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1. Background:

Many used materials as implants for regeneratiohoofes and teeth (metals, metal alloys, and
ceramics) have good biomechanical properties f@li@gions where is needed high loading
capacity. Although, these materials are biocompatitey are the most common and bioinert and
therefore, they poorly or not at all grow with teerrounding tissue. In order to minimize or
completely avoid the problem above, implants madei@nert metals or ceramics were coated
with bioactive calcium phosphate (CaP) preparedarious ways. The obtained biomaterials
combine the advantages of good biomechanical piiepeof materials (basic, supporting
structure of the implant) and good bioactivity @lcgum phosphate (surface of the implant).
Calcium phosphate can be prepared and appliectsuttiace of the material by various methods
whereby the last decade emphasizes biomimetic gsoc@ne examples of implant material is
zirconium dioxide based ceramics, whose bioactivéy be improved by coating with bioactive
CaP This ceramics is commonly used as a materddoe implants due to its biocompatibility
and good mechanical properties. But its bioactigatility fusion with bone) and the ability to
ingrowth into the bone are not satisfactory for afiplications. An additional problem with
stabilized ZrQ ceramics is changes in the structure of the sertfaat may occur after connecting
with the tissue, its poor mechanical propertiese @ldvantages of porous ceramic as a material
for making the basic structure of the implant isslespecific weight, and increased surface
roughness, which makes it suitable for differenfaaze modifications, including the application
of calcium phosphate. In addition, 3D porous strreetmimics the structure of the bone tissue,
which facilitates and promotes the adhesion andiferation of surrounding cellZirconium



dioxide is commonly called zirconia. Zirconia adopt tetragonal structure at high temperature
and a monoclinic crystal at room temperature. Thkeime expansion caused by cooling from
high temperature results in cracking. In ordertédbitize the tetragonal phase, zirconia is blended
with a metal oxide such as yttriaf®s). This is called tetragonal zirconia polycryst@liZP). In
particular, yttria stabilized TZP (Y-TZP) has supebiocompatibility and mechanical properties
in comparison to other TZPs. Accordingly; it haghesed as a material in artificial joints for a
long time. Some studies on the biocompatibility zifconia showed better results at Osseo
integration than titanium [1, 2]. Due to these mmties of zirconia, it is useful as a substrate for
bone graft material.

On the other hand, titanium and titanium alloysfezquently used in orthopedic implants
in load bearing situations because they possessdiale properties, such as a good ductility,
tensile and fatigue strength, modulus of elastioigtching that of bones, low weight, and good
biocompatibility. The nanotubular surface enharamgisesion, growth and differentiation of the
cells. The nanotubular arrays increase the roughoéditanium implants on the nanoscale,
providing the surface similar to that of a humamédaoBone-forming cells tend to adhere to the
surfaces that are similar to natural bone bothhemustry and roughness. Nanotubular layers
provide a high surface-to-volume ratio with corable dimensions which are able to
differentiation of mesenchymal stem cells into obtastic cells. There is possibility to further
enhance bioactivity of titanium implant with nanotlar surface by hydroxyapatite deposition
into the titania nanotubes which further promotesebingrowth.
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improves implant osseointegration in vivo. Dent Mater 2008; 24:357 61.

2. Schultze-Mosgau S, Schliephake H, Radespiel-Troger M, Neukam FW. Osseointegration of endodontic
endosseous cones: zirconium oxide vs titanium. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2000;89:91-8.

1.1 Samples for scratch testing during STSM

In the proposed project were developed compasipaint materials for solid tissue in which the
main, load- bearing structure were stabilized hsffength Zr@ porous ceramics and TiO
nanotubes arrays (anatase and rutile phase) grawitamium discs. Zr@ ceramics were
stabilized by yttria and alumina to prevent ageang prepared either by sol-gel syntheses or by
mechanochemical processing and subsequent sintefipgepared powder. All samples were
coated with bioactive calcium phosphates prepaydaidmimetic process.
For the scratch test measurements during were i@edadifferent series of samples:
1. Sol-gel synthesis of ZrO+ 10% Y03 + CaP — 14 days precipitation from solution
(SG-CaP)
2. Mechanochemical synthesis ZrO2 + 10%O¥+ 30% AkOs + CaP - 28 days
precipitation from solution (MH-CaP)
3. TiO2 nanotubes arrays (anatase phase) + CaP - 28 daygitation from solution
(TA-CaP)



4. TiO2 nanotubes arrays (rutile phase) - CaP - 28 dadptation from solution (TR-
CaP)

1.2AIM

The main aim of this project was scratch testingwad ways prepared ZrQceramics and two
different crystal phases of Tihanotube arrays on the titanium disc. All samp¥ese coated
with CaP. These measurements provide informatioutadlastic-plastic deformations, formation
of median, radial and lateral cracks and mateaidife mechanisms which occurs during scratch
test. The obtained data substantially contributartainderstanding of the mechanisms involved
in sliding wear and abrasion of our ceramics andothbes. The scratch test also provides
important information about adhesion of calcium gftmate coated on the surface of all
investigated samples.

2. Experimental

2.1 Scratch test

Scratch tests were performed during STSM in theugrof Prof. dr. Carmen Baudin at the
Instituto de Ceramica y Vidrio, CSIC, Madrid, Spaim the CSM Revetest scratch tester (CSM
Instruments SA, Switzerland), using a Rockwell mée (120° diamond cone). The length of
each scratch was 3 mm, speed 1.5 mm/min and tkdenlaa increased linearly from 0 to 80-100
N in case of Zr@samples. In case of Tianotubes length of each scratch was 3 mm, sp8ed 0
mm/min and the load was increased linearly 0-19\e critical load of coatings and substrate
were taken from observations of the scratch trackaith the optical microscope (Olympus
LEXT, Japan), identifying the point where cracksar@d. During test were measured:
displacement into surface (Z), lateral force)(Rcoustic emissiomME), and friction coefficient
(COF).

2. 2 Electron microscopy

The coated and scratch tested samples were lageaathrized by Tabletop Microscope TM-
1000, Hitachi. The micrographs of samples were @et with the results of scratch test by
Rockwell indenter to determine real load wheredtaeks in coating and substrate appears.

3. Results



One of each samples type SG-CaP, MH-CaP, TA-CaPCaR were firstly tested to optimized
proper load for the scratch test performance. Quin sample were performed 5 scratch test to
obtained rstatistics for the estimation of coatmg substrate failure load.
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Figure 1. SEM micrograph of: a) unpolished sid&dd. ceramics obtained by sol-gel synthesis
partially covered by calcium phosphate (CaP); Bished side of Zr@ceramics obtained by sol-
gel synthesis partially covered by calcium phospli@aP); c) and d) Sol-gel synthesis of Z#O
10% Y-O3 + CaP — 14 days precipitation from solution, & §niMechanochemical synthesis of
ZrO2 + 10% Y>03 +30% AbO3 CaP — 28 days precipitation from solution
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Figure 2. TiQ nanotube arrays obtained by anodization of Ti:di$@nd b) Before deposition of
CaP, c) and d) after 28 days in CaP solution.

On the Fig. 1 and 2 are shown the surfaces ofdhgkes which were subjected to scratch test
analysis. It was observed and later confirmed byn&aspectroscopy that samples which were in
CaP solution for 14 days have mixture of octa-cacphosphate (OCP)/hydroxyl-apatite(HAP)
crystal phase at the surface of substrate {£t0% Y203) and samples which were 28 days have
just hydroxyl-apatite (HAP) phase at the surfacesustrates(Zre>10% Y-0s + Al2Os, TiO»-
anatase, Ti@rutile).
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Figure 3. Scratch test results of SG-CaP sampleh®mgraph is shown dependency of CQE,
and Z over applied load and distance from stantioigpits. SEM micrographs and optical image
illustrating the major failure of coatings and cares in the single pass scratch test using
Rockwell C diamond stylus R = 200 pm.
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Figure 4. SEM micrographs of SG-CaP: a) Beginnihgcoatch line b) CaP coatings removal
from substrate.



On the Fig. 4 can be observed that surface ofmgsis very soft but very strongly
bonded with ceramics surface, because even withddd00 N the coatings can’t
be completely removed. At beginning of scratch (jRig. 4a) densification of the
coating under the indent and cracking of the dextsifoating edge of scratch line
occurred. Excepting the cracks of coatings and noess were also observed
abrasion in coatings (Fig. 4a) due to moving ofadeéd ZrQ nanoparticles by
nanoidenter tip over the surface of specimen.

We performed 5 scratch lines (the same as on the3yion 3 samples to
obtained reliable results. The results of analgsessshown in the table 1. Some of
the lines were not considered during evaluatiore thutoo low coatings at the
surface of our disc or complete crack of sample s&veral pieces during test.

Table 1: Critical loads failure in the coatings aedamics of SG-CaP samples.

Coatings failure (LcN)| Ceramic failure (Lg N)
1 20 50
2 22 55
3 17 42
4 16 48
5 20 40
6 20 60
7 17 45
8 18 50
9 18 45
10 20 50
11 18 65
12 15 55
13 20 45
14 18 40




Mean value 18 49

error 2 7
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Figure 5. Scratch test results of MH-CaP sampleti@rgraph is shown dependency of CQE,
and Z over applied load and distance from stantioigpts. SEM micrographs and optical image
illustrating the major failure of coatings and cares in the single pass scratch test using
Rockwell C diamond stylus R = 200 pum..
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Figure 6. SEM micrographs of scratch lines of MH?Gample.

The similar behavior as on the SG-CaP sample, afirags and ceramics under scratch test was
occurred here. On the beginning we observed deasdn of the coating under the indent and
cracking of the densified coating. Moreover, mimoaicking on edge of scratch line appeared
(Fig 5. and 6.) .Also, the ceramic substrate wasoat completely covered with CaP coatings,
what was not the case in SG-CaP sample. At theoérnte line was observed chipping and
detached coating material, appearance of cracksriaimics. The values for critical load failure
of coatings(Lg) and ceramics(l§ are lower than in case of SG-CaP (table). Whditate that
mechanochemical prepared substrate have more slefegtpores than SG-CaP sample.



Table 2. Critical loads failure in the coatings aedamics MH-CaP

Coatings failure (Lg Ceramic failure (Lg N)
N)
1 20 52
2 18 32
3 15 42
4 16 50
5 18 42
6 15 32
7 15 42
Mean value 17 35
error 2 38
Mean value 41
error 7




In second part of STSM we investigated by scréshthe adhesion of CaP coatings and
TiO2 nanotube arrays prepared by electrochemical egamrthe Ti-. As it is shown on Fig. 6 the
values for critical load failure of coatings narms in case of TA-CaP sample are much lower
than for ZrQ based ceramics. The complete failure occurrednakdu N load. Due to much
weaker bonding of Ti®@nanotubes with Ti-disc. Coating detachment staatedind load of 3N,
what could be observed as a brighter part in thatdt line (Fig. 7). All TA-CaP samples were
fully covered with coatings (Fig 7.).
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Figure 6. Scratch test results of the TA+ CaP $antn graph is shown dependency of COF,
AE and Z over applied load and distance from stgupimint. SEM micrographs and optical image
illustrating the major failure of coatings and cares in the single pass scratch test using
Rockwell C diamond stylus R = 200 pm.
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.Figure 7. Surface and scratch test lines of TA+E&aRple

Table 3. Critical load failure of TA+ CaP

Coating and nanotubes failure and
delamianation (Lc, N)
1 6,6
2 6,2
3 7,2
4 6
5 6,2
6 6,2
7 5
8 6,2
9 4,8
10 52
11 5,70
12 4,40
13 5,2
14 4,7
15 5
Mean value 5,6
error 0,8
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Figure 8. Scratch test results of the TR+ CaP.hl@ngraph are shown dependence of CARF,
and Z over applied load and distance from stagpioigt. Inset corresponding optical micrograph
and images obtained by SEM show characteristiarapoints.

Similar effects occurred like in case TA-CaP sanghipping of coatings starts at around 4N
load, but almost complete delamination happened Mt load. After this point it could be still
seen some darker place on the scratch line (Fand89.) which correspond to the coating
material. At these place was strongly bonded witB,Trutile nanotubes. Ti©rutile nanotube
arrays are more scratch test resistant than an&@asause even at 15 N load the nanotubes were
not completely removed from Ti-disc. (Fig. 8 c) ahjl
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Figure 9. Different part of scratch line TR-CaP péna) beginning, b) middle, c) end, d) end at
higher modification
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11 55

12 7,8

13 7,5

14 7,6
Mean value 7
error 1

The scratch test results obtained on coated pafoQs (SG-CaP MH-CaP) and TiO
nanotube arrays (TA-CaP, TR-CaP) provide us venyontant information about adhesion of
calcium phosphate coated on the surfaces of altsatb. Obtained results during this STSM
project will be used for further developments, @sges optimization and improvements of
proposed biomimetic material for application asamd implants. This STSM has inspired a
collaboration between Rudjer Boskovic Institute danstituto de Ceramica y Vidrio and it will
continue in future on development and testing ainfaterials for the bone implants and
application for grants on EU project open callssdlthe results obtained in this STSM will be
used in joined publications.



