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Abstract

(Fe/C)/ABS resin electromagnetic metamaterials were fabricated via 3D printing, and the
effect of iron salt loading (0, 1, 2, and 3 g) in the Fe/C filler on the microwave absorption
performance of the resulting composites was systematically investigated. The results
demonstrate that, with increasing iron salt content, the microwave absorption bandwidth
of the samples exhibits a trend of initial significant broadening followed by saturation. At
an iron salt loading of 1 g, the (Fe/C)/ABS resin composite achieves an effective absorption
bandwidth (EAB) of 6.2 GHz at a matching thickness of 10 mm, representing an approxi-
mately 48% enhancement over that of the pure C/ABS resin composite (4.2 GHz). The in-
corporation of iron salts not only endows the material with magnetic loss capability but
also promotes the formation of an sp>-hybridized carbon framework within the carbon
matrix during Fe/C composite preparation, concurrently introducing abundant defect
sites that augment the dielectric loss capacity. Under the synergistic magneto-dielectric
loss mechanism, the microwave attenuation coefficient of the material is markedly en-
hanced, and the effective absorption bandwidth is substantially broadened, all at a filler
loading of merely 2.5 wt%. This study elucidates the influence of iron salt loading on the
microwave absorption performance of (Fe/C)/ABS resin composites, while the 3D print-
ing-based fabrication approach employed herein offers a promising technical pathway for
the development of novel microwave-absorbing materials.

Keywords: (Fe/C)/ABS resin; 3D printing; microwave absorption; electronic materials

1. Introduction

With the rapid development of fifth-generation (5G) and future sixth-generation (6G)
communication technologies and high-frequency electronic devices, increasingly severe
electromagnetic interference (EMI) and electromagnetic pollution have become critical
challenges threatening the reliability of electronic equipment and human health [1,2]. Sim-
ultaneously, in the field of national defense science and technology, high-performance
electromagnetic wave absorbing materials represent a core technology for achieving radar
stealth capabilities of military targets [3,4]. Consequently, the development of advanced
electromagnetic wave absorbing materials featuring ‘strong absorption, broad
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bandwidth, thin thickness, and light weight” has emerged as a frontier research direction
in materials science and electromagnetic functional devices [5-7].

Carbon-based materials, by virtue of their low density, high dielectric loss, and chem-
ical stability [8,9], have become preferred candidates for microwave-absorbing matrices.
However, their inherent limitation of relying solely on dielectric loss without magnetic
loss contributions [10] readily leads to impedance matching imbalance, making it difficult
to satisfy the requirements of high-efficiency broadband absorption. By introducing mag-
netic metals and their oxide components such as Fe, Ni, and Co [11,12], a carbon-
based/magnetic composite absorbing system can be constructed, which introduces a mag-
netic loss mechanism while retaining the excellent dielectric properties of carbon materi-
als, thereby achieving synergistic enhancement of dielectric and magnetic losses. Further-
more, the introduction of metallic heterostructures can modulate the electrical conductiv-
ity of the system, increase interfacial polarization and defect polarization sites, and further
optimize both electromagnetic wave attenuation capability and impedance matching
characteristics. This consequently significantly enhances the absorption intensity, broad-
ens the effective absorption bandwidth, and provides an effective strategy for overcoming
the performance limitations of single-component carbon-based absorbing materials.

For instance, Dangiang et al. [13] combined hollow ZnFe2Os with carbon-based na-
nomaterials such as tGO and MWCNTs, effectively improving the absorption intensity
and effective absorption bandwidth of the composite system, in which ZnFe:04/rGO
achieved a reflection loss of -49.17 dB at a thickness of 3.6 mm. Wang et al. [14] employed
fig peel biomass carbon as a carrier to prepare silicon carbide nanocomposites with vari-
ous morphologies, among which the coral-like structured sample achieved a minimum
reflection loss of -51.27 dB at 14.1 GHz and an effective absorption bandwidth of 4.64
GHz. Wang et al. [15] uniformly coated FesOs or Ni onto carbon nanocoils via atomic layer
deposition to construct coaxial multilayer structures, significantly enhancing the micro-
wave absorption performance of the materials. Shu et al. [16] prepared Fe-Zn bimetallic
MOF-derived porous carbon-based magnetic composites, achieving a minimum reflection
loss of —60 dB at a filler loading of 40 wt% with a bandwidth of 4 GHz covering the entire
X-band; the bandwidth could be extended to 5.4 GHz at increased thickness. Dai et al. [17]
uniformly decorated the surfaces of carbon spheres with FesOs nanoparticles to prepare
CS/Fe3O4 composites, achieving reflection losses of -50.932 dB and —49.143 dB at different
thicknesses, respectively, along with an effective absorption bandwidth of 4.5 GHz. Zhang
et al. [18] employed air/SiO2@Fe/C yolk-shell nanospheres as carriers, constructing dual-
scale pore channels and multiple types of polarization interfaces via pyrolysis-etching,
which significantly enhanced the low-frequency electromagnetic wave absorption perfor-
mance of the material. Shu et al. [19] prepared FeCoNi/C-decorated graphene composites,
in which tuning the amount of graphene oxide optimized the microwave absorbing per-
formance, achieving strong absorption of -66 dB and a broad bandwidth of 4.8 GHz.

In recent years, studies have demonstrated that the deliberate design of three-dimen-
sional macroscopic structures (e.g., periodic lattices, gradient structures, and biomimetic
structures) [20—22] can effectively regulate the propagation paths of electromagnetic
waves and induce multiple scattering and interference, thereby significantly optimizing
impedance matching and enhancing loss capability [23,24]. Unfortunately, conventional
manufacturing processes cannot efficiently and precisely fabricate such complex three-
dimensional structures, severely constraining breakthroughs in absorption performance
based on structural design [25,26]. The rise in additive manufacturing (3D printing) tech-
nology offers a revolutionary approach to addressing these structural fabrication chal-
lenges [27,28]. This technology features the advantages of mold-free processing, rapid
prototyping, and nearly unlimited design freedom, making it particularly suitable for fab-
ricating three-dimensional structures with complex geometries, multi-scale features, and

https://doi.org/10.3390/coatings16070824



Coatings 2026, 16, 824

3 of 16

Carbon source

Iron Source

—
..
o Heat treatment
g 170°C, 7h * cat treatmes
07 - 700°C w

customized porosity [29,30]. In recent years, researchers have begun exploring the use of
3D printing techniques such as stereolithography (SLA), fused deposition modeling
(FDM), and selective laser sintering (SLS) [31-33] to fabricate carbon-based, ceramic-
based, or polymer-based absorbing structures, demonstrating substantial potential for
achieving broadband absorption and lightweight design.

In this work, we prepared an Fe/C composite material by combining iron salts with
a carbon matrix, incorporated it into ABS resin, and fabricated (Fe/C)/ABS resin samples
via 3D printing. The effect of iron salt addition on the microwave absorption performance
of the (Fe/C)/ABS resin samples was systematically investigated, providing an effective
reference for the forming technology of microwave-absorbing materials.

1.1. Materials

The iron salt is ferric chloride hexahydrate (FeCls-6H20), analytical grade, supplied
by Chengdu Kelong Chemical Co., Ltd., Chengdu, China; The carbon source was glucose
monohydrate (CsHi1206-H20, analytical grade, provided by Chengdu Kelong Chemical
Co., Ltd., Chengdu, China), and carbon nanoparticles were prepared via a hydrothermal
reaction (180 °C, 10 h).; deionized water with a resistivity of 18.25 MQ-cm was used
throughout the experiments.

1.2. Sample Preparation

The preparation process of the Fe/C samples is illustrated in Figure 1. The specific
procedures include the hydrothermal synthesis of Fe/C spheres, thermal treatment of the
samples, and fabrication of (Fe/C)-modified ABS resin specimens via 3D printing.

Fe/C ball . Fe/C composites
s
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‘ 3D printing
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Figure 1. Flow chart for the preparation of Fe/C samples.

1.2.1. Preparation of Fe/C Composites

Different amounts of iron salt (0, 1, 2, and 3 g) were separately dissolved in 80 mL of
deionized water to obtain iron-containing solutions of varying concentrations. Subse-
quently, 3 g of carbon spheres was immersed in each iron-containing solution. After ul-
trasonication for 30 min, the mixtures were transferred to a 100 mL autoclave and reacted
at 170 °C for 7 h in an oven to allow sufficient diffusion of iron ions into the carbon spheres.
The resulting iron-containing carbon spheres were collected by centrifugal washing and
dried in an oven at 50 °C for 7 h. Finally, the dried iron-containing carbon spheres were
placed in a vacuum tube furnace and heated to 700 °C at a ramp rate of 5 °C/min, followed
by a 2 h holding treatment, yielding the Fe/C composite materials. The Fe/C composites
prepared with iron salt additions of 0, 1, 2, and 3 g were designated as Fe/C-0, Fe/C-1,
Fe/C-2, and Fe/C-3, respectively.

1.2.2. Preparation of (Fe/C)/ABS Resin Electromagnetic Metamaterials

The as-prepared Fe/C composites were uniformly mixed with ABS resin at a Fe/C
composite loading of 2.5 wt%, followed by ultrasonic oscillation for 30 min. The
(Fe/C)/ABS resin samples were then fabricated using a 3D printer (Photon Mono 2, rated
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power: 48 W, wavelength: 405 nm). The ABS resin employed was supplied by Shenzhen
Zongwei Cube Technology Co., Ltd., Shenzhen, China, with the model designation ABS-
Like Resin Pro 2, whose principal component is ABS resin ((C8H8)x-(C4H6)y-(C3H3N)z).
The printing parameters were set as follows: curing layer thickness of 0.01 mm and curing
time of 3 s. The (Fe/C)/ABS resin samples were printed into solid annular structures with
an inner diameter of 3.0 mm, an outer diameter of 7.0 mm, and a thickness of 4.0 mm. The
(Fe/C)/ABS resin samples prepared with Fe/C-0, Fe/C-1, Fe/C-2, and Fe/C-3 as fillers were
designated as Si, Sz, 53, and Ss, respectively.

1.3. Analytical and Testing Instruments

The analytical instruments used in this study are shown in Table 1.

Table 1. Analysis and testing instruments.

Instrument Model Manufacturer
Scanning electron microscopy (SEM) JSM-type Nippon Electronics
— X-ray diffractometer (XRD) G'Petprotype Panalytical, Netherlands
Analytical instruments X-ray Photoelectron Spectrometer(XPS) ESCALABXi+type ThermoFisher
Raman spectroscopy (Raman) InViatype Renishaw, UK
Test Instruments Vectornetwork analyzer Ntype AgilentTechnologies

The electromagnetic parameters of the (Fe/C)/ABS resin samples were measured over
the frequency range of 2-18 GHz using a vector network analyzer. The microwave ab-
sorption performance of the samples can be evaluated by the reflection loss (RL), which is
calculated according to the following equations [34,35]:

M 2nfd
Zin _Zn\/:_rtanﬁ(] c \/.urgr) (1)

Zin - ZO
Zint+ 2y

RL =201lg @)

where Z;, is the characteristic impedance, Z, is the air impedance (Z, = \/tto/g0 = 1), Ur
is the complex permeability, &, is the complex permittivity, f is the frequency, d is the
coating thickness, and c is the speed of light.

2. Results and Discussion
2.1. Characterization of C and Fe/C
2.1.1. XRD Characterization of C and Fe/C

The XRD patterns of C and Fe/C composites are shown in Figure 2. Two broad diffuse
diffraction peaks are observed at approximately 26 = 25° and 43°, which are character-
istic of amorphous carbon, indicating that all samples possess an amorphous carbon struc-
ture. Notably, no sharp diffraction peaks attributable to crystalline phases of iron or its
compounds (e.g., a-Fe, FesC, FesOs, or y-Fex0s) are detected in the XRD patterns of any
Fe/C sample (52-Ss). This result suggests that the iron species exist in the carbon matrix
either in an X-ray amorphous form or as nanocrystallites with domain sizes below the
XRD detection limit (<2-3 nm). Upon introduction of the iron salt (52-54), these two dif-
fraction peaks become noticeably sharper and more intense, accompanied by a reduction
in full width at half maximum. This trend indicates that iron serves as an efficient catalyst
for promoting the graphitization of carbon materials. Furthermore, with increasing iron
salt loading from 1 g to 3 g (52 to S4), the peak intensity increases progressively, demon-
strating a positive correlation between iron loading and the degree of structural ordering
in the carbon matrix. During pyrolysis, the iron species undergo in situ carbothermal
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reduction to generate metallic Fe or FesC nanocrystallites with domain sizes below the
XRD detection limit, which subsequently catalyze local graphitization of the carbon ma-
trix via a dissolution—precipitation mechanism. This process introduces abundant micro-
crystalline boundaries and defect sites into the carbon matrix, which is favorable for high-
frequency (10-18 GHz) polarization under electromagnetic wave irradiation.
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Figure 2. XRD patterns of C and Fe/C.

2.1.2. Scanning Electron Micrograph of Fe/C Composite Material

Figure 3 presents the SEM images of Fe/C composites prepared with different iron
salt loadings. The pristine carbon sample (Figure 3a, Fe/C-0) exhibits only nanosized car-
bon particle aggregates without any micron-scale structures. As shown in Figure 3b—d,
with increasing iron salt loading, a substantial number of spherical microparticles with a
diameter of approximately 1 um gradually emerge, and their population increases with
higher iron salt content. Morphologically, the appearance of these microspheres is clearly
correlated with the introduction of the iron salt; however, their specific composition re-
quires further confirmation by compositional analysis techniques such as EDS.

— 1um  JEOL —
10.0kV SEI SEM WD 8.0mm X 5,000 10.0kV SEI

— 1um  JEOL —
10.0kV SEI SEM WD 8.1mm X 5,000 10.0kV SEI

Figure 3. Scanning Electron Micrograph of Fe/C Composite Material: (a) Fe/C-0; (b) Fe/C-1; (c) Fe/C-
2; (d) Fe/C-3.
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2.1.3. EDS Characterization of C and Fe/C

To further elucidate the composition of the microspheres observed by SEM and the
spatial distribution of carbon and iron, EDS analysis was performed on the Fe/C-3 sample
with the highest iron loading, and the results are presented in Figure 4. Figure 4b,c show
the EDS elemental mapping of Fe/C-3. Carbon is continuously and uniformly distributed
across the selected region, forming the matrix backbone of the sample. The Fe signal is
also relatively homogeneous at the mapping scale, with no evidence of large-scale enrich-
ment or depletion, indicating that the iron species are uniformly dispersed within the car-
bon matrix at the micron scale.

Figure 4d,e display the EDS point spectra acquired at Points A and B marked in Fig-
ure 4a, respectively. At Point A (located on the surface of a microsphere, Figure 4d), the
Fe characteristic peaks are weak while the C peak dominates the spectrum, demonstrating
that this microsphere is not a pure iron oxide particle but rather a carbon-based micro-
sphere in which iron exists merely as a minor dopant or surface coating. In contrast, at
Point B (a nanoparticle aggregation region, Figure 4e), the Fe signal is significantly en-
hanced and the O peak is synchronously elevated, indicating that iron is predominantly
enriched in the nanoscale aggregation regions and exists mainly in the form of iron oxides.
Taken together, the EDS results, in conjunction with XRD and SEM observations, establish
that the microspheres are carbon-based structures formed during iron-catalyzed pyroly-
sis, while the iron oxides are dispersed as nanoparticles and locally enriched in the nano-
aggregation regions of the carbon matrix.

Weight Atomic% Weight Atomic%
% %

| Fek [ 1601 [ 394 |

Figure 4. EDS of Fe/C:(a) SEM image of Fe/C-3; (b) Fe elemental mapping; (c) C elemental map-
ping; (d) EDS spectrum of point A; (e) EDS spectrum of point B.

2.1.4. Raman Characterization of Fe/C

Figure 5 presents the Raman spectra of Fe/C composites prepared at varying iron salt
contents. All samples exhibit the characteristic D-band and G-band of carbon materials at
approximately 1350 cm™ and 1580 cm™, respectively. The D-band originates from lattice
defects and disordered structures in the carbon framework, while the G-band corresponds
to the in-plane C=C stretching vibration of sp>-hybridized carbon and reflects graphitized,
ordered domains. The ID/IG intensity ratio serves as a key quantitative indicator of the
degree of disorder and defect concentration in carbon materials, with a higher ratio signi-
fying greater structural disorder and a higher density of defect sites.

The spectral data reveal that as the iron salt addition increases from 0 g (S1) to 3 g (S4),
the ID/IG ratio exhibits a monotonic upward trend, albeit with a progressively
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diminishing increment: S1 (0 g iron salt) yields ID/IG = 0.811, Sz (1 g iron salt) yields 0.894,
Ss (2 g iron salt) yields 0.937, and Ss (3 g iron salt) yields 0.946. These results directly cor-
roborate that the incorporation of iron species into the carbon matrix leads to an overall
increase in structural disorder, and that a higher iron loading engenders a more pro-
nounced degree of defect formation in the carbon framework, although the rate of increase
decelerates at elevated loadings.

Taken together with the SEM and XRD results, the iron oxides are uniformly dis-
persed as nanoparticles within the carbon matrix. During pyrolysis, iron simultaneously
catalyzes the formation of carbon-based microspheres and the local graphitization of the
carbon matrix, ultimately yielding a composite architecture in which iron oxide nanopar-
ticles are supported on carbon-based microspheres. This structural configuration provides
abundant active sites and mass transport channels for subsequent applications such as
catalysis, energy storage, and adsorption.

— S I Dband , | Gband ,

AN

w ot ! 1,/1,=0.946
I

1,/1,~0.937

Intensity(a.u.)

1,/1,=0.894

I/1,~0.811

1
1000 1200 1400 1600 1800 2000
Raman shift(cm ™)

Figure 5. Raman spectra of Fe/C.

2.1.5. XPS Characterization of Fe/C

Figure 6 presents the XPS spectra of the Fe/C composites. As shown in Figure 6a, the
Fe/C composites are predominantly composed of carbon and oxygen, with no discernible
iron signal detected on the surface. This can be attributed to the relatively low iron salt
loading, and the iron species may exist in a highly dispersed state or be completely encap-
sulated by carbon layers. As revealed in Figure 6b, with increasing iron salt content, the
fraction of sp?-hybridized carbon (C-C/C=C, 284.8 eV) increases substantially, while the
abundance of oxygen-containing functional groups (C-O and O-C=0) gradually declines.
These observations indicate that iron serves as an effective catalyst in promoting the
graphitization of the carbon framework and facilitating the removal of surface oxygenated
functionalities. Critically, however, the sp? carbon network generated during this graphi-
tization process retains a high density of defect sites, which is complementary to and cor-
roborated by the Raman spectroscopic evidence—namely, the monotonic increase in the
I_D/I_G ratio with increasing iron content, signifying a concomitant rise in the degree of
structural disorder and defect density within the carbon matrix.
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Figure 6. XPS spectra of Fe/C composites: (a) XPS survey spectra of S1—Ss samples; (b) Cls high-
resolution spectra of S1-S4 samples.

2.2. Performance Analysis of the Sample
2.2.1. Dielectric Property Analysis of the (Fe/C)/ABS Resin Sample

Figure 7 presents the electromagnetic parameters of the (Fe/C)/ABS resin composites.
The real part of the complex permittivity, ¢ (Figure 7a), represents the capacity of the
material to store electromagnetic energy, while the imaginary part, €” (Figure 7b), quanti-
fies its ability to dissipate electromagnetic energy through conversion into heat. The die-
lectric loss tangent, tan 0. (Figure 7c), directly reflects the dielectric loss efficiency of the
material. As shown in Figure 7a, the ¢’ curves of Si, Sz, and Ss exhibit similar trends, indi-
cating comparable electromagnetic energy storage capabilities, whereas Ss4 displays the
poorest storage capacity. All samples show a gradual increase in €' over the low-frequency
range of 2-12 GHz, suggesting that polarization can effectively follow the alternating elec-
tric field. In the high-frequency range of 12-18 GHz, however, ¢’ undergoes a pronounced
decline, characteristic of the typical high-frequency polarization relaxation phenomenon:
as the electric field alternates at an excessively high rate, dipolar and interfacial polariza-
tions cannot fully respond, leading to diminished energy storage capacity.

As shown in Figure 7 for high (b), the &” values of all four samples exhibit a mono-
tonic increase with frequency across the entire measured range, with the overall hierarchy
following Sz > Ss > Su > S1. Among them, Sz demonstrates the strongest energy dissipation
capacity, whereas S: exhibits the weakest. All four samples display a marked increase in
€" in the high-frequency range of 10-18 GHz, confirming the occurrence of intense polar-
ization relaxation processes. These processes are primarily attributed to the combined ac-
tion of dipolar polarization induced by defects within the carbon matrix and interfacial
polarization at the Fe/C hetero-interfaces (Maxwell-Wagner-Sillars effect). The variation
trend of tan de is entirely consistent with that of ¢”, indicating that Sz possesses the highest
dielectric loss efficiency and substantially outperforms the other samples in terms of en-
ergy dissipation in the high-frequency range (12-18 GHz). Although S: exhibits high &'
and strong energy storage capacity, its low &” ultimately results in the poorest dielectric
loss efficiency.

Figure 7d-f present the magnetic properties of the samples. The real part of the com-
plex permeability, u’ (Figure 7d), represents the capacity for magnetic energy storage; the
imaginary part, u” (Figure 7e), represents the magnetic loss capability; and the magnetic
loss tangent, tan du (Figure 7f), reflects the magnetic loss efficiency. From Figure 7d-f, it
can be concluded that Sz exhibits the optimal magnetic loss efficiency, whereas the mag-
netic loss of S1 is negligible.

A comparison of the dielectric loss tangent (tan d:) and magnetic loss tangent (tan o)
of the four samples (Figure 7c,f) reveals the following: Si, being a pure carbon-based
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sample, has a microwave loss mechanism dominated exclusively by dielectric loss, with a
negligible magnetic loss contribution. For Sz, Ss, and Ss, the values of tan 0 and tan dy in
the high-frequency range are comparable and exhibit synergistic enhancement. This indi-
cates that the introduction of Fe successfully transforms the loss mechanism from the
purely dielectric loss of 51 to a synergistic combination of dielectric and magnetic losses.
Such a magneto-dielectric synergistic loss mechanism simultaneously optimizes the im-
pedance matching and energy dissipation capacity of the material: the dielectric loss is
responsible for attenuating high-frequency electromagnetic waves, while the magnetic
loss compensates for the loss deficiency in the low-frequency range, ultimately achieving
broadband and enhanced microwave absorption performance.
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Figure 7. Dielectric parameters of the (Fe/C)/ABS resin sample: (a) real part of complex permittivity
¢’; (b) imaginary part of complex permittivity £”; (c) real part of complex permeability p’; (d) imag-
inary part of complex permeability u"; (e) dielectric loss tangent curve tande; (f) magnetic loss tan-

gent curve tandpL.

2.2.2. Microwave Absorption Performance Analysis of the (Fe/C)/ABS Resin Sample

The reflection loss (RL) curves of the (Fe/C)/ABS resin composites are presented in
Figure 8. As shown in Figure 8a, effective absorption (RL < -10 dB) is achieved only at
thicknesses exceeding 7.0 mm, with an optimal RLmin of -26.45 dB and an effective absorp-
tion bandwidth (EAB) of 4.2 GHz. This suboptimal performance is attributable to the
purely dielectric loss mechanism of the pure carbon-based material, which results in poor
impedance matching and impedes electromagnetic wave penetration into the interior of
the material, thereby precluding broadband microwave absorption and rendering it diffi-
cult to meet the application requirements across the 2-18 GHz range.

As revealed in Figure 8b, 52 achieves the optimal absorption performance among all
samples: at a thickness of 10 mm, the RLmin reaches -50.4 dB with an EAB of 6.2 GHz. As
shown in Figure 8c,d, Ss still maintains a strong absorption of -44.9 dB (located at 5 GHz)
at a thickness of 8.0 mm, and the absorption band extends toward the mid-to-high fre-
quency region; however, its overall performance has declined relative to that of Sz. Further
analysis of Figure 8b reveals that the absorption intensity of Sz far exceeds that of S1 (8.5
mm), and its EAB is expanded by 2 GHz. This remarkable enhancement stems from the
optimal synergy between dielectric loss mechanisms (Fe/C interfacial polarization and
carbon-defect-induced dipolar polarization) and magnetic loss mechanisms (natural
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RL/dB
8

resonance and exchange resonance), leading to superior impedance matching and estab-
lishing S2 as the best overall performer among the four samples.

With further increases in iron salt loading (Ss, Ss), the absorption performance de-
clines rather than improves. This can be rationalized as follows: (1) excessive conductive
iron species elevate the electrical conductivity, reducing the skin depth and causing more
incident waves to be reflected at the surface; (2) the elevated permittivitymismatch shifts
| Zin/Zo| away from unity, as evidenced by the lowest ¢’ of S (Figure 7a); (3) Iron nanopar-
ticles tend to agglomerate at high loadings., reducing effective Fe/C interfacial area and
weakening interfacial polarization, consistent with the &” hierarchy S2 > Ss >S4 > S1 (Figure
7b); (4) the defect introduction rate saturates, with ID/IG increasing only marginally from
53 (0.937) to Ss (0.946) versus the marked rise from S1 (0.811) to 52 (0.894) (Figure 7). Col-
lectively, enhanced skin effect, degraded impedance matching, diminished interfacial po-
larization, and saturated defect contribution cause the absorption performance to peak at

1 g (52) and deteriorate thereafter.
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Figure 8. Reflection loss curves of the (Fe/C)/ABS resin sample: (a) S1; (b) S2; (c) Ss; (d) Sa.

The dissipation capability of the samples was further analyzed using the attenuation
coefficient (at) curves and impedance matching (Z_in) plots. A larger a value indicates a
stronger capacity of the material to attenuate electromagnetic waves, while a Z_in value
closer to the free-space impedance Z0 (a complex quantity with a real part of 1 and an
imaginary part of 0) signifies better impedance matching. The relevant formulas are as
follows [36]:

2nf
o= T\/\/(ul‘c‘" + unsl)z + (ulsl _ ll”S")z _ (ulsl + u"s”) (3)
In the formula, c is the speed of light; f is the frequency; u’ and u” are the real and
imaginary parts of complex permeability, respectively; ¢ and €” are the real and imagi-
nary parts of complex permittivity, respectively.
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As shown in the attenuation coefficient (ax) curves in Figure 9, Sz and Ss exhibit rela-
tively strong attenuation coefficients in the high-frequency range, whereas 51 displays the
lowest a values. In Figure 10, the black regions correspond to areas where the real part of
Z_in approaches 1, and the red regions correspond to areas where the imaginary part of
Z_in approaches 0; the intersection of these two regions represents the impedance match-
ing zone between the material and free space. Within the impedance matching zone, elec-
tromagnetic waves can effectively penetrate into the interior of the material without being
reflected at the surface. As revealed in Figure 10a, S1 exhibits virtually no well-defined
impedance matching zone, confirming that its poor absorption performance originates
from impedance mismatch. For Sz, Ss, and Ss, the impedance matching zones are located
in the 12-18 GHz range, which coincides with the frequency range of their strongest re-
flection loss peaks, further substantiating that their absorption performance is also gov-
erned by impedance matching.

The performance of the as-prepared S: sample is benchmarked against recently re-
ported carbon-based iron-containing composite microwave-absorbing materials, as sum-
marized in Table 2. It is evident that S: exhibits competitive performance in terms of filler
loading and effective absorption bandwidth, rendering it more suitable for broadband
microwave absorption applications. Nevertheless, its matching thickness remains rela-
tively large, and its minimum reflection loss still leaves room for further improvement.

The performance of the as-prepared S: sample is benchmarked against recently re-
ported carbon-based iron-containing composite microwave-absorbing materials, as sum-
marized in Table 2. To enable a comprehensive and fair comparison that simultaneously
accounts for effective absorption bandwidth (EAB), matching thickness (d), and filler
loading, the figure of merit (FOM = EAB/(d x filler loading)) was calculated for each ma-
terial. Remarkably, S2 achieves a FOM value of 24.8, which is on par with that of the best-
performing benchmark, FeNis/MoS:@NSAPC (FOM = 24.7), and substantially outper-
forms all other listed materials. More importantly, S: attains the highest EAB (6.2 GHz)
among all compared materials, covering a broader frequency range and thereby offering
a distinct practical advantage in broadband microwave absorption applications. Never-
theless, its matching thickness remains a limiting factor, and its minimum reflection loss
still leaves room for further improvement.

400

oS,
350F o §
2 ™
° 53
300 | ]
e S, 9
L
250 e 0
9 a
Qo 9
3 200 | S

2 4 6 8 10 12 14 16 18
Frequency/(GHz)

Figure 9. o curve of the (Fe/C)/ABS resin sample.
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Figure 10. Zin curves of the (Fe/C)/ABS resin sample: (a) S1; (b) Sz (c) Ss; (d) Sa.

Table 2. Comparison of microwave absorption performance of various iron-containing composite

materials.
Materials RLmin (dB) EABmax (GHz) d (mm) Fill Ratio (%) FOM
Fe@Fe3C/C nanocomposites [37] —42.77 5.0 1.49 30 11.2
Fe-FesC@C composites [38] -35.5 4.0 2.0 50 4.0
FeNis/Mo0S:@NSAPC [39] -60.66 5.19 1.4 15 24.7
GN-Fe304@ZnO [40] -40 1.6 5 30 1.1
FesOs@C [41] -38.8 2.7 2.1 60 2.1
(Fe/C)/ABS (This work) -50.4 6.2 10 2.5 24.8

Define FOM = EAB/(d x Fill ratio), where this value reflects the microwave absorption bandwidth

achievable per unit thickness and per unit filler loading.

To further demonstrate the geometric design flexibility afforded by the 3D printing
approach, a tilt sensor housing was fabricated from the (Fe/C)/ABS composite (Figure 11).
The top sectional view reveals that the housing surface integrates multiple functional
structural motifs —including honeycomb, cubic, and pyramidal patterns—while the inte-
rior maintains a closed hollow architecture. Such complex multi-featured geometries are
difficult to achieve via conventional compression molding, yet can be readily realized
through the SLA-based printing route employed in this work. This demonstration high-
lights the potential of (Fe/C)/ABS composites for the direct fabrication of structurally in-
tricate, application-specific microwave-absorbing components.

(a) (c)

Figure 11. 3D-printed samples: (a) honeycomb structure; (b) square structure; (c) truncated pyramid

structure.
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3. Conclusions

(1) XRD, SEM, DES, Raman, and XPS analyses collectively demonstrate that, with in-
creasing iron salt content, the iron species are incorporated into the carbon matrix in
an X-ray amorphous or nanocrystalline form. Although the sp>-hybridized carbon
fraction in the carbon matrix increases, this process is accompanied by the generation
of abundant defect sites, rendering the carbon matrix overall highly defective in na-
ture.

(2) (Fe/C)/ABS resin metamaterials were successfully fabricated via 3D printing. The
analyses reveal that the incorporation of iron salts markedly broadens the microwave
absorption bandwidth of the C/ABS resin metamaterials. At an iron salt loading of 1
g (52), the (Fe/C)/ABS resin metamaterial achieves an effective absorption bandwidth
(EAB) of 6.2 GHz at a matching thickness of 10 mm.

(3) Benchmarking against comparable carbon-based iron-containing composite micro-
wave-absorbing materials reported in the literature, the as-prepared (Fe/C)/ABS resin
metamaterial exhibits a broader effective absorption bandwidth at a lower filler load-
ing. However, its matching thickness remains relatively large and requires further
optimization.

(4) This study provides a new strategy for the fabrication of electromagnetic metamate-
rials. The as-prepared (Fe/C)/ABS resin composites can be molded into structurally
complex microwave-absorbing components via 3D printing, demonstrating consid-
erable application potential.
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