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Flaky FeSiAl alloy/multi-wall carbon nanotube (FeSiAl/MWCNT) composite was fabricated by facile
and scalable ball milling method. The morphology and electromagnetic properties of the FeSiAl alloy
can be well tuned by controlling the milling time. It is found that the magnetic loss of the FeSiAl alloy is
improved by optimizing the milling time due to the increased anisotropy field. Meanwhile the addition
of MWCNTSs enhances the dielectric loss of the composite by increasing the interfacial polarizations,
dipolar polarizations and conductive paths. Relative to conventional FeSiAl absorbers, the FeSiAl/
MWCNT composite exhibits greatly improved microwave absorption performance with advantages of
strong absorption and small thickness. The minimum reflection loss of the composite reaches —42.8dB
at 12.3 GHz at a very thin thickness of 1.9 mm.

The emerging hazards of electromagnetic (EM) radiation on human health and electrical equipments, which
. derive from the applications of wireless communications and the widespread use of microwave devices, have
. become a serious environmental pollution problem and drawn much attention all over the world'-*. Microwave
absorbing materials offer an effective method to solve this issue by converting EM energy to thermal energy or
dissipating it by interference*. With the drastically increasing utilization of EM wave in gigahertz range, magnetic
. metals and alloys have recently received considerable attention among various microwave absorbing candidates
© because of their attractive advantages of high permeability and compatible permittivity. Until now, many tra-
ditional magnetic materials, such as Fe, Ni, Co, their alloys and compounds with size from nanometer scale to
micrometer scale, have been widely investigated®!!. However, these magnetic absorbers often suffer from sharp
. decrease of permeability in gigahertz frequency due to the Snoek’s limit'?, large matching thickness and large
: weight, which reduce their performance and limit their practical applications. To overcome the Snoek’s limit,
a few efforts have been made to synthesize magnetic materials with large shape anisotropy. For example, Feng
et al. improved the microwave absorbing performance of granular-shaped FeNi alloy by flattening them into
flake-shaped FeNi alloy via mechanical alloying'®. Tong et al. synthesized urchin-like Fe;O, nanostructures and
obtained minimum reflection loss (RL) of —29.96 dB at a thickness of 4.0 mm !4,
To further improve the comprehensive performance of magnetic absorber, carbonaceous materials are usu-
ally used as dielectric addictive to construct heterogeneous composite absorber. Typically, CNTs are considered
as good candidates because of their high dielectric loss, low density and low cost!>~'”. The composite contain-
ing CNTs and magnetic materials possess both strong dielectric loss and magnetic loss. The good impedance
° matching property can be achieved by tuning the ratio of magnetic components and CNTs. Besides, the CNTs
. with one dimensional tubular structure can readily form interconnected network which provides additional
. conductive paths in composite, and thus benefit the microwave attenuation. So far, the improved microwave

absorbing properties have been obtained in many magnetic materials/CNTs composites. For example, Che et al.
- synthesized a-Fe-filled CNT/epoxy composites which exhibited minimum RL of —25dB at 11 GHz with thin
. thickness of 1.2 mm'8. Zou et al. prepared Ni nano-wire filled multi-walled carbon nanotubes (MWCNTs) by
© CVD method. The Ni nano-wiress MWCNTs composite achieved the minimum RL value of —23.1dB at 8.0 GHz
. with a thickness of 4.0 mm"’. Yang et al. fabricated FeNi decorated CN'Ts composite, and obtained optimal RL
. of —15.4dB at 16.5 GHz with thickness of 1.6 mm?. Nevertheless, the fabrication of most CNT-magnetic metal
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hybrids involves complex processes, severe synthetic conditions and high costs, which impose restrictions on
their practical applications.

FeSiAl alloy is an important soft magnetic material with extensive applications, and it has been proven to
exhibit potential microwave absorbing properties in gigahertz frequency region. However, it is still a big chal-
lenge for FeSiAl absorber to fulfill the requirements for high-performance microwave absorbing materials with
strong absorption, broad absorption bandwidth, small thickness and light weight*'-2%. Based on the abovemen-
tioned approaches for improving magnetic absorber, the combination of FeSiAl with CN'Ts would be a promising
method to achieve this goal. Moreover, to facilitate practical application, it is more desirable to develop a prepara-
tion method for FeSiAl composite absorber which is simple, low cost and appropriate for large-scale production.

In this work, we fabricated FeSiAl/MWCNT composite absorber by a simple, low-cost and scalable ball mill-
ing method. The EM parameters of the composite absorber were well controlled by adjusting the morphology,
especially the aspect ratio (length/thickness) of the FeSiAl particles, and the addition content of MWCNTTs.
Excellent microwave absorbing performance with RL of —42.8 dB at a very thin thickness of 1.9 mm was achieved
in the composite consisting of flaky FeSiAl and moderate amount of MWCNTSs (2 wt.%). The possible absorbing
mechanisms related with the special morphology of FeSiAl alloy and the synergetic effect of MWCNTs and alloy
were discussed in detail.

Experimental

Preparation of flaky FeSiAl alloy. Commercial FeSiAl alloy powder was used as a beginning material in
the current study. The raw powder was ball milled in a planetary mill with the ball-to-powder weight ratio of 5:1
at a rotation rate of 500 rpm. The milling operation was performed under argon protection at room temperature.
The milling time was tuned from 4, 8 to 16 h. During the milling process, anhydrous ethanol was added as process
control agent. Finally, the products were collected, washed and dried in an oven for 12h at 60 °C.The samples
milled for 4, 8 and 16 h were denoted as FeSiAl-4, FeSiAl-8 and FeSiAl-16.

Preparation of FeSiAl alloy-MWCNT composites. The MWCNTs used in this experiment were pur-
chased from DK nanotechnology Co. LTD. The FeSiAl alloy-MWCNT composites were obtained by ball milling
the mixture of commercial FeSiAl powders and MWCNTs for 8 h. The mass fraction of MWCNTs in the mixture
was 2 and 10 wt.%. Certain content of anhydrous ethanol was added into the mixture as the process control agent.
Finally, the products were collected, washed and dried in an oven for 12h at 60 °C.

Characterization. The crystal structure of the samples was determined by X-ray diffraction (XRD) using
a diffractometer equipped with Cu-Ka source. The morphologies of the samples were observed using ZEISS
Merlin scanning electron microscopy (SEM) and transmission electron microscopy (TEM, JEOL-2100F). The
static magnetic properties of the products were measured at room temperature using a vibrating sample mag-
netometer (VSM).

The electromagnetic parameters were measured on a vector network analyzer (Agilent Technologies, PNA-L,
N520C) in the frequency range of 2-18 GHz. Specimens used for the measurements were fabricated from a mix-
ture containing 60 wt.% of paraffin and 40 wt.% of the as-prepared samples. And then the resulting absorber/
paraffin mixtures were compressed into toroidal-shaped specimens with outer diameter of 7.00 mm and inner
diameter of 3.04 mm.

Results and Discussions

Phase structure and morphology. Figure 1 shows the XRD patterns of the FeSiAl alloys milled for dif-
ferent time and the FeSiAl/MWCNTs composites with different MWCNT content. As shown in Fig. 1(a), the raw
FeSiAl alloy consists of two phases. The diffraction peaks at 44.6°, 65.3° and 82.8° can be well indexed to the a-Fe
(Si, Al) alloy with bcc structure, and the diffraction peaks at 27.0° and 31.0° originate from the DO3 structure.
When the alloy was milled, the super lattice diffraction peaks of DO3 phase disappear. Meanwhile, the diffrac-
tion peaks from a-Fe (Si, Al) phase become broader and weaker, suggesting the decrease of FeSiAl particle size
and the presence of internal strain induced by ball milling. According to Scherrer equation, the mean size of the
raw FeSiAl alloy calculated using (110) peak is approximately 59.3 nm, while the mean sizes of the milled alloys
decrease from 21.2, 19.4 to 16.1 nm as the milling time increases to 16 h. Figure 1(b) compares the XRD patterns
of the FeSiAl-8 alloy and FeSiAl/MWCNT composites with different MWCNT content. It is clear that the addi-
tion of MWCNT: does not change the crystal structure of the FeSiAl alloy. When the MWCNT content is 10 wt.%,
characteristic diffraction peaks at 26.3° and 43.4° from MWCN'Ts can be clearly detected®.

The typical morphologies of the raw and milled FeSiAl alloys are shown in Fig. 2. As observed in Fig. 2(a), the
raw FeSiAl particles exhibit irregular morphology. After a short-time milling, there is no obvious morphology
change for the FeSiAl-4 particles (Fig. 2(b)). When the milling time increases to 8 h, most particles appear to
be flaky shape with large aspect ratio. As illustrated in Fig. 2(c), the representative FeSiAl sheet has a thickness
of ~2pm, a length of ~40 pm, and thus the corresponding aspect ratio (length/thickness) of the sheet is about
20:1. It is expected that the large aspect ratio of the FeSiAl sheets is favorable to increasing the magnetic loss in
high-frequency region by overcoming the Snoek’s limit. Moreover, the thickness of the sheet is close to the typ-
ical skin depth of traditional FeSiAl alloy (~2m)*. which is also beneficial for suppressing the negative effect
of the eddy current®'-*® in alternating EM field. When the milling time was further elongated, more and more
FeSiAl particles were crushed into fine pieces (Fig. 2(d)), which inversely decreased the aspect ratio of the sheets.
Therefore, the morphology especially the aspect ratio of the FeSiAl particles can be well tuned through the ball
milling process, which would significantly affect the microwave absorbing properties. In addition, the compo-
sitions of the FeSiAl alloys were measured by EDS. It reveals that the raw alloys are composed of Fe, Si, and Al
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Figure 1. XRD patterns of (a) raw FeSiAl, FeSiAl-4, FeSiAl-8 and FeSiAl-16 samples, (b) FeSiAl-8 and FeSiAl/
MWCNT composites.

elements with the atomic percentage of 74.9%, 13.9% and 11.2% respectively. Ball milling process has negligible
effects on the composition of the alloys, as displayed in Fig. 3.

Figure 4 presents the typical morphologies of MWCNTs and FeSiAl/MWCNT composites milled for 8h. It is
found that the morphology of the FeSiAl sheets in composite is similar to that of the pure FeSiAl-8 sample. A large
number of MWCNTSs with diameter of 13-15nm and length of several micrometers adhere to the surface of the
FeSiAl sheets. Clearly, parts of the MWCNTs are well dispersed as shown in Fig. 4(c), while parts of MWCNTs are
severely aggregated as observed in Fig. 4(d).

Static magnetic properties. The magnetization curves of the FeSiAl alloys were characterized by VSM
at room temperature and presented in Fig. 5. All the samples exhibit typical soft magnetic characteristics with
rather small remnant magnetization (M,) and coercivity (H,) values. Based on the measured data, the values of
saturation magnetization (M), M, and H, are summarized in Table.1. It is clear that ball milling has little effect on
M, while it significantly enhances H, from 1.0 to 18.4 Oe as the milling time increases. The considerable increase
of H, is probably attributed to the formation of large amounts of structural defects and the presence of internal
strain caused by the severe deformation, which may induce higher resistance to the magnetization because of the
pinning effect®*.

Microwave absorbing performance. The FeSiAl alloys and FeSiA/MWCNT composites were mixed with
paraffin with filler loading of 40 wt.% for the measurements of EM parameters. Generally, the microwave absorb-
ing performance of a material can be evaluated by the reflection loss (RL) value at a given thickness. According
to transmission line theory, the RL of a normal incident EM wave can be calculated based on the measured EM
parameters:

Z
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RL(dB) = 20 log

1
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Figure 3. EDS results of (a) raw FeSiAl, (b) FeSiAl-4, (c) FeSiAl-8, and (d) FeSiAl-16 samples.
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Figure 4. (a) TEM image of MWCNTs, (b,c) SEM images of FeSiAI/MWCNT composite (2wt.% MWCNT),
(d) SEM image of FeSiAI/MWCNT composite (10 wt.% MWCNT).
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Figure 5. The hysteresis loops of raw FeSiAl, FeSiAl-4, FeSiAl-8 and FeSiAl-16 samples. The inset a is the
enlargement of M, and the inset b is the enlargement of hysteresis curves close to zero magnetic field.

Raw 130.11 0.08 1.00
Milled for 4h 134.98 1.31 12.59
Milled for 8h 127.03 1.51 18.19
Milled for

16h 126.60 1.84 18.44

Table 1. The M, M, and H, values of the raw and as-milled FeSiAl alloys.

SCIENTIFICREPORTS | 6:35377 | DOI: 10.1038/srep35377 5



www.nature.com/scientificreports/

a b

0
—_ ar )
g s
2 0t £ .
= =
£ 2 &
g -15| kL ¢
5 3 - ’
& :—f:mdr - % 2 ] e —=— Without CNT *
200 — Milled for =P e 2%CNT |
—4— Milled for 16 h U il o~ 10% CNT :
=25 L L - - - - - 45 1 L 1 1 Il L 1
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz)

Reflection loss (4B)

Figure 6. (a) Reflection losses of raw FeSiAl, FeSiAl-8, FeSiAl-16 samples with absorber thickness of 2 mm,
(b) reflection losses of FeSiAl-8 and FeSiAl/MWCNT composites with absorber thickness of 2 mm, (¢) 3D
reflection loss plot of FeSiAl/MWCNT composite (2 wt.% MWCNT).
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Where Z,, is the input impedance at the interface of free space and material, fis the frequency, d is the thickness
of the absorber, €, and y, are the complex permittivity and permeability of the absorber, and c is the velocity of
EM wave in free space.

Figure 6 shows the calculated RL of the raw FeSiAl, milled FeSiAl alloys and FeSiAl/MWCNT composites in
the range of 2-18 GHz with thickness of 2.0 mm. From Fig. 6(a), it is found that the milling time has important
effects on the microwave absorbing performance of the FeSiAl alloys. Relative to the raw FeSiAl and FeSiAl-16
samples, the FeSiAl-8 sample with optimized milling time displays stronger microwave absorbing capability with
minimum RL value of —21.4dB at 14.4 GHz. The effective absorption bandwidth with RL less than —10dB (cor-
responding to the 90% absorption of incident EM wave) of the FeSiAl-8 sample covers 4.9 GHz (12.1-17.0 GHz).
For the purpose of further improving the microwave absorbing properties, a certain amount of MWCNTSs were
mixed with FeSiAl alloy and milled for 8 h. As shown in Fig. 6(b), the addition of MWCNTSs with appropriate
weight percentage of 2 wt.% results in the considerable enhancement of the microwave absorbing capability of the
FeSiAl/MWCNT composite. To investigate the microwave absorbing performance in detail, three dimensional RL
plot of the FeSiAI/MWCNT (2 wt.%) composite versus frequency in the range of 2-18 GHz and thickness in the
range of 1.3-2.0 mm is presented in Fig. 6(c). It is found that the RL values of the composite can exceed —10dB
even with a very thin absorber thickness of 1.3 mm. The optimal RL value reaches —42.8 dB (at 12.3 GHz) with
thickness of 1.9 mm, and the effective absorption bandwidth is up to 3.9 GHz (10.5-14.4 GHz). The microwave
absorption properties of the FeSIA/MWCNT (2 wt.%) composite together with other FeSiAl alloys and compos-
ites reported in recent literatures were summarized in Table 2. In comparison with other FeSiAl-based materials,
the FeSiAl/MWCNT composite prepared in this work exhibits superior performance at a rather thin thickness,
indicating the promising perspective of the FeSiAl/MWCNT absorber in the development of lightweight, thin
microwave absorbing coatings.

To reveal the possible microwave absorbing mechanisms, the EM parameters of the FeSiAl alloys and FeSiAl/
MWCNT composites are discussed in detail. The excellent microwave absorbing performance of the FeSiAl/
MWCNT (2wt.%) composite should be closely related to the special morphology of the flaky FeSiAl alloy and
the synergetic effect between FeSiAl and MWCNT. As observed in Fig. 7(a,b), the deformation of the FeSiAl alloy
leads to the great change of both the ¢’ and €’ which represent the storage and dissipation abilities of electric
energy, respectively. As the milling time increases, the ¢’ values of the FeSiAl alloys vary in the range of 2.7-8.6,
6.6-9.1, and 4.5-5.7, respectively. The e”’ curves display two obvious resonant peaks in 8-14 GHz and 15-18 GHz
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FeSiAI/MWCNT | silicone rubber 50 1 — —7.3 (at 2.62 GHz) 23
FeSi paraffin 75 2 0.4 —13.1 (at 2.9 GHz) 24
FeSiAl paraffin 35 4 32 —39.67 (at 1.4GHz) 25
FeSiAl/BaTiO; epoxy 4 4 2.8 —18.1 (at 3.1GHz) 26
Fe-Ti-Si-Al epoxy 98 3 1.24 —23.1 (at 1.55 GHz) 27
FeSiAl/graphite paraffin 40 3 2 —21 (at 6.7 GHz) 28
FeSiAl paraffin 35 5 1.2 —13.4 (at 1.44 GHz) 21
FeSiA/MWCNT paraffin 40 1.9 3.9 —42.8 (at 12.3GHz) this work

Table 2. Microwave absorption properties of FeSiAl-based absorbers reported in this work and recent
literatures.
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Figure 7. The frequency dependence of complex permittivity and permeability of raw FeSiAl, FeSiAl-8 and
FeSiAl-16 samples.

which correspond to two polarization relaxations. According to Debye theory®, the ¢’ consists of both polariza-
tion loss and conductive loss, described by the following equation,

& — &

o
" S o]
€ —_— ZWT—I——

14w we, (3)

where o is electrical conductivity, w is angular frequency, T is relaxation time, ; and €, is static permittivity
and relative permittivity, respectively. The polarization loss mainly originates from the interfacial polarization
relaxations at the interfaces of FeSiAl-paraffin and FeSiAl-FeSiAl. Compared with irregular particles, the flaky
ones possess higher aspect ratio and thus larger specific surface area, which contributes to an enhanced overall
interfacial polarization loss. According to the equation 3 the conductivity loss is directly proportional to electrical
conductivity. The severe deformation caused by milling could create a large number of structural defects in FeSiAl
particles, which hinders the transfer of charges. Hence, the increased electrical resistivity of the particles may lead
to the drop of permittivity. When the milling time extends to 16 h, the €’ considerably decreases relative to the
raw alloy.

As a traditional magnetic material, the magnetic loss of the FeSiAl alloy plays a dominant role in tuning the
microwave absorption performance. It can be seen from Fig. 7(c,d) that both the 4/ and 1 of the flaky FeSiAl
alloys are larger than those of the irregular one. Especially, the FeSiAl-8sample exhibits the largest ;' and p”
values of 1.58 and 0.54, respectively. The resonant peaks in the 1 curves in low-frequency and high-frequency
region can be assigned to the natural resonance and exchange resonance of the FeSiAl alloy, respectively. For
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Figure 8. The frequency dependence of complexpermittivity and permeability of FeSiAl-8 and FeSiAl/
MWCNT composites.

irregular-shaped FeSiAl alloy, the permeability is generally restrained by Snoek’s limit*, whereas the FeSiAl alloy
with flaky shape can overcome such limit. As observed in Fig. 7(b), the natural resonance frequency (f,) of the
raw FeSiAl alloy is presumed to be below 2 GHz, while the f, shifts to ~2.5 GHz when the alloy was milled. The
relationship between permeability and resonance frequency of the irregular and flaky FeSiAl alloys follows the
Equation 4 and 5, respectively.

2 /
(= Df, = 7'M, @

(w,—1Df, = %v’MS /I;—” )

Where p,, f,, 7' and M are the initial permeability, resonance frequency, gyro-magnetic ratio and saturation
magnetization, respectively. H,, and Hy, represent the in-plane and out-of-plane anisotropy fields, respectively.
Because H,, < Hy,, the permeability of flaky particles would be higher than that of the irregular-shaped one,
which is consistent with our results. Additionally, the exchange coupling reaction of the magnetic moment
between particles can be enhanced with the increase of surface area®®*, which also benefits the increase of per-
meability of the milled FeSiAl alloys.

Among the raw and milled FeSiAl alloys, the relatively larger ¢’/ and 1 values of the FeSiAl-8 sample indicate
the higher dielectric loss and magnetic loss, which contribute to the strongest microwave absorbing capability.

After mixing MWCNTs with FeSiAl-8 alloy, the further enhancement of the microwave absorbing perfor-
mance is expected to originate from the synergetic effects of the MWCNTs and FeSiAl alloys. Because of the small
addictive amount of MWCNTs in FeSiAI/MWCNT composites, the incorporation of MWCNTs has little effect
on the permeabilities of the composites in terms of the measurement error, as illustrated in Fig. 8(a,b). However,
the permittivities of the FeSiAl/MWCNT composites are apparently enhanced compared with pure FeSiAl-8 sam-
ple. Figure 8(c,d) shows the complex permittivities of the FeSIAl/MWCNT composites with different MWCNT
amount. The ¢’ and €'’ of the FeSiAl-8 alloy fluctuate in the range of 6.5-8.1 and 0.2-1.7, respectively. After
mixingwith MWCNTs with weight percentage of 2 wt.%, the &’ value of the composite increases to 10.1-11.8 and
the average ¢’/ value increases to 1.3. As the MWCNTs weight percentage increases to 10 wt.%, the maximum
values of ¢’ and €” considerably rise to 48.2 and 20.8 (at 2 GHz), respectively, which are several times larger than
those of the other samples. Meanwhile, the ¢’ curves of the FeSiAl/MWCNT composites exhibit more resonant
peaks compared with FeSiAl-8 sample. According to the abovementioned equation 3, the variation of permittivity
caused by the addition of MWCNTs can be explained as follows. Firstly, the addition of MWCNTs increases the
conductivity of the composite and provides additional conductive paths for electron hopping and migrating as
shown in Fig. 9(a), which enhances the conductive loss. Secondly, the addition of MWCNTs introduces more
polarization relaxations which are evidenced by the increase in the number of resonant peaks in €”” curves. The
Debye dipolar polarization relaxation can be evaluated by the Cole-Cole plot as expressed by*04!,
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Thus, the plot of €”/ versus €’ would be a single semicircle representing one Debye relaxation process. As shown
in Fig. 10(a), two obvious Cole-Cole semicircles are found in raw FeSiAl-8 alloy, suggesting the presence of two
Debye relaxation processes. After mixing with MWCNTs, several semicircles are clearly observed for FeSiAl/
MWCNT composites in Fig. 10(b,c)**. The multiple Debye relaxation processes include the dipole relaxations
associated with the surface functional groups and defects in MWCNTs (Fig. 9(c))***, and the dipole relaxations
at interfaces i.e. FeSiAl-FeSiAl, MWCNT-FeSiAl, FeSiAl-paraffin and MWCNT-paraffin interfaces. The increase
of dipole polarization relaxation in FeSiAI/MWCNT composites greatly increases the polarization loss. In sum-
mary, the enhanced conductivity loss and polarization loss account for the increase of £”’ of the FeSiAl/MWCNTs
composites.
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Figure 11. The impedance matching degree (A) curves of FeSiAl-8 and FeSiAl/MWCNT composites.

Compared with FeSiAl-8 sample, the larger ¢”” of the FeSiAl/MWCNTs composite suggests enhanced overall
losses (magnetic loss+ dielectric loss) which should induce stronger microwave attenuation capability. However,
as observed in Fig. 6(b), only the FeSiAl/MWCNTs composite with moderate amount of MWCNTs (2 wt.%)
displays enhanced microwave absorbing property while the composite with excessive addition of MWCNTSs
(10wt.%) possesses much poorer absorbing capability. To explain this phenomenon, impedance matching which
is another key factor for determining the microwave absorbing property should be taken into account. It is known
that good impedance matching which requires the balance between permittivity and permeability is the prereq-
uisite for EM wave entering absorber. The impedance matching degree A of the FeSiAl-8 and FeSiAl/MWCNTs
can be calculated in the following equations*>¢:

4e’ cos(p)p’ cos(by)

2
[ cos(b6y) — € cos(<5M)]2 + (tan M) [ cos(by) + € cos(<‘5M)]2

M=
(7)

(6546
. sm(u)
K="2" [ 2

c veH Jcos(6)cos(8,,) (8)

€//
b = arctan| —
E/

&)

"
oy = arctan[—/
I

(10)

Figure 11 depicts the impedance matching degree of FeSiAl-8 alloy and FeSiAl/MWCNTs composites at a
layer thickness of 2mm. The value of A for the FeSiAl/MWCNTSs (10 wt.%) composite was far beyond 1.0, imply-
ing the poor impedance matching. In this case, the strong reflection of EM wave on the absorber surface would
restrict the absorption of electromagnetic wave inside the absorber.

From the above analysis, we can conclude that the good impedance matching and the strong EM wave atten-
uation capability contribute to the excellent microwave absorbing performance of the FeSIAI/MWCNT (2 wt.%)
composite. Firstly, the balance between permittivity and permeability of the composite can ensure the incident
waves enter the absorber to the greatest extent. Secondly, the strong magnetic loss and the enhanced dielectric loss
contribute to the strong microwave attenuation (as illustrated in Fig. 9(b,c)). Thirdly, the established 3D conduc-
tive paths by MWCNTs and FeSiAl sheets for electron hopping and migrating could transform the incident wave
into heat or other forms of energy (as illustrated in Fig. 9(a,d))*. In addition, the thin FeSiAl sheets with large
aspect ratio can increase the propagation paths for the incident waves inside the sample by multiple scattering and
reflection, as illustrated in Fig. 9(e).

Conclusions

A serial of FeSiAl alloy/MWCNT composites were prepared by ball milling method with tunable morphology,
aspect ratio of FeSiAl alloy and various content of MWCNTs in the composite. The magnetic loss of the composite
strongly depends on the morphology and structure characteristics of the FeSiAl component. With optimized ball
milling time, the composite displays high magnetic loss value due to the increased anisotropy field. Moreover, the
dielectric loss of the composite was improved by tuning the addition amount of MWCNTs due to the enhance-
ment of interfacial polarizations, dipolar polarizations and the increase of conductive paths. After ball milling
for 8h, a minimum RL value of —42.8dB at 12.3 GHz was achieved in FeSiAl/MWCNT composite with 2 wt.%
MWCNT content at a very thin coating thickness of 1.9 mm. The outstanding microwave absorption properties
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as well as the facile fabrication method endow the FeSiAI/MWCNT composite promising applications in both
military and civil fields.

References

1.

2.

10.
11.

12.
13.

14.

15.
16.

17.
. Che, R. C,, Peng, L. M., Duan, X. E, Chen, Q. & Liang, X. L. Microwave absorption enhancement and complex permittivity and

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.

37.
38.

39.

40.

Liu, X. F. et al. Flexible nanocomposites with enhanced microwave absorption properties based on Fe;0,/SiO, nanorods and
polyvinylidene fluoride. J. Mater. Chem. A3, 12197-12204 (2015).

Pan, Y. F, Wang, G. S. & Yue, Y. H. Fabrication of Fe;0,@Si0,@RGO nanocomposites and their excellent absorption properties with
low filler content. RSC Adv. 5, 71718-71723 (2015).

. Liu, X. F. et al. Modulation of electromagnetic wave absorption by carbon shell thickness in carbon encapsulated magnetite

nanospindles—poly(vinylidene fluoride) composites. Carbon 95, 870-878 (2015).

. Ding, X., Huang, Y. & Zong, M. Synthesis and microwave absorption enhancement property of core-shell FeNi;@SiO,-decorated

reduced graphene oxide nanosheets. Mater. Lett. 157, 285-289 (2015).

. Lee, G. Y., Kwon, S. K. & Lee, J. S. Annealing effect on microstructure and magnetic properties of flake-shaped agglomerates of Ni-

20 wt%Fe nanopowder. J. Alloy. Compd. 613, 164-169 (2014).

. Lv, H. L. et al. CoxFey@C Composites with Tunable Atomic Ratios for Excellent Electromagnetic Absorption Properties. Sci. Rep. 5,

18249 (2015).

. Zhao, X. C. et al. Excellent microwave absorption property of Graphene-coated Fe nanocomposites. Sci. Rep. 3, 3421 (2013).
. Afghahi, S. S. S. & Shokuhfar, A. Two step synthesis, electromagnetic and microwave absorbing properties of FeCo@C core-shell

nanostructure. J. Magn. Magn. Mater. 370, 37-44 (2014).

. Liu, X. et al. Enhanced microwave absorption properties in GHz range of Fe;0,/C composite materials. J. Alloy. Compd. 649,

537-543 (2015).

Li, J., Liu, H. B. & Yang, L. Research on Microwave Absorption Properties of FeCo/Graphite Nanocomposite. J. Inorg. Mater. 29,
470-474 (2014).

Zhang, L. L. et al. Facile synthesis of iron oxides/reduced graphene oxide composites: application for electromagnetic wave
absorption at high temperature. Sci. Rep. 5, 9298 (2015).

Snoek, J. L. Gyromagnetic resonance in ferrites. Nature 159, 90 (1947).

Liu, J., Feng, Y. & Qiu, T. Synthesis, characterization, and microwave absorption properties of Fe-40 wt%Ni alloy prepared by
mechanical alloying and annealing. J. Magn. Magn. Mater. 323, 3071-3076 (2011).

Tong, G. et al. Synthesis and characterization of nanosized urchin-like alpha-Fe,O; and Fe;O,: Microwave electromagnetic and
absorbing properties. J. Alloy. Compd. 509, 4320-4326 (2011).

Bulmer, J. S. et al. Microwave Conductivity of Sorted CNT Assemblies. Sci. Rep. 4, 3762 (2014).

Zhao, J. et al. Lanthanum and Neodymium Doped Barium Ferrite-TiO,/MCNTs/poly(3-methyl thiophene) Composites with Nest
Structures: Preparation, Characterization and Electromagnetic Microwave Absorption Properties. Sci. Rep. 6, 20496 (2016).

Zhao, T. K. et al. Electromagnetic Wave Absorbing Properties of Amorphous Carbon Nanotubes. Sci. Rep. 4, 5619 (2014).

permeability of Fe encapsulated within carbon nanotubes. Adv. Mater. 16, 401—+- (2004).

Zou, T, Li, H., Zhao, N. & Shi, C. Electromagnetic and microwave absorbing properties of multi-walled carbon nanotubes filled with
Ni nanowire. J. Alloy. Compd. 496 (2010).

Yang, Q,, Liu, L., Hui, D. & Chipara. M. Microstructure, electrical conductivity and microwave absorption properties of y-FeNi
decorated carbon nanotube composites. Compos. Part B-Eng. 87, 256-262 (2016).

Zhou, T. D., Zhou, P. H,, Liang, D. F. & Deng, L. J. Structure and electromagnetic characteristics of flaky FeSiAl powders made by
melt-quenching. J. Alloy. Compd. 484, 545-549 (2009).

Chen, Y.-H. et al. 3D Fe;O, nanocrystals decorating carbon nanotubes to tune electromagnetic properties and enhance microwave
absorption capacity. J. Mater. Chem. A 3, 12621-12625 (2015).

Zhang, W., Xu, Y., Yuan, L., Gai, ]. & Zhang, D. Microwave Absorption and Shielding Property of Composites with FeSiAl and
Carbonous Materials as Filler. J. Mater. Sci. Technol. 28,913-919 (2012).

Cao, L. et al. Electromagnetic properties of flake-shaped Fe-Si alloy particles prepared by ball milling. J. Magn. Magn. Mater. 368,
295-299 (2014).

Feng, Y. B., Tang, C. M. & Qiu, T. Effect of ball milling and moderate surface oxidization on the microwave absorption properties of
FeSiAl composites. Mater. Sci. Eng. B-Adv. Funct. Solid-State Mater. 178, 1005-1011 (2013).

Yang, W., Yu, S., Sun, R. & Du, R. Effects of BaTiO; and FeAlSi as fillers on the magnetic, dielectric and microwave absorption
characteristics of the epoxy-based composites. Ceram. Int. 38, 3553-3562 (2012).

Liu, J., Ma, T., Tong, H., Luo, W. & Yan, M. Electromagnetic wave absorption properties of flaky Fe-Ti-Si-Al nanocrystalline
composites. J. Magn. Magn. Mater. 322, 940-944 (2010).

Sun, J. et al. Enhanced microwave absorption properties of the milled flake-shaped FeSiAl/graphite composites. J. Alloy. Compd. 548,
18-22 (2013).

Zhang, A., Tang, M., Cao, X., Lu, Z. & Shen, Y. The effect of polyethylenimine on the microwave absorbing properties of a hybrid
microwave absorber of Fe;O,/MWNTs. J. Mater. Sci. 49, 4629-4635 (2014).

Choi, D., Choi, M. & Kim, J. Magnetic Properties of Fe@FeSiAl Oxide Nanoparticles and Magneto-Dielectric Properties of Their
Composite Sheets. IEEE Trans. Magn. 50, 4 (2014).

Oh, K., Hong, S. M. & Seo, Y. Effect of crosslinking reaction on the electromagnetic interference shielding of a Fe-Si-Al alloy
(Sendust)/polymer composite at high frequency. Polym. Adv. Technol. 25, 1366-1370 (2014).

Li, Q. E, Feng, Z. K,, Yan, S. Q., Nie, Y. & Wang, X. Electromagnetic Properties and Impedance Matching Effect of Flaky Fe-Si-Al/
Co(2)Z Ferrite Composite. J. Electron. Mater. 43, 3688-3694 (2014).

Wang, X., Xu, X. ., Gong, W,, Feng, Z. K. & Gong, R. Z. Electromagnetic properties of Fe-Si-Al/BaTiO;/Nd,Fe, B particulate
composites at microwave frequencies. J. Appl. Phys. 115, 3 (2014).

Li, X. et al. Composite coatings reinforced with carbonyl iron nanoparticles: preparation and microwave absorbing properties.
Mater. Technol. 29, 57-64 (2014).

Han, M. G. & Deng, L. J. Understanding the enhanced microwave permeability of Fe-Si-Al particles by Mossbauer spectroscopy. J.
Magn. Magn. Mater. 337, 70-73 (2013).

Yang, H.-J. et al. NiO Hierarchical Nanorings on SiC: Enhancing Relaxation to Tune Microwave Absorption at Elevated Temperature.
ACS Appl. Mater. Interfaces 7, 7073-7077 (2015).

Geng, H. et al. FegNi,,-O/SiO, (n) Multilayer thin films for applications in GHz range. Mater. Lett. 92, 346-349 (2013).

Yuping, D. et al. Evolution study of microstructure and electromagnetic behaviors of Fe-Co-Ni alloy with mechanical alloying.
Mater. Sci. Eng. B-Adv. Funct. Solid-State Mater. 185, 86-93 (2014).

Wang, X., Gong, R. Z,, Li, P. G,, Liu, L. Y. & Cheng, W. M. Effects of aspect ratio and particle size on the microwave properties of
Fe-Cr-Si-Al alloy flakes. Mater. Sci. Eng. A-Struct. Mater. Prop. Microstruct. Process. 466, 178182 (2007).

Yu, H. L. et al. Graphene/polyaniline nanorod arrays: synthesis and excellent electromagnetic absorption properties. J. Mater. Chem.
22,21679-21685 (2012).

SCIENTIFICREPORTS | 6:35377 | DOI: 10.1038/srep35377 11



www.nature.com/scientificreports/

41. Zhang, X. J., Wang, G. S., Wei, Y. Z., Guo, L. & Cao, M. S. Polymer-composite with high dielectric constant and enhanced absorption
properties based on graphene-CuS nanocomposites and polyvinylidene fluoride. J. Mater. Chem. A1, 12115-12122 (2013).

42. Bomati-Miguel, O. et al. Fe-based nanoparticulate metallic alloys as contrast agents for magnetic resonance imaging. Biomaterials
26, 5695-5703 (2005).

43. Ning, M.-Q. et al. Two-dimensional nanosheets of MoS,: a promising material with high dielectric properties and microwave
absorption performance. Nanoscale 7, 15734-15740 (2015).

44. Lu, M.-M. et al. Multiscale Assembly of Grape-Like Ferroferric Oxide and Carbon Nanotubes: A Smart Absorber Prototype Varying
Temperature to Tune Intensities. ACS Appl. Mater. Interfaces 7, 19408-19415 (2015).

45. Xing, H. L. et al. Excellent microwave absorption properties of Fe ion-doped SnO,/multi-walled carbon nanotube composites. RSC
Adv. 6, 41656 (2016).

46. Hong, X. Y. et al. Synthesis and Electromagnetic Absorbing Properties of Titanium Carbonitride with Quantificational Carbon
Doping. J.Phys, Chem. C 120, 148-156 (2016).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant Nos 51102006, 51271009
and 61227902).

Author Contributions

L.H. prepared the samples, carried out structural characterization, magnetic and EM parameter measurement,
and wrote the manuscript; X.L. initiated the idea and designed the research programme; X.L. and R.Y. advised
and supported in preparing the manuscript; Y.C. and D.C. supported in SEM observation and assisted in the
experiment.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Huang, L. et al. Flaky FeSiAl alloy-carbon nanotube composite with tunable
electromagnetic properties for microwave absorption. Sci. Rep. 6, 35377; doi: 10.1038/srep35377 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

CEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:35377 | DOI: 10.1038/srep35377 12


http://creativecommons.org/licenses/by/4.0/

	Flaky FeSiAl alloy-carbon nanotube composite with tunable electromagnetic properties for microwave absorption
	Introduction
	Experimental
	Preparation of flaky FeSiAl alloy
	Preparation of FeSiAl alloy-MWCNT composites
	Characterization

	Results and Discussions
	Phase structure and morphology
	Static magnetic properties
	Microwave absorbing performance

	Conclusions
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Flaky FeSiAl alloy-carbon nanotube composite with tunable electromagnetic properties for microwave absorption
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35377
            
         
          
             
                Lina Huang
                Xiaofang Liu
                 Dan Chuai
                Yaxin Chen
                Ronghai Yu
            
         
          doi:10.1038/srep35377
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35377
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35377
            
         
      
       
          
          
          
             
                doi:10.1038/srep35377
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35377
            
         
          
          
      
       
       
          True
      
   




