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A B S T R A C T   

In this study, the microstructure, mechanical properties, and thermal conductivity of as-extruded Mg–4Zn-0.6Zr- 
xCa (x = 0, 0.3, 0.6, 0.9 wt%) alloys were investigated. The results revealed a bimodal grain size distribution in 
all the alloys due to incomplete dynamic recrystallization (DRX), characterized by the coexistence of elongated 
deformed grains and equiaxed DRX grains. The bimodal grain size distribution enhanced the mechanical 
properties of the studied alloys. Furthermore, Ca alloying facilitated the formation of Ca2Mg6Zn3 phases, through 
which the DRX extent was also enhanced. The precipitation of secondary phases, along with the increased DRX 
induced by Ca addition, was beneficial in eliminating the lattice distortion of the alloys, resulting in improved 
thermal conductivity compared to the Ca-free Mg–4Zn-0.6Zr alloy. The optimum combination of mechanical 
properties and thermal conductivity was achieved in the Mg–4Zn-0.6Zr-0.6Ca alloy, with yielding strength, 
ultimate tensile strength, tensile fracture elongation, and thermal conductivity values of 271 MPa, 318 MPa, 
17.6 %, and 123.9 W/(m‧K), respectively. This work demonstrates that Mg–Zn–Zr–Ca-based alloys can be 
developed with high strength and high thermal conductivity, significantly expanding the industrial application of 
magnesium alloys.   

1. Introduction 

The rapid advancement of electronic devices is revolutionizing our 
modern life at an unprecedented pace. The performance of these devices 
is being significantly and rapidly improved at the cost of ever-increasing 
energy consumption. Unfortunately, a considerable fraction of the en
ergy consumed by the high-power electronics is wasted through the 
generation of heat. Such heat has to be rapidly dissipated; otherwise, the 
temperature of the electronics would increase, deteriorating their per
formance [1]. One option to address this dilemma is to encase the 
electronic devices in materials with sufficient thermal conductivity. 
Magnesium alloys seemed promising for this purpose because of their 
superior thermal conductivity compared to their plastic counterparts 
[2]. Meanwhile, the lightweight nature of Mg alloys brings about 
additional benefits associated with enhanced portability of electronic 
products [3]. 

Mg alloys are not readily available for housing electronics. The 
thermal conductivity of pure Mg is 156 W/(m⋅K), making it desirable for 

electronic appliances. However, the mechanical properties of pure Mg, 
with a tensile yield strength less than 150 MPa, are too low to provide 
essential mechanical protection to the electronic devices. Therefore, the 
demand for high-thermal-conductivity Mg alloys with robust mechani
cal performance is rapidly rising. The mechanical properties of pure Mg 
could be improved through alloying, which unfortunately, is usually 
accompanied by reduced thermal conductivity [4–6]. Consequently, 
finding ways to enhance the mechanical properties of Mg alloys while 
eliminating thermal conductivity degradation is a significant concern for 
both the academic and industrial communities. 

It has been demonstrated that introducing crystalline defects, such as 
lattice distortions, in materials can influence both mechanical properties 
and thermal conductivity [7,8]. Although lattice distortion typically has 
opposing effects to enhance mechanical properties while compromising 
thermal conductivity, it is feasible to strike a balance between the two 
aspects by selecting appropriate alloying elements. The elements pos
sessing limited solubility in Mg lattice [9], similar atomic size [10], and 
identical valence numbers [11] to that of Mg, might introduce moderate 
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lattice distortion, and thus are desirable for maintaining its thermal 
conductivity. It has been reported that Al, Zn, Sn, Zr, Mn and Ca are all 
beneficial for improving the mechanical strength of pure Mg, albeit the 
resulting thermal conductivity is compromised in the following order 
Zn, Al, Ca, Sn, Mn [12]. Zn has appreciable solubility in Mg matrix and 
could induce profound lattice distortion, making it the most widely 
adopted element for strengthening Mg. Unfortunately, such strength
ening effects are accompanied by the undesirable reduction in thermal 
conductivity. Introducing Zr into the binary Mg–Zn alloy significantly 
reduces the solid solubility of Zn in α-Mg by precipitating Zn2Zr sec
ondary phases, thus eliminating the lattice distortion to reduce thermal 
conductivity deterioration [13]. On the other hand, Zr is effective to 
refine the grain size to compensate for the reduced solid solution 
strengthening effect [14]. Ca is not expected to induce significant lattice 
distortion because of its notably low solubility, which makes it potential 
to develop Mg alloys with favorable thermal conductivity. Moreover, Ca 
could bring about additional benefits like microstructure refinement, 
texture weakening, and improved thermal stability to the Mg alloys 
[15]. Therefore, both the Mg-Zn-Zr [13] and Mg–Zn–Zr–Ca [16] alloys 
had been investigated to explore the possibility of simultaneously 
achieving high strength Mg alloys with good thermal conductivity and 
preliminary positive results have been reported. For instance, a balance 
between desirable thermal conductivity (130.0 W/(m‧K)) and superior 
yield strength (227 MPa), as compared to pure Mg, has been achieved 
from a Mg-1.6Zn-0.4Zr-0.5Ca alloy [17]. Encouraged by the positive 
initial results, the balance between mechanical strength and thermal 
conductivity may be further fine-tuned through optimization of alloying 
element concentrations and thermomechanical processing parameters. 

In this study, the Mg–4Zn-0.6Zr-xCa (x = 0, 0.3, 0.6, 0.9 wt%) alloy 
was formulated with the aim of attaining both high thermal conductivity 
and superior mechanical properties. Through an investigation of the 
alloy’s microstructure, mechanical properties, and thermal conductiv
ity, the impact of Ca content on dynamic recrystallization mechanisms, 
strengthening mechanisms, and thermal conductivity was analyzed. 
This research is anticipated to offer innovative insights for the devel
opment of metallic materials with elevated strength and thermal con
ductivity suitable for heat sink structures. 

2. Experimental details 

2.1. Materials preparation 

The materials with nominal composition of Mg–4Zn-0.6Zr-xCa 
(where x = 0, 0.3, 0.6, 0.9) were prepared using the conventional 
melting and casting method in this work. This process involved melting 
commercially pure magnesium, zinc granules, and master alloys Mg-25 
wt% Ca and Mg-30 wt% Zr at a temperature of 973 K under the pro
tection of a gas mixture containing SF6 and CO2. After refining, the melts 
were subjected to direct-chill casting to produce ingots with a diameter 
of 150 mm. The actual composition of the alloys was determined 
through inductively coupled plasma atomic emission spectroscopy (ICP- 
AES), and the results have been presented in Table 1. Following a 20-h 
homogenization treatment at 653 K, the ingots were then machined to a 
final diameter of 130 mm to remove any surface defects and contami
nants. Then the ingots were subjected to extrusion at 623 K with an 
extrusion ratio of 11, and a ram speed of 0.3 mm/s to get extrusion bars 

with diameter a of 38 mm. 

2.2. Microstructure characterization 

The microstructure of the as-extruded alloys was examined using an 
OLYMPUS BX51 M metallographic optical microscope (OM) and a 
TESCAN/MIRA3 XMH scanning electron microscope (SEM). Prior to 
observation, specimens for both OM and SEM observation were metic
ulously polished to achieve a mirror-like surface free of any scratches 
using progressively refined sandpapers. Subsequently, the surface of the 
specimen was etched using a caustic solution consisting of 1 g oxalic 
acid, 1 ml acetic acid, 10 ml 10 % nitrate alcohol, and 141 ml anhydrous 
ethanol. The average grain sizes (AGS) of the as-extruded alloys were 
determined using the linear intercept method. 

The phase compositions of the studied alloys were determined using 
a D/max 2550VB diffractometer, while their macro-textures were 
characterized using a D8 Advance X-ray diffractometer. Both the dif
fractometers were equipped with Cu Kα radiation (λ = 0.1554 nm). For 
the purpose of phase identification, the diffractometer was operated in 
the Bragg-Brentano geometry with a 2θ range spanning from 20◦ to 80◦

with a step size of 0.02◦and a scanning rate of 2◦ per minute. The phase 
compositions of the samples were identified using a conventional 
search/match procedure, in accordance with the standard powder 
diffraction files incorporated in the MDI JADE 9.0 software. 

Electron backscattered diffraction (EBSD) analysis was undertaken 
to study the DRX behavior of the samples using a JEOL JSM-7900F FEG- 
SEM with Oxford Instruments Symmetry EBSD. The EBSD data were 
acquired with a step size of 0.2 μm over an area of 240 μm × 180 μm. The 
EBSD specimen preparation involved mechanical grinding and polishing 
as reported in our previous work [18]. A Gatan precision etching and 
coating system (PECS) was employed for final polishing (5 keV beam 
and 4◦ angle for 15 min). 

The distribution and crystallographic structure of the secondary 
phases were characterized using a Titan G2 60–300 transmission elec
tron microscopy (TEM) operated with an accelerating voltage of 300 kV. 
The TEM specimens were prepared using a standard polishing and 
thinning procedure. Initially, the samples were cut, mechanically 
ground and punched to obtain discs with a diameter of 3 mm. Then the 
thickness of the discs was further reduced to approximately 50 μm. 
Perforation of the discs was achieved through twin-jet electropolishing, 
and finally, the thin region of the specimen was further expanded 
through ion beam thinning technique. 

2.3. Tensile testing 

The mechanical properties of the as-extruded samples were evalu
ated using the tensile tests following the ASTM E8M standard. The 
tensile samples possessed a gauge length of 25 mm, with a diameter of 5 
mm in the reduced section. The tension tests were conducted at room 
temperature with a tension rate of 3.0 × 10− 3 s− 1 using a WANCE- 
ETM1048 universal testing machine. Each sample had been tested for 
at least three times to ensure the reliability of the results. 

2.4. Thermal diffusivity testing 

The thermal diffusivity of the alloys was measured using a laser flash 
analyzer (TA Instrument DXF-500, USA) in both the transverse direction 
(TD) and extrusion direction (ED). The sample possessed a dimension of 
12.7 mm × 3 mm. The room temperature density of the sample was 
determined using the water displacement method. Each test was con
ducted a minimum of three times to ensure repeatability. 

The relationship between thermal conductivity and thermal diffu
sivity coefficient can be calculated using the following equation [19,20]: 

λ=α⋅ρ⋅Cp (1) 

where λ is the thermal conductivity, α is the thermal diffusivity 

Table 1 
Actual chemical compositions of all designed alloys.  

Alloy Designation Nominal Composition Actual Composition by ICP (wt.%) 

Mg Zn Zr Ca 

ZK41 Mg–4Zn-0.6Zr Bal. 4.02 0.65 – 
ZK413 Mg–4Zn-0.6Zr-0.3Ca Bal. 3.90 0.58 0.27 
ZK416 Mg–4Zn-0.6Zr-0.6Ca Bal. 3.92 0.64 0.60 
ZK419 Mg–4Zn-0.6Zr-0.9Ca Bal. 3.99 0.56 0.96  
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coefficient, ρ is the density and Cp is the specific heat capacity of alloys 
which can be expressed by the Neumann-Kopp law [20–22]: 

CP =
∑

CPixi (2) 

Where Cpi and xi, respectively, represents the specific heat capacity 
and mass fraction of the element i (i = Mg, Zn, Zr and Ca). The specific 
heat capacity of pure Mg, Zn, Zr and Ca at room temperature can be 
separately calculated using the following equations [23]: 

CP(Mg)= 0.890 + 4.58 × 10− 4T (3)  

CP(Zn)= 0.330 + 1.80 × 10− 4T (4)  

CP(Zr)= 0.257 + 0.10 × 10− 4T (5)  

CP(Ca)= 0.550 + 3.01 × 10− 4T (6) 

where T is temperature. 

3. Results and discussion 

3.1. As-extruded microstructure 

The optical microscopy images presented in Fig. 1 illustrated the 
microstructure of the as-extruded Mg–4Zn-0.6Zr-xCa alloys captured 
from the ED-TD plane. All the samples exhibited bimodal-grained mi
crostructures, as characterized by the co-existence of the large elongated 
grains (along ED) and the fine equiaxed grains. The alloy composition 
had a significant impact on the grain size distribution. With increasing 
Ca content, the large elongated grains became slimmer, and the fine 
grains decorating among them became more refined. The addition of Ca 
had a noticeable effect on the fraction of large elongated grains. Spe
cifically, in the ZK41 alloy, approximately 30.9 % of the observed sur
face was occupied by these grains. This value significantly decreased to 
19.1 % and 10.7 % when 0.3 wt% and 0.6 wt% Ca was added, respec
tively. A slight increase in the fraction of elongated grains occurred with 
a further increase in Ca content to 0.9 wt%. Such a bimodal grain size 
distribution is common in as-extruded Mg alloys [24,25], and is attrib
uted to the occurrences of incomplete DRX during hot working of the 

alloys. It is believed, and will be confirmed later by EBSD results, that 
the fine equiaxed grains resulted from the DRX process, while the large 
elongated grains were formed due to the deformation of the original 
grains. Consequently, it can be inferred that the addition of Ca promoted 
DRX during hot extrusion of Mg–Zn–Zr alloy. 

The optical microscopy images of the as-extruded Mg–4Zn-0.6Zr-xCa 
alloys captured from the plane normal to ED, are depicted in Fig. 2, 
confirming the bimodal grain size distribution. The large grains, corre
sponding to the elongated grains observed in Fig. 1, exhibit an equiaxed 
appearance in Fig. 2. By combining the distinct characteristics shown in 
Figs. 1 and 2, it can be inferred that the large elongated grains resemble 
cylinders, with their axes aligned parallel to ED, and their dimensions 
along the axis are significantly greater than those in other directions. 
Additionally, it is evident that the fine grains exhibit equiaxed charac
teristics regardless of the observation direction. 

SEM images of the as-extruded alloys, acquired from the plane 
normal to ED, are depicted in Fig. 3. An appreciable number of sec
ondary phases was observed in all the samples, and most of the fine 
secondary phases were distributed within the interior of the fine 
recrystallized grains, while coarser particles were also presented at the 
grain boundaries. These secondary phases primarily formed through the 
dynamic precipitation process during extrusion, as the pre-existing 
secondary phases had dissolved in the matrix during homogenization 
treatment before extrusion. The volume fraction of the secondary phases 
in the as-extruded ZK41, ZK413, ZK416, and ZK419 alloys were 
measured to be 1.26 %, 2.92 %, 5.56 %, and 5.85 %, respectively. 
Therefore, Ca addition appears to facilitate the dynamic precipitation 
kinetics. 

The chemical compositions of various regions shown in Fig. 3 were 
characterized using the Energy Dispersive X-ray Spectroscopy tech
nique, and the results are summarized in Table 2. It is clear that the 
secondary phases in the ZK41 alloy without Ca addition were enriched 
in Zr and Zn content (Region 1 in Fig. 3), while the α-Mg matrix (Region 
2 in Fig. 3) had a chemical composition similar to the nominal compo
sition of the alloy. After alloying with Ca, Ca was detected in both the 
α-Mg matrix and secondary phases. Specifically, the Ca content in the 
secondary phases (Region 4) of the ZK413 alloy was about 7 times that 
added to the alloy, while the α-Mg matrix (Region 5) contained almost 
identical Ca concentration to that shown in Table 1. When the sample 

Fig. 1. The optical microscopy images of the as-extruded alloys viewed from the ED-TD plane (a) ZK41, (b) ZK413, (c) ZK416 and (d) ZK419 alloy.  
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was alloyed with 0.6 wt% Ca, more Ca (~11.6 wt%) was concentrated in 
the secondary phases, and the Ca concentration in the secondary phases 
(Region 8) remained almost unchanged even when the Ca content was 

further increased to 0.9 wt% in the alloy. 
The EBSD inverse pole figure (IPF) maps of the as-extruded alloys 

under investigation have been collected and are depicted in Fig. 4. The 

Fig. 2. The optical microscopy images of the as-extruded alloys viewed from the plane normal to ED (a) ZK41, (b) ZK413, (c) ZK416 and (d) ZK419 alloy.  

Fig. 3. The SEM images of the as-extruded captured from the plane normal to ED (a) ZK41, (b) ZK413, (c) ZK416 and (d) ZK419 alloy.  

Table 2 
EDS results acquired from the various regions number in Fig. 3 (wt.%).  

Elements ZK41 ZK413 ZK416 ZK419 

1 2 3 4 5 6 7 8 9 

Mg 55.1 95.6 90.9 83.6 96.0 56.3 95.0 62.5 95.8 
Zn 30.3 4.0 7.2 13.1 3.4 31.6 3.8 27.2 3.4 
Zr 14.6 0.4 1.9 0.8 0.4 0.5 0.3 0.3 0.3 
Ca 0 0 0 2.5 0.2 11.6 0.9 10.0 0.5  
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bimodal grain size distribution, as observed in Fig. 1, was further 
confirmed by the IPF maps. However, the large and fine grains in the 
alloy exhibited distinct textures with respect to the sample orientation. 
The large elongated grains exhibited a preferential orientation, with 
their c-axis roughly perpendicular to ED. In contrast, the fine grains 
exhibit random orientation. Additionally, significant strains might have 
been stored in the large grains, as indicated by the color variation within 
them. 

The grains were classified based on their Grain Orientation Spreads 
(GOS), following the commonly accepted practice in the literature. 
Specifically, grains with GOS ≤5◦ were categorized as dynamically 
recrystallized (DRXed) grains, while those with GOS greater than 5◦

were considered deformed grains [26]. It was evident that grains with 
GOS ≤5◦ aligned well with the fine, equiaxed grains, confirming that 
these fine grains were formed by the DRX process. In contrast, the large 
elongated grains exhibited apparent strain, resulting in a GOS higher 
than 5◦. Consequently, these elongated grains were identified as 
deformed grains. It is important to note that some of the elongated 
grains with a GOS of ≤5◦ were also classified as deformed grains. During 
the hot extrusion process, dislocations typically multiply to accommo
date plastic strains, resulting in a high GOS. However, dislocation 
annihilation through dynamic recovery and DRX can also occur, leading 
to a reduced GOS. Nevertheless, it is plausible that within certain grains, 
the locally stored energy is just sufficient to initiate dynamic recovery, 
without additional energy being available to complete DRX. In such 

cases, dislocations are annihilated (resulting in a reduced GOS), but the 
grains still maintain their deformed appearance. Utilizing this straight
forward grain differentiation criteria and in conjunction with the 
metallographic image presented in Fig. 1, the fraction of DRXed grains 
was calculated to be 69.1 %, 80.9 %, 89.3 %, and 85.7 % for the ZK41, 
ZK413, ZK416, and ZK419 alloys, respectively. The current results 
suggested that the Ca addition apparently improves the DRX extent in 
the alloy, as consistent with the existing literature [27,28]. 

Fig. 5 shows the (0001) pole figure and inverse pole figure of the 
extruded alloys. The data presented in Fig. 5 were obtained through XRD 
measurements rather than EBSD analysis. The (0001) pole figures (Fig. 5 
(a–d)) indicated that all the samples possessed the typical extrusion 
texture [29], i.e., the majority of the grains aligned their basal plane 
paralleling to ED. Even though roughly identical (0001) polar intensity 
had been obtained among the samples, Ca content indeed induced 
different orientation characteristics. Specifically, an ideal extrusion 
texture would result in a uniform polar density (c-axes) distribution 
along TD within the range of 0-90o, which, however, was not observed in 
the present study. Instead, most grains had their c-axes, ununiformly, 
limited in a rather narrow range, 0-15o, along TD. More detailed 
orientation characteristics were revealed by the corresponding inverse 
pole figure shown in Fig. 5(e–h). In the ZK41 alloy, both the [10–20] 
basal fiber components were observed, with the [10–20] crystallo
graphic directions parallel to ED (Fig. 5(e)), respectively. When the alloy 
was alloyed with Ca up to 0.3 wt%, however, the [11–20] fiber 
component diminished, resulting in a basal texture with the [10–10] 
directions parallel to ED (Fig. 5(f and g)). Further increasing the Ca 
content to 0.9 wt% changed the orientation characteristics, both the 
[10–20] fiber components could be equally observed (Fig. 5(h)). 

Fig. 6 displays the Kernel Average Misorientation (KAM) maps for all 
the as-extruded alloys, acquired from the ED-TD plane, aiming to 
quantify the spatial distribution of the lattice distortions. Generally, 
higher KAM values indicate higher misorientation or more pronounced 
lattice distortions [30]. The white regions presented in Fig. 6 are due to 
the insufficient indexing during EBSD data acquisition. It should be 
notified here that the EBSD images had been captured from a rather 
small area of 240 μm × 180 μm, which failed to represent the averaged 
microstructure characteristics of the studied alloys because of the 
apparent microstructure inhomogeneity (as proved in Fig. 1). Therefore, 
the KAM values of the DRXed grains and the deformed grains were 
separately derived from Fig. 6. Then the KAM of the as-extruded samples 
were calculated based on the following equation (7):  

KAM=VDRX‧KAMDRX + Vdef‧ KAMdef                                              (7) 

where, VDRX and KAMDRX are, respectively, the volume fraction, and 
the averaged KAM values of the DRXed grains; Vdef and KAMdef are, 
respectively, the volume fraction, and the averaged KAM values of the 
deformed (elongated) grains. The volume fraction of the DRXed and 
deformed grains were derived from the more representative optical 
metallographic image (shown in Fig. 1) that had been captured from a 
larger area of 440 μm × 320 μm. Then the KAMs of the ZK41, ZK413, 
ZK416 and ZK419 alloys were determined to be 0.504o, 0.501o, 0.357o 

and 0.426o, respectively. It has been well-documented that KAM values 
are positively correlated with the lattice distortions [30], therefore, the 
addition of Ca in the ZK41 alloy may eliminate its lattice distortion, and 
the ZK416 alloy possessed the least lattice distortion among the studied 
alloys. During hot extrusion, the deformation of the alloys was accom
panied with dislocation multiplication, which inevitably resulted in 
lattice distortion. On the other hand, the DRX process normally leads to 
dislocation annihilation [31]. Therefore, the large deformed grains 
typically exhibit a higher dislocation density compared to their DRXed 
counterparts. In this regard, the highest volume fraction of the DRXed 
grains in the ZK416 alloys rationalized its least KAM values. 

The DRXed grains were extracted from the EBSD IPF map to analyze 
their grain size distribution, and the results were illustrated in Fig. 7. 

Fig. 4. EBSD IPF figure (ãd) and GOS maps (e ~ h) of the as-extruded alloys 
acquired from ED-TD plane (a,e) ZK41, (b,f) ZK413, (c,g) ZK416 and (d, 
h) ZK419. 
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The DRX grains in the Ca-free ZK41 alloy had an average grain size of 4.7 
± 2.6 μm, which apparently reduced after Ca addition. Specifically, the 
addition of 0.3 wt% Ca into the alloy refined the DRX grains to 3.5 ± 1.5 
μm, and such value was slightly increased when the Ca content was 
further increased to 0.6 wt% and 0.9 wt% that yielded an average DRX 
grain size of 3.9 ± 1.3 μm and 3.8 ± 1.6 μm, respectively. It has been 
verified by the SEM image shown in Fig. 3 that Ca alloying enhanced 
secondary precipitation and refined the secondary phase particles. These 
precipitates would stimulate the DRX through the PSN (particle-stimu
lated nucleation) mechanism [32]. Therefore, the refined DRXed grains 
in the Ca-containing alloys can be attributed to their higher secondary 
phase particles fraction. 

The phase compositions of the alloys under investigation were 

determined using the XRD technique, and the results are presented in 
Fig. 8. It is evident that all the alloys exhibited nearly identical 
diffraction patterns, irrespective of the Ca content. Mainly α-Mg were 
identified from the XRD characterization. No other secondary phase, 
other than a trace of MgZn2 (as confirmed by the XRD peak at 2theta =
44.0o), was observed in Fig. 3. Additionally, Ca alloying appeared to 
influence the XRD results by shifting the corresponding diffraction 
peaks. In Fig. 8(b), the diffraction peak associated with the (10–11) 
plane around 2theta = 36.6o are illustrated, along with their shift 
compared to the theoretical position. It is apparent that all the peaks 
shifted toward the lower 2theta direction, and the extent of the shift was 
influenced by the alloying compositions. Specifically, a shift of − 0.36o 

was observed in the ZK41 alloy, while the addition of Ca led to shifts of 

Fig. 5. (a–d) (0001) pole figures and (e–h) inverse pole figures of the studied alloys (a,e) ZK41, (b,f) ZK413, (c,g) ZK416 and (d,h) ZK419.  

Fig. 6. (a)–(d) KAM maps after extrusion corresponding to (a) ZK41, (b) ZK413, (c) ZK416 and (d) ZK419 alloys with the observation direction perpendicular to ED.  

K. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 902 (2024) 146588

7

− 0.17o, − 0.21o, and − 0.13o for the ZK413, ZK416, and ZK419 alloys, 
respectively. The incorporation of alloying elements with different 
atomic sizes, the presence of secondary phases as well as the accumu
lated dislocations inevitably distorted the crystalline lattice, altering 
their interplanar spacings and contributing to the shifting of the XRD 
peaks. However, it is difficult to determine which factor predominated, 

because the shifts observed in Fig. 8 were the comprehensive results of 
the many influencing factors. 

TEM observations were conducted in the present study to charac
terize the crystalline structure of the secondary phases, as illustrated in 
Fig. 9. In the bright field image depicted in Fig. 9(a), two distinct regions 
labeled as B and C were identified. Selected area electron diffractions 

Fig. 7. Average DRXed grain size distribution of the as-extruded (a) ZK41, (b) ZK413, (c) ZK416 and (d) ZK419 alloys.  

Fig. 8. (a)XRD patterns of the as-extrude Mg–4Zn-0.6Zr-xCa (x = 0, 0.3, 0.6, 0.9 wt%) alloys and (b) The offset of the α-Mg peak near 2theta = 36.60 of the as- 
extrude Mg–4Zn-0.6Zr-xCa (x = 0, 0.3, 0.6, 0.9 wt%) alloys. 
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(SAED) were obtained from these regions, and the results are presented 
in Fig. 9(b ~ c). It is evident that region B constituted a ternary phase 
comprising Mg, Zn, and Ca (Fig. 9(d)), and the atomic ratio of Mg, Zn 
and Ca is close to 6:3:2. The SAED pattern in Fig. 9(b) indicated that this 
ternary phase possessed a hexagonal crystal structure and could be 
identified as Ca2Mg6Zn3, in accordance with existing literature [33]. 
Furthermore, region C corresponded to the α-Mg matrix, as confirmed by 
its SAED pattern in Fig. 9(c). 

Fig. 10 provides a comparative representation of the bright field 
images for the Ca-free ZK41 alloy and the Ca-containing ZK416 alloy. 
These two alloys exhibited distinct characteristics. In the ZK41 alloy 
(Fig. 10(a)), several secondary phases with a diameter less than 0.2 μm 
were evident within the grain interior and along the grain boundaries. 
Additionally, both DRXed grains and deformed grains were observable. 
The DRXed grains exhibited a typical hexagonal shape with an average 
size of around 2 μm, characterized by the absence of discernible 

Fig. 9. (a) The HADDF-TEM image of the ZK416 alloy and (b, c) the corresponding SAED patterns of the distinct regions marked as B and C in (a), (d) the EDS 
chemical compositions of the distinct regions B and C in (a). 

Fig. 10. Bright Field and HAADF-STEM images (a,c) ZK41 and (b,d) ZK416 alloy.  
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dislocations. Conversely, traces of dislocations are noticeable in the 
deformed grains, as indicated in Fig. 10(a), and smaller DRXed grains 
are also present along the boundaries of the deformed grains. 

In contrast, the scenario in the ZK416 alloy differs significantly. 
Besides the minute secondary phases within the grain interior, much 
larger secondary phases of approximately 2 μm were situated at the 
grain boundary triple junctions. No deformed grains were identified in 
the observed region (Fig. 10(b)). It is worth mentioning that the High 
Angle Annular Dark Field-Scanning Transmission Electron Microscope 
(HAADF-TEM) images indicated that both ZK41 and ZK416 have a large 
amount of nanoscale precipitated phase in the grain after extrusion 
deformation, there are also some Ca2Mg6Zn3 phases with a diameter of 
about 100 nm in ZK416 alloy. 

3.2. Mechanical properties 

Fig. 11 illustrates the engineering stress-strain curves for all as- 
extruded alloys, providing insight into the impact of Ca additions on 
the mechanical properties of the Mg–4Zn-0.6Zr alloy. As depicted, the 
addition of Ca clearly strengthened the alloy at the expense of the 
fracture elongation (FE). The point at which the curve deviated from a 
linear behavior was taken as the yielding point. For the ZK41 alloy, the 
yield strength (YS), ultimate tensile strength (UTS), and FE are 234 MPa, 
307 MPa, and 23.7 %, respectively. The addition of 0.3 wt% Ca 
increased the YTS by 12.8 %–273 MPa, which further rose to 298 MPa 
with an increase in Ca content to 0.9 wt%. Concurrently, the elongation 
of the ZK41 alloy decreased to 15.5 % after adding 0.9 wt% Ca. 

The enhanced mechanical strength of the Mg–Zn–Zr alloy with the 
addition of Ca can be attributed to both microstructure refinement and 
densely distributed precipitates. It has been verified in Fig. 1 that the 
addition of Ca remarkably refined the microstructure of the alloys, 
which may lead to an increase in the yield strength according to the 
well-known Hall-Petch relationship [34]. On the other hand, Ca alloys 
apparently promotes the dynamic precipitation process during hot 
extrusion, resulting in more densely distributed secondary phase parti
cles with reduced sizes in the grain interior and also along the grain 
boundaries of the Ca-containing alloy as compared with the Ca-free 
ZK41 alloy. The precipitates at grain boundaries may impose 
anchoring effect on the grain boundary sliding, contributing to the 
increased YTS. The precipitates in the grain interior may impede the 
dislocation movements through the Orowan mechanism, increasing the 
YTS of the alloy [35]. 

The tensile fracture topography of all the alloys is presented in 
Fig. 12. It is evident that ductile fracture occurred in all the alloys, as 
indicated by the presence of numerous dimples. Throughout the tensile 
test, substantial plastic deformation occurred in the alloy. At the inter
face between the matrix and the secondary phases, deformation in
compatibility occurred, leading to the nucleation of voids. Actually, 
plenty of micro cracks can be observed at the vicinity of the secondary 
phase particles, as marked in Fig. 12. The nucleation, growth, and 
coalescence of these voids ultimately resulted in the formation of dim
ples in the fracture surface [36]. This well-established ductile fracture 
mechanism underscores the significance of secondary phases in dimple 
formation. In the present study, the addition of Ca increased the volume 
fraction and refined the average size of the secondary phases (Fig. 3), 
facilitating the void nucleation during the tensile test. Furthermore, the 
presence of secondary phases at the grain boundaries amplified stress 
magnitudes, leading to the formation of micro-cracks and, ultimately, 
premature fracture of the alloys. Therefore, the reduced elongation 
observed in the Ca-containing alloys can be primarily attributed to the 
increased number of secondary phase particles in the alloy. 

3.3. Thermal conductivity 

The thermal diffusivity of the as-extruded alloys was measured, and 
the corresponding thermal conductivity was calculated using Equation 
(1). The results, presented in Table 3, highlighted a significant influence 
of Ca content on the thermal conductivity of the as-extruded alloys. The 
Ca-free ZK41 alloy exhibited a thermal conductivity of approximately 
113.3 W/(m⋅K) along ED. The addition of Ca substantially increased the 
thermal conductivity to around 118 W/(m⋅K) for all Ca-containing 
alloys. 

Furthermore, the thermal conductivity displayed some anisotropy 
depending on the testing direction. Notably, all samples measured along 
TD exhibited considerably higher thermal conductivity than those 
measured along ED, possibly due to the apparent texture characteristics 
of the alloys [29]. The ZK416 alloy possessed the highest thermal con
ductivity of 128.9 W/(m⋅K) along TD. 

It had been reported that HCP metals normally have higher thermal 
conductivity along the c-axis other than along the a-axis [37]. As the 
majority of the grains in the studied alloys tend to align their basal 
planes parallel to ED (Fig. 5), the thermal conductivity measured along 
ED approximately arise from the a-axis while that measured in TD 
roughly correlated with the c-axis thermal conductivity. In the present 
study, the average of the thermal conductivity, λave, measured from both 
the TD and ED was taken as the nominal thermal conductivity of the 
studied alloys. 

There are many factors affecting the thermal conductivity of mag
nesium alloys, including solute atoms, secondary phases and the internal 
strains [38]. Any factor that can intensify the lattice distortion may 
compromise the thermal conductivity of the alloys by enhancing phonon 
scattering and reducing the mean free path of the valence electrons. 
Solute atoms and internal strains inevitably cause lattice distortion to 
reduce the thermal conductivity of alloys, while the secondary phases 
precipitation is normally considered beneficial in enhancing the thermal 
conductivity by consuming the solutes to relieve the lattice distortion 
[39]. 

In the present study, the α-Mg lattice accommodates roughly the 
same number of solute atoms (Table 2), which may not induce the 
profound thermal conductivity variations observed among the samples. 
Further, the lattice distortion caused by the residual strains as confirmed 
by the KAM (Fig. 6) and XRD analysis (Fig. 8) may have contributed to 
the thermal conductivity variation. Based on the XRD results shown in 
Fig. 8, the lattice parameters of the alloys were calculated and presented 
in Table 4. The deviation of lattice volume from that of pure Mg was 
taken to describe the extent of lattice distortion [39,40]: 

|Δ| =V − V0 (8) Fig. 11. The tensile curve and mechanical properties of the studied as- 
extruded alloys. 
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All the alloys exhibited significant lattice distortion compared to 
perfect Mg crystals, with the distortion decreasing in the following 
order: ZK41 > ZK413 > ZK419 > ZK416. ZK41 and ZK416 alloys, 
respectively, demonstrate the maximum and minimum lattice distor
tion, which resulted in the minimum and maximum thermal conduc
tivity as outlined in Table 3. 

The current study reveals that the addition of Ca simultaneously 
enhances the mechanical strength and thermal conductivity of the ZK41 
alloy. Fig. 13 compares the thermal conductivity and yield strength 
obtained in the present study with that published in the literature [38, 
41–46], it is clear that the ZK416 alloy in the present study, possessing a 
YTS of 271 MPa and a thermal conductivity of 123.9 W/(m‧K) out
performs most of the reported results. The combination of high yielding 
strength and superior thermal conductivity makes the ZK416 alloy 
potentially more suitable for practical application, such as in electronic 
areas, where high strength and good thermal conductivity are of primary 
concern. 

4. Conclusion 

In this work, Mg–4Zn-0.6Zr-xCa (x = 0, 0.3, 0.6 and 0.9 wt%) alloys 
with varying Ca content were prepared through extrusion. The effects of 
Ca content on the microstructures, mechanical properties and thermal 
conductivities of the alloys were evaluated. Ca elements not only refined 
the microstructure by facilitating dynamic recrystallization but also 
promoted the dynamic precipitation of secondary phases, thus 
improving the mechanical properties of the alloys. Both the DRX and 
precipitation process eliminated the lattice distortion of α-Mg, leading to 
an exceptional thermal conductivity. An extraordinary combination of 
mechanical strength (YTS of 271 MPa) and thermal conductivity (123.9 
W/(m‧K) was achieved when 0.6 wt% Ca was added to the alloy. The 
current results provide insights on developing high strength Mg with 
superior thermal conductivity for electronic applications. 
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Fig. 12. SEM images of fracture morphology after tensile tests corresponding to (a) (e) ZK41, (b) (f) ZK413, (c) (g) ZK416 and (d) (h) ZK419 alloys.  

Table 3 
Experimental parameters for thermal conductivity (λ) calculation.  

Alloys αED 

mm2/s 
αTD 

mm2/s 
ρ g/ 
cm3 

Cp J/ 
(g⋅K) 

λED W/ 
(m⋅K) 

λTD W/ 
(m⋅K) 

λave W/ 
(m⋅K) 

ZK41 62.85 
± 1.09 

68.70 
± 0.33 

1.81 0.996 113.3 
± 1.9 

123.8 
± 0.6 

118.6 
± 1.3 

ZK413 64.92 
± 1.53 

70.41 
± 1.22 

1.82 0.995 117.7 
± 2.7 

127.6 
± 2.2 

122.6 
± 2.5 

ZK416 64.75 
± 1.00 

70.18 
± 0.16 

1.85 0.994 118.9 
± 1.8 

128.9 
± 0.3 

123.9 
± 1.1 

ZK419 64.49 
± 1.37 

68.28 
± 1.13 

1.83 0.993 117.2 
± 2.4 

124.1 
± 2.0 

120.1 
± 2.2  

Table 4 
Lattice parameter and volumes of Mg Solution in the studied alloys.  

Alloys Lattice parameters 

a(Å) c(Å) V(Å3) Δ(Å3) 

Pure Mg 3.209 5.210 46.46 – 
ZK41 3.234 5.240 47.46 1.00 
ZK413 3.217 5.222 46.79 0.33 
ZK416 3.211 5.209 46.51 0.05 
ZK419 3.211 5.216 46.57 0.11  
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[46] A. Rudajevová, M. Staněk, P. Lukáč, Determination of thermal diffusivity and 
thermal conductivity of Mg–Al alloys, Materials Science and Engineering: A 341 
(1–2) (2003) 152–157. 

K. Wang et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0921-5093(24)00519-7/sref31
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref31
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref31
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref32
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref32
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref32
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref33
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref33
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref33
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref34
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref34
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref34
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref34
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref35
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref35
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref35
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref36
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref36
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref37
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref37
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref37
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref38
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref38
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref39
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref39
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref39
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref39
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref40
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref40
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref40
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref41
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref41
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref42
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref42
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref42
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref43
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref43
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref43
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref44
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref44
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref44
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref45
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref45
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref46
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref46
http://refhub.elsevier.com/S0921-5093(24)00519-7/sref46

	Manipulating the mechanical strength and thermal conductivity of a Mg–4Zn-0.6Zr alloy through Ca addition
	1 Introduction
	2 Experimental details
	2.1 Materials preparation
	2.2 Microstructure characterization
	2.3 Tensile testing
	2.4 Thermal diffusivity testing

	3 Results and discussion
	3.1 As-extruded microstructure
	3.2 Mechanical properties
	3.3 Thermal conductivity

	4 Conclusion
	5 Originality statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


