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ABSTRACT

Al matrix composites reinforced with core@shell structured TizC,T @Ni parti-
cles have been prepared by pressureless-sintering and hot-extrusion technology.
The as-prepared 1-3 wt% Ti;C,Tx@Ni/Al composites demonstrated improved
mechanical properties and electromagnetic interference shielding effectiveness
(EMI SE). The Vickers hardness and tensile strength of TizC,Tx@Ni/Al com-
posites increased with increasing reinforcement content. A hardness of 0.36 GPa
and a tensile strength of 163 MPa were achieved in the 3 wt% Ti;CoTx@Ni/Al
composite, increased by 33% and 66%, respectively, but the ductility did not
compromise too much, as compared with pure Al. The main mechanisms for the
enhanced tensile strength but the maintained plasticity of the composites are the
homogeneous distribution of reinforcement TizC,T4@Ni particles, the efficient
transfer of the applied stress from the soft Al matrix to the reinforcing particles,
and the multi-absorbing energy mechanisms: delamination, buckling and
kinking of TizC,Ty particles, crack branching and crack deflection. The 3 wt%
Ti;C,T4@Ni/ Al composite also exhibited an enhanced EMI SE performance due
to the synergic effect of the absorption loss of the Ti;C,T, core and the magnetic
loss of the Ni shell.
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Introduction

TizC,T, is one of the most attractive materials in a
two-dimensional (2D) MXene family [1, 2]. TizC,Ty is
produced by wet chemical etching of Ti;AIC, pre-
cursor. TizC,Ty surfaces are always decorated with
abundant surface functional groups including -F, -
OH, -O and/or —-ClI (T represents the surface func-
tional groups). Ti3C,Tx has a combination of physical,
mechanical and functional properties, and exhibits a
wide range of applications for energy storage, elec-
tromagnetic interference shielding, water purifica-
tion, sensor, and lubrication [3-6]. Recently, TizC,T
has been demonstrated as an effective reinforcement
to improve the performance of polymer, metal and
ceramic matrix composites due to the good interfacial
bonding between reinforcement and matrix [7-12].
TizC,T, has metallic characterization and rich surface
functional groups which improve the wettability of
Ti3C, Ty with polymer, metal and ceramic matrices.
The good wettability of TizC,Ty with matrices
endows the composites with strong bonding inter-
faces, thus leading to effective load transfer from the
matrix to the reinforcement. For example, surface
functional groups permit TizC,T to create covalent
bonds with polymer matrix to ensure strong interfa-
cial adhesion and good stress transfer across the
interfaces [7, 8]. TizCyTx/Al composites demonstrate
improved hardness and tensile strength with
increasing TizC,Ty content from 0.5 to 3 wt%; 92%

and 50% improvements in hardness and strength are,
respectively, achieved in the 3 wt% TizCoTy/Al
composite [9]. A 43% improvement of tensile strength
over pure Cu can be obtained in a 5 vol%TizC,Ty/Cu
composite [10]. Ti3C,Tx as an attractive reinforcement
incorporated in metal matrices avoids problems
appeared in graphene- and CNTs-reinforced com-
posites, such as agglomeration, weak bonding inter-
faces and interfacial reactions [13, 14].

Recently, core@shell structured particles-rein-
forced composites have attracted considerable atten-
tion due to their enhanced performance and
combined functional properties [15-18]. A core@shell
structured particle consists of a core (inner material)
and a shell (outer layer material), possessing distinct
advantages as compared with its single component.
The incorporation of core@shell structured rein-
forcements in Al composites demonstrates improved
either strength or ductility [19-23]. Al matrix com-
posites reinforced with specially designed core@shell
particles have achieved a higher ductility while
retaining the tensile strength [19], or a higher strength
but maintaining the ductility [21, 22], overcoming the
trade-off between strength and ductility. The main
mechanisms for the improved mechanical properties
are attributed to (1) the uniform distribution of
core@shell structured particles, (2) the strong bond-
ing interfaces formed between the shell and Al
matrix, withstanding the applied stress transferred
from Al matrix, and (3) crack deflection in the
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core@shell structure and crack blunt by the soft core,
dissipating the crack propagation energy.

Our previous work showed that Ti;C,Ty-reinforced
Al composites have a homogeneous microstructure
and strong bonding interfaces, resulting in higher
tensile strength and hardness but lower ductility as
compared the pure Al material [9]. In the present
study, the core@shell structured TizCoTx@Ni particles
were incorporated in Al matrix to further improve its
strength but maintain its ductility. In addition, elec-
tromagnetic interference shielding properties of Tis.
C, T, @Ni-Al composites were also investigated.
X-ray diffraction analysis, scanning electron micro-
scopy, and transmission electron microscopy tech-
niques were used to characterize the as-prepared
composites.

Material and methods
Preparation of Ti;C,T,

Ti;C, T was prepared by selective etching of pre-
cursor TizAlC, in a 40% HF solution at 50 °C for
0.5 h. The detailed processing has been described in
elsewhere [24].

Preparation of core@shell structured
Ti;C,T,@Ni

To prepare core@shell structured TizC,Tx@Ni parti-
cles, electroless Ni plating was adopted. Firstly, the
Ti3C, Ty powder was subjected to the treatment of
activation and sensitization. One gram of TizC,Ty
powder was added to 40 ml of sensitization and
activation solution containing 3.2 ml of 36% HC],
16 g/L of SnCl,-2H,0, 0.4 g/L of PdCl, and 160 g/L
of NaCl, and then mixed in a magnetic stirring device
at room temperature for 1 h. The solution was cen-
trifugally separated at 4000 rpm and then washed
with deionized water until the pH of the liquid was
about 6.5-7. The activated powder was immersed in a
HCI solution and stirred for 10 min, and then washed
with deionized water and vacuum dried at 50 °C for
24 h. Secondly, the electroless Ni plating process was
performed. 0.25 of the activated and sensitized Ti;.
C,Tx powder was immersed in 250 ml of plating
solution containing 20 g/L of NiSO4-6H,0O, 62.5 g/L
of N,H4-H,0, 6.25 g/L of EDTA-2Na, and 6.25 g/L
of C¢Hg¢Na,O,. The solution was stirred in the
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magnetic stirring device at 90 °C for about 15 min.
The pH was kept at 12 by using a 250 g/L of NaOH
solution. The Ni-coated powder was washed and
then dried.

Preparation of Ti;C,T,@Ni-Al composites

Ti3C,Ty@Ni powder was mixed with pure Al powder
(particle size —300 mesh, 99.5% purity) for 10 h. The
content of TizCoTx@Ni powder was 1 wt%, 2 wt%,
and 3 wt% in the mixture to prepare 1 wt%, 2 wt%,
and 3 wt% TizC,Tx@Ni/Al composites, respectively.

The mixtures were cold-pressed with a pressure of
80 MPa in a steel mold for 5 min to get green com-
pacts with a size of ®20 x 15 mm. The compacts
were pressureless-sintered in a furnace at 650 °C for
1 h in Ar. The sintered samples were then hot-ex-
truded at 450 °C with a speed of 5 mm/min. The
extrusion ratio was 10:1 (the ratio of cross-sectional
areas before and after hot extrusion). The extruded
samples have a cross section of 3 x 10 mm? For
comparison, pure Al, TizC;Ty/Al, and Ni/ Al samples
were also prepared under the same conditions as for
TizC,Tx@Ni/ Al

Property measurement

The prepared samples were machined with a wire
electrical discharge into specimens for tensile test.
The detailed information has been described in else-
where [9]. Tensile testing was conducted in a WDW-
100E test machine with a speed of 0.2 mm/min.
Three bars were tested to determine an average value
of tensile strength.

The Vickers hardness was measured in a TH700
hardness tester. The hardness indentations were
operated at a load of 5 kg and a dwell time of 15 s.
Six measurements in different areas were taken
under the same load to obtain an average value of
hardness.

Electromagnetic interference shielding (EMIS)
performance was determined in an Agilent E5071C
vector network analyzer in the range of 2-18 GHz.
Dimensions of ring-like samples for EMIS perfor-
mance test are 3.04 mm of inner diameter and
7.0 mm of outer diameter, and 2 mm of thickness.
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Characterization

Core@shell structured powder and prepared com-
posites were characterized with X-ray diffraction
(XRD) analysis using a D/Max 2200 PC diffrac-
tometer (Rigaku Co. Ltd., Tokyo, Japan) applying
monochromatic Cu K radiation, scanning electron
microscopy (SEM, ZEISS EVO 18, Carl Zeiss SMT,
Germany) equipped with an energy-dispersive
spectrometer system (EDS), and transmission elec-
tron microscopy (TEM, JEM-2100F (JEOL Ltd., Tokyo,
Japan) with an operating voltage of 200 kV.

Results and discussion
Characterization of powder and composites

Figure 1 shows the XRD patterns of TizC,Tyx and
Ti;C,Ty@Ni powders. For the TizC,Tx powder,
broaden peaks belonging to TizC,Ty and two weak
peaks belonging to TiC were detected in the XRD
pattern. A small amount of TiC may be introduced
from the precursor TizAlC, powder. After electroless
Ni plating, a broad peak at about 45° belonging to Ni
appeared in the XRD pattern, indicating the forma-
tion of the nano-sized Ni particles. In addition, Ni
plating induced the shift of (002) peak for TizC,Tx
from 8.28 to 6.88°, suggesting that Ni atoms diffused
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into interlayer spacing of TizC,Tyx and led to the
expansion of spacing distance, from 0.999 to
1.201 nm.

SEM micrographs demonstrate the morphologies
of TizC Ty and TizCT@Ni (Fig. 2). The TizCoTy
particles show a distinctive feature with multiple
stacking nanolayers (Fig. 2a), induced by the selec-
tive etching of Al atomic layers from TizAIC, pre-
cursor. After Ni plating, the surfaces of Ti;C,T, were
covered with Ni particles (Fig. 2b). These Ni particles
are round in shape with a nano-sized dimension.
Figure 2c is a backscattered SEM micrograph show-
ing the cross section of a core@shell structured Tis.
C,Tx@Ni particle. A Ni layer is less than 0.5 pm in
thickness covering the Ti;C,Ty core particle (Fig. 2b).
It should be noted that the multiple inner layers of
Ti3C, T« were also plated with Ni (marked by arrows),
but the inner Ni layers are thinner than the outer
layer, indicating that the formation of Ni layer is
controlled by the diffusion, and the nucleation and
growth of Ni is prefer to occur on the outer surfaces
of Ti3C,Ty. The EDS analysis reveals the elemental Ti
and Ni distributions in the TizC,Ty@Ni particles
(Fig. 2d). It can be found the distribution of Ni on the
surface and in the inner of TizC,Ty, forming a mul-
tiple-coated TizCoTx@Ni structure. Such a structure
may deflect the crack propagation paths and blunt
the crack tips as cracks entered into the reinforcing

Figure 1 XRD patterns of
a Ti3C,T, and b Core@shell CTiCT
structured Ti3C,Tx/Ni. 372 x
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<«Figure 2 SEM micrographs of a TizC,Ty, b a Ni-coated TizC,Ty
particle, and ¢ a cross-sectional back-scattered second electron
(BSE) image of Ni-coated Tiz;C, T, particles, showing a
core@shell structure. d EDS maps of Ti and Ni elemental
distributions.

particles, contributing to the improvement of
mechanical properties of composites.

The as-prepared 3 wt% TizC,Tx@Ni/Al composite
shows a homogenous distribution of reinforcement
(Fig. 3a). No agglomerated TizC,Ty@Ni particles
were detected. The uniform microstructure con-
tributes to the improved mechanical properties. The
EDS line analysis reveals the distribution of Ni
almost on the surface of TizC,Ty (Fig. 3b). Al signals
were also detected in the TizC,Ty, indicating that Al
atoms diffuse into the opening space in the layered
Ti3C,Ty to form Al thinner layers (Fig. 3b).

Mechanical properties

Figure 4a shows the Vickers hardness as a function of
reinforcement content in the TizC,T,@Ni/Al com-
posites, together with Ni/Al and Ti;C,Tx/Al com-
posites for comparison. For Ni/Al and TizC,Ty/Al
composites, their hardness values increased with
increasing reinforcement. It can be found that the
hardness of Ni/Al composites is lower than that of
Ti3C,T«/ Al composites, which should be ascribed to
the soft Ni particles as compared with hard TizC,Ty
particles. For TizC,T,@Ni/Al composite, it has a
hardness comparable to TizC,Ty/Al composite with
the same reinforcement content of 1 wt%. As the
reinforcement content exceeded 1 wt%, the hardness
values of TizC,T,@Ni/Al are lower than those of
Ti3C,Ty/Al composites. The decreased hardness in
Ti;C,Tx@Ni/ Al composites may be caused by the
introduction of Ni metallic element with a hardness
lower than TizC,Ty. In addition, the density of Ni
(8.9 g/cm’) is higher than about 4.3 g/cm® [25] for
TisC,T,. Hence, the real content of Tiz;C,T, hard
particles in 3 wt% TizC,T,@Ni/ Al composite is lower
than that in 3 wt% TizC,T/Al composite, inducing
the decrease in hardness.

Figure 4b demonstrates the relationship between
tensile strength and reinforcement content for three
kinds of composites. The tensile strengths of com-
posites all increased with increasing reinforcement
content. TizC,T,@Ni/Al composites and TizC,T, /Al
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Figure 3 Back-scattered SEM
micrographs of the polished
surface of 3 wt%Ti;C,T,/Ni—
Al composite. a A low BSE
image, and b EDS line
analysis showing the
distributions of Ti, Ni and Al.

composites both exhibit increased tensile strength as
compared with pure Al, but the former composites
are higher than the latter composites in tensile
strength. In the TizC,T/Al composites, the
strengthening mechanisms including the homoge-
neous distribution of TizC,Ty, strong bonding inter-
faces between TizC,T, and Al, and phase boundaries
pinning dislocation movement endow the composites
with improved mechanical properties [9]. However,

Aluminum Ka1
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in the TizC,Tx@Ni/Al composites, except for the
above mentioned strengthening mechanisms, nano-
sized grain or phase boundaries contribute to the
improvement of strength. Grain size/boundary is
one of the predominant strengthening mechanisms
[26]. For example, a thinner Ni shell in the TizC,.
Tx@Ni particles is composed of many Ni nano grains,
companying with numerous grain boundaries. A
large number of nano-sized Ni grain boundaries, Ni/
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Figure 4 Mechanical properties of Ti;C,Tx/Ni—Al, together with
Ti3C,T,/Al and Ni/Al composites for comparison. a Vickers
hardness and b Tensile strength as a function of reinforcement
content, ¢ Comparison of stress—strain curves of pure Al, 3 wt%
Ni/Al, 3 wt% Ti;C,Ty/Al and 3 wt% TizC,Tx@Ni/Al materials.
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Al and Ni/TizC,Tx phase boundaries impede the
movement of dislocations during tensile deforma-
tion, synergistically contributing the increased tensile
strength. The TizC,Tx@Ni/Al composites having the
highest tensile strength among the three kinds of
composites further confirm the positive reinforcing
effect of the core@shell structured particles in Al
matrix composites. The highest tensile strength of
163 MPa for 3wt % TizC,T,@Ni/Al composite was
achieved. The increment of tensile strength is up to
66% as compared with the pure Al material.

Generally, the increase in the tensile strength is at a
sacrifice of ductility. Therefore, the engineering
stress—strain curves of 3 wt% TizC,T,@Ni/Al, 3 wt%
Ti3C, Ty /Al 3 wt% Ni/Al and pure Al were com-
pared in the present study (Fig. 4c). According to the
stress—strain curve, it can be found that both of the
yield strength and tensile strength for 3 wt% Ti;Cs.
Ty@Ni/Al and 3 wt% TizCoTx/Al composite are
higher than those of other two materials. It should be
noted that the ductility of 3 wt% TizCoTx@Ni/Al is
slightly lower than that of pure Al, but larger than
that of 3 wt% TizC,Tx/Al The elongations are 27%
and 34%, respectively, for 3 wt% TizC,T,@Ni/Al and
pure Al Therefore, the 3 wt% TizCoTx@Ni/Al com-
posite exhibited improved tensile strength but with
the maintained plasticity, due to the contribution of
the core@shell structure.

Figure 5 demonstrates the fracture surface of the 3
wt% TizCoTx@Ni/ Al composite. The fracture surface
shows a ductile fracture mode, with many dimples in
the Al matrix (Fig. 5a). Some TizC,Tx@Ni particles
were pulled out from the matrix (marked with
arrows in Fig. 5a). Some pores may be formed by
plastic deformation or induced by the pull-out of
reinforcing particles. A high magnification SEM
image clearly presents the good bonding of TizC,Ty
particles with the Al matrix (Fig. 5b). On the surface
of the sample after tensile test, a deformed TizC,Tx
particle exhibits a typical feature of delamination,
buckling and kinking (Fig. 5c), similar to the
deformed MAX grains [27-29]. In addition, crack
branching and deflection in the inner layers of Tis.
C,Ty are also observed (Fig. 5d). The multi-absorbing
energy mechanisms can dissipate the deformation
energy and contribute to the increase in strength and
ductility of Ti;C,Tx@Ni/Al composites.

Figure 6 shows TEM images of 3 wt% Ti;CoTx@Ni/
Al composite. No microcracks were found at Tiz;Cs.
T./Al interfaces, suggesting the good interfacial
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<«Figure 5 a A low magnification SEM micrograph of fracture
surface of 3 wt % Ti;C,T,/Ni—Al composite after tensile test, b A
high magnification SEM micrograph taken from (a), ¢ A SEM
micrograph showing the deformed Ti;C,Ty after tensile test,
d Crack deflection in the Ti;C,T, around the indentation.

adhesion between TizC,Ty and Al (Fig. 6a). This fea-
ture is beneficial to the effective stress transfer from
soft Al to the relatively hard reinforcement. In addi-
tion, no reaction layers or compounds were detected
between Ni, TizC,Ty and Al Figure 6b presents a
high-resolution TEM image. The measured interpla-
nar spacing is about 1.092 nm corresponding to the
(002) plane of TizC,Ty, and about 0.144 nm belonging
to the (110) plane of Al The interplanar spacing of
1.092 nm for TizC,Ty in the Al matrix is slightly lower
than the value of 1.201 nm for the original TizCs.
T @Ni particles calculated according to the XRD
pattern shown in Fig. 1, which should be ascribed to
the fact that the crystal spacing of TizC,Ty is con-
tracted by the removal of the adsorbed interlayer
water and functional groups at processing tempera-
ture of 650 °C. A large number of dislocations move
toward and accumulate at the phase boundaries of
TizC,Tx and Al (Fig. 6¢). The motion of dislocations
contributes to the plastic deformation of Al matrix.
Also the phase boundaries play an effective role in
pinning the motion of dislocations to improve the
mechanical properties.

On the basis of the above results, the reasons for
the improvements in strength, but the maintainment
Al matrix ‘ b in the plasticity have been explained as follows: First,
the homogeneous distribution of reinforcement par-
ticles and the formation of strong interfacial bonding
in the Al matrix improves the mechanical properties.
Second, the Ti;C,T@Ni reinforcing particles impede
the motion of dislocations due to a large number of
Cracke " nano-sized grain and phase boundaries during ten-
deflection® &' sile plastic deformation. Third, stresses are effectively
' transferred from the soft Al metal matrix to TizC,.
T, @Ni particles, which has been evidenced by the
ductile fracture surface with dimples and pulled out
Ti3C,Tx@Ni particles. Fourth, as propagating cracks
, Joah ' meet the TizC,T,@Ni particles, the propagation paths
of cracks are continually deflected in the multiple
layers of TizC,Ty, and more energy of propagating
cracks is consumed, contributing to the maintained
plasticity of composites. Last, the delamination,
buckling and kinking of TizC,Tx can dissipate the

Indentation

(@
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<«Figure 6 TEM micrographs of 3 wt % Ti;C,T,/Ni—Al composite.
a A low magnification image, b A high-resolution TEM, and
¢ Dislocations pinned at phase boundaries of Al/Ti;C,Ty.

deformation energy and contributes to the increase in
strength and ductility of Ti;C,Tx@Ni/ Al composites.

EMI shielding performance

Generally, there are three basic electromagnetic
interference (EMI) shielding mechanisms: Reflection
loss (R), Absorption loss (A), and Multiple reflection
loss (M). The capability of EMI shielding materials is
measured in terms of Shielding effectiveness (SE)
value in decibels [dB]. The total EMI SE (SEp) is the
Sum of reflection (SEg), Absorption (SE,) and Mul-
tiple reflections (SEpp).

For the MXene materials with a multilayer EMI
shield, the contribution of internal multiple reflec-
tions is combined in the absorption due to the fact
that the re-reflected waves are absorbed or dissipated
in the form of heat in the shielding material [30].

The total SEt is described as:

SEr and SE, can be calculated based on the scat-
tering parameters (S-parameters) obtained from the
vector network analyzer as follows:

1

SEr =10lg——— (2)
1—|S11)?
1_ 2
SE4 = 101g7|5121| (3)
|S12]

where Sy represents the power reflected from port 1
to port 1, and Sy, represents the power transferred
from port 1 to port 2.

Figure 7 shows the SEr, SEg and SE, curves of
pure Al 3 wt% TizCyTy/Al and 3 wt% TizCoT@Ni/
Al materials. Al alloys have good EMI SE at fre-
quencies less than 1.5 GHz, and their EMI SE
decreases with increasing frequency [31]. The shape
of SE curves for samples with the certain thickness is
influenced by frequency and electrical conductivity
according to Eq. (3):

SE = 50+1010g}£ +1.7t\/of 4)

where, o is the electrical conductivity, f is the fre-
quency, and ¢ is the thickness of shield.

There is little information on the EMI SE of Al in
the frequency 2-18 GHz. Figure 7a depicts the SEr,
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«Figure 7 SEr, SE,, and SEg in the frequency range 2—18 GHz
for a pure Al, b 3 wt% TizC,T,/Al and ¢ 3 wt% Ti;C,T,@Ni/Al.
d Comparison of EMI SE for pure Al, 3 wt% Ti;C,T,/Al and 3
wt% Tiz3C,Ty@Ni/Al composites.

SER, and SE4 of pure Al The values of SE, for Al are
less than 10 dB, and are lower than those of SER in
the frequency before 8 GHz and after 12 GHz. The
SERr curve exhibits a tendency to first decrease and
then increase with increasing frequency. The SEr
curve has the same tendency as the SEr curve, indi-
cating that the reflection loss is the predominant
mechanism in the electromagnetic interference
shielding due to the high electrical conductivity of Al
The SEt values of pure Al are lower than 26 dB in the
frequency 2-18 GHz.

For 3 wt% Ti3C,;Tx/ Al composite, the SE, values
are higher than the SE values in the frequency range
2-18 GHz (Fig. 7b). The result demonstrates that the
addition of TizC,Tx layered particles in the Al has
obviously improved the SE, but decrease the SEg as
compared with pure Al TizC,Ty has excellent EMI
shielding performance, because its multi-layered
structure induces the multiple reflection and scatter-
ing of electromagnetic waves, and its high electrical
conductivity results in ohmic losses, dielectric
polarization, and electric polarization and relaxation.
The above mechanisms all contribute to the absorp-
tion loss and attenuate the energy of electromagnetic
waves [4, 30, 32]. Therefore, the absorption loss is the
predominant mechanism in the electromagnetic
interference shielding of Ti;C,Ty/Al composite.

It should be noted that the EMI SE of 3 wt%Tis.
C,Tx@Ni/Al composite has considerably enhanced
as compared with pure Al and 3 wt% TizC,T,/Al
(Fig. 7c). The SE, values of 3 wt% Ti;C,Ty@Ni/Al are
higher than those of other two materials in the whole
frequency range. For example, a SE, value of about
21 dB at 224 GHz for 3 wt% Ti;C,Tx@Ni/Al is
achieved, higher than 15 dB at the same frequency
for 3 wt% TizC,T,/Al This result indicates that the
magnetic Ni shell contributes the higher SE, through
magnetic loss. In addition, the SE values are slightly
lower than the SEr curve at frequencies lower than
13 GHz, as shown in Fig. 7c. This should be caused
by the increasing electrical conductivity of TiszCs.
T @Ni particles, due to the fact that the electrical
conductivity of Ni (1.43 x 10”7 S/m) is higher than
that of TisC,T, (100-1.23 x 10°S/m [33, 34]). The
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synergistic effect of SE5 and SEg contributes the SEt
of 3 wt% TizC,Tx@Ni/Al.

Figure 7d compares the SEr curves in the fre-
quency range 2-18 GHz for the three kinds of mate-
rials. The commercial EMI shielding requirement is
more than 20 dB, ensuring that more than 99% of the
incident wave is attenuated. The pure Al and the 3
wt% TizCyTy/Al composite have EMI SE values
of >20 dB in narrow frequency bands of 1.76 GHz
and 3.84 GHz, respectively. The two materials hardly
meet the commercial EMI SE requirement. However,
the 3 wt% TizC,Ty@Ni/Al composite has EMI SE
values of >20 dB in the frequency ranges of 2-13.4
and 16.4-18 GHz, satisfying the requirement for the
commercial EMI shielding applications. In addition, a
EMI SE value of 43.8 dB at 2 GHz, nearly 1.7 times
those of pure Al and 3 wt% Ti;CoTx@Ni/Al, is
achieved in the 3 wt% TizC,Ty@Ni/Al composite
(Fig. 7d), enough to block 99.99% of the incident
wave.

In the core@shell structured TizC,Tx@Ni particles,
the conductive and multi-layered TizC,Ty particles
but without magnetic mainly contribute to the
absorption loss in the electromagnetic interference
shielding. However, the Ni shell has high magnetic
permeability, enhancing the ability to absorb the
energy of electromagnetic waves by the magnetic
loss. It has been reported that magnetic particles such
as Ni, Co and Fe;C embedded in composites could
enhance the EMI shielding behavior [35-38]. In
addition, as the incident waves pass through the
multi-layered TizC,T@Ni particles, an alternating
magnetic field will produce the eddy-current to dis-
sipate the microwave energy, contributing to the
absorption loss. Therefore, the enhanced EMI
shielding performance of 3 wt% TizC,T/Al com-
posite should be ascribed to the synergic effect of the
absorption loss of the TizC,Ty core and the magnetic
loss of the Ni shell.

Conclusions

In the present study, Al matrix composites reinforced
with core@shell structured TizC,T@Ni particles have
been prepared by pressureless-sintering at 650 °C
and then hot-extrusion at 450 °C. The mechanical
properties and EMI shielding performance were
investigated. The main conclusions are summarized
as follows:
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(1) Multi-layered TizC,Ty particles were electro-
less-plated with Ni, forming a core@shell
structure in which the Ti;C,T, layer as a core
and the Ni layer as a shell.

(2) The dense Ti3C,Tx@Ni/ Al composites demon-
strated the improved hardness and tensile
strength but the maintained plasticity, result-
ing from the contributions of the homoge-
neous distribution of TizC,T,@Ni, the effective
stress transfer from the soft Al matrix to
Ti3C,Tx@Ni, and the multi-absorbing energy
mechanisms: delamination, buckling and
kinking of TisC,Ty particles, crack branching
and crack deflection.

(3  TizC,Tx@Ni/ Al composites have an enhanced
EMI SE performance, due to the synergic
effect of the absorption loss of the TizC,Ty core
and the magnetic loss of the Ni shell.
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