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The scale of solidification microstructures directly impacts micro-segregation, grain size, and other
factors which control strength. Using in situ high speed synchrotron X-ray tomography we have directly
quantified the evolution of dendritic microstructure length scales during the coarsening of Mg-Zn hcp
alloys in three spatial dimensions plus time (4D). The influence of two key parameters, solute compo-
sition and cooling rate, was investigated. Key responses, including specific surface area, dendrite mean
and Gauss curvatures, were quantified as a function of time and compared to existing analytic models.
The 3D observations suggest that the coarsening of these hcp dendrites is dominated by both the re-
melting of small branches and the coalescence of the neighbouring branches. The results show that
solute concentration has a great impact on the resulting microstructural morphologies, leading to both
dendritic and seaweed-type grains. It was found that the specific solid/liquid surface and its evolution
can be reasonably scaled to time with a relationship of ~ t�1/3. This term is path independent for the Mg-
25 wt%Zn; that is, the initial cooling rate during solidification does not greatly influence the coarsening
rate. However, path independence was not observed for the Mg-38 wt%Zn samples because of the
seaweed microstructure. This led to large differences in the specific surface area (Ss) and its evolution
both between the two alloy compositions and within the Mg-38 wt%Zn for the different cooling rates.
These findings allow for microstructure models to be informed and validated to improve predictions of
solidification microstructural length scales and hence strength.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The process of solidification usually results in the formation of
dendritic, tree-like patterns at the scale of the microstructure.
Dendrites consist of complex primary, secondary, tertiary and
sometimes higher-order branches. The growth of dendrites from
the liquid melt is usually accompanied by coarsening, a change in
shape driven by variations in interfacial curvature, decreasing the
total interfacial area and hence free energy, resulting in a
ersity of Manchester, Man-

ersity of Manchester, Man-

Guo), peter.lee@manchester.

lsevier Ltd. This is an open access
concomitant increase in secondary dendrite arm spacing [1]. This
coarsening process is most visible in the regions between the tips
and the roots of the dendrites [1,2].

Understanding dendrite coarsening is of particular technolog-
ical importance. The mechanical properties of industrial alloys are
directly determined by the underlyingmicrostructure. For example,
the tensile strength of Al-Si alloys increases with a decrease in the
secondary dendrite arm spacing [3,4], due to the resulting reduc-
tion in interdendric structures and defects such as porosity and hot-
tearing [5,6]. Coarsening also affects processing, for example,
thixoforming requires a semi-solid structure with relatively fine
and round grains [7], which can behave very differently to dendritic
ones [8,9].

The thermodynamic driving force for dendritic coarsening is the
need to decrease the total free energy of the system. This is ach-
ieved by reducing the dendrite interfacial curvature [10,11] and
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hence decreasing the total interfacial area. Thus, the process of
dendritic coarsening occurs in a very similar way to Ostwald
ripening [12], in which small particles having high interfacial cur-
vature dissolve and redeposit onto larger ones with low interfacial
curvature [12,13] due to the Gibbs-Thomson effect. Initial research
on dendritic coarsening [14e16] found that the most useful quan-
tifiable parameter was the secondary dendrite arm spacing l2, and
that this spacing varied as: l2 ~ t1=3s , where ts is the local solidifi-
cation time. Further research [7] has shown that l2 is insufficient to
describe coarsening of microstructures with complex morphol-
ogies, nor does it describe coarsening once the microstructure has
evolved to a more rounded geometry at longer times. Marsh and
Glicksman [10] instead suggested using the specific interfacial area,
Sv, as the characteristic length. Studies have shown that this
parameter evolves as [10,11],

S�3
v ðtÞ � S�3

v ð0Þ ¼ Kct (1)

where t is the coarsening time, Sv (0) is the specific surface area at
t ¼ 0, and Kc the coarsening rate. Recently, the use of the solid-
liquid interfacial curvature has been introduced to correlate
microstructure to the dendritic coarsening process [17,18]. The
evolution of dendritic coarsening is always associated with a
change in local morphology, thus the quantification of the dynamic
evolution of curvatures is of key importance when characterising
coarsening processes.

Due to the importance of coarsening, a number of theoretical
studies [19e22], including phase-field modeling [23,24], and
experimental investigations [2,18,25e35] have been undertaken to
study coarsening phenomena during solidification or under
isothermal conditions in metallic alloy systems. Experimental
studies of coarsening in metallic alloys are limited due to the dif-
ficulties involved in observing changes in microstructure directly as
they occur. Prior ex situ studies of dendritic coarsening have mainly
been performed on Al-Cu alloys [2,18,25,26,35], and Pb-Sn alloys
[25,27] that were quenched after an isothermal hold of known
duration. In those studies, the assumption was made that the
cooling rate during quenching was sufficiently high enough to
‘freeze’ the semi-solid dendritic structure. 2D metallography
[2,28,29] and 3D serial sectioning techniques [17,25,30] were then
used to characterize the obtained microstructure. Although these
studies provided insight into the mechanisms of coarsening, the 2D
metallography results do not reflect the full 3D microstructure, and
3D serial sectioning is extremely time-consuming. Further, for both
2D and 3D ex situ studies, the observations are often difficult to
interpret since each experiment is a single snapshot of an inde-
pendent quenchedmicrostructure (whichmay have evolved during
quenching [31]), and hence they can only be statistically correlated.

The formation of dendrites and their subsequent coarsening is
now the subject of many computational studies using a wide range
of techniques from coupled control volume and front tracking
techniques [36,37] to phase field [38,39] to combined analytic and
numerical models. Many even include the influence of fluid flow
[40]. However, there is a paucity of quantitative experimental data
in magnesium alloys to both inform and validate these models [41].

With the advent of 3rd generation synchrotron sources, in situ
2D and 3D (or 4D, 3D plus time) imaging of microstructure devel-
opment in metallic alloys is now possible. However, most of the
experiments with semi-solidmetals have focused on fcc aluminium
alloys [42e45]. The resulting tomography datasets enable the
temporal evolution of microstructure to be quantified in 3D and
physical mechanisms to be explored. In a few instances, this
methodology has been applied to dendritic coarsening in Al alloys.
Limondin et al. [1] observed the dendritic evolution of an Al-10 wt%
Cu alloy during solidification via in situ tomography, and found that
at low cooling rates, both growth and coarsening mechanisms
played active roles in creating a very coarse dendritic structure.
Terzi et al. [32] examined the coarsening process in the same alloy
system, and observed the coexistence of three coarsening mecha-
nisms on secondary dendrites: (i) melting of small dendritic arms,
(ii) gradual movement of the dendrite root towards the dendrite
tip, and (iii) dendrite coalescence and groove advancement. Fife
et al. [46] studied the dynamic morphological evolution of the
solid-liquid interface in semi-solid Al-Cu alloys at different volume
fractions of solid, and quantified the relationship between interface
curvature and velocity.

These synchrotron 4D imaging studies on dendritic coarsening
have focused on Al-Cu alloys with fcc crystal structure because the
semi-solid is relatively inert due to the stable oxide, and there is a
substantial difference in contrast between the two phases.
Currently, there is still a paucity of experimental data qualifying the
coarsening process in alloys with hcp structure, including magne-
sium alloys. Such studies are required to both inform and validate
microstructural models in this important class of alloys [41].

In the present research, dendritic coarsening in reactive Mg al-
loys with hcp crystal structure is studied in situ via high speed
synchrotron tomography using a novel encapsulation system [47].
Specifically, the effects of alloy composition and cooling rate are
examined. From the resulting datasets, the 3D dendritic micro-
structural evolution was quantified in terms of specific surface area
(Ss) and interfacial curvature to reveal new insight into coarsening
mechanisms in hcp metals and to provide quantitative time-
evolved data for validation of microstructure models.

2. Materials and experimental methods

Mg-25 wt%Zn and Mg-38 wt%Zn alloys were selected to study.
The use of a high Zn content enhances the X-ray absorption contrast
between the liquid and solid phases, enabling the dendritic struc-
tures to be captured. The solidification range of the two alloys is
~209 �C (550e341 �C) and ~139 �C (480e341 �C), respectively. The
alloys were prepared by mixing pure Mg and Zn powders in a
stainless steel crucible under a protective atmosphere of CO2 and
SF6. The mixtures were then melted and cast into a graphite mould.
Small cylindrical samples of ~1.5 mm in diameter were then
machined from the casting for the coarsening experiments. The
samples were then individually enclosed in a quartz encapsulation
system [47] to eliminate oxidation effects and safety risks involved
when melting Mg alloys.

The in situ tomography studies were performed at the Diamond-
Manchester Beamline (I13) of the Diamond Light Source. A bespoke
PID controlled furnace was used [43]. The coarsening experiments
were carried out as follows. First, each sample was heated slowly to
~30 �C above the liquidus temperature and then held for 20 min to
ensure complete melting. Second, each sample was cooled at a rate
of 25�C/min to a temperature within the semi-solid region (490 �C
for Mg-25 wt%Zn and 410 �C for Mg-38 wt%Zn), and then held for
60e90min (depending on the sample) to allow coarsening to occur.
Third, the process was repeated but at a slower cooling rate of 3�C/
min prior to the isothermal hold. Thus, for each alloy composition,
the coarsening kinetics of the microstructure resulting from two
different cooling rates (25 and 3�C/min) were studied.

Note that for isothermal semi-solid coarsening processes, and
solidification studies in general, accurate knowledge of the tem-
perature variation with time is critical. However, direct measure-
ment of the sample's temperature was not possible during these
experiments because of encapsulation. Instead, the temperature
was measured in the furnace adjacent to the sample and the offset
calibrated by quantifying the volume fraction of solid visible in the
tomographic image at the beginning of the isothermal hold stage of
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each test and adjustment using the equilibrium phase diagram. The
offset was assumed constant during each experiment. For the two
alloys (Mg-25 wt%Zn and Mg-38 wt%Zn), the measured fraction
solid at the start of isothermal holding was 0.38 and 0.23, respec-
tively, corresponding to the temperature of ~490 �C and ~410 �C, for
Mg-25 wt%Zn and Mg-38 wt%Zn.

Concurrent with the coarsening experiments, X-ray tomography
images were acquired using a pink beam (energy range 15e30 keV)
and a PCO Edge 5.5 CMOS camera that was optically coupled to a
single crystal CdWO4 scintillator. The camera was binned to
1280 � 1080 pixels, resulting in a pixel size of 1.6 mm. For each
tomography scan, a total of 1200 projections were collected over a
180� rotation with an exposure time of 10 ms and an additional
2 ms for the camera to readout the projection images. At the end of
each tomographic scan, the sample stage was rotated back to �90�

followed by pause for system re-initialization. The resulting total
scan-to-scan cycle time was ~53 s of which only 14.4 s was used to
actually acquire the tomographic data. Thus, in total, approximately
300 tomographic images were captured (75 for each cooling rate/
alloy combination).

After acquiring the projections, the tomographs were recon-
structed using a filtered-back projection algorithm. Each dataset
was then cropped and analysed using the ImageJ (NHS, US) and
Avizo@ (FEI, France) software tools. 3D anisotropic diffusion and
median filters were applied to the cropped dataset to reduce the
noise. The dendritic features were then segmented using a global
threshold value, and the volume, surface area and surface curva-
tures were quantified.

3. Results and discussion

3.1. Qualitative observations of solidification and isothermal
coarsening in Mg

3.1.1. General microstructural evolution
In this study of isothermal semi-solid coarsening processes, the

following parameters were investigated: cooling rate to the
isothermal hold temperature (and hence initial structure), hold
time, and alloy composition. Fig. 1 provides an overview of the
experimental results. This figure shows longitudinal slices extrac-
ted from the tomographic images, taken both before and after the
isothermal coarsening, along with a 3D view of individual grains.
Images are shown for each alloy and condition: Mg-25 wt%Zn and
Mg-38 wt%Zn, cooled at both 25�C/min and 3�C/min prior to
coarsening. A number of salient features can be observed. Looking
first at the initial semi-solid microstructures, Fig. 1 (a-1, b-1, c-1, d-
1), the dendrites in Mg-25 wt%Zn were smaller than in Mg-38 wt%
Zn for the same cooling rate; this demonstrates that increasing the
Zn content alters the solute growth restriction and hence tip radius
of dendrites. Similarly, the faster cooling rate of 25�C/min resulted
in finer microstructures as compared to 3�C/min.

Analysis of the tomography datasets acquired during the solid-
ification stage showed that the Mg-Zn dendrites nucleated het-
erogeneously, on the oxide skin of the sample and the pre-existing
porosity within the melt. After nucleation, the dendrites that
nucleated on both the wall grew towards the centre of the sample
and those that nucleated within the central region tended to grow
in all directions, forming very complicated branching structures.

Concerning coarsening, a comparison of the images prior-to,
and post, isothermal hold clearly shows that the morphology of
the small grains initially cooled at 25�C/min has changed signifi-
cantly (Fig. 1 (a-1, a-2) and (c-1, c-2)), evolving from a dendritic
microstructure to a globular shape. In contrast, only slight
morphological changes are evident after the isothermal hold for
~60 min is applied to large grains initially cooled at 3�C/min (Fig. 1
(b-1, b-2) and (d-1, d-2)). Coarsening during the isothermal hold is a
diffusion-controlled process [12] driven by curvature, therefore the
slowly cooled structures coarsen more slowly than the quickly
cooled ones which are much finer and have high curvatures.

3.1.2. 3D dendrite morphology evolution
Time-resolved images of the coarsening process for individual

dendrites are shown in Figs. 2e5 for both alloy compositions and
cooling rates. By comparing these images, new insight can be
elucidated.

First, a variation in Zn content strongly affects the microstruc-
ture of Mg alloys. In the case of Mg-25 wt%Zn, six-fold symmetry in
the basal plane is clearly visible (Figs. 2(a) and 3(d)). With an in-
crease in Zn composition to 38 wt%, the dendritic morphology of
individual grains becomes highly branched, forming a seaweed-like
structure. The seaweed structure, with many split tips, is easily
discerned for the slow cooling rate case (Fig. 5) but less so in the
higher cooling rate (Fig. 4). It is likely that the anisotropy intro-
duced by the addition of high Zn content modifies the interfacial
energy, altering both the dendritic growth directions and the
morphology to different effects depending on cooling rate [48e52].
Yang et al. [48] recently performed a systematic X-ray tomography
study of quenched Mg-Zn alloys, showing that the dendritic
structure in rapidly cooled specimens breaks down for Zn content
between 25 wt% and 40 wt% Zn, forming instead an apparent
seaweed structure as the dendrite morphology changes from 18-
branch at 20 wt%Zn to 12-branch at 45 wt%Zn. The pattern of
dendritic structure observed in the present study largely matches
these earlier findings, that is, at 25 wt%Zn a six-fold symmetry in
the basal plane is observed, with each grain containing 18 or more
branches. However, for compositions in the 35e40 wt%Zn range a
strong seaweed structurewas observed. Note that the differences in
cooling conditions should be carefully considered when comparing
the results from different studies. In Yang et al.'s study the sample
was directly quenched from the liquid metal; in this study, the
slower cooling rate during solidification enabled tip-splitting even
at lower Zn levels of 25 wt%. This cooling rate dependence was not
reported in Yang et al.'s study.

Second, the change in morphology during coarsening for
initially high curvature (small) dendrites, Figs. 2 and 4 (also see
supplementary video 1 and 2), is more significant than those that
are large, Figs. 3 and 5 (also see Fig. 1 for direct comparison). In the
case of dendrites in Mg-25 wt%Zn cooling at 25�C/min, it is inter-
esting to observe that the coarsening process occurred ‘group by
group’; that is, the side branches in an array seen from the top view
tended to evolve to six single large branches, as indicated by the
numerals 1 to 6 in Fig. 2(f). The branches growing in the out-of-
basal-plane direction were observed to evolve to a dimpled circu-
lar shape, i.e. with a deep hole. We hypothesize that this is due to
the easier redistribution of solute between these close branches,
leading to coarsening to occur faster than those spaced far apart. It
would be interesting to see if microstructural models can predict
this. In comparison, the change of dendritic morphology is not
obvious for the same alloy, initially cooled at a slower rate of 3�C/
min (Fig. 3). At this lower cooling rate, the dendrites grew to a
larger size during the solidification portion of the experiment,
concurrently coarsening during growth. A similar comparison can
also be found in the results of Mg-38 wt%Zn (see Figs. 4 and 5).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2016.10.022.

Third, coarsening was observed to occur through two main
mechanisms: coalescence of neighbouring branches (Mechanism
1); or via the dissolution of small branches to the benefit of large
ones (Mechanism 2).Mechanism 1 is highlighted in Fig. 3(gei). Here
it can be seen that two separate branches slowly merged into a

http://dx.doi.org/10.1016/j.actamat.2016.10.022


Fig. 1. Images showing the evolution of dendritic structures of Mg-25 wt%Zn (a-1, a-2, b-1, b-2) and Mg-38 wt%Zn (c-1, c-2, d-1, d-2) alloys before (time ¼ 0 s) (a-1, b-1, c1, d-1) and
after (a-2, b-2, c-2, d-2) the isothermal hold stage for coarsening. Initial cooling rates were 3 �C/min for b-1 and d-1, and 25 �C/min for a-1 and c-1. 3D rendering of an individual
dendrite before and after isothermal coarsening is also shown beneath each 2D slice. All the 2D slices share the same scale bar as d-2.
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larger one through filling of the grove between them. This mech-
anism was frequently observed in all the experiments, as the pro-
cess is independent of the difference in tip radii between
neighbouring arms [53]. The high occurrence of tip-splitting in the
Mg-38 wt%Zn experiments created a large number of grooves (as
indicated by red arrows in Fig. 5(b) and (c)) which also favours the
occurrence of Mechanism 1.

Mechanism 2, highlighted in Fig. 5(def), was also frequently
observed. As can be seen, the small central branch dissolved
gradually along its axis, rather than along the radii, and the sur-
rounding dendrites increased in size. It is interesting to note that
coarsening mechanisms frequently observed in Al-Cu alloy sys-
tems, including the coalescence of the branches by merging of the
tips first, (e.g. Ref. [54]), radii melting [55], and fragmentation of the
dendrite root [55], were not observed in these experiments. This is
most likely attributed to the fact that the significant difference in
dendritic morphologies in a hcp system as compared to a fcc system
resulted in different solute redistribution within the arm space.
3.2. Quantitative analysis

3.2.1. Error estimation
Fig. 6 shows the evolution in dendrite volume for seven indi-

vidual dendrites from Mg-25 wt%Zn (Fig. 6(a)) and Mg-38 wt%Zn
(Fig. 6(b)). This data provides an estimate of the thermal stability of
the furnace, along with the accuracy of the process used to segment
individual dendrites. For each curve, the volumes have been
normalized by the maximum volume obtained from each dendrite
over the entire experimental duration. The dendrites labelled as D2,
D3, D5 and D7 in the figure correspond to those as shown in
Figs. 2e5. As can be seen, the dendrite volume first increased
during solidification, and then stabilized during the isothermal
hold. A small fluctuation in volume, on the order of 1e4%, is present
for each dendrite during the isothermal holding stage. Therewas no
difference between the six-fold dendrites (Mg-25 wt%Zn, Fig. 6(a))
and the seaweed structure (Mg-38 wt%Zn, Fig. 6(b)). The fact that
the normalized volume only changes very slightly is a good indi-
cation that errors due to thermal fluctuations and dendrite seg-
mentation are small, allowing for quantitative analysis of the
coarsening process based on the acquired 4D images.
3.2.2. Evolution in specific surface area
As discussed in the introduction, the evolution in specific sur-

face area, Sv, has been widely adopted to quantify the overall evo-
lution in microstructure during dendritic coarsening [2,10,11,21].
This can also be evaluated on each dendrite, where Sv becomes Ss
(defined as solid-liquid interface area per unit volume enclosed by
the interface). Fig. 7(a) shows the evolution of Ss for individual



Fig. 2. Dendritic evolution of a-Mg in Mg-25 wt%Zn alloy during isothermal coars-
ening at ~490 �C. Initial solidification cooling rate was 25 �C/min.

Fig. 3. Dendritic evolution of a-Mg in Mg-25 wt%Zn alloy during isothermal coars-
ening at ~490 �C. Initial solidification cooling rate was 3 �C/min. Images of (a)e(c) are
shown from lateral view, while (d)e(f) are from top view. The enlarged regions, as
indicated by rectangle in (a)e(c), are shown in (g), (h), (i), respectively; the formation
of six-fold structure of a-Mg dendrite in the basal plane is shown in (d) when the
dendrite was first observed during cooling.
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dendrites. It can be seen from the curves that Ss decreased quickly
during solidification and then continuously decreased but with a
much slower speed during the isothermal hold. The significant
decrease of Ss during the solidification stage is due to the growing
dendrites both increasing in volume and their contaminant coars-
ening, which when combined significantly outweighs the addition
surface area created at the tips. During the isothermal hold, only
coarsening is occurring, leading to a continuous decrease in Ss.

It has been shown in the studies by Voorhees et al. [18,46,56]
that the inverse of specific surface area follows a ~ t1/3 power law
during isothermal dendritic coarsening. Fig. 7(b) shows plots of S�3

s
as a function of time, along with the linear fit curves. The corre-
sponding isothermal coarsening rate constant, Kc (mm3/s), of each
dendrite can be evaluated directly from the slope of the fitted
curves; these values are listed in Table 1. As can be seen, there is a
significantly higher coarsening rate for the Mg-25 wt%Zn alloy as
compared to the Mg-38 wt%Zn alloy. Thus, the coarsening process
is closely related to the grain morphology induced by alloy con-
centration, i.e. the six-fold dendritic symmetry and the seaweed
structures lead to different coarsening rates, or rather different
initial states that alter the subsequent coarsening during
isothermal hold. The lower isothermal hold temperature used to
coarsen Mg-38 wt%Zn may also have retarded the coarsening
process, as coarsening is a diffusion-controlled mechanism. How-
ever, the diffusion coefficient of Zn in liquidMg at 410 �C is only 10%
smaller as compared to the value at 490 �C, assuming that Einstein's
relation [57] for estimating the diffusion coefficient of a Brownian
particle moving in a fluid holds true.
By comparing the dendrites analysed from Mg-25 wt%Zn

(D1eD3), it can be seen that their coarsening rate constants (slopes
of the fitted lines) are similar in value, indicating that the coars-
ening process is independent of the cooling path during solidifi-
cation rather than, as shown in Figs. 2 and 3, linked to the size of the
grain. This finding reinforces prior observations that dendritic
evolution during isothermal coarsening follows a self-similarity
rule [26,58e60]. In contrast, the situation for Mg-38 wt%Zn (D4-
D7) is more complex. As shown in Table 1, the coarsening rate
constant for the sample cooled at 25�C/min is nearly twice that of
the sample cooled at 3�C/min. By comparing Fig. 4(a) and 5(a), it
also appears that the initial structures are very different; at a
cooling rate of 3�C/min (Fig. 5(a)), the seaweed structure contains



Fig. 4. Dendritic evolution of a-Mg in Mg-38 wt%Zn alloy during isothermal coars-
ening at 410 �C. Initial solidification cooling rate was 25 �C/min.

Fig. 5. Dendritic evolution of a-Mg in Mg-38 wt%Zn alloy during isothermal coars-
ening at 410 �C. Initial solidification cooling rate was 3 �C/min. The enlarged regions, as
indicated by rectangle in (a), (b) and (c), are shown in (d), (e), (f), respectively.
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many split tips whereas at a cooling rate of 25�C/min Fig. 4(a)), the
seaweed structure contains fewer tips. From this observation, it can
be inferred that these morphological variations in seaweed struc-
ture significantly affect coarsening rates; fewer tips coarsen faster.
In other words, seaweed structures do not follow cooling-rate self-
similarity if the morphologies are significantly different. It was
discussed in Section 3.1.2 that the microstructure at 25 wt%Zn
might also not be truly dendritic since each grain contains more
than 18 branches. However, the basal plane is clearly six-fold
symmetry, which appears to allow for the occurrence of cooling-
rate self similarity. In future research, similar 4D coarsening ex-
periments should be performed on a Mg-20 wt%Zn alloy in order to
measure the coarsening rate constant on a grain that has perfect
hcp dendritic microstructure [48].

Another factor influencing the coarsening rate constant could be
the difference in fraction solid between the two alloys (0.38 vs 0.23
for Mg-25 wt%Zn and Mg-38 wt%Zn). However, since coarsening is
driven by diffusion in the liquid and at both solid fractions the
grains are mostly separated from each other, the effect of neigh-
bours is minimized. The effect of solid fraction on coarsening in Mg
is best investigated using phase-field models since detailed
microstructure predictions are readily available. The experimental
results found in this study are invaluable for validating such
models.
3.2.3. Distribution and evolution of curvatures
Local curvature is a frequently-used measure to describe the

evolution in the dendrite morphology that is associated with the
coarsening process. The two principal curvatures at any point on
the surface are defined as k1 ¼ 1/R1 and k2 ¼ 1/R2 (with pre-
definition of k2 � k1), here R1 and R2 are the local principal radii of
curvature. These measures can then be translated to mean curva-
ture, H, defined as H ¼ 0.5 � (k1 þ k2), and Gauss curvature, K,
defined as K ¼ k1 � k2. The two principal curvatures can be plotted
on a figure contoured by the probability of those curvatures being
in the analysed domain, forming the so-called Interfacial Shape
Distribution (ISD) [18]. According to the description of ISD, mor-
phologies can be divided into 3 main groups, elliptic shape toward
the solid (k2 > 0, k1 > 0; region 1), hyperbolic shape toward the solid
(k2 > 0, k1 < 0; region 2 and 3), and elliptic shape toward the liquid
(k2 < 0, k1 < 0; region 4) [11,56]. Various interface morphologies can
coexist in a single dendrite. For example, the elliptic shape in region
1 is mostly representative of the tips of dendritic branches, the solid
hyperbolic interfaces (or saddle shape) in region 2 are usually an
indication of the sides of dendritic branches, while the liquid hy-
perbolic interfaces in region 3 are mostly representative of the roots
of dendritic branches.

Fig. 8 shows the evolution of the ISDs for dendrite D4 in Mg-
38 wt%Zn during isothermal coarsening. In this figure, the red areas
have the highest probability, identifying the most probable inter-
facial shape. At the start of the isothermal hold, Fig. 8(a), the
probability distribution is quite uniform, i.e. no dominant shape
exists within the dendrite. As coarsening progresses, the shape of
the distribution is seen to move towards the regions with
k2 ¼ k1 ¼ 0, as the larger curvature regions disappear along the
dendrite tips. Further, the probability of elliptic interfaces also
decreased gradually with time as the probability distribution
moves towards the vertical axis (k2 ¼ 0). This is believed to be
associated with the filling of the grooves between the dendrite
branches, first transitioning to saddle-shape and then evolving to



Fig. 6. Normalized volume of individual dendrite in (a) Mg-25 wt%Zn and (b) Mg-
38 wt%Zn alloys. The time when the isothermal hold started was set to 0 s for both (a)
and (b); negative time in (a) represents the solidification stage.

Fig. 7. Evolution of specific surface area (Ss) as a function of time during solidification
and isothermal hold: (a) plot of Ss with time t; (b) plot of S�3

s with time t; the time
when the isothermal hold started was set to 0 s for both (a) and (b); negative time in
(a) represents the solidification stage. Solid lines in (b) are the fitting lines for each
dendrite.
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planar-like as the branches become merged. The evolution of ISDs
in Mg dendrites is, in general, similar to that observed in equiaxed
dendrites in Al alloys [56]. Note that the tails of the shapes in Fig. 8
can be attributed to noise in the tomographs which creates very
fine dimples in the dendrite surface (coloured dots in Fig. 9(aed)),
illustrating that even more advanced, combined filtering and seg-
mentation routines are required. However, since the noise is evenly
distributed, it should not change the general trends shown in
Figs. 8e9.

The surface of the Mg-38 wt%Zn dendrite (cooled at 25�C/min)
with ISDs shown in Fig. 8 is rendered in Fig. 9 using the local values
of both the mean curvature, H (images a,b) and Gauss curvature, K
(images c,d), before and after isothermal hold. In these images, the
red and blue colours correspond to large positive and negative
curvatures, respectively. Looking first at the mean curvature, Fig. 9
(a, b), the tips have a strong positive curvature (red, convex), while
the negative curvature (blue, concave) is present mostly within the
branch roots at the beginning of the isothermal hold. The evolution
in the distribution of mean curvature is shown in Fig. 9 (e). The
initial mean curvature prior to coarsening (blue curve), shows a
normal distribution with an asymmetric peak that is positive. This
shape is qualitatively similar to that of Sn dendrites in Pb-Sn alloy
measured by Voorhees et al. [17]. As coarsening progresses, the
distribution evolves, becoming narrow and with a peak that shifts
towards zero. The curvature evolution quantified in Fig. 9(e) is
occurring because the dendrite branches are disappearing via
coarsening Mechanisms 1 and 2, causing the dendrite's surface to
become flatter. The evolution of the curvatures are very similar to
those observed in the solidification of Al-Cu where coarsening is
accompanied with the dendritic growth [1].

Prior studies have shown that the mean curvature is sometimes
insufficient to fully describe the evolution of microstructural
morphology with time [17]. For example, the saddle-shaped in-
terfaces with k1<0, k2>0 at dendrites roots sometimes are associ-
ated with a zero mean curvature value, suggesting these saddle-
shaped interfaces are not subject to coarsening, which can be
misleading. The Gauss curvature provides additional information to
resolve such details. As can be seen in Fig. 9 (c,d), the Gauss cur-
vature evolves qualitatively in a similar manner to the mean cur-
vature; the regions with high or low Gauss curvatures at the start of
the isothermal hold become reduced. This can also be seen in the
quantified distribution of the Gauss curvatures, Fig. 9 (f), where the
curves gradually become narrower as the isothermal hold time is
increased, together with an increase in the peak value. It is most
likely that this occurrence is related to the evolution of saddle-
shaped surfaces, with the grooves between the neighbouring
branches disappearing due to the remelting of small branches and



Table 1
Coarsening rate values evaluated by Equation (1) for Mg-Zn alloys.

Mg-25 wt% Mg-38 wt%Zn

25 �C/min 3 �C/min 25 �C/min 3 �C/min

D1 D2 D3 D4 D5 D6 D7

Coarsening rate Kc, (mm3/s) 3.29 ± 0.13 2.31 ± 0.14 2.93 ± 0.04 0.87 ± 0.04 0.75 ± 0.01 0.42 ± 0.04 0.41 ± 0.04

Fig. 8. Distribution of principle curvatures of dendrite in Mg-38 wt%Zn alloy during isothermal coarsening for (a) 0 s, (b)477 s, (c) 1272 s, and (d) 2635 s. Initial cooling rate was 3 �C/
min when the dendrite was formed. The insets indicating the interface shape are cited from Ref. [46].
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the coalescence of the adjacent branches. Note that although the
analysis of the curvature discussed in Figs. 8 and 9 focused on a
dendrite from the Mg-38 wt%Zn alloy cooled at 25�C/min, the same
trends apply for both alloy compositions and cooling rates.
4. Conclusions

In this study, the isothermal coarsening of Mg-Zn hcp was
directly observed and quantified using in situ fast synchrotron X-ray
tomography. The influence of two key parameters, solute compo-
sition and initial cooling rate, was investigated. The 3D observa-
tions suggested that the coarsening of the hcp dendrites is
dominated by the re-melting of small branches, and the coales-
cence of the neighbouring branches. Zn contentwas found to have a
large impact on the solidification morphology, changing the six-
fold symmetry of the 25 wt%Zn to a highly branched or seaweed
structure at 38 wt%Zn.

The evolution of individual dendrites was quantified in terms of
specific surface area (Ss), principal curvatures, mean curvature and
Gauss curvature to capture the coarsening process. Ss was found to
scale inversely with time, with a relationship of ~t�1/3, and was
path independent for the Mg-25 wt%Zn samples with dendritic
microstructure as the initial cooling rate during solidification did
not strongly influence the coarsening rate. However, path inde-
pendence was not observed for the Mg-38 wt%Zn samples because
of the change in solidification morphology to a seaweed micro-
structure. This led to large differences in Ss and its evolution both
between the two alloy compositions and within the Mg-38 wt%Zn



Fig. 9. Distribution of Mean ((a), (b), (e)) and Gauss ((c), (d), (f)) curvature of dendrite
as a function of time in Mg-38 wt%Zn. The initial solidification cooling rate was 25 �C/
min, under which the dendrite was formed.
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for the different cooling rates. As coarsening advanced, the mean
curvature was observed to shift gradually from its initial position
towards zero, while the frequency of the Gauss curvature with zero
value, representing the distribution peak, increased in size. The
experimental results acquired in this work can be used to both
inform and validate numerical models of Mg alloy semi-solid
dendritic coarsening.
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