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ABSTRACT

Localized corrosiqn, namely pitting and crevice corrosion, is
the majqr cause of failure of metallic orthopedic implants. Crevice
corrosion -occurs in shielded areas and is very common in multi-component
implants, e.g. corrosion between screws and plates in stainless steel
fixatiqn deyices. Pitting corrosion generally occurs in active-passive
metals in ch]qride environment due to the breakdown of passivity. Pits
initiate when the potential of the metal is more noble than the critical
pitting potential, EC, of the metal in the environment under investigation.
Actively growing pits repassivate at a potential called the protection
pqtentia13 Ep' Both pitting and crevice corrosion are generally governed
by a similar mechanism except that due to restricted flow of electrolyte
and oxygen the crevice enyironment has a Tower pH and higher chloride ibn
concentration.

E]ectrqchemica] tests in Ringer's physiological solution on
Type 316L stainless steel and 65% Co, 30% Cr, 5% Mo alloy show that the
cobalt based alloy has nobler values of EC and Ep. Addition of more
chromium, nickel and molybdenum shifts the EC values of stainless steel
in the noble direction. However, lower pH and higher chloride ion
concentration drive both EC and Ep in the actiye direction. The Ec and
EP values of the cobalt based a]]éy are rather insensitive to changes in
pH and chloride ion concentratiqn. Therefore, the cobalt based alloy
appears to be more desirable in multi-component orthopedic devices where
the chances of creyice corrosion are high.

Atomic absorption analyses of Ringer's solution containing

corrosion products of Type 316L stainless steel and 65% Co, 30% Cr, 5% Mo




ii.

alloy show that no selective disso]utiqn occurs during the localized
corrosion of these alloys.

Results of Auger electron spectroscopic analyses show that the
oxide film gf Type 316L stainless steel contain metals in higher valence
states compared to those of more corrosion resistant stainless steel and
the cobalt based alloys. This possibly accounts for the more active
critical pitting potential of Type 316L stainless steel. It is also
observéd that for two stainless steel alloys containing the same amount
of chromium in the bulk, the oxide film of the higher molybdenum bearing
a]]qy has more chromium than that of the Tess molybdenum bearing alloy.
‘This implies that molybdenum improves the passivity of stainless steel

alloys by stabilizing more chromium on the oxide film.
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CHAPTERI1
INTRODUCTION

Orthopedic devices have been reported to have failed due to
corrosion [1,2], Tow cycle fatigue [3,4], poor design, and manufacturing
defects [5]. While general corrosion inevitably occurs even when the metal
is in the passive state and may not cause any'serious problem, localized
corrosion such as pitting and especia11y crevice attack is the predominant
cause for failure in service [6-8]. Crevice corrosion occurs in shielded
areas and is very common in multi-component implants, e.g., corrosion
between screws and plates in stainless steel fixation devices [9]. Pitting
corrosion occurs in active-passive alloys such as austenitic stainless
steels in chloride environments. These types of corrosion cause severe
contamination of the tissues around an implant, ‘leading to inflamation,
pain and related complications [10]. Pits may also act as stress raisers
which could initiate- fracture [11]. Recent studies [12] have shown that an
immune reaction may develop in the tissues adjacent to buried metallic
implants. This may lead to vascular changes, local bone necrosis and even
loosening of the prosthesis. The reason may be the high Tevel of metallic
ions generally found within and around crevices. Recently, carcinogenic
properties of corrosion products from prosthetic devices have also been
reported. [13%.

Though Type 316L stainless steel seems to be significantly prone
to pitting and crevice corrosion [12,14], there are a number of recorded
cases in which Co-Cr-Mo devices [7,15] and Co-Cr-W-Ni devices [16] had to
be removed for reasons which were subsequently ascribed to corrosion.

Both Type 316L stainless steel and cast Co-Cr-Mo alloys are extensively used




as metallic implant materials.* While both have adequate mechanical properties

and excellent general corrosion resistance, none are immune from localized
corrosion. Stainless steel however is considerably more prone to localized
attack than cast Co-Cr-Mo alloys.

The superior corrosion resistance of the above mentioned alloys is
ascribed to the passive films that form on the surface of these alloys and
impart passivity to them [17]. Localized corrosion presumably occurs due to
the breakdown of the passive film. In the laboratory, electrochemical
tests are performed to investigate the susceptibility of different materials
to 1ocaﬁized corrosion. These tests are accelerated tests in simulated
environments and are designed to predict the corrosion behavior in service.
The present study sought to determine the electrochemical parameters
involved in the passivity and the breakdown of passivity of commonly used
metallic implant materials such as Type 316L austenitic stainless steel and
Co-Cr-Mo alloys. The effect of individual alloying elements on the
electrochemical behavior was also studied. The purpose was to compare
the éxisting alloys on the basis of their corrosion resistance and to
develop and recommend better alloys relatively or totally immune from
Tocalized corrosion in the environment under consideration, namely human
interstitial fluid. It is however felt that to obtain an insight into
the complex nature of the passivity of an alloy, investigation of the
electrochemical parameters alone is not sufficient. Therefore, an attempt
was made to characterize the passive film itself by the Auger electron
spectroscopic technique. This might lead to a better understanding of the

nature of passivity and the cause of its breakdown.

*A 1ist of metallic implant materials and their chemical
composition is shown in Appendix I. ~




Though the study wascperformed=d on orthopedic implant materials,

it has a much broader implication in that stainless steel and many active
passive alloys are highly susceptible to localized corrosion in halide
environments of which human extra-cellular fluid is a typical example. In
this respect, this study will encompass many industrial problem areas such
as corrosion in chemical plants, refineries, nuclear plants, seaswater

corrosion, etc.:




CHAPTER 2:

LITERATURE SURVEY

2.1 Metallurgical and Corrosion Studies on Metallic Implants and Implant
Materials = L

The compatibility of metallic implants in the human physiological
environment has beén studied from different aspects such as investigations
on failed orthopedic devices and various in-vivo and in-vitro tests. Table 1
shows the results of a detailed study conducted by Scales [7] on implants
removed from 667 patients treated in Eng]and.' The implants were inserted
during 1962-65 and a follow-up was made in 1969. Stainless steel,

Co-Cr-Mo, and titanium implants conforming to B.S. 3531 were used. Bacterio-
logical and metallurgical examination revealed that a high percentage of all
the alloys had to be removed due to corrosion. Colangelo and Greene [2]

also noticed corrosion damage in 91% of all multi-component devices that

they studied.

Cahoon and Paxton [1]bbased their investigations on meté]]ographic
and electron microbrobe analyses of failed implants. In multi-component
devices corrosion was generally observed within the crevices such as~screw
hole éreas. It was revealed that the inclusion content of some. of the
failed stainless steel implants was prohibitively high, thus impairing the
fatigue strength of the material. In some cast implants, failure was
ascribed to porosity. In some of the stainless steel implants the
molybdenum content was found to be below the minimum A.S.T.M. specification
of 2.0%, thus lowering the pitting corrosion resistance.

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

high carbon steel implant were conducted by Cahoon [18]. The corrosion




TABLE 1 [7]

STUDIES ON RETRIEVED METALLIC IMPLANTS

TABLE 1(a)
PERCENTAGE OF CORRODED IMPLANTS AMONG 667 REMOVED

S.S. Co-Cr-Mo Titanium

Number and percentage of total P A9 . Qo
number of implants 478 (71:6%) 83 (12-4%) 106 (15-8%)

Percentage corros1on or

fretting 62-6 21.7 22.6

Table 1(b) shows the incidence of contact/crevice corrosion and fretting
and mechanical failure of components of implants used in weight-~bearing
bones.

TABLE 1(b)

313 MULTIPIECE IMPLANTS = 1,759 COMPONENTS USED
IN WEIGHT—BEARING BONES "ONLY

S.S. Co~Cr-Mo Titanium
1,410 - 184 165
Percentage with contact/crevice ) '
corrosion and/or fretting 87 59-3 65-4
Percentage with fat1gue or 0.5 6.5 4.8

torsion failure

. continued




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

TABLE 1(c)

1,232 SCREWS USED WITH INTERTROCHANTERIC AND BONE PLATES
IN WEIGHW~BEARING BONE

S.S. Co~Cr-Mo Titanium
1,002 112 118
Percentage with contact/creyvice
corrosion and/or fretting 55 41.9 43.2
Percentage with fatiuge or 0.2 5.03 4.2

torsion failure

From Table 1(d) it could be seen that there is no correlation between
corrosion or fretting and the incidence of sepsis.

TABLE 1(d)

THE INCIDENCE OF SEPSIS RELATED TO CORROSION OR FRETTING
IN 667 IMPLANTS REMOVED FROM PATIENTS

S.S. Co~Cr-Mo Titanium
Percentage of sepsis with . .
corrosion or fretting 8-3 11:1 4-2
Percentage of sepsis with no 67 10-9 3.6

corrosion or fretting




products were determined to comprise FeCO3 and g-FeOOH which appear to

have formed due to the carbon dioxide content of the interstitial fluid and
potassium jons of the intra-cellular fluid respectively.

Williams [19] conducted combined metallurgical and histological
studies on tissue-prosthesis interactions in orthopedic patients. He has
emphasized the skill and competent workmanship needed in conducting
orthopedic surgery. The conventional countersunk profile of a screw-plate
interface can only result in good mating if the screw is inserted
perpendicularly through the plate. If inserted obliquely, a crevice results
leading to localized corrosion. This was clearly demonstrated by laboratory
eXperiments conducted with fhe conventional arrapgements; but when
hemispherical countersunks were used, thereby producing even mating, the
corrosion was eliminated. He also noticed that the stress-induced
martensitic transformation which occurs during the production of bone screws
is responsible for severe corrosion. The magnetic moment of the various
components of implants were compared with the occurrence of corrosion and
it was noticed that the interfaces associated with the most martensitic
of the screws, as measured by the degree of magnetism, were most susceptible
to corrosion. Correlating the amount of martensitic transformation with
the nickel content, he concluded that a minimum 11% nickel would be
desirable for austenitic stability. Cohen and Hammond [20] a]so.noticed a
higher incidence of pitting cofrosion in samples having non-austenitic
compositions, as determined by magnetic permeability.

In the above studieé [20] » galvanic and stress corrosion were not
evident. Cohen and Foultz [21] studied the failure of an AISI type 420
Steinman pin which was used as an intramedullary rod for fixation of a

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




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

whereas the screw revealed no corrosion. However, the pits on the pin
were localized at a distance from the screw and not on the surface
closest to the screw which in this case is the cathodic metal. The
authors concluded that galvanic corrosion, namely corrosion due to the
dissimilarity of the metals played very little, if any, part in the
corrosion in this case. They also chemica1]y analyzed the corrosion
products within the pits of the pin and characterized them as principally
iron salts.

Rostoker et al [22] studied the galvanic compatibility of
present-day orthopedic implant materials. Using a metallographic
technique to identify and count corrosion pits, the tendency for passive
film breakdown was studied under conditions that simulated a crevice and
a combination of two different materials. Galvanic corrosion due to
contact between any two dissimilar materials did not arise.

Corrosion in orthopedic implants is often designated as fface"
corrosion. This however has been properly identified as a form of
fretting corrosfon or crevice corrosion or a Combination [2] .

Failures due to corrosion fatigue have been reported by several
authors. Metallographic and fractographic éxaminations using electron
microscopy revealed distinct evidence of fatigue failure in 316 SMO
implants removed from human subjects [2,4]. On metallographic
examinations of bone nails made of austenitic stainless steel, Fabler
noticed distinct evidence of fatigue failure initiation [3]. On adding
0.18% nitrogen to austenitic stainless steel, superior fatigue corrosion
resistance was obtained [3]. Metallographic studies on retrieved

intramedullary bone pins made of Type 316 stainless steel also showed




evidence of corrosion fatigue failure [23]. Corrosion pits may act as

stress raisers leading to fatigue crack nucleation and corrosion-
accelerated mechanical failure. Rose et al [11] investigated the failure

of a Vitallium* nail-plate device which had been used to fix an inter-

trochanteric fracture of the hip. The nail was composed of cast Vitallium
and the plate of wrought Vitallium. Scanning electron microscope studies

revealed the presence of microscopic cracks nucleated by corrosion pits

in the nail-plate contact area. The authors suggested that the possibility

of galvanic corrosion due to the contact of dissimilar metals could not
be ruled out; however, it appears that crevice corrosion was responsible
for.pit initiation.

Greene and Jones [ 24 ] discussed the applicability of the linear
polarization technique of measuring corrosion rate to in-vivo corrosion
of surgical implants and concluded that this technique might be useful
in detecting the onset of Tocalized corrosion in buried implants. Thus,
an implant can be removed before extensive tissue damage occurs. In-vivo
studies were performed by Colangelo and Greene [25] whbomonitored, by the
Tinear polarization methdd, the corrosion rate of a SAE tybe 1018 steel

specimen surgically 1mp1anted in the th1gh muscle of a mongre] dog. They

observed that the corrosion rate was highest during the first few days
after implantation and it gradually fell off with time. The decrease in

the corrosion rate is believed due to either surface precipitation of

proteins and other organics or formation of protective oxide films on
the steel surface.

Anodic polarization studies on implant materials have been

*Vitallium is a registered trademark of Howemedica, Inc.
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conducted by Hoar and Mears [26] , Aragon and Hulbert [27], Cahoon et

al [9], Revie and Greene [28] , Mueller and Greener [29], etc. On the

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

that the Ti-6A1-4V alloy corrodes 176 times slower than Type 316L ;}fﬁi
stdinless steel. Cahoon et al [9] observed that the cast Co-Cr-Mo alloy

has a nobler critical pitting potential than Type 316L stainless steel.

In-vitro-corrosion rates of Type 316L stainless steel, castVitd1%ium,

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

measured by Mueller and Greener [29]. They appeared to be the same for
all three materials placed at 0.5 uA/cmz, but decreasing with time to
less than 0.015 uA/cm2 as also indicated by Revie and Greene [28].
Furthermore, in-vivo corrosion rates have been placed at only about
‘one-tenth of the in-vitro corrosion rates. ,

Cohen and Wulff [16] investigated the clinical failure of a
surgical implant (a Thornton plate and‘Smith—Peterson nail) caused by
crevice corrosion of the plate. In this implant which was composed of
wrought and cast Vitallium, it was the wrought Vitallium that showed

the most significant deterioration. It was shown that superior resistance

to crevice corrosion could be imparted to the currently used cast
Co-Cr-Mo alloy such as H.S. 21, Vitallium etc, by alteration of fabrication
methods, thereby giving it over-all superiority as a surgical implant

material. The authors subjected the cast alloy H.S. 21 to various types

of hot working such as press forging, extrusion, hot rolling, etc.
followed by annealing in each case. They observed that alloys with
mechanical properties similar to those of wrought H.S. 25 but with

resistance to crevice corrosion equivalent to or better than that of the

cast type H.S. 21 or cast Vitallium might be produced by the above process.
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The superior properties were.attributed to the more homogeneous, finer
grained matrix structure and more uniform distribution of carbides
@chieved by hot working and heat-treatment.

Cameron et al [30] tested the reactivity of porous Vitallium
in-vivo and in-vitro. Np harmful tissue reaction or evidence of crevice
corrosion was noticed.

Researches aimed at developing superior quality of metallic
implant materials are in progress throughout the world. It appears that
present-day orthopedic implant materials, if manufactured conforming to
prescribed recommendations [31] , have adequate strength and general
corrosion resistance. However, they are still not -totally immune from

pitting and crevice corrosion.

2.2 Physiological Environment of Human Extra-Cellular Fluid 32-33]

In-vitro corrosion studies [26-29] are generally conducted in
fisotonic saline solutions such as 0.9% NaCl solution, 0.15M NaCl solution
or Ringer's physiological solution, &bladﬁ=wﬁ$@high9§§@y8§imaﬁaméaﬁﬁetﬁ%
extra-cellular environment. Therefore, it is felt necessary to discuss
the ionic components and varioué diséo]ved‘gases in the extracellular
fluid, e.g., blood plasma, interstitial fluid, etc. The principal
constituents of extra-cellular and intra-cellular fluids are shown in
Table 2. Ionic concentrations in blood chemistry are generally expressed
in equivalents; and as the concentrations encountered are very sma]]lit‘
is convenient to use the unit milli equivalents per litre (m Eq/1).

Among the ionic species found in the extra-cellular f]uid, the major
cation is sodium, and the major anions are chloride and carbonate. The

predominant cations of the intra-cellular fluid are potassium and




CTABLE 2

COMPOSITION OF THE BODY FLUIDS [32]

Substance

Na+

K+

++
Ca

‘Mg++

-

C1

HCO3

-

PO4

504
Organic acids

Protein

Interstitial Fluid
(m Eq/L)

(141
4.1
4.1
3

115

29

2
1.1
3.4

1

Dissolved Gases
and pH

35 :mm Hg
46 mm Hg
7.4

Intracellular Fluid
(m Eq/L)

10
150

40
15
10
100
20

60

- Ty
20 mm Hy,

20 mm Hg
50 mm Hg.
7.0

12.




13.

magnesium and the major anions are organic phosphates and sulfates.

Table 2 also shows the concentrations of oxygen and carbon-dioxide and
the pH of the extra-cellular and intra-cellular fluids. Oxygen and
carbon dioxide transport is governed by the respiratory mechanisms. Both
. oxygen and carbon dioxide diffuse downhill along gradients of decreasing
pressure. Hence the pO2 in the body fluids is less than the partial
pressure of ambient oxygen, whereas the reverse is true for carbon dioxide.
| The mechanism of buffer action is mainly controlled by the

bicarbonate system as outlined in the following equation
-~ — + -
CO2 + HZQ = H2003 = H + HCO3 (1)

If hydrogen ions are added to the system, some will combine with
bicarbonate ions and drive the reaction to the left. Thus, not all the
hydrogen ions added will stay-in solution in the ionic form. Conversely,
if a base is added, the reaction will shift to the right causing H2003
to dissociate into hydrogen and bicarbonate ions. This inverse
relationship between the hydrogen and the bicarbonate ion concentration
is shown in Figure 1(A) which represents the buffer properties of plasma
of which bicarbonate is the principal buffer. The initial point A in
the figure represents the normal condition of plasma in the arterial
blood, namely a pH of 7.4 and a bicarbonate ion concentration of 24 mM
per litre. The effects of adding acid to blood or to plasma are shown
by arrows. This however is the picture when CO2 tension is maintained
constant and the acids and bases added are fixed in that they are not
removed by respiratory activity.

The effect of CO2 on the pH and the bicarbonate ion is however

very different as shown in Figure 1(B). If 002 is added or removed, the
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concentration of hydrogen and bicarbonate changes in the same direction,
as indicated by equation (1). Figure 1(C) shows the combination of the
effects of (A) and (B). The four variations from the normal buffer
point as depicted in Figure 1(C) represent the four types of acid-base
disturbance 0bserved‘c1iniga1]y: respiratory acidosis (CO2 excess),
respiratory alkalosis (CO2 deficit), metabolic acidosis (fixed acid

excess), and metabolic alkalosis (fixed base excess).

To carry the considerations further, it is necessary to analyze
the quantitative aspects of various parameters. The relationship
between H and the ratio of the constituents of the bicarbonate-carbonic
acid buffer system can be expressed from equation (1) as

[H+] = KAl —_—
" [H €0yl

(2)

where KA1 is the first dissociation constant of carbonic acid. Rewriting
equation (2) in the logarithmic form, the Henderson-Hasselbalch equation
is obtained:

[H CO%] (3)
pH = pK + 109 w7+~ 3
: [HZCO3]

The pK of the bicarbonate system is known and the pH and the bicarbonate
ion concentration can be measured, but thé H2C03 concentration, which is
extremely low, cannot be directly measured. However, equation (1)
reveals that the H2C03 concentration is directly dependent upon the
concentration of dissolved CO,, which is in turn dependent upon its
partial pressure and solubility co—efficieht of CO2 in plasma. Thus
equation (3) can be rewritten as follows:

[H.CO,]

[a pCOZ]
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where the solubility constant a = 0.0301 and pK = 6.10. Substituting,

equation (4) becomes:

, [H cogl

pH = 6.10 + Tog 0-0301 pCT, (5)
The equation now relates the three measurable quantities; if any two are
known, the third may be calculated or obtained from the nomogram of
relation between pH,'HCO§ and pCO2 as shown typically for plasma in
Figure 2.

The human physiological environment is a complex one. The above

discussion shows only the outline of the mechanisms involved in maintaining
the acid-base balance of the environment. It is felt that any engineer

undertaking an investigation of corrosion or fracture of orthopedic

implants should be well conversant with the composition and the chemical

kinetics of the intra-cellular and extra-cellular physiological environment.

2.3 E1eCtchhemica]'Prihcip]es of Loca1ized Corrosion

A metal corroding uniformly in an electrolyte usually corrodes
at an equilibrium potential called the open circuit potential or corrosion

, and at an uniform current density, i However, if

potential, E ..,

corr’
an external current is impressed on the material, its potential changes.
The applied current density vs: potential curve so generated is called
the polatization curve. Electrochemical studies based on anodic
polarization (potential increasing in the noble direction) are generally
conducted to investigate the susceptibility of an alloy to localized
corrosibn [34]. These tests are accelerated tests in simulated

environments and are designed to predict the corrosion behavior in

service. The experimental technique [35] involves a potentiostatic or
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potentiodynamic potential scan in the noble direction from the corrosion
potential. Figure 3 shows schematically the anodic polarization curve of
an active-passive alloy of which stainless steel is an important example.
The curﬁent density is practically constant and relatively very low over
a wide range of potential. This is called the passive current density,
ipaésive' The current starts to increase rapidly at a certain potential
called the critical pitting potential E_ [34] of the alloy in the
environment under investigation. At a hotentia] more noble than EC pits
start to grow and deterioration occurs very rapidly in a localized region.
KoTotyrkin [36] has used the breakdown or critical pitting potential to
appraise the resistance of several alloys to pit initiation in halide
media.

If the potential scan is continued beyond EC, then on reversing
the scan a cyclic hysteresis behavior is observed in some cases [37].
The potential at which the forward and the reversed scans intercept is
called the protection,potentia],‘Ep ¢Figure 3). Pourbaix and his
co-workers [37,38] and later Wilde and Williams [39,40] showed that at a

potential more active than E_, no pit initiation occurs and actively

p
growing pits repassivate. Based on cyclic polarization tests on stainless

steel in halide media, Wilde [41] also showed that E_ is not a unique

P
material property but depends on the current density at which the
potential scan is reversed, that is, the amount of pit propagation during
the forward scan. Wilde concluded that susceptibility of alloys to
breakdown of passivity by crevice corrosion may be predicted by the
presence or absence of hysteresis during cyclic polarization. It was
also observed that the difference between the pitting and protection

potential, (EC - E_), the difference potential, could be correlated

p
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directly with the extent of crevice corrosion.

Crevice corrosion is generally assumed [42] to be governed by
the same kind of mechanism as pitting corrosion, namely the breakdown
of passivity. Crevice corrosion however occurs undernéath gaskets and
shielded areas where the flow of electrolyté and oxygen is limited.
Hence, the electrochemical environment within a crevice is more aggressive
than the bulk environment, as reflected in a higher chloride ion
concentration and lower pH within the crevice [43]. Figure 4 shows
schematically the various processes and mechanisms involved in a crevice

configuration. The oxidation and reduction reactions are as follows:

Oxidation: M >M' + e (6)
Reduction: 0, + 2H,0 + de » 40H (7)

Initially, these processes occur uniformly over the entire
metal surface including the crevice interior. After some time, the
oxygen within the crevice is depleted because of limited convection but
the metal dissolution continues. With the cessation of the cathodic
hydroxyg ion-producing re-action, negative chloride ions start moving
into the crevice area to maintain a:charge balance. The resulting metal
chlorides hydrolyze in water to insoluble metal hydroxides and free acid

as follows:
M* + C17 + Hy0 = MOH + HCT (8)

The acidity lowers the pH within the crevice [44] and a pH as low as 1.0
has been reported [43]. Both the chloride anions and lTow pH accelerate
crevice corrosion in a manner similar to autocatalytic pitting, while the
reduction reaction cathodically protects the exterior surface. Also, for

active-passive metals that depend on protective oxide films for their
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corrosion resistance, the bréakdown of passivity and active corrosion in
crevices are favoured by the increased concentration of chlorides and
hydrogen ions.

| In the 1aborat6ry, evaluation of pitting or crevice corrosion
resistance is carried out not only by anodiéc polarization tests [45]
but also by jmmersing test specimens in aggressive, pit producing

environments such as Fe013.6H20 or KMnO4 - NaCl solutions [46]. These

are highly oxidizing chloride solutions capable of causing pits or

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

approach was used by Streicher [47] who applied a poténtia] sufficient
to cause pitting initiation on various alloys and counted the humber of
pits formed under standard conditions. In the general case, interpretation
of the results obtained by his technique requires knowing how overall
pitting resistance would be expected to correlate with the number of pits
found in this type of test.

Pessal and Liu [48] have attempted to determine critical pitting
potentials of stainless steels in aqueous chloride environment by another
technigue. It consists of polarizing the test e]ectrddé to. the desired

potential and then lightly scratching the electrode surface. While the

‘potential is held constant, the current is recorded as a function of
time after scratching until the electrode either repassivates or stable

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

direction and the above process is repeated at each potential until the
minimum potential is noticed at which the electrode does not repassivate
after scratching. - This potential is designated as the critical pitting

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

comparable to those obtained by the scanning technique. Forisome alloys,
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especially those containing molybdenum, only small differences were
observed in the pitting potentials determined by the scratch test and by '
scanning tests.

Bond [49] has emphasized that pitting potentials of stainless
steels are dependent on a variety of factors such as surface preparation,
dissolved gases, rate of change of potential, prior history of the
electrode, etc. Thus, there is a need for maintaining uniformity in
specimen and e]ectro1yte preparations, duration of immersion, and

experimental methods.

Suzuki;ﬁﬁi al [50] correlated the critical pitting potential and
the critical anodfc current density to the chemical and electrochemical
characteristics for the anolyte within a pit. Artificial pits were
galvanostatically activated in some austenitic stainless steel specimens
in 0.5N NaCl solution at 7@%C. The acidity and the chloride ion
concentration within the pits were measured. Very low pH (0.13 to 0.80)
and very high concentration of chloride ions (3.78 to 6.47N) were
observed. The concentration of metallic ions in the anolyte within the
-pit was determined using atomic absorption spectrochemical technique [51].
The distribution of metallic components on weight % agreed well with the
respective constituents of the base metal, indicating that no selective
dissolution occurred in the process of pitting corrosion.

- The electrochemical techniques discussed above help to determine
some desirable properties that should be taken into consideration when
selecting or developing an alloy for using in a specific environment.
However, they do not offer any information regarding the nature and

composition of the passive film that imparts corrosion resistance to the

alloy. For this reason, spectroscopic studies are necessary to obtain
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detailed knowledge of the passive films.

2.4 Theories of Passivity and Passive Films

Passivity is generally ascribed to a very tenacious passive film
on the surface of the material. There are two theories regarding the
nature of the passive film [17]. The first éuggests that the passive
film is always a diffusion-barrier layer of reaction products such as
metal oxide or other compound which retards the anodic dissolution. Lead
sulfate film on lead immersed in sulfuric acid is a good example. In an
alloysprotective oxide films form above the critical alloy composition
for passivity, but nonprotective oxide films form below the critical
composition. Thus, in Fe-Cr system, it is suggested that a protective
Cr203 type oxide wiT] form only when chromium content is at least 12%.

The second theory regarding the nature-of the paséive film Ho]ds
that generally a monolayer or so of a chemisorbed film of oxygen imparts
passivity [52] by displacing the normally adsorbed water molecules and
thus slowing down the rate of anodic dissolution involving hydration of
. metal atoms. This theory is based on the fact that most of the metal
éxhibiting paséivity or imparting passivity to an alloy are transition
metals having electron vacancies or uncoupled electrons in the d shells
of the atom. These uncoupled electrons form strong bonds with oxygen
which also contains uncoupled electrons, resulting in electron-pair or
covalent bonding supp]ementary to ionic bonding. The high heats of
sublimation of transition metals compared to non-transition metals favor
adsorption of the environment because metal atoms tend to remain in their
lattice, whereas oxide formation requires metal atoms to leave their

lattice. Multilayer chemisorbed passive films, however, react in time
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with the underlying metal to form compounds such as oxides.
The chemisorption theory overcomes the difficulty faced by the
oxide film theory in explaining the observed Flade potential 0.63 V vs

N.H.E. for iron in 1N HZSO4 at 25°C. The reaction that possibly takes

place during anodic passivation is [17]:
M+ H)0 > 0-M + 24" + 2e” (9)

where M represemts (a) Fe,0s, (b) Fe30,, (c¢) chemisorbed oxygen. Using the
data [17]: 26° of formation for Fe203 = -177.1 Kcal/mole of Fe203; for
0

Fe304 = -242.4 Kcal/mole of Fe for H,0 (1) = -56.69 Kcal/mole of

3°4°
H20; for H' = 0; for chemisorption of oxygen on Fe, AH® = -75 Kcal/mole 02;
AS® = -46.2 cal/mole 0, -9, (a) and (b) give a Flade potential of

-0.051 V vs N.H.E. and -0.086 V vs N.H.E. respectively which are too
active compared to the observed value. However, (c) gives a Flade
potential of #0.56: V vs N.H.E., in reasonable agreement with the observed
value.

The chemisorption theory can also predict quantitantively the
critical alloy composition for passivity. Chemisorption on any metal is
known to be favored by an unfilled d-band configuration [53]. The
following analysis [17] shows how the composition for Ni-Cu system can
be predicted. In the gaseous state, nickel has the configuration

3d%4¢2

szcaww@sp@@@ﬁﬁ@g to two d electron vacancies, i.e., two uncoupled
d-electrons in the third shell of the atom. In the process of condensing
to a solid and forming the metallic bond, uncoupled electrons of
neighboring atoms couple with each other, resulting in a vacancy of 0.6 per

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

alloying, the intercoupling of d-electron increases with the proximity of




26.

nickel atoms in the alloy. Assuming a linear relationship between
intercoupling and concentration, the vacancies per nickel atom can be set

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

Ni and 0.6 vacancy for 100% Ni. Copper (3d104s) can donate one electron
per copper atom. The alloy Toeses its transition metal characteristics
and hence passivity when all the d vacancies of nickel atoms are filled

up by electrons donated by copper. This is given by:

at.% Ni(2 - 0.014 at.% Ni) = 1 x at.% Cu (10)

Using at.% Cu = (100 - at.% Ni) in equation (10) the critical .composition
is found to be 41% Ni, 59% Cu. This va1ue‘corresponds closely to the
observed value derived from magnetic saturation data. Also electrochemical
tests show that nickel imparts passivity to the alloy at around 40 at.% Ni
or above [17]. ®&or alloys made up of two or more transition metals, the
most passive component of an alloy is assumed to be the acceptor element.
The critical compositions for passivity in the Fe-Cr, Ni-Cr and Co-Cr
alloys are similarly found to be 12% Cr, 14% Cr, and 8% Cr respectively
[54]. In the ternary Cr-Ni-Fe solid solution system electrons are

donated to chromium mostly by nickel above 50% Ni but by iron at Tower

nickel concentrations [55]. Molybdenum similarly exhibits passivity as
Tong as its d bands remain unfilled. In type 316 stainless steel

(18% Cr, 10% Ni, 2-3% Mo), for example the optimum weight ratio of Mo/Ni

is best maintained at or above 15/85 corresponding to the observed

critical ratio for passivity in the binary Mo-Ni system equal to 15 wt.%
Mo [56].
A schematic structure of the first-formed chemisorbed film has

been proposed by Uhlig [57]. The film consists of a regular array of
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oxygen and metal atoms located in the same approximate plane of the surface.
This initial layer is found to be more stable thermally than the oxide MO.
However with increasing oxygen pressure and passage of time several layers
of adsorbed oxygen are formed. Metal ions also migrate into the film

which can be considered at this stage to be an amorphous nonstoichiometric
oxide. However, eventually it conVerts.into stodgchiometric oxides. Thus,
both oxide film theory and chemisorption theory predict that the ultimate |

components of the passive film are stoichidmetiid coxidess.

2.5 Spectroscopic Studies on Oxide Films

Electron diffraction studies have been employed on active,
passive, and transpassive oxide films formed on iron by Foley, Kruger,
and Bechtold [58] and on oxide films on austenitic stainless steels by
Nakayama and Oshida [59]. Soft x-ray spectroscopy has been applied to
characterize relatively thick oxide films (> 100 X) on transition metals
[60] and thin oxide films (20-40 X) on iron-chromium alloys [61]. Auger
electron analysis of the surface reaction film of aluminum has also been
carried out [62]. The advantage of the soft x-ray spectroscopy is that
it can characterize very thin films. When a metal, alloy, or compound
is bombarded with electrons up to 3 KV, soft x-rays originating near the
surface are emitted; the depth from which the x-rays come decreases with
decreasing electron energy. The wavelength and intensity distribution of
the x-ray band spectra are sensitive ﬂunﬁﬁﬁ@msofbthe electronic structure
of the emitter, that is ionization state. Auger electron spectroscopy
[63] probes the electronic energy levels of ions undergoing auto ionization
and is part of the broader field of secondary electron energy spectroscopy

which deals with the analysis of the entire secondary electron energy
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spectrum. The secondary electrons, created by bombarding a surface with
an e]ectron beam, are energy analyzed to obtain the energy distribution,
N(E). Auger spectroscopy is capable of uniquely identifying each element
and is essentially a surface probe as the data come from the top five
atom layers or so, depending upon the material and the ionizing energy.
This method is particularly suitable for surface analysis and

characterization of passive films on various alloys.

2.6 Statement of the Problem

‘ Since the present-day orthopedic implant materials such as
austenitic stain]ess‘stee1 and Co-Cr-Mo a]]oys are notﬂtota]]y immune
ffom 1o¢a1ized corrosion, further studies were necessary to investigate
thé mechanisms of the breakdown,of passivity and repassiyation of these
a]]oys, Most of tﬁé_previous e]ectrochemica1~studies [26,29] were
11m1ted_tovdeterminjngycritical pitting potentia]s only and surprisingly,
no studies on the cyclic po]arization behavior have been reported.

Critical pitting botentia] studies give information on breakdown of
.passivity only. The ability of an alloy to repassivate or interrupt pit
propagation can be determined only from the cyclic polarization curve
and a knowledge o% the protection potential of the alloy. Hence, the
susceptibility to corrosion of these alloys was studied, based on
cyclic polarization curves. A comparison of the corrosion resistance of
the alloys was made on the basis of such electrochemical parameters
as the passive current density, the critical pitting potential and the
protection potential. A systematic program was undertaken to study
the effects of various alloying elements on the corrosion behavior of

austenitic stainless steel; the aim was to develop an alloy having a
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CHAPTER 3:.
EXPERIMENTAL PROCEDURES

3.1 Apparatus for Electrochemical Tests

Potentiodynamic anodic polarization tests [64] were conducted
employing generally the ASTM recommended practice for polarization

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

apparatus [35] consisted of:

(i) Polarization cell, salt bridge, and the Luggin probe.
(i1) Electrode mounting devices.
(iii) Reference Electrode. |
(iv) Auxiliary electrodes and the working electrode.
(v) Electrical and electronic equipment, such as
(a) Potentiostat
(b) Digital voltmeters
(c) Motor potentiometer
(d) Logarithmic converter

(e) X-Y recorder

(f) Combined pH meter and O2 - CO2 analyzer

(g) Constant temperature bath

- (i) Polarization cell, salt bridge, and the Luggin probe

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

was used. This permitted the introduction of electrodes, and gas inlet
and outlet tubes. A Luggin probe - salt bridge assembly was used to
separate the bulk solution from the reference electrode. The Luggin

capillary was filled with an agar gel made by mixing 3-4 gm of agar-agar

per 100 m1 of 0.2 M potassium chloride solution. The reference electrode
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was immersed in a thistle tube filled with saturated potassium chloride
solution. The thistle tube had a capillary tube end of 1 mm inside
diameter with an agar plug to prevent mixing the test solution with the
potassium chloride solution. The fhfstle tube was connected to the Luggin

probe by a plastic tube fi]]ed with the test solution.

(ii) Electrode mounting

An electrode mounting assembly [66] is shown in Figure 5.
Visible is a cylindrical electrode, together with a Teflon compression
gasket, electrode mounting rod, and electrode holder. Mounting is
accomp1ished by compressing the electrode against the Teflon gasket by
means of the upper nut and washer assembly. - Electrical contact is made
by the mounting rod. The advantage of this é]ectrode mounting lies in
isolating the specimen. It was employed in standardizing our experimental
set-up as per ASTM recommendations [65]. However, during subsequent
experiments, occasional trouble arose due to crevice corrosion underneath
the Teflon gasket. This was avoided by mounting the specimens in

2 area [45].

acrylic plastic with a single exposed éurface of about 1 cm
Electrical contact was made by drilling a hole into the specimen through
the acrylic mount and tapping the specimen. Mounting was done using a
Teflonggasket, electrode mounting rod, and glass electrode holder as 1in
SternfMakrides assembly @ﬁﬁgune.5d. The specimen was mounted eccentrically
on the acrylic mount; this allowed the specimen to be completely immersed
in the electrolytégswhile isolating the rest of the mounting devices, as
shown in Figure 6. This holding device proved satisfactoryiin the present

work and was free from any contamination.

Another specimen holder, designed by Pessall and Liu [48], was
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tried and found to be very successful. Figure 7 shows this assembly.
This holder has the advanfage of allowing independent sealing of the

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

are difficult to drill and tap.

(ii1) Reference éléctrode

A Radiometer saturated‘ca1ome1'ha1f cell, model K401, was used
as a reference electrode. This electrode is not easily poisoned or

contaminated and is insensitive to electrolyte composition; it is almost

spill-proof and very rugged, Electrical contact with the electrolyte is
maintained by a small crack at the tip of the electrode body. The cell
is filled with potassium chloride solution which is always kept saturated

by introducing a few crystd]s of solid potassium chloride.

(iv) Auxiliary electrodes

Two electrodes of platinum were used as auxiliary electrodes.
Platinum was used because of its large exchange current density and its
resistance to anodic dissolution. Also, it has the advantage that its

"polarization is very low in most solutions.

(v) Electrical and electronic equipment

The following equipment waseusedd:
Wenking model 68T53 potentiostat having 11 current ranges, 7

voltage ranges, and a control voltage source of 10 turim, 1000 division

precision potentiometer of range 2000 mV.

A Kiethley model 160 digital multimeter having 8 current ranges
from 100 nA to 1 A, and 7 voltage ranges: 1 mV to 1000 V.

Erwin Halstrup model MP165 motor potentiometer equipped with

three sweep ranges, viz.0 to 1000, 2000 or 5000 mv and with 30 different




TEFLON

— GASKE/T /SAMPLE DISK " . |
/i:;‘ 4§§%OCK/V¢2/y; \ ///' _ POLYCARBONATE
ELECTRICAL 4Q§k‘_ RN Z8 ‘
- CONNEXION  ~— “&ﬁ“n f
TO POTENTIOSTAL — -7 4 ;
| \ :
STAINLESS [ 5\\\\ : -
STEEL ~ :

SCREWDRIVER SLOT

A=

N | /8" ' o

Figure 7 Section of a mounting device designed:.by Pessal and Liu [48].

"GE




36.

scan rates ranging from 1 mV/hr to 150 v/hr.

Moseley model 60B logarithmic converter having a dynamic range
of 60 db.

Moseley model 6S-A X-Y recorder with two independent servo-
actuated drives for X and Y axes, isolated and free of ground, each axis
having 11 calibrated input voltage ranges: Variable range mode permits
arbitrary full scale voltage settings.

Radiometer model PHM71 acid base analyzer having the following
ranges:

02: 0-30; 0-160; 0-800 mm Hg
C0,:  8-200 mm Hg
pH: 0-14; 6.6-8.0
There is independent calibration for 02=,C02 and pH modules and temperature
compensation adjustible from 14 to 46°C calibrated in 2°C divisions.
Blue M mode1'1120 A-1 constant temperature heating bath having a

temperature range to 100°C calibrated in 1°C divisions starting from 20°C.

3.2 Experimental Methods for Polarization Tests

The experimental methods consisted of the following major steps:
(i) Preparations of specimens and their mountings.
(i1) Preparations of solutions.
(iii) Setting up the apparatus and its calibration.
(iv) Standardizing the experimental set-up.

(v) Conductiing the tests and data compilation.

(1) Preparation of specimens

Type 316L stainless steel specimens were prepared from half inch

diameter mill annealed rods having a composition of 17.1% Cr, 11.4% Ni,
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2.3% Mo, 1.5% Mn, 0.8% Si, and 0.04% C. Cylindrical specimens approximately
2 c¢cm long and 5 cm2 surface area were turned from the rod, drilled and
tapped for mounting on the Stern-Makrides assembly (Figure 5). They were
solution annealed for 1 hour at 1050°C and water quenched. This heat
treatment dissolves any chromium carbide along the grain boundary region
and thus ensures immunity from.sensftization and intergranular attack [67].
The specimens were polished by grinding through a sequence of 220, 320,
400, and 600 emery papers. The dimensions were measured to the nearest
0.001 cm with a micrometer and the surface area was calculated. Similar.
specimens were mounted on acrylic mounts (Figure 6) and then drilled and
tapped. These specimens were mechanically polished to one micron finish.
After mounting, specimens were ultrasonically cleaned for two minutes in
detergent solution, rinsed in distf]]éd water, cleaned in alcohol, rinsed,
dried and immediately immersed in the polarization cell. For tests on

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

thick disc samples were parted off on a Buehler Model 1010 cut-off
machine. The discs were then polished upto 1 micron finish, cleaned as
before and mounted on the holder (Figure 7).

Fdr stainless steel alloys cast in the induction furnace in our
laboratory, the castings (approximately 5/8 inch diameter and 6 inches
Tong) were homogenized at 1150°C for 24 hours and cold swaged by 20%.
Specimens were then prepared as explained above. They were solution
annealed at 1050°C for 1 hour and water quenched. Similar mounting
and cleaning methods as described above were applied.

Co-Cr-Mo and Co-Cr alloys were also prepared in the induction
furance in our laboratory. These alloys were generally tested in the

as-cast condition. The Co~Cr-Mo alloy was also tested in the annealed
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condition (1200°C for 24 hours, water quenched). These alloys are hard
to drill and tap. Therefore, disc samples were pérted off on the cut-off

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

(i1) Preparation of solution

The physiological environment of human extrace]]u]ér fluid has
been discussed in chapter II and the principal constituehts of
extracellular and intracellular fluids are shown in Table 2. The basic

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

The composition is so chosen that the ionic concentration of various
elements corresponds to that of human extracellular environment where
the orthopedic implants are’genera11y placed. The major ionic species
are sodium chloride and sodium bicarbonate. Initially 2 mit of CaC'I2 was
included in the solution. This was later removed because of CaCq
precipitation in the pH range of 7.2 to 7.4.

A two litre stock solution of five times concentration was
prepared. During each test, one litre solution of proper strength was
prepared by diluting with distilled water. The concentrations of carbon

dioxide and oxygen in the solution were regulated by bubbling pure carbon

dioxide, oxygen and argon through the solution. The temperature of the
solution was generally maintained at 37.1%, the body temperature, by
immersing the polarization cell in a constant temperature water bath.

- A Radiometer acid-base analyzer type PHM71 was used to measure

pH, dissolved carbon dioxide and oxygen in the test solution. The
analyzer operates with a p CO2 module, type PHA933, and p O2 module,
type PHA930. The corresponding electrodes were individually mounted in

thermostatted cells connected to a Haake model TP4l4constant temperature

bath and circulator maintained at 37.1°C. The Radiometer CO2 electrode,



TABLE 3

COMPOSITION OF PHYSIOLOGICAL SOLUTTON

Compound

NaCl

NaHCO3

KC1
MgC]Z.GH

o0

MgSO4.7H20
NaZHPO4

Na2H2P04.H20

Amount (g/litre
of solution)

6.30
2.44

0.374
0.203
0.123
0.071
0.069

39.
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type E5036 is a combined glass and silver/silver chloride reference
electrode mounted in a jacket and covered by a Teflon membrane which traps

a weak electrode solution (0.005 M NaHCO, per 0.02 M NaCl) in contact

with the electrode. The electrode functions 1ike a normal pH electrode

and relates the linear change in pH of a bicarbonate solution with its

pC02. The pO2 electrode, type E5046, operates on a Clark type po]afographic
principle. It consists of a combined platinum and silver/silver chloride

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

polypropylene membrane. The electrode traps a phosphate buffer and
potassium chloride solution. In operation a constant polarizing voltage
of 630 mV vs. S.H.E. is applied to the platinum electrode and current
proportional to pO2 is generated due to the reduction reactioh on the
cathode. A Radiometer general purpose combination pH electrode, type

G K 232C was used to measure hydrogen ion concentration. The electrode was

calibrated at 37.1°C.

(1) Setting up the apparatus and its calibration

The automatic polarization apparatus is shown schematically in

Figure 8. The automatic polarization technique was chosen because it

improves reproducibility and eliminates timing errors present'in manual
technique. The set-up shown in Figure 8 is capable of automatically
conducting anodic and cathodic polarization measurements under potentiodynamic

conditions and automatically recording the results on a semi-logarithmic

graph paper. The motor potentiometer is a programmer capable of generating
variable voitage which is applied to the input terminals of the potentiostat.
This allows the working electrode to be polarized at any predeternined

and uniform rate. The potential difference between the working electrode
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and the reference electrode is fed into the input terminals of a digital
multimeter (set at 1000 mV range and input resistance of 10 meg-ohms).
The output of the multimeter is connected to the X axis of the X-Y recorder.
The current flowing between the auxiliary electrode and the working e]ectrqde
is imposed on the input terminal of another multimeter. The resultant
potential drop across a precision resistor is impressed via a legarithmic
converter on the Y axis of the recorder. A smoothing of current fluctuations
was achieved by placing a low-pass R-C filter of time constant (R x C)
1 sec across the input terminals of the logarithmic converter.

The apparatus shown in Figure 8 is capable of measuring
polarization curves of normal and active-passive metals over a current
range of six decades at potential traverse rates between 1 mV and 150 V/hour.
The potential traverse may be automatically arresfed at any desired value,
and measurements can be conducted through zero volt without the necessity
of switching. However, commercially available logarithmic converters are
~generally limited to an input voltage range where the ratio of maximum to
minimum voltage is about 1000:1. As a consequence, for potentiodynamic
polarization, calibration of the current axis is necessary. The calibration
was done by setting the Y axis of the X-Y recorder in the variable range.
mode which permittéd afbitrary full scale voltage settings. For a
particular cell current, the multimeter was set at a fixed voltage and
the current range switch of the potentiostat was changed by a decade.
The variable control knob of the Y axis of the recorder was then adjusted
until one decade change in current corresponded to a shift of the recorder
pen by one division on a logarithmic scale. The span between two

successive decades on the Togarithmic graph paper was so chosen J#fae WHVER,

one turn of the zero control knob the pen moved by one dfvfsmf .
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whenever the current went beyond the scale of the logarithmic converter,
the current range setting of the potentiostat was changed by one decade
and the recorder pen brought back to the original position by simply

giving the zero control knob of the recorder Y axis a one complete turn

in the proper direction. The following example will explain this procedure:

clearly. For the potentiostat, the voltage drop for full scale deflection
qf the panel instrument is always 200 mV regardless of range. Thus,
when the potentiostat is set at 1 mA current range, a 2 mV drop in the
multimeter will correspond to 2/200 = 0.01 mA of current. For the same
current, the voltage drop in the multimeter will be 20 mV or 0.2 mV
respectively for 0.1 mA or 10 mA range setting of the potentiestat. Hence,
ffor a properly calibrated recorder, the pen on the curpent axis will move
by one division but in opposite directions if the potentiostat is switched
from 1 mA range setting to 0.1 mA and 10 mA settings respectively.

The voltage axis of the recorder was calibrated by setting the
X axis of the recorder in the fixed range mode (typically 0.1 V/div) and
impressing a 1000 mV voltage from the motor potentiometer. The gain and
internal calibration of the recorder were then so adjusted that for 1000 mV
. of voltage the pen on the recorder moved along the X axis through the
" gorresponding distance (typically 10 divisions). The motor potentiometer

was calibrated beforehand as follows. The motor potentiometer was set

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

The slotted trimmer potentiometer on the motor potentiometer was then
adjusted until the needle on the panel indicated "0".
At the beginning of each test the zero adjustment and calibration

of the potentiostat were performed. To adjust zero, the range swithhh
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hmA, mV" of the potentiostat was turned all the way clockwise to position
10 mV and the function switch was set at fOﬁ position so that the panel
instrument operated as a voltmeter. The zero deviation was corrected

by adjusting the trimmer potentiometer (zero control). For calibrating
the control potential supply, the vernier of the 10-turn poﬁentiqmeter
was set at position 500 which corresponds to 1000 mV. This was opposed
by app]ying a 1000 mV from ihe motor potentiometer to the input terminals
of the potentiostat.whose function switch was now set in "E_" position

so that the panel instrument served as a null detector. If the meter
reading was not zero, appropriate correction was made on the calibrating

potentiometer located between the control potential terminals.

(TV)'Standardi?ing'the'experiméhta1'S6t+up

Before conducting any tests, it was felt necessary to check our
experimental technique and instrumentation. For this the ASTM
recommendations [65] for potentiostatic and potentiodynamip polarization
measurements were followed. A corrosion sample (3/8 inch dia x 1/2 inch
long) of the étandard ferritic Type 430 stainless steel was obtained from
the ASTM headquarters.' This was drilled, tapped, and mounted on a
Stern-Makrides gasket assembly [65]. After proper polishing and cleaning,
the specimen was immersed in a hydrogen saturated 1IN HZSO4 solution
maintained at 30°C. The open circuit potential of the specimen was noted
1 hour after immersion. Potential scan was then started beginning at the
corrosion: potential. Both potentiostatic and potentiodynamic tests were
conducted. The experimental set-up including the polarization cell and
“the specimen is shown in Figure 9. The polarization curves obtained in
our laboratory correspond within £10% to the standard curves shown 1in

the ASTM annual book [65] and were adjudged satisfactory for our purpose.
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Having standardized the technique and instrumentation, systematic
polarization tests were performed as follows:

(a) Cyclic potentiodynamic behavior of Type 316L §tainless §teel
in Ringer‘S'soqution. ' - ‘ o '

The initial program was to conduct potentiodynamic tests in
normal physiological environment. The aim was to establish various

electrochemical parameters such as the open circuit potential E » passive

corr
current density 1bassive’ critical pitting potential EC,_and protection
potential Ep. The specimen was immersed in the solution whose composition
is shown in Table 3. Sufficient time (20 hours) was allowed for the
system to stabilize. From time to time the open circuit potential of the
specimen was noted. When its fluctuation became less than x5 mV in half
an hour it was adjudged to be steady. The open circuit potentiall Ecorr
was obtained at this point. Anodic polarization was started in each

case from E A scan rate of 600 mV/hour was used. This corresponds

corr”®
to 50 mV shift of potential in 5 minutes, which is often followed in
potentiostatic tests [59]. The polarization curve was automatically
recorded on the X-Y recorder. In the passive region, the current density
ipassive was very low and uniform. At the onset of the breakdown of
passivity current fluctuations were noticed and at the critical pitting
potential EC, current started increasing very rapidly. In order to
investigate the cyclic polarization behavior, the potential scan was
reversed at some desired potential beyond Ec' The potential where the
reverse scan curve intercepted the forward scan curve, namely the
protection potential Ep, was obtained. The reverse scan was continued

until the current became low and comparable to i The polarization

passive’
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process was stopped at this point and the open circuit potential Qf the
specimen was noted after 10 minutes. This completed one set of
observétions. For each polarization run, the specimen was repolished after
necessary light machining, mounted, cleaned, and immersed in a freshly
prepared so]ﬁtion. A number of runs was obtained but each time the
potential scan was reversed at different current densities. The purpose
was to ascertain whether the cyclic polarization behavior was dependent

on the extent of the forward scan.

(b) Effect of composition on the polarization behavior of
“‘austenitic stainless steel o

Starting from Type 316L stainless steel as fhe base material
several stainless steel alloys were cast in our laboratory. The amount
of any one of the three alloying elements, namely chromium, nickel and
molybdenum was systematically increased keeping the percentage composition
by weight of the rest of the alloying elements at the base level. Thus,
three different sets of alloys - high chromium, high nickel and high
molybdenum type stainless steels were prepared. A few samples with some
copperweie also prepared. The compositions of the various alloys are
shown in Table 4. Specimens were prepared from these alloys and cyclic
polarization tests were conducted as described in the preceding section.

(c) Effect of Tow pH and high chloride ion concentration on
the electrochemical behavior of stainless steel

It has been discussed in Chapter II that in a crevice configuration
Tow pH and high chloride ién concentration are generally observed due to
hydrolysis of metal ions. Accordingly, specimens were immersed as befqre
in the Ringer's solution and after a period of stabilization, controlled
amounts of hydrochloric acid of 0.2 N ﬁtrength were added to the solution.

Hydrochloric acid was chosen because it Towers the pH and increases the




TABLE 4 ‘
COMPOSITETON OF ALLOYS FOR CYCLIC POLARIZATION CURVES, COEOMPOSITIONw (W% )

Cr Ni Mo C Si Mn Cu Remainder
1.(316L) 17.1 11.4 2.3 0.04 0.8 1.5 Nil Fe
*2, 21 11.4 2.3 0.04 0.8 1.5 Ni 1 Fe
%3, 24 11.4 2.3 0.04 0.8 1.5 NiT " Fe
17.1 20 2.3 0.04 0.8 1.5 Nil Fe
17.1 11.4 3.5 0.04 0.8 1.5 NiT Fe
: 17.1 11.4 5 0.04 0.8 1.5 Ni 1 Fe
*7 . 17.1 11.4 8 0.04 0.8 1.5 Nil Fe

17.1 11.4 2.3 0.04 0.8 1.5 1.5 Fe

9. 17.1 11.4 2.3 0.04 0.8 1.5 3 Fe
10, 20 25 4.5 0.04 0.8 1.5 1.5 Fe

*Two-phase alloys containing § ferrite.

‘8Y
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chloride ion concentration at the same time. Each time the open circuit
.potent1a1 of the specimen shifted immediately after the addition of

HC1; and its variation with time was recorded. The open circuit potential
became steady again in 2-3 hours and approached the poténtia] registered
before HC1 had been added. Potentiodynamiccyclidtc polarization tests were
conducted each time after the potential became steady.

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

This alloy, generally similar to Type 904L stainless steel

manufactured by Uddeholm steel Co. of Sweden, was prepared in our laboratory.

This austenitic stainless steel is widely used in structural applications
in chemical and other process industries. It has mechanical properties
comparable to those of Type 316L stainless steel. But in view of its
superior corrosion resistance, it was investigated as a possible orthopedic
implant material. Cyclic polarization tests, similar to those on other
specimens explained before were conducted on samples of this alloy.

(e) Effect of h1gher chloride ion concentration and temperature

on the corrosion res1stance of 25% N1, 20% Cr, 4.5% Mo,
1.5% Cu alloy

The above alloy did not exhibit any breakdown of passivity
either in Ringer's solution with or without hydrochloric acid. Hence, it
was felt necessary to test it in a more aggressive chloride environment
where the passivity of fhe alloy might break down. Previous studies
have shown that higher chloride ion concentration and higher temperature
impair the corrosion resistance of stainless steel. Leckie and Uhlig [68]
observed that higher chloride ion concentration and temperature shifted
the critical pitting potential of Type 18-8 stainless steel in the more

active direction. Uhlig and Morril [69] noticed an increase in the
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corrosion rate of Type 18-8 stainless steel with increase of chloride ion
concentration and temperature. Their results indicated maximum pits
occurring at 4% sodium chloride solution at 00°c. Trabanelli and Zucchi [70]
and Szklarska-Smialowska [71] also reported that with increase in temperature
the critical pitting potential of Type 316L stainless steel shifted towards
more active direction -in 3% sodium chloride solution. In view of the above
findings, the 20% Cr, 25% Ni, 4.5% Mo, 1.5% Cu alloy was potentiodynamically
tested in 4% sodium chloride solution at 37.1°C and also at 60°C.

(f) Cyclic polarization behavior of 65% Co, -30% Cr, -5% Mo alloy

Co-Cr-Mo alloys under various trade names such as Vitallium.and
H.S. 21 are widely used in orthopedic implants. These alloys are generally
used in the as-cast condition though sometimes annealing and thermo-
mechanical treatments are also performed [9,16]. Disc samples of the
as~cast and annealed (24 hours at 1200°C) alloy were mounted on the holder
shown in Figure 7 and potentiodynamically tested in Ringer's solution.
A number of tests was also performed in Ringer's solution containing
various amounts of hydrochloric acid. A few samples were also tested in
4% sodium chloride solution at 37.1°C and 60°C. Hot working was performed
on some specimens. A portion of the 65% Co=30% Cr-5% Mo casting was cut
off, hot swaged at 1150°¢C by 20% on diameter, annealed at 1050°C for 2
hours and quenched in water. A-disc sahp]e was obtained and cyclic

polarization tests were conducted in the-msual-way.

To investigate the effect of molybdenum, or the absence of it,
on the corrosion resistance of Co-Cr-Mo alloys, the above molybdenum
free Co~Cr alloy was prepared. Polarization tests were conducted on an

as-cast specimen.
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(h) Polarization tests on individual alloying elements

Iron, chromium, nickel, and molybdenum are the principal
constinuents of austenitic stainless steel and cast cobalt based implant
materials are generally composed of cobalt, chromium, and mq1ybdenum.
Though the cqrrosion characteristics of an alloyaie determined by 1its
overall composition, the behavior of each constituent element might a]so'
be significant. So cyclic po]arizatiqn tests were conducted on pure Fe,
Cr, Ni, Mo, and Co. The purpose of these tests was to correlate the
electrochemical parameters of an alloy to those of each element and to
determine whether any specific element has a predominance over the rest

of the constituents in governing the corrosion resfstance of the alloy.

3.3 Atomic Absorption Analysis of Corrosion Products

To study further the role of each of the a11oying elements in
the corrosion process, atomic absorption analysis of the corrosion products
was carried out. The tests were conducted in two stages. The first stage
consisted of analyzing the Ringer's solution itself for various trace

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

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

a freshly prepared one litre Ringer's solution was first analyzed on a
Perkin-Elmer Model 306 atomic absorption spectrometer in the department
of chemistry to determine the concentrations of various trace elements.
In the second stage of the tests, the Ringer's so]utiqn was
analyzed for corrosion products formed during anodic polarization processes.
Specimens of Type 316L stainless steel and as-cast 65% Cq, 30% Cr, 5% Mo
alloy were separately polarized dnodica]]y. In each case, the potential

scan was reversed at a current density 2 decades higher than the passive
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current density. During reversal, the potentié] was held steady for 2
hours at 200 mV more active to the critical pitting potential. This
allowed sufficient amount of ions to flow into the solution. After 2 hours ,
the reversal scan was continued until the current became very small and
comparable to the passiVe current. In the case of Type 316L stainTess
steel, some precipitates wefe observed in the corrosion cell. These
torrosion products were fitt@ﬂednéndﬁd$§§6$¢eé§iﬁfddﬁééﬁ@ﬁﬁﬁbawﬁydrééh1oﬁic
| acid and the solution was mixed with the filtrate so that both the
dissolved and the undissolved portions of the corrosion products were
available for analysis. The electrolyte in which Co-Cr-Mo alloys were
tested was clear and no filtering was necessary. .The electrolytes were
analyzed for each element on the atomic absorption spectrometer.

8.4 Auger Electron Spectroscopic Analysis of the Oxide Films on Stainless
Steels and Co-Cr-Mo Alloys . e

Three different stainless steel alloys and one Co-Cr-Mo alloy
were analyzed to characterize the oxide films. The stainless steel alloys
are Type 316L stainless steel, the alloy with 17.1% Cr, 11.4% Ni and 5% Mo,
and the 20% Cr, 25% Ni, 4.5% Mo, 1.5% Cu alloy. 1 cm x % cm x 1 mm
specimens were obtained by stages of cold rolling and annealing. They
were finally annealed at 1050°C for 1 hour and water quenched. A
specimen of similar dimension was also obtained from a 65% Co-30% Cr-5% Mo
casting. The sample was annealed for 24 hours at 1200°C. The specimens
were mechanically polished upto 0.05 micron finish, cleaned ultrasonically
in a detergent solution, rinsed in distilled water, cleaned in a]coho],'
rinsed, dried and immersed immediately in separate cells containing Ringer's
solution at 37.1°C. These were kept in the solution for 4 days for

sufficient growth of the passive films on the surface. After withdrawal,
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the specimens were rinsed in distilled water and dried. These were then
sent to the Educational and Research Services of Carnegie-Mellon University
for Auger electron analysis of oxide films. Tvpical:results.ares .-

shown in the Appendix II.
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Electrochemical Polarization Tests:

Cyclic Polarization Behavior of Type 316L Stainless Steel in
Ringer's Solution ’

Potentiodynamic cyclic polarization curves for Type 316L stainless
steel are shown in Figure 10. Three seaprate runs, each under identical
conditions of p02, pCO2 and pH are shown. The potential scan was reversed
at a different current density in each run. Table 5 shows the open circuit
potentials at the beginning and 10 minutes after the potential scan, the
current densities at which the potential sweeps were reversed, and the
difference potentials, (EC—Ep) [41] for these runs. It is observed that the
hysteresis behavior varies with the range of the potential scan, i.e., the
amount of pit propagation. Thus, no hysteresis was observed when the scan
was reversed at approximately 5 uA/cm2 but a Targe hysteresis loop was
noticed for a high reversal current (= 200 uA/cmz), and an intermediate
behavior was observed for an intermediate value of current reversal. As
the forward scan beyond the critical pitting potential, EC, increases,
the amount of localized attack within minute pits increases due to more
time available for the reaction involving hydrolysis of corrosion products
and chloride ion build-up within pit cavities [43]. Thus, the protection
potential, Ep, is not a unique material property but varies with the amount
of localized attack induced by polarization, as was also observed by
Wilde [41] for stainless steel in halide media.

Examination of Table 5 and Figure 10 reveals that in spite of

some hysteresis in the intermediate case, the open circuit potential at
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TABLE 5

RESULTS ON THE POTENTIODYNAMIC CYCLIC POLARIZATION OF TYPE 316L
STAINLESS STEEL IN RINGER'S SOLUTION

Open Circuit Potential Current Density Open Circuit Potential
at the Beginning of at Scan Reversal 10 Minutes After
Experiment the Scan
(mV vs SCE) (uA/cmZ) (mV vs SCE)
+65 4 +60
+57 60 ' +47
+60 120 -62

Difference
Potential

(E-E,)
(mV)
0
200

420

*9g
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the end of the scan quickly comes back to the value at the beginning of
the experiment; whereas for the more severe case, the open circuit
potential remains at about 120 mV more active than the original rest
potential. In this case visible pits on the surface of the specimen were
observed at the end of the experiment. This is in agreement with Jones
and Greene [72] who also observed a drift of potential in the active
direction for ]ocaiized corrosion of stainless steel in chloride media.

The absence of hysteresis for up fo a certain range of forward
scan (Fig. 10) indicates that for each sweep rate there may be a unique
current density below which a reversal of current gives E_p = Ec' Thus,
this current density is an index of resistance of the alloy to 1oca1ized'
corrosion in that hysteresis starts only after this current density is
exceeded. For the Type 316L stainless steel in Ringer's solution this
index @ppearsto be somewhere between 5 and 10 uA/cmz. Beyond this current
density, the difference potentia]“(EC—Ep) indicates the resistance of
the material to localized corrosion. It is noticed that as the area in
the hysteresis 1oop.1ncrea3es, the magnitude of (EC—EP) increases, and
eventually Ep becomes more active than the rest potential (Fig. 10).

From the point of view of corrosion resistance, a desirable
alloy should have not only a very noble value of EC but also a very noble
value of Ep‘ A nobie value of Ep ensures that even if the passivity of
the material is somehow destroyed, the material has an excellent chance
of repassivation and restrfcting pit propagation. The low passive current
density of Type 316L stainless steel (= 0.2 uA/cmz) as observed in this
study (Fig. 10) and by others [26,29] only indicates that the alloy has

an excellent general corrosion resistance, attributed to a very tenacious
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passive film on its surface. This however does not furnish any infofmation
regarding the resistance of the alloy to localized corrosion which occurs
due to the breakdown of passivity. A very active protection potential
exhibited in the case where the potential scan is reversed at about

200 uA/cm2 (Fig. 10) indicates that if passivity is destroyed and pits
start to grow, they will continue growing instead of being repassivated.
In orthopedic devices where the so-called "face" corrosion or fretting

corrosion [2] is very common due to mechanical rubbing, it is 1ikely that

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

in determining the resistance of an alloy to crevice corrosion using the
cyclic polarization technique it would appear that the alloy must exhibit
a very noble protection potential even when the potential scan is reversed
at current densities exceeding about 2 decades that of the passive current
density. The active protection potential exhibited by Type 316L stainless
steel at a scan reversal of about 200 uA/cm2 implies that chances of
repassivation of growing pits in implants made of this_a]]oy are limited.
In order to determine whether the large current density observed
during hysteresis (Fig. 10) is due to increased surface area of the
specimen caused by pitting, the following experiment was performed. A
cyclic polarization test, as shown in Figure 10, was first carried out.
The rest potential of the specimen was then allowed to stabilize for
2 hours. A second polarization run was then obtained in the same solution.
Two such successive runs are shown in Figure 10(a). It is observed that
the two consecutive runs yield almost identical results; particularly, the
of the two curves are identical. Had there been a large increase

]passive
in the surface area caused by pitting during the first polarization run,
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Figure 10(a) Two successive‘po1arization runs on the same 316L specimen in
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the i in the second run would have been larger than that in the

passive

first run. The absence of any difference of i between the two runs

passive
however rules out the possibility that the high current density during
hysteresis is due to the increase in the overall surface area of the

specimen.

Effect of Composition on the Polarization Behavior of Stainless
Steel

Figure 11 shows typically how various alloying elements influence
the polarization behavior of stainless steel. Each polarization curve
in the figure represents that of an alloy developed from Type. 316L
stainless steel as the base material. Copper content between 0 to 3%
had no influence on the polarization behavior and all curves were similar
to that for the 3% Cu alloy shown in Figure 11. Cr, Ni, and Mo, all
improve the corrosion resistance by raising EC towards the noble direction,
while Cu does not cause any significant change. While large hystereses
are observed in high Cr and high Ni alloys, hysteresis cannot be observed
in the 5% Mo alloy (alloy Wo. 6 in Table 4) since the breakdown potential
for this alloy is above that for the decomposition of water (the increase
in current occurring at about 1000 mV vs. SCE for the 5% Mo alloy is due
to thé breakdown of water).
| However, as will be described later, a noble value for the
breakdown potential regardless of the value for the protection potential
is a desirable feature in 1limiting crevice corrosion and therefore larger
amounts of Cr, Ni and particularly Mo would seem desirable. Unfortunately,
high Cr and Fo contents give rise to the formation of § ferrite and the

resultant undesirable two phase microstructures as shown typically in
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Figures 12 and 13. However, highar Ni contents prevent the formation of

6 ferrite and therefore a single phase austenitic alloy (microstructure
shown in Figure 14)with 20% Cr, 25% Ni, 4.5% Mo, and 1.5% Cu was prepared
and tested. This alloy is also passive throughout the potential range
studied (Figure 11). A1l the alloys shown in Figure 11 and Type 316L
stainless steel in Figure 10 have almost the same value of passive current,

indicating that their general corrosion resistances are similar.

Effect of Low pH and High C1~ on the Polarization Behavior of
Stainless Steel

Controlled amounts of HC1 were added to 1 litre of Ringer's
solution containing the specimen and the variation of the open circuit
potential was recorded as shown in Figure 15. Addition of 200 ml of
0.2N HC1 decreased the pH to 1.5 and added 40 milli equivalents of chloride
ion in a $o1ution already containing about 115 meq of C1~ [33]. The pH
of 1.5 and the new C1; concentration are consistent with those generally
observed in crevices [42,43]. A1l the three alloys in Figure 15 exhibited
similar potential fluctuations upon adding HC1. The potential quickly
rose in the noble direction, fell off to a very active value and then
gradually increased towards the original rest potential. For Type 316L,
the potential went as high as +302 mV vs. SCE. The significance of this
will be clear on examination of Figure 16 which shows the polarization
curves for the three alloys in the above-mentioned acidic medium. The
20% Cr, 25% Wi, 4.5% Mo, 1.5% Cu alloy remained passive while both 17.1% Cr,
11.4% Wi, 5% Mo alloy and Type 316L steel showed hysteresis with a very
active value of E_.  Comparison of Figures 15 and 16 reveals that for

p
Type 316L stainless steel the peak open circuit potential in the noble




Figure 12 Microstructure of 21% Cr, 11.4% Ni, 2.3% Mo alloy (X100).
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