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1. Introduction
The need for weight reduction of structural elements, 

particularly in the aerospace and automotive industries 
where the implementation of lighter structures is associated 
with energy saving policies, has led to an increased interest 
in the development of lightweight materials over the last 
years1-3. In this context, Mg and its alloys draw significant 
attention since they comprise the lightest available structural 
metals (1.74g/cm3 density in comparison to 2.70g/cm3 for 
Al and 7.87g/cm3 for steel, for instance) with an excellent 
strength to weight ratio. Furthermore, Mg alloys present 
good castability, machinability, and damping properties4. 
Widespread use of Mg alloys is, however, hindered by a 
number of factors. Mg alloys exhibit low room temperature 
plasticity due to their hexagonal close packed crystal 
structure which limits the number of possible slip systems5. 
Owing to its low melting point (650 °C), Mg possesses 
low creep resistance and low high temperature mechanical 
strength. Furthermore, Mg has high chemical reactivity, 
which limits its applications in corrosive environments6.

Improvement of the overall mechanical performance 
of Mg can be achieved by addition of appropriate alloying 

elements. Because of the low solubility of most alloying 
elements in Mg, strengthening is usually obtained by 
dispersion or formation of precipitates in the Mg matrix1. 
To this end, Mg-Zn-Zr alloys have been developed to 
considerable extent. The addition of Zn significantly 
increases room temperature tensile properties without 
adversely affecting the elevated temperature characteristics 
and Zr is known to increase high temperature strength in 
magnesium alloys due to its remarkable grain refinement 
effect7-8 and the sensitivity of Mg tensile strength to grain 
size9. The addition of Zr also reportedly increases corrosion 
resistance due to formation of a stable Zr rich oxide film10-

12. Rare earth (RE) elements have also been successfully 
alloyed with Mg. For instance, it has been reported that 
addition of rare earth (RE) elements can refine grains and 
weaken anisotropy to improve ductility of the Mg alloys13-14. 
In addition, RE elements give rise to a dispersion of 
thermally stable precipitates with high melting point (above 
620 °C)15, an improvement over precipitates of the Mg-Zn 
system which melt at approximately 340°C and thus have 
poor thermal stability and exhibit tendency for hot tearing. 
For these reasons, alloys of the Mg-Zn-RE-Zr system have 
been matter of study in a number of recent researches16-20.
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In the present work, ZK60 (Mg-6%Zn-1%Zr) alloys 
containing different amounts of RE elements were produced 
by thixocasting, a semi-solid casting process whereby 
semi-solid billets with a non-dendritic microstructure are 
injected into a cast die, resulting in a final product with a 
globular grain structure and superior mechanical properties 
compared to those obtained from conventional casting 
processes21. Thixoforming processes have been largely 
applied to the production of high strength Al alloys22 but 
have only recently been attempted for the production of Mg 
alloys23-24. The objective of this research is to clarify the role 
of RE elements on the formation of precipitates in Mg-Zn-
Zr alloys produced by thixocasting and to describe possible 
heat treatment sequences for the thixocast ZK60-RE alloys.

2. Experimental Procedure
Ingots of Mg alloy ZK60 containing RE additions were 

prepared from metallic Mg, Zirmax alloy (Mg-33.3%Zr), 
electrolytic Zn and mischmetal (55% Ce, 24% La, 15% 
Nd, 4% Pr) by thixocasting in an electric resistance 
furnace equipped with a mechanical stirrer. A controlled 
Ar atmosphere at 0.75bar pressure was maintained in the 
furnace in order to avoid oxidation of the base materials. The 
chemical composition of the ingots produced by thixocasting 
was assessed by X-Ray Fluorescence (XRF) and the results 
are presented in Table 1.

Samples were produced with 40×40×40 mm dimensions 
and were subjected to the following heat treatments:

I)	 T4-1: Solution treatment at 500 °C for 8h;
II)	 T4-2: Solution treatment at 380 °C for 16h;
III)	T5: Ageing directly after casting at 150 °C and at 

175 °C;

IV)	T6-1: Solution treatment at 380 °C + ageing at 175 °C;
V)	 T6-2: Solution treatment at 500 °C + ageing at 175 °C.

The kinetics of the T5 and T6 ageing processes was 
evaluated by measuring hardness (Vickers hardness 
with a 5kgf load, HV5) over heat treatment time. The 
microstructure of the heat treated samples was characterized 
by applying Scanning Electron Microscopy (SEM) using 
a FEI Inspect S50 microscope. Images were recorded in 
Backscattered Electron (BSE) mode in order to highlight 
the differences between the light Mg matrixes (dark 
contrast) and the heavier precipitates (bright contrast). 
Prior to microscopic examination, samples were submitted 
to standard metallographic preparation, which included 
grinding, polishing and finally etching in a Nital 5% solution. 
While Nital is not a common etchant for Mg alloys, in the 
present case it was useful for increasing contrast between 
the Mg matrix and the intermetallic precipitates formed 
along grain boundaries.

3. Results and Discussion
3.1. As cast microstructure

The as-cast microstructures of the three ZK60-RE alloys 
produced are displayed in Figures 1a, 1b and 1c, for the 
samples containing 0.5, 1.5 and 2.5wt.%RE, respectively. 
Because of the stirring process applied during casting, the 
microstructure is essentially formed by a homogeneous 
matrix of α-Mg globular grains reinforced by an extensive 
network of fine grained intermetallic precipitates which 
congregate along the main α-Mg grain boundaries. These 
precipitates are likely formed by segregation of Zn and RE 
elements from the liquid phase during solidification. The 
average grain size of the α-Mg grain size was determined 

Table 1. Chemical composition of investigated alloys.

ELEMENTS ZK60-0,5RE (%wt) ZK60-1,5RE (%wt) ZK60-2,5RE (%wt)
Mg Bal. Bal. Bal.
Zn 6,752 6.841 6.635
Zr 0.580 0,923 1.036
La 0.112 0.461 0.626
Ce 0.173 0.808 1.156
Pr 0.049 0.203 0.268
Nd 0.163 0.414 0.838

Figure 1. BSE images of the investigated ZK60 as-cast alloys: (a) 0.5 wt.%RE, (b) 1.5 wt.%RE, (c) 2.5 wt.%RE.
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(by using lower resolution micrographs) and was found to 
decrease with increasing RE content: 160mm for the alloy 
containing 2.5wt.%RE, 225mm for the alloy containing 
1.5wt.%RE and 300mm for the alloy containing 0.5wt.%RE. 
At least two different morphologies can be identified in the 
intermetallic network: fine structured lamellar or acicular 
phases (possibly eutectic Zn component), and a smooth 
precipitate, probably containing RE elements.

3.2. Solution treatment (T4)
The microstructures obtained after solution treatment 

(T4) at 500 °C of the ZK60 alloys containing 0.5, 1.5 and 
2.5wt.%RE are presented, respectively, in Figure  2a, 2b 
and  2c. The dissolution of the intermetallic compounds 
present in the as-cast microstructure (Figure  1) was 
not complete, since part of the solutes is retained in the 
liquid phase during the casting process. For the alloys 
containing 0.5 and 1.5wt.%RE, it appears that only the 
fine grained eutectic Zn precipitate remains, with complete 
dissolution of the RE smooth phases. On the other hand, 
after the solution heat treatment, the smooth intermetallic 
compounds containing RE elements are still present in 
the ZK60‑2.5wt.%RE microstructure, as indicated by the 
white arrows in Figure 2c. The average grain size of the 
ZK60-0.5wt.% RE alloy was increased after heat treatment, 
reaching an average size of 500 mm, Figure 2a.

The microstructures of the ZK60 alloys submitted to 
solution heat treatment at 380 °C are presented in Figure 3. 
No dissolution of intermetallic precipitates was observed 
for any of the alloys, contrary to the results presented 

in Figure 2a and 2b which showed that the smooth RE-
containing phases were dissolved by heat treatment at 
500 °C. However, the change in precipitate morphology is 
much more severe for heat treatment performed at 380 °C 
(Figure 3) than for the heat treatment temperature of 500 °C 
(Figure 2). This modification could be due to spheroidization 
of the Mg-Zn precipitates, or increase in the volume fraction 
of the Mg-Zn-RE precipitates. Support for the latter assertion 
relies upon the fact that BSE images reveal two distinct 
contrasts at the intergranular region with the darker phase 
thus representing the ternary intermetallic compound.

3.3. T5 and T6 treatments
The hardness (HV5) evolution of the ZK60-2.5wt.%RE 

alloy is presented in Figure 4 as a function of heat treatment 
time. In order to compare the influence of ageing temperature 
on the mechanical strength of the alloys two temperatures 
were chosen, as indicated in Figure 4: 150 °C and 175 °C. 
The results presented in Figure 4 show that both heat treating 
conditions yield very similar ageing kinetics. Therefore, the 
175 °C was defined as the standard ageing temperature for 
T5 and T6 treatment of all alloys.

The results presented in Figure 4 show that hardness 
increased significantly from 54HV in the as-cast to 
approximately 80HV after 30 h of ageing treatment at 
175  °C. This is most likely due to formation of new 
intermetallics compounds, probably homogeneously 
dispersed in the α-Mg grains. The maximum difference 
in hardness between the different heat treatments was 
approximately 5HV, with the following trend regarding 

Figure 2. BSE images of the investigated ZK60-RE alloys submitted to solution heat treatment for 8h at 500 °C: (a) ZK60-0.5 wt.%RE, 
(b) ZK60-1.5 wt.%RE and (c) ZK60-2.5 wt.%RE.

Figure 3. BSE images of the investigated ZK60-RE alloys submitted to solution heat treatment for 16h at 380 °C: (a) ZK60-0.5 wt.%RE, 
(b) ZK60-1.5 wt.%RE and (c) ZK60-2.5 wt.%RE.
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Vickers hardness numbers: HV (T6-380 °C) < HV (T5) < HV 
(T6-500 °C). This can be attributed to the higher hardness 
of rare earth intermetallic compounds.

Figure 5 displays the age hardening behavior of the 
ZK60-1.5wt.%RE submitted to T5 and T6 treatments 
at 175  °C. The T5 ageing potential of the as-cast 
ZK60‑1.5wt.%RE alloys is lower than that observed for the 
alloys containing 2.5wt.%RE (Figure 4) and the kinetics of 
the process is slower. This can be partially attributed to the 
different amounts of mischmetal in the alloys, but one must 
also consider the following: at the end of the casting process, 
a fixed temperature (440 °C) was used for a final quench 
to bring all samples to room temperature. Because the Zn 
content of the alloy containing 1.5wt%RE is slightly higher 
than that of the alloy containing 2.5wt.%RE (see Table 1), 
the amount of liquid present in the ZK60-1.5wt.%RE 
alloy before quenching was higher in comparison with the 
ZK60-2.5wt.%RE alloy. This happens because at 440 °C, 
for the Zn contents given in Table 1, the alloys fall into 
the semi-solid region which lies left of the eutectic point 
in the binary Mg-Zn phase diagram. Still according to the 
Mg-Zn phase diagram, preferential segregation of Zn takes 
place in the liquid phase with a partition coefficient k < 1. 
This segregation becomes more intense as the temperature 
decreases in semi-solid interval. Thus, considerable solute 
depletion occurs in the α-Mg matrix leading to a lower 
potential for direct ageing as a consequence. The same 
depletion of the α-Mg matrix is expected to occur with the 
RE elements, also reducing the ageing potential. Hardness of 
the as-cast ZK60-1.5wt.%RE alloy is higher in comparison 
with the ZK60-2.5wt.%RE alloy because, with the higher 
fraction of liquid phase prior to quenching, the volume of 
intergranular precipitates is also increased. Finally, it is 
worth noticing that the application of a preliminary solution 
treatment (T6-500 °C and T6-380 °C) led to a maximum 
hardness close to 85HV and considerably faster ageing 
kinetics in relation to the T5 treatment.

The age hardening behavior of the ZK60-0.5wt.%RE 
alloy for T5 and T6 heat treatments is presented in 
Figure  6. Application of T5 heat treatment did not 

result in strengthening for the same reasons listed above 
concerning the ZK60-1.5wt.%RE alloy. For the T6-380 
°C treatment, 85HV hardness was achieved after 15h of 
heat treatment. This happens because in this alloy, given 
its low RE content, the majority of the precipitates are 
composed of Mg and Zn alone, which partially dissolve 
at 380 °C. The T6‑500 °C treatment does not effectively 
produce precipitation hardening because the solution 
treatment at 500 °C targets the dissolution of RE containing 
precipitates, which occur in low amounts for the ZK60-
0.5wt.%RE alloy.

4. Conclusions
-	 The ZK60-RE alloys exhibited two distinct precipitate 

morphologies: an eutectic lamellar structure formed 
by Zn containing phases and a smooth structure 
formed by RE containing phases;

-	 Increase in the amount of mischmetal leads to an 
increase in the fraction of the smooth precipitates;

Figure 4. Hardness (HV5) as a function of heat treatment time 
for the ZK60-2.5wt.%RE alloy submitted to ageing treatment at 
various temperatures.

Figure 5. Hardness (HV5) as a function of heat treatment time 
for the ZK60-1.5wt.%RE alloy submitted to ageing treatment at 
various temperatures.

Figure 6. Hardness (HV5) as a function of heat treatment time 
for the ZK60-0.5wt.%RE alloy submitted to ageing treatment at 
various temperatures.
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-	 T4 solution heat treatments at 500 °C and 380 °C do 
not produce complete precipitate dissolution. At 380 
°C the lamellar precipitates were dissolved whereas 
at 500 °C the smooth precipitates were dissolved;

-	 The age hardening behavior of the ZK60-2.5wt.%RE 
alloy and its increase in hardness at 175 °C are not 
significantly influenced by a previous solution heat 
treatment, indicating that direct ageing (T5) would 
be the best option for heat treatment of this alloy for 
applications which demand mechanical strength.

-	 The age hardening behavior of the ZK60-1.5wt.%RE 
at 175 °C is accelerated by a previous partial solution 

treatment. Direct ageing (T5) takes place at a much 
slower pace in this alloy in comparison with the 
ZK60-2.5wt.%RE alloy.
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