“Fragmentation_1/Fragmentation_2”. Directional solidification experiments with Al-Cu alloy constitutions from 15-30%wtCu have been used extensively to study columnar dendritic growth both parallel and anti-parallel to gravity. When solidification is directed anti-parallel to gravity, dendrite fragmentation is found to occur rather frequently [Ref.: R.H. Mathiesen, et al, Met. Mat. Trans. A37, 2006, 2515-2524].  The two video sequences show dendrite fragmentation in an Al-20wt%Cu alloy. The detachment process initiates from the columnar dendrite front – first by an increase in growth velocity accompanied with an increase in the rate of solute rejected, subsequently leading to solute accumulation ahead of the growth front followed by a deceleration of the columnar tips. The Cu-enriched and denser melt settles into the mushy zone, by inwards flow from the tip region along the columnar dendrite envelope. At grain boundaries the mushy zone is left particularly open for the incoming flow, and at the same time in these regions higher order dendrite branches tend to extend further into the inter columnar melt, where they can be directly exposed to and partially redirect the incoming solute enriched melt. For the “Fragmentation_1” sequence it has been shown for the initial detachment, that a portion of the incoming flow is deflected by the ternary branch that detaches, and settles into the liquid pockets surrounding its root of attachment to the parent branch. At the same time the incoming flow results in a steep solute gradient at the tip of the ternary branch, comparable to the solute gradient at the columnar front, and in consequence just a few seconds ahead of detachment the ternary arm grows fast at the tip while its root melts away [Ref: D. Ruvalcaba, et al, Acta Mat. 55, 2007, 4287-4292; R.H. Mathiesen, et al,  Met. Mat. Trans. A37, 2006, 2515-2524].  Since detachment occurs close to the front, the fragment can be transported by buoyancy forces out of the relatively open mush. When the fragment escapes into the constitutionally undercooled melt inbetween the columnar branches it continues to grow by consumption of local solvent. Consequentially, even more solute is accumulated along the trajectory of the initial fragment, which settles into the interdendritic column, causing a cascade of secondary fragments detaching in the wake of the initial one. Note that while the initial fragment clearly grows dendritically during flow as it escapes from the intercolumnar region, the secondary and subsequent fragments do not show substantial growth but rather coarsening. This is taken as evidence that the local undercooling is swept away by the growth of the first fragment.  When the first fragment reach into the liquid region ahead of the columnar front it grows sufficiently large to cause solute settlement into the neighboring intderdendritic regions, causing detachment to occur there as well. Eventually this cascade of subsequent fragmentation spreads laterally across the field-of –view and in consequence the columnar front becomes completely blocked from further growth as the undercooling ahead of the columnar front is being swept away.  A phase field simulation of a qualitatively similar case study in Al-11%wtCu, shows the same type of transient tip growth with subsequent solute flow into the mush, but without detachment included the consequence of the incoming solute stream was a gradual increase of the primary dendrite spacing in order for the mush to open up for the solute pile-up [Ref: M. Apel, H. J. Diepers and I. Steinbach, Proceedings of the Modeling, Welding and Advanced Solidification Processes – XI, eds. C.-H. Gandin and M. Bellet, TMS, (2006), 505-511]. It is interesting to notice from the “Fragmentation_1”-sequence that the cascade of fragments released leads to the same result – an opening of the intercolumnar region to accumulate more solute, although the route to get there is quite different!  In Fragmentation_2 the same sample is solidified once more with exactly the same parameter settings, except that the camera field of view is shifted slightly upwards. Once again fragmentation is initiated, presumably by the same form of solute pile-up, accumulated at the front and subsequently settling into the mush. The fragmentation in these samples is found to lead to a blocking of the columnar front. Yet, in a unconfined sample geometry buoyancy would transport the fragments beyond the melting isotherm, which would result in a mesoscopic segregation where heavier solute enriched melt flows into the mush, while solvent is transported in the opposite direction by detachment and subsequent remelting of fragments of Al. This would not lead to a solute blocking of the columnar front, but set up very transient growth conditions due to the mesoscopic scale liquid segregation developed, and transient growth could again lead to reoccurring detachments. More details on these two sequences and other detachment mechanisms are found in R.H. Mathiesen, et al,  Met. Mat. Trans. A37, 2006, 2515-2524.

