively. The 316 peak value was above the pitting potential 

of ground specimens in this solution with a steady fall in rest 

potential, after the peak had been reached, back towards the values 

attained by the freshly-ground surfaces. After scratching, the 

potentials reached their previous values in less than an hour.
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The behaviour of 316 and 73^ in solution was not only influenced 
by their surface condition but also by geometrical effects. Figs,
4,7 and 4.8 are curves from tests on crevice models. In Fig. 4.7 
one creviced face was stopped off with Lacomit, and the remaining 
crevice was then held vertically downwards whilst its rest potential 
was monitored. These specimens had been stored for several months 
before being tested, and the resulting surface oxide film kept the 
potential relatively high on first immersion. Once the specimens 
had been in solution for about 10 days their orientation was reversed, 
so that the crevices faced upwards. Any corrosion products forming 
in the crevices were then more likely to stay there because of 
gravity, and both materials showed a corresponding fall in their 
rest potentials; 20 mV for 734 and 140 mV for 316, indicating 
that crevice corrosion conditions were developing on the 316 
specimen. With a fully exposed crevice, i,e, coupled crevices 
pointing up and down (Fig, 4,8), both materials reached their 
standard rest potentials although the 73^ sample showed evidence 
of film breakdown while its potential was increasing.

Welded samples of 316 and 734 were tested in immersion, and the 
results for these materials are shown in Fig. 4.9 and Fig, 4,10 
respectively. The rest potentials given in Table 4,1 are an 
average of the curves for each material, the EB and TIG welds 
behaving similarly. Four curves are presented in Fig. 4.10 and 
show the degree of variation between different test runs on the 
same 73^ samples. Welded materials have a final rest potential 
within the range of the original standards, but take longer to 
reach those values (100-200 as opposed to 50-100 hours). Figs,
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4.11 and 4,12 present the corresponding scratch test results, the 

samples (like the standards) regaining their original potentials 

within an hour of scratching. The behaviour of the 3l6 TIG 

welded specimen however deviated from normal in that its potential 

showed little recovery after scratching; its immersion potential 

also underwent a series of drops in level, with subsequent recovery.

4.2.2 POTENTIOSTATIC TESTING

4.2,2.1 DIFFERENT ENVIRONMENTS

The polarisation curves obtained for the three materials when

tested in neutral buffered saline solution (solution A) are

presented in Fig 4.13, with corresponding key numerical values in

Table 4.2, Cyclic anodic polarisation was used for all the tests

with the voltage scan being reversed at an anodic current density 
-4 -2of 10 Acm , Each curve is the average of a number of runs on

different specimens, the means and standard deviations Of the

results being quoted in the Table. All of the parameters in the

table were measured from the E-logi graph, and their physical

significance is discussed in Appendix C. Results obtained for 316

and Vitallium are similar to ones already published for runs
90performed with tissue level oxygen concentrations . The value of 

corrosion potential for these freshly-ground surfaces is lowest for 

734 and highest for 316, the passive current density for 73^ being 

twice that for 316, The pitting potential of 316 is nearly 300 mV 

greater than its rest potential after prolonged immersion in the 

solution, but its protection potential is 100 mV lower than the 

rest potential indicating a susceptibility to crevice corrosion.
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The value of breakdown potential for 73^ is within the range 

where oxygen evolution occurs, and to check whether this was the 

cause of the transpassive current increase polarisation curves 

were carried out for 316 and 734 without any chloride ion in 
solution (solution B). The results are shown in Fig, 4,14 and 

Table 4.3, and indicate that oxygen evolution is indeed responsible 

for the increase in anodic current above 1100 mV, They also show 

that the presence of chloride ions is necessary to reduce pitting 

potential for 316 and to lower the protection potential for 73^
(from the breakdown value); the hysteresis in the potentiostatic 

curve of 734 produced by chloride ions shows that some active 

corrosion is occurring and that the pitting potential of 73^ in 

solution A must be close to the potential where oxygen evolution 

begins. Optical observations of 734 after polarisation in saline 

showed only occasional pitting attack of the exposed specimen face; 

instead there was evidence of crevice corrosion near or underneath 

the Lacomit defining the exposed area. There was also a distribution 

of small, inactive pits which was similar to the distribution of 

*Z-phase*. All 316 tests produced general pitting of the specimens 
with a range of pit sizes, some visible to the naked eye. In a 

number of runs there was also crevice attack associated with the 

lacquer. Vitallium specimens did not pit but were generally lightly 

etched, with a light brown surface colouration. Fig. 4.15 

presents optical micrographs of the three patterns of behaviour.

Using the same solution with 100^ nitrogen bubbled through it gave 

more reproducible results, as illustrated in Fig. 4.16 and Table 

4.4, as a result of the suppression of the oxygen cathodic reaction.
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The measurements of critical current density are also Included, 

the hipest value being for 734. Breakdown potentials are slightly 

increased for all materials, as is the protection potential of 

Vitallium. The protection potential is increased by 100 mV for 

734 with no evidence of specimen corrosion visible, but the 3^6 
sample had a reduced protection potential with moderate sub-lacquer 

corrosion. The lower corrosion potential readings reflect the 

suppression of the oxygen reduction reaction as a result of increased 

concentration polarisation.

With a lower solution pH (solution D) the hydrogen evolution

reaction increases the measured value of corrosion potential, as

shown in Fig. ^.17 and Table 4.5. Table 4,5 also includes 73^

results with tissue fluid gas mixture bubbled through the solution,

corresponding curves being presented in Fig. '̂-.18. Results for

316 show an increase in passive current density and a decrease in
protection potential, the latter being due to an increase in the

—4 —2current density at which the scan was reversed (to 2 x 10 Acm ), 

as well as substantial attack underneath the lacquer. This type of 

attack was also observed on 73̂  ̂specimens and was associated with 

irregular breakdown potentials, although the maximum pitting 

potentials were increased. Low pH solutions begin to model the 

conditions found in crevice corrosion^^^, and an extremely 

aggressive medium (continuously aerated solution E) was used to 

examine further the resistance of these alloys to crevice attack.

The curves in Fig. 4.19 illustrate the resistance of Vitallium to 

pitting, and show the superior breakdown behaviour of 734 compared 

to 316 • The passive current density of 73^ was however increased
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while its pitting potential decreased, with the protection 

potential remaining at a high level.

Increasing the concentration of chloride ion in the corrodent has 

been shown to make film breakdown on stainless steel more likely^^, 

and potentiostatic curves were therefore obtained for 3l6 and 734 

in IM NaCl (solution C). This was the only medium in which 

extensive pits were observed on the surface of 73^ specimens after 

polarisation, the curves and pitting potentials being presented in 

Fig. 4,20 and Table 4,7. The reduction of pitting potential was 

greater for 73^ than for 316, with the protection potential 

significantly lower; the passive current densities were an order 

of magnitude greater than those observed for the standard solution 

(a), while corrosion potential values were the same. In this medium 

316 and 734 showed very similar overall behaviour.

4.2.2.2 MATERIAL CONDITION

These tests were carried out in neutral buffered saline solution 

with an O2/CO2/N2 gas balance appropriateibr tissue fluid.
Variation of austenitic grain sizes of the two different stainless 

steels did not cause any significant changes in corrosion behaviour. 

The potentiostatic results are presented in Fig. 4,21 and Table 4,8. 

The only parameter which changed with variations in grain size 

was the protection potential for 316, optical observations revealing 
sub-lacquer crevice corrosion of varying degrees of severity on each 

of the specimens. Penetration of solution underneath the lacquer 

had not been apparent during the initial tests which determined the 

corrosion behaviour of *standard* 3I6. The grain size of the
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standard specimens was 4 for 316 and 7 for 73^ (BS 4490).

Effects of cold work on the corrosion behaviour of 3^6 have been 

reported elsewhere^^'^^. The magnitude of the change in material 

properties was seen to depend on the amount of cold work sustained 

by the specimen and the orientation of the face of the specimen 

being tested in relation to the rolling direction. Samples of 

73^ prepared with different degrees of cold working were tested 

longitudinally and transversely to the rolling axis. Although 

there was some variation in the results this was not significant, 

the only observable trend in behaviour being the increase of i-o 

with increasing cold work (a 20^ increase with each 10^ of cold 

working). The relevant results are shown in Table 4.9 and Fig.

4.22, the latter curves representing boundaries of the range of 

results rather than being discrete curves. The changes in cathodic 

corrosion behaviour between tests, particularly around the corrosion 

potential, reflect the alterations in solution oxygen concentration; 

a range of corrosion potential values (about -4o mV) was apparent 

in all the tests.

4.2.2.3 SURFACE PREPARATION

The surface condition of a stainless steel corrosion test specimen 

has been observed to affect its measured corrosion behaviour in
I

neutral saline . A series of tests was carried out on 3^6 samples, 

using different methods of surface preparation, in order to clarify 

the factors operating to change the corrosion response. Results 

are summarised in Table 4.10, and can be illustrated by looking 

at the composite and individual curves for electropolished and
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passivated material in Fig, 4,23. The pitting potentials of 3 

specimens were around 420 mV, éin increase of about 100 mV from 

the standard 600 grit surface; of the remaining 7 tests, 2 showed 
film breakdown and pitting at the onset of oxygen evolution whilst 

the remaining 5 followed the transpassive oxygen evolution curve 

with subsequent pitting. The protection potentials and passive 

currents were similar for all the curves, but the rest potentials 

split into two groups : the 3 samples which pitted around 4qo mV 

had a lower rest potential (-300 mV) than the 7 specimens which 

reached the oxygen evolution curve (-170 mV), Two electropolished 

and passivated samples were tested potentiostatically after being 

immersed in saline for 10 days; the results obtained were identical 

to those for the un-immersed specimens which did not show a 

breakdown of passive behaviour below the oxygen evolution potential, 

except that the corrosion potential was reduced to that typical of 

samples where the pitting potential was lower,

A similar distribution of pitting potentials was observed for 

electropolished but unpassivated specimens (Fig, 4,24), Also 

presented in this figure is the curve for a 1 pm mechanically 

polished finish. The corrosion potentials of all these tests were 

grouped around the lower value found for the passivated specimens, 

but the passive current densities were about 80^ higher although 

still well below 'standard* values. The pitting potential of the 

mechanically polished sample was not significantly different from 

a standard sample which had either been cathodically pre-polarised 

or immersed in saline for 10 days prior to anodic polarisation.
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The effects of cathodic pre-polarisation are shown in Fig. 4,25 for 

a 600 grit (standard) and an electropolished and passivated 
specimen. The electropolished sample.shows reduced passive current 

density and altered cathodic behaviour but is within the normal 

range of the other parameters. Similar behaviour was observed for 

samples with air-formed oxide films; also within this range was 

a segment of implant stem, which had been ^ass-bead blasted by 

the manufacturers before being exposed to the ordinary atmosphere 

for over a year. The passive current density of this segment was 

in the normal range despite its larger nominal surface area, 

reflecting its thicker surface oxide layer.

No reference has been made to the condition of the 316 material 

which was used for the surface preparation tests, A range of 

material was examined, including welded and cold-worked samples 

as well as a range of austenitic grain sizes. There was no 

correlation between the state of the 3I6 base material and the 
observed corrosion behaviour, the only variations resulting from 

changes in surface preparation techniques. This also applied to 

the morphology of the corrosion attack, which differed between 

electropolished and non-electropolished specimens. The two types 

of attack are illustrated by j^otographs in Fig, 4,26 of the 

corrosion pits observed. Standard and non-electropolished samples 

produced a range of pit sizes on the corrosion surface with a 

number of unrelated pit initiation sites: corrosion under the 

lacquer rarely occurred. When specimens had been electropolished 

there was only one initiation site on the surface which produced 

a large single pit, sometimes with associated pits formed under
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deposited corrosion products. No lacquer disruption was observed 

on specimens which pitted before the oxygen evolution potential 

was reached, but did appear in some samples which had breakdown 

potehtials above this. Fig, 4,26(c) shows the change in the pattern 

of sub-lacquer attack from a pitting-type on electropolished 

material to grain-boundary etching on non-electropolished areas 

of the same specimen.

Effects of surface preparation techniques on the corrosion behaviour 

of 734 were not studied in detail. Table 4,11 gives results 
comparing the behaviour of electropolished and passivated material 

with that of a standard (60O grit) surface, both being tested after 
10 days immersion in saline solution, using cyclic anodic polarisation 
from the rest potential. Fig, 4.27 presents the corresponding 

curves. The passive current densities were markedly reduced by 

both surface treatments as compared to the standard value for 

as-ground specimens, the reduction being greater than that seen 

for 316 passivated and immersed specimens (to l/l ?t,h as opposed to 
•J-), One of the 734 passivated samples had a high (50 mV) corrosion 

potential when re-immersed in the potentiostatic testing cell.

There were also differences in the polarisation curves above 8OO mV, 
with an increase in corrosion current density for the passivated 

samples,
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4.2.2.4 FABRICATION TECHNIQUES

The two methods of material fabrication examined in this study 

were shrink fitting and welding; both 316 and 73^ samples were 
tested. The shrink fitting results are presented in Table 4,12 and 

Figs, 4,28 and 4,29. Both materials showed an average decrease in 

pitting potentials from their standard ones, with a greater spread 

of values. In Jl6 however the breakdown of passivity in the 

crevice was associated with a rapid increase in corrosion current 

whereas less of an increase was apparent for 73^» there being a 

steady rise in current with potential as corrosion became established 

within the crevice. The protection potentials of the specimens 

are consistent for each material, and the presence of crevice 

corrosion was optically verified in every test by the formation of 

corrosion products near the mouth of the crevice. The passive 

current densities and corrosion potentials were typical of the 

materials used, the assemblies having been stored in air for some 

months before testing. Fig, 4,28 also includes a curve obtained 

for a 316 crevice without cathodic pre-polarisation, which was very 
similar to others observed on standard specimens tested with a thick 

air-formed oxide layer: no crevice corrosion was seen in this test, 

the current hysteresis being due to sub-lacquer corrosion.

Two types of welds were examined, electron beam (EB) and tungsten 

inert gas (TIG); a matching filler rod was used for the TIG welds,

A number of curves were obtained for each type of weld, and also 

for annealed welds in both materials. Table 4,13 contains a 

summary of the results. Some of the categories in the Table contain 

more than one value when this helps to describe the distribution of
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the data. All the 316 curves fall within the envelope of Pig, 4,30, 
with no significant differences in behaviour between welded and 

annealed samples. The 316 results for welded material are also 
close to standard values ; 4 out of 10 specimens however had high 

protection potentials, and this was associated with the development 

of smaller than usual pits on the corrosion surface. The overall 

pit morphology was similar to the standard type, and in addition 

some sublacquer corrosion was seen in the samples with lower 

protection potentials. There was no correspondence between 

the sites of pitting or sub-lacquer attack and the structure of the 

underlying metal; sub-lacquer corrosion in 73^ followed a similar 

pattern of behaviour. Micrographs of the morphology of corrosive 

attack in both materials are shown in Fig. 4,31, (a) and (b) 

detailing pit structure and preferential sub-lacquer attack of 

weld metal in 316, and (c) the sub-lacquer attack in 73^. The 

curves for welded and annealed 73̂  ̂samples are presented in Figs,

4,32 and 4,33 respectively, noticeable departures from standard 
behaviour being observed in the range of pitting and protection 

potentials. The majority of specimens behaved like standard ones, 

in pitting around the oxygen evolution potential, while some 

samples showed an increase in their corrosion current densities 

at lower potentials in an irregular way similar to the shrink-fitting 

tests. No pitting was observed on the exposed faces of the 734 

samples, all the corrosion occurring beneath the lacquer. The 

extent of sub-lacquer corrosion was related to the value of 

protection potential, extensive attack being associated with lower 
potentials,
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4.3 CORROSION FATIGUE

Torsion fatigue curves were obtained for Jl6 and 73^ in air and 
neutral saline solution, and these are given in Fig. 4,^, The 
low cycling frequency used for the tests (2Hz) limited the number 
of samples and the extent of the stress range that could be 
investigated. Estimated stress levels for a life of 10^ cycles are 
summarised in Table 4.14. Changing to a saline environment 
reduced the fatigue life of 316 more markedly than that of 73^
(by 20^ and 3% respectively), but the differences observed between 
the curves in the two environments are not significant when 
compared to the amount of scatter in the data for each material.
The torsional fatigue limit at 10^ cycles for 734 is a factor of 
about 1.4 times greater than that of 316 in both environments. 
Morphology of the fracture surfaces changed with stress and 
environment in both materials, and the tynes of surface are shown 
in Fig. 4,35, There was a general t^end towards fracture surfaces 
becoming perpendicular' to the axis of the specimen at higher applied 
stresses. This trend is illustrated in Fig, 4,36, which is & plot 
of the nominal surface shear stress against the approximate angle 
of the failure surface to the specimen axis, as measured by a 
simple protractor. The 'star* patterns on the surface (as seen in 
Fig. 4.35(a)) had failure angles varying from 75° to 90°, while at 
angles between 45° and 55° a plane fracture surface (c) was observed; 
an intermediate type of failure (b) was seen at angles of 55° to 75°. 
The balance between transverse and shear stresses in directing 
crack growth is apparent in (d), which shows a crack on the surface

yof a 316 testpiece subjected to more than 10 cycles in air.
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The distribution of points in Fig, ^.36 suggests that the fracture 
angle decreases with decreasing stress, the effect of a saline 

environment being to produce a higher fracture angle for a given 

stress (at higher stresses) on 316 specimens while leaving the 
73^ failure mode relatively unchanged. Highest fracture angles 

were associated with a peak in the stress values, at angles of 

about 80 ,̂ Scanning electron micrographs of the corrosion fatigue 

fracture surfaces are presented in Fig, 4.37. The important 

features of the fracture surfaces deoended on the stress applied 

to the specimens rather than the material or the environment in 

which they were tested. Fig, 4.37(a) is a view down onto the 

surface of the same 73^ specimen illustrated in Fig, ^.35(i>)f 

and reveals that the development of the crack followed a helical 

path. A 73^ samnle tested in a saline environment at a similar 

stress level (Fig, ^,37(b') to (d)) shows the development of 

multiple cracks both at its surface and into its interior, with 

ductile crack growth across the centre of the specimen towards the 

region of final failure at its edge. There were also regions of 

the specimen which showed signs of rubbing, these being situated on 

the opposite side of the testpiece to the area of final failure.

A *star* type of failure is illustrated in Fig. 4.37(e) to (g), 

in this case for a 316 specimen. Multiple cracks were aigain 

observed, even on a small scale inside the specimen. Fatigue 

striations were more easily seen with this mode of failure, with 

voids being more common towards the outside of the specimen than 

in the middle. The striation pattern was variable, and tended to 
run concentrically around the centre of the samples.
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A small number of 734 welded samples were tested under corrosion 

fatigue conditions, with a constant bending moment. The testpieces 

were cut from plate; two had untreated TIG welds running across 

the tested cross-section, two others were cut similarly but were 

annealed before testing and four unwelded samples were used as 

controls. The results are given in Table ^.15. All of the welded 

samples, including those which had been annealed, had shorter 

lives for a given maximum surface stress than the controls. Both 

of the untreated welds failed in the weld metal, while only one of 

the annealed welds did so. The other one, like two of the controls, 

failed when a crack propagated across the radiused portion of the 

testpiece.

Optical examination revealed the development of cracks on at least 

one outer face of each specimen, the outèr faces being defined as 

those subject to the constant bending moment. The design of the 

bending test allowed distortion to occur on the outer face opposing 

that where the initial fatigue crack developed: Fig. 4,38 (a) to
(c) shows the patterns observed. The unwelded (cold worked) specimen 

produced a large number of small cracks close to the area of final 

fatigue failure, whilst the welded and annealed specimens developed 

fewer cracks but these extended further away from the fatigue crack 

face. Both of these specimens also showed slip lines which were 

generally associated with secondary crack growth, implying that 

these cracks were due to localised deformation and failure. Cracking 

on the opposite face, i.e. the one where the fatigue crack initiated, 

was only seen in the welded and annealed samples. In the as-welded 

testpiece cracks were seen both in the weld metal and the heat-
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affected zone (Pig. 4.38(d) to (f)), with a tendency to follow 

ferrite-austenite boundaries in the weld when these were favourably 

aligned. The annealed weld had similar cracks in the annealed 

weld metal with cracking showing inter- and transgranular features 

in the heat-affected zone (Fig. 4.38(g) and (h)).

Sections were prepared and examined which were perpendicular to 

both fatigue crack and outer fanes; these revealed additional 

features of the fatigue fractures. Fatigue cracks in the welded 

specimen did not run down through the weld metal alone but also 

went through the heat-affected zone (Fig. 4.39(a)); Fig. 4.39(b) 
shows slip line development adjacent to the crack in both regions. 

Fatigue cracks in the annealed specimen ran only throu^ annealed 

weld metal (Fig. 39(c)). Secondary cracks observed in the 

fatigue crack initiation surfaces were shallow ones, with blunted 

ends (Fig. .39(d) and (e)̂ ; cracks seen in the opposite surface 

tended to be longer and were associated with slip lines (Fig. 39(f)). 

The amount of residual ferrite in material adjacent to the weld 

depended on the position of that material relative to the various 

weld passes, in both the as-welded and annealed TIG samples.

Scanning electron micrographs of the fatigue crack surfaces are 

presented in Fig. ^.4o. Fig. ^.4o(a) shows an area of cracking on 

the surface of the unwelded specimen observed in Fig. 39(a),

the tilt of the sample also revealing rubbing marks and a region 

of ductile failure. In the centre of the specimen (Fig. 4.40(b)) 

the crack grew on multiple paths, with cracks developing round 

inclusions (Fig. 4.40(c)). The welded specimen with its smaller 

number of cycles to failure had well-developed fatigue striations
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across most of its surface, these being parallel to the outer faces 

of the testpiece: the surface of the fatigue crack was rou#i (Fig. 

4,4o (d) and (e)). This was also the case for the annealed weld, 

which near the edges of the sample cracked with a mixture of fatigue 

striations and ductile failure (Fig. 4.40(f)), and in the centre 

had striations which were partially obscured by corrosion products 

(Fig, 4.40(g)). These micrographs suggest that the control and 

welded specimens failed by conventional mechanical fatigue (high 

and low cycle respectively) while the annealed weld showed signs 

typical of corrosion fatigue^^, with secondary fatigue crack 

corrosion.
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/4.4 FRETTING GOP ROSI ON

Plate and screw assemblies were bolted on to lengths of Delrin 

(nolyacetal) rod and immersed in physiological saline solution, as 

described in the experimental section, in order to monitor their 

rest potentials against time. Fig. '̂.4l presents the notential- 

time curves for two assemblies of each material: their behaviour 

was similar after the fi^st few hours, and the same as that of 

standard specimens shown in Fig. '>.2, with occasional drops in 

potential indicating periodic passive film breakdown and repassivation, 

The same patte-^n of events was observed for 316L in similar
76 128experiments ' . However, when the assemblies were made u p  of

mixed 316L and 73̂ : components the potential-time curves were much 
more irregula- (Fig.  ̂.42'', with a final rest potential of -4q mV as 

opposed to -+60 mV for the unmixed materials. This lower potential 

implies that the mixed assemblies we^e corroding more actively 

although th*̂  sum of potentials remains well within the passive region 

for each alloy.

Two sets of experiments we^e carried out to reproduce ones reported 

by other wo^ke^s. The first se-'des of tests emulated work done by 

Brown and f.impson^^^ who subjected ' j l 6 h  plate assemblies to a number 

of 10 minute fretting episodes in vitro. Fig. 4,/i3 shows some 

316L potential-time curves generated under a similar fretting regime. 
Curves 1 and 2 were obtained unie^ 'standard' test conditions, that 

is with a load of 50 Kg on the plate analogue, oscillating at 0.8 Hz. 
Curve 3 shows that the potential drop on fretting depends on the 
loading frequency, this being cut from 1.6 to 0.8 Hz at point A 
with a subsequent recovery in potential. The drop in rest potential
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on fretting (aV) was about 30 mV for J l 6  under standard conditions, 

aV also being very sensitive to the maximum fretting load; a load 

of 100 kg (as in curve 4) increased AV to over 250 mV. Curves of 

potential recovery after fretting are given in Fig, 4.b4. The majority 

of samples recovered aV completely but curve 1 continually declined 

after the cessation of fretting, suggesting that there was some 

development of crevice corrosion in the fretted area. The 

corresponding curves for ? y i assemblies are given in Figs. 4,45 and 
4.46. Both aV and the recovery of potential follow a more consistent 

pattern, the value of aV however being much greater for 73̂ ' (ab^ut 

IBC mV\

The second set of experiments followed those of Steinemann in 

using potentiostatic polarisation to explore the changes occurrinr 

in the screw/plate system during fretting. He carried out 

potent!odynamic sweeps to gene-ate cyclic polarisation curves with 

and .•■ithout fretting taking place. Pesults obtained in the present 

serie~ of tests under 'standard' conditions are presented as 

polarisation curves for 316 and 73' in Figs. 4 ,/'7 and 4,48, with a 

summary of average values in Table .16. Each curve and reading is 

the average of three determinations. The measurements were less 

reproducible than those 0̂  ''teinemann but showed a similar pattern.

For 316 the passive current was increased significantly during fretting,
— S 2the overall increase being 4,5 % 10 A averaged over the 30 cm

area of the plate assembly. Using a relationship given by

steinemann , and knowing the load on the screws, the plastic contact
-4 2area at the interface can be estimated as 5 x 10 cm , leading to

-2 -2an active anodic current density of about 10 A cm in the crevice
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-1 _2compared with a value of 10 A cm from Steinemann. The measured 

increase in anodic current would also be sufficient virtually to 

exhaust the cathodic reaction on the stainless steel surface, it 

being capable of supplying 3 ^ 1 0 x 10 A over a 30 cm area.

Pitting and protection potentials were also reduced for 316 during 

fretting, by 6o mV and 200 mV respectively, indicating that it 
was easier to initiate crevice corrosion and that conditions we^e 

generally more severe once corrosion had started. The results for 

734 showed a slight increase in passive current on fretting, abrut
_510 A in total, indicating a lower current density in the crevice 

(about 2 X 10  ̂A cm The pitting potentials were reduced by

60 mV, the same amount as for 316, but the reduction in protection 

potentials was half as g^eat, also being 100 mV.

A further series of fretting tests was performed to try to find out 
whether- the changes in potential with fretting were 'reproducible 

after different fretting times, and if repeated fretting could 

reliably induce crevice corrosion. Potential-time rather than 

potentiostatic tests were used because the imposed corrosion current 
of the l a t t e r  tyrp of test can of itself disrupt passive films and 

initiate crevice corrosion. The procedure adopted was to submit 

plate assemblies to fretting for periods of 2, 10, 20, 90 and 36  ̂

minutes with sufficient time between the tests to allow the potential 

of the assembly to recover, these recovery times being 1,2,5,20 and If 
hours respectively. The 3^0 minute run was repeated on some samples. 

In addition to tests on 3I6 and 73^ assemblies, experiments were 
carried out on mixed systems where the plate was made from one alloy 

and all the screws were made of the other.
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A plot of the final potential drop (aV) after fretting versus the 

length of time for which the fretting load was applied is given in 

Fig. 4.49. The 73̂ ' assembly showed the most consistent behaviour, 

aV increasing with fretting times up to about 20 minutes and then 

remaining in the range 280-300 mV, aV after 10 minutes was close to 

the value observed for the earlier set of experiments (Fig. 4,03 ,̂

The 316 assembly had consistently lower values of aV at fretting 
times UP to 90 minutes (between 60 and 90 mV) although the fall 
after 360 minutes of fretting was similar to that o^ 734. The 

variation in aV for repeated 3^0 minute tests on 316 and 734 was 
approximately ^20 mV; the value of aV for shorter fretting times was 
however dependent to some extent on the previous fretting history 

of the specimens. Fig. 4 ,50 shows the variation in AV values, 

determined a given number of minutes after the onset of fretting, 

plotted against the total length of time for which the assembly had 

been fretted. The 73̂  ̂ samples showed no change in aV a^ter 2r 
minutes f^^tting, with total f-^etting time; (/ min' and ̂ V ''1C minf 

increased up to 100 min fretting time, with a g^eate- increase in 
aV (2 min'. The results for 316 are the reverse of those for ? y  , 

the greatest change being in aV (20 min\ Lnnge- fretting times a-e 

also associated with longer recovery times, and this may explain the 

different behaviour of aV (10 min) in this series of tests as 

opposed to those presented in Figs. 4,43 and 4 ./15, Returning to 

Fig. 4 the behaviour of the mixed metal assemblies differed from 

that of either of the two alloys tested separately. The ? y  plate 

coupled to 316 screws had a consistent AV of 100-20 mV which was 
independent of the fretting time, whilst the 316 plate with 734 screws 
had a much more variable AV that, when averaged out, approached the 

behaviour of AV due to 3I6 plate alone.
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An insight into the performance of these alloys under fretting can 

also be gained by looking at the recovery in potential after fretting. 

Fig. 4,51 gives the recoveries in potential of samples on the 
cessation of fretting, with arrows indicating where the potential 

was still changing and in what direction; Fig. 4 ,52 presents the 
final difference in sample potential between its original rest 

potential and the final stable rest potential after fretting, lengths 

of recovery time in all cases being lons'e" than the 1, 2, 5» 2f and 

4q hours of Fig. 4.51, The data in Fig.  ̂.5I arp l>est compared to 
those in ^ig. 4,4.9, a similar pattern o^ behaviour in the two figures 

indicating that the sample is repassivatinr within the specified 

recovery times, fuch a pattern was only shown by the 7j4 assembly, 

with a greater scatter in the aV values for -ecovery as opposed 

to those of fretting for the other alloy combinations. The largest 

n u m b e r  y^esults which were still changing when measured were found 

with the 316 assembly, 734 plate/316 screws being the next most 
severely affected combination. These observations are in agreement 

with those o-̂ Fig. 4,52; 734 consistently ha 1 an overall drop in 
potential close to zero while 316 showed the most variable potential 
changes, with those for the 734 plate/316 screws also varying widely.
A chwnginr potential or one significantly different from zero 

indicates that the system concerned is not easily repassivating.

Scanning electron micrographs of fretted screw head surfaces in 

Fig. 4,33 illustrate the effects of fretting on the metal surface.
On specimens of both 734 and 316 monitored without external 

polarisation, (a) and (d\ more severe surface damage was apparent 

with 316 than 73̂ '; although both samples developed corrosion pits
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and signs of fretting damage, the harder 316 screw showed evidence of 

crack formation and slip line deformation. Potentiostatic polarisation 

in addition increased the area of the specimens which was attacked 

((b),(e)) and encouraged the development of crevice corrosion as 

well as fretting damage ((cl, (fl).
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4.5 OTHER INVESTIGATIONS

4.5.1 WELDED MATERIAL

In addition to carrying out electrochemical and fatigue tests on 

welded material under in vitro conditions, the structure of welds in 

73̂  and 316 was examined using optical and electron microscopical 

techniques. Optical micrographs of untreated and annealed welds 

are presented in ?ig. 4.54. The two materials had similar structures 

for both treatments. TIG welds were made up of a number of passes 

with a filler rod (Fig. 4.34(a)), subsequent passes heating and 
transforming ferrite to austenite in the centre of the weld (b).

The EB weld in 73- î as a double pass (c), whe-reas that for 316 was 
a single one (e) due to the increased thickness of the cold-worked 

73-̂  plate over the annealed 316 base plate. The junction of weld 

metal (’iVM) and heat-affected zone (HAZl in the 73' EB weld is shown 

in (d), the ferrite dendrites being on a smaller scale than in (b).

A 24 hour solution anneal transformed all the ferrite into austenite 

in 316 but left some residual ferrite in the 73' TIG weld: this can 

be seen in Fig. 4.3/1 (f ) . The austenitic weld grains were

larger in 316 than in 73*# indicating that 316 had a faster rate of 
grain growth on annealing. Both annealed TIG welds had a layer of 

small equiaxed grains between the WM and the HAZ, corresponding to
171the locations of the unmixed and partially-melted zones of the weld . 

With EB welding a region of equiaxed grains developed in the centre 

of annealed welds, the resulting structure being similar to a casting.
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Microhardness measurements were made across the welds, to see whether 

there were any significant changes in the me chemical properties of 

the materials. The results are given in the form of hardness

profiles across TIG (Fig. ^•55) and EB (Fig. 4,56) welds, both for

as-welded and annealed material. The interface between WM and HAZ 

is marked on the diagrams for both ]l6 and 7 3 ’ ; because the 7 3  base 

plate was cold worked it was also possible to determine the extent of 

recrystallisation in the 73 HAZ, and this boundary is also defined.
All of the hardness readings were reproducible to within i5 Vickers 

units. Hardness curves for TIG and EB welds shared the same general

pattern for each material. For 316 the WM was hardest towards the

centre of the weld, and there was an abrupt fall in hardness across 

the interface between WM and HAZ. The material behaved similarly 

when annealed, changes in hardness however being made more smoothly.

The hardness of annealed WM and baseplate were the same. This 

applied to 73^ as well, except for a drop in hardness at the centre 

of the annealed TIG weld. The WM in 73^ was hardest at the WMyAiAZ 

interface, where again there was a marked fall in microhardness in 

the HAZ, with another rise at the transition between the recrystallised 

mate-rial and the cold-worked baseplate. There were two regions in 

both 316 and 73̂ * welds that demonstrated small scale hardness changes, 
these being in the HAZ, where there was a peak in the hardness, and 

between the edge of the recrystallised HAZ and the baseplate where there 

were fine hardness variations. These effects were largely suppressed 

on annealing.

Another method used to examine welded structure was electron microprobe 
analysis. The concentrations of nickel, chromium and molybdenum 

were determined at positions defined by microhardness indentations
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across 316 and 7 3  untreated and annealed EB welds. The mean 

element concentrations are given in Table 4,17, and the standard 

deviations of as-welded material can be seen to be higher than 

those for annealed welds. The relative (machine) accuracy for the 

determination of each element was -0.1^, with absolute values of 

concentration being obtained by using the known composition of the 

samples as their own standards. 'Overall worst values’ in the 

table are compounded ^rom the most extreme measured values and the 
absolute estimation error fo^ each element. Most of these 'wo^st 

values' lie within the range of allowable composition of the alloys, 

the most significant departure from this being for molybdenum, 

readings in 73'. The actual readings are presented in Figs. 4.5? 

and 4 .58, with 0.1^ error bars. Schematic diagrams of possible 

variations in elemental composition across the weld are given in 

Figs. 4.59 and 4.6o. The samples were not etched before testing, 

so that individual readings could have emanated from ferrite or 

austenite phases in the weld or from other phases or inclusions. The 

spot size of the microp-obe, at 2 pi, was small enough for it to be 

affected by these various structures.

An attempt was also made to monitor changes in nitrogen concentration 

across 734 EB and annealed EB welds. The material was lightly etched 

before testing, in oxalic acid, and the different material structures 

(including inclusions) were examined. Two problems encountered were 

the low count rate (above background) of the nitrogen peak measured, 

and the presence in 73- o f niobium, one of its spectral lines 
being directly on top of the nitrogen peak. A response was however 

observed which when compared to an available standard indicated a
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combined nitrogen and niobium concentration of about This

concentration did not vary significantly when examining welded or 

annealed material, or apparent inclusions.

4.5,2 MEGHANIGAL TESTING

A summary of the mechanical testing results is presented in Table 

4.18. Two specimens of each material were tested in torsion but 

only one in tension, the error limits on the results being estimates 

of the error of the readings from each testing procedure. The 

accuracy of the torsion tests was limited because a torsional 

extensometer was not available; torsional yield stresses were 

estimated from the change in slope of the Instron torque-displacement 

curve. The tensile proof stresses and ultimate strengths a-re in good 

agreement with the predictions of the formulas quoted by Pickering^^, 

which relate these parameters to alloy composition. The percentage 

of reduction of area on failure is a better indicator of ductility 

than elongation, the values measured being higher than those observed 

by Smethurst^^. The modulus is on the low side of that generally 

seen in stainless steels but the difference is within experimental

error. The work hardening coefficients were obtained using a method
162described by Dieter and were derived from the log stress-log 

strain plots of Fig. 4,6l. These plots show a marked deviation from 

a log-log relationship at low strains leading to a higher apparent 

value of the hardening coefficient. The work-hardening rate is 

found at a particular stress level by using the hardening coefficient 

at that stress, and in both these stainless steels the rate decreased 

with increasing strain. The work-hardening rates of 73^ and 316 
are plotted against strain in Fig. 4.62; the rate was higher for 734
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than 316 at any given strain, the higher chromium, carbon and 

nitrogen content of 7 3  giving it a lower stacking-fault energy^^.

A series of alternating torsion measurements were performed on 3l6 

and 734 specimens, to determine the magnitude of the Bauschinger 
effect, E^ch specimen was cycled four times between the same 

extremes of torque, and the resulting yield stresses were estimated 

from the Instron chart as before. Ihe measurements were thus 

consistent within each test. The observed drop in yield stress on 

reversed torsion was similar in magnitude for 316 and 73' but because 
of the difference in their torsional yield stresses there was a 

factor of two between them when the drop was expressed as a percentage 

of the yield stress: 19-3^ for 316, and 10^2^ fo-̂  73'. This compares

to a Bauschinger effect of about 23% in I3i5 steel tested under
1 Do

similar conditions.
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4.6 SUMMARY OF RESULTS

(1) ELECTROCHEMICAL TESTS; REST POTENTIAL-TIME;

- Rest potentials of 316 were generally 50 mV higher than those of 7 3
- Both materials showed a susceptibility to crevice corrosion
- Welded material took a longer time to reach standard rest potentials.

POTENTIOSTATIC TESTS;

- In isotonic saline, 316 was and 73" was not susceptible to pitting
- In 1 M chloride solution, the behaviour of 73' became similar to 
that of 316

- Cold working of 73 increased the passive corrosion current density
- Electropolishing specimens reduced the passive current and 
increased the pitting potential of 316

- 316 and 73' were vulnerable to crevice corrosion
- Welded material behaved similarly to standard samples,

(2) COPROTION FATIGUE;

- Torsional fatigue limits at 10^ cycles were l,4x greater for 73' 
than 316

- A  saline environment reduced the fatigue limit more for 316 than 73
- Stress levels and environment both affected the morphology of 
fracture

- Welded 7 3  material had a markedly reduced fatigue life compared to 
worked samples

(3) FRETTING CORROSION
- 316 a.nl 73̂' were susceptible to fretting corrosion
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7 3  had a higher potential drop during fretting than 3l6 but 

recovery was more complete after fretting 

Rest potentials of mixed 73 and 316 assemblies were 120 mV 
lower than those of unmixed ones.



CONDITIONS MATERIAL

10-DAY 
REST 

POTENTIAL 
(mV AgCl)

REST 
POTENTIAL 

RATE 
(mV/decade 

time)•

SCRATCH
REPASSIVATION

RATE
(mV/decade

time)*

STANDARD 316 46 i 10 135 - 20 100 - 20
754 9 i 20 140 100
Vitallium 43 - 25 140 t

HIGH Og 316 110 170 130
734 105 _  * -  *
Vitallium 150 190 200

ELECTROPOLISHED 316 212 100/-100 160
AND PASSIVATED 734 170 100/-500 140

WELDED 316 35 - 30 50 140
(TIG AND EB) 734 0 - 20 105 120

CREVICE: 
SINGLE _UP 316 102 70

734 113 70
.DOWN 316 -118 -80

734 87 -10
: DOUBLE 316 62 20

734 -2 40

Either \not measured or ^not defined 

* Measured between 1-100 or 10 ^-1 hr

TABLE 4.1: Summary of rest potent ia ls  and thei r  rates 
of  change for  immersion test  results



MATERIAL ^pit ^prot ^passive ^corr

316 335-10 -50-10 6.0-0.3x10” 7 -430^30

734 1100-15 940-30 1.3-0.5x10” 6 -500-20

Vitallium 500-10 450^10 1.0-0.3x10”6 -450-20

TABLE 4.2: Reference potent ia l  and curren t  densi ty  values 
obta ined for  alloys 316,734 and V i ta l l i u m  
tested potent ios ta t i ca l l y  in physiological 
sal ine solut ion.  Potentials in m V  ( A g / ^ C I )  
and passive current densit ies in A /c m

MATERIAL ^pit ^prot ipassive Ecorr

316 1090 1000 IxlO'G -215
734 1080 1030 IxlO'G -200

TABLE 4.3; Poten t ios ta t i c  results for 316 and 734 in 
neutra l  buf fe red w a te r ,w i th  no Cl ions 
present in solut ion

MATERIAL ^pit Eprot 1passive Ecorr i c i t l A / c m W

316 380 -115 7.0x10” ^ -680 3.0x10” ^

734 1110 1045 1.7x10"^ -700 1.1x10”^

Vi tallium 510 460 l.OxlO'G -720 7.5x10”^

TABLE 4.4: Results fo r  316,734 and V i ta l l i u m  in de
oxygenated neutral  sal ine solut ion



MATERIAL ^pit ^prot ^passive Ecorr

316 315-20 -490-20 1.7-0.3x10”^ -520-20

734 1120+10 935-40 1.4-0.3x10” ^ -565-10

Vitallium 720-20 630-30 1.5x10” ^ -565

734 1125-10
(210,430)

825
(-220)

3.5-0.5x10”^
(1.3)

-460-10

TABLE 4.5: Values fo r  316,734 and V i ta l l i u m  in de-
oxygenated saline solut ion,ac id i f ied  to a pH 
level of  5.0; also a set of readings obta ined 
fo r  734 in the same solut ion but  w i th  
physiological oxygen levels

MATERIAL ^pit ^prot ^passive Ecorr

316 -100 -140 5.0x10”^ -300

734 940-20 880 4.0^1.0x10” ^ -285

Vitallium 870^20 850-30 8.0x10”^ -300

TABLE 4.6: Poten t ios ta t i c  measurements fo r  316,734 and 
V i t a l l i u m  in aerated 0.23M Cl solut ion,pH 
level 1.5



MATERIAL ^pit ^prot ipassive Ecorr

316 190 -580 l.OxlO'5 -520

734 250 -270 5.0x10” * -515

T A B LE  4.7: Values fo r  316 and 734 in 1M oxygenated 
(20mmHg part ial  pressure) sal ine

MATERIAL
AND ^■pit ^prot ^passive Ecorr

GRAIN SIZE

316:
2.5 330 -180 7x10” ^ -400
3.5 350 -15 4x10” ^ -375
5 345 -50 6x10” ^ -365

6.5 345 -100 4x10” ^ -380

734:
4 1090 930 1 .0x10” ^ -460

5.5 1100 950 1 .2x10” ^ -470
7.5 1095 930 1 .2x10” ^ -500

T ABLE 4.8: Changes in po te n t io s ta t i ca l l y  measured 
parameters w i th  variat ions in annealed 
grain size fo r  316 and 734 specimens 
tested in physiological  sal ine



COLD WORK 
AND 

ORIENTATION
^pit ^prot ipassive Ecorr

0% L 1115 970 IxlO-G -480
T 1095 910 1.5x10"^ -535

10% L 1100 940 1.4x10"^ -500
T N 0 T M I D A S U R E D

15% L 1090 910 1.3x10”^ -520
T 1100 960 2x10”^ -510

20% L 1105 915 1 .6x10”^ -520
T N 0 T M I : A S U R E D

30% L 1105 950 1 .8x10’^ -495
T 1100 945 1.8x10"^ -495

TABLE 4.9: E f fec ts  of  cold work and specimen or ienta t ion  
on the corrosion behaviour of  734 in physio
logical sal ine solut ion.  Exposed surfaces were 
longi tud inal ly  (L) or t ransversely (T) cut  in 
re lat ion to the specimen ro l l ing  d i rec t ion



SURFACE
PREPARATION ^pit ^prot ipassive Ecorr

1 urn POLISH 355-15 -75-20 2.5-0.5x10"^ -295-10(2)

ELECTRO
POLISHED

1120-15(2)
500

175-5 2.6-0.8x10"^ -290 (2)

ELECTRO
POLISHED & 
PASSIVATED

1100-20(7) 
430-45(3)

-80^40 1.4-0.2x10"^ -170-35(7)
-300-25(3)

AS ABOVE,
+ IMMERSION

1120^20 -80-10 1.4-0.1x10"^ -290±5 (2)

C A T H C D i e  ]) R E P () L A R I S A T I O N :

600 GRIT 
FINISH

335-10 -50-10 6 .0-0.3x10"^ -430-30(2)

ELECTRO
POLISHED & 
PASSIVATED

315 10 2.5x10"^ -380

TABLE 4.10: Changes in the po ten t io s ta t i c  polar isat ion 
behaviour o f  316 in isotonic sal ine w i th  
a l terat ions in surface preparat ion t e c h 
niques. Figures in brackets are the 
number of  specimens tested in each 
condit ion



SURFACE
PREPARATION ^pit ^prot ^passive Ecorr

600 GRIT 
FINISH + 
IMMERSION

1060 910 1.8x10’ ^ -180

ELECTRO
POLISHED & 
PASSIVATED 
+ IMMERSION

1105-5 980-20 9±3xlO-G -205(2)
50

TABLE 4.11: E f fe c t  of surface preparat ion on the po la r i s 
ation behaviour of  734 in physiological sal ine

MATERIAL ^pit ^prot ipassive Ecorr

316 240-40 -135-40 5-1x10"'^ -260-25

734 1020
505
275

-85±15 1 .2-0.2x10"^ -360-70

316 (No 
cathodic 

polarisation) 3 70 -70 lxl0"7 -85

TABLE 4.12: Results obta ined w i th  316 and 734 shr ink-  
f i t t e d  specimens, in physio logical sal ine



MATERIAL
AND

CONDITION
^pit ^prot ^passive ^corr

316:
WELDED (7) 
ANNEALED (3) 
OVERALL (10)

335-25
360-35
345-30 100-50(4)

-80-30(6)

5-1x10” ^
6±lxlO"7
5-1x10"^

-370-40
-350-20
-360-40

734:
WELDED (8) 

ANNEALED (5)

OVERALL (13)

1090-20(4) 
(980 600) 
330-5(2) 

1060-20(3) 
885 
300

1075-25(7)

850-90(4)
-110-30(4)

-190-40

850-90
-140^60(9)

1.7^0.8x10“^

1.1-0.4x10“^

1.4-0.6x10"^

-610-75

-540-75

-580-100

TABLE 4.13; Range o f  polar isat ion results measured fo r  
316 and 734 welded and annealed weld 
samples,  in physiological saline

MATERIAL AND FATIGUE FATIGUE

ENVIRONMENT STRENGTH RATIO

316: AIR 145 0.28

SALINE 120 0.23

734: AIR 195 0.17

SALINE 185 0.16

TABLE 4.14: Fat igue shear st rengths at  10 cycles for  
316 and 734 (M N m  ). Es t imated fat igue 
rat ios ( tens i le  fa t igue s t reng th /UTS) 
are also given



MATERIAL SURFACE CYCLES TO COMMENTS

CONDITION STRESS FAILURE

TIG: WELDED 555 5.1x10^ Failure in weld

WELDED 500 2.5x10^ Failure in weld

ANNEALED 455 1 .2x10^ Failed in radiused 
part of specimen

ANNEALED 435 1x10^ Incorrect insertion 
into grips

COLD-WORKED 550 1.3x10^
PLATE:

515 4.9x10 Failure in radiused 
part of specimen

500 1 .8x10^ Failure in radiused 
part of specimen

4 70 2.2x10^

TABLE 4.15: Resul ts of the l im i ted  bending fat igue tests 
per fo rm ed  on 734 welded, annealed weld and 
unwelded co ld -worked  (about  45%) mater ia l

MATERIAL ^pit E prot ipassive Ecorr

734 :
NO FRETTING 

FRETTING
355-120
290-100

140-40
35-20

2.6-0.5x10"^
2.9-0.6x10"^

-560-40
-520-50

316:
NO FRETTING 

FRETTING
320-30
260±15

185^5
-15-5

2.6-0.4x10"^
4.2-0.8x10"^

-680-20
-690-15

TABLE 4.16: Poten t ios ta t i c  measurements on 316 and 734 
p la te  and screw assemblies in physiological  
sal ine,  w i th  and w i thou t  mechanical  f r e t t i n g
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TEST AND UNITS MATERIAL

TENSILE TESTS 316 734

-2
0.2% PROOF STRESS (MNm“ ^) 

ULTIMATE TENSILE STRESS (MNm” ") 

ELONGATION TO FAILURE (%) 

REDUCTION OF AREA {%)

YOUNG'S MODULUS (GNm“ ^)

STRAIN HARDENING COEFFICIENT

260^10 504-20

527±20 905-30

51±5 53-5

83^3 67-3

197^10 195-10

0.09 0.12

TORSION TESTS

0.001 RADIANS/INCH TORSIONAL 
YIELD STRESS (MNm 2)

ESTIMATED TORSIONAL YIELD 
STRESS (MNm ^ )

175-10

136±8

290-15

272-15

TABLE 4.18: Summary of mechanical testing results on
annealed 316 and 734 (grain sizes 4-5)



mVAgCI

100

Oxygen concentration:

  High (lOOmmHg)
  Standard (20mmHg)

A: 316 
B:734 
C : VitoliUM

-200-

-300 100 200 Time (hr)

FIGURE 4.1: Var ia t ions  in rest po tent ia l  w i th  t im e ,  a f te r  specimen 
immersion in isotonic saline solut ion. Curves are 

shown for  standard preparat ion 316, 734 and V i ta l l i um  
specimens (600 g r i t  ground surface) at two d i f fe ren t  
solut ion oxygen concentrat ions

100

-100
Oxygen concentration ;

- - - - - -  100 mm Hg
  20mmHg

-200

1 10 100 1000

FIGURE 4.2: Same in format ion  presented in F ig .4.1, but p lo t ted  
w i th  a logar i thmic  t ime axis



mVA g C l

-200

Oxygen concentration:

- ......... 100 mmHg
  20 mm Hg

316
734
Vitallium

Time (hr)

FIGURE 4.3: Recovery curves of 316, 734 and V i ta l l iu m  rest
potent ia ls  in isotonic sal ine, a f te r  surface scratching

mVAgCl

316200
734

2000 100

FIGURE 4 .4: Rest p o te n t ia l - t im e  curves for  316  and 734 specimens 
which had been electropol ished and passivated before 
immers ion  in physiological saline ( l inear t im e  scale)



mV
AgCl

316

734
200

100 1000
Time (hr)

F i g u r e  4.5: Rest p o te n t ia l - t im e  curves fo r  316 and 734 specimens 
which had been electropol ished and passivated before 
immersion in physiological  sal ine (log t ime scale)

m VA g O
316

734

-200.
Time(hr)

FIGURE 4.6: Potential  recovery curves a f te r  surface scratching,  
for  e lectropol ished and passivated 316 and 734



mVAgCl

Downward
Crevice

Upward
Crevice

Lacomt

120 734
316

-120

■1
1000100

734

316

100 100010
Time (hr)

FIGURE 4.7: The e f f e c t  of  o r ien ta t io n  on the rest p o te n t ia l - t im e  
curves of  316 and 734 shrink f i t t e d  specimens in 
physiological  saline

mVAgo
lOOl

316

-100-

-200-
1000100

Time (hr)

FIGURE 4.8: Rest p o te n t i a l - t im e  curves for  fu l l y  exposed 316 and 
734 s h r in k - f i t t e d  specimens



mV, 316; Standard
EB
TIG

AgCl

200

10 100
Tim e (hr)

FIGURE 4.9: Rest p o te n t ia l - t im e  curves for 316 welded samples 
a f te r  immersion in physiological saline

mV. 7 3 4 : --------------Standard
 -  TIG
  EB

AgCl
100

-300

100 1000
Time (hr)

FIGURE 4.10: Rest p o te n t i a l - t im e  curves for 734 welded samples 
a f te r  immersion In physiological sal ine



m V
AgCl

100l

-100-

316:
'300 TIG

■3 ;2 ■110 10' 10 1001 10
Time (hr)

FIGURE 4.11: Rest potent ia l  recovery curves for  316 welded 
samples a f te r  scratching m physiological  saline 
(EB- E lectron beam. TiG- Tungsten inert  gas)

mV
AgCl

100

-100

734:
—•* TIG'300

3 -2 110 10 1001010 1
Time (hr)

FIGURE 4.12: Poten t ia l  recovery curves a f te r  scratching for  734 
welded samples in physiological saline



316
Vitallium
734

-1000 0 1000mV.'AgCl
FIGURE 4.13: Cyc l i c  anodic polar isat ion curves for  316, 734 and 

Vi tal l iunn in physiological saline solut ion.  Potential  
scan rate was 4mV/m in .  These curves were used 
as the standard in v i t ro curves for  compar ison

Acmr
lO'i 316

7 3 4

400 800 12000-800
mV,AgCl

FIGURE 4.14: Polar isat ion curves for  316 and 734 in Cl - f r e e  
n e u t ra l l y -b u f fe re d  water



50umI---- 1

(a) Local corrosive at tack  on 316: p i t t ing  and corrosion product

50 urn

(b) Face of  734 specimen a f te r  polar isat ion,  wi th del ineat ion of 
z-phase and a small corrosion pit

FIGURE 4.15: Opt ical micrographs of 316, 734 and V i ta l l ium 
af te r  cyc l ic  anodic polarisat ion



50 urn

(c) General etching at tack of Vital l iunn a f te r  potent ios ta t ic  
polar isat ion

FIGURE 4.15: Opt ical  micrographs of  316, 734 and V i ta l l i um 
a f te r  cyc l ic  anodic polarisat ion



A cm

-1000 10004000 mV,AgCl

FIGURE 4.16; Polar isat ion curves for 316, 734 and V i ta l l iu m  in
deoxygenated isotonic saline

Acmr Vitollium
316
734 (5 curves)

1000•1000 -400 0 my,A g C l

FIGURE 4.17; Polar isat ion  curves for  316, 734 and V i ta l l i u m  in 
deoxygenated sal ine at pH 5



Acm' 734 ( 4 curves)

•1000 10000 400-400 mV,'AgCl

FIGURE 4.18; Polar isat ion curve for 734 in oxygenated saline 
at pH 5 (Og part ia l  pressure = 20mmHg)

A cm'

- •  Vitallium 
316 

-  734

-1000 4000 1000mV,'AgCl

FIGURE 4.19: Polar isat ion curves for  316, 734 and V i ta l l i u m  in 
0.23M Cl aerated solut ion,  pH 1.5



A cm'

316
734

1000-1000 0 mV,

FIGURE 4.20: Polar isat ion curves for 316 and 734 in 1M
oxygenated sa line ( par tial  pressure =20mmHg)

A c rri'

•- 316 
(6 curves) 
-  734 
( 3 curves)

1000-1000 0 mV,AgCl

FIGURE 4.21: Envelopes of polar isat ion curves measured for 
annealed 316 and 734 specimens, with a range 
of austeni t ic  gram sizes



Acmf
TZZZ Longitudinal (6 curves) 

I I : :  Transverse ( 3 curves)
Orientation;

//

*1000 -400 0 mV,AgC
FIGURE 4.22; Envelopes of  734 polar isat ion curves, showing the 

e f fec ts  of d i f fe ren t  degrees of cold work (0-30%) 
in addi t ion to specimen or ienta t ion  ( re lat ive  to 
its de fo rm at ion  rol l ing axis)

A cm*
Standard
Electropolished and 
passivated (10 curves

-1000 -400 0 400 1000mV,%gCi

FIGURE 4.23: Envelope of  316 polar isat ion curves, showing the 
range of polar isat ion  behaviour observed a f te r  an 
e lectropo l ish ing and passivation t rea tmen t



A  cm' A: Ground and electropolished 
B lum polish 

C: Fully electropolished 

Standard /
C(2)

1000-100C' 0

FIGURE 4.24; Var ia t ions  in the polar isat ion response of 316, 
w i th  d i f fe ren t  surface preparat ion regimes

A cm' Electropolished and passivated
Standard

1000400-400 0-1000 mV,AgCl

FIGURE 4.25: The e f f e c t  of  cathodic p re -po la r i sa t ion  on the 
anodic polar isat ion curve of  e lec tropol ished and 
passivated 316



100 urn

(a) Corrosion pits developed on a polarised 316 specimen, with 
an or ig inal ly  ground surface f inish

20 urn

(b) Single large corrosion pit on a 316 specimen which was 
electropol ished prior to polar isat ion

FIGURE 4.26: Changes in the morphology of  p i t t ing a t tack  on 
polarised 316 specimens wi th  surface preparat ion 
t rea tment



100 urn

(c) Change in sub- lacquer corrosion morphology on a polarised 316 
surface, wi th p i t t i ng  on an or ig inal ly  electropol ished area 
( top)  ancd etching on a fo rm er ly  ground surface (bot tom)

FIGURE 4.26: Changes in the morphology of p i t t ing at tack  on 
polarised 316 specimens wi th surface preparat ion 
t rea tmen t



Acnf
 10 days in isotonic saline
 Electropolished and passivated before immersion

‘S' Scratched prior to testing

10004000-1000 mV.

FIGURE 4.27;  Var ia t ions  in the anodic polar isat ion per formance 
of  734, w i th  d i f fe re n t ly  prepared surfaces



A  cm:2

  Standard
 5 curves
*R' Polarised 

from specimen 
rest potential

-1000 0 100C400 mV,AgCl

FIGURE 4.28; Range of polar isat ion curves for 316 s h r in k - f i t t e d  
models,  compared to the standard 316 curve 
(Fig.4.13)

A cm' Standard
Shrink fitting

-1000 -400 0 400 1000mV,'AgCi

FIGURE 4.29: Range of  polar isat ion curves fo r  734 s h r in k - f i t t e d  
models, compared to the standard 734 curve 
(Fig.4.13)



Acmf

Standard 
10 curves

*1000 -400 400 10000 my.AgCl

FIGURE 4.30: Envelope of polar isat ion curves for  316 samples 
conta ining welded or annealed weld mater ia l



250um

(a) Corrosion pits on 316 weld metal after specimen polar isat ion

20 urn

(b) Preferent ial  sub- lacquer corrosion of oolarised 316 weld 
metal ,  when compared to weld heat-af fected zone

FIGURE 4.31: Opt ical  micrographs of  the morphology of  corrosive 
a t tack  on polarised 316 anc 734 welded mater ia l



250um

:r.. «-Vlu - S ' .

(c) Enthanced sub- lacquer corrosion of  polarised 734 weld 
nmetal, at the edge of  the defined corrosion area

FIGURE 4.31: Opt ical  micrographs of  the morphology of  corrosive 
at tack  on polarised 316 and 734 welded mater ia l



standard 
8 curves

A  cm

1000-1000 -400 0 400 mV,AgCl

FIGURE 4.32; Range of po la r isa t ion  curves for co ld -w orked  734 
specimens conta in ing  weld metal

A  cm'

Standard 
5 curves

•1000 0 400 1000mV,AgCl

FIGURE 4,33: Range o f po la r isa t ion  curves fo r  annealed 734 
weld specimens



Nominal maximum shear stress (MNm )

400

734: # Air

■ Saline

300

200

10̂5 6
10X)

Cycles to failure

MNm'
300i

200

tx>

316: o Air

□ Saline

oo

10 10 10 10
Cycles to failure

10

FIGURE 4.34: Torsion fa t igue  curves obtained fo r  316 and 734 
samples at a cyc ling  frequency of ( R - - 1 ) ,  
in air or iso ton ic saline at room tem pe ra tu re



1 m m

(a) 316, 5x10 cycles^ in  saline, nominal maximum surface shear 
stress 205MNmi~ : 'S ta r ' patte rn  on fa t igue  f ra c tu re  
surface (angle approx im ate ly  75-90°to specimen axis)

1 mm

(b) 734, 3.5x10 cycles in a ir, 260MNm Interm edia te  pattern  
o f specimen fa i lu re  (surface 55-70 o specimen axis)

FIGURE 4.35: O ptica l micrographs of torsional fa t igue  specimens



1 m m

(c) 316, 8x10^ cycles in saline, ISOMNm 
surface (45 -50* to  specimen axis)

Planar frac ture

250 um

k

1 -2
(d) 316, >10 cycles in a ir, l IS M N m  : Surface crack

non-fa iled  specimen
on

FIGURE 4.35: O ptica l micrographs o f torsional fatigue specimens



Applied fatigue stress 
Yield stress

15

10

o

#
o o

#

o

o

D

734: 3%:

• A i r  o A i r

■ Saline o Saline

o o

o

0 5* 1   ■■■  I  f —  I  I  r  -t I « I  ' I""
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(a) 734, a ir, 4x10 cycles: Helical crack development and area 
of f ina l specimen fa i lu re

50 u m

m

,

(b) 734, saline, 4x10 cycles: M u lt ip le  surface cracks, and 
rubbing of the fatigue fra c tu re  surface

FIGURE 4.37: Scanning e lectron micrographs of torsional fa tigue
frac tu re  surfaces
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(c) 734, saline, 4x10 cycles: Ductile  crack growth at the 
centre of the specimen

50 u mI---- 1

(d) 734, saline, 4x10 cycles: Final ductile  fa i lu re  at the edge 
of the specimen

FIGURE 4.37: Scanning e lectron micrographs of torsional fa tigue
frac tu re  surfaces
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(e) 316, saline, 5x10 cycles: 'S tar ' patte rn , w ith  mult ip le 
fa t igue  cracks and voids running into the specimen

5 u mI---- 1

( f )  316, saline, 5x10 cycles: Voids and s tr ia t ions near the 
centre of the specimen

FIGURE 4.37: Scanning e lectron micrographs o f torsional fatigue
frac tu re  surfaces
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(g) 316, saline, 5x10 cycles: M ult ip le  cracks near the centre 
of the specimen

FIGURE 4.37: Scanning e lectron micrographs o f torsional fa tigue 
frac tu re  surfaces
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(a) Cold-worked plate, 2.2x10 cycles: Cracking on the face of 
the specimen opposed to  tha t where the in it ia l fa t igue  
crack began

l O O u mI---- 1

i

u i 'I

(b) Weld, 2.5x10 cycles: Face opposing the one where the 
in it ia l fa t igue crack began, showing cracks parallel to  
the f ra c tu re  surface. L igh t ly  etched to  reveal areas of 
deform ation  (slip bands)

FIGURE 4.38: O ptica l micrographs o f 734 bending fa tigue
specimens (o f faces subject to  constant
bending moment)
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(c) Annealed weld, 1.2x10 cycles; Cracking and associated 
areas of defo rm ation  on the d istorted face o f the 
specimen
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(d) Weld, 2.5x10 cycles: Cracks in weld m eta l,  paralle l and 
adjacent to the area of f ina l fa i lu re , i l lus tra t ing  the 
real but l im ited  e f fe c t  of weld morphology on fa tigue 
crack d irec t ion

FIGURE 4.38: Optica l m icrographs o f 734 bending fatigue
specimens (o f  faces subject to constant
bending moment)
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(e) Weld, 2.5x10 cycles: Transgranular fatigue crack growth 
in the weld he a t-a f fe c ted  zone
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( f )  Weld, 2.5x10 cycles: Detail o f fa tigue crack morphology 
in the weld metal

FIGURE 4.38: Optica l micrographs of 734 bending fatigue
specimens (o f  faces subject to  constant
bending moment)
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(g) Annealed weld, 1.2x10 cycles: Fatigue cracks associated 
w ith  residual fe r r i te  in the annealed weld metal

100 um

f iS f e s i

(h) Annealed weld, 1.2x10^ cycles: In te r-  and transgranular 
fa tigue cracks in the weld h e a t-a f fe c ted  zone

FIGURE 4.38: Optica l micrographs o f  734 bending fatigue
specimens (o f  faces subject to  constant
bending moment)
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(a) Weld, 2.5x10 cycles: Final fa t igue crack at the centre of 
the specimen, running through weld metal and into 
the hea t-a f fec ted  zone

20 u mI---- 1

(b) Weld, 2.5x10 cycles: Slip lines associated w ith  the fa tigue 
crack, in both weld metal and hea t-a f fec ted  zone

FIGURE 4.39: Optical micrographs o f sections through 734
bending fa t igue  specimens (perpendicular to  both
fatigue crack and outer faces of specimen)
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(c) Annealed weld, 1.2x10 cycles: Section across fatigue crack 
showing its passage through the annealed weld metal, 
ra ther than the h ea t-a f fe c ted  zone; the extent o f the 
residual fe r r i te  is also indicated

5 0 u m

111»
(d) Weld, 2.5x10 cycles: Small secondary fa tigue cracks running 

in to the weld m eta l, and perpendicular to  the outer face 
of the specimen where the fa t igue crack in it ia ted

FIGURE 4.39: Optica l micrographs of sections through 734
bending fa t igue specimens (perpendicular to both
fatigue crack and outer faces o f specimen)
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(e) Annealed weld, 1.2x10 cycles: Small secondary fatigue
cracks at the boundary of weld metal and hea t-a f fec ted  
zone, on the fa tigue crack in it ia t ion  surface

2 0 u m

w m s m ,

( f )  Weld, 2.5x10 cycles: Fatigue crack at the boundary of
weld metal and hea t-a f fe c ted  zone, on the surface where 
gross specimen d is tort ion  was observed

FIGURE 4.39: O ptica l micrographs of sections through 734
bending fa t igue specimens (perpendicular to  both
fa tigue crack and outer faces of specimen)
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(a) Cold-worked plate, 2.2x10 cycles, 45°specinnen t i l t :  Crack 
formation on the outside surface of the specimen, due to 
extensive local plastic deformation after distortion of the 
specimen geometry by fatigue crack development from 
the opposing surface. Surface rubbing is also visible

2 0 u m

(b) Cold-worked plate, 2.2x10 cycles: Fatigue crack growth at 
the centre of the specimen, along multiple crack paths

FIGURE 4.40: Scanning electron micrographs of 734 bending
fatigue specimens (fracture surfaces)
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(c) Cold-worked plate, 2.2x10 cycles: Local cracking around 
inclusions

S u mI---- 1

(d) Weld, 2.5x10 cycles: Faceted fatigue striations running 
across the width of the specimen

FIGURE 4.40: Scanning electron micrographs of 734 bending
fatigue specimens (fracture surfaces)
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(e) Weld, 2.5x10 cycles: Mult ip le  crack paths near the centre 
of the specimen

SumI---- 1

( f )  Annealed weld, 1.2x10 cycles: Mixed ductile and crystallo- 
graphically orientated crack growth near the edge of the 
specimen

FIGURE 4.40: Scanning electron micrographs of 734 bending
fatigue specimens (frac tu re  surfaces)
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(g) Annealed weld, 1.2x10 cycles: Regular striations at the 
centre of the specimen, partia lly obscured by secondary 
corrosion products

FIGURE 4.40: Scanning electron micrographs of 734 bending 
fatigue specimens (fracture surfaces)
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FIGURE 4.41: Rest po ten t ia l- t im e  curves for 316 and 734 plate 
and screw fre tt ing  assemblies (single alloy)
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FIGURE 4.42: Rest po ten t ia l- t im e  curves for 316 and 734 plate 
and screw fre t t in g  assemblies (m ixed alloy 
components)
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FIGURE 4.43: F re tt ing  po ten t ia l- t im e  curves for 316 assemblies
theduring 10rrnn episodes of f re t t ing ,  showing 

e ffec ts  of increased load and frequency
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FIGURE 4.44: Potential recovery of 316 assemblies a fte r lOmin 
of f re t t in g
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FIGURE 4.45: Fre tt ing  po ten tia l- t im e  curves for 316 assemblies 
during 10 min episodes of fre t t ing  in physiological 
saline
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FIGURE 4.46: Potential recovery of 734 assemblies a fter lOmin 
of f re t t ing
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FIGURE 4.47: Potentiostatic polarisation curves of 316 assemblies 
with and without fre tt ing . Each curve was the 
average of three determinations
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With fretting 

Without

10000'1000 mV,

FIGURE 4.48: Potentiostatic polarisation curves of 734 assemblies 
with and without fre tt ing . Each curve was the 
average of three determinations



&V(=V
• 734 0 316
■734P/316SD316P/734S

(mV)
300

200

10O

1000
Fretting time (min)

FIGURE 4.49: Potential drop a fte r given fre t t in g  times, for 316 
and 734 single and mixed alloy assemblies
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FIGURE 4,50: Potential drop a fte r f re t t in g  for 316 and 734 single 
alloy assemblies. F re tt ing  times were cumulative , 
w ith  each set of points representing the potentia l 
fa l l observed a given t im e  a fte r the onset of each 
episode of f re t t in g
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FIGURE 4.51; Recovery of potential a fter fre tt ing , for single and 
mixed 316 and 734 alloy assemblies. Lengths of 
recovery time are related to the proceeding 
fre t t in g  time, and in all cases were at least ten 
times greater
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FIGURE 4.52: Final overall changes in rest potential a fte r fre t t ing  
and recovery, for single and mixed 316 and 734 
alloy assemblies
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(a) 734, unpolarised: Localised pitting and fre tting damage 
on a screwhead removed from a fretting assembly

5 0 u m

(b) 734, potentiostatically tested: Pitting and fretting 
development

FIGURE 4.53: Scanning electron micrographs of fretted 316 and
734 screwhead surfaces



(c) 734, potentiosta tica lly  tested: Detail of area on Fig.4.53(b) 
showing crevice corrosion and fre t t in g  a ttack

10 u m

(d) 316, unpolarised: Cracking and fre t t in g  damage

FIGURE 4.53: Scanning electron micrographs of f re t ted  316 and
734 screwhead surfaces
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(e) 316, potentiosta tica lly  tested: P itt ing and f re t t ing  on an 
area of screwhead which had been in contact w ith the 
corresponding plate countersink

S u mI---- 1

( f )  316, potentiosta tica lly  tested: Detail of area in Fig.4.53(e) 
showing crevice corrosion and f re t t ing

FIGURE 4.53: Scanning electron micrographs of f re t ted  316 and
734 screwhead surfaces
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(a) 734, TIG weld: Centre of plate, with multiple weld passes 
and plates of de lta -fe rr ite

10 u m
r  - -  1

u

(b) 734, TIG weld: Ferrite at the centre of the weld, partia lly 
annealed by subsequent weld passes to produce associated 
in termeta ll ic  phases

FIGURE 4.54: Optical micrographs of as-welded and annealed
weld structures, in 316 and 734
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(c) 734, EB weld: Double pass electron beam weld, with 
directed columnar growth of delta fe rr ite
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(d) 734, EB weld: Same weld as in Fig.4.54(c), il lustrating the 
narrow width of the partia lly-melted zone between weld 
metal and heat-affected zone

FIGURE 4.54: Optical micrographs of as-welded and annealed
weld structures, in 316 and 734
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(e) 316, EB weld: Single pass electron beam weld, with
closely-spaced fe rr i te  plates and sharply defined weld 
metal boundary

250 um

( f )  734, annealed TIG weld: Section showing transition from 
annealed base plate, through heat-affected zone, to 
columnar grains of annealed weld metal containing 
residual fe r r i te

FIGURE 4.54: Optical micrographs of as-welded and annealed
weld structures, in 316 and 734
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(g) 734, annealed EB weld: View across annealed weld, with 
equiaxed grain growth at the centre of annealed weld 
metal
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(h) 316, annealed TIG weld: Centre of annealed weld, showing 
irregular grain growth

FIGURE 4.54: O ptical micrographs of as-welded and annealed
weld structures, in 316 and 734
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i<

( j)  316, annealed EB weld: Section revealing columnar grain 
growth from the centre to the outside of annealed 
weld metal

FIGURE 4.54: Optical micrographs of as-welded and annealed 
weld structures, in 316 and 734
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FIGURE 4.55: Microhardness measurements across 316 and 734 
as-welded and annealed TIG welds. Boundaries 
between parent plate, heat-a ffected zone and 
weld metal are indicated where observable
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FIGURE 4.56: Microhardness measurements across 316 and 734 
as-welded and annealed EB welds
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FIGURE 4.61: Log s tress-log stra in curves fo r  316 and 734 under 
tensile loading
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FIGURE 4.62: W ork-harden ing rates fo r  316 and 734 in tensile  
de fo rm a t ion ,  p lo tted  against true  stra in



Chapter 5

DISCUSSION AND CONCLUSlONF
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5.1 INTRODUCTION

This chapter follows the pattern of previous ones in the order in 

which the Discussion is presented. Electrochemical results are 

considered first, and are split up in the same way as the previous 

chapter. These are followed by discussion of the corrosion fatigue 

and fretting results, with a small section covering the overall 

performance of welded material. References are made throughout the 

Discussion to the figures and tables presented in the Results 

(chapter ^0* The main conclusions are summarised at the end of 

each major section, in addition to being collected and presented in 

Chapter 6,

5.2 ELECTROCHEMICAL MEASUREMENTS

5.2.1 INTRODUCTION

79Mixed-potential theory suggests that the corrosion behaviour of 

alloys in solution can be predicted from a knowledge of the 

electrochemical anodic dissolution curve of the metal, when other 

oxidation/reduction reactions and their corresponding curves in 

the environment are known. This section of the Discussion therefore 

attempts to derive the basic anodic and cathodic curves applicable 

to the present work, allowing these concepts to be used to explain 

the observed corrosion behaviour.

Potentiostatic polarisation curves obtained in deaerated solutions,
88where the oxygen reduction reaction is suppressed (by concentration 

polarisation), enable the amodie dissolution curve of a metal to be 

determined over a greater range; curves for the three alloys tested
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in deaerated isotonic saline were presented in Pig. 4.16. Anodic
and cathodic polarisation curves derived by comparison between these
and standard polarisation curves in simulated tissue fluid medium
(pig. 4.13) are reconstructed in Pig. 5.1. Conjectural portions
of the curves are marked with an *<*. Hydrogen evolution and
oxygen reduction cathodic curves were deduced from the corrosion
potentials for deaerated and tissue level oxygen environments
respectively. The potential at which concentration polarisation
begins to affect oxygen reduction is very sensitive to solution
oxygen concentration, and small changes in oxygen level could for
example reduce the cathodic reaction current enough for the oxygen
curve to intersect the anodic 73̂' curve. This would produce
fluctuations in the corrosion potential values, with the appearance
of negative loops (as in Appendix C); an example of this variable
behaviour for 73^ is shown in Pig. b.22. The transpassive current
increase for 316 was shown in section 4.2.2.1 to be associated
with pitting, whereas that for Vitallium was due to a general 

112attack ; it is associated with the oxygen evolution reaction for 
734, localised passive film breakdown occurring at some higher 
potential which could not be accurately determined.

The analysis presented above is based on a simplification of the 
oxidation and reduction reactions; effects of solution pH or the 
carbonate and phosphate buffer systems have not been incorporated 
into the model, Reference to changes in cathodic and anodic curves 
introduced by alterations in bulk or surface material properties, 
or solution pH and composition, will be made in the appropriate 
discussion sections. The basic curves are considered in section

5.2.3.1.
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5.2.2. POTEMTIAL-TIME RESULTS

The corresponding section containing these measurements is 4.2.1. 

One general result is that the rest potential of 316 is about 50 mV 

greater than that of 734. The rest potentials are hi^er than the 

corrosion potentials illustrated in Fig. 5.1 because the shape of 

the anodic curve changes with the development of a passive film in 

solution . Ourrent-time curves at the rest potential obtained by 

Hoar and Mears^ showed a fall from lo”^ to 10 ® A cm ^ in the 

passive currents of 316 and Vitallium over a period of 10 days and 

Fig. 5.2 is a schematic diagram of the corresponding changes in 

anodic curves. Assuming that the only cathodic reaction is oxygen 

reduction, under conditions of activation polarisation, the Tafel 

equation

q = log i/io (1)
describes the relationship between corrosion current density i 

and overvoltage p and ig are constants. The difference in the 

rest potentials of 734 and 316 can therefore be related to the 

ratio of their passive current densities:

(1°S ^315/^0 “ log 1-̂ 3Zj/^o )

^732.1/^316 “ (^316 ~ ^7321 V p
Values of p are generally around 120 mV, so a difference of 50

mV in rest potential results in a ratio of 10^*^ or 2.5. This

compares with a factor of 2.2 between currents measured from

potentiostatic curves on depassivated material with a difference of

70 mV between corrosion potentials (Table 4,2). The agreement

between these values is reasonably good for such a simple model.
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The implication of comparing standard rest potential results is

therefore that passive current densities of 316 and Vitallium are
about half of those on 734, even after 10 days immersion in solution.

A greater passive current density at the rest potential indicates

that the passive film and double layer on 73^ are less resistant to

charge transfer than that on 316, possibly due to decreased film
8*5thickness or increased porosity. Mueller discusses theories of 

passive film formation and thickening in relation to selective 

dissolution of alloy constituents, attributing passivity to a 

complex oxide proportionally rich in nickel and chromium. 73^ 

contains more chromium and less per cent nickel than 316, and this 
may encourage formation of films with different properties on the 

two alloys.

An empirical relationship between passive current density i and
Qe

immersion time t quoted by Mueller and supported theoretically, 

is

i = K/t (2)

idiere K is a constant depending on the compositions-of alloy and 

passive film; this relationship has been shown to be valid for 

times from several minutes to 100 hours. Combining the above 

equation with the Tafel equation (1) for cathodic activation 

polarisation gives the change in potential between times t^ 

and as

AÏ) = p log tg/t^

This suggests that the slope of potential-log time curves will be 

equal to the Tafel constant of the cathodic reaction in solution, 

for an idealised metal/solution interface. Deviations from this
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behaviour will be due to increasing the passive film resistance 

to charge transfer, and hence the potential drop across it, or 

competing or changing cathodic processes (i.e. alterations in K 

or p with time). Results obtained under standard conditions (Table 

4.2) have similar slopes (l4o mV/decade time) on potential-log 

time plots, indicating that equation (2) applies to all three 
alloys during initial passive film thickening.

Increasing oxygen levels in the gas bubbled into solution from 

3^ to 1^% increased the rest potentials of 73^ and Vitallium by

100 mV, and that of 316 by 6o mV. The values obtained are close to
88those of Hoar and Hears for experiments in air at room temperature

in addition to in vivo results, and indicate that a thicker or

more resistant passive film can form when more oxygen is present.

This shows the importance of oxygen to film formation, with the

rate of rise in rest potential being increased, presumably as a

result of enhanced film resistance to charge transfer. The 734

specimen reached its final rest potential within a few hours,

indicating that film growth rate increases dramatically with greater

oxygen availability; should higher oxygen tests be more indicative

of in vivo behaviour, using 734 instead of 316 is likely to reduce
the flux of alloy ions into tissue fluid during film growth, with

71possibly a lower subsequent risk of local or systemic effects . 

Scratch recovery tests also showed the improved performance of 734 

with more oxygen in solution (Fig. 4.3), Recovery rates with 3$ 

oxygen were similar for 734 and 316, and lower than for immersion 
tests (100 mV versus 140 mV per decade time). Reduced potentials 

suggest that the film incorporates species such as chlorides
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when it first forms , with subsequent reformation and local repair,

slower growth rates arising from chloride ion competition with
100oxygen for anodic sites •

Treating the surfaces of 316 and 73̂  ̂before immersion, by electro* 

polishing and passivation, led to an increase in rest potential 

which was reduced with time (Fig, 4,5), Observed effects of 

electropolishing on stainless steel surfaces are a reduction of

surface roughness, the deposition of a phosphate/sulphate containing
Q4 gofilm , and the removal of a surface cold-worked layer , The

second effect could explain the observed behaviour, with initial 

formation of a more resistant passive film containing phosphate 

ions that slowly changes its composition back towards the thermo

dynamically stable one for the alloy in solution, approaching the 

rest potential values for non-electropolished specimens. A greater 

potential change for 316 reflects its increased reactivity in the 

polishing solution. Removal of the cold-worked layer would remove 

surface inhomogeneities and encourage the formation of a film that 

would be resistant both to metal dissolution and to any fall in 

rest potential.

The observed potential fall is best explained as a consequence of

changes in the composition of the passive film; another possible

explanation apart from that of phosphate incorporation into the
129initial film is suggested by the work of Hultquist and Leygraf 

who measured increases in film chromium content after passivation 

treatments. The fall in potential of 316 and 734 on immersion after 
electropolishing would then be due to a gradual removal of excess
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chromium from the passive film until it attained its equilibrium

level. The smaller change introduced into the 734 rest potential

would then be due to its greater alloy chromium content. It is

probable that all of the mechanisms outlined above are operating,

but the only effects of electropolishing which could be expected

to persist in solution are those due to mechanical changes in the

sample; reduced surface roughness would lower apparent passive

current densities, and removal of the cold-worked layer would

increase the resistance of the film by decreasing surface

inhomogeneity. The latter mechanism may be responsible for the

70-100 mV increase in specimen rest potential after 10 days immersion

(Table 4,1), a similar gap between the rest potentials of cold-
94worked and annealed material being reported by Sutow et al .

Rest potentials after scratching regained the higher electropolished 

values rather than returning to ones typical of ground specimens.

The repairing film would be the same composition as that on standard 

specimens and the scratching process mechanically disrupts the 

specimen surface to a width and depth of approximately 100 microns, 
locally removing any of the advantages gained from electropolishing. 

The area of the scratch is small however when compared to that of 

the exposed surface, and local concentration polarisation in the 

solution could allow overall specimen potentials to exceed 'standard* 

values, with locally enhanced dissolution and consequent chromium 

enrichment recreating a more resistant film at the scratch site.
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Immersion tests on crevice models showed a change in passivation 

behaviour with sample geometry* For a downward-facing crevice 

gravity enhances the diffusion of metal hydrolysis products out of
79the crevice and limits the aggressiveness of the local environment ;

the rate of increase of rest potential in these tests was reduced

to half that of standard samples (Table 4.1). Crevice samples

also had an air-formed surface oxide film which resulted in higher

rest potentials on initial immersion (by over 100 mV); there was

evidence of falling or stagnating rest potentials in Fig, 4.7(a),

suggesting passive film remodelling (as discussed above). The more

aggressive solution in the downward crevice only decreased the rate

of rest potential increase, but reversing the crevice allowed the

products of metal hydrolysis to build up sufficiently to begin to

reduce the rest potential; this would be caused by increased
88polarisation of the cathodic reaction in the crevice and changing

anodic behaviour of each alloy and its film in a different environment.

The potential of 316 changes more than that of 734, indicating a

greater sensitivity of the material to crevice corrosion. Such a

conclusion is tentative however because any small changes in the

size of the crevices formed by the model would alter the time
131required to initiate and propagate crevice corrosion ; a number 

of studies need to be carried out with each material in order to 

compare their behaviour on a statistical basis. Syrett and Davis^^^ 

observed much slower changes in specimen potentials, with falls of 

100 mV in potential for 3l6 and Vitallium crevice models from their 

maximum rest potential values after several months in solution. 

Coupling up-and downward-facing crevices (Fig. 4.8) resulted in 

overall behaviour intermediate between that of either crevice model
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alone, with 734 undergoing periods of film breakdown and passivation 
and reaching a lower final rest potential. This emphasises the 
importance of sample geometry to both in vitro and in vivo 
nucléation of crevice corrosion, the 734 specimen in this test 
showing a greater susceptibility to crevice attack than 316. The 
results of experiments on crevice models are sufficient to 
indicate a vulnerability to crevice attack for both materials 
without being able to compare or quantify their resistance.

Results for welded material were within the range observed for 

standard specimens although with slower rates of increase in 

potential. The area of heterogeneous weld metal (ferrite and 

austenite phases) was greater on TIG than EB welds, but never made 

up more than half of the total area exposed to the solution; the 

disordered structure of the weld would have proportionately less 

effect on the corrosion resistance. Detailed microprobe analysis 

of weld metal^^^ revealed coring in the dendritic austenite, the 

chromium and molybdenum contents being depleted in austenite but 

increased in the interdendritic ferrite. Minimum chromium levels 

fell to I4j6, compared with l6-18^ in the parent alloys. Such a 

reduction in chromium content does not seem to change the final 

rest potential significantly but could decrease the overall rate 

of passive film growth# 734 has a chromium content higher than 

316, and reached its final rest potential under standard conditions 
in 4o as opposed to 100 hours. This implies that the nature of the 

paissive film is not affected by small changes in the chromium 

content of the underlying metal, while the time taken to form a 

film of a given thickness will vary. Selective dissolution of 

alloy constituents®-^ with the development of a chemisorbed oxygen
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77surface layer is one film formation mechanism that would sipport 
the above assertion. Scratches made across the welds (Pig, 4,10 
and 4,11) repassivated at a similar rate to standard samples, 
and the same ideas used to explain scratch repair on electropolished 
specimens can be applied to welded systems. The only sample which 
showed deviant behaviour was the 3l6 TIG weld, which did not 
increase its rest potential in the same way as the other samples 
on either immersion or scratching. This may indicate a weakness in 
the individual specimen or mounting procedure, but no repeat test 
could be performed; the satisfactory performance of EB weld metal 
would suggest that this result was due to some peculiarity in 
the individual specimen rather than being an inherent property of 
the weld.

In conclusion, the potential-time results indicate that the 
relative resistances of the passive films on 3l6 and 73^ to 
charge transfer under equilibrium conditions vary with environment, 
material condition and surface treatment. 316 is more resistant 
to dissolution after electropolishing and in low oxygen content 
solution. Both materials are vulnerable to crevice corrosion but 
relative performance could not be ascertained. Welded samples 
take longer to reach their final rest potential than standard 
specimens but otherwise behave identically.
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5.2.3 porarriosTATiG r e s u l t s

5.2.3.1 DIFFERENT ENVIRONMaTTS

The basic corrosion behaviour of 316, 73^ and Vitallium in isotonic 
saline was discussed in section 5*2.1, when considering anodic and 
cathodic current-potential relationships (Fig. 5*1). Current densities 
are higher on 73^ than 316 for any given potential in the passive 
range, implying that a more resistant film forms on 3l6 in solution, 
but the 316 film breaks down locally because of pitting at a markedly 
lower potential. If both of these effects are due to passive films 
of different compositions on each material, it suggests that the film 
which forms on 73̂  ̂conducts charge more easily than that on 316, but 
is more resistant to chloride ion infiltration or other causes of 
local breakdown under an apnlied electric field. Higher passive 
currents on 73^ may be due to niobium carbonitrides, an exponential 
increase in current with particle volume fraction having been reported 
and attributed to galvanic effects^^. These particles would be

119expected to act as centres for the initiation of pitting attack ,
but may improve resistance by reducing the availability of carbon to
form simple carbides, which are more likely to act as pitting 

122nucléation sites

734 has a higher chromium level than 316 and this would be reflected 
in the composition of its passive film. A lower nickel content 
partly explains its higher critical current density^^*®^ which was 
3 times that of 316; the value of maximum current density is not 
directly related to stability of the passive state, but depends on 
the relative dissolution rates of individual alloying elements®^.
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This current is far enough below the limiting oxygen cathodic reaction 

current in aqueous solution (10 A/cm ) to allow 316 and 734 to
7Q

passivate spontaneously both in aerated solution and (by extrapolation)
180in the conditions found in tissue •

The protection potential was originally thought to be a measure of

pitting susceptibility^^^, but was later shown to be connected with
107the development of crevice corrosion . The extent of hysteresis

measured from cyclic anodic polarisation curves (Fig. 4,13) depends
108on the type and degree of corrosion that has occurred , which is

why the current density at which the potentiostatic scan was reversed
“4 2was generally fixed at 10 A/cm . Optical observations showed that

hysteresis was associated with pitting in 316 but crevice corrosion
for ?y*t this developing adjacent to and underneath the lacquer,

sometimes with extensive debonding of the lacquer from the metal;

the appearance of the corrosion was identical to that described by 
131Mapa et al when observing crevice attack on a stainless steel in

neutral chloride solution. Lacquer crevice corrosion was seen only

rarely on 316 but did occur in 734 tests which did not reach the
oxygen evolution potential. The failure of the metal-to-lacquer bond

could be due to a number of factors: localised metal dissolution in

an area of restricted solution diffusion at the edge of the lacquer,

the preferential attack of carbo-nitrides partly covered by lacquer,

or oxygen evolution; once crevice attack has started it will tend to

suppress any pitting reactions on the surface beèause of its lower
125propagation potential . Small changes in lacquer composition or 

application technique could also cause variations in lacquer bond 

strength between different tests. Comparisons of protection potentials
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and their interpretation must be carried out therefore in the light 

of where corrosion is actually taking place. In neutral saline, 

protection potentials indicate that J16 is vulnerable to spontaneous 

localised film breakdown whereas 73̂  ̂and Vitallium are not.

Comparing the results from this project with those of other workers 

is complicated by the variety of equipment and techniques used in 

different experiments. Reported pitting potentials for annealed 3l6 

for example vary from -100 mV^^ to î20 mV^^ in deaerated isotonic 
saline. It is only feasible therefore to compare the results obtained 

by a group of workers within themselves, an example being the changes 

in pitting potential with altered surface treatments or material 

composition. The results overall for 316 and Vitallium reported in 

the present experiments are certainly within the ranges observed by 

other experimenters.

Increasing the amount of oxygen in solution has been shown in two 

studies^^'^^ to increase the pitting potential and decrease the 

passive current of 3l6, by about 200 mV and 2 x 10 ^ a/cwl̂  respectively 

between aerated and deaerated solution. The changes in this work are 

less marked (Tables h,2 and h. , because the oxygen content of 

oxygen-containing solutions was already low; the pitting potential 

of 316 actually increased in the deaerated solution by ^5 mV. This 

increase may have been due to the addition of more phosphate to the 

solution, to maintain the pH at a neutral value, as ions such as

borates and particularly sulphates are known to inhibit the pitting
18̂ 1of stainless steels in chloride solutions • A lower protection 

potential would then follow from the delayed onset of pitting, a
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higher pitting potential allowing more time for pitting corrosion to 

propagate with a constant potential scanning rate; the protection 

potential fell 65 mV for the 4^ mV increase in pitting potential 
with 316, whilst it increased 100 mV for 73^ when the pitting 
potential remained unchanged. The cause of transpassive current 

increase in 734 was oxygen evolution, the potential at which this 

occurred being the same in both solutions and thus independent of 

oxygen content. The protection potential increase in 73̂ ' was 

associated with the suppression of sub-lacquer crevice corrosion 

rather than pitting attack, the metal-lacquer bond resisting 

dissolution more firmly in deaerated solutions.

Lowering solution pH increases the measured corrosion potential of 

all three alloys over the deaerated (solution A) values because of

the higher potential of the hydrogen evolution reaction. Sutow et
q4al did not observe any significant change in the anodic behaviour

of 316 with pH changes from 3.9 to 7.4, and that general finding was
duplicated in these tests. The low protection potential for 316,
and the premature breakdown of some 73̂ ' samples (Figs. 4,17 and 4.18)

were combined with extensive lacquer crevice corrosion, and illustrate

the importance of avoiding such conditions when determining

reproducible polarisation curves. The increased breakdown potential

of Vitallium in acid solutions is possibly explained as changes in
112the passive film forming under these conditions , pH changes in 

solution D being achieved by removing NaHCO^ from solution. In a 

very aggressive medium (Fig. 4.19) 3^6 did not show a true passive 

region, but a general high rate of alloy dissolution was increased 

by a pitting type of attack. The passive corrosion current of 73̂ ' 

was increased by 30 times in this solution (E) compared with only 8
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times for Vitallium, both of these materials resisting localised

attack with the potential for the onset of oxygen evolution being

reduced because of a lowered pH# Conditions in solution are close to
124those where the passive film on 316 can break down spontaneously 

and illustrate the continued h i ^  resistance of 73^ and Vitallium,

Increasing solution chloride concentration to 1 M NaCl in neutral 

solution (Table 4.7, Fig. 4.20) produced inescapable sub-lacquer 

corrosion on both 316 and 73^, which makes a comparison of their 
behaviour with that of standard specimens more difficult. Passive 

currents were increased more on 316 than 73^, suggesting that the 
film formed on 73̂ ' is generally more resistant to chloride 

infiltration. The critical current density was increased for 73^, 

with a wide negative loop in the cathodic curve, showing the higher 

alloy enrichment required to produce a stable film under these 

conditions'-^. Pitting was observed on bo-th materials, the subsequent 

development of crevice corrosion distorting protection potential 

values and suppressing the growth of pits, as discussed earlier. It 

is likely however that the recorded pitting potential value is 

related to the onset of pitting rather than crevice corrosion for 

both alloys, the margin of superior corrosion resistance of 73̂ ' over 

316 being greatly reduced in this particular environment. This 

indicates that the passive film on 73^ is more resistant to solution 

potential than that on 316, but it is as vulnerable to chloride ion 

adsorption and weakening. A possible explanation for this is 

the presence of the z-phase in 73^, these second phase carbo-nitrides 

acting as centres for pit nucléation when the resis-tance of their 

adjacent passive film is sufficiently reduced by chloride adsorption 

into areas of localised chromium or molybdenum depletion.
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5.2.3.2 m a t e r i a l c o n d i t i o n

Variations in corrosion parameters with differing austenitic grain

size (Table 4.8, Fig. 4.21) were within the values from standard

tests over the range of sizes examined. Pickering^'^ states that

grain size has no effect on the corrosion resistance of austenitic

stainless steel, and these results support that assertion. The

largest grain size allowable in surgical implants in the current
177British standard is 4 (100 pm) , this presumably being based on 

mechanical considerations such as yield and fatigue strength, although 

these are specified separately in the standard; from the present work, 

there appears to be no fundamental reason connected with corrosion 

for the choice of this limit.

Gold-working of 316 has been shown to decrease its pitting potential 

in physiological solution^^’^  with little change in its passive 

current density. A failure to specify degrees of cold work or 

detailed experimental conditions again makes difficult the comparison 

of results, but a series of studies measuring the effect of cold work 

on the pitting potential of 316 in isotonic^^'^^ and seawater^^^ 

saline solutions showed falls of 100-200 mV fô - sections tested 

transversely to the rolling direction (at 30% deformation); falls for 

longitudinal sections were less than 50 mV. No underlying trend in 

the present corrosion results was observed for 73^ with different 
amounts of cold work (Table 4.9), for pitting or protection potentials, 

supporting the idea that transpassive current increases on 73 î under 

'normal* conditions were due to oxygen evolution rather than pitting; 
any change in the pitting behaviour of the passive film on 73 î 
resulting from deformation would thus not be observable. Increases
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in passive current density were greater for transverse than 

longitudinal specimens, although the magnitude of that increase was 

quite small, Mazza et al^^' reported am increase in passive 

current density with cold work on 30 '̂ austenitic steel in acid 
solutions (O.IM HGl) but a decrease in seawater, the changes in 

current being x2 and x3 respectively. A cold-worked surface would 

result in a passive film containing more chemical and physical
99inhomogeneities than that on an annealed or electropolished material ; 

cold-worked surfaces showed more texture or surface roughness
q/iafter an electropolishing treatment . The changes in passive 

current on 73̂ " could therefore be due to a lower resistance passive 
film or a larger true surface area (surface area changes are discussed 

in more detail in the next section). In either case cold work does 

not appear to affect the electrochemical corrosion behaviour of 73 '̂ 
significantly, the largest increase in passive current being a factor 

of less than 2 for both longitudinal and transverse specimens.

5.2.3.3 SUPFAGE PREPARATION

These tests were carried out primarily on 31^ because changes 

induced in the pitting potential could be observed without the 

competing oxygen evolution reaction (as occurs in 73 '̂ ), and the 
results would also be comparable to those obtained within other 

tests. In order to prevent dissolution of any previously-formed 

passive film the majority of samples were anodically polarised from 

their rest potentials in solution (-200 to -300 mV); a polarisation 
curve for a cathodically prepolarised 31^ electropolished specimen 
is compared to a standard run in Pig. 4.25 and Table 4.10 while 
Fig. 5.2 compares schematic anodic curves with and without
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prepolarisation. The dip in cathodic current for the electropolished 

sample ië due to the proximity of anodic and cathodic curves at 

that point, as discussed in section 5.2.1, and assuming that the 

polarisation of the oxygen reduction reaction is similar during both 

sets of tests this indicates that the critical current density for 

specimen passivation remains at approximately the same level, A lower 

passive current density and higher corrosion potential suggests that 

there is a reduction in anodic current in the passive region. This 

may be due to the removal of a cold-worked surface layer, as 

discussed in section 5.2.2, residual chromium enrichment of the film 

improving the resistance of the passive film after any given time in 

solution, or a reduction in surface area. These factors are 

discussed below,

A range of surface preparation techniques and their consequences on

corrosion behaviour were presented in Table 4.io, Passive current

densities were reduced by a similar amount for all surface preparation

techniques (6o^) compared to freshly ground surfaces, and by another

15^ when the specimens were passivated. Additional immersion in

saline simulating tissue fluid did not change the corrosion performance.

The results imply that smoother surfaces reduce nominal current

density by decreasing true surface area, passive current reductions

being similar to those for prepolarised electropolished and passivated

specimens. A threefold reduction in surface area between ground and
9 9electropolished specimens has been reported and comparing these 

with specimens polarised from their rest potentials suggests that 

the surface area effect is dominant, any chemical changes in the 

passive layer introduced through electropolishing not reducing the 

passive current significantly. A passivation treatment however
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lowered passive currents further, this process involving a persisting

improvement in passive film resistance presumably through surface
129alloying enrichment .

Increases in pitting potential values were greater than those which

could be attributed to decreasing surface roughness alone, Pessall 
117and Liu noted an increased induction time to initiate pit growth

on smoother surfaces, with an apparent 100 mV increase in pitting

potential for an iron-25^ chromium-3^ molybdenum alloy in seawater
with a 10 mV/min potential scan rate. Sutow^^ observed a 50 mV

increase in 316 pitting potential in acidified Ringers solution

after specimen polishing. The small increase in pitting potential

for the 1 micron finish sample (about 20 mV) could be explained in

this way, althou^ a similar increase would be expected for the

electropolished and cathodically nrepolarised specimen, a smoother
117surface having fewer defects to initiate pitting . Prepolarisation

however may allow an inherently weaker (i.e. more prone to chloride

adsorption) film to form. The presence of defects not removed by

electropolishing (and passivation) could explain why a third of

these specimens had breakdown potentials between 400-500 mV, a

specific type or geometry of inclusion perhaps being more susceptible

to dissolution; optical examination of this type of specimen

revealed that only one pit formed on the corrosion surface with no

attack underneath the latcquer. The low inclusion content of the

vacuum melted steel used in the experiments makes such a mechanism
122possible, sulphides and carbides being particularly implicated 

in pitting initiation in this steel. A similar pattern of attack 

was observed on specimens on which oxygen evolution was allowed to
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develop, again implying that a point of weakness on the specimen 

surface acted as a pitting nucléation site. The process of oxygen 

evolution with its attendant charge transfer may have been sufficient 

to weaken an area of the film; once the passive film had been penetrated 

aggressive conditions in the developing pit would allow destruction 

of the strengthened passive film in addition to the inherently weaker 

underlying metal. Lower rest potentials were observed for specimens 

which showed premature breakdown after passivation, these being a 

similar value to non-passivated or immersed specimens, but this is 

more a reflection of the resistance of the passive film to charge 

transfer than to pitting.

The experiments involving different surface treatments of 734 (Table 

4.11, Fig. 4.27) showed a marked reduction in passive current density 

with immersion and electropolishing. The value of a passivation 

treatment in reducing passive currents is less clear in this material, 

the halving of current with an additional electropolishing treatment

being explained by a reduction in true surface area; a reduction
o nfactor of 2 or 3 was quoted elsewhere , and is of the same order as 

that deduced from the above results on 3l6« A higher chromium 

concentration in 734 would increase the level of chromium in any 

surface passive film, reducing the possible contribution of a 

passivation process to surface chromium enrichment and increased film 

resistance. If this is the main mechanism throu^ which passivation 

increases passive film resistance, this compositional difference 

between 316 and 73 >̂ could explain their individual responses to this 
treatment. Surface films on 73^ after immersion also differ in their 

polarisation behaviour above 800 mV applied potential, for mechanical
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or electropolished samples, suggesting that there is some extra 

change introduced into the film by electropolishing aind passivating 

that is not removed by immersion alone. The increase in corrosion

current for electropolished specimens is similar to features observed
1a

85
on polarisation curves for other stainless steels in chloride media^^^,

when it was attributed to a transient pitting phenomenon. Mueller

explained such features as resulting from dissolution peaks in the

curves of individual alloy constituents, but in this case it may

reflect an alteration in the stability and comnosition of the passive
112film as suggested by Lucas et al for Co-Cr alloys.

5.2.3.4 FABRICATION TECHNIQUES

Values of pitting potential in 31^ steel varied over a range of 80 mV 

for cathodically prenolarised samples (Fig. 4,28, Table 4,12). As 

the potential of each specimen was made more noble during potentiostatic 

testing, the metal would undergo active dissolution before passivating, 

with the generation of corrosion products and metal ion hydrolysis 

adjacent to the surface. In open solution these ions diffuse away 

from the surface, but would remain trapped in a crevice to create a 

locally more aggressive environment in which the passive film would 

then form. The resulting and oxygen concentration in the crevice 

would then have less far to fall to initiate crevice attack^^, the 

measured breakdown potential being reduced, for a constant potentiostatic 

scan rate, below the normal pitting potential in solution. Variations 

in breakdown potential between different samples can be explained 

with the aid of a model proposed by Oldfield and Sutton^^^, which is 

based on oxygen depletion and pH fall in the crevice; they found that
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the time required to initiate crevice corrosion increased markedly 

with lower passive currents on the material, and for wider crevices.

They did not take species diffusion fully into account in their 

model, however, but estimated its likely contribution, A more 

aggressive starting solution in a crevice would increase passive film 

currents and speed up the hydrolysis process, the composition of this 

remnant solution depending on diffusion and hence crevice geometry.

Small variations in size and extent of test crevices would thus 

change crevice corrosion initiation times and measured breakdown 

potentials, assuming that the ideas in the model apply both to 

polarised and unpolarised samples. There was some correlation between 

the breakdown potentials of 316 samples and their rest potentials 
after one hour in solution, these varying from -550 to -100 mV, 

suggesting that crevice corrosion nucleated quickly on some specimens 

with particularly narrow crevices or portions of crevices.

One 316 crevice was polarised from its rest potential (Fig, 4.28), 
and this specimen had a breakdown potential 50 mV above standard 

pitting potentials. Corrosive attack on this particular specimen 

was limited to the area under the lacquer, the atmospheric surface 

oxide film resisting nitting on the exposed face as discussed in 

section 5»2.3.3. Sub-lacquer corrosion has been likened to crevice
131corrosion , implying for this particular test that crevice attack 

developed under the lacquer rather than in the test crevice. This 

may be due to the geometry of the sub-lacquer crevice, a thinner crevice 

allowing corrosion to initiate more quickly under the lacquer at the 

potentials involved than in the crevice model, with subsequent 

protection of both test crevice and general surface against pitting^^^.
125Cigada et al noticed that a prepassivation oxide film protected
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specimens from the initiation of crevice corrosion, within the period

of their tests, unless it was disrupted by scratching, and the

application of the lacquer may accidentally introduce defects into

the surface oxide layer encouraging the development of crevice

corrosion at a damaged site. The reason why sub-lacquer corrosion did

not develop on cathodically prepolarised specimens could be that

following earlier creation of an aggressive environment in the test

crevice, as described above, the maximum potential subsequently

attained in these tests would then not encourage debonding of the

lacquer; localised pitting and repassivation has been observed on
109pitting samples, close to and below the pitting potential , and 

such small-scale attack at a critical point on the lacquer/metal 

boundary may be required to start a sublacquer crevice. A thick oxide 

film would also remain under the lacquer, and this would increase the 

initiation time of crevice attack by reducing the local passive current 

density.

Crevice corrosion appeared to nucleate at more variable potentials on 

734 (Fig. 4.29), and did not result in a rapid current increase with 
potential as occurred for 316. This suggests that crevice corrosion
once nucleated on 73 - remained more localised and involved a

smaller part of each crevice than in 316, illustrating the higher 
resistance of 734 to corrosion and lower depassivation pH in ciggressive 

environments as shown in Fig. 4,19, The spread of corrosion that did

occur in 73^ may have developed as a result of restriction of ion

diffusion by the corrosion products. Diffusion and ion migration 

between bulk solution and solution in the crevice may prevent the 

local pH falling to a sufficiently low level to depassivate 73̂  ̂in the 

crevice, unless diffusion is otherwise hindered^^.
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The variation in nucléation potential of crevice corrosion between 

734 tests can be explained as for 31^# only small portions of 73^ 
crevices being close enough together to allow crevice corrosion to 

initiate. The sensitivity of 73̂ ' to crevice rather than pitting

corrosion can also be explained in terms of diffusion, the restriction
102of solution access to micropits on the open surface of 73̂ ' not 

being sufficient to allow corrosion to develop. Protection potentials 

were similar for whatever degree of corrosion developed on 73^’, 

indicating that there was a critical system potential below which 

crevice corrosion could not propagate, this potential being similar 

to that for the 316 sample polarised from its rest potential, but 
above those for 3I6 prepolarised samples.

The protection potential has been defined as being that potential below 

which the incubation period for crevice attack is so long that the 

risk of crevice corrosion is negligible^^, implying that both 

316 and 734 are vulnerable to this type of corrosion since their rest 
potentials in solution were above these values (by I80 and 90 mV 
respectively). This observation is in agreement with the potential

time results on crevices. Polarising 734 crevice samples from their 

rest potential would perhaps have decreased the difference between the 

rest and protection potentials because of the more resistant passive 

film; an average decrease of 70 mV, as for the 316 samples, would
reduce the difference between potentials to 20 mV for 734 with a lower

107risk of crevice corrosion and subsequent material dissolution, Wilde 

observing a linear relationship between difference potential and 

crevice corrosion weight loss for stainless steels in seawater.
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Welding was the other method of fabrication to be examined in these

experiments. The results were remarkable in not differing significantly

from those of standard samples except in the frequency and severity of

occurrence of sub-lacquer crevice corrosion, this leading to apparent

premature film breakdown on 73̂ ' (Figs. 4,32 and 4.33). Work
175reported by Gamer noted a 50 mV drop in the pitting potential of

117316 (determined by a scratching method ) in acidified chlorides 

after welding, the corresponding drop in other stainless steels not 

being altered by annealing the weld. The pH used in his experiments 

(3) however was low enough to affect the corrosion behaviour^ through 

a higher hydrogen ion concentration, the solution composition 

approaching that found in crevices; a comparison with the present 

tests showed that preferential attack on the chromium and molybdenum- 

depleted centres of weld dendrites only occurred under conditions of 

sub-lacquer corrosion, where the aggressiveness of the solution would 

have been comparable to or greater than that of Gamer. Such 

preferential attack was seen on both 316 and 73̂  where sub-lacquer 

corrosion nucleated on or near weld metal, and may indicate the 

possibility of pitting corrosion developing on as-welded or annealed

welds. Using the idea of alloy pitting resistance developed by
L'qZitter from observations on retrieved implants , and combining this 

with the microprobe determinations of elemental concentrations in
175welds carried out by Gamer , suggests that the centres of weld 

dendrites will show pitting corrosion in the body environment. Reasons 

why pitting was not seen preferentially in 316 or 73^ welds in 

potentiostatic tests may be the short time span of the tests compared 

to lengths of implantation in the body, or a less aggressive 

environment. Alternatively the welding conditions for specimens 

used in these tests may have differed from those of Gamer, the
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welding results reported in section 4,5*1 not showing such large 

variations in elemental concentrations within the welds, A wider 

range of corrosion and microscopical tests are required to define 

the extent to which welding affects detailed responses to corrosive 

environments, the welds in 3l6 eind 734 remaining resistant to pitting 

under the conditions of these experiments.

Sub-lacquer corrosion on 734 samples was more severe on annealed welds. 

Applying the arguments developed earlier in this section with 

reference to the initiation of sub-lacquer crevice corrosion suggests 

that a second pheise reaction may have taken place on annealing the 

basic weld plate, to act as a local point of weakness at the edge of 

the lacquer film. The carbonitride z-phase may have been responsible 

for this effect. lASs corrosion resistant phases can develop when
172annealing welds , but there was no association between the geometry 

of the weld aind observed sites of corrosive attack in these experiments. 

The morphology of z-phase in relationship to the properties of 73̂ ’ 

are not well understood, and a different distribution of carbo- 

nitrides in the plate used for making welded specimens compared to 

that from which standard specimens were taken could explain the 

differences in the extent of lacquer attack between standard and 

welded samples, in addition to that between as-welded and annealed 

plates.
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5.2.4 CONCLUSIONS

Conclusions derived from the electrochemical tests described in this 

project can be summarised as follows:

The passive film which forms on 734 after initial immersion in 

isotonic saline solution does not show localised breakdown by pitting.

It is less resistant to charge transfer than the film on 316 in 

solutions with low oxygen concentrations. Both materials spontaneously 

passivate under simulated body conditions, with an inverse relationship 

between passive current density and time in solution. 734 resists

pitting in low pH solution, but not with high chloride concentrations;

the passive film formed under applied potential remaining more 

stable and less resistant to charge transfer than that on 316.

Variations in austenitic grain size of 4c-l60 pn for 316 and 25-100 pn

for 734 do not affect their corrosion behaviour. Cold-working does 

not change the observed corrosion performance of 73̂ ' significantly. 

Electropolishing surfaces of 316 and 73^ reduces apparent passive 
current density threefold over ground specimens by reducing surface 

area, a passivation treatment decreasing this current further on 

316 (by 50^). Electropolishing also increases the resistance of 316 
to pitting.

734 is susceptible to crevice corrosion, as is 316, but it has a 
greater resistance to it and a lower projected weight loss under similar

crevice conditions. The corrosion properties of 3I6 and 734 welds 
tested electrochemically in vitro were not significantly different from 

those of unwelded material.
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5.3 CORROSION FATIGUE

5.3.1 DISCUSSION

One difficulty encounte-ed when analysing the to-^sional fatigue 

■results is the uaucity of oubli shed data that are directly comoarable. 

Fatigi:e strengths quoted in the lite^atu^e f0^ annealed 316 va^y from 
about 26c MPa at lo"̂  cycles fo-»- rotating bending^^'^ ^ = -1) to

1 CO
/ 5^ MPa in tensile fatigue"’"" = 0^, these fitting into a Goodman

diag-am; fatigue strengths in ai^ were higher than those in saline by

between 3% and 15;̂ . Cahoon and Holte^^^ suggest that the^e is a

lO-15/’o d^oo in fatigue st^angth for soecimens immersed in ohysiological
solution rather than ai^, with a further similar d^or when tests ar-e

carried out at 1 Hz as oooosed to frequencies above Hz. The ratio

between reported atigue strengths in tension arc bending is within
l/iothe range soecified by Duquette for different tests, "methurst's

11  ̂Th'results for 316 and 73̂ ' (C^rfron DO'-  ̂ can thus be taken as a

rotating bending comparison to the present result".

1' 5Torsional fatigue work reported by Imam et al did not include

their observed value of fatigue strength or 316 but one specimen did
not fail after 10  ̂ cycles, even though surface c'-ioks we-’-e visible,

at an estimated maximum shea> stress of '2? MP'a. This value compares
7directly with one of II5 MPa for no failure after 10 cycles in the 

present work. Imam et al carried out their tests [at 1 Hz' with 

constant maximum shear strains, as in this project, calculating shear 

strain however ^rom measurements of applied angular deviation rather 

than those of resultant specimen torque.
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Differing geometries of tensile and torsional loading result in the

maximum shear stress being equal to the maximum tensile stress in

torsional loading, but being only half its value under an applied

tensile or bending stress. Material plastic deformation occurs at

a critical value of shear stress, and so if the fatigue strength at a

given n u m b e r  of cycles is related to the stress at which surface

plastic flow occurs, the apparent fatigue strength will be halved for

specimens tested in torsion as opposed to tension or bending.

Comparing the results for 316 fatigue strength in Table ' .1̂  with those

of Smethurst^^ shows a f a c t o r  of approximately 2:1 between the

results, the lower apparent strength in torsion being explained by

the above analysis. The ratio of fatigue strength to UT- was also

about half the expected value of f.f-0.5 (for steels^ with 316,

Imam et al recorded nominal shear stresses approximately three times

greater than in Table f .1^, which would lead to a fatigue strength/UT^

ratio of about 0.7 if their results are directly comparable with those

in this project; a ratio as large as this is unlikely however. The

development of plastic yielding at the surfaces of torsionally

stressed samples h o w e v e r  reduces true surface stresses from their

nominal values, calculated from elasticity theory. Troshchenko and

Shestopal^^^*^^^ present nominal/true shear stress-strain curves,

showing that they approach each other to within 5% for a numb er of
7different steels and alloys after 10 cycles, ^atigue limit ratios 

between nominal shear and bending stresses varied from 0.4-0.8 

depending on the material being tested, this being in general agreement 

with the results discussed above.
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Fatigue strengths for 73/' we^e proportionally below what would be 
expected from Smethurst's work on similar material; his UTS 

values for 73'' were used in working out stress ratios, as the UT^ 
value in this project was obtained on annealed rather than cold- 

worked material. The ratio of fatigue strength to UTS for 73^ was 

0.5 using Smethurst's values, which would lead to a projected fatigue 
strength of 290 MPa and a ratio of 0.25 in the present work. Observed 

strengths were 100 MPa lower than this, and reasons for such a reduction 

could arise from the test geometry^ or material treatment. One 

difficulty in setting u p  the tests was the need to keep axes of 

rotation of specimens and fatigue machine coincidental; because of 

the small specimen size, any deviation of the two axes would produce 

a combined bending and torsional load at the sample surface, with a 

local increase in applied stress. This would reduce the time required 

to initiate anl propagate a fatigue crack in this region, but the 

lower general stress field over the rest of the specimen would 

reduce the crack propagation rate, teniing to balance out any effect.

The comparison of results above suggest that this effect, if it occurs, 

is likely to be small. Optical observations on specimens showed that 

final failure occurred randomly across the specimen surface in both 

316 and 73' » and assuming that this region of final failure is nea- 

the axi= of sample rotation would suggest that any overall effect 

would lead to greater scatter in the results rather than a systematic 

error. In purely torsional fatigue, the stress at the crack tip 

reduces as the crack approaches the axis of rotation of the specimen, 

with a consequent reduction in crack growth rates; applying a 

combined bending and torsional stress, with different planes of 

action, would tend to overcome this stress reduction and increase 
crack growth rates. It would also enable crack growth during the
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1 8 2initiation phase to proceed on intersecting c^ystallog^aphic planes 
(analagous to dislocation cross-slip^» This then helps to explain 

the sensitivity of fatigue surface morphology to test geometry, and 

supports the practical observation that implants -resistant to bending 

fatigue can be made to fail by an additional applied torsional
. 176SX'^GSS •

The presence of adventitious non-metallic inclusions is known to 

reduce the fatigue life 0^ metals^^^'^^^. ^bcond phase particle: ir 

73' may also initiate fatigue cracks more readily in to-rsional than 

beniing fatigue; fatigue strengths are generally lower in transve"~e 

rather than longitudinally orientated material sections , the 

direction of applied stress therefore affecting fatigue strength. 

Electrorolishing 73' in orthophosphoric acid led to preferential 

at"tack of the z-phase; resulting voids could then act as local stress 

intensi^iers when initiating corrosion, reducing the 73'' fatigue 
strength (but not that of j l 6 ) .  Electropolishing also removes crld- 

worked surface layers^^, anl could thus remove residual compressive
182surface stresses and reduce observed fatigue life for these tests 

by contrast with those of ^methurst; this would affect both 316 and 
73' however. Another phenomenon which may be of importance is that 
of fatigue softening or hardening. Both effects have been observed 

in austenitic stainless steel depending on the level of applied 

stress^^^ and the degree of initial work hardening, and the mechanism
189has been discussed by Ham and Broom in terms of fatigue striation 

formation. They concluded that this is why cold work strengthening 

often has less of an effect on fatigue than on general mechanical 

properties, and this could explain the relatively smaller
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fatigue strength increase between ]l6 and cold-worked 73̂  compared 

with the improvement in other mechanical properties'^. An attempt 

was made to measure changes in microhardness (equivalent to 

alterations in flow stress^ for fatigue specimens between as-machined 

and fatigued states. Test specimens were sectioned across thei^ 

smallest diameter before and after fatiguing, and the sections were 

mounted so that microhardness changes across the radius of each 

specimen could be determined. Fig. 5*3 presents the result^ for t <o 

control and two test samples on each of 316 and 73-: annealed 316 could 
be expected to sho ; fatigue hardening and cold-worked 73 fatigue 

softening. The results are somewhat contradictory in that similar 

fatigue regimes p-oduced different hardness changes, but sho. that 

alterations in yield stress can be induced through fatigue with a 

ch'inge in surface hardness 'high values of surface hardne^-s ere 

observed in these specimens as they had not been eleotropolished\ 

Microhardness gradients across 316 specimens may have been produced 

during machining, the difficult cutting properties of the steel 

requiring high loads on cutting edges when shaping samples.

It is possible therefore to explain a lower than expected proportional 

increase in fatigue strength in torsion, for 73̂-̂ relative t'"' 316, as 
arising from surface preparation techniques coupled to fatigue 

strain hardening and softening. A softer material surface could 

encourage the initiation of fatigue by removing residual compressive
182surface stresses . The drop in fatigue strength when samples were 

immersed in saline rather than air was of the order of that specified
153by Gaboon and Holte , although more tests need to be carried out in 

order to determine whether a smaller environmental effect on 73*' than
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316 is a true observation or merely one created by statistical 

variations in the results. Changes in fracture surface morphology 

with stress suggest that both alloys show more ductile failure at 

higher shear stresses (failure perpendicular to specimen axis', 

with an increased component of longitudinal or brittle crack growth at 

lower stresses and the formation of fewer surface cracks. The mode 

of failure of 73' at a given stress is not greatly affected by 

environment, whereas exposure of 316 to saline tends to produce a 
more mixed type ^allure for a given stress, "imilar behaviop-'

I ̂ 5has been seen with titanium tested in torsion fatigj^ '. It suggests 

that fatigue crack prgg^igation in 316 is more sensitive to environmental 
factors thin that in 73 . 316 specimens developed larger voids round
inclusions than we-e visible on ?3' fatigue fracture po-^ace^ 

f'̂ ig. t .37 , but otherwise features on the fracture surf"aces were 

similar for both alloys. Ruch changes in fractur^^ mr.-oh^logy with 

environment suggest that corrosion fatigue (the conjoint action of 

stress and corrodent at the crack tio' is a real effect, and

corrosion is not me-ely a secondary phenomenon as concluded by
. 4-6Fichman

Insufficient ^btigur tests were car-^ied out on welded plate ''Table 

d.15' to permit the results to give more than an indication of weld 

fatigue behaviour, TIG welds were chosen for testing because they 

contained the greatest quantity of weld metal and were thus most 

likely to reveal any effects of welding on fatigue properties. A 

cor-osive environment was also selected as providing a 'worst case' 

model. elded specimens had fatigue lives reduced by about 2^ times 

compared to control specimens, with annealed samples also having
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reduced lives although problems with gripping and failure outside

the gauge length make the annealed results difficult to interpret.

The detrimental influence of welding on fatigue has been attributed

to the presence of defects that constitute initial cracks, surface
1 R7defects being more important than internal ones . ‘̂uch cracks 

would have to be small not to be observed on optical micrographs 

(less than 1 micron in size\ but may have been removed by etching 

prior to examination; the presence of ferrite in the weld however 

should reduce or eliminate crack formation on 'eld cooling^^.

H*errite in welds also reduces the ductility of mainly austenitic steels, 

different crystallogranhic orientations and deformation rates at the 

large area ferrite/austenite interface leading to void nucléation 

during plastic deformation. It is thought to be les=. corronion 

resi-tant^^, although the potentiostatic tests reported in section 

''.2 did not suggest any increased corrosion in the welds. No 

corrosion was visible on any of the stainless steel specimens used in 

there corrosion fatigue experiments. It is possible however that 

microsegregation of elements in the weld, as measured by Garner '

could have enhanced local cor-r'osion and speeded u p the initiation cf’
1''0fatigue cracks by slip step dissolution without producing general 

corrosive attack.

feduced specimen ductility could have increased fatigue crack 

propagation rates because of test geometry; the development of a 

crack rn one face of the specimen in the bending test would reduce 

specimen cross-section at that point, with a tendency to increase 

compressive surface forces on the opposite face during one half of 

the bending cycle. Ibis eventually led to noticeable surface
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buckling on this face of fatigue specimens, with consequent work 

hardening and distortion of the material, and associated cracking 

(Fig. 4,38'. The crack pattern showed the unwelded specimens to be 

more ductile, and they would thus better resist simultaneous crack 

formation and propagation from the initially uncracked face. The 

relative effect of this process on overall fatigue life would depend 

on the proportion of time required to initiate as opposed to propagate 

cracks in this material, and the net distortion of the specimen during 

the test. It is unlikely however that a g"0,-~ effect such as this 
would result in so large a proportional changf= in fatigue life as 

observed between welded and unwelded samples. The bending fatigue 

strength of control samples was below the value obtained by 

-methurst^^ for rotating bending on 73' , but pohler and ^traumann^ ^ 

noticed a reduction in fatigue strength in air for flat beam 

flexure as opposed to rotating bending, attributing this to a 

geometrical effect 'stress intensification at the corners of beams 

Kouli reduce fatigue crack initiation time\ They also recorded a 

reduction in fatigue life of two orders of magnitude for annealed 

compared to cold worked 316 specimens in rotating bending, and this 
could also explain the reductions in ^atigue life with welded samples.

Microscopical examination showed that secondary cracks developed 

extensively in welded and annealed material around welds (Figs. 4,38 
and 4.39)» while none were visible in cold-worked material. Ibis 

would support the idea of cold work increasing the fatigue life to 

some extent by reducing the likelihood of crack formation, through 

residual surface compressive stresses, although the relative amount 
cannot be estimated from these tests. The tendency of fatigue cracks



145

to form in the weld metal also suggests a possible material weakness,

perhaps associated with corrosion; secondary surface cracks on the

face at which the final fatigue crack originated were shallow with

blunted ends, some showing -rounding that could have been produced by

pitting or crevice corrosion, the shallow crack depth presumably

being due to surface stress shielding by the main fatigue crack.

The margin between defining a given fatigue failure as either

mechanical or corrosion fatigue ^  is rather difficult to identify

(fig. 9.4c', and a much larger number of tests would need to be

carried out to see whether welded specimens were more susceptible

to corrosion fatigue. The morphology of the z-phase (carbo-nitrides'

appeared to be similar in welded and unwelded areas, but small

changes in its angularity or size distribution :ould affect the

measured fatigue strength^^ without necessarily being readily

observable. Another second phase, sigma, is formed on heat treating
172welds which contain ferrite ' , and this phase 'which can be difficult

to detect'' may have contributed to the reduced ductility of annealed 

weld samples.
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5 .3 .2  CONCLUSIONS

734 had a torsional fatigue strength at 10^ cycles 30% greater than 

that of 316. This compares with a f a c t o r  of 2.1 for rotating bending^^, 

one difference in technique being the use of electropolishing for 

specimen preparation in the present work with attendant surface 

carlo-nitride dissolution anl pit formation on 734.

The fatigue strength of both alloys was reduced in physiological 

solution compared to air, by 3% a.nd 2'?% for 734 and 316 respectively.
The morphology of 316 fracture -was more sensitive to environment 
than that of 7 3''.

TIG velds in 734 had reduced fatigue lives when compared to unwelded 

plate, with a 2<" tine: reduction at the stress levels investigated.

This reduction could be explained by the degree of cold work in the 

unwelded plate, but the mc-phology of fracture suggested that the 

weld metal was less ductile and possibly more sensitive to local 

corrosion.
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5.^ FRgTTING CORROSION 

5.^.1 DISCUSSION

Potential-time measurements on statically-tested plate/sc-'ew 

assemblies showed that notential variations with mixed material 

systems were mo^e irregular than those found with single alloy ones, 

with a final rest potential about 100 mV lower. The geometry and 

environment these tests were similar to some of those renorted by 

Steinemann , and comrade with the crevice corrosion results 

renorted in section '̂.2.2.- . The notential-time curve for a 73̂ ' 

crevice model f^ir. -.8' followed an irregular relationship such as 

that in Fig. ^or the fi-st -'0 h^ of the experimental period,

reaching a final potential 5"̂ mV highe^\ howeve^. Variations in the 

effective widths of crevices between sc-ew heads and plates would 

lead to different times and likelihoods of crevice corrosion 

initiation on each assembly, and affect its extent, as discussed in 

section 5.2.3*^ . This could explain the scatter in final rest 

potentials, but not the systematic difference between mixed and 

single material assemblies.

One possible explanation of this systematic variation is the presence 

of galvanic corrosion between the two different formulations o^ 

stainless steel. The net galvanic potential available in the system 

however was not great enough to produce a large drop in potential; 

the corrosion potential of a galvanic couple between two alloys will 

always be intermediate between the corrosion potentials of the 

isolated alloys^^^^ There may also be a sufficient change in alloy 

passive currents with potential to increase the rate of metal ion 
hydrolysis in the crevice after alloy coupling and encourage the
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initiation of corrosion. A possible change in current for a 100 mV 

decrease in potential is (from Fig. 5.2) a decrease by a factor of 

approximately 2, when both alloys are in the passive state. 
Disruption of the surface passive film on one or both steels, during

assembly the system before immersion, would change the above
132situation and could then lead to more rapid crevice attack 

initiation, galvanic corrosion being more active.

This explanation depenIs on material damage during specimen assembly, 

this in itself being a fretting or wear process. A variety of 

di^^erent wear processes take place u n d e r  any given set of conditions, 

which makes it difficult to decide on the relative magnitude of 

material damage '̂ or dd^^erent alloy compositions or hardnesses.

One pertinent observation is that carbo-nitride or other hard second- 

phase particles can increase the wear-resistance of steels^^. A 

lower wear rate could therefore be expected on 73 '̂ because of its 
Z-phase content, but how this would interact with a harder or softer 

316 component to change the total wear remains unclear (316 screws 
were cold-worked and harder than 31^ plates^. It is not possible to 
specify theoretically therefore whether mixed 73 ̂ 31^ components 

would show inherently more or less wear on fretting than single alloy 

systems, and thus whether damage on assembling specimens would be 

greater in mixed components.

Direct comparison of potential drops observed after fretting for 10
120

minutes with results obtained by Brown and Simpson are complicated 

by different system designs and methods of application of load. The 

two sets 0̂  tests do show similarities in that higher applied loads 

produce greater drops in specimen rest potential, and by inference
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increase the amount of corrosion occurring (section 5.2.2\ There 

does not a p p e a r  to be any simple relationship between the magnitude

of the applied load and the potential drop, a conclusion reached by
13Syrett and Wing when investigating changes in fretting amplitude.

1 A7I'.aterhouse noted a linear increase in corrosion current with
13fretting frequency at a constant (cathodic^ potential, other workers 

observing an increase in anodic corrosion rates with applied frequency. 

Fig. ‘ ./'3 (curve 3 shows a dependence of the magnitude of the 

potential drop on ^retting with fretting frequency. This curve was 

obtained as a guide to fretting behaviour rather than as an attempt 

to define a precise potential-frequency relationship.

The drops in potential on fretting 31^ samples we^e much lower than 

those obtained with ?>' assemblies. This suggests that the fretting 

action (produced by screw heads tilting in plate holes^^^l produces 

a more chemically active surface on ? y ^ than ' } l 6  , whether by

disrupting the passive film over a larger area or by producing more 

wear debris. Electron microscopy showed fretting corrosion damage to 

be rather more severe on 31^ than 73̂ ‘ specimens (Fig. This

implies that the greater drop in potential on 73̂ ' samples is caused 

by disruption of a larger area of the passive film, with less actual 

wear at their surfaces. The good recovery and consistent behaviour 

of 73^‘ samples indicates its continued corrosion resistance after 

fretting, 316 showing some signs of crevice attack following fretting 
(Fig. > curve 1).
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The carbo-nitride particles in 73̂  ̂ may impart wear resistance to

surfaces undergoing fretting, reducing mechanical damage, but they

could also be more effective in damaging opposing areas of passive

film than the 'film-film' bearing surface found with ' } 1 6 , This would

lead to an increase in electrochemical wear. Rupturing of an oxide

film, on a series of metallic elements,has been shown to lead to a

drop in free potential, the fall in potential being proportional to
191the difference in hardness between the metal and its oxide 

Differences between the passive films on the two steels therefore 

could possibly explain their differing fretting wear and potential

behaviour,

P^tentiostatic polarisation measurements with and without fretting 

were compared to those of Steinemann in section k.4. They were 

essentially obtained under conditions of crevice corrosion, this 

explaining reduced pitting and protection potentials for the alloys 

both before and after fretting (Table b.i6). High values of passive 

current were prouuced by cathodic polarisation creating an active 

metal surface and more aggressive crevice environment (section 

5.2.3.̂  . Increases in measured current on fretting were an order 
of magnitude lower than those of Steinemann ; the angle of movement 

of the screws in his apparatus was fl.6°, however,approximately 

100 times those estimated for the present work (which were based on 

likely angles estimated for clinical situations^^^).

The results in Table ^.l6 indicate that ' } l 6  is more susceptible to 

electrochemical damage than 73^ on fretting, this contradicting the 
findings of potential time curves when greater potential drops were 

observed on fretting 73̂ -“. Previous polarisation of specimens would
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change the conditions in screw/plate crevices as mentioned above; 

given the greater observed vulnerability of 316 to crevice corrosion, 
fretting may have encouraged the development of crevice corrosion^^^ 

in 316 but not on 73̂ *. Such a process would explain the increase 

in 'passive' current when fretting 31&, and the greater quantity of 
corrosion product observed in crevices after testing. The amount 

by which the current increased also showed some dependence on the 

previous test history of the sample, a small reduction in passive 

fretting current being observed with a period of several days rather 

than several hours between determinations. This time would allow 

the specimen to recover to a greater extent after fretting, with a 

reduction in the aggressiveness of the crevice environment and less 

likelihood of crevice co-^rosion initiation. A controlled series of 

experiments would be required to verify whether or not this mechanism 

was responsible for enhanced attack on 316.

The series of tests performed to monitor rest potentials, a^ter

different fretting and recovery times, were presented in a number o"

different ways (Figs. 8.49 to 8,52'. This was in order to emphasise

various aspects of the corrosion behaviou- of these specimens. Fig.

8.5'̂ was constructed to compare the reproducibility of potential

drops on fretting after different specimen fretting regimes.

Potential-time curves on fretting were similar to ones observed by 
13Syrett and Wing , in showing an initial rapid fall in potential 

until a steady-state value was reached after 10 to I5 minutes. Points 

obtained after 10 and 20 minutes of fretting are thus most representative 
of material behaviour.
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Increases in potential drop with total fretting time were more 

marked for 316 than 73̂ ' after these periods, suggesting that the 
316 assembly was more susceptible to cumulative damage and enhanced 
corrosion. This conclusion agrees with the overall conclusions of 

section 5.2 when comparing the passive films on J l 6  and 7>’ ; 316 
has a lower passive current and general 'reactivity' in the saline 

environment, which results in a lower potential drop ’̂ en the passive 

film is disrupted but a weaker development of repassivation. It 

also follows from the observation of greater mechanical damare on 

316 surfaces, the production and accumulation of wear debris
190increasing abrasive wear rates

Brown and Merritt suggest that the electrochemical corrosion 

component of fretting damage is the major cause of metal Irss. Fig. 

8.̂  9 shows the potential d-op on fretting to be greatest f0  ̂ the 73 

assembly up to 100 minutes fretting time, cumulative damage on 316 
and 316 plate/73/ screw assemblies resulting in a simila- increase 

in potential drop after long fretting times. This supports the 

assertion that electrochemical attack on 73̂  is greatest when two 

73'4 interfaces are opposed, the addition of a 316 component reducing 
passive film damage and potential drop on the 73̂ '. The lowe^ fall 

in potential of 3I6 components did not persist at long fretting times, 
except with the harder 3I6 screws against 73̂ ' Plate, this combination 

presumably minimising fretting damage and passive film disruption.

The 316 assemblies showed an increased potential drop at longer 
fretting times, and irregular potential recovery after fretting (figs. 
8.51 and 8.52', 73̂1 assemblies recovered after fretting most
consistently, supporting the above argument that electrochemical wear
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is greater on 73̂ ' but there is less likelihood of oxygen depletion
13causing crevice attack .

As a limited number of specimens were used for these tests, the 

results can only indicate how 316 and 73^ will perform under fretting 
conditions in the body. 316 has been shown to undergo fretting 
corrosion in vivo^^^'^^ , although the amplitude and frequency of 

fretting will differ from those in this work; organic components in 

serum will also alter fretting behaviour , The relative material 

loss and consequences from fretting corrosion on the two materials 

will depend on the importance of wear and electrochemical processes, 

and levels of activity in an individual patient. The above results 

suggest that prolonged fretting, as is likely to be encountered in 

practice, will cause more local damage on 316 than 73'. Relative 

quantities of material release, into wear debris and solution 

complexes, will depend on component hardnesses (and therefore, 

surface treatments' and fretting regimes - amplitude, frequency and 

contact stress^^.

5.8.2 CONCLUSION^

Neither 316 no- 73̂  assemblies showed crevice corrosion when loaded 

statically. Mixed plate/screw systems appeared to be affected by 

galvanic corrosion and had reduced rest potentials.

73/' specimens had a greater drop in rest potential than 316 ones on 
initial fretting, implying a greater electrochemical corrosion rate, 

Continued fretting produced equally high falls in potential on 3l6, 

with mo-e irregular recovery in potential after halting fretting.
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Both materials showed signs of fretting damage, with g-eater local 

attack on 316 and associated wear. Increased fretting load and 

frequency increased the rate of corrosive attack.



155

5.5 OTHER INVESTIGATIONS 

5.5.1 WELDED MATERIAL

Optical microscopical observations of welded material reported in 

section 8,5.1 were limited to details of grain boundary and ferrite 
distributions. 316 showed faster grain g-owth than 73  ̂ on annealing 

both welded and cold-worked material, this p-eviously being 

att-ibuted to the grain boundary pinning effect of niobium carbo- 

nit-ides in 73 '̂̂ .̂ ':eld solution annealing at 105 for 2- hours 

appeared to be sufficient to transfo-m all the fer-ite in 316 while 
leaving residual ferrite in 73'' . Less -esidual fer-ite was observed 

in the central portions of the ? y  annealed TIG weld, whe-e successive 

weld passes would have heated this zone after its solidification to 

begin the ferrite breakdown p-ocess; a higher temneratu-e anneal 

may therefo-e be required to complete ferrite transformation in 73*' 
welds in a reasonable time. Further investigations of weld metallurgy 

and ferrite to austenite and intermetallic phase -eactions could be 

carried out unde- controlled conditions using the selective etching
172method applied to 316 steel by Slatte-y and 8'^dordan

The quantity of ferrite in 316 and 73 weld metal was not dete-mined. 

Contents varying from 2 to 10% have been reno-ted for austenitic
192stainless steels ' , and autogenous TIG welds on 73̂ ‘ have been 

observed to contain 4% ferrite^^^. This is sufficient to P-event 

solidification cracking on weld cooling.

No po-osity was observed in eithe- ? y  E3 o- TIG welds, even though 

73'' has a high nit-ogen content. A p^opo-tion of this nitrogen 

could be expected to de-gas from melted metal unde- the vacuum
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melting conditions prevailing during electron beam welding (u p  to 

half the nit-ogen content being in solid solution', and this would 

lead to a reduction in st-ength in the weld metal because of a lowe- 

solid solution strengthening com.ponent^^. Such gas evolution, if 

it occurred on a la-ge scale, could give -ise to po-osity. The 

mo-phology of the 'z-phase' was similar in welded and unwelded 

-egions, suggesting that any nit-ogen evolution was not significant. 

Preliminary elect-on micror^ohe analysis also did not show any 

evidence of la-ge changes (g-cate- than about 0.2% total mate-ial 
content' in nit-ogen fplus niobium' content between weld and parent 

metal.

Mic-oha-dness p-ofiles were vary simile- ac-osr EB and TIG welds, 

although on a different scale because o^ s ma lie- heat inputs in E3 

as opposed to TIG welding, ^ig. 5«- p-esent? the m.icroha-dness traces 

across ]l6 and 7>' TIG and E3 welds, v.'he-e both sets of traces are 

normalised to the width of the heat affected zone (HAl' in 73̂ '*

Thei- simila-ity in ha-dness changes and -ates of change across the 

weld arc quite p-onounced. The width of the HAZ could be determined 
accu-ately from the bounda-ies of weld metal and -ec-ystallisation 

zones. The width of the HA7 in 316 a-nea-s to be apn-oximately l/3 

Qf that in 73', mo-e weld pas-es beinr performed fo- ?3' welds 

because of its g-eater pa-ent plate thickness (3.5 rathe- than 2.5 mm) 
with a consequent increase in total heat input.

The patterns of ha-dness in weld metal differed between the two
mate-ials. 73' showed a mo-e pronounced chilling effect at the edge

of weld melted mate-ial, a smalle- ferrite spacing inc-easing the 
measu-ed ha-dness. Towa-ds the cent-e o^ the welds the ha-dness
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fell, pe-haps as a result of pa-tial annealing by subsequent weld 

passes. Both materials became ha-der at the centre of EB welds, the 

ferrite structu-e there becoming fine- and mo-e equisLxed (Fig.  ̂.5'). 

Pa-ent plate was cold-wo-ked for 73' but annealed with 316, this 

explaining thei- differences in ha-dness away from the weld; it 

also shows the effectiveness of cold work fo- increasing the 

st-ength of 738. Small-scale va-iations in ha-dness around the '.M
'I C

and HAZ could be due to sensitisation -eactions^ and inte-metallic 
1?2compound fo-mation in both mate-ials, in addition to g-ain g-owth 

(in 316 and/o- st-ess relieving (in ?3' '' in preferentially orientated 

grains. Furthe- investigations a-e requi-ed to dete-mine whether or 

not these changes are peculia- to individual specimens, o- if not, 

what st-uctural changes they -erresent.

Electron mic-oprobe dete-minations of element concent-ation were ma.de 

on unetched specimens, bo that a -eading could have been taken f-om 

ferrite o- austenite phases in the weld metal :^igs. 8.57 to 8.60).
175Game- measured extreme va-iatims of seve-al pe- cent in ch-omium 

and molybdenum concentrations between fe-rite and austenite phases in 

316 welds, with values- outside nominal alloy compositions. The 

essentially -andom placement of the mic-o^-obe beam with -espect to 

metal structure in the p-esent wo-k would not necessarily have picked 

out the extremes of composition, and further more detailed 

measurements are required to specify the extent of concent-ation 

va-iations. Appa-ent element changes are reduced after annealing 

however suggesting that the measu-ements made in this project a-e 

representative of actual mate-ial va-iations, and that annealing 

can reduce inhomogeneities in element concentration.
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5 .5 .2  MECHANICAL TESTING

The tensile test results reported here underline the effects of

different alloying elements on the mechanical behaviou- of stainless

steel, as discussed in section 1,3 of the Introduction. Increases

in the proof and ultimate tensile stresses of 73̂ - rather than 316
are in gene-al ag-eement with empi-ical equations predicting these

values, published by Pickering^^. The dispersed carbide or z-phase

in 73' would affect both stresses by a different amount, depending

on its morphology, and could explain the higher proof st-ess (by

15 '̂î and lowe- UT5 (6^ ' observed in the experimental measu-ements ;

Pickering only conside-s a single-phase, austenitic material,
Smethurst's^^ -esults fo- 316 show a similar p-oof stress for 3I6
but highe- UTf and lowe- reduction of a-ea, perhaps due to testing

12ba- with a smalle- g-ain size; "y-ett and dng obse-ved however a

lowe- proof st-ess but simila- UT: and reduction of a-ea. Smethurst's

-esults fo- 73' confirm the increase in strength obtained by cold-

working, p-oof st-ess and UT~ being increased by J>7% and 20%

-espectively fo- a small decrease in -eduction of area ('•%' , The

tensile -esults overall a-e within 10% of the theoretical predictions

of behaviou-^^, showing that the z-nhase in 73 does not significantly

affect mate-ial st-ength o- ductility. The st-ain-hardening

coefficients were measu-ed from log t-ue (st-ess-strain] plots, and

were the values (a-ound O.l) app-op-iate to strains g-eater than 
-35 x 10 : at lowe- st-ains the coefficient was much highe-, about

0.8 fo- both materials. This dual slope is not uncommon^^^, and 

represents a deviation f-om the assumed -elationship 

cr = K&"
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where n is the coefficient of st-ain ha-dening. Values of 0.8-0.5
1Q2have been published for othe- 300 series stainless steels , but 

because of the deviation f-om standard behaviou- it is difficult to 

compa-e absolute results. Gompa-ing 316 and 73' measurements 

confi-ms that 73 has a highe- wo-k-hardening coefficient and rate 

than 316, the differences in thei- appa-ent coefficients however being 

small: it has been repo-ted that mino- changes in alloying additions
198can alte- measu-ed coefficients dramatically

To-sional estimation of the Bauschinger effect showed it to be of a 

simila- absolute magnitude in both 316 and 73'. 8>ne importance of 

this pa-amete- is its application to fatigue testing, the degree of 

material wo-k srftening beinr -elated to the amount of hyste-esis 

occu-ring on -eve-sed straining* ’ ' . The limited accu-acy of

to-sional test measurements did not allow accurate determination o" 

hyste-esis curves 0- the detailed p-ediction of energy dissipation 
effects du-ing repeated reversed loading. Fu-the- experimental 

wo-k is -equirei first to obtain mo-e accu-ate cyclic stress-st-ain 

curves, and secondly to apply these observations to p-edictions of 

fatigue liff'.

5.5.3 GONCLUflONS

Annealing welds at 105^''G for 24 hou-s allowed complete ferrite 

transfo-mation in 316 but not in 73^* It also reduced apparent 

variations in alloying element concentration within weld metal.

Welding 73-' did not appea- to reduce the nitrogen content of weld 
metal significantly.



160

Mechanical testing confirmed the significant increase in strength of 

73 on cold working, without a great loss of ductility. The work 

ha-dening rate of 73' was greater than that of 3l6. The presence of 

z-mase (carbo-nitride second phase^ did not change the mechanical 

properties of 73' more than 10% from theoretical predictions based 

on solid solution strengthening.
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6.1 CONCLUSIONS

6.1.1 ELECTROGHEHICAL MEASURE1ÎENTS

The passive film which forms on 73̂ ' after immersion in isotonic saline 

solution does not show localised pitting breakdown. It is less resistant 

to charge transfer than the film which forms on 3^6 under similar 

conditions. Both materials passivate spontaneously under simulated 

body conditions, with an inverse relationship between passive current 

density and time in solution. 73̂ ' resists pitting in lo; pH solutions, 

except those containing a high chloride ion concentration, its passive 

film remaining more stable than that of 316 under aprlied anodic 
potentials whilst having a higher corrosion current density.

The corrosion behaviour of both 316 and 73̂ ' is not altered significantly 
by variations in austenitic grain size (between ^0-l60 pn for 316 
and 23-IOO pn for 73̂  ). Cold working of 73̂  (up to 30̂ »' does not 

change its corrosion performance. Electropolishing the surfaces of 

both stainless steels reduces the apparent passive current density 

by a factor of 3 over that for ground (6OO g^it finish'' surfaces, by 
reducing true surface area; it also markedly increases the resistance 

of 316 to pitting. A subsequent passivation treatment further reduces 

the passive current density on 316 by a factor of 2.

Both 316 and 73̂  ̂are susceptible to crevice corrosion, but 73̂ ' has 

a greater resistance and lower projected weight loss than ^l6 under 

similar conditions. The corrosion properties of 31^ and 73'' welds, 

investigated electrochemically in vitro, were not significantly 

different from those of unwelded material.
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6.1.2 GOPROSION FATIGUE

The torsional fatigue strength of 73̂ ' after 10^ cycles was 50^ greater 

than that of 316. Fatigue strengths of both alloys were reduced when 

they were tested in physiological solution rather than air, by 

for 73̂ ' and 20^ for 316. The morphology of 316 fracture surfaces was 

more sensitive to the environment than that of 73 '̂ •

Bending fatigue lives of untreated 73̂ ' TIG welds were reduced twenty 

times compared to those of unwelded plate, at the stress levels 

investigated. An insufficient number of tests was carried out however 

to be able to measure changes in fatigue strengths in material 

containing welds or annealed welds.

6.1.3 FRETTING GORPO^IQN

Simulated bone plate and screw assemblies were made solely from 316 

or 73 '̂ components, or with plates of one and screws of the other alloy. 

Immersion of assemblies in isotonic saline solution, under static 

loading, produced no evidence of crevice corrosion on either stainless 

steel. Mixed alloy systems had reduced rest potentials because of 

galvanic corrosion.

Plate/screw assemblies made from 73̂ ' showed a higher initial fall in 

rest potential on fretting than 316 specimens, implying a greater 

electrochemical corrosion rate. Gontinued fretting produced equally 

high falls in potential for 316, with a more irregular potential 
recovery after the cessation of fretting with this material.



165

The rate of corrosive attack was increased at higher fretting loads 

and frequencies. Both materials exhibited typical signs of fretting 

damage with more local attack and wear on 316. Mixed alloy assemblies 

showed generally worse fretting behaviour.

6.1.k. WELDING AND MECHANICAL TESTING

Annealing welds at lO^O^C for 2̂' hi- produced complete ferrite 

transformation in 316 but not in 73'• H  also reduced local variations 

in alloying element concentration within the weld metal. .elding 

did not reduce the nitrogen content of weld metal significantly. 

Welded material had poorer fatigue properties but similar electrochemical 

corrosion behaviour when compared to the unwelded austenitic alloys.

Mechanical testing confirmed the increased strength of 73 over that 

of 316. Measured results were within 10^ of those predicted for a 

single phase austenitic alloy with the composition of 7>' , showing 

the limited effect of the z-phase on the mechanical properties of 

this material (;hen compared to solid solution strengthening). The 

work hardening rate of 73̂  is greats thr.n t’-at of
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6.2 RECOMMENDATIONS

The in vitro experiments reported in this thesis cannot be used to 

specify the precise performance of any one of the alloys tested, 

in the human body; its internal milieu is too complex, and its 

systems are too interrelated to allow a simple model to have 

sufficient accuracy. Straightforward simulations do give a relative 

indication however of alloy behaviour. Comparing the corrosion 

rates of 3l6L and Vitallium in a body-like environment, for 

example, has been shown from experience to be likely to reflect 

their actual relative rates when implanted into tissue. It is this 

basis on which these recommendations are made.

An important factor that must be considered when comparing implant 

materials is the detailed requirements of each application for which 

they are to be used. One part of a particular surgical implant may 

require high wear resistance, while another section needs to have 

good fatigue properties, so the choice of a suitable material is 

Often a compromise in any given application.

In general, however, the superior strength and corrosion resistance 

of 'Rex 73^*r when compared to those of 316L, suggest that it is a 

desirable direct replacement for 3l6L in orthopaedic surgery. Its 

advantages are particularly clear when considering its current use 

as a femoral component in total hip renlacement prostheses.
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More qualifications need to be made when examining the use of *73^* 

in multi-component devices, whether individual components are fixed 

Or assembled by means of screwing, shrink-fitting or welding, or 

a combination of these. It is suggested that while the use of 

multiple, contacting components inevitably leads to an enhancement of 

corrosion and a possible overall degradation of performance, the 

magnitude of any induced change can be kept within acceptable 

limits by appropriate design and material treatments. Further 

investigations need to be carried out in order to quantify these 

effects, but preliminary work suggests that for any given design 

of implant *73^' maintains an improved performance over 316l,

Experiments on the effects of surface preparation techniques on the 

subsequent corrosion behaviour of 316l and '73^* showed that there 
was a significant improvement in corrosion resistance after both 

electropolishing and passivation treatments, even after prolonged 

immersion in simulated body fluids, Ihe use of both these techniques 

are recommended therefore as part of the standard preparation 

procedure for surgical stainless steel implants.
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APPENDIX A

POTENTIOSTAT CONTROL UNIT 

A.l INTRODUCTION

Ihe development of low-cost microcomputers has made the use of a 

computer not only feasible but also desirable for many experiments 

involving the logging and processing of large quantities of information, 

electrochemical corrosion measurements are particularly suitable 

for computer control, as the quantities being observed (voltage and 

current) are easily presented to the machine in an acceptable form.

Ihe flexibility of a computer programme makes it relatively simple 

to use a basic experimental system to perform a number of different 

tests, and introduces the possibility of developing more sophisticated 

experiments based on the ability of the comouter to make decisions 

within a program. The h i ^  degree of reliability of modern electronic 

computers means that once a system has been constructed and calibrated 

the lack of further human intervention reduces the likelihood of 

errors being made.

For these reasons a control system was constructed to interface 

an existing Chemical Electronics 703A potentiostat to a Commodore 

PET computer. A potentiostat is a device which maintains a constant 
voltage between a specimen in solution and a reference electrode.

It does this by passing a current through the specimen to a 

secondary (platinum) electrode in the solution, and the amount of 

current driven round this circuit depends on the corrosion processes 

taking place at the selected voltage. The corrosion behaviour of 

a material in a particular environment can therefore be assessed by 

measuring the impressed current at a number of different specimen
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voltage levels. Any system which attempts to control a potentiostat 

must be able to specify the driving force (voltage) applied to the 

specimen, and also must monitor the resulting ion flux (corrosion 

current) into the solution. Some new potentiostats are equipped 

with a standard IEEE interface for this purpose, but the expense of 

such a machine greatly exceeds that of the unit described in this 

Appendix (about £100). A block diagram of the final system is 

presented in Fig. A.l; its components include a 10-bit digital to 

analogue converter (DAC), which generates the control voltage, and 

an analogue to digital converter (ADC), which inputs the values 

of corrosion current (after conversion to a voltage by a set of 

relay-switched decade resistors). Communication between the FBT 

and the interface is by serial rather than parallel data transfer.

This was chosen originally in the belief that a serial transfer 

system would be simpler to construct. The speed of measurement 

required was sufficiently slow to make serial transfer feasible.

A.2 EXPERIMENTAL EQUIPMENT 

A.2.1 PET COMPUTER

The PET range of computers is equipped with a user port, which 

enables the microprocessor to control and monitor external electrical 

signals. This port contains 8 data lines and 2 control lines, 
which are connected to a silicon chip device called a Versatile 

Interface Adaptor (VIA). The PET microprocessor (6502) can program 

the VIA (6522) by placing specific numbers into its registers, 

to act as an input or an output or a mixture of the two. Each line 

is limited to carrying digital information, i.e. it can be at either 

45 or Ov. The VIA registers appear to the PET user as memory 

locations (adresses 59^56 to 594-71) which can be written to or read



A3

from either via a machine code program or with POKE and PEEK 

commands under PET Basic. Details of the register structure of the 

652? chip, and how it is used to control the device, are available
Zfin various publications .

In the system described here all 8 data lines of the user port are 
configured as outputs, by writing 255 into the Data Direction 

Register at location 59^'59« The voltage levels on these lines are 

then specified by the number written into the Output Register at 

location 594/1» & logic '1* in one of the 8 register bits raising 
the voltage of the corresponding data line from 0 to 5V. Lines PAO 

to PA4 are the only ones employed in this system, just one of them 

being activated at a time to select the destination of the serial 

data sent from the PET, Serial data is transmitted along one of 

the VIA control lines (GB2) when the Auxiliary Control Register of 

the VIA is correctly set up, in this case with a POKE 20, 5946/ 

command. The speed of transmission is dictated by the\alue POKE-d 

into the VIA Timer at location 59464, the period of the voltage 

pulses then being a direct multiple of the 1 ps clock frequency. 
Corresponding timing pulses are also output on the CBl control 

line. Data written into the VIA shift register at location 59466 

are then automatically output in serial form down the CB2 line, the 

most significant bit (MSB) being sent first. In this system, for 

example, a *1* on the PA2 line will result in data being transferred 

from the Shift Register in the VIA to a shift register controlling 

an analogue to digital converter (ADC). Serial data can also be 

read into the VIA by altering the contents of the Auxiliary Control 

Register, in this case from 20 to 4, data transfer being initiated 

by a dummy 'write* operation on the VIA Shift Register.
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A.2 .2 CONTROL REGISTERS AND BUFFERS

Serial data transmitted to and from the PEI are stored in 8-bit 

shift registers in the interfacing unit. Two different types of 

register are employed; a serial-to-parallel register (74l6/') 

accepts serial data down the PET CB2 line, the accompanying nuises 

on the CBl line clocking the information into the register; and a 

parallel-to-serial register (7/‘l66'' which transfers the voltage 

levels on its 6 data inputs into serial data which is clocked into 

the PET, again along the G32 line. The^e is a one-to-one corresnondence 

between the contents of these registers and that of the VIA Shift 

Register afte^ a serial transfer oneration has been completed, the 

nattern of bits in the VIA Register being the same as the logic 

('O' or '1') levels of the shift registers' data lines.

Some problems of timing and buffe-**ing were encountered when using 

the narticular /^-series lov-pcwe^ devices described above. The 

CBl clock line goes to each register, but is inverted before 

connection to tlir- y ^ ' l 6 6  devices (Fig. A.2'; these registers are also 

clocked cyclically to ensure that the data bits are presented in 

the correct order. The CBl line is conr^^tei to one input of an 

AND gate before going to the 7 ^ 1 6 ' registers, the other input being 

one of the PA data lines: this prevents unwanted clocking of a 

register when it has not been selected. Gating is not required with 

74166 registers because the PA line can control the clocking via 
the 'Device Enable' input. Tri-state buffers are put on the outputs 

of the 74166 registers, where they are controlled by the PA lines; 

when they are not selected their outputs remain in a high-impedance 

state and allow the PET to transfer data down the CB2 line without 

interference. Buffers were also put on the CBl and PA lines, to 

increase their current capability and reduce noise pick-up.
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A.2.3 DIGITAL TO ANALOGUE CONVERTER (DAC)

The voltage which controls the potentiostat is generated by a 

National Semiconductor I^C 1000 LGN device. This is a 10-bit DAC 

(1024 data steps) with optional 8-bit microprocessor compatibility.
A block diagram of the complete circuit is given in Fig. A.3. Serial 

data from the PET are clocked into two sequentially-connected 

7416/̂ ' shift registers to provide 10 bits for input to the DAC. The 

PET commands which output data, once the VIA has been configured 

to transfer data serially, are POKE X, 59466 followed by POKE Y, 

59466; X is a number from 0 to 3 &nd Y from 0 to 255. The DAC 

input will then be Y+(256 x X).

The output voltage from the DAC is determined by a reference 

voltage, generated by an 1/1723 reference source. This is set to 

10.24 volts, and the voltage output from the 351 op-amp attached 

to the DAG is taken via one of three switched resistors before being 

summed with a buffered offset voltage at a 741 op-amp. The resulting 

output from the DAC circuit provides for 1024 voltage levels with 

increments of 1, 2 or 4 mV and a manual offset of up to Î5V. The 

voltage is finally inverted, to be the correct polarity for the 

potentiostat, and buffered with a large capacitor to smooth put 

transient voltage changes.
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A.2,4 CURRENT MEASUREMENT CIRCUIT

The current supplied by the potentiostat to the corrosion cell is

measured by passing it through one of eight decade value resistors.

The potential drop across the chosen resistor is input to a high

input impedance differential amplifier, the output of which is

taken to an 8-bit ADC. The PET program selects a resistor which

results in a voltage between IV and lOV being presented to the ADC.
—8The circuit can measure currents between 10 A and lA with 256 

steps per decade and will register values as low as 10 ^^A. A 

diagram of the circuit is given in Fig. A.4.

The eight resistors are switched into the circuit by reed relays 

for the higher resistances, and ordinary single pole relays for 

the i n  and lOTlvalues. The relays are activated by transistor 

switches controlled by a ?4l64 register. Decimal values of powers 

of two are output to this register using the POKE command as 

described before, and will select a resistance with the ohmic value 

of the corresponding power of ten. The values of the resistances 

are known to within 0.1̂ , and corrections to their nominal values 

made within the computer program.

The ADC has two inputs which are selected by a changeover reed 

relay, as shown in Fig. A,5. The PET controls the data conversion 

through a 74164 shift register. The least significant bit of the 

number stored in this register presents one of the two inputs to the 

ADC converter; a logic 'one* operates the reed relay through an 

emitter-follower transistor, to select input 2. The 'Initiate 

Conversion* signal is generated by AND-ing bits 3 and 4 of the 

register. This ensures that a conversion will only occur when two 

consecutive logic 'ones* are written into the register, and avoids
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spurious conversions being triggered by clocking a single 'one* 

from the input select bit throu^ the register as its contents are 

being changed.

The A/D converter used is an RS 8703 monolithic CMOS device, further 

details of which are given in the relevant data sheet.^ Once it tes 

been calibrated, the ADC requires no further adjustment. The outputs 

from the chip are in binary form, and are presented to a 74x66 

parallel to serial shift register for interrogation by the PET.

Because the ADC operates faster than the PET Basic program it is not 

necessary to use the Busy or Data Valid outputs to verify the data.

The relative timing of clock and data input signals from the PET to 

the 74166 register means that the data is shifted on one bit before 
being input to the PET. The least significant data bit from the ADC 

is therefore connected to the most significant bit of the 74X66, 

which is configured as a cyclic counter. After one clock pulse from 

the PET the data latched into the 74I66 will then be in the correct 
order for reading into the PET.

A.2.5 UNIT CONSTRUCTION

Because of other users' requirements, the ADC is mounted in its own 

box complete with power supply. The control registers for the ADC 

and the current measurement relays are placed on one circuit board, 

together with the logic gates and buffering chips. The DAC circuit, 

including data registers, is on its own board as are the measurement 

relays. A commercially-produced power supply makes up the fourth 

separate board housed in the unit's cabinet. E^ch board was screened 

from all the others to avoid interference. Connections within the 

box were by ribbon cable, and all external leads were screened and kept as 

short as possible. Co-axial or 25-way multiconnectors were used for 

intere onnections.
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A. 3 EXPERIMENTAL PROCEDURE

The corrosion cell is assembled with the test specimen, the 

potentiostat being switched out of circuit. The PET registers 

are then set up as outlined in section 2.1. The contents of the 

DAC registers are set to zero, and the required voltage increment 

and offset values then selected manually. The resistor relays are 

all reset, and the IKAresistor is switched into circuit. The 

potentiostat is then activated, and a series of readings are taken 

under program control. Each measurement involves first setting a 

voltage level via the DAC, and then inputting and storing the 

resulting corrosion current. Voltage levels are increased in 

single steps. The current readings are checked to see whether the 

correct resistor is being used, and this is changed if inappropriate, 

after selecting the correct polarity of input to the ADC. A number 

of consecutive readings are taken and averaged. The test is terminated 

when given conditions have been fulfilled, as decided by the computer 

programmer.

The flexibility of software control allows all the delays in the 

test to be chosen by the setting of variables in the program. The 

voltage scan rate can thus be varied during a test. Gathered data 

are periodically filed on cassette tape during the tests as a 

protection against mains power failure. A mains filter unit is used 

to smooth the power supply to the PET and interface unit, and there 

have only been occasional malfunctions of the system during many 

hours of unattended operation. The computer program also includes 

a routine to print out the data directly in graphical form.
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A.4 CONCLUSIONS

The ability to control potentiostat tests with a microcomputer 

allows maximum flexibility in the design and running of experiments 

with the collection, analysis, presentation and recording of data 

being carried out in a single low-cost system.

Serial data transfer between the PET and the interface unit was 

originally chosen for its apparent simplicity. The timing problems 

associated with it however have been awkward to overcome and also 

limit the sneed of operation. The availability of sophisticated 

microprocessor-bus interfaces now makes the generation and 

monitoring of control signals relatively straightforward. The DAC 

and ADC devices used are also bus compatible. A future improvement 

to the system would be to directly connect the DAC and ADC data 

lines to the suitably-buffered PET bus, along with an interface 

chip such as the 6522 VIA, which would generate the control signals. 

Come address decoding logic would also be required in order to 

memory-man the devices. Such a system would be more complex to 

programme but would be a lot faster because of the use of parallel 

data transfer. The basic building blocks of the system would remain 

the same as those in the present one.

The concept of computer control for a potentiostat has thus proved 

its worth and reliability. Refinements to the design of the system 

would increase its speed and scope of application as well as 

simplifying its construction.
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APPENDIX B

POTSNTIOSTAT CONTROL PROGPAM

B.l INT^OIXJDTION

The Drogram is constructed to a menu format, where one of several 

self-contained sub-programs can be selected from a list of ontions, 

A summary of the program is given in Table B.l. Two of the options 

(ji; and collect and store data in the PET memory, from whe^e it 

can be examined and output in tabular or graphical form using one 

of the other routines. In the following analysis of the program 

each section will be discussed and a listing given. Line numbers 

refer to those in the original listing. As far as possible the 

variable labels are kept consistent. Although the menu ontions 

a^e nominally indeoendent, they are interlinked in various ways. 

Caution should therefore be exercised if attempting to use one 

section of the orogram on its own, especially when the comnlete 

program is not clearly understood.

B.2. MENU

The menu is listed in Table B.2, lines 100->00. Most of the 

listing orovides a screen display. Vectoring to the required 

sub-program is achieved by a single key entry of the initial letter 

of the routine. Line 210 rejects incorrect entries. Line 300 

is not strictly a part of the menu, but is an error message sub

routine called by a number of the sub-programs when an attempt is 

made to process non-existent data. This would otherwise cause a 

system crash and lose any stored data. Options are:
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E; Perform an experiment

R; Read in previous test data from tape

V: Output data - in digital form

P: Output data - in graphical form

G: Examine status of data, its source and range of values

During the E sub-program, and at the end of R, a security routine 

prevents anyone gaining control of the PET without entering a 

specified password. It is described in section 3.7, and prevents 

idle tampering with the keyboard disrupting a long unattended 

experiment. 50 - 98 are a loop associated with this routine.

B.3 EXPERIMENTAL GONTPOL (e )

B.3.1 INTRODUCTION

This routine is listed in Table B.3. It forms the central part 

of the potentiostat control program. Its function is to set up 

the PET to carry out the required test by initialising variables 

and interrogating the operator. It handles all the necessary 

communication with the potentiostat interface (described elsewhere^ 

to collect data, and performs some rudimentary data processing 

before storing the information in array form. It contains a 

library of subroutines, and also loads a set of machine code 

programs into the second cassette buffer; both of these program 

sets are accessed by other sub-programs.

As documented here, the routine carries out an anodic cyclic 

polarisation on the test specimen. The voltage applied to the 

specimen is incremented until a specified current density is
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exceeded; it is then decremented and the test stopped either when 

the voltage is T^ack at its base level or the current in the circuit 

becomes cathodic. Simple changes to the system allow single or 

multiple sweeps to be generated, or the measurement of current

time curves at constant potential, A summary flow diagram of the 

routine is presented in Fig, B.l. All of the information required 

to generate a potentiostatic curve is requested from the operator

at the beginning of the program, except the measured surface area
2of the sample. Variations from the nominal 1 cm area are compensated 

for by introducing a multiplying factor into the line which works 

out the current density (1700 ): Y1 is divided by the true surface

area (in cm ).

B.3.2 MACHINE CODE ROUTINSS

These are loaded into the second cassette buffer, memory addresses 

826 to 955. In addition locations 99O to 997 are used as temporary 
storage for variables being operated on by these routines. They 

are described briefly below, and given in shorthand assembly 

listing at the end of this appendix.

DOWN?ES: 826-830 Rotate the contents of store RELRES to right or

UPRES: 831-835 left respectively. Used in decade resistor

selection.

COUNTER: 836-86^ Converts binary content of RELRES to decimal
value (1 to 8) and stores in COUNTER. Reloads 

with 16 if it contains 0 (i.e. if contents of 

RELRES have been corrupted).
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OUTPUT 1; 865-889 Transfers data placed in OPDATA to device
specified in OPDEV when VIA registers are 

correctly set for serial data transfer.

OUTPUT 2; 890-927 Transfers data sequentially from DAHIGH and
DALOW to device specified in OPDEV (normally 

the DAG).

DISTOP: 928-937 Used to disable the stop key on PET keyboard
NORMS TOP: 938-9^ and prevent unauthorised tampering with the

BRADISTOP: 9^7-935 unattended machine (described separately later).

Store locations; DALOVJ - 990 LAHIGH - 991 RELRES - 992
ADVOLTS - 993 COUNTER - 99̂  OPDEV - 995
OPDATA - 996^ NEX VOLTS - 997^

Used as temporary storage by one or more subroutines.

Device Selection Codes*. These are determined by the hardware, 

and refer to the decimal number which when placed in the PET user 

port activates the chosen device for communication to or from the 

PET.

DAG - 16 (Two output shift registers)

Decade Resistor selection - 8 (One output shift register )

ADC Control - 4 (One output shift register )

ADC Data - 1 (One input shift register )
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B.3.3 INCREMENT POTENTIAL

The 10-bit output for the DAG is held in the two non-volatile 

stores DALOW and DAHIGH. Their contents are changed by first 

testing whether an increment or decrement of the DAG value is 

required, and then checking for a carry-over of data from one 

store to the other. A sub-routine at 20^0 is called, which sets 

up the registers on the VIA for serial data transmission using 

another subroutine at 2^22. It then POKE’S the output device 

number into store OPDE/ before calling machine code program OUTPUT 2.

Two time delays are controlled by this part of the program. An 

initial delay provides for cathodic pre-polarisation, and is tested 

for in line 1390, although it is not implemented until line l66o.
The delay between measurements of current allows the voltage scan 

rate to be software-controlled. Both delays use the PET internal 

clock, which is set to zero at the beginning of the control sub

program; they also continually update the contents of the DAG shift 

registers, to avoid any corruption of their contents by external 

noise causing swings in output voltage. Lines 1352-1358 test for 

a closure of the stop key, and allow early termination of an 

experiment.

B.3.k CORROSION CURRENT MEASUREMENT AND RECORDING

Figs. B.2 and B.3 are summary flow diagrams of this section of the 

program. Fig. B.2 covers the initial input of data (lines ll'OO- 

1 1̂90), and its subsequent verification (I50O-I670). The VIA registers 

are set up for serial data output by the subroutine at 20^0, and 

a/d conversion started and stopped by writing to the ADG shift 

register. A subroutine call to 2030 configures the VIA for serial



B6

input, and the reading from the ADG is stored in ADVOLTS, A 
series of checks are performed to ensure that the most suitable 
resistor is in circuit, with machine code subroutines being used 
to change and output the required value. Two pointers (l^ and H^) 
register that a change of resistor has occurred. The limits 
defining the range of acceptable input from the ADG (20-255) allow 
the input from adjacent resistors to overlap for boundary values 
of current, avoiding oscillations of the measurement system. A 
short delay after resistor changes also lets the corrosion cell 
stabilise before another reading is taken. The final ADG measurement 
obtained is then only handed on to the data processing routine if 
the initial pre-polarisation delay has expired.

Fig. B.3 illustrates the way the processing routine handles the 
results. Data continues to be input from the ADG until five valid 
results are obtained. The first reading is discarded, in case the 
potentiostat has not settled down to its new output current, and 
then the cumulative difference (GD) between each reading and the
remaining three is evaluated. The CD of reading X is defined as

h
™ X  ° yI l - ADC(Y}|

where ADG(X) is the ADG input (O to 256) for the Xth reading.
The CD's are then sorted into numerical order, and if any GD values 
exceed six, the highest one and its corresponding data point are 
rejected. Should this happen the GD's for the remaining three 
points are obtained, and if the sum of the GD's is greater than b 
all the data is rejected and the whole process repeated. If on the 
second time round the data is unacceptable, the last reading is 

output together with an 'invalid* label; otherwise the three or 

four ADG readings are averaged and then ou tout.
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This rejection criterion allows any one point to be rejected if 

it differs more than two ADG readings from the rest. If the points 

are evenly split and widely separated, a new set of readings is 

taken. Should one point be rejected, the other three are only 

used if they are all the same value, or if one reading differs by 

one from the other two.

Ihe printout routine (I68O-I780) calls the COUNTER machine code 
subroutine, which determines the resistor being used in the current 

measurement. The corrosion current is then worked out and stored 

with its corresponding voltage level. Both of these are printed 

onto the PET screen together with a string thit contains the time 

of every fifth reading, or an 'Invalid* message if approuriate.

Every fifty measurements the file storage routine (I8OO-I930) dumps 
the preceeding collection of data onto cassette tape, with a file 

label made up of the experimental filename coupled with an 

incremented block number. The stop key has to be re-enabled for 

successful recording.

The experiment is ended, and control transferred back to the menu, 

when conditions specified in lines 19^0-1990 are fulfilled. These 

are when the PET is in danger of running out of storage space, 

and in the cyclic anodic polarisation test when either the current 

becomes cathodic as the potential is being reduced * or the potential 

has been decremented back to its starting value. Before control 

is transferred the remaining data is stored on tape, At the end of 

the test all the data is thus stored on tape, and also in array form 

in the PET where it can be operated on directly or by sub-programs 

V, P and 3, which will be described below. Each test point P has
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associated information in three arrays; corrosion current A(P), 

in amps; potential B^(P), in number of DAG steps from zero; and 

message G/(P), which is either blank or contains the time of test 

P in PET format or an 'Invalid* entry.

B.4 INPUT DATA FROM TAPE fp)

Ihis option is straightforward to program, and is carried out by 

lines 3000-3160 (Table B./J). The.stoc key is enabled and a 

password defined. The filename being accessed and the blocks of 

data required are also specified, fifty readings forming each data 

block. The requested results are then read into the PET through 

cassette port number one, to be stored in array form as described 

at the end of section B,3.̂ '. They are also printed on the PET 

screen as they are read in. After the information has been stored 

the DDRA of the VIA is reset to configure the data lines as outputs, 

and a SYS (928) will disable the stor key,

3,3 D^TA OUTLET (V AND P)

The value printout routine (V) is listed in Table B,5. It contains 

the two options of listing data onto the screen and printing it 

in tabular form on a Commodore 3022 printer. The upper and lower

points required are entered, and checked that they are within the

range that the program allows; also the interval between points is 

specified, so that a condensed output is available to display only 

a proportion of the results. If a screen printout alone has been 

chosen, the information is displayed in the same form as during an 

experimental run (E). When a printout is requested, lines 3360-3^0? 

open a file to the printer and store the format of the table in the
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printer control memory (the readings from two successive 

points are printed on each line). An example of the printout is 

shown in Fig. The filename and data limits are printed,

followed by the column headings. After putting data on the screen, 

lines 3̂ ‘38“3̂ '̂ 0 send pairs of data sets to the printer. At the 

completion of printing, the routine goes to line 5710 which is a 
part of the Status (S) sub-prog^m. This line waits fo:̂  the closure 

of any key, as a signal that control can then be transferred back 

to the Menu,

Table B,6 contains the listing for the graphical forms of data 
output. The basic program plots a rough graph on the PET screen 

with the option of a high resolution graph on the printer. The 

double density screen plot uses the qua-*-ter-square graphics 

characters on the PET to give a possible 80 x '̂8 points, and is 
set out in lines 3500-3930. The same data entry and checking 

system is used as in the above program (V'', and then two functions 

are defined. One is log^^ of a variable, because in potentiostatic 

graphs current is usually plotted on a log scale ; the other is a 

scaling function, used to fit the range of readings within the 

confines of the PET screen graphics. Lines 3^00-3600 first sort 

the maximum and minimum values of the dependent variable (current) 

for up to eighty voltage steps, in order to define the variables 

used in the scaling function; then the whole set of data is sorted, 

and the overall range of values is displayed on the PET screen

together with information about the computed double-density plot.
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The plot is performed by lines 3707-3870. After making sure no 

value of variable is equal to zero (which would later cause a 

'division by zero* error), 37^^ scales the vertical (Y) axis on 

the PET screen to fit the 2^ available characters, 3720-373° 

allocate two data points to the co-ordinate of each horizontal (X) 

character, and 3750 specifies the Y and X values for these two 

points, lines 3760-38^0 and 3860-3870 then decide the appropriate 
graphics characters to be POKE'd into the corresponding screen 

locations. The remaining urogram lines (up to 3930) allow another 

screen plot to be performed (e.g. to expand an area of interest), 

or a high resolution printer plot can be selected.

The high resolution plot presents the experimental data in a 

standard potential/log (corrosion current) form. It is accurate 

enough to be used to present the experimental information directly. 

Typical corrosion experiments yield a variation in corrosion 

current of about five decades ; the printout with this range, has an 

allocation of seventy-six points per decade. A sample plot is 

shown in Fig, B,5. The Commodore 3022 printer in its standard 

operating mode is not capable of such spatial resolution, and can 

only print out complete characters (up to 8C' in one line). The 

one facility it has for addressing individual points within the 

seven row by six column character dot matrix is that of a user- 

definable graphics character. Any selection of points within a 

character can be chosen by writing the appropriate string to 

secondary address 5 in the printer. Details of how this is done 

are available in the printer manual. If an alternative printer is 

to be used the program will need to be changed to take this into 

account. Sections requiring alteration will be those involving
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concatenation of the string (A^ defining the graphics 

character, and print statements including a GHB/(25^) command which 
output the special character to the printer memory.

Lines boOO-^120 deal with the input of different options for the 

high resolution plot, scaling the axes and titling the plot with 

the relevant filename, ^150-^380 print a horizontal axis on the 
printer, labelled with logarithmic decade and tenth of a decade 

markers; if two decades or less are being printed, additional 

labels are included (b26o/'370). The plot is sixty-four characters 

wide, and the six columns of each character are tested to see 

whether they should contain a marker line (^190-4270^, The decision 

is made by l'2bQ for decade and '̂250 for tenth of decade lines, 
which then write the associated number into an array After

completion of testing within a character, the array F(l) is 

concatenated into a string (a/) in ^290-^ 3^0, the following two 

lines printing this out. One problem with using the special graphics 

character is that it cannot be redefined while printing a line, and 

so the carriage return of the printer has to be suppressed by a 

GHP/ (I'̂ 'l) in ^320, This means that the print head has to traverse 

the same line a number of times to construct the logarithmic axis, 

which is a time-consuming inconvenience. The same limitation 

applies when printing data points.

The points are printed by lines ^'500-4900, which perform the same 

sort of test and define routine as in the double density plot,

^530 alters the spacing of the printer line feed, to be six 
vertical points apart, ^550 coping with odd points left over at 

the end of the plot, ^552-̂ 5̂90 specify the character and position 
within the character of each batch of six adjacent current
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measurements, and ^600-^650 sort these into ascending order. Array 

W(l,J) is used in 4660-^^800 to evaluate the required code for 

column J in character I, and each character I which needs to be 

printed is concatenated as kf and printed in ^?6o. There are a 

minimum of one and a maximum of six printed characters on any one 

line with six values of current to be output. After each complete 

line has been printed, ^810 feeds the paper vertically before 

returning to ^5/40 for the next batch of points,  ̂655 branches to 
the routine which prints a vertical axis, complete with labels 

every fifty points (50OO-5150). This section of the program uses 

the special graphics character to print the marker in the correct 

row of the available character (5052-5110)» along with the 
corresponding voltage label (5115“5130). Complexities are introduced 

by the way the PET handles integer arithmetic, with a need to 

'round off the derived values of voltage. The plot is finished 

when all the voltage steps have been output. Because the steps are 

equal increments apart, no scaling of the vertical axis is required 

and the length of the final plot will depend on the number of 

results displayed,

B,6 DATA STATUS (S)

This simple program, illustrated in Table B, 7, prints on the PET 

screen the source of any data in the PET, and the maximum and 

minimum values of current. Lines 5500-55^5 interrogate a pointer 

string to find out whether experimental information is stored, 

and if so its source (E or R), 5570-5700 sort and display boundary

values of voltage and current. Finally 5710-5730 perform a 

waiting operation, transferring control back to the menu after a 

key closure.
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B.7 STOP KEY DISABLEMENT

Three machine code subroutines are used to disable and enable this 

key, with an interactive Basic subroutine (2500-2620) allowing 

the operator to regain control of the program. The PET monitor 

responds to a hardware interrupt generated every l/6oth of a second 
by branching to the machine code subroutine whose address is 

contained in memory locations 1̂ -f and D'5« The normal contents 

are 85, 228, which call a routine at hexadecimal address E/-'55 in 

the monitor ROM, The first instruction of this routine jumps to 

a subroutine which checks for a stop key closure, and writes 239 
in memory location 155 if one is detected. The subroutine DISTOP, 

located in RAM, branches to the stop key closure subroutine in the 

same way as the PET monitor, but then overwrites the contents of 

location 155, writing in the normal null value (255). The address 

of the first byte of DISTOP must be placed in locations 1^1 and 1̂ '5, 

and a machine code subroutine (BRADISTOP^ is needed to do this; 

using Basic POKE commands is too slow and would cause a system 

crash if a hardware interrupt occurred while the contents of 1̂'̂' 

or 115 were being changed. Finally another subroutine NORMSTOP 

reinstates normal operation when called.

The addresses in ROM monitor and zero page given above are for a 

version  ̂ PET ROM. It may be necessary to use alternative addresses 

in different ROM versions. The three machine code programs were 

stored in the second cassette buffer RAM, locations 826 to 102^,
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The Basic subroutine as written inputs ^ characters from the 

keyboard and compares them to the stored password. Entering extra 

characters erases the previous 4 and restarts the construction of 

the word being input, A delay loop limits the amount of time 

available for password entry, and a message is printed if a correct 

password is not received, control being passed back to the waiting 

loop (50-98), This loop checks for a key closure while triggering 

the audible warning contained in PET ROM.

B.8 MACHINE CODE LI'rTING^

These are given in assembler mnemonics with the corresponding 

decimal code.

DO: NR EG: CL: 2*'

HOP RELRES 110, 22̂ ', 3

RT: 96

UPRES: CL: 2'

ROL RELRES ^6, 22&, 3

RTS 96

COUNTER; IDA 0 169, 0
STA COUNTER 141, 226, 3
GLG 2/'
IDA RELRSS 173, 22k, 3
BNE COUNT 208, 11
IDA 16 169, 16
STA RELRES 141, 22b, 3
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COUNTER
(contd.)

OUTPUT 1:

OUTPUT 2;

LEA h 169, 4
STA COUNTER 141, 226, 3

RTS 96
DSR ACCUMULATOR 74
INC COUNTER 238, 226, 3
"Orin COUNT 144, 250
RTS 96

IDA OPDEV 173, 227, 3
STA ORA 141, 79, 232
LDA OPDATA 173, 228, 3
STA SREG 141, 74, 232
LDA h 169, 4
BIT IFF. 44, 77, 232
BE^ TEST 240, 251
LIA 32 169, 32
STA ORA 141, 79, 232
RTS 96

L m OPDEV 173, 227, 3
STA ORA 141, 79, 232
LEA DAHIGH 173, 223, 3
STA SREG 141, 74, 232
LEA L\ 169, 4
BIT IFR 44, 77, 232
B % TEST 1 240, 251
LEA DALOW 173, 222, 3
STA SREG 141, 74, 232
LDA h 169, 4
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OUTPUT 2; (contd.)

TEST 2 BIT IFR 4L, 77, 2]2
BBQ TEST 2 240, 251

LDA 32 169, 32
STA ORA 141, 79, 232
RTS 96

DISTOP: JSR FFEA 32, 234, 255

LDA 255 169, 255
STA 155 133, 153
JMP £458 76, 88, 228

NORMSTOP: LDA. 85 1&9, 85

STA 144 133, 144'

LD^ 2?8 169, 228
STA 1/5 133, 145
RTS 96

BPA.DISTOP: LDk I60 I69, I60
STA 14L 133, 14L

LDA 3 169, 3

STA 145 133, 145
RTS 96
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B.9 VARIABLE ASSIGNMENTS (E PROGRAM)

Initialisation ; RELRES - 16 

DALOW, DAHIGH - 0 

Input - R^ - Filename

BA, BB - Initial delay (seconds)

A^ - Time between reading (seconds)

ingle variables: N, M - Interval timing 

L^, H?o, G^ - Pointers in resistor 

changing loop 

X^, Z% - Pointers in ADG and input 

loop

P, P^ - Number of voltage increments (p) 

and blocks of data recorded (P^)

GG - Pointer for t or - voltage increment 

A - Tape file block number 

U1 - Pointer for invalid data 

U - Data processing loop counter 

Y% - General substitutional variable 

F%f G, Y1 - Specific substitutional 

variable

J,K,L^,l/ - Printout substitutional 

variable

TT - Dummy for string 'garbage collection' 
T% - Data processing variable
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Array variables; A(P) - Value of current at voltage 

increment P 

B^(P) - Value of P

(ÿ(P) - Time/validity of data for A(P) 

D(I) - Measured decade resistor values 

F(I) - Data processing variable

VIA register locations PCR - 59^=68 (set GB2)

AGE - 59467 (serial input/output^ 
SREG - 59^66

DDR - 59̂ 59
ORA - 59‘'71
TIK 2 - 594#
IFR - 59U69



POTENTIOSTAT CONTROL PROGRAM - SUMMARY

Line Nos

Menu Presentation and vectoring 100 - 220

^perimental control 1000 - 2620

_^ead in data from tape 3000 - 31^0

Value print out 3300 - 3^70

(printer and/or screen)

Plotting routines for graphical output 3500 - 5150

Status of data in programme 5500 - 5730

Wait routine (occurs at end of E and R) 50 - 98

Initialisation 30 - 4o

Error message 300

Table B.1; Summary of 

potentiostat control program
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?0 LI=5 DIMW(7,5) P0KE59459,255 P0KE59471,0 T7=0 
40 GOTO100
50 PRTNT“W»I«I«taia»»»HOLD I'OWN RNV KEY TO COf^lTIWE" 22=0 
52 PRINT PRINT-PRINT PRINT*'>»»»|c'THIS STOPS THE NOISE MS WELL ! )
55 F0RI = 1T05'
50 SYSk58972'. FORK = 1 TO 10 L=. 14 NEXTK OETA* IFft« = ""G0T0b5 
52 1=5 
55 NEXT I 
~0 FORI=1T01000 
"5 GETAf
50 IFHf=""G0T085 
32 1=1000 22=1 
35 NEXT I
30 IF22=1G0T09F 
32 00-3UB204Û 
35 00T055 
35 00-30B25ÛO
3~ IFR9-:: ITHENPPINT-TTTI" 0OT095 
3:3 IFT7=1THENSYS(938.
100 PC I NT " 1" TAB V 3 > " CORROSI Of I CONTROL PROORAMME ■. C . A. S. "
110 PPINTTABkS) ------------------------------------  PRINT PRINT
120 PRINT- TAKE MEASUREMENTS...E" PRINT PRINT PRINT
130 PRINT" READ IN VALUES FROM TAPE...R" PRINT PRINT PRINT
140 PRINT" PRINT OUT VALUES...V PRINT PRINT PRINT
150 PRINT” PLOT VALUES...P" PRINT PRINT PRINT
155 PRINT" DATA STATUS...3" PRINT PRINT
150 INPUT'ENTER LETTER TO CONTINUE -E OP R SHOULD PE SELECTED TO START •" 2J
iro IF2f="E"GOTOlOOO
ISO IF:f = "R"L<iT03000
130 IF2f = "V"C.0T03300
200 IF2t="P"G0T03500
205 IF2T="S"G0T05500
210 -PINT INPUT"PLEASE TRV ENTERING AGAIN" 24 
220 GOTO170
300 PPINT-M AND. OP N ARE OUT OF PANGE_FLEASE RE-ENTER" LL=1 RETURN

T m E:L_E B-
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jüû R E M  ♦♦LOfll' M. C C O D E  R O U T  I M E S  
005 SLR D A $ = " E "  P R I N T " ! "
0 1 0  D A T A 2 4 , 1 1 0 - 2 2 4 , 3 , 9 6 , 2 4  At-2 2 4 , S • 9 C  
0 2 0  IiATA169,0, 141 .2 2 6 . 3  24, 1 7 3 . 2 2 4  3 
•030 D A T A 2 0 8 , 1 1 , 1 6 9 , 1 6  .14 1, 2 2 4  .3 1 6 9 , 4  
0 4 0  D A T A  1 4 1 , 2 2 6 , 3 , 9 6 ,  74 . 23.S. 2 2 6 , 3 , 1 4 4  
0 5 0  r>ATA25e,96
060 D A T A  1 7 3 , 2 2 7 , 3 ,  141, 79. 2 32 . 173 . 2 2 8  • 3 
070 D A T A I 41 . 7 4 - 2 3 2  1 6 9 . 4 . 4 4 , 7 7 , 2 3 2  
O S O  D A T A 2 4 0  . 2 5 1 , 1 6 9 , 3 2  , 141 . 79, 232, 9 6  
0 9 0  D A T A 173 2 2 7 . 3 , 1 4 1 , 7 9 . 2 3 2 . 1 7 3 - 2 2 3 , 3  
100 DAT A 1 4 1  .74.232, 1 6 9 . 4 . 4 4 , 7 7 , 2 3 2  2 4 0  
1 10 D A T A 2 5 1 . 1 7 3 , 2 2 2 ,  3 • 1 41 , 74 . 2 3 2  - 1 6 9 , 4  
115 D A T A 4 4 . 7 7 . 2 3 2 . 2 4 0 . 2 5 1  • 1 6 9  • 32 
120 D A T A I 4 1 . 7 9 , 2 3 2 , 9 6
125 D A T A 3 2 ,234, 2 5 5 , 1 6 9 , 2 5 5  1 3 3 , 1 5 5 , 7 6 , 8 3  - 2 2 8
1 30 r»ATA 169.85. 133, 144, 1 6 9  , 2 2 8 ,  1 35, 14 5  . 96.. 169 1 6 0  ■ 133, 1 4 4 ,  169 - 3, 1 3 3 , 1 4 5 , 9 6
140 P O R O = 3 2 6 T 0 9 5 5  R E A D A  P O K E Q  ■ A N E X T  
150 R E M  ♦ ♦ I N I T I A L I S E  V A R I A B L E S  
160 P 0 K E 9 9 2  16 P O K E 9 9 0  0 P O K E 9 9 1 , 0
1 "0 DI MA: 16-00 ), F M ( 16 0 0  ' ■ C t -, 1 6 0 0  > - D ̂ 8 ■
I~5 P R I N T " ! "  L I = 1 0 1 0  T7=l

I N P U T  "WHAT IS THE P A S S W O R D '  4 LETTERS'» ",V* P R I N T  
;~S IPLEN'A'f , O 4 T H E N P R I N T " W R 0 N G  L E N G T H - T R V  A G A I N "  P R I N T  G 0 T 0 1 1 7 7  
ISO I N P U T " F I L E N A M E " . R f  P R I N T  
190 I N P U T " I N I T I A L  D E L A Y - S E C ^ "  FB B A = B B  P R I N T  
: 0 0  I N P U T " T I M E  ' S E C O N D S ' B E T W E E N  R E A D I N G S " - A M  P R I N T
2 0 5  I N P U T " C U R R E N T  TO R E V E R S E  A N O D I C  S W E E P ' M A '" 2 2  P R I N T  
;06 I N P U T " W O U L D  Y O U  L I K E  T O  G O  BACl T O  THE M E N U E "  LI I P L P = " Y " G 0 T Q 1 0 0  
: 0 ~  P R I N T  P R I N T " V O L T S "  " C U R R E N T "-" T I M E "
203 - R I N T -------- - ---------------- - ---------
2 1 0  L E T T  I f ="00*3000" N = 0  2 2 = 2 2 / 1 0 0 0  
2 2 0  P 0 K E 5 ? 4 6 4 .255 P O K E 5 9 4 5 9 - 2 5 5
2 30 R E M  N E X T  L I N E  T U R N S  O P P  T A P E  
2 4 0  F 0 K E 5 9 4 1 1 -61 P G K E 2 4 9 . 5 2
2 5 0  rwRTAl .053 10. 18 100. 9 1037- 1 0 270, 1 05 3 0 0 ,  9 7 5 0 0 0  9 1 5 1 0 0 0  
2 6 0  P C P 2 = l T 0 c  R E A D A  D'2 '  = A NE:\T
2 ~ o  L.':=o H%=o y :;=24 xx=i p = i w = o  u=o u i= o  z::=o g g = o  m 4 = i m 5 = o  f b = o
2 30 R E M  ♦ ♦ O U T P U T  I'AC V A L U E
23-5 I F G G = O G O T 0 1 2 9 0
:3.'2 I PR E E K  ': 990 - = O G O T O  1288
2.-- S O T O  1300
2 S S I F P E E K ( 991 '■ = O G O T O  1 9 6 0
2 5 9  G O T O 1320
2 90 IFPEEKO990;' = 2 5 5 0 0 TO 1 32 0  
: 20 P O K E 990, P E E K  •' 9 9 0  -+M4 G 0 S U B 2 0 4 0
::o .SOTO 1340
:20 P-0KE991,P E E K  , 991 '*M4 P O K E 9 9 0  - M 5
: 30 3 O S U B 2 0 4 O
:-»0 R E M  ♦ ♦ I N T E R V A L  T I M I N G
250 M = T I / 6 0
:52 I F P E E K ' 5 9 4 1 0  -= 2 3 9 T H E N G 0 S U B 2 5 0 0  P R I N T " O l "
2 54 I F A 9 3 2 1 T H E N G 0 T 0 1 3 6 0
355 GG=1 I N P U T " D O  Y O U  W A N T  THE L A S T  S E T  OF P O I N T S  PUT O N  F I L E " . L f
256 Cf':P) = " T E S T  B R O K E N  O F F "
257 I F L f = " Y " G O T O l S 0 O  
253 .GOTO 1945
260 I F A B S M - N 2 = A X G O T O  1390 
380 G O T O 1350
290 N = M  I F B A > O T H E N B A = B B - M
400 R E M  ♦ ♦ A / D  C O N V E R S I O N  i. I N P U T
4 10 = E M  G 0 S U B 2 0 4 O

E: _ 3



: 4 : 0  P 0 K E 9 9 5  4 P 0 K E 9 9 6  - S Y S  8 6 5
1430 F-0KE996 ■ 0 S Y S  * 8 6 5  ■
1440 '30SUB2030
1450 P O K E 5 9 4 7 1 , 1  P O K  E 5 9 4 8 6 ,0 
1460 K;;=PEEK\ 5 9 4 6 6  > P 0 K E 9 9 3  . p 
1470 I F K M > 0 O O T O 1 4 9 O  
1 430 IFZ: : = O T H E N G O T O :  130
1490 z:i=o
1500 REM ♦ ♦ R E S I S T O R  C H A N G  I M G  R O U T I N E  
1510 LETF.'.=PEEK(993.'
15:0 I F F % \ : : 5 5 G 0 T 0 1 5 7 0  
1530 IFL';=OG0T0155O
1540 k ;;=PEEK'.997^ P 0 K E 9 9 3 . H . '  G 0 S U B : 0 9 0  GOTO: 6 1 0
1550 G O S U E O O O O  I F G : . = : G 0 T 0 1 6 l 0
1560 G O S U B : 0 9 0  G O T O  16:0
1570 I F F M M ' O G O T O l t l O
1580 IFH:;=1 G O T O  1 6 1 0
1590 G O S U B : 0 0 0  I F G % = l : 8 G O T 0 l 6 1 0
1600 G O S U B Z l O O  G O T O  16:0
1610 l::=o h:;=o
1 6:0 G 0 S U B : 0 6 0
.630 IFl : > h : .= O G O T O 1 6 6 0
1640 F 0 R I = 1 T 0 5 0  K 9 = . 14. 1 . :  N E X T
1650 C4jT0l4l0
1660 I F B A C = O G O T O : 1 80
16~0 P 0 K E 9 9 0  0 P O K E 991 0 G O T 0 1 : 8 0
.680 R E M  ♦ ♦ P R I N T O U T
1690 gcsub : i : o u=o
1700 _ETk.-.=PEEK'' 9 9 4  < C =Y1. ":56 
i~05 ::=i
.'10 L E T A - P  ■=C.'Ii'H; ■♦x;; n o  F '=PEEI l 9 9 0  ' + : 5 6 ^ F E E K (  991 ) IFA< P ■;-:ZTHENGG= 1 
I'l: f t < P'=A'F'^10 Z4.'.=ABS'.A(P'' - IFZ4;Z O G O T O l  7l5
1713 I F A v P - = 0 G 0 T 0 1 7 1 51714 z:=z:-*i GOTO 171:
1'15 A : P  •=A'P •♦100 Z41.' = A ' P  ' IPINT'. A ' F '-za*. 0THENZ4.-:=Z4.'.+ 1
i ' i 6  A' F , =Z4,'.$ 10T - : : + z :  ' + 1 . 9^ 1 0 T - ' : : > 9 - 
i~:o Cf p,="#»F-"
:~30 IFINT'XP-l ,. '5 '= F-1 XCTHENCK F <=TIf 
1740 IFUl = lTHENCf P >="INVAL ID" U1=0 GOTO1'60 
1 '50 I PC f P- !'• = " INVAL I D " THENC f ■ P ' = T I i 
1760 PRINTBl.XP • . A- p ) "  ' Cf  .P ■
17'0 IF I NT ' P. 50 ' =P, 5 0G0TCI1 3 0 0
:'30 G O T O 1940
1300 R E M  ♦ ♦ F I L E  S T O R A G E
1905 S Y S ' 9 3 8
IS 10 W = W * 1
13:0 lX = =î+5TFf ij
1830 P O K E 5 9 4 6 7  0
1840 GFENl.11.11
1345 I F P S 4 9 T H E N F - 4 9
1350 FORI = '.P-49-TOP
1860 J=A' I) K = B.'l' I L f = C f  ' I
1870 PR I N T #1 . T
1880 P R I N T # 1 .K
189 0  P R I N T # !  Lf
1900 F€XT
1 9 1 0  C L O S E  1
19:0 P 0 K E 5 9 4 5 6 . 2 5 5
1930 T T = F R E ( 0 ^
1940 L E T p = p + 1 I F P 3 16 0 0 G O T O 1 9 6 0  
1945 I F G G = 1 T H E N M 4 = - 1  M 5 = 2 5 5  
194' IFA ( P - 1  '=ABS' A'-P-r- ' G O T O  195 0
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E X r  EF=: I M E U X

;.-4S IFG0=lGuT01?60 
1950 GOTO 1280
I960 PR I NT A8UF EMENT8 COMPLETED" PRINT PRINT
1965 SYS'938)
1970 IFGG=ITHENPRINT"TEST BROKEN OFF WHEN DAC OUTPUT WAS EQUAL T0",B%:P-1' 
1972 IFFB=1GOTO1980
1974 IFINT(, <P-1>,'50 ) = <P-1 ).'SOGOTOl 980 
1976 FB=1 GOTO 1800 
1990 G0TO5O
:000 REM ♦♦SUBROUTINE LIBRARY
2010 LETGX=PEEP(992)AND130 RETURN
1020 P0KE59467.20 P0KE5946410 RETURN
:030 R0KE594674 P0KE59464 255 RETURN
204 0 G08UB2020 POKE995,16
2050 SYS'890) RETURN
2060 K;:=PEEKC992' POKE996 - K'.'
20'0 S08UB2020 P0KE995,S 
2080 SYS■:865' RETURN
2085 P0RI = IT060 K9=.14. 1.2 NE> TI RETURN
2090 SYS'.826 ' H.'.'= 1 G0SUB2085 RETURN
1100 SYS'83P  LL=1 G0SUB20Û5
2110 K'.'=PEEK ':993' P0KE997.K.*: RETURN
2120 SYS 1336' RETURN
: 1 SO REM ♦♦ CONVERSION FOR A. D
2140 IFY.-.'=24G0T021'0
2150 y::=24 x;.= i
2160 1 G0TCT410
2i~o Y*.=25 1 GOT0 2 1 60
21 so REM ♦♦DATA PROCESSING ROUTINE
2 1 90 U=L>1 F'U-=PEEK'.993'
2200 IFU=5G0TG2220 
2210 G0T01410 
2220 F0FI=1T04 
2220 F-1 =F.5'
_w 4 F 1 0 - I ' =ABc- ' F ' 1 ' - F ( L ' '' + AB'S ' F 1 ' -F ■ S ■ ̂ +ABS' ' F > 1 ' -F ' 4 ■ •
2250 F0F.T=lT04 F' 6-.T'=F:5-U 
-260 NEXT T.I 
22'0 F0RI=6T08
22:0 IFF' I =F 1 + 
2290 F.;û'=F I) F. 
2200 F 0 ’=F'1-4) 
2210 NEXT 
2220 IFF.6 ')6G0T0 
22 20 Y1= F' D+F 2 
2: :0 T'.'=ABS' F' 3

' G O T 0 2 3 1 0
'=F' I + l ) F' I + l :'=F' 0 
I-4«=FM-3’' F' 1-3 '=F' 0 1=5

340
+ P. s .+F' 4 ' 4 U1=0 GOT01680
4 ' '.rABS' F S  -F 5 ■ '+ABS' F' 5 '-F 4 >

2250 If;\: 4G0T02 37O
2:60 -'1= F 3 '+F' 4 '+F'5 '. 3 U1 = 0 GOTO 1680 
2 2'0 IFUl=0THENU1 = : U=0 GOTO 14 10 
2 220 Y1=F'.5' GOTO 1680 2500 -1 = ""
2^10 INT PRINT F RI NT"PLEASE ENTER PASSWORD" PRINT 
2520 f o fI=110500
2520 SETOf IFLEN Of'=OTHENHi = "" G0T026Ü0
2540 IP A SC ■ 01 33 'ANINASC ' Gf ' 2126 -THENHf="" G0T02560
2550 SÛT02600
2560 IF G f=H* GO T 02600
2570 Ff=Ff+Gf PRINTFf FRINT"T1" Hf=Gf
2580 IFFf=VfTHENI=500 A9=l G0T0260Û
2590 IFLEN'Ff'=4THENFf="" PRINT" " PRINT"XT'
2600 N E X T  I
2610 IFA9 :: ITHENFR INT F PINT" F LEASE DON T WASTE M Y  TIME " A4=0 PRINT"TTTT' 
2620 ^'=FREO' RETURN
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2000 REM ♦♦READS IN DATA FROM TAPE 
2005 CLP PRINT"!" DAf="R"
2009 SYS:933)
20:0 INPUT"WHAT IS THE PASSWORD:4 LETTERS)",VI PRINT PRINT 
:0;i IFLEN(Vf)04THENPRINT"WRONG LENGTH-TPY AGAIN" GOTG3010 
2015 INPUT"FILENAME",Rf PR I NT
20:.:' PR I NT "DATA IS RECORDED IN BLOCKS OF 50 RESULTS"
2020 INPUT"HOW MANY BLOCKS DO YOU WANT",N PRINT NF-N
2040 INPUT "AT I'JHICH BLOCK SHALL I START",M LI =50*N*50#M> IO MR=M
:045 P:INT INPUT"WOULD YOU LIKE TO GO BACK TO thE MENUE" Lf IFLf="Y"GOT0100
2050 DIMA'LI) B.'/LI) . 2f(LI ) POKE59467 0
2 0 6 0  P 0 R N = M T 0 N  I f = R f + S T R f 'W
:0'0 O P E N S . 1 0 , If
2022- - 2'PI = 1T050
2090 INPUT*:; . J A* I +504' W-1 ' ' = J
2: 2'0 :nfut*s.k-i b * / i ♦ 5 0 f : w - i  * '=k:i 
2:10 : N [ U T * S  Lf C f • I*504'TJ-1 V'=Lf 
2.00 C F I N i r . .  T.Lf
2:2 0 NE:" I  
2140 2L O S E S  
: : 50 NE :t n
2 : 60 ^OKE5 9 4 5 9 .255 G0T050

T A B L E  E-
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3300 REM ♦♦VALUES FRINTlX'T 
3310 PR I NT "3"
5320 INPUT"DO YOU WANT A PRINTED RECORD OF PESULTS(V OR N'".Z$ PRINT PRINT 
3330 INPUT"RANGE OF POINTSvSTART-FINISH>",M.N PRINT PRINT
3334 LL=0
3335 IFM.'LITHENGOSUBSOO 
5336 IFN>LITHENG0SUB3O0
3336 IFLL=1GOTO3330
3340 INPUT"INTERVAL BETWEEN POINTSt1,I 3ETC>" R 
3350 IFZ»="V"G0T03360 
3355 G0T0340S
3360 0PEN4.4 OPEN?.4,1 OPENS-4-2
3362 hAAAAAAARhAAAmA AhAAAAA "
3363 Ll="?9?3 AAAAAAAAAAAAAAA AAAAAAA"
3365 Gt=Hf+Lf PPINTWS-G*
3367 CLOSES
3363 PR I NT*4
3370 PRINT#4 CHRf 1 ,'Rf
33SO PRINT#4,CHRfU0)CHRf'. 10 -
3400 PR I NT*4."THE VALUES CHOSEN RANGE FROM" M "TO"N "AND ARE" P."STEPS APART' 
'405 PPINT*4 CHR*'10'
3406 PRINT#4 "VOLTS" ■ "CURRENT" ■ "TIME"TAD'.5 ' "VOLTS" , "0URRE14T" "TIME"
3407 PRINTM4.-----"•--------"•----- TAB'5'"--------------- ------
3403 PRINT PRINT'"-.-'0LTS",'• CURRENT" " TIME"
C40S PRINT----- - ----------- -- ---
:4 10 F0FI=MT0NSTEPF
3415 IF': IfF ' :=NG0T03420
3417 D):=I I=N BV=0
3420 PRINTBLM •A-'n" " CftI '
C425 BY=0
3430 IFZf="Y"G0T0343S 
3435 GOTO3450
343S IFINT'.cI-M' '.2#P) ■ 33 • I-M>.\2*P>THENG0T03450 
3433 Lf=CHRfc29' Hf=3TRf(AC I)> GJ=STR*^AC I+P'>
3440 PR I NT #7 . B%' I ' L* H$ - Lf Cf <" H  , L f B'.'̂ I+P > G$ - L * - C $ ( I +F ' BV= 1 
5450 NEXT I
3451 IFZf.3-Y-G0TO3470
3452 IFBV=1G0T03460
3455 PRINT#7B%( B>: ) STRf ̂ ACB.X) ) -Lf CT'.B:: ) Li BM'N , STRffA' N) ' - L4 ,CJ ' N '
C460 CLÛSE4-4 CL0SE7.4 
34 70 CCIT05710
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O R R R M I C R L  O U T R U T

3500 REM ♦♦D-DEHSITV GRAPH F LOT
3501 REM B%(I) S AvI' SHOULD ALREADY BE SPECIFIED POINTS PLOTTED APE Acl,'
3505 PPINT".Hri»IWH*»»»l[i-DENSITY PLOT"
35.10 PRINT PRINT PRINT
3520 INPUT"RANGE OF FOUNTS TO BE PLOTTED(START,F INISH)",M .N PRINT PRINT
3524 LL=0
3525 IFM3LITHENGOSUB300 GOTO3526
3526 IPN3LITHENG0SUB300 
352S IFLL=1G0T03520
3550 DEF FNA(B'=L0Gv ABS\B■', LOG< 10 >
3560 DEF FNB'(F> = (B-BBV^..FA-BB'
3600 B:A=A' M> BB-BA 
3605 U=: + INT.. .,N-M-.'SO'
3610 FORI=MTONSTEFU
3615 IFABSa;AH'ABSCA(I > )THENBH=hBS'. A'. I > •
36IS IFABSiBBCABS(A(.I "THENBB=ABS(A . I ̂
3620 NEXT I 
3622 BX=BA BY=BB 
3625 FOPI=MTON
3630 IFAI:SiBA ' CABS'A.. I ■ nHENBA^ABS' A' I •
36 35 IFABScBB "ABS: A I ' • THENI:B=AB 3 AC I '
3640 ne::ti 
3645 PR I NT ".T
3650 IFBA = BBTHENBA=0 BB=0 PRINT "INVALID DATA-jALL ONE VALUE " PRINT
3660 PRINT "MAX. VALUE OF At I > IS" E:A. "AND MIN." BÎ FPINT PRINT BM=BA f:N=BB
3662 IFFA=OTHENBA=.000000000001 BX=BA
3663 IFBB=OTHENBB=.0000000001 BY=BB
3665 BA=FNA(BA> BB=FNA(BB
3666 B:X=FNA'CBX' FY=FNA'BV'
3670 FP INT"'-HESE C0RF:E?P0ND TO PLOTTED VALUES OF" E:A "AND" FB PRINT PRINT 
3675 PRINT PRINT"interval BETWEEN POINTS IS" U P R I N T
3690 PRINT PR I NT "PRESS ANY LEY TO START PLOT. AND ALSO TO CONTIfPJE AFTER PLOT" 
3690 GETAf
3700 IPAf=""GOT03690 
3705 FPINT'VT 
3707 3C=.0000000001 
3715 IFA M)=OTHENA'M'=rr 
3720 FOF I=MT0NSTEPU$2 
3730 FOF .l=0T01
3~35 IFAt I-.T*U'=0THENAA=3C GOT03740 
3"39 hA=A. I* ;♦!.!'
3~40 T .=24*' FNA.AA>-FY v ,BX-BY >
3750 Y'J' = INT.;Z'J> . X(J>=INTt..7. J'-Y(J) .*2̂  NEXTJ 
3760 IF Y •, 0 ' =Y. I ̂ G0T03S00
37'70 FOF .T=0T01 0=32769+INT.: ' I-M ) ( 2*U >' + Yt .1 ̂*40 
3790 R = 126 -2 * J- 3♦ X ( T ) -13* T * :.:, j ,
3790 POLEOF N E X T T  G0T0394O
3900 0=3276S*INTc. I-M. '. 2*U ''+Y.'0 )*40
3310 IFX.CO'=::' rOOTO3c60
3920 IFX':0̂ : V'l 'THENF-OKEO 255 GO TO39 40
3930 POKEO 127
3940 NEXT I
3950 GETAi
3955. IFAf=""G0T0395O
3956 PR: I NT'3"
3957 GOTO3900
3360 IFX(0)=0THENPOKEQ,226 G0TÜ3S40 
3870 POKEO,98 GOT03&4&
3900 INPUT "DO 'YOU WANT AlCiTHER PLOT WITH DIFFERENT LIMITS",'Y$ PRINT PRINT 
3910 IFY»="V"THENPRINT".T GOTO3520
3912 PR INT"A HIGHRES PLOT CAN NOW BE OUTPUT,USING THE SAME LIMITS AS THE LAST'
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3913 PRINT"DOUBLE-DENSI TV PLOT" PRINT PRINT 
3915 INPUT"DO YOU WANT A PRINTED PLOT",Zt 
39:0 IPZf="Y"GOTO40O0 
3930 GOTO 100
4000 REM ♦♦HIGHRES PRINTER PLOT
4010 PR I NT "H" PRINT" lanmaiiiPIGHRES PLOT" PRINT PRINT 
40:0 PRINT PRINT INPUT"DO YOU WANT AXES",Z$ PRINT PRINT
4030 PR I NT"THE LIMITS WHICH WERE USED FOR THE LAST D-DENSITY PLOT WILL BE USED'
4035 INPUT"WERE THE VOLTAGE STEPS 1,2 OR 4 MV.",P1
4037 INPUT"WHAT WAS THE OFFSET VOLTAGE CMV>".RO
4040 OPENS 4,6 0PEN5,4.5 0PEN4,4
4060 MI=-1 MA=-10
4 07'0 IFMi: BBTHENMI=MI-1 MD=1
4030 IFMACBATHENMA=MA+1 MD=1
4090 IFMD=1THENMD=0 GOTO4070
4095 PF INTI»4,CHR$(1 )Rf
4096 PRINTN4 CHR-f ( 10)CHR$( 1OKHR*Cl0 '
4:00 NN=ABS' INTCMA-MI)V IFNN=0THENNN=1 
4 110 IFZf="Y"GOTO4150 
41:0 3OTO450O
4 150 El=63 E2=56 F=LOGcl0'
4 160 MM=0 w:=0 H=334/NN W=0
4 1 70 Bf =----------------------------------------------------------------"
4130 PRINT#4.TABi12'B*LHR*'141'
4190 F0RJ=12T075 
4:00 F0RI=1T06
4 :10  F I '= 0  z = '  c j - i : > * 6 + i  -.'H 
4 : : o  v i  = i o t z
4:30 IJ=L0G-.VI ’ F W1=W-IMT',W' V=10TW1
4:40 IFINT'W ':'W:G0T04 350
4:50 IFINT' w  INT- MM .>G0T04 550
4:60 IFNNi=:G0T04 370
42'0 NEXT I
4230 IFG=OG0T04330
4290 Af="" F0RK=1T06
4:00 HJ=Af+CHR» F'̂  ■’ NEXTK
4310 PFINT*5 A$
4 3:0 -F INT#4 . TAB J 'CHRl 254 'GHF *' 141 :■
4 3 30 0=0 NE'TTJ
4 335 PRINT#4 PRINT#4
4 340 GOT04500
4350 F'I '=F' I '+E1
4 360 G=1 W2=INT-;W' GOTO4:70
4 3 "0 IFINT'.10*V>MNT( 10*MM ■THENFvI,'=F( I )+E2 G= 1 
4 330 GOT04270
4500 REM ♦♦HIGHRES PLOT ASSUMES A D-DENSITY PLOT HAS JUST BEEN DOME 
45:0 INPUT "DO 't-OU WANT TO INCREASE THE STEF BETWEEN DATA POINTS", A»P=1 
4 525 IFAf 33"Y"C<iT04530
452" PRINT INPUT "STEF SIZE ■ 1 .: ETC R PRINT 
4 530 FRlNTiS.CHR»' 16>
4 535 JJ=6
45 33 FF I NT"AXES FROM" ,MA."TO" Ml 
4540 F0RX=MT0NSTEP6*P
4550 IF<M-X-C6^PTHENJJ=INTv(N-X+P),'P' PR INT«6 • CHRT ' lS-3* f N-X ' ■
4552 FORI = 1 TOUT
4555 BA=MA B;B=MI IFMA=MITHEMBA=BA+1 
455' IFA': : I-l )^P+X>=0THENAA=CC GOTO4560 
4 55 3 AA=A' U-1)^P+X'
4560 Y(I)=64$FNB'FNA(AA)*
4570 B' : ' = INTCY(I ) ' Cv I''= INTt • Y( I :>-B', I > >*6 ■ D(I' = I 
4 530 F[iF J=0T05 W'I,J' = 0
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4590 NEXTJ.I 
4600 FOFI=1T0(JJ-1’
4610 IFBd )C=B(I + nOOTO4650
46:0 Bc0.‘=F'I' F( I''=?■. I + l > ECI + 1 ,'=B‘-0'
4630 c(o>=cd> ccn=C(i + i) c(i + r>=c(0 >
4640 D<0)=Dd' Dd>=Dd + l.) IKI+l =D(0^ 1=0 
4650 NEXT I
4655 IFZJ--V&OT05.000 
4660 FOFI = lT,jj.r
4670 l:=l I m:=ii' i ■
4690 W', I .L:'=w( I .;_:'+:T 7-M:'
4690 NEXT I
4:00  FOFO =0T05 E  ̂ ’=0 NEXT!
4" 10 F0F I = 1T0.T T 
4":o F.0Fk = 0T05 
47'lL' E f. '=l-i' I -f ' +E ' K '
4"40 NEXT»
4750 IFB:i 1*1 =B: I 'OOTÛ4ÔOO
4760 Af="" F0FJ=0T05 H<=Hf+ CHR$■ E' J - NEXTJ
4 770 F F I NT#5 .Mf
4 76:0 FP INT#4 TAB:U: 'ThB'.B:( I ■' 'CHF*'.:54 141 ,
4'90 F0F.K = 0TC5. EvL '=0 .NEXTK 
4 600 NE'iTI
4 6X0 FF INT#4 CHFf 10'
46:0 fCXTX
4 660 PRINT#6.6HR* :1'
4 665 PF INT»4,CHR$.. lO'CHRfdO'CHRfUO;
4640 PRI NT*4 "THE HORIZONTAL AXIS IS FROM".MI,"TO",MA
4:650 PR I NT #4 "THE VERTICAL AXIS IS FROM VALUES ",M "TO".N. "IN STEFS OF" F
4S60 PR I NT#4 "MAX. FUNCTION VALUE IS"-BM,"AND MIN."BN
4-690 CL OSE 6 CL OSE 5 CL OSE 4
4900 RRINT".-I»Iim»>fc»»F-LOT COMPLETED"
4910 GOT0100
5000 REM $$PFINT6 VERTICAL AXIS WITH DIVISIONS AND VALUES EVERY 50 STEPS OF VS
5010 PR I NT #4 TAD' 9'“l "CHRl' 141
50:0 IFINT' : .*6*F ' 50 ' 61 NT ' X. '50 ' C.OTO505O
50:5 IF ,=M'̂ HENf F I N TH4 TAB( 3't RO+Pl»' M-1 ' )CHR$d41 ;TABl9)'T"CHR$: 141> ,
5060 60TO4660 
5050 F:jF I=0"05
5060 I F INT' -»I*F -f'O ■: INTCXX50)THENS1 = I 1=5 
5070 N E X T  I 
5060 Af=""
5090 FOF I = 1T04 AT=Af+CHF f':: T(6-S1 ) ' NEXT I 
51 00 AJ-=A1+CHR$ O'+CHR*(0'
"110 PR I NT#5.Af
5115 Z6=(M-1 +BX X '+S1*R:'$P1+R0 Z3=Z3.M0 Z3%=Z3 IFI NT>, (Z3-Z3X .>*2''>0THEMZ3X=Z3X+1
5116 Z4= ZSX-RO'X Pl*5' 25=0
511' Z4=Z4-1 :5=Z5+1 IFZ4>100T051ir 
5116 IFZ4;>0.5THENZ5=Z5+1 
5119 zs;:=Z5*ioo
51 :0 PRI N T#4 TAB'. 6 ■ 23XCHRf (, 1 41 >,
51 60 .:-F INT#4 TAB'< 9 >CHR$ '. 254 >CHRf (141,'.
5150 GOT04660
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5500 REM ♦♦DATA STATUS ROUTINE
5510 PRINT"!" PRINT"*;»#WCURRENT STATUS"
5520 PRINT"»#»#!--------------- PRINT PRINT
5530 IFDA$=""THENPRINT"NO DATA" PRINT GOTO5710
5540 IFDAS="E"THEHPRINT"EXPERIMENTAL DATA" PRINT M3=l M4=LI
5550 IFDAf="R"THENPRINT"PRE-R£CORDED DATA" PRINT M3=MR*50 M4=NR^50
5560 PRINT"DIM. LIMIT IS":LI PRINT
5565 PRINT PRINTTAEC12>"PLEASE WAIT" PRINT
5570 DA=l DB=1
5575 BM=.000000000001 B N = . 1 B8=M3 B9=M3
5600 FORI=M3TOM4
5603 IFA( I .’=0GOTO563O
5605 IFBM:A(I)THENBM=A'I) BS=B%(I)
5610 ifba<b x<i>thenba=b;:< I •
5615 IFBN3 A'. I )THENB:N=Ac I . B9=B%C I '<
5620 IFFB>BXI )THENBB=B%C I >
5630 NEXTI
5640 PRI NT"MAX. BX IS",BA,"AND MIN.",BB PRINT
5700 PRINT"MAX. A VALUE IS",BM,"AND MIN."BN,"AT B% VALUES 0F",B6 "AND"-B9 
5710 PRINT PRINT PRINT"PRESS ANY KEY TO RETURN MENUE"
5720 GETAS IFAS=""GOTO5720 
5730 GOTO100

T R B L _ E  B  . T
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APPOmiX G

BASIC CORROSION THEORY

This appendix is an introduction to the corrosion behaviour of 

typical orthopaedic implant alloys in aqueous solutions. Its aim 

is to enable readers of this thesis with little knowledge of 

corrosion to understand something of the physical basis of the 

electrochemical tests reported here, and the implications of their 

results. It is therefore extremely restrictive, introducing 

corrosion concepts in the context of a passive film and developing 

the theory of polarisation tests from this viewpoint. Terms 

important to the main body of the text ajid particularly the 

results are defined, and the structure of the potentiostat is 

outlined. There is no treatment of subjects such as the formation 

aind growth of pitting or crevice corrosion, and readers are 

referred to a book such as that by Fontana and Greene for a wider 

overall understanding of corrosion, (M.G. Fontana, N.D. Greene 

(1978). 'Corrosion Engineering*. 2nd ed. London; McGraw-Hill).

When one of the typical implant metals is put into an aqueous 

solution it immediately forms a passive film on its surface. This 

is because the metal is very reactive; it forms stable bonds with 

ions and particularly oxygen in the solution, the strength of these 

bonds and the stability of the film acting as a barrier to further 

metal dissolution. This situation is represented schematically in 

Fig. C.l. The passive film is composed mainly of metal oxides, 

adsorbed oxygen and water of hydration, and is of the order of
- Qonly 10 m thick. It does not stop metal dissolution completely.
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with anodic reactions of the type

M — * + ne

taking place, where n is the valency of the metal ion. The 

anodic reaction frees metal ions from the surface and allows them 

to be taken up by the solution, but leaves an excess of electrons 

in the metal. This creates an electric field across the film, 

between the negatively charged metal and positively charged metal 

ions in solution, which would eventually prevent metal ions from 

leaving the surface. Excess electrons however can take part in a 

cathodic reaction elsewhere on the metal surface, one reaction 

being

0̂  + 2Ĥ 0 + ̂ e' 40H"
and as the electric field across the film increases this cathodic 

reaction speeds up. There is thus an equilibrium value of potential 

where the rates of anodic and cathodic reactions are equal, and 

this value is called the rest potential. Fig. G.2 is a schematic 

diaigram of the processes taking place at equilibrium. Anodic and 

cathodic reactions take place simultaneously; metal and hydroxide 

ions are free to diffuse through the solution, and can react 

together to form metal hydroxides and other corrosion products.

The potential across the passive film varies for different metals 

and solutions, and it depends on the resistance of the film to 

both metal ion and electron transfer. For any particular metal/ 

environment combination, a less resistant film will allow greater 

rates of dissolution, and a more negative rest potential becomes 

established. It is possible to measure the rest potential quite 

easily with a standard reference electrode immersed in solution; 

observing any changes with time will give an indication of the
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stability of the metal's passive film, a falling or fluctuating 

potential suggesting a weakening or periodically failing and 

repairing film. These measurements form the basis of potential-time 

curves. Film breakdown in stainless steel is thou^t to be due to 

the incorporation of chloride ions into the film, increasing its 

ion/electron conductivity locally and enhancing metal dissolution.

This creates a higher electric field across the film and lowers the 

potential of the metal relative to the solution. Disrupting the 

film mechanically has the same effect and scratch tests are 

performed to see how well the film can repair itself after being 

damaged.

The situation discussed above is obviously a simplified one, and 

is meant to illustrate the processes that occur when a sample is 

placed in an electrolyte solution. In all practical instances 

samples will already be covered with an oxide film, whether through 

exposure to the air or from a previous passivation treatment, and 

changes in sample rest potential with time will reflect the 

alteration of Uiis pre-immersion film to one which is thermodynamically 

or kinetically stable in solution.

Although measurements of rest potential are a useful guide to how

passive metals behave in solution, they only give a limited amount

of information about the stability and resistance to dissolution of

the passive film. Further indications of material performance can 

be obtained by polarising the metal with respect to the solution.

One technique uses an electrode to alter the electric field across 

the film while observing changes in the flux of ions through the
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film; a typical theoretical polarisation curve of a passivating 

metal is presented in Fig. C.3« When the metal is sufficiently 

negatively (cathodically) polarised, the oxide film on the 

surface becomes unstable and the reaction which takes place is 

+ ne" - » M

the electrons being provided by the external current. The speed 

of this reaction is limited by the rate of charge transfer across 

the interface between metal and solution, in response to the 

driving potential, resulting in a linear E-logi relationship.

This is known as motivation polarisation. At more cathodic 

(or active) potentials the diffusion of metal ions to the electrode 

becomes too slow for the current to increase further, in which 

case the current is controlled by concentration polarisation. As 

the potential is made more anodic (noble) the cathodic reaction is 

reduced until the anodic one (metal dissolution) becomes established. 

This follows normal activation polarisation until, at a critical 

potential or current density, a passive film becomes established on 

the metal surface. This interferes with the kinetics of metal 

dissolution and causes the corrosion current to drop quickly by 

one or more orders of magnitude. Increasing the voltage further 

does not increase the current significantly, the passive film 

remaining stable and resistant to charge transfer. At high enough 

voltages however the current again increases with applied voltage 

(the transpassive region); this may be due to general corrosive 

attack and film removal, or the passive film may breakdown locally 

to allow pitting or crevice attack. Even where neither of these 

occur, the current can still increase because the oxygen evolution 

reaction
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/jOH" - ► 0 2 + 2H2O + 4e" 
becomes possible at high enough potentials on the passive film 

surface in aqueous solution.

In a practical situation cathodic metal behaviour is not observed 

because of the competing cathodic reactions in solution,

Og + ZHgO + 4e“ -► 40H" and 2H"̂  + 2e” — > Hg 

The hydrogen evolution reaction takes place at more active potentials 

than the oxygen reduction reaction; the latter can be suppressed 

(i.e. made subject to a greater concentration polarisation) by 

removing oxygen from solution, whereas hydrogen ions (which lead to 

hydrogen evolution) are always present. An external application of 

current will always measure the difference between the anodic and 

cathodic curves, and the sum of anodic curves. This is illustrated 

in Fig. C.4 for various possible combinations of anodic and cathodic 

curves, showing the types of overall curve which would be externally 

observed.

Fig. G.4(a) presents the anodic curve for a passive metal together 

with the oxygen reduction reaction cathodic and anodic curves. The 

transpassive current increase on the potentiostatic curve results 

from a combination of passive film breakdown and oxygen evolution 

at the metal surface,while the cathodic portion of the curve 

represents the oxygen reaction rather than the cathodic metal 

reaction. Fig, C.4(b) illustrates the situation where the oxygen 

reaction cathodic curve intersects the anodic metal curve at three 

points (in the active, passivating and passive regions). This 

produces a characteristic reversed-polarity loop in the potentiostatic
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trace ('negative loop'). Fig, G,4(c) shows the origin of the 

cathodic curve in more detail, including the hydrogen evolution 

reaction at a sufficiently low potential, A polarisation curve 

typical of those obtained in this project is presented in Fig, 0,5» 

labelled with the terms that are used throughout this report. The 

dotted portion of the curve is that obtained by reversing the 

direction of voltage scanning in the transpassive region, in a 

cyclic anodic polarisation test.

The curve of Fig, 0,5 would have been generated typically by first

holding the specimen at a low potential, so that the metal was

cathodically polarised; while measuring corrosion current the

potential of the specimen was then steadily increased into the

transpassive region, after which it was reduced until the measured

current became zero. An instrument called a potentiostat was used

in this project to obtain such curves ; the operation of this device

is described in more detail below. The potential at which the rates

of anodic and cathodic reactions are equal (zero net current)

is called the corrosion potential, E ; measured under these ---------- -̂-------  corr
conditions it is more active (lower) than the rest potential observed 

after some time in solution. This is because the passive film on 

the metal surface has been disrupted by prior cathodic polarisation 

and has not had long to thicken. The passive current, i^, is 

therefore greater under these conditions than when it is measured 

without cathodic prepolarisation. Consideration of the anodic and 

cathodic curves in Fig, G.4 indicates that if the oxygen cathodic 

curve keeps the same negative slope, a reduction in passive current 

will increase the observed rest potential, this being the potential
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at which anodic and cathodic curves intersect: the situation shown 

in Fig. C.4(c) being the one that has commonly been encountered in 

this project. In the present work i^ has been measured from 

polarisation curves at the specimen potential corresponding to 

that attained after 10 days immersion in physiological saline.
The critical current density, i^^^^ is the level of current 

corresponding to the initiation of passivation, and is the current 

which must be supplied to the anodic reaction on a sample in 

solution in order to establish a passive film. In the materials 

tested in this project the values of are low enough to allow

spontaneous passivation. The breakdown potential, Eĵ , is so called 

because it is the value of potential at which the passive film fails 

on all or part of the specimen, the electric field across the film 

becoming large enough to disrupt it. The breakdown potential is 

sensitive to general and local environments and metal condition: it 

is also called the pitting potential, when breakdown is due

to this process. Its relative value indicates the stability of the 

passive film. The protection potential. is taken as the

intersection of the original anodic curve and the returning cyclic 

one. Its value depends on the extent to which corrosion has occurred 

or become established in the transpassive region.

The four main variables which have been measured from potentiostatic 

curves in this project are the breakdown, protection and corrosion 

potentials, and the passive current density. Their physical 

meanings can be summarised as follows:
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E ^ ; r e f l e c t s  th e  s t a b i l i t y  o f  t h e  p a s s iv e  f i l m  u n d e r  e n v ir o n m e n ta l  

s t r e s s

® p r o t :  r e l a t i v e  i n f o r m a t io n  a b o u t  t h e  a b i l i t y  o f  t h e  m e t a l

t o  r e p a s s i v a t e  u n d e r  a d v e r s e  c o n d i t io n s ,  an d  i t s  s u s c e p t i b i l i t y  

t o  c r e v i c e  c o r r o s io n  

E c o r r *  shows c h a n g e s  i n  t h e  m e t a l /e n v i r o n m e n t a l  i n t e r a c t i o n

i  : i l l u s t r a t e s  t h e  r e s i s t a n c e  o f  t h e  p a s s iv e  f i l m  t o  io n  t r a n s f e r
P

A b lo c k  d ia g ra m  o f  th e  p o t e n t i o s t a t  i s  p r e s e n te d  i n  F i g .  C .6 .

A t  i t s  h e a r t  i s  a  h ig h  g a in ,  d i f f e r e n t i a l  in p u t  p o w e r a m p l i f i e r .

When a  v o l t a g e  ( o r  v a lu e  o f  E ) i s  s e t  on t h e  in p u t  t o  t h e  a m p l i f i e r ,  

i t  p a s s e s  c u r r e n t  i  ro u n d  t h e  c i r c u i t ,  w h e re  i  i s  l a r g e  enough  t o  

r a i s e  t h e  v o l t a g e  V b e tw e e n  r e f e r e n c e  a n d  w o rk in g  e le c t r o d e s  t o  

w i t h i n  a  fe w  te n s  o f  m i l l i v o l t s  o f  t h e  in p u t  v o l t a g e  E ,  A ssum in g  

t h a t  t h e  a m p l i f i e r  h a s  a  h ig h  enough  g a i n ,  th e  v a lu e  o f  V w i l l  b e  

v i r t u a l l y  i d e n t i c a l  t o  E e v e n  i f  t h e  a m m e te r (A )  h a s  a  h ig h  r e s i s t a n c e ;  

i f  t h e  s o lu t i o n  i n  th e  c e l l  h a s  a  lo w  r e s i s t i v i t y ,  a n d  t h e r e  i s  a  

n e g l i g i b l e  v o l t a g e  d ro p  a c r o s s  i t ,  E w i l l  a p p r o x im a te  t h e  p o t e n t i a l  

b e tw e e n  th e  w o r k in g  e le c t r o d e  a n d  th e  s o l u t i o n ,  a s  m e a s u re d  b y  t h e  

r e f e r e n c e  e l e c t r o d e .  T h is  c i r c u i t  th u s  s a t i s f i e s  t h e  r e q u ir e m e n t s  

f o r  p o t e n t i o s t a t i c  m e a s u re m e n ts , w i t h  t h e  c u r r e n t  i  ro u n d  t h e  

c i r c u i t  r e p r e s e n t i n g  th e  c o r r o s io n  c u r r e n t  i n  re s p o n s e  t o  a  

p o l a r i s a t i o n  E o f  t h e  s p e c im e n .

As w e l l  a s  d e t e r m in in g  p o t e n t i o s t a t i c  p o l a r i s a t i o n  c u rv e s  w h e re  t h e  

p o t e n t i a l  i s  in c r e a s e d  i n  d i s c r e t e  s t e p s ,  u s u a l l y  u n d e r  m a n u a l 

c o n t r o l ,  p o te n t io d y n a r a ic  c u r v e s  h a v e  b e e n  o b t a in e d  u s in g  s c a n n in g  

v o l t a g e  g e n e r a t o r s ,  o f t e n  a t  h ig h  v o l t a g e  s c a n  r a t e s .  T h e s e  c u t
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down testing times and allow for more remote control. Linear 

polarisations of only a few mV from the rest potential are made 

with a notentiostat to calculate passive corrosion currents at the 

rest potential. Holding specimens at a constant potential while 

observing corrosion currents has been applied to observations of 

passive film thickening (current-time curves) and various different 

methods of determining pitting and protection potentials. The 

potentiostat is thus a versatile tool in electrochemical studies.

It is di-^ficult to compare the results from tests carried out 

under different conditions, however; one example of an important 

variable is the potential scan rate in potentiostatic tests, where 

a fast pola-risation rate allows less time for a system to reach 

electrochemical equilibrium. Values of breakdown potentials can 

be artificially increased at higher scan rates. Starting anodic 

potential scans from the rest potential, without disturbing a 

previous oxide layer, also changes the apparent behaviour of the 

metal, with lower corrosion currents and possibly higher pitting 

potentials. It is therefore important when comparing test results 

to be certain of the conditions under which each test was performed, 

and this maJies comparisons between different laboratories and 

techniques even more difficult. It is easiest to report the 

relative behaviour of standard and investigated materials, so that 

the overall performance of a new alloy can be gauged from its 

comparison with metals of known properties.
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