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Table 1 Measured compositions of GH4169 alloy powders under different recycling times (mass fraction, %)

0

Recycling time Ni Cr Mo Al Ti Nb C O N Fe
0 51.55 18.30 3.21 0.60 0.91 5.42 0.04 0.020 0.0089 Bal.
6 51.54 18.33 3.24 0.60 0.92 5.42 0.04 0.022 0.0090 Bal.
10 51.56 18.30 3.26 0.63 0.91 5.41 0.04 0.023 0.0095 Bal.
13 51.54 18.35 3.25 0.65 0.89 5.43 0.04 0.026 0.0095 Bal.

F2 il GHA169 K fh iy # b 21 i) i
Table 2 Heat treatment regimes for fabricating GH4169 samples

Heat treatment regime Vacuum homogenization

Vacuum solution Vacuum aging

1080 °C, 1.5 h/Ar cooling,

Content heating rate of 10 “C/ min

720 °C, 8 h/Ar cooling,

980 °C, 1 h/Ar cooling 620 °C, 8 h/Ar cooling
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Fig. 1 Schematic of experimental procedure
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Fig. 3 Longitudinal section microstructures of powder under different recycling times. (a)(b)(c) 0; (d)(e)(f) 6; (g)(h)(i) 10; () (k)(1) 13
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Table 3 Particle size distributions of powder under different recycling times

Recycling time D10 /pm D50 /pm D90 /um  Peak particle size /um  Extreme particle size /pm  Average particle size /pm
0 11.00 28.62 52.64 37.77 75.00 30.45
6 14.14 32.60 55.43 39.22 77.00 33.84
10 16.40 35.64 57.39 41.80 81.00 41.80
13 15.72 38.09 61.59 47.21 85.00 38.45
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Fig. 4 Particle size distribution and distribution state of powder under different recycling times. (a) Particle size distribution of powder;

(b) distribution state of powder
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Fig. 5 Microstructures of samples prepared under different powder recycling times after heat treatment. (a)(h)(c) Oth sample;
(d)(e)(f) 6th sample; (g)(h)(i) 10th sample; (j)(k)(1) 13th sample

PR LT RAFRAE , B URIESE TR R M I 45 a4 .
fil RL RUST GETH 45 L W, DU FRE i 9 SF- 347 ok RS 22
AR /N, 23 % R 30.3.31.5,32.3.35.3 pm, I K 2 | #
KEZ WG B2, deak, $ A 35 &k R K
SR /NG 3 B AR < A i S Ak /0N S B (AR AT S Y
G0 oK RUSH B Btk wik Ak 4 A0 B R o A BT LA RCET FL A
St BRI AT B SR ] SRR R R . [A ) 7R
o A ORI R T Ry Ry AR AR B
T — 2R B R HIEH o 28 LR B R A 20 i Ik
B P BRSO A AL 21 AT R B SR SRR A ) A G
PERL S5, 055 B BA Y O i VDA G, 3K SRR R 2 B R
i G 4 (R PP M BE

33 R RBEAXSHT
3.3.1 FHAV4T A

P 7 Sy DU o R Ak B S AE 2 R 650 “CTR R
Tl 8, T LUA BAS [R] U RE 19 R0 4 B8 HL B 40T, (H Bl
M AR R OB BE N, A 4 o BE RN IR 2 R B R
BT B R B, ok ARG PRl R B 13 B 358 31 R A%
(% 4), X EZAHE T A 4 b FLIR S a5 i 38 .
BUAI B3 A A I B 4 Pk B O AN 2 B A, T 2 B K
6 Rl R B0R 6 I 4 4 Pk BE Ok 3 T A0, = IR T b
PR (UTS) K 1430.00 MPa, J& IR 58 BF (YS) H
1318.70 MPa, %Efifi % & 22.00% , 650 ‘CF B i $ir 5 J&F
(UTS)H 1205.00 MPa, Ji# IR 58 B (YS) 4 1130.00 MPa,
A R Ry 24.00% 03X 50k K RS 43 A % YD AE OG o

1002310-6



HETE %L 514 % 10 #1/2024 &£ 5 A /R EHE

L6 S TRDRY A A PR OB 4 9 B i 7E UG 21 19 EBSD 23 B 45 5L o () OthislE ; (b) 6thislAE s (¢) 10th K 5 (d) 13th iUk
Fig. 6 EBSD analysis results of samples prepared under different powder recycling times after heat treatment. (a) Oth sample; (b) 6th
sample; (c) 10th sample; (d) 13th sample
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Fig. 7 Tensile curves of samples prepared under different powder recycling times after heat treatment. (a) Room temperature;(h) 650 “C
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Table 4 Tensile properties of samples prepared under different powder recycling times after heat treatment

Alloy UTS /MPa (room YS/MPa (room Strain /% (room UTs /1\/IPa YS /l\fIPa Straino/%
temperature ) temperature ) temperature ) (650 C) (650 C) (650 °C)
0th 1418.00 1332.70 20.50 1185.00 1103.00 22.50
6th 1430.00 1318.70 22.00 1205.00 1130.00 24.00
10th 1410.00 1298.50 23.10 1180.00 1098.00 22.00
13th 1395.00 1293.00 19.50 1165.00 1078.00 20.90
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Fig. 8 RT tensile fracture morphologies of samples prepared under different powder recycling times after heat treatment. (a)(b)(c) Oth
sample; (d)(e)(f) 6th sample; (g)(h)(i) 10th sample; (j)(k)(1) 13th sample
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Fig. 9 Longitudinal section microstructures of RT tensile fracture morphologies of samples prepared under different powder recycling
times after heat treatment. (a)(b)(c)(d) Oth sample; (e)(1)(g)(h) 6th sample; (1)(j)(k)(1) 10th sample; (m)(n)(o)(p) 13th sample
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Fig. 10 650 °C tensile fracture morphologies of samples prepared under different powder recycling times after heat treatment.
(a)(b)(c) Oth sample; (d)(e)(f) 6th sample; (g)(h)(i) 10th sample; (j)(k)(1) 13th sample

Pl 11 Ay D4 st B #E 650 “CTF i A W7 24 )5 (¥ B 1
D 2L, n] LU B Aar LR A R R ) B 7E
AWM LE 11(a) ((e) (1) (m) ], I H 5= iR AH L
RO BG83 40 X 3 m LA
B R B A TR, RS A TR Y R Sk R
H ok F T AL AR IS B U KRST LR (K EE Ry 5~
10 pm, 58 B N 3~5 pm) , JF H R & L R £ IE 8y
i R AL IR E 28 T AR g LA, T E IR SR S R
P BLAh, AT AT R O A R B £k B % B AL A 3 K
ZLE0Y e (0 BEL 6% A T T /D | e AT R A AR B T
LR L A 11 (h) (D) () () s o MR 5 4

BA—E A CEF RSP =R T 40 pm KR &2
50 pm, FE T F 650 ‘CHEUT T — G RCIR Mk
iM% 1 Laves AHAE B &80 F2 i KK s 11(d) |
(h) (1) ((p) 7R o &5 LTIk, 650 “CHi fif iy 24 Sy 2 —
14 B FL IR B AR T 24 T B I L 2R T 1l 14 K LT S
ZEGCH R R B Sk L 58 R A B B )
X
3.3.4  FAP RN ALAUR] 69 5 AT

XiF E S W 11 5 mm B3 Y 4 4 AT O S AR A
BB A G B8 FH vk B0 23R R 650 °CTF A hr il A8 T2 #1L
il B B2 P 12 A DO R R R AR IR T R T 2

1002310-10



HENE-HFBIEX

£ 51% 5 10 H9/2024 £ 5 B/ EH:

BT A TRDRY ARG P04 U BT 48 AR A8 A BRS 19 650 “CHE AR B 1109 205 i 2 21 2. (a) (b) (¢) (d) Othik
(e) (D) (g)(h) 6thikFe; (1) (j) (k) (1) 10thik# ; (m)(n) (o) (p) 13thikH
Fig. 11 Longitudinal section microstructures of 650 °C tensile fracture morphologies of samples prepared under different
powder recycling times after heat treatment. (a)(b)(c)(d) Oth sample; (e)()(g)(h) 6th sample; ()(j)(k)(1) 10th sample;
(m)(n)(o)p) 13th sample
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Fig. 12 TEM images near RT tensile fracture of samples prepared under different powder recycling times after heat treatment.
(a)(b) Oth sample; (c)(d) 6th sample; (e)(f) 10th sample; (g)(h) 13th sample
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Fig. 13 TEM images near 650 “C tensile fracture of samples prepared under different powder recycling times after heat treatment.
(a)(b) Oth sample; (c)(d) 6th sample; (e)(f) 10th sample; (g)(h) 13th sample
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Table 5 Performance comparison of GH4169 alloys with different states after heat treatment
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Abstract

Objective GH4169 superalloys are widely used in aerospace engines and other high-temperature components. Powder recycling of
the GH4169 alloy during selective laser melting (SL.LM) can significantly reduce the preparation cost and shorten production cycles.
However, the components formed by the SLM using recycled alloy powders exhibit differences in microstructural defects and
performance behavior because of changes in the size distribution, shape, uniformity, and composition of the powders. This study
investigates the effects of the microstructure, defects, and particle size distribution of GH4169 alloy powders after different recycling
times on the microstructure, phase distribution, tensile behavior, and deformation mechanism of formed parts in a heat-treated state.

Methods The GH4169 alloy powder prepared via argon atomization is used in the SLM forming process. The powder is printed
and reused for 0-13 times without adding the newly prepared powder. The large-sized inclusions and support residues are removed by
using a 100 pm powder sieve. The specimens are defined as Oth, 6th, 10th, and 13th specimens, according to the number of times
the powder 1s recycled, as shown in Table 1. The Oth, 6th, 10th, and 13th specimens are heat-treated after SLM formation, using
the heat-treatment schedule shown in Table 2. Finally, after sample preparation and polishing, scanning electron microscope (SEM)

and transmission electron microscope (TEM) photographic analyses are performed.

Results and Discussions After multiple powder recyclings, the powder still exhibits good overall degree of sphericity, but the
powder morphology changes with an increase in the usage time. The number of defective powders, such as satellite powder and
irregular particles, is relatively small among powders with fewer recycling times (0 and 6), as indicated by the powder particles
marked by the dashed circle in Fig. 1. However, as the recycling time gradually increases, the number of satellite balls in the powder
significantly increases in the 10th and 13th samples. Some particles even have 2 or 3 layers of irregular powder coated on their
surfaces, which results in an increase in the powder surface roughness and a decrease in flowability, thereby leading to the formation
of unmelted pores and micropores in the heat-treated samples (Fig. 4). After treatment, the nanosized y” and y' strengthening phases
as well as residual Laves phases exist in the matrix. Moreover, nanosized d phases and carbides exist at the grain boundaries. As the
powder recycling time increases, there is a slight decrease in both the strength and plasticity of the alloy. Each reaches its lowest value
in the 13th sample (Table 4) at room temperature (RT) and 650 °C, which is mainly attributable to the increase in the content of pore
defects in the alloy. However, in the 6th sample, the performance reaches its peak, with an ultimate tensile strength (UTS) of
1430.00 MPa, yield strength (YS) of 1318.70 MPa, and elongation of 22.00% at RT. At 650 °C, the performance has a UTS of
1205.00 MPa, YS of 1130.00 MPa, and elongation of 24.00%. The tensile fracture mode of all specimens at RT is a mixture of
cleavage fracture and microporous aggregation fracture, and microporous aggregation fracture is observed at 650 ‘C. After powder
recycling, the content of porosity and crack defects significantly increases, especially at 650 “C, where micropores can directly merge
to form cracks and thereby damage the properties of the alloy.

Conclusions In this study, the average particle size of the powder increases, the surface roughness increases, and the fluidity
decreases after powder recycling, resulting in pore defects in the heat-treated specimens and leading to the impairment of mechanical
properties of the alloys. However, the fracture mode and deformation mechanism are unaffected. The tensile deformation
mechanisms of the alloy at the two selected temperatures are the nanoscale § phase, carbides, Laves phase, and y”/y’ hinder
dislocation movement. At 650 °C, micro-twinning appears, synergistically strengthening the strength and plasticity. The main

sources of strengthening and toughening are the precipitation strengthening, dislocation strengthening, and fine grain strengthening.

Key words additive manufacturing; selective laser melting; GH4169 alloy; powder characteristics; microstructural evolution; tensile

behavior
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