Controlling the Physical Aging of Polymer Glasses by Vitrifying Under Stress

Laura A. G. Gray, Justin E. Pye, and Connie B. Roth
Department of Physics, Emory University, Atlanta GA, USA

Contact information:
Laura Gray:  lgolick@emory.edu
Justin Pye:  jepye@emory.edu
Connie Roth:  cbroth@emory.edu

	Under many processing conditions, polymers naturally form a glass.  Their stereo-irregularity and sluggish relaxation times hinder crystallization readily trapping the polymer molecules into an amorphous glassy state.  Unfortunately, the non-equilibrium nature of this glassy state results in an unstable material that slowly densifies over time in a process referred to as physical aging that is typified by decreases in permeability and increases in brittleness.  The speed of these glassy dynamics and the resulting stability of the material depend on how far the current state of the system is from equilibrium, which is determined from thermal and deformation histories.  As such, different processing conditions can significantly influence the resulting properties of polymer glasses, an area with limited understanding currently at a fundamental molecular level.  

	During common processing conditions leading to glassification, polymers are often subjected to large volume contractions either through temperature changes or during solvent removal when casting.  However, in many cases, this size change of the polymeric component can be restricted by the surrounding support or mold leading to significant stresses.  A simple example of this process where the stress imparted to the polymer can be readily calculated involves cooling polymer films while supported on rigid frames.  The thermal expansion differences between the polymer film and underlying support, easily over an order of magnitude, can result in stresses of several MPa.  We have recently demonstrated that the physical aging rate of polystyrene (PS) films is strongly affected by the type of material used for its underlying support or frame.  We find that the physical aging rate correlates strongly with the stress caused by the thermal expansion mismatch between film and support [1].  This stress, applied to the films as they are thermally quenched into the glassy state, can nearly double the physical aging rate when changing the frame material from polycarbonate to silicon.  

	How stress and mechanical deformation impart mobility to polymer glasses has been a long standing issue related to the underlying causes of the glass transition.  To date, most such studies have primarily focused on materials where the glassy state was formed stress free.  In contrast, we are interested in the stability of polymer glasses when stress is applied during the formation of the glassy state (vitrification).  To investigate how stress imparted to polymer glasses on cooling alter the resulting physical aging behavior, we have constructed a unique jig to apply a known stress to free-standing films during the thermal quench.  Ellipsometry is used to measure the physical aging rate of PS films transferred onto silicon wafers by quantifying the time-dependent decrease in film thickness that results from an increase in average film density during aging.  We find that stress values above a threshold value result in less stable polymer glasses with faster physical aging rates [2].  We hypothesize that increased stresses may trap the glassy state into higher, less stable potential energy minima resulting in faster aging rates.  Initial measurements of the rubbery plateau creep compliance also indicate that these thin films are stiffer than bulk by two orders of magnitude, consistent with other studies in the literature.  However, our results appear to be independent of film thickness over the range studied (150-700 nm).  Current efforts are now focused on computer-controlled application of stress and strain during the quench to investigate these unusual material properties in thin films.
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