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TiN nanoparticles with an average diameter of 15 nm or so were prepared by the reaction of spongy Ti
and NH4Cl at about 530 °C. The electromagnetic parameters of the TiN nanoparticles/wax composite were
measured by a coaxial line method. The nanoparticles exhibit good microwave absorbing ability owing
to dielectric loss, and the measured reflection loss reaches a minimum value of —16.1 dB at 13.8 GHz. The
interfaces between nanocrystalline TiN and the thin amorphous TiO, layer on the TiN surface contribute
dominantly to the high permittivity and good microwave absorbing properties.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Electromagnetic (EM) wave absorbing materials have extensive
and significant applications for EM interference shielding and radar
cross section reduction. Recently, an increasing interest has been
focused on nano-sized materials owing to the better EM absorb-
ing properties than bulk absorbers [1]. For instance, Fe nanowires
with diameters of 70-200nm could markedly reduce the eddy
current loss and exhibited an outstanding EM wave absorption
in the frequency range of 5.6-18 GHz [1]. Magnetic nanoparti-
cles encapsulated in carbon nanotubes (CNTs) exhibited better EM
absorption properties between 2 and 18 GHz [2-4], and the CNTs
filled with ferromagnetic nanowires might be used as lightweight
microwave absorbers [5,6]. Mn30,4 nanoparticles exhibited excel-
lent microwave absorbing properties with a minimum reflection
loss (RL) of —27.1dB at 3.1GHz [7]. Porous Fe304/SnO, and
Fe304/Fe/SiO, core/shell nanorods possessed good EM absorbing
properties due to the effective complementarities between the
dielectric loss and the magnetic loss [8,9]. Silicon carbide nanopar-
ticles doped with nitrogen exhibited excellent EM wave absorption
properties with a minimum RL of —43.15dB at 12 GHz and with a
single layer of 3 mm in thickness [10].

Very recently, Meng et al. [11] studied the EM wave absorption
properties of carbon coated TiC nanocubes, and the RL exceeded
—20dB in the frequency range of 6-16 GHz. Owing to the similarity
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in structure between TiC and TiN, it is reasonable to speculate that
TiN may also exhibit good EM wave absorption properties.

TiN is an important material with a lot of excellent properties,
such as extreme hardness, high chemical and thermal stability,
good thermal and electrical conductivity [12], and can be utilized in
harsh environments. In this work, TiN nanoparticles were synthe-
sized using spongy Ti and NH4Cl as reactants, whose EM properties
were determined by measuring the relative complex permittiv-
ity (er =€’ —je") and permeability (ur =’ —ju”) of the TiN/paraffin
wax composite.

2. Materials and methods

TiN nanoparticles were synthesized using spongy Ti and NH4Cl as reactants, a
method similar to that in the literature [13]. In a typical procedure, 2.4 g spongy Ti
and 3.0 g NH4Cl were put into a stainless autoclave of 30 mL capacity. Then the auto-
clave was sealed and heated in a furnace to 530 °C and maintained for 10 h. When the
autoclave was cooled to ambient temperature naturally, solid product with golden
color was obtained (Fig. S1 in supplementary data), which almost maintained the
shape of the original spongy Ti. However, the product was very fragile and could be
triturated in an agate mortar. The product was washed successively with anhydrous
ethanol, dilute hydrochloric acid and deionized water several times to remove the
residual reagents and the byproduct, and then dried at 60°C for 10 h. The yield of
the resulting product was about 87 wt.% based on the starting material of spongy Ti.

The X-ray diffraction (XRD) pattern of the resulting product after washing
was obtained on a Rigaku Dmax-rc diffractometer with Ni-filtered Cu K« radia-
tion (V=50kV, I=80mA) at a scanning rate of 4°/min. The morphology of the TiN
was examined by using a JSM-6700F field emission scanning electron microscope
(FESEM), and the microstructure by a Tecnai 20U-Twin high-resolution transmission
electron microscope (HRTEM). Infrared (IR) spectra were measured by a BRUKER
VECTOR 22 FT-IR spectrometer.

The EM absorbing properties of the TiN nanoparticles were determined by mea-
suring the relative complex permittivity and permeability of TiN/wax composite. A
toroidal shaped sample (¢our =7 mm, @;, =3 mm) was prepared by mixing 50 wt.%
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Fig. 1. XRD pattern of the resulting product after washing.

TiN nanoparticles with wax uniformly. The relative complex permittivity and per-
meability of the sample were measured using a coaxial line method in the frequency
range of 2-18 GHz by an E8363B PNA Series Network Analyzer. To achieve the actual
values of RL versus frequency, we further fabricated another TiN/wax composite
containing 30 wt.% of nanocrystalline TiN, which was coated on an aluminum plate
of 180 mm x 180 mm in size. The thickness of the composite is 5 mm. The RL versus
frequency was measured by a HP 8757E scalar Network Analyzer in the frequency
range of 2-18 GHz.

3. Results and discussion

Spongy Ti is the primary product with porous structure in Ti
industry. Using the spongy Ti as reactant to prepare TiN is not only
cost-saving but also highly efficient because the high porosity is
favorable to the transport and diffusion of reactants, thus promot-
ing the reaction rate. Furthermore, Ti is an important element in
nitriding alloys, and the appropriate nitriding temperature range
under NH3 atmosphere is 500-570 °C at which a number of active
nitrogen atoms generate. As a consequence, the formation of TiN
nanoparticles in this work involves two concomitant and syner-
getic reactions: the directly nitriding of Ti and the reaction between
Ti and HCI to form titanium chlorides which further reacted with
NH3 to produce TiN [13]. The former is conducive to maintaining
the shape of the original spongy Ti, and the latter contributes to
forming TiN nanoparticles. The golden color of the solid product
(Fig. S1) is an indication of the formation of TiN. Meanwhile, the
etching effect of HCl on the walls of spongy Ti resulted in highly
fragile TiN which could be easily triturated into powders in an agate
mortar.

From the XRD pattern shown in Fig. 1, all the diffraction peaks
can be indexed to face-centered cubic (fcc) TiN (fm 3 m space group)
witha calculated lattice constant a=4.244 A, whichisin good agree-
ment with that in JCPDF Card No. 38-1420 (a=4.241A). No other
impurities are detectable in the XRD pattern. The broadening of the
peaks is indicative of the formation of nanocrystalline TiN with an
average size of about 15 nm calculated by Scherrer’s equation.

From the FESEM image displayed in Fig. 2a, the TiN nanopar-
ticles are uniform in diameter, which can be further confirmed
by HRTEM (Fig. 2b). The average diameter of the TiN nanocrys-
tals is about 15nm, consistent with the value calculated from
the XRD pattern. The inset at bottom left of Fig. 2b is the corre-
sponding electron diffraction pattern (EDP) of the TiN nanocrystals,
the diffraction rings correspond to the (111), (200), (220),
(311), and (222) planes of fcc TiN. Fig. 2c is the lattice fringe
image of the TiN nanocrystals, the lattice spacing of 0.21 nm
is close to that between two adjacent (200) planes of the
fcc TiN, and a thin amorphous layer with loose structure can
be observed around the TiN nanoparticles. Taking into account
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of the high surface energy of nano-sized TiN and the ther-
modynamics (2TiN+20, =2TiO, + N, ArG,(;{ =—-1160.5k] mol™! )
the nanocrystalline TiN might be slightly oxidized under ambient
atmosphere, so the amorphous layer is TiO,, which could be further
verified by IR spectra (Fig. 2d). The absorption band in the range of
880-450cm~! corresponds well to the characteristic vibrational
modes of TiO, [14].

The relative complex permittivity and permeability of the TiN
nanoparticles/wax composite were measured using a coaxial line
method. The real (¢’) and imaginary parts (u”) of permeability
are shown in Fig. 3a. Their values are about 1.0 and 0.0, respec-
tively, suggesting that TiN is a nonmagnetic material and little
magnetic loss will occur. Fig. 3b displays the real (¢') and imagi-
nary (&”) parts of the permittivity and dielectric loss tangent of the
composite. It can be seen that the curves for the real and imag-
inary parts are almost flat only with some fluctuations occurring
at 10.7 and 15.3 GHz. The fluctuations are perhaps related to dis-
placement current lag at the interface between TiN nanocrystals
and the thin amorphous TiO, layers [15]. The main part of ¢’ is
around 8.9, and that of ¢” around 0.5. The high permittivity of TiN
nanocrystals might arise from the interfacial polarization of the
heterogeneous structure between TiN nanocrystals and the thin
amorphous TiO, layers [16-18]. For further clarifying whether the
enhanced permittivity is aroused by interfacial polarization or by
TiO,, we performed an oxidation experiment to fully oxidize TiN
nanocrystals into pure TiO, (Fig. S2 in supplementary data) by
heating the nanocrystals in air at 600 °C for 2 h, and measured the
permittivity of TiO,. As shown in Fig. 4a and b, pure TiO, does not
exhibit higher permittivity than the nanocrystalline TiN, that is, the
high permittivity of TiN nanocrystals is not resulted from the per-
mittivity of TiO, layer. Furthermore, the TiN nanocrystals slightly
oxidized at 250 °C for 10 min exhibits obviously enhanced complex
permittivity (Fig. 4a and b) as compared to both the nanocrystalline
TiN and the pure TiO,. Similarly, the interfacial polarization caused
by the thin amorphous TiO, layer and the nanocrystalline TiN is
conducive to the enhancement of the complex permittivity. As is
known, TiN is a good conductor with large quantity of conducting
electrons. When incident EM wave travels through the surface of
nanocrystalline TiN, the conducting electrons under electric field
will result in electric current, producing Ohm loss which is another
contribution to the permittivity [18,19]. Meanwhile, the nanocrys-
talline TiN possesses a large specific surface area of 73m2g-!
(Fig. S3 in supplementary data), so numerous defects present on
the surface of TiN, which could act as polarization centers under
the EM field, also giving rise to an increase in the permittivity
[20,21].

Fig. 5a shows the simulation of RL versus frequency with
different coating thicknesses according to the transmission line
theory [22]. The absorption peaks shift to lower frequencies with
increasing the coating thickness. A second peak appears when
the thickness is more than 5mm, and a third one occurs when
the thickness reaches 8 mm. Two weak peaks around 10.7 and
15.3GHz in Fig. 5a are consistent with those in Fig. 3b, sug-
gestive of the interdependence between these peaks. Meanwhile
these peaks do not change their positions with varying coating
thickness, and thus should result from the interfacial polariza-
tion owing to the large surface area of the TiN nanocrystals.
The TiN nanoparticles/wax composite reaches a minimum RL of
—15.3dB at 15.9GHz and an absorption bandwidth lower than
—10dB of 0.8 GHz with a coating thickness of 8 mm. Fig. 5b dis-
plays the actual RL value versus frequency by measuring the
plate of nanocrystalline TiN/wax composite. The minimum RL
value is —16.1dB at 13.8GHz and the absorption bandwidth
lower than —10dB is 1.7GHz. The positions of the absorbing
peak are well consistent with the calculated ones (Fig. 5a),
however, the absorption intensity is higher and the absorption
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Fig. 2. FESEM (a), HRTEM (b), lattice fringe (c) images and IR spectra (d) of the resulting TiN nanocrystals. The inset in (b) is the corresponding EDP.
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Fig. 3. Relative complex permeability (a) and permittivity and dielectric loss tangent (b) of the TiN nanoparticles/wax composite versus frequency.
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Fig. 4. Real part (a) and imaginary part (b) of the relative complex permittivity of the original TiN, oxidized TiN and pure TiO, compositing with wax versus frequency,
respectively.
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Fig. 5. Simulation of RL for the composites with different thicknesses (a), measured value of the TiN/wax composite with 5 mm thickness (b).

bandwidth is wider than the simulation result, indicating that
the TiN nanoparticles indeed exhibit good EM absorbing proper-
ties.

4. Conclusions

In conclusion, TiN nanoparticles exhibits good microwave
absorbing properties due to dielectric loss, which includes inter-
facial polarization, Ohm loss and defect polarization loss. The
measured RL could reach a minimum value of —16.1 dB at 13.8 GHz
and the absorption bandwidth lower than —10dB is 1.7 GHz. Cou-
pled with the excellent properties of TiN, the composites containing
TiN nanoparticles could be used as good microwave absorbers and
may find wide applications under harsh circumstances requiring
high abrasion and wear resistance.
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