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Abstract

Advancement in dental materials has made it possible to manufacture polymer/ceramic
composites for direct and indirect restoration. However, applying polymer/ceramic
composites to durable and biomimetic assemblies and maintaining their tailored-made
functions as dental materials comes with opportunities and challenges for practical
implementation. This article reviews the state-of-the-art polymer infiltrated ceramic hybrid
composites, with respect to the composition, fabrication techniques, and structure-
property analysis. In addition, this article elaborates the performance of polymer infiltrated
ceramic hybrid composites, in particular the correlation among composites, ceramic,
polymer structure, mechanical performance as well as machinability. Finally, limitations of
current materials, fabrication techniques, performance and machinability as well as
research/clinical understanding are addressed to set forward possible resolutions.
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Introduction

Dental materials with comparable mechanical performance and esthetic effects to that of
natural human enamel and dentin are in demand. Recent trend has witnessed an increasing
demand of computer-aided design/manufacturing (CAD/CAM) technology for ceramic and
composite materials in esthetic dentistry."? For more than a century, dental ceramics have
been used for indirect restorations, such as crown and bridges. Despite their natural tooth
appearance, they come with higher elastic modulus (E) than that of enamel, for example, the E
of zirconia or alumina is in a range of 200—380 GPa in comparison with 20-84 GPa of that of
enamel and dentin. Despite the tougher ceramic structure, such as zirconia, alumina, and
glass, ceramic lithium disilicate is extensively used in dentistry. All-ceramic system
particularly those with veneer porcelains suffer a relatively high failure rate due to brittleness
of the veneering layer, which shortens its service life than metal-ceramic restorations.’
Adversely, the hardness of veneering materials may cause excessive wear of the opposing
teeth producing sensitivity and occlusal imbalance, which is not desirable.* Another major
technical challenge registered with ceramic restorations is the chipping problem during
fabrication due to their brittleness. Repairs of such failure are usually carried out using resin
composite materials.

Compared to conventional materials, polymer/ceramic hybrid composites have the
potential to tailor the desirable properties that individual component can offer. While ceramic
materials show excellent mechanical, biomechanical, tribological, and high temperature
stability properties, polymers are an example of materials with higher ductility and low elastic

Li et al. Oral Health and Dental Studies. 2018, 1:2. 1ofll



! RIVERA|OP6" Oral Health and Dental Studies

modulus. Therefore, the development of polymer infiltrated ceramic composites tailoring
individual components’ performance offers a promising dental material.”® VITA (VITA
Zahnfabrik, Bad Sackingen, Germany) lunched Enamic—a resin-composite hybrid
composite—through the infiltration of a monomer mixture to pre-sintered ceramic network.

Mixing of polymer and ceramic on the molecular level can be thought of as a route to
overcome the brittleness of ceramic while enhance the strength of the polymer. The classic
approach to combine polymer and ceramic is the inclusion of ceramic particles in a polymer
matrix.” The resultant materials have improved strength, elastic properties, and tribological
resistance.”™ Ceramic particles reinforced dental resin-composites are frequently used in
dental restorations.” There are several articles that have extensively reviewed dental
composites prepared by the conventional route.” ™ This review focuses on a route that allows
molecular dispersion of polymer chains into ceramic matrix by infiltration.

Polymer infiltrated ceramic hybrid composites

The polymer infiltration method was inspired by the composition of real teeth enamel, which
consists of inorganic and organic components.™ The properties of materials can be improved
using this structural approach, i.e. the use of two self-interpenetrating networks. The
preparation of the first network of ceramic framework is schematically presented in Figure 1."
As a result the weak point of common polymer ceramic composites and unbounded ceramic
particles can be prevented. Replacing the loose ceramic particles in the polymer matrix with a
stable ceramic matrix with higher strength, higher elastic modulus, higher toughness, and
better wearresistance is possible."? Higher fracture toughness, higher crack resistance, and
higher mechanical properties in general have been reported on similar structured polymer
ceramic composites used for tissue engineering.”"” The interpenetrating microstructure can
be reached by infiltrating liquid monomers in a porous ceramic network. Similar to classic
polymer ceramic composites, the ceramic surface can be modified to improve interfacial
strength between the organic polymer and the inorganic ceramic phase.” After the porous
ceramicis completely filled with the monomer, the crosslinking of the monomer is initiated by a
thermal activation step. Poly(methyl methacrylate) monomer infiltrated micropores in partially
sintered zirconia compacts (PSZC) under vacuum to form a hybrid composite.® The fracture
surface of the hybrid composites exhibited PMMA pullouts (Figure 2). However, the amount of
monomer in the compacts is limited and restriction of the monomer mobility is high because of
the spatial separation and capillary forces.

Infiltrating polymers into ceramic compacts can be achieved by three different methods:
solvent infiltration, melt infiltration, and monomer and initiator infiltration followed by in-situ
polymerization inside the ceramic pores. In both solvent and in-situ polymerization, the
alumina bars were initially vacuumed for 1h, and the polymer solution or the monomers were
then introduced through feeding funnel. The polymerization starts by heating the monomer
solution to 60°C. In melt infiltration, the alumina bars covered by solid polymer films were
vacuumed for Thand then heated to 150-200°C, thereby allowing the polymer melt to flow into
the alumina pores.”
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Figure 1. Ceramic frame fabrication procedure.”
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Pressure

25-27

Monomer polymerisation leads to volume shrinkage and internal stress.” " Depending on
the type of monomer, degree of conversion, type of initiators, and type of polymerization
reaction, a volume reduction can be about 1.5-3.6%.?° For a bulky compact, because of its 3-D
capillary structure and polymerization toward the center, the volume reduction creates
defects, such as interior pores. For rigid sintered network, an interfacial debonding between
polymer and ceramic network could take place. Under pressure, a permanent flow of
monomer to the polymerization sites makes it possible to fill pores with liquid monomer. In this
case, the monomer flow is dominated by the expanding monomer, for which reason the
heating rate does not have a strong influence on monomer polymerization as well as defected
inside the compact.” Under 100 MPa pressure, a reduced defect density was observed while
no defects were found inside the pressure-induced ceramic structure (Figure 3).
Polymerization under pressure resulted in improved mechanical properties and stiffness due
to limited shrinkage and decreased amount of material flaws by reducing free volume,*
which also limited the development of internal stress.? The ability to reduce flaws in materials
is probably related to heterogeneity of particles.” Further, pressure on a monomer system can
decrease intermolecular distances and reduce the free volume to further affect the
mechanical properties of the composites.”

1.00um

Figure 2. Microstructure of fracture surface of (a) partially sintered zirconia compact and (b)polymethyl
methacrylate infiltrated zirconia hybrid composites.’

Figure 3. Cracks in pressure-induced compacts: a. crack branching; b. polymer bridging and crack
deflection; c. preferred crack path along the interface; d. high-resolution image of a polymer bridge. The
contrastand the brightness oftheimages a, b, and cin the area of the cracks were intensified.’

Type of ceramic and monomer

Material type, including both resin and filler, is the dominant factor that affects the
mechanical properties of the composites. It has been well documented that ceramics have a
fundamental weakness in that they are easily fractured and require high-temperature
sintering. It is possible to tune the properties by changing the grain size distribution, grain
density, and sintering parameters including temperature and time. For example, a more rigid
and denser network with higher flexural modulus could be achieved by increasing sintering
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time and temperature.” In addition, ceramics, such as zirconia frameworks, are less
translucent than natural teeth and require veneering to achieve optimum esthetics. Porous
materials, due to the light refraction at the interfaces, exhibit a mismatch of refractive index
between resin and ceramic, thus results in opaque materials along interfaces between the
resin and ceramic, which could refract light and increase the opacity. In resin infiltrated
ceramic hybrid materials, the lower refractive index of resin (1.48—1.53 of methacrylate
monomers) can reduce hybrid materials’ overall refractive index compared to the ceramic
composition of the materials (1.78 for alumina and 2.13 for zirconia) due to the uniform
distribution of the monomer inside the compact.*

_nhtnb, (1)

Vi+V,

where, nrepresents the refractive indexes and V'volume fraction.

The polymer infiltration technique has been adapted forimprovement in fracture toughness
of the porous ceramic scaffolds. A number of infiltrating polymers, including poly(glycolic
acid), poly(lactic acid), poly(D,L-lactic-co-glycolic acid), and polycaprolactone (PCL) have
been used in preparation composites for orthopedic applications.”**** For example, PCL and
polycaprolactone fumarate (PCLF) were typical procedure for infiltrating the hydroxyapatite
(HA) scaffolds includes immersion of samples in 50 mL of infiltration solution at room
temperature for 24h. Then, the wet blocks were transferred to a vacuum oven (0.3 atm) and
were kept there for 20 min to evaporate the solvent. The samples were cured for 2h at 90°C to
induce the curing reaction and then 2h at 120°C in a forced air convection oven to complete the
crosslinking reaction. In preparation of PCL infiltrated ceramic scaffolds under low vacuum,
the PCL solution replaces the air in the micropores and fills about 81% of the volume of the
micropores. The compressive strength and toughness of the ceramic/polymer scaffolds are
about twice of that of the ceramic scaffolds. The ceramic/polymer hybrid scaffold could
withstand higher external stress and energy as compared to ceramic scaffolds. The infiltrating
PCL filled micropores hold the ceramic particles together. When the ceramic structure breaks,
the infiltrated PCL is strained, which results in the formation of PCL fibril that bridges the crack
surfaces of the ceramic structure (Figure 4).
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Figure 4. SEM images and EDX spectra of scaffolds showing (a) the ceramic scaffold top surface; (b)
ceramic/polymer scaffold top surface; and (c) ceramic polymer scaffold fracture surface. Black arrows
indicate carbon."”
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Prepolymer of polyurethane acrylates (PUA), with low viscosity, is well infiltrated into the
porous aluminium oxide (Al,O,) matrix to form mechanically strong and tough polymer
infiltrated ceramic composites.* The mechanical properties are improved by the distribution
of stress between heterophases in the PUA-AI,O, composite, thereby increasing the
functionality of the polymer. Functional polymer with ionic bonds with inorganic phase of
(calcium polyphosphate) creates strong polymer infiltrated ceramic composites (resulting in
seven-fold improvement of bending strength).*’ Epoxy infiltrates into HA obtained from bones
via deorganification in hot sodium hydroxide (NaOH) solution. The polymer content in the
composite reaches to 36% by weight and 92% of the theoretical density. Interaction between
resin and HA reduces interface segment mobility and increases the glass transition
temperature of epoxy contributing to improved mechanical properties.*’

Sintering condition

Sintering affects the mechanical properties of the ceramic structure. The shrinkage ratio at
sintering temperature (1400°C) can be a factor influencing the design and ceramic matrix or
scaffolds. Gaps in ceramic particles generate micropores when ceramic particles adhere to
each other. In addition, the more sintered the network is, the more sintering necks exist, which
increases the strength of the network.” Increase in heating rate results inincreased shrinkage
rate. The shrinkage can be analyzed by converting into relative density using the following

equation:
(1Y @
Pelar, ) ™

where, drL/1, is the linear shrinkage obtained from the dilatometric experiment and is the
initial relative density of the material.

Mechanical properties

Properties such as elastic modulus or stiffness enable a better understanding of a dental
restorative material behavior during implementation. The flexural strength of the porous
ceramic can be enhanced by polymer infiltration and porous ceramic-polymer ratio, which
affects the flexural strength of the ceramic-polymer hybrid composites. In a ceramic/polymer
hybrid composite, the ceramic network with the lowest density (the highest porosity) showed
the highest flexural strength of 160 + 8.5 MPa.*” Compared to PSZC, the fracture toughness of
PMMA infiltrated zirconia compacts improved from 1.71 to 4.60 MPa-m'? (Table 1). After
eliminating the open pores of PSZC, the crack initiating effect was reduced, which induced
significant improvement of the flexural strength from 161.2 to 202.6 MPa. A commercially
available resin-based composite exhibits a flexural strength of 120.7 MPa.*® The strength
enhancement is attributed to the interactions between the polymer and the alumina at the
alumina-polymer interface.” This increase in enhancement suggests that these interactions
are most pronounced when acrylate-based polymers are incorporated. These findings along
others have confirmed that mechanical properties of polymer infiltrated ceramic composites
were close to that of human dentin and enamel.""**

Table 1. Mechanical properties of PSZC, PZC, and aresin-based composite®®

Flexural Elastic Vickers Fracture
Materials strength modulus hardness toughness

(MPa) (GPa) (GPa) (MPa-m"?)
PSZC-70% 161.218.6 47.6+3.4 1.71£0.11
PZC-70% 202.6+12.1 58.7+4.0 3.6010.34 4.60+0.26
Resin composite* 120.7+£10.8 10.3£0.8 0.51+0.04 1.2040.11

*Nissin Dental Product Inc., Japan.
Machinability

The relevance to CAD/CAM generated restorations of PICNs is its machinability.”
Machinability involves material deformation and microfracture. The brittleness index (Bl), a
ratio between the hardness to fracture toughness integrating the dual responses, is
considered as quantification criteria of the machinability rather than a simple comparison of
either the hardness or the fracture toughness. The Bl varies among materials, such as 0.1
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um™ for steel and 17 um™ for Si monocrystal. Typically, the Bl for glasses and ceramics
ranges from 3 to 9 ym™?.*** Appropriate machinability usually occurs when the material has a
value of Bl lower than 4.3 um™. *° In as much, the PZC and the commercial resin composite
has a value Bl of 0.78 um™ and 0.43 um™”, respectively. The results suggest that PZC has
better machinability than glasses and ceramics, while has machinability similar to that of a
resin composite. °

Figure 5. Class Il cavities machined using a dental drillon PZC.°

Machining time on polymer infiltrated ceramic hybrid materials represents an economic
consideration adapting these new materials to operative dentistry, particularly for chair-side
CAD/CAM. Drilling a Class Il cavity on a PZC blank requires 12.8 minutes compared to 8.5
minutes for commercial resin composites. The cutting surfaces of the Class Il cavity on PZC-
70% remain smooth and the dimensions remain unchanged (Figure 5). These results further
demonstrate that PZC-70% has comparable machinability with that of commercial resin
composite.’

These findings suggest that polymer infiltrated ceramic composites exhibit improved
flexibility, fracture toughness, better machinability, reduced brittleness, rigidity, and hardness
as compared to ceramics."

Other structures
Brick-motor structure

In natural hard tissues, such as enamel, and brittle mineral particles, such as HA, are
interconnected by a small amount of soft and compliant protein such as tyrosine-rich
amelogenin generating excellent strength, modulus, and toughness.” It is believed that the
internal arrangement of minerals in anisotropic and hierarchical structure contributes to the
properties of these materials. The brick-motor structure obtained through the schematically
presented process suggests thatitis possible to synthesize multi-level hierarchical composite
materials with arbitrarily chosen ceramic and polymer attunable volume ratios. This technique
potentially can be adapted to fabricate multi-level hierarchical polymer infiltrated ceramic
composites as dental restoration materials.

c 2" hierarchical level

b 1" hierarchical level porous agglomerates
Basic unit porous agglomerate -
polymer-coated TiO; 2™ polymer
1% polymer

ceramic
particle

A

~ 200 nm

100 - 350 pm

e 2" hierarchical level
dense material

Figure 6. Synthesis of a hierarchical material. (a) The basic building units are primary ceramic particles
encapsulated with PMMAin radical emulsion polymerization. (b). Porous agglomerates of several coated
particles build the first level of hierarchy. (c). First level of hierarchy agglomerates is coated on a second
polymerin a spouted bed process in order to create agglomerates of the second level of hierarchy.
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(d). Second level of hierarchy agglomerates are unidirectional hot-pressed, yielding; (d). Dense
materials with anisotropic microstructures.”’

Biomimetic indirect dental composites

Biomimetic composites having multi-level hierarchical structure by infiltrating organic resin
into their inorganic components are used for indirect dental restorations (Figure 7). The
advantages of biomimetic composites are similar to those of resin composites, i.e., a less
invasive tooth preparation, without high level of abrasion on antagonizing teeth, possibility to
repair alteration with the same resin from which itis made, and the chemical compatibility with
adhesive resin cements.*

Figure 7. Schematic structure of an indirect restoration with conventional composite; (A) and with the
biomimetic ceramic composite produced using freeze casting and polymer infiltration techniques (B).
The anisotropic feature of the biomimetic ceramic composite makes it more similar to natural dentin than
the random arrangement of the conventional composites. (C) SEM image of RonaFlair®white sapphire
powder; and (D) cross-section of a freeze-cast ceramic after sintering. It can be seen that freeze casting,
starting from particles with a plate-like morphology with size of <16 um, is able to control crystal growth by
aligning plate-like particles and create uniform lamellae morphology.*

Biomimetic approach to restorative dentistry is desirable through the structural design of
“tooth-like” restorative materials to mimic enamel and dentin. The ceramic/polymer hybrid
composites fabricated by the infiltration of a polymer resin with a hierarchically structured
ceramic perform offers an opportunity for possible indirect restorations mimicking the aligned
structure of dentinal tubules and reproduce the feature of anisotropy. The freeze casting
method produced an aligned and graded structure in the ceramic phase with lamellae-like
morphology. These ceramic/resin hybrid materials also exhibit anisotropy characteristics.*

Replamine form process

Porous replamine form ceramic, metal, and polymer provide an opportunity for rapid
stabilization of the prosthetic materials by ingrowth of tissue into the porous network.*** This
process can also lead to a ceramic/polymer anastomosing composite with interpenetrating
structure. Materials, such as HA, ALLO,, TiO,, silver, Co-Cr-Mo alloys, and polymers, have
been successfully prepared by the replamine form process.” The interconnected pores
enable a ceramic/polymer anastomosing composite with interpenetrating structure.

Perspective

Infiltrating monomers into porous ceramic or glass-ceramic network allowed us to overcome
the limitation of incorporating high amount of ceramic fillers into polymer matrix by
conventional mixing. The microstructure geometry and mechanical properties of polymer
infiltrated ceramic hybrid composites can be further enhanced by appropriate material design
and processing technique, which is of significantimportance for academic research as well as
for practical application, particularly in CAD/CAM technology. Further improvements in
properties would be to impart comparable wear resistance toward opposing tooth and to
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match the mechanical behaviors with natural tooth.
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