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with controlled porosity and improved
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Hybrid dental materials were designed with controlled porosity and improved tribological and

mechanical properties. These materials are based on hydroxyapatite (HAp) and reinforced with

two different types of ceramic particles, alumina and silica, to support the high stresses and the

continuous scratching produced during mastication. The agglutinant phase is an alkyd polyester

polyurethane with high abrasion resistance that adheres well to surfaces containing OH groups.

Porosity of the materials was controlled using sodium acetate powder of specified particle size as

a pore former, thereby providing the materials with a morphology that resembles real teeth. The

composition, structure and morphology were evaluated through several analytical techniques;

results of scanning electron microscopy, dynamic light scattering, Fourier transform infrared

spectroscopy, X-ray diffraction, induced coupled plasma optical emission spectroscopy and

densitometry are reported. The ceramic powders incorporated (HAp, alumina and silica) were a

combination of micro- and nanoscale particles; this use of different sized particles improved the

packing and consequently the mechanical and tribological properties of the dental materials.

Tribological features are explained from results of microscratch testing and abrasion resistance.

The elastic modulus from mechanical testing is compared for the entire set of hybrid dental

composites developed.
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Introduction
Dental obturation materials are perhaps the simplest
biomaterials introduced into the human body because
there are relatively few properties to control: mechanical
and tribological properties sufficient to support the
stresses, scratching and abrasion processes suffered during
mastication and brushing along with good adhesion to the
substrate to avoid microfiltration. However, it is known
that the mastication process produces fatigue in obturation
materials leading to premature wear and eventual perfor-
mance failure.1–4 Moreover, the mechanical stresses have
negative effects on tribological properties resulting in
cracks and fissures that can damage the dental enamel.5–7

Tribological experiments are commonly used to compare
the performance of obturation materials, which are
subjected to intense shear and compression stresses and

continuous scratching and wearing processes.8–11 Both the
natural teeth and the repairing synthetic material must
have the capacity to support these intensive conditions.12

Currently, there is an additional demand for more than
just simple obturation materials; it is desirable to have
dental obturations that permit vascularisation and foster
new tissue growth.13,14

There is a considerably long list of different types of
biomaterials designed as implants and prostheses to
replace or fix bone and teeth.15–20 These biomaterials
must fulfil several tough requirements, including bio-
acceptance (eliciting a good host response), relatively high
mechanical and tribological properties (to support
stresses inherent at the implant site), good hydrolytic
stability (to maintain chemical integrity), appropriate
morphology (allowing vascularisation and the support of
cellular activity in interconnected pores) and good
adhesion to the substrate, which for dental materials is
dentin (to prevent microfiltrations).21–24 These conditions
demand a matching of properties (chemical and morpho-
logical) between the biomaterials and the real bone or
teeth in order to support tissue regeneration.25–28

While there are a variety of obturation materials in
commercial use and in development, there still exists a
high demand for aesthetic and highly durable dental
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materials. The designs of these materials are generally
based on the dentin chemistry and morphology: a
structured composite made of organic (collagen, etc.)
and mineral [hydroxyapatite (HAp)] constituents with
specific morphology. It is known that when ceramic
particles are added to a polymeric matrix, the mechan-
ical properties of the composite are generally
improved;29–32 in the present study, two different types
of ceramic particles (silica and alumina) of different sizes
(nano- and microparticles) were added to fulfil the tough
requirements imposed on the HAp containing resin
obturation material. The mechanical and tribological
properties of the final hybrid material depend strongly
on the hardness and size of the ceramic particles. The
surface chemistry of the ceramic particles determines
their compatibility with the resin and their potential for
reactivity with the curing agent to form a network in the
material, thereby improving its performance.33,34

Porous biomaterials have attained special relevance
because, with them, it is possible to mimic the morphol-
ogy of bones or teeth in the fabrication of prostheses and
implants.35–38 The porous structure of the biomaterials
synthesised here was achieved using sodium acetate
powder of a specified size as pore forming agent. The
other components of our dental hybrids are the polymer
resin, a polyisocyanate curing agent, HAp, silica and
alumina. Once the polymer has been cured, i.e. when the
chemical reaction between the resin and the polyisocya-
nate is complete, the biomaterial reaches dimensional
stability and the pore forming agent can be removed,
leaving an interconnected porous structure.

We synthesised and tested a series of polymerzceramic
hybrids, comparing their performance. These obturation
materials were prepared using an alkyd based two-
component polyurethane (PU) as agglutinant. This
polymer has good mechanical properties, high agglutina-
tion capacity, good adhesion to dentin, high abrasion
resistance and good tailorability. In addition, it is possible
to vary the stiffness of the material through a wide range
by mixing, in appropriate concentrations, polyester and
polyether resins to produce PU resins with rigidity,
semirigidity or flexibility.39,40

Acrylic based PUs were also prepared and tested, but
the presence of remaining unreacted cyano groups was
detected;41 consequently, those materials were not con-
sidered appropriate for dental applications. Because the
polyisocyanate reacts with all OH groups present in the
alkyd system, we are assured good adhesion between
the substrate (dentin) and the obturation material (thereby
reducing the risk of microfiltration in the interface).
Synthesis and characterisation of the materials are
described below.

Experimental

Materials
The samples were prepared using synthetic HAp
prepared as reported elsewhere;42 this was ground in
an agate mortar to a nominal size of 1?9 mm. The
polymeric agglutinant was a two-component alkyd
PU: the aliphatic alkyd hydroxylated polyester resin
(Reichhold Mexico) was mixed with an aliphatic
polyisocyanate (Bayer, Germany) in a proportion of
4 : 1 (v/v). Ceramic particles of different sizes were used:
alumina microparticles (Cabot, USA) with 2?7 mm
average diameter and silica nanoparticles (Degussa,
Germany) with 16 nm diameter. The pore formation
agent was sodium acetate trihydrated (Aldrich, USA)
ground at 150 mm; 21 g of the sodium acetate (Table 1)
was added to produce, in the final material, a pore
volume fraction of ,55 wt-%.

Sample preparation
For all samples, the amounts of polyester resin, the
polyisocyanate and the sodium acetate were kept
constant at 10, 2?5 and 21 g respectively (Table 1). The
resin was mixed with the sodium acetate (150 mm
particles) with strong agitation until a homogeneous
dispersion was obtained; 2?5 g of polyisocyanate was
added to this mixture to full incorporation. Finally,
different amounts of ceramic particles were added slowly
and with strong agitation to obtain a homogeneous final
material. The particles were added following an order
according to their sizes: first the alumina microparticles
(2?7 mm average diameter), followed by HAp (1?9 mm
diameter) and finally the silica nanoparticles (16 nm
diameter); the ceramic particles were added to reach
saturation with respect to resin, and these concentra-
tions are reported in Table 1. All samples were kept for
48 h at room conditions to allow finishing the curing
reaction. Seven samples of each formulation and
different shapes were prepared: discs 2 cm in diameter
and 0?5 cm in thickness for abrasion and tribological
analysis and cylinders 1?0 cm in diameter and 2?0 cm in
length for mechanical testing. After the curing time, all
samples were placed in distilled water with mild
agitation during 3 days in order to remove the sodium
acetate; fresh distilled water was changed five times per
day.

Characterisation
The crystallographic characterisation of the synthetic
HAp was conducted by X-ray diffraction (XRD) using a
Rigaku machine model Miniflex with a radiation source
of 0?154 nm (Cu Ka line) and the angle 2Q was varied
from 5 to 80u at a scan of 1u min21. The identification of

Table 1 Chemical compositions of samples studied

Sample Resin/g CH3COONa/g Isocyanate/g HAp/g Al2O3/g SiO2/g Pore size/mm

H 10 21 2.5 5* 0 0 161¡101
A 10 21 2.5 0 5* 0 100¡64
S 10 21 2.5 0 0 5* 114¡72
A5S5 10 21 2.5 0 2.5 2.5 102¡38
A7S3 10 21 2.5 0 3.5 1.5 115¡64

*Saturation concentration.
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the crystalline phases was performed according to the
MDI JADE 5?0 software.

Composition

The densities were determined weighting the samples in an
analytical balance with a resolution of 1025 g and
measuring the discs sizes with a micrometre with resolution
of 0?001 mm and an accuracy of ¡0?001 mm. The
synthetic HAp was also characterised by determining the
stoichiometric Ca/P ratio using the induced coupled
plasma optical emission spectroscopy using a Thermo
Scientific apparatus model iCAP 6000 DUO. The sam-
ples were prepared following a procedure described
elsewhere.14 The particle size analysis of the ceramic particles
was performed in a dynamic light scattering apparatus
Brookhaven Instruments Corp. model BI-APD equipped
with an He–Ne laser at 632?8 nm and a digital correlator.

Spectroscopy

The Fourier transform infrared (FTIR) analysis was
performed in a Bruker model Alpha-T spectrometer
equipped with diffuse reflectance and attenuated total
reflectance. The m-Raman analysis was performed in a
Bruker Senterra apparatus with a resolution of 9–
15 cm21 equipped with a laser of 785 nm, while the
integration time was 15 s. The determination of the
unreacted cyano groups present in the samples was
obtained according to the ASTM D2572-87 standard.
This norm provides the concentration of the unreacted
cyano groups in PU by the titration method; this
procedure was repeated five times. A sample was
precisely weighted and placed in a 250 mL Erlenmeyer
bottle. Toluene (25 mL) was added, and the bottle was
caped hermetically and shaken; 25 mL of a solution
0?1M di-n-butilamina in toluene was added and agitated
during 30 min caped. Isopropanol (100 mL) was added
together with five drops of blue bromophenol and
titrated with 0?1 N of hydrochloric acid to obtain a
yellow colour. The content of NCO groups was
determined using the equation

NCO (%)~
(B{V )(M)(0:0420)

W

� �
|100 (1)

where B are the millilitres of HCl required for titration
of the reference, V are the millilitres of HCl required for
titration of the sample, M is the molarity of HCl
(0?1000), 0?0420 is the gram milliequivalent of the cyano
group and W is the weight of the sample.

Microscopy

Scanning electron microscopy (SEM) images were
obtained using a JEOL JSM-6060 LV at 20 kV in
secondary electron mode at several magnifications.

Mechanics

The mechanical tests were performed in an Adamel
Lhomargy machine model DY.22 in a compression
mode according to the norm ASTM D-695-02a using a
compression rate of 1?3 mm min21.

Tribology: scratch resistance

The scratching analysis was performed using a micro-
scratch tester CSM Instruments (Peseux, Switzerland),
where the indenter was a Rockwell diamond tip with a
200 mm radius. Constant load tests consisting of 15
scratches along the same groove (referred to as sliding
wear) were conducted (see Refs. 43–45 for more about

sliding wear procedure and theory). The scratch length
was 5?0 mm, and scratching speed was 1 mm min21;
samples were tested in triplicate at each of three different
loads (5?0, 10?0 and 15?0 N). For each scratch, the
penetration depth Rp, or instantaneous depth of
penetration by the indenter, was measured and recorded.
Because of the viscoelastic nature of polymers, there is a
recovery or healing of the scratch groove.46–50 The
scratch remains but with a shallower depth called the
residual or the healing depth Rh. The extent of healing
depends on the load and the properties of the
material.43,45,46,50 The percentage of recovery (healing)
R% is defined as43,46,51

R%~ 1{
Rh

Rp

� �
|100 (2)

An interesting phenomenon referred to as strain hard-
ening has been observed in sliding wear tests.45,51

Although the first few passes of the indenter result in
successively deeper groove, beyond that, a hardening
occurs and subsequent scratches do not lead to
deepening of the scratch groove. In the course of 15
successive scratches, the value of the penetration and
residual depths plateaus; therefore, the values from the
15th pass are used to characterise specimen behaviour.

Tribology: wear resistance

The wearing resistance was determined according to the
norm ASTM standard D-1242 95a (Taber method).52

The sample was sanded using a F-400 Fandeli sandpaper
mounted on a steel plate rotating at 90 rev min21 in dry
conditions and loaded with a weight of 20 g; every 20 s,
the scratched sample was cleaned using a dry soft cloth
wipe to remove the dust and weighted with an accuracy
of ¡161025 g; the sand paper was also cleaned with a
soft brush. The samples were discs 2 cm in diameter and
0?5 cm thick. Five experiments of each sample were
performed, all at room temperature.

Results and discussion
Particle size of HAp, silica and alumina was confirmed
by the dynamic light scattering technique. The following
results were obtained: 16¡1 nm for the silica nanopar-
ticles, 2?7¡1?5 mm for alumina and 1?9¡1?5 mm for
HAp. The HAp was further analysed by XRD. X-ray
diffraction patterns for the synthetic HAp treated at
700uC during 12 h (Fig. 1) and at 900uC during 15 h
(not shown) were obtained. For the sample treated at
700uC, the diffractogram shows only reflections corre-
sponding to HAp: at this temperature, this is the only
phase present, and the size of the crystallite as
determined using the Scherer equation is 11 nm. For
HAp treated at 900uC, additional small reflections
appear, suggesting that another crystalline phase is
emerging: tricalcium phosphate [Ca3(PO4)2]. When the
HAp is treated at 900uC during 15 h, the HAp starts a
decomposition process producing tricalcium phosphate.
For the preparation of all samples, only HAp treated at
700uC was used. The XRD patterns for the alumina
particles (not shown) indicate that the alumina was in a
phase. The stoichiometry of the synthetic HAp was
obtained from a determination of the Ca/P ratio using
the induced coupled plasma technique, resulting in a
value of 1?679, which is very close to the stoichiometric
value (1?667).
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Fourier transform infrared spectra have confirmed the
composition of the commercial and synthetic (700uC
12 h) HAp samples.15 Figure 2 shows a typical FTIR
spectrum of one of the final prepared biomaterials
(sample A, described in Table 1; for brevity, the spectra
for others are not shown). A comparison between the
spectrum of the commercial and the synthetic HAp
shows that these materials are chemically identical. The
spectrum reported in Fig. 2 shows a band at 705 cm21

corresponding to the Al–O stretching vibration group,
while the band at 800 cm21 corresponds to the stretch-
ing deformation of the Al–O–Al group; the band at
1070 cm21 is assigned to the symmetric stretching
vibration of the Al–CH3 group. Similarly, the spectra
for the other prepared specimens show the expected
bands corresponding to the chemical composition. It is
important to mention that bands corresponding to
isocyanate (2250–2300 cm21) were not found in any of

the final prepared materials, meaning that the isocyanate
has reacted totally during the curing reaction. This is
further confirmed by the results of the determination of
unreacted NCO groups by the titration method in
conjunction with equation (1). The average NCO
concentration was 0?084 ppm; this value is lower than
the maximum allowed value of 0?2 ppm.

It is known that a pore volume fraction between 50
and 60% is required to allow the vascularisation of the
material; at this pore volume fraction, the pores are
percolated. We adjusted the concentration of the
ceramic particles and the pore former agent to produce
materials with a pore volume fraction ,55%. The pore
sizes of our hybrids are reported in Table 1. It is
noticeable that the pore sizes are in accordance with the
size of the sodium acetate particles (150 mm).

Mechanical strength of the dental hybrids was
evaluated by determination of the Young’s modulus;
results are shown in Fig. 3. Here, it is possible to see
that, even when the materials have a high pore volume
fraction (55%), the values of the Young’s moduli are
relatively high; the alkyd PU is responsible for these
values. When a combination of different sized ceramic
particles is added to a polymeric resin, the smaller

2 Typical FTIR spectrum of final biomaterial containing

only alumina 3 Young’s modulus

1 X-ray diffraction pattern for a synthetic HAp (thermally treated at 700uC during 12 h), HApzresin and

HApzresinzalumina and b alumina and HApzresinzalumina
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particles fill the interstitial spaces left by the large
particles, densifying the material and improving the
mechanical properties. In Fig. 3, we observe that sample
A7S3 containing 70% alumina and 30% silica (Table 1)
has the highest Young’s modulus (186 MPa), while the
sample with only HAp added has the lowest value
(123 MPa): the hardness of HAp particles is lower with
respect to alumina or silica.

From the abrasion experiments, we determined that for
all samples, the weight is lost linearly with time. Therefore,
we evaluate the rate of weight lost, which is the slope of the
weight versus time curves. Abrasion resistance is defined as
the inverse of the weight loss rate; these values are reported
in Fig. 4. As we saw in the results of mechanical testing, the
best performance is for samples containing alumina. We
conclude that the hardness of alumina increases signifi-
cantly the abrasion resistance.4 Abrasion resistance

a H; b A; c S; d A5S5; e A7S3
5 Images (SEM) of samples with different chemical compositions
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We can see the morphology of our samples as shown in
SEM images of Fig. 5. From these and additional images,
the average pore size (with standard deviation, as reported
in Table 1) for each specimen was determined. The results
agree with expectations based on the pore former used.

The results of the tribological analysis via scratch
testing are summarised in Figs. 6–8. As mentioned, Rp is
a measure of the instantaneous scratch depth. In Fig. 6,
penetration depth is reported as a function of the
applied load. We shall discuss these results more in
detail after looking at residual depths in Fig. 7.

Consider the simpler cases first. For the material
containing either only HAp or only alumina but not
silica, we find that the final or residual depths are
shallower at higher loads. Since we are dealing with
porous and also rigid materials, higher loads cause a
decrease in the pore sizes, thus increased resistance of
materials against scratching.

The behaviour of the other three materials is different.
They all contain silica nanopowder, and they all exhibit
maxima on the depth (whether penetration or recovery)
versus load diagrams. Phenomena that play a role here
are related to the fact that, at given weight percentage of
the filler, silica with particles in the nanometre size range
has a much larger surface area than fillers with sizes in
the micrometre range. Thus, many OH groups on the
silica surface can react with the polyisocyanate. This

leaves less polyisocyanate molecules available to react
with the resin molecules, reducing the crosslinking
between the polyisocyanate and the resin, thus weaken-
ing the network. Higher depths in the scratch resistance
determination at lower loads are the result. At higher
loads, the effect of reduction in the volume fraction of
pores resulting in more resistance against scratching
begins to dominate; hence, the depths decrease. The
highest value of the residual depth Rh at 15 N among all
nanohybrids is seen for material S, which does not
contain alumina or HAp, only silica (Table 1).

The percentage of the recovery, called healing
recovery, is defined by equation (2) and reported in
Fig. 8. The sample containing only HAp shows a high
percentage of recovery (85%) independent of the load,
followed by the sample A, which contains alumina only
and reaches 80% of recovery at 15 N. The other three
materials all contain silica and exhibit minima on the
recovery versus load diagrams, a reflection of the
behaviour seen in Figs. 6 and 7 and discussed above.

A survey of results
The results above describe several important behaviours
in the characterisation of potential obturation materials.
As indicated at the start, there is room for improvement
in obturation materials as the chemical environment of
the mouth, the mechanical and tribological stresses of
mastication and the delicacy of biological incorporation
within the existing tooth infrastructure all demand
particular performance properties. The specimens in
the present study differ from other obturation materials,
including those we have reported on previously, in
several aspects. For instance, while we have worked with
PU compounds containing silica and alumina fillers
before,15 the present system is a two-component solvent
based aliphatic PU cured with poly isocyanate, whereas
elsewhere, we describe a water based mono component
PU cured with a blocked poly isocyanate.15 In the latter,
pores are formed by breaking of the blocking structure
of the isocyanate, while in the former, ammonium
acetate is used as a pore former. Also in the present two-
component system, we have used thermal treatment to
effectively produce pores of different sizes.

The overall mechanical and tribological performance
of the materials described herein is somewhat less than
that of the specimens prepared from the water based PU

6 Penetration depth as function of load

7 Residual depth as function of load

8 Percentage healing recovery as function of load
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system studied earlier.15 However, this investigation
confirms the positive synergistic effect of incorporating
different sized particles of alumina and silica on Young’s
modulus and wear resistance. However, beneficial effects
of the reinforcement are by no means automatic, as seen
in the discussion of scratch testing results above. The
benefits of the multiscaled filler approach are not limited
to one type of polymer matrix. Therefore, we are now
poised to make further advancements in development of
obturation materials that can meet the high demands of
the next generation of such materials.
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