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Summary

I. Title
Ceramics with Gradient Microstructures
II. Purpose and Significance of Study et

The properties of structural ceramics have been improved in the
past decade and the structural cerarmics market has been expanded with
annual growth rate of 15%. For example, domestic ceramic cutting tool
market has been fully developed. Ceramic ball bearing and automobile
valve market are being developed in the advanced countries such as
U.S.A., Japan, and Germany.

The reported research results indicate that the strength and
toughness of structural ceramics are in confracdiction: improving the
strength sacrifices the toughness and vice versa. However, it is needed
to improve the strength and toughness simultanecusly to expand
structural ceramics market further. This fact leads to the much active
studies around the world. '

The aim of this study is the fabrication of structural cermics with
gradient microstructures from surface to inner layer. The strength and
toughness of structural ceramics are strongly depended on the
microstructures. Therefore, this idea enables the optimization of strength
and toughness of structural ceramics by bptinﬁzing the surface and
inner microstructures. For example, silicon nitride ball which have the
fine homogeneous microstructures for the surface layer and
interlocking microstructure for the inner layer can have high strength
and toughness. Also, the surface modification of structural ceramics by
ion cluster bombardment is investigated in this study. It is expected



that the strength, hardness, and reliability of structural ceramics are
improved by this method.

The results of these studies can be applied to various shape and
materials including ceramics, metals, and composites. This study
includes the ideas improving strength and toughness of structural
. ceramics, key technologies for fabricating ceramics with gradient
microstructure, and fabricating ceramic ball bearings and valves for
automobiles. Therefore, valuable theoretical and practical results could
be expected.

III. Content and Scope of Research

° Development of ideas for the fabrication of ceramics with gradient
microstructures

° Improving the strength and fracture toughness of silicon nitride upto
>800 MPa and >10 MPa - m"?

° Improving the strength and hardness of sintered structural ceramics
to >10% by surface meodification

° Development of key technologies for the fabrication of ceramics with
gradient microstructures

o Fabricaton of a hundred cermic ball bearings

° Fabrication of ten automobile valves

IV. Result

The optimum gradient microstructure system and the fabrication
method were developed for SizNa.

The SizNs and/or SiC(surface layer)/SisNs+Seed(inner layer) system
was selected as the optimum system for fabricating SisNy with gradient
microstructures by using lamination method. Four kinds of fabrication
methods (lamination, centrifugal casting, infiltration and slip casting)



were tested and slip casting was selected as the optimum method to
fabricate silicon nitride ceramics with gradient microstructures. Then,
the key technologies for the slip casting method were developed. The
R—curve characteristics of fabricated silicon nitride with gradient
microstructures were studied. From this study, the optimum
microstructural design for obtaining high strength and toughness was
investigated and it can be concluded that the surface layer thickness
should be designed with 150-200 um.

The strength of alumina ceramics was increased by means of Ar+
ion irradiation. And about 40% strength improvement at # 400 polishing
grade was obtained, and the mechansm of strength improvement has
been elucidated. The strength was increased due to increasing surface
energy.

V. Suggestions

The results obtained in this study will be used in the following
study on the structural ceramics with gradient microstructures. The slip
casting method developed in this study will be used for fabricating
silicon nitride balls with gradient microstructures and the centrifugal
casting method will be used for fabricating electro—discharge machinable
ceraimcs dies. The microstructural design obtained from the study on
the R-curve characteristics will be used for fabricating other structural
ceramics with gradient microstructures.

The results obtained from the surface modification of structural
ceramics by means of Ar ion irradiation could be applicable to the
surface finishing of the complex shapes, such as turbocharger rotor.
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AEsle, g o] A AR wFoer IFIIHY. AR, FAL #A
TZE 957 7HF 2gEE gojdeldy ez AL mM 7RI 7HEd o
gl 71A A2"L AZFEA, 71T FL2 EHE 42 F e A2EE
A7 FHA, AA oA TERE AZE F e otelvdE st
I, o]& gt s Fuldlo)A W e A4 A¥Y, F3Y, FAAFEEL
2 AA mjATzR AFALAE AREFUA, &4 BHEe] e @I v
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M2 & suil Jlsiid d&

A1 d AgFa Aseze dE Jehd 4%
1 AR 2A}
b AL LAET

TZ AL ARE J1F 898 47, AgEHD e AEE Ay
T4, &34 (silicon carbide, SiC), A3 U}l (zirconia, Zr0;) Folth.
o] 7t2dl AdH4E HEZHA WE ZAE FZ AZHY2A2A AL
dFgez 717 wo] AFHT, AT AFo|vh

& Al Ae rl3vR2 Fzarse FFEHY EAL 4FA
MEE 74Fo) ol2e A FHA 4%E& wed, 53 2FAAH) ¢43
A4 A 2E gt=sd Sasit oluEd A7 FA7IAS A, &
AR U3 oj3), a28]n AFFH-v|MTZ-EA BAd hE QA
T A B 58 FdaarE ARdEE =¥ gt

Ag AsgA7 BAE 24 2 AL Adg4TE AEAE BECE
Holdth  SiN,-AIN-ALO; TEAS o7 B-Sialon (B'-SisN,,
SisNg-AIN-ALO;~-SiO&3)8, o-Sialon (a'-SisNs,  SizNiAIN-Y.03—
ALOs-SiO; L&A Fo] et 445 vEH F Hu EHE Fol= A
o] ATt Mg °lF L&A 4AZAVFE TLAE B Falo] @
A g A1 F It mATZx BAY ANEE BEMog o
dazdqdo] BIFT. oo AZFAvte 4£Zo] BuE JAYHA BA
A7 He AL AZga47 & 2T o A o] Bt A
o] At}

SisNg — 3Si + 2N _ (1)

9% 42 HRd AL o] 1 atmol HE 25 & 1880TC etk
o] & HE AfF4AE 2dslE= 1850TCH 7y WEe old® 23
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E A ¥od o Eaukse] F w/os FAZAS A 224 E S
. 53] Ferl €22 28 Arle Si9 BHE (EHE, activity)7t
wolz &7t o 4}
3 TAE €A F= AL stk dey ALY 23 & e A<
S HellA B o wpgAEA X3t mEtA A Sede ’Q@rﬁ"‘ %
FAE 2L ALY 2% £ EoJA (embedding) 23T} F, T
o] 1A E&sted A4 SiY B¢ WEo] A¥PAe BEIHE 01"' A=
e Byoitt, Iy @ & By Jta 23 (OF2E E#, gas
pressure sintering)'’2ld], Ul FAYL o EIHEE sFxnt
Folx Wolth 422 EVIE A4S 10 atm 2% HIY B
2100C =2 =olA 1950CIHNAE w1 4228 & F 9t} HBAH =2
El 5 B2 A3rd AFo] vE o] WHer TrE 017‘“3}
g3l 4ae Be CZol AFdwae IAFNE =8 23 HANAE
Fogdy FL AIFEC] 2¥ES HMA= o ’%01.‘5‘_‘53}*1 =ggoy of
A E& o|FA ENY. oA ol F7R = AsHiAr dAE U=s H
7tA 7 BelA A2ZET) A Lole FE MgOE Yol 374 WA =
e Si0; B3 A Y-S TES 22L& FA AV o Bge= A
TAE BE 1950TC2 10 atm 4 E87]0M 1 Al 222 o|BHE 9
9BREY EL "R g3t 1y ArleE fde IART YR B3
AA ¢F 1.5 nm FAZ dolglol £2FAA 9 TL2EAC] 1000CH =dH
Mo 2 @z, A "EA (sliding)T Zetd (cavitation)*’ o2 =g
x5 ’dﬁﬂ’\:l 2R g gA HEPFET
22 BeO, BeSiNz, ALOs, AIN, MgsNs, Y205, CeO; 52 shubar m
= % JIAE 2ol HA g AT o] BE F o 5L 2EA HE
A4S BEHT x=H I

SisNg + SiO; (SisNg Surface) + Metal Oxide Additive —
SiaNg + Liguid (2)

F %9 A7bAE Yeou Fu FRY=AN ISP ¥ o9,
SisNgs~MgO-Si0; AlE ¢F 1500, SiO,-MgO A= °f 1540T, Y.03-SiO:
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Al oF 1600CT, Y20s-AlOs At o 17606 xS0z Y205 2Si0:-3A10s
25i0; A= ¢F 1380T, Y203-Al0s-SiO: A= ¢F 1350C, Y205;-Y0s-
25102-3Y203:5AL0s Al 1600C o] doltk, Az d=xt dotd dsqt
A2 B9 9= Si0; 2 € F U= U= o3 HIHAY ¥ E G
ZA3YE 1 AFe AT FL TLEA JRHACY. I 2B E
Yask A, AAA To = Hol Y.0:9 ALO:d| & 71WE dx & & A
A AANA 8 He =F0] &OPQ TE B2 A7t ol FAAAY

J. Agtas) A4 Fol7l 9% pATE JA

g3lar4et g8 dAslgaoMEs AAEZA N} 93 XY, A
-SisNyZF HAaAZE o EI-AqM¥E=2 & B-SisNy 2AHEF ¥ B
~-SisN, 2 AM o]ZF m AP E (duplex microstructure)E eIz, T E
ZAFPN ] A E ¢33 (interlocking) F2=AY AF= 2749 i@-zﬂﬂz}%
Aol F/HH7 |MEolth £33 Y09 AlO:E $U& W 2 Zvul7t 2
B2 29 E A3 EY Aol FuTh

ZUARE B-SLNE MA 5 w6 Yo0:% 2 wt % ALO;E ¥I &
23 AYLEE F3-AHEo] ot ZE B-SisNy mlFo] & 8-SisNy
ZAYez 3 AL AP oy 2 THFERE veEdg®
ey 2 g AAYYE g3 BV g7 Wi o-SisNg 9852 &
Zate ARG vzd $e S} AL e

Kleebe'' = a-SisNsE Y2059 ALOsE WOl £Z2-9Aste FZ&
-SiaNg (3 X 10~30 m)7t 20-25 vol% AR g vlAFZ2E A9t 9
A2ZA= B3 9 25 4793 RS, intergranular fracture)® 4&
A YA} HEojR| 3L (debonding) AAHEE] FHL FE (bridging) &3
Z <lAdzke] 10 MPa-m™?7tx) €2ttt mugch o|e} o] AnaA
< ZF HAZ AL FoAHAT FAE AZA WA &3, F-F2AF
~Ae gol A= 1.0 nm FAL FeEldo] degle FAT FolAdth
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o 234 TL2PEE Folr] 93 nHF= txre)

Ad4sE GFLAT 2N FH3) Ars BEAe dLe 123 Es
=< FYUZHU 2EE = vE O dato] YAl Jol medEs 9
ET YA vlEF (sliding)’F} ZHA (cavitation)*o.z =
dodl= AL FA3 ot

ojF EHL AT AEE HE& dio] Are LM £2ZFEL 3 o
# 100~200C B¥& 2ZoA G|y g 3 o] dAL AA3)
el ol

SisN4 + Liquid — SisN; + Secondary Phase (Crystalline) (3

o] e LLYEE FI & Ho o= Ax AFHE JYG? =y
FEASsC] ZI1R 10% LFoln tiREE dio] Aoz ulFYR T (B
71; 3Y203-5A103 garnet) F-ZAAYP-YAdN= o183 1-2 nm Fx A
AE o] Folglol® 2 T8 Fol: Wl A/ AP B

E A4 H7EE € 4 e U2 2oy A2 YA ¢
Aol B JAF ol Ao TLAEE 1000C T XubH wvlz FdolH
O oA F AdAY] AFE Alolz mlFE o A= o] HYUL o
F= H¥AqYd T4 (Mg zodMde ~1 nm)7b 7] W& etk o8 H
B35 Bando S22 AA4A4AZERA AFA0A HIA Y0:9F Nd.Os7}
2 wt%s o7l 20 wt% So7hY F-ZAAH-AA Are vAANL
1 nm FAZ Zon, AFHd A7 AF Tl AFo] Si0O; AHEo)
BFOE AL FFHoH

old HEZ m|Fo] RBol 23U ¥ A4 FEFLEE BF 1500T
Ol AANHE? 272 ARF4AY FFUEZE 1000CTH At ASA goys
Aol 48 Ax BEC = F7lAS A3F4 TS SiO= F 4ol
A ot dANE SiOF B Aol gol FEHol PolAln nLEANE
B Aoz Pl A T, BLFEJA 2o Soletd ARL g
H Jud Aol

A7HAE A4 AFEIY F5 GZAlI=2 o] AL TEE 3
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7HAS FE 1 wt% ol3l2 YW I x gL FolR A AAr ko
F5o2 £33 By FAYE F83] AFGA 77t ol Bk wEkA
7hkadoly At 24 S dokdte ojgfo] W) uF Norton A
SE NT-164 AL} 2 FE WA YAG Y B2ol A3 w14
JAZel gl Z97t dREelA WzYZAHel L& Aoz Uy
]:]_-26 _

2 7z Aguise] gdAE 9+

B QoA EFnY, B3gs F Y gl gsty n
42 implantationg 33 gl 2y duA e A, ojAT
29 24, FlaBdE T I7E A R} 1990dHo] o A
A LgFedAE 22 Agedx fEG £9 KeV AEAY F% ion & F
HatA, o] JAES AR vt Ak o] FAL FY FAI B
3, srkely, TAMH Ao g W olYel, FUY R 23 o] A}
o, 8+3hE] gAY okslsl A" 2EA 19 T YR F9le @A
< BEgsla, FY J1EFBE 93t ion implantationd] 2% E.“iﬂi@_
ATE V=X S devt Aoz AZh.

Al A3ae AEs @

A4 AEL A AL dALom UEs 5 Jd=dy, Agsgo
Z% "7t Z 2 (mechanical seal), WPt® 2}o]d (abrasion resistant
lining), & Wol8 (ball bearing), F&€ B+ o] (die), AT T
(cutting tools), L4 A7} Fo| Yt 283 AFF4A AL A
#L Table 13} Zt},

1) ¥H (Valve)

(R r“:- A da2del A9 378 B3 V& we 9do] &3
oo ¥FS AYAE, JEA (BB 25 = ¢F 900C), 9dA T EA
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Table 1. Application of Silicon Nitride Ceramics to Heat Engines

A& AF 9= A & Az 2 A}

do ZsHa 1981 A3} 4/W Kyocera, NGK/Isuzu, Nissan
of A4 A 1983 A4 NGK/Mazda

EA Y H 1984 Az} Aa NGK/Mitsubishi

B RAAZE 1985 AL NGK/NTK/Nissan
W 1995 A3 i, @3dFs ESK/Benz

o] aFH<eH, A4 EE S3qLE A2HD Y} AFAE IF
& #3MAE noise—free, rock-free, repair-free, pollution-free Fol 7=
I Aot ot Azlgad AetE] dee] A8 Hdirh ZidEd

- A 7AE ¥WH = NGK, Hoechst Ceram TecAl EollA} A F21d
BenzAtal Al 1951ERE 300E A 15 h=E 120,000 km F3AIZL AT
Hoz rlAI AY] 10% FAL FAsIF 2, 1998URE BRAHor )
£ oAl O Fd A4l MRE AR s 7FFulvt Y ECIEH),
2 ‘Quickpoint’Ze= A&E7HEFEHE JNEsted 7FEAITE 30 £ ol E
sttt meta A AlA ATA 2AL o] & HAuE e E JEFH=d ¢
e E d 9= old Aolth

2) Algke} ¥ o3 (Bearing)

AL Aztg wojde 199539 NortonAl, Toshibarl (Keihin
Plant, dia. 0.1-51 mm, cap. 300,000 balls/month) A $15-20M7} Hvj
Ak d2 A4 d wWold B (AF 4-8 mm) st 7HES $3-4%
Ul S+7 BRoe $4 vf vadd gala, 2ol A W Ade] 875
At Ade] 9o A F ESFLE T 2ol: givh 22y 200049
= WFANY JFFFAEY FHLE 71Ho /102 BolA AFAE HFE
g AF fxo 2 ALR qEHI T
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vl A3t A W AL 8%

) FZ Agte s Bope SIALONS /i, SiCel A4 ZA, SitN.S
QA TAAY Zr0:4] /Y 5 B fEH ARJ} o|FR ol
283 AF}E =HA FA dAAYE Eeltt. Ty B¥)E =gr)e
EA gt Algte s~ dagate] A&H A, o A vyEh A2 2 49
717} =4l AlFC QlTh = 9219 wlg] AlEE AR-AAR A, 8
ARG, $FEF 2, 332 duA Aol FEs YrlElals AL B
< BX ¥4dsith. wElA ol #dEE AElgA g g43 Ju=
th. £3] oA 4dL FF M@ s ol F4F Qo] i)

] vietell Al AaFide] i3 A 19809 RE AR 2dATL
g FHez dF7 AFREHe @A &AM 23 s AFE =3
o e deolt}r 53], KIST 7% AL 283 B4 AAA 94F
A F2 Mg sd QAo nL7E Aol B o Y& 70% A
=gl |

vl 2 AHEtEs ote 3 fart 8AHT] AFEe gy
€ 2 A48 72 At L AEF3C =gEHA IS T2 Agy
2o AF/d-E BAHgT vt ol ddE & AL gle] o
PhE B AR AAE O] ofF] BAZQ Ay Aol Ak Aot}

Asltad AFL KIST 72 A= 2 2§57 480 FENLeY
A E AA4FT0E d3E dejdt dAdF4ad IA4FTE AT I
TE B I AFE FE3 AL wol HAEFTF ARAA AEE Y
7o itk ole} Zo] Mty FAFIrl AFHos AMEIE wWRLe g
2 SA7te JIAITHY EeR tFade] AE, 143 @ LIS
L7332 U7l oot & 181839 71EE&EE 3 2T 02 mold A
o] 1950¥¢llE 2% 25 mE L, EAE 2% 7 mol Zslm 9t
AFL 8o ol HFIFAME st Jed A2 d7T 15~20%
o] me JF-& Holm Ut}

T2 AlEe] 29] jon cluster bombardmentell €13 To/d Q7= o}
A gt
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AL ZAFETARAR O BE 71eA H7}

el M2 e BFH BY, obF Tz AFYiE 1000CHT B
LEolA dAFke]l o 7 MPa-m™Bt} Wol® MFL Helw %A o
2 F83, ddad, $7 ¢ °, HEXA Zege] d £4~54 9 )
A ALHD e BF0) & Hrloth weiA Aty dd d33 ol
A/gkel ok 12 MPa-m'”Boh oot stAL At 71~ ¥z o] Q
BUET ot Avle 2EE J400TE Eolok 3t R8s o1 «
TEel BYFolnt. 1T E St FE AgYs AFol da 2olA
Rahs AL 24 ¥Fd AFol 2~10 Wi7A] WA= Rk

°ld BAESE EHT Mt AIREC] Y23 Qe AL gge
2 FHI

oh. ZALAFNEALH N ik FAH B[}

felvtete] FRE LS A QA oF 3okl A A 109”8
of & vtk ZE I, 200039 STl ALl MA 5t AFx; AAL
=9 7t 8 g X2 st A vt s Mgy AE
A FERLE FHEL d7luzd A QA" #olth AEA wirE AR
tAl st AF371-8 S (honeycomb) FAAMG A AzSEL glo
v @rte] ZAZ e 2xlg £ 95D o) d4L02n wEn Q)
ot matA, ZF My AFA REY 8oz niA o sl AAAR
A3t 554 tA7F 87532 g

53 7 & §, dd4d T3 Zo] 8F7FHE EAAS vny B
MESS I (KIST 72 Agtds 4F 2§ F)ol oln] 7|2 Ho| g
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oqglemz mE AlY Je AF3} el aFED =, MEe HEXA
8 Age 3 AFAxe ALAe] BN ZHIHYT Y r|&SAE
TEF2E Agol £FF /Ade FH7z 2ok {§3 AFAel 53] o] H
BAA7L go] 2 AL FL& =29 FAZA R ZFodA] Jo] FL& 3
()8 Hste 259 ¥ dFolrt & FHA 9 ARz 8A, F
el F uMAHIAE 4% HE J} (turbo can)7t $2luelol= ®o] B
TEelol & Rolt}y. URIE 9= &4A F8A (Scoupe)t BA
(Galloper, Spotage)ell BJRXA7} ¢F 10,000 thi} @3 7] A133E AL v
g =& TS JAY v gl old 4 floh waEA, o A& FHA A
g HEzaAG W3] FAL JFIARE AL AJHAF dojak AL o
$Ze dE ] Ay IF= MEE 7k Hule fdE AAE £ 9
A2 e 84 oS A=A

ZF AAEEHIAAG ALFEA 7 7lE
1) 3 #A2" (gel casting)
2) Prototyping®l 913t A3y
3) 1400TC ol AdellA A- = A= At Hf- (ceramic fiber)e] 7N
4) H BEHAE (layered composites)] 7Nt
5 AsF4ae A87EE 20 $kg ©lst2 Y] (1F Dow Chemical
Co.)

2. Al 7l e JE B4

7k = -8 VlesE vaE
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Table 2. Comparison of the Technological Levels of Korea, U.S.A., and

Japan
e IE 2= ) = dE
¥LE FA47 = 30 50 100
tz}gl V)= 30 100 80
Ay Tl 30 100 100
24 7le 70 100 100
4 Brirle 50 100 100
AE3} 71& 20 70 100

v FAGHNE F8 Tty

olA7AR] A7 ZAAZ B FUAAZ (pressureless sintering), 7Y
22 (hot pressing, HP), 7}t A& (gas pressure sintering, GPS), =L
21 ALPAZA (hot isostatic pressing, HIP) Fo] AZ74E 245 s
HHoz Aoty o] FAA dabde]l F1 AAHA WP zA A
7H3 ol AT e WHEL Ity 2Z Yol

o dAE Y ZAE 24
T2 HEE BRE FLS 992 BHE A ZH (rotor, 280g)e] ALY
712 Ry A3HA BF 46%, capital charge 29%, 78] 9%, o)A
2%, 71E} 15%°]th. meba], A FAAEE 712 7] AA = SisNy 2 71
A A $50/keS $30/kg A olFt2 HolEG = Ao "ot
gk A A E%

1) AE2] wAF7] (product life cycle)2 £ o (1) ALrsia= A



Fo AA AgdAe] 8 e 2940, 2) AN 2= £E2E ARE 1
ARAFAA F A A 437

2) AFTE,

o FAA w|=, EC, 3=

L-gvtete] Fx AlEElA (i Al#lel2 structural ceramics) £k
= Aol ofg MEriv =7l 7] WEe AR AEtY Ay 2 A
Fol AFHAE EAY. I=v A& A3 doA] dFidel #E
3 AP 3, gyhg 2 APLL d 15% ol FEI AFE K
A etz Aotk &, B dFdA MEERE 42 AFL v=, 48, F
dalxe] HMExE &Y, FUe B ZleFd, A AR Fdd o
E AR grz -aygtes AN SEE Ao FEE] ZEFoF FF
oj},

Table 3. Estimation of the Market Size

T R A AR 4= AZTE
A A A ZF TR 200 w7k $ (2000 '3) 350 Wit $
g ZAFFE 16,000 =47t (2000 ) 28,000 W7k

3) MA Al AFH: &4, 2R3, SHEAAEE F3H )] A&
4) B Jleg E&F3E = =3AE NortonAl (v1=) 2] 57141
ol Ak
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A2 A AN RATE Ages Ay

a7 A =
7 =< F8 gEofof 3 welA
ZE7F = AL °]"“°l =L ’éﬁ-i‘i o] s =AM Ha
ot oA7ZA] YA MEE AdiA T 52 Ary 4L 7
HEZQ AE2 Table 4¢ o] H T ;J.E}'.

o] ATl Whe AAATEE ZE ANFLE
o]

o ZE e 22, URA A4
z1

fr 3% I‘E g

Table 4. Typical SizNs with High Strength or High Toughness

High Strength Materials High Toughness Materials
SisNy, equaxied small grains® SisNy, elongated large grains®™ %
SisN4~SiC composites™ SisN4-TiN composites™

A71A JYARZ7I7F 7] &6 =& FEE e A3ad, 33 AF
3 JAE 2] fE] =2 AAE Fe AdlgaAE dutygez 4F9
-r-(%‘%‘-_}-di 272, ¥ AAA J7E 4F A FHY SRS A
E)E A 48 F U2 0EF x drtA A 2 4L FAriEE B
Tk AL = & A, Al 2 o] ALY JALAT F= G
o] 8- Yl vAHFZRE A& F QUrh

4, ZAF 715 MgtE & Alzsle WEE Table 5914 Re Az
2ol A&7tA] Wge] lew, o] HHEL AAL rAFERE dedl 0%
g <« Ut

a2y} ojZE ¥o] BF HAL vAFRE Ze Azd Msies

e HPE AL ofynt AAAMZEZRE e Azas Ay s

L oeH Ze 2L UFA|AHO I

(macroscopn: scale)2 vATZE WHIAAE £ = WY o]
Bt} o] AL QAEE (atomic level) 2L RIHTFRAA gojuts
2= 1741%1 E*é‘ﬂi}%— Z1di3t7] g€ 7] fEolt.

NSO o o
e
4
l—n

E
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Table 5. Fabrication Methods of Functionally Gradient Materials®

(A) Vapor phase methods (B) Liquid phase methods
CVD{Chemaocal Vapor Deposition) Elect:ro-depositing'
CVI(Chemical Vapor Infiltration) Electro-plating
Electro beam PVD Sol-gel
Ion plating Co—-polymerization
Activated reactive evaporation Plasma spraying
Chemical gas reaction Molten metal infiltration
Surface treatment Centrifugal casting

(C) Solid phase methods

(a) Powder packing methods (b) Sintering methods
Pressing(lamination) _ Sintering, HP, HIP
Centrifugal stacking Plasma activated SHS
Powder infiltration Transformation
Slip casting Diffusion and reaction
Slurry dipping Plasma assisted sintering
Doctor blade sheet forming
Filtration
Sedimentation
Painting

fr

2) A3 tag AE, Az BT VIxV])eo] FES JLE WH
oo At A& S F-F TS WYL dF AFEL Axd=dH 4A
o] &E T UAT, FI}FLE A= &= olF Tiee] FE
3 AEHEA ZPch B FUPALE 2L IS AgLE AZRseH
TRF Z|x7eo] FES L dHelnh

3) FAAAdd 01§62 F UAERF LYol B, FHuIE HA Solok
gt} et durd e g E3) AMS-EE el -y Eirh

|
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°lZ2L L 1A ol AFAME uy ol 4 (lamination), Y
/3% Y (centrifugal casting), 3 P(infiltration), 2T A% ¥ (silp
casting)& HH3Y olF mATR AzxPPL dATEHYUD. Do) Uil
Ao Azyye e 2o}

1. gujylo] Ay
7 8

Zuldo] iYL E4-S I g2og ¢¥L JstEA iz Q=
T2 A¥YSY 2ZAY, 2= BETE AHZ o o0 sIAZESY
A Bl TRE REE A2 SipN,® §8-ALO; BFA® 7r0,-ALO,
2P SiC,‘“ ALOs~&FulF ElEholE EA)% ALO;-Zr0O, =34
TPZe ASEol o WwPoz AzHYD. oA Az’ Azse B
EF ARY QR0HZ e T4 S0 4" Aew RuEHY
o g Wi a3l s a}n]l,ﬂ old Ho B A mAFRE ZE A
zﬂa&, d?o}‘: 7}7& Z olf% ﬁ%cﬂ T, s I Aga
= Alguxe E*é:%— ZHEsteY Ut FGAF T
“é-a- A T7}7<I HHor B9 ¢ Jded, shie FQo) B
Ed dAse =2 @%a}ﬂl = Aol olgre mATzE A
T U= 7HE 9 PHe &2 AVANE ZESY QERze ey
T Zolrh ZEv o] gL F2 3ALE F 4 e AREGA =
A==t QW*@E sopshs FHAY EAAME Zutige] =
A& £ SICY BF a9 AHDE TIEA A oL AAL ﬂlxﬂ?
4L ZFert gdeoen® AalgaEs A 2 AL JrsA vjzE zal=s
T ARTF e e EHz6 g8 AVIEE st= Ao
5% o] WL Aol BAo] Qe Zr0,2 T BN JHF To)
ATH ATt

% B
:L,
ox,
_H,
X f
_\ﬂ

2 P oox Mook o dr (o to
I.,

o e

fl
tll
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. Az

744 9 wbEe BEag ez gl A¥EE Aok ® e ¢
HHE Qe FAY 28 AES B3I A7) oyt o] EAS HEs
7] Y84 “A%F A (vibration sieve)” &

H Y%} 2ol=¥ge RG] Yie
7% g}

ZEA L
APEEL F& F4H2=2 E=E IAE o d43E 949S
o435t AHIAST AIFsle HEer aFd FE2% ALOY™

B A OO SNy —fiber BA,P Mn-gFu 28H 7
X Si0° AE S g dFH s RuE

< Az o] Hasta, Aika| 8] Y] oo dHEY F
golZg vE o HEEHJUT® 2t AEtgL BoldEe RS &
) HAAFI ALY 2da A2 & oAd7zs: BEALE By
A, AA} Ol ZRT2E gtEo EAS TAAAFY] H8 olSEHJLe
W, Ao A& 222 zke Aoz AlEe] AgFE U

FAAEY L gutzloz Roo] Eo3ls &qE EH3lY Fig. 19
A B A% 2L FAE ol&std 4FETT oln &gty Sl 1
Al & 27, Y=EE, 899 AR, E=9 7Y, HLE, BE9 77
2E& AL A5 A7HA mATFZRE €€ F Ik E Hug E=E=
Abgetd FUAANEA 4 ARE FAC €& £ = AW a3y
of YL &Lo] ¥ FEF AT *IE EYE ARy @+

o
o
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Fig. 1. Schematic of the centrifugal casting apparatus: 1. vessel, 2.

rotation driving mean, 3. casting mold, 4. evacuation pipe, 5. gypsum or
filter paper, 6. slurry.”

3. &34
7 N 8

FAYL Wots EYLE AHYAE 9E g A7) mHTRE ¥
FAE 7 e 2L FHIY dite ATRE e S 23
o] WhH-& SizN,® ALO:® mullite-ALO; 2gA ¥ ALO,-Y-TZP 23
A% Ze Amd LU o] WE-L TR olal, BAE Ao
U SHYHE 248 + Udve FHL 2 A 230 FIEFH Q2
Fol AAEHRAA LAsE Sy RARPoz XEH HYAsL &4
de AL WA= Aol AGEFD® E o] WS I EY U ¥z
AFHE FEHJA G, A3F4Lu SiCEL v AR fisid FES
T3 AAE AR F3A. ohgk SiCA AFAY PCSE 3, AR sA
A JAX BAHE FAA AFAr BaEek®
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L}, Al ZHH

giyEe] Fe FdE= A4 44 7tadsis -l 2agk Z
EE M 4 dxE FoFP JRAgE 49 ArAE A9 F
e, datFas A ANY £9¢ FAY o QRS AslE Y
& ALL3IETE® & Y-TZPo ¢2rus §3A2 dox ANES AL
SAth JEn Geuhle] AS oY dHERL RPEL ¥, ¢
i AA daolEE HAANIE P ARG I

4, FUAAHEHY
7}. Nl 4

FUHERL A3l drA AEE dAERE FJAHAEEAA A
nAT72E e REL 9=t whio2 A"-7r0,* AlLTiOs-ALO; &
AT ALO;-W-Ni-Cr B34,% ALO;-Zr0, EFAPZL A8 Eo] o] W
Hez AzEHUO

v A2y

WA FUREEE B P SN ey 48
Colw) ol TgE nAe AW S4L 2ASE AA nHATE

2 4 NS ® Qsle 249 S A= FAst] AW
BE AT itk B E4RY wWEE &S Fig 2004 HE A
o] cHAE d4Ros FEHWA AL W3E U wEE Ao
T Y § ARAE QRF FULWYH AR AEAE o
AMAE FHE AN 2@

o}
=
=
s
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Reservoir A Reservoir B

Moid

\

Flow- )
meter |

Flow Control [

. @ _System | N

1_ -— Collector
Cast layer

<

- R .

:.‘. Static Mixer
|

» L
-ft.‘av.tVAVAVAVA'AVAVAVAVA‘A"A'AVA’Jlll —Drain

Fig. 2. Schematic of the process used to produce graded materials by
slip casting.®
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A 3 & daigsd g R 23
A 1A B el 4y

gujuol 4 A NATESE WE & v Y A Yol
gebd Ade A7 AA AAFEE BB SREA, Furd ow
FAe de & Y=A 44 FAY & Aok o) AFeNAE ol A
oz AZA W, ¥ ¥AA s A 2 ¥ AR A wHes
A WATZE e ASFTAE AxST, 2 SHE 2AFEA 7
AREo} 2+ 3, DAE IS NHE EABH YR B2 o)Fo
A3 % AN ATER A,

1.4 4
719 5

Table 6. Characteristics of Raw Materials Used in Lamination Method

Materials Supplier Remarks

SizlNy Ube Industries, Ltd., Tokyo, Japan Grade E10

B -SizNy Denki, Kagaku Kogyo Co., Grade SN-E

Tokyo, Japan Attrition milled

for 1.5 hrs

SiC Ibiden Co. Ltd., Nagoya, Japan Ultrafine
Betarundum

TiN HCST, Berlin, Germany "Grade C

AlxOs Sumitomo Chem., Japan AKP 30

Y203 H. C. Stark, Germany Fine grade

s



L BAF mATE A|£H)

THEANE BIRESE Table 7% #o] EHET RS0l 2+ T E nf
ATZ2E 712 ALz 7Y HE AAL nHTE A2¥9e Addsgot 22
Aol 428 FAAAE Y05 (B2 HoOs) 4 wt%St ALOs 2 wt%E
Eile L=

Table 7. Selected Systems for the Fabrication of SiaNy with Gradient

Microstructures

Code Inner Layer Surface Layer Remarks

L1 SisNg+4H2A SisN4+4Y2A Based on the Choi
et al. results’™ ¢

L2 SigNg+TiN SizNg+4Y2A Compressive stress

+4Y2A in surface layer

L3 SizNg+4Y2A B -SisNgs+4Y2A Phase transformation
effect

L4 SisNg+S+4Y2A SisNy+SiC+4Y2A SiC as a grain

growth inhibitor,
Seed as a grain
growth promotor

*Y-‘-YzOs, A=A1203, H=H0203, S=Seed(B—Si3N4)
ot AZTA

2t AlMe Fig. 301 Bt vehd AZTAT 2o DB
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Powder Mixing

- Polyethylene jar
- SizlNy ball

- Ethanol 24 hrs

Drying
- 105C, 24 hrs

Sieving
- 60 mesh

Lamination
» Uniaxial press
or
- Uniaxial and isostatic press

Sintering
- HP: 1750°C, 2 hrs, 25 MPa
- GPS: 18007C, 2 hrs, 0.5 MPa N;
and 1950C, 2 hrs, 3 MPa N3
- Layer thickness
-Surface/inner layer = 1/3
-Total ~3.5 mm

Characterization
- Density
- Microstructure
- Mechanical properties

Fig. 3. Process flow chart for the fabrication of SisN; with gradient
microstructures by the lamination method.
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A

dZA

428U E<E Archimedes HE AlE3le] 245 AT ol2us: 239
gE ARREd  FIG wAFTRE FAEuET FARAA Eo)R
(scanning electron microscopy, SEM)-& o] &3t ZAEIYT HaQAae
Vickers’ indentation P22 49 N9 31FL FRA 2A59 F==
Al 8-S 3 x 4 x 25 mm 72 FE3sle 800 grit diamond wheel & A}
3t} Arkgt 4 point ez H FAHSIYLE oJu PE spane 10 mm, &
H spang 20 mm= S}H

2. 23} nF
7} L1 (SisNs+4Y2A/SisNg+4H2A/SisNg+4Y2A trilayer system)

A3F4LE 22 o dojus dAARES 42F A Al = 2
BeEth® mEld BEuss W 27 FAUMA gy, adsis 3
¢ YR o] 2y wEe EWHZ JRE nATRI gE AA
PAFZE J10E 4= Atk Choi ¢ A7) w29 SES AllEg
a2 FA7HAE ¥E& o, AVAN wet v FEAe17t velhgek o] A
M= FAEH YRrZEo] M2 TIE nAFRE AT 2 U= AR
S A"37] A3, Choi 5o HER 4328 2o NGaZAS Adga
9 B JdAI 79 FAY] FAHSY Bt O 2 Ho0:E& 9& u &
Iata dAe BAYL JHE 39, 0.8 €2 o s ZAe Aoz
EbtTh (Table 8). ©] ZAxo] oied EHZ2L Y,0:9 ALO; YWE2L
Hoz:0s9t ALO:E 472 ZAZ H7ME L1 Ala®L giE5e] Bgiel olm
ALO:E 4 Fd 42 olfE B YR 2o AAPANLTE HL51H
B30, 24%F x| wal F F Alolo] £280] T2 wEd, AR
TEo] A7ls AL P77 A ok 244 EHZT JBEZ JAHA
257} ~100C Folvts YhoOs+Si0:9h YoOs+ALOsE Z+zt A 715hed ow)
AREF A7, AFPAHLRE Ao [ AR FQo) TAsIAT)



Table & Average Grain Diameters and Aspect Ratios of the
SisN~M,Siz07 Ceramics™

Materials Average diameter (zm) Average aspect ratio
Si3Na—- Y 251207 0.39 1.98
SisN4s~Yb25i207 0.31 2.09
S13Ng-HopS1:04 0.43 2.32
Si:aN:rDyzSizO'r 0.50 ’ 2.09
SizsN4~ErzSizO 0.48 2.26
S1sNg~SmeSiz07 0.44 ' 2.27
Si3N4—CerSi207 0.32 2.16
SisN4—LuzSizO7 0.36 2.11
SisN4—LagSi207 0.41 , 2.07
S1aN4—Pr2Si0O; 0.43 ' 2.29
S13N4—-Gd2S1207 0.45 2.07
SiglNg—Sc2Si: 07 0.36 ‘ 2.28
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L1S 7l 423 Ad Addss 98%Fen, ARgA Fdol
SR gttt metd L1e £Zd EA7F gle AeE ASFHAC-
Fig. 4= L19] Q3% YR mAT2E RAFEH, Ho0:E 92 R
3 & dASe] ¥ gus AE ¢ F Aok a8y 3 Aozl AARQ
B0l L ETF ZA ¥ ez wUHAL olde] FAa YR
o] uAFE7} & ZolE RolA gv AL UL L olfmEIRL
2 Az
1) &ZF H7HA A8l dA fa4dL 58 sx=3uld 23 A2
HUAM, EHT JFe £4 Aot glojRin)

2) & &2 =94 PAAAF] di3 HHAZE T3 dAAAE &AL
3} x] £33l

ojg& A=z BE ZWFA YR Ed HIMAES tv2A s M2 oE
A FEZE S5 ¥ TR YR 2ALEG WE £E28 Zoj o
o FrAE Agsied S v, 24F A Aol dA §E
AL 58 N2 Y, B exdi FIIAI dARG QAR
2 4L nAR BITE olf dF & AARE AF7] o3 Ao
HerEn,

L1 Al2"2 BHED U5 Ee] vAFZ27F & Aol& Kol gste
22, 7|43 A 4L ZARHA] gt
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e

b

Fig. 4. SEM micrographs of polished and etched surface of L1 system:
(A) surface layer (B) inner layer.
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1} L2 (SisNg+4Y2A/SiaNa+TIN+4Y2A/SisN, +4Y2A trilayer system)

I8¢ AT7EF 2w AslFie TING Hrig AT ZIFLY
1%t v MHYE (stress induced microcracking)olvt & FHAZ L 33
A4 FANT7 JeIRA, 39Q4 grol 2A] molmg B3 ohetA &
B2 A=t 5L AF42 95D, YRE Qo] L TING Ha
AoTLE BEDY, o] A7 EA BE ane de - A& Aew
198 =+ Aok = 54 TING F7lsbd, TiNG 95393 A7t A3}
ol ¥ A7) g (enn=80 x 10° 2apu=30 x 109, 22 5 4y
4ol B ¢F¢Ho] AR HAAPo R BEr} molr = ATk,

L2& 7t 229€ o A% AWe] Fdhol 477 e 2= 7}
Wadstd AlHe Az} StGAAE W YR TiNS Az 4
of B8l 10, 20, 30 v/o& 2o BteH], TiNo| 30 vio Solzr = iy
Tl Z Z1Fol BASGY Lo 22 FH WY u Fuio A58
st WiRe AFL¥ol dEw, 2 Zr|E TiNe|] mol g A=
AR m2A TiIN®) 30 v/o S12k& ) W3] 2 7|Zo] Ar= AL,
&2 H ¥4 o Z JdFH] Uiz 2RI GEY Ao moln).
°l22 FI2RE L2 A2"oA YRzo ¥rl® 4 Qe TIN Fe ~
20 v/o7t AR Ao g2 BAIHYCH

WSl TiNe] 10 v/ost 20 v/o Bol7F L29) 4R %E >890
I A AET 2AFAFNA YR2 FEs QAL o Fof, Wi
Foll 71Tl 471 Aes Jehtth (Fig. 5). Fig. 6& 129 R A T2
EHSN= SNy YA7E WBEZE SN TIN A7 Qe AL =2
T 3T Fig. 5% E¥ZT Qi34 ¢AAE ¥y 99 uz =
g FAEE BdE #FY Aotk 2 A BEIME= AT
THU LFer IAPF FEY Aoyt By wgom Ayl g9
Aol F3, YEFAAE v Aoz eyt wald 12 Al 2
= EHEdE, TAZ) 4S80, Yrad AL ye] @AY= &
Hels 28 4 = g

°|lZ2L ¢FLYL EHZ HolFE ofE FEE =dage A o]
PP e L2 Aade] ZEE 238 A 12 Aage] Ruis b=



Fig. 5. Optical mjcrographs of polished and Vickers’ indented surface of
L2 system showing different lengths of cracks parallel and
perpendicular to the layer boundary due to residual stress : (A) surface
layer (B) inner layer. Arrows in the inner layer indicate pores as
processing defects formed due to residual tensile stress upon cooling.
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Fig. 6. SEM micrographs of polished and etched surface of L2 system:
(A) surface layer, (B) inner layer.
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oli} WRZ ztzte] RFxgrc) e Aoew et (Table 9). ©l
¢ ABE Fig. 794 B $ JE AT Zo| WEZY ¥ FEEY
(fracture origin) &2 Z&37] BEQ ez FAGEG F, L2 A&7
A BHZS AWSHA 22T, ¢E&-SFo] AR9r] Wi FEEU
= 71%ol &3, 38Fd 3 AgAde] vt urepr] BHFO 7E
Pl ANTGHE, A dAdE Fold Aotk 2} A o] AT
A QALY L B YREo & 7]Fo] Fo3 §H Ui gt
2 A48} W Eo ARt we ZT el vEhd Aoz HRilY.
o]Ze AFBEE 12& 7IBHOZ o] AP A BHOoE e B
BT AL /T & e Aol gl ol S 422 H JT4F
o] YE2d A AFLHe] 7T FHAY (processing defects)&
e EIEE sjof ¥R 2 P

lo of

Table 9. Flexural Strengthes of L2 System

(MPa)
Inner layer Surface layer Trilayer
10 v/o TiN 20 v/o TiN 10 v/o TiN  20-/o TiN
1362.2 1241.4 1002.8 783.3 899.9
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Fig. 7. SEM micrographs of fracture surface of 1.2 system showing
fracture origin at the inner layer.



T}, L3 (8 -SisNg+4Y2A/SisNa+4Y2A/ B -SisNs+4Y2A trilayer
system)

A3 F4AE 22 9 dojus o—F AEHE QRAAFC s
F= Aez AT AF 5o Mitomo 5¢ 947 wlad 2498
E £-Z37s £EE AESHE 22F Adgr dojur) ¢r] u) &
B33 Y4A47F (discontinuous grain growth)e]l AAFHA ¢-A3 72
T2 A W B ZAN7F FL AIEZR olFojd mAFRE o
€ F U0 )AL f-AsFL £FE UdsE € W FAWS JFe
HRE R o|Fo wAFZZE & 7H5Ao] s AL o) el
A L3 A= Agste AL nHFZRE gHE0] Kot

L3 &42d EAZF e A2 Vet 138 72t 228 o Ag
o ZEe] BFHA LR, £ 102% AT Sl YojutR @k
BAHEEE <93%% Aoz Jelgtl = L3 7Ig4Z29¢ o 2 29
AH A Tde] GBS o] ZIe AL EREF YRF 2
Z2&7 ZA Y27 g RAew B = JlAY A2 W e
ZANM BEEH YRE2S o2 LZ5H BEF >09%9 AUEE 1}
BRI R g 5EF9 28 205%Ud #jdA FUSLS 145%% HAo=
ettt 939 $£F&0] 32 AL Fig. 894 BE AT Fo] o] &
TFollAM BEHEFE 957 3] AR -A 74 BEe dEJ) oEF
A ¥ (attrition mil)Z B ALAE WHEZ L 957 98] ALL3t o-
Azpia BT (90%7F <1.33 m™)9] vd =7 g2 Acw mudth
olZ2 AFRE FEH [-Ad74d ELL THZOoZ AMLF7] YA &
AEALS WF9Y o-F3F4 BT Do 81H, o|S s B} 7
2 YAAT|E FE f-A3 i EUL ALEsol & Roz wokdn

Fig. 9 7}2%¢ 42% L3¢ setde] mA7ZRE #3233 Aoz ¢
AZ7le 2 Aot flE Aoz Vet ool ¥HZE Z9dse ¢
AZ717F A= BEFEn 42 H 4AZ77 YEED uksds
e, BUF 2UYESY dRE7E 6 AAE o 2FAHL =GFHA
ZAE PAIINE ZE DATRE €48 F UTE 5 AE BHAdRE A
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Fig. 8. SEM micrographs of (A) as received a —S513Ny, and (B) attrition
milled £ -5i3Ns powder used in this study.
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Fig. 9. SEM fractographs of L3 system: (A) surface layer (B) inner
layer.
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g} L4 (SisN4+SiC+4Y2A/Si3N4+4Y2A+Seed/5i3N4+SiC+4Y2A trilayer
system)
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TEE ¥ FHAZ ¥ S 22 2 YRy AAsHEA maol o)
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7bstedol & Aoz FGAFHUT UM HL FE& EFHSoU ABEFY
Z1AA EAd 94¥%L & FAE9] QASEHE AAINA @28, 22 F
A TFL YA AL A4AEY AL JAAIE e vATERE €2
F YL AR g omr} oL WHozHEH FTHFY SICE 4
v/o A7Vt @38 A9 Ho] W E veEhis EAASE A & U=
L4 Al2dg 7t 243519 e

SiICE 4 v/o AV13 L4E 712g422Pe o AddErt >99% JL
o, AldoA Fde] FEHA AUt Fig. 102 149 EHF T WH-F 2
nAEZE 1o glad, ZIdAEd sz 9639 YA WiFE
vl& 2L Aoz vhelgth oEkd EHE2 F7ig SiCe £2Z2T v A
A4 4R ARE S, REFel ForE | A 9AE A
Fe T Aoz o

L4 Al2=®g ol dFA Qe AA HAFEE 2 23
718 7W7hE AlAdez JAGEHAZ] o, BAF vlAlFRE Ze AlEe
290 EFL 2 F8Y £ YT R-curveE 8 71413 BAHS ZAMEIY
o} A3te Al 5 Ao Adstsn.

ul. AA} njH PR A|AEHe] AA

L1 - L4 A" tig 727 H, o 4F 5Fd Re BA vlAT
Z ZAPFas HE7] A3, 53], e 22 e 1HE ALdEE 4
Asiel ¥Rz wohEn
(1) EHZI REFY 28FG0] ZAY, 3 Aol7l ofF FHolok I
F, 7 39 2Ed & 5%, &2 § AF 59 Aol= gAY,
ofF Ztotol Frt. 2T I o2 EAAE A5y A, F3], 2L
R 54, £2 HA7HAY 433ALE, 383 A 2 42 FHERE o
Fol 2dgddl Fe F%E T It
(2) WEZe 99 Ases FUFET 2AY AN FdHd) AF§Yel
A71E A& golof Ak 2 &4 Fo] GAF AF Aol QEd A7
T 2F8Ye] 3HZEE 9 AEE AXA A Folof
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Fig. 10. SEM micrographs of polished and etched surface of 14 system:

(A) surface layer (B) inner layer.
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A2 A dAAEH

A1 AN Ryl APLE oF nMTEE FE AUTFLE VS
o Btk sEhMleld¥e AA WATZE BE & dE 7 Asa
AE 483 BaolAR, 2714 A 23 Yok & Fol Y4V
s WPoEd AA BATEE BE 5 T, AWl BH hrelx
WA 4ol AA webxy] HEe) ARHD ojslgel Utk B 4¥s
A TE AWE L] olFTh olo) wat FANYPLE JFuATE
g Azstel Bk onh WAAYHY FHE HF F A 9HF
4277t 2 8 YYAE ¥e AHFLG TING 9L ABTFLE 2%
o 4Yshed mgbeh

1.4 3%
7t € B

Table 10. Characteristics of Raw Materials Used in the Centrifugal
Casting Method

Materials | Supplier Remarks
Si3Nyg Ube Industries, Ltd., Tokyo, Japan Grade E10
SizsNy(seed) Denki, Kagaku Kogyo Co., Grade SN-E
Tokyo, Japan Attrition milled
for 1.5 hrs
TiN HCST, Berlin, Germany Grade C
AlxQOs Sumitomo Chem., Japan AKP 30
Y203 H. C. Stark, Germany Fine grade
Dispersant Zschimmer & Schwarz GmbH
Lahnstein/RH.
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. AzxF3A

AZEZE Fig. 119 st ez, 44488 4891 Fig.
123 2t}

. =424}

Az AHe] mATRE FREvAI FAAA "o (scanning
electron microscopy, SEM)S o}]-@38le] ZA}E gt}

2. A3 13

Fig. 132 3 FAPAE 3718 Adwa <3992 3213 6 vo
solid, 2 v/o seed, 1 w/o dispersant, 1000 r.p.m casting speed, 10 min
casting time) A YAGFS}Y 4 HBAE Ax, 712 223 e
HeE-S FRAF vl FE AP0t Fig. 134 B B2 zlo] ~
10 i, 57 1~2 mo ZZ3 YAERE TAHo] glon, Yrao oz
719k Z7u7 B Ze ARAEER FAEH gtk T YR Zo] Fwo)
vlE o Adsithe AL 9 F Utk A7|H EE2d = gAEe] A
T AL 4 g8 R=ZAI 2 3 PR ARFA 20PE
2 dASe] EEEE WA A2"GEHYr] 982 Aom welgh oy
& F7HAe] BEF Y3 BEX o2 nmATRs uElhg Qo g e
& Jhedel Uk F, Adgad v B HEFE& ZE ALO; (398
g/cms)-‘?—} Y-0s (5.03 g/cms)-‘i %’3"3%@' Iq* éﬂﬁiﬁ-q E‘] “]‘-3—-7“ ’;‘:]
FHUA F2 EW BE gol =AY F 3, ALOsS} H]E u]=o]
T Yo0s= old H¥e] o 4 Aotk I3 oz Ayix) Bxe B
TLdAHL TR 4L F Aoz PudAT.

Fig. 14= TiN€ 3713 A4 £982 F827 (SisNg 95 v/o +
TiN 5 v/o, 40 v/o solid, 1w/o dispersant, 1000 r.p.m casting speed, 10
min casting time) oA 4-& AFAE AxR, 712 223 g gy
& TEF ALY Fig. 14914 B EH2L u|mdy 2 Qasz 7
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Powder Mixing
- Polyethylene jar
- SisNy ball
- Additives:' Y203 4 wt2s,
AlOs 2 wt2s
- Water, 24 hrs
+ Seed 2 v/o
- TiN 5~20 v/o

Sharry
- Solid 5~60 v/o

Casting
+ 100~2000 r.p.m.
- 10~30 min

Drying
+ 24 hrs at r.t.
- 24 hrs at 105C

Sintering
- GPS, 1800°C/2hrs/0.5 MPa Na
and 1950C/2 hrs/3 MPa N;

Characterization
* Density
- Microstructure

Fig. 11. Process flow chart for the fabrication of SizNs with gradient
microstructures by centrifugal casting.
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Swinging bucket <+—-

Teflon tube < Supernatant liquid

Ballon seal _
Gradient or dual

compositions

g-force

Fig. 12. Schematic of the centrifugal casting apparatus.
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Fig. 13. SEM fractographs of seeded SizsN; fabricated by cetrifugal
casting: (A) surface layer (B} inner layer.
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Fig. 14. SEM fractographs of TiN added SisN; fabricated by cetrifugal
casting: (A) surface layer (B) inner layer.
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Al 3, WEZFL& 2o AN 2 JREE FAHY e RAE
4 4 gtk o]RAL ¥lFEo] & TiN (522 g/em’)e] ALY E m=7A 2
ZEHEAM BEH BEd FE AYHY 9EQ] Aoz #EET TiNS
dirgez Astias YANTE FHEH, 272 F YA FTEFE
Qe

olZe HEAZ BE QAMEEoE AA nHTRE ZE AIFLS
TE F Ut RS & F Ut a8y S3EEd me 93 dz 9
AF2E 23T & € Aoz dgd. 22y 2o AGdAZJA vlA
TFZE 57 Asid 29959 Jd=v) v T HE JdHAHAE 544
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A3 A FEY

FEPL FJrHAY ot 24, = A 2 A€ AVE AS A3
48] w7 2A EEvs AMLERE, ¥ A Wste 4 37t
A A 2 A& TS BEEFA YR nAFRE dasied BFol
ATt o] AFoAE HEAN &7 HIMA (ALOs¢t Y:0:)0& FAE 44
Fejdl A 3, GEHATN ALY SiCR BIEE PCSE 34712 2 &
g B4

1.4 3
4 -3 -

Table' 11. Characteristics of Raw Materials Used in the Infiltration

Method
Materials Supplier _ Remarks
SiaNa Ube Industries, Ltd.,, Tokyo, Japan Grade E10

Al{NO3); ~9H,O Katayama Chem., Japan
Y(NO3)3 ~9H,O  Johnson Matthey Electronics,

U. S. A.
Polycarbosilane Nippon Carbon Co., Ltd., Japan Mean molecular
(PCS) weight: 1390
v AlZFH

AZFARL Fig. 1569 A st e o).

-6



Powder Mixing
Polyethylene jar * SisN; ball - Ethanol, 24 hrs

Drying and Sieving
-+ 105°C, 24hrs - 60 mesh

|

Isostatic Pressing

- 20,000 psi
|
Presintering
- 1500, 30 min,
N> 0.1 MPa
Infiltration and Heat| |Infiltration and Heat
Treatment - Treatment
y Ales and Y203 - PCS
- Saturated nitrate ~Saturated hexane
solution, 10 min. ~ solution, 1 hr
-8507C, 1 hrs, Ar 0.1 -10007C, 2 hrs, Ar 0.1
MPa ' MPa
- Iteration| 3 times . Iteratio|n 3 times
l
Sintering

GPS, 1800°C/2hrs/0.5 MPa N; and 1950°C/2
hrs/3 MPa N3

Characterization
- Density, Microstructure, and Mechanical
Properties

Fig. 15. Process flow chart for the fabrication of SisNs with gradient
microstructures by the infiltration method.
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7t F7HA 33

Add §Y4S o] &5t THFo) ALO:S Y.0.8 A, £42% A3}
Tas 25 JudErl ~100%2 o|Ed o) 717tAl &A=t} Fig. 16
2 #3, A2F3F A HAY vMFTE2E BRI SEM ARRAo|tt, g2
WEZFolA A A3 ARIEY Vg X E JHol7l g A=
et 28y EWFNA Z]AE o|RE e JAES AV YiSE
2o} Fohes AL o 4 vk EWo 472 HIAE §3IYE o o7z
7t g8 RS S = e ol VA Ul ot 22F AAHE
AFFo] detRm, nlMTRE g JFE W] wWETE® guky
o2 BAgFFe] BolAW AZFF HFAAAZTE ZoAREA AdAAFLEE7}
A ZFe 4AZIE ZE TR e, o] mEo) o] dF
A BEF 714 dAESY Z77 WRF R Feld Aoz wgdo)

Z8u AAFHLR EHET WEEY uHFRs & XolF Holx
FRch o] AL gA Al 1 FH L1 BAF nAFR A2gHoME AHAFR
o] &ZFoe BEEEH UEF] A #3dE 53 A= 4299, #
A4S 3 A7A HEEC M=z F4E 4 A7 WEQ HAeg nef
F, 4223 BEdd o 22 43 FJ7EAVL o, 22 F WEE #F4ks)
wj ol dA ARG zpole FopA FHogy AzrEr) o HE AA H
7HAl Ao, Fig. 16914 & 4 Q= A¥ Zo], Bz WHE mAzz
g ZF3 = §83% wol ohysle AL 9ot

Table 12¢] BT YRF< fAAAY e JehidS 333 @
& YRzo] TUZET B ASE UeEhton, o]AL Fig. 16914 &
T Je AT o] YEZF 7AE oF= dAE =7 Wz
27 & Ae=z wudc)



Fig. 16. SEM micrographs of polished and etched surface of sintering
additive infiltrated SisN4 (A) surface layer (B) inner layer.
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Table 12. Fracture Toughnesses of Sintering Additive Infiltrated SisN.

Code Presintering Kic (MPa - m"?)
Inner layer Surface layer
AY X 6.33 5.91
AYP O 6.02 5.97
1}, PCS 3

PCSE #33l7] #8] 1500ColA 308 F<¢t 71473 2AA9 A
A= 59.6% ATk 7tAZA ) PCSE 33 s, 4x4AL o e}
T FAF 7= Table 13¢] veEld ule} 2} o] Zazg B 714 2A
of PCSEZ #¥ Edid SiC/t ¢id=Ed= AL & + Utk PCSE 3,
ARNG AW &2 YEE Table 13014 BE= uls} goh PCSE 33
P2 w 2FLEEES 4 HolAEs Aoz JElt) oA FHE PCS
ZEYH B3=o A SiC7F 228 Ty dEQ] Aeg AREY.
PCSE 3¥}so] 223 27249 =9 Tdx YB39 u3diy
Zte EAse] Table 149} Astgt AAFo2 7x9} T4
PCSEAo] 2 JFL A ¥t A2 = el o|RL Fig. 159 sia
H SEM AMRIA B 4 1%e], PCS #3e] nAfR] B AT
FA 237 gEA Aoz AGHAL PCSE T EAANAAN SICE
ARZNAZ AAF nMT27F JEhA] e 998 d9A 2= A48
SiC%el A7 Wi Ae=w Hadr &, PCSE 3 3 €3, 2342
o SiCe ~8 wt%7F FHHJAG, o] Hx = A3ljgidel YAAGZ &
gL F2 T Aoz wgHt™ & PCSAA EfHE SiCrt VY=
7€ 2R e HE YAARARE dAEA Ede FE dde] ERe
2 Ppggn 2e



olge AFAEZRE JIHOE PCSE JFFAIZ, EAA SiICE A
A7 e s AAL uATFRE de dHE >3 ¥ ol FA3E A
X e 49 SiCE AZAACK AE AE F Al Aoz B/t =
AAY BATRE A7) §3A BZHT FFHL & ARAACk &
Rez wodrh

Table 13. Weight Gains after Infiltration-Heat Treatment Procedures
and Relative Densities after Gas Pressure Sintering as a Function of
Infiltration Time

No. of infiltration time Weight gain (%) Relative densities (%)
0 - 99.2
1 7.8 97.6
2 8.1 976
3 8.9 97.4

Table 14. Flexural Strengthes and Fracture Toughnesses of PCS
Infiltrated SizNs as a Function of Infiltration Time

No. of nfiltration time Flexural Fracture toughness (MPa - m"?%)
strength
(MPa) Inner layer Surface layer
0 970.0 54 54
1 811.2 49 4.8
2 9175 5.0 5.0
3 934.7 49 4.9
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Fig. 17. SEM fractographs of the PCS infiltrated and gas pressure
sintered SisNs (A) surface layer (B) inner layer.
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FAHEY L BA e vAT2E M £ e A4S
staz, 21 fel BAd ge nATERE M2 £ s OE gL
YUE FY3td BFste YL TEH o] aTdM= ¥ FEAE 3
Adta AFA) ¥ JAHAE F/EA @dL A4 E FAHLY
2 1% vy 2Z3n, 2 FAE AR

o rob B oft

o L A oXx

1.4 ¥

7L 94 B E

Table 15. Characteristics of Raw Materials Used in the Slip Casting

Method

Matenals. Supplier Remarks
SizlN4 Ube Industries, Ltd., Tokyo, Japan Grade E10
SizNs(seed) Denki, Kagaku Kogyo Co., Grade SN-E

Tokyo, Japan Ball milled

for 48 hrs

Al:O3 Sumitomo Chem., Japan AKP 30
Y203 H. C. Stark, Germany Fine grade
Dispersant Zschimmer & Schwarz GmbH Dolapix

Lahnstein/RH.
Binder Union Carbide Co., Danbury, U.S.A. Carowax
Plasticizer Aldrich Chemical Co., Milwaukee, PEG

US.A.
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Powder Mixing
- Seeded SizN4
- Polyethylene jar
- SisNy ball
- Ethanol, 24 hrs

Drying and Sieving
- 105C, 24hrs
+ 60 mesh

Isostatic Pressing
- 20,000 psi

Slip Casting
- Slurry
- No seeded SiszN4
-Dispersant, binder, palsticizer,
water

Drying & Heat Treatment
- 1.t. for 24 hrs, 50°C for 10 hrs
- 1000C, 2 hrs, N2 0.1 MPa

Sintering
+ GPS, 1800°C/2hrs/0.5 MPa and
1950C/2 hrs/3 MPa

Characterization
» Density
- Microstructure
- Mechanical properties

Fig. 18. Process flow chart for the fabrication of SisNs with gradient
microstructures by the slip casting method.



e A

e

Fig. 19. SEM micrographs of polished and etched surface of silicon
nitride with gradient microstructure showing fine microstructure of
surf_ace layer and coarse microstructure of inner layer.
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A5 A AN RlATE BT 54

o] AFA ERE e B2 A= A4S ZEE Adwias AL
Al Wd AYA (flaw tolerance), 22 7Iel WE FHIAAL FE =
T ¥gstE R-curve E4E 53 /1 2 B8 4 Qloh gekA A 5
HAME Az BA o ATRE Z= T4 Y R-curve E4E B}
A, ¥ UAT FEE 48 F JE mAHATFR URRIE) d& 233}
o HEgprt.

1. 4 &

AL A 1 29 L4 Al29-g Adsignt. 28 vnE %A B
3 WESE 44 w2 sty &2ZsAH

R-Curve® 337 918 A1HL 3 x 4 x 25 mm A7E A& v,
140 grit ThololE2= A2 FW-E ArsiHrh o) L4 AU FS B
Hzel FAE ~ 05 mmZl HA AT BAEAEE o Q1P dEle
g He JIFE 9 AVl ARSEHS Rl FE dAnAeE FEa
Z #2s57] 98 1 m TololZ2= Ho|AEZA ZAHARSIAT. AR
2 Ao % FEE 957 Aol AHE F® (gold coating)dtH L, &
Fstngd g e AT 24E ¢HI Zo oA ¥ FE AF F
AAA (moisture—assisted subcritical crack growth)2 =ttt ¢ o
= ¢S XeozHEH JAFHE Tdo] AHe R Hyo] HEEF I}
Aot ABEFANEY FHoZRE FEO2 3 mm AR Xl 49 FE 24
Ne] sFoz AR GAsAET. a8l 2 A|HE 4 F AU
2WL 10 mm, 98 2HL 20 mm)e: FEE AU 282 A=
e den e oz R-curved B4

g A% (crack extension) dcoll th¥ A A& (fracture resistance)
Kpe o3 2ol veld 4 g

Kg = k (4e)™ (1)

714 kSt me A 2832 A% So 43 W F= IF P o
I 2 FAZ vEd F gl
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Log S=1og a - Blog P 2)
A7 B e Zo] AoAL)

B= (1-2m) / (2m+3) 3)
3R o= g Zo] Fedr)

a = kY (By)2Q+py® (4)
A (DA A v = thedt o] Feldr),

y =P/ (o) 7#® )

H71M o FFIEAM A7 FEY ZdolE wFr} BAE A A
Z8l= TE (the crack length at the oneset of instability)e] =7} ¢p =
o83 2

cr = ¢ [4/(1-2m)JY &2 (6)

R-curvet log(S)$} log(P)E a8A 4-& £ Ytk =, A7 A4 o 9}
B € BRI 71&72RH ARE F Yok 2L A mTF k= 4 @)F
D2 58 Zz} AdE = Utk A5 k3 78 o A+ y & g3 Qo
of sl=tl, °JAL A (BE AF2Z Fe ok, log(c)S log(P)ol Wa =
HEZRE IY U FPo2RY ALY £ Aok oxgdew 4 ()4
Foz HZ 8 T g, dec = o2 FL A (1)L WA Jco) i
Kre] W3}, & R-curve® 28 3= it}

2. %9} u A

Fig. 20& R-curve ¥l AME-3F L4 A|2"e] nM7zE BAFE
SEM Abzloelt} 14 Al2®2 M A 1 AA HEe] THze 3o
YAR FAHE PMTERE JIAY, YREE 2 YAEE TAHY nA7ER
E 7HA3 Ao

Fig. 212 L4 A9 Zxel 3L 3= & (Vickers’ indent load)
ol BAE HeF Aeolth vIZE QA EH2T PREZL gz 9IS
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AedA 22 AW TH9 FEE bl Fdo] gl Al 2 A
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Fig. 20. SEM micrographs of polished and etched surface of L4 system
showing fine microstructure of surface layer and coarse microstructure
of inner layer.
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Log S, = 3.00232-0.2946 Log P

Log Sgu o= 3-06941 - 0.29444 Log P

rfac

Flexural Strength (MPa)

lLogS =2098758-0.2642 Log P
innes

Trilayer
© |nner Layer
o Surface Layer

100 1 1 3 g aal 1 L L1 v 133l 1 L L
1 10 100

Indentation Load (N)

Fig. 21. Plots of strength, S, versus indentation load, P, for surface
layer, inner layer, and trilayer (L4 system). The natural strengths were
arbitrarily plotted at P = 1 N.
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vl wala 4 A|EEe Aol 3 AHIA (flaw tolerance)E & 0|7}
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ABE olvr} Yo 7i2r|g ZEN” gty I 25L& BF AFils
R-curve &4 (rising R-curve characteristics)® 713 Re=z 7|98 <
4=

z} 29 R-curve 54 Krause o] AtE mtald g Agtat #4
32719 FAE vigez Fxo S Jlete e TAREH SIS
Fig. 220 vtehiict o} A#olA BRA 2z L& R-curve AF5E e
= Ao g BAY F, & 49 3 R-curve AFE el F= A4 A
4= (toughening exponent)$l m FH-S TS0l 00451, WHEF0] 00820, 2
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Table 16. The Degree of Goal Achivement
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Table 17. The Contribution of the Results of This Study
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Bt AT o]E9 5719 AW Bie] FA3 HE £ fIE
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Fig. 1. Schematic diagram of the cantilever beam showing the
deflection due to high energy implantation. The deflection was
measured by the variation of capacitance.
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Fig. 2. Flow chart for the irradiation.
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l1keV Ar+ ion

Reactive gas

(N2 gas)

Fig. 3. Schematic diagram of 1 keV Ar ion irradiation on
Al,O3 surface with Nz gas flowing.
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Fig. 4. XPS results sample which are not irradiated and 1X
10 Ar” ion irradiated with N: 4 ml/min. Both are measured
after etching for 60s, (A) high resolution and (B) wide
spectrum.
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Fig. 5. Bending strength variation of AlQOs; samples irradiated
with doses and No gas flow rates.
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Fig. 6. Effect of irradiated at 1X10'" dose with 4 ml/min N
on the bending strength with the polishing grade.
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Fig. 7. Wetting angle variation of the water on the AlOs (A)
0 mV/min, (B) 2 mV/min, (C) 4 ml/min, and (D) 6 ml/min.
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Fig. 7. (continued).
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Fig. 7. (continued).
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Fig. 8. Wetting angle variation of the formamide on the Al:Os:
(A) 0 ml/min, (B) 2 ml/min, (C) 4 ml/min, and (D) 6 ml/min.
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Fig. 9. Surface energy changes with the variation of dose and
Ny gas flow rates, (A) total surface energy, (B) polar force

. and dispersion force contributions.
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Fig. 10. The relation between bending strength and surface
energy of the irradiated Al:Os by Ar+ ions. 1N2 denotes 1X
10'* Ar' ion/em® and 2 mY/min-N: gas flow.
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