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MAX phases, known for their unique layered structure combining metallic and
ceramic properties, face synthesis challenges with already developed direct
synthesis and indirect synthesis methods like SPS, CVD, and molten salt
methods. Many thermodynamically stable and unstable MAX phases remain
unexplored due to the difficulty in controlling reaction conditions and the
formation of unwanted phases. The Liquid Metal Layer Replacement (LMLR)
method offers a promising alternative by selectively replacing A-layer atoms
with molten metal baths, thereby enabling the synthesis of novel MAX phases.
This method not only addresses the limitations of conventional synthesis
techniques but also provides greater control over composition and structure,
facilitating the discovery of new MAX phases.

実験
Experimental

Currently, most non-equilibrium methods for synthesizing MAX phases are
focused on thin films and powders. Since LMLR takes advantage of diffusion
between metals, we chose bulk Ti3SiC2 precursor to emphasize the potential of
this method. The bulk Ti3SiC2 was synthesized using powder metallurgy. Initially,
titanium powder (Ti, purity 99.5%), carbon powder (C, purity 99.9%), and
silicon powder (Si, purity 99.9%) were weighed in a molar ratio of 3Ti:2C:1Si. To
ensure uniform mixing of the raw materials, ball milling was performed at 300
rpm for 20 hours. During the ball milling process, the ductile cast iron tank was
evacuated and filled with argon at 0.5 atm to prevent oxidation of the powders.
The milled powder mixture was then placed in a graphite mold and sintered
using induction heating and spark plasma sintering (SPS). The sintering was
conducted at 1400 ℃ in an argon atmosphere at one atmosphere of pressure,
with an axial pressure of 60 MPa maintained throughout. The heating time for
sintering was 30 minutes, with a dwell time of 60 minutes.
The synthesized Ti3SiC2 sample was then cut into 30 × 15 × 1 mm blocks and
polished. The samples were suspended above a crucible using a molybdenum
wire (φ1.5 mm), and the crucible was placed in an induction furnace. The
furnace was heated to 1100 ℃ to melt the copper in the crucible. Once the
temperature stabilized, the Ti3SiC2 precursor was gradually immersed in the
molten Cu for 5–30 minutes for the LMLR reaction. After the reaction, the
sample was cooled and extracted for further structural and compositional
analyses.
The phases present in the sample were identified using an X-ray diffractometer
(XRD, Rigaku Ultima IV) equipped with a Cu tube. The microstructure and
composition were investigated using a scanning electron microscope (SEM, Carl
Zeiss Ultra 55) equipped with an energy-dispersive X-ray spectrometer (EDX,
Bruker X-flash). High-resolution atomic-level structural analysis was also
performed using a high-angle annular dark-field (HAADF) imaging and energy-
dispersive spectroscopy (EDS) equipped scanning transmission electron
microscope. The TEM lamellas were prepared by Focused ion-beam (FIB).



結果と考察
Results and Discussion

In this study, we introduced a novel Liquid Metal Layer Replacement (LMLR)
method for synthesizing the MAX phase Ti3(Si1-xCux)C2 and its delivertive
material, layered Cu-TiCx composites. By immersing bulk Ti3SiC2 precursor into
molten copper at 1100 ℃, we demonstrated that copper atoms could
effectively replace silicon atoms in the A-layer through a diffusion process
driven by mixing enthalpy. Our results show that the Ti3(Si1-xCuX)C2 MAX phase
initially forms at the reaction front, characterized by a directional, jagged
substitution region, as shown in Fig.1. As the Si concentration further
decreases, this MAX phase becomes thermodynamically unstable in the 1100
℃ Cu bath and decomposes into a nanolaminate TiCx-Cu composite. Similarly,
immersing Ti3AlC2 in molten Ag at 1000 ℃ causes Al atoms to dissolve and be
replaced by Ag, forming Ti3(Al1-xAgx)C2. When Al continues to dissolve, the new
Ti3(Al1-xAgx)C2 MAX phase decomposes into a nanolaminated TiCx-Ag composite
material. 
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Fig.1:(a) The diffraction pattern of the unreacted Ti3SiC2 precursor (b) The
diffraction pattern of Ti3(Si1-xCux)C2 after the repalcement
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