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Microstructure and Fracture Toughness of Al,Oz/Er;AlsO;, Eutectic Ceramic
Prepared by Laser Zone Remelting

DENG Yang-Fang, ZHANG Jun, SU Hai-Jun, SONG Kan, LIU Lin, FU Heng-Zhi

(State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: Directionally solidified Al,03/Er;Al;0,,(EAG) eutectic ceramic was prepared by laser zone remelting
technique. The eutectic morphology and microstructure evolution investigated as a function of laser scanning rate.
Moreover, the mechanical properties and toughening mechanisms were studied. The Al,O3/EAG eutectic ceramic
consists of only two continuous phases of Al,O; and EAG which interpenetrates with each other to form
well-distributed three-dimensional network. The eutectic spacing is only around 0.2-2.1pum and reduces with the
increase of scanning rate. At low scanning rate, the typical lamellar irregular eutectic structure is obtained. When
the scanning rate reaches 800um/s, the cellular or dendrite microstructure appears. The hardness and the fracture
toughness at room temperature are measured to be 18.7GPa and 2.45MPa'm'”, respectively. The refined micro-
structure, crack deflection at phase interface and crack branching contribute to the improved toughness.

Key words: oxide eutectic ceramic; laser zone remelting; microstructure; fracture toughness

P el s DS RIAES NI & SV ST DILE Tt AV v b e A = o ¢ e O A L PO WA /BT DS R o = Rl Ko
LS RS R, NESCh PR mtgia)m KPR TRt Syt B a AR A E R

Wis BH: 2010-10-03; WEMEMFSHEA: 2010-11-20

BEEWE: FHEKARFFIEE (51002122, 50772090); Bkt [ 2R R 5 4:(2010JQ6005); M 45 B2 1k 42 (2010ZF53064);
P Tl A2 SR SE 0 42 (GOK Y 1016); AL T ML K2 MR B 37 A7 )7 160" (09XE0104-5); 4 R H 5
SIS = A ELE(76-QP-2011)
National Natural Science Foundation of China (51002122, 50772090); Natural Science Foundation of Shaanxi Prov-
ince (2010JQ6005); Aeronautical Science Foundation of China (2010ZF53064); NPU Foundation for Fundamental
Research (NPU-FFR-G9KY1016); New People and New Directions Foundation of School of Materials Science and
Engineering in NPU (09XE0104-5); Research Fund of the State Key Laboratory of Solidification Processing in NPU
(76-QP-2011)

BN B I7(1986-), L, WiLHWF5E/:. E-mail: fang_ nwpu@163.com

BIREE: 9K %, #U%. E-mail: zhjscott@nwpu.edu.cn



842 T LM OR 2 R

26 %

AR e HGsR S DL R P S e T e m A R
(e bE, 76 5 )t [ R rp, 6 RRT S A A 1
W AR A R, AT RO BR T SRR TE R M,
J T R TR 5 A [ 3 v (V0 A T, L R 1
AL R PER. o, SR ARG B B AT R
JE DU LA R S R B 2 B (1800°C) I AR AL ER
B rp AR R AP R Rk Re ke M, RERA A HE
R UL AL SR KB A e v s A R,

Har, < TRADILE BER S &R S
I P 2 AR TP A v A R PR A, e i) [
ALO3/YAG. AlLO3/GdAIO; 2 AlL,Os/YAG/ZrO, 23k
iR R T SR AL SR R, ORI AR
SRR 4 A AT SR Le R SR I B e (ot HL
fil« FAME BRI, Wk — g R Thie — Ak 1A R
BE—20 R T S B N AL i AN
Er,0; #1481 ALO3/Er;AlsO,(EAG), T Er iIfE
FH, MABHE 1.5um 13 K A R S HE A% 15 2R B0 1) i S
e, ELAT AR (R B AR A T RE, R CAE b A S
AT 7 iR AL ER B B,

S L O B R % 55 £ 2T Bridgman
Ve AL DL RO X AR, O X s 2
AL S ) — FOBT IR AR, B AR A
(10°~107K/m), JEHfd AT Tovs Ye . A Koo bk
SEAR R, RERE DR TR AN A R B R SR 40 A T
gLZ8, M8 = A R T RE, H 2 R D N
ALOYEAG MR FR . B 4 2L il B B 1) o0 45 44
DA K L it ) 25 0044 60 1 oo A (R0 e T R
HIF 70 i P S AE S TR H T B R 1, K
B 138 45 O 0 2R B i MR D) 25 T REL A
TAERHBOC R IEH AN & ALOYEAG L F %,
WFFEA [ R R RO AL U 2 e S
FUARE, JEAE AL Font L 0 2% P B (R JE R0 W7 244
) LSS BN AIEEAT 20 7 5 A

1 52I§

1.1 BOEKFEXERE

SR OG0 o ) e[ VA %% ALOS/EAG
LR . SRR R s Al gk gt ALOs B R
(99.99%, 150nm)-5 5541 Ery03(99.99%, 50nm)is 41 )
K. AR ALOs-Er05 — JoA B M 3 i pli 4y JBE R
b 81: 19 JB4, I Swt%Ze 47 (K] PVA K45 7] 76 7>
BEHHR A A ARXT 2h 5, B A U kR
AN TSGR I AR b, 75 100MPa s il i
70mmx10mmx5Smm K 7 AR Pl 4. 2R 5

T AR B T m R4 N, BL 600°C/h FHELI#
FINHE 1500°C, {53 3h G BE A, R HA—
SE 5 JEAEUR BE ) ALO3-EryOs e & ORI FE.
PR T XA 5250 K I ROFIN-SINARSS0 7Y
SkWCO, LG, Bl LMP-408 & T fili Y34 5)
PUAABR A TAE & . BB BOGH DR RO BE 24
W, A HEA - EHARMIREEREOHR. 2Kk
W, B AR R RS, PR g & NE R
A SEES TR EOG R DL — 5 (1 1R e 4 3 T
AR RE, 7EBOL I & R % T IR A,
RAESLE RO, I PR R [ AR AL O B R T i
T R (20~2000pm/s) 3k 15 T AN A SF RL AN
A 412311 ALOs/EAG i B 2.
1.2 S#Hrlt
KOG 4 ALOS/EAG 3t 5B & W ke k4T 1)
HL WS PGB LA AR B )S, AR5 70~80°C
(R RAE R AT JG3 ok, FH A0 5 e o ) 25 110 5 [l 41 2R 9%
SURFIE S A A, A Supra 55 7 & S
BE(SEM)RHAFELEA [RIFHE 28 T 1 A 2T 52
TP B e 2, AT B SR T A IR
FER AT 440 . SR D/MAX-2400 X %Y X 5}
LRAT AL (XRD) AT 4L U 4 R A3 B
A H 18 [5] Wolpert k! M-Tester ! Vickers filfi &
T, R s R AR = i A R ) T
Wrad vk, 12 Vickers JEIR M GURE R, LK &
B T g 49N, AREA] 15s, FERR R IEE 10 A
ST IR IR 525G, 6T Median 244, fli 5 % b5
P 5ot
H,=P/F=1.8544P/d* (1)
K =0.016(E/H )" (P/c*'?) ()
o, PO R, F O RN TR, E A s A
i, CARGUEK, d oA IR A2 K E VM. H
62 AU WL 5% e R 2 T S e Re A L, S HE
I IR RS R e K B, il A AT . R
i SEM WERZLLUIEHAAT Jhy FF 53 v 3 o g 22 1 Ty 24
S G

2c

d

Kl 1 Vickers JEIR L B E &
Fig. 1 Schematic diagram of Vickers microindentation




9% 8 W

ka7, e WORKIE ALOS/ErsAlsOy, Sk ik B A 5 A Mg B A ZV S T R ) Tk 843

2 GRS

2.1 RMBAL SR

SEBS R, R TOGH R ZR AR 20~100pm/s 1)
{RIEVE I, "L R R AL, 3543 8mm X 4mm
KT N EBEUR 1 ALOYEAG JL Mg . F14 3k
RIS, U A 7829 (1 I 18] s A4 o 7] o9 BT
W, fEHOLBIEIX S, Oliete 2P I0F 9745 1 A2 K
R AL A A YE R B, AR K e
% 500mm/h I, fLIRA RS A

K] 2(a)F1(b) 73 7l 2 HOG X 45 ALOS/EAG T 1
o AR TH RS BUR A HEBSE) I F, 454 XRD &3
1350 MBI AL &G 0l ALO; AHLL A1
WA G5 /) EAG AH, ] EDS #fi5& Y BSE [} b 2
XN ALOs M, KX EAG M. PIAHKIFR
AT e S XRD S frafe +oavs, KK

ALY
25 pm

v ALO,
e Er,ALO,,

Intensity / (a.u.)

..'..-.V..o..v.}‘
_LL.J.J.J JJ:JJ_J;_,LMLML
20 30 40 50 60 70

20/ (%)

K2 ALOyEAG 3L i B s R i) SR A AL 200 XRD 813
Fig. 2 Typical microstructures and XRD pattern of Al,O;/EAG
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(a) Cross section; (b) Longitudinal section; (¢) XRD pattern of
Al,O3/EAG eutectic ceramic
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Fig. 3 Microstructures of Al,O3/EAG eutectic ceramic grown at different scanning rates
(a) 10pmy/s, (b) 100pm/s; (c) 200puny/s, and (d) relationship between the interphase spacing and scanning rate
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Scanning rates of (a) 800um/s; (b) 1000um/s, and (c) unsymmetrical coupled eutectic growth zone associated with irregular binary eutectics!

11, 19]



8 1

XTS5, 25 WIEIR I ALOS/ErsAlsOy, Sh il B AEE A W & A 21 5 i g v 845

~ ®) % 13
g4—?%#% 116
& | —— Toughness Jia £
E ©]
= 3 —=— Hardness 112 ;:5
T | T .
M 1. ¢
éz-f?ZLHh““ﬂahxﬁ 16 g
g |
£t 16
2 1r 14 =
=L {2

0 1 " 1 M 1 L 1 M 1 0

0 200 400 600 800

Scanning rate, v/(um-s™)

5 (a) BOLXIE ALOS/EAG K Vickers JEJRTES; (b) A
v 1 4 3 4 AR ) S DB B 5

Fig. 5 (a) Vickers indentation morphology of Al,O;/EAG; (b)
Hardness and fracture toughness of Al,O;/EAG grown at dif-
ferent laser scanning rates

(R, P2 158 Mk ALOS/YAG (RN, K
5(b)rhad w] LA H A AR AR A FEE ol 1 T A 1 1 KT
SN A e 3 0 Al I o TR PR R e, 1
— SR T ALO; Al EAG FI S 454, A 30RE T
IR B 3 PR A0 8 1 A

PG ALOS/EAG [ = i W7 24 49 1 {200k 2
2.45MPa-m'?, LG BIFIX M ALOJEAG I 5
T 30%, 5 Pastor 2SR I OE X 4 4%
ALOS/YAG L i B 28 (1) M 45 R IE A — 3. sk,
Pastor S50 oL P& B Tk 4 I )¢
AN, W IR B 1500K FEARFFANAR, {H
T 1500K J&, #HRFRAEI WA, Widdw v
BERL IR B 2 4MPa-m'2 FHRHI W 240 Pk B 4 1
IR IS IE Kb s, 2R AR
AR, B R AR GO, oW 4 2R
Ak, PEOAL LR AL TE H RE A SR m A R,
AT SHb D7 28470 1 o i S P 4 KT K. T > 4
TSR B — e RN, oW A ZUR H AR 41 21
FEWHARAL, K 4. Xeq] 20 bR P fE
WA E, FECRIERTFE, o) ok 72 o Y g
KRG .

2.3 EBENHLF

K S IR V2 P 34 G0 0 M a0y e i 42 AT
WK 6), KINHLY e dE A 7 X2
FimRAY R, RN e BRI, ey
pn AT R, AT I o g4k 412Uk B B B A R )
PR BOG DX PR e ] A5 15 AH 8] PR R BE 980N,
AH R 7N RUSE 250 S04 35t AH 1) DA Je R 202 Ta) AH B
YE S5, AR TR A5 R
6(a)) M40 R W R A W %52 31 24 S0 S 1 i 5 D0
%, MGy R B AH RS AR, BT S i Y
JIHIVE R, AR W dn S AR T BE B T R &L, A4S =
S S (1 N g B 4 B2, ek 4 S A A (o
L TIR), 5 Mesa 25 PR I 8O0 B X 4%
ALOSEAG MG 7 i 7 R AN, B
SO BN MU, B T B2R-EUE
K Jrm, Hl99 TRAY R s, Nmigs T
MR W R B PE. A, RO S ALOS/EAG
o, o R EUEAFAE S IR WK 6(b), 43 XT3
TR i R TS RO k. Ik, R e
e 5 A ST A B % o SO R T L e B,
FRIHFE TRy iR s, 35 m g0 i &t
il 2 2340 HAE D, B 2400 99 M R 8U ki Hfi 3k, ik 3
TR ROR.

Kl 6 ALOyEAG It fi b % RS g U5 X
Fig. 6 Crack propagation in the Al,0;/EAG eutectic ceramic
(a) Crack deflection along the interface; (b) Crack branching



846 o Bl A R R 526 &
3 it iz P TS L1653, 2009.
[11] Waku Y, Nakagawa N, Ohtsubo H, et al. High temperature proper-
NV e v ties and thermal stability of a unidirectionally solidified
1) WOEX 4 ALOYEAG M &t ALO; Y ! Y
N - - n L AL O3/Er;AlsO; eutectic composites. J. Jpn. Inst. Met., 2000, 64(2):
EAG PAHZE R, WA AR B BF 5 T8 Bz 82 1) = 4 AR 101-107
oy A g ARz E G 2 e 20 e '
- 1:/] -+ ZNHA jtﬁ ggﬁ A1 el A //\ﬁ Ho ﬁ )& /ﬁ B/ﬂ: [12] Anstis G R, Chantikul P, Lawn B R, et al. A critical evaluation of
- T ~ > n \ . . . ' ' '
T HE%. Z~HH IEJEE?H] ’J\, 7{: 0.2~2.1 um IEﬂ, }JFHBJE indentation techniques for measuring fracture toughness: I, direct
%Tﬂ%ﬁi% E[,:J j(ﬁﬁﬁ{)&d\ . crack measurements. J. Am. Ceram. Soc., 1981, 64(9): 533-538.
2) t{&?ﬂjﬁﬁ%?, A1203/EAG E‘JﬁﬁMéﬂéﬁ [13] Oliete P B, Peifia J I. Study of the gas inclusions in ALO;/Y3AlLO),
;EE\L jﬂ“! B/\] 5”5 %JI_L[ Ijllj }% H‘ :/H\: EElIEI H Q/E{ ; i_’l }3 ih‘%‘ ﬁ $ 13 @J and Al,03/Y3Al;0,,/ZrO, eutectic fibers grown by laser floating
800um/s I, I T MR A AE EAG AHBIAL i zone. J. Cryst. Growth, 2007, 304(2): 514-519.
Y B o S 14] Fernandez J M, Sayir A, Farmer S C, et al. High temperature cree
3) SR FL 18.7GPa, RN 1Y T Lonn A lame s s e P
N N N . s eformation of directionally solidified ALOs/Er;AlsO;,. Acta Ma-
IR (030K S BLSE AR D (0%, R
12 b E 4 40w N B Lo b s FE B 5 : .
2.45MPa-m % LR ALZA ) AL LU KR ALY e A [15] Nakagawa N, Ohtsubo H, Waku Y, et al. Thermal emission proper-
D / H. ET
EP Eﬁ&jﬂﬁﬁ{ﬁ%‘ ﬁRIEEEEi %)]H[‘%IJ ties of ALO;i/Er;AlsO;, eutectic ceramics. J. Eur. Ceram. Soc.,
2005, 25(8): 1285-1291.
/ﬁ 3 = 0 . bl
= %Iﬁk ’ [16] SuH J, Zhang J, LIU L, et al. Effects of laser processing parame-
) ) ters on solidification microstructures of ternary Al,O;/YAG/ZrO,
[1] Waku Y, Nakagawa N, Wakamoto T, et al. A ductile ceramic eutec- . ) .
eutectic in situ composite and its thermal property. Trans. Nonfer-
tic composite with high strength at 1873 K. Nature, 1997, Met. Soc. China, 2009, 19(6): 15331538
rous Met. Soc. China, s : - .
389(6646): 49-52.
. (A ) N N [17] Mizutani Y, Yasuda H, Ohnaka I, et al. Coupled growth of unidi-
[2] WREE, SKEE:, FEEIH(PAN Zhen-Su, et al). i [ 5k L &b ) o _ _
) o N ] rectionally solidified ALO;-YAG eutectic ceramics. J. Cryst.
AR A B & 5L DR, EAHLA R 3 (Journal of Inorganic Growth, 2002, 244(3/4): 384392
Materials), 1999, 14(4): 513-519. R '
) @) [18] ##E, 5k %, %, . (CUI Chun-Juan, et al). JL5 A4
[3] LLorca J, Orera V M. Directionally solidified eutectic ceramic ox- 52203 RS RDR I 1 R LU G TEBUAR 24 Journal
(=] > C ZH AN . >
ides. Prog. Mater. Sci., 2006, 51(6): 711-809. . .
ides. Frog ©) of Tnorganic Materials), 2007, 22(5): 1019-1024.
4 HI, Zh D YF . A ifi i hni
(4] SuHJ, Zhang J, Deng Y F, et al. A modified preparation technique [19] Kurz W, Fisher D J. Fundamentals of Solidification, the first edi-
and characterization of directionally solidified ALOs/Y;AlsO1, tion. Lausanne: Trans Tech Publications. 1984: 110-112
eutectic in situ composites. Scr. Mater., 2009, 60(6): 362—-365. 0] W%, % T, X b, %(SU HaiJun, et al) 5 4 5
I T > » oF -Jun, -
[5] Waku Y, Nakagawa N, Ohtsubo H, et al. Fracture and deformation ALOYYAG 45 [ 57 & bHEL 418U 25 K% JE BN E 8 2 K
behavior of melt growth composites at very high temperatures. J. 4824 (Acta Metall. Sin.), 2008, 44(4): 457462
Mater. Sci., 2001, 36(7)- 1585-1594. [21] Yoshikawa A, Epelbaum B M, Hasegawa K, et al. Microstructures
H 3+
[6] Gouadec G, Colomban P H, Piquet N, et al. Raman/Cr™ fluores- in oxide eutectic fibers grown by a modified micro-pulling-down
cence mapping of a melt-grown Al,O;/GdAIO; eutectic. J. Eur. method. J. Cryst. Growth, 1999, 205(3): 305-316
Ceram. Soc., 2005, 25(8): 1447-1453. [22] Yoshikawa A, Hasegawa K, Lee J H, et al. Phase identification of
[7]1 Lee J H, Yoshikawa A, Murayamab Y, et al. Microstructure and ALOYREALOy, and ALOyREAIO(RE=Sm-Lu, Y) eutectics. J.
mechanical properties of ALO;/Y;Als0,,/ZrO, ternary eutectic Cryst. Growth, 2000, 218(1): 67-73.
materials. J. Eur. Ceram. Soc., 2005, 25(8): 1411-1417. [23] Mesa M C, Oliete P B, Orera V M, et al. Microstructure and me-
[8] Sai H, Yugami H, Nakamura K, et al. Selective emission of chanical properties of Al,03/Er;Al;sO, eutectic rods grown by the
ALOs/ErAlsOy; eutectic composite for thermophotovoltaic gen- laser-heated floating zone method. J. Eur. Ceram. Soc., 2010, 31(7):
eration of electricity. Jpn. J. Appl. Phys., 2000, 39: 1957-1961. 1241-1250.
[9] Adachi Y, Yugami H, Shibata K, et al. Compact TPV Generation [24] Pastor J Y, LLorca J, Martin A, et al. Fracture toughness and
System Using ALOs/Er;AlsO,, Eutectic Ceramics Selective Emit- strength of ALOs-Y3ALsOy; and ALO;-Y3ALO-ZrO, directionally
ters. Thermophotovoltaic Generation of Electricity: Sixth Confer- solidified eutectic oxides up to 1900K. J. Eur. Ceram. Soc., 2008,
ence on Thermophotovoltaic Generation of Electricity, Freiburg, 28(12): 2345-2351.
Germany, 2004: 198-205. [25] #xdh(GUO Jing-Kun). FZERPENBRAL 5 BB SR MR R

[10] 2. Bmmi Ity 3B AR R B 4125 P Re.

TeHIM EL2E 3 (Journal of Inorganic Materials), 1998, 13(1): 23-26.



