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ABSTRACT 

 

Objectives: To determine the effects of sintering cycle and curing technique on the 

translucency, refractive index and flexural strength of novel polymer-infiltrated ceramics. 

Materials and Methods: Alumina and spinel matrix specimens were fabricated by slip 

casting (15mm diameter  2mm thickness). Alumina and spinel specimens were divided 

into 7 and 6 groups respectively (n=10/group). Alumina groups AHP1, AH1and AM1 

were sintered at 1150°C, groups AHP2, AH2 and AM2 at 1200°C and group AFD was 

fully sintered at 1550°C.  Spinel groups SHP1, SH1 and SM1 were sintered at 1500°C 

and groups SHP2, SH2, SM2 at 1600°C. Density was calculated for each specimen. 

Groups AM1, AM2, AFD, SM1 and SM2 were the control groups and received no 

further treatment. Other groups were silanated and dried overnight at 90°C. Then, 

UDMA-TEGDMA (50-50 mole) resin was prepared and infiltrated into the ceramic 

specimens under vacuum. Groups AHP1, AHP2, SHP1 and SHP2 were cured by heat at 

90°C under pressure of 138 MPa. Groups AH1, AH2, SH1 and SH2 were cured by heat 
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at 90°C. Specimens were polished (1.5mm thickness) and density measured. The total 

transmission was evaluated with a spectrophotometer (X-rite Ci7600). Refractive index 

was measured (Presidium Refractive Index Meter II). Biaxial flexural strength was 

obtained (Instron 5566A) with a crosshead speed of 0.5mm/min. The microstructure was 

examined using a field emission scanning electron microscope (FESEM-VP, Hitachi 

SU6600). Statistical analyses were performed using Excel 2016 (Microsoft Office) and 

JMP 13 (SAS). 

Results: Polymer-infiltrated alumina and spinel showed significantly lower refractive 

index (p< .0001), higher translucency (p< .0001) and higher flexural strength (p< .0001) 

than their corresponding ceramic matrix groups. Sintering temperature of the ceramic 

matrix had a significant influence on the flexural strength of polymer-infiltrated ceramics. 

The application of pressure during polymerization significantly improved the 

translucency but did not influence significantly the flexural strength of polymer-

infiltrated ceramics. Groups AHP2 and AH2 showed high strength (comparable to fully 

sintered alumina). Polymer-infiltrated spinel showed better translucency but lower 

strength than alumina groups. 

Conclusion: Sintering temperature and curing technique had a significant influence on 

optical and mechanical properties of polymer-infiltrated ceramics. 
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INTRODUCTION 

 

Interpenetrating Phase Composite 

Dental ceramics have been gaining a tremendous popularity among other dental 

restorative materials due to the availability of advanced technology and the esthetic era. 

Therefore, a great emphasis has been placed recently on enhancing optical and 

mechanical properties of current dental ceramics as well as developing new computer 

aided design/ computer aided manufacturing (CAD/CAM) materials that overcome the 

limitations of those present in the dental market. Ceramics are generally brittle in nature 

which is considered as a significant drawback of their dental application.1 Improving 

properties of dental ceramics is one of the major challenges facing researchers in recent 

decades. The physical properties and mechanical behavior of any material are primarily 

determined and influenced by its chemical composition and microstructure. 

The microstructure of dental ceramics can be classified into glass based structure, 

polycrystalline based structure or a combination of different ratio of glass and crystalline 

structure.2 Glass based ceramics show pleasing esthetics but lower strength, compared 

with polycrystalline based ceramics which are stronger and tougher with a trade off in 

significant opacity, high hardness and high elastic modulus.3 It is a crucial requirement 

for any dental material to exhibit biocompatibility, longevity, rapid and reliable 

fabrication, accurate fit, optimal esthetics, and  mechanical characteristics similar to 

natural tooth structure. Properties can be influenced by incorporation of another phase in 

the form of reinforcing fibers, dispersed particles, or fabricating interpenetrating phase 
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composites.4 A classic approach to combine two phases is to imbed crystalline particles 

in a glass matrix. However, the processing limitation of mixing a dispersed phase into an 

amorphous matrix to achieve high volume fraction, for maximizing benefits of that 

dispersed phase, is a challenging factor and may promote the formation of voids and poor 

filler distribution with discrete, isolated crystals  or clusters, which consequently affects 

the mechanical properties.5  

Higher volume fraction of ceramic phase can be incorporated more easily into the 

composite microstructure by producing interpenetrating phase composite material that 

consists of two interconnected phases that extend continuously into each other.6 Various 

combinations of metal-ceramic,
 
polymer-ceramic, glass-ceramic, polymer-polymer or 

ceramic-ceramic composites can be prepared. Infiltration route is currently used to 

manufacture glass-alumina and polymer-porcelain composites for dental applications and 

lead zirconate titanate-epoxy composites for piezoelectric sensors. Other methods, such 

as, capillary driven and pressure driven infiltration are used for many of metal-ceramic 

composites.6  

The fabrication process of dental interpenetrating phase ceramics involves 

multiple steps. First, a porous ceramic matrix is produced by milling of pre-sintered 

blocks, slip casting or compressing of ceramic powder, which is commonly mixed with 

additives, such as dispersants, pH controllers or binders, followed by heat treatment of 

ceramic framework to promote debinding and consolidation of interconnected network.4, 

7, 8 Next, an additional step can be done to condition ceramic matrix with coupling agent 

for wetting and enhancing bonding prior to capillary driven infiltration with a second 
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phase, which can be melted lanthanum glass or polymer.7, 9, 10 Infiltration of melt glass is 

followed by solidification and polymer infiltration is followed by thermal polymerization 

to activate the crosslinking reaction.9  

Although  some materials may have the same composition, processing techniques 

may influence the properties of final products. Various sizes and forms of porosities of 

ceramic frameworks could be achieved by manipulating ceramic particle size and 

applying different sintering conditions.4 The most critical step in forming interpenetrating 

phase composites is the establishment of framework with open and continuous porosity 

network and certain rigidity.11 The porosity in the ceramic preform determines the 

relative volume fractions of the two phases.6 If closed pores are formed in the 

microstructure, they become not accessible for infiltration and may cause larger 

shrinkage, leading to compromised optical and mechanical properties.11 Ceramic strength 

normally increases because of the reduction of porosity through full densification during 

sintering process, but for interpenetrating phase composite, porosity is eliminated through 

the infiltration of a second phase, leading to strengthening of the material and integrating 

of properties of different phases.4 Interpenetrating phase composites show better 

mechanical behavior compared with individual phases.12 It is found that polymer-

infiltrated porcelain composites exhibit a flexural strength of 169 MPa, which is higher 

than that for porcelain (122 MPa) or polymer (135 MPa).9, 13  
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Dental Polymers 

 A polymer network is formed by crosslinking of monomer molecules. Polymers 

have had an enormous impact in dentistry by showing  remarkable impact in developing 

sealants, adhesives, direct and indirect restorative materials. They are most widely used 

in form of matrix phase that can be reinforced with fillers or as a continuous infiltrating 

phase in interpenetrating phase composites.14 Bisphenol A diglycidyl dimethacrylate 

(Bis-GMA), urethane dimethacrylate (UDMA) and epoxy resin are commonly used for 

such dental purposes.14 The polymerization reaction for Bis-GMA and UDMA resins is 

based on formation of single carbon bond while for epoxy resin is based on ring opening; 

the latter exhibits less polymerization shrinkage.14 Bis-GMA and UDMA have high 

viscosity and therefore they are combined usually with low molecular weight diluents, 

such as triethylene glycol dimethacrylate (TEGDMA).15 Both Bis-GMA and UDMA 

undergo addition-polymerization initiated by free radical initiators.16 Benzoyl peroxide 

can be used to release free radicals for polymerization and the reaction is activated at 

temperature range of 50 - 100 C.14 The functionality and properties of polymers are 

highly dependent on monomer microstructure, various monomer combinations and 

polymerization conditions.16 The functionality is determined by degree of conversion, 

which ranges between 50 and 80 % for dimethacrylate.16 When compared at similar 

diluent concentrations, UDMA resins are significantly more reactive than Bis-GMA 

resins; optimum reactivity in UDMA resin system is obtained with the addition of 

relatively small amounts of TEGDMA, whereas the Bis-GMA-TEGDMA resin system 

required nearly equivalent mole ratios for the highest reactivity.17 
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Polymer-Infiltrated Porcelain  

Ceramics and polymers are commonly used for the construction of composite 

materials with acceptable mechanical performance.12 Ceramics in general exhibit 

excellent mechanical, biomechanical, biological, and thermal properties, while polymers 

show high ductility, low hardness (0.2 GPa) and low elastic modulus (3.3 GPa).12, 13 

Based on their properties, the ceramic phase provides hardness, strength and wear 

resistance for the composite material, while the polymer phase provides flexibility, 

machinability and crack deflection.18 The contribution of ceramic network is more for 

hardness and elastic modulus than for strength which is significantly influenced by 

sintering temperature and curing condition.18 

 Vita Enamic is a polymer-infiltrated ceramic material that was developed 

successfully and commercially released into dental market in 2012, based on a similar 

concept of manufacturing glass infiltrated ceramic system (In-Ceram).19 This material 

consists of 75 vol % feldspathic ceramic and 25 vol % UDMA-TEGDMA resin and 

shows mechanical properties similar to human enamel and dentin, causing less tooth wear 

than other ceramics.13, 20, 21 The flexural strength of polymer-infiltrated ceramics is 

similar to tooth structure.20 Another study found that flexural strength of an experimental 

polymer-infiltrated porcelain is inversely related to ceramic density.12 The flexural 

strength of Vita Enamic is 160 MPa.9 The elastic modulus value of this material (30 GPa)  

is much lower than most typical ceramic materials with values lying between those for 

enamel and dentin.10, 18 There are not many available clinical studies concerning the 

longevity of polymer-infiltrated ceramic restorations currently. However, laboratory 
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studies have shown that Vita Enamic monolithic crowns have excellent resistance to wear 

and fatigue damage relative to traditional ceramic restorative materials.21 A study found 

that polymer-infiltrated porcelain is least affected by dynamic fatigue in comparison with 

other tested CAD/CAM ceramics.22 Enamic performed as well as lithium disilicate in 

fatigue test after being subjected to 500,000 cycles.9 Fracture toughness is influenced by 

polymer content of the infiltrated ceramic network, and the values were 1 and 1.5 

MPa/m2 for the 72% and 64% dense polymer-infiltrated porcelain materials respectively, 

which are considered comparable to or higher than many existing porcelain and glass 

based ceramics currently used for the same purpose.18 The three-dimensional reinforcing 

polymer phase is able to distribute stresses more effectively in all directions and offers 

resistance to crack propagation by bridging cracks that occurs in a ceramic matrix.18 

According to Coldea et al., polymer network causes greater crack deflection in infiltrated 

composites than in fully dense ceramic materials.12  

 The hardness values of polymer-infiltrated ceramics are strongly dependent upon 

polymer volume fraction.18 A study found that the higher fraction composition of 72% 

ceramic showed hardness of 2 GPa while the lower volume fraction of 59% ceramic 

demonstrated 1 GPa hardness mean value; these values are less than enamel hardness and 

the lower values are comparable to dentin.18 These polymer-infiltrated porcelain 

composite materials provide less brittleness and lower hardness (1.7 GPa) than other 

ceramics, which contributes to edge stability and excellent machinability in short time.10 

Polymer-infiltrated ceramics possess more damage tolerance than other CAD/CAM and 

pressed materials.9 Vita Enamic material can be milled into thin (<0.5 mm) restorations 
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with excellent precision.10 A full-contour posterior crown takes about 5 minutes to mill. 

Furthermore, they can be fabricated in a single milling step without the need for post 

milling heat treatment since the elimination of porosity of materials is achieved by 

infiltration rather than sintering.23 Vita Enamic is suitable for single-tooth restorations 

such as inlays, onlays, veneers, and crowns, including implant-supported crowns.10 The 

material is also easy to adjust and polish. Thus, it is an ideal material for chairside single 

visit restorations.10 

 

Polymer-Infiltrated Polycrystalline Ceramic  

 Alumina (aluminum oxide, Al2O3) was the first polycrystalline ceramic to be used 

in dentistry and it exists in nature in its anisotropic crystalline phase of α-Al2O3, the solid 

and most stable form among other aluminum oxides, in form of mineral called corundum, 

or emery (if it contains impurities).23 These minerals are commonly used to obtain high-

purity alumina powder (>99.5%).23 Alumina has a widespread industrial application due 

to its good mechanical properties, its chemical stability and its refractory character owing 

to its high melting point.7 Porous alumina has been widely used in fabricating basic 

matrix, hot gas filtration, catalyst support, filtration for heavy metal ions in water, 

chromatography and micro channels for electrophoresis.24 Furthermore, alumina as 

biomedical ceramics have been used successfully for more than 40 years.23 

 Dental applications of alumina based ceramics include endodontic posts, 

orthodontic brackets, implants, copings and frameworks for crowns and bridges.25 Despite 

the good mechanical properties that alumina shows, catastrophic failure is a common 

https://en.wikipedia.org/wiki/Phase_(matter)
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problem associated with alumina as it breaks unexpectedly during function.25 Therefore, 

research has been focusing on developing methods to improve this material through 

microstructure refinement or fabricating composites. Monolithic alumina that has smaller 

grain size has better mechanical behavior and higher fracture toughness.25 Alumina can be 

used as pure polycrystalline material or can be prepared and applied in a variety of forms 

and microstructure, such as fillers to reinforce porcelain and composite resin, or as matrix 

for interpenetrating phase composites. Alumina composites can be formed with metals, 

glass, polymers and other ceramics such as zirconia.25 

 In 1965, Mclean and Hughes introduced the concept of incorporating 50 wt %  of 

alumina as reinforcing crystalline fillers for strengthening porcelain crowns, showing a 

flexural strength of 131 MPa but low translucency.15 Its application was limited to anterior 

crowns due to  high failure rate for posterior dental restorations.13, 15 More recently, 

alumina nano particles have been used as fillers to reinforce dental composite resin and 

alter its elastic properties.25 

 Another application of alumina ceramics in restorative dentistry is CAD/CAM 

milling of blanks made of pure alumina. Procera AllCeram was introduced in 1993 as 

fully dense polycrystalline alumina ceramics for fabricating alumina copings veneered 

with compatible porcelain.15 Sintering at 1600 C is a required step after milling to 

achieve full density and it is associated with 15 - 20%  shrinkage.26 The material has high 

opacity and flexural strength was reported to be approximately 600 MPa which makes it a 

good indication for single crowns and short span posterior fixed partial dentures.27 
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 Another processing technique that utilizes alumina in dentistry is interpenetrating 

ceramic composite. In-Ceram alumina has emerged in dental market in 1989 as first 

interpenetrating phase dental ceramic material, incorporating 68  vol %  alumina and 27 

vol % glass and exhibiting reliable clinical outcomes for applications as single posterior 

crowns and short span bridges in the anterior region of the mouth.10, 18 This material is 

claimed to be stronger than pressed ceramics and exhibits a flexural strength of 548 MPa 

and survival rate that is similar to ceramic metal crowns placed in anterior teeth and 

premolars.10, 28, 29 At least eight clinical trials lasting between 5 and 7 years reported a 

success rate of 91.5 - 100 % for In-Ceram alumina, though it has never been highly 

marketed.9 This glass infiltrated ceramic composite shows lower hardness, lower elastic 

modulus and higher fracture toughness than polycrystalline alumina.10 

 Its optical properties show moderate translucency.28 Yoshimura et al. 

demonstrated an approach that aimed to fabricate high translucency glass infiltrated 

ceramics by designing the glass composition for targeted glass viscosity and refractive 

index using SciGlass software and then infiltrating into porous alumina preform at 1200 

C.30 The study showed that the experimental glass infiltrated ceramic composite had 

higher translucency of 20.1 % compared with In-Ceram alumina that presented a value of 

8.9 % measured by spectrophotometer at the range of visible light.30  

In-Ceram spinel is more than twice as translucent as In-Ceram alumina.28 Spinel 

(magnesium aluminate, Mg2AlO4) is a natural mineral that is normally found together with 

limestone and dolomite.30 It has high melting point, adequate mechanical properties, 

chemical stability, low electrical and thermal conductivity and, most importantly, it has 
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unique optical properties due to its isotropic cubic microstructure and refractive index 

close to that of glass used for infiltration to produce In-Ceram spinel.31 Its structure shows 

68 % volume of crystalline phase and its fabrication involves glass infiltration in a 

vacuum environment resulting in less porosity and high level of translucency.31 It exhibits 

moderate strength of 350 MPa, lower fracture toughness and lower elastic modulus in 

comparison with In-Ceram alumina and therefore, its application is limited to anterior 

crowns.10, 28 

Recently, dental researchers have been showing a great interest in studying 

different aspects of commercially available polymer-infiltrated porcelain and glass 

infiltrated alumina composites but very limited focus has been placed on experimental 

attempts of utilizing polycrystalline ceramic for manufacturing dental polymer-ceramic 

composites and testing their properties. Few medical studies reported the use of Bis-GMA 

polymer-alumina composite as bone cement material that has been showing superior 

mechanical properties and osteoconductivity compared with conventional bone cements.25 

The properties of polymer-ceramic composites are significantly influenced by ceramic 

microstructure, chemical composition of polymer, sintering cycle and polymerization 

process. Literature shows only few dental studies that were aimed to manufacture polymer 

infiltrating alumina composites and to investigate the influence of various manufacturing 

factors on their properties. 

Chaiyabutr et al. conducted a study to investigate the effect of alumina particle 

size and sintering temperature on mechanical properties of experimental glass-alumina 

and UDMA-TEGDMA resin alumina composites fabricated from 3 different types of 
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alumina powder that possess different ranges of particle sizes (0.3-1.2 m).4 Glass 

infiltrated alumina showed higher flexural strength and fracture toughness than resin 

infiltrated alumina (materials were fabricated with otherwise similar manufacturing 

settings); both were significantly stronger than porous alumina matrix. Particle size and 

sintering temperature had a significant influence on particle packing and mechanical 

properties of alumina matrix. The particle size was inversely correlated with strength of 

resin infiltrated alumina but not with glass infiltrated specimens.4 

Craig and Francis demonstrated an effective method of fabricating epoxy resin 

infiltrated alumina by adding phosphoric acid to enhance the formation of aluminum 

phosphate bond between alumina particles.6 This chemical bonding route occurred at a 

temperature of 900 °C which is lower than that normally used for partially sintered 

alumina. Aluminum chloride was also added to promote more reaction between alumina 

and  phosphoric acid leading to formation of stronger bonds at lower sintering 

temperatures. The open porosity in the ceramic composite decreased as the amount of 

phosphoric acid used in the process increased.6 

Another study was done to investigate the influence of resin viscosity on 

mechanical properties of experimental composite.24 Ceramic matrix was produced by 

pressing alumina and sintering at 1000 C for 1 hour, while resin was synthesized from 

PUA oligomer and N-vinylpyrrolidone reactive diluent in 2 different composition ratios 

(3:1 and 1:1) to manipulate the viscosity (the higher composition ratio shows higher 

polymer functionality). The polymer-alumina composite was fabricated by infiltration 

route and UV light curing. The composition ratio of resin had an influence on fracture 
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strength and elastic modulus that were higher for composites that utilized resin with higher 

composition ratio.24 

The effect of application of pressure and the heating rate (fast and slow) during 

polymerization on mechanical properties of UDMA-TEGDMA resin infiltrated alumina 

was studied.11 The alumina matrix was infiltrated with resin and subjected to thermal 

polymerization with pressure of 0, 100, 200 or 300 MPa at heating rate of 0.1 or 2 °C 

/min. The heating rate had  only a significant effect on flexural strength when pressure 

was not used during polymerization. The slower heating rate resulted in better flexural 

strength. On the other hand, the higher pressure applied during polymerization led to 

higher strength of these composites. An optimized defect-free microstructure was obtained 

with a process pressure of 300 MPa.11 

The influence of color enhancing additives and sintering temperature on 

mechanical properties of polymer-infiltrated zirconia were studied.3, 32 Various 

concentrations of ferric oxide powder ranging between 0 and 0.3 mol% were mixed with 

nano zirconia powder to simulate the chromaticity of natural teeth. Composite was 

fabricated by cold isostatic pressing of ceramic powder, sintering at 1150 C, infiltrating 

with 1:1 of Bis-GMA:TEGDMA resin and curing with heat of 70 C for 10 hours under 

pressure. The amount of ferric oxide had positive effects on the mechanical performances 

of the experimental composite.32 Flexural strength, fracture toughness, elastic modulus 

and hardness exhibited a tendency to increase as ferric oxide content increased with 0.2 

mol% of ferric oxide showing the optimal mechanical behaviors that was superior to the 

commercial polymer-infiltrated ceramics.32 The porosity decreased and more grain 
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boundaries were formed as temperature of sintering increased from 1000 to 1150 C.3 

Composites that were sintered at 1150 C had optimal mechanical behavior, similar to 

natural teeth and superior to the polymer-infiltrated feldspathic ceramics.3 

Fabrication of new interpenetrating phase polycrystalline ceramics with optimal 

mechanical properties and esthetics is an area of ongoing research as these few published 

studies were showing initial promising results regarding the mechanical properties, though 

no data provided in literature about their optical properties.  Therefore, more research is 

needed to be conducted in order to develop better restorative materials that fulfill the 

demand of fast growing CAD/CAM technology and the increasing interest in esthetics. 
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AIM AND HYPOTHESIS 

 

The aim of this experimental in-vitro study were to: 

1. Fabricate interpenetrating phase alumina composites and spinel composites of various 

ceramic matrix densities by resin infiltration and heat curing. 

2. Fabricate interpenetrating phase alumina composites and spinel composites of various 

ceramic matrix densities by resin infiltration and curing by heat under pressure. 

3. Investigate the influence of sintering temperature on density of slip cast porous 

alumina and spinel matrices. 

4. Measure density, total light transmission, refractive index and biaxial flexural strength 

of polymer-infiltrated alumina composites and compare them with properties of 

alumina matrix, polymer specimens and fully dense alumina specimens. 

5. Measure density, total visible light transmission, refractive index and biaxial flexural 

strength of polymer-infiltrated spinel composites and compare them with properties of 

spinel matrix and polymer specimens. 

6. Document the microstructure of alumina and spinel matrices of various densities, 

polymer-infiltrated alumina and polymer-infiltrated spinel composites using scanning 

electron microscope. 
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This study hypothesized that: 

1. There was no statistically significant difference of total light transmission, refractive 

index or biaxial flexural strength between polymer-infiltrated ceramics and non-

infiltrated ceramic groups. 

2. Sintering temperature of the ceramic matrix had no significant effect on total light 

transmission, refractive index or biaxial flexural strength of polymer infiltrated 

ceramics. 

3. Resin curing technique (with heat under pressure vs. with heat only) of polymer-

infiltrated ceramics had no significant effect on their total light transmission, refractive 

index or biaxial flexural strength.  

4. There was no statistically significant difference of total light transmission or biaxial 

flexural strength between polymer-infiltrated alumina and spinel groups. 
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MATERIALS AND METHODS  

 

Materials 

1. Ceramics powder (Table 1) 

a. Alumina:  Aluminum oxide Al2O3 (A1000SG, Almatis Inc., Leetsdale, PA).  

b. Spinel: Magnesium aluminate MgAl2O4 (MG-202, Atlantic Equipment Engineers, 

Upper Saddle River, NJ). 

 

Table 1: Physical properties of alumina and spinel.33,34 

 

 

 

 

 

 

  

Properties Alumina A1000SG Spinel MG-202 

Form White powder White powder 

Microstructure Fine crystalline Cubic crystalline 

Particle Size (m) 0.6 1-5 

Sintering Density (g/cc) 3.85 3.6 

Purity (%) 99.8 99.8 

Melting Temperature (°C) 2025 2135 
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2. Components of Resin (Figure 1) 

a. Diurethane dimethacrylate UDMA (# 436909, Polysciences Inc., Warrington, 

PA). 

b. Triethylene glycol dimethacrylate TEGDMA (# 261548, Polysciences Inc., 

Warrington, PA).  

c. Benzoyl peroxide BPO (# 436909 , Sigma Aldrich, St. Louis, MO). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Components of urethane dimethacrylate resin. 
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3. Components of Silane (Figure 2) 

a. Ethanol (#111000200, Fisher Scientific, Pittsburgh, PA). 

b. 3-methacryloxypropyltrimethoxysilane (# 02476, Polysciences Inc., Warrington, 

PA). 

c. RO water 

d. Glacial acetic acid (# 695092, Sigma Aldrich, St. Louis, MO). 

 

 

 

  

Figure 2: Components of silane. 
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Methods 

 

Fabrication of Ceramic Matrix 

 Two different compositions of ceramic matrix were fabricated by slip casting 

disc-shape specimens with diameter of 15 mm and thickness of 2 mm (Figure 3). The 

first one was alumina. The slip cast mix was prepared from 155 g of RO water, 3.25 g of 

Darvan C-N (ammonium polymethacrylate) dispersing agent and 500 g of alumina 

powder, which was divided into 5 equal increments, added to liquid ingredients and then 

mixed for 6 minutes using high speed GyroMixer (Figure 4). The slurry mix was stored 

in a bottle at room temperature and was valid for use for several days. Specimens were 

fabricated by dispensing the slurry mix using a mechanical pipette (100-1000 L, 

Pipetman, Gilson Inc., Middleton, WI) into cylindrical plastic molds (with internal 

diameter of 15 mm and height of 20 mm) on a gypsum plate that was coated with a thin 

layer of alginate solution(Protanal 1816, FMC BioPolymer, Philadelphia, PA) (made of 

1.5 g of alginate and 100 ml of water). Molds were covered and specimens were left to 

dry overnight (Figure 5). After that, specimens were carefully removed from the molds 

and fired using furnace (Ney Vulcan 3-1750, Dentsply NeyTech, Yucaipa, CA) at a 

heating rate of 5 °C/min and a holding time of 1 hour at 1050 °C to facilitate the handling 

of delicate specimens (Figure 6 and 7).  A total of 70 specimens were fabricated and 

divided randomly into 7 groups (AHP1, AH1, AM1, AHP2, AH2, AM2 and AFD) 

according to the sintering temperature and the curing technique as will be explained later 

(Figure 8). Specimens within each group (n=10 per group) were smoothed with sand 
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paper (600 grit), checked visually under light to ensure that there was no obvious defect 

and were labeled with an HB grade pencil at the edge (Figure 9). 

The second type of ceramic matrix was fabricated from Spinel powder; first by 

milling 440 g of spinel powder with 1000 g of 0.5 “ radius end cylindrical zirconia 

grinding media into a plastic bottle (volume of 1000 mL) using roll jar mill (U.S. 

Stoneware, East Palestine, OH) for a total of 24 hours (Figure 10). After that, a slurry mix 

of 220 g of milled spinel powder, 55 g of RO water and 1.8 g of Darvan C-N was 

prepared and mixed for 6 minutes with GyroMixer, dispensed into cylindrical molds, that 

were lubricated with a thin layer of Vaseline to facilitate the removal of specimens, on an 

alginate coated gypsum plate, covered and left to dry for 72 hours and removed carefully 

using a piston to push them out of the molds (Figure 11). A fresh mix was prepared every 

time immediately before fabrication of spinel slip cast specimens. A total of 60 

specimens with no visible defect were smoothed with sand paper (600 grit), randomly 

distributed into 6 designated groups (SHP1, SH1, SM1, SHP2, SH2, SM2) as shown in 

(Figure 12) and labeled with HB pencil (n=10 per group). 
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Figure 3: Disc-shape ceramic matrix specimens made of alumina 

(on the left) and spinel (on the right) by slip casting. 

Figure 4: Preparation of alumina slip cast slurry mix. Adding Darvan to 

premeasured water (left). Adding alumina to the previous solution (middle). 

Mixing the components with GyroMixer (right). 
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Figure 6: Bisque firing of alumina matrix using Ney Vulcan furnace 3-1750. 

Figure 5: Fabrication of slip cast alumina specimens. Coating the gypsum plate 

with alginate (left). Dispensing the slurry mix into cylindrical molds using pipette 

(middle). Covering specimens and leaving them to dry overnight (right). 
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90 °C 

1050 °C 

50 °C 

2 H 

1 H 

Alumina A1000SG 

AM1 AHP1  AH2 AHP2 AM2 AFD 

T=1150 °C T=1200 °C T=1550°C  

Silane Application and Resin Infusion 

AH1 

Heat and Pressure Curing 

Heat Curing 

Contr ContrContr

Figure 8: The experimental design of the study groups for polymer-infiltrated 

alumina. 

Figure 7: Temperature, time and heating rate settings for bisque firing protocol 

of alumina matrix. 
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Figure 9: Smoothing of specimens with sandpaper (left). Labeling of specimens 

with HB pencil (right). 

Figure 10: Zirconia grinding media mixed with spinel powder (left). Milling of 

spinel using roll jar mill machine (right). 
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Figure 12: The experimental design of study groups of polymer-infiltrated spinel. 

Figure 11: Removal of spinel specimen from the slip cast 

mold using push-out ring and piston. 

Spinel MG-202 

SM1 SHP1  SH2 SHP2 SM2 

T=1500 °C T=1600 °C 

Silane Application and Resin Infusion 

SH1 

Heat and Pressure Curing 

Heat Curing 

Control Control 
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Partial Sintering of Matrix Specimens 

 Alumina and spinel specimens were partially sintered in a high temperature 

furnace (Hot Spot 110, Zircar Zirconia Inc., Florida, NY) (Figure 13). The temperature 

required to achieve a particular density of the matrix specimens for each group was 

determined by a temperature-density curve created for each material (Figures 14 and 15). 

Sintering cycles were programmed to start with a heating rate of 10 °C/min, a holding 

time of 4 hours at the specified temperature for each group, and finally cooling down to 

50 °C.  The first 3 alumina groups AHP1, AH1and AM1 were sintered at 1150 °C and the 

next 3 groups AHP2, AH2 and AM2 were sintered at 1200 °C to produce specimens with 

higher density. The last alumina group AFD was sintered at 1550 °C to produce fully 

dense specimens (Figure 16). The spinel groups SHP1, SH1 and SM1were sintered at 

1500 °C, while higher density groups SHP2, SH2 and SM2 were sintered at 1600 °C 

(Figure 17).  
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Figure 13: Sintering of matrix specimens into Zircar Hot Spot furnace. 
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Figure 15: The graph shows temperature – density curve for spinel.   
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   Figure 14: The graph shows temperature – density curve for alumina. 
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1200 °C 

1500 °C  

50 °C 
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Figure 16: Sintering protocol for alumina matrix. 

1500 °C 

1600 °C  

50 °C 

4 Hours 

Figure 17: Sintering protocol for spinel matrix. 
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Density Calculation 

 Specimen’s weight was measured using an analytical balance (Model # XS204, 

Mettler-Toledo LLC., Columbus, OH) (Figure 18). Thickness and diameter were 

measured using ABSOLUTE digimatic indicator (Model # ID-F125E, Mitutoyo, 

America Corporation, IL) (Figure 19). Density of each specimen was calculated from 

the following equation:   

D0  = m0 / (r2h).  

The theoretical density percent (D0 % ) for each specimen was calculated from the 

following equation:  

D0 % = (D0/D) x 100, where: 

     D0  = actual density of porous ceramic matrix (g/cc) 

m0 = mass of porous ceramic matrix (g) 

r = radius of ceramic specimen (cm) 

h = thickness of ceramic specimen (cm) 

D = theoretical density of ceramic (alumina = 3.98 g/cc, spinel = 3.64 g/cc)35,36  

 All equations were created and calculations were made using Microsoft Excel 

software (Version 16.1). Groups AM1, AM2, AFD, SM1 and SM2 were the control 

groups and received no further treatment, while all other experimental groups were 

silanated, infiltrated with resin and cured with either heat only (AH1, AH2, SH1 and 

SH2) or heat under pressure (AHP1, AHP2, SHP1 and SHP2) according to the protocols 

that will be described below in details.  
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Figure 18: Measuring weight of specimens using 

analytical balance. 

Figure 19: Measuring diameter and thickness of 

specimens using digital indicator. 
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 Silane Application 

 To increase the wettability of ceramic matrix for resin infusion and enhance the 

bonding, alumina and spinel matrix specimens were treated with silane solution that was 

prepared by swirl mixing of 4 g of 3- methacryloxypropyltrimethoxysilane, 200 ml of 

Ethanol and 200 ml of RO water. The pH of the solution was adjusted by adding drops of 

glacial acetic acid until pH of 4 was reached and that was checked with pH paper 

indicator (Short range alkacid pH test paper, Fisher Scientific, Pittsburgh, PA) (Figure 

20). The prepared silane was stored in a labeled bottle in the refrigerator and used up to 6 

months (Figure 21). The specimens were arranged vertically resting on the edges of a 

plastic dish and the silane solution was poured slowly until reached half- height of the 

specimens. The plastic dish with the specimens was placed into a container that was 

covered to prevent evaporation of the solution and left for 3 hours in laboratory fume 

hood to ensure the infiltration of the solution into the specimens by capillary action 

(Figure 22). After that, specimens were placed into oven (Vacuum oven1410, VWR, 

Radnor, PA) at 90 °C for 24 hours to dry (Figure 23).  

 

 

  

Figure 20: Checking the pH of silane solution using pH paper indicator. 
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Figure 21: Silane solution was prepared and stored in a 

labeled bottle in  the refrigerator.  

Figure 22: Specimens were arranged into a plastic dish and were half-height soaked 

into silane for 3 hours in laboratory fume hood. 
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Figure 23: Drying of silanated specimens into vacuum oven for 

24 hours. 
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Resin Infiltration 

 Resin was prepared by mixing 380 g of TEGDMA (low viscosity resin) with 3 g 

of BP (polymerization initiator) for 2 minutes in GyroMixer. After that, 680 g of UDMA 

(brought to room temperature for ease of pouring) was added and mixed for a total of 6 

min. The UDMA-TEGDMA resin was stored at 16 °C for 24 hours to allow the 

elimination of air bubbles After that, the resin mix was stored in a refrigerator at 4 °C in a 

labeled bottle up to 6 months, used several times and discarded when any changes or 

discoloration noticed (Figure 24). 

Alumina and spinel matrix specimens were infiltrated with the prepared resin 

using resin infusion apparatus, comprised of vacuum pump, resin chamber and specimen 

chamber (Figure 25). Resin and specimens were placed into the designated chambers that 

were then evacuated and kept under vacuum pressure of 4x10-2 torr for 24 hours. Infusion 

was started by opening the valve that permitted the flow of resin from the resin chamber 

to the specimen chamber through the connecting tube until the specimens were fully 

submerged. The specimens were kept submerged under vacuum in the specimen chamber 

for 2 hours and then stored soaked in the resin for 24 hours at 16 °C. After that, 

specimens were placed into plastic bags (4 mil, 0.1 mm thickness, Poly tubing, Uline, 

Pleasant Prairie, WI) and evacuated by a vacuum pump (Welch Vacuum pump, Thomas 

Industries Inc., Skokie, IL) that is connected to a tube with an attached head that fit 

tightly to the opening of the plastic bag (Figure 26), and then sealed using heat sealer 

(Impulse sealer, American International Electric Inc., City of Industry, CA) (Figure 27). 

The bags were checked to ensure no leakage and no trapped air bubbles were inside.  
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Figure 24: Resin was prepared and 

stored into a labeled bottle in  the 

refrigerator. 

Figure 25: Resin infusion apparatus. 
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Figure 26: Welch vacuum pump used to evacuate air from plastic bags (left). 

The tube head was fit tightly into the opening of the plastic bag for air 

evacuation (right). 

Figure 27: Heat impulse sealer used to seal evacuated plastic bags containing 

resin infiltrated specimens (left). Evacuated and sealed double bags were 

checked before curing (right). 



 38 

 Resin Curing 

Groups AHP1, AHP2, SHP1 and SHP2 were cured with heat under pressure using 

water filled cylindrical isostatic pressure chamber (50 mm diameter and 150 mm long) 

that has an external flexible heater with a programmable controller for temperatures up to 

100 °C (PiPress 50-150, Pober Industries, Waban MA 02468). Bagged specimens were 

placed into the chamber that was filled with RO water and closed properly with a straight 

piston and a plug with o- rings for sealing. The chamber was subjected to load of 500 kN 

by Enerpac hydraulic press using eclectic pump. A pump pressure was applied which 

produced a chamber pressure of 138 MPa. The chamber external heater was connected to 

a controller power supply programmed for heat curing cycle as shown in (Figure 28) and 

the temperature was checked with a thermocouple that was attached to the chamber 

during the curing process (Figure 29).  

Groups AH1, AH2, SH1 and SH2 were cured with heat only. Bagged specimens 

were placed into a glass container filled with water and then placed into oven (model # 

3511FSQ, Thermo Scientific, Marietta, OH) at 90 °C. A thermocouple was used to 

check the temperature within the container to ensure that the proper temperature was 

reached and the specimens were kept at the peak temperature for 3 hours. After that, 

specimens were removed from the oven and bench cooled (Figure 30). In addition, two 

groups (RH and RHP) of clear UDMA-TEGDAM polymer specimens were fabricated 

using specific molds and cured with either of the previously explained techniques for 

testing optical properties of the polymer (Figure 31 and 32). 
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Figure 28: Enerpac hydraulic press and isostatic pressure chamber 

used to cure specimens with heat under pressure. 
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Figure 29: Heat with pressure protocol for curing specimens. 
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Figure 30: Bagged specimens were placed into water 

container and cured in the oven.  
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Figure 31: (a) The mold used for fabrication of polymer specimens. (b) 

Resin was dispensed into the mold. (c) The mold was placed into the oven 

and resin cured with heat. (d) Heat cured polymer specimens. 

 

a b

 

c d 
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Figure 32: (a) Dispensing resin into the mold. (b, c) Closing the resin mold with plugs 

that fit tightly to prevent the spill of resin during curing. (d) The mold was bagged and 

sealed for curing in isostatic press. (e) Polymer specimens cured with heat under pressure. 

a b c 

d e 
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 Polishing of Specimens  

Specimens were removed from sealed bags; excess polymer was trimmed and 

surfaces were polished using grinding and polishing machine (EcoMet 250 

Grinder/Polisher with AutoMet power head, Buehler Ltd., Lake Bluff, IL) with diamond 

discs of 70, 45 and 15 m grit size, respectively; then were highly polished with 6 m 

wheels used with polycrystalline diamond suspension (Figure 33). Thickness of 

specimens was measured with a digital dial indicator (Model # ID-F125E, Mitutoyo, 

America Corporation, IL) to ensure that each specimen had a thickness of 1.5 mm 

(Figure 34). 

 

 

 

 

 

 

 

  

Figure 33: EcoMet 250 Grinder/Polisher machine used to polish 

specimens.  
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Density Calculation of Resin Infiltrated Specimens 

Weight, diameter and thickness of infiltrated specimens were measured and 

density after infiltration (DI ) was calculated using the same equation shown previously 

for density calculation. Infiltration percentage was calculated using the following 

equations:  

Infiltration percentage   = (DI / theoretical DI) x 100 

Theoretical DI = [D0 + [(1- (D0 / D)) x Dr] 

DI  = density after polymer infiltration  

D0 = porous ceramic density 

D = theoretical density of ceramic 

Dr = theoretical density of polymer (1.22 g/cc)37 

  

Figure 34: Checking thickness of polished specimens. 
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  Testing Optical and Mechanical Properties  

 

Visible Light Transmission 

Visible light transmission was measured using a spectrophotometer (iC7600, X-

Rite Inc., Grand Rapids, MI) for all alumina, spinel and polymer groups. The 

spectrophotometer was calibrated as recommended by the manufacture and the setting of 

total transmittance mode was selected in the software (Color iControl). Each specimen 

was placed into the specimen holder, aligned with the sphere lens to allow the light 

transmission through the center of the specimen in the transmittance compartment and the 

reading was taken and displayed on the screen (Figure 35).  

  

Figure 35: Spectrophotometer used to measure light transmission (left). Aligning the holder 

against the spherical lens (middle). The specimen was placed into the holder (right).  
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 Refractive Index 

 Refractive index was measured for all groups using refractometer (Refractive 

Index Meter II, Presidium instruments Ltd., Singapore) (Figure 36). Two readings were 

taken for each specimen and the average was calculated. 

 

 

 

 

 

 

 

 

 

 Biaxial Flexural Strength 

All control and experimental groups were subjected to a biaxial flexural strength 

test. Maximum compressive load was measured in N using a universal testing machine 

(Model 5566A; Instron Corp, Canton, MA, USA) equipped with 1kN load cell and a 

three-ball fixture with 0.8 mm load radius. Circular transparent adhesive stickers were 

fixed on the compression side of the specimens to avoid spreading of the fragments and 

provide better contact between the piston and the sample (Figure 37). Each specimen was 

positioned on a fixture with three steel rounded-end projections, equally apart from each 

Figure 36: Refractive index meter II used to measure refractive index of specimens.  
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other in a triangular position of an 11mm diameter circle. A round-tip piston (Ø =0.8 

mm) was used to apply an increasing load (0.5 mm/ min) until catastrophic failure 

occurred. Settings were controlled and results were displayed using Bluehill 3 software. 

Flexural strength was calculated according to the following equations38:  

σ = -0.2387[P (X – Y)/b2] 

X = [(1+ v) In (r2 / r3) 2] + [(1 – v) / 2] (r2/r3) 2 

Y = (1+ v) [1 + In (r1 / r3) 2] + (1 – v) (r1 / r3) 2 

σ: biaxial flexural strength (MPa)  

P: the total load causing fracture (N) 

b: thickness at fracture origin (mm)  

v: Poisson’s ratio (0.23) 

r1: radius of the support circle (mm)  

r2: radius of the piston (mm)  

r3: radius of the specimen (mm)  
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Figure 37: Fixture used for biaxial flexural strength test (left). Universal testing 

machine used to measure biaxial flexural strength (right).  
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  Scanning Electron Microscope Examination 

Specimens from each group were selected and prepared for microstructure 

analysis using a scanning electron microscope (Field Emission Variable Pressure 

Analytic Scanning Electron Microscope FESEM-VP- Hitachi SU6600 with Oxford 

Instrument AZtec X-Max 50 SDD Energy Dispersive Spectrometer, Hitachi High Tech, 

Oxford Instruments). Each specimen was sonicated with ethanol (Fisher Scientific, 

Pittsburgh, PA) to clean it, dried in an oven (Vacuum oven1410, VWR, Radnor, PA) at 

90 °C for 30 minutes and then sputter coated with gold/palladium. The microstructure of 

specimens was examined with a voltage of 10 kV at magnifications of 7,000x and 

15,000x for alumina matrix, polymer-infiltrated alumina and fully sintered alumina, 

while spinel matrix and polymer-infiltrated spinel specimens were examined at 

magnifications of 1000x and 5000x. Both secondary electron and backscattered electron 

detection modes were used. EDS analysis was done to check the compositions and to 

confirm the presence of the polymer. 
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STATISTICAL ANALYSIS 

 

Data were expressed as means, standard deviations (SD) and coefficient of 

variation (COV). The outcome variables were density (D), total transmission (Tr), 

refractive index (RI) and biaxial flexural strength (BFS), which were measured on a 

continuous scale. Comparisons of alumina matrix density, transmission, refractive index 

and flexural strength between the groups of alumina and spinel materials were made 

using one-way analysis of variance (ANOVA). A post hoc analysis was performed, using 

Tukey- Kramer HSD test, for statistically significant results found by ANOVA. The t-test 

was used to compare between means of spinel matrix density and to compare 

transmission, refractive index and flexural strength of polymer groups. Two- way 

ANOVA was performed to determine the interaction between independent variables 

(sintering temperature and curing method). Multivariate regression was used to determine 

the association between different variables. All p-values less than .05 were considered 

statistically significant. All analyses were performed using Excel 2016 (Microsoft Office) 

and JMP 13 (SAS, Cary, NC).  
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RESULTS 

 

Density of Ceramic Matrix at Various Sintering Temperatures 

Table 2 shows mean and standard deviation (SD) values of density and theoretical 

density percent of alumina specimens that were partially sintered at 1150 C or 1200 C, 

or fully sintered at 1550 C. Results show that there was a statistically significant 

difference of density (p < .0001) and all alumina groups by temperature were 

significantly different from each other. Table 3 shows mean values of density and 

theoretical density percent of partially sintered spinel matrix specimens at 1500 C or 

1600 C. The two densities of spinel matrix were significantly different from each other 

(p < .0001). 

 

Table 2: Mean  SD values of alumina density (D0) and theoretical density percent (D0 

%) at various sintering temperatures. 

Material 
Sintering T 

(C )   
D0 (g/cc) D0 % 

p-value 

 

Alumina 

1150 2.61  0.02 a 65.58  

< .0001 1200 2.83  0.01 b 71.11 

1550 3.80  0.01 c 96.48 

-ANOVA statistical analysis was performed to compare means at p < .05. Tukey-Kramer 

HSD test was used to determine the significantly different groups. 

- Different letters indicate a statistically significant difference at p < .05.  
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Table 3: Mean  SD values of spinel matrix density (D0) and theoretical density percent 

(D0 % ) at two different sintering temperatures. 

Material 
Sintering T 

(C )   
D0 (g/cc) D0 % 

p-value 

 

Spinel 
1500 2.67  0.01 73.35    < .0001 

1600 2.94  0.01  80.77 

- t-Test statistical analysis was performed to compare means at p < .05.  

 

Density and Infiltration Percentage of Polymer-Infiltrated Ceramics  

Mean values of density before (D0) and after (DI) polymer-infiltration and 

infiltration percentage (Inf. P) are shown in Table 4 for polymer-infiltrated alumina 

groups (AH1, AHP1, AH2 and AHP2) and in Table 5 for polymer-infiltrated spinel 

groups (SH1, SHP1, SH2 and SHP2).  

 

Table 4: Mean values of density before (D0) and after (DI) polymer infiltration and 

infiltration  percentage (Inf. P) of polymer-infiltrated alumina groups. 

Group 
Sintering T  

(C )   

D0 

(g/cc) 

DI 

(g/cc)  

Inf. P 

(%) 

AH1 1150 2.6 3.0 98.3 

AHP1 1150 2.6 3.0 98.4 

AH2 1200 2.8 3.1 99.4 

AHP2 1200 2.8 3.1 97.2 
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Table 5: Mean values of density before (D0) and after (DI) polymer infiltration and 

infiltration percentage (Inf. P) of polymer-infiltrated spinel groups. 

Group 
Sintering T  

(C )   

D0 

(g/cc) 

DI 

(g/cc) 

Inf. P 

(%) 

SH1 1500 2.7 2.9 98.1 

SHP1 1500 2.7 2.9 97.3 

SH2 1600 2.9 3.1 98.3 

SHP2 1600 2.9 3.1 97.8 

 

Optical and Mechanical Properties of Polymer-Infiltrated Ceramics  

Mean, standard deviation (SD) and coefficient of variation (COV) values of total 

light transmission, refractive index and biaxial flexural strength are shown in Table 6 for 

alumina groups (AH1, AHP1, AM1, AH2, AHP2, AM2, AFD), in Table 7 for spinel 

groups (SH1, SHP1, SM1, SH2, SHP2, SM2) and in Table 8 for polymer groups (RH and 

RHP).  



 54 

              Table 6: Mean, standard deviation and coefficient of variation values of transmission, refractive index 

and biaxial flexural strength for alumina groups. 

Group 

Sintering 

T  

(C )   

Curing 

Technique 

Transmission  

(%) 
Refractive Index 
 

Flexural Strength 

(MPa) 

Mean SD 
COV 

% 
Mean SD 

COV 

% 
Mean SD 

COV 

% 

AH1 1150 Heat 2.16  0.20 7.00 2.00  0.04 2.00 266  38 14 

AHP1 1150 Heat/Pressure 2.53  0.30 10.00 2.00  0.04 2.00 261  45 17 

AM1 1150 N/A 0.50  0.20 31.00 2.20  0.01 0.00 147  20 14 

AH2 1200 Heat 2.36  0.10 3.00 2.00  0.04 2.00 330  32 10 

AHP2 1200 Heat/Pressure 2.75  0.20 9.00 2.00  0.03 2.00 327  60 18 

AM2 1200 N/A 0.55  0.20 34.00 2.20  0.00 0.00 150  25 16 

AFD 1550 N/A 8.47  0.60 7.00 1.70  0.01 1.00 359  68 19 

P-value < .0001 < .0001 < .0001 

                 - ANOVA statistical analysis was performed to compare means at p < .05 for each variable.  
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           Table 7: Mean, standard deviation and coefficient of variation values of transmission, refractive index and 

biaxial flexural strength for spinel groups. 

Group 

Sintering 

T 

(C )    

Curing 

Technique 

Transmission  

(%) 
Refractive Index 

 

Flexural Strength 

(MPa) 

Mean SD 
COV 

% 
Mean SD 

COV 

% 
Mean SD 

COV 

% 

SH1 1500 Heat 10.87  0.70 6.00 1.70  0.01 1.00 157  6 4 

SHP1 1500 Heat/Pressure 14.26  0.50 3.00 1.60  0.01 1.00 167  11 7 

SM1 1500 N/A 2.13  0.20 8.00 1.90  0.04 2.00 80  6 7 

SH2 1600 Heat 10.40  0.40 3.00 1.70  0.01 1.00 215  12 5 

SHP2 1600 Heat/Pressure 14.06  0.30 2.00 1.60  0.01 1.00 219  7 3 

SM2 1600 N/A 3.80  0.12 3.00 2.00  0.01 1.00 127  8 6 

P-value < .0001 < .0001 < .0001 

             - ANOVA statistical analysis was performed to compare means at p < .05 for each variable. 
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Table 8: Mean, standard deviation and coefficient of variation values of density (D), transmission, refractive index 

and biaxial flexural strength for polymer groups. 

Group 
Curing 

Technique 
D (g/cc) 

Transmission  

(%) 
Refractive Index 

 

Flexural Strength 

(MPa) 

Mean SD 
COV 

% 
Mean SD 

COV 

% 
Mean SD 

COV 

% 

RH Heat 1.15 84.23  0.67 1.00 1.43  0.00 0.00 158  18 11 

RHP Heat/Pressure 1.18 89.12  1.00 1.00 1.43  0.00 0.00 158  16 10 

P-value < .0001 < .0001   .98 

t-Test statistical analysis was performed to compare means at p < .05 for each variable.  
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a. Total Light Transmission 

Mean values of total light transmission of alumina groups are shown (Figure 38). 

Results show that there was a statistically significant difference of light transmission 

between alumina groups (p < .0001). Compared with polymer-infiltrated alumina groups, 

the control group AFD showed significantly higher transmission (8.5 %), while alumina 

matrix groups AM2 and AM1 showed significantly lower transmission (0.6 % and 0.5 % 

respectively). Polymer-infiltrated groups AHP1 and AHP2 presented higher transmission 

than AH1 and AH2. There was a significant difference of transmission between AH1 and 

AHP1 and between AH2 and AHP2. Transmission of polymer-infiltrated alumina is 

significantly affected by both sintering temperature of the ceramic matrix (p = .0004) and 

curing technique of infiltrated polymer (p < .0001). However, there was no interaction of 

sintering temperature and curing method (p = .7). 
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Figure 38: Mean values of total light transmission by groups (from highest to lowest). 

Error bars are constructed by 1 SD from the means. ANOVA was performed to compare 

means at p < .05. Tukey-Kramer HSD test was used to determine the significantly 

different groups. Identical letters correspond to lack of statistical significance. 

 

 

Mean values of total light transmission of spinel groups are shown (Figure 39). 

Results show that there was a statistically significant difference of transmission between 

spinel groups (p <.0001). Groups SHP1 and SHP2 showed significantly the highest 

transmission (14.3 % and 14.1 % respectively). Non-infiltrated spinel matrix group SM2 

was significantly more light transmitting than SM1 (3.8 % and 2.1 % respectively), but 

both were significantly lower than polymer-infiltrated spinel groups. Polymer-infiltrated 

groups SHP1 and SHP2 presented significantly higher transmission than SH1 and SH2. 

There was a significant difference between SH1 and SHP1, and between SH2 and 

SHP2.Transmission of polymer-infiltrated spinel is significantly affected by both 
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sintering temperature of ceramic matrix (p = .03) and the curing technique of infiltrated 

polymer (p < .0001). However, there was no interaction of sintering temperature and 

curing method (p = .3). 

 

 

 

Figure 39: Mean values of total light transmission by groups (from highest to lowest). 

Error bars are constructed by 1 SD from the means. ANOVA was performed to compare 

means at p < .05. Tukey-Kramer HSD test was used to determine the significantly 

different groups. Identical letters correspond to lack of statistical significance.   
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 Figure 40 shows a comparison of mean values of total light transmission of all 

alumina and spinel groups. Transmission of polymer-infiltrated spinel was higher than 

fully dense alumina and polymer-infiltrated alumina. 

 

 

 

Figure 40: Mean values of total light transmission by groups (from highest to lowest). 

Error bars are constructed by 1 SD from the means.  
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higher refractive index than AFD but significantly lower than alumina matrix groups. 

There was no statistically significant difference between polymer-infiltrated groups AH1, 

AH2, AHP1 and AHP2. 

 

 

 

Figure 41: Mean values of refractive index by groups (from lowest to highest). Error 

bars are constructed by 1 SD from the means. ANOVA was performed to compare means 

at p < .05. Tukey-Kramer HSD test was used to determine the significantly different 

groups. Identical letters correspond to lack of statistical significance. 

 

 

Mean values of refractive index of spinel groups are shown (Figure 42). Results 

show that there was a statistically significant difference of the refractive index between 

spinel groups (p < .0001). The lowest mean value of the refractive index was shown by 
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than all other groups. There was a significant difference of refractive index between SH1 

and SHP1, and between SH2 and SHP2. Refractive index of polymer-infiltrated spinel is 

significantly affected by both sintering temperature of the ceramic matrix (p = .0001) and 

the curing technique of infiltrated polymer (p < .0001). However, there was no significant 

interaction between sintering temperature and curing method (p = .07). 

 

 

 

Figure 42: Mean values of refractive index by groups (from lowest to highest). Error 

bars are constructed by 1 SD from the means. ANOVA was performed to compare means 

at p < .05. Tukey-Kramer HSD test was used to determine the significantly different 

groups. Identical letters correspond to lack of statistical significance. 
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Figure 43 shows a comparison of mean values of refractive index of all alumina 

and spinel groups that were higher than resin groups. Refractive index of polymer-

infiltrated spinel was lower than polymer-infiltrated alumina. 

 

 

 

Figure 43: Mean values of refractive index by groups (from lowest to highest). Error 

bars are constructed by 1 SD from the means.   
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c. Biaxial Flexural Strength 

 Mean values of the biaxial flexural strength of alumina groups are shown (Figure 

44). There was a statistically significant difference of flexural strength between alumina 

groups (p < .0001). Mean values of groups AH2 and AHP2 showed comparable strength 

to the control group AFD (359 MPa), but significantly higher than groups AH1 and 

AHP1. Non-infiltrated alumina matrix groups AM2 and AM1 showed significantly lower 

strength than polymer-infiltrated alumina groups. Flexural strength of polymer-infiltrated 

alumina is significantly affected by sintering temperature of the ceramic matrix (p < 

.0001) but not by the curing method (p = .7). There was no interaction of sintering 

temperature and curing method (p = .9). 
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Figure 44: Mean values of biaxial flexural strength by groups (from highest to lowest). 

Error bars are constructed by 1 SD from the means. ANOVA was performed to compare 

means at p < .05. Tukey-Kramer HSD test was used to determine the significantly 

different groups. Identical letters correspond to lack of statistical significance. 

 

 

 Figure 45 shows mean values of the biaxial flexural strength of spinel groups. 

There was a statistically significant difference of flexural strength between spinel groups 

(p < .0001). Mean values of groups SH2 and SHP2 were significantly higher than SH1 

and SHP1, Non-infiltrated spinel matrix groups SM2 showed significantly higher 

strength than SM1 but both were significantly lower than polymer-infiltrated spinel 

groups. Flexural strength of polymer-infiltrated spinel is significantly affected by 

sintering temperature of the ceramic matrix (p < .0001) and by the curing method (p = 

.01), but there was no interaction of sintering temperature and curing method (p = .2). 
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Figure 45: Mean values of biaxial flexural strength by groups (from highest to lowest). 

Error bars are constructed by 1 SD from the means. ANOVA was performed to compare 

means at p < .05. Tukey-Kramer HSD test was used to determine the significantly 

different groups. Identical letters correspond to lack of statistical significance. 

 

 

Figure 46 shows a comparison of mean values of the biaxial flexural strength of 
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higher than polymer-infiltrated spinel. 
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Figure 46: Mean values for biaxial flexural strength by groups (from highest to lowest). 

Error bars are constructed by 1 SD from the means. 
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Table 9: Correlation between different variables (Transmission Tr (%), refractive index 

RI, flexural strength Table 10: BFS (MPa) and density DI (g/cc)) for polymer-infiltrated 

alumina and spinel at a significance level of p <.05. 

Variables 
Alumina Spinel 

Correlation p-value Correlation p-value 

RI Tr -0.9 <.0001 -0.9 <.0001 

BFS Tr 0.6 <.0001 0.8 <.0001 

BFS RI -0.7 <.0001 -0.8 <.0001 

DI Tr 0.9 <.0001 0.6 <.0001 

DI RI -0.9 <.0001 -0.6 <.0001 

DI BFS 0.7 <.0001 0.9 <.0001 

 

 

Microstructure of Polymer-Infiltrated Ceramics  

SEM pictures of the polished surfaces of ceramic matrices and polymer-infiltrated 

ceramics are shown in Figures 47-72. The microstructure of alumina matrix shows a 

network of interconnected grains (semi-spherical with round edges) that were connected 

with wide necking and open pores (Figures 47-50). Polymer-infiltrated alumina shows a 

dense microstructure that consists of a network of alumina grains, interpenetrating 

polymer phase and some closed pores (Figures 51-58). The microstructure of fully 

sintered alumina shows a mix of small and large grown grains (significantly larger than 

the grain size of alumina matrix) and distinct grain boundaries (Figures 59 and 60) with 

disappearing of pores in between grains. Spinel matrix specimens show irregular grains 

with sharp edges that were connected in a network pattern with open pores (Figures 61-

65). These pores were filled with polymer in polymer-infiltrated spinel (as shown 
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(Figures 66-72). The grain of spinel matrix sintered at higher temperature was larger and 

more defined. SEM pictures were taken by using secondary electron detection mode and 

backscattered electron detection mode (Figures 73 and 74). The latter showed better 

contrast of polymer and ceramics (polymer appeared darker while ceramic looked 

brighter). EDS analysis confirmed the presence of the elements that composes alumina, 

spinel ceramics and polymer (Figure 75). Figure 76 showed a layered image of the 

elements detected by the EDS analysis and the distribution pattern of these elements 

within a polymer infiltrated spinel specimen. 
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Figure 47: SEM picture of alumina matrix specimen (group AM1) at 

magnification of 7000x. 

Figure 48: SEM picture of alumina matrix specimen (group AM1) at 

magnification of 15,000x. 
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Figure 49: SEM picture of polymer-infiltrated alumina specimen (group 

AM2) at magnification of 7000x. 

Figure 50: SEM picture of polymer-infiltrated alumina specimen (group 

AM2) at magnification of 15,000x. 
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Figure 51: SEM picture of polymer-infiltrated alumina specimen (group 

AH1) at magnification of 7000x. 

Figure 52: SEM picture of polymer-infiltrated alumina specimen (group 

AH1) at magnification of 15,000x. 
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Figure 53: SEM picture of polymer-infiltrated alumina specimen (group 

AH2) at magnification of 7000x. 

Figure 54: SEM picture of polymer-infiltrated alumina specimen (group 

AH2) at magnification of 15,000x. 
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Figure 55: SEM picture of polymer-infiltrated alumina specimen (group 

AHP1) at magnification of 7000x. 

Figure 56: SEM picture of polymer-infiltrated alumina specimen (group 

AHP1) at magnification of 15,000x. 
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Figure 57: SEM picture of polymer-infiltrated alumina specimen (group 

AHP2) at magnification of 7000x. 

Figure 58: SEM picture of polymer-infiltrated alumina specimen (group 

AHP2) at magnification of 15,000x. 
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Figure 59: SEM picture of fully sintered alumina specimen (group AFD) at 

magnification of 7000x. 

 

 

 

 

  

 

 

  

Figure 60: SEM picture of fully sintered alumina specimen (group AFD) 

at magnification of 15,000x. 
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Figure 61: SEM picture of spinel matrix specimen (group SM1) at 

magnification of 1000x. 

Figure 62: SEM picture of spinel matrix specimen (group SM1) at 

magnification of 5000x. 
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Figure 63: SEM picture of spinel matrix specimen (group SM2) at 

magnification of 1000x. 

Figure 64: SEM picture of spinel matrix specimen (group SM2) at 

magnification of 5000x. 
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Figure 65: SEM picture of polymer-infiltrated spinel specimen (group 

SH1) at magnification of 1000x. 

Figure 66: SEM picture of polymer-infiltrated spinel specimen (group 

SH1) at magnification of 5000x. 
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Figure 67: SEM picture of polymer-infiltrated spinel specimen (group 

SH2) at magnification of 1000x. 

Figure 68: SEM picture of polymer-infiltrated spinel specimen (group 

SH2) at magnification of 5000x. 
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Figure 69: SEM picture of polymer-infiltrated spinel specimen (group 

SHP1) at magnification of 1000x. 

Figure 70: SEM picture of polymer-infiltrated spinel specimen (group 

SHP1) at magnification of 5000x. 
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Figure 71: SEM picture of polymer-infiltrated spinel specimen (group 

SHP2) at magnification of 1000x. 

Figure 72: SEM picture of polymer-infiltrated spinel specimen (group 

SHP2) at magnification of 5000x. 
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Figure 73: SEM picture of polymer-infiltrated alumina scanned by secondary 

electron detection mode (left) and backscattered electron detection mode (right). 

Figure 74: SEM picture of polymer-infiltrated spinel scanned by secondary 

electron detection mode (left) and backscattered electron detection mode (right). 
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Figure 75: EDS Analysis of elements composition of polymer-infiltrated alumina 

(left) and polymer-infiltrated spinel (right). 

Figure 76: EDS layered image of elements composition of polymer-infiltrated 

spinel (left) and the pattern of elements distribution (right). 
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DISCUSSION 

 

The aim of this study was to fabricate polymer-infiltrated ceramics and to 

evaluate their optical and mechanical properties. At a microstructure level, polymer-

infiltrated ceramics consist of ceramic grains, grain boundaries and a polymer phase. 

Grains form during sintering by a consolidation of ceramic powder as a result of 

heating.29 During an early stage of sintering, neck formation between touching particles 

and reduction of surface area occur with minimum densification and sintering shrinkage, 

leading to the formation of a partially dense object with pore channels.29 At later stage, 

grain growth continues to occur depending on many factors that control the final size and 

shape of grains.  

 The particle size of the ceramic powder has a significant influence on grain 

formation. Small particles have better sinterability and produce a microstructure with fine 

grains, while larger particles result in an open porous structure that needs higher sintering 

temperature for densification, which can be associated with higher sintering shrinkage.4, 

18 A combination of fine and coarse particles can be used to overcome the sintering 

induced shrinkage.18 The fine particles (less than 0.5 m in diameter) contribute to the 

surface diffusion that results in necking between coarse particles while larger particles 

prevent contraction of the fine particles.29 Chaiyabutr et al. found that biaxial flexural 

strength of polymer-infiltrated alumina increased as the particle size of alumina 

decreased.4 In our study, alumina powder with an average particle size of 0.6 m was 

used to fabricate ceramic matrix specimens, while spinel powder had particle sizes 
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ranging between 1 and 5 m; the spinel powder was milled using zirconia grinding media 

before slip casting in order to produce smaller particles. SEM picture of milled spinel 

powder showed some improvement of the particle size but there was a combination of 

small and large particles after milling. 

 Literature shows that grain size, form, and orientation are affected by methods 

used to compact ceramic powder. A comparison between slip casting and uniaxial 

pressing of the ceramic powder showed that slip casting resulted in better packing 

uniformity and more homogenous microstructure with more density of the green body 

formed.7 Guazzato et al. reported that slip cast based glass infiltrated alumina showed 

significantly higher tensile strength and higher fracture toughness than dry pressed glass 

infiltrated alumina.39 Slip is a dispersion of ceramic powder in water to form a slurry, 

which is applied onto a plaster surface to produce a ceramic matrix.39 Slurry liquid at or 

near the plaster surface is absorbed, forming a solid layer of interlocking ceramic 

particles. As the process continues, this solid layer increases so long as the pores of the 

plaster surface continue to absorb the liquid of the slurry.7 This process is an ideal 

combination of dewatering and shaping. Its versatility in terms of shape, size and 

materials’ applicability, and its ability to accommodate a wide range of particle sizes 

(from nano-particles to several microns) are considered major advantages.7 In our study, 

both alumina and spinel matrices were fabricated by slip casting method. 

Sintering temperature, time and heating rate also play a significant role in 

developing a ceramic microstructure. The reduction of porosity of ceramics is much more 

sensitive to sintering temperature than to sintering time.40 A study found that with 
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increased sintering temperature, the alumina grain size increased from 0.29 m at 1150 

°C to 9.8 m at 1550 °C.41 Another study found that higher sintering temperature resulted 

in rapid grain growth and more densification.24 This finding supports what our present 

study reported; as the sintering temperature increased, the density of ceramic matrices 

increased and pores decreased. The increase of alumina sintering temperature from 1100 

to 1550 °C resulted in increased theoretical density from 56% to 95%; as sintering 

temperature of spinel increased from 1100 to 1600 °C, theoretical density changed from 

65% to 80 %. Since spinel particles we used were relatively large compared with 

alumina, higher temperature was required for spinel to obtain density levels similar to 

alumina that were achieved at a lower sintering temperature. Sintering temperatures used 

in this study were selected based on temperature- density curves (created from the initial 

study we did) for each material to fabricate rigid ceramic matrices with particular levels 

of porosity (20-35%) to be filled with polymer.  

It was also found by a previous study that the grain size and the porosity 

decreased with decreasing the heating rate during sintering; a heating rate of 8 °C/min  

resulted in alumina microstructure with grain size of 0.27 m, whereas a heating rate of 

100 °C/min resulted in larger grain size of 0.55 m.41 Such an effect of the heating rate 

on grain size was also found in spinel microstructure.41 In our study, a slow heating rate 

of 10 °C/min was used during sintering cycles of alumina and spinel to control grain size. 

Grain growth can be also controlled by adding dopants to alumina powder such as MgO 

or ZrO2 or by using unconventional sintering methods such as spark-plasma sintering or 

microwave sintering as shown in dental literature.7, 42 It is critical to control grain growth 
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of ceramic materials to ensure good optical properties and high strength. Alumina with 

small grains has higher strength and is more resistant to fracture than larger grain size 

materials. Also, high translucency is attained by both small grain size of alumina (<1 m) 

and low porosities (<0.05%).41 The grain size of polycrystalline ceramics should be 

smaller than wavelength of visible light (380 - 750 nm) to obtain high translucency.43  

Porosity is defined as the ratio of pore volume to the total volume of pore and 

solid material together.40 The surfaces of a pore are boundaries between phases with 

different optical properties that can intensely reflect and refract light.7 Pores can be inter-

crystalline or intra-crystalline and their size, number and distribution can significantly 

influence the properties of ceramics.7 Furthermore, light scattering also occurs at grain 

boundaries of grains with different orientations of anisotropic crystalline arrangement due 

to its arbitrary crystallographic orientation or at interfaces of phases of multiphase 

materials due to mismatching of refractive indexes.7, 41  

Refractive index is defined as the ratio of the velocity of light in vacuum to that 

passing through a material.44 It measures the ability of a material to change the velocity 

and direction of incident light upon contact with its surface, depending on the electrical 

excitability of atoms within the material; that measurement can be affected by light 

wavelength and temperature.44, 45 Refractive index is commonly measured using an Abbe 

refractometer, by interferometry, or by using the Becke line test, where an optical 

microscope with a series of immersion liquids of known refractive index is used.44 In our 

study, a digital refractive index meter that can measure a wide range of refractive indexes 

(between 1 and 3) was used. 
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The presence of multiphase, anisotropic ceramic microstructure and porosity can 

significantly affect the refractive index of polymer-infiltrated ceramics. Its value has been 

shown to be higher for ceramic materials than polymers.45 The 1.78 average refractive 

index of alumina compared with the 1.48 to 1.53 refractive index of methacrylate 

monomers leads to an opaque microstructure.5 In our study, refractive index values of 

polymer, porous spinel and alumina matrices were 1.43, 2 and 2.2 respectively. The large 

variation of refractive index values between polymer and ceramics explains the low 

translucency of polymer-infiltrated ceramics as more light scattering occurs when passing 

through these phases with mismatched refractive indexes. Yoshimura et al. proved that 

matching the refractive index of alumina and glass phases significantly decreased light 

scattering at the interfaces between these phases by preparing glass that had a refractive 

index close to that of alumina used for glass infiltrated alumina (difference of 1%).30 

They found that the scattering coefficients of this prepared material were relatively lower 

than conventional In-Ceram alumina because the refractive index of the prepared glass 

was closer to alumina.30  Additives, such as lanthanum and yttrium oxides, can be added 

to glass in order to match its refractive index to alumina’s for glass infiltrated ceramics.30 

The influence of the presence of multiple phases on refractive index was also 

confirmed by our finding of higher refractive index of polymer-infiltrated alumina (2) in 

comparison with fully sintered alumina consisting of single phase (1.7). More light 

scattering occurs when light passes through different phases of polymer-infiltrated 

alumina than the single phase alumina material, leading to compromised translucency; 

that explains the lower light transmission values of polymer-infiltrated alumina (less than 
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3 %) compared with fully sintered alumina (more than 8%). According to our study, 

polymer-infiltrated alumina groups had higher refractive index values (2) compared with 

spinel groups (1.6 -1.7). The anisotropic crystallography of alumina results in more light 

refraction and reflection through the arbitrary crystallographic orientation compared with 

the cubic crystallographic arrangement of spinel ceramics. On the other hand, both 

polymer-infiltrated alumina and spinel materials in this study had lower refractive 

indexes than the porous ceramic matrices as light scattering by pores in ceramic matrix 

remarkably reduces light transmission due to the significant difference between the 

refractive indexes of the ceramic matrix and air.30 

Translucency is considered a primary factor in determining esthetics and a critical 

factor in selecting dental materials. A material appears translucent if the majority of light 

is diffusely transmitted with minimum scattering. As the light scattering increases, the 

opacity of the material becomes higher. Translucency is the ratio of the intensity of the 

transmitted light to that of the incident light passing through a material.43 It can be 

measured by direct light transmission (that passes through without changing direction and 

quality) or total light transmission (combined direct and diffuse transmission).43 A 

spectrophotometer that measures direct transmission has the detector placed away from 

the specimen, so when a light beam passes through a specimen, scattered light will not be 

detected.7 Direct transmission is more sensitive to grain size and residual pores; it 

exponentially decreases with the thickness of ceramic materials.46 On the other hand, 

measurement of total transmission necessitates the use of a dual beam, integrating sphere 

radiometer or spectrophotometer that is able to capture all of the light transmitted through 
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a specimen.46 Translucency of a material is affected by the amount of light scattering 

which usually determined by the wavelength of light and the microstructure of the 

material. The grain boundaries and the presence of pores and defects act as scattering 

centers. Also, the anisotropic microstructure results in light refractions upon each grain to 

grain light transmission within the lattice, while isotropic lattice results in constant light 

refraction. The translucency is compromised by grain size and scattering centers that are 

larger than the light wavelength.47 Light scattering is more critical when measured at 

shorter wavelength and transmission can drop from 40 % at 700 nm to less than 10% at 

400 nm.7 In our study, total light transmission was measured to evaluate the translucency 

of polymer-infiltrated ceramics at the wavelength range of visible light. Other factors that 

contribute to reduced translucency include thickness of the material and surface 

roughness.7 All specimens in this study were polished to smooth surfaces as described in 

the materials and methods section and had thickness of 1.5 mm  (simulating the thickness 

of dental restorations) to control the effect of these factors on measurements of light 

transmission. 

 Full densification of polycrystalline ceramic materials requires sintering at high 

temperature; that may be associated with sintering induced shrinkage and abnormal grain 

growth. Therefore, polymer-infiltrated ceramics could be a preferred way to produce 

dense materials by infiltrating polymer into a ceramic matrix that is sintered at relatively 

low temperature to control grain growth and its influence on properties. It was found in 

our study that all polymer-infiltrated ceramic groups showed higher density and better 

translucency than ceramic matrix groups; polymer infiltration increased light 
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transmission from 0.6% to 2.8% for alumina and from 2.1% to 14.3% for spinel. 

However, the challenging part of manufacturing polymer-infiltrated ceramics is the 

unavoidable volume shrinkage during polymerization. A polymerization shrinkage of 8.8 

% for UDMA and 14.4 % for TEGDMA was measured elsewhere.11,48 During the 

conversion from monomer to polymer, the volume reduction creates defects in the form 

of pores inside the preforms and generates internal stress that leads to interfacial 

debonding between polymer and ceramic network; consequently, optical properties will 

be compromised.11, 18 The internal stress is generated as polymerization starts at the 

outermost layer and continue toward the center of the preform. As a result of the 

polymerization shrinkage, a negative pressure is formed.11  The application of hydrostatic 

pressure during polymerization may have a positive impact on strength and 

microstructure of polymer-infiltrated ceramics.  

Previous studies found that pressure applied during polymerization led to higher 

strength of experimental polymer-infiltrated alumina with fewer microstructural defects.5, 

11 Conversely, our study indicated that thermal polymerization with pressure did not 

significantly influence the flexural strength of polymer-infiltrated alumina groups (having 

the same matrix density) and pure polymer groups in comparison with groups that were 

subjected to thermal polymerization without pressure. It can be inferred that the strength 

of polymer-infiltrated ceramics is primarily determined by the strength of ceramic matrix, 

while polymerization has little influence on materials’ strength. We also found that 

densities of polymer-infiltrated ceramics was not influenced by curing technique (thermal 

polymerization with or without pressure).  
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On the other hand, translucency was significantly affected by thermal 

polymerization under pressure. We found that pure polymer, alumina and spinel groups 

that were subjected to pressure during polymerization showed significantly higher 

translucency than those polymerized with heat only. The density of UDMA-TEGDMA 

polymer was also increased significantly by polymerization under pressure. The 

application of pressure during polymerization allows a larger degree of conversion and 

crosslinking that increases polymer density and permits the infiltration of higher amount 

of monomer into the matrix preform. Since pressure will reduce distance between 

monomer molecules, the free volume is decreased leading to higher density, fewer 

defects and better optical properties.5, 11 In addition to pressure application, there are 

other factors, such as type of resin and silane application, that can be controlled to 

overcome the defects associated with polymerization of polymer-infiltrated materials. 

Some types of resin, such as epoxy resin, show less volume shrinkage during 

polymerization. Silane aids in wetting of ceramic matrix and enhances chemical bonding 

between ceramic network and polymer.18 

Flexural strength of polymer-infiltrated ceramics was higher than ceramic 

matrices and polymer. According to our study, polymer-infiltrated ceramics showed 

about 2 times higher flexural strength than ceramic matrix of both alumina and spinel 

materials. Also, flexural strength values of polymer-infiltrated alumina groups (261-330 

MPa) and polymer-infiltrated spinel made of higher density spinel matrix ( 217 MPa) 

were significantly higher than the strength of the pure polymer groups (158 MPa). These 

findings are in accordance with other studies that also found interpenetrating phase 
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ceramics had better properties than single phases due to the presence of two connected 

phases that limits crack propagation by polymer bridging.4, 12 Generally, fracture of 

ceramics is governed by toughness and strength, and to a lesser extent by elastic modulus 

and hardness; increasing strength simply increases the resistance to crack initiation in 

these structures, whereas increasing toughness increases the resistance to crack 

propagation.10 Crack closure by polymer bridges depends on a number of factors, 

including the quality of bonding between ceramic matrix and polymer, the residual stress 

within the polymer and the presence of pre-existing defects and pores.18 Pores and defects 

decrease as the density of materials increases and therefore strength improves. The 

present study demonstrated that flexural strength is directly proportional to the density of 

polymer-infiltrated ceramics.  

Flexural strength test is one of the most well- established methods of evaluating 

dental ceramic materials.49 Various testing methods are used for determining flexural 

strength, which can be either uniaxial such as three- or four-point bending or biaxial 

flexural tests such as piston-on-ring or piston-on-three-ball.50 Biaxial flexural strength 

test using piston on three balls was done to evaluate the strength of tested materials in this 

study; strength values were meeting those recommended by ISO 6872 protocol (> 100 

MPa). 

Infiltration percentage represents the percentage of infiltrating polymer occupying 

the porosities of ceramic matrix. Its values in this study ranged between 97.2 and 99.4%, 

indicating the presence of 0.6 to 2.8 % of unfilled pores. However, these seem to be a few 

isolated ones and did not have a significant effect on material’s properties obtained. As 
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shown by the current study, polymer infiltration improves the density, translucency and 

flexural strength of ceramic matrices significantly. However, the type of ceramic matrix 

is the primary determinant of material’s properties. Therefore, polymer-infiltrated 

alumina had higher strength but lower translucency than polymer-infiltrated spinel, which 

is a similar finding to polycrystalline alumina and spinel. Compared with the currently 

available interpenetrating phase ceramics in the dental market, our experimental polymer-

infiltrated alumina and spinel showed higher strength (330 MPa and 219 MPa 

respectively) than Vita Enamic (160 MPa) but less than In-Ceram alumina (548 MPa). 

Vita Enamic showed higher translucency (26.2%) compared with In-Ceram alumina 

(8.9%)30 and our experimental polymer-infiltrated alumina and spinel (14.3% and 2.8% 

respectively). Previous studies4, 18, 29 found that the strength of glass infiltrated alumina 

was not influenced by particle size and sintering cycles of the ceramic matrix which were 

critical factors that significantly influence polymer-infiltrated alumina as our study 

confirmed. 

The present study revealed novel and significant results about manufacturing and 

properties of polymer-infiltrated polycrystalline ceramics. Optical properties of these 

recently developed materials, that were not studied by any of the previously published 

studies, were investigated in the present study, however, testing mechanical properties 

was limited to flexural strength as an initial way of evaluating the resultant materials. 

Also, this study focused on manufacturing ceramic matrices by slip casting and partially 

sintering of selected types of ceramic powder (alumina A1000SG and spinel MG-202). 

Other brands of different particle sizes may require different processing and result in 
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other forms of microstructure that can significantly influence properties. Further 

suggestions for future studies include using a polymer with refractive index close to 

ceramic matrix for improving optical properties and investigating the influence of various 

microstructures of different types of polycrystalline ceramics on both optical and 

mechanical properties.   
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CONCLUSIONS 

 

Within the limitations of the present study and based on its findings, the following 

conclusions can be drawn: 

1. Sintering temperature had a significant influence on density of the ceramic matrix. As 

sintering temperature increased, ceramic matrix density increased and porosity 

decreased.  

2. Sintering temperature had a significant influence on the translucency and the flexural 

strength of polymer-infiltrated alumina and spinel. Groups that sintered at higher 

temperature showed higher light transmission and higher strength. 

3. The application of pressure during thermal polymerization of polymer-infiltrated 

alumina and spinel had a significant influence on increasing their translucency. The 

flexural strength of polymer-infiltrated spinel was significantly affected by pressure 

application during polymerization but the strength of polymer-infiltrated alumina did 

not change significantly. 

4. The refractive index of polymer-infiltrated spinel was significantly influenced by 

sintering temperature and curing method, while the refractive index of polymer-

infiltrated alumina did not affected by these factors.  

5. Polymer-infiltrated ceramics showed significantly better translucency and flexural 

strength than their corresponding ceramic matrices. 

6. The refractive index of polymer-infiltrated ceramics was significantly lower than their 

corresponding ceramic matrices. 
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7. The total transmission and flexural strength of polymer-infiltrated ceramics showed a 

significant positive correlation with polymer-infiltrated ceramic density, while 

refractive index was negatively correlated with it. 

8. Polymer-infiltrated alumina sintered at 1200 °C and cured with heat under pressure 

showed the highest flexural strength (comparable to fully sintered alumina) and 

higher translucency compared with other alumina infiltrated groups but was 

significantly low in comparison with the fully sintered group. 

9. Polymer-infiltrated spinel sintered at 1600 °C and cured with heat under pressure 

showed the highest translucency and strength among spinel groups. 

10. Polymer-infiltrated alumina showed higher flexural strength but lower translucency 

than polymer-infiltrated spinel.   
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