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PRIMENA TITANA I LEGURA TITANA U ORTOPEDIJI

U polju ortopedije, koja se bavi skeletnim poremecajima,
kao sto su povrede ili oboljenja kosti, zglobova, ki¢me,
misica i tetiva, legure titana i drugih metala nalaze Siroku
primenu u stabilizaciji ozleda potpornih tkiva ili kao zame-
na za kostano tkivo. Metalni implanti, koji se Cesto koriste
u ortopedskoj hirurgiji ukljucuju zglobne proteze (totalne
proteze kuka, kolena i lakta), delove za fiksaciju preloma
(plocCice, zavrtnji, eksterni fiksatori) i delove za fiksaciju
ki¢me.

U tabeli 3 pregledno su navedeni metalni materijali koji
se koriste u medicini i stomatologiji (videti prvi deo ¢lanka
u proslom broju IVK).

Zglobne proteze

Operacije kojima se hirurSkim putem zamenjuju zglobo-
vi kuka i kolena su deo uobiCajene medicinske prakse.
Pomenute hirurske intervencije vrSe se kod pacijenata sa
osteoartritisom i reumatoidnim artritisom. Implanti u ovom
slucaju predstavljaju cevi koje se ubacuju u medularni
kanal kosti kako bi stabilisali protezu i delove zgloba. Kad
je rec o totalnoj protezi kuka bitno je pomenuti da se glava
butne proteze najcescée izraduje od kobalt-hrom legure, dok
se komponenta koja zapravo zamenjuje butnu kost izraduje
od legure titana. Pokretni delovi zgloba, koje se medusobno
dodiruju, kao §to je ¢asica butne kosti, se obi¢no izraduju
od kobalt-hrom legure i polietilena velike gustine kako bi se
postiglo znacajno smanjenje trenja izmedu kliznih povrsina
zgloba.

Medutim, ugradnja totalnih zglobnih proteza je indiko-
vana samo kod starijih pacijenata sa ozbiljnim osteoartriti-
som ili pacijenata sa reumatoidnim artritisom zbog njiho-
vog ograni¢enog veka trajanja. Naime, dosadasnja klinicka
ispitivanja su pokazala da do znacajnog ostecenja totalnih
zglobnih proteza, usled njihovog habanja i loma, dolazi 5—
10 godina nakon njihovog ugradivanja u ljudski organizam.

Konstrukcije totalnih zglobnih proteza i materijali od
kojih se one izraduju znacajno su unapredene poslednjih
decenija, ali problem njihovog Zivotnog veka i dalje postoji
zbog Cega su istrazivanja vezana za ovu problematiku od
izuzetnog znacaja.
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APPLICATIONS OF TITANIUM AND TITANIUM
ALLOYS IN ORTHOPEDICS

In the field of orthopaedics that deals with musculoskele-
tal disorders such as injuries or diseases of the bone, joints,
spine, muscles and tendons, titanium alloys and alloys of
other metals have found widespread use for stabilizing the
lesions of these supporting tissues or as bone substitutes.
Metallic implants often used in orthopaedic surgery include
joint prostheses (total hip, knee and elbow joints), fracture
fixation devices (plates, hip screws and external fixators)
and spinal fixation devices.

Metallic materials used in medicine and dentistry are
listed in Table 3 (see first part of the article in the previous
issue of SI&L).

Joint prostheses

Procedures for joint replacement surgery on the hip and
knee are common in orthopaedic surgery. These joint
replacement procedures are indicated for patients with
severe degenerative osteoarthritis or rheumatoid arthritis.
Implants used in these procedures consist of a stem which
is inserted into the medullary canal of the bone to stabilize
the prostheses and the articulating parts. Femoral head
prosthesis for the total hip joint is made of cobalt-chromium
alloy, while the stem component is made of titanium alloy.
The articulating surfaces, such as knee and hip caps, are
commonly made of cobalt-chromium alloy and ultra-high
density polyethylene in order to achieve the low friction of
sliding surfaces.

Total joint arthroplasty is usually indicated only for older
patients with severe osteoarthritis and patients with rheuma-
toid arthritis because of their limited durability. Namely,
clinical investigations revealed that severe damage of total
joint replacements, because of either wear or breakage, can
be expected during the 5—10 year period after implantation
in human body.

Designs and materials for total joint prostheses have
improved in the last few decades; however the prostheses
available now still continue to pose problems about durabil-
ity and this is why further research in this field is necessary.
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Fiksatori lomova

Delovi koji se koriste za fiksaciju lomova ukljucuju
plocice, zavrtnje, zice, klinove i eksterne fiksatore, a izraduju
se od razli¢itih metalnih legura, najcesée od legura titana.

Plocice za fiksaciju kosti. OpSte uzevsi, plocice za fiksa-
ciju se koriste kao dobar metod za tretiranje lomova kostiju,
kao §to je to lom podlaktice. Proteklih nekoliko godina
postignut je veliki napredak kada je u pitanju materijal za
njihovu izradu, ali i njihov dizajn. Pomenuta poboljSanja
uticala su na eliminisanje brojnih problema, koji ukljucuju i
elektrolizu, neadekvatnu stabilizaciju polomljene kosti i
lom implanta. S obzirom da su mesta koja se stabiliSu ploci-
cama isuviSe kruta, u nekim slucajevima se za imobilizaciju
ni materijali za njihovu izradu (nerdajuéi celik i kobalt-
hrom legure) zamenjuju novijim materijalima, kao §to su to
legure titana. Legure titana, kao materijal za izradu plocica
za fiksaciju preloma, predstavljaju znacajno poboljSanje, s
obzirom da se odlikuju znatno boljom statickom i zamornom
¢vrsto¢om nego nerdajuci Celici i livene kobalt legure. Prili-
kom postavljanja plocica za fiksaciju, neophodno je upotre-
biti plocicu odgovaraju¢e duzine, kao i odgovarajuéi broj
zavrtnjeva, kako bi se umanjilo naprezanje i izbegao lom
plocice tokom cikli¢nog optereé¢enja u ljudskom organizmu.

Intramedularni klinovi. Sa kori$¢enjem intramedularnih
klinova u ortopedskoj hirurgiji se pocelo Cetrdesetih godina
proslog veka. Intramedularni klinovi se koriste kod pacije-
nata kod kojih je doslo do loma dugih kostiju, tako Sto se
postavljaju u medularni kanal kosti. Na ovaj nacin omogu-
¢ena je odli¢na fiksacija mesta preloma, ali je stvorena i
mogucnost da pacijenti povrate pokretljivost zglobova i
tako se ranije vrate svojim uobic¢ajenim dnevnim aktivnosti-
ma. Za razliku od ploc€ica i zavrtnjeva koji se takode koriste
za fiksaciju preloma, intramedularni klinovi vaze za
implantne delove kod kojih postoji moguénost raspodele
opterecenja, Sto je izuzetno znacajno, s obzirom da oni
predstavljaju unutraSnju potporu polomljene kosti. Savija-
nje je najznacajnije optereéenje koje hirurski postavljeni
intramedularni klinovi moraju da podnesu, mada su tokom
svog radnog veka izlozeni i sabijanju i torziji, pa je od
izuzetnog znacaja da su ugradeni klinovi dovoljno izdrzljivi
na pomenuta opterecenja ne bi li se izbegao njihov lom dok
polomljena kost u potpunosti ne zaceli. Iz tog razloga se
smatra da intramedularni klinovi malog prec¢nika, izradeni
od legure velike cvrstoce i dobre elasticnosti, doprinose
ubrzanom procesu zaceljivanja.

Eksterni fiksatori. Eksterni fiksatori se Cesto koriste u
ortopedskoj hirurgiji i to tako Sto se fragmenti kosti stabili-
$u zavrtnjima koji prolaze kroz njih i povezani su sa fiksa-
torom, koji se nalazi van tela pacijenta. Prednost stabilizaci-
je slomljenih kostiju koris¢enjem eksternih fiksatora se
ogleda u znacajno manje invazivnoj hirurskoj intervenciji
koja se moze izvesti pravljenjem malog hirurSkog reza,
¢ime je izbegnuta mogucnost znacajnog gubitka krvi paci-
jenta. Tri tipa eksternih fiksatora se koriste u ortopediji:
monolateralni fiksator, prstenasti fiksator i hibridni fiksator.
Ranije su eksterni fiksatori izradivani od nerdajuceg celika,
ali se danas za njihovu izradu koriste legure titana i legure
aluminijuma, dok se zavrtnji izraduju od Ti-6Al-4V legure.
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Fracture fixation devices

Fracture fixation devices, made of metallic alloys and
most commonly titanium alloys, include plates, screws,
wires, intramedullary nails and external fixation devices.
Bone plates. Generally, the use of bone plates is a good way
to treat articular fractures, such as the forearm fracture. In
the last few years, significant improvements have been
made when bone plates material and design are in question.
These improvements have eliminated numerous problems
including metal electrolysis, inadequate stabilization of the
fractured bone and implant breakage. Since fracture sites
stabilized by bone plates are too rigid, in some cases more
elastic fixation devices, such as external fixators, are used
or traditional bone plate materials (stainless steels and cobalt-
chromium alloys) are replaced with new and improved
materials, such as titanium alloys. Titanium alloys, as bone
plate materials, represent significant improvement since
these alloys possess static and fatigue strength, superior to
both stainless steel and the cast form of cobalt alloy. When
applying a plate for bone fixation the adequate working
plate length and the appropriate number of screws must be
used in order to minimize the stresses and avoid implant
failure under cyclic loading in the human body.

Intramedullary nails. In the 1940s, the closed intrame-
dullary nailing technique was introduced in orthopaedic
surgery. Intramedullary nails are used for shaft fractures of
the long bones in patients where the device is inserted into
the medullary canal of the bone. This device provides
excellent stability of the fracture site, giving patients the
possibility to restore joint mobility and earlier resume their
usual daily activities. When compared to bone plates and
screws used for fracture fixation, intramedullary nails as
medical implants have the advantage of being load distrib-
uting devices which is extremely important, since the
intramedullary nail acts as an internal splint for a fractured
bone. Bending is the major loading mode that an intrame-
dullary nail that is surgically implanted in the human body,
is expected to resist, even though nails are also exposed to
the compressive and torsional loading during their lifespan.
The implanted device should be strong enough to avoid
failure until the complete healing of the fractured bone is
achieved. Therefore, an intramedullary nail with the small
diameter and made of an alloy of greater strength and
elasticity will contribute to a favourable healing process.

External fixation. The external fixator is one of the
fracture fixation devices often used in orthopaedic surgery.
Here, bone fragments are stabilized by the screw pins
inserted into bone fragments that are connected with the
fixator body outside the patients body. Stabilization of
fractures by means of the external fixator has the advantage
of enabling less invasive surgery, which means that opera-
tions can be done with small skin incisions, thus incurring
less blood loss of the patient. Three types of external
fixators are clinically used in orthopaedics: mono-lateral
fixator, the ring fixator, and the hybrid fixator. Previously,
external fixators were made of stainless steel, but newer
fixation devices used today are made of titanium or alumin-
ium alloys, while screw pins are made of Ti-6Al-4V alloy.
The advantage of titanium alloys is recognised in their low
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Prednost legura titana se pre svega ogleda u njihovoj maloj
specifi¢noj tezini, velikoj specificnoj ¢vrstoéi i boljoj bio-
kompatibilnosti nego $to je to slucaj kod drugih legura.

Kicmeni implanti. Ki¢meni implanti se koriste za stabili-
zaciju delova ki¢me koji su pretrpeli odredenu traumu ili su
osteceni zbog pojave spondiloze i oStecenja intervertebral-
nih diskusa. Najcesce se ki¢meni implanti trajno ugraduju u
organizam s obzirom da bi druga operacija kojom bi se oni
uklanjali bila izuzetno teska, a samim tim i rizina za paci-
jenta. Legure titana su, zbog svoje izuzetne biokompatibil-
nosti 1 kompatibilnosti sa magnetnom rezonancom (MR),
materijali od kojih se ovaj tip implanata izraduje ve¢ dugi
niz godina, mada se poslednjih godina ubrzano radi na
razvoju legura koje u svom sastavu ne bi sadrzale vanadi-
jum, a koristile bi se za njihovu izradu.

KOROZIJA METALNIH IMPLANTNIH MATERIJALA 1
POJAVA POVRSINSKIH OKSIDA

Neki metalni materijali sami od sebe ne pokazuju znake
toksicnosti ali proizvodi njihove korozije, metalni joni i
produkti habanja pokazuju znake toksi¢nosti kada se nadu u
dodiru sa biomolekulima i ¢elijama organizma. Naime, kada
dode do korozije metalnih materijala u Zivom organizmu,
produkti korozije se mogu javiti u vidu rastvorenih metal-
nih jona koji, ako se pokazu biotoksicnim, mogu izazvati
nezeljene komplikacije po zdravlje pacijenata. Pokazalo se
da propadanje metalnih implanata u zivim tkivima nastaje
kao posledica oste¢enja materijala usled zamora ili trenja,
koji su najces¢e izazvani korozijom. Zbog spreCavanja
moguce toksi¢nosti po organizam neophodno vrsiti opsezna
in vivo 1 in vitro ispitivanja, koja bi simulirala ponasanje
biokompatibilnih metalnih materijala u zivom organizmu.
Metode ispitivanja rastvorljivosti metalnih materijala

Test zaranjanja je test koji se najcesce koristi za ispitiva-
nje korozione postojanosti biokompatibilnih metalnih mate-
rijala. Telesne te¢nosti su neutralni rastvori, ali ako bi se
neutralne te¢nosti koristile u testu zaranjanja, rastvorljivost
metalnih jona mogla bi biti izuzetno niska, pa se ovaj test
uglavnom koristi kako bi se procenio uticaj produkata
metabolizma ili biomolekula na koroziju biokompatibilnih
metalnih materijala.

Rastvorljivost metalnih jona u Hankovom rastvoru koji
sadrzi hinolin hidroksid, kada je u pitanju Ti-6Al-4V
legura, je prakticno zanemarljiva, ali je rastvaranje titana i
aluminijuma iz Ti-6Al-4V legure primeceno kada je Hank-
ovom rastvoru dodata etilen-diamin-tetra siréetna kiselina
(EDTA). Takode, primecena je i pojava rastvaranja titana,
aluminijuma i vanadijuma kada je Hankovom rastvoru
dodat natrijum acetat, /21/. Navedeni rezultati su pokazali
da je rastvaranje Ti-6Al-4V legure znacajno ubrzano kada
su u rastvoru prisutni odredeni organski molekuli.

Takode, ispitivanja su pokazala da se u prisustvu makro-
faga uzorak titana rastvara. Rastvaranje je ubrzano u prisus-
tvu prahova polietilena velike molekularne tezine, dok se u
prisustvu enzimskog antioksidanta rastvaranje znatno uspo-
rava (sl. 3), /9/. Drugim re¢ima, moZe se zakljuciti da se
rastvaranje titana moze izazvati prisustvom aktivnih oksida-
nasa, generisanih u prisustvu makrofaga, u rastvoru.
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specific weight, in higher specific strength, and a superior
biocompatibility compared to the other alloys.

Spinal implants. Spinal implants are used to stabilize the
unstable spinal parts caused by trauma or by slipped
vertebrae (spondylolisthesis) originating from degenerative
intervertebral disks. In most cases, spinal implants are
permanently implanted in the human body because of diffi-
culties that might appear from removing them under secon-
dary surgery which can be extremely risky for the patient.
For a number of years, titanium alloys are preferred as
materials for spinal implants because of their superior bio-
compatibility and magnetic resonance (MR) compatibility,
but in the recent years, vanadium-free titanium alloys have
undergone fast development as spinal implant materials so
to improve even further the biocompatibility of implants.

CORROSION OF METALLIC IMPLANT MATERIALS
AND APPEARANCE OF SURFACE OXIDES

Some metallic materials on their own show no signs of
toxicity, but their products of corrosion, metallic ions and
wear debris may show toxicity when they combine with
biomolecules and organic cells. Namely, when a metallic
implant corrodes in the living tissue, the corrosion products
could form from the dissolved metal ions and if these
corrosion products prove to be biotoxic, undesired health
problems may arise. It is shown that the decay of metallic
implants in living tissue results from fatigue and fretting
damages, usually related to corrosion, and as such they may
result in metallic components toxicity. Because of that in
vivo and in vitro evaluation of biometallic materials must be
done under adequate conditions, simulating those in the
living tissue.

Metal dissolution test methods

The immersion test is the most common corrosion
evaluation method for biocompatible metallic materials.
Body fluids are neutral solutions, but when a neutral solu-
tion is used in an immersion test, metal ion solubility might
remain too low in many cases, and because of that an
immersion test is used mainly to evaluate the effects of
metabolic products or biomolecules on the corrosion of
biocompatible metallic materials.

Dissolution of metallic ions from Ti-6Al-4V alloy in
Hank’s solution containing quinoline hydroxide is practi-
cally negligible, but titanium and aluminium are dissolved
when ethylene diamine tetracetic acid (EDTA) is added into
Hank’s solution. Also, titanium, aluminium and vanadium
are noticeably dissolved when sodium citrate is added to
Hank’s solution, /21/. The above research results indicate
that dissolution of metal ions from Ti-6Al-4V alloy is
considerably accelerated by the presence of certain organic
molecules in the solution.

In addition, tests have shown that titanium specimen is
dissolved with incubation of macrophages. This dissolution
is promoted when ultrahigh molecular weight polyethylene
powders are added, while the dissolution is retarded when
antioxidant enzyme is added (Fig. 3), /9/. In other words,
titanium dissolution may be induced with active oxidants,
generated in the presence of macrophages in the solution.
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Posto se biokompatibilni materijali ugraduju u ljudski orga-
nizam, in vivo ispitivanja su izuzetno znacajna i sprovode
se implantacijom biokompatibilnih materijala u zivi Zivo-
tinjski organizam. Unutar tela Zivotinje, rastvoreni metalni
joni bivaju akumulirani u unutra$njim organima i podvrg-
nuti metabolickim procesima, zbog ¢ega je prakticno nemo-
guce utvrditi tacnu koli¢inu rastvorenih metalnih jona. Ipak,
nakon implantacije metalnog materijala u telo Zivotinje,
prisustvo jona metala se moze detektovati, kako u unutras-
njim organima, tako i u okolnim tkivima, /22, 23/. Osloba-
danje metala iz implanta u Zivi organizam moze se odvijati
u vidu proizvoda habanja, jona metala ili metalnih kompo-
nenata kao $to su oksidi, soli ili kompleksne supstance, pa
se analizom moze sagledati samo ukupan nivo metala prisut-
nog u zivim tkivima, ali ne i nivo prisustva pojedinih hemij-
skih komponenata.

Tokom eksploatacije implanata, kao $to su vestacki zglo-
bovi, fiksatori kostiju i ki¢me, trenje je izuzetno izraZeno pa
se produkti habanja prenose u okolna tkiva, §to moze izaz-
vati pojavu metalozisa. S obzirom da se test uranjanja,
analiza rastvora i odredivanje rastvorljivosti implantne
legure vrsi nakon ispitivanja habanja materijala ili zamora
materijala pri trenju, preporucljivo je prethodno izvrSiti
filtraciju rastvora i iz njega odstraniti produkte habanja
kako oni ne bi uticali na konacan rezultat same analize.

Hemijska sredina korozivna za metalne materijale

Telesne tecnosti sadrze razliCite amino kiseline i protei-
ne, koji uticu na pojavu korozije metalnih materijala, /24/, s
obzirom da predstavljaju elektrolite kod kojih su promene
pH vrednosti neznatne (pH se kre¢e u rasponu od 7,0 do
7,35) jer su u pitanju puferski rastvori. Pored toga, prisus-
tvo kiseonika rastvorenog u telesnim te¢nostima ubrzava
koroziju implantnih metalnih materijala, pa su in vitro ispi-
tivanja korozione postojanosti implantnih metalnih materi-
jala u razli¢itim rastvorima izuzetno znacajna.

In vitro ispitivanje bi trebalo izvesti u uslovima koji bi
saznanja sugeriSu da do pojave korozije metala dolazi usled
prisustva Cl jona, pa se iz tog razloga za pracenje i simula-
ciju korozije u zivim organizmima koriste slani rastvori koji
sadrze 0,9% NaCl. Medutim, s obzirom da u navedenom
slanom rastvoru nedostaju neke komponente koje sadrze
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Slika 3. Koncentracija jona titana u medijumu u kojem je doslo do
inkubacije titana i makrofaga (M¢): (a) rastvor bez dodataka,
(b) rastvoru je dodat polietilenski prah velike gustine (HDP),

(c) rastvoru je dodat HDP + enzimski antioksidans (AOE), /9/.

Figure 3. Titanium ion concentration in culture medium in which
titanium disk and macrophage (M¢) are incubated: (a) no
additions, (b) addition of high-density polyethylene powder
(HDP), and (c) addition of HDP + antioxidant enzyme (AOE), /9/.

Since biomaterials are used in the living body, in vivo
tests are extremely important and these tests are conducted
by implanting biomaterials in a living animal. In the body
of a living animal dissolved ions from the implanted
metallic materials will be accumulated in internal organs
and are subjected to metabolic processes, which makes it
impossible to determine the accurate amount of dissolved
metallic ions. Nevertheless, when a metallic implant is
mounted in the body of an animal, metallic ions can be
detected in internal organs as well as in the surrounding
tissues, /22, 23/. Metal is released from an implant into the
living organism in the form of wear debris, metallic ions or
metallic compounds, such as oxides, salts or complex
substances. Therefore, the overall metal level, but not the
level of individual chemical forms present, might be
detected by means of metal analysis in a living tissue.

Devices such as artificial joints, bone and spine fixers,
used in an environment where friction and fretting occur,
will produce wear debris that will be conveyed to the
surrounding living tissues, causing metallosis. Since the
immersion test, solution analysis, and determination of
implant material solubility are conducted after the wear and
fretting fatigue tests are completed, it is recommended at
first to complete solution filtration and remove all wear
debris so that it cannot influence the final results of analysis.

Corrosive chemical environment for metallic materials

Body fluids contain various amino acids and proteins
that influence metallic corrosion, /24/, because they are
electrolytes with small changes in pH values (pH values can
vary from 7.0 to 7.35) and because body fluids are buffer
solutions. In addition, the concentration of dissolved
oxygen in body fluids accelerates the corrosion of implant
metallic materials and because of that in vitro evaluation of
biomaterials corrosion performance in diverse test solutions
is of fundamental importance.

Ideally, in vitro test must be carried out under conditions
identical to the in vivo conditions of living tissue. Empirical
knowledge suggests that corrosion of metals is caused by
presence of Cl” ions and owing to that, monitoring and
simulation of corrosion processes in the living body is done
with 0.9% NaCl saline solutions. However, because saline
solution lacks several inorganic components contained in
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telesne teCnosti, za in vitro ispitivanja se koriste razliciti
tipovi rastvora, pobrojani u tabeli 4.

Ringerov rastvor ne sadrzi fosfatni jon, u PBS(-) rastvoru
pak nema Ca®" i Mg”" katjona, dok je sastav Hankovog rastvo-
ra sli¢an ekstracelularnim fluidima. Medijum ¢elijskih kultura
(MEM), sa velikim brojem razli¢itih amino kiselina, Cesto
se koristi kao bioloski rastvor za ispitivanje korozione posto-
janosti metalnih materijala. MEM rastvor se najcesce koristi
kao dodatak serumu od embrionalnih ¢elija goveceta (FBS)
sa ciljem ispitivanja uticaja proteina na proces korozije.

Telesne teCnosti predstavljaju puferske rastvore, pa i
rastvori za ispitivanje korozione postojanosti metala moraju
biti puferski rastvori sa postojanom vredno$c¢u pH, jer fluk-
tuacija pH moZe znacajno uticati na rezultate korozionih
ispitivanja. Takode, kako je parcijalni pritisak kiseonika, p(O,),
u telesnim te¢nostima relativno nizak i prisustvo rastvorenog
kiseonika u rastvorima za ispitivanje korozione postojanosti
znacajno utie na rezultate ispitivanja, zato se prisustvo i
nivo rastvorenog kiseonika moraju strogo kontrolisati.

body fluids, various types of simulating solutions are used
instead for in vitro tests, listed in Table 4.

In Ringer’s solution the phosphate ion is absent, in the
PBS(-) solution, cations like Ca*" and Mg”" are not present,
while the composition of Hank’s solution is similar to that of
inorganic ions contained in extracellular fluids. The cell culture
medium (minimum essential medium, MEM), containing a
variety of amino acids, is often employed as a biological
solution for metal corrosion tests. MEM is normally used in
addition to fetal bovine serum (FBS) to estimate the effect
of proteins on the corrosion process.

Body fluids are buffer solutions and because of that, test
solutions should also be buffer solutions with no fluctuation
of pH, since pH fluctuation during monitoring can consid-
erably influence corrosion test results. Also, since partial
pressure of oxygen, p(O,), in body fluids is rather low and
the presence of dissolved oxygen in a corrosion resistance
test solution significantly influences test results, presence of
dissolved oxygen must be strictly controlled.

Tabela 4. Sastav rastvora koji simuliraju telesne te¢nosti (g supstance u 1 1 vode), /2/.
Table 4. Compositions of simulated body fluids (g in 1 1 water), /2/.

Ringerov rastvor / Ringer’s solution
NaCl 6,5
KCl 0,14
CaCl, 0,12
NaHCO; 0,2
glukoza / glucose 0,4
Fosfatni puferski slani rastvor (PBS(-)) / Phosphate buffered saline (PBS(-))
NaCl 8,0
KCl 0,2
NazHP 04 1 N 15
KH,PO, 0,2
Hankov rastvor / Hank’s solution
NacCl 8,0
KCl 0,4
CaCl, 0,14
NaHCO; 0,35
Na,HPO42H,0 0,06
KH,PO, 0,06
MgSO4-7H20 0,20
glukoza / glucose 1,00
Iglov MEM rastvor / Eagle’s minimum essential medium (MEM)
NaCl 6,8
KCl 0,4
CaCl,-2H,O 0,2649
NaHCO; 2,0
NaH2PO4'H20 0> 14
MgSO4-7H20 0,2
crveni fenol / phenol red 0,017
hlorin hlorid / chlorine chloride 0,001
L-glutamin / L-glutamine 0,2923
L-cistein / L-cystein 0,024
druge amino kiseline, vitamini, itd. / other amino acids, vitamins, etc. 1,5423
o—MEM
Iglov MEM rastvor kome je dodato osam amino kiselina, Cetiri vitamina i piruvi¢na kiselina
Eagle’s MEM added with eight amino acids, four vitamins and pyruvic acid

Elektrohemijska analiza

Korozija biokompatibilnih metalnih materijala se moze
objasniti elektrohemijskom teorijom, /25/. Anodna polariza-
cija je jednostavna metoda elektrohemijskog merenja pri
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a titanium alloys

The corrosion of metallic biocompatible materials can be
explained according to electrochemical theory, /25/. Anodic
polarization is a simple electrochemical measurement method
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ispitivanju korozije biokompatibilnih metalnih materijala.
Ranija ispitivanja anodne polarizacije nerdajuceg celika,
Co-Cr-Mo legura, titana, Ni-Ti legura i Ti-6Al-4V legure u
fizioloskim rastvorima, /26/, pokazala su da se titan i Ti-
6Al-4V legura odlikuju visim kriticnim tzv. ,.breakdown*
potencijalom i nizim strujama pasivizacije, §to dokazuje da
se ovi materijali odlikuju boljom otpornoséu prema koroziji.
Takode, dokazano je da prisustvo proteina ubrzava proces
korozije nerdajuceg Celika i Cistog titana, ali i da ne utie na
korozionu postojanost Ti-6Al-4V legure, /27/. Trenje u
prisustvu proteina povecava brzinu korozije nerdajuéeg
Celika, ali ne uti¢e na koroziju titana i Ti-6Al-4V legure,
/27/, dok habanje ubrzava proces korozije titana i legura
titana u slanom fosfatnom puferskom rastvoru (PBS), /28/.
Dokazano je, takode, da na polarizaciono ponasanje Ti-6Al-
4V legure ne utie stanje povrSine legure, niti prisustvo
rastvorenog kiseonika ili pH rastvora, /29/.

Pasivni povrsinski slojevi

Kada dode do ostecenja oksidnog filma obrazovanog na
povrSini metalnog materijala, proces korozije materijala
napreduje, pri ¢emu se metalni joni oslobadaju neprekidno
sve dok se pasivizirajuéi povrSinski film ne obnovi. Iz tog
razloga se moze reci da broj metalnih jona, koji su oslobo-
deni, direktno zavisi od vremena potrebnog za obnavljanje
povrsinskog pasivizirajuéeg filma.

Vreme potrebno da se pasiviziraju¢i film obnovi na
povrsini metalnog materijala u 0,9% slanom rastvoru moze
se proceniti merenjem potencijala otvorenog kola, nakon
Sto se izvrsi abrazija povrSine metalnog materijala, /30, 31/.
Rezultati prikazani u tabeli 5 pokazuju da je vreme potreb-
no za obnavljanje pasiviziraju¢eg filma na povrsini SUS316L
nerdajuceg cCelika najduze, dok je najkrace za Ti-6Al-4V
leguru, ¢ime je i dokazano da se sa povrSine nerdajuceg
celika tokom korozije oslobada veliki broj metalnih jona.

Pracenje promene vrednosti potencijala na povrSini titana
tokom procesa obnavljanja pasivizirajuceg filma u Hankovom
rastvoru pokazalo je da je brzina obnavljanja zastitnog pasivi-
zirajuéeg filma znatno manja nego u slucaju slanog rastvora.

Tabela 5. Vreme regeneracije povrsinskih oksidnih filmova, /2/.

Legura Vreme regeneracije (min)
SUS316L 35,3
Ti-6Al-4V 8,2
Co-28Cr-6Mo 12,7
Zr-2,5Nb 13,8

Obnavljanje povrsinskih oksidnih filmova

Odmah nakon ugradivanja implanata u ljudski organizam
dolazi do reakcija izmedu povrsine metalnih materijala i zivih
tkiva. S obzirom da je kompatibilnost tkiva uslovljena odvija-
njem pomenutih reakcija, povrSinske karakteristike materi-
jala su izuzetno znacajne. Naime, sastav povrSinskog oksid-
nog filma menja se u zavisnosti od sredine u kojoj se mate-
rijal nalazi, iako je film stabilan na makroskopskom nivou.

Povrsinski oksidni film titana se sastoji od amorfnog ili
nisko-kristalnog i nestehiometrijskog TiO, oksida, otpornog
na hloridne jone, /32/. Medutim, nakon poliranja ovog
povrsinskog filma u vodi, u njegovom sastavu se mogu
registrovati ne samo Ti*, ve¢ i T i Ti* joni, /33, 34/.
Povrsinski oksidni film koji se obrazuje na povrsini Ti-6Al-
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for corrosion in metallic biocompatible materials. Previ-
ously published investigations regarding the anodic polari-
zation curves of stainless steel, Co-Cr-Mo alloys, titanium,
Ni-Ti alloys and Ti-6Al-4V alloy, obtained in simulated
physiological solutions, /26/, revealed that titanium and Ti-
6Al-4V alloy have higher breakdown potentials and lower
passivity currents, indicating that these materials have a
higher corrosion resistance. Also, the presence of proteins
increases corrosion rate of stainless steel and pure titanium,
but does not have any effect on Ti-6Al-4V, /27/. Fretting
combined with proteins increases corrosion rate of stainless
steel, but does not have any effect on pure titanium and Ti-
6Al-4V alloy, /27/, while wear accelerates the corrosion of
titanium and titanium alloys in a phosphate buffered saline
(PBS), /28/. Additionally, it is revealed that the polarization
behaviour of titanium and Ti-6Al-4V is not influenced by
dissolved oxygen, pH, or by surface finishing, /29/.

Passivity of surface films

When the surface oxide film of a metallic material is
disrupted, corrosion commences and metallic ions are
released continuously until the passive surface film is
regenerated. Therefore, it is concluded that the number of
metallic ions released is directly governed by the re-pas-
sivation time of the film.

Re-passivation times of the film on metallic materials in
0.9% saline solutions can be estimated by measuring the
open-circuit potential after performing abrasion of the
metallic materials surfaces, /30, 31/. Summarised results
given in Table 5 show that the re-passivation time is the
longest for SUS316L stainless steel and shortest for the Ti-
6Al-4V alloy, supporting the idea that a large number of
metallic ions are released from the stainless steel surface
during corrosion.

Collected re-passivation potential data on the pure tita-
nium surface, during the surface passive film regeneration
process, showed that the re-passivation rate of protective
film in Hank’s solution was considerably slower than in the
saline solution.

Table 5. Regeneration time of surface oxide films, /2/.

Alloy Regeneration time (min)
SUS316L 353
Ti-6Al-4V 8.2

Co-28Cr-6Mo 12.7
Zr-2.5Nb 13.8

Regeneration of surface oxide films

Reactions between surfaces of metallic materials and living
tissues are initial events that occur instantaneously when
materials are implanted into the human body. Since tissue
compatibility is governed by these reactions in the initial stage,
the surface properties of materials are important. Namely, the
composition of surface oxide film changes according to the
environment even though the film is macroscopically stable.

Titanium surface oxide film consists of amorphous or
low-crystalline and non-stoichiometric TiO,, resistant to
chloride ions, /32/. When this film is polished in water it
contains not only Ti*", but also Ti*" and Ti*" ions, /33, 34/.
The composition of the film formed on the surface of Ti-
6Al-4V alloy is almost the same as the composition of the
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4V legure je sli¢nog sastava filmu koji se javlja na povrsini
Cistog titana, izuzev $to se u njegovom sastavu detektuje i
prisustvo oksida aluminijuma, /35/.

Kalcijum, fosfor i sumpor se mogu na¢i u povrsinskom
filmu titana koji je hirurSki ugraden u ljudsku vilicu, /36/.
Do obrazovanja kalcijum fosfata na povrsini titana i legura
titana dolazi u prisustvu Hankovog i drugih rastvora, koji
simuliraju telesne tecnosti, /35, 37/, §to za rezultat prvenstveno
ima apsorpciju fosfatnih jona, /38, 39/. Hidratisani fosfatni
joni bivaju apsorbovani hidratisanom povr$inom titan oksida
tokom oslobadanja protona, /40/. Joni kalcijuma, pak, bivaju
apsorbovani fosfatnim jonima, koje apsorbuje povrSina titana,
§to uslovljava obrazovanje kalcijum fosfata. Takode se mora
pomenuti da tokom uranjanja titana u Hankov rastvor, koji
sadrzi albumin, dolazi do obrazovanja neuniformnog i poroz-
nog apatita koji sadrzi albumin, /41/. Pomenuti fenomen je
karakteristiCan za titan i legure titana, /36/.

ZAMOR METALNIH IMPLANTNIH MATERIJALA 1ZAZ-
VAN KOROZIIOM I ZAMOR METALNIH IMPLANT-
NIH MATERIJALA IZAZVAN TRENJEM I KOROZIJOM

Korozija materijala je fenomen koji u velikoj meri zavisi
od vremena. Zbog toga se ispitivanja trenja i zamora bio-
kompatibilnih metalnih materijala u korozivnoj sredini vrse
pri frekvenciji optereéenja od ~ 1 Hz, odnosno, frekvenciji
koja je bliska frekvenciji ciklusa ljudskog hoda. Uticaj frek-
vencije ciklusa opterecenja na lom pri ispitivanju zamora
materijala u rastvorima koji simuliraju telesne tecnosti
prikazan je na sl. 4, /42/.

titanium surface film, except it contains a small amount of
aluminium oxide, /35/.

Calcium, phosphorus and sulphur are found in the
surface film of titanium which is surgically implanted into
the human jaw, /36/. Calcium phosphates are formed on
titanium and its alloys in the presence of Hank’s and other
solutions that simulate body fluids, /35, 37/, resulting in the
preferential adsorption of phosphate ions, /38, 39/. Hydrated
phosphate ions are adsorbed by a hydrated titanium oxide
surface during the release of protons, /40/. Calcium ions are
adsorbed by phosphate ions, which in turn are being
adsorbed on a titanium surface, causing calcium phosphate
to be formed. In this regard, when titanium is immersed in
Hank’s solution containing albumin, a nonuniform and
porous albumin containing apatite is formed, /41/. The
above mentioned phenomenon is characteristic of titanium
and its alloys, /36/.

CORROSION FATIGUE AND FRETTING CORROSION
FATIGUE OF IMPLANT METALLIC MATERIALS

Corrosion is a time-dependent phenomenon. Therefore,
fatigue and fretting fatigue tests of biocompatible metallic
materials are conducted in a corrosive environment using a
loading frequency of ~ 1 Hz, because 1 Hz is a frequency
close to the walking cycle of human beings. Influence of
cycle frequency to failure in fatigue tests in a pseudo-body-
fluid is shown in Fig. 4, /42/.
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Slika 4. Uticaj frekvencije na broj ciklusa koji prethode lomu usled zamora materijala, /42/
Figure 4. Influence of frequency on cycles to failure in fatigue tests, /42/.

Za ispitivanje na zamor biokompatibilnih metalnih mate-
rijala postoje odredeni ASTM standardi koji nose oznake
F1801-97, F1717-96, F1612-95, F1539-95 i F1440-92, dok se
za ispitivanje trenja pri koroziji biokompatibilnih metalnih
materijala koristi ASTM standard, oznake F§897-84. Prema
F1801-97 standardu za ispitivanje aksijalnog zatezanja cilin-
dri¢nih uzoraka, preporuceni uslovi ispitivanja obuhvataju
ispitivanja na vazduhu na temperaturi 37°C u 0,9% slanom
rastvoru i pri frekvenciji opterecenja od 1 Hz.

Medutim, za ispitivanje zamora pri trenju biokompatibil-
nih metalnih materijala ne postoje standardizovani postupci,
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For fatigue testing of biocompatible metallic materials
there is an ASTM standard containing ASTM designations
F1801-97, F1717-96, F1612-95, F1539-95 and F1440-92,
while for fretting corrosion testing of biocompatible metal-
lic materials there is an ASTM designation F897-84.
According to F1801-97, for axial tension tests with cylin-
drical specimens, recommended test conditions include
testing in air at 37°C in 0.9% saline solution under a
loading frequency of 1 Hz.

However, there is no standard for fretting fatigue testing
of biocompatible metallic materials, but results of fretting
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ali u literaturi ipak postoje rezultati ispitivanja, izvedenih
od strane odredenih grupa istrazivaca, /43/.

Habanje, do koga dolazi pri trenju, znacajno ubrzava
proces korozije zbog stvaranja nove i nezasticene metalne
povrSine materijala usled oSte¢enja povrSinskih oksidnih
slojeva. Nakon ispitivanja habanja pri trenju pozeljno je
izvr$iti 1 analizu metalnih jona i produkata habanja, prisut-
nih u fluidu, s obzirom da oni mogu biti znacajan uzrok
toksi¢nosti metalnih materijala na ljudski organizam.

S-N krive CP titana, sastava 3, i Ti-6Al-4V legure opte-
reCene na zamor i zamor izazvan trenjem prikazane su na
sl. 516, /42, 11/. Ispitivanja su izvedena na vazduhu i u
PBS(-) rastvoru. Rezultati su pokazali da su vrednosti
zamorne ¢vrstoce pri pojavi trenja i CP titana i Ti-6Al-4V
legure niZe nego vrednosti zamorne ¢vrstoce.

a
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/
/
/
/
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Slika 5. S-N krive CP titana, sastava 3, na vazduhu i u PBS(-)
rastvoru, /42/.
Figure 5. S-N curves of CP Ti (grade 3) in air and in PBS(-), /42/.

RAZVOJ NOVIH LEGURA TITANA ZA BUDUCU
PRIMENU U MEDICINI

Titan i legure titana, posebno legure o + S tipa kao $to je
Ti-6Al-4V, smatraju se najprikladnijim biokompatibilnim
metalnim materijalima zbog njihove odli¢ne kombinacije
mehanickih karakteristika, otpornosti prema koroziji i biokom-
patibilnosti. Medutim, vrednost njihovih modula elasticnosti
je ipak znacajno veca u poredenju sa vrednostima modula
elasti¢nosti ljudske kosti, /44/. Pored toga, istrazivanja
vodena tokom protekle decenije pokazala su da je vanadi-
jum izuzetno toksican, pa se iz tog razloga intenzivno radi na
razvoju novih legura koje sadrze elemente koji ne bi bili
toksic¢ni za ljudski organizam. Pored toga, za razvoj novih
biokompatibilnih legura titana, izuzetno je znacajno i da se
postignu nize vrednosti Jangovog modula elasti¢nosti.

Osnovna ideja u razvoju novih legura za primenu u medi-
cini je, stoga, da se vanadijum i aluminijum zamene niobi-
jumom, tantalom i cirkonijumom, ne bi li se na taj nacin
izbegle negativne karakteristike do sada Siroko primenjivane
Ti-6Al-4V legure, jer se pokazalo da je toksi¢nost pomenu-
tih elemenata izuzetno niska. Neke novije legure na Cijem
razvoju se intenzivno radi navedene su i u tabeli 6.
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fatigue investigations conducted by some research groups
are attainable in literature, /43/.

Fretting wear considerably accelerates corrosion, since it
generates fresh and unprotected metallic surfaces by
disrupting oxide films on the material surfaces. After a
fretting fatigue test, it is desirable to analyse metallic ions
and wear debris present in the test fluid, because metallic
ions can be highly toxic to human bodies.

S-N curves of CP titanium, grade 3, and Ti-6Al-4V alloy
under fatigue and fretting fatigue loading are shown in
Figs. 5 and 6, /42, 11/. The tests were carried out in air and
in PBS(-) solution. Test results showed that CP titanium
and Ti-6Al-4V alloy fretting fatigue strength values are
lower than fatigue strength values of these materials.

1000
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Slika 6. S-N krive Ti-6Al-4V legure na vazduhu i u PBS(-)
rastvoru, /11/.
Figure 6. S-N curves of Ti-6Al-4V alloy in air and in PBS(-), /11/.

T
100000

DEVELOPMENT OF NEW TITANIUM ALLOYS FOR
FUTURE MEDICAL APPLICATIONS

Titanium and its alloys, especially o+ S type Ti-6Al-4V
alloy, are considered to be most attractive biocompatible
metallic materials due to their excellent combination of
mechanical properties, corrosion resistance and biocompati-
bility. Their elasticity modulus is, however, still greater
compared with that of the human bone, /44/. Also, diverse
researches conducted during the last decade showed that
vanadium is strongly toxic, and because of this substitute
alloys that consist low-toxicity elements to the human organ-
ism are being developed and examined. An additional
objective in developing new biocompatible titanium alloys
is to decrease the Young’s elasticity modulus.

The basic idea in the new development of alloys in
medical applications is to replace vanadium and aluminium
with niobium, tantalum and zirconium, in order to overcome
unwanted characteristics of the widely used Ti-6Al-4V
alloy, since cytotoxicity of these elements is very low.
Some of the more recently developed titanium alloys are
listed in Table 6.

STRUCTURAL INTEGRITY AND LIFE
Vol. 8, No 1 (2008), pp. 121-130



Integritet biomedicinskih implanta...

Integrity of biomedical implants...

Tabela 6. Standardizovane legure titana, /2/.
Table 6. Standardized titanium alloys, /2/.

Legura Tip Ti legure UNS broj
Algl oy Typlc)a of Tig alloy UNS numti er ASTM standard ISO standard
Ti-3A1-2.5V a+pf R56320 ASTM B 348
Ti-5Al1-2.5Fe a+pf ISO 5832-10
Ti-6Al-7Nb a+pf R56700 ASTM F1295 ISO 5832-11
Ti-15Mo £ R58150 ASTM F 2066
Ti-13Nb-13Zr i R58130 ASTM F1713
Ti-12Mo-6Zr-2Fe i R58120 ASTM F1813
Ti-45Nb i R58450 AMS 4982
Ti-35Nb-7Zr-5Ta B R58350
Ti-55.8Ni intermetalna ASTM F 2063
intermetallic

Legura koja pokazuje izuzetna svojstava je Ti-13Nb-
13Zr legura, proteklih godina razvijena u SAD. Ova legura je
legura titana Stipa i odlikuje se niskim vrednostima modula
elasti¢nosti i ¢vrstoc¢om znacajno poboljSanom u odnosu na
komercijalnu Ti-6Al-4V leguru, zbog Cega je izuzetno inte-
resantna za primenu u biomedicinskom inZenjerstvu.

ZAKLIUCAK

U okviru ovog rada prikazan je pregledni osvrt na osnov-
ne grupe metalnih materijala koje se koriste u biomedicin-
skom inZenjerstvu, na osnovu ¢ega se moze zakljuciti da
titan 1 legure titana pokazuju znacajne prednosti u odnosu
na ostale grupe biokompatibilnih metalnih materijala kada
je u pitanju njihova primena u medicini.

S obzirom da se biokompatibilni materijali koriste, ne
samo u ortopediji, ve¢ i u drugim oblastima medicine, gde se
nalaze u stalnoj interakciji sa zivim tkivima, moze se zaklju-
Citi da je za razvoj novih materijala za primenu u medicini
izuzetno znaCajno poznavanje i razumevanje pomenutih
interakcija, zbog Cega biokompatibilnost i netoksicnost
materijala postaju kriti¢ni faktori daljeg razvoja implantnih
metalnih materijala. Takode, kao osnovna smernica daljeg
razvoja biokompatibilnih metalnih materijala izdvaja se i
potreba za postizanjem niskih vrednosti modula elasti¢nosti
savremenih biokompatibilnih metalnih legura, koja bi obez-
bedila §to manju razliku izmedu modula elasti¢nosti kosti i
implantnog materijala, a ¢ime bi se sprecilo dalje oSteéiva-
nje koStanog tkiva i smanjenje gustine kostiju.
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One of the most promising alloys is undoubtedly the Ti-
13Nb-13Zr alloy, developed in USA during the last few
years. This alloy is a S-type titanium alloy with properties
of low elasticity modulus and much higher strength than the
commercial Ti-6Al-4V alloy, making this alloy exception-
ally interesting for future biomedical engineering applications.

CONCLUSION

This article reviews the diverse metallic materials for
biomedical engineering applications and it is shown that
titanium and titanium alloys possess numerous advantages,
compared with other biocompatible metallic materials that
are found in medical applications.

Since biocompatible materials are widely used in ortho-
paedics, as well as in other medical fields, where these
materials closely interact with living tissues, it is concluded
that the knowledge and understanding of mentioned interac-
tions is of prime concern, whereupon biocompatibility and
non-toxicity of implant materials are becoming critical
factors in their future development. Also, one of major
goals of the development of implant metallic materials is to
attain low values of the Young’s modulus of elasticity in
modern biocompatible metallic materials in order to narrow
the difference between elasticity modules of the bones and
implants materials, that will contribute to overcoming
extended damage of the human bone tissue and shrinking of
bone density.
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