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ABSTRACT

The evolution of dendritic microstructures during the solidification of a Mg-15 wt%Sn alloy was inves-
tigated in situ via fast synchrotron X-ray microtomography. To enable these in situ observations a novel
encapsulation method was developed and integrated into a fast, pink beam, imaging beamline at Dia-
mond Light Source. The dendritic growth was quantified with time using: solid volume fraction, tip
velocity, interface specific surface area, and surface curvature. The influence of cooling rate upon these
quantities and primary phase nucleation was investigated. The primary dendrites grew with an 18-
branch, 6-fold symmetry structure, accompanied by coarsening. The coarsening process was assessed
by the specific surface area and was compared with the existing models. These results provide the first
quantification of dendritic growth during the solidification of Mg alloys, confirming existing analytic
models and providing experimental data to inform and validate more complex numeric models.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY

Crystallographic orientation

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Magnesium (Mg) based alloys, with their high specific strength
to weight ratio, are attractive structural materials for a wide range
of applications due to society's demand for light weighting in the
transportation industries [1]. A large number of Mg components
are fabricated through shape casting processes, owing to Mg's
excellent castability, allowing for the creation of highly intricate
shapes. The microstructure formed during casting is diverse, con-
sisting of dendrites, eutectics, and multi-component precipitate
phases. Dendrites, the most common primary phase structure in
commercial Mg alloys, result from progressive instabilities in the
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solid/liquid interface during solidification [2—4]. Since shape cast-
ings experience only a minimal amount of downstream processing,
this as-cast dendritic structure plays an important role in control-
ling the final mechanical properties.

The morphology of dendrites is strongly dependent on the
applied cooling rate during solidification. At higher cooling rates,
the diffusion of heat can control the growth morphology in alloys,
often forming a well-defined dendritic structure with primary- and
secondary order branches. However, the dendritic morphology at
low cooling rates is determined by solute diffusion, and Mg alloys
can form a degenerate microstructure in this regime [2,5—7]. The
formation and evolution of many dendritic structures is not fully
understood. Metallography performed on specimens quenched at
different temperatures to interrupt the solidification is the most
frequent method of analysis. Metallography provides a 2D image of
the solidification microstructure (and more recently 3D via serial
sectioning) [8,9]; however, structure evolution can only be statis-
tically compared as the technique is destructive, and it is difficult to
separate the primary and quenched structures (especially in HCP
crystals such as Mg). Ex situ 3D microstructures can also be ob-
tained using X-ray microtomography on quenched specimens
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[10—13], however the same challenges arise.

In situ observation allows for direct visualization of solidification
microstructure as it develops in real-time. This approach was
initially conducted in 2D on organic analogues to metals [14—17],
and on bespoke metal systems with very high X-ray contrast be-
tween the solid and liquid phases to study dendritic growth and
coarsening. Recently, advanced synchrotron X-ray radiography and
tomography techniques have enabled in situ studies of micro-
structure evolution during solidification of metallic alloys, although
most studies have focussed on aluminium alloys. Radiographic
experiments have been extensively carried out to study solidifica-
tion in Al—Cu [18—20], Al—-Ni [21,22], Al-Si [23,24], Sn—Bi [25,26]
with thin plate-like (100—200 pm) samples. This enabled obser-
vationss of phenomena such as columnar-to-equiaxed transition,
crystal fragmentation [19,27—29], hot tearing [30] and crystallo-
graphic misorientations [22] induced by shear stress resulting from
liquid flow. With the development of ultra-fast synchrotron to-
mography, it is now possible to reveal 3D solidification micro-
structure evolution over time, termed 4D imaging [31,32]. At
present, this technique has been applied to Al alloys [6,7,31,33,34],
providing new insights into the kinetics of the formation of several
microstructural features, such as dendrites and intermetallic
compounds, as well as defect formation [35,36].

At present, the application of synchrotron radiography and to-
mography to solidification has mainly focused on FCC alloys with a
relatively inert molten phase (or one that forms a stable oxide). X-
ray radiography, which requires very thin samples, imposes phys-
ical restrictions upon the growth of hcp metals like Mg due to their
six-fold symmetry. The main challenge in applying in situ X-ray
tomography to Mg is the rapid oxidation of Mg alloys under an
elevated temperature, and the associated safety concerns. In the
present study, the 3D morphological evolution of primary a-Mg
dendrites in Mg—Sn alloys is observed and quantified in situ using
fast synchrotron X-ray tomography. For this experiment, a special
encapsulation method has been developed. Results from dendrite
evolution under different cooling rates (3 °C/min and 12 °C/min)
are presented in order to reveal, for the first time, 3D dendritic
microstructure evolution in hcp Mg alloys.

2. Experimental method
2.1. Sample preparation and encapsulation

A binary Mg-15 wt% Sn hypoeutectic alloy was chosen for it's
good X-ray absorption contrast between the solid and liquid pha-
ses, allowing the solidifying 3D dendritic microstructure to be
observed. The solidification range in this system is about 64 °C,
from 625 °C (liquidus) to 561 °C (solidus). To fabricate the alloy,
commercial purity Mg (99.99%) and Sn (99.999%) powders were
mixed together in a stainless steel crucible and then melted under a
protective atmosphere of SFg and CO,, followed by casting into a
graphite mould. Cylindrical samples (dia. of 1.2 mm) were then
machined from the as-cast ingot.

Mg is a strong oxidizer and in the liquid state specimens must be
properly shielded. For prior in situ tomographic studies of Al alloys,
alumina and boron nitride (BN) crucibles were used as the sample
holder (e.g. Ref. [6,34]). However, for Mg alloys, the specimen needs
to be sealed in an enclosed chamber that is either filled with an
inert gas or under vacuum. Quartz is often used as an encapsulation
material; however it reacts with Mg and is susceptible to cracking.
For this study, a composite encapsulation system was developed as
shown in Fig. 1a. First, the Mg sample is painted with a thin BN
coating. This is then placed within a graphite crucible, followed by
encapsulation within quartz. In this fashion, the Mg alloy is phys-
ically separated from the sealed quartz, ensuring safe testing.

2.2. Experimental setup

The X-ray tomographic experiment was carried out on the
Diamond Manchester Branchline (I13) at Diamond Light Source. To
conduct the experiment, a bespoke PID controlled furnace [37] was
used containing X-ray windows on either side to allow the passage
of X-rays, and a small hole in the bottom to allow the insertion of
the sample encapsulated in quartz. Concurrently, the sample
remained affixed to the rotation stage of the beamline. A schematic
is given in Fig. 1b showing the specimen encapsulated in quartz
inserted into a ceramic holder that is seated on the rotation stage.
During the experiment, pink beam (energy range ~14—25 keV) was
used to penetrate the sample, and a high speed CCD camera (PCO
Edge) was used to record the images. The camera had 2560 x 2160
pixels, binned 2 x 2 to give 1280 x 1080, with a voxel size of 1.6 um.
In total, 1200 X-ray projections were captured while the sample
was continuously rotated from —90° to 90°, with an exposure time
of 12 ms, with each tomograph acquired in 14 s. However, at the
end of each tomograph, the sample stage was rotated back to —90°,
adding an additional delay of 22s, for a cycle time of 36 s. The 3D
datasets were reconstructed using a filtered-back projection algo-
rithm [38].

Two in situ experiments capturing the solidification of Mg-15 wt
% Sn under different cooling rates (3, 12 °C/min) were performed, as
follows. First, each sample was gradually heated to —30 °C above
the liquidus temperature and then held for 20 min ensuring com-
plete melting. Second, each sample was cooled at the prescribed
rate. During cooling, tomographic images of microstructure evo-
lution were captured continually, at 36 s intervals, until solidifica-
tion was completed.

2.3. Image processing

Each tomographic image was cropped and transformed to 16
bits and loaded into the Avizo® software (FEI, France) for visualizing
the process of solidification in a Mg—Sn alloy. The image stacks
were denoised with a 3D anisotropic diffusion filter followed by a
3D median filter, cropped to a size of 721 x 721 x 1080 pixels, i. e.
115 x 1.15 x 1.73 mm?® to remove edge effects, and then segmented
to identify the solid and liquid phases using a global threshold
value. Finally, a 3D region growing algorithm was applied to
separate one dendrite from its neighbours for further analysis.

3. Results and discussion
3.1. Qualitative analysis

3.1.1. 2D and 3D dendrite evolution

Fig. 2 shows 2D cross-sectional slices of the evolving solidifi-
cation microstructures, for cooling rates of 3 °C/min and 12 °C/min,
together with 3D surface renderings of individual grains. The in-
crease in brightness (or greater X-ray attenuation) of the inter-
dendritic liquid phase at longer times indicates the rejection of Sn
from the primary phase due to solute partitioning. Note that T,
given in images al and c1 corresponds to the temperature when
the dendrite was first observed. Due to the 36 s interval between
tomographic images, and additionally the use of a complex spec-
imen encapsulation system, the exact specimen temperatures are
not known. The listed temperature difference between the images
corresponds to the difference in furnace temperature between
successive tomographic images for a given cooling rate.

From the 2D slices (a1—a5 and c1—c5), it can be seen that the
lower cooling rate of 3 °C/min results in a structure that is more
globular in nature, as compared to the thinner dendritic structures
when the cooling rate is 4 times faster (12 °C/min). At higher
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Fig. 1. Schematic of sample encapsulation, experimental set-up and image processing for in situ solidification experiment of Mg—Sn alloy: (a) sample encapsulation method -
graphite then quartz, with thin BN coating on the surface; (b) experimental set-up on the Diamond-Manchester Branchline and typical results.

cooling rates attachment kinetics dominate more, whilst at slower
cooling rates their influence is small, and thus dendrite evolution is
dominated by solute diffusion and coarsening kinetics [2].

For both cooling rates, the initial dendritic microstructure was
observed to change significantly during the free growth stage
(a1—a2, c1—c2). For the 12 °C/min cooling case, there is consider-
able change in morphology from the first (c1) to second (c2)
tomographic images (36 s interval), showing hierarchical
morphology with both primary and secondary arms. The greater
change is due to the higher cooling rate, hence a larger volume
fraction solid change between tomograms, approximately 23%.
Once the dendrite arms impinge on each other (a3,c3), lateral
growth and coarsening are the dominant growth mechanisms.

The three-dimensional morphology evolution of a single
dendrite is shown in (b1-b5) and (d1-d4). Hierarchical structures
are present from the first observation of the dendrites, which in-
dicates that branching based on crystallographic symmetry, and the
resulting surface tension anisotropy, probably initiates early on in
the growth stage of dendrites. As the temperature decreases and
the solid evolves, the dendrites become thicker and the curvatures
reduce. The mechanisms of secondary dendrite arm coarsening can
be seen — a combination of secondary arm coalescence and cur-
vature reduction. In the final stages, almost all the branching arms
grow together, the interdendritic region is filled with solid, and the
secondary arms disappear.

3.1.2. Dendritic morphology and branching structure

The three-dimensional dendritic morphology and branching
mechanism of an isolated dendrite is shown in Fig. 3, highlighting
the six-fold symmetric growth pattern with 18 branch arms. In
Fig. 3a, planes were added, with the sections shown in Fig. 3a and b.
The cut along the basal plane (Fig. 3b) shows the perfect six-fold
symmetry expected of hcp magnesium [11,13,39]. The vertical
plane cut (Fig. 3c) shows six branches that are not quite perfectly
six-fold symmetric. The other two vertical plane cuts (sections 3
and 4) show a branching structure very similar to Fig. 3c.

A growth pattern can be proposed based on these three-
dimensional observations of morphology and the branching
structure: a-Mg dendrites in Mg—Sn alloy evolves with 18 primary
branch arms, six of them located on the basal plane and the

remaining 12 branches along (112 X) directions off the basal plane.
This growth pattern, illustrated in Fig. 3d, is in contrast with that
observed in Mg-Al [13,39] and Mg—Zn [12] alloys but similar to
what found in Mg—Ca alloys [40]. Specifically, in this experiment,
the angles between dendrite arms growing along (112 X) and along
(112 0) is approximately 48°. Thus, the value of X in (112 X) is
approximately 2, based on the hcp structure of Mg with c/a = 1.624.
This crystallography is slightly different to frequently reported (224
5) [41,42], in the literature for Mg hcp alloys (with a 6° difference in
angle between these two directions). Although a few prior studies
have suggested such misorientation might be caused by gravity
induced mechanical forces during solidification [22,43], such forces
are likely to be very small in these tiny equiaxed samples. It would
seem more likely that the morphologies are more restricted by the
interacting solute fields from neighbouring grains [20,44], altering
the morphological shape of the dendrites, rather than their crys-
tallographic orientation.

3.2. Quantitative analysis

3.2.1. Dendrites nucleation site selection during solidification

A significant variation in the location of dendritic grain nucle-
ation was observed between the two cooling rates, as shown in
Fig. 4. For the 3 °C/min experiment, all 34 grains nucleated near the
sample surface. For the 12 °C/min experiment 27 grains nucleated,
both on the surface (17) and in the middle (10) of the sample. For
both cooling rates, nucleation occurs first at the surface, most
probably heterogeneously on the surface oxide, but at low cooling
rates the primary phase growth is not restricted, rejecting both
solute and heat into the centre of the sample, reducing the nucle-
ation potential. At the high cooling rate, growth is restricted and the
thermal/solutal undercooling becomes relatively large, enabling
equiaxed dendrite nucleation near the sample centre. Note more
grains (34 as compared to 27) were found at 3 over 12 °C/min,
whereas the reverse was expected; however, the variation is not
statistically significant, and it may be that more favourable nuclei
were present, or some other minor variation.

3.2.2. Solid volume fraction and dendrite tip growth velocity
Fig. 5 shows a comparison of the evolution in solid volume
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Fig. 2. 2D slices and 3D surface rendering of dendrite evolution during solidification of Mg 15wt% Sn for the cooling rates of 3 °C/min (a1—a5, b1—b5) and 12 °C/min (c1—c5,
d1—d4).
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Fig. 3. (a) Morphology and branching structure of an «-Mg dendrite in Mg—Sn alloy. Eighteen branch arm growth pattern with (b) six dendrite arms shown on the basal plane (see
cut-plane “section 1” in (a) and red arrows in (d)) and (c) six of the twelve arms at approximately 48° from the basal plane, of the twelve arms shown schematically in (d) which are
hypothesised to grow along a direction of (112 2) (between (112 0) and (0001)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Fig. 4. Grain nucleation locations for cooling rates: (a) 3 °C/min, all 34 grains nucleated near the sample surface; and (b) 12 °C/min, grains nucleated both near the surface

(17 grains) and inside the sample (10 grains).

fraction calculated from the 3D datasets for both cooling rates,
combined with the Scheil equation and lever rule predictions. The
partition coefficient used in the Scheil equation was taken as a
constant value of 0.313. The experimental data closely follows the
Scheil equation, indicating that the dendrites were growing under
non-equilibrium conditions.

Although the tomography did not have sufficient spatial and
temporal resolution to capture the very early stages of primary
phase nucleation and growth, we can use the first frame to bound
values such as primary tip growth velocity. For cooling at 3 °C/min,
the first capturing of the solid already contains approximately 7.4%
solid, whilst for 12 °C/min it is 22.6% due to the faster dendritic



S. Shuai et al. / Acta Materialia 118 (2016) 260—269 265

i e wa

600 pm

0.6 -

04 - 300 ym

= Exp. (12°C/min)
02 & Exp. (3°C/min)
L —— Level rule

—— Scheil equation
0.0 " 1 A 1 L 1 A 1
540 560 580 600 620

Temperature (°C)

Solid fraction (f)

Fig. 5. Volume fraction evolution for the o-Mg primary phase with temperature,
compared to level rule and Scheil equation.

growth. Hence a lower limit on dendrite tip growth velocity in free
growth conditions can be estimated, giving approximately 10 and
3 um/s, for 12 and 3 °C/min cooling rates, respectively. (Note the
initial growth velocities are expected to be significantly higher than
these lower bounds.) Similar results were also observed in the
measurement of initial growth rates during the solidification of Al-
Si [24].

The tomographic images of the 3 °C/min cooling rate sample
also enabled estimation of the dendrite growth kinetics with time.
Fig. 6a shows the variation in dendrite arm length (L-Ly, where L
means the dendrite tip position during solidification and Ly in-
dicates the initial position of dendrite tip) with time for the 3 °C/
min sample. Fig. 6b shows the corresponding evolution in dendrite
tip growth velocity with time for four dendrites from different
grains within the melt. The dendrites are growing in three stages:
(i) initial unconstrained growth, (ii) a constant value of the growth
rate during constrained growth, and (iii) arrest once physical
impingement occurs. It is evident from Fig. 6 that dendrite arm
length and growth velocity vary from arm to arm. This is attributed
to the influence of the adjacent dendrites in its vicinity. Based on
analysis of the 3D rendering of the sample, a wider interdendritic
space was observed in front of arm 2 as compared to the growth
interface of arms 1, 3, and 4, which results in a longer arm length
once solidification is completed.

As suggested by Bogno et al. [19], based on the 2D radiographic
observation of equiaxed growth of grains in Al-Cu alloys, dendritic
grain growth can be classified into two regimes: accelerating
regime with a gradual increase in tip velocity and decelerating
regime with gradual decrease in the dendrite tip velocity towards
zero (Fig. 4a and b in Ref. [19]). In this study of Mg alloys, only the
decelerating regime can be seen in Fig. 6b; the accelerating regime
where the dendrite arms grow freely without any restriction from
neighbouring grains is not present. This is because the accelerating
growth stage happens in such a short time that it could not be
observed with a 36 s interval between tomographic images [37].
The decelerating growth stage occurs due to interaction between
adjacent grains, and solute rejection ahead of the growth interface
resulting in dendrite growth restriction [24].

3.2.3. Surface curvature evolution during solidification and grain
coarsening
The mean (H = %(Iq + I<2)) and gauss (K = k1 x ky) curvature of

the surface, where k; and k, are the two principal curvatures at any
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Fig. 6. (a) Relative dendrite arm length evolution during solidification and coarsening
of Mg-15 wt%Sn alloys at 3 °C/min; and (b) dendrite tip growth velocity (V) for 4 tips
labeled in the inset image.

point in a domain, were computed (Fig. 7) to quantitatively char-
acterize the surface evolution with increasing solid volume fraction
during solidification [8,45]. As shown in Fig. 7a, ¢, e, g, the red areas
correspond to interfaces with a large mean and gauss curvature,
and are observed to coalesce with adjacent dendrite arms. The
result suggests that the areas of interface with large curvature
decrease with the solidification time, due to the Gibbs-Thomson
effect which drives diffusion of solute from large curvature areas
to small ones [46,47]. Thus, the high curvature areas disappear over
time, as expected, and quantified for the first time in Mg alloys.

The evolution of the interface shape can be quantified using
probability density distributions. Fig. 7b,d,f,h show the probability
density of the two principle curvatures; the highest probability
represents the most probable interfacial shape which exists in the
dendrite. As shown in this set of figures, the majority of the inter-
face area is located in the second quadrant with k;<0 and k,>0
which indicates a saddle-shaped or hyperbolic interface although
there is a small fraction of interface with elliptical shape
when ky x k > 0. Further, the probability of elliptic shape interface
decreases with time, first transitioning to become saddle-shaped
during growth and coarsening, and then to become planar-like as
the peak moves towards k, = 0 along the vertical axis.

Fig. 7a,c,e, and g, also enable discussion of coarsening mecha-
nisms present in Mg-15 wt%Sn. Previous studies of organic
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during solidification (Tp, temperature when dendrite was first observed).
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materials [48,49] and metallic alloys [7,50,51] during solidification,
or under isothermal hold, showed that several coarsening mecha-
nisms could coexist, that is: remelting of smaller, high curvature
dendrite arms for the benefit of larger adjacent arms (Mechanism A)
[7,52] and coalescence of neighbouring arms by the deposition of
roots in between the dendrites (Mechanism B) [49,52]. In our study,
Mechanism A was not identified at high cooling rate due to the fast
dendrite growth; while at low cooling rate, the dendrites have
grown to a large size, making the dissolution of the dendrites very
slow (if any). Instead, coalescence of adjacent dendrite arms is the
most frequently observed phenomena in the present study — i.e.
Mechanism B is the dominating coarsening mechanism for these
conditions.

3.2.4. Specific surface area evolution during solidification

The evolution of specific surface area with time of the solid
phase has been widely used to quantify the overall evolution in
microstructure during dendrite coarsening. Two commonly used
models to quantify this microstructural evolution are Poirer's
model [53,54] and Cahn and Rath's models [55,56]. Poirier's model
originated from Lifshitz-Slyozov-Wagner (LSW) theory [57—59]
and was then further developed assuming isothermal coarsening
of rounded grains as a function of time. This model is associated
with the evolving coarsening time under isothermal conditions. In
contrast, Cahn and Rath's model is a function of fraction solid,
rather than time. Thus it is mainly related to the temperature
during solidification.

Fig. 8a plots the temporal evolution of specific surface area (S,)
and solid volume fraction within the entire sample volume during
solidification of the Mg-15 wt% Sn alloy under the two applied
cooling rates. The solid-liquid interface area was extracted for both
cooling rates. The values initially decrease rapidly, but then reach a
steady-state. For comparison purposes, the evolution of S, with
solidification time has been fitted to the power law expression
proposed by Poirier et al. [53]:

Su/Sw = [1+kx (Sp)" xt] /" (1)

where S0 is the initial value of S, (1/um), and n and k are fitting
parameters. At 3 °C/min, the evolution of S, was fitted with
n = 2.084 and k = 2.209, which is roughly comparable to what was
obtained in Al-Cu [60] alloys at the same cooling rate. At 12 °C/min,
the fitting values for n and k were 4.219 and 4192, respectively.
Although the fitted model represents the experimentally-obtained
specific surface area evolution quite well, it is still difficult to relate
the value of n and k to alloy composition, solidification conditions
or ripening mechanism.

At the later stages of solidification, the Poirier model does not
provide a good fit to the experimental data. At this point, it is better
to compare against the expression suggested by Cahn [55] and Rath
[56]:

Sy=Kx ()" x(1=f)" (2)

where K is a constant and f; is the volume fraction of solid phase
and m and n are fitting constants. As shown in Fig. 8b, the model fit
is improved as fraction solid is increased when using m = 0.5 and
n = 0.8. Cahn's model is based on the spheroidal morphology
during nucleation and equiaxed growth of grains in two-di-
mensions, while the present experiments utilized complex three-
dimensional dendritic structures. Thus, at low fraction solid the
model is not accurate whereas during the later solidification stage,
as more dendrites arms coalesce together and the morphology
becomes more spheroidal, the model fit is improved.
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Specific surface area as function of solid fraction, normalized by total volume, and
compared to Cahn's model (cooling rate 12 °C/min).

4. Conclusions

Using fast in situ synchrotron X-ray tomography, the growth and
morphological evolution of primary a-Mg dendritic grains were
quantified during the solidification of Mg-15.wt%Sn at two cooling
rates, 3 and 12 °C/min. A novel encapsulation method was coupled
with fast pink beam imaging to enable in situ solidification exper-
iments in reactive Mg alloys to be performed on a synchrotron
beam line.

The solidifying «-Mg dendrites evolved with a six-fold sym-
metric growth pattern. In total, eighteen branch arms were
revealed in an individual dendritic grain. Six arms grew along the
basal plane ({112 0)), and the remaining twelve in directions off the
basal plane (close to (112 2)). The cooling rate was found to play an
important role in the determination of the nucleation sites, with
grains only nucleating at/near the sample wall at the slower cooling
rate, while nucleation was mixed surface/centre at the higher
cooling rate. In both cases the nucleation was assumed to be
heterogeneous.

These first 4D (3D plus time) observations of a solidifying hcp
Mg alloy were quantified in terms of solid fraction, dendrite tip
growth velocity, and specific surface area. The measured f; with
time/temperature was found to correlate well with the Scheil
equation. Coarsening accompanied the dendritic growth. The spe-
cific surface area as a function of fraction solid compared well to the
model proposed by Cahn and Rath et al. [55,56] during the late
stage of coarsening, but less well in the initial growth stage,
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suggesting that a more accurate model is needed to describe the
evolution of the complicated dendritic structures during the so-
lidification/coarsening process in the future.
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