Corrosion is the degradation of a material due to a chemical
reaction with its environment, which generally converts a
metal to a more stable form, such as its oxide or hydroxide
by electrochemical oxidation.

Al orthopedic aloys redy on the furmation of passive
films 1o privent significant axidation (conmosion)
from taking place by providing a barrer o the
chemical formation of conmosion product formation
Thaesi sportaneously formed fims consist of metal
twides {ceramic flms) have an alomic structure Products:

wihich imils the migration of ions and/or electrons Mstal Codde (MO, Hydrogen (H), Metal lons
across the metal-oxide-solulion inlerface; and are MF'), Rydrochione A (HC) et

Reastents:
batal (M), Waser (Hz0). Omygen (0, Saht {NaCls)
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able i remain intact on the surface of these alioys,

Or Teform rapidiy during mechanical stressing or
albrasion, expechid with orthopedic devices. The tepiction of this from & Gibs tiee energy dagram
perspective is an increasad activation energy for the metal reactants 1o overcome.

Corrosion process with nothing to stop it, i.e. no barrier =
metal continually lost from bulk

Corrosion process is impeded with protective oxide layer
barrier that forms over all orthopedic metals

ion: Basic Science

Corrosion process is impeded with protective oxide layer
barrier that forms on orthopedic metals

Kinetic Barriers to Corrosion

There are two central controling (and oppasing)

forces that control metal implant corosion are:

1) the drivineg forces (chenmcal and elzctncal,

L. thermodyriamic), which cause comosion

reactions, and 2) the phy

baarrigrs which Bmit the rate of these reactions.

The thermodynamic driving forces comespond fo.
0y requin a reaction.

Barriers o comosion impede of prevent e kinetics

of cormsion reactions from taking place. Thus. o

nderstand cormosion processes il s necessary

R understand both the driving frces and the kinetic

barriers.
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Thee second factor that Governs the feal woekd
corfoson of mitalic bismatrials is e famation
of stabie surface barmiers or kinelic imitstions

o enercsion. This barrier & COMCSon i more
importand 10 the corrosion of orthopedic metals.
Imww»mmm
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{How cormosion
occurs): Metalic comosion happens through 2
series of chemical (reduction-gidation) reactions,
similar 10 those of a batiary. A *high energy” buk
metal, cadizes 1o 3 lower enengy state during
compsion and acts a5 the anode, i.e. the metal s
uitfizid, forming metal ions and froe slechons.
The free electrons “reduce” the aogen which
often times Torms hydrooddes, phesphates etc, and
proidiss a complmentary cathodic reaction. Thus,
the dissolution (axidizing) metal at the anode has
basically bwo possbie outcomes; the metsl iong
£an go intp sokition, becoming frydrated, or the
metal ions can form a compound which can form .
35 5oikds collecting on the surface, e.g. metal-cudde e
of hydranes. The basic Underying reaction which
0ces during cormision i the increxsing of e
vatiance state (L., less of lectrons) of the metal Figure 2.
atom 0 form an ion. Again this metal comosion
{eeebdztion]) event (ks of electrons and increased
vaiance) may resull in frée lons in Solution which
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can migrate away from the metal surface, or may

mnumm; w—-w +ug Such as

, organg-metalic compounds or oher species that typically
precipitate 0w 10 form 50k phases. The soid phases or radkaion products may be subdhided ino 1)
e which Sorm adherant comgect cide films and 2) those which form non-adherint cdde (of othes)
particies which can migrate away from the metal surface.

Corrosion is caused by materials (metals) degrading
to a more stable (lower energy) forrn over time

Inaloﬂmposmle CONTOESiON reactions there £ a
for

mekal aloms fo their ionic form. In this case the
driving force is given by the free energy of the
nmm.mm
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The chemical driving force {AG) determines whether
or nat comsion will take place under the conditions
of interest, and for Bl metals in an Boueous phys-

inlogic emvironment there will abways b enough

chemical driving force io catse conmsion

A = -nFAE (1) wheriz n s he valence of the on,

F iz the Faraday constant (95,000 coulembs/mole

elechions), aml:ns!ne mmyemlmmm
AR, i

inberface contributes b what is known as the
electrical double Ever and creates an electrical
potential (much Rke a capacitor):

At equiibrum, the chemical enengy balances with
the elecirical energy yisiting the Nemst equation

Mﬁwxnmdﬂ‘en\eialsuﬂ‘ed'mnghnefnr wittich delings thi ehclrical poteriial across e

Trestal ccidation. 1 shows that the more negative the - metal-solution infarface when metals are immersed
pobential of a metal in solution, the more reactive it In 2 sokition

will tendd B0 ba (Le., the grester is ARG for recucion).
Sy, the free enery Tor axdaion (comosion)

s always less than zam under in vivo condiions

where ciidation & enerpetcally favarable and wil

AE=ags BT a0
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[From this equation, a scale of metal reactivity can
be established by jus! measwing the voltage differ-
taki place sponkanecasly, albet ot very siow rales E1ICE i Known solutons and thes a ranking, knawn
genaraly. Dmgconosm Wmm“enahw a5 the slactrochemical series, has been established
charges (metal of with the least 10 greatest voliage
maww]mmﬂmwym s st positive of

energy compeunds. The matal lans generaly leave Ummmm“ﬂmmm

o form & Qide or anther more statie lonk: most Base). But this is an ideakzed ranking, based
compound (or are reieased o solution), and the Bl on thermodymamic equlibrium. That s, if we
wlackrons are left behind in the metal and undergn 2ssuma that thare are no barriers (surface axides)
olfer electrochemical reactions on the surface such 10 the midation (loss of electrons) of the metal,
a8 he reduction of axygen or ydrolysts of waler, e potentials would be e anes il would exist
A charge separation across the metal-solution across the metal-sohution.

PROCESSES can take place. Metal-cide passive fil
fimitation 10 comosion. in , kinetic bariers to corogion prevent either the migration of metalic ions
from the metal to the soution, the: migration of anions from Saktion i metal, or the migration of eleciins
across the metal-soiution inberface. Passh auide [ms are the most common form of kinelic barrier in
orthopedic mplant combsion, b other kinetic barriers exist inchuding polymerc cosfings.

Corrosion is limited by the formation of chemically stable
(lower energy) corrosion product layer (e.g. metal oxide)
on the surface forming a barrier.

B orthopedic alloys rely on the formation of
passive films to prevent significant oxidation
{comasion} from taking place by providing a
barrier o the chemical formation of corrosion
product formation. Thess spontaneosly formed
fims consist of metal gxides {ceramic fims) have
an shomic struchure which limits the migration

o ions and/or electrons across the metal-oide-
solution interface; and are able bo remain intact on
e surface of these alloys, or reform rapsly durng

Alloys

Octhopcic alys rely on the protoctive barmer of
he passive films 10 reduce oxidation {comosion]
drom taking place. Since the electrical potential
‘across the body-fiuid/metal solution interface for
These reactive metals can be 1-2 woits and the
destances are 5o small. he fesults sectric fiekl
igradient across the oide is very high, on the
order of 106 ko 107 Wem, Differend metal axides
arp moe stabie B olhers. Titanium odce is
perticubrty chemicalty stable and is the reason
vy titanim and ftanim aloy process such
SUDETION COROSIon resistance. This is aiso relmed
%0 the electric fieid ciflerences across the metal
ouicks (a0 known a5 charge ditfemece, also
oo a5 chemically avaitable electrons in e
Bk metal). This means that measurable voltage
differences and elaciric curments can be used
10 precict and measure chemica! stabiity ang

COMDSION rales.

‘The onide film growth depends on the eiectric fisld
mmmmlll.nmemna@; potential across

he codde film fhickness decreases by & reductive
dessolution B 3

Inferaction that act ¥ compensate and keep the
eecinic field strength constant. Increasing the
vollaga aczss an miertace wil comespondngly
Increase the Ehickness of the fim.

I act, oo Hickness i ined by fhe

MITAL METAL COOCE (O]

cssolution, resulting in no barmer 10 actve CoMosIon.
Thesse barrier eceide fiims are not fEt smoath
continuous sheets of adhevent

Comparison of common Orthopedic Alloy Corrosion
resistance and wear resistance

Why Co-alloy is used for articulating surfaces and not Ti-alloy
(protective surface oxide layer gets the credit)

Theee: are 3 principal metal akoys used in orthopedics
ardnmlaw in fotal joint replacement: 1) titanium
based alioys, Z} cobalt based aloys: and 3) stainkss
steel aloys. Differences in strength, ductiity, and
hardness generaily determing which of these three
alloys & used for a particular application or implant
component. Stainless Steel Alloys: The most common
orthopedic stainisss steel, 316LV, {(American Society
for Testing and Materials F138, ASTM F138) includes
adybdenum % enftance the COMeSion resistance
of the prai es. whill chyomium dissinated
everly within the microstructure aows the formation
of chromium cxide {Cr203) o the surtace of the metal
Stainless steeks ane surface treated (8.0, in nitric acid)
o promioie thee growth and thickening of this passive
0 layer {5-9)
(Cobatt-Chmmium Alloys: Cobal-chromium implant
alloys fal into oo of 1w Calegores, 1hose with nickel
and e allying sements, 2nd hose witout: 1)

g the
metal; mnmcmdwmnam
(4) shapes.

Several treatments ane used In Increase the
barrier edfect of prodective axide fims, which
includa hat, concentrated niftric acid batts, boling
maswedwamﬁ\ mmnm However,

“anodization rate” which i defined as the cxide

fhickness per voit(2). H the interfackal potential of

an inplant inlestace i mace sulficently negatie

{or simitarly if the pH of S solution is madé low

enough), then metal gide Hims wil mlong!ne
y stabie and wil

runsmuxemmmmz\dmmsm
of crthopedic: alioys in vivo remains incomplets
and ks an area o sctive researchiiechnological
devipment.

Corrosion resistant orthopedic alloys

Thers are 3 rincipal metal aboys used in

:mdﬂsmiamwnghmmiﬂy {Le. the abikty o

(ﬂlllﬂedﬁ Impiant alloys were
anation Lses whe

rechanical strassing or abvasion, epectsd wilh
orthopedic devices. The depiction of this from a Gibbs free energy dagram perspective is an increased
for the

Orthopedic alloys have NOT been selected over the past
century because they have the best mechanical properties
(e.g. not the strongest)

pmw\:es such =% comnsion resistance and high
strength are paramount

Stainless Steel Allays

The: form aif staliess sheel most comnonty used i
orthopedic practios & désignated 316LV [Amenican
Society for Testing and Materials FI35, ASTM F138).
Moiytderum 5 added 10 enhance the corosion
neszstances of the grain boundarnies, wiie cheomaum
dizsipated avemy within the microsinuchure aliows

ipared fo Ti-GAl-AY, has led to
-l:suw n poreass coalings (9. fiber mieth of TH
componenits. Gererally, Ti-GAL4V (ASTM F-13ﬁ.’|§
used for joint repiacement components because
5 supenor mechanical propesties nmmmmm
CPTL Titankum aiioys are particuiarky good impiant
matertals because of teir high comosion resistance
comgared with stainkess steel and Co-Cr-Mo aloys.
A passive cdde fkn (primarily of TIOZ) protects.
Both Ti-GAl-44 and CPTL TI-BAI-4Y alloy Is an
example of & matesial which can be appraximately
15% =ofter than Co-Cr-Mo alioys, nlM\enuseﬂ

Imptant alloys wer onginally developed for
maritime and aviation uses where mechanical
properties such &s hich strength and comosion Fraroga
resstance are paramount, There are 3 princpal | ™
metal aboys used in orthopasdics and particularly

n total joint replacement; 1) ftantm based aloys,

2) cobait based aloys and 3) stainkss steel alloys

Alloy specific differences in strength, ductiity, and

Fardness generally delermine which of these

e alioys 5 used 10 a panticular appicalion o

impiant component.

Although, igh streexgth, high wear resistance,

high fowghness, and high ductiity are all desirabla
mechanical properties of arthopedic impiants, orthopedic aloys: do not come close to the metals with the
Fighest vaiues of these (.. thal have the highesst strenglh eic).

Orthopedic alloys have been selected over the past century
for their superior Corrosion Resmanl:e

However it i the high comosion rasnal.atem

all three alloys, more than anything, which
leamme:mes‘wewuscasloanmm
implant materials. Both stainess steed, such as
316L, 2nd Co-Cr alloys were the early materizls
of chokce, because of their availabiity, retatively
fgoad cormsion resistance and reasonable fatigue
life. However, in certain applications, owing to size
restrictians and design lmétations fatigue failures.
id and g stil ocou,

the {Gr203) on the.

surtace of the metal Stainkess sless ane surface

treated (e.g. in nitric acid) o promote the

and thickening of this passive wide tayer,(6-9)

Cobatt-Chromium Alloys.

0Of the many Co-Cr alloys avaiable, there two

mast commenty used 2 implant aloys (Table

2y: 1) cobalt-chromium-motybdenum (CoCrkia),

wncmsomwleﬂ -hSTM F-75 and F-76; and 2)
[CoMNiCeMa)

n bearing s y moee
(15% greater) wear ran Co-Cr-8h0, B9, TRAG THA
femoral heads. Thus, Ti alloys are sedom used 5
malerials whene resistance 10 wear (s 3 primary
concem(7,8:10-13)
Zirconium and Tanbulum Alloys

™ (2] i batakom (Ta)
s refraciory metals (ofhers include molybdenum
armmgm.en,mmofmr relative chemical

designated as ASTM F-562.

Titarium Alloys

The stability of the eide layer formed on CPTI
3 high

Y enerally
Figh ievels of hardness (12 Gpa) end wear reststance
{approximatedy 10 Soid That of Co and Ti aloys, using
abrasion kesting], which makes tam wel sufted for
bearing surface (T0:0012:13)

SoCrido), which is
mmnsmnaamr?s @ 2) cobalt-nickel-

{CoiCeha) ASTM F-562. Tetarium Alloys: Wikt pure: titanium
I generally the most comogion resistant metal, titanium alioy Ti-BAI-4Y (ASTM F-135) Is used for joint
regiacement companents because of 65 superior mechanical propertes in comparison 10 pure titankim
coTL The Ti-GAI-4V alloy microstruchure is generaly composad of a fine-grained HCP phase with a sparse
distribution of the BCC phase to maintain sfrength and comosion resistance.

In vivo Corrosion is impeded with protective oxide layer AND
a protein biofilm barrier that forms on orthopedic metals,
but oxidation still occurs

Thes comphioe inbirface betwesn a metal and lhe
proteinatious fiuid in vive eméronment can be-
summed up with the feowing descripbion (see Fig
). The metal sorface spontaneously reacts with its
sumoundings to form a passive metal-axida film which
M3y be nonunilnrm in Cross section (domed or needie
shapid) and, at lzast initialy, amaephous. The drde
film is nuckeartied and grown on the metal surface and
containg within it defects which aliow for electnonic
and jonic ransport of chaned species acoss e fim
Thera alsq exicts a kage electric field which is the
driving force for the movement of thess lons acmss
the fim. M the electric fisd strength is changed by
changing the appbed potential for instance) then the
oaidde film will grow or sheink o attempt to maintzin a
mmnmwuwmllm'a‘ ot berrperalires).
Also, depending on conditions, Ehe ade filn wil

change crystal structure, size and thickness

In the soktion, in the imnediale vicinity of the interface, there exsts what is known as the slectrical double
tayer. This layer contains an excess of charged species o balance the net charge present on the surtace

of e aide:. This double Layer also contains water molecules which have their dipole moments onented i
minimize: the elecric field. These effects reduce the influence of the eleciric field from the metal o that only
the first 30 nm or 50 of solution will be atfected by the electric field,

ik Fims have the charscentstics of ssmiconductors with an atomic defect struciure which determings
the ability for lonic and electronic trarsport acrss filmes (14). Metal cations (M+) and mopgen anions (0-)
reguine e presence of CAtIONiC Of aninic \GINGies (respectively) in the e for ransport of these:
species acnoss the film. If Shere is a deficit of metal lors in the oiade Blim (Le., thers are calionic vacancies),
for example, then metal ion franspor i ‘and thess oxides ane known 25 p-type semiconducinrs.
Chromium ceide: (Cr203) is such a metal-deficit oxide. On the ofher hand, If teee (5 &n excess of meta
flons in the codde jor a deficit of anions) then cation transport & imited but anion transport can occur. These
muﬂmmmmmmnhwasnmsemms Ti02 Is ona such n-typa

mmmrmemmmﬁmlmwmmm\wmm
‘ouidle film can prevent migration of ionic species lower &5 i b cormosion. TIOZ
smmmwmmmmmmmmmmmcmmsam
effectve barrier and is why Ti aloys are 50 comosion resistend, Other defects {e.0. other metal ions) may
ber prizsint in these passive oxide fims which may alter heir abiity fo kinetically Bmit conmsion. These
‘additions may enhance or degrade the ablity of the oads o prevent conosion

Faity seil vidently, the ratio of the coe speciic: volums %o metal alizy specific volume IPdeonwu'm
ratio) will determing |Imeomde\ev|lmvehﬂmneuumtlfm:sawge mismaich between the

. The meagratuds of the interral
st el vy wilh e Thickiness of he i, Tnmcanbemmmolammmmmwetm
mide thickness can result in spontaneous fracture or spaling of the adide and decreasa the kinetic barrier
effech of the owide i comosion

When an coide film i ruphurad from the metal substrate fresh, oaoddized metal i exposed to solulion. In
orthopedic alioys thesa fims wil reform or repassivale and the magnitade of the repassiation curments may
menintaity b karge. Thes is due %0 the Tact that farge driving Sorces are present for th mddation process
and when the kinetic barrier is removed $hese Large driving forces can operate to cause aedidation. Thus,
the mechanicalphysical stabilty of the aide films as we 25 the mmmimrmmlmmm
central ko the of oocicke fims in




