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Effect of Ce on microstructure and mechanical
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Abstract: The Mg-6Zn alloy with different contents of Ce was prepared by the gravity casting method, and then
the Mg-6Zn-xCe (x=0, 0.5, 1.0, 1.5, wt.%) alloys were extruded at 300 °C and 350 °C after solution treatment.
The phase constitution and microstructure evolution of Mg-Zn-xCe alloys were analyzed by X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and electron backscattering
diffraction (EBSD). Meanwhile, the mechanical properties of the alloy were tested at room temperature. For
as-cast alloys, the results show that the main compound in Mg-6Zn alloy is Mg,Zn; phase, and the main
compound is T-(MgZn),,Ce phase after the addition of different amounts of Ce. The microstructure and
distribution of second phases are greatly improved after extrusion at 300 °C and 350 °C. Compared with initial
mechanical properties, the strength and elongation increase obviously by means of extrusion at different
temperatures. In addition, the microstructure after extrusion at 350 °C is further analyzed according to EBSD
data. The results show that rare earth element Ce probably promotes the activation of non-basal slip during the
deformation process with the increase of Ce, which reduces the strength of basal texture and thus improves
the plasticity of the alloy. Meanwhile, the increase of grain boundary migration ability leads to the gradual
increase of recrystallization grain size and decreases the strength.
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method to improve the comprehensive mechanical

1 Introduction : nprehenst -han
properties of Mg-Zn alloys in industrial applications.

Magnesium and its alloys are the lightest metal structural
materials, with low density, high specific strength

Meanwhile, the low eutectic point temperature of
Mg-Zn alloy (about 340 °C ™) limits its high temperature

and stiffness, favorable damping, good thermal
conductivity, good electromagnetic shielding effect,
excellent machining performance, stable parts size,
easy recovery and other advantages, have been widely
used in automotive, aviation, and aerospace fields (.21
Mg-Zn magnesium alloys have been one of the
research hotspots due to their high strength and good
plasticity ™ *. However, Mg-Zn binary alloy is prone
to form micropores and coarse grains, so it is not
conducive to commercial casting and deformation,

application range. High melting point compounds can
be formed by adding rare earth elements, which can
improve the high temperature strength and creep
resistance of the alloy. As an important rare earth
element, Ce has a very low solid solubility in Mg ™.
When the amount of Ce is small, a large number of
non-base slip systems are promoted by Ce during the
deformation process, which can improve the texture
distribution of the deformed magnesium alloy and

significantly improve the ductility of the alloy '“*. When

which greatly limits its industrial application. Alloying  the Ce content is greater than 1%, high-temperature

stable Mg,,Ce phase is formed """, Compared with Mg
matrix, Mg,,Ce phase has higher hardness, which can
improve the strength of the alloy at room temperature

elements added to Mg-Zn binary alloy is an attractive

*Wen-xin Hu
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microstructures and mechanical properties of magnesium alloys and
aluminum alloys.

and high temperature '”. Therefore, Mg-Zn-Ce alloy
has the potential for further development.

The alloy prepared by gravity casting method has a
series of defects such as porosity, bubble and shrinkage.
At the same time, the matrix grains are coarse, and
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the coarse second phase tends to be distributed along the
grain boundary. These characteristics lead to the decrease
of mechanical properties of the alloy "'"'?. The mechanical
properties of magnesium alloy can be greatly improved by
the plastic deformation process. Magnesium alloys with
high strength, good toughness and excellent comprehensive
properties can be prepared by hot extrusion. Previous studies
on Mg-Zn-Ce alloy mainly focused on the improvement of
the ductibility by optimizing the texture of the alloy with trace
amount of Ce "', However, there is still a lack of systematic
studies on the effect of Ce content on the microstructure and
properties of the deformed alloy when the Ce content is greater
than 0.5%. In this study, different amounts of Ce were added on
the basis of Mg-6Zn alloy, and the alloy was prepared by hot
extrusion process. The effects of Ce on the microstructure and
properties of Mg-Zn-Ce alloys were studied systematically at
cast state, solid solution state and extrusion state. The results
can provide theoretical basis and experimental support for
further development of Mg-Zn-Ce alloys.

2 Experimental materials and
methods

In this study, Mg-Zn alloys were prepared under the condition
of a certain content of Zn (6wt.%) and different contents of
rare earth element Ce (0wt.%, 0.5wt.%, 1.0wt.%, 1.5wt.%)
and therefore named Mg-6Zn-xCe. Firstly, the ratio of raw
material required by each component was calculated according
to the weight of the required magnesium alloy. Then, the pure
magnesium was firstly added into the melting furnace and
heated to 680 °C. After stirring, the temperature of the melting
furnace was set at 720 °C. After reaching the set temperature,
the pure Ce was added, and then the ingredients were fully
and evenly mixed. The whole melting process was carried out
under the protection of SF¢ and nitrogen. Finally, the alloy
melt was poured into a mould at 680 °C and cooled in air after
standing for 1 h. The composition of each alloy sample was
measured by ICP and the results are listed in Table 1.
Combined with the phase diagram of Mg-Zn and Mg-Ce
binary alloys "> '%), the heat treatment system of Mg-6Zn-xCe
was determined. The solid solution treatment process was
held at 450 °C for 10 h, followed by water cooling. In order to
further improve the microstructure and mechanical properties
of the cast alloys, the four alloys in this experiment were
subjected to hot extrusion deformation. First, the ingot after

Table 1: Chemical composition of Mg-Zn-Ce magnesium
alloys (wt.%)

Composition

Mg-6Zn-0Ce 6.59 <0.0005 Balance
Mg-6Zn-0.5Ce 6.27 0.52 Balance
Mg-6Zn-1.0Ce 6.34 1.10 Balance
Mg-6Zn-1.5Ce 6.50 1.72 Balance
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heat treatment was processed into samples with a diameter of
40 mm and a height of 20 mm. Then, the extrusion process
was proceeded at the temperature of 300 °C and 350 °C, the
extrusion ratio of 16, and the extrusion rate of 0.1 mm-s™.
Finally, the extruded round rods samples with diameter of
10 mm were obtained. In this study, the as-cast, solid-solution,
and extruded microstructures of the alloys were observed by
scanning electron microscopy, the composition of the alloy
was analyzed by EDS, and the phase constitution of different
alloys was analyzed by XRD. The grain orientation, texture
and dislocation density of the extruded alloys were measured
by electron backscattering diffraction (EBSD). Tensile tests
were carried out at room temperature using the Instron universal
electronic testing machine with a tensile rate of 0.5 mm-min™.

3 Results and discussion

Figure 1 shows the scanning microstructure morphology of
as-cast Mg-6Zn-xCe (x=0, 0.5, 1.0, 1.5) alloys with different
Ce contents. It can be seen that when rare earth element Ce is
not added to the alloy, the as-cast microstructure is composed of
Mg matrix and discontinuous primary phase distributed in grain
boundaries and within grains. Combined with literature "' and
XRD analysis results in Fig. 4, it can be determined that the
second phase discontinuously distributed in grain boundaries
is Mg,Zn, phase. After adding 0.5%Ce, the microstructure of
as-cast Mg-Zn-Ce alloy consists of a-Mg dendrite and network
intermetallic compounds. With the Ce content increasing
to 1%, the volume fraction of the second phase in the alloy
increases, and some compounds distributed in the grain
boundary gradually transform into a continuous network
structure. When the Ce content continues to increase to 1.5%,
the microstructure is significantly different from the other
three alloys: the second phase formed basically presents a
continuous network structure with the largest volume fraction
among the four alloys.

According to the Mg-Zn phase diagram, Mg-6Zn alloy
forms Mg,;Zn; phase under the condition of equilibrium
solidification " However, the cooling rate in the actual casting
process is faster, which will deviate from the equilibrium
solidification and form Mg,Zn, phase "> '\, The second phase
transformed from Mg,Zn, phase into T-(MgZn),,Ce phase
after adding Ce ™
the low electronegativity of each element. Ce and Zn have a

!, The formation of T phase is related to

low electronegativity of 0.53, however, the electronegativity
of Mg and Zn is 0.34 ®”. Therefore, Zn is more likely to
be attracted by Ce and directly form T phase in the final
solidification stage. Related studies have found that T phase is
a solid solution formed after Zn element dissolves in Mg,,Ce
phase, and its crystal structure is body-centered orthogonal
structure . T phase is a linear compound. The formation of T
phase is due to the fact that Mg atoms in the lattice of Mg,;,Ce
phase are gradually replaced by Zn atoms, and the change of
Mg content shows a linear decrease . At the same time, the

content of Zn in T-phase shows a linear increasing change ">,
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Fig. 1: SEM microstructures of as-cast Mg-6Zn-xCe magnesium alloys: (a, b) x=0; (c, d) x=0.5; (e, f) x=1.0; (g, h) x=1.5

Figure 2 shows the EDS scanning analysis results of the
element distribution of the as-cast Mg-6Zn-1.5Ce alloy. It
can be seen that Zn and Ce elements are enriched in the grain
boundary. Therefore, it can be inferred that the second phase
is Mg-Zn-Ce intermetallic compound. According to relevant
literature and analysis, the solid solution of Zn dissolved in the
Mg,,Ce phase will be formed in the Mg-6Zn-xCe alloys, so it
can be determined that the Mg-Zn-Ce intermetallic compound
is T phase >,

After the solid solution treatment, it can be seen from Figs. 3(a)
and (b) that the second phase Mg,Zn, in the Mg-6Zn alloy
is basically dissolved into the magnesium matrix, but it can
be seen from Figs. 3(c) and (d) that when the Ce content is
0.5wt.%, most of the second phases will be dissolved into the
matrix. The second phase changes from continuous thick strip
and block to discontinuous smaller block. With the further
increase of Ce content, the volume fraction and morphology
change accordingly, and the continuous network T phase
begins to transform into discontinuously distributed granular

and massive [Figs. 3(e)(f)(g)(h)]. After the solid solution
treatment, the Zn element in the T phase begins to dissolve
into the magnesium matrix [Figs. 3(d)(f)(h)]. However, the
solubility of Ce element in magnesium is very low, and Zn is
more easily attracted by Ce, therefore, Zn element and Mg ,Ce
phase still form a linear compound T phase. As can be seen
from Figs. 1(d)(f)(h) and Figs. 3(d)(f)(h), the volume fraction
and morphology of T phase changes obviously compared with
the as-cast state.

Figure 4 shows the XRD patterns of the as-cast and solid-
solution Mg-6Zn samples after the addition of different
contents of Ce element. It can be seen from Fig. 4(a) that the
second phase in Mg-6Zn is Mg,Zn, phase, and the second phase
in the as-cast alloy is T-(MgZn),,Ce phase after the addition of
different contents of Ce. Compared Fig. 4(b) with Fig. 1(a) and
Fig. 2(a), it can be found, after the solid solution treatment,
Mg,Zn, phase in Mg-6Zn alloy is basically dissolved into the
magnesium matrix, and the second phase in the alloy after
adding rare earth is still T-(MgZn),,Ce phase.
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Fig. 3: SEM microstructure of Mg-6Zn-xCe magnesium alloys after solid solution: (a, b) x=0; (c, d) x=0.5; (e, f) x=1.0; (g, h) x=1.5
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Fig. 4: XRD pattern of Mg-6Zn-xCe magnesium alloys: (a) as-cast; (b) solid solution state

As can be seen from Fig. 5, after extrusion at 300 °C, the
alloy without Ce has no obvious second phase precipitation.
The precipitated phases of the other three alloys with different
Ce contents change from irregular discontinuous block to
dispersive granule, and are distributed parallel to the extrusion
direction. The average size of T-(MgZn),,Ce precipitated phase
is obviously reduced. The volume fraction of precipitated
phase increases with the increase of rare earth element Ce

content. When the extrusion temperature is increased to
350 °C, the evolution law of precipitated phase after extrusion
is basically the same as that at 300 °C. T phase is a high
melting point intermetallic compound, and it is difficult
to dissolve in the alloy matrix and precipitates again during
extrusion . Therefore, the influence of extrusion temperature
on the morphology and volume fraction of T phase does not
exhibit significant changes.
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Fig. 5: SEM microstructure of Mg-6Zn-xCe magnesium alloys after extrusion (a-h)
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In order to explore the influence of Ce on the
plastic deformation process, the EBSD tests were
further conducted on the samples extruded at 350 °C.
Since the strength variation of alloys after extrusion
at 350 °C is more regular according to tensile test
results, these samples were selected as the EBSD tests
objects, and the microstructure at this temperature was
further analyzed. Figure 6 shows the EBSD diagram
and pole diagram of (0001), (11-20) and (10-10)
of alloys with different contents of Ce after extrusion
at 350 °C. EBSD diagram shows that the four
magnesium alloys all undergo complete dynamic
recrystallization after extrusion at 350 °C. With the
change of Ce content, some grain orientations of
the alloys are deflected, and the proportion of grains

parallel to the extrusion direction of the base plane decreases gradually.
It can also be seen from the polar diagram that the texture of the base
plane is getting weaker, while the texture strength of the non-basal
plane is gradually increasing. Meanwhile, it can be seen from Fig. 7
and Table 2 that with the increase of Ce content, the Schmid factor of
the basal slip in Mg-6Zn-xCe alloys gradually decreases. The Schmid
factor of <a> prismatic slip, <a> pyramidal slip and <a+c> pyramidal
slip increases gradually, which indicates that the basal slip weakens
gradually and the non-basal slip increases gradually. This is due to
the fact that the rare earth element Ce can reduce the critical resolved
shear stress (CRSS) of the non-basal slip system, which promotes
the activation of the non-basal slip system during deformation ™ .
Thus, the activation of a large number of non-basal slip systems during
deformation promotes the homogeneous deformation of the material,

which weakens the deformation texture 2.
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Fig. 6: IPF maps of Mg-6Zn-xCe magnesium alloys after extrusion at 350 °C and polar diagrams of
different crystal planes: (a) x=0; (b) x=0.5; (c) x=1.0; (d) x=1.5
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slip systems after extrusion at 350 °C
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Table 2: Average Schmid factors of Mg-6Zn-xCe magnesium
alloys in different slip systems after extrusion at

350 °C
Alloy b sas _sas sas sarc=
asal slip prismatic slip pyramidal slip pyramidal slip
Mg-6Zn-0Ce 0.381 0.259 0.359 0.383
Mg-6Zn-0.5Ce  0.325 0.295 0.372 0.394
Mg-6Zn-1.0Ce  0.316 0.314 0.395 0.397
Mg-6Zn-1.5Ce  0.301 0.343 0.407 0.407
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Figure 8 shows the KAM diagram and grain size distribution of
Mg-6Zn-xCe magnesium alloys after extrusion at 350 °C. It can
be seen from Figs. 8(a), (b), (c), and (d) that the dislocation
density gradually increases with the increase of Ce content,
which is because Ce promotes the startup of non-basal slip
system and provides more effective paths for dislocation
movement, thus accumulating more dislocations. As shown
in Figs. 8(e), (f), (g), and (h), with the increase of Ce content,
the average size of recrystallized grains gradually increases,
which is due to the increase of non-basal slip ability and grain

boundary migration ability, thus promoting grain growth %",
The texture weakening effect of Ce element is mainly caused
by particles which can promote nucleation. As the solid
solubility of Ce in magnesium alloy is very low, it is easy to
form second phase particles, and act as nucleating particles in
the deformation process to promote dynamic recrystallization,
thus playing a role in weakening the texture . In this study, with

the increase of Ce content, the volume fraction of the second
phase increases, and the weakening effect on the texture of the
basal plane is more obvious.
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Fig. 8: KAM and grain size distribution of Mg-6Zn-xCe magnesium alloys after extrusion at 350 °C: (a) and (e) x=0;
(b) and (f) x=0.5; (c) and (g) x=1.0; (d) and (h) x=1.5

Figure 9 shows the room temperature tensile stress-strain
curves of the Mg-6Zn-xCe alloys under different states, and the
values are listed in Table 3. The yield strength, tensile strength
and elongation of the as-cast Mg-6Zn alloy are 90 MPa, 213 MPa,
and 11.22%, respectively. After solution treatment, the strength
is improved integrally, but the elongation does not change
significantly.

The comprehensive mechanical properties are greatly
improved after extrusion at 300 °C. For the alloy without

rare earth element Ce, the yield strength, ultimate tensile
strength and elongation are increased to 240 MPa, 317 MPa
and 16.62%, respectively. When the Ce content is 0.5%,
the elongation is as high as 22.78%, which is significantly
improved compared with the as-cast state. When the extrusion
temperature is increased to 350 °C, the fracture elongation
is similar to 300 °C, the yield strength and ultimate tensile
strength gradually decrease with the increase of Ce content.
The above phenomenon is due to the fact that with the increase
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Fig. 9: Room temperature tensile stress-strain curves of Mg-6Zn-xCe magnesium alloys in as-cast state, solid solution
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Table 3: Strength and elongation of Mg-6Zn-xCe under different states at room temperature

Yield strength (MPa)

Ultimate tensile Elongation (%)

strength (MPa)

As-cast

Mg-6Zn-0Ce 90 213 11.22
Mg-6Zn-0.5Ce 93 227 12.98
Mg-6Zn-1.0Ce 99 210 9.25
Mg-6Zn-1.5Ce 105 230 10.46

As-solution

Mg-6Zn-0Ce 102 215 10.76
Mg-6Zn-0.5Ce 108 237 11.44
Mg-6Zn-1.0Ce 110 224 9.98
Mg-6Zn-1.5Ce 120 238 9.59

As-extruded (300 °C)

Mg-6Zn-0Ce 240 317 16.62
Mg-6Zn-0.5Ce 220 31 22.78
Mg-6Zn-1.0Ce 215 298 20.67
Mg-6Zn-1.5Ce 229 313 22.47

As-extruded (350 °C)

Mg-6Zn-0Ce 218 324 13.22
Mg-6Zn-0.5Ce 206 318 20.83
Mg-6Zn-1.0Ce 191 316 22.40
Mg-6Zn-1.5Ce 185 296 21.43

of Ce content, a large number of non-basal slip systems
initiate, which gradually increases the recrystallization grain
size and thus reduces the yield strength and ultimate tensile
strength. However, the activation of non-basal slip systems
weakens the texture strength of the basal plane, thus promoting
the uniform plastic deformation of the material and improving
the plasticity of the rare earth magnesium alloy. By analyzing
the mechanical properties at room temperature, it can be seen
that the influence of extrusion temperature on the strength
does not have a specific rule. When the extrusion temperature
is 300 °C, the strength decreases at first and then increases,
while when the extrusion temperature is 350 °C, the change of
strength shows a decreasing trend. For the alloy with the same
composition, the yield strength decreases and the ultimate
tensile strength increases firstly and then decreases with the
increase of temperature. Therefore, the yield ratio decreases
with the increase of temperature, and the work hardening
ability increases. According to the Hall-Patch relationship, it
can be inferred that grain coarsening is the main reason for
the decrease of yield strength, meanwhile, grain coarsening
weakens the grain boundary strengthening effect, and the yield

ratio may be reduced **.
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4 Conclusions

Mg-Zn-xCe alloys were prepared by adding 0.5wt.%, 1wt.%
and 1.5wt.% Ce to Mg-6Zn alloy. According to analysis of the
evolution rules of microstructure and mechanical properties
of as-cast, as-solution and as-extruded in different alloys, the
following results are obtained:

(1) In the as-cast microstructure of Mg-6Zn alloy, the
main compound is Mg,Zn, phase, with the addition of rare
earth element Ce, the T-(MgZn),,Ce phase with network
structure distributes continuously along the grain boundary.
After solution treatment, there are still some remaining
T-(MgZn),,Ce phases, but their volume fraction decreases
and their morphology changes from thick strips and blocks
to discontinuous smaller blocks. After extrusion at different
temperatures, T-(MgZn),,Ce phase changes from irregular
discontinuous massive to dispersed granular, and parallel to
the extrusion direction.

(2) The strength and elongation of the four kinds of alloys
after extrusion deformation increase significantly. When extrusion
at 300 °C, the mechanical properties of Mg-6Zn-1.5Ce alloy
are the optimal. Its yield strength, ultimate tensile strength,
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and elongation are 229 MPa, 313 MPa, 22.47%, respectively.
Mg-6Zn-0.5Ce exhibits excellent comprehensive mechanical
properties after extrusion at 350 °C. Its yield strength, ultimate
tensile strength and elongation are 206 MPa, 318 MPa, and
20.83%, respectively.

(3) For as-extruded microstructure at 350 °C, with the
enhancement of Ce content, the average Schmid factor of
basal slip decreases gradually. In contrast, the average Schmid
factor of non-basal slip increases accordingly. The rare earth
element Ce probably promotes the activation of non-basal slip
during the deformation process, which reduces the texture
strength of the basal plane, and increases the grain boundary
migration ability. The growth of recrystallized grains leads to
the decrease of strength, and the weakening of basal texture
improves the plasticity of alloys.
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