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A B S T R A C T   

This paper investigate the thermophysical properties of the liquid as well as the rapid solidification of 
Al5.0Mg0.2Sc alloys with 3.0 and 6.0 Li wt% by the discharge crucible, and Impulse Atomization techniques 
respectively. The discharge crucible method, allowed a simultaneous determination of density, surface tension 
and viscosity as a function of the temperature. While the density and surface tension are found to decrease with 
Li content, the viscosity increases due to short-range ordering occurring in intermetallic phases. In order to 
determine their characteristic temperatures, the alloys powder generated by Impulse Atomization were inves
tigated using a Differential Scanning Calorimeter, while microstructural observations and chemical analyses 
were conducted using scanning and transmission electron microscopy with energy dispersive X-ray spectroscopy. 
To study the influence of Li on the microstructural phase formation in these alloys, diffraction patterns analyses 
in transmission electron microscopy, as well X-ray diffraction using synchrotron measurements were carried out. 
The conducted measurements and microstructure observations revealed the precipitations of Al3Sc and Al2MgLi 
phases in both alloy compositions. In addition, AlLi precipitates were observed in Al5.0Mg0.2Sc6.0Li alloy, 
which is in agreement with the phase diagram.   

1. Introduction 

Al alloys (series 2xxx, 5xxx or 7xxx) are attracting renewed interest 
due to the need for lightweight materials with improved mechanical 
properties for the aerospace and automotive industries [1,2]. Precipi
tation hardening in aluminium alloys with the addition of Li, Sc, Zr or Ti 
is especially attractive, as these alloying elements are light, allow 
increased strength, and have been applied extensively in the aero
nautical and automotive sectors. In order to obtain stable nanoscale 
precipitates, phase nucleation and diffusion-controlled growth steps are 
required [3]. Coherency between these strengthening precipitates and 
the matrix is crucial for mechanical properties, incoherent precipitates 
result in reduced strength of the material. 

Mg is a typical alloying element in solution-strengthened Al alloys. 
The addition of Mg as a ternary element to Al-Sc alloys leads to improved 
mechanical properties and nano-structural stability [2,4]. In reference 
[4], Marquis and co-workers investigated the effects of Mg additions on 
Al3Sc precipitation in Al-Sc alloys. The study shows optimisation of the 
mechanical properties of these multicomponent alloys, and the influ
ence of Mg on creep behaviour of Al(Sc)-based alloys. Their study also 

indicates that Mg segregation occurs at the perfectly coherent α-Al/ 
Al3Sc hetero-phase interface, where it is kinetically trapped since Mg is 
insoluble in Al3Sc [4]. Consequently, this segregation of Mg leads to a 
substantial reduction in the anisotropy of the α-Al/Al3Sc interfacial free 
energies, which was confirmed by HREM observations [4]. This 
behaviour is correlated with oversized Mg atoms, 12.08% by radius and 
40.82% by volume,in solid solution in the α-Al matrix [5]. In general, 
Mg addition leads to increased density of Al3Sc precipitates, with a 
simultaneous decrease of their coarsening rate [6]. The influence of Mg 
content from 2 to 6 wt% in Al-Mg-Sc alloys was studied in [7], where it 
was shown that the mechanical properties increased with Mg content. 
However, only a slight difference was observed between 4 and 6 wt%. In 
the case of a Sc addition to aluminium alloys, this element contributes to 
significantly improving the strength by forming nanoscale coherent L12- 
Al3Sc precipitates [2,4,8] from a supersaturated α-Al solid solution. A 
high degree of supersaturation leads to an increased driving force, which 
in turn results in higher density of precipitates [9]. This can be even 
further increased using rapid solidification techniques. When Li addition 
to Al alloys is considered, it leads to a drastic reduction of density, 
accompanied by an increase of elastic modulus. Like with L12-Al3Sc in 
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the Al-Sc system, AL12-Al3Li precipitates can form under classical ageing 
conditions in the Al-Li system. Ternary Al-Mg-Li systems have been 
studied [1], and it was observed that, during fast quenching to room 
temperature and low temperature ageing, the Al3Li phase precipitates 
were dominant, coherent with the Al matrix. An additional ternary 
phase (S1-Al2MgLi) was observed in the system, which mostly nucleated 
heterogeneously on grain boundaries or dispersions. Mg decreases the 
solubility of Li in the Al matrix, leading to an enhancement of precipi
tation in the Al–Mg-Li system, but the interfacial energy of the pre
cipitates is not changed significantly, which is similar to the diffusivity 
of Li in Al [1,10]. 

Little work has been done to study the microstructure and phase 
evolution in Al-Mg-Li-Sc. However, the data indicate that Sc addition 
increases the stability of the solid solution and the hardenability of al
loys containing Li due to the changed Mg/Li proportion in the solid 
solution [11]. The increase in the cooling rate in quenching increases the 
capacity for corrosion cracking of Al-Li alloys, which requires restriction 
of the upper and lower limits of the cooling rate [11]. Al-Mg-Sc-Li alloys 
are promising Al alloys, as it has been suggested that their mechanical 
properties exceeds those where Zr was used for microstructure stabili
zation [12,13]. 

Al alloys with Mg, Sc and Li additions are attractive for lightweight 
applications due to the weight of the material, but they have some 
drawbacks related to Li additions. These include reduction of ductility 
and fracture toughness after heat-treatment (solution treatment, 
quenching and ageing) [14]. Rapid solidification could potentially 
minimize these negative effects by improving the reduced fracture 
toughness and the low monotonic ductility [14], thus offering unique 
advantages over conventional solidification processing. In addition to 
yielding a refine microstructure, it can induce the extension of solid 
solute solubility above the equilibrium concentration, resulting in a 
supersaturated solid solution that leads to dispersion strengthening on 
subsequent upon heat treatment [15]. Using rapid solidification tech
niques leads to higher toughness, increased hardness, better wear 
resistance, better fatigue resistance and improved corrosion resistance 
[16,17]. These enhanced properties result from the non-equilibrium 
solidification pathway. [16]. 

In this work, Impulse Atomization (IA), a container-less solidification 
technique has been used to generate rapidly solidified liquid droplets of 
Al5.0Mg0.2Sc6.0Li alloy. IA offers a unique opportunity to achieve far- 
from-equilibrium microstructures through high cooling rates and large 
undercooling [16,18–21]. IA has the ability to generate several droplets 
during a single experimental run, with tailored microstructures due to 
the inherent differences in cooling rate determined by droplet size, at
mosphere and superheating [22]. IA has proved to be a reliable to tool 
for the study of rapid solidification of Al alloys. Investigated alloys 
include Al-Cu [16,23], Al-Cu-Sc [24], Al-Si [25], Al-Fe [19], and Al-Mg- 
Si [22]. 

The main objectives of this work are to characterize the thermo
physical properties of Al-Mg-Sc-Li melt of two different compositions, 
and to determine the influence of Li on the microstructures of rapidly 
solidified droplets obtained by IA. The influence of Mg content from 2 to 
6 wt% in Al-Mg-Sc alloys was studied in [7], where it was shown that the 
mechanical properties increased with Mg content. However, only a 
slight difference was observed between 4 and 6 wt%. The amount of Sc 
in the studied compositions was chosen according to investigations in 
[26], where 0.01 wt% Sc resulted in an improvement of mechanical 
properties, including yield strength, tensile strength and elongation, and 
stabilized and shifted the equilibrium of Al-Li phases toward lower 
temperatures. The presence of Sc leads to a significantly reduced size of 
the Al3Li precipitates, but also has a limited effect on the precipitation 
kinetics, resulting in increased strength in the binary Al-Li system 
[27,28]. Therefore, the Sc addition influences precipitates depending on 
composition and thermomechanical processing of Li with the Al and Mg 
phases. Taking into consideration the reported literature results, an 
optimal chemical composition, Al-5.0 Mg-0.2Sc with 3.0 and 6.0 wt% of 

Li is chosen for this study. 

2. Experimental 

2.1. Material preparation 

Al-5.0 Mg-0.2Sc alloys with 3.0 and 6.0 wt% of Li (which corre
sponds to 10.7 and 19.8 at. %) were prepared by melting high-purity 
metals (Al, Mg and Sc 99.999%, and Li 99.95%) in a glove-box under 
a protective atmosphere of high purity argon, with water vapour, ni
trogen and oxygen concentration lower than 0.1 ppm to avoid the 
oxidation of the materials. The atmosphere in the glove-box was addi
tionally purified by Ti shavings, working at 850 ̊C, with a circulation 
flow rate of 35 m3/h. The alloys were prepared in an electrical furnace in 
Al2O3 crucibles. Al was first melted and homogenized with Sc at 1000 ̊ C. 
The temperature was then reduced to 800 ̊ C, and Mg and Li were added. 
The melt was homogenized and then cast onto a steel plate. 

2.2. Discharge crucible (DC) 

In order to better understand the behaviour of alloys in their liquid 
state, their thermophysical properties were assessed using the DC 
method, described in detail elsewhere [29,30]. The alloy was placed in a 
molybdenum crucible in an electrical furnace. Upon attaining the cho
sen temperature, the metal was allowed to flow freely from an orifice of 
fixed radius r0 at the bottom of the crucible. By measuring the mass flow 
rate and using numerical solutions based on the relationship between 
the volumetric flow rate Q, of the liquid exiting the crucible through the 
orifice, the head of the liquid was calculated using Eq. (1). By solving Eq. 
(1), the density, viscosity and surface tension could be obtained. 
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where: ρ is the density of liquid (kg/m3); g is the gravitational acceler
ation (m/s2); r0 is the orifice radius at the bottom of the crucible (m); σ is 
the surface tension of the melt (mN/m), Q is the liquid free flow rate 
(m3/s); η and σ are the melt viscosity and the surface tension, respec
tively; Cd is the discharge coefficient determined for a given crucible, 
based on the free flow of liquids with known density; Re is the Reynolds 
number and a1, a2, a3 and a4 are the coefficients of the polynomial 
describing Cd versus Re. The crucible and equipment were calibrated 
using pure Al. The measurements were conducted in a temperature 
range of 650 to 825 ◦C. 

2.3. Thermal analyses by differential scanning calorimetry (DSC) 

The thermal histories of the atomized Al-Sc-Mg-Li alloy powders 
were investigated using a Netzsch DSC 404. The samples (10 mg) were 
heated and cooled at various rates, including 5, 10, 20 and 40 ◦C /min, 
in Al2O3 crucibles under a protective atmosphere of high-purity Ar 
(99.9999%) flowing at 40 ml/min. 

2.4. Impulse atomisation 

The investigated droplets were produced at the University of Alberta 
in Edmonton, Canada, using Impulse Atomisation (IA), a drop tube so
lidification technique developed by AMPL (Advanced Materials & Pro
cessing Laboratory). A detail description of the process is given in [31]. 
The alloys with 3 and 6 at. % of Li prepared in the glove-box (at IMMS 
PAS in Kraków) were melted in Al2O3 crucibles by induction heating 
under an Ar atmosphere. After 30 min stabilization at 900/ 1000 ◦C, the 
melt was impulse atomized in an almost oxygen free (10 ppm) 
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atomization chamber. The generated droplets were sieved into various 
size range, ranging from >212 μm to 1000 μm [32]. This wide range of 
droplets sizes, generated in a single run by IA, provides various thermal 
histories to be investigated. 

2.5. Synchrotron X-ray identification 

Phase identification was carried out using X-ray diffraction (XRD). In 
order to obtain information from the bulk samples, diffraction of high- 
energy synchrotron radiation (87.1 keV, λ = 0.142342 nm) was per
formed using a PETRA III P07 beamline at DESY (Hamburg, Germany). 
Transmission geometry and the high penetration depth of synchrotron 
radiation SR-XRD allowed diffraction to be obtained from a represen
tative volume of the samples. The diffraction data were collected using 
an area detector, located at a distance of 1070 mm from the sample, with 
a beam size of 0.5 × 0.5 mm2. To ensure that an optimal volume of Al- 
Mg-Sc-Li alloy was covered by the beam, the sample was measured at 
three different sites across the interface. The most representative area 
was chosen for phase analysis. Additionally, to bring all grains into 
diffraction (all planes fulfilling the Bragg condition), the sample was 
continuously rotated around the ω axis by − 90◦ < ω < 90◦. In such a 
way, all orientations of a 0.5 × 0.5 × 2 mm sample volume were 
recorded in one single image. 

2.6. Microstructure characterization 

Microstructural characterizations of the specimens were carried out 
using scanning (SEM) and transmission electron microscopy (TEM) 
techniques. The samples for microstructure observation were grinded 
and polished in an alcohol solution in order to protect their surfaces, and 
were coated with carbon in order to avoid oxidation. Specimens were 
investigated using SEM prior to TEM lamella preparation. During SEM 
investigation a specified area for targeted specimen preparation was 
selected. Then, TEM lamella was prepared using focused ion beam (FIB). 
Phase identification was performed using selected area electron 
diffraction (SAED), using TEM and confirmed with X-ray diffraction 
(XRD) [33]. Chemical microanalysis was conducted using the energy 
dispersive X-ray spectroscopy (EDS) technique. Additional character
ization of phase distribution was performed by high angle annular dark 
field (HAADF-STEM). Phase identification was achieved through 
selected area electron diffraction techniques (SAED), using TEM and 
confirmed with X-ray diffraction (XRD). 

3. Results and discussion 

3.1. Thermophysical properties of the investigated Al-Mg-Sc-Li melts 

Using the DC method, the density, viscosity and surface tension of Al- 

Mg-Sc-Li alloys were investigated (see Fig. 1). The obtained temperature 
dependence of density (Fig. 1a) and surface tension (Fig. 1b) were 
described by linear equations, and the viscosity (Fig. 1c) by an Arrhenius 
type equation (Table 1). Density and surface tension data were described 
by the linear equations (Y(T) = a + b ⋅ T), and for viscosity the Arrhenius 
equation (η = A⋅e E

RT) was used. Where Y is γ – surface tension or ρ – 
density, and a, b is linear parameters; η – viscosity, A, E – coefficients, R – 
gas constant, T – temperature. Table 1 includes the parameters of the 
equations, along with estimated standard deviation of the equation pa
rameters, and values calculated at 700 ◦C. The lines for density and 
surface tension and the Arrhenius equation for viscosity were in good 
agreement with the experimental data, and the parameter R2 =

0.988÷0.999. 
The density and surface tension of Al-Mg-Sc-Li alloys decreased as Li 

content increased, while for viscosity an opposite trend was observed. 
The obtained results are similar to those for the Al-Li system, where the 
same character of change is observed [34]. The decrease of density and 
increase of viscosity are correlated with short-range ordering in the 
liquid occurring from the formation of IMCs, as confirmed by the results 
described in Section 3.3. The obtained results for pure Al show very good 
agreement with the literature data according to the last review by Assael 
et al. [35], where the difference between the proposed equation and 
experimental results was below 1%. The results of density and viscosity 
were also compared with a similar composition 
(Al4.6Mg0.66Sc0.42Zr0.49Mn [36]), but it should be noted that those 
results were obtained by computational simulation using numerical 
models. 

The calculated density for Al4.6Mg0.66Sc0.42Zr0.49Mn [36] using 
linear thermal expansion was similar to that obtained for Al5.0Mg0.2
Sc3.0Li alloy. The calculated values for surface tension of 
Al4.6Mg0.66Sc0.42Zr0.49Mn alloy [36] are much higher 977 mN.m− 1, 
compared to data obtained in this study (723.1 mN.m− 1 for 
Al5.0Mg0.2Sc3.0Li and 632.6 mN.m− 1 for Al5.0Mg0.2Sc6.0Li, at a 
temperature of 900 ◦C). The higher values could be explained by the fact 
that the Al surface tension data for calculations were taken from [38]. 
The alloying elements and increasing Li in alloys caused an increase in 
viscosity, compared to pure Al, which is inconsistent with the data for 
Al4.6Mg0.66Sc0.42Zr0.49Mn alloy [36], where the calculated viscosity 
data are lower. This could be the result of a lower value of viscosities for 
pure elements. However it is important to note that the trend observed 
in this study is in agreement with the increase of viscosity observed in 
Al-Li [34]. The higher values of viscosity are caused by the formation of 
IMCs from the Al-Li system, correlated with short-range ordering in the 
liquid which was confirmed by measurements and modelling [34]. 

3.2. Thermal analyses of the investigated alloys 

DSC results are presented in Fig. 2 as heating (a) and cooling (b) 

Fig. 1. The temperature dependency of a) density, b) surface tension and c) viscosity of Al-Mg-Sc-Li alloys compared with literature data for Al [37], Al-Li alloys 
[34], and Al4.6Mg0.66Sc0.42Zr0.49Mn [36]. 
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curves. The addition of 5 wt% of Mg to Al caused a characteristic re
action from the Al-Li-Mg system. The obtained results are in good 
agreement with literature data for the Al-Li-Mg system [39–43]. The 
phase diagrams Al-Li [40,41] and Al-Li-Mg [42], are presented in Fig. 3, 
with the corresponding chemical composition of investigated alloys. 

For both alloys, with 3 and 6 wt% of Li, the first reaction can be 
noticed on the calorimetry curve at around 540 ◦C, and corresponds with 
the beginning of the dissolving of the ternary Al2LiMg phase. The re
action can be written as: L + AlLi <≥ (Al) + Al2LiMg at 536 ◦C [43]. The 
next DSC signals occur at different temperatures and are dependent on 
the amount of Li in the system, which is correlated with the phase dia
grams (Fig. 3). For 3 wt% of Li in the Al-Mg-Sc alloy, the next peaks are 
observed at ~620 and ~631 ◦C, which represents (Fig. 3a) the trans
formation from the (Al) + L semisolid phase to the liquid L phase. For Al- 
Mg-Sc alloys with 6 wt% of Li content, different reactions were observed 

compared to 3 wt% Li. The two peaks appear, but at lower temperatures. 
The first peak, at ~580 ◦C, could correspond with the eutectic reaction 
from the Li-Mg system L < => (Mg) + (Li) at 588 ◦C [44–46]. The peak 
around 600 ◦C represents the eutectic reaction in the Al-Li system, L <
=> (A1) + AILi, which was observed at 600 ◦C [40], 602 ◦C [43] or 
596 ◦C [45] in previous works. 

During cooling (Fig. 2b), a crystallization peak was observed for both 
Li additions. The peaks are close to the melting point of Al, as shown in 
Fig. 3. The expansion of the peak for Al-Mg-Sc with 6 wt% Li reflects the 
higher concentration of Li in the alloy. There is no effect after crystal
lization, which means that the effect obtained during heating is corre
lated with the rapid solidification process during droplet production. In 
the ternary Al-Li-Mg alloys, according to the phase diagram shown in 
Fig. 3b, the equilibrium structure consists of (Al) grains with secondary 
particles of Al and Al2LiMg phases formed during cooling in the solid 

Table 1 
The A, B, Ea coefficientsa,b,c and their standard deviation of the linear temperature dependence of density and surface tension, and the Arrhenius equation described 
viscosity for Al-Mg-Sc-Li alloys, and calculated values at 700 ◦C.  

Density 

Alloys A (g.cm− 3) u (A) B (g.cm− 3 T− 1) u (B) ρ (700 ◦C) (g.cm− 3) s (ρ) 

Al [29] 2.674  − 0.0003  2.371  
Al5.0Mg0.2Sc3.0Li 2.72 0.02 − 0.00067 0.00002 2.233 0.003 
Al5.0Mg0.2Sc6.0Li 2.62 0.06 − 0.00072 0.00006 2.100 0.006  

Surface tension 
Alloys A (mN.m− 1) u (A) B (mN.m-1.T− 1) u (B) σ (700 ◦C) (mN.m− 1) s (σ) 
Al [29] 1036.10  − 0.18  863.40  
Al5.0Mg0.2Sc3.0Li 1015.3 22.4 − 0.249 0.022 772.9 0.2 
Al5.0Mg0.2Sc6.0Li 944.7 13.9 − 0.266 0.014 685.8 1.4  

Viscosity 
Alloys A (Pa.s) u (A) Ea (J.mol− 1) u (Ea) η (700 ◦C) (Pa.s) s (η) 
Al [29] 0.191  14,982.4  1.277  
Al5.0Mg0.2Sc3.0Li 0.168 0.006 16,834.5 34.6 1.349 − 0.001 
Al5.0Mg0.2Sc6.0Li 0.181 0.010 16,882.9 45.3 1.458 − 0.010  

a Estimated from linear regression error as implemented in the Grapher Software Package. 
b Estimated from difference computed between experimental and calculated from linear density fit, s(m) =

1
N

ΣN
i=1∣mexp − mfit ∣, where N is the number of experi

mental points and standard deviation of density s(ρ), surface tension s(σ) and viscosity s(η). 
c Standard uncertainties u are u(T) = 1 K, u(p) = 0.1 kPa at atmospheric pressure p = 0.1 MPa, w(X) = 0.0001 for Al, Mg and w(X) = 0.001 for Sc, Li. 

Fig. 2. The DSC curves vs. temperature for Al-Mg-Sc-Li alloys: a) during heating, b) cooling conditions.  

Fig. 3. The phase diagram of a) Al-Li [41,42] and b) isothermal section of Al-Li-Mg at 500 ◦C [43] and c) isothermal section of Al0.2Sc-Li-Mg at 400 ◦C [8] with the 
signed chemical composition of investigated alloys. 
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state. The magnesium at early stages of decomposition decreases the 
solid solubility of Li, which in turn increases the density of precipitation 
of AlLi. Moreover, Mg and Li form the ternary compound Al2LiMg, 
which is incoherent and nucleates on grain boundaries or dislocation 
networks. However, taking into account the chemical composition of 
alloys with 0.2 Sc wt%, the Al3Sc phase should be present, according to 
the phase diagram in Fig. 3c. The chemical composition of the studied 
alloys corresponds with Al5.0Mg0.2Sc3.0Li alloy in the region of (Al) +
Al3Sc + Al2LiMg, and with Al5.0Mg0.2Sc6.0Li alloy in the (Al) + Al3Sc 
+ AlLi + Al2LiMg region. Sc addition causes the stabilization of the 
structure, considerably slowing down lithium diffusion and coarsening 
of Al3Li or AlLi phases. In addition, it stabilizes the Al2LiMg phase, 
which could be created at higher Li concentrations. Moreover, the 
presence in the structure of coherent or semicoherent Al3Sc (cubic 
particles) provides places for preferential nucleation of the Al-Li phases. 

The Al5.0Mg0.2Sc6.0Li was additionally analyzed at different heat
ing rates. In this case, characteristic reactions were observed at much 
lower temperatures than the main peak. The first peak corresponds with 
the eutectic reaction at 418 ◦C – L < => (Mg) + Mg17Al12 + AlLi [43]. 
The second peak starts at around 485 ◦C, which matches the invariant 
reaction U2 [43] at 483 ◦C, L + Al2LiMg < => (Al) + Mg17Al12. 
Increasing the heating rate from 5 to 40 ◦C/min results in a slight shift of 
the characteristic reaction peak toward lower temperatures. This could 
be connected with the mentioned precipitates from the Al-Sc-Li-Mg 
system in the microstructure, which are described in the next section. 

3.3. Microstructure and phase analysis 

The microstructures of the obtained droplets are presented in Fig. 4 
a), b) for Al5.0Mg0.2Sc3.0Li alloy and c), d) for Al5.0Mg0.2Sc6.0Li 
alloy, respectively. There are major differences in the microstructure of 
the studied alloys. In the case of the alloy with 6 wt% Li, more pre
cipitates are observed compared to Al5.0Mg0.2Sc3.0Li. The obtained 
microstructure for Al5.0Mg0.2Sc3.0Li alloy after rapid solidification 
looks very similar to the microstructure obtained after the solution was 
treated at 570 ◦C for 20 h [47]. As shown in [48], the microstructures of 
cast ingots exhibiting ternary peritectic reactions are often typical of 
non-equilibrium type reactions in the material. In this case, a second 
phase forms around the primary phase, as shown in Fig. 2b. In the case of 
a Scheil-type micro-segregation, the final composition of the solidifica
tion can be meaningfully predicted [49] which could go along the 
monovariant lines as was analyzed in [50] for the Al-Li-Cu system. 

The observed characteristics effect of inclusion in relation to grain 
boundary (GB) in the second phase, created in the structure, as shown in 
Fig. 5b and d, in the grain boundary occurring the appearing dark-grey 
phase is fully or partially surrounds by second phase light-grey. During 
solidify the complete and incomplete wetting of grain boundaries by the 
melt or second solid phase make occur, as observed in [51], the for
mation of coherent and semicoherent particles of metastable phases in 
our case Al2Mg. Other hand, the increasing Li content caused formation 
AlLi precipitates in Al (Fig. 5d) inside in Al grains, what it can even 
prevent segregation Li to GBs. A more detailed discussion of the effect of 
co-segregation, however, requires a separate investigation, and is 
outside the scope of the present study. 

In the microstructure of Al5.0Mg0.2Sc3.0Li, an Al matrix with small 
precipitates Al3Sc and Al2Mg and Mg rich phases on the grain boundary 
is observed (Fig. 5). The secondary electron micrographs and EDS 
elemental maps for Al, Mg, and Sc were prepared. On the EDS maps, the 
dispersion of Sc in the entire volume of the sample is apparent. The Al 
formed grains and Mg occurred at the grain boundary, just as observed 
in [36]. 

The conducted chemical analysis in SEM for Al5.0Mg0.2Sc3.0Li 
alloy, presented in Fig. 5, shows that Mg is present at the grain bound
ary, while Sc is distributed throughout the volume and is also partially 
located at grain boundaries. The same Sc distribution was observed in 
[52] for Al5Mg0.2Sc cast alloy, but with increasing Sc content to 
0.4–0.6, which caused the formation of small square precipitates of 
Al3Sc. However, the presence of Al3Sc precipitates should be more 
visible after heat treatment, as shown in the literature data [36,53]. 
Moreover, the addition of 0.2 Mg and 5.0 wt% resulted in the formation 
of the Al3Sc phase, which is in agreement with the phase diagram of Al- 
Mg-Sc [2]. However, the addition of Li introduces changes in the 
observed phases (Fig. 3c) [54]. In the case of the microstructure of the 
Al5.0Mg0.2Sc6.0Li alloy (Fig. 4d), a higher density of small precipitates 
is observed. This, together with increased Li content, caused the for
mation of the AlLi phase precipitates, in accordance with the phase di
agram (Fig. 3c) [54]. 

The TEM observations of Al5.0Mg0.2Sc6.0Li alloy, presented in 
Fig. 6, show the presence of small IMC precipitates at grain boundaries 
of Al grains and Mg regions. A similar microstructure was obtained in 
[55], where Mg addition caused substantial grain refinement of 
aluminium, while Sc formed a very fine dispersion of Al3Sc precipitates, 
which is very efficient in restricting the grain growth. The precipitates in 
Fig. 6 are potentially AlLi and Al2MgLi phases, which were identified by 
SR-XRDs, presented in Fig. 9. 

The conducted HAADF in TEM presented in Fig. 7 shows the maps of 
concentration of elements present in the sample. The observed Mg re
gions (Fig. 7c) are dendritic-like with diffused shapes of varying sizes, 
enriched in Al. Taking into account that the characterization of Li is 
difficult using HAADF-STEM, the presence of AlLi and Al2MgLi phases 
was confirmed by electron diffraction patterns using TEM and SR-XRDs. 
Similar precipitates to AlLi presented in Fig. 6 were observed by Noble 
and Thompson [56] and Prasad et al. [57]. In the case of the Al2MgLi 
phase, as reported in [52–54,59], the precipitates located at the inter- 
dendrite spaces between the dendrite branches have a high enrich
ment of aluminium. The alloys with Li additions show two types of 
nucleation mechanisms unique for alloys with Li content [57]. The first 
mechanism is the nucleation on the AlLi phase present at the matrix 
interface. In this case, Mg concentration occurs at the growth front. This, 
combined with the excess vacancies released when Li adds to the AlLi 
precipitate, results in favourable conditions for Al2MgLi nucleation. The 
second nucleation mechanism is when the nucleation occurs on matrix 
dislocations and on sub-grain boundary dislocations [57]. Therefore, as 
shown in the phase diagram in Fig. 3 and by Fridlyander et al. [59], who 
studied the addition of Li and Mg, the solubility of Sc in Al is decreased, 
and this in turns promotes the formation of Al3Sc. The grain size and 
shape are also affected by the casting variables, such as cooling rate, 
superheating of the melt, and stirring. 

Fig. 4. SEM microstructures of droplets a) and b) Al5.0Mg0.2Sc3.0Li with higher magnification, c) and d) Al5.0Mg0.2Sc6.0Li with higher magnification.  
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The phases after atomization (Fig. 8) were identified with the use of 
the phase diagram presented in Fig. 3, and using data presented in the 
literature [48,52,53,56,59]. The crystallographic structure of the Al3Sc 
phase was taken from [61], for AlLi from [62] and for Al2Mg from [62]. 
Fig. 8 shows the selected area diffraction (SAED) and electron diffraction 
patterns of Al5.0Mg0.2Sc3.0Li alloy, identifying the precipitates as 
Al3Sc, AlLi and Al2Mg phases, which matches the prediction based on 
the phase diagram in Fig. 3c. 

The SR-XRD measurements were conducted for Al5.0Mg0.2Sc3.0Li 
and two sizes of Al5.0Mg0.2Sc6.0Li droplets in order to determine 
whether the size of the droplets is correlated with changes in the phase 
composition of the alloy. The droplets were fine (425–500 μm) and 
coarse (1.18–1.4 mm). The results are presented for Al5.0Mg0.2Sc6.0Li 
alloys (for two droplet sizes) and for Al5.0Mg0.2Sc3.0Li alloy in Fig. 9. 
In order to analyze the obtained SRXRD results and attribute the peak to 
phases, higher magnification was needed, where the highest peak from 
Al was omitted, as shown in Fig. 9b. The SRXRD shows that, for 
Al5.0Mg0.2Sc3.0Li alloy, the AlLi phase was not present, and the 
characteristic peaks from the Al2MgLi phase seem to be shifted and 
correspond to the Al2Mg phase. The cell parameters for Al2MgLi phase 
taken from [52,56,59,60,63,64] suggest that a = 20.2 Å, although the 
equilibrium between Al or Mg and AlLi can affect that parameter and 
could increase it up to 1.5%. 

4. Conclusions 

In this study, experimental investigations of Al-Mg-Sc-Li were carried 
out to show the influence of Li on the thermophysical properties of liquid 
by the discharge crucible method, and the rapid solidification micro
structures of the alloys obtained by rapid solidification. 

The following conclusions could be drawn:  

1. The density and surface tension decrease as Li content increases, 
while the opposite is observed for viscosity. The higher value of 
viscosity compared to Al-Li alloys could be caused by the formation 
of IMCs not only from the Al-Li system, but also from a ternary phase 
such as Al2MgLi. 

Fig. 5. SEM microstructures (a) and EDS maps of Al5.0Mg0.2Sc3.0Li alloy: b) Al, c) Mg and d) Sc.  

Fig. 6. The microstructure HAADF in TEM of Al5.0Mg0.2Sc6.0Li alloy.  

Fig. 7. A) HAADF-STEM image of Al5.0Mg0.2Sc6.0Li alloy and corresponding EDS maps for b) Al, c) Mg concentration.  

Fig. 8. The microstructure of Al5.0Mg0.2Sc3.0Li alloy as identified by SAED and electron diffraction patterns of the Al3Sc, AlLi, and Al2Mg phases.  
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2. The presence of the Al2MgLi phase was confirmed by SR-XRDs. The 
obtained results are in line with the phase diagram of Al-Li-Mg sys
tem (Fig. 3) and with the literature [43,50,58].  

3. The generated Al5.0Mg0.2Sc3.0Li droplets after atomization were 
characterized by the presence of Al3Sc and Al2MgLi phases at grain 
boundaries of Al grains. The microstructure observation for 
Al5.0Mg0.2Sc6.0Li alloy showed the existence of another AlLi phase 
as small precipitates inside the Al grains. 

4. The thermal analysis by DSC showed a similar character of temper
ature phase transformations. However, there are specific differences 
between the obtained DSC curves for Al5.0Mg0.2Sc3.0Li and 
Al5.0Mg0.2Sc6.0Li alloys. The obtained results are in agreement 
with the phase diagram of the Al-Li-Mg system proposed by [43], 
presented in Fig. 3  

5. The IMCs Al3Sc, AlLi and Al2MgLi phases were confirmed by electron 
diffraction patterns in TEM and SR-XRDs. 

6. Rapid solidification of Al-Mg-Sc-Li alloys with 6 wt% of Li was suc
cessfully achieved by Impulse Atomization. The generated rapid 
solidification microstructures and phase composition, showed great 
potential for powder feedstock to be used in processes such as ad
ditive manufacturing. These microstructures can still be improved by 
choosing the right parameters for higher undercooling to generate 
more metastability in the solidification path. 
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