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The optical micrographs (OM) and SEM images of YOZ plane and XOY plane of the 
as-built GH4099 superalloy are observed in Figure S1. The typical layer-by-layer scale-like 
molten pool morphology due to the Gaussian energy distribution of the laser spot is seen 
in the YOZ plane. A large number of primary columnar dendrites grow epitaxially along 
the building direction through the multiple-layer molten pools. The width of the molten 
pools is 90 µm-100 µm and the depth of the molten pools is 80 µm-100 µm, in which they 
mutually form great metallurgical bonding. The XOY plane morphology of the as-built 
alloy shows the molten tracks stacked in layers, overlapping each other laterally with the 
width of 100 µm-120 µm. The primary columnar dendrites and cellular structure of YOZ 
plane of AB sample from the high magnification SEM images can be observed. The pri-
mary columnar dendrites grow epitaxially along the building direction with an average 
dendrite arm spacing of 0.8 µm-1 µm. The primary dendrites growth direction is deter-
mined by preferred orientation of matrix and opposite to the maximum temperature gra-
dient direction during the solidification process. The secondary dendrites arms are under-
developed owing to the rapid cooling rate. 
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Figure S1. Microstructures of YOZ plane (a,b) and XOY plane (c,d). 

To evaluate the grain orientations and morphologies of the AB sample, EBSD results 
are acquired from both the YOZ and XOY plane, as displayed in Figure S2. As the grains 
do not present round shape in cross-section plane, the measure of “equivalent circle di-
ameter” has been considered based on grain area. Figure S2(a) depicts that alloy consists 
of elongated columnar grains along the building direction with the preferred orientation 
of <001>. On the other hand, XOY plane contains a chessboard-like grain pattern due to 
the scanning strategy (67° rotation angle between longitudinal and lateral row). The aver-
age grain size of YOZ plane is ~99.15 µm due to their columnar shape, whereas that of 
XOY plane is only ~51.31 µm. Also, very-fine dendritic structure within large columnar 
grains contributes to the increase of grain boundary area. 

 
Figure S2. The inverse pole figure (IPF) and grain size distribution from EBSD of the AB sample (a) 
YOZ plane; (b) XOY plane. 

From the TEM bright-field images, the high-density entangled dislocations can be 
observed at the cellular substructure boundaries, which reflects the high magnitude of 
residual stress in the AB sample, as displayed in Figure S3 (a,b). No primary γ' phase is 
seen because the content (3.58 wt.%) of Al+Ti is not much high enough to precipitate under 
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such rapid cooling rate, even if the repeated thermal cycles which essentially provide an 
“aging” condition. Additionally, a host of carbide particles distribute in the alloy. Accord-
ing to the TEM-EDS mapping result, as illustrated by Figure S3 (c), Ti, Mo, C incline to 
micro-segregate together leading to the formation of carbide particles whose size is less 
than 30 nm and others basically evenly distribute, which determines that MC carbide 
forms during the solidification. MC carbide generally forms during the solidification of 
superalloys, as described by many work [1–3]. The MC carbide particles in the AB sample 
has such a fine size as a result of the rapid cooling rate 

Such microstructural characteristics of AB sample are basically consistent with other 
LPBF superalloy researches [4–7]. Therefore, the microstructural evolutions after solid so-
lution treatment and aging treatment are mainly discussed in the manuscript. 

 

 
Figure S3. (a,b) TEM bright-field images of the AB sample; (c) TEM-EDS mapping results. 
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