Vol.45 No.09
Sep. 2024 FOUNDRY TECHNOLOGY + 803«

° Materials and Control for Metal Additive Manufacturing ®
DOI:10.16410/j.issn1000-8365.2024.4173

( 410083)

: TG249 A :1000-8365(2024)09-0803-19

Study of the Crack Initiation Mechanism and Suppression Methods in
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Abstract: Laser additive manufacturing is an advanced manufacturing technology that constructs objects layer by layer
through laser melting or sintering materials. Despite their significant advantages, such as the ability to manufacture
components with complex geometric shapes and high material utilization rates, cracking issues remain a critical factor
affecting their performance and engineering applications. This paper reviews the types of cracks in laser additive
manufacturing, their initiation mechanisms, and methods for crack suppression. It analyses and explores the development
trends of producing crack-free products in laser additive manufacturing from aspects such as process parameter
optimization, beam shaping, and material modification. This study highlights that the application of laser additive
manufacturing in the production of precision medical implants may be an important development direction in this field.
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Fig.1 Main crack types in HEB-AM printed nickel-based superalloys!™!
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2 :(a~d) L-PBF Hastelloy X SEM EBSD ;(e, f) L-PBF
Hastelloy X BSE EDS ;(g) L-PBF Inconel 738 ;(h) L-PBF Hastelloy X
[19-22]

Fig.2 Characteristics of solidification cracks and schematic diagram of the cracking mechanism: (a~d) SEM images and EBSD images
of cracks in a PBF-L-fabricated Hastelloy X sample; (e, f) BSE image and EDS results of a crack in PBF-L-fabricated Hastelloy X
samples; (g) solidification crack initiation mechanism in PBF-L-fabricated Inconel 738 samples; (h) cracking mechanism in a
PBF-L-processed Hastelloy X sample?
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3 SEM :(a) 3(b) 3(c) 3(d)
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Fig.3 SEM images of the crack in the sample: (a) the whole crack morphology; (b) the area around the crack tip in the clad zone;
(c) the area around the crack tip in the substrate; (d) different phases around the crack tip in the clad zone!

4 :(a, b) OM  ;(c,d) K465 SEM  ;(e)
EBSD ;(f) Mar-M247 EBSD B0
Fig.4 Characteristics of liquation cracks: (a, b) OM images of the crack location; (¢, d) SEM images of liquid films of DED-built K465
samples; (e¢) EBSD orientation color map of an unweldable nickel-based superalloy sample produced by PBF-EB; (f) EBSD
grain-boundary map at the cracked region of PBF-EB fabricated Mar-M247 samples?®**
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Fig.5 SEM micrographs showing the microstructure of the laser remelting in the HAZ close to the RZ: (a, ¢) low magnification;
(b, d) high magnification

6 L-DED Mar-M247 .(a) ;(b) A ®
Fig.6 Liquation cracks in the L-DED manufactured Mar-M247 alloy: (a) liquation crack morphology; (b) enlarged image ofarea A%
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7 :(a) L-PBF CM247LC SEM ;(b, c, €) SEM
2(d, ) EDS EBSD ;(g) ;(h) L-PBF Inconel718 2(0)
Inconel738 oM (38, 43-44]

Fig.7 Characteristics of solid-state cracks: (a) SEM image of'strain-age cracks in the PBF-L-fabricated CM247LC samples; (b, ¢, ¢) SEM

images of ductility-dip cracks occurring at the triple junction point and partially enlarged details; (d, f) EDS result and EBSD maps of

ductility-dip cracks; (g) sketch diagram of grain-boundary sliding; (h) cold cracks in PBF-L-built Inconel 718 samples; (i) OM images
of a cold crack in a DED-deposited Inconel 738 sample++
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Fig.8 Effects of the laser power, scanning speed, and hatch distance on the height and width of the grains: (a, b) laser power;
(¢, d) scanning speed; (e, ) hatch distance™
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Fig.9 TTT diagram for the vy’ precipitate (15 vol. %) modelled in JMatPro. The blue plot denotes the minimum heating rate required to
avoid the precipitation of the y' precipitate!®
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Fig.10 Laser in situ rescanning strategy: (a) schematic diagram of the process; (b) scanning strategy®!
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Fig.11 Welding process of AA2024 and the ZCASW filler material: (a) schematic diagram of the welding process; (b) longitudinal and
cross-sectional schematic diagram and product of the ZCASW filler; (c) schematic representation of the crystallographic data of a-Al
and L1,-Al;Zr, illustrating how the lattice-matched Al;Zr phase could induce low-energy-barrier epitaxial growth of a-Al (OR1
represents orientation relationship 1 and OR2 represents orientation relationship 2)&”
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Fig.12 Gaussian beam and flat-top beam: (a, b) the intensity modes of Gaussian beam and flat-top beam; (c, d) the CCD-camera
images of Gaussian beam and flat-top beam; (e, f) transverse sectional temperature fields of Gaussian laser beam and flat top laser

beam!
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13 IPF | KAM :(a,c,e) (1100 W, 8 mm/s, 6 g/min, 41%);(b, d, f)
(700 W, 7 mm/s, 6 g/min, 60%)">"
Fig.13 IPF map, grain diameter, and KAM map of the coatings with different laser beam patterns: (a, ¢, e) Gaussian laser beam
(1 100 W, 8 mm/s, 6 g/min, 41%); (b, d, f) flat-top laser beam (700 W, 7 mm/s, 6 g/min, 60%)""
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14 L-PBF Al Al HEAs SFE : (a,b, d, ) [110] BF-STEM Al
AlHEA s(c, ) 1.5% Al Al HEAs WBDF J(g)
R ;(h) FeCoCrNi  Aly,CoCrFeNi HEAs  FCC DFT ;(1) FeCoCrNi
Aly,CoCrFeNi HEAs [112] GSFE @

Fig.14 Microstructures and SFE calculations of the LPBF-printed Al-free and Al-doped HEAs: (a, b, d, ¢) BF-STEM images at the neat
zone of the [110] axis revealing many dislocations in the Al-free and Al-doped HEAs, respectively; (c, f) WBDF images of dissociated
dislocations in the Al-free and Al-doped HEA samples at a strain of 1.5%; (g) measured partial separation distances of dissociated
dislocations, as well as the theoretical stacking fault energy curves corresponding to different values; (h) FCC supercells of FeCoCrNi
and Aly;CoCrFeNi HEAs for DFT calculations; (i) GSFE curves for the basal plane along the [112] direction for FeCoCrNi and
Al,,CoCrFeNi HEAs®
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Fig.15 Additive manufacturing of metal alloys via selective laser melting: (a) conventional A17075 powder feedstock; (b) A17075
powder functionalized with nanoparticles; (c) alloys including A17075 tend to solidify by columnar growth of dendrites, resulting in
cracks due to solidification shrinkage; (d) suitable nanoparticles can induce heterogeneous nucleation and facilitate equiaxed grain
growth, thereby reducing the effect of solidification strain; (e) alloys exhibiting intolerable microstructures with large grains and
periodic cracks when 3D printed via conventional approaches, as illustrated by the inverse pole figure; (f) functionalizing the powder
feedstock with nanoparticles produces fine equiaxed grain growth and eliminates hot cracking. The central schematic represents an
overview of the additive manufacturing process, whereby a direct energy source (laser or electron beam) melts a layer of metal powder

(yellow), which solidifies (red to blue), fusing it to the previous (underlying) layer of metal (grey)
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16 SLM GH3230 :(a) XOY ;(b) Z0Y
;(c) TEM (66]
Fig.16 HIPed microstructure and alloying element distribution of the GH3230 superalloy fabricated via SLM: (a) microstructure
characteristic in the XOY planes; (b) microstructure characteristic in the ZOY planes; (¢) TEM image and elemental distributions!

17 LIH (o7
Fig.17 Schematic illustration of the LIH process
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Fig.18 Microscopy images of the samples treated with and without EPT: (a, b) BSE images of the as-printed TiC/316 L stainless steel
composites under low and high magnification; (c) IPF + IQ map of the sample without EPT and crack; (d) crack tip region in the
sample before EPT; () X-ray macro-CT images of the samples before and after EPT
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19 SLM
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SEM  :(a) HEA-AMO; (b) HEA-AMS; (¢) HEA-AM10; (d) HEA-AM20!
Fig.19 SEM images of the defect modality and distribution of the SLM-processed samples: (a) HEA-AMO; (b) HEA-AMS;
(c) HEA-AM10; (d) HEA-AM20™!
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