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ABSTRACT

A series of novel CoFe,0, — xBaTiO3 (x = 0.6—0.9) phosphate-bonded multifunctional
ceramic composites were synthesized and studied both in ‘Salisbury screen’ geometry and
as free-standing films in the frequency range of 25—54 GHz and temperature interval of 120
—500 K. Experiments prove that the studied system is prospective for shielding applications
in both modes providing total transmission losses of the free-standing sample layer of
40 dB for x = 0.9 dominated by absorption and more than 40 dB of reflection losses at
resonant conditions in the Salisbury screen geometry. It was demonstrated that the elec-
tromagnetic response of multiferroic composite ceramics in microwaves is very sensitive
to the temperature changes in the application's significant temperature range, i.e. 150 —
400 K. Notably, a small, i.e. 5 — 10 K, temperature variation drastically changes the
shielding efficiency of the Salisbury screen (SEg). In particular, SEx > 40 dB is achieved in
the range of 302—309 K for the sample with x = 0.9, outside of the range SE rapidly de-
creases to 10—15 dB. The impact of temperature has to be considered for the efficient use of
shielding materials in Ka and V bands for different applications.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

non-reflective shielding surfaces with back reflectors
(known as Salisbury screen) and free-standing non-trans-
mitting layers of the radar absorbing material. Salisbury

Electromagnetic (EM) shielding usually refers to attenuation
of the radio-frequency or microwave radiation. Two
different cases are distinguished for a planar geometry, i.e.

screens are widely used in radio-to THz frequency ranges.
Their potential applications include but are not limited to
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antennas, radars, anechoic chambers, cloaking, imaging,
and sensing applications [1—4]. Free-standing films are
operated in a different mode. The purpose of such films is to
provide as low transmission as possible in combination with
high absorption. That is extremely important now in the 5G
era due to EM interference (EMI) problems. EMI issues may
not only seriously affect the regular operation of electronics
but also causes potential risks to human health [5—7]. Most
EMI tasks require shielding materials to be effective at a
particular temperature, corresponding to the operational
conditions, e.g. in the case of CPUs or GPUs, it is 80—90 °C;
for avionics and cryogenics, the range is much lower, down
to a couple of K. A material which shields perfectly at room
temperature might fail at other ones.

In recent decades, a variety of very different materials and
structures were examined for EMI applications. Among them
are composites with the addition of carbon nanotubes [8—11],
graphene nano platelets [12,13], and graphene oxide [14], also
metasurfaces [15—17], and ceramics [18—22]. Despite the sig-
nificant progress, just a few works [12,23,24] have been
focused on the temperature impact on the shielding efficiency
(SE). In contrast, tiny temperature variations might dramati-
cally influence the electromagnetic response of the compos-
ite, suppressing EMI SE. Depending on the particular
applications, temperature could be changed due to external
conditions or heat due to absorbed EM energy.

Previously it was demonstrated that the phosphate-
bonded ceramics (PBC) are prospective candidates for EM
shielding applications [18,25]. The PBC approach benefits an
easy and eco-friendly preparation procedure. Namely, pow-
ders are bonded with liquid or solid phosphate glue but not
sintered. The main properties of cured bonded ceramics, such
as thermal and mechanical stability, corrosion, and wear
resistance, are comparable to the ones of the conventionally
sintered counterparts [26]. Such approach allows to avoid the
unexpected reactions between components upon sintering.
This is important for ceramics with carbonaceous inclusions
[27] or multiferroics [28]. The wide list of applications of PBCs
includes medicine [29,30], electronics [31—33], production of
the anti-corrosion coatings [34,35], radiation and EM shielding
applications [18,36,37].

Compositions with the addition of the magnetic inclusions
[9,38], hexaferrites [39,40] or spinels (CoFe;O4, or NiFe,04)
[41—44] provide the level of SE of >20 dB due to high reflection
losses caused by the Ohmic losses of magnetic particles. Fer-
roelectrics, like BaTiOs, provide high dielectric permittivity
and thus are prospective for EM shielding applications in mi-
crowaves [45—47]. One can expect enhanced SE by combining
two types of components due to the superposition of different
shielding mechanisms [48]. The present work is devoted to the
preparation of CoFe,O4 — xBaTiOs (x = 0.6—0.9) phosphate-
bonded ceramics. The phosphate bonding is a novel
approach for synthesizing composite magnetoelectric ce-
ramics avoiding sintering. The dielectric properties and
shielding efficiency were explored in Ka and V bands in two
different modes, /4 geometry with a back reflector (Salisbury
screen) and as a free-standing layer. The impact of tempera-
ture on the SE was studied for both modes within the
120—-500 K range.

2. Materials and methods

For the experimental exploration of the influence of temper-
ature on SE, a series of multiferroic CoFe,0, — xBaTiOs
(x = 0.6—0.9, mass ratio) phosphate-bonded composite mate-
rials were prepared and studied in 25—54 GHz frequency range
and 120500 K temperature interval. The samples were pre-
pared as follows. BaTiOs; (208,108, grain size < 3 um) and
CoFe,04 (773,352, mean grain size of 30 nm) powders were
purchased from Sigma-Aldrich. The aluminium phosphate
binder (APB) was obtained by the acid-base interaction of an
aqueous suspension of aluminium hydroxide AI(OH); in
concentrated orthophosphoric acid H;PO, (85 wt %) and then
the mixture was heated up to 373 K during continues stirring
before the complete dissolution of hydroxide took place. The
mole ratio of H3PO, and Al(OH); was equal to 3:1. Being pre-
pared, the obtained transparent viscous solution of APB was
diluted with distilled water to a density of 1.42 g/cm® The
powders were mixed in appropriate proportions with a total
weight of 1 gin an agate mortar, and then 0.05 g of binder was
added. The obtained mixture was homogenized and pressed
uniaxially into tablets of a diameter of 1 cm under 6 tons. After
24 h at room temperature, the samples were heated to 600K to
speed up curing. More details on the preparation procedure
and properties, i.e. thermal stability, magnetic properties, and
magnetoelectric coupling, are presented in the previous work
[49]. Further samples are labelled as CFO-xBTO.

The refraction index n = ,/ex in 25—-54 GHz was measured
with the two waveguide systems: 25—40 and 40—54 GHz. A
thin rod of the sample was placed perpendicularly to the
broader wall of the waveguide, and the scattering parameters
S11 and S,; were measured using scalar network analyzers
Elmika (Vilnius, Lithuania). The refraction index was recal-
culated as described in paper [50]. Using measured material
parameters, the SE of the thin layer of the sample was recal-
culated. Measurements above or below room temperature
were carried out using a custom-made cryostat system with
liquid nitrogen for cooling and a custom-made furnace for
heating. Scanning electron microscopy (SEM) with energy
dispersive X-ray analysis (EDX) was performed on Helios
NanoLab 650 microscope. The X-ray diffraction (XRD) analysis
was carried out on a DRON 3.0 diffractometer using CoK «

radiation (A = 1.78896 A), the COD database [51] was applied for
the identification.

3. Results and discussion

The X-ray diffraction patterns of the CFO-xBTO samples are
presented in Fig. 1. The peaks are identified as the tetragonal
P4mm BaTiO; (1,507,756) and cubic Fd3m CoFe,04 (1,535,820)
phases. Reflections from the (002) and (200) planes of BaTiO3
are split, proving the tetragonal distortion of the crystal lattice
typical to the ferroelectric state. As the loading of BaTiOs in-
creases, the intensity of the peaks from CoFe,0, gradually
decreases, and finally, for CFO-0.9BTO, only one (311) peak
remains at 41.6°. The absence of unexpected peaks proves the
purity of the CFO and BTO phases.
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Fig. 1 — X-ray diffraction patterns of the studied CFO-xBTO
samples with different x content.

Scanning electron microscopy images of CFO-0.7BTO with
EDX mapping are presented in Fig. 2. Brighter points in EDX
correspond to the presence of the selected element. Their
relative amounts are collected in EDX Table 1t in Supple-
mentary materials. Phosphorus only appears in phosphate
binder, so it is situated between grains of BaTiO; or CoFe;0,.
Therefore, the uniform distribution of phosphorus indicates
the homogeneity of the composite. In the studied case, only

several areas where the amount of phosphorus is higher were
found. The distribution of cobalt is similar to the one of
phosphorus, but the only difference is the presence of darker
regions. One brighter zone on the Co map corresponds to a
darker one on the Ba map. That is likely an agglomerated
CoFe,04. The map of BaTiOs slightly differs from others due to
a noticeable amount of brighter zones. In this case, zones
correspond to grains of BaTiOs, rather than agglomerates.

The temperature dependence of the real and imaginary
parts of the refraction index is presented in Fig. 3(a). An in-
crease in the content of BaTiO; gains both n’ and n’. At the
same time, the samples with an amount of BaTiO3 higher than
0.6 demonstrate a series of anomalies near 200, 300, and 410 K.
These anomalies are attributed to the phase transitions from
cubic phase to tetragonal close to 410 K, next to orthorhombic
at 300 K, and finally to rhombohedric at 200 K [55]. As x de-
creases, the peaks vanish, and eventually, n of CoFe,O, -
0.6BaTiO3 only weakly depends on temperature. Frequency
spectra of n’ and n’ of the samples reveal no significant
dispersion within the studied range (see Fig. 3(b) and Fig. 1(s)
in Supplementary Materials.

3.1.  Shielding efficiency in salisbury screen geometry

Salisbury screen comprises a layer of material placed on a
back-reflector. Its effectiveness is determined by the resonant
M4 condition [45]:

m c
dm =7z VvyTl > (1)
where d, is a thickness of a layer, c is the speed of light in

vacuum, ry, is the frequency of the incident radiation, n is a
refractionindex and m = 1,2,3 ... is natural number. Upon this,

Fig. 2 — Scanning electron microscopy images and elemental distributions maps of the sample CFO-0.7BTO.
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Table 1 — Comparison of the SEr of various materials.

Material Thickness, mm Frequency, GHz SEr, dB Reference
ZnNb,0e-chopped strands/epoxy 1.5 17.52 31.1 [52]

Carbon nanotube (CNT)/BaFe;, xGaxO1o/epoxy 2.6 45 13 [40]
CoFe,04/polyaniline 4 8—12 22.5 [41]
CF-PTh/graphene n/a 18 26 [53]
Graphene/natural rubber 3 18 5-20 [54]
CNT/barium titanate 2.5 30 27 [46]
CNT/TiO,/epoxy 2 35 20 [9]
CNT/Fe/epoxy 2 35 32 [9]

ZrB, nanoparticles/PDC-SiOC ceramic 3 39.7 90.8 [19]
Phosphate-bonded CFO-0.9BTO 4 45 40 present research

two reflected waves interfere, which suppress the total
reflection down to zero. Eq. (1) gives the optimal thickness dp

for any v, and n of a lossless material. Dielectric or magnetic
losses substantially change the situation due to the rotation of
the phase angle. As a result, only a certain set of combinations
of the thickness of the layer and its' refraction index n at the
selected frequency satisfy the resonance [25]. Both material
parameters, the dielectric permittivity ¢ and magnetic
permeability u, are temperature-dependent, which brings
additional complexity to the system. Knowing how the system
will act under different temperatures is important for opti-
mizing the material for a certain application.

The shielding efficiency of Salisbury screens is determined
as SEg = |2010g10(S11)|- The scattering parameter Sy;(4,d, e, u) is
a ratio of the amplitudes of the incident and reflected signals
S11 = Eref/Ein:

_ ko(exp{2idky,} — 1) + kyy(1 + exp{2idk,, })

Sn= k. (1 — exp{2idky,}) + ko, (1 + exp{2idky,})’ @

where k, = 27/2 and ky, = 2w, /e/ are the wave numbers in a
vacuum and the material correspondingly, d is the thickness
of the composite, and 2 is the wavelength. A non-magnetic
material with u = 1 is considered for the modelling. Such a
simplification is relevant for a wide range of non-magnetic

—30.63 GHz a
g]——41.14 GHz o
46.28 GHz i

54, Y

/

150 200 250 300 350 400 450 500
T, K

materials with carbonaceous inclusions [8—10,12—14], semi-
conductors [18], or ferroelectrics [45—47,56]. In general case ¢
depends on temperature and frequency, i.e. ¢ = ¢(T,w). One of
the most common forms of the ¢(T) dependence is relaxation.
Then, the dielectric permittivity follows the Debye equation or
similar, like Cole-Cole formula [57,58]:

E=¢€y

s — €
* 1+ (iwr)™ ®
where « changes in a range of 0—1 and demonstrates flat-
tening of the maximum of the imaginary part of dielectric
permittivity, & = lim,_oe(w), e = lim, . oe(w). All parame-
ters in Eq. (3) depend on the temperature in the general
case. Usually, the dependence of the relaxation time follow
Arrhenius law, 7(T) = 79 Exp(Eq /kT), or Vogel-Fulcher law.
Arrhenius law behaviour is typical for the majority of ma-
terials from ferroelectrics [59,60] to polymer-based com-
posites [61,62], while Vogel-Fulcher law describes glass
transitions in polymers [63,64], or dynamics in relaxor fer-
roelectrics [65]. Here E, is the activation energy. Next, ¢, &,
and « are considered temperature-independent and equal to
30, 430, and 0.5, respectively. This simplification is possible
since within a narrow temperature range of 10—20 K, the
dynamics of ¢ are mostly determined by the shift in

7 2 69 ./ ’
5] N
- c " 450K
B 44 = 350K
3

34 300 K

5] n" = 200K

11 = ammuEE E ..l-l..- "
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Fig. 3 — Refraction index of the phosphate-bonded CoFe,0, - xBaTiO; as a function of temperature: 1 - CFO-0.9BTO, 2 - CFO-
0.8BTO, 3 - CFO-0.7BTO, and 4 - CFO-0.6BTO (a). Frequency dependence of the refraction index of CFO-0.9BTO at different

temperatures (b).
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Fig. 4 — Real and imaginary parts of the dielectric permittivity calculated with Eq. (3) at different temperatures (a). SEy at

different temperatures as a function of frequency (b).

relaxation, neither flattering nor variations in &. The vari-
ation of the relaxation time 7 is described by Arrhenius law
with the following parameters: o= 1073 s and E, = 0.35eV.
Such a value of the E, is slightly higher than one typical for
ferroelectrics [59,60], but it fits carbonaceous-based binary
[66] and ternary [62] composites.

The dielectric permittivity calculated at temperatures of
362 and 382 K is presented in Fig. 4(a). The maximum of ¢" is
below 10® Hz, which is two orders of magnitude lower than the
studied range of 25—55 GHz. Both real and imaginary parts of
permittivity undergo tiny variations when the temperature
changes from 362 to 382 K.

For the calculation of SEg, the thickness of the sample layer
was taken as 0.35 mm following the 1/4 condition. The results
are presented in Fig. 4(b). The shielding efficiency of the ma-
terial layer with the back reflector drastically changes in the
studied interval of temperatures. In particular, SEz at 372 K
demonstrate a sharp peak approaching 70 dB at 34.86 GHz. At
temperatures of 367 K and 377 K, it decreases twice and
maximum shifts symmetrically to higher and lower fre-
quencies correspondingly. Further changes in temperature
suppress the maximum even more. For several applications,
SEr of 20 dB is still acceptable, but additional heating or
cooling leads to a further decrease in shielding efficiency.

The simple numerical model proves that tiny (5—10 K)
variations in temperature impact SEr noticeably. However,
the dielectric permittivity of the actual samples is not always
described only with the relaxation function since different
processes of other nature may occur. Phase transitions bring
anomalies in real and imaginary parts of ¢, conductivity at low
frequencies impacts the dielectric losses in microwaves, and
even materials with more than one relaxation are not rare
[67,68].

Combining Eq. (2) and data in Fig. 3 the SE simplifies to the
function of 3 variables: SE=SE (n'(T),n"(T),d,w). The particular
case of the SE; for CFO-0.8BTO at a resonant thickness of
0.274 mm is presented in Fig. 5. SE depends on the tempera-
ture similar to the numerically predicted results (Fig. 4,b): with
the increase in T, the peak decreases and shifts to lower
frequencies.

50 -
—=— 184 K
40+ 220 K
--0-=224 K
m 304 —=—228K
© 264 K
4
L
»n 20-
10-
0 (‘AM'AM

25 30 35 40 45 50 55
v, GHz

Fig. 5 — SE at different temperatures as a function of
frequency for CFO-0.8BTO at 0.274 mm of thickness.

To study the system in general, the following technique
may be proposed. First, the working frequency was considered
fixed. This additionally simplifies the SEg function. The com-
binations of d and n(T), that fulfil the condition of SEg (n(T), d)
> SEgro represent a set of points on the d(T) plane. The results
are collected in Fig. 6.

Each composition in Fig. 6 has a narrow range in temper-
ature and thickness where it is optimal for EM shielding ap-
plications as Salisbury screen at considered frequency. In
particular, CFO-0.8BTO with a thickness of 0.36 mm at
30.6 GHz provides SEgx > 40 dB in a temperature range of
223—238 K. Outside this range, the shielding efficiency
continuously decreases to 10 dB. At higher frequencies, the
optimal interval shifts to lower T and d, and narrows. The
variations in the loading with BaTiOs;, x also impact the
shielding efficiency. Within the increase in x, the required
thickness of the layer decreases, and the working temperature
range shifts closer to room temperatures. The reduction in
BaTiO; content causes the lack of shielding performance. SEx
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Fig. 6 — SEy at different thickness of the layer d and temperature of CFO-0.9BTO (a), CFO-0.8BTO (b), CFO-0.7BTO (c), and CFO-

0.6BTO (d).

of samples with x = 0.9 and 0.8 is more than 40 dB for all
selected frequencies sample with x = 0.7 reaches 30 dB only at
46.3 GHz. And finally, there is no combination of T and d for
CFO-0.6BTO to shield more than 15 dB.

The substantial difference between studied materials is
the content of BTO and CFO. A CFO substitution with BTO
changes the total dielectric permittivity, permeability, and
temperature dependencies. As a result, it makes the refraction
index of the composite match the resonant condition for the
studied frequency range at particular temperatures. A similar
effect was achieved for single-phase and composite multi-
ferroics: La-doped BiFeOs [23,24], carbon nanotubes — BaTiOs.
—Fe30,4 [25]

3.2. Shielding ability of the free-standing layer

The transmission of the free-standing film layer at different
temperatures was estimated using the approach described in
Refs. [69,70]. S-parameters (S1; and S,;) were evaluated for the
4 mm film layer in free space. Reflection, transmission and
absorption are reads: R = |Sn\2, T = |521|2, and A = 1-R-T,
respectively. The absorption coefficient, defined as the ratio of
the absorbed to the incident power of the EM wave, does not
represent the ability of the layer to absorb since some part of
the wave is already reflected at the interface and does not
enter the layer. Due to this, the effective absorption coeffi-
cient, A, can be defined as A.4=(1-R-T)/(1-R) [12]. KnowingR,

T, and Ay, the shielding efficiency of the material evaluated as

follows 71]:
Ologa(1—R), )

SEx = — 10logio(1 — Aeg), (5)

30] o Average SE,
—— Average SE, o
@ 254 —=o— Average SE,
% 20- ’
(0] /
&
E 15 1 /D/A
<
10 4 D/
A
5 o
o - ﬁ——-——'—‘-‘_o °
0.6 0.7 0.8 0.9

BTO fraction, wt.%

Fig. 7 — Average reflection and absorption losses and total
shielding efficiency over the Ka and V bands at room
temperature.
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SEr = SE, + SEx. (6)

The dependence of the average shielding efficiency over
the studied frequency range on the content of BaTiO; at 300 K
is presented in Fig. 7. The dominant mechanism of shielding
for all examined samples is absorption. With the increase in x
to 0.9, the absorption losses increase more than twice. The
reflection losses only weakly change with the variations of the
composition. The total shielding efficiency reaches 30 dB for
the CFO-0.9BTO sample layer. Therefore the composite sys-
tem is promising for many applications and comparable to
novel shielding materials (see Table 1).

The frequency dependencies of SEr of composites at
different temperatures are collected in Fig. 8. The partial im-
pacts of SEx and SE on the total shielding are presented in
Supplementary materials, Figs. 2s and 3s. A maximum of SEr
= 40 dB is found at a frequency of 45 GHz and a temperature of
120 K for CFO-0.9BTO. As the temperature increases, the
maximum broadens and shifts to lower frequencies. All
composites demonstrate a similar trend: with an increase in
temperature, both SE, and SEr decrease. The resulting
downturn in SEr originated from the drawback of the ab-
sorption losses rather than reflection ones. The reflection
losses are directly related to the charge density at the surface
of the composite. The mechanism of absorption in the studied

system is unclear. The loss tangent is low (see Fig. 4), so the
electric conductivity is not a favourable mechanism. The
temperature behaviour of SEr of the studied system is also
different compared to the one of the conductive graphene-
based composites [12]. The scattering due to multiple re-
flections at the borders of BaTiO; grains separated with
nanosized grains of CoFe,0, of relatively lower permittivity
and higher dielectric losses is the more preferable mecha-
nism. The dynamics of dielectric permittivity of BTO and CFO
are different: ¢(T) of CFO rapidly increases with grows of
temperature, while the one of BTO demonstrates phase
transition-related anomaly and decreases following Curie-
Weiss law. That vanishes the difference of ¢ of different
phases at higher temperatures. As a result, it suppresses ab-
sorption losses.

4, Conclusions

The multiferroic CoFe,04-xBaTiO; (x = 0.6—0.9) composites
materials were prepared via PBC approach and examined as EM
absorber in microwaves (Ka and V bands) both in free-standing
mode and Salisbury screen geometry. It was proved that the
proposed material is prospective for both cases. The total
transmission losses of the sample layer reach 40 dB for CFO-
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0.9BTO with the domination of the absorption loss. For the
Salisbury screen geometry, the reflection losses exceed 40 dB.
Together with previously measured magnetoelectric coupling
[49], the reported properties make the novel material multi-
functional, suitable both for magnetoelectric and shielding
applications. The impact of temperature on SE was studied
within the range of 120—50 K. Simple numerical model dem-
onstrates that a tiny variation in T drastically changes the
shielding performance of the Salisbury screen. Experiments
prove that temperature significantly impacts SEr and SEr. In
particular, the absorption losses of the CFO-0.9BTO layer
decrease from 37 to 12 dB at 45 GHz as the temperature in-
creases from 120 to 500 K. The system with the back reflector is,
as expected, more temperature-sensitive. However, even for
the system out of resonance, the SEg is higher than 40 dB within
the interval in T of 15-20 K (See Fig. 6). Depending on the
composition x, the optimal material for room temperature,
higher or lower temperature applications can be selected.
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