PEER-REVIEWED ARTICLE b | oresources.com

Medium Density Fiberboard (MDF) with Efficient
Electromagnetic Shielding: Preparation and Evaluation

Mohammad Pourjafar,? Rabi Behrooz,>* Vahid Nayyeri,” and Ali Shalbafan 2

Carbon fiber (CF)-filled fiberboard specimens for electromagnetic (EM)
shielding applications were produced in this study by mixing CF with wood
fiber (WF). The aim of this work was to study the panel properties with
different loadings (1%, 2%, 3%, 5%, and 10%) of CF. The mechanical,
physical, and electromagnetic interference (EMI) shielding properties of
the produced medium density fiberboard (MDF) were analyzed. The
shielding effectiveness (SE) of the CF1 sample was 23.5 dB to 35.0 dB in
the frequency range of 8.2 GHz to 12.4 GHz. The maximum SE of 64 GHz
to 76 dB was obtained for the CF10 sample. The investigation of the
mechanical properties of MDF panel indicated that the modulus of rupture
(MOR), modulus of elasticity (MOE), and internal bonding (IB) of the
composite panels were less than those of the control panel. The MOR,
MOE, IB, thickness swelling (TS), and water absorption (WA) of the panel
with 1% CF (CF1) were 24.7 MPa, 2,510 MPa, 0.69 MPa, 14.5%, and
52.3% respectively. Generally, the MDF panels with 1% CF exhibited a
greater ability for EM shielding applications because of their acceptable
properties according to the EN 622-5 (2019) standard and appropriate EM
shielding of at least 20 dB.
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INTRODUCTION

Medium density fiberboard (MDF), an important wood-based composite, has a
homogenous structure and surface with smooth and tight edges that can be easily machined.
These advantages have attracted considerable attention and led to the growth of the MDF
market. The global production of MDF has grown at a rapid rate in recent years, reaching
approximately 100 million m3 in 2019 (FAO 2019). As a sustainable and eco-friendly
product, MDF can be produced by combining wooden and non-wooden lignocellulosic
fibers with resin under hot pressing conditions; the resulting MDF is widely used in many
applications such as the manufacturing of cabinets, furniture, shelves, door frames, and
wall paneling (Irle and Barbu 2010; Mantanis et al. 2018). The continued production and
usage of wood-based panels (WBPs) is highly dependent on the creation of value-added
features in the board. One of the most widely used features to increase these products’
added value is adding the capability for shielding of electromagnetic waves.

The rapid growth of technology and the development of electronic and
communication equipment has led to an increase in electromagnetic pollution, especially
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for indoor applications (Xing et al. 2018). In recent years, it has been revealed that
electromagnetic waves are the fourth most intense source of common pollution after water,
sound, and air (Jiang and Guo 2011; Shi et al. 2015). The increased use of electronic
devices (such as cell phones, laptops, tablets, etc.) and the spread of electromagnetic waves
into the environment has increased electromagnetic interference and illnesses such as
abortion, breast cancer, and leukemia (Al-Saleh et al. 2013; Thomassin et al. 2013; Lu et
al. 2014; shi et al. 2015; King et al. 2016; Karteri et al. 2017). In order to control this
phenomena, electromagnetic shielding is required to block electromagnetic radiation
(Bonaldi et al. 2014; Lu et al. 2014; Karteri et al. 2017)

Electromagnetic shields are found in the defense industry, the absorption of harmful
mobile waves, research laboratories, and the medical field. Metals and metal composites
are the most common materials for electromagnetic interference (EMI) shielding (Karteri
et al. 2017). Metallic materials offer adequate shielding for lower frequencies. However,
metals have some disadvantages, such as a noticeable lack of shielding in higher
frequencies, a high density, stiffness, susceptibility to corrosion, resources scarcity, and
high cost (Jalali et al. 2011; Gamage et al. 2017; Karteri et al. 2017; Xing et al. 2018).
Metal composite materials are widely used to overcome the disadvantages of pure metallic
electromagnetic shields, and plastic composites are a widely preferred electromagnetic
shield material.

Increased human awareness and technological progress have created a need for
more sustainable technologies and products. So, much research has been focused on the
development of green and sustainable products that are comprised of natural fibers (Li et
al. 2010; Lou et al. 2012). As such, the development of electromagnetic shielding materials
from sustainable and environmentally friendly resources has become an important issue
for researchers in composite industries. Among them, lignocellulosic fibers have garnered
a lot of interest in composite manufacturing due to their availability, biodegradability, low
cost, low density, low accumulation in the environment, and effective waste management
performance (Xia et al. 2016).

One of the most widely used strategies for making electromagnetic wave shielding
is the dispersion of various carbon allotropes (graphite, carbon fiber (CF), carbon block,
etc.) within polymer composites. This can increase the electromagnetic protection
efficiency due to the high conductivity of carbons allotropes (Thomassin et al. 2013). Some
research has been done on this field. Sohi and co-workers (2011) prepared a carbon-based
EMI shielding composite by adding different carbon fillers (carbon black, CF, and carbon
nanotubes) to ethylene-vinyl acetate copolymer. The highest EMI shielding performance
was 35 dB with 20% CF in the frequency range of 8 to 12 GHz (X band). Joshi et al. (2013)
obtained better EMI shielding effectiveness (SE) of a polyvinyl alcohol-matrix composite
by adding graphene nanoribbon that was obtained at 60 dB in the X band. King et al. (2016)
studied the single and synergic effect of carbon fillers (carbon black, graphite, and carbon
nanotubes) on the EMI shielding performance in polypropylene resin matrix. The largest
EMI shielding was obtained when fillers were used simultaneously (60 dB). In another
study, a carbon nanofiber reinforced polyether ketone composite was prepared which
showed a 40 dB EMI SE with 14% carbon nanofiber (Chauhan et al. 2016). Soares et al.
(2016) fabricated an EMI shielding polymer composite composed from polystyrene and
ethylene vinyl acetate filled with carbon black. The highest SE for this composite was 22
dB with 15% carbon black. In another work, graphene nanoparticles were applied in
polylactic acid (PLA) to obtain an EMI shielding nanocomposite; the highest SE reported
was 10 dB with 10% graphene nano plates (Kashi et al. 2016). Jeddi and Katbab (2017)
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investigated the synergic effect of carbon nanotube and carbon block fillers on a foamed
polyurethane/rubber silicon composite, where a maximum SE of approximately 28 dB was
obtained. All studies have shown that composites that contain carbon fillers are considered
to be one of the most important options in the field of electromagnetic shielding. It seems
that wood-based panel composites can be considered as one of the options in this field due
to the advantages of using natural lignocellulosic fibers.

Wood components such as fiber, particles, and flake can combined with conductive
material to produce high value-added wood-based electromagnetic shielding composites
(Yuan et al. 2013; Hou et al. 2015). Wood-based electromagnetic shielding composites
with metallic and carbon fillers have shown excellent properties, but metallic fillers have
some limitations due to their high density, brittleness, expensive processing, and
susceptibility to oxidation (Zhao et al. 2016; Zhan et al. 2018). In contrast with typical
metal-based EMI shielding materials, research has shown that conductive polymer
composites can overcome the disadvantages of metal-based EMI shielding materials (Zhao
et al. 2016).

Among various carbon-based fillers, CF has gained more acceptance as a filler to
produce EMI shielding composites due to its high specific strength, low density, chemical
resistance, high strength modulus, and electrical conductivity (Jagatheesan et al. 2015;
Zhao et al. 2016; Dang et al. 2018; Zhan et al. 2018; Rezaei et al. 2020). In one study, a
wood-based electromagnetic shielding composite was fabricated by adding a CF sheet
between two layers, which created a SE greater than 30 dB in the frequency range of 30
MHz to 1 GHz (Yuan et al. 2013). In another study, electromagnetic wood plastic shielding
was prepared using 15% conductive CF as filler to achieve a SE of 25 dB (Lin et al. 2015).
Kwon et al. (2013) made carbonized the MDF specimens at 800 °C to achieve an average
SE value of 43 dB in the 10 MHz to 1 GHz range. Hou et al. (2015) found that
electromagnetic shielding fiberboard made by isocyanate adhesive and more than 10% CF
could have a SE above 30 dB. The CFs in this work were soaked in alcohol for
pretreatment. In another work, CFs were applied in polyacrylamide/wood fiber to obtain
an EMI shielding composite where the highest SE reported was 41.03 dB with 7.5% carbon
fiber. The surface of wood fiber was coated with amid polymer (Dang et al. 2018). During
the recent years, studies have been reported on making and evaluation of the CF-filled
fiberboard as an EMI shielding composite (Hou et al. 2015; Chen et al. 2016; Dang et al.
2018). Considering these results, EMI shielding properties were acquired by filling CF into
the fiberboards.

To improve the bonding between wood fiber and CF, different treatments were
done. Hou et al. (2015) soaked CFs in alcohol for 8 h, followed by drying the CFs and
mixing them with wood fiber in a blender. Dang et al. (2018) coated surface of wood fiber
with amid polymer, then CF was added, and finally the whole suspension was ground for
6 h using a colloid grinder at 2880 rpm. Yuan et al. (2013) impregnated CF in nitric acid
solution for 30 min then soaked it in ethanol for 15 min. On the other hand, isocyanate
adhesive has been mostly used to make fiberboard in CF-filled wood-based composites
(Hou et al. 2015; Zhu and Sun 2015; Chen et al. 2016). Yuan et al. (2013) used polyvinyl
acetate emulesion as an adhesive. Importantly, the quantities of isocyanate and even phenol
formaldehyde (PF) used today in the MDF industries are negligible, whereas urea-
formaldehyde (UF) is the predominant adhesive used for MDF production (Mantanis et al.
2018). Nevertheless, further studies are still needed for alternative methods to produce EM-
wood composite without pretreatments and using a conventional industrial adhesive such
as UF in the MDF industry. Hence, the current study aimed to address the aforementioned
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issues by developing electromagnetic shielding fiberboard without any pretreatments for
both CF and wood fiber and using urea-formaldehyde as adhesive. The special focus was
to achieve suitable shielding fiberboard with the lowest percentage of CF. For this purpose,
the effect of CF content on the mechanical properties and the EMI SE of the CF-filled
fiberboard samples were evaluated to analyze the applicability of these composites.

EXPERIMENTAL

Materials

Unresinated WFs, primarily from hardwood tree species mixture (poplar, willow,
alder, and Ulmus minor) were obtained from Khazar Caspian Co. (Mazandaran, Iran). The
WFs had a moisture content of 4.5% prior to being resinated.

The CF was purchased from Weida Composite Material Co. (Nanjing, China). The
CFs had an average length, diameter, and density of 6 mm, 6 pm, and 1.76 g/cm?,
respectively. The tensile strength and modulus values of the CFs were 3.5 GPa and 230
GPa, respectively, according to the technical data sheet.

The UF liquid resin was obtained from Resin Sazan Co. (Mazandaran, Iran). The
UF resin had a viscosity of 345 cps, a pH of 7, a density of 1.26 g/cm?®, and a solid content
of 64%. A 2% addition of ammonium sulfate (Merck, Darmstadt, Germany) based on the
resin solid content was used as a curing agent (hardener) before the adhesive was applied.

Polymeric diphenylmethane diisocyanate (PMDI) was provided by Wanhua
Chemical Groups (Tian Shan, China). The density and viscosity of the PMDI at 25 °C were
1.25 g/cm?® and 250 cps, respectively. The resin had a solid content of 100% and a dark
brown color.

Mixing of the CF and the WF

The CF was mixed with the WF using a wet process. First, the required amount of
CF was dispersed in water using a laboratory RW20 mixer (IKA, Staufen, Germany) at
2,000 rpm for 10 min. Then, the WF was gradually added into the paste and mixed for
another 10 min. The fibers from the mixture were drained and dried in an oven at 103 °C
to a moisture content of 4.5%. The pure WF was hamed CFOQ. The mass ratio of CF to WF
was set at 1%, 2%, 3%, 5%, and 10% based on oven dry weight of the WF, and these
samples were classified as CF1, CF2, CF3, CF5, and CF10, respectively (Fig.1).

Fiberboard Production

The UF and isocyanate adhesives were mixed prior to being applied at a level of
10% and 2%, respectively, based on oven-dry weight of the CF/WF. The adhesive mixture
was sprayed onto the fibers using a pneumatic spray gun. After blending, the resinated
fibers were formed by hand into a 300 mm x 350 mm forming box to form a mat.
Afterwards, the whole mat was pre-pressed and put in the laboratory hot press (RANJBAR
Press, Isfahan, Iran). The press temperature, time, and pressure were maintained for all the
panels’ production at 185 °C, 300 s, and a specific pressure of 4 MPa, respectively. The
final panel thickness and density were also controlled at 10 mm and 750 kg/m3,
respectively. After hot-pressing, the MDF panels were held in a conditioned room (20 °C,
65% relative humidity) for two weeks prior to testing.
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Fig. 1. Schematic for the production process CF-filled fiberboard

Microstructural Characterization

Morphological studies on the structure of MDF specimens were carried out using a
Tescan MIRA3 XMU Field Emission Scanning Electron Microscope (FE-SEM) (Tescan,
Brno, Czech Republic). For preparation, the samples were coated with gold layer prior to
examination to avoid charging.

Panel Characterization

The panels were tested according to the international and European standards. The
three-point bending test was carried out to determine the modulus of rupture (MOR) and
modulus of elasticity (MOE). The panel samples were cut to dimensions of 250 mm?3 x 50
mm?3 x 10 mm? in accordance with EN 310 (1993). The internal bond (IB) strength was
determined according to EN 319 (1993) on the 50 mm x 50 mm specimens. The thickness
swelling was evaluated after 2, 24, and 48 h of water soaking according to EN 317 (1993)
with the same dimensions that were used for the IB test. In the same test, the water
absorption was also measured after 2, 24, and 48 h of water soaking, based on the initial
mass of the samples.

The EM Shielding Characterization

The electromagnetic characterization of the panels were performed in the X band
frequency (8.2 to 12.4 GHz) using a standard WR-90 waveguide setup and an Agilent
E8364B 2-port vector network analyzer (Agilent Technologies, Santa Clara, CA, USA).
The scattering parameters (Sii) were measured. The power transmission and reflection
coefficients can be written in terms of scattering parameters as,

T = |512|2 = |521|2 (1)
R = |S11|2 = |522|2 (2)

The SE is defined as the ratio of the incident power to the shield to the transmitted power
through the shield and can be represented as,

SEp = 10 logso(;) ®3)
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1

SEr = 101log;0(;=) (4)
1-R

SE, =10 10810(7) ®)

where SEr is the total shielding effectiveness, SEr is the shielding effectiveness due to the
reflection, and SEa is the shielding effectiveness due to the absorption. From Egs. 3 to 5 it
is obvious that SE; = SER + SE, (Mehranvari et al. 2017; Abolghasemi Mahani et al.
2018; Bizhani et al. 2018).

Statistical Analysis

A one-way analysis of variance (ANOVA) test was applied for the statistical
analysis of the results through the SPSS software program version 26 (IBM, Armonk, NY,
USA).

RESULTS AND DISCUSSION

Morphological Studies

Figure 2 presents the micromorphology of MDF without CF (CF0), with 1% CF
(CF1), and with 10% (CF10). The FE-SEM images indicated that CFs were dispersed in
the wood fiber matrix. As the CF increased from 1% to 10%, the CF became better visible
in the wood fiber matrix.

Fig. 2. The FE-SEM images (at 500X magnifications) from the surface of the MDF (a. CFO, b. CF10,
and c. CF10)

The EM SE

An SE value of at least 20 dB corresponding to 99% blockage of incident EM waves
is required for appropriate EMI applications (Mondal et al. 2016; Dang et al. 2018). The
SE of the MDF panels with different percentage of CF are represented in Fig. 3. The control
with no CF (CF0), had the lowest ability to shield EM radiation (2.3 dB at 8.2 GHz). When
the CF was added to the MDF at 1% (CF1), the SE value increased to 23.47 dB at 8.2 GHz,
and the maximum value was 34.95 dB at 12.4 GHz. By increasing the CF content in the
MDF samples, the SE continuously increased to 64.28 dB at 8.2 GHz frequency with 10%
CF loading. It appeared that the improving of SE could be related to the increased electrical
conductivity of the samples. For the non-magnetic materials, electrical conductivity plays
an important role in the EM SE (Dang et al. 2018).
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13

The SEa and SEr calculated by the scattering parameters (S11 and Sz1) are shown in
Fig. 4. Both the SEa and SEr of the panels increased as the CF loading increased. The
contribution of the SEr was less than the SEa for all the panels with different percentages
of CF. The panel with 1% CF had SEa and SEr values of 19.98 dB and 3.48 dB,
respectively. The SEa values were 28.29 dB, 35.83 dB, 36.46 dB, and 55.38 dB and the
SEr values were 4.95 dB, 4.71 dB, 6.21 dB, and 8.89 dB for the panels with 2%, 3%, 5%,
and 10% CF loading at the 8.2 GHz frequency, respectively. Therefore, the SEa was the
main contributor to the SE of the panels rather than the SEr.
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Fig. 4. The (A) SEaand (B) SEr values of the MDF panels with different CF addition levels.

Mechanical Properties
The IB strength

The IB strength tests revealed the strength quality of the resin bonding in the
board’s cross section after the hot-pressing process. The IB strength results for the MDF
panels with different percentages of CF are shown in Fig. 5.
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Fig. 5. The IB strength of the MDF panels with different CF loading rates

The CF10 MDF panel had the lowest 1B (0.28 N/mm?), while the CFO MDF panel
had the highest IB (0.94 N/mm?). In other words, the IB strength decreased by
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approximately 70% as the CF loading increased from 0% to 10%. This may be attributed
to the agglomeration of the CF/WF that creates regions for stress concentration as well as
the poor interfacial adhesion between the CF and the WF. For a weaker the interfacial
adhesion, less energy is needed to break the bonding connection (Khan et al. 2013; Hou et
al. 2015; Kumar et al. 2017). The average 1B value for the CF1 was 0.69 N/mm?, which is
higher than the required level according to the EN 622-5 standard (2009) (0.60 N/mm?).
Khan et al. (2013) also reported that the IB of panels with higher CF loading can easily fail
due to the fiber agglomeration. This is consistent with the most reported results in this
regard (Khan et al. 2013; Kumar et al. 2017).

The MOR and MOE

The effect of the CFs on the MOR and the MOE of the MDF panels is illustrated in
Fig. 6. The MDF panel made with 10% CF (CF10) had the lowest MOR and MOE values
of 18.4 MPa and 2,185 MPa, respectively. The MDF panels with no CF (CFO) had the
highest MOR and MOE values of 27.8 MPa and 3,043 MPa, respectively. As the CF
content increased from 0% to 10%, the MOE decreased from 3,043 MPa to 2,185 MPa.
Moreover, by increasing the CF content up to 10%, the MOR decreased by approximately
35% in the CF10 panels. The reduction of the MOR and MOE values with the increased
CF loading can be attributed to the weakened adhesion between the WF and the CF. The
CF had nonpolar characteristics which cannot react with the UF adhesive. This can
negatively influence the connection between the WFs and the CFs. In addition, the
agglomeration of CFs and their uneven distribution between WFs can create local stress
points (Khan et al. 2013; Kumar et al. 2017). The minimum required MOR and MOE
values according to the EN 622-5 (2009) standard regarding conventional MDF panels for
interior application are 22 MPa and 2,200 MPa, respectively. The CF1, CF2, and CF3

samples had higher MOR and MOE values compared to the EN 622-5 (2009) standard.

OMOR E MOE
35 4000
30 - L 3500
< ‘} { {‘ L 3000
Q25 (o
= =
= — L 2500 £
@
O 20 J_I:‘ w
s } o
L 2000 =

15 A
I 1500

10 H
F 1000

51 L 500

o 1 2 3 5 10 ENe2s
Carbon fiber loading (mm)
Fig. 6. MOR and MOE values for the MDF panels with different CF addition rates
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Physical Properties

The thickness swelling (TS) and water absorption (WA) properties of the MDF
panels after 2, 24, and 48 h of water soaking are shown in Fig. 7. The results showed that
as the percentage of CF increased, the TS and WA properties of the MDF panels
significantly increased. The TS after 2 h of water soaking ranged from 4% to 13.3% in the
panels with 0% to 10% CF. The WA after 2 h of water soaking ranged from 51% to 71%
in the panels with 0% to 10% CF. Increasing the immersion time to 24 and 48 h
significantly increased the TS and WA properties in the MDF panels with different
percentages of CF. The 24 h of water immersion resulted in a TS that ranged from 14.5%
to 22.01%. Similar trends were also reported by Auriga et al. (2020) and Hou et al. (2015).
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Fig. 7. The (A) TS and (B) WA properties for the MDF panels with different CF addition rates.
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The increased TS and WA properties were attributable to the poor interfacial
adhesion of the WFs and a weak connection between the WFs and the CFs. In addition, the
agglomeration of CFs and the uneven distribution between the WFs prevented good
adhesion at the interfacial zones. Furthermore, by increasing the immersion time in the
water, it is difficult for CFs to maintain the adhesion form in the MDF, which increases the
TS and WA properties (Khan et al. 2013; Hou et al. 2015).

The TS of the CF1 and CF2 samples met the minimum requirement for the TS
(maximum of 15%) after 24 h of soaking for general-purpose MDF panels, based on the
EN 622-5 (2019) standard for conventional MDF.

The properties of CF-fiberboard in this work is compared in Table 1 with those of
panels having various content of CF with and without any pre-treatments. Although Dang
et al. (2018) and Hou et al. (2015) reported favorable values of SET, MOR, and IB in their
studies, but they used pretreatments (with alcohol and polyacrylamide), as well as
isocyanate as adhesive and polyacrylamide for bonding between wood fiber and carbon
fiber. It has to be mentioned that in the current study, the MOR and IB met the minimum
requirement for properties according to EN 622-5 (2009) standard, while no pretreatment
used and the conventional adhesive used for MDF production. On the other hand, the CF-
filled composite in this work showed 35.0 dB EMI SE, which is more than their work. The
amount of SEr for carbon fiber (2.5% CF) reinforced polyacrylamide/wood fiber composite
was high, which resulted in reflection of approximately 79% of the incident power from
the shield. Therefore, 19.9% of incident power was absorbed. Nevertheless, the CF-filled
fiberboard in the current work absorbed 46.3% of the incident power. This could be
ascribed to the good dispersion of CF in wood fiber matrix using good blending with wood
fiber in this work.

Table 1. Comparison between the Properties of CF-fiberboard

Hou et al. (2015) Dang et al. (2018) with P
with 1% CE > 50 CF Present study with 1% CF
Adhesive 10% pMDI* Polyacrylamide 10% UF + 2% ISO
Pretreatment With alcohol Coated W't.h -
Polyacrylamide

SEr (dB) 25 25.27 34.97
SEr(dB) - 6.93 3.34
SEa (dB) - 18.21 31.6
B - 0.77 0.69
MOR 26 31 24.73

* Polymeric methylene diphenyl diisocyanate

CONCLUSIONS

1. The electromagnetic interference (EMI) shielding medium density fiberboard (MDF)
composites were fabricated using a carbon fiber/ wood fiber (CF/WF) mixture. The
effect of different CF addition rates on the panel properties were examined. Within the
frequency band from 8.2 GHz to 12.4 GHz, the shielding effectiveness (SE) of the CF1
panel was 23.5 dB to 34.9 dB. These values met the requirements for appropriate EMI
applications (at least 20 dB). The SE of the panels increased as the CF loading content
increased. A maximum SE of 64 dB to 76 dB was obtained for the CF10 panel. The
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SEAa had a larger impact on the SE of the panels compared to the SEr.

2. The internal bond (IB) strength of panels decreased significantly as the CF loading
content increased. The average 1B value for the CF1 panel was 0.69 N/mm?, which was
higher than the required level according to the EN 622-5 standard (2009) of 0.60
N/mm?,

3. The modulus of rupture (MOR) and modulus of elasticity (MOE) bending properties
of the MDF composite panels decreased as the CF content increased. In other words,
the CF1, CF2, and CF3 samples had higher MOR and MOE values compared to the
EN 622-5 standard (2009) for conventional MDF panels for interior applications.

4. The thickness swelling (TS) and water absorption (WA) physical properties increased
as the CF content increased up to 10%. The 24 h of water immersion resulted ina TS
that ranged from 14.5% to 22.1%.

5. The CF1 panel met the minimum requirements for appropriate EMI applications, and
it passed the minimum requirement for properties according to the EN 622-5 (2009)
standard which corresponds to conventional MDF for interior applications. This is a
noteworthy achievement for wood-based EMI shielding composites.

REFERENCES CITED

Abolghasemi Mahani, A., Motahari, S., and Nayyeri, V. (2018). “Synthesis,
characterization and dielectric properties of one-step pyrolyzed / activated resorcinol-
formaldehyde based carbon aerogels for electromagnetic interference shielding
applications,” Materials Chemistry and Physics 213, 492-501. DOI:
10.1016/J.MATCHEMPHYS.2018.04.047

Al-Saleh, M. H., Saadeh, W. H., and Sundararaj, U. (2013). “EMI shielding effectiveness
of carbon based nanostructured polymeric materials: A comparative study,” Carbon
60, 146-156. DOI: 10.1016/j.carbon.2013.04.008

Auriga, R., Gumowska, A., Szymanowski, K., Wronka, A., Robles, E., Ocipka, P., and
Kowaluk, G. (2020). “Performance properties of plywood composites reinforced with
carbon fibers,” Composite Structures 248, 112533. DOI:
10.1016/j.compstruct.2020.112533

Bizhani, H., Nayyeri, V., Katbab, A. A., Jalali-Arani, A., and Nazockdast, H. (2018).

“Double percolated MWCNTs loaded PC/SAN nanocomposites as an absorbing
electromagnetic shield,” European Polymer Journal 100, 209-218. DOI:
10.1016/J. EURPOLYMJ.2018.01.016

Bonaldi, R. R., Siores, E., and Shah, T. (2014). “Characterization of electromagnetic
shielding fabrics obtained from carbon nanotube composite coatings,” Synthetic
Metals 187, 1-8. DOI: 10.1016/j.synthmet.2013.10.003

Chauhan, S. S., Abraham, M., and Choudhary, V. (2016). “Superior EMI shielding
performance of thermally stable carbon nanofiber/poly(ether-ketone) composites in
26.5-40 GHz frequency range,” Journal of Materials Science 51(21), 9705-9715.
DOI: 10.1007/s10853-016-0204-1

Chen, Y., Su, C., Yuan, Q., Zhan, M., Yang, B., and Xia, J. (2016). “Electromagnetic
shielding performance of nickel plated expanded graphite/wood fiber composite,”
BioResources 11(2), 5083-5099. DOI: 10.15376/biores.11.2.5083-5099

Pourjafar et al. (2022). “MDF with EMI shielding,” BioResources 17(1), 1518-1532. 1529



PEER-REVIEWED ARTICLE b | oresources.com

Dang, B., Chen, Y., Yang, N., Chen, B., and Sun, Q. (2018). “Effect of carbon fiber
addition on the electromagnetic shielding properties of carbon fiber/polyacrylamide/
wood based fiberboards,” Nanotechnology 29(19), 195605. DOI: 10.1088/1361-
6528/AAB243

EN 310 (1993). “Wood-based panels — Determination of modulus of elasticity in bending
and of bending strength,” European Committee for Standardization, Brussels,
Belgium.

EN 317 (1993). “Particleboards and fibreboards — Determination of swelling in thickness
after immersion in water,” European Committee for Standardization, Brussels,
Belgium.

EN 319 (1993). “Particleboards and fibreboards — Determination of tensile strength
perpendicular to the plane of the board,” European Committee for Standardization,
Brussels, Belgium.

EN 622-5 (2009). “Fibreboards — Specifications — Part 5: Requirements for dry process
boards (MDF),” European Committee for Standardization, Brussels, Belgium.

FAO (2019). Global Forest Products Facts and Figures 2018, Food and Agriculture
Organization of the United Nations, Rome, Italy.

Gamage, S. J. P., Yang, K., Braveenth, R., Raagulan, K., Kim, H. S., Lee, Y. S., Yang,
C.-M., Moon, J. J., and Chai, K. Y. (2017). “MWCNT coated free-standing carbon
fiber fabric for enhanced performance in EMI shielding with a higher absolute EMI
SE,” Materials 10(12), 1350. DOI: 10.3390/ma10121350

Hou, J., Fu, F., Lu, K., and Chen, L. (2015). “Highly conductive fiberboards made with
carbon and wood fibers,” BioResources 10(4), 6348-6362. DOI:
10.15376/biores.10.4.6348-6362

Irle, M., and Barbu, M. C. (2010). “Wood-based panel technology,” in: Wood-Based
Panels: An Introduction for Specialists, H. Thoemen, M. Irle, and M. Sernek (eds.),
Brunel University Press, London, England, pp. 1-94.

Jagatheesan, K., Ramasamy, A., Das, A., and Basu, A. (2015). “Fabrics and their
composites for electromagnetic shielding applications,” Textile Progress 47(2), 87-
161. DOI: 10.1080/00405167.2015.1067077

Jalali, M., Dauterstedt, S., Michaud, A., and Wuthrich, R. (2011). “Electromagnetic
shielding of polymer-matrix composites with metallic nanoparticles,” Composites
Part B: Engineering 42(6), 1420-1426. DOI: 10.1016/j.compositesb.2011.05.018

Jeddi, J., and Katbab, A. A. (2017). “The electrical conductivity and EMI shielding
properties of polyurethane foam/silicone rubber/carbon black/nanographite hybrid
composites,” Polymer Composites DOI: 10.1002/pc.24363

Joshi, A., Bajaj, A., Singh, R., Alegaonkar, P. S., Balasubramanian, K., and Datar, S.
(2013). “Graphene nanoribbon—PVA composite as EMI shielding material in the X
band,” Nanotechnology 24(45), 455705. DOI: 10.1088/0957-4484/24/45/455705

Jiang, S. X., and Guo, R. H. (2011). “Electromagnetic shielding and corrosion resistance
of electroless Ni-P/Cu-Ni multilayer plated polyester fabric,” Surface and Coatings
Technology 205(17-18), 4274-4279. DOI: 10.1016/j.surfcoat.2011.03.033

Karteri, I., Altun, M., and Gunes, M. (2017). “Electromagnetic interference shielding
performance and electromagnetic properties of wood-plastic nanocomposite with
graphene nanoplatelets,” Journal of Materials Science: Materials in Electronics
28(9), 6704-6711. DOI: 10.1007/s10854-017-6364-1

Kashi, S., Gupta, R. K., Baum, T., Kao, N., and Bhattacharya, S. N. (2016). “Dielectric
properties and electromagnetic interference shielding effectiveness of graphene-based

Pourjafar et al. (2022). “MDF with EMI shielding,” BioResources 17(1), 1518-1532. 1530



PEER-REVIEWED ARTICLE b | oresources.com

biodegradable nanocomposites,” Materials and Design 109, 68-78. DOI:
10.1016/j.matdes.2016.07.062

Khan, T. A., Gupta, A., Jamari, S. S., Jose, R., Nasir, M., and Kumar, A. (2013).
“Synthesis and characterization of carbon fibers and their application in wood
composites,” BioResources 8(3), 4171-4184. DOI: 10.15376/biores.8.3.4171-4184

King, J. A, Pisani, W. A., Klimek-McDonald, D. R., Perger, W. F., Odegard, G. M., and
Turpeinen, D. G. (2016). “Shielding effectiveness of carbon-filled polypropylene
composites,” Journal of Composite Materials 50(16), 2177-2189. DOI:
10.1177/0021998315602326

Kumar, A., Sharma, K. V., Gupta, A., Tywoniak, J., and Hajek, P. (2017). “Optimization
of processing parameters of medium density fiberboard using response surface
methodology for multiwalled carbon nanotubes as a nanofiller,” European Journal of
Wood and Wood Products 75(2), 203-213. DOI: 10.1007/s00107-016-1106-2

Kwon, J. H., Park, S. B., Ayrilmis, N., Kim, N. H., and Kwon, S. M. (2013).
“Electromagnetic interference shielding effectiveness, electrical resistivity and
mechanical performance of carbonized medium density fiberboard,” Journal of
Composite Materials 47(16), 1951-1958. DOI: 10.1177/0021998312452896

Li, J., Wang, L., and Liu, H. (2010). “A new process for preparing conducting wood
veneers by electroless nickel plating,” Surface and Coatings Technology 204(8),
1200-1205. DOI: 10.1016/j.surfcoat.2009.10.032

Lin, C.-W., Lin, Z.-Y., Lou, C.-W., Kuo, T.-L., and Lin, J.-H. (2015). “Wood plastic
composites: Using carbon fiber to create electromagnetic shielding effectiveness,”
Journal of Thermoplastic Composite Materials 28(7), 1047-1057. DOI:
10.1177/0892705713496109

Lou, C. W,, Yang, R. B., Lin, C. W., Huang, C. L., Fan, C. C., and Lin, J. H. (2012).
“Preliminary study of polypropylene/coir/carbon black conductive wood plastic
composite,” Advanced Materials Research 7, 338-341. DOI:
10.4028/www.scientific.net/ AMR.557-559.338

Lu, K., Hou, J., Yuan, Q., Fu, F., and Zhang, Y. (2014). “Properties of electromagnetic
shielding case made of plywood laminated with conductive sheets,” Wood Research
59(4), 547-555.

Mantanis, G. I., Athanassiadou, E. T., Barbu, M. C., and Wijnendaele, K. (2018).
“Adhesive systems used in the European particleboard, MDF and OSB industries,”
Wood Material Science & Engineering 13(2), 104-116. DOI:
10.1080/17480272.2017.1396622

Mehranvari, M., Katbab, A. A., Nayyeri, V., and Nazokdast, H. (2017). “Preparation of a
radar absorbing material based on PP/EPDM thermoplastic elastomer and carbon
nanotube nanocomposite,” Asia-Pacific Microwave Conference Proceedings, APMC
Institute of Electrical and Electronics Engineers Inc. DOI:
10.1109/APMC.2016.7931405

Mondal, S., Ganguly, S., Rahaman, M., Aldalbahi, A., Chaki, T. K., Khastgir, D., and

Das, N. C. (2016). “A strategy to achieve enhanced electromagnetic interference
shielding at low concentration with a new generation of conductive carbon black in
a chlorinated polyethylene elastomeric matrix,” Physical Chemistry Chemical
Physics 18(35), 24591-24599. DOI: 10.1039/C6CP04274K

Rezaei, F., Behrooz, R., Arbab, S., and Sabet, E. N. (2020). “Bacterial cellulose as a
carbon nano-fiber precursor: Enhancement of thermal stability and electrical
conductivity,” BioResources 15(2), 3408-3426. DOI: 10.15376/biores.15.2.3408-

Pourjafar et al. (2022). “MDF with EMI shielding,” BioResources 17(1), 1518-1532. 1531



PEER-REVIEWED ARTICLE b | oresources.com

3426

Shi, C., Wang, L., and Wang, L. (2015). “Fabrication of a hydrophobic, electromagnetic
interference shielding and corrosion-resistant wood composite via deposition with Ni-
Mo-P alloy coating,” RSC Advances 5(127), 104750-104755. DOI:
10.1039/C5RA16453B

Soares, B. G., Touchaleaume, F., Calheiros, L. F., and Barra, G. M. O. (2016). “Effect of
double percolation on the electrical properties and electromagnetic interference
shielding effectiveness of carbon-black-loaded polystyrene/ethylene vinyl acetate
copolymer blends,” Journal of Applied Polymer Science 133(7). DOI:
10.1002/app.43013

Sohi, N. J. S., Rahaman, M., and Khastgir, D. (2011). “Dielectric property and
electromagnetic interference shielding effectiveness of ethylene vinyl acetate-based
conductive composites: Effect of different type of carbon fillers,” Polymer
Composites 32(7), 1148-1154. DOI: 10.1002/pc.21133

Thomassin, J.-M., Jéréme, C., Pardoen, T., Bailly, C., Huynen, I., and Detrembleur, C.
(2013). “Polymer/carbon based composites as electromagnetic interference (EMI)
shielding materials,” Materials Science and Engineering: R: Reports 74(7), 211-232.
DOI: 10.1016/j.mser.2013.06.001

Xia, C., Wang, K., Dong, Y., Zhang, S., Shi, S. Q., Cai, L., Ren, H., Zhang, H., and Li, J.
(2016). “Dual-functional natural-fiber reinforced composites by incorporating
magnenite,” Composites Part B: Engineering 93, 221-228. DOI:
10.1016/j.compositesb.2016.03.016

Xing, Y., Xue, Y., Song, J., Sun, Y., Huang, L., Liu, X., and Sun, J. (2018).
“Superhydrophobic coatings on wood substrate for self-cleaning and EMI shielding,”
Applied Surface Science 436, 865-872. DOI: 10.1016/j.apsusc.2017.12.083

Yuan, Q. P., Su, C., Huang, J., Gan, W., and Huang, Y. (2013). “Process and analysis of
electromagnetic shielding in composite fiberboard laminated with electroless nickel-
plated carbon fiber,” BioResources 8(3), 4633-4646. DOI: 10.15376/biores.8.3.4633-
4646

Zhan, Y., Long, Z., Wan, X., Zhang, J., He, S., and He, Y. (2018). “3D carbon fiber
mats/nano-FesO4 hybrid material with high electromagnetic shielding performance,”
Applied Surface Science 444, 710-720. DOI: 10.1016/j.apsusc.2018.03.006

Zhao, X., Fu, J., and Wang, H. (2016). “The electromagnetic interference shielding
performance of continuous carbon fiber composites with different arrangements,”
Journal of Industrial Textiles 46(1), 45-58. DOI: 10.1177/1528083715573278

Zhu, X., and Sun, L. (2015). “Multiscale analysis on electrical properties of carbon fiber-
reinforced wood composites,” Bioresources 10(2), 2392-2405

Article submitted: October 30, 2021; Peer review completed: December 11, 2021,
Revised version received and accepted: January 3, 2022; Published: January 12, 2022.
DOI: 10.15376/biores.17.1.1518-1532

Pourjafar et al. (2022). “MDF with EMI shielding,” BioResources 17(1), 1518-1532. 1532



