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CharaCterization of Ca PreCiPitation in al-Mg alloys Containing  
a traCe of Ca During hoMogenization

in this study, precipitation of Ca in Al-mg alloys containing a trace of Ca during homogenization was investigated using 
a transmission electron microscope (Tem) and calculated phase diagrams. Tem result indicated that the Ca-based particles found 
in the examined sample are Ca7mg7.5Si14. From the calculation of Scheil-gulliver cooling, it was found that the Ca was formed 
as Al4Ca and C36 laves phases with mg2Si and Al13Fe4 from other impurities phase during solidification. No Ca-mg-Si ternary 
phase existed at the homogenization temperature in the calculated phase diagram. From the phase diagram of Al-Al4Ca-mg2Si 
three-phase isothermal at 490℃, it was shown that Ca7mg6Si14 phase co-exists with Al, mg2Si and Al4Ca in the largest region and 
with only Al and mg2Si in Al4Ca-poor regions. it was thought that the Ca7mg6Si14 ternary phase was formed by the interaction 
between mg2Si and Al4Ca considering that the segregation can occur throughout the entire microstructures.
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1. introduction

Al-mg alloys are increasingly used due to the excellent cor-
rosion resistance, weldability, and formability [1]. The need to 
increase mg over 5wt% in Al alloys has grown due to their high 
tensile and fatigue strength and better weldability. on the other 
hand, the enrichment of mg content over 5wt% is limited because 
of the strong affinity to oxygen, leading to the formation of mg 
oxides dross and inclusions during the melting, holding and 
casting processes [2-5]. it was reported that addition of a small 
amount of Ca is one of the ways to reduce mg oxidation during 
melt process [6-8]. The Ca near the surface is consumed to make 
an oxide film and protect the melt during melting process, while 
it forms intermetallic compounds during solidification due to its 
limited solubility in solid state [9]. The Ca-based intermetallic 
compounds are possibly precipitated by heat treatments such as 
homogenization and annealing at high temperatures. The distri-
bution of Ca-based phases plays an important role in controlling 
the preferential oxidation of β-Al3mg2 eutectic phase, which 
begins at grain boundaries [3]. Precipitation of Ca-containing 
phases can occur by the interactions with other impurities in Al 
alloys. in this study, precipitation of Ca in Al-mg alloys contain-
ing a trace of Ca during homogenization was investigated. The 

precipitates in the samples were examined using a transmission 
electron microscope and also discussed based on the phase dia-
grams calculated thermodynamically in this study. 

2. experimental 

The experimental material examined in this work is Al-6 
mass%mg based alloy (as-received) whose analyzed composi-
tion is given in Table 1. As a billet for extrusion, the examined 
Al alloy whose composition is mg: 6.22 mass%, Si: 0.06 mass%, 
Fe: 0.07 mass%, Ti: 0.03 mass%, and Al and other impurities: 
Bal. was used. mg+Al2Ca master alloy was used for a simulta-
neous addition of mg and a trace of Ca [8] in the melting and 
alloying processes. The exact amount of Ca cannot be provided 
in this study because it is regarded as a confidential information, 
but is shown as approximately 0.1 mass%. Homogenization at 
490℃ for 8 h is done on the alloy. The Ca-based phases in the 
samples were observed using a 200-kV field-emission transmis-
sion electron microscope (JeoL-2100F, JeoL, Japan) equipped 
with an energy-dispersive X-ray spectroscopy (eDS) detector. 
The Tem specimens were prepared as 3-mm-diameter, 100-mm-
thick disk-type plates via mechanical polishing with a digitally 
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enhanced precision specimen grinder (DePS-101). Before being 
inserted into the Tem chamber, the specimens were trimmed 
and cleaned by precision ion polishing with a 691 PiPS device 
(gatan) and subjected to plasma cleaning with a Fischione 1020 
cleaner. The formation of Ca-based phases during solidification 
and homogenization were also examined based on the phase 
diagrams calculated by FactSage 7.3 [10], a thermodynamic 
software package. 

3. results and discussion

Fig. 1 presents Tem analysis of Ca-based precipitations 
found in the sample. Bright-field Tem images of the analyzed 
area are given in Fig. 1(a) and (b). The particle analyzed seems 
to be comprised of two phases. The compositions analyzed by 
eDS for areas numbered as 1, 2, and 3 as shown in Fig. 1(b) 
are given in Table 1. Based on the compositional information, 
Area 3 appears to correspond to the matrix. High resolution im-
ages of the analyzed particles and digital diffractograms obtained 
by a fast Fourier transform (FFT) (inset of Fig. 1(c)) are shown 
in Fig. 1(c) and (d). From those results, the analyzed particles 
are found to be mg2Si and Ca7mg7.5Si14 phases, respectively. 

Tem results of other particles found in the sample are presented 
in Fig. 2. Based on the compositional data shown in Table 1 and 
digital diffractogram obtained by FFT, the analyzed Ca-bearing 
particle was found to be Ca7mg7.5Si14 phase, which is in a good 
agreement with that in Fig. 1. A relatively coarse particle was 
also observed near the Ca7mg7.5Si14 phase and defined as Al13Fe3 
phase considered to be formed by Fe impurity based on the 
composition and diffractogram obtained by FFT.

TABLe 1

Analyzed compositions of numbered areas shown  
in Fig. 1 and 2 by eDS

area
analyzed composition (at%)

al Mg si fe Ca other impurity 
elements

1 41.46 18.54 18.3 — 16.56 Bal.
2 4.07 60.97 31.63 — — Bal.
3 90.02 6.74 — — — Bal.
4 39.99 16.11 14.84 — 23.6 Bal.
5 78.87 — — 17.93 — Bal.

in order to predict the present Ca-based phases before the 
homogenization, the formation of secondary particles during so-

Fig. 1. (a) Bright-field Tem image of analyzed area, (b) enlargement of the analyzed area, (c) high-resolution image (marked with solid line in 
(b)), and (d) digital diffractogram obtained by FFT (inset of (c))
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lidification was examined via Scheil-gulliver cooling calculated 
by FactSage 7.3. The solidification sequence of the examined 
alloy based on Scheil-gulliver cooling calculation is as follows: 

Constituent 1 L → Al
Constituent 2 L → Al + Al13Fe4
Constituent 3 L → Al + Mg2Si + Al13Fe4
Constituent 4 L → Al + Mg2Si + Al4Ca + Al13Fe4
Constituent 5 L → Al + Mg2Si + C36 + Al13Fe4
Constituent 6 L → Al + Mg2Si + C36 + Al13Fe4 + β-Al3mg2

As shown above, there are various eutectic reactions includ-
ing the phases from the alloying elements and impurities. it is 
confirmed that mg2Si and Al13Fe4 phases observed in Fig. 1 and 2 
are possibly present in as-cast alloy. During the solidification, 
the Ca is formed as two phases; Al4Ca and C36 laves phase. 
moreover, both Ca-based phases can co-exist with mg2Si at the 
grain boundaries. Therefore, the interaction between Ca-based 
and mg2Si phases can occur during the homogenization. 

As can be seen in Fig. 3, the phase diagram plotted for Si 
versus Ca mass fractions at 490℃ calculated by FactSage 7.3 
was examined to predict the stable phases and potential pre-
cipitates newly formed at the homogenization conditions. At the 
given temperature and throughout the entire compositional 
ranges, Al4Ca and Al13Fe4 are stable phases, indicating that 

these elements are rarely soluble in the Al matrix. The mg2Si 
is also present in the most of the compositional ranges. There-
fore, mg2Si, Al13Fe4, and Al4Ca phases should be found if the 
alloy reached equilibrium at 490℃. The presence of Mg2Si 
and Al13Fe4 phases is in a good agreement with the results 
from Tem analysis. on the other hand, no Ca-mg-Si ternary 

Fig. 2. (a) Bright-field Tem image of analyzed area, (b, c) enlargement of analyzed area, (d, e) high-resolution images marked with solid line 
in (b) and (c), respectively, and digital diffractograms obtained by FFT

Fig. 3. Phase diagram plotted for Si versus Ca mass fractions at 490℃ 
calculated by FactSage 7.3. The contents of mg and Fe are fixed at 
those mentioned in the section of experimental
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phase can exist in both before and after the homogenization 
only based on the thermodynamic calculation aforementioned. 
Therefore, the another calculation was done on the phase diagram 
of  Al-Al4Ca-mg2Si three-phases at 490℃ as shown in Fig. 4 
to predict inter-products among the three phases. Ca7mg6Si14 
phase co-exists with Al, mg2Si and Al4Ca in the largest region 
and with only Al and mg2Si in Al4Ca-poor regions. Therefore, 
it is considered that the Ca7mg6Si14 ternary phase is formed by 
the interaction between mg2Si and Al4Ca. However, the alloy 
examined in this study contains only trace amounts of Si and Ca 
and consequently, its composition is not included in the regions 
with Ca7mg6Si14 phase aforementioned. Considering that the 
segregation can occur depending on the microstructures, on the 
other hand, the Ca7mg6Si14 ternary phase might be formed by the 
interaction between Al4Ca and mg2Si during the homogeniza-
tion. The ternary phase defined in the Tem analysis mentioned 
above has a slightly different formula with that in the phase 
diagrams. They are possibly different depending on the data base 
of compounds. And also, the formulas in phase diagrams can 
change considering that the diffusions of constituent elements 
and presence of vacancies are not examined in thermodynamics.

4. Conclusions

Tem results on the examined alloy sample showed the ex-
istence of mg2Si and Al13Fe4 from impurities and Ca7mg7.5Si14 as 
Ca-based phase. As a result of the calculation of Scheil-gulliver 
cooling, it was found that the Ca was formed as Al4Ca and C36 
laves phase during solidification. No Ca-mg-Si ternary phase 
was stable at the homogenization temperature and given alloy 
composition in the calculated phase diagram. on the other 

hand, from the phase diagram of Al-Al4Ca-mg2Si three-phase 
isothermal at 490℃, it was shown that Ca7mg6Si14 phase co-
exists with Al, mg2Si and Al4Ca in the largest region. Due to 
trace amounts of Si and Ca contained in the examined alloy, the 
alloy composition is not included in the regions with Ca7mg6Si14 
phase. Considering that the segregation can occur depending on 
the microstructures, on the other hand, the Ca7mg6Si14 ternary 
phase is possibly formed by the interaction between Al4Ca and 
mg2Si during the homogenization. 
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Fig. 4. Phase diagram of Al-Al4Ca-mg2Si three-phase system isothermal at 490℃ calculated by FactSage 7.3
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