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Abstract 
 

The potential of application of in-situ neutron diffraction for studies of solidification of 

Al alloys have been previously reported by the authors for the binary hypereutectic A-Si 

system. This illustrated the potential of neutron diffraction for high resolution melt 

analysis at near-liquidus temperatures required for advanced studies of grain refining, 

eutectic modification, etc. The solid and liquid volume fractions were determined based 

on the change of intensity of neutron diffraction peaks over the solidification interval.  

The path of non-equilibrium solidification for the alloy modified with addition of copper 

and magnesium is very complex. Phase diagrams and FactSage-based computations give 

only approximate kinetics of solid phase(s) evolution during cooling and solidification. 

On the other hand, in-situ neutron diffraction, coupled with the results of thermal 

analysis, provides non-biased experimental data on phase evolution; for example, on 

formation of FCC Al-Cu-Si and diamond silicon during solidification of hypereutectic 

Al-Si-Cu alloy. 

 

Introduction 
 

Nowadays, hypereutectic Al-Si alloys are used extensively for automotive applications. 

For example, cast components that experience service conditions of high temperature and 

load, such as engine blocks, are now routinely produced using the Al-Si alloys [1-6]. It is 

understood that as-cast microstructure of the material is much dependent on melt 

processing in casting operations. Molten metal pouring temperature and cooling rate 

(hence, solidification rate), for example, determines size and distribution of primary Si 

particles, as well as crystallographic characteristics of the Al-Si eutectic [7-9]. All these 

in many ways determine in-service properties of the cast components.  

Multiple studies were performed on solidification behaviour of these alloys and resulted 

microstructure of the cast material.  In published reports [3-5, 10] thermal analysis was 

applied for evaluation of solidification kinetics during the non-equilibrium and near-

equilibrium conditions. Various attempts have also been undertaken to characterize the 



solidification process using methods other than thermal analysis. Several attempts have 

been reported on application of neutron diffraction for solidification studies [8-12].  

Most recently, W. Kasprzak, D. Sediako et al., [8, 9] demonstrated the applicability of 

neutron diffraction to solidification analysis of a binary hypereutectic Al-19%Si alloy 

using step-wise cooling. Beside qualitative analysis, the authors showed the potential to 

quantify the volume fraction of primary Si and Al as well as Si in the eutectic phase using 

diffraction signals from liquid and solid phases as they evolved during solidification.  

The main focus of this research is to continue the neutron diffraction studies on a 

hypereutectic Al-19%Si alloy modified with addition of 3% Cu. The particular interest of 

this analysis is the effect of Cu addition on the non-equilibrium solidification path of the 

Al-Si-Cu alloy, as compared to results reported earlier on the binary Al-Si system [8, 9].  

 

Phase Evolution During Solidification of Al-Si-3wt.%Cu Alloy 

 

FactSage
TM

 Calculations  

 

The first approach in this study was phase evolution analysis with application of the 

FactSage software. Some results of these calculations are presented in Figures 1 to 3.  

 

Figure 1. FactSage calculation on phase diagram for binary Al-Si (a) and  

ternary Al-Si-3wt.%Cu (b.) alloy 

 

Figures 1 (a. and b.) show a comparison between phase diagrams for the binary Al-Si and 

ternary Al-Si-3%wt.Cu alloys. It follows that addition of 3% of Cu has a great effect on 

composition and kinetics of phase evolution, particularly in the hypereutectic region. 

Figure 1b. indicates that formation of Al-Si eutectic is followed by evolution of Al-Cu 

(theta) phase. This is better depicted in Figures 2 and 3 that show results of FactSage
TM

 

calculations of equilibrium solidification (Fig. 2) and non-equilibrium Scheil 

solidification (Fig. 3). Upon completion of solidification, the chart on Figure 2 also 

indicates transformation within the Al-Cu-Si phase (FCC), with gradual reduction of the 
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solubility of Si (and its corresponding transformation into diamond phase) and the 

formation of Al2Cu theta phase, which starts at 487
o
C.  

 

 
Figure 2. FactSage calculation of equilibrium solidification for ternary  

Al-Si-3wt.%Cu alloy 

 

Several numbered points shown in Figures 2 and 3 represent the progress of phase 

evolution during the equilibrium solidification. From liquidus (point 1) to the Al-Si 

eutectic temperature of 573.2
o
C (point 2), melt solidifies by forming 100%-Si diamond 

phase and by the corresponding reduction of Si concentration to 12%. The Al-rich FCC 

phase that is forming during eutectic evolution initially contains 1.5%Si and just 0.5%Cu 

at 570
o
C. At the end of solidification (points 3 and 3’), Si solubility in the FCC phase is 

reduced to 1% whilst Cu reaches its maximum of 3.5% (see point 3’ in Figure 2). When 

the Al2Cu theta phase starts forming at 490
o
C (point 4) and with further reduction of 

temperature to 455
o
C (points 5 and 5’), the solubility of silicon in the FCC phase is 

further reduced to 0.5% (point 5’); correspondingly, the share of diamond-phase silicon 

in the alloy is increased to 17.5%. As indicated in Figure 2, the concentration of FCC 

copper at 455
o
C is reduced to 2.5% (point 5’), while the concentration of theta phase 

reaches 2% (point 5).   

On the other hand, Figure 3 shows that evolution of the Al2Cu theta phase to ~4% 

happens “all at once” at the solidus temperature. This outcome is explained by the fact 

that the Scheil module terminates computations when fraction solid is 100%.  
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Figure 3. FactSage calculation of non-equilibrium (Scheil) solidification for ternary  

Al-Si-3wt.%Cu alloy 

 

It is understood that the FactSage calculation is an approximation of the complex process 

and does not necessarily closely reflect the real solidification process of the Al-Si-Cu 

alloy.  In this research, to gain a better understanding of the dynamics of the real process, 

the computational analysis was followed with thermal analysis and in-situ neutron 

diffraction study of solidification of the binary and ternary alloys. 

 

Thermal Analysis  

 

The following figure (Figure 4) shows the results of the thermal analysis performed for 

hypereutectic Al-19%Si binary and ternary Al-Si-Cu alloy. The figure depicts the first 

derivative of the temperature, the cooling rate, over the temperature range of 

solidification for the both alloys. As expected, the two solidification patterns are quite 

different. The curves on the chart indicate earlier initiation of solidification (liquidus) for 

the ternary Al-Si-Cu alloy (point 1), but delayed formation of Al-Si eutectic (points 2).  

The ternary alloy chart also indicates the change in cooling rate that is associated with 

formation and evolution of Al-Cu-Si and Al-Cu phases (point 3) and solidus temperature 

(point 4) that is significantly lower than solidus of the binary Al-Si alloy. One may 

question, however, whether solidification is complete at 508
o
C as the rapid change in the 

cooling rate that takes place at this temperature may have coincided with continued 

evolution of the solid phase and, therefore, “smears” the end-of-solidification point over 

the range of 508~490
o
C. We note that based on the prior FactSage calculations, theta 

phase evolves at 508
o
C upon completion of solidification.   



The main results of thermal analysis are summarized in Table I. The table also compares 

these results with the data obtained in the prior computations.  

 

 
 

Figure 4. Cooling rate over the solidification temperatures received in thermal analysis 

for the binary Al-19wt.%Si and ternary Al-19wt.%Si-3wt.%Cu alloys.  

 

 

 

The point 3 on the Figure 4 illustrates beginning of the temperature range of partial 

transformation of Al-Cu-Si FCC phase and initiation of formation of Al2Cu phase that 

takes place at the very end of solidification of the Al-Si-Cu alloy. This evolution takes 

place in the temperature region of 508 to 490
o
C, following which the cooling rate of the 

alloy is identical to the cooling rate of the binary material. According to the calculations 

(Figures 2 and 3) this is a solid-state transformation, which will be further discussed 

during the neutron diffraction analysis. Further study is required to explain the two peaks 

that appear on the graph following the point 3, which may be an indication of either two 

separate transformations or of a 2-stage transformation.  

 

Further analysis is therefore planned to evaluate in detail the solidus and theta phase 

temperature region. 
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Table I. Results of thermal analysis for the binary Al-19wt.%Si and  

ternary Al-16wt.%Si-3wt.%Cu alloys 

  Al - 19wt.%Si Al - 19wt.%Si - 3wt.%Cu 

No  Thermal 

characteristics 

Thermal 

Analysis  

 

Temperature, 
oC 

Phase 

Diagram 

(FactSage) 

Thermal 

Analysis  

 

Temperature

Phase 

Diagram 

(FactSage) 

Non-

Equilibrium 

(Scheil) 

Solidification 

 
Temperature Temperature Temperature 

#1 

Nucleation of 

the primary Si 

Liquidus, oC 

672 677 678 673 673 

#2 

Nucleation of 

the Al-Si 

eutectic, oC 

570 578 562 574 574 

#3 

Nucleation of 

the Al-Cu 

phase, oC 

-  - 508 490 508 

#4 
End of 

solidification 
542 578 508 // 490 518 508 

Solidification 

range, oC 
130 99 191 155 165 

 

 

 

 

In-Situ Neutron Diffraction 

 

The HB-2A neutron powder diffractometer at the Oak Ridge National Labs was used in 

this study. This instrument has the High Flux Isotope Reactor (HFIR) as its neutron 

source. A solidification cell was designed and built to carry out controlled melting and 

solidification experiments under the simultaneous exposure to neutron radiation (Figure 

5). The graphite crucible (2) containing the analysed alloy (1) was placed inside a 

vanadium can (3) that was attached to a sample holding rod (4). The holding rod with the 

attached solidification cell was placed inside a vacuum furnace to prevent oxidation at 

higher temperatures. The control thermocouple (5) was inserted into the sample material 

to the depth of 6.5 mm to minimize its contribution to the diffraction pattern and to 

ensure the accurate reading of the sample temperature. 

 



 

Figure 5. Solidification cell for the neutron diffraction experiment.  

 

The crucible inner diameter was 6 mm, the total height was 50 mm (sample material 

height 40 mm), the sample volume was 1.3 cm
3
, and its weight was about 3.5 grams. The 

neutron beam height in this setup was limited to 42 mm to ensure that entire sample 

volume will contribute to the diffraction pattern. The test sample temperature was 

computer controlled based on the K-type sensor and PID circuit. The solidifying test 

sample, within a temperature range of 710 to 450 ºC, was irradiated with monochromatic 

thermal neutrons of wavelength 0.154 nm. Diffraction patterns were collected 

isothermally, by holding for 30 minutes at the test temperatures. The measurements were 

taken in terms of scattered intensity vs. diffraction angle 2Θ (where Θ is the Bragg 

angle). The analysed scattering angle ranged from 20 to 120 degrees. 

The following graphs (Figure 6) indicate solid phase evolution for aluminum (a.) and 

silicon (b.). The graphs indicate that during cooling of the melt, neutron diffraction from 

aluminum crystals start appearing at 540
o
C (Figure 6a.). Prior to that, at higher 

temperatures, only diffuse neutron scattering is present in the diffraction pattern. The 

intensity of neutron diffraction increases rapidly as temperature is reduced to 525, 510
o
C, 

and below.  

While there is considerable point-to-point variation between the diffraction patterns, 

Figure 6b indicates that solid silicon is present at higher temperatures, specifically at 564 

and 556
o
C. This point-to-point variation becomes more important as the intensity in the 

peak decreases. Nevertheless, there may be some evidence of presence of short-atomic-

order Si particles at higher temperatures, up to 625
o
C, as indicated by increased 

“background” intensity within the Si {111} peak position.  Though the data under the Si 

peak appear somewhat “noisy”, in general the trends are meaningful. 

Solidification profiles were retrieved separately for aluminum (Figure 7a.) and silicon 

(Figure 7b.). This was done by integration of the normalized intensity function over about 

2-degree of 2Θ range that covers the corresponding peak. The approach applied in this 

analysis was earlier explained in detail in [8]. 

 



 
a. – Al 111    b. – Si 111   

Figure 6. Neutron diffraction data: phase evolution during solidification  

  

 

 

 
a. – solid aluminum b. – solid silicon 

Figure 7. Neutron diffraction data: Alloy constituents’ solidification 

  

 

Results of the neutron analysis were summarized in the following figure (Figure 8) that 

shows fraction solid evolution over the temperature range of alloys solidification.  The 

graph presents separate profiles of solid aluminum and solid silicon evolution, as well as 

the areas Al-Si eutectic and expected formation of the Al-Cu phase. The first detection of 

solid phase (~2%) is at 625
o
C, which is lower than found in thermal analysis that 

determined liquidus temperature being 678
o
C. 

Figure 8 also indicates that the solid phase is present in the diffraction pattern as solid 

silicon until the temperature reached 540
o
C, when concentration of fraction solid of 

aluminum was detected at 39%. The previous datapoint, received at 556
o
C, indicated that 

no solid aluminum is present in the melt. Formation of the Al-Si eutectic could therefore 

be only detected at temperatures lower than the ones received in FactSage calculations 

and thermal analysis (574 and 562
o
C correspondingly, Table 1). The area of initiation of 

the Al-Si eutectic solidification is shaded in the figure.  
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The other shaded area in Figure 8 covers the expected temperatures of evolution of the 

Al2Cu theta phase. However, there is no definite indication of presence of this phase in 

the diffraction pattern.  

It is difficult to determine the exact solidus temperature, as the neutron data had been 

collected incrementally, for a number of discrete temperature points. However, the 

integrated diffraction intensity obtained at 500
o
C remains the same as the temperature 

was reduced further, indicating that at this temperature the alloy was already fully solid.  

 

 
 

Figure 8. Fraction solid evolution for the main constituents of the alloy  

 

 

 

Conclusions 

 

A non-equilibrium solidification of a hypereutectic Al-Si-Cu alloy was studied in a 

course of computational analysis using FactSage 6.2 software, thermal analysis, as well 

as in-situ neutron diffraction analysis. The following are the main findings of this study: 

1. The FactSage computations were performed both for equilibrium and non-

equilibrium (Scheil) solidification modes. The results received were used for 

qualitative and quantative analysis of the data obtained in the thermal analysis and 

neutron diffraction analysis, particularly with regards to the temperature ranges and 

rates of evolution of solid phases.  

2. The FactSage computations revealed that Al2Cu theta phase should form following 

complete solidification of the alloy. This was confirmed in thermal analysis, as a 

noticeable energy release was detected in the temperature range of 508~492
o
C. This 

energy release was explained by enthalpy change associated with formation of the Al-

Cu phase.  
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3. In the neutron diffraction analysis the solid and liquid volume fractions were 

determined based on the change of intensity of diffraction peaks over the 

solidification interval. The Al-Cu theta phase was not detected in this analysis 

suggesting that that the signal-to-noise ratio was either too low or/and the diffraction 

peaks of the phase overlapped with the other peaks that are present in the pattern (eg. 

peaks coming from graphite crucible).  

4. The in-situ neutron diffraction revealed the individual profiles of solid Al and solid Si 

evolution. It was shown that the solid phase is present in the diffraction pattern as 

solid silicon until the temperature reached 540
o
C, when solid aluminum was first 

detected. At 556
o
C the fraction solid of silicon was detected at ~7wt.%, which is the 

amount of alpha-Si expected to form in the studied alloy prior to formation of Al-Si 

eutectic according the phase diagram (FactSage calculations). 

5. The fraction solid of aluminum detected at 540
o
C was 39%. The previous datapoint, 

received at 556
o
C, indicated that no solid aluminum is present in the melt. Formation 

of the Al-Si eutectic could therefore be only detected at temperatures lower than the 

ones received in FactSage calculations and thermal analysis (574 and 562
o
C 

correspondingly). This suggests that the “slow” step-wise reduction in temperature of 

the solidifying alloy delays the initiation of the eutectic solidification. 

6. It is difficult to determine the exact solidus temperature, as the neutron data had been 

collected incrementally, for a number of discrete temperature points. However, the 

integrated diffraction intensity obtained at 500
o
C remains the same as the temperature 

was reduced further. This indicates that solidification completes at or just prior to this 

temperature, whereas at 510
o
C the fraction solid was detected at 95%.  We note that 

the FactSage (Scheil) calculations resulted in solidus temperature of 510
o
C and the 

results of thermal analysis are not suitable for determining solidus as the end-of-

solidification is “smeared” by the energy release due to formation of the Al-Cu phase.  
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