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Abstract  

Solidification morphology directly impacts the mechanical properties of materials; 
hence many models of the morphological evolution of dendritic structures have been 
formulated. However, there is a paucity of validation data for directional solidification 
models, especially the direct observations of metallic alloys, both for cellular and 
dendritic structures. In this study, we performed 4D synchrotron X-ray tomographic 
imaging (three spatial directions plus time), to study the transition from cellular to a 
columnar dendritic morphology and the subsequent growth of columnar dendrite in a 
temperature gradient stage. The cellular morphology was found to highly complex, 
with frequent lateral bridging. The onset of protrusions growing out of the cellular 
front as morphological instability was captured, and the subsequent development of a 
few of these protrusions into established dendrites quantified. Other mechanisms 
affecting the solidification microstructure, including dendrite fragmentation/pinch-off 
were also captured and the quantitative results were compared to proposed 
mechanisms. The results demonstrate that 4D imaging can provide new data to both 
inform and validate solidification models. 

1.! Introduction 

Dendrite patterns formed during alloy solidification are the result of a complicated 
and dynamic process attracting significant scientific and practical interest [1–3]. 
Dendrites initially form because of morphological instabilities at the solid-liquid 
interface, and then grow rapidly because of a combination of effects related to solute 
partitioning between the solid and liquid and the thermal undercooling of the system. 
This process is influenced not only by the intrinsic properties of the alloy (e.g. the 
anisotropy of the solid/liquid surface energy and atom attachment kinetics), but also 
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by extrinsic conditions (e.g. fluid flow which can be induced by buoyancy, or driven 
by magnetic fields) [1,4]. One approach to obtaining dendrites in a controlled manner 
is by directional solidification (DS). DS is used industrially in metallic alloys systems 
to create components with a specified columnar microstructure, strongly enhancing 
the performance of materials. For example, columnar/single crystal Ni-based 
superalloys used for turbine blades are manufactured by DS methods with improved 
mechanical properties [5]. The dendrite pattern is important in several other natural 
and applied fields, ranging from hydrodynamics and chemistry to biology [6–8]. The 
DS technique can also be used in these fields to examine pattern formation 
mechanisms  in a controlled manner [9,10].  

Research in the field of DS has resulted in a number of analytical solutions [1,11] 
and numerical models [12–14] to predict the development of the microstructure. 
However, accurate prediction of dendritic patterns is still difficult since these 
solidification models contain mathematical simplifications and physical parameters, 
both of which are often experimentally calibrated. Hence, validation by targeted 
experiments is critical for their further development. One popular approach is to 
resolve the dendritic morphology in situ via transparent organic alloys coupled with 
optical imaging [15,16] and/or metallic alloys with X-ray radiography [17–20]. DS is 
then achieved using temperature gradient furnaces [21–24], illuminating many aspects 
of solidification science, including interface instabilities [25,26], columnar dendrite 
growth [27,28] and dendrite fragmentation [29,30]. Transparent organics have been 
extensively used due to not only their morphological similarity to metallic alloys but 
also their low melting points [15]. For direct imaging of metallic dendrites, high speed 
X-ray radiography must be performed using very thin metallic samples (100-200 !m) 
[22,28,31–33]. While these techniques have thus far provided the basis of our 
understanding of dendritic solidification, both optical imaging and X-ray radiography 
are inherently 2D, thus morphological changes on the surface perpendicular to the 
incoming beam cannot be captured. Further, the usage of thin samples restricts the 
growth of the solid phase, and hence may not be representative of the bulk sample.  

The recent development of high speed synchrotron tomography allows for in situ 
imaging of relatively bulky samples during solidification experimentation, enabling 
so-called 4D X-ray imaging (x, y, z plus time) of microstructure evolution. This 
technique has been applied to study solidification problems with great success, 
including equiaxed dendrite morphology evolution [34–36], solid phase coarsening 
[37], and semi-solid deformation [38–40]. However, to date, experimental designs 
enabling 4D imaging of directional solidification remain unexplored. In this study, the 
application of a temperature gradient stage integrated with high speed synchrotron X-
ray tomography to study columnar dendrite growth of an Al-Cu alloy during 
directional solidification is reported. This time-resolved tomographic imaging has 
enabled 4D observation and quantitation of key solidification phenomena: solid/liquid 
interface instability induced formation of cellular growth and the transition to 
columnar dendritic growth, as well as dendrite fragmentation, which were previously 
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only accessible via in situ 2D radiography. The findings are of interest to not only 
microstructural engineering of advanced metallic alloys, but also to the broader field 
of pattern formation and crystal growth, providing a unique dataset for model 
validation.    

2.! Experimental methods 
2.1 Materials and furnace design 

A bespoke temperature gradient stage incorporating two furnaces (the upper 
furnace reaching 1000˚C, the lower 600˚C) was designed and commissioned allowing 
combined tomography and directional solidification (Fig. 1). The upper furnace 
utilizes a heating element made from 1 mm diameter Ni-Cr alloy wire (Omega 
Engineering Limited, UK) coiled to an alumina tube with an inner diameter (ID) of 10 
mm and outer diameter (OD) of 17 mm. The lower furnace utilizes a heating element 
made from four cartridge heaters inserted into a Cu block with a central hole of 10 
mm diameter. The two furnaces were aligned so that the two 10 mm central holes 
were in parallel, having a 12 mm gap for the X-ray beam, covered with thermal 
insulation. The furnaces were individually controlled via proportional–integral–
derivative algorithm.  

An Al-15wt%Cu alloy was selected for this study. This alloy has a high 
absorption contract between Cu-enriched liquid and the solid, enabling clear 
observation of dendrite patterns via X-ray tomography. For the experiment, a sample 
3 mm in diameter and 100 mm in length was inserted into an alumina tube (ID 3 mm, 
OD 5 mm). The tube and the sample were then mounted on the top of a Cu sample 
holder. This assembly was then mounted onto a goniometer and centered within the 
middle of the temperature gradient stage to allow for directional solidification.   

2.2 Synchrotron tomography measurement  

High-speed absorption-based X-ray tomography was performed on the I12 
beamline at the Diamond Light Source using a 53 keV monochromatic X-ray beam. 
To acquire the X-ray radiographs, a PCO.edge camera was coupled with I12’s camera 
module 3 [41], offering a field of view (FOV) of 2560"2160 pixels, and a pixel size 
of 3.9 µm. The FOV was further cropped to 1070"1070 pixels, corresponding to 
4173"4173 µm to increase acquisition speed. One tomogram consisted of 900 
projections over 180o with an exposure time of 5 ms per projection, hence the total 
time per tomogram was 4.5 s. After inclusion of additional sample rotation and data 
download, the cycle time was 9 s. These conditions allowed continuous visualisation 
of the dendrite growth of a 3 mm diameter Al-Cu sample during solidification using a 
relatively large FOV. 

After placing the sample holder within the furnace and aligning with the X-ray 
detector, the experiment was conducted as follows. First, both furnaces were heated 
until melting was visible in the FOV. Then, the temperatures of both furnaces were 
adjusted to ensure the presence of a stable solid/liquid interface at the bottom of FOV. 
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indicates a cellular structure. Note that these cells are possibly the tips of coarsened 
columnar dendrites originating from below the field of view, partially 
crystallographically aligned due to the repeated sample re-melting required to achieve 
an appropriate cooling rate and thermal gradient. Because of this, the cellular structure 
will be evolving, rather than established as formed during Bridgeman solidification. 
The red colour in this inset identifies an irregular-shaped pore that is connected to the 
sample surface. This pore was likely to have been shrinkage porosity kept in the melt 
via an entrained, surface connected, oxide. The cells shown in Fig. 2a continue to 
grow upwards (Fig. 2b) as the bottom furnace was cooled. A cellular to dendritic 
transition then occurs, with fine dendritic structures forming (Fig. 2c and 2d) from the 
cellular phase. These dendrites quickly start branching, with secondary and tertiary 
arms forming. On the right-hand side, the cross-section of a few columnar grains can 
be observed that appear equiaxed-like. These dendrites tended to grow along the wall 
of the alumina tube. The dendrites continue to grow upwards as the sample cooling, 
forming complex branching patterns (Fig. 2d to 2e), with one particularly well-
developed columnar dendrite on the left-hand side. The sequence for the 
microstructural development is hence as follows: the growth of initial cellular solid 
phase; the transition from cellular to dendritic structure; and subsequently growth of 
the newly-formed columnar dendrites. 

Fig. 2f shows a transverse slice of the final tomography at t = 441 s (at the 
position marked by the red line in Fig. 2e). In total, 29 columnar dendrites can be seen 
in this slice, some with well-developed secondary and tertiary dendrite arms. Four-
fold symmetry was observed consistently between the primary and secondary arms as 
expected in an FCC metal. Some of the tertiary arms, denoted by red arrows, were 
inclined at an angle of approx. 60˚ to the secondary arms, indicating possible 
deviation from crystallographic symmetry.  

Fig. 3 provides a three dimensional rendering of the final tomographic image 
(t = 441 s) recorded during the DS experiment, rendered with a grey scale matching 
previously-published X-ray radiographic images [17,46]. This image shows that the 
DS grain morphology achieved is similar to prior results obtained via X-ray 
radiography [17], with columnar dendrites growing out of the cellular structure, and 
the formation of porosity [47]. As can be seen, the solid/liquid interface indicated by 
the curved purple line is quite uneven. This is due to complex convection in the melt, 
potentially induced by: (a) solute induced buoyancy driven flow [48], (b) 
inhomogeneity in temperature, and (c) the rotation of the sample for tomographic 
imaging. From the dataset provided in Fig. 3, three distinct regions of grain 
morphology can be identified. The first, region (i), consists of a mainly cellular 
structure. The second, region (ii), has a dendritic structure. The third, region (iii), is 
liquid enriched with Cu rejected by the solidification front.  

3.2!Cellular to Dendritic Transition  
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Fig. 4a, 4b and 4e show the 3D morphology of the evolving solid cellular 
structure at the bottom of the field of view (Region (i) in Fig.3), in which each cell 
has been coloured by its local thickness (T) and the liquid has been removed. The 
local thickness is calculated as the diameter of the biggest sphere that can fit into an 
individual cell. The initial solid growing from the bottom appears to be an established 
cellular structure (Fig. 4a) with a slightly uneven front. Zoomed views of the cellular 
structure at the same time points are shown in Fig. 4c and 4d (see also the 
supplementary video 1). The cellular structure develops over the first 180 seconds 
(Fig. 4b), at which point there is a sudden transition (around 153 s) to dendritic 
growth over most of the front. It is likely that the initial cellular structure (in Fig. 4a 
and those below the field of view) nucleated via epitaxy on the un-remelted solid 
below the field of view. Even at the early stages of this epitaxial cellular growth the 
structures are very complex, with undulating structures (lateral interconnectivity in 
addition to that in the growth direction). This microstructure is much more complex 
than that visualised in thin organic analogues grew by the Bridgeman method [49].!
Bergeon et al [50] demonstrated that similar cellular structure could form in a a bulk 
transparent sample looking at a cross-section perpendicular to heat flow (the 
similarity appears between the two when we view the cellular structure from the top 
(e.g. Fig. 4d)). The tremendous complexity related to the initial growing structure may 
have been the results of re-melting of the sample in a temperature gradient leading to 
temperature gradient zone melting [51] and continuous microstructure coarsening. 

Fig. 4d (also see supplementary video 1) demonstrates that the cellular growth 
front becomes unstable across the whole field of view at approximately the same time 
(153 s) as they reach a Mullins-Sekerka morphological instability [11]. The 
perturbations in the front quickly form stable protrusions, capturing the first stage of 
the transition from cellular to dendritic growth in 4D for the first time. The 
supplementary video tracks how these perturbations, formed of parabolic tips with 
cylindrical primary arms behind them transform into columnar dendrites, capturing 
the next stage of the transformation. 

The cellular structures thicken both during early stages of growth, and later 
after the solid/liquid front is well past, as thermodynamics dictates more solid form. 
The evolution in local cell thickness is shown via the colouring in Fig. 4, both during 
cellular growth (Fig. 4a and 4b) and during the later stages of solidification (Fig. 4e) 
when the front is long past the field of view (FOV). The solid fraction (fs) within the 
region shown in Fig. 4 (Region (i) in Fig. 3), was quantified as a function of the 
solidification time and is shown in Fig. 4f, along with the average solidification rate:  
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(1) 

where !" is the solidification rate, fs(i) is the relative solid fraction of Region (i) of ith 
tomography dataset (i = 0,1, 2, …, 49), fs(0) is the relative solid fraction of Region (i) 
in the initial tomography dataset shown in Fig. 4a and t(i) is the time at which the ith 
tomography dataset was acquired relative to the initial tomography dataset. 
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As can be seen in Fig. 4d, the fraction solid, fs, increased from 15.1 % to 46.7 % 
but nonlinearly. The fs initially increases slowly as a few cells entre the region, 
accelerating as the whole front moves through, and slowing at the end as cooling 
slows and the eutectic composition is approached. The solidification rate can be seen 
to rise almost linearly at the beginning, but above a threshold time, it slows (Fig. 4d). 
This threshold time (t0+190 s) corresponded well with the time point when the growth 
mode within the FOV changed from cellular to dendritic. The transition-to, and 
growth of, dendrites will be analysed in the next sections.   

 
3.3!Initial Stage of Dendritic Growth 

During alloy solidification, Mullins-Sekerka [11] instabilities form at the 
solid/liquid interface, with the rejection of solute favouring as large a solid/liquid 
interface as possible [52]. After the onset of the cellular to dendritic transition, a 
number of further interface instabilities were observed, including sidewise instabilities 
and tip-splitting, giving rise to dendritic and coral-like structures, respectively. Fig. 5a 
and 5b show the morphological evolution of the solid phase from 153 to 198 s (see 
supplementary video 2), the period during which such instabilities develop. The 
images represent a sub-volume 780x780x780 !m in size and taken from Region (ii) of 
Fig. 3. The solid phase is coloured by its mean curvature (note, a positive mean 
curvature means concave towards the liquid). As can be seen in Fig. 5a, the solid 
structure at 153 s starts as nearly cellular, with small perturbations with high 
curvatures forming (shown via arrows and shaded in red) that become dendrites. 
Within this ROI, the cells grew upwards and expanded, as expected (see 
supplementary video 3). By 193 s, Fig. 5b, severe protrusions and side branches have 
developed. Note that although most cells have converted to dendrites, only a small 
portion in this region developed branches as the spacing is smaller than optimal, and 
many are overgrown. Of the branches formed, some were symmetric, obeying four-
fold symmetry, while others were asymmetric. 

Fig. 5c to 5g show an example of an individual cell transitioning to a dendrite 
with four-fold morphology. Note that this dendrite was not located within the ROI 
shown in Fig. 5a. As can be seen, the initial cell is small and plate-like with a 
relatively smooth surface. The cap is flat and two small protrusions were found on the 
two corners of the cap. Fig. 5d shows that the tip of the cell split into two and also its 
root narrowed, possibly via local remelting.  The right-hand tip grew upward, forming 
a primary arm. Side-branching perturbations then formed, perpendicular to the 
primary arm, which seem to have parabolic tip shape, Fig. 5e. As solidification 
advances, the primary arm continues to grow, forming more side-branches from the 
perturbations (Fig. 5f and 5g), thus capturing 4D secondary arm formation. This 
dendrite out-grew the other two that sited on its left and right hand side. Four-fold 
symmetry is expected for the dendrite growth of this fcc alloy when growing along 
<001> direction,  and nicely demonstrated by the secondary arms in Fig. 5g.  
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Distinct from classical four-fold symmetric growth, another type of interface 
instability, leading to asymmetric patterns was observed during the experiment (see 
Fig. 5h to 5l). The initial cell is given in Fig. 5h. As can be seen, the thin cell has a 
flattened cap with a small groove in its centre. Unlike the classic dendritic case, this 
cell expanded forming several principle protrusions, which are marked by black 
arrows in Fig.5h to 5j, creating a corrugated surface with large differences in 
curvature (Fig. 5j to 5l) and no obvious four-fold symmetry as shown in Fig. 5g. 
There are side-branches growing perpendicular to the principle stems, Fig. 5k and 5l. 
The resulting structure is a dense-branched 3D coralline-like morphology. The 
morphology observed here is similar to seaweed patterns. Seaweed microstructure has 
been observed in thin crystals imaged via 2D methods (both in thin transparent 
organics [49,53,54] and metallic alloys [42]). Several factors could be the origin of 
the seaweed pattern. The weak anisotropy of the solid-liquid interface energy, leading 
continuously splitting of the leading tips [42,53]. Crystalline anisotropy can have a 
significant effect on the morphology of the solid-liquid interface. In this experiment, 
the crystalline anisotropy could stem from two potential sources. First, the sample was 
melted/re-solidified many times to achieve DS growth, forming the initial cellular 
structure. Crystal growth orientation other than <001> could align to the upward 
thermal gradient. Second, those cells growing at (001) direction might be misoriented 
from the thermal gradient, which can also induce seaweed structure. Both have been 
experimentally observed in transparent model systems [54]. In this case, EBSD could 
not be performed as the sample was subsequently re-melted.  

3.4!Established Dendrite Growth  

Well after the transition from cellular to dendritic structure, competitive 
growth of the dendrites occurs and the surviving ones become classical tree like 
structures. Established dendritic growth is shown in Fig. 6 for three solidification 
times (see also supplementary movie 3) of a single dendrite (marked SD). Note it is 
the same dendrite as in Fig. 5c to 5g, picked as it is near the centre of the sample and 
is not constrained by the walls. As can be seen, this dendrite competed with 
neighbouring dendrites (red arrows, Fig. 6a) and outgrew them. It is well known that 
Al dendrites whose <100> preferential growth direction is almost parallel to the heat 
flow direction can grow very quickly, impeding less well aligned dendrites [55]. Thus 
it is probable that SD had preferred orientation in comparison to its neighbours. The 
blockage of the surrounding dendrites by the side branches of SD is clearly visible by 
comparing the sequence Fig. 6a-b-c-d. As can be seen, the nearby dendrites 
continuously deviated from SD, making space for its secondary arms to develop. In 
addition, the surfaces of the nearby dendrites facing SD are smooth without any 
secondary arms. This demonstrates the extent to which the side branches of SD 
caused these neighbour dendrites to incline away from the SD, and become growth 
inhibited. Finally, the shape of secondary arms was flat on the cold side but bulged on 
the hot side (close to the primary dendrite tip), unlike cylindrical [56] and plate-like 
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[34] shape observed by others. These secondary arms were self-similar, and some 
merged together and ripened at later stages of solidification.  

The instantaneous tip velocity of SD together with the tallest/foremost dendrite visible 
in Fig. 3, denoted as FD, is plotted in Fig. 7. (Note: FD (close to the Alumna tube, 
may have grown faster/taller because of a combination of compositional heterogeneity 
due to sample remelting, as well as minor temperature variations) As can be seen in 
Fig. 7, the trends are the same, showing three different growth stages: (1) cellular 
growth with an slowly increasing velocity as the temperature and gradient decrease 
(0-150 s); (2) rapidly increasing growth rates immediately after the cellular structure 
breaks down into dendrite, which shoot off quickly (150-200 s); and (3) the slowdown 
of dendritic growth due to the cooling rate decreasing (>200 s). This data can be used 
to validate models of dendritic growth. Chen et al [42] carried out an in situ 
radiographic observation of thin Al-4wt.%Cu solidified directionally using similar 
power down method. The velocity of the furthest tip of their study shows a similar 
trend. Although the ‘power down’ method leads to a continuous increase in the 
temperature gradient along the sample, this increase may occur in a non-linear fashion. 
Additionally, as shown in Fig. 3, the temperature within the sample is non-uniform. 
This could affect solute distribution, further modifying the dendrite growth velocities 
away from the well-established case of directional solidification.!

3.5!Dendrite fragmentation 

Dendrite fragmentation was observed during the experiment, as shown in Fig. 
8a and 8b show just prior to, and immediately after fragmentation. This dendrite is 
located close to the sample centre and is a small, undeveloped primary arm (compared 
with the dendrite in Fig. 6). This dendrite was connected to the base with a very 
narrow root (see inset in Fig. 8a), where fragmentation occurred. As can be seen, after 
detachment, the fragment moved upwards due to buoyancy, as the !-Al primary 
dendrites are less dense than the Cu-enriched liquid.  

There are a number of different mechanisms proposed in the literature to 
explain dendrite fragmentation, including re-melting induced by thermal fluctuations 
[57], pinch-off driven by coarsening/minimising interfacial curvature, or Gibbs-
Thompson effect [58,59], and mechanical bending [60]. Here we investigate the 
likelihood of each of these potential mechanisms in turn for this fragmentation event.  

Thermal fluctuation - in our case, the bottom furnace was cooling at a constant 
rate; hence this is a very unlikely cause as there were no significant fluctuations. 
Pinch-off driven by curvature minimisation – this is reported to require relatively long 
times [59]; however, the fragment here happens quickly, between two tomographic 
scans (~4.5 s). Hence we would hypothesis minimising the curvature is one of the 
driving forces, but that other factors are also trigging fragmentation. Flow induced 
bending – this seems unlikely as the sample was very small and strong flows are not 
expected, and indeed, after breaking off, the fragment floats straight upwards with 
little sideways motion, suggesting no convective flows, just buoyancy is operative. 
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Here using the 3D data given by X-ray tomographic imaging, the buoyancy stress (!b) 
at the root can be directly calculated with: 

12 #
32

4
#
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where Fb is the buoyancy force, s is the cross-section area of the root (for this 
particular dendrite, its root has an equivalent radii of about 5.8 !m), "L is the density 
of the liquid (2.54 g/cm3 [61]), Vf is the volume of the fragmented solid, and g is the 
acceleration due to gravity. Based on the above calculation, !b was estimated in this 
experiment to be 1.8 kPa. The calculated value is 2 order of magnitude less than the 
bending stress (0.13 MPa) estimated by Billa et al [62] for Al-0.73wt%Cu alloy, and 
the yield stress (0.6 MPa) of Al at the melting point by Pilling and Hellawell [63]. 
Note that the stress responsible for dendrite fragmentation in the mushy zone is 
related to various factors, e.g. alloy composition, temperature, and solid fraction, 
hence it is not surprising that in different situations the stress would be significantly 
different.  

We would propose that both buoyancy and curvature minimisation are the 
driving forces, but that these are either too small or slow to cause the fragmentation 
without additional mechanisms acting. Doherty et al. [60] hypothesised that 
dislocations form in the neck, recrystallizing to form high-angle grain boundaries. 
Again, this requires high stresses, whilst Karagadde et al. [39] recently proposed a 
mechanism termed transgranular liquation cracking (TLC), to explain the 
fragmentation of semi-solid globular grains at very low stresses. In TLC, the 
interdendritic liquid acts to accelerate the cracking, much like stress corrosion 
cracking, but initiating at dislocations formed under load, combined with a surface 
Rayleigh instability. We hypothesis that the stress localised in the dendrite root causes 
dislocation localization, and combined with the high curvature, significantly reduces 
the local melting temperature, and once initiated, the crack is accelerated [63].  

In this case, although the stress induced on the dendrite root is very small, the 
surrounding Cu-enriched ‘hot’ liquid can easily penetrate into the solid phase in the 
region where dislocations were concentrated. The proposed mechanism for 
fragmentation is shown schematically in Fig. 8c to 8e. Coarsening reduced the root 
area of dendrite arm. The stress here induced mainly by buoyancy, localized into the 
root region, assisted by liquidation, causing the dendrite to fragment. Similarly, 
Reinhart et al [64] observed via X-ray radiography, secondary arms bent then 
fragmented during the growth of a columnar dendrite in an Al-7wt.%Si alloy, 
attributed to the stress concentrated at the arm neck. This stress was caused by the 
gravity force as the solid phase is denser than the liquid [64]. Hence, it is believed that 
mechanical deformation from various sources (gravity [64], buoyancy, liquid flow, 
and external deformation [38,39]), when aligned with transgranular liquation cracking 
mechanisms, may play a much greater role in grain fragmentation during 
solidification than previous thought. Recent simulations of chemically assisted 
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cracking show that the speed and energy required in other systems can be reduced by 
orders of magnitude [65].  

 
3.6!Conclusions 

This study reports the 4D (3D plus time) synchrotron tomographic 
quantification of columnar dendrite growth during directional solidification within a 
temperature gradient stage. Using shutdown mode cooling, the formation of cellular 
growth, the cellular-to-dendrite transition, together with the growth of established 
columnar dendrites was all captured.  

The imaging of the cellular growth showed much more complexity than in 
prior organic analogue and radiographic studies, where growth is constrained to 
effectively two dimensions between thin plates. Here, the cellular growth structures 
undulate both vertically and horizontally.  

The onset of Mullins-Sekerka morphological instabilities were then quantified 
as the cellular front degenerated, with protrusions forming across the front as the first 
stage of the transition to dendritic growth. This transition was both rapid and 
relatively uniform across the whole front. Interestingly these protrusions formed both 
traditional dendrites and seaweed-like structures, with the latter being overgrowth. 

Through competitive selection, the dendrites with favourable orientations 
aligned with the heat flow direction formed well-developed structures. The growth 
velocities of these structures were quantified. 

Dendrite fragmentation was also observed and using the full 3D shapes, the 
potential mechanisms for fragmentation were qualitatively and quantitatively 
compared. For the fragmentation examined, it was hypothesised that a combination of 
stress induced by buoyancy and the Gibbs-Thomson effect are the two main driving 
forces, with the failure accelerated by a transgranular liquation cracking mechanism.  
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Figures 

Figure 1 Schematic of the temperature gradient furnace for high speed X-ray tomography 

Figure 2 (a to e) Longitude cross-sectioned slices extracted from tomographic volumes at t = 
0, 180, 225 and 441 s, respectively; (f) a transversal slice at the height of 1.29 mm from the 
bottom at t = 441 s. Insert in (a): porosity distribution (red) and initial solid phase (yellow) 
within the sample at t = 0 s  (the transparent surface shows the shape of the sample).   

Figure 3 Volume rendering of the final recorded tomography at t = 441 s after solidification 
was initiated.   
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Figure 2 (a to e) Longitude cross-sectioned slices extracted from tomographic volumes at t = 0 , 
180,  225 and 441 s, respectively; (f) a transversal slice at the height of 1.29 mm from the bottom at 
t = 441 s . Insert in (a): porosity distribution (red) and initial solid phase (yellow) within the sample 
at t = 0 s  (the transparent surface shows the shape of the sample). 
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Figure 3 Volume rendering of the final recorded 
tomography at t = 441 s after solidification was 
initiated.  
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Figure 5 (a to b) 3D interface morphology evolution coloured by its mean curvature at t 
=153, and 198 s, respectively; Initial growth of (c to g) dendritic structure and (h to l) 
coralline-like morphology: (h) t = 153s; (c) and (i) t = 162 s; (d) and (j) t = 171 s; (e) and 
(k) t = 180 s; (f) and (l) t = 189 s; (g) t = 198 s 
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Figure 6 (a to d) 3D morphology of dendrite structure at t = 207, 261, 306, and 441 s, 
respectively.
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Figure 7 Time evolution of the dendrite tip velocity   

i ii iii



!"#$%&'#(%)*+ 3

Figure 8 Snapshot of dendrite fragmentation at (a) t = 387 s and (b) t =405 s; (c), (d) 
and (e) schematic showing the breakage of dendrite due to liquation cracking (the 
scale bare in a and b is 100 !m)
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