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Fig.1 Microstructure of base material (K4169 alloy in cast state) and micro-morphology of powder. (a) Microstructure of K4169 alloy

in cast state; (b) micro-morphology of GH4169 spherical powder
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Table 1 Heat treatment of K4169 alloy

No. Heat treatment

Detail process

1 Homogenization+solution+ aging

2 Homogenization—+hot isotropic pressing + solution+aging

1065 °C/1.5h, AC+980°C/1h, AC+720 °C/8 h(50 ‘C/h,FC)to

620°C/8 h, AC

1065 “C/1.5h, AC+1260 °C/140 MPa/4 h, AC+980°C/ 1h,

AC~+720°C/8 h(50 ‘C/h,FC)to 620 °C/8 h, AC

Notes: AC denotes air cooling and FC denotes furnace cooling.

2 K41694 45 GH4A169 BRIY by A 1 1k 24 mli oy
Table 2 Chemical composition of K4169 alloy and GH4169 spherical powder

Mass fraction /%

Material

Cr Ni Mo Al Ti Nb C
K4169 19.2 494 3.3 0.5 0.84 4.4 <0.1
GH4169 17-21 50-55 2.8-3.3 0.2-0.6 0.65-1.15 4.4-54 0.063
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Table 3 Laser deposition repair (LDR) parameters d2-phaser X 525 F 5 % (XRD) it 45 41 41 4 97 5 5%
Parameter Value HVS-10007 4k FS 8 5 1176 1.96 N #2700 F 43 510 4 1
Power /W 1600 SRR IS 1K S X R B X 199 G RO B
Scanning speed /(mm/s) § SR 15 s. 0P RE 9 ORE (o B K R~ 2 4
Feeding rate /(rad/min) ! S0 21 3 9 7%, 3 0 T 0 64T BB R L 9 2
Laverhickness fmm . it 2 J5 R JT) INSTRONS982 i, T 77 B 1480 9L 7
Overlap rate /76 0 R g 75 24 0.5 mm/min.
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Fig. 2 Schematics of laser deposition repair experiment. (a) Schematic of laser deposition repair; (b) schematic of laser deposition
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Fig. 3 Schematic of tensile specimens
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Fig.4 OM images of K4169 alloy base material in different heat treatment states. (a) Homogenization+solution+aging treated base

material; (b) homogenization—+hot isostatic pressing+ solution-aging treated base material
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Fig.5 SEM images of K4169 alloy base material in different heat treatment states. (a) Homogenization—+solution+aging treated base

material; (b) homogenization—+hot isostatic pressing+ solution+aging treated base material
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Table 4 EDS results of precipitates in K4169 alloy in different heat treatment states

Regions in

Atomic fraction /%

Fig. 5 C Al Si Ti Cr Fe Ni Nb Mo Phase
A 34.87 0.26 0.03 1.79 3.78 3.84 43.74 10.88 0.81 Laves
B 22.93 0.98 0.14 1.12 16.29 13.97 40.27 2.72 1.58 0
C 59.61 0.03 0.03 6.07 0.40 0.32 1.10 32.19 0.24 (Nb, Ti)C
D 61.09 0.04 0.01 4.69 0.71 0.59 1.52 31.34 0 (Nb, Ti)C
E 18.82 1.00 0.12 0.94 17.61 15.10 42.47 2.42 1.52 0
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SR & R A A BRIk & G PR A A BT L B 7 i T o
1950 b 406 0 I I AR R I UL 5 0 G 2, $ %0
RIS 11 3 3 X 6 36 A — 30, ROt 7 Ak A7 A 43 A R
957 H R 46 5 980K 048 5
el 6 % 7R 7] 44 4b FIUIR A5 KA169 4 4 # BA A9 XRD 2
B TR S R A KAL69 & 4 B b
Airh FEEAEAE vy AR M (Fe, Ni) .y’ 58 1k A1 Ni, (AL,
Ti) . y"5% £ #H Ni;Nb . 8 # Ni,Nb ., Laves ti (Fe,Nb #l el &
Fe, Ti) A6 (Nb, Ti) C, T ¥4 A 4425 6 I [ 325 it solution+aging 4 ‘k¥ Ai
B KAL69 4 4 BF bE b o A X 7 14 37 56 066 388 B A5 T % . . : . . -
I JF FLYAT %90 Laves Bl 35— WU5E45 5 5 41 5 B .

) SEM H—F.
3.2 R

Pl 7 4 R [ A 25 1 X RE A 0 X 1) 4 4 401
GUIR F 0345 e 45 5000 R o o WL e A
UG T 7 1450 Ak 26 0 T [ 1 A K O A
M DX H U8 28 3]V AR S S0 BE (AL 7 (b) TR ) | 3 4
BULH T KA169 BB — ), B 2 0 T 2
K A% 0.68 mm, it K ALK IEKE T 0.72 mm. f
LT 2 5 ) i S A TR 1 R [ 8 R S ROR

) 7

6 ATl F AL A K4169 45 4 BE b1 9 XRD [ 3%
Fig. 6 XRD patterns of K4169 alloy base material in different

heat treatment states
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Fig.7 Liquefaction cracks in the heat-affected zone of repaired specimens of K4169 alloy in different heat treatment states.

(a) Homogenization—+ solution—+aging treated alloy; (b) homogenization+ hot isostatic pressing—+ solution+aging treated alloy
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Fig. 8 Microstructures of heat-affected zone of repaired specimen of homogenization—+solution+aging treated K4169 alloy
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Fig.9 Liquation cracks in heat-affected zone of repaired specimen of homogenization+hot isostatic pressing+solution-+aging treated

K4169 alloy. (a) Overall crack morphology; (b)(c)(d) magnified view of cracks in different zones
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Fig. 10 Distribution of elements near liquation cracks in repaired specimen of homogenization+hot isostatic pressing+solution+aging
treated K4169 alloy
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Fig. 11 Liquation crack generation mechanism for repaired specimen of homogenization+hot isostatic pressing—solution+ aging

treated K4169 alloy, where image [ shows phase dissolution stage, image [[ shows eutectic liquefaction stage, and image [l

shows eutectic solidification stage
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Fig. 12 Liquid film generation mechanism for repaired specimen of homogenization+solution+aging treated K4169 alloy, where
image | shows phase dissolution stage, image Il shows eutectic liquefaction stage, and image [l shows eutectic solidification

stage
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Abstract

Objective K4169 high-temperature alloys exhibit high strength, plasticity, and heat-corrosion resistance in the middle and low-
temperature ranges and are particularly suitable for manufacturing aircraft engines. The as-cast state of the K4169 alloy is prone to
severe elemental segregation, resulting in deteriorated welding performance. The presence of liquation cracks in the heat-affected
zone significantly reduces the safety and operational reliability of the product. To enhance the quality of repairs, laser pretreatment is
employed to adjust the composition, structure, and phase distribution of the base material while reducing its strength and hardness to
improve the liquation crack sensitivity of the matrix material. However, a systematic study of the pre-laser treatment process for
K4169 nickel-based high-temperature alloys has not been carried out. In particular, the influence of the base material’s structure on
crack initiation mechanisms is not well understood. Therefore, this study emphasizes the necessity of employing pretreatment
processes to regulate the K4169 alloy base material before repair, and conducts in-depth research on the sensitivity and mechanisms of
liquation cracks in the repaired specimen’s heat-affected zone. The results of this study have significant implications for the high-

quality repair of nickel-based high-temperature-alloy components in aerospace.

Methods This study employed a homogenization+solution+-aging treatment and homogenization+hot isostatic pressing—+
solution—+aging treatment on a K4169 alloy substrate prior to repair, followed by repair experiments using the laser deposition process
with synchronized powder feeding for different substrate microstructures. The repaired specimens subjected to the homogenization+
solution+aging treatment were denoted LDR, whereas those subjected to the homogenization+hot isostatic pressing—+solution+
aging treatment were denoted LDR-K9. The process parameters included a laser power of 1600 W, scanning speed of 8 mm/s,
scanning speed of 1 rad/min, overlap rate of 40% , and laser diameter of 3 mm. Subsequently, the cross-sections of the heat-treated
substrate and repaired specimens were ground and polished, followed by corrosion using a solution of hydrochloric acid, nitric acid,
and hydrofluoric acid (80 mLL HCI+7 mL HNO,+ 13 mL HF). The microstructures of the substrate specimen cross-sections and the
distribution and characteristics of cracks in the repaired specimens were observed using an OLYMPUS GX51 optical microscope
(OM) and a ZEISS Sigma300 scanning electron microscope (SEM). Energy-dispersive spectroscopy (EDS) was employed to
characterize the distribution of elements in the substrate region. Phase analysis was performed using a Bruker d2-phaser X-ray
diffractometer (XRD). Microhardness measurements of the repair, heat-affected, and substrate zones were conducted using an HVS-
1000Z Vickers hardness tester under a 1.96 N load for 15 s. Tensile tests were performed using an INSTRONS982 universal testing
machine at a strain rate of 0. 5 mm/min.

Results and Discussions The average width of the columnar dendrites in the homogenization+ solution+aging treated substrate
is 123.6 pm. Under the conditions of the homogenization—+hot isostatic pressing+solution+aging treatment, the as-cast columnar
dendrites dissolve and transform into large equiaxed grains (Fig. 4). The homogenization+ solution+aging treated substrate is mainly
composed of Laves phase, d phase, and carbides, while the homogenization+hot isostatic pressing+solution+aging treated
substrate is primarily composed of & phase and carbides (Figs. 5 and 6). LDR-K9 exhibits cracks distributed on one side of the
substrate with an average crack length of 0.68 mm and a maximum crack length of 0.72 mm (Fig. 7). In the heat-affected zone of
LLDR, a liquation film with a small thickness and no cracks is formed by the liquefaction of the Laves phase components (Fig. 8). In
the heat-affected zone of LDR-K9, the liquation film forms by the liquefaction of & phase and a small amount of ¥’ phase components,
with a greater thickness, and cracks present (Fig. 9). Simultaneously with the liquation of phase components, the segregation of S,
P, and B towards the grain boundaries lowers the solidus line, accelerating the segregation liquation and crack formation in the heat-
affected zone (Fig. 10). The average hardness values of the substrate and heat-affected zone in LDR are 220 HV and 210 HV,
respectively, which are higher than those of LDR-K9. The content of Laves and 8 phases influences the microhardness of the
substrate and heat-affected zone (Fig. 12). The tensile strength, yield strength, and elongation of LDR are 870.7 MPa, 618.9 MPa,
and 7.7% , respectively. In contrast, the tensile and yield strengths of LDR-K9 decrease by 20.3% and 38.4%, respectively,
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whereas its elongation increases (Fig. 14).

Conclusions Cracks are present in LDR-K9, distributed on one side of the substrate, with an average crack length across the cross-
section of 0.68 mm and a maximum crack length of 0.72 mm. The occurrence of liquation cracking in the heat-affected zone is
closely related to the composition and grain size of the substrate. The average hardness values of the substrate and heat-affected
zone in the LDR are 220 HV and 210 HV, respectively, with tensile strength, yield strength, and elongation values of 870.7 MPa,
618.9 MPa, and 7.7% , respectively. In comparison, both the substrate and the heat-affected zones in LDR-K9 exhibit lower average
hardness values (210 HV and 200 HV, respectively). The content of the Laves and & phases affects the microhardness of both the
substrate and heat-affected zone. The tensile and yield strengths decrease by 20.3% and 38.4% , respectively, whereas elongation

increases.

Key words laser technique; laser deposition repair; K4169 alloy; heat treatment before repair; cracking mechanism; mechanical

properties
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