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Abstract Modern electronics have nowadays evolved to

offer highly sophisticated devices. It is not rare; however,

their operation can be affected or even hindered by the

surrounding electromagnetic radiation. In order to provide

protection from undesired external electromagnetic sources

and to ensure their unaffected performance, electromag-

netic shielding is thus necessary. In this work, both the

electromagnetic and mechanical properties of graphite-

based polymeric films are studied. The investigated films

show efficient electromagnetic shielding performance

along with good mechanical stiffness for a certain graphite

concentration. To the best of our knowledge, the present

study illustrates for the first time both the electromagnetic

shielding and mechanical properties of the polymer com-

posite samples containing graphite filler at such high con-

centrations (namely 60–70 %). Our findings indicate that

these materials can serve as potential candidates for several

electronics applications.

1 Introduction

A typical problem in high-frequency electronic devices,

such as cell phones and laptops, aircraft electronics and

medical devices, is that their performance is influenced by

the existence of neighbor electronic instruments. This

‘‘electromagnetic interference’’ (EMI) can cause malfunc-

tion of sensitive devices, primarily medical equipment, and

as a result, they can become unsafe or, even, harmful to

life. Thus, the control of both the incoming and the out-

going EMI level of an electronic device is essential, in

order to maintain its functionality and integrity [1–4].

In order to eliminate the EMI effects, it is necessary to

develop materials that can either absorb or reflect the elec-

tromagnetic radiation of a particular range of frequencies,

offering this way electromagnetic shielding [1, 2]. Several

EMI shielding materials have been proposed, such as

metallic cabinets and conductive coatings or polymers, to

name but a few [2, 3]. Metal-based shielding materials,

although they are the most widely used EMI protectors,

suffer from several drawbacks, such as their heavy weight

(especially in applications where mass should be as low as

possible), their sensitivity to corrosion, their lack of flexi-

bility and their expensive processing [1–3]. As a result,

during the last years, the scientific community has been

working on the direction of new EMI shielding materials,

like conducting nanostructured layers and composites,

which have been gaining popularity for electromagnetic

shielding applications, especially in the GHz frequency

range [4–7]. For example, polymer composites containing

carbon-based fillers (e.g., graphite, carbon black, carbon
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fibers and/or carbon nanofibers [4–10]) have been investi-

gated as shieldingmaterials, due to their unique combination

of electrical conduction, polymeric flexibility and light-

weight. More recently, the EMI capabilities of shielding

materials based on polyaniline and graphene, carbon nan-

otubes or carbon nanofibers have been investigated

[4, 7, 11, 12], since these carbon nanofillers exhibit lower

percolation thresholds and superior electrical properties.

However, the applications of such conductive additives are

limited due to their high processing costs [13].

Several works have been reported regarding conductive

polymer composite materials based on polyethylene or

polypropylene with sufficient EMI shielding properties

[5, 14–16]. On the other hand, among various polymers,

thermoplastic polystyrene offers certain advantages for

numerous applications, such as its high glass transition tem-

perature allowing its use as a structural material over an

extended temperature range or the possibility to be recycled

into domestic building products, whereas it offers quite sig-

nificant soundproofing and thermal insulation properties.

Moreover, it exhibits high resistance to shrinkage, maintain-

ing its strength and shape for long periods of time. Finally, it is

worth mentioning that since its many applications include

building, roof and piping insulation, display cases for appli-

ances, packaging and laboratory equipment, its combination

with conductive (nano)additives can produce composites that

can offer adequate EMI shielding properties with many

potential applications indoors and outdoors.

Few studies discuss the thermal, mechanical and electrical

properties of polystyrene/graphite composites [17–21], while

there are some groups citing polystyrene-based conductive

specimens with high EMI shielding properties

[10, 14, 22–24]. However, up to now there is no record

regarding the simultaneous characterization of their

mechanical properties and their EMI shielding capabilities,

although they should be carefully investigated simultaneously

since they are both essential in any potential application.

In this work, we examine polystyrene (PS) composite

films as possible candidates for EMI shielding. The PS

composite films were synthesized, containing graphite as

the additive, which is conductive and commercially avail-

able in large quantities for any potential commercial

application. The microstructure of the as-prepared speci-

mens as well as their electrical properties along with their

electromagnetic characterization is discussed, while the

mechanism of the EMI shielding effectiveness is fully

analyzed. To the best of our knowledge, the present work is

the first investigation of the EMI shielding and the

mechanical properties of the polymer composites contain-

ing graphite filler at such high concentrations.

We provide evidence that the prepared PS-based speci-

mens exhibit outstanding EMI shielding performance, with

stiffness enhancement for graphite addition up to 40 %w/w,

while higher graphite concentration resulted in inadequate

dispersion and deterioration of the mechanical performance.

2 Experimental

Polystyrene (PS) composite films were synthesized (with a

thickness of*200 lm), containing graphite as the additive

(at concentrations ranging up to 68.31 % w/w), which is

conductive and commercially available in large quantities

for any potential commercial application. The composites

were prepared via simple mixing of graphite powder and

PS toluene solutions that were subsequently poured into

absolute ethanol. Finally, after the removal of the solvent,

the composites were compacted in a hot press to form

polymeric films. The advantage of this approach is the

ability to ‘‘freeze’’ the suspended graphite particles into the

polystyrene matrix taking advantage of the phase inversion

that takes place when the toluene solution is poured into the

ethanol non-solvent.

2.1 Materials

Polystyrene (PS) pellets with a mean diameter of *3 mm

used in this study were obtained from Sigma-Aldrich. Gra-

phite powder (with an average particle size\20 lm) was

also purchased from Aldrich. Anhydrous toluene and abso-

lute ethanol (both obtained from Sigma-Aldrich) were used

for the filler dispersion and the composites preparation.

2.2 Composites preparation

All the composites were synthesized by solution processing

according to the following procedure. A stock solution was

prepared by dissolving polystyrene pellets in toluene at

various concentrations. Different amounts of graphite were

dispersed in the polystyrene stock solution using ultra-

sonication for 20 min and vortex mixing. The solutions

were, subsequently, poured into a second vial containing

absolute ethanol. The aggregated products, which formed a

swollen gel, were removed using tweezers, thoroughly

washed with absolute ethanol and casted in glass petri

dishes. The petri dishes were, then, inserted into a vacuum

oven for 3 h at 70 �C to remove the remaining solvent.

Finally, the composite materials were formed into thin

(*200 lm) circular polymeric films (diameter *7 cm) by

compression molding using a 15T Perkin Elmer hot press

at 110 �C under 3T pressure for 3 min.

2.3 Characterization

The thickness of the polystyrene/graphite composite films

was measured using a digital thickness gauge, according to
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UNE-ISO 4593, while their morphology was investigated

using a field emission scanning electron microscopy (FE-

SEM, JEOL JSM-7000F) at an acceleration voltage of

15 kV.

A TA Instruments Thermogravimetric Analyzer (SDT

Q600) was used to corroborate the concentration of the

graphite filler in the composites. The analysis was per-

formed by heating *10 mg of the graphite/PS composite

from RT to 600 �C at a rate of 20 �C/min, under air flow.

The samples were, then, held at 600 �C for 10 min before

cooling.

Low-frequency impedance measurements at frequency

f = 18.33 Hz were taken in order to obtain the electrical

conductivity of the composites. Rectangular-shaped samples

(sample area*16 mm2-) were placed between two metallic

plates, forming a capacitor, as shown in Fig. 1. A reference

resistor (Rref = 1 kOhm) is connected in series with the

capacitor mentioned above. Both the voltage drop,

DV = V2-V1, and the phase shift,Dh = h2-h1, aremeasured

across the reference resistor, using a EG&G 5210 dual-phase

lock-in amplifier synchronized with an AC voltage source

(Vac = 2 V), connected to the setup as shown in Fig. 1.

For the EMI characterization, a Hewlett-Packard 8722

ES vector network analyzer connected with a WR-187

rectangular waveguide was used in the frequency range

3.5–7.0 GHz, the so-called C-band of the electromagnetic

spectrum, which is used for long-distance radio telecom-

munications, such as satellite communications transmis-

sions, Wi-Fi devices, cordless telephones and weather

radar systems. The polystyrene/graphite composite speci-

mens were placed between the two sections of the waveg-

uide, and the scattering parameters (S-parameters: S11, S12,

S22, S21) of each sample were recorded.

Finally, the mechanical performance of the polymeric

films was evaluated by means of tensile testing, using a

miniature material tester with a 50 N load cell. Three to

five ‘‘dog bone’’ tensile specimens prepared by die cutting

according to ASTM 638/95 Type V international standard

were clamped between the grips (30 mm initial distance)

and tensioned at a crosshead speed of 0.5 mm/min

according to ASTM D638. Force (in N) and deformation

(in mm) were recorded during the test and converted into

stress (in MPa) and strain (%), based on the cross-sectional

area and the initial length data, respectively. Baseline

samples (pure polystyrene, not containing graphite) were

tested at the beginning of each set of samples for com-

parison purposes.

3 Results and discussion

3.1 Concentration of graphite filler in polystyrene

polymer matrices

TGA was used in order to verify the concentration of

graphite filler in the composites. Figure 2 presents the TGA

curves of the graphite/PS composites from RT to 600 �C at

a rate of 20 �C/min, under air flow, along with the target

and the experimental % w/w concentration of graphite in

the polymeric films.

As can be observed in Fig. 2, there is a slight dif-

ference between the theoretical (target) and the experi-

mental concentration of graphite in the final composite

specimens. This could be attributed to the solution pro-

cessing that was used. When the toluene solution is

poured into ethanol, a bad solvent for polystyrene, tur-

bidity appears as polystyrene-poor and polystyrene-rich

phases are formed. In the polystyrene-poor phases,

polymer nuclei are formed by precipitation. The sus-

pended graphite particles are entrapped inside these

morphologies. The aggregates can be easily retrieved

using tweezers from the solution as they form a gel-like

mass. However, the yield of this technique is not 100 %

efficient and there is a certain amount of polymer and

filler that cannot be retrieved, resulting in the observed

differences in the final concentrations.

Fig. 1 Experimental setup used for the impedance measurements of

the graphite/PS composites

Fig. 2 TGA curves of the graphite/PS composites from RT to 600 �C
at a rate of 20 �C/min, under air flow. In the inset of Fig. 1, one can

see the theoretical and experimental % w/w concentration of graphite

in the polymeric films
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3.2 Morphology and microstructure analysis

FE-SEM was used to investigate the dispersion state of the

graphite in the PS polymer matrix, along with the homo-

geneity of the samples. Figure 3a shows SEM micrographs

of pure graphite powder, while Fig. 3b, c presents the

39.1 % w/w polystyrene/graphite composite films before

and after hot pressing at 110 �C (under 3T pressure for

3 min), respectively.

As one can see from Fig. 3a, pure graphite forms

microstructures with an average particle size of 20–25 lm
and a thickness of almost 500 nm. Before hot pressing at

110 �C for 3 min under 3T pressure, one can notice the

morphology of the graphite microstructures (see Fig. 3b),

forming edges and quite rough surfaces, while the graphite

filler dispersion is fairly homogeneous. After hot pressing

at 110 �C, the polymeric films are smooth and good level

of graphite filler dispersion can be observed, which can be

mainly related to the processing method used to prepare the

composite (low viscosity medium with sonication) and the

selection of a proper solvent (toluene).

3.3 Electrical properties

Figure 4 depicts the electrical conductivity (r) of the

polystyrene/graphite composites as a function of the gra-

phite concentration (% w/w). In the low concentration

regime, the electrical conductivity is exceptionally low,

indicating the dominating insulating character of the PS

matrix. Graphite clusters, separated from each other, are

distributed within the PS matrix, and thus, the charge

carriers cannot move among them. However, above con-

centrations 20–25 % w/w, the conductivity r increases

rapidly, suggesting that this is a threshold concentration,

above which graphite clusters percolate leading to con-

ductivity enhancement; this concentration should, actually,

correspond to the critical concentration ccr, required for a

conductive network to be formed within the polymer

matrix.

In the high concentration regime, conductivity increases

with increasing concentration due to the fact that graphite

percolation network becomes dense, allowing the charge

carriers to move through multiple conductive paths. Notice

that the probability of a point belonging to an infinite

connected filler channel is zero below the critical concen-

tration ccr of the filler and it increases just above ccr pro-

portionally to (c-ccr)
s with s & 0.5. However, the

conductivity above the percolation threshold ccr rises in a

much smoother way because the first infinite conducting

channels above ccr are very distorted with many dead ends.

3.4 Electromagnetic interference shielding

properties and mechanism

Electromagnetic shielding practically means that when an

electromagnetic (EM) field is incident on a system

enclosed in a shielding material, there is minimum or

ideally absent transmission beyond the shielding material

and into the system. Hence, the incident field is either

Fig. 3 SEM micrographs of pure graphite (b) and of the 39.1 % w/w polystyrene/graphite composite films before (b) and after (c) hot pressing at
110 �C under 3T pressure for 3 min, respectively

Fig. 4 Electrical conductivity (in S/m) of polystyrene/graphite com-

posites as a function of graphite filler content. The critical concen-

tration ccr above which the film becomes conductive is 20–25 % w/w.

Error bars represent the standard deviation
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absorbed within the shielding material or reflected from it,

as power balance dictates:

T þ Rþ A ¼ 1 ð1Þ

where T, R and A are the transmitted, reflected and

absorbed power, respectively. A measure of the material

ability to prevent the EM wave penetration is the EMI

shielding effectiveness (SE). The higher the SE, the better

the shielding. The SE (also denoted as SET, with T indi-

cating the transmission) is usually quantified in terms of the

logarithm of the incident power Pinc over the transmitted

power Ptrn [5, 7, 25] and thus expressed in decibels (dB) as:

SE ¼ SET,10 log10
Pinc

Ptrn

� �
¼ 10 log10

1

T

� �
¼ SER þ SEA

ð2Þ

where

SER ¼ 10 log10
1

1� R

� �
ð3Þ

SEA ¼ 10 log10
1� R

T

� �
ð4Þ

SER and SEA refer to the reflection and absorption SE,

respectively.

Figure 5 depicts the reflection (Fig. 5a) and the

absorption (Fig. 5b) spectra of the polystyrene/graphite

composite films for a series of graphite concentrations, in

the frequency range 3.5–7.0 GHz. Figure 5a clearly illus-

trates that the reflection of the polystyrene/graphite speci-

mens is almost zero for all the graphite concentration from

0.00 to 68.3 % w/w. As a result, the EMI shielding effect

due to reflection (SER) is also negligible (see Fig. 5c), and

in all cases, the total SE is simply SET = SEA [see Eq. (2)].

One can easily observe in Fig. 5d that, for graphite con-

centrations from 0.0 to 19.7 % w/w, the SEA does not

exceed 0.5 dB, while, for 28.6 % w/w up to 68.3 % w/w,

the SEA varies from 2.5 to 27 dB. At this point, it should be

noted that a SET of *15–20 dB is more than sufficient for

shielding, e.g., computer devices [25], since a SE of 20 dB

corresponds to the blocking of *99 % of EM incident

waves. In the present study, a SET of *21–27 dB is

obtained for 56.4 % w/w graphite in PS (see black curve

with crosses in Fig. 5d) and a SET of *24–28.8 dB for

68.3 % w/w graphite concentration in polystyrene (see red

curve with ex marks in Fig. 5d), respectively, which cor-

respond to almost 100 % blocking of the EM incident

wave.

Clearly, the dominant shielding mechanism is absorp-

tion, which is also supported by the continuously increas-

ing absorption levels with increasing graphite content in

the polymeric composites. In order to gain better insight

into the electromagnetic properties of the material that lead

to such a particular response, we employed the retrieval

method [26], modified to account for scattering data in a

rectangular waveguide configuration (rather than free space

as in [26]), as presented in [27]. In this method, the

refractive index n and impedance z of the samples were

calculated directly from the measured S-parameters S11,

S12, S21 and S22 (note that the S-parameters SNM of a NxM

port network refer to the field measured at port N when port

M is excited and are thus connected to the reflection and

transmission of our 2 9 2 port waveguide configuration as

R = |S11|
2 = |S22|

2 and T = |S12|
2 = |S21|

2). In Fig. 6, one

Fig. 5 Reflection (a) and absorption (b) spectra from 3.5 to 7.0 GHz

(C-band) for *200-lm-thick polystyrene/graphite films for various

filler concentrations. The electromagnetic interference shielding

effect (SE) due to reflection (SER; Fig. 3c) and absorption (SEA;

Fig. 3d) can also be seen in the frequency range 3.5–7.0 GHz
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can see the real and imaginary parts of n and z for the

polystyrene/graphite composite films, from 3.5 to 7.0 GHz.

The results reveal that, for concentrations below ccr, the

imaginary part of n is negligible as expected, but as soon as

ccr is reached, it starts to increase rapidly, indicating the

absorption onset. The essence of the shielding mechanism

though lies in the fact that the material impedance matches

the free-space impedance. This impedance matching

enables the incident wave to pass entirely into the material,

where the high losses take over to attenuate it and prevent

it from exiting. This way, not only the transmission is

eliminated, but also the reflection, as has already been

observed in Fig. 5a.

3.5 Mechanical properties

In order to exploit the EMI shielding capabilities of the

polymer composites in practical applications, their

mechanical properties should be such that they can be

easily incorporated in real devices. Figure 7 illustrates the

stress–strain behavior of the graphite-reinforced poly-

styrene films as a function of the graphite content. It should

be noted that the mechanical performance of the polymeric

films was evaluated at least for three to five times, pro-

viding a reproducibility of 5–10 %. Moreover, it is worth

mentioning that it was not possible to test films with gra-

phite loading higher than 39.1 % w/w, due to extensive

agglomeration and introduction of flaws into the polymeric

films, which resulted in premature failure. Based on the

slope of the linear part of the stress–strain curve, the

Fig. 6 Real and imaginary parts of n (a, b, respectively) and z (c, d, respectively) of polystyrene/graphite composite films, from 3.5 to 7.0 GHz

Fig. 7 Effect of graphite addition and content on the tensile response

of polystyrene-based composite films
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Young’s modulus values of the representative specimens

can be obtained. In Table 1, one can notice the tensile

strength of PS/graphite composites, their elongation at

break and Young’s modulus, in order to evaluate the

mechanical properties of these materials. Overall, the

addition of graphite resulted in considerable increase in the

Young’s modulus of the produced polystyrene-based

composite films, confirming the reinforcing role of the stiff

graphite inclusions. As observed, the higher the graphite

content, the higher the Young’s modulus enhancement of

the composite films. This holds for graphite contents up to

19.7 % w/w, which demonstrate a 230 % modulus increase

compared to neat PS with 0.0 % w/w (6.3 vs. 1.9 GPa,

respectively). Further, graphite addition (*28.6 and

39.1 % w/w) resulted in deterioration of the Young’s

modulus, which was, however, still higher than that of neat

polystyrene. Moreover, graphite addition was beneficial for

the tensile strength for loadings up to 10.5 % w/w, with an

observed increase of *20 %.

Compared to the stiffness, the strength improvement

was limited following the addition of graphite. This can be

linked with the dispersion efficiency of the graphite parti-

cles within the polystyrene matrix and the resultant mor-

phology of the produced composites. The addition of

higher amounts of graphite resulted in agglomeration

phenomena, which in turn reduced the effective fiber length

of the reinforcements and inhibited further improvement of

the mechanical properties. It has been suggested in the past,

based on the experimental data [28, 29] and microme-

chanical models [30] for fiber-reinforced composites, that

the required fiber length to attain maximum stiffness is

much lower than that required for maximum strength,

making stiffness less sensitive to the critical fiber length

and fiber orientation/distribution compared to strength.

Overall, it can be concluded that films with 39.1 % w/w

graphite content are good candidates for practical appli-

cations, since they show higher stiffness compared to neat

PS, adequate strength ([35 MPa) as well as efficient EMI

shielding (absorbance *80 %; SE = 10–15 dB).

4 Summary

Polystyrene composite films were fabricated (with a

thickness of *200 lm), containing graphite at concentra-

tions up to *70 % w/w. Their electromagnetic properties

were investigated in the so-called C-band of the electro-

magnetic spectrum (3.5–7.0 GHz), which is typically used

for long-distance radio telecommunications; the mecha-

nism of their electromagnetic shielding effectiveness is

fully analyzed. It is demonstrated that the prepared poly-

mer composite films exhibit outstanding electromagnetic

shielding performance, which makes them potential can-

didates for several electronics applications. Moreover, the

mechanical properties of the prepared polymeric films were

carefully studied, which are essential in real-world appli-

cations. Samples with 39.1 % w/w graphite content are

good candidates for practical applications, since they show

higher stiffness compared to plain polystyrene and ade-

quate strength ([35 MPa) in conjunction with efficient

EMI shielding (absorbance *80 %; SE = 10–15 dB). To

the best of our knowledge, the present study probes for the

first time the electromagnetic shielding efficiency and the

mechanical properties of the polymer composite film

specimens containing graphite as a filler at such high

concentrations.
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