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using results that have been reported elsewhere.® One
observes then that pore size and pore volume fraction are
smaller for dentin than for bone.” ">

While porous materials have many important applica-
tions in, for example, acoustic and thermal insulation,
transportation, filtration, purification, biomaterials,
building constructions,'®> a new generation of porous
biomaterials has recently emerged enabling one to bet-
ter reproduce the structure of natural bone. Several
groups'*'> have been successful in controlling the size,
volume, and interconnectivity of pores in their materials.
Nevertheless, there have been only a few reportsm’18 on
the use of porous materials for dental fillings: a possible
reason for this is that porous materials tend to have poor
mechanical properties, while the mastication process pro-
duces high compression and shear stresses that must be
supported by the obturation material. Consequently, non-
porous materials, usually hard polymer resins, are more
commonly used to support these stresses. However, we
claim in this article that, by the selection of an appropri-
ate agglutinating polymer (for a ceramic filler), it is pos-
sible to create porous materials with suitable morphology
and mechanical strength.

Beyond achieving the correct morphology, a success-
ful dental obturation material must be chemically com-
patible with and adhere to the substrate.'®>> Many ob-
turation materials are designed essentially by controlling
only mechanical properties because adding a ceramic, or
generally a filler, is known to improve the mechanical
properties of polymers.”* Here, we take into account
morphology, chemical structure, mechanical behavior,
and surface properties, considering the combined effect
of all of these on tooth inglrowth,zs’27 as well as the role
of viscoelasticity for implant compliance and perfor-
mance.”®>°

Because teeth constitute an organic—inorganic hybrid,
a reliable hybrid® for dental applications®' should con-
tain an agglutinating polymer that possesses: (i) high
shear strength (around 70 MPa) resistance interfacial
stresses during mastication; (ii) appropriate tensile/
compressive strength and toughness, because very rigid
and tough materials may lead to premature wear of the
real teeth from contact during chewing’?; (iii) high
scratch resistance, to avoid the occurrence of fissures,
cracks, or canals that invite bacterial growth; (iv) good
adhesion with the hydroxyapatite (HAp) powder par-
ticles and with the substrate (dentin) to avoid micro-
filtration, which produces bacterial growth29’32’33;
(v) high hydrolytic stability**=¢ for durability within
the environmental conditions of the mouth; and (vi)
appropriate chemistry, to favor nonaggravating molecu-
lar recognition by the immune system. For all composites
of the general type polymer plus ceramic, the problem
of adhesion between differing components is an impor-
tant challenge in product development.*’~*° In turn, ad-

hesion depends on surface and interfacial tension val-
ues.*!

Based on these specifications, we selected a poly-
urethane (PU) monocomponent, cross-linkable at room
temperature, as the agglutinating polymer for our HAp-
based hybrids. PUs have a large variety of structures and
thus a variety of properties, from flexible to rigid.****
Our polyisocyanate cross-linker contains a blocking
functionality that limits its own chemical reactivity,
thereby stabilizing the resin-plus-isocyanate mixture. In
the presence of moisture, part of the blocking structure is
released, producing, in this particular case, CO,, while
the rest reacts with —OH groups that are present in the
material (e.g., on HAp, the hydroxylated PU resin). The
result of the reaction between the HAp and the polymeric
resin is the production of a network in which HAp par-
ticles act as hubs, with polymer molecules chemically
anchored to their surface and joining different HAp par-
ticles through polymer bridges.** This network morphol-
ogy of our chemically reacted hybrid improves the me-
chanical properties compared to physical blends of the
same type of material.

Furthermore, the CO, produced during the chemical
reaction that occurs when the resin and cross-linker are
mixed with HAp particles acts as a pore-former, creating
a porous material. Both pore size and pore volume frac-
tion in the material depend on (i) the HAp particle size
(and the surface area of HAp particles that is exposed
when the chemical reactions take place) and (ii) the rela-
tive proportion of polyisocyanate (i.e., the —OH groups in
the reactive mixture).

Here we describe the synthesis of new porous HAp-
based materials that can be produced in situ at room
temperature and without the presence of other undesir-
able compounds such as pore-formers or other reaction
sideproducts. At the same time, our process is designed
so that we can control the morphology while also achiev-
ing good adhesive, mechanical, and wear properties.

II. EXPERIMENTAL
A. Synthesis

A rigid PU resin was prepared from a commercially
available aliphatic (acrylic) hydroxylated resin (Reich-
hold, Research Triangle Park, NC) combined with a
malonate-blocked polyisocyanate (prepared in the la-
boratory) as the curing agent (CA) in a proportion of 4:1
by volume (to react all cyano groups). Using the same
resin/CA ratio and the same CA, a flexible PU resin was
prepared from a commercial aromatic hydroxylated resin
(Bayer, Leverkusen, Germany) while a semi-rigid
sample was obtained by mixing equal proportions of the
rigid and flexible resins. The reactions occurred at room
temperature, and chemical compositions of the samples
are reported in Table 1.
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microscratch tester, similarly equipped, and at the samterns for pure HAp and alumina. The patterns show that
sliding speed of 5 mm/min. The principles of sliding the chemical reaction between the HAp and the isocya-
wear determination and the resulting (in most caseshate does not modify the crystalline structure of HAp or
strain hardening have been described befdr&. The the alumina. All of the characteristic reflections of HAp
test consists of multiple (usuallfI5) consecutive and alumina appear in the hybrid material, indicating
scratches across the same groove during whichRhe unaltered crystalline structures.

andR,, are recorded for each pass. Such repetitive passesBecause our purpose was to use the hybrids as obtu-
of the indenter simulate the wear that occurs in real apration materials, the hydrolytic stability and morphology
plications. As with tests of scratch resistance, the valuesf the samples are important properties to define. The
reported are averages of values obtained along the 5-mmsample names are preceded by R (rigid), SR (semi-rigid),
long scratch groove between 0.5 and 4.5 mm. We recalind F (flexible), with compositions as defined in Table I.
that the percentag&defined by Eq. (1) that was obtained We have determined that when pore size is >Pi@land
from sliding wear tests has been related to brittleri®gss porosity is around 27% by volume, the whole system is
which was defined in Ref. 52. The resulting exponentialpercolated with an interconnected structure of pores that
relation betweermB and f has been found valid for all potentially can be appropriate for vascularization and
polymers despite vast differences in their properties. therefore for the regeneration of teeth.

B. Morphology of porous samples

- _ _ .. The rigid, semi-rigid, and flexible hybrids all possess
_Frlctlon was evaluate_d using a Nanoveg pln—on_—dlska porous morphology. We see in the R-100 sample in
tribometer (Microphotonics, Irvine, CA) equipped with @ £ig 1 (a) |arge interconnected pores in the range from 90
silicon nitride pin. Samples were tested under an applieg, 350 [ml(mean size 138 + 76m] Fig. 2). We note that

K. Friction

force d 2 N during 5000 revolutions at 100 rpm. a Serbian group has reportéch minimum pore size of
0.4 [ml The effects of pore size on mechanical properties
ll. CHEMICAL AND will be discussed in Sec. IV. B. We found similar results
PHYSICAL CHARACTERIZATION in Flg l(C) for the rlgld sample Containing 20% alumina
. (R-100-20). The pore size of R-100-20 ranges from 150
A. Structural stability to 370 [m)J but the mean size is 249 + In addition

The XRD patterns of HAp-plus-resin and HAp-plus- to the large interconnected pores, there are many small
resin-plus-alumina hybrids were compared to the patelosed pores (<50Cml) that may reduce the

FIG. 1. SEM micrographs of all samples at’@a) R-100; (b) R-100-20; (c) R-100-40; (d) F-100; and (e) SR-100.
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