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ABSTRACT
This research examines the influence of excessive material thickness on the 
microwave absorption efficiency of SrFe12O19/MWCNT composite materials, 
emphasizing their electromagnetic properties within the X-band frequency range 
(8–12 GHz). The synthesis of the composites was performed using high-energy 
ball milling (HEBM) and chemical vapor deposition (CVD) techniques, followed 
by comprehensive characterization of their structural, magnetic, and dielectric 
attributes. The study identified an optimal material thickness of 4 mm, achiev-
ing maximum reflection loss (RL) efficiency, with a minimum RL of − 1.16 dB 
was observed for Sample S3 at a thickness of 6 mm in the X-band (8–12 GHz) in 
MWCNT-integrated samples. Incremental increases in thickness beyond 4 mm 
led to reductions in microwave absorption performance, attributed to absorption 
peak shifts and reduced electromagnetic matching efficiency. Magnetic characteri-
zation revealed significant reductions in saturation magnetization (Ms) and reten-
tivity (Mr) in MWCNT-incorporated samples due to structural alterations, while 
coercivity (Hc) was primarily influenced by grain size and synthesis parameters. 
Dielectric analysis highlighted the enhancement of dielectric loss (ε″) driven by 
interfacial polarization and MWCNT distribution, particularly at lower frequen-
cies. These findings show the critical interdependence of material thickness, mag-
netic, and dielectric properties in optimizing radar-absorbing materials, offering 
key insights for the advancement of composite nanostructures in electromagnetic 
wave absorption applications.
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Cu/C@Fe₃O₄ system was reported to achieve RLmin = 
− 44.00  dB at 1.65  mm with a 5.84  GHz effective 
absorption bandwidth at 1.70 mm, demonstrating 
that tailored interfaces and coupled loss mechanisms 
can yield strong absorption at relatively thin match-
ing thicknesses [12]. In parallel, rare-earth-oxide-reg-
ulated interfacial engineering in NiCo₂O₄/CeO₂ com-
posites was shown to enhance dielectric response and 
facilitate impedance matching, delivering a 6.37 GHz 
effective absorption bandwidth at 2 mm and RLmin 
≈ − 60 dB at ~2.20 mm, with polarization loss reported 
as the dominant contribution within the absorption 
band [13].

To overcome these limitations, several strategies 
have been widely explored to enhance the microwave 
absorption performance of SrFe12O19-based materials. 
The first approach involves substituting iron ions with 
selected transition elements, which has been shown to 
reduce coercivity and shift reflection loss (RL) peaks 
toward lower, more application-relevant frequency 
ranges [14]. The second strategy focuses on optimizing 
microstructural and morphological features, including 
particle size, shape, and distribution, to improve both 
magnetic and dielectric responses [15, 16]. Although 
these approaches can enhance absorption efficiency to 
some extent, the inherently limited dielectric loss of 
ferrite-based systems remains a significant challenge. 
As a result, reliance on either magnetic or dielectric 
loss mechanisms alone often leads to suboptimal 
electromagnetic wave attenuation, while impedance 
mismatch further restricts effective energy dissipation 
[17].

In this context, the incorporation of multi-walled 
carbon nanotubes (MWCNTs) into SrFe12O19-based 
composites has emerged as an effective strategy 
to enhance dielectric loss and improve impedance 
matching. MWCNTs are widely recognized for their 
excellent electrical conductivity and mechanical 
robustness, making them suitable dielectric fillers for 
hybrid microwave-absorbing systems. By integrat-
ing MWCNTs with SrFe12O19, a synergistic combina-
tion of magnetic and dielectric components can be 
achieved, enabling enhanced microwave absorption 
performance. For example, Ref. [18]] reported the fab-
rication of Mn–Cu–Zr-substituted SrFe12O19/MWCNT 
nanocomposites, where the incorporation of 7 wt% 
MWCNTs resulted in a broad absorption bandwidth 
of approximately 6 GHz and enhanced RL character-
istics, despite reductions in saturation and remanent 
magnetization.

1 Introduction

Microwave absorption represents a pivotal area of 
research in materials science, particularly within the 
context of electromagnetic applications. The interac-
tion of electromagnetic (EM) waves, including micro-
waves, with materials involves reflection, transmis-
sion, and absorption processes, which collectively 
govern energy dissipation and attenuation behavior 
[1–3]. Magnetic materials, in particular, exhibit dis-
tinctive microwave absorption characteristics, where 
enhanced magnetic responses are often associated 
with improved absorption efficiency [4, 5]. These 
properties are critically important for modern micro-
wave communication technologies, including mobile 
communication systems and satellite networks, where 
effective suppression of unwanted electromagnetic 
interference is essential for reliable signal transmission 
[6]. Among the various design parameters, material 
thickness plays a decisive role in determining wave 
interference conditions, impedance matching, and 
attenuation performance, yet its influence beyond con-
ventional coating dimensions remains insufficiently 
explored.

The interaction of microwaves with materials is 
fundamentally governed by electromagnetic theory, 
as described by Maxwell’s equations, and is intrinsi-
cally dependent on electrodynamic parameters such 
as complex permittivity (ε), permeability (μ), and 
electrical conductivity. Within this framework, ferri-
tes have emerged as important functional materials 
due to their favorable electromagnetic characteristics 
and wide range of technological applications. Among 
them, strontium hexaferrite (SrFe12O19) has attracted 
considerable attention owing to its high saturation 
magnetization, high Curie temperature, chemical sta-
bility, cost-effective synthesis, and environmentally 
benign nature [7–9]. These attributes make SrFe12O19 a 
promising candidate for electromagnetic wave-absorb-
ing applications, including radar-absorbing materials 
[10, 11]. However, despite its advantageous magnetic 
properties, pristine SrFe12O19 typically exhibits limited 
microwave attenuation, primarily due to insufficient 
dielectric loss and impedance mismatch.

Recent studies further indicate that state-of-the-
art ferrite/spinel-oxide absorber design increasingly 
relies on synergistic regulation of dielectric–magnetic 
losses and heterointerface engineering to improve 
impedance matching and attenuation at millimeter-
scale thickness. For instance, a bimetallic MOF-derived 
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Consistent with these findings, Ref. [19] investigated 
SrFe12O19 nanoparticles and SrFe12O19/MWCNT nano-
composites synthesized via a sol–gel route, demon-
strating improved microwave absorption performance 
for the nanocomposites compared to the individual 
ferrite nanoparticles. Similarly, Ref. [20] reported that 
Zn–Sn-substituted strontium ferrite films anchored 
onto MWCNT surfaces exhibited markedly enhanced 
microwave absorption characteristics relative to their 
ferrite-only counterparts. Despite these advances, the 
majority of reported studies have primarily focused 
on compositional optimization and absorption band-
width enhancement, while the influence of material 
thickness, particularly beyond conventional absorber 
dimensions, has received limited attention.

Although practical microwave-absorbing coatings 
are typically designed with thicknesses of approxi-
mately 1 mm, the present study does not aim to pro-
pose a coating-ready configuration. Instead, it sys-
tematically investigates the electromagnetic response 
of SrFe12O19/MWCNT composites at excessive thick-
nesses ranging from 4 to 6 mm, with the objective of 
elucidating attenuation trends, interference effects, 
and performance degradation beyond the commonly 
studied thickness regime. Previous work, as discussed 
in Ref. [21], has addressed absorption behavior within 
the 1–3 mm thickness range; notably, the 2 mm X-band 
performance of the Sr-hexaferrite/CNT system was 
reported in Ref. [21], where the best 2 mm case (S5) 
achieved RLmin − 16.5 dB at 8.5 GHz (0.3 GHz band-
width) and − 10.7 dB at 10.8 GHz (0.1 GHz bandwidth). 
However, a clear research gap persists regarding the 
role of greater thicknesses in governing RL behav-
ior and microwave absorption efficiency in hybrid 
SrFe12O19/MWCNT systems.

 Accordingly, this study seeks to address this gap 
by examining how the structural, morphological, 
and microwave absorption properties of SrFe12O19/
MWCNT composites vary with material thicknesses 
of 4 mm, 5 mm, and 6 mm. It is important to clarify 
that the complex permittivity and permeability were 
analyzed to understand these effects. The SrFe12O19 
nanoparticles were synthesized via high-energy ball 
milling (HEBM), followed by the incorporation of 
MWCNTs using chemical vapour deposition (CVD). 
Through systematic thickness-dependent investiga-
tions, this work provides deeper insights into the role 
of excessive thickness in microwave absorption behav-
ior and to identify design considerations for optimiz-
ing composite-based radar-absorbing materials.

2 �Methodology

Strontium hexaferrite (SrFe12O19) was synthesized 
using high-purity raw materials, specifically stron-
tium carbonate (SrCO3) and hematite (Fe2O3), each 
with a purity of 99.8% and sourced from Alfa Aesar. 
The synthesis process involved the precise blending of 
SrCO3 and Fe2O3 in their stoichiometric proportions, 
enabling the formation of SrFe12O19 according to the 
following reaction:

2.1 �Raw material weighing for SrCO3 
and Fe2O3

In order to attain the desired composition, the objec-
tive was to achieve a total mass of 10 g for the stron-
tium hexaferrite. This involved the allocation of 1.71 g 
to SrCO3 and 8.29 g to Fe2O3, as outlined in Table 1.

The raw mixed powders were subjected to HEBM, 
designated as Sample 1 (S1). The process employed 
a ball-to-powder ratio (BPR) of 5:1 and was carried 
out for 10 h at room temperature using a SPEX800D 
milling machine. During milling, the powders were 
carefully mixed, producing a brown-reddish material 
that was loaded into vials along with metal balls. To 
prevent powder aggregation and enhance milling effi-
ciency, intermittent pauses were implemented, allow-
ing for manual scraping of the vial contents. Following 
the milling process, the powders were further homog-
enized using a ground mortar for 15 min to ensure 
uniform consistency.

After the HEBM process, the powders were sub-
jected to sintering at 900 °C for 10 h with a controlled 
heating rate of 3 °C per second. This process induced 
a color change in the powders from brown-reddish 
to brownish-black. The sintered product, designated 
as Sample 2 (S2), was then divided into two por-
tions. One portion underwent an additional 10 h of 
HEBM under identical milling conditions, resulting in 
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Table 1   Mass of compound utilized for milling (10 g)

Chemical name Compound 
formula

Molecular 
mass (g/mol)

Mass (g)

Strontium carbonate SrCO3 147.629 1.71
Hematite Fe2O3 718.146 8.29

Total 10
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Sample 3 (S3). Throughout this secondary milling, the 
powders were thoroughly mixed at regular intervals 
to ensure homogeneity. Both S2 and S3 were subse-
quently utilized as carbon sources for the subsequent 
stages of the synthesis process.

2.2 �Hybridization of SrFe12O19 with MWCNTs 
via CVD

To achieve the hybridization of SrFe12O19 with MWC-
NTs, Samples S2 and S3 were utilized as catalysts for 
carbon nanotube synthesis via the CVD technique. 
The prepared samples were evenly distributed on a 
ceramic boat, which was subsequently placed inside 
a tube furnace. To eliminate oxygen from the system, 
argon gas was introduced, and the furnace was gradu-
ally heated to 800 °C. Ethanol (C2H5​OH) was vapor-
ized, providing the hydrocarbon source for the CVD 
process. After maintaining the temperature at 800 °C 
for 20 min, the furnace was cooled to room tempera-
ture. The resulting MWCNTs were collected and des-
ignated as Samples S4 and S5. Further details of the 
experimental procedure are available in Ref. [21].

2.3 �Material characterization 
and electromagnetic wave absorption 
performance

X-ray diffraction (XRD) (Philips X’pert Diffractom-
eter Model 7602 in a 2θ range of 20–80°) analysis was 
conducted to determine the composition, crystalline 
structure, and phase purity of the samples. The RL, 
permeability, and dielectric properties within the 
X-band frequency range were evaluated using a PNA 
network analyzer N5227A via transmission reflec-
tion line method (TRL) in the 8–12 GHz (X-band). It 
is important to clarify that the complex permittivity 
and permeability retrieved using the waveguide TRL 
method representing intrinsic, normalized material 
properties and are independent of sample thickness. 
In contrast, the RL is not an intrinsic parameter but a 
structure-dependent quantity governed by transmis-
sion-line theory, where absorber thickness directly 
influences impedance matching and interference con-
ditions. Therefore, variations in RL with thickness 
observed in this study originate from geometric and 
wave-propagation effects rather than changes in εr or 
μr. Furthermore, the magnetic properties, including 
saturation magnetization, retentivity, and coercivity, 
were characterized through measurements performed 

with a Vibrating Sample Magnetometer (VSM) (Lake-
shore Model 7404) at room temperature.

2.4 �Sample preparation for microwave 
measurements and characterization

For microwave measurements, solid pellets were fab-
ricated using an epoxy resin–hardener system mixed 
at a mass ratio of 3:1. For samples S2 and S3, which 
had not undergone the CVD process, the optimal filler 
content was determined to be 60 wt% [22]. In contrast, 
for Samples S4 and S5, which were subjected to the 
CVD process, the filler content was set at 6 wt%. These 
composite mixtures were carefully molded into sam-
ple holders of varying thicknesses (4 mm, 5 mm, and 
6 mm) to enable measurements within the X-band fre-
quency range (8–12 GHz).

3 �Results and discussion

3.1 �Microstructural analysis of MWCNTs 
using unmilled and milled SrFe12O19

Microstructural analysis of the MWCNTs in Sam-
ples S4 and S5 provided valuable insights into their 
growth and characteristics. Figure 1a illustrates the 
microstructure of Sample S4, which was catalyzed by 
unmilled SrFe12O19, while Fig. 1b depicts the micro-
structure of Sample S5, catalyzed by milled SrFe12O19. 
A notable difference in MWCNT diameters was 
observed between the two samples, attributed to the 
influence of the catalyst size during the CVD process 
[23]. The microstructural analysis revealed that the 
MWCNTs in Sample S4 had an average diameter of 
approximately 215 nm, whereas those in Sample S5 
exhibited a smaller average diameter of around 93 nm. 
This variation highlights the critical influence of cata-
lyst size on growth kinetics, which ultimately deter-
mines the dimensions of the MWCNTs [24]. Addition-
ally, the presence of catalyst particles at the tips of the 
MWCNTs provided evidence of a tip-growth mecha-
nism, indicating that the MWCNTs predominantly 
grew from their tips, resulting in hollow tubes with 
well-defined layers. A more detailed and comprehen-
sive microstructural analysis has been documented 
in Ref. [21]. Although the contrast between SrFe₁₂O₁₉ 
particles and MWCNTs is not distinctly resolved in 
the SEM images due to their nanoscale intergrowth 
and surface coverage, the successful hybridization is 
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independently confirmed by XRD phase analysis and 
the corresponding changes in magnetic and dielectric 
responses.

The diameter of MWCNTs significantly influenced 
their electromagnetic properties, including RL. RL, 
which characterizes the absorption or reflection of 
electromagnetic energy when waves interact with 
a material, was governed by the complex relation-
ship between MWCNT diameter and their resonant 
behavior. The distinctive electromagnetic properties 
of MWCNTs arose from their cylindrical structure 
and the quantization of electronic states on their sur-
faces. These characteristics were determined by factors 
such as the nanotube’s diameter, length, and carbon 
atom arrangement. Electromagnetic wave interactions 
induced electron oscillations along the surface of the 
nanotubes, generating surface currents that shaped 
their overall electromagnetic behavior [25].

The frequency-dependent behavior of complex 
permittivity (ε) and permeability (μ) governs the RL 
of materials. In the case of MWCNTs, their diameter 
plays a critical role in determining resonant frequen-
cies, which directly influence ε and μ. These resonant 
frequencies are dictated by the nanotubes’ dimen-
sions and electronic structure, corresponding to dis-
tinct electromagnetic modes such as radial and axial 
modes. Resonance occurs when the MWCNT diameter 
aligns with the wavelength of the incident electromag-
netic waves, enhancing energy absorption, reducing 
reflection, and increasing RL. Notably, the resonant 
frequencies depend on the dimensions, length, and 
surrounding electromagnetic environment of the 
nanotubes. MWCNTs with larger diameters exhibit 
resonances at lower frequencies due to elongated axial 
modes, while smaller-diameter MWCNTs resonate at 

higher frequencies [26]. The ability to manipulate the 
diameter of MWCNTs enables the customization of 
their resonant behavior, thereby optimizing RL for 
targeted frequency ranges. The resonant frequencies 
of MWCNTs can be approximated using the equation 
governing the axial modes of a cylindrical resonator:

where Fn is the resonant frequency of the n-th mode, v 
is the phase velocity of the wave (typically the speed 
of light in vacuum), L is the length of the resonator 
(in this case, the length of the MWCNT), and n is the 
mode number. For larger-diameter MWCNTs, the 
longer axial modes (corresponding to higher mode 
numbers, n) result in resonances occurring at lower 
frequencies. Conversely, smaller-diameter MWCNTs 
exhibit resonances at higher frequencies due to the 
shorter axial modes. Adjusting the diameter (D) of the 
MWCNTs effectively modifies the resonator length (L), 
thereby influencing the resonant frequencies.

3.2 �Phase analysis and crystallographic 
structure of SrFe12O19 and SrFe12O19/
MWCNTs nanocomposites

The phase formation during synthesis was validated 
through XRD analysis. The XRD pattern of the S1 
sample, shown in Fig. 2, indicated the presence of 
initial materials, such as Fe2O3 and SrCO3, identified 
using their respective ICSD reference codes (98-004-
6403 for Fe2​O3​ and 98-004-6256 for SrCO3​). While the 
peaks were consistent with the hexagonal phase of Fe2​
O3​, specific peaks at 25.25° corresponded to the (111) 
plane of the SrCO3​ phase. The XRD patterns for S2 

(2)F
n
=

v

2L

.n,

Fig. 1   FeSEM images depict 
the microstructure of a the 
S4 sample, catalyzed by 
SrFe12O19 without mill-
ing and b the S5 sample, 
catalyzed by SrFe12O19 after 
milling
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and S3, after sintering at 900 °C and subsequent 10-h 
milling for S3, demonstrated the dominant formation 
of the hexagonal M-type phase. S2 exhibited sharp 
diffraction peaks, indicative of improved crystallin-
ity, with peaks at 2θ values of 31.04°, 34.23°, 38.55°, 
and 63.21°, corresponding to the (008), (114), (116), and 
(220) planes, consistent with the standard pattern for 
M-type hexaferrite. In contrast, the XRD pattern for S3 
revealed the emergence of additional phases due to 
prolonged milling, resulting in reduced crystallite size, 
increased lattice parameters, and elevated strain. The 
pattern also displayed multiple defect-related features, 
likely arising from significant structural deformation 
during the extended milling process. The significantly 
larger FWHM observed for Sample S3 is attributed 
to the prolonged HEBM process, which introduced 
severe lattice strain, crystallite fragmentation, and a 
high density of structural defects, collectively resulting 
in pronounced peak broadening.

The diffracted peaks for Samples S4 and S5 (Fig. 3) 
reveal distinct signatures corresponding to MWC-
NTs at the (002) and (004) planes. The (002) peak, 
in particular, is significant as it represents the inter-
layer spacing within the graphitic structure, a defin-
ing characteristic of MWCNTs. The presence of these 
peaks confirms the successful synthesis of MWCNTs 
in both samples, with the (002) peak appearing more 
pronounced in Sample S5 compared to Sample S4. 

This observation is consistent with findings by Inagaki 
et al., who reported that the intensity ratios of the (002) 
to (004) diffraction lines can provide valuable insights 
into the structural properties of carbon-based mate-
rials. [27]. The (004) peak, being weaker, aligns with 
the typical behavior of graphitic materials, where the 
(002) peak predominates due to its fundamental role in 
defining the crystal structure [28]. The increased inten-
sity of the (002) peak in Sample S5 compared to Sam-
ple S4 suggests a reduction in particle size, a phenom-
enon well documented in the literature. For instance, 
Cao et al. reported that a higher intensity of the (002) 
peak is often associated with smaller particle dimen-
sions, leading to a more compact arrangement of car-
bon nanotubes (CNTs) [28]. Additionally, the upward 
shift of the (002) peak in Sample S5 indicates not only 
changes in particle size but also potential alterations 
in the material’s crystallinity. This observation is con-
sistent with findings by Zhao et al., who noted that 
shifts in diffraction peaks often reflect modifications 
in the structural properties of carbon-based materials 
[29]. Moreover, the upward shift of the (002) peak in 
S5 signifies not only a change in particle size but also 
a potential alteration in the crystallinity of the mate-
rial. This is corroborated by the findings of Zhao et al., 
who observed that changes in the diffraction peaks 
can reflect modifications in the structural properties of 
carbon-based materials [30]. These structural changes 

Fig. 2   XRD patterns of S1, 
S2, and S3
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have significant implications, as they can directly 
influence the electrical and mechanical properties of 
the synthesized MWCNTs, showing the critical rela-
tionship between microstructural characteristics and 
functional performance.

The Scherrer equation was employed to estimate the 
nanocrystalline particle dimensions within the sam-
ple, utilizing the full width at half maximum (FWHM) 
values derived from the XRD pattern. The equation is 
expressed as

where L is the crystallite size, K is the Scherrer con-
stant (a shape factor typically around 0.9), λ is the 
X-ray wavelength, β is the FWHM of the diffraction 
peak, and θ is the diffraction angle.

Table 2 presents the FWHM and crystallite size 
values for each sample, with Sample S3 exhibiting 
the highest FWHM value, indicative of the smallest 
crystallite size. The FWHM represents the width of 
the diffraction peak at half of its maximum intensity. 
According to the Scherrer equation, an increase in the 
FWHM corresponds to a reduction in crystallite size, 
and vice versa.

The trend observed in Sample S3 can be attributed 
to the extended milling duration employed during the 
preparation of the nanocomposite. The milling process 
involves repeated deformation, crushing, and grinding 

(3)L = K�∕� ∗ cos�,

of particles, leading to a significant reduction in grain 
size [31]. For Sample S3, the extended milling duration 
resulted in more pronounced deformation and frag-
mentation of particles, leading to a reduction in crys-
tallite size. This increased deformation and fragmenta-
tion created additional active sites and defects on the 
surface of the catalyst, which could act as nucleation 
sites for the growth of MWCNTs. Consequently, this 
may result in a higher density of MWCNTs, influenc-
ing their diameter and length.

Furthermore, the fragmentation of particles intro-
duced additional carbon atoms and reactive species 
into the reaction environment, which likely contrib-
uted to the catalytic growth of MWCNTs. The smaller 
crystallite sizes, a direct outcome of the intensified 

Fig. 3   XRD patterns of S4 
and S5

Table 2   XRD parameter of indices Miller hkl, 2θ, full width of 
half maximum (FWHM), and the crystallite size of SrFe12O19/
MWCNTs composites samples

Samples (hkl) 2θ (°) FWHM (radian) Crystal-
lite size 
(nm)

S1 104 33.177 0.537 170
S2 114 34.230 0.128 1062
S3 011 32.490 3.208 26
S4 002 26.406 0.621 143
S5 002 26.299 0.671 131
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deformation and fragmentation, enhanced the cata-
lytic activity and nucleation process. This effect poten-
tially altered the structural characteristics of the result-
ing MWCNTs, including their growth dynamics and 
final properties [31].

The size and morphology of MWCNTs are crucial 
parameters, as smaller crystallite sizes can result in 
MWCNTs with modified electronic and electromag-
netic properties, thereby influencing their interaction 
with electromagnetic waves [32]. The morphology 
of MWCNTs plays a significant role in determining 
their resonant behavior and absorption capabilities. 
Furthermore, the presence of defects and the increased 
surface area arising from fragmentation introduce 
additional mechanisms for electromagnetic energy 
absorption. These structural and morphological 
changes can substantially enhance the efficiency of 
microwave absorption.

3.3 �Hysteresis loops and magnetic properties 
of SrFe12O19/MWCNTs nanocomposites

The magnetization behavior of the SrFe12O19/MWCNT 
composites synthesized from different samples was 
analyzed (Fig. 4), revealing hysteresis loops and key 
magnetic parameters such as saturation magnetiza-
tion (Ms), retentivity (Mr), and coercivity (Hc). These 
parameters provide insight into the magnetic charac-
teristics of the composites, with detailed values sum-
marized in Table 3. Among the samples, S2, subjected 

to 10 h of milling followed by sintering at 900 °C, 
exhibited the highest Ms value of 47.158 emu/g. This 
increase compared to S1 can be attributed to the sinter-
ing process, which enhanced grain size and reduced 
porosity, thereby improving magnetic performance. In 
contrast, S1 displayed a smooth magnetization curve 
characteristic of a hard magnet, indicative of high-
phase purity and well-defined crystallinity.

Sintering involves subjecting powdered SrFe12O19 
particles to elevated temperatures, typically near 
or slightly below their melting point, for a defined 
period. At these elevated temperatures, diffusion-
driven bonding occurs between particles as increased 
thermal energy enhances atomic mobility, facilitating 
atom migration across particle boundaries. This pro-
cess leads to particle fusion, resulting in the formation 
of a solid, compact, and interconnected structure. Dur-
ing this fusion, the dimensions of individual particles 
expand due to atom migration and rearrangement. 
The boundaries between adjacent particles diminish, 
promoting the formation of larger grain sizes within 
the material. The growth of these grains supports the 
development of additional magnetic domains, which, 
in turn, enhances the magnetization levels of the mate-
rial [33].

In the early stages of sintering, incomplete particle 
fusion can result in higher porosity. However, as the 
sintering process progresses and particle bounda-
ries dissolve, pore dimensions decrease, leading to 
reduced porosity. This densification enhances the 
material’s magnetic properties by restricting mag-
netic domain wall movement and promoting greater 
magnetic coherence. The simultaneous enlargement 
of grain size and reduction in porosity during sin-
tering contribute significantly to the improvement 
of the material’s magnetic characteristics. Larger 
grain sizes support the formation of more magnetic 
domains, leading to higher saturation magnetization 
(Ms). Furthermore, a denser and more uniform struc-
ture, characterized by reduced porosity, enhances Fig. 4   Magnetization curves of SrFe12O19 and SrFe12O19/MWC-

NTs nanocomposites 

Table 3   Magnetic characteristics of each sample

Samples Ms (emu/g) Mr (emu/g) Hc (Oe)

S1 2.509 71.439E−3 47.08
S2 47.158 29.727 4586.70
S3 16.750 3.2756 568.95
S4 34.673 2.4847 205.81
S5 23.368 2.6733 317.04
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magnetic coherence, thereby increasing retentiv-
ity (Mr) and coercivity (Hc). These changes in grain 
size and porosity critically influence the alignment 
and stability of magnetic domains, which are essen-
tial determinants of the material’s overall magnetic 
behavior [34].

These phenomena can be correlated with the 
Curie–Weiss law elucidates the magnetic susceptibil-
ity (χ) of a material concerning temperature (T) and 
offers valuable insights into the material’s magnetic 
behavior [33].

The Curie–Weiss law is represented by the 
equation:

where χ is the magnetic susceptibility, C is the Curie 
constant (a material-specific constant), T is the tem-
perature in Kelvin, and θ is the Curie temperature, 
which is a material-specific parameter.

Sintering, through its effects on grain size and 
porosity, significantly influences magnetic coher-
ence and the strength of magnetic interactions 
among atoms or ions in the material. The increase 
in grain size and reduction in porosity enhance 
magnetic coherence, which in turn raises the Curie 
temperature (θ) of the material. A higher Curie tem-
perature indicates improved magnetic stability at 
elevated temperatures. Additionally, the sintering 
process impacts the Curie constant (C) by altering 
the arrangement and interactions of atoms or ions 
within the material’s microstructure. The Curie 
constant, which is directly related to the strength 
of magnetic interactions, can be modified by these 
structural changes, thereby affecting the material’s 
magnetic susceptibility. These interconnected effects 
of sintering on grain size, porosity, and microstruc-
tural arrangement play a critical role in determining 
the material’s overall magnetic performance [33].

In contrast, Sample S3 demonstrated a lower satu-
ration magnetization (Ms), which can be attributed 
to the additional 10 h of HEBM. This extended mill-
ing duration resulted in a significant reduction in 
grain size. During the HEBM process, powder par-
ticles are subjected to intense mechanical forces and 
repeated collisions with the milling balls, leading to 
plastic deformation and fragmentation. As milling 
progresses, the particles undergo increasingly pro-
nounced deformation and fragmentation, contribut-
ing to a steady decrease in their average grain size. 

(4)� = C∕(T − �),

This reduction occurs due to the accumulation of 
defects and dislocations within the material, which 
serve as nucleation sites for the formation of grain 
boundaries. Consequently, new, smaller grains are 
formed, refining the microstructure of the material. 
This continuous cycle of deformation and fragmenta-
tion effectively reduces the average grain size, which 
explains the observed decrease in Ms for Sample S3 
[31]. The grain size reduction observed during HEBM 
can be interpreted through the Hall–Petch equation, 
which establishes the relationship between grain size 
and yield strength in polycrystalline materials:

where σy is the yield strength of the material, σo is 
the initial (undeformed) yield strength, Ky is the 
Hall–Petch constant, which depends on material 
properties, and d is the average grain size of the mate-
rial. The Hall–Petch equation shows that a decrease 
in grain size (d) corresponds to an increase in yield 
strength (σy) [35]. The relationship described by the 
Hall–Petch equation arises from the increased pres-
ence of grain boundaries in materials with smaller 
grains. These grain boundaries act as barriers to dislo-
cation motion, impeding plastic deformation, thereby 
enhancing the material’s strength. During HEBM, 
the grain size (d) of the material decreases due to the 
repeated deformation and fragmentation of particles. 
According to the Hall–Petch equation, this reduction 
in grain size leads to an increase in yield strength.

This increase in strength is often accompanied by 
higher hardness and improved mechanical proper-
ties, attributes commonly observed in materials with 
reduced grain size as a result of mechanical process-
ing such as HEBM. These enhancements are directly 
linked to the refined microstructure and the greater 
resistance to deformation provided by the smaller 
grains and their associated grain boundaries.

Prolonged milling during HEBM introduces struc-
tural irregularities such as grain boundaries and dislo-
cations, as previously noted. These anomalies disrupt 
the long-range magnetic order within the material, 
affecting the alignment of magnetic domains. This dis-
ruption can result in misalignment or reduced align-
ment of magnetic moments across different domains, 
leading to a decrease in saturation magnetization (Ms). 
Additionally, the reduction in grain size associated 
with extended milling increases the density of grain 
boundaries. The higher density of grain boundaries 

(5)�
y
= �

o
+ K

y
.d
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further impedes the overall magnetic coherence by 
interrupting the continuous magnetic structure. As a 
result, the material exhibits a lower Ms, reflecting the 
cumulative effects of diminished magnetic alignment 
and increased structural interruptions [33].

For Samples S4 and S5, the saturation magnetiza-
tion (Ms) values were comparatively lower than those 
reported in the literature, as shown in Table 3. This 
reduction in magnetic moment can be attributed to 
structural modifications occurring on the surface of 
the ferrites. Factors contributing to this phenomenon 
include the small size and surface imperfections of the 
ferrite crystallites, as well as strain arising from the 
interaction between the surfaces of the ferrite nanopar-
ticles and the MWCNTs. These structural and interfa-
cial effects likely influence the overall magnetic prop-
erties of the composite material.

Sample S3, which underwent a longer milling dura-
tion, was expected to exhibit a lower coercivity (Hc​) 
compared to Sample S2. This reduction in magnetic 
parameters is likely due to the pronounced amorphi-
zation resulting from extended milling [36]. Addi-
tionally, samples incorporating MWCNTs displayed 
reduced Hc values, as the magnetic properties of the 
composite were predominantly governed by the SrFe12​
O19​ particles. This behavior can be attributed to the 
structural influence on coercive force, which is more 
dependent on the material’s microstructure than its 
intrinsic composition. Consequently, this led to the 
formation of a single-domain structure in the stron-
tium ferrite.

3.4 �Reflection loss assessment for SrFe12O19/
MWCNTs nanocomposites

This study aims to examine the microwave absorp-
tion properties of SrFe12​O19​ combined with MWCNTs 
within the X-band frequency range, particularly focus-
ing on samples with varying thicknesses. The analysis, 
conducted using a Vector Network Analyzer (VNA), 
identifies the frequencies at which RL occurs in the 
samples. The results, as shown in Fig. 5, present the RL 
values for samples with thicknesses of 4 mm, 5 mm, 
and 6 mm. In this context, “loss” refers to lower RL, 
signifying enhanced absorption and highlighting the 
material’s potential as an effective microwave-absorb-
ing medium.

Reflection loss (RL) is a key parameter in evaluat-
ing the efficiency of microwave-absorbing materi-
als, as it indicates the material’s ability to attenuate Fig. 5   VNA graph of a 4 mm, b 5 mm, and c 6 mm for all samples
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electromagnetic waves. The relationship between 
sample thickness and RL is well established in the 
literature. For example, Co et al. reported that RL is 
strongly influenced by sample thickness, with varia-
tions in thickness altering both the intensity and the 
position of RL peaks. This demonstrates the critical 
role of sample thickness in optimizing the materi-
al’s performance as a microwave absorber [37]. This 
is consistent with the findings of Ref. [38] who also 
emphasize that the electromagnetic wave absorption 
efficiency is expressed through RL, which is depend-
ent on the thickness of the absorbing materials [38].

The primary objective of this study is to investigate 
the microwave absorption properties of SrFe12O19/
MWCNT composites with varying thicknesses in the 
X-band frequency range. Table 4 presents the mini-
mum RL values observed at specific frequencies for 
each sample thickness. Previous research, as reported 
in Ref. [21], showed an increase in thickness from 1 to 
3 mm led to an increase in RL. However, based on the 
findings of this current study, it is evident that using a 
thickness greater than 4 mm results in lower RL.

The trend in minimum RL observed in the samples, 
as illustrated in Fig. 5, shows an initial increase from 
a thickness of 4 to 5 mm, followed by a decrease at 
6 mm. This indicates that a thickness of 5 mm is opti-
mal for achieving superior microwave absorption (for 
SrFe12O19/MWCNT at X-band). This behavior is con-
sistent with the quarter-wavelength principle, which 
posits that when the thickness of an absorbing material 
corresponds to an odd multiple of one-quarter of the 

operating wavelength, destructive interference occurs 
between the incident and reflected waves, thereby 
maximizing electromagnetic energy absorption [39]. 
Dai et al. corroborate that the relationship between 
minimum RL and thickness aligns with the quarter-
wavelength principle, demonstrating that specific 
thicknesses can significantly enhance the microwave 
absorption capabilities of materials [39]. Similarly, 
findings reported in Ref. [40] support this observation, 
showing that absorption peaks shift with variations in 
thickness, emphasizing the critical role of optimizing 
thickness for effective microwave absorption. Their 
study illustrates that minimum RL values are achieved 
at specific thicknesses, consistent with the interference 
effects predicted by the quarter-wavelength theory. 
Additionally, Luo et al. further validate this principle, 
demonstrating that RL values are strongly depend-
ent on the absorber thickness, showing that the neces-
sity of selecting appropriate thicknesses to maximize 
absorption efficiency [41].

At a thickness of 6 mm, Sample S3 demonstrated 
a higher minimum RL of − 1.1649  dB compared 
to − 0.7559 dB for Sample S2. This variation can be 
attributed to the extended milling duration for S3, 
which resulted in smaller particle sizes, as shown 
in Fig. 1. The correlation between smaller particle 
sizes and increased surface area, leading to enhanced 
particle interactions and improved electromagnetic 
(EM) absorption, is well documented in the litera-
ture. The larger surface area of smaller particles 
facilitates more extensive contact points and inter-
actions, thereby enhancing the material’s absorption 
capabilities. For example, Guo et al. observed that 
hollow three-dimensional structures in their com-
posites promoted multiple reflections and refractions 
of electromagnetic waves, significantly improving 
EM absorption. This improvement was attributed to 
the increased surface area and the enhanced inter-
action of the particles, further supporting the rela-
tionship between particle size, surface area, and 
absorption performance [42]. This observation aligns 
with the established principle that a larger surface 
area enhances interactions with electromagnetic 
fields, thereby improving absorption characteristics. 
Additionally, the mechanism of dipole formation, 
wherein regions of positive and negative charges 
are separated within a material, plays a critical role 
in facilitating these interactions and contributing 
to electromagnetic (EM) absorption. Cai further 
elaborates on this phenomenon, highlighting that 

Table 4   Frequency and minimum reflection loss for each thick-
ness of each

Samples Thickness 
(mm)

Frequency 
(GHz)

Minimum RL 
achieved (dB)

S2 4 8.06  − 2.6603
5 8.00  − 7.6959
6 8.00  − 0.7559

S3 4 8.30  − 3.6990
5 8.00  − 3.9085
6 8.00  − 1.1649

S4 4 8.76  − 3.9588
5 8.00  − 5.1757
6 8.00  − 2.2583

S5 4 8.44  − 5.3728
5 8.30  − 4.4734
6 8.00  − 3.6135
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the coupling effect between particles in composites 
can be intensified, resulting in increased electrical 
conductivity. This enhancement also leads to higher 
values of the imaginary component of complex per-
mittivity (ε″), particularly at elevated frequencies, 
thereby bolstering the material’s overall absorption 
performance [43]. These findings indicate that the 
interactions facilitated by smaller particles not only 
increase the surface area but also promote the for-
mation of dipoles, which are essential for effective 
EM absorption. Dai et al. provide further evidence 
supporting this concept, demonstrating that the sur-
face anisotropy field and coercivity are enhanced in 
nanostructured materials. These enhancements con-
tribute to improved absorption of electromagnetic 
waves, reinforcing the critical role of nanoscale 
structural features in optimizing absorption per-
formance [44]. The increased surface area and the 
resulting dipole interactions are pivotal in enhanc-
ing the electromagnetic wave absorption properties 
of these materials. Yadav et al. further emphasize 
that the interaction of electromagnetic waves with 
electric and magnetic dipoles is fundamental to the 
absorption process, showing the critical influence of 
particle size and distribution on overall absorption 
efficiency [45]. This observation aligns with the prin-
ciple that smaller particles, owing to their increased 
surface area, promote enhanced dipole formation 
and interactions, thereby improving electromagnetic 
absorption. The underlying mechanism involves the 
formation of dipoles—regions within a molecule or 
material where positive and negative charges are 
spatially separated. This process is governed by the 
electric susceptibility (χ), which quantifies the mate-
rial’s response to an applied electric field and can be 
described mathematically as follows:

where Polarization (P) represents the dipole moment 
induced in the material, and Electric Susceptibility 
(χ) characterizes the material’s ability to polarize in 
response to an external electric field. It quantifies the 
degree to which charges become separated within 
the material. Electric Field (E) is the strength of the 
external electric field applied to the material. When 
an external electric field (E) is applied to a material 
with a non-zero electric susceptibility (χ), dipoles are 
induced within the material. These dipoles, charac-
terized by regions of positive and negative charges 

(6)Polarization (P) = � ∗ Electric field (E),

separated within the structure, contribute to the mate-
rial’s polarization. A higher electric susceptibility cor-
responds to stronger induced polarization, enhancing 
the material’s ability to interact with and absorb EM 
energy. In the context of EM absorption, these dipoles 
play a crucial role in facilitating the absorption and 
dissipation of EM energy. The smaller particle size of 
Sample S3, resulting from its extended milling dura-
tion, provides a higher surface area per unit mass 
compared to Sample S2. This increased surface area 
creates more interaction sites between particles, lead-
ing to the formation of a greater number of dipoles 
within S3. These abundant dipoles effectively absorb 
and dissipate EM energy, thereby contributing to the 
superior EM absorption properties exhibited by S3 
relative to S2.

Sample S5 exhibited a greater minimum RL com-
pared to Sample S4, and both S5 and S4 demon-
strated higher minimum RL values than S2 and S3. 
This trend can be attributed to differences in milling 
duration and the growth of MWCNTs among the 
samples. The optimal thickness of 4 mm observed for 
the SrFe₁₂O₁₉/MWCNT composites is consistent with 
previous reports on ferrite–carbon-based absorbers, 
where effective microwave absorption in the X-band is 
typically achieved at thicknesses between 2 and 4 mm. 
Beyond this range, absorption performance gener-
ally deteriorates due to impedance mismatch and RL 
peak shifting. Similar thickness-dependent trends 
have been reported by Ref. [46], who highlighted that 
excessive thickness reduces the effectiveness of dielec-
tric loss relative to magnetic loss, and Refs. [47, 48] 
who demonstrated that increasing thickness beyond 
the optimal range leads to degraded dielectric behav-
ior and shifted absorption peaks. The relationship 
between thickness and RL is particularly significant, 
as increasing the sample thickness reduces the peak 
minimum RL and shifts it to a lower frequency. This 
behavior aligns with the findings of Ref. [49], which 
indicate that reducing thickness enhances RL in com-
posite materials. Furthermore, previous studies have 
shown that MWCNTs optimized for operation within 
the X-band frequency range achieve superior perfor-
mance when the material thickness is lower, with filler 
content below 4% [26]. These observations highlight 
the critical role of the interplay between material thick-
ness and filler content in determining the electromag-
netic absorption performance of such composites.

The observed electromagnetic response can be fur-
ther interpreted by correlating the microstructural 
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characteristics with established structure–property 
relationships reported for microwave absorbers. 
Recent studies have shown that lattice strain, inter-
facial density, and conductive pathways play deci-
sive roles in regulating dielectric loss and imped-
ance behavior rather than magnetic loss alone. For 
instance, strain-engineered TMD systems exhibit 
enhanced polarization loss arising from modified 
electronic states and defect distributions, leading to 
improved microwave attenuation (Ref. [50]). Similarly, 
flexible polymer-based absorbers demonstrate that 
nanoscale interfacial architectures and phase distribu-
tions strongly influence dielectric relaxation and loss 
mechanisms (Ref. [51]), while MXene-based systems 
reveal that modulation of charge transport pathways 
and interlayer spacing critically governs microwave 
reflection and absorption behavior (Ref. [52]). In the 
present SrFe₁₂O₁₉/MWCNT composites, the CNT-
induced interfacial regions and milling-induced 
defects predominantly enhance dielectric loss through 
interfacial polarization and conductive dissipation, 
whereas magnetic loss remains weak, consistent with 
the negligible μ″ values and the thickness-dependent 
RL trends observed in this study.

3.5 �Permittivity and permeability analysis 
of SrFe12O19/MWCNTs nanocomposites

The real and imaginary components of permittivity 
and permeability are fundamental to understanding 
the mechanisms underlying microwave power absorp-
tion. The real permittivity (ε′) and real permeability 
(μ′) represent the material’s ability to store electric and 
magnetic energy, respectively, while the imaginary 
components (ε″ and μ″) describe the material’s energy 
dissipation capabilities. In this study, the complex per-
mittivity and permeability were evaluated within the 
X-band frequency range (8–12 GHz) to analyze their 
contributions to microwave absorption.

The trend observed in the real part of permittivity 
(ε′) from Fig. 6, which decreases from Sample S4 to 
S5 and then increases in S6, can be attributed to fac-
tors such as milling duration, thickness variations, and 
the incorporation of MWCNTs. The reduction in per-
mittivity from S4 to S5 may result from the extended 
milling time, which enhances the dispersion of MWC-
NTs within the composite matrix, thereby influencing 
its dielectric properties. Yao et al. have noted that 
the presence of charge carriers at material interfaces 
significantly impacts permittivity, particularly at 

lower frequencies, due to the facilitation of interfacial 
polarization [53]. This observation aligns with studies 
indicating that the addition of conductive fillers like 
MWCNTs can induce negative permittivity effects in 
composites, especially within low-frequency ranges 
[54].

The increase in permittivity observed in Sample S6 
could be attributed to the enhanced thickness of the 
composite, which likely facilitates a more favorable 
dielectric environment for polarization effects. The 
addition of inorganic fillers is known to improve the 
dielectric properties of composites, as evidenced by 
Zheng et al., who reported substantial increases in 
dielectric permittivity when barium titanate (BaTiO3) 
particles were incorporated into poly(vinylidene fluo-
ride) (PVDF) composites [55]. This suggests that the 
structural modifications and filler additions can lead 
to a complex interplay of dielectric behaviors across 
different frequency ranges.

The imaginary component of permittivity (ε″), rep-
resenting dielectric loss, increases with the incorpo-
ration of MWCNTs, indicating their contribution to 
energy dissipation within the composite. This observa-
tion is consistent with Zhang et al., who emphasized 
the critical role of dielectric loss in microwave absorp-
tion performance, attributing it to multiple relaxation 
mechanisms that influence the composite’s overall 
dielectric behavior [56]. Moreover, dielectric loss has 
been shown to decrease with increasing frequency, 
thereby enhancing the material’s ability to absorb elec-
tromagnetic waves. This trend aligns with the find-
ings of Gholipur et al., who reported that the energy of 
electromagnetic waves is often converted into thermal 
energy, effectively contributing to improved absorp-
tion characteristics [57].

Achieving robust dielectric properties in com-
posites containing MWCNTs requires uniform dis-
persion of the nanotubes throughout the polymer 
matrix. Agglomeration of MWCNTs, particularly 
at higher concentrations, disrupts the formation of 
effective microcapacitors within the matrix, leading 
to an increased dielectric loss tangent. This disruption 
results in elevated energy dissipation and higher leak-
age currents due to the formation of pronounced con-
duction pathways. Zhao and Li have highlighted the 
importance of uniform MWCNT dispersion in opti-
mizing the dielectric performance of poly(vinylidene 
fluoride-hexafluoropropylene) nanocomposites, not-
ing that inadequate dispersion can significantly com-
promise the material’s dielectric properties [58].
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Fig. 6   Real and imaginary 
permittivity of a 4 mm, b 
5 mm, and c 6 mm



J Mater Sci: Mater Electron          (2026) 37:372 	 Page 15 of 21   372 

Furthermore, Zheng et al. demonstrated that bet-
ter dispersibility of MWCNTs within a high-density 
polyethylene/nitrile rubber matrix enhances charge 
accumulation and migration at the interface, which 
is critical for improving dielectric permittivity [55]. 
Conversely, when MWCNTs are agglomerated, the 
insulating barriers that typically prevent conduc-
tivity paths are compromised, leading to increased 
dielectric loss and leakage currents [55]. This aligns 
with findings from Uthaman et al., who reported that 
the mechanical properties of epoxy nanocomposites 
improved only up to a certain concentration of MWC-
NTs, beyond which the agglomeration negatively 
impacted performance [59].

Furthermore, the findings of Song et al. emphasize 
that the close proximity of MWCNTs is critical for 
forming effective polarized microcapacitors, which 
are integral to improving the dielectric properties of 
composite materials [60]. This indicates that achiev-
ing a uniform dispersion is not merely beneficial but 
essential for maximizing the dielectric characteristics 
of the composite materials. The detrimental effects of 
MWCNT agglomeration on dielectric loss tangent and 
leakage currents have also been corroborated by other 
studies, which suggest that maintaining a lower con-
centration of MWCNTs can mitigate these issues and 
enhance the overall performance of the composite [61].

Figure 7 presents the real (μ′) and imaginary (μ″) 
components of magnetic permeability for samples 
with thicknesses of 4 mm, 5 mm, and 6 mm within the 
8–12 GHz (X-band) frequency range. Across all sam-
ples (S2, S3, S4, S5, and S6), the real permeability (μ′) 
remains relatively stable, with values near unity. This 
behavior indicates a weak magnetic response, con-
sistent with the fact that MWCNTs are not strongly 
magnetic fillers. The findings align with the work of 
Zaric et al., who demonstrated the anisotropic mag-
netic susceptibilities of CNTs. While MWCNTs can 
exhibit a response to magnetic fields, this response is 
comparatively weak when measured against conven-
tional magnetic materials. These characteristics show 
the limited contribution of MWCNTs to the magnetic 
permeability of the composites [62]. The authors dem-
onstrated that the magnetic alignment of MWCNTs in 
solutions highlights their inherently weak magnetic 
characteristics, reaffirming that MWCNTs lack strong 
magnetic properties. Subtle variations in the real per-
meability (μ′) observed among the samples may be 
attributed to minor magnetic interactions or the pres-
ence of trace impurities. However, the thickness and 

processing conditions of the composites do not signifi-
cantly influence this aspect of their magnetic behavior.

The imaginary permeability (μ″) is significantly 
lower than the real permeability (μ′), indicating mini-
mal magnetic losses in these samples. This behavior 
is consistent with the expected contribution of MWC-
NTs, which primarily affect the composite’s electrical 
properties rather than its magnetic response. Conse-
quently, the microwave absorption performance of 
these materials is predominantly governed by dielec-
tric mechanisms, as evidenced by the permittivity vari-
ations discussed in Fig. 6. While increasing the sample 
thickness from 4 to 5 mm and then to 6 mm exerts a 
notable effect on the real and imaginary components 
of permittivity, its influence on the real and imaginary 
permeability is comparatively modest. Therefore, the 
improvements in microwave absorption observed in 
these composites can be largely attributed to their die-
lectric properties, with magnetic loss playing a rela-
tively minor role in the overall performance of these 
MWCNT-based polymer systems.

Based on the combined magnetic, dielectric, and 
microstructural characterizations, the electromagnetic 
loss in the SrFe₁₂O₁₉/MWCNT composites is predomi-
nantly governed by dielectric mechanisms. The incor-
poration of MWCNTs enhances dielectric loss through 
interfacial polarization and conductive dissipation, 
as evidenced by the increased ε″ values, while mag-
netic loss remains minimal due to the near-unity μ′ 
and negligible μ″ across the X-band. Additionally, the 
observed thickness-dependent RL behavior is strongly 
influenced by interference effects and impedance 
matching, with excessive thickness leading to peak 
shifting and reduced absorption efficiency.

4 �Conclusion

This research aimed to thoroughly evaluate the elec-
tromagnetic wave absorption capabilities of compos-
ite nanomaterials formed by integrating SrFe12O19 
with MWCNTs. These hybrid materials were inves-
tigated for their potential as advanced radar-absorb-
ing materials with superior performance. A key 
focus of the study was the relationship between the 
thickness of the composite nanomaterials and their 
microwave absorption properties. Detailed analysis 
revealed that thickness values exceeding 3 mm did 
not result in significant improvements in RL, thereby 
deeming them less effective for radar absorption. The 
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Fig. 7   Real and imaginary 
permeability of a 4 mm, b 
5 mm, and c 6 mm
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study identified an optimal thickness of 4 mm, which 
represented a critical balance between the material’s 
absorption efficiency and its operational frequency 
range. This finding provides valuable insights for the 
strategic design and development of radar-absorb-
ing materials capable of effectively interacting with 
incident electromagnetic waves. The research also 
explored the magnetic properties of the composite 
materials, including their saturation magnetization 
(Ms), retentivity (Mr), and coercivity (Hc). Samples 
hybridized with MWCNTs displayed significant 
variations in Ms and Mr, which were attributed to 
structural modifications induced by the presence 
of MWCNTs. The magnetic behavior of the com-
posites was primarily governed by the SrFe12​O19 
component, with MWCNTs contributing unique 
characteristics that influenced the overall magnetic 
properties. These observations highlight the intricate 
interplay between the composite’s constituents and 
their collective impact on magnetic performance. 
Future studies may focus on the synergistic optimi-
zation of MWCNT content and composite thickness 
to improve impedance matching and dielectric loss, 
as well as extending the investigation to other fre-
quency bands beyond the X-band.
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