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Answer: Our objective is to characterize the effect of the grain structure on the eutectic 

percentage distribution with the measurements we perform, using a box size 0.5 mm along the 

solidification direction and 0.4 mm in width. The eutectic fraction measured at higher velocity 

in stage II is lower compared to the case at low velocity in stage I because the solidification 

proceeds by coarse columnar competitive growth at low velocity. Indeed, on the one hand, at 

low velocity, the competition with neighboring large dendrites with random orientation leads 

to the formation of quite large solute-enriched liquid pockets which are transformed into the 

eutectic phase at the end of solidification. On the other hand, in stage II, the microstructure at 

higher velocity, either columnar or equiaxed, is much finer due to the higher growth velocity, 

leading to a more uniform intergranular E% distribution. This phenomenon was discussed in 

more details for other experiments in our previous study [Liu et al. Acta Materialia, 64 (2014) 

253]. 

As our focus was on the pore formation for the present article, we did not develop the 

discussion on this important aspect. We now mention in the text that eutectic percentage in 

relation to the grain structure is characterized and briefly explain the difference observed 

between stages I and II. Moreover, we added a reference to previous work in the text. We 

thank the reviewer again for this comment. 
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Abstract  

 

Microgravity solidification experiments were carried out in the Material Science 

Laboratory on board the International Space Station. The influence of grain 

refinement, rotating magnetic field (RMF) and surface pores on the microstructure 

and columnar-to-equiaxed transition (CET) were investigated in two selected Al-

based samples solidified under microgravity conditions. The increase of the furnace 

pulling velocity leads to a finer dendrite structure, a smaller eutectic percentage and 

a more uniform eutectic distribution in the interdendritic regions. On the one hand, 

grain refinement ensures the occurrence of CET, which is progressive in the studied 

experiment because of the high temperature gradient. On the other hand, in the non-

refined alloy a RMF applied during solidification fails to trigger the CET, because the 

forced liquid flow is too weak compared to the solidification front velocity to transport 

fragments from the mushy zone above the solidification front. The presence of the 

pores at the sample surface leads to a peculiarity in the eutectic percentage and 

weakens the decrease of the dendrite arm spacing for both samples. These effects 

are ascribed to a forced extra liquid flow into the mushy zone due to the pore that 
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promotes the growth of the dendrites along the liquid flow direction, resulting in 

elongated grains and postponing the CET in the refined alloy. 

 

Keywords: Aluminum alloys; Solidification; Microgravity; Crystal structure; 

Columnar-to-Equiaxed Transition; Pore 

 

1. Introduction 

Morphological development during solidification remains of tremendous interest for 

both academic research and industrial applications, due to the tight relationship 

between the microstructures and the final properties [1] . Indeed, growth in a high 

temperature gradient may result in elongated columnar structures, whereas a more 

uniform temperature favors isotropic equiaxed grains. Accordingly, a change from 

columnar to equiaxed grain structure is often observed during industrial processes 

such as ingot casting or welding by a simultaneous decrease of the temperature 

gradient and an increase of the growth velocity. CET is an important morphological 

transition in metallic alloys, which is mainly controlled by the liquid undercooling 

ahead of the dendritic front [2]. CET occurs when the number of equiaxed grains and 

the volume they occupy become sufficient to block the columnar front [3-5].  

Equiaxed grains have two main origins: purposely added nucleating particles and 

dendrite fragmentation. Industrially, the main approach to favor the equiaxed 

microstructure is to add grain refiners, which act as preferential sites for nucleation 

with a low nucleation undercooling [6, 7]. For non-refined alloys, the most potent 

mechanism for the origin of the equiaxed grains ahead of the columnar front is the 

dendrite fragmentation [8, 9], which is believed to be at the origin of the central 

equiaxed core region in casting processes. Fragmentation occurs when dendrite 
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branches are detached from the main primary trunks, as well as from the secondary 

or higher order arms. Fragmentation is favoured by the dendrite coarsening process 

but also by the initiation of local remelting due to the pile-up of solute within the 

partially solid-liquid sample region (mushy zone) [10, 11]. The additional effect of 

gravity force (buoyancy force or natural convection) [12] or the impact of thermo-

electro-magnetic force [13] cannot be excluded in fragmentation phenomena. If 

these fragments are transported ahead of the columnar front by buoyancy forces or 

convection and if they can continue to grow, an equiaxed grains microstructure is 

formed that can stop the advancing columnar front. The competition of equiaxed 

grains with the advancing solidification front is a complex topic, which involves 

mechanical blocking as well as thermal and solutal interaction. J.D. Hunt proposed a 

geometrical criterion to explain this transition in terms of mechanical blocking [3], but 

it is now recognized that the dominant mechanism for the CET is the solutal blocking 

, due to solute rejection from growing equiaxed and columnar dendrites [5]. 

CET as well as the final microstructure features are strongly affected by gravity 

induced phenomena namely, sedimentation effect and coupling between flow and 

the solid-liquid interface. On Earth (1g), the melt flow plays a critical role in mass and 

heat transfer, and consequently affects the final microstructure, as well as the CET 

and the eutectic formation [14-17]. Microgravity experimentation is a perfect tool to 

deepen the study of CET, as it provides unique benchmark data by suppressing 

most of the gravity-driven phenomena during solidification, such as natural 

convection, as well as sedimentation or buoyancy. In microgravity environment, we 

can expect to achieve nearly diffusive conditions for transport [18-20]. Nevertheless, 

even in gravity-free conditions, fluid flow, generated by the sample shrinkage 

induced by the difference of solid and liquid densities, still exists [21, 22]. Another 
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cause of fluid flow in gravity-free conditions is Marangoni convection [23, 24], due to 

the presence of free interfaces like liquid-gas surfaces. This contribution to 

convection is often negligible in directional solidification for which the only gas-liquid 

surface is at the top of the sample. 

Porosities are considered as serious and common defects formed during 

solidification [25], which result in a significant degradation of the mechanical 

properties and act as the origin of crack initiation because of stress concentration 

[26-28]. Up to now, the formation of porosity has been considered by numerous 

investigations, but, as a matter of fact, mostly focusing solely on the pore formation 

mechanism [29-35]. It is generally accepted that the residual gases, which are 

mainly hydrogen, dissolve and accumulate at the solidification front, since gas 

solubility is often much less in the solid than in the liquid. As a result, bubbles readily 

nucleate to form porosities, not only at the crystal or dendrite interface, but also on 

the sample surface [31, 32, 36]. Also reactions between the melt and the crucible 

walls at elevated temperatures may play a role. 

Except their impact on crack initiation, the porosities also affect the solidified 

microstructure by triggering the deformation of the dendritic network [37, 38] and 

creating Marangoni liquid flow around the pore region during the solidification [39-

42]. Indeed, it has been reported that the mushy alloy could deform under external 

loads [43-45]. The deformation mechanism changes with the increase of the solid 

fraction [43]. The spongy deformation of the mushy zone during the solidification is 

also reported by Lesoult et al., together with the effect on segregation [46]. 

Additionally, primary crystal deformation and flow of solute-enriched liquid towards 

the shear deformation plane have also been observed [47, 48]. Therefore, combined 

with the Marangoni effect, the liquid flow triggered by porosity formation should also 



 

 

5 

 

be considered for the microstructure transformation. However, these porosity 

impacts on the microstructure features and CET have rarely been mentioned in 

experimental or numerical investigations before, to the best of our knowledge. 

Our investigations are conducted by means of directional solidification in 

microgravity conditions. The quantitative analyses of the eutectic fraction and the 

dendritic structure, as well as the CET are provided and correlated with the 

solidification parameters. In addition, the influence of a pore at the surface of a 

sample on the microstructure formation has been analyzed in detail.  

 

2. Experimental  

2.1. Experiments 

The Material Science Laboratory (MSL) was made available by the European Space 

Agency (ESA) on board the International Space Station (ISS), providing a platform 

for microgravity solidification investigations. In the framework of the CETSOL 

(Columnar to Equiaxed Transition in SOLidification processes) ESA MAP 

(Microgravity Applications Promotion programme) project [49-51], thirteen microgravity 

experiments have been conducted in two batches named Batch 1 and Batch 2a. The 

six samples in Batch 1 were carried out using the Low Gradient Furnace (LGF), 

which have presented and discussed in detail in a previous study [19]. The samples 

in Batch 2a, which are the objects in this paper, were carried out using the 

Solidification and Quenching Furnace (SQF), which is also a directional solidification 

furnace but allows higher temperature gradient and cooling rate compared to the 

LGF.  

The full SQF and the sample cartridge assembly (SCA) are schematized in Fig.1. It 

consists of a hot and a cold zone separated by a so-called adiabatic zone. The cold 
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zone is realized by a Liquid Metal Ring (LMR) to achieve a high temperature gradient 

(up to 8 K/mm in this SCA) and to allow for quenching. The hot zone is equipped 

with four heaters H1-H4, which can be adjusted independently to achieve the 

required temperature gradient along the sample axis. 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 metallic alloy 

sample (8 mm in diameter and 245 mm in length) is mounted inside a protective 

Al2O3 tube crucible together with Shapal plugs at both bottom and top ends. Twelve 

N-type (Nicrosil-Nisil) thermocouples (TC1-TC12), spaced by 20 mm, are located in 

four machined external axial grooves at the outer surface of the crucible to measure 

the temperature profile (purple dots in Fig.1). 

In the present work, a comparative study of two samples, labelled B2F1 and B2F2, 

from Batch 2a is conducted. The solidification conditions of the two selected 

experiments are the same in terms of temperature gradient and furnace pulling 

velocity profiles to allow direct comparison (see Table 1). The two major differences 

between the two samples are: (i) B2F1 is a grain refined alloy sample (Al - 7wt% Si + 

0.5 wt% of master alloy AlTi5B) whereas B2F2 is a non-refined Al - 7 wt.% Si alloy 

and (ii) a rotating magnetic field (RMF) is applied during the second stage of the 

experiment B2F2 to analyze the impact of moderate forced fluid flow on CET in µg 

environment. The Al - 7 wt.% Si alloys were provided by Hydro Aluminum Rolled 

Products GmbH, 0.5 wt% of master alloy AlTi5B was added to the sample for 

refinement. The rotating magnetic field (RMF) applied during stage II for B2F2 has a 

frequency f = 57 Hz and a magnetic field strength of B = 0.5 mT.  
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Table 1: Control parameters for the two selected samples solidified under 

microgravity: vn is the furnace pulling velocity and zn the furnace movement with vn in 

phase n. Sample with notation grain refiner contains 0.5 wt% of master alloy AlTi5B 

for grain refinement. 

Sample Alloy 
Initial G, 
K/mm 

Stage I Stage II Stage III 

v1, 
mm/s 

z1, 
mm 

v2, 
mm/s 

z2, 
mm 

R, 
K/s 

RMF  

B2F1 
Al - 7wt% Si + grain 

refiner 
4 0.02 20 0.2 50 0.133 No Quenching 

B2F2 Al – 7wt% Si 4 0.02 20 0.2 50 0.133 Yes Quenching 

 

The solidification profile consists of three successive stages: 

- Stage I: The initial applied temperature gradient (G) is 4 K/mm. Solidification is 

initiated by the furnace motion for 20 mm at a low pulling rate (0.02 mm/s) in order to 

form a columnar microstructure in stationary conditions. 

- Stage II: The second stage is triggered by a sudden pulling rate jump from 0.02 

mm/s to 0.2 mm/s. This new pulling rate is applied for a movement of 50 mm 

together with a cooling down of the hot zone with 0.133 K/s. The simultaneous 

increase of the growth velocity and decrease of the temperature gradient are 

expected to induce the CET. Additionally for B2F2, a rotating magnetic field (RMF) 

with frequency f = 57 Hz and magnetic field strength of B = 0.5 mT was applied to 

induce a moderate forced melt flow in the sample. 

- Stage III: The quenching of the sample induced by a fast furnace pulling is applied 

to complete the solidification. During this final quenching stage, the temperature 

gradient and cooling rates are no longer controlled, but the temperature profile is still 

recorded.  
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2.2. Microstructure characterization  

The characterization methods in the present study are similar with our previous study 

[19]. For metallographic analysis, the solidified samples are cut into parts of 30 mm 

in lengths. The sketches of the cutting positions of the two samples are shown in 

Fig.2 together with images of the processed samples. Then, longitudinal sections cut 

close to the centerline are mechanically polished with diamond suspension to reveal 

the dendritic structures by optical microscopy (OM).  

First, the optical microscopy images of longitudinal sections L2 and L3 for B2F1 and 

sections L1 and L2 for B2F2 are segmented into binary images using a threshold to 

separate the two phases: the dendrite phase appears in white, while the eutectic is 

black. Based on those binary images, the eutectic percentage (E%) maps and the 

profiles of E% along the solidification direction, i.e. along the main cylindrical sample 

axis are determined using a box-averaging method, as well as dendrite arm spacing 

(DAS) using the linear-intercept method [19]. The box size for E% maps is 0.5 mm in 

length, in the direction of the sample central line axis, and 0.4 mm in width. The box 

size for both E% and DAS profiles is 0.5 mm in length and equal to the sample 

diameter in width. For one data point of DAS, 1000 lines are generated in random 

orientation in each box for accurate results. It is worth mentioning here that the DAS 

measured with this method is not equal to the primary or secondary dendrite arm 

spacing but a measurement of the average characteristic scale of the dendritic 

network [19, 52]. 

In a second phase of analysis, Electron backscattered diffraction (EBSD) of sections 

L2 and L3 for B2F1 was performed to analyze the grain structure more accurately. 

The EBSD measurement was carried out only for B2F1 sample, because it appears 
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clearly that there is no CET during B2F2 experiment. The EBSD measurement was 

performed for the entire longitudinal sections with a scanning step of 8 μm. Based on 

EBSD data, the grain contours were reconstructed by separating neighboring grains 

with their misorientation being larger than 5°. The grain equivalent diameter (ED, 

defined as the diameter of a circle of equivalent grain area) and elongation factor 

(EF, defined as the ratio of the length of the major axis to the minor axis of a grain), 

are calculated from the EBSD measurements. The grains cut by the section 

boundaries were excluded in the calculation. 

 

3. Results 

3.1. Analysis of the processing parameters 

The recorded cooling curves for both B2F1 and B2F2 are shown in Fig.3a and b, 

with identification of the three stages delimited by the starting time points of the 

furnace movement of every stage. From Fig.3a and b, it can be seen that the thermal 

histories recorded are very similar for B2F1 and B2F2, indicating that the addition of 

grain refiner (GR) and the application of RMF in stage II have negligible influence on 

the recorded temperatures and thus on the heat flow for the present experiments. 

The negligible impact of GR on thermal distribution in the sample is expected, due to 

the very small amount of GR. On the contrary, the absence of RMF effect is more 

surprising, taken into account that a liquid flow is likely driven by the RMF [53]. This 

issue is discussed later in the paper. 

To evaluate the relationship between the microstructure and the actual thermal 

conditions, the temperature gradient G (Fig.3c) and the velocity of the liquidus 

isotherm v (Fig.3d) are calculated based on the temperature profiles of the 

thermocouples. The procedure to produce these data is similar to the method 
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described by Ch-A. Gandin [54] and in our previous work [19]. The temperature 

gradient ahead of the liquidus isotherm is calculated at the time when the liquidus 

isotherm (TL = 891 K for Al - 7 wt.%) reaches a thermocouple. Moreover, by following 

the liquidus isotherm position in time, the velocity of the liquidus isotherm can be 

deduced. Using linear interpolation, the average temperature gradient and velocity of 

the liquidus isotherm are calculated every 10 mm. Additionally, the average values of 

the calculated temperature gradient and velocity of the liquidus isotherm for each 

stage, as well as the corresponding standard deviation are shown in Table 2.  

 

Table 2: The calculated average temperature gradient G and the corresponding 

standard deviation <G>, the calculated average velocity v at the liquidus isotherm 

and the corresponding standard deviation <V>, the averaged eutectic percentage 

(E%) and dendrite arm spacing (DAS). 

Sample Stage <G>, K/mm <G>, K/mm <v>, mm/s <V>, mm/s E, % DAS, µm 

B2F1 

I 4.4 0.1 0.02 0.003 57.5 55 

II 4.8 0.3 0.11 0.043 46.2 33 

B2F2 

I 4.5 0.1 0.02 0.003 55.2 57 

II 4.8 0.3 0.11 0.047 47.6 35 

 

The curves in Fig.3c and d show that the processing conditions of the two samples 

are very similar during the whole experiment and confirm the negligible influence of 

the GR and RMF on the thermal growth conditions during the solidification process. 

For the stage I, only one value can be obtained from the TCs for the temperature 

gradient (G = 4.4 K/mm for B2F1 and G = 4.5 K/mm for B2F2) and the isotherm 

velocity (0.02 mm/s for both samples). These values correspond to the applied 
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nominal values. After the application of new solidification conditions (during stage II), 

the temperature gradient increases up to G = 5.2 K/mm for B2F1 (resp. G = 5.1 

K/mm for B2F2), while the growth velocity increases to a maximum value of v = 0.14 

mm/s for B2F1 (resp. v = 0.15 mm/s for B2F2). The discrepancy between those 

values and the applied nominal ones might be attributed to a change of the solid-

liquid interface position relatively to the LMR (Fig.1) when increasing the furnace 

pulling rate. Finally, the quenching of the sample induces a sharp increase of both 

the growth velocity and the temperature gradient.  

Additionally, the average values of G and v during stage I and stage II are given in 

Table 2 together with the corresponding standard deviations. As shown in Table 2, 

the mean values of the calculated G and v are about 4.4/4.5 K/mm and 0.02 mm/s in 

stage I, and then increase to about 4.8 K/mm and 0.11 mm/s in stage II for both 

samples. The length of the mushy zone (LMZ) during the solidification process, 

defined as the distance between the liquidus and eutectic isotherms was also 

calculated. The average values of the LMZ, for both B2F1 and B2F2 samples, are 

estimated at about 9.5 mm and 8.0 mm in stage I and II, respectively.  

 

3.2. Analysis of the microstructure 

Microstructures in longitudinal sections are shown in Fig.4 (a1 and b1). The bottom 

position in both figures corresponds to the start of the solidification process. The 

blank region between stage I and stage II is due to the material loss during the 

sample cut and the transverse section preparation. The furnace pulling velocities 

corresponding to the different solidification stages are marked out at the left side, 

based on the transition positions between successive stages determined in Fig.3c 



 

 

12 

 

and d. The eutectic percentage (E%) distribution maps of the same regions are also 

shown in Fig.4 (a2 and b2).  

In stage I of both samples, a columnar structure is obtained growing from the initial 

partially melted mushy region. From stage I to stage II, the microstructure 

significantly changes for B2F1 and B2F2. In B2F1, large columnar dendrites are 

observed in stage I, whereas equiaxed grains and much finer dendrite grains are 

obtained in stage II. The starting position of the equiaxed grains microstructure is 

about 134 mm, as shown by the red dash line in Fig.4a1. For B2F2, the dendrite 

structure remains columnar in both stages I and II, but with a transition from a coarse 

to a finer dendrite microstructure. Nevertheless, surface pores are visible around 147 

mm in stage II in both samples, which can also be seen from the images of the two 

samples as shown in Fig.2.  

The eutectic is formed due to the solute rejection and accumulation in the 

interdendritic regions. For both samples, some quite large eutectic regions due to 

competition between randomly oriented columnar grains, up to 3 mm in length, are 

found in stage I and as a consequence, inhomogeneous distribution of the eutectic 

percentage is observed. At the transition from stage I to stage II, a similar change is 

found for both experiments. First, the size of the eutectic zones significantly 

decreases just after the pulling rate jump and the eutectic distribution is much more 

uniform, with a lower average eutectic percentage. This is a consequence of the finer 

dendritic microstructure during the stage II and has been discussed in more details in 

our previous work [19]. 

To better understand the evolution of the microstructure during the solidification, the 

analysis of the average eutectic percentage (E%) and dendrite arm spacing (DAS) 

along the sample axis has been done for both samples. In this calculation, the 



 

 

13 

 

regions affected by the surface pores are excluded in a first step. The averaged 

longitudinal profiles of the E% and DAS along the solidification direction are shown in 

Fig.5. Furthermore, the corresponding stage-averaged E% and DAS in each stage 

are also gathered in Table 2. As shown in the profiles in Fig.5, both the E% and DAS 

continuously decrease from stage I to stage II in both B2F1 and B2F2 as well as in 

average according to the increase of the liquidus isotherm v (Table 2). The 

differences of the average E% and DAS values between B2F1 and B2F2 are minor 

in both stages I and II.  

 

3.3. Analysis of the columnar to equiaxed transition (CET)  

Considering the grain structure observed by OM, sample B2F1 presents a CET from 

stage I to stage II. The CET is progressive and not sharp and its limits are defined 

according to previous work [19]. The highest position of the columnar grains issued 

from the initial dendrites zone defines the CET inception [55], and is noted CETmin in 

Fig.4a1 (about 134 mm for B2F1). The uncertainty on this position is due to the cut 

of a transverse section between sections L2 and L3. As concerns B2F2, no CET is 

observed along the entire sample.  

In our previous work [19], it has been shown that CETmin is not sufficient to define 

CET, especially when very elongated equiaxed grains are observed above this 

position. A second limit for complete CET, CETmax, is defined using grain 

morphological characterisation. Indeed, according to Hunt and Biscuola [3, 56], the 

complete transition from columnar to equiaxed grain growth can be characterized by 

the change of grain size and morphology. A critical value of the elongation factor 

(EF) of the grains was deduced from the mechanical-blocking fraction of the 

equiaxed grains to quantitatively define the CET. Grains are considered to be fully 
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equiaxed when the EF value is below 2 and this gives the criterion to determine 

CETmax position here. The grain structure is quantitatively analyzed using EBSD 

measurement data of sections L2 and L3. The constructed grain contour maps are 

displayed in Fig.6a. Fig.6b shows the average equivalent diameter (ED) and 

elongation factor (EF) along longitudinal sections. Each data point is obtained by the 

average value of 15 grains sharing closest gravity centre position. The average 

position of these grains is taken as the representative position of the corresponding 

average ED and EF.  

The results show that, both the ED and the EF of B2F1 sharply decrease from stage 

I to stage II. When excluding (not shown here) the region around the surface pore 

position (147 mm), the ED of all the grains and the EF of most of the grains remain 

at a low value after the transition from stage I to stage II. The EF mainly stays close 

but slightly above 2 after CETmin up to 156 mm, which is close to the transition 

position from stage II to stage III. Based on the characterization of the ED and the 

criterion on the EF, the grain structure after CETmin is equiaxed but elongated 

between 134 mm and 156 mm, and is fully equiaxed after 156 mm, which is the 

transition position from stage II to stage III, referred to as CETmax, as shown in Fig.6b. 

Such a region with elongated equiaxed grains defines a progressive CET in B2F1 

[19, 57]. 

 

3.4. Analysis of the microstructure and CET at the level of surface pores 

It can be seen from Fig.5, that irregular E% is clearly detected at the position around 

147 mm in stage II for both B2F1 and B2F2, which is exactly the location of the 

surface pores as shown in Fig.4 (a1 and b1). Concerning the DAS profiles, a 

moderate slow-down of the DAS decrease is observed at the same position. In order 
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to focus on the effect of the pore, the microstructure and the longitudinal profiles of 

the E% and DAS around this position are compared in Fig.7.  

It can be seen in Fig.7 (a and b) that the lengths of the pore regions, about 6 mm for 

B2F1 and 10 mm for B2F2, are comparable to the sample diameter and to the length 

of the mushy zone calculated in section 3.1. Additionally, no obvious distortions of 

the primary dendrites are observed around the pore region for both samples. 

It can be seen in Fig.7c that the value of the E% is stable in the region far below the 

pore for B2F1 (below z = 143 mm). Then, it starts to decrease at about 1 mm below 

the pore start position. The E% stabilizes again until it starts to increase below the 

pore end, up to about 1 mm behind the pore end. After that, the E% returns to a 

constant value. The variation of the E% for B2F2 is significantly different from B2F1. 

The E% firstly decreases with a low slope in the region far from the pore and then 

starts to decrease with a higher slope at a position close to the start of the pore. 

When the pore is about to end, the E% increases until the end of the pore and then 

starts again to decrease, extending to the region far from the pore. 

The variation of the DAS shows a continuously decreasing trend but with different 

decrease slopes around the surface pore region for both B2F1 and B2F2. The 

decrease slope of DAS around the pore region is slightly lower than in the region far 

from the pore, both before or after the pore region. Especially, the DAS value is 

almost stable around the pore region for B2F1.  

Furthermore, on top of the effect on E% and DAS profiles around the pores, an 

irregular increase of EF is observed for B2F1 at this position (Fig.6b). This indicates 

that the presence of the pore enhances the elongated growth of the grains in this 

region, indicated by the red circle shown in Fig.6a. 
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4. Discussion 

4.1. Effect of the grain refinement and RMF on the microstructure 

As shown in Fig.3 and Table 2, the GR and RMF have no significant effects on the 

detected thermal field. According to the simulation results within the CETSOL project 

[58], when a RMF is applied, a forced melt flow is created during stage II. The 

maximum value of the flow velocity along the sample axis direction is 0.003 mm/s in 

the center of the sample. The maximum flow velocity is approaching zero at the 

sample periphery. This forced liquid flow is the main flow during the solidification 

under the microgravity condition in this experiment. The maximum velocity of liquid 

flow along the direction along the sample axis is much smaller than the pulling 

velocity at the level of the solid-liquid interface, which is about 0.20 mm/s in stage II. 

Accordingly, we can expect that the measured thermal field is not affected by the 

RMF induced forced flow. 

The grain refinement of Al - 7 wt.% alloy in B2F1 leads to a CET after the velocity 

jump, whereas only the development of a finer columnar dendritic microstructure is 

observed in the non-refined alloy (B2F2) with the same pulling velocity jump and 

other parameters comparable. As already mentioned above, the higher pulling 

velocity enhances the constitutional undercooling ahead of the dendrite tips. When 

the nucleation undercooling of the particles is attained, large amount of equiaxed 

grains randomly nucleate ahead of the columnar front and start to grow. This 

definitely blocks the growth of the columnar grains, leading to the inception of the 

CET, at CETmin. Subsequent grain nucleation efficiently stops the growth of already-

nucleated neighboring equiaxed grains to continue the CET. In B2F1, progressive 

CET characterized by elongated equiaxed grains is observed. This is mostly 

attributed to the relatively high temperature gradient in this experiment. Indeed, 
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nucleation only takes place in a shorter undercooled region due to the high 

temperature gradient, preventing the copious and simultaneous nucleation which is 

necessary to impede the growth of the new nucleated grains. Only a few layers of 

newly-nucleated grains may form in this case and grains get elongated during the 

growth.  

There is no CET in the non-refined alloy B2F2. Indeed, there are no refining particles 

in such alloy to achieve the nucleation. Actually, CET in non-refined alloys was 

reported by many authors and ascribed to the dendrite fragmentation [17, 59, 60] 

with the requirement that the dendrite fragments are transported in front of the 

columnar dendrites [17, 20, 61]. The application of RMF in B2F2 is expected to 

enhance the dendrite fragmentation and to transport the fragments to the columnar 

front to trigger CET. A quite large liquid flow velocity along the sample axis, i.e. along 

the solidification direction, is necessary. However, according to the simulation 

results, even though the maximum azimuthal flow velocity is about 0.2 mm/s in the 

melt, it is reduced when approaching the solid-liquid interface or mushy zone. 

Therefore, it might not be sufficient to produce enough fragments. Moreover, the 

maximum value of the flow velocity induced by the RMF along the sample axis 

direction is much lower than the growth velocity of the dendrites. Even if the liquid 

flow velocity would be higher than expected, the maximum flow velocity region would 

only be confined in the center of the sample, which implies that not enough 

fragments could be transported to the columnar front. Taking into account these two 

restrictions, it seems reasonable to assume that CET cannot be triggered by the 

RMF in stage II for B2F2. 
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4.2. Effect of the surface pore on the microstructure and CET 

As described above, the irregular decrease of E% and change of decrease slope of 

DAS are observed in the vicinity of the surface pore regions for both samples (Fig.7). 

These effects are more apparent in B2F1 sample, concomitantly with the highly 

elongated grain growth and a sharp increase of EF for B2F1 (Fig.6). These 

observations suggest that the surface pores affect the solidification process and 

consequently the microstructure and the CET.  

From the post-mortem analysis of the samples, it is difficult to determine the 

nucleation position. However, if the surface pore forms in or close to the mushy zone 

(MZ), a deformation of the dendritic network would be expected. As reported by 

Lesoult et al. [46], the MZ can deform as spongy, with squeezing out of the liquid 

from the interdendritic region. This MZ deformation becomes more difficult with the 

increase of the solid fraction up to the coherency value [43, 44]. The solid fraction of 

the dendrite coherency point is very low, about 10% for large, highly branched 

dendrite arrays [45, 62]. For this reason, and considering the large size of the pores 

and no observation of the dendrite distortion around the pores, the pore most likely 

forms in the region at temperatures higher than the eutectic isotherm (TE). In 

addition, assuming that the porosities form due to the dissolved residual gases, or 

gases from reactions with the crucible walls, accumulating at the solidification front, it 

is most likely that the nucleation position of the surface pore is close to the dendrite 

front, as illustrated in Fig.8, which was also supported by the study of Atwood et al. 

[63].  

During the formation and expansion of the surface pore, the liquid in the vicinity of 

the pore region can be pushed toward the center of the sample, due to the 

movement of the pore/liquid interface, as shown in Fig.8a in the 2D longitudinal 
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section. Liquid is pushed away from the pore and streamlines radiate from the pore 

as indicated by the black arrows outside the solid circle line. 

At the left side of the pore, the liquid flows toward the eutectic front, oppositely to the 

solidification direction. At the far side of the pore (bottom of Fig.8a), the flow has the 

same direction as the solidification direction. In the region close to the pore 

centerline, the liquid flow is initially perpendicular to the solidification direction, and 

then gradually turns parallel to the solidification direction (middle of Fig.8a). At the 

right part of the pore, the liquid flows along the solidification direction.  

For B2F1, in the region between the eutectic isotherm and the pore center line, a 

hotter and Si-poorer liquid is most likely squeezed in, replacing the original liquid and 

resulting in an increase of the temperature and a decrease of the Si content of the 

liquid in this region. In this case, the growth of the as-existing dendrites is promoted, 

yielding the decrease of the E% and reducing the DAS decrease rate in this region 

as shown in Fig.7c. In the region close to the pore center, the squeezed liquid 

generates a constant but much lower E% value. In the region at the right of the pore 

center, the fluid flow coming from the mushy zone can induce a decrease of the 

temperature and an increase of the Si content of the liquid, leading to the increase of 

the E% and rising of the DAS decrease rate in this region, i.e. range of 1 mm before 

and after the pore end as shown in Fig.7c.  

This liquid flow influences not only the E% and DAS of the sample, but also the 

Elongated Factor (EF) of the grain structures. The liquid flow influence on the EF is 

mainly concentrated in opposite region of the pore in the sample diameter direction 

(bottom region in Fig.8a). As discussed, the liquid flow in this region is parallel to the 

growth direction (from left to right in this figure), with the direction close to the sample 

axis. During the solidification, the solute rejection at the advancing solid-liquid 
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interface leads to the build-up of a solute boundary layer [16]. The liquid flow 

resulting from the pore carries away the Si released by the dendritic network and 

lowers the Si concentration ahead of the tip. Concomitantly, the new nucleated 

grains are also carried away from the tip. Therefore, the dendrites grow faster and 

they do not face competition with new nucleated grains. So, the dendrites are prone 

to grow along the liquid flow direction and to be more elongated, leading to the grain 

structures observed at the far side of the pore as indicated by the red circle in Fig.6a. 

In B2F2 sample, similar liquid flow as shown in Fig.8a is triggered, but with less 

effect because of the mixing effect of the rotating magnetic field [58] and the lower 

pore curvature compared with B2F1 sample. For the left part of the pore region, the 

simultaneous increase of the temperature and decrease of solute composition due to 

the squeeze-in of the liquid lead to the decrease of the E% and slowdown of the 

DAS decrease rate similarly to the case of B2F1. As concerns the region close to the 

pore center, the liquid squeeze-out results in the continuous decrease of the E% and 

generates the gradually decreasing E% pattern. However, all these effects are 

weaker when farther away from the pore.  

For the sake of completeness, we have also estimated the strength of the Marangoni 

flow, which could play a role in this experiment. Indeed, a temperature gradient along 

the gas/liquid interface may lead to a melt flow from the hot region toward the cold 

region of the bubble [39, 40, 64]. Although it is difficult to get the exact characteristic 

of this flow, the maximum value of the Marangoni velocity can be estimated to be 

much larger than the growth velocity [40, 64, 65], in a very thin layer clinging close to 

the pore/liquid interface. However, to obtain quantitative values, some specific 

simulations should be performed. The Marangoni liquid flow pattern in the region of 

the surface pore can be speculated as shown in Fig.8b, from the hot to the cold 
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liquid region [40, 66]. Due to Marangoni effect, hotter and less Si concentration liquid 

is pushed towards the mushy zone as in the case of flow due to pore expansion, as 

shown in Fig.8 so that these two kinds of liquid flow in the region around the pore 

contribute in a same way.  

The discussion in section 4.4 indicates that the extra liquid flow, both induced by the 

pore formation and expansion and also by the Marangoni flow, may change the 

solidification conditions and consequently affect the microstructure significantly in the 

pore region. But the dominant factor cannot be determined in this study, based on 

metallurgical analysis. Some more quantitative analyses, especially for the formation 

and expansion of the pore, and also simulation about the impact of the pore are 

needed in the future.  

 

5. Conclusion 

Two microgravity experiments were carried out in the Material Science Laboratory on 

board the International Space Station using the Solidification and Quenching 

Furnace. The influence of the GR, RMF and in particular, of surface pores on the 

microstructure and CET were studied.  

(1) The increase of the furnace pulling velocity from stage I to stage II leads to finer 

dendrite structure in both refined and non-refined samples. Consequently, a smaller 

average eutectic percentage and more homogeneous eutectic phase distribution are 

obtained in stage II. The addition of the GR or RMF show very minor influence on the 

thermal conditions, and accordingly on the eutectic phase percentage and dendrite 

arm spacing.  

(2) The CET is obtained only for refined alloys but with a progressive mode. Indeed, 

the rather high temperature gradient decreases the amount of continuous nucleation 
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of grains ahead of the solidification front, leading to an elongated equiaxed grain 

zone and postponing the complete CET. The application of the RMF fails to trigger 

the CET in B2F2, because the moderate liquid flow velocity resulting from the RMF 

is not enough to enhance the fragmentation and to take the fragments away from the 

deep mushy zone to the solidification front. 

(3) The formation of the surface pore influences the microstructure by inducing a 

liquid flow by the pore expansion and Marangoni effect. The E% decreases and the 

decrease of DAS induced by the increasing growth velocity in stage II is slowed 

down at the level of the pore in both samples. Moreover, the extra liquid flow due to 

the pore strengthens the growth of the dendrite grains along the liquid flow direction, 

especially on the far side of the defect and, as a result, postpones the CET in B2F1. 
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Graphical Abstract (for review)



1. Solidification experiments were carried out in the International Space 

Station. 

2. The columnar to equiaxed transition (CET) is obtained only for refined 

alloys. 

3. A moderate rotating magnetic field fails to trigger CET in non-refined alloy. 

4. The surface pore influences the microstructure, decreasing eutectic 

percentage. 

5. The extra liquid flow due to the pore can postpone CET. 
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Fig. 1. Sketch of a CETSOL Batch 2a cartridge MSL-SCA integrated in the MSL-SQF 

furnace showing the situation before solidification with the integrated Al - 7 wt.% alloy 

sample. 

Figure 1



 

Fig.2. Optical images of the processed samples B2F1 and B2F2 and schematics of the 

cutting positions of the two samples. The purple dots indicate the locations of the 

thermocouples TC2-TC12. Numbers on the top indicate the distance from the sample 

bottom in mm. 

 

Figure 2



 

Fig.3. Recorded temperature curves at thermocouple positions TC5 to TC12 (Fig.1) for 

(a) B2F1 and (b) B2F2. Liquidus and eutectic isotherms (TL = 891 K and TE = 850 K) 

are indicated with red horizontal dashed lines. (c) Temperature gradient ahead of the 

liquidus isotherm and (d) average velocity of the liquidus isotherm during the 

solidification. The boundaries between the different solidification stages are indicated 

with blue vertical dashed lines. 

Figure 3



 

Fig.4. Microstructure obtained with optical microscope (OM) along longitudinal sections 

(a1 and b1) and eutectic phase percentage distribution map (a2 and b2) of B2F1 and 

B2F2 in the region of the transition from stage I to stage II.  
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Fig.5. Mean eutectic percentage and DAS vs. position along the longitudinal direction of 

the sample for (a) B2F1 and (b) B2F2 for stage I to stage III. The blue dash lines show 

the stages transition positions and the green dash lines show the sections cutting 

position. 
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Fig.6. (a) Experimental grain contours revealed by the EBSD maps and (b) Longitudinal 

profiles of averaged elongation factor and equivalent diameter for longitudinal cross-

sections L2 to L3 of B2F1 sample. The blue dash lines in (b) show the stages transition 

positions and the green dash line shows the sections cutting position. 
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Fig. 7. Microstructure (a, b) and corresponding longitudinal E% (black cubes) and DAS 

(red circle) profiles (c, d) with the same length range around the surface pore regions for 

B2F1 (a, c) and B2F2 (b, d). The solidification direction is from the left to the right for 

both samples as shown by the black arrow. The green dash lines in (c, d) show the 

centerline position of the pores, and the blue dash lines show the range impacted by the 

pore. 
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Fig.8. Schematic pattern of the position of the pore formation and the liquid flow 

resulting from (a) the formation and expansion (from the black dash line downward to 

the solid line) of the surface pore, and (b) the Marangoni flow. TE and the red dash lines 

represent the eutectic isotherm. The green dash lines represents the centerline of the 

pore.   
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