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Abstract
The high-strength aluminium alloys of the 7xxx series, which belong to the Al–Zn–Mg–Cu system, are known for their 
exceptional properties and are often used for applications where strength, fatigue resistance, stress corrosion resistance and 
wear resistance are required. The alloy EN AW-7175 requires an understanding of the precipitation process during solidifica-
tion and cooling, where different phases are formed depending on the Zn/Mg ratio and cooling rate. Microstructural defects 
in the as-cast state affect the mechanical properties, prompting the investigation of La additions to refine the microstructure 
and improve the mechanical properties. In this study, the influence of La additions on the solidification and microstructure 
of the alloy EN AW-7175 in the as-cast state is investigated. Thermodynamic calculations, DSC and SEM analyses were 
performed. Samples with La additions (0.05–0.17 mass%) were compared with a reference sample (0 mass% La). La additives 
have only a minimal effect on the liquidus temperature and show minor differences in the solidus temperature in equilibrium 
calculations. The solidification interval decreases slightly compared to the reference sample, which is consistent with the 
Scheil simulations. The DSC results show reduced liquidus and solidus temperatures, while the solidification interval remains 
largely unchanged by the addition of La. The addition of La alongside  Al13Fe4,  Mg2Si and the eutectic α(Al) + σ[Mg(Zn, 
Cu, Al)2] leads to the formation of two new La-based phases:  Al20Cr2La and  LaSi2.  Al20Cr2La modifies the  Al45Cr7 phase 
and solidifies first, while  LaSi2 modifies  Mg2Si. As the La content increases, the  Mg2Si content decreases until it completely 
disappears at a La content of more than 0.1 mass%. On the contrary, according to the literature, the grain size increases 
somewhat with a higher La content.
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Introduction

The high-strength 7xxx series are aluminium alloys from the 
Al–Zn–Mg–Cu alloy system. They are heat treatable alloys 
characterised by high-strength, limited fatigue strength, 
stress corrosion resistance and excellent wear resistance 
[1–16]. They are widely used as structural materials in aero-
space, rail, automotive and other industries due to their high-
strength-to-mass ratio achieved by heat treatment [1, 2, 5, 6, 
9–13, 15–17]. EN AW-7175 alloy is one of the newer vari-
ants from the Al–Zn–Mg–Cu alloy system based on the alloy 
EN AW-7075 [8]. The precipitations during solidification/
cooling of the 7xxx alloy system are important and complex. 

Studies by numerous researchers [1–10, 12–16, 18–21] have 
identified phases that precipitate (in addition to α-Al) dur-
ing the solidification/cooling process of the Al–Zn–Mg–Cu 
alloy system. They are shown in Table 1. In these studies, it 
was also shown that the stoichiometry of the M/η, S, T, V, 
and Z phases varies greatly and depends on the Zn/Mg ratio 
and the cooling rates, which is why the composition of the 
phases is usually given with minimum and maximum values. 
Previous studies [1, 8, 15] also indicated that when the Zn/
Mg ratio is below 2.2, the main strengthening phase is T, 
while when the ratio is above 2.2, the main strengthening 
phase is η/M. Lim et al. [8] investigated the Zn/Mg ratio in 
the alloy EN AW-7175 and found that a lower (Cu + Mg) 
content and a higher Zn/Mg ratio (3.0) compared to a higher 
(Cu + Mg) content and a lower Zn/Mg ratio (2.0) resulted 
in a lower solvus of the S phase and thus a coarse S phase.

In general, 7xxx series alloys do not provide their best 
as-cast mechanical properties and performance due to 
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inherent microstructural deficiencies such as coarse inter-
metallic phases, micro and macro segregation, coarse 
grains, and hot cracking [9, 17]. Hot tearing could be 
overcome during solidification by two methods: Refining 
the secondary dendrite arm spacing (SDAS) of the pri-
mary α-Al phase and/or by changing the morphology of 
this phase to a non-dendritic phase [9]. This is one of the 
reasons why the addition of La has been investigated, as 
previous studies [22–25] have reported that it promotes the 
refinement of the SDAS of the primary α-Al phase/grains. 
And it is important to first understand the effects of La 
additions on the solidification process and as-cast phase 
evolution to successfully achieve optimal temperatures for 
further heat treatment to achieve the desired mechanical 
properties. Previous studies [22–30] have also shown that 
the addition of La increases mechanical properties and 
corrosion resistance.

Based on the above findings, we decided to investigate 
the influence of La additions on the solidification and 
phase evolution of the alloy EN AW-7175 in the as-cast 
state. Thermodynamic calculations based on the CAL-
PHAD method were carried out, using equilibrium calcu-
lations and solidification simulations according to Scheil. 
In addition, DSC (differential scanning calorimetry) analy-
ses were carried out to evaluate the influence of the La 
additives on the solidification process, and microstructural 
analyses were carried out using SEM (scanning electron 
microscopy) to evaluate the microstructural components of 
the investigated as-cast samples and the influence of the La 
additives on the phase evolution. The alloy EN AW-7175 
(sample 0) served as a reference and the other samples had 

elevated La additions (0.05, 0.1, 0.14 and 0.17 mass%—
samples 1, 2, 3 and 4 respectively).

Experimental work

Since the aim of the study was to investigate the solidifica-
tion and phase evolution of the alloy EN AW-7175 in the 
as-cast condition, DSC analyses and metallography were 
carried out after the preparation of the alloys. CALPHAD 
calculations were also carried out to evaluate the thermo-
dynamically stable phases of the samples studied and the 
influence of La addition on phase evolution.

Materials

For each batch, 500 g of a commercial EN AW-7175 alloy 
was melted. The alloys were produced in an electric resist-
ance furnace with a graphite crucible covered with a calcium 
silicate  (Ca2O4Si) to prevent heat loss and ensure stability 
of the melt. The melt was heated to 750 °C, which was also 
the pouring temperature for each batch. After the addition 
of La (99.99 mass%), the melt was skimmed off and poured 
into permanent moulds. The temperature of the melt was 
controlled with a K-type thermocouple. As the aim was to 
ensure that the metallurgical process parameters were the 
same for each batch, sample 0 (reference) was also remelted 
and cast.

The chemical composition (Table 2) was measured with 
OES ARL iSpark 8860.

Since the amount of Cu, Mg and Zn and the ratio Zn/Mg 
are important, they were also calculated and are shown in 
Table 3. The amounts and the ratio are almost the same for 

Table 1  List of phases precipitated during the solidification and cool-
ing process of the Al-Zn-Cu-Mg alloy system

Phases Formula Phases Formula

Metastable  Al3Zr Al3Zr η/M MgZn2

Mg2Si Mg2Si S Al2CuMg
Al7Cr Al7Cr T Al2Mg3Zn3, 

 Mg32(Al, Cu, Zn)49, 
AlCuMgZn

Al3Fe Al3Fe V/Z Mg2Zn11 +  Al5Cu6Mg2

Al13Fe4 Al13Fe4 σ (T + η/M) Mg(Zn, Cu, Al)2

Al7Cu2Fe Al7Cu2Fe θ Al2Cu

Table 2  Chemical composition 
of the investigated alloys in 
mass%

Sample Si Fe Cu Mn Mg Cr Ni Zn Ti V La Al

0 0.08 0.12 1.55 0.03 2.28 0.20 0.01 5.51 0.03 0.01 0.0 Bal.
1 0.07 0.12 1.49 0.02 2.26 0.20 0.01 5.47 0.03 0.01 0.05 Bal.
2 0.08 0.13 1.55 0.04 2.28 0.20 0.01 5.58 0.03 0.01 0.10 Bal.
3 0.08 0.13 1.52 0.04 2.26 0.21 0.01 5.53 0.03 0.01 0.14 Bal.
4 0.07 0.11 1.50 0.02 2.30 0.20 0.01 5.49 0.03 0.01 0.17 Bal.

Table 3  Amount of Cu + Mg, Zn + Mg + Cu in mass% and ratio Zn/
Mg calculated from mass%

Sample Cu + Mg Zn + Mg + Cu Zn/Mg

0 3.83 9.34 2.42
1 3.75 9.22 2.42
2 3.83 9.41 2.45
3 3.78 9.31 2.45
4 3.80 9.29 2.39
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all samples examined. Since the Zn/Mg ratio is above 2.2, 
according to the literature [1, 8, 15] the main strengthening 
phase should be η/M.

Calculation of phase diagrams (CALPHAD)

The commercial Thermo-Calc software version 2023a 
was used for the CALPHAD modelling. The Thermo-
Calc Software TCAL8 Aluminium-based Alloys database 
was selected from which the thermodynamic data for the 

calculations were obtained. A one axis type of calculation 
was chosen for the equilibrium calculations, from which 
plots were obtained showing the amount of thermodynami-
cally stable phases in the alloys studied. Since, solidification 
and phase evolution were studied in the as-cast state, the 
determination of solidification under non-equilibrium condi-
tions was calculated using the classical model of Scheil [31, 
32] (Scheil-Gulliver solidification simulation). The model 
assumes that the diffusion of all elements in the liquid phase 
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Fig. 1  Mass fraction of all thermodynamically stable equilibrium phases as a function of temperature for sample 0 (a) and (b—magnification of 
a), sample 2 (c) and (d—magnification of c) and sample 4 (e) and (f—magnification of e)
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is infinitely fast (complete mixing in the liquid), that there is 
no diffusion in the solid (the diffusion of all elements in the 
solid phases is zero) and that the interface between the liquid 
and the solid is in complete thermodynamic equilibrium. It 
is a well-known model and is often used in studies [33–37] 
on the solidification of metals and alloys.

Differential scanning calorimetry (DSC)

For the DSC analysis, samples with dimensions of approxi-
mately 4 × 3.5 × 1.5 mm (± 0.2 mm) and a mass between 
30 and 50 mg were prepared from the produced alloys. The 
solidification process was investigated with the NETZSCH 
DSC 404 F3 Pegasus device. The samples were heated to 
720 °C at a heating rate of 10 K  min−1 and cooled to room 

temperature at a cooling rate of 10 K  min−1, with the furnace 
under Ar protective atmosphere throughout the analysis. 
Empty DSC crucibles made of  Al2O3 were used as refer-
ence. Only the cooling curves were used for further analysis, 
as solidification was investigated. DSC analysis was used 
to determine the characteristic temperatures of the solidi-
fication process, such as the liquidus, solidus and phase 
precipitation/solidification start temperatures. All peaks on 
the DSC cooling curves were determined with NETZSCH 
Proteus® software using the tangent method. To ensure that 
we determined the exact temperatures for shallower sections, 
in our case for the  Al13Fe4 and  Mg2Si/LaSi2 phases (as the 
amount of these phases was small), the first derivative was 
calculated and the inflexion points on the first derivative 
curve were used to determine the characteristic temperatures 
for the mentioned phases, even if they are visible on the DSC 
cooling curve. But to be on the safe side, we check them 
again with the derivative. DSC analysis has been shown to 
provide very accurate results when investigating the solidi-
fication process of metals and alloys, as reported in previous 
studies [38–41].

Metallography

The samples for metallography were ground and polished. 
Metallographic analysis was performed using the Ther-
moFisher Scientific Quattro S FEG-SEM (field emission gun 
scanning electron microscopy). The latter was used for phase 
analysis with the analyser EDS (energy-dispersive X-ray 
spectroscopy) Ultim® Max Oxford Instruments, where ele-
ment mapping, chemical composition of the phases and line 
scanning were performed.

Results and discussion

The results of the CALPAHD and DSC analysis shown are 
in the temperature range between 400 and 720 °C, as the 
solidification process and phase development were inves-
tigated in the cast state. Sample 0 is used as a reference 
sample without La addition.

CALPHAD analysis

Based on the results of the calculated thermodynamically 
stable equilibrium phases for the samples studied, there were 
minor differences, we have only drawn diagrams for samples 
0, 2 and 4 (Fig. 1) as they are the most representative. All 
results concerning solidus, liquidus and precipitation tem-
peratures are shown in Table 4. In addition, the mass frac-
tions of the phases stable at 400 °C in the samples studied 
(Table 5) have been shown.

Table 4  Liquidus temperatures of the equilibrium phases in the tem-
perature range between 400 °C and 720 °C

Phase Liquidus temperature/°C

0 1 2 3 4

Al45Cr7 664 663 664 666 664
α-Al 637 637 637 637 637
Al15Si2(Fe,Cr)3 614 614 615 616 612
LaSi2 – 562 570 573 573
Al7Cu4Ni 515 517 516 517 517
Mg2Si 505 471 460 442 443
Al18Mg3Cr 500 504 503 508 513
Al7Cu2Fe 463 462 488 484 485
S-Phase 461 459 463 460 460
Al11La3 – 441 442 557 564
La2Zn17 – 424 427 426 425
T-Phase 408 405 404 401 –

Table 5  Mass fraction of the thermodynamically stable equilibrium 
phases at 400 °C in all investigated samples

Phase Mass fraction of the phase at 400 °C

0 1 2 3 4

Al45Cr7 – – – – –
α-Al 0.960 0.960 0.957 0.957 0.956
Al15Si2(Fe,Cr)3 0.006 0.006 0.006 0.006 0.005
LaSi2 – – – – –
Al7Cu4Ni – – – – –
Mg2Si 0.001 0.001 0.001 0.001 0.001
Al18Mg3Cr 0.008 0.008 0.008 0.008 0.009
Al7Cu2Fe 0.002 0.002 0.002 0.002 0.002
S-Phase 0.015 0.015 0.017 0.018 0.018
Al11La3* – – – – –
La2Zn17 – 0.003 0.005 0.007 0.009
T-Phase 0.008 0.005 0.004 0.001 –
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Since the effect of La addition on solidification was inves-
tigated, we first looked at the liquidus and solidus tempera-
tures. For sample 0 the liquidus temperature is 663.6 °C, 
for sample 1 663.4 °C, for sample 2 663.8 °C, for sample 
3 665.8 °C and for sample 4 663.8 °C. On the other hand, 
the solidus temperature for sample 0 is 504.5 °C, for sample 
1 510.8 °C, for sample 2 506.7 °C, for sample 3 509.0 °C 
and for sample 4 509.2 °C. As can be seen from the calcu-
lated results, there are minor changes in the liquidus and 
solidus temperatures, with the former remaining almost 
unchanged and the latter increasing slightly compared to 
reference sample 0 (6.3, 2.2, 4.5 and 4.7 °C for samples 1, 2, 

3 and 4, respectively). Meanwhile, the solidification interval 
(TL–TS) is slightly reduced by the addition of La compared 
to reference sample 0 (the maximum difference is 6.5 °C in 
the case of sample 1, the others are smaller), but no signifi-
cant differences can be observed.

In the following table (Table 4), the liquidus tempera-
tures of the thermodynamically stable equilibrium phases 
are compiled for all samples investigated. According to 
the calculations, three new phases are formed by the addi-
tion of La to the alloy EN AW-7175:  LaSi2,  Al11La3 and 
 La2Zn11. Compared to the reference sample (0), the addition 
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Fig. 2  Mass fraction of the phases solidified during the Scheil solidification calculation sample 0 (a) and (b—magnification of a), sample 2 (c) 
and (d—magnification of c) and sample 4 (e) and (f—magnification of e)
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of La affects the liquidus temperature of  Mg2Si,  Al18Mg3Cr, 
 Al7Cu2Fe and the T-Phase. However, in the case of  Mg2Si 
(up to 0.14 mass% La) phase and T-Phase it is obvious that 
with increasing La addition, the liquidus temperature of the 
mentioned phases decreases. In the case of  Al18Mg3Cr and 

 Al7Cu2Fe (up to 0.14 mass% La), however, the liquidus tem-
perature also increases with increasing La content.

Table 5 shows the mass fraction of the stable phases at 
400 °C for all samples investigated. The main difference 
with the addition of La is the mass fraction of the S-phase, 
which increases slightly with the addition of La, and the 
amount of the T-phase, which decreases with increasing La 
addition and is no longer present in sample 4. As for the La 
phases, only the  La2Zn17 phase is stable at 400 °C. Accord-
ing to calculations, La begins to form the  La2Zn17 phase 
(cyan-coloured curve in Fig. 1) from  LaSi2 (lime-coloured 
curve in Fig. 1) and  Al11La3 (pink-coloured curve in Fig. 1), 
which also has the lowest liquidus temperature (Table 4) of 
all La phases formed in the samples studied.

Since, the as-cast samples were used for microscopic 
analysis to evaluate phase evolution at a cooling rate of 
10 K  min−1, Scheil solidification simulations were also per-
formed. In this case, plots showing the mass fractions of the 
phases during the Scheil solidification simulations (Fig. 2) 
were prepared for samples 0, 2 and 4. All results concerning 
the solidus temperatures are shown in Table 6. In addition, 
we have also listed the mass fraction of the phases in the 
samples after solidification (Table 7).

Since, the Scheil model simulates solidification, the soli-
dus temperatures are given for the samples studied, as the 
liquidus temperatures are the same as in the equilibrium cal-
culations. The solidus temperature for sample 0 is 460.3 °C, 
for sample 1 461.3 °C, for sample 2 461.3 °C, for sample 
3 461.3 °C and for sample 4 468.8 °C. The results show that 
the addition of La does not change the solidification interval 
significantly (it only changes by 1 °C compared to sample 0). 
Only sample 4 shows a slightly shorter solidification interval 
(8.5 °C compared to sample 0).

Based on the Scheil solidification calculations in terms 
of the liquidus temperatures of the phases (Table 6), the 
addition of La during solidification forms two new phases 
 (LaSi2 and  Al11La3—the latter only in sample 4). Compared 
to the reference sample (0), the addition of La influences the 
liquidus temperatures of  Mg2Si. The higher the La content, 
the lower the liquidus temperature of  Mg2Si. For  Mg2Si, the 
trend is the same as in the equilibrium calculations (Table 4). 
Another difference is in sample 4, where 0.17 mass% La 
has an effect on the S-phase and the V-phase, which are no 

Table 6  Liquidus temperatures of the phases in the Scheil solidifica-
tion simulation for the investigated samples

Phase Liquidus temperatures/°C

0 1 2 3 4

Al45Cr7 663.6 663.4 663.8 665.8 663.8
αAl 636.9 637.2 636.5 636.7 636.7
Al13Fe4 597.3 597.5 598.3 598.4 595.1
LaSi2 – 554.5 565.0 569.3 568.4
Mg2Si 513.5 503.0 496.1 – –
Al7Cu4Ni 495.9 495.3 495.0 495.2 494.8
Al11La3 – – – – 540.0
T-Phase 468.6 469.2 469.2 469.5 469.9
S-Phase 468.1 468.1 468.3 468.4 –
V-phase  (Mg2Zn11) 461.3 461.3 461.3 – –
M-phase – – – – 469.1

Table 7  Mass fraction of the phases at solidus temperatures based on 
the Scheil solidification simulation of the investigated samples

Phase Mass fraction of the phase at solidus tem-
perature

0 1 2 3 4

Al45Cr7 0.004 0.004 0.004 0.005 0.004
αAl 0.932 0.927 0.924 0.924 0.938
Al13Fe4 0.003 0.003 0.003 0.003 0.003
LaSi2 – 0.001 0.001 0.002 0.002
Mg2Si 0.002 0.001 0.001 – –
Al7Cu4Ni 0.001 0.001 0.001 0.001 0.001
Al11La3 – – – – 0.001
T-Phase 0.036 0.033 0.034 0.035 0.011
S-Phase 0.006 0.005 0.006 0.006 –
V-phase  (Mg2Zn11) 0.006 0.001 0.001 – –
M-phase – – – – 0.040
Liquid Bal. Bal. Bal. Bal. Bal.

Table 8  Characteristic 
temperatures in °C obtained 
from the DSC cooling curves of 
all samples investigated

Sample TL Al13Fe4 Mg2Si/LaSi2 α-Al + σ[Mg(Zn, 
Cu, Al)2]

TS ΔT (TL–TS)

0 635.6 557.9 510.1 470.8 445.2 190.4
1 634.9 556.7 511.9 471.4 443.4 191.5
2 633.9 554.4 522.5 470.7 444.5 189.4
3 632.8 552.3 526.0 470.2 442.5 190.3
4 633.4 553.3 539.5 471.2 444.3 189.1
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longer present during solidification but form the M-phase. 
This differs from the equilibrium calculations (Table 4) 
where the M-phase and the V-phase were not present. The 
 Al7Cu2Fe,  Al15Si2(Fe,Cr)3 and  Al18Mg3Cr phases are also 
absent during solidification compared to the results of the 
equilibrium calculations (Tables 4 and 5). On the other hand, 
the  Al13Fe4 phase appears during solidification.

Since, different phases solidify during solidification 
of the investigated samples based on Scheil calculations 
compared to equilibrium calculations, a table (Table 7) was 
also prepared showing the mass fractions of the phases at 
solidus temperatures of the investigated samples. There 
is an obvious trend in terms of the amount of La added: 

the more La is added to the samples, the less T-phase is 
present in the samples. It is also clear from the calculations 
that  LaSi2 is the only La phase present after solidification, 
except in sample 4 where  Al11La3 is also present. When 
we compare the results of the La phases with the results 
of the equilibrium calculations, in the case of the Scheil 
solidification simulations, no  La2Zn17 phase is present 
after the solidus temperature, which was present in the 
equilibrium calculations. Moreover, at higher La addition, 
the S-phase (above 0.14 mass% La) and the V-phase (above 
0.10 mass% La) are no longer present during solidification. 
On the other hand, the M-phase starts to solidify at higher 
La addition (above 0.14 mass%).

Thus, if we compare the results of two different types 
of calculations and first consider the La-based phases, it is 
obvious that after solidification there should be a  La2Zn17 
phase in the samples with La addition, based on equilibrium, 
but a  LaSi2 phase based on the Scheil solidification 
calculations. This is confirmed by further analysis (DSC 
and metallography) to determine which La-based phase is 
actually present in the samples. The other main difference 
concerns the T-phase and the S-phase. The results of the 
equilibrium calculations show that there should be more 
S-phase in the samples after solidification, but the Scheil 
calculations show the opposite, that the amount of T-phase 
should be higher. And the last main difference concerns the 
Fe-based phase. The results of the equilibrium calculations 

Table 9  Exothermic energies released on cooling of all the sam-
ples studied, for the solidification of the matrix and the eutectic 
α(Al) + σ[Mg(Zn, Cu, Al)2] phase

Sample Solidification enthalpies J  g−1

Solidification α(Al) + σ[Mg(Zn, 
Cu, Al)2]

0 186.1 5.9
1 185.8 5.8
2 199.0 6.6
3 187.7 6.4
4 174.2 5.4

Fig. 4  The analysed areas 
(marked as spectrum in the 
table) with EDS are with the 
corresponding chemical compo-
sition in at% for sample 0
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show that the  Al7Cu2Fe phase should be present, while the 
Scheil calculations show that the  Al13Fe4 phase should be 
present. Since, these phases are well-known and have already 
been described and characterised by other researchers [1, 
2, 5, 7–9, 13, 21], we will only confirm which phases are 
present in the investigated samples after solidification in the 
as-cast state by further analysis.

DSC analysis

In the DSC analysis, only the most meaningful diagrams are 
shown, just as in the CALPHAD calculations, i.e., the DSC 
cooling curves for samples 0, 2 and 4. However, in the fol-
lowing table (Table 8) we have compiled all the characteris-
tic temperatures obtained from the DSC analysis. In the ref-
erence sample (Fig. 3a), an additional peak was determined 

at 620.1 °C, which belongs to the liquidus temperature of 
α-Al and was no longer visible when La was added.

It is evident from the results that the addition of La does 
not drastically change the solidification interval (ΔT—
Table 8), it remains almost unchanged. However, the addi-
tion of La lowers the liquidus temperature of samples 1, 2, 3 
and 4 by 0.7, 1.7, 2.8 and 2.2 °C, respectively, compared to 
the reference sample (0). The results show that the liquidus 
temperatures decrease up to an addition of 0.14 mass% La 
and then increase again (sample 4). The same is true for the 
solidus temperature (1.8, 0.7, 2.7 and 0.9 °C for samples 1, 
2, 3 and 4, respectively), but in this case there is no logical 
trend as the results vary greatly with the addition of La. On 
the other hand, the liquidus temperature of the  Al13Fe4 phase 
starts to decrease with the addition of La (1.2, 3.5, 5.6 and 
4.6 °C for samples 1, 2, 3 and 4, respectively). In this case, 
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Cu L  1,2α

50   m
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Fig. 5  EDS element mapping images for sample 0
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the trend is the same as for the liquidus temperature of the 
alloy. Moreover, the liquidus temperature increases for the 
 Mg2Si phase (1.8, 12.4, 15.9 and 29.4 °C for samples 1, 2, 
3 and 4 respectively). For the  Mg2Si phase, there is a trend 
that the liquidus temperature of the  Mg2Si phase increases 
with increasing La content. The reason for this is that when 
La is added, a new phase  LaSi2 begins to form, which fun-
damentally changes the  Mg2Si phase. This trend has already 
been demonstrated in previous studies [42–44]. In sample 
2, only a few residues of the  Mg2Si phase are present, the 
rest being  LaSi2 phase, which is confirmed by further micro-
structural analyses. So, in sample 2, both phases solidify 
simultaneously. And in the samples with a La addition of 
more than 0.1 mass%, no  Mg2Si phase was observed in the 
microstructure in the as-cast state. This means that the liq-
uidus temperature determined in samples 3 and 4 (Table 8) 
is the liquidus temperature of  LaSi2. This is also consistent 
with the CALPHAD calculations (Tables 4 and 6), which 
indicate that with the addition of La, the liquidus of the 
 LaSi2 phase begins to increase and the liquidus of the  Mg2Si 

phase begins to decrease. Furthermore, the mass fraction of 
the  Mg2Si phase decreases and the mass fraction of  LaSi2 
increases with the addition of La (Table 7). In contrast, the 
liquidus temperature of the eutectic phase (α-Al + σ[Mg(Zn, 
Cu, Al)2]) is not affected. Overall, the addition of La has no 
influence on the solidification interval, but on the liquidus 
temperature of the  Mg2Si (and  LaSi2—in samples 3 and 4) 
and  Al13Fe4 phase.

Since, we can also determine the energies released during 
cooling, we compile them in the following table (Table 9). It 
is obvious that the addition of La in sample 1 has no influ-
ence on the solidification energy. However, in samples 2 
and 3, the solidification energy increases, while the addition 
of 0.17 mass% La decreases the solidification energy. The 
same trend is observed for the solidification energies of the 
eutectic α-Al + σ[Mg(Zn, Cu, Al)2] phase. As for the ener-
gies, the addition of 0.05 mass% La does not seem to affect 
them, but 0.1 and 0.14 mass% increase them and 0.17 mass% 
decrease them.

Fig. 6  The analysed areas 
(marked as spectrum in the 
table) with EDS are indi-
cated with the corresponding 
chemical composition in at% for 
sample 0
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Based on the results of the DSC analysis, we can confirm 
that the solidus temperatures determined with the Scheil 
solidification calculations are more accurate than those 
determined with the equilibrium calculations. But this was 
somehow to be expected, since the cooling rate during the 
DSC analysis was 10 K  min−1. The liquidus temperatures 
are lower than the calculated ones, but this was also to be 
expected due to the undercooling during the DSC analysis. 
However, from the shape of the peaks of the  Al13Fe4 and 
the  Mg2Si/LaSi2 phases, we can see that with the addition 
of La, the first peak  (Al13Fe4 phase) slowly becomes flatter, 
and the second peak  (Mg2Si/LaSi2 phase) slowly becomes 
more pronounced (Fig. 3). This is related to the solidification 
of the La-based phase, more specifically the  La2Si phase.

Metallography

Metallographic analysis was carried out to confirm the 
presence of phases in the microstructure in the as-cast 
state, as determined by CALPHAD calculations and DSC 
analyses. For this purpose, an EDS analysis of the phases 
was present was performed and the results are given in at%. 
In addition, EDS element mapping was carried out to clarify 
which phases were present, as the La phases were generally 
observed above the eutectic phase and the amounts of Zn, 
Mg and Cu were elevated, as shown. The stoichiometry 
of the phases differs because they are metastable non-
equilibrium phases in the microstructure in the as-cast state. 
In addition, we also measured the crystal grain size. For 
sample 0, the average grain size was 114.2 µm, for sample 
2 116.9 µm and for sample 4 119.3 µm. The results show 
that the grain size does not decrease due to the addition of 
La, but just the opposite. This is probably due to the fact that 
with the addition of La, a La-based phase  (Al20Cr2La) starts 
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Fig. 7  EDS element mapping images for sample 0
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to form, the size of which is too large to successfully apply 
grain refinement as intended (and as is the case with  Al3Ti) 
when the phase first starts to solidify. This is also consistent 
with the literature [22–24] where no Cr content was present 
and the addition of La refined the grains. But unfortunately, 
the  Al45Cr7 phase was not found in reference sample 0 
because it solidifies first, and the size of the phase is too 
small to be successfully identified with the SEM analysis.

Figure 4 shows the EDS analysis of sample 0, where the 
eutectic phase was analysed. Based on the literature [1–10, 
12–16, 18–21] and the phase composition in at%, this is the 
α(Al) + σ[Mg(Zn, Cu, Al)2] eutectic phase (Fig. 4—Spec-
trum 3), and we also analysed only the σ[Mg(Zn, Cu, Al)2] 
phase (Fig. 4—Spectrum 1, 2 and 4). In addition, the matrix 
was also analysed (Fig. 4—Spectrum 5).

To further confirm that this is indeed a eutectic 
α(Al) + σ[Mg(Zn, Cu, Al)2], we also made EDS ele-
ment mapping images (Fig. 5). It can be seen that there 
are increased amounts of Mg, Zn and Cu in the phase (in 
the white areas of the phase) and Al in the darker areas 
(Fig. 5). This means that it is a eutectic phase, which is 

the last to solidify (last peak on the DSC curves during 
cooling—Fig. 3).

To confirm other phases, present in the microstructure 
in the as-cast state, we analysed different areas of sample 0 
(Fig. 6). Here we can see that the  Al13Fe4 phase (Spectrum 
6—Fig. 6) and the  Mg2Si phase (Spectrum 8—Fig. 6) are 
present. However, as increased amounts of Zn, Mg and Cu 
are also present, we have also created EDS element mapping 
images to confirm these phases (Fig. 7). Meanwhile, we also 
found the eutectic α(Al) + σ[Mg(Zn, Cu, Al)2] phase in this 
area (Spectrum 7—Fig. 6), which we have already analysed 
(Figs. 4 and 5). An additional EDS analysis of the matrix 
was performed (Spectrum 9—Fig. 6).

EDS element mapping images of sample 0 (Fig. 7) were 
made in the same area as in Fig. 6 to confirm that there are 
three distinct phases: eutectic α(Al) + σ[Mg(Zn, Cu, Al)2], 
 Mg2Si and  Al13Fe4 in the microstructure of reference sample 
0 in the as-cast state. To illustrate that it is indeed the  Al13Fe4 
phase (Spectrum 6—Fig. 6), the amounts of Fe and Al are 
increased at the same location (Fig. 7). The same applies to 
the  Mg2Si phase (Spectrum 8—Fig. 6), as the amounts of 
Mg and Si are increased in the same place (Fig. 7).

Fig. 8  The analysed areas 
(marked as spectrum in the 
table) with EDS are indi-
cated with the corresponding 
chemical composition in at% for 
sample 2
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Figure 8 shows the EDS analysis of sample 2, where 
all phases present in the microstructure in the as-cast state 
were analysed. Based on the previous results and phase 
composition Fig. 8—Spectrum 2 and 4 the eutectic phase 
is α(Al) + σ[Mg(Zn, Cu, Al)2], but in spectrum 4 there is 

a slightly increased La addition, which is further clarified 
with EDS element mapping images. The next phase is a La-
based phase with increased Si content (probably  LaSi2) and 
the presence of Mg (Fig. 8—Spectrum 3), but as the phase 
is above the eutectic phase, the content of other elements is 
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Fig. 9  EDS element mapping images for sample 2
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also increased. Therefore, additional EDS element mapping 
was carried out to confirm the  LaSi2 phase with increased 
Mg content. Another phase present is  Al13Fe4 (Fig. 8—
Spectrum 5). Another new phase besides  LaSi2 appears in 
the microstructure with the addition of La and this phase 
is sharp-edged (Fig. 8—Spectrum 6 and 7). This phase has 
increased amounts of La, Cr and Ti, among other elements 
present in the matrix (Al, Zn, Mg and Cu). Based on at%, 
the stoichiometry of this phase cannot be determined, but 
based on the literature [45, 46] it could be a La-based phase 
with increased Cr content (probably  Al20Cr2La, as no other 
phase with the combination of these chemical elements is 
reported in the literature), as, based on CALPHAD calcula-
tions (Tables 4 and 6), the  Al45Cr7 phase starts to solidify 
first (it seems that it is the nucleus for the growth of the 
 Al20Cr2La phase), the phase is a sharp-edged phase like 
 Al45Cr7 [47–49] and is located in the α-Al crystal grains, 
which means that it solidifies first. But as mentioned earlier, 
the  Al45Cr7 phase was not found in sample 0 because it is 
too small to be successfully identified by SEM analysis. To 
confirm this phase and the  LaSi2 phase, we performed an 

EDS element mapping (Fig. 9). In addition, the matrix was 
also analysed (Fig. 8—Spectrum 8).

To confirm that La-based phases are present in the 
microstructure, Fig. 9 shows the EDS element mapping of 
the same location as in Fig. 8. The first is  LaSi2, needle 
shape phase, as seen in Fig. 9, in which increased amounts 
of La and Si are present. So basically, Fig. 8—Spectrum 
3 is the  LaSi2 phase, but it still contains some amounts 
of Mg because La is starting to modify the  Mg2Si phase, 
as mentioned earlier. Another phase based on La is the 
sharp-edged phase, which according to EDS is probably 
the  Al20Cr2La phase and has an increased amount of Ti, as 
shown earlier (Fig. 8—Spectrum 6 and 7). All other phases 
present are eutectic α(Al) + σ[Mg(Zn, Cu, Al)2] and  Al13Fe4.

The microstructure of sample 4 was also examined using 
the EDS analysis (Fig. 10). In this case, the phases present 
in the microstructure in the as-cast state are the same as for 
sample 2. Based on the previous results and the phase com-
position in at% (Fig. 10), Spectrum 1 is the eutectic phase 
α(Al) + σ[Mg(Zn, Cu, Al)2]. The next phase present is  LaSi2 
with some amounts of Mg (Fig. 10—Spectrum 2, 3 and 4), 
but as the phase is above the eutectic phase, the amount of 
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other elements (Al, Zn, Cu, Mg and Ni) was again increased, 
just as in sample 2. The sharp-edged  Al20Cr2La phase is also 
present (Fig. 10—Spectrum 5 and 6), again with increased 
amounts of other elements (Al, Zn, Mg, Cu and V). The 
matrix was also analysed (Fig. 10—Spectrum 7).

EDS element mapping was also performed for the same 
area as in Fig. 10 (Fig. 11). The results show that two La-
based phases are present in the microstructure. The first is 
needle-like  LaSi2. Here, it is clear that the phase shown in 
Fig. 10—Spectrum 2, 3 and 4—is indeed  LaSi2, as no Mg 
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Fig. 11  EDS element mapping images for sample 4
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is present and the amounts of La and Si are increased. This 
also confirms the previous assumptions made when discuss-
ing the DSC results. In the samples above 0.1 mass % La, no 
 Mg2Si phase is present anymore and is completely replaced 
by the  LaSi2 phase. Furthermore, from the EDS element 

mapping, we can confirm that the sharp-edged  Al20Cr2La 
phase (Fig.  10—Spectrum 5 and 6) is also present, as 
increased amounts of La and Cr are present. It also appears 
that higher amounts of Ti are dissolved in this phase, which 
is also consistent with the assumptions made earlier, as it is 
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known that Ti is added to Al alloys (as grain refinement—
Al3Ti, etc.) to reduce the size of α-Al grains as it nucleates 
prior to solidification of α-Al. This means that this phase 
 (Al20Cr2La) starts to solidify first and based on the CAL-
PHAD calculations, the first phase to solidify is  Al45Cr7. 
So, this means that the addition of La not only changes the 
 Mg2Si phase, but also the Cr-based phase mentioned earlier. 
No  Al13Fe4 phase was found in this region. To confirm these 
results, we performed another EDS element mapping analy-
sis (Fig. 12) to show that the mentioned phase is still present 
in the microstructure.

As mentioned earlier, Fig. 12 EDS element mapping 
images were taken only to confirm that the  Al13Fe4 phase 
is still present in the microstructure of sample 4, as it was 
not present in Figs. 10 and 11. From the following results 
(Fig. 12), we can see that the  Al13Fe4 phase is still present, 
while increased amounts of Fe and Al are present in the 
same phase. Here we also see the eutectic α(Al) + σ[Mg(Zn, 
Cu, Al)2] phase and some tiny needles of the  LaSi2 phase. 
In sample 4, on the other hand, there was no  Mg2Si phase.

To clarify the observation regarding the La phases: This 
is only a first insight into the phase stoichiometry of the La-
based phases and needs to be further investigated with TEM 
and XRD analyses, but the phase stoichiometry is not crucial 
for the effects on solidification.

Conclusions

As far as solidification is concerned, the CALPHAD results 
show that the addition of La has minimal effect on the liqui-
dus temperature. The solidus temperature increases slightly 
in the equilibrium calculations, while the solidification inter-
val decreases slightly compared to the reference sample 0, 
although no significant differences are observed.

Similarly, the Scheil simulations show increased solidus 
temperatures, with smaller differences for the first three sam-
ples compared to the equilibrium temperatures. The addi-
tion of La does not significantly change the solidification, 
apart from a slight shrinkage of the solidification interval 
in sample 4.

In comparing the phases, we have noted some differ-
ences between the two types of calculations. Concerning 
the La-based phases, the equilibrium calculations predict the 
presence of a  La2Zn17 phase after solidification in samples 
with La addition, while the Scheil solidification calculations 
suggest a  LaSi2 phase. Another notable difference concerns 
the T-phase and the S-phase. Equilibrium calculations sug-
gest a higher presence of S-phase after solidification, while 
Scheil calculations suggest a higher amount of T-phase. 
Finally, there is a discrepancy in the Fe-based phase. Equi-
librium calculations predict the presence of the  Al7Cu2Fe 

phase, while Scheil calculations suggest the presence of the 
 Al13Fe4 phase.

The DSC results support the CALPHAD calculations and 
show that the addition of La does not drastically affect the 
liquidus and solidus temperatures. However, the addition of 
La lowers the liquidus temperature. The solidus tempera-
tures also decrease with the addition of La, but the results 
show that there is no logical trend. The solidification interval 
remains largely unchanged. The liquidus temperature of the 
 Al13Fe4 phase decreases with the addition of La, while the 
liquidus temperature of the  Mg2Si phase increases. This is 
due to the formation of a new phase,  LaSi2, which fundamen-
tally changes the  Mg2Si phase. In sample 2, only remnants 
of the  Mg2Si phase are present, while the majority consists 
of the  LaSi2 phase. Samples with more than 0.1 mass% of 
La do not show any  Mg2Si phase in the microstructure in the 
as-cast state. The addition of La has no effect on the liqui-
dus temperature of the eutectic phase (α-Al + σ[Mg(Zn, Cu, 
Al)2]). Another La-based phase,  Al20Cr2La, starts to form 
with the addition of La. It modifies the  Al45Cr7 phase and 
solidifies first. Interestingly, the grain size does not decrease 
with the addition of La, but rather increases. This is probably 
because the formation of the La-based phase  (Al20Cr2La) 
occurs earlier, and its size is too large for effective grain 
refinement as intended.
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