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Shear properties of the sapphire/ interlayer / TC4 alloy brazed joints using
Ag-Cu-Ti filler metals

LIU Quanmingl, XIAO Junfengl, TANG Wenshul, GAO Songl, SUN Huaweiz, LONG Weimin’

(1. Xi’an Thermal Power Research Institute Co., Ltd., Xi’an, 710032, China; 2. Zhengzhou Research Institute of Mechanical
Engineering Co., Ltd., Zhengzhou , 450001, China)

Abstract: Ceramic/metal brazing connection faces problems such as poor wetting of the ceramic surface by brazing metal and
difficulty in alleviating the residual stress of joints. The effects of Ag-Cu-Ti active filler metal and the interlayer on the shear
properties of the sapphire/TC4 alloy brazed joints were studied. The results show that with the increase of Ti elements content, the
melting temperature of Ag-Cu-Ti filler metals increased slightly, the solid-liquid temperature range remained unchanged. The
melted phases of Ag-Cu-3Ti brazing metal mainly included Ag base phase, Ti base phase, crystal phase, etc., the crystal phase
included CuTi, Cu;Ti, CuO, TiO, Cu,0, Ti,O, TiAg, etc. A dense metallurgical reaction layer formed between the sapphire and
filler metals, its structure was mainly composed of Ag based, Cu based solid solutions and various stable intermetallic compounds.
The sapphire/TC4 alloy brazing was completed at 870 °C/20 min using Ag-Cu-3Ti filler metal and adding 0.2 mm 4J29 sheet, Cu
sheet, Mo sheet, titanium fiber porous material, and 2 mm Cu and Mo sheet as the interlayer. The shear strengths of brazed
sapphire/TC4 alloy joints were 26.74 MPa, 15.20 MPa, 15.78 MPa, 3. 11 MPa, 23.73 MPa, and 30.49 MPa, respectively. The
shear strength of brazed sapphire/2 mm Mo sheet/TC4 alloy joints was ideal.

Highlights: (1) The melting characteristics, microstructure, and phase composition of Ag-Cu-Ti brazing filler metals were
characterized.

(2) The wettability of Ag-Cu-3Ti brazing filler metals on the surface of the sapphire and TC4 alloy was studied.

(3) The effects of the interlayer on the shear strength of the sapphire/TC4 alloy brazed joints were analyzed.
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Ag-Cu-Ti REPEHELRAE | WO Z . YA A
FOX AR TC4 &G 2R H TR, P ETAR
FAA A AL a2 R T A/TC4 &
BETIEEL BT UMERE A M.

1 R E

R FHRELAE TC4 &4 it h g B
B fit, 22 AR B AHAZ IR 200 998 °C, H
2 SURGY A Ti-6A1-4V, & &ML RSk 200 mm x
200 mm x 10 mm, >R HZUT R RN w5 ) g
HRSEH 10 mm x 10 mm x 10 mm 1F 5. Fgigtk
BRTEEAT (99.99% ALO;), 2% it L T g AR
FHAERAFE A, R5FH 6 mm x 6 mm x 4 mm 1F
FFEH 10 mm x 10 mm x | mm 1E 58, 510 N
¢(0001), % 1 MiEF A EEy e E"", Hsa b
T 2 T 4 ' b 38k S B T, 2% mRELDRE 24 Oy
6 nm. TC4 &4 FIE 541 1E 7 BT AR L sy DI i
REDIH, W55 A IE 7 MRt Ag-Cu-Ti REFEHIE R
PEREMN ], & FH 8] 2 A B 45 Cu, Mo, 4129
(Kovar, 7] f& & 4x) i FEK£F 4 Z FL A BL, Cu Fi
Mo ' JEJEH 0.2 mm F1 2 mm, 4129 F FIZ LAk}
JEEEN 0.2 mm.
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Table 1 Main physical properties of the sapphire
s IR SFHAEREL L7 A Pk F A
pl(g-cm ) Tn.p /°C K/(cm-s-°C) E/GPa cl(g's°C) /10 °K
3.9 2050 0.07 350 ~ 420 0.1 7.6

EFRME L Ag-Cu-Ti ZEFRHEF, 4T BHE LI
Ag72-Cu28 A 4 LR, A E & TiH, Bk,
UM & 89% (5 5t 7140 42 & Ky AT 11% Kz
PE, K525 B BT TN 61% ] (M. 2
TR TR = 3:2) 12% R 4 600, 5% AR PR
6% B LI | 1% 2, TR F1 5% 4 i ih ™. Ag-
Cu-Ti & 4T B e fF Tioo B & & H7E 1% ~
5%, R B T B Ti 6 A KK N 3%, 5% A
7%, 5B US4y M 72Ag-28Cu-3TiH,, 72Ag-28Cu-
5TiH,, 72Ag-28Cu-7TiH,. Sn JG % 7] &A% 4T B 44
M, 72Ag-28Cu-10Sn-2Ti £ B ¥ A1 28 3R B AL A

750 °C', %3 AL T 72Ag-28Cu-10Sn-2TiH, 4F
B, DL BRI R A /TCA A S 4T IREE .
FREFARAAE R O ARG T B AR TCA &
Y E SR hREAA 0.05 g+ 0.001 g {1k Ag-
Cu-Ti REPEHE (B UICRE); 1A H0F TC4 54
He M43 917k 0.2 g £ 0.001 g fhfk Ag-Cu-Ti R4F
RHE (TRARR); K B RE RS 2 R IR L A ST
(TAEELZS R 2.2 % 10 Pa) . 4T T2 Hik
} 15 °C/min THELZ 300 °C, {1 30 min, AR5
FIFE4345 % 5 10 °C/min FHE 2 750 °C, 5 °C/min F}
T BT E (850 ~ 950 °C), {4 5 ~ 35 min; £f



%2

XA, & Ag-Cu-Ti 4F )& 15 £ A/ 8] B/TC4 &4 5 3L 37 41 M & 57

TSR, 5 °C/min FEIR 2 300 °C, B4 H 2=
TRIURE.

KPP 5 Ag-Cu-Ti TR A2k
TREE, ¥ M8 [ 2R GB/T 11364—2008 (4T RHMEIE
PRI 7 ) " S BT R R R, SR X 5
LATIT BTG AT R AR 4, e i
JEE B BETE AN (EDS) WAL AT M4 3k A i 2 21
BT 4y, ¥ B8 E R AR fE GB/T 11363—2008

CEPIR S Bk B 7 vk ) U SE AT A5 1 3K 35 1)
WU, LR 3hH B 0.5 mmy/s, ST A543k B b o jig
S5 R 3 ARG AT .

2RI EER R T

2.1 Ag-Cu-Ti BEFRIA LIS

Kl 14 Ag-Cu-Ti Z&4FE DTA ik, thZ3ff
P PRI PRI, R HAT MG T B v R A TR
W A AL A AR o F R, TR AR JE AR A
— LY FHIE Ti JCER & A B s g, S
BRI BE . 2% 2 Ag-Cu-Ti FEFRHE R AH
IR E M S, Ag-Cu-3Ti, Ag-Cu-5Ti fil Ag-Cu-
TTi BT RME AR B X B 5353 R 776.37 ~ 784.76 °C,
776.64 ~ 785.10 °C F1 776.85 ~ 785.35 °C, [FH W AH
LRIRE EH 0B M 8.39 °C, 8.46 °C F18.5 °C, Ag-
Cu-7Ti £FRHAF LR B 5 i, Ag-Cu-3Ti £FRHEAH
LR EAR. BEE Ti R S, Ag-Cu-Ti 58}
WAL BE T im0, 1V AH 2 0 B 2 (ELAH ), 45 fb il B2
THE A FTET 4, 8 Ag-Cu-3Ti 4T RBHE M ik 5
A1/TCA 4 4 51 4 59 4T #L. Ag-Cu-Sn-Ti 5F %}
DTA i £ Jc B 1 W #R e ik 4 e, 72Ag-28Cu-
10Sn-3TiH, 47 k&1L FE o DTA #h 2 25L, 478

0.6

lﬁﬁz%‘i\ Ag-Cu-5TiH,

0.4 H

Ag-Cu-7TiH,

Ag-Cu-3TiH,

it Dyypy/(LV-mg™)

Ag-Cu-10Sn-2TiH,
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B 1 Ag-Cu-Ti Z$F#l DTA Bk

Fig. 1 DTA curves of Ag-Cu-Ti filler metals

Koeetatl, Ag-Cu-Ti AR AT IR A0 Joik
FIRAGCSA s TR
%2 Ag-Cu-Ti R4TRIERIALIBENRER

Table 2 Solid-liquidus temperature test results of Ag-
Cu-Ti brazing metals

gy (AR MRIRE WAAKIRE ERrs
w (%) T,/°C T/°C  ATPC

1 72Ag-28Cu-3TiH, 776.37 784.76  8.39

2 72Ag-28Cu-5TiH, 776.64 785.10  8.46

3 72Ag-28Cu-7TiH, 776.85 785.35  8.50

4 72Ag-28Cu-10Sn-2TiH, — — —

2.2 Ag-Cu-3Ti §FHHaH BRI AR

Kl 2 i Ag-Cu-3Ti £F BHg b )5 SEM + EDS il
MR, 223 WK 2 ohSRTE kA RS, BTk
AU H e ORI K | R NPRAZ AR, A 1
EDS 7MiM, AseHRIEM, TR A s
2SO MR K, Ag TBE T BN, Cu TR &
BT, Ag, Cu Fl Ti JTCETEEFRHA Mt 7 &k
A= HLHT A 5 5 2 EDS 43 HT R B, K A R
Cu F1 Ti #H, JEF Fe4EIT 1:1, #8004 CuTi A5 45 3
EDS ZrMr & B, A h & Cu Ml Ti 4, & Ag ot
R, T 301, #EW R CusTi M. E4h, Cu Al
Ti 5 O ZEMJI98, 454 Ag-Cu-3Ti STRHAILARAS E
RHENK | SRR A Tio, CuO, Ti,0 #l
Cu,O HH%%.

B2 Ag-Cu-3Ti §FHHEL/E SEM + EDS ik &R
Fig.2 SEM + EDS test results of Ag-Cu-3Ti brazing
metal after melting
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Table 3 Chemical composition of points and surfaces in Fig. 2

N JEF o8 a(%) 5T H 53 w(%)
i

Ag Cu Ti (0] Ag Cu Ti (6]
Rl 90.20 9.80 — — 93.98 6.02 — —
M2 1.73 45.01 35.45 17.82 3.71 56.88 33.74 5.67
M3 — 69.77 19.28 10.95 — 80.15 16.68 3.17
4 36.69 35.94 9.76 17.61 56.61 32.67 6.68 4.03

2.3 Ag-Cu-3Ti §FHHE L EHHER 5>

3 4 Ag-Cu-3Ti 4T B 4& 1L J5 XRD £7 4 i
28, BT XRD fHZH B0 20 i A AT S0,
ZRAE 20 = 35° ~ 45 R NAT IR A, IALIE 5T
R FEAFRERIE | BRI | AR A A, FRAE
FE4$E CuTi, Cu,Ti, Cu;Ti, CuO, TiO, Cu,0, Ti,O
I TiAg 5. FFRFE S REH R R b 2 5] A
0, 0 5 Cu, Ti SRR 15508, fhikMZ Ay

A—Agm—Tj
o—CuO,¢—TiO

A

- ¥ —Cu,0,A—TiAg
3 o—CuTi,o—Ti2
~ V— Cu,Ti, *— Cu,;Ti
#
pat
;’Ej 1
N, S
40 50 60 70 80 90
first i1 20/(°)

B 3 Ag-Cu-3Ti $FHHEILIE XRD £T5 i £k
Fig. 3 XRD diffraction curves of Ag-Cu-3Ti brazing
metal after melting
24 Ag-Cu-3TifFRIXIEERAI TC4 5 &£ HIF
piid
BTAHRE A A B AR SRV E RE A H 2R bR, TR
X HERIEIRAS, FPRHR SIS, FPAR AT & 1R )
PR BT Ag-Cu-3Ti 4K DTA JIlik%5 5,
HEHL 870 °C/20 min £F4R T.257E TC4 &M= A
N0 AT S
Kl 4 2 Ag-Cu-3Ti SRR A Z VLS. Ui
K 4(a) Fir7s, ARG ROETRHTE TCA 5 4 3 T 4l J5%
AR, PR PO HRE, FPRD G 280 RAF; 40
K 4(b) FizR, JEAL 5 RS PRHE IE 52 A i PO AL E
WA RS, AR OB IR, (HAT R G i
A1 R A AT BHE TC4 & 4 3R 1H 11
PE, EPBD I 5 A TER 2, (B Ag-Cu-Ti iG PEET R}
AT B TR e TR —

) §_ﬁm
(b) Wi AR
B 4 Ag-Cu-3Ti$FHIREIEEME
Fig. 4 Wettability of Ag-Cu-3Ti brazing metal. (a) TC4
alloy; (b) sapphire

25 BEERATEATMMUALSHT

5 i S A1 /Ag-Cu-3Ti £ JE 423K Bt 1 41 41
SEM + EDS {25 5, 3¢ 4 R 5 H s FT it
WAy EEA SR Z I B IR & RN Z, S
1 EDS 70 A /R W 5 ALF O JR T b 53T 2:3,
A ALO; #5552 AbFiR 4 N2, EDS 43 #1% B
Cu Ml Ti TR AEBUR IR & RN Z oA dhs], HIR
FEHET 11, D CuTi M. E£F Cu, Ti 5
O FEFIJ158, 454 Ag-Cu-3Ti 5T K} 52 I J2 A1 78 4%
S, HEIN BOE R 4 RN 2 R fE E CuO, CuyO,
TiO, Ti,O FH%5; 5 3. 5 4. /5 5 EDS 20t 9, 4T
BN 2 B IR KRR K @ 4 2RI
(IR B €5 2 2120 B, v e B A 32 S AR L AH
(FEER), TTR A 4 524 s A 2230k, Cu ot
Romiin, Ag uE SRR TR, Ag Il Cu 7E4T
BHE A B & AR FHT A, KR Sy R R A (R
VA, BB AN Cu F Ti A, Ag TLERD, BT
FEdE3 101, #EI Ky CuTi M5 A5 6 EDS 20 b1 1,
EFRHRTE 51 A BRG 25 7505 | & ST 142 3k O 4 877
TEFR B AR
2.6 FREIEHMEXT SRS VIE BRI Mm

I e (R 2 AT AR TR P B R T & AR
G N, O A Y AR, R RSk AR AN
I8 H3, AR T S SRR, v ) SR R X

(a) TC4 KM
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Fig.5 SEM + EDS test results of interface structure of
the sapphire/Ag-Cu-3Ti brazed joint. (a) SEM; (b)

P e /4 Jm AT IR e L L AU R A A R . e
e Ag-Cu-3Ti 4T BHE 870 °C/20 min 4T/ T2 F
A3 SR AN 0.2 mm 4329 A, 0.2 mm 41 F . 0.2 mm
BHA . 0.2 mm BREFHEZ LA B 2 mm 4 5 FT 2 mm
R VE R B2 4T E 526 /TCA A4, SE ATk
ST REDI A

Kl 6 ShE E AR (R —30) SR k5
YISRE X Z. TA0 0.2 mm 4129 -, £F04EL 351
SR K 26.74 MPa, %A1 0.2 mm 4 A, 0.2 mm 4
F, kBT YIER EE 4355 4 15,20 MPa Fil 15. 78 MPa,
Wi Ak T [ — By b5 BE /KSR, HAR T80 0.2 mm
4129 R B A2k BT ISR BE . (HAS N 0.2 mm EREF
4t Z FLARME R Z, 3k 59 UIo B B A%, Ak
3.11 MPa, ZLI 8}, £08} . P& R TR ST 1.2
T E LI R PR ARUA T 2 N 2

4129 VR F R U2 AR, T ek a7, Bk
FET v, K REOR kA RIZ AR, (B AT RSk
S UIsR ST FR, B A R /B E)Z 5 Ag-Cu-
Ti £FRFSON AR AN, WA ] 2R R R 2
—. WNHN 0.2 mm JEBE A2, EF RSk 5Y U9 R
PETHA PR, i) 2R EEXT S F A /TCA A STk

EDS YY) S 2D IR ABFSE.
Fx4 BESHhSMEMLERS (EFHE, %)
Table 4 Chemical composition of points and surfaces in Fig. 5
g 0 Ag Al Cu Ti C
<! 70.18 — 29.82 — — —
2 40.95 1.01 1.69 28.03 28.32 —
M3 — 2.58 — 97.42 — —
4 26.85 47.63 — 25.52 — —
5 18.29 1.95 — 44.85 34.91 —
#6 78.94 11.29 — — — 9.77
I 7 64.71 11.53 13.73 6.73 1.40 1.91

K7 Ry b a2 R RE (MR —2) 5 ARk 5y
VISR S 2. U 0.2 mm A1 2 mm 4 F-1E a2,
Bl ) JER G, 23k BY VISR R T, K 8.53
MPa, %3k BT Y)58 & 1k 5] 23.73 MPa. ¥R 0.2 mm
12 mm fH R EH 2, BEE SRR, #:3k
B U] 5 B MR T, B0 14,71 MPa, 323k 35 D58
FEIAF) 30.49 MPa. K Ag-Cu-3Ti £FBHE 870 °C/
20 min £ T 2R, BN 2 mm 40 A P [a] 24T 4
WEFAT/TCA A Ak 5y U)o B A,

Ag-Cu-3Ti 47 B 5 AlLO, Fij & 38 i 78 4 [ i
AAVE FHAE ST R S T AL T W 2 Find 474, St m)
SEVEERE. 51 A] 2 AT WO BT A R 2 R 4
JiK ZR K SR R 25 R T A R R BR AR N T
TTRE A R T S iR B, (B )2 R R 22 S 3l
BF AR5 Sk W B AP AR IR 22 57, ALO; 5 BT I
PEIT 2 38 16 4 N R B 2 504 8 RlE & )
SR AR, a2 B AR S SR R Sk R )
REAIR.
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Fig. 6 Relationship between the material of the middle
layer and the shear strength of the brazed joint

0.2 mm Kovar

40 -

W
S

)58 % /MPa
3]
()

= 10
0
0 0T2 0.I4 0f6 Oj8 110 1?2 1.I4 1.6
{ii#% x/mm
7 HEEEES{HEELIAVEEXR

Fig. 7 Relationship between the thickness of the middle
layer and the shear strength of the brazed joint

3 &3
(1) B% Ti JCZ A BN, Ag-Cu-Ti RETRHE

AT T, RS T X (R AR AE.

(2) Ag-Cu-3Ti £FEHA LIS Y AH 32 S0 FR AR AL |
BRELAH AN SRR AR SE, SR ARAE FEZALTE CuTi, Cu,Ti,
Cu;Ti, CuO, TiO, Cu,O, Ti,O fll TiAg % . Ag-Cu-

3Ti FRHE TCA & 4 R ML, 76 F 0 %
T, SR O AR .

(3) WA GEPR Z P BUBUE 1R 4 R Z,
IR I Jol R e [ e A | A B [ AR A1, 18 IE ) CuO,
TiO, Ti,0, Cu,0 Fl CuTi %5 £ Fh #4 5& 4 )& 8] {k
a5

(4) K H Ag-Cu-3Ti £FKBHE 870 °C/20 min 747
TR, %00 0.2 mm 4129 /i A 81 A Bk &4
ZALR KL, 2 mm 7 A REH AR R )2, BT AR EE
A1 /TCA 45 4 #5335 U1 5 B 43 i) 24 26.74 MPa,
15.20 MPa, 15.78 MPa, 3.11 MPa, 23.73 MPa Fl

30.49 MPa, ¥ 5 41/2 mm 4H i /TC4 & 44T 1548k
B0 A FRAR.
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