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Particle and liquid motion in semi-solid
aluminium alloys

Semi-solid casting is a promising process for the production of light-weight
metallic components. However, a semi-solid melt exhibits unpredictable flow and
filling dynamics when it is injected into thin-walled components. The former were
studied by injecting a semi-solid Al-Ge alloy into a thin channel while recording
high-resolution radiographs at fast acquisition rates of up to 1000 images/s. Single
particle trajectories and rapid break-up of solid skeletons were observed in situ for
the first time.

Quantitative optical flow analysis of high-speed micro-radioscopy of semi-solid metal injection
processes (colour encodes direction, brightness equals speed).

Semi-solid metals are two-phase solid-liquid mixtures of unusual rheological properties [1].
While they are inert, they behave like elastic solids, whereas shearing causes a transition into a
viscous mixture which can flow. The transition from a sponge-like locked solid phase filled with
a liquid to a viscous medium is marked by the breakup of the (percolated) solid skeleton into
particles and/or clusters which can move individually through the liquid. This breakup is
commonly referred to as the ‘thixotropic effect’ [2].

For the present work, we recorded X-ray movies with an acquisition rate of 500 images/s at
ID15A, the high energy beamline. ID15A has a photon flux density sufficient to record high-
resolution radiographs at this elevated frame rate [3]. A dedicated in situ setup has been
developed to provide control of temperature and injection force. We used two different thin
channels to compare the injection of an Al-Ge32 alloy: a bottleneck channel and a right-angle
turn channel. Advanced optical flow analysis was then applied to track and to quantify particle
and liquid motion from the measured data separately.

Figure 1 shows three versions of a radiographic image taken from the bottleneck sequence: (a)
the normalised raw data, (b) data after filtering, masking and noise reduction and (c) the
calculated colour-coded flow field. Noise reduction through filtering was essential to provide
sufficient quality for the flow analysis. One can clearly distinguish between liquid and solid
phase as the latter appears darker due to the lower X-ray density of aluminium compared to the
Ge-rich liquid matrix. Two or three small clusters of solid particles were detached from the solid
(arrow 2) and moved through the channel following the liquid-air interface (arrow 3). Along with
the liquid, several gas bubbles (arrow 1) flowed into the cavity while the bulk remained more or
less inert (arrow 4).
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Figure 1. Three versions of a radiograph from the 'bottleneck sequence'. (a) Normalised raw
data showing liquid and solid phase during the injection; (b) Masked and filtered raw data; (c)
Calculated flow map (colour encodes direction, brightness equals speed). Arrows: (1) air bubbles,
(2) cluster of particles moving at high speed on the crest of the liquid front, (3) Al-particle close
to the liquid front which is not moving at all according to optical flow analysis, (4) slowly moving
bulk skeleton. The grey silhouette represents the mask that was applied during flow analysis. See
below for a movie corresponding to this figure.

If the experiment were carried out with a different channel geometry (right-angle turn), the flow
behaviour would be expected to change. The right-angle was chosen to create a more turbulent
flow, in the hope that the motion of both liquid and solid would be more conjoint compared to
the bottleneck. The turbulent flow is illustrated by Figure 2 which shows a series of three
radiographs situated in the middle of the sequence (a-c) covering the spontaneous break-up of a
larger particle cluster, which took place in less than 60 ms. A large region of the solid, approx. 1.5
mm in diameter (highlighted by the box region in Figure 2), remains frozen for approx. 35 ms
(Figure 2a), then suddenly the upper half of this cluster breaks up and moves at high speed into
different directions, indicated by several flares in Figure 2c (velocity amplitude), while the
lower part remains still.
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Figure 2. Example of spontaneous breakup of a large cluster of particles. Pictures show
radiographs of the right angle turn with the super-imposed velocity amplitude as brightness: a)
Frame at 0.27 s: rectangle indicates a region where only little motion of the solid phase is
observed. b) Frame 0.296 s: the solid skeleton in the same region has come to a complete halt. c)
34 frames later (0.33 s) the static structure breaks up into many parts (flares).

Compared to our previous experiments [4] the present data shows a multitude of dynamic
effects, particularly for the new geometry (right angle turn) of the flow channel. Here, isolated
turbulent particle motion and transition from a frozen solid skeleton to moving particle/clusters
could be observed. The latter, we believe, is the first visual proof of the thixotropic break-up
during semi-solid injection.

Movies of semi-solid casting
m Flow field from the bottleneck experiment

m Flow trajectories from the bottleneck experiment
m Flow field from the right angle turn experiment
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