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MFBHEF T 6061 £55 41 AZ31B B4 S EE
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A KB K0 . SN R R A E)
TR T TA2/316L Mk B A b #
FLIH IMC BRI, SRERFRm IMC 240H
K,

TR I #8124 538 1 5K/ES FSB 4t
[ IMC ARSI T b, DRI A SR 5 k4
FSB #3218 K P Ab FR G e Sk i) 1 22 ke, WHT
T ARRL BRI AR A 1A) 6 S A RN g 2 R IR
Wi SR KL PR B R B4R AL IMC 7E P B AR
AR K Bl g S R R ST IMC RIS, P i
B Sk M BEHR LB AN SZIG M -

R E REEWE 1 Fos. RIEMESN 6082
BRAEM TC4 2hE 4, HALZW AR MR 1 F1 2
Fiw, HAHHEA SN 100 mmX 100 mm X2 mm,

TS £ EE N 100 mm X 100 mm X 1 mm. £E548
FEAEATIRE N R A B Al-Zn IMC,  TiZE & Al-Zn
Wik, HS58AE SR TR M IRE—; BT
oe S5 R A B PELFIFT ALI-Ni IMC, AT BEL L ffe
PEM Ti-Al IMC A= DR, 30 P A AR S 1 M T
R, R M55 0.05 mm.

F1 6082 A B ST
Table 1 Chemical compositions of Al6082 (mass
fraction, %)

Mg Si Mn Fe Cu Zn Ti Al

0.9 1.0 0.7 0.5 0.1 0.2 0.1 Bal.

®2 TC4 kALY

Table 2 Chemical compositions of TC4 (mass fraction, %)

Al A% Fe C H (6] N Ti
6.0 4.0 0.026 0.015 0.06 0.007 0.008

Bal.

PR RN FSW—3LM—-015 BB b B 5 45
ML, BEPESkpPR I iR A 4, HflE BE 19 mm,
BEFEET EAAN S mm, BEEEEHKE N 2 mm. JERTHERE
JEIERA S FEE SR T R AGHATHT BB DL LRk
A, RIEHEEE A& R-kA4&E LT
(I A8 i PR . B2 L T E B4, %l
Pk ZH0N : ININEPEHEEIS 33 3 Sk 3% 18 n=1600 r/min,
JRBEEE v=60 mm/min; I INEFEMERT n=1400 r/min,
v=60 mm/min, FEEXIH 02 mm, EEEIFHEHEEK
TERRBIAE FPEER 10 s, J& )5 FF H R AT IR K Rk
B, BHTAR. BB BEAERIE SN 1678, 660
419 F1 1495 °C, {fERAEPESLIGH, EGEEFTA MBI
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Fig.1 Schematic diagrams of friction stir brazing(Unit: mm): (a) Adding brazing filler Zn; (b) adding brazing filler Ni
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A BN, AHELERAACIIREE, U ner Kl
BN B A FIELRE % 9 300 350 A1 400 °C, dRngFRl
BN 1% 400, 500 F11600 °C, AR A9 30, 60
A1 90 min, B K JEHE L EEA 2 =R . /£ WDW-100D
BTG REAM RHRIG WL AT B BT 5058, InEE %R 0.5
mm/min, RIGIRFERRL 3 Ao (5B B (SEM)XT
FHH-AZ X 1) IMC TESRAN 2 A AT WLEE R 43T, it
RE T (EDS) Ak /45 B2 3k ST i A 4H 2 K ot 3R 40 A EAT
MR, IR X ST (XRD)# — 5 ki e
L1 IMC 2 A

2 HRE5E

21 FHE\EIMC HEK
2.1.1  UINEFRMEER S IMC A K

K 3 Fos A InAT RIS Bk /4R AL IMC 64 [
LY USRS O NI I 72 R A )3 Ry A TR
HEPAA KSR B 3 o LEH, FHE IMC 1)
5 I A0 A U B R (R UL B T PR3 i 38 . [ )
Bl REHAEER S R s — E S IMC, R
A 1.9 pm, WK 3R, X UERUCIRE 5+
T B AF ELAE A o Bl ARk B P 1 T v, ]
3(b)s (c)FI(DFTA~, FHH IMC JZ I EE H 300 CHF
4.3 pum EINZE 400 CHF 8.6 um. B ARG 18] (1 4E
K, Wkl 3(c)~(e)fin, Ftii IMC JZHIEE H 30 min
B 4.3 pm 300ZE 90 min [ 5.3 pm. XTAFSECR
(1) A B JZHEATRERE i34, L IMCs I EZL R
IR AT R 3, FEHEEL 3(c)Xd B R Ak
AT XRD 40#7, 250K 4. HE 4 75, f£1%5
BRI FSB #4868k 11 IMC 2 =% AlZn. TiAl.
TiAls TiAly; . 454 EDS 5 XRD 7p#r4i 3, Akl

Gap

0.46 mm

B2 sk
Fig.2 Cross section of Ti/Al FSB joints

Thinnest area

B3 AR S ORI (8] R A EPRHEEI TI/AL St RO T 3
Fig. 3 Microstructure morphologies of Ti/Al interface annealing at different temperatures and holding time by adding filler Zn:

(a) Unheat-treatment; (b) 300 °C, 30 min; (¢) 350 ‘C, 30 min; (d) 350 C, 60 min; (e) 350 ‘C, 90 min; (f) 400 ‘C, 30 min
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Table 3 Compositions measured at special location for

different annealing conditions by adding filler Zn

Mass fraction/%
Condition Point

Ti Al Zn
Unbheat-treatment A 15.2 243 60.5
A 98.4 0.7 0.9
300 °C, 30 min B 353 32.3 32.4
C 32.3 27.6 40.1
A 3.2 66.5 30.3

350 ‘C, 30 min
B 27.3 10.5 62.3
A 12.4 32 84.4

350 C, 60 min
B 22.6 1.7 75.6
A 48.6 1.7 49.7

350 C, 90 min
B 17.7 7.9 74.4
A 66.5 32 30.3

400 °C, 30 min
B 1.7 22.6 75.6

e, AlZn B S Ti-Al IMC 2 AR AR,
FL[RE AL S IMC J2 JE BERS A .
2.1.2 IINEFRHE R S48 A S AR

K 5 Fos A InAT RIS Bk /4R AL IMC 264 [
PACERZM FIOROIES . B S AT LAE H, R
ACFRI FUHE R T RN 5.5 um [ IMC )2, BEE
A B FERT ORI ) (R 3, ST IMC 2 1) J2 BE S
B0, M 400°CHY 1) 6.4 um 341 E] 600 ‘C ) 8.8 um Fl
M HT 30 min B [¥] 7.0 pm 34 51 2] 90 min B ¥ 7.9 pum,
XYL AAE ST B 7 AS[E] ) IMCo 0 AN [ b 2 2%
PERI AL B JE#E4T EDS g8, HEZILRLS
BIE 4, JE0E S(A)BHEECSLBEIIET XRD

= — TiAl4
*
o * — 7ZnAl
v — TiAl,
* — TiAl

* *
: | . 1
1L , :J LA
20 40 60 80 100

26/(°)
4 ISIETRVEERT TVAL Bk AT BUZ K XRD i
Fig. 4 XRD pattern of diffusion layer of Ti/Al interface by
adding filler Zn

5 ANIRNER L R ORI ) R S I ET R I Ti/AT 5 RO TR 35
Fig. 5 Microstructure morphologies of Ti/Al interface annealing at different temperatures and holding time by adding filler Ni:
(a) Unheat-treatment; (b) 400 ‘C, 60 min; (c) 500 ‘C, 30 min; (d) 500 ‘C, 60 min; (e) 500 ‘C, 90 min; (f) 600 "C, 60 min
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IMC 2 F % TiNi. ALNi,. TisAl A1 TiAl ZHEG. 45
& EDS 5 XRD - #r 46 R , v] DA s 52 R i) IMC
4 TiNi Ti;Al #1 TiAl A, FEEEMIFA ALNi, IMC.

R4 IINETRL N I ASEDR KA TR B RIS R
Table 4 Compositions measured at special location for

different annealing conditions by adding filler Ni

Mass fraction/%
Condition Point
Ti Al Ni

Unbheat-treatment A 22.94 16.46 60.6
A 40.37 20.35 39.28

400 ‘C, 60 min
B 591 36.18 57.91
A 28.75 5.87 65.38

500 C, 30 min
B 78.07 7.21 14.73
A 12.56 10.05 77.39

500 C, 60 min
B 55.82 26.24 17.94
A 10.16 35.8 54.04

500 ‘C, 90 min
B 19.3 36.28 44.42
600 C, 60 min A 12.44 45.24 42.32

o»

o — TiAl
o— TiNi
4 — ALNi,
* — Ti,Al

<

<
o A
<
*x | A
o <
*
- ] ,J JJ X
20 40 60 80 100
20/(°)
Bl6 AINEFEL N B Ti/AL B2k S SU2 1 XRD i
Fig. 6 XRD pattern of diffusion layer of Ti/Al interface by

adding filler Ni
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22 JREHACIEX LB YR B IR0

B 7 B AN INET RN IR R AR DL K #h b
SR I BT VISR EE 3 A 1 0 No.1 R AT InEr K
TEELHIBIYISEEE, No.2 1 No.d4 4 Bl & d ekl e
FRTE AR B T 23 80(Zn, n=1600 r/min; Ni,
n=1200 r/min; v=60 mm/min) F#ELMBIVIHRE, M
No.3 1 No.5 437 & No.2 fl No.4 Z£#H M f5(Zn, #
ACFRIE E N 350 °C, 3R 30 min; Ni, #ACHLEE N
500 'C, FRiE 60 min)BzSk BT VI5RE .

6.98 kN

5.98kN

Shearing strength/kN

No.1 No.2 No.3 No4  No.5
Sample number
B7 BZECFHECRIY)E
Fig. 7 Shearing strength of joints at different parameters
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B, BRI M AlLZn —eMIETTUE S, 7
382 CHIRAIF P Loptp, AR p+p F bk,
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a(AD)+A(Zn) LTIk, A EFRENH AlZn BEEA. M
Ti-Al ZJoHEI AT LA 1, RS R, TIAL TiAL.
TiAl;+ TisAl %5 Ti-Al IMCs #8&2E R, (HEZad #uid
H 51X 48 AL-Ti IMCs #5274k, KL Ti-Zn-Al FSB
FrIH ] RE 2 A K Al-Zn [E A4 AH 1 Ti-Zn AL-Ti IMCs.
MIT TR, ARG E ) J AR BT 5 FbR 1
AR E I RE 6. SR F R 25— I SRR,
FEF TR T VR B bR AE 2R BCE BHEE,  H It
FIWr TC4/6082 7 Zn AEEFRL T B R R kb & H oo
Z VA — 7€ BB T 2 5 R AR 2 OB A B R AR
FE o ARBEH SRR, A5 Ti-Zn-Al S o]
R R A I SN T B IMCs O RRUEZE B i BE ke
5 FR.

"5 Ti-Zn-Al FHi AT R AR RN L TR R IMCs FRIAR
HEAE R H HIRE
Table 5  All possible chemical reactions occurring at Ti-Zn-Al

interface and Gibbs free energy of IMCs

No. Reaction equation AG? /(Imol ™"
1 Al(s)t+Zn(s)=ZnAl —10466+3.39T
2 Al(s)+Ti(s)=TiAl -37631+16.05T
3 3AI(D+Ti(s)=TiAl; —41447+9.88T
4 2Al(s)+Ti(s)=TiAl, —43764+9.21T

FR A 13 SN = bR v AR R FR e SR 2 (]
fIk %, Rl Origin FA-2 H [ W H HAEBE A1)
ALk, w8 AT,

10

—=— TiAl

—— TiAl,
0F —— TiAl
—v— AlZn

-10

|

Gibbs free energy/(kJ-mol™")
t
S

m

300 400 500 600 700 800
Temperature/K

E8 Ti-Zn-Al FH1H &F IMCs (FR#EAE A E HH BE S il B2 19
KA

Fig. 8
temperature for different IMCs at Ti-Zn-Al interface

Relationship between Gibbs free energy and

/N B HRENEEA A, Bl vl — ML
BB AR RE TR IR A R 24 N kA, BT
NI E B RIS R IEE . SO UER, AT
DAHEAT, FUEBRR, 2R 5 R, BRI,
PN R B B RS, F ORI B e T3 B B 48 6
BRI, FUEROK, RN WE 8 A UE
o AR AlZn AH P BE R 3 AT HT H HARIZ KT TiAlL.
TiAl 1 TiAL AR R BE R 5 4 7 E A >, U8 AlZn
HIELE TiAl,s TiAlL Il TIAl ZE A G A T . 4
LT 600 CHE, H HAe KRSk K2 TiAL.
TiAl;. TiAl A1 AlZn; H HBEEME, 15 H1 IMC B
E, WHAEGEMR. WAE 673K LR, Ti-Zn-Al J54
FHH IMC JE R A TiAl,—TiAl;—TiAl— AlZn,
H RIS Fh IMCs 1) 35 A5 17 B Ae 3 B A R B 1 =
liEAR=E

MR XU 2R 58 R, TiAL f&—FhEFa A,
R fEAE e AR, IRl IMC ARATREAE R, 1 HoAth
IMCs (135 4 B7 B B R /E IR E K T 800 K I35/ 0,
VLR ZIE FEVE I Y, X4 IMCs A] GE/E Ti-Al FH1f
AR W A E I e A, AR
Ti-Zn-Al fFEHKL AL T LU A TiAL. TiAL AHAT
AlZn [V, B 4 BT Ti-Zn-Al R34k 5
f) XRD 73 4 R RN, 1E Ti-Zn-Al fRE8k
Ab %5 5 HE A TiALs TiAl Al AlZn iX =Ff IMCs 8% [# ¥
W, 5 EIRI IS R4S A — B X R sr
(R B0y 2 SRR e S Ik IMCs 1942 B AT R DA B,
A T o
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BH (1) FSB MR- Sk ip & 2l e 2 IR #E — SE IR F /2
M RAAEE R BT R IMC LA R AR BRI 32)
SHARGE A A BEEA K. IR FE it
SRR, AT UG S Ti-Ni-AL S A AE R A 1
N R IMCs ARifEAE i H HHBE, W13 6 P

AR b3 s L= P TR AR R EH R 3L 2 )
IR F, FHEIT Origin FFZ: RN A B H HH RERE
I A 2, Gl 9 B A9 Hf DAE H,
A28 TiNG AT AN B35 40 0 3 g% T Ti-Al &8
AGEPIR, W/ B B RESEA IR, W] LA ANTE
Ti-Ni-Al S8 7L i e 42 5 ALNip A, FLUCOR TiNi H,
B A A& TiAl MHAT Ti;Al M, H25RELTE 776 K B
Ti; Al F1 TiAl 7 A B F B AEA S, 78 776 K LA
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Table 6 All possible chemical reactions occurring at Ti-Ni-Al

interface and Gibbs free energy of IMCs

No. Reaction equation AG? /(Imol ™"

—74065+5.34T
—37631+16.05T
—27834+3.42T
—66900+11.7T

1 Al(s)+Ni(s)=ALNis(s)
2 Al(s)+Ti(s)=Ti Al(s)
3 3AI()+Ti(s)=Ti ;Al(s)
4 Ni(s)+Ti(s)=NiTi(s)

T, Ti-Ni-Al #2482 54l IMC T B /& AlsNi,—
TiNi—TiAl-Ti;Al, 776K LA E, HAERNT AlNi,—
TiNi—>Ti;Al-TiAl. H HEEEAC, &8 RLE iz
SE, FERILEF IMCs 1935 A0 BT B B B35 Bl 2 IR 1
FremiTtmE. B 5 FRi Ti-Zn-Al PEEESL U 1)
XRD i % B, 7 Ti-Zn-Al #2553 Sk FL Ab 55 5 A ik
ALNi,. TiNi fl TiAl IX =F IMCs, 5 FiR# 244t
AR — 3, RIFPTE AL T EAR YRR R
Wt IMCs PR AR BRCRT BE 1 LA AR BT -

e -12

)

g

~ —24+F —
=2 —

E /

g 761 —=— TiAl

g —o— Ti;Al

o —48F —— Al;Ni,

N —+ TiNi

2 _ ol

% -60 v_/
3 /—-——*"’A
& 721

200 300 400 500 600 700 800 900
Temperature/K

B 9 Ti-Ni-Al FH#&F IMCs FIbRHEA R A HbE 5 EE T
ES

Fig. 9
temperature for different IMCs at Ti-Ni-Al interface

Relationship between Gibbs free energy and

24 FRENEF

Ti-Zn-Al i IMC K AR A K F B2 A
PR A TR BOI IS ], Ti-Ni-Al F IMC 4K
FZER BB BRSR TR ES. T EREOUR
JEPd PR RS IR BT i), RIZIEE: T 254
gz . — MR S IMC (37 A 2 P s A 25 30
WK BN 5, LRI KRR E KA KR IR T
JRNEIH R, T A 38 K R 1K S AR U R A
R K R S R O A ], B4 A R KR
IMC R38R A P s, i n=0.5.

110 B AEsINET BHEE RIER IS Ti/Al FSB #2:3k
] IMC JZ 1)) P 538 R R S AR B AT 56 R o A
10 HAT LB H, WINEFIERET Ti/Al FSB #:3k AL
IMC (3 KR S P, B IMC ZTE 45
A B K SZ A B s ), G ER R HOTT DA A ]
TSR], B w— 2 IRLR ko

T8 o B IRl RV IR A5 B S
IMC A KR . WEPITUE, EXSREET
(RS I FE 5L n 97 0.5 LR35, REREERINET
BHEE AR () T/AL FSB f2 8 b, FHi IMC A ]
VARG AR K S0 2 B4, B LT IMC M A4 1 T
FRAE— ERE R L2 AT B .

FEARYE Arrhenius 23 3R 52 FIHT IMC 34K 1805
fit O:
k =kyexp(-Q/R) (1)

A b KR ER, cm¥s; ky NIIERET, cm¥s;
O NBERE, kl/mol; R NEE/RSKH $, 8314
J/(mol-K).

141 (a) =— 293K
«— 573K

12 +— 613K

v— 623K
«— 653K
»— 673K

IMCs thickness/um
[@)) [ere]

40 50 60 70 80 90
Heat treatment time, 7'/%/s!2

11

(b)

=—203K
10F e — 573K
+— 623K

v— 673K
«— 773K
»— 873K

IMCs thickness/um
O

40 50 60 70 80 90
Heat treatment time, #'/2/s!/2

10 "PE] IMC JZ 95 B2 538 S EE K ARIELIN [8] 5% &
Fig. 10
compound (IMC) layer and annealing time: (a) Adding filler Zn;
(b) Adding filler Ni

Relationship between thickness of intermetallic
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Table 7 Calculated growth rate constants of interface IMCs at

different annealing temperatures by adding filler Zn

(@) —s—Function curve
—Fitting curve

1.0

T/K k(108 cms™?) n

573 0.36 0.488
613 0.63 0.496
623 0.88 0.527
653 1.20 0.473
673 1.64 0.495

® 8 ASINETRHRREE T IMC £ A LR KGR EZ T IR

KU

Table 8 Calculated growth rate constants of interface IMCs at

different annealing temperatures by adding filler Ni

0.6

In[k/(m2+s71)]

0.4

0.2

O 1 1 1 1 1
1.3 1.4 1.5 1.6 1.7 1.8
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Fig. 11 Arrhenius graph of growth rate of IMC layer: (a)
Adding filler Zn; (b) Adding filler Ni

3 Z5ip

1) WIETRMEER, 6082 274 4/ TC4 k& 41
FSB #4885k, FLi IMC Z 0 E B 1.9 um; 1
ISINEFRMERS, FLiH IMC 21BN 5.5 pm. IR
IEFRMEE IS A AR INET BHER, Bl A FAKL BRI B2 1 38 i,
FESK (B V)5 B35 el 580, AR AR R B
RSk BTV SRS TR 2 o N INEPRHEE I 23k
(BT UISREE (154 MPa #2153 194 MPa; i INEFEHE
2k BT )55 5 142 MPa #2175 % 166 MPa.

2) fEIB-KERE T, S IMC 2B RS Hud
I PS5 R ORI ] PR 38 I T 380K o RN T BHEE R, IMC
FEEEH AlZn. TiAlL TiAl. TiAly 45 RINEFRH
BN, IMC ZFEEH TiNi. ALNi,. Ti;Al A1 TiAl 41
o MEERERT R, HAERKYEEMmL e, &
K /1 5B KR RIFPE IR 2 B R, K2
EGINIEATR

3) 1E Ti-Zn-Al R4 5 B S A2 ) ZnAl [ A4,



230 B 4 W

ORISR B ER/AR FSB HEL A SRR IN R R 747

% 5 R NI A TiAL—TiAL—TiAl—»AlZn . 7E
Ti-Ni-Al #5482 FHH i e A2 R AN, IMC,  ROA 2438
7 776 K(503 “C)H Ti;Al Al TiAl %5 45 #r H B REAH 25,
e 673~873 K 2 [A] IMCs 2E S B AR —8E, BIZE
776 K LL'F, Ti-Ni-Al 25 IMCs BRI IT &
ALNi,—TiNi—TiAl->Ti;Al; /£ 776K AL, HAE Rl
N ALNi,—TiNi—Ti;Al-TiAl.

4) Ti-Zn-Al 1 Ti-Ni-Al #7482 541 B IMCs H

FFEWMEIGKAIE, S MmEETE, 453
TR T 4 JE [ Ak A A AN [ R 1R B ) R 4y
WA W=1.82X10"° m*s "-exp[—62.98(kJ/mol)/(RT)] ">
=326 X10"° m*s "exp[—72.09(kJ/mol)/(RT)]-¢"*.

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

LI Cui, LI Bin, WU Ze-feng, QI Xiao-yong, YE Bin, WANG
Ai-hua. Stitch welding of Ti-6Al-4V titanium alloy by fiber
laser[J]. Transactions of Nonferrous Metals Society of China,
2017,27(1): 91-93.

CHEN Jun, ZHANG Qing. Effect of electrochemical state on
corrosion-wear behaviors of TC4 alloy in artificial
seawater[J]. Transactions of Nonferrous Metals Society of
China, 2016, 26(4): 1011-1012.

RBE, af, ok SRR, RERBRK. HR/BRSE UM RHER A i
JEBERFFT[)]. N T2, 2011, 40(7): 118-120.

ZHU Zheng-giang, ZENG Chun, ZHANG Yi-fu, XIONG
Zhi-lin. Study on ultrasonic welding of Al/Ti dissimilar
alloys[J]. Journal of Thermal Processing Technology, 2011,

40(7): 118-120.

NP L RS AN D). RSB R TAE, 2018, 10(6):
95-97.

WU Xing-yong, LIAO Juan, XUE Xin, ZHAN Yan-ran.
Mechanism of joint crack in pulse laser welding of
titanium/aluminum alloy[J]. Precision Molding Engineering,
2018, 10(6): 95-97.

WL, RN RIS REEEM]. b AR
fiztt, 2000: 13-15.

PAN Chun-xiao. The welding of dissimilar metal and
steel[M]. Beijing: Renmin and Jiaotong Press, 2000: 13—15.

PREte, il R, 8ET, PR BR/AR b5 a1l bk B
BRI EB LM AR LI BEEF R, 2011, 3209):
116-117.

CHEN Yu-hua, NI Quan, HUANG Chu-ping, KE Li-ming.

Structure of friction stir welded lap joints of different

(7]

(8]

[9]

[10]

[11]

[12]

[13]

titanium/aluminum metals[J]. Transactions of the China
Welding Institution, 2011, 32(9): 116—117.

ik 8, BRER, EA PREMER TVAL #REE
SEEEZVRMERE M2 [)]. FoA & @ MRS T2, 2016,
45(5): 1290-1295.

ZHANG Xin, CHEN Yu-hua, WANG Shan-lin. Effect of
Intermediate layer on microstructure and mechanical
properties of Ti/Al Joint welded by friction stir welding[J].
Rare Metal 2016, 45(5):
1290-1295.

SONG Zhi-hua, NAKATA Kazuhiro, WU Ai-ping. Influence

Materials and Engineering,

of probe offset distance on interfacial microstructure and
mechanical properties of friction stir butt welded joint of
Ti6A14V and A6061 dissimilar alloys[J]. Materials and
Design, 2014, 57(5): 269-278.

WU Ai-ping, SONG Zhi-hua, NAKATA Kazuhiro. Interface
and properties of the friction stir welded joints of titanium
alloy Ti6A14V with aluminum alloy 6061[J]. Materials and
Design, 2015, 71(4): 85-92.

ikorEE, o5 R, W, SO0, SREA. SUREEEEE
P 11 % 45/ AN B T L SR B A BRET BOR 1], SR, 2010,
33(3): 18-24.
ZHANG Gui-feng, SU Wei, WEI Zhong-xin, GUO
Wen-liang, ZHANG Jian-xun. The new technology of
aluminum/steel antiseptic bimetal composite plate by friction
stir brazing[J]. Welding Pipe, 2010, 33(3): 18-24.

ik & PRUEME TVAL 5P 4 a1 e BE AR 3 S 4H
ZURMERIIRZ D). B B BT K, 2015.
ZHANG Xin. Effect on intermediate layer on microstructure
and mechanical properties of friction stir welded joint of
Ti/Al dissimilar metals[D]. Nanchang: Nanchang Hangkong
University, 2015.

RARWE, BRILAE, XIRIE, d5r &, 125 Hoak 3t
Al-Mg-Si-Cu & E B0 IR SRR A T ) L AR Y
). EE BERSR, 2015, 25(9): 2343-2349.

ZHU Dong-hui, CHEN Jiang-hua, LIU Chun-hui, MENG
Li-chun. Effects of post-weld heat treatment on
microstructure and mechanical properties of laser-beam
welded Al-Mg-Si-Cu alloy[J]. The Chinese Journal of
Nonferrous Metals, 2015, 25(9): 2343—-2349.

B, PRoe, wika, BRI SEFEHREEXT 7075 57
# 4 PVPPA MREHKH UL MERE ML )], R HE 4R,
2018. 39(2): 58-60.

LI Guo-wei, CHEN Fu-rong, HAN Yong-quan, LIANG
treatment on

Ya-hong. Influence of post-weld heat



748

hEA O RYR

2020 - 4 H

[14]

[15]

[16]

[17]

[18]

[19]

microstructure and mechanical properties of 7075 aluminum
alloy P-VPPA welded joint[J]. Transactions of the China
Welding Institution, 2018, 39(2): 58—60.

BT, ERE. BERGHEX Al-Zn-Mg & &880k
HR R PEReEm ). FEA B8RSR, 2017, 27(12):
2484-2487.

DU Chun-ping, WANG Pei-ji. Effect of post-weld heat
treatment on microstructure and properties of Al-Zn-Mg
alloy welded joint[J]. The Chinese Journal of Nonferrous
Metals, 2017, 27(12): 2484-2487.

FTAEE, Haem, & 3t EXKH, T AgSnZnSn 4
KL AT 2R R [0] P B AT € 68 2 4, 2018, 28(6):
1160-1166.

WANG Xing-xing, DU Quan-bin, Peng Jin, CUI Da-tian, YU
Tao-yuan. Thermodynamics characteristics of AgCuZnSn
brazing fillers metals[J]. The Chinese Journal of Nonferrous
Metals, 2018, 28(6): 1160—1166.

SEM, HER, fRE, & BFRK Al-Mg FHl
&R EMERKAT ] B4R, 2017, 38(8): 69-71.
JIN Yu-hua, GAN Rui-gen, SHAO Qing-feng, LI
Chang-feng. Growth behavior of Al-Mg intermetallic during
post weld annealing treatment[J]. Transactions of the China
Welding Institution, 2017, 38(8): 69—71.

HE, EER, & R, WEFR, ik SRR
e A H 6 R ()AL S W A sl 2 0], WP 3224
2011, 32(2): 63—64.

HAN Li-qing, WANG Zi-dong, LONG Bin, LIN Guo-biao,
ZHANG Hong. Formation kinetics of interfacial
intermetallic compounds of TA2/316L welding joints[J].
Transactions of Materials and Heat Treatment, 2011, 32(2):
63—064.

FOADIAN F, SOLTANIEH M, ADELI M, ETMINAN-
BAKHSH M. The kinetics of TiAl; formation in explosively
welded Ti-Al multilayers during heat treatment[J].
Metallurgical and Materials Transactions B, 2016, 47(5):
2931-2937.

B, ERL EAT. PR Zn WD B AR AT AR

SR R MERERISZIR[I]. APRFSR, 2019, 33(9): 3067-3072.

WU Jing-wei, ZHANG Zhong-ke, CHE Peng-wei. Influence

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

of brazing filler Zn on microstructure and properties of
titanium and aluminum joint by friction stir brazing[J].
Materials Reports, 2019, 33(9): 3067-3072.

WAL, UL, I, ERER BTN N36 mE
SOFEEMEMEWI. £BALBE, 2015, 40(12):
135-138.

PAN Qian-fu, JIANG Ming-zhong, DAI Xun, WANG
Guan-chun. Influence of annealing processes on properties of
N36 zirconium alloy cladding tube[J]. Heat Treatment of
Metals, 2015, 40(12): 135-138.

MG, B SEHTENHR R TAM]. JEEG A
& Tl R AL, 2002: 1518-1614.

YE Da-lun, HU Jian-hua. Practical inorganic
thermodynamics data handbook[M]. Beijing: Metallurgical
Industry Press, 2002: 1518—1614.

B, FRE. TR F ML, LR RIER
AR AL, 1993: 1213-1256.

LIANG Ying-jiao, CHE Yin-chang. Handbook of inorganic
thermodynamic data[M]. Shenyang: Northeast University
Press, 1993: 1213—-1256.

KATTNER U R, LIN J C, CHANG Y A. Thermodynamic
assessment and calculation of the Ti-Al system[J].
Metallurgical Transactions A, 1992, 23(8): 2081-2090.
ZHAO Yang-yang, SHI

LI Jiu-yong, QIU Ran-feng,

Hong-xin. Growth characterization of intermetallic
compound at the Ti/Al solid state interface[J]. Materials,
2019, 12(3): 574-576.

XUL, CUL'Y L, HAO R Y. Growth of intermetallic layer in
multi-laminated Ti/Al diffusion couples[J]. Materials Science
and Engineering A, 2006, 435: 638—647.

TO S, ZHU Y H, LEE W B. Effects of cutting depth on the
surface microstructure of a Zn-Al alloy during
ultra-precision machining[J].
254(6): 1559-1564.

M EE, OREE. MRS B M. IR/RIEE: IRUR
VE T K27 kL, 2003: 54-56.

XU rui, JING Tian-fu. Thermodynamics and kinetics of

Applied Surface Science,

materials{fM]. Harbin:

2003: 54-56.

Harbin Industry University Press,



o530 B4 4 0 TR, S RS AR B4R FSB HSRk A 91R R RE I SE 749

Effect of annealing treatment on interfacial microstructure and
properties of Ti/Al FSB joint

ZHANG Zhong-ke', WU Jing-wei', ZHAO Hua-xia’

(1. State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals,
Lanzhou University of Technology, Lanzhou 730050, China;
2. Acronautical Key Laboratory for Welding and Joining Technologies,
AVIC Manufacturing Technology Institute AECC, Beijing 100024, China)

Abstract: The paper investigated the microstructure of the friction stir brazing dissimilar joints between 6082 aluminum
alloy and TC4 titanium alloy by adding the filler Zn and Ni and the type and formation sequence and kinetic growth
model of IMCs during post welding annealing treatment. The results show that the IMC layer consisted of AlZn, TiAl,
TiAl, and TiAl; and the formation sequence is TiAl,—TiAl;—TiAl—AlZn on the filler Zn. The IMC layer consisted TiNi,
Al;Nip, Ti;Al and TiAl and the formation sequence is Al;Ni,—TiNi—TiAl—-Ti;Al below 776 K and AlNi,—
TiNi—TiAl—-Ti;Al above 776 K on the filler Ni. The growth kinetic models are obtained. The thickness of the IMC layer
increases with increasing the annealing temperature and/or holding time. The shearing strength increases from 154MPa
during unheat-treatment to 194 MPa by adding filler Zn, and from 142 MPa to 166 MPa by adding filler Ni.

Key words: Ti/Al dissimilar metal; friction stir brazing; brazing filler; inter-metallic compounds; thermodynamics and

formation kinetics
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