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Abstract 

As-cast ZK40 alloys, modified with the addition of CaO, Gd, Nd and Y were investigated. 

Solution heat treatments were performed based on differential thermal analysis results. The 

unmodified ZK40 alloy exhibited microstructure with nearly no intermetallic compound but with 

precipitates formed during the solution treatment. The modified ZK40 alloys exhibited a semi-
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dissolved network of intermetallic compounds along the grain boundaries and zones of 

intermetallic compounds within the grains. Interestingly, no precipitates were observed 

immediately next to the grain boundaries. The energy dispersive X-ray spectroscopyEDXS 

line scans show an enrichment of Zn and Zr in the regions where the precipitates are found, 

suggesting that they are Zn-Zr precipitates. The ageing behaviour was compared between the 

as-cast and the solution treated materials and it was found that apart from the ZK40-Gd, ZK40-

Nd and ZK40-Y aged at 200 °C after solution treatment, there is no notable ageing response 

for the investigated alloys. 

Introduction 

Mg alloys have a high potential for use as lightweight structural materials due to the 

satisfactory strength/weight ratio. However, obstacles such as low corrosion resistance and 

the poor absolute strength impede the use of magnesium alloys [1]. The control of the 

microstructure and the understanding of the effect of its components onin the materials 

properties are of importance in order to design high performance Mg alloys. 

Zn is a widely used alloying element for Mg alloys due to the low cost and the improvement of 

strength properties of both cast and wrought alloys [2]. Mg-Zn alloy shows promising age-

hardening response in comparison to other Mg systems [3]. Among the investigated Mg alloy 

systems, ZK alloys are one of the highest strength cast alloys available commercially [4]. The 

mechanical properties [5], microstructure modification [6], and texture randomisation [7,8] 

caused by Ca additions were previously investigated. The addition of Ca to Mg-Zn alloys 

refines the grain size, contributes to solid solution hardening and enhances the precipitation 

hardening response [9,10]. Wiese et al. [11] showed that CaO reduces to form MgO and 

Mg2Ca during casting and solidification, which can provide an easier route to add Ca to Mg 

alloys. The formation of thermally stable secondary phases that stabilizes the microstructure 

during heat treatments and thermo-mechanical processes is of interest for applications at 

elevated temperatures [12]. 



Investigations on the effect of rare earth elements (RE)RE addition on Mg alloys areis 

extensive. Mg alloys with RE addition show potential for achieving improved strength and 

creep resistance compared with the AZ system and the most notable ones are based on the 

Mg-Gd, Mg-Gd-Y, Mg-Gd-Nd, and Mg-Y-Nd systems [13,14,15,16,17,18]. The role of Y in Mg 

based alloys has been studied extensively. Y is considered to be one of the most effective 

alloying additions which improves the mechanical properties at high temperatures for Mg 

alloys [19,20,21,22]. The addition of Zn to Mg alloys containing Y has significantly improved 

creep strength and it is proposed that Zn suppresses the non-basal slip through the formation 

of planar defects [23,24]. The addition of Zn to a Mg-Nd-Zr alloy [25] increased the strength 

and decreased the plasticity at all test temperatures from ambient to 250 °C. However, 

strengthening caused by the Zn addition decreases with rising temperature. The effect of the 

Zn on the mechanical properties of a Mg-Gd-Y-Zr alloy was investigated previously [26]. 

Although the addition of Zn degrades the age-hardening response, the maximum tensile 

elongation is enhanced by discontinuous precipitation of a 14H-type long period stacking order 

(LPSO) phase at grain boundaries and with grains in the over-aged condition, which enhances 

the maximum tensile elongation. Furthermore, Tthe addition of Gd to a ZK60 alloy led to a 

reduction of the age-hardening response [27]. 

This work aims to investigate the impact of solution heat treatment on the ageing response 

and microstructure features of ZK40 alloys modified with individual RE and CaO additions. 

Experimental procedure 

Five alloys (ZK40, ZK40-CaO, ZK40-Gd, ZK40-Nd and ZK40-Y) were prepared with pure Mg, 

Zn, CaO, Nd and master alloys Mg 10 wt.% Y, Mg 4 wt.% Gd and Mg-33 wt.%Zr (Zirmax®). 

Mg was molten in an electric resistance furnace at 750 °C and alloying elements were added 

to the melt and stirred for 10 min. The melt was then poured into a preheated thin walled steel 

mould held at 660 °C for 15 min. Then, the mould was immersed into water at a rate of 10 

mm.s-1 until the top of the melt was in line with the cooling water. The ingots had a bottom 

diameter of 250 mm and the height of 300 mm. The indirect casting procedure was adopted 



to provide a homogeneous microstructure. Table1 shows the actual compositions of the alloys 

prepared for this investigation measured with X-ray fluorescence (Zn and Gd) and spark 

analyser (Ca, Cu, Fe, Nd, Ni, Y, Zr). 

Differential Thermal Analysis (DTA) was conducted using a Mettler Toledo DTA model SDTA 

851 under an Ar atmosphere in a steel crucible at heating and cooling rates of 10 K/min in the 

temperature range of 300-700 °C. The heating and cooling cycles were repeated at least three 

times for each sample to ensure reproducibility of the measurement. The DTA data was then 

used to provide the appropriate temperatures for solution treatments of the investigated alloys. 

Solid Ssolution heat treatments were performed using and electric resistance furnace under 

an Ar protective atmosphere for a holding time of 24 h. The solution treatment temperature 

varied from alloy to alloy and for the ZK40-Gd and ZK40-Nd two temperatures were selected 

as listed in Table 2. 

Ageing treatment were performed for the as-cast material (T5) and for the solution treated 

material (T6). In the case of the ZK40-Gd and ZK40-Nd, in which two solution treatment 

temperatures were investigated, the material treated at highest temperature was chosen, i.e., 

ZK40-Gd solution treated at 475 °C for 24 h and ZK40-Nd solution treated at 475 °C for 24 h. 

An oil bath furnace working with silicon-based oil was used to perform the ageing treatments. 

Three different temperatures were selected: 150 °C, 175 °C and 200 °C. Hardness 

measurements were performed to evaluated the hardness evolution during ageing. Vickers 

hardness were measured using an applied load of 5 kg for a holding time of 30 s. 

Specimens for metallographic characterisation were ground with SiC abrasive papers from 

P500 to P2500, followed by polishing with OPS. Scanning electron microscopy (SEM) was 

conducted on the unetched samples using a Carl Zeiss FEG-SEM Ultra 55 and a FEI Inspect 

F-50. Stereological measurements of the area fraction of intermetallic compounds were 

performed by using a minimum of 10 random BSE (backscattered electron) macrographs and 

were analysed using ImageJ software. The SEMs were equipped with eEnergy dDispersive 



X-ray sSpectrometers (EDXS)(EDXS) and EDXSEDXS line scans were recorded across the 

length of the grains to determine the elemental distribution. A Savitzky-Golay [28] filter with 20 

points of window and a 4-degree polynomial was applied to smooth the EDXSEDXS lines 

scans. 

Results and discussion 

The DTA results show an exothermic peak during cooling from 700 °C at 636-638 °C attributed 

to the formation of α-Mg. Table 3 summarizes the peak temperatures for the formation of the 

intermetallic phase obtained by DTA (the plots are not presented here). . For the ZK40-Nd 

alloy two peaks were detected. For the formation of α-Mg, the peak temperature during cooling 

was observed at 636-638 °C for the investigated alloys. 

The SEM micrographs of the as-cast materials are shown in Figure 1 and illustrate the volume 

fraction and distribution of the intermetallic particles. The volume fraction of second phases is 

1.6  0.5%, 6.5  0.9%, 5.7  1.0%, 7.3  0.6% and 3.1  0.5% for ZK40, ZK40-CaO, ZK40-

Gd, ZK-Nd and ZK40-Y, respectively. In the unmodified ZK40 alloy, discrete particles of 

intermetallic phase were observed randomly at triple points,  and grain boundaries and within 

the grains. In addition, segregation of Zn was observed from the centre of grains to the 

intermetallic area as illustrated by the brighter regions close to the grain boundaries.  The 

ZK40-CaO, ZK40-Gd, ZK40-Nd and ZK40-Y alloys contain a semi-continuous distribution of 

intermetallic particles along the grain boundaries. In the ZK40-CaO and the ZK40-Nd the 

interconnectivity is larger than the other alloys. 

Figure 2 exhibits the microstructure of the solution heat treated ZK40 alloy at 320 °C for 24 h. 

The discrete intermetallic compounds are partially dissolved. However, precipitates at the 

grain boundaries as well as small precipitates in the α-Mg matrix are observed when analysing 

in higher magnification (Region A highlighted in Figure 2a), Figure2b. 

The microstructure of the solution heat treated ZK40-CaO is shown in Figure 3. Comparing 

Figure3a with Figure1b, the main differences in the microstructure are the presence of a 



precipitation zone within the grain for the solution heat treated ZK40-CaO alloy as well as a 

discontinuous network with dissociated parts of intermetallic compounds along the grain 

boundaries as a result of the partial dissolution during solution heat treatment. Figure3b 

highlights the size and distribution of the precipitates that are formed during solution treatment 

at 370 °C for 24 h for the ZK40-CaO alloy. 

Figure 4 exhibits the microstructure of the solution heat treated ZK40-Gd alloy. Figure 4(a-c) 

exhibits the microstructure of the alloy for the solution treatment performed at 445 °C for 24 h 

and Figure 4(d-f) for the solution treatment performed at 475 °C for 24 h. Similar to the ZK40-

CaO, the solution heat treated microstructure of the Zk40-Gd exhibited a discontinuous and 

partially dissolved network of intermetallic compounds along the grain boundaries and 

precipitates within the grains. However, one main difference compared to the ZK40-CaO is 

the presence of two different precipitates zones with different precipitate size, distribution and 

orientation. Figure 4(b,c) highlights the regions containing precipitates for the solution 

treatment carried at 445 °C for 24 h. The region closer to the grain boundary (Region C) is 

shown in Figure 4b, whereas thean inner region (/Region D) asis shown in Figure 4c. The 

distribution of the precipitates seems to be sparser in Region C compared to Region D. The 

microstructure of the ZK40-Gd heat treated at 475 °C for 24 h also exhibits two different 

precipitate zones. Interestingly, the inner region (Region F, Figure 4f) seems to have coarser 

precipitates and more sparsely distributed compared to region closer to the grain boundary 

(Region E, Figure 4e), which is nearly the opposite tendency showed for the heat treatment 

performed at 4450 °C for 24 h. 

The microstructure of the ZK40-Nd after solution treatment (Figure 5) also exhibited 

comparable microstructure to the other modified ZK40 alloys. Figure 5(a,b) exhibits shows the 

microstructure of the ZK40-Nd after solution treatment at 440 °C for 24 h. A partially dissolved 

and discontinuously distributed network of intermetallic compounds along the grain 

boundaries is observed. Only one characteristic region of precipitates was found, Region G 

shown in Figure 5b. However, a slightly modified microstructure is found after solution 



treatment at 475 °C for 24 h for the ZK40-Nd alloy. The network of intermetallic compounds 

seems to be dissolved, and intermetallic particles were formed at the grain boundaries. Two 

regions of precipitates are found for this alloy at this condition: Region H (Figure 5d) and I 

(Figure 5e). Comparable to the ZK40-Gd after solution treatment at 475 °C for 24 h, the inner 

region exhibited coarser and sparser distributed precipitates, and the region close to the grain 

boundary exhibited finer and more densely distributed precipitates. 

Figure 6 exhibits shows the microstructure of the ZK40-Y after solution treatment at 480 °C 

for 24 h. Partial dissolution of the intermetallic compounds is observed and two characteristic 

regions of precipitates are found: Region K shown in Figure 6b and Region J shown in Figure 

6c. The region closer to the grain boundary (Region J) exhibits finer precipitate compared to 

the middle of the grain (Region K). 

In order to investigate the possible segregation of chemical elements after solution heat 

treatments, EDXSEDXS line scans were measured and are shown in Figure 7. An enrichment 

of Zn and Zr within the grains is observed. A notable enrichment of Zn and Zr are observed in 

the regions containing precipitates in the case of the ZK40-Gd heat treated at 475 °C for 24 h 

and ZK40-Nd heat treated at 440 °C for 24 h. Zn-Zr precipitates are reported to be formed 

after solution treatment for a Mg-2Re-2Zn-0.8Ca-0.5Zr (wt.%) [29], Mg-Y-Nd-Zn-Zr [30], Mg-

4Zn-0.5Zr (wt.%) [31], Mg-Zn-Zr, Mg-Ca-Zn-Zr [32], Mg-Gd-Zn-Zr [32], and Mg-Nd-Zn-Zr 

alloys [32]. Gao et al. [32] observed that the Zn-Zr precipitates normally exhibited a rod-shape 

and are heterogeneously distributed inside individual α-Mg grains. Furthermore, Li et al. [33] 

observed triangular-shaped ZnZr phase and rectangular-shaped Zn2Zr phase for a Mg-5Zn-

2Gd-0.4Zr (wt.%) alloy. Moreover, no relationship between the axes of the rods and the α-Mg 

matrix seem to exist. The enrichment of Zn and Zr inside the α-Mg matrix, especially in the 

regions where the precipitates are located, indicates that Zn-Zr precipitates are very likely to 

be formed during the performed solution treatment of the ZK40 and modified ZK40 alloys. The 

EDXSEDXS line scans show an anti-segregationa depletion behaviour for the investigated 

alloys, in which there is a depletion of Zr and especially Zn near the grain boundaries. This 



seems to be a precipitate-free region. After this ‘precipitate-free zone’ there is the formation of 

a region with small precipitates for the ZK40-Nd and ZK40-Y alloys. This behaviour is not 

observed for the ZK40-CaO, where only one characteristic region containing precipitates is 

observed. Regarding the region close to the grain boundary, the precipitates distribution and 

size seem to follow the same feature behaviour of the ZK40-Nd and ZK40-Y for the heat 

treatment performed at 475 °C for 24 h for the ZK40-Gd, whereas coarse and sparsely 

distributed precipitates are formed for the solution treatment performed at 445 °C for 24 h for 

the ZK40-Gd. In the interior of the grains, the precipitates seem to be arranged in agglomerate 

lines with a precipitate-free zone around these lines. 

The impact of the formation of these coarse precipitates on the ageing behaviour was also 

investigated by comparing the ageing behaviour of the solution treated alloys to the as-cast 

material. In the as-cast condition, the amount of Zn, Ca or RE elements in the α-Mg matrix is 

smaller compared to the solution treated condition (which is expected to be in supersaturated 

solid solution (SSSS) condition). However, the formation of the precipitates within the grains 

might lead that SSSS condition does not occur.  The anti-segregationdepletion of Zr and Zn 

suggest that these elements were consumed for the formation of the precipitates during 

solution treatment. 

The hardness evolution for the T5 and T6 conditions are exhibited in Figure 8. Apart from the 

ZK40-Gd T6 aged at 200 °C, ZK40-Nd T6 aged at 200 °C and ZK40-Y T6 aged also at 200 

°C, a notable ageing behaviour tendency for the modified ZK40 alloys is not observed. Thus, 

the results here show that the mechanical behaviour within certain ZK40 and ZK40-modified 

alloys seem to be affected by the formation of precipitates. formation of the precipitates for the 

ZK40 and ZK40-modified alloys during solution treatment seem to have affected their ageing 

behaviour. The increase of the hardness for the T6-200°C for the ZK40-Gd, ZK40-Nd and 

ZK40-Y, though, indicates that precipitates containing RE can form at this temperature, 

despite the depletion of Zn in the α-Mg matrix.  

Conclusion 



As-cast ZK40 alloys, modified with the addition of CaO, Gd, Nd and Y were investigated. 

Solution treatments were performed based on the DTA differential thermal analysis data and 

the microstructure was analysed by means of SEM and energy dispersive X-ray 

spectroscopyEDXS-SEM. The ageing response was monitoring using hardness Vickers.  

The following points can be made: 

 The as-cast microstructure was modified by the solution heat treatment. The interme-

tallic compounds were partially dissolved and precipitates were found within the grains; 

 An enrichment of Zn and Zr is observed within the grains, especially in the region con-

taining precipitates. According to the literature, it is assumed that they are Zn-Zr pre-

cipitates; 

 The ageing response of the alloys was significantly low.  The highest ageing responses 

were observed forApart from the ageing at 200 °C performed after solution heat treatment (T4) 

for the ZK40-Gd, ZK40-Nd and ZK40-Y., tThe other investigated alloys and for the other 

ageing temperatures the ageing response was do not exhibit  less a notable ageing response. 
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Tables and Figures 

Table 1: Chemical compositions of the investigated alloys measured with X-ray fluorescence 

(Gd and Zn) and spark analyser (Ca, Cu, Fe, Nd, Ni, Y, Zr). 

Alloys Zn %wt Zr %wt Ca %wt Y %wt Fe (ppm) Cu 

(ppm) 

Ni (ppm) 

ZK40 5.00 0.53 - - 11.3 14.1 12.8 

ZK40-

CaO 
4.385 0.34 1.22 - 13.5 16.4 14.1 

ZK40-Gd 4.50 0.55 1.70 - 6.9 29.2 <30 

ZK40-Nd 4.70 0.55 - 2.46 11 14.8 28.2 

ZK40-Y 4.10 0.33 - 1.12 3.8 29 <2 

 

Table 2: Solution treatment temperatures that were used in this investigation. 

Alloy Solution treatment temperature 



                                                                                                                                                                                     
ZK40 320 °C 

ZK40-CaO 370 °C 

ZK40-Gd 445 °C, 475 °C 

ZK40-Nd 440 °C, 475 °C 

ZK40-Y 480 °C 

 

Table 3: Differential temperature analysis temperatures for the exothermic reactions 

associated to the formation of α-Mg (Mg) and intermetallic compounds (IC) during cooling. 

DTA Differential thermal analysis temperatures formation during cooling (°C) 

ZK40 

IC1 Mg 

337.7 ± 0.1 638.5 ± 0.1 

ZK40-CaO 

IC1 Mg 

390.0 ± 0.5 631.4 ± 0.1 

ZK40-Gd 

IC1 Mg 

496.4 ± 1.5 636.2 ± 0.1 

ZK40-Nd 

IC1 IC2 Mg 



                                                                                                                                                                                     
466.3 ± 0.4 487.8 ± 0.5 638.0 ± 0.2 

ZK40-Y 

IC1 Mg 

499.3 ± 2.9 638.2 ± 0.2 

 

 

Figure 1: SEM micrographs of the as-cast alloys: a) ZK40; b) ZK40-CaO; c) ZK40-Gd; d) 

ZK40-Nd; e) ZK40-Y. 

 

Figure 2: SEM micrographs of the solution heat treated ZK40 alloy at 320 °C for 24 h: a) 

general representative view; b) Region A highlighting the formation of precipitates at the grain 

boundaries and small precipitates within the α-Mg matrix. 



                                                                                                                                                                                     
 

 

Figure 3: SEM micrographs of the solution heat treated ZK40-CaO alloy at 370 °C for 24 h: a) 

general representative view of the solution treated microstructure; b) Region B highlighting the 

formation of precipitates within the α-Mg matrix. 

 

Figure 4: SEM micrographs of the solution heat treated ZK40-Gd alloy: (a,b,c) at 445 °C for 

24 h and (d,e,f) 475 °C for 24 h. a,d) general representative view of the solution treated 

microstructure; b,e) Region C and E, respectively, highlighting the formation of precipitates in 

a region near the grain boundary; c,f) Region D and F, respectively, highlighting the formation 

of precipitates in the middle of the α-Mg grain. 

 



                                                                                                                                                                                     

 

Figure 5:SEM micrographs of the solution heat treated ZK40-Nd alloy: (a,b) at 440 °C for 24 

h and (c,d,e) 475 °C for 24 h. a,c) general representative view of the solution treated 

microstructure; b) Region G, highlighting the formation of the representative precipitate-zone 

for the solution treatment performed at 440 °C; d) Region H, highlighting the formation of 

precipitates in a region near the grain boundary; e) Region I, highlighting the formation of 

precipitates in the middle of the α-Mg grain. 

 

Figure 6: SEM micrographs of the solution heat treated ZK40-Y alloy at 480 °C for 24 h: a) 

general representative view of the solution treated microstructure; b) Region J, highlighting 

the formation of precipitates in a region near the grain boundary; c) Region K, highlighting the 

formation of precipitates in the middle of the α-Mg grain. 



                                                                                                                                                                                     

 

Figure 7: Energy dispersive X-ray spectroscopy line scans for the solution treated alloys: a) 

ZK40 after solution treatment at 320 °C for 24 h; b) ZK40-CaO after solution treatment at 370 

°C for 24 h; c) ZK40-Gd after solution treatment at 445 °C for 24 h; d) ZK40-Gd after solution 

treatment at 475 °C for 24 h; e) ZK40-Nd after solution treatment at 440 °C for 24 h; f) ZK40-

Nd after solution treatment at 475 °C for 24 h; g) ZK40-Y after solution treatment at 480 °C for 

24 h. The yellow dashed lines and arrows indicate the regions of the precipitates. The grain 

boundaries are indicated in green dashed lines. 



                                                                                                                                                                                     

 

Figure 8: Hardness evolution for the ageing heat treatments performed after solution treatment 

(T6) and for the as-cast material (T5): a) ZK40 alloy; b) ZK40-CaO alloy; c) ZK40-Gd alloy; d) 

ZK40-Nd; e) ZK40-Y. 
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