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Abstract 

The Mg-11.5wt.%Zn-3.0wt.%Al and Mg-5.1wt.%Zn-3.3wt.%Al-0.1wt.%Ca alloys were squeeze cast under a 

protective gas atmosphere (Ar + 1% SF6). Precipitation reactions were studied by differential scanning 

calorimetry at heating rates of 0.5 - 30 K/min. Electrical resistometry at 78 K and microhardness (HV0.5) at 

room temperature were performed additionally. The specimens were subjected to isochronal annealing with 

steps of 20 K/20 min up to 300 °C. The thermal measurements revealed two exothermic effects during linear 

heat treatment in the temperature range of 100 - 250 °C at heating rates of 2 - 30 K/min. In agreement to the 

thermal response, two stages of electrical resistivity decrease were observed in the same temperature range. 

The lower thermal and absolute resistivity changes were observed in the alloy with Ca-addition. Activation 

energies obtained from the thermal measurements using the Kissinger method for the two mentioned 

processes were calculated as Q1 = (124 ± 17) kJ · mol-1 and Q2 = (133 ± 4) kJ · mol-1 in both alloys. 
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1. INTRODUCTION 

Magnesium alloys exhibit low density, high specific strength and they are being increasingly applied in aircraft, 

electronic industries and in automotive industry in order to save mass thereby reducing fuel consumption and 
pollution [1-3]. The addition of zinc to magnesium can lower the corrosion rates of the alloys and improve 

mechanical properties [2]. Commonly used magnesium alloys on Mg-Al based system have excellent 

castability, low cost and good mechanical properties. However there is a limitation to temperature below 120 

°C because of poor heat resistance [1]. Magnesium alloys show attractive properties for biomaterial 

applications, too. Studies on Mg-Zn-Ca have shown that this alloy has a very good biocompatibility [4, 5]. 

Icosahedral phase in Mg alloys exhibits very good strengthening properties [6-9]. The formation of icosahedral 
phase has been considered as one of the most effective methods for expansion of high strength lightweight 

Mg alloys to aerospace and automotive industry [9, 10]. This phase was found in Mg-Zn-Al, Mg-Cu-Al or in 

Mg-Zn-Y alloys [6-8]. Quasicrystals have many interesting properties such as very high hardness, thermal 

stability and low electrical conductivity at room temperature or high corrosion resistance [6-9]. The icosahedral 

phase particles also pin grain boundaries and retard grain growth. Icosahedral phase is metastable and 

transforms to the equilibrium � phase in the as-cast Mg alloys annealed at 170 - 220 °C [10]. 

2. EXPERIMENTAL DETAILS 

The Mg-11.5 wt.% Zn-3.0 wt.% Al and Mg-5.1 wt.% Zn-3.3 wt.% Al-0.1 wt.% Ca alloys were squeeze cast 
under a protective gas atmosphere (Ar + 1% SF6). The alloys were pressed in two steps with maximal pressure 

50 MPa and 150 MPa. The temperature of liquid was 750 - 850 °C. 

The temperature ranges of phase transformations in the alloys were determined by electrical resistivity 

measurements at 78 K and by microhardness (HV0.5) measurements at room temperature after annealing in 

isochronal steps of 20 K/20 min. The heat treatment was undertaken in a stirred oil bath up to 240 °C and in a 

furnace with Ar-protective atmosphere up to 300 °C. Each step was followed by quenching. Relative electrical 

resistivity changes ∆ρ/ρ0 were obtained with an accuracy of 10-4 (ρ0 is the value of resistivity in the initial state). 
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The H-shaped specimens were used for resistivity measurements. Resistivity was measured by the DC four-

point method with a dummy specimen in series. The influence of parasitic thermo-electromotive force was 

suppressed by current reversal. 

The influence of isochronal annealing on mechanical properties was studied using Vickers microhardness 
measurements following the same procedure as in resistivity measurements. The measurement started no 

longer than 5 minutes after the heat treatment step to minimise eventual natural ageing [11]. 

The thermal analyses of the Mg-Zn-Al-(Ca) alloys were studied using differential scanning calorimetry (DSC)  

performed at heating rates of 0.5, 1, 2, 5, 10, 20 and 30 K·min-1 in the Netzsch DSC 200 F3 apparatus. The 
temperature range of the measurements was from room temperature to 300 °C. A specimen of mass between 

10-20 mg was placed in Al2O3 crucibles. Measurements were performed without a reference specimen. 

Nitrogen flowed at the rate of 40 ml/min as a protective atmosphere.  

Transmission electron microscopy (TEM) and electron diffraction (ED) were carried out in JOEL JEM 2000FX 

electron microscope to determine the microstructure of the squeeze cast alloys. 

3. RESULTS AND DISCUSSION 

Relative resistivity changes caused by step-by-step isochronal annealing up to 300 °C in the Mg-Zn-Al and 

Mg-Zn-Al-Ca alloys are shown in Fig. 1. The resistivity annealing curves show gradual decrease of �ρ/ρ0 up 

to ∼ 220 °C followed by resistivity decrease to the minimum at ~ 280 °C in both alloys. Thereafter resistivity 

increases in both alloys. The initial values of electrical resistivity were measured as ∼ 58 n�·m for the Mg-Zn-

Al alloy and ∼ 47 n�·m for the Mg-Zn-Al-Ca alloy. The difference of electrical resistivity �
 between the initial 

state and after annealing up to 280 °C was determined as 6 n�·m and 3 n�·m for the Mg-Zn-Al and the Mg-
Zn-Al-Ca alloy, respectively. Higher initial value of electrical resistivity as well as larger resistivity changes after 

isochronal annealing for the Mg-Zn-Al are probably caused by higher content of additives (especially zinc) in 

the alloy. 

Fig. 2 shows the response of microhardness HV0.5 to step-by-step isochronal annealing. The initial values of 
microhardness were measured as (87 ± 2) for the Mg-Zn-Al and (59 ± 2) for the Mg-Zn-Al-Ca alloy, 

respectively. The grain size was observed as ~ 40  µm in both alloys. Thus the difference of the initial 
microhardness values in the alloy without Ca-addition is probably caused by higher concentration of additives, 

again. One can see that the isochronal annealing has a negligible effect on hardening in both alloys. At 

temperatures above ~ 240 °C microhardness of the alloys slowly decreases. The value of microhardness of 

the Mg-Zn-Al alloy at the end of annealing is below the initial value. 

Fig. 1 Isochronal resistivity annealing curves 

(20 K/20 min)

Fig. 2 Isochronal microhardness (HV0.5) 

annealing curves (20 K/20 min) 
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Fig. 4 TEM bright field image of the Mg-Zn-Al-Ca squeeze cast alloy

The microstructures in the initial state are shown in Figs. 3 and 4. TEM proved an existence of grain boundary 

phases in both alloys. This phase was identified using ED as icosahedral phase in the Mg-Al-Zn alloy (see 

Fig. 3b). The phase contains Mg, Zn and Al and the concentration is enclosed to the composition of the 

icosahedral phase described in [12]. Grain boundary regions were less occupied by icosahedral phase in the 

alloy with Ca-addition. It is probably caused by lower concentration of zinc. The volume fraction of the grain 

boundary phase is also lower in the Mg-Zn-Al-Ca alloy. 

A high density of rods (size of 140 - 550 nm) perpendicular to basal plane and fine coherent oval particles (size 

of 20 - 55 nm) were observed inside �-Mg phase grains in both alloys. The morphology of these phases is 

closed to the phases observed in binary Mg-Zn alloys [13, 14]. A higher density of fine oval particles was 

observed in the Mg-Zn-Al than in the Mg-Zn-Al-Ca alloy. Coarse block particles (size of 50 -120 nm) were 
detected only in the Mg-Zn-Al-Ca alloy. Unfortunately we have no clear information about structure of these 

phases. 

Fig. 3a TEM bright field image of the Mg-

Zn-Al squeeze cast alloy. See grain 

boundary phase, rods and oval particles

Fig. 3b ED of the grain boundary phase in the 

Mg-Zn-Al squeeze cast alloy identified as 3-

fold symmetry zone of icosahedral phase
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Negative numerical derivatives of the measured resistivity annealing curves from Fig. 1 are plotted in Figs. 5a

and 5b for a better recognition. The obtained spectrum can be fitted by Gaussian curves using the method of 

least squares [15]. The first positive stage in both alloys is composed of three sub-stages with maxima at ~120 

°C, ~160 °C and ~200 °C. The second positive stage (Fig. 5) in both studied alloys has maximum at ~250 °C. 

Fig. 5 Spectra derived as negative derivative of the isochronal resistivity-annealing curves fitted by Gaussian 

curves. The initial value of electrical resistivity is ρ0. a) Mg-Zn-Al alloy, b) Mg-Zn-Al-Ca alloy 

Differential scanning calorimetry of both alloys revealed three exothermic effects (labelled as effect 1, 2 and 

3) at heating rate of 1 K/min. However, DSC measurements revealed only two exothermic effects (effect 1, 

effect 2) at higher heating rates (2 - 30 K/min) in both alloys. No thermal changes were detected in DSC curves 

at heating rate 0.5 K/min. For illustration, Fig. 6 shows DSC curve of Mg-Zn-Al at heating rate of 1 K/min. 

There are three exothermic stages fitted by Gaussian curves. It is seen that exothermic peaks (effect 1 and 2) 

correspond to the temperature position of the positive resistivity spectra sub-stages in Fig. 5a.  

No exothermic effect was detected after annealing up to ~ 140 °C for any heating rate. The third exothermic 

stage (effect 3) with maximum at ~ 235 °C in DSC curve in Fig. 6 corresponds to the resistivity spectra stage 

with maximum at ~ 250 °C. The temperature position of the heat flow peaks (effect 1 and 2) shifts to higher 

temperatures with increasing heating rates. The lower thermal changes were observed in the alloy with Ca-

addition, it agrees very well with the lower resistivity changes in the alloy with Ca-addition. 

Fig. 6 DSC trace (red line) at heating rate 1 K/min 
of the Mg-Zn-Al alloy fitted up to 250 °C by 

Gaussian curves (blue lines)

Fig. 7 Kissinger plot of exothermic heat effects in the 
squeeze-cast Mg-Zn-Al-(Ca) alloys. / is the linear 

heating rate; Tm is the peak temperature of DSC trace 

for particular exothermic heat effect
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The Kissinger method [16] with the assumption that the peak temperature Tm in DSC curves for individual 

precipitation effects can be expressed as 

C
TR

Q

T mm
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where C is a constant, Q the process activation energy, R the gas constant, R the heating rate. 

Fig. 7 shows the Kissinger plot in the coordinate system of [ln(�/Tm
2); 1/Tm] for the Mg-Zn-Al and Mg-Zn-Al-

Ca alloys together. The Kissinger plot shows that maxima of the two exothermic effects (effect 1 and 2) 

observed at DSC curves up to 250 °C were detected at the same temperatures in both alloys. The Ca-addition 

does not influence the exothermic processes in DSC measurements. Activation energies of the two processes 

were calculated by the Kissinger method as Q1 = (124 ± 17) kJ·mol-1 and Q2 = (133 ± 4) kJ·mol-1 in both alloys. 

Preliminary TEM and ED results proved neither changes of volume fraction nor composition of boundary 

phases after annealing up to 240 °C. Volume fraction of the fine coherent oval particles increases after 

annealing up to 240 °C in both alloys compared to the initial state. However, the thorough additional 

microstructure observation is needed. With respect to the thermal changes, electrical resistivity and 

microhardness changes up to ~ 250 °C we suppose that they are mainly caused by precipitation and/or 

coarsening of particles inherent to Mg-Zn system. 

4. CONCLUSIONS 

Microstructure observation proved existence of grain boundary phases in the squeeze cast Mg-Zn-Al-(Ca) 
alloys. This phase was identified by selective electron diffraction as an icosahedral phase. Three exothermic 

processes were observed by DSC measurements in the alloys. The third process was observed only at heating 

rate of 1 K/min. Thus the activation energies were calculated only for the two exothermic processes by the 

Kissinger method as Q1 = (124 ± 17) kJ·mol-1 and Q2 = (133 ± 4) kJ·mol-1 in both alloys. The processes are 

probably caused by precipitation and/or coarsening of particles of the Mg-Zn system. The results obtained by 

electrical resistometry correspond very well to DSC measurements. The lower thermal and resistivity changes 

were observed in the alloy with Ca-addition. No influence of Ca-addition on maxima of the exothermic 

processes up to 250 °C was observed in DSC measurements. The difference of initial microhardness values 

in both alloys is probably caused by different concentrations of additives, especially of zinc. 
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