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Task Description:

ED. NOTE (7/14/2014): Project continues "Effect of Convection on Columnar-to-Equiaxed Transition in Alloy
Solidification," grant #NNX10AV35G with period of performance 10/1/2010-2/28/2014. See that project for previous
reporting. 
The project examines the mechanisms giving rise to the columnar-to-equiaxed grain structure transition (CET) during
alloy solidification. On Earth, experimental investigations of the CET are affected by thermosolutal buoyant convection
and grain sedimentation/flotation, making it impossible to separate these effects from the effects of solidification
shrinkage and diffusive processes in determining mechanisms for the CET. Long duration microgravity experiments
suppress the convective effects and grain movement, thus isolating the shrinkage and diffusive phenomena. The project
increases the base of knowledge relevant to the development of solidification microstructure/grain structure of metals
and alloys. Therefore, this topic is of high interest from a fundamental science point of view and it is important to those
engineers practicing casting and other solidification processes. Open scientific questions include the role played by melt
convection, fragmentation of dendrite arms, and the transport of fragments and equiaxed crystals in the melt. The
research utilizes computational models at three different length scales: phase-field, mesoscopic, and volume-averaged
models. The phase-field model is needed to resolve the growth and transport processes at the scale of the
microstructure, the mesoscopic model allows for simulations at the scale of individual grains, while the
volume-averaged model is used to perform simulations of entire experiments. The models help to define and interpret
previous and future microgravity and ground-based experiments. 

  

Rationale for HRP Directed Research:   

Research Impact/Earth Benefits:

The columnar-to-equiaxed transition (CET) in the grain structure of metal alloy castings has fascinated researchers in the
solidification area for more than 50 years. The CET refers to the transition between the elongated grains in the outer
portions of a casting and the more rounded grains in the center. Understanding this transition is fundamental to
determining what type of grain structure forms in castings of most metal alloys (steel, aluminum, copper, etc.). Often, a
fully equiaxed structure is preferred, but the fully columnar structures of many turbine blades are an important
exception. In addition to its high practical significance, the CET represents a “holy grail” in the area of modeling and
simulation of casting. This is because in order to realistically predict the CET, almost every physical phenomenon at
every length scale must be taken into account simultaneously: heat transfer, solute transport, melt flow, and the transport
of small dendrite fragments and equiaxed grains on the scale of the casting; the thermal/solutal/mechanical interactions
between the growing grains/dendrites; and the nucleation of grains (especially in the presence of grain refiners) and
fragmentation of existing dendrites. The research will not only provide an improved understanding of the CET, but also
models and computer simulations of the grain structure formation in metal castings that can be used by industry to better
understand and optimize their casting processes. 
  

Task Progress:

In the present project, corresponding solidification experiments are performed in terrestrial and microgravity settings for
end-cooled cylindrical samples of three Al-Cu alloys with negatively, neutrally, and positively buoyant primary solid. It
is found that all samples solidified in microgravity are entirely equiaxed, while the samples solidified on Earth exhibit
columnar growth near the chill surface. Columnar growth in the vertically solidified terrestrial samples is attributed to
melt convection. In the terrestrial experiments, the Al-4 and 18 wt pct Cu samples show evidence of grain sedimentation
and floatation, respectively, while the Al-10 wt pct Cu sample does not exhibit any effects of transport of unattached
grains. 
All samples exhibit inverse segregation due to shrinkage driven flow, as demonstrated by the eutectic fraction and
macrosegregation measurements. Shrinkage effects are therefore important to include in any future modeling efforts
related to these samples. Samples solidified on Earth show pockets of high solute concentration and eutectic percentage
that are evidence of melt convection. The terrestrially solidified Al-18 wt pct Cu sample exhibits negative solute
segregation and low eutectic percentage at the top, which is attributed to solute-poor primary solid grains floating to and
accumulating there. Eutectic and macrosegregation measurements show excellent agreement with each other except for
the Al-4 wt pct Cu alloy. The high level of agreement in general indicates that the macrosegregation and eutectic
fraction data can be confidently used as benchmarks, except in the case of the Al-4 wt pct Cu samples, where only the
macrosegregation measurements should be used. 

Temperatures on the exterior surface of the ampoule are successfully predicted by a thermal model of the entire furnace.
Heat flux boundary conditions on the sample surface are determined from the furnace model and validated using a
second sample-only heat diffusion model. The boundary conditions are necessary for future modeling efforts. Selected
predicted temperatures along the sample axis are presented as benchmark temperature data for the sample interior. In all
samples, the liquidus isotherm passes through the full sample length before the eutectic isotherm begins to traverse the
samples. Thermal process parameters calculated at the liquidus isotherm along the sample axis, including the isotherm
velocity, axial temperature gradient, and cooling rate, are similar in all samples. 

The benchmark solidification data reported in this work is valuable for future modeling efforts. The data gives the ability
to validate combined models for grain structure and macrosegregation development in the presence of melt convection
and transport of unattached solid. Models considering only diffusive processes and shrinkage can be validated using
results from the microgravity experiments. The inclusion of the neutrally buoyant Al-10 wt pct Cu experiment allows for
modeling solidification in the presence of gravity with minimal concern for buoyancy of the solid. The Al-4 and 18 wt
pct Cu cases can then be used to validate models that account for transport of unattached grains. 
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