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Wstêp

Tytan i jego stopy s¹ powszechnie stosowane w medy-
cynie, wymagaj¹ jednak - z powodu niskiej odporno�ci na
zu¿ycie przez tarcie i uwalniania sk³adników stopu do ota-
czaj¹cych tkanek - zastosowania metod in¿ynierii powierzch-
ni takich jak procesy azotowania, wêgloazotowania [1, 2]
lub obróbek hybrydowych kszta³tuj¹cych w³a�ciwo�ci bio-
materia³u [3]. Metod¹ hybrydow¹ poprzez po³¹czenie pro-
cesów autokatalitycznego bezpr¹dowego osadzania pow³ok
niklowo-fosforowych i obróbki jarzeniowej mo¿na wytwo-
rzyæ kompozytow¹ warstwê typu Ti3P+(Ti-Ni) [4].

Celem badañ by³o okre�lenie w³a�ciwo�ci biologicznych
wytworzonej na stopie tytanu Ti6Al4V kompozytowej war-
stwy typu Ti3P+(Ti-Ni) w aspekcie jej zastosowania na im-
planty kostne.

Materia³y i metody

Warstwy kompozytowe typu Ti3P+(Ti-Ni) by³y wytwarza-
ne na stopie Ti6Al4V metod¹ hybrydow¹ ³¹cz¹c¹ bezpr¹-
dowe osadzanie pow³ok niklowo-fosforowych z obróbk¹ ja-
rzeniow¹ w atmosferze argonu.

Badano mikrostrukturê (mikroskop Neophot 2), topogra-
fiê (mikroskop skaningowy Hitachi S-3500N z EDS), sk³ad
fazowy (dyfraktometr rentgenowski Philips PW 1830), chro-
powato�æ (profilometr skanuj¹cy Form Talysurf Series 2 fir-
my Taylor Hobson), odporno�æ korozyjn¹ (w medium ho-
dowlanym Dulbecco i w roztworze Ringera) oraz odporno�æ
na zu¿ycie przez tarcie (metoda "trzy wa³eczki + sto¿ek")
wytworzonej warstwy, zgodnie z procedur¹ opisan¹ wcze-
�niej [3].

Biozgodno�æ wytworzonej warstwy z komórkami linii oste-
oblastów Saos-2 (ATCC, USA) badano w 48 godz. hodowli
zgodnie z wcze�niej opisan¹ procedur¹ postêpowania [4,5].
Technikami mikroskopii konfokalnej analizowano aktywno�æ
biologiczn¹, adhezjê i rozmieszczenie komórek oraz pro-
dukcjê fibronektyny i ekspresjê receptora fibronektyny
(a5ß1).

Wyniki

Wytworzone warstwy typu Ti3P+(Ti-Ni) mia³y charakter
dyfuzyjny. Mikrostrukturê i sk³ad chemiczny warstwy przed-
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Introduction

Titanium and its alloys, biomaterials widely used in medi-
cine, exhibit low frictional wear resistance and release of
titanium alloy elements into surrounding tissues. This draw-
back can, however, be eliminated by treatments such as
nitriding and carbonitriding [1, 2], but also using a duplex
treatment combining chemical electroless deposition of
nickel-phosphorous coating with a glow discharge assisted
process [3]. Scantly detailed characterisation or effects on
cell behaviour have been reported for this composite layer
so far [4]. Although the presence of phosphate could prob-
ably induce bone regeneration around titanium implants.

This study aimed at assess the structure and properties
of the Ti3P+(Ti-Ni) composite layer obtained on titanium al-
loy by duplex treatment in terms of application for bone im-
plants.

Materials and methods

The composite surface layers were produced on Ti6Al4V
titanium alloy by chemical electroless nickel-phosphorous
deposition combined with glow discharge enhanced heat
treatment in an argon atmosphere. Their microstructure was
examined using a Neophot 2 optical microscope and Hitachi
S-3500 N type scanning microscope with an EDS attach-
ment, surface topography in a Taylor Hobson scanning
profilometer Form Talysurf Series 2, corrosion resistance
in Dulbecco's culture medium and Ringer solution, whereas
wear resistance was investigated by the "three rollers + ta-
per" method described in detail in our previous paper [3].
The biocompatibility of this surface layer was examined
using the Saos-2 osteoblast-like human osteosarcoma cell
line in a 48-hour culture on samples according to the method
described in previous studies [4, 5]. Cells were analysed in
terms of cell viability and adhesion, fibronectin production
and its receptor expression assessed using a confocal
microscopy.

Results

A composite surface layer of the Ti3P+(Ti-Ni) type with
an outer layer of titanium phosphide (Ti3P) was produced.
Its microstructure and chemical composition are shown in
FIG.1. The outer layer of Ti3P was about 4 mm thick with a
hardness of about 1250 HV0.05. The produced composite
layers had a diffusion character good corrosion resistance
in Dulbecco's and Ringer solutions, comparable with the

Nr 46.p65 05-09-06, 22:261



2

I
N

¯
Y

N
I

E
R

I
A

high corrosion resistance of titanium alloy. The surface treat-
ment employed also significantly increased the frictional
wear resistance of titanium alloy.  The Ti3P layer presented
mean values of roughness Ra=0.175µm, Rv=0.899µm,
Rt=2.23µm.

The human osteoblast-like cells cultured on the Ti3P
surface showed high cell viability and only single dead cells
were observed in the cell population adhered to the mate-
rial surface. Cells adhering to the sample surface were ir-
regularly distributed on the surface forming cell aggregates
in some areas (FIG.2A). Cells synthesised and released
fibronectin, which formed a granular biofilm on the material
surface. Fibronectin formed aggregates in focal area where
cells anchorage in biofilm via integrin receptor a5ß1
(FIG.2B). Fibronectin receptors (a5ß1) were mainly local-
ised at the furthermost points of the cell periphery.

Summary

The Ti3P+(Ti-Ni) layers produced by glow discharge treat-
ment of titanium alloy previously coated with a Ni-P layer
had a diffusion character and can be produced on parts
with sophisticated shapes. The composite layers improved
mechanical and corrosion resistance properties of titanium
alloy, and eliminated metalosis. Additionally, Ti3P+(Ti-Ni)
layers were biocompatible under in vitro tests with human
osteoblast-like cells (Saos-2), which exhibited high viability
and biological activity. These cells synthesised fibronectin,
one of the main biofilm proteins. The reasons of the cell
aggregation in some surface areas were not analysed, but
could be the effect of specific topography and/or chemical
surface composition. Since, it is known from literature that
surface topography influences cell activity, i.e. synthesis and
release of proteins that form biofilm, and expression and
distribution of the integrin receptors for fibronectin in the
cell membrane [6]. The obtained results are preliminary,
but indicate that this new composite layer Ti3P+(Ti-Ni) type
should be further explored, also in vivo experiments, for
medical application for bone implants.
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stawiono na RYS.1. Strefa zewnêtrzna warstwy - fosforek
tytanu, Ti3P - o grubo�ci oko³o 4 µm wykazywa³a mikro-
twardo�æ oko³o 1250 HV0,05 (podczas gdy twardo�æ stopu
Ti6Al4V jest 500 HV0,05), dobr¹ odporno�æ korozyjn¹ w
medium hodowlanym Dulbecco i w roztworze Ringera oraz
wysok¹ odporno�æ na zu¿ycie przez tarcie. Parametry ste-
reometryczne charakteryzuj¹ce wytworzon¹ warstwê wy-
nosi³y: Ra = 0,175 mm, Rv = 0,899 mm, Rt = 2,23 mm (Ra -
�rednia arytmetyczna odchylenia chropowato�ci, Rv - mak-
symalna g³êboko�æ wg³êbienia, Rt - maksymalna wysoko�æ
chropowato�ci).

Komórki linii Saos-2 hodowane na kompozytowej war-
stwie Ti3P+(Ti-Ni) charakteryzowa³y siê wysok¹ ¿ywotno-
�ci¹. Komórki zaadherowane na badanych próbkach by³y
rozmieszczone nieregularnie i tworzy³y skupiska (RYS.2A).
Komórki syntetyzowa³y i wydziela³y bia³ko wchodz¹ce w
sk³ad macierzy pozakomórkowej - fibronektynê, która na
powierzchni biomateria³u tworzy³a biofilm o strukturze ziar-
nistej. Fibronektyna w miejscach zakotwiczenia komórek z
udzia³em receptora integrynowego typu a5ß1 tworzy³a sku-
piska (FIG. 2B). Receptory a5ß1 dla fibronektyny by³y g³ów-
nie rozmieszczone na obwodzie komórek.

Podsumowanie

Kompozytowe warstwy typu Ti3P+(Ti-Ni) wytworzone w
procesie wy³adowania jarzeniowego na próbkach uprzed-
nio pokrytych warstw¹ Ni-P maj¹ charakter dyfuzyjny, a wiêc
dobr¹ przyczepno�æ. Mo¿na wytwarzaæ je na detalach o
skomplikowanych kszta³tach. Zwiêkszaj¹ one odporno�æ na
zu¿ycie przez tarcie i eliminuj¹ zjawisko metalozy. Wytwo-
rzone warstwy wykazuj¹ biozgodno�æ w testach in vitro z
ludzkimi komórkami linii osteoblastów Saos-2, które cha-
rakteryzowa³a wysoka ¿ywotno�æ i aktywno�æ biologiczna.
Nie zosta³a zbadana przyczyna tworzenia agregatów ko-
mórkowych tylko w niektórych obszarach powierzchni. Praw-
dopodobnie jest to spowodowane szczególnymi cechami
warstwy wierzchniej jak chropowato�æ i/lub sk³ad chemicz-
ny powierzchni. Wiadomo bowiem, ¿e wystêpuje silna ko-
relacja pomiêdzy topografi¹ powierzchni a aktywno�ci¹ bio-
logiczn¹ komórek, w tym ich zdolno�ci¹ do syntezy i wy-
dzielania fibronektyny oraz ekspresj¹ i rozmieszczeniem
receptorów integrynowych dla tego bia³ka w b³onie komór-
kowej [6]. Uzyskane wyniki wskazuj¹, ¿e warstwa kompo-
zytowa typu Ti3P+(Ti-Ni) mo¿e byæ przedmiotem dalszych
badañ, w tym badañ in vivo, w aspekcie jej zastosowania
na implanty kostne.

RYS. 1. Mikrostruktura i sk³ad chemiczny warstwy
Ti3P+(Ti-Ni) wytworzonej na stopie tytanu Ti6Al4V.
Fig. 1. Microstructure and chemical composition
of the composite layer produced by duplex
treatment combining chemical electroless
deposition of a nickel-phosphorus coating with a
glow discharge assisted process.

Distance

from

surface

[mm]

Chemical composition [%at.]

RYS. 2. Skupiska komórek linii Saos-2 (A) i
rozmieszczenie fibronektyny (B)  na powierzchni
próbek z warstw¹ kompozytow¹ z zewnêtrzn¹
stref¹ Ti3P.
FIG. 2. Aggregates of Saos-2 line cell on samples
with the Ti3P layer (A) and fibronectin distribution
on sample (B).

A A B 
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Wstêp

Syntetyczne bioresorbowalne polimery s¹ znane od kil-
kudziesiêciu lat i stosowane z powodzeniem w formowaniu
ró¿norodnych tymczasowych implantów chirurgicznych, jako
no�niki leków w systemach ich kontrolowanego uwalnia-
nia, jak równie¿ jako materia³ z którego wykonuje siê pod³o-
¿a hodowlane komórek dla in¿ynierii tkankowej. Bardzo in-
teresuj¹ce dla wielu zastosowañ, ze wzglêdu na swe w³a-
sno�ci tj. zwiêkszon¹ elastyczno�æ i nisk¹ kwasowo�æ pro-
duktów degradacji stanowi¹ polimery zawieraj¹ce ugrupo-
wania wêglanowe [1]. W wiêkszo�ci dotychczas opisanych
w literaturze metod otrzymywania kopolimerów TMC czy
DMC z laktydami lub e-kaprolaktonem stosowanym inicja-
torem, który by³ efektywny i pozwala³ otrzymywaæ produkt o
wysokich masach cz¹steczkowych,  by³y zwi¹zki cyny (chlor-
ki, lub oktenian cyny(II)). Niestety ze wzglêdu na znan¹
powszechnie du¿¹ toksyczno�æ tych zwi¹zków, przy jed-
noczesnym  praktycznie braku mo¿liwo�ci ca³kowitego usu-
niêcia ich z otrzymywanego t¹ drog¹ materia³u [2], synte-
zowane poliestrowêglany nie mog¹ byæ w pe³ni biokompa-
tybilne. Nale¿y wiêc szukaæ innych efektywnych inicjato-
rów o znacznie ni¿szej toksyczno�ci. Takimi inicjatorami s¹
kompleksy cyrkonu (IV), charakteryzuj¹ce siê relatywnie
nisk¹ toksyczno�ci¹ [3], co objawia siê stwierdzon¹ wy¿sz¹
prze¿ywalno�ci¹ hodowli komórkowych prowadzonych na
kopolimerze otrzymanym z udzia³em Zr(acac)4 w porówna-
niu do hodowli rosn¹cych na identycznym materiale otrzy-
manym w kopolimeryzacji inicjowanej Sn(oct.)2 [4].

Standardow¹, skuteczn¹ metod¹ stosowan¹ do wyzna-
czania struktury ³añcuchów polimerowych jest analiza wy-
korzystuj¹ca wysokorozdzielcz¹ spektroskopiê NMR. Jak
dot¹d, brak jest szczególowych danych spektroskopowych
kopolimerów laktydów z TMC, czy DMC pozwalaj¹cych na
szczegó³ow¹ charakterystykê ich mikrostruktury. Okre�le-
nie przez nas dok³adnego pochodzenia odpowiednich sy-
gna³ów i ich analiza pozwoli³a na formu³owanie wzorów
bardzo pomocnych w okre�laniu struktury ³añcucha kopoli-
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[Engineering of Biomaterials, 46,(2005),3-5]

Introduction

Synthetic bioresorbable copolymers are well known and
are typically used to manufacture temporary medical de-
vices, as carriers in drug controlled release processes as
well as scaffolds in tissue engineering. The polymers and
copolymers containing carbonate groups are very interest-
ing for many applications, because the properties - high
elasticity and low acidity of degradation products [1]. In most
of the copolymerization reactions of TMC or DMC with
lactides or e-caprolactone that have been described so far,
the initiators that have been used to obtain high molar mass
were stannous compounds. However, stannous compounds
are known to be highly toxic, and while it is virtually impos-
sible to totally remove them from the final material [2], the
copolyestercarbonates cannot be fully biocompatible. Thus,
it is vital that new initiators, as much effective but less toxic,
were searched. A good example are zirconium (IV) com-
plexes, which are relatively low-toxic, and virtually inert for
human metabolism. Their low toxicity is proved by higher
viability of cells cultured on copolymers obtained with the
use of Zr(acac)4, in comparison to those cultured on identi-
cal materials, obtained with copolymerization initiated by
Sn(oct.)2 [3].

A standard method for successful determination of poly-
mer chain microstructure is high resolution NMR
spectroscopy. However, no data enabling us to character-
ize the microstructure of carbonatesters copolymers in de-
tail have been provided yet. On the basis of our investiga-
tion on the origin and analysis of certain signals in the NMR
spectrum, we have managed to invent equations, which
emerged very useful in determining the TMC or DMC co-
polymers' chain structure, or the meaning of intermolecular
transesterification processes, which occur simultaneously
with chain propagation processes. Once, we are able to
understand those mechanisms, it will be possible to plan
out the physico-chemical properties of the copolymers in
advance, not only by changing their content, but also the
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reaction conditions and method.

TMC and DMC copolymerization with
glycolide

Detailed characteristics of the copolymers obtained with
TMC/glycolide and DMC/glycolide copolymerization were
presented in TABLES 1 and 2, respectively. While carrying
out the copolymerization, we observed very strong influ-
ence of intermolecular transesterification processes in the
glycolydyl groups. As a result of attacking the ester bounds
glycolydyl segments by the active ends of the propagating
chain, new segments, consisting of odd numbers of glycolyl
groups arise. Despite high differences in reactivity between
the carbonate comonomers - TMC, DMC and glycolide -
the copolymers that we have obtained contained similar
amounts of glycolidyl and carbonate groups. A common
feature of all the copolymers was also that the chain micro-
structure was highly randomized (TABLE 1, entry 3,4, TA-
BLE 2, entry 3,4). If the initial reaction mixture contained
high concentration of glycolide, at the first stage of the
copolymerization a long glycolydyl block arises, which is
not affected with transesterification at a significant level in
further course of the reaction. In this case, the chain micro-
structure of the final product is block.

TMC/L-lactide copolymerization
The products of TMC/L-lactide copolymerization were the

same as estimated  (TABLE 3). The figures (FIGs. 1,2) il-
lustrate the progress of the reaction. Turning up the reac-
tion temperature causes significant increase in the intensity
of simultaneous transesterification processes, which results
in higher randomization level of the obtained copolymers'
chain. Since average length of microblocks is shorter while
conducting the reaction at higher temperature, the obtained
copolymers will be amorphic. High temperature and more
carbonate groups in the copolymer increase the rate of ther-
mal degradation of the synthesized copolymer, which is
revealed by molar mass decrease.

TMC/e-caprolactone copolymerization
Because of high thermal degradation which takes place

during this synthesis, we have obtained the copolymers at
relatively low temperatures - 80 i 110oC. The products of
the reaction were high-molecular copolymers of very high
efficiency, reaching up to 100%, while the reaction mixture
composition has no effect on this property (TABLE 4, FIG.
3). The differences in reactivity of the comonomers were
much smaller than the other copolymerization processes
described here (FIG. 4), that is why with simultaneous
transesterification processes, the obtained copolymers'

merów TMC czy DMC oraz wp³ywu i przebiegu, towarzy-
sz¹cym procesowi wzrostu ³añcucha, reakcji transestryfi-
kacji miêdzycz¹steczkowej. Zrozumienie przebiegu tych
reakcji pozwala na projektowanie fizykochemicznych w³a-
sno�ci otrzymywanych kopolimerów poprzez nie tylko zmia-
ny sk³adu kopolimerów, ale równie¿ poprzez zmiany wa-
runków i sposobu prowadzonej reakcji.

Kopolimeryzacja TMC i DMC z
glikolidem

Charakterystykê otrzymanych kopolimerów TMC z gli-
kolidem przedstawiono w TABELI 1, a DMC z glikolidem w
TABELI 2. W czasie kopolimeryzacji glikolidu z TCM czy
DCM  zaobserwowano zjawisko bardzo silnej transestryfi-
kacji miêdzycz¹steczkowej ugrupowañ glikolidylowych. W
wyniku ataku aktywnych koñców ³añcucha rosn¹cej cz¹-
steczki kopolimeru na wi¹zania estrowe segmentów glikoli-
dylowych innej cz¹steczki powstaj¹ segmenty ³añcucha
zawieraj¹ce nieparzyste ilo�ci ugrupowañ glikolilowych.
Pomimo du¿ych ró¿nic w reaktywno�ciach komonomerów;
glikolidu i TMC czy DMC, otrzymane kopolimery zawieraj¹-
ce porównywalne ilo�ci glikolidylu i sekwencji wêglanowych
charakteryzowa³y siê du¿¹ bez³adno�ci¹ mikrostruktury ³añ-
cucha (TABELA 1, No.3, 4, TABELA 2, No. 3, 4). W wypad-
ku du¿ej zawarto�ci glikolidu  w startowej mieszaninie re-
akcyjnej (powy¿ej 60% mol.) w pierwszym etapie kopoli-
meryzacji tworzy siê d³ugi blok glikolidylowy, który bardzo
s³abo ulega dalszej transestryfikacji. W wyniku czego otrzy-
mana koñcowa struktura ³añcucha ma charakter blokowy.

 Kopolimeryzacja TMC  z L-laktydem
Podczas kopolimeryzacji TMC z L-laktydem otrzymano

kopolimery  o zak³adanym sk³adzie (TABELA 3). Postêp
reakcji ilustruj¹ zamieszczone wykresy (RYS. 1, 2). Pod-
wy¿szenie temperatury prowadzenia reakcji powoduje wy-
ra�ny wzrost intensywno�ci równolegle przebiegaj¹cych pro-
cesów transestryfikacji, co owocuje zwiêkszeniem stopnia
bez³adno�ci ³añcucha otrzymanych kopolimerów. Skróce-
nie �redniej d³ugo�ci mikrobloków, jakie obserwujemy pod-
czas prowadzenia reakcji w wy¿szej temperaturze, powo-
duje i¿ otrzymywane  kopolimery s¹ amorficzne. Wysoka
temperatura reakcji oraz wzrost zawarto�ci ugrupowañ
wêglanowych w kopolimerze przyspieszaj¹ degradacjê ter-
miczn¹ syntezowanego kopolimeru, jaka przebiega równo-

No Time 

[h] 

TMC0
 

[mol.%] 

TMCN 

[mol.%] 

Conversi

on 

[%] 

Viscosi

ty 

[dL/g] 

LGG LTMC TII R 

1 24 85 89 98 

Non 

soluble ~ 12 ~2 

 

~ 0,2 0,5 

2 24 70 69 99 1,2 ~ 3,9 ~1,7 ~ 0,4 0,7 

3 48 50 50 98 0,71 1,6 1,6 1,1 0,94 

4 72 30 30 99 0,53 1,1 2,5 1,1 0,87 

 
TABLE 1. Characteristic of obtained TMC/
glycolide copolymers   in bulk at 120oC, ratio
initiator/comonomers  I/M as 1:600,  Zr(acac)4 as
initiator

FIG. 1. Conversion as a function of  TMC/L-lactide
copolymerization time; molar ratio of TMC to
lactide;  4:6.
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legle ze wzrostem ³añcucha, co objawia siê spadkiem jego
mas cz¹steczkowych.

Kopolimeryzacja TMC z e-kaprolakto-
nem

Kopolimery, ze wzglêdu na siln¹ degradacjê termiczn¹
jaka zachodzi podczas tej syntezy, otrzymywano w wzglêd-
nie niskich temperaturach - 80 i 110oC. Syntezowano wy-
sokocz¹steczkowe kopolimery z wysok¹ wydajno�ci¹, siê-
gaj¹c¹ 100%  nie zale¿nie od sk³adu mieszaniny reakcyjnej
(TABELA 4, RYS. 3). Ró¿nice w reaktywnosciach komono-
merów by³y znacznie ni¿sze ni¿ w poprzednio omawianych
reakcjach (RYS. 4), dlatego te¿ przy równoczesnej silnej
transestryfikacji miêdzycz¹steczkowej otrzymane kopolime-
ry charakteryzowa³y siê bardzo du¿¹ bez³adno�ci¹ ³añcu-
cha i krótkimi mikroblokami.

chain was very much randomized and consisted of short
microblocks.
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In tables:  

 TMC0 , DMC0   -   started molar concentration of TMC, DMC;  

TMCN , DMCN   -   final molar concentration of TMC, DMC comonomer in copolymers; 

LTMC, LDMC, LGG,LLL, Lcap �   average lenght of TMC, DMC, glycolidyl, lactydyl, caproil blocks in  copolymers chain;         

Viscosity   -   inherent viscosity (measurement in HFIP, concentration 2g/dL);   

Mn   -  number-average molecular weight; 

D    - molecular weight distribution coefficient; 

R   - degree of chain randomness                          

 

FIG. 3. Conversion as
a function of  TMC/e-
c a p r o l a c t o n e
copolymerizat ion
time; molar ratio of
TMC to caprolactone
1:1.

FIG. 4. Dependence of
the conversion TCM
and L-lactide on the
total conversion of the
copolymeriza-tion's
reaction; monomer
molar ratio of TMC, L-
lactide; 1:1.

TABLE 2. Characteristic of obtained DMC/
glycolide copolymers  in bulk at 120oC, ratio
initiator/comonomers  I/M as 1:600,  Zr(acac)4 as
initiator

No Time 

 

[h] 

DMC0
 

 

[mol.%] 

DMCN 

 

[mol.%] 

Conversi

on 

[%] 

Viscosi

ty 

[dL/g] 

LGG LDMC TII R 

1 48 85 94 90 

Non 

soluble ------- 

 

------ 0 0 

2 48 70 85 82 0,81 ~ 18 ~ 3,1 ~ 0,2 0,3 

3 48 50 54 95 0,62 1,9 1,6 1,2 0,91 

4 72 15 16 95 0,41 0,6 3,2 1,6 1,1 

 

TABLE 3. Characteristic of obtained TMC/L-
lactide copolymers in bulk, ratio initiator/

No Temperature/ 

 Time 

TMC0 

[% mol] 

Conversion 

[%] 

TMCN 

[% mol] 

LLL LTMC Mn 

[Da] 

D 

1 1200C / 72h 15 99 15 9,2 1,6 93300 2,3 

2 1200C / 72h 30 100 30 4,2 1,8 98600 2,4 

3 1100C / 48h 50 97 49 3,6 3,5 59100 2,6 

4 1100C / 48h 70 99 69 1,5 3,3 40800 2,7 

5 1700C / 6h 15 99 14 5,5 1 45300 1,6 

6 1700C / 6h 30 99 29 3,2 1,3 42500 1,8 

7 1700C / 6h 50 99 49 2,1 2 40700 1,8 

8 1700C / 6h 70 98 70 1,3 3 37100 1,9 

 

N o  T M C 0 

[%  m o l] 

C o nversio n  

[%  ] 

T M C N 

[%  m o l] 

L  T M C  L ca p M n 

[D a ] 

D  

1  1 5  9 9  1 5  ~ 1  4 ,7  1 0 0 0 00 1 ,9  

2  3 0  ~ 1 0 0  3 1  1 ,1  2 ,3  1 2 9 0 00 1 ,9  

3  5 0  ~ 1 0 0  5 0  1 ,7  1 ,7  6 6 3 0 0  2  

4  7 0  ~ 1 0 0  7 1  2 ,7  1 ,1  7 0 2 0 0  2 ,2  

5  8 5  9 9  8 4  5 ,3  ~ 1  3 5 0 0 0  2 ,1  

 
TABLE 4. Characteristic of obtained TMC/
caprolactone copolymers in bulk, ratio initiator/
comonomers  I/M as 1: 800,  Zr(acac)4 as initiator,
at 110oC,  48h

FIG. 2. Dependence of the conversion TCM and
L-lactide on the total conversion of the
copolymerization's reaction; monomer molar ratio
of TMC, L-lactide; 4 : 6.
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Introduction

Innovative progress in treatment methods of  ischemic
heart disease with the use of  small-invasive techniques
(interventional cardiology) leads to working out new shape
of implants - coronary stents. These implants, inputted in
the narrowed segment of coronary vessel, enlarge its ac-
tive cross-section [1].

The fundamental criterion of usefulness of metallic bio-
material for coronary stents is its biotolerance. It is mainly
connected with physicochemical properties of stent's sur-
face, which should be compatible with the features of car-
diovascular system tissues. Biomaterial implanted to car-
diovascular system should not cause changes of electro-
lyte's composition, irreversible damages of proteins' struc-
ture, as well as should not initiate blood clothing, toxic and
immunological reactions [1,2]. For this reason the research
works in biomedical engineering centers are mainly con-
centrated on the technological problems connected with
forming of the surface layers which could restrict these dis-
advantageous phenomena.

In the work the deposition of passive-carbon layer on the
surface of the coil type coronary stent made of Cr-Ni-Mo
steel has been proposed [1]. The deposition conditions of
this kind of layers form their structure and influence the physi-
cochemical properties of the implants surface. The present
work is the part of research on chemical and phase struc-
ture as well as surface topography of passive-carbon layer
used for surface enhancement of the implants for interven-
tional cardiology.

Material and methods

In order to investigate the structure of the passive-car-
bon layer deposited on the Cr-Ni-Mo steel surface there
were prepared the samples which were electropolished,
chemically passivated and next coated with carbon in RF
PACVD process [1, 2].

To determine the structure of the layer the high resolu-
tion transmission electron microscope JEM 3010 (JEOL) at
accelerating voltage of 300 kV was used. The examinations
were carried out using the thin foils prepared by the cross-
section method in the ionic polishing process. Additionally,
the thin foil in the plane of layer has been prepared in the
way of its one-sided polishing from the substrate. The way
of the sample preparation enabled to observe the layer struc-
ture on its thickness in the subsequent stages of the thin-
ning process.

The X-ray photoelectron spectroscopy (XPS) method was

BADANIA STRUKTURY WARSTWY
PASYWNO-WÊGLOWEJ NA
STENTACH WIEÑCOWYCH ZE
STALI Cr-Ni-Mo
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CHRZANOWSKI*, JÓZEF LEL¥TKO**

*CENTRUM IN¯YNIERII BIOMEDYCZNEJ,
POLITECHNIKA �L¥SKA, UL. AKADEMICKA 2A, 44-100 GLIWICE

**INSTYTUT NAUKI O MATERIA£ACH, UNIWERSYTET �L¥SKI,
UL. BANKOWA 12, 40-007 KATOWICE

[In¿ynieria Biomateria³ów, 46,(2005),6-8]

Wprowadzenie

Innowacyjny postêp w metodach leczenia choroby nie-
dokrwiennej serca z zastosowaniem technik ma³oinwazyj-
nych doprowadzi³ do opracowania nowych postaci implan-
tów, tzw. stentów wieñcowych. Implanty te, wszczepiane w
miejsce zwê¿onego odcinka naczynia wieñcowego, zwiêk-
szaj¹ jego przekrój czynny [1].

Podstawowym kryterium przydatno�ci biomateria³u me-
talowego na stenty wieñcowe jest biotolerancja. W g³ównej
mierze jest ona zwi¹zana z w³asno�ciami fizykochemicz-
nymi powierzchni stentu, które powinny byæ kompatybilne z
cechami �rodowiska tkanek uk³adu krwiono�nego. Bioma-
teria³ wprowadzony do uk³adu krwiono�nego nie mo¿e po-
wodowaæ zmian sk³adu elektrolitu, nieodwracalnych uszko-
dzeñ struktury bia³ek, jak te¿ nie powinien inicjowaæ proce-
su wykrzepiania, reakcji toksycznych i immunologicznych
[1,2]. Z tego te¿ wzglêdu badania prowadzone w wielu o�rod-
kach in¿ynierii biomedycznej koncentruj¹ siê g³ównie na
zagadnieniach technologicznych, zwi¹zanych z wytwarza-
niem warstw powierzchniowych ograniczaj¹cych rozwój tych
niekorzystnych zjawisk.

W niniejszej pracy zaproponowano wytworzenie warstwy
pasywno-wêglowej na powierzchni stentu wieñcowego typu
"coil" ze stali Cr-Ni-Mo [1]. Warunki nanoszenia tego typu
warstw kszta³tuj¹ ich strukturê, a zatem maj¹ tak¿e wp³yw
na w³asno�ci fizykochemiczne powierzchni implantu. Pre-
zentowana praca stanowi fragment badañ maj¹cych na celu
okre�lenie struktury chemicznej i fazowej oraz topografii
powierzchni warstwy pasywno-wêglowej stosowanej do
uszlachetniania powierzchni implantów dla kardiologii za-
biegowej.

Materia³ i metodyka badañ

Do przeprowadzenia badañ struktury warstwy pasywno-
wêglowej wytworzonej na powierzchni stali Cr-Ni-Mo przy-
gotowano próbki, które poddano procesowi polerowania
elektrolitycznego, pasywacji chemicznej i nanoszenia war-
stwy wêglowej w procesie RF PACVD [1, 2]. Badania struk-
tury warstwy przeprowadzono z wykorzystaniem transmi-
syjnego, wysokorozdzielczego mikroskopu elek-tronowego
JEM 3010 firmy JEOL przy napiêciu przyspieszaj¹cym 300
kV. Badania prowadzono na cienkich foliach przygotowa-
nych metod¹ przekrojów poprzecznych, stosuj¹c proces
polerowania jonowego. Dodatkowo wykonano równie¿ cien-
k¹ foliê w p³aszczy�nie warstwy poprzez jej polerowanie
jednostronne od strony pod³o¿a. Taki sposób przygotowa-
nia próbki umo¿liwi³ obserwacjê struktury warstwy na jej
grubo�ci pomiêdzy kolejnymi etapami �cieniania.
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Badania sk³adu chemicznego warstwy pasywno-wêglo-
wej przeprowadzono przy u¿yciu wielofunkcyjnego spek-
trometru elektronów firmy Physical Electronics PHI 5700/
660. Zastosowano spektroskopiê fotoelektronów wzbudza-
nych promieniowaniem rentgenowskim (XPS), przy u¿yciu
monochromatycznego promieniowania AlKa o energii 1486,6
eV.

Obserwacje topografii powierzchni warstwy pasywno-
wêglowej prowadzono za pomoc¹ mikroskopu si³ atomo-
wych (AFM) typu Nanoscope E, firmy Digital Instruments
(USA). Badania umo¿liwi³y równie¿ okre�lenie chropowa-
to�ci powierzchni warstwy.

Wyniki badañ

Strukturê warstwy pasywno-wêglowej na przekroju po-
przecznym przedstawiono na RYS. 1. Grubo�æ tej warstwy
wynosi³a od 40 do 60 nm. Warstwa ta charakteryzuje siê
zró¿nicowanym stopniem krystaliczno�ci. W jej strukturze
obserwowano wystêpowanie krystalitów o rozmiarach 20÷40
nm .

Strukturê warstwy pasywno-wêglowej badano równie¿
w jej p³aszczy�nie poprzez jednostronne polerowanie.
Wierzchnia czê�æ tej warstwy zbudowana by³a z jednorod-
nych, pod wzglêdem rozmiarów, obszarów koherentnego
rozpraszania - RYS. 2a. Obserwacje struktury z wykorzy-

used to examine the chemical composition of the layer. The
examination was carried out with the use of the multifunction
spectrometer Physical Electronics PHI 5700/660. The X-
ray photoelectron spectroscopy with monochromatic radia-
tion AlKa of 1486,6 eV was applied.

The surface topography observations were carried out
using the atomic force microscope (AFM) Nanoscope E type,
of Digital Instruments firm. The investigations enable to
determine the roughness of surface layer.

Results

The structure of the passive-carbon layer on its cross-
section has been presented in FIG. 1. Thickness of this layer
was from 40 to 60 nm. In the layer different degree of the
crystallity was observed. The size of crystallites was in the
range of 20÷40 nm.

The structure of the passive-carbon layer has been also
investigated in its plane using one-sided polishing method.
Outer part of the layer  concisted of the areas of coherent
scattering which were uniform in the size - FIG. 2a. The
structure observations with the use of high resolution elec-
tron microscopy showed that these areas were the con-
glomerates of nanocrystalline phase in amorphous matrix -
FIG. 2b. The structure observations on the cross-section of
the passive-carbon layer (after different time of polishing)

revealed increase of its crystallity degree. The layer was
almost fully crystalline in the area near of the metallic
substrate. The crystallites of carbon phase formed the clus-
ters which were separated by areas of amorphous struc-
ture.

40 

  20 nm 

RYS. 1. Mikrostruktura warstwy pasywno-
wêglowej  - przekrój poprzeczny.
FIG.1. Microstructure of passive-carbon layer -
cross-section.

TABELA 1. Sk³ad chemiczny warstwy pasywno-
wêglowej.
TABLE 1. Chemical composition of the passive-
carbon layer.

a 

100 nm 

b 

RYS. 2. Struktura warstwy pasywno-wêglowej w
obszarze przypowierzchniowym: a-obraz w p³asz-
czy�nie warstwy, b-obraz nanokrystalicznej
struktury warstwy.
FIG. 2. Structure of the passive-carbon layer in
the area close to the surface: a - image in the
plane of the layer, b - image of nanocrystalline
structure of the layer.

Warunki procesu 

trawienia jonowego 

Ion etching conditions 

Stê¿ enie pierwiastków, % at. 

Element concentration, % at. 

napiêcie 

przyspieszaj¹ce 

accelerating 

voltage 

Czas 

Time 

[min] 

C N2 O2 Mg Ca Cr Fe Ni Mo 

- - 72,54 2,67 19,15 - 0,47 0,71 1,73 - - 

0,4 kV 3 60,35 5,54 18,97 0,48 0,95 2,50 5,89 0,30 0,20 

3 53,37 3,61 15,51 0,89 1,30 8,02 13,48 - 0,77 

3 52,40 - 12,62 1,31 0,95 11,82 17,28 1,15 1,14 1 kV 

3 49,05 - 11,13 0,56 0,74 14,72 19,37 1,22 1,54 

3 37,82 - 6,05 0,49 0,68 21,36 28,20 2,21 4,53 
2 kV 

3 29,79 - 4,87 - 0,24 21,38 37,31 3,08 3,33 

4 kV 3 17,44 - 1,06 - - 14,51 56,83 7,61 2,55 
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staniem wysokorozdzielczego mikroskopu elektronowego
wykaza³y, ¿e obszary te stanowi³y konglomeraty fazy nano-
krystalicznej w amorficznej osnowie - RYS. 2b. Obserwa-
cje struktury na przekroju warstwy pasywno-wêglowej (po
ró¿nym czasie polerowania) wykaza³y wzrost jej stopnia
krystaliczno�ci. W obszarze przypowierzchniowym pod³o-
¿a metalicznego warstwa by³a prawie w pe³ni krystaliczna.
Krystality fazy wêglowej tworzy³y skupiska, rozdzielone ob-
szarami o strukturze amorficznej.

Na powierzchni próbki z warstw¹ pasywno-wêglow¹ w
wyniku zarejestrowanego widma przegl¹dowego stwierdzo-
no obecno�æ: C, N, O, Na, Al, Si, P, S, Cl, Ca, Cr, Fe -
TABELA 1. Nastêpnie powierzchniê próbki poddano pro-
cesowi bombardowania jonami Ar, stosuj¹c napiêcie 0,4
kV przez okres 3 min. W dalszej kolejno�ci zarejestrowano
widmo przegl¹dowe powierzchni próbki i wykonano dok³ad-
ny pomiar linii poszczególnych pierwiastków oraz wyzna-
czono ich stê¿enia atomowe. Zmiany sk³adu chemicznego
na grubo�ci warstwy okre�lano po kilkukrotnym trawieniu
jonowym próbki przez okres 3 min. Po ka¿dym cyklu tra-
wienia rejestrowano widmo przegl¹dowe oraz widma szcze-
gó³owe dla g³ównych pierwiastków warstwy powierzchnio-
wej - TABELA 1.

Obserwacje topografii warstwy pasywno-wêglowej wy-
kaza³y obecno�æ na powierzchni próbek ci¹g³ej warstwy
sk³adaj¹cej siê z �ci�le przylegaj¹cych do siebie kryszta-
³ów. Analiza rozwiniêcia powierzchni warstwy wykaza³a, ¿e
maksymalne warto�ci nierówno�ci wzd³u¿ analizowanych
linii mie�ci³y siê w zakresie 75÷93 nm. Chropowato�æ po-
wierzchni warstwy przyjmowa³a warto�ci z zakresu Ra=16,5
nm÷20,3 nm.

Podsumowanie

Przedstawiona praca stanowi fragment badañ dotycz¹-
cych przydatno�ci warstwy pasywno-wêglowej do uszlachet-
niania powierzchni stentów wieñcowych typu "coil" ze stali
Cr-Ni-Mo. W dotychczasowych badaniach wykazano miê-
dzy innymi dobr¹ odporno�æ korozyjn¹ tych implantów w
warunkach odzwierciedlaj¹cych technikê implantacji oraz
u¿ytkowania [1-5].

Przydatno�æ warstwy pasywno-wêglowej potwierdzona
zosta³a w przeprowadzonych badaniach jej sk³adu chemicz-
nego oraz struktury. Ukszta³towana odpowiednio dobrany-
mi parametrami procesu obróbki powierzchniowej struktu-
ra nanokrystaliczna warstwy gwarantuje jej wymagan¹ po-
datno�æ do odkszta³ceñ plastycznych w trakcie rozprê¿a-
nia stentów na baloniku. Z tego te¿ wzglêdu nie inicjuje ona
procesów dekohezji stentów, co korzystnie wp³ywa na ich
trwa³o�æ u¿ytkow¹. Wytworzona war-stwa pasywno-wêglo-
wa zapewnia ponadto du¿¹ g³adko�æ powierzchni stentów
wieñcowych (Ra=16,5 nm÷20,3 nm), co w znacz¹cy spo-
sób wp³ywa na ograniczenie rozwoju procesu wykrzepia-
nia krwi.

Podziêkowania

Praca zosta³a zrealizowana w ramach projektu badaw-
czego PBZ - KBN-082/T08/2002 finansowanego przez Mi-
nistra Nauki i Informatyzacji.

In the surface of the passive-carbon layer the presence
of: C, N, O, Na, Al, Si, P, S, Cl, Ca, Cr, Fe has been stated
- TABLE 1. Next the surface of sample has been sputtered
for 3 min by Ar ions, using voltage of 0,4 kV. Next the sur-
vey spectrum was recorded and precise measurements of
chemical elements lines were carried out as well as atomic
concentrations were determined. Changes of the chemical
composition along the layer thickness were determined af-
ter several ionic etching in time of 3 min. After each cycle of
etching the survey spectrum and detailed spectrums for main
elements of the surface layer were recorded - TABLE1.

The topography observations of the passive-carbon layer
showed the presence of continuous layer consisted of close-
packed crystallites. The analysis of the layer surface devel-
opment showed that maximum irregularities of surface were
in the range of 75÷93 nm. Roughness of the layer was in
the range of Ra= 16,5÷20,3 nm.

Summary

The presented work is a fragment of research concern-
ing the usefulness of the passive-carbon layer used for sur-
face enhancement of the coil coronary stents of Cr-Ni-Mo
steel. The previous research showed good corrosion re-
sistance of these implants yaking into account the implan-
tation technique and usage conditions [1-5].

The usefulness of the passive-carbon layer has been
confirmed in the carried out investigations of its chemical
composition and structure. Nanocrystalline structure of the
layer formed in specific conditions and surface treatment
process guarantees its good deformability required during
expanding the stents on balloon. For that reason, it doesn't
initiate the process of decohesion of stents and influences
advantageously their durability. Aadditionallydditionally the
passive-carbon layer  ensures high surface smoothness of
coronary stents (Ra = 16,5÷20,3 nm) which significantly
inhibitis the process of blood clothing.
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Streszczenie

Podstawowym za³o¿eniem by³o osi¹gniêcie
ci¹g³ej, sta³ej si³y w szerokim zakresie deformacji
nadsprê¿ystych pier�cieni u¿ytych w korekcji czasz-
kowej. Nadsprê¿yste w³asno�ci pier�cieni uzyskano
w procesie starzenia uprzednio ukszta³towanych pier-
�cieni, które powoduje znacz¹ce umocnienie, jako
rezultat wydzielania koherentnych cz¹stek Ni4Ti3.

[In¿ynieria Biomateria³ów, 46,(2005),9-12]

Wstêp

Dystrakcyjna osteosynteza  jest biologicznym procesem
tworzenia nowej ko�ci pomiêdzy dwoma przeciêtymi lub
zdekortykowanymi fragmentami poddanymi rozci¹ganiu.

Aktualnie, powszechnie u¿ywane, kliniczne techniki wy-
d³u¿ania ko�ci bazuj¹ na mechanicznych dystraktorach
aktywowanych mechanizmem �rubowym rozsuwaj¹cym
dwa koñce przeciêtej lub zdekortykowanej ko�ci.

 W chirurgii czaszkowo-twarzowej mechaniczne dystrak-
tory maj¹ ograniczon¹ u¿yteczno�æ.  Z tego powodu w
czaszkowo - twarzowych korekcjach zosta³a zastosowana
d³ugo-czasowa dystrakcja jako nowa technika chirurgicz-
na. Dwa pomy�lne przypadki czaszkowo-twarzowej rekon-
strukcji  z u¿yciem d³ugo terminowej dystrakcji opisali  Lau-
ritzen i in. [1]. Dystrakcjê osi¹gniêto u¿ywaj¹c stalowych
sprê¿yn implantowanych do czaszkowo-twarzowego skle-
pienia. U¿yte sprê¿yny by³y wykonane z drutów stalowych
w kszta³cie agrafek. Po trzech miesi¹cach ch³opcy mieli
normalny wygl¹d i cefalogramy by³y w granicach normy.
Wysoka  skuteczno�æ wspomaganej sprê¿ynami kraniopla-
styki zosta³a potwierdzona przez Guimares-Ferreirê i in. [2].
Ta metoda by³a porównana z metod¹ "pi-plastyki" w lecze-
niu ko�cio-zrostu strza³kowego. Ekspandery by³y wykona-
ne z stalowych drutów o �rednicy 1.2 mm  z wyj�ciow¹ si³¹
15 N. �rednia, ca³kowita zmiana wysoko�ci czaszki w gru-
pie kranioplastyki wspomaganej sprê¿ynami by³a znacz¹-
co wiêksza ni¿ w grupie "pi plastyki".

Jak dobrze wiadomo si³a stalowej sprê¿yny podczas jej
rozci¹gania maleje. Z tego powodu   sprawdzono skutecz-
ne zastosowanie nadsprê¿ystych sprê¿yn NiTi z ich plate-
au si³y w d³ugo czasowej dystrakcji ¿uchwy [3].

W tych badaniach przedstawiono kszta³towanie nadsprê-
¿ystych pier�cieni  z drutów NiTi, które by³y u¿yte do ekspe-
rymentalnego wyd³u¿ania ko�ci, w klinicznych badaniach
modelowania sklepienia czaszki u dzieci z kraniostenoz¹.

Ide¹ tej pracy by³o u¿ycie w kranioplastyce pier�cieni
zamiast sprê¿yn. Pier�cienie sp³aszczone do elips s¹ przy-

PRECIPITATION HARDENING OF
NiTi  ALLOY FOR INDUCING
SUPERELASTIC BEHAVIOUR OF
RINGS USED IN CRANIAL
CORRECTION

H. MORAWIEC*, Z. LEKSTON*, K. KOBUS**, M. WÊGRZYN**,
J. DRUGACZ***

* INSTITUTE OF MATERIALS SCIENCE, UNIVERSITY OF SILESIA,
40-007 KATOWICE, BANKOWA 12
** HOSPITAL OF PLASTIC SURGERY,
57-320 POLANICA ZDRÓJ, KO�CIELNA 1
*** CLINIC OF MAXILLOFACIAL SURGERY, SILESIAN ACADEMY OF

MEDICINE, 40-027 KATOWICE, FRANCUSKA 20/24

Abstract

The basic assumption was to achieve a continu-
ous and constant force in a wide range of deforma-
tions superelastic rings used for cranial correction.
Superelastic properties of the rings were induced in
the process of ageing of the already formed rings which
causes significant hardening as a result of the pre-
cipitation of coherent Ni4Ti3 particles.
[Engineering of Biomaterials, 46,(2005),9-12]

Introduction

Distraction osteogenesis is a biological process of new
bone formation between two cutted or decorticated bone
segments subjected to tension.

Presently, commonly used clinical techniques of bone
lengthening are based on mechanical distractors activated
by a screw mechanism to move apart the two ends of the
sliced or decorticated bone.

In craniofacial surgery  the use of mechanical distraction
devices is limited. For this reason the long-term distraction
was applied in craniofacial surgery as a new  technique.
Two successful cases of craniofacial reshaping based on
the long-term distraction were described by Lauritzen et al.
[1]. The distraction was achieved by using steel springs
implanted into the craniofacial skeleton. The used springs
were made of stainless steel wire in a form of a safety pin.
After three months the boys' appearance was correct and
the cephalograms were within normal range. The high effi-
cacy of the spring-mediated cranioplasty was confirmed by
Guimaraes-Ferreira et al. [2]. This method was compared
with the "pi-plasty" method in the management of sagittal
synostosis. The expanders were made of stainless steel
wire of 1.2 mm diameter with an initial force of 15 N. The
average absolute change of the skull's height for spring-
mediated cranioplasty group was significantly greater than
in the pi-plasty group.

As it is well known, steel springs lose their force while
expanded. For this reason successful application of
superelastic NiTi springs with their force plateau for the long
term distraction in mandibular distraction has been proved
[3].

This study presents the formation of superelastic rings
from NiTi wire, which were used for experimental elonga-
tion in clinical research of modelling the cranial vault in chil-
dren with craniostenosis.

The idea of this work was to use rings-instead of springs
for cranioplasty. The rings flattened to ellipses are connected
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mocowane do czaszki i podczas d³ugoczasowej dystrakcji
powoduj¹ ekspansjê ko�ci czaszki prostopadle do kierun-
ku strza³kowego i ich �ci�niêcie w p³aszczy�nie czo³owej
powoduj¹c po¿¹dane ukszta³towanie twarzo-czaszki. Ce-
lem by³o osi¹gniêcie nadsprê¿ystych w³asno�ci  pier�cieni
z  szerokim plateau si³y na krzywych si³a-odkszta³cenie pod-
czas wyzwalania si³y. Pier�cienie spawane z prostych, nad-
sprê¿ystych  drutów nie wykazywa³y obecno�ci plateau si³y.

Materia³ i metody badañ

W badaniach u¿yto drut NiTi o �rednicy 1,0 mm dostar-
czony przez AMT (Belgia) w stanie wy¿arzonym. Sk³ad che-
miczny tych drutów by³ nastêpuj¹cy: 51,02%at. Ni;
48,71%at. Ti;  0,12%at. Al i  0,14%at. Si. Przed implantacj¹
pier�cienie poddano 30-minutowej pasywacji w autoklawie,
w parze wodnej, w temperaturze 130oC. Pomiary si³  i od-
kszta³ceñ pier�cieni  by³y rejestrowane  w testach trójpunk-
towego zginania na skomputeryzowanym stanowisku po-
miarowym i przedstawione jako wykresy zale¿no�ci si³y
od przemieszczenia.

Wyniki badañ i dyskusja

W celu uzyskania typowych w³asno�ci nadsprê¿ystych
ugiêcia pier�cieñ Û elipsa opracowano now¹ metodê indu-
kowania nadsprê¿ysto�ci pier�cieni. Na podstawie za³o¿e-
nia, ¿e nadspê¿ysto�æ   w wiêkszo�ci sprê¿yn o z³o¿onym
kszta³cie mo¿e byæ indukowana przez proces wydzielenio-
wy  u¿yto stop  z  wy¿sz¹ zawarto�ci¹ niklu (Ti -51.02% at.
Ni). Wynik testu trójpunktowego zginania  drutu przesyca-
nego z temperatury 800oC przedstawiono na RYS. 1.

Temperatury odwracalnej przemiany martenzytycznej
wy¿arzanego drutu, okre�lone metod¹ DSC,  przedstawio-
ne na RYS. 2 potwierdzaj¹, ¿e w temperaturze pokojowej
wystêpuje tylko faza macierzysta.

Zgodnie z wynikami otrzymanymi przez  Chumliakowa i
in. [4] efekt nadsprê¿ysto�ci jest indukowany tylko przy za-
chowaniu nastêpuj¹cych warunków: wydzielenia Ni4Ti3 o
wielko�ci   50 -100 nm s¹ koherentne  z osnow¹ i nie podle-
gaj¹ przemianie martenzytycznej. Koherentne wydzielenia
Ni4Ti3 s¹ �ród³em wewnêtrznych naprê¿eñ, miejsc uprzywi-
lejowanego zarodkowania martenzytu i dlatego pomagaj¹
w obni¿eniu plateau naprê¿enia.  Wydzielenia nie podlega-
j¹ce przemianie martenzytycznej, wprowadzone w osnowê

to the skull and during long-term distraction causes the ex-
pansion  the cranial bones,  perpendicularly to sagittal di-
rection, and their contraction in frontal plane resulting in
desired  craniofacial reshaping. The aim was to achieve
superelastic behaviour of the rings, with the broad force pla-
teau on the force-deformation curve during force releasing.
The rings welded from straight superelastic wire did not show
the presence of a force plateau.

Material and experimental methods

The studies were carried out on NiTi wire of  1.0  mm
diameter delivered by AMT (Belgium). The chemical com-
position of this wire was as follows: 51.02%at. Ni, 48.71%at.
Ti,  0.12%at. Al and 0.14%at. Si. Before implantation the
rings had undergone a 30-minute passivation in an auto-
clave in water vapour at 130oC. The measurements of forces
and deformations of rings were recorded in 3-point bending
tests at a computerised measuring point and presented in
the form of graphs showing the relation between force and
displacement.

Results and discussion

In order to obtain typical superelastic properties of the
ring Û ellipse deflection a new method of superelastic in-
duction for the rings was worked out.  Based on the idea
that the superelasticity in more complex shaped springs may
be induced by a precipitation process, an alloy with higher
nickel contents (51.02 at. % Ni - AMT) was used. The re-
sults of the 3-point bending test of the wire quenched of
800oC  is shown i�on FIG. 1.

The temperatures of reversible martensite transforma-
tion of the annealed wire using the DSC method are shown
in FIG.2 and confirm that at room temperature exist only
the parent phase.

In accordance with the results obtained by Chumlyakov
et al. [4] the superelastic effect is induced only under the
following conditions: Ni4Ti3 particles are coherent to the
matrix and they do not undergo martensitic transformation
and have the size of 50-100 nm.  Coherent particles of Ni4Ti3
are the sources of internal stresses, sites of prefarable nu-
cleation of martensite and henceforth assist lowering of the
stress plateau. On the other hand, particles do not undergo
martensitic transformation and induced into the martensite
plates  become the sources of reverse stress fields and

RYS. 1. Krzywa si³a-odkszta³cenie podczas
obci¹¿ania i odci¹¿ania w te�cie zginania.
FIG. 1. The force-deflection curve during loading
and unloading for bending test.

Rys. 2. Krzywe DSC podczas ch³odzenia i
nagrzewania dla drutu w stanie wy¿arzonym.
Fig. 2. DSC cooling and heating curves for the
annealed state of the wire.
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martenzytu staj¹ siê �ród³ami pól  naprê¿eñ pomagaj¹c
magazynowaæ energiê sprê¿yst¹ [5]. Jak pokazali Pelton i
in. [6] parametry starzenia powinny byæ zoptymalizowane
do osi¹gniêcia maksymalnej  szybko�ci wydzielania. W
optymalnym zakresie temperatur starzenia 300-500oC ob-
serwuje siê wzrost wytrzyma³o�ci na rozci¹ganie  i jedno-
cze�nie obni¿enie plateau naprê¿eñ na krzywej obci¹¿a-
nia. Na rysunku 3 przedstawiono wyniki testów zginania
zarejestrowane dla drutów starzonych w 400oC i w 500oC w
czasie 15 minut.

Jak mo¿na zauwa¿yæ, starzenie w 500oC/15' pozwala
wyindukowaæ  znacz¹ce w³asno�ci nadsprê¿yste. Du¿e ró¿-
nice mog¹ byæ wyt³umaczone tym, ¿e starzenie w tempera-
turze 400oC indukuje przemianê R. W wyniku drut zawiera
fazê macierzyst¹ i fazê R. Modu³ sprê¿ysto�ci fazy R jest
trzy razy mniejszy ni¿ fazy macierzystej B2, co powoduje
pogorszenie sprê¿ystej charakterystyki drutu.

Ukszta³towane pier�cienie by³y zgrzewane  i starzone w
optymalnej temperaturze i czasie (500oC/15'). Starzenie
pier�cieni spowodowa³o umocnienie fazy macierzystej po-
przez wydzielenia koherentej fazy Ni4Ti3 . W konsekwencji
materia³ podczas odkszta³cania wykazuje nadsprê¿yste
zachowanie z wyrównanym plateau si³y przedstawionym na
RYS. 4 dla pier�cieni o ró¿nych �rednicach. Jak mo¿na za-

assist to store the elastic   energy [5]. As shown by Pelton
et al. [6]  the ageing parameters should be optimized to
achieve maximum precipitation rates. In the optimal ageing
temperature of 300-500oC the increase in tensile strength
and simultaneously a decrease in the stress loading pla-
teau can be observed.  FIG. 3 are presents the results of a
bending tests carried out for  wires aged at 400oC and 500oC
for 15 minutes.

As one can  see, ageing at 500oC/15' allows to induce
strong expressed superelastic behaviour.  Large differences
may be explained by the fact that ageing at 400oC induces
the R-phase transformation. As a result the wire contains
both the parent phase and the R-phase. The elastic modu-
lus of  the R-phase is 3 times lower than for B2 parent phase
which causes the worsening of the elastic characteristic of
this wire.

The formed rings were welded and aged at the optimal
temperature and time (500oC/15'). The ageing of rings re-
sults in hardening the parent phase by the precipitation of
the coherent Ni4Ti3 phase. As a consequence,  during de-
formation the superelastic behaviour with a clear force pla-
teau  for rings of different diameters was observed (FIG. 4).
It can also be noticed that the level of force plateau lowers
with the increase of the ring diameter.

The rings with the smallest diameter (D = 30 mm) show
the highest force of the plateau but simultaneously a large
residual strain. This residual strain is caused by the dislo-
cations which appear at the interface between the parent
phase and the martensite due to the stress inducing
martensite.

Clinical modelling and cranial correction obtained by cra-
nial bone distraction with the use of superelastic rings were
carried out in the Hospital of Plastic Surgery in Polanica.
Positive results of the operations carried out with the use of
the superelastic  rings can be seen in FIG. 5.

Conclusions

· A new method of forming superelasticity of the rings, pre-
viously formed from the wire made of NiTi alloy  containing
51at.%  Ni using  the precipitation hardening has been
worked out.
· Superelastic  rings deformed by bending act  with con-

RYS. 3.  Porównanie testów zginania drutów
starzonych w 400oC i 500oC.
FIG. 3.  Comparison of the bending tests for wires
aged at 400oC and 500oC.

RYS. 4. Nadsprê¿yste zachowanie pier�cieni o
ró¿nych �rednicach podczas �ciskania
do elipsy i ich powrotu do pierwotnego kszta³tu.
FIG. 4.  Superelastic behaviour of the rings of
different diameters during compression  to elliptic
shape and their reversion to previous  shape.

RYS. 5.   Zastosowanie nadsprê¿ystych  pier�cieni
w kranioplastyce.
FIG. 5. Application of superelastic  rings in
cranioplasty.
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uwa¿yæ plateau si³y obni¿a siê ze wzrostem �rednicy pier-
�cieni.

Pier�cienie z najmniejsz¹ �rednic¹ wykazuj¹ najwy¿sze
plateau si³y, lecz równocze�nie du¿e resztkowe odkszta³-
cenie. To resztkowe odkszta³cenie jest spowodowane przez
dyslokacje, które pojawiaj¹ siê przy powierzchni miêdzyfa-
zowej pomiêdzy faz¹ macierzyst¹ a martenzytem z powo-
du naprê¿eñ indukuj¹cych martenzyt.

Kliniczne modelowanie i czaszkowe korekcje  poprzez
dystrakcje ko�ci czaszki z u¿yciem nadsprê¿ystych pier-
�cieni wykonano w Szpitalu Chirurgii Plastycznej w Polani-
cy. Pozytywne wyniki operacji przeprowadzonych z u¿yciem
nadsprê¿ystych  pier�cieni przedstawiono na RYS. 5.

Wnioski

· Opracowano now¹ metodê kszta³towania nadsprê¿ysto-
�ci poprzez umocnienie wydzieleniowe pier�cieni uprzed-
nio uformowanych   z  drutów  ze stopu Ti - 51% at. Ni.
· Nadsprê¿yste pier�cienie deformowane przez zginanie
dzia³aj¹ ze sta³¹ si³¹ w po¿¹danym zakresie odkszta³ceñ.
· Badania kliniczne potwierdzi³y mo¿liwo�æ zastosowania nadsprê-
¿ystych pier�cieni w kranioplastyce.

WARSTWY WÊGLOWE
WYTWORZONE NA IMPLANTACH
ZE STOPU Ti6Al7Nb

J. MARCINIAK*, W. CHRZANOWSKI*, Z. PASZENDA*, J. SZADE**,
A. WINIARSKI**
*CENTRUM IN¯YNIERII BIOMEDYCZNEJ, POLITECHNIKI �L¥SKIEJ,
UL. AKADEMICKA 2A, 44-100 GLIWICE

**INSTYTUT FIZYKI IM. A. CHE£KOWSKIEGO, UNIWERSYTET �L¥SKI,
UNIWERSYTECKA 4, 40-007 KATOWICE

[In¿ynieria Biomateria³ów, 46,(2005),12-15]

Wprowadzenie

Obecnie prowadzone prace z zakresu in¿ynierii bioma-
teria³ów koncentruj¹ siê na zagadnieniach poprawy biokom-
patybilno�ci stosowanych tworzyw metalicznych poprzez
zastosowanie metod in¿ynierii powierzchni [1÷4]. W³asno-
�ci mechaniczne tworzyw metalicznych w wiêkszo�ci przy-
padków s¹ zadowalaj¹ce i pozwalaj¹ na wytwarzanie im-
plantów o dobrych cechach biomechanicznych, dostoso-
wanych do pe³nionej funkcji. Mo¿liwo�æ rozwoju procesów
korozyjnych oraz niezadowalaj¹ce w³asno�ci trybologiczne
przyczyniaj¹ siê do poszukiwania rozwi¹zañ maj¹cych na
celu ich poprawê.
W grupie biomateria³ów stosowanych na implanty chirur-
giczne obecnie dominuj¹ stopy tytanu [5], które pomimo
bardzo dobrej odporno�ci korozyjnej nie posiadaj¹ wystar-
czaj¹cej odporno�æ na zu¿ycie tribologiczne. Poprawê tych
w³asno�ci mo¿na uzyskaæ poprzez zastosowania m. in.
azotowania [4]. Wykazano tak¿e korzystny wp³yw warstw
wêglowych wytworzonych na pod³o¿u ze stali austenitycz-
nej [6] oraz stopach tytanu [5, 7, 8] na poprawê zarówno
biokompatybilno�ci, jak i w³asno�ci tribologicznych. Brak jest
jednak danych literaturowych wskazuj¹cych na stosowanie
implantów ze stopów tytanu z warstwami wêglowymi w prak-
tyce klinicznej. Brak jest tak¿e pe³nej analizy przydatno�ci
tych warstw w warunkach zmiennych obci¹¿eñ, tarcia oraz
dzia³ania �rodowiska korozyjnego, które to kwestie wystê-
puj¹ w usprawnianiu rekonstruowanych tkanek.

stant force in the desired displacement range.
· Clinical research confirmed the possibility of applying
superelastic rings  in  cranioplasty.
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Introduction

Current research in the area of biomaterial engineering
are concentrated on the improvement of biocompatybility
in metallic materials using surface treatment methods [1÷4].
Mechanical properties of the metallic materials are suffi-
cient, and produced implants have good biomechanical
properties which are adjusted to the implant's function in
the body. The possibility of corrosion processes and poor
tribological properties are the main reason to search for new
solutions to improve these properties.
Titanium and its alloys are the main materials in the group
of biomaterials which are used for orthopedic implants [5].
In spite of  very good corrosion resistance of these materi-
als their wear resistance is poor. Improvement of these prop-
erties can be obtained by using, for example, nitrification
[4]. It was also shown that carbon layers improve
biocompatibility and wear resistance of stainless steel [6]
and titanium alloy implants [5, 7, 8]. Nevertheless, there is
no evidence concerning application of the titanium implants
with carbon layers in the clinical practice. There is also a
lack of analysis of the carbon layer usefulness in body con-
ditions - load bearing, friction, corrosive conditions.
Due to good biotolerance [6] of stainless steel implants with
the carbon layer, proved in clinical experiments, the useful-
ness of the carbon layer on the titanium alloy Ti6Al7Nb sur-
face was investigated in the Centre for Biomedical Engi-
neering [9].
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Ze wzglêdu na wykazan¹ [6] wysok¹ biotolerancjê implan-
tów ze stali CrNiMo z naniesion¹ warstw¹ wêglow¹, po-
twierdzon¹ w badaniach klinicznych, w Zak³adzie In¿ynierii
Materia³ów Biomedycznych Politechniki �l¹skiej przepro-
wadzono równie¿ badania przydatno�ci tych warstw na im-
plantach ze stopu Ti6Al7Nb [9].

Material i metodyka

Do badañ u¿yto stop Ti6Al7Nb [10] w postaci kr¹¿ków o
�rednicy 22 mm. Powierzchnie próbek poddano wstêpnej
obróbce mechanicznej oraz polerowaniu elektrochemicz-
nemu w k¹pieli o sk³adzie HF+H2SO4+C2H2O5 [9]. Nastêp-
nie próbki poddano utlenianiu anodowemu w wodnym roz-
tworze CrO3 [5,9,11]. W dalszej kolejno�ci na powierzchni
próbek polerowanych oraz polerowanych i utlenianych ano-
dowo wytworzona zosta³a warstwa wêglowa w procesie RF
PACVD.
Odporno�æ korozyjn¹ stopu o powierzchniach szlifowanych,
polerowanych, pasywowanych oraz z warstw¹ wêglow¹ oce-
niono na podstawie badañ potencjodynamicznych w roztwo-
rze fizjologicznym Tyrode'a. Badania przeprowadzono z u¿y-
ciem zestawu do badañ elektrochemicznych VoltaLab 21.
Sk³ad chemiczny powierzchni próbek wyznaczono metod¹
spektroskopii fotoelektronów wzbudzonych promieniami
rentgenowskimi (XPS). W badaniach zastosowano Wielo-
funkcyjny Spektrometr Elektronów PHI 5700/660 firmy Phy-
sical Electronics. Widma XPS otrzymano przy u¿yciu mo-
nochromatycznego promieniowania AlK? o energii 1486,6
eV. Zmiany sk³adu chemicznego wraz z grubo�ci¹ warstwy
okre�lono po trawieniu jonowym jonami argonu o energii 2
keV. Pomiary sk³adu chemicznego wykonano po jednomi-
nutowym trawieniu, a nastêpnie po dwóch trawieniach piê-
ciominutowych.

Wyniki badañ

Badania potencjodynamiczne wykaza³y zró¿nicowan¹
odporno�æ korozyjn¹ stopu Ti6Al7Nb w zale¿no�ci od sposo-
bu przygotowania powierzchni. Dla próbek o powierzchni
szlifowanej potencja³ korozyjny wynosi³ Ekor=-379 mV, na-
tomiast opór polaryzacyjny wynosi³ Rp= 0,17 MWcm2. Pole-
rowanie elektrochemiczne spowodowa³o zwiêkszenie po-
tencja³u korozyjnego do warto�ci Ekor=-309 mV oraz oporu
polaryzacyjnego do Rp=0,26 M?cm2. Przeprowadzone w
dalszej kolejno�ci utlenianie anodowe spowodowa³a dalszy
wzrost wyznaczonych parametrów do warto�ci Ekor=-8mV
oraz Rp=1,3 MWcm2. Dla próbek polerowanych z wytwo-
rzon¹ warstw¹ wêglow¹ oraz polerowanych i utlenianych
anodowo z warstw¹ wêglow¹ potencja³ korozyjny wynosi³
odpowiednio Ekor=-126 mV i Ekor=-96 mV natomiast opór
polaryzacyjny Rp=0,39 MWcm2 i Rp=0,46 MWcm2. W bada-
nym zakresie potencja³ów EÎ(Ekor-50 mV¸4000 mV) - nie
obserwowano istotnego wzrostu gêsto�ci pr¹du anodowe-
go, którego warto�æ nie przekracza³a 45 µA/cm2 - RYS. 1.
Zmiana kierunku polaryzacji powodowa³a gwa³towne zmniej-
szenie gêsto�ci pr¹du anodowego.
Analizê sk³adu chemicznego warstwy powierzchniowej prze-
prowadzono dla próbek utlenionych anodowo z wytworzo-
n¹ warstw¹ wêglow¹ w procesie RF PACVD. Na podstawie
wykonanych pomiarów metod¹ XPS, stwierdzono nastêpu-
j¹ce pierwiastki w warstwie powierzchniowej: C,N,O,Al,Ti,
Nb, Cr oraz Fe. Na powierzchni wêgiel wystêpowa³ w dwu
stanach chemicznych (RYS. 2) o warto�ciach energii wi¹-
zania 285,8 eV i 289,0 eV. Pierwsza warto�æ energii odpo-
wiada atomom wêgla z wi¹zaniem pojedynczym, natomiast
druga warto�æ odpowiada wi¹zaniu wêgla z tlenem. Po usu-
niêciu, przy u¿yciu krótkiego trawienia jonowego, warstwy

Materials and methods

22 mm diameter discs made of Ti6Al7Nb [10] alloy were
used in the research. The specimens surfaces were pre-
pared by grinding, electropolishing in the bath which was
composed of HF+H2SO4+C2H2O5 [9] and anodically oxidized
in the CrO3 solution [5, 9, 11]. In the next step, carbon layer
was formed on the surfaces of electropolished and
electropolished+anodically oxidized specimens using the RF
PACVD method.

Corrosion resistance of the grinded, electropolished,
electropolished+anodically oxidized specimens and the
specimens with carbon layer was assessed in the
potentiodynamic test. The tests were carried out in the Ty-
rode's solution using the electrochemical research system
VoltaLab 21.

The chemistry of the specimen surfaces was examined
by x-ray photoelectron spectroscopy. MultiTechnique ESCA
platform PHI 5700/660 by Physical Electronics was used in
the research. The changes of the chemical composition
along the surface depth were assessed after sputtering with
a 2 keV argon ion beam for 2 and 5 minutes.

Results

The potentiodynaimc tests showed that the corrosion
resistance of the Ti6Al7Nb specimens depended on the
surface preparation. Corrosion potential and polarization
resistance for the grinded specimens were Ecor=-379 mV
and Rp=0,17 MWcm2. Electropolishing caused an increase
of both corrosion potential and polarization resistance to
Ecor=-309 mV and Rp=0,17 MWcm2. Anodic oxidation caused
further (another, following) increase of determined param-
eters to values Ecor=-8 mV and Rp=1,3 MWcm2. For the
electropolished and electropolished+anodically oxidized
specimens coated with carbon corrosion potentials were
Ecor=-126 mV and Ecor=-96 mV respectively whilst the po-
larization resistance were Rp=0,39 MWcm2 and Rp=0,46
MWcm2. A significant growth of the anodic current density
was not observed in the range of the test - EÎ(Ekor-
50mV¸4000mV) and the maximum current density did not
exceed 45 µA/cm2 - FIG.1. A change in the polarization di-
rection caused a decrease of current density.
Chemical composition analysis was carried out for the
electropolished+anodically oxidized specimens coated with
carbon in the PF PACVD process. On the basis of XPS
results following elements were found in the layer: C,N,O,
Al,Ti,Nb,Cr and Fe. On the outer part of the surface carbon
was present in two chemical states (FIG. 2), its binding en-
ergy was 285,8 eV and 289,0 eV. The first energy value
corresponded to the carbon atom with a single bond. The
second energy value corresponded to the carbon bond with
oxygen. After a short sputtering a 1nm film of the layer was
removed and carbon changed its chemical state. At the same
time nitrogen changed its chemical state. These results
showed that in this part of the layer the compound of nitro-
gen with carbon predominated. After 1 minute, sputtering
the binding energy of C1s peak was 284,4 eV which can be
assigned to aromatic compounds. This energy peak was
present also in the deeper parts of the layer. Additionally,
the binding energy peaked at 284 eV that originated from
carbides. Nevertheless, these energies are higher then that
of stoichiometric titanium and niobium carbides which could
be caused by Ar ions sputtering. In the layer the following
oxides were identified: Al2O3, TiO2, Nb2O5 (in the lower parts
of the layer the energy peaks changes, indicating reduction
to TiO and NbO due to preferential sputtering of oxygen),
Cr2O3 and FeO - TABLE 1.
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powierzchniowej o grubo�ci ok. 1 nm zmieni³ siê stan che-
miczny wêgla obecnego w próbce. W tym samym czasie
uleg³ te¿ zmianie stan chemiczny azotu. Mo¿na wniosko-
waæ, ¿e warstwie powierzchniowej dominuje zwi¹zek, w
którym wêgiel jest po³¹czony z azotem. Po tym pierwszym
trawieniu obserwujemy maksimum dla linii C 1s przy warto-
�ci energii wi¹zania 284,8 eV, która odpowiada np. atomom
wêgla w zwi¹zkach aromatycznych. Linia ta wystêpuje rów-
nie¿ w g³êbszych warstwach osi¹gniêtych po kolejnych eta-
pach trawienia. Dodatkowo pojawiaj¹ siê linie o warto�ciach
energii wi¹zania poni¿ej 284 eV, odpowiadaj¹cych wêgli-
kom. Warto�ci tych energii s¹ jednak¿e wiêksze ni¿ poda-

Discussion

On the basis of experimental results it was found that
surface pretreatment before layering with carbon using RF
PACVD had an influence on corrosion resistance. The speci-
mens which were anodically oxidized and then layered with
carbon had higher corrosion resistance than those
electropolished and carbon coated only. However, the high-
est corrosion resistance was observed for the specimens
which were electropolished and anodically oxidized. For this
surface treatment, the current density did not exceed 0,4
µm/cm2 and it was the lowest recorded valuein comparison
to alltested specimens.
Chemical analysis was carried out for the electropolished +
anodically oxidized + layered with carbon specimens. The
analysis showed that in the layer, carbon compounds and
oxides of titanium, niobium, aluminum and chromium were
found. The binding energie peaks were very close to car-
bides what indicates that these elements corespond to TiC,
Fe3C, NbC, Cr3C2. Carbon concentration in the layer was
decreasing in direction to the bulk material whereast the
carbides fraction was growing. For the elements in the ox-
ide form a gradual decrease of oxidation was observed but
it could have been due to the effects of sputtering. The re-

RYS.1. Krzywe polaryzacji anodowej stopu
Ti6Al7Nb w roztworze fizjologicznym Tyrode'a.
FIG. 1. Anodic polarization curves recorded for
Ti6Al7Nb alloy in the Tyrode solution.

RYS.2. Widmo fotoemisyjne C 1s dla stopu
Ti6Al7Nb poddanemu trawieniu jonowemu: a)
próbka nie trawiona, b) po trawieniu jonami Ar+
o energii 2 keV przez 1 min, c) po trawieniu jonami
Ar+ o energii 2 keV przez 5 min, d) po trawieniu
jonami Ar+ o energii 2 keV przez kolejne 5 min.
FIG.2. C1s photoelectron spectra of ion sputtered
Ti6Al7Nb alloy: a) non-sputtered sample, b)
sputtered 1 min. with 2 keV Ar+, c) sputtered 5
min. with 2 keV Ar+, d) sputtered next 5 min. with
2 keV Ar+

Pierwiastek  

chemiczny 
Element [%at] 

C N O Al Ti Nb Cr 
 

Fe 

- 53.20 3.32 32.20 1.16 8.49 1.11 0.52 - 

1 min.  

2 keV  
19.08 2.43 51.58 2.09 23.74 1.08 - - 

5 min  

2 keV  
17.67 1.90 47.26 2.53 28.64 1.32 - 1.32 
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5 min  
2 keV 

5.28 1.15 54.95 3.44 32.98 1.79  0.41 

Zwi¹zek  
chemiczny 
Chemical  

coumpound 

    Tlenki Al2O3 
TiO2 
(TiO) 

Nb2O5 
(NbO) 

Cr2O3 FeO 

 TABELA 1. Sk³ad chemiczny warstwy wêglowej
wytworzonej na stopie Ti6Al7Nb.
Table 1. Chemical composition of the carbon layer
created on the Ti6Al7Nb surface.
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wane w literaturze dla czystych wêglików tytanu i niobu.
Mo¿e to byæ wp³yw bombardowania jonami Ar.
W strukturze warstwy zidentyfikowano ponadto nastêpuj¹-
ce tlenki: Al2O3, TiO2, Nb2O5, (które w g³êbszych warstwach,
prawdopodobnie pod wp³ywem bombardowania jonami Ar
ulegaj¹ redukcji do TiO i NbO), Cr2O3 oraz FeO-TABELA 1.

Omówienie wyników badañ

Na podstawie przeprowadzonych badañ w pracy stwier-
dzono, i¿ sposób przygotowania powierzchni przed proce-
sem RF PACVD mia³ wp³yw na uzyskiwane wyniki badañ
odporno�ci korozyjnej. Próbki o powierzchni utlenionej ano-
dowo z nastêpnie wytworzon¹ warstw¹ wêglow¹ wykazy-
wa³y wiêksz¹ odporno�æ korozyjn¹ w odniesieniu do pró-
bek o powierzchni polerowanej z warstwa wêglow¹. Jed-
nak¿e najkorzystniejsz¹ charakterystykê korozyjn¹ wyka-
zywa³y próbki o powierzchni polerowanej i utlenianej ano-
dowo. Dla tego sposobu przygotowania powierzchni obser-
wowano w badanym zakresie najmniejsz¹ gêsto�æ pr¹du
anodowego, który nie przekracza³ 0,4 µA/cm2.
Analizê sk³adu chemicznego przeprowadzono dla próbek o
powierzchni utlenianej anodowo z warstw¹ wêglow¹. Ana-
liza wykaza³a, ¿e w warstwie powierzchniowej wystêpowa-
³y zwi¹zki wêgla, których energie wi¹zania by³y bliskie miê-
dzy innymi wêglikom (TiC, Fe3C, NbC, Cr3C2) oraz tlenki
tytanu, niobu, aluminium i chromu. Stê¿enie wêgla w war-
stwie zmniejsza³o siê na grubo�ci warstwy, przy czym ob-
serwowano wzrost udzia³u wêgla w postaci wêglików. Dla
zwi¹zków wystêpuj¹cych w formie utlenionej obserwowa-
no zmniejszenie stopnia utlenienia, co mog³o byæ wynikiem
oddzia³ywania wi¹zki jonów argonu stosowanej do usuwa-
nia kolejnych warstw. Wyniki te wskazuj¹, ¿e proces nano-
szenia warstwy wêglowej nie zapewnia jednorodnej war-
stwy wêglowej. Dodatkowo na powierzchni próbki obser-
wowano makroskopowo, zmiany w jej zabarwieniu, co mo¿e
wskazywaæ na niejednorodno�ci sk³adu chemicznego.
Na podstawie wykonanych badañ nie mo¿na jednoznacznie
wykazaæ pozytywnego wp³ywu wytwarzanych warstw wêglo-
wych do zastosowañ w medycynie. Dla tak przygotowanych
materia³ów istnieje niebezpieczeñstwo lokalnego uszkodze-
nia warstwy wêglowej na wskutek tarcia lub odkszta³ceñ pla-
stycznych ze wzglêdu na niejednorodno�æ struktury. W ta-
kiej sytuacji mo¿e doj�æ do ods³oniêcia pod³o¿a, a tym sa-
mym utworzenia ogniw aktywno-pasywnych i rozwoju pro-
cesów korozyjnych.

WP£YW PARAMETRÓW
WY¯ARZANIA NA PODATNO�Æ
MAGNETYCZN¥ STOPU
KOBALTU
B. SUROWSKA*, M. B£ASZCZAK**

*POLITECHNIKA LUBELSKA, WYDZIA£ MECHANICZNY,
KATEDRA MATERIA£OZNAWSTWA,
**POLITECHNIKA LUBELSKA, WYDZIA£ MECHANICZNY,
INSTYTUT TECHNOLOGICZNYCH SYSTEMÓW INFORMACYJNYCH

[In¿ynieria Biomateria³ów, 46,(2005),15-17]

Wprowadzenie

Uwa¿a siê [1, 2, 3], ¿e stopy metali stosowane w medy-
cynie powinny posiadaæ w³a�ciwo�ci paramagnetyczne.
Zmiana w³a�ciwo�ci magnetycznych z paramagnetycznych

sults show that carbon layering process using RF PACVD
does not ensure to obtain an uniform layer. Additionally,
the colour uniformity on the whole surface was observed. It
indicated that the layer had varied chemical composition in
different parts.
On the basis of obtained results it cannot be stated that the
layering of the titanium alloy (Ti6Al7Nb) with carbon using
the RF PACVD is useful for medical application. It is highly
possible that, for the material prepared according to de-
scribed methodology, the layer will be defaced due to the
variety in wear resistance and plastic deformability in cer-
tain parts of the layer. In such a case, a part of implant may
be denuded resulting in creating actice-passive cells which
can accelerate corrosion processes.
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Introduction

It is believed [1, 2, 3] that metal alloys applied in medi-
cine should possess paramagnetic properties. The change
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na ferromagnetyczne mog¹ byæ przyczyn¹ wykluczenia ma-
teria³u z zastosowañ medycznych.
Celowym staje siê wiêc okre�lenie w³a�ciwo�ci magnetycz-
nych oraz wp³ywu czynników technologicznych, g³ównie
parametrów obróbki cieplnej, na zmiany tych w³a�ciwo�ci
w stopach zawieraj¹cych kobalt, nikiel i chrom w ilo�ciach
umo¿liwiaj¹cych powstawanie fazy ferromagnetycznej.

Materia³ i metodyka badañ

Materia³em badawczym jest do�wiadczalny odlewniczy
stop kobaltu wytworzony metod¹ metalurgii pró¿niowej.
Udzia³ procentowy g³ównych sk³adników stopowych wyno-
si Co ~68%, Cr - 19,78, Ni - 9,97 [2].

Próbki pobrane z wlewka poddano wy¿arzaniu w za-
kresie temperatury od 1173 do 1473 K przy wzro�cie tem-
peratury co 50 K w atmosferze powietrza, w czasie 0,75h i
12h z ch³odzeniem na powietrzu.

Badania podatno�ci magnetycznej prowadzono przy
u¿yciu wagi magnetycznej.

Wyniki badañ

Badanie w³a�ciwo�ci magnetycznych stopu kobaltu o
strukturze odlewniczej oraz po obróbce cieplnej zosta³y po-
przedzone analiz¹ fazow¹ wykonan¹ metod¹ dyfrakcji rtg.
w celu okre�lenia wp³ywu obróbki cieplnej na ilo�æ fazy a-
Co. Dobieraj¹c próbki do badañ magnetycznych zwrócono
uwagê na efekt tekstury, który stanowi³ podstawê do wyklu-
czenia danego materia³u z tej czê�ci badañ, by ograniczyæ
liczbê czynników mog¹cych mieæ wp³yw na w³a�ciwo�ci ma-
gnetyczne. W efekcie zakwalifikowano 4 zestawy próbek
(1 - 1223K/0,75h, 2 - 1373 K/0,75h, 3 - 1423 K/0,75h, 4 -
1173 K/12h).
Przedstawione na RYS. 1 i RYS. 2 wielko�ci koercji �wiad-
cz¹ o bardzo s³abych w³a�ciwo�ciach ferromagnetycznych
badanych próbek. Wielko�æ koercji na poziomie 7÷11 we-
d³ug skali Gaussa mo¿e wskazywaæ, ¿e jest to stop ma-
gnetycznie twardy. Jednak na podstawie normy dotycz¹cej
materia³ów magnetycznych [4] materia³y tego typu nale¿¹
do materia³ów magnetycznie miêkkich, je¿eli natê¿enie ko-
ercji jest mniejsze ni¿ 1x103 A/m (RYS. 2).
Podatno�æ dla stopu po obróbce cieplnej przyjêto jako wiel-
ko�æ otrzyman¹ po osi¹gniêciu stanu nasycenia dla po-
szczególnych temperatur wy¿arzania (RYS. 3). W oblicze-
niach   wykorzystano specjalistyczne oprogramowanie wy-
konane na Wydziale Fizyki Uniwersytetu �l¹skiego oraz

from magnetic to paramagnetic properties could be the rea-
son for the exclusion of material from medical applications.
Therefore, purposeful is to determine the magnetic proper-
ties and influence of technological factors, mainly  param-
eters of heat treatment on the modification of these proper-
ties in alloys containing cobalt, nickel and chromium in quan-
tities that make the formation of ferromagnetic phase pos-
sible.

Material and methods

The subject of the examinations was an experimental
cobalt cast alloy produced by vacuum metallurgy with chemi-
cal composition (in wt.%): Co~68, Cr-19.78, Ni-9.97 [2]. The
samples were annealed in the temperature ranging  from
1173K to 1473 K with the rise in temperature of 50 K in
atmospheric air during 0.75 h and 12 h. The samples were
cooled in air.

The studies of  magnetic susceptibility were conducted
with the use of magnetic balance.

Results

The studies of magnetic properties of cobalt alloy with
casting structure, after heat treatment XRD phase analysis,
were conducted in order to determine the influence of heat
treatment on quantity a-Co phase. Selection was based on
the texture in order to limit the factors that could have the
influence on the magnetic properties. Finally, 4 sets of sam-
ples were selected (1 - 1223K/0.75h, 2 - 1373 K/0.75h, 3 -
1423 K/0.75h, 4 - 1173 K/12h).
The dimension of coercive force presented in FIG. 1 and 2
proved the very weak magnetic properties of studied sam-
ples. The dimension of coercive force on level 7÷11 ac-
cording to Gauss scale may show that the alloy is magneti-
cally hard. According to standard [4] these materials are
considered to be magnetically soft, if the intensity of coer-
cive force is lower than 1x103 A/m (FIG. 2).
The magnetic susceptibility of the alloy after heat treatment
was considered to be equal to the saturated conditions for
following temperature of annealing.
The calculations were examined with the use of the pro-
gram made by Department of Physics (University of Silesia)
and ORIGIN® program for curves analysis.
The following values of magnetic susceptibility were ob-
tained: c1173 = 1.45·10-6 ; c1223 = 1.38·10-6; c1323 = 1.37·10-6;
c1373 = 1.39·10-6 and TC = 290 K Curie temperature.

In order to verify the results of magnetization and Curie
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program do analizy krzywych ORIGIN®.
Otrzymano nastêpuj¹ce warto�ci podatno�ci magnetycznej:
c1173 = 1,45·10-6 ; c1223 = 1,38·10-6; c1323 = 1,37·10-6; c1373 =
1,39·10-6 oraz temperaturê Curie TC = 290 K.
Celem weryfikacji otrzymanych wyników namagnesowania
i temperatury Curie przeprowadzono obliczenia podatno�ci
magnetycznej w zale¿no�ci od temperatury stopu. Do ana-
lizy zastosowano metodykê zaczerpniêt¹ z literatury wyko-
rzystuj¹c prawo Curie-Weissa. Otrzymane wyniki przedsta-
wia RYS. 4. Zaznaczony na wykresie punkt A przedstawia
w przybli¿eniu temperaturê Curie.

Podsumowanie

W wyniku prowadzonych badañ otrzymano temperaturê
Curie dla stopu Co-Ni-Cr wynosz¹c¹ TC = 290 K oraz wiel-
ko�æ koercji HC<1000 A/m, która kwalifikuje ten materia³ do
grupy bardzo s³abych ferromagnetyków. Otrzymane wiel-
ko�ci podatno�ci magnetycznej s¹ na pograniczu materia-
³ów paramagnetycznych i ferromagnetycznych poniewa¿
c=1,45÷1,37·10-6. Je¿eli podatno�æ jest rzêdu 1·0-6 to mate-
ria³ mo¿e wykazywaæ bardzo s³abe w³a�ciwo�ci ferroma-
gnetyczne tj. pod dzia³aniem zewnêtrznych pól mo¿e wy-
stêpowaæ uporz¹dkowanie magnetyczne. Niewielka zmia-
na podatno�ci magnetycznej wyznaczonej przy zmianie
temperatury obróbki cieplnej wi¹¿e siê z przemian¹ fazow¹
oraz zmian¹ morfologii materia³u, co opisano we wcze�niej-
szych publikacjach [5, 6]. Warto�æ temperatury Curie umo¿-
liwia stosowanie stopu jako paramagnetycznego w �rodo-
wisku organizmu ludzkiego.

temperature, the calculation of magnetic susceptibility de-
pending on temperature was conducted. For analysis the
method was applied from literature with the use of Curie-
Weiss law. The results are presented in FIG. 4. The point A
approximately marked in the graph shows the Curie tem-
perature.

Summary

Conducted studies show that the Curie temperature of
Co-Ni-Cr is equal to TC = 290 K and dimension of coercive
force HC < 1000 A/m, which qualify this material to very
weak ferromagnetic group. The dimension of magnetic sus-
ceptibility lies between the paramagnetic and ferromagnetic
materials, because c = 1.45÷1.37·10-6. Material may have
very weak ferromagnetic properties if susceptibility is of the
order of magnitude of 1·10-6 (under the influence of external
field magnetic arrangement may occur). The small changes
of magnetic susceptibility, determined at temperature
change of heat treatment, are connected with phase change
and morphology change of the material [5,6]. Value of Cu-
rie temperature enables the alloy to be applied as para-
magnetic material in human body environment.
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RYS. 3. Zmiana podatno�ci magnetycznej stopu
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FIG. 3. The changes of magnetic susceptibility of
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RYS. 4. Wykres podatno�ci magnetycznej w
zale¿no�ci od temperatury.
FIG. 4. Diagram of magnetic susceptibility as a
function of temperature.
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OCENA PRZYDATNO�CI
OBRÓBEK ELEKTROCHEMICZ-
NYCH DO MODYFIKACJI
POWIERZCHNI IMPLANTÓW
KRÊGOS£UPOWYCH
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*CENTRUM IN¯YNIERII BIOMEDYCZNEJ POLITECHNIKI �L¥SKIEJ,
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**LFC ZIELONA GÓRA, UL. SK£ADOWA 5B, 66-016 CZERWIEÑSK

[In¿ynieria Biomateria³ów, 46,(2005),18-21]

Wprowadzenie

Implanty krêgos³upowe ze wzglêdu na okres przebywania
w organizmie zaliczane s¹ do implantów d³ugotrwa³ych.
Specyfika �rodowiska tkankowego oraz cykliczne zmiany
obci¹¿eñ powoduj¹, ¿e implanty te mog¹ ulec zniszczeniu
w wyniku przeci¹¿enia implantu, zmêczenia materia³u, po-
stêpuj¹cej korozji lub w wyniku z³o¿enia nak³adaj¹cych siê
poszczególnych czynników. Zadaniem biomateria³ów sto-
sowanych do wytwarzania tego typu konstrukcji jest zapew-
nienie stabilno�ci mechanicznej oraz chemicznej w ca³ym
okresie u¿ytkowania [1÷3]. Konstrukcja implantów krêgo-
s³upowych wynikaj¹ca z przes³anek anatomicznych krêgo-
s³upa i techniki operacyjnej powoduje, ¿e powierzchnie
wspó³pracuj¹cych z sob¹ elementów mog¹ ulec uszkodze-
niu w wyniku tarcia. Powierzchnia implantów mo¿e byæ tak-
¿e uszkodzona w wyniku przedoperacyjnego modelowania.
Z uwagi na biokompatybilno�æ implantu w uk³adach tkan-
kowych jako�æ powierzchni materia³u ma du¿e znaczenie.
Uszkodzenia powierzchni s¹ potencjalnymi miejscami roz-
woju procesów korozyjnych, z tego te¿ powodu d¹¿y siê do
zapewnienia mo¿liwie wysokiej odporno�ci korozyjnej im-
plantów, dobrych w³asno�ci trybologicznych powierzchni
oraz podatno�ci ewentualnych warstw powierzchniowych
do odkszta³ceñ.
W pracy oceniono przydatno�æ polerowania elektrochemicz-
nego oraz utleniania anodowego zastosowanego do mo-
dyfikacji powierzchni implantów krêgos³upowych.

Materia³y i metodyka badañ

Do badañ u¿yto implanty do stabilizacji pogranicza czasz-
kowo-krêgos³upowego produkowane przez LfC Zielona
Góra - RYS. 1. Implanty wykonane by³y ze stopu Ti6Al4V
ELI [11]. Powierzchniê implantów poddano procesom pole-
rowania elektrochemicznego oraz pasywacji elektroche-
micznej w Centrum In¿ynierii Biomedycznej Politechniki �l¹-
skiej. Polerowania przeprowadzono w k¹pieli, opracowa-
nej przez autorów o sk³adzie: HF+H2SO4+C2H6O2. Utlenia-
nie anodowe przeprowadzono w wodnym roztworze CrO3

[4÷10].
Dla elementów stabilizatorów przeprowadzono badania chro-
powato�ci, okre�laj¹c parametr Ra (�rednie arytmetyczne
odchylenie profilu od linii �redniej). Do badañ wykorzystano
chropowato�ciomierz Surtronic 3+ firmy Hobson-Tylor.
Ocenê odporno�ci korozyjnej dla elementów stabilizatorów
przeprowadzono na podstawie badañ potencjodynamicz-
nych wykonanych przy u¿yciu zestawu do badañ elektro-
chemicznych VoltaLab21. Badania przeprowadzono w roz-
tworze Tyrode'a o temp. 37±1°C i pHÎ(7,5÷8,4). Krzywe
polaryzacji anodowej zarejestrowano dla elementów stabi-

EVALUATION OF THE
USEFULNESS OF ELECTRO-
CHEMICAL TREATMENTS FOR
SPINE IMPLANTS SURFACE
MODIFICATION

W. CHRZANOWSKI*, J. MARCINIAK*, L. F. CIUPIK**, G. NAWRAT*

*CENTER OF BIOMEDICAL ENGINEERING, THE SILESIAN UNIVERSITY

OF TECHNOLOGY, UL. AKADEMICKA 2A, 44-100 GLIWICE

**LFC ZIELONA GÓRA, UL. SK£ADOWA 5B, 66-016 CZERWIEÑSK

[Engineering of Biomaterials, 46,(2005),18-21]

Introduction

Spine implants due to their relatively long time existence in
the body are classified as long term implants. Body fluid
conditions, periodic loads and momentum changes cause
the implants to be damaged as a result of overloading,
material fatigue, progressive corrosion processes or as a
consequence of a combination of these factors. Biomaterials
used for manufacturing spine implants ought to ensure
mechanical and chemical stability during its life in the body
[1÷3]. The construction of spine implants is effected by the
spine's anatomical  features and the surgical operation pro-
cedures. These aspects can cause damage to the surfaces
because of wear, friction and jointing of the implants' ele-
ments. The implants surfaces can be impaired by operation
pre-bending. Concerning implants biocompatibility in body
conditions, the quality of the material surface is crucial.
Damage to the surface damages are potential areas of cor-
rosion development. Because of this, scientific works tend
to ensure high corrosion and wear resistance, good
tribological properties and the flexibility of the prospective
surface layer.
In the paper the usefulness of the electropolishing and
anodic oxidation, used for spine implant surface modifica-
tion, was evaluated.

Materials and methods

In the research occipito-cervical stabilizers produced by
LfC Zielona Gora was used - fig. 1. The implants were made
of titanium alloy - Ti6Al4V ELI [11]. Surfaces of the implants
were electropolished and anodically oxidized in The Centre

RYS. 1. Postaæ konstrukcyjna implantów
krêgos³upowych poddanych obróbkom
elektrochemicznym.
FIG. 1. The elements of the spine stabilizers which
were electrochemically treated.
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lizatorów przed oraz po obróbkach elektrochemicznych oraz
dodatkowo po symulowanej implantacji przeprowadzonej
na fantomie zgodnie z procedur¹ operacyjn¹ oraz z zasto-
sowaniem specjalistycznego instrumentarium chirurgiczne-
go. Badania korozyjne wykonano dla elementów wykazu-
j¹cych najwiêksze uszkodzenia powierzchni ocenione w
badaniach makroskopowych. W obserwacjach makrosko-
powych oceniono nieci¹g³o�ci, uszkodzenia warstwy po-
wsta³e w wyniku �ródoperacyjnego modelowania znacznie
twardszymi (hartowanymi) narzêdziami chirurgicznymi oraz
wspó³pracy elementów stabilizatorów.

Wyniki badañ

�rednie warto�ci parametru chropowato�ci dla poszcze-
gólnych elementów stabilizatora przed procesem polero-
wania elektrochemicznego by³y ró¿ne i zale¿ne od miejsca
badania. Warto�ci te zawiera³y siê w nastêpuj¹cych prze-
dzia³ach
· wspornik potyliczno szyjny - Ra Î 0,36÷0,56 mm,
· elementy ³¹cznika poprzecznego prêtowego - Ra Î
0,20÷0,38 mm,
· kotwica potyliczna - Ra = 0,26 mm.
Pomiary chropowato�ci po obróbkach elektrochemicznych
wykaza³y, ¿e chropowato�æ powierzchni elementów stabili-
zatorów, za wyj¹tkiem zag³êbieñ i miejsc, w których pomiar
chropowato�ci z u¿yciem profilografometru nie by³ mo¿li-
wy, nie przekracza³a warto�ci Ra=0,16 mm. Na RYS.2 przed-
stawiono mikroskopowe obraz powierzchni implantów przed
i po obróbkach elektrochemicznych.
W obserwacjach makroskopowych ujawniono na powierzch-
niach elementów stabilizatorów liczne uszkodzenia po-
wierzchni powsta³e w trakcie modelowania �ródoperacyj-
nego lub symulacji instalowania/wszczepiania implantu.
Uszkodzenia powsta³y na wskutek tarcia, docisku i kontak-

of Biomedical Engineering at the Silesian University of Tech-
nology. The electropolishing was done in a bath which was
devised by the authors. The bath was composed of
HF+H2SO4+C2H6O2. The anodic oxidation was carried out
in the CrO3 solution [4÷10].
 The mean roughness of the stabilizers' surfaces was meas-
ured using the roughness checker Surtronik 3+ by Taylor-
Hobson.
Corrosion resistance was assessed on the basis of
potentiodynamic tests which were done using
electrochemical research system VoltaLab 21. The tests
were carried out in a Tyrode solution at a temp. 37±1°C and
pHÎ(7,5÷8,4). Anodic polarization curves were recorded for
the elements before and after electrochemical treatment and
also after simulated implantation of the stabilizers on the
replica spine. The implantation was carried out using spe-
cialized surgical instrumentation. Regarding the stabilizers,
after the implantation the corrosion tests were carried out
only for the elements which had the biggest damages to
their surfaces. Non uniformity, discontinuity and damage to
the implants' surfaces were analyzed by macroscopic ob-
servations.  These impairments could be as a result of
prebending using much harder surgical instruments and the
wearing of the joint elements.

Results

Mean roughness for the stabilizers' elements, before
electropolishing, was varied and depended on place probed.
Values of the Ra parameter were in the following ranges,
for:
· occipital bracket - Ra Î 0,36÷0,56 mm,
· rods crosslink elements - Ra Î 0,20÷0,38 mm,
· occipito anchor - Ra = 0,26 mm.
Rougness measurements after electrochemical treatment
showed that mean roughness of stabilizer elements did not
exceed  Ra = 0,16 mm. The measurements were not carried
out in the areas where it was not possible to use the rough-
ness checker.
The microscopic image of the implants surfaces before and
after electrochemical treatment is shown on the FIG.2.
The macroscopic survey revealed numerous damage to the
implants' surfaces which originated during the implants
modeling at the time of simulated implantation. This dam-
age appeared as a result of friction, clamp and instrument
contact with the implant surfaces. They were also as a con-
sequence of interactions between the elements during and
after the implantation - FIG.3. The damage occurred only
on some stabilizers' elements. The fact that the micro and
macro observations did not reveal any discontinuities of the
passive layer, in the plastically deformed areas, is notewor-

element
b e f o r e
e l e c t r o l -
polishing

a f t e r
e l e c t r o -
polishing

RYS. 2. Obraz powierzchni implantów przed oraz
po obróbkach elektrochemicznych.
FIG. 2. Images of the implnats surface before and
after electropolishing.

RYS. 3. Uszkodzenia powierzchni powsta³e w
trakcie przedoperacyjnego modelowania próby
instalowania chirurgicznego oraz wspó³pracy
elementów stabilizatorów.
FIG. 3. Surface damages formed during simulated
implantation and interactions between the
stabilizers elements .
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tu instrumentarium z implantem, jak i wspó³pracy poszcze-
gólnych elementów stabilizatorów w trakcie, jak i po implan-
towaniu - RYS.3. Uszkodzenia powierzchni dotyczy³y wy-
³¹cznie niektórych elementów stabilizatorów. Na uwagê za-
s³uguje fakt, i¿ nie obserwowano w obserwacjach makro- i
mikroskopowych przerwania ci¹g³o�ci warstw w obszarach
odkszta³canych plastycznie. Nie zaobserwowano tak¿e
uszkodzeñ warstwy na elementach maj¹cych bezpo�redni
kontakt ze strukturami kostnymi, co mog³o wynikaæ z nie
pe³nego obci¹¿enia implantu.
Wyniki badañ odporno�ci korozyjnej zestawiono w TABELI
1. Warto�æ potencja³u korozyjnego dla próbek przed obrób-
kami elektrochemicznymi wynosi³a Ekor=-377 mV, opór po-
laryzacyjny wynosi³ Rp=133 kWcm2 natomiast szybko�æ ko-
rozji wynosi³a �rednio 0,81 µm/rok. Dla elementów stabili-
zatora polerowanych elektrochemicznie oraz utlenianych
anodowo obserwowano wzrost wyznaczanych parametrów,
które wynosi³y odpowiednio Ekor=+85 mV, Rp=420 kWcm2

oraz szybko�æ korozji 0,23 µm/rok. Warto�æ potencja³u ko-
rozyjnego po wykonanej próbie implantacji wzros³a do war-
to�ci Ekor=+95 mV. Obserwowano tak¿e wzrost oporu pola-
ryzacyjnego do warto�ci Rp=720 kWcm2 oraz zmniejszenie
szybko�ci korozji do 0,20 µm/rok. Gêsto�ci pr¹du anodo-
wego w badanym zakresie by³y nieznacznie ni¿sze dla ele-
mentów stabilizatora przed prób¹  implantacji - TABELA 1.
Dla elementów stabilizatora po implantacji obserwowano
lokalny wzrost gêsto�ci pr¹du anodowego przy warto�ci po-
tencja³u oko³o 1200 mV i nastêpnym spadek po osi¹gniêciu
potencja³u 1720 mV - rys. 4. Takie zachowanie mo¿na byæ
wywo³ane zjawiskiem wydzielania tlenu przy tych warto-
�ciach potencja³ów i zrepasywowaniem siê obszarów uszko-
dzonych, gdzie wystêpowa³y nieci¹g³o�ci warstwy pasyw-
nej.
Na podstawie wykonanych badañ potencjodynamicznych
stwierdzono, ¿e warto�æ potencja³u korozyjnego dla pró-
bek przed obróbkami elektrochemicznymi wynosi³a Ekor=-
377 mV, opór polaryzacyjny wynosi³ Rp=133 kWcm2 nato-
miast szybko�æ korozji wynosi³a �rednio 0,81 µm/rok. Dla
elementów stabilizatora polerowanych elektrochemicznie
oraz utlenianych anodowo obserwowano wzrost wyznacza-
nych parametrów, które wynosi³y odpowiednio Ekor=+85 mV,
Rp=420 kWcm2 oraz szybko�æ korozji 0,23 µm/rok. Warto�æ
potencja³u korozyjnego po wykonanej próbie implantacji
wzros³a do warto�ci Ekor=+95 mV. Obserwowano tak¿e
wzrost oporu polaryzacyjnego do warto�ci Rp=720 kWcm2

oraz zmniejszenie szybko�ci korozji do 0,20 µm/rok. Gê-
sto�ci pr¹du anodowego w badanym zakresie by³y nieznacz-
nie ni¿sze dla elementów stabilizatora przed prób¹  implan-
tacji - TABELA 1. Dla elementów stabilizatora po implanta-
cji obserwowano lokalny wzrost gêsto�ci pr¹du anodowe-
go przy warto�ci potencja³u oko³o 1200 mV i nastêpnym
spadek po osi¹gniêciu potencja³u 1720 mV - RYS.4. Takie
zachowanie mo¿na byæ wywo³ane zjawiskiem wydzielania
tlenu przy tych warto�ciach potencja³ów i zrepasywowaniem
siê obszarów uszkodzonych, gdzie wystêpowa³y nieci¹g³o-
�ci warstwy pasywnej.

thy. No scratches and or impairments of the surface layer
were observed on the elements which had direct contact
with bonelike structures of the replica spine. This positive
result could be different if the implants were bearing full
weight.
The corrosion resistance results are compiled in TABLE 1.
The corrosion potential for the stabilizers elements before
electrochemical treatment (after machining) was Ecor=-377
mV, polarization resistance Rp=133 kWcm2 and corrosion
rate 0,81 µm/year. Electropolishing and anodic oxidation
lead to a respective growth of the determined parameters
to Ecor=+85 mV, Rp=420 kWcm2 and corrosion rate to 0,23
µm/year. The simulated stabilizer implantation on the rep-
lica spine resulted in changes of the parameters which im-
proved respectively to Ekor=+95 mV, Rp=720 kWcm2 and
corrosion rate to 0,20 µm/year. Current density for the im-
plants before the trial implantation was moderately lower
then recorded for implants after implantation. Locally, there
was a growth of the current density at the potential 1200
mV and then a decline after reaching a peak by the poten-
tial equals to 1720 mV were observed for the implants ele-
ments after the trial implantation. That kind of behavior could
be a consequence of oxygen educing (release) by these
potentials and it could result in repassivation of the dam-
aged areas where discontinuity of the passive layer were
occurred.

Discussion

The roughness measurements of the implant surfaces
certified that mean roughness Ra did not overreach 0,16 µm.
Macroscopic observations confirmed that the passive layer
was uniform on all the elements.
The simulated implantation of the stabilizers on the replica
spine according to procedure which is established during
surgery led to the surfaces damage. On the surface of the
rod elements, which were bent to fit the spine curvature,

RYS. 4. Krzywe polaryzacji anodowej dla
elementów stabilizatora krêgos³upowego przed i
po symulowanej implantacji.
FIG. 4. Anodic polarization curves for the spine
stabilizers elements.

TABELA 1. Wyniki badañ odporno�ci korozyjnej.
TABLE 1. The corrosion resistance results.

Wyznaczany parametr 

Gêsto�æ pr¹du anodowego dla 
potencja³u , 

 

Anodic current density , mA/cm
2
 

 
Sposób przygotowania powierzchni / Surface preparation 
 

 
Ekor, 
mV 

 

Rp, 
k? cm

2
 

100 mV 200 mV 2000 mV 

Szybko�æ korozji,  
Corrosion rate,  

ìm/year  

Przed obróbkami elektrochemicznymi / Before electrochemical treatment* 
-

377 
133 5,4 5,5 17,55 0,81 

Przed implantacj¹ na fantomie /  Electrochemically treated*, before trial 
implanation 

+85 420 0,03 0,04 0,33 0,23 

Po implantacji na fantomie / Electrochemically treated*, after trial implanation +95 720 0,05 0,05 4,07 0,20 
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numerous dents and scratches were observed. It resulted
in a discontinuity in the passive layer.  Some parts of the
rods were plastically deformed and this deformation did not
cause the layer breakage. Additionally, damages which was
as a result of friction between the elements was observed
on the surfaces of the interacting components (screw - nut).
Observations did not reveal any impairments to the elements
surfaces which interacted with bone like structures (simu-
lated by the spine model material).
Potentiodynamic tests showed a surge of corrosion resist-
ance for the implants elements after electrochemical treat-
ment. The tests revealed also that mechanical damage
changed slightly the character of the anodic polarization
curves. The noted improvement of polarization resistance
and decline of corrosion rate could be a result of implant
staying longer in air conditions which were implanted on
the replica spine compared with the non implanted implants.
In previous research [1, 3, 4] it was proven that the thick-
ness of the passive layer on titanium alloy depends on the
time of exposure in the air. Nevertheless, on the implant
surfaces, after corrosion tests there were no pits which
seems to be noteworthy. Additionally, it should be empha-
sized that, in the range of potentials which can be present
in the body, current density recorded for both states (before
and after trial implantation) were very close and they were
respectively 0,04 and 0,05 mA/cm2.
The passive layer is not wear resistant, it does not improve
tribological properties but it considerably improves corro-
sion resistance. Electrochemical treatment enables us to
create stable, well defined oxide layers which are flexible.
These kind of layers can be useful to modify surfaces of
some parts of the spine implants. Moreover, it must be said
that, when some parts of the stabilizer are modified using
different technologies, they lead to a variety of layers which
have different chemical composition and electrochemical
properties. In these kinds of situations a local galvanic cell
can appear that leads to corrosion process acceleration.
From this point of view it is necessary to strive to have chemi-
cal uniformity on the surfaces of stabilizers elements.
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Omówienie wyników badañ

Na podstawie wykonanych pomiarów chropowato�ci ele-
mentach stabilizatorów krêgos³upowych stwierdzono, i¿
�rednia warto�æ parametru Ra po przeprowadzonych ob-
róbkach elektrochemicznych nie przekracza³a warto�ci 0,16
µm. Obserwacje makroskopowe wykaza³y, ¿e warstwy pa-
sywne s¹ jednorodne na wszystkich elementach.
Zabieg symulowania implantowania stabilizatorów na fan-
tomie zgodnie z procedurami obowi¹zuj¹cymi podczas za-
biegów chirurgicznych spowodowa³ uszkodzenie powierzch-
ni. Na powierzchni elementów prêtowych, domodelowywa-
nych do krzywizn krêgos³upa obserwowano liczne wgnie-
cenia, zadrapania, co doprowadzi³o do nieci¹g³o�ci warstwy
pasywnej. Nie obserwowano nieci¹g³o�ci spowodowanej
odkszta³ceniami plastycznymi elementów. Dodatkowo na
elementach wspó³pracuj¹cych (�ruba - nakrêtka) obserwo-
wano uszkodzenia wynikaj¹ce ze wspó³pracy tarciowej obu
elementów. Obserwacje nie wykaza³y uszkodzenia po-
wierzchni elementów bezpo�rednio kontaktuj¹cych siê ze
strukturami kostnymi, symulowanym przez materia³ mode-
lu krêgos³upa.
Przeprowadzone badania potencjodynamiczne wykaza³y
znacz¹cy wzrost odporno�ci korozyjnej elementów stabili-
zatora po przeprowadzeniu obróbek elektrochemicznych.
Badania te wskaza³y tak¿e, i¿ uszkodzenia mechaniczne w
nieznaczny sposób wp³ynê³y na charakter krzywych pola-
ryzacji anodowej. Zarejestrowany wzrost potencja³u koro-
zyjnego, oporu polaryzacyjnego oraz zmniejszenie szyb-
ko�ci korozji mo¿na t³umaczyæ d³u¿szym czasem przeby-
wania implantów w kontakcie z tlenem przed rozpoczêciem
badañ korozyjnych w stosunku do elementów nieimplnato-
wanych. Z danych literaturowych [1,3,4] wynika, i¿ wraz z
czasem zwiêksza siê do pewnej granicy grubo�æ warstwy
pasywnej, co mog³o wywo³aæ taki rezultat badañ. Na uwa-
gê zas³uguje fakt, i¿ pomimo uszkodzenia powierzchni im-
plantów nie obserwowano rozwoju w¿erów korozyjnych.
Nieci¹g³o�ci warstwy uleg³y repasywacji w roztworze fizjo-
logicznym. Dodatkowo nale¿y podkre�liæ, i¿ w obszarze
potencja³ów mog¹cych wystêpowaæ w ludzkim organizmie
krzywe polaryzacji anodowej dla obu stanów, przed i po
symulowanej implantacji by³y zbli¿one i wynosi³y odpowied-
nio 0.04 i 0.05 mA/cm2.
Warstwa pasywna nie jest odporna na �cieranie, nie wp³y-
wa na poprawê w³asno�ci trybologicznych przyczynia siê
jednak do znacznej poprawy odporno�ci korozyjnej i mo¿e
mieæ zastosowanie do obróbki powierzchni pewnych ele-
mentów stabilizatorów krêgos³upowych. Obróbki elektroche-
miczne pozwalaj¹ na wytwarzanie stabilnych, dobrze zde-
finiowanych warstw tlenkowych, które cechuj¹ siê tak¿e
podatno�ci¹ do odkszta³ceñ plastycznych. Nale¿y przy tym
zauwa¿yæ, i¿ w sytuacji gdy powierzchnie poszczególnych
elementów stabilizatora bêd¹ modyfikowane wg ró¿nych
technologii w wyniku, których uzyskane zostan¹ pow³oki
ró¿ne pod wzglêdem sk³adu chemicznego oraz w³asno�ci
chemicznych mog¹ pojawiaæ siê lokalne ogniwa galwanicz-
ne przyczyniaj¹ce siê do akceleracji procesów korozyjnych.
Z tego te¿ powodu nale¿y d¹¿yæ do jednorodno�ci chemicz-
nej na powierzchni elementów stabilizatorów.
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Abstract

The effect of different polymer layers (polysulfone
and polytetrafluoroethylene) on mechanical proper-
ties of stainless steel plates was studied. The "in vitro"
behaviour of examined samples was determined on
the basis of pH variations of the Ringer fluid during
the incubation, also by conductivity measurements and
by sample weight variations during 10 weeks immer-
sion in solution. Scanning electron microscopy helped
to co-relate the properties of stainless steel with dif-
ferent polymer layers applied on its surface. Layers
adhesion to stainless steel surface was observed in
more detail.
Results showed that pH values of the Ringer fluid for
polysulfone coated samples of stainless steel were
lower than those for bare steel. Fluid conductivity pre-
sented continuous increase during incubation. The
SEM micrographs showed that layers adhesion to
stainless steel surface was better in the case of
polytetrafluoroethylene.

Introduction

Surface properties and corrosion resistance are the most
important characteristics of biomaterials among all factors
that determine the biocompatibility of an implant. Several
studies had demonstrated the dependence of alloy
biocompatibility on surface treatments [1-5]. To solve the
problem of corrosion after stenting, several coatings have
been tested either in vitro or in vivo, including gold coating
and polymers [6]. The degradation of bonding and inflam-
mation are typical problems related to polymer coatings [7,8].
The studies related to polysulfone (PSU) applications in
medicine started over 20 years ago. This amorphous poly-
mer is composed of sulfone, ether and isopropylidene groups
connected by aromatic rings. Due to its specific structure,
polysulfone has good mechanical properties, and also good
chemical and thermal resistance [9, 10]. There is enough
data available on its inertness in biological environment, as
well as on its biocompatibility with blood and physiological
fluids [11].
Polytetrafluoroethylene (PTFE) is perhaps the most com-
mon medical polymeric fluorocarbon [12]. Commercial
Teflon is a packed vinyl polymer, lacking a rigid 2D graphitic
or 3D diamondoid crystalline structure. Many different kinds
of Teflon are or have been in widespread use, including
surface films [13, 14], wire coatings [15] and other applica-
tions. Teflon is a chemically inert, bioinactive [16],
nonabsorbable [17] implant material. It is relatively stable in

the tissues and is not readily dissolved or digested by the
host [18].
The aim of this study was to investigate the difference be-
tween the effects of polysulfone and polytetrafluoroethylene
on the properties of stainless steel plates. The second ob-
jective was to characterize the adhesion of different poly-
mer layers to stainless steel surface before incubation and
after 10 weeks incubation in Ringer fluid, using the scan-
ning electron microscopy to study the surface morphology.

Materials and methods

Stainless steel plates produced by Huta Baildon,
Katowice (chemical composition: C 0.047%, Si 0.27%, Mn
0.38%, P 0.021%, S 0.009%, Cr 16.52%, Ni 0.14%, N
0.039%, Fe exc.) were used in this investigation. Two dif-
ferent polymer layers were subjected to evaluation:
1). Polysulphone (PSU) manufactured by Aldrich Chemical
Company, USA;    C27H26O6S M=26.000, Tg=190°C,
d=1.24[g/cm3]
2). Polytetrafluoroethylene (PTFE) spray, manufactured by
Kent Industries, UK.

For simulation of biological environment the Ringer Fluid
was used, made by Fresenius Kabi Polska Sp. z.o.o., with
the following composition: NaCl 8.6 g/l, KCl 0.3 g/l, CaCl2
0.243 g/l.
The PSU solution was obtained by chemical dissolution of
PSU beads in CH2Cl2 in a ratio 1:4 (w/v) followed by a 24-
hour stirring at room temperature. The steel samples were
immersed in PSU solution in order to obtain different number
of layers on the surface (1, 3 and 5 layers). The PTFE spray
was applied on the surface of steel samples in order to ob-
tain 1, 3 and 5 layers. In order to determine the influence of
PSU and PTFE layers on properties of stainless steel, sam-
ples of bare steel and samples coated with polymer layers
were incubated in the Ringer fluid and distilled water for 10
weeks at 37oC. The pH and conductivity of solutions as well
as mass measurements were performed every 2-4 days
using the CC-315 ELMETRON pH-meter and CC-315
ELMETRON conductivity-meter. Relative mass change was
calculated using the equation:

where ms [g] is a measured mass of the sample during incu-
bation and mo [g] is the initial mass of the sample.
The JEOL JSM 5400 scanning electron microscope was
used to study the sample morphology before incubation and
after 4 and 10 weeks incubation. Plates were examined at
10 kV using magnifications from 50 to 2000 in order to char-
acterize the surface and to determine the adhesion of poly-
mer layers to steel.

Results

The changes of fluid pH are presented in FIGs. 1a and
1b. As it can be observed, there is a decrease of pH value
after week 5 for all samples. This decrease can be attrib-
uted to degradation of polymer layers. The pH values of
Ringer fluid for the samples of stainless steel coated with
PSU are lower than those for bare steel and PTFE-coated
steel. The pH range of fluid for PSU samples was 6.2÷7.2.
In the case of PTFE-coated steel, the number of layers didn't
show any influence, and the pH range was 6.5÷7.5.
The electrical conductivity of distilled water as a function of
incubation time is presented in FIG. 2. In the case of all
samples there is a continuous increase of conductivity which
can be attributed to degradation of polymer layers.
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to dissolution of PTFE layer in the Ringer fluid. From all
samples examined, the largest mass variation (0.4%) is pre-
sented by the samples of steel coated with PSU. Mass in-
crease can be attributed to layers penetration by the liquid.
After 5 week incubation the decrease of mass of PSU-coated
samples can be observed, which can be attributed to initia-
tion of polymer degradation. Although the process of deg-
radation takes place, it is not very significant because of
small changes of sample mass values.
The number of PSU layers influences both the fluid pH and
the mass variation. It can be suggested that the stress dis-
tribution is better in the case of PTFE than in the case of
PSU, and this fact is also confirmed by the SEM micro-
graphs. This leads to better adhesion of PTFE.
The microstructure of samples before and after 10 weeks
incubation and the adhesion of layers to steel surface are
shown in FIG.4. It was observed that the protection assured
by the PSU layers is better than the one by PTFE although
the samples coated with PSU show worse adhesion than
the PTFE-coated ones. The incubation time doesn't affect
the adhesion of polymer layers to steel surface.

Conclusions

The pH values of Ringer fluid for the samples of stain-
less steel coated with PSU are lower than for bare steel
and PTFE-coated steel. The conductivity of distilled water
presents an increase for all samples. It has been found that
better adhesion and protection occurs in the case of PTFE
than in the case of PSU.

The variation of mass of samples is shown in FIGs.3a and
3b. A slight negative variation of mass of samples coated
with PTFE can be observed, and this fact can be attributed
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FIG. 1. Fluid pH variation as a function of time for
a) bare stainless steel and PSU-coated steel and
b) bare stainless steel and PTFE-coated steel (10
weeks, 37oC).

FIG. 3. The variation of samples mass as a
function of time (10 weeks, 37oC, Ringer fluid).

FIG. 2. Changes of electrical conductivity of
distilled water (37oC) as a function of time.
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FIG. 4. The SEM micrographs of stainless steel
plates surface coated with different polymer
layers before (4a and 4b) and after 10-week
incubation (4c and 4d).
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rial properties [9].It has been demonstrated that addition of
ceramic nanoparticles, such as alumina or titania, to poly-
mer matrices greatly influences their mechanical, physical
and biological properties [10-13]. The key to good perform-
ance is to achieve good homogeneity of the nanoparticle
dispersion and uniform microstructure. Thus, these systems
require optimized formulation and processing methods.We
proposed a solvent-free method, as an excellent tool for
nanocomposites preparation. The method involves in-situ
polycondensation process of a TPE in a presence of TiO2

nanoparticles. TiO2 was selected because its nanoparticles
have a higher cytocompatibility than composites made us-
ing conventional (micrometer) TiO2, i.e. the adhesion of
osteoblasts and chondrocytes is much higher when
nanoparticles are used [11]. These findings imply that TiO2

nanoparticles may be a potential improved substitution to
the microsized particulate coatings presently used on
bioresorbable polymer scaffolds [14]. Moreover several stud-
ies have proved that TiO2 can act as a bioactive ceramic
[15-17] in the sense that some forms of TiO2 exhibit a strong
interfacial bonding to living tissue by means of the forma-
tion of a biologically active hydroxyapatite (HA) layer on the
material surface.In this work we present results of the influ-
ence of different concentrations of TiO2 on composite prop-
erties. In such systems, a PED multiblock thermoplastic
elastomer was used as the matrix.

Experimental

Preparation method
The organic-inorganic nanocomposites were prepared

by in situ polycondensation of polyester and TiO2

nanoparticles. Commercially available TiO2 nanopowder
(Aeroxide® P25, Degussa, Frankfurt a. M., Germany) with
a mean primary size of 21 nm and a specific surface area of
50 m2/g was used. The nanoparticles consist of approxi-
mately 80% anatase and 20% rutile [18].In situ
polycondensation included two steps carried out in sepa-
rate cascade reactors. First, transesterification process be-
tween dimethyl terephthalate (DMT, ZWCh Elana, Torun,
Poland) and ethylene glycol (EG, Aldrich, 99%) has been
carried out at elevated temperature in presence of Zn(Ac)2

and Sb2O3 (Aldrich, 99.99%) catalyst. During the second
stage of the reaction, a hydrogenated dilinoleic acid (DLA)
(Uniqema - ICI, The Netherlands; acid value 196mg
KOH/g), and the variable concentration of TiO2 nanoparticles
(0.2; 0.4 and 0.6 wt%) were added. The polycondensation
was carried out at 245-250°C and 0.5-0.6 mm Hg of vacuum.
The process was considered complete on the basis of the
observed power consumption of the stirrer motor when the
product of highest melt viscosity was obtained, up to a con-
stant value of power consumption by the reactor stirrer was
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Introduction

 Nanostructured organic/inorganic composite materials
represent modern and advanced systems of specific
physico-chemical, mechanical and processing properties.
Combining unique properties of the organic component (oli-
gomer or polymer) and the inorganic one (inorganic parti-
cles or aggregates, including ceramics), they fulfill the high-
est requirements of modern materials for electronics,
optoelectronics and medicine.  One of the modern groups
of polymers of unique properties are thermoplastic
elastomers (TPE), which have already found numerous
applications, including several in the medical field (polymers
for tissue reconstruction or drug delivery systems) [1-3].
Their biological properties, in particular related to their
bioactivity, are not always as marked as for bioactive ce-
ramics, such as calcium phosphates, Bioglass® or titanium
dioxide [4-5]. Therefore, combining the unique properties
of organic, polymeric matrix (elasticity and easy of process-
ing) with inorganic highly biocompatible and bioactive inor-
ganic components (micro- and nanoparticles), various com-
posite materials can be prepared especially for biomedical
applications. In particular, nanocomposites comprising
biocompatible polymer matrices and inorganic nanoparticle
fillers represent a new group of composite biomaterials for
tissue engineering scaffolds and biomedical implants and
devices. Among the polymer matrices, biodegradable poly-
mers such as poly(L-lactic acid) or poly(caprolactone) are
commonly used. They are rather stiff materials of limited
elongation and rather unsuitable for various applications.
Therefore, thermoplastic elastomers, as materials of high
flexibility to tailor their structure and properties, represent
interesting alternative materials, especially for soft tissue
applications. Combining these flexible and degradable ma-
terials with bioactive nanoparticles, a new family of biomedi-
cal materials can be created. In addition, the superposition
of unique features of the two constitute components in these
polymers (e.g. variable hard to soft segments ratio) offers a
high versatility of design, attainment of specific morphology
and excellent mechanical properties. Recently, novel
poly(aliphatic/aromatic-ester)s (PED) of segmented
(multiblock) structure behaving as thermoplastic elastomers
(of hard/soft segments structure) have been synthesized
and extensively investigated for biomedical applications [6-
8]. PED are composed of semicrystalline poly(butylene
terephthalate) (PBT) (hard segments) and unsaturated
dilinoleic acid (DLA) (soft segments). PED are synthesized
without, often irritant, thermal stabilizers due to excellent
oxygen and thermal stability of a component of soft seg-
ments (DLA). This feature is especially important if the
material is intended for biomedical applications. PED co-
polymers are biocompatible in vitro and in vivo, and spe-
cially modified with active molecules, they show antibacte-

TABLE 1. Thermal properties of nanocomposites.

soft segments hard segments  

Sample Tg1 

(
o
C) 

DCp 

J/g/
o
C 

Tg2 

(
o
C) 

Tm2 

(
o
C) 

DHm2 

J/g 

Tc2 

(
o
C) 

PET-D -28.4 0.271 70.4 185.0 15.1 96.9 

PET-D � 
0.2% TiO2 

-27.2 0.229 72.3 180.1 10.3 106.4 

PET-D � 
0.4% TiO2 

-26.8 0.245 76.4 173.1 37.9 113.6 

PET-D � 
0.6% TiO2 

-36.6 
-83.6* 

0.198 
0.423 

- 193.1 13.2 119.6 

Tg1 � glass transition temperature of soft segments, DCp � 

heat capacity; Tg2, Tm2, Tc2 � glass transition, melting and 

crystallization temperature of hard segments, respectivelly; 

DHm2 � melting enthalpy of hard segments, * - second glass 

transition temperature 
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achieved. The neat (PET/DLA) copolymer (hard to soft seg-
ments ratio - 30:70 wt%) was prepared in a similar way,
without TiO2 nanopowder.

Characterization of composite microstructure, thermal
and mechanical properties

Surface morphology and sample homogeneity of neat
polymer and polymer/TiO2 composites (uniformity of TiO2

nanoparticles in the matrix) were characterised using scan-
ning electron microscopy (SEM) (JEOL JSM). Small pieces
of samples were mounted onto stubs using adhesive tapes
and sputtered with a gold layer. Accelerating voltages in
the range of 6-18 kV were used for the observation of sur-
face topography. Differential scanning calorimetry (DSC)
scans were performed with a DuPont apparatus. The sam-
ples were dried in vacuum at 70°C, and then kept in a des-
iccator. The process was carried out in a triple cycle: first
heating, subsequent cooling and second heating, in the tem-
perature range from -120° C to 300°C, which is higher than
the melting point of the investigated material. The rate of
heating and cooling was 10°C min-1. The glass transition
temperature (Tg) was determined from the temperature dia-
grams as the mid point of the curve.Samples in the shape
of micro-dumbbells (0.5 mm thick) were prepared by press
compaction according to ASTM D 1897-77 and then
stamped for mechanical testing. Stress-strain curves were
collected at room temperature with an Instron TM-M tensile
testing machine equipped with a 500 N load cell at a cross-
head speed of 200 mm/min. The stress data were calcu-
lated as the ratio of force to initial cross-section area. The
strain was measured by the clamp displacement, where the
starting clamp distance was 25 mm. The stress at failure
point, the yield stress and elongation values were averaged
over 4 to 6 measurements for each sample.

Results and discussion

PET/DLA copolymers containing different concentration
of TiO2 nanoparticles  (0.2, 0.4 and 0.6 wt%) were synthe-
sised using a PET/DLA weight ratio of 30/70. Homogenous,
opaque materials were produced after 2 h reaction at 290°C.
Their properties were compared to neat polymer (without
TiO2) as depicted in FIG.1.

The thermal properties of the nanocomposites were stud-
ied by differential scanning calorimetry (DSC) at a standard
heating rate of 10 °C/min. Characteristic temperature tran-
sitions are presented in TABLE 1. PET/DFA copolymers
show two characteristic temperature transitions ascribed to:
melting of copolymers (rigid phthalic segments) and low tem-
perature glass transition from dilinoleic acid. It was observed
that the melting point (Tm) and the crystallization tempera-
ture (Tc) of polymers containing TiO2 particles increases with
increasing nanoparticles concentration. The glass transi-
tion temperature increases up to 0.4 wt% TiO2, while for

system containing 0.6 wt% TiO2, the glass transition tem-
perature dramatically decreases, and moreover, the sec-
ond transition at about 83°C appears. This rather unusual
behaviour of the soft matrix at high concentration of TiO2

nanoparticles will be studied in detail in the future using

COOOC O OC COO

DPh

hard segments soft segments

-(CH2)2- -(CH2)2-O

FIG. 1. Chemical formula of poly(aliphatic/
aromatic-ester) containing a 70:30 (wt%) soft to
hard segments (ratio DPh - degree of
polycondensation of hard segments equal 1.2).

FIG. 2. Fracture surfaces of PET-D copolymer
fractured in LN2 (a), sample containing 0.4 wt%
TiO2 (b) and (c) sample containing 0.6 wt% TiO2.

FIG. 3. Static tensile properties of PET-D neat
copolymer and composites with variable TiO2
concentration.

a) b) 

 

c) 
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Abstract

Mechanical alloying is a ball milling process where
a powder mixture placed in the ball mill is subjected
to high energy collision form the balls. As the power
particles in the vial are continuously impacted by the
balls, cold welding between the particles and fractur-
ing of the particles take place repeatedly during the
ball milling process. In this article you will be presented
with the case of mechanically alloying a metal such
as titanium with hydroxyapatite, a ceramic consisting
of calcium, phosphate and hydroxyls. The composite
material will be used as a biomaterial used for im-
plants. The starting powders were weighted, mechani-
cally alloyed in an inert atmosphere, pressed and then
thermally treated up to 1150oC in a thermal cycle. The
samples were then analyzed by TGA-TG, optical mi-
croscope, XRD, and SEM.
 After the thermal treatment, the samples had an outer
shell that  was composed of hydroxyapatite, and an
inner core that consisted of titanium. Mechanical al-
loying of titanium and hydroxyapatite did not give a
uniform distribution of the powders, but titanium parti-
cles were covered by hydroxyapatite fragments only
on the surface of the specimens.

Keywords: Titanium, hydroxyapatite, mechanical
alloying, biocompatibility
[Engineering of Biomaterials, 46,(2005),27-30]

Introduction

Mechanical alloying was invented in the 1970's as a
method to develop dispersion-strengthened high tempera-
ture alloys with unique properties [1]. With the discovery of
formation of amorphous alloys using this technique, it has
received new research interest in developing different ma-
terial systems.

Mechanical alloying is a ball milling process where a
powder mixture placed in the ball mill is subjected to high
energy collision form the balls. The process is usually car-
ried out in an inert atmosphere [2]. The two most important
events involved in mechanical alloying are the repeated
welding and fracturing of the powder mixture. The alloying
process is successful only when the rate of welding bal-
ances that of fracturing and the average particle size of the
powders remains relatively coarse [3]. Alloys with different
combination of elements have been synthesized, including
at least one ductile metal to act as a host or binder to hold
together the other ingredients [4]. The mechanical alloying
process is a solid state process where the powder particles
are subjected to high energetic impact by the balls in a vial.

additional methods such as DMTA.
The analysis of SEM micrographs of the neat PET-D co-
polymer (FIG.2a) and of systems containing 0.4 and 0.6
wt% TiO2 (Fig.2 b,c) indicates differences in the topogra-
phy of fracture surfaces: the neat copolymer sample shows
features typical for elastomeric material (smooth fracture
surface which indicates ductile deformation behaviour) while
addition of TiO2 leads to a surface topography typical for
plastic deformation (b,c).
The analysis of static tensile properties indicates that the
polymer-nanofiller system achieves the highest values of
stress-strain characteristics at 0.4 wt% TiO2 (FIG.3). The
stress at break increased by 160% and the  at break by
220%, comparing with the neat polymer, respectively. At
higher concentrations of TiO2 (0.6 wt%) tensile properties
dramatically decreased, probably as the result of agglom-
erates formation (FIG.2c).

Conclusions

It has been demonstrated that the in situ
polycondensation method in the presence of TiO2

nanoparticles is a very interesting method for production of
PET-D/TiO2 nanocomposites. The in situ polycondensation
method is a versatile and solvent-free technique to produce
materials of interesting properties.  Combination of a soft,
elastomeric polymer matrix with crystalline ceramic
nanoparticles gives an interesting material of enhanced
mechanical properties as compared to the neat polymer. It
is also expected that incorporation of TiO2 nanoparticles
will influence the degradation rate and bioactivity of these
novel nanocomposites.
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As the power particles in the vial are continuously impacted
by the balls, cold welding between the particles and fractur-
ing of the particles take place repeatedly during the ball
milling process [5]. Change in structures of mechanically
alloyed powder mixture can be divided into three stages
according to measurement of the lattice spacing. They are
grain refinement, solution diffusion, and formation of new
phase. At the first stage, no solid solution takes place be-
tween the particles. Solid solution occurs as evidenced by
the broadening of the x-ray diffraction peak patterns indi-
cating the dissolution of different elemental atoms. New
phases may be formed at the later stage, an occurrence
manifested by the formation of new peaks in x-ray meas-
urement [6].
In this paper you will be presented with the case of me-
chanically alloying a metal such as titanium with hydroxya-
patite, a ceramic consisting of calcium, phosphate and
hydroxyls. The composite material will be used as a bioma-
terial used for implants, and was chosen for the good me-
chanical properties of the bio-inert titanium, and the excel-
lent biocompatibility of the bio-active hydroxyapatite.
Generally, a wide range of metals and ceramics are used
as biomaterials today. Metals such as titanium, chromium,
aluminium, fluoride, vanadium, nickel, copper and its alloys
are used as well as ceramics such as hydroxyapatite,
alumina, bioglass, A-W glass ceramic, boron, and glass fi-
bres. Pure titanium implants are widely used today too [7].
Due to the fact that they consist of metal, the implants are
bio-inert and have very good strength but they weaken the
natural bone. This is called stress protection and is due to
the fact that titanium, as more electronegative, attracts ions
from the bone on its surface with a resultant weakening of
the bone above and below the position of the implant. Not
only titanium but titanium alloys as well have been used
increasingly over the last 10-15 years, in the area of bone
replacement and orthopaedic surgery, and dental implan-
tation [13]. Solid hydroxyapatite implants are being used
today also [8]. It is thought that due to the porous nature of
these implants they lack strength but they are bioactive that
means that bone tissue grows into the pores of the implant
once inserted. Over time they are partially resorbed and
replaced by natural bone [9].
In order to overcome the stress protection problems of pure
titanium implants and the brittleness of hydroxyapatite im-
plants titanium matrix composites with bioactive reinforce-
ment such as hydroxyapatite, bioglass and apoceram were
manufactured [12].
Similar composites to the one featured in this paper were
manufactured by Watari et al. by means of powder metal-
lurgy [14]. T.Zhu, T.C Lowe, V.V Stolyarov, R.Z Valiev manu-
factured titanium and hydroxyapatite composite biomaterial
by ECAP technique and cold extrusion [15]. W.Shi et al.
manufactured a titanium- hydroxyapatite coating to pure tita-
nium matrix [16]. Bishop et al. manufactured titanium- hy-
droxyapatite FGM biomaterials by powder metallurgy [17].
?doba et al. manufactured titanium- hydroxyapatite FGM
biomaterials by cold compression and sintering in controlled
atmosphere [18]. Best et al. used an organic binder for better
adhesion of the titanium and hydroxyapatite powders in the
final composite biomaterial [19]. Mechanical alloying, with the
aim of producing homogeneous mixtures of titanium /hy-
droxyapatite powders was studied by S. Tsipas et al. [20].

Experimental procedure

Mixtures of 160 grams pre-mixed titanium from Texas
Ltd, USA and hydroxyapatite powders from Biocomposites
Ltd, UK, with 50 µm particle diameter, were loaded on
batches of 10 grams into a vial with 20 hardened steel balls
7.98 mm in diameter, giving a ball to powder ratio of about
4:1. Each batch was milled in a spex 8000 mill for 10 hours.

The powders were sprayed with an organic binder PEG from
Polysciences Inc, USA, layered into a steel die and pressed
up to 0.67 GPa in a Rex Roth Hydronorm electric press.
The intermediate products were 2 cm high and had a diam-
eter of 1.5 cm.
The samples were heated in an argon atmosphere in a
Thermavatt electric furnace to 350-400oC with a rate of 2oC
/min for the removal of the binder, then to 800oC in 5.3hours
and remaining in that temperature for 1 hour, and in the end
to 1150oC in 2.5hours and remaining in that temperature
for 1.5 hours. The billets were allowed to cool to approxi-
mately 200oC. The samples were then removed from the
furnace and allowed to cool in air to room temperature.
The samples were then analyzed by TGA-TG, optical mi-
croscope, XRD, and SEM.

Results and discussion

Optical and SEM
Samples that were mechanically alloyed, microscopically

showed the titanium particles covered with hydroxyapatite,
but hydroxyapatite particles were not homogeneously dis-
tributed throughout the titanium and were only located on
the surface. Mechanical alloying has caused in some way
the re-distribution of the titanium and hydroxyapatite parti-
cles. Mixing times did not play an important role in the struc-
ture of the final composite biomaterial, but lead to
amorphisation of the hydroxyapatite.
After the thermal treatment, the samples had an outer shell
that was composed of hydroxyapatite, and an inner core
that consisted of titanium. The outer shell was very brittle
and deflating, and generally all the specimens were fairly
sensitive to handling and had less fracture toughness than
the starting materials. Titanium particles had an angular
morphology and were considerably larger than the gran-
ules of hydroxyapatite, which appear melted. Study of the
photographs from SEM showed that the HA particles were
in agglomerates of small particles, these agglomerates were
then broken during milling, and then the fragments were
attached to the surface of the more ductile titanium.
In one specimen, visible crystal structures appear in the
outer shell during a SEM analysis. These crystals were found
to be titanium oxides. The schematic appearance of the fi-
nal samples shown in FIG. 2:
The monolithic material as well as the final material had
increased porosity. In the final samples, increased porosity
was observed in the hydroxyapatite outer shell and less in
the titanium core. This indicates that sintering was achieved

FIG. 1. Micrographs oh the hydroxyapatite and
titanium powders x50 respectively.

H 

Ti 

FIG. 2. Schematic presentation of the final sample
where the different areas are shown consisting
of Ti and HA.
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In the XRD pattern from the final products after the thermal
treatment, there is very little overlap with the initial titanium
peaks and relatively better with the initial hydroxyapatite
peaks. However, MA reduced the intensity of the HA dif-
fraction peaks.  In these diagrams, there is a shift of the
titanium peaks towards larger angles. In addition, new peaks
appeared that didn't belong to hydroxyapatite or titanium.
There are little differences between the XRD patterns of
the mechanically alloyed samples.
After comparison with an electronic data library the possible
compounds that can be in the final composite material where
found. These are, according to 3 greatest peaks (d spacing):
TiO2 ( Rutile), TiO, TiH, CaP2O6, Ti3O5, TiH2, TiO1.O4, TiO2

(Rutile, syn), CaO, P, Ti(HPO4)2-, CaTi21O38, H2O.
The new peaks that appeared match with CaTiO3 and to
Ca4Ti3O1, but the peaks are board so the distinction between
them is difficult.

DTA-TG analysis
The DTA curves of titanium and hydroxyapatite before

and after thermal treatment are shown in Fig. 10. The DTA
curves of the starting powders present peaks for the angu-
lar hydroxyapatite at 412.48oC, at 576.33oC, at 669.64oC
and at 1130oC, after 1330oC hydroxyapatite decomposes.
For the spherical hydroxyapatite at 343.88oC, at 422.13oC,
at 630.73oC and at 1200oC. Above 800oC  decarbonisation
and dehydroxylation is observed for the primary powders.
Above 1200oC hydroxyapatite is decomposed to ß-TCP,
then to a-TCP, and finally melts. Due to the presence of
titanium in the starting mixture hydroxyapatite decomposes
in an even lesser temperature near 800oC.

The TG curves for the initial powders, present a weight loss
for the angular hydroxyapatite at 600o dm:-1.730% and
1130oC dm:-1.730%, and for spherical hydroxyapatite at
630oC dm:-0.234%, and at 1000oC dm:-0.228%.
The main features of all the DTA-TG plots for the mixed
powders were the same: there was a large exothermic peak,
starting at low temperatures ,accompanied by a weight gain.
The DTA curves of the intermediate green products before
the thermal treatment presented peaks in 600oC and  830oC
to 1100oC.

in the titanium core in high degree of volume fraction, but
not on the hydroxyapatite shell. There are no indications of
formation of secondary phases from the SEM photographs.
That might indicate that there were no intermediate reac-
tions between titanium and hydroxyapatite, even though ti-
tanium has high reactivity in elevated temperatures.
In the micrographs below (FIGs. 3-6), a clear bilayer be-
tween titanium and hydroxyapatite can be seen, that shows
that the composition constant changes steeply. This makes
the connection between the different layers weak and ex-
plains the defilamentation of the hydroxyapatite layer from
the titanium matrix in almost all the samples.

 XRD analysis
The typical XRD pattern of the mechanically alloyed Ti

and hydroxyapatite before and after thermal treatment are
shown in FIGs. 7 and 8. The three main peaks for hydroxya-
patite are 2.8330, 2.7369, 2.7976 for the angular hydroxya-
patite and 2.8133, 2.7189, 2.7782 fro the spherical hydroxya-
patite. The main peaks for the titanium are 2.2468, 2.3456,
2.5594.
In the XRD pattern from the intermediate green products
before the thermal treatment, it is observed that the main
titanium and most of the hydroxyapatite peaks remain. Over-
all XRD graph with patterns of the mechanically alloyed
samples in comparison to the patterns for pure titanium and
hydroxyapatite is given in FIG. 9.

 

FIG. 7. Typical XRD pattern of mechanically
alloyed specimen before the thermal treatment.

FIG. 8. Typical XRD pattern of mechanically
alloyed specimen after the thermal treatment.

FIG. 9. Overall XRD patterns of the mechanically
alloyed samples in comparison to the patterns for
pure titanium and hydroxyapatite.

FIG. 3. SEM micrograph
of the titanium core after
the thermal treatment
(x700).

FIG. 4. SEM micro-
graph of the
hydroxyapatite shell
after the thermal
treatment (x1500).

FIG. 5. SEM micrograph
of the crystal structure,
possibly titanium oxide,
after the thermal
treatment (x400).

FIG. 6. Typical micro-
graph from optical
microscope of the final
sample x100. In the
centre, the titanium
core can be seen,
covered with hydroxy-
apatite shell.
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30 The TG curves of the intermediate green products before
the thermal treatment showed a 5% increase in weight from
650oC to 1250oC.
The DTA curves of the final products after the thermal treat-
ment generally present a broad exothermic behavior for all
the specimens from 400oC to 700oC. As an example, the
mechanically alloyed sample for 1 hour, presented a nega-
tive peak at 375oC, a peak at 850oC, at 950oC, a negative
peak at 1125oC and finally a peak at 1188oC.
The TG curves of the final products after the thermal treat-
ment present a 3.2% approximately from 375oC to 1450oC
for all the samples.

Discussion

The morphology of the starting powders lead to a compos-
ite material with medium to poor mechanical properties.
Mechanical alloying of titanium and hydroxyapatite lead to a
decrease in the size of the particles, especially of titanium par-
ticles, in relation to the starting powders and to a more fine and
uniform distribution of the powders before sintering [10].
Mechanical alloying of titanium and hydroxyapatite did not
give a relatively uniform distribution of the powders as was
stated in bibliography[11] after the sintering. Macroscopi-
cally, titanium particles were covered by hydroxyapatite frag-
ments only on the surface of the material and not through-
out the whole volume of the material.
Thermal treatment of the mechanically alloyed material above
1000oC lead to the formation of new compound. The new peaks
that were observed in XRD diagrams couldn't be related to
new phases clearly. If those peaks were associated with the
crystallization or decomposition products of the amorphised
HA, then there is some matching of the peaks with those as-
sociated with CaTiO3 and to Ca4Ti3O1.
The microstructure after sintering shows that titanium was fully
sintered, but hydroxyapatite remained intact as it was before
the thermal treatment, containing a significant amount of pores.
In the composite material of titanium and hydroxyapatite
the interface between the layer of titanium and of hydroxya-
patite is weak, with micro-cracks horizontally, which maybe
due to the presence of titanium oxides produced by the in-
creased reactivity of the titanium as a result of the destruc-
tion of the HA coating. Mechanical alloying did not enhance
the sinterability of the composite material. Reduction of HA
particles was observed, but mixing proved to be ineffective
due to the HA coating of the titanium particles that reduced
the titanium -titanium contact.
A steady and not very uniform change in the composition of
the composite biomaterial form the centre to the outer of
the sample has been noticed.
It is believed that mechanical alloying for 10 hours reduced
the spheroidicity of the particles in the composite biomate-
rial in relation to the starting powders.
Mechanical alloying of the HA for 10 hours led to its
amorphisation.
XRD analysis showed that the crystal phase that was found
in one specimen during the thermal treatment consisted of
the titanium oxide routile.

 Conclusions

To sum up with, these advantages of the mechanical
alloying process can be observed in this paper:
i.  Distribution of the secondary phase particles before
sintering.
ii. Expansion of the solid solution limits.
iii. Decrease of the size of the particles in the order of
nanometers.
iv. Formation of new almost crystalline phases.
v. Formation of amorphous phase.
vi. Re-distribution of graded intermetallic compounds.
vii. Possibility of diminishing the difficulty when mixing pure
elements.
viii. Prompting of the translocation chemical reactions to start
at lower temperatures.
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a) b) 

FIG. 10. Typical DTA-TG curves for the  1 hour
mechanically alloyed sample: a) before thermal
treatment, b) after thermal treatment.
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Wydzia³ In¿ynierii Materia³owej i Ceramiki to jednostka akademicka o profilu 

chemiczno-technologiczno-materia³owym, kszta³c¹ca w sposób uniwersalny g³ównie 

specjalistów z zakresu technologii materia³ów ceramicznych, szk³a i materia³ów 

budowlanych oraz nowych tworzyw dla celów specjalnych takich jak: sensory, 

biomateria³y, materia³y w ochronie �rodowiska, materia³y dla elektroniki i ogniwa 

paliwowe. Jako jedyny tego typu Wydzia³ w kraju zajmuje w³asne, indywidualne 

miejsce w �rodowisku akademickim i naukowym oparte na ponad 50-letniej tradycji.  

 

KIERUNKI KSZTA£CENIA: 

· Technologia Chemiczna 
  Specjalno�ci: Ceramika i szk³o 

  Materia³y budowlane 

Materia³y dla ochrony i kszta³towania  

    �rodowiska 

   Analityka i kontrola jako�ci 

 

· In¿ynieria Materia³owa 
  Specjalno�ci: Biomateria³y i kompozyty 

   Materia³y ceramiczne 

   Materia³y dla elektroniki 

   Ochrona przed korozj¹ 

 

KSZTA£CENIE: 

KRAKÓW: 
· studia dzienne I stopnia - in¿ynierskie  

· studia dzienne II stopnia - magisterskie  

· studia zaoczne  

· studia doktoranckie  

· studia podyplomowe 
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Biomateria³y-materia³y dla medycyny 
Kierownik Studium: dr hab. in¿. Marta B³a¿ewicz 

  

 
Studia obejmuj¹ podstawowe zagadnienia z dziedziny in¿ynierii biomateria³ów 
Czas trwania: 1 semestr obejmuj¹cy 140 godzin dydaktycznych (dwa weekendowe zjazdy w ci¹gu 
miesi¹ca) 
G³ówne tematy: 

1. Charakterystyka tworzyw implantacyjnych (metale, polimery, ceramika, tworzywa 
kompozytowe 

2. Zasady projektowania biomateria³ów  
3. Implanty do sterowanej regeneracji tkanek  
4. Metody badañ biozgodno�ci, przegl¹d metod in vitro, metody in vivo  
5. Degradacja sztucznych tworzyw w ¿ywym organizmie - metody badañ  
6. In¿ynieria tkankowa  
7. Regulacje prawne, standardy europejskie, ocena ryzyka 

Charakterystyka studium: 

Zajêcia obejmuj¹ce; wyk³ady i seminaria, dotyczyæ bêd¹ kluczowych zagadnieñ z dziedziny 

in¿ynierii biomateria³ów. Program studiów obejmowaæ bêdzie charakterystykê tworzyw 

wykorzystywanych w medycynie; metali ich stopów, polimerów, ceramiki i oraz wêgla 

syntetycznego i kompozytów. Omówione zostan¹ przyk³ady zastosowañ tworzyw 

syntetycznych w ró¿nych dziedzinach medycyny a mianowicie ortopedii, chirurgii kostnej, 

laryngologii, kardiologii, okulistyce i stomatologii i innych. Przedstawione zostan¹ metody 

projektowania i wytwarzania materia³ów spe³niaj¹cych wymagania stawiane przez medycynê. 

S³uchaczom studium zaprezentowane zostan¹ metody fizykochemiczne stosowane, zarówno 

do charakterystyki materia³u jak i przebiegu jego degradacji (w sztucznym i naturalnym 

�rodowisku biologicznym) oraz metody biologiczne do analizy zjawisk zachodz¹cych na 

powierzchni tworzyw implantacyjnych w kontakcie z ¿ywa komórk¹ i tkank¹. Na zajêciach 

prezentowane bêd¹ (w oparciu o konkretne przyk³ady) metody; FTIR, SEM, mikroskopii 

optycznej i mikroskopii AFM oraz badania mechaniczne z uwzglêdnieniem badañ 

parametrów mechanicznych naturalnych tkanek oraz metody analizy fizycznych parametrów 

powierzchni (energia powierzchniowa, twardo�æ, chropowato�æ). 

Wyk³ady dotyczyæ bêd¹ badania biozgodno�ci w warunkach in vitro i in vivo, omówienia 

normy ISO 10993 (Biologiczna ocena wyrobów medycznych) oraz regulacji prawnych i 

aspektów etycznych zwi¹zanych z badaniami na zwierzêtach. Dodatkowo omówione zostan¹ 

sposoby organizacji, nadzoru i monitorowania badañ klinicznych. 

S³uchacze studium zapoznani zostan¹ z najnowszymi osi¹gniêciami in¿ynierii tkankowej, 

metodami wytwarzania pod³o¿y tkankowych i konstrukcj¹ bioreaktorów. 

______________________________ 
Kandydaci powinni mieæ wykszta³cenie wy¿sze: medyczne, przyrodnicze lub techniczne 
Ostateczny termin zg³oszeñ 05 luty 2006. 
Koszt studium 1 650 PLN 
Szczegó³owe informacje i zg³oszenia: pn. - pt. godz. 10.00 - 14.00, 
Katedra Biomateria³ów, Wydzia³ In¿ynierii Materia³owej i Ceramiki AGH. 
Al. Mickiewicza 30, 30 059 Kraków, paw. A3 II piêtro pok. 228a. 
Nr telefonu: (12) 617 47 38 
e-mail: mblazew@agh.edu.pl
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