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Abstract Titanium and hydroxyapatite (HA) are well-
known materials applied as biomaterials. Ti shows good
mechanical properties and corrosion resistance, whereas
HA possesses excellent biocompatibility and bioactivity
but weak mechanical properties. The combination of the Ti
and HA properties is expected to produce good corrosion
resistance. Corrosion behavior of Ti/HA as composite
(70Ti/30HA) and functionally graded material (Ti/HA
FGM with five layers) has been investigated in saliva at pH
4.4 at five temperatures 10, 20, 30, 40, and 50 °C to use it
as restorative material. There is reason for concern about
the weak ceramic/metal bond and the integrity of this
interface over a long-term performance under functional
loading, therefore Ti/HA as FGM was fabricated to get
good cohesive force between metal (Ti) and ceramic (HA)
through the graduated layers. The corrosion results of Ti/
HA materials were compared with that of pure Ti. The
X-ray diffraction patterns and SEM of the composite
showed that the HA decomposed and formed secondary
phases which have biocompatibility in human body. These
phases are mainly Cas(PO4)3(OH), TisP;, CaO, Cay.
O(POy,),, and B-TCP. The results showed that the corrosion
rate of Ti/HA as composite and FGM was lower than that
for pure Ti due to the role of HA which forms phases that
reduce the reactivity of titanium to dissolve in saliva over
experimental temperatures. Also, the data of polarization
resistance for Ti/HA materials were higher than that for
pure Ti in saliva. Biocompatibility test showed that Ti/HA
materials gave good absorption to culture cells, and
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functionally graded material had better absorbance than
composite.
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1 Introduction

The mouth is the portal entry of the human body. It is also
the habitat of microbial species that are kept wet by saliva.
Teeth and other materials in oral cavity are subject to the
most extreme temperature variations, enduring tempera-
tures as low as 0 °C to hot foods and beverages (~ 60 °C).

Dental treatment involving biomaterials will alter the
mechanical, physiological, and chemical conditions in the
oral cavity. The degree of change depends on the size and
quality of the restoration inserted, which in turn, will affect
the microbiology of the oral cavity. All surfaces in the oral
cavity are covered by a pellicle of glycoproteins from
saliva within seconds after cleaning [1, 2]. Microorganisms
are able to adhere to this layer and form biofilms organized
as a consortium of bacteria, virus, and fungi.

By inserting foreign bodies such as dental restorations,
new niches appear for the microorganisms. Such niches
create areas promoting biofilm accumulation with a
pathological potential. Increased numbers of microorgan-
isms with a pathological ability will increase the risk of
developing disease.

As it has been the case in orthopedics for almost two
decades, we now have alternatives dentistry. Metal-free
and metal alloy-free structures are available for teeth
replacement, from the implant embedded in bone to the
visible crown in the oral cavity. Zirconia (ceramic) dental
implants and all types of all-ceramic restoration (crown,
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bridge, retentive bars, etc.) are available. Furthermore,
bioceramics accumulate very little biofilm if at all thus
reducing bacteria habitat, multiplication, and by-products.
The limitations of ceramic materials are their low tensile
strength and fracture toughness. Their use in bulk form is
therefore limited to functions in which only compressive
loads are applied. Results of ex vivo push-out tests indicate
that the ceramic/metal bond fails before the integration of
the ceramic/tissue bond because of the weak link in the
system [3].

Dental restorations affect the composition of the biofilm
in many ways. There will always be steps, gaps or groves
between tooth and restoration. These will complicate
mechanical biofilm removal and alter the chemical balance
in the biofilm [4, 5]. Restorations differ from enamel with
regard to surface roughness, surface energy, and chemical
composition [4-8].

Numerous researchers studied the degradation of Ti as
biomaterial in artificial biological environment [9-16].
Others highlighted the materials which are used in dental
applications by finding alternative materials with better
properties. They tried to discover many materials as
alternative biomaterials by combining metals and ceramic
materials [17-29].

Although metals exhibit high strength and toughness,
they are susceptible to chemical and electrochemical
degradation. However, the limitations of ceramic materials
are their low tensile strength and fracture toughness.
Therefore, we attempted to combine metallic material (Ti)
and ceramic material (HA) as composite with weight per-
cents 70:30, respectively, and functionally graded material
with five layers. Corrosion behavior of these materials has
been studied in saliva a over wide range of temperatures
(10-50 °C) which simulate the temperature of many foods
and beverages.

2 Experimental Procedure

Powder metallurgy method was used to fabricate Ti/HA as
composite and functionally graded materials. In composite,
weight percents of Ti and HA were 70 and 30 wt%
respectively. While in functionally graded material, five
layers were prepared with composition as shown in
Table 1. Metallic and ceramic powders were weighted by
sensitive balance type (BEL), which was estimated by the
following formula:

WL:pLXVLX‘/l, (1)
where w and p are weight and density of powder layer,
VL is layer volume, and V; is volume fraction.

Pure Ti with purity 98.5 % and average particle size
42 um obtained from (Fluka Chemie AG. CH-9470 Buchs)
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Table 1 Chemical composition of layers in Ti/HA FGM

No. of layer Thickness (mm) Composition (%)
1st layer 3 100Ti

2nd layer 2.5 75Ti-25HAP

3rd layer 2 50Ti-50HAP

4th layer 1.5 25Ti-75SHAP

Sth layer 1 100HAP

was used in fabrication. Hydroxyapatite (HA) with purity
99.8 % and average particle size 42 pm obtained from
(India) was used as ceramic material. Wet mixing was used
by Ball Mills type PM200 with rotational speed of 300 rpm
for 1 h. Cold uniaxial pressing in double action dies has
been practiced with 50 mm height, 12 mm interior diam-
eter, and 32 mm outer diameter.

Sintering process was achieved in quartz tube which was
placed in furnace type (Thermco-model mini brute 201) at
1000 °C for 2 h.

All X-ray diffraction tests were carried out on X-ray
generator with Cu Ka radiation at 40 kW and 20 mA. The
target used in the X-ray tube was Cu, therefore
Acu = 1.54060°A and was operated at scanning speed of 5°
(20) per minute.

Scanning electron microscope was used for functionally
graded material and composite at 20,000x (Hitachi S4700
EDAX ApolloX Genesis software).

Potentiostatic measurements were carried out using
WINKING MLab 200 Potentiostat from Bank Elektronik
with electrochemical standard cell. Electrochemical mea-
surements were performed with a potentiostat by SCI
electrochemical software at a scan rate 5 mV/s. Polariza-
tion experiments were started when the rate at which open
circuit potential (E,,) changed was less and more 200 mV.
SCE was used as reference electrode and Pt as counter
electrode, while working electrodes were pure Ti, Ti/HA as
composite and Ti/HA as FGM.

The electrolyte reference used was modified Fusayama
artificial saliva [30], which closely resembles natural sal-
iva, with composition of (0.4 g/l KCl, 0.4 g/l NaCl,
0.906 g/1 CaCl,-2H,0, 0.69 g/l NaH,PO,-2H,0, 0.005 g/1
Na,S-9H,0, and 1 g/l urea). Lactic acid was added to
adjust the pH of the solution equal to 4.4 [31].

To achieve biocompatibility test, L929 fibroblast cell
culture was used in culture media ATCC—formulated
Eagle’s minimal essential medium supplemented with
10 % (v/v) horse serum and Penn Strep (200 U/ml).
Counting Cells were performed using vital dye, trypan
blue, to determine viable versus nonviable cells (the dye is
excluded from viable cells). Determination of trypan blue
viability is useful when seeding cells into culture that have
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just been thawed from cryopreservation or when perform-
ing subcultures. If only the total cell number is desired, as
may be the case for the end point of an experiment, the
trypan blue steps may be omitted. Before beginning the
procedure, obtain a clean hemocytometer with cover slip
and other materials required for the operation.

3 Results and Discussion
3.1 Characterization of Fabricated Materials

The XRD patterns of started powders Ti and HA are shown
in Fig. 1 with hkl values, these patterns are in agreement
with titanium (JCPDS 44-1294 Card) and HA (JCPDS
09-0432 card). The XRD patterns of fabricated Ti/HA as
composite and FGM are shown in Figs. 2 and 3. These
figures indicate the phases which are formed between Ti
and HA. The HA partially decomposes into CaO and
Ca,0O(P0O,), (TTCP), while some Ti converts to Ti,O, as
well as, when TiyP5 at the Ti/HA interfaces are also formed
[32].

The XRD patterns showed the combination of HA
spectrum and titanium. Some of the phases observed in the
sintered part are Cas(PO,4);(OH) (JCPDS 34-0010 Card),
TisP3; (JCPDS 22-0944 Card), CaO (JCPDS 03-1123 Card),
Ca O(POy), (JCPPDS 25-1137 Card), and B-TCP (JSPDS
09-0169 card).

In the XRD patterns of FGM and composite, samples
did not show the main peak of HA, which suggests that
HA was decomposed. Also titanium oxide phases are
observed, resulting from the interaction of Ti with O ions
from the bulk HA. These phase formations are a common
phase of interaction between HA and Ti, as reported
[19, 33].

The phases formed between Ti and HA more clearly
appear in SEM images for Ti/HA as composite and FGM
as shown in Figs. 4 and 5, respectively. The sintered
composites exhibit a reasonably homogenous distribution
of both constituents. As a result of the mixing process, the
HA has formed larger agglomerates than those observed in
the loose powder which resulted in the two phase distri-
bution. HA zones with varied dimensions can be observed
and dispersed in a matrix of Ti grains. Darker zones dis-
seminated in the Ti matrix can also be observed, which
correspond mainly to the porosity that has not been elim-
inated during the sintering step. The soft agglomerated
ultra-fine HA particles break up easily during compaction
due to high uniform pressure [32].

The hexagonal structure of o-Ti appears in the first layer
and it had an irregular particle shape. Also, the unit cell of
biologic apatite has the shape of a stubby rhombic prism. It
is clear in fifth layer as shown in Fig. 5. The morphology of
the middle layers has different structures compared with
the first and fifth layers. Several microcracks and microp-
orosity are often seen on the scanning electron micrographs
of these layers.

It can be seen that the agglomerates of the starting
materials were broken down and reduced to smaller par-
ticulates for Ti and HA. In both cases, the presence of small
agglomerates of HA on titanium particles can also be
observed [19].

Fine particles can be seen attached to the surface of titanium
while agglomerates lie in the form of layers. In general, the
mixture with nanometric HA presents fewer agglomerates and
a more even distribution of calcium phosphate. Agglomerate
size may also play a role in the dispersion and size of HA
particulates during milling. The microstructure of materials
also consisted of tiny pores which always exist on grain
boundaries and are enclosed by several grains in the vicinity.
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Fig. 1 XRD pattern of Ti (a) and HA (b) powders
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Fig. 2 XRD pattern of Ti/HA as composite

3.2 Corrosion Behavior

Tafel plots of pure Ti, Ti/HA as composite, and Ti/HA as
functionally graded material (FGM) in artificial saliva at
five different temperatures are shown in Figs. 6, 7, and 8.
These figures illustrate the cathodic and anodic regions,
where reduction of hydrogen and dissolution of titanium
can occur respectively as follows:

2H" 4 2e — H, T At cathode, (2)
Ti — Ti*" + 4e At anode. (3)

In order to study the electrochemical behavior of tita-
nium systems in condition close to those of clinical reality,
it is absolutely necessary to have oxidized layers charac-
teristics of stationary state. In the case of Ti, the good
corrosion resistance results from the formation of very
stable, continuous, highly adherent, and protective oxide
film on metal surface. The nature, composition, and
thickness of the protective surface oxides that form on
titanium alloys depend on environmental conditions. As is
widely known, the Pourbaix (potential-pH) diagram for
titanium-water system at 25 °C [34] depicts the wide
regime over which the monoxide, trioxide, and dioxide of
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titanium are predicted to be stable, based on thermody-
namic (free energy) consideration.

During anodic or cathodic polarization, electron and ion
transfer reactions will take place. Many reactions can occur
with titanium as follows:

Ti + H,0 — TiO + 2H" + 2e, (4)
2Ti + 3H,0 — Ti,03 + 6HT + 6e, (5)
(7)
(8)

2TiO(OH),— TiO, + 2H,0,
TiO, - nH,0 — TiO(OH), .

The data of corrosion are listed in Table 2 obtained by
Tafel extrapolation method. These data indicate that the
corrosion potential (E.,,) varied for pure Ti and Ti/HA
materials with varied temperatures. This may be attributed
to variation in cathodic and anodic sites on materials sur-
face. Corrosion current densities of Ti/HA materials was
lower than for pure Ti, and the FGM has the lowest current
densities (i.oy). The current densities increased with
increasing temperature due to increasing ion and electron
transfer. Generally, cathodic and anodic Tafel slopes
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Fig. 4 SEM image of Ti/HA as composite

decrease for Ti/HA compared with pure Ti due to depo-
larization, and the rate of reaction is controlled by only
activation polarization because of consumption of oxygen
to form stable oxide layers.

The polarization resistance R, can be calculated
according to Stern—Geary equation using the data of Tafel
slopes and corrosion current densities as follows [35, 36]:

dE babe
Ry=(—) = 9
P (di)i_o 2.303(by + beicor’ ©)

where b, and b. are anodic and cathodic Tafel slopes,
respectively.

The data of R, which are calculated according to above
equation are listed in Table 2. These data indicate, in
general, the higher resistance for Ti/HA than pure Ti. The
rate of corrosion (Cgr) also can be calculated in (mpy)
according to the following equation [37]:

Cr = 0.13 X icon X %, (10)

where i.o 1S corrosion current density in pA/cm?, e and p
are the equivalent weight and density of material respec-
tively. The data of corrosion rate showed that the Ti/HA
materials had lower rate than pure Ti. The more resistance
for Ti/HA materials is in good agreement with the results
of corrosion of currently fabricated materials in Ringer’s
solution at 37 °C [38]. The current results are agreement
with the increasing corrosion resistance of HA coated on
metals [24].

Material combinations with limited or no history of
successful use in orthopedic implants must be determined

@ Springer
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Fig. 5 SEM images of five layers in Ti/HA as FGM
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Fig. 6 Tafel plots of pure Ti in saliva at different temperatures

to exhibit an acceptable biological response through the
tissue response to the modified surface which is addressed
by the following: amount of tissue apposition, depth of
tissue in growth, and the strength of the junction between
the bone or bone cement and implant surface in bending,
shear, tension, or torsion.

The cyclic polarization curves recorded for pure Ti and
Ti/HA materials in artificial saliva at 50 °C are presented in

@ Springer
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Fig. 7 Tafel plots of Ti/HA as composite in saliva at different
temperatures

Fig. 9. These curves are in good agreement with that
obtained by Hamid and Majid [39]. As shown in Fig. 9, no
breakdown potential is observed for the pure Ti and Ti/HA
materials up to 1 V applied potential. No hysteresis loop is
observed also. Cyclic polarizations of pure Ti and Ti/HA
are similar. This can be ascribed to the fact that the passive
films formed on these materials are the same in nature,
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Fig. 8 Tafel plots of Ti/HA as FGM in saliva at different
temperatures

essentially consisting of TiO, [40]. Usually passive films
form a barrier, but under special conditions and immediate
increase of local conductivity, a passivity breakdown is
observed [41]. The cyclic polarization of Ti/HA as com-
posite and FGM was observed at lower current density and
nobler potentials.

3.3 Biocompatibility

Biocompatibility is the degree to which biomaterials result
in a tissue reaction. The more biocompatible a metal,
the less negative tissue reaction occurs. For example,

Current density

Fig. 9 Cyclic polarization in saliva at 50 °C

Osseointegration may be wanted in one case but not in
another. In the latter it would be a negative reaction. It is
known that pure Ti has good biocompatibility. The fabri-
cated Ti/HA materials also show the good absorbance by
culture cell equal to 0.8445 and 3.1745 for Ti/HA as com-
posite and FGM respectively.

The biocompatibility of a material for implants has to
be weighed against its mechanical properties. This is
always a compromise. There is no perfect material for this
purpose. The nucleation and growth of the Ca—P phase
exhibit the biocompatibility of the fabricated Ti/HA
materials as observed for HA/Ti6Al4V composite by
Amir et al. [28].

Table 2 Corrosion parameters of materials in saliva at five temperatures

Material Temp. (°C)  Eow MV)  icon (nA/cm?) —b, (mV/dec) +b, (mV/dec)  R,*10° (Q cm?) Cr (mpy)
Pure Ti 10 —448 4.53 46.7 70.7 2.70 1.567
20 —449 5.66 50.2 77.9 2.34 1.958
30 —468 9.87 64.4 70.2 1.48 3.414
40 —488 11.24 522 61.2 1.09 3.888
50 —489 14.10 67.1 73.7 1.08 4.878
TI/HA composite 10 —432 2.84 33.0 50.4 3.05 0.982
20 —169 4.60 47.6 44.5 217 1.591
30 —630 5.11 64.4 66.0 277 1.768
40 —639 5.41 38.2 379 153 1.872
50 —672 7.22 50.8 46.2 1.46 2.498
Ti/HA FGM 10 —644 1.56 21.2 33.8 3.63 0.540
20 —604 427 527 77.9 3.20 1.477
30 —538 4.83 43.0 56.3 2.19 1.671
40 —518 5.10 52.0 57.7 2.33 1.764
50 —462 7.11 49.2 56.0 1.60 2.460
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4 Conclusion

Ti/HA materials were fabricated by powder metallurgy
method to investigate these materials as restorative in
mouth. These materials were Ti/HA as composite with
composition 70Ti/30HA and other was Ti/HA as func-
tionally graded material with five layers begin from pure Ti
to pure HA with homogeneity in other layers to get good
cohesive among these layers.

The characterization of fabricated was achieved by XRD
and SEM, these techniques showed formation many phases
between Ti and HA such as TisP; and Ti,O in addition to
presence of biomaterials of CaO and TTCP.

Corrosion behavior was tested in saliva at pH 4.4 at five
temperatures 10, 20, 30, 40, and 50 °C to simulate the
temperature of cold and hot food and beverages. The data
indicated that Ti/HA materials gave good corrosion resis-
tance compared with pure Ti due to the phases which were
formed between Ti and HA. Corrosion data were measured
by Tafel extrapolation method which include E.oyr, icorrs
and Tafel slopes, in addition to calculate the corrosion rate
and polarization resistance values. Cyclic polarization also
tested at 50 °C to show the pitting corrosion chance. But
the pure Ti and T/HA materials didn’t exhibit breakdown
potential and hysteresis loop. Biocompatibility also tested
for Ti/HA materials using horse serum and they gave good
absorbance to culture cells.
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