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SUMMARY

I. Subtitle of Study

The Development of Toughened Zirconia Ceramics

1T. Purpose and Significance of Study

Fine Ceramics has become increasingly important in modern
industrial and consumer technology, because of its outstanding
feature in thermal, mechanical and electrical properties.

In spite of these advantage to metal or polymer, the in-
herent brittle behavior has limited its applications_to dynamic
structural materials. The improvement of the brittle charac-
teristics has been considered to be a main key to apply the
ceramics to dynamic component.

Zirconia ceramics, such as partially stabilized zirconia
(PSZ), has similar thermal expansion coefficient and elastic
modulus to those of iron or steel. Especially PSZ are streng-
thened and toughened by stress induced phase transformationm.
These properties make it possible to apply PSZ to the component
of adiabatic diesel engine; The lightness and high operation
temperature can increase the heat capacity, and contribute to

energy saving.
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In order to use the Zr0O, as components of ceramic engine,
the study on the metal and ceramic bonding ‘techniques must be
preceded. By now "moly-manganese process'’, _”moly—metal oxide
process'", "ceramic frit process", "solid-state process', and
"active metal process' were developed and under study. Among
these techniques, "moly -manganese process”, "moly-metal oxide
process'", and ‘ceramic¢ frit process” are considered to have
low thermal shock resistance caused by glassy intermediate
layer. Solid state process which applies heat and pressure

simutaneously to achieve the bonding is limited in complex shape

bonding. And active metal process uses active brazing filler
metal as intermediate layer, and the high price of the filler

metal make it non-economical.

Recently, a new bonding technique, direct bonding technique

which makes use of gas-metal eutectic melt, was developed. This
technique, mentioned as ''gas-metal eutectic melt method", does
neither adopt filler metal as intermediate layer, nor apply
pressure, so it has a great merit in complex shape bonding.
The bonding is achieved through the eutectic melt formed on the
metal surface. Yet, the full scale results of the study on the

Cu-Z2r0, direct bonding was not reported. So in this research,
the condition for Cu-Zr0O, direct bonding was confirmed and the
bonding mechanism was suggested from the analysis of bonding

interfaces.
14



And as a research for application of Zr0O,, a study on the en-
hancement of fracture toughness of Al50q with Z2r09 was parall-
eled. As the fracture toughness enhancing effect of ZrQ, in
A1203 had been confirmed in the 1st year research, the forming
and sintering behaviors of Zr0,—-Al,03 powder prepared by sol-
gel method and followed by calcination was studied on the

ground of the lst year results.

ITI. Research Content

In this research, as an application research for Zr0,, the
bopding of ZrO, to copper and the enhancing of fracture tough-
ness in Al,04 ceramics with ZrOp were studied.

As the toughening effect of Al303 ceramics through the ZrO,
dispersion had been studied in the lst year of this project, in
this BIﬂ-year study, the forming and sintering behaviors of
Al903 - Zx0, powders obtained by sol-gel method have been studied
mainly. In powder preparation, sol-gel method was adopted;
using aluminum iso-propoxide and zirconium propoxide, hydroly-
sis was followed by gelation. In the hydrolysis, the amounts
of water were 1-20 as mol H90/mol Alkoxide ratio, and the

amounts of added Zr0, in the Al,03 matrix were 10, 13, 17 vol.%

respectively. In each conditions, prepared gel was dried in

oven at 100°C , then calcined in 500C-1200C range. After

15



forming these calcined powders, the forming behavior according
to powder preparation condition was studied.

For the direct bonding of Zr0O, and Cu, electrolytic copper
with 99.99% purity was used as metal part. Copper was prepared
in cubic form with 7mm lengths, polished with # 1200 SiC paper,
and washed in aceton. Zr0O, ceramics was obtained by sintering
commercial ZrO, powder containing 3mol %Z Y,03 at 1400°C for 2h
under air atmosphere. The sintered body was used for bonding
after the same surface treatment as copper. Bonding condition
for Cu-Zr0, direct bonding was confirmed by varying bonding
temperature, time, atmosphere, and the microstructure of bonding
interface was scrutinized. The aging effects at 1075C and
1150C in microstructure were examined. X-ray diffraction
method and WDS were used to determine whether new compound was
formed by bonding reaction and whether diffusion process con-
tributed to the bonding. The bonding strength was determined

by tensile test.

IV. Results and Applications

Homogeneous Zr0,-Al,0; powder mixture was prepared by sol-
gel method. Fine agglomerates with pore size range of 0.01-
0.03 £#m could be obtained by calcining at 800 C-1200C. After
sintering, the sintered body was consisted of grains of 2-3gm

size. Investigating the sintering behavior with calcination
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temperature and amount of added H,0 during powder preparation,
it was shown that the best conditions of the ratio of mol
H20/m01A1koxide and calcination temperature was 10 and 1100C,
respectively. The 69% of added ZrO) can be sustained as tetra-
gonal phase at room temperature with up to 17 vol7% Zr0O, addi-
tion, and there was no effect with the Zr0O, content on the
sintered density. This powder mixture could be sintered to
have the microstructure in which fine ZrOy particles smaller
than 0.54m pore dispersed homogeneously in grains and grain-
boundaries of Al,04.

Electrolytic copper and Zr0O, ceramics were bonded to have
intimate interface without intermediate layer. Bonding was
achieved at 1075C, 1100C and 1150 C under N, atmosphere, but
failed at 1050C. At 1075TC, bonding was achieved with thin eu-
tectic melt at surface of copper, and the bulk shape of copper
was remained unchanged. Then bonding reaction was completed
in a2 few minute after the formation of eutectic melt. In air
atmosphere, bonding was not achieved because of the porous Cu0
layer formed on bulk copper. When aged at 1075C and 1150TC ,
N, atmosphere respectively for 12h, the Cuy0 content at inter-
face was increased, which indicates the affinity of Zr0, with
Cu20. A new chemical compound or diffusion layer were not found
at interface by X-ray diffraction method and WDS analysis. The

bonded specimen showed tensile bonding strength of 130kg/cm2.
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( interstitial )&l Eoj7t e FH w9 (unit cell) 2

FHEH 5 IZrttolge 89 a9 ZAEsian Jew, i

= 4719 Zr¥rolgy ZAYstH HAHAE dHASz Yo AHu
e Bas zritoles gmwAe YPAHF AW cH( 5.2
B)o] az(5.128)R0 ozt 71 Y18z CaF, PZE o Z3

A Tt ole] B8t YAIAH L ZrétolLol T AtisAel AFs

3 New oF 3 e HFHAE YUHA 479 AFEAHE o
Fu Joh ol Ee YHAFAE Fig.2.19 YErHATh

olge eE¥sled @ HHE Gode H, olF UWA
B AWA 719 AAoe 2,370 ColA] gojyn  Fale] 9 3ty XA
B E Red  Zdd A F AEA Alole] Adels 900C ¢

1,170 C AloloflA] & @& o]3 ( thermal hysteresis ) & Bolf,

°lg EWE GAEFH AWAH Aol Adole EHe=sr ofuE
AW % yeeld golun, x£a wu &P ( diffusionless ), F

QA ( athermal )9l wi=ElAlolE HMoj7} Wolgtin wuHo 3l
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t} 1) oly)d dF oy 3 Garvie 2) & WYyzbA] AWAH 7]
A TFAFHe] AAA}, 7FEA GAFAE Z1 AW A A A

Ale]l gAdelvdxl Az AdHEsidd EF 4% 4ol Sxix

b) Tetragonal
) 5 c) Monoclinic

Fig.2.1 Crystal structures of zirconia

B3t A4 Ade] FadA AHWA AL ( metastable tetragonal phase)

o] A7/ 7t e il Garviesd ZAAYZY] sz Aq

st o} Bansal 3} Heuer % & fgaoz A3 adz2A AN=23F
Uolel e 7Id3 924 A=Z3udoldlA nml=dlAlolE Hole] H
Al surface upheaval 4 & #FEsFow, AR —-ARAYL 9

A}z o] A]2] orientation relation & ¥§ ) Bailey ¢} Lewis®6)

£ AzIUolr @ EHE Fd9 nzdiloledele EAF §
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Ao GAlF oz AHHE AT 5 s AMdol €8 A
g} 7)) o] UdWrAH L <AAHI} A=3Yo}l ( SZ:stabilized zirconia)

2tn sted, of SZe wAMAolY AW A Hlad  EHFAF)

Garvie & 8:9) <A@ 3l ( stabilizer ) o] H7IZF & Eolxn

22F HAHFE 2xoAM Aaxzl (aging )& FozH, d¥AHAA

W Foll AR AE HE&Eo IAPdE HFEAAHI] A=23Yop( PSiZ:Parti-
ally Stabilized Zirconia )& s £ Ui B3I Y.

ol UAWAH U Fo AHegdE AHYHL v=zdAlolE Hole =
Aoz 3ty JFPdo Yaiie dARFo=ze Holg HdAE T ¢l

o - AA s AdAxE AWAeo= FRAA F

it

oy, =7]
Ade Aoz gEA Yohl0) Fedxd FARNE F£ Ae AWAH A

229 dA FIVe A¥Hoz Mg-PSZ9 AL 0.2pmll) | Ca-

=
=o 13) Y,0; 7} AH/NE AL 100 AYAHo=ze A2AR 75

g mBuaided, of A% AWA YAY JdAAZIE 0.3um FE
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z] 2] ( isothermal aging ) 3t ¢ HFA
AAY YR AWFL MEAI= oy 3 Ca—PSZ89)

9} Mg—PSZ1516) of wo] olW, FX4 &% ( eutectoid temperature)
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( mullite ) 7]Xel A 2402 H/RAS ® Ty Ao ZFg

t} 7). o33t T3 oA ZAd 71H3tes QA= GA A 234

2aan Yolx, Rl2xYyote Adegd Z|dH<&= FIFol avdx ¢
HA Aok oFHFTF XEFYotg IFIF SAACA T AP F

A TIFE2s A F7HRA FHAAAM zEAHIT A,

7} A%t AF FHE YA 9 dtd vAM #<¥€ ( microcrack ) €

i3 Claussen 529 Fig.2.29 ol 719 UAd 9 x5t

= A =Z7l oY HHA A= 3IYot JAIE B A GAA

otz 4HolE Yo wATIE FHkm AT uAF
Pgo]l st HyE FIMvel AFPol IFg
.z
1

1 process zome Ujs] UTid, A@ el mATFEEL




$¢

Process Zone

Particle size 2 Cri. size
Toughening Agent = Microcrack ( mono 2rQ2)

Fig.2.2 Simplified stress distribution in process zone at tip

of primary crack; @yt elastic-quasiplastic solution. In-
tergranular and granular microcracks formed at inclusion

within process zone. (Nils Claussen)



: Aixe] Fe WAH zz:uote] Yol #Am

= =
-1 O

By BZgol FH71EdFF AADY FAY I RFHAYAR I EF

$ SAHome AMelrt Yojurh( Fig.2.3) ojg AHol&
AT AqUYAE FFdH Az FHy Fr E FHI AAE

ZAAZ 4 Aot oy FAAL dUA FF JF2e la-

ttice invariant shear o] 2]3 ®BWId YA LA FEA( plastic

dissipation of strain enerqgy )3 EF3x 3R 23 FIE Aok

el

o] B4 w3 A ( elastic strain energy ) 749 FI7x= A

23] olgd #EIFE PSZAC T Hgol Hz ow, Evans

£ ol9t @I Ty A FTAN F=E dFH 2o F

2] 8} & o

AK, =0.21Ee™V,/h /(1-v) verrernenreeneesneees (222

MK+ 33 A4 A
E : Young's modulus

eT - transformation strain

Ve @87 ARoldl 8% Ao Ryzg



LE

T-2rO2

M- ZrOa

Particle size ¢ Cri. size
Toughening Agent = Tetragonal ZrOz

Stress - Induced Phase Transformation

Fig.2.3 Simplified stress distribution in process zone at tip of
primary crack; &) elastic~quasiplastic solution,
Compressive stress occurs around ZrO,(m) crystallite due

to transformational volume expansion within process zone

(Nils Claussen)



vy . Polisson's ratio

Het ol ZA FIHA FWAAAMN EREHI Qe Iy A F
A 717 Ea o= I 71T & Al AR FHELH= AHo| of
=

HFYI?T= A7 REj A o] o}

£ gFuu—Az34Yol EBIAdAMes F=R uATE &7,
gl PSZAlA ¥HF7l A7t B RFA UA HL&=E B U

nrel Add o F T EA"Ho UrUE Aol & Ao o
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A 44 Zirconia Toughened Alumina

A F7tA 48R zirconia toughened ceramics & b} A
Tz zA AAAZR 289l 3vxgs PSZAZEAA Iud
ald ol , Uz 2 & gdAd AzzIYolE A <
d AN AE "o uAFEeld, & Al0,, spinel mullite,

SiC ®& Si,N, 59 7|x¢ Az aYolE: 2h4¥ox EAAZ

2gAolth olE EFAY HAAAYFANTRE SHR]FH ],

nA gg &2 9 x4 #dY 4sAEF 0 A7 oo

g 3z Ad9ded foy, Age PPN AFF urel go] o
? kX 7177k Al A gdd A4del FIEdm EA A

A zAUolE o] &5l AREL AHAZ W EHA Azs @

Felyoelt., g&dA 7t & EFrided AEA A=2IaYotE FAMA
3

71

S e TskA ool o wapg omel Mozt oA

Joze HMolztb doluA Hrh o9 o] Zr0, s} gy ALO,
= ool Aeg wel go] dsA AT odad AR T %

=7 ZEA "o

39



A5 EF-AYd <23t Al,0,- Zr0, 84d AX

1. &—2AY

QgAY AzIAHAL EdAz, AE 2 4£Z39 AHIHA FA

o2 FA FEIY I FAAMER EEUE] Y FAHL 4T

& EE FETAHA AZAANY vAFRIAE FGIFESE nFAH Ho 4o

| -

A7} AU ENS FoeA Ao

ol
—?l—"
2
N
e
o
Q0
2
Q
~
c
’—I
Q)
(—r-
I.-I .
O
-
ok
O
{1
X
Py
EN
il
A
9
ok
e
2
1o

=
s EAL FAHA 3 od"A " oA wEE sz

stz fsld 7FEAH JA FE&Ado=REH TS Axse= 43

stul ( wet chemical method ol ol&¥F 1 Y} &—AY,

O

2l5e Azstnx e A7t FHA AYA D Jh6T H=x

tivity)o] w4®T wad 274e wle e LxoAd A

2 £ UYL W}uk oyl ¥]FY A ( non-equilibrium phase )

U HAFTL olF v LxdME Az¥® £ AA "G

( cold glass ). o]23d olfFz2 E-—AHLE QA EEZL AR

ot e, HAds8A =, WASs HZIEZHAHEY S& HIXESH glass



coating, §28 9 glass ceramicse Az FIi o] &5 7] =

TEINE o)L= WHIF olnm AMAHE o3 UdALY FAE o
|3l colloidal sol®Wy 57Xz FEACD Y 7liEiyHe =
E % 94E ¢EAols FHER A FENE o 2829 3o o
neE Za&dozg A3slegd AL 37| x 3ch 300 Colloidal solw
ﬂé

S precipitation—peptizationuy 73  oju FHAHH u) A

5l YRE o] &8t dispersed colloidal #y 32) o] 3t}

2% LFAol=e JFEHAE ol&£¥ AL LdRAME of

Hel Be shEs U FEwe (polymerization )o] Uojiin)

e
O
1l
]
O
e
+
-
O
am

RO), = M — OH + ROH

—M—-—0—-MZ=+ ROH

A7) N Re &7, Me 47tel F&E udehdh olg o] %

A wee &AFoz dojur ol oy FAd PAGL L

ol w A shutgol
= 2o %, 2o
JA S A7 Yok ol ¥ AASe B EFHo

I AAFH] dveE JPE uwrb gldden, AL O o @Y AEA

of WatqdE Yoldas3® Fo 9ot REXHQA A7/ AP HAR

51 o,
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2. E-AY 2% AlL,0, - Zr0, 8dA A=

E-AYe olgdd mAF YAE TIHA E¥HE 4w

o] & gFEI L&FHL oy, 1F AL0,-7Zr0, gHA oY

3t o & Bechero] o3o A]zEHAT
Becher® = Claussen3e A 7o QoA Zz=e o<l
dol o AFL Uiz Ye AL B2 zr7s mz ERF

dotA FEHUZ HEoIZHR AFHsed, ol sHAdE H 3

= -AWS olesad Al0,,Zr0, & ol &std nA st FY 3
s Eue A zada, o2 AzE Rue AgrdwomM
7r0, QA7+ AL,0, Julel E=AFE 2FAE de F UUt =

Becher v &%& dAz7] o3z ZH3A JFHR{F7|FHold o

st B el FIFTm HuaATh

Heuer &% E-Agoz Azd AAH /A3 @

M 3o AFE AAELE oLty dAJA=Z7IG 2299 T
AE AH3Adnh old o3t & -AWe ostd AxE A|HAAA
E 95%°lae ZrO, 7t Al,0, JuielAd <gAH"E HWAH Zr0,=
EAstz] wWEe, 1 mnolde Z71E TMAE F2M AWEo=
24 £ UAo wdEHe JAFHJA EFoz FHE AHeAM =
°F 40%<9 ZrO, 7} Al,0,¢dAd HWHo= EA 7] | & o]
@A 0.6 gmolAe]l FUIW A Holx AoAM 2F TALA
ZrO, 2 Holslyg Adold wWE A FI AHA7F Hagun B
3L SFS .

o] 9ol Murase?, Pugar®® 5 Z -AYHEL o] L3}
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A z3 Al,0, -Zr0, gadAle] ZAAAGT % FAHolel wdly Hx

sttt Murase 52 °® s12ex zZr0, 9 Yol &Fe Al,O,

1 EAGA=E gHAHozr AgAE F lom, Zr0,4d dHdele v
7t9d oz, Garvie o HHEAFAULA ol el wWEHYHL AHHEEFA.

=3 Pugar &% ALO, -Zr0,Ad ¢ L2%9 mgE& AHel HH L

XRDZE A= EMs@den oldf AlL,0,9 Zr0,9 ZAAY Aol A

29 Adolel dgL vAtm FAFLAL.

A 64 A Ed Azadele] Ay Y

1. 2&—Aaddxs HEg7<e Auwre gwgxd 2 HF s RS
g Matgdx=2 dAss] st 35F% Ay

2]
g old AFAA o2} X Bye F&H A

=
g A T At as AAYAZT HE Jleol AEHAdonw,

Aetel Ao HFgol o]lef Zol FQ3 dulE AYes ofF=
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Fod, d& Eo 7l2H®Y =ZHA R oA =¥ Az}
Ay oF st nAdxe FHe HFAY K blade ring o] Xuyof 3}
= EA9d HF9 AHExr ( dimensional accuracy ) 9o AL
FAlY MEAIIHEA HAAE GIAE wEZ] o=z HIL T
sl o] EAE siAsteEie AT AP Fo

Aa7tA /igddE HY 7lee Fig.2.4 9 o] H¥EHA:= =
Ao we ERHeW ', Fu5: I F5Y A$, 2474 A

g 2o Yool P

2. 7 A2 Ad 2 FY T

ok 43 Hiel o) F AT HAMME
sl APl FHEso dtesul WA HFPol o FoAy T =z

Aol disiA  Folr A,

T EA7 Aol oFAAI A NEFHoe=E FOE

Al 7t 1intimate contact 7} o] Fojx]of 3, o] T L 1inti-—
mate contact & Ad7] {YMA = ductiledIlt F£ A
g g sl FAU, ductility 7 fde AadYxsg ge Feds
Tzl Age FAHAA Folop g )

g9, = Bdo HIARAL W Adels B4 BASHo] A

714 EH &d, R.E. Loechman 52 4) A3 AddA AAEFAH A7



Sy

MO

END MEMBERS

(A,B) ALIKE (A = B) - UNLIKE (A = B)
BONDING LAYER | —_—
(I) NONE METAL GLASS OR NONE METAL GLASS OR
CERAMIC CERAMIC
EXAMPLES MECHANICAL Mo-Mn BRAZING  OXYNITRIDE MECHANICAL  Mo-Mn BRAZING  GLASS BONDED
(screws, OF A1,0, GLASS BONDED OF CERAMICS A1,,0,4/Nb
rivets) TO ITSELF SN, TO METALS

CERAMIC WELD-  ACTIVE METAL GLASS BONDED GLASS-METAL ACTIVE METAL

ING BY LASER BRAZING A]203 SEALS BRAZING OF
OR e-BEAM CERAMICS TO
METALS

DIFFUSION GLASS-CERAMIC
BONDING OF TO METAL
S‘i3N4 SEALS

ENAMELLED

STEEL

Fig.2.4 Several types of glass and ceramic joining. (ref.42)



s

mechanical ) & 4] <]

M= olek 2

A 71AA, @454 ( thermodynamical ) %2 <&7|#A3& ( thermo —

( Table 2.1 ) I d=2AN, F hermetic A4 & 93] A H] &= 3l

2R Z AT E@ kel 33 ZAYP( chemical bond )o] I8
8} o}, it . cyclic mechanical stresso] & ZAds HASHE S

A 8BAA S (elastic modulus )7} ¥ xd A EE A &35 o T

.

24 Abo] o

1) gato] o @

te Yodle 7TFEe ¥

Zglxol 9l& ( physical interaction )

Table 2.1 The Material Property Discontinuity and Its

Cause Across an Metal-Ceramic Interface. (Ref. 42)

PROPERTY DISCONTINUITY

Crystallographic

Electronic

Mechanical

thermodynamic

thermomechanical

CAUSE

lattice mismatch between metal and
ceramics

electronic structure change and bonding
from predominantly ionic or mixed ionic-
covalent in glass or ceramic to metallic

in a metal

variation in elastic modulus across an

interface in genmeral two materials at

interface will not be thermodynamic

equilibrium

difference in the coefficient of thermal

expansion across an interface
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9%, 4444 5o degsx gl dgd o

4) Aoz nEe ARz L Ao o3 23

5) HgAHANAe A 3534 ( interdiffusion )
s°ol &I,
EojAdel oldold 29 3zFe] work of adhesion & 2]v] sic} 42)

S R 2432 2% AwddA r(ImIE ZHed, re 34
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LV

TSL

F'ig,.2.5 Wetting of a substrate by a liquid.
g vEHA =, o AL (2-3)He U

Wap = Tyv (1dams8) (0 ceveermniee, (2—6)

mwtA] A Aol EAF= HSdes JAo]l AHEYAg FEE
wetting A7l @ (90°7} Ham (2-6)2dA Wpges €9 g
A Hol HEol olFojAch4l) W Sessile dropHAE L Ed o

9] H#7z}( contact angle ) & F3td 2 ( 2-6 )o=XE H

dAHE BoA7l=dg] =83 A ( Work of adhesion )& ol&3F o &

71 2 g Fel gl FEFZol wIe Aoz RuFH oL

A AldolA setgrgo o3 AQzg T Eo FMHNHE= H
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dze oo Ashe Ay x e Fgoleo BYS

3
2 dHANgFEgn FASIT a9 o dtH CoOFH AIACNE F

et Fesl A@AWAM dolue wee oed gl HIY 5

CoZ* = Colz #Yxlm Felx Fe2*z Fgxo] FeO}

i F7t2o] ¥AHEu e AFduR] Zol s H¥ol

( Fe °+ Co0O ( glass )=FeO (&) +Co°®

: AGg °( 927C ) =- 44.21 KJ )

3H g3 L s}s)  intimate contact & wlz = 7 9

HE ZdolEol wAF wa FEwAHol Yoz HEW Aol

o] A& 7R 247 Fe s AASHS HEHozm FHFol doju}

G HYol olFelAs AshME, Sy A4 ( chemi-
cal compatibility ), wetting, 9 3%3 338 ( thermodynamic
equilibrium ) ¥ 7 oYz A IA <, g A4+ 52 mechanical,
thermomechanical Qg<Ql&o] S 23 W=z ALsic) 4l)
Table.2.2° Yetd ZAAY duld ez F£I AHaggas

e e IRBAFE ez HPLEAdM Wz Fo Awd)
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= e 2 $9hc dY 4 Ath 53 AFYazmel Hygs <
dee AMPUag FdA s Fe $Holu FHFAME 3
97 dojuA sz AdRxaZd AF o Hex P
Folstefof @it

Table 2.2 Thermal Expansion Coefficients of Various Materials.

(Ref. 41)
METALS CERAMICS
m.p.(C) 1076 -1 10°6¢c -1

W 3380 4.5 Fused 5109 0.5
Mo 2600 3.1 SigN, 2.5
Pt 1769 9.0 Cordierite 2.5
Kovar 1450 11.8 SiC 4.5
Fe 1537 12.1 Zircon 5.0_
Ni 1453 13.3 Porcelain 6.0
Au 1063 14.1 Alumina 8.0
Ag 961 19.1 Steatite 9.0
Al 660 23.5 Forsterite 11.0
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4. sk FH-Ae AR

tio
i

F&3 Aty xe HY wHe =zA metallizing #HA

dt= A3} metallizing HHELE Q=2 A Y= A2 Y

o
il

5 5 ok Aay adAE W EAsE dadAt 2 oA

ste 2] WEd 259 AALH wrsA Ho Uwyoz HFPA

3to] o]y Srm=z metallizing AL PYez 3, ‘moly-manga-

nese process’®4) 9 ‘moly-metal oxide process’'?) o] o

71o] &3k, ¥ metallizing @A E FYg= A G HE %

Ho= ‘ceramic frit process’4) ‘solid state process’4)

e

2 ‘active metal process’5) Zo] glon HIZ JYH ‘gas—

N

metal eutectic melt method’sl) =& direct bonding method

T orlel @k

4.1 Mo—-Mn Process

2a

223 Aty xe] HPe 7o ATHY RAE Agu

Az \Rr] 4 w=gdoz AFHUT 1936 Schirmer®: F

sage22g Ay 274 Ede U} T TrFAN 1 273

1,94 F2 297 FAA 2x addd F& A}EL BUA
AN A2ty Hwel FHE F& coatingg |k Pulfrichs

= Mo ¢} Fe & &3t steatite 4£ZAA Ko JIF &

AA BN AF3 &7 MAYE HAANE F URoH,
Hq7tgl Ferl Moo HAHE FS7HAIIG I Hauskqdoh 1950 3o of

Notle 3 Spurck® = FeZ& Mnoz ul@gZzozx HFgY AF

A (reproducibility) €& ZAAH gy o2 ‘Mo-Mn process’s



A 7FA el wWIFol ESAqsiAw B dy EE AR eE OF
3 g 46

80 Mo-20 Mne] E3E2 paste Hoz TES A=Y 44
i FHo brushingoji} silk-screening5<e v & X3 33

F, vEs XS FaEHAZI(EH 25C )M 1300C~1500C o

LA AAFY metallizing &=L uvE=t}l o] metallizing &
9ol Nig platingslm o Nize HFAZHE 25L&  cop-
per 52 hard solder & A8 HIAAZIith ol HF 7|+ =
‘Glass—Penetration Theory'® 2} ‘Metal-Alumina Reaction
Theory’ 2 M9 dt)

Pulfrich®) 7} =238 ‘Glass—-Penetration Theory’ =
metallizing 2xxT 2o 2%oA Aatga e  gFu e
A2AzZAZ AHANFHE fluxESo] TLELAAL FASA H 1, metalliz-
ing XA o FEideol &ZHA Mo £5F AolE HAFSH
ZtAl 7Z1AI A1 A (mechanical bonding) & ol %A Hus W&
o2X Colez Sommer®) Sof Ayl osf RNax =HAu

st Notle o} Spurck®) Zo 9ol aAotgy ‘Metal-Alum-

j -

ina Reaction Theory’' = ZF£3 At A7 ZTE8AAol v} 178

(Solid Solution) & #HAFozH 3FHFdygozr HFo dojdugs=

ol2o g, metallizing EFEWE Mno] FRE X33 F£4H H

2171 FoA MnO=Z 53, o]7o] Mod IE3H JELE3 gre £

e T oA L Fujvpel wHbe sl manganese aluminate spin-

el (MnAl,0.0)s FAst7] w o HFe] FAHEHGE o E0th %)
‘MO-Mn process’ ¢ FH3r|7o WM =E B =dYol AN
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o1}, J.R, Floyd%) 7} A3de E& F7HA HE71F7F Al #

sl MnAl,0,7} Mooz o5% A% 7 #¥ HEE e

St Mg e HEge FEFE HEdol E2AA e
7 9o = metallizing mixtureo] Hejd EL L vy FHrge=
A  metallizing A|Z F o o]FHF HWHELE ‘moly-metal

oxide process’ 47) g X =2t}

4.2 Solid State Process

Solad -State Process & metalizing -2 dag 3JA o =
gEAL A $Ee sz, APy AFAE FER LFAR
e @3 qde s, AW Age FPANAN wm, nAw
2. ( solid state reaction )¢ 93 AHIFEL A
Hog Pt, Au, Fe, Ni, Al F9 FH& AZ{Y L2ZFHd 2 3F
A7 thg wdd 2Egs WA RABAMN # 2&e gELEl
00 %A =8 & AdolM  1.5MN/m~ 10MN/m2l J8g 7}

Bl HIAND G ojm HEe AWM FAAHFL F| o

L= A. Wicker4® Seo 7Zr0,, SiC, SigN, X9 Al 2 A 9}
Nimonic 80 ot -2 aluminum foil & 7t Ard s, 610°C
oAA  12.5MPae] <glzle=z 3087 #AHY ¥ HAELE AL

F A%z B udF o ( Table 3 )

Solid state process & AdutxH oz AP AAAZle] A
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2¥ge AP 2P Fged dy FEFIFde FAFsogE o

dg AYz: Yok

4.3 Active Metal Process
Active metal process & A ztgl3a F & Atoleo] Cn, Au, Ag
2 Ti Fo] X = active brazing filler metal & o] R &
ZFoAxd 71gstd FHPol o FAXNEE s HFE 71€ 50 =i bra-
zing metal o] F &3 MY AE FAldl wetting A7l o2 =
&3 Mztgda 25 sty oz HYPHER Ues FUAFE OFA
oz HEol oFoqAh*® Cu, Au FH Ag T 1Ly #%°l

A dutdes A2 AE wetting A]7] X grovt, Zrojyp Ti 9}

222 active metal o] A& FH7lE HAS HILSA I wettingA] A o
34 ZTolXm #F HFL o FA 4
Fig.2.6 & 65Wt%Ag — 33.5wt%Cu — 1.5wt9% Ti alloy*s} <

2oy 2ZAS 900ColA 307 WAz WIAWo =AM AL,

pill I

= 2ol 1 ~ 2pm 57 9 titanium oxide Zo] Z&Ad= AE & F

it} 42 ol9 pe MY TFEHEe Tieo s TuM (oxidat—

ion potential ) o] U©j$ FolA A dHoA AL,O05 2 A3 -3 EES
& Yo7l dEoj2tn Rus
$#  alloy Weld Tie #HFe FAGaA F/442 A

< HAAFHAHA &% ( liquidus temperature )7} F7istn Ti v

* Cusil ABA, GTE Products Corp.,, Wesgo Div,, Belmont, CA.
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71% 9] ArAe9 wre3dle B gL brittledtd wEERR HY F
A e dgg vAT, 0
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-
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S
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Fig. 2.6 Al,03—Cusil ABA interface with
microprobe line scans of composite(ref, 41)
4.4 A HIHH
A4 Agwdeld 5 Ed FE-ALY FTeAdowm
o] Foizxl 44 H = ( liquid skin ) & FAHAA, AT LFAYG F
$2 fede Flzoud FEe sbAglel AW HEAE B
2 3= Ao =2, ‘gas—metal eutectic melt method’® Taux X
gth 5l Ay HEHd s F57% HEFANZE F Adse A"
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= awtzoz A3EA Adgxrzdtn g3 A gon, SigN, 1}
AIN e AgZe ALoes Aagar z®uel Asaxgs FHAA
Zzozd HAFFTEA ds F&x7 HFol Jledioh 7% d@ A

gl 282 4 Y& FSe A JAYG F8AY( eutectic

APFAPHLE HEEAol single firing process ol i1 REgF
F& EHrle 24 %7 dEd MY 2FAE GANNA @
o, g g s8Al @z FPL oFy] wWEd B3I 2P 3
o] HPged & FHALE Ade Y Lo)dh Y

AFAFEEN 9 F&% AUz Y F M ¥y @
3zl Ae Cust 42uy 2FARY HFPoez oF AgSe] 9
8 HAg ¥F 2 AY /T U AT mn =5, 96

5 Cus £82x7t 1,083Colyvd &% A&7t &4
ste 24 2974 AE® A$ 200C o4 gxeld =W
of Cu,0(S) H4o] FyAHAL HFTE %< 1,066C9 1,083
4 Fig.2.7elM 2 4 %o A9 Cu,08 W Cu il
olel AWelA Cu—Cu,0 Fggdo] FAH7 A Frg A
o]l AW F& THe F§ Aoz ofFolx AN oo FA
gk ¥dd d4" FTeA4 moe A0 & wetting Al A A
5% At el FHie intimate contact & ol FA W, A&
o2 YWzZAAH Cug Cu,08 ARy, o9 ge HY 9

Hlgg Fig.2.83 o] ZHog FAYE F£ Uth ¥  wax

-

sho] o] st®  Cu—Al,0s o 2@ HFA ¢ 5x 107N/me] o &
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Table 2.3 List of Metal-Nonmetal Eutectic Temperature. (Ref.51)

LS

eutectic wt % of melting point of

eutectic temp., C nonmetal metal, C
Copper-Oxygen 1065 0.39 1083
Iron - Oxygen 1523 0.16 1535
Nickel - Oxygen 1438 0.24 1452
Cobalt ~ Oxygen 1451 0.23 1480
Copper - Sulfur 1067 0.77 1083
Silver - Sulfur 906 1.8 960
Chromium - Sulfur 1550 2.2 1615
Silver - Phosphorous 873 1.0 960
Nickel - Phosphorous 880 11.0 1452
Copper - Phosphorous 714 8.4 1083
Molybdenum - Silicon 2070 5.5 2625
Aluminum - Silicon 557 11.7 660




TEMPERATURE (°C)
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- at. % OXYGEN

Fig.2.7 Part of the copper~oxygen phase
diagram for low oxygen concentration.

(ref. 57)

Cu 02

10635°C < TC1083°C

After cool down

Fig.2.8 Schematic diagram of bonding process. (ref.59)
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BEE zZie BT Aol o FofAH 0, F¥AAA s CuAl,O,

W. Lishi %2 63 high voltage electron microscope & A}

g3t Helsd  LFuY v FEgADe wIKFed,

YA He SAD patterno =2 F 5 Ao CuAl,0, 719+

(111)¢, »/ ( 0001) 4 0,

(110Jca 7 (2110 )4, 4,
o] WaMo| &S, Cue Cu,0Atolo] =

(111)e, 7 (111)cug
(lTo)Cu// EITOJ Cu0

" Cu,0z7F ¢Frviel ngsle CuldlO, & FAHFoE

=
Aol F gm FFEYHoh

AAAAMA AHE 2AE B2 FH5AZIIGAH A Cu,07)
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o =-&4 o]
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e g FAAsAAE QAT
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1.1. & 3FXA
2 AYel Alg®  Al,0,-Zr0, A9 HAFAE Fig.3.1d u
G FHFNE P& FzolH L£EE YFHA KAINES
st on, 2=, pH meter, agts] & &3l FHzAL =
et £ FHLEA dAE WA} Yl gEg&7]dl co-

ndenser & H 231},

1.2. A1z 33
E odFoA AE3 AxFAHL Fig.3.29 Z4g.
Al ( OC,H,; ),*& isopropyl alcohol** & Loz 3o uL
ZolAM g AID H, of BPo Zr ( 0C3.H., ), & zz+ 10,13,
17 vol %°]l HES H7Istn ¥BSEE&7|HANA 600 TFstH &

H] 3l ot olal w1887 Y 25 80CE FASIYETE olF
=

28 AHAVNESE ZMFEsEAn 20417 S AFEGT G714 1

* Fluka. ,Ltd.,Swiss

** Shinyo,Ltd. ,Japan €1



Fig.3.1 Schmatic diagram of reaction

equipment.
1. Reaction vessel 5. Stirrer
2. Waterbath 6. pH-meter electrode
3. Condenser 7. Dropping funnel

4, Thermometer
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FT - IR

-

Isostatic Press Porosimeter

N = P
£y b me
= .4 -

Sintering

Fig.3.2 Experimental procedure.



mole o] Y FZAol=7l JleRaEH=H HRF &2 o] mole
T °f3 moleo] Hrh olgt o] dojF wet-gel T Wz FE
Al717] ®1sted 100Ce oven&oix Hz3o
AL A%3dE= %9 agglomerate ¥ 9 ¢ ™, agglomeration ¥
ZZtEL GAAIEE ol &dl9 -60meshryl HEE EH3Ido A
< StAE S9 AE JHE wEHded, old HF
19 A E A7 9kl 800C, 900TC, 1000¢C, li100TC,
1200 Coll M zZtzk 2 A% &addo stae siliconitE E ¢

8l= box ¥ =29i 33gory 10C/minyg £&£xg 2903yl

2. 4% % A&7

ASHE AHE StA®E EZS -60meshz2 =g Fgstu WA
17 mm <l ‘ﬂ%'%"%% o] 83l 520 kg/che] <gdB o =2 cylindricals}
A, 1ZA4Z3 v 1400kg /2] g o8 isostatic pressing
&t A T

Aol Alf23®E AH7]2E Kanthal Super & dgog 31 zi-
rconia fiber 2 wEoz GAA7} HAE boxd H7zE AL

Roew 1600 CEF7IFoA 2A 422X F 29Y3FPcoh

3.1 FAAEH (DTA) % IFFELEH(TGA)*
Aze B2l deiSy 2 dust Bye wIH] s

o dAz E EdFHF EF4HE Sk od ST2E£E=+ 5C / min

* Gravatronic,Tokyo,Japan ‘4



2 1200C7+A B a3dY ov, chart speed = §5/mino|g] o},

3.2 X -434d =4

=-Agel oa dojn Eud 42dE 2FAY e EA
3l7] 93l Cu target 3 Ni filter & o] &3l X -A FHEF
AL FHYk X-A IAEAMNME 4°/mine] scan speed 2 1000CPS
o] full scale count 2 stled 267} 20°- 70°HYA &) P ok

wd 229 AWe ALRAL BAEH Qste A Aol
JEFUYE  72-76°(260)9 WYE 1 %ming £ E FASF oo,
full scale count = 400CPS 2 &gt} old odojizx peak 5 R H
o] FFEM G Sste] Garvie®) Fol At 4 (3-1)& A&

S o

I (111)p+ (111),

Xm — —— — e e (it tst®%8 syt se s st 3-1
I(111), +I(11)ee +I(111) 4 (3-1)
Xm P 210, mo] &

I(111), : Zr0,(m) (11l1)He AHERE

Sh

2] 7
I(111)y : 2rO,fm) (1l11)9He AHAEZ =

I(ll1l)c,t ¢ ZrO, (c or t)(1l1ll)yHe AHEGE

3.3 /1BRE 2 HYYE A
SAE dARAY =Z/NE #HFZSH7] $sty Hg Porosimeter * &

A} &3t mole H,O0/mole Alkoxideu] (1,3,10,20) ¢ 34A2% 9007TC

* Autopore 9200 micromeritics co.,U.S.A,.

65



1100C, 1200C ) wWE& AHAFAY 7IFEEXE FJEHTH
NFEEE 4200k [ FH 7R JMgEhd A FH &9 &
HE Al4dsd e od 7F3ze g e o
g3 ze wALF AT
r = -2y cos /P
r : pore radius
r . surface tension (Hg/specimen) . 484 dynes /cm

¢ : contact angle (142°

T FAZAL WAL FAMEZ] s 800C, 1000C
1200C 2 3lad EZES KBra XHox Hfg € gtso A3
olgf IRAHEYH A YHEYUY= FFue peakE F 3460
em™l Bol Fals O-HAFS & Aolm 2970em™! 29 F

Fi= C-HZAE, 1640cem 1 B9 FHFdle H-O-HAFA 3]

3.5 &A4dd&x A

422" AlHEe WEE ASTM Cro-T4 %ol o3 RoHF&

N

ZA3d, 224" AlHE 120CoAM Axste gFol olz g 2

Az%A ( dry weight ) 8 ZAsIgch o AW ZHSo] ol 3

Al

]

¢ BA F Aoz FAAYN oS daFA ( suspended

weight ) & Atk E& o AWL LM wa o

djo

dqdL T

* Analect instrument fx-6160,U.S.A.
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Aoz ANH Hoe B2 AASY =EH+FA ( saturated weight )
E SA3HT SHA mlxes 9AF AL wAZI 3
5

&S 9sJoen o

3.6 oA+ HE
2o o ¥ HaeEe wid o4& Bwel FHE wRE
71 #slyd FAAAEN S * 2 FBRAFAAERF > & ALY
g AdAe AZzAESE #FE fdd AW L  diamond
paste 8 lgm7zAl #lA A9 1400 C oAl 2A1 7t E<t ther-

k-
mal etching & &g FAIHZ Ao AL Agdd oATzEs B

& sl o

Al2A Ass3 Azddete] AA AHFY

1Ee A8 Azzdel 2xdAE AY R A=7 $580

ANZz7F vlnA gold Y-TZPE H3 ok LS Y,0, 7} 3 mol

%3 7tEl Toyo Soda A EE Agstdch o 2% HHol 1Tmd

* ASI DS 130,Japan
** JEOL, 2000, Japan
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8o 10,000 psie g¥How J&2AYIT F  20,000ps19

goz A4 H¥HAYG. A=z:Yoly AW Super kantal

Az = 448 AN2E ol&so 1400°ColN 1A @

Fxozt &x7F 99.99%% AAFL H(AL ANEH

A23aJole FHEL 12008 SiC dnixjz dulgk F oA E0 =R

Erg 7ARe HAd@ T PPl AgsAh

_g_
T WY Algol AXE REAM F2emHx Holz FHo] dH

Agade 20 me "G ATE A A8 27

* Konetsu Kogyo Co.Ltd, ,Japan
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Fig.3.3 Experimental apparatus for bonding.



of Hsse 23 ¥, HA ol g alumina boatod £ FL
% hot zone7}x] 3 & xgixE pusher'&8 zZA3od AlH L
AJAAE L EA/E @ FAeds @@ IFE ru-
bber stopper 2} silicon rubber 8 9 X3l AL7FAE 200ce/
mine] fEoz 15%} Td Fo ugB R P 2717
FANAEEE § F pusher F ZFUYAIH o

AY wgol EuUw pusher 8 FHAA YFAgoh ol
< Y 4AdEFY QOIEEI% Fig.3.4° UehfAd.

olg $isl Aol olFojm AHsE Yol Aol 8molm ¥
ol UAlE W F£EE  olZA (Epoxy )2 FAAZR olgA
FH®E A AlHES Fig.3.59 2L grip-& ARE3ld Instron oA
cross head speed 0.5mm/ sec 2 debond.ing of =IQR3F 3dFE T3
Koo, oldf FSHH dSFS HIY WHIYLE Uy 1Y Z=E A

A8 o,

4. vl B
4 Awe uvAd FzE BFE7] Y BEFHo A ¢ 2
AR L@ R 7 & A& 3L oL

e AlH-E diamond cutter 8 H YW F45A @ HAd

* Zeliss A}
** BETEC,(Cq
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TEMPERATURE

1075°C
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TIME (min)

Fig.3.4 Thermal cycle during reaction.
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— 11 11T
-
_. Ihl —
R | W |

Fig.3.5 Tension grips for bond strength measurement.

a) upper grip, (b) lower grip, and c) cross

sectional view of assembly for tension test.
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% sulo]lslm T A SiCArx=  220,400,800,1200 2 A
2 dutst & Al 1 gm, 0.3pum, 0.06#m2 alumina Eg=z n

Al drtstdoh mlAIdet7 €9 AlEHE FSduF o

5. X-4 3dd &4

43 Awodd Mz H¥Eol FAHER Bastsl A&

T HFE FAHEE AXA Fgeoe=EAH dig HILE HIH FAHY
2 adsE WA F 3 X-4 3d E4E& Fd O Z45AH
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Zr0, + 3 mol Y,0,

forming

sintering

polishing polishing
X-ray analysis
microstructure bonding strength

[ovaing process

Fig.3.6 Experimental procedures.
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st 2@ Aol ZAAste] ZidEH.
1.1.2 X-A 3JFA FEA
A1,03/10vol % ZrO, o] 342X g X-4 #4237 Fig.
4.2 9} 2t} 800°ColA 71-A1,0,7} &Adxun Yo 900°C F-E

6-A1,0; 71 A 7171 Al 23t 2E7F SHAdFE 94 peak in-

tensity 7} AR L & F Qur TS AR ZrO, 7} 800°CoH A H
B A7I7] AlZFste &7 FSUMESE intensity 7 AA = FA

€ Rolm v oA 2x7t FI/ESFE ALOE Ao E,

e Zr0, 9 FHAAZ & 400°C, A0, o HAFI 2EE

Hasy ov® 2 H4g AR AlL0;-Zr0, Al Z

=
A3t ez 800°CHE=E UBElgT oy Pugar 593 ®B3E E

2 2w AlLO, &% Zr0, T Aol Mz FANZL oA @

A3 = AzdEr

A g AWA  Zr0, o] E=AE TEsly] et 28°~32°

Fzve] 5A peak B Wl mwd AF} AWA  Zr0, wo] EAsgrh o

AL GAIA  ZrO0, 9] HWHAUWZR ZF77F AWA ZrO, o HHI

HUA Z71Rd ez, d4 dx=zmziEg Zro, 9 A7 BE AL

Gm+ VmAm > Gt + Vt At
G , Molar Free Energy of ZrO,
V ; Surface Energy
A ; The Molar Surface

Subscript m, t represent ZrO,(m) and ZrO,(t) respectively
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INTENSITY

calcination

temperature
800°c

900°c

1200°%

70 60 S50 40 30 20
20

Fig.4.2 XRD patterns of the Al,04/10 vol%

Zr0s powder calcined at various

temperatures for 2hrs.
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10vol % ZrO, 7t A7tg E2& 900°C, 1100°C, 1200°C A 3}
2383 1400Kg/ch2  HLd AY¥L & F ALY JFEE ¥

e T2 ZA3AT old  mole H,O/mole Alkoxide ¥l = 1002 ¥

Z} ALk WE VIFTEEE Fig.4.3F 2T L=V F

Al mel a”e  IFde JLr2RY AFEE W%

Holxlzm &L & 5 ok 900°Ce AL NFTERIEI} A UV

gBute e wad JdASY $Fe AN Fz 13 AAE A

olef Mgt e HF7E dojuxrt 1200°C =2 sa=7t FTIHE

ol wet YAS SFol douA HAM AU} 23U AL

olel Feo HF doluA "o wed o A
:
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Aol ZAAA Hia 1AAdAEo] AT wAM 71Ee =z

ol2} S dataz A 7t dtALEd wWE HIT JIF =

719} A¥x Y E Fig.4.49 EASEL JF 71F Zzle 3§

A22xn7t 2718 wat 0.007umolA  0.026umE =ylslm 9o

H, olx YASel sHaemst g we BP ASRA I

7] W&ozt AAdEdY A¥ dx9 A 1100°C7xle  J7ts
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Fig.4.3 Pore size distributions of green compacts of
Al,03/10vol% ZrQ, powder calcined at 900 C,
1100 'C, and 1200C, for Z2hrs.
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Fig.4.4 Bulk density and average pore diameter of

green compacts of Al,04/10vol% ZrO, powder vs.

calcined temperature.
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2o Ao ZAAZI LHd] dofyYA X3St  open structures

A "o a3y AL x7E 1200C 2 Z7stAl HW 23 A 9

o] JFAEAAA HE=Z o HAF HA AIFAHe HWErE FasHA H

t}, walA  1100°C &= ol8 F71A ALY E ZFAATe L8219

ol#l gt FHAZ HAHSI A AL EE g AFAd
HadH S FAFAXG duelFdoez #AFIYD (Fig.4.5) L7t F

AE BT 49 2P UE AE L F Yo Aud 7l
e BIE & AY

aspect ratiozt 5-10¢ HAEFE <dAS=E £E° FAHHA 9l

T € T YA+

7} FtALxd A dAE ETE AFste]  1600°C, 2 A7t




Fig.4.5 Scanning electron micrographs of fracture

surface of the green compacts of Al,04/10volZ%
2r02 powder calcined for 2hrs at(a) 900C, (b)
1100 C and (c) 1200 TC.
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Fig.4.6 Transmission electron micrographs of powder

calcined at 1100C and 10 HyO/Alkoxide molar

ratia.
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Percent of theoretical density after
sintering at 1600 C, 2hrs, vs. calcination

temperature at various H,0/Alkoxide molar

ratios.
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Fig.4.8 Weight loss and linear shrinkage after
sintering at 1600C for 2hrs. vs. calcination
temperature at various H,0/Alkoxide molar

ratios. (Open Marks : Linear Shrinkage, Closed

Marks : Weight Loss)
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1000°C, 1200°C 2] 2= 34" EZE IREFIZAHAEHE o] &3t
A2sg It (Fig.4.9). 1 A3 O-H,C-H,H-O-H 4% peak E°|
BAEAe, 27 F7HEe wE olE peak = HAZjeE B
£ ez Ao T3 1200Co A stade gz efd O-H
A%l &AMz U= & T AU

olal AFAEL Clark Zo]38) aluminum alkoxide Z 2 g A
Z3 UL 7R 7FEIHA FAZLEE FSAFT ZAF,

1100°C e} meolME ZF@A wW¥el 23 A S oz <

slo] FAZA doldtm FFE Rud dNHn A

2.1.1 X-A 3IFAHEH
Al,0;-10vol % 2r0, 9 E9 <o mME X-4 FHAZH 2

& Fig.4.10 % gtk o839 2o o] HrlgA @& mole

gol @wtsiA uERth ok B ol A S srEAE &

_E‘EL
olgl werEw 2o o @AYo EE BN AWAH  Zr0,

Alzazl olstE2 ulAd 3 ZrO0, A7 &A% 7] wWEolEt AT
2.1.2 71&% 2 AP ey s
9 <o wWE AHFEAY ZIFEEE Fig.4.119 TAFH
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Fig.4.9 IR spectra of the A120_3/10 volZ

Zr0, powder calcined at a) 800C, b)
1000C, and c) 12007C for 2hrs.
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Fig.4.10 XRD patterns of Al7903/10volZ%
4rO, powders calcined at 1100TC 2hrs

with various H20/A1koxide molar ratio.
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Fig.4.11 Pore size distributions of green compacts of

Al,04/10vol% Zr0, powder calcined at 1100 °C

for 2hrs with various Hzo/Alkoxide molar ratios.

91



d AFY see ¥Ae FYYE dein U9A gon, mole
H,O/mole AlkoxideH|7} 1¢ AL 71F WL
NI

o] data2RE E¢ P wE HWF T aAsS A
Aol A& Fig.4.12¢ =AY BE 71F ArZle E9 O

Z784E A3ty mole H,O0/mole Alkoxide o] H] 7} 10 o] Alo]

g 58 oAl #HAEa o 1, 3molar ratiol AL & 7} o= H
 WEEO TR 9o o] nEHAHAY SEX  FESd ] & &

7VSlH  wet gel o] HFA ©BL& <o Eo] ZwW3A HEBZ o

A5 Aole] AgHol HAXA Hel ZF LA FAHO

|

A3 A FHEAHo JEAAA HE=E AAFEAY FA TS

ARA Hi AIdd=s FLEA Eoh

¥ mole H,O/mole Alkoxide®]7} 1,209 AL weo 2AAFYESL E

% gth molar ratiozt 1091 ASAME oEF ¥ FYs

A gRAAME BEH Y& Aoz JEFEHUG




BULK DENSITY (GrsccC)

2.0

1.8

1.6 0.016
1.4 0.014
1.2 0.012
1.0 0.01

O 5 10 15 20

HYDROLYSIS WATER(MOLE / MOLE ALKOXIDE)

Fig.4.12 Bulk density and average pore diameter of
green compact of Al,0,/10vol% Zr0O, powder

calcined at1100C for 2hrs. vs. H20/A1k0xide

molar ratio.
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Fig.4.13 Scanning electron micrographs of fracture

surface of the green compacts of Al,05/10volZ%
Zr0, power calcined at 1100C for 2hrs. (a)l,
(b)3, (c)10, and (d)20 H,0/Alkoxide molar ratio.
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PERCENT OF THEORETICAL DENSITY
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Fig.4.14 Percent of theoretical density after
sintering at 1600C for 2hrs. vs. HZO/

Alkoxide molar ratios at various calcination

temperatures.
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oxide | ¥ 7} 1004 ® A giastE Roz UERT olF

g9 Po] WE FHg L ¥
TAEAH. B &l SUEsE 2L st d&El FE5&
mole H,O/mole Alkoxide H]7} 10¥ W71X &= S718vY 2 o]l 3F=E =
ZadAY wsd @S meln Utk B BAZAE 29 ¥
e 2 A8 Bolx 21 Ak wEPAH B FJo] mE 47
Aol drxes AIFAY dAxd A AHEHO glow, o Fig. 4.
129 Aol 2 o YA FrdE JgL wn o A

zh o,

3.1 3L exd wWE LZFUE W3F
Zr0, o 3o wWg PFL Lotms] st Zro, o %3
£ 10,13,17vol 2 WA 1 34LLEe wWE L2Z23YEE =
A o (Fig.4.16) o]of mole H,O/mole Alkoxide ¢ dH]l&= 10 o
2 dA}A FASAT. Zr0, 8 FyHE WHIAZ A3, Zro,
o] FYFEE&o FHAGel dhgxd HxI AIFE Holu glom,

1100C2 sasge o 7% 5 22958 dsin Yo =
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Fig.4.15 Weight loss and linear shrinkage after
sintering at 1600C for 2hrs. vs. H,0/Alkoxide

molar ratios at various calcination temperatures
(Open Marks : Linear Shrinkage, Closed Marks:
Weight Loss)
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ZrO, 9l E HIARAES 0, L2250 e AL2FEE5AY Hse= A

o glv Aoz AZ4HEY.

3.2 E9o Yo wE i2ZUx €3

7r0, o R u]E 10,13,17vol %2 WA 1 29 ko

2 AT Zr0, Bdule we 2ZUE W HALE

Astel mAsAAE AYd f9E A ¢ F AUtk F  mole H,0/
mole Alkoxide el w7l 109w 7F Ee F3Hed M de B

Adas HeAoH ot&dy AZUxr 71 3%

10vol % Zr0,, 17vol % Zr0, ] ABEE ZA357] ¢35 mo-
le H,O0/mole Alkoxide H|7} 10°]3,1100°C =2 31428 AHEL 1600°C
2AZtEYd 2EdF F OX-A JHEHE AL (Fig.4.18 (@), ()
1200°C 2 3lastUS W Hold ¢-Al,0,(Fig.4. 42 2)7 &3 3

o]
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WO
i

MHEHEE doFH o, Zr0, o AHuUA ZrOo,

24 =7 €8 AM GAAH  Zr0, 7t YERR T

YRt oz JIAA E¥WHeoE AzxdH Y= AWA
2r0, 7} EAE & A& Bgol 2Zr0, o Ruust 2AGEE
asted  17vol % 2r0, ddl & 10 % Y evtel EASIA HYzm xR
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fig.4.18 XRD patterns of as-sintered specimen

1600C, 2hr (a),(c) Al,04/10 vol% ZrO,
and (b),(d) Alp03/17volZ Zr0,.
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Fig.4.18, Continued.
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W gy 10vol % Zr0, 9] AS+v 53%, 17vol % Zr0O, o 74
v 699%S AWA 2ro, 7k EASYD ol dseE Hel 2
dde uATFzs ARt MdEsAz @ =@ AWA 20,8
g3zl #H3ted T4.5° F 2 scan speed § ¥ 1°E o =
Atstg o, 2 A, Fig.4.189 @©9 @olAet o AWAYES

Ag & gk

4 2ZAA Y bl A TZ

Al,0,/17vol % ZrO, & mole H,O0/mole Alkoxide H] 7} 10,
1100°C 2 3t4&}F  1600°C, 2A F71FAA 2ZA&AUT vlA+F
25 Ay7] Y3t AlHLE Hvupstla 1400°C, 2 Al ZFE<9F thermal
etching & $H FAAZ HulFoe=z FFSAC (Fig.4.19)

Al,0, ¢ <UBAAZ7I+= linear intercept W o <ol A A3
A3 2-3pmAcz vAqF dEE YEUHADG E 2@AHRA F
AMdte 2rO, o =717 dA =7l olst=E E&Asta (€0.5¢m),AL,0,
AUl = EAFToz2M (Fig.4.19@), PXE) 10vol % ojAe 7ZrO,
7V B2 A RdE O gAM X -4 FAEA AAdA &Edd  uke
o] AHAWA ZrO, 7t a2 fXE & Jegzt AzZHEY o g
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SEEE A

Fig.4.19 Scanning electron micrographs of polished surface of

A1203/17 vol% Zr0y ceramics sintered at 1600°C for 2hrs

after calcining at 1100C for 2hrs, a) secondary electron
image, b) back scattered image of a) ( light phase is Zr0,),

¢c) and d) magnified image of a).
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Fig. 4.19, Continued.
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#] Heuer3%) 7} w313 Zr0, e drag effectrx® #H&FF 1 9t}

2 A¥AAME £-AHE ol&sld vAF Zr0, & HALF

A Al,0;9 EAANPozZN A2AFAE mAHoz AHAWA  Zro,

1. 800-1200°C oAl 3}lA2ZFox 0.012m-0.03gm Aol 71738 =

€ F ddew, 2F@dFdE 2-3xm A

2. B9 %44 A2 & 4L238E5AHS =xAF 2 % mole H,O

/mole Alkoxide B}7} 10903 3tAL&x7F 1100°Cewy 7} & =

3. 1Tvol 9 7r0, 7} HA7t8 A= 69%° HwAae AL

AN EMstgen, 2r0, o ®3¥ Wyl 2FdYE mAE

4. &-A¥e olgstd 2UL e AP, FY2PEZE 0.54mol

ste] HlME Zro, 4AES A YUl FUSA FaAy F
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A2Ad A APPL o1& WAFH A =zao}
rAA YA

1. A23Yol AZdAY AHdd= ¥ rAF=R

= A7 AFHAd HFS A AxFg A=23Yol 4o
AAle= olE&dxe 9BHBE Ze= Aoldeoen Fig.4.20 @A BH=
gt} o] sub-micron zrie JAE=Z olFH Yo FH ol g
22 42dAle BEdE X-4A dFd EHE A FE OAALYAZGL
2 OlFAHALELE ¢ F UYL ( Fig.4.20 b)) oA AzdH A=

Yol 2ZAAE ANETHY A FFd AsARoh

2.1 38 &k
2 d7dAe FAFH HEHE olLgd HaAFH A=z}
AAATY] HEEFH  HHA HYY WHeyd fE& HIAFY 4
FE FTHeoez dAFsdd HdHd HEHE ol&d HIMFH &
Folu A2ty ke HEL €& A7V IJ¥HA KA, A=
FYolete] HEL 2 7teAd el AdEFFHUE ¥ o g AAH

A7 Rz Hz QA &

A Hgol Jed L& ZASHZ] stod dhgH U RS

AL897 2 SFAAA F F pusher 5 Ap£3 o, Z+z2+ 1050 C,
1075 C, 1100¢C, 1150C=Z #HAEH 2§ HE AlHS IAAAA

10 ¥z &9 esS Al7la, otAl pusher & Alg3td AlHE =

T-2] AHexz oZAAHA WZIAZ & HdYd AsSE FASI T2 ZF
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Fig.4.20 Scanning electron micrograph of fractured ZrOj
surface (a) and X-ray diffraction pattern (b).
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3 1050 CellM= HFol ol FAAXA feoew, 1075C, 1100C,
2 1150 ColAME AslE3H Rz aYotel Hgol ol Fojyu A
A A3 HilFe ®HIEE JUdo=E #{EF AH, 27 HYE
Aol Bty =38 Ho Jalsel FIELE F H2 Yoz 34

om, 1050C9 1075 Cold HE WL AAFe wNeH &

-r.-l

Abg, AgdAle 2AMZ7t FHE JdHE Atz AR ey, 1100
Ce 1150 CoAM HAFuwre AFIAL gogo]l] HEH sessile drop
I ZE FH7E HJAh olm| FEol duA FL& 1050CH A
i 3 1075C, 1100C, 1150CS HE¥ANHES FH¥gHdd 533817
Addsle, Avlg F 3 griFdezm HHHY vAHAFzRE HEI
Rk Fig.4.2194 ®BA HEol ol Fojzx 1075 Clb), 1100 Clc),
1150 Cd)e] A$ele AAS#H N=zdel 2dAY HPAA,H
HEHoR2 MEE Fol FAHHAJISES ¢ 5 don, ol ol Fo
A A gk 1050Cl@)d Afde Asise Zddd a9 #Le &0l
FAHA FASS ¢ F Ach olg o g Ho mAHFzE
THl €82 #HF) B AFH Fig.4.229 o] XY 1 pm =7
o Fz EHYFA AP BiAHo S ¢F UATh
D.K.Kim°%e] w39 93ld , AH HIA HAFy A
Zolx= Cu-Cu,09 FHAHYo] FAEHD, 2 FTEFYXELE F el £
d ¥ CuzlR e Cu,04zEz E&A&dA Hed, 2 uA FZ2e

Fig.4.21st 4 X atlch atebs 2 QoA 1075C, 1100¢C, 1150

collr AsIEx Azzdoel 2ZAAE AY HAFA AHAE I
gAY dol FAHd=H HEel ZhEdsdeon, F&AAGl FAHAHA &

1050 CollAl HEAldl= Aol ol FH XA o),
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Fig.4.21 Optical micrographs showing the Cu-Zr0O, interface
formed at (a) 1050C,(b) 1075C,(c) 1100C, and (d) 1150TC

(A: ZrO0

95 B: Cu, C: eutectic melt, M: mount).
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Fig.4.22 Optical micrograph showing the Cu,0 particles

(p) precipitated from Cu-0 eutectic melt.
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#1075 CollA AHEFAlQY = Fig.4.21 9 (Db)oA b A &) =2
EHolgr o 100pm FA S gfn T3 FTFAF dHol FAHE=EJAe
4, 1100 Ce 1150cCelA HEAde AA AalFol ZAH T
A gdgo] HAFEQ oo, (Fig.4.21 ¢),d) ), Cu,04 & Zo] & 3}
A @+= FEDlol EAsg=H, 2922 L Cug melting o]

dold HFEolzt A=,

2.2 FEug Az
Aol olfolAen Tad WY weAge Lopmich w
2 AALAEAIIYA HFurLHYe hot zoneeo]l 2= 1075C=2 &
x| A7l %, pusher & Abg3ted, Al S ANzzve 2AAY HY

H & hot zone 7}X] ¢ 3 EFRk TEEHLEHE o, JWE J|Fo=

1E£7t5e =, AlHe HIE HAHE #ZsHADG 2 A3 hot zone
A 6% /AT AMHLZ HFPel olFAA Gstovd TEDZ K
A AHL HFde] olFoFoh waEtA hot zone oA  {F XA 7o)
63 T Ateldd A fod A= ZAASE wbrgol dojds &
T AR, °lF FAWEI] HAslo, 6% FASE HdAFA T E7

#AY HFNEE FYA s34 e F 1 vATFEE W

#stdch Fig.4.23 (@)l mEel 687 A& HajEe] EHL

AdoM 1050 CAlM FAFF HalsAHE, WA FFHH]l A

-

HA ggtern, T2 /AZF AddMe HAsMEFE ZHol FA  25um

O
o
dee gre FeAAIdel EAFL ¥ 4 Utk ( Fig.4.23 (b))

c) olgt ze AIASS oeF gol HA4IY = Aok




Fig.4.23 Optical micrographs showing the effects of the
bonding time at 10757C, N, atmosphere;
a) for 6min, and b) for 7 min holding.

(A:Zr02, B: Cu, C: eutectic melt zone, M: mount)
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AA 4e&%%7 pusher o olFo

=
HAl, hot zoneo] TdF 5Eo HHgg Xz AlHY HA &

T= 1075 Co E=gsx Edmzm ZgAAol FAHEZA Lol A

ol ol oAl gow, 5EUA TEA Al@e 1075Cel 2

sbAl Ho, oldl 1 ~2EJyel FTEHAEel AVIA Hum FHPel <
B @9 HAIAUE 0EAA FVHIAER FYde I¥FE T
ot

2
A ¢rom Fig.4.21 b)e} Fig.4.23 b)E vlmsly & F YxEo

Al FEREAFT STl REe #HIAE + U

oltel Az RE A ESH Az3:Yol 2AA AP Y

& HFe=<d 1075 CelM 1~2Fde sig FEA ol F

olWels T FAMY AASH A=z=z:Uols HIYAZTELS =

stk AEH AzzYol AZAAE FrIFAAM, & HAM 3

& W # o] 1050C, 1070¢C, 1100¢C, 1150 ColA HgEE A

zagch 2 AT F71 FAAE F¥el olfdAA gked, W

Fig.4.24 = F71 oA HHES N=Fd Allso=z, R
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Fig.4.24 Optical micrograph of copper surface showing

the CuO oxide layer formed at 1075C air atmosphere.

(A: CuO, B:eutectic melt zone, C:crack, P:pores)
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Fig.4.25 Copper-oxygen phase diagram in
full scale. (ref. 65)
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ol Culdl & Fates FALZ AstFol FAHHAAen, Ml s i
A= A& EHAZCAAM HIA FAHE RAA 2L FFAZl F

Hd2L 45 U oAEL AHI R ( Fig.4.25 Dol & &
2, daEgel we uWRdME TEAygel WAH/ HEolyd A

A FEAAY4TH Cu0F2 Addes F2 7IFTEPIFH TLE(C
o] EAYE FAAd wAHEH, HAFH A=3dol Azitgxe R
HFdE AHEAE, of wEHA JFAA FAATE dyM FE Al
Hol EUEE €& + Akt F AL BYsdAM HFgAld=E A

s EHAA AYF Cu-Cu,0FFRG F9o FAPH=H w3y,

27130 HPAle AAE Fdol daPol ofstm oI
CuO 2tstxol PASol YzE Cust Cu0Z Abolo] 2z dojuh

22 HYel oy

2.4 Aging & 7}
A-Y HAIEAEZRYH HFL AlHeo] 2o =g =
Tzl S4EEZ €5 UM & HoAM= HF2ZOAM  FAZ
TR Al HFAAARANAE dojuds HAdd dis) xAMSEH o

Figure 4.26 & 1075 Cold 12A1zt $AAle] Aal 52 =3

Hol &A1zt HEAHAAM dojuds HElE RAF= Zolrh
1075 CollAM 1087 A3 3% (Fig.4.26.1a)) 9 Blasto, 12
Al FAIg Fig.4.26 b)e] A%, 3&§QJHANAH HEd Cu,0 4=

1.

7 F10pm=z2 3217 AXRISTE EAYE 5 o



Fig.4.26 a) Optical micrograph showing the Cu-Zr0j

interface formed at 1075C, under N, atm. with
10min bonding time, and b) with 12h bonding time.
c) particular structure of Cu-0 eutectic melt showing

the growth of Cup0 precipitate, d) magnified structure

of b)- (ﬂ;ZTOZ, B;Cu, C:CU20 )
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ojofzto] HE2TAA AR FAA JAM 4 wlATE HE
3l= Ostwald Ripening £¢ 7|78 E3 Cu,0XZ&ZE9 JARAA

o] Wolwtsl wWgelet Az=n, e AU og REAd e

asige MEEo YA4F FHAL RAFE Acd FzEch =
¢ gY Adel FRAAGE BE  Cu,0(c)% Azz:Uolziel Ay

& Adel F4HAAEL & F ded 102d fAE @ vz

gl Cu,0-Zr0, 7+l HFAH o HoFSE & F Utk

gH 1150 CAlAME, 1083 RAF 5 @ dHl&f 1243
FA A= Cu,0d &)l =z7/IE AA 1, A”AA Cu,0-Zr0, & A
H = WSS #HA¥ 5 Avh( Fig.4.27 )

olate] FAAETEZRE ARl ZALE HY AWM

Cu,0-2r0, HE& o] HARAELE & =+ d+=dH, oA Cu, 08 Zro,
7bel  compatibility 7} &A% gdez ZHaE ol =

SH o

3. HUJABAES HAAATF

Ael sz Azzdel 2ZANY HE Aze BsA=AZFY

Argatd F&3 Aeue 2eAsled Usd SFe 7En

it

ddHHd oz yrol Ao 2 233 1075CoAA 10&E7T HEA
21 Aol A G130k /A FFAEE UHEEE L F UAdT

FH UFAYLE AN AHAN AAAFELE zAbszl YuHF
AtdAEeAog HHE #FASAT Fig.4.28 @)= A=23Yol &

a4 &9 gHoz, HHA Fl1~2pm =72 <JREPRPIC] H

gelev, WDSE4AT Cugtel PEHUch watd olzle Fig.4
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Fig.4.27 Optical micrographs of Cu-Zr0j interfaces
formed at 1150C, Ny, atm. with the bonding time

of a) 10min and b) 12h. (A:Zr0Op, B:Cu, C:CuyO )
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Fig.4.28 Scanning electron micrographs of a) debonded
Zr0, surface, and b) debonded Cu surface.
(P: Cuy0 precipitates)
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220l AMNEH A=zzdole] HFG AwdodAd #IFH Cu,0 IS
G 4 gtk ol@d AN E  Fig.4.2804 AF APFo A
Sz HAygwe #BEsS By 7AYe Cu,0f@)9h Cu,07F WA
B oAb BAHE AdA Fwmd @

Aol ddo=2FEH FAAAYd AdF AEA Cu-Cu,0A A
%77t doiged ¢ & Aok oldPge AL Cu,08  Zro,zh
A AgPel &AYL dus= Aolek F2Hrh

4. X-4 HEEY 2 YgAwEe WDS 24

BN E X-A3AdAz WDSEANE E3o AdHoA Cu,O

¢ Az2IFYol MRE FIAEC FHH=IIE zABIHLoH °lZEH

q 7] FE Y

A HEErs A (Fig.4.29(@)) 7 Xbje] HMFE& X-AF
qd EBEMdFgozs FHol Cu,08 Cuz FH FEHA FGgol &
g FHAEg + UM

Az2zvotet HaAls g HEEFS 437 Hslq =34
ol¢} Cu9 ZEFJEYS HFLIAMNYG T3 FAHA L AXNA 3,0
S THEYY X-HPENL PFAT

A EHPEY A=zIUcl BLL 600CoM 2AL i

st F7ZlES AAFTE H X-Ad FHEFE ENE AH, LFAMe 2

ol (Fig.4.20b))F= AW ANz=zdolz THH Uee

X
2
N
N

goslder oAl o FEILE 1075 C HERAANAM FEZ
Zol SxAlFl Fo]l X -A 3AHAEMLS 3 A A AR

gaEa  @skch( Fig.4.29(c))
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Fig.4.29 X-ray diffraction patterns of a) pure Cu,
b) Cu-0 eutectic melt, c) ZrO, powder, and
Zr024-Cu powder after d) 1075C, (e) 11007C,
and f) 1150°C heat treatment at Ny atmosphere.
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Fig.4.29, Continued.
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Fig.4.29, Continued.
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gH FaFe Azzdol LS HAE UF 30 #m<e] Cu
TEH# 1 : 12 4o <Froy ball & Al83e polyethylene
Holx 30 %3k dry milling & 3, ztz} 10751C(d), 1100 Cle),
= 1150 CE)plIAY ZFE£F A HINES AT oz E T3
= AR BEgE fFEdAM E43td X -4 IFRHE A3 A

4 Zr0,, Cu 2 Cu,04°l &AFL #FUAsHe, ol Q=

oz HFg AHe WDSEAFTAH Zrely Cug A
2 ( Diffusion Layer ) o] &x)] 33 B2 zAslgo Fig.4. 30
2l f(aj= HAFH AA=z=FYole AHYARE vAdngd F FAA
Ao F & AL3td 20,000809 mul &2 HEAS Ay AR A C
FEL Cu,08 A" (@) dFE FES Zr g Cud dis
A FAL( Line Scanning )3 ZAF )X Ho FFo HF A

Cuub Zre] Hazol EAsA weeE ¢ £ ULk

i

oldel ZAIAE2HRE AHAiAMFH A=zIYole HUA HIHA
Aell= MEEZ FgFECIY HFdFo AAgE glol HIALZAA ¥
dE Feddel AE23FUYol AZFA REHE wettingAlglozmay b
A 8l = physical interactiono] ¢]3dled HFPo] Uolydtlnm Az

T U
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a)

b)

143 2K K24, nol IMm WD

[ I
I
| Zr
Cu
Fig.4.30 Microstructure and concentration profile

of the Cu-Zr0Oj interface showing the absence
of the interdiffusion layer.

a) scanning electron micrograph of the bonding
interface; A:Zr02, B:Cu, C:Cuy0

b) element distribution across the bonding
interface(arrow).
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=58 zZte A=FYol 2FAE Aslesdzd AP Hegol AHgsy o
£33 22 HES d& T IUT

1. "a 29704 ABA 1,050 CANE Ha)S Erd T8
o Aol HAEHEZR @Egown, 1,075TC, 1,100 2 1,150 T A
E % 944 FAH A=Zzdol 2FASY 3] & 7He]

Aol ol FojRH, E 1,075 oA HFAd= HAfs s FHI

% 50pm FA9 gy TAF TF Aol FAHAUeW, 1,100 T
st 1,150 CellAl & copper WX o7x= A F§& Ao

HAEQon, Cug meltingx® s lu

2. AsNEHR A=adet &AM Fge 1,05CY dx 29

Aol A, AHo] HPewo] TGsx 1~28 e HE Az

o gEAT

3. F7]1FA HFAdE, ¥3F e AL Egel da 471
E AHL% ARy AAE=z AEF T FH OFAHe, XY
A EZg CuOFol FAHI, o3l Yz F CuOF 3 bulk
copper Alolo] EZE do7Zluzg, HYPd= A 97171

qgstx BSL FASFAT

4. g ANHEL 1,075CT 1,150TCY AL E7A 12 A%

127



%o} aging3d A, HgE HEIJAH = Cu,0 HEFE9 A
717} AR ed, HE AwdHodAME Cu,09 o] F7Me<=d, ©
AL FAF HFA Cu,07r Z2r0, ¢ ¥ S 7= 99

L Ty

Aolat AR

rr

AHY AEe A A= SAHA, 1,015 T 1087 #FAFT
B AV B$ oF 130kg/cde] HE AT AEE IS 7
ARNLeH, ol Fy= Cueg Cu-Cu,0 APHoA Lokt

&
Cu, Cu,0%o] A4S FAdsgc myd HAge M2
stz AAglel vx ¥ A4 wettinge] @ phy-

sical interactione] & o]Fojxdn FZFHu, oo o

e oz Be dRst AYPsHolop F Hoz Alamo
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