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Summary

The science of applied mechanics has developed theories concerning crack propagation, which have been used within computer simulations to model the behavior of materials and the associated stresses in the region of a crack tip.  These codes were developed based on two fundamental papers from the research literature.  Discrepancies between the papers have led Sandia researchers to investigate the differences using an atomistic simulation combined with visualization of the stresses at the crack tip.
Scientists at Sandia National Laboratories develop complex computer simulation codes to model physical phenomena, including simulations that include cracks propagating through materials.  Many of the simulations are done using finite element modeling.  This technique subdivides the material into little blocks and performs calculations on each block individually.  The blocks are referred to as finite elements and are shaped like distorted bricks, since they typically are not uniform.  

Finite element modeling techniques run into trouble when modeling crack tips because each tip ends at a singularity.  A singularity is a point where normal mathematical calculations fail.  Consequently, a special finite element is used to model the region around a crack tip in order to hide the singularity from the rest of the simulation.  Simulation variables along the boundaries of the special element are calculated using models of material behavior that are found in the applied mechanics literature on crack propagation.

Researchers base their computer codes on two central theoretical papers on crack propagation.  Although these papers agree in many respects, there are some contradictions regarding how the direction of the shear forces change as the speed of the crack changes.  In particular, there are questions about whether or not there can be discontinuities in the shear direction.  To resolve this conflict, Sandia researchers are exploring the behavior around a single crack tip in much greater detail through an alternative simulation technique that models individual atoms in a material (see Figure 1).  
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Figure 1.  In this image, representing a single state in a crack propagation simulation, the crack is shown in black and each atom of the cracking material is represented by a hexagon colored by the magnitude of the shear force.  Red indicates atoms with high levels of shear, whereas regions of low shear are blue.  As would be expected, the maximum shear is found at the extreme tip of the crack.  

Providing material scientists the means to explore the results of their atomistic simulation led Sandia visualization researchers to take advantage of the speed and programmability of graphics gaming hardware currently available on personal computers to develop an interactive tool.  To visualize the directions of maximum shear and to see how they change over a broad region, a special program on the graphics cards generates a grid-like texture called a stress net.  The stress net integrates the shear force directions at each atom into smooth curves, which are then drawn on top of the image from Figure 1.  This combination image is shown in Figure 2.  This tool allows scientists to zoom in and out of large atomistic models while the associated stress nets interactively adjust their scale to maintain an even mesh, regardless of the degree of zooming.   

The stress net in Figure 2 displays some unexpected results at the crack tip and in the discontinuities above and below the crack faces.  The special finite elements currently used to model crack stress fields presume that the stress net in front of the crack tip will curve continuously, forming a nearly circular arc above the tip.  However, the more fundamental materials-science atomistic simulation (depicted using our new visualization tools in Figure 2) reveals stress discontinuities in the wake and significant net curvature ahead of the tip.  This lends credibility to a paper in the applied mechanics literature that hypothesized wake discontinuities.  Moreover, the significant curvature in the net lines ahead of the crack may be the key to resolve a long standing paradox that the dynamic crack solution currently adopted in special finite elements fails to reduce to the static solution as the crack growth speed goes to zero.  These results are preliminary and require further testing and examination before we can conclude that current crack propagation models should be changed.
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Figure 2. Overlaying the image of the atoms (Figure 1) is a white grid, called a stress net, which shows the directions of the shear forces integrated over a broader region of the material.  
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