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Abstract: Solidification is crucial in the preparation of metal materials. The solidification process directly
determines the microstructure and macroscopic properties of metal materials. When a metal is transformed
from a liquid to a solid state, factors such as the formation and growth of grains, solidification rate,
temperature gradient, and alloy composition lead to different microstructures, ultimately defining the final
microstructure of the metal. Variations in these factors not only determine the mechanical properties of the
metal but can also cause defects such as grain boundary defects, gas pores, and inclusions, etc., thereby
affecting its overall quality and service performance. Due to its high penetration and high spatiotemporal
resolution, synchrotron radiation enables the real-time observation and tracking of microstructural evolution
during metal solidification, leading to a deeper understanding of the underlying mechanisms. This paper
reviews the latest progress of synchrotron radiation imaging technology in the study of the solidification
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process of metallic materials at home and abroad , with a focus on its application and research achievements

in crystal nucleation and growth, the formation mechanism of solidification defects, and rapid solidification

(welding and additive manufacturing). By combining new methods such as phase field simulation and

machine learning, researchers have made significant progress in grain refinement mechanisms, the formation

laws of pores and hot tearing, and the control of rapid solidification modes. Finally, it is pointed out that

improving the temporal and spatial resolution of synchrotron radiation, conducting multi-scale coupling

characterization, integrating experiments with numerical simulations, and introducing data-driven intelligent

analysis methods are important development directions for in-sizu studies of the solidification process in the

future. This will provide a more solid theoretical basis and technical support for the design of advanced

materials and process optimization.
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Comparison of common imaging methods of synchrotron radiation

Technology Benefit

Limitation

Feature

Application

Absorption  Directly reflects density dif-
imaging ferences, simple setup and in-
tuitive images, effective for
high-Z,dense materials
Phase- Directly reflects density dif-
contrast ferences, simple setup and in-
imaging tuitive images, effective for
high-Z,dense materials
X-ray Enables 3D reconstruction,

tomographic visualizes complex internal

imaging structures, suitable for in situ

and dynamic observation

Low sensitivity to light/low-Z ele-
ments, resolution limited by X-ray
wavelength and detector, contrast

depends on absorption differences

Complex setup requiring high coher-
ence and distance, high instrumenta-
tion demands, more complex image
reconstruction

Long acquisition time, large data vol-

ume and computational cost

Based on X-ray attenuation differ-
ence imaging, it relies on the absorp-
tion coefficient of materials and pro-

vides high spatial resolution images

Sensitive to small density differ-
ences, suitable for low-contrast
samples, providing contrast and de-
tails beyond absorption imaging

Use multiple 2D projections to re-
construct 3D volumes, can integrate
absorption data, enables 4D imaging

(3D+time)

Analysis of the internal struc-
ture of the material, detec-
tion of defects and stress,
analysis of material phases,
elc.

Analysis of nanostructures

and defects, efc.

Additive manufacturing mi-
crostructure monitoring in-
ternal defects in nanocom-

posites
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Fig.1 Radiographic image of primary AlsFe, crystals in an Al-3%Fe alloy solidified at 0.5 K/s and 5 K/mm(a) and the

functional relationship between the final density of Al ;Fe, and the thermal gradient of Al-3%Fe(b)"!
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Fig.2 Growth process of Sn-Bi alloy

[33]

(a)Sn-Bi alloy dendrite competitive growth; (b)Sn-Bi alloy columnar-to-equiaxed crystal transition; (¢)Sn-Bi alloy dendrite arm fracture phenomenon
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Fig.3 Directionally solidified Al-12Ge alloy shows pore nucleation in the interdendrite paste , resulting in remelting

and destruction of the dendrite network!*!!
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