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Abstract

Copper alloy/nickel-based superalloy heterogeneous materials can integrate the high
thermal conductivity of copper alloys and the high-temperature resistance, high mechanical
strength and corrosion resistance of nickel-based superalloys into a single part. They have
shown great application potential in complex components such as rocket engine combustion
chambers, fuel nozzles, heat sinks, and heat exchangers in fields such as aerospace and
integrated circuits. Laser powder bed fusion (LPBF), as one of the most widely applied
techniques in metal additive manufacturing, can precisely control the spatial distribution of
different materials within heterogeneous material parts, which provides an innovative approach
for the high-performance and multi-functional active design and manufacturing of fine cross-
scale and complex-structured heterogeneous material components. In particular, three-
dimensional (3D) heterogeneous material LPBF technology enables spatially material
variations along XYZ directions in the parts, increasing the degree of freedom of material
distribution in 3D space. However, at present, 3D heterogeneous material LPBF technology
still faces problems such as high equipment customization cost, low compatibility between the
specially designed powder distribution system and the single-material LPBF equipment.
Secondly, there are still challenges such as the unclear printing mechanism and the difficulty in
regulating the microstructure and mechanical properties of the horizontal and inclined/curved
bonding interfaces. In addition, the potential to enhance structural performance/function
through complex material layout and structural design has not yet been deeply explored. To
address the above issues, based on the IN718 nickel-based superalloy and CuCrZr copper alloy,
this research focused on the heterogeneous material LPBF method, printing mechanisms,
interlocking interface strengthening methods, and innovative structural design and
manufacturing of heterogeneous materials. The purpose is to provide theoretical foundations
and scientific reference for LPBF of high-quality metal heterogeneous components. The main
contents include:

(1) Aiming at the issues of high equipment customization cost, low compatibility between
the specially designed powder distribution system and the single-material LPBF equipment,
LPBF printing method of heterogeneous materials based on flexible scraper powder sweeping
and full-width powder suction were investigated. Based on the principles of flexible scraper
powder sweeping and full-width powder suction, the heterogeneous material LPBF printing
module compatibles with single-material LPBF equipment were designed and developed,

achieving the LPBF printing of three-dimensional heterogeneous material structures and
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verifying the feasibility of the above printing methods. The powder removal mechanism in
different printing methods was revealed, and the influencing factors of the powder removal
process optimization process were clarified. The critical issues such as powder consumption
and material contamination existing in the LPBF process of heterogeneous materials were
discussed. The results on the preset accuracy of materials show that the size of a single material
feature should be as large as 0.5 mm as possible, and the material position error can be less than
+50 pm. Compared with the method based on flexible scraper powder sweeping, the method
based on full-width powder suction exhibited the advantages in improving printing efficiency,
controlling the pre-setting accuracy of materials, and reducing powder consumption.

(2) Aiming at the problems such as the unclear printing mechanism of different interfaces
(vertical, horizontal, inclined and curved interfaces), and the regulation of interfacial
microstructure and mechanical properties, the microstructure and bonding performance of
IN718/CuCrZr heterogeneous materials printed by LPBF were systematically investigated, and
the printing mechanism of LPBF-processed heterogeneous materials was revealed. The results
show that the melting behavior of the melt pool at the vertical bonding interface can change
dynamically layer by layer during LPBF process, and different printing sequences can change
the interfacial microstructure and interface bonding strength. For the horizontal bonding
interface, adopting the high laser energy input, laser scanning strategies parallel to the interface,
and model overlapping at the interface were conducive to promoting the element mixing and
increasing the width of the diffusion zone, thus enhancing the interface bonding strength.
Compared with non-overlapping samples, the ultimate tensile strength of overlapping samples
increased by more than 30%. For the inclined/curved bonding interface, different interface
bonding angles and material printing sequences can significantly change the material mixing
and diffusion behaviors at the interface.

(3) To address the challenge of improving the reliability of interface bonding of LPBF-
processed heterogeneous materials, the interface strengthening method of heterogeneous
materials based on hierarchical interlocking design were investigated. Three types of
IN718/CuCrZr heterogeneous material structures with interlocking interfaces (NO, N1 and N2)
were designed and fabricated by LPBF. The influence of hierarchical interlocking interface
design on interface characteristics, thermodynamic behavior and mechanical properties was
investigated, and the interface printing mechanism and interface strengthening mechanism were
further discussed. The actively hierarchical interlocking interface design can improve the stress
distribution of the interface, change the fracture path and increase energy dissipation. The

results of interface tensile-shear, tension tensile and flexural tests show that the hierarchical
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interlocking interface design can improve the interface bonding strength. The ultimate flexural
strength of NO, N1 and N2 samples was 502+15 MPa, 57711 MPa and 515+20 MPa,
respectively. The ultimate flexural strength of N1 samples increased by approximately 15%
compared with NO samples.

(4) By integrating material layout with structural design, innovative heterogeneous
material bionic honeycomb structures and heat-dissipating/exchanging structures were
designed and manufactured by LPBF. Five types of heterogeneous material bionic honeycomb
structures (HA, Ni-B, Ni-C, Cu-B and Cu-C) were designed and manufactured, and their
macroscopic morphology, printing dimensional accuracy, interfacial microstructure and
mechanical properties were further investigated. The results show that the material layout
design can change the deformation and fracture behavior of the bionic honeycomb structures.
The material layout design of the HA structure can not only improve the ductility during the
longitudinal tensile process and the failure stability during the longitudinal compressive process,
but also enhance the failure stability of the structure during the compression process in the
normal direction. In addition, the material layout design changed the stress distribution and
fracture behavior of type B (Ni-B and Cu-B) and type C (Ni-C and Cu-C) heterogeneous
material structures. The heterogeneous material heat dissipation and heat exchange structures
were further designed and fabricated by LPBF. The analysis of structural characteristics
indicated that the heterogeneous material heat dissipation and heat exchange structures
exhibited good printing quality, demonstrating their application potential in high-power heat
flux density scenarios such as electronic chips and integrated circuits.
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