friried applied
e sciences

Article

Formation of Conductive Networks in Polysulfone Filled with
Graphite-Derived Materials

Hussam Mohammad

check for
updates

Citation: Mohammad, H.; Stepashkin,
A.A_; Tcherdyntsev, V.V. Formation of
Conductive Networks in Polysulfone
Filled with Graphite-Derived
Materials. Appl. Sci. 2024, 14, 2756.
https:/ /doi.org/10.3390/app14072756

Academic Editors: Mikhail I
Vasilevskiy, Yuliy V. Bludov and
Tetiana Slipchenko

Received: 30 January 2024
Revised: 18 March 2024
Accepted: 22 March 2024
Published: 25 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Andrey A. Stepashkin

and Victor V. Tcherdyntsev *

Laboratory of Functional Polymer Materials, National University of Science and Technology “MISIS”, Leninskii
Prosp, 4, 119049 Moscow, Russia; hussam.mhd22@gmail.com (H.M.); a.stepashkin@misis.ru (A.A.S.)
* Correspondence: vvch@misis.ru; Tel.: +7-910-400-2369

Abstract: Composites based on polysulfone materials filled with various types of graphite and
carbon black were studied and a solution technique was used to create composite materials with
filling degrees ranging from 30 to 70% by weight. High filling levels with graphite fillers enabled
thermal conductivity of 17.4 W/m-K to be achieved. The addition of carbon black as a filler to the
composite helped to improve its mechanical characteristics, and its influence on electrical and thermal
conductivity has also been explored. Natural graphite provides the best effect on composite thermal
and electrical properties, whereas using artificial graphite allows to improve the mechanical behavior
of composites. The relationship between sample density, porosity, and composition, as well as the
effect of these factors on composite conductivity, has been studied and addressed.

Keywords: composite material; thermoplastics; polysulfone; carbon black; natural graphite; artificial
graphite; electrical conductivity; mechanical properties; thermal conductivity

1. Introduction

One of the most fascinating and actively studied subfields in nanotechnology and
composites is polymer composites, which have shown promise as high-performance,
multipurpose materials. The mechanical or other physical features of the filler can be
integrated with the properties of the polymer matrix, such as flexibility and low density, by
incorporating it into the polymer matrix [1]. Conductive polymer composites (CPCs) are
one of the most significant and fascinating topics in polymer composite research, which
has been ongoing for several decades, because of its versatility, simplicity of production,
and adjustable features [2].

In order to create CPCs, conductive fillers are added to different polymers, as the
majority of polymers are not conductive. When a certain filler level is achieved in the
polymer matrix, a spike in conductivity can be seen with increasing conductive filler
content. It is common to refer to this phenomenon as the electrical percolation threshold
(Pc) [3]. More work focuses on employing conductive fillers, such as graphene, carbon black
(CB), carbon fibers (CFs), graphite flakes (GFls), carbon nanotubes (CNTs), and carbon
black (CB), to create conductive networks inside a polymer matrix [4].

Recent progress in electronic devices, personal computers, electromagnetic interfer-
ence shielding, aircraft accessories, light-emitting diode chips, sensing materials, auto
parts, household appliances, mine pipes, medical devices, smart biomaterial for tissue
engineering, etc., requires antistatic, electric, and thermal conductive light-weight materials.
Correspondingly, CPCs are one of the most significant functional materials in decades [5,6].

High-performance and inexpensive conductive polymer composites are made possible
by the effective creation of conductive filler networks in polymer matrices, while other
elements like polymer assembly and crystallization must also be considered. The formation
effectiveness of conductive networks has been found to be significantly impacted by the
distribution of conductive particles, usually carbon fillers like CB and CNTs, in polymer
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matrices [7]. The superior properties of various nanomaterials can be translated from the
nanoscale to the macroscale by polymeric materials acting as matrices or substrates. This
has the potential to take nanomaterials from the research lab into real-world technological
applications that could completely transform the plastics industry as a whole [8].

The production of high-performance and highly functional composite materials for
cutting-edge applications is promised by the reinforcement of normally softer and inactive
polymers or resins with nanoparticles with unusual mechanical and functional characteris-
tics [9,10].

Significant progress in the field of polymer nanocomposites might be facilitated by the
recent invention of certain 2D materials, such as large area 2D sheets and 2D heterostruc-
tures, and by emerging trends in 2D nanotechnology. Using 2D sheets as fillers makes it
possible to precisely position nanomaterials into or onto polymer matrices/substrates while
maintaining precise control over the surface/interface layer, the distances between the nano
inclusions, and precise structural control at the atomic level—all of which are impractical
with conventional polymer nanocomposite materials. Two-dimensional nanofillers are one
type of reinforcement used in polymer nanocomposites that have garnered a lot of attention
lately because of their exceptional all-around qualities for structural and multifunctional
reinforcement [11].

Functional additives, such as activated carbon (AC) [12], CB [13], carbon nanodots
(CNDs) [14], CNTs [15], graphene (GR), and graphite nanoparticles (GNs) [16], all of which
increased the electrode materials” electrochemical activity, are clearly able to improve the
performance of the electrode materials. For instance, Glebova et al. showed that thermally
expanded graphite (EG) can enhance the Nafion membrane thermal stability for fuel cell
applications [17].

Carbon nanomaterials (OD: carbon dots, fullerenes, and nanodiamonds; 1D: carbon
nanohorns, graphene nanoribbons, and single and multi-walled CNT; 2D: GR, graphene ox-
ide (GO); 3D: graphite (Gr), thermally expanded graphite (EG), and so on [18,19]) have been
used as a promising option because they offer several advantages, including high chemical
stability, a large surface-active area, good flexibility, thermal conductivity, high electrical
conductivity, long-term stability, and environmental friendliness with definite geometry.

Polymer composites with nanoparticles added have improved mechanical character-
istics [20], as well as thermal and electrical conductivity [21], as compared to traditional
fibers. As a result, these materials have a wide range of practical applications, including au-
tomotive [22], aerospace [23], electronics [24], medical devices [25], safety, protective cloth-
ing [26], and constructions and buildings. Researchers are interested in two-dimensional
(2D) layered materials because of their special optical, mechanical, thermal, and electrical
characteristics [27]. Until now, the 2D carbon compounds that are already on the market,
such graphene and graphdiyne, have only been able to interweave units of single carbon
atoms into periodic networks. In paper [28], the idea of employing big molecules or clusters
as separate structural components for creating novel 2D carbon materials was reported.
These materials consist of a few atoms or monomer units; they are thin sheets with a weak
interlayer and covalent in-plane bonding, as well as layer-substrate interactions, which
give them distinct physical and chemical characteristics. This includes hexagonal boron
nitride (h-BN) with graphene [29].

By guaranteeing sufficient electrical and thermal conductivity, superior bipolar plate
processability, and low weight, polymer composites can take the role of metals as fuel
cell components. Gr, CB, CNTs, graphene nanosheets (nGrs), and carbon fiber (CF) are
examples of conductive fillers that can enhance the electrical properties of CPCs [30].

Many advancements have been made in polymer-graphene nanocomposites, which
are composed of graphene scattered inside a polymer matrix [31]. Numerous methods,
including melt-blending, electrospinning, and chemical vapor deposition, may be used to
create these graphene-containing materials. The results can include sheets, membranes,
and nanofibers in a range of sizes and forms. Nonetheless, the kind of polymers used in
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polymer nanocomposites as well as the unequal dispersion of graphene provide constraints
that may reduce the final material’s performance characteristics.

Among thermoplastics, high-performance polymers like polysulfone (PSU) stand
out for their remarkable mechanical qualities and thermal stability. PSU’s exceptional
qualities—such as its strength, toughness, thermal, mechanical, and chemical properties—as
well as its capacity to create polymeric membranes with a variety of uses, make it a popular
material in contemporary technology [32].

In our previous research [33], we studied PSU-based composite materials using the
solution method to create the composite and fill it with natural (NG), artificial (AG), and
expanded (EG) graphites. Studying the thermal conductivity, we found that composites
containing 70 wt. % NG had the highest conductivity, which was around 4.26 W/m-K. Later,
in article [34], we made substantial enhancement in the technique for making composite
materials, sticking to the process of mixing a filler with a polymer in solution to make
composites. It allowed us to increase the thermal conductivity of NG-filled composites
by up to 7.35 W/m-K. It was found that NG gives the superior conductive behavior
of composites.

The idea of the present paper is to add nanosized carbon black particles in polysul-
fone matrix to increase their own conductive properties to create, in combination with
2D graphite structures, an effective conductive net. Additionally, such combination of
nano and 2D fillers is awaiting to provide high mechanical behavior in the obtaining
composite materials.

2. Materials and Methods
2.1. Materials

Ultrason S 2010 (BASF, Ludwigshafen, Germany) polysulfone (PSU) was used as a
matrix material. Polysulfone’s wide variety of beneficial properties allow it to be molded
into high-grade technical components and high-load mass-produced items. Table 1 lists the
characteristics of the polysulfone that was employed, n-methylpyrrolidone (CAS: 872-50-4,
molar mass: 99.13 g/mol, empirical formula CsH9NO). Large sheets of natural graphite
(NG) (GL-1 GOST 5279-74 [35]—Taiginsky GOK, Kyshtym, Russia) with rough surfaces
and particle sizes of around 200 um NG were utilized to make a composite that was both
thermally and electrically conductive. The Moscow Electrode Plant in Russia provided the
synthetic graphite (AG) powder Grand GMZ, which has an average particle size of around
50 um. After the natural graphite sheets and sulfuric acid underwent a chemical reaction,
thermoexpanded graphite with a particle size of approximately 300 um was formed by heat
treatment. The reinforcing carbon black was well distributed and highly structured, with a
large specific surface area (ISAF Intermediate Super Abrasion Furnace) and a particle size
of 20-30 nm, called N220.

Table 1. Properties of PSU Ultrason S 2010.

Properties
Density 1.24 g/cm?
Melt Flow 90 g/10 min
Melt Temperature 330-390 °C
Tensile Strength at Break 75.0 MPa
Tensile Modulus 2.60 GPa
Compressive Strength 89.6 MPa
Flexural Strength 124 MPa
Glass Transition Temp, Tg 187 °C
Thermal Conductivity 0.05 W/m-K
Volume Resistivity >1 x 1013 ohm-cm

2.2. Synthesis and Composite Preparation

The solution casting technique, also known as the direct casting method, was utilized
to manufacture the composite material, which is one of the most often employed to prepare
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polymeric materials. The polymers are dissolved in appropriate solvents as part of the
procedure. Solution casting begins with mechanical stirring of a solubilized polysulfone
added to a solution of filler particles, while maintaining continuous agitation, casting, and
final evaporation of solvent by drying processes. Before combining the fillers with the
polymer, the moisture was removed from them by drying for 2 h at 115 °C. Composites were
prepared by filler introduction into a 40% solution of polysulfone in N-methylpyrrolidone
(CAS: 872-50-4, molar mass: 99.13 g/mol, empirical formula CsH9NO). Obtained mixture
processed 30 min at 300 rpm in IKA Eurostar 20 digital (Germany/Deutschland) overhead
stirrer for homogenization. The used solution concentration provides enough viscosity to
prevent the mixture from separation during drying. Solvent was eliminated for 6 to 8 h
at 115 °C in a BINDER dryer (Tuttlingen, Germany). Steel molds with holes were used
to produce the samples after the composite had dried. The temperature of consolidation
was 180 °C, the pressure was 80 MPa, and the exposure duration was 20 min. After
that, the samples were cooled down under the pressure to achieve a high density and
well-formed samples.

2.3. Characterization

Bulk and tapped densities were measured using an Autotap Quantachrome Instru-
ments analyzer in accordance with the ISO 787-11 standard [36].

To assess the porosity of composite materials, density measurements were carried out
using hydrostatic weighing and a gas pycnometer, and based on data on its composition,
the maximum possible theoretical density of the material was calculated.

The measurement of helium pycnometric density was carried out using an automatic
true density analyzer Densi 100.

The composites” density was measured using hydrostatic weighing in distilled water
and ethyl alcohol according to ISO 1183-1: 2019 [37] (Plastics—Methods for determining the
density of non-cellular plastics). For these measurements, AND GR 202 analytical balance
(AND, Tokyo, Japan) equipped with a hydrostatic weighing AD-1653 was utilized.

The microstructure of the obtained samples was studied on the obtained in liquid
nitrogen thin sections and chips using Hitachi TM-1000 and TESCAN VEGA COMPACT
scanning electron microscopes.

Zwick/Roell Z020 universal tensile testing machine (Zwick GmbH & Co., Ulm, Ger-
many) using a MultiXtens high-precision strain measurement system was used to realize
three-point bending tests. Before testing, all the samples were conditioned under a standard
23/50 atmosphere for 88 h. Tests were carried out in accordance with ISO 291: 2008 [38]
(Plastics—Standard atmospheres for conditioning and testing). The total number of speci-
mens tested at one point in mechanical tests was seven or more.

The thermal conductivity of the samples was calculated based on the results of ex-
perimental measurements of thermal diffusivity, determination of density by hydrostatic
weighing, and calculation of heat capacity using the rule of mixtures.

Thermal conductivity was calculated using the formula:

A(t) = a(t) - di- Cp(t)

where A(t) is thermal conductivity coefficient at temperature ¢, W/m-K, a(t) is thermal
diffusivity at certain temperature ¢, mm?2/s, dy is the density of material, g/ cm?, and Cp(t)
is specific heat capacity, J/(g-K).

NETZSCH LFA447 NanoFlash instrument (Selb, Germany) was used to measure ther-
mal diffusivity. Investigation was carried out in the temperature range of 25 to 300 °C.
Cylindrical samples with a diameter of 12.7 mm and a thickness of 1.5 mm and square
samples measuring 8 x 8 mm, thickness 1.5 mm were used in these experiments. Measure-
ments were realized in accordance with ASTM E1461-07 [39] (Standard Test Method for
Thermal Diffusivity by Flash).
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The thermal diffusivity of the samples was measured in two directions: in the direction
of pressing and perpendicular to the direction of pressing of the workpieces as shown in
Figure 1.

8 mm

/Heat direction

The heat direction is parallel to the The heat direction is perpendicular to the
graphite sheets graphite sheets

Figure 1. Figure showing the direction of heat according to graphite sheets of PSU-based composite
filled with NG and NG + CB.

The specific heat capacity C, of composite materials in the temperature range from 25
to 150 °C was calculated using the rule of mixtures.

Cpfcomp =Cp_ Wy + Cpfr(l - Wn)

where Cp,—comp is the heat capacity of the composite (J/K), Cp—, is the heat capacity of
the first component (J/K), and Wj, is the first component mass fraction (wt. %). The raw
materials” heat capacities were studied using a NETZSCH DSC 204 Phoenix F1 differential
scanning calorimeter (Selb, Germany). Investigations were carried out following ISO 11357-
4:2021. Plastics. Differential scanning calorimetry (DSC). Part 4: Determination of specific
heat capacity [40], sapphire was used as a standard sample. Samples with a diameter of
5 mm and a mass of 24-25 mg were used and the experiments were carried out in a
protective argon atmosphere.

The determination of volumetric resistivity at a temperature of 23 °C was carried out
by the four-probe method using a potentiostat—galvanostat brand P-20X.

3. Results and Discussion
3.1. Structure of Filler Powders
Morphology, Microstructure, and Particle Size Distribution

Natural graphite particles have a layered structure with carbon atoms organized in a
honeycomb lattice and a plane spacing of 0.35 nm. SEM examination reveals a range of
graphite flake sizes. Graphite particles are generally prismatic platelets, with well-defined
basal planes and edge diameters. The graphite sheets appear to be big sheets with smooth
and resilient surfaces and particle sizes of up to 180 um. Natural graphite has flat particles
with an average size of about 200 x 500 um and a thickness of about 15-20 pm, and, as
can be seen in Figure 2a,b, natural graphite particles consist of highly oriented thin 2D
graphene-like sheets packed in packs. This structure facilitates their intercalation when
producing particles of thermally expanded graphite, which thus proceeds in two stages:
splitting the packs into individual plates and splitting the plates into few-layer graphene.
Due to the lamellar shape of the particles, the bulk density of natural graphite is not high,
and it was 0.464 g/cm? and the tapping density was 0.584 g/cm3.
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Figure 2. SEM-based particle size distribution and SEM image for NG (a,b), AG (c,d), and CB (e f).

A fine structure is observed in the artificial graphite particles, formed at the stage of
obtaining the “green billet” due to the flow of coal tar pitch filled with coke particles during
the pressing process. The AG particles seemed to be a random aggregation of microscopic
particles in a spherical shape, Figure 2¢,d. Magnitudes of bulk and tapping densities were
0.797 and 0.952 g/cm3, respectively.

We employed carbon fillers of various sizes to produce very efficient conductive
structures. Carbon black particles are aggregates bonded by low molecular weight polymer
and van der Waltz forces, with typical sizes ranging from 1 to 15 um. Figure 2e,f shows
such a structure provides excellent dispersion of CB into individual particles in diverse
solvents, polymers, and rubbers, including those with sizes less than 0.1 um. Bulk and
tapping densities were 0.352 and 0.390 g/cm?3.

3.2. Dispersion of Filler Particles in the PSU Matrix

Uniform particle distribution and strong adhesion between graphite filler particles
and a polymer matrix are critical for composite quality, especially at temperatures above the
polymer’s glass transition temperature (Tg). Powder particle shape and size are critical in
defining the powder to the binder ratio and the degree of particle alignment, which impact
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thermal, electrical, and mechanical characteristics. Under ideal compression circumstances,
the plate-like particles would result in increased packing density.

The SEM images (Figure 3a,b) of unfilled PSU with different resolutions indicate that
unfilled polysulfone solution has a dense embedded nonporous structure consisting of a
dense top surface layer, which provides the mechanical strength.

x200 500 um

500 um

X200 500 um L x200 500 um

Figure 3. Scanning electron microscopy (SEM) images of unfilled PSU (a,b); 70 wt. % PSU + 30 wt. %
NG (c); 70 wt. % PSU + 30 wt. % AG (d); 30 wt. % PSU + 70 wt. % NG (e); 30 wt. % PSU + 70 wt. %
AG (f).

Looking at the SEM micrographs, we can observe how well the filler particles are
distributed through the matrix. The NG plates embedded in the polymeric matrix provide
good heat transfer compared to AG. NG flakes are introduced in the matrix perpendicular
to the direction of the pressure applying at consolidation. The NG particles are overlapping
with one another (Figure 3c,e), resulting in significant contact areas between the particles,
which increases heat and electrical transmission in this direction. As the NG content of
the material increases, the overlap density increases and the thickness of the polysulfone
interlayers decreases. In the case of AG fillers (Figure 3d,f), the filler particle has a spherical
shape and a smaller size as compared to NG, making it simpler to produce a denser
composite but with more pores that enhance the mechanical properties of the composite.
The filler and polymer mixed to produce a massive agglomeration, which reduces as the
filler quantity increases.
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Figure 4a,b depicts the morphology of the composite materials at various CB concen-
trations. The CB aggregates are mixed together to create spherical or linear agglomerates in
these photos. The carbon black articles are dispersed in the polymeric matrix well, resulting
in a classic island-sea shape. The number of overlaps of polymer interlayers between
graphite particles reduces as the filler content of EG increases as shown in Figure 5b—d,
which should lead to a decline in the material’s mechanical properties. Additional grind-
ing of EG particles enhanced uniformity of their distribution inside the polymer matrix,
reduced the number of aggregates and brought the structure of the material closer to that
of NG-containing composites.

L x500 200 um L x500 200 um

Figure 4. Scanning electron microscopy (SEM) images of 98 wt. % PSU + 2 wt. % CB (a); 96 wt. %
PSU + 4 wt. % CB (b).

L x200 500 um L x200 500 um

L x200 500 um L x200  500um

Figure 5. Scanning electron microscopy (SEM) images of 70 wt. % PSU + (2 wt. % CB + 28 wt. % NG) (a);
70 wt. % PSU + (4 wt. % CB + 26 wt. % NG) (b); 30 wt. % PSU + (2 wt. % CB + 68 wt. % NG) (c);
30 wt. % PSU + (4 wt. % CB + 66 wt. % NG) (d).

The hybrid mixture of carbon black and graphite can affect polymer structure, viscosity,
and graphite flake orientation inside the polymer matrix. Carbon black is known to
have a high aspect ratio, which implies it creates a network-like structure inside the
polymer, increasing stiffness and mechanical strength. Graphite flakes, on the other hand,
can generate a more layered structure due to their plate-like morphology, increasing the
composite’s conductivity. SEM images of such hybrid mixture filled composites are given
in Figure 5.
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3.3. Composites Density and Porosity

We tested the density of the composite using hydrostatic techniques to investigate the
effect of increasing filler content on the density and thermal conductivity of the composite.

As previously stated, we measured the density of the samples acquired here. We can
observe how the density grew as the filler material increased.

We may conclude that the composite preparation conditions, particularly the applied
pressure in sample preparation technology, had a significant impact on the density of
the composite, allowing for better thermal conductivity values and higher electrical con-
ductivity in the composites. When graphite particles are put into the matrix, they create
agglomerates that are randomly dispersed throughout the matrix, influencing the reported
characteristics. Figure 6 depicts the change in heat conductivity of the composite as its
density changes.
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Figure 6. The dependence of thermal conductivity on density of PSU-based composites filled with
NG and AG.

By combining carbon black and natural graphite as fillers, both elements contribute
to the composite’s decreased heat conductivity. These fillers disturb the thermal routes
inside the matrix, lowering the overall rate of heat transmission. The magnitude of the
drop, however, is determined by parameters such as filler content, dispersion, and matrix
properties. In the case of using carbon black with artificial graphite as fillers, we can see
the enhancement in thermal conductivity compared to using just AG as filler, which can be
shown in Figure 7.
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Figure 7. The dependence of thermal conductivity on density of PSU-based composites filled with
NG + CB and AG + CB.
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Two different series of samples of the same fillers content was used in the measure-
ments; thus, two experimental points were given for every composite.

The porosity of the composite including AG and NG as fillers increased as the filler
content increased as shown in Figure 8. Such increase is associated with the formation of
filler agglomerates in the polymer matrix, which grow as the filler concentration increases.
An uneven distribution of carbon black and graphite fillers might result in increased poros-
ity in some places. Proper filler dispersion and homogeneous distribution can assist to
improve porosity throughout the composite. We may also assume that reducing the com-
paction pressure during compression allows for the formation of voids or pores, increasing
the total porosity of the composite.

§ e a b
W 70 wt.% PSU+ (28 wt %NG +2wt % CB)
@ 70 Wt.% PSU+ (26 Wt %NG +4wt.% CB) 5 0_
30 wt.% PSU +(68 wt. % NG+2 wt %CB) .
2 b e e e )
J 30 wt.% PSU +(66 wt.% AG+4 wt.% CB)|
@ 70 wt.% PSU+ (28 wt.%AG +2wt.% CB)
201 . 451
: ;
O\O 18‘ o\o L] [ ] n
2161 - &
7 ° n 4.0
o)
O 14 . bt
° O »
O * [ ] [ ] * D_
O 12 ¢
5 L] * 3.54
®
10 hd
[ ]
81 = 41 A
y ' J ’ y ’ y ’ y ' 2 3 4 5 6 7 8
30 40 50 60 70
. Filler content wt.%
Filler content wt.%

Figure 8. The dependence of thermal conductivity on density of PSU-based composites filled (a) with
NG, AG, NG + CB, and AG + CB and (b) with CB when the heat direction is perpendicular to the
filler particles.

The results of composite porosity using CB as a filler are significantly lower than the
results of using different types of graphite as fillers. Carbon black dispersion inside the
matrix is critical to preventing agglomeration and ensuring uniform distribution. The use
of effective mixing procedures and proper processing settings can aid in achieving optimal
dispersion and minimizing vacuum formation.

The viscosity of the matrix material can be adjusted to limit the possibility of porosity
development. The use of CB as a filler boosts the composite’s viscosity and provides
improved flow and wetting of the carbon black particles, allowing for compact packing
and decreased porosity.

3.4. Thermal Conductivity

Because of the high thermal properties of NG due to its layered structure, increasing
the content of NG in the composite can improve thermal conductivity. Furthermore, well-
dispersed graphite particles ensures good thermal contact and effective heat conduction,
implying that increased loadings of graphite particles might improve heat transmission
inside the material. In addition to the excellent crystalline structure, high aspect ratio, and
large crystallite size of NG, the composite filled with NG as a filler has the best thermal
conductivity, where the NG particles lay on each other and form big contact areas, which
leads to reaching a higher conductivity. And as the filler content is higher than 50 wt. %,
the composite density became higher, and the NG particles compacted with each other
with fewer pores, which led to a bigger increase in thermal conductivity.

Thus, using AG as a filler, the thermal conductivity seems to increase rapidly as the
filler content increases, causing the filler particles to be in close contact with one another.
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Figure 9 shows that the maximum thermal conductivity of the PSU-based composite was
found to be of 17.47 W/m-K and 3.45 W/m:K for composites filled with 70 wt. % of NG

and AG, respectively.
W :
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X 207+ pss £
E 18‘ ] 2234':2 i ; 04
< 6] %‘ ]
> =
s M B 0.3 .
'g 12 _g . . . i
-é 104 i = 0.2
S s 3]
% 6 g 0.1
E 44 [ . —
6 2 ) * . g 00‘
" o . . L - : . . . ; . ;
F ol— . . , .

30 40 50 60 70 2 3 4 5 6 7 8

Filler content w.% ,
’ Filler content w.%
Figure 9. Thermal conductivity in the direction normal to the sample plane as a function of the filler
content of PSU-based composite filled with NG; AG and CB at 25 °C.

In the case of using CB as a filler, which is made up of small particles of elemental
carbon, there was no effect on the heat conductivity of the composite. We may explain this
by the fact that carbon black particles establish contact points or junctions with one another,
forming heat barriers. These contact sites obstruct direct heat transmission, lowering total
thermal conductivity. As a result, despite the fact that carbon black possesses inherent heat
conductivity, the contact resistance between particles restricts its real influence.

Because of the shape compatibility of the filler particles, the introduction of 4 wt. % CB
with synthetic graphite improved the thermal conductivity of the composite, resulting in
the construction of continuous thermal channels between the filler particles. The opposite
effect was observed when CB was combined with NG, where CB separated the natural
graphite sheet, resulting in a reduction in thermal conductivity of the composite, as is
shown in Figure 10.

PSU+NG
PSU+AG
30wt.% PSU +(68 wt. %AG+2 wt.%CB)
30wt.% PSU +(66 wt.% AG+4 wt.% CB)

4en

70wt % PSU+ (28 wt.%AG+2wt.% CB)
18 | b 70wt% PSU +(26 wt %AG+ wt. %CB)
@ 70wt.% PSU+ (28 wt.%NG+2wt.% CB)
1 6 N * 70wt % PSU+ (26 wt.%NG+4wt.% CB)
® 30wt.% PSU +(68 wt. %NG+2 wt.%CB)
@ 30wt % PSU +(66 wt. %NG+4 wt.%CB)

14
12
10+
8-
6 v
4_ v
24 °

$ o ° #

0 T T T T T
30 40 50 60 70

Filler content wt.%

Thermal conductivity W/m K

Figure 10. Thermal conductivity in the direction normal to sample plane as function of filler content
of PSU-based composite filled with NG; AG, NG + CB and AG + CB at 25 °C.

Because of the strong carbon—carbon bonding within the layers, graphite is a highly
conductive substance along its basal plane. However, because of the weaker interlayer
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bonding, thermal conductivity perpendicular to the planes (through-plane conductivity)
is often lower. When graphite is incorporated into a polymer matrix, the orientation and
interfacial contact between the graphite particles and the surrounding polymer matrix can
impact the composite’s thermal conductivity as is shown in Figure 1.

Increasing the amount of graphite in the composite can improve heat conductivity.
Increasing the volume percentage of graphite in the composite can take advantage of its high
heat conductivity. However, graphite loading generally has an upper limit before declining
results are detected. The particular thermal conductivity values of the polymer composite
filled with natural graphite will be determined by the exact composition, manufacturing
factors, and graphite material utilized, and they may be enhanced based on the fillers
employed. CB was employed as a second filler with NG in this example. As previously
stated, CB enhances the viscosity of the composite material, and as shown in the SEM
micrographs, the orientation of the NG sheets was improved and the sheets in the composite
were more regular. As we can see in Figure 11, the forming efficient conductive paths using
CB as a second filler with NG. Figure 12 shows the thermal conductivity of the PSU-based
composite filled with NG and NG + CB measured along the sample plane.

Using NG as filler in composite material

Using CB as a second filler with NG in
composite material
to form conductive path

Using CB a a filler in composite material

Figure 11. Illustration of forming efficient conductive paths using CB as a second filler with NG.
Pressure at consolidation was applied perpendicular to the sample plane.
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Figure 12. Thermal conductivity in the in-plane direction of PSU-based composites filled with 30 (1),
40 (2), 50 (3), 60 (4), and 70 (5) wt. % of NG (a); NG + CD (b) 28 wt. % NG + 2 wt. % CB (1), 26 wt. %
NG + 4 wt. % CB (2), 68 wt. % NG + 2 wt. % CB (3), 66 wt. % NG + 4 wt. % CB (4).

It should be noted that whereas in the previous paper [34], we reported the thermal
conductivity magnitude measured along the direction of the pressure application at the



Appl. Sci. 2024, 14, 2756

13 of 19

samples’ consolidation, in the present study we compared the thermal conductivity mea-
sured both along the direction of the pressure application at the samples’ consolidation and
in the direction normal to the pressure application direction. As is illustrated in Figure 11,
flake-shape particles of NG are oriented along the sample plane, i.e., perpendicular to
the pressure application direction. Comparing data presented in Figures 10 and 12, one
should note that the thermal conductivity of the composite containing 70 wt. % NG mea-
sured normally to the sample plane was found to be of about 17 W/m-K, whereas in the
direction along sample plane the same composite exhibit thermal conductivity magnitude
was about 27 W/m-K. Addition of CB enhance the difference in the conductive between
various direction, composite containing 66 wt. % of NG and 4 wt. % of CB possess thermal
conductivity in the direction perpendicular to sample plane of about 10 W/m-K, whereas
thermal conductivity in the in-plane direction was found to be more than 37 W/m-K.
Moreover, comparing the curve 5 in Figure 12a with the curves 3 and 4 in Figure 12b, it
should be concluded that addition of CB to composite filled with NG increased the thermal
conductivity in the in-plane direction significantly. It should be noted that such an increase
was found only for highly filled composites; for composites with filler content of 30 wt. %,
the addition of CB provided no positive effect, as can be seen by comparing the curve 1 in
Figure 12a with the curves 1 and 2 in Figure 12b.

Tables 2 and 3 collect the experimental results of thermal conductivity measurements.
It is seen that for all the NG-containing samples, thermal conductivity in the in-plane
direction, i.e., along the NG flakes’ orientation, is higher than in the direction normal to
the sample plane. It should be noted that composites filled with AG measurements do not
show any difference between thermal conductivity in various directions. It is evidently
because of the near-spherical shape of AG particles, so detailed measurements of in-plane
thermal conductivity for this filler were not provided.

Table 2. Electrical and thermal conductivity of PSU-based composites filled with NG and AG.

Filler

Content wt. % NG AG

Thermal Thermal Thermal

Electrical Conductivity in Conductivity in Electrical Conductivity in

Conductivity S/cm Normal to Plane the In-Plane Conductivity S/cm Normal to Plane

Direction, W/m-K Direction W/m-K Direction W/m-K

0 1x10° 1 0.05 1x10° 11 0.05

30 0.0305 + 0.009 1.6 +0.12 6.8 £0.8 0.0005 =+ 0.0001 0.65 £ 0.1
40 8+09 2.9 +0.19 5.6 £0.9 0.0024 £ 0.0016 0.89 4+ 012
50 375+19 3.6 02 114+ 09 0.013 4 0.002 1.15 +0.13
60 49.6 + 3.5 9.5+ 0.6 20.1 = 1.5 0.4 +£0.01 2.10 £ 0.19
70 529 +4.2 174 +1.2 27.6 + 1.8 3.846 + 0.2 3.47 +£0.2

Table 3. Electrical and thermal conductivity of PSU-based composites filled with NG + CB and AG + CB.

Filler Content wt. %

Electrical Conductivity S/cm Thermal Conductivity in Normal = Thermal Conductivity in the

to Plane Direction, W/m-K In-Plane Direction, W/m-K
28 wt. % NG + 2 wt. % CB 0.07 + 0.01 0.88 £ 0.1 1.7
26 wt. % NG + 4 wt. % CB 0.14 + 0.01 1.19 £0.11 2.8
68 wt. % NG + 2 wt. % CB 53.2 + 4.3 5.46 + 0.3 30.6
66 wt. % NG + 4 wt. % CB 55.5 + 4.5 8.13 £0.9 37.1
28 wt. % AG + 2 wt. % CB 0.0025 £ 0.0005 0.46 + 0.05 -
26 wt. % AG + 4 wt. % CB 0.0009 + 0.0002 0.50 + 0.05 -
68 wt. % AG + 2 wt. % CB 2.2+ 0.16 5.23 + 0.3 -
66 wt. % AG + 4 wt. % CB 1.9 +0.12 8.55+ 0.9 -
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3.5. Mechanical Properties

ISO 291: 2008 and ASTM D790 [41] standards were used to conduct three-point flexural
testing. The test was carried out using universal testing equipment manufactured by Zwick
Roell (Group, Ulm, Germany). Using a hot press, the samples were formed into rectangles
(80 x 10% mm).

The flexural strength magnitude for unfilled PSU was found to be about 124 MPa, and
the maximum achieved value for composite containing 30 wt. % of AG is 38.74 MPa, as
shown in Figure 13. It shows that at a enough low filler content, the particles dispersed
throughout the polymeric matrix well, which allows mechanical stresses to be transferred
between two composites components. Increasing the filling degree induces a rise in the
elastic modulus, which results in a corresponding decrease in deformability for all materials.
Variations in the strength of a substance’s qualities occur depending on the morphology of
the filler.

140
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0 2000 4000 6000 8000 10,000 12,000 14,000
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Figure 13. Flexural test curves of PSU-based composites with unfilled PSU solution (1); 30 (2), 70 (3),
wt. % of NG; 30 (4), 70 (5) wt. % of AG.

Figure 13 shows that when NG is used as a filler, the flexural strength depends strongly
on the filler quantity, and the flexural strength maximum was achieved at 30 wt. % of
the filler. Increasing the filler content is accompanied by decreasing the magnitude of
flexural strength. Such a decrease may be associated with the fact that graphite sheets
are piled on top of each other and overlapped to form a composite. The amount of
interlayered polymer between the graphite particles reduces as the filler concentration
increases, which results in lower adhesion capabilities and a reduction in the composite
mechanical properties. Furthermore, in addition to the graphite sheets” structural pores,
pores between the composite and the matrix appear at a high filling degree.

As a consequence, we may conclude that increasing the filler amount decreases flexural
strength because the graphite filler causes the polysulfone composite to become more brittle.

Figure 14 shows the flexural test curves of PSU-based composites filled with CB, to
study the effect of CB on the composite properties. Increasing the carbon black loading
in the composite will typically reduce flexural strength. Carbon black particles have
been shown in studies to disrupt the polymer matrix and function as stress concentrators,
resulting in poorer interfacial bonding and lower mechanical characteristics. The lower filler
concentration of CB indicates that the filler is effectively spread throughout the polymeric
matrix, allowing mechanical loads to be transferred between the two components even with
low filler amounts. Increased filling causes an increase in the elastic modulus, resulting in
a decrease in deformability for all materials.
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Figure 14. Flexural test curves of PSU-based composites with unfilled PSU solution (1); 2 (2), 4 (3),
6 (4), 8 (5) wt. % of CB.

To study the effect of adding CB as a second filler with graphite in composite material
based on PSU, three-point flexural testing was applied as we can see in Figure 15. Incorpo-
rating CB with graphite in a composite may reduce the material’s flexural strength. CB is a
typical component used to increase the electrical conductivity of composites, but graphite
is frequently added due to its outstanding mechanical qualities, such as high strength and
rigidity. When CB is introduced to the composite, it spreads evenly throughout the matrix,
producing conductive channels. The addition of CB, on the other hand, might disturb
the structure and bonding between graphite particles, resulting in decreased interfacial
strength. This can have a detrimental influence on the composite’s flexural strength.

Flexural strength MPa
= = N N W W bH H w1
o un o nn o unn o u»n o

wv

o

0 1000 2000 3000 4000 5000
Deflection um

Figure 15. Flexural test curves of PSU-based composite filled with (1) 28 wt. % NG + 2 wt. % CB,
(2) 26 wt. % NG + 4 wt. % CB, (3) 68 wt. % NG + 2 wt. % CB, (4) 66 wt. % NG + 4 wt. % CB,
(5) 28 wt. % AG + 2 wt. % CB, (6) 26 wt. % AG + 4 wt. % CB, (7) 68 wt. % AG + 2 wt. % CB,
(8) 66 wt. % AG + 4 wt. % CB.

Furthermore, the presence of CB has the potential to induce agglomeration, resulting
in high concentration locations. These agglomerated patches can operate as stress con-
centrators, weakening the overall composite and leading to flexural strength loss. As one
can see from Figure 15, the flexural strength of the composite filled with CB + NG did not
change that much compared to the flexural strength of the composite filled with just NG.
but adding CB to a PSU-based composite filled with AG led to an increase in the flexural
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strength of the composite using 2 wt. % of CB; however, as we used 4 wt. % of CB, the
flexural strength decreased as well as for the composite filled with 70 wt. % AG.

To clarify the effect of additives on mechanical properties, tables were created showing
the highest values of flexural strength depending on the filler content. The mechanical
properties of the studied composites are given in Table 4. As can be seen, the flexural
strength of unfilled PSU is about 124 MPa and by using graphite materials as fillers the
flexural strength dropped to 51 MPa max.

Table 4. Flexural strength of PSU-based composites filled with NG, AG, and CB.

Filler Content wt. % Flexural Strength  Elastic Modulus
CB NG AG MPa GPa
0 0 0 124 2.9
2 - - 49.9 2.26
4 - - 514 2.37
6 - - 32.6 1.84
8 - - 21.2 1.30
- 30 - 17.4 5.80
- 70 - 11.8 9.60
- - 30 38.7 4.20
- - 70 29.2 4.90
2 28 - 23.7 4.18
2 - 28 46.3 3.50
4 26 - 26.7 5.34
4 - 26 45.2 3.50
2 68 - 154 8.70
2 - 68 23.5 6.50
4 66 - 10.9 7.80
4 - 66 24.2 8.10

As we saw, adding graphite to a polymer can increase electrical and thermal conductiv-
ity. However, it can also make the composite more brittle or fragile due to the rigid nature
of graphite particles. The flexural strength of graphite is about 34 MPa. The highly filled
polymeric composite material was expected to be more brittle than the unfilled polymer, but
as the results show we can assume that the flexural strength of the highly filled composite
is not bad compared to the graphite properties, such as high brittleness.

3.6. Electrical Conductivity

The mechanical properties and electrical conductivity of composite materials are
generally influenced by the conductive filler’s dispersion, shape, and orientation in an
insulating polymer base matrix. Because the size of filler particles usually is several
micrometers, a relatively high content of filler is usually required to achieve the threshold
percolation value. A high filler concentration might result in poor mechanical characteristics
and the use of unnecessary materials.

Table 2 shows the PSU composite filled with NG and AG electrical conductivity
depending on filler content. Electrical conductivity rises continuously at any degree
of loading concentration. For 30 and 70% wt. %, NG’s electrical conductivity spans
from 0.0305 S/cm to 52.9 S/cm, whereas filling up to 70 wt. % with AG allows to reach
only the magnitudes of 3.8 S/cm. Such a difference is associated with the formation of
conducting networks and the well-distributed NG sheets inside the polymer. As a result, it



Appl. Sci. 2024, 14, 2756

17 of 19

is evident that conductivity is affected by factors such as the filler content of the composite
and how much of it is absorbed into the matrix. The huge graphite flakes in case of
the NG filler made up the composite showed the lowest resistance at all concentration
in comparison with the small flake filler of AG. Because the grain and crystallite sizes
impact the electrical conductivity of carbon composites, large flake filler composites display
superior conductivity, as predicted.

Carbon black is known for its high electrical conductivity, which makes it a desirable
filler material for improving the thermal and electrical properties of composites. When
incorporated into a polysulfone-based composite, CB particles can enhance the composite’s
thermal and electrical conductivity by creating pathways for heat and electrical transfer.
From the result we can see that the higher concentrations of CB will often enhance the
electrical conductivity of the composite. This is because the greater abundance of CB
particles allows for more effective material conduction. However, it is crucial to remember
that there may be a threshold of diminishing returns where more CB additions will no
longer significantly improve thermal conductivity. The result of the thermal and electrical
conductivity of the composite filled with CB are shown in Table 5.

Table 5. Thermal and electrical conductivity of PSU-based composites filled with CB.

Filler Content wt. % Electrical Conductivity S/em  Thermal Conductivity W/m-K
0wt % 1x 1071 0.05
2wt. % 0.0408 £ 0.01 0224+0.1
4wt. % 0.0549 £ 0.01 024 £0.1
6 wt. % 0.0648 + 0.01 0.26 £0.1
8 wt. % 0.09 £ 0.02 0.28 £0.1

To see the effect of using hybrid fillers in composite materials on the electrical conduc-
tivity, we measured the electrical conductivity of the composite filled with CB + NG and
CB + AG with different filler contents, and the result are shown in Table 3.

In the case of using CB + NG as fillers, we can see that the electrical conductivity of the
composite increased 2 times while using 30 wt. % CB + NG) as fillers. In the case of using
70 wt. % (CB + NG) we can see the enhancement was not that great, due to the decrease
in the content of NG in the matrix and the effect of CB, which was well dispersed in the
matrix. In the case of using CB + AG as fillers, we did not see an enhancement in electrical
conductivity due to the decrease in AG content in the composite.

4. Summary and Conclusions

Bipolar cells are a crucial component of polymer electrolyte membrane fuel cell stacks.
A wide range of conductive materials for bipolar plate manufacture metal, graphite, and
composite have been produced. Polymer composites filled with carbon particles are thought
to be the most promising composite bipolar plate contender. Carbon/polymer compos-
ites outperform pure metal and graphite in terms of cost, weight, corrosion resistance,
and machinability.

Our research aims to generate high filled composites with high density and low
porosity in order to attain high conductivity characteristics in composites. Several forms of
graphite were employed as fillers, including AG, NG, and CB, to study the effect of filler
type, size of the particles, and aspect ratio on the conductive properties and mechanical
behavior of composites. In comparison to AG and CB, utilizing NG as a filler resulted in a
denser and lower porosity composite. To create a better conductive structure, we suggested
using CB particles as a second filler with NG and AG. Depending on the properties of the
composite filled with CB, we found that using 2 and 4 wt. % of CB with NG as second filler
will enhance the composite material conductivity. So, as a result we could achieve the goal
we wanted and we enhanced the thermal and electrical conductivity of the composite by
producing a more perfect structure, to decrease material porosity and to increase material
density. Adding graphite type fillers to the polymer did not improve the mechanical



Appl. Sci. 2024, 14, 2756 18 of 19

properties of the composite as well as using CB as filler; however, we noticed that the
flexural strength of the composite decreased compared to unfilled polysulfone. This can be
explained by the difference in properties between the filler and the polymer, as we know
that the graphite material was considered as a fragility material, which led to a decrease in
the flexural strength of the composite.
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