#5135 % 10H#/2024 £ 5 B/HEE

DD 6 Bt 5 AL i T £ 8 DO R X AR 1Y
TE BBl 52

IEAL AR, HEE, FRE HE TR, 24N, AL 21K

=3
H

BT R A ARG i TREARTET PG, IR H 8B 2665205

SPGE Tl K2 Fr it s, BRSP4 710072;
PG Tl K R B R R N S A, BRPE PR 710072;
L BH A S LR R 2E ML TR 24 B, 107 LB 110136

FE W T DD6 B e i 5 RS S 7E AN 1] 2 3T 4 DX N BT 2% RO TR LR o Btk A A T S B0 YA L T 4
B, J2E T 75 S 2% i A0 05 8 QU T 2 ot 147 A 2 5 TR B B I R T D R R O . OB R T R EUR
JRE A B2 ARG 0 T 75 S AR 1) 45 il o e A8 CCETT) 5 20 1) S it S 1 A 2% iy 199 77 A 2 by AS ot S T A 9 3 2 B 2 L L
b3t 7 /N A B A 5 1) S R Y o BRI O BB AL 445 2R e T« IO T R A B AT LA AR e i B
JIE I A7 25 AR B A% B 1 K P A5 R 1 40 i B4 A8 S R P 2 BRI B e TR S T Dy L 6 A AR e R o Y 40 R

PEHIE S S

REE BAELRMERGE; A BREBE; BOLER

mESES TG4 XEARERS A

1 5 5

WO B B T B 2 D T s Y
M5 3R T e A i A B R AT S B A A5 R Y
WAME S, OF B P A AT SR T R 18
EA A S AR — R AL AT T
DD6 & 2 3 [H [ 3k i 5 — AR 5 50 R S
&, BTz T R S LR B B i e A
o SR, FEMRBE A IR L R IR L R T A 4 Y IR AR
ZEPETR B T S R R T I T 0 % I A TR
b 370 25 453 D X RS, 25453 0 Ik B 106 st gl a0 20 it
1652 R fhe , AN SRR o LAl 73 i, a3 o
AR EHT B T R I 38 R D E 1] RE [ vk 7 R
i@ 2 it g S L REAR T2 AE g R R . e Ah B
ARETIE TIG R BE T 2R G 5IRAE ML B
SR EORT AN A A o DRI BR R T8 B I TR e T i
i R B S Tl A e A A o L AR R R R
oK 19 3 3 B A8 B2 B R i B A O RO A R b
R 3% w3 E B SRR BT A 8 1t 9 R B
F1% 3 J3E ol 2 05 [ 3 5 T Sl bR B R ) A R B R
U I6 G A5 1R, BETAT N 32 40 B I R B A S AR AL TR
SRR 7 s, B R TR A E

DOI: 10.3788/CJL240571

AR R, B N Ah 2 2 B B8 A WO B R A
LUIF T — RGN 58 U T F A% AR, A ] 8 22
i T2 B AL 0 7 i AR RO T 2S8R
[F] 35 G JRL ) o) 4 L PN 2% SO B sE TR . g A iR A
BT Tt NS G Bl 6T gt AR e T AR K Ml B 5 T
TEBOE T 2428005 1 - Gaumann 28" i 46 3 1+ 38 56 1F
ST OGRS R CMSX-4 8 5 iR A 4 1Y ] fe
FFEEST T P R B R RN E [ R A T A SRS R
AR 1 2k B R (CET) B J 38 5 Vitek 2510/ 45 4 16 1
Yy o A BN 5 B 433k v BRI I AT T O A R R T
B HE Tt P A SR B S ) 245 L 3R B S oY
2% fn OB BG5S R BE BB BE | [ 3 BE A ¢ 5 Anderson
SEVOUUR FHBCE BRI S T O T A S BT CMSX-4
G A A=Y B S R, 45 3 /N B SO D) SR
TR 4 Al 2 T DL o 2% g 0 TR R [ B A AT R B A
Bl BB 8 78 AN [a] A2 K T 1) B B 3 IE AR JE B . FEAN TR 1
FEJEE B J 1 : Wang BB 7E Anderson 45 [ 3 fil
X E R DD6 B A AT T OIS B 4
Rk OB E R S A A (111 &b T A 5 AR B )
LR 112] k2205 1) e 5% 6075 2 5 46 L DD6 #5 3%
MRS A IR AT S B T — R R ZE[010] 07
] WE % 45° P ¥ [001 ] J7 [ e %% A [ f B 19 18 52 20

Wi HE . 2024-02-01; fEEHEHHER: 2024-03-13; RABH: 2024-04-02; MEEZHB: 2024-04-15
HEE£WB: ILEAAREIE4 (ZR2020ZDD04) . FH % A SRR # 3L 4 (U22A20189, 52005280)

BISEE . dr2019guopf@163.com

1002320-1


https://dx.doi.org/10.3788/CJL240571
mailto:E-mail:dr2019guopf@163.com
mailto:E-mail:dr2019guopf@163.com

£ 51% 5 10 H9/2024 £ 5 B/ E#:

G AW, IR ki VA AR AR T AT e e — ) R
FEAE B — iy X AR B 5 Guo %617 & 3 DD6 B i 5
WA A (011) - 1% 2% & i 410 1 0OR B b, O R 4%
i B 2% oy TE A f A TR B o A A Tt PN S O 8N T
You 2R R AR A R B 57 T Inconel 718 5 45 1
e AR AR A 55 e WY b Ui 2 23 02 A O L 30 A
i 7 R & A R  TR) B 2 AR HE A 0 09 T i ; Wang
S L WO M8 5 TE S S A IS T ST B
P A JE A A (] Al AT & B0 S NS O 3l Rl e AR A A
KT ) B A A e, O ELASE qf O e A B T 207,

AHMEFR H, BOCHE MAE B 5 412U 4 i B TR
WHLH AT 2R A REZHHRRET TESH
X 2% it 5 M XoF s it JEG 5 A0 S i I B R Ak DA
e 1) R B2 T A 1 2, N ATTAS A A 35 R B ) 5
— T IEAT TS . S5 A NATTRE 2% & A B ) A
5% K 22 45 e FE IR 1) A5 il O AR b R R R R
A A8 2 o B R AL ) BT DL B ) A 3 Ah
A% A TR AL 38 A 15 58 3% i A FRilE— 2 AT 1
5 7 2% A TE R Tt YOS RO B R T L . R B
PEFE DD6 2 AR B 0 R G SR R BRI A R il
11200 W 1 1500 W i % X) 35 JiC 2F 47 T 945, 48 7 J il
I B G Ah 7 b 000 LA % B 1) B 5 10 Kb 2% i 1) T
BCHL R, R O HE A8 S R B e RS A PR R RS
FERHFNH AR S HF .
2 MRS ik
2.1 RKIEH A

FE R A RE SR I = 5 AR S B B R R A A (i
5 :DD406) , Ry T IR E A SO L B DD6 &
SRR R e e )3 & Bl [ R o 1 2 115 A S RV e
AT 1R o A 1) ] ) R A L2 e AT L

cladding nozzle

&1

Laser remelting test. (a) Laser cladding equipment; (b) molten pool diagram; (¢) map of formed single-track
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Table 1 Nominal-chemical composition of DD6 nickel-based

single crystal superalloy

Element Mass fraction /%
Al 5.6
C 0.03
Cr 4.3
Hf 0.05
Co 9.0
W 8.0
Mo 2.0
Ta 7.5
Re 2.0
Nb 0.5
Ni Bal.
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Table 2 Laser remelting process parameters

Number Laser power /W Scanning speed /(mm-+s™')  Focusing spot diameter /mm Line energy density /(J-m™")
A 1200 3 4 4x10°
B 1500 3 4 5X10°
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Fig. 2 Microstructures of DD6 nickel-based single crystal superalloy. (a) Morphology of the substrate collected by optical microscopy;

(b) phase composition of dendritic collected by electron microscopy
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Fig. 3 Molten-pool morphology and microstructures of each crystal region at different laser powers. (a)-(d) 1200 W; (e)-(h) 1500 W
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Fig. 4 Dendrite morphology and elemental content measurement points in [010] crystal region after laser remelting. (a) 1200 W;
(b) 1500 W
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Table 3 Chemical composition of interdendritic region and dendritic stem at different laser powers

Mass fraction / %

Position
Ni \ C Ta Co Mo Cr Re Nb Al
Dendritic stem (A) 54.91 10.23 8.53 5.51 8.63 1.40 3.69 2.20 0.31 4.59
Interdendritic region (B) 54.56 7.48 9.22 8.59 7.28 1.72 3.42 1.11 0.88 5.73
Dendritic stem (C) 55.73 10.27 8.27 5.41 8.67 1.41 3.87 1.38 0.39 4.60
Interdendritic region (D) 55.31 6.38 8.94 8.93 7.02 1.75 3.18 1.07 1.38 6.03
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Fig. 5 EBSD of the sample after laser melting. (a) Orientation map with the laser power of 1200 W; (b) orientation map with the laser
power of 1500 W; (¢) {100} pole figure with the laser power of 1200 W; (d) {100} pole figure with the laser power of 1500 W
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fusion line; (¢) point-scan elemental analysis spectrum at point C

M 6(b) HmT LA 5], Y05 A 48 FE 1k — Ml £ 7
WAk Wy AE I, 1% X Bk 2 1 A A L 2% T TE e R
AH R A BT B o ] 6(b) w43 bR v T 32 48 AR AR 9 AR
K5 ) A RN 2% b B A K 7 1) B X EE AT AR B, K
Al M A A K 1) Sk R R L 38 B Ak R AR B AR K 1)
Sy 1) 22w 1) A AR . IR A, 2% A PR BEIR A AR K
] 5 9% 0 B 5 B A R T . ke U, AR e
WS A 5. M0 A LA e Sk Pt %07 B
St R B B, LI R B % T 1) 2 M R 1 T
FEARRE 7 T R AT TR E R E
], R 26 35 BT 0 A 0 AR B e 8
B 11 1 98 3 T T, M R A K s R A I E
TR & . &5 LTk RURE A9 A= K Bl — R ik T

I#5] Y0 5 31 A 1A Ak 1) 9 AR 0% By, S BUR AR I 1 T B
i AR 2B A T 1) A B 5 Dy — O TR 3 KT i
) 7™ I G > R O (] A TR RV 9 R o0 2k A, O L I
SR A B S A AT AR, S R AZ SR L T S
AL o LRy T R R AL R S T 42 IE
A, 35 SCRR [ 21 130 A9 SRRO9 £8 3 2 5w i A 4 10
ghEIR—,
3.3.2  MEALTRER

S St T 174 2% 2 el AR A e S R A AR 5 ] R
B o 7 R [ 3 R P, DA St JE 308 80 T, L FEE Ao R T
R AR, R 1 350 35 32 37 185 K (W) A, 30 88 6 B 199 7 1] OIS
B A LT I A A Ry TR A i & R R
AT T HHE Ty 1m0 T A b P B e A A R AR

1002320-6



£ 51% 5 10 H9/2024 £ 5 B/ EH:

BRI
Wdh. CAEZEIEX ST T RIE.
Hunt /42 7 — D TR 5 5 T 1 i AR IR 8 1)
S5l b A 8 I R BT R Y, Gaumann S5 76 B AL L B2
T MBEIERAY S 2B IERIR R AL s B Rk

| —dxN, 1
3n(1—¢) nt1
Al G IR B BE s R B F ML 5 o S 5 5 AN 6
£ 5 05 N g B PR R P ) S5 SO A A 85 o0 g 45 Bl i e
M PRR  n 5 f 4  RAE H D 5A  H B
Hunt 42 i« 40 5 25 5l 5Ok 09 B> B o KT
496 , WA S S 58 4 25 il AR 4 5 0 SR S5 Jal o (9 AR FR 23
o /NT 0.6620, WA 5 A AE R A5 4 3E i X
(1) AT RHOG TR e 19 & 4 B 8 21 ZURRAIE 32 21 352 B

Gn

3 , (1)

LAGBs (2°-15°)
HAGBs (>15°)

LAGBs (2°-15°)

HAGBs (>15°)
© 06
I
1
- |
O
£ 04t !
2 low-angld boundaries
g —
) 71.6%
& I high-angle boundaries
= I
g 02 | 28.4%
|
|
g i
0 10 20 30 40 50 60
Misorientation /(°)

I B B A N S s A 11 = S 7 )
U [ 3 E 25 0 LA, T B8R 32 B A 06 D0 8 0 1 R
TR /N I R R BRI [ 8 A LA (G/R)
K, A F T AR (292 H A B /N i) YA
B4 A e VA DX 3N A8 G, R A R A ) A5 Bl AR Y
W3Rl 25 18 A, DA ZE B T ARl R R FE O
J 1 B [ 3 R et JEC 3 1 L S B A K, B B T
AR A T i 2 T YA 5 1 A TR ] s b T0 50 44 F VL 32
JEE S TR /0N, Y A R RN [ B 1 L A B =z AR T
T 6 b, T35 B8 5 7 A 4 i
3.3.3  H e ILA

B 7(a) 8 T 1200 W 306 545 X Y fb A 7 1E
B, R E R (HAGBs) 4L 4 2R, /N 1 b 3
(LAGBs) &g (04 R /n . 7EiX L, HAGBs & XA

@ o4

> 03Fh
2 I

=1

3] s

% low-angle boundaries

& 02 54% ) .
2 | high-angle boundaries
k. i vane

g 46%

e
—

Misorientation /(°)

I7 R K A EBSD £ 2R o (a) 1200 WO DI T B9 5 A1 5 (b) 1500 WO DT 9 S M1 5 (e) 1200 W OB DR F
B S S0 535 (d) 1500 WIBOG B 2R 19 & 5 AR 43 A1
Fig. 7 EBSD results of molten pool after remelting. (a) Grain boundary angle with the laser power of 1200 W; (b) grain boundary angle

with the laser power of 1500 W; (¢) misorientation angle distribution with the laser power of 1200 W; (d) misorientation angle
distribution with the laser power of 1500 W
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Abstract

Objective Nickel-based single-crystal superalloys are widely used in the manufacture of single-crystal turbine blades in the
combustion chambers of aircraft engines owing to their excellent high-temperature mechanical properties. However, these
components often suffer from severe damage, such as edge erosion, cracking, and pitting, owing to the harsh operating conditions,
including high temperatures and pressures, requiring repairs to extend their service life. Laser additive manufacturing technology has
garnered significant attention for repairing nickel-based single-crystal superalloys owing to its unique advantages, including
controllable heat input, the ability to fabricate complex structures, and reparability. However, the appearance of grain defects during
the repair process may lead to serious failure phenomena, such as crack propagation and component fracture, during component
operation, thereby posing potential risks to the safety and reliability of aircraft engines. Therefore, this study selected a DD6 second-
generation nickel-based single-crystal superalloy as the substrate material and used lasers with powers of 1200 and 1500 W to re-melt
the substrate, revealing the mechanisms of stray grain formation at the fusion line, top of the molten pool, and at the intersection of
the dendrites, thereby providing a theoretical basis and technical support for the laser additive repair of nickel-based single-crystal
superalloys.

Methods This study employed a DD6 nickel-based single-crystal high-temperature alloy prepared via directional solidification as an
experimental substrate material. Subsequently, a laser cladding additive manufacturing device equipped with a 2 kW German Rofin
fiber-coupled semiconductor laser was utilized. The process parameters included laser powers of 1200 and 1500 W, a scanning rate of
3 mm/s, and a spot diameter of 4 mm for the single-track remelting experiments on the substrate (001) crystal surface. To prevent
sample oxidation during remelting, argon gas was used as a protective gas at a flow rate of 10 I./min. The dendritic morphologies of
the substrate and remelted region were observed using an OLYMPUS DSX510 optical microscope. Simultaneously, scanning
electron microscopy and X-ray energy-dispersive spectroscopy were employed for detailed analysis of the molten pool morphology and
elemental distribution. Electron backscatter diffraction (EBSD) analysis was performed to further investigate the crystallographic
properties of the specimens. The sample tilt angle was set to 70, with a scan step size of 3 pm, using nickel as the calibration phase.

HKL Channel 5 post-processing software was employed for texture and orientation deviation analysis of the samples.

Results and Discussions The results show that, after laser remelting, the molten pool could be divided into four regions ([001],
[100], [010], and [010]) based on the growth direction of the grains (Fig. 3), and the primary dendrite spacing increased with
increasing laser power. From the crystallographic texture characteristics of the molten pool (Fig. 5), it is evident that carbides mainly
occurred at the fusion line, top of the molten pool, and intersection of the turning dendrites. Carbides at the fusion line occurred owing
to the local collapse of the rough growth interface, causing a deviation in the crystal growth direction. This also increased the diffusion
rate of the solute atoms and enhanced the degree of undercooling at the solidification interface, providing heterogeneous nucleation
sites for grain nucleation, thereby inducing carbide formation. The carbides at the top of the molten pool were caused by the columnar-
to-equiaxed transition, where the numerical simulation showed that the temperature gradient gradually decreased and the solidification
rate increased from the bottom to the top of the molten pool (Fig. 11), promoting the columnar-to-equiaxed transition. Carbides at the
intersection of turning dendrites occur because of collisions resulting from the lower temperature gradient at this location compared
with adjacent areas and changes in the direction of the temperature gradient. The thermal stress numerical simulation results (Fig. 12)
indicate that a low laser power input effectively increases the temperature gradient and reduces the residual stress level, which is

beneficial for inhibiting carbide formation in single-crystal repairs.

Conclusions This article utilized two distinct laser powers, 1200 and 1500 W, to conduct single-track laser remelting on DD6
nickel-based single-crystal superalloys, in conjunction with numerical simulations, to investigate the mechanisms behind stray grain
formation in various regions within the molten pool. The principal findings are as follows:

1) Stray grains predominantly emerged in three areas: the fusion line of the molten pool, top of the molten pool, and convergence
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point of diverging dendrites.

2) At a laser power of 1500 W, there was an increased quantity and larger size of the stray grains. No stray grains were observed
at the smooth interface of the fusion line, whereas carbides formed at rough interfaces could lead to the collapse of the solid-liquid
interface, causing a deviation in the dendritic growth direction and inducing stray grain formation.

3) The development of stray grains at the apex of the molten pool was closely related to the temperature gradient of the molten
pool and movement rate of the solid-liquid solidification interface. The minimal temperature gradient at the summit of the molten pool
enhanced the likelihood of a columnar-to-equiaxed transition, fostering the generation of stray grains. Furthermore, it was discovered
that a reduced laser power could increase the temperature gradient and suppress the formation of stray grains.

4) The genesis of stray grains at the confluence of diverging dendrites was attributed to collisions caused by the temperature
gradient at the dendrite junction, which was lower than that in the surrounding areas, coupled with a shift in the direction of the

temperature gradient.

Key words nickel-based single-crystal superalloy; stray grains; single-crystal repair; laser remelting
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