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Abstract: The microstructure and thermophysical properties of Mg—2Zn—xCu alloys (x=0.5, 1.0 and 1.5, at.%) were
investigated through microstructural and thermophysical characterization, heat treatment, and first-principles
calculations. It was found that the addition of Cu had influence on the microstructure and thermophysical properties of
the alloy. As the Cu content increased, the content of the MgCuZn phase increased in the as-cast alloys along with the
electrical and thermal conductivities. After solution treatment, the eutectic structure partially decomposed and Zn atoms
dissolved into the matrix, leading to the decrease in both the electrical and thermal conductivities of the alloy. During
the early stages of the aging treatment, solute atoms precipitated from the matrix, thus increasing the electrical
conductivity of the alloy. After aging for 24 h, the thermal conductivity of Mg—2Zn—1.5Cu alloy reached the maximum
of 147.1 W/(m-K). The thermostable MgCuZn phases were responsible for increasing the electrical and thermal
conductivities. Smaller amounts of Zn atoms dissolved in the matrix resulted in smaller lattice distortion and higher
conductivities. The first-principles calculations findings also proved that the MgCuZn phases had very high
conductance.
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1 Introduction

Light mass materials with efficient heat
dissipation are in high demand for the continuous
development of aeronautical and automotive
application machines characterized by high power
and fast operation speeds. Magnesium alloys with
high thermal conductivity are particularly well
suited for transferring heat away from the machine,
increasing operational safety and the lifetime of
the parts. Thermal conductivity mechanisms need
to be considered when designing new alloys and
developing new types of parts based on these
alloys [1-3]. RUDAJEVOVA et al [4,5] studied the

Mg—Al-based and Mg—Sc-based alloys and found
that these values decreased with increasing solute
content. At room temperature, the thermal
conductivity of the Mg—Al alloys ranged from 60.0
to 95.0 W/(m-K), and those for the Mg—Sc alloys
ranged from 20.0 to 56.0 W/(m-K). The analysis of
as-cast Mg—3Zn—(0.5—3.5)Sn alloys showed that as
the Sn content in the alloys increased, their
mechanical properties were improved, while the
thermal conductivity decreased from 115.5 to
72.3 W/(m-K) [6]. The thermal conductivity of
Mg—Zn—Mn alloys showed anisotropy [7]; for
example, the thermal conductivity of the
as-extruded ZM51 magnesium alloy was lower along
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the extrusion direction than that perpendicular to
the extrusion direction. YING et al [8] studied the
thermal conductivities of Mg—Zn and Mg—Al
binary alloys and found that the decreasing effects
of the thermal conductivity of Zn were negligible
compared to those of Al.

Among various researched Mg alloys, Mg—Zn
alloy is one of the earliest known precipitation-
hardenable alloys. According to the Mg—Zn binary
phase diagram, the solubility of Zn in the a-Mg
matrix decreases from 2.4 at.% at the eutectic
transformation temperature of 340 °C to less than
0.6 at.% at room temperature [9,10]. As Zn has a
similar atomic radius to Mg, a lower lattice
distortion takes place when Mg is alloyed with
Zn as compared to other common alloying
elements. In addition, Mg—Zn-based alloys such as
ZM51, ZM61, and ZK60 have high thermal
conductivity [11-13]. Cu and its alloys have been
currently the most commonly used conducting
materials. The characteristics of the wvalence
electronic structure of the Cu atom result in its high
electrical and thermal conductivities. Studies of
typical Mg—Zn—Cu-based alloys, including ZC62,
ZC63, and ZC71, have primarily focused on their
structural characteristics. Some studies have
reported that after heat treatment, the mechanical
properties of these alloys are superior to those of
Mg—Zn—Al-based alloys [14—17]. In addition,
Mg—Zn—Cu-based alloys show good heat resistance
and have been studied for potential applications in
automotive engines that require heat resistance at
both medium and high temperatures [18].

However, to date, there has only been one
report of the thermal conductivity of Mg—Zn—Cu-
based alloys. PAN et al [19] considered that the
addition of Cu resulted in a decrease in both the
amount of Zn dissolved in the matrix and the lattice
distortion, which was accompanied by an increase
in the electrical conductivity of the alloy. However,
the authors did not discuss the influence of the
eutectic structure on the electrical and thermal

conductivities of the alloy [20]. Therefore, it is
necessary to systematically study the effects of Cu
on the thermophysical properties of Mg—Zn alloys.
Developing techniques for controlling the electrical
and thermal conductivities of these alloys and
elucidating the mechanism governing the effect of
Cu-containing compounds on their thermophysical
properties can provide a theoretical background for
assisting the design of new Mg-based alloys with
higher thermal conductivities.

2 Experimental

The experimental alloys investigated in this
study were prepared in a JDZP-25KW medium-
frequency electromagnetic induction furnace using
a mild steel crucible (d100 mm x H400 mm). The
protective gas was a mixture of Ar (90 vol.%) and
C,HyFs (10 vol.%). Magnesium, zinc, and copper
were added as pure metals (99.95% purity). The Mg
ingots were first melted in the crucible; then, Zn
and Cu were added when the temperature reached
790 °C, and this temperature was maintained for
10 min. Finally, the samples were collected from
the melt using a 470 mm x 75 mm stainless steel
sampler and water-cooled subsequently. The actual
compositions of the samples were quantified using
inductively coupled plasma atomic emission
spectrometry (ICP-AES), and the results are shown
in Table 1.

The characterization of the microstructure was
carried out using a Carl Zeiss optical microscope
(Axiovert 200 MAT). The alloys were characterized
using an XPERT-PRO polycrystalline X-ray
diffractometer (XPert Pro MRD) with Cu K,
radiation. The generator voltage and current were
set to be 40 kV and 40 mA, respectively. The
scanning range was 10°—90° with a step size of
0.0330° and a time of 19.6850 s/step. Differential
scanning calorimetry (DSC) curves of the as-cast
alloys were obtained using a synchronous
thermal analyzer (SDT Q600) with a heating rate of

Table 1 Nominal and actual compositions of Mg—2Zn— xCu (x=0.5, 1.0, 1.5, at.%) samples

Content of Zn/at.%/wt.%

Content of Cu/at.%/wt.%

Alloy Mg
Nominal Actual Nominal Actual

Mg—2Zn—0.5Cu 2.0/5.16 2.19/5.63 0.5/1.25 0.51/1.28 Bal.

Mg—2Zn—1.0Cu 2.0/5.12 2.14/5.46 1.0/2.49 1.01/2.52 Bal.

Mg—2Zn—1.5Cu 2.0/5.09 2.15/5.46 1.5/3.71 1.53/3.78 Bal.
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10 °C/min. Back-scattered electron (BSE) images
of the as-cast and as-quenched alloys were obtained
using a Carl Zeiss EVO18 scanning electron
microscope (SEM) coupled with an energy
dispersive  spectrometer (EDS). The sample
morphology was observed by a transmission
electron microscope (TEM; Jeol JEM—2010) with a
working voltage of 200 kV after the samples were
prepared by ion beam thinning (Gatan model 691).
The thermal diffusivities of samples with a size of
d12.7 mm X 2 mm were measured using a laser
thermal conductivity meter (Netzsch LFA427) at
room temperature. The densities of the alloys were
determined using the Archimedes method. The
specific heat capacities of the alloys were calculated
by the Neumann—Kopp rule [21]. The thermal
conductivities (TC) were calculated: K=apc,, where
a (m?/s) is the thermal diffusivity, p (g/cm’) is the
density and ¢, (J/(g-°C)) is the specific heat
capacity at constant pressure. The electrical
conductivities (EC) were measured using an eddy
conductivity meter (WD-Z) at room temperature.
The nanoscale conductance values of the major
compounds were preliminarily calculated using
first-principles methods based on the non-
equilibrium Green’s function within the framework
of the density functional theory [22,23]. Nanodcal
software (Version 20170601, Hzwtech (Shang Hai)
Co., Ltd.) was used to perform the calculations.

3 Results

3.1 Microstructure and
properties of as-cast alloys
Figure 1 shows the microstructures of the

as-cast Mg—2Zn—xCu (x=0.5, 1.0, 1.5, at.%) alloys,

demonstrating that they were composed of dendritic
arms and eutectic structures. As the Cu content
increases, the grain sizes were gradually refined,
and the volume fraction of the eutectic structures
continuously increased. In the alloy with 0.5 at.%

Cu, the eutectic structures were distributed

discontinuously along the grain boundaries

(Fig. 1(a)). When the Cu content reached 1.0 at.%,

the eutectic structures of the alloy changed to a

continuous network morphology, and the dendritic

arms showed a petal-like structure (Fig. 1(b)).

When the Cu content reached 1.5 at.%, the eutectic

structure was gradually coarsened and the grain

sizes were further refined. The solid solubility of

thermophysical

Fig. 1 OM images of as-cast Mg—2Zn—xCu alloys:
(a) x=0.5 at.%; (b) x=1.0 at.%; (c) x=1.5 at.%

Cu in a-Mg is extremely low, reaching a maximum
of 0.013 at.% at the eutectic temperature. With
further increase in the Cu content, additional
alloying elements precipitated at the front of the
solid—liquid interface, resulting in constitutional
supercooling and accelerated nucleation, leading to
grain refinement.

Figure 2 presents the XRD patterns of the
as-cast Mg—2Zn—xCu (x=0.5, 1.0, 1.5, at.%) alloys.
These alloys consisted primarily of a-Mg and
MgCuZn phases. According to International Centre
for Diffraction Data (ICDD; PDF No. 65-7003),
the structure of the MgCuZn phase crystallizes in a
cubic system with a lattice constant of @=0.7169 nm,
and a space group of Fd3m. In contrast, WANG et
al [24] analyzed the phase of as-cast Mg—6Zn—xCu
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Fig. 2 XRD patterns of as-cast Mg—2Zn—xCu alloys:
(a) x=0.5 at.%; (b) x=1.0 at.%; (c) x=1.5 at.%

alloy using XRD and identified a secondary
tetragonal CuMgZn phase with lattice constants of
a=0.5069 nm and ¢=0.7169 nm, and the space
group of P4 (ICDD; PDF No. 41-0778). From the

experimental results obtained in this study, the order
of the intensities of the three strongest XRD peaks
was consistent with that of the MgCuZn phase and
different from that of the CuMgZn phase. The
differences in the Cu content and cooling rates may
explain the differences between the findings of the
previous study and our current results. The
theoretical Cu contents presented in Ref. [24] were
(1.0-5.0) wt.%, while the Cu contents in our work
were (1.28-3.78) wt.% ((0.5—1.5) at.%). In addition,
air cooling was used in the previous study after die
casting, while water cooling was used here as it has
a faster cooling rate.

SEM images of the as-cast alloys are shown in
Fig. 3, showing that the eutectic structure had a
lamellar morphology. As the Cu content increased,
the volume fraction of the eutectic structures
increased, and the interlamellar spacing became
smaller because of the constitution and temperature
supercooling. The volume fractions of the eutectic

Fig. 3 SEM images of as-cast Mg—2Zn—xCu alloys: (a, b) x=0.5 at.%; (c, d) x=1.0 at.%; (e, f) x=1.5 at.%
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structures in these three alloys were 6.6%, 8.3%,
and 13.0% for alloys with 0.5, 1.0, and 1.5 wt.% Cu,
respectively.

Figure 4 displays the EDS results of the as-cast
alloy matrix (Fig. 4(a)) and the eutectic structure
(Fig. 4(b)). As Cu was added, the Zn content in the
matrix increased slightly, while the Cu content in
the matrix remained nearly unchanged. In the
eutectic microstructure, the Cu content gradually
increased, and the Zn content and the Zn/Cu molar
ratio decreased gradually. In the equilibrium
solidification process, the solid solubility of Zn
decreased from 2.4 at.% to <0.5 at.% in the Mg—Zn
binary alloy. In an actual non-equilibrium
solidification process, because of the high cooling
rate, it is impossible for solute atoms to precipitate
strictly according to the solid solubility curve of the
phase diagram. Therefore, a certain amount of Zn
and Cu remained in the matrix. Moreover, the
solidus temperature increased with increasing Cu
content, along with the hardness. As a result, a high
amount of Zn dissolved into the matrix rather than
precipitating out as a part of the eutectic structure.

100
(a)
99+
°\—o\.
2 98 -
§ e — Mg
8 97 s —7n
é = —Cu
2 s
1k .
0 0.5 1.0 1.5
x/at.%
85
(b)
80 \\-
B
]
= e —Mg
8 152 a—7n T
g = —Cu
S 15f
5 L
O 1 1 1
0.5 1.0 1.5
x/at.%

Fig. 4 EDS results of as-cast Mg—2Zn—xCu alloys:
(a) Matrix; (b) Eutectic structure

Therefore, the Zn/Cu ratio in the eutectic structure
gradually decreased with increasing Cu content.

Figure 5(a) presents TEM image of the as-cast
Mg—2Zn—1.5Cu alloy. This figure showed that the
eutectic structure of the alloy had a skeletal
morphology. The selected area electron diffraction
pattern (SAED, Fig. 5(b)) showed that the phase
had a cubic structure with a lattice constant of
a=0.7093 nm, which was approximately equal
to that of the MgCuZn phase (ICDD; PDF
No. 65-7003). In Figs. 5(c) and (d), the molar
ratio of the secondary phase was Mg:Cu:Zn=
32.21:37.17:30.62, which was close to a ratio of
1:1:1.

Figure 6 shows the electrical and thermal
conductivities of the as-cast alloys. Both values
increased with increasing Cu content. The electrical
conductivity of the 1.0 at.% Cu alloy increased by
2.7% compared with that of the 0.5 at.% Cu alloy,
whereas the electrical conductivity of the 1.5 at.%
Cu alloy increased by 1.2% compared with that of
the 1.0at.% Cu alloy. Moreover, the average
thermal conductivities of the alloys with 0.5,
1.0, and 1.5at.% Cu were 124.4, 132.6, and
141.4 W/(m-K), respectively.

DSC curves of the as-cast alloys are shown in
Fig. 7. The extrapolated onset temperatures of the
second phase were between 455 and 459 °C, and
the temperatures of the endothermic peak were
between 461 and 463 °C. In addition, the
endothermic peak area increased with increasing Cu
content, and the heat capacities were 13.20,
27.60 and 33.04 J/g. According to Refs. [25,26], the
alloys were severely oxidized at 445 °C; however,
after heating the temperature to 430 °C, the alloys
did not appear to be significantly oxidized. Based
on these investigations, the condition of the solid
solution treatment process was set to be 430 °C and
held for 24 h.

3.2  Microstructure and  thermophysical
properties of as-quenched alloys

The XRD patterns of the as-quenched Mg—
2Zn—xCu (x=0.5, 1.0, 1.5 at.%) alloys are shown in
Fig. 8. The alloys were primarily composed of the
o-Mg matrix and MgCuZn phase.

Figure 9 shows SEM images of the
as-quenched alloys, revealing that the eutectic
structure of the alloy was partially dissolved and
the remaining un-dissolved secondary phases were
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g secondary phases gradually changed from island-
T like structure to chain-like structure. In addition, as
75 .. shown in Figs. 9(b), (d), and (f), the layered shape
’ of the secondary phases in the as-quenched alloys
-9.0 s . . . .
250 300 350 400 450 500 completely disappeared.
Temperature/°C Figure 10 shows the EDS results of the

Fig. 7 DSC curves of as-cast Mg—2Zn—xCu alloys:

(a) x=0.5 at.%; (b) x=1.0 at.%; (c) x=1.5 at.%

as-quenched alloy matrix (Fig. 10(a)) and the
undissolved secondary phases (Fig. 10(b)).
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Fig. 9 SEM images of as-quenched Mg—2Zn—xCu alloys: (a, b) x=0.5 at.%; (c, d) x=1.0 at.%; (e, f) x=1.5 at.%
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Fig. 10 EDS results of as-quenched Mg—2Zn—xCu alloys: (a) Matrix; (b) Eutectic structure

Figure 10(a) shows that the Zn content in the
matrix of the as-quenched alloy was higher than
that of the as-cast alloy, and decreased with
increasing Cu content. The formation of the
MgCuZn phase consumed Zn which might have

otherwise been dissolved in the matrix. As shown in
Fig. 10(b), the contents of Zn and Cu in the
as-quenched alloys were higher than those in the
as-cast alloys, where the Zn/Cu molar ratio
approached 1:1, due to the weaker segregation after
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the solution treatment.

Figure 11 shows bright-field TEM image of
the as-quenched Mg—2Zn—1.5Cu alloy and SAED
pattern of the undissolved secondary phase
MgCuZn. The size of the spherical secondary phase
was approximately 1 pm (Fig. 11(a)). According to
the SAED pattern (Fig. 11(b)), this phase had a
cubic structure with a lattice constant of a=
0.7096 nm, similar to the results obtained for the
as-cast alloy.

. 111
. -

«  MgCuZn, B=[011]

Fig. 11 Bright-field TEM image of as-quenched
Mg—2Zn—1.5Cu alloy (a), and SAED pattern of
MgCuZn (b)

Figure 12 compares the electrical and thermal
conductivities of the as-cast and as-quenched
alloys, where both alloys exhibited identical trends
in the conductivity data with increasing Cu content.
After solution treatment, the electrical and thermal
conductivities of the as-quenched alloys decreased
compared with those of the as-cast alloys.

3.3  Microstructures and

properties of aged alloys

Figure 13 shows the electrical conductivities
of Mg—2Zn—xCu (x=0.5, 1.0, 1.5 at.%) alloys aged
at 160 °C for 0—50 h. The electrical conductivities
of the alloys increased rapidly during the initial
aging stage and the alloy with 0.5 at.% Cu showed
the fastest increase in the curve. The electrical
conductivity of the alloy increased slightly at 6 h

thermophysical

and then fluctuated within a narrow range before
finally stabilizing.

20.0 @

195
19.0 -

/

18.5

As-cast

18.0 As-quenched

17.5 s L .
0.5 1.0 1.5

x/at.%

Electrical conductivity/(MS-m™)

150

(b)

140 |-

130+

120 - As-cast

As-quenched

110 ' '
0.5 1.0 1.5

x/at.%

Thermal conductivity/(W.m™+ K1)

Fig. 12 Electrical (a) and thermal (b) conductivities as
function of Cu content for as-cast and as-quenched
Mg—2Zn—xCu alloys
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Fig. 13 Electrical conductivity variation of as-quenched
Mg—2Zn—xCu alloys (x=0.5, 1.0, and 1.5 at.%) aged at
160 °C for 0—50 h

The alloys with 15at% Cu were
characterized using TEM after aging for 6 and 24 h.
As shown in Figs. 14(a, b), after the aging treatment,
fine lamellar precipitates with 2—5 nm in size were
randomly distributed in the matrix. BUHA and
OHKUBO [27] and BUHA [28] considered a
similar region as a Guinier—Preston (GP) zone,
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Fig. 14 TEM images of aged Mg—2Zn—1.5Cu alloys: (a, b) Bright-field images (6 h); (c, d) Bright-field TEM image and

SAED pattern (24 h), respectively

which had a hexagonal structure and a completely
coherent relationship with the matrix. As shown in
Figs. 14(c, d), the precipitates in the matrix clearly
grew after 24h of aging treatment, becoming
a hexagonal system with lattice constants of
a=0.50nm and ¢=0.82nm; this indicated a
hexagonal close-packed MgZn, phase, with
precipitates of 5-20 nm in size.

The thermal conductivity values increased
after 24 h of aging treatment, for both the as-cast
and as-quenched alloys (as shown in Fig. 15). On
one hand, solute atoms precipitate during the aging
treatment, which reduces the scattering of electrons
by phonons. On the other hand, heat treatment can

—_
W
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>
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120 —— As-quenched

N —— Aged

110
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Fig. 15 Thermal conductivity as function of Cu content
of as-cast, as-quenched and aged (24 h) Mg—2Zn—xCu
alloys

reduce casting stress and relieve lattice distortion.
Therefore, the aged alloys have the highest thermal
conductivity among the materials studied here. In
particular, the thermal conductivity of the aged
alloy with 1.5 at.% Cu reaches the maximum value
of 147.1 W/(m-K).

4 Discussion

Generally, the electrical and thermal
conductivities of an alloy are lower than those of
pure metal. A perfect crystal has a well-ordered
lattice and the transport of electrons and phonons is
completely unhindered. However, once alloying
elements are added, both the solid solution and the
secondary phases will cause lattice shrinkage or
expansion, resulting in lattice distortion that can
hinder such movements. This phenomenon occurs
particularly when the difference in atomic radii
between the solute atom and the matrix atom is very
large [29,30].

The primary factors that affect the thermal
conductivity of the as-cast alloys in this study were
the solute atoms in the matrix, the grain size, and
the presence of intermetallic compounds (IMCs). In
general, the solute atoms dissolved in the matrix
can reduce both the electrical and thermal
conductivities of the alloys. Furthermore, smaller



1812 Wan-peng ZHANG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1803—1815

grain sizes can increase the electron and phonon
scattering interfaces, which also reduces the
electrical and thermal conductivities of the alloy.
IMCs tend to have low conductivity, which can
deteriorate the thermophysical properties of the
alloy. Higher fractions of the MgCuZn phase
formed with increasing Cu content, which was the
most important IMC in these alloys. However, both
the electrical and thermal conductivities of the
alloys increased with increasing Cu content. Note
that the addition of Cu did not lead to a decrease in
the Zn content in the matrix (Fig. 4(a)).
Additionally, as the Cu content increased, the grain
size of the as-cast alloy decreased, while the grain
boundary area increased accordingly. It can be sure
that both of them limited the electrical and thermal
conductivities of the alloy. Hence, the presence of
MgCuZn phases is most likely the main reason for
improving both the electrical and thermal
conductivities of the material. The electrical
conductivity of pure Cu is 2.6 times higher than that
of pure Mg, and the thermal conductivity of pure
Cu is 2.5 times higher than that of pure Mg.
According to the energy band theory, the electrons
in the s-orbital of the valence shell of Cu are
conduction electrons, indicating that Cu is a good
conductor because the valence band is only half
full. Therefore, the MgCuZn phase, which contains
a large number of Cu atoms, may provide a greater
number of free electrons and preferential transport
channels for heat transfer and show higher heat
conduction efficiency compared with Cu-free
IMCs. Moreover, the addition of Cu can promote
the occupancy of vacancies by solute atoms, thus
reducing the number of microscopic defects in the
alloy [15,24]. As a result, the scattering of electrons
and phonons is reduced, which contributes to
improving the electrical and thermal conductivities
of the alloys.

Currently, relevant thermophysical data for the
MgCuZn phase have remained scarce, and there
have been no reports on the electrical and thermal
conductivities of this phase. To predict the
conductance of the MgCuZn phase, first-principles
calculations were performed here based on the
nonequilibrium Green’s function method within the
framework of density functional theory [22,23]. In
addition, the conductance values of pure Mg and
MgZn, phases were calculated as a parallel control
test. Figure 16 shows the schematic diagram of the

simulated lattices with unit cells of Mg, MgCuZn,
and MgZn,. The numerical results presented that
the conductance of per unit area of pure Mg,
MgCuZn, and MgZn, were 9.85, 5.06, and
6.12x107** Go/nm? (G=7.75x107° Q"), respectively,
which indicated that the conductance per unit area
of the MgCuZn phase was several orders of
magnitude higher than that of the MgZn, phase.
Hence, the electrical conductivity of the MgCuZn
phase is much higher than that of the MgZn, phase.
Although there may be additional factors that were
not considered here, our basic methods and
principles were consistent with those of preliminary
numerical calculation [31]. The addition of Cu
reduced the content of the MgZn, phase. The
simulated results further confirmed that, with the
addition of Cu, the increasing fraction of MgCuZn
phases increased the electrical and thermal
conductivities of the alloys. Moreover, with the
addition of Cu, the grain size decreased and the
eutectic  structures formed a network-like
morphology, which can also provide preferential
heat transfer channels.

After solution treatment, the electrical and
thermal conductivities of the alloys decreased
compared with those of the as-cast alloys. As
previously mentioned, the increased solute atoms in
the matrix would lead to a stronger scattering of
electrons and phonons. In addition, the alloy was
immediately water-cooled after solution treatment,
which formed a large number of vacancies. The
interaction between the vacancies and electrons was
another reason for the reduction in the electrical and
thermal conductivities. Considering atomic radii,
when Zn (Rz,=0.1379 nm) is dissolved in the matrix
(Rme=0.1598 nm), the lattice of the surrounding
matrix shrinks and electrons and phonons are
strongly scattered, thus reducing their mean free
paths [29]. In addition, the scattering interactions
between electrons and phonons reduce the electron
energy below the Fermi level, implying that the
carrier density, and hence, electrical and thermal
conductivities decrease.

In the ecarly stage of aging, solute atoms
precipitate from the matrix, which promotes the
conduction of electrons and phonons and increases
the overall electrical conductivity. During aging,
the electrical conductivity of the alloy tends
to fluctuate, a phenomenon that may be caused
by the appearance of GP zones [19]. As shown in
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Fig. 16 Schematic diagrams of conductance model:
(a) Mg; (b) MgCuZn; (¢) MgZn,

Figs. 14(a, b), after aging treatment for 6 h, such GP
zones were observed by TEM. On one hand, the
interface of the GP zones is in a coherent
relationship with the matrix, leading to increased
lattice distortion. On the other hand, the sizes of the
GP zones are of the same order of magnitude as the
mean free path of free electrons, causing significant
interference by electron vibrations which can
reduce both the mean free path of electrons and the
electrical conductivity of the alloys. Over a
prolonged aging time, the solute atoms precipitate
continuously, and the secondary phases increase in
size and number. After 24 h aging treatment, the
precipitates greatly increased in size and became
MgZn, phases that were in a mnon-coherent
relationship with the matrix. The electrical
conductivity of the alloy increased and then tended
to stabilize. Moreover, based on the trends of the
electrical and thermal conductivities of the alloys in
other states, these results are in accordance with the
Wiedemann—Franz law [29].

In conclusion, the electrical and thermal

conductivities of Cu-containing Mg—Zn alloys are
closely related to the properties of the IMCs. The
thermophysical properties of the MgCuZn phase
can play a key role in the behavior of the alloy.
Although heat treatment can change the
morphology of the MgCuZn phase, it cannot
change basic physical properties of the MgCuZn
phase. Moreover, the DSC curves of the alloys
indicated that it is difficult for the MgCuZn phase
to decompose due to its high melting temperature
and high thermal stability. Therefore, Cu-containing
Mg—Zn-based alloys are expected to be excellent
heat-resistant magnesium alloys for engineering
applications.

5 Conclusions

(1) The eutectic structures of the as-cast
Mg—2Zn—xCu (x=0.5, 1.0, 1.5, at.%) alloy are
composed of a-Mg and MgCuZn phases (cubic
structure with a lattice constant of ¢=0.7093 nm
measured by TEM). As the Cu content increases,
the eutectic structures gradually change from
discontinuous spherical shape to a continuous
coarse network, while the grain size of the as-cast
alloys decreases accordingly. Both the electrical and
thermal conductivities of the as-cast alloys increase
with increasing Cu content due to the high
conductivity of the MgCuZn phase and the network
formed by the eutectic structures, which provide
preferential heat transfer channels.

(2) After solution treatment, the eutectic
structures of the as-cast alloys partially dissolve and
change to necklace-like structures. The electrical
and thermal conductivities of the as-quenched
alloys decrease compared with those of the as-cast
alloys.

(3) GP zones form in the matrix during the
early stage of aging. As the aging proceeds, these
zones transform into MgZn, phase. The electrical
conductivity of the alloys also increases as the
aging process proceeds, while the aged alloys
highest
conductivities. The maximum thermal conductivity
of 147.1 W/(m-K) is close to that of the pure Mg.

show the electrical and thermal
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PAll] WH- &
Mg—2Zn—xCu & & 1 B WA R FFAR 4 e
f}i’xﬁ)l)i% 1,2,3, «Qj"gi@ 1,2,3’ i%{% 1,2,3’ = 7% 1,2,3’ ?ﬂﬁi 1,2,3, -7)‘7’1—7%5(]'] 1,2,3’ ;jg{‘ ;f:é 1,2,3

1. BREERAGRAT Had@ikis & LEZRESLE=, JEa 100088;
2. B LR AR ABAR AR, dbai 101407;
3. Ak E LB A SRE, dbal 100088

1 BN B PERE R AL A K S — M RS, B 7 Mg—2Zn—xCu (x=0.5, 1.0, 1.5, BEZR 5350, %)
HEMEMALSMBYIERE. SRR, W Cu RN A S EMALMAYIEREG M., ME Cu 2N, %
SH&h MgCuZn MEEIGN, HHEE&HSEMMSEIG R, BELERE, 68T LRALNER, Zn JH
FRIEBANTE, SHAESNESRMMSRYEC. WEACBRT, BREFAEERTEE, A4B8%
K, K& 24 h )5, Mg-2Zn-1.5Cu &R FHEE LR 147.1 W/(m'K). &E&HIERTFI#FRE MgCuZn A%}
LM FRMMFREMRIEM . Zn OREERP S EBC, SEEDEERIE, SHMERENRLG. Hob, 5
—PER PR A R R MgCuzZn = oM EA R 1) T R SRR .
KR Mg—Zn—Cu &4 b, BeR, SR, H—MEEIE
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