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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-
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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 TiO,
nanoparticles. TiO, was selected because its nanoparticles
have a higher cytocompatibility than composites made us-
ing conventional (micrometer) TiO,, i.e. the adhesion of
osteoblasts and chondrocytes is much higher when
nanoparticles are used [11]. These findings imply that TiO,
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 TiO, can act as a bioactive ceramic
[15-17]in the sense that some forms of TiO, 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 TiO, 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 TiO,
nanoparticles. Commercially available TiO, nanopowder
(Aeroxide® P25, Degussa, Frankfurt a. M., Germany) with
a mean primary size of 21 nm and a specific surface area of
50 m?/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),
and Sb,0; (Aldrich, 99.99%) catalyst. During the second
stage of the reaction, a hydrogenated dilinoleic acid (DLA)
(Unigema - ICI, The Netherlands; acid value 196mg
KOH/g), and the variable concentration of TiO, 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

pie A A
PET-D -28.4 0.271 70.4 [ 185.0 [ 15.1 | 96.9
PET-D - -27.2 0.229 72.3 (180.1 [ 10.3 | 106.4
0.2% TiO,
PET-D - -26.8 0.245 76.4 (173.1 [ 37.9 | 113.6
0.4% TiO,
PET-D — -36.6 0.198 - 193.113.2 | 119.6
0.6% TiO, -83.6" 0.423

Ty — glass transition temperature of soft segments, AC, —
heat capacity; Tg, Tmo, Te2 — glass transition, melting and
crystallization temperature of hard segments, respectivelly;
AH, — melting enthalpy of hard segments,
transition temperature

*

- second glass

TABLE 1. Thermal properties of nanocomposites.
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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).

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

Characterization of composite microstructure, thermal
and mechanical properties

Surface morphology and sample homogeneity of neat
polymer and polymer/TiO, composites (uniformity of TiO,
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-'. The glass transition
temperature (T,) 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.
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FIG. 3. Static tensile properties of PET-D neat
copolymer and composites with variable TiO,
concentration.

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
TiO,) 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 (T,,) and the crystallization tempera-
ture (T,) of polymers containing TiO, particles increases with
increasing nanoparticles concentration. The glass transi-
tion temperature increases up to 0.4 wt% TiO,, while for

FIG. 2. Fracture surfaces of PET-D copolymer
fractured in LN2 (a), sample containing 0.4 wt%
TiO, (b) and (c) sample containing 0.6 wt% TiO,.
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system containing 0.6 wt% TiO,, 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 TiO,
nanoparticles will be studied in detail in the future using
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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 TiO, 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% TiO, (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 TiO, (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 TiO,
nanoparticles is a very interesting method for production of
PET-D/TiO, 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 TiO, nanoparticles
will influence the degradation rate and bioactivity of these
novel nanocomposites.

Acknowledgements

This work was financially supported by the Royal Soci-
ety Grant (M. El Fray) and research project 3TO8E03628.
Dr. U. Janssen (Imperial College London) is greatly appre-
ciated for his help with tensile testing.

References

[1] M.J. Folkes, Processing, Structure and Properties of Block Co-
polymers, Elsevier Applied Science, London, 1985.

[2] N.R. Legge, G. Holden, H.E. Schroeder, Thermoplastic Elasto-
mers, Hanser Publishers, New York, 1987.

[3] G. Holden, N.R. Legge, R. Quirk, H.E. Schroeder, Thermopla-
stic Elastomers, 2nd Ed., Hanser Publichers, Munich Vienna New
York, 1996.

[4] T.J. Webster, R.W. Siegel, R. Bizios, Biomaterials 20 (1999)
1221.

[5] J.K. Savaiano, T.J. Webster, Biomaterials 25 (2004) 1205.

[6] M. El Fray, J. Slonecki, Angew. Macromol. Chem., 243 (1996),
103.

[7] M. El Fray, A. Bartkowiak, P. Prowans, J. Slonecki J. Mater.
Sci.- Mater. Med. 11 (2000), 757.

[8] M. EI Fray, P. Prowans, J. Slonecki, Biomaterials, 23 (2002),
2973.

[9] P. Prowans, Eng. Biomater., 34 (2004), 38.

[10] T.J. Webster, R.W. Siegel, R. Bizios, Biomaterials 20 (1999)
1221.

[11] S. Kay, et al., Tissue Eng. 8 (2002) 753.

[12] J.K. Savaiano, T.J. Webster, Biomaterials 25 (2004) 1205.
[13] T.J. Webster, Am. Ceram. Soc. Bull. 82 (2003) 23.

[14] J.A. Roether, et al., Biomaterials 23 (2002) 3871.

[15] N. Moritz, et al., J. Biomed. Mater. Res. 65A (2003) 9.

[16] M. Jokinen, et al., J. Biomed. Mater. Res. 42 (1998) 295.
[17] S. Areva, et al., J. Biomed. Mater. Res. 70A (2004) 169.

[18] M. Ettlinger, Fine Particles, Technical Bulletin Pigments, No.
80, Degussa AG, Inorganic Chemical Products Division: Duessel-
dorf. p. 5.

27

PRODUCTION OF TITANIUM AND
HYDROXYAPATITE COMPOSITE
BIOMATERIAL FOR USE AS
BIOMEDICAL IMPLANT BY
MECHANICAL ALLOYING
PROCESS

S.A. PApPARGYRI *, D. Tsipas*, G. STERGIOUDIS**,
J. CHLOPEK***

*LABORATORY OF PHYsICAL METALLURGY, DEPT. oF MECHANIC.
ENGINEERING, ARISTOTELIO UNIVERSITY, THESSALONIKI, GREECE
**LABORATORY OF APPLIED PHysics, DEPT. oF PHysIcs,
ARISTOTELIO UNIVERSITY, THESSALONIKI, GREECE

*** FacuLTY OF MATERIALS SCIENCE AND CERAMICS,
DEePARTMENT OF BloMATERIALS, AGH-UST, Krakow, PoLAND

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 1150°C 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.
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