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Dental articles are produced using relatively loW sintering 
temperatures to achieve high density dental articles exhibit 
ing strengths equal to and greater than about 700 MPa. 
Ceramic powders comprised of nanoparticulate crystallites 
are used to manufacture dental articles. The ceramic poWders 
may include sintering agents, binders and other similar addi 
tives to aid in the processing of the ceramic poWder into a 
dental article. The ceramic poWders may be processed into 
dental articles using various methods including, but not lim 
ited to, injection molding, gel-casting, slip casting, or elec 
troforming, hand, cad/camming and other various rapid pro 
totyping methods. The ceramic poWder may be formed into a 
suspension, pellet, feedstock material or a pre-sintered blank 
prior to forming into the dental article. 
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DENTAL RESTORATIONS USING 
NANOCRYSTALLINE MATERIALS AND 

METHODS OF MANUFACTURE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to US. Application 
No. 60/474,l66 ?led May 29, 2003, entitled Methods of 
Fabricating Dental Restorations Using Nanocrystalline 
Materials, Which is hereby incorporated by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to nanocrystalline ceramic 
poWders especially useful for fabricating dental restorations 
and methods of fabricating dental restorations using ceramic 
poWders comprising nanoparticles. 

BACKGROUND OF THE INVENTION 

[0003] Techniques of fabricating all-ceramic dental resto 
rations by hand and methods using commercial high-tech 
systems such as CAD/CAM systems each have their limita 
tions and target different segments of the dental laboratory 
market. There are tWo main challenges restricting Widespread 
use of high-strength ceramic materials for cost-effective fab 
rication of dental restorations and both challenges are related 
to the sintering step of the operation. High-strength ceramic 
materials are crystalline materials formed from poWder and 
require high temperatures for sintering that result in sub stan 
tial shrinkage. Any technique enabling use of these materials 
for dental restorations should offer Ways to (l) compensate 
for shrinkage and (2) provide a furnace capable of reaching 
the temperatures necessary to sinter the material to nearly full 
density. 
[0004] A technique reportedly providing the highest 
strength for manually produced copings, the Vita® In-Ce 
ramTM method (developed by VITA Zahnfabrik), has been 
advertised as yielding a material With ?exural strength of 
about 500 MPa or even higher. This technique has not become 
popular mostly due to esthetic limitations and a tedious multi 
step fabrication procedure that includes a glass in?ltration 
step. This glass in?ltration technique is one Way to circum 
vent the above-mentioned challenges. Vita® In-CeramTM 
copings are slip-cast on a gypsum die and soft-sintered With 
negligible shrinkage. The ?nal glass in?ltration step does not 
require a special fumace. The resulting product is a fully 
dense restoration having undergone no shrinkage. Nonethe 
less, the presence of a glass phase in the glass-in?ltrated 
ceramics makes it inferior to corresponding crystalline 
ceramics in mechanical strength and chemical durability. 
[0005] Currently available CAD/CAM systems are capable 
of compensating for shrinkage by milling enlarged shapes. 
Moreover, high-temperature isotropic sintering results in 
fully dense and accurate ?nal shapes. HoWever, CAD/CAM 
systems and procedures are expensive and not affordable by 
small labs. For example, tWo of the most recently developed 
commercial state-of-the art CAD/CAM systems, the 
LAVATM system (available from 3M ESPE) and the CER 
CON® system (available from Dentsply/Degussa), require 
the purchase of a scanner, milling machine and high-tempera 
ture sintering furnace and are currently priced in the range of 
approximately $60,000-$l80,000. Both of the aforemen 
tioned CAD/CAM systems employ soft-sintered Zirconia 
blocks. The blocks are milled to enlarged shapes and subse 
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quently sintered to full density. Both systems are advertised 
as yielding materials having a ?exural strength of about 900 
MPa or higher. 

[0006] Glass-ceramic materials obviate the need to com 
pensate for shrinkage and high temperature sintering. They 
can be hand-built on a refractory die and sintered at fairly loW 
temperatures to assure accuracy of the ?nal shape. One 
example of such a material is an OPCTM LoW Wear (available 
from Pentron Laboratory Technologies, LLC) porcelain 
jacket croWn (PIC). Glass-ceramic materials can also be 
injection molded into a refractory investment mold formed by 
the lost Wax technique. Examples of commercially available 
materials used in this process include OPC® porcelain, and 
OPC® 3GTM porcelain, IPS Empress® porcelain and 
Empress 2TM porcelain. The physical mechanism underlying 
the high processability/formability of these glass-ceramics is 
the viscous How of its glass component. The glass-ceramic 
materials listed above (OptecTM, OPC® and OPC® 3GTM, 
Empress® and Empress2TM materials) have from about 40% 
to about 60% of a glass phase Which serves as a matrix in 
Which from about 40% (e. g., Optec) to about 60% of crystals 
(e.g., Empress2) are embedded. These crystals are groWn 
in-situ by crystallization heat-treatment of the parent glass. 
Alternatively, in a method described by Hoffman in US. Pat. 
Nos. 5,916,498, 5,849,068 and 6,126,732, in order to improve 
processability of the material, up to 50% glass is added to the 
crystalline ceramic poWder. As a result, the reported ?exure 
strength is limited to less than 600 MPa. By introducing a 
glass phase into the microstructure, strength is compromised 
to gain better processability. 
[0007] Sintering of glass-ceramic poWders is a relatively 
fast process compared to sintering of crystalline ceramic 
poWders due to the viscous ?oW mechanism of the former, 
Which is associated With higher densi?cation rates, but the 
presence of the residual glass phase limits the strength of the 
?nal product. Another bene?t of the viscous ?oW mechanism 
is that the glass ceramic conforms to the shape of the die 
during sintering Without cracking. On the other hand, crys 
talline ceramics can be much stronger than glass ceramics, 
but crystalline ceramics sinter by a solid-state diffusion 
mechanism that is intrinsically sloW creating inhomogeneous 
shrinkage, generating signi?cant sintering stresses that may 
result in associated cracking. Liquid phase sintering induced 
by the addition of sintering aids greatly enhances sinterability 
of crystalline ceramics by promoting particle rearrangement 
and solution-precipitation mechanisms but such mechanisms 
do not achieve all the advantages of the viscous ?oW mecha 
nrsm. 

[0008] At the same time many experimental and theoretical 
studies reveal a decrease of the melting temperature of nano 
metallic particles in comparison With the melting temperature 
of conventional bulk metals. Its magnitude depends mostly on 
particle siZe and crystal structure as Well as particle surface 
conditions and the ho st matrix environment such as the pres 
ence of impurities, level of agglomeration, coating, deposi 
tion substrate and the like. Usually, melting is associated With 
a pre-melting process resulting in a change in shape of the 
nanoparticles folloWed by the formation of a liquid skin on 
the melting nanoparticles. The liquid skin thickness increases 
during melting gradually consuming the solid particle core. 
Transmission electron microscopy studies, such as the one 
discussed in “Shape Transformation and Surface Melting of 
Cubic and Tetrahedral Platinum Nanocrystals” by Z. L. 
Wang, J. M. Petroski, T. C. Green and M. A. El-Sayed, J. 
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Phys. Chem. 102, (32) 6145-6151 (1998), have established 
that 8 nanometer platinum nanoparticles begin to melt at 
about 6000 to about 6500 C., Which is a much lower tempera 
ture than the melting point of bulk platinum at 17690 C. At 
about 5000 C., cubic particles change their shape to a spheri 
cal shape With surface melting occurring at about 6000 C. to 
about 6500 C. The molten layer surrounding solid cores of 
platinum nanocrystals is about 1 nm in thickness at 6000 C. 
and the thickness increases With temperature as the nanopar 
ticles continue to melt. The “melting point depression” abbre 
viated as MPD is a thermodynamically driven phenomenon 
and can be explained by a drastic increase in the surface 
area/volume ratio in nano-particulate materials and the cor 
responding increase in their speci?c surface energy. This 
leads to a siZe-related dependence of melting temperature that 
is roughly close to 1/d functionality, Where d is the mean 
particle siZe, and contains surface tension coe?icients, latent 
heat of melting and the molten skin thickness as parameters. 
[0009] Table 1 presents some experimental data illustrating 
the difference in melting temperatures for nanoparticles and 
the corresponding bulk metals and semiconductors. 

TABLE 1 
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[0012] For example, the melting point (TM) for pure alu 
mina and Zirconia are 20500 C. and 27000 C., respectively, 
and therefore the MPD effect of the order of 0.5 TMW1ll result 
in melting temperatures for nano -alumina and nano-Zirconia 
particles of about 10250 C. and 13500 C. HoWever, there are 
some indirect indications that MPD does occur in nanocer 
amics such as extremely loW sintering temperatures for nan 
opoWders as reported in R. A. Kimel, Aqueous Synthesis and 
Processing ofNanosized Yllria Telragonally Stabilized Zir 
conia, Ph.D. Thesis, The Pennsylvania State University, the 
Graduate School, the College of Earth and Mineral Sciences, 
(2002) and in G. Skandan, H. Hahn, M. Roddy and W. R. 
Cannon, “Ultra?ne-Grained Dense Monoclinic and Tetrago 
nal Zirconia,” J. Am. Ceram. Soc., vol. 77, no. 7, pp. 1706-10 
(1994), Which are both hereby incorporated by reference. 
[0013] These studies reported onset of densi?cation at sur 
prisingly loW temperatures of about 0.3 TM as Well as a sur 
prising and unique ability of nanoceramics to be translucent 
at fairly high levels of porosity. 
[0014] Some studies reported extreme dif?culty in sinter 
ing nanoceramics to full density due to rapid grain groWth. 

Melting temperatures of the selected nanomaterials 

Nano-Material Bulk Melting 
Nano- Nano- Melting Melting Point 
Particle Particle Temperature Temperature Depression Melting Surface 

Material Shape size, nm ° C. O C. O C. TMMnO/TMbulk Melting Ref. 

Pt cubic 8 650 1769 1100 0.37 surface melting [1] 
Au spherical 4 650 1057 400 0.61 melting [2] 
Ag spherical 7 470 961 490 0.49 melting [2] 
Pd Wire Diameter 4. 6 300 1445 1100 0.21 melting [3] 

Length 202 
Sn spherical 10 153 232 80 0.66 melting [4] 
CdS spherical 4 630 1678 1080 0.38 melting [5] 
Ge Wire Diameter 55 650 930 280 0.70 surface melting [6] 

Length 1000 from ends 

[1] “Shape Transformation and Surface Melting ofCubic and Tetrahedral Platinum Nanocrystals,” Z. L. Wang, J. M. Petroski, T. 
C. Green and M. A. El-Sayed, J. Phys. Chem. 102, (32), 6145-6151 (1998). 
[2] “Size-Dependent Melting Temperature of Individual Nanometer-Sized Metallic Clusters,” T. Castro, R. Reifenberger, E. Choi 
and R. P. Andres, Phys. Rev., B 42 (13), 8548-8556 (1990). 
[3] “Size Controlled Synthesis ofPd NanoWires Using a Mesoporous Silica Template Via Chemical Vapor In?ltration,” K-B Lee, 
S-M Lee, and J. Cheou, Adv. Mate., 13 (7), 517-520, (2001). 
[4] “Size-Dependent Melting Properties of Small Tin Particles: Nanocalorimetric Measurement,” S. L. Lai, J. Y. Guo, V. Petrova, 
G. Ramanath and L. H. Allen, Phys. Rev. Lett, 77(1), 99-102, (1996). 
[5] “Melting in Semiconductor Nanocrystals,” A. N. Goldstein, C. M. Echer and A. P. Alivisatos, Science, 256, 1425-1427, 
(1992). 
[6] “Melting and Welding Semiconductor NanoWires in Nanotubes,” Y. Wu and P. Yang, Adv. Mater, 13 (7), 520-523, (2001). 

[0010] Onset of surface melting occurs usually at tempera 
tures even loWer than the temperature at Which the entire 
nanoparticle melts. It can be speculated that the “molten 
shells” of the pre-melted nanoparticles Work as “a lubricant” 
inducing higher mobility of the particles and higher diffusion 
rates and hence facilitating densi?cation at temperatures 
much loWer than 0.6 of the melting point (Tm). 
[0011] It can be further speculated that thermodynamic 
considerations explaining the mechanism of MPD described 
above should hold for ceramic nanoparticles as Well. Never 
theless, the MPD effect is not very Well studied in ceramics 
for obvious reasonsieven the depressed melting point 
anticipated for ceramic nanoparticles Will still be very high 
making it extremely dif?cult to conduct observations similar 
to those for metals and semiconductors described above in 
Table 1. 

For example, Skandan et al. (cited above) observed that grains 
greW 15 times the initial particle siZe in the case of nano 
Zirconia. The other major obstacle encountered With the use 
of nanoparticles in the fabrication of dental articles is related 
to di?iculties in the consolidating of bulk shapes using con 
ventional methods like poWder compaction and slip-casting. 
It the scope of the present invention to utiliZe the advantages 
of nanoparticulate ceramics While successfully overcoming 
the obstacles currently hampering use of such nanoparticu 
lates as dental ceramics. 
[0015] It is desirable to provide dental ceramics having loW 
sintering temperatures and high strengths. It Would be ben 
e?cial to provide dental ceramics having sintering tempera 
tures that are loW enough to be sintered in existing dental 
furnaces, yet maintaining high strength and translucency. It is 
most desirable to provide processing techniques for dental 
ceramics that result in fully densi?ed dental ceramics. 
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SUMMARY OF THE INVENTION 

[0016] These and other objects and advantages are accom 
plished by the ceramic powders of the present invention 
Which are manufactured into dental articles. The ceramic 
poWders may include sintering agents, binders and other 
similar additives to aid in the processing of the ceramic poW 
der into a dental article. The ceramic poWders are comprised 
of nanoparticulate crystallites. The ceramic poWders may be 
processed into the dental article using various methods 
including, but not limited to, injection molding, gel-casting, 
slip casting, or electroforming, hand forming, cad/camming 
and other various rapid prototyping methods. The ceramic 
poWder may be formed into a suspension, pellet, feedstock 
material or a pre-sintered blank prior to forming into the 
dental article. 
[0017] Dental articles are produced using relatively loW 
sintering temperatures to achieve high density dental articles 
exhibiting strengths equal to and greater than about 700 MPa. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] Features of the present invention are disclosed in the 
accompanying draWings, Wherein similar reference charac 
ters denote similar elements throughout the several vieWs, 
and Wherein: 
[0019] FIG. 1 is a schematic diagram shoWing the structure 
of particles described herein; 
[0020] FIG. 2 is a schematic diagram shoWing particle siZe 
distribution of ceramic poWders; 
[0021] FIG. 3 is a graph shoWing density versus sintering 
temperature of nano-siZed and conventional three mole per 
cent yttria-stabiliZed Zirconia; 
[0022] FIG. 4 is a schematic diagram of sample geometry 
and an orthogonal coordinate system used for sintering 
shrinkage measurements; 
[0023] FIG. 5 is a graph shoWing shrinkage of outside 
diameter L,C versus shrinkage of the height of cups made out of 
conventional Zirconia poWder and nanosiZed Zirconia poWder 
(NP-2); and 
[0024] FIG. 6 is a graph shoWing shrinkage of outside 
diameter Ly versus shrinkage of the height of cups made out of 
conventional Zirconia poWder and nanosiZed Zirconia poWder 
(NP-2). 

DETAILED DESCRIPTION OF THE INVENTION 

[0025] This invention provides particulate materials that 
can be processed into dental restorations using both the most 
sophisticated state-of-the art technologies such as solid free 
form manufacturing (SFF) methods as set forth in US. Pat. 
No. 6,322,728, and copending commonly oWned US. patent 
application Ser. Nos. 09/972,351 (US 2002/00335458), 
10/053,430 (US 2002/0125592) and 09/946,413 (US 2002/ 
0064745), all of Which are hereby incorporated by reference, 
as Well as manual techniques similar to classic methods of 
building porcelain jacket croWns on a refractory die (e.g. 
OPCTM LoW Wear porcelain jacket croWns made from poW 
der or jacket croWns made using tape-cast ceramic sheets as 
described in US. Pat. No. 5,975,905, Which is hereby incor 
porated by reference) or slip casting a ceramic slip onto a 
porous die/mold. 
[0026] The ceramic particulate materials of the present 
invention have complex hierarchical architecture With three 
levels of structural organiZation: nano-, micro-, and macro 
level as shoWn in FIG. 1. On the nano-level (220 nm), the 
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structure is based on nano-crystallites depicted at 10 as 
elemental building blocks. On the micro-level (0.1-20 
microns), the structure is formed from polycrystalline par 
ticles or agglomerates comprised of clusters of nanocrystal 
lites depicted at 12. On a macro-level (20-200 microns), poly 
crystalline particles are agglomerated into granules depicted 
at 14. These granules 14 are made by spray-drying or ?uid 
iZed bed agglomerating polycrystalline particles comprised 
of nanoparticles of one or more kinds of materials including, 
but not limited to, metallic and ceramic materials Which may 
be fully or partially calcined or still in the form of organic/ 
inorganic precursors. Sintering aids are depicted interstially 
at 16. The advantage of using nanoparticles is their drastically 
different sintering behavior associated With MPD. In much of 
the scienti?c literature, such as in, “Melting of Isolated Tin 
Nanoparticles” by T. Bachels, H-J Guntherodt, and R. Scha 
fer, Phy. Rev. Lem, 85, (6), 1250-1253, (2000), Which is 
hereby incorporated by reference, this effect is also referred 
to as “siZe dependence of melting temperature” in nano 
materials. As a result of this mechanism, sintering of nano 
particles is speculated to be aided by the occurrence of surface 
pre-melting and hence, controlled by capillary forces. Ben 
e?cial utiliZation of capillary forces through the hierarchical 
architecture of ceramic poWders comprising nanoparticles is 
an essential feature of this invention. The hierarchical archi 
tecture of nanocrystalline poWders of this invention is spe 
ci?cally engineered to 1) aid consolidation of particulates 
into green shape; 2) take advantage of capillary effects during 
sintering (i.e. liquid phase sintering and surface melting of 
nanoparticles) to maximize particle rearrangement, enhance 
sintering kinetics and loWer the sintering temperature; and 3) 
control the siZe, distribution and morphology of the residual 
porosity. 
[0027] Examples of metallic poWders useful herein 
include, but are not limited to Si, Al, Mg, Zr, Y, Ce, Ta and 
mixtures thereof. These metals are primarily chosen because 
they oxidiZe easily and form glass-forming oxides SiO2, 
Al2O3, MgO, ZrO2, Y2O3, CeO2 and Ta2O5 that facilitate 
liquid-phase formation during sintering. Most of these oxides 
are currently used as sintering aids or dopants in the manu 
facture of high-performance ceramics such as alumina, Zir 
conia, silicon nitride and SIALON ceramics. The advantage 
of adding these elements in metallic rather than oxide form is 
that as nanophase metal particles they are extremely reactive, 
have high enthalpy of oxidation, i.e., generate highly local 
iZed heat upon oxidation, and provide good coupling for 
microWave energy. 

[0028] Examples of ceramic nanocrystalline poWders use 
ful herein include, but are not limited to, oxide ceramics such 
as various forms and modi?cations of Zirconia, alumina, tita 
nia, silica, magnesia, yttria, ceria and solid solutions or mix 
tures thereof. 

[0029] The metallic poWders and ceramic nanocrystalline 
poWders of the present invention have sintering temperatures 
loWer than about 13000 C. and preferably loWer than about 
12000 C. and most preferably not exceeding about 11000 C. 
Sintering temperatures of loWer than 13000 C. are the most 
economical since sintering can be carried out in the most 
common resistance-heated furnaces having metallic heating 
elements. Each dental lab has at least one bum-out furnace 
With a maximum continuous operating temperature of at least 
1 1000 C. and a porcelain furnace With a maximum operating 
temperature of about 12000 C. The essential feature of this 
invention is that these poWders can be processed into dental 
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restorations using both the most sophisticated state-of-the-art 
technologies such as Solid Free Form Manufacturing (SFF) 
methods, also knoWn as Rapid Prototyping (RP), as Well as 
manual techniques similar to classic methods of building 
porcelain jacket croWns on a refractory die, or jacket croWns 
made using tape-cast sheets or slip casting a ceramic slip on a 
porous mold. Examples of SFF/RP methods include stereo 
lithography (SLA) and photo-stereo-lithography including 
Digital Light Processing (DLP) and Rapid Micro Product 
Development (RMPD) mask technique, selective laser sinter 
ing (SLS), ballistic particle manufacturing (BPM), fusion 
deposition modeling (FDM), multi-jet modeling (MJM) and 
three-dimensional printing (3DP). 
[0030] Particle siZe distribution of these poWders made of 
granules and polycrystalline particles is designed to improve 
handling for making restorations by hand or to optimiZe poW 
der bed or feed-stock characteristics for speci?c SFF methods 
used. Engineered particulate materials of the present inven 
tion have complex hierarchical architecture With three levels 
of structural organiZation: nano-, micro-, and macro-level as 
shoWn in FIG. 1. 

[0031] On the macro-level the particulates are formed into 
a nearly spherical shape With a diameter from about 10 
microns to about 500 microns, more preferably from about 20 
to about 200 microns. These spherical particles should pref 
erably be solid, not holloW. The siZe distribution of poWders 
useful herein should be optimiZed for the speci?c forming 
technique. For example, for building by hand, the particle siZe 
distribution should be bimodal With the fraction of ?ner par 
ticles ?tting in the interstitials betWeen the fraction of coarser 
particles. The ratio of the mean diameter of coarser particles 
(Dc) to the mean diameter of ?ner particles (Df), DcDf, should 
be more than 3 and preferably more than 6, Whereas the 
relative amount of ?ner particles is from about 10 Wt % to 
about 25 Wt %. An example of particle siZe distribution is 
shoWn in FIG. 2. Curve 20 depicts particle siZe distribution of 
nanophase poWder facilitating manual build-up and curve 22 
depicts typical volume based distribution for dental porcelain 
With good “handling.” 
[0032] In addition to using nanocrystalline poWders to 
induce loW sintering temperatures, sintering aids and binders/ 
additives may be mixed With the nanocrystalline poWders to 
further facilitate the action of capillary forces to aid in poWder 
consolidation and sintering. Binders used herein may include 
any knoWn binder used in conventional poWder processing 
methods and may be compounds or mixtures of compounds 
activated by heat, light, or other types of radiation or by 
chemical reaction. Examples of binders/ additives include, but 
are not limited to, polymeric binders, plasticiZers, surfactants 
and dispersants such as polyacrylic binders, polyvinyl alco 
hol (PVA) binders, polyvinyl butyral binders, stearic and 
oleic acids, silanes, and various natural and synthetic Waxes 
such as paraf?n Wax, polyethylene Wax, carnauba Wax, and 
bee’s Wax. 

[0033] In accordance With a method herein, ceramic poW 
der comprising nanocrystals is mixed With a metallic sinter 
ing aid comprising metallic micro- and/or macro-siZe par 
ticles. Other sintering aids and binders may also be added to 
the mixture. During mixing, the nanocrystalline poWders 
become coated With the additives using any of the available 
coating/ agglomeration techniques including, but not limited 
to, spray drying, ?uidized bed agglomeration methods, dry 
and Wet milling and mechanical alloying. In one of the pre 
ferred embodiments of the present invention, the additives 
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comprise metallic particulates. In another embodiment, the 
additives comprise ceramic nanophases and/or nanocrystal 
lites such as grain groWth inhibitors. These sintering aids/ 
additives facilitate the thermal sintering/densi?cation pro 
cess. 

[0034] After mixing, the mixture is then sintered at a tem 
perature of less than about 13000 C., preferably at a tempera 
ture of less than about 12000 C. and most preferably in the 
range of temperatures from about 800° C. to about 11500 C. 
[0035] In yet another embodiment, microWave processing 
is used to densify the particulate by sintering through the 
absorption of microWave energy. 
[0036] Processes occurring during the melting of a material 
comprising nanoparticles as described above are someWhat 
similar to the processes occurring during liquid phase sinter 
ing as described in Fundamentals of Ceramics, M. Barsoum, 
McGraW Hill (1997). In both cases, the de?ning factor is the 
presence of liquid and therefore the entire process is con 
trolled by capillary forces. In contrast hoWever, during liquid 
phase sintering the liquid phase is formed due to the addition 
of sintering aids, and during the sintering of nanoparticles, 
formation of the liquid skin on nanoparticles occurs by the 
mechanism of surface melting, intrinsic to nanophase mate 
rials. This invention takes advantage of both intrinsic liquid 
formation (due to surface melting of nanoparticles) and extri 
nisic liquid formation (due to sintering aids); The nanocrys 
talline structure of the polycrystalline particles are combined 
With sintering aids When they are agglomerated into granules. 
The granules themselves are coated With a coating compris 
ing sintering aids and agents to aid capillary forces during 
sintering as Well as in the forming of the shape. For example, 
handling of the poWder/ liquid paste-like mixture for manual 
Wet-condensing of ceramic poWder on a refractory die is 
primarily controlled by capillary forces. 
[0037] Particulate material comprised of nanoparticles may 
behave in Ways similar to glass-ceramic material due to a very 
signi?cant fraction of relatively disordered material on grain 
boundaries. In addition, extremely high speci?c surface 
energy associated With nanoparticles greatly increases the 
driving force for densi?cation. A high fraction of grain 
boundaries substantially alters sintering behavior of nano 
siZed ceramics compared to that of conventional micron 
siZed ceramics. Surface melting of nanoparticles, resulting in 
liquid skin formation around nanoparticles, induces and pro 
motes the mechanisms of sintering previously associated 
With liquidphase sintering such as particle rearrangement and 
solution-precipitation. At the same time, grain-boundary dif 
fusion sintering mechanisms are greatly enhanced due to the 
enormous surface area of the nanoparticles. Normally, the 
presence of agglomerates inhibits densi?cation during solid 
state sintering, hoWever, With added mechanisms of liquid 
phase sintering and surface melting of nanoparticles, delib 
erate granulation of poWder is an essential feature of this 
invention that facilitates bene?cial capillary effects during 
green shape fabrication and sintering. 
[0038] It is expected that hand-built restorations Will have 
some residual porosity after ?nal sintering, hoWever, the 
architecture of the poWder is designed to minimiZe this 
residual porosity and spatially coordinate it to minimiZe its 
adverse effect on mechanical properties. It is noW recogniZed 
that porosity is practically an unavoidable element of micro 
structure and porous ceramics are not necessarily Weak, as 
stated in “Fracture Energy of an Aligned Porous Silicon 
Nitride,” byY. Inagaki, T. Ohji, S. KanZaki andY. Shigekaki, 
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J. Am. Ceram. Soc., 83 (7), 1807-1809, (2000). Porosity as an 
engineered element of the microstructure of the materials of 
the present invention can be controlled and spatially orga 
niZed through engineered hierarchy of the starting particulate 
material. It is Well knoWn in the art that the critical ?aW siZe 
causing brittle fracture of ceramics often scales With the par 
ticle siZe of the starting poWder. In materials of the present 
invention, the poWder is preferably spherical in shape pro 
moting better ?oWability of the poWder. In the poWder herein, 
the pore siZe scales With the diameter of interstitial sites 
formed betWeen the particles of the poWder providing that the 
poWder Was carefully condensed or compacted and attained 
the maximum green density of the compact. The pore siZe and 
spatial distribution Will be de?ned by the siZe and spatial 
distribution of interstitials betWeen the particles. For 
example, for a spherical poWder Withparticle siZe distribution 
shoWn in curve 1 of FIG. 2 the largest pore diameter Will be 
de?ned by the siZe of the largest interstitial betWeen the 
smallest spherical particles, Which in this case is about 20 pm. 
The largest, octahedral interstitial in close packed arrange 
ment of 20 um spheres Will be (\/3 —1)p.m><20:0.732><20 
um:14.64 um. 
[0039] The equation o:KIC/(Yal/2) calculates the strength 
based on the value of fracture toughness and the critical ?aW 
siZe, Where 

[0040] KIC is the fracture toughness; 
[0041] Y is the geometric factor; 
[0042] o is the fracture strength; 
[0043] \/ is the square root; and 
[0044] 2a is the equivalent crack length associated With 

the critical ?aW. 

[0045] For a yttria-stabilized tetragonal Zirconia polycrys 
tals (Y TZP) material With KIC of 6-9 MPa~ml/2, and a geo 
metric factor (Y) of 2, strength Will most likely be Well in 
excess of 700 MPa. 

TABLE 2 

Largest Pore Strength, 
Kw, MPa - 1111/2 Size, pm Y* (1.84-2.46) MPa 

6 15 2 775 
9 15 2 1162 

[0046] Nanocrystalline particulate ceramic materials of 
this invention are supplied as free-?owing poWder, pre-sin 
tered blanks, feed-stock (for injection molding) and suspen 
sions for slip-casting or electroforming and using fabrication 
techniques described beloW to provide materials With ?exure 
strength of at least 700 MPa and exceeding 1 GPa Which is 
more than enough even for multi-unit posterior restorations 
and cantilever bridges. 
[0047] The folloWing examples illustrate the invention. 

Example 1 

[0048] Commercially available TZ-3Y-E (Which is a yttria 
stabiliZed tetragonal Zirconia poWder) poWder manufactured 
by TOSOH Corporation (Japan) With a crystallite siZe of 
about 30 nm can be sintered to full density at temperatures as 
loW as 1350° C., Which is 150° C. loWer than the sintering 
temperature for conventional yttria-stabilized tetragonal Zir 
conia polycrystals (YTZP) poWder. Onset of sintering nor 
mally occurs at about 0.6 of the melting point (Tm) and the 
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MPD effect described above results in a corresponding 
decrease in sintering temperature for nanopoWder compared 
to conventional micron-siZe ceramic. If the siZe of the crys 
tallites is reduced three times to about 10 nm, the anticipated 
reduction in the sintering temperature Will be about 450° C., 
i.e., YTZP poWder comprised of 10 nm nanoparticles is sin 
terable at about 1050° C. Thus, this poWder may be sintered in 
a regular burn-out furnace With the maximum operating tem 
perature of 1100° C. Example 2 beloW further illustrates the 
viability of sintering nanosiZed Zirconia poWders to nearly 
full density at temperatures loWer than 1300° C. and prefer 
ably loWer than 1 100° C. 

Example 2 

LoW Temperature Sinterability of Nano-Zirconia 
PoWders 

[0049] TWo commercially available nano-siZed3 mol % 
yttria stabiliZed Zirconia poWders Were obtained from Nano 
Products Corporation (Longmont, Colo. 80504, USA). The 
physical characteristics of these poWders are listed in Table 3. 
Also listed are the properties of TZ-3YS-E poWder available 
from Tosoh Corporation (Tokyo, Japan), a conventional so 
called “easy sintering” 3 mol % yttria-stabilized tetragonal 
Zirconia poWder that Was used for baseline comparison. The 
nano-poWders Were mixed With 5-10 Wt. % PVA binder (El 
vanol 50-42, Dupont) With a mortar and pestle, and then 
sieved through an 80 mesh screen resulting in free-?owing, 
pressable poWder. The conventional Zirconia poWder Was 
pressable to begin With, as it contained binder. 

[0050] The poWders Were pressed into pellets using a 
double action die and then vacuum bagged and cold isostati 
cally pressed (ClPed) at 400 MPa to remove any green density 
gradients. The resulting pellets Were approximately 3 grams 
in Weight and measured about 12 mm in diameter and about 7 
mm in height. The green density of conventional and nano 
siZed Zirconia pellets Were approximately the same, 5410.2% 
and 52.6:1.2%, respectively. The pellets Were then burned 
out by heating at a rate of 2° C./m to 700° C. and holding for 
2 hours. The pellets Were subsequently sintered at 1200 
1300° C. for 2 hours With a heating and cooling rate of 4° 
C./m. Density of the sintered pellets Was measured by the 
Archimedes method using Water as the immersion medium. 
The percent theoretical density Was calculated using a theo 
retical density value of 6.05 g/cm3 . These results are shoWn in 
FIG. 3 and demonstrate that at temperatures beloW 1250° C., 
the nano-siZed Zirconia samples exhibit enhanced sintering 
behavior at loWer temperatures versus the conventional Zir 
conia sample. For example at 1225° C. the NP-2 pellets 
densi?ed to 94.1 +0.2% Which compares to 86.5+0.2% for the 
conventional Zirconia sample. This improved sintering 
behavior is attributed to the smaller crystallite and particle 
siZe of the NP-l poWder (see Table 3). This sintering enhance 
ment due to smaller crystallites/particles is also re?ected by 
the data at 1200° C., Which shoWs a progressive increase in 
density from the conventional Zirconia sample (74.5:0.3%) 
to the nanparticulate Zirconia samples, NP-l (83.1:0.1%) 
and NP-2 (85.8:0.1%). To reduce sintering temperatures 
beloW 1000° C. the average particle siZe should be reduced to 
beloW about 8 microns as demonstrated by Kimel and Skan 
dan et al. (cited above). 
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TABLE 3 

Crystallite Particle Speci?c Surface 
Powder Size (nm) Size (nm) Area (mZ/g) 

NP-1; NanoProducts Corp. 10.2 17.2 59.6 
(Longmont, CO, USA) 
product number ZR3N3063 
NP-2; NanoProducts Corp. 8.8 15.3 67.1 
(Longmont, CO, USA) 
product number ZR3N3269 
Conventional 3Y-Zirconia; 36 90 7 r 2 
Tosoh product TZ-3YS-E 

[0051] Example 3 further illustrates that some of these nan 
opowders can be sintered isotropically using simpli?ed cup 
shape geometry. 

Example 3 

[0052] Using the methods described in example 1, green 
cylindrical shaped bodies with dimensions of ~12 mm diam 
eter by ~12 mm height were formed out of the NP-2 and 
conventional zirconia powders. A 5 mm diameter><8 mm deep 
hole was machined into the green bodies yielding a “cup” 
geometry. This geometry was chosen since it simulated a 
dental coping. After recording the orthogonal dimensions, 
LOW!) where x and y refer to the diameters taken at a 90° 
rotation to each other and Z refers to the height as illustrated 
in FIG. 4, the greenbodies were burned out by heating at a rate 
of 2° C./m to 700° C. and holding for 2 hours, and subse 
quently sintering at 12250 C. for 2 h with a heating and 
cooling rate of 40 C./m. The dimensions of the sintered bodies 
were recorded and the sintering shrinkage was calculated. 
These results are shown in FIGS. 5 and 6. These data show 
that greater shrinkages were achieved for the nanosized zir 
conia powder versus the conventional zirconia, which agrees 
with the sintering results shown in Example 2. Additionally, 
as manifested by the data points falling on the line of isotropic 
shrinkage represented by the dashed lines, these results dem 
onstrate that like the conventional zirconia the nanosized 
zirconia also densi?es and shrinks isotropically during sin 
tering. 

Example 4 

[0053] Commercially available nano-sized alumina pow 
der AL3N3197 obtained from NanoProducts Corporation 
(Longmont, Colo. 80504, USA) was premixed into NP-2 
zirconia nano-powder used in Examples 2 and 3 above. The 
physical characteristics of alumina nano-powder are com 
pared to NP-2 below: 

TABLE 4 

Crystal- Par- Speci?c 
Powders from lite ticle Surface 
NanoProducts Corp. Size Size Area 
(Longmont, CO, USA) Composition (nm) (nm) (mZ/g) 

NP-3 (product # AL3N3197), 99.9% Al203 4.3 8.6 175.2 
Al203 nanopowder 
NP-2 (product # ZR3N3269) 94.7% Z102 + 8.8 15.3 67.1 
YTZP nanopowder 5.3% Y203 

[0054] The blend of 0.5 wt % of NP-3 and 99.5 wt % of 
NP-2 nano-powders was mixed with 5-10 wt % PVA binder 
(Elvanol 50-42, Dupont) with a mortar and pestle, and then 
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sieved through an 80 mesh screen resulting in free-?owing, 
pressable powder. The powder was vacuum bagged and cold 
isostatically pressed at 400 MPa to produce green billets of 
about 1-2 inches in diameter and about 5-10 inches in length. 
Following the cold isostatically pressing step, the outer layer 
of the billets were removed by turning to eliminate any green 
density gradients that may have existed in the outer layer. The 
billet was further sectioned into shorter cylinders of about 30 
mm in diameter and about 50-60 mm in height. The cylinders 
were then debinderized and pre-sintered to about 50% theo 
retical density in a two step ?ring cycle comprising heating at 
the rate of 1 ° C./minute to about 7000 C. and holding for about 
2 hours at this temperature followed by a 2 hour hold at about 
9000 C. The attained bisque densities and the anticipated 
Bisque-to-Final linear shrinkages were calculated for each 
individual block based on diameter and height measurements 
before and after pre-sintering. 
[0055] The pre-sintered cylinders are subsequently used to 
mill the enlarged frameworks for dental restorations. Each 
framework is enlarged based on the linear shrinkage factor 
calculated for each individual pre-sintered cylinder from 
which the framework is milled. The milled frameworks are 
sintered at 12500 C. for 4 hours with a heating rate of 20 
C./minute to densities exceeding about 95% theoretical den 
sity as determined by the Archimedes method. The isotropic 
shrinkage in the frameworks is con?rmed by ?tting frame 
works on the original master model. Some of the frameworks 
were layered by 3G Porcelain to demonstrate the ?nishing 
steps typical in fabrication of aesthetic al-ceramic dental res 
toration. 

[0056] The examples above demonstrate that the selected 
nanosized powders exhibiting sinterability below 13000 C. 
were consolidated into shapes that were sintered isotropi 
cally, i.e. without distortion wherein 
LXILyILZILDZ-GMEtEVILHEight, where L is the linear shrinkage. 
It was observed that sintering of the compacts of the nanopo 
wders capable of isotropic sintering results in nearly fully 
densi?ed articles with the average grain size noticeably larger 
than 100 nm. Two major dif?culties in processing dental 
articles using nanopowders were revealed: (1) the consolida 
tion of bulk shapes by conventional methods such as powder 
compaction and slip-casting; and (2) sintering to achieve 
densities in excess of 95%. 

[0057] To overcome the ?rst processing obstacle men 
tioned above, solid free form manufacturing methods such as 
rapid prototyping or solid imaging are utilized indirectly in 
combination with other processing techniques such as injec 
tion molding/heat-pressing, various coating or deposition 
techniques such as gel casting, slip casting, slurry casting, 
pressure in?ltration, dipping, colloidal spray deposition, 
direct coagulation as described in US. Pat. Nos. 5,667,548, 
5,788,891 and 5,948,335, which are hereby incorporated by 
reference, and electroforming or electrophoretic deposition 
techniques. While SFF methods are used to fabricate enlarged 
substrates, dies and molds, any of the above listed techniques 
can be used to form nanoparticulate materials of these inven 
tion into green shapes conforming to these substrates or 
molds. The electroforming is a preferred method since it 
utilizes suspensions which are particularly bene?cial for the 
nanomaterials herein described. Many of the nanoparticulate 
materials described herein are more readily obtained as well 
dispersed suspensions rather than free-?owing powders. 
Example 5 illustrates electroforming as the preferred method 
of depositing ceramic nanoparticulates onto enlarged dies 
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produced by one of solid free form manufacturing methods. 
Yet another preferred technique is loW-pressure injection 
molding into negative molds of the rapid prototyped models, 
or alternatively existing heat pressing equipment can be used 
for pressing into refractory investment molds produced by 
lost Wax technique. Example 6 illustrates loW-pressure inj ec 
tion molding as another preferred method of forming ceramic 
nanoparticulates using enlarged molds produced by one of 
SFF methods. 
[0058] To alleviate the second processing obstacle men 
tioned above, the nanopoWders herein are agglomerated With 
sintering aids such as Si, Al, Mg, Zr, Y, Ce, Ta and mixtures 
thereof, and grain groWth inhibitors such as Cr, Ti, Ni, Mn and 
mixtures thereof. Depending on the subsequent processing 
steps, these additions can be added in their elemental (metal 
lic) form or in the form of oxides, salts, organometallic com 
pounds, or other precursor compounds, in the form of col 
loids, poWders and speci?cally nanopoWders. To further 
loWer the melting temperature, the inclusion of the above 
mentioned additives as nanopoWders or precursor com 
pounds, is most preferred. 

Example 5 

[0059] An optical scanner, ZFN D-21, available from ZFN 
(Zahntechnisches FrasZentrum Nord GmbH & Co. KG, 
Warin, Germany) is utiliZed to scan master models (dies) 
made from impressions comprising preparations for bridges 
and croWns. Three-dimensional CAD softWare provided With 
a ZFN D-21 scanner is used to design frameworks and cop 
ings corresponding to these master models (dies). 3D CAD 
?les (solid models) of these frameworks and copings are 
enlarged using the linear shrinkage coef?cient corresponding 
to the anticipated sintering shrinkage of the nanoZirconia 
materials of the present invention, saved as stereolithography 
(.STL) ?les and transferred to a computer interfaced With an 
RP (Rapid Prototyping) machine such as Perfactory® Mini 
available from Envision Technologies GmbH (Marl, Ger 
many). This machine utiliZes a photostereolithography pro 
cess also knoWn as digital light processing (DLP) to build 
three-dimensional objects from a light curable resin. Fifteen 
units are built at the same time layer by layer With an indi 
vidual layer thickness of about 50 microns. Individual units 
are separated, attached to copper Wire electrodes and coated 
With conductive silver paint (silver lacquer) available from 
Gramm GmbH or Wieland Dental+Technik GmbH & Co., 
KG (PforZheim/Germany). AN electroforming unit, such as 
AGC® Micro Plus (Wieland Dental+Technik GmbH & Co. 
KG), is used to deposit a dense layer of yttria-stabiliZed 
Zirconia polycrystals (Y TZP) from an ethanol based suspen 
sion as described in Example 3 of Us. Pat. No. 6,059,949, 
Which is hereby incorporated by reference. An electroform 
ing suspension is prepared by suspending NP-2 Zirconia poW 
der available from NanoProducts Corp. (Longmont, Colo.) in 
pure ethanol With addition of 0.05% vol. acetyl acetone dis 
persant and 0.1% vol. of 5% Wt. PVB (polyvinyl butyral 
binder) in pure ethanol. Alternatively, an ethanol-based sus 
pension is prepared from an aqueous suspension comprising 
tetragonal nano-Zirconia particles of about 8 nm average par 
ticle siZe. First, aqueous suspensions of YTZP having a crys 
tal siZe of about 8 nm are prepared via precipitation from 
homogeneous solutions using complexation chemistry tech 
niques. Zirconium and yttrium salts, ZrO(NO3)2.xH2O (Zir 
conyl nitrate, Aldrich Chem., MilWaukee, Wis.) and Y(NO3) 
2.6H2O (yttrium nitrate hexahydrate), Aldrich Chem., 
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MilWaukee, Wis.) are each dissolved in COZ-free deioniZed 
Water in the appropriate amounts to achieve 0.5 M solutions 
of each. These are then mixed, in the appropriate ratio to yield 
the desired mol. % of Y2O3 in the ?nal poWder, With the 
complexing agent bicine (WWW.sigmaaldrich.com) (2:1 
bicinezZr (mol)). The pH of this feed solution is adjusted to 
about 13 by additions of TEAOH (Tetraethylammonium 
Hydroxide, Aldrich Chem., MilWaukee, Wis.), and the solu 
tion is then put in a te?on-lined hydrothermal vessel (Parr 
Instrument Company, Moline, Ill.), Which is heated to 200° C. 
for 8 hours to hydrothermally synthesiZe YTZP crystals of 
about 8 nm in siZe. 

[0060] Aqueous suspensions are converted into alcohol 
based suspensions by centrifuging and then redispersing in 
ethanol. The average thickness of the electrophoretic coating 
is about 0.5-0.6 mm. FolloWing electroforming of the poW 
ders onto the substrates, sintering is carried out in a Deltech 
furnace using a tWo-step ?ring cycle comprising heating rate 
of 1° C./min to about 450° C., holding at this temperature for 
2 hours to remove organics, further heating at a rate of 1° 
C./min. to 9000 C.-1100° C. and holding at this temperature 
for about 2 hours. Densities in excess of 90% of theoretical 
density can be achieved. 

Example 6 

LoW-Pressure Injection Molding (LPIM) With Pelts 
man Unit 

[0061] An optical scanner, ZFN D-21, available from ZFN 
(Zahntechnisches FrasZentrum Nord GmbH & Co. KG 
(Warin, Germany) is utiliZed to scan master models (dies) 
made from impressions comprising preparations for bridges 
and croWns. 3D CAD softWare provided With a ZFN D-21 
scanner is used to design frameWorks and copings corre 
sponding to these master models (dies). 3D CAD ?les (solid 
models) of these frameWorks and copings are enlarged using 
the linear shrinkage coef?cient corresponding to the antici 
pated sintering shrinkage of the nanoZirconia materials of the 
present invention, saved as stereolithography (.STL) ?les and 
transferred to a computer interfaced With an RP (Rapid Pro 
totyping) machine such as Perfactory® Mini available from 
Envision Technologies GmbH (Marl, Germany). This 
machine utiliZes photostereolithography process also knoWn 
as digital light processing (DLP) to build 3D objects from a 
light curable resin. Fifteen units are built at the same time 
layer by layer With an individual layer thickness of about 50 
microns. Individual units are separated and molded in a liquid 
silicone rubber (Silastic® M RTV Silicone Rubber from Dow 
Corning Corporation) Which is casiable and easily demolded 
after curing to produce negative molds for loW-pressure inj ec 
tion molding. It should be noted that instead of using silicone 
negative molds, the molds for LPIM can be designed and 
fabricated directly using the Perfactory® Mini RP machine 
and the supplied softWare. 
[0062] Feedstock containing nanosiZed Zirconia for injec 
tion molding is prepared from a binder comprised of 75 Wt % 
of para?in Wax (melting point of 49'—52° C.), 10 Wt % of 
polyethylene Wax (melting point of 80°-90° C.), 10% of car 
nauba Wax (melting point of 80°-87° C.), 2 Wt % of stearic 
acid (melting point of 75° C.) and 3 Wt % of oleic acid 
(melting point of 16° C.) readily available from a number of 
suppliers. NanosiZed Zirconia having a crystallite siZe of 
about 19 nm and particle siZe of about 15 nm (available as 
Product Number ZR3N3269 from NanoProducts Corp., 
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Longmont, Colo. 80504, USA) is used. The mixing is done 
directly in a loW pressure molding (LPM) machine, (Model 
MIGL-33 available from Peltsman Corporation, Minneapo 
lis, Minn.) at a temperature of 90° C. The feedstock mixture 
is comprised of about ?fty percent (50%) by volume of a 
binder. Once the feed stock mixture is thoroughly mixed it is 
injected into the cavity of the silicone rubber molds at a 
pressure of approximately 0.4 MPa and a temperature of 
approximately 900 C. The inj ection-molded green part is then 
demolded from the silicone mold, Which is done easily due to 
elasticity of the silicone. Green densities of approximately 
50% Were achieved. The green bodies Were debinderiZed and 
sintered to nearly full density as described above. 

Example 7 

Injection Molding With Autopress 

[0063] Feedstock containing nanosiZed Zirconia for injec 
tion molding is prepared from a binder comprised of paraf?n 
Wax, With minor proportions of polyethylene Wax, camauba 
Wax, stearic and oleic acids using the same formulation as 
used in Example 6. NanosiZed Zirconia having a crystallite 
siZe of about 19 nm and a particle siZe of about 15 nm 
(available as Product Number ZR3N3269 from NanoProd 
ucts Corp., Longmont, Colo. 80504, USA) is used. The mix 
ing is done in a KitchenAid Professional 5 mixer (St. Joseph, 
Mich.) in a boWl continuously heated to 900 C., Which is 
above the melting point of the binder. Heating is achieved 
using a high temperature heat tape available from McMaster 
Carr (N eW Brunswick, N.J.). The heat tape is Wrapped around 
the mixer boWl to provide heat to the boWl. After cooling to 
room temperature, the resulting mix is crushed into poWder to 
a 60 mesh (250 um) particle siZe using a mortar and pestle. 
This poWder is then ready for injection into the cavity of a 
mold. Additionally, the mix can be cast into pellets by pouring 
into a metal “clam-shell” mold, While still in the molten state. 
[0064] Previously acquired stereolithography (*.STL) ?les 
of bridge frameWorks and croWn copings Were sent to micro 
TEC, Bismarckstrasse 142 b 47057 Duisburg, Germany) for 
production of the enlarged replicas using RMPD®-mask 
technology via toll rapid prototyping service available 
through microTEC’s Website. The replicas Were fabricated in 
a layer thickness of tWenty ?ve microns (25 pm) from photo 
curable resin. 
[0065] The resulting replicas are invested in UniversalTM 
Refractory Investment (available from Pentron® Laboratory 
Technologies, LLC, Wallingford, Conn.). After the invest 
ment has hardened, the resin replicas inside are eliminated by 
placing it into a preheated furnace thereby burning off the 
resin, resulting in a mold cavity for forming the dental article. 
The injection molding feedstock, in free-?owing granule or 
pellet form, as described above, is then placed into the invest 
ment mold assembly, Which is then transferred into the press 
ing unit. It is pressed into the investment ring using an Auto 
PressPlus® (Pentron® Laboratory Technologies, LLC, 
Wallingford, Conn.). having an external alumina plunger 
Pressing is done at approximately 900 C., and after cooling 
the pressed green part is then carefully divested by sand 
blasting With glass beads at a pressure of 15 psi and the 
plunger and mold are disposed of. Green densities of approxi 
mately 50% Were achieved. The green bodies Were debind 
eriZed and sintered to nearly full density as described above. 
[0066] It should be noted that in all the cases described in 
Examples 1-7 it Was observed that While the ceramic portion 
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of the starting poWder, suspension or feedstock consists of 
crystallites With average siZes of less than 20 nm, the sintered 
dental articles have average grain siZes Within the range from 
about 100 nm to about 450 nm. It is the nature of the materials 
of the present invention to exhibit substantial coarsening con 
current With densi?cation Wherein the ?nal grain siZe is about 
10-20 times larger than the starting crystallite siZe. 
[0067] Though not Within the scope of the present invention 
Which is directed toWards sintering ceramic dental articles 
comprising nanopoWders to nearly full density, nevertheless, 
it should be noted that the injection molding technology 
described in Examples 6 and 7 can be used to produce dental 
articles even if access to RP machines is not available. In the 
latter case, if is not possible to make enlarged replicas and 
green bodies fabricated therefrom as described in Examples 6 
and 7, the articles Will have to be presintered Without shrink 
age and glass in?ltrated as described in Us. Pat. Nos. 4,772, 
436 and 5,910,273, Which are hereby incorporated by refer 
ence. In the case ofYTZP Zirconia cores, 3 G porcelain can be 
used for both glass in?ltration and esthetic layering of the 
resulting glass-in?ltrated cores. 
[0068] While various descriptions of the present invention 
are described above, it should be understood that the various 
features can be used singly or in any combination thereof. 
Therefore, this invention is not to be limited to only the 
speci?cally preferred embodiments depicted herein. 
[0069] Further, it should be understood that variations and 
modi?cations Within the spirit and scope of the invention may 
occur to those skilled in the art to Which the invention per 
tains. Accordingly, all expedient modi?cations readily attain 
able by one versed in the art from the disclosure set forth 
herein that are Within the scope and spirit of the present 
invention are to be included as further embodiments of the 
present invention. The scope of the present invention is 
accordingly de?ned as set forth in the appended claims. 

1-42. (canceled) 
43. A dental article comprising: 
a single component yttria-stabiliZed tetragonal Zirconia 

ceramic material having grains of average grain siZe 
exceeding 100 nanometers and not exceeding about 400 
nanometers, Wherein the theoretical density of the 
ceramic material is knoWn; 

Wherein the ceramic material is fabricated of particulate 
material consisting essentially of ceramic crystallites 
With an average siZe of less than about 20 nm; 

Wherein the particulate material is sintered Without appli 
cation of external pressure at a temperature less than 
about 13000 C.; 

Wherein the ceramic material has a ?nal density exceeding 
95% and less than 97% of the theoretical density of the 
ceramic material; and 

Wherein the ceramic material exhibits at least 30% relative 
transmission of visible light When measured through a 
thickness of about 0.3 to about 0.5 mm. 

44. The dental article of claim 43 Wherein the sintering of 
the particulate material at temperatures less than about 13000 
C. comprises fumace sintering or microWave sintering to 
densities exceeding 95% of the theoretical density. 

45. The dental article of claim 43 Wherein the sintering of 
the particulate material at temperatures less than about 13000 
C. comprises sintering at a temperature less than about 12000 
C. to densities exceeding 95% of the theoretical density. 

46. The dental article of claim 43 Wherein the sintering of 
the particulate material at temperatures less than about 13000 
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C. comprises sintering at temperature less than about 11000 
C. to densities exceeding 95% of the theoretical density. 

47. (canceled) 
48. The dental article of claim 43 Wherein the ?exural 

strength is equal to or greater than about 800 MPa. 
49. The dental article claim 43 Wherein the particulate 

material is in the form of free-?owing poWder, pre-sintered 
blanks, a suspension, slurry, slip, gel, pellets or feedstock. 

50. The dental article of claim 43 Wherein the dental article 
is formed by injection molding, heat pressing, hot pressing, 
gel-casting, slip casting, slurry casting, pressure casting, 
direct coagulation, colloidal spray deposition, dipping, or 
electroforming the particulate material. 

51. The dental article of claim 43 Wherein the dental article 
is selected from the group consisting of orthodontic retainers, 
bridges, space maintainers, tooth replacement appliances, 
splints, croWns, partial croWns, dentures, posts, teeth, jackets, 
inlays, onlays, facings, veneers, facets, implants, cylinders, 
abutments and connectors. 

52. The dental article of claim 43 Wherein the ceramic 
material further comprises alumina, titania, silica, magnesia, 
ceria or mixtures thereof in solid solution. 

53. (canceled) 
54. The dental article of claim 43 Wherein forming the 

particulate material into the dental article is performed by 
hand, by CAD/CAM methods or by rapid prototyping meth 
ods. 

55. The dental article of claim 43 Wherein forming of the 
particulate material into the dental article is performed using 
replicas, molds, dies, substrates, or shells produced by rapid 
prototyping methods. 

56-73. (canceled) 
74. (canceled) 
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75. The dental article of claim 74 Wherein the ceramic 
material exhibits at least 30% relative transmission of visible 
light When measured through a thickness of about 0.4 mm. 

76. The dental article of claim 43 Wherein the ceramic 
material further comprises a sintering aid, a grain groWth 
inhibitor or a combination thereof. 

77. The dental article of claim 76 Wherein the sintering aid 
comprises Si, Al, Mg, Zr, Ce, Ta, oxides thereof or a combi 
nation thereof. 

78. The dental article of claim 76, Wherein the grain groWth 
inhibitor comprises Cr, Ti, Ni, Mn, oxides thereof or a com 
bination thereof. 

79. A dental article comprising: 
a single component yttria-stabiliZed tetragonal Zirconia 

ceramic material having grains of average grain siZe 
exceeding 100 nanometers and not exceeding about 400 
nanometers, Wherein the theoretical density of the 
ceramic material is knoWn; 

Wherein the ceramic material is fabricated of particulate 
material consisting essentially of ceramic crystallites 
With an average siZe of less than about 20 nm; 

Wherein the particulate material is sintered Without appli 
cation of external pressure at a temperature less than 
about 13000 C.; 

Wherein the ceramic material has a density exceeding 95% 
of the theoretical density of the ceramic material; 

Wherein the ?nal grain siZe is about l0-20 times larger than 
the starting crystallite siZe and the ?nal pore siZe does 
not exceed the siZe of the starting crystallite siZe; and 

Wherein the ceramic material exhibits at least 30% relative 
transmission of visible light When measured through a 
thickness ofless than 0.5 mm. 

* * * * * 


