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The Effect of 0.2% Addition of Mg, Co and Ce on Microstructure and Mechanical Properties  
of 1xxx Series Aluminium Alloy Castings Designed for Overhead Transmission Lines

The effect of 0.2% addition of Mg, Co and Ce to 99.9% cast aluminium was studied by evaluation of changes in micro-
structure and mechanical properties. The microstructure was analyzed by scanning electron microscopy and transmission electron 
microscopy. The Al99.9 alloy contained only Al-Fe-Si phase particles. Similar Al-Fe-Si particles were observed in alloy with 0.2% 
Mg addition, because this amount of magnesium was fully dissolved in the solid solution. The addition of cobalt resulted in the 
formation of Al9.02Co1.51Fe0.47 phase particles assuming the shape of eutectic plates. The electron backscattered diffraction map 
made for the alloy with 0.2% Co addition showed numerous twin boundaries with distances between them in the range from 10 to 
100 µm. The addition of cerium was located in the grain boundary area. Cerium also gave rise to the formation of two types of 
particles, i.e. Al4Ce and Al-Ce-Fe-Si. The Al-Ce-Fe-Si phase is a nucleation site for the Al4Ce phase, which forms eutectic plates. 
The results showed that the introduction of additives increases the mechanical properties of the cast materials. The 99.9% cast 
aluminium has a hardness of 16.9 HB. The addition of 0.2% by weight of Mg, Co, Ce increases this hardness to 21.8 HB, 22.6 HB 
and 19.1 HB, respectively. 
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1. Introduction

Micro-additions of alloying elements may have positive 
impact on mechanical properties, grain size and other important 
parameters of aluminium because of solid solution hardening [1] 
or formation of fine precipitates that hinder dislocation move-
ment [2]. Micro-additions also have positive impact on clustering 
before precipitate formation and thermal stability of aluminium 
and its alloys [3]. Therefore, it is important to estimate the effect 
of Mg, Co or Ce on microstructure and mechanical properties of 
aluminium, especially in the production of overhead transmis-
sion lines. 

In the Al-Mg system, a complex intermetallic Al3Mg2 
compound, also known as β or Samson phase, appears [4,5]. 
According to the phase diagram, the presence of other phases, 
i.e. Al8Mg5 and Al3.26Mg2, is also possible [6,7]. The afore-
mentioned phases occur with the addition of Mg above a few 
weight percent, below this value the Mg atoms remain in the 
solid solution. The increasing content of atoms in the solid 
solution causes an intense reduction in conductivity [8]. The 

Al-Co phase equilibrium system shows that Al9Co2 appears 
as a eutectic [9,10]. This phase crystallizes in a monoclinic 
structure and has a favourable effect on mechanical properties 
[11]. Interesting and little-explored additive is cerium - one of 
the rare earth elements. Literature data suggests the occurrence 
of two possible types of precipitates, i.e. orthorhombic Al11Ce3 
and tetragonal Al4Ce, but Al4Ce seems to be a high-temperature 
phase which does not occur at room temperature [12,13]. Cerium 
can be an important additive to aluminium alloys, providing 
the deoxidizing and dehydrogenizing effect and reacting with 
impurities, thus leading to purification of the solid solution [14]. 
The particles of other phases also act as scattering centres, and 
therefore they negatively affect the electrical conductivity by 
lowering it. However, in the case when the addition of an element 
causes the formation of particles taking away atoms dissolved 
in the solid solution, the combined effect may be positive for 
conductivity [8,15,16].

The purpose of this research was to investigate the micro-
structure and mechanical properties of three alloys with micro-
additions of Mg, Co or Ce. Hardness tests were performed to 
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evaluate the effect of each additive on mechanical properties. 
The microstructure was examined using scanning electron mi-
croscope (SEM) equipped with energy dispersive spectroscopy 
(EDS) detector. The electron backscattered diffraction (EBSD) 
technique was implemented to obtain crystallographic informa-
tion. Finally, transmission electron microscopy (TEM) observa-
tions were performed.

2. Materials and methods

Four ingots of 100 mm diameter were cast by vertical 
direct casting method. Al99.9% was used as a base material to 
which one element was added to obtain the required chemical 
composition. The chemical composition of ingots was measured 
by a Baird DV6 optical emission spectrometer and it is shown 
in Table 1. For each ingot, 30 hardness indentations were made 
on a radius of 35 mm. Hardness was measured using a Duramin 
2500E device operating under a load of 153 N and equipped 
with a 2.5 mm diameter Brinell indenter. Samples for SEM 
study were cut out from 3/4 of the ingot radius and prepared by 
grinding with sandpapers and polishing with diamond suspen-
sions. A Leica EM RES 101 ion-beam polisher was used in the 
final step of preparation to obtain a perfectly flat surface. A FEI 
Inspect F50 scanning electron microscope was used for imaging, 
and EBSD and EDS investigations. Samples were examined on 
a transverse cross-section. The samples for TEM studies were 
prepared on a twin-jet electropolisher using a solution of nitric 
acid and methanol (1:2 ratio) at –22°C. A Tecnai G2 20 trans-
mission electron microscope was used for the microstructural 
observations and analysis. 

Table 1

Chemical composition of investigated materials

Designation 
Weight percentage [%]

Si Fe Mg Ni Co Ce Al
01 – base 
material 0.040 0.031 0.001 0.001 — — balance

02 – Mg 
addition 0.027 0.035 0.205 0.002 — — balance

03 – Co 
addition 0.042 0.063 0.001 0.008 0.203 — balance

04 – Ce 
addition 0.044 0.050 0.009 0.007 — 0.195 balance

3. Results and discussion

The hardness obtained for ingots is shown in Figure 1. The 
base material had a hardness of about 17 HB. Each additive 
caused an increase in hardness. The least effective turned out 
to be cerium with only a 2 HB increase observed. The change 
was more significant when Mg and Co were added to the alloy. 
The increase in hardness was 4.9 HB and 5.7 HB for materials 
02 and 03, respectively. 

Fig. 1. Hardness of ingots

The microstructure observed at low magnification in all 
the examined materials is presented in Figure 2. Materials 01 
and 02 are nearly free from particles. Only a small number of 
round and evenly distributed particles is visible (Fig. 2a,b). 
For both materials, the size of the second phase particles is 
approximately 1-3 µm. Particles in sample 03 formed a visible 
network of eutectic mixture around regular α-Al cells (Fig. 2c). 
Similar microstructure was obtained for Al-0.7 wt% Co alloy 
castings [17]. The investigated alloys 03 and Al-0.7% Co are 
hypoeutectic, because according to the literature, the eutectic 
point occurs at 1.09% by weight of cobalt [9]. The average spac-
ing between cell boundaries is 29.4 µm ± 3.7 µm. Occasionally, 
in the backscattered electron images, twinned dendrite growth 
(feathery grains) [18] has been observed as a nearly parallel 
line of eutectic mixture (marked with yellow line). In previous 
research, it has been observed that twin boundaries exist in 
extruded materials and their number even increases after wire 
drawing process [15]. From that research we have information 
that twin boundaries were obtained by the formation of twinned 
dendrites during solidification. The second phase particles with 
cerium addition are well contrasting and are mainly visible as 
round or elongated spots (Fig. 2d). Brighter curve is the grain 
boundary where cerium tends to locate. 

The analysis of the chemical composition of particles at 
higher magnification was performed using EDS detector in SEM. 
The results obtained for all samples are presented in Figure 3. 
Each sample contains a small amount of iron and silicon which 
are impurity elements remaining from the casting process [19]. 
Fe and Si are mainly part of the particles which were formed 
during solidification [20]. In the base material (designated as 01), 
mainly Al-Fe-Si particles were observed. Identical particles 
were observed in alloy 02. Detailed analysis of materials 01 and 
02 suggests that magnesium may also react with silicon, form-
ing the nearly spherical Mg2Si phase. The main strengthening 
mechanism for material 02 is solution hardening. The strength-
ening mechanism is in agreement with the phase equilibrium 
diagram, where a few percentages of Mg can be dissolved in 
Al, and also with the research described in literature, where the 
solution strengthening in Al-Mg alloys is claimed to take place 
up to a few weight percentages of Mg [21-23]. 
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Fig. 2. SEM-BSE images of samples: 01 (a), 02 (b), 03 (c) and 04 (d)

Fig. 3. SEM-BSE images of the particles and EDS results for samples: 01 (a), 02 (b), 03 (c), 04 (d). The results are presented as atomic percentages
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The morphology of the second phase particles in alloy 
03 is eutectic-like. Particles in the form of plates are alternately 
located with α-Al phase (Fig. 3c). The length of the plates varies 
in a wide range of values, i.e. from 200 nm to a few µm. The 
chemical composition indicates that particles contain Al, Co and 
Fe atoms. In previous research, these particles were identified 
as the Al9.02Co1.51Fe0.47 phase and the current study confirms 
this result [15]. Two types of particles are observed in alloy 04 
(Fig. 3d). According to the solidification diagram of materials, it 
is expected that the particle containing Al, Ce, Fe, Si is the first 
one to form and then this particle becomes a homogenous nu-
cleation site for the Al4Ce phase. The Al4Ce phase was detected 
by the EBSD method and its diffraction pattern is presented in  
Figure 4. The phase crystallography is tetragonal and it differs 
significantly from the orthorhombic structure of the Al11Ce3 
phase. However, the Al4Ce phase is a high-temperature phase 
which should dissolve during casting process. According to the 
Al-Ce phase diagram, the phase stable at room temperature is 
the Al11Ce3 phase [12]. It is probable that Fe and Si impurities 
and high cooling rate during casting process stabilize this phase 
at room temperature. The literature review shows that various 
researchers have mentioned the occurrence of the Al4Ce phase 
[24,25] and Al11Ce3 phase at room temperature [26,27]. 

The EBSD maps made for materials 01, 02 and 04 indicate 
a large grain size which is typical for cast materials. An exception 
is material 03. For this alloy, the EBSD map has indicated the oc-
currence of twinned/untwinned areas (Fig. 5). Detailed analysis 
showed that the boundary plane is related to the (111) plane, and 

the misorientation angle is close to 60°. Observations demon-
strate that twins have a straight and curved/wavy twin boundary 
line. According to M.A. Salgado-Ordorica and M. Rappaz [18], 
the straight line is a coherent twin boundary, and the wavy line is 
an incoherent twin boundary. The point-to-point misorientation 
profile analysis has shown that all coherent boundaries exhibit 
a 59.8º misorientation angle, while the misorientation angle of 
incoherent boundaries varies from 59.1º to 59.7º. The untwinned 
spacing is typically from 5 to 13 times larger than the twinned 
one. It is also worth emphasizing that the composition of alloy 
03 is significantly diluted in comparison to other materials where 
twin boundaries were observed [18,28]. 

The TEM analysis for material 03 has confirmed the pres-
ence of Al9.02Co1.51Fe0.47 phase particles (Fig. 6). According to the 
results obtained by Bostrom et al. [29] and Grushko et al. [30], this 
phase has a crystallographic cell nearly identical to Al9Co2 with 
slightly changed lattice parameters The iron content is responsible 
for the difference in the lattice type. The particles form eutectic 
plates. Based on all observations carried out for material 03, it can 
be concluded that the increase in hardness is caused by the pres-
ence of particles that are obstacles to the dislocation movement 
through Orowan mechanism or dispersion strengthening [31]. A 
significant number of twin boundaries is another factor strongly 
influencing the strengthening effect, since these boundaries are 
also acting as barriers to the dislocation movement [32].

The sample with the addition of cerium (designated as 04) 
was also analyzed using transmission electron microscopy 
(Fig. 7). Two types of particles were observed, i.e. Al-Ce-Fe-Si 

Fig. 4. SEM-SE image of the particles with Kikuchi line analysis in selected places. Sample designated as 04. Raw camera image (1a, 2a), indexed 
image (1b, 2b). Numbers indicate spot of analysis
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Fig. 5. EBSD map (a) with misorientation point-to-point profile (b) and point-to-origin profile (c) obtained for sample with Co addition

Fig. 6. Bright field image with selected area diffraction pattern and EDS results from Al9.02Co1.51Fe0.47 phase. The results are presented as atomic 
percentages

Fig. 7. STEM image (a) and bright field image (b) with selected area diffraction pattern and EDS results of phases in cerium-containing sample. 
The results are presented as atomic percentages
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and Al4Ce. The Al4Ce particle was captured during the beginning 
of nucleation, where its first plates appeared on the Al-Ce-Fe-Si 
particle. The plates have a width in the range from 150 to 200 nm, 
while the distances between them vary from a few nm to about 
200 nm. In the case of this material, the appearance of particles 
is mainly identified with the increase in hardness through disper-
sion strengthening [31].

4. Conclusions

The results allowed drawing the following conclusions:
–	 Magnesium is the additive that dissolves in aluminum caus-

ing solution strengthening. A small part of it is involved in 
the formation of the Mg2Si phases,

–	T he addition of 0.2% cobalt results in the formation of the 
Al9.02Co1.51Fe0.47 phase, which occurs in the form of plates 
producing a eutectic mixture. Moreover, cobalt causes 
feathery grain growth observed as twin boundaries in the 
microstructure. Cobalt increases the strength of the materi-
als through the formation of twin boundaries and Orowan/
dispersion strengthening,

–	C erium added to aluminium at a 0.2% content level causes 
the appearance of two types of particles. The Al-Ce-Fe-Si 
phase forms first and is acting as a nucleation site for the 
Al4Ce phase. The occurrence of the Al4Ce phase at room 
temperature is quite unexpected, and therefore extensive 
studies of this issue should be carried out in the future. 
Cerium mainly enhances the material strength by dispersion 
strengthening,

–	T he addition of Co and Ce reduces the amount of dissolved 
impurities such as Fe and Si in aluminium solid solution. 
Properly added, these elements can prove beneficial for 
materials designed for overhead transmission lines, where 
atoms retained in the α-Al solid solution generate the un-
desired scattering of electrons and reduced conductivity.
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