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Fig. 1. Schematic showing biomedical replacements, indi-
cating ceramic components : (a) dental crown, (b)
hip prosthesis, (c) heart valve.
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Table 1. Properties of Dental Materials

Properties
Material Name Supplier Function Modulus Hardness Toughness Strength
E(GPa) H(GPa) T{(MPam1/2) o(MPa)
Ceramic
Porcelain Mark II Vita Zahnfabrik Veneer 68 6.4 0.92 130
(Bad Sackingen,
Germany)
Empress 1 Ivoclar(Schaan, Full crown 67 5.6 14 160
Liechtenstein)
Glass- Dicor Dentsply(York,Pa){  Full crown 69 38 1.1 320
ceramic Empress 11 Ivoclar Full crown 104 5.5 29 420
Alumina InCeram Vita Zahnfabrik Core 270 12.3 3.0 550
Zirconia Prozyr Norton(East Core 205 12.0 54 1400
Granby, Conn.)
Glass Soda-lime Model mat. 73 5.2 0.67 110
Glass- MGC fine Coring(Coming,N.Y.)| Model mat. 70.5 38 1.0 325
ceramic MGC,coarse Corning Model mat. 51.5 2.7 1.65 125
Sapphire Single Goodfellow Ltd | Model mat. 417 21.0 3.0 550
crystal (Cambridge, England)
Metal
Pd-alloy Argipal Argen Precious Metal core 126 20
Metals (Calif.)
Tungsten Kennametal J&L Industrial Indenter 614 19.0
carbide (Livonia, Mich.)
Polymer
Poly- Hyzod AIN Plastics, Inc Substrate 23 0.15
carbonate (Virginia, Va.)
Filled Charisma Hereaus Kulzer Substrate 10 0.8
polymer GmbH(Germany)
Epoxy RT Cure Master Bond Inc Adhesive 35 0.9
(Hackensack,N.J.)
Tooth
Enamel Natural 94 32 0.8
Dentin tooth 16 0.6 3.1
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Fig. 2. Schematic diagram showing Hertzian indentation test.
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Fig. 3. SEM micrographs of Mica-containing glass-ceram-
ics with (a) fine and equiaxial grains and (b) coarse
and elongated grains.
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Fig. 4. Two typical damage modes in monolithic bio-ceram-
ics (mica-containing glass-ceramics) with different

microstructures.
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Fig. 5. Contact fracture and FEM analysis results in layer
structures, coating thickness, d = 250pm, with elas-
tic modulus mismatch, E/Es; (a) 1.44, (b) 2.00 and
(c) 2.69. The contact force was applied using WC
sphere r = 1.98 mm at P = 2000 N.
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Fig. 6. Contact fracture and FEM analysis results in layer
structures, EJ/E; = 2.69, with coating thickness, d,
(a) 1200um, (b) 400um, and (c) 200pm. The con-
tact force was applied using WC sphere r = 1.98
mm at P = 2000 N.
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(b)

Fig. 7. Damage modes of Hertzian contact test, using WC
sphere of radius r = 1.98 mm at load P = 3000 N,
(a) brittle monolith showing fully developed cone
crack and (b) brittle/quasi-ductile bilayer with EJ/E;
= 1.06 and d = 250 pm, showing suppression of
crack.

o]} 7o) B A zfol 9} I H ] FA FAAAE
o] B3} Afsks F7HK) 2.8 ARkl AL Fig. 5
s} Fig. 62] Z24540] Yehls vlst ko) B o]
2 7hzd Bt gk shalck

Fig. 7(b)= €A% 2018 EJE, = 1.06 2.8 734A)
7 olF ZANFE AZs Y FIT 2H Fr=198
mm, & AHE-3t] $AE 315, P = 3000 NolA M35
gg 71e F AR SR Y8 WSS 9N 3
sgn) Ao g fad Akleltt™ vng et 79
ST ABE 0|83t Wemonolith) Al A2 A
Zalal FYRANA HEZHE 71 AR E Fig. 7(a)
ol VERIRTE 4 Alateze) 45 A4el elsle 2
Zgo] FAH v, 59 B9 NRFe] J
olgje} F@e) Aot WM T2V AL T 5 UL @
A ztole] Aloj] ot WA dgol AR
UL L4 Uk FHAES] ole T FL A (crack

KX} - Men X3, 200349 9¥

400 T T T T T

Monolith

W)

(=

(=]
T

Bilayer

Cone crack depth, A (um)
™
S
=
T

1] ) L 1 I 1
1500 2500 3500 4500
Indentation load, P (N)
(a)
400 T T T T
P=3000N
E
= 300 =
=
g | oo
% o@ @]
© 2001 e}
<
b
§ 100 &
ST g
Y
o]
0

0 200 400 600 800 1000
Coating thickness, d_ (um)
)
Fig. 8. Plot of cone crack depth as a function of (a) inden-

tation load and (b) coating thickness for bilayers
with EJEs = 1.06.

suppression) @42 Fig. 8(a)ol| A&} o] HEs=ES
S7MZE W FAdE dEo] 21 E P E(depth) E 5

o] & F Utk & FAo] e W MEpH e A
3l5-0] Z7Fe) wEt 89 Zolrt S8k vk,
3 (XS AFE S8 A5 53] slF0] A
FE g0l AXFE 712 AFHA X3t I
3 U= g0l dAEE @] 2AEU B3 =
29 FAE Aot A @ A Fig. 8(b)oll A<k
| ZHFY FAZ 24ad T35S A FAE
TES JAE & vk 2FHE B, 79 HE
o0 2RE 913 9] QS YaixE edAITY Ao
89 FAE A3 Aojstedo} stk Fa3%h

g A

ol ol X

e my
[0

o



Fig. 9. Damage modes in bio-ceramic/substrate bilayers, A,
Glass-ceramic/filled polymer, ceramic thickness d =
0.45 mm, WC sphere indenter » = 3.18 mm at P
= 450 N. B, Porcelain/Pd-alloy, d = 0.45 mm, r =
238 mm at P = 500 N. C, Porcelain/glass-infil-
trated-alumina, d = 0.5 mm, r = 3.18 mm at P =
500 N.
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Fig. 10. Schematic diagram showing indentation setup on
coating/substrate transparent layer system bonded
with thin adhesive, with ensuing cone crack or radi-
al crack by in situ observation using video cam-
era.
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Fig. 11. Micrographs of cracks produced in soda-lime glass
coating (E. = 70 GPa)/ lower modulus glass sub-
strate (E; = 44 GPa) model bilayer structure with
WC sphere, r = 3.96 mm. (a) cone crack, coating
thickness d = 820pm, load P = 375 N and (b)
radial crack, coating thickness d = 400um, load P
= 250 N.
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Fig. 12. Schematic of damage modes in flat ceramic mate-
rial of layer thickness 4 from indentation with
sphere of radius r at load P. (a) Bilayer, thick
ceramic layer on thick compliant substrate : brit-
tle and quasiplastic modes remain dominant, (b)
Bilayer, thin ceramic layer on thick compliant sub-
strate : ceramic flexes and subsurface radial cracks
initiate from ceramic/substrate interface and spread
upward and outward.
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Fig. 13. Plot of critical loads Peone and Pryg versus elastic
modulus mismatch, E/E,, for layer structures con-
sisting of soda-lime glass plate coatings on vari-
ous substrates of different modulus, bonded with
epoxy adhesive, using the in situ observation setup
system from Fig. 10.
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Fig. 14. Critical loads for first damage in (a) glass/[soft
glass or polycarbonate] bilayers and (b) ceram-
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ic/polycarbonate bilayers as a function of ceramic
thickness, for indentation with WC spheres. Sym-
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Solid lines are theoretical predictions for cone crack-
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symbols). Dashed line, Py, indicates clinically rel-
evant biting force.
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Fig. 15. SEM micrograph of zirconia nano-coating layer
deposited by EB-PVD.
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