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Abstract 
Various Al2O3/Y2O3/ZrO2 as sintering sample was reacted with titanium 

at 1700 °C/2 hr in argon. Analyzing the microstructure of the reaction 

interface was characterized with XRD, SEM/EDS, and TEM/EDS after 

reaction. 

 

There were forming TiAl Alloys on Ti side after diffusion reaction, and 

the reactions were more violent with the Al2O3 content increase, so the 

phase transited to Ti2ZrAl by Zr took Ti place. So many compounds be 

observed, including ZrO2, TiAl, Y3Al5O12(YAG), YAlO3, Y2O3, Al3Zr, etc. 

When Al2O3 content exceed the percolation threshold, the interconnecting 

network would be formed. Due to Ti diffused into the ceramics deeply by 

this network, the microstructure different from the other specimens. 

 

In four groups with the titanium melt diffusion reaction, the reaction in 

the diffusion process that YAG has an important role, it will be 

specifically discussed YAG and Ti melt diffusion reaction with the same 

temperature and time. 
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(2.7 g/cm3) (7.8 g/cm3) (1668°C)
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Chang and Lin

[5] 17 mol  Y2O3–ZrO2(30 vol  Y2O3–ZrO2)

1700 /10min Ti

Zr O  

 

  30 vol  Y2O3–ZrO2

3 7 Al2O3

17 mol  Y2O3–ZrO2(30 vol
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2.1  

  883

-transus Fig. 2-1[6] Fig. 2-2  

 

  (CP-Ti)

Fig. 2-3[7] Al Ga Ge Gd

- ( -periectoid) N O

C (peritectic)

-transus

 

 

  

Cr Mn Fe Co Ni Cu Pt

- ( -eutectoid) V Zr Mo Zr

Ta - ( -isomorphous) Fig. 2-4[8]

-transus



&"
"

 

 

  Ti-6Al-4V

316

Ti-6Al-4V

 

 

2.2  [8] [9] 

2.2.1 (ZrO2) 

  

(monoclinic) 1170

(tetragonal) 2370 (cubic)

2680 Fig. 2-5  

 

  Wolten [10]

(Martensitic transformation) 3% 5%
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(Fluorite) (stabilizer)

(CSZ)

 

 

2.2.2 (partially stabilized zirconia) 
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(t-Zr)

(stress-induced phase transformation)
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2.3 [13] 

  (Yttrium) 39 (Yttria, Y2O3)

(Y-PSZ) Y-PSZ

3 mol% Y2O3
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  (Aluminium) 13 (Alumina, Al2O3)

Ti Fe

Cr3+
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2.5 YAG Y3Al5O12  

  YAG(Yttrium aluminum garnet) [15]

Y5Al3O12 YAG

[16] YAG

(Ce:YAG)

(Nd:YAG) (Er:YAG) [17]  
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(Ordering) Igator et al. [20]

 

 

  Lin et al.[21] ZrO2 

ZrO2 ZrO2-x -Zr(O)

primary ZrO2-x secondary ZrO2-x ZrO2 

-Ti(O) -Ti(O)

Ti3O(Titanium sub-oxide)

TiO2  
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  Al2O3 Al2O3/ Y2O3/ ZrO2

5

Table 1

10A/90YZ 20A/80YZ 30A/70YZ 40A/60YZ YAG  

 

  10A/90YZ 10 vol%Al2O3 90 vol%(30 vol%Y2O3 + 70 

vol%ZrO2) 10 mol% Al2O3 + 15 

mol% Y2O3 + 75 mol% ZrO2 20A/80YZ 30A/70YZ 40A/60YZ

YAG(Y3Al5O12) 62.5 mol% 

Al2O3 + 47.5 mol% Y2O3  

 
 

  Fig. 3-1 Tuohig and Tien[27] 1450 Al2O3-ZrO2-Y2O3

5

Gibbs triangle (c-ZrO2 YAG Al2O3 )

triangle 30 vol%Al2O3  
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  Table 1

Fig. 3-2 (C2H5OH)
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(NH4OH) pH 11

(agglomerate) (Brink Homogenizer 

Polytron PT 3000) 10 (Sonicator, 550 

W) 10

(Hotplate)

150

80 mesh Al2O3/ Y2O3/ ZrO2

 

 

3.2  

  25 g 20  ! 20 75 

MPa

5

5 /min 1500 4

Al2O3/ Y2O3/ ZrO2  

 

3.3  

  (bulk density) (Archmid’s 

method) ASTMC 373-72

150 (dry mass)
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(distilled water) 5

24 (suspended mass)

(saturated mass)
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Multivolume Pycnometers

 

 

3.4  

  1700 /2 hr

(1668 )

 

1. Fig. 3-3

10  × 10  × 5
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2. (Model No. 4156, Centorr Inc., Nashua, New 

Hampshire, UK) 

3. 10-4
 torr (argon)  

4. 80 /min

1700  

5. 1700 5 /min 1000

 

 

3.5  

  (Low Speed Saw, ISOMET BUEHLER)

Al2O3/ Y2O3/ ZrO2

SEM XRD TEM  

1. SEM Al2O3/ Y2O3/ ZrO2 10 

× 10  × 5

1  

2. XRD SEM

X  

3. TEM 3  × 3  × 1

1 AB G1 2  × 1

(Precision Ion Polishing System)
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3.6.1 X-ray (XRD) 

  X-Ray (Model M18XHF, Mac Science, Japan)

50 kV 200 mA Cuk (  = 1.5406 Å)

X Ni-filter 5°–90

2°/min  = 0.01°(Sampling = 0.01°)

X-ray Al2O3/ Y2O3/ ZrO2

peak JCPDs  

 

3.6.2 (SEM/EDS) 

  (FESEM, JSM-6500F, JEOL Ltd., 

Tokyo, Japan) (BEI) (SEI)

20 kV Al2O3/ Y2O3/ ZrO2

EDS X-ray mapping

(charging) Ion coater

20 mA 120

5 Pa  
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3.6.3 (TEM/EDS) 

  (Philips TECAI 20)

(Bright Field Image, BFI) (Selected 

Area Diffraction Pattern, SADP)

(Eenrgy Dispersive Spectrometer, EDS)
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TEM/EDS

10A/90YZ 20A/80YZ 30A/70YZ

40A/60YZ YAG

YAG Ti

 

 

4.1 XRD  

  Fig. 4-1 (10A/90YZ 20A/80YZ

30A/70YZ 40A/60YZ) X

2 30.6 50.7 60.5 JCPDs

c-ZrO2 YAG cubic Al2O3 rhombohedral

( -Al2O3)  

 

  Al2O3

[Fig. 3-2] 40A/60YZ

4 40 vol% XRD

Al2O3 10A/90YZ

10 vol %  
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  (10A/90YZ – 40A/60YZ) ZrO2-Y2O3-Al2O3

Gibbs triangle c-ZrO2 YAG Al2O3

XRD

[Fig. 2-5] ZrO2

cubic monoclinic

peaks c-ZrO2  

 

  Fig. 4-2 Ti 10A/90YZ 20A/80YZ 30A/70YZ

40A/60YZ thermal etching(1300 /2 hr)

(BEI) SEM/EDS Y2O3

ZrO2 (O 62 at% Al 2 at% Y 10 at% Zr 26 at%)

XRD cubic 

ZrO2 SEM/EDS (O 60 at% Al 33 at% Y 1 at%

Zr 6 at%) XRD -Al2O3

SEM/EDS (O 62 at% Al 23 at% Y 13 at% Zr 2 at%)

XRD YAG(Y3Al5O12)  

 

  XRD SEM/EDS Fig. 4-2

YAG level rule 10A/90YZ 9 

mol% 20A/80YZ 10 mol% 30A/70YZ 11 mol%
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40A/60YZ 11.5 mol% YAG 2.5 mol%

 

 

  10A/90YZ (85 mol%)

(6 mol%) Fig. 4-2(a) (Al2O3)

Fig. 4-2(b)SEM/BEI 20A/80YZ

10A/90YZ

10A/90YZ level rule

ZrO2 76 mol% Al2O3 14 mol%  Fig. 4-2(b)

 

 

  30A/70YZ level rule Al2O3 26 

mol % ZrO2 63 mol% Fig. 4-2(c)

40A/60YZ

level rule 50.5 mol%

38 mol% Fig. 4-2(d)

 

 

4.2  

  1700 2 

hr -Ti( Tm = 1668 )
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Fig. 4-3

500 10A/90YZ[Fig. 4-3(a)]

YAG[Fig. 4-3(e)]

40A/60YZ[Fig. 4-3(d)]

 

 

  Fig. 4-3(a) Ti 10A/90YZ

3

I

-Ti Chang and Lin[5] -Ti

Ti2ZrO Ti3Al II

III II

I

 

 

  Fig. 4-3 (b) Ti 20A/80YZ

3

Ti3Al I Ti3Al ZrO2 Ti2ZrAl
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-Ti

II III Fig. 4-4 (a)

10A/90YZ   

 

  Fig. 4-3 (c) Ti 30A/70YZ

BEI 3

Ti3Al -Ti

I Ti3Al ZrO2 Ti2ZrAl II

III

 

 

  Fig. 4-3 (d) Ti 40A/60YZ

I II I

II TiAl

-Ti I

 

 

  Fig. 4-3(a)–(d)

Ti 40A/60YZ
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10A/90YZ 30A/70YZ

[Fig. 3-1] point 1–5

Gibbs triangle Al2O3 30 

vol% percolation threshold  percolation

 

 

  percolation theory[28]

A B AB A B 30 vol%

B A B

30 vol% A B 30 

vol% percolation threshold A

B B 30 vol%

A

 

 

  percolation theory 40A/60YZ Ti

percolation threshold

10A/90YZ 30A/70YZ
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10A/90YZ 30A/70YZ

 

 

  Fig. 4-3 (e) Ti YAG

4 -Ti(Al, O)

BEI I II

( ) YAG

Y2O3

I  

 

4.3 Al2O3 Ti  

  I Fig. 4-4 Ti

10A/90YZ (a)1700 /2 hr

(BEI) ZrO2

Ti3Al Fig. 4-4(b)–(f) Ti Y O Al Zr X-ray 

mapping Ti Ti Al2O3

Al Ti3Al
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Zr Zr Zr Y

Fig. 4-5 Murray Ti-Y

(20A/80YZ 30A/70YZ 40A/60YZ)

10A/90YZ

 

 

  Lin and Lin[25] Ti ZrO2  1550 C

Zr ( 25-30.7 at%Zr)

-Ti orthorhombic -Ti(Zr, 

O) Lin and Lin[29] Ti ZrO2  1750 C

TEM -Ti(Zr, O) -Ti

Ti-6Al-4V Ti-Cr Fig. 4-4

Zr -Ti

 

 

  Fig. 4-6 Ti (a)10A/90YZ (b)20A/80YZ (c)30A/70YZ

(d)40A/60YZ 1700 /2 hr I

(BEI) 4 ZrO2 10A/90YZ 20A/80YZ

30A/70YZ Ti3Al 40A/60YZ TiAl
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20A/80YZ 30A/70YZ TEM/EDS

Ti2ZrAl  

 

  Fig. 4-7(a)10A/90YZ I

I O

Ti O -Ti ZrO2
[30]

 

 

  Al2O3 (Stoichiometric compound) 3

2 [31-33]

800K

1400K

Al Ti Ti3Al

[31-33]

SEM/EDS (O 5 at% Al 30 at% Ti 61 at%

Zr 4 at%) Ti3Al SEM/EDS (O 63 at% Al 1 at%

Ti 2 at% Y 10 at% Zr 24 at%) ZrO2  

 

  Fig. 4-7(b)(c) 20A/80YZ 30A/70YZ I

Ravi et al. [36]
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Ti3Al Zr Ti Ti2ZrAl

Zr Ti

ZrO2 TiAl3

(Ti1-xZrx)3Al[34] SEM/EDS (O 60 at% Y

12 at% Zr 28 at%) (O 62 at% Y 11 at% Zr 27 at%)

c-ZrO2 Ti3Al (Ti1-xZrx)3Al

TEM/EDS SADP Ti2ZrAl  

 

  Fig. 4-7(d) I 40A/60YZ

Al2O3 30 vol% Ti

Ti Al2O3 Ti

Al TiAl

SEM/EDS ZrO2(O 62 at% Al 2 at% Ti 3 at%

Y 11 at% Zr 22 at%) TiAl(O 6 at% Al 48 at% Ti

38 at% Zr 8 at%) Ti

TiAl Ti3Al( ) Ti

Ti  

 

  Fig. 4-8 Ti 10A/90YZ

(a)1700 /2 hr (BFI)
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Fig. 4-8(b) SADP ZrO2

cubic 5.09 Å zone axis [111] Fig. 

4-8(d)TEM/EDS O 62.01 at% Ti 12.02 at% Zr

25.97 at% Y2O3

c-ZrO2  

 

  Fig. 4-8 (c) (SADP) Ti3Al hexagonal

a = 5.775 Å c = 4.638 Å c a 0.803

1.633 hcp zone axis ["102]  Murray Ti-Al

[Fig. 4-9] Ti3Al 20–50 at% Al Fig. 

4-8(e)TEM/EDS spectrum Al 32.29 at% Ti 61.32 

at% Zr 6.40 at% Ti3Al

Ti3Al Al Ti  

 

  [25] ZrO2 Ti Zr O

primary -Ti (metastable) -Ti(Zr,O)

-Ti Zr O Ti2ZrO

(eutectoid) -Ti

ZrO2 Ti Ti

Al Ti3Al TiAl ZrO2
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-Zr  

 

  Fig. 4-11 Ti 30A/70YZ (a)1700 /2 hr

I (BFI) Fig. 4-11(b)

SADP Ti2ZrAl hexagonal a = 5.961 Å

c = 4.793 Å c a 0.804 1.633 hcp

c/a Ti3Al zone axis [0001] (d)TEM/EDS

O 4.70 at% Al 23.21 at% Ti 40.56 at% Zr 31.53 

at% (Ti + Zr) Al 3 1 Spring Handbook[34]

(Ti1-xZrx)3Al Y-ZrO2 + Ti -Zr

Zr Ti3Al Ti Ti2ZrAl

[35] Ti3Al

Ti2ZrAl  

 

  4-11(c) (SADP) Ti3Al hexagonal

a = 5.793 Å c = 4.639 Å c a 0.800

1.633 zone axis ["103] Ti-Al Ti3Al

20–50 at% Al Fig. 4-11(e)TEM/EDS spectrum

O 5.73 at% Al 36.56 at% Ti 46.88 at% Zr 10.83 at%

Al (Al + Ti) 43 at% Ti3Al  
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  Fig. 4-11 Ti 30A/70YZ (a)1700 /2 hr

I (BEI) ZrO2 Ti2ZrAl

Ti3Al Ti2ZrAl Ti3Al ZrO2 Fig. 

4-11(b)–(f) Ti Y O Al Zr X-ray mapping

Y (a) Ti I

Al

Zr

Mapping EDS Zr

 

 

4.4 Al2O3  

4.4.1 II 

  Fig. 4-12 Ti  (a)10A/90YZ (b)20A/80YZ (c)30A/70YZ (d) 

40A/60Y 1700 /2 hr II

(BEI) Fig 4-12(a) 10A/90YZ ZrO2

TiAl Al3Zr TiAl

YAG

Y-Al-O compounds(YAG, YAP, YAM

)

10A/90YZ Y-Al-O compounds
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Y2O3 YAP(YAlO3) YAG  

 

  Fig 4-12(b) 20A/80YZ ZrO2

TiAl  Al3Zr Al3Zr 10A/90YZ

YAG YAG Y-Al-O compounds  

 

  Fig 4-12(c) 30A/70YZ

YAG

Y-Al-O compounds

Fig 4-12(d) 40A/60YZ II ZrO2

TiAl YAG

YAG Y-Al-O compounds 40A/60YZ

 

 

  Fig. 4-13(a) 10A/90YZ II

Ti II

Al2O3 3 2

I 1700

TiAl  
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  1700 ZrO2

Leverkoehne et al. [36]

Al ZrO2 ZrxAly Al

Al3Zr Al2Zr

II SEM/EDS

Al3Zr(O 5 at% Al 69 at% Zr 24 at%)

 

 

  10A/90YZ Al2O3 10 vol%

YAG (4.6 ) YAG

Ti Ti YAG

Y2O3 Y2O3 YAG Ti

YAP(YAlO3)

YAG

10A/90YZ Y2O3  

 

  Ti 10A/90YZ 1700 /2 hr YAG

Ti Y2O3 Al2O3

Ti

YAG Y-Al-O compounds
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c-ZrO2  

  

  Fig. 4-13(b) 20A/80YZ II

Al2O3 I Ti3Al TEM/EDS

(O 5.73 at% Al 36.56 at% Ti 46.88 at% Zr 10.83 at%)

TiAl Al Ti

II Al TiAl

 

 

  Ti

Ti TiAl Al

Al3Zr YAG

cubic ZrO2  

 

  Fig. 4-13(c) 30A/70YZ II  

30A/70YZ Al2O3

20A/80YZ II TiAl

Al3Zr SEM BEI c-ZrO2

YAG Y-Al-O compounds
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30A/70YZ YAG morphology

 

 

  Fig. 4-13(d) 40A/60YZ II

Ti

II 40A/60YZ Ti

TiAl

Y2O3 Y-Al-O compounds 

YAG YAG

SEM/EDS cubic Zirconia  

 

  Fig. 4-14 10A/90YZ II X-ray mapping Fig. 4-1 4(b)

Y-Al-O compounds YAG

YAG Fig. 4-14(b)(c) Y-Al-O 

compounds Y

Al Fig. 4-14(f) Zr

YAG Y-Al-O compounds  

 

4.4.2 III 

  Fig. 4-15 Ti 10A/90YZ 20A/80YZ 30A/70YZ  

40A/60YZ 1700 /2 hr III
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(BEI) Fig. 4-15(a) 10A/90YZ

ZrO2 Al3Zr ZrO2 Al3Zr

III YAG

Y-Al-O compounds 10A/90YZ II III

III TiAl Al3Zr II

III  

 

  Fig. 4-15(b) 20A/80YZ III

ZrO2 Al3Zr YAG

Y-Al-O compounds

10A/90YZ III Fig. 4-15(c) 30A/70YZ III

10A/90YZ 20A/80YZ

III ZrO2 Al3Zr

YAG 30A/70YZ III Y-Al-O 

compounds

TiAl (10A/90YZ 20A/80YZ III )

Ti  

 

  Fig. 4-16(a) 10A/90YZ III

SEM/BEI [Fig. 4-15(a)] 10A/90YZ III
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Ti III

Ti

Ti Al 10A/90YZ III II

III TiAl  

 

  III Ti Al O

1700 Al2O3 II

I Ti ZrO2 Al Al3Zr

III Al3Zr YAG

Y2O3

III YAG Ti  

 

  Fig. 4-16(b) 20A/80YZ III

SEM/BEI [Fig. 4-15(b)] 10A/90YZ

III Ti TiAl

20A/80YZ Al3Zr

Y-Al-O compounds  YAP

10A/90YZ  
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  Fig. 4-16(c) 30A/70YZ III

SEM/BEI [Fig. 4-15(c)] 30A/70YZ III

II TiAl

30A/70YZ III ?

Al2O3

Ti

Ti III TiAl

YAG II III

YAG Y3Al5O12  

 

  

YAG

20A/80YZ 30A/70YZ

I ZrO2 Ti3Al Ti2ZrAl

Al2O3 YAG ZrO2(FSZ) Y2O3  

 

4.5   

  Fig. 4-17 Ti (a)10A/90YZ (b)20A/80YZ (c)30A/70YZ (d) 

40A/60YZ 1700 /2 hr (BEI)

SEM/EDS
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thermal etching

ZrO2 YAG Al2O3  

 

4.6 YAG  

  Ti 10A/90YZ 20A/80YZ 30A/70YZ

40A/60YZ YAG

YAG Ti

 

 

  YAG/Ti [Fig 4-3(e)] 4

-Ti(Al, O) BEI

I II

Y2O3 III IV Y2O3 

Y5Al3O12  YAlO3  

 

  Fig. 4-18 Ti YAG (a)1700 /2 hr

(BEI)

Y2O3 -Ti Fig. 4-19(b)–(f) Ti Y O Al

X-ray mapping Al O Ti

Y mapping Ti-Y Y

Ti Y
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10A/90YZ

  

 

  Fig. 4-19(a)–(d) I IV

(BEI) I Y2O3 -Ti(Al,O)

Ti YAG

Y2O3

Zalar et al. [26] Al2O3

Ti Al O SEM/EDS

(O 21 at% Al 12 at% Ti 67 at%)

Ti -Ti(Al,O)  

 

  Fig. 4-19(b) II Y2O3 Ti3Al

Ti II Al2O3

Ti Al I Al

Ti

SEM/EDS Ti3Al(O 18 at% Al 20 at% Ti 62 at%)  

 

  Fig. 4-19(c) III SEM/EDS Y5Al3O12
[15](O

60 at% Al 15 at% Ti 1 at% Y 24 at%) Ti3Al Fig. 4-19(d)

IV YAP(YAlO3, O 57 at% Al 19 at% Ti 4 at%
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Y 20 at%) Ti3Al

III IV

Y5Al3O12 YAlO3 YAG

Y-Al-O

 

 

  Fig. 4-20 Ti YAG 1700 /2 hr (a) II

III (BEI) Al

Y5Al3O12 Y2O3 Ti3Al

Ti III Y

Y ( ) ( ) Al

II III  

 

  Ti YAG 1700 /2 hr

Y2O3 YAG Al2O3

YAG Ti YAG

YAG Ti

Table 2  
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1. 10A/90YZ(15 mol% Y2O3–10 mol% Al2O3–75 mol% ZrO2) 

1700 /2 hr

Ti3Al Y-Al-O 

compounds TiAl Al ZrO2

Al3Zr c-ZrO2  

 

2. 20A/80YZ(14 mol% Y2O3–19 mol% Al2O3–67 mol% ZrO2) 

1700 /2 hr

Ti Ti3Al I ZrO2

Ti3Al Ti2ZrAl

10A/90YZ Y-Al-O compounds TiAl Al3Zr

c-ZrO2  

 

3. 30A/70YZ(12 mol% Y2O3–29 mol% Al2O3–59 mol% ZrO2) 

1700 /2 hr

III

TiAl  10A/90YZ 20A/80Y



%!"
"

30A/70YZ  

 

4. 40A/60YZ(10 mol% Y2O3–40 mol% Al2O3–50 mol% ZrO2) 

1700 /2 hr

Ti TiAl I II

TiAl FSZ II Y-Al-O compounds 

YAG  

 

5. YAG(37.5 mol% Y2O3–62.5 mol% Al2O3)

1700 /2 hr

-Ti(Al,O) YAG Ti

Y2O3 Y5Al3O12 YAlO3 YAG

YAG Ti3Al  
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 Table 1 �������	��

���������	 

��
��

����
(vol%)


���
（mol%）

���� ��
� XRD phase

1 10A/90YZ 10%Al2O3+90%
(30%Y2O3+70%ZrO2 )

10%Al2O3+15%Y2O3
+75%ZrO2

1500!/4hr 98.2%
  c-ZrO2
  !-Al2O3
  c-Y3Al5O12

2 20A/80YZ 20%Al2O3+80%
(30%Y2O3+70%ZrO2 )

19%Al2O3+14%Y2O3
+67%ZrO2

1500!/4hr 97.5%
  c-ZrO2
  !-Al2O3
  c-Y3Al5O12

3 30A/70YZ 30%Al2O3+70%
(30%Y2O3+70%ZrO2 )

29%Al2O3+12%Y2O3
+59%ZrO2

1500!/4hr 96.7%
  c-ZrO2
  !-Al2O3
  c-Y3Al5O12

4 40A/60YZ 40%Al2O3+60%
(30%Y2O3+70%ZrO2 )

40%Al2O3+10%Y2O3
+50%ZrO2

1500!/4hr 97.0%
  c-ZrO2
  !-Al2O3
  c-Y3Al5O12

5 YAG 49%Al2O3+51%Y2O3 62.5%Al2O3+37.5%Y2O3 none 99.8%   c-Y3Al5O12

10

������
���	��
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                   Table 2 �1700!/2 hr�
�����	
�������
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YAGYAGYAGYAG 10A/90YZ10A/90YZ10A/90YZ10A/90YZ 20A/80YZ20A/80YZ20A/80YZ20A/80YZ 30A/70YZ30A/70YZ30A/70YZ30A/70YZ 40A/60YZ40A/60YZ40A/60YZ

! " # $ Ti
side ! " # Ti

side ! " # Ti
side ! " # Ti

side ! "

!-Ti(Al,O) " x x x " x x x " x x x " x x x " x x

Ti3Al x " " " " " x x " " x x " " x x x x x

TiAl x x x x x x " x x x " x x x x x x " "

Ti2ZrAl x x x x x x x x x " x x x " x x x x x

ZrO2 x x x x x " " " x " " " x " " " x " "

Y3Al5O12 x x x " x x " " x x " " x x " " x x "

YAlO3 x x x x x x " " x x " " x x " " x x x

Y2O3 " " x x x x " " x x " " x x " " x x x

Y3Al5O12

(worm-like) x x x x x x x x x x x x x x " x x x x

Al3Zr
(worm-like) x x x x x x x " x x " " x x " " x x x

Al3Zr x x x x x x " x x x " x x x " x x x x

Y5Al3O12 x x " x x x x x x x x x x x x x x x x

", observed；x, none
������	����
�
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Fig. 2-1  

 

Fig. 2-2 ! "  

[From Structure and Properties of Engineering Material,4th Ed., 
by R.Brick, A. W. Pense and R. B. Gordon Copyright.1997 By 

McGraw-Hill,New York.  
Used with the permission of McGraw-Hill Book Company] 
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Fig. 2-3 "  

(a) (peritectic) (b) (periectoid) 

 

Fig. 2-4 !  

(a) (isomorphous) (b) (eutectoid) 
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Fig. 2-5  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



1

2

3

4

�������	�������

�

Fig. 1 System ZrO2-Y2O3-Al2O3 at 1450!. C = cubic ZrO2 solid solution; Y = Y2O3; A = 
Al2O3; YAG = Y3Al5O12 (point 5); T = tetragonal ZrO2.[1] 

From point 1 to point 4 are 10A/90YZ, 20A/80YZ, 30A/70YZ, and 40A/60YZ respectively.
The green line is 30 vol%Al2O3 from Gibbs triangle of cubic ZrO2, YAG, and Al2O3.

5

12

������
���	��

Fig. 3-1 System ZrO2-Y2O3-Al2O3 at 1450°C. C = cubic ZrO2 solid solution; Y = 
Y2O3; A = Al2O3; YAG = Y3Al5O12 (point 5); T = tetragonal ZrO2.
[From point 1 to point 4 are 10A/90YZ, 20A/80YZ, 30A/70YZ, and 40A/60YZ 
respectively. The line is 30 vol%Al2O3 from Gibbs triangle of cubic ZrO2, YAG, and 
Al2O3.]
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1500�/4 hr 1atm Ar *�#�

XRD

Ti'��#�1700�/2 hr �!-��,

SEM/EDS TEM/EDS
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Fig. 3-2 ��
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A

B

1 µm 1 µm

1 µm 1 µm

Fig. 1. (a)10A/90YZ (b)20A/80YZ (c)30A/70YZ (d)40A/60YZ 	������thermal etching 
(1300!/2hr) �
��������
�A�����B�����C�YAG�

a b

c d

A

C

AB

A

B

C

A

B C

C

������
���	��
Fig. 4-2 (a)10A/90YZ (b)20A/80YZ (c)30A/70YZ (d)40A/60YZ 
������
thermal etching (1300°C/2 hr) ���	��������A�
���B�
�
��C�YAG�

56



a

c

b

d

! " #

! " #

! "

! "

30µm

30µm

30µm

30µm

Interface

Interface

Interface

Interface

���	����
�

Ti3Al

TiAl

���

���

���

���

#

e 30µm

Interface
���! " # $!-Ti

33
Fig. 3 Ti�(a)10A/90YZ、(b)20A/80YZ、(c)30A/70YZ、(d)40A/60YZ、(e)YAG，�1700°C/2 hr���	���，����
�
�
(BEI)

Ti3Al

Ti3Al

!-Ti

!-Ti

!-Ti

!-Ti

������
���	��

Fig. 4-3 Ti��(a)10A/90YZ (b)20A/80YZ (c)30A/70YZ (d)40A/60YZ (e)YAG，
1700°C/2hr 
������，
        ���	����(BEI� 
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a b c

Interface

ZrO2

Ti3Al

Fig. 6. Ti�10A/90YZ �(a)1700°C/2hr ��!�
 ������"���
��BEI�	(b)�(f)���O�Al������
�Y���X-ray mapping

Ti Y

ZrO

e f

1µm

d

Al

������
���	��

Fig. 4-4 Ti�10A/90YZ�(a)1700°C/2 hr �� �
�����
�!���	��BEI��(b)�(f)���Ti�Y�������
Zr��
X-ray mapping
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'(a)  0 to 7  hP2  P63/mmc  

''(a)  7 to 18.3  oC4  Cmcm  

(a)  20 to 30  hP3  P6/mmm  

 

(a) Metastable 

 
 

Ti-Y (Titanium - Yttrium) 

J.L. Murray, 1987 

 

 

Ti-Y phase diagram 

Ti-Y crystallographic data 

Phase  Composition, 
wt% Y  

Pearson 
symbol  

Space 
group  

( Ti)  0 to 3.7  cI2  Im m  

Fig. 4-5 Murray, 1987����Ti-Y��
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a b

c d

1µm 1µm

1µm 1µm

ZrO2

ZrO2

ZrO2

ZrO2

ZrO2

TiAl

Ti3Al

Ti3Al

Ti3Al

Fig. 8 Ti
(a)10A/90YZ、(b)20A/80YZ、(c)30A/70YZ、(d)40A/60YZ，�1700°C/2 hr �������，��
�!�����
(BEI)

���!�	

Ti2ZrAl

Ti2ZrAl

20

������	����
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Fig. 4-6 Ti
(a)10A/90YZ (b)20A/80YZ (c)30A/70YZ (d)40A/60YZ 	1700°C/2 hr 
�����������I�����
(BEI�
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Fig. 4-7 Ti�(a)10A/90YZ (b)20A/80YZ (c)30A/70YZ (d)40A/60YZ �1700°C/2 hr 
�����������I����
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d

b

T

[111]

(202)

c-ZrO2

(220)

a

ZrO2

Ti3Al

c

T
(1101)

(2240)

[1102]

Ti3Al

e

������
���	��
Fig. 4-8 10A/90YZ, (a)TEM bright-field image shows Ti3Al and ZrO2 at the 
interface after annealing at 1700!/2 hr, (b) the SADP of c-ZrO2, (c) the SADP of h-
Ti3Al, (d) EDX spectrum of ZrO2, O：62.01 at %、Y：12.02 at %、Zr：25.97 at 
%, (e) EDX spectrum of Ti3Al, Al：32.29 at %、Ti：61.32 at %、Zr：6.40 at %
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Th4Al7
(b)  16.9  (a)  . . .  

ThAl2  18.9  hP3  P6/mmm  

ThAl3  26  hP8  P63/mmc  

Th2Al7  29.0  oP18  Pbam  

(Al)  100  cF4  Fm 3m  

 

(a) Tetragonal. 

(b) Considered same as ThAlx 

 
 

Al-Ti (Aluminum - Titanium) 

J.L. Murray, 1987 

 

Al-Ti phase diagram 

Al-Ti crystallographic data 

Fig. 4-9 Murray, 1987����Ti-Al��
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[0001]
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(1120)

(1211)

[1103]

Ti3Al

e

������
���	��Fig. 4-10 30A/70YZ, (a) TEM bright-field image shows Ti3Al and Ti2ZrAl at the 
reaction layer ! after annealing at 1700"/2 hr, (b) the SADP of Ti2ZrAl, (c) the 
SADP of Ti3Al, (d) EDX spectrum of Ti2ZrAl，O：4.70 at %、Al：23.21 at %、
Ti：40.56 at %、Zr：31.53 at %, (e) EDX spectrum of Ti3Al，O：5.73 at %、Al：
36.56 at %、Ti：46.88 at %、Zr：10.83 at %
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Fig. 12. Ti�(a)10A/90YZ (b)20A/70YZ (c)30A/70YZ (d)40A/60YZ 	1700°C/2hr 
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�，���!������(BEI�
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������	����
�
Fig. 4-12 Ti
(a)10A/90YZ (b)20A/80YZ (c)30A/70YZ (d)40A/60YZ 	1700°C/2 
hr �����������II�����
(BEI�

66



heating cooling

heating cooling

heating cooling

!! !!

! !!

! !!

YAG

YAG

YAG

ZrO2

ZrO2

ZrO2

Al2O3

Al2O3

Al2O3

Ti + Al2O3

Ti + Al2O3 + ZrO2

Y-Al-O compounds
c-ZrO2

Ti + Al2O3

Ti + Al2O3 + ZrO2

Y-Al-O compounds
c-ZrO2

Ti + Al2O3

Ti + Al2O3 + ZrO2

Y-Al-O compounds
c-ZrO2

AlO
Ti

Zr

AlO
Ti

Zr

AlO Zr

YAG YAP

Y2O3

Al3Zr

TiAl

ZrO2

ZrO2

ZrO2

YAG

YAG

YAG

Al3Zr

YAPY2O3

TiAl

TiAl

Al3Zr

(a)

(b)

(c)

Ti

heating cooling

! !!

YAG

ZrO2

Al2O3

Ti + Al2O3

Y-Al-O compounds
c-ZrO2

AlO
Ti

ZrO2YAG

(d) TiAl

������	����
�

Fig. 4-13 Ti�(a)10A/90YZ (b)20A/80YZ (c)30A/70YZ (d)40A/60YZ �1700°C/2 
hr �����������II����
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Fig. 4-14 Ti(10A/90YZ$1700°C/2 hr'*, �+�(a)�+)!�"#-!&%(BEI)��������������������(
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Fig. 14. Ti�(a)10A/90YZ (b)20A/70YZ (c)30A/70YZ，	1700°C/2hr 
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�Fig. 4-15 Ti
(a)10A/90YZ (b)20A/80YZ (c)30A/70YZ 	1700°C/2 hr �����
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�7�-,��8�;；�:+��7��4
，<0��20A/80YZ、30A/70YZ��;5I�ZrO2-2Ti3Al
!/'$�Ti2ZrAl。�9	�*6"6�1���2=��;��)�：Al2O3＞YAG＞ZrO2(FSZ)＞Y2O3。

Fig. 18 Ti
(a)10A/90YZ、(b)20A/80YZ、(c)30A/70YZ，	1700°C/2 hr�������，���!�������

������	����
�

Fig. 4-16 Ti�(a)10A/90YZ (b)20A/80YZ (c)30A/70YZ �1700°C/2 hr �����
������!����
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