WEP International Journal of Materials Science and Technology Studies
_ ick
ISSN: 3006-7693 (Print), ISSN: 3006-3744 (Online) | Volume 2, Number 1, Year 2024
DOI: https://doi.org/10.62051/ijmsts.v2n1.05

LS Journal homepage: https://wepub.org/index.php/UMSTS/index

Mircowave Absorption and Corrosion Resistance Properties of
FeSIAI@AI,Oz Coating Materials

Longyu Lan 1, Ziyi Wang 2, Hengyong Wei 2 32" Minghe Zhang %", Yi Cui?,
Yonghang Feng ?, Kechen Li?, Dongfeng Lv 2, Yingna Wei?, Yuejun Chen 2
1 School of Metallurgy and Energy, North China University of Science and Technology, Tangshan

063009, China

2School of Materials Science and Engineering, North China University of Science and Technology,
Tangshan 063009, China

2 Key Laboratory of Inorganic and Nonmetallic Materials, North China University of Science and
Technology, Tangshan 063009, China, Hebei, China

*Corresponding Author: 2why@ncst.edu.cn, ® mhzhangmse@163.com

ABSTRACT

Mircowave absorption materials can solve the problem of electromagnetic pollution, but corrosion in
harsh environments will lead to a decrease in its absorption performance, so it is important to study
materials that are both mircowave absorption and corrosion-resistant. In this experiment, FeSiAl
alloy was coated Al.O3 (noted as FeSiAI@ Al:Oz coating) with aluminum chloride hexahydrate as
aluminum source, and its mircowave absorption and corrosion resistance properties were studied.
The results show that the mircowave absorption and corrosion resistance performance of FeSIAI@
Al203 coating both are obviously improved. The minimum reflection loss of FeSIAI@AI2Os3 is -43.4
dB, the matching thickness is 2.3 mm, and the effective bandwidth is 2.97 GHz. For the coated alloy,
the corrosion current decreases from 3.538*10“ A/cm? to 3.499*10* A/cm?, and the corrosion
resistance increases from 96.1 ohm to 225.1 ohm. This provides an effective way to develop iron
aluminum silicon materials that combine microwave absorption and corrosion resistance.
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1. INTRODUCTION

Mircowave absorbing materials are designed to solve the problem of electromagnetic radiation which
is of great significance for protecting people's health and the detection in military radars [1-3]. For
example, mircowave absorbing materials can convert electromagnetic waves into electricity, heat and
other forms of release, greatly reducing electromagnetic pollution [4-6].Mircowave absorbing
materials can generally be divided into two types: magnetic absorbes and dielectric absorbents. The
magnetic absorbers are the main low-frequency mircowave absorption materials. Among them,
FeSiAl alloy have been gradually discovered in the field of mircowave absorption materials [7-9].
The FeSiAl alloy has the potential of anisotropy, high saturation magnetization, low coercivity,
excellent permeability and good machining performance [10-12]. However, the poor corrosion
resistance of FeSiAl directly affects its reliability and life in actual use [13]. Therefore, it is necessary
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to design a kind of dual-function material with both mircowave absorption and corrosion resistance
[14, 15].

The combination of FeSiAl alloy and Al,O3 can improve the mircowave absorption and corrosion
resistance [16]. At present, the commonly used aluminum salt raw materials for packaging FeSiAl
include a- AlO3 powder, aluminum sulfate, aluminum nitrate and so on. Zhang et al. prepared
FeSiAI@AI,Os composite structures by annealing for 2 h at 400 °C using aluminum sulfate as
aluminum source [17]. By adjusting the aluminum sulfate content, it is found that at 6.8 GHz and 3.0
mm thickness, the RLmin of FeSIAI@AI2O3 is -24.7 dB, and the effective absorption bandwidth can
reach 2.8 GHz. The corrosion resistance of pure FeSiAl is 1.39x<10° Q/cm?, the corrosion resistance
of FeSIAI@AIO3 is 2.46x<10° Q/cm?, indicating that the mircowave absorption and corrosion
resistance of FeSiAI@AI>,O3 are improved.

In practical applications, we need to consider the decomposition temperature of aluminum salt raw
materials. Aluminum nitrate decomposes into aluminum oxide at temperatures above 200 °C, but it
is expensive[18]. Aluminum sulfate decomposes into aluminum oxide at 500-700 °C, and the high
decomposition temperature causes damage to the FeSiAl alloy[19]. This experiment considers that
the cheap hexahydrate aluminum chloride is an inorganic compound with a low decomposition
temperature, which can decompose into amorphous aluminum oxide at 200 °C[20]. The coating
process will not cause damage to the FeSiAl alloy matrix itself. Therefore, hexahydrate aluminum
chloride was selected as the aluminum source, and Al,O3 was coated on the surface of FeSiAl alloy
to improve the absorption and corrosion resistance of FeSiAl alloy.

2. EXPERIMENTAL CONTENT
2.1. Experiment Reagent

Sheet ferrosilicon aluminum alloy (purchased from Changsha Hualiu Metallurgical Powder Co.,
LTD.), deionized water, anhydrous ethanol, aluminum chloride hexahydrate (AICIsH>O, aluminum
source), polyvinylidene fluoride (CzH2F2, binder), acetylene black (conductive agent), N-
methylpyrrolidone (CsHgNO, solvent).

2.2. Preparation of FeSIAI@AI>O3 Coating

Add 25ml of deionized water, 1g of FeSiAl alloy, and 0.4354g of hexahydrate aluminum chloride to
a beaker. Mechanical stirring at 200rpm for 10 hours. The samples were centrifuged with anhydrous
ethanol at a rotational speed of 7000 r/min. After centrifugation twice, dry the precipitate in an 80 °C
oven for 12 hours. Heat treat the sample with a muffle furnace at 200 °C without holding. The heating
rate of the muffle furnace is set to 2 °C/min.

2.3. Characterization

The crystal phase composition of the samples was analyzed by X-ray diffractometer D/MAX2500PC
made by Rigaku Co., LTD., Japan, and the morphology and energy spectrum of the samples after
coating were analyzed by scanning electron microscope made by Hitachi Regulus 8100, Japan. The
samples were mixed with paraffin wax according to mass fraction 40 wt.%. The coaxial loop was
made and tested with AV3656D series microwave network analyzer produced by CLP 41. After the
electromagnetic data was obtained, the reflection loss (RL) was obtained to further characterize the
mircowave absorbing performance of the composite structure.

The corrosion open circuit voltage, tafel curve and impedance spectrum of the sample were measured
by CHI 660E electrochemical workstation. Weigh 0.06g of heat-treated sample, 0.03g of PVDF, and
0.01g of acetylene black, place them in a mortar, and add 0.3ml of N-methylpyrrolidone. Grind for
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10-15 minutes, then apply with a brush onto the copper foil and dry in an 80 degree oven for 24 hours.
Afterwards, a tablet press was used for tablet pressing (at 10MPa for 30 seconds), and a hole punching
machine with a diameter of 16.8mm was selected for punching. Finally, a three electrode system was
used to conduct corrosion resistance testing in a 5wt% sodium chloride solution, and the samples
were labeled as FeSIAI@AI>Os.

3. RESULTS AND DISCUSSION

Figure 1. shows the XRD of FeSiAl alloy and FeSiAl@Al,Oz coating. From the XRD patterns, it can
be seen that aluminum chloride hexahydrate was transformed into amorphous alumina after heat
treatment at 200 <C, which showed that Al,O3 coating was successfully wrapped on the surface of
FeSiAl alloy [20].
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Figure 1. XRD of FeSiAl alloy and FeSiAl@Al,O3 coating

Figure 2(a-b) shows the SEM of flake FeSiAl, which shows that the surface is smooth and flat, with
almost no graininess. Figure 2(d-f) shows the SEM of FeSiAI@AI,O3 coating. It can be seen that
after the coating of Al,Os, the surface of the sample becomes rough and a large number of irregular
particles appear, which indicates that the surface coating is Al,Os. Figure 2(g) shows the energy
spectrum of FeSIAI@AIOs. It can be seen from the figure that the characteristic peaks of Fe, Si, Al
and O elements are the main elements in the sample, namely Fe, Si, Al and O elements. Among them,
Fe was the most abundant, reaching 63.6wt%, Al 6.9wt%, and O 8.1wt%. And the mass percentage
of ClI element is almost 0, which proves that aluminum chloride hexahydrate is almost oxidized to
Al;0s3. which may be Al,O3 generated on the surface, proving that aluminum chloride hexahydrate is
mostly converted to Al,O3 after heat treatment at 200 °C and wrapped on the sample surface [20].
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Figure 2. SEM of (a-c) Flake FeSiAl; (d-f) FeSiAI@AI,Os; (g) Energy spectrum of FeSiAI@AI,O3
coating

Figure 3.(a) shows the the real and imaginary parts of dielectric and permeability constant of FeSiAl
alloy and FeSiAI@AI,0s coating. The ¢’ and p' represent the storage capacity of electric energy and
magnetic energy respectively, and the ¢” and p” represent the loss of electric energy and magnetic
energy respectively [21]. It can be found that the €' of FeSIAI@AI,O3 coating is higher than that of
FeSiAl alloy, and the €” of FeSiAl alloy and FeSiAI@AIl;O3 coating is stable around 0 at 0~10 GHZ,
with small fluctuations in the high frequency region. In the low-frequency range, both the p 'and p”
of the two samples show a decreasing trend with increasing frequency, and the final p' is stable at
about 1, and the p” is stable at about 0.
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Figure 3. (a) permittivity curve and (b) permeability curve of FeSiAl and FeSiAI@AI>O3 coating
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Figure 4. (a) shows the attenuation constant curves of FeSiAl alloy and FeSiAI@AI,O3 coating. It
can be seen from equation (1) that the value of a is closely related to p "and €", and it can be found
that the attenuation constant fluctuates in the range of 0~150, and the attenuation constant of
FeSiAI@AI,O; coating is always higher than that of FeSiAl alloy. Figure 4. (b) shows the Cole-Cole
semicircle of FeSiAl alloy and FeSiAI@AI,O3 coating, which is an important index reflecting the loss
mechanism. The relationship between €' and € "can be derived from the Debye model, equation (2).
The Cole-Cole semicircle curves of both FeSiAl alloy and FeSiAI@AI>Oz coating contain multiple
arcs, so it can be proved that the sample relaxation process exists before and after encapsulation [22].

a= @\/(”HSH _ 'ulgl) + \/('LL”E” — 'ulgl)z + (‘urlgl + H’E”)Z (1)

(€' =25+ () = (352 @)

2
es—Static permittivity at the high frequency limit
e«—Relative permittivity at high frequency limit

150

—o— FeSiAl 18.0
(@ o FESIAIQALO, (b) P %ﬂei*
100+
108
3 f.\ |~ Fesial
g | 2 12te—Fesi@ano,
50f 4 g

0
0 2 4 6 8 1(8 12 14 16 18
Frequency (GHz)

Figure 4. (a) decay constant curve (b) Cole-Cole semicircle curve for FeSiAl and FeSIAI@AIO3

Figure 5. shows the tangent curves of dielectric loss and permeability loss of FeSiAl alloy and
FeSiAI@AI,0O3 coating, respectively. The dielectric loss tangent (tand = € "/& ') is used to evaluate the
dielectric loss capacity of the material, and the magnetic loss tangent (tand =p" /') is used to evaluate
the magnetic loss capacity of the material. In the tangent curve of dielectric loss, the value tends to 0
at the beginning, but as the frequency increases, the value fluctuates in the high frequency region.
However, in the tangent curve of the permeability loss, there is a small fluctuation in the low
frequency region, and the final value tends to 0. In the range of 0~10 GHz, the tangent value of the
permeability loss of the two samples is higher than the tangent value of the dielectric loss, indicating
that the magnetic loss is the main value of the two samples.
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Figure 5. (a) dielectric loss tangent curve and (b) permeability loss tangent curve of FeSiAl and
FeSiAI@AI,O3 coating
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Figure 6. shows the reflection loss curves of FeSiAl alloy and FeSiAI@AI,O3 coating respectively.
The reflection loss is related to the mircowave absorption performance of the sample. The vector
network analyzer is used to test the sample coaxial, and its electromagnetic parameters are obtained.
Then the reflection loss is calculated according to the reflectivity formula. The formula required for
reflection loss is as follows (3), (4) and (5). It can be seen from the figure that when the filler volume
is 40 wt%, the FeSiAl is 4.4 GHz, the matching thickness is 5.1 mm, the effective bandwidth (RL< -
10 dB) is 1.9 GHz, and the reflection loss is -41.3 dB. The minimum reflection loss of FeSIAI@AI,O3
coating at 9.7 GHz is -43.4 dB, and when the thickness is 2.3 mm, the effective absorption bandwidth
(<-10dB) is 2.97 GHz. FeSiAl@AI>O3 coating has good absorption performance and can absorb most
mircowave, which improves the absorption performance of FeSiAl alloy. Compared with FeSiAl
alloy, the minimum microwave loss RLmin and effective bandwidth of FeSiAI@AI,Oz coating
synthesized by coating Al,Os are significantly improved, and the matching thickness is also obtained,
which enhances the mircowave absorbing performance of the material.
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Figure 6. Reflection loss curve (a) FeSiAl(b) FeSiAI@AI;O3 coating
Table 1. Reflection loss of FeSiAl and FeSiAl@Al,O3 coating
Materials RL/(dB)  Thickness  Frequency  Effective bandwidth
/(mm) (GH2) /(GHz)
FeSiAl -41.3 51 4.4 1.9
FeSIAI@AI,0O3 coating -43.4 2.3 9.7 2.97
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In order to further investigate the mircowave absorbing properties of FeSiAl alloy and FeSiIAI@AI;03
coating, the impedance matching of Fesial alloy and FeSiAI@AI»O3 coating is further described.
Generally speaking, when the impedance matching value is close to 1 (Zin = Zo), the mircowave
completely penetrates the absorber. Figure 7 shows the impedance matching of the FeSiAl alloy and
the FeSIAI@ Al>O3 coating. After encapsulating Al,Os, the impedance matching value is closest to 1
at 9.7 GHz, which significantly improves the impedance matching of the sample. This means that
more mircowaves enter the absorber than the FeSiAl alloy before the wrapping.
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Figure 8. Corrosion resistance test of FeSiAl alloy and FeSiAI@AIl,Os coating (a) Tafel curve (b)
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Figure 8. shows a comparison of corrosion resistance tests of FeSiAl alloy and FeSIAI@AIO3
coating. It can be seen from the Tafel curve that, compared with unwrapped FeSiAl alloy, the self-
corrosion potential of FeSIAI@AI,O3 coating is positively shifted from -0.884 V to -0.869 V. The
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corrosion tendency of the sample coated with Al,Os3 is reduced, and the corrosion resistance is
improved. The corrosion current density of the sample coated with Al,O3 decreased from 3.538*10
Alcm? to 3.499*10* A/cm?, and the polarization resistance increased from 96.1 ohm to 225.1 ohm.
Compared with the unwrapped FeSiAl alloy, the sample coated with Al,Os has better corrosion
resistance.

Table 2. Electrochemical corrosion parameters of the sample

Materials Ecor/ (V) lcorr/ (AJCM?) Rp/(ohm)
FeSiAl -0.884 3.538*10* 96.1
FeSiAI@AI,O;3 coating -0.869 3.499*10* 225.1
4, SUMMARY

In this experiment, the FeSiAI@ Al,O3 coating composite structure was successfully designed. The
microstructure, mircowave and corrosion resistance of FeSIAI@AI,O3 coating composite structure
were studied. The test results show that the impedance matching ability and microwave absorption
performance can be improved by reasonable alumina coating. The reflection loss of FeSIAI@AILO3
coating at 9.7 GHz is -43.4 dB, and when the thickness is 2.3 mm, the effective absorption bandwidth
(<-10 dB) is 2.97 GHz. Electrochemical analysis was used to study the corrosion resistance of the
FeSiAI@AIl,O3 coating composite structure in 5 wt% NaCl solution. Through open-circuit corrosion
potential method, electrochemical impedance spectroscopy and Tafel polarization curve tests, it is
found that the corrosion current of the FeSiAI@Al,O3 coating decreased, and the corrosion resistance
increased. This proves that the Al,O3 layer helps to improve the corrosion resistance of the sheet
FeSiAl FeSIAI@AIO3 coating is an ideal material with improved microwave absorption and
corrosion resistance.
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