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Pornpimol Kuntajinda 2011: Residual Strain Adjustment to Enhance Machinable
Glass-Ceramics Forming as a Restorative Dental Material using CAD/CAM System.
Master of Engineering (Materials Engineering), Major Field: Materials Engineering,
Department of Materials Engineering. Thesis Advisor: Assistant Professor

Duangrudee Chaysuwan, Ph.D. 120 pages.

The purpose of this research was to reduce residual strain with in the glass rod of glass
ceramics of the Si0,-Al,O,-MgO-MgF,-SrCO,-CaCO,-CaF -P,O; glass system in which
contained fluorapatite of 2.5, 3.5 and 4.0 mole%, respectively, by annealing process at T,+20 °C
and T,-50 °C. The effect of residual strain on mechanical properties, e.g., biaxial flexural
strength and Vickers hardness was focused. Glass rods were first prepared and reduced residual
strain by annealing process for 2 h at T +20 °C and T,-50 °C. A strain viewer was used to
observe the residual strain in the glass rod before and after annealing. Thereafter, the glass rod
was heat-treated with the suitable heat treatment to transform to a glass ceramic rod. The glass
ceramics were analyzed with the standard for restorative dental materials according to ISO
6872:2008(E). Each glass ceramic was cut, ground and polished as a block and was formed by

CNC controlled with CAD/CAM system to apply for dental materials.

As a result, the annealing process at T,-50 °C was more effective than that at T +20 °C
to reduce residual strain. The mechanical properties, e.g., strength, hardness and fracture
toughness were suitable according to ISO 6872:2008(E) and it was classified as Type 2 Class 2
substructure (core) dental ceramics. After forming by CNC controlled with CAD/CAM, the
glass ceramic specimens presented without microcracks and accurately desired shapes. It was

found that in the research GCF 3.5 was the most suitable to use as a dental restorative materials.

Student’s signature Thesis Advisor’s signature
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3. PM39UDOH (Annealing)
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4 a a g’u g’/ a I 1
iieenInnszuIumMsmaanaassNniy lutunszuumsmaaiiuunaun (Glass-
o q ¥a = = 1 o a 2 3 o
rod) 91 IIAeANIATEAANA1N Bedawanemsthnataysln lJyugihiludagnie
Wuanssuemstouuyy laun msnasosuanszauganIn (Micro crack) n1e luumanda

1] v Y
Tidadeedimalsvlyalunszurumswaa e Idtauianenanmunzauaemsii laugl



Y
Y R g’/ o

[ wa a a dy = ~ 9
ﬂ'lﬁﬂiUﬂ?x‘]ﬁN‘Uﬂﬂl@\iﬂﬁWﬁL%ﬁWﬁJﬂ“ﬁuﬂuiﬁﬂﬂluuu N UlmﬂfJﬂ']'iaﬂﬂﬁiﬂﬂ!ﬂ’)'ﬁuﬂﬁﬂﬂﬂﬂﬂﬁ

1 F) F) axy 1 ~ a ~ v I Y Ay o 1 dy
ma“luumum AYITNITOUBDUNYUNYUUASLINNINNISTY mmu"lﬂmmma%ﬂwa"lﬂu

9
Narayan and Kelton (1998) ﬁﬂHWWﬁﬂigﬂU‘U@ﬁJl‘m@uﬂ']ﬁ’f)U’f)’tJUﬂlE)\?ﬂ']ﬁLﬂﬂU’Jlﬂaﬂﬁ

YDIHANVDY Na,0-2Ca0-38i0, Tuuda

Fischer et al. (2005) ANE1BNTNAVOINTAAANNIATIAANAI (Residual strain) N1
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4. NIZVIUMIMIANNTOU (Heat treatment)
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é 9 9 A a A =
FINTLUIUNTNNANUIOULTLNBUAITDINTZUIUNST AB NTZUIUMITINANUATY T
(Nucleation) HaznIzUIUMIAL Tnupanan (Crystallization) aauandluning 3 Tasnszuiu
9 o Y Y A = A y g A
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(McMillan, 1979)

Temperature (°C)
A

Crystallization
(Optimum time)

T +20 or T ,+20 * |
p p-

10 °C/min
(Optimum

Optimum nucleation nucleation time*)

temperature ¥ —f—

10 °C/min

» Time (hr)

a 9 4 9 v =
NMNN 3 ﬂig‘]_l'J‘Llﬂ’liﬂ’]\‘lﬂ')’lllif]uclUﬂ'liLﬂﬁﬂuIﬂiQﬁﬁ’l\?ﬂ]'ﬂ\?llﬂﬁlﬂ“ﬂﬁ’]ﬁl“ﬁﬁ’lﬂﬂ

HINYLYA: * Optimum nucleation temperature LAE Optimum nucleation time 181035 vee
Marotta et al.
* gungil T, uaz T , 1A11910 Exotherm Peak NnilauazaoiniudiAy

té 9 a 4 9 d' A A d A 9
‘ﬂ)’\‘lulﬂﬁ]”lﬂﬂ”l'i’l!,ﬂiw‘HWﬁﬂ’)ﬂmﬁﬂﬂll?J’Jlﬂi”lzﬁlcb'\iﬂ’ﬂiﬁﬂu (DTA)
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aziveanane 111l

CAD/CAM 8011910 Computer aided design / Computer aided manufacturing 0D
M3 UNAN03 18l UMTBRNULUHI 0NTIAONNUADS MIFIBNITHAR a8 CAD/

CAM 2MNUTMWAUFBIAIU AD 421 CAD tiay CAM
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(Fatique) 11ta2AUAINU (Durability) tazdanandauua Tinluemanvesiganaiuanssy

] H Y Y
INOMITONIFUIRATUDINNTZUIUMIVUFUAIOTZ VY CAD/CAM 15U AW HagaznIy
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6. NAIF1HaINa (International standard) ISO 6872:2008(E) (ISO 6872:2008(E), 2008)
MNATTIUAIN ISO 6872:2008(E) 1HTlusnasgrulumsnageuauiinvesiagirsiin

mhunliutagmasiuanssy i auianiena autiameamenin uazamiamanil ¥z

o a o Py Y @ o [ 1 Y
mmiﬂmuuﬂﬂm@L!,azmimulﬂslflfcluﬂumuwumﬂiinﬁmiumammﬂﬂ

° g’/ 9 1 a o I
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a0915810N Ap

{ X < a 1 ]
1. dszaniinils (Type 1) s iiinfioglugdvoan

1 I a 4 H 1 [}
2. Uszanfiaed (Type 1D Wuas1indun lailyw
6.2 MINATDUAVLANNALALANTANIAUAT

o o a 4 I (% @
ﬂTi‘Vlﬂﬁ’E)llﬁ?J‘U@‘ﬂNﬂaLLﬁ%ﬁ"JJU@WINLﬂfIﬂJ@Q!“D’iﬁJﬂlﬁi’)[l%llﬂuﬁﬁﬁmﬁﬂu@ﬂiiﬂ

U NAADUAWUINTFIUAINA ISO 6872: 2008(E) AdLEA IUA1T19N 1
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maei 1 mssadsznveussiinie IHiluigamaiuanisuauuiaigiuaina

ISO 6872: 2008(E)

Properties

Class Clinical indications Flexural Fracture Chemical

strength  toughness  solubility
12

(MPa) (MPa.m ") (ug.cmiz)

a) Aesthetic ceramic for coverage of a metal or
a ceramic substructure
1 _ AY : _ >50 >0.7 <100
b) Aesthetic-ceramic: single-unit anterior

prostheses, veneers, inlays or onlays.

a) Aesthetic-ceramic: adhesively cemented, single-

2 ) ) >100 >1.0 <100
unit, anterior or prostheses.

b) Adhesively cemented, substructure ceramic for

. . . ) >100 >1.0 <2000
single-unit anterior or posterior prostheses.

Aesthetic-ceramic: non-adhesively cemented,

3 . . , , >300 >2.0 <100
single-unit, anterior or posterior prostheses.

a) Substructure ceramic for non-adhesively
cemented, single-unit, anterior orposterior
4 prostheses. >300 >3.0 <2000
b) Substructure ceramic foe three-unit prostheses

not involving molar restoration.

Substructure ceramic for three-unit prostheses

S . , >500 >3.5 <2000
involving molar restoration.

Substructure ceramic for prostheses involving four

6 ) >800 >5.0 <100
Or more units.
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gunsamazizms
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1. s lFlunside

1.1
1.2
1.3
1.4
MERCK
1.5
1.6

1.7

1.8
1.9

uunTiFenoon lae (Magnesium oxide, MgO), > 98%, MERCK
A203NT (Silicon dioxide, Si0,), >99.865%, Fluka
pygiitlouoonloa (Aluminum oxide, ALO,), >99.695%, Fluka

15V ﬂﬁ@ﬂllﬂgﬂf]uli A (Magnesium fluoride, MgF,), Granules about 1.25 mm,

o mam%um%{umu@ (Strontium carbonate, SrCO,), >98.4%, ALDRICH
unaiBoutlgenlse (Calcium fluoride, CaF,), >97%, GPR

uAAFEUAS UBIUA (Calcium carbonate, CaCO,), 99.0%, Analar
Woanosamunonlaq (Phosphorous pentoxide, P,0;), >97%, Fluka

nin la1asgeesn (Hydrofluoric acid, HF), 48% 1ag 10%, MERCK

1.10 n5A1dW (Acetic acid, CH,COOH ), 99.9%, CARLO ERBA

Y ]
1.11 ¥1nau (Distilled water)

J 4 { aw
2. gUnsalnazinseslonldlumsite

2.1

2.2
23
24
2.5
2.6
2.7
2.8
29

11 UW1 (Electric furnace) Naberthem therm qquﬁ 1800 °C, Linn high therm
RNl 1200 °C 1szmasingy

1101 (Hot oven), ESPEC 31 PH-101, ﬂizmﬁﬁjﬂu

93 09AARIE IR, Buchler Isomer 1/52mengn sl

Lﬂ?'if)\i"l‘fﬂ (Grinding/Polishing machine), GloJeng ;iu TNP-200F Useinet ldviiu
1939944 (Balance), Denver T4 TB-403 AMNWAZI0A 0.001 N3, Ysemeosuil
énéﬁammﬁqa (Ultrasonic bath), KURRY ﬂizmﬁﬁlﬁﬂ’qy
uaruesindifunuEu (Glove box)

savyuilFlumswauasad (Roller)

nszUeNWaIaan (Plastic bottle)

2.10 ATNDUNSH (Agate mortar)

2.11 828UNaNIiY (Platinum crucibles)



2.12 8 ’JEJ’E]ZQﬁNW (Alumina crucibles)

2.13 fahaaumauuialng (Stainless steel tank)
2.14 MyuzAuANUAY (Desiccator)

2.15 @ZUNIITOU (Sieve) 11AZ 019 (Pan)

2.16 ATLAHNIIBLLBS 600 800 1000 1200 1AL 2500

a

2.17 WUABL UM (Alumina powder) YU1A 1 pm
2.18 WIUAINYS (Diamond pastes) YUIA 3 pm

2.19 WIAUNAL (Round bottom flask) Y116 250 ml.

2.20 g1ulane

221 NMBRONT (Epoxy Adhesive)

2.22 W15 W&Y (Parafilm)

2.23 uiNNA13 VB (Carbon mould)

2.24 AuMueNI (Tong)

2.25 Ggﬂﬁ’umm%}au (Flame retardant coat)

2.26 vimanuANuioutarsId (Heat and light resistant mask)

A [ 9

2.27 9aUBNUANUIDU (Heat resistant gloves)
2.28 faiief (Glove)

2.29 QQﬁEJEJ1Q (Acid resisting gloves)

2.30 LIUA (Goggles)

2.31 P?T?Jﬂﬁ]y‘ﬂ (Dust resisting mask)

= 14
2.32 UnNtNd3 (Beaker)

A A A FY a 4
Cseaden ¥ lumsiasizw

16

3.1 1A3991AIITHNNANNTOU (Differential thermal analysis, DTA), Perkin Elmer 'g"' Uu
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L=100
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33 ANULI (Hardness)
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3.4 ANUHUGINUNMUMTUANTN (Fracture toughness)
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3.4 ANUMNEITIUNIUNTUANTN (Fracture toughness)
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. Flexural strength Hardness Fracture toughness
Core materials 0
(MPa) (GPa) (MPa.m ")
Dicor 152 6.1 2.5
oCcC 222-300 4.1 2.7
Empress 2 400 53 33
In-ceram Alumina 500 11.5 3.9

731: Ban (2008)
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Material Coefficient of thermal expansion x10°.C™
Dicor 7.2
In-ceram Alumina 7.4
OCC 8.0
Empress 2 10.6

#31: Ban (2008)
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Glass-Ceramics Chemical Solubility (ug.cm_z)
GCF 2.5 411
GCF 3.5 268

GCF 4.0 382
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MIEUINT N1 ToyaINNTAATIZHTIAWEoURI0IATOI DTA YDUAIFAT GCF 2.5

awamgiiliton. o) T, T, T, -T, T, T, T, T,
T,-30 790.00 789.90 -0.10 912.61 914.90 2.29
T-15 790.00  790.88 0.88 912.61 914.98 2.37
T, 790.00 791.86 1.86 912.61 914.98 2.38
T +15 790.00 791.86 1.86 912.61 914.98 2.38
T,+30 790.00  790.88 0.88 912.61 912.05 1.73

Y v a ¢ a Yy 9 4 v
ﬂTﬂQW‘H'Jﬂﬁ 2 "]JE]?;IJ@Ft]'lﬂﬂ?i’)mﬁ’lgﬂlﬁ]ﬁﬂ'ﬂﬂﬁﬂuﬂ’Jﬂ!ﬂ%@\‘l DTA GU'B\?LLﬂ'J'Q{G]ﬁ GCF 3.5

awamgiilitv. o) T, T,  Tp,-Tp, T, T, T, T,
T, 30 77895 78039  1.44 882.50  882.48 -0.02
T,15 778.95 78235  3.40 882.50  883.74 1.24
T, 77895 78333 438 882.50  885.03 2.53
T 15 778.95 78529 634 882.50  886.62 4.12
T,+30 778.95 784.31 5.36 882.50  885.03 2.53

H a J Aa 4 Y
mﬁnwu”mﬁ N3 BﬁlmJuamﬂmi’Jmﬂzmmﬂ’nm%}@uﬁamﬂ?m DTA ﬂl@ﬁllﬂ?’gﬁi GCF 4.0

AsQauigili 1 3. (C)

T

pl pl p1 " Lpt1 p2 p2 p2 " p2
T,-30 769.03  768.63 -0.40 876.97 873.53 -3.44
T,-15 769.03  770.73 1.70 876.97 873.78 -3.19
T, 769.03  772.55 3.52 876.97 874.11 -2.86
T *15 769.03  776.47 7.44 876.97 874.51 -2.46
T,+30 769.03  771.67 2.64 876.97 873.81 -3.16




MSIWUINT N4 Msvanizaylumsinaiundesaved YGEC 2.5

13a1 (hr)

T

b b o™ T » » 2 T
0.5 790.00 789.90 0.10 912.61  917.00 4.39
1 790.00 788.90 1.10 912.61 91527 2.66
2 790.00 788.92 1.08 912.61 91527 2.66
4 790.00 788.89 1.18 912.61 91527 2.66
10 790.00 788.87 1.13 912.61 91527 2.66
msnwuanﬁ 1K) mimna1‘*7immzﬁﬂumnﬁ@ﬁamﬁﬂﬁmm YGFC 3.5
381 (hr) T, T, T T, T, T,-T,
0.5 778.95 780.13 1.18 882.50  884.29 1.79
1 778.95 783.06 4.11 882.50  886.86 4.36
2 778.95 784.04 5.09 882.50  889.22 6.72
4 778.95 784.54 5.59 882.50  890.20 7.70
10 778.95 784.54 5.59 882.50  890.20 7.70
maeEndi n6 msmnaimngaulunsinaiinduaves YGEC 4.0
1321 (hr) T, T, o -T T, T, T, T,
0.5 769.03 772.31 3.29 876.97  871.99 -4.99
1 769.03 774.51 5.48 876.97  876.87 -0.10
2 769.03 776.87 7.85 876.97  878.83 1.85
4 769.03 777.45 8.43 876.97  878.83 1.85
10 769.03 777.45 8.43 876.97  878.83 1.85
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d' a 4 = 9 A 0
MINNUINN V1 HaNMSAATIEHYTUIUAMUATEAANAINVBY GCF 2.5 7 Tg+2() C

USIUANUIATIAANANYBIGCE 2.5 ¥ T,+20°C

FuUi dniad (Real Temper Number)
nNoUoUDDU NnasoUooU

1 1.47 1.41

2 1.73 1.39

1 3 1.51 1.45
4 2.03 1.55

5 1.64 1.60

1 2.61 1.57

2 2.61 1.90

2 3 2.61 2.60
4 2.19 1.77

5 2.61 2.30

1 2.61 2.61

2 2.61 2.33

3 3 2.61 2.56
4 2.61 2.61

5 2.61 2.61

1 2.60 1.60

2 2.10 1.80

4 3 1.74 1.72
4 2.61 2.42

5 2.47 2.51

1 2.49 2.49

2 2.49 2.47

5 3 2.49 2.49
4 2.40 2.30

5 2.07 1.93

O4vg 2.30 2.08

STDEV 0.40 0.46




d' a 4 = 9 A 0
MINNUIND V2 HaMITAATIZHUTUIUANUATEAANAINUBY GCF 3.5 7 Tg+2() C

USIANUIATIAANA1NYBIGCE 3.5 ¥ T,+20°C

FuUi Aiad (Real Temper Number)
NOUDUDOU Na10UU

1 1.34 0.61

2 1.67 1.66

1 3 1.67 1.99
4 2.35 2.04

5 2.49 2.49

1 1.95 2.24

2 2.49 2.49

2 3 0.84 0.65
4 2.49 2.26

5 2.49 2.49

1 2.41 1.88

2 1.7 1.78

3 3 2.48 1.95
4 1.88 1.59

5 1.51 1.44

1 1.83 1.8

2 2.49 2.48

4 3 1.79 1.82
4 2.02 1.86

5 2.37 2.36

1 2.49 2.49

2 2.49 2.49

5 3 2.49 2.49
4 2.49 2.49

5 2.14 0.99

O4Avg 2.09 1.95

STDEV 0.46 0.56




d' a 4 = 9 A 0
MINNUINN U3 HaNMITAATIZHUTUIUANUATEAANAINYDY GCF 4.0 N Tg+2() C

ﬂ%ﬂJ"lmﬂﬂiJLﬂdiflﬂﬁﬂﬁ)N"U@\‘]GCF 4.0 Tg+2OOC

Fuaui Ainad (Real Temper Number)
NoUoUDOU nasoUooU

1 2.49 2.37

2 2.49 2.49

1 3 2.49 2.49
4 2.49 2.49

5 2.48 2.49

1 2.49 2.49

2 2.49 2.49

2 3 2.49 2.49
4 2.49 2.49

5 2.49 2.49

1 2.49 2.49

2 2.49 2.49

3 3 2.49 2.49
4 2.49 2.49

5 2.49 2.49

1 2.56 2.40

2 2.61 2.59

4 3 2.60 2.56
4 2.59 2.47

5 2.61 2.55

1 2.49 2.49

2 2.49 2.40

5 3 2.49 2.49
4 2.49 2.49

5 2.49 2.49

Oavg 2.51 2.49

STDEV 0.04 0.05




d' a 4 = 9 A 0
MINNUINN V4 HANMITAATIZHUTUIUANWATEAANAINYDY GCF 2.5 7 Tg-50 C

USUANUATIAANA 1YY GCF 2.5 &1 T,-50°C

Fuaui Ainad (Real Temper Number)
NOUBLBOU NaI0UooU

1 2.49 2.49

2 2.49 2.49

1 3 2.49 2.44
4 2.49 1.74

5 2.49 1.80

1 1.95 1.40

2 1.46 1.29

2 3 1.86 1.41
4 1.86 1.65

5 2.04 1.89

1 2.49 2.49

2 2.47 2.49

3 3 2.49 2.49
4 2.40 2.30

5 2.07 1.93

Oavg 2.24 2.02

STDEV 0.33 0.46




= a ¢ a v = 0
ANININHINN VS WaﬂTi’JLﬂ'ﬁ"I%“Hﬂ%iJ']ﬂ!ﬂT]iJLﬂiEJﬂﬂﬂﬂNﬂlﬂﬂ GCF3.5% Tg-50 C

ﬂ%iﬂﬂ!ﬂ’ﬂmﬂ%ﬂﬂ@lﬂﬁﬁxﬁlﬂﬂ GCF35a Tg-SOOC

%ymmﬁ ﬁmmiﬁi (Real Temper Number)
NoUoLDOU NaI0 o0

1 2.09 1.14

2 2.14 1.33

1 3 2.49 1.39
4 2.01 1.27

5 1.53 1.5

1 2.49 2.49

2 2.49 2.49

2 3 2.47 2.49
4 2.49 0.99

5 2.14 2.49

1 1.83 1.80

2 2.49 2.48

3 3 1.79 1.82
4 2.02 1.86

5 2.37 2.36

Tavg 2.19 1.86

STDEV 0.32 0.57




d' a 4 = 9 A 0
MINNUIND V6 HaNITAATIZHUTUIUAMUATEAANAINYDY GCF 4.0 N Tg-50 C

ﬂ%u1mﬂ3ﬁﬂﬁ§8ﬂ@ﬂ%Nmﬂﬁ(KH74OQ@T§Sdt

“T;luﬂuﬁ sﬁnmmﬁ (Real Temper Number)
NoUdLDOU NnasoUooU

1 2.49 2.49

2 2.49 2.49

1 3 2.48 2.49
4 2.49 2.49

5 2.49 2.49

1 2.49 2.49

2 2.49 2.41

2 3 2.49 2.04
4 2.49 2.49

5 2.49 2.41

1 2.49 2.49

2 2.49 2.41

3 3 2.49 2.04
4 2.49 2.49

S 2.49 2.41

Oavg 2.49 2.41

STDEV 0.002 0.15
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3 a < @ a
ﬂTﬂQN‘H’Jﬂﬁ A1 WAMIAATIZHNTIATUOINAALLIINN

PR L* a* b* ANMUALLLAY (Opacity)
Fuaui
GCF2.5 GCF3.5 GCF4.0 GCF2.5 GCF3.5 GCF4.0 GCF2.5 GCF3.5 GCF4.0 GCF2.5 GCF3.5 GCF4.0
1 55.46 74.08 60.88 -1.29 -2.30 -1.57 -2.41 -4.36 -2.88 36.62 65.61 51.35
2 53.86 72.93 63.54 -1.07 .43 -1.90 -2.33 -4.84 -2.99 38.27 65.28 53.17
3 53.52 74.13 62.52 -1.23 -2.38 -1.76 -2.32 -4.19 -3.18 39.76 63.28 53.32
4 55.01 72.81 62.45 -1.34 -2.43 -1.56 -3.15 -4.90 -2.98 41.12 64.66 52.20
5 54.39 74.42 63.06 -1.05 231 -1.72 -2.61 -4.47 -3.03 38.13 66.13 54.12
6 54.04 70.52 61.90 -1.20 -2.46 -1.67 -2.88 -5.18 -3.04 4141 61.62 54.75
7 53.70 70.06 63.87 -1.05 -2.51 -1.78 -2.28 -5.44 -3.06 38.60 60.41 54.82
8 53.60 71.63 57.89 -1.10 -2.47 -1.43 -2.26 -4.64 -2.66 39.92 62.08 46.27
9 56.95 72.98 62.55 -1.51 -2.49 -1.61 -3.70 -4.70 3.12 44.07 62.77 54.68
10 53.66 74.08 62.94 -1.03 -2.32 -1.77 -2.29 -3.96 -3.14 39.42 61.01 52.40
Tavg 54.42 72.76 62.16 -1.19 -2.41 -1.68 -2.62 -4.67 -3.01 39.73 63.29 52.71
STDEV 1.10 1.56 1.72 0.16 0.08 0.14 0.48 0.45 0.15 2.09 2.04 2.55

€6
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ATNUING 91 Calcium-mica, JCPDS File Hiugtavy 25-0155

Angle (20) Intensity
9.110 100
27.594 70
29.160 15
40.041 10
40.416 10

ASNUINT 92 Fluorapatite, JCPDS File riungiav 71-0880

Angle (20) Intensity
25.887 37
31.944 100
33.117 48
34.161 24
46.916 26
49.618 32
72.116 3
72.778 2

MINNHINT 43 Silicon oxide, JCPDS File ilnatav 82-1571

Angle (20) Intensity
22.675 100
27.887 23
32.363 31
39.881 32

61.359 3




MI19NHINN 94 Strontium oxide, JCPDS File tigiav 48-1477

96

Angle (20) Intensity
29.970 89
34.740 100
62.280 18
73.330 7

Vnﬁ%?ﬂu’)ﬂﬁ 395 Forsterite, JCPDS File vivgiaa 71-1083

Angle (20) Intensity
22.569 79
31.921 71
35.268 80
36.093 100
39.208 39
42.099 21
46.991 3
55.375 10
57.375 18

ﬂ1§1ﬁwu3ﬂﬁ 36 Cordierite, JCPDS File viu@iav 76-1794

Angle (20) Intensity
10.381 100
28.530 15
38.482 5
42.903 2

46.579
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Y < [ Jd v a
ﬂ‘li‘lﬂwugﬂﬁ 91 ﬂ'IquHNLLiQTUIﬂJUJu@@@ﬁf]\‘]l.!ﬂusllﬂ\jﬂa']ﬁl"]fﬁ’]l]ﬂ

Fuaii AU T ITU TUUAA AR BIANYBINA TSI INN Bl T +20 °C (MPa)

GCF 2.5 GCF 3.5 GCF 4.0

1 169.95 167.47 207.09

2 167.65 179.18 185.28

3 179.38 194.10 177.56

4 166.40 204.83 173.15

5 146.99 201.57 175.28

6 202.67 184.08 240.71

7 175.94 203.90 171.74

8 170.43 163.67 191.89

9 174.46 183.68 197.18

10 166.99 149.76 168.06
Oavg 172.09 183.22 188.79

STDEV 13.84 18.61 22.10
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H < Aa
ﬂ‘li‘l\'iﬂ“?ﬂﬁ D2 ANULUIVDINDLEITIUN

< a
ANULUVIUDINATIEI TN TU Tp1+20 °C (GPa)

TR GCF 2.5 GCF 3.5 GCF 4.0
1 3.29 3.96 3.81
2 3.43 3.57 3.78
3 3.44 3.84 3.79
4 3.40 3.96 3.79
5 3.40 3.24 3.64
6 3.52 3.47 3.78
7 3.38 3.41 3.91
8 3.33 3.29 3.38
9 3.12 3.50 3.98
10 3.35 3.10 3.77
Oavg 3.37 3.53 3.76
STDEV 0.11 0.30 0.16

66



ASNUING 03 ﬂ’JHJm“IjEJ’JGQIJTLWHUﬂTiLL@ﬂﬁﬂﬂJ@\iﬂﬁWﬁWﬂﬁﬂ

Fuaud ANUHHEIAUNIUMIIANKNVRINAY3IEN & T, +20 °C (MPam')
GCF 2.5 GCF 3.5 GCF 4.0
1 1.09 1.40 1.02
2 1.01 1.39 1.14
3 1.10 1.34 1.18
4 1.22 1.89 1.42
5 1.23 1.80 1.68
6 1.11 1.71 1.39
7 1.25 1.25 1.20
8 1.19 2.01 1.39
9 0.86 1.22 1.56
10 1.52 1.96 1.71
Oavg 1.16 1.60 1.37
STDEV 0.17 031 0.23

001
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Temp.°C T. Alpha/(1/K)
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dliLo *10-

hY
Temp./*C T. Alpha/(1/K)
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ASNUING B1 ﬂﬁa%ﬁWﬂ‘ﬂNlﬂﬁ‘Uf’)\‘]ﬂﬁWﬁl%i'ﬁﬂuﬂiﬂlﬂﬁg{}M 4% Tasd5uas

= 7
myazagmauniivesnareasiiinTunsatidu 4% TaelSinas o T +20 °C

T GCF 2.5 GCF3.5 GCF 4.0
1 533 358 451
2 442 201 351
3 354 256 467
4 432 307 347
5 425 273 380
6 496 274 474
7 327 199 327
8 316 251 362
9 359 190 319
10 421 277 382
Oavg 411 268 382

STDEV 71 49 59
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MINNUIND B2 MTazatenanivesnaraysiin luamsazate Ta@oy lanson laa

0.1 Tuans

=\ a = 14 14
mIazagmaatyeanaassin luasazare Isaoulaason lod 0.1 Tuais

Fuami W T,+20 °C
GCF 2.5 GCF 3.5 GCF 4.0
1 51 47 45
2 47 52 27
3 94 49 30
4 54 44 46
5 59 30 47
Oavg 61 44 39
STDEV 19 9 10
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v v v
MISHRUINT ¥3 MTazarenmualvesnataysiinluiinau

~ 4 7 <
Myazatemanivesnaassn luiinay a T, +20°C

FUUN
GCF 2.5 GCF 3.5 GCF 4.0
1 17 10 6
2 63 15 7
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4 25 14 9
5 53 11 11
STDEV 20 14 3
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Residual Strain Adjustment to Enhance Machinable Glass-Ceramics Forming as a Restorative
Dental Material
wofisn dusduen’ mitassns Ansdasinun’ auz Fnd’ uazenand eqarans”

Pornpimol Kuntajinda1 , Tepiwan Jitwatcharakomol’ , Chana Raksiri' and Duangrudee Chaysuwanm

unAnta

nenauminefindesenmseusdlussuy - SI0,-ALO,-MgO-MgF,-SrCO,-CaCO,-CaF -P,0,
wefuilaeimingasigenfarmilud  (Fluorapatite) winfu 2.5, 35 LAY 4.0 AWAIAL 4NN
AasaufEAGes Differential Thermal Analysis (DTA) wuqmuqﬁua:v:mlun'mﬂ'a‘uufnm?"m'm
Tﬂﬂa?waimgﬂmmuﬁ'zLﬂu‘iﬂna%wénﬂmnamt-mﬁmﬂn{': QunuansAnEAAnziRnATes  Xeray
Diffractometer (XRD) wasdnmsnseanaamninluszunil Ao uradenlifin  (Calcium-mica)
geafaswiing uazaafidelni (Cordierite) lunssunumssaatuesi B inuaaesuaanAegnelu
Wit Seardsnadaresutinana wu Asudausauaraonuuds dudu TasauiedusanAieanansn
Ui lFFaanszountsauAfIEARLATES LATAATFBLATRY Strain Viewer AN sRa
ﬂ‘?mm-nmvlqﬂﬂfﬂ:wﬂvuﬁdwalﬁ'ﬂ‘mﬁmu5n-nmuﬂatiau'luﬁﬁuaxwa_am'ﬂxm‘lwsﬁﬁumn‘%u
wenantuinuaueisandeitegnisluuaudondeainniseupaipduieiesiiuualiiana N

ol - x -
Flawdeudunaramniin axflunad lunsruplduisanieiuanss

ABSTRACT

The machinable glass-ceramics of the SiO,-Al,0,-MgO-MgF,-SrCO,-CaCO,-CaF,-P,0; system
contained fluorapatite weight percentages of 2.5, 3.5 and 4.0, respectively. The results from Differential
Thermal Analysis (DTA) showed optimum nucleation temperature and time in order for transferring the
amorphous structure of glass to crystalline structure of glass-ceramic, X-Ray Diffraction (XRD)'s results
presented that the main crystalline phases of glass-ceramics were mainly calcium-mica, fluorapatite
and cordierite. From manufacturing process, there was residual strain within the glass rod to lower their
mechanical properties, €.g., strength and hardness. However, the annealing process could reduce this
residual strain and the result was confirmed by Strain Viewer. Furthermore it was found that by
increasing fluorapatite content affected to increase the intensity of calcium-mica and fluorapatite by
XRD. In addition, the annealing process influenced to reduce residual strain within the glass rod and

enhance to form the glass-ceramics as restorative dental materials.

'peftAsansaian AnsAAInIAART inedtineRsAand
Department of Material Engineering, Faculty of Engineering, Kasetsart University
*guduinsandag AnAranssumand sinefuinsasAaag

Materials Innovation Center, Faculty of Engineering, Kasetsart University
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INTRODUCTION

Glass-ceramic material was developed by S.D. Stookey of Corning Glass (McMillan, 1979). It
was chosen for dental restorations, for example,‘implants, bridges, inlays, onlays and crowns (Yin et al.,
2006) because of their properties such as excellent machinability, high fracture toughness, high thermal
shock resistance and biocompatibility. Although their advantages are great, they are found a
disadvantage which is low mechanical properties (Holand, 1997). Thus, the production of glass-
ceramics for dentistry needs to improve their mechanical properties, e.g., hardness, strength and
toughness (Keawsupsuk, 2010). Glass-ceramics are prepared by the suitable heat treatment of glass
consisted of two processes: nucleation and crystallization. The nucleation process generates nuclei
from nucleating agents in glass and crystallization process causes for those nuclei to grow further to

crystals. Obviously, crystalline glass-ceramics are obtained.

Residual strain within the glass rod was believed to affect mechanical properties because of the
manufacturing process. If the strain remains in the glass and it needs heat treatment to transform to a
crystalline glass-ceramic, the glass-ceramic components are always loaded by residual strain (Green,
1998). Moreover, residual strain would be induced when the sintered ceramic surface are ground and
polished (Tuan and Kuo, 1999). To overcome this problem, test specimens should be free of residual
strain and relaxing residual strain in the components has to be annealed at a suitable temperature for
some hours (Fischer et al.,2005 ). In order to investigate the residual strain, a strain viewer has to be
applied. Specimens for investigation by a strain viewer must not be opaque. Therefore, residual strain

has to be evaluated in the glass which is transparent rather than in the glass ceramic.

Strain viewer (StrainMatic M2 Series) has been designed to measure some values of glass such
as glass color, batch calculation or glass property prediction and residual strain. The strain viewer is
available within polarized light source. This instrument uses polarization angle for each pixel in order to
calculate the real temper number presented in color-code and values of glass measurement (Katte,

2009) as shown in Figure 1.
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Figure 1 Residual strain of glass rod by strain viewer

Computer-aided design and computer-aided manufacturing (CAD/CAM) processes have been
developed for the fabrication of dental restorations (Willer et al., 1998). CAD/CAM technology has
emerged as another popular processing technique for glass-ceramics (Holand et al., 2008). The
machinable glass-ceramic containing calcium-mica and fluorapatite crystals was found to be
appropriately fabricated with CAD/CAM technique without microcracks from the cutting on surfaces
(Sirinukunwattana, 2010). This research concentrates on residual strain adjustment to enhance
machinable glass-ceramics due to their properties (e.g., hardness, strength and toughness)

improvement.

MATERIALS AND METHOD
Three batches of glass-ceramics were varied the fluorapatite content called YGCF 2.5, YGCF
3.5 and YGCF 4.0, respectively, as shown in Table 1. The reagents of SiO, (=99.865%, Fluka), Al,O,
(299.695%, Fluka), MgO (=98%, Merck), MgF, (granules 1-2.5 mm, Merck), SrCO, (>98.4%, Aldrich),
CaCO, (99.0%, BDH), CaF, (>97%, BDH) and P,O, (>97%, Fluka) were mixed and melted in an alumina
crucible in an electric furnace at 1420°C for 1 h. Then the quenched in water to receive glass frits. The

glass frits were ground into powder and sieved to be used for subsequent experiments.

Glass powder samples were analyzed using differential thermal analysis (DTA, Perkin Elmer
Series DTA7) to elucidate the optimum nucleation temperature and time by using Marotta's method
(Marotta et al., 1981). In order to produce a glass rod, glass frit was melted at 1420°C for 1 h and
poured into a carbon mould. After that, to reduce internal strain, the glass rod was annealed for 2 h at
20°C above its glass transition temperature. Then a strain viewer was used to observe the residaul strain
in the glass rod. Glass rods were reannealed at the same temperature and time and residual strain of
glass rods was repeatedly analyzed. XRD (Philips, PW3040/00) was performed to find out crystalline

phases of glass-ceramics.
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Table 1 Varied chemical compositions for fluorapatite of glass-ceramics by weight (g)

Formula SiO, | ALO, | MgO | MgF, | SrCO, CaCoO, CaF, PO,
YGCF 2.5 A b c d e 5.04 0.44 2.38
YGCF 3.5 f g h i j 6.87 0.60 3.25
YGCF 4.0 k | m n p 7.76 0.67 3.67

Remarks ato p : weight of chemicals which are undisclosed (g.)

RESULTS AND DISCUSSION
In Figure 2, DTA curves of glass samples (YGCF 2.5, YGCF 3.5 and YGCF 4.0) are shown from
400°C to 1200°C at heating rate 10°C min". The glass transition temperature (Tg), crystallization

temperature (Tp) and melting temperatures (T ) are presented.

The increasing fluorapatite contents in glass-ceramics lower T , T and T _ because fluorine
ions, a radius of 1.36 A, is very close in size to the oxygen ion, a radius of 1.40 A, so that a fluorine
ions to replace the oxygen ions in glasses network without causing a disturbance in the arrangement of
other ions. The bonding strength of Si-F bond is stronger than that of Si-O-Si bond due to the

electronegativity and this effect is reflected in decreased viscosity of the melt of glass (McMillan, 1979).

50
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Figure 2 DTA curves of glass-ceramics YGCF (a) 2.5, (b) 3.5 and (c) 4.0.
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XRD patterns of the prepared glass-ceramics investigated both surface and bulk are given in
Figure 3. The main identified crystalline phases are calcium-mica (Ca,,Mg,AlSi,O,F,) and fluorapatite
(Ca,(PO,),F). Moreover, silicon oxide (SiO,), strontium oxide (SrO), forsterite (Mg,SiO,) and cordierite
(Mg,Al,Si,0,,) are the minor crystalline structures which are identical phases found in previous research
(Supanaroj and Tuksanon, 2008). The increased fluorapatite content in glass-ceramics affects the
stronger intensity of the identified peaks. CaCO, and CaF, are components to form calcium-mica
crystals, whereas CaF, and P,0, are nucleating agents of formed fluroapatite crystals formation. The
resulted of increaseing of unknown peaks affects the crystalline phase of glass-ceramic increases

(McMillan, 1979).

A Calcium-mica JCPDs: 25-0155
® Fluorapatite JCPDs: 71-0880
B Silicon oxide JCPDs: 82-1571
% Strontium oxide JCPDs: 48-1477

o A Forsterite JCPDs: 71-1083
: > © Cordierite JCPDs: 76-1794
A
]

(<)

Intensity (2.,

(b)

10 20 30 40 50 60 70 80
2 Theta

Figure 3 XRD patterns of glass-ceramics YGCF (a) 2.5, (b) 3.5 and (c) 4.0.
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Figure 4 Residual strain comparison of glass-ceramics by strain viewer between before and after

annealing (a) YGCF 2.5, (b) YGCF 3.5 and (c) YGCF 4.0

The results of residual strains in glass rod in Figure 4 show that the annealing process at
temperature above the glass transition temperature 20°C induces residual strain to decrease due to the
relaxation of residual strain and it was found that the strength of those glass-ceramics increased. Our
results are corresponding of the results by Fischer et al. (Fischer et al., 2005). Therefore, the annealing
process is able to enhance to form the glass-ceramics as restorative dental materials. Because the
annealing is a process to remove internal strains resulted from uneven cooling during glass rod
fabrication. If the internal strain in glass is decreased, then the mechanical properties, e.g., strength,

hardness and toughness are not affected by residual strain.
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CONCLUSIONS

The crystalline phases of glass-ceramics are mainly calcium-mica, fluorapatite and cordierite in
both surface and bulk. The internal strain with glass has been removed by an annealing process at
temperature above the glass transition temperature 20°C (Tg+20°C). The resultant glass ceramics after

heat treatment then are properly fabricated by CAD/CAM to use as dental materials.
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