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RESEES: KOv4kCaMg(CO,),EM AL

m KRockwell Science Center Peter E. D. MorganFt &£ A%
BRAEHOEEHIZELTINEIAMSI2AICAITTEH

B MorganfE £ DEFEHIREF . BFAY, TORIERHARZTER

BURBIGE Y AT RIS T HEZ T EEM ML,
famFDHEHES, RSZ=HATIES

- RARFAT AL (CaMg(CO,),) DERFEIZEL D, CaO/MgOF/EEME D E|H
"SHMERAROTAMIEKEXIREIIT/NRI—2 DFFZE AL powder Diffraction, 13 (4] 216-221 (1998).
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CaMg(CO;), D E57 if R IG BEFGE B D EIRSEM T D58

1996~97

= ~ 400 nm 100 nm

£P OSAKA UNIVERSITY Y. Suzuki et al., J. Am. Ceram. Soc, 80 [11] 2949-2953 (1997). 8
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Q OSAKA UNIVERSITY Y. Suzuki et al., J. Am. Ceram. Soc, 80 [11] 2949-2953 (1997).
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ZrO,-MgOR—ARERBE D) —F 2 hib RF—F

2800

2400 Mg0 + Lig. ]

Css + Lig.

2108°
55.07%
.%_{ _— ( ) |
Css + Mg0 h
Tss+Css
16008~ -
\%.06:) 1406°
12
T( 255%) Tss + Mg0
ss
1200 11640 —
L1 g Pl L
0 20 40 60 80 100
0, Mol % Mg0

Fig. Zr-073—System ZrO,-MgO (optimized). C ss = solid
solution based on cubic ZrO,; T ss = solid solution based on
tetragonal ZrO,; M = monoclinic ZrO,.

Y. Du and Z. P. Jin, CALPHAD: Comput. Coupling Phase
Diagrams Thermochem., 15 [1] 59-68 (1991).

e, .
Y. Suzuki et al., Ceram. Eng. Sci. Proc., 21 [4] 19-24 (2000). 19994124
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F5LWAIE--+ FOvA/r(ERE)CaMg(CO,), — CaO + MgO + 2CO,1

FPERBROYITT—7 - FATA+OESL R LI TOMT—<: BWELCazrO,/MgO

A

Formation of CaO/MgO Nanopolycrystals
from Natural Thai Dolomite

Deccopaitica of te missd carbosase miranl, doloadia,
OO0y, and Borrmmiban of CoG Mg mnogeherninh
W TRl B e a8 Tl e
wheiirin, mecriaonger. Pymdvus bebavier of dolwsne =i
Foal brwel g dmy e whd Mg ' ruy e day
Alftraiti il Nkl patide wete Pt
dwing el whith deeerd s CoDRMpD -
pelyeryanh

P — e
i .

Hug i SRt - fary

Chrfim (05 0, 80 e T dewer

T, ST T Fig. 5. SEM mucrographs of the CaZrO3/MgO in situ nanocomposite
e fi— produced by hot-pressing (1400°C, 1h, 50 MPa, in vacuum). (a) A ther-

mally etched surface: secondary electron image (left) and back-scattered
e e b e el_ec'rron image (right), and_(b) bcttc_:m of the machjned_ hc_nle l;siug an or-
e Rl ;f.‘f;::: m"'*"w’f- dinary WC—Co drill. Plastic smearing was observed, indicating that the

compostite can quasiplastically deform during machining.
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Experimental Procedure: Al,O4;/REPO,

2004-2006

(A1,O4/20 vol%REPO,)

RE,(CO,)sxH,0

Al(H,PO,);

AlLO,

LiF

RE=La, Ce

ST YR T—OZAMED
Vo FTIINEFISYIRAD

7

Planetary Ball-Milling,
In ethanol, 4 G, 4 h

Drying
|

Sieving (150 mesh)

Cold Isostatic Pressing (200 MPa)

|

Pressureless Sintering
(1100°C, 2 h, in air)
l

Evaluation

0.5 wt% of
total powders

— LaPO, + Al,O,

18



TG-DTA Curves: La,(CO,);-xH,0
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Al,O,/LaPO, : Microstructure

SEI 150kV  X5000 1pgm COMPO

-Relatively large grains (~0.5-2 um) are mostly LaPO,
-Some large Al,O, also found but still less than ~2 um.

15.0kV  X5,000

Tu m_ WD 9.4mm

21



Pore size distribution

Intrusion Volume \/, (cm?/g)

(a) Al,O,/LaPO,

266 nm

0.1

é dVp/dlogD

Porosity: 41%

(b) Al,O,/CePO,

162 nm

i dVp/dlogD

Porosity: 44%

1 10

100 1000 104

Pore Diameter (nm)

105

Differential Pore Volume, dVp/dlogD

Fig. Pore size distribution
determined by mercury
porosimetry for

(a) Al,O,/20vol% LaPO,
and (b)Al,0,/20vol%

CePO, porous composites.

Surface areas calculated
by mercury porosimetry

were 3.33 m?/g and 5.31
m?/g, respectively.
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Uniformly Porous Composite H'i5 Uniformly Porous Ceramics ~®MD¥L5E
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Related natural mineral: Mg, sFe, s Ti,O5 (armalcolite)

Armstrong + Aldrin + Collins at Apollo 11 mission
Lunar rook (also found in Earth): MgTi,O5 is a synthetic end-member

HORNET + 3§

b -
A

R070260

Natural armalcolite (Russia), http://www.cafemom.com/
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TABLE 11

LATTICE CONSTANTS AND LINEAR THERMAL EXPANSION COEFFICIENTS OF PSEUDOBROOKITE-TYPE COMPOUNDS

Compound Lattice constants (4) at Linear thermal expansion { x 107 °%/°C)
20°C 520°C 1020°C 20-520°C 20-1020°C
R eoa s Negative thermal expansion
SALTION ) a= 35875 35823 3.5768 B=-29+02  =30r03.s INCEZA p
= 9.4237 9.4721 9.5339 By= 103406 11.8+0.6 . . . .
"AT" c= 96291 97262  9.8393 B.= 201410 218411 due to anisotropic distortion
Ga,TiOs a= 3.6174 3.6127 decomposes B.=—-26+02 Of octahedra
b= 9.8196 98613 B,= 85+0.5
c=100054  10.1020 B.= 193410 -
Fe,TiOs a= 3.7385 3.7399 37406 g.= 07+0.1 0.6+0.1
b= 97954 9.8434 9.8947 Bp= 98406 10.1+06
c= 99853  10.0577 10,1485 B.= 146407 163408 o
METE: s a— 37442 37486 37529 Bo= 23402 4123402005 —
b= 97363 9.7755 9.8418 Bo= 8.1+04 108+05
"MT2" c= 99870 10.0526 10.1450 B.= 132407 159408
MgTi, Zrs.4Os a= 3.7646 3.7685 3.7740 B.= 21401 25402 :
b= 98159 9.8698 3.9202 Bo= 110406 10.6+0.7 Small thermal CXpansion
¢=100458 101175 102078 f.= 143107 162406 (less anisotropic than AT)
MgFeNbO, a= 3.7771 3.7810 decomposes f.= 21402
b= 9.9858 10.0174 B,= 64405
c=101868  10.2589 B.= 141407
MgFeTaOs a= 3.7879 3.7901 3.7953 f.= 12402 19402
b= 99988 100373 10.0896 B,— 78405 91406
c=101790 102396 103185 B.= 121407 13.7+0.9 Note:
Recent JCPDS-ICDD
G. Bayel', \] LESS-Common Metal, 24, 129'138 (1971). database uses dlfferent

a, b, ¢ axes setting

26



ALO,-TiO, % # L UMgO-TIO, R MK EEE

P. Pena, S. DeAza, , Ceramica
(Florence), 33 [3] 23-30 (1980).

(a)
2100 L I I 1 T T I 1 1
B Liquid
1900} o-ALTiOs + Lig. 860" AL203 + Lig.
- 840°
(04 4
B B 1820° f
. p : : a-AlTiOs + Al203
1700|102 + Lig: B-Al2TiOs + Lig.
1700°
DU -
e
1500 B-Al2TiOs + TiO2 B-Al2TiOs + Al20s3
| wy
Q
F
g
1300 <
1200°
TiO2 +§%03
1 100 1 1 1 1 1 1 1 1 1
0
TiO2

20 40 60 80
Mol%

REBEOXRETLOTHLHY.
12000CLA FClE#ERZEM., 5RT
DERAPIZBASEIEETLED,

Al203

I. Shindo, J. Cryst. Growth, 50 [4] 839-851 (1980).

B a A

(b)
1800
1760°
1700k Liquid
© 1660° (61%)
1630°
(76%)
1600 1605° B
S S S
L K = o .
of L0 =T
p= = 2'\
150 20 40 60 80 100
MgO ol % TiO2
Mg, TiOs/MgTiO;

Y

I ILyhA b EED
ATEYELETE
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MgTi, O (MT,, Magnesium dititanate, Karrooite)

- Pseudobrookite-type structure
orthorhombic, same as Al,TiO; (AT)

- Synthetic mineral (end-member):
"Mg-pseudobrookite"

Fe, TiO4(pseudobrookite)-FeTi,O; (ferropseudobrookite)-Mg,, sFe, sTi,05 (armalcolite)

- Relatively low thermal expansion as oxide (~ 6 ppm@1000° C)

(Caused by distorted MOg-octahedra)

- Lower thermal expansion anisotropy (MgT1,05 <Al,Ti0y)
- Lower microcrack density (MgT1,05 <Al,Ti0y)
- Higher stability of pseudobrookite phase (MgT1,0, > Al,TiOx)
- Not so widely studied as Al,TiO; (MgT1,05 <Al,Ti0y)

ed for the drawing

VESTA ver.2 was us

28



RERAE

MgCO; (basic)

TiO,

LiF 0.5 wt.%

(mineralizer)

External pore-forming
agent is not needed

Planetary ball-milling
1700 \ i e |
°c o \m"‘? il (i Dryln g
1600 15;5 i |
Sieving
13;0 Mol % eit ’ |
CIP forming

Sintering in air

SEM-EDS, XRD,
Mercury porosimetry
TMA, XAFS (SPring-8)




S&EMMgCO,

EBGEICKDTIRD " REETIT RV IL " EFIETIEETE
EEMRE<TT 2L (MMgCO,-Mg(OH) ,*nH,0) E7E-TULVA,

[MgCO3ra
0

w] MgC03 - MgCG0OJ Kojundokagaku

TIRDIEEMREE<T R LK

| | ‘ i (5759 R DHBRE)
| l I 1” '
A g . ﬂ " H W |
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20 30 40

2 8 (deg)
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Intensity (a.u.)
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BERED S FLIARDXRD/NZ—2  ($#3F#2 D Powder XRD)

| 5 I | |
S s 357 Y
S AJ =2 - “&: N
1200°C o r = =) 59 o0
2 | -t L U'L S
[
()]
IS
Lol N A B B D T
1000°C N ‘ ‘ / s ﬁ‘\ JL M !ﬁ f
10 20 30 40 50 60

Cu-Ka 26 (9)
1000°CLL LT, MgTi,O B 8% 8B EAATEE 30



Porous MgTi,O; (sintered at 1100° C (UPC-3D 2010)

D(peak) :1.01um
D(average): 0.99 um
Porosity  : 42%

=
T
I

05 [ h

0.0 s saanl PR T | sy sail MEPEFERTT

0.01 0.1 1 10 100
Pore diameter D / um

SEI 100kV  X1,000 10gm WD 10.1mm
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Porous MgTi,O; (sintered at 1100° C)
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Porous MgTi,O; (sintered at 1100° C, high-magnification)

SEI 100KV X30,000 100nm _ WD 10.1mm
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Differential Pore Volume, dV,/dlogD

2.5 T T T
(a) Sintered at 1000°C
Dpea = 1.07 um
” / DAverage =1.05 um
20 I Porosity, P = 49% -
(b) Sintered at 1100°C
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: : o o -TiO, fFERAERADICKLHEIRME
Porous MgTi,O5/MgTiO; (1100° CBERX)  .wseeteoriis. s msis

D(peak) :0.92 um
14 F D(average): 0.89 um-
Porosity :41%

-
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T

dVrdlogD / cm®/g
o
(=]

o
o

o
IS

02 / 1
0.0 ias L | PRI | N TN

e |
"0.01 0.1 1 10 100
Pore diameter D / pym

£y

SEI  100kV X3000 1um WD 10.0mm
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(b)

Porous MgTi,O;/MgTiO; (sintered at 1100° C) .. \

SEI 10.0kV X10,000 1pum WD 9.8mm




Porous MgTi,O/MgTiO, (sintered at 1100° C, high-magnification)

SEI  10.0kV X30,000 100nm_ WD 10.0mm




EDS analysis (ZAF method)

MgTiO, particle MgTi,O5 matrix

1000
900
804 3§ .
= - Y
0092 700 o
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e o @ M
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400 = 400 - |
3007 | 300 p
200 4 S 200 =1
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100 V i | 100 \ |
0~ T T T T 7= T 1 T 0 T T T T T T 1 1

o000 100 200 300 400 500 600 700 800 900 1000
keV

0.00 1.00 200 300 400 500 600 700 800 900 1000
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Microstructure

MgTi,05-MgTi0; composite




Porous MgTi,O;/MgTiO; Mercury intrusion/extrusion analysis
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Neck pore-size analysis

by intrusion

Internal pore-size analysis

e

by extrusion

Neck and internal sizes can be analyzed
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Porous MgTi,O; Thermal expansion behavior
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Temperature (°C)

The linear thermal expansion
6.82 x 10°%/K at 1000°C

Relatively small as oxide, but not so small as "negative,"
"zero" or "ultra-low" thermal expansion materials.
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Kindly measured by Mr. Kenji Morimoto at NGK Insulators Ltd.

I:> Optimization is on going, ~ 4 x 10-%/K at 1000°C

for dense MgTi,O., by a collaborating company)
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XAFS Analysis (@ SPring-8)
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FT XAFS Spectra (zRadial distribution function) around Ti of MgTi,O¢

Preliminary results

all marked groups

on-going

THO (~19-2.2A)
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900°C: Mixture of MgTi,Os, MgTiO; and TiO, (rutile)
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MgTi,O granules . <" Y-
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A new type ceramics of pseudobrookite family

10.0um

5.0:.kV 14.9mm x5.00k
Suzuki et al. IOP Conf. Series: Mater. Sci. Eng., 54, 012011 (2014). 58



A new type ceramics of pseudobrookite family

Suzuki et al. IOP Conf. Series: Mater. Sci. Eng., 54, 012011 (2014). 59




Self-organized formation of spherical porous granules

Without shapmg before sintering...iIn MgO-Fe,O,-Nb 05 system

(a) 800°C..

1 I -
8.3mm x100 500um 5.0kV 18.3mm x100

Yoshikazu Suzuki et al., Mater. Lett., 163, 43-46 (2016) 60



Self-organized formation of spherical porous granules

Without shaping before sintering...iIn MgO-Fe,04;-Nb,O. system

*

(c) 1000°C

¢ Ok

oo°C Nl -

-~

5.0kV 18.4mm x20.0k 2.00um 5.0kV 18.7mm x10.0k 5.0kV 18.0mm x5.00k

Yoshikazu Suzuki et al., Mater. Lett., 163, 43-46 (2016). 61



Without shaping before sintering...in MgO-Fe,0,-Nb,O. system

62

Yoshikazu Suzuki et al., Mater. Lett., 163, 43-46 (2016)
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