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Linking codes for the dynamic evolution of ice microstructures in polar ice

The aim of this short visit was to get introduced in the FFT-code for the simulation of deformation of ice and to set up several experiments regarding this. Secondly to start the coupling between this code and my approach for the simulation of recrystallisation of ice crystals in the presence of air bubbles or any other second phase. 

Introduction

This short visit is part of the efforts to develop the software package “Elle” (Bons et al. 2008; Jessell et al. 2001), an open source code to simulate the microstructure of crystalline materials during deformation and recrystallization. The advantage of this software is that several different processes can be combined individually using a script file, because most of these processes share the same data format. In cases where this is not the case an importer/exporter to the Elle data file format can be written. Recently, the full-field crystal plastic approach used by Lebensohn (2001) has been integrated in to the Elle package (Griera et al., 2011; Griera et al., in prep). 

The FFT-code solves the mechanical deformation of a polycrystalline aggregate by means of the Fast Fourier Transform method. This approach allows to develop high resolution simulations and predict the intracrystalline evolution of the microstructure during deformation. To be applied in geologic and glaciological settings, it was necessary to add recrystallization processes which are known to be active in natural systems. In this work, we used a series of previous processes with objective to simulate the dynamic recrystallization of ice. We adapted a process to simulate dislocation reorganization and sub-grain boundary evolution in a deformed polycrystalline aggregate due to annealing (Borthwick et al., submitted). Another process that was used is responsible for grain boundary migration driven by the stored energy from the dislocations but also by surface energy. Finally, the process to simulate nucleation of new grains based in  local misorientation was integrated in our numerical scheme.  

During the visit we firstly concentrated on setting up the main milestones and the work planning. It included the design and execution of different simulations with the intention to investigate the influence of different processes on the microstructure evolution. An objective for the next months is the publication of the obtained results. Secondly, we concentrated on the coupling between the deformation code and the two phase recrystallisation code. The linking could not be done right away using the standard script files used in other Elle simulations, because both codes used the same variables to store different parameters. Therefore, one process would overwrite the variables of the other process.

The main milestones obtained during this visit is the defintion of the setup and first experiments simulating deformation of ice polycristalline aggregates. The purpose of these experiments was to simulate the evolution of the microstructure across polar ice caps and compare the results with available ice core data. For the first step, second phases like air bubbles, were not included in these experiments. The starting microstructure was a polycrystalline aggregate with random lattice orientations. The starting microstructure is assumed to be situated at 100m depth, below the firn-ice transition zone. The temperature was kept constant at -30°C. Our approach assumed up to 70% shortening using pure shear in 500k years from a depth of approximately 100m to 2200m. This setting is similar than interpreted from EPICA ice core (Durand, et al. 2007; Parrenin, et al. 2007) and a comparison with natural data will be the objective for the next months. These assumptions can of course vary a lot depending on which ice core is under investigation. However since these simulations should mainly show the impact and influence of different processes on the evolution, and only secondly directly comparable results to ice thin sections, that was sufficient. A handicap observed is that most of the used processes show a time dependency. To avoid further complications, we assumed a constant temperature of -30ºC for all simulations which is coherent with large sections of the measured ice cores.

Experiments

For comparison the first run was based only on visco-plastic deformation using only the FFT-code. It makes use of a crystal plasticity approach where the mechanical problem of a polycrystalline aggregate is solved. That means the deformation is compensated by creating dislocations in the crystals. To do that the dislocations systems and their activity for the given material are defined. Combined with the orientation of the crystals in the system there are many solutions to solve the deformation. To improve the solution there is a certain amount of iterations. 

The following experiment was set up to use the visco-plastic deformation code combined with recovery of dislocations. To realize that the two processes are combined with a script file. They can’t act on the microstructure in a parallel set up due to technical reasons. However for small time steps the influence of the serial set up on the result is neglect able. The recovery process influences the dislocation distribution before the next visco-plastic deformation step commences. To achieve that it takes each point of the grid and tries to minimize the stored energy by rotating the grid point. For a given material there are certain rotation axes which can be used for these trial rotations. Finally the rotation which resulted in the largest energy decrease is stored at that point.

We varied the amount of recovery steps to get a feeling of the importance of this process on the microstructure evolution.

The next experiment included grain boundary migration instead of recovery in addition to the visco-plastic deformation. Grain boundary migration is driven by the stored energy which is calculated from the dislocation density and the surface energy. We mainly varied the stored energy because this is the most arguable variable in this setting. Grain boundary migration is realized using a front tracking method. The energy for each point along the grain boundaries is calculated at several trial positions. From these results the energy gradient is calculated and depending on the mobility the node is moved for a certain amount in direction of the highest energy decrease. Areas swept by grain boundaries are cleared of dislocations.

An additional experiment was the set up by the combination of both the recovery process and the grain boundary migration process coupled with visco-plastic deformation.

For the last step we also included a nucleation process to the list of coupled processes. This process tries to nucleate new grains along already existing grain boundaries depending on the local misorientation levels. New grains are assumed to have zero dislocations.

So far not all results are ready. However within the next few month it is aimed to publish the results in a scientific journal. Acknowledgements given of course.

Two phase code linking

For the second part of the agenda we also succeeded in combining the visco-plastic deformation code with grain boundary migration for two phases. To achieve that it was necessary to go through all the involved functions and change the storage management because both processes used the same variables to store values for the next step. We had implement new ways of storage handling. 

In general we succeeded and both codes work together. However it is still required to tune the settings. The results so far are not satisfactorily. Within a couple of weeks it should be possible to gain better outcomes.

Summary

Summarized it helped a lot to be able to discuss all these things in person and not just by email. We made quite some progress with the experiments and worked towards a potential publication. Even though there were problems to be solved with the simulations we still kept track of our second big agenda point and put all code parts for two phase grain boundary migration combined with visco-plastic deformation together into a working state. Although some minor changes still have to be made the main parts are working fine.

We would perfectly like to continue this collaboration in the future. For the next MicroDICE's call in Autumn,  Albert Griera plans to apply for a short visit at Tuebingen University and continue with this collaboration.  
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