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Abstract 

This review summarizes recent researching works the thermal conductivity of Mg–Zn, Mg–Al, Mg–Mn and Mg–RE alloys. Solute 
atoms, heat treatment, deformation and temperature, which have significant influence on the thermal conductivity of magnesium alloys, are 
highlighted. For an individual solute atom, its effects on thermal conductivity are highly dependent on its chemical valence, radius and 
extra-nuclear electrons. The thermal conductivity of Mg alloys is decreased by solution treatment, but improved by aging and/or annealing 
treatments. As for the deformed Mg alloys, the thermal conductivity along transverse or normal direction is superior to that of along extrusion 
or rolling direction. We expect this review is helpful for those who are working on developing Mg alloys with superior thermal conductivity. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 

Keywords: Magnesium alloys; Thermal conductivity; Microstructure; Influencing factors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

p  

(  

n  

G  

a  

M  

d  

a  

h  

2  

m  

t  

 

t  

d  

p  

h  

u  

n  

r  

r  
1. Introduction 

With the high integration in 3C (computer, communication
and consumer product), removing the excessive heat produced
during the operation of electronic components and heat ex-
changers, which causes the components to fail as a result of
overheating or deformation, becomes more urgent. The de-
mand for materials with both excellent heat dissipation and
mechanical properties is increasing rapidly. Select materials
with appropriate thermal conductivity is very important for
achieving the best performance of components. 

Magnesium (Mg) and its alloys are the lightweight metallic
structural materials with some advantages such as low density,
superior specific strength and stiffness [1 , 2] . They have ex-
tremely broad applications in the fields of 3C electronic prod-
ucts, automotive, aerospace and so on [3 , 4] . The density of
pure Mg is 1.74 g/cm 

3 , it is approximately 2/3 density of alu-
minum, 1/4 of steel and 1/5 of copper. The thermal conductiv-
ity of pure Mg is 156 W m 

−1 K 

−1 , which is relatively lower
than that of copper (Cu, 398 W m 

−1 K 

−1 ) and aluminum
(Al, 237 W m 

−1 K 

−1 1 ) [5 , 6] . Nevertheless, the mechanical
∗ Corresponding author. 
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roperties of pure Mg, which exhibit ultimate tensile strength
UTS) of 11.5 MPa and yield strength (YS) of 2.5 MPa, are
ot enough to meet the actual demands as structure materials.
enerally, addition of alloying elements into α-Mg matrix is
 common way to improve the mechanical properties of pure
g, but the addition can variously decrease its thermal con-

uctivity [7–9] . For example, Li et al. [7] found that the peak-
ged Mg–2Gd–2Nd–2Y–1Ho–1Er–0.5Zn–0.4Zr (wt.%) alloy
ad a relatively good high strength (UTS > 300 MPa, YS >

10 MPa), proper ductility (elongation ≈6%), but a low ther-
al conductivity (52.5 W m 

−1 K 

−1 1 ). Therefore, enhancing
he thermal conductivity of Mg alloys is of great importance.

Mg alloys exhibit great potential as heat dissipation ma-
erials owing to their smaller heat capacity and better heat
issipation effects than those of Al alloys [10–12] . Over the
ast decades, there have been some efforts devoting to en-
ancing the thermal conductivity of Mg alloys with a clear
nderstanding of the fundamental heat transfer at the micro,
ano and even molecular scales. In the present review, cur-
ent researches on the thermal conductivity of several rep-
esentative Mg alloys such as Mg–Zn, Mg–Al, Mg–Mn and

g–RE are summarized. The factors such as solute atoms,
eat treatment, deformation and temperature, which have
. This is an open access article under the CC BY-NC-ND license. 
y of Chongqing University 
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ignificant influence on the thermal conductivity of Mg al-
oys, are highlighted. 

. Thermal conductivity of Mg alloys 

Heat transfer is a vector in thermodynamics and occurs by
onduction, convection and radiation [13 , 14] . Heat conduc-
ion in alloys is a mixture of molecular vibration and energy
ransport by free electrons. Thermal properties of materials,
enerally referring to thermal conductivity, thermal diffusiv-
ty and special heat capacity, are very crucial for industry
pplications [15 , 16] . The thermal conductivity of a material
epresents its intrinsic characteristic and is the amount of heat
ow per unit area over a surface evaluated primarily in terms
f Fourier’s Law. The thermal conductivity is also the recip-
ocal of thermal resistivity that represents the ability to resist
eat transfer [17–19] . The thermal conductivity is usually de-
oted by κ or λ, which can be calculated using the following
quation: 

= −Q · L/ (A · grad T ) = −⇀ 

q /grad T (1)

here Q is heat flow (W), L is length or thickness (m), A
s the cross-sectional area of sample (m 

2 ), 
⇀ 

q is the heat flux
ensity (W m 

−1 ) and grad T is the temperature gradient (K),
espectively. As known, the heat transfer is mainly achieved
y free electrons moving in crystal (denoted as electron ther-
al conductivity κe ) and phonons vibrating at lattice posi-

ions (denoted as phonon thermal conductivity κp ) [20 , 21] .
he total thermal conductivity ( κ) is the sum of the two con-

ributions, that is, 

= κe + κp (2) 

The electron thermal conductivity κe is dominated for pure
etals, whereas the phonon thermal conductivity κp is rela-

ively significant in alloys. Usually, the total thermal conduc-
ivity is determined by the product of the thermal diffusivity

(m 

2 s −1 ), density ρ (g cm 

−3 ) and special heat capacity C p 

J g 

−1 K 

−1 ) [22 , 23] 

= α · ρ · C p (3) 

Up to now, the steady-state and transient-state methods are
ommonly used to measure the thermal diffusivity of alloys.
he steady-state method has the advantages of clear principle
nd measuring the thermal diffusivity accurately and directly.
owever, it doesn’t work well in the continuous measurement
r measures with strict requirements [24] . The transient-state
ethod is mainly used for the measurement of the thermal

onductivity and the stable specific heat capacity. Different
ethod may result in different thermal conductivity, hence

he approach for measuring the thermal conductivity should
e unified in one study. 

The flash method, as the most common method of ther-
al diffusivity test among steady-state methods, has attracted

articular attention due to its convenience and simplicity. The
isk-shaped sample is required 12.7 mm in diameter and 3 mm
n thickness. Prior to measurement, the surface of sample is
sually coated by graphite to ensure efficient absorption of
nergy from laser pulse. The temperature of sample surface
ncreases instantaneously when the laser pulse launched by
 laser source in a flash uniformly irradiates on the sam-
le surface. Then, the energy diffuses from the hotter end
o the colder end in one-dimensional heat conduction. After
aintained for 10 min under the isothermal conditions, the

hermal diffusivity can be obtained. Meanwhile, the corre-
ponding temperature of the central part of the rear surface is
ontinuously recorded and analyzed by an infrared detector,
nd the relation curve of temperature as a function of time is
btained [25] . 

= 0. 1388 × d 

2 × t −1 
1 / 2 (4) 

here d (m) is the thickness of sample, and the half of dif-
usion time, t 1/2 (s), which is defined as the interval required
or the rear surface temperature to reach half of the maximum
emperature increased. 

Specific heat capacity, defined as the amount of the heat
bsorbed or given off per unit mass of a material as it rises or
alls 1 K in temperature, represents the heat absorption or heat
issipation capacity of a material. A material with a larger
pecific heat capacity owns a stronger capacity of heat ab-
orption or dissipation. Two methods are used to measure the
pecific heat capacity. One requires a Flash Analyzer, differ-
ntial scanning calorimeter (DSC) and a standard sample with
nown specific heat capacity. The equation is represented as
ollows [26 , 27] : 

 px = C pS · M S · �T S / ( M x · �T x ) (5) 

here M is the mass, and �T is the maximum temperature in-
rease by laser irradiation. The subscripts x and S indicate the
ample to be measured and the standard sample, respectively.
he other is the Neumann–Kopp rule [28–30] 

 p (T ) = 

∑ 

C p,i (T ) · X i (6)

here C p,i and X i are the special heat capacity and the mass
atio of pure component, respectively. Alternatively, the mea-
urement by DSC is more accurate and persuasive compared
ith the Neumann–Kopp rule. 
The density ρ at elevated temperature as a function of ab-

olute temperature T is calculated by the following equation:

= ρ0 − 0. 156 ( T - 298 ) (7) 

here ρ0 is the density at room temperature, usually obtained
y the Archimedes method. 

Generally, alloys with superior thermal conductivity have
he ability to accelerate the heat transfer from inside to out-
ide in the same time, which reduces the thermal stresses and
nhibits the formation of harmful hot-spot defects [31] . Re-
ently many studies focused on Mg–Zn, Mg–Al, Mg–Mn and
g–RE alloys. In the following subsections, we summarize

heir thermal conductivity based on recent references. 
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2.1. Mg–Zn series alloys 

Zn is one of the most momentous alloying elements with
a maximum solid solubility of 6.2 wt.% in α-Mg matrix at
the eutectic temperature [32] . The thermal conductivity and
thermal diffusivity of Zn are 116 W m 

−1 K 

−1 1 and 42 m 

2 

s −1 , respectively, which are inferior to 156 W m 

−1 K 

−1 1 and
87.6 m 

2 s −1 of Mg [33 , 34] . The Mg–Zn binary alloy shows
the high thermal conductivity and poor mechanical properties
due to coarse grains. To balance the thermal conductivity and
mechanical properties, it is indispensable to add other alloy-
ing elements to refine the microstructure. At present, Mg–
Zn–RE, Mg–Zn–Zr, Mg–Zn–Mn and Mg–Zn–Cu alloys have
been successfully developed. The thermal conductivity and
mechanical properties of the Mg–Zn series alloys under ap-
propriate processing conditions are listed in Table 1 [35 , 42] . It
can be found that RE-free Mg–Zn series alloys exhibit higher
thermal conductivity and lower mechanical properties than
Mg–Zn–RE alloys on the whole. 

Particularly, the thermal conductivity of Mg–Zn binary al-
loys is higher than 100 W m 

−1 K 

−1 within the maximum solid
solubility of Zn. The solid solubility of Zn in α-Mg matrix
decreases by adding alloying elements, especially the element
of Zr, which weakens the lattice distortion and leads to the im-
provement in thermal conductivity. In addition, the addition of
Zr can also significantly refine grains and improve mechanical
properties of Mg–Zn alloys [43 , 44] . Especially, in the case of
the peak aged Mg–2Zn–Zr alloy, the thermal conductivity of
132.1 W m 

−1 K 

−1 1 , UTS of 279 MPa, YS of 196 MPa and
elongation (El) of 25.2% are achieved [35] . The rolling, an-
nealing and subsequent aging processes for Mg–2Zn–Zr alloy
can coordinate well the thermal conductivity and mechani-
cal properties. The Mg–Zn–Mn ternary alloy, which has been
widely studied because of the advantages of RE-free and low
cost, exhibits the thermal conductivity and UTS of above 120
W m 

−1 K 

−1 1 and 280 MPa, respectively [36] . As we know,
the thermal conductivity of Cu (398 W m 

−1 K 

−1 1 ) is supe-
rior among all commonly used structural metals. The addition
of Cu can significantly increase the eutectic temperature and
further improve the thermal conductivity of Mg–Zn alloy. Pan
et al. [37] developed the aged Mg–6Zn–1.0Cu alloy, which
exhibited the superior thermal conductivity of 128.9 W m 

−1 

K 

−1 1 and micro-hardness of 94 HV. They believed that the
accelerated precipitation of MgZnCu phase was attributed to
the favorable interactions between Zn, Cu and vacancies. 

Generally, Mg–Zn alloys containing RE exhibit superior
mechanical properties and creep resistance at elevated tem-
peratures. Due to the requirements for applications, achieving
high-strength of both UTS and YS more than 500 MPa for
Mg–Zn–RE alloys is a vital goal. These RE elements com-
monly include Er, Y, Gd, etc. Zhao and Li et al. [45–47] ex-
ploited the as-cast Mg–Zn–Er alloy with different weight ra-
tios of Zn/Er, and the results revealed that only W-phase
(Mg 3 Zn 2 Er 3 , face centered cubic) or I-phase (Mg 3 Zn 6 Er 1 ,
icosahedral quasicrystal) existed when the ratio was less
than 1 or in the range of 6–10, respectively. The different
phases have various effects on the thermal conductivity of the
g–Zn–RE alloy. Considering the influence of W-phase,
hi et al. [41] developed the as-cast Mg 92 Zn 4 Y 4 and
g 92 Zn 4 Y 3 Gd 1 alloys with W-phase, and the results indi-

ated that the existence of net-like continuous W-phase in
rain boundaries could rise grain boundary strengthening ef-
ect and consume the solute elements in the matrix to promote
he long-distance movement of phonons, thus, improve the
hermal properties. Hu et al. [40] measured the thermal con-
uctivity of the as-cast Mg–5Zn–Y alloy containing I-phase,
t was 107.85 W m 

−1 K 

−1 1 . From these results we can find
hat the Mg–Zn–RE alloys show lower thermal conductivity
han that of Mg–Zn binary alloys. 

.2. Mg–Al series alloys 

The maximum solid solubility of Al is 12.7 wt.% in α-
g matrix according to phase diagram of Mg–Al binary

lloy [48] . The as-cast and the deformed Mg–Al series al-
oys are widely used owing to the proper mechanical prop-
rties. However, it is concluded that the thermal conductiv-
ty of Mg alloys decreases dramatically by Al addition [49] .
hermal conductivity of the as-cast Mg–1.5Al alloy is only
00 W m 

−1 K 

−1 1 owing to the solid solution of Al [7] . In
g–Al alloys, the main strengthening phase is Mg 17 Al 12 

hase, which has a lower melting point. The Mg 17 Al 12 phase
s easy to soften and dissolve at a high temperature, corre-
ponding to increasing the concentration of Al in α-Mg ma-
rix. This would be resulting in a rapid decline in thermal
onductivity of Mg–Al alloys. 

Mn, Sn, Zn and RE as alloying elements are commonly
sed for Mg–Al series alloys. These alloying elements are
rone to form high melting point phases and reduce the
g 17 Al 12 phase simultaneously. In recent years, many re-

earchers have performed plenty of studies on the thermal
onductivity of Mg–Al series alloys [9 , 49 , 52] . Table 2 lists
he most but not all of the thermal conductivity of Mg–Al
eries alloys. It can be found that the as-cast AZ91 alloy, as
ne of the commercial alloys, shows lower thermal conduc-
ivity of 51.2 W m 

−1 K 

−1 1 . The as-cast AM20 and AS21
lloys show the thermal conductivity of 97 W m 

−1 K 

−1 1 and
8 W m 

−1 K 

−1 1 , respectively. There are two reasons for the
ecline in the thermal conductivity of AS21 alloy, one is a
act that all Al is dissolved into α-Mg matrix, the other is the
ne Mg 2 Si precipitate reduces the thermal conductivity more
ignificantly. 

.3. Mg–Mn series alloys 

Mg–Mn series alloys are regarded as a new type of Mg
lloys, which have excellent corrosion resistance, good creep
esistance and low cost. Some thermal conductivity and me-
hanical properties of Mg–Mn series alloys are listed in
able 3 according to Ref. [8] . The thermal conductivity of
g–Mn alloy with 0.5 wt.% Mn addition is reduced by ap-

roximately 20 W m 

−1 K 

−1 1 and the UTS is improved about
00 MPa compared with pure Mg. With increase in Mn con-
ent, the thermal conductivity of the as-cast and the deformed
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Table 1 
Thermal conductivity and mechanical properties of Mg–Zn series alloys. 

Alloys (wt.%) Processing conditions Thermal 
conductivity 
(W m 

−1 K 

−1 ) 

Mechanical properties/ 
Micro-hardness (Hv) 

Refs. 

UTS 
(MPa) 

YS 
(MPa) 

EL 

(%) 

Mg–2Zn–Zr T4 (643 K/12 h) + rolled at 673 K + annealed at 
673 K/1 h + T6 (693 K/4 h + 448 K/24 h) 

132.1 279 196 25.2 [35] 

As-cast 118.1 202 68 26.9 
Mg–4Zn–1Mn (ZM41) T6 (643 K/12 h + 423 K/10 h) 130.4 – – – [36] 

T4 (643 K/12 h) 127.6 – – –
As-cast 125.5 – – –

Mg–6Zn–1.0Cu T6 (703 K/48 h + 433 K/16 h) 128.9 94 [37] 
As-cast 121.3 –

Mg–6Zn–1.5Cu T6 (703 K/48 h + 433 K/16 h) 127.7 80 
As-cast 124.0 –
T4 (703 K/48 h) 118.5 –

Mg–6Zn–0.5Cu T6 (683 K/48 h + 433 K/16 h) 127.1 86 
As-cast 119.1 –

Mg–6Zn T6 (633 K/48 h + 433 K/60 h) 115.9 72 
As-cast 114.3 –
T4 (633 K/48 h) 108.7 –

Mg–3Zn–1Mn (ZM31) T4 (643 K/12 h) + extruded at 623 K (16:1) + T5 
(448 K/45 h) 

125.0 283 211 16 [38] 

T4 (643 K/12 h) + extruded at 623 K(16:1) + T6 
(673 K/1.5 h + 448 K/60 h) 

120.0 275 199 15 

T4 (643 K/12 h) + extruded at 623 K (16:1) 113.0 264 168 17 
As-cast 102.9 – – –

Mg–5Zn–1Mn (ZM51) T4 (643 K/12 h) + extruded at 623 K (16:1) + T6 
(448 K/36 h) 

122.0 321 268 14.8 

T6 (643 K/12 h + 448 K/20 h) 118.3 – – –
T4 (643 K/12 h) + extruded at 623 K (16:1) + T6 

(673 K/1.5 h + 448 K/20 h) 
117.0 347 310 12.5 

T4 (643 K/12 h) 108.3 – – –
T4 (643 K/12 h) + extruded at 623 K (16:1) 106.0 291 177 19.3 
As-cast 98.3 – – –

Mg–8Zn–1Mn (ZM81) T4 (643 K/12 h) + extruded at 623 K (16:1) + T5 
(448 K/28 h) 

120.0 333 288 15.3 

T4 (643 K/12 h) + extruded at 623 K (16:1) + T6 
(673 K/1.5 h + 448 K/28 h) 

115.0 383 354 12 

T4 (643 K/12 h) + extruded at 623 K (16:1) 102.0 302 182 14 
As-cast 87.6 – – –

Mg–3Zn–0.6Zr As-extruded 126.0 275 255 7 [39] 
Mg–6.5Zn–1.25Cu–0.50Zr As-extruded 122.0 240 158 7 
Mg–6Zn–2.7Cu–0.25Zr T6 122.0 210 125 5 
Mg–5.5Zn–0.45Zr As-extruded 117.0 340 260 11 
Mg–5.7Zn–1.8Th–0.7Zr T5 110.0 340 150 4 
Mg–5Zn–Y As-cast 107.9 198.9 – 10.1 [40] 
Mg–4Zn–4Y (at.%) As-cast 99.2 304 201 12.4 [41] 
Mg–4Zn–3Y–1Gd (at.%) As-cast 88.6 374 215 15.5 
Mg–2Zn–2Y (at.%) As-cast 59.0 – – – [42] 
Mg–1Zn–2Y (at.%) As-cast 53.0 – – –
Mg–1Zn–2Gd (at.%) T6 (793 K/2 h + 673 K/20 h) 45.0 – – –

T4 (793 K/2 h) 34.0 – – –

M  

l  

R  

t  

w  

t  

c  

t  

d  

o  

c

2

 

b  
g–Mn alloys decreased. In order to develop Mg–Mn al-
oys with high strength and moderate thermal conductivity,
E is usually required. For example, the UTS and YS of

he extruded Mg–Mn alloys can be enhanced by Ce addition,
hich is mainly related to the precipitated phases. In general,

he as-extruded Mg–0.5Mn-xCe alloys exhibit higher thermal
onductivity than the as-cast counterparts, which is attributed
o the weakened basal texture. In addition, the thermal con-
uctivity of the as extruded Mg–Mn alloys is higher than that
f the as-extruded Mg–Al and Mg–Zn alloys when the solute
ontent is greater than 0.5 at.% [8 , 9 , 53] . 

.4. Mg–RE series alloys 

Rare earth (RE) elements not only improve the strength
ut also enhance the plasticity and corrosion resistance of Mg



82 S. Li, X. Yang and J. Hou et al. / Journal of Magnesium and Alloys 8 (2020) 78–90 

Table 2 
Thermal conductivity of Mg–Al series alloys. 

Alloys (wt.%) Processing conditions Thermal conductivity 
(W m 

−1 K 

−1 ) 
Refs. 

Mg–1.5Al As-cast 100.0 [9] 
Mg–2Al–0.5Mn (AM20) As-cast 97.0 [49] 
Mg–2Al–1Si–0.5Mn 
(AS21) 

As-cast 68.0 

Mg–3Al–1Zn (AZ31) Extruded 96.4 [50] 
Mg–8Al–0.5Zn (AZ80) Extruded 58.6 
Mg–9Al–1Zn (AZ91D) Die-casting (DC) 54.2 [51] 

Semi-continuous casting (SC) 52.6 
As-cast 51.2 
T6 (688 K/10 h + 473 K/8 h-SC) 48.3 
T6 (688 K/10 h + 473 K/8 h-DC) 48.2 
Extruded + T6 (688 K/5 h + 473 K/8 h) 47.9 
Extruded + T4 (688 K/5 h) 47.3 
As-extruded 46.9 
T4 (688 K/10 h-DC) 45.5 
T4 (688 K/10 h-SC) 42.9 

Mg–10Al–0.5Mn (AM100) T6 58.3 [52] 
As-cast 51.2 
T4 43.4 

Table 3 
Thermal conductivity and mechanical properties of Mg–Mn series alloys [8] . 

Alloys (wt.%) 
Processing 
conditions 

Thermal 
conductivity 
(W m 

−1 K 

−1 ) 

Mechanical properties 

UTS (MPa) YS (MPa) EL (%) 

Mg–0.1Mn As-cast 143.2 – – –
T4 (773 K/24 h) + extruded at 623 K 142.1 – – –

Mg–0.5Mn–0.6Ce T4 (693 K/12 h) + extruded at 673 K 139.7 257.1 220.7 16.3 
As-cast 129.9 – – –

Mg–0.5Mn T4 (693 K/12 h) + extruded at 673 K 138.4 225 150.6 12.8 
As-cast 138.2 – – –
T4 (773 K/24 h) + extruded at 623 K 132.2 – – –

Mg–0.5Mn–0.15Ce T4 (693 K/12 h) + extruded at 673 K 137.0 304 292.9 7.6 
As-cast 133.8 – – –

Mg–0.5Mn–0.3Ce As-extruded 139.7 – – –
As-cast 131.5 – – –
T4 (693 K/12 h) + extruded at 673 K 126.9 320.9 295.9 9.6 

Mg–1.5Mn As-cast 105.7 – – –
T4 (773 K/24 h) + extruded at 623 K 124.7 – – –
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alloys [54–57] . Generally, the added RE can significantly pu-
rify the Mg melt and induce the formation of strengthening
phases via appropriate heat treatment [58–60] . Nevertheless,
RE can dramatically decrease the thermal conductivity of Mg
alloys. It is unsatisfactory that the thermal conductivity of
Mg–RE alloys is still low. The thermal conductivity and me-
chanical properties of several Mg–RE series alloys are sum-
marized in Table 4 . It can be seen the thermal conductivity of
the aged Mg–11Y–5 Gd–2Zn–0.5Zr alloy is only 23 W m 

−1 

K 

−1 1 . 
The Zn addition into binary or ternary Mg–RE alloys to

form LPSO (Mg 12 YZn, long-period stacking ordered) struc-
ture can achieve superior mechanical properties at room tem-
perature [61–66] . The study on the thermal conductivity of the
Mg–RE alloys with LPSO structure becomes a new hot topic,
and the relevant opinions are contradictory. Shi et al. [41] an-
alyzed that the LPSO structures could hinder the diffusion of
honons in grain interior or at grain boundary. The reduced
hermal conductivity is mainly attributed to the higher number
f the LPSO structures, stacking faults and grain boundaries
cattering. However, Yamasaki et al. [42] proposed that the
PSO structures consumed the RE in α-Mg matrix and could

urther improve the thermal conductivity. Unfortunately, com-
ared with other series alloys, the research data on the ther-
al conductivity of Mg–Zn–RE alloys containing the LPSO

tructures has been rarely reported. 
Based on the reported investigations, we summarized the

hermal conductivity and ultimate tensile strength of some Mg
lloys, as shown in Fig. 1 . It can be found that the thermal
onductivity of Mg–Zn and Mg–Mn series alloys are gen-
rally higher than that of Mg–Al and Mg–RE series alloys.
he balance between the thermal conductivity and mechani-
al properties is still a long-term challenge in the functional
pplication of Mg alloys. More attentions should be paid on
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Table 4 
Thermal conductivity and mechanical properties of Mg–RE series alloys. 

Alloys (wt.%) 
Processing 
conditions 

Thermal 
conductivity 
(W m 

−1 K 

−1 ) 

Mechanical properties/ Micro-hardness (Hv) 
Refs. 

UTS (MPa) YS (MPa) EL (%) 

Mg–4Y–4Zn As-cast 95.6 – – – [26] 
Mg–4Y–2Zn As-cast 82.8 – – –
Mg–4Y–3Zn As-cast 75.7 – – –
Mg–4Y–1Zn As-cast 51.0 – – –
Mg–12Gd T6 (798 K/24 h + 498 K/24 h) 56.9 98.5 [8] 
Mg–2 Gd–2Nd–2Y–1Ho–1 
Er–0.5Zn–0.4Zr 

As-cast 55.0 183 111 8.1 [7] 

T6 (793 K/16 h + 473 K/82 h) 52.5 306 215 5.7 
T4 (793 K/16 h) 44.1 208 132 10.3 

Mg–5.4Y–3RE–0.7Zr 
(WE54) 

T6 52.0 250 172 2 [59] 

Mg–4Y–3.4RE–0.7Zr 
(WE43) 

T6 51.3 250 162 2 

Mg–11Y–5Gd–2Zn–0.5Zr T6 (808 K/20 h + 498 K/24 h) 23.0 – – [60] 

Fig. 1. Thermal conductivity and ultimate tensile strength of some Mg alloys. 
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lloy design and optimizing the manufacturing processes to
evelop Mg alloys with superior thermal as well as mechan-
cal properties. 

. Factors influencing the thermal conductivity of Mg 

lloys 

.1. Effects of solute atoms on thermal conductivity 

The thermal conductivity of Mg alloy is highly dependent
n its composition. Unfortunately, alloying elements that be-
ave as the heterogeneous atoms of α-Mg matrix generally
ecrease the thermal conductivity of Mg alloys. Fig. 2 in-
icates the sequence in which several solute atoms deterio-
ate the thermal conductivity of α-Mg matrix [53 , 67–69] . The
dded solute atoms always have bad influence on thermal con-
uctivity because the fact that the solute atoms could induce
he lattice distortion of α-Mg matrix, change the lattice pa-
ameter c/a, and shorten the mean free path of electrons and
honons by substituting Mg atoms [70–73] . 

The occurrence of lattice distortion is mainly due to two
easons. On one hand, the replacement of Mg atoms by the
olute atoms is suggested to causing the lattice distortion be-
ause of the difference in atomic radius between the solute
toms and Mg atoms; On the other hand, the difference in
hemical valence of the solute atoms and Mg atoms can alter
he shape of the Brillouin zone of Mg [68] . In addition, the
olute atoms with the higher solubility can arouse more sev-
rer lattice distortion, which results in the c/a ratio deviating
rom that of pure Mg. The maximum solid solubility of Gd,
, Nd and Ce in α-Mg matrix are 4.53, 3.35, 0.63 and 0.09
t.%, respectively [68] . These four RE elements have differ-
nt influence on the thermal conductivity of Mg alloys in the
equence of Ce < Nd < Y < Gd, as shown in Fig. 2 (c). Ce has
he weakest effect on the thermal conductivity of Mg alloys
ecause of its lowest solubility in α-Mg matrix. 

.2. Effects of heat treatment on thermal conductivity 

Generally, the solid solution treatment tends to reduce the
hermal conductivity of Mg alloys due to the increase in the
olute atoms dissolved into α-Mg matrix [74–76] . Accord-
ng to Refs. [69 , 77 , 78] , the reduction in thermal conductivity
aused by the solute atoms is approximately several orders
arger than that by the second phases. It is calculated that
he reduction in the thermal conductivity of Mg–RE alloys
s about 123.0 W m 

−1 K 

−1 with per 1 at.% RE addition in
he form of solute atoms or 6.5–16.4 W m 

−1 K 

−1 1 in the
orm of intermetallic compounds in α-Mg matrix [69] . How-
ver, Bai et al. [51] studied the as-extruded AZ91D alloy and
ound that dislocation-recovery, grain-coarsening and defect-
ecrease after the solid solution treatment were beneficial to
he thermal conductivity of AZ91D alloy although the Al con-
ent increased in α-Mg matrix. 

Different from the solid solution treatment, the aging treat-
ent improves the thermal conductivity of Mg alloys [79–84] ,

s shown in Fig. 3 . During the aging treatment, a large num-
er of solute atoms precipitated from α-Mg matrix to form
econd phases, which will weaken the lattice distortion, re-
ulting in the improvement in thermal conductivity. The ag-
ng treatment concurrently increases the mean grain size and
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Fig. 2. Effects of solute atoms on the thermal conductivity of α-Mg matrix reported in Ref.: (a) [53] , (b) [67] , (c) [68] , (d) [69] . 
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reduces the original grain boundary defects, which is also
beneficial to improving the thermal conductivity. Moreover,
the thermal conductivity can be optimized significantly via
aging time. As shown in Fig. 3 (d), the thermal conductivity
of the Mg–5Sn alloy increased from 87.5 W m 

−1 K 

−1 1 up to
122 W m 

−1 K 

−1 1 after aging treatment for 120 h [83] . 
It is considered that the interface between the precipitated

phases and α-Mg matrix also has significant influence on the
arrangement of matrix atoms around the precipitated phases
[8 , 85] . During aging treatment, the interface between pre-
cipitates and matrix transformed from coherent at under ag-
ing (4 h, Fig. 4 (a, d)) or semi-coherent at peak aging (24 h,
Fig. 4 (b, e)) to incoherent at over aging (300 h, Fig. 4 (c, f)).
As illustrated in Fig. 4 (a, d, g), the coherent interface induced
serious lattice distortion owing to the large stress field intro-
duced by the occupation of α-Mg lattice nodes by the atom
of the precipitated phase. The free movement and conductions
of electrons as well as phonons are limited seriously due to
this kind of lattice distortion, leading to the decrease in the
electrical or thermal conductivity of Mg alloys. In contrast,
the incoherent interface between the precipitates and α-Mg
matrix produced relatively minor lattice distortion, which is
 n  
hown in Fig. 4 (c, f, h). In addition, although the forma-
ion of the second phases will produce new surface defects
nd they are disadvantage for thermal conductivity, the ther-
al conductivity of Mg alloy is more sensitive to the solute

toms than the second phase. Therefore, the aging treatment
s an effective method to improve the thermal conductivity
f Mg alloys, and it can enhance the thermal conductivity as
ell as mechanical property simultaneously. This conclusion

s also applicable to the other alloys such as Al and Zn alloys
86 , 87] . 

.3. Effects of deformation on thermal conductivity 

The thermal conductivity is affected by deformation usu-
lly governed by various factors such as texture, grain size
nd precipitate [88 , 90] . Owing to the preferential orientation
f recrystallized grains and the hexagonal close-packed (hcp)
tructure of Mg alloy, its thermal conductivity exhibits sig-
ificant anisotropy [91–93] . As shown in Fig. 5 and Table 5 ,
uan et al. [91] reported that the thermal conductivity of as-
xtruded ZM51 alloy along the transverse direction (TD) or
ormal direction (ND) was superior to that of the extrusion



S. Li, X. Yang and J. Hou et al. / Journal of Magnesium and Alloys 8 (2020) 78–90 85 

Fig. 3. Thermal properties of Mg 97 Zn 1 Y 2 , Mg 96 Zn 2 Y 2 and Mg 97 Zn 1 Gd 2 alloys: (a) thermal diffusivity, (b) specific capacity, (c) thermal conductivity [42] ; 
thermal conductivity as a function of unit cell volume of α-Mg phase and aging time of Mg-5Sn alloy (d) [83] . 

Table 5 
Thermal properties of as-extruded ZM51 alloy [91] . 

Specimen Density 
(g cm 

−3 ) 
Special heat 
capacity 
(J g −1 K 

−1) 

Thermal 
diffusivity 
(m 

2 s −1 ) 

Thermal conductivity 
(W m 

−1 K 

−1 ) 

ED 1.82 1.06 57.15 110.7 
TD 1.82 1.06 60.90 117.9 
ND 1.82 1.06 60.61 117.4 
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t
1  
irection (ED). The close arrangement of atoms along a-axis
 < 11 ̄2 0> direction) and the strong texture on {0001} plane
re contributed to the decrease in the thermal conductivity.
n other words, the mean free path of electrons and phonons
s relatively shorter along < 11 ̄2 0> direction and on {0001}
lane. These results may be referred for the as-extruded prod-
cts which in need of dissipating heat in a certain direction. 

However, dynamic precipitation and weakening of the
asal texture have positive effects on the thermal conductivity
89 , 90] . Zhong et al. [89] compared the thermal conductivity
f the as-cast and the as-extruded binary Mg–Mn alloys with
ifferent Mn contents at room temperature ( Fig. 6 (c)). The
s-cast Mg–Mn alloy exhibited a higher thermal conductiv-
ty than the as-extruded alloy in the case of Mn < 1.2 wt.%,
ecause the mean grain size decreased and the typical basal
exture was generated after extrusion ( Fig. 6 (d, e)). The sim-
lar results have been found in Refs. [94 , 95] . However, when
he content of Mn was over 1.2 wt.%, the fact was just the
ther way because the nano-particles precipitated from α-Mg
atrix during hot extrusion, as illustrated in Fig. 6 (a, b). In

ddition, as shown in Fig. 7 , Pan et al. [96] reported that
he large strain rolling could increase the electrical conduc-
ivity of Mg alloys owing to the weakening of basal texture.
herefore, it is suggested that the texture weakening is a pre-

erred method to develop the Mg alloys with superior thermal
onductivity. 

.4. Effects of temperature on thermal conductivity 

The thermal conductivity as well as other thermal proper-
ies of an alloys is extremely sensitive to temperature [97–
00] . Because the fact that the heat conduction is mainly
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Fig. 4. HRTEM and bright field images of the as-solutioned Mg-12Gd alloy at 498 K for various aging times: (a, d) 4 h, (b, e) 24 h, (c, f) 300 h [85] ; atomic 
model of the coherent interface (g) and the incoherent interface (h) [8] . 
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achieved by the movement of free electrons and phonons, the
thermal conductivity of alloy can be changed drastically with
increase or decrease in temperature. 

Thermal conductivity of pure Mg and its alloys varies dif-
ferently with temperature during the higher temperature range
( > 300 K) [88] , as shown in Fig. 8 (a). The thermal conduc-
tivity of pure Mg decreases with the increase of tempera-
ture because of increased phonons energy, leading to the en-
hanced electron-phonon and phonon-phonon scattering. Com-
paring with pure Mg, the thermal conductivity of Mg–Zn bi-
nary alloys increases with temperature. Due to the adding
of Zn element, the impurity-electron scattering and impurity-
phonon scattering, which are elastic scattering, play major
roles in thermal conductivity. Similarly, there is such a phe-
nomenon for other binary or ternary Mg alloys. For instance,
a study on the thermal properties of Mg–Li and Mg–Li-Al al-
oys as a function of temperature in the range 293–648 K have
een performed by Rudajevová et al. [101] , the results showed
hat the thermal conductivity decreases with the increase of
emperature. 

However, the thermal conductivity in low temperature
ange (0–300 K) also varies differently than that in the el-
vated temperature range ( > 300 K). As presented in Fig.
 (b), the thermal conductivity exhibits a peak in the pure
g, Mg–0.5% Zn and Mg–1.5% Zn alloys within the ex-

remely low temperature range 20–40 K owing to the low de-
ects and the competition between impurity-electron scattering
nd impurity-phonon scattering [102] . Scattering of electrons
y phonons with high energy is intensified as temperature
ises, thus leading to a sharp drop in electron thermal con-
uctivity. Similar phenomenon is observed in other materi-
ls, such as Al alloys and steel so on [103 , 104] . Generally,
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Fig. 5. Microstructures obtained from EBSD analyses, the {0001}, { 10 ̄1 0 } and { 11 ̄2 0 } pole figures on the ED-TD planes of the as-extruded ZM51 alloy: (a) 
ED specimen, (b) TD specimen, (c) ND specimen [91] . 

Fig. 6. TEM observations of the fine particles in the as-extruded Mg-1.2Mn alloy (a, b); comparison of the thermal conductivity of as-cast and as-extruded 
Mg–Mn alloys with different contents of Mn (c); the pole figures of Mg-0.1Mn alloy: (d) as-cast, (e) as-extruded [89] . 
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eidman-Franz Law (WFL) [105–107] , as a function of tem-
erature, defines the relationship between the electron thermal
onductivity and the electrical conductivity, as shown in Eq.
8) . 

e / (σ · T ) = L 0 (8) 

here σ is the electrical conductivity (S m 

−1 ) and L 0 is the
orentz constant of 2.45 ×10 

−8 (W 	 K 

−2 ). According to the
aw, the thermal conductivity is proportional to the electrical
onductivity at a fixed temperature. However, the failure of
he WFL to calculate the low temperature thermal conduc-
ivity is testified. The thermal conductivity of pure Mg, bi-
ary and multi-component Mg alloys is fitted to an equation
f κ = ( A / T + BT 

2 ) −1 + CT 

2 in the temperature range 2–100 K
nd the parameters A, B and C are determined [102] . The
quation is also applicable for predicting the low-temperature
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Fig. 7. The {0001}, { 10 ̄1 0 } , { 10 ̄1 1 } and { 10 ̄1 2 } pole figures of the as-extruded alloy (a); the {0002} pole figures of rolled Mg–2Zn alloys with different 
rolling reductions (b) [96] . 

Fig. 8. Temperature dependence of the thermal conductivity of as-cast pure Mg and Mg–Zn alloys: (a) at high temperature [88] , (b) at low temperature [102] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

thermal conductivity of other alloys such as Al and Cu alloys.
Therefore, it is especially critical to ensure the products made
of Mg alloys such as electronics to behave as we expected
when they generate heat. 

4. Conclusions and outlook 

This review summarized the works about the thermal con-
ductivity of Mg–Zn, Mg–Al, Mg–Mn and Mg–RE alloys. The
following comments are suggested: 

(1) Aiming to develop Mg alloys with superior thermal con-
ductivity, more attentions should be paid on decreasing
the lattice distortion and increasing the purity of α-Mg
matrix. 

(2) Realizing the decrease in lattice defects and solute
atoms would be promising to enhance the thermal con-
ductivity of Mg alloys. Also, the texture weakening and
aging treatment are optional. 

(3) Although high strength can be achieved in Mg–RE se-
ries alloys, it is still a challenge to develop Mg-RE al-
loys with high thermal conductivity because of some
well-known difficulties such as the difference in chemi-
cal valences, radius and extra-nuclear electrons between
RE and Mg atoms. 

(4) There is still a lot of work to be performed to build
models, which can be used to evaluate the influencing
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of solute atom, precipitate, grain size and texture on the
thermal conductivity of Mg alloys. 
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