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Abstract: In terms of lightweight electromagnetic interference (EMI) shielding structural materials, Mg matrix
materials have proven to be the best, due to their exciting properties (e.g. low density, high specific strength, good
electrical conductivity and excellent EMI shielding properties) and their wide range of applications in lightweighting in
electronics, automotive and aerospace industries. Through processing, such as alloying, heat treatment, plastic
deformation and composite processing, Mg matrix materials can be obtained with tailorable properties which can play a
key role in designing materials for EMI shielding. This work introduces an overview of the research on the EMI
shielding properties of Mg matrix materials as well as their EMI shielding mechanisms over the past few decades,
focused on the influence of alloying, heat treatment, plastic deformation and composite processing for the EMI
shielding properties of Mg matrix materials. At the end, conclusions and future perspectives are provided.
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1 Introduction

Continuous development in the information
technology, especially the rapid development of
new electronic devices, such as portable mobile
phones and computers, radar and communication
satellites, has greatly improved the efficiency of
social production and brought great convenience
to citizens in their daily lives [1]. However, the
frequent use of electronic devices has led to a
proliferation of electromagnetic (EM) radiation
with different wavelengths [2,3]. Electromagnetic
interference (EMI) will not only cause serious
impact on electronic equipment, instruments and
communication signals, but also cause harm to

human health and the environment, such as causing
cancer, affecting the brain development of infants,
damaging the DNA structure of the human body
and causing the normal growth of plants, genetic
mutations and even death [4,5]. The EM radiation
pollution is becoming the fifth most prevalent
pollution after air, water, noise, and solid waste of
the world [6]. In order to minimize the problems
caused by EM radiation pollution, countries around
the world have developed standards and regulations
to control and purify the EM environment [7,8].
The most effective measure to control EMI is EM
shielding, of which the main purpose is to reduce
the intensity of EM radiation within a safe range by
suppressing the effects of radio frequency EM
waves. The research on effective EMI shielding
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materials has become urgent. The main EMI
shielding materials include metal materials,
conductive polymers and coating materials.
However, some of these materials have their own
drawbacks that make it difficult to be further
developed. For example, the high density of
traditional metal materials limits their application in
the production and assembly of some lightweight
industrial equipment [9—11]. The preparation
process of some polymers and coating materials is

cumbersome and the strength is lower than
industrial requirements, which limits their
application in structural materials [12—15].

Therefore, the development of new EMI shielding
materials with lightweight, low-cost and suitable
mechanical properties has become an urgent
problem to be solved.

Magnesium (Mg) is considered to be the best
environmentally friendly material in the 2l1st
century [16]. Mg and its alloys have a high
potential for applications in the automobiles,
biomedicine, aerospace and 3C products because of
their low density, high specific strength and specific
stiffness, and excellent biocompatibility as well as
other characteristics [17]. In addition, Mg alloys are
also potential EMI shielding materials. Much
literature has reported the EMI shielding properties
of Mg matrix materials through different processes
such as alloying, heat treatment, plastic deformation
and composite processing, and the corresponding
EMI shielding mechanisms. In this work, the
research progress of the EMI shielding properties of
Mg matrix materials in the last two decades is
reviewed, with focuses on four preparation
processings, namely alloying, heat treatment,
plastic deformation and composite processing. The
influence of the obtained microstructure under
the different processings on the EMI shielding
properties is discussed in detail. Finally, the
development trend of Mg matrix EMI shielding
materials is prospected.

2 EMI shielding mechanism and
measurement methods

2.1 Mechanism of shielding

Figure 1
shielding. As EM waves impinge on the surface of
the material, the free electrons on the surface will
generate an anti-electric field to neutralize the

shows the mechanism of EMI

striking from EM waves, which is called impedance
mismatch. Due to the impedance mismatch, some
of the EM waves are reflected, called as reflected
wave [18]. Some of the remaining EM waves
penetrate the shielding material, becoming
transmitted wave. Some of the EM waves are
subjected to Dbeing multiple reflected and
transmitted between the two interfaces of the
shielding material with continuous attenuation.
Therefore, the EMI shielding mechanism of
shielding materials includes three parts: the
reflection loss of the surface of the material, the
absorption loss of the material, and the multiple
reflection loss inside the material [19].
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Fig.1 Mechanisms of EMI shielding

In order to quantitatively describe the
shielding performance of shielding materials,
shielding effectiveness (SE) is usually used to
express the capability of an EMI shielding material
in attenuation or reduction of EM signal, and the
unit of SE is expressed in decibels (dB) [20]. In
general, Schelkunoff formula is used to express the
SE of an EMI shielding material [21]:

SE1=SEg+SEA+SEx=20lg(E/E))=
201g(Hy/Hi)=101g(P/P)) (1)

where P; (E; or H;) and Py (E: or H;) are the power
(electric or magnetic field intensity) of incident and
transmitted EM waves, respectively [21]. Thus, the
total SE of an EMI shielding material (SEr) is the
sum of three SE contributed from reflection (SEr),
absorption (SEa), and multiple-internal reflections
(SEwm). SEm is negligible when SE, is greater than
10 dB.

In addition, the propagation of EM waves
through shielding material can also be described
using power coefficients of transmissivity (7),
reflectivity (R) and absorption (4), as shown in
Egs. (2) and (3) [22—-24]:
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where P; and P, are the powers of reflected and
absorbed EM waves, respectively. Si1 is the
scattering parameter related to the reflection
coefficient and S, is the scattering parameter
related to the transmission coefficient. The
effective absorbance (A4err) can be described as
follows [22—24]:

A
A+T

eff (4)

Thus, the total shielding effectiveness SEr,
reflection loss SEr and absorption loss SEs can be
expressed as [22—24]

SEr=—101gT (5)
SEr=—10lg(1-R) (6)
SEa=—10lg(1~Aet) (7)

Several theories are used to calculate the SE of
material, including plane-wave theory, metal foil,
near field shielding, low-frequency magnetic field
source, and scattering parameter [25]. Generally,
EM waves radiated to a given shield can be
approximated as plane waves. Therefore, plane-
wave theory is the most commonly used for the
calculation of SE [25]. For a plane-wave EM
radiation, the total shielding effectiveness SEr,
reflection loss SEr and absorption loss SEs can be
expressed as [26]

SEr=SEr+SEa (SEm is negligible) (8)
SE, =39.5+10lg—Z (9)
R . g 2f 1t
d
SE, =8.7E=8.7d nf o (10)

From the above functional relationship, it can
be concluded that the balance of inherent physical
properties including magnetic permeability («) and
electrical conductivity (o) is extremely important
for achieving the required shielding.

2.2 Methods of EMI SE measurement

Accurate theoretical calculations of the EMI
SE are usually relatively difficult. In practical
applications, the EMI shielding properties of
the material are often determined through

measurements. EMI SE can be measured
experimentally with instruments, called as network
analyzers (NA), which can be divided into scalar
network analyzer (SNA) and vector network
analyzer (VNA) [27]. SNA can only measure the
amplitude of electrical signals, while VNA can
measure both the phases as well as magnitudes of
the different signals. VNA can measure the complex
permittivity (), permeability («) and S parameters
(S12, S21, Su and S») of EMI shielding materials.
The S parameter represents the reflection and
transmission coefficients of the material, and the
EMI SE of the EMI shielding material can be
calculated by Egs. (3)—(7).

Based on the measurement principle of VNA,
three commonly-used techniques are used to
measure EMI SE:

(1) Coaxial transmission line method: The
coaxial transmission line method is based on the
transmission line theory and is now the preferred
method for measuring the EMI SE of metallic
materials. The coaxial transmission line setup
comprises a VNA, a coaxial fixture and a 10 dB
attenuator, as shown in Fig. 2. Tests are carried out
on small doughnut-shaped samples. The signal is
output through one end of the VNA, the signal is
transmitted through the coaxial cable coupled with
the attenuator, and finally the EMI SE of the
material is obtained through the signal input at the
other end. In Mg matrix materials, the coaxial
transmission line method is usually used to measure
the EMI SE of the sample in the frequency range of
30—-1500 MHz [19,28].

Signal otput Signal input S

I

Vector network analyzer

Fig. 2 Coaxial transmission line method equipment
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(2) Wave guide method: The wave guide
method outputs the signal through the VNA, and
the signal passes through the wave guide fixture.
The VNA separates the signal to obtain the
corresponding S parameters. Figure 3 shows a
diagram of two-port VNA with a wave guide fixture
and the schematic diagram of signal separation. The
wave guide method constrains or guides EM waves
to propagate along specific geometric structures and
defined routes. The ratio of the power received by
the reference to the load samples gives the SE of
the load material. In Mg matrix materials, the wave
guide method is usually used to measure the EMI
SE of the sample in the X-band (8.2—12.4 GHz)
frequency range [19]. Figure 4 shows the DR-WX
X-band test fixture and the corresponding VNA.
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Fig. 3 Diagram of two-port VNA with wave guide
fixture and schematic diagram of signal separation

(3) Free space method: It is used to evaluate
the actual shielding properties of complete
electronic components. It is the most realistic
method for measuring the EMI SE of a material or
an enclosure because it simulates the conditions that
shielding materials would be subjected to during its
usage. The test method involves mounting the
device at a distance of 30 m from a receiving
antenna and recording the radiated emissions as
shown in Fig. 5 [5,19,28].

In addition to the above three methods, there
are a series of EMI SE measurement methods for
shielding materials such as the shielded box method,
shielded room method, and the inductive electronics
industry development center method. The most

commonly used methods in the EMI SE
measurement of Mg matrix materials are the coaxial
transmission line method and wave guide method.

Signal input

Fig. 4 DR-WX X-band test fixture and corresponding
vector network analyzer (VNA)
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Fig. 5 Free space method SE measurement [28]

3 Mg matrix EMI shielding materials
and their processes

With  the
equipment,

widespread use of electronic
the problem of radiation pollution
caused by EM waves is increasing. Hence, there has
been an increasing need to develop new low-cost,
lightweight, EMI shielding structural materials. In
this regard, Mg has proven to be the best. The
source of Mg is very wide. Magnesite, magnesium-
bearing dolomite, magnesium salt in salt lake area
and even sea water can be used to make Mg metal.
As the lightest metallic structural material for
engineering applications, Mg has a density of only
1.74 g/cm®, about 2/3 that of aluminium and 1/4
that of steel [29—32]. In addition, Mg alloy has the
advantages of high specific strength and specific



Jia-hao WANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1385—-1404

stiffness, good damping property, superior electrical
conductivity, excellent EMI shielding property, and
easy recycling and reuse, which has attracted
widespread attention in the field of EMI shielding
materials [33—38]. However, pure Mg is not very
good in creating an effective shield against EMI on
its own. Hence, various processes are required to
become suitable EMI shielding materials. Many
different preparation processes are used for the
fabrication of Mg matrix materials for EMI
shielding. These processes include alloying, heat
treatment, plastic deformation, and composite
processing [39—42].

3.1 Alloying

Alloying is one of the effective methods to
improve the properties of Mg alloys. Al, Zn, Li, RE
(e.g. Y, Gd, Ce, Sm) and other elements are
common alloying elements in Mg alloys [43—46].
The addition of alloying elements can tailor the
microstructure and improve the properties of Mg
alloys such as strength, plasticity, and corrosion
resistance. In addition to improving these properties
of Mg alloys, these alloying elements have also
been found to have significant influence on the EMI
shielding properties of Mg alloys. In recent years, it
has been widely reported to improve the EMI
shielding properties of Mg alloys through alloying
methods.

Binary Mg alloy is the most fundamental alloy
system in the study of Mg alloy. Zn is one of the
most commonly used alloying elements in Mg
alloys and plays a major role in precipitation
strengthening and solid solution strengthening,
which makes Mg—Zn alloys have good
comprehensive  mechanical  properties.  The
maximum solid solubility of Zn in Mg is about
6.2 wt.% [47]. As the content of Zn increases, the
content of the second phase in the Mg—Zn binary
alloy increases, and more second phases in the alloy
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can precipitate during solution and subsequent
aging process. The increase in the second phase
content contributes to the multiple reflection loss in
the alloy, but an excessive second phase leads to a
decrease in the electrical conductivity of the alloy.
SONG et al [48] studied the EMI SE of the
Mg—xZn (x=0—5wt.%) binary alloy in the
frequency range of 30—1500 MHz and found that
the Mg—4Zn in T6 state showed the best
performance of EMI SE, which is 94—114 dB in the
test frequency range. In addition to the influence of
alloying element content, different types of alloying
elements have different influences on the electrical
conductivity and EMI shielding properties of Mg
alloys. LUO et al [49] chose Mg—X (X=Al, Sn, Y,
and Gd) binary alloys, and mainly studied the effect
of different alloying elements on EMI SE of binary
Mg alloys in the frequency range of 30—1500 MHz.
It can be seen from Table 1 that between Al and
Mg, with small volumetric difference between
solute atoms and Mg atoms (AV/Vmg), small
chemical valence and small number of extranuclear
electron vacancies, the Mg—Al alloy exhibits the
best electrical conductivity and EMI shielding
properties. The AV/Vwvg, the valence state of solute
atoms and the configuration of extranuclear
electrons may be the main reasons for the
difference in electrical conductivity, and electrical
conductivity is the main factor affecting the EMI
shielding performance of binary magnesium alloys.
Larger AV/Vwmg causes serious lattice distortion of
Mg, resulting in stronger electron transmission and
lattice vibration wave scattering which decreases
the electrical conductivity. The higher the valence
of the alloying element is, the more unfavorable the
improvement of the electrical conductivity of the
material is. The more the vacancies in alloying
element outer orbit are, the easier the conductive
electrons are absorbed, which decreases the
electrical conductivity of material.

Table 1 Electrical conductivity and EMI SE values of T4 Mg—1at.%X (X=Al, Sn, Y and Gd) binary alloys and AV/Vg,
valence and configuration of extranuclear electron of four alloying elements [49]

Al,k,)y E.le'ctrical EMI SE value/dB N/ Chemical Configuration of
Composition/at.% conductivity/%(IACS) 900 MHz 1200 MHz 1500 MHz ¢ wvalence extranuclear electron
Mg-1Al 27 80 80 80 —28.420 43 3s%3p!
Mg—1Sn 18 74 70 63 +16.678 +4 4d195¢25p?
Mg-1Y 18 74 71 66 +41.732 +3 4d'5s?
Mg-1Gd 16 70 60 59 +42.448 +2,43 4£75d'6s?
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In order to further improve the comprehensive
properties of Mg alloys, ternary and above Mg
alloys or composite additions of alloying elements
are usually used. CHEN et al [50] prepared as-cast
Mg—-Y—Zr-Nd alloys with different Nd contents
and studied the effect of Nd content on the EMI
shielding properties of Mg—Y—Zr—Nd quaternary
alloys. As shown in Fig. 6, as the Nd content
increases, the Mgy Ys phase content in the alloy
increases, and irregular bone-like f phases
precipitate on the grain boundaries when Nd
content rises to 2.63 wt.%. As given in Table 2,
the addition of Nd slightly reduces the relative

(a)

1
20 30 40 50 60 70 80
200(°)

Sheilding effectiveness/dB
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electrical conductivity and significantly increases
the size and number of phases. A large number of
coarse phases enhance the multiple reflection loss
of of EM waves, which can reasonably explain the
fact that the SE value increases significantly at the
whole testing frequency by adding Nd element.
YANG et al [51] studied the EMI shielding
properties of the Mg—Zn—Zr—Sm quaternary alloy
and demonstrated that the increase in Sm content
can consume the solid-soluted Zn atoms in the
matrix of Mg to precipitate the Mg—Zn—Sm phase,
resulting in an increase in electrical conductivity
and the improvement of EMI shielding properties.

~ o0
S S
T T
— B W

1 1 1 1
400 800 1200 1600

Frequency/MHZ

o+

Fig. 6 Microstructures (a—d), XRD patterns (e) and EMI SE curve (f) of as-cast Mg—Y—Zr—Nd alloys with different Nd

contents [50]: (a) YKNO; (b) YKNI; (c) YKN3; (d) YKN4
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LIU et al [52] systematically studied the
microstructure, electrical conductivity and EMI SE

Table 2 Detailed summary of properties for as-cast
Mg—Y—Zr—Nd alloy [50]
Area fraction of Relative conductivity/

Alloy second phase/% %(IACS) SE/dB
YKNO 0 10.78+0.06 70-99
YKNI1 0.062 9.39+0.05 77-109
YKN3 1.32 8.56+0.05 78-110
YKN4 1.57 8.52+0.1 75-111
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of the as-cast Mg—xZn—yY (x=2-5wt.%, y=
1-10 wt.%) alloy by composite adding Y and Zn
elements. The electrical conductivity and EMI SE
values of the as-cast Mg—xZn—yY (x=2-5 wt.%,
y=1-10 wt.%) alloy are shown in Fig. 7, and the
electrical conductivity and SE values of the alloy
decrease with the Y/Zn ratio. Compared with Zn
(+2, 3d'4s?) element, the valence difference
between Y (+3) and Mg (+2) is larger, and there are
more number of vacancies in outer orbit of Y
(4d'5s?), which indicates that the increased Y
element content more easily leads to a decrease in
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Fig. 7 Electrical conductivity of Mg—Zn—Y alloys (a); electrical conductivity variation with Y/Zn ratio (b); EMI SE of
Mg—Zn—Y alloys at 400 (c) and 600 MHz (e); EMI SE variation with Y/Zn ratio at 400 (d) and 600 MHz (f) [52]
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electrical conductivity and EMI SE. In addition,
more second phases and the formation of
semicontinuous network structure can improve the
SE value at high frequencies (600 MHz, 96 dB)
when Y content is low in the alloys containing more
Zn (ZW51 alloy).

In a word, the main reason for improving the
EMI shielding properties of Mg matrix materials
through alloying is that alloying elements cause
more second phases. The precipitation of the second
phase can not only consume the solid-soluted atoms
in the matrix and improve the overall electrical
conductivity of the alloy, but also cause more
multiple reflection losses due to the difference in
impedance between the second phase and the
matrix. Excellent electrical conductivity and more
multiple reflection loss of EM waves are important
factors for Mg matrix materials to obtain high EMI
SE. It is worth noting that the selection of alloying
elements is also very important. Valence of alloying
elements, configuration of extranuclear electron and
volumetric difference are main reasons for the
variations in the electrical conductivity. Therefore,
in the selection of alloying elements, it should be
chosen to have smaller AV/Vy, and smaller valence
difference with Mg, and there are fewer vacancies
in its own outer orbit. At present, more reasonable
alloying elements are selected and the synergistic
effect of multiple alloying elements is used to
maximize the electrical conductivity of Mg matrix
materials to achieve efficient shielding of EM
waves.

3.2 Heat treatment

Heat treatment can be used to control the
microstructure and properties of Mg alloys and give
full play to their potential. The common heat
treatment methods in Mg alloys include solution
treatment (T4), homogenization treatment and
aging treatment (TS5, T6), etc [53—56]. If the heat
treatment can make the solid-soluted atoms
precipitate from the matrix by the formation of the
second phase, or eliminate the defects in the alloy,
its EMI shielding properties can be improved. In
addition, the optimization of the heat treatment
process to control the morphology, size and quantity
of the second phase and the orientation relationship
between the second phase and matrix is of great
significance to improve the EMI shielding
properties of the Mg alloy.

CHEN et al [57-59] systematically
investigated the EMI shielding properties of
extruded ZK60 alloy with different heat treatment
processes. After T4 and T6 treatment, the EMI
shielding properties of the extruded ZK60 alloy are
significantly improved. After T4 treatment, most
of second phases are dissolved, causing the
supersaturated solid solution of matrix. Subsequent
aging results in the precipitation of fine second
phases. The precipitation of the second phase not
only increases the number of effective reflection
interfaces for EM waves, but also reduces the
number of alloying elements in the solid solution.
The resistivity contribution for alloying elements in
solid solution is an order of magnitude higher than
the resistivity of the alloying elements in the form
of second phases [57]. Therefore, the decrease in
the number of alloying elements in the solid
solution contributes to the increase of the electrical
conductivity, which leads to the increase of EMI SE.
With the increase of aging time, the number of
precipitates increases and the size of precipitates is
also changed. In addition to the number of phases
affecting EMI SE of the alloy, the size of the phase
is also an important factor. The excessive
coarsening of the precipitates results in the reduced
density of phase interfaces between the precipitated
phase and matrix, which leads to a decrease in the
multiple reflection loss of EM waves. We have also
drew a similar conclusion in the heat treatment
experiment of Mg—8Li—6Y—2Zn alloy [60]. We
proved that the dendritic coarse (Mg,Zn)4Ys phase
precipitating along the grain boundary in the as-cast
alloy by heat treatment transforms into a long strip
LPSO phase and many small granular (Mg,Zn)4Y’s
phases diffuse, which greatly improves the EMI SE
of the alloy.

GAO et al [61] controlled the grain orientation
of binary Mg alloys by rolling deformation, and
controlled the precipitation of the second phase
along specific crystal planes through subsequent
aging treatment, so as to obtain Mg alloys with high
EMI shielding properties. As shown in Fig. 8(a),
after aging treatment of as-rolled Mg—Zn alloy and
Mg—Sn alloy, rod-like MgZn, phase precipitates
along the (1120) plane of Mg—Zn alloy, while
plate-like Mg,Sn phase precipitates along (0001)
basal plane of Mg—Sn alloy. According to the
double-layer shield model, as shown in Fig. 8(b),
the plate-like Mg,Sn precipitating on the (0001)
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basal plane has a larger EM waves contact area than
the rod-like MgZn, phase precipitating along the
(1120) plane, which is more conducive to
improving EMI SE. Therefore, in the Mg alloy with
large rolling strain, the alloy obtains a larger
amount of the second phase precipitating along
(0001) basal plane through aging treatment, which
helps to improve EMI SE, as shown in Figs. 8(c, d).

Based on the above discussion, the heat
treatment process and alloying method are
essentially similar for improving the EMI SE of
Mg matrix materials. The same is that both more
solid-soluted atoms in the matrix are consumed by
precipitaton of the second phase to improve the
electrical conductivity. The difference is that the
morphology and size of the second phase and its
orientation relationship with the matrix can be
adjusted by optimizing the heat treatment process,
so as to obtain more reflection interfaces of EM
waves. Therefore, the EMI shielding properties of
Mg matrix materials can be effectively improved
through reasonable alloying design in the early
stage and optimization of subsequent heat treatment
process.

3.3 Plastic deformation

As-cast Mg alloys have poor comprehensive
properties due to structural defects such as loose
inclusions. Plastic deformation can effectively
improve the microstructure and comprehensive
properties of Mg alloys. However, Mg crystal with
hexagonal close packed (HCP) structure has only
three slip systems at room temperature, and its
plastic deformation ability is lower than that of
face-centered cubic (FCC) and body-centered cubic
(BCC) metals. At present, the plastic deformation
methods of Mg alloys mainly include rolling,
extrusion, severe plastic deformation (SPD), etc.
These plastic deformation processes mainly use
external forces to change the grain orientation, the
morphology and distribution of precipitated phases,
and eliminate internal defects of alloy [62—67]. The
EMI shielding property of Mg alloys is also
changed accordingly.

Rolling is an effective plastic deformation
method that can change the grain size and grain
orientation of the alloy. Mg alloy is easy to form
(0002) basal texture during rolling process. SONG
et al [68] studied the effect of texture on the EMI
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shielding properties of AZ31 alloys by different
rolling strains. As shown in Figs. 9(a—d), as the
rolling strain increases, the grains of AZ31 alloy
are gradually refined, and the (0002) basal texture

Jia-hao WANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1385—-1404

intensity gradually increases. This means that there
are more grains and their c-axis gradually aligns
close to the ND direction of as-rolled samples. As
the rolling strain increases, the EMI SE of the AZ31
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alloy increases, as shown in Fig.9(e). The
movement of free electrons along the c-axis of grain
has a larger mean free path. Thus, the enhancement
of (0002) basal texture intensity increases the
electrical conductivity of the as-rolled sheet surface,
thus expanding the impedance mismatch between
air and sample and improving SEr and SEr, as
shown in Figs. 9(f-h). Generally, the addition of Li
element can convert the crystal structure of Mg
from HCP to BCC, which greatly improves the
formability of Mg alloys [69]. The addition of
5.7-10.3 wt.% Li element in Mg to form a Mg—Li
alloy with a-Mg (HCP) + g-Li (BCC) dual-phase
structure [70], in which the a-Mg + -Li dual-phase
interface has a certain positive effect on EM waves
reflection. For Mg—Li alloys with a-Mg + f-Li
dual-phase structure, in addition to changing the
grain orientation in the alloy, the rolling stress also
makes the o/f duplex phase alternately arranged
along the RD direction of the alloy, as shown in
Fig. 10, increasing SEA and SEy [71].

During extrusion process, Mg alloy is
subjected to strong three-dimensional compressive
stress state, which can effectively refine the grains
of the Mg alloy, the structure becomes denser, and

Rolling
treatment

Un-rolled sheet
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the defects are reduced. XIAO et al [72] studied
the EMI shielding properties of Mg—13Gd—4Y—
27Zn—0.5Zr alloys with different extrusion strains. It
is found that the grains of Mg alloy with large
extrusion strain are refined and the grain boundary
area is increased, which significantly improves the
EMI shielding properties of the alloy in high
frequency band. In addition, the massive extrusion
strain also changes the morphological distribution
of the second phase in the Mg alloy. CHEN et al [73]
found that the MgZnCu phases distributing in a
network-like along the grain boundary in the as-cast
Mg—Zn—2.32Cu—Zr alloy are affected by the
extrusion stress, move away from grain boundaries
and are destroyed into smaller particles during
the hot extrusion, as shown in Fig. 11, which
effectively increases the number of reflected
interfaces of EM waves.

The SPD technology can manufacture nano-
crystalline and ultrafine grains through large plastic
deformation, thereby improving the strength and
toughness of the material [74]. As one of the
common SPDs, accumulative roll bonding (ARB)
technology has been widely used to prepare various
high strength and toughness metallic materials with

As-rolled sheet

Fig. 10 EMI shielding model for RD—ND plane of un-rolled and as-rolled sheets
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ultrafine grains [56,75—78]. However, the research
on ARB technology is currently focused on
improving mechanical properties such as strength
and elongation of sheets, and there are relatively
few researches on functional aspects such as EMI
shielding properties. In our previous research, the
EMI shielding properties of Mg—9Li—3Al-1Zn
alloy processed by ARB were studied in detail to
further expand the application of ARBed Mg—Li
alloy [79]. The results show that the a-Mg + S-Li
dual-phase interface, texture, second phases and
ARB roll-bonding interface in the ARBed
Mg—-9Li—3Al-1Zn alloy have significant influence
on the EMI shielding properties. ARB processing
produced a roll-bonding interface between Mg—Li
plates, and the number of roll-bonding interfaces
increased exponentially as the ARB passes
increased. According to the impedance mismatch
theory, the increase of the roll-bonding interface
facilitates the absorption loss and multiple
reflection loss of the EM waves in the sheet, as
shown in Fig. 12(a). Therefore, the comprehensive
action of the a-Mg+ f-Li dual-phase interface,
texture, second phases and ARB roll-bonding
interface, as shown in Fig. 12(b), significantly
improves the EMI SE of the Mg-Li sheet.
Figure 12(c) shows that the SE wvalue of ARB3
sheet is 96—107 dB in the frequency range of
30—-1500 MHz.

In general, regardless of which deformation
process is adopted, the essence of improving the
EMI shielding properties of Mg matrix materials is

to enhancement of (0002) basal texture intensity
and obtain more interfaces (a/f dual-phase interface,
second phase interface and roll-bonding interface),
thus increasing the reflection loss and absorption
loss of the EM waves.

3.4 Composite processing

The addition of reinforcements to prepare
high-performance Mg matrix composites is one of
the effective measures to improve the
comprehensive properties of Mg alloys such as
strength, plasticity, corrosion resistance, and EMI
shielding properties [42]. Mg matrix composites
have the conventional characteristics of Mg alloys,
and can realize comprehensive properties regulation
of materials as well as breaking through the
mechanical and functional properties that single
components do not have [80—83]. At present, the
composite processing technology of Mg matrix
composites mainly includes ARB, friction stir
welding, and powder metallurgy [83—87]. In order
to improve the EMI shielding properties of Mg
matrix materials, the reinforcements used mainly
include other metallic materials, ferrites, carbon
materials (carbon nanotubes, carbon fibers, etc).

In recent years, the significant progress has
been made in studying the EMI shielding properties
of Mg matrix composites. LU et al [88] used the
raw fly ash cenospheres (FACs) and FACs modified
by Ca(OH), (M-FACs) as the reinforcements to
prepare two kinds of AZ91 composites by melt
stirring. Figure 13 shows the microstructure, EMI
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SE curve and corresponding EMI shielding
mechanism of the composites. Most of the
unmodified FACs were severely broken in the
composites, but most of the FACs kept completely
integrated in the composites reinforced by modified
FACs, which is exactly why M-FACs/AZ91 has
more excellent EMI SE (72.9-82.5dB). The
existence of FACs with completely hollow structure
leads to the absorption of the EM waves as well as
the multiple reflection between different FACs.
PANDEY et al [89,90] used the disintegrated melt

deposited (DMD) process to prepare Mg—Fe and
Mg-Ti composites, and studied the influence of
difference in reinforcement and content on the
X-band (8.2—12.4 GHz) EMI shielding properties
of Mg matrix composites. By introducing insoluble
particles into Mg matrix, the increase of porosity in
the composite is used to improve the absorption
loss of EM waves. Furthermore, the Mg—Fe
composite is transformed into a ferromagnetic
material by introducing ferromagnetic Fe particles
into the paramagnetic Mg matrix, which increases
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the absorption efficiency of EM waves of the
composite.

Inspired by the ideas mentioned above, our
group reported unique multi-layer structure Mg—9Li
matrix composite composed of seven layers
for effectively shielding EM waves [91]. The
composite was prepared by a multi-layer composite
rolling process, as shown in Fig. 14. In the
composite, Mg—9Li alloy served as the reflective
layer, and Nip4Zno4Coo2Fe;Os (NZCF) particles
synthesized by sol—gel autoignition method served
as the absorption layer. The optimal combination of
magnetic fillers along with metal material achieved
the high efficiency of reflection and absorption of
EM waves. In another report [92], we prepared
Mg—-9Li—3Zn—0.5Gd/MWCNTs composite with
high electrical conductivity and EMI shielding

Ni(NO,),+6H,0
Zn(NO,),+6H,0,
Co(NO;),-6H,0 29

Fe(NO;);+9H,0;

Weight in desired
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properties through combined process of heat
treatment + electrophoretic deposition (EPD) +
ARB. The uniform dispersion of MWCNTs and
multi-pass ARB process make many fine phases
precipitate in Mg—9Li—3Zn—0.5Gd sheets, which
greatly increases the electrical conductivity of the
composite, and enables the composite to achieve
over 99% reflection of the EM waves.

To sum up, the key to improve the EMI
shielding performance of Mg matrix materials by
the composite processing method is the selection of
reinforcement type and amount. For highly
electrical conductivity and paramagnetic Mg matrix
materials, different types of reinforcements, such as
magnetic medium and dielectric, are added to the
inside or surface of the matrix to improve the
EMI shielding properties. Besides, it is particularly
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composites (b) [91]
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important to select the appropriate preparation
process. Through SPD and other processing
processes, in addition to making the reinforcement
evenly dispersed in the matrix, the microstructure
of Mg matrix materials can be effectively improved
and the EM wave reflection interface is increased,
resulting in the increase of the reflection loss and
absorption loss of EM waves.

4 Conclusions and outlook

At present, the low cost, lightweight, high
strength, easy processibility, and good recyclability
of Mg matrix materials have received great
popularity for EM wave shielding. This review
summarizes the main features, preparation methods,
the latest research progress and shielding
mechanism of Mg matrix EMI shielding materials.
The key to improve the EMI shielding properties of
Mg matrix materials is to improve the electrical
conductivity. In addition, the increase in the number
of interfaces (a/f dual-phase interface, second
phase interface, roll-bonding interface, particulate
reinforcement interface) within the material is also
beneficial to the absorption loss and multiple
reflection loss of EM waves in the material.
Therefore, increasing the electrical conductivity as
much as possible and having more interfaces
simultaneously are the keys to achieve high EMI
shielding properties of Mg matrix materials. To
obtain the high electrical conductivity and
multi-interface, the strategies can be found from the
aspects of the selection of alloying element, the
optimization of heat treatment, the plastic
deformation, and the addition of reinforcements.

(1) In the selection of alloying elements, the
favorable alloying elements should have smaller
AV/Vwg and smaller valence difference with Mg,
and fewer vacancies in their own outer orbit. In
addition, too many alloying elements lead to an
increase in the content of solid-soluted atoms,
which is not conducive to the improvement of the
electrical conductivity of the material.

(2) The purpose of the heat treatment process
is to consume as much as possible solid-soluted
atoms in the matrix by precipitation of the second
phase to improve the electrical conductivity. The
morphology and size of the second phase and its
orientation relationship with the matrix can also be

tailored by optimizing the heat treatment process,
so as to obtain more favorable EM wave reflection
interfaces.

(3) Through the plastic deformation process,
the basal texture of the alloy is strengthened, the
microstructure is improved, and the morphology
and size of the second phase and its orientation
relationship with the matrix conducive to EM wave
reflection are obtained.

(4) By adding reinforcements with different
features, the electrical and magnetic properties of
Mg matrix materials can be improved, thereby
increasing the reflection and absorption loss of EM
waves.

The development of Mg matrix EMI shielding
materials is a complex process. The current research
only stays in the aspect of laboratory basic research,
and there is still a long way to go before the
engineering application.

Based on engineering applications of Mg
matrix materials, not only EMI shielding properties
should be considered, but also necessary properties
such as corrosion resistance and mechanical
properties as structural materials should be
possessed. In addition, cost issues (such as the
addition of expensive alloying elements and
excessive addition) are also important to be
considered. Therefore, the development of low-cost
Mg matrix EMI shielding materials with excellent
comprehensive performance is one of the key
research directions in the future. With the
continuous advancement of science and technology,
the research system, preparation method and
comprehensive performance of Mg matrix EMI
shielding materials will continue to be improved.
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