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Enhanced electromagnetic interference shielding of polypropylene/hybrid metallic fillers

composite materials by coalescence-driven guided electrical percolation

H. Lecocq?, G. Sudrel, P. Alcouffe!, O. Lhost?, P. Cassagnau?, A. Sergheit
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Abstract: The electromagnetic interference shielding properties of polypropylene-
based composite materials filled with two different types of metallic fillers (hybrid Ag-coated
glass microfibers and Tin microparticles) have been investigated between 0.1 MHz and 18 GHz.
Two different experimental techniques were employed: coaxial cell method and waveguide
method. We show that a substantial enhancement in the shielding effectiveness by more than
60 dB can be obtained by a phenomenon of guided electrical percolation. This phenomenon
takes places due to a drastic change in the composite morphology from a homogeneous to a
highly heterogeneous distribution leading to much higher conductivity values and a
substantially lower percolation threshold. The origin of the enhancement mechanism is proven
in the present study by investigations using Infrared-Spectroscopy, contact angle
measurements, interfacial tension analysis and optical microscopy and is related to a guided
electrical percolation that takes place in segregated domains of stearic acid formed by shear-
induced coalescence. Our finding reveals thus a novel approach to obtain a more efficient
electrical percolation that greatly enhances the electromagnetic interference shielding
effectiveness of functional composite materials.

Keywords: electromagnetic interference shielding, electrical conductivity, conductive

composites, electrical percolation, metallic fillers.



1. Introduction

The recent decades have witnessed the rapid development of electronics and remote
communications, the latter relying on the emission and reception of electromagnetic (EM)
waves. One consequence is the dramatic increase in environmental EM pollution. Though a
priori harmless to mankind, this EM pollution can have serious consequences on sensitive
electronic devices (pacemakers, plane guidance systems, radars, etc.) such as for instance
system dysfunction and breakdown. This topic is even more crucial in in-vehicle systems where
wave emitters and receptors are stacked in a confined space, making them likely to interfere
one with each other. Metallic plaques, films or meshes are today the most used approaches to
shield electronics or cables from environmental EM pollution or to isolate an EM emitting
device from its neighbors. These materials, however, suffer from their high cost, corrosion
sensitivity and high density, making them not an optimal choice for light vehicles with reduced
greenhouse gas emissions.

A promising alternative is the use of light conductive polymer composites with
electromagnetic interference (EMI) shielding properties. This type of materials has drawn great
interest for research and development, as testifies the great number of studies and literature
reviews on the subject [1-4]. The choice of polymers is wide: thermoplastic resins such as
polypropylene PP, PA, PC, PLA or PVDF or thermoset resins such as epoxy resins, PDMS or
PU. The electrical conductivity of composite materials has been identified as one of the main
parameters required to obtain high EMI shielding effectiveness (EMISE) [3,5]. Materials with
a conductivity value below 102° S/m are usually considered insulating, between 1071° and 10
S/m the material is suitable for antistatic applications, between 10~ and 1 S/m for electrostatic

discharge dissipation and above 1 S/m for EMI shielding. To reach this high value for electrical



conductivity and obtain thereby EMI shielding properties, the polymer matrices are usually
mixed with micro- or nanofillers in order to get conductive composites and nanocomposites.
Carbon based materials are an attractive choice for fillers as they display good electronic
conductivity combined with a low density. Examples of carbon-based fillers for EMI shielding
are conductive polymers [6], carbon black [7,8], carbon fibers [9], carbon nanotubes (CNT)
[10-12] and graphene [13,14]. Metallic fillers are also widely used due to their intrinsic
conductivity that can lead to enhanced shielding properties. Steel fibers [15], nickel or silver
nanoparticles [16,17], iron nanocrystals [18], copper nanowires [19-21] and even liquid metal
[22] are examples of fillers of metallic nature. The use of fillers of high density can however
lead to heavy composite materials [16]. Lately, much attention has been drawn to composites
exhibiting great EMI shielding properties based on MXnes (2D inorganic fillers consisting of
layers of transition metal carbides, nitrides or carbonitrides [23-25]). Ryu et al. recently
measured an EMI shielding slightly below 40 dB at a frequency of 8 GHz with a sample
thickness of 2 mm using PC/ABS composite materials filled with 20 phr carbon fibers [9].
Similar shielding properties at 8 GHz and 1 mm thickness have been reported in one of our
previous studies [12] on PP-based composites filled with 7.5 vol% (15 wt%) carbon nanotubes.
By trapping liquid eutectic Galn in thermoset PDMS filaments arranged into a mesh, Wang et
al. measured a shielding value of 50 dB at 3 mm thickness and 8 GHz [22]. Due to their limited
intrinsic conductivity compared to metallic fillers, carbon-based fillers often lead to lower
shielding properties at a given shield thickness, unless the volume fraction of fillers is increased
[12]. This, however, can have negative consequences on composite processing. Several
strategies exist to tackle this problem. A first one is combining different fillers in one polymer
matrix to obtain a synergetic effect: the combination of different fillers can lead to a higher
shielding effectiveness than composite materials prepared using only one type of filler [26-29].

A second possible strategy relies on filler segregation: the conductive fillers can be segregated



in one (percolated) phase of the composite material while the other phase does not contain any
fillers [30—33]. Foaming is also reported to enhance the EMI shielding by a guided percolation
phenomenon [15,28,34]. While being able to increase the electrical conductivity and EMI
shielding properties of composites without increasing the filler loading, the fillers segregation
strategy can have dramatic effects on the composite mechanical properties such as for instance
elongation at break and shock resistance [32,33].

To solve these multiple challenges, much interest has been drawn on hybrid fillers that
can exhibit large aspect ratios, leading to low percolation thresholds, high conductivities and
low densities. These hybrid fillers-based composites show enhanced EMI shielding properties
with a reduced among of fillers, leading thereby to composite materials of low density [35-37].
Light Silver-coated particles and fibers are effective fillers due to the conductivity of silver that
is the highest of all metals [38], leading thus to composite materials with high EMI shielding
properties [39-42]. Zeng et al. measured a shielding of more than 60 dB at 2 mm thickness and
8 GHz for PDMS filled with 0.3 vol% of Ag-PVP nanowires [39]. By coating cotton fibers with
silver, Tan et al. obtained an impressive shielding value of 71 dB at 0.5 mm thickness and 8
GHz for 1.61 vol% silver content in a non-woven fabric [40]. Light hybrid silver-coated fibers
have therefore great potential as fillers for light composite materials with enhanced conductivity
and EMI shielding properties.

One of the crucial challenges in developing conductive polymer composites for EMI
shielding applications is obtaining enhanced conductive and shielding properties without
increasing the filler loading. This is because increasing the filler loading leads to higher
densities (and consequently heavier materials), higher costs, a material processing that is
becoming more difficult and degradation of mechanical properties. Here we report that, at a
constant filler loading, the electromagnetic interference effectiveness of PP-based composite

materials filled with metallic fillers can be increased by more than 60 dB by a phenomenon of



guided electrical percolation. Materials that have initially no electromagnetic shielding
properties display a shielding effectiveness as high as 70 dB as a result of an electrical
percolation taking place in segregated domains of stearic acid formed by shear-induced
coalescence. Guiding the electrical percolation of fillers represents thus a very efficient
approach to greatly enhance the electromagnetic shielding properties of functional composite

materials.

2. Materials and methods

2.1 Materials

Polypropylene PP 7060 (density of 0.905 g.cm=, MFI index of 12g/10min, melting point
Tm of 165°C) supplied by Total S.A. was used as a polymer matrix in this study. Tin
microparticles (density of 7.29 g.cm=, melting point Tm of 231°C) were purchased from
GoodFellow. The average particles diameter was 45 um. Silver-coated glass microfibers were
purchased from Hart Materials UK (Grade SG180 FB20). They are characterized by a silver
content of 20 wt%, an average length of 180 um, an average diameter of 15 um and a density
of 2.8 g.cm=. Stearic acid flakes (melting point Tm of 67-72°C, reagent grade, 95% purity) was
purchased from Sigma-Aldrich-Merck. Tables 1 summarizes some of the physical and chemical

properties of stearic acid.



Table 1: Some physical and chemical properties of stearic acid [45]

Solubility Surface
Melting | Boiling | Density Solubility Electrical
Chemical in  water tension at
point point at RT in PP at conductivity
formula at RT 70°C
(°C) (°C) (kg.m3) 200°C (S.cm®)
(mg.L?) (mN.m?)
Poorly 101!
CisH3602 | 69.6 282.4 837.4 3 28.2
soluble Insulating

2.2 Fabrication of PP composites filled with PP — Tin microparticles and Ag-coated

glass microfibers

PP composites based on Tin microparticles and Ag-coated glass microfibers were
fabricated using the melt blending method. PP 7060 was mixed with the fillers and the stearic
acid using an internal mixer (Thermoscientific Polylab OS RheoDrive 7 Haake, tank of 69 cm?,
roller rotors). Polymer pellets were first introduced in the mixer at low 20 rpm mixing speed,
then fillers and stearic acid were added once the polymer resin was molten. For Tin
microparticles, mixer temperature was set to 190°C and the compounds were mixed at 30 rpm
for 10 mins and at 50 rpm for 3 mins. These processing conditions were chosen to prevent
particles overheating and melting. For Ag-coated glass microfibers, the mixing was made at
200°C and 50 rpm for 6 mins and at 100 rpm for 4 mins. Concentrations between 3 and 30 vol%
for the Tin particles and between 0 and 15 vol% for the stearic acid were employed. The torque
applied on mixer rotors was recorded during the mixing process. After mixing, the obtained
composites were frozen under liquid nitrogen and pelletized using a grinder (Pulverisette 19).
The obtained pellets were hot pressed at 200°C and 250 bar into plaques and discs of 1 or 2 mm

thickness, using a press (Servitec Polystat 200 T).




2.3 Electrical characterization of composites

In order to measure the electrical conductivity of the PP composites, plaques of
50 mm x 75 mm x 1 mm were measured along the direction parallel to the sample surface (thus,
in the same direction as the electric field of the electromagnetic wave passing through the
samples). The electrical contacts were gold metallized to eliminate the influence of the contact
resistance. The DC electrical conductivity was measured with a Novocontrol Alpha Broadband
Dielectric/Impedance Spectrometer and a Fluke 289 multimeter. Four samples of each

composition were measured to check the experimental reproducibility.

2.4 Broadband EMI shielding measurements of composites

The electromagnetic interference shielding effectiveness (EMISE) of PP composites
was measured using an Anritsu Shockline 2 ports VNA (MS 46522B) and two types of
measurement cells (Fig. 1). The fundamental difference between these two measurement
methods is related to the measurement mode: the coaxial method corresponds to the TEM mode
simulating the far-field propagation of plane waves, while the measurements by waveguide
correspond to the TE mode where only the electrical field is perpendicular to the propagation
direction (but not the magnetic field). The TEM mode is thus not accessible using the
waveguide method, which means that the measurements by waveguides do not correspond to

free-space propagation of plane electromagnetic waves.



Coaxial cell (50 kHz to 8 GHz)

Waveguides
X Band (8.2 to 12.4 GHz)
Ku Band (12.4 to 18 GHz)

Fig. 1: coaxial cell (upper figure) and waveguides (lower figure) used for measuring

the electromagnetic interference shielding effectiveness of composite materials.

From 50 kHz to 8 GHz, a coaxial cell has been employed (EpsiMu Multiwave PE 13
mm). For this cell, ring-shaped samples have been used and electrical contacts between the cell
and the sample were gold metallized. Between 8.2 and 12.4 GHz (X band) and between 12.4
and 18 GHz (K, band), two waveguide cells have been employed (Pasternack PE-W90S001-6
1701 and PE-W62S001-6 1650). For these waveguide cells, the samples were in the form of
plaques fitting in the waveguides. Experimental setups are described in a previous work [12].
EMI shielding properties of PP composite filled with Ag-coated glass microfibers were
measured on 1 mm-thick samples. The EMI shielding properties of PP composites prepared

using Tin particles were measured on 2 mm-thick samples. Four samples of each composition



were measured to check the experimental reproducibility. The power was set to 0 dBm, which
corresponds to 1 mW, and each point was the average of 5 measurements.
The total shielding effectiveness SEr, the reflection shielding SEr and the absorption

shielding SEa were calculated from the measured S-parameters Si1 and Sz21 [1,5], as follows:

R = |1 1)
T = |83,| (2)
SEr = —logyo(T) 3
SEg = —logyo(1 - R) 4)
SEr = —logo (&) ®)
SEr = SEp + SE, (6)

The EMI shielding effectiveness (EMISE) of a given shield is defined as:
E H
SE = —101log;, (%) = —201log;, (Et) = —201log, (;f) @)

Pi, Ei and Hj are the power, electric field amplitude and magnetic field amplitude of the incident
EM wave, respectively, and P, E: and Ht the power and electrical and magnetic field amplitudes
of the EM wave transmitted through the shield. The shielding effectiveness is expressed in dB:
while at 10 dB 90% of the incident wave power is blocked by the shield, at 40 dB it is 99.99%
of the wave power that is shielded. In general, a shielding value of 30—40 dB is demanded for
commercial applications, but higher shielding values are usually required for aeronautical or

military applications.



When an EM wave falls onto the surface of given material (Fig. 2), a part of the wave
is directly reflected at the first air-material interface due to a discontinuity in the EM wave

impedance [5,46]. The matter is defined as:

== ®
H £ otjwe!

where E is the electric field and H the magnetic field of the EM wave in the material. «* and ¢*
are the complex magnetic permeability and dielectric permittivity of the material. w is the
angular frequency of the wave (w = 2xf, f the wave frequency), x’ and ¢’ are the real part of the

permeability and permittivity, respectively, o is the electronic conductivity and j the imaginary

number v/—1. The wave impedance of vacuum (and air) is a constant equal to Z, = \/M =
377 . The bigger the difference is between the air impedance Zo and the wave impedance Z,
the more important will be the phenomenon of single reflection. Then, a part of the wave
penetrates the shield and undergoes electromagnetic absorption all the way through the
thickness of the shield due to induced current dissipation, dielectric polarization, interfacial
polarization, eddy current dissipation, hysteresis loss and magnetic resonance loss [47]. These

phenomena are described by a characteristic absorption length, also called skin depth [5,47]:

’ 2 1
6= ' wo - w'nfo (9)

When passing through a length of ¢, the EM wave loses 63% of its amplitude due to absorption.
According to eq. 9, absorption is more important at higher frequencies and for higher

conductivity values or when magnetic materials are employed.
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Fig. 2: schematic representation of the electromagnetic interference shielding

N Mo, i :  air and shield magnetic permeability
\ : -
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S d: shield thickness
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mechanisms.

A third shielding mechanism at play is related to multiple internal reflections. As the EM wave
reaches the second rear material-air interface, a part of the wave goes through but the other part
is reflected back to the first interface. On the way back it undergoes absorption again, gets
transmitted and reflected at the first air-material interface and goes back to the second rear
interface. Thus, the EM wave passes several times between the two air-materials interfaces,
with an amplitude that decreases at each passage. These three shielding mechanisms and their
impact on total EMI shielding of a material were treated in detail in a previous study and led to

the general EMISE formula for a homogeneous and isotropic material [12]:

SE4 = 20.5logy,(e) (11)
4.7Z9.Z
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where |.| is the absolute value of a complex number and d the shield thickness. At low
frequencies (lower than the absorption characteristic frequency fc [5]) EMI shielding is constant
and depends solely on the composite conductivity and thickness. Above f¢, shielding increases
rapidly with frequency because of wave absorption. Thus, for homogeneous and isotropic
materials (non-magnetic) the main parameters having a significant impact on EMI shielding are

the material electrical conductivity, the thickness and the frequency of the incident wave.
2.5 Optical microscopy

For optical observation, PP composites were cut in thin layers of 20 and 50 um thickness
using a Leica RM2265 microtome. Microscopy observations were made using an Olympus BX
41 microscope coupled with an Olympus DP 26 camera. Lens of magnification x4, x10 and x20

were used. Image analysis was done using the CellSensEntry software.
2.6 Transmission Infrared spectroscopy on filler — stearic acid mixes

Different ratios of Tin particles and stearic acid, and Ag-coated glass fibers and stearic
acid were put in a beaker, heated 10 mins at 100°C in an oven and mixed vigorously with a
spatula for 5 minutes. 2.5 mg of each of these blends (cooled down to room temperature) were
grinded with 197.5 mg of KBr powder, introduced in a hydraulic press and pressed into thin
disks between two mirror-smooth plates. Transmission infrared spectroscopy measurements

were carried out using a Thermoscientific iS-10 spectroscope. The sample discs were measured



at wavelengths ranging from 1000 to 4000 cm™ using a detector cooled with liquid nitrogen. A
background spectrum with an empty chamber was measured prior to sample measurements. For
each compound ratio, three different samples were measured and the final curve was the

average of three experimentally measured curves.

2.7 Contact angle measurement on filler — stearic acid mixes

Several grams of the Tin particles and Ag-coated glass fibers previously blended with
the stearic acid at 100°C were introduced in a hydraulic press and pressed between two mirror-
smooth surfaces. Small discs with a smooth surface were obtained. Contact angle measurements
were made using a Kruss Easydrop experimental setup coupled with a Hamilton 500 puL syringe
and an Allied Vision Technology Stinray camera. A 1 puL deionized water droplet was placed
on the surface of the disks. Once the drop was stabilized, a picture was taken and analyzed with
the Drop Shape Analysis software that automatically measures contact angles. For each
compound ratio, ten water drops distributed over three different samples were measured to

validate experimental reproducibility.

2.8 Transmission infrared microscopy

Transmission infrared microscopy was used to investigate the distribution of the stearic
acid in the PP/Tin particles composites. Microtome cut layers of 20 pum thickness were
measured to insure good beam transmission through the sample. A Thermoscientific Nicolet iN
10 MX infrared microscope in transmission mode was used to carry-out these measurements.
Samples were placed on a pressed disk of pure KBr of 1 mm thickness and inserted in the dry

microscope chamber. A window of 20 x 20 um? was probed in order to differentiate particles



concentrated domains (called particles domains) and domains with a deficit of particles (called
polymer domain). The measurements were carried-out at wavelengths ranging from 1000 to
3500 cm! using a liquid nitrogen cooled detector (256 scans, high spectral resolution). For each
composite, three polymer domains and three particles domains were measured on three different
samples (nine spectra for each domain type) to validate the experimental reproducibility.
Around the stearic acid peak at 1710 cm, the spectral area under the curve was measured
between 1680 and 1740 cm™ using a baseline correction relying on spectra measured on

composites free of stearic acid.

3. Results and discussion

3.1 Electrical conductivity of PP composites

The electrical conductivity values of PP composites are displayed in Figure 3. Fig. 3-a
shows the electrical properties of the composites prepared using Tin particles. In dependence
on the particles volume fraction, the composite conductivity goes from 10® S/m to more than
10* S/m. For composites prepared without the addition of stearic acid (filled dots), the material
is insulating up to a filler concentration of 15 vol% and reaches a conductivity of 870 S/m at 30
vol% of particles. The concentration where the composite materials go from insulating to
conductive properties, called the percolation threshold, is an important parameter in the study
of conductive materials [48]. A reduced percolation threshold corresponds to conductive
composited with a lower filler content, which can be of great advantage to conserve good
mechanical properties and a low density. The addition of stearic acid into the PP/Tin composites
(1 vol% of stearic acid per 5 vol% of particles) has a two-fold positive effect. The first effect is

a percolation threshold that is considerably lowered, from 15 vol% to 7 vol%. In this range of



filler concentration, composites that were insulating in the absence of stearic acid become

conductive when the stearic acid is added during the melt blending process.
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Fig. 3: Electrical conductivity of PP/Tin particles and PP/Ag-coated glass microfibers

composites. (a) Conductivity of PP/Tin composites with and without stearic acid as a function



of the particle volume fraction (1 vol% of stearic acid per 5 vol% particles). Continuous lines
are fitted curves using the theoretical percolation law. (b) Same as before with Ag-coated glass

microfibers. (c) Comparison with the PP/CNT composite materials from a previous work [12].

The other positive effect brought by the addition of the stearic acid is the increased conductivity
on the saturation plateau of the percolation curve. Thus, for 20 vol% and 30 vol% particle
concentration, the conductivity increased from 140 to 1000 S/m and from 870 to 20,000 S/m,
respectively, by adding the stearic acid. It is worth mentioning that the stearic acid has a
negligible conductivity value [45], consequently, the increased conductivity obtained with the
addition of the stearic acid cannot be attributed to an increasing conductive content. Stearic acid
IS a saturated fatty acid with amphiphilic properties due to its carboxyl chemical head and long
carbon tail. It can be fabricated artificially but is mainly obtained by splitting natural fats and
oils. Sunflower oil, beef tallow and cocoa butter are great sources of stearic acid [45]. Thanks
to their properties, fatty acids are often used in the processing and cosmetic industries. Their
ability to interact and react with inorganic and metallic surfaces can improve filler dispersion
and stabilization in a polymer matrix as well as composite processability due to their lubricating
effects [43,44,49,50]. Addition of stearic acid in composites containing conductive fillers was
reported to improve the mechanical, dielectric and conductive properties as well as the EMI
shielding properties [51-55]. Xiong et al. observed a decrease in the electrical resistivity from
101°Q.cm to less than 10° Q.cm when adding 11.5 vol% of stearic acid to a PU-based composite
filled with 6.5 vol% carbon black fillers [56]. Vanga-Bouanga et al. noticed the same
phenomena in a HDPE/ polyaniline composite where the electrical conductivity at 10 wt%
PANI increased from 3.3 x 10" S/cm to 7.3 x 101° S/cm when adding 1 wt% stearic acid [57].

These results are thus in agreement with the results reported in the present study.



The experimental points can be fitted with the empirical percolation law proposed by

Kirkpatrick [48]:

od=0o(@— @) withe > ¢, (15)

where ¢ is the composite conductivity, oo is a constant related to the intrinsic conductivity of

fillers and t a critical exponent dependent on the dimensionality of the conductive network.

Fitting parameters are listed in Table 2.

Table 2: Fitting parameters according to Eq. 15 for PP composites with and without stearic

acid. R is the determination coefficient.

Stearic acid
Filler oc 60 (S/m) t R2
(vol%o)
0 0.147 2.16 x 10* | 1.72 0.9961
Tin particles 1 per 5 vol%
0.069 6.83x10° | 3.17 0.9413
particles
Ag-coated glass | 0 0.0395 1.81x10° | 2.7 0.9953
fibers 1 per 5 vol% fibers | 0.029 9.44x10° |22 0.9986

Conductivity values obtained for PP/Tin composites are lower than the intrinsic
conductivity reported for Tin (9.17 x 10° S.m™) [38]. This can be attributed to the contact
resistance between the Tin particles that reduces the global composite conductivity. The
conductivity values are higher in the presence of stearic acid, suggesting that, for a fixed amount

of fillers, the electrical contacts between the particles are better or more numerous. The critical



exponent parameter t is close to 2 in the absence of stearic acid, suggesting a 3D homogeneous
percolation. With the addition of stearic acid, this parameter is higher (= 3.17), suggesting a
non-homogeneous 3D percolation. Exponent parameters higher than 2 are often found in
segregated structures [20,30,58]. This indicates filler segregating effects taking place in the
presence of the stearic acid. Similarly to PP/Tin composites, the composite materials prepared
using Silver-coated glass microfibers are insulating at low filler loading and become conductive
when the percolation threshold is reached. The experimental points can be fitted by the
percolation law expressed by (Eg. 15). The estimated percolation thresholds are thus 3.95 vol%
without stearic acid and 2.9 vol% with the stearic acid. The intrinsic electrical conductivity of
silver is 6.3 x 107 S.m™ [38], higher than the conductivity values obtained for our composite
materials. This originates from a non-negligible contact resistance between the microfibers.
Values close to 2 are obtained for the critical exponent t, suggesting a homogeneous 3D
percolation [48].

In Fig. 3-c, the electrical properties of PP/Tin and PP/Ag composites with stearic acid
(1 vol% of stearic acid per 5 vol% of filler) are compared to the conductivity of CNT-based
composites from our previous study [12] where the same polymer matrix was used to prepared
the composite materials. The lowest percolation threshold is obtained with the CNT composites
(0.4 vol%), but the highest conductivities are reached using metallic fillers. The composites
prepared with the Silver-coated glass microfibers constitute thus a good compromise between
a low percolation threshold/medium conductivity obtained with the CNT-based composites and
high percolation threshold/high conductivity observed when Tin particles were used as fillers.
Consequently, PP-based composites prepared using Ag-coated microfibers exhibit higher
conductivity values than CNT-based composites and a lower percolation threshold as compared

to composites prepared using Tin particles.



The conductivity of the PP composites prepared using the two types of fillers is shown
in Fig. 4, as a function of the volume fraction of the stearic acid. At 15 vol% Tin particles (Fig.
4-a), conductivity increases considerably even with the addition of 0.2 vol% of stearic acid. The
large increase from 0.002 S/m for composites prepared without the addition of stearic acid to
2600 S/m with the addition of 10 vol% stearic acid can be explained by the fact that the 15
vol% particles concentration is very close to the percolation threshold. The increase is
comparatively less important at 20 vol% particle since the composite material is already well
percolated.

It can be noted that, for 15 vol% Tin particles, conductivity decreases at 15 vol% stearic
acid as compared to 10 vol% stearic acid. An excess of stearic acid appears thus to be
detrimental to the composite electrical properties. Similarly, for composites filled with Ag-
coated glass microfibers (Fig. 4-b) the conductivity increases with increasing the volume
fraction of stearic acid. At 8 and 10 vol% of Ag-coated glass fibers, conductivity goes from 44
S/m without stearic acid to 1200 S/m when adding 2 vol% of stearic acid and from 700 S/m to
2200 S/m, respectively. A maximal value of 1.4 x 10* S/m was reached for 20 vol% Ag-coated
microfibers upon adding 1.5 vol% stearic acid. Conductivity seems to decrease at higher
fractions of stearic acid, indicated, as also observed for the Tin particles, a detrimental effect

caused by excess.
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Fig. 4: Composite conductivity as a function of the volume fraction of stearic acid. (a) PP/ Tin
composites at 15 and 20 vol% Tin particles. (b) PP/Ag-coated glass microfibers composites at

8, 10 and 15 vol% microfibers.

High conductivities using metallic fillers were also reported in several other studies.
Duan et al. measured a conductivity value of 2648 S/m for 2.58 vol% of Nickel particles
dispersed in a UHMWPE polymer matrix [17]. Coating cotton fibers with 2.6 pum-thick layer
of Silver nanoparticles, Gao et al. measured a conductivity value of 9.8 x 10° S/m on non-woven

fabric [21].



3.2 EMI shielding properties of PP composites measured in coaxial cell

The high conductivity values measured on our PP composites give them a great EMI
shielding potential. Indeed, according to Egs. 10-13, increasing the composite conductivity
leads to an enhancement in the shielding effectiveness. The EMI shielding properties measured
from 100 kHz to 8 GHz using the coaxial cell method for PP/Tin microparticles and PP/Silver-
coated glass microfibers composites prepared without the addition of stearic acid are shown in
Figure 5-a and 5-b, respectively. The shielding effectiveness of PP/Tin composites is O dB at
15 vol% particles but reaches, at low frequencies, 31 dB and 48 dB at filler concentrations of
20 vol% and 30 vol%, respectively.

A drop of shielding effectiveness can be observed at high frequencies, attributed to an
inductive impedance contribution that is known to lower the effective conductivity of metallic
materials. This drop in EMI shielding with increasing frequency is also reported in numerous
other studies dealing with metallic materials or composites filled with metallic fillers [59-66].
For instance, Lee et al. measured a drop of EMI shielding from 80 dB at 300 kHz to 60 dB at
12 GHz for a PS matrix filled with Copper coated polymer beads [59]. For a bamboo fabric
coated with Silver and Nickel, Lu et al. observed a decrease in the shielding effectiveness from
54.5 dB at 30 MHz to 49 dB at 1 GHz [64].

Similar observations can be made for the PP/Ag-coated microfibers composites (Fig. 5-
b): an increase in the global shielding effectiveness with increasing the volume fraction of
fillers and a drop of the shielding effectiveness at high frequencies are observed. Shielding
values of 40 dB and 65 dB at low frequencies are obtained with 10 and 20 vol% of microfibers,
respectively, for a sample thickness of 1 mm. An increase in shielding effectiveness at high
frequencies is observed for 20 vol% microfibers, suggesting the onset of absorption phenomena.

The calculation of the value of the absorption characteristic frequency (Eq. 14 with 6 = 11,000



S/m) gives fc = 23 MHz which is in good agreement with the onset of the EMI absorption effects

observed in the measured shielding spectra (Fig. 5b).
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Fig. 5: Shielding effectiveness of (a) PP/Tin composites and (b) PP/Ag-coated glass fibers
composites, as a function of frequency, measured by the coaxial method for different volume
fractions of fillers. The sample thickness is 2 mm for PP/Tin composites and 1 mm for PP/Ag-

coated microfibers composites.

As composite conductivity increases with increasing the concentration of stearic acid,
EMI shielding follows the same behavior (Fig. 6). Fig. 6-a shows the measured shielding

effectiveness of PP/15 vol% Tin composites (at 2 mm thickness), measured by the coaxial



method for different amounts of stearic acid added into the composite materials. The composite
prepared using 15 vol% Tin particles without adding stearic acid exhibits no shielding
properties whereas, upon adding 10 vol% of stearic acid, shielding values of 57 dB at low
frequencies and 76 dB at 2 GHz are obtained. It is worth reminding the fact that stearic acid
does not have any electrical conduction properties [45]. Similarly to the results that were
previously discussed, a drop in the shielding effectiveness at high frequencies can be observed.
For composites prepared using 3, 6, 8 and 10 vol% stearic acid, shielding effectiveness
increases first with increasing frequency due to absorption phenomenon and then drops due to
inductive effects. The characteristic frequencies fc related to the onset of absorption effects
change in dependence on the addition of stearic acid. For instance, according to the results
presented in Fig. 6a, absorption effects take place much earlier (thus, at lower frequencies)
when the concentration of the stearic acid increases (i.e. at 8 vol% and 10 vol%). As explained
in one of our recent articles [12], the characteristic frequency fc depends on the conductivity
value: the higher the conductivity value, the earlier absorption effects take place (fc is thus
shifted to lower frequencies). Absorption effects appear thus much earlier because, as shown in
Fig. 4a, the conductivity of our composite materials increases with the addition of stearic acid.
The calculated characteristic absorption frequencies according to (Eq. 14) match well the onset
of absorption effects measured in the shielding spectra.

The composite shielding effectiveness as a function of the concentration of stearic acid
for 15 vol% and 20 vol% Tin particles is displayed in Fig. 6-b and 6-c, for two frequencies: 1
MHz (low frequency where the wave reflection mechanism dominates the shielding) and 2 GHz
(high frequency where reflection and absorption are predominant). For both particle
concentrations the shielding increases with increasing the concentration of stearic acid. The
drop in shielding observed at high frequencies due to inductive effects becomes significant

starting with a frequency of 2 GHz.
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concentrations of stearic acid; (b) as a function of the concentration of stearic acid at 15 vol%



Tin particles and frequencies of 1 MHz and 2 GHz; (c) as a function of the concentration of

stearic acid at 20 vol% Tin particles and frequencies of 1 MHz and 2 GHz.

Similarly to the behavior observed for the conductivity, an excess of stearic acid has a
negative impact on the shielding effectiveness. This phenomenon has been investigated and
related to changes in the mixing conditions. Mixing shear forces were observed to dramatically
drop when the stearic acid was added in excess (at 15 vol%), which corresponds to considerably
lower torques during mixing. This lowered mixing shear is expected to lead to a less efficient
dispersion of fillers, resulting in lower electrical and shielding properties. This effect can be
attributed to the lubricating properties of stearic acid that can accumulate at the interface
between the walls of the mixer tank and the composite material being mixed [44,50]. The
mixing torque values for Tin particles-based composites are displayed in Figure S1 in the
Supplementary Information Part.

As displayed in Figure 7, similar observations can be made for PP-based composites
filled with Ag-coated glass microfibers: the addition of stearic acid has a positive impact on
shielding for 10 vol% microfibers: the shielding effectiveness increases from 40 to 49 dB at 1
MHz and from 29.5 to 63 dB at 2 GHz when adding 2 vol% of stearic acid. The increase is
particularly significant at high frequencies, where the addition of stearic acid appears to
compensate the drop of shielding caused by inductive effects. It also appears to favor the onset
of absorption effects. The characteristic absorption frequencies fc expressed by (Eq. 14) match
well the onset of absorption effects observed in the measured spectra. The shielding
effectiveness as a function of the concentration of stearic acid for microfibers contents of 8, 10
and 15 vol% is displayed in Fig. 7-b and 7-c, for frequencies of 1 MHz and 2 GHz. Similarly
to PP-based composites filled with Tin particles, the shielding effectiveness increases with

increasing the concentration of stearic acid, reaching a value of 88 dB at 2 GHz for composites



with 15 vol% microfibers and 4 vol% stearic acid at 1 mm thickness. While shielding is lower
at high frequencies than at low frequencies in the absence of stearic acid, this tendency reverses
when stearic acid is added. For three different microfibers contents, an optimal concentration
for stearic acid is observed: 2 vol% for 8 and 10 vol% fibers, and 4 vol% for 20 vol% fibers.
The optimal concentration seems to be roughly proportional to the microfibers content (about
2 vol% stearic acid per 10 vol% microfibers). Above this optimal concentration, the composite
shielding properties start to decrease. As for composites based on Tin particles, the composite
mixing shear (related to the mixer measured torque) is observed to dramatically decrease at 4
vol% stearic acid. The torques measured for composites of PP/Silver-coated glass fibers/stearic
acid are given in Figure S2 in the Supplementary Information Part. EMI shielding effectiveness
and electrical conductivity of PP composites with and without stearic are listed in Table 3, for
different filler contents. Shielding values as high as of 90 dB and 91 dB are reached with 30
%vol Tin particles composite (2mm thickness) and with 20 vol% Ag-coated glass fibers

composite (1 mm thickness), respectively.
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Fig. 7: Shielding effectiveness measured by the coaxial method for composites of PP/Ag-coated
glass fibers/stearic acid and 1 mm-thick samples. (a) as a function of frequency for different
concentrations of stearic acid and 10 vol% microfibers. (b) as a function of the concentration

of stearic acid at frequencies of 1 MHz and 2 GHz for 10 vol% microfibers. (c) as a function of



the concentration of stearic acid at frequencies of 1 MHz and 2 GHz for 8 vol% and 15 vol%

microfiber contents.

Table 3: Measured electrical conductivity and EMI shielding of PP composites with and

without addition of stearic acid. The samples are 2mm-thick for the composites prepared using

Tin particles and 1 mm-thick for composites prepared using Ag-coated glass microfibers.

Electrical EMI EMI
Stearic acid
Filler Filler vol% conductivity | shielding at | shielding at
vol%
(S/m) 1 MHz (dB) | 2 GHz (dB)
0 430 £ 20 43+2 45+ 2
25
5 3600 £ 200 60£3 65+3
Tin particles
0 870 £ 50 47 £ 2 42 +2
30
6 19700£700 |74+4 905
0 3.1+2 22+1 1.1+£0.6
5
Ag-coated 1 100+ 70 18+3 9+2
glass fibers 0 11000 + 1000 |63 %2 84+4
20
4 19000 £ 1000 | 69+ 2 91+4

3.3 EMI shielding properties of PP composites measured by the waveguide method

The EMI shielding properties of the two composite materials measured from 8.2 to 18

GHz using the waveguide method are displayed in Figure 8. The experimental results of the

two waveguides (8.2 — 12.4 GHz and 12.4 — 18 GHz) were reunited in the same graphs. The

EMI shielding measured using waveguides as a function of frequency for composites prepared



using 15 vol% Tin particles and different amounts of stearic acid is presented in Fig. 8-a. Unlike
the previous results measured with the coaxial cell, the shielding effectiveness measured in the
absence of stearic acid is not zero, but close to an average of 20 dB for a thickness of 2mm. As
indicated in Fig. 8-b, the concentration of stearic acid leading to an increase in shielding at 12
GHz seems to be situated in the range between 2 vol% and 6 vol%. For composites with 20
vol% Tin particles, a monotonic increase in shielding with the concentration of stearic acid is
observed, with no decrease at high concentrations. At 10 vol% microfibers, the optimal stearic
acid concentration is reached at 3 vol%, leading to a shielding value as high as 70 dB at 12 GHz
and 1mm thickness. At 15 vol% fibers, the optimal concentration of stearic acid is 3 vol%,

leading to shielding effectiveness as high as 88 dB.
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Fig. 8: Shielding effectiveness measured in waveguides for PP/Tin particles and PP/Ag-coated
microfibers composites. (a) as a function of frequency for different concentrations of stearic
acid at 15 vol% Tin particles. The sample thickness was 2 mm. (b) as a function of the
concentration of stearic acid at a frequency of 12 GHz, for 15 and 20 vol% Tin particles. (c) as
a function of frequency for different concentrations of stearic acid and 10 vol% microfibers.
The sample thickness was 1 mm. (d) as a function of the concentration of stearic acid at a

frequency of 12 GHz, for 10 and 15 vol% microfibers.

The conductivity values and the EMI shielding properties of the composites are listed

in Table 4 and compared to other composites found in the literature.



Table 4: Conductivity and EMI shielding properties in the X-band at 8.2 GHz of polymer

composites found in the literature.

EMI
EMI
Polymer Filler c sample
Filler shielding | Ref.
matrix content | (S/m) | thickness
(dB)
(mm)
PP Tin particles* 15vol% | 2600 |2 67 our work
Ag-coated glass
PP 10vol% | 2200 |1 70 our work
fibers*
PC/ABS | Carbon Fibers 20 phr 1050 |2 40 [9]
PP CNT 10 vol% | 580 1 58 [12]
PU Graphene 20 wt% | 830 1.5 61 [67]
Stainless  steel | 1.5
PP 0.1 3.1 40 [15]
fibers vol%
Epoxy MXenes 15wt% | 100 2 41 [25]
2.58
UHMWPE | Ni particles 2650 |2 52 [17]
vol%
EMA /
Cu nanowires 15wt% | 1000 |1 45 [20]
EOC
8.43
PDMS Liquid eGaln 40000 | 3 50 [22]
vol%
Ag-PVP 0.26
PDMS 1400 | 2 70 [39]
nanowires vol%




Ag-coated glass
Epoxy 19vol% | - 1.6 64 [41]
spheres

Ag-coated glass

Epoxy 19 vol% | - 1.6 51 [41]
fibers
Ag-coated PLA | 5.8

PLA 254 |15 49 [42]
fibers vol%

*with stearic acid

Our composite materials also display good mechanical properties compared to CNT-
based composites: at a constant 10 vol% filler content, the elongation at break is 12.3%
compared to 3.8% for CNT-based composite. Density and tensile mechanical properties are
displayed in Table S1 and Figure S3 in the Supplementary Information Part. Additionally, the
impact of the stearic acid on the rheological properties of similar composite materials has been
systematically investigated in one of our recent studies [88]. The rheological properties of pure
steric acid are reported in [89]. According to this study, the shear viscosity of the stearic acid is

Newtonian has a value close to 3 mPa.s.

3.4 Morphology of composites

The microscale morphology of our composite materials was investigated using optical
microscopy in order to unravel the mechanisms underlying the enhancement in shielding
properties observed upon addition of stearic acid. Optical images are shown in Figure 9. Using
the microtome cutter, layers of 20 and 50 um thickness have been made and investigated.
Microscopic images taken on 20um-thick composite layers for the composite with 15 vol% Tin

particles with no stearic acid and with 6 vol% stearic acid are displayed in Fig. 9-a and 9-b.



This concentration of stearic acid was chosen because it gave the highest increase in

electromagnetic properties.

Fig. 9: Optical microscopy images of the composites of PP/Tin particles and PP/Ag-coated
glass microfibers.(a) 15 vol% Tin particles, 20 um-thick sample, x10 magnification, no stearic
acid. (b) Same as before but with 6 vol% stearic acid. (c) 15 vol% Tin particles, 50 um-thick
sample, x10 magnification, no stearic acid. (d) Same as before but with 6 vol% stearic acid. (e)
10 vol% Ag-coated glass fibers, 20 um-thick sample, x20 magnification, no stearic acid. (f)

Same as before but with 3 vol% stearic acid.

The difference of morphology is striking: in the absence of stearic acid, the Tin particles
are well dispersed in the PP matrix with little to no particles percolation. With the addition of
stearic acid, the particles are aggregated with aggregates sizes comprised between 100 and 300
pm diameter. Areas between the aggregates — ranging from 100 pum to 400 um in size — are

relatively free of particles and constitute polymer domains.



At first glance, there seems to be few contacts between the aggregates, but a closer look
at the image presented in Fig. 9-d that shows a thicker 50 um layer indicates multiple contacts
between the aggregates. These multiple contacts form a 3D network, explaining the conductive
nature of this composite. At the same layer thickness (50 um), composites prepared with no
stearic acid show few to no particle/particle contacts. The addition of stearic acid has thus the
effect of aggregating the particles, favoring particles percolation on the composite macroscale
and improving thereby the electrical conductivity as well as the shielding properties. The
observed morphologies can be readily related to the measured conductivity and shielding
properties of the investigated materials. Filler segregation is well known to improve electrical
and shielding properties [30-33]. However, multiple experimental steps are often required to
obtain composites with aggregated fillers. In this work, aggregation of fillers leading to
enhanced electromagnetic properties is readily obtained by adding stearic acid, which could be
a cost-effective approach for industrial scale composite manufacturing.

Another effect of the addition of stearic acid is the lubrication of the particle/particle
contacts. Comparing Fig. 9-a and Fig. 9-b, the presence of multiple small particles of several
microns in diameter among dispersed particles of larger diameters can be observed in the
composite free of stearic acid. The smaller particles might have been formed by erosion due to
particle-particle contacts during mixing, since these small particles are much less present in the
composite made using stearic acid. The lubrication effect of stearic acid is also evident in the
torque measured during mixing (Figure S2, Supplementary Information Part), which was lower
in the presence of stearic acid. Large torque variations suggesting erosion due to particle-
particle contacts in the absence of stearic acid were no observed when stearic acid was added
into the composite material [44,50].

The morphologies of the composites of PP/Ag-coated glass fibers prepared without and

with stearic acid (at 3 vol%) are shown in Fig. 9-e and 9-f, for composite layers of 20 pum



thickness. The concentration of 3 vol% for the stearic acid was chosen because it leads to the
highest increase in the electromagnetic shielding properties of our composite materials. A clear
change in the composite morphology can be also observed with Ag-coated microfibers, well
dispersed for composites free of stearic acid and aggregated in the presence of the stearic acid.
The aggregates sizes of Ag-coated microfibers range from 100 to 300 um with fibers-free
polymer domains of equivalent sizes. The morphology difference is less striking than with the
Tin particles but can be related as well to the improved electrical and shielding properties in the

presence of stearic acid.

3.5 Proposed mechanism for the impact of stearic acid on composite morphology

and properties

A mechanism to explain the impact of stearic acid on the morphology and the properties
of the PP/Tin particles composites is presented in Fig. 10. During the composite processing, PP
and stearic acid are introduced in the mixer first, at 190°C. Once they are molten and mixed,
Tin microparticles are introduced in the mixing tank, too. In the first step (Figure 8), liquid
drops of stearic acid (having a melting point of 69-70°C) and solid Tin particles are dispersed
into the molten polymer matrix. Under mixing shear forces, the stearic acid comes in contact
with Tin particles and reacts with their surface, forming a surface layer of Tin stearate. In the
second step, the stearic acid being only partially miscible in the molten PP matrix [68] and with
the presence of a bonded layer of fatty acid on the particles surface, stearic acid/Tin particles
domains are formed. Then, mixing shear forces lead to the aggregation of these domains. Bigger
domains are thus formed and stabilized by the surface bonds formed between the stearic acid
and the Tin particles and by the immiscibility of stearic acid with the PP matrix. A consequence

of this aggregation is the percolation of Tin particles. The next step is the improved electrical



percolation of these bigger stearic acid/Tin particles domains, resulting in enhanced composite
conductivity and shielding properties. This mechanism will be demonstrated in the following
sections of the current study, based on analysis by infrared spectroscopy, contact angle,

interfacial tension and infrared transmission microscopy.

Active mixing Formation of tin particles Tin particles
Solid Tin — — stearic acid domains perc?latlon
particle \\. ® ®
o . o .ﬂ v «®
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® matrix /. T
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Fig. 10: Proposed mechanism for the effect of stearic acid during mixing on the final composite
morphology. First phase: solid Tin particles and liquid stearic drops are dispersed in the
molten PP matrix. Second phase: stearic acid reacts with the surface of Tin particles and forms
particle/stearic acid domains. Mixing shear forces drive the domains to aggregate. Surface
forces stabilize the aggregates. Third phase: Bigger particles/stearic acid domains are formed
and reunite several particles that percolate. The same driving forces then lead to the global

percolation of bigger aggregates.

The impact of aggregation on the electrical percolation is well-studied in the scientific
literature, and various conclusions are reported. For instance, R. H. Schmidt et al. studied the
effect of aggregation on the electrical conductivity of polymer/carbon nanotube composite films
and found that aggregation causes a drop in conductivity at high nanotube loading [90]. F.
Coupette et al. studied the percolation of rigid fractal carbon black aggregates and concluded
that the concentration of large carbon black aggregates has a stronger influence on the

percolation threshold than the concentration of small aggregates [91]. In another study [92], N.



Lebovka et al. reported a two-step percolation in aggregating systems. It has been also reported
that functionalization of fillers leads to a gradual breakdown of nanorods aggregation [93].
However, the impact of aggregation on the EM shielding properties of composite materials is

much less studied in the scientific literature.

3.6 Infrared spectroscopy of Tin particles and Silver-coated glass microfibers

mixed with stearic acid

To investigate the reactivity of stearic acid with the metallic fillers used in the current
study, the fatty acid was directly mixed with Tin particles and with Ag-coated glass microfibers
at 100°C. The infrared spectra of pure Tin particles, pure Ag-coated glass microfibers, pure
stearic acid and of 50/50 vol% blends of these compounds are displayed in Figure 11. For the
stearic acid spectrum, the peaks observed at 2916 and 2850 cm™ can be attributed to C-H single
bond vibrations. The peaks at 1710, 1470 and 1300 cm™ are attributed to C=0 carboxy! double
bond, CH; and CHjs (rocking and bending modes), and C-O carboxyl single bond, respectively.
A very wide, medium intensity absorption band between 2500 and 3500 cm can be attributed
to the acid O-H bond. Tin particles and Ag-coated glass microfibers show high absorbance in
the whole spectral range. The presence of surface oxide O-H bonds is characterized by the
presence of a wide, high intensity band between 3400 and 3600 cm™. This band results from
the unsaturated bonds on the metal surface [69,70]. The infrared spectra of stearic acid blends
with the two metallic fillers show the appearance of a novel peak at 1644 and 1637 cm™ for Tin
particles and Silver-coated glass fibers, respectively. These new peaks are due to the formation
of a metal-stearate complex on the metallic surfaces. The reaction of stearic acid on mineral
and metallic surfaces has been reported multiple times in the past [49,71,72], and the following

chemical equation with metal atoms M can be proposed:



M — OH + CH3(CH,)1 — COOH — M — 00C — CH3(CH,)14 + H,0 (16)

A covalent bond is formed through the exchange of acid H* of the stearic acid, leading
to the formation of a water molecule. The presence of the covalently bonded heavy metallic
atoms shifts the absorption wavenumber of the nearby carboxyl double bond C=0, resulting in
the apparition of new peaks. This chemical equation is a simplification of the chemical
interaction between stearic acid and metallic surfaces. Lim et al. suggested, for instance, that
the bond can be monodentate (one oxygen atom of the fatty acid carboxyl group interacts with
one metal atom), bidentate (two oxygen atoms interact with the metal atom) or bridging (the
two oxygen atoms interact with two different metal atoms) [72]. Thus, as the liquid stearic acid
and the metallic fillers are mixed with the molten PP matrix, a covalently bonded layer of stearic

acid forms on the metallic surfaces of the fillers.
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Fig. 11: Transmission infrared spectroscopy spectra of Tin particles and Ag-coated glass
microfibers and their blends with stearic acid. The blends are made at 100°C. (a) Pure stearic
acid, (b) 50/50 vol% blend of microfibers with stearic acid, (c) pure microfibers, (d) 50/50 vol%
blend of Tin particles with stearic acid and (e) pure Tin particles. (f) Stearic acid chemical
structure.



3.7 Modifications of surface properties of metallic fillers in the presence of stearic

acid

To characterize the effect of stearic acid on the surface properties of metallic fillers, the
water contact angle method was used on stearic acid/Tin particles blends and stearic acid/Ag-
coated glass microfibers blends. The value of the water contact angle is related to the surface
property of materials: the surface is hydrophilic if the angle is lower than 90° and hydrophobic
if the angle is greater than 90°. The results are shown in Figure 12. The low angle values of
pure Tin particles and pure Ag-coated glass fibers (39° and 18°, respectively) indicate the
hydrophilic nature of the metallic surfaces due to the presence of metal oxide [73]. On contrary,
the water contact angle of pure stearic acid is equal to 101°, corresponding to the hydrophobic
nature of the fatty acid. All the blends display hydrophobic contact angle values, even at low
concentrations of stearic acid. Thus, the effect of stearic acid on the surface properties of
metallic fillers is radical, changing their hydrophilic nature into a hydrophobic one. The water
contact angles values higher than the contact angle of pure stearic acid — in particular for the
microfibers — is due to the surface roughness that is known to increase the apparent water

contact angle [74].
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Fig. 12: Water droplet contact angle on blends of Tin particles and Ag-coated glass microfibers
with stearic acid as a function of the concentration of stearic acid. Mixing was made at 100°C.
Images of the water droplet for pure Tin particles (left) and pure stearic acid (right) are shown.

Since surface properties of fillers are converging to the ones of the pure stearic acid even
at low fatty acid concentrations, this indicates that stearic acid rapidly covers the fillers surface

entirely. The fatty acid concentration to achieve a monolayer covering the entire surface of

fillers can be calculated using the following formula [49]:

Cgqy — € X §54 X Psa (17)

Where the weight concentration of adsorbed stearic acid is csa, the thickness of the
absorbed layer is e, the specific surface area of the fillers is SSA. The latter can be estimated to
18 m?/kg for Tin particles and 95 m?/kg for Ag-coated glass fibers, by taking into account the
geometrical dimensions of these fillers. psa is the density of the stearic acid. The length of a
carbon-carbon single bond is approximately 1.54 angstrom. This allows one to calculate the
approximate length of the stearic acid molecule (Fig. 11-f). A value of 2.2 nm is obtained, by

taking into consideration the bent atomic bonds (109.54°) and the carboxyl head. Hence, the



calculation of the concentration of absorbed stearic acid for a monolayer leads to a relative
weight concentration of 0.0037 wt% for Tin-particles and 0.020 wt% for Ag-coated glass
microfibers. These values can be converted to volume concentrations, leading to 0.03 vol% for
Tin-Particles and 0.06 vol% for Ag-coated microfibers. The obtained values are in agreement
with our experimental results since the water contact angle starts to change at 0.01 vol% stearic

acid and reaches the fatty acid value for 0.05 vol%.
3.8 Interfacial tension analysis of tertiary PP/metallic filler/stearic acid blends

The interfacial tension between two liquids or a solid and a liquid characterizes the
affinity between the two compounds and their ability to mix and interact with each other. From
values of the surface tension, the interfacial tension can be estimated theoretically using the

Owens, Wendt and Wu equations [75,76]:

4 ytli-yg 4"}'11"}’12’ (18)
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where y12 is the interfacial tension between compound 1 and 2, and y1 and y2 are the surface
tensions of compound 1 and 2, respectively. Exponents d and p indicates the dispersive or polar
component of the surface tension. Eg. 18 is the harmonic-mean equation suitable for interfaces
between organic liquids and organic polymers, and Eq. 19 is the geometric-harmonic-mean
equation suitable for the interface between high- and low-energy phases such as metals and
organic polymers [76]. Elias et al. reported the surface tension of PP 7060 and its temperature

dependence using the Guggenheim relation [77,78]. At 190°C, the surface tension of this



polymer in the molten state is 20 mN/m, without the polar component. At the same temperature,
the surface tension of the liquid stearic acid is 19.2 mN/m. As reported in the literature, the
polar component can be considered negligible [45,79,80]. Using Eqg. 18, a theoretical prediction
of the interfacial tension between PP 7060 and stearic acid at 190°C gives the value of 0.02
mN/m. These two compounds have thus a good affinity at the mixing temperature, explaining
the easy dispersion of stearic acid drops in the molten polymer and the stabilization of Tin
particles/stearic acid domains in the polymer matrix.

To take into account the interaction between the stearic acid and the surface of the
metallic fillers, we note that pure metals usually exhibit high values of surface tension, such as
570 mN/m for pure Tin at 190°C [81]. However, with the oxidation of the metallic surfaces,
surface tensions have been reported to considerably decrease [82-84], leading to a more
favorable affinity of the metallic fillers with the stearic acid. This effect is also coherent with
the low water contact angle values of Tin particles and Ag-coated glass fibers. The actual
surface tension values at room temperature seem thus to be close to the one of water (73 mN/m).
Hence, stearic acid can wet the metallic surface of the fillers and then form a covalently bonded
layer of fatty acid on the whole metallic surface. The consequence is the increased affinity
between the metallic surfaces covered with bonded stearic acid and the other (non-bonded) fatty
acid molecules present in the blends. This favors the formation of metallic fillers/liquid stearic
acid domains. The low PP/stearic acid interfacial tension results in the good compatibility of
the molten polymer with these domains, preventing the phenomena of complete phase

demixing.



3.9 Infrared transmission microscopy

Composite layers of 20 um-thickness prepared by microtoming were analyzed using an
infrared transmission microscope. In the case of PP/Tin particles/stearic acid composites, the
areas with a high concentration of particles (particles domains) are well separated from the areas
with no particles (polymer domains). This enables one to measure the infrared spectra of these
different domains with a 20x20 pm? surface infrared beam and investigate local variations in
the concentration of stearic acid (Fig. 10). The measured zones and the resulting spectra are
displayed in Fig. 13-a and 13-b, respectively, for composites of PP/15 vol% Tin particles
without and with the addition of stearic acid (6 vol%). Intense peaks related to PP are visible in
all spectra in the 1300-1500 cm™ and 2800-3000 cm™ zones. The two absorption peaks centered
on 2350 cm™ are due to carbon dioxide which could not be completely eliminated. For the
composites free of stearic acid, the polymer domain spectra were measured in areas with fewer
Tin particles.

The absorption in the particle domains is higher than the absorption corresponding to
polymer domains, because of the higher absorbance of particles, as noted in the previous
infrared measurements (Fig. 11). The absorption peak at 1710 cm™ (carboxyl C=0 double
bond), characteristic to stearic acid, is only visible for composites prepared using the stearic
acid. Metal stearate absorption peaks are not visible because of their too low concentration.

Stearic acid is present in both polymer and particles domains.
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Fig. 13: Transmission infrared microscopy of PP/Tin particles composites with and without
stearic acid. (a) Optical microscopy image of PP/15 vol% Tin particles/6 vol% stearic acid.
The squares indicate the measurement zones (20x20 wm?) of the infrared measurement: the
white square (1) is the measurement of a Tin particle domain and the black square (2) is the
measurement of a polymer matrix domain. (b) Infrared spectra of the investigated domains
corresponding to PP/15 vol% Tin particles without and with 6 vol% stearic acid. (c) Close-up
on the peak attributed to the stearic acid and comparison between polymer and particles
domains for the composite containing stearic acid. Grey area with a baseline correction is used
to compare the stearic acid content between the two different domains. Results are listed in

Table 5.

To investigate the variations of concentration between the two domain types, the
spectral area under the absorbance curves around the stearic acid peak was measured using a

baseline correction (Fig. 13-c). The results are listed in Table 5. For Tin particles composites



with 1 and 6 vol% stearic acid, and Ag-coated glass fibers with 2 vol% stearic acid, the area
under the absorbance curve around the peak corresponding to the stearic acid is larger in the
filler domains, with a significant relative variation by 39% to 86%. Absorbance is related to the
concentration of the absorbing groups, exhibiting a linear dependence expressed by the Beer-
Lambert law. Hence, the concentration of stearic acid is higher in filler domains compared to
polymer domains by about 39% to 86%, giving a strong support to our proposed mechanism
(Fig. 10). For the fibers-based composite with 4 vol% stearic acid, no difference in the stearic
acid concentration was observed between the two domain types. This can be related to the
reduced conductivity and shielding properties of this composite compared to the composites
prepared with lower stearic acid concentrations. The stearic acid excess does not interact with
the fibers and is homogeneously dispersed in the composite, which explains the infrared results
as well as the lower mixing shear related to a poor filler dispersion and degraded physical

properties.

Table 5: Spectral area of filler domains and polymer domains, as described in Figure 11. The
excess in filler domain is the ratio of the filler domain spectral area over the area of the polymer

domain, expressed in percentage.

Stearic  acid | Filler Polymer
Filler volume
volume domain domain Excess
fraction
fraction spectral area | spectral area | filler domain
(vol%o)
(vol%) (cm™) (cm™)
Tin particles
15 1 1,4+0,2 08+0,1 + 86 %
composite 1




Tin particles

15 6 36+0,2 26+0,2 +39 %
composite 2
Fibers

10 2 6,0+0,8 38+0,5 +56 %
composite 1
Fibers

10 4 84+£1,0 8,713 -4%
composite 2

An experiment showing the favored interactions of stearic acid with the Tin particles
was also carried out. A delayed introduction of stearic acid into the pure PP matrix showed poor
mixing between the PP matrix and the stearic acid with a lower mixing torque but not in the
presence of metallic particles that tend to keep the fatty acid in the blend. Results are presented
in Figure S4 in the Supplementary Information Part. The use of a different method for filler
treatment by stearic acid [85] or the use of other thermoplastic resins and of a stearic acid
analogous molecule [86,87] (ethylene bis(stearamide)) showed no significant differences in the
shielding properties. Results are presented in Figures S5 and S6 in the Supplementary
Information Part. This highlights the universal character of the proposed mechanism describing
the impact of fatty acids or other analogous molecules on the morphology and shielding

properties of composites filled with metallic fillers.

4. Conclusions

Polypropylene-based conductive composite materials have been prepared by melt
mixing using two types of metallic fillers (hybrid Silver-coated glass microfibers and Tin
microparticles). Their shielding properties have been investigated between 0.1 MHz and 18

GHz using two different experimental technique: coaxial cell method and waveguide method.




A guided electrical percolation taking place in the presence of steric acid leads to a substantial
enhancement in the shielding effectiveness by more than 60 dB. This phenomenon corresponds
to a drastic change in the composite morphology from a homogeneous to a heterogeneous
distribution, leading unexpectedly to much higher conductivity values and substantially lower
percolation thresholds (decreasing from 14.7 vol% to 6.9 vol% for Tin microparticles and from
3.95 vol% to 2.9 vol% for Ag-coated glass microfibers). The optimal stearic acid concentration
for a maximum shielding effectiveness was determined for both types of composite materials.
Materials with shielding effectiveness values as high as 90 dB for Tin microparticles and 91 dB
for Ag-coated glass microfibers are obtained. The origin of this enhancement effect, driven by
the interfacial interactions between the polymer, the metallic fillers and the steric acid, was
investigated by using Infrared-Spectroscopy, contact angle measurements, interfacial tension
analysis and optical microscopy. It is proven that much more efficient electrical percolation
guided by a drastic reorganization of the composite morphology originates from a shear-
induced coalescence of steric acid. Guiding the electrical percolation of metallic fillers
represents thus a very efficient approach to greatly enhance the electromagnetic shielding

properties of functional composite materials.
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