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ABSTRACT 
In the preparation of microstructured membranes for filtration 

applications such as microfiltration, gas separation, etc., practitioners 
of the phase inversion method have often encountered the presence of 
unwanted voids, much larger in size than the microstructure 
surrounding them, that significantly reduce membrane strength and 
performance (rejection/retention capability or selectivity).  These voids 
are called macrovoids and their formation has been studied by 
researchers since the early 1960s. 

Recent research [1] using time-sectioning cryogenic scanning 
electron microscopy (cryo-SEM) has demonstrated that macrovoids in 
phase separating coatings form due to a network instability triggered 
by successive vertical (perpendicular to substrate) and horizontal 
(parallel to substrate) tensile ruptures of the gelled polymer-rich phase.  
During wet phase inversion, cryo-images show that the diffusional 
exchange of solvents and nonsolvents across the coating-bath 
interface swells the entire coating, and appears to establish transient 
property gradients (e.g., of elastic modulus, pore connectivity) across 
coating thickness that are proportional to the concentration gradients 
imposed by diffusion.   

Analysis using poroelasticity theory [2] shows that swelling is 
accompanied by a build-up of compressive pressure in the pore liquid 
(polymer-lean phase) and tensile stress in the surrounding gelled 
network (polymer-rich phase or matrix).  Tensile stress in the gel 
network is further heightened by the diffusive loss of solvent into the 
pore driven by the chemical potential difference (syneresis).  The 
monotonic increase of in-plane (parallel to substrate) tensile stress 
among network links that are closer to the coating-bath interface (i.e., 
the skin) is halted when the stress in those links reaches their 
breakage strength, sowing the seed of a vertical rupture in the links 
directly below due to a stress localization effect [3].  The effects of the 
vertical rupture, the post-rupture in-plane relaxation of the polymer and 
plausible horizontal ruptures (owing to compressive pressure in the 
pore liquid) cause convective flows from adjacent pores into the 
growing void – a phenomenon widely observed by past researchers 
using optical microscopy. 

The development of the macrovoid instability resembles (to a 
certain degree) the splitting failure observed in tectonic fracture of 
porous oil wells owing to the effect the compressive pressure build-up 
in the pore space [4].  However, the macrovoid instability is unique in 
many ways, with no known parallels in Nature, as the state of tension 
in the gelled network (i.e., polymer-rich phase) is compounded by local 
volume shrinkage due to syneresis.  The theory developed for planar 
membranes prepared by wet phase inversion is applicable to 
cylindrical geometries (hollow fibers and tubes) and other modes of 
phase inversion, notably dry casting and the thermally-induced phase 
separation (TIPS) process. 

Details of this work may be found elsewhere [5]. 
 

 
 

 
 

 
 
 
 
 

 
Figure 1.  Montage of cryo-micrographs of a time-section after 4 
seconds of forced convection drying, 14 seconds of free convection 
drying and 5 seconds of immersion in coagulation bath.  The images 
show a smoothly graded microstructure, with coating depth (top-to-
bottom), of phase size and connectivity.  The starting coating solution 
of polysulfone dissolved in tetrahydrofuran (THF), dimethylacetamide 
(DMAC) and ethanol, was dried as mentioned above before immersion 
into coagulant water.  The montage captures the entire cross-section.  
Region I – topmost skin, region II – intermediate, fine open-celled and 
partially nodular layer, region III – lower, coarse open-celled layer 
(polyhedral cells), region IV – bottommost, coarse closed-celled layer 
(spheroidal cells).  A – saturated macrovoids, B – evidence of tensile 
ruptures of the network (polymer-rich phase), C – evidence of rare 
ductile failure of polymer-lean phase, from the fracture step, likely due 
to the presence of some polymer, D – closed cells or droplets of 
polymer-lean phase dispersed in a polymer-rich phase, presumably 
initiated by nucleation and growth.  Please see [5] for details. 
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