Using Heterodyned Triaxial Magnetic Fields To Produce Fully Optimized Particle Composites
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Motivation

Particle composites are materials that have a wide range of applications.  Their properties depend on how the particles are organized.  Because many physical properties obey similar equations, particle structures that optimize one property will optimize many other properties.  For example, optimizing the magnetic susceptibility will also maximize thermal and electrical conduction.  To create better composites two questions must be answered: What are these optimal particle structures and how might one produce them?

Scientific Accomplishment

We have discovered not only the structures that optimize the physical properties of particle composites, but have developed a surprising method to produce them.  These results are based on theoretical, simulation and experimental work.  Our approach is to use 3-d heterodyned triaxial magnetic fields to organize the particles.  In a triaxial magnetic field particles will assemble so as to attempt to minimize their magnetostatic energy when averaged over three cardinal directions, thus maximizing the isotropic magnetic susceptibility.  Unfortunately, in a simple triaxial field the particles immediately form a stable network of chains that is far from the optimal structure.  Simulations show that Brownian motion will permit the particles to evolve to a particle foam state that has significantly higher susceptibility, but we cannot simply order our particles to diffuse.  (Reducing the field to the point where diffusion could be significant results in sedimentation.)  We discovered a truly remarkable solution to this difficulty, and we call this 3-d heterodyning.  In this technique the frequencies of the three ~200 Hz magnetic fields are adjusted to within about 1 Hz of each other.  This causes a complex suspension dynamics, with sheet-like structures unexpectedly appearing at some strange orientation, abruptly disappearing and reappearing at another orientation, etc.  Upon polymerization these oscillations evolve into the self-same particle foam structures produced by simulated annealing.  Thus, we have discovered a way to optimize particle foam structures athermally, usurping a little of the glory of statistical physics.  An exhaustive experimental investigation showed that heterodyning can increase the susceptibility of a particle composite several fold, with a maximum tailorable range (minimum to maximum) of more than six fold.  The electrical conductivity of a particle composite can be improved by a several of decades over that produced by a simple uniaxial magnetic field.

Significance

We have developed and demonstrated a method of optimizing a wide range of properties of particle composites.  One property that interests us is the electrical conductance of sensor materials.  We have shown that we can increase the dynamic range of our chemiresistors by three decades without sacrificing sensitivity.  It is hard to imagine an application of a particle composites that would not benefit from heterodyne processing.  The technique is quite general, since dielectric particles could be processed in a heterodyned triaxial electrical field.

Performers

J. E. Martin, E. Venturini, Sandia National Laboratories, NM, and G. Gulley, Dominican University (Sandia visiting faculty).

