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Abstract: The defects on TB6 titanium alloy were repaired using pulsed TIG (tungsten inert gas) additive
manufacturing technology, and the effects of process parameters (pulse current and pulse time) and heat
treatment on the microstructure and mechanical properties of the repaired TB6 titanium alloy were studied
to determine the optimal heat treatment process parameters. The results show that the mechanical
properties are relatively better in the as-repaired state when the pulse current is 50 A and the pulse time is
40 ms, with a tensile strength of 1113 MPa and an elongation of 5. 26%. These samples are sequentially
subjected to solid solution and aging heat treatment. When the samples are solid solution treated for 2 h
under different temperatures (740, 760, 780 ‘C), the primary a phase is increasingly dissolved, while the B
phase gradually grows and evenly distributes in the matrix. After water quenching, the growth of the j
phase is inhibited, and acicular rhombic martensite " phase is precipitated in 8 grains, resulting in a
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decrease in tensile strength and a remarkable increase in elongation. Under different aging temperatures
(500, 520, 540 °C) for 8 h, the " phase continuously grows and gradually transforms to equiaxial grain,
and the mechanical properties are greatly improved. The optimal microstructure and mechanical properties
are achieved under the conditions of 780 °C/2 h WC-+520 °C/8 h AC, with a tensile strength of 1119 MPa
and an elongation of 7. 36 %.
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Table 1 Chemical compositions of TB6 titanium alloy (mass fraction/ % )

Al \Y% Fe C N

H Y (0] Ti

2.6-3.4 9.0-11.0 1.6-2.2 <0.05

<0.05

<0.015 <0. 005 <0.13 Balance

R IR B E SRR T gl an
[F] Jok L 9E (30,40, 50 A) Tk o B 1] (30,40, 50 ms)
KAV ILE ORGSR LR AR ) vk Re L 1R
N TS8R kR T E S 8B 5
Al A I 30 R AT AR BESE 5 LS °C/min A T IR
TR 3 S ] 740,760, 780 °C [ ¥ b B B AR TR

2 h, Bl J5 /K ¥ (water cooling, WC ) 2 % I ; BB 7 4 1
AE 5 A2 10 11 35 4 BRRE iy, 76 I R0 B2 29931 24 500, 520,
540 “CF #E4T 8 h 4 ik #4 &b B, Fifi J5 %5 ¥ (air cooling,
AC)EF . BRI P AR N1 2 s o

FIHI XQ-2B 4 AHFE bt B 1 ML A7 B 4o, 11 45 180 A
TEBEPORE 2RI A0 8 IS B0 ' L B i T A R e A
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Macro morphologies of TB6 titanium alloys before and after repaired

(a)top view of V-notch before repair; (b)side view of V-notch and dimensions before repair; (¢)top view of repaired sample,

location and dimensions of tensile sample; (d) cross-sectional morphology of repaired area
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Table 2 Welding repaired parameters

Tungsten needle

) Wire diameter/mm Nozzle diameter/mm
diameter/mm

Tungsten electrode Distance from nozzle to  Argon gas flow rate/

extension length/mm (L-min~ 1)

workpiece/mm

2 1.2 10

4-8 12 5-8

B PB-transus (790E5) C

740, 760,780 'C/2 h

I
® s
2 =
© e 540 'C/8h
7] Q P
aQ oo 5208¢7/31h '7,’
£ = /5005¢/8lh &)
(0] > )
= @ %,
Solution heat Aging heat
treatment stage treatment stage
Time/h

B2 TB6 Bk fr ik Bl e /i T
Fig. 2 Schematic diagram of heat treatment process

for TB6 titanium alloy
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R 2 10~12 s. R HDOG2% B3 58 (OM) (FEI Nova
Nano SEM450 494 H + & fll i (SEM) Je X I &k AiF
S (XRD) X TB6 £k & 4 & & X i 47 5 1 41 200
SR B 43 B o kb TIG & 8 TB6 4k & 4 10 % i
P AR EE SR AR GB/T 228—2002 il % . P 4 fig
R 7E F VAR MR 95 3K 56 L (8801) Itk A7, 7 ift 3l R

9 0.5 mm/min, % 21 2 BOH S0 PEBE SC 86 A 3K,
255 DURL I AR R B B — LR HE AT AR 2 8
X LE

2 ZEREHH

2.1 AEIZSHIEE TBeKESARMMERER
=41

£} ¥ (base material, BM) 1A 6] T. 25 & 816 &
TB6 Bk & < (4 57 i i 2 A0y 27 Pk RE AN 181 3 A1 36 3
7, e BB 5ER JBE AA  38 19 3 B (product of tensile
strength and elongation, PSE) ;2 Wt T T2 i i H & 4
S AV Z (R B . AR 3T LR AN R L2
ZHUE S 5 TB6 Bk A 4 1Y Bt i 5 B2 A4S 377 78 1]
e T4 AN TR bk s ek )R R TB6 BR
SBE X RMAR . T LUE D, HLE S SR o
FAFNER B B AR B, AR TS 80T 555l o A Y 5 i F
RoP&F 2R o MTEBERE & AR TEAT S S Xt
J1 5 PERE 1Y 52 I AR R FR B B IR T oM Y 5 i AR
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1000+ Table 3 Mechanical properties of base materials and TB6

T 500 ‘ titanium alloy repaired with different process parameters
S L
= | ,
< Tensile
§ 600F Sumol Pulse Pulse N b/ Elongation/ PSE/
o J— Sam strengt
& 400t _ESAA 30 ms e current/A  time/ms Sens % (GPa%)
200t | —gondoms o
" 30 440 ms BM — — 1140 8.00 9.12
3 —50A, 4
0 M- 50 0 ms Repaired 40 30 1132 4.40 4.98
012 %tr:l'n,yf 67 8 9 TB6 40 40 1050 5.19 5.45
40 50 1079 4.60 4.96
PRI R BRLA T 25 B THO B 4 R i 2 ’ o
Fig.3 Tensile curves of base material and TB6 titanium alloy 30 40 1060 040 017
repaired with different process parameters o0 40 1113 . 5.8
S ARl o A R RS A B PTRL SR B A L B % A BT S Al T 205 8 R A A R S R

T B H S X TB6 K& E/J{Elﬂk%ﬁisdcé’ﬁ/
Wi o fmoRE RUSE RN & JE A R T AR IR P R .
BRI R AR BT AR HR P AR T W RE ) L 45 5 TE L
ok 2 vh Rl Sk 1 AR A R BOR R TR B IR AR

P4 ATk bt ] Ca) L o L3R (B) R TB6 8k 4

Fig.4 Microstructures of TB6 titanium alloy repaired area under different pulse time(a) and pulse currents(b)
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ik i E 23 R 30, 50 AR 25 Bl o AT B 22 R
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XRD 43 Hr, W 5 iR o fi bt M 545 PDF R H «
(PDF 00-044-1294) , B(PDFE 00-009-0098) AH %J i , A]
VL TA FE SR B o M AT B AR AL AR, O ELAH A9 75 5t
BEAS[R] T2 S 500 A8 A AR £k o 600 21 1) A 17 A 0 i
PR 454 g hep (B HE7S 5 4548 ) o~ TR bee (FAR 0 7. 77 45
¥ ) B-Ti, Horp B-TiAH L (110) WK 3, o= TiAH LA (101) I

s8¢ 3 IS
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F5 BMAARR T ZSHEE TB6 Bha & B2 X XRD %A
Fig. 5 XRD patterns of base material and repaired area of TB6

titanium alloy with different process parameters
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XA R4 8 . AT, E B R ot BRI AL 4L, 7 [ 7%
T B2 2 740 “CI, B R A4 b 43 A1 45 K a R e A2 ) 2 o
FH L B i RL YA A i R T G oA AR 760 °C
B, BIEAR EATYAR 43 11 6 B 2 R e A8 (M S5 W) A= oA, B
fi kL A M R G AR O T R A o R ST B R AN R
Gy SRR AR TE AR R AR o 2 VR TR 3 780 °C
(4230 R AR AR TR BE ), W04 o« ML P 2 3B i, B AH 1

ER IR B R ORE . TR RS T, PR Y A A B
rORE A7 A AR A o R G R RS S B
O AR T4 Jm AR R

1200+
1000+
& 8oof
=
@ 600
o 780 C/2 h WC+50 AC
& 400F —780 ‘C/2 h WC+520 C/8 h{AC
— 780 ‘C/2 h WC+54Q 10/8 h|AC
200} — 780 C/2h WC
— 760 ‘C/2 h WC
— 740 ‘C/2 h WC
Or —50A,40 ms
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Fig. 6 Tensile curves of TB6 titanium alloy repaired with optimal

process parameters after heat treatment at different temperatures
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Table 4 Mechanical properties of TB6 titanium alloy repaired
with optimal process parameters after heat treatment at

different temperatures

Heat treatment process Tensile Elongation/ PSE/
parameter strength/MPa % (GPa%)
50 A,40 ms 1125 5.45 6.13
740°C/2h WC 832 5. 86 4.87
760 ‘C/2h WC 830 5.85 4.85
780°C/2h WC 809 7.20 5.82
780 °C/2h WC+500 °C/8h AC 1033 6.10 6.30
780°C/2h WC+520°C/8h AC 1119 7.36 8.23
780°C/2h WC+540°C/8h AC 989 8.17 8.08

B 2% T 20 RB % B 25 5% i TB6 Bk & 4 A 0 AH Y
2 BB AT KA I 251 TB6 Bk & PERE Y
AR T T(d) ~ () SR AN T 280 A B Y 2 T
AL, I RFAAL PR 8 T W AR AN Y B LRI AL 2
AR T AR o . B RO B BT B R oA
G A, B AR RIR B A LS g ) 45 TB6 £k
T ErEIR T R ER S & AU M WA S,
o FH I T8 A5 FUARFR 43 B0 32 T BA R 00 38 BE K P, Hoop
YR EOHT 0 oA 2 TB6 kA 4 5 Ak i EZHLHT
TE R0 B o AR 2 AR WTHT I, S 3 o/ AR BT A 3G
2, BELAT h S 22 18] ) (0 585 32 2l , BT 4 i 48 19 BT
SR . YT RCR EE  520 CRY, w i WE R S A e R 3
Pk BT, Sy o AR B AT HR AR R 2 AT A B B i bR
o B AT BT R ARAT I 5T AN o R B A
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P 7T AR T A 0L 1 b 3 T B 6 Bk 4 18 A IX 1 f S 4L 21
(a)740°C/2h WC;(b)760°C/2h WC;(¢)780°C/2h WC;(d)780 C/2h WC+500 ‘C/8h AC;
(e)780°C/2h WC+520°C/8h AC;(£)780°C/2h WC+540°C/8h AC
Fig. 7 Microstructures of TB6 titanium alloy repaired area treated with solid solution and different aging temperatures
(2)740 “C/2h WC;(b)760°C/2h WC;(c)780°C/2h WC;(d)780 “C/2h WC+500 ‘C/8h AC;
(€)780°C/2h WC+520 ‘C/8h AC;()780 °C/2 h WC+540 C/8 h AC

P B IR LT B VR B A, A AT R RL 9 BT B0 B AT B
o B T o 2 AT B % T R & 540 “CHE, o AH %
T Ny NI T T N i) | I (1R BN = S 19553
GREAR . M SEER 45 ] LLE 1, 78 780 °C/2 h WCH+
520 °C/8 h AC B , HFt fr s iy 1119 MPa, ffi K 5 h
7.36% ,PSE N 8.23 GPa% , lbif TB6 2k & 4 i )1 2
PEREALAL , WA WA Ak A 4 b B AR (GB/T 3621—
2022) 1 TB6 W4T Hr 58 & B3Rk (=1000 MPa) FlH{fi < %
FOR(=6%),

(&1 8 Sy BE A FAS [ I B2 #A AL B TB6 Bk 5 & 1B 51 X

) XRD & B, T LLE Y BEA B AT o AN B AR, $AAh
PRI R A R AE oM R B AR o AR A B
A B T I R A S W T, 0 AR o M 1 D R
B S RIS, BB AE B AH AR 25 (Ml (790+5) C) LA F i
A7 15 A B WA o RS T IS i L R TR AIT
[ 5 A4 B B A AN T AR L K Ve T B A A K 22 )
il 70 A5 1) B TR P B 23 BT R Al /N Ay ) B AR o
i I W NI B B @ LB B R | AN P Sy T BN N
o' it L i A5 T T R I AN TR R 38 i A Ak, 7
F12E M RE LR BN KA BB h B B AN SR

(a)

780 CTR2h WG

(b)

s E(ozo)a”
T2, [ o,

(021),
(102),
(110),

760 C/2h WC

(002), | (100),
e

740 ‘C2h WC |

110;

@
=
.
(100),
I (101),
e (200,

26/(°)

20 30 40 50 60 70 20 30 40 50

26/(°)

B8 B AR [ # A B TB6 £k & 4 18 52 X 1Y XRD 1% &
Ca) [ AR b B 5 (b)) [T+ I A i Ak P

Fig. 8 XRD patterns of base material and repaired area of different heat-treated TB6 titanium alloys

(a)solution heat treatment; (b)solution+aging heat treatment
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S4B E XK SEM B R EDS # & . K 9(a) il LIFE
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A7 HE B R B B DT o B 4 19 0 2 Tk e R A R
b o B S5 BE B, o A R RO ST K, A i A0 R B 1
i, B 22 ) SRR A & A A i BT AN o
A IHRGR B 520 CAR IR 8 i, o35 2 43 A 76 B JE 1K

L oA A B R R E M B A AR G R B e
BV . YRR AR BT, o iR B A, RS
T 1 R, DT G o5t 5 0 D AR T B B
S AIBHE L E9(b), (o) At 1,2 AN E & EDS %
Bl AL, o MR B A & TR I A 22 R K
ALTERTE o AH T Y5 1B 58 LU B AH & L T A R0 i B AR
e 7l UL A J 3 TV SR AR AR T 6 TB6 Bk &
MBR SR . VI Fe LR N BRAETTR ,1E A Y
FEUR L A 2 PR BAHIX 1K A R E
fe s TB6BRG & 12 fE.

(© Ti
: Mass
Point 2 Element ¢ 5> o
Al 223
Ti 82.17
\ 13.02
Fe 2.58

(b) Ti
: Mass

Point 1 Element ¢ 5> o,
Al 3.15
Ti 85.81
\Y 9.46
Fe 1.58

Ti

v \"

v AL

Fe V FeFe
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Energy/keV
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Energy/keV

F19  780°C/2h WC+520 'C/8h ACH! TB6 Bk 48 5 X SEM K (a) K i 1(b) Fl i, 2(c) EDS i 4]
Fig.9 SEM images of repaired area of TB6 titanium alloy at 780 “C/2 h WC+520 °C/8 h AC(a),
EDS spectra of point 1(b) and point 2(c¢)

3 it
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