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Biomaterials, in particular those used for orthopaedic prostheses, consist of a metallic
substrate, exhibiting excellent mechanical properties, coated with a ceramic layer, which
guarantees resistance to the corrosion and an elevated bioactivity. In this paper the
preparation of sol-gel films of hydroxyapatite, HA (Ca1o(PO4)s(OH),), on titanium substrate
is described. The samples were obtained through the dip-coating method, starting from a
colloidal suspension of hydroxyapatite. In order to increase the adhesion between the HA
film and the metallic substrate, the same substrate has been preliminarily coated either
with titanium oxide, TiO, (in the anatase or rutile phase), or calcium titanate, CaTiO3
(perovskite). Also these latter films have been deposited from a sol-gel solution. The
characterization of the films through XRD, SEM, and AFM gave good results for the
crystallinity of the deposited HA; for what concerns the sample morphology, the films
turned out to be homogeneous and crack-free. © 2000 Kluwer Academic Publishers

1. Introduction deposition of HA films prolongs the lifetime of pros-
Bioceramics, which are applied, forinstance, in the fabtheses [2].
rication of orthopaedic and dental prostheses, in some The categories of metals which are currently used in
cases are used in the form of films deposited on metakhe realization of orthopaedical prostheses are essen-
lic substrates or mixed with other materials in ordertially three: stainless steels, cobalt alloys and titanium
to produce composite biomaterials which possess beglloys [3]. These latter exhibit excellent mechanical
ter mechanical and biochemical properties. In fact, thgoroperties and a good resistance to corrosion, and this
deposition of ceramic coatings on metallic substratess the reason why they are the most used, particularly
limits the release of ions by the metallic materials usedor hip prosthesis fabrication.
inthe realization of prostheses, which exhibit very good The method widely applied for the realization of ce-
mechanical performances, but are corroded by the physamic coating is plasma spray. The main advantage of
iologic solution which surrounds the implant [1]; fur- this technique is that the properties of the metallic sub-
thermore, by means of the ceramic film it is possible tostrate are not changed at all, as during the process the
modify the surface features of the metal, increasing thesubstrate remains at temperatures lower tharrG00
prosthesis biocompatibility or bioactivity. There are also other methods to make ceramic coatings:
Due to its similarity with the inorganic component electrophoretic deposition, hot pressing, magnetron
of bones and teeth, one of the first materials used fosputtering and deposition by means of sol-gel [4].
the fabrication of these coatings on metallic materials The aim of this work has been to test the application
has been synthetic hydroxyapatite [g{#0y)s(OH),].  of the sol-gel technique for the deposition of HA films
Moreover, hydroxyapatite (HA) and other materialson a metal substrate in order to obtain a composite bio-
based on calcium phosphate allow a fast stabilizatiomaterial to be applied in the field of orthopaedic pros-
of the implant with respect of the bony tissue whichtheses. The method used for the deposition has been the
surrounds them; it has also been demonstrated that thip-coating, followed by a suitable thermal treatment.
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According to the studies of Huaxia, Ponton anding on the composition and the viscosity of the solution
Marquis [5] the relationship between the substrate andised.

the coatings is due to the reaction: The metallic substrates have been carefully cleaned
and dried under laminar flow to avoid the deposition
2Ca0(POy)s(OH)2 4 4TiO; of dust. A preliminary treatment at 400 for 10 min-

utes allows the complete elimination of organics on the
surface. After cooling at room temperature, the dipping

. . __operations have been carried out.
This reaction occurs because of two phenomena which' 1 prepare titania films a single layer has been de-

can both take place at the substrate-film interface. Thﬁosited from the Ti@sol (optimum withdrawal rate-

firstis the diffusion of phosphorous ions within the sur-g g cm/min). The sample was kept at room temperature
face layer, producing a titanium and phosphorous comy, 1o minutes to allow the solvent evaporation, always

pound: the decrease of phosphorous ions atthe interfacg, qer |aminar flow, afterwards a thermal treatment was
givesoriginto calcium phosphate. The secondis the f_or— erformed in furnace up to 750. Samples were cooled
mation on the most external surface of the metal, durin 0 room temperature always under laminar flow.

the heating, of a very thin layer of titanium oxide which a5 for the preparation of the coatings of calcium

can subtract Cd ions from the film to form Ca0s. itanate, starting from CaTigsol a single layer has been

In order to favour this latter phenomenon and to in'deposited (optimum withdrawal rate 7.7 cm/min)
crease the adhesion of the hydroxyapatite film with theoperating like in the previous case. '

substrate, the deposition (followed by a thermal treat- " . the preparation of hydroxyapatite films two lay-

mePt_) ofan i_nte”rmediate coating of Tifalso obtained o1 haye been deposited. After each deposition the sam-
by “dip-coating’, has been experimented. The deposiy|ag have been let for 30 minutes under laminar flow

tion, always with the same technique, of an interme-, 4 then heat treated in a furnace. The withdrawal
diate coating of CaTi@has also been tested, in Order 540 sed for the first deposition was 19.5 cm/min, and

to favour the formation at the interface not only of Ti 15 4 cm/min for the second. After the first deposition
and P compounds, butalso of phosphorous and calCiufg fiim has been completely dried with a preliminary

— +6Ca(POy); + 2CaThOs + 2H,0 (1)

compounds. thermal treatment at 20Q, after the second deposi-
tion the temperature used for the treatment was €50
. In this case, to avoid the formation of cracks in the films
2. Experimental , due to thermal chock, the samples were cooled down
Three sols have been prepared. The preparation of tr’gqo\,wy inside the furnace.
solution to use for the deposition of Ti@oatings (TiQ The thermal evolution of the gels and films has

sol) has been performed starting from titanium tetraisoyeen monitored by means of X-ray diffraction (XRD),

propoxide (Ti(OGH?7i),), suitably stabilized. Once the \yhijle the morphological analysis has been performed
optimum solution was prepared, its viscosity was Meahy scanning electron microscopy (SEM) and atomic
sured (Brookfield Digital Viscosimeter mod. DV-II). grce microscopy (AFM). The surface chemical com-

The initial value found for the Ti@sol was 2.24 cen- position of the films was determined by using XPS.
tipoise. Maintaining the solution in a closed container,

the viscosity did not change much with time, so allow-
ing to obtain good quality films even after few months

from the preparation. 3. Results and discussion
For the preparation of the solution used for3.1. Structural and morphological
CaTiG; films (CaTiQ; sol) calcium nitrate tetrahydrate characterization

(Ca(NG;)2-4H,0) was used. This salt causes a consid-X-ray diffractograms recorded on the powders obtained
erable increase in the viscosity of the solution (initial from the TiG, sol treated up to 30@ do not reveal any
value= 5.64 cps), and at the same time decreases itsoticeable peak, and this indicates the presence of one
stability: in fact, even keeping the sol in a closed con-or more amorphous phases. After 3G0the forma-
tainer, after about two months gelation occurs. tion of the anatase phase starts. By gradually increas-
For the preparation of the starting solution for ingthe temperature, one can note that at®&58 highly
hydroxyapatite films (HA sol) Ca(N£)»-4H,O and crystalline powder is obtained, completely consisting of
(NH4)2HPO, were used. The initial value of the TiO in the anatase phase. Varying the temperature up
viscosity is 84 cps and the solution exhibits a milky to 750 C (whichis the maximum temperature reachable
appearance. in the realization of the film, as it will be seen further
To determine the working conditions for the prepa-on) the partial transformation of the anatase phase into
ration of the coatings a preliminary study has been carthe rutile phase is taking place.
ried on about the gel behaviour as a function of the From the XRD spectra of the powders obtained from
treatment temperature. Powders obtained from the ge€aTiO; sol, one can see that again no crystalline phases
underwent thermal treatments at various temperaturesre present up to 30G. At 300°C the peaks related to
between 100 and 100G, being this the working range the anatase phase appear, similarly to those observed in
to obtain the coatings, and then were characterized bthe bulk TiG,. The crystallization of calcium titanate
means of X-ray diffraction. in its perovskite form CaTi@is completed at 60.
Films were deposited by using the dip-coatingincreasing the temperature up to 760t is seen that
method: the withdrawal speed was optimized dependbesides perovskite another phase of calcium titanate,
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with formula CaTisO;,, and a small quantity of Ti© g "
in the anatase phase are present. 4
The diffractograms relative to the powders obtained __|
from the HA sol reveal a certain degree of crystalliza-
tion already at 30QC, even if the dimensions of crys- .,
tallites are still very small, thus the peaks are not well;
defined yet. As the temperature increases, the degrez 7
of crystallization progressively increases up to 7G0

W =substrate
® =TiO, anatase

Intens

over this temperature no more variations are detecte¢ A .
The crystalline phase formed is hydroxyapatite. . .
After the preparation, the film morphology was stud- | ‘
ied by means of SEM and AFM. 2 ") . .

First the metal substrate was analyzed, and thenth “4" T AT " LT T T AT TG TR T e
coatings of TiQ, CaTiO; and hydroxyapatite. ¢ Trete fosgresm

SEM observations revealed that the substrate exhibitsigure 2 Diffractogram of the Ti@ film treated at 55€C.
a very irregular surface, where one can see spotted flat
areas with cavities having an about circular shape with
diameters varying between 1 and At. The depth of g
such cavities, measured by AFM, varies from 200 to

500 nm. 2 :::‘?(l;ftr:r::tase
The high surface roughness ofthe substrate makesth | # =TiO; rutile

quantity of solution deposited during the dip-coating - _
process increase, but creates problems of cracks formes °
tion in the film: in fact, as will be seen in the following,
the films do not completely fill the cavities present on
the substrate, but follow its profile. . ¢
The evolution of the Ti@coating during the thermal &
treatment has been studied. The sample under exan |
ination, drawn from the furnace after 30 minutes of _
treatment at 55@C, exhibits an amorphous nature. The =
film treated at 750C for 1 hour (Fig. 1) shows grains
homogeneously distributed over all the surface, whoséigure 3 Diffractogram of the TiQ film treated at 750C.
dimensions are about®-- 0.7 m.
From the AFM image one can clearly note that the
film exhibits zones of very high homogeneity, but alsoutes of treatment at 55Q the crystallization of titanium
some agglomerations of particles. The analysis of th@xide is not complete yet, what was already shown by
surface shows a decrease of the film roughness witBEM analysis.
respect to the substrate (and also with respect to the On the other hand, the rutile phase is predominant at
film treated at lower temperature). 750°C (Fig. 3), even if a small amount of anatase is still
The XRD characterization demonstrated that afpresent.
550°C inthe TiG film only the anatase phase is present  Similarly to what was done for the Tioating, the
(Fig. 2), asitwas determined also from the analysis perthermal evolution of the CaTi©film was followed.
formed on the bulk sample. The presence of a weak anB8EM observations show that also the calcium titanate
not well defined peak indicates that after only 30 min-coating is amorphous at 5830. Also in this case cracks
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Figure 1 AFM image (70x 70 um) of the TiQ, film after treatment at 75 for 1 hour.
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Figure 4 SEM picture of the CaTi@film treated at 750C.

are present, but theiramount is much less with respect t(
those present in the Tidilm and their dimensions are .
small. AFM analysis revealed that the surface rough- W= substrate
ness is of the same order of magnitude of that of the ~ = CaTios
substrate, and this suggests that the film tends to follow,
the irregular profile of the substrate. After the thermal ;
treatment at 75 for 1 hour, also the calcium titanate
film is a very homogeneous layer of grains having di-
mensions varying from 0.4 to 0.8m (Fig. 4). The .
AFM images show that cavities are still present, but ]
their height varies in the range:- 0.3 nm, i.e. alittle
more than half the depth found for the substrate. The | Y, JL .
grain distribution is very regular. w s s 2 "EL '(‘ L ) s e es
Similarly to the film of titanium oxide, also in this e
case aggregations of particles are present. In particulafigure 5 Diffractogram of the CaTi@ film treated at 550C for 30
it was noted that such agglomerates are mainly formedginutes.
on the border of the cavities. This must be probably
ascribed to the formation of a thicker layer of solution 2

108

60
H

Intensity
0
1

during the withdrawal procedure, with subsequent lo- W = substrate
calized increase of the film thickness. 8 Z=gi<;gof“ﬁ‘e
. . =Caliy
From XRD analysis (Fig. 5) one can observe thata %= Ca,Tis0,;

certain amount of calcium titanate is present already a3 s
550°C, even if the film appears as amorphous, what is®
confirmed by the SEM image.

At 750°C (Fig. 6) it is possible to see that neither
CaTiGs is present any longer, or the other phase of
calcium titanate, CAisO12, already observed during
the examination of the thermal evolution of the gel.

tntensit

Another difference is the presence of the rutile phase = T KT T g LT LT T LT TTTNL

2 Theta (degrees)

instead of anatase.
For what concerns the samples coated with hydroXrigure 6 Diffractogram of the CaTi@film treated at 750C for 1 hour.

yapatite, XRD measurements performed on the first of

the two layers of hydroxyapatite, treated at 200did  homogeneity in the central zone, while the formation

not give significant data, because the thickness of thisf cracks has been noticed near the borders.

film is too small and the degree of crystallization islow  Again SEM analysis confirms the presence of zones

at this temperature. SEM observations showed a goobaving good homogeneity together with particles with
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Figure 8 Diffractogram of the HA film, treated at 783G, deposited on  Figure 9 Diffractogram of the HA film, treated at 75C, deposited on
the intermediate Ti@coating. the intermediate CaTigcoating.

dimensions of about/im and agglomerations of grains of calcium titanate in the intermediate coating is less
having dimensions up to-3 4 um. Good homogeneity favourable for the diffusion of C4 ions within the
was also revealed by AFM analysis, as shown in Fig. 7coating, so that the variation of the Ca: P ratio is lower
The average height measured through the whole suthan in the case of the intermediate Ji€bating.
face is practically the same as the one found for the
section. These results indicate a very good homogene-
ity of the hydroxyapatite film obtained. This fact was 3.2. Evaluation of bioactivity for TiO; films
also confirmed by XPS depth profiling [6]. It is also Panjian, Kangasniemi and de Groot [7] verified that the
worth noticeing that from the point of view of the sur- TiO, coating treated at 50C for 10 minutes, immersed
face morphology no significant differences were foundfor several days in a physiologic solution which simu-
between the HA films deposited on intermediate zIiO lates the plasma contained in the human blood, favours
or CaTiG; films. the heterogeneous nucleation of hydroxyapatite on its
Figs 8 and 9 show the diffractograms relative to thesurface.
hydroxyapatite coatings deposited on the intermediate The so formed hydroxyapatite exhibits a great simi-
TiO, and CaTiQ film respectively. larity to the apatite found in the bony tissue: in fact, it
In both cases the predominant phase is hydroxyapexhibits a not very high degree of crystallization, even
atite, but a certain amount gECa3(POy)2 (B-TCP) is  if two OH™ groups of hydroxyapatite are substituted
also present, which did not appear in the analysis oby a C@‘ group. The formation of Ga(POy)sCOs
the bulk. The formation of8-TCP can be ascribed to on the surface of the Ti£coating must be ascribed to
the reaction (1), which involves the migration ofZa the fact that, performing a thermal treatment limited in
ions within the intermediate coating with formation of time and at a not very high temperature, severalrOH
calcium titanate, causing a variation of the Ca: P ratiagroups still remain on the external layer of the film.
inside the hydroxyapatite film at the same time and, The physiologic solution has a pH 7.4 at 37C
therefore, the formation gf-Caz(PQy)». (body temperature). Being the isoelectric point of the
From the comparison of the spectra it is noticed thatitania film at pH~6.8 [8], when the sample is dipped
the HA coatings deposited on CaH@lways show a into this solution it exhibits on its most external layer
degree of crystallinity higher than those deposited ora negative charge able to give rise to ionic pairs with
TiO,. This is probably due to the fact that the presenceCa’™ ions. In addition, still present OHgroups can
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Figure 11 SEM picture of the Ti@ film of Fig. 10: detail of an area of high inhomogeneity.

form hydrogen bonds with the phosphate groups whiclprepared. For the execution of the teswitro on the

are in the solution [9]. TiO, coatings, the samples were put in polyethylene
The increase of the concentration of both calcium anatontainers with 30 ml of SBF. They were then hermet-

phosphate ions near the surface brings to a local exceettally closed and put in a muffle furnace at°g7for

ing of the critical level of saturation beyond which the 10 days.

heterogeneous nucleation of hydroxyapatite starts. After this period of time the samples were pulled out
Samples prepared from TiQol and treated at 560G  and, after drying under laminar flow, analyzed by SEM.

for 10 minutes underwent a tastvitro. The presence of cracks was revealed on the, TiO
Following indications reported in literature [10] a film. As one can see in Fig. 10, the presence of the

physiologic solution (Simulated Body Fluid, SBF) was fracture seems to have favoured the deposition of the
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Cao(POy)sCOs particles, as they are mostly distributed gives the film a very good resistance to the degradation
on the borders and inside the cracks. Therefore it isvhich undergoes in the physiologic solution which sur-
probable that the borders themselves act as a center afunds the prosthesis plant when inserted in the human
heterogeneous nucleation for the apatite, which durindpody.
its growth tends to arrange inside the cracks, filling
them completely.

This theory is supported by what observed in Fig. 11,pcknowledgements

where one can see that, together with spherical partipyork supported by The Targeted Project “Materiali
cles, with diameters varying between 1 andrd, there  gpeciali per Tecnologie Avanzate I1’-C. N. R.

are also agglomerations of particles, localized in zones

of the film where the greatest number of cracks is found,

and therefore also of nucleation centers. In these zon oferences
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