
Title Direct observation of spatially isothermal equiaxed solidification of an Al-Cu alloy in microgravity 

on board the MASER 13 sounding rocket

Authors(s) Murphy, A. G., Mathiesen, Ragnvald H., Browne, David J., et al.

Publication date 2016-11-15

Publication information Murphy, A. G., Ragnvald H. Mathiesen, David J. Browne, and et al. “Direct Observation of 

Spatially Isothermal Equiaxed Solidification of an Al-Cu Alloy in Microgravity on Board the 

MASER 13 Sounding Rocket.” Elsevier, November 15, 2016. 

https://doi.org/10.1016/j.jcrysgro.2016.08.054.

Publisher Elsevier

Item record/more 

information

http://hdl.handle.net/10197/8241

Publisher's version (DOI) 10.1016/j.jcrysgro.2016.08.054

Downloaded 2026-05-01 23:37:49

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information

https://twitter.com/intent/tweet?via=ucd_oa&text=Direct+observation+of+spatially+isoth...&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F8241


Journal of Crystal Growth 454 (2016) 96–104
Contents lists available at ScienceDirect
Journal of Crystal Growth
http://d
0022-02

n Corr
E-m
journal homepage: www.elsevier.com/locate/jcrysgro
Direct observation of spatially isothermal equiaxed solidification of an
Al–Cu alloy in microgravity on board the MASER 13 sounding rocket

A.G. Murphy a, R.H. Mathiesen b, Y. Houltz c, J. Li c, C. Lockowandt c, K. Henriksson c,
N. Melville d, D.J. Browne a,n

a School of Mechanical and Materials Engineering, University College Dublin, Belfield, Dublin 4, Ireland
b Department of Physics, Norwegian University of Science and Technology, N-7491 Trondheim, Norway
c Swedish Space Corporation (SSC), P.O. Box 4207, SE-171 04 Solna, Sweden
d European Space Agency, European Space Research & Technology Centre (ESTEC), Keplerlaan 1 Postbus 299, 2200 AG Noordwijk, The Netherlands
a r t i c l e i n f o

Article history:
Received 29 April 2016
Received in revised form
9 August 2016
Accepted 28 August 2016
Communicated by: T.F. Kuech
Available online 3 September 2016

Keywords:
A1. Dendrites, Solidification
A2. Microgravity conditions
B1. Alloys
x.doi.org/10.1016/j.jcrysgro.2016.08.054
48/& 2016 The Authors. Published by Elsevier

esponding author.
ail address: david.browne@ucd.ie (D.J. Browne
a b s t r a c t

For the first time, isothermal equiaxed solidification of a metallic alloy has been observed in situ in space,
providing unique benchmark experimental data. The experiment was completed on board the MASER 13
sounding rocket, launched in December 2015, using a newly developed isothermal solidification furnace.
A grain-refined Al–20 wt%Cu sample was fully melted and solidified during 360 s of microgravity and the
solidification sequence was recorded using time-resolved X-radiography. Equiaxed nucleation, dendritic
growth, solutal impingement, and eutectic transformation were thus observed in a gravity-free en-
vironment.

Equiaxed nucleation was promoted through application of a controlled cooling rate of �0.05 K/s
producing a 1D grain density of �6.5 mm�1, uniformly distributed throughout the field of view (FOV).
Primary growth slowed to a visually imperceptible level at an estimated undercooling of 7 K, after which
the cooling rate was increased to �1.0 K/s for the remainder of solidification and eutectic transformation,
ensuring the sample was fully solidified inside the microgravity time window. The eutectic transfor-
mation commenced at the centre of the FOV proceeding radially outwards covering the entire FOV in
�3 s

Microgravity-based solidification is compared to an identical pre-flight ground-based experiment
using the same sample and experiment timeline. The ground experiment was designed to minimise
gravity effects, by choice of a horizontal orientation for the sample, so that any differences would be
subtle. The first equiaxed nucleation occurred at an apparent undercooling of 0.6 K less than the
equivalent event during microgravity. During primary equiaxed solidification, as expected, no buoyant
grain motion was observed during microgravity, compared to modest grain rotation and reorientation
observed during terrestrial-based solidification. However, when the cooling rate was increased from
�0.05 K/s to �1.0 K/s during the latter stages of solidification, in both 1g and micro-g environments,
some grain movement was apparent due to liquid feeding and mechanical impingement of neighbouring
grains.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gravity can play a significant role during solidification, leading
to segregation and other casting defects normally associated with
liquid metal processing [1]. Furthermore, liquid-solid motion as a
result of gravity-induced buoyant flow is a significant complication
in computational simulations of solidification, leading to long si-
mulation times [2]. Sophisticated mathematical and
B.V. This is an open access article u

).
computational models of solidification require experimental vali-
dation. In situ X-radiography of solidification has, in recent times
[3,4], enabled observations of dynamic solidification phenomena
in real time, allowing direct comparison with both numerical [5,6]
and mathematical [7–10] predictions. To reduce complexity, it is
desirable to eliminate gravity effects during solidification in both
numerical models and related benchmark experiments. While it is
a simple matter to ‘switch off’ gravity in a computer simulation,
eliminating gravity during solidification experiments is more
challenging. However, the advent of compact in situ X-ray diag-
nostics [11], combined with sophisticated furnace designs
[8,12,13], has allowed solidification to be performed on board
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short duration microgravity platforms such as Sounding Rockets
[12] and on board Parabolic Flight Campaigns [14].

Microgravity has been used for solidification experiments, in
conjunction with both in situ and ex situ analysis, for several
decades. Glicksman et al. [15] performed isothermal solidification
of a transparent material, on board the Columbia Space Shuttle
(STS-62), using the Isothermal Dendritic Growth Experiment
(IDGE) apparatus in conjunction with pure succinonitrile (SCN)
and in situ optical microscopy. Dhindaw et al. [16] performed di-
rection solidification of monotectic alloys on board a Parabolic
Flight using a Bridgman-type gradient furnace and ex situ post-
flight metallographic analysis. Directional solidification of Al–Si on
board Sounding Rockets and the International Space Station (ISS)
has also been performed [17,18].

More recently, Nguyen-Thi et al. [12,19] performed a directional
solidification experiment on board the MASER 12 Sounding
Rocket, launched in February 2012, using the purpose-built
Bridgman-style XRMON Gradient Furnace (GF) and an Al–20 wt%
Cu sample strip. The MASER 12 solidification experiment suc-
cessfully demonstrated the feasibility of performing solidification
in microgravity on board sounding rockets, in conjunction with
high resolution in situ X-ray diagnostics, allowing for direct
comparison of terrestrial and microgravity solidification. Murphy
et al. [14] performed near-isothermal equiaxed solidification using
a grain refined (GR) Al–20 wt%Cu sample, also using the XRMON-
GF, on board a parabolic flight campaign. Isothermal conditions
were achieved by setting a flat temperature profile across the
sample and cooling both heaters at the same rate to promote so-
lidification. Critically, during post-flight analysis, it was noted that
free growing equiaxed grains were sensitive to g-level fluctuations
during the flight. This was due to the relatively low quality mi-
crogravity available on board parabolic flight campaigns, i.e.
70.05g. Due to practical and safety constraints on the manned
flight, in a commercial aircraft, only 21 s of continuous micro-
gravity time is achieved during the parabolic flight, and each such
period is sandwiched between hyper-gravity periods [20]. Fur-
thermore, the use of a gradient furnace in ‘isothermal-mode’
provided sub-optimal isothermal solidification conditions [7]. The
importance of the orientation of the thin sample with respect to
the gravity vector, on earth, has been demonstrated in XRMON-GF
experiments on equiaxed solidification. We showed [7] that a
dramatic difference occurs between experiments in which the
sample is vertical and those in which it is horizontal. For the latter
situation, buoyancy effects are limited to acting in the thin sample
direction and are constrained by the top and bottom crucible
surfaces, which are only 200 mm apart. With the success of
XRMON-GF on board MASER 12, a dedicated isothermal furnace,
XRMON-SOL [8], was commissioned by the European Space
Agency, and scheduled for flight on board the MASER 13 sounding
rocket. About 6 min of microgravity time is available on this
platform. For the reasons just outlined, the performance of
XRMON-SOL was initially tested [8] on earth in a configuration in
which the samples were horizontal.

This work presents the first dedicated isothermal solidification
microgravity-based solidification experiment performed using the
XRMON-SOL. Details of the experimental configuration and the
experiment timeline are presented along with an overview of the
results observed in situ, i.e. equiaxed and eutectic solidification.
Microgravity-based solidification measurements are compared
with identical experiments performed using the same experi-
mental configuration under terrestrial conditions to determine the
implications of microgravity vs. terrestrial solidification
experiments.
2. Experimental

XRMON-SOL is a newly developed isothermal solidification
furnace designed specifically to operate under microgravity and
terrestrial conditions, in conjunction with high resolution in situ
X-ray diagnostics. The compact nature of both the furnace and the
X-ray diagnostics allows for real time imaging of alloy solidifica-
tion on board microgravity platforms, such as sounding rockets,
parabolic flights and the International Space Station, as well as in
ground-based home laboratories. XRMON-SOL was selected to fly
on board the MASER 13 sounding rocket with the goal of per-
forming isothermal equiaxed solidification of a grain refined Al–
20 wt%Cu alloy in the absence of any buoyancy or convection ef-
fects normally associated with terrestrial solidification e.g. during
casting. A full description of the XRMON-SOL has already been
provided [8], thus only a brief outline of pertinent features and
functions will be provided herein.

Fig. 1(a) shows the flight model XRMON-SOL prior to installa-
tion within the XRMON module on board the MASER 13 Sounding
Rocket. The outer metallic housing and mounting framework en-
cases the inner furnace body, shown in Fig. 1(b). The furnace body
comprises a boron-nitride monoblock, into which eight in-
dependent heater coils are wound, along with eight embedded
regulating/monitoring k-type thermocouples. A sample alloy disc,
measuring 21 mm in diameter and 200 mm thick is sandwiched
between two glassy carbon discs and positioned in a boron-nitride
sample pocket, which is in direct contact with the heater ele-
ments. All the individual components are clamped together by the
insulated housing lid, highlighted in Fig. 1(a), ensuring good
thermal contact and a fast thermal response between the heater
control system and the real time in situ observations. The X-ray
field of view (FOV) is coincident with the sample centre measuring
approximately 4.1�2.8 mm (FOV x- and y-axes, respectively), with
a spatial resolution of �6.1 mm [11]. The eight heater elements are
configured, as shown in Fig. 1(b), into two concentric heater rings
segmented into four independently regulated zones, allowing for
fine adjustment of the temperature field throughout the ob-
servable FOV. The XRMON module, shown in Fig. 1(c), houses the
in situ X-ray diagnostics, on board furnace control system, and
memory. The X-ray diagnostics comprised a 3 mm microfocus
X-ray source and a structured X-ray scintillator equipped 10
megapixel CCD camera, Fig. 1(d). A full description of the X-ray
equipment used in this work has already been described in detail
elsewhere [8,11,12]. Optimal image contrast during solidification
was achieved using X-ray source settings of 50 keV and 60 mA.
Images were recorded on board the XRMON module at a rate of
3 Hz. During the MASER 13 flight, images were relayed in real time
to the ground support monitoring station at a rate of 1 Hz, thereby
allowing operator override of the automated experiment sequence
in the event of any unforeseen anomalies. Ultimately, however, no
operator intervention was required during the microgravity win-
dow, with successful melting and solidification of the sample
achieved prior to the cessation of microgravity conditions.

The alloy system chosen for study was Al–20 wt%Cu grain re-
fined (GR) with industrial grade o0.1 wt%Al-Ti-B(5/1) master al-
loy. The relatively high hypoeutectic copper concentration was
selected to provide high image contrast during solidification, with
copper atoms providing higher attenuation of the incident X-ray
beam than aluminium atoms [21]. Thus, within the FOV during
solidification, solid α-Al equiaxed crystals appear brighter than the
surrounding copper rich Al–Cu liquid, with contrast increasing
throughout solidification due to continued solute partitioning.
Samples were produced by casting approximately 75g (combined
mass) of 6N purity aluminium and 3N purity copper, along with
the industrial GR, into a cylindrical steel mould to promote a re-
latively rapid solidification time, i.e. approximately 2 s, thereby
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Fig. 1. (a) Flight model XRMON-SOL prior to installation in the XRMON module on board the MASER 13 Sounding Rocket. (a) Exploded view of the internal XRMON-SOL
furnace assembly showing the encasement of the sample disc (ϕ 21.0�0.2 mm) between two glassy carbon discs and then sealed within a boron-nitride pocket mounted on
top of the heater elements. Labels 1–8 of the Heater Element Configuration indicate the relative location and arrangement of the eight independently regulated heater coils.
The field-of-view (FOV) x-axis and y-axis represent the physical extent of the X-ray field-of-view relative to the sample diameter, horizontally (�4.1 mm) and vertically
(�2.7 mm), respectively. (c) XRMON module with XRMON-SOL installed, prior to integration on board the MASER 13 Sounding Rocket. (d) In situ X-ray diagnostics con-
figuration inside the XRMON module, comprising a microfocus X-ray source and X-ray camera mounted inline with the module/rocket axis.
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Fig. 2. Schematic illustration of the fully assembled MASER 13 Sounding Rocket, consisting of two booster rocket stages, the payload assembly, and finally the nose cone/
recovery system. The scientific experiment payload comprised four separate experiments, with the XRMON module mounted at the front, behind the nose cone/recovery
system.
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minimising segregation within the casting volume. Sample discs
were thereafter sectioned from the cast ingot and then manually
ground to a thickness of 200 mm, and polished to a surface
roughness of 1 mm. A more complete and detailed description of
the sample manufacturing process developed for this work can be
found in Ref. [22]. Several sample discs were produced for the
MASER 13 flight, however a single sample was used for both the
ground-based reference experiment, performed prior to the
launch, and the microgravity flight on board the MASER 13
Sounding Rocket. Due to the practical constraints of a sounding
rocket campaign, such as MASER 13, only one microgravity soli-
dification experiment could be performed. The best way to assess
the effects of gravity is to compare the exact same sample in the
same furnace – solidified in 1g and micro-g. The 1g experiment
had to be performed prior to the rocket flight, because of likely
damage to the experimental equipment on landing – this proved
to be the case. Excessive runs on ground prior to flight could also
lead to deterioration of sample or furnace, so this was avoided.
However the performance of XRMON-SOL in terrestrial experi-
ments has been well characterised in previous work [8].

The MASER 13 (MAterial Science Experiment Rocket) is a sub-
orbital microgravity research rocket that was launched by the
Swedish Space Corporation from Esrange in northern Sweden at
6:00 a.m. local time on December 1st, 2015. MASER-type Sounding
Rockets can provide between 6 and 7 min of high quality micro-
gravity, i.e. o10�4g, depending on weather conditions. MASER 13
achieved microgravity conditions approximately t¼90 s after
launch, reaching an apogee of 262 km at time t¼240 s, with re-
storation of positive g, i.e. Z1g, at t¼442 s, ultimately achieving
slightly less than 6 min of microgravity. Fig. 2 schematically
illustrates the MASER rocket configuration consisting of two
booster rocket stages, onto which the payload is mounted, along
with the recovery system and nose cone. The experiment payload
for MASER 13 consisted of four separate experiment modules, with
the XRMON module mounted at the front. The XRMON module
measured 1140 mm in length with a diameter of 438 mm and a
mass of 99 kg, making it the largest/heaviest module on board
MASER 13. Approximately 11 min after launch the MASER 13
payload achieved a parachute assisted crash-down in the target
area �70 km north-west of the launch site, after which the pay-
load was recovered and returned to the launch site.

A solidification experiment timeline was chosen to ensure that
the sample was both melted and solidified completely within the
microgravity window, thereby avoiding any hypergravity influence
on the sample during lift-off or atmospheric re-entry. Fig. 3 shows
the experiment timeline chosen for both microgravity-based so-
lidification and ground-based solidification. Fifteen minutes
(t¼�900 s) prior to launch the furnace temperature was raised to
540 °C, i.e. below the sample melting temperature, to both ther-
mally stabilise the furnace/housing, and reduce time taken to fully
melt the sample at the maximum achievable heating rate of 2 K/s.
At t¼60 s, the automated flight sequence commenced heating of
the furnace at a rate of 2 K/s up to 650 °C thereby completely
melting the Al–Cu sample. Through extensive ground-based pre-
flight testing, melting of the sample was fixed to commence ap-
proximately 3 s after microgravity conditions had been estab-
lished. The sample was then held at 650 °C for 20 s, subsequently
cooled to 625 °C at a rate of �1 K/s and held for a further 20 s,
after which time the primary solidification cooling rate of
�0.05 K/s was applied to all eight heaters simultaneously. Note
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typically equiaxed grains only become visible in the FOV after they
have increased in diameter to approximately 50 mm, after which
time sufficient solid has formed to provide detectable solid–liquid
contrast within the FOV. Equiaxed nucleation takes place at some
time prior to the associated solid becoming visible [8]; thus the
holding temperature was selected such that nucleation would not
occur until a constant cooling rate of �0.05 K/s had been applied.
At time t¼359 s, and for the final stages of solidification, i.e. the
eutectic transformation, the cooling rate was increased to �1 K/s
and �1.5 K/s on the inner and outer heater rings, respectively, as
shown in Fig. 3. Observable solidification within the FOV occurred
between t¼241 and t¼425 s, indicated by the highlighted region
in Fig. 3, with the sample returning to the fully solid state ap-
proximately 17 s prior to the cessation of microgravity conditions.
3. Results and Discussion

Both ground-based solidification and microgravity-based soli-
dification experiments were successfully performed using the
timeline shown in Fig. 3, with equiaxed nucleation and the sub-
sequent eutectic transformation occurring within the microgravity
window of t¼90–442 s Fig. 4 shows a direct comparison of the
time/temperature synced in situ microgravity (mg) and terrestrial
(1g) observations, separated into column I and II, respectively. The
full video sequence is also provided in Video 1. Tables 1 and 2
show the position, time, and furnace temperature at the time of
each individual grain nucleation event. Note, as mentioned pre-
viously, direct observation of equiaxed nucleation was not possible
with the current setup due to the poor image contrast provided by
grains smaller than �50 mm in diameter. However, for the pur-
poses of this preliminary investigation equiaxed nucleation will be
defined as the time at which grains became detectable within the
FOV.

Close inspection of the sequence images in Fig. 4 reveals no
significant morphological differences between equiaxed solidifi-
cation under microgravity and terrestrial conditions. After initial
nucleation of several grains, equiaxed nucleation continued until
the entire FOV was filled with randomly oriented, uniformly dis-
tributed equiaxed grains. Interestingly, as shown in Tables 1 and 2,
equiaxed nucleation in microgravity commenced approximately
13 s earlier than observed during terrestrial solidification, at
t¼241 s and 254 s, respectively. However, in both cases the first
grain to nucleate was located in the NW corner of the FOV,
suggesting nucleation may have occurred on the same inoculant
particle in both cases. The earlier nucleation observed in micro-
gravity may be due to the absence of gravity during solidification.
However, it may also be due to a reorientation of the inoculant
particle into a more favourable position requiring less under-
cooling to nucleate, in this case �0.65 K less. For both micro-
gravity and terrestrial solidification, nucleation was complete at
tE294 s with a total of 22 grains and 23 grains nucleated within
the FOV, respectively. As primary solidification continued, the in-
tergranular liquid space between grains reduced to approximately
the same level in both cases, as shown in Fig. 4(c). Finally, the
eutectic transformation commenced at precisely the same time/
temperature for both microgravity and terrestrial solidification at
time t¼414 s Fig. 4(d) shows the advancing eutectic transforma-
tion (dark shaded region) for microgravity and terrestrial solidifi-
cation, column I and II, respectively. To more clearly show the
eutectic transformation, the equiaxed microstructure was re-
moved using post-processing image enhancement as described
previously by Murphy et al. [23]. During microgravity-based soli-
dification a single eutectic zone appeared within the FOV, whereas
under terrestrial conditions two eutectic zones were observed to
occur within the FOV. Thus, with each observed eutectic zone
being approximately equal in size, the eutectic fraction at the time
shown in Fig. 4(d) was approximately double for terrestrial soli-
dification when compared to microgravity solidification. Interest-
ingly, however, in both cases, the eutectic transformation within
the FOV was complete at approximately the same time, i.e.
t¼425 s. The fact that the eutectic zones originated within the
FOV, and their growth was quite spatially uniform, also provides
confidence that the thermal gradient is low in the region of
interest.

Critically, the most significant difference observed between
microgravity and terrestrial solidification was grain motion and
rotation observed during terrestrial-based solidification. This can
be viewed in the Supplementary video of both sequences available
online. This grain motion was largely due to the low density, and
thus buoyant, α-Al grains coming to rest on the upper surface of
the crucible wall, as discussed in the previous work of Murphy
et al. [7]. As expected, no such rotation or grain motion was ob-
served during microgravity-based solidification due to the absence
of gravity. However, during the latter stages of solidification, when
the cooling rate was increased from �0.05 K/s to �1/�1.5 K/s,
slight grain motion could be seen in both cases, with grains ad-
justing position as a result of mechanical impingement, i.e. grains
touching one another (coherency), as well as the increased rate of
shrinkage-induced liquid feeding as the rate of solid formation
increased. Further shrinkage induced grain motion was also ap-
parent during the eutectic transformation, with grains being
moved towards the advancing eutectic front(s).

Fig. 5(a) shows the location and sequence of equiaxed nuclea-
tion within the FOV for both microgravity (triangles) and terres-
trial-based (circles) solidification. Close inspection of Fig. 5
(a) reveals a significant overlap of grain locations when comparing
both solidification experiments: in particular, Grains 01 and 01, 04
and 14, 11 and 23, 17 and 02, 10 and 15, 02 and 05, 13 and 17, for
microgravity and terrestrial solidification, respectively. Further-
more, two relatively large intergranular liquid voids appear in the
same location in both experiments, at the W edge of the FOV and
to the NE of the centre of the FOV. As mentioned previously, these
similar nucleation locations with later/earlier nucleation times
may be a result of gravity effects or due to the reorientation of
inoculant particles during re-melting of the sample on the mi-
crogravity flight. For instance, Grain 01 nucleates in virtually the
same location in both experiments, however, nucleating earlier
during microgravity. Close examination of Grain 01 in Fig. 4 shows
that during microgravity (column I) a more cruciform morphology
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was apparent, with the primary dendrite arms aligned favourable
in the plane of the FOV, i.e. into the liquid volume, whereas the
during terrestrial-based solidification Grain 01 (column II) was
misaligned with respect to the FOV suggesting primary growth
biased towards the crucible walls, and therefore suppressed.
Differences in nucleation times could also be due to slightly dif-
fering thermal contact and furnace environment in 1g vs. mg.

Fig. 5(b) shows cumulative equiaxed nucleation as a function of
furnace temperature for microgravity and terrestrial-based soli-
dification, triangles and circles, respectively. Interestingly, after



Video 1. X-ray video sequence of equiaxed solidification, showing evolving time and furnace temperature. Left side: microgravity (�0g) conditions; Right side: terrestrial
(1g) conditions. Corresponding still images, at 4 selected times, are shown in Fig. 4. A video clip is available online.Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.jcrysgro.2016.08.054.
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Table 1
Temporospatial coordinates of the 22 equiaxed nucleation events occurring within the in situ FOV recorded on board the MASER 13 Sounding Rocket flight during mi-
crogravity. Note, recorded nucleation temperatures represent the indicated furnace temperature at the time when respective grains first became visible within the FOV. Grain
#3 highlighted for growth analysis shown in Fig. 6(a).

Table 2
Temporospatial coordinates of the 23 equiaxed nucleation events occurring within the in situ FOV recorded during ground-based reference solidification experiment prior to
the MASER 13 Sounding Rocket flight. Note, recorded nucleation temperatures represent the indicated furnace temperature at the time when respective grains first became
visible within the FOV. Grain #2 highlighted for growth analysis shown in Fig. 6(b).
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two or three grains had nucleated in each case, the nucleation
rates were somewhat comparable for the remainder of solidifica-
tion, i.e. 16.7 °C�1 and 14.8 °C�1, respectively, with the rate of
nucleation slightly higher during microgravity.

Using the image analysis technique described by Murphy at al.
[7], the 2D solid fraction evolution, fa, was extracted from both
microgravity (mg) and terrestrial (1g) solidification, as shown in
Fig. 5(c), for solidification time t¼240–359 s, when primary
equiaxed growth had slowed to a visually imperceptible level.
Further evidence of equiaxed growth suppression is evident when
comparing both curves, with a higher fraction of solid apparent
during the mid stages of microgravity-based solidification. How-
ever, at the end of primary equiaxed growth (t¼360 s), the ap-
parent fraction of solid in both cases had equalised.

Fig. 6 shows the primary equiaxed growth profiles extracted
from microgravity (row-i) and terrestrial-based (row-ii) solidifi-
cation, respectively. In each case, a single equiaxed grain exhibit-
ing a distinctly cruciform morphology, and close to the centre of
the FOV, was selected for characterisation, Grains 03 and 02 in
Fig. 6(a–i) and (a–ii), respectively. The evolution of each of the
primary arm lengths over time is shown in Fig. 6(b–i) and (b–ii).
Interestingly, there was little difference between the growth pro-
files measured for both microgravity and terrestrial solidification,
with each of the four primary branches showing similar growth
rates and final lengths. The only significant difference being, dur-
ing terrestrial solidification (row-ii), Grains 02 and 03 nucleated
quite close to each other thereby restricting the growth of both
dendrite arms in the direction of the grain separation spacing.
Consequently, the similar growth characteristics of microgravity
and terrestrial solidification suggest that early grain motion and
rotation observed during terrestrial solidification had little impact
on the resultant growth dynamics during the remainder of soli-
dification. The similarity of both microgravity and terrestrial soli-
dification in this case is likely due to the dominance of solutal
redistribution throughout the sample in the absence, in the case of
microgravity solidification, or with limited, in the case of terres-
trial solidification, liquid motion as a result of using a high-solute
alloy sample combined with a relatively high grain density. Thus, a
lower solute Al–Cu alloy, combined with a lower inoculant addi-
tion level, may result in more obvious differences between ter-
restrial and microgravity solidification. A more detailed analysis of
dendrite growth rates in multiple equiaxed grains solidified in 1g
in XRMON-SOL has previously been performed [8].
4. Conclusions

A first ever space experiment in which the entire equiaxed
solidification sequence of a metallic alloy in microgravity has been
directly observed by X-ray videoscopy has been performed.

Comparisons of microgravity and terrestrial solidification
showed little difference in terms of grain density, growth char-
acteristics, undercooling at which primary growth slowed to vi-
sually imperceptible levels, and eutectic transformation. Thus,
under terrestrial conditions, where equiaxed buoyancy and liquid
motion have been effectively limited [7,8], conditions are suffi-
ciently similar to microgravity conditions. However, the results
pertain specifically to those conditions examined in this work.
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Fig. 5. (a) Location and sequence of equiaxed nucleation events recorded in situ on board the MASER 13 Sounding Rocket (mg ▲) and during the ground-based reference
experiment performed prior to launch (1g ). (b) A comparison of microgravity and terrestrial equiaxed nucleation events as a function of recorded furnace temperature (T).
(c) Equiaxed grain area envelope evolution (fa) as a function of time (t) for both microgravity (mg) and terrestrial (1g) solidification experiments, recorded during primary
equiaxed growth phase of solidification, i.e. 240rtr360 s of the experiment timeline.

Fig. 6. (a–i) Equiaxed grain envelope evolution recorded as a function of time (t) across the in situ FOV for the microgravity (mg) solidification experiment timeline. (b–i)
Primary arm growth as a function of time (t) for Grain G03 (Fig. 6(a–i)). (a–ii) Equiaxed grain envelope evolution recorded as a function of time (t) across the in situ FOV for
the terrestrial (1g) solidification experiment timeline. (b–ii) Primary arm growth as a function of time (t) for Grain G02 (Fig. 6(a–ii)). In both cases, the colour scales to the
right of the FOVs represent the experiment timeline period 240rtr260 s.
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Nguyen-Thi et al. [12] observed a reduction in growth rate during
columnar solidification using the same X-ray diagnostics and a
gradient furnace (XMON-GF). Where samples have larger volumes
with an aspect ratio closer to 1, it is certain that a significant
disparity between microgravity and terrestrial solidification exists.

While grain rotation is prevalent during the early post-
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nucleation stages of solidification during terrestrial-based solidi-
fication, this had no significant impact on the resultant equiaxed
solidification, and the final as-cast microstructure. By contrast, no
such grain rotation was observed in the early stages of solidifica-
tion in microgravity. During the latter stages of solidification,
when the cooling rate had been increased two orders of magni-
tude, grain motion could be seen in both cases as a result of in-
creased shrinkage-induced liquid feeding. Thus it seems reason-
able, in this case, to assume solidification performed under ter-
restrial conditions using the horizontal thin sample configuration
adequately simulates microgravity conditions during solidification.
However, here we present unique benchmark data on equiaxed
solidification of metallic alloys in space, in which gravity effects
are neither visible nor expected. These results may be useful for
experimental validation of computational models of micro-
structural evolution, and also isolate shrinkage-induced motion of
equiaxed grains.
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