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FIG. 1. Chromaticity coordinates in the CIELAB system for
the 600 human tooth samples and ellipse containing 95% of
the points.

Ref) Rubino, M et al, Color Research & Application 19 (1994) 19-22
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Fig. 2 Wavelength-dependent contrast ratio (CR) of human enamel
and human dentine.*

Ref) Yong-Keun Lee, J. Biomed. Opt 20(4)
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Introduction : Dental ceramics 5/40

<Dental Implant> * High strength
1400 * Moderate hardness
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Introduction : Manufacturing of Crown 6/40

<Hot-Pressing : LS2 GC> <CAD/CAM : Zirconia, Alumina, LS GC>
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Introduction : Lithium disilicate glass-ceramics //%°

s NSO
Companies of Crowns and Bridge .
all ceramic :
all you need . : -
S
k) i %
i | 48 L‘ﬂ' F
enchmarking! At \: =
Shade (color) Translucency
& B8 = 1_' = -i. = = = .; '_: &
= Ivoclar Vivadent AG = Noritake Co., Limited I I I I l I l I l I-l m 1
Dentsply International Inc. = SHOFU INC. EM ER E02 EO03 EOCI ET0 ETCl ETQ EVG3  EVCA  ETCS HO MO LT

= 3M ESPE Dental Products = Nobel Biocare Holding AG CTE (100-400°C) [10%/K] 10.2
® VITA In-Ceram m Others CTE (100-500°C) [10%K] 105

Flexural strength (biaxial) [MPa]* 400

Fracture toughness [MPa m®?] 2.75

Modulus of Elasticity [GPa] a5

Vickers hardness [MPa] 5800

Chemical solubility [pg/cm?]* 40

Press temperature [°C] 915-920

*according to I1SO 6872 Table 2

Seoul National University

Department of Material Science & Engineering

Electronic Materials & Devices Laboratory



Motivation & Objective 8/40

= Development of suitable composition design and estabilishment of heat-treatment
condition to obtain 400MPa flexural strength of lithium disilicate glass-ceramics with

various color, translucency and feasibility of plastic deformation.

Plastic deformation (Softening)
- Manufacturing condition

= To obtain optimal
crystallization condition
for LS2 GC by design of translucency of deformation behavior
composition through
mixture design.

Optimal crystallization condition ~ Shade & Translucency

= To fit the shade and = To study about plastic

Benchmarking product. of LS2 GC for hot-

(Ivoclar vivadent) pressing condition.
= To identify the
appropriate heat-
treatment condition.
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I-1. Crytallization of Lithium Disilicate
Glass-Ceramics by Mixture Design
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Part I-1. Motivation & Objective 10/40

= On the basis of mixture design (Design of experimental), the effect of

additives ratio on crystallization of LS2(Li,0-2Si0,) was studied.

<Additives for LS2>

u-_RT |1-exp AG A Roles Additives Details
T, 37N na, RT
Crystal P,0: Bulk Crystallization
Metastable zone Growth
of undercooling : . o 5
\ Nucleation ZrO, Additives for mechanical strength
o]
E reagent TiO, Surface Crystallization
«
= .
g, Nucleation Pt, Pd, Au, Ag Surface/bulk Crystallization
g
o * €
= I = Aexp {— W_+AG,) JkrTAGD)} Glass . flux
Fig. 7.3 Iﬂll"ql[‘"d network Na,O flux
T, 7 . . .
2 P,Os(glass) + 3Li,0(glass) = 2Li; PO, (crystal) FogLner BaO
Rate ; O ( ) FQr Increase of Li,SiO; crystallization peak
Li;O(glass 5(glass) = Li>SiOs(crystal ,S10; Cry: p
_________ s e e 1-_O_(g ass) 4 Slok(g 155) 1310., ((jl ystal) Modifier although lead to decrease of Volume fraction
fa lon’n'ard ‘ Activation Li,SiOs(crystal) + SiO,(glass) = Li,Si,Os(crystal) Ca0
2 _L L _\enerw mo oLSe Viscosity La,0;,Al,04 control viscosity and flow in plastic state
Gl ! 1
é‘ ass | Ex backmard VYV YOV OV & MgO, ZnO « Good chemical stability
% - e — h chemical Nb O’ B O’ + Low viscosity to enhance Li,SiO; crystal
g | Bulk eneray of LR ) . stability 2 536 23 result in moderate fraction
s izati y r . i i,Si
s Crystall|zit|frlL L —\. A A A 24\ Deteriorate crystal growth of Li,SiOg
crystal
" Fi -30 and 1-31 E ial h of Li,SiO; (LS) (Fig. 1-30 ,81,0,(LS,) . . . . .
Reaction progress [E%u'i;;m Lirr'-q (LP), aggg;?ngggma;ey o Lm(alr_ln')\a;r'\%;!idj,’ e LS0AS) Ref) Glass and Glass Ceramics for Medical Applications (Emad El-Meliegy) p212~214
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Experimental 11740

X - variation Black box Y - Results

1. £Glass composition 1. Bi-axial strength

1. Crystalline phase
‘ ‘ 2. Vickers hardness
2. Crystalline phase size

— Crystal growth 3. Fracture toughness (K;.)

2. Crystallization — Nucleation

(Heat-treatment)

<Glass composition> <Experimental>

Glass fabrication :

 Matrix SiO,/Li,0=2.3 (94mol% fixed) Melt hi thod
0 elt-Quenching metho

> IS
¥

» Total amount of additives : 6mol%o

Melting
(1400 Heat —treatment
Additives P,Os ZnO K,O (Nucleation)
Raw materials (NH,),HPO, Zno K,CO, N 2
Crystallizaion
Role Nucleation agent Glass modifier (I-éeat t—tlrzatmi:;
rystal Grow

7

) Nucleation
Annealing
Compositions of XRD
Sample ID additives (mol%) ZnO/K,0

P,0. KO _ Zn0 = SEM
) 15 3 15 05 - - Annealing
#2 15 225 225 1 Time (mln) Fracture toughness
#3 15 15 3 2 ot &
#a 125  2.75 2 0.727 PP reng
o T o o7 10 <Bi-axial strength> -
#6 1 3 2 0.667 * |SO 6872 ardness
#7 1 25 25 1 .
48 1 2 3 15 * Piston on a 3-balls
#9 075 275 25 0.909
#10 075 25 275 11 X20
#11 05 3 25 0.833 ; oA \
#12 05 275 275 1 111213 /
#13 05 25 3 12 5 0ZnO

0 20 40 60 80 100

» Sample size : 12.8mm(Dia), 1.2T

. o <Hardness : Vicker’s >
A - ) G « Indentation load: HV 0.5

’. , ' 1 + Duration time : 10s

Seoul National University

Electronic Materials & Devices Laboratory e
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XRD 12/40

@ Lithium Disilicate [01-072-0102]
v Cristobalite - SiO, [01-071-0785 :
ristobalite - SI0, [ ] Nucleation agent
Composition (;S%Z) ZnO/K,0 P205 ’;
1 05 L
2 15 1 >
3 2 %‘
4 0.73 &
5 125 1.38 %
6 0.67 =
7 1 1
8 1.5 /
9 0.9
10 0.75 11 80 /
11 0.83 /
12 0.5 1 K_O100, ) \ /
13 1.2 2 0 20 40 60 80 100 ®
o
) ) o —~ | @ 10® W ® Yo 9%° o
» The formation of secondary phase cristobalite is thought to 5 ”JN\ " N
be related to the Zn?* ion S | | e
» The Zn?* is thought to be located at tetrahedral sites since it 2 J
prefers four coordination due to strong covalent boding via _ . .. hases @ | 18, | N VO
sp? hybridization o 2| | |
. . . £ : M I M ]
* Itis assumed that Zn2* ions behave as a glass former in the | JW
tetrahedral unit (ZnO,)* possessing Li* and K* to maintain |, “'g — ey t P VN
neutrality in the glass, and therefore the Si-rich region 1@ 10 20 30 a0 =0
: . : : . :
increases near (ZnO,)? and is crystallized as cristobalite. o 2-theta (260)

¥E% Seoul National University

Department of Material Science & Engineering
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Microstructure : SEM
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Nucleation agent .. . i
50 » The Bi-axial strength and hardness increased as increase of P,Os.
N « The hardness tend to increase by increase of ZnO.
.  The strength and hardness prone to increase as decrease of grain
SAVAVAVAY N size. It is thought that the addition of P,O. provided many sites
80/ Jrint \20 of crystalline phase, and the ZnO hinderd the growth of LS2
K201°‘;/ VANAY: L A EOOZnO phase by consuming Li* lon.
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I-1. Crytallization of Lithium Disilicate Glass-Ceramics by Mixture Design

= The crystal size became small as increase of P,O. due to its increase of
heterogeneous nucleation sites and more spherical as increase of ZnO.

= The ZnO affected the formation of cristaobalite by consuming of Li* ion and the
increase of SiO,-rich phase fraction which is crystallized. Also, it impeded

growth of LS2 crystalline phase.

= The bi-axial strength and hardness increased as decrease of crystalline phase size.

3 Seoul National University

EleCtronIC Materlals & Devices Laboratory %‘MV Department of Material Science & Engineering
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|-2. Effect of crystallization on mechanical
properties of lithium disilicate glass ceramics

¥E% Seoul National University

Department of Material Science & Engineering

<
Electronic Materials & Devices Laboratory ey



Part I-2. Motivation & Objective
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Ref) http://www.georgevandervoort.com/metallography/specific/iron-and-steel-
specific/20001306-revealing-prior-austenite-grain-boundaries-in-heat-treated-steels-

article.html

o =0, +

kyd -1/2

<Hall-Petch relation>

H=H,+k,d"?

* o; IS the yield stress for the easiest slip system of a single crystal

. ky is constant

Dislocation Pile-up

Hall-Petch Strengthening Limit

Maximum atiainable
yield strength via GB
strengthening

o, "
mo:;,}%y
o ,
> (&
< o s
X b, Un
Sy Oy,
Q N g ‘ylid~ adt?[-
Q &Q Illg fig
d~10n
m

Grain size, d12

Fracture Strength, o,(MPa)

Ref) http://www.ceramtec.kr/ceramic-
materials/aluminum-oxide/
Grain Size, d (um)

o)

IPS e.max CAD
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Lithium-Disilicate

<Griffiths eq.>

1200 PRPRIR P — K =Yoo V2
Fine-grained branch I
1000 4 /" SloperY=2.6 MPam??
<25pm Y : Crack shape factor
/ .
800 1 /\ Slope/Y=3.5 MPam'/2 o Assumption)
(o] - -
/ ° o Crack ~ Grain size
600 ?g > ° o o
© | O o o Q . g
& % o ° Hall-Petch relation + Griffiths eq.
400 5% 0,00 Ly
[ BN
o8} ¢ 008 .O: _ K|c C—1/2 ~ K|c d—1/2
200 1 o o O; = Y ~ Y
<Al,O5-polycrystalline>
0 5 500 400 &0 o0 1000 1200 1400 Ref) Mechanical properties of ceramics

(Grain Size) 2, d-12 (m172)
follows the Hall-Petch relation?

ceramics?

Suem®
¥ )

X, M

(John. B. Wachtman) p215

Does the strength and hardness of crystalline phase of LS2 glass-ceramics

What factors would influence on the strength & hardness of LS2 glass-

Seoul National University

Electronic Materials & Devices Laboratory
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Experimental 18/40

X - variation Black box Y - Results

1. Glass composition ) 1. Bi-axial strength
1. Crystalline phase
‘2. Vickers hardness

2. Crystallization 4— Nucleation \

(Heat-treatment) | 2. Crystalline phase size

— Crystal growth/| 3. Fracture toughness (K;.)
a

<Glass composition> <Crystallization>

*SiO,/Li,0=2.3 (94mol% fixed)
» Additives total : 6mol%o

= Heat-treatment affects the number of nuclei, size of

crystalline phase

Sample L . . i
Composition SiO; Li,O P20s ZnO K.O . ; . .
b . = Nucleation temperature, time — The number of nuclei
#3 P1.5Zn3 66.27 27.73 15 3 15 !
44 PL25Zn2.75 6627 2773 125 275 5 . - Crystal growth temperature, time— Crystalline phase size
#7 P1.25Zn2 66.27 27.73 1.25 2 2.75 i
| :990°C
#12 P1Zn2.5 66.27 27.73 1 2.5 2.5 ' 0 ©
i e ° m Metastable zone CI}'Stal
Additlves P205 Zno Kzo : N ) of undercooling Growth
h = ~ o Q o
| Nucleated = ° . ° : - o @4 5}
Raw materials (NH,),HPO, Zn0O K,CO,4 ! - / ° e 0070 E =
; w .
Role Nucleation agent Glass modifier ! Nucleating Agert  Crygapizaton B ives  crystalied g Nucleation
| = g
1 . =
; Heating
: Ref) http://polymer-additives.specialchem.com/centers/polypropylene-nucleation- ]
| center/how-do-nucleating-agents-work
| T, 440°C

Rate

eoul National University

Department of Material Science & Engineering

Electronic Materials & Devices Laboratory



Experimental

1600

~1400

~1200

[0]

—_

31000}

o

© 800}

£

£ 600t
400}
200}

<Experimental>

Glass fabrication :
Melt-Quenching method

Melting

Crystallizaion

Nucleation

Annealing

Time (min)

> DTA

Heat —treatment
(Nucleation)

Heat —-treatment
(Crystal Growth)

T

=

==
v

XRD

= SEM
Annealing

Fracture toughness

Strength

Hardness

<Fracture Toughness : SEVNB>

* Single-Edge-V-Notch-Beam

* Notch depth : Imm, Tip Radius: 15pum

» Sample size : 3 x 4 x 40 (mm)

<Strength : Bi-axial >

* ISO 6872
« Piston on a 3-balls
« Sample size : 12.8mm(Dia), 1.2T

<Hardness : Vicker’s >

* Indentation load: HV 0.5

Electronic Materials & Devices Laboratory
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<Maximum nucleation Temperature>
— Marrota’s DTA analysis

Ref) A. Marrota et al, J. Mat. Sci. 16 (1981) 341

IN(N,+N,) = %Ti +const — for previously nucleated s
P =
N, = same surface & heating rate Sf. //\
InN, = 5iOJrconst—for an as - quenched sample (N, =0) | Iﬂz’ \{
T s ‘ \
P | | \
I \
ity 51 1) S
N, R(T, T, | \
0 .\ '|‘
Isothermal : 1h ‘ %
Heating rate : 15C - m wm e

Figure 3Ty — T, plotted against temperature of heat-
treatment for Li,0-25i0, glass.

AT =T, T shift of the DT Apeak temperature

— Max. nucleation rate

<Crystal growth : Heat-treatment condition>

Factor Name Type Levels Level Values
A Numeric v | 3 0 %0 500
B ZEEH2T | Numeric ~| 2 300 850
c ZEEAIZE Numeric ~| 2 z 4

Nucleation Temp. Crystal growth Temp. Crystal growth Time

* Nucleation duration: : 1h (fixed) 2
* Heating rate : 10C/min 800 5
460 ,
« Crystal growth 850
« Heating rate : : 30C /min 4
2
800
4
. 500
Max. Nucleation Temp. — 850 2
4
2
800
4
540
2
850
4



Crystalline phase size : P1Zn2.5 20/40

Crystal growth
Temp.

Crystal growth

Time
o
=
|
T ! I 141 I | 12 | i
b I x I I i [ [
| | | | | | |
4- | | 121 | | | 10 | |
[ | | | e | |
= | | —~101 | | = s | |
§ 3. | | § | | ' | |
~ I I ~ I I 1 | * % |
£ | | * £ 81 | | B 6 | |
B | . o) | | @ | |
= 21 [ [ c B | [ [
| | o | | £ 4 | |
~ B
3 | FLETINRE | | TUOfiTe
| | | | 21 | |
| | 2] | | | |
oo 4 R T N oL 04
Cystalgrowth Time 2 4 2 4 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24
Crystal growth Temp. 800 850 800 850 800 850 800 850 800 850 800 850 800 850 800 850 800 850
Nucleation Temp. 0 460 500 0 460 500 0 460 500

T

ecedts

Seoul National University

Department of Material Science & Engineering
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Crystalline phase size : P1.25Zn2 21/40

Crystal growth
Temp.

Crystal growth

Time
460°C
o
1.44 i I | | 71 | |
! | 4 ! | * o .
1.2+ I I I I I I
® I I I I 61 I I
i [ | " al | | | [
E 1.01 « | | “«* 5 3 | | Qo s | |
S | | S | | = | [
= 087 X | = ! | = ! !
= I I = I I i 4+ I I
S 0.6 I | = | | | |
= : | & | | gi) 3- | H |
i | 1 | | | [
0.4 | | $ 14 | | < | [
[ | [ | 2 [ |
0.2 I I I I I I
[ | | | | [

oo 4 o 4 L S T R
Crystalgowth Time 2 4 2 4 2 4 2 4 2 4 2 4 24 24 24 24 24 24 24 24 24 24 24 24
Crystal growth Temp. 800 850 800 850 800 850 800 850 800 850 800 850 800 850 800 850 800 850
Nucleation Temp. 460 500 540 460 500 540 460 500 540
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Crystalline phase size : P1.25Zn2.75 22/40

Crystal growth o

Crystal growth
Time

1.0 I | 2.51 i | Iox |

| | . | | 6 | |

| | . | | | |

| | ] | | % | |

081, | | " . 2.0 | | o °] * |

= I X I I - I I I

§ [ [ i [ [ © [ [

= 6 [ X 1.57 [ [ @ - 4 [ [

c | | ;g) | ! O | |

%1 | | | ] | |

S | | & 10 | ! ;8', 8 | |

; 0.4- | | | . | | < | |

: | | | | ] | |

| | g | | T 2 | |

| | 0.51 | | | |

1 | | | | ] | |
0'2 T T T T I T T T T I T T T T T T T T I T T T T I T T T T 1 T T T T I T T T T I T T T T
Ciystalgrowth Time 2 4 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24 24
Cystal gowth Temp. 800 850 800 850 800 850 800 850 800 850 800 850 800 850 800 850 800 850

Nucleation Temp. 460 500 540 460 500 540 460 500 540

Y
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Crystalline phase size : P1.5Zn3 23/40

_

Crystal growth

1.4 | £ 3.01 | | ! !
| | x | | : :
| | x| i | |
1.2 | | 2.5 | | . |
~ 1.0 o ' — ! ' Ke) : :
: I I 2.0+ | | =

g ol . | § | | = o |
Z 0 | | < 15 ! ! * - | |
— * | | *® -6 | | (@] | |
S 05 | | Pl 2 | | B | |
< | | & 1ol | | 2 | |
0.41 | % | % S % | | < | |
| | g I % [ . | |

| | 0.5- | [ 1
0.21 é . éé ! d ‘ $ | é | | |
é | | é I é | & é ' '
oo v oo, v 1 : :

CystalgowthTime 2 4 2 4 24 24 24 24 24 24 24 24 24 24 -
Crystal growth Temp. 800 850 800 850 800 850 800 850 800 850 800 850 2803' 253 Zog ‘253 %og 253
Nucleation Temp. 460 520 540 460 520 540 460 0 0
P1Zn2.5 ©

SEI 150KV X10,000 WD 7.8mm am SEI 150KV X10,000 WD 6.3mm wm KIC SEl 15.0kV  X10,000 WD 86mm m KIC SEI 150kV  X10,000 WD 65mm

Heat treat-ment : 500°C, 800°C, 2h

4

St g
£

(Reel

A
Y
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3
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Crystalline phase analysis : XRD 24/40

(101. @ Lithium Disilicate [01-072-0102]
(020)(110) v ° V¥ Cristobalite - S|02 [01-071-0785]
~ P13 e * % 0® o Si0,/Li,0=2.39
= .
G Composition SiO; Li,O P,Os ZnO K,0
~— |P1.25Zn2.75 lM
> R s " P1.5Zn3 66.27 27.73 1.5 3 1.5
D P1.25Zn2.75  66.27 27.73 1.25 2.75 2
QC) P1.25Zn2 j\M e P1.25Zn2 66.27 27.73 1.25 2 2.75
+ A A A OV N
c P1Zn2.5 66.27 27.73 1 25 2.5
Plzn2s ¥ A Moo + Secondary phase cristobalite peak increased as increase of P,O; and ZnO.
10 20 30 40 50 * P,O; induced phase separation the Li,O-rich region and SiO,-rich region.
2-theta (deg.)
<SiO,-rich phase> <P¥- Li* rich phase>
(0] o

| =, | * From the Li,O-rich region, Li;PO, was formed and it

o— @—o o—@ __ ', promoted the LS2 growth.

| | * SiO,-rich region may be left as increase of P,O and it

157

° R formed cristobalite (SiO,).
Flg. 7.3 Liquid-liquid phase separation <Zn** + Li* rich pllase > -
P,Os(glass) + 3Li,O(glass) = 2Li; PO, (crystal) o « ZnO may consumed the Li* to maintain neutrality in

2o ) 18 (-10)LS: |

the glass which result in increase of SiO,-rich region

AT Uit leading the cristobalite (SiO,) growth.

Figures 1-30 and 1-31 Epitaxial growth of Li,SiO; (LS) (Fig. 1-30) and Li,Si,O(LS,) D 230
S
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Fracture toughness

<Fracture toughness. K,->

25/40

4pm

yGrain Size, d (um)

28 1200 . 4?01?0 SIO 2I52|D 1I0 llt ? r 0i7 :
5 /
© % /
= L =< 800 _ 172 o
E © Slope/Y=3.5 MPam
o 2.4 . % / o ° 5
Qo 3 600 A /aéA o ° o o
c O
5 2.2/ ' g o 'O o 208 °
2 & § 0 Sp 00 :. °®
g 2.0 e © o 8 .o:
= 200 ° ©
©
s : | : . | | | | | |
P1Zn2.5 P1.25Zn2 P1.5Zn3 0 200 400 600 800 1000 1200 1400
(Grain Size) 2, d~12 (m~172)
Composition K dygilline : s A ti
ic phase size (um) Hall-Petch relation + Griffiths eq. |Asumpton
Crack ~ Grain size
P1.5Zn3 2.2910.34 2
: 0.361 o. = K|c o2 o K|c d-12
P1.25Zn2.75 - 0.962 f = ~
Y Y
P1.25Zn2 2.07+0.3 1.026 K
P1Zn2.5 2.3410.11 3.878 slope=—"5~  v=112Jr
1.12v 7
| Comparison | pvalue |
P1Zn2.5 vs P15Zn3 0.758 Ke | Slope |
P1Zn2.5 vs P1.25Zn2 0.066 P1.5Zn3 2.29+0.34 1.15
P1.25Zn2 vs P1.5Zn3 0.109 P1.25Zn2 2.07+£0.3 1.04
ALLK. ~0f samplos was | ident ical P1Zn2.5 2.34+0.11 1.18
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Srength vs Crystalline phase size 26/40

Assumption)
Hall-Petch relation + Griffiths eq. Crack ~ Grain size

o, :K_C—1/2 K|c 42 slope=—1_

K.
1 12\7

Slope Slope

P1Zn2.5 2.3410.11 118 0.382

_ ~1/2
o =0,+k,d

 The calculated slope from the crystalline phase size signified
the relevance with K, showed very low value compared to
the measurement — (P1Zn2.5: 0.382 vs 1.18)

 This is explained that the crystalline phase size is too
small(<4um), hence the only Hall-Petch corresponded.

» Fracture strength increased as decrease of crystalline
phase size (length, width) until critical point and it showed

the deviation and decrease. It could be attributed to the

presence of secondary phase cristobalite (SiO,).

Fracture strength, o, (MPa)
N w w N N ol
a1 o a1 o gl o
o o o o o o

N
o
o

Fracture strength, o, (MPa)
N w w N N
a1 o a1 o a1
o o o o o

N
o
o

150

Crystalline phase length, d (um)

4.00 1.00 0.44 0.25
" P15zn3 . <Length>
| e P125Zn2.75 e
A p125Zn2 4 ma, .
| v P1Zn25 4 ee & _®
A A ©® g
- "
L A ° u
A A .
v
- u
u
i A4
Slope : 0.382
0 500 1000 1500 2000
(Crystalline phase length)™?,d™? (m™?)
Crystalline phase width, d (um)
4.00 1.00 0.44 0.25 0.16
= P15Zn3 .
- e P1.25Zn2.75 . " <Width>
A P1.25Zn2 o4 .
L v P1Zn25 s Lt
' X -
A u
I~ [ J
v A “ -
= v L]
v
u
I v/V/ ]
v v |
4
Slope : 0.112

0

500 1000 1500 2000 2500
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Hardness vs Crystalline phase size 27740

Cra/stalline hase legnth, d (pmz) Crystalline phase width, d (um)
4.0 1.00 0.44 0.25 0.16 . 4.00 1.00 0.44 0.25 0.16
= P1.5Zn3 = P1.5Zn3
— e P1.257Zn2.75 —~ e P125Zn2.75
th_s A P1.25Zn2 . &U A P1.257n2 - .
O v P1Zn25 Q v P1zn25 .
~ 6 o 6
g V. g v
5 = v
< © A
< v = v
» 5t v k,:9.27E-4 -g 5F v k., :6.03E-4
Q
S v H,:4.84 § Vv H,:4.78
S I
R?:0.7741 R?:0.5402
4 s 1 s 1 s 1 s 1 s 4 s 1 s 1 s 1 s 1 s
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
(Crystalline phase length)™2,d** (m™?) (Crystalline phase width)?,d™"*(m™?)
-1/2
H=H,+k.d
" a X i 35 » Vickers hardness increased as decrease of crystalline phase

size (length, width).
« Even though fracture strength did not followed the Hall-

Petch relation, the hardness coincided with it.

% 3 . r H
v Seoul National University
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Effect of crystallization on mechanical properties of lithium disilicate glass-ceramics
- Composition)
1) The nucleation agent P,O- promoted nucleation, therefore, crystalline phase became small.
2) As increase of P,O and ZnO, secondary phase cristobalite peak intensity increased.
Why? : The Li* ion was consumed to form Li;PO, crystal which promoted the LS2 growth, and to
maintain the neutrality in Zn?* tetrahedron.

- Crystallization) The crystalline phase grew as increase of crystal growth temperature and time.

Does the strength and hardness of crystalline phase of Lithium disilicate glass-ceramics
follows the Hall-Petch relation?
- Fracture strength : No. It showed scattering and decrease and deviation at critical point.
Why? : It is assumed that the secondary phase cristobalite(SiO,) could affected fracture strength.
- Hardness : Yes. It followed the Hall-Petch relation.

Why? : It will be studied further in future work.

Seoul National University
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I1. Effect of the colorants on the color and
translucency of lithium disilicate glass-
ceramics

¥E% Seoul National University

Department of Material Science & Engineering
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Principles of colour

incident light

30/40

scattered light

L*a’b* color space

reflected light

fluorescence

@ absorption centre
© fluorescence centre

QO scattering centre

Lambert’s law :

Beer’s law

Lambert-Beer’s law = A=abc

Optical density (Absorbance)

S2 5 = celle] Z0]0j H| 2| A=ab, a=constant, “absorptivity” [L/g cm or L/mole cm]
: E%‘EE Al29| == 0 H|&| A=a’c, c=concentration [g/L, mole/L]

T%= P x100
b= —
PO
P
Absorbance = —logT = Iog;

0
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Absorption of light 31/40

2

H He
] dblock SRR
i 12| 3d orbitals filling 1 14 15 [16 |17 [1e

Ma | Mg
19 |20 [21 |22 |23 [24 |25 |26 |2F (28 |29 [30 (31 |32 [33 |34 [35 |36
K Ca [Sc [T [V Cr |k |Fe [Co [Ni [Cu [Zn [Ga [Ge [As |Se |Br | Kr

Absorption by

transition metal F————1  iieroion 10 seconds
Sz T, T VibrauPcnal Relaxation and Internal Conversion 102 seconds
i Fluorescence 10 seconds
E E 0 Phosphorescence =107 seconds
Ho— ;
& S 1S ¥
é vlvlyl¥ly _'p_._T1____f
Y : 0
' 4 — e
So ;; ' T So ¥ E ' -f'
ENERGY 0 Yo ¥ vy,
FFERROm Density of states Density of states S
SURFACE g
-————— — = B
¢ ABSORPTIO E NS L
o ] Absorption Flucrescence Phosphorescence
FERMI ‘fa‘
ENERGY SURFACE : H (=] = A
3d, 4f metal ionO| lightE& MEHE O 2 S
(EA§0| ZrALE[O] Mo 2 LIELH)
- Metal 0] 7] 20| emissionO] OF=!.
o T s -> Met_al 0|%_0| LS2 crystalline phase =2 0| X}Af
ELECTRONS (Cristobalite, quartz, LS, LP), §-2| 40| 21%]

SIAISE © = OF A HO = A il
Fig. 6. Band dlagram of a typical metal (A) ('glll = I—I- TI xI — =2 T HA O 9 = ER)
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Crystal Field Theory

over surface of a sphere Iocated at vertices
ofan octahedron

Negative charges
distributed uniformly Negative charges

E a y z yz .
_____ A, @
t2g
(a) Electrostatic attractions
(+/—) considered
(a)
® ®
i
=} )
e @ [
H
e & é
d,2 dy dy,
e, orbitals go up in energy by %AO ty4 Orbitals go down in energy by %;\Q

(b)

Electronic Materials & Devices Laboratory

A t ] E
Ao [
_____ - = 8 |
Metal cation, 4
Mn+ 17‘,‘ v v .
dy do d Wiy

32/40

d > SR d 2
s ry £ Az » €9
3 dxy dxz dyz
Bl = 4 A ty
E | 2]
i ) 3
2 5 II
5 ¢
v. B r d g €
29 2_ 2 2
dxy dxz dyz i =
Octahedral Tetrahedral

(b)
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Complimentary colour

Drag the slider across the spectrum or click on one of the coloured segments to pick the absorbed colour and to show the
complementary colour according to the colour wheel.

b
[

Newton's
colour
wheel

wavelength = 667 nm

colour observed

UV Region

If a substance . 400 m
absorbs here...

|

800 nm - Visible Region

495 nm

Visible Region Colour Wheel

620 nm

...it appears

33/40

ViaxXimum absorption at this wavelength

.0
A max=21/nm

0.8 |

4

= 0.6

2 _

o

5

)

;:1 .4 |
0.2 |

1 1 | 1 1
200 220 240 260 280 U0
wavelengtn (nm)

The absorption peak at a value of 217 nm, is in the ultra-violet
region, and so there would be no visible sign of any light being
absorbed making buta-1,3-diene colourless. The wavelength
that corresponds to the highest absorption is usually referred
to as “lambda-max” (Amax).
Red 620-750 nm
590-620 nm

570-590 nm
496-570 nm

as this colour

Blue 450-495 nm
Violet 380-450 nm



Color generation in glass 34/40

Factors of color generation in glass
* Type and concentration of polyvalent ions

* Redox state of glass

&

) Oxyg e n p reSS u re an d SO O n http://artg\asdesigns‘b\ogspotkr/ZOl;VlZ/cold—glass.hl

: : <Redox in soda lime glass>
<Colors generated by colorants in soda lime glass> 9

Transition metal ions Rare earth ions

Configuration Ton Color Configuration Ton Color ton A
Ti* Colorless 4f° La* None
d’ Vv Faint vellow to colorless Ce" Weak yellow @
Ci®  Faintyellow to colorless 4! Ce” Weak yellow
i Violet-purple af P Green
d! \al Blue 4 Nd* Violet-pink
Mn® Colorless af! P’ None
2 i - : * + + + +
N Ce™ +Sb™ — Ce’ +Sb*
i CIQ;_ Faintblue : Eui: None Yellow Weak yellow
Mn Purple 4f Eu Brown
& Mn®* Light yellow Gd** None
F¢"  Faint Yellow to Colorless 4t Tb* None
& F‘f_ ~ Bluegreen 4f190 Dy” None <Redox potential series in soda lime glass>
Co Faint Yellow to Colorless 4f Dy Brown . o .
d Co Bluc-pink Ho™ Yellow High oxidation potentﬂ
d NiZ Brown-purple 4t Er” Weak pink -
dg Cug_ Blue-gre?;l 4f12 Tmz_ NOIIl)e Cr203-|\/|n203-C602-V205-CUO-A3203-Sb203-Fezo3
d% Cu’ Colorless 4 Yo** None Ref) Chemical approach to Glass, Milos Bohuslav Volf
4t Lu* None

O HLEn D
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L* (Lightness ) 35/40

Brightness, lightness, luminance, or value, which describes the intensity of the colour, the
number of photons reaching the eye.

g
Q ‘-S Light Spf!:"ulﬁtr
Ball N | A SCE (Specular Component Excluded)
| Diffuze Ilght__m L t/(
i messremert et SCI (Specular Component Included)
7
A
2 < | | - ' 6

These figures indicate that
a+hscsdre=a"+h'+c'+d" + 8" 3

Usually, a person looks at the color of the object and ignores the 1
specular reflection of the light source. > SCE mode would be
sufficient to express colour

Ref) http://www.konicaminolta.com/instruments/knowledge/color/part3/02.html

Seoul National University
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Uv-vis spectrometer 36/40

« Shimadzu UV-2600
* Integrating sphere for diffuse reflectance
e 240~1400nm

Mirror M3

Mask
r Ref. light
|

\ : %Mirror M2

Reference

- N8
90
Mask
Mask

Sample ~

260 Sample light

integrating

sphere Mirror M1

When the specular reflectance is measured,
the samples locates in SR position which is

Seoul National University

Department of Material Science & Engineering
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Diffused reflectance, L*a*b* 37/40
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Structure-property correlations in highly modified Sr, Mn-borate glasses ®c[ossm

A. Winterstein-Beckmann ?, D. Méncke 2, D. Palles °, E.I. Kamitsos ”, L. Wondraczek **

@ Otto-Schott-Institute, Friedrich-Schiller-University Jena, Fraunhoferstr.6, 07743 Jena, Germany
Y Theoretical and Physical Chemistry Institute, National Hellenic Research Foundation, 48 Vassileos Constantinou Avenue, 11635 Athens, Greece

ARTICLE INFO ABSTRACT
Article history: Highly modified borate glasses with the composition (1 — 2x)MnO-x(Sr0-B;03) (x = 0.46, 0.42, 0.36, 0.25,
Received 7 March 2013 and 0.20) were prepared and investigated by Raman, infrared (IR), and electron paramagnetic resonance

Received in revised form 21 May 2013

- ; (EPR) spectroscopy. Optical properties were studied in regard to photoluminescence, optical absorption,
Available online 20 June 2013

and refractive index. The Mn?*/Mn>* equilibrium was shifted towards the divalent manganese ion as a
result of the strongly reducing melting conditions employed in this work, which facilitate the preparation

gg::_mds; of transparent glasses with up to 80 mol% total SrO and MnO content. Changes in the optical and physical
Burat:?; properties within this glass series were related to structural variations. The structure of glasses with relative-
Strontium borate; ly low MnO content was found to involve mainly trigonal [B@20]" and tetrahedral [B@4]~ metaborate
Manganese borate; groups, which are replaced progressively by pyroborate [B,0s]* ~ and orthoborate [BOs]*~ triangular units
Structure upon increasing MnO content. At the highest modification level (x = 0.20) the structure is built of
orthoborate isomeric species in triangular [BO4]*~ and tetrahedral 0@ N 137 ~rnfmiratinn Tha lattas con
cies form [B309]° ~ rings, which reestablish some degree of network 20
ing and six non-bridging oxygen atoms, and this is reflected | | X = 0 36
temperature for x = 0.25 over x = 0.20. Micro-Raman measurem 11 x
in these glasses due to chemical isomerization processes involving \
tures. Also, increasing MnO content was shown to cause MnO-clust - 15 B, —
nescence and EPR measurements. e | 9
S, A
> 1
- - - (2]
I
UV-Vismeasurementswere obtained in the g v
- . . \
transmission mode in the g -tﬁ:chame T,
a 54 \ dos ot
range from 200-1200 nm. The spectra were o ¥ Yyho T(0)
- ] , )I \/7\
converted into absorbance ARURY;
. NI e o

and normalized to the sample thickness (optical 32000 | 28000 | 24000 20000 16000 12000
density in Cm—l). Wavenumbers [cm™]

- Fig. 3. Deconvolution of the optical spectrum for the sample x = 0.36. Above 25,000 cm! =
CT transitions are dominating and no deconvolution is possible (original thickness
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Discussion : Differential Scanning Calorimeter “'/°°
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FE-SEM EDS Mapping
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Crystal growth rate

* v frequency with which atoms are transported across the interface

+ Q,: distance the crystal advances for a layer of attached molecules According to Turnbull(1960) ' reaction-rate theory
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Fundamentals of inorganic glasses, A. K. Varshneya , Physical ceramics, Yet-Ming Chaing, Dunbar Birnie 111, W. David Kingery, (p437-)

Crystal growth velocity is ~ 10%cm/sec. . _



Crystal growth rate

1) The irregular glass structure can be re-arranged into the
periodic lattice of the growing crystal

2) Energy released in the phase transformation process can
be eliminated by the heat flow away from the crystal-glass

interface

Energy barrier i.e.
activation energy
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Potential energy kJ

a, : interatomic/seperation
v : vibrational frequency at the crystalglass interface

Glass-Ceramics, P. W. Mcmillan 2" edition
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