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Abstract 
A novel Mg alloys of Mg–xZn–ySb (x = 0, 2, 4, 6; y = 0, 0.2, 0.5, 0.8, 1.2) were designed and their microstructure, thermal 
conductivity and mechanical properties were systematically investigated in the present study. The as-cast Mg–Zn–Sb ternary 
alloys consist of α-Mg,  Mg4Zn7 and  Mg3Sb2 phases. Sb addition can refine the eutectic structure (α-Mg + Mg4Zn7) by the 
growth of  Mg4Zn7 on  Mg3Sb2 phases. The thermal conductivity of Mg–Zn–Sb alloys decreased with increasing Sb content. 
There existed an interactive effect of Zn/Sb on the thermal conductivity of the Mg–Zn–Sb alloys. The negative effect of Sb 
addition on thermal conductivity of alloys was getting smaller with increasing Zn content in alloys. The negative effect of 
 Mg3Sb2 phases on the thermal conductivity of alloys could be weakened by the formation of weak-scattering  Mg4Zn7 coated 
on  Mg3Sb2 phases. The best refinement effect on microstructure could be obtained with 0.8 wt%Sb addition. Mg–4Zn–0.8Sb 
alloy possess the best comprehensive properties with thermal conductivity of over than 120 W/(m·K) and UTS of 185.6 MPa.
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1 Introduction

In the 5G mobile systems, higher integration density and 
increased complexity of the circuits lead to increased heat 
dissipation, and thus an urgent need for effective heat sink 
materials. As the “21st Century Green Engineering Materi-
als” with high specific strength, excellent electromagnetic 
shielding, good thermal conductivity and low density, Mg 
alloys have a great attractiveness for applications of the heat 
sink in 5G mobile systems [1].

Although pure Mg possesses high thermal conductivity, it is 
not practical due to the poor mechanical properties; therefore, 
alloying is necessary in strengthening alloys for wider applica-
tions. However, the introduced solute atoms and precipitated 
second phases will inevitably have a negative effect on the 
thermal conductivity of alloys. The solute atoms in matrix 
will disrupt the periodical arrangement of atoms, result in 
lattice distortion and thus lead to large thermal conductivity 

decrease. Moreover, the second phases will act as scattering 
resources for electrons, whose mean free path is regarded as 
the major determinant of thermal conductivity [2]. It is worth 
noting that different alloying elements exhibit significant dif-
ferences in the degree of reducing thermal conductivity. For 
example, AZ91D alloy, as a representative of commercial Mg 
alloys, exhibits low thermal conductivity (51 W/(m·K)) due to 
the large lattice distortion caused by solute aluminium atoms 
[3, 4]. However, compared to Al and other common alloy-
ing elements, Zn, which has the same hcp crystal structure, 
valency and similar atomic radius with Mg, results in a much 
smaller decrease in the thermal conductivity of Mg alloys [5]. 
Compared to Mg–Al and Mg–Gd binary alloys with the same 
atomic percentage of the solute atoms, the strongest diffraction 
peak of Mg–Zn shifted slightly. The small deviation in XRD 
peaks indicated a small lattice distortion caused by solute Zn 
atoms and hence a small reduction in thermal conductivity 
[6]. In addition, Pan et al. [7] reported that the specific thermal 
resistivity of solute elements for Mg alloys was in the follow-
ing sequence, Zn < Al < Ca < Sn < Mn < Zr. Furthermore, Ying 
[8] measured the thermal conductivity of Mg–Al, Mg–Zn and 
Mg–Mn binary alloys and Zn was also regarded as the weakest 
electron scatter. When the content of Zn was up to 5 wt%, the 
thermal conductivity of alloy was still as high as 110 W/(m·K) 
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[5]. Thus, Zn is usually selected as a master element of high 
thermal conductivity Mg alloys.

However, Mg–Zn alloys exhibit relatively poor mechanical 
properties, so there is a growing need to find an alloying ele-
ment that could improve mechanical properties while slightly 
reducing thermal conductivity. According to the demonstra-
tion of Eivani et al. [9], the decrease of thermal conductivity 
caused by solute element in matrix is about one magnitude 
order larger than that in second phases. Recently, the result was 
also confirmed in a quantitative study by Su et al. [10]. Experi-
mental results showed that the reduction in thermal conductiv-
ity per at% addition of RE alloying elements in solid solution is 
about 123.0 W/(m·K), while that of alloying element in second 
phases is 6.5–16.4 W/(m·K). Therefore, the alloying element 
with a low solid solubility could effectively contribute to the 
mechanical properties while slightly reducing thermal con-
ductivity. Hence, Sb, with a negligible solid solubility in Mg 
matrix and good strengthening effects, is suggested to be a 
good strengthening element for high thermal conductivity Mg 
alloys. There have been many researches about the strength-
ening effects of Sb addition on Mg alloys. Nayyeri et al. [11] 
studied the effects of Sb addition on the creep resistance of as-
cast Mg–5Sn binary alloy. The formation of thermally stable 
(1228 °C)  Mg3Sb2 second phases could strengthen both grains 
and grain boundaries. For common commercial Mg alloys, 
AZ91 [12], AM50 [13] and AM60 [14], the yield strength 
and creep resistance at both room temperature and elevated 
temperature were also improved by Sb addition. For Mg–Zn 
alloys, Alizadeh et al. [15] proposed that Sb had a great effect 
on improving both room-temperature and high-temperature 
mechanical properties of Mg–4Zn alloys by refining the 
microstructure and the formation of thermally stable  Mg3Sb2 
particles. Besides, the hardness and strength were consider-
ably increased by Sb addition in both as-cast and annealed 
conditions [16]. However, The effect of Sb addition on the 
thermal conductivity of Mg–Zn-based alloys has not been 
studied before.

In the present study, the microstructure, thermal conductiv-
ity and mechanical properties of the Mg–xZn–ySb (x = 0, 2, 
4, 6; y = 0, 0.2, 0.5, 0.8, 1.2) alloys were systematically inves-
tigated. Based on the results, the thermal conductivity is fur-
ther predicated by modified Maxwell model and Smith-Palmer 
equation. Finally, the interactive effect of Zn/Sb was discussed, 
providing a potential method for keeping the balance between 
thermal conductivity and mechanical properties in alloys.

2  Experimental Procedures

2.1  Sample Preparation

The alloys with nominal compositions (in wt pct) of 
Mg–xZn–ySb (x = 0, 2, 4, 6; y = 0, 0.2, 0.5, 0.8, 1.2) were 

prepared by gravity casting. Commercial pure Mg (99.95 
wt pct), pure Zn and pure Sb were melted in an electric 
resistance furnace under the protection of the mixed gas of 
99.5 vol%  N2 and 0.5 vol%  SF6. When the commercial pure 
Mg was melt at 750 °C, pure Zn and pure Sb were added into 
the melt. The melt was stirred manually for 1 min to ensure a 
homogeneous composition. For the settlement of impurities, 
the melt was held for another 10 min, and then it was stirred 
and poured into a preheated (200 °C) mold to prepare 5 mm 
thick samples. Mg–Zn and Mg–Sb binary alloys were aging 
treated at 200 °C for 72 h followed by air cooling to pre-
cipitate solute atoms. In order to dissolve Zn or Sb into the 
Mg matrix as much as possible without overheating, Mg–Zn 
alloys and Mg–Sb alloys were solution treated at 320 °C and 
500 °C for 12 h followed by water quenching immediately.

2.2  Thermal and Electrical Conductivity

The electrical conductivity (σ) at room temperature (298 K) 
was measured using eddy current conductivity meter (FIRST 
FD101).

The measured thermal conductivity value was calculated 
by using Eq. 1 [17]:

where λ is thermal conductivity (W/(m·K)), α is thermal 
diffusivity  (mm2/s),  cp is specific heat, (J/(g·K)), and ρ is 
density (g/cm3). Density (ρ) of the sample was measured 
by using density balancer (XHB-3000Z II) according to the 
Archimedes drainage method. The surfaces of thermal dif-
fusivity disk samples (12.7 mm diameter and 3 mm thick-
ness) were painted by carbon-coating before measurement 
to reduce the reflection of the light pulse. For each alloy 
with different composition, at least three samples were tested 
using laser flash method (Netzsch LFA447) at 25 °C. The 
specific heat capacity was calculated according to the Neu-
mann–Kopp rule using a Netzsch DSC with sapphire as the 
reference material. The results of thermal diffusivity (α), 
specific heat  (cp), density (ρ), thermal conductivity (λ) and 
electrical conductivity (σ) of as-cast Mg–Zn–Sb ternary 
alloys were listed in Table 1.

2.3  Microstructure Analysis

Samples for microstructural analysis were mechanically 
grounded, polished and etched by 5% ethanol nitrate solu-
tion. The microstructures of the samples were observed 
using scanning electron microscopy (SEM, ZEISS Merlin) 
equipped with an energy dispersive X-MaxN20 dual detector 
system (EDS). The content of solute atoms was obtained by 
averaging at least 10 EDS results randomly pointed in the 
Mg matrix. Based on SEM images, the volume fractions of 

(1)� = � × � × cp
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second phases in the as-cast alloys were obtained from the 
statistics of MATLAB software. X-ray diffraction (XRD) 
analysis was also conducted using a diffractometer (Dutch 
PANalytical X’pert3) with Cu Kα radiation to identify the 
second phases. To investigate the distribution of second 
phases with different compositions, the etched as-cast sam-
ples were subsequently observed by electron probe micro-
analyzer (EPMA-1600) equipped with EDAX Genesis.

2.4  Tensile Properties

Tensile samples with a gauge length of 25 mm were taken 
from as-cast alloys and tested using the computerized test-
ing machine (Shimadzu/AG-X, Japan) at room temperature. 
According to ASTM E8M-04 standard (sub-size sample, as 
presented in Fig. 1), the yield strength (YS), ultimate tensile 
strength (UTS) and ductility were obtained at a strain rate 
of 1 mm/min.

3  Results

3.1  XRD Results

The XRD results (Fig. 2) indicated that as-cast Mg–Zn 
alloys consisted of α-Mg and  Mg4Zn7 phases, while as-cast 
Mg–Zn–Sb alloys consisted of α-Mg,  Mg4Zn7 and  Mg3Sb2 
phases.

3.2  SEM Microstructure

Figures 3, 4 and 5 show the SEM images of the as-cast 
Mg–Zn, Mg–Sb and Mg–Zn–Sb alloys, respectively. For 
Mg–Zn binary alloys (Fig. 3), there was a small amount 
of  Mg4Zn7 phases that mainly exhibited a spherical shape 
and random distribution when the Zn content was less than 
4.0 wt%. With increasing Zn content, the second phases 
became coarser but not developed into continuous networks 
of eutectic structures.

For Mg–Sb binary alloys,  Mg3Sb2 phases were sparsely 
distributed with a spherical shape when Sb content was 
less than 0.5 wt% (Fig. 4a). The size and volume fraction 
of  Mg3Sb2 phases increased with increasing Sb content. 
Then, semicontinuous networks of rod-like  Mg3Sb2 phases 
(Fig. 4c) started to develop in the alloys with Sb content 
more than 0.8 wt%.

Table 1  Specific heat  (cp), 
thermal diffusion (α), density 
(ρ), thermal conductivity (λ) 
and electrical conductivity (σ) 
of as-cast Mg–xZn–ySb (x = 0, 
2, 4, 6; y = 0, 0.2, 0.5, 0.8, 1.2) 
alloys

Alloys cp (J/(g·K)) α  (mm2/s) ρ (g/cm3) λ (W/(m·K)) σ (MS/m)

Mg 1.030 88.19 1.734 157.51 21.66
Mg–0.2Sb 0.970 90.05 1.733 151.38 20.82
Mg–0.5Sb 1.010 82.14 1.736 144.02 19.81
Mg–0.8Sb 0.967 82.72 1.738 139.02 19.12
Mg–1.2Sb 0.973 79.40 1.742 134.58 18.51
Mg–2Zn 1.033 77.55 1.753 140.43 19.50
Mg–2Zn–0.2Sb 1.019 76.23 1.76 136.71 18.80
Mg–2Zn–0.5Sb 0.996 74.61 1.767 131.31 18.06
Mg–2Zn–0.8Sb 0.980 73.94 1.766 127.97 17.60
Mg–2Zn–1.2Sb 1.002 70.11 1.769 124.28 17.09
Mg–4Zn 0.988 76.06 1.776 133.46 18.35
Mg–4Zn–0.2Sb 0.946 75.34 1.783 127.08 17.48
Mg–4Zn–0.5Sb 1.025 68.34 1.792 125.52 17.26
Mg–4Zn–0.8Sb 0.988 69.41 1.796 123.16 16.94
Mg–4Zn–1.2Sb 0.935 71.49 1.804 120.59 16.59
Mg–6Zn 1.012 66.40 1.816 122.02 16.78
Mg–6Zn–0.2Sb 1.001 66.63 1.813 120.91 16.63
Mg–6Zn–0.5Sb 0.985 66.96 1.819 119.97 16.50
Mg–6Zn–0.8Sb 0.990 66.30 1.817 119.26 16.40
Mg–6Zn–1.2Sb 1.002 65.11 1.825 119.06 16.37

Fig. 1  The dimensions of the tensile specimen
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According to the XRD results (Fig. 2) and EDS data 
(Table  2), Mg–Zn–Sb ternary alloys consist of α-Mg, 
 Mg3Sb2 and  Mg4Zn7 phases. For Mg–2Zn–xSb alloys 
(Fig. 5a–c), the microstructure consisted mainly of  Mg3Sb2 
phases and only a small amount of  Mg4Zn7 phases. There-
fore, the evolution of second phases with the increase of 
Sb content was similar to that in Mg–Sb binary alloys. 
The size and volume fraction of  Mg3Sb2 phases increased 
with increasing Sb content. However, semicontinuous 
networks of rod-like  Mg3Sb2 phases started to develop in 
the alloys when Sb content is 1.2 wt% but not 0.8 wt% in 
Mg–Sb binary alloys. For Mg–6Zn–xSb alloys (Fig. 5d–f), 
the coarse eutectic structure (α-Mg + Mg4Zn7) in Mg–6Zn 
alloy (Fig. 3c) were significantly refined by Sb addition. 
At first, the refinement effect increased with increasing Sb 
content. The best refinement effect can be achieved by add-
ing 0.8 wt% Sb. Then the refinement effect decreased with 
further increase of Sb content.

3.3  Thermal Conductivity

Figure 6 shows the variation of thermal conductivity of 
Mg–Zn and Mg–Sb binary alloys with different composi-
tion in different heat treatments. With increasing Zn or Sb 
content, the thermal conductivity of as-cast binary alloys 
dropped from 157.51 W/(m·K) in commercial pure Mg 
to 122.51 W/(m·K) in Mg–5Zn alloy, 120.47 W/(m·K) in 
Mg–2Sb alloy, respectively. Although there were nearly no 
solute Sb atoms in matrix due to the negligible solid solubil-
ity, the thermal conductivity of Mg–Sb alloys was still lower 
than that of Mg–Zn alloy with the same alloying content. 
For as-cast Mg–Zn alloys, aging treatment would increase 
the thermal conductivity of alloys, while solution treatment 
would decrease it. However, the thermal conductivity of 
as-cast Mg–Sb alloys changed little after aging or solution 
treatment.

Table  1 shows the thermal conductivity of as-cast 
Mg–Zn–Sb alloys with different composition. The thermal 
conductivity of ternary alloys decreased with increasing Zn 
and Sb content. Interestingly, the negative effect of Sb addi-
tion on the thermal conductivity of alloys is getting smaller 
with increasing Zn content. For example, the thermal con-
ductivity of Mg–2Zn–1.2Sb alloys was reduced by 11.50% 
compared with Mg–2Zn alloy; however, the thermal con-
ductivity of Mg–6Zn–1.2Sb alloy was reduced by 2.43% 
compared with Mg–6Zn alloy.

3.4  Tensile Properties of as‑Cast Mg–Zn and Mg–
Zn–Sb Alloys

The ultimate strength (UTS), yield strength (YS), and per-
centage elongation (% EL) values of these alloys are pro-
vided in Fig. 7. The Sb addition can effectively improve the 
ultimate tensile strength (Fig. 7a) and yield strength (Fig. 7b) 
of Mg–Zn alloys with different Zn content. For example, 
compared with Mg–4Zn alloy, the ultimate tensile strength 

Fig. 2  XRD patterns of Mg–4Zn and Mg–4Zn–1.2Sb alloys

Fig. 3  SEM images of as-cast a Mg–2Zn, b Mg–4Zn, c Mg–6Zn alloys
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and yield strength of Mg–4Zn–0.8Sb alloy is 185.6 MPa and 
62.5 MPa, which is improved by 25.2% and 23.3%, respec-
tively. Figure 7c shows that the EL value of Zn-containing 
alloys decrease after adding Sb. The Mg–4Zn–0.8Sb alloy 
possess the best comprehensive tensile properties, UTS of 
185.6 MPa, YS of 62.5 MPa and elongation of 19.8% .

4  Discussion

4.1  Microstructure

The difference in the electronegativity values among Mg 
of 1.31, Zn of 1.6 and Sb of 2.05, suggests that the Sb is 
tending to form a compound with Mg rather than Zn [16, 
18]. Based on the XRD results (Fig. 2) and negligible solid 
solubility of Sb in Mg matrix, nearly all of the Sb added into 
Mg–Zn alloys would react with Mg to form  Mg3Sb2 phases 
but not Mg–Zn–Sb or Zn–Sb phases, which is consistent 
with the previous researches [15, 16]. According to the SEM 
images in Fig. 4,  Mg3Sb2 phases were mainly distributed in 
grain-boundaries. Due to the high formation temperature 
(1245 °C) of  Mg3Sb2 and the high affinity of Sb to Mg, 
 Mg3Sb2 particles formed before α-Mg and  Mg4Zn7 phase 

during solidification. Therefore, the distribution of  Mg3Sb2 
phases at the liquid–solid interface would restrict the growth 
of grains during solidification and thus refine the micro-
structure. The relatively high-magnification SEM images 
of as-cast Mg–Zn–Sb alloys and EDS results are shown in 
Fig. 8 and Table 2. The eutectic structure (α-Mg + Mg4Zn7) 
growing on  Mg3Sb2 particles could be found effortlessly in 
alloys. Figure 9 shows the EPMA elemental mapping images 
for as-cast Mg–6Zn–0.8Sb alloys. The aggregation areas of 
Sb are almost consistent with those of Zn. The above results 
suggest that  Mg3Sb2 particles could act as the substrates for 
the growth of  Mg4Zn7 phases and thus significantly refine 
the microstructure. This coating phenomenon was also found 
in the researches of Alizadeh et al. [15, 16] and Zou et al. 
[19]. At first, the refinement effect increased with increasing 
Sb content and the best refinement effect can be achieved 
by adding 0.8 wt% Sb. Then, considerable rod-like  Mg3Sb2 
phases started to form and led to coarse microstructure with 
further increase of Sb content.

4.2  Thermal and Electrical Conductivity

In the Mg–xZn–ySb (x = 0, 2, 4, 6; y = 0, 0.2, 0.5, 0.8, 1.2) 
alloys, second phases were sparsely distributed without 

Fig. 4  SEM images of as-cast a 
Mg–0.2Sb, b Mg–0.5Sb, c Mg–
0.8Sb, d Mg–1.2Sb alloys
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forming a continuous network of eutectic structure. There-
fore, the microstructure can be regarded as common disper-
sive phases  (Mg4Zn7 + Mg3Sb2) of various shapes distrib-
uted in another continuous phase (Mg matrix), which applies 
to the modified Maxwell model proposed by Hamilton [20]. 
The effective thermal conductivity of the mixture λMaxwell is 
thereby given by:

where λC and λP are the thermal conductivity of the continu-
ous and dispersive phases, respectively, n is the factor that 
depends on the shape of dispersed particles and the ratio of 
the conductivity of the two phases, and  Vp is the volume 
fraction of the dispersed phase.

(2)�Maxwell = �C

[

�P + (n − 1)�C − (n − 1)VP(�C − �P)

�P + (n − 1)�C + VP(�C − �P)

]

Recently, Su et al. [10] proposed that the reduction in 
thermal conductivity per at% addition of RE alloying 
elements in solid solution is about 123.0 W/(m·K), and 

Fig. 5  SEM images of as-cast a Mg–2Zn–0.5Sb, b Mg–2Zn–0.8Sb, c Mg–2Zn–1.2Sb, d Mg–6Zn–0.5Sb, e Mg–6Zn–0.8Sb, f Mg–6Zn–1.2Sb 
alloys

Table 2  The EDS elemental 
compositions of points A and B 
in Fig. 8a

Elements (at%) A B

O 9.41 18.63
Mg 80.80 67.86
Zn 9.29 3.44
Sb 0.50 10.07

Fig. 6  The thermal conductivity of as-cast Mg–Zn alloys, as-cast 
Mg–Sb alloys, aging-treated Mg–Zn alloys, aging-treated Mg–Sb 
alloys, solution-treated Mg–Zn alloys and solution-treated Mg–Sb 
alloys
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Fig. 7  Tensile properties of as-cast Mg–xZn and Mg–xZn–0.8Sb alloys a ultimate tensile strength, b yield strength, c percentage elongation

Fig. 8  SEM images and EDS elemental mapping of a as-cast Mg–6Zn–0.8Sb alloys, b Sb in as-cast Mg–6Zn–0.8Sb alloys, c Zn in as-cast 
Mg–6Zn–0.8Sb alloys
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therefore the relationship between the thermal conductivity 
of the Mg-RE (Ce, Nd, Sm, Y) binary alloys and the RE con-
tent in solid solution could be well fitted using a linear func-
tion with the slope of − 123. According to the relationship 
between the content of Zn and thermal conductivity of the 
solution-treated binary alloys in Fig. 6, the reduction of ther-
mal conductivity per wt% addition of Zn in solid solution is 
about 17.5 W/(m·K). Similarly, the thermal conductivity of 
the Mg–Zn–Sb ternary alloys matrix, which deviated from 
that of pure Mg matrix due to the solute Zn atoms, could be 
modified by the following formula:

where λMg is the measured thermal conductivity of commer-
cial pure Mg, with a value of 157.51 W/(m·K),  WZn is the 
solute Zn content in the Mg matrix, obtained by averaging 
more than 10 EDS results randomly pointed in the middle of 
Mg matrix. The effect of solute Sb on the thermal conductiv-
ity of Mg matrix was ignored because of its negligible solid 
solubility in Mg matrix.

In the previous research [21], the thermal conductivity 
of  Mg2Sn,  Mg2Si, and  Mg2Ge second phases were 6.04 W/
(m·K), 7.79 W/(m·K), and 6.46 W/(m·K), respectively. Su 
et al. [10, 22] proposed that the thermal conductivity of sec-
ond phases were similar so that the thermal conductivity 
of different second phases could be regarded as an average 
value in the calculation. Therefore, λP, the thermal conduc-
tivity of the dispersive phases (α-Mg + Mg4Zn7,  Mg3Sb2 and 
a mixture of the above two) can be estimated to be the aver-
age value 6.8 W/(m·K).

The thermal conductivity of Mg–xZn–ySb (x = 0, 2, 4, 6; 
y = 0, 0.2, 0.5, 0.8, 1.2) alloys are plotted in Fig. 10 as func-
tions of Sb content. Plots of Eq. (2) were fitted to the experi-
mental results using the least-squares method. The dotted lines 
are the results calculated by the modified Maxwell model. The 
best-fit parameter values of n for Mg–ySb, Mg–2Zn–ySb, 
Mg–4Zn–ySb and Mg–6Zn–ySb were 1.08, 1.09, 1.67 and 

(3)�C = �Mg − 17.5WZn

1.86, respectively. As shown in Fig. 10, the measured results 
are in agreement with the calculated ones and the thermal con-
ductivity decreased with the increase of Zn and Sb content.

Generally, the thermal conductivity (λ) of a metal alloy is 
linked with the electrical conductivity (σ) by the well-known 
Wiedemann–Franz law �∕� = LT , where L is the Lorenz num-
ber and T is the absolute temperature. L was regarded to be the 
Summerfeld Lorenz constant  L0(= 2.44 × 10−8  V2 K−2) in all 
metal alloys without considering its material and temperature 
dependence. Therefore, Smith and Palmer [23] suggested a 
more accurate relationship between the thermal conductivity 
(λ) of a metal alloy and the electrical conductivity as follows:

(4)� = AL0Tσ + B

Fig. 9  EPMA elemental 
mapping of a Sb in as-cast 
Mg–6Zn–0.8Sb alloys, b Zn in 
as-cast Mg–6Zn–0.8Sb alloys. 
The framed areas are examples 
of overlapping areas of Sb and 
Zn

Fig. 10  Thermal conductivity of as-cast Mg–Zn–Sb alloys. The 
dashed lines represent the values fitted using the modified Maxwell 
model for Mg–Zn–Sb alloys
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where parameter A illustrates the difference of the Lorenz 
number between alloys and B is the constant lattice thermal 
conductivity.

According to the previous research [24], the 
Smith–Palmer equation could well correlate the thermal 
conductivity with the corresponding electrical conductivity 
in Mg–Zn Alloys. Figure 11 demonstrates the Smith and 
Palmer (S–P) plot for Mg–Zn–Sb alloys at 298 K. Appar-
ently, the thermal conductivity of Mg–Zn–Sb ternary alloys 
could be well described by the S–P equation with A = 0.905 
and B = 6.5 W/(m·K). The corresponding Lorenz number 
 Lc (= AL0) is equal to 2.208 × 10−8 V2 K−2, and the lattice 
thermal conductivity B is equal to 6.5 W/(m·K).

4.3  The Interactive Effect of Zn/Sb

It is worth noting that the negative effect of Sb addition 
on the thermal conductivity of alloys is getting smaller 
with increasing Zn content. According to thermal conduc-
tion mechanism [25], the thermal conduction of metals is 
dominated by free electrons. The mean free path of elec-
trons determined by the scattering during their movement 
significantly affects the thermal conductivity of metals. The 
solute atoms in the matrix cause lattice distortion, decrease 
the mean free path of electrons and thus reduce the thermal 
conductivity of alloys. In addition, second phases also act as 
scattering resources and reduce the thermal conductivity of 
alloys. The different effects of different solute elements on 
thermal conductivity have been extensively studied, while 
the different effects of different second phases were usually 
masked due to the relatively slighter reduction caused by 
second phases. Hence, the different effects of  Mg4Zn7 and 
 Mg3Sb2 phases on the thermal conductivity of Mg–Zn–Sb 
ternary alloys were worth considering in the present study.

To avoid the influence caused by solute atoms and inves-
tigate the different degree in the reduction of thermal con-
ductivity caused by  Mg4Zn7 and  Mg3Sb2 phases, the samples 
of Mg–Zn and Mg–Sb binary alloys were aging treated for 
precipitating solute atoms. As shown in Fig. 6, the ther-
mal conductivity of aging Mg–Zn alloys was significantly 
higher than that of as-cast alloys with the same composition 
due to the precipitation of solute atoms, while the thermal 
conductivity of aging Mg–Sb alloys was almost the same as 
that of as-cast alloys due to the negligible solid solubility 
of Sb in Mg matrix. Besides, it is obvious that the thermal 
conductivity of aging Mg–Sb alloys is lower than that of 
Mg–Zn alloys with the same alloying content. For aging 
binary alloys, Mg matrix is pure without distortion and only 
 Mg4Zn7 or  Mg3Sb2 phases have an effect on the thermal con-
ductivity of alloys. Thus, the relationship between the ther-
mal conductivity of aging alloys and alloying content (wt%) 
can be reflected in that between the thermal conductivity of 
aging alloys and the volume fraction of second phases (ρ 
 (Mg4Zn7) = 4.9 g/cm3, ρ  (Mg3Sb2) = 3.94 g/cm3) in Fig. 12. 
Similarly, the thermal conductivity of aging Mg–Sb alloys is 
still lower than that of Mg–Zn alloys with the same volume 
fraction of second phases. The lower thermal conductivity 
of aging Mg–Sb alloys indicates that  Mg3Sb2 phases are 
stronger scattering resources than  Mg4Zn7 phases. Further-
more, according to the above explanation,  Mg3Sb2 phases 
could be the substrates for the precipitated  Mg4Zn7 phases, 
suggesting that some  Mg3Sb2 phases, which are stronger 
scattering resources, could be coated by  Mg4Zn7 phases, 
which are relatively weaker scattering resources. When the 
Zn content in Mg–Zn–Sb alloys is more than 4 wt% and 
lots of  Mg4Zn7 phases are precipitated, the  Mg4Zn7/α-Mg 
interface would be the dominate scattering interface instead 
of  Mg3Sb2/α-Mg interface. With increasing Zn content, 
the reduction of thermal conductivity caused by Sb addi-
tion became smaller due to the coating of  Mg4Zn7 phases 
on  Mg3Sb2 phases. Therefore, the addition of Sb in Mg–Zn 
alloys has different effects on the thermal conductivity of the 
alloys with different Zn content.

4.4  Tensile Properties

The beneficial effect of Sb addition on the tensile proper-
ties of Mg–Zn alloys can be mainly attributed to the sec-
ond phase and fine grain strengthening. According to the 
above explanation, the fine and uniform microstructure was 
obtained due to the formation of thermally stable  Mg3Sb2 
second phases after adding Sb into Mg–Zn alloys. In addi-
tion, the growth of  Mg4Zn7 phases on  Mg3Sb2 particles can 
break the coarse  Mg4Zn7 phases in the alloys with a high 
content of Zn and promote the dispersed distribution of 
 Mg4Zn7 phases. Therefore, Sb addition can improve the ulti-
mate tensile properties and yield strength of Mg–Zn alloys. Fig. 11  Smith and Palmer plot for Mg–Zn–Sb alloys
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Moreover, the refined microstructure could partly offset the 
negative effect of  Mg3Sb2 phases on the ductility of alloys. 
Thus, the percentage elongation of alloys decreased little 
after adding Sb.

5  Conclusions

In this study, the effects of Sb addition and Zn content on 
the microstructure, tensile properties and thermal conductiv-
ity of Mg–Zn–Sb ternary alloys were evaluated. The main 
conclusions are as follows:

1. Mg–Zn–Sb ternary alloys consist of α-Mg,  Mg4Zn7 
and  Mg3Sb2 phases.  Mg3Sb2 phases could serve as 
the substrates for the growth of eutectic structure 
(α-Mg + Mg4Zn7), resulting in the refinement of the 
microstructure. The best refinement effect can be 
achieved by adding 0.8 wt%Sb. Then the refinement 
effect decreased with further increase of Sb content due 
to the formation of considerable rod-like  Mg3Sb2 phase.

2. The thermal conductivity of Mg–Zn–Sb alloys decreased 
with increasing Sb content. Both the modified Maxwell 
model and the Smith–Palmer equation can describe the 
thermal conductivity of Mg–Zn–Sb alloys quite well.

3. There existed an interactive effect of Zn/Sb on the ther-
mal conductivity of the Mg–Zn–Sb alloys. The effect of 
Sb addition on the reduction of thermal conductivity was 
getting smaller with increasing Zn content. The negative 
effect of  Mg3Sb2 phases on the thermal conductivity of 
the alloys could be weakened by the formation of weak-
scattering  Mg4Zn7 coated on  Mg3Sb2 phases.

4. The addition of 0.8 wt%Sb could effectively increase 
the strength but decrease the ductility of Mg–Zn alloys. 
Considering the thermal conductivity of alloys, Mg–4Zn–
0.8Sb alloy possess the best comprehensive properties 
with thermal conductivity of over than 120 W/(m·K) and 
UTS of 185.6 MPa.
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