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Abstract

Gravity effects such as natural convection in the liquid phase and buoyancy forces acting
on the solid phase have a strong influence on the grain structure and microstructure formation
dynamics during the solidification of metal alloys. It is thus very useful to undertake
experimental studies that will provide benchmark data for a deeper understanding of the role of
such gravity effects. In this paper, we study the formation of the equiaxed grain structure during
refined Al-20wt.%Cu solidification in a temperature gradient for three different configurations:
horizontal, vertical upward and vertical downward solidification. The key grain characteristics,
namely grain size, grain elongation and grain growth orientation, were determined for all

experiments and a comparative study was performed to identify the dominant effects of gravity
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for each case. The present study provides quantitative information on the impact of grain
flotation and solute flows on the equiaxed microstructure characteristics by means of in situ

laboratory X-radiography.

Keywords: Directional solidification, equiaxed microstructure, grain characteristics, in situ X-

radiography, Al-Cu alloy, gravity, convection, buoyancy
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1. Introduction

Metal material properties such as ductility and hardness are closely linked to the grain
structure generated during solidification processes. Ever better understanding of grain structure
dynamics during its development and of related underlying mechanisms is thus of utmost
importance to control the growth conditions for engineering applications and to obtain pieces
with the desired and reproducible properties. During solidification in a temperature gradient,
two types of grain structure can form depending on the growth conditions (alloy composition,
temperature gradient and cooling rate or sample pulling velocity): the columnar grain structure,
with directional properties and the equiaxed grain structure with more uniform and isotropic
properties. The equiaxed grain structure is the most used in aluminium-based industrial
applications and can be promoted by inoculation, which consists in adding inoculant particles
to the melt. These micrometer particles act as preferential sites for heterogeneous nucleation of
a-Al grains, resulting in a uniformly fine, equiaxed as-cast microstructure [1, 2]. The same
principle is also successfully applied to other metallic systems, notably magnesium and zinc
alloys.

On Earth, gravity has a strong impact on the formation of solidification microstructures
and makes the study of alloy solidification more complex because of the combination of
multiple phenomena at different scales in time and space. Firstly, natural convection takes place
in the melt and is the major source of various disturbing effects, which can significantly modify

or mask other physical mechanisms [3-7]. Indeed, flows in the liquid modify the solute transport
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in the melt, and generally prevent the formation of steady solidification patterns with uniform
features. Thus, attempts have often been made to avoid convection in the melt in directional
solidification studies to make easier the interpretation of the results [8]. A simple way of
eliminating or reducing natural convection is to ensure that the density gradient in the liquid
phase is vertical downward everywhere, the heavier liquid being at the bottom. This situation
is more or less approached when growth occurs in a vertical upward temperature gradient, for
an alloy system in which the rejected solute is denser than the solvent. For example, this is the
case during upward directional solidification of hypo-eutectic Al-Cu alloys. However, even in
this configuration, flow patterns adjacent to the solid-liquid interface can develop at low growth
rates under the effect of a transverse horizontal temperature gradient that exists because of the
difference in thermal conductivities of the solid phase, liquid phase and crucible wall. In that
specific case, fluid flows can cause strong deformation (steepling and clustering phenomena)
of the solid-liquid interface [9-11] and then large segregation in the material [12, 13]. For
vertical downward solidification of hypo-eutectic Al-Cu alloys, both thermal and solutal
gradients destabilize the liquid phase and strong convective motion in the melt are expected
that can modulate macroscopically the solid — liquid interface, can delay or activate the
morphological stability of the solid — liquid interface, and also leads to a significant longitudinal
(parallel to the growth direction) macro-segregation [11, 14].

For vertical solidification experiments, regardless of the growth direction (upward or

downward), an additional effect of gravity is buoyancy that acts on solid elements like dendrite

4
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fragments and free grains. This force provokes either grain sedimentation or flotation,
depending on the relative densities of the grain and the surrounding liquid [15-17]. It is worth
noticing that buoyancy force acting on secondary dendrite arms also induces dendrite bending,
leading in some cases to dendrite fragmentation [18].

Diffusive mass transport without any buoyancy effect can be achieved during microgravity
experiments [17, 19-23], independently of alloy composition and container shape. However,
such type of experiments is rare and very expensive, because of the limited number of
microgravity opportunities. In normal gravity conditions, nearly diffusive conditions can be
achieved by performing horizontal solidifications of very thin samples (down to 10 um in
thickness), like in the case of transparent alloys solidification experiments [8]. In this
experimental configuration, fluid flows are blocked by the strong confinement in one dimension.
For metallic samples, it is very difficult to reduce the thickness down to 10 pm in a uniform
way and typical sample thickness is in the range 100-300 pm. For this value, natural convection
[17] and buoyancy effects [24] during horizontal solidification are largely, but not completely,
reduced.

It is now well established that in situ and time-resolved study of solidification is relevant
because most of the phenomena that occur during the process are dynamic. Various X-ray
imaging methods have been developed in the last two decades, in particular using synchrotron
radiation [25]. However, in situ X-radiography remains the most used method for studying

metal alloy solidification because of its simplicity. X-radiography enables us to follow the
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dynamics of the solid-liquid interface [26], the grain motion [27-29] and under certain
conditions to determine quantitatively the solute concentration in the liquid phase [30, 31]. In
the last decade, benefitting from the progress of microfocus X-ray sources and detectors,
laboratory [32-35] as well as microgravity [17, 24, 36] apparatus have been developed to study
in situ the solidification of metals. Even if microfocus X-ray sources do not generate a beam as
powerful as synchrotron sources, they offer enough brilliance to conduct investigations of Al-
based alloy solidification.

The aim of the present investigation is to examine and enlighten the major effects of gravity
during the formation of an equiaxed microstructure in a fixed temperature gradient. For this
purpose, directional solidifications of refined AI-20%Cu samples were carried out with
different orientations of the sample with respect to the gravity direction, namely horizontal and
vertical (upward and downward) solidifications. Experiments were performed in the SFINX
(Solidification Furnace with IN Situ X-radiography) laboratory facility, which enabled us to
follow the formation of the equiaxed microstructure using in situ X-radiography. The main grain
and microstructure characteristics have been determined for all the experiments. Then, a
comparative analysis between the various configurations has been conducted to emphasize the
impact of natural convection as well as buoyancy force acting on the grains after nucleation

during the formation of the equiaxed microstructure.
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2. Experiment description

2.1. SFINX apparatus

Directional solidification experiments were performed in the SFINX (Solidification Furnace
with IN Situ X-radiography) laboratory device, which is a duplicate of the facility used during
several parabolic flight campaigns [36] as well as during the sounding rocket experiment
MASER-12 [17]. These facilities were developed within the ESA (European Space Agency)
project entitled XRMON (X-ray MON:itoring of advanced metallurgical processes under
terrestrial and microgravity conditions) to study the microstructure formation dynamics of
metal alloys onboard of microgravity platform using X-radiography [37]. A detailed description
of those facilities has been given in our previous papers [17, 19]. Only the main features are
summarized below.

The dimensions of the sheet-like samples of refined Al-20wt.%Cu (0.1wt.%AITiB) were 5 mm
in width, 50 mm in length and 0.25 mm in thickness. The sample thickness was chosen in order
to have a good transmission of the X-ray beam and prevent the superimposing of several grains
at the same location so that the interpretation of radiographs is unambiguous. The polished
sample was placed into stainless-steel spacers, sandwiched between two flexible glassy carbon
sheets sewn together with a silica thread. The sample-crucible assembly was then installed
inside the Bridgman-type furnace (Fig. 1a). The furnace consists of two identical heaters for the
“hot” and “cold” zones that are independently regulated by a PID-regulator. During the

experiments, the samples were directionally solidified by applying the same cooling rate R on
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both heater elements, ensuring a fixed temperature gradient G during the entire experiment. The
furnace enables directional solidification with temperature gradients within the range of 2.5-15
K/mm and cooling rates R within the range of 0.01-1.5 K/s.

The X-radiography system features a microfocus X-ray source with a molybdenum target
and a 3 mm focal spot (Fig. 1b). It provides a photon flux with two peaks of energy at 17.4 keV
and 19.6 keV that ensure a good image contrast to study Al-Cu based alloys. The camera system
is made of a scintillator plate that converts X-ray radiation to visible light and a digital camera
with a CCD-sensor. As a result of the X-ray beam divergence, a geometric magnification of the
object is observed at the detector, which is the ratio of the source-detector to source-object
distances, the object in this case being the sample. In this work a magnification of ~5 was
obtained for a Field-of-View (FoV) of about 5x5 mm? and an effective pixel size of ~4x4 um?.
The acquisition rate was 2 frames/second.

Grey level variations in the radiographs are related to the difference in X-ray absorption of the
different parts of the sample, which depends mainly on the local density and composition.
Image quality was enhanced by applying an image processing consisting in dividing each
recorded frame by a reference picture recorded just before the beginning of the solidification
[38]. After image processing, radiographs showed the equiaxed grains microstructure formed
during the directional solidification of the refined Al-20wt.%Cu. Liquid regions of high copper
concentration showed up as dark regions in the images, while a-Al dendritic grains with low

copper concentration were discernible as bright regions in the FoV [27, 30].
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2.2. Experimental configurations

For comparison purposes, four refined Al-20wt.%Cu specimens were solidified with

similar experimental parameters but with different orientations of the gravity vector. The

furnace was set in two positions, allowing us to perform directional solidification experiments

in three different configurations with respect to gravity: horizontal (1 sample), vertical upward

(2 samples) and vertical downward (1 sample).

Case A: the main surface of the sample was set perpendicular to the gravity vector g
(Fig. 1b) and the solidification of the sample took place horizontally. In this
experimental arrangement, the effects of gravity are expected to be strongly minimized.
Case B: the samples were set in a vertical position by rotating the whole SFINX
apparatus and the temperature gradient is anti-parallel to g (bottom-up growth). During
upward solidification of refined Al-20wt.%Cu alloy, both thermal and solutal gradient
are stabilizing and natural convection is mainly due to the residual transverse
temperature gradient [9, 10, 13]. Moreover, the impact of buoyancy on equiaxed grains
will push the aluminum grains upward [28].

Case C: with the same furnace position as in Case B, downward solidification of the
sample was performed with a temperature gradient parallel to the gravity vector (top-
down growth). In this case, both thermal and solutal gradients are destabilizing and

strong convective flows are expected.
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2.3. Solidification parameters

We solidified the refined Al-20wt.%Cu specimens in different gravity conditions, as
described in the previous section, and with close growth parameters. Table 1 summarizes the
growth parameters of the experiments presented in this paper. The cooling rate value was
identical for all the experiments, R = 0.15 K/s, but the temperatures of the heater elements had
to be adjusted for each configuration to achieve nearly the same average growth velocities and
temperature gradients. Indeed, because of the asymmetry of the sample holder design as visible
in Fig. 1a [19], the temperature interval between the two heater elements had to be increased
by a factor two for the upward solidification experiments to obtain the same temperature
gradient in the sample than for horizontal or downward solidifications. Furthermore,
experiments with the same control parameters were carried out several times for each
configuration to check the repeatability of the experiments and to improve our statistical
analysis in terms of grain size, grain elongation and grain orientation (cf. section 2.4).
To determine accurate values of the growth parameters, we developed an experimental
procedure based on the radiographs to measure in a first step the growth velocity [39]. The
position of each grain in the FoV was marked manually as soon as they became visible
(diameter > 10-20 um) and the corresponding time was recorded. Then, the positions of the
nucleation events were plotted as a function of time, and the average nucleation front velocity
<Vn> can be easily derived from this plot. Assuming that the grain nucleation always occurs at

a temperature close to the liquidus temperature in the case of refined alloys [40], the nucleation

10
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front velocity was considered similar to the liquidus temperature velocity. The nucleation front
velocity can be compared to the velocity of the eutectic front <Vg> that crossed the FoV at the
end of the solidification phase. A good agreement was obtained between the two types of
measurement (see Table 1). Hereafter, the average nucleation front velocity <Vn> will be used
to compare the different experiments. In a second step, the actual temperature gradient was

calculated using the relation G = R/V, which was assumed to be valid in our experiments.

2.4. Grain structure characterization

A dendritic equiaxed microstructure was obtained during the cooling of the samples due to
the AITiB refining particles added into the alloy. By using X-radiography, the solidification was
observed in situ with the equiaxed grain structure propagating from the cold zone to the hot
zone. For each different configuration (horizontal, vertical upward and vertical downward
solidifications), significant differences were observed for the solidification process as will be
presented in the next sections. To analyze the gravity effects on the final grain structure, a
quantitative analysis was conducted to determine the distribution of grain size, elongation and
growth orientation for all experiments. The in situ observation of the solidification process
allowed us to follow the microstructure formation and thus to measure the grain characteristics
without any ambiguity. The first step consisted of contouring the grains one by one with the
free software ImageJ [41] in order to obtain the grain surface area, using a semi-automatic

macro script [39]. It was then possible to determine the distributions of grain size, grain
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elongation and grain growth orientation:

The grain size is defined as the diameter d of a disk having the same grain surface area,
named equivalent disk (white circle in Fig. 2a). The grain surface area is easily
retrievable since it is given by the ImagelJ software in pixels. Even if the grain size is a
very important parameter, it gives no information about the grain morphology and must
be completed by other measurements.

The grain elongation factor ¢ is defined in a classical way by ¢ = Li/L», with L; being
the length of the longest straight segment inscribed within the grain and L> the length of
the longest straight segment inscribed within the grain and orthogonal to the segment
that gives L; (Fig. 2b). Both L; and L> were automatically obtained from the grain
contouring using a macro in ImagelJ. This definition is the inverse of the one used by
Biscuola and Martorano [42] and the elongation factor varies in our paper from unity
(for a perfectly equiaxed grain) to larger values (up to ten) for elongated grains.

The growth orientation of each grain with respect to the temperature gradient direction
was also measured. This grain orientation is characterized by the tilt angle 6 between
the temperature gradient direction and the main dendrite axis (Fig. 2c¢). This third grain
parameter is important to measure the impact of the temperature gradient on the growth
direction. A wide @-distribution around a zero average value means that there is no
preferential direction for the grain growth and thus that there is no influence of the

temperature gradient on the grain growth direction.

12
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It is worth noticing that similar information could be obtained by post-mortem microscopy,
but only for the last solidification experiment since the samples were melted in between each

solidification sequence.

3. Case A: horizontal solidification
3.1. Formation of the equiaxed grain structure

Fig. 3 shows a sequence of radiographs recorded during the experiments labelled A1 carried
out in horizontal configuration. The solidification started with a fully melted sample and the
application of the cooling rate on both heaters of the gradient furnace gave rise to the formation
of grains in the cold zone of the furnace (Fig. 3a). Then, the solidification front propagated by
wave-like nucleation ahead of the solidification front, in a similar way to the observations
reported by many authors [43-46]. After their nucleation, the grains developed from almost the
same initial location in the radiographs (Fig. 3a). By looking carefully at the grain dynamics, it
was seen that some grains slightly rotated and seemed to move in the sample thickness. Many
grains slightly moved towards the cold part of the sample due to solidification-induced
shrinkage and interdendritic flow of the liquid phase as reported by Salloum et al. [28] for
dendrite fragments. Those effects induced only very small grain motions and did not affect the
key grain structure parameters. The entire solidification process can be seen in Supplementary
Video 1.

After a short stage of rapid growth, the grains interacted with each other and gradually
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formed a compact grain structure for which it was possible to define an effective front, at the
top of the grain network (dashed line in Fig. 3¢). This effective front separated the upper limit
of the developing grain structure and the fully liquid phase. As the cooling of the sample
continued, new layers of grains nucleated in the undercooled liquid zone ahead of the effective
front (Fig. 3c). The new grains grew and eventually blocked the advancing effective front before
being incorporated into the grain compact structure to form a new effective front. This
mechanism was repeated over time (Fig. 3d), which lead to the formation of the equiaxed
structure until the complete filling of the FoV (Fig. 3e). It is worth noticing that the grains were
more elongated at the top of the FoV than in the bottom part. This was due to a higher
longitudinal temperature gradient in this region close to the hot heater element of the furnace
[39]. The remaining intra- and inter-dendritic liquid areas solidified at a later stage, following

the crossing of the eutectic front through the FoV (dotted line in Fig. 3f).

3.2. Grain structure characterization

In Case A (horizontal solidification), the final grain structure in the FoV was composed of
rather homogeneous and well dispersed grains. This was confirmed by the distributions of grain
diameter (Fig. 4a), grain elongation factor (Fig. 4b) and grain growth orientation (Fig. 4c) for
the experiment A1, which agrees with a recent detailed analysis of the impact of growth velocity
on those distributions for a similar experimental configuration [39, 47]. The distribution of grain

diameter was well-fitted by a Gaussian-type curve and the microstructure was rather

14



267

268

269

270

271

272

273

274

275

276

277

278

279

280
281
282

283

284

285

286

287

homogeneous in size in the FoV. For the grain size, the mean and maximal values were about
dpeak ~ 520 pum and the width at half height was o= 170 um (similar values were obtained for
experiment A2). For the elongation factor, the distribution was well-fitted by a log-normal type
curve, as shown in Fig. 4b. It can be seen that the largest number of grains had an elongation
factor ¢ lower than two (the maximum @eq 1s about 1.4, with a width at half height 6=0.4 ),
which means that the grain structure was of equiaxed type, according to Hunt criterion [48]. A
more detailed analysis of this histogram confirmed that the rare elongated grains (¢ > 2) were
mainly located in the top part of the FoV, in the region close to the hot heater element of the
furnace where the temperature gradient was larger. Finally, the grain orientation distribution
(Fig. 4c) was rather wide, with a peak at an angle 6. ~ 9°, which indicates that the grain
orientation was not completely random as would have been expected for a perfectly equiaxed
grain structure. The growth orientation was still influenced by the temperature gradient along
the sample in these directional solidification experiments, as recently shown by H. Soltani et al.

[39].

4. Case B: Upward solidification
4.1. Impact of buoyancy on grain structure formation

A sequence of radiographs recorded during the upward solidification experiment labelled
B2 is shown in Fig. 5. The solidification parameters of this experiment were close to those of
the experiment A1 described in the previous section (Table 1). The major difference between

Case B and Case A was the impact of buoyancy force that induced the flotation of grains after
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their nucleation (see Supplementary Video 2), due to the difference of densities between the
solid and the liquid, the aluminum grains being much lighter than the surrounding Cu-rich liquid
for equiaxed solidification of Al-20wt.% Cu alloys [49].

Because of buoyancy forces acting on all the nucleated grains, two different types of
behavior were observed during the cooling of the sample. Firstly, some grains moved towards
the hot part of the sample where they gradually melted, as described in detail in [28, 36] and
clearly visible in the earlier stage of the experiment when there is still no well-defined equiaxed
microstructure in the FoV. The upward motion of some grains is indicated by white arrows in
Fig. 5a and this phenomenon can be seen more clearly in Supplementary Video 2. The second
type of grain behavior is specific to experiments carried out in thin samples (about 200 pm in
thickness). Due to the strong confinement, the upward motion of some grains could be stopped
when their size was of same order than the sample thickness. When this occurred, they
continued to develop roughly at the same location, like the pair of grains in plain circles in Fig.
5b that remain visible in the subsequent radiographs. This “move-and-stop” behavior had two
important effects on the final grain structure. Firstly, large residual liquid areas (rich of Cu)
were forming in between the grains and lead to segregated regions like the one pointed out in
Fig. 5b and Fig. 5d. Subsequently, a few new grains nucleated in the residual liquid areas and
moved upward until they were blocked by the previously stuck grains. The possibility of grain
nucleation between growing grains has also been recently reported by Jia et al. during refined

Al-15wt.%Cu alloy solidification [46]. In addition, another effect induced by gravity during
16
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upward solidification was the promotion of dendrite fragmentations [50], leading to the

development of many small grains inside the already grown microstructure.

4.2. Grain structure characterization

Grain size distribution, grain elongation factor and growth orientation angle are depicted
in Fig. 6. Despite the impact of buoyancy forces acting on solid grains, the grain size
distribution remained gaussian, with a peak value at about 520 pm, which is surprisingly the
same value than in the case of horizontal solidification. However, the width at half height was
o= 260 pum, which is much larger than for horizontal solidification (o= 170 pm). For this
experimental configuration, grains remained of equiaxed-type as shown by Fig. 6b, with @yeuk
= 1.3, also close to the value of the horizontal case. The grain orientation distribution is wide,
with a peak value at = 8°, which confirms that there is still a preferred grain orientation
parallel to temperature gradient direction, despite the random motion and rotation of the

equiaxed grains when floating.

5. Case C: Downward solidification
5.1. Solute plumes observations

For vertical downward solidification, the temperature gradient was parallel to the gravity
vector, so that the temperature field was destabilizing regarding convective instabilities as the
hot liquid was below the cold liquid. Moreover, the rejected solute (Cu) is heavier than the

solvent (Al) yielding the solute to sink due to gravity and amplifying convective flow.
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Thermosolutal convection is then expected to be the dominant gravity-driven effect in this case.
Fig. 7 depicts a sequence of radiographs of the experiment C1, showing the representative
behaviour of all downward solidification experiments. In this experiment, an initially small
porosity defect (= 80 um in diameter) developed into a larger hole (around 500 pum in width)
visible at the bottom of the FoV as indicated in the first radiograph in Fig. 7a. The entering of
the first grains in the FoV from the cold region of the sample is also visible Fig. 7a, as well as
downward flows of Cu-rich liquid coming from the solidification microstructure and moving
towards the bulk liquid (white arrows). These flows, also called convective plumes, were visible
long before the appearance of the first grains in the FoV (readers are encouraged to see the
Supplementary Video 3) and are caused by the rejection of heavy solute in the mushy zone
during the solidification microstructure formation. In the radiographs, these plumes are visible
because they are solute-rich and thus their X-ray absorption differs from the surrounding liquid
at nominal composition.

Like in the previous experiments, the solidification microstructure progressed toward the
hot part of the sample by wave-like nucleation mechanism. However, due to buoyancy force,
the new solid grains floated and moved back against the existing solidification front and thus
stopped rapidly the growth of existing grains (Fig. 7b to Fig. 7e). Accordingly, the equiaxed
grains formed a dense and compact microstructure, whose characteristics were very different
from the horizontal or upward solidification experiments due to gravity effects as discussed

later in section 5.3. During the propagation of the solidification front, the plumes were drifting
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continuously along the existing microstructure, as clearly visible in Supplementary Video 3.
Interestingly, solidification was delayed at the root of the segregated channel due to the local
increase of solute composition (Fig. 7b, 7c and 7d). The remelting of some small grains entering

the Cu-rich channel was also observed (see Supplementary Video 3).

5.2. Interaction between solute plumes and dendrite growth

The impact of solute plumes on dendrite growth kinetic has been analyzed by means of X-
radiography visualization. Using the Image] software, we were able to measure (i) the tip
position of several dendrites and then to deduce their growth velocities as a function of time
and (ii) the gray level in front of the dendrite tip. In our experiments, it was not possible to
convert in a straightforward manner the gray level into solute concentration. However, the gray
level values are related to the liquid concentration in front of the dendrite tip: the lower the gray
level, the higher the liquid composition.

The studied dendrites were selected according to their growth direction, parallel to both
gravity and temperature gradient, and their growth duration. For all the measured dendrites, it
has been found that the dendrite tip velocity was strongly influenced by solute plumes passing
in front of them, as illustrated in Fig. 8. For the dendrite indicated in Fig. 8a, we had the
opportunity to reveal up clearly the interaction between the solute variation induced by solute
plumes flows (Fig. 8b) and the dendrite tip growth velocity (Fig. 8c). In fact, the dendrite tip

growth velocity oscillated above and below an average value, with a period of = 20 seconds,
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showing marked minimum and maximum. Comparing the two plots in Fig. 8 highlighted the
close relationship between the dendrite tip growth velocity and the gray level variation. The
variations of the dendrite tip velocity were approximately in phase with the liquid solute
composition variations, i.e. the minimum and maximum of both curves occurred roughly
simultaneously (as indicated by the dashed lines connecting the two curves). A maximum of Cu
concentration in front of the dendrite tip gave a minimum of dendrite tip velocity. Moreover, in
addition to the remarkable synchronization of these two curves, the oscillation amplitude

variations were also in close accordance, at least qualitatively.

5.3. Grain structure characterization

When visually comparing the grain structure for Case C (downward solidification) with
both other cases, the microstructure was found more compact, with both smaller and more
elongated grains than for the horizontal and vertical upward solidifications.

Fig. 9a depicts the grain diameter distribution, which was not of gaussian type but well
fitted by a log-normal function. The peak value for this experiment was about 184 pm, which
is nearly three times smaller than the value of the gaussian function of Case A or the average
arithmetic mean of Case B. This log-normal distribution means that the grain structure was
mainly composed of small grains completed by some longer grains. The more columnar aspect
of the grain structure was confirmed by (7) the distribution of the elongation factor (Fig. 9b)

that showed that the number of grains with an elongation factor higher than 2 was higher than
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for horizontal or upward case and (i7) the distribution of tilt angle (Fig. 9¢) that is of gaussian

type with a prominent maximum close to 0°.

6. Discussion

The investigation of solidification experiments carried out with different orientations of the
sample with respect to the gravity vector is an effective approach to highlight the impact of
gravity-related phenomena on the solidification microstructure formation. Comparing vertical
upward and downward experiment allows the impact of convective flow and buoyancy to be
studied in thermo-solutally stabilizing or destabilizing configurations, as recently illustrated by
Nelson et al. using in situ 4D synchrotron tomography for the solidification of an Al-15wt.%Cu
alloy [51]. Valuable information can be obtained when such results are complemented by
reference experiments performed in diffusive conditions, such as microgravity environment, as
clearly demonstrated by Dupouy et al. [52] who investigated post-mortem the directional
solidification of bulk hypo- and hyper-eutectic Al-Cu alloy. Although purely diffusive
conditions were not achieved during the present work, the horizontal solidification experiments
can be considered as reference cases for the comparison with the two vertical configurations.
Indeed, in horizontal configuration buoyancy effects were strongly minimized by the
confinement of the grain flotation in the small thickness of the sample. Thus, the grain motion
was significantly restricted as reported in [24, 37] and numerically studied by [53]. In a same

way, thermally and solutally induced convection was also expected to be significantly limited,
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as previously discussed by Nguyen-Thi et al. using an order of magnitude analysis [50].

During the upward solidification experiments, the present observations show that the grain
structure formation was disturbed mainly by the grain flotation due to buoyancy. This is at the
origin of the non-homogeneous grain structure and wider distribution of the grain size. On one
hand, the grains that moved towards the hot part of the sample and then melted did not
participate to the final grain structure, thus leaving more space for the development both upward
and on the sides of grains that remained stuck in the thickness. As a consequence, both larger
and longer grains than in the horizontal case were obtained. It is worth noticing that the melted
grains could strongly modify the solute composition of the bulk liquid phase, which for bulk
samples such as ingot casting could be at the origin of strong macrosegregation. On the other
hand, the growth of grains that nucleated in the residual liquid areas was restricted by the
previously stuck grains, which resulted in the occurrence of smaller grains than in the horizontal
case. The same went for the grains originating from dendrite fragments.

It is worth noting that buoyancy effects became negligible with the increase of cooling rate
[47, 54]. Indeed, for a cooling rate of about 0.9 K/s (not shown in this paper), the growth
velocity (~ 120 um/s) and the grain flotation velocity (~ 100 pm/s) were of same order, yielding
to an attenuation of the impact of flotation. Indeed, grains didn’t have enough time to move
upward after nucleation due to the rapid nucleation of a new layer of grains blocking their
motion, leading the development of a grain structure similar to the one obtained in the horizontal

case.
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A visually striking feature of the downward experiments is the downward flows of Cu-rich
liquid leading the formation of solute plumes that were continuously drifting along the effective
solidification front. This non-stationary behavior may be attributed to the local change of the
grain structure and its permeability during the growth process, yielding to a modification of the
dissipative drag force exerted on the liquid and thus on the solute plumes [55]. Similar
observations were also reported by Copley et al. [56] or Hellawell et al. [57] in transparent
alloys, Hachani et al. [58] for Sn-3wt.%Pb alloy and more recently by Boden ef al. [59] and
Shevchenko ef al. [32] during upward vertical solidification of Ga-In samples or Nelson et al.
[51] during downward solidification of Al-Cu alloys.

The close link between dendrite tip velocity and solute plume motion ahead of the dendrite
tip (Fig. 8) has been already mentioned by Shevchenko et al. [32] for the study of Ga-In, and
more recently by Reinhart et al. [60] during directional solidification of superalloys. The
explanation for these cycles running concurrently is that solute plumes locally increased the Cu
concentration ahead of the dendrite tip, which reduced the constitutional undercooling intensity
and thus slowed the dendrite tip growth [61].

By comparing the grain size orientation distributions of the three cases, it appears that the
effect of the temperature gradient and of gravity on the grain morphology was stronger during
downward experiments than for horizontal or upward experiments. During downward
directional solidification of refined alloys, gravity impacts the grain structure dynamics by three

distinct mechanisms. Firstly, there is the local increase of solute composition ahead of the
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solidification front due to the solute plumes that reduces the constitutional undercooling
intensity in front of the equiaxed structure. This modifies not only the dendrite tip velocity as
discussed above but also provoked an inhibition of refiners. As a result, no nucleation of new
grains was observed in the close vicinity of the solute plumes and the already existing grains
have become more elongated. We can also mention that solute plumes could also change the
spatial distribution of refining particles. However, this effect could not be analyzed in our
experiments. Secondly, a subtler effect of gravity on grain structure formation is caused by the
sinking of the Cu-enriched liquid, which stretches the solute boundary. The dilation of iso-
concentrations has been also put forward by Bogno ef al. [62] to explain the difference in
behavior, in terms of velocity and length, of the upward and downward arms of equiaxed grains
growing in isothermal conditions but in a vertical sample. Consequently, liquid undercooling
ahead of the existing grain structure becomes less intense, yielding to a reduction of the grains
nucleation rate and then augmenting the growth period. A third effect comes from the fact that
the grains did not nucleate directly in front of the growing dendrite tips, but often appeared on
their sides. Those grains moved toward the solidification front due to buoyancy effect and were
trapped in the mushy zone, in between grains that were already developing. The consequence
of these combined effects was that long grains of several millimeters could easily develop
toward the bottom of the FoV without being blocked, while the growth of grains trapped in the
mushy zone was stopped, which agrees well with the measurement of both small equiaxed

grains and long columnar dendrites as shown in Fig. 9.
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Finally, it can be mentioned that the formation of segregated channels in the mushy zone
was not observed in our experiments as (i) either the secondary arms of dendrites on both sides
of the plumes grew more rapidly than the average transport of solute or (i7) free equiaxed grains
moved upward and plugged the root of the plumes (see Supplementary Video 3). Only a residual
liquid area developed above the porosity (Fig. 7d) and lead the formation of a segregated area.
For a sake of completeness, we can mention that stable liquid channels on one side of the sample
were observed during downward solidification of refined Al-20wt.%Cu alloys with the
application of permanent magnetic field [63]. In those experiments, it has been demonstrated
that an additional thermo-electro-magnetic force pushes the Cu-enriched liquid in the transverse
direction of the sample. As a result, a liquid channel was created on one side of the sample,

depending on the magnetic field direction.

7. Conclusion

Gravity effects on equiaxed solidification were investigated during horizontal, vertical
upward and vertical downward directional solidifications of refined Al-20wt.%Cu (0.1wt.%
AlTiB) samples. The solidification has been provoked by lowering the temperature of both
heater elements and the observation of the grain structure has been done in situ and in real-time
by X-radiography using the SFINX laboratory facility. The comparison between the three
experimental configurations enlightened the marked effects of gravity on the grain structure

formation and then on the final grain structure:
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For upward solidification, the dominant effect was buoyancy that provoked the grain
flotation in the case of Al-20wt.%Cu alloy and caused the formation of liquid pockets at low
growth rates. The grain motion following the nucleation phase yielded a non-homogeneous
grain structure.

For downward solidification, the most striking effect was the formation of solute flow, also
called solute plumes. These fluid flows strongly affected the dendrite growth kinetic, which
oscillated in phase with solute variations in the liquid ahead of the dendrite tips. Moreover,
the local increase in solute due to the plumes prevented grain nucleation in their close vicinity.
Another influence of gravity is related to buoyancy that kept the grains very close to the
downward growing microstructure and then significantly shortened their growth duration.
As a result, the average grain size was three times smaller for this type of experiment than

for horizontal or upward solidifications.

All these gravity-driven effects have been observed only at low growth rates. For higher growth

rates, neither grain flotation nor solute plume movement affected the microstructure.

To continue the study and overcome the gravity effects, a microgravity solidification

experiment was conducted on board of the sounding rocket MASER-14 in June 2019 to obtain

benchmark experimental data. The columnar-to-equiaxed transition was investigated during

this campaign, for a grain-refined Al-20wt.%Cu sample, which is also the alloy composition

used in this paper. A comparison will be made between the experiments carried out in

microgravity and on ground, as the one presented in this paper, to investigate further the impact
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of gravity and allow a reliable comparison with numerical simulations.
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Fig. 1: Schematic layout of (a) the SFINX furnace (courtesy of A. G. Murphy, UCD), and (b)
the SFINX experimental arrangement (furnace and X-radiography system) for horizontal
solidification experiment.



0.7 mm

Fig. 2: Dendritic grain characteristics measured in the present paper: (a) Diameter d of the
equivalent disk, (b) L; length of the longest straight segment in the grain and L> length of the
longest straight segment in the grain and orthogonal to the segment L;, (c) tilt angle 6 between
the temperature gradient direction and the main dendrite axis.



Fig. 3: Sequence of radiographs recorded during the solidification experiment Al (refined Al-
20wt.%Cu in horizontal configuration, <Vy> = 25.4 um/s and <Gy> = 5.9 K/mm), showing the
propagation of the solidification microstructure. (The reference time # = 0 s is chosen at the
beginning of the temperature decrease: a) t = 135s,b) t = 151 s, ¢) t = 179 s (the dashed line
points out the effective solidification front), d) t = 202 s, e) t = 337s, ) t = 562 s (the dashed
line shows the eutectic front crossing the Field-of-View).
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Fig. 4: Distributions of (a) grain size, (b) grain elongation and (c) growth orientation for the
experiment Al (horizontal solidification of a refined Al-20wt.%Cu, <Vy> = 25.4 pm/s and

<Gny> =5.9 K/mm).



Fig. 5: Sequence of radiographs recorded during the upward solidification B2 (refined Al-20
wt.%Cu, <Vy> = 23.4um/s and <Gy> = 6.4 K/mm). The reference time ¢ = 0 s is chosen at the
beginning of the temperature decrease: a) = 13 s (upward white arrows indicate the motion of
the grains) , b) # = 30 s (the downward white arrow indicates a residual liquid area formed
between grains and white circles show two stuck grains), ¢) ¢t = 47 s (white circles show two
stuck grains), d) ¢t = 58 s (the downward white arrow indicates a residual liquid area formed
between grains), €) t=92s,f) 1 =153 s.
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Fig. 6: Distributions of (a) grain size, (b) grain elongation and (c) growth orientation for the
vertical upward configuration in the B2 case (refined Al-20wt.%Cu, <Vy> = 23.4 um/s and
<Gy> = 6.4 K/mm).






Fig. 7: Sequence of radiographs recorded during the experiment C1 (downward solidification
of a refined Al-20wt.%Cu, <Vy>=22.2 um/s and <Gy > = 6.8 K/mm), showing the propagation
of the solidification microstructure from the top-cold zone toward the bottom-hot zone of the
sample. The plain white arrows show solute plume locations. The reference time ¢ = 0 s is
chosen at the beginning of the temperature decrease: a) t=175s,b) t=218s,¢) t=280s, d) ¢
=333s,e)t=420s,1)t=491 s.
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Fig. 8: (a) Sequence of radiographs of a dendrite development during the experiment C1
(downward solidification of a refined Al-20wt.%Cu, <Vy>=22.2 um/s and <Gy> = 6.8 K/mm)
at (al) t =288 s, (a2) t =298 s, (a3) t = 311 s, (ad) t = 334s and (a5) t = 352 s (the reference
time ¢ = 0 s is chosen at the beginning of the cooling). (b) Gray level variation in front of the
dendrite tip and (c) variation of the tip velocity for the dendrite indicated by a white arrow in
the first radiograph.
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Fig. 9: Distributions of (a) grain size, (b) grain elongation and (c) growth orientation for the C1
experiment (downward solidification of a refined Al-20wt.%Cu, <Vy> = 22.2 um/s and <Gny>
= 6.8 K/mm).



Experiment <Vn> <Ve> <G> <Ge>
(um/s) (Um/s) (K/mm) (K/mm)
Case A Al 25.4 27.8 5.9 5.4
Horizontal
solidification A2 24.5 27.2 6.1 55
Bl 24.5 - 6.1 -
B2 23.4 - 6.4 -
Sa\f\faz B3 23.9 - 6.3 :
ol d‘?ﬁcaﬂon B4 22.9 265 6.6 5.7
B5 23.3 27.6 6.4 5.4
B6 25.7 29.1 5.8 5.2
Case C C1 22.2 24.7 6.8 6.1
Downward Cc2 22.3 24.5 6.7 6.1
solidification C3 20.2 24.4 7.4 6.1

Table 1 Measured average values of the nucleation front velocity <Vn>, eutectic front velocity
<Ve>, nucleation temperature gradient <Gn> and eutectic temperature gradient <Gg> for the
three series of solidification experiment on refined Al-20wt.%Cu alloys.



