41
411

0.75%

010%  0.07%

CGl1

CG7

4.2

Fed) 3
50%

CG7

Fed 3

Kaolin

CG2

CG3

Kaolin
Fed 3
Kaolin

CG5

41
Fed 3

CGo

41

CG5

0.05%
Fed 3

CG1-CG12

CG/

CG1-CG12

Fed 3

Kaolin

Kaolin
0.44%

CG5

crucible



|
CG5 ’ 0.05%
CG4 0.19%
:
C612 0.19%
m
CG6 0.19%
4.2
412

thermal analysis)

Transition Temperature (T)

Glass Transition Temperature (Tg)

Glass Transition Temperature (T)

(peak)

Zhang

Gl 0.20% CG10
CGl 0.23% CG2
CG8 0.25% CG3

& f 0.31% CG7
1P

CG1-CG12 % Fed 3

NANN

(Differential

DTA
Crystallization temperature (Tc)

i

temperature  Glass Transition Temperature (Tg)

Transition Temperature (Tg)
927°c
(Heat Treatment)

Differential thermal analysis ~ CGL

25

Glass

Crystallization temperature (Tc)

Glass

765 °c  Crystallization temperature (Tc)

glass ceramic

0.31%

0.33%

0.34%

0.44%

%

Nucléation
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2 nucleus Nucléation
Crystal growth

= = =% - -~
gﬂw 4.3 uanimarzunatl Differential thermal analysis 294 CG1

4.1 Glass Transition Temperature (Tg ~ Crystallization temperature
(T CGl CGI2 Glass Transition Temperature (T)  CGL  CGI2

720°c 789°c Nucléation Glass
Transition Temperature (T ) Nucléation 850 °c
Crystallization temperature (T)  CGL  CGl12 894°c

980 °c Crystal growth Crystallization

temperature (Tc) Crystallization temperature (Tc)' 950

°C 1050°c 1100 °c




4.1 Glass Transition Temperature (T )

CGl  CGlL2
Sample

Number
CGl
CG2
CG3
CG4
CG5
CG6
CG7
CG8
CG9
CG10
CG11
CG12

temperature (Tc)
1

3

Glass Transition
Temperature

T. <0

765
18
144
20
740
133
89
138
149
38
142
128

21

Crystallization temperature (Tc)

Crystallization
temperature

Tc(°C)

Glass Transition Temperature (T )

CGl  CGIL2
(Heat Treatment)
850 °c 2
850 °c 2
850°c 2

3

1

950 °c
1050 °c
1100 °c

927
976
923
921
91
933
980
8%4
908
918
Bl
939

Crystallization

2
2
2



413 (X-ray diffraction analysis)

CG5

44 XRD CG5

CG5 ' 1
XRD 44, peak
CG5 1500 °c
H Shao ¢l
950° 780 °c
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4.14 , (Thermal
expansion coefficient)  100-500 °c ]
(Thermal expansion  coefficient)
25°c  500° 100-500°c 25°c  100°c
, 45
25500 °c CCGl 100 °c
100500 °c
|
45 T UBEENC col
12
4.2 CG7 3.97X106/
°c 100500 °c CG8,

CG2 CGY 452 X106 450K10% 506 X106
CG6 CG5 CG4 553 X106 563 X106
5,75%106
32
CG7  Si02 66.52 W% Si02
055 X106Pc PL Mg AD3 1350 X10'6/°c [
850 X106/ 2U $i02



4.2

Glass for CG1 to CG12

CG10
CGl11
CG12

CGL
CG2
CG3
CG4
CG5
CG6
CG/
CG8
CGI

COE(X106
100-500°
5.5
4,60
548
575
563
553
397
452
506
513
551
5.19

30

(X106 °C)

Uniglass12
325

3.66
400
411
411
3.86
327
324
350
398
3.60
317




UNIGLASSTL

CG3, CG4

4.1

46
Mg0-AID 3Si02
Gl CGL2 47
, 3
CG5, CG2,066,C612, CGI.CGL0
CGLCGS  CGT
UNIGLASS

SEIREL. N o NS

UNIGLASS

CGl1

XRF

3l

4.2
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4.15 (Density) (Archemedes
Method) ASTM C373-88
43 (Density) CGl CGlL2
Glass Sample Densy (gem3
B=D/(M-S)
CGL 2.76
CG2 2.65
CG3 2.12
CG4 2.17
CG5 2.82
CG6 2.18
CG/ 2.60
CG8 2.69
CGI 2.69
CG10 ——.
CGl1 2.15
CGI2 2.13
M Saturated, D Dry suspended
43 (Density) 26 282 glem3
CG5 282 glem3  CG7 2.60
glem3
32
CG7  Si02 66.52 wWt%  Si02 2.65

gem3l  Mg0  AID3 3.60 glem3fl 389 glem3dL
Si02
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4.2 (cordierite glass ceramic)  boundary

Glass Transition Temperature (T) Crystallization temperature (Tc)

(Heat Treatment) 3
-Heat treatment 1 (htl) Nucléation temperature 850 °c 2
Crystal growth temperature 950 °c 2
- Heat treatment 2 (ht2) Nucléation temperature 850 °c 2
Crystal growth temperature  1050°c 2
- Heat treatment 3 (ht3) Nucléation temperature 850 °c 2
Crystal growth temperature  1100°c 2
3 5
XRD (Density)

Thermal shock resistance

421

el o G oo o Qoo

«

oGml O3l o @l Collhl oG

n

48 Heat treatment ht1 850 °c 2
950 °c 2
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4.8 Heat treatment 1 (ht1) Nucléation temperature 850 °c 2
Crystal growth temperature 950 °c 2

Ge @2 @ oGr G e e

G2 0¢:7 2 @ G Ee
« - H

4.9 Heat treatment ht2 850 °c 2
1050 °c 2
4.9 Heat treatment 2 (ht2) Nucléation temperature 850 °c 2
Crystal growth temperature 1050 °c 2
CG7

CGLh3  CG2Lh3  CG3h3  CGAM3  CG5M3  CG6Ni3

n * %
G #

CG7.h3  CG8M3  CGIh3  CGLOM3  CGIht3  CGL2 hi3

4.10 Heat treatment ht3 850 °c 2
1100 °c 2
4.10 Heat treatment 3 (nt3) Nucléation temperature 850 °c 2
Crystal growth temperature 1100 °c 2 Crystal growth
temperature 1100 °c
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4.2.2 (X-ray diffraction analysis)
XRD 411
Heat treatment 1 (ht1) Nucléation temperature  850°c 2
Crystal growth temperature  950°c 2
, peak Crystal growth temperature
CGL (JCPDS: 01-075-1555) CG10, CG12
Magnesium Aluminum Silicate (JCPDS: 00-014-0346)
XRD 412
Heat treatment 2 (nt2) Nucleation temperature 850 °c 2 Crystal
growth temperature 1050 °c 2 = ' (JCPDS : 01-084-
1219) Magnesium Aluminum Silicate (JCPDS : 00-014-0346)
CG7 (JCPDS : 01-075-1555)
XRD 413
Heat treatment 3 (ht3) Nucleation temperature 850 °c 2 Crystal
growth temperature  1100°c 2 (JCPDS : 01-084-1219)
Magnesium  Aluminum - Silicate (JCPDS :  00-014-0346) Heat
treatment2 Peak (Intensity) Heat treatment 2
CG7 (JCPDS : 01-075-1555) Heat treatment 2
Peak (Intensity) Heat treatment 2
XRD 3
Heat treatment 1 (ht1) Crystal growth
temperature Crystal growth temperature ~ 1050°c
Heat treatment 2 (ht2)
H Shao 3
950 °c Crystal growth
temperature 1100 °c Heat treatment 3 (ht3)
Heat treatment

Heat treatment 2 (ht2)
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M Magnesium Aluminum Silicate

M Q Quartz
Q
CG12ht1
CG1l1htl
M
;|} 9
CG9ht1
Q
CG8htl
Q
: CGT7htl
CG6htl
Q
CG5htl

\
It
. eI /"-4‘-»'4»\\r~’ LN S

SO W SRS RIS ESUN Sy SV PRSI o 0.7 | 1 |
CG3htl
VA A s AT S PN AAA A AN S e amisssas irranrisinnnias COGZREL

B

A N e - f ) cremrres CGlht1

d - « & « o« -
319 4.1 Ainnzviesdlsznauniaa five XRD aespefidielsdnaraigsiin htt
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C Cordierite ) .
M Magrnesmm Aluminum Silicate
Q Quartz
M
CG12ht2
c cch
"M C
| CGlIht2
c € A
Jkrikinr Voo a0 M-L-W'AyV LA 1 CGthtz
C c CC
M
CGINt2
«) |1
&Vpntedi CGBht2
J 1
C C ccg¢
CM A c
JAUU»UUSA L IV wi CGoht2
l! III IIIIIIIIIC
AWWeghd A Mk N WK CG5ht2
CG4ht2
C
C ¢
M o
¢ |ICl
c
M J iiL a CG2ht2

ll\l.ll,/‘a? "SHWWWW %A CGIht2

4.12 XRD ht2



C

R

S H‘vwa‘ Lffw"\t' v

C Cordierite
M Magnesium Aluminum Silicate

C Q Quartz

C
CG12ht3

CG11ht3

Losant U UM L tatnAne oot b oo CG10ME3
€ C

M
CG9ht3
C I if

" 7074 18 S TR NN SN R S, CG8ht3
A i A R CG7ht3

AT A AN NN = - CG6ht3

A AWEUVA AR A e emn ke s . CG5ht3

s
cc’
i
i\

;

”

C
WA A

L b shaAmenm v msasd \teimonefermn, e, CGADE3

: L ) CG3ht3
{
|
|

» c
W -
VLV \,wJ MUY A A AN A eatn Vs A ey CG2RE3

Ml 1 | ?
fth : |
Lo MUt A MAL kA rnan. S+ CG1ht3

M 0 13

g1

&
i

4.13 TiAnzvAlsznaunnand Aqe XRD vaspasidelsdnanamsiin hta

38
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423 (Density)
44 (Density) Heat treatment 2
CG5 3.00 g/lcm3 (Density) Heat treatment 2

CG8 2.64 glem3

4.4 1 ! CGL  CGI12 h2

ht2 Density (glcm3)

850°C2h.1050°C2h. B=DI(M-S)

CGL 2.65

CG2 291

CG3 2.82

CG4 2.88

CG5 300

CG6 281

CG7 2.15

CG8 2.64

CGI 2.10
CG10 2.92
CG11 2.76
CG12 2.7

424

(Thermal expansion coefficient)
100-500 °c Thermal shock resistance
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COE Heat treatment
(X106K)  850°C2h.950°C2h.

100-500°c
CGl 441
CG2 4.65
CG3 6.82
CG4 1.1
CG5 194
CG6 1.23
CG7 392
CG8 443
CG9 46
CG10 8.57
CG11 82
CG12 541
45 CG7
Heat treatment 2

40

CGhl hi3

Heat treatment2 Heat treatments
850°C2h.1050°c2h.  850°C2h.1100°C2h.

128 159

11.53 6.6

5.86 51

583 531

7.94

3.94 -

49 11.23

4,08 381

4.28 4,98

598 343

3.73 -

4,76 49

Heat treatment

CG7

CGL Heat treatment 1

CGl

CGl

Crystal growth temperature

Heat treatment

CGL Heat treatment

3

2

Heat treatment
1050 °c

1.28X10'6/ °c

1
1100 °c
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425 Heat treatment

Heat treatment 4 (htd) Nucléation temperature 850 °c 4
Crystal growth temperature 1050 °c 4 b2
4 4.14

CGLh4  CG2h4  CG3M4  CGAh4  CG5hd  CG5hid

4
£ *))"
CG7ht4  CGB M4  CGY M4  CGLOh4  CGILhtd4  CGI2 hid

A0
22 : 2 |+
4.14 Heat treatment ht4 850 °c 4
1050°c 4
- XRD
ht4 ht2
CGI f X(\:‘l::(.’:\:l’:‘gj:)eer:it:m Aluminum Silicate
i C C|

i
C
; !M 1 C; c
’i'r-w*-»'»u- '\w‘._.}i kw JI.r\‘j\JL...«-,f:\,fL.t,-\_»‘.‘L, /.‘-vl : “\ A At am et ! ht2

| T ; .‘
LTV Y -

& - o 'S a i o o
g'lJ‘Vl 415 ’ﬂﬂﬂﬂ?ﬁﬂ@UW'NLWﬂ?l@\?ﬂ'ﬂiLﬁEll?ﬂﬂ@']ﬁLsﬁﬁ"]iJﬂ ht4 iWrauineuniu ht2 189 CG1
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4.15 ht4
ht2 CGL Intensity ~ peak
4.16 CG7r  htd ht2
Intensity ~ peak htd ht2
- ? Q : Quartz
CG7 |
\‘,"'j\“‘«’fx"‘i";i{f“l‘ ;‘.-"" 4 ev, i o i at AdAY o i syl
|
i:
"
4.16 ht h2  CGI
(Thermal expansion
coefficient) htd ht2
4.6
ht4  h2 CGL
htd CG7
htd Intensity ~ peak
4.6 J htd ht2
COE Heat treatment? Heat treatment4
(X106K)  850°C2h.1050°C2h.  850°C4h.1050°C4h.
100-500°c
CGL 1.28 1.92
CG/ 4.9 13.27



CGl

43

6 AN v P 15 e NOA
S®AccV Spot Magn Det WD Exp F—————— 5%

== §200KkV 25 20000x SE 60 0  No.l

Scanning electron microscopy (SEM) htd
ht2
417 ht4 ht2
ht2 Heat treatment  850°c
1050°c 4 ' 1
CG1 SBY micrographs o samples
4.17 SEM micrographs 1 htd h2 CGl

% ’% SO
r it &2 B s A 3 3 “ g R et

4,18 SEM micrographs 61 2



4.18 CGL ht2
XRD

“h

.
)
[~

ab™ _-,-'._-.'t-. ~ i - n.:‘-.‘
ntzi8sl C zt Lou

ht2i880°C £n.-1C5C ¢/<h 1)

4.19 SEM micrographs htd
419 ht4
CG7 oG7 W2
850°c 4 1050°c 4

XRD

CG7 SEM micrographs o” samples

h2  CG7
ht2
Heat treatment



850°C 2h.
1050°C 2h.

ht3
850°C 2h.

1100°C 2h.

htd
850°C 4h. .
1050°C 4h.

519 4.20 Faetnemeinelssinaramsin CG1 e CG12
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cordierite

CGL1ht2
Forsterite-spinel-cordierite

Forsterite-spinel-cordierite

12
421

3.73X10-6/°c

46

421 Phase diagram

CGl
Skardon river kaolin PTY limited.

4.7
4.7

4.8 %

Forsterite-spinel-cordierite

P\Igé

o S pinel @

Forsterite-spinel-
CG1ht2 1.28X10-6/°c

boundary
CGn12 stoichiomatric

MgARZO4
Mg0-Al2 3Si028
Kaolin Microbrite (FH95)
Phyrophilite
Kaolin

CGnl2  phase diagram
%



47 Kaolin

Kaolin
Microbrite FH95 Phyrophilite
Si0z 44.00 76.44
Ti02 2.00 0.12
AlA 3150 16.68
Fed)3 0.75 0.19
Ca0 0.04 0.10
MgO 0.10 0.10
kd) 0.13 0.19
Na2) 0.36 0.10

48 CGnl CGn12% 1

Glass Sample MO (%)  aib3(%)  Si02(%)
CGnl 16.36 34.89 48.75
CGn2 17.25 33.85 48.90
CGn3 19.16 3143 4941
CGn4 20.58 29.31 50.05
CGn5 23.03 26.39 50.58
CGn6 20.22 28.46 51.32
CGn7 18.30 29.96 5L.74
CGn8 16.70 3120 52.10
CGn9 15.00 32.30 52.70
CGnlO 1721 3212 50.67
CGnll 15.72 33,67 50.61

CGn12 13.86 35.23 5091
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CGnl

Glass sample

CGnl
CGn2
CGn3
CGnd
CGnd
CGn6
CGn7
CGn8
CGn9

CGn10

CGnll

CGn12

Ti02

431
1050°c 2

coefficient)

CGnl-ht2, CGn2-ht2, CGn8-ht2, CGn9-ht2

)

4.10

CGn12 %
(%)
4510
48.20
53.50
51.50
64.30
56.40
51.00
46.50
41.70
48.00
43.80
38.60

(%)
18.00
16.10
12.30
9.70
4.10
12.00
16.90
21.00
25.60
18.20
21.60
26.20

nucleating agent

CGnl

6/ °c, 2.81X106/ °c, 2.66X106/ °c

21.30
26.70
25.20
2380
22.00
22.60
23.10
23.50
23.70
2480
25.60
26.20

(%)

9.00
9.00
9.00
9.00
9.00
9.00
9.00
9.00
9.00
9.00
9.00
9.00

CGn12 Heat treatment 2 (850 °c 2

CGn11-ht2
2.80X10'6/ °c

48

(%)

4.22

(Thermal expansion

2.8X10'6/ °c, 2.22X10"



ht2
CGL-ht2

CGnl CGn2

CGn7 CGnB

e

422
12 CGn

CoNL-ht2
2 Ti0?

410
CGNoL-12 h2
CGNoL_ht2
CGno2_ht2
CGn03_hi2
CGno4hi2
CGn05_hi2
CGno6_hi2
CGNo7_hi2
CGno8_hi2
CGn0g_hi2
CGN10_h2
CGnL hi2
CGn12 hi2

CGn3

CGn9

CGL-ht2
CGn2-ht2

CGnd

*

CGn10

- Jiue

CGnd

Cenll

CGnh  Heat treatment ht2 850 °c 2
CGnl-ht2

CGnl-ht2

CGnl

COE(X106) 100-500°C

2.79
2.22
6.9
6.79
4.12
399
344
281
2.66
323
2.80
3.38

CGnb

3,
CGn12

050°c 2

CGn2-ht2

CGn12

49

CGn2-
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44 BD3 02
CGn
CGnl1-ht2, CGn2-ht2, CGn8-ht2, CGn-ht2  CGnll-ht2 CG
5
Nandl a Boron Oxide
boron cation
lattice
cation Vladimir M. Fokin m
02
02
CGn1, CGn2, CGnB, CGn9  CGnll Boron Oxide
02 4
02 1%
B2 30.5%
B2 31%
B2 30.5% 02 12%

441 Cén  Ti02  12%  CGnOlht2, CGnO2ht2, CGnOBht2, CGnO9Nt2
CGn11ht

CGn01, CGn02, CGn08, CGn09  CGnllW  Heat treatment 2 (850°c 2
1050 °¢c 2 ) Ti02 %  12%

CGnOLM2  CGnll hi2 T2 1%
423
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[.CGn add Ti02=12%
[.CGnO1ht2 [.CGnO2ht2 1.CGNO8ht2 1.CGnO9ht2 1.CGnllh

4

423 CGn 02 12% Heattreatment ht2 850 °c 2
1050 °c 2

(Thermal expansion

coefficient)
411 CGn0L h2  CGnll ht2
02 9% 1%
411 1 ' 1 CGn 02 12%

CGn  Ti02 %  COE(X106 100-500%

1.CGN0L_ht2 252
1.06n02_ht2 1129
1,C6n08_ht2 1145
1,06n09_ht2 11.06

1.CGnLL ht? 278
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442 CGn  BD305%  CGnOLht2, CGnO2ht2, CGnoBht2, CGn09ht2
CGn11ht2

CGn  BXD305%
CGn 4.24

2.CGn dope B2 3=Q.5%
2.CGn01ht2  2,CGn02ht2  2,CGn0O8ht2  2.CGn09%ht2  2.CGnllht2

1 ' 1 ® y
4.24 CGn B,0305% Heat treatment ht2
(Thermal  expansion
coefficient)
B2 30.5%
CGn 2.CGn0L ht2  2.CGn02_ht2 1
142X106/°c 176 X106/ °c 4.12

4.12 ! ! CGn B2 30.5%
CGn dope B203:0.5% COE(X109 100-500°C

2.CGn01 ht2 142

2.CGn02 hi2 176

2,CGn08_ht2 2.83

2.CGn09_ht2 217

206011 ht? 258
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443 BD3D% conotht2, conozht2, Conosht2, CGnoght2
Cconliht

CGn  BAD31% Heattreatment ht2 850°c 2 . 1050 °c 2
CGn09 ht2 4.25

3.CGn dope BD 3=1%
3,CGn01ht2  3,CGn02ht2  3.CGn0O8ht2  3.CGn0%ht2  3.CGnllht2

A 4
) 1)

%

4.25 CGn B0, 1% Heattreatment ht2

(Thermal  expansion

coefficient)
4.13 B2 3 1%
CGn  BD305% B2 31%
4.13 ! CGn BD31%
CGn dope BA) 1% COE(X106 100-500°C
3.06n01_ht? 598
3.06n02_ht2 6.26
3.06n08_ht? Al
3.CGn09_ht2 6.27

3.CGn11 ht2 6.95
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444 B2 30.5% Ti0Z 12%  CGn01ht2, CGn02ht2, CGnoght2,
CGnO%t2  CGnllht2

Working
range 4.26

4.CGn dope 6203=0.5% + add 1102=12%
4.CGn01ht2  4.CGn02ht2 4.CGnO8ht2 4.CGn09%ht2 4.CGnllht2

J 4

>
w

4.26 CGn 4 30.5% 02 12% Heat treatment ht2

(Thermal expansion

coefficient)
4.14 4.CGn02_ht2
159X10V °c 2.CGn01 ht2
4,CGn02_ht2 working
range
414 CGn B2 30.5%+Ti02 12%

CGn dope BIOZ05%+TIO21%  COE(X10'6) 100-500°

4.0Gn0L_t? 203
4,06n02_ht2 159
4,0Gn08_ht? 230
4,06n09_ht? 327

4.CGn1l h2 2.39
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BD3
(23 %)
Nandi 1
BD3 BD3 1%

- XRD
4.CGn02 ht2

4.21 4.CGn02,ht2

C
‘ O Cordierite
M A Lngnesiom Aluminum Silicate
( (‘(
¢ ||
|
(| |
[ |1
[ | I
|
Rl
| [ ™M
[ 1 It € «
™| l l |
| {
1\ |
ol “
f I { |
{ i i | y ; [k
| (A t YR | I 1T PY | A
o TRV PR MR

4.2 4.CGn02_ht?
Scanning electron microscopy (SEM)  4,CGn02_ht2

4.28 4.CGn02_ht2
f glassy phase
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- CGn02 ht2 sEBM  crographs o* samples

0
v %Y
Horizon
Vertica
MY |
4.28 SEM micrographs
4.CGn02_ht2
45 20°C
4 , 5
500 °C 415
415
400°c
4,CGn02_ht2 ,

500 °c

’\VNW\\[\{;Sl
JL
NN e
4,CGn02,ht2
4.CGn02_ht2
Cenexs05%  Ti0212%
1.59X10'Y °c
40°c
Methylene blue dye
450 °C
4.CGn02_ht2
450°c 500°
4.CGn02_ht2
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