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, BB 330063;

2. JUL2ABE MU SAR TR S4B, JLiL 332005)

& FE: RAESEFAREEEN 3 mm B TiNi 445 TC4 Jhh &8T5, 7N Nb NEH7E &R
BRLU G 50 TREUE AL, TN BEVEARIE R, Bk oo s o A s Sk 7141k . 45 &)
TiNi &4:5 TCA BRI 5 (1R ek e AR AL, K& TipNi E A 1T i 5 805 4% h R EORFLIF I =26, IR
Nb 7 & i A A H RS U . A SRR FE D 0.55 mm BRI 0 RLLUR A A R Had Sk, TN AR Rk
BUN, Af TC4 MINEE LM TE AL TN itk & B E, /R4 OH N S8R m, Hk I3 Eae RAT,

BURLMR AT A F] 391 MPa, {HKZEHN 2.7%.
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AT TCA 2 atp BBk G4, R a5 B
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i, RERAERZNKEES. TINi 545 TC4 FH
R AF T T S HLR SIL )T & 1 AR
ng ), (B R Sl R R 5 PR A KR TioNT S5 4
JE AL 10, T H. TiNi 425 TC4 SRtk #
Wk REAFE LR, RN G Ry, hhh, Ti
R NESWIE H. O. N, ShniEass kg,
BRSO, BRI &, AR
BT MELLH 2 TiNI 545 TC4 IR HER .

E 4% TiNG BA 45 TC4 BIWHFL DLBOG

JERNTE, BREESNPIE ARG Ti 2 f46 Ni 21
77 RN} 0.2 mm A NigTiggNby 5 TC4 HEATHOGIE,
TR TR, R T RMMBUE P, WIIERL
BRIE B IR Y s ZOERAM 25075056 1 mm JE () NiTi
Ha5 Ti-6Al-4V FEAT X EIE R IR SEfE IR 2 1
MZLLL, W 75 pm ERARTERTHER TR ERL, i
From Ik F] 318 MPa, Cu JEEIINZE] 100 pm B 4E4%
Hh 4 J IR S8 2 {4 3k 7= A FLIF s OLTVEIRA 261
7F 1.1 mm J& TiNi 55 TC4 Rl HIEZE, CUG—EF
JRTE AT EO IR, R TER LU A Rk,
TEBOEHITERTT TC4 — ¥ ud 154k, TiNi & &l
TERET R, PURLHRE N 300 MPa. H77HLF R
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ARG K LA NisoaTio o(BE/R 738, %) A
Ti-6Al-4V £k&4:(TC4), TiNi &4 N~F9 3.05 mm X
70 mmX 100 mm, TC4 R~/ 3 mmX80 mmX 100
mm, 4B NAE 99.99%14E Nb, % 1 fisl Nt
AT 32 A oy S DB R

R=1 MBEELERS

Table 1 Main chemical composition of materials

Mass fraction/%

Elements
TiNi TC4 Nb
Al - 55 -
A% - 437 -
Ti 44.34 90.13 -
Ni 55.66 - -
Nb - - 100

RIGHTH TiNi &4 B T V(HF):V(HNO,): V(H,0)=
1:3:5 RE P IR VE 5 BRI AL, 32 R b
B PR A aRRE 0 S P 2 1) 3 mm, 15 253 440 pm;
¥ 3 mm B4 Nb ARV E = B 3 mm SR E
J&, PR ACK HAR T BB B 48 E R TC4 4K
Aol 800+ 1500 5 (b 4R S 454 25 B3R T 2%

&2 MREEERE
Table 2 Physical properties of Materials

S E, RIS B bR LA R 2k i S S,
Wt fa BT E HR A AT, AR /N T 20
pum, TiNi &4, Nb. TC4 £ E TR —/KFEE,
W 1. 358 R B B E A2 2 ) KS15-PN150KM
RN, FTESECE TR S . RAERRA. B,
PRI S, RISy TAEIER 295 mm, &
FEHLI 498 mA, HLT IR 27 mA(E SRR BT R
WN 23 mA), FEEE#E 900 mm/min. TiNi &4: 5 TC4
0 PR 7S o) 43 584 5 mL HF+15 mL HNO;+35 mL H,0
5 5 mL HF+10 mL HNOs+125 mL H,0 . #2 J5 %} 152 443
ITRAONEE, ARSI, REWURYE ot R i
FAR SR T

2 HFR59H

2.1 ELRGEREE

TiNi 545 TC4 K& & BN, 5 =417
FRE B 2 NG NEEL A IRTES,
AIDUE R E Rk B R, OGBS 407 Y JE,
JEE XAFEFLIRER G . B 2(b)FT~ AN 0.25 mm &
Nb G HELMBITESR, LG HECSk R H IR, &
SUBURMERS B FAR, 166 28 RAR 48 D AETE BN R L,
FEEREFLIF T . AR Ti-Nb AH B A1 Ni-Nb &,
Ti 5 Nb ARG PR EVAR, Nb 5 Ni A4 % NigNb.
Nb Nis. NigNb; g, {H NbNi; #I1HELF, ¥ Nb

Coefficient of

Thermal conductivity/ Specific heat capacity/

Performance Melting point/‘C - o o
linear expansion/(10 %°C™") (Wm™'-C™h Jg K™
TiNi 1310 10 18.0 0.461
Nb 2467 7.2 53.7 0.26
TC4 1668 9.1 6.8 0.611
(a) (b)

Electron beam

Electron beam

Nb
o T—

1 BREREOR A

Fig.1 Schematic diagram of assembly principle in welding: (a) Whole assembly drawing; (b) Cross section diagram in welding



2244 T EA O8RS

2018411 A

B2 HSkRRaTE 3
Fig. 2 Cross-section morphologies of joint: (a) Direct butt
welding; (b) Adding filler metal thickness of 0.25 mm

X TiNi &4 TC4 &3] — & MBHK A SCE R 86 &
IR, 183 PR Sk L GUBUR A (1 28R

K 3(a)Ai(b) 7 A 2(b)H TC4 ] A AbAT TiNi
A& C RRGUTCRIE, TCA M kL 5 P 32 FOAS
TEAS, REUEUTaEY RFHE, TiNi &aMH 25
W G HLEE MIERSR, ks 2RI w
MZRL ST AT REVE 0T, RSUHIL 255 Ti 5 Ni,
Ti 1 Ni (19 BE /R 43 2000 2:1, FF4 TioNi AH 1 L,
A& /D& Nb, 454 SONG SR 7T, et
BT ZHZART Be N TioNi, S LI AR O an B 3(c) s &
BUZ XIS4T TipNi RS, SR K B3k A7 g i
ST, EREESRGMECRER S, Fik, &
Sty TipNi BatEAd; of L, ROz, LI N
L TiLNI &R L&Y

H T TipNi 45 S, AR 5 T 4G
ghidh, HEBHLA AL T EARES, 1k s i
P E R 75 2N AR B & B kb ey, o3 air
DA, TipNi e[ i 72 o e VS 4 (4 b 7 e 3 AL
(TR, T ELBE S e [ W e AT, b & 8 A K
RIS, BRI RS, SNk
MBS & TIRHAE R L™

B3 ki SEM &
Fig. 3 SEM images of defect in joint: (a) Crack in TC4 alloy
side; (b) Crack in TiNi alloy side; (c) Hole in weld

22 ERESEEEIELHLHEMN

K4 fs AR EEEE RN 04 mm B30, Bk
FRBLPRE, oI RRLGERETE R, IREEIUIE & &R
JEXIREE, EES RSB FRAETH I
T #RTEAR T 7 1) DA IR RA S, 548
AEEIS AT Nb REAE. B 4b)FiRNE 4(a)
o T XSRIOCHE, KA X DN RERREL &, TC4
IEE LI AATEME BRI E2RA L, IF AL I
—HAL, BRI SSYT R, RYUERTRESIES
LR EARALE %, *F TCA I LRtk & E it
17 EDS 43#r, Ti 5 Ni BIBE/REHET 2:1, 56 TiNi
fatER R LLE], &R aT AL, ZAE RN %
N TipNi fitEE g a2, MetEAHTE AR B/ H
TG IE RN, TR LU TE i

B 5(a)FT s NIEFE 4R N 0.55 mm LT3,
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B4 Hx&)EN 0.4 mm B HES BT
Fig. 4 Cross-sectional morphologies of joint at filler metal

thickness of 0.4 mm

e Sk TE LR AN, # TiND A4 1 X 350Kt P
SO)FTR, JREESRONAAL S, B X I S R ZH 20,
WA e I BEM 35 51108, TS BRI TR B 1 5(c)
FiR B 5(a)H TCA M TT X IO P, 5 4% 3 28 i A
BOR BRI, IS -SRI — 2 R ERA L,
FEAEZ AT o

FEARBERE A, i A /KT 1l PR AR T 2R ALl A
BRR S it o O R Y A i ARG R Bl i 25 0 77 30
s, BELmEmEEUERERRS, SERE
B R T IR S A

2
r

Vy =Vx,max(1_F) (1)

K v e NI FOTIE, R NEE AR, r HE
DR . ()T, A TIEE LR RS S
JEIL BB ARTUE, HAEIREE PSS &, iE i
OB & BIBRIZNR SN, HME5), disid i
HAR G RA W, BT TiND &4F Ni &k
49.6%(BE /K73 40), TC4 TG NiJoz, FrLAE A Ni
LR M RIET 50%(BE /R4 5), /2 7E Ti-Ni o
NI & BT 50% 10 T AT 232 A% TiNi A TipNi
PR &R LAY, T MN, B & @ RSP,
N AWEVFS, xv y 252 M. N &%), HA

Bl 5 HAEEEE 0.55 mm B IE
Fig. 6 Morphologies of joints at filler metal thickness of 0.55
mm: (a) Cross section morphology; (b) SEM image of TiNi
alloy side; (¢) SEM image of TC4 alloy side

BT A N RE R,
YV (@ +b)+d 2)
x+y
X AHS NE R SRR RS, o A o
NM S, b AN N SE, d NEE1.119
kJ/mol, 298 K). X TiNi Al Ti,Ni 2Bk 1+ 545 8 N

AHS = xa + yb+

Ni+Ti —> NiTi —66.94 kJ/mol 3)

Ni+Ti ——> Ti,Ni —100.35 kJ/mol )

HHEAT W, AR R S R TioNi FITE R
B NiTi 55, 1REEF U IE G 22 B HfE DLk S
TioNi it 4 )& R4 ST %
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23 BEEITESITES

7845 J8 Nb JEFE 49 0.55 mm I, TiNi &4 5 TC4
RERGUS BN ER, SR TRLURRE R EEL,
HIUGR G EA MR 3 FR. B 5(c)F 4 SiXIH TC4
M & 2T I BER, TR & B ARS8 —3; B
X3 TC4 MAA LT EYZE, FEN Ti F Ni
TOE, HEEIRH N 2.08:1, FF4 TipNi fith 4 )& )
AL, - LRI 2 T8 e 4 IR AL & 420 -
C FNIEILIE S A Z B B, Ti 5 Ni BE/R 4L
AR B RUGR, Nb (& #4534 K, Bl IEES TC4
BEMEEBS RIS, Al TR S ®RED, VITREE, b
IS AR BN, WetE &R ML AW g 2
Zfi. W6 B AE S I RCE, HAZE
By NSO X IR SURIEG (X B 2L D s X s
Ti 5 Ni BE/RELLA N 4.1, HANND TR, S8
% 69.02%, AT RES Ti-Nb 8] {4 K (1 6 AT 5%
E S EX I Ti 5 Ni BER O Hh 1.54, Nb & &
7 7.01%(BEIR 7340 . NICE AR5, IREEH Ot R
FEBIART & HatE AR R L], S T a1 42 e TRl Ak &4
TR, X IRssssa JE kR 2ligmEM . F. G

B 6 IAaL)EEEN 0.55 mm FHAREE LA LTS
Fig. 6 Morphology of weld center at filler metal thickness of
0.55 mm

®3 BRELREESAM

Table 3 Distribution of element content in weld

Hole fraction/%
B C D E F G
Ti 88.09 59.15 56.07 24.76 56.42 46.26 47.35

Element

Ni ~ 2847 2646 622 3657 46.14 33.29
Nb - 58 1393 69.02 701 7.60 1936
Al 851 656 354 - - -
vV o340 - - - - -

B 5(b)F TiNi && ML F Ak Ti 5 Ni BER 5
HIL N 1:1, FHEEBRDSERN Nb, 5 Ti-Ni &8
AL AP R B, 454 Ti-Ni AHERT TiNi 4 5%
Ko, FORBEEXIRATEEA Ti-Ni &8 RLE9;
HT G X B IR O A B, 17 Nb & iEA
19.36%, %X 420 Nb B o i vE .

24 ¥ESLhEMEE

B 7 B s A 5] JE S 70 45 Jas o e e Sk A
By, HIE 7 iAW, BEE Nb JEEEMI N, X
it A 4 i T A5 0 ) A 28 Aok 45 007 A 4 3Bl R
BAG . TC4 BR G S G M X A KRR B B2 A 12 1
F B PG XY 0 D AR SR AH G 0% MatEAd Xt
JREEH SR RE MR ECR, W TIE A& 8 E N
0.25 mm Al 0.4 mm [f/54%, TiNi &4 TC4 HiEE
I A5 5% P AETE I AL S IR 2, A5 5% 9 I st 2
B, emiA 634 HV. 1 R mr A, JR4EH O
WA, F Tiv Ni o RBEHA, b 7t
AR AR, A R O X Sl bl P (AR A1 IR &R
JEFEA 0.55 mm i, TC4 A A X ML G2
(I AFAE AT A5 A ARG 55 vy, A5 At DX IloREE A Ak 7 A
B85); TiING A ST X 52 R B AIR I R, #
LRI ELRIAT O, AR, (B R A

B 8 fiis NIE A 48 A 0.55 mm I IR EEAFF
(AR T 2, 5.68mm 55 IRE W 2L i K s /g
N 6.78 kN, PihisifE N 391 MPa, f1APERER A7 W
ZUE TCA MYE G LIT, 738 LIS & SR ) 48
Ak & EAERAR R VE R 553& s i, RiJ)
KT B IRGR R R AR, Wi B — 2 1)
BER, MKEN2.7%, HLAE - EW.

700 ] 1 -
| , = Direct
1 1 welding
600 ] 1 ©—0.25 mm
> | | 4—04 mm
i 500k | : ¢—0.55mm
g
B 4001 I
s ]
5 1
S
§ 300t |
= 1
] )
200 I Fusin zone !
100 1 : 1 : L
-2.0 -1.0 0 1.0 2.0

Distance from welding center/mm

B7 JRERSK R ) A

Fig. 7 Distribution of micro hardness in weld
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(1.71,6.78)

6 -

g

34t

(=)

—
2 L
0 0.4 0.8 12 1.6 2.0

Deformation/mm
E 8 R S LT it 2k

Fig. 8 Load—deformation curve of joint in weld

3 Zhip

1) TiNi 545 TC4 EHESREN, B LIRIG S
LRI, ARRIRSRA — RSk, W Nb
NI TR B W OROR B EESL R EUURYE, HA SRR
FE9 0.55 mm I 3R45 TC SR BRG0P ) 42k

2) B RLUTE R B S A S /N TN ffE
Y& B B EA G, KREMIEA A R AR a™
ey BbAh, BT TN MEPEARKE A, 7R S B
DA JE L SR AG G SR VAN s I A X 72 A LI

3) VHERIRE R LU Sk BT R E L 391 MPa,
KN 2.7%, WA BOAMEVER TCA I5-& LI,
JEPEAR N Sk T M RESE IR
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Cracks in TiNi/Nb/TC4 joints welded by
vacuum electron beam welding

ZHAN Zi-lin', CHEN Yu-hua', SUN Guo-dong?, LIU Chang-hua®, SUN Song-wei'

(1. National Defense Key Disciplines Laboratory of Light Alloy Processing Science and Technology,
Nanchang Hangkong University, Nanchang 330063, China)
2. School of Mechanical and Material Engineering, Jiujiang University, Jiujiang 332005, China)

Abstract: The TiNi alloys and TC4 alloys with thickness of 3 mm were welded by vacuum electron beam welding
method, the formation of welding cracks was controlled by adding Nb for the filler metal. The formation mechanism of
crack, the formation conditions of Ti,Ni brittle phase, the distribution characteristics of joint elements and the mechanical
properties of joint were analyzed. The results show that it is easy to generate cracks in the joint when welding of TiNi
alloy to TC4 directly; adding Nb as the filler metal can reduce the crack sensitivity of joint when welding TiNi alloy and
TC4 alloy, the Ti,Ni brittle phase can contribute to the formation of cracks and holes in weld. The crack defect can
eliminate when the thickness of the filler metal is 0.55 mm; the Ti,Ni brittle intermetallic compound layer formed near
the fusion line of TC4 side due to the Ti,Ni enthalpy of formation is smaller; the Nb content in the center of weld is
higher, the mechanical performance of joint is excellent. The tensile strength of joint reaches 391 MPa, and elongation is
2.7%.

Key words: TiNi/Nb/TC4; dissimilar metal; filler metal; electron beam; welding crack
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