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Interfacial microstructure and mechanical properties of Al,O; ceramics
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Abstract: A successful brazing connection between Al,O; ceramic and TC4 alloy was achieved using Cu foil, producing well-
formed joints without obvious defects such as cracks. The effects of brazing temperature and holding time on the microstructure and
mechanical properties of Al,03/TC4 joints were systematically investigated, revealing the joint formation mechanism. The results
show that the typical interfacial microstructure of Al,05/TC4 joints brazed at 910 °C for 10 min is Al,05/Ti3(Cu,Al);0 /AlCu,Ti +
(T1,V)y(Cu,Al) + Ti(Cu,Al) + TizCu4/a-Ti + B-Ti + Ti,Cu/TC4. With increasing brazing temperature, the Ti;(Cu,Al);O reaction
layer first gradually thickens and then remains stable. Due to the gradual overflow of liquid metallic compounds at high
temperatures, the overall joint width shows a decreasing trend, while Ti;Cu, forms continuous layers. The shear strength of the

joints first increases and then decreases. With prolonged holding time, the joint width gradually decreases and the thickness of
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Ti3(Cu,Al);O reaction layer increases. The excessively thick reaction layer adversely affects the mechanical properties, causing the

shear strength to first increase and then decrease, reaching a maximum value of 102 MPa at 910 °C after 10 min holding time.

Highlights: (1) Successful brazing connection between Al,O5 and TC4 at a brazing temperature lower than the melting point of Cu.

(2) Reduction of residual stresses in joints by utilizing the plastic deformability of Cu foils.

Key words: Al,O; ceramics; TC4 alloy; brazing; shear strength
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ST R K BOE BT, TORAL . RS E G, 153k
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. MISH UK [13] FSHS0ER [14] 7150, thF TC4
B Ti R FP8E T ALO; M, H ALO; Fi%
O X TiJRF A s Z W s /e, ARk
TiO, FfiJ5 TiO S4FAL %) Cu 1 TC4 BE41 ¥ fift 1Y
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B Al FREDS B4 Cu J7 T, Jf H & 4l Wyckoff ¢
DL, BZIEIT=H) M Tiy(Cu,Al);0. Tiy(Cu,Al);0
I ALO; BRI Ti SR TEMEET AR R I
AR R 7E A, X, B, Al Cu T | Ti gt
EMAICE 3P T RAM, HJE PR T
2:1:1, 454 Al-Cu-Ti i = JoAH K 1% 3Cik [17]
Ay BEHEI, B, AHATBE AICu,Ti. By AHFETE Ti I
K. VILE . AIJLEM Cu i &, T Tiot &M
V ILE 0] DL UAT R L B %, B AR LK Ti oo
MVILRFER—FoCER, M Al 7] LAY 4
Cu JE T &k, TT LUK Cu ST E M Al TTE B —Fh

(1)

(c) Al

(GAY

7£ 910 C TRIR 10 min Hy4F/E#Esk SEM 1 EDS
Brazed joints SEM and EDS at 910 °C for 10 min. (a) SEM for Joints; (b) O; (c) Al; (d) Cu; (e) Ti; (f) V
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B2 $HRELARFEmAR
Fig. 2 Brazed joints typical interfacial microstructures.
(a) interfacial microstructures; (b) magnified view
of the Al,O3 side; (¢) magnified view of the TC4

JLER. HR By M TiJLR M VLR Cu st E Al
Al JCR T UL 201, FrLAZE &2 3Ciik [18] Al
%% SCHR [19] 4 0 By A0 7T BE 4 (Ti,V),(Cu,Al).
B, FHEEH Ti LR M Cu LR, H Ti LR
T 5 Cu gt R JF T A Al JGE T H 2 FEL
T 11, 856 S5 3K [12] 1525 30k [18] #E
AT BEAY AL A Ti(Cu,Al). Bk Bs Mk Cu JC K
Ti JCRAR, HIEF R 4:3, A LAEN By AH AT
e M TisCuy. 7E Az IXH, Bg HAI B, AHH & K
i Ti JTCE, Be AN By AH 20 4G I 380 51~ Ly
17.06% 1 Al JTER AR N 17.40% Y V LR
AlTTE 2 o-TifRE LR, VIL R 2 B-Ti f € JT
25 By, Bo AW o-Ti, B, #4 B-Ti. By M E
B Ti SR M Cu stRAM, H Ti JLRM Cu THR
JEF HBa T 1 201, 23 3Rk [19] RS 2% S0k
[20] AT 1, 76 FF i B2 b, &7 R Cu Ji )
TC4 NP HL, Cu JCZE AT LARRAK o-Ti 7] B-Ti %451
BE, 7E TCA MDY L i M B-Ti. FERHIL R,
AERUFNRY B-Ti 23 &A= M6 A8, I TipCu + a-Ti,
BN B AHRTBE R TiyCu, JEMTEEAR Ny
B-Ti — a-Ti+Ti,Cu ()
R T AT AT RS E BT Ay IX
HRYAR, XF3Ek HEAT T TEM 20 #F. 7E 910 °C A4
I 10 min [ ALO,/Cu/TC4 4T 45423k 3043 X 3 iy B
GG RUARIRI TR M4 i 45 8L, ikl 3 pos. X
HAETE 3 FIAS R AH. SR L DX B F A7 5 (selected
area electron diffraction, SAED) X A~ [F] AH BT 7 [X 15,
PEAT A0, IR 4 FT7s. C, MR f RS54k TiCu,
VU7 & &, 25 A B P4mmm, [ BRSO EE

side 1295, a=b=3.108 A, c = 5.887 A. C, Hif¥ fh ik
F 1 FHIEESMBIREALR EDS HER (EF0E, %)
Table 1 Brazed joints typical Interfacial microstructures EDS results
A A 0 Al Ti Y% Cu AT REAH
B, 10.40 17.14 38.43 0.54 33.49 Ti3(Cu,Al);O
B, 0.97 22.88 21.36 — 54.79 AlCu,Ti
B; 7.51 17.31 45.40 16.06 13.72 (Ti,V),(Cu,Al)
B, 3.77 8.76 51.20 1.78 34.49 Ti(Cu,Al)
Bs — 3.09 41.88 1.09 53.94 Ti;Cuy
Bg — 17.06 78.68 2.72 1.54 o-Ti
B, — 9.21 67.86 17.40 5.53 B-Ti
Bg 5.72 8.74 60.32 0.67 24.55 Ti,Cu
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(a) TEM [X I HH 3740

(d) Cu

XRD 43#r, 4niEl 5 s, g2k EEAEN ALO;,
Tis(Cu,Al);0, AlCu,Ti, (Ti,V),(Cu,Al), Ti(Cu,Al) il
Ti;Cuy, 5 EDS Fll TEM 43 #2453 —%0. 28460 1
30T, ALOs/Cu/TC4 £T 45 422 3k 1y LAY g f 2 405
ALO,/Tiy(Cu,Al);0/AICu,Ti + (Ti,V),(Cu,Al) + Ti
(Cu,Al) + TizCuy/a-Ti + p-Ti + Ti,Cu/TC4.
2.2 RESIEENEMm
2.2.1 BRI AU 2L 5

A AT RRIEE T A£3E 10 min #Y ALOy/Cu/TC4
123k SEM, W15 6 FitR. 1E&ATHRIRIE T, ¥R

©0

MV

B3 $FiRES#SSXE TEM BinGMITES
Fig. 3 Brazed joint bright-field TEM image and elemental distribution. (a) bright-field TEM image; (b) Al; (c) O; (d) Cu;

(e) Ti; (f) V

012)

Z=[100]
(a) C, AH

(b) C, H

Ti,Cu A= il 1]
(c) C; #

B4 [E3HAREHEEK SAED EE
Fig. 4 Different phases SAED patterns in Fig. 3. (a) C, phase; (b) C, phase; (c) C; phase
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Fig. 5 Brazed joints XRD
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) AICu,Ti, (Ti,V),(Cu,Al)FI Ti(Cu,Al) 4 @b
k. FIBTAE TC4 & &M Ay X, HF4FR Y
Cu 1] TC4 M4 M fie J1 4 B, Az o i) 3 A Ay p-
Ti 8/0, LR LS I Ay KIAESCIR AL 415
BN, 2970 12 pm.

METIRIELEE |3 910 °C I, 45 4% R {4 55 i
2574 93 um, 4Nl 6(d) ~ & 6(F) . FHEFIRIR
FETHE, Bk b T HRE i, UL A XY
Tis(Cu,Al);0 S JEFT Ay X A4 AL SR 2H 203 44 5
FESEN, Ay XFERELI N 17 um. KT, BEE FIR I
Fh i, SRR R TR BORAS 4 8 AL B W i s M
i, RS A B AL Y R k. kPR
BERICA YD, BT AR ) B2 R
N TR — 2 T R 2 920 °C B, 23K 38K 58
FEZ50 64 um, Q1 6(g) ~ K 6(i) Frs. B TR
HE— P, R YRR ) i — D
Ti3(Cu,Al);0 2K, [H Ay X IIFESCIRAL
LUGEREARSEAR T, 290 25 pm. RS AR 4 8 i sh
PEAR SIS, 6 2k, DR B S T R i Ak e
AN Ay DX R B2 PO A TisCuy 3% 22 12,

[ sem |

(D 4 6(d) h TC4 IR

(i) & 6(g) 1 TC4 MKy syilioR

6 AEEHFEETRIE 10 min BREHRA

Fig. 6

Interfacial microstructuresof joints for 10 min at different brazing temperatures. (a) 900 C; (b) local magnification

of the AlL,O; side in Fig. 6(a); (c) local magnification of the TC4 side in Fig. 6(a); (d) 910 C; (e) local
magnification of the Al,O5 side in Fig. 6(d); (f) local magnification of the TC4 side in Fig. 6(d); (g) 920 C; (h)
local magnification of the Al,O5 side in Fig. 6(g); (i) local magnification of the TC4 side in Fig. 6(d)
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AlCu,Ti, (Ti,V),(Cu,Al) Fl Ti(Cu,Al) %4 Jm b &9
2. 2.2 JRBERTEFIREE L TS MR R R e

LB YA E T4 910 °C T, NIRRT
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eSS, QiR 7 B, SEFEREE A 900 °C
I, ST AR ARG, AL O B %8 Ml Ay 55 T 2 I 4555
A= I Tig(Cu,Al);O SN2 EERE RN, B 543k
() 3% FE 58 50 55 . SEM I W7 24 4k 72 WL 550 F i
A2, A 7(a) BT . A3 Sk W 24 A0 {0 & 81
Ti3(Cu,Al);0 1 ALOs. AT LIHEWT, ALO; i '
55 RN Z AR A N 18K, BN R FE /N
Ti5(Cu,Al);0 W 2 1 ALO; i %454 kbl 1, %
LUTE LA ALO; B NERY X Wi 2. 1t
PP BT 58 5k 83 MPa. 44F KR T = 5] 910 °C
i, Tis(Cu,Al);0 [ JZ AR R, ALO; B % 54 k45
BB, FEWTRAE AR L L Tis(Cu,Al);0 F1 ALO;,
&P VEE) TizCuy, WNE 7(b) Fizs. 1l LAFERT,
ROV JE Az A A R, HEMN A K
Ti;(Cu,Al);O F1 A, IX HY TisCuy & S B A=, 285t
Ti3(Cu,Al);0 RNWJZE, BAAE ALO; HAREWRL HAY
4B ALE N AlCu,Ti, (Ti,V),(Cu,Al) 1 Ti(Cu,Al)
RN, ASKRN 7340 Ay DX, S0 R L
FOFEFH, sk MERE. IR, 910 °C Bk A B
KACHTSRE A 102 MPa. 44T IR pE— 4 3
920 °C I, 7E Wr 24k % K 15 1) TiCuy, QA 7(c)
Fran. FEW12Y Tiy(Cu,Al);0 JE B ik 8] —E R, 383k

Tiy(Cu, Al);0

(d) 15 min

(b) &l 8(a) H' ALO, MY RIFROR

(e) & 8(d) T ALO, M4 R 3BHA

m

(b) 910 .

(€) 920 C

B 7 BOMNERFRMEMEAR
Fig. 7 Macroscopic morphology and microstructure of
fracture. (a) 900 C; (b) 910 C; (c) 920 C

FFYE P ) 22 R Y TisCuy 2302k 19 J1 22 P fig
PR, DT R AT 2 Sk A HE 5 i B2, I I e
BYR R 89 MPa.
2.3  {RIBETEIXS ST IEEE L MR
2. 3.1 DRI T AT KRk BT 2H 2L 520

TE 910 °C 44K 5 min AR 15 min 1Y ALOy/
Cw/TC4 $3k SEM, NI 8 fizn. FLEAS R4 T st
) AR S 1 S A 21, W DL R IR R Sk Y
AR 2R A PRGN TR A2 AR AR Ak, 3R B ORI

Ti.Cuy

Ti(Cu, Al)
5 um 5 pm
(c) Kl 8(a) 1 TC4 MY Rk

Ti(Cu,Al) /

5 pm Sym |
() 181 8(d) th TC4 M RO

B8 AFERIEAIE 910 C THHELAEAR

Fig. 8

Microstructure of joints at 910 “C with different holding times. (a) 5 min; (b) local magnification of the Al,O5 side

in Fig. 8(a) ; (c) local magnification of the TC4 side in Fig. 8(a); (d) 15 min; (e) local magnification of the Al,O5
side in Fig. 8(d) ; (f) local magnification of the TC4 side in Fig. 8(d)
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Tt Rk ) AR SR AR A AT T BRI

AR ] R S min B, R HORR B TR,
T3 ALO; i B M 2 A= iy BT Sy, RN R A
B, (2T A, X Tis(Cu,Al);0 N2 e BER/N. 32
kA, X, Ll HOR G TigCuy A BL 4375 1Y
Ti(Cu,Al) 201, B A #53 AlCu,Ti + (Ti,V),(Cu,Al)
AL, SRR 10 min F 093253k i 41258
R A BeA—F. 7T TCA M Ay IX I AESC 2R
SERERC/N, SERE N 14 pm. FEREE L RA G A Ny
103 um, 411& 8(a) ~ &l 8(c) Fran. 444 ik i ] 1E
% 10 min B, JEF9HORE BB &7, S BN A9 S
FREEHE S, Tiy(Cu,Al);0 S JZIE RN, SRS
4> Bt DRI ) (0 s 1 A3k, A, IX S
N, Ay KPR AESCIR LS R TR IR TR 1 FE K
Cu J&L 7 [0] TC4 vy Hi i 1 K, Fr LA 5 B 14 o )
17 pm. PR AREEHESL T8 B R 93 um, 245/ E
WK 6(d) ~ & 6(f) Firs. Bl 14 I I A 24k 45 4 K
% 15 min, Ti fil Cu ¥ #fE AR 2 — P4,
Ti3(Cu,Al);0 I JZ2 B B 4k S i, R s 48
T R ARLERE N, (115 A, KSERERE— LA/, &8
AHAE RS AR AT AR, (B AT . Ay XAAE
SUIRH AR FEFESE KB T 19 pm, IRk 90 )i
g 75 um, A 8(d) ~ & 8(f) Fin.

2. 3.2 PRI AT Rk 1 P RE A R

L B U E T A 910 °C R, AR IEAT
[ () ALLO5/Cw/TC4 #23k B BT 5 5 AL . Y ORIl A [
Bk 5 min B, TR ROV A R4, ALOS B
MY Tiy(Cu,Al);O S JZ IR BE RN, H23k 5 &%
P55, DA AR L T2 & A FE Tis(Cu,Al);0 J
N2, 23k B BT BE R 84 MPa. 44 it ] 4iE K
% 10 min i}, Tiy(Cu,Al);0 S i J2 J5 & 3 i,
ALOs P 8 583k 45 A By, et 33k oA oKt
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