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Abstract

In this work, electromagnetic radiation absorbent materials (ERAM) were pre-

pared from expanded polyurethane and nano-Fe3O4. The effect of porosity

and charge content on the attenuation of incident radiation was investigated

using helium gas pycnometry and the waveguide technique in the frequency

range of 8 to 12 GHz (X-band). ERAM were also characterized by Fourier

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),

thermogravimetric analysis (TGA) and vibration sample magnetometer (VSM).

Pure polyurethane absorbed 93.6% of the incident radiation at 11.8GHz. This

result was attributed to its porous structure and low porosity. Although the

content of open cells increases in ERAM with the increase in nanomagnetic

content, materials containing 1% and 5% w/w absorbed more than 99% of the

incident radiation. This behavior suggests that magnetic property of the charge

is compensated for its action as a cell opener in these materials.
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1 | INTRODUCTION

Electromagnetic radiation absorbent materials (ERAM)
are those in which the incident electromagnetic radia-
tion is absorbed and converted into thermal energy.
This phenomenon occurs through magnetic and/or
dielectric mechanisms, as an intrinsic property of the
type of absorber.[1–3] These materials are used in dif-
ferent areas: telecommunications, as a coating for
cellular devices and radio transmission antennas;
medical, in pacemaker coating; military, to electro-
magnetic interference shielding and anechoic cham-
ber coating.[3–5]

Metals, being good electrical conductors, are normally
used for electromagnetic shielding, but their low

corrosion resistance and flexibility and high density moti-
vate the search for new ERAMs that overcome these
disadvantages.[6,7]

The addition of polymers with intrinsic magnetic
and dielectric loss loads, within a given frequency
range of interest, has been one of the techniques used
for the elaboration of low density ERAM. Polymer
additives with carbonaceous fillers such as graphite
particles, carbon black, carbon fibers or conductive
polymers and metal powders leads to dielectric
absorptive materials, while the addition of additives
with magnetic characteristics, for example the mag-
netic particles of Fe3O4, spherical iron carbonyl, and
ferrite materials[8,9,10,11,12,13,14] has given rise to mag-
netic ERAM.
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In recent studies, the reduction of the specific mass
absorbers made from metallic,[15,16] ceramic[17,18] and
polymeric[19,20] materials has been achieved by introduc-
ing porosity in their structure. It is well established in
these studies that porous materials can possessed higher
eletromagnetic interference shielding effectiveness than
their solid counterparts.

When an electromagnetic wave with an incident
wave (EI) reaches a material, two waves are created on its
surfaces: a reflected wave (ER), due to the impedance
incompatibility between the two media, and a transmit-
ted wave (ET). Inside this material can occur: (a) the con-
version of a part of EI into heat by Joule effect and (b)
multiple reflections of EI. The efficiency of the ERAM
corresponds to the sum of the phenomena of absorption,
reflection and multiple internal reflection of the electro-
magnetic waves.[21] Due to the increased surface area in
porous absorbers, these processes are accentuated.

ERAMs with good performance for electromagnetic
radiation shielding, low-density and stable in corrosive
environments can be made from polymeric foams.[4,13,22]

In this work, different contents of nanomagnetita (nano-
Fe3O4) were added in a polyurethane foam formulation
to form ERAM porous magnetics. Both components used
are easy to process and low cost considering large-scale
applications. The attenuation of the electromagnetic radi-
ation of the materials obtained was investigated and
related to their magnetic properties and structural and
morphological characteristics, concerning porosity and
magnetic charge content.

2 | EXPERIMENTAL

2.1 | Synthesis of magnetic
nanoparticles

Magnetic Fe3O4 was synthesized by the coprecipitation
method based on the methodology described by Ma et al..[23]

In this synthesis iron sulphate heptahydrate (FeSO4.7H2O,
Labsynth, Brasil), ferric chloride (FeCl3) 98%, sodium
hydroxide (NaOH), hydrochloric acid 37% and ethanol, both
purchased from Sciavicco (Brasil), were uses as precursors.
Aqueous solutions of (FeSO4).7H2O (0.06 M) and FeCl3
(0.1 M) in the 1:2 M ratio with pH adjusted to 1.5 was trans-
ferred to a closed reactor and purged with gaseous nitrogen.
Under vigorous stirring of 1,000 rpm at room temperature,
an aqueous solution of NaOH (1,5 M) was dripped in the
closet system until the mixture reached pH 10. At this pH
value, a precipitate is formed. The precipitate obtained was
separated by a magnet and rinsed with water until the
supernatant phase reached pH 7. The particles were dis-
persed in ethanol and dried to vacuum at 50�C for 12 hours.

2.2 | Preparation of foams

The polyurethane foam were synthesized with polymeric 4,
4-diphenylmethane diisocyanate (p-MDI) of average func-
tionality of 2.6 (MAXEPOXI, Brasil) and a biopolyol derived
from castor oil (Biopol® 411, 311 mg KOH g−1, Poly-ure-
thane Ltd. Industry, Brasil). Glycerol (Alphatec, Brasil) and
Tegostab silicone (Evonik, Brasil) were used as crosslinking
agent and surfactant, respectively. Tertiary amine N, N-
dimethylcyclohexylamine (DMCHA) and triethylamine
(TEA), (Sigma Aldrich) were employed as catalysts. Pentane
(Sigma Aldrich) and distilled water were used for the poly-
mer expansion. The nanomagnetite (nano-Fe3O4) prepared
for this study was added to the formulation as a filler.

The process consists of mixing two systems: System A
(based on polyol, additives and fillers) and System B
(based on p-MDI). To avoid evaporation, pentane was
cooled in an ice bath and was the last component added
to System A, previously prepared from the biopolyol
(90 g), glycerol (10 g), water (3.0 g), pentane (20 g), sili-
cone (2 g), DMCHA (1.0 g), TEA (0.33 g) and 0%, 1%, 5%
or 30% wt% of Fe3O4. Finally, the p-MDI (184 g) (System
B) was added into the mixture. For this formulation,
NCO/OH group ratio of 1.1 was used. The final mixture
was transferred to an open mold for free expansion of the
foams. The nano-Fe3O4 content was calculated in relation
to the total mass of polyol, glycerol and MDIp and the
foams obtained were named according to the load con-
tent as F0, F1, F5, and F30. The stirring speeds and times
used in the foam synthesis as well as the dispersion plate
to homogenize the reagents are illustrated in Figure 1.

3 | CHARACTERIZATION

The structural composition of the magnetite and the mag-
netic foams was characterized by Fourier transform infrared
spectroscopy (FTIR) spectra using a PerkinElmer Frontier
spectrometer. The samples were dispersed in KBr, homoge-
nized and pressed to produce transparent disks to be ana-
lyzed in transmittance mode in the range of 4,000 to
400 cm−1 with a resolution of 4 cm−1 and 32 scans.

The crystalline phases of the magnetite were identi-
fied by X-ray diffraction using the Shimadzu diffractome-
ter model XRD-7000 with Cu Kα radiation, a step of 0.05�

and acquisition time of 4�/min in the range of 5� to 60�

(2θ). In this study were used the Search-match® and High
Score Plus® database and the Scherrer equation (Equa-
tion 1)[24] to calculate the crystallite size.

l=
Kλ

β1=2coscos;
ð1Þ
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Where λ is the wavelength (in nanometers) of inci-
dent radiation, K is the Scherrer constant (0.9), β1/2 is the
width of the half height of the highest intensity peak (in
radians) and ; the reference angle to the point of greatest
intensity of the peak (in radians).

Particle size distribution of the magnetite was mea-
sured with an acoustic spectrometer (DT 1200, Disper-
sion Technology Inc.). The mass of 1 g of magnetite was
dispersed in a solution water/ethanol (1:1 v/v) using Mis-
onix-branded ultrasound of magnitude 90 for 3 minutes.

The thermal stability of the foams was obtained by
the PerkinElmer STA8000 apparatus. The analysis condi-
tions included an alumina crucible and a heating rate of
10�C.min−1in air atmosphere with a flow-rate of 20 ml/
min from 35�C to 750�C.

Foam cell morphology was studied by scanning elec-
tron microscopy using the Vega 3 Tescan scanning elec-
tron microscope with BSE (backscattering electrons
detection). ImageJ software (version 1.52) was used to
determine the average size of these cells. About 60 cells
were analyzed for this calculation. The presence of the
magnetite in the foams was identified from the SE detec-
tion mode (secondary electrons).

The apparent density of the foams was obtained fol-
lowing an ASTM D1622/D1622M-14 standard by making
a ratio of mass and volume of the samples and the
pycnometric density (real density) of the foams and mag-
netite was determined from the ASTM D6226-10 stan-
dards using the Multipycnometer True Density Analyzer,
(Quantachrome) instrument following the ASTM D6226-
10 standards.

The closed cell content of the foam samples was
obtained from Equation 2, where OC is the open cell for
this materials estimated from the relation between the
actual and apparent density of the samples as presented in
Equation 3,[25] being the ρr the real value of the density
(g/cm3) and ρb the apparent density (g/cm3) of the samples.

%Closed Cells=100−OC ð2Þ

%Open Cells=
ρr−ρb
ρb

�100 ð3Þ

The magnetic properties were analyzed using a vibrat-
ing sample magnetometer (VSM) calibrated with a nickel
sample at 24�C.

The absorption of electromagnetic radiation was mea-
sured from samples of 4 mm thickness and 50 × 50 mm2

size using the Agilent PNA-L N5230C vector network
analyzer equipped with the WR 90 calibration kit in a fre-
quency range of 8.2GHz to 12.4GHz (band X).

4 | RESULTS AND DISCUSSIONS

4.1 | Characterization of magnetite

The FTIR spectra of magnetite is shown in Figure 2,
where the main absorptions bands presented for the sam-
ple are indicated. The bands at 3314 cm−1 and
1,608 cm−1 corresponds to O-H bond from water mole-
cules of hydration and/or binding.[26–28] The formation of
Fe3O4 is evidenced by the presence of the absorption
bands at 440 cm−1, 583 cm−1 and 628 cm−1 associated
with the Fe-O bond stretching of the tetrahedral and
octahedral sites of the magnetite crystalline phase.[ 28–31]

However, the FTIR spectrum of the sample also pres-
ented a band located at 628 cm−1, attributed to the crys-
talline phase of maghemite.[28] This phase can be formed
in parallel to the synthesis of magnetite (Fe3O4) if the
deaeration of the reaction system is not complete.[ 31]

Since the FTIR spectrum of the sample suggests the
presence of different crystalline phases to synthesized
magnetite, the X-ray diffraction pattern of the sample
was compared with the crystallographic phases of

FIGURE 1 Illustration for the

foam preparation method
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magnetite (1–1,111) and maghemite (39–1,346), Figure 3a,
obtained by Crystallographica Search-Match Version
2.1.11 software. However, Scapim and collaborators[32]

describe in their work that magnetite and maghemite
have an inverted spinel structure, showing peaks at very
close positions and intensities, and it is also difficult to
distinguish them from their X-ray diffraction patterns.

The X-ray diffraction pattern of synthesized magne-
tite, Figure 3a, presents enlarged peaks identified by crys-
tallographic plans 220, 311, 400, 422, 511, and 440.[27,33]

The comparison between these crystallographic plans
and those presented by the standards (1–1,111), Table 1,
suggests that the main composition of the sample studied
is the crystalline phase of Fe3O4.

The crystallite size estimated by Scherrer equation,
Figure 3b, showed an average size of 12.6 nm, close to
that found in the literature for Fe3O4 obtained by
coprecipitation.[31,34,35]

The particle size distribution curve of magnetite dis-
persed in ethanol/water solution showed a narrow curve
between 0.1–0.2 μm. In addition, the peak of this curve
reveals the presence of the largest mass fraction of the
sample as agglomerates with mean particle size of
0.123 μm, Figure 3c. This result, added to the mean crys-
tallite sizes and the wide peaks of the crystalline planes
observed in the X-ray diffraction, suggests the formation
of Fe3O4 particles on a nanometric scale.[36]

The magnetite sample presented a magnetization
curve with a low hysteresis, coercivity (Hc) of 19.605G,
remanent magnetization (Mr) of 0.626 emu.g−1 and
saturation magnetization (Ms) of 31.171 emu/g−1, which
allows to classify it as a paramagnetic material,[37]

Figure 4.

4.2 | Characterization of magnetics
foams

FTIR spectra of the pure foam and magnetic foams are
shown in Figure 5. The polyurethane structure was con-
firmed in these materials by the presence of the main
absorption bands of the urethane group at 3362 cm−1

(band a), 1720 cm−1 (band c) and 1,523 cm−1, (band d)
assigned, respectively, by stretching the N H bond, to
the C O ester group from the polyol and urethane
groups and to the N H deformation.[38,39] An absorption
band at 2274 cm−1 (band b) characteristic of the free iso-
cyanate group is observed in these spectra due to the
excess of reagent used in the foam formulation. TheFIGURE 2 FTIR of magnetite between 4,000–400 cm−1

FIGURE 3 X-ray

diffraction of the magnetite (a),

crystalline size by

crystallographic plane (b)

distribution curve of magnetite

nanoparticle agglomerates (c)

4 of 10 SILVA ET AL.



presence of absorption bands from magnetite is observed
only in the spectrum of the F30 sample, which exhibited
bands at 633 cm−1 (band e) and 580 cm−1 (band f), which
are attributed to Fe O vibration. The lower contents of
the magnetic charge, its probably heterogeneous distribu-
tion in the foams, and the low sample mass used in the
preparation of KBr disks are factors that may interfere in
the identification of magnetite absorption bands in the
spectrum of samples F1 and F5.

Thermogravimetric analysis was used in this study to
evaluate the influence of the loads on the thermal stabil-
ity of the foams. F0 sample exhibited thermal stability up
to 164�C and two stages of decomposition, attributed to
depolymerization reactions and degradation of the prod-
ucts resulting, remaining about 2.8% mass due to the
formation of residual coal,[40,41] Figure 6a,b. The intro-
duction of the magnetite to the foam formulation did not
have influence at its thermal degradation mechanism
and its thermal stability, but the masses of combustion
products increase with the increasing of the charge

content in the materials. In the same temperature range,
magnetite preserves more than 90% of mass, associated
with the formation of iron oxide derivates[ 42] after the
elimination of residual humidity (4.4% event I) and
bounded water (5.7% event II), Figure 6c. Thus, the final
masses of magnetic foams are attributed to the presence
of coal and inorganic material.

4.3 | Morphological and physical–
chemical characterization of additived
foams

Figure 7 presents SEM images for F0 and the magnetic
foams. The average cell size values, obtained from the
foam growth direction, are indicated in these micro-
graphs. The cellular structure of pure polyurethane foam
consists of elliptical cells with heterogeneous size distri-
bution and mean diameter value of 0.709 ± 0.131 mm,
Figure 7a.

TABLE 1 Crystallographic planes

and 2θ degrees of the synthesized
magnetite, magnetite standard and

maghemite standard

Synthetic magnetite Pattern magnetite Pattern Maghemite

Plan 2θ 2θ 2θ

220 29.95 30.05 30.23

311 35.39 35.44 35.62

400 43.09 43.02 43.27

422 53.46 53.52 53.71

511 57.12 57.14 57.24

440 62.79 62.70 62.90

FIGURE 4 VSM curves and digital image of the magnetite

under a magnet

FIGURE 5 FTIR of polyurethane foams with and without

Fe3O4 between 4,000-400 cm−1
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The morphology of cells does not change with the
addition of magnetite to the foam formulation, but the
micrographs of F5 and F30 foams indicate a more hetero-
geneous size distribution, Figure 7f,i. The cell sizes
decrease to 0.462 ± 0.082mmm, 0.509 ± 0.091 mm and
0.440 ± 0.154 mm, respectively, for the additions of 1%,
5%, and 30% wt% of nano-Fe3O4, a reduction of approxi-
mately 37% compared to that observed for F0 foam. The
reduction of the mean diameter of polyurethane foam
cells after the addition of inorganic particles in their for-
mulations is also reported in other studies and attributed
the influence of nanoparticles on the nucleation process
and cell formation as well as on resin viscosity.[43,44,45]

The addition of nanoparticles increase the number of
cells formed and growing at the same time. However, the
diffusion of the expansion gas between these cells
decreases due to the increase in the viscosity of the

FIGURE 6 TGA and DTG curves of foams F0, F1, F5 and F30

(a,b) and magnetite (c) in a synthetic air atmosphere [Color figure

can be viewed at wileyonlinelibrary.com]

FIGURE 7 SEM micrographs for

the foams with and without Fe3O4

magnified 50 times (a), (c), (f), (i), 500

times (b), (d), (g), (j) and EDS spectra of

the magnetic foams (e), (h), (l) [Color

figure can be viewed at

wileyonlinelibrary.com]
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system, promoting a reduction in the average diameter of
the cells.

Figures 7b,d,g,j correspond to the inner regions of the
cells. The magnetic foams presented ruptured cells and
agglomerated particles at the edges of the cells. These
particle clusters are best evidenced in the foam cells F5
and F30, probably because these foams have higher mag-
netic load contents. The chemical composition of these
regions, analyzed by Energy Dispersive X-Ray Spectros-
copy (EDS), indicates the presence of iron metal in addi-
tion to those expected from polyurethane, Figure 7e,h,l.
This result allows to associate the higher image contrast
of the particles observed at the edges of the F1, F5, and
F30 foam cells with the formation of aggregates of mag-
netite nanoparticle. The iron metal is a chemical element
with a high atomic number in relation to those that con-
stitute the polymer, and it can act as a better source emit-
ting backscattered electrons, generating a better contrast
in the microscopy images[46] and the low chemical

interaction between the inorganic charge and the poly-
urethane favors the intermolecular van der Waals inter-
action between the magnetite nanoparticles.[47]

Concerning the studied formulation the polyurethane
foam should have low apparent density and three-dimen-
sionally crosslinked structure with closed cells. The
apparent density is a function of the content of the blow-
ing agents added to the material formulation, but may be
altered when fillers added to the formulation have resid-
ual moisture.[41,48] To F1, F5, and F30 samples, its appar-
ent density did not show a significant variation in
relation to F0 sample, Table 2, which suggests that the
moisture of the Fe3O4 sample, identified from its FTIR
spectrum, was not released during the reaction of Poly-
urethane polymerization. On the other hand, the pyc-
nometer density of these samples increased significantly
with increasing Fe3O4 content, which can be associated
with the higher density of the magnetite in relation to the
polymer.

TABLE 2 Apparent density, density of helium pycnometry and content of open cells

Sample Apparent density (g/cm3) Density (pycnometry)(g/cm3) % open cells

F0 0.029 ± 0.001 0030 ± 0.001 3

F1 0.035 ± 0.002 0.043 ± 0.010 19

F5 0.029 ± 0.001 0.059 ± 0.002 51

F30 0.028 ± 0.002 0.064 ± 0.001 56

Fe3O4 — 3.3 ± 0.5 —

FIGURE 8 VSM curves and digital

image of the magnetic foams

SILVA ET AL. 7 of 10



The percentage of open cells, determined from Equa-
tion 3, to F0 foam was of 3%, Table 2. This result is con-
sistent with the morphological characterization of the
foam and it corresponds to that expected for rigid poly-
urethane foams.[45,49] The addition of nano-Fe3O4 to the
foam formulation increased the content of open cells in
F1, F5, and F30 to 19, 51, and 56% respectively. These
results, associated with the presence of ruptured cells in
the SEM images of these samples, indicate that magnetite
nanoparticles also act as a “cell opener” during the nucle-
ation process and cell formation.[22,50]

4.4 | Electromagnetic characterization
and reflectivity of additived foams

The presence of magnetite in the foams can be visually
noted by the gray color of the materials, Figure 8. The
magnetic saturations of these foams increase as a func-
tion of the load content, to values close to 0.7 emu.g−1,
1.3 emug−1, and 8.4 emu.g−1 for the F1, F5, and F30
foams, respectively. The low magnetic saturation of the
magnetic foams in relation to that observed for the mag-
netite can be associated with the volumetric expansion
that the polymer undergoes in the process of obtaining
the foams and the presence of the pores in the materials.

Reflection loss is a measure of attenuation property of
the ERAM.[17,20] The reflectivity curves of magnetic

foams show a tendency of greater attenuation of electro-
magnetic waves at frequencies lower than that observed
for F0 foam, Figure 9. Meanwhile the efficiency of
absorption of the incident radiation of F1, F5, and F30
foams did not present a linear relationship with the
increase of magnetic load in these materials.

The F0 sample showed reflectivity loss of −14.15 dB,
with absorbed energy at the frequency of 11.8GHz, which
corresponds to an absorption of 93.6% of the IR, Table 3.
This foam had a behavior of electromagnetic radiation
absorbing material higher than that observed for flexible
foams characterized in the X-band reported in the litera-
ture as −8.0dB[51] and approximately −2.0dB.[52,53] As
demonstrated by Xu and Hao[15] and Jain et al.,[16] the
presence of pores in absorbing materials increases the
occurrence of multiple reflections and scatterings of the
incident radiation on cell walls and within pores impro-
vising its performance. In addition to the high content of
closed cells, the F0 foam contains pentane and CO2 gases
confined in these cells, employed as expansion agents. It
is possible that these gases are contributing to the absorp-
tion and dissipation of energy incident in thermal energy
in the structure and cells of the material.

The Figure 10 presents the relationship among
absorbed energy, closed cell content and magnetization

FIGURE 9 Reflectivity curves of the pure foam and magnetic

foams [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Relationship between absorbed energy, closed

cell content, magnetization saturation and magnetite content in the

foams

TABLE 3 Reflectivity values with

their frequency bands (GHz) and foam

absorption efficiency with and without

Fe3O4

Sample Reflectivity (dB) Energy absorbed (%) Frequency (GHz)

F0 −14.15 93.60 11.8

F1 −26.16 99.55 11.7

F5 −34.41 99.94 11.6

F30 −13.52 93.17 11.4
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saturation with the magnetite content in the foams. The
relationship among these data supports the contribution
of the porous structure of closed cells to the performance
of F0. The same correlation can be made for the F1 foam,
which among the magnetic foams has the lowest magne-
tization saturation. The higher energy absorption
observed for the F5 foam suggests a balance between the
contributions of magnetic saturation as a function of the
nano-Fe3O4 and the closed cell content of the absorbing
material. While the connection between these results
indicates that the magnetic saturation of the F30 foam
has a greater influence on the performance of the mate-
rial. Although this foam has a considerable content of
magnetite, its performance for attenuation of electromag-
netic radiation was close to that observed for pure foam.
This behavior can be associated with aggregates of mag-
netite nanoparticles observed in the SEM micrographs.
Resulting in loss of properties of nanoscale magnetite
nanoparticles.[54] The reduction of the energy absorbed to
high load contents also was observed by Mondal et al.,[2]

which attributed this behavior to the agglomeration and
poor dispersion of the load in the matrix.

Table 4 presents a comparison between the reflectivity
of the F5 sample, which was highlighted in relation to the
other samples, with the reflectivity of different flexible and
solid cell structure polyurethane materials prepared with
magnetite and different carbonaceous charges. The reflec-
tivity of these samples suggests that, in addition to the mag-
netic charge, the formation of closed cells in the F5 foam
can be associated with the efficiency of this sample as ER
absorptive material. It should be noted that the open cell
content in such samples is low relative to an open cell foam,
the content of which is greater than 90%.[45]

5 | CONCLUSION

The structural characterization of magnetite suggests the
formation of the crystalline magnetite phase as the predom-
inant phase of the sample, with crystallites and particle /
agglomerates with an average size of 12.6 nm and
0.123 μm, respectively.

The formulation elaborated for the present work
resulted in polyurethane foam with apparent density of
0.029 ± 0.001 g/cm3 containing about 3% open cells. The
insertion of the magnetic charge into the formulation did
not have influence at the apparent density of the foam.
However, a reduction of the average foam cell size from
0.709 ± 0.131 mm to 0.440 ± 0.154 mm and the increas-
ing in the open cell content from 3% to 56%, when the
load content in the foams varied from 0 to 30% wt%, sug-
gests the magnetite interference in the nucleation process
and cell formation. The magnetite presented super-
paramagnetic behavior and its addition in the foams
resulted in the increase of the magnetic saturations as a
function of the content of the load. The addition of the
Fe3O4 to the foam formulation resulted in an X-band
magnetic ERAM with reflectivity of −26.16 dB (F1 foam),
−34.4 dB (F5 foam) and − 13.52 dB (F30 foam). The best
shielding efficiency of electromagnetic radiation in the X-
band of F5 foam was attributed to the associated contri-
butions of magnetic saturation and content of closed cells
in the material and suggests its acceptance as ERAM
applied to the short-distance monitoring of missile guid-
ance systems, marine radar and interception of aircraft.
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TABLE 4 Reflectivity of

polyurethane foams between 8.0 and

12.0GHz reported in the literature

PU foams Type of PU Reflectivity (dB) Reference

PU/ Grafeno Flexible foam � −15.0 Bernal 2012[50]

PU/ CNT Flexible foam � − 17.0 Liu 2007[51]

PU/GO Flexible foam –20.0 Rohini 2017[52]

PU/GE (20% m/m in GE) Thermoplastic –20.0 Valentine 2015[53]

PU/NFC/Fe3O4 Thermoplastic –32.0 Durmos 2016[55]

F5 (5%m/m in Fe3O4) Rigid foam –34.41 This work
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