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Abstract 

Benchmark solidification experiments were successfully performed under microgravity conditions 

on-board the International Space Station (ISS) within the ESAprogramme CETSOL (Columnar-to-Equiaxed 

Transition in SOLidification Processing). Cylindrical samples of grain-refined Al-4wt.%Cu, Al-10wt.%Cu 

and Al-20wt.%Cu alloys were directionally solidified in a gradient furnace to investigate columnar and 

equiaxed dendritic growth structures as well as the columnar to equiaxed transition under diffusive conditions. 



The determination of temperature gradients; interface velocities; and cooling rates at liquidus, solidus, and 

eutectic front positions provides well-defined thermal experimental characterization. The evaluation of the 

flight samples demonstrates that no significant macrosegregation along the sample axis occurred and no radial 

effects were observed. Therefore, purely diffusive solidification behaviour without any residual melt 

convection can be assumed for these microgravity experiments. The analyses of the microstructure in 

longitudinal cross-sections show dendritic structures without any pore formation and the averaged eutectic 

fraction is largely constant along the sample. The samples of refined Al-4wt.%Cu alloy show a sharp CET 

from columnar dendrites to a fine equiaxed steady state grain structure whereas in the samples of refined Al-

10wt.%Cu and Al-20wt.%Cu alloy, only equiaxed dendritic grain growth is observed. A quantitative analysis 

of the equiaxed grain morphology shows, that the shapes of the equiaxed dendrites depend on the applied 

temperature gradient, but the grain sizes in radial and longitudinal directions are identical. Therefore, a fully 

equiaxed dendritic growth structure without dendrite elongation was obtained. Compared to experiments in 

microgravity with non-refined Al-Cu alloys the average equiaxed grain size is about three times smaller. 
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1. Introduction 

The properties of industrial casting products depend significantly on the microstructure, which is 

primarily the result of the solidification process conditions [1]. Binary hypoeutectic alloys typically solidify 

as a dendritic network surrounded by the eutectic phase. The features of the columnar or equiaxed dendritic 

grain structure, the average dendrite primary or secondary arm spacings and the percentage and distribution 

of the eutectic phase strongly affect the material properties. Therefore, a deep understanding of the formation 

of the microstructure and grain structure, as well as of the relationship with the solidification conditions, is 

essential to optimize the industrial processes and to verify the predictability of simulation tools. 

On Earth, buoyancy-driven melt convection occurs in most castingsdue to thermal and solutal 

gradients in the melt that create local differencesin fluid density. Additionally, equiaxed dendritic grains may 

be advected by fluid flow or may float or sediment due to their buoyancy in the melt. Such transport processes 

also influence the evolution of columnar grains, the growth of equiaxed grains, and the columnar to equiaxed 

transition (CET) [2,3]. 



Here, solidification experiments under microgravity conditions can provide unique benchmark data 

by effectively suppressing the disturbing gravity-driven phenomena mentioned above. This allows for 

solidification conditions that are dominated by diffusion [4,5]. 

Within the ESA (European Space Agency) project CETSOL, directional solidification experiments 

have been carried out on selected aluminum-based alloys under microgravity conditions using the Material 

Science Laboratory (MSL) on-board the International Space Station (ISS). Previous microgravity 

experiments in the CETSOL project were conducted with Al-7wt.%Si alloy. The experiments used a decrease 

in temperature gradient or a sharp increase in pulling speed to trigger a CET in samples with and without 

grain refiner. Comparison of results from microgravity and terrestrial experiments enlightened the effects of 

gravity on the grain structure and on the CET. For Al-7wt.%Si alloy, it was shown that convective effects 

promote columnar growth by alleviating the blocking effects of equiaxed grains. The main results of these 

experiments were presented in detail in [6-14]. 

Those experiments provided important benchmark data for understanding the effect of gravity-driven 

transport on the CET. Meanwhile, these benchmark data for diffusive solidification of Al-7wt.%Si alloy were 

used to improve and verify several numerical models, describing the CET behavior quantitatively [11,15-18]. 

A so-called Concurrent Columnar Equiaxed Transition (C2ET) model was developed to predict results from 

microgravity solidification experiments that displayed both sharp and progressive columnar to equiaxed 

transitions. A clear objective of this C2ET model is to provide an alternative approach to a macroscale CET-

model that does not require a specific blocking criterion (neither mechanical nor solutal blocking) but instead 

allows columnar and equiaxed grains to nucleate and grow concurrently according to the classic principles of 

real and phantom nucleation leading to extended growth (as used in the Kolmogorov approach to deriving 

the Avrami equation). Therefore, in contrast to other approaches, the C2ET model is a continuum method that 

predicts the microstructure characteristics at the macroscale of the casting. The C2ET approach produces 

results with reduced computational effort compared to models that model each crystal discretely. Along with 

the thermal histories, the microstructures of the four microgravity samples were simulated showing good 

agreement with experimental results [11,15]. Using a different approach and to better understand the impact 

of gravity on CET, directional solidification in Al-7wt.%Si alloy was simulated using the 3D CAFE model, 

with and without gravity [8,18]. The principle of the model is based on a time integration of nucleation and 

growth kinetics. The grains being nucleated, they concomitantly grow at the expense of the surrounding liquid 

and adopt elongated or round shapes as a function of their local environments, leading to columnar or 

equiaxed morphologies. Hence, as it is the case in the experiment, the final nature of the grains is not known 



in advance with the CAFE model. It results from concurrent development of the grain boundaries from the 

melt, eventually leading to CET [8]. 

The simulations predicted the grain structure, temperature field and fluid velocity field in the melt. 

For the microgravity condition, diffusive transport was assumed. For the ground conditions with a 

solidification direction that was vertically upwards, the simulated melt convection propagated in the molten 

part of the sample - upward at the center and downward at the periphery. This phenomenon resulted in a 

longer propagation of the columnar structure at the center of the domain in the presence of gravity. The 

position of the CET is therefore predicted to be delayed in the ground simulation compared to the microgravity 

simulation. These findings agreed well with experimental results. Meanwhile, a 3D version of this code was 

implemented in the commercial software code THERCAST® at the company TRANSVALOR to be used in 

industrial processes. 

To check the transferability of the knowledge gained from the microgravity experiments with Al-Si 

alloys to other metallic systems, hypoeutectic Al-Cu alloys are deemed to be suitable candidates. With 

addition of grain refiners (e.g. Titanium borides) such alloys are also model systems for high strength Al-

based alloys. Additionally, for Al-Cu alloys with different Cu contents different density relations between 

Alrich fragments or equiaxed dendrites and the surrounding melt exist, which allows for the study of the 

effects related to flotation and sedimentation of fragments and unanchored equiaxed grains in the melt. It was 

shown [19] that in Al-Cu alloys with less than 10 wt.% Cu the primary solid is denser than the melt, while in 

alloys with more than 10 wt.% Cu the primary solid is less dense. Directional solidification in an upward 

manner on Earth results in a thermosolutally stable configuration in case of Al-4wt.%Cu alloy and in a 

thermosolutally unstable configuration with significant fragmentation and grain floatation in case of Al-

20wt.%Cu alloy. For Al-10wt.% Cu alloy the density difference between the melt and primary Al solid is very 

low and convective melt flow is reduced but some fragmentations have been observed [20-23]. 

Nevertheless, experiments designed to be thermosolutally stable do not necessarily eliminate melt 

convection, and experiments using an alloy with a neutrally buoyant primary solid may still show some 

motion of unanchored dendritic grains in the melt [24]. In microgravity experiments, buoyancy-driven 

phenomena during solidification can be suppressed more effectively than by adjusting the composition [25]. 

Due to the density difference of Al-rich dendrites and Cu-enriched melt, X-ray diagnostics are often 

used to study the in-situ solidification behavior of Al-Cu alloys in thin, sheet-like samples of about 150-200 

µm in thickness. Short-duration microgravity experiments were successfully performed during parabolic 

flight and sounding rocket missions. Columnar growth of non-refined Al-20wt.%Cu alloys was investigated 

to study the effect of intense fragmentation [22,23]. In Al-20wt.%Cu alloys, the nucleation behavior of 



equiaxed dendrites ahead of the solidification front during CET was also investigated [26-30]. The same 

alloys were also used to analyze equiaxed dendritic growth in terrestrial gravity and in microgravity using 

isothermal cooling [31-33]. The output provided unique experimental data for validation of models of 

microstructural evolution of diffusion-controlled equiaxed alloy solidification [34,35]. Additional near-

isothermal solidification experiments were carried out in Al-15wt.%Cu alloy to analyze the relationship 

between dendrite-boundary interaction and tip growth rates [36,37]. An overview on solidification of Al-Cu 

alloys was recently given in [38]. For the latter investigations, the duration of the microgravity period is about 

20 s in parabolic flights and about 6 min in sounding rocket missions. 

To achieve solidification of more relevant 3D bulk samples (that is, non-thin samples) as well as much 

longer microgravity durations, experiments on the ISS (or comparable orbiting platform) are needed. 

Recently, cylindrical samples of non-refined aluminum alloys containing 4, 10, and 18 wt.% copper were 

solidified upwards on Earth and in microgravity conditions aboard the ISS [39]. Even though all samples 

exhibited shrinkage pores of varying sizes, the microstructure, the eutectic fraction, the grain structure and 

the macrosegregation was analysed and the results are reported as benchmark data to validate future modeling 

efforts. A surprising outcome of these experiments was that all microgravity samples were entirely equiaxed, 

while the terrestrial samples exhibited a CET. 

This present paper shows results of solidification experiments performed in microgravity on the ISS 

within the ESA MAP project CETSOL using cylindrical bulk samples of refined Al-Cu alloys. The Al-Cu 

samples contain 4, 10, or 20 wt.% Cu and were solidified in a BridgmanStockbarger type gradient furnace to 

investigate columnar and equiaxed dendritic growth as well as CET in purely diffusive conditions. The 

experiments reported herein thus complement previous investigations with Al-Cu alloys [39] using a different 

experimental set-up and investigations with Al-Si alloys [12] using a similar set-up (as well as complementing 

data from x-ray experiments on thin samples). The purpose of the paper is to comprehensively document the 

results of these reduced-gravity experiments, as a baseline or reference for comparison with other 

experimental and modeling works. 

 

2. Alloy 

Hypoeutectic aluminum-copper alloys are ideal candidates to study the development of columnar and 

equiaxed dendritic microstructures as a function of the Cu content. For the microgravity experiments 

presented in this paper Al-Cu alloys with 4 wt.%, 10 wt.% and 20 wt.% Cu were selected. To promote 

equiaxed growth in diffusive conditions all sample alloys contain 0.5 wt.% of master alloy AlTi5B for grain 



refinement. AlTi5B alloys are the most common used aluminium grain refiners in aluminium alloys 

manufacturing to enhance mechanical properties of the alloy. The Al-Cu alloys were provided by Hydro 

Aluminum Rolled Products GmbH, now Speira GmbH, manufactored from high-purity Al and Cu material 

and delivered with certified measured compositions. 

The alloy compositions were chosen to provide a useful range of copper addition levels over a 

meaningful range whilst remaining in the hypoeutectic range. It is well known that under terrestrial gravity 

conditions, binary aluminium alloys with less than 10 wt.% Cu solidify with initial solid that is sedimentary, 

whereas alloys with more than 10 wt.% Cu solidify with buoyant solid [19]. Alloys with 10 wt.% Cu are 

expected to nucleate solid with neutral buoyancy. In their benchmark experiments, Williams and Beckermann 

[39] choose 4, 10, and 18 wt.% Cu to promote different gravity-driven solid transport phenomena on earth 

that would then give clear distinction when tested under microgravity conditions (where gravity-driven 

transport effects are suppressed). Furthermore, as part of the XRMON project, Reinhart et al. [38] studied 

solidification with Al-20wt.% Cu under terrestrial and microgravity conditions using in-situ, X-ray analysis. 

In this current study, it was decided to use the compositions of 4 wt.%, 10 wt.% and 20 wt.% (with grain 

refiner added) in order to complement and compare against existing datasets from benchmark microgravity 

experiments from literature as meaningfully as possible, but with underpinning novelty in the furnace setup 

and cooling conditions applied. 

 

3. Experiments 

The microgravity experiments were performed in the MSL on-board the ISS. Six microgravity 

experiments have been conducted in a series named Batch 3a within the ESA MAP in the framework of the 

CETSOL project [6,40,41]. The measured gravity level has been better than 10− 3g during the stages of liquid 

processing of the samples at all times. 

The six experiments were carried out using the Solidification and Quenching Furnace (SQF) insert of 

the MSL. The SQF and the sample cartridge assembly (SCA) are shown schematically in Fig. 1. The furnace 

consists of a hot and a cold zone separated by a so-called adiabatic zone. Typically, the cold zone is realized 

by a Liquid Metal Ring (LMR) to achieve a higher temperature gradient from the cold side and to allow for 

quenching. Here, the cold zone had the LMR function removed to achieve moderate temperature gradients 

up to about 4 K/mm, which were deemed sufficient to create conditions for CET. The hot zone is equipped 

with four heater zones H1-H4, which were adjusted to obtain the required temperature gradient, G, along the 

sample axis. 



The metallic alloy samples (8 mm in diameter and 276 mm in length) were mounted inside a protective 

Al2O3 tubular crucible together with plugs made from the aluminum nitride material Shapal™ at both ends. 

The top end plug is conical to allow for expansion of the melt into the plug while heating and melting the 

alloy. Twelve N-type thermocouples (TC1-TC12) are located in four machined external axial grooves at the 

outer surface of the crucible to measure the temperature profile. The locations of the thermocouples as they 

relate to the zero-reference position of the SCA are also given in Fig. 1. 

For each composition, two samples were used with different control parameters applied during stage-

2 operation (as shown in Table 1). 

Solidification of the alloy is performed by the controlled displacement of the SQF along the fixed 

SCA at a chosen velocity, which can be varied during the experiment. The position of the furnace at maximum 

melting position (x = 0 mm) relatively to the SCA is also given in Fig. 1. The furnace assembly was capable 

of translating to its end position at x = 150 mm. 

The experimental procedure consists mainly of the heating-up and the solidification phase. In the 

heating-up phase the temperatures of all 4 heater zones of the SQF furnace were increased in several steps. 

The furnace was moved to the starting position x = 2 mm where the alloy was positioned almost fully in the 

heated zone. Finally, the heater temperatures of all 4 heater zones of the SQF furnace were adjusted to achieve 

the desired initial temperature gradient of G = 3◦C/mm in the region of the liquidus temperatures of the alloys. 

The final heater temperatures were 880◦C for samples 3#1 and 3#2, 850°C for samples 3#3 and 3#4, 830°C 

for sample 3#5 and 825°C for sample 3#6. These values were selected to be approximately 200◦C above the 

liquidus temperatures of the alloys (see Figs. 2 to 3, 4) and allowed for a moderate temperature gradient in 

the melt ahead of the solid-liquid interface. The direct experiment control was realized by the operational 

team at DLR/ MUSC with on-line contact to the experimenters. After reaching the final heater temperature 

settings, a homogenization time of about 30 to 40 min resulted in a stationary temperature profile inside the 

sample confirmed by the thermocouple measurements along the sample axis. 

The solidification phase is described in three stages (see Table 1): In stage 1 furnace movement with 

the slowest velocity v1 (0.005 mm/s) from furnace position x1 to x2. In stage 2 at position x2, either the furnace 

velocity is increased by a factor of 10 to a value v2 (0.05 mm/s) or the temperatures of all heaters were 

decreased with cooling rate R and unchanged furnace velocity (v2 = v1). Faster movement of the furnace with 

v3 (0.2 mm/s) until the end position x4 = 150 mm completed the solidification phase in all cases. During this 

final stage 3, the temperature gradient and cooling rates are no longer controlled, but the temperature profile 

was still recorded. 



These experimental parameters were defined within the CETSOL team and all experiments were 

successfully performed in the MSL on ISS in 2021 and afterwards returned with SpaceX-22 and SpaceX-23 

space crafts to Earth. De-integration of the SCA cartridges was performed by Soterem in Toulouse, France, 

and the processed samples - still integrated in the Al2O3 crucible - were delivered to Access e.V. for further 

microstructure analysis. 

 

Fig. 1. Schematic setup of the SCA inserted in the SQF of the MSL on-board the ISS. The SCA contains the 

Al–Cu alloy inserted as a cylinder of 8 mm diameter and 276 mm length. The SQF is shown schematically at 

its initial position with respect to the SCA. It moves to the right during the solidification experiment. The 

positions of the 12 thermocouples TC1 to TC12, are distributed evenly along the sample. 

 

Table 1. Control parameters for the six CETSOL solidification experiments performed under microgravity: 

Notation g.r. means grain refined alloys containing 0.5 wt.% of master alloy AlTi5B. Generally, the furnace 

pulling velocity is denoted as vn within the respective operating stage n (where n = 1,2, or 3). The range of 

motion for a given stage n is given as xn-xn+1 over which the pulling speed vn is applied. R is the applied 

cooling rate of all 4 heater zones in stage 2. 

mm/s mm/s mm/s 
3#1 Al-4wt.%Cu, g.r. 3 0.005 2– 30 0.050 30–80 0 0.200 80–150 
3#2 3 0.005 2–30 0.005 30–61 5 0.200 61–150 
3#3 Al-10wt.%Cu, g.r. 3 0.005 2–40 0.050 40–90 0 0.200 90–150 
3#4 3 0.005 2–40 0.005 40–67 5 0.200 67–150 
3#5 Al-20wt.%Cu, g.r. 3 0.002 2–30 0.020 30–80 0 0.200 80–150 
3#6 3 0.002 2–30 0.002 30–50 2 0.200 50–150 
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4. Microstructure analysis 

Before microstructure analysis was performed on radial and longitudinal cross-sections, 

relevant parts of the samples (from the partly melted region upon starting the solidification 

experiment to the end of solidification stage 2) were analysed using a computer tomograph 

(CT). The density difference between Al-rich dendrites and the residual Curich eutectic phase 

of the Al-Cu alloys allows for identification of the microstructure in 3D with a spatial resolution 

of about 15 μm. This nondestructive method demonstrated that no pores larger than the 

resolution of CT scan existed in the processed samples. Additionally, regions with different 

microstructures like the TGZM-influenced region (temperature gradient zone melting), 

columnar or equiaxed dendrites can be identified clearly. Video sequences of such CT 

measurements in top view were obtained by frame-by-frame animation of the CT sections in 

the sample volume and are given as supplementary material. These sequences can be considered 

as benchmark data for full 3D simulations. 

As regards metallographic analyses, the solidified samples were cut into parts of 30 mm 

in lengths. The cutting positions were informed by the CT scans to avoid the possibility of 

cutting through any potential CET regions. The microstructure and grain structure in the axial 

cross-sections were characterized with this procedure. Optical micrographs from selected radial 

cross-sections are given in the supplementary materials and can be compared to the CT videos. 

In a follow-up step, the 30 mm sample pieces were cut lengthwise close to the center 

line into two halves and used for further analysis along the longitudinal direction. Mechanical 

polishing with diamond suspension was used to help reveal the dendritic structures through 

optical microscopy (OM). 

To determine the eutectic fraction (feut) the grey-scale images of the longitudinal cross-

sections (30 mm × 8 mm) were subdivided into boxes of size 0.4 mm × 0.4 mm. The size of 

these boxes was chosen close to the size of the equiaxed dendritic grain structure formed during 

stage 2. It is thus smaller than the primary dendrite arm spacing in the columnar region and 

systematically includes a mixture of the dendritic and eutectic microstructures. For each of these 

boxes an identical grey level threshold was set to count the number of pixels related to the 

dendritic phase appearing in white and the residual number of pixels for the heterogeneous 

eutectic phase (dark phase). In each of the samples 3#3 and 3#4 one region shows a surface 

defect resulting from a shrinkage pore. The boxes inside these regions were removed manually 

before further evaluation. Taking the average of the proportion of eutectic phase for all these 



evaluable boxes resulted in a mean overall average eutectic fraction for the whole sample. In 

an iteration process, the grey value threshold was adapted such that this average eutectic 

fraction for the whole sample corresponds to the values given by the Scheil model [1] for each 

alloy composition, where feut Scheil = 0.0916 for Al-4wt.% 

Cu, feut Scheil = 0.2547 for Al-10wt.%Cu and feut Scheil = 0.4928 for Al-20wt.%Cu. 

This methodology was also used in [35] and allowed for the evaluation of relative variations of 

the eutectic fraction along the sample sufficiently well. The results of the eutectic measurements 

are graphically represented into 2D maps. Additionally, the eutectic fraction results are averaged 

in the radial direction to create averaged profiles of feut along the sample axis. To eliminate 

potential effect of grey level error at the edge of the sample, the first and the last of the 20 boxes 

in radial direction were not included for this evaluation. 

To characterize the grain structure, the longitudinal cross-sections are electrolytically 

etched using Barker’s reagent [42]. Observation with a polarized optical microscopy produced 

color contrast based on the different grain orientations to identify different dendritic grains. The 

grain size was then determined using a simple intercept method, where lines were superimposed 

across the diameter (sample width) at regular intervals of 0.8 mm along the sample axis. The 

number of grain boundary intercepts on each line was counted manually. The radial mean 

intercept length (RMIL) is then reported as the length of each line divided by the number of 

grain boundary intersections with that line. While the RMIL should not be taken as a true grain 

size, it characterizes grain size changes along the axis approximately [39]. 

 

5. Results 

5.1. Cooling curves 

Measured temperatures of thermocouples TC1 to TC12 for all experiments as well as 

the furnace position x (see Fig. 1) are shown in Figs. 2 to 4. Time is labelled such that the 

solidification stage 1 is shown to begin at t = 0 s. Liquidus, solidus and eutectic isotherms of 

the alloy are indicated with black horizontal dashed lines. According to the Al-Cu phase 

diagram [43,44], the liquidus temperature of the alloy decreases with increasing Cu content. 

The different solidification stages 1 to 3 are marked by dashed vertical lines. The temperature 

curves of all samples indicate that nominal sample processing was achieved. 

 



 

Fig. 2. Recorded temperature curves at thermocouple positions TC1 to TC12 and furnace 

position x (Fig. 1) for a) sample 3#1 and b) sample 3#2. The solidification stage 1 begins at t = 

0 s. Liquidus, solidus and eutectic isotherms of the Al-4wt.%Cu alloy (TL = 652◦C, TS = 572◦C 

and TE= 548◦C [44]) are indicated with black horizontal dashed lines. The solidification stages 

are marked by dashed vertical lines. The red dashed line corresponds to the position of the 

furnace. 



 

Fig. 3. Recorded temperature curves at thermocouple positions TC1 to TC12 and furnace 

position x (Fig. 1) for a) sample 3#3 and b) sample 3#4. The solidification stage 1 begins at t = 

0 s. Liquidus and eutectic isotherms of the Al-10wt.%Cu alloy (TL = 633◦C and TE= 548◦C 

[44]) are indicated with black horizontal dashed lines. The solidification stages are marked by 

dashed vertical lines. The red dashed line corresponds to the position of the furnace. 



 

Fig. 4. Recorded temperature curves at thermocouple positions TC1 to TC12 and 

furnace position x (Fig. 1) for a) sample 3#5 and b) sample 3#6. The solidification stage 1 

begins at t = 0 s. Liquidus and eutectic isotherms of the Al-20wt.%Cu alloy (TL = 605◦C and 

TE= 548◦C [44]) are indicated with black horizontal dashed lines. The solidification stages are 

marked by dashed vertical lines. The red dashed line corresponds to the position of the furnace. 



5.2. Local solidification velocities and temperature gradients 

Assuming a negligible undercooling of both the primary dendrite tips solidification 

process of the samples can be characterized by the isotherm velocities (vL and vE) and the 

temperature gradients (GL and GE) of the solid/liquid (S/L) and eutectic/liquid (E/L) isotherms 

as a function of time. From the TC1 to TC12 temperature data for each time and the eutectic 

front, solidification starts at the liquidus temperature (TL) and is completed when the eutectic 

temperature (TE) is reached. Therefore, the step a high order polynomial function (typically 6–

10 order) was used to fit the temperature–sample T(s) positions at every time step with an 

accuracy higher than R2 > 0.999999. From all these T(s) functions, the positions of liquidus and 

eutectic isotherms (xL and xE) were determined at T=TL and T=TE temperatures. Here again, a 

6–10 order polynomic function was used to fit these data sets (xL(t) and xE(t) functions) with 

an accuracy higher than R2 > 0.999999. The time derivatives of these position values for the 

isotherms are assumed to provide the corresponding liquidus and eutectic velocities (vL and vE) 

as a function of the sample position. Additionally, the local axial temperature gradients along 

the sample axis (GL and GE) ahead of the corresponding temperatures were calculated, as well 

as the local cooling rates R (RL = GL vL and RE = GE vE). For the sake of completeness, in case 

of Al-4wt.%Cu alloy [39], the values at the solidus temperature (GS, vS and RS) were also 

calculated. More details of the analyses are given in [45]. 

The local values at eutectic temperature were used to check and confirm the location of 

the maximum melting position in the processed samples but are not given here. The local values 

at liquidus temperature presented in the following results are assumed to describe the situation 

close to the dendrite tips in the case of columnar solidification or for equiaxed dendrites 

nucleating close to the solidification front. 

 

5.3. Evaluation of the microstructure 

Figs. 5 to 10 summarize the microstructure and thermal evaluation of the μg samples 

CETSOL 3#1 to 3#6. The processing parameters (velocity of the liquidus isotherm vL, 

temperature gradient ahead of the liquidus isotherm GL, furnace velocity vF and cooling rate at 

liquidus isotherm RL), together with the full microstructure and eutectic fraction evaluation 

(averaged eutectic fraction feut, eutectic fraction obtained from the Scheil model feut Scheil, 

grain structure, and RMIL profile representing the grain size as a function of the sample 

positions) are gathered on these figures. The given section ranges from the partly melted region 



upon starting the solidification experiment to the end of solidification stage 2. High quality 

images of the cross-sections are given in the supplementary materials. 

The evaluation of the velocity of the liquidus isotherm vL shows that in all experiments, 

the nominal value for stage 1 (see Table 1) is reached rather soon and then remains constant. In 

stage 2, in the cases of a sudden increase of the furnace velocity (Figs. 5, 7 & 9), the velocity 

of the liquidus isotherm vL follows the furnace velocity but with a delay. 

Sample CETSOL3#3 shows some localised specific behaviour (velocity, eutectic 

percentage, grain size) at about s = 270 mm, which is attributed to a surface pore (Fig. 7). The 

formation of such a shrinkage pore may influence the microstructure by inducing a liquid flow 

by the pore expansion and Marangoni effect [9]. CETSOL3#5 shows an increase in vL after 

axial position s = 280 mm probably caused by the separation into two parts of the solidifying 

sample at s = 290.5 mm (Fig. 9). In the cases with a decrease of the heater temperatures at 

unchanged furnace velocity (Figs. 6, 8 & 10), the velocity of the liquidus isotherm vL shows a 

continuous increase as expected. The analysis of the thermal data also shows that in the 

solidification stage 1 a temperature gradient ahead of the liquidus isotherm GL between 3.0 

K/mm and 3.5 K/mm was achieved, which is close to the nominal value. In case of a sudden 

increase of the furnace velocity, GL in stage 2 decreased only slightly (Figs. 5, 7 & 9). For 

experiments 3#2, 3#4 and 3#6 (Figs. 6, 8 & 10), for which a cooling rate is applied during stage 

2 by decreasing the temperature of the heaters, a continuous decrease of the liquidus isotherm 

temperature gradient GL is shown. It differs from experiments 3#1, 3#3 and 3#5 (Figs. 5, 7 & 

9) for which a sharp decrease was induced by the velocity change of the furnace (Table 1). The 

longitudinal cross-sections in Figs. 5 to 10 show dendritic structures without any pore formation 

inside the processed alloy in the sections of interest. In general, in the partly melted region 

(present upon starting the solidification experiment) the amount of eutectic fraction is reduced. 

This may be explained by some temperature gradient zone melting (TGZM) effect during the 

thermal homogenization phase before starting the solidification stage 1 [46-48]. Besides this 

initial effect, the averaged eutectic fraction feut is globaly quite constant along the sample. This 

confirms a diffusive solidification behavior with negligible macrosegregation along the sample 

axis. The samples 3#1 and 3#2 with Al-4 wt.% Cu alloy show columnar grain structure in stage 

1 (Figs. 5 & 6) with just a few grains, followed by an equiaxed grain structure in stage 2. For 

these low Cu composition samples, a clear columnar-to-equiaxed transition is detectable. For 

each of the two higher Cu-composition samples (Al-10 wt.% Cu and Al-20 wt. % Cu), equiaxed 

dendritic grain growth is observed directly in stage 1 (Figs. 7 to 10). The grain size given in the 



RMIL plots is dramatically reduced in stage 2 in all samples. In samples 3#3 and 3#4 with Al-10 

wt.% Cu alloy, a large surface pore is detected close to the end of solidification stage 2 (Figs. 7 

& 8).  

In sample 3#3 the interface velocity vL, the RMIL value as well as the eutectic fraction 

feut show a locally limited decrease. Therefore, this pore formation has a local impact on the 

microstructure and grain structure, but does not change the general evolution [9]. Table 2 

summarizes the stationary values of the grain size RMIL in stages 1 & 2 as a function of the 

process parameters for the flight samples. 

The analysis of the RMIL values shows that the changes of the process parameters 

between stage 1 and stage 2 triggered a sharp CET for samples 3#1 & 3#2 (low Cu content) and 

result in the establishment of a fine grain structure that developed rapidly. Within a 

solidification length of about 2 mm to 6 mm a fully equiaxed, steady-state dendritic grain 

structure is observed. 

This evaluation of the flight samples demonstrated that no significant macrosegregation 

occurred along the sample axis. Also, no radial effects, for example, caused by a potential radial 

temperature gradient in the grain structure can be observed. Therefore, a pure diffusive 

solidification behavior without any residual melt convection can be reasonably assumed for the 

microgravity experiments, as expected. Even when the velocity of the liquidus isotherm vL 

increased, the temperature gradient ahead of the liquidus isotherm, GL, decreased with the result 

that the mean local cooling rate RL is comparable to the case of the experiments with furnace 

velocity increase (see Table 2). As a consequence, the RMIL values in stage 2 are also comparable 

for samples with the same Cu content. 

The experiments were performed in an axial temperature gradient of about 3 K/mm, 

which may have affected the shape or elongation of the equiaxed dendrites [49]. Fig. 11 shows 

select, detailed micrographs of the electrolytically etched cross-sections (height by width = 2.10 

mm by 2.65 mm) of microgravity samples CETSOL 3#1, 3#3 and 3#5. A set of such images for 

all samples is given in the supplementary materials. The images show the equiaxed grain 

structure in longitudinal cross-sections with growth direction from left to right, and in radial 

cross-section for alloys with different Cu compositions and process parameters. In the Al-

4wt.%Cu alloy, the grain structure shows no noticeable difference between longitudinal and 

radial cross-sections. The equiaxed dendrites in Al-10wt.%Cu and Al-20wt.%Cu alloys display 



significant forced growth of dendrite arms along the axial temperature gradient in the 

longitudinal cross-sections. 

For quantitative evaluation of the grain size, the RMIL was also determined in the radial 

cross-sections. Similar to the evaluation of RMIL in longitudinal cross-sections, a line structure 

with distances of 0.8 mm was superimposed and the number of intercepts was counted to 

calculate RMIL radial. Fig. 12 shows the steady-state values of both RMIL and RMIL radial as a 

function of the averaged local cooling rate RL in the stages 1 & 2. Despite the apparent variation 

in shapes of the equiaxed dendrites in longitudinal and radial directions, the RMIL values agree 

quite well within the assumed error of about 5%. Therefore, it can be considered that fully 

equiaxed dendritic growth with negligible elongated dendrites are present. In case of equiaxed 

grains, the grain size depends on the conditions of both nucleation and growth. Only the latter 

being explicitly dependent on the cooling rate, while the nucleation is strongly affected by the 

number of refiners acting as nucleation sites and their positions, which also depend on the solute 

profile ahead the existing layer of equiaxed grains. For Al-alloys, it is shown that the equiaxed 

grain size depends on the cooling rate like λ = A R-n [50]. The fit of all RMIL values of equiaxed 

growth results in A = 0.148 and n= 0.3592 ± 0.0222, which is close to the value n = 0.27 for 

non-refined Al-4.3wt.%Cu alloy [50]. 



 

Fig. 5. Furnace velocity vF, velocity of the liquidus isotherm vL and temperature gradient ahead 

of the liquidus isotherm GL (top), microstructure, eutectic fraction map, the axial profile of 

diameter averaged eutectic fraction feut and the value obtained from the Scheil model feut Scheil 

(middle), micrographs of the electrolytically etched longitudinal cross-sections showing the 

grain structure and the RMIL profile representing the grain size together with the cooling rate at 

liquidus isotherm RL (bottom) for the Al-4wt.%Cu sample CETSOL 3#1. 



 

Fig. 6. Furnace velocity vF, velocity of the liquidus isotherm vL and temperature gradient ahead 

of the liquidus isotherm GL (top), microstructure, eutectic fraction map, the axial profile of 

diameter averaged eutectic fraction feut and the value obtained from the Scheil model feut Scheil 

(middle), micrographs of the electrolytically etched longitudinal cross-sections showing the 

grain structure and the RMIL profile representing the grain size together with the cooling rate at 

liquidus isotherm RL (bottom) for the Al-4wt.%Cu sample CETSOL 3#2. 



 

Fig. 7. Furnace velocity vF, velocity of the liquidus isotherm vL and temperature gradient ahead 

of the liquidus isotherm GL (top), microstructure, eutectic fraction map, the axial profile of 

diameter averaged eutectic fraction feut and the value obtained from the Scheil model feut Scheil 

(middle), micrographs of the electrolytically etched longitudinal cross-sections showing the 

grain structure and the RMIL profile representing the grain size together with the cooling rate at 

liquidus isotherm RL (bottom) for the Al-10wt.%Cu sample CETSOL 3#3. 



 

Fig. 8. Furnace velocity vF, velocity of the liquidus isotherm vL and temperature gradient ahead 

of the liquidus isotherm GL (top), microstructure, eutectic fraction map, the axial profile of 

diameter averaged eutectic fraction feut and the value obtained from the Scheil model feut Scheil 

(middle), micrographs of the electrolytically etched longitudinal cross-sections showing the 

grain structure and the RMIL profile representing the grain size together with the cooling rate at 

liquidus isotherm RL (bottom) for the Al-10wt.%Cu sample CETSOL 3#4. 



 

Fig. 9. Furnace velocity vF, velocity of the liquidus isotherm vL and temperature gradient ahead 

of the liquidus isotherm GL (top), microstructure, eutectic fraction map, the axial profile of 

diameter averaged eutectic fraction feut and the value obtained from the Scheil model feut Scheil 

(middle),micrographs of the electrolytically etched longitudinal cross-sections showing the 

grain structure and the RMIL profile representing the grain size together with the cooling rate at 

liquidus isotherm RL (bottom) for the Al-20wt.%Cu sample CETSOL 3#5. 

 



 

Fig. 10. Furnace velocity vF, velocity of the liquidus isotherm vL and temperature gradient 

ahead of the liquidus isotherm GL (top), microstructure, eutectic fraction map, the axial profile 

of diameter averaged eutectic fraction feut and the value obtained from the Scheil model feut 

Scheil (middle), micrographs of the electrolytically etched longitudinal cross-sections showing 

the grain structure and the RMIL profile representing the grain size together with the cooling rate 

at liquidus isotherm RL (bottom) for the Al-20wt.%Cu sample CETSOL 3#6. 

 



Table 2. Averaged local cooling rate RL, radial mean intercept length RMIL and averaged 

number of grains in radial direction Nrad in solidification stages 1 & 2 for the six CETSOL 

samples solidified under microgravity. 

Sample Alloy  Stage 1   Stage 2  

  RL, K/s RMIL, 

mm 

Nrad RL, K/ s RMIL, 

mm 

Nrad 

3#1 

3#2 

Al-4wt.% Cu, g.r. 0.015 0.016 2.0 1.6 4 

5 

0.11 0.07 0.35 0.40 23 

20 

3#3 

3#4 

Al-10wt.% Cu, g.r. 0.0175 0.0163 0.7 

0.67 

11 

12 

0.125 0.077 0.40 0.36 20 

22 

3#5 

3#6 

Al-20wt.% Cu, g.r. 0.007 

0.006 

0.89 

0.89 

9 

9 

0.05 

0.036 

0.42 

0.44 

19 

18 

 

5.4. Comparison with microgravity experiments in non-refined AlCu alloys, Ref. [39] 

Williams and Beckermann [39] solidified cylindrical samples of three non-refined Al-

Cu alloys (Al-4wt.%Cu, Al-10wt.%Cu and Al-18wt. %Cu) in microgravity environment on the 

ISS and on Earth. In the following, the results of the space-grown samples are compared to 

those of CETSOL samples 3#1, 3#3 and 3#5 (Al-4wt.%Cu, Al-10wt.%Cu and Al-20wt.%Cu) 

given in this paper. 

The alloy compositions are comparable although all CETSOL sample alloys also 

contain 0.5 wt.% of master alloy AlTi5B for grain refinement. The sample dimensions in [39] 

are 9 mm in diameter and 60 mm in length, compared to 8 mm in diameter and 276 mm in 

length for the CETSOL sample. Volume compensation during melting and solidification in [39] 

was realized by an active spring system, and by a passive volume compensation device in the 

MSL cartridges (Fig. 1). The SUBSA furnace used in [39] consisted of one heater and passive 

cooling with a fixed sample position. Solidification in all experiments was realized using a 

power-down technique by applying the same constant cooling rate of 5◦C/min to the heater. The 

axial temperature profile was measured at 4 positions along the sample length at the outside of 

an alumina ampoule containing the sample. The MSL furnace for the CETSOL samples 

presented here consisted of a heater and cooling zone separated by an adiabatic zone (Fig. 1). 

Solidification of the alloys was performed by the controlled displacement of the SQF furnace 

along the fixed SCA cartridge at a chosen velocity, which can be varied during the experiment. 

For CETSOL samples 3#1, 3#3 and 3#5 the heater temperatures are constant. The axial 



temperature profile was measured at 12 positions along the sample, also at the outside of the 

crucible containing the sample. 

The axial temperature gradients GL, isotherm velocities vL, and cooling rates RL in the 

samples were calculated from a thermal model of the full furnace in [39], and directly 

determined from the measurements of the 12 thermocouples in case of the CETSOL samples. 

The procedures for the determination of the RMIL values and the eutectic fraction feut is almost 

identical for SUBSA and CETSOL samples.  

Comparing the grain structure of the microgravity samples, all SUBSA samples exhibit 

shrinkage pores of varying size as well as surface defects [39]. This effect may be attributed to 

an insufficient function of the spring. In contrast to this inside the CETSOL samples no 

shrinkage pores were detected, but there was a large surface pore close to the end of 

solidification stage 2 in samples CETSOL 3#3 and CETSOL3#4 with Al-10 wt.% Cu alloy. 

RMIL values and the eutectic fraction feut could be determined from the longitudinal 

cross-sections of all processed samples.  

All SUBSA microgravity samples (non-refined Al-4wt.%Cu, Al-10wt.%Cu and Al-

18wt.%Cu alloys) show a fully equiaxed grain structure. The grain size is largely constant along 

the sample (RMIL ≈ 1 mm) with a slight increase in size toward the end of the samples with Al-

4wt.%Cu and Al-10wt.%Cu (RMIL ≈ 1.5 mm). This effect was attributed by the original authors 

to a decreasing cooling rate from about RL = 0.07 K/s to RL = 0.04 K/s. These grain structure 

can be compared to the grain structure of the CETSOL samples in stage 2 (Table 2). The 

CETSOL samples 3#1, 3#3 and 3#5 (refined Al-4wt.%Cu, Al-10wt.%Cu and Al- 20wt.%Cu 

alloys) also show a fully equiaxed grain structure in stage 2. The grain size is constant along 

the sample (RMIL = 0.35 mm – 0.42 mm) for constant cooling rates between RL = 0.05 K/s to 

RL = 0.11 K/s. Therefore, the cooling rates for SUBSA and CETSOL experiments are 

comparable, whereas the grain size differs by a factor of approximately three (with the CETSOL 

experiment exhibiting smaller equiaxed grains). Smaller grains are expected in the CETSOL 

alloys due to the addition of grain refiner that promotes higher nucleation rates of equiaxed 

dendritic grains. 

In all SUBSA samples (non-refined Al-4wt.%Cu, Al-10wt.%Cu and Al-18wt.%Cu alloys) 

processed in microgravity a steadily decreasing eutectic percentage feut toward the sample top 

is shown. This behaviour is explained by the original authors by the existence of a shrinkage-

driven flow of solute rich melt that results in a so-called inverse segregation toward the cooled 



surface [39]. The top parts of the samples also show more shrinkage pores as the temperature 

gradient decreased from about GL = 1.5 K/mm to nearly GL = 0 K/mm, i.e. as tended towards 

isothermal solidification conditions. As a consequence of the low axial temperature gradient 

GL, in all cases, there was a delay of hundreds of seconds between when the liquidus isotherm 

reached the end of the sample and when the sample bottom reached the eutectic temperature. 

During this delay, the mushy zone spanned the entire sample length. This is likely a cause of 

the significant inverse segregation profile that was observed in all SUBSA samples [39]. 

The eutectic fraction feut in stage 2 of the CETSOL samples 3#1, 3#3 and 3#5 (refined Al-

4wt.%Cu, Al-10wt.%Cu and Al-20wt.%Cu alloys) is practically constant. Also, the temperature 

gradient in stage 2 was quite constant between GL = 3.5 K/mm and GL = 2.5 K/mm. This 

indicates that there is no shrinkage-driven flow resulting in inverse segregation. Additionally, 

in the partly melted region (formed during the sample melting phase and present upon starting 

the solidification experiment) the amount of eutectic fraction was reduced. This can be 

attributed to the temperature gradient zone melting (TGZM) effect during the thermal 

homogenization phase before starting the solidification stage 1. This effect was not observed in 

the SUBSA samples, which were fully melted before starting solidification. This lack of 

stabilization phase in SUBSA experiments may explain why all experiments exhibit equiaxed 

microstructures, even for the lowest Al-Cu composition sample. 

 

 

 

 

 

 

 

 

 

 



   

 

  

 

  

 

  

 

  

 

  
 

Fig. 11. Selected representative micrographs of the electrolytically etched cross-sections 

(height x width = 2.10 mm × 2.65 mm) of flight samples CETSOL 3#1, 3#3 and 3#5 showing 



the grain structure in longitudinal cross-section (furnace movement from left to right) and in 

radial cross-section. 

 

 

Fig. 12. Steady-state values of RMIL and RMIL radial as a function of RL for the flight samples, 

determined from radial and longitudinal cross-sections. Also added a fitted curve for the 

equiaxed values of RMIL and RMIL radial. 

 

6. Conclusion 

Benchmark solidification experiments were successfully performed in microgravity on-

board the International Space Station ISS within the ESA programme CETSOL. Six cylindrical 

samples of three refined Al-Cu alloys (Al-4wt.%Cu, Al-10wt.%Cu and Al-20wt.%Cu) were 

directionally solidified in the gradient furnace MSL. The determination of temperature 

gradients, interface velocities and cooling rates at liquidus and solidus, and eutectic 

temperatures provides well-defined thermal boundary conditions.  

The analysis of the microstructure in longitudinal cross-sections show dendritic 

structures without any internal pore formation of pores less than about 10 μm inside the 

processed alloy and localised surface pores for some samples. The averaged eutectic fraction 



feut is rather constant along the sample with less amount of eutectics in the partly melted region 

upon starting the solidification experiment. 

The samples of refined Al-4wt.%Cu alloy exhibit a sharp CET from columnar grain 

structure in stage 1 to a fine equiaxed steady-state grain structure in stage 2. This indicates a 

sharp CET, in contrast to experiments with Al-7wt.%Si alloy, where also progressive CET with 

elongated grains was observed [12]. This may be attributed to the strong increase of the furnace 

velocity by a factor of 10, reaching rapidly a fully equiaxed dendritic region. In Al-10wt.% Cu 

and Al-20wt.% Cu samples, equiaxed dendritic grain growth is observed from stage 1 and the 

grain size represented by the RMIL value is reduced in stage 2 due to the increase in cooling rate. 

Detailed analysis of the size of equiaxed grains demonstrates that, despite a qualitative 

observation of the equiaxed dendrites in longitudinal and radial directions shows some 

differences in shape, the RMIL and RMIL radial values are comparable. Therefore, equiaxed 

dendritic growth with negligible elongated dendrites have been obtained in the described 

experiments. 

The evaluation of these microgravity samples demonstrates that no macrosegregation 

along the sample axis was detected and no radial effects were observed. Therefore, a pure 

diffusive solidification behavior without any residual melt convection can be assumed for the 

microgravity experiments, as expected. Compared to directional solidification vertically 

upwards in 1g for Al-4wt.%Cu alloy, no sedimentation of equiaxed Al-rich dendrites and no 

floatation of equiaxed dendrites in the melt for Al-20wt.%Cu alloy occured. This is a great 

advantage for the study of equiaxed grains and columnar front during the CET as mentioned in 

[28,51] Fragmentation is also expected in the microgravity experiments for Al-10wt.%Cu and 

Al-20wt.%Cu alloys, but the fragments may not move in the melt because of the absence of 

buoyancy effects [21,38]. Similar to the findings in Al-7wt.%Si alloys [12] and non-refined Al-

Cu alloys [39], it is shown that equiaxed dendritic growth is promoted in microgravity for 

refined hypoeutectic Al-Cu alloys. For comparable solidification conditions in the microgravity 

experiments the average grain size RMIL is about a factor three larger for non-refined Al-Cu 

alloys [39] than for refined alloys. Reference experiments on Earth are in progress to be able to 

compare with the experiments analysed in the present paper, using alloys which have 

negatively, neutrally, and positively buoyant primary solid, respectively. The benchmark 

solidification data reported in this work constitute in themselves benchmark data for modeling 

of CET and equiaxed dendritic growth. 
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