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Roughness and Bonding Strength of
Bioactive Apatite Layer on Dental Implants
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he commercially pure titanium
T implants coated with a plasma-

sprayed hydroxyapatite layer
are provided with bioactive surface
properties and bone-bonding ability.!
However, the plasma-sprayed tech-
nique does not allow accurate control
of the chemical composition and the
crystallographic structure of the coat-
ing. As a result, the apatite layer is
mechanically and chemically unstable,
and it bonds weakly to the substrate.?

It was recently demonstrated by
Kokubo® that an in vitro bone-like
apatite deposited on cp Ti could be
induced by a chemical treatment. This
apatite layer was integrated with the
metallic substrates, and it did not have
the problems associated with the
plasma-spray technique. Kokubo’s
method showed that chemical treat-
ment produced a uniform bioactive
apatite layer on the surface of the tita-
nium.* The first purpose of this study
was to evaluate how this new apatite
layer changed the roughness of the
implant surface.

The second purpose of this study
was to examine the bonding strength
of the hydroxyapatite layer obtained
by chemical treatment to the Ti sub-
strate. The results are discussed in
comparison with those of plasma-
sprayed hydroxyapatite.
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This study examined the rough-
ness and bonding strength of the
chemical-made apatite layer in com-
parison with the titanium surface
and the plasma-sprayed apatite.
Commercially pure titanium plates
were heated and chemically treated
to deposit crystalline apatite on their
surface. The roughness of the tita-
nium surface of the original samples
and the apatite surface was analyzed
by a roughness surface tester. A
scratch test was used to compare the
adhesion of the chemical apatite
layer to the titanium with the adhe-
sion of a plasma-sprayed layer. A
dense bone-like apatite layer was
formed on the surface of the titanium
by a simple chemical method. The
surface roughness test showed that

the chemical apatite coating in-
creased the roughness of the sam-
ples. The scratch test showed that
the bonding strength of the
chemical-made apatite coatings to
the titanium substrate was higher
than the plasma-sprayed apatite
coatings. The apatite layer produced
by chemical treatment did not show
a lower roughness than the titanium
substrate. This chemical apatite
layer also bonded tighter to the tita-
nium than the plasma-sprayed apa-
tite. This chemically made apatite
coating is expected to provide a
long-term implant—bone fixation.
(Implant Dent 2004;13: @@@®—
000)

Key Words: biomaterials, apatite, ti-
tanium, scratch test

MATERIALS AND METHODS
Specimen and Surface Treatment
Commercially pure titanium
plates (10 X 10 X 0.7 mm) of grade II
were used in this study. They were
treated in accordance with the chemi-
cal treatment described by Takadama.’
The plates were treated with 0.5 M
NaOH aqueous solution at 60°C for 24
hours, washed with distilled water,
and dried at 40°C for 24 hours. Sub-
sequently, they were heated up to
600°C at a rate of 5°C/minute in an
electric furnace, kept at 600°C for 1
hour, and then allowed to cool in the
furnace. Finally, each treated titanium
plate was completely soaked in 40 mL
of simulated body fluid (SBF) at 37°C
for 2 weeks. The samples were exam-
ined by an environmental scanning
electron microscope (ESEM; Elec-
troscan 2020; FEI, Oregon), which al-
lows the observation of samples in wet
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conditions with little need of handling.
In fact, it has been possible to observe,
in situ, the nucleation and deposition
of the hydroxyapatite layer.

Analyses of the Surface Roughness

The roughness of the titanium sur-
face of the original samples and the
hydroxyapatite layer surface was ana-
lyzed by a Roughness Surface Tester
(Mitutoyo Surftest SV-500; Mitutoyo,
IL). Numerical values were produced
by appropriate software (Surfpack
v3.00). A Gaussian filter was used to
exclude form and waviness. For nu-
merical description, we used the R,
descriptor parameter (R, is the arith-
metic mean of the departures of the
roughness profile from the mean line,
measured in micrometers; this param-
eter gives a good general description
of height variations). Thirty-four
roughness tests were done on 5 tita-
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TABLE 1. Roughness Test Conditions

RESULTS AND DISCUSSION

Ti
Sample length (mm) 0.45
Number of samples 34
Test length (Mmm) 3.2
Filter Total tilt
Roughness profile R.
Cutoff filter Gaussiano

Cutoff length = 0.21 mm

nium samples before the heat and
chemical treatment and on 5 chemi-
cally made apatite layers. The sample
length of each roughness test was 0.45
mm. These roughness test conditions
are shown in Table 1.

The ESEM was used to obtain an
overall picture of the surface finish of
the samples.

Fig. 1. Apatite structure and new nucleation
onit.
]
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Bonding Strength of Coating Layer to
Substrate

A scratch test was used (Fisher
320) to compare the adhesion of the
chemical apatite layer to the Ti with
the adhesion of the plasma-spray
layer. We also compared their coating
thickness. Five scratches were made
on 5 samples coated with chemical
apatite layer. Five scratches were also
made on 5 reference samples coated
with plasma-spray apatite. The length
of each scratch was 2.4 mm. The start-
ing load was 2 N and the loading rate
was 10 mN/s. The horizontal scratch
speed was 20 pm/s.

Statistical Analysis

Data from scratch test and surface
roughness measurements were ana-
lyzed using the SPSS package. ¢ test
was used for intergroup differences
among means (scratch test), and Wil-
coxon test was used to test for intra-
group differences (surface roughness).
A 5% level of probability was re-
quested for statistical significance.
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Fig. 2. X-ray spectrum of the layer deposited on the surface observing the peaks correspond-

ing to the apatite (A, apatite; Ti, titanium).

2 ROUGHNESS AND BONDING STRENGTH OF BIOACTIVE APATITE LAYER

Surface Roughness

The apatite layer (Fig. 1) was ob-
tained after treating the Ti samples
with the chemical treatment that was
described in the “Materials and Meth-
ods” section. The nature of this depos-
ited layer was characterized by x-ray
diffraction (Fig. 2). The spectrum
shows a number of peaks at values
around 25° to 34° and 46° to 50° cor-
responding to the apatite, whereas the
titanate peaks were gradually disap-
pearing. This result demonstrates the
bioactive behavior of the chemical-
treated titanium surfaces. The apatite
layer figures were obtained by the
ESEM technique, because it allowed
for the observation of the samples in
the wet state. It was not necessary to
manipulate the Ti samples interrupting
the hydroxyapatite deposition. These
factors mean that the samples can be
reused and submerged again in SBF
for the observation of the evolution of
the apatite precipitation process.

The chemical bone-like apatite
coating was expected to bond tightly
to the Ti, because it is gradual and
chemically integrated with the
substrate.

Figure 3 shows that the apatite
layer grew uniformly along the tita-
nium microsurface morphology along
the Ti surface. That is to say, the
chemical apatite coating does not have
a smooth surface filling the titanium
microporous surface.

The mean value of the roughness
test (R,) for the titanium surface was
0.07 pum (standard deviation [SD],

Fig. 3. Apatite layer uniformly deposited
along the Ti surface.
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TABLE 2. Surface Roughness Test Results

Surface Titanium After Soaking in SBF
Mean R, Standard Deviation Mean R, Standard Deviation
Lisa 0.07 0.02 0.38 0.16

SBF, simulated body fluid

0.02 wm). The mean value of the
roughness test for the apatite surface
was 0.38 um (SD, 0.16 wm). These
results are shown in Table 2. Titanium
samples treated chemically exhibited
significantly rougher surfaces com-
pared with the original surface (P =
0.0002). This rough surface layer en-
courages bony ingrowth into its po-
rous structure to provide a mechanical
fixation of the implant to the surround-
ing bone.®

A macroporous titanium surface
layer would induce apatite ingrowth
into its porous structure after the
chemical treatment. The stress at the
bone—implant interface is, therefore,
expected to decrease by designing the
roughness of the apatite coating to
gradually decrease as a function of
depth toward the titanium substrate.

Bonding Strength of the Coating Layer

The mean value of the scratch test
for the plasma-sprayed apatite layers
was 160 mN (SD, 15 Mn). Their mean
thickness was 20 wm. The mean value
of the scratch test for the chemical
apatite layers was 450 mN (SD, 23
mN). Their mean thickness was 15
pwm. The statistic test showed (P
<C0.005) that the bonding strength of
hydroxyapatite coatings formed by
chemical treatment to the titanium
substrate is higher than the plasma-
sprayed hydroxyapatite coatings. The
apatite coating formed in the SBF
bonds chemically to the Ti substrate
through the hydrated titanium and ti-
tanium oxide layers. The heat treat-
ment (600°C) of the alkali-treated Ti
samples before soaking in SBF in-
duces the apatite formation and in-
creases the adhesion of the apatite
layer to the substrate.

This indicates that the chemical
apatite coatings bond tighter to the
titanium substrate than the plasma-
sprayed apatite. This provides a long-

term bone—implant fixation attained
by chemical integration through the
apatite layer. On the other hand, the
absence of any chemical link between
the plasma-sprayed apatite and the ti-
tanium substrate leads to a limited ad-
hesion between the coating to the im-
plant. This plasma-sprayed apatite
layer shows a porous structure that is
very susceptible to contamination to
bacteria.

Another disadvantage of the
plasma-spray method is related to the
high temperature used (8000°C). Hy-
droxyapatite is thermally unstable dur-
ing cooling (from 8000 to 25°C in a
very short lapse of time) after plasma-
sprayed deposition on the titanium
substrate, thus producing amorphous
calcium phosphate phases. As it is
known, this amorphous phases and
even phases as tetracalcium and trical-
cium phosphates, which are also
formed during cooling, dissolve faster
than crystalline hydroxyapatite, thus
leading to mechanical disintegration
of the coating and loosening of the
implant fixation.” On the other hand,
the Kokubo method allows for control
of the chemical composition and crys-
tallinity of the apatite coating as well
as of its physical and mechanical
properties.

CONCLUSIONS

The heat and chemical treatments
produced a bioactive hydroxyapatite
layer on a titanium surface along its
surface morphology. The apatite sur-
face did not show a lower roughness
than the titanium substrate surface.
This indicates that the apatite coating
not only provides a chemical integra-
tion with bone, but also encourages
bony ingrowth into its porous structure
to provide a mechanical fixation of the
implant. The apatite layer formed
chemically showed higher bonding
strength to the titanium substrate than

the plasma-sprayed apatite. The chem-
ically made apatite coating is expected
to provide a long-term implant—bone
fixation.
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financial interest in any company or
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Rauheit und Bindefihigkeit bioaktiver Apatitbeschichtung auf Zahnimplantaten

ZUSAMMENFASSUNG: Zielsetzung: Innerhalb dieser Studie wurden die Rauheit und
Bindefihigkeit einer chemisch hergestellten Apatitbeschichtung im Vergleich zu einer
Titanoberfldche und einem mit Plasma besprithten Apatit untersucht. Methoden und
Materialien: Reine Titanplatten wurden durch Hitzeinwirkung und Chemikalieneinsatz
vorbereitet, so dass auf den Oberfldchen kristallines Apatit aufgebracht werden konnte.
Durch ein die Rauheit der Oberfliche abpriifendes Testmedium wurde die Oberflichen-
rauheit der urspriinglichen Titanimplantate und apatitbeschichteten Implantate analysiert.
Um Vergleichswerte beziiglich der Adhision der chemischen Apatitbeschichtung auf dem
Titanimplantatkorper zu der mit Plasma bespriihten Oberfliachenbeschichtung zu erhalten,
wurde ein Kratztest durchgefiihrt. Ergebnisse: Eine einfache chemische Methode fiihrte
zur Ausbildung einer dichten, knochengewebsartigen Apatitbeschichtung auf der Ober-
fliche des Titanimplantats. Der Test zur Uberpriifung der Oberflichenrauheit ergab eine
Erhohung der Oberfldchenrauheit durch chemische Apatitbeschichtung. Im Kratztest
erwies sich die Bindefdhigkeit der chemisch hergestellten Apatitbeschichtung zur Titan-
basis als hoher als die entsprechende Bindefihigkeit der mit Plasma bespriihten Apatit-
beschichtung. Schlussfolgerungen: Die durch chemische Weiterbehandlung hervorg-
erufene Apatitbeschichtung wies gegeniiber dem Titansubstrat gleiche Rauheitsgrade auf.
Die Bindefihigkeit der chemischen Apatitbeschichtung an die Titansubstanz war auch
weitaus hoher als die des mit Plasma bespriihten Apatits. Es ist davon auszugehen, dass
diese chemisch hergestellte Apatitoberfliche fiir eine langfristige Fixierung zwischen
Implantat und Kochen sorgen kann.

SCHLUSSELWORTER: Biomaterialien, Apatit, Titan, Kratztest

La aspereza y solidez de pegado de una capa de apatita bioactiva en implantes dentales

ABSTRACTO: Proposito: Este estudio examind la aspereza y solidez de pegado de la
capa de apatita hecha con quimicos en comparacion con la superficie de titanio y la apatita
rociada con plasma. Métodos y materiales: Las placas de titanio comercialmente puro
fueron calentadas y tratadas quimicamente para depositar apatita cristalina en la superfi-
cie. La aspereza de la superficie de titanio de las muestras originales y la superficie de
apatita fue analizada en un analizador de la aspereza de la superficie. Se usé una prueba
rayado se us6 para comparar la adhesion de la capa de apatita quimica al titanio con la
adhesion de una capa rociada con plasma.

Resultados: Se formé una capa de apatita con densidad similar al hueso sobre la superficie
del titanio a través de un método quimico simple. La prueba de aspereza de la superficie
demostré que el revestimiento de la apatita quimica aument6 la aspereza de las muestras.
La prueba de rayado demostré que la solidez de pegado de los revestimientos de apatita
creados con quimicos al substrato de titanio era mas alta que los revestimientos de apatita
rociados con plasma. Conclusiones: La capa de apatita producida con el tratamiento
quimico no mostré una menor aspereza que el substrato de titanio. Este capa quimica de
la apatita también se pegdé mejor al titanio que la apatita rociada con plasma. Este
revestimiento de la apatita creado quimicamente se espera que proporcione una fijacion
del hueso al implante de largo plazo.

PALABRAS CLAVES: biomateriales, apatita, titanio, prueba de rayado.
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Aspereza e Forca Adesiva de Camada de Apatita Bioativa em Implantes Dentdrios

RESUMO: Objetivo: Este estudo examinou a aspereza e a forga adesiva da camada de
apatita produzida quimicamente em comparagdo com a superficie de titdnio e a apatita
pulverizada por plasma. Métodos e Materiais: Placas de titdnio comercialmente puro
foram tratados com calor e quimicamente para depositar apatita cristalina em sua super-
ficie. A aspereza da superficie de titdnio das amostras originais e a superficie de apatita
foram analisadas por um aparelho de ensaio de superficie de aspereza. Um teste es-
clerométrico foi usado para comparar a adesiio da camada de apatita quimica ao titanio
com a adesdo de uma camada pulverizada com plasma. Resultados: Uma camada densa
de apatita dssea foi formada na superficie do titdnio por um simples método quimico. O
teste de aspereza da superficie mostrou que a camada de apatita quimica aumentou a
aspereza das amostras. O teste esclerométrico mostrou que a for¢a adesiva das camadas de
apatita produzida quimicamente ao substrato de titdnio foi maior que as camadas de
apatita pulverizadas com plasma. Conclusées: A camada de apatita produzida por trata-
mento quimico ndo mostrou aspereza menor que o substrato de titdnio. Esta camada de
apatita quimica também aderiu mais fortemente ao titanio do que a apatita pulverizada
com plasma. Espera-se que esta camada de apatita produzida quimicamente proporcione
uma fixacdo de longo prazo do osso de implante.

PALAVRAS-CHAVE: Biomateriais, apatita, titanio, teste esclerométrico
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