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Synthesis and Microwave Absorption Properties of (NigsZnosFe,04/CI1/CB)
Ternary Composites

In this work, ternary composites of NiZn ferrite/carbonyl iron/carbon black (NiosZnosFe.04/Cl/CB) were
prepared via two stages. Firstly, NiosZnosFe204 was prepared by a self-combustion method using sucrose as a
fuel. After that, the operation was continued via mixing CB, CI, and Nio.sZnosFe204 through grinding balls.
Three various weight ratios of Nio.sZnosFe204/CI/CB (1:1:1, 1:1:2, and 2:1:1) with various thicknesses (2—4—
6 mm) were prepared. The absorbers were prepared by dispersing (Nio.sZnosFe204/Cl/CB) composites with a
weight ratio within a paraffin wax matrix of 40 % w/w. X-ray diffractometry and FTIR spectroscopy were
used in order to characterize the samples. The morphology of the powders was investigated by SEM. The
functional characterization was accomplished by measuring the microwave absorption properties in the fre-
quency band of 8.8-12 GHz. The microwave absorption materials (MAMs) showed wide bandwidths under
—10 dB in the range of 2.81-3.20 GHz and reasonable surface density in the range of 3.625-4.041 kg/m?. The
absorber of 3.20 GHz bandwidth had a minimal reflection loss of —19.4 dB at the matching frequency of
9.92 GHz with a thickness of 6 mm.

Keywords: Nizn ferrite; Carbonyl iron, Carbon black, Reflection loss, Absorption bandwidth, Matching fre-
quency, Paraffin wax matrix, Surface density.

Introduction

Electromagnetic interference (EMI) would be regarded as an unwanted result of modern technology that
has dangerous effects on human health, intelligent devices, and military industries. Consequently, this EMI
has become a critical worldwide issue and its alleviation could be accomplished only by utilize of EMI
shielding materials. Nowadays, several magnetic loss materials such as hexagonal ferrites, spinel ferrites, and
carbonyl iron or dielectric loss materials such as conductive polymers and carbonaceous materials have
played a significant role in high-frequency EM wave absorption. Nevertheless, the drawbacks involving ele-
vated density, low reflection absorption, and narrow wideband have hugely limited conventional loss materi-
als’ workable benefits for EM wave absorption. In recent years, MA composites based on carbon, carbonyl
iron, and ferrite, have obtained significant concern due to their excellent electrical and ferrimagnetic charac-
teristics. Carbonaceous materials-based composites have pulled in major attention for microwave absorption
lately because of the unique structure of carbon-based materials. Carbon black is usually used to fit the re-
quirements of high-effective microwave attenuation materials because of its superior characteristics, for ex-
ample, high permittivity, high specified surface region, huge interface, etc. Carbon black has a unique place
in the band of elevated-frequency MAMs. Furthermore, spinel ferrites and carbonyl iron have excellent MA
characteristics due to their unique magnetic characteristics. NiZn ferrites and carbonyl iron are considered
suitable materials for high-frequency implementations [1, 2]. When NiZn ferrite and carbonyl iron are mixed
with carbon black, the MA characteristics of the resultant composite are anticipated to enhance. According to
this, BaFe12010/Cl absorbers with various powder ratio compositions in the frequency range of 2-18 GHz
were successfully prepared by Feng et al. [3]. The single-layer and double-layer absorbers were prepared,
and their MA characteristics were studied. The outcomes showed that the double-layer absorber was clearly
more than that of the single-layer absorber. Where the reflection loss (RL) for the double-layer absorber was
—13dB in the frequency range (6-18 GHz) and less than —8 dB in the frequency range (2-18 GHz). The
thicknesses of the absorbers were 3.6 and 3.7 mm, respectively. On the other hand, Yan et al. [4] prepared a
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mixture of doped polyaniline (PANI) coated porous structure carbonyl iron powder (CIP) and graphene
sheets. The results showed that the absorption bandwidth under —10 dB (BW-1048) Was 4.6 GHz for 2 mm
thickness for the composites with 40 wt.% of PANI@ porous CIP and 5 wt.% of Graphene. The outcomes
showed that graphene-PANI@ porous CIP was a promising wave absorbing composite material. Until now,
to the best of our knowledge, no studies have been reported on the MA properties of composites made up of
Nizn ferrite/carbonyl iron/carbon black (NiosZnosFe.04/CI/CB). In this work, a perfect absorber was ob-
tained by incorporating NigsZnosFe-Os and Cl (magnetic loss materials) and CB (dielectric loss material)
within a paraffin wax matrix. Where we study the effect of different weight ratios of NiosZnosFe.04/CI/CB
and its effect on the MA properties. A distinct feature of this work is that NizZn ferrite was synthesized
through a self-combustion method utilizing polyvinyl alcohol (PVA) as a chelating agent. After that, the op-
eration is continuous through mixing and grinding CB, CI, and NiZn ferrite by grinding balls.

Experimental

Chemicals: polyvinyl alcohol (PVA) (hydrolyzed, MW: 72000), nickel(Il) nitrate hexahydrate
(Ni(NOs3)2-6H-0, 98.3 % purity), zinc nitrate hexahydrate (Zn(NOs).-6H-0, 98.7 % purity), and iron(ll1) ni-
trate nonahydrate (Fe(NOs)s-9H20, 98.2 % purity) were purchased from TRADING COMPANY ANT, Rus-
sia. On the other hand, carbonyl iron (CI, 99.6 % purity)) and carbon black (CB, 99.5 % purity)) were pur-
chased from Cabot Norit Company, Netherland.

Instruments used: A powder X-ray diffractometer (XRD, Rigaku Miniflex 600, Cu-Ka) was used for
determining the crystal structures of the powders. Fourier Transform IR (FTIR) spectra were recorded on a
Perkin Elmer spectrum 65 FTIR spectrometer in the range of 400-4000 cm™. A scanning electron micro-
scope (FEI Quanta 200 3D) was used for determining the powders morphology. The microwave absorption
properties of the prepared samples were calculated by using the horn antenna connected to an oscilloscope
(AKTAKOM ADS-2221M).

Methodology:

1. Synthesis of NizZn ferrite, carbonyl iron and carbon black powders

Ferrite (NiosZnosFe;O4) nanoparticles were prepared by a self-combustion method. NigsZnosFe204
were synthesized by taking appropriate amounts of (Ni(NOs),-6H20), (Zn(NOs),-6H,0), and
(Fe(NOs3)3-9H:0). They were blended together with an aqueous solution of sucrose (2 moles per metal ion)
and 1 % an aqueous solution of polyvinyl alcohol. The whole mixture was blended totally and heated at
90 °C for 7 h to shape a viscous liquid. The heating process was accompanied by the evolution of brown
fumes of NO; from the decomposed metal nitrate salts. Then, the mixture was transferred to the furnace for
drying for 2 h at 200 °C to obtain a fluffy carbonaceous pyrolyzed mass. After that, the resulting mass was
annealed for 4 h at 650 °C to obtain nanoparticles of ferrite. Typical images of a prepared ferrite by a self-
combustion method are shown in Figure 1. On the other hand, CI and CB were purchased from Cabot Corpo-
ration Company. The average particle size of Cl and CB powders was measured utilizing the sieve shaker
and it was between 10-25 pum and 2-8 um, respectively. Cl and CB powders were milled for 12 h at 300 rpm
via grinding balls to obtain fine powders.

2. Synthesis of NiosZnosFe204/CI/CB composites

Ferrite nanoparticles were mixed and milled with Cl and CB powders by grinding balls. Three various
weight ratios of NigsZnosFe,04/CI/CB (1:1:1, 1:1:2, and 2:1:1) were synthesized. The NigsZnosFe,04/CI/CB
composites were milled for 1 h at 300 rpm.

3. Preparation of absorber samples

Paraffin wax was symmetrically blended with NigsZngsFe-04/CI/CB composites powders with a weight
ratio of 40 % w/w within a paraffin wax matrix by heating and stirring for 15 min. Afterward, the single-
layer samples were molded to the dimensions of 50x50 mm with various thicknesses (2—4-6 mm) to measure
RL in the frequency band of 8.8-12 GHz.

4. Experimental setup for measuring reflection loss (RL)

The metal plate is put to reflect the transmitted power of the EM waves as shown in Figure 2. As a con-
sequence, the transmitted power of the EM waves (p;) is negligible in microwave absorption. Microwave
absorption properties of the prepared samples are estimated with the free-space technique as shown in Fig-
ure 3. EM waves are generated by a microwave generator in the frequency band of 8.8-12 GHz, where a mi-
crowave generator is connected by a WR90 waveguide instrument (IEC Standard R100, X Band). The inci-
dent EM waves (p;,) are measured by the horn antenna connected to an oscilloscope (Fig. 3), then a prepared
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sample is placed on the metal plate at an angle of 45° to measure the reflected power of the EM waves ( P, )
by an oscilloscope (Fig. 4). As a result, one can calculate the RL by applying the equation (1) [5, 6]:

RI(dB)=10log P )

ref

=
—

a — the metal salts aqueous solution in the flask; b — blending totally the whole mixture;
¢ — heating the solution at 90 °C; d — formation of a viscous liquid,;
e — formation of a fluffy carbonaceous pyrolyzed mass; f — obtaining nanoparticles ferrite

Figure 1. Synthesis of NiZn ferrite nanoparticles by a self-combustion method
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MAMs

_ Metal

1 — microwave generator; 2 — waveguide instrument (IEC Standard R100, X Band);
3 — horn antenna; 4 — oscilloscope

Figure 3. Experimental setup for measuring the incident power of the EM waves by the free-space technique

Figure 4. Experimental setup for measuring the reflected power of the EM waves by the free-space technique
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5. Statistical processing of experimental data

Four samples of NigsZnosFe,04/CI/CB composites were designed for each thickness (2-4-6 mm) to
measure the microwave absorption properties. Statistical processing is used to describe the experimental da-
ta. For an estimated statistic, we can use a confidence interval. The purpose of a confidence interval is to
supplement the value estimate of the sample within the formation of the uncertainty in this estimate. The
method estimate + margin of error is used to get an interval based on each sample. The margin of error is
given by the equation (2) [7]:

Margin of error = 7" standered deviation , @)
Jn

where Z” is the confidence level which is selected at 95 %. The value of Z" for a specific confidence level is
1.96; n is the size of the sample that is used to compute the margin of error.
The confidence interval is given by the equation (3) [7]:

standered deviation

N

®3)

Confidence interval = Sample mean + Z” -

Results and discussion

XRD patterns

The XRD patterns of NigsZnosFe204, Cland CB powders are shown in Figure 5. For the NigsZnosFe,0a4
pattern, nine diffraction peaks were observed, which conformed to (hkl) planes of (111), (220), (311), (222),
(400), (422), (511), (440) and (533), respectively. The ideal spinel structure was observed by the peaks of
NiZn ferrite [8]. All the observed peaks of NiosZnosFe.Os matched with the standard XRD pattern (JCPDS,
PDF no. 08-0234). On the other hand, for the carbonyl iron pattern, three characteristic peaks were observed,
which conformed to (hkl) planes of (100), (200), and (211), respectively. The XRD pattern of carbonyl iron
resembles crystallites in which the sample mainly contains a-Fe phase [9]. All the observed peaks of CI
matched with the standard XRD pattern (JCPDS, PDF no. 06-0696). Finally, for the CB pattern, two charac-
teristic peaks were observed, which conformed to (hkl) planes of (002) and (100), respectively [10].
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Figure 5. XRD patterns of NigsZnosFe>O4, carbonyl iron and carbon black
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FTIR spectra

The FTIR spectrum of the NigsZnosFe-.Os, Cl and CB powders is shown in Figure 6. For the
NiosZnosFe204 nanoparticles, two peaks at 565.4 cm™ and 432.3 cm™ are referred to the stretching vibration
of (Fe-O), which emphasizes the forming of the metal-oxygen in ferrite-based [11]. On the other hand, the
peak at 1630.4 cm™ in NigsZnosFe204, Cl, and CB is referred to C=0 stretching vibration, and the peaks at
2348 cm™ and 3452 cm are referred to O-H stretching vibration [12, 13].
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Figure 6. FTIR spectra of NiZn ferrite, carbonyl iron and carbon black

SEM analysis

The powders morphology was investigated by SEM. The agglomerated spherical particles of NiZn fer-
rite and the spherical particles of carbonyl iron (Fig. 7a, b) were observed with the average diameters to be
ranging between 18-52 nm and 0.2-2.4 um, respectively. On the other hand, the average particle size of car-
bon black powder (Fig. 7c¢) was found to be ranging between 75-481 nm.

| HV |mag O[ mode | WD | HFW
30.00 kV| 50 000 x | Custom | 9.0 mm |5.97 ym

HV mag O | mode WD HFW |
15.00 kV|30 000 x| Custom [10.0 mm |9.95
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Figure 7. SEM images of (a) Nizn ferrite, (b) carbonyl iron and (c) carbon black

Microwave absorption properties
MA properties of the F/CI/CB composites with various thicknesses (2—4—-6 mm) at the weight percent-

age of the absorber within a paraffin matrix (40 % w/w) were studied. The results of this investigation are
exhibited in Figure 8 which illustrates the changing of the RL as a function of the EM wave frequency. The
RL of the prepared samples was measured by the variation between the power of incident ( p,, ) and reflected

( p,s ) EM waves as shown in Figure 3 and Figure 4. The RL curves of the samples were obtained from equa-

tion (1). The BW_1048, RLmin and f were deduced from RL curves. Figure 8 shows that the RL attenuation
peaks of samples moved to lower frequencies with increasing sample thickness. This phenomenon may be
defined by the quarter-wavelength (A/4) cancellation model, as shown in equation (4) [14-16]:

C
t = 4)
at, Ju e

where |ef| and |w| are the modulus of the measured complex relative permittivity (e,) and permeability
(u,) at matching frequency (fm), respectively; c is the velocity of light.
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Figure 8. RL curves of (a) F/CI/CB-111 composite; (b) F/CI/CB-112 composite
and (c) F/CI/CB-211 composite at various thicknesses (2—4—-6 mm)
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It can be noticed from equation (4) that the fn, is inversely proportionate to the thickness of an absorber.
Furthermore, Table 1 shows the F/CI/CB composites have reasonable surface density, ranging from 3.625 to
4.041 kg/m?, and wide bandwidth extending from 2.81 to 3.20 GHz. The absorber of 3.20 GHz bandwidth
has a minimal reflection loss of —19.42 dB at the matching frequency of 9.92 GHz with a thickness of 6 mm.
One can conclude that the optimal absorption can be accomplished by modifying the absorber thickness of
the absorber within a paraffin matrix. In addition to that, one can notice the impact of incorporating
NiosZnosFe,04 and CI (magnetic loss materials) and CB (dielectric loss material) on the MA properties of
the prepared absorber. This incorporation leads to an effective and low thickness absorber with a wide band-
width under —10 dB [17]. Statistical processing was used to describe the experimental data, as the experi-
ments showed the effect of sample density on microwave absorption properties (Table 1), as a result, the
confidence interval on the microwave absorption properties was studied.

Table 1
MA behavior of NiosZnosFe204/CI/CB composites at various thicknesses (2—4-6 mm)

Composite samples t (mm) RLmin (dB) fm (GHZ) BW_1048 (GHZ) SD (kg/m?)
2 -18.324+0.86 11.52+0.25 3.20+0.01 3.861+0.007

F/CI/CB-111 4 —18.54+0.71 10.34+0.36 3.20+0.01 3.874+0.006
6 —19.42+0.83 9.9240.14 3.20+0.01 3.892:+0.004

2 —17.36+0.62 11.34+0.37 3.20+0.01 3.625+0.005

F/CI/CB-112 4 —16.33+0.86 10.41+£0.16 2.924+0.05 3.643+0.005
6 —15.58+0.73 9.824+0.23 2.81+0.03 3.652+0.008

2 —18.46+0.71 11.73+£0.13 3.20+0.00 4.012+0.009

F/CI/CB-211 4 —17.31£0.79 10.96+0.38 3.20+0.00 4.027+0.007
6 —15.82+0.61 10.00+0.35 3.20+0.00 4.041+0.006

Conclusion

F/CI/CB microwave absorbers were synthesized within a paraffin matrix successfully. NigsZnosFe204
and CI were used to enhance the mechanism of magnetic loss, while CB was introduced to enhance the
mechanism of dielectric loss. As a result, one can notice the impact of combining NiosZngsFe204, Cl and CB
on the MA properties of the absorber. This combination leads to an effective and low thickness absorber with
a wide BW.1048. The results refer that by sufficient control of the thickness of the absorption material and the
weight ratio of F/CI/CB, we can design a wideband absorber based on F/CI/CB in the frequency band of 8.8—
12 GHz.
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YmTik KOMIIO3UTTEPAIH CHHTE3i 2K9HE MUKPOTOJIKBIH/ABI CiHIpY KacuerTepi
(Nio,5ZnosFe204/C1/CB)

XKymsicra deppur NiZn/remip kapoormn/ kapa kemiprek (NiosZnosFe204/CI/CB) ymTik KOMIO3UTTEpI eKi
Ke3eHae anblHapl OipiHmineH, NiosZnosFe204 e3niriHeH jxaHy apkpUibl anblHApl. OnaH KeWiH yHTakTay
mapmapel  apkeutel CB, CI xoHe NiosZnosFe204 apamacTelpybIMeH omepanmust KaiaFacTbl. ©Op Typii
KaTbIHABIKTarbl (2—4-6 mM) NiosZnosFe20s (1:1:1, 1:1:2 sxeme 2:1:1) ym Typmi caamak KaTbIHACHI
nmabiHaanael.  AGcopbeprnep canmarbl OoiibiHma 40 % mapaduumi Oamaysl3s MaTpHIACHIHIA CAIMaK
KathiHackl Oap kommosutrepai (NiosZnosFe204/CI/CB) mucnepcusiiay apKbUIbl JKacaiasl. Y JITUIepi
cHUIaTTay YIIiH peHTreHmik audpakromerpus sxoHe FTIR crekTpockommsichbl KONaaHbUIaasl. Y HTaKTapIbIH
Mopdoorusicel SEM apkputel 3eprrenni. @yHkunoHanask cunartama §8,8—12 T skuinik Iuama3oHbIHIA
MHUKPOTOJIKBIHABI CIHIpY KacHETTEpiH eJey apKbUIbl OPBIHAAIIE. MUKPOTOIKBIHIB! CIHIPY MaTepHaigaphbl
2,81-3,20 I'Tu amanasonbinna —10 nb-7eH ToMeH KeH OTKi3y KaOineTTilirin sxome 3,625-4,041 kr/m?
ITMANa30HbIHAA KOJTAWIbl OET THIFBI3IBIFBIH KOpceTTi. OTKi3y xkomarsl 3,20 T, KamsIHABIFE 6 MM 0OJaTHIH
abcopbep 9,92 I'T'1y coiikec xwuinikre —19,4 n1b marbuTy IbIH MUHUMAIIIBI )KOFATYbIHA HE.

Kinm ce30ep: NiZn ¢epputi, kapOOHWIAI TeMmip, Kapa Kyie, IHIaFbUIbICY JKOFalTYbl, CIHIPY >KOJaFbl,
COMKeCTIK JKHUiJiT, mapaduuai 6anaybI3 MaTPUIACKI, OCTTIK THIFBI3/BIFBL.
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CuHnre3 n MHUKPOBOJHOBbBIC MOIJIOIIAIOIIIUE CBOMCTBA TpOﬁHLIX KOMIIO3UTOB
(Nios5ZnosFe204/CI/CB)

B Hacrosimieit pabore OBbUIM MOJydYeHBI TPOitHBIE KOMIO3UTHI (Gepputr NiZn/kapOoHmn Kenesa/caxa
(Nio5ZnosFe204/CI/CB) B aBa srana. CHavyana METOJOM CaMOBO3TOpaHust ObLT mosty4yeH Nio,sZnosFe204. TTo-
CJie 3TOTro omeparys npoaosnkaitack myteM nepemennBanusi CB, CI u NiosZnosFe204 uepe3 mentonue ma-
pbl. BBUIHM H3rOTOBJIEHBI TPU Pa3IMYHbIX BECOBBIX cooTHOIIEeHUs NiosZNosFe204/CI/CB (1:1:1, 1:1:2 n 2:1:1)
paznuuHol ToimMHEL (2—4—6 MM). ITIOTJIOTHTENM HM3rOTOBISUIM IyTEM AWUCHEPIHPOBaHUS KOMIIO3UTOB
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(Nio,5ZnosFe204/CI/CB) ¢ MaccoBbIM COOTHOLICHHEM B MaTpHIie napapuaoBoro Bocka 40 % mo macce. Pent-
reHoBckast audpakromerpusi 1 FTIR-CeKTPOCKONHMST HCIONB30BAIKCH Ul XapaKTEePHUCTHKH 00pa3IoB.
Mopdonorus nopomkoB Obula HccenoBaHa ¢ nomoubo COM. DyHKIMOHATbHAS XapaKTEPUCTHKA MOJTyde-
Ha ITyTeM M3MEPEHHs XapaKTEepUCTUK IOITOIIEHHs MUKPOBOJIH B quanasoHe yactor 8,8—12 I'Tu. Matepua-
JIBI, TOTJIOIIAFONINE MUKPOBOJIHOBOE H3aydeHue (IIMI), mokaspiBay MIPOKYIO MONOCY MPOITyCKaHHS HIKE
—10 16 B mmamasone 2,81-3,20 I'Tm m mpuemieMylo IOBEPXHOCTHYIO IUIOTHOCTH B mpenene 3,625—
4,041 xr/m?. TlormoTuTens ¢ monocoi mpomyckanus 3,20 TT iMeeT MUHMMANTBHEIE TOTEPH HA OTPAKEHHE —
19,4 nb Ha yactote cornacoBanus 9,92 I'Tu npu TonmuHe 6 MM.

Kniouesvie crosa: peppur NiZn, kKapOOHHIBHOE XKeNe30, caka, IOTEPH Ha OTPAKEHHUE, IIHMPUHA ITOJIOCHI MO-
TJIOMIEHHUS, YaCTOTa COTTIaCOBaHMUs, Mapa)MHOBAs MaTPHUILA, TIOBEPXHOCTHAS INIOTHOCTb.
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