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Composition optimization of welding wire and mechanical properties of
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Abstract: K465 nickel-based superalloy has been widely used in many fields due to its excellent high temperature performance.
However, due to its high content of refractory elements, weldability is problematic. In order to solve this problem, three kinds of
welding wires with different compositions were designed for K465 alloy, mainly by adjusting the contents of y’-forming elements
Al, Ti and solution strengthening element Co. The results show that adjusting the composition of the welding wire can effectively
affect the weldability of K465 alloy. In particular, the precipitation of low melting point eutectic phases can be reduced by lowering
the content of Al and Ti, while increasing the content of Co improves the thermal stability of the alloy and reduces the susceptibility
to cracking. Among the three kinds of welding wires, the one with high Co and low Al + Ti showed the high weldability. The
welded joints were of high quality, with a tensile strength of 822 MPa at room temperature, which is 84% of the performance of the
base metal, and the elongation of the joints was close to that of the base metal.

Highlights: Taking nickel-based superalloy K465 with high refractory elements as the research object, it is proposed and verified
that adjusting the content of Al, Ti and Co in the welding wire can synergistically improve the weldability and welding quality of
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K465 alloy, an innovative new type of welding wire material has been developed.

Key words: K465 superalloy; weldability; welding wire composition; microstructure; mechanical properties
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Table 1 Chemical compositions of K465 base metal alloy
Cr Al Ti Co w Nb Ni
8.5~9.5 5.1~6.0 2.0~2.9 9~10.5 9.5~11 0.8~1.2 At

X FREARAR M A TSR IR, R 530 60°1Y
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10V Y AL I s, FAEAS Bl B O 0. 5 mmy/s, I8
F11199.999 9%Ar X HEAT PR 7, A5 AR i 2R AT
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14 5% (scanning electron microscope, SEM), i
B B3, 8% (transmission electron microscope, TEM) Fl
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HH B T 48 %1 (electron probe microanalyzer, EPMA)
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back scatter diffraction, EBSD) Xf #2358 431 14345
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Table 2 Chemical compositions of welding wires

Jiey C Cr w Mo Nb Al+Ti Co B Ni
HS-1 0.1 9~15 5~10 1~3 0.8~1.2 8 10 <0.01 i
HS-2 0.1 9~15 5~10 1~3 0.8~1.2 4 5 <0.01 i
HS-3 0.1 9~15 5~10 1~3 0.8~1.2 1 20 <0.01 R
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Fig. 1

Macrostructures of K465 alloy welded by three kinds of welding wires. (a) overall morphology of the joint

obtained by HS-1 welding wire; (b) X-ray detection film of the welding zone of the joint of K465 alloy welded by
HS-1 welding wire; (c) overall morphology of the joint obtained by HS-2 welding wire; (d) X-ray detection film of
the welding zone of the joint of K465 alloy welded by HS-2 welding wire; (e) overall morphology of the joint
obtained by HS-3 welding wire; (f) X-ray detection film of the welding zone of the joint of K465 alloy welded by

HS-3 welding wire
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Fig. 2 Microstructures of joint of K465 alloy welded by HS-1 welding wire. (a) epitaxial growth of welding micro-
structure; (b) competitive growth of welding microstructure; (c) local amplification diagram of cracks; (d) TEM
bright field image of MC carbide and corresponding diffraction spectrum
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Fig. 3 Microstructures of joint of K465 alloy welded by HS-2 welding wire. (a) welding cracks morphology; (b) micro-
structure of fusion zone; (c) microstructure of carbides; (d) TEM bright field image of carbides
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Fig. 4 Microstructures of joint of K465 alloy welded by HS-3 welding wire. (a) welding cracks morphology; (b) epitaxial
growth of welding microstructure; (c) microstructure of fusion zone; (d) TEM bright field image of carbides

{#i Ff] Thermo-calc #A4-%F 3 FhIE 22 W& 4
A A B A T AR, A5 SR AN 5 TR, B 5(a)
A HS-1 R ZE R, %A ST Vi ge R s
SR A PP ATy FEAR Ly BT A L MC Bk 1L
WYy AT S AR D, BRI AR y M, SRR R
A Loy + MC 25 SO, 35 52 Bl 22 31 1 K

B AR TR AL Py 2L AR R 5 1] 5(b) S HS-2 THR45
R, G B AT E S L R b R B AR RN S 32 22
Aoy FEAR AR L MC I MysCy TR AL W L) K
M;B, BRI . - B [ sk A v, eI
Ry #, SRJG KA L— y + MC i s, JR488 1
SRR TN Y (OR A7/ Ry s o (T A



54 I A %45 %
1.0 1.0 — 1.0

[ L\ ;_.f' | - / 4 |]

0.8 Dol Gauia | £ o8t "'Liquid | & 0.8 gty

% 7 7 g b oo || ﬁ / l

So6p—>—_ ) K06t l 2060y l
&% . W 1 _L_\. | I| | K&% *’21

i A 1 | = oal 1

= 04 v = 04F o | 204t

E . Yol E § g | = MC Liquid |

Zoaf | Zo02f i Eo2l | M N

(‘747')“ MC '.I I MBIC% I\/[}B2 | }‘T _ 1:Ch M(C !

ol = ¥ L)) N S P sl | o e, . )

0 400 800 1200 1600 0 400 800 1200 1600 0 400 800 1200 1600

L 7/°C
(a) HS-1

)% 7/°C
(b) HS-2

J% 7/°C
(c) HS-3

B 5 ETF3MELKDHIELEEE Thermo-calc il

Fig. 5 Thermo-calc simulations of weld solidification based on three kinds of welding wire composition. (a) HS-1; (b)

HS-2; (c) HS-3
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Table 3 Element content and segregation coefficient of dendrite and interdendritic in the fusion zone of K465 alloy

welded by three kinds of welding wires

peEia Cr Co Ni Nb Mo Ti Al W
KT 7.81 10.93 60.7 0.46 1.48 1.45 5.66 11.13

HS-1 R hhlE] 8.76 10. 44 61.49 0.77 1.76 2.16 6.35 8.51
K 0.89 1 1 0.59 0.84 0.67 0.89 1.31

KT 8.17 7.84 66.38 0.77 1.98 0.67 5.91 7.97

HS-2 R hhlE] 9.81 6.90 67.15 1.83 2.77 0.93 6.61 4.59
K 0.83 1.14 1 0.42 0.72 0.72 0.89 1.74
KT 2.46 45.46 27.70 0.82 3.33 0.12 4.10 10. 64
HS-3 R hhlE] 2.23 46.74 26.55 1.04 3.47 0.14 4.14 10.01
K 1.1 0.97 1.04 0.79 0.96 0.82 1 1.06
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EPMA results of the interface of the welding zone of K465 alloy welded by HS-1 welding wire. (a) SEM; (b) Co;
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Fig. 7 EPMA results of the interface of the welding zone of K465 alloy welded by HS-2 welding wire. (a) SEM; (b) Co;

(c) Ni; (d) W; (e) Al; (f) Mo

ST TC R ZE 5 07 AR A, Hh LA P X AT R
Wb R L2 IR TR S R 0 R (B, RS S AR 2245
2 P IR TR A v R A Ak, S AR R A A
PRLLAERRM IR &, X LFIT R Z A7 7E i 22 (5|
i TICER YR, th TAR RS A AR, 3L
TLER MY BN SE 4, DT 5 i P X e R
ST AR, G XA 58 G e B ] A

FilA K.

K EBSD R 3 Flikt 22 v 454 Sk 5 10 79 &AL
O3 AT B TUART i 25U 45 5 BE AT 43 B, LA R
K9 fros, Horr sl 9(a) ~ &1 9(c) 43 ) X B HS-1,
HS-2, HS-3 #3/ 4% X L IPF (inverse pole figure),
& 9(d) ~ [ 9(f) 43 3%} 1 HS-1, HS-2, HS-3 #2345
4% X AL KAM(kernel average misorientation), M [&]



56 I S T %45 %

SRR 1 (a.u.)

-

1

FTSIoRE 1 (au.)

(a) SEM (b) Co (c) Al

FTSTHRE 1 (au)
| ISR 1 ()
FTSTHRIE 1 (au)

(d) Cr ) ' (é.) Ni () Ti

8 K465/HS-3 #LIBEX REM EPMA 4R
Fig. 8 EPMA results of the interface of the welding zone of K465 alloy welded by HS-3 welding wire. (a) SEM; (b) Co;

(c) Al; (d) Cr; (e) Ni; (f) Ti
b
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Fig. 9 EBSD results of the interface of the welding zone of the joints with three kinds of welding wires. (a) IPF map of
the interface of the welding zone of K465 alloy welded by HS-1 welding wire; (b) KAM map of the interface of
the welding zone of K465 alloy welded by HS-1 welding wire; (c) IPF map of the interface of the welding zone of
K465 alloy welded by HS-2 welding wire; (d) KAM map of the interface of the welding zone of K465 alloy welded
by HS-2 welding wire; (e) IPF map of the interface of the welding zone of K465 alloy welded by HS-3 welding
wire; (f) KAM map of the interface of the welding zone of K465 alloy welded by HS-3 welding wire

R RUR B, 75 K465 B 5 G AL EELIRRGH R EAAEBORERARN ), X BBt TR 8w
R T, AEARSEAL T2/ ks, AP AE R BERI AT SR B B, S 3 5 < BE A O AR 42 DX S S
fh. IS 3 Fhk KAM A B, ST RERF O [, KRAE RO (9 SR AR R [T I 7 A WA 1 ),
XU A 3 FE W i TR IX, SRBZAL 4RI R 8 R A I . G rh O E v BN AR A



%9 #

EER, T — B EETERREG R 6 SR LRk R L) F ik 57

BB IR R, N AT LIS BRI, 151 31 B
I ) Tei il R G A AT, DRI I ) 5% BE AR S
RERF R EE IR, [R] Itz Bt R S0 A i e
X3k, %5 SEPRALEE ) A 45 S A — 2. XL 3 Rl
3k EBSD R4 5, HS-2 #3535 1848 oo 41 fh i &2,
B A I 7 A v e B I, R e T R A
755 HS-1 IR, 1fii HS-3 H23k MR 48 X N ) Ak
¥15], ek mf.
22 AETEEELFRENIERVLE

I3 BT IR L2 153 o K2 5L SR I 5 ), 25T
T TR KR e Ao A P 2% 28 00 3 70 K A4 58 [T o A v 19 O
BrAT R, Bi—/N15 C 88 A AR 22 g e S A4 vh
2 A IC R TR TR S 18] 43 e R 4k, WEl 10
Jii7R. 7E HS-2 " Nb oo &= BA AR b 24K, 1%
JCE AR ] T ImATT TR A ], 485 T AT iR AR A AR
O3EN, N TR TEBE A i J5 B B S 2 T U 2 A
P, —250 yMC, 55— (1Y) HH (vy) B
BCIR BEAR, 5 76 S AR AR SR, 3 T & 4

SGUHURNE.
2.0 Cr
-8-Co
N1
1.6 -v-Nb
I]\f[o
- 1
B 12l ’_Al
;53 2ot - —a-W
I e R V. S
2 o8} v
Q:' ' B N
v—
0.4+ v
0

HS-1 HS-2 HS-3

E 10 3#ELELBERTENERE
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joints with three kinds of welding wires

AT RS, HS-1 AL Ti & mdem, &
e E [ T P BT T A D, 58 [ R AR Loy +
(v-Y)er FERHAHN (y-y")er OB BUREHAR, P54
58 TR RE DX R4, b T AT 3 RS S s s HS-
2 MRy R T AL Ti S, PRI AR 4 2L iU
A TN B HS-3 MR 22 SRR S 10 JR R 22 5 L
T3 A mREA G B, ALY AL Ti & &
I, TEARHRBE I Be A y=y SE S R B A J LR
R, BRAIG T %E 1 24 808 R AR a2, I 5 AL
Ti 25 A AT el K4 X LT s A AR ) 25 i, R
JRAE X ARG 5, $2 5 T ARGE X W98, A R F
Il Moy e Hak, HS-3 M 22 Nb & = 5K,
117 Nb % 55 AT T4 i [ B MC Ak d, PRI R

FH HS-3 #22 Kt L—y + MC J W A% T HS-1
1 HS-2, 78 ) 410 il 54 7 8 ek ok R mhoRt it (DA
R R W B Je, HS-3 M2 b Co & fiwi, BN
Co 1] LUK 4% X e fifst, BRI (1) Co
AT DABR 5 4 0 v IR AR B A, DT A A e ot
T ep AR AR TR RN UL, 5 e R 2B TE
%5 (2) Co Ak AR 2% LINMAIERE, BS
HMTZ A2 bmEe g, NI FERE RS 4
HARIN Co W] LA 5 A 4 B MR s AT B, DA 42
1 TR Sk 5 B LS 5 (3) Co W LA ]
VAR B 254, s/ 5 BE R AT R B A, DT R
K465 & &Pt
23 ALELANFHEESHEIE

Sy 3 FhAR 22 BT AR B Sk RS S A FEES
) S AMCSE E L R U 5 900 °C FTTRISR I, x4
Sk B T HEAT AT, BT Sk W 24 07 =X, B
FR22 5T XK 2R RR A SR

3 PP 22 SR e SRS S I AL BRI e
FEARUNE 11 B, T DL, 23k il SRR A
Zoa IR SR A B, 223 45 DX ) Sl Fchet ) S
TR HS-1 KR 22 BT AR Sk 45 X S8 ) I A
FEMEAR LA K, AN R B Ah B 285 A o 3 IX sk 11
b TR A A RN [R] 5 HS-2 K 22 BT A4 3k
RER DX R 3 & 4 05 4% o0 B 2 B T 8 Ak
AR AL G 7] 5 HS-3 H 22 T A5 427 S B b X 3l 31 45
2 v B (E RS2 R R, R AT, B BE /N S
fii FH HS-3 #7227 B2 MR ny 4 3k, Ay
301 HV, 6 B2 K200 HS-2 472271 H 2850 4
ALBR AR X S5k, HAEEE R 561 HV. 437 H 5 AT
1, AL Ti 1 f i a5 e S SR A v Ak A P B8 T
SN LA B, HS-1 i 22453k 4% DX I 1Y) . i hit i AR
AEAS K 5 B R AR 22 18 o S5 B o423
AT B AR 7 AR IR FR sE /N, T AR S #uah
PROEHESRALARAT 0, O B A BTt . T HS-2 22
F S M vy LA AR 22 %) 3 L DR e A A 1
., HS-2 #E 22 A4z Sk T R Am b ™ 5, A A AE
AL AERT AR, AT AR TR & T RAE XY
BEE, 5941, 23k PGP X 19 v8 SR A 18, JC R I i
FETN R, Ak B i R AT 2 A (RN R R
. HS-3 MRL W IRLE X, TR K465 541
YA IIAEFH, (EASIEEE X IR AL Ti A5 EARXTHE
o, E R P LA R A S e DX v T SR W I

% A NAFR 22343k DL J K465 B TR %



58 B

F #

% 45 %

800
—=—HS-3 AW
HS-2 AW
700 + —+—HS-1 AW
v HS-3 PWHT
~ < HS-2 PWHT
< 600 f . " HS-TPWHT
= « < ;<,,—/"w‘/{/,k\l>\ .5"’,‘:)4
= 500 f ¥
M “ 't'~‘r ) oy
= 400 Y
= v
300
200 ——
o 1 2 3 4 5 6 7 8
5RO R/mm
B 11 AEELESKERRMESZELBREES N
Fig. 11 Microhardness distribution of joints with different

welding wires in as-welded and post-weld heat
treatment state
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Table 4 Tensile properties of K465 alloy and K465 alloy

welded by HS-1 and HS-3 welding wires at
room temperature and 900 C
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Fig. 12 Tensile fracture morphology of K465 alloy weld-
ed by HS-2 welding wire. (a) macrostructure; (b)
microstructure
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Fig. 13 Tensile fracture morphology of K465 alloy weld-

ed by HS-1 and HS-3 welding wires at room

temperature. (a) macrostructure of HS-1 joint;

(b) microstructure of HS-1 joint; (c) macro-

structure of HS-3 joint; (d) microstructure of HS-

3 joint
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Fig. 14 Tensile fracture morphology of K465 alloy weld-
ed by HS-1 and HS-3 welding wires at 900 .
(a) macrostructure of joint with HS-1 welding
wire; (b) microstructure of joint with HS-1
welding wire; (¢) macrostructure of joint with
HS-3 welding wire; (d) microstructure of joint
with HS-3 welding wire
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Fig. 15 Transmission microstructures of tensile fracture
of joint with HS-3 welding wire. (a) room tem-
perature; (b) 900 C
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