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Abstract: The paper investigates the mechanisms of microwave absorption in microcellular foamed
conductive composites dedicated to protection against electromagnetic interferences (EMI). A multi-
layered electromagnetic one-dimensional (1D) model mimicking the microcellular foam structure is
built and validated using previous measurements carried out on various fabricated composite foams.
Our model enables us to perform a parametric analysis of the absorption behaviour in a foamed
composite, using as parameters the size of the hollow cell, the thickness of the cell’s walls and its
conductivity, as well as the overall thickness of the composite and the frequency. Our investigations
demonstrate that multiple reflections of the microwave signal between the cellular walls are not the
main mechanism responsible for absorption, although they are often reported as a cause of enhanced
absorption in the literature. On the contrary, our work demonstrates that the enhancement of the
absorption observed in foamed conductive composite compared to unfoamed composite is mainly
due to the presence of air in the microcells of the composite.
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1. Introduction

Protection against electromagnetic interferences (EMI) has been a pervasive challenge
for almost two decades. EMI indeed can damage the operation of daily used devices
containing electronic components that are sensitive to electromagnetic (EM) radiation.
Sectors of activity are numerous: military and civilian aerospace, automotive, medical,
wireless communications and IoT devices, to name a few. EMI is also a potential concern for
security and health [1], since EM radiation could have a detrimental effect on living cells.

For these reasons, research has concentrated since the 2000s on the design and fabrica-
tion of efficient solutions against EMI, known as EMI shielding. Among these, composite
materials combining polymer and conductive charges have gained much interest, since
they offer the advantages of light weight, excellent thermal and electrical properties, as well
as ease of fabrication for mass production. In particular, as discussed in [2], the dispersion
of conductive nano-inclusions such as carbon nanotubes in polymer material can tailor
the absorption and reflection of EMI induced in the resulting nanocomposites. The best
solution to prevent EMI is to maximize the absorption and minimize the reflection, so that
all parasitic signals are trapped in the vicinity of the composite material. An important
subclass of composites for EMI shielding is foamed composites. Indeed, the presence
of air in the cell of the foam helps to reduce the reflection of the signal incoming to the
composite and contributes also to reduce its weight. Moreover, some authors [3-10] claim
that the microwave absorption in foamed composites is enhanced compared to that in solid
composite, due to multiple reflections/scatterings of the microwave signal on the walls of
the foam’s cell. However, no experimental nor theoretical development in the literature
confirms this statement, to the best of our knowledge.

In this paper, we propose an electromagnetic one-dimensional (1D) model aimed at
predicting the absorption of microwave power in microcellular foamed composites. This
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is given in Section 3.1, while Section 3.2 validates the model through a comparison of
predictions with measured values of absorption achieved by nanocomposites from the
literature. Section 3.3 investigates, using the model, what the main causes of absorption in
microcellular conductive composites are, while Section 3.4 proposes a parametric study of
microwave absorption as a function of geometrical and electrical parameters of the foam.
This study enables the optimization of these parameters in order to help the synthesis of
composite foams dedicated to microwave absorption, as discussed in Sections 3.5 and 3.6.

2. Materials and Methods
2.1. Synthesis of Conductive Foams

The foamed composite materials that serve as reference for the validation of the
proposed model were fabricated using a supercritical CO; process. For the sake of com-
pleteness, it is briefly recalled here. Supercritical CO, was applied to carbon nanotubes
(CNT)-based polymer nanocomposites to ensure their foaming. Two mixing techniques
were used for the fabrication of the nanocomposites, i.e., melt blending and co-precipitation.
The high ability of these polymeric foams to absorb electromagnetic radiation was demon-
strated at low CNT content, as a result of the high affinity of the polymer matrix for CNTs,
and therefore with good CNTs dispersion, in the frequency range 8-40 GHz. Shielding
efficiency as high as 60 to 80 dB together with low reflectivity was observed at a very
low volume concentration of CNTs (0.25 vol%). Three different polymer matrices were
considered as examples in this work, i.e., polycarbonate (PC) as described in [11], poly-
caprolactone (PCL) as described in [12], and polypropylene (PP) as described in [13].

2.2. Electromagnetic Modelling Technique

The technique used to develop the model presented in Section 3.1 for conductive foams
is explained with details in references [14,15]. In brief, the foam medium is approximated by
a periodical structure, alternating hollow thick sections filled with air, and thin composite
sections corresponding to the wall of the foam that are constituted of PC, PP or PCL loaded
with conductive charges. The charges considered in [11-13] are carbon nanotubes, but as
our model considers only the conductivity of the nano-charges, it is general and applicable
to any kind of conductive charges that are present in the walls of the pores forming the foam.
A simple method based on chain matrix conversion simulates the scattering parameters
(S-parameters) and absorption index if the physical parameters of each layer are known.
S-parameters are relevant quantities widely used in microwave measurement and analysis.
They link, in matrix formalism, the incoming, transmitted and reflected waves and are
helpful to gain precise understanding of the electromagnetic behavior of a multilayered
structure, such as that shown in Figure 1. The technique proposed in [14,15] and applied
in [16,17] enables us to calculate the transmission of microwave power through a cascade
of air and wall sections, by taking the matrix product of their corresponding chain matrices
that are formulated as a function of their respective thickness, of the electromagnetic
parameters for the conductive polymer forming the wall of the foam and of the frequency
of operation of the composite material used as a microwave absorber. As the technique
also provides the amount of power reflected by the composite multilayer, the absorbed
power can be obtained. The model was implemented in this paper using Matlab simulation
software Release 2020a.

|

Figure 1. Schematic 1D representation of a foam illuminated by an incident microwave signal (drawing
not to scale). The air cell is modelled by a squared area of size a by virtue of Equation (1). The dashed
blue rectangle indicates the area where the model is applied; the structure has to be replicated along
the vertical direction in order to obtain a two-dimensional representation of the foam.
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3. Results and Discussion
3.1. Electromagnetic Model of the Foam

The 1-dimensional schematic representation of the foam geometry is shown in Figure 1.
Although foamed composites usually have circular pores of given average diameter d, an
equivalent squared section of area a> can be defined as done in Equation (1) for taking into
account the same amount of air in the simulation:

d? >
G Vrod/2 = 0.8822d 1)

It is also important to note that foamed composite in [11-13] has a random distribution
of pore diameter and density. Simulations made in this section assume averaged values for
diameters d, as were measured in [11-13].

The polymer forming the foam, represented in grey scale in Figure 1, is considered,
having a dielectric constant ¢, and a conductivity ¢, while air filling each cell has a dielec-
tric constant equal to 1 and a zero conductivity. According to the formalism explained in
Section 2.2 and detailed in [14,15] the propagation through the structure of Figure 1 can be
modelled using the product of chain matrices of sections of air, having thickness 4, and of
polymer, having thickness ¢, representing the cascade of air and conductive polymer form-
ing the foamed conductive composite. Each section has as characteristic electromagnetic
parameters the propagation constant y and wave impedance Z, that allow us to form the

chain matrix T for air and polymer sections.
For polymer sections we have:

w e — jw”eo
T =] o )
377 Q)
zZ, = —— 3)

— [ cosh(7yp t) Zp sinh(7yy t) ] 4)

T, = .
P %psmh(’y,a t) cosh(yp t)

For air sections, we take into account the presence of the top branch made of con-
ductive polymer situated above each air cell and joining two vertical walls, as shown
in Figure 1. For this, we consider that the air section has the permittivity of air, while
its conductivity shows a proportional effect since the branch is present over a height ¢
compared to height a of an air cell; otherwise said as o, = 0 t/a. Equations (2)—(4) are

rewritten for air sections as:
w1 —j w‘fso
&)

Yair = ] c
0
377 Q)
Zgir = T (6)
1 —j

@)

1

- cosh(vair @) Za sinh(74ir a)
W Zo;Sinh(Yair @) cosh(7vair )

The global chain matrix corresponding to the structure of Figure 1 is given by:

= = N /— =
Ttot = Tair (Tp Tuir) (8)
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where N is an integer such that N (f + a) + a = D, where D is defined as the total thickness
of the foamed composite. In Expressions (2)—(7), w = 2 7 f, with f the frequency in Hz.

The S-parameters of the composite, denoted 511 and Sy;, are obtained from the global Ty,
matrix using conversion formulas available in [18,19]. For sake of completeness, these
formulas are provided in Appendix A. Parameter Sy; is associated with the fraction of
power reflected at the input interface of the composite, denoted R:

R = |Sy]? ©)

The fraction of power transmitted from input to output of the composite, denoted T,

is associated with S,q:
T = |Su? (10)

Writing the power balance law yields the fraction of power absorbed in the composite,
denoted A:
A+R+T =1 =+ A= 1-R-T (11)

Finally, the EMI shielding value, noted EMI and expressed in dB, is obtained from the
Sy1 parameter as:

EMI = —20 log)y ([Sa1]) = —10 logy,(|T]) (12)

Note that reflection parameter R can also be expressed in dB, similarly to (12).

The walls having thickness t represented in Figure 1 correspond to the actual walls
of the pores forming the foam. As explained in Section 2.1, the foamed composite re-
sults from the foaming process of a particular polymer loaded with conductive charges,
forming a composite polymer. This means that the walls of the foam are made of the
conductive polymer composite. The model takes into account the conductive polymer
composite by considering that sections having thickness t have as electromagnetic param-
eters the dielectric constant ¢, et and the conductivity o of the composite, as calculated
via Equations (2) and (3). These parameters interact with the microwave signal and influ-
ence its absorption. The approach is microscopic (i.e., at the scale of the wall and pore
dimension) and not nanoscopic, in the sense that multiple reflections of the signal between
nano-charges (carbon nanotubes in the present case) are not reproduced by the model;
instead, the electromagnetic parameters of the composite ¢, and ¢ take into account at the
microscale the interaction of the signal with polymer and nano-charges. These parameters
are thus considered homogenised at the microscale.

Next, the alternated presence of two different media, air and polymer composites, is
expressed via the product of the chain matrices associated with each medium, provided by
Expressions (4) and (7), respectively. These expressions include the respective characteristic
impedance Z,;, and Z, of the two media; as their value is clearly different, reflections of the
signal occur at each interface, air/composite or composite/air, that are perfectly accounted
for thanks to the chain matrix product (8).

3.2. Experimental Validation of the Model

We compared our model with experiments on foams reported in the literature. Three
kinds of samples are considered in this work, corresponding to foamed samples char-
acterised in references [11-13]. Table 1 shows the main characteristics of each sample
and nominal microwave measurements available in references [11,12] or [13]. Symbol ‘~
indicates that the measurement of the value is not provided in the reference on top of the
corresponding column. In bold face are indicated values predicted by our model. A very
good agreement is observed, whatever the cell size and frequency range. Therefore, our
model can be used to investigate finely the origin of microwave absorption in foamed
composites. This will be done in Section 3.3.
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Table 1. Main characteristic values for the three samples considered in this study. Case n°1 is
illustrated by SEM image shown in ([11], Figure 11 (right)), case n°2 by SEM image shown in ([12],
Figure 2d) and case n°3 by SEM image shown in ([13], Figure 3d).

Sample Composite Case n°1 Case n°2 Casen°3
Cell size d (um) 15 80 46.3
Frequency range . .
(GHz) 15-17 2640 28-38
Wall thickness f (um) 2 7 5
Overall thickness D 20 20 8
(mm)
A (%) 75/75 - 70/76
R (dB) - 8.2/8.7 7/7
EMI (dB) - 72/75 50/54

3.3. Absorption Mechanism in Foamed Composite
3.3.1. Interaction with Walls

It is often said in the literature [3-10] that absorption in foamed composites is favoured
by multiple reflections of the microwave signal between walls, so that the signal is trapped
in each cell, which maximises the interactions with conductive walls wherein the signal is
dissipated then absorbed. If this is true, the behaviour of the signal in each cell is close to
that of a resonator. This resonant behaviour should be correlated with the size d of the cell,
i.e., the frequencies where resonance occurs are linked to the cell size as:

nE—n%:d - f = n (13)

c
2d

In other words, resonance should occur according to (13) when the cell size d is a
multiple of half a wavelength. For the sample studied in reference [13], having cell size
d = 46.3 mm, the calculated three first resonance frequencies are 3.261, 6.622 and 9.783 THz,
well above the GHz frequency range of foamed absorbers commonly used. A similar
conclusion can be drawn for the two other samples reported in Table 1.

This prediction is fairly well verified using our model. Figure 2 shows the behaviour
versus frequency of factors R, T and A defined by Expressions (9)—(11), calculated over
three cells. It is observed that reflection factor R vanishes and absorption A undergoes a
local maximum around 3 and 6 GHz roughly. The physical interpretation is that at those
frequencies the signal is trapped between the two walls of the cell and is attenuated to
ohmic dissipation inside the conductive walls and subsequent conversion into heat. These
assumptions are confirmed when looking at the electric field pattern simulated for various
frequencies in Figure 3, normalised with respect to the maximal value of field over consid-
ered penetration depth. A clear resonance (maximum of electric field intensity) is observed
at frequencies where reflection factor R is minimum (3.33 and 6.1 THz). As these frequen-
cies are located in the THz range and not in the microwave range, we can conclude that
the reflection of the signal between walls of the cell plays almost no role in the absorption
of microwave signals occurring in foamed conductive composites. At frequencies where
reflection R has a local maximum (4.5 and 7.55 THz), no absolute maximum is observed in
the field intensity inside the central cell. Indeed, at those frequencies the field intensity is
higher in the left input cell than in the central cell. The same phenomenon is observed at
2 GHz, where the electric field concentrates at input cell, and does not propagate inside the
foam, due to the high reflection observed around 2 THz in Figure 2.



Micro 2021, 1

91

100 T T T T T T T T

90 r

80

60 -

%

o

o
T

40

30

10

1 Il 1

O 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency in GHz

Figure 2. Transmission T, reflection R and absorption A obtained from model (5)—(7) applied to

sample case n°3. Note that 1 THz = 1000 GHz.
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Figure 3. Normalised electric field calculated inside three first sections of foamed composite; the x-
axis covers the penetration depth of the microwave signal along three successive cells and 2 separating
conductive walls, i.e., from 0 to 3 d + 2 t = 150 um, while the y-axis covers the height of the squared
cell, i.e., from 0 to d = 46.3 um, corresponding to sample case n°3, for 5 different frequencies: (a) 2,
(b) 3.33, (c) 4.5, (d) 6.1 and (e) 7.55 THz. Conductive walls are located from 46.5 to 51.5 um, and from
98 to 103.5 um, as indicated by dashed lines.

3.3.2. Influence of Air

In this section, we intend to show that in foamed conductive composite it is the
presence of air which induces an enhancement of the absorption, compared with absorption
in a solid composite having the same volumetric content as the foamed one.

Figure 4 indeed compares, for the three cases presented in Table 1, the absorption
predicted by our model, for foamed configuration and unfoamed (or solid) configuration.
The simulation of the solid configuration assumes that the size d of the foam cell is equal
to zero, meaning that the foamed and unfoamed configurations have exactly the same
volumetric content in conductive loads and also the same amount of conductive charges.
The first observation from Figure 4 is that absorption A in foamed samples is significantly
higher than in unfoamed composites. Secondly, the increase in absorption from unfoamed
to foamed samples is correlated with a decrease in reflection factor R. This logically means
that reflection at the input of the composite prevents and thus reduces the transmission of
the signal through the composite, hence its absorption. The reflection of signal is dependent
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on the mismatch of the composite medium with respect to the surrounding air. It can be
quantified via the contrast in dielectric constant between air and polymer composite. In
brief, the contrast in dielectric constant induces a mismatch in characteristic impedance Z
defined in (3) and (6): the higher the ratio Z,/Z,;,, the higher the reflection factor at input
of the composite, denoted I' and defined in Equation (14):

ZP - Zair

P~ Sair (14
ZP + Zaz'r )

where Z, and Z,;, are defined in Equations (3) and (6). When Z, strongly differs from Z;,
i.e., becoming either much higher or much lower, I' tends towards its maximal value equal
to unity. Conversely, when Z, and Z,;, are close to each other, the reflection coefficient I is
close to zero, meaning that there is a matching between the two media, air and polymer.

° Case n°2
100 Case n1 100 : : .
80 r R 80
— — R (solid)
| = = A (solid) | 60 - -
o Ao S| RRRRREDE
= -~ <. —— Alfoam) -7 & ——R (foam) _
40t S~ o -=a P 8 40 —A(foam)| === "7
S~ _Ilt<r"
- - ~
- N
20 ’\-’_F ~ * 20
A S
~
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Frequency (GHz) Frequency (GHz)
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(c)

Figure 4. Reflection R and absorption A modelled for the three cases of Table 1, for 2 configurations of composite: foam
(solid curve) and solid (dashed curve); (a) case n°1, (b) case n°2 and (c) case n°3.

In order to understand why the presence of air decreases the reflection, we recall
that the reflection at input of the foamed composite depends on the material forming the
composite. When the composite is foamed, its permittivity is lowered since it is a mix of
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that of air and that of polymer, thus lower than the latter and closer to that of air. As a
consequence, Z, becomes closer to Z,;, and T' is decreased. As I is lowered, the penetration
of the signal is facilitated, hence the absorption increases by virtue of Equation (11).

Table 2 summarises the values of the dielectric constant of foamed and unfoamed
solid composites. The contrast is highest for case n°2, showing also the highest difference
between absorption of foamed and solid sample, as illustrated in Figure 4b. By comparing
the values marked in bold face in Table 1 and results in Figure 4, we conclude that the model
reproduces experimental results well. Indeed, for case n°1 absorption reaches 75% for
both simulation in Figure 4a and Table 1. For case n°2, Figure 4b, the simulated reflection
reaches 0.18%, which corresponds to 10 log10(0.15) = —8.44 dB. This value is very close to
that reported as measured in Table 1. Finally, for case n°3, Figure 4c, reflection is around
20%, i.e., —6.99 dB, very close to the measured —7 dB reported in Table 1, while absorption
is around 70-80% for both measurements and simulation.

Table 2. Dielectric constant, characteristic impedance ratio and input reflection coefficients for
unfoamed and foamed materials, corresponding to samples reported in Table 1.

Sample Composite Casen°1 Case n°2 Case n°3
Dielectric constant ¢, of solid composite 6 30 18.7
Dielectric constant €, of foamed composite 1.35 4 3.18
Zy/ Zgir = 1/ /2 for solid composite 0.408 0.182 0.2351
Zp/ Zgir = 1/ /¢, for foamed composite 0.8607 0.5 0.5608
I for solid composite 0.421 0.692 0.693
I' for foamed composite 0.075 0.333 0.2814

As a conclusion of this section, the presence of air clearly reduces reflection and
increases absorption in foamed conductive composites.

3.4. Parametric Study

In this section, we perform a parametric study of the behaviour of the absorption A
and reflection R. The varying parameters are: the thickness t of the wall, the size d of the air
cell, the frequency f and the total length D of the foamed composite. The nominal values of
the varying parameters are taken from case n°1 reported in Table 1. For the sake of brevity,
results for case n°2 and 3 are not presented here. We expect that conclusions for cases n°2
and 3 are very similar to those drawn in the present section for case n°1.

Nominal values considered are:

f=20GHz
d =15 um
t=5um
& =6
c=2S/m
D =20 mm

3.4.1. Influence of Thickness of Wall and Size of Cell

Figure 5 shows the evolution of absorption factor A and reflection factor R as a function
of the thickness t of the cell’s wall and of the size d of the cell filled with air. The reflection R
strongly decreases when the size of the cell increases. Indeed, increasing the size of the cell
increases the fraction of air in the composite, and thus decreases the dielectric constant &, of
the composite formed by the mix of air and polymer. As a consequence, the reflection factor
I' defined in Section 3.3.2 decreases with the content in air, which favours the penetration of
the signal, hence its absorption in the composite due to the presence of conductive charges,
modelled by the conductivity . Finally, for low values of cell size d, the reflection slightly
increases with wall thickness ¢. Indeed, the higher ¢, the higher the content of material
having a dielectric constant higher than one, responsible for reflection. Additionally, as
announced, the reduction in R favours the increase in A.
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Figure 5. Absorption A (left) and reflection R (right) function of thickness of cell wall t and size of air-filled cell d modelled
for the case n°1, and for nominal values f =20 GHz, ¢, = 6 and ¢ = 2 S/m for the composite polymer forming the walls.

3.4.2. Influence of Electromagnetic Parameters of Polymer

Figure 6 shows the evolution of absorption factor A and reflection factor R as a function
of the dielectric constant ¢, and conductivity o of the polymer composite forming the walls
of the cellular pore. As expected, the absorption increases with the conductivity, since
conductive charges present in the composite attenuate the signal through ohmic dissipation,
while the dielectric constant has almost no influence. On the other hand, the reflection
strongly increases with both dielectric constant and conductivity. This behaviour is related
to the expression of the reflection coefficient I' at input interface of the composite foam,
already discussed in Section 3.3.2 and given by Expression (14). For highly conductive
media, the conductivity must be taken into account in Expression (14) of I, rewritten as

Expression (15):
1 — /& + ; (zso
r = = (15)
Absorption A Reflection R
90 10
100
80
10 3
70
50 60 L 5 6
50
4
40
0 0
50 60 %0 2
40 20
20
o (S/m) 0 o0 c o (S/m)

Figure 6. Absorption A (left) and reflection R (right) function of dielectric constant ¢, and conductivity o of cell wall for the
case n°1, and for f = 20 GHz.

As a matter of fact, reflection R is directly linked to I' and increases (with as upper
limit 1 or 100%) when e, and/or ¢ increases, which is well verified in Figure 6 (right).
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3.4.3. Influence of Frequency and Size of Cell
Figure 7 shows an in-plane view of the dependence of A and R in the THz frequency
range, with as an additional parameter the size d of the air cell. As explained already in
Section 3.3.1 and Equation (13), the interaction between the walls of the foam and the signal
occurs when the size d is a multiple of the wavelength; the condition (13) can be rewritten
as Equation (16):
fox 0882d= n 3 (16)
Absorption A Reflection R
100 - 100
‘ 90 9
80 80 80 80
70 70
—~ 60 60 ~ 60 60
i 50 E 50
© 40 0 7 40 40
30 30
20 20 20 20
_ 10 10
0 0
0 4 6 8 10 0 2 4 6 8 10
f(THz) f (THz)

Figure 7. In-plane view of absorption A (left) and reflection R (right) function of frequency f and size d of cell, and for

nominal values & = 6 and ¢ =2 S/m corresponding to case n°1.

100

50

100

50

d (um)

This means that frequency as a function of d follows a 1/x curve clearly visible in the
(f, ) plane shown in Figure 7. Minimal reflection occurs when maximum absorption is
reached. In Figure 7, valleys of minima and summits of maxima are clearly visible, since
deep blue areas in R plots corresponds to hot red areas in A plots. The absorption curve in
Figure 7 also reveals that the absorption level strongly increases from 10% to almost 100%
each time Equation (16) is satisfied, that is when absorption follows a summit along a 1/x
path in the (f, d) plane.

On the other hand, Figure 8 shows the behaviour of A and R versus d in the microwave
frequency range, i.e., from 1 to 40 GHz. The variation is monotonous with respect to d
and f, and shows no local minimum nor maximum. This confirms the assertion that
multiple reflections are not enhancing absorption in the microwave frequency range, since
no resonant interactions with walls occur in this range, as verified in Figure 8.

Absorption A Reflection R

0

%

90 45
60
60 40
35
70
40 30
60 / 25
50 20 20
40 0 15
30 100 10
40 40 5
20 20 50 20
)

d (um) 0o f (GHz)

0 f (GHz

Figure 8. Absorption A (left) and reflection R (right) function of frequency f and size d of cell, and for nominal values &, = 6
and 0 =2 S/m corresponding to case n°1.
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3.4.4. Influence of Global Thickness of Composite

Figure 9 explores the behaviour of A and R as a function of frequency f and total
thickness D of the foamed composite. It is observed that absorption increases with both
parameters. The increase with D is easily explained by the fact that increasing D increases
the content in conductive charges in the composite that directly impact the conductivity,
and hence, the absorption capacity of the composite.

Absorption A Reflection R

50
60

40
40

30
20

20

10

6 20
10
0
)

4
2
D (cm) 0 o f (GHz) D (cm) 0o f (GHz

%

o

4
10

Figure 9. Absorption A (left) and reflection R (right) function of frequency f and total thickness D for the case n°1, for
nominal values & = 6, 0 =2 S/m for the composite polymer forming the walls.

The dependence on frequency is less obvious. It is related to the frequency behaviour
of the complex permittivity of the composite foam. This parameter is a function of the
parameters of the polymer forming the foam. For case n°1, the dielectric constant of the
polymer ¢, is equal to 6, while its conductivity o is equal to 2. Applying a volumetric law
enables us to calculate the complex permittivity of the foamed composite defined by (17),
denoted ¢,¢

t(er—jo% ) +D
of = t+D
Figure 10 shows the frequency dependence of the complex permittivity of the foam.

Obviously, the dependence of the imaginary part is very similar to that of reflection R. This
is explained by the relation (15) linking reflection to complex permittivity.

(17)

2.5

0.5r

0 10 20 30 40
Frequency (GHz)

Figure 10. Frequency dependence of the complex permittivity of foamed composite corresponding
to case n°1.
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3.5. Guidelines for the Design of Foamed Composites for Microwave Absorption

The analysis performed in Sections 3.3 and 3.4 enables us to establish guidelines for
the design of conductive foamed composites dedicated to absorption.
The following recommendations are formulated:

e  The reflection factor at input of the foamed composite has to be minimised in order to
favour absorption. For this:

1.  The fraction of air inside the foam has to be maximised; in other words, the ratio
d/t has to be maximised, see Sections 3.3.2 and 3.4.1, Figure 5.

2. The dielectric constant of the composite material has to be as low as possible, in
order to minimise the reflection R by virtue of (15), see Section 3.4.2, Figure 6.

e  The absorption can be directly favoured by increasing the global thickness D of the
composite (Section 3.4.4 and Figure 9); for some applications, however, compactness
is a key issue so that a trade-off between thickness and absorption must be found.

e  The absorption is also favoured by the conductivity of the composite material forming
the foam (see Section 3.4.2 and Figure 6). However, a prohibitive conductivity can
induce a prohibitive reflection R that reduces the penetration of the microwave signal
in the foamed composite. Again, a trade-off between absorption and reflection has to
be found.

3.6. Towards an Optimised Design

In order to illustrate the trade-off between conductivity and global thickness, Figure 11
shows contour plots of absorption A as a function of ¢ and D for the three cases presented
in this paper; for each case, it is possible to find a set {, D} matching an absorption level
higher than 90%, for a thickness not exceeding 2 cm and a conductivity below 10 S/m.
Reaching a 99% level of absorption is possible for the case 1 and 2 at the price of increasing
the thickness to nearly 6 cm.

As a final comment, the fine tuning of the conductivity tailors the absorption correlated
to the thickness. The control of the conductivity induced by conductive loads in the
polymer can be mastered by various techniques, including co-precipitation melt blending
or extrusion, as presented in [11-13].

Additionally, it has to be highlighted that that the ultimate goal is the design of foamed
composites for microwave absorption; hence, the model has to be used as a predictive
tool, meaning that the dielectric constant of the solid composite polymer is considered
as an input of the model and can be measured before the foaming process, as well as its
conductivity, which is also an input parameter.



Micro 2021, 1 99
80 Absorption levels in % 80 Absorption levels in %
%L 90 90
&
60 | 1 60
F/ 70 70—
8 R € 95 95|
@ 40 % 40 - ]
© 80 80— © N &
Sw©
o
20t 20 ¢ 1
90 90— 9O 9
S — —
&‘LM Soﬁ%ﬁz
0 : : : : 0 : : : : :
0.5 1 1.5 2 2 4 6 8 10
D (cm) D (cm)
(a) (b)
80 Absorption levels in %
- : . . :
60 |
TE\ 90 90
Ger | [ f
b 8
8 95 95—
20| (
95 99+
TE ——
O L L L L
1 2 3 4 5 6
D (cm)
()

Figure 11. Contour plot of absorption levels for nominal frequency f = 20 GHz; (a) case n°1, (b) case n°2 and (c) case n°3.

4. Conclusions

In this paper, we discuss the factors influencing microwave absorption in polymer
foamed conductive composite using a 1D model developed for the prediction of the
absorption of microwave power in microcellular foamed composites. It is shown that
absorption and reflection are correlated in the sense that a high reflection prevents the
proper absorption of the signal.

In addition, our simulations show that reflective interactions with the walls of the
foam play no significant role in the absorption in the microwave range, since it is only
enhanced in the THz frequency range, where the wavelength of the signal is of the same
order of magnitude as the size of the foam’s cell.

Next, the crucial influence of the presence of air over the level of absorption is il-
lustrated. The presence of air decreases the reflection level at the input of the composite
in order to facilitate the penetration of the signal inside the foamed composite. In turn,
the conductivity of the charges present in the composite forming the walls of the foam is
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responsible for the absorption of the signal. Finally, the thickness of the foamed composite
also influences the absorption, since increasing the global thickness increases the number
of conductive charges present in the foam.

These various features are exemplified through the proposed parametric analysis,
which leads to a conclusion about the necessity to perform some trade-offs for the design
of efficient and compact microwave foamed absorbers.
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Appendix A
Here, we provide the formulas allowing the conversion of a chain matrix into the
corresponding S matrix. We are interested in the conversion of the whole structure,
meaning that we consider ?tot and the air impedance Z,;, as input variables.
The ?tot matrix is rewritten for convenience:
Ttot = [ Ié g ]

Next, the § matrix is written as:

S — [ Su Si }
Sy1 52

The elements of the S matrix are written as a function of A,B,Cand D as:

A Zyw+B—CZ2% — DZg,

air

Sii = So =
n 2 AZuy+B+CZ +D Zy,

2(AD — BC)Z?

air

AZyy+B+CZ2% +D Zg,

air

Sy1 = S1p
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