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THE EFFECT OF RARE EARTH ADDITION ON MICROSTRUCTURE AND MECHANICAL PROPERTIES 
OF THE RAPIDLY SOLIDIFIED Al-Si AND Al-Si-Ni ALLOYS

The article presents research aimed at determining the effect of adding rare earth elements to near-eutectic Al-Si and Al-Si-
Ni alloys on the microstructure and mechanical properties of the obtained products. Material for the research was prepared using 
a melt spinner – a device used for rapid crystallization, casting thin ribbons, which were then subjected in subsequent stages to 
fragmentation, consolidation and plastic working. The ribbons and extruded rods cast were described in terms of their structure 
and their strength properties were determined at different measurement temperatures. It was shown that the lightweight materials 
produced from aluminium alloys using the rapid solidification process have an ultra-fine structure and good strength properties. 

Analysis under a microscope confirmed that the addition of rare earth alloys Al-Si and Al-Si-Ni causes fragmentation of the 
microstructure in the tapes produced. The presence of rare earth elements in the alloys tested has an impact on the type and the 
morphology of the particles of the microstructure’s individual components. In addition to the change in particle morphology, the 
phenomenon of the separation of numerous nanometric particles of intermetallic phases containing rare earth elements was also 
observed. The change in microstructure caused by the addition of rare earth elements in the form of a mischmetal increases the 
mechanical properties.
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1. Introduction

Aluminium alloys are a very attractive construction material 
due to their properties, in particular high relative strength. For 
this reason, they are widely used in many industries. However, 
the increasing competition and requirements for construction 
materials contribute to the search for new, higher mechanical 
properties of aluminium alloys and their production techni-
ques. 

It is well known that the mechanical properties of alloys 
depend to a large extent on the chemical composition as well as 
the method and parameters of their production. These proper-
ties depend on the structure, which can be altered, for example, 
by changing the chemical composition, the cooling rate during 
casting, and by plastic working or heat treatment. The Hall-Petch 
relation indicates that the decrease of grain size causes an in-
crease in strength properties, which is often achieved without the 
loss of plastic properties. In addition, the introduction of some 
alloy additives allows to increase the stability of the structure 

and improve the properties at elevated temperatures. Such ele-
ments may include silicon, nickel, zirconium, chromium or rare 
earth elements [1-7].

Research [8-11] show that Al-Si alloys with the addition 
of Ni and rare earth elements, and in particular Ce, having an 
ultrafine, nanocrystalline or amorphous structure, are charac-
terised by high strength, hardness and resistance to abrasion at 
elevated temperatures.

Among all the aluminium alloy production methods, rapid 
solidification that allows obtaining materials with a finely di-
vided structure seems very promising. We can distinguish several 
methods, but melt-spinning deserves special attention. This 
method allows for the production of materials with an ultrafine 
structure, which are nanocrystalline, nanoquasicrystalline and 
sometimes amorphous [8]. Thus, these materials are attractive 
due to the high mechanical properties achieved. In addition, this 
method allows for the production of materials with compositions 
that are difficult or impossible to achieve using traditional metal-
lurgy. Melt-spinning involves rapid cooling of liquid metal by 
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feeding it into a spinning wheel in the form of a thin stream. The 
spinning wheel made of copper cooled with water dissipates heat 
as a result of which alloy solidifies and a ribbon or thin flakes 
form. In order to obtain massive materials from small-sized rib-
bons (thickness 50-200 μm and width 2-30 mm) it is necessary 
to apply consolidation processes, i.e. pressing and hot extrusion 
or forging [9-17].

The aim of this paper is to determine the effect of the addi-
tion of rare earth elements on the microstructure and mechanical 
properties of near-eutectic Al-Si-Ni alloys after rapid crystalliza-
tion and consolidation.

2. Methodology

Using an unconventional rapid solidification method, ul-
trafine Al-Si and Al-Si-Ni alloys with the addition of rare earth 
elements (Ce, La, Nd, Pr) were produced and the impact of the 
chemical composition and parameters of the alloys production 
on their structure and properties was determined. 

The tests were carried out using four aluminium alloys con-
taining silicon in the amount of approx. 12.6 wt% (near-eutectic 
silumins) with the addition of nickel in the amount of approx. 
13 wt% and rare earth elements in the form of a mischmetal (Mm) 
in the amount of approx. 4-5 wt%. The applied mischmetal con-
tained a mixture of Ce (approx. 50 wt%), La (approx. 26 wt%), 
Nd (approx. 22 wt%) and Pr (approx. 2 wt%). 

The alloys were prepared in an induction furnace. Mis-
chmetal, silicon and nickel in pure form was successively 
added to the molten aluminium with a purity of 99.8% at the 
appropriate temperature (Tab. 2). The prepared alloys were cast 
into a steel metal mould. The chemical composition of alloys 
is shown in Tab. 1.

TABLE 1

Chemical composition of produced ribbons

Element
Content, wt%

AlSi12 AlSi12
Mm4

AlSi12
Ni13

AlSi12
Mm5Ni13

Si 12.46 12.65 12.74 12.53
Ni 0.00 0.01 12.97 12.51
Pr 0.00 0.17 0.00 0.19
Ce 0.00 2.00 0.00 2.62
La 0.00 1.24 0.00 1.42
Nd 0.00 0.57 0.00 0.62
Fe 0.12 0.18 0.24 0.13
Mn 0.03 0.09 0.07 0.00
Mg 0.00 0.00 0.01 0.00
Cu 0.00 0.00 0.00 0.00
Zn 0.02 0.02 0.02 0.01

RE (total) 0.00 3.98 0.00 4.85

A thermal analysis was carried out on the alloys produced 
with the appropriate chemical composition to determine the ap-
propriate casting temperature (Tab. 2). 

TABLE 2

Casting parameters of the alloys tested

Casting parameters AlSi12 AlSi12
Mm4

AlSi12
Ni13

AlSi12
Mm5Ni13

Temperature at the end 
of solidifi cation, °C 567 557 548 548

Temperature 
at the beginning of 
solidifi cation , °C

578 622 645 790

Melt pouring 
temperature, °C 640 680 700 850

Temperature of the 
nozzle – valve, °C 640 680 700 860

A thermal analysis was carried out on the alloys produced 
with the appropriate chemical composition to determine the ap-
propriate casting temperature (Tab. 2). 

For all alloys tested, the difference between casting tem-
perature and liquidus temperature was about 60°C. Pre-prepared 
alloys were melted in an induction furnace and then poured into 
a crucible located in the melt spinner. The casting parameters of 
the alloys were determined based on previous tests [1,4,10,12] 
and data from source literature. The alloys tested were cast at:
– Constant linear speed of ribbon casting of 30 m/s,
– Uniform diameter of the nozzle of 1,2 mm,
– Pressure of the gas ejector pushing the metal of 20-40 kPa,
– Constant temperature of the crystallizer wheel of 20°C,
– Application of a filter with density of 20 ppi.

The microstructure of a cross-section of ribbons produced 
was analysed using a transmission electron microscope (TEM) 
TECNAI G20. Thin films were prepared directly from the rib-
bons, which were polished on both sides and then electropolished 
in 330 mlHNO3 + 660 mlCH3OH reagent. A series of photo-
graphs was taken and the size of grain in all samples and s-DAS 
(Secondary Dendrite Arms Spacing) for samples containing 13% 
Ni was measured using the secant method. 

The ribbons cast, which are an intermediate product, were 
later subjected to fragmentation and plastic working. The frag-
mentation process was carried out using the TRIA XT 50-30 mill 
with a screening sieve with a mesh diameter of ø3 mm. 

The plastic working process consisted of the initial cold con-
solidation of the crushed ribbons with the force of  350-400 kN. 
This force was sufficient to obtain well consolidated mouldings 
with a diameter of 40 mm. The mouldings prepared in this man-
ner were heated to 450°C (for Al-Si and Al-Si-Mm alloys) and 
525°C (for Al-Si-Ni and Al-Si-Ni-Mm alloys) and rods with 
a diameter of ø8 mm were extruded in the concurrent hot extru-
sion process at 1 mm/s and force of v = 40-55 T. Both processes 
were carried out using a vertical press with a maximum force 
of 1000 kN. 

The resulting rods with a length of 40-50 cm had a smooth 
surface without tears and cracks. After assessing their fractures, 
it can be concluded that the hot consolidation parameters were 
selected correctly. 

Microsections were prepared from the cross-section of 
extruded rods with a diameter of ø8 mm, which were subjected 
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to the analysis of crystallographic orientation (Electron Back-
Scatter Diffraction – EBSD) using an EBSD camera. All scans 
were made in size 7×7μm with a step of 150 nm. 

Thin films were prepared from the cross-section of the 
rods, which were then dimpled to obtain perforations, and then 
ion etched on the RES101 ionic extractor. Tests were carried out 
using a transmission electron microscope (TEM) Tecnai G2 with 
an EDS adapter and HAADF detector. The microstructure of 
the samples was analysed using a transmission microscope, the 
grain and sub-grain size was measured using the secant method 
and phases in micro-areas were subjected to chemical analysis. 
Diffraction analysis was carried out with Sleeve 4+ software 
using the PDF4+ database from 2016.

3. Results and discussion

Thin ribbons were produced using melt spinning. The 
cooling rate in the melt spinner is of the order of 104-106°C/s. 
The average alloy ribbon thickness was similar and ranged from 
57 to 68 μm. The thickness distribution of the ribbons was also 
similar and ranged from 40-90 μm. The width of the ribbons 
was 1.5-3 mm. 

During the casting, variable cooling parameters of the rib-
bons occur, heat during the alloy crystallization is discharged 
faster on the side of the wheel compared to the atmosphere 
side, i.e. the air. Therefore, the ribbons differed in the surface 
topography, and the microstructure on the crystallizer surface 
side was more fragmented in relation to the microstructure on 
the atmosphere side. 

A compression test was carried out on extruded ø8 mm 
rods at ambient temperature and at 200, 300 and 400°C. The 
test was carried out on samples ø5 × 7.5 mm with a deformation 
equal to 60%. 

3.1. Evaluation of the microstructure of ribbons produced 
using rapid solidification (RS)

The microstructure of samples taken directly from the 
ribbons post-RS was analysed using the TEM with EDS and 
HAADF detectors.

The analysis of the AlSi12 sample’s microstructure shows 
that small grains of approximately 2 μm are formed after RS 
(Fig. 1a, Tab. 3). The grain boundaries have a high saturation of 
Si precipitates, which form a dark “network” on grain bounda-
ries/dendrites. Grains have round shapes, most often they are 
round or elliptical, elongated in one direction. In Fig. 1b, grain 
is visible, inside which a large number of Si precipitates of 
nanometric size can be observed. 

The microstructure of AlSi12Mm4 samples in relation to 
the microstructure of the AlSi12 sample was characterised by 
a similar shape and grain size (Fig. 2). Inside the grains and at 
the boundaries, apart from the minor rhombic Si solid solution, 
there were also rod-shaped precipitates, which formed after 
adding mischmetal in the amount of 4 wt% to the alloy. These 
precipitates, however, were not observed in the AlSi12 sample.

After casting, the AlSi12Ni13 sample had a typical dendritic 
microstructure but its size was far from typical cast structures. 
The average s-DAS size was about 100 nm while the dendrite 
grain was about 1 μm. In addition, by performing diffraction 
from the area (Fig. 3a and b), it was observed that diffraction 
rings appear against the background of the crystal lattice spots, 
which probably comes from amorphous structures. Diffraction 
spots suggest crystalline structure which is inside dendritic 
grains, so the amorphous structure probably occurs in the areas 
between dendrites. 

Chemical analysis has shown that there is very high satura-
tion of Si and Ni in the areas between the dendrite arms (Fig. 3b). 
This eutectic area probably shows a partial amorphisation of 
the structure. 

a) b)

Fig. 1. Bright-field TEM images of the AlSi12 alloy, a) selected grain size, b) selected Si precipitates
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Analysis of the AlSi12Ni13Mm5 alloy sample reveals 
its nanometric microstructure (Fig. 4). The appearance of the 
microstructure has not changed in terms of its shape as a result 
of adding 5 wt% of Mm (Fig. 4). A dendritic structure was still 
visible, however, even finer than in the sample without Mm. 
The size of the dendrite grain reached approx. 800 nm and the 
s-DAS measurement showed 50 nm. Similarly to the AlSi12Ni13 
alloy sample, the structure was partly amorphous because the 
spots from the crystallographic lattice together with the circles 
probably from the amorphous structure overlapped (Fig. 4). 
Differences in diffraction between samples with and without 
Mm were also found in the distribution of spots. Spots on the 
diffraction of the AlSi12Ni13Mm5 alloy sample were partially 

distributed over the circles, indicating the diffraction of more 
grains. Very small precipitations below 20 nm were very rare 

Rod-shaped

a) b)

Fig. 2. Bright-field TEM images of the AlSi12Mm4 alloy

a) b)

Fig. 3. a) Bright-field TEM images with corresponding SADPs of the AlSi12Ni13 alloy and b) STEM image with point chemical analysis

TABLE 3

Average grain size and s-DAS

AlSi12 AlSi12
Mm4

AlSi12
Ni13

AlSi12
Ni13Mm5

*Grain
Average, nm 2350 2225 1021 798

Deviation 900 537 386 277

**s-DAS
Average 464 278 98 49

Deviation 11 12 15 11
* Grain – area surrounded by a high angle grain boundaries > 15 degrees
** s-DAS – Secondary Dendrite Arms Spacing
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in the structure. The point chemical analysis shows that the in-
terdendritic areas contain a high saturation with elements such 
as Si, Ni, La, Ce and Nd, while dendrite interiors are mainly 
composed of the α – Al solution.

Measurement of the average grain size using the TEM mi-
croscope showed that AlSiNi and AlSiNiMm alloys containing 
13 wt% of nickel have the most finely fragmented structure. 
The addition of mischmetal in the amount of 4-5 wt% to the 
AlSi and AlSiNi alloys resulted in a grain size reduction by 
approx. 5 and 20%. 

3.2. Evaluation of microstructure of the rods produced 
after the plastic working process

Fig. 5 shows the results of the EBSD metallographic orien-
tation analysis. Scans were made only for the aluminium matrix, 
omitting the remaining phases. 

The analysis of the EBSD orientation distribution maps for 
rods after the extrusion process showed that the largest grain 

size occurs in the AlSi12 alloy (≤2 μm) (Fig. 5). The addition 
of mischmetal to this alloy caused a reduction in grain size (Al-
Si12Mm4 alloy). However, the grain size in nickel alloys is the 
smallest (≤1 μm). It can also be seen that for the first two alloys, 
without the addition of nickel, the crystallographic orientation 
is similar and mainly includes the direction families (111) and 
(001) as opposed to alloys with the addition of nickel. This may 
be related to the dynamic recrystallization that took place during 
the extrusion process at a temperature higher by 75°C for alloys 
with the addition of Ni.

The microstructure of post-RS rod samples was analysed 
using the TEM with EDS and HAADF detectors. 

The microstructure of the AlSi12 sample had fine sub-grains 
of approx. 800 nm (Fig. 6a). Si precipitates were visible at the 
sub-grain boundaries, with the size between 200 and 600 nm. Si 
precipitates had rhombohedral shape, twins and stacking faults 
were visible inside them.

The addition of 4 wt% of Mm to the AlSi12 alloy changed 
the microstructure’s appearance and did not influence the 
greater sub-grain fragmentation because the average sub-grain 

a) b)

Fig. 4. Bright-field TEM images with corresponding SADPs of the AlSi12Ni13Mm5 alloy

a) b) c) d)

AlSi12 AlSi12Mm4 AlSi12Ni13 AlSi12Ni13Mm5
Fig. 5. Coloured inverse pole figure (IPF) maps obtained from EBSD analysis showing the grain size in investigated alloys where the colour 
corresponds to the crystallographic orientation shown in the standard stereographic triangle (inset)
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size was about 750 nm (Fig. 7a). The distribution and size of 
precipitates within the sub-grains has changed. New precipitates 
appeared, generating a higher density of dislocations. Fig. 7b 
and 7c shows the electron diffraction and spot chemical com-
position confirming the occurrence of Le0.5Ce0.5Si precipitates 
with crystal structure a = 0.836 nm, b = 0.399 nm, c = 0.601 
nm; α,β,γ = 90°; space group – Pnma (62). The size of these 
precipitates did not exceed 500 nm and their shape resembled 
prisms with rounded edges. In addition, Si precipitates similar 
in shape and size were observed just like in the alloy without the 
addition of Mm.

The AlSi12 alloy’s microstructure with the addition of 13 
wt% of Ni is significantly different from the AlSi12 and AlSi12 
alloy samples with the addition of 4 wt% of Mm (Fig. 8). The 
average grain size measured using the secant method was approx. 
760 nm and did not change compared to the sample containing 
the addition of 4 wt% of Mm. The precipitates formed as a re-
sult of the eutectic transformation during the fast crystallization 
process show spherical shapes and their largest size (diameter) 
is similar to the average size of the sub-grains in the alloy. The 
analysis of electron diffraction and the chemical composition 
using the TEM shows that these are the Al3Ni phases with 

crystal structure a = 0.660 nm, b = 0.735 nm, c = 0.480 nm; 
α,β,γ = 90°; space group – Pnma (62) (Fig. 8b and c). As in the 
previous samples, the Si phase was present in shapes and sizes 
similar to those described in the AlSi12 alloy sample. No twins 
or stacking faults were found in the Si precipitates. 

The AlSi12 alloy’s microstructure with 13 wt% of Ni and 
5 wt% of Mm was characterised by sub-grains similar to other 
alloys and a large number of precipitates of various shapes and 
sizes (Fig. 9). Based on chemical analyses in fine longitudinal 
precipitates, a varying occurrence of the elements La, Ce and 
Nd with a high content of Ni and Si was observed. The analyses 
of high-resolution images and electron diffraction revealed that, 
in addition to the Si and Al3Ni phases, Al4CeNi (with crystal 
structure a = 0.414 nm, b = 1.585 nm, c = 0.664 nm; α,β,γ = 90°; 
space group – Cmcm (63)) as well as La0.33Ce0.40Nd0.27Ni4.2Al0.8 
(with crystal structure a = 0.501 nm, b = 0.501 nm, c = 0.406 nm; 
α,β = 90°, γ = 120°; space group – P6/mmm (191)) phases occur 
in the alloy. However, these phases did not contain Si, which 
could occupy positions in interstitial spaces or exchange posi-
tions with Al or Ni. Phases containing Si and Ni as well as rare 
earth elements were not shown in the latest crystallographic 
database PDF4+ 2016.

a) b) c)

Fig. 6. a), b) Bright-field TEM images with corresponding SADPs of the AlSi12 alloy and c) STEM image with point chemical analysis

a) b) c)

Fig. 7. a), b) Bright-field TEM images corresponding SADPs pattern and simulation of Le0.5Ce0.5Si phases and c) STEM image with point 
chemical analysis of the AlSi12Mm4 alloy
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Tab. 4 shows the cumulative results of the average sub-grain 
size for the samples tested.

There were no large differences in the sub-grain size 
đ ~ 770 nm between samples of the tested alloys. 

On the basis of the obtained results, it can be stated that 
for all tested alloys, the temperature increase causes an even 
decrease in strength properties. The addition of both nickel and 
rare earth elements in the form of mischmetal to the Al-Si alloy 
caused a significant increase in yield strength and stress at 60% 
deformation. The addition of rare earth elements in the form 

a) b) c)

Fig. 8. a), b) Bright-field TEM images corresponding SADPs pattern and simulation of Al3Ni and Si phases and c) STEM image with point 
chemical analysis of the AlSi12Ni13 alloy

a) b) c)

Fig. 9. a), b) Bright-field TEM images corresponding SADPs pattern and simulation of of Al3Ni and La0.33Ce0.40Nd0.27Ni4.2Al0.8 phases and c) 
STEM image with point chemical analysis of the AlSi12Ni13Mm5 alloy

TABLE 4

Results for the average size of the sub-grain

AlSi12 AlSi12
Mm4

AlSi12
Ni13

AlSi12
Ni13Mm5

*Sub-grain, nm 812.4 755.9 765.6 742.2
Deviation 436.5 475.1 319.9 416.3

* Sub-grain – area surrounded by a low and high angle grain boundaries

3.3. Evaluation of strength properties in a compression test 
at elevated temperatures

Fig. 10 sums up the results for strength properties from the 
compression test at elevated temperatures.

Fig. 10. The yield point of the tested alloys depending on the temperature
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of mischmetal to the Al-Si alloy caused an increase in Rp0.2 by 
approx. 50% and Rm60% by approx. 25%, while for the Al-Si-
Ni alloy it increased the yield point by nearly 40% and stress 
by approx. 5%. The best strength properties in the compression 
test carried out at temperatures were obtained for the AlSi12N-
i13Mm5 alloy. 

4. Conclusions

Ribbons cast from the tested alloys had a diversified 
ultrafine dendritic microstructure. Alloys AlSi12Ni13 and 
AlSi12Ni13Mm5 containing rare earth elements and nickel had 
a smaller average grain size of đ ~ 1000-800 nm, compared to the 
alloy AlSi and AlSiMm, where the value was ð ~ 2350-2200 nm. 

EBSD maps showed, identically to the ribbons, that rods 
containing alloys containing rare earth elements and nickel have 
a more fragmented structure compared to AlSi alloys. However, 
the average size of the sub-grains measured on the electron mi-
croscope in the rods produced from the tested alloys was similar 
and amounted to ð ~ 770 nm.

The Si and Al3Ni phases were observed in the AlSi12 
and AlSi12Ni13 alloys, in alloys containing Mm additions, 
the following phases were released: La0.5Ce0.5Si, Al4CeNi and 
La0.33Ce0.40Nd0.27Ni4.2Al0.8. Precipitates containing rare earth 
elements were characterised by a fine structure and were mostly 
observed at the grain boundaries. 

The strength tests carried out in form of compression tests 
at elevated temperatures show that the rods produced have good 
strength properties. The addition of both nickel and rare earth 
elements in the form of mischmetal to the Al-Si alloy caused 
an increase in the yield point Rp0.2 by about 25-50% and strain 
Rm60% by about 5-25%.

These results suggest that the high strength of Al-Si alloy 
rods was obtained by adding TM transition elements, such as 
Ni and RE, by the precipitation of nanometric reinforcing in-
termetallic phases evenly distributed in the matrix consisting of 
aluminium and silicon grains.
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