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Fig. 1. (a) Schematic diagram of the experimental setup; (b) comparison of contact angles before and after plasma treatment of

monocrystalline silicon wafers; (c) freezing process of isopropanol-water liquid film at AT = (5.54+0.1) °C; (d), (e) the beginning

and ending of microscopic observation of a single ice flake.
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Fig. 2. (a), (b) Kinetic processes of ice flakes growth at different supercooling degrees: (a) AT = (4.1+0.1) C; (b) AT =
(12.6 £0.1) C. (c), (d) Changes of ice flake profiles at different supercooling degrees: (c¢) AT = (4.1+£0.1) C; (d) AT =

(12.6 £0.1) C.
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Fig. 3. Comparison of bright-field as well as dark-field observation: (a) Schematic of bright-field observation; (b) schematic of dark-

field observation; (c) ice flakes could not be observed in the dark-field at AT = (4.1 +0.1) C, and the ice flakes were almost
transparent; (d) ice flakes were observed to be white and opaque in the dark-field at AT = (12.6 £0.1) C.
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Fig. 4. (a) Morphology of separated ice flakes at different supercooling degrees; (b) definition of shape factor; (c) variation rule of

shape factor with supercooling degree.
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Fig. 5. Schematic diagram of the physical mechanism:
(a) Icing segregation and production of Marangoni flow at
low subcooling; (b) weakened solute diffusion, enhanced
Marangoni flow, and accelerated growth of ice flakes at in-
creasing subcooling; (c) weakened Marangoni flow at large
subcooling leading to solute enrichment.
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Fig. 6. (a) Definition of the horizontal growth velocity of the ice flakes; (b) horizontal growth velocity versus supercooling.
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Fig. 7. Phase diagram of different growth modes of ice flakes.
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Abstract

Freezing of multicomponent droplets and thin films is ubiquitous in natural environments and engineered
settings. Previous studies on multicomponent droplets, including Marangoni-driven self-lifting droplets and
soap-bubble freezing, have identified the roles of interfacial flow and solute redistribution, often exhibiting a
snow-globe effect of migrating ice particles. Curvature and field-of-view constraints in droplet systems hinder
continuous observation of a single object. Here, utilizing the comparability of interfacial heat and mass transfer
between droplets and films, we employ a flat isopropanol-water binary film on a cooled substrate to achieve
high-resolution, time-resolved in-situ microscopy observation of individual separated ice flakes within a
supercooling (A T) range of the substrate. Experiments show that with the increase of AT, the external shape of
ice flakes evolves from hexagonal pyramid to dodecagonal pyramid and ultimately to a nearly-conical form,
accompanied by the decrease of transparency. We quantify morphological evolution by using a shape factor
and qualitatively distinguish crystal-structure differences by combining bright-field and dark-field microscopy.
A minimal model that couples solute and thermal diffusion with Marangoni stress rationalizes the observations:
solute-concentration gradients primarily drive structural evolution, while the competition between advection
and diffusion governs anisotropic growth. These results provide mechanistic insight into interfacial freezing
dynamics of multi-component liquid films and establish flat-film microscopy as a platform for single-flake
kinetics.

Keywords: binary liquid film, solute diffusion, thermal diffusion, Marangoni effect
PACS: 47.61.—k, 47.55.pf, 66.10.cg, 44.35.+c DOI: 10.7498/aps.74.20250902
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