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The freezing of polymer solutions underlies a wide range of processes, from cryogel fabrication
to ice templating, yet a predictive framework linking transport to macroscopic morphology
remains lacking. In this talk, | present a unified study of the morphodynamics of polymer solution
droplets during unidirectional freezing.

Using poly(vinyl alcohol) (PVA) and poly(ethylene glycol) diacrylate (PEGDA) as model
systems, we show that polymer additives fundamentally alter both freezing dynamics and final
droplet shape. In dilute solutions, freezing is governed by heat transport and follows a Stefan-
type balance, while polymer-induced changes in density and swelling progressively suppress
the classical pointy ice tip [1]. This suppression occurs up to the overlap concentration, beyond
which polymer chains interact, and swelling is arrested.

At higher concentrations and molecular weights, polymer chains are rejected by the advancing
freezing front, leading to the formation of a concentrated boundary layer ahead of the interface.
This accumulation increases local viscosity and limits solute redistribution, slowing front
propagation and suppressing deformation. Freezing thus transitions to a transport-limited
regime in which droplet morphology becomes increasingly isotropic. This transition is first
captured by a Capillary number, which quantifies the competition between viscous stresses
and capillary forces. In parallel, the coupled transport of heat and solute within the interfacial
boundary layer introduces a Lewis number that compares thermal and mass diffusion.
Together, these effects define a single dimensionless control parameter, the Capillary—Lewis
number, that governs both freezing dynamics and droplet morphology.

When expressed in terms of this parameter, circularity, deformation, and freezing time collapse
onto a universal curve spanning over eight orders of magnitude, revealing a sharp transition
between diffusion-dominated and viscous—capillary regimes. These results establish a minimal
transport-based framework for predicting and controlling freezing morphologies in polymer
solutions.
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