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COMPOSITE MEMBRANES FOR
BONE TISSUE ENGINEERING
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* E-MAIL: IRAJZER@ATH.BIELSKO.PL

Abstract

One of the major challenges in biomaterials and
tissue engineering is to guide the cell differentiation to
the specific phenotype, therefore allow the formation
of the tissue of certain type. This can be achieved by
manipulating the structural, geometrical and chemical
characteristics of the tissue engineering constructs.
In our studies we concentrated on the chemical
modifications of the polymer based materials for tissue
engineering. The primary aim of our study was to incor-
porate nano size hydroxyapatite (n-HAp) crystals into
the polymer fibres and form membranes, which are a
core to the construction of novel scaffolds for tissue
regeneration. We hypothesised that n-HAp will signi-
ficantly improve the bioactivity of the polymer based
membranes due to the presence of chemical cues.
We developed a simple method to fabricate PLDL/n-
HAp composite membranes using electrospinning pro-
cess. The investigation showed that the incorporation
ofthe n-HAp patrticles in the polymer spinning solution
induced changes in the material surface morphology.
FTIR analysis confirmed the presence of apatite on
the surface of the membrane’ fibers. The bioactivity
analysis, which was based on SEM observation of the
membranes surface, showed that after only 7 days
immersion in SBF, the PLDL/n-HAp —membranes were
completely covered by the apatite layer. This was not
observed for pure PLDL membranes.

[Engineering of Biomaterials, 93, (2010), 2-5]

Introduction

A biomimetic material for bone tissue engineering can
be any scaffolding material that mimics one or multiple
characteristics of the natural bone. Many extracellular
proteins have a fibrous structure with diameters on the
nanometer or micrometer scales. For example, collagen,
which is the most abundant extracellular matrix (ECM)
protein in the human body, possesses a fibrous structure
with fibre bundle diameter varying from 50 to 500 nm [1].
Itis well established that natural bone consists the nano-size
crystals of hydroxyapatite (HAp, Ca,,(PO,)s(OH),) grown in
intimate contact with the ECM rich in collagen fibres. When
we consider materials that support tissue regeneration,
scaffolds are the most popular and under continues develop-
ment in the major research laboratories worldwide. |deally
scaffolds should: mimic natural ECM, provide structural
support to the repair region, allow for the cell attachment,
proliferation and migration, induce the tissue specific dif-
ferentiation of stem and progenitor cells, stimulate tissue

formation and be designed to biodegrade over time ulti-
mately leaving tissues with native structure and function [2].
The incorporation of nancofillers such as HAp into the polymer
matrix can improve mechanical properties, and can provide
favourable environment for osteoconduction, the localized
adsorption of specific proteins, and cell proliferation [3-5].
Various studies have assessed the effect of incorporation
of an inorganic phase into biocompatible polymers on their
properties. Deng X et al. have reported the production of
3D scaffold of PLA/d-HAP nanocomposites by solvent-cast
technique [6]. In this study the dispersion of nanocrystals
in the polymer matrix was homogeneous at a microscopic
level. The tensile modulus for the nanocomposites increased
with d-HAP loading. More recently a new method based on
electrospinning was presented [7]. Uniform PLA-g-HAP/PLA
composite nanofiber mats were successfully prepared and
they exhibited improved mechanical properties. The authors
studied the degradation of scaffold containing PLA-g-HAp
and concluded that degradation of fibrous mat could be
accelerated depending on the PLA-g-HAp content. When
PLA-g-HAp content was high, degradation rate increased
because of the enhanced wettability of the composite fib-
ers and the escape of the nanoparticles from fiber surfaces
during incubation [7].

The electrospinning technology (ESP) is an economical
fabrication method that is easily set-up for the production
of membranes [8]. Many different polymers (e.g. collagen,
silk, fibroin, fibrinogen, PGA, PLLA, PLGA, and PCL) have
been successfully electrospun for a number of medical ap-
plications [9]. However, until now it was not reported that
nano-size HAp was successfully incorporated into the poly-
mer fibres. This raise the tantalising possibility to develop
technology to fabricate such materials, which are intended
to support tissue regeneration. To initiate the electrospinning
process, a selected polymer material is dissolved in the ap-
propriate solvent and this solution is loaded into a syringe.
The jet coming from needle is drawn towards a collector
due to an electric field ranging from 10 to 30 kV [10]. With
increased voltage, the polymer droplet elongates to form
a conical shape known as the Taylor cone and the surface
charge on the polymer droplet increases with time. Once
the surface charge overcomes the surface tension of the
polymer droplet, a polymer jet is initiated [8]. Evaporation
of the solvent from the jet after leaving the needle results in
fibre deposition on the collector. By rotating the collector, a
non-woven membrane with a preferential orientation of the
fibre is created [11-12]. This process results in the produc-
tion of a nonwoven fibrous mat. These membranes can
have fibre diameter in the order of nanometers to microns.
A number of processing parameters such as: applied volt-
age, polymer flow rate, and capillary-collector distance can
greatly influence the properties of the generated fibres [10].
By combining both polymer and mineral phase during the
fabrication process, it is possible to tailor the microstructure
and chemistry of the membrane, therefore the biological
performance of the material.

The aim of this study was to produce a bioactive biopoly-
mer — ceramic membranes, which will be used in the future
as scaffold for bone tissue engineering.

Materials

Nano-hydroxyapatite (n-HAp) was synthesised at the
Department of Technology of Ceramics and Refractories,
AGH-UST (Cracow, Poland). An average size of the n-HAp
particles was 23 nm. The specific surface area of the n-HAp
was 79.9 sq. m/g. L-lactide/DL-lactide (PLDL) copolymer
was obtained from PURAC, The Netherlands. Acetone
(POCH, Poland) was used as a solvent.



Fabrication of PLDL membranes

Fibrous membranes were prepared by electrospinning
from PLDL and composite PLDL/n-HAp solutions. 1g of
PLDL copolymer was dissolved at room temperature under
magnetic stirring in 50 ml of acetone. For the composite
membranes the PLDL/acetone solution was mixed with
20wt.% of n-HAp and the suspension was ultrasonicated.
Both solutions were stirred overnight until the solution
became homogeneous. Electrospinning was carried out
using custom-made apparatus consisting of a power sup-
ply, syringe and electrodes. The solutions were fed through
a capillary tip (diameter 0.7 mm) using a manual syringe
(25 ml) and spun at a working distance of 20 cm with a
driving force of 30 kV. The solution flow rate was 15 ml/h.
The fibres were dried in flight and collected on the aluminium
foil wrapped on a rotating metal drum. Composites PLDL/
n-HAp membranes and PLDL membranes (as control), were
obtained using this method.

Methods

Membranes morphology

The microstructure of polymer fibrous membranes was in-
vestigated using scanning electron microscopy (SEM, Jeol,
JSM 5500). Before SEM observation, all of the samples were
cut from the electrospun membrane (5 x 5 mm) and gold
coated (Jeol JFC 1200 sputter). The average fibre diameter
of the fibres was measured from the SEM images.

Membranes surface chemistry
The infrared spectra (IR) of the membranes were

D=4ycosB/p

where:
D — pore diameter,
y — surface tension of wetting liquid,
0 — contact angle of the wetting liquid with the sample,
p — differential pressure.

(1)

Bioactivity of the membranes

Bioactivity was investigated by analysing the formation
of crystalline apatite on the surface of membranes upon im-
mersion in Simulated Body Fluid (SBF). SBF was prepared
according to Kokubo et al. [15]. PLDL and PLDL/n-HAp
membranes were incubated up to 14 days in 1.5xSBF fluid
of pH 7.4, at the temperature of 37°C, in closed polyethyl-
ene containers. SBF solution was replaced every 2.5 days.
After 1, 3, 7 and 14 days of immersion, the samples were
washed with distilled water and dried at room temperature.
After each time point, the surface morphology of the samples
was examined using SEM.

Results and Discussion

The macroscopic images of membranes are shown in
FIG. 1. The morphology of electrospun membranes was
influenced primarily by the properties of the polymer solution:
polymer concentration, surface tension and hydroxyapatite
agglomeration. Furthermore, the following parameters influ-
enced the fibre formation: voltage, distance between capil-
lary and collector, and solution flow rate. SEM images and
the diameter distribution are shown in FIGS. 2, 3 and 4.

study using Fourier transformed infrared spectroscopy
(FTIR) using spectrophotometer Nicolet 6700. The
IR spectra were recorded using fotoacustic reflect-
ance device (MTEC Photoacoustics 300 THERMO
NICOLET) at the range of 400-4000 cm™ using at
least 64 scans and 4 cm resolution.

(a)

Pore size distribution

Pore size distribution was determined using the
PMI capillary flow porometer. In this study pores
were considered as capillaries. In this technique the
membrane samples were soaked in a “wetting liquid”
(Isopropyl alcohol), which fully and spontaneously
fills all the pores in the sample. The gas pressure
on one side of the wet ' \

R A SRR
sample was then gradu- .VA'!) !;\-«!’\"\\%&sg ‘\{\T\'@‘ .,\(t
ally increased. When the ,“\:&\\\g{\ WS ? N
pressure was sufficient N \\N\‘s;..g.ﬁ%@ﬁ,{\‘\ ,“
to empty the largest pore 8 \ \'.,} \,‘1: ‘.._MZN A
in the sample, the gas R\ \‘ AR
begun to flow through the N P Y

membrane. The measure- 3
ment of the pore size of iNi
the membrane was based
on the physical phenom-
enon of surface tension
of the liquids [13]. With [
increasing pressure, the | \
gas removed liquid from [
smaller pores and the gas |8
flow rate increased. The
minimum force required AN
to empty the fluid from e

the pore of the membrane [SaSFa\
was calculated using the
fundamental equation of
porometry [14]:

2,5¢cm

(b)

2,5¢cm
—

FIG. 1. Images of electrospun membranes: (a) PLDL, (b) PLDL/
n-HAp.

FIG. 3. SEM images of electrospun composites (PLDL/n-HAp).
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Diameter of PLDL and PLDL/n-HAp membranes

OPLDL
|m PLDL-nHAR |

Frequency distribution [%]

0.8 1.2 1.6 20 24 2.8 3.2 36 4.0 44 4.8

Fiber diameter [um]

—=—PLDL/n-HAp PLDL

pore size distribution [%]

PPEFIPIP RS

2 3 4 5 6

average diameter [um]

FIG. 4. Fiber’s diameter distribution for modified
and unmodified membranes.

The analysis of the SEM

FIG. 5. Pore size distribution for modified and
unmodified membranes.

In the case of PLDL/n-

images revealed that the
electrospun membranes were
globally homologous, and
were formed from randomly
oriented fibers. It was found

that the average diameter HMM
of the fibres was greater for
the n-HAp/PLDL composite
membranes. It can be specu-
lated that this was associated
with the viscosity of the solu-
tion, which alter fibres forma-
tion. It was evidenced that n-
HAp particles were build into
the fibres structure (FIG. 3). c : .

«—— PLDL-nHAp

— PLDL

HAp FTIR spectrum the
small peaks at 566 cm™’,
’h 605 cm™ and 1033 cm™’
| assigned to phosphate
JU“};\ groups are present,
! ./ confirming the presence
of HAp in the composite
membrane.
Bioactivity study
showed that the forma-
tion of apatite from SBF
solution significantly
increased for the com-
posite membranes. Dur-
ing the incubation of the

However, the particles size | 4000 3500 3000
was greater than the diam-
eter of the fibres. It is likely

Wavenumber [cm™]

2000 1500 1000 500 § composite membranes

in SBF the deposition
of the apatite layer was

that the large number of
nanosize paticles were also
incorporated into the polymer
structure, which was not evi-
denced by SEM studies due to the resolution limitations. The
average fiber diameter was respectively 1.7 £ 0.5and 2.8 +
1.4 pm for unmodified and composite membrane (FIG. 4).
Interconnected voids were present within the fibers, result-
ing in a porous network. The addition of hydroxyapatite into
the spinning solution influences the porosity of obtained
membrane; the sizes of the main pore fraction decreased
of 30% (FIG. 5). PLDL/n-HAp membrane showed a very
narrow distribution of pore size centered about 4.8 um,
whereas for unmodified PLDL the main pore fraction is in
the range of 6.5-7.5 pym.

The FTIR spectra of HAp, PLDL and PLDL/n-HAp
composite membranes were presented in FIG. 6. This
study confirmed that n-HAp was successfully incorporated
into PLDL membrane produced by electrospinning, which
was evidenced by the presence of the phosphate groups’
peaks, which are associated with n-HAp. Analyzing the FTIR
spectrum of hydroxyapatite powder one can observe clearly
visible bands dedicated to PO,* in the 900-1200 cm" region,
the most intensive are attributed to stretching vibrations.
Band at 963 cm correspond with non-degenerated sym-
metric vibrations v1 P-O. Absorption maxima at 1033 cm™’
and 1107 cm™ are attributed to triple-degenerated asym-
metric stretching vibrations v3 P-O, while bands at 566 cm™'
and 605 cm™ are attributed to triple-degenerated bending
vibrations v4 O-P-0. In addition to bands assigned to
phosphate groups, there are also visible bands near 1350-
1550 cm™ and 1400-1580 cm™ attributed to carbonate
groups v3 CO, and near 850-890 cm™' to v2 CO, groups.

FIG. 6. FTIR spectrum for a control sample (PLDL), pure HAp
and composite membrane (PLDL/n-HAp).

observed. Bone-like
crystalline apatite layers
covered the surface of
the composite mem-
branes, as shown in FIG. 8. Spherical calcium phosphate
precipitated on the membrane surface, indicating rise to the
bioactivity. This uniform and dense apatite film was formed
on the samples after 7 days of incubation in 1.5%xSBF,
while no apatite formation was observed for control PLDL
membranes (FIG. 7). The fibers of the later membranes had
relatively smooth surface and more compact structure.

Conclusions

The electrospinning was successfully used to fabricate
the fibre composite membranes composed of L-lactide/
DL-lactide copolymer and nano-size hydroxyapatite. The
n-HAp particles were incorporated into the PLDL fibres
structure and present on the fibres surface. Immersion
test performed in SBF indicated increase in the bioactivity
of composite membrane. However, the sizes of pores are
too small for bone ingrowth. It is well known that pore size
distribution, porosity and pore interconnectivity are critical
factors for materials used to regenerate tissues; they provide
the optimal spatial and nutritional conditions for the cells
and determine the successful tissue ingrowth. The optimal
scaffolds for bone tissue regeneration should be porous and
contain two types of pores: (i) larger than 200 ym (pores in
which cells could grow) and (ii) smaller pores dedicated to
the diffusion of the nutrients and metabolites of bone form-
ing cells. For these reason our future study will concentrate
on the optimisation of the fabrication process to allow the
formation of scaffolds with bimodal pore size distribution.
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FIG. 8. SEM micrographs of composite PLDL/n-HAp membranes after 7 days immersion in SBF.
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Introduction

The success of tissue engineering relies greatly on the
development of suitable scaffold system for both in vitro tis-
sue culture and subsequent in vivo neo-tissue formation. To
accomplish this, scaffold should be porous, biocompatible,
exhibit sufficient mechanical strength and able to promote
the formation of tissue [1]. The initial requirement of the
scaffold is to hold cells and tissues together in spite of par-
tial degradation. This reflects the importance of mechanical

strength in the initial stages [2]. Compared to the strengths of

metals and ceramics for medical applications, the strengths
of fibrous scaffolds are already very low. Mechanical and
structural integrity of scaffold are crucial to withstand in vitro
culture conditions and surgical manipulations [3]. Therefore
it seems to be necessary to evaluate the mechanical proper-
ties of designed scaffold.

In this paper we have proposed a method to obtain a
bioactive carbon nonwoven scaffold for medical applica-
tions. Scaffolds are used in tissue engineering as a physical
and biological support for cells. Carbon fibres (CF) offer an
unusual potential in designing new biomaterials for various
medical applications; their major drawback is that they do
not induce bioactivity [4]. On the other hand some ceramics
(hydroxyapatite, BTC, TCP, bioglass), have shown to have
a positive effects on bone formation [5]. In the field of bone
tissue engineering, composite materials have been drawn
to attention as promising materials for tissue scaffolding,
for they may combine both the advantages of carbon fibers
and hydroxyapatite [6].

The aim of our research was focused on application of

HAp-containing PAN fibers to produce three-dimensional,
porous, bioactive, carbon nonwovens which could serve as
scaffolds for treatment of bone tissue defects. In scaffold
based bone tissue engineering, both the pore size and the
mechanical properties of the scaffold are of great importance
[7]. Needle-punched nonwoven fabrics provide a large sur-
face area and isotropic structure that have good mechanical
stability. In order to achieve both suitable mechanical prop-
erties and porosity we have obtained three different types
of carbon nonwovens scaffolds made of polyacrylonitrile-
hydroxyapatite composite fibers. This paper focuses on an
experimental procedure to evaluate the mechanical proper-
ties of the obtained precursor and carbon nonwovens. Data
from the experiment will help to design nonwovens which
would meet the requirements for bone scaffolds materials.

Materials

Hydroxyapatite used in the study was delivered by De-
partment of Advanced Ceramics, University of Science and
Technology (AGH) [8]. Polyacrylonitrile fibers (PAN) and HAp
modified fibers (PAN/HAp) were prepared at the Technical
University of £odz [9].

Fabrication of nonwoven fabrics

Fibrous web (of basis weight approx. 120 g/m?) was
prepared from PAN and PAN/HAp cut fibres by mechani-
cal processing using laboratory carding machine 3KA of
Befama Company. Needle-punching was accomplished by
passing the web through a conventional needlepunching
loom wherein multiple barbed needles penetrate the web
at closely spaced intervals to entangle and lock the fibers
together to form a coherent fabric [10]. Fibres were bonded
with needle punching, using the same number of needling
(90 Ip/cm?) and needling depth, as the result two types
of “one layer” nonwovens were obtained: (1) PAN/HAp
nonwoven and (2) PAN unmodified nonwoven. Then the
obtained nonwovens were cut, and two pieces of nonwoven
were imposed together and subjected again to mechanical
needling with different needle punching density (Ip/cm?).
As a result three types of nonwovens were obtained: (3)
PAN/HAp modified nonwoven (90 Ip/cm?), (4) PAN/HAp
modified nonwoven (180 Ip/cm?) and (5) unmodified PAN
nonwoven (180 Ip/cm?).

Process of thermal stabilization was carried on in the
following conditions: 150°C - 1 h; 200°C - 2 h; 220°C — 2 h;
240°C — 2 h; 260°C — 2 h; 280°C — 2 h. Process was carried
out in the forced convection laboratory oven up to 240°C,
and then at temperature of 260 and 280°C in the muffle
furnace in the air atmosphere. Carbonization process was
done at 1000°C (heating rate 5°C/min) during 15 min in
inert atmosphere. Five types of carbon nonwovens were
obtained: CF/HAp “one layer”, CF/HAp (90 Ip/cm?), CF/HAp
(180 Ip/cm?), and as control materials: unmodified CF “one
layer” and CF “two layers”.

Methods

The measurement of fabric thickness followed a standard
method (PN-EN 29073-2:1994) and was carried out on a
Thickness Tester (TILMET 73). A pressure of 2 kPa was
applied for all of the thickness measurements.

Air permeability tests were carried out using a FX 3300
Labotester Il from Textest AG, at the following conditions:
sample surface — 1,76 cm?, pressure drop - 100 Pa.

The ultrasonic measurements were performed using a
through-transmission technique. One of the most important
parameters for assessing the material parameters is the ul-
trasonic wave velocity, which can be derived from the travel
time of the wave following transmission through the mate-
rial. For velocity v, the well-known equation v = s/t applies
in general with travel time t and travel path s (dimensions
of material) [11-12]. The time of transmission depends on
many variables, such as type of material, compactness,
microstructure (iso- or anisotropy), elasticity constant values,
pore size and shape, total porosity, pore distribution, density
and geometry of material (dimensions).

Measurements of the propagation velocity of longitudinal
ultrasonic wave were done using MT-541 (UNIPAN) at the
frequency f = 100 kHz. In these apparatus one head emits
the ultrasonic wave while the other one is a receiver, col-
lecting the wave after transmission through the materials.
The samples in the form of strip (11.5 x 75 mm) were rolled.
Emitter and receiver were placed on both sides of rolled
samples. The mean velocities were obtained by averaging
the three independent series.



TABLE 1. Characteristics of precursor nonwoven.

(1) (2) (3) (4) (5)
PAN/HAp PAN PAN/HAp PAN/HAp PAN
(one layer) (one layer) (two layers) (two layers) (two layers)
V [%] — coefficient of variation, [] - average value [  V[%] O V[%] [ V [%] 0 VI[% O V [%]
Surface weight [g/m?] 143.4| 09 |874| 59 (1156 09 [183.0| 6.7 |215.2| 2.9
Thickness [mm] 220 | 9.66 [2.599.35 | 3.70 | 3.39 | 3.78 | 6.28 | 4.89 | 8.35
Apparent density [g/cm?] 0.065 0.034 0.031 0.048 0.044
Air permeability [dm3/m?/s] 179.00 142.00 64.13 114.36 116.42

The tensile strength of the strips of precursor, stabilized
and carbonized nonwovens was determined on a Zwick-
Roell Z 2.5 universal material testing machine under a
constant speed of 2 mm/min.

PMI capillary flow porometer was applied to evaluate the
pore volume/size distribution of nonwoven fabrics. Before
the measurements, nonwoven samples were pre-saturated
with isopropyl alcohol and were placed on the porous plate in
the chamber, which was pressurized stepwise by controlling
the compressed air input. The liquid inside the samples was
extruded under the specified pressure differences across
the samples and collected in a container. For displacement
of the wetting liquid from a pore by the gas, the work done
by the gas must be equal to the increase in the interfacial
free energy [13]. Relation between differential pressure - p,
and pore diameter — D is defined as follow:

D=4ycosB/p
where:

D - pore diameter,

y - surface tension of wetting liquid,

0 - contact angle of the wetting liquid with the sample,

p - differential pressure.
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Results and Discussion

Three types of polyacrylonitrile/hydroxyapatite nonwoven
fabrics were produced using nonwoven technology. The
samples differed in macro — and microstructure, thickness
and apparent density. The characteristics of obtained pre-
cursor nonwoven are presented in TABLE 1. Macroscopic
observation of PAN/HAp nonwovens, shown the “fluffy”
character of sample no. 3, whereas sample no. 4 was very
rigid. The parameters of tensile strength, ultrasonic wave
propagation, work of fracture are presented in FIGS 1-3.
Sample no. 4 (modified with hydroxyapatite) was character-
ized with the highest tensile strength and work of fracture,
almost four times higher than in the case of a control sample
(number 5). The highest ultrasonic wave velocity was in the
case of sample no. 3. Determination of the velocity (v) al-
lows defining their modulus: E=v?-p, where E is the Young'’s
modulus, and p the mass density. Due to the difficulties with
the determination of mass density the estimation of Young
modulus from eq. was inconvenient. On the other hand the
ultrasonic method enables precise determination of veloc-
ity (v), so that the same estimation of specific modulus of
nonwoven (E/p), thus the velocity of ultrasound wave was
established as the main determinant of changes of fibers
elastic properties. The elastic properties of composite non-
wovens were affected by both porosity and the hydroxyapa-
tite particles incorporated in the nonwovens’ fibres. Besides
the properties of obtained precursor nonwovens are strongly
influenced by technological parameters. Better mechanical
properties (tensile strength) are observed in the case of
“two layers” samples (4,5). The different needle punching
density (Ip/cm?) resulted in increase of tensile strength in the
case of precursor samples 4 and 5 (180 Ip/cm?), however
needle penetrating through the samples could destroy fibers,
therefore better ultrasonic wave velocity was observed in the
case of sample 3. The time of ultrasound wave propagation
in the sample depends on the nature of chemical bonds
present in the material’s structure and on several defects
of sample’s microstructure [14].
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x 200 > T
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FIG. 2. Ultrasonic wave velocity.

FIG. 3. Work of fracture of nonwoven fabrics.
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TABLE 2. Characteristic of carbon nonwoven.

(1) (2) (3) (4) (5)
CF/HAp CF CF/HAp CF/HAp CF
(one layer) (one layer) (two layers) (two layers) (two layers)
V [%] — coefficient of variation, [] - average value 0 V[%] 0O V[%] 0O V[%] 0O V%] 0 V[%]
Surface weight [g/m?] 153.3| 2.5 (80.3| 5.4 |210.0| 7.2 |2725| 6.9 |2685| 1.6
Thickness [mm] 1.67 | 1.14 | 1.55(4.50 | 1.93 | 3.40 | 2.30 | 2.40 | 2.89 | 2.50
Apparent density [g/cm?] 0.092 0.052 0.109 0.118 0.092
Air permeability dm®/m?/s] 60.40 86.23 38.03 71.16 103.95

The needling process resulted in increase of work to
fracture and tensile strength (FIG. 2-3) and decrease in pore
size distribution (FIG. 4a-b). All the samples exhibit bimodal
distribution of pore size diameter. The main fraction of “one
layer” nonwoven fabric modified with hydroxyapatite was
centred about 200-280 um, whereas “two layers” samples
exhibit a significant fraction of porosity in the range of 150-
180 pym. Thermal stabilization of polyacrylonitrile precursor
was accompanied with changes of physical properties such
as colour, mass and diameter of nonwovens’ fibres. The
initial oxidation of polyacrylonitrile leads to the depolarization
of C=N bonds, which is accompanied with loss of tensile
strength and Young’s modulus. The next stage of oxidation
is associated with the formation of so-called ladder (ring)
structure, usually accompanied with improvement of tensile
strength as the polymer oxidation products may contribute
to the cross-linking of polymer [15].

After stabilization process we can observe the de-
crease in tensile strength of samples 1 and 2 whereas the
stabilized samples 3 and 5 show better tensile properties
than before thermal treatment (FIG. 1). As a result of the
stabilization and carbonization process, carbon nonwovens
containing calcium phosphate were successfully obtained.

The characteristic of carbon nonwovens are presented in
TABLE 2. Density and surface weight of all carbon nonwo-
vens were always higher than the corresponding precursor
samples. After carbonization process the tensile strength of
all samples decrease, however the highest tensile strength
is still observed for sample no. 4. Work of fracture and
ultrasonic wave velocity are comparable for all carbonized
samples. The process of carbonization influenced the poros-
ity of nonwovens (FIG. 4c-d). The main pore size fraction
after carbonization process in the of modified nonwovens
is centered at 60-80 um for samples 3, 4 and at 100-120
um for sample 1.

For the treatment of bone defects, three-dimensional
biomaterials with appropriate mechanical properties are
necessary. A fast healing can only occur if the material has
pores, suitable for cell and blood capillary ingrowth. Such
porous materials can either directly be used as implants or
fillers — or, following the tissue engineering approach — as
scaffolds [16]. Hofmann et al. (Biomaterials 2007) reported
that for tissue engineering applications, the macro-pore
diameter of scaffolds seems to be not of great importance,
but the interconnected pore diameter should be about 100
um [17]. However Murphy at al. (Biomaterials 2010) proved
that bone growth is observed in pores »200 pm [18].
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Conclusions

The main objective of this work was to obtain new carbon
nonwovens which could be prospectively applied as three
dimensional scaffolds for tissue engineering purposes. We
have successfully obtained 3-D nonwovens, however car-
bonization process has affected both mechanical properties
and average pore size diameter of obtained materials. The
best mechanical properties as compared to other samples
were observed in the case of sample number 4 with needling
number of 180 Ip/cm?, however the best scaffold should also
have the adequate porosity. Therefore further studies are
needed in order to find processing parameters which would
allow to obtain the desired porosity after carbonization. One
of possible way to achieve this goal may be the preparation
of needle-punched precursor nonwoven with bigger average
pore sizes. After carbonization of such material the shrink-
age occurs and hopefully the optimal distances between
fibers can be obtained.
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Wprowadzenie

Pogtebiajaca sie wiedza medyczna i rozwoj bioinzynierii
materiatowej wywotujg potrzebe rozszerzenia biofunkcjonal-
nosci biomateriatow, z tego wzgledu prace badawcze skie-
rowano na wykorzystanie tworzyw polimerowych. Polimery
typu PEEK stosowane na implanty zestawiono w TABELI 1
[1]. Szczegdlnie pozadang wtasnoscig polimerow jest niski
modut sprezystosci (E), zblizony do wartosci modutu dla
kosci ggbczastej i kortykalnej [2-4]. Ma to korzystny wptyw
na powstawanie bezodksztatceniowej strefy w rejonie im-
plantu [4-8] i poprawe biofunkcjonalnosci w stabilizacjach
ortopedycznych. Wadg biomateriatéw polimerowych sg
niskie wlasnosci mechaniczne w poréwnaniu do metali
implantowych, co ogranicza ich wykorzystanie na elemen-
ty/stabilizacje silnie obcigzane. Poprawe wytrzymatosci
uzyskuje sie poprzez wzmocnienia wibknami weglowymi
w zakresie 20-60%, co z kolei niekorzystnie podwyzsza E
[4]. Sygnalizowanym postepem w identyfikowalnosci diag-
nostycznej polimeréw, ktére sa materiatami przeziernymi/
nieidentyfikowalnymi w obrazach radiologicznych [9,10] jest
modyfikacja sktadu odpowiednimi
wypetniaczami lub/i uzbrajanie w
metalowe markery, umozliwiajgce
identyfikacje radiologiczng poto-
zenia implantu w tkankach.

W spondyloimplantologii krego-

TABELA 1. Zestawienie materiatéw polimero-
wych typu PEEK uzywanych na implanty [10].
TABLE 1. Summary of polymer materials inten-
ded to implant use [10].
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Introduction

The deepening medical knowledge and the development
of material bioengineering evoke the need to extend of
biofunctionality of biomaterials, therefore, the research has
been addressed to the use of polymeric materials. Polymers
- PEEK type - used in implants are summarized in TABLE
1 [1]. A particularly desirable property of polymers is a low
modulus of elasticity (E), similar to the value of the module
for the cancellous and cortical bone [2-4]. It has got a posi-
tive influence on the formation of the non-strain zone in the
implant’s region [4-8] and improvement of biofunctionality in
orthopaedic stabilizations. The disadvantage of polymeric
biomaterials is their low mechanical properties compared
to metal implants, which limit their use on heavily burdened
components/stabilizations. Improvement of the strength
is achieved by the strengthening using carbon fibers in a
range 20-60%, which in turn adversely increases E [4]. The
signalled progress in the diagnostic traceability of polymers,
which are transparent/non-identified
in radiographic images materials
[9,10], is modification of the compo-
sition with the proper fillers or/and
arming with metal markers, enabling
radiological identification of the im-
plant’s position in tissues.

Producent In the spinal spondyloimplantol-
ogy polymers are mainly used in the
Invibio, UK implants, which “work on compres-

Victex, Thornton-Cleveleys,
UK

Gharda, India

Solvay Advanced Polymers,
LLC

DuPont, Wilmington, DE

Oxford Performance
Material, Enfield, CT

stupa polimery znajdujg gtéwnie Polimer INEVAVE]
zastosowanie na implanty, ktére Polvmer handlowa
Lpracujg na sciskanie” - RYS. 1, Y Trade name
w tym protezy miedzytrzonowe ||PEEK OPTIMA
stosowane we wszystkich od- )

cinkach kregostupa [1,4,11-13]. ||PEEK | Victex
Znarle sg tez przyklady z.astos’o- PEEK Gatone
wania wzmocnionych polimeréw

na prety nosne [1]. Trwajg prace ||PEEK Keto-Spire
nad zastosowaniem polimeréw

na inne implanty kregostupowe, PEKK PEKK

ale na chwile obecng wyniki nie ||PEKK OXPEEK
osiagnely jeszcze poziomu ryzy-

ka akceptowalnego. PEKEKK | Ultrapek

BASF, US

sion” — FIG. 1, including interbody
prostheses used in all spinal seg-
ments [1,4,11-13].There are also
known examples of the use of rein-
forced polymers for bearing rods [1].
There are ongoing works on the use
of polymers for other spinal implants,
but for the moment the results have
not yet reached the level of the ac-
ceptable risk.
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RYS. 1. Przyklady polimerowych implantéw DERO do stabilizacji kregostupa szyjnego i ledzwiowego.
FIG. 1. Examle of polymeric implants DERO for stabilization of the cervical and lumbar spine.

Celem pracy byta ocena oddziatywania implantu z po-
limeru typu PEEK i jego modyfikacji na otaczajgce/wspot-
pracujace tkanki przy wspomaganiu biomechanicznym
kregostupa zwierzecego.

Materialy i metody

Prébki w postaci réoznych rozwigzan implantéw chirur-
gicznych nawyrostkowych oraz miedzywyrostkowych, ktére
wszczepiano w odcinek ledzwiowo-krzyzowy kéz, wykonano
z polimeru typu PEEK Optima (polieteroeteroketon). Implan-
ty byly zaopatrzone w tytanowe markery dla uwidocznienia
radiologicznego. Wybrane witasnosci uzytego biomateriatu
zestawiono w TABELI 2. Do badan wykorzystano réwniez
nowe materiaty polimerowe z dodatkiem siarczanu baru:
LT16BA i LT120BA, ujawniajgce sie w obrazach radiolo-
gicznych. Testy prowadzono na kozach w klinice zwierzat
z udziatem kilkuosobowego zespotu (neurochirurdzy, chi-
rurdzy weterynarii i bioinzynierowie), przy opiece aneste-
zjologicznej i za zgoda komisji bioetycznej. Czas obserwaciji
pooperacyjnej wynosit od 6 do 8 miesiecy.

Realizacja badan post mortem miata na celu ocene ma-
kroskopowa tkanek: miekkiej oraz kostnej z obszaru kontak-
tu z biomateriatem polimerowym, z analizg wptywu budowy
implantu, techniki instalacji oraz warunkéw wspotpracy na
uktad stabilizacyjny i efekty biomechanicznego wspoma-
gania. Radiologicznie oceniano widoczno$¢ polimeréw
LT16BA i LT120BA w zaleznosci od grubosci materiatu (8 i
16 mm) oraz w zaleznos$ci od ilosci dodatku strukturalnego
w postaci siarczanu baru.

Wyniki

Widocznos$¢ implantow w powiezi podskdrnej byta uzalez-
niona od rozbudowania ich konstrukcji, miejsca osadzenia
(pomiedzy wyrostkami, bocznie na wyrostkach) oraz ilosci
otaczajgcej tkanki miekkiej. W jednym przypadku, eksplo-
atacyjne ruchy rozbudowanego stabilizatora polimerowego
z wystajgcymi czesciami gwintowanymi oraz z luznym
ciegnem spinajgcym, wywotaly podraznienia okalajgcych
tkanek, pomimo ze zwierze nie dawato zadnych oznak
bolesnosci. Badane wszczepy, wykonane z tworzywa
polimerowego byly obrosniete/otorbione tkanka taczna,
dostosowujacyg sie do ksztattow i wypetniajgca kanaty,
otwory, gniazda i inne wgtebienia w implantach (RYS. 2a).
Zaobserwowano luzne przyleganie tkanek migkkich do
polimeru, ktére mozna byto tatwo oddzieli¢ od powierzchni
implantu (RYS. 2b). Najwieksze zbliznowacenia ujawniaty
sie w okolicach elementéw gwintowanych, potaczen z in-
nymi biomateriatami oraz w obszarach trudno dostepnych
(gniazda) i w obszarach kontaktu, gdzie nastapito $lizganie
implantu wzgledem tkanki.

The aim of this study was to assess the influence of the
implant made of a PEEK polymer and its modifications on
the surrounding/cooperating tissues with the biomechanical
support of the animal spine.

Material and methods

Samples in the form of various surgical onspinous and
interspinous implants’ solutions, which were implanted in the
lumbosacral segment of goats, were made from a polymer
PEEK Optima (polyaryletherketone). These implants were
equipped with titanium markers for radiological visibility.
The chosen properties of used biomaterial are compared in
TABLE 2. For the tests were also used new polymeric materi-
als with barium sulphate: LT16BA and LT120BA, revealing
in the radiological images. Tests were performed on goats
at the animal clinic with participation of a few-people team
(neurosurgeons, veterinary surgeons and bioengineers),
with the anesthetic care and with the consent of the bioethi-
cal committee. Postoperative observation period ranged
from 6 to 8 months.

TABELA 2. Wybrane wiasciwosci polimeru PEEK
Optima, Invibio, UK.
TABLE 2. Chosen properties of the polymer PEEK
Optima, Invibio, UK.

Wiasciwosci Jednostki PEEK
Properties Units Optima

Gestosé 3
Density g/cm 1.29
Wytrzymato$¢ na rozcigganie
Tensile Strength e oo
Modut elastycznosci
Flexible Modulus GPa 4
Wytrzymatos$é na zginanie
Flexural Strength A i
Wytrzyma{osc na $ciskanie MPa 118
Compressive Strength
Llc_zba Ffmsso.na N/A 0.4
Poisson’s Ratio
Twardos¢ Rockwella M skala 99
Rockwell Hardness M scale

The aim of realization of the post-mortem studies was
macroscopic evaluation of tissues: soft and osseous from
the contact area with polymeric biomaterial, with an analy-
sis of the impact of the implant’s construction, technique of
the installation and conditions of cooperation on stabilizing
system and the effects of biomechanical support. The vis-
ibility of polymers LT16BA and LT120BA was assessed
radiographically, depending on the thickness of the material
(8 and 16 mm) and depending on the amount of structural
addition in the form of barium sulphate.
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RYS. 2. Luzne przyleganie tkanek miekkich do
polimeru PEEK z dostosowaniem tkanek do geo-
metrii implantu.

FIG. 2. Loose adhesion of soft tissues to the po-
lymer PEEK with adjusting tissues to implant’s
geometry.

Podczas analiz post mortem zaobserwowano wptyw
chirurgii na przebudowe strefy stabilizacji [13,14]. Naru-
szenie chirurgiczne powierzchni stawowych spowodowane
trudnosciami instalacyjnymi spowodowato zwigkszony
przyrost kosci stanowigcej odwzorowanie ksztattu implantu
z kanatami/otworami. W pozostatych obszarach, kontaktu
implantow polimerowych (czotowo, bocznie) z nienaru-
szong mechanicznie koscig nie stwierdzono przerostow
kostnych.

Dodatek siarczanu baru do materiatdéw polimerowych
wptywa na poprawe widocznosci implantu w diagnostyce
radiologicznej, ktéra poprawia sie ze wzrostem ilosci dodat-
ku oraz grubosci implantu (RYS. 3).

Podsumowanie i wnioski

Dobdr materiatu z uwzglednieniem funkcji implantu
jest ciagtym kompromisem pomiedzy jego witasnosciami
wytrzymatosci a zapewnieniem jak najlepszych warunkow
do funkcjonowania w organizmie i petnienia przypisanych
funkciji leczniczych. Biorgc pod uwage obnizone wiasnosci
wytrzymatosciowe polimeréw, korzystnym rozwigzaniem
jest budowanie konstrukcji wielomaterialowych. Poprzez
taczenie biomateriatdw o odmiennej strukturze i wtasnos-
ciach uzyskuje sie lepsze biodopasowanie do wtasnosci
tkanek (kos$¢, miesnie) i warunkéw biomechanicznych
oraz planowang réznorodnos¢ oddziatywan w strefie styku
implant-tkanka (obszary bez zrostu kostnego i obszary ze
zrostem kostnym).

Results

Visibility of implants in the subcutaneous fascia was
dependent on the extension of their construction, seating
location (between spinous processes, laterally on spinous
processes) and of the amount of surrounding soft tissue. In
one case, exploitational movements of extended polymeric
stabilizer with protruding threaded parts and loose coupling
band, evoked irritations of surrounding tissues, although
the animal did not give any signs of painfulness. The tested
implants, made of polymer were overgrown/encapsulated by
a connective tissue, adapting itself to the shapes and filling
channels, holes, slots or other recesses in implants (FIG. 2a).
Loose adhesion of soft tissues to the polymer, which can be
easily separated from the implant’s surface, was observed
(FIG. 2b). The greatest scar formation revealed nearby the
threaded elements, connections with other biomaterials,
and in areas difficult to access (sockets) and contact areas,
where occurred sliding of the implant against the tissue.

During post mortem analyses the influence of surgery on
rebuilding of the stabilization area was observed [13,14].
Surgical violation of articular surfaces due to installation
difficulties caused the increased growth of the bone con-
stituting the association of the shape of the implant with
channels/holes. In other areas of the contact of polymeric
implants (frontally, laterally) with the mechanically intact
bone, there were no bone overgrowths.

Barium sulphate addition to polymeric materials improves
the visibility of the implant in radiological imaging, which
improves with an increase in the amount of addition and
the thickness of the implant (FIG. 3).

LT-120BAT

RYS. 3. Stopien przeziernosci polimeréw w zalez-
nosci od ilosci dodatku siarczanu baru oraz gru-
bosci biomateriatu, przyktad implantu kostnego
ujawniajacego sie w obrazach Rtg.

FIG. 3. The grade of visibility of polymers in depen-
dence of the amount of addition of barium sulphate
and thickness of the biomaterial, the example of
bony implant visible on Rtg images.

Summary and conclusions

The choice of the material, taking into account the func-
tion of the implant is a continuous compromise between
its strength properties and providing the best possible
conditions for the functioning in the body and performing
their healing functions. Taking into account the reduced
strength properties of polymers, the preferred solution is to
build multimaterial constructions. By combining biomaterials
with different structure and properties, are obtained bet-
ter bio-adjusting to properties of tissues (bone, muscles),
and biomechanical conditions and planned diversity of
interactions in the contact area implant-tissue (areas with
no bone fusion and areas with bone fusion).
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Realizacja badan post mortem na zwierzetach pozwolita
na wyciagniecie nastepujgcych wnioskow:

- polieteroeteroketon jest materiatem bioakceptowalnym
przez tkanki zwierzece i dobrze petni funkcje jako materiat
na stabilizatory typu ,non-fusion”;

- planujac stabilizacje ,non-fusion” nalezy w konstrukcji
minimalizowac ilos¢ wgtebien, otwordw, rowkow itp.;

- zaburzenia w tkankach miekkich (miesnie, wiezadia)
wynikajg gtéwnie z rozlegtosci konstrukcji, braku anato-
micznego dopasowania, nieprawidtowej techniki instalacji
implantu polimerowego;

- zmiany w tkankach kostnych sg wywotane przez inwa-
zyjna chirurgie, stymulujacg do wzrostu przez mechaniczne
uszkodzenia/naruszenia tkanek podczas wszczepiania.

Podziekowania

W pracy wykorzystano wyniki badan wspoéffinansowa-
nych przez MNiSW, projekt celowy 2006-2008 (nr 6ZR9
2006C/06748).
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The realization of post mortem animal studies allowed
for drawing following conclusions:

— polyetheretherketone is material bioaccepted by ani-
mal tissues and acts well as material for “non-fusion” type
stabilizers;

— planning the “non-fusion” stabilization, in the construc-
tion should be minimized the number of recesses, holes,
grooves, eftc.;

— abnormalities in soft tissues (muscles, ligaments)
mainly come off the extent of the construction, lack of ana-
tomical adjustment, inproper installation technique of the
polymeric implant;

— changes in osseous tissues are evoked by invasive
surgery, which stimulates the growth by mechanical dam-
agesl/injuries of tissues during implantation.
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Stowa kluczowe: implant, stapianie elektronowe prosz-
koéw stopow tytanu, biomechanika

[Inzynieria Biomateriatow, 93, (2010), 14-18]

Wprowadzenie

Od materiatéw implantacyjnych oczekuje sie miedzy inny-
mi odpowiednich wtasnosci wytrzymatosciowych i nosnosci,
niskiego ciezaru oraz mozliwosci ksztattowania powierzchni
typu ,fusion”, sprzyjajacej przerostom kostnym oraz typu
~hon-fusion”, gdzie zespolenie z tkankami jest niepozadane.
Nowe technologie wprowadzane na rynek, polegajace mie-
dzy innymi na stapianiu, spiekaniu laserowym lub stapianiu
wigzka elektronéw (EBT — Electron Beam Technology) dajg
mozliwos¢ wytwarzania biomateriatdbw o zaplanowanej
porowatosci uzyskiwanej w catej objetosci materiatu, ksztat-
tow niemozliwych do zrealizowania za pomoca technologii
konwencjonalnych, jak odlewanie i obrobka skrawaniem
[1-3]. Taka struktura korzystnie wptywa na obnizenie ciezaru
stabilizaciji. Istotng kwestig jest dobor parametrow procesu
do oczekiwanych wtasnosci mechanicznych na dany typ
implantu. Funkcje lecznicze, korekcyjne lub protetyczne
oraz warunki pracy w uktadzie biologicznym wyrobéw
medycznych takich jak: endoprotezy stawdéw kolanowego i
biodrowego, stabilizatory kregostupowe wymagajq bardzo
dobrych wiasnosci biomechanicznych, przy uwzglednieniu
aspektu technologicznego dajacego pozadane wiasnosci
eksploatacyjne.

Celem pracy byta ocena technologiczno-biomechaniczna
probek materiatowych wykonywanych technologig EBT
z oceng mozliwosci/przydatnosci na implantowe wyroby
medyczne.

Materialy i metody

Do badan uzyto prébki otrzymane technologig warstwo-
wego, sekwencyjnego stapiania wigzka elektronowa (EBT),
ktére wykonano z implantowego proszku stopu tytanu
Ti6Al4V stosowanego na implanty w ortopedii, neurochirurgii
i stomatologii. Materiaty probek miaty budowe siatkowg o
wielkosci oczka 2000 pm i petnym czteroramiennym/czte-
romostkowym wezle (RYS. 1). Z probki bazowej (B) przy
uzyciu elektroiskrowego drgzenia uksztattowano elementy
prostopadtoscienne (P) o wymiarach 20,4x15,2x6,5, wal-
cowe (W) o srednicy 14,2 mm i wysokosci 6,5 mm oraz
szescienne (S) o wymiarach 6,5x6,5x6,5 mm - RYS. 2.

Testy wytrzymatosciowe realizowano na maszynie MTS
Mini Bionix Il 858. Prébe statycznego Sciskania realizowano
z predkoscig 1 mm/min. Rejestrowano zmiany sity F wyrazo-
nej w [N] w zaleznosci od przemieszenia/ubytku wysokosci

TECHNOLOGY-BIOMECHANICAL
EVALUATION OF METAL
BIOMATERIALS DERIVED BY
LAYER TECHNOLOGY
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[Engineering of Biomaterials, 93, (2010), 14-18]

Introduction

From implantable materials are expected i.a. appropriate
strength properties and load-carrying capacity, low weight
and the ability of shaping the “fusion”-type surface, favor-
ing bony overgrowths, and the “non-fusion” type, where the
fusion with tissues is undesirable. New technologies intro-
duced to the market, relying i.a. on melting, laser sintering
or electron beam melting (EBT - Electron Beam Technol-
ogy), give the possibility of a production of biomaterials
with projected porosity obtained in the entire volume of a
material, shapes impossible to achieve using conventional
technologies, such as die-casting and machining [1-3]. Such
a structure advantageously influences on reduction of the
weight of stabilization. An important issue is the selection of
process parameters to expected mechanical properties for
the given type of implant. Healing, corrective or prosthetic
functions of medical devices such as: knee prostheses and
hip joints, spinal stabilizers and conditions of their work in
a biological system require very good biomechanical prop-
erties, taking into account the technological aspect that
provides the desired performance properties.

The aim of this study was a technology-biomechani-
cal evaluation of material samples performed using EBT
technology with assessment of capabilities/suitability for
implanted medical devices.

Material and methods

In the study were used samples obtained from layered,
sequential electron beam melting (EBT), which was made
of implant powder of Ti6AI4V titanium alloy used for im-
plants in orthopedics, neurosurgery and dentistry. Sample
materials had mesh-design with a dimension of a loop equal
to 2000 ym and full four-arm/four-bridge node (FIG. 1).
From the base sample (B) using an electric spark drill,
cuboid elements (P) with dimensions of 20.4x15.2x6.5 mm,
cylindrical (W) with a diameter of 14.2 mm and a height of
6.5 mm and cubic (S) with dimensions of 6.5x6.5x6.5 mm
were shaped - FIG. 2.

Tensile tests were made on a machine MTS Il Mini
BIONIX 858. The test of the static compression was per-
formed with the velocity of 1mm/min. Changes in strength F
expressed in [N] depending on dislocation/loss of sample’s
height Ah (where: Ah=h-h;, h, — initial sample’s height, h, —
height under the loading) were recorded. The investigations
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RYS. 1. Struktura modelowa materiatu: budowa siatkowa (a) ztozona z oczek (b) zbudowanych z weztéw siatki i
mostkéw w postaci ramion faczacych wezly (c).
FIG. 1. Model structure of the material: mesh design (a) made of eyelets (b) made of mesh nodes and bridges in
a form of arms connecting the nodes (c).

prébki Ah (gdzie: Ah=h-h,
h,- poczatkowa wysokos¢
probki, h;- wysokos¢ przy
obcigzaniu). Badania re-
alizowano w kontakcie:
ptytka oporowa-préb-
ka-ptytka oporowa oraz
ptytka oporowa-prébka
materiatowa-kos¢-ptytka
oporowa.

Sciskanie prébek typu
(W) realizowano w jednej
ptaszczyznie prostopadtej
(Pz), natomiast prébek
typu (S) w ptaszczyznie
prostopadtej (Pz) i row-
nolegtej (Py) do kierunku
wytwarzania.

Podczas badania oce-
niano wptyw powierzchni
ograniczonych konturem
probki oraz liczby weztéw
i ich jakosci/petnosci na
warto$¢ maksymalnej sity
niszczacej (F...). Wezly
podzielono na 4 rodzaje

— ptaskie | i Il ramienne
oraz przestrzenne Il i IV
ramienne.

Dla prébki typu (P),
osiowe $ciskanie realizo-
wano w trzech kierunkach
Px, Py i Pz (RYS. 3),
poszukujac zaleznosci
pomiedzy kierunkiem ob-
cigzania a ukierunkowa-
niem zwigzanym z wy-
twarzaniem. Do oceny
zachowania sie probki
siatkowej w kontakcie z
koscig wciskano probke
(P) w lezaca pod nig kosé
swinska-ptaska zbudo-
wang z dwoch korowek o
grubosci ok. 3 mm kazda
oraz kosci gabczastej o
grubosci ok. 6-7 mm, wy-
stepujacg pomiedzy nimi.

(W) (S)

RYS. 2. Przygotowanie cigciem elektroiskrowym probek do
badan; rodzaje probek: (B) - bazowa, (W) - walcowa, (S) - szes-
cienna i (P) - prostopadtoscienna.

FIG. 2. Preparation of samples using with electric spark cut;
types of samples: (B) - base, (W) - cylindrical, (S) - cubical and
(P) - cubicoid.
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RYS. 3. Kierunki obcigzania probek; wezet IV-ramienny.
FIG. 3. Directions of loading of the samples; IV-arm node.

were realized in a contact:
bearing plate-sample-
bearing plate and bearing
plate-material sample-
bone-bearing plate.

Compression samples
of type (W) were made in
one perpendicular (Pz)
plane, while samples of
type (S) in a plane perpen-
dicular (Pz) and parallel
(Py) to the direction of
generation.

During the test, was
assessed the impact of
the surfaces limited by
the contour of the sample,
and the number of nodes
and their quality/com-
pleteness on the value of
the maximum destructive
force (F,..).- Nodes were
divided into four types -
flat I and Il arm and spatial
Il and IV arm.

For the sample type
(P), axial compression
was realized in three di-
rections Px, Py and Pz
(FIG. 3), looking for the
relation between the di-
rection of loading and ori-
entation associated with
the generation. To assess
the behavior of the mesh
sample in contact with a
bone, the sample (P) was
pressed into the lying un-
der it porcine bone — flat,
built of two cortical bones
with a thickness of about
3 mm each and spongy
bone with a thickness of
about 6-7 mm, occurring
between them.

15
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TABELA 1. Zestawienie parametrow prébek, wymiarow oraz wartosci otrzymanych sit i naciskéw jednostkowych.
TABLE 1. Statement of samples’ parameters, dimensions and values of obtained forces and unitary pressures.

Wezty / Nodes Powierz. o
v Wartos¢
Wezty  wyznaczona  Wysokos¢ Sita éred. sily
Kierunek Srednia konturem probki
obcigzania liczba prébki : Force Mean F e A
Surface Sample’s Force F o/l W.
Direction of Nodes appointed by a height [N/mm?]
loading mean  contour of the
Frmax [N]
number sample [mm] F N
A [mm?] e
W1 2 |45 23| 60 130 2828 17.86 21.75
W 2 Pz 4 | 47 | 17 | 64 132 158.37 6.5 2824 2905 17.83 21.39
W3 7 15114 | 70 142 3062 19.38 21.56
S11 4 112] 4 10 30 513 12.14 17.10
S1.2 Pz 3 [13] 4 10 30 499 515 11.81 16.63
S1.3 0 [20] 4 11 35 533 12.62 15.23
S 21 2 (16| 4 8 30 42.25 6.5 548 12.97 18.27
S22 Py 2 116 | 4 8 30 502 554 11.88 16.73
S23 2 119 | 4 11 36 613 14.51 17.03
P1 Pz - - - - - 310.08 6.5 - 6296 20.30 -
P2 Py - - - - 132.60 15.2 - 1865 14.06 -
P 3 Px - - - - - 98.80 20.4 - 1259 12.74 -
Results
500 m The parameters of the samples, directions of loading
3000 L and the obtained results of the force F,,,, and surface
% pressures in the axial compression are shownin TABLE 1.
2500 // \ — The results obtained for samples in the form of cylinders
000 \ 1 i (W) during static compression tests conducted in a
\ T perpendicular direction (Pz) to the direction of layered
Z 1500 \ manufacturing is presented on FIG. 4. Strength F,,,
- \V v Ll ranged from 2824 N to 3062 N, an average of 2905
1000 | | Y W [ N. For samples (S) loaded in the direction (Pz), F,.,
w00 / ™ , /:‘//M// | ranged from 499 N to 533 N, an average of 515 N. Dur-
g ing the compression in the direction (Py) was noted a
0 Z slight increase of the forces that ranged from 502 N to
0,0 0,5 1,0 15 2,0 2,5 3,0 35 613 N, an average of 554 N — FIG. 5. For the largest
samples (P) the highest value of F,,, was obtained for
Ah [mm] a compression performed in the perpendicular direction
(Pz) - an average of 6296 N. The average values of F,.,
RYS. 4. Sciskanie siatkowych préobek walcowych (W). for compression in a parallel direction were: 1865 N in
FIG. 4. Compression of mesh cylindrical samples (W). a compression in the direction of (Py) and in 1259 in a

Wyniki

Parametry prébek, kierunki obcigzania oraz uzyska-
ne wyniki sity F_., i naciskdbw powierzchniowych przy
osiowym $ciskaniu zostaly zestawione w TABELI 1.
Rezultaty otrzymane dla probek w ksztatcie walcéw (W)
podczas statycznej proby sSciskania realizowanego w
kierunku prostopadiym (Pz) do kierunku warstwowego
wytwarzania przedstawiono na RYS. 4. Sita F,,,, wyno-
sita od 2824 N do 3062 N, srednio 2905 N. Dla probek

© | (S) obcigzanych w kierunku (Pz), F,. miescita sie w
< zakresie od 499 N do 533 N, srednio 515 N. Podczas
(D — $ciskania w kierunku (Py) zanotowano nieznaczny wzrost

wartosci sit, ktére miescity sie w zakresie od 502 N do
613 N, srednio 554 N — RYS. 5. Dla najwiekszych pro-
bek (P) najwyzszg wartos¢ F,,,, otrzymano w przypadku
$ciskania realizowanego w kierunku prostopadtym (Pz)
— $rednio 6296 N. Srednie wartosci F,,, dla $ciskania w
kierunku réwnolegtym wyniosty: 1865 N przy Sciskaniu
w kierunku (Py) oraz 1259 przy $ciskaniu w kierunku
(Px) — RYS. 6.

compression in the direction of (Px) — FIG. 6.

F N]

Ah[mm]

RYS. 5. Sciskanie siatkowych prébek szesciennych (S) w
dwoéch kierunkach Py i Pz.

FIG. 5. Compression of mesh cubical samples (S) in two
directions Py i Pz.
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The obtained curves (FIG.

tics of the course. Stages can
be distinguished: in the first
phase, with the movement the
load increases and reaches the
state of the maximum value of
force for the displacement of
approximately 0.5-0.8 mm.
In the next phase occurs a
trigger decrease of the force
for the displacement of up to
about 1.8-2 mm, as a result of
weakening and destroying of
nodes of the sample mesh. For
the displacement over 2 mm is
observed increase in the load
resulting from the destruction
of the mesh structure of sam-
ples and the influence of being
in the simultaneous contact
nodes-material arms, which
constitutes the third phase of

3,5

RYS. 6. Sciskanie siatkowych prébek prostopadtosciennych (P) w trzech réznych

kierunkach Px, Py i Pz.

FIG. 6. Compression of mesh cubicoid samples (P) in three various directions

Px, Py i Pz.

Uzyskane krzywe (RYS. 4-6) posiadajg podobny przebieg
i mozna w nim wyrézni¢ trzy etapy. W pierwszym etapie,
obcigzenie rosnie i osigga stan maksymalnej wartosci
sity przy przemieszczeniu wzglednym wynoszgacym okoto
7-16%. W kolejnym etapie nastepuje progowy spadek sity
do okoto 12-30% przemieszczenia wzglednego, bedacy
wynikiem ostabiania i niszczenia weztéw siatki prébki.
Przy przemieszczeniu wzglednym powyzej 12-30% ob-
serwowany jest wzrost sity wynikajacy ze zniszczenia
struktury siatkowej probek oraz oddziatywania bedacych w
jednoczesnym kontakcie weztdw-ramion, co stanowi trzeci
etap proby Sciskania.

W badaniach wykazano wptyw powierzchni (A) prébek
oraz zwigzanej z tym parametrem liczby weztéw na naciski
przypadajgce na jednostke powierzchni (RYS. 7). Analizujac
wyniki wyrazone stosunkiem F_ /A dla réznych prébek o
tej samej wysokosci 6,5 mm, najwyzsze wartosci naciskéw
jednostkowych zanotowano dla prébek (P) o najwiekszej

the compression test.

In the studies was dem-
onstrated the impact of the
surfaces (A) of the samples
and related with it parameter
of the number of nodes per
area unit (FIG. 7). Analyzing the results expressed in F,.,/A
ratio for different samples of the same height 6.5 mm, the
maximum values of unitary pressures were recorded for
samples (P) with the largest surface, and the smallest for
the samples (S), which surface was the lowest (TABLE 1).
Whereas, double reducing of the surface area - sample (P)
and (W) - caused a decrease in pressures per area unit by
about 9.5%, while reducing the area 3.7 times - sample (W)
and (S) — decreased pressures by about 30%, which is also
associated with the quality of the nodes and the number of
connections between nodes, expressed by the parameter
Fax/n.nodes (F,./l.w).

During the assessment of the strength of the material-
bone contact, susceptibility of the bone under load and the
hammering of the biomaterial in the final phase of the study
were observed (FIG. 8).

powierzchni, a najmniejsze dla
probek (S), ktérych powierzch- F
nia byla najmniejsza (TABE-| —=
LA 1). Przy czym dwukrotne
zmniejszenie pola powierzchni
— prébka (P) i (W) — spowo-
dowato spadek o okoto 9,5%,
natomiast zmniejszenie pola
0 3,7 razy — prébka (W) i (S)
- obnizyto naciski o okoto 30%,
CO wigze sie rowniez z jakoscig
weztdw i liczbg potaczen po-
miedzy weztami wyrazonych
parametrem F__/l.w. (liczbe
weztéw).

Podczas oceny wytrzyma-
todci kontaktu materiat-kos¢

[N/mm2]

Pz

(W)

(8)

Pz Pz

(P) w) (S)

zaobserwowano podatnosé
tkanki kostnej pod obcigze-
niem oraz wbijanie sie bio-
materiatu w koncowej fazie
badania (RYS. 8).

RYS. 7. Wartosci parametréw opisywanych zaleznosciami F, /A oraz F,_./l.weziow
(l.w.) zwigzanych z naciskami jednostkowymi dla probek o wysokosci 6,5 mm.
FIG. 7. Values of parameters described with relations F,,../A and F,../l of nodes (l.w.)
related with unitary pressures for samples of a height of 6.5 mm.
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Podsumowanie i wnioski

BI® MATERIALS

Z realizacji badan i uzyskanych wynikdw wyciggnieto
nastepujace wnioski:

* najstabszymi poziomami w probkach sg warstwy przy-
powierzchniowe z duzg liczbg niepetnych weztow | i Il
ramiennych/mostkowych;

* 0 wytrzymatosci prébki siatkowej decyduja; liczba ramion/
mostkow w weZle, liczba weztdw oraz przestrzenny uktad ra-
mion/mostkdw w stosunku do kierunku dziatania obcigzenia;
* nacisk jednostkowy najsilniej zalezy od pola powierzchni, a
tym samym liczby weztéw w obcigzanej ptaszczyznie, w mniej-
szym stopniu od wysokosci probki (liczby poziomow siatki);
* wyrob siatkowy charakteryzuje sie nieznacznymi wias-
nosciami anizotropowymi; wartosc sity zalezy od kierunku
obcigzania biomateriatéw w odniesieniu do kierunku wy-
twarzania;

» biomateriaty wykonane technologig EBT o siatce duzej,
wynoszgcej 2000 um cechujg sie dostatecznie duzg wy-
trzymato$cia, przekraczajaca wytrzymatos¢ kosci korowe;j,
niemniej tak duzy parametr siatki moze by¢ nieodpowiedni
do uzyskiwania wzrostu tkanki kostnej.

Tworzywa metalowe wytwarzane technologig sekwencyj-
nego stapiania wigzkg elektronéw (EBT) sproszkowanego
metalu w ustalony ksztatt sg dobrze rokujgcymi biomateriata-
mi na wyroby medyczne [3-5]. Wysoka temperatura procesu
pozwala na uzyskiwanie wyrobow pierwszej klasy czystosci,
przy skomplikowanej geometrii i jednorodnej strukturze,
dostosowanej do planowanej funkcji wyrobu — ,fusion” lub
~hon-fusion” oraz planowanym procesie integracji z tkankg
kostng [6,7]. Ich korzystng cecha jest rowniez niski ciezar
przy zadawalajacych wtasnosciach wytrzymatosciowych,
mozliwych do sterowania wielko$cig siatki i powierzchnig
oporowa.

Podziekowania

W pracy wykorzystano wyniki badan wspétfinansowanych
ze Srodkoéw Europejskiego Funduszu Rozwoju Regionalne-
go w ramach Programu Operacyjnego Innowacyjna Gospo-
darka, lata 2007-2013 (nr POIG.01.04.00-08-001/08-00).
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RYS. 8. Wybrane etapy badania wytrzymatosci kon-
taktu material-tkanka kostna: a) przed obcigzeniem,
b) i c) w trakcie obcigzania, d) po odcigzeniu.

FIG. 8. Selected phases of testing the strength of
the contact material-bone tissue: a) before loading,
b) and c) during loading, d) after loading.

Summary and conclusions

From the implementation of the studies and the results
obtained, the following conclusions were winded up:

» the weakest levels in samples are the subsurface layers
with a large number of incomplete nodes | and |l arm/bridge;
« the strength of the mesh sample determine: the number
of arms/bridges in the node, the number of nodes and the
spatial arrangement of arms/bridges in relation to the direc-
tion of the load;

* unitary pressure the strongest depends on the surface
area and thus the number of nodes in the loaded plane,
and in a lesser extent on the height of the sample (number
of mesh levels);

» the mesh device is characterized by a slight anisotropic
properties; the value of the force depends on the direc-
tion of loading of biomaterials in relation to the direction of
manufacturing;

* biomaterials performed using EBT technology of a large
mesh of 2000 um are characterized by a sufficiently high
strength, which excess strength of the cortical bone, how-
ever such a large parameter of the mesh may be inadequate
to obtain the growth of the bone tissue.

Metal materials manufactured with a sequential electron
beam melting technology (EBT) of powdered metal in the
established shape are well fair biomaterials for medical de-
vices [3-5]. High temperature of the process allows to obtain
the products of first quality class with complex geometry and
homogeneous structure, adapted to the intended function of
the device - “fusion” or “non-fusion” and a planned process
of integration with bone tissue [6,7]. Their beneficial feature
is also a low weight at a satisfactory strength properties,
possible to control the size of the mesh and the bearing
surface.
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Streszczenie

Wysokie naprezenia Sciskajgce wystepujgce w
warstwach weglowych znaczgco ograniczajq ich
grubosc, gdyz prowadzg do jej delaminacji. W prezen-
towanej pracy zbadano wptyw ujemnego potencjatu
autopolaryzacji na warto$¢ naprezen wystepujgcych
w warstwach weglowych wytworzonych na tytanowym
podtozu podczas procesu RF PECVD. Otrzymane
wyniki pokazujg, Ze metoda pomiaru naprezen oparta
na zaleznosci Stoney’a pozwala na doktadne pomiary
naprezen w przypadku warstw osadzanych na wybra-
nym podtozu. Maksimum naprezen $ciskajgcych jest
obserwowane dla matych warto$ci potencjatu auto-
polaryzacji (-300 V) i stale maleje wraz ze wzrostem
napiecia. W przedziale od -500 V do -600 V mierzone
naprezenia zmieniajg sie z naprezen $ciskajgcych
na rozciggajgce. Po zmianie znaku naprezenia w
warstwie wzrastajg wraz z warto$cig potencjatu au-
topolaryzacji. Wptyw mikrostruktury na naprezenia
wewnetrzne w warstwach byt analizowany przy uzyciu
spektroskopii Ramana.

Stowa kluczowe: RF PECVD, warstwy weglowe,
naprezenia

[Inzynieria Biomateriatéw, 93, (2010), 19-24]

Wprowadzenie

Niski modut Younga, dobra biokompatybilno$¢, wysoka
odpornos¢ na korozje tytanu oraz jego stopéw, w porow-
naniu do bardziej konwencjonalnych materiatéw takich jak
stale austenityczne oraz stopy na bazie kobaltu, w ostat-
nich dekadach wptyneto na wzrost ich wykorzystania jako
biomateriatow [1]. W wielu sytuacjach powierzchnie tytanu i
jego stopéw nalezy podda¢ dodatkowemu procesowi popra-
wiajgcemu ich wiasciwosci uzytkowe. Proces ten moze by¢
realizowany poprzez mechaniczne [2] lub dyfuzyjne utwar-
dzenie [3]. Niemniej jednak, pokrycie ich powierzchni cienkg
diamentopodobng warstwg weglowg (DLC - diamond-like
carbon) o dobrej adhezji do podioza poprawia najlepiej ich
wiasciwosci i zywotno$¢ w zastosowaniach medycznych
[4-7]. Istnieje wiele roznych technik wytwarzania warstw
DLC. Zaliczamy do nich chemiczne osadzania z fazy gazo-
wej (CVD - chemical vapor deposition), rozpylanie magne-
tronowe, osadzanie przy uzyciu wigzki jonéw [8-12].

W zaleznosci od metod i parametréw wytwarzania warstw
DLC - quasi-amorficznych, metastabilnych, czasami uwodo-
rodnionych materiatéw zawierajgcych mieszanine atomoéw
wegla o hybrydyzacji sp?, sp?i czasami sp', ich wiasciwosci
uzytkowe mogaq sie zmienia¢ w bardzo szerokim zakresie. W
wielu przypadkach bombardowanie energetycznymi jonami
w trakcie wzrostu warstwy jest niezbedne, aby otrzymac
diamentopodobng strukture. Tym samym w warstwie po-
wstajg wysokie naprezenia wtasne, na ktore sktadajg sie

THE RESIDUAL STRESS IN
CARBON FILMS DEPOSITED ON
TITANIUM SUBSTRATES

RaFat Raczkowski, MARIUSZ DuDEK *

TEecHNICAL UNIVERSITY OF LoDz,

INSTITUTE OF MATERIALS SCIENCE AND ENGINEERING,
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Abstract

High compressive stress present in carbon films
significantly limits their thickness because of dela-
mination. In this work, the effect of substrate bias
on the amount of stress in carbon films deposited
on titanium substrate by the RF PECVD technique
was investigated. The results obtained show that
the Stoney formula provides a very convenient and
accurate way to measure the stress in the case of films
deposited on selected substrates. The maximum of
compressive stress is observed at low bias voltage
(-300 V) and it steadily decreases with the increasing
value of this voltage. In the range from -500 V to -600 V
the measured stress changes from compressive to
tensile and it continuously increases with further bias
increase. The effects of the film microstructure on the
film’s internal stress were also studied using Raman
spectroscopy.

Keywords: RF PECVD, carbon film, stress

[Engineering of Biomaterials, 93, (2010), 19-24]

Introduction

Due to their lower modulus, superior biocompatibility
and enhanced corrosion resistance, an increasing use of
titanium and titanium alloys as biomaterials, when compared
to more conventional materials like stainless steel or cobalt-
based alloys, has been taking place for the last decades
[1]. In more cases surface of titanium and its alloys have
to be treated. This process can by realized by mechanical
[2] and diffusion hardening [3]. However, coating titanium
components with well adhering thin diamond-like carbon
(DLC) films could significant improve their performance and
lifetime as biomaterials [4-7]. Various deposition techniques
have been employed to produce of DLC films; this includes
chemical vapor deposition (CVD), magnetron spattering and
ion beam spattering [8-12].

Depending on method and parameters of deposition of
DLC films — quasiamorphous, in most cases hydronegenat-
ed and metastable materials, containing a mixture of sp?,
sp? and sometimes even sp' coordinated carbon atoms, its
utilize properties can change in wide range. In most cases
a bombardment by energetic species during the growth of
a film is necessary in order to obtain the DLC structure,
thereby high residual stress is formed in that film. Residual
stress is composed of intrinsic stress, induced during the
film growth, and extrinsic stress caused by the differences
in thermal expansion coefficients between the film and the
substrate.

The residual stress has significant influence on me-
chanical properties of coat detail, among other things on
its temporary and fatigue strength, in particular for relatively
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naprezenia wewnetrzne powstate podczas wzrostu warstwy
oraz zewnetrzne spowodowane réznicg w wartosciach
wspotczynnika rozszerzalnosci cieplnej warstwy i podtoza.

Naprezenia wiasne majg znaczacy wptyw na wtasciwo-
Sci mechaniczne pokrytych detali, miedzy innymi na ich
wytrzymato$¢ dorazng i zmeczeniowg, w szczegolnosci dla
relatywnie grubych warstw naprezenia skumulowane w war-
stwie prowadzg do jej odwarstwienia od podtoza [11,13,14].
Celowa staje sie zatem doktadna znajomos¢ naprezen w
wytwarzanych warstwach oraz ich wiasciwe ksztattowanie,
polegajace miedzy innymi na wytworzeniu w warstwie stanu
naprezen wzdtuznych Sciskajgcych [15,16].

Specyficzna budowa warstw DLC nastrecza wiele
probleméw przy wyznaczaniu naprezen. Miedzy innymi
stosowanie metody ,sin?¥Y” bazujacej na dyfrakcji promieni
rentgenowskich uniemozliwia quasi-amorficzna struktura
tych warstw. Z tego powodu Knight i White [17] bazujac
na analizie widm Ramana, zaproponowali nowg metode
pomiaru naprezen w warstwach weglowych. Polega ona
na okresleniu przesuniecia potozenia w widmie pasma
pochodzacego od diamentu obecnego w warstwie (tzw.
pasma diamentowego) wzgledem pasma dla diamentu
pozostajacego w stanie wolnym od naprezen (1332 cm™).
W przypadku przesuniecia pasma diamentowego w strone
wyzszych wartosci liczby falowej (dodatnie przesuniecie) w
warstwie DLC wystepujg naprezenia $ciskajace, natomiast
ujemna wartos$¢ przesuniecia (potozenie pasma przesuwa
sie w strone wartosci nizszych) jest wynikiem obecnosci
naprezen rozciggajacych. Stosowalnos¢ tej metody jest
ograniczona do warstw weglowych wytwarzanych w pro-
cesach CVD wspomaganych plazmg mikrofalowg (MW
PECVD - microwaves plasma enhanced CVD) oraz w pro-
cesach CVD z gorgcym zarnikiem (HF CVD — hot filament
CVD). W przypadku warstw wytwarzanych w procesie
plazmochemicznym z elektrodg wysokiej czestotliwosci
(RF PECVD - radio frequency plasma enhanced CVD) w
otrzymywanych widmach Ramana nie mozna w sposob
jednoznaczny zidentyfikowa¢ pasma diamentowego [18-
20], tym samym jedyng metodg umozliwiajgca wyznaczenie
naprezenia w tych warstwach jest metoda bazujgca na
réwnaniu Stoney’a [21]:

1 E h(1 1
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gdzie E, oznacza modut Younga podtoza, v, - wspoétczyn-
nik Poissona podtoza, h, — grubosé¢ podtoza, h; — grubos¢
warstwy, R, — promien krzywizny probki przed depozycja,
R. — promien krzywizny probki po depozycji. Dodatkowg
zaletg tej metody jest mozliwos¢ wyznaczenia naprezen
bez znajomosci wartosci modut Younga warstwy, przy czym
wartos¢ ta nie powinna by¢ zblizona do warto$ci modutu
Younga podfoza [22,23].

W prezentowanej pracy warstwy weglowe byly osadzane
na podtozu z tytanu przy uzyciu metody RF PECVD, w ktorej
wartos¢ potencjatu autopolaryzaciji jest dominujgcym czynni-
kiem wptywajacym na strukture i wkasciwo$ci wytwarzanych
warstw. Wartos¢ potencjatu autopolaryzacji podniesiona
do kwadratu dla danego reaktora plazmochemicznego jest
wprost proporcjonalna do mocy dostarczonej z generatora
RF, a odwrotnie proporcjonalna do ci$nienia w reaktorze
[13,24]. R6zna warto$¢ potencjatu autopolaryzaciji nie tylko
wplywa na zjawiska zachodzace na powierzchni wzrastajgcej
warstwy, ale takze na zjawiska rozktadu molekut prekursora
w plazmie [25]. Dla warstw wytwarzanych w procesie RF
PECVD wartos$¢ naprezen wiasnych jest bezposrednio zwig-
zana z iloscig atomow wegla w konfiguracji sp®, ktéra zalezy
od zewnetrznie kontrolowanych parametréw procesu osa-
dzania [13,26]. Wptyw mikrostruktury na naprezenia wiasne
w warstwach badany byt przy uzyciu spektroskopii Ramana.

thick films the stress cumulated in films leading to detached
from substrate [11,13,14]. Thus, it's necessary to know the
stresses in deposited films, and their proper forming, among
other things on consists in creation of longitudinal compres-
sive stresses in films [15,16].

The specific structures of DLC films offer difficulties
in calculate of stresses. Among other things lack in XRD
spectra diffraction peeks make impossible apply the sin?¥
technique to stress determination. For this reason Knight and
White [17] based on analyses of Raman spectra proposed
new method of stress measurement in carbon films. This
method consists in determination of diamond peak shift in
given sample in comparison of diamond peak in free stress
sample. In the case of shift of diamond peak into higher
frequency (positive shift) in DLC film occur compressive
stress, however negative value of shift (peak shift into lower
frequency) is results existence of tensile stress. Applicability
of this method is limited to carbon films deposited in CVD
process assisted by microwaves plasma (MW PECVD) and
CVD process with hot filament (HF CVD). In the case of films
deposited in plasma chemical process with radio frequency
electrode (RF PECVD) in received Raman spectra diamond
peak is difficult to identification [18-20], thereby the only
one method enable to stress measurement of this films is
method based on Stoney formula [21]:

5 L E Ri(1 1 1
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where E, denotes Young’'s modulus of substrate, v, - Pois-
son’s ratio of substrate, h, - thickness of the substrate,
h; - thickness of carbon film, R, - radius of curvature before
deposition, R, - composite radius of curvature of a film
coated substrate. The additional advantage of this method
is possibility of stress calculation without information about
Young’s modulus of film, however this value shouldn’t be
close to Young’'s modulus of substrate [22,23].

In this work, DLC films have been deposited on titanium
substrates by the radio frequency plasma enhanced chemi-
cal vapor deposition (RF PECVD) method, in which self-
bias voltage of the substrate constitutes a dominant factor
determining the structure and properties of fabricated films.
The value of that voltage in a specific reactor is proportional
to the RF power and inversely proportional to the pressure
in the system [13,24]. Varying bias of the substrate does
not only affect the phenomena taking place on the surface
of the growing film but it also influences the fragmentation
of the precursor molecules in the plasma [25]. For films
fabricated using the RF PECVD technique, the value of
intrinsic stresses is directly correlated with the fraction of
sp3 carbon atoms, which in turns is affected by a combina-
tion of deposition parameters [13,26]. The effects of the film
microstructure on the film internal stress were also studied
using Raman spectroscopy.

Experimental setup

The carbon films were prepared on titanium substrate
with the help of radio frequency (13.56 MHz) plasma dis-
charge in the vacuum system described in detail elsewhere
[8,10]. The substrates were in the form of rectangle cut
from thin titanium sheets (35%25x0.43 mm). Prior to the
deposition process substrates were ultrasonically cleaned
and washed in acetone. Further cleaning was obtained by
ion sputtering in a high intensity RF plasma discharge for
20 min at 1000 V and 5 Pa of residual pressure. The depo-
sition processes were performed at 80 Pa pressure using
pure CH, atmosphere and various values of the negative
self-bias voltage (from 300 to 700 V).



Materialy i metody

Warstwy weglowe zostaty osadzone na podtozu z tytanu
z uzyciem plazmy wytadowania o czestotliwosci radiowej
(13,56 MHz) na stanowisku prézniowym opisanym w pra-
cach [8,10]. Podtoze byto w postaci prostokata wycietego
z cienkiego arkusza tytanowej blachy (35%25x0,43 mm).
Przed procesem osadzania podtoze zostato umyte w myjce
ultradzwiekowej w kapieli acetonowej. Nastepnie przepro-
wadzone zostato czyszczenie poprzez rozpylanie jonowe
w intensywnym wytadowaniu RF trwajagcym 20 min przy
-1000 V i 5 Pa resztkowego cisnienia. Procesy osadzania
przeprowadzone zostaty w atmosferze czystego CH, przy
ci$nieniu 80 Pa i roznych wartosciach ujemnego potencjatu
autopolaryzacji (od 300 do 700 V).

Wartos¢ naprezen w warstwach wyznaczona zostata w
oparciu o rownania Stoneya (1). Promienie krzywizny tytano-
wego podtoza przed i po procesie osadzania mierzone byty
za pomocg profilometru Hammel Tester T1000. Profilometr
ten zostat takze uzyty do pomiaru grubosci warstw.

Sktad fazowy warstw byt badany przy uzyciu spektrosko-
pu Ramana firmy Jobin-Yvon typu T-64000 wyposazonego
w laser Ar* (A = 514 nm). Moc lasera dochodzita do 200
mW przy srednicy plamki 1 ym. Wyniki wstecznie rozpro-
szonego $wiatta byly zbierane dla liczby falowej z zakresu
od 899 cm™ do 1899 cm'. Wszystkie pomiary zostaty
przeprowadzone w temperaturze pokojowej przy cisnieniu
atmosferycznym.

Wyniki i dyskusja

Wiasciwosci warstw weglowych wytworzonych w proce-
sie RF PECVD z prekursorem w postaci metanu moga by¢
kontrolowane przy uzyciu dwoch zewnetrznych parametréw
procesu: cisnienia i mocy dostarczonej do elektrody RF.
Tym samym, zaktadajgc statos¢ cisnienia w reaktorze,
moze by¢ badany wptyw potencjatu autopolaryzacji (wprost
proporcjonalny do pierwiastka z mocy). Jak pokazat Tachi-
bana i wspoétautorzy [27], wyzszy potencjat autopolaryzacii
prowadzi do wyzszego wspotczynnika osadzania warstwy
w wyniku wzrostu dysocjacji metanu w plazmie. Jednakze,
jak pokazuje RYS. 1 wspotczynnik osadzania wzrastat dla
potencjatu z przedziatu od -300 V do -500 V a nastepnie
gwattownie spadat. Maksimum to, wczesniej obserwowane
przez Itoh i wspotautoréw [28], mozna wyjasni¢ jako wynik
rywalizacji pomiedzy procesem wzrostu a trawienia warstwy
[29,30].

Na podstawie uzyskanych wynikéw z pomiaréw promie-
nia krzywizny oraz grubosci warstwy w oparciu o réwnanie
Stoney’a (1) dla E; = 110 GPai v, = 0,32 zostaly wyznaczone
naprezenia wystepujace w wytworzonych warstwach weglo-
wych (RYS. 2). Dla niskich wartosci potencjatu autopolary-
zacji naprezenia w warstwie sg wysokie (9,40 GPa) i maja
charakter naprezeh sciskajacych. Nastepnie stale malejg
wraz ze wzrastajgcym potencjatem i osiggajg wartos¢ bliska,
zero dla potencjatu autopolaryzacji bliskiego -500 V. W tym
obszarze znak naprezeh sie zmienia i z dalszym wzrostem
potencjatu autopolaryzacji obserwujemy wzrost naprezen
rozciggajacych. Wynik ten jest sprzeczny z wczesniejszymi
pracami prezentujgcymi wysokie naprezenia sciskajace w
warstwach weglowych. Pojawienie sie naprezen rozcia-
gajacych moze by¢ wyjasnione wzrostem energii jondw
docierajacych do podtoza, a tym samym jego temperatury
wraz z podwyzszeniem potencjatu autopolaryzacji. Wedtug
Keuddell'a i wspotautoréw [29,30], w przypadku plazmy me-
tanowej wyzsza temperatura podtoza prowadzi do procesu
trawienia warstwy, co wyjasnia niski wspotczynnik osadzania
dla tych wartosci potencjatu autopolaryzacji. Jednakze niski

The values of film stresses were calculated from the
curvature of titanium substrates, measured before and
after deposition with the help of a Hammel Tester T1000
profilometer, using the Stoney formula (1). This profilometer
was also used to measurement of films thickness.

The microstructures of the films were investigated using
the Jobin-Yvon T64000 Raman spectrometer equipped with
an Ar*ion laser (A = 514 nm). The power of the laser was up
to 200 mW with a 1 um spot diameter. The data backscat-
tered light was collected for wavenumber in the ranged from
899 cm™' to 1899 cm'. All measurements were carried out
at room temperature and in air atmosphere.

Results and Discussions

The properties of carbon films fabricated by RF PECVD
method can be controlled using two deposition parameters,
namely power supplied to the electrode and system pres-
sure. At constant pressure, the effect of the RF power on
the substrate bias voltage can be examined. As Tachibana
et al. have noted, an increase of the substrate bias voltage
induces a higher deposition rate caused by the higher rate
of methane decomposition in plasma [27]. However, FIG. 1
shows that the deposition rate increases for self-bias volt-
age in the range from 300 V to 500 V and next suddenly
decreases. This maximum, prior observed by Itoh et al. [28],
can be explained as a result of the competition between
deposition and etching processes, characterized by different
rates in different ranges of self-bias voltage [29,30].
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RYS. 1. Wspoétczynnik osadzania warstwy weglowej
w funkcji potencjatu autopolaryzaciji.

FIG. 1. Deposition rate of carbon films deposited at
different bias voltage.

Based on obtained results of measurements of curvature
radius and films thickness using the Stoney formula (1) for
E. = 110 GPa and v, = 0.32 was calculated the stress occur
in deposited carbon films (FIG. 2). For low substrate bias,
stress is high (9.40 GPa) and of a compressive character.
Then it decreases steadily with an increasing bias only to
reach nearly zero for approximately 500 V. In this area the
sign of measured stress changes from compressive to ten-
sile and then continuously increases with a bias. This result
remains in an opposition to the prior ones, which showed
high compressive stress in carbon films. The appearance
of tensile stress can be explained on a basis of high sub-
strate bias leading to an increase of ion energy and surface
temperature. According to Keudell et al. [29,30], in the case
of methane plasma higher substrate temperature promotes
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RYS. 2. Naprezenia wlasne w funkcji potencjatu
autopolaryzacji.

FIG. 2. Internal stress as a function of self-bias
voltage.

wspotczynnik osadzania moze by¢ wynikiem dyfuzji atomow
wegla z warstw weglowych do tytanowego podfoza bedace;j
wynikiem bombardowania powierzchni energetycznymi jo-
nami. Potwierdzeniem tej interpretacji obecnos$ci naprezen
rozciggajacych w warstwach weglowych wytwarzanych
przy wysokich wartosciach potencjatu autopolaryzaciji jest
zmiana promieni krzywizny tytanowych probek przed i po
bombardowaniu jonami ich powierzchni podczas procesu
trawienia w plazmie, ktéra jest identyczna do tej obserwo-
wanej po procesie osadzania warstwy weglowe;.

Wzrost energii jonéw bombardujgcych powierzchnie
dla potencjatu autopolaryzacji z przedziatu od -300 V
do -500 V prowadzi do intensyfikacji lokalnego grzania.
W konsekwencji naprezenia Sciskajace ulegajg zmniejsze-
niu w wyniku zachodzacej relaksacji termicznej struktury
warstwy weglowej. Wynik ten jest podobny do przedsta-
wionego przez Peng’a i wspotautoréw [31].

Widma Ramana warstw weglowych osadzonych na
podtozu z tytanu przy réznych wartosciach potencjatu auto-
polaryzacji zostaty przedstawione na RYS. 3. Poréwnujac te
widma mozna zaobserwowac¢ duze podobienstwo ksztattow
poszczegodlnych widm. Na wszystkich sg widoczne dwie
gtdéwne cechy - szerokie pasmo G oraz pasmo D. Pasmo G
z maksimum w przedziale 1580-1600 cm™' jest przypisane
rozpraszaniu na wigzaniach sp? atoméw wegla zwigzanym
z grafitem. Pasmo D w poblizu 1350 cm™ zwigzane jest z
istniejacym nieuporzadkowaniem wynikajacym z tworzenia
sie wigzan sp® atoméw wegla pomiedzy przylegajacymi
ptaszczyznami grafitu [32,33]. Aby przeprowadzi¢ szczeg6-
towq analize otrzymanych widm zostaty one opisane przy
uzyciu dwéch krzywych Gaussa. RYS. 4 pokazuje przykfad
tej analizy.

Stosunek intensywnosci pasma D do G (Iy/lg) warstwy
DLC jest uzywany do wyznaczenia liniowych rozmiaréw
krystalitow (L,) klastrow grafitu [34]. Stosunek I/l (RYS. 5)
zmienia sie od 0,58 do 0,77, a odpowiadajgce im rozmiary
klastrow zmieniaja sie od 7,6 do 5,7 nm. W przeciwienstwie
do naprezen w warstwie (RYS. 2), korelacja pomiedzy
potencjatem autopolaryzacji a rozmiarami klastrow nie
byta obserwowana. Jednakze minimum naprezen zostato
osiggniete dla maksymalnej wartosci L, = 7,6 nm (I/lg =
0,58). Oznacza to, iz bardziej energetyczny proces osadza-
nia prowadzi do wzrostu ilo$ci wigzan sp?, a tym samym do
redukcji naprezen sciskajacych w warstwie.

RYS. 3. Widma Ramana warstw DLC osadzonych na
podiozu z tytanu dla réznych wartosci potencjatu
autopolaryzaciji.

FIG. 3. Raman spectra of DLC films prepared on
titanium substrate at various self-bias voltages.

etching process, what explains low deposition rate observed
at this value of bias. However, low deposition rate can also
be a consequence of the diffusion of carbon atoms from the
film to titanium substrate as a result of ion bombardment.
A confirmation of this interpretation comes from an observed
tendency of Ti sheet curvature change before and after ion
bombardment during the pretreatment process. This change
is similar to this measured for the carbon films deposited
at higher bias.

An increase of the ion bombardment energies at the
self-bias voltage between -300 V and -500 V leads to an
intensive local heating (thermal spike). In consequence,
the compressive stress is reduced as the structure under-
goes thermal relaxation. These results are similar to those
reported by Peng et al. [31].

FIG. 3 shows a series of Raman spectra of carbon films
deposited on titanium substrate at various self-bias voltages.
Comprise of these spectra we can observe large similarity
of shape of individual spectrum. All the spectra of carbon
films obtained in this work display two main features, the
broad G peak as well as D peak. The G peak with maxi-
mum at around 1580-1600 cm' has been assigned to the
scattering by sp? bonded carbon associated with graphite.
The D peak at around 1350 cm-! is associated with the dis-
order due to the formation of sp® bonded between graphite
adjacent planes [32,33]. In order to carry out detail analysis
of obtained spectra all of them were deconvoluted into two
peaks using double Gaussian distribution peak fit. FIG. 4
shows example of this analysis.

The intensity ratio of the D peaks and G peaks (Ip/lg) is
used to characterize the in-plane crystal size L, of graphite
cluster [34]. FIG. 5 shows this ratio as a function of self-
bias voltage. The I/l ratio ranges from 0.58 to 0.77 cor-
responding to the graphite clusters’ sizes from 7.6 nm to
5.7 nm respectively. In contrast to the films’ stress (FIG. 2),
no correlation between the graphite clusters and the self-
bias voltage has been observed. However the minimum of
stress is attained for the maximal graphite cluster L, = 7.6
nm (I/lg = 0.58). This means that a high energetic deposi-
tion leads to increasing of the sp? content and thus reduces
the compressive stress.
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RYS. 4. Przyktad widma Ramana dla warstwy we-
glowej opisanego przy pomocy dwoch linii Gaussa.
Wartos¢ potencjatu autopolaryzacji podczas proce-
su osadzania byta réwna -500 V.

FIG. 4. Raman spectra of the film deposited at -500
V self-bias deconvoluted into two peaks using
multiple Gaussian distribution peak fit.

Doktadna znajomos$¢ potozenia pasma G (wg) warstw
weglowych o podobnej strukturze dostarcza informacji na
temat zwigzku pomiedzy widmem Ramana a naprezenia-
mi w warstwie. Wyzsze wartosci liczby falowej opisujacej
potozenie pasma G jakie uzyskano w powyzszych bada-
niach (RYS. 5) nie wynikajg z obecnosci makroskopowych
naprezen $ciskajgcych jak sugeruja to inne prace [35,36].
Najmniejsza wartos¢ liczby falowej dla pasma G zostata
otrzymana dla potencjatu autopolaryzacji -500 V i nastep-
nie rosnie niezaleznie od znaku wyznaczonych wartosci
naprezen (RYS. 2).

Podsumowanie

W przedstawionej pracy badano naprezenia obecne w
warstwach weglowych wytworzonych na podtozu tytanowym
w urzadzeniu RF PECVD. Dla przyjetych wartosci potencja-
tu autopolaryzacji, maksimum naprezen $ciskajacych jest
obserwowane dla niskich wartosci i stale maleje wraz ze
wzrostem potencjatu autopolaryzacji. Przy wartosciach z
przedziatu od -500 V do -600 V znak mierzonych naprezen
zmienia sie i nastepuje przejscie od naprezen Sciskajacych
do rozciggajacych, ktérych wartos¢ ciagle wzrasta wraz z
potencjatem autpolaryzaciji.

Minimalna warto$¢ naprezen (warto$¢ bezwzgledna)
zostata otrzymana dla najnizszej wartosci potozenia pas-
ma G w widmie Ramana, kiedy rozmiary liniowe klastrow
grafitowych sa najwieksze. Jednakze, wyniki z analizy widm
Ramana nie pozwalajg w petni na jednoznaczng ocene
wplywu struktury warstwy na warto$¢ naprezen pozostatych
prébek, wytworzonych przy innych wartosciach potencjatu
autopolaryzacji.

Podziekowania

Autorzy pracy dziekujg prof. Stanistawowi Miturze
i dr Piotrowi Niedzielskiemu (Politechnika todzka, Insty-
tut Inzynierii Materiatowej) za stymulujgcg dyskusje oraz
dr Marcinowi Kozaneckiemu (Politechnika t 6dzka, Katedra
Fizyki Molekularnej) za dostep do spektrometru Ramana.
Praca byta finansowana przez Ministerstwo Nauki i Szkol-
nictwa Wyzszego (Grant Nr 3T08C06129).

1.0 LI L B B i
0s | /A N
o L o
L A \ ]
= o8| T G
0s [ 3
[ " 1 " 1 M 1 1 1 )

4 L L T T ]
. 1880 |- - -
g L /".' ~e |
° BT 3 4
1560 |- -
i + ]

1540 P B P REPI B B

200 300 400 500 800 700 800

potencjal autopolaryzacji/

self-bias voltage (-V)

RYS. 5. Stosunek intensywnosci I,/l; oraz potozenie
pasma G w funkcji potencjatu autopolaryzac;ji.
FIG. 5. I/l; intensity ratio and G band peak position
as function of self-bias voltage.

The exact position of the G (wg) peaks provides the link
between Raman data and the residual stress in similarly
structured carbon films. In this study, the high frequency
of the G peak in carbon films (FIG. 5) is not due to its high
compressive macroscopic stress as it has been suggested
[35,36]. The lowest frequency of G peak is observed at
-500 V of the substrate bias and it increases in both direc-
tions even though the measured stress is compressive for
lower and tensile for higher values of bias (FIG. 2).

Summary

In this paper, the stresses presented in carbon films pre-
pared on titanium substrate using the RF PECVD deposition
system, were investigated. For considered range of self-bias
voltage, the maximum of compressive stress is observed at
low value and it steadily decreases with an increasing bias.
In the range from -500 V to -600 V the sign of measured
stress changes and it pass from compressive to tensile,
which value then continuously increases with bias.

The minimum of stress (absolute value) was obtained for
the samples with the lowest frequency of G peak in their
Raman spectra, when graphite cluster have the maximal
value. However, no general correlation between the film
microstructure, studied by Raman spectroscopy, and the
film stress has been observed for the remaining samples,
deposited at another values of self-bias voltage.
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