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Fig.1 SEM image (a) and particle size distribution (b) of the
GH4099 powder
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Table 1 Characteristics of the GH4099 powder

Hall flow rate/ Apparent packing  Tap density/  True density/
s(50g)" factor/g-cm g-em’ gcm’
11.8 4.88 5.15 8.70

2 GH4099 MR ER
Table 2 Chemical composition of the GH4099 powder (wt%)

Cr Co w Mo Al Ti Ni
18.37 6.55 5.96 4.03 2.10 1.21 Bal.
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Table 3 Parameters used in the binder jetting 3D printing
process of GH4099 powder

Printing parameter Range Levell Level2 Level3
Layer thickness/pum 50-100 50 75 100
Binder saturation/% 30-70 30 50 70

Roller traverse speed/mm-s™  2.5-10 2.5 5 10
Drying time/s 2.5-10 5 10 20
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Fig.2 Sintering procedure for green samples
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Fig.3 Macro-images of GH4099 green samples
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Table 4 L9(3*) orthogonal array table of the GH4099 powder

Experiment Layer Bin(.ier Roller travers_le D'rying
thickness/um saturation/%  speed/mm-s time/s
1 50 30 2.5 5
2 50 50 5 10
3 50 70 10 20
4 75 30 5 20
5 75 50 10 5
6 75 70 2.5 10
7 100 30 10 10
8 100 50 2.5 20
9 100 70 5 5
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Fig.4 3D surface morphologies of green samples

5 GH4099 EIFHIREAAKEE kAR E
Table 5 Surface roughness, k; and R values for the GH4099 green samples

Experiment Layer thickness/pm Binder saturation/% Roller traverse speed/mm-s ' Drying time/s  Surface roughness/pum
1 50 30 2.5 5 28.9
2 50 50 5 10 23.8
3 50 70 10 20 24.7
4 75 30 5 20 352
5 75 50 10 5 23.5
6 75 70 2.5 10 234
7 100 30 10 10 30.2
8 100 50 2.5 20 25.0
9 100 70 5 5 23.6
k, 25.800 31.433 25.767 25.333
k, 27.367 24.100 27.533 25.800
k, 26.267 23.900 26.133 28.300
R 1.567 7.533 1.766 2.967
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Fig.5 Influence of different factors on the surface roughness of samples: (a) layer thickness, (b) binder saturation, (c) roller traverse speed,

(d) drying time
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Table 6 ANOVA of printing parameters for the GH4099 green samples

Source of variance Sum of squares of deviations Degree of freedom Equal square F value P value

Layer thickness 11.5117 2 5.7558 0.3339 0.7204

Binder saturation 331.34 2 165.67 9.6098 0.0014

Roller traverse speed 14.6850 2 7.3425 0.4259 0.6595

Drying time 45.2522 2 22.6263 1.3124 0.2937
Error 310.3145 18 17.2397
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Fig.7 Macroscopic morphology of large green parts (a) and 3D

surface morphologies of green samples (b)

3.2 fMLALR
SNER TR G5 IR FE 5T GH4099 A= R AL 435 A AT A I
SN, R HY 13351340 F11 1345 °C 34N S 7038 B [X ], 76 &
A R XA L2 FT B AT AR AR SRR A AT SR (4 D
FE 4 Jh 3, 0 B T FE K R I RE T R XS 4R AT
(XRD) 7341, i P 8 iz« R BB A A i 1) XRD &332
S T 0 27 (fee) 45 74 1 32 AT O e, B4 (111)
(200)~(220)~ (311) F1(222) s THT » H oA & B WA S (1) 3 AR AT
SPGB, Ul B TE AT oe 45 1) B2 T, GH4099 & 43 I B 1k
FHARE , AR KA B L 25 A A
e gt 5 FE b RO ZH 2O SR 9 Fos .t 9a B
N5 1335 “C 2540 T R 45 B i P9 S0k BE O & A FU LI

<«(111)

——e<(200)

v fec
eLl,
. § =8
=S v .
=2 M ¢ 3
2 | Powder )
g ]
S | 134s°cian [
=
= | a0ocian | 4 A A
1335°C/4 h l . . A
20 40 60 80 100
20(°)

8 By AR S e 2R il (9 XRD &1 1
Fig.8 XRD patterns of the powder and sintered samples
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Fig.9 BSE images of the samples sintered at different temperatures: (a, b) 1335 °C, (c, d) 1340 °C, and (e, f) 1345 °C
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Fig.10 TEM images of the sample sintered at 1345 °C for 4 h: (a) dark field TEM image and SAED pattern, (b) HR-TEM image and the

corresponding FFT patterns
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Fig.11 HAADF-STEM image and EDS element mapping of the sample sintered at 1345 °C for 4 h
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Fig.12 HAADF-STEM image and EDS element mapping of second phase of the sample sintered at 1345 °C for 4 h
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Fig.13 Engineering stress-engineering strain curves of the BJ3DP

samples sintered at different temperatures for 4 h
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Table 7 Mechanical properties of GH4099 samples sintered at

different temperatures
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Fig.14 Tensile fracture morphologies of the sample sintered at
1345 °C for 4 h
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Process Optimization, Microstructure and Properties of the GH4099 Fabricated by
Binder Jetting 3D Printing

Cheng Taoqian', Chen Ling®, Su Zhaojiang', Li Baoyong’, Chen Weiping', Fu Zhigiang'
(1. Guangdong Key Laboratory for Advanced Metallic Materials Processing, South China University of Technology,
Guangzhou 510641, China)
(2. China Rare Earth Group Research Institute, Shenzhen 518000, China)
(3. Beijing Hangxing Machinery Manufacturing Co., Ltd, Beijing 100013, China)

Abstract: This work investigated the forming process optimization, microstructure and properties of the GH4099 alloy fabricated by binder
jetting 3D printing (BJ3DP) to meet the needs of forming accuracy and service performance of complex components. The effects of layer
thickness, binder saturation, roller traverse speed and drying time on the surface quality of green samples were analyzed through orthogonal
experiments. The results reveal that binder saturation is the main control factor. The optimized parameters significantly improve the forming
uniformity and dimensional stability. In addition, the influence of sintering temperature on microstructure and properties was also investigated. It
is found that when the sintering temperature is 1345 °C, the relative density of the sample reaches 98.4%, and a large amount of coherent
L1,-Ni,(ALTi) phase are precipitated in this sample. Under this condition, the optimum mechanical properties are obtained, i. e., tensile strength of
669 MPa and yield strength of 590 MPa. The work establishes the mechanism of the synergistic regulation of GH4099 microstructure-property by
printing and sintering parameters of BJ3DP, providing new ideas and theoretical support for achieving high-performance complex components of
nickel-based alloys.
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