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Fig.2 Damage of aeroengine single crystal blades caused by
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solid particle erosion and cracks during service!
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Fig.4 Relationship between process and structure affecting grain

morphology of CMSX-4 nickel base superalloy!®
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Fig.5 Results of laser cladding and laser remelting: (a) laser

cladding on CMSX-4 substrate, (b) laser cladding on
turbine tip of PWA 1426 superalloy, and (c) laser cladding
on CMSX-4 notched substrate!""]
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Fig.6 Solidification cracking as a function of grain sizes and

grain boundary angles: (a) misorientation angle is less
than the critical value, (b-c) misorientation angle exceeds

the critical value, and (d) misorientation angle is 40° ['*]
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Fig.7 OM images and the corresponding EBSD grain structure
images of L-DED single crystal sample under air cooling (a)

and forced water cooling (b) condition™

1 laser energy in Gaussian distribution, 2 laser beam, 3 reflected
laser energy, 4 pure copper tooling; 5 heat flow direction, 6 single
crystal base material, 7 laser energy acting on single crystal base

material
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Fig.8 Heat transfer diagram of single crystal laser repair process
under energy constraint (a) and morphology of single

crystal cladding layer (b)
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Fig.9 Cross section OM images and EBSD results of L-DED (a) and PAW samples (d) with the red dotted box as the EBSD observation

area: (b, e) kernel average misorientation (KAM) maps; (c, f) inverse pole figure (IPF) maps
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Fig.10 SEBM CMSX-4 sample with single crystalline core:
(a) vertical cross section as-built, (b) horizontal cross
section and EBSD mapping, and (c) vertical cross

section after heat treatment””’
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Fig.11 OM images of Ni-base single crystal alloy sample:

(a) homogeneous microstructure with narrow columnar grains
(~100 um); (b-c) graded microstructures with columnar grains
with about 1 mm and several millimeters in width in the upper

part (cracks are highlighted in black)™
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Fig.12 SEM images (a-c), IPF maps (d-f) and the corresponding (001) pole figures (g-i) of the SLMed SRR99 cuboid sample at initial

layers (a, d, g), 2 mm (b, e, h) and 6 mm (c, f, i) high above the substrate

[40]
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Fig.13 SEM images of SLE René N5 superalloy: (a) y matrix, y' precipitates in the y matrix, eutectics, and carbides; (b) dendritic

structure; (c) finer and coarser y/y’ precipitates; (d) the carbide precipitates in the deposit region; (e-f) the y/y’ phases in the

eutectic regions'*”
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Table 1 Summary of research progress on single crystal repair materials, printing methods, process parameters and heat

treatment in laser additive manufacturing

Substrate material Type of laser additive

Main conclusions

The epitaxial growth of columnar dendrites was successfully achieved through laser
scanning epitaxy. The single crystal structure of the substrate was reproduced in the
deposition layer. The alloy is sensitive to recrystallization during solution heat treatment
and stable during aging treatment.

After thermal simulation conducted by Ansys, a temperature gradient was applied during
the single crystal repair process through 850 “C heating and 18 “C front cooling. Crack free
single crystal structure deposition obtained on the top of the substrate and inside the notch
cracks.

A new technology for forming single crystals superalloy through SLE has been launched,
and a microstructure evolution model has been developed to verify the feasibility of single
crystal superalloy forming by SLE.

By overlapping the laser beams during the SLE process, preheating and reheating are
applied to each deposition layer, resulting in a uniform microstructure of the CMSX-4
single crystal superalloy with almost no cracking and a significant reduction in element
segregation. A method based on DOE optimization was established to evaluate the impact
of SLE process parameters on the quality of sedimentary layers.

Heat treatment improves the uniformity of the single crystal and its ability to resist surface
crack initiation, resulting in a longer LCF lifecycle for CMSX-4 single crystal superalloy.
The smaller solidification porosity improves the creep resistance of the alloy.

A crack free bulk CMSX-4 single crystal superalloy was prepared using SEBM technology.
High line energy was used to promote the growth of single crystal structure. By promoting
epitaxial growth through deep molten pool, a relatively low cooling rate is achieved while
promoting grain growth selection mechanism, ensuring the alloy has high bulk density and
avoiding excessive melting.

A set of L-DED parameters were determined to obtain multi-layer single crystal structure
with a width of 4070 mm and a height of 930 mm on flat and notched substrates as well as
turbine blade tips.

By controlling the laser power and scanning speed to ensured that the microstructure of the
cladding layer does not exhibit equiaxed crystals. Laser power 250 W, scanning speed 2.5
mm/s, lifting height 100 pm, lateral stacking rate 41%. A well formed single crystal
cladding layer was obtained and successfully repaired high-temperature blades.

The feasibility of two manufacture methods for single crystals forming has been conducted.
Comparison shows that the heat affected zone of L-DED is relatively small, and CET
transformation generated at the top of the fusion zone during laser remelting. The heat
affected zone of PAW was relatively large, and the CET transformation was not obvious.

Forced water cooling on a single crystal substrate can significantly increase the
temperature gradient along the [001] direction. The proportion of columnar crystal areas in
single and double pass epitaxial deposition has increased, and the height of the epitaxial
growth area has increased by about 50%. But CET transformation occurred after
multi-layer deposition.

The deposited NiCrAlY single crystal alloy coating has good crystallization quality and is
suitable for engineering applications. The competition between different dendrites during
the solidification of the coating is beneficial for eliminating crystals with orientation
differences, thereby improving the performance of the coating material.

The SRR99 single crystal superalloy was successfully prepared and the finite element
models for temperature field, thermal gradient, and solidification rate to avoid CET
transformation was established. The increase in sedimentation height leads to an increase
in the orientation difference of primary dendrites.

The Mar-M-247 single crystal superalloy formed by EBM exhibited unavoidable cracks.
Crack-free single crystals have been obtained in other alloys, with Nimonic 105 alloy
having the widest single crystal forming window.

manufacturing
L-DEDY
L-DED™!
SLE[43,42]
CMSX-4
SLE[46,48]
EBME7!
EBME*!
PWA1426 L-DED!¥
DD6 L-DED!!!
L-DEDPY
DD407 pAWD
René N5 L-DED™
L-DED™!
SRR99
LPBF”
Haynes 282
Mar-M247 [38]
IN738 EBM
Nimonic 105
IN718 LPBF“!

The possibility of LPBF repair and even direct formation of single crystals has been
verified. Single crystal superalloy samples with a density greater than 99.5% were prepared
by optimizing process parameters.
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Research Progressin Laser Repair of Single Crystal Blades

Zhang Jian', Guo Yuanyuan', Zhang Mai', Ye Xinyue', Liu Yi*, Liu Yu?, Hou Juan®
(1. Science and Technology on Advanced High Temperature Structural Materials Laboratory, AECC Beijing Institute of Aeronautical
Materials, Beijing 100095, China)
(2. School of Materials Science and Chemistry, University of Shanghai for Science and Technology, Shanghai 200093, China)

Abstract: The single crystal blade laser repair technology reduces considerable cost in the aviation field. Based on the additive
manufacturing process, the technology grows an ideal single crystal structure through directional solidification on the single crystal
substrate. At present, the mainstream single crystal blade repair technology includes two categories: directed energy deposition (DED), and
powder bed fusion (PBF). In this paper, the research progress of the main repair technologies was reviewed, the influence of process
parameters and the mechanism of single crystal growth in the repair process were summarized, and the application potential of single
crystal repair technology in the aerospace field was clarified. In addition, this paper also discussed the main challenges currently faced by
single crystal blade repair and its future development.
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