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Abstract 21 

The increasing importance of Al-Cu-Sn alloys as materials for producing self-lubricating 22 

bearing materials in automotive industries requires the development of uniform microstructures 23 

with improved performance, which could be achieved by a precise control of solidification 24 

processes. Adding Sn to Al-Cu binary alloy could dramatically alters the solidification path, 25 

generating liquid phase separation and monotectic reaction. In this paper, Al-10 wt.% Cu-X 26 

wt.% Sn (with X = 0; 5; 10 and 20) alloys have their solidification paths investigated by three 27 

different complementary approaches. Firstly, the solidification paths were calculated by using 28 

about:blank
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the CALPHAD method through Thermo-Calc software revealing the sequence of 29 

transformations that could occur during the solidification of these alloys, from the formation of 30 

the initial -Al dendrites to the final eutectic reaction. Secondly, experimental thermal analysis 31 

was carried out by DSC (Differential Scanning Calorimetry), which reveals the successive 32 

events that occur during the controlled melting and cooling of these alloys. Thirdly, directional 33 

solidification was performed on all alloys, with in situ and real-time observations achieved 34 

through the utilization of X-radiography. The comparison between the various approaches 35 

showed a suitable correspondence between the history of the alloy solidifications computed by 36 

Thermo-Calc and those obtained experimentally (DSC and directional solidification 37 

experiments). Additional information about the dynamics of each reaction was obtained during 38 

the directional solidification experiments in terms of microstructures, segregation, and the 39 

genesis of the liquid phase separation that occurred for high Sn-content alloys. 40 

 41 

Keywords: Al-Cu-Sn alloys; Thermo-Calc; solidification microstructures; liquid phase 42 

separation; monotectic; DSC; in situ radiography 43 

 44 

  45 
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1. Introduction 46 

Aluminium-based alloys with a miscibility gap in the liquid state such as Al-Pb, Al-Bi and Al-47 

Sn are excellent candidates for advanced bearings in aerospace or automotive industry. As a 48 

general rule for these alloys soft metal elements such as lead, bismuth or tin could be formed 49 

as droplets distributed in harder metal matrices to produce alloys for bearing applications with 50 

very low friction coefficient and suitable wear resistance [1-8]. Although Sn has been shown to 51 

be less efficient than Pb in sliding-bearing Al alloys [9], the growing environmental concern 52 

for lead has rekindled interest in substituting appropriate soft alloying elements for such 53 

element in Al alloys.  54 

Due to the rise in engine bearing temperatures and strains brought on by current trends in engine 55 

design, Al-Sn alloys are unable to withstand significant loads, even offering excellent 56 

antifriction capabilities. Thus, copper could be added as an alternative to hardening the Al 57 

matrix while keeping the soft Sn phase well distributed [10, 11]. Therefore, ternary Al-Cu-Sn 58 

alloys are frequently used in the manufacturing of bearing parts because these alloys combine 59 

high strength, wear resistance, and high machinability. Sn and Cu elements also contribute to 60 

the increased dimensional stability of the components. Aside from the suitable strength, Al-Cu-61 

Sn alloys have high corrosion resistance, which is very significant for bearing applications 62 

where components may be exposed to severe conditions both in temperature and pressure [10, 63 

11]. In a recent paper, Bertelli and co-authors [12] investigated the correlation between 64 

microstructures, tensile properties and wear resistance on directionally solidified Al-Cu-Sn 65 

alloys. They concluded that the optimal microstructure configuration for wear resistance was 66 

found to be regions with coarser -Al dendritic phase and interdendritic regions constituted by 67 

larger Sn pockets and Al2Cu particles [13]. 68 
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In the selection of metallic alloys for tribological applications, it is mandatory to consider not 69 

only their chemical composition but also the microstructural features that occurs during the 70 

solidification process. Actually, the formation of microstructures at the solid-liquid interface 71 

(dendrites), the univariant reactions such as eutectic and monotectic, as well as the liquid phase 72 

separation in two immiscible liquids dramatically influence the final mechanical properties. As 73 

a consequence, further research into the phase transition features and solidification 74 

microstructures of ternary monotectic alloys is warranted.  75 

The ever-increasing use of numerical simulation and modelling of the solidification processes 76 

is a very efficient way to understand or predict the microstructures formation. For instance, over 77 

the last decades, several numerical methods have been developed and applied for simulating 78 

the dendritic growth problem in its full geometrical complexity under different thermal and 79 

solutal boundary conditions and assumptions [14, 15]. However, most of such approaches did 80 

not consider the influence of gravity phenomena, such as convection in the melt and buoyancy 81 

force acting on free solid particles, which are unavoidable on Earth [16-18]. These phenomena 82 

can thus dramatically impact the solidification processes, so that the elaborated materials may 83 

strongly differ from the expected ones based only on phase diagram analyses. In particular, it 84 

is well known that fine and homogeneous dispersion of Sn or Al2Cu particles is always difficult 85 

to achieve under conventional conditions due to the large density difference between Al liquid 86 

phase and Sn droplet or Al2Cu particles. This disturbing gravity-induced effect is even more 87 

serious for ternary monotectic alloys that have quaternary phase equilibria comprising two 88 

immiscible liquids and two distinct solid phases. This can result in a complex variety of liquid 89 

phase separation patterns and unexpected monotectic microstructures, opening up a previously 90 

unexplored field in terms of both scientific significance and practical applications [19, 20]. One 91 

possible way to mask these gravity effects, and thus to obtain materials with desired properties, 92 

is to apply an external field during the solidification process. The effects of ultrasound on liquid 93 
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phase separation and monotectic structures of Al62.6Sn28.5 Cu8.9 alloy were recently investigated 94 

by Zhai and co-workers [20]. The authors demonstrated that the power ultrasound is an effective 95 

and promising way to improve the solidification microstructure and mechanical properties of 96 

this alloy by preventing the spatial liquid phase separation and by reducing the 97 

macrosegregation level as ultrasound power increases.  98 

The best technique for revealing the dynamical evolution of dendritic microstructures formation 99 

during the solidification of metal alloys is now well-established to be in situ and time-resolved 100 

X-radiography [21-24]. However, studies of immiscible alloy solidification using this powerful 101 

observation technique are hitherto very scarce. For example, Schaffer et al. investigated 102 

spinodal decomposition in hyper-monotectic Al-Bi and Al-Bi-Zn alloys [25] and highlighted 103 

the complex interactions between droplets. Lu et al. also studied liquid phase separation and 104 

the impact of bubbles on the segregation in Al-Bi alloys [26, 27]. Recently, Zhang et al. [28] 105 

successfully analysed the effect of solutal Marangoni force and lift force on the motion of 106 

droplets also in a hyper-monotectic Al-Bi alloy. 107 

The current study focuses on the solidification paths of ternary Al-10 wt.% Cu-X wt.% Sn (with 108 

X = 0 wt.%, 5 wt.%, 10 wt.% and 20 wt.%) alloys. The experiments presented here used in situ 109 

X-radiography to reveal the dynamics of the solidification process, with a special emphasis on 110 

monotectic reactions and phase separations and comparing these findings with CALPHAD 111 

calculations and DSC measurements. 112 

 113 

2. Thermo-Calc calculations based on CALPHAD method 114 

The accurate knowledge of ternary alloy phase diagrams is a prerequisite for a better 115 

understanding of alloy behaviour aiming at focused microstructure formation during 116 

solidification. In that sense, thermodynamic calculations are an essential tool for materials 117 



6 
 

science and engineering and the CALPHAD (Computer Coupling of Phase Diagrams and 118 

Thermochemistry) approach is now widely accepted as the most efficient strategy for 119 

accelerating the development of materials. It can provide information about the phases and 120 

properties of materials without or prior extensive experimental work. Consequently, this 121 

approach is particularly valuable. The major goal of this Section is to determine the 122 

solidification paths for the different alloys of interest, with a clear description of the successive 123 

events that might be then detected experimentally either by DSC (Differential Scanning 124 

Calorimetry) or during the solidification experiments. 125 

The solidification paths of hypo-eutectic binary Al-Cu and Al-Sn alloys are rather standard with 126 

the formation of -Al as primary phase and then a eutectic reaction from the residual liquid. 127 

However, the comprehension of the solidification paths in the ternary alloys of the Al-Cu-Sn 128 

system is more complex, in part due to the occurrence of multiple transformations during the 129 

cooling process [10, 11]. In a first approach, an Al-Sn pseudo-binary phase diagram with a fixed 130 

amount of Cu of 10 wt.% was calculated through the CALPHAD method. For this purpose, the 131 

TCAL7: Al-Alloys v7.1 database was used with the Thermo-Calc software [29] in the present 132 

investigation. The pseudo-binary phase diagram considers the variation in relation to the 133 

temperature of two elements (Al and Sn) while keeping the quantity of a third one (Cu) fixed, 134 

being easier to read than a ternary diagram. The pseudo-binary phase diagram of the Al-10 135 

wt.% Cu-X wt.% Sn system is shown in Fig.1 for Sn content varying from 0 wt.% up to 25 136 

wt.%, very similar to the one given in [19]. In this composition range, two reactions are 137 

detected, one monotectic at approximately 529.4°C and an eutectic at approximately 229.5°C, 138 

in addition to a liquid miscibility gap that occurs when Sn content is greater than 6.6 wt.% (L” 139 

represents the liquid enriched in Sn during liquid phase separation). The pseudo-binary phase 140 

diagram gives a general idea of what could occur during the solidification of the ternary alloy. 141 

However, the information derived from the pseudo-binary phase diagrams is not complete and 142 
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sometime could be confusing because, although useful, it is only a cross-section of a three-143 

dimensional ternary alloy phase diagram. 144 

 145 

Fig.1: Al-10 wt.%Cu- X wt.%Sn pseudo-binary diagram. The three investigated compositions 146 

(5 wt.%, 10 wt.% and 20 wt.% Sn) are indicated by vertical dashed lines. 147 

 148 

Consequently, the detailed calculation of the equilibrium solidification paths for the four alloys 149 

were performed considering the variation of all elements. It is worth mentioning that 150 

calculations using the Scheil solidification model would also provide complementary 151 

information on the solidification paths but out-of-equilibrium. However, Scheil solidification 152 

model would be less appropriate in the present case as it doesn’t consider the liquid phase 153 

separation. Table 1, Table 2 and Table 3 give the respective calculated sequence of equilibrium 154 

phase transformations of the three ternary alloys. In addition, it is possible (if necessary) to 155 

determine the mass fraction of all the phases as a function of temperature, that is, the proportion 156 

in which they are formed or consumed along the solidification path. The Thermo-Calc software 157 

also provides spreadsheets that show the chemical composition of each phase depending on 158 

temperature variation, which is useful for identifying the reactions. Fig.2 depicts the 159 
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solidification paths for the four investigated alloys, with the successive steps during cooling 160 

(from the right side to the left side) in the form of the calculated phase fraction as a function of 161 

temperature. 162 

 163 

 164 

Phase reactions 
Temperature range 

(Thermo-Calc) 

Temperature range 

(DSC ; Cooling) 

L  Above 624°C Above 610.5°C 

L’ → α-Al From 624 to 531.5 °C From 610.5 to 510.5 °C 

L’ → α-Al + θ-Al2Cu From 531.5 to 524.8 °C 
From 510.5 to 220.5 °C 

L’ + α-Al → θ-Al2Cu From 524.8 to 229.5 °C 

L’ → α-Al + θ-Al2Cu + -Sn At 229.5 °C  

(eutectic reaction) 

At 220.5 °C  

(eutectic reaction) 

Table 1 – Temperature ranges of the different reactions calculated using Thermo-Calc and 165 
deduced from the temperature peaks in the DSC data during the cooling of the Al-10 wt.% Cu-166 

5 wt.% Sn alloy. 167 

 168 

 169 

 170 

Phase reactions 
Temperature range 

(Thermo-Calc) 

Temperature range 

(DSC ; Cooling) 

L  Above 615°C Above 600.5°C 

L’ → α-Al From 615 to 537.5 °C From 600.5 to 525.5 °C 

L’ → α-Al + L’’ From 537.5 to 529.4°C From 525.2 to 510.5°C 

L’ → α-Al + L’’ + θ-Al2Cu  
At 529.4 °C  

(monotectic reaction) 

At 510.5 °C  

(monotectic reaction) 

L’’ + α-Al → θ-Al2Cu  From 529.4 to 229.5°C From 510.5 to 220.5°C 

L’’ → α-Al + θ-Al2Cu + -Sn 
At 229.5 °C  

(eutectic reaction) 

At 220.5 °C  

(eutectic reaction) 

Table 2 - Temperature ranges of the different reactions calculated using Thermo-Calc and 171 
deduced from the temperature peaks in the DSC data during the cooling of the Al-10 wt.% Cu-172 

10 wt.% Sn alloy. 173 

 174 
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Phase reactions 
Temperature range 

(Thermo-Calc) 

Temperature range 

(DSC ; Cooling) 

L  Above 597.5°C Above 572.8°C 

L’ → α-Al From 597.5 to 550.6 °C From 572.8 to 530.3 °C 

L’ → α-Al + L’’ From 550.6 to 529.4°C From 530.3 to 517.8°C 

L’ → α-Al + L’’ + θ-Al2Cu  
At 529.4 °C  

(monotectic reaction) 

At 517.8 °C  

(monotectic reaction) 

L’’ + α-Al → θ-Al2Cu  From 529.4 to 229.5°C From 517.8 to 220.3°C 

L’’ → α-Al + θ-Al2Cu + -Sn 
At 229.5 °C  

(eutectic reaction) 

At 220.3 °C  

(eutectic reaction) 

Table 3 - Temperature ranges of the different reactions calculated using Thermo-Calc and 175 
deduced from the temperature peaks in the DSC data during the cooling of the Al-10 wt.% Cu-176 
20 wt.% Sn alloy. 177 

 178 
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 179 

 180 

Fig.2: Equilibrium solidification paths for the four investigated alloys: a) Al-10 wt.% Cu, b) 181 

Al-10 wt.% Cu-5 wt.% Sn, c) Al-10 wt.% Cu-10 wt.% Sn, d) Al-10 wt.% Cu-20 wt.% Sn. 182 

 183 

 184 

 185 

(c) Al-10wt.%Cu-10wt.%Sn (d) Al-10wt.%Cu-20wt.%Sn 

(a) Al-10wt.%Cu (b) Al-10wt.%Cu-5wt.%Sn 
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From the Al-Sn pseudo-binary phase diagram (Fig.1 and Fig.2a), we can see that -Al dendrites 186 

are expected to form first at a temperature close to 633°C during the solidification of the binary 187 

Al-10 wt.% Cu alloy. Due to the solute rejection during the solidification, the liquid 188 

composition gradually increases until the formation of the eutectic phase (-Al + -Al2Cu) at 189 

547.5°C. The Al-10 wt.% Cu alloy is a model binary alloy, that has been studied extensively in 190 

the field of solidification. For instance, the influence of a permanent magnetic field on this two-191 

step solidification process was analysed in detail by Abou-Khalil et al. [30-32]. 192 

For a low addition of Sn (X = 5 wt.%), the ternary alloy Al-10 wt.% Cu-5 wt.% Sn has a similar 193 

dynamic at the beginning of its solidification path. As shown in Fig.2b and Table 1, 194 

solidification also begins with -Al dendrites formation but at a slightly lower temperature of 195 

624°C. Fig.2b also shows the simultaneous decrease of liquid phase L’ proportion and increase 196 

of aluminium solid phase during the solidification phase down to 531.5°C. Between the 197 

temperatures 531.5°C and 524.8°C, the liquid phase L’ gives birth to two solid phases (-Al 198 

and -Al2Cu) and is enriched with Cu/Sn. Between 524.8°C and Teutectic = 229.5°C, the liquid 199 

L’ interacts with the solid -Al to form solid -Al2Cu, which explains the slow decrease from 200 

right to left of -Al (red line) and L’ (blue line), simultaneously with an increase of -Al2Cu 201 

(purple dash-point line). Finally, the residual liquid L’ solidifies through a eutectic reaction at 202 

Teutectic. 203 

For the two alloys with higher Sn compositions (X = 10 wt.% and X = 20 wt.%), solidification 204 

paths are similar to one another but more complex than for alloys with low Sn-content because 205 

of the miscibility gap in the phase diagram. As seen in Fig.2c and Fig.2d d as well as Table 2 206 

and Table 3, additional transformations are expected during the solidification paths. Similarly, 207 

as occurred for the two low Sn-content alloys, solidification begins with -Al dendrites 208 

formation but at different temperatures, at 615°C for the Al-10 wt.% Cu-10 wt.% Sn (Table 2) 209 
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and 597.5°C for the Al-10 wt.% Cu-20 wt.% Sn (Table 3). Fig.2c and 2d shows the 210 

simultaneous decrease of liquid phase proportion and increase of aluminium solid phase during 211 

the initial solidification phase.  212 

In contrast to the two previous alloys, both solidification paths for Al-10 wt.% Cu-10 wt.% Sn 213 

and Al-10 wt.% Cu-20 wt.% Sn cross the liquid miscibility gap (Fig.1) during the solidification. 214 

Inside this miscibility gap, -Al dendrites continue to grow but a liquid phase separation occurs 215 

concomitantly. A dense Sn-rich liquid L” begins to separate from L’ in the form of droplets, 216 

resulting in the formation of two distinct immiscible liquids. The number and size of droplets 217 

directly depend on the initial liquid composition [33]. 218 

The liquid phase separation is clearly visible for Al-10 wt.% Cu-20 wt.% Sn in Fig.2d. For this 219 

alloy, the liquid phase separation begins at 550.6°C, with a change in the slope of the initial 220 

homogeneous liquid L’ line (in blue), concomitantly with a formation of Sn-rich liquid droplet 221 

L” (in green) and a change in the slope of the α-Al line (in red). Based on Fig.2 the respective 222 

proportion and composition of the different phases could be calculated as a function of the 223 

temperature. The same liquid phase separation occurs for Al-10 wt.% Cu-10 wt.% Sn (Fig.2c) 224 

but for a very narrow range of temperature (from 537.5°C to 529.4°C), which makes it difficult 225 

to visualize in Fig.2c. 226 

At Tmonotectic = 529.4°C, the invariant ternary monotectic reaction occurs, with the formation of 227 

two solid phases (-Al and -Al2Cu), concomitantly with the Cu/Sn-enrichment of the residual 228 

liquid phase L’ due to Cu/Sn rejection during the liquid to solid phase transformation. Between 229 

Tmonotectic and Teutectic = 229.5°C, the residual liquid interacts with the solid -Al to form the 230 

solid -Al2Cu. This slow reaction explains the slow decrease from right to left of -Al (red line) 231 

and L’ (blue line), simultaneously with an increase of -Al2Cu (purple dash-point line). The 232 
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residual liquid finally gives birth to the eutectic phase consisting of -Sn, -Al and -Al2Cu at 233 

Teutectic = 229.5°C. 234 

 235 

3. Differential Scanning Calorimetry (DSC) measurements 236 

The differential scanning calorimetry (DSC) technique has been used to investigate the 237 

solidification paths of the different Al-Cu-Sn alloys. Calorimetric measurements are 238 

particularly convenient for monitoring the kinetics of phase transformations such as melting or 239 

solidification [34]. Changes in heat content in a solidifying material are directly proportional to 240 

the amount of solidification which has taken place and are closely related to the thermodynamic 241 

forces driving the solidification process [35]. The objective of this section is to describe the 242 

three DSC experiments that were carried out on three samples with the compositions: Al-10 243 

wt.% Cu-X wt.% Sn (with X = 5, 10 and 20). 244 

  245 

3.1. Experimental details 246 

DSC measurements were carried out with a NETZCH SAT 449 F3, Jupiter differential scanning 247 

calorimeter (Selb, Germany) at School of Mines and Metallurgy Annaba (Algeria). The 248 

calorimeter was calibrated with the melting points and enthalpies of fusion (or sensibility) of 249 

high-purity elements In, Sn, Bi, Zn, Al, Ag, Au and Ni metals. In this work, three samples with 250 

the compositions: Al-10 wt.% Cu-X wt.% Sn (with X = 5, 10 and 20) were studied, cutting 251 

from ingots that were prepared at the University of Campinas (Brazil) [12]. Their chemical 252 

compositions in copper and tin were confirmed at ± 0.2 wt.% by ICP-MS (Inductively Coupled 253 

Plasma – Mass Spectrometer) at Aix-Marseille University (AGILENT 7800). Each sample of 254 

small slice in form, with approximately 20 mg ± 3 mg in weight, was placed in a sealed alumina 255 

crucible, while a second empty crucible was used as a reference. Both crucibles were inserted 256 



14 
 

into a DSC cell under a protective nitrogen atmosphere with a flow rate of 20 mL/min. The 257 

heating/cooling cycles are similar for the three experiments, at a rate of 5 K/min, in a 258 

temperature range extending from room temperature to 750°C, which is a much higher value 259 

than the melting point of the studied alloys to ensure the homogeneity of the samples. At 750°C, 260 

a holding period of 15 min was applied to homogenize the composition and liquid temperature. 261 

  262 

3.2. DSC curves 263 

The DSC curves obtained from the heating (melting) and the cooling (solidification) processes 264 

are presented in Fig.3 and Fig.4 respectively, for the three compositions. It is worth noticing 265 

that the heating/cooling cycles were introduced beforehand to draw a baseline or reference line 266 

with respect to nitrogen. By subtracting the baseline from the line drawn during the 267 

experiments, the transformation points presented with DSC curves will be revealed. The critical 268 

values corresponding to phase transformation temperatures on cooling are summarized in Table 269 

1, Table 2 and Table 3. 270 

 271 
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 272 

Fig.3: Melting DSC curves of the three different alloys recorded during sample heating, showing the 273 

endothermic peak of each transformation: (a) Al-10 wt.% Cu-5 wt.% Sn; (b) Al-10 wt.% Cu-10 wt.% 274 

Sn and (c) Al-10 wt.% Cu-20 wt.% Sn. 275 
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 276 

Fig.4: Cooling DSC curves of the three different alloys showing the exothermic peak of each 277 

transformation: (a) Al-10wt.%Cu-5wt.%Sn; (b) Al-10wt.%Cu-10wt.%Sn and (c) Al-10wt.%Cu-278 

20wt.%Sn. 279 
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3.3. Solidification paths recorded by DSC 280 

During the melting cycles for the three alloys (Fig.3), the curves show three clear endothermic 281 

peaks with different widths and amplitudes. For increasing temperature (from the left side to 282 

the right side of each DSC melting curves), the successive key temperatures are:  283 

(i) Teutectic: The first transformation corresponds to the melting of ternary eutectic -Sn +θ-284 

Al2Cu + α-Al constituent. The melting temperature of the eutectic phase seems roughly 285 

identical for the three alloys, with a maximum peak slightly lower than 230°C. 286 

(ii) Tmonotectic: Secondly, a very narrow and intense peak is recorded, which corresponds to the 287 

monotectic reaction, with the melting of both -Al2Cu and -Al phases. These monotectic 288 

temperatures are almost the same for the three alloys, approximately 530°C. 289 

(iii) By magnifying the DSC melting curves just after the sharp monotectic peak, a very shallow 290 

peak could be detected for the two high Sn-content alloys, at about 549.2°C for Al-10 wt.% Cu-291 

10 wt.% Sn alloy and 551.7°C for Al-10 wt.% Cu-20 wt.% Sn alloy. This shallow peak is most 292 

likely the signature of the liquid phase homogenization.  293 

(iv) T-Al is the temperature of the latest deep peak, which is related to the melting temperature 294 

of the -Al dendrites. This temperature is the most sensitive to the Sn content. The larger the 295 

Sn content, the lower this temperature is.  296 

During the cooling cycles, the number of exothermic peaks is different for the alloy with a low 297 

Sn content (Fig.4a and Table 1, Al-10 wt.% Cu–5 wt.% Sn) compared to the two alloys with 298 

larger Sn content (Fig.4b and Table 2, Al-10 wt.% Cu–10 wt.% Sn and Fig. 4c and Table 3, Al-299 

10 wt.% Cu–20 wt.% Sn). For the two high Sn-content samples, the transformations are (from 300 

the right to the left side of the DSC curves):  301 
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(i) A first transformation at T-Al, which corresponds to the solidification of primary α-Al 302 

dendrites. T-Al decreases from 610.5°C to 572.8°C when the Sn composition increases from 5 303 

to 20 wt.%. 304 

(ii) A small peak is visible at 525.5°C for Al-10 wt.% Cu-10 wt.% Sn alloy and at 530.3°C for 305 

Al-10 wt.% Cu-20 wt.% Sn alloy, which corresponds to the liquid phase separation, when the 306 

homogeneous liquid comes into the miscibility gap (Fig.1). 307 

(iii) The monotectic reaction at Tmonotectic gives birth to a very narrow and intense peak, with the 308 

formation of both -Al2Cu and -Al phases. 309 

(iv) The last transformation occurs at Teutectic and ends the solidification path with the formation 310 

of the eutectic phases -Sn + θ-Al2Cu + α-Al. 311 

In conclusion of the DSC section, the main and unique difference between DSC cooling curves 312 

between the high Sn-content alloys (Al-10 wt.% Cu-10 wt.% Sn, and Al-10 wt.% Cu-20 wt.% 313 

Sn) and the low Sn-content alloy (Al-10 wt.% Cu-5 wt.% Sn) is a small peak that appears at a 314 

temperature between T-Al and Tmonotectic, which most likely corresponds to the liquid phase 315 

separation, when the homogeneous liquid comes into the miscibility gap. 316 

 317 

4. In situ and real time observation of Al-Cu-Sn solidification experiments 318 

It is now well established that in situ and time-resolved X-radiography is a method of choice 319 

for unveiling the dynamical evolution of dendritic microstructures and grain structure formation 320 

during the solidification of metal alloys, on Earth and onboard of microgravity platforms [36]. 321 

Recently, new opportunities have arisen with the improvement of compact micro-focus sources 322 

and X-ray sensitive detectors that enable in situ and time-resolved radiography to be used in 323 

laboratory devices, with sufficient spatial and time resolutions to distinguish the microstructure 324 
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features [37, 38], enabling different orientations of the sample with respect to gravity [39] and 325 

compatible with microgravity platforms [40, 41]. Such a laboratory device was successfully 326 

used by Xavier et al. to analyse the morphology of the solidification interface at different 327 

cooling rates for an Al-Bi-Cu monotectic alloy [42]. 328 

 329 

4.1. Solidification experiments with in situ observation 330 

In this work, directional solidification of Al-10 wt.% Cu-X wt.% Sn samples (with X = 0, 5, 10 331 

20) were reported, using the SFINX (Solidification Furnace with IN situ X-radiography) 332 

laboratory device [37, 38]. The experimental procedure is identical to the one presented in 333 

details in [43]. The crucible-sample set was inserted inside the furnace, in direct contact with 334 

the two heaters to apply a temperature gradient along the sample. The two heating elements 335 

were controlled by two K-type thermocouples positioned 13.5 mm apart from each other. The 336 

respective temperatures of the heaters (Thot and Tcold) were monitored independently to impose 337 

a longitudinal temperature gradient Gapp = (Thot - Tcold)/13.5. For the experiments presented in 338 

this paper, solidification experiments were performed by applying a longitudinal temperature 339 

gradient Gapp of 5.55 °C/mm. The samples were solidified by applying the same cooling rate R 340 

of 0.15 °C/s on both heaters (power-down method) and keeping constant the applied 341 

temperature gradient along the whole solidification experiment.  Previous experiments have 342 

shown that these parameters lead to the formation of microstructures with features that are well 343 

distinguishable with the current imaging device. The furnace was set in horizontal position, 344 

with the main sample surface perpendicular to the gravity vector g. This configuration is chosen 345 

to damp gravity-related phenomena such as buoyancy [39]. The sample were prepared from the 346 

same raw ingots used for the DSC measurements, which will allow a direct comparison between 347 

the two approaches. All samples were grounded and polished to achieve dimensions of 348 

approximately 5 mm in width, 50 mm in length, and 0.20 mm in thickness.  349 
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The X-radiography system figures a micro-focus X-ray source with a molybdenum target (3 350 

μm focal spot) providing enough photon flux and has two peaks of energy at 17.4 keV and 19.6 351 

keV ensuring a good image contrast to study Al–based alloys [40]. In the presented 352 

experiments, a geometric magnification of approximately 5 was used for a Field-of-View (FoV) 353 

of about 5  5 mm2 leading to an effective pixel size of approximately 4 μm. The acquisition 354 

rate was 2 frames per second. For the studied alloys, the three elements have significantly 355 

different absorption contrast so that the liquid and solid phases that are expected to form during 356 

the solidification sequence will be clearly distinguishable. The solidification sequence will be 357 

described based on the observation of the recorded images. 358 

 359 

4.2 Image processing 360 

Although there are significant variations in absorption contrast among the elements, certain 361 

artefacts inherent to the device make the raw images difficult to read. The artefacts result from 362 

various factors, including fluctuations in the temporal and spatial intensities of the X-ray beam 363 

or the detector background. Consequently, two different image processing were necessary, 364 

which provide complementary information about the solidification process. These image 365 

processing were done using the ImageJ software [44].  366 

A first and commonly employed image processing technique is the flat-field correction, which 367 

consist in dividing the raw images (Fig.5a) by a reference image recorded just before the 368 

beginning of the solidification (Fig.5b1), when the part of the sample in the Field-of-View is 369 

almost entirely liquid [41]. The resulting image (Fig.5c1) displays a notable enhancement in 370 

readability, with an increased grey level contrast observed between the dendrites (rich in 371 

aluminium) and the liquid (enriched in copper and tin because of solute rejection during the 372 
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phase transformation). Variations in grey level in the liquid phase are related to solute 373 

composition. 374 

A second and less known image processing, called frame differencing, was also applied. This 375 

technique is widely used in computer vision to highlight differences between two frames and 376 

has been successfully extended to solidification studies [45, 46]. For this purpose, the raw image 377 

of interest (Fig.5a) is divided by a raw image recorded a few seconds prior (Fig.5b2). The time 378 

interval between the two images was chosen to ensure distinct grey level contrast in the 379 

resulting images and depends on the time evolution of the solidification microstructure. In the 380 

present experiments, a value in the range of 5 to 7 seconds was chosen. This image processing 381 

was especially useful for either following the dendrite growth as depicted in Fig.5c2, where the 382 

brightest pixels reveal the solid formed during the time interval, or for detecting phase 383 

transformations for which the change in contrast is very small and was hardly distinguishable 384 

by using only the flat-field correction, such as the eutectic reaction. 385 

In the framework of this paper, both image processing techniques were utilised to analyse the 386 

successive solidification steps during the sample cooling of the three ternary alloys. 387 

 388 
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 389 

Fig.5: Illustration of the two image processing procedures used to improve the legibility of the 390 

images. (a) Raw image, (b1) reference image recorded before applying the cooling rate, (c1) 391 

result of the flat-field correction revealing more clearly the growth microstructure, (b2) raw 392 

image recorded 7 seconds before the first raw image and (c2) result of the frame differencing 393 

procedure showing the amount of solidified α-Al during the time interval. 394 

 395 

4.3. Solidification paths observed during experiments with in situ observation 396 

For a sake of comparison, directional solidifications of Al-10 wt.% Cu-X wt.% Sn alloys were 397 

conducted using the same cooling rate (R = -0.15 °C/s) and applied thermal gradient (Gapp = 398 

5.55 °C/mm). The outcomes are shown in Fig.6 for the Al-10 wt.% Cu-5 wt.% Sn alloy, in 399 

Fig.7 for Al-10 wt.% Cu-20 wt.% Sn alloy and in Fig.8 for Al-10 wt.% Cu-10 wt.% Sn alloy. 400 

Supplementary materials are provided containing videos of the solidification for all the 401 

investigated alloys. In the following figures, the displayed temperatures Tavg corresponds to the 402 

average value of the thermocouple temperatures used to regulate the heater elements at the time 403 
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of image capture. It will be assumed thereafter that this average temperature Tavg is 404 

representative of the temperature at the centre of the field of view. 405 

 406 

a. Low tin content alloy (Al-10 wt.% Cu-5 wt.% Sn) 407 

For the low tin content alloy, the growth of elongated α-Al grains initiates a few seconds after 408 

cooling begins, as depicted in Fig. 6a. The radiograph clearly shows dendrites in white, 409 

separated by a liquid which appears in dark grey because of copper and tin rejection during 410 

solidification. Those α-Al grains have random orientations and developed preferentially in the 411 

temperature gradient direction [37, 38]. The solidification front corresponding to the position 412 

of the dendrite tips (indicated by the dashed line) is quite flat, indicating that there is no 413 

significant transverse temperature gradient. As solidification proceeds, the entire field of view 414 

is filled with dendrites that have grown and coarsened, as depicted in Fig. 6b when the average 415 

sample temperature reaches 602°C.  416 

 417 

 418 
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 419 

Fig. 6: Sequence of radiographs of Al–10 wt.% Cu–5 wt.% Sn solidification (R = -0.15 K/s and 420 

Gapp = 5.55 K/mm). Radiographs show (a) the development of columnar dendritic structures, 421 

the dashed lines indicate the position of the tip of the dendrite, (b) growth and coarsening in the 422 

dendrites throughout the field of view, and (c) the reaction L’ → α-Al + θ-Al2Cu. Left-hand 423 

side: flat-field image. Right-hand side: image with frame differencing correction highlighting 424 

the formation of Al2Cu and α-Al. 425 
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 426 

Fig.6c shows observations made at a much lower temperature of 537°C by applying flat-field 427 

correction (Fig.6c1) and frame differencing (Fig.6c2) to the same radiograph. In Fig.6c1, the 428 

dendritic network has experienced a long coarsening period, and the secondary and ternary arms 429 

are now difficult to distinguish. In addition, the half-top part of the sample is brighter than the 430 

half-bottom part of the sample. This change in grey level is abrupt as indicated by the dashed 431 

line, which means that a phase transformation occurs at a given temperature. Fig. 6c2 (frame 432 

differencing image) reveals the formation of a dark layer above a white layer at this given 433 

temperature. The white layer can be attributed to the formation of the α-Al phase, which is less 434 

absorbing, and the dark layer can be attributed to the formation of the Al2Cu phase, as it is more 435 

absorbing than the initial liquid phase. Accordingly, Al2Cu formation is probably the cause of 436 

the darkening seen in the lower part of Fig. 6c1. The formation of these phases at this 437 

temperature would be in line with the theoretical solidification path (Fig.2 and Table 1). 438 

 439 

b. Medium and high tin content alloys (Al-10 wt.% Cu-10 wt.% Sn and Al-10 wt.% Cu-20 wt.% 440 

Sn) 441 

For the two alloys with higher Sn compositions (X = 10 wt.% and X = 20 wt.%), the expected 442 

reactions following the formation of the primary α-Al phase are (i) the liquid phase separation 443 

and (ii) a monotectic reaction. Similar observations have been made for the two alloy 444 

compositions and therefore the following section will focus first on the solidification of Al-10 445 

wt.% Cu-20 wt.% Sn for which the phenomena were observed more clearly. 446 

As for the low tin content alloy, the first stages of solidification consist of the formation of 447 

elongated grains with random orientations and developing in the temperature gradient direction 448 

(Fig. 7a and Fig. 7b), followed by a coarsening period. Fig.7c shows observations made at a 449 
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lower temperature of 543°C by applying flat-field correction (Fig.7c1) and frame differencing 450 

(Fig.7c2) to the same radiograph. This time, three regions with different contrasts indicated by 451 

dashed lines can be distinguished in Fig. 7c1: the top part and bottom parts of the image are 452 

brighter than the middle part. Fig. 7c2 (frame differencing image) reveals, from top to bottom, 453 

a light grey layer containing small black dots above a dark layer, and a white region also 454 

containing small black dots. The light grey layer can be attributed to the depletion in Sn of the 455 

L’ liquid due to the formation of the Sn-rich L’’ liquid, appearing as small black droplets. The 456 

black layer corresponds to the sudden formation of a large amount of the Sn-rich liquid L’’ 457 

during the liquid phase separation and is the cause of the darkening seen in the middle part of 458 

Fig.7 c1. Finally, the white region agrees with the formation of a high amount of α-Al as 459 

expected during the monotectic reaction and is the cause of the brightening seen in the bottom 460 

part of Fig.7 c1. It is worth mentioning that in the latter case the black dots in the white layer 461 

can be either Al2Cu or L" phases that are both absorbing and thus couldn’t be distinguished 462 

with the current spatial resolution. This sequence of phase formation would only partly be in 463 

line with the theoretical solidification path (Fig.2 and Table 1), as the phase separation leading 464 

to the formation of the Sn-rich liquid L’’ didn’t occur with a linear increase of the mass fraction 465 

of L’’ but in two steps: firstly, the progressive formation of small droplets and secondly the 466 

sudden occurrence of a large amount of L’’ as indicated in Fig.7 c2. 467 

For a sake of completeness, the image sequence for the Al–10 wt.% Cu– 10 wt.% Sn alloy is 468 

displayed in Fig.8. The same steps are visible: formation of elongated grain (Fig.8a), coarsening 469 

(Fig.8b), phase separation and monotectic reaction (Fig.8c). It is worth noting that the light grey 470 

layer wasn’t detected in Fig.8c, most probably because the phase separation and the monotectic 471 

reaction occurred at closer temperatures and the change in composition of L’ was lower. 472 
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 473 

Fig. 7: Sequence of radiographs of Al–10 wt.% Cu– 20 wt.% Sn solidification (R = -0.15 K/s 474 

and Gapp = 5.55 K/mm). Radiographs show (a) the development of columnar dendritic 475 

structures, the dashed lines indicate the position of the tip of the dendrite, (b) growth and 476 

coarsening in the dendrites throughout the field of vision, and (c) the liquid phase separation 477 

and monotectic reaction. On the left-hand side: flat-field image with the separation of the liquid 478 

phase highlighted in the frame. On the right-hand side: image with frame differencing 479 

correction, highlighting the liquid phase separation (L'+L") and the monotectic reaction. 480 
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 481 

Fig. 8: Sequence of radiographs of Al–10 wt.% Cu– 10 wt.% Sn solidification (R = -0.15 K/s 482 

and Gapp = 5.55 K/mm). Radiographs show (a) the development of columnar dendritic 483 

structures, the dashed lines indicate the position of the tip of the dendrite, (b) growth and 484 

coarsening in the dendrites throughout the field of vision, and (c) the liquid phase separation 485 

and monotectic reaction. On the left-hand side: flat-field image with the separation of the liquid 486 

phase highlighted in the frame. On the right-hand side: image with frame differencing 487 

correction, highlighting the liquid phase separation (L") and the monotectic reaction. 488 
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 489 

5. Discussion 490 

In summary, the solidification paths of Al-10 wt.% Cu-X wt.% Sn (with X = 0; 5; 10 and 20) 491 

alloys were successfully investigated by using three different and complementary approaches, 492 

namely Thermo-Calc calculations, DSC thermal analysis and solidification experiments with 493 

in situ X-radiography monitoring. All these approaches clearly establish that the addition of tin 494 

element in alloys dramatically alters the solidification behaviour and associated microstructure, 495 

that could generate liquid phase separation and monotectic reaction. Since these alloys are 496 

multi-element alloy systems, theoretical understanding of the successive steps during the 497 

solidification phase is rather difficult, due to the metallurgical complexity. Qualitatively, the 498 

three analysis methods show an excellent agreement for the successive steps that are observed 499 

during the solidification but large discrepancies are found for the temperatures of reactions. 500 

For the three ternary alloys considered in this study, Al-10 wt.% Cu-X wt.% Sn (with X = 5; 501 

10 and 20), the first solid consists of elongated α-Al grains, more or less oriented along the 502 

imposed temperature gradient as expected. The only difference between the three alloys is the 503 

temperature T-Al  at which dendrites are expected to form. According to the phase diagram, the 504 

higher the Sn composition is, the lower T-Al . Thermo-calc calculations give decreasing values 505 

from 624°C to 597.5°C, while DSC measurements during cooling show peaks starting at values 506 

that decrease from 610°C to 572.8°C when the Sn composition increases from 5 to 20 wt.%. 507 

From solidification experiments with in situ observation, T-Al  values can be estimated from 508 

623°C to 587°C. The discrepancies between all those values are within the range of uncertainty 509 

of each method. Indeed, Thermo-Calc values are calculated at equilibrium based on phase 510 

diagram, whereas (i) the DSC curves are measured during sample melting/cooling, slightly out 511 

of equilibrium, which requires careful control of melting/cooling rates and volume fractions of 512 

the disperse phase to obtain accurate results, and (ii) estimates from solidification experiments 513 
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are limited by the approximate knowledge of temperature distribution along the sample in the 514 

Field-of-View. 515 

For the low tin content alloy, Thermo-Calc calculations predict a second phase transformation, 516 

in a very narrow range of temperature, between 531.5°C and 524.8°C (see Table 1). This phase 517 

transformation appears as a sharp peak in DSC cooling curve at a much lower temperature of 518 

510.5°C (Fig.4 and Table 1) and has also been revealed during solidification experiment at a 519 

mean temperature of 537°C. For this phase transformation, solidification experiment and 520 

Thermo-Calc calculations are in good agreement, whereas temperature value from DSC 521 

analysis seems too low. A third and final phase transformation is the eutectic reaction, which 522 

occurs at about 230°C according to Thermo-Calc calculations, 220.5°C from both DSC cooling 523 

curve and solidification experiment. Like for the temperature T-Al  at which dendrites are 524 

expected to form, those discrepancies are most likely due to uncertainty inherent to each 525 

method. 526 

For the two alloys with higher Sn compositions (X = 10 wt.% and X = 20 wt.%), the expected 527 

reactions following the formation of the primary α-Al phase are (i) the liquid phase separation 528 

followed by (ii) a monotectic reaction and a final transformation by (iii) the eutectic reaction. 529 

Those observations have been indeed made for the two alloy compositions whatever the 530 

approach is. The liquid phase separation is predicted at 537.5°C and 550.6°C for Al-10 wt.% 531 

Cu-10 wt.% Sn and Al-10 wt.% Cu-20 wt.% Sn respectively by Thermo-Calc software (Table 532 

2 and Table 3). Values obtained by DSC measurements during cooling are significantly lower, 533 

at 510.5°C and 517.8°C for the two alloys (Fig. 4, Table 2 and Table 3), but only slightly lower 534 

at 533°C and 540°C by DSC measurements during melting (Figure 3). Directional solidification 535 

experiments give roughly the same value of 540°C for both alloys. For the directional 536 

solidification experiments, these very approximate values are most likely due to the uncertainty 537 

about the temperature distribution in the Field-of-View, as well as the limited spatial resolution 538 
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which prevents the determination of an accurate value for the first Sn droplet nucleation. Nor 539 

should we rule out the possibility of convection or buoyancy effects on Sn droplets at this stage 540 

[25, 47]. The subsequent reaction is the monotectic reaction, that is scheduled by Thermo-Calc 541 

calculations at a plateau of 529.4°C for both alloy compositions. The peaks obtained by DSC 542 

measurements during cooling start at 510.8°C and 517.8°C for Al-10 wt.% Cu-10 wt.% Sn and 543 

Al-10 wt.% Cu-20 wt.% Sn respectively, but 525.5 and 522.8°C by DSC measurements during 544 

melting, which better agrees with the Thermo-Calc calculated value of 529.4°C. 545 

As previously mentioned, the approximate value of the temperature for the directional 546 

solidification experiments makes it hard to compare with Thermo-Calc calculations and DSC 547 

measurements. However, it is possible to estimate the temperature difference T between the 548 

beginning of the phase separation and the monotectic reaction based on their respective position 549 

in the field of view in the radiographs (Fig.9). 550 

 551 

Fig. 9: Determination of the temperature difference between the beginning of the phase 552 

separation (dotted line) and the monotectic reaction (dashed line). (Al–20 wt.% Cu– 10 wt.% 553 

Sn, R = 0.15 K/s and Gapp = 5.55 K/mm).  554 
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 555 

 It has been previously shown in [37] that the actual temperature gradient in the sample Gsample 556 

can be estimated by measuring the propagation velocity of the solidification front Vfront and then 557 

using the relation Gsample = R/Vinterface with R the applied cooling rate. Here, the propagation of 558 

the monotectic front was used for both alloys to determine Gsample. The temperature difference 559 

between the phase separation and the monotectic reaction is then T = Gsample. z, with z the 560 

distance between the beginning of the phase separation and the monotectic front. A temperature 561 

difference of 4°C is obtained for the Al-10 wt.% Cu-10 wt.% Sn alloy, and a temperature 562 

difference of 11°C is obtained for the Al-10 wt.% Cu-20 wt.% Sn alloys. From Thermo-Calc 563 

calculation a temperature difference of 8.1°C is predicted for the Al-10 wt.% Cu-10 wt.% Sn 564 

alloy and a temperature difference of 21.2°C is predicted for the Al-10 wt.% Cu-20 wt.% Sn 565 

alloys. The impact of Sn content on the temperature difference qualitatively agrees between the 566 

measured and the predicted values.  567 

Those discrepancies can be attributed to various factors, such as the fact that Thermo-Calc 568 

calculations don’t consider the impact of nucleation and growth undercoolings. It is indeed 569 

well-known in directional solidification that the temperature of dendrite tips is lower than the 570 

equilibrium temperature due to solute rejection leading to the occurrence of constitutional 571 

undercooling [48]. The same remark applies to the monotectic and eutectic solidification fronts. 572 

Droplet formation also occurs at a different temperature than the phase separation equilibrium 573 

temperature as they most probably appear on the sample wall by heterogeneous nucleation. 574 

Another factor is that the composition of the sample could have changed in the field of view 575 

due to segregation occurring during the stabilisation and solidification steps. The temperature 576 

difference wasn’t estimated from the  SC measurements as it wasn’t possible to accurately 577 

determine the beginning of the phase separation and monotectic reaction due to the 578 

superimposition of their respective peaks in the curves. 579 
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Ultimately, the final eutectic phase transformation, which is predicted at about 230°C in 580 

Thermo-Calc calculations, is observed at 223°C from both DSC cooling curve and solidification 581 

experiment, which is in good agreement. 582 

 583 

6. Conclusions 584 

Determination of reliable solidification paths for ternary alloys is difficult. In the literature, 585 

several different approaches are used that give sometime diverging results and subject to large 586 

uncertainties. In this paper, the solidification paths of Al-10 wt.% Cu-X wt.% Sn (with X = 0; 587 

5; 10 and 20) alloys were successfully investigated by using three different and complementary 588 

approaches, namely Thermo-Calc calculations, thermal analysis and solidification experiments 589 

with in situ X-radiography monitoring. This paper provides a comparison between those 590 

methods, both qualitatively (nature of the successive phase transformations) and quantitatively 591 

(temperature at which each phase transformation occurs). 592 

The main qualitative conclusion is that all these methods describe correctly the successive phase 593 

transformations, from the initial -Al dendrite growth to the final eutectic transformation of the 594 

residual liquid. Depending on the alloy composition, the liquid phase separation and the 595 

monotectic reactions are successfully predicted by Thermo-Calc calculations and 596 

experimentally detected during DSC measurements or solidification experiments with in situ 597 

observation. It should be emphasized that in situ observation revealed some unexplained 598 

features that occur during the liquid phase separation. It would be easy to justify these 599 

phenomena by convection and/or buoyancy effects associated to gravity but further studies are 600 

required to clearly determine their origins. 601 

Evaluation of the temperature at which each phase transformation occurs has been also carried 602 

out by the different methods. A wide dispersion has been found, up to 10°C for some phase 603 
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transformations. Thermo-Calc calculations and thermodynamic measurements have intrinsic 604 

limitations. For solidification experiment, the main weakness is the accurate knowledge of the 605 

temperature distribution in the Field-of-View. Further improvements of the current apparatus 606 

are required to achieve the necessary temperature resolution. It is also worth mentioning that 607 

investigations focused on the effect of Sn addition and of the various solidification parameters 608 

on the growth of α-Al dendrites and Sn droplet size and spatial distribution could be performed 609 

based on the X-radiography images. Unfortunately, analyses of the X-ray images to determine 610 

phase fractions, as performed in other studies [49-51] was not possible. This is due to the use 611 

of a polychromatic laboratory source in this study, which prevents a straightforward phase 612 

fraction extraction. Additionally, significant coarsening of the phases during cooling may 613 

hinder direct comparison of the 3D reconstructions and radiographs, as successfully carried out 614 

by Chao et al. [49]. Such investigations will be the topic of future complementary studies. 615 
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