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Abstract: This article deals with the synthesis and characterization of electrocon-
ductive composite materials prepared by the compression molding of mixtures of lignocel-
lulose and electrochemically deposited copper powder under different pressures, as well as
with the investigation of the influence of particle morphology on conductivity and the per-
colation threshold of obtained composites. Electrodeposited copper powder content varied
from 1.9-29.4 vol%. The analysis of the most significant properties of prepared composites
and its components included impedance spectroscopy (IS) behavior, the measurements of
electrical conductivity, scanning electron microscopy (SEM) and structural analysis. It has
been shown that the percolation threshold (PT) depends on both particle shape and the type
of spatial distribution. 1S measurements and SEM analysis have shown that particles that
have pronounced grain boundaries have a bit effect on the appearance of electric conducti-
ve pathways thus on the composite conductivity. The packaging effect and more pronoun-
ced interparticle contact with copper powder particles lead to the “movement” of PT,
which, for the particles <45 pm and the highest processing pressure of 27 MPa, was 7.2%

(VIV).

Keywords: impedance spectroscopy, electrolytic copper powder, lignocellulose,

composite.

1. INTRODUCTION

Due to their unique properties and a variety of
possible applications, composite materials play a
pivotal role in modern industry and are of great
importance for materia science in general. Attempts
to improve the properties of materials by adding
fillers, whether inorganic or organic, are not new.
For years, the synthetic polymer composites have
been used in various industrial fields, equipment,
automotive and even aerospace. However, these
synthetic materials come from non-renewable sour-
ces and are not easily degradable by micro-
organisms present in nature. In addition, global
warming mostly caused by carbon dioxide released
during fossil fuels burning is becoming an
increasingly important issue, while the disposal of
plastic-based petroleum products such as packaging
of fast food, dining accessories, containers and bags
also creates serious environmental problems|[1,2].
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The growing environmental awareness around
the world has encouraged researchers and industria-
lists to discuss natural plant fibers as an alternative
for reinforcements and fillers to produce composite
materials known as biocomposites. Traditional solu-
tions for conductivity in polymers and composites
with polymer matrix include polymers with metal
filling, substantially conductive polymers and
networks, foils and wire laminated structure. A
rapidly growing field of nanotechnology has intro-
duced new materials that can increase the
conductivity of the polymer composite [3-9]. By
combining the insulating polymer with different
conductive fillers such as metals and other conducti-
ve particles, electrically conductive polymer matrix
composites can be obtained. Generaly speaking,
with an increase in the volume fraction of the con-
ducting filler particles, conductivity of composite
increases as the filler particles form the conduction
paths through the composite [7-12]. Thus, depen
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ding on the amount of the conductive filler that is
incorporated into polymer, the obtained composite
can retain electrically insulative qualities of polymer
or can become electrically semiconductive or con-
ductive. As the volume fraction of the conducting
filler reaches a critical value (the so-called percola
tion threshold), an infinite conductive cluster (IC) is
formed and, consequently, the composite becomes
conductive [8-9,13-18]. At low concentrations,
below the percolation threshold, the conductivity
remains very close to that of the insulating polymer
matrix as the electrons still have to travel through
the insulating matrix between the conductive filler
particles. When a critical volume fraction of the
filler, called the percolation threshold, is reached,
the conductivity drastically increases by many
orders of magnitude. This coincides with the forma-
tion of conductive pathways of the filler material
forming a three dimensional network, which span
the macroscopic sample. The electrons can now
predominantly travel along the filler and move
directly from one filler to another, increasing the
amount of filler material further, levels off the
conductivity, the maximum conductivity of the
composite [8-9,13-18].

In addition to the conductivity control, elec-
troconducting polymer composites have further
advantages of lower cost, ease of manufacture, redu-
ced weight, high flexibility, corrosion resistance and
mechanical shock absorption ability, which makes
them rather interesting for many fields of enginee-
ring [13,19-22].

Numerous studies can be found in literature
related to the influence of the type of polymer matrix
and filler on the electrical properties of the composi-
tes [7-9, 23—-26]. The studies suggest that the partic-
le size and shape, the nature of the contact between
the conductive filler elements, volume fraction and
spatial arrangement of the conducting filler particles,
al have a significant influence on the conductivity
of filled polymers[9,13-18].

Furthermore, the increasing environmental
awareness combined with an increase in crude oil
price has opened investigations of eco-friendly and
sustainable alternatives to fossil fuel-based synthetic
polymers and stirred up recent investigations
towards biopolymers i.e. biodegradable polymers
[19-26]. Accordingly, a large number of these bio-
degradable polymers are currently commercialy
available [27].

Biopolymers, such as lignocellulose (LC), are
agood aternative to polymers based on petrochemi-
cal industry due to their environmental benefits like
biodegradability and renewability. Biocomposites
based on raw materials derived from natural resour-

ces are of great interest and have been a maor
subject in a large number of publications
[7-12,28-29]. Produced by wooden plants and
having alarge range of properties, lignocellulose can
be used for applications like packaging, agriculture,
hygiene, and automotive industry.

Lignocellulosic biomass is a nonstarch, fibro-
us part of plant material and is an attractive resource
because it is renewable and abundant [10,11]. Lig-
nocellulose-based fibers are the most widely used
since, intrinsically, these fibers have a number of
interesting mechanical and physical properties
[12,28]. The structural and chemical composition of
lignocellulosic feedstocks is highly variable because
of genetic and environmental influences and their
interactions [10]. Chemical composition of lignocel-
lulosic feedstocks is a key factor affecting the pro-
perties of this biodegradable polymer and its compo-
sites[28].

Lignocelulose can be obtained by physical
treatment such as high pressure homogenizer and
grinder treatment, using high mechanical shear force
to generate bundles of microfibrils called cellulose
microfibril or microfibrillated cellulose with diame-
ters from tens of nmto um [7-9].

Conducting polymer composites with metal
fillers have found applications as conducting adhesi-
ves in electronics packaging, undexfill for flip chips,
in electromagnetic shielding of computers and elec-
tronic equipment, cold solders, switching devices,
static charge dissipating materials and devices for
surge protection [28,30-31]. They also found hume-
rous technological applications as photothermal
optical recorders, chemical and electrochemical
catalysts, self regulating heater, direction finding
antennas, chemical detecting sensors used in elec-
tronic noses and adsorbents [12,32—36].

The primary objective of this study was to
investigate the electrical properties of lignocellulose
matrix composites filled with galvanostatically pro-
duced copper powders. The main focus of this paper
is to examine the conductive properties of composi-
tes and the relationship between the matrix and filler
in the composite in order to better understand the
behavior of the electrical conductivity of these mate-
rials. This approach involves the characterization of
the classical percolation characterization, along with
a number of physical tests of material properties of
the composites. The analysis included measurements
of electrical conductivity, structural investigations
and impedance spectroscopy (IS) characterization.

Impedance spectroscopy (1S) has been gaining
a more important role in fundamental and applied
electrochemistry and materials science in the last
years. In anumber of respects it is a method of choi-
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ce for characterizing the electrical behavior of
systems in which the overall system behavior is
determined by a number of strongly coupled proces-
ses, each proceeding at a different rate [9,37]. Impe-
dance spectroscopy is arelatively new and powerful
method for characterizing many of the electrica
properties of materials and their interfaces with
electronically conducting materials. It may be used
to investigate the dynamics of bound or mobile
charge in the bulk or interfacial regions of any kind
of solid or liquid material: ionic, semiconducting,
mixed electronic—onic, and even insulators (dielec-
trics). It can be used for measurements in a wide
range of materials from solid electrolyte materials
(amorphous, polycrystalline and single crystal),
solid metallic electrodes, fused salts, agueous
electrolytes and composite materials [37].

2. EXPERIMENTAL

Copper powder was galvanostatically produced
with distinct dendritic morphology and a large speci-
fic area [38—40], with al the same parameters of
dectrolysis and deposition times as stated in [7-9].
Electrolytic copper powder has been produced from
electrolyte containing 140 g/dm3 sulfuric acid and 15
g/dm3 copper ions, using an electrolyte temperature
(50£2) °C. The powder was deposited
gavanodtaticaly at current density of 3600 A/m2 and
the deposition time (the time of powder removal by
brush) was 15 min, whereby the experimental setup
was the same as in [7-9]. The wet powder was
washed several times with alarge amount of demine-
ralized water until the powder was free from traces of
acid, at room temperature, because acid promotes
rapid oxidation of powder during drying. Obtained
copper powder was washed afterwards with sodium
soap SAP G-30 solution to protect the powder against
subsequent oxidation, which was prepared and used
as in previous work [7-9]. After drying in tunnel
furnaces at 110 — 120 °C in a controlled nitrogen
atmosphere, the copper powder was sieved through a
mesh with 45um openings.

Celgran® C fraction of the corn cob produced
by Maize Research Institute ,,Zemun Polje’ was used
as a source of lignocellulose. It was milled and then
sieved, with particle sizes below 45 um. Lignocellu-
lose prepared and obtained in this manner was used
asanatural polymer matrix.

Investigated composites of lignocellulose
matrix filled with copper powder were prepared with
filler contents in the range 2.0% (v/v) — 29.8% (v/v),
while pure lignocellulose samples were prepared as
reference materials. Thoroughly homogenized com-

posite powder mixtures were pressed into 16 mm
diameter pellets under pressures of 10, 20 and 27
MPa at ambient temperature (t = 25 °C)

Impedance spectroscopy (IS) experiments
were performed in potentiostatic mode on all prepa-
red composites. Instrumentation involved Bio-
Logic® SAS Instrument, model SP-200, guided by
EC-Lab® software. Samples were put between two
metal plates and they responded to the potentia
input sinusoidal signal of £10mV (rms) amplitude.
The geometry of the instrument contacts used is
such that it minimizes the edge effects, thusit can be
assumed that they do not exist. Experimental IS data
werefitted by ZView® software [41].

Sample thickness (necessary for the calcula
tion of conductivity) was determined using a micro-
meter, at an accuracy of 0.01 mm. Several thickness
measurements were taken per sample and then ave-
raged.

The morphology of electrochemically deposi-
ted copper powder and lignocellulose, as well as
their composites was investigated by scanning elec-
tron microscopy using a VEGA TS 5130MM micro-
scope (Tescan).

3. RESULTS AND DISCUSSION

As previoudy mentioned, the conductivity of
filled polymersis strongly dependent on the nature of
the contact between the conductive filler elements,
particle size and shape of the conductive particle fil-
ler. This was shown in [7-9] where highly dendritic
copper powder was used, and the percolation thres-
hold was moved to a lower filler content. Electrical
properties of lignocellulose polymer matrix are ate-
red by addition of conductive copper powder as the
filler. The eectrical conductivity of polymer compo-
sites does not increase continuously with increasing
electroconductive filler content. Instead it has a rapid
increase in conductivity when the percolation thres-
hold of the conductive filler content is reached. The-
refore, the copper powder was galvanostatically pro-
duced since it should have a distinct dendritic
morphology and a large specific area [38—40]. This
feature can be seen in Figure 1a, which shows typical
copper powder particle obtained by constant current
deposition. Copper powder particles have pronounced
dendrite branching and, hence, this powder is a good
prerequisite for formation of more interparticle con-
tacts between conductive copper particles and
lowering the percolation threshold. Figure 1b shows
SEM photomicrograph of used lignocellulose with
digtinct layered structure.
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Figure 1. SEM photomicrographs of a) copper powder particles obtained in constant current deposition and b) ligno-
cellulose matrix used in composite preparation

The results of the percolation threshold (obta-
ined from the maximum of the derivative of the
conductivity as a function of filler volume fraction)
measured from the experimental data of impedance
spectroscopy are in good agreement with the previo-
us results [7-9].

At an interface between two phases in the
composite, physical properties like crystallographic,
mechanical, compositional, and, particularly, electri-
cal change precipitously and heterogeneous charge
distributions (polarizations) reduce the overall elec-
trical conductivity of a system. The morphology of
used copper powder (Figure 1) shows that greater
interpartical contact of smaller, highly porous,
highly dendritic particles with high values of speci-
fic area move the percolation threshold towards
lower filler content.

It should be mentioned that the resistance of
the composites increases due to an increasing contri-
bution of a part of internal surface of polymer matrix
as frequency decreases. In a certain frequency range,
capacitance and resistance values are similar.

The electrical conductivity of all the particle
size composites as a function of filler content for al
the samples was measured from impedance charac-
teristics of a composite having the filler of characte-
ristic morphology. Electrical conductivity was
determined according to the following relation:

1 1)
where ¢ is électrical conductivity, R — resistivity of
alayer in equivalent circuit, | —length and S— cross-
section area of the sample. Measurements of electri-
cal conductivity as afunction of filler content for all
the samples are presented in Figure 2.

Due to the packaging effect and more pronoun-
ced interparticle contact with smaller, highly porous,

highly dendritic particles with high values of specific
area lead to ,,movement” of percolation threshold
towards lower filler content. This feature can be
observed in Figure 3. The conductivity of the compo-
site is obtained through conductive pathways of the
filler that form in the composites. These pathways are
formed in 3D in a pure random order. SEM images of
the inner structure of the composites are prepared
after composite preparation and its braking.

It should be mentioned that copper powder fil-
ler was sieved through the mesh with the openings
of 45 pum, and the conductive pathways are at much
larger scale which can be observed in Figure 3 [42].
The results of quantitative microstructural analysis
for the sieved powders are shown in Table 1. The
symbols used have the following meanings:

— A (area) — Feature area (the total number of
detected pixels within the feature).

— Dmex — Diameter (length) of the largest (lon-
gest) particle.

— Dmin — Diameter (length) of the smallest
(shortest) particle.

— L, (perimeter) — The total length of the
boundary of the feature which is calculated from the
horizontal and vertical projections, with an
allowance for the number of corners.

—fa (form area) — A shape factor of area. This
is calculated from theratio:

4A

A=—
ﬂ-'Dmax'Dmin

)

and for acircleand ellipseisequal to 1.
— fL(form perimeter)—A shape factor of peri-
meter. Thisis calculated from the ratio:

47 A
f, = B
p

and for acircleand ellipseisequal to 1.

©)
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— fr (roundness) —A shape factor which gives |_2p
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Figure 2. Comparison of electrical conductivities, as a function of filler content, of lignocellulose composites filled with
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copper powder under different processing pressures.
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Figure 3. SEM images of the conductive pathways in the composites at percolation threshold. Composites are prepared
under a) 10 MPa, b) 20 MPa and c¢) 27 MPa. All photographs are prepared at magnification x350
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The adjustment factor of 1.064 corrects the
perimeter for the effect of the corners produced by
the digitization of the image.

— fu — This is the ratio of the length of the
polygon circumscribing the feature formed by tan-
gents to its boundary (very similar to the length of a
piece of string stretched around the feature) to peri-
meter.

Table 1. Parameters which characterize sieved fraction
(< 45pm) of electrolytic copper powder deposited
galvanostatically at current density of 3600 A/n¥ [42]

Max Min Mean
A (area) (un) 578.32 | 571 91.76
L, (perimeter) (um) | 181.34 | 0.98 57.82
Drmax (um) 50.47 291 28.34
Dpin (um) 12.94 0.98 6.81
fa (form area) 1.00 0.37 0.75
f. (form perimeter) | 0.87 0.12 0.50
fw 1.00 0.73 0.89
fr 3.99 1.22 212

SEl 20KV
UB-RGF

x2,500

10pm —

a)

There is an influence of the pressure on elec-
trical conductivity of the composites. For the pressu-
re of 10 MPa the percolation threshold was lowered
to 12.5% (v/v), for 20 MPa it was 11.6% (v.v), and
for 27 MPait was 7.2% (v/v) which is the difference
of 5.8% (v/v) in the filler content. At higher pressu-
res less filler is needed to form conductive pathways
through a composite. However, at the pressure of
27 MPa it can be observed that the starting surface
features of electrodeposited copper powder is alittle
deformed, although it is still forming conductive
pathways (Figure 4). Further tests, at higher pressu-
res, will show the future impact of increased pressu-
re on composite conductivity, and whether it starts to
decrease after a certain point.

Flandin et al. [43] state that typical vaues of
20-40% (v/v) for percolation threshold for spherical
filler particles. Hence, electrodeposited copper
powder particles represent an excellent choice as
conductive composite fillers.

BEC 20kV
UB-RGF

Figure 4. SEM images of the a) electrodeposited copper powder used as a filler and b) copper powder in the composite
prepared at 27 MPa. Magnification x2500

4. CONCLUSIONS

In this article we describe the experimental
study about the effects of particle morphology of
electrodeposited copper powder on the electrical
conductivity of lignocellulose composites filled with
this powder. It was shown that a particle shape of
copper powder with very high surface area and pro-
nounced dendrite branching plays a significant role
on electrical conductivity of the prepared samples.
Electrical conductivity was calculated from the
results of impedance spectroscopy measurements
and it is in agreement with previously published
results [7-9]. The layered electrical conductivity
through the samples was found, where the resistance
of theinner layersis a guiding process of the overall

resistance of the composite. Grain boundary plays a
significant effect. The response is an elongated cou-
pled resistance with constant impedance ,tail”
towards lower frequencies. It can be pointed out that
resistance increases due to the increasing contribu-
tion of the part of internal surface of polymer matrix
as frequency decreases. The internal space charge
that is created at the phase boundaries leads to a
significant increase in the concentration of mobile
defects, hence giving the circuit response with
purely geometric reductions in the conductivity with
respect to the single crystal and thus showing that
grain boundary plays a significant effect. This
response is elongated coupled resistance with con-
stant impedance ,tail” towards lower frequencies.
Polycrystallinity, high surface area, bigger number
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of interparticle contacts and grain boundary effect of
the copper powder are key factors influencing the
percolation threshold in the LC-Cu composites. This
research has undeniably shown that particle
morphology of galvanostatically obtained copper
powder and lignocellulose matrix plays a significant
rolein electrical conductivity of the composites.
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FOR

EJIEKTPUYHA TTPOBO/IJbMBOCT JIMI'HOLIEJTYJIO3HNX KOMITIO3NUTA
IMYBEHUX EJJEKTPOJIMTUYKNUM BAKAPHUM ITPAXOM

Ca:kerak: Y 0BOM pajay IprKa3zaHa je CHHTE3a U KapaKTepH3alnja eIeKTPOIIPOBOI-
HUX KOMIIO3UTHUX MaTepHjaia Ha 0a3n JMTHOLENYJI03€ W EJICKTPOXEMHjCKH IT00MjeHOr
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OakapHOr Tpaxa JOOMjEHHMX XJIQJHHUM MPECOBakbEM Ha PA3IMYUTHM NPUTHCIMMA, Kao U
UCIIUTHBamkE yTUIaja MOp(OJIoTHje Mpaxa Ha MPOBOAHOCT U MEPKOJIAMOHM Tpar j1o0uje-
HUX KOMIIO3HTa. 3allPEeMHUHCKH yaeo OakapHor mpaxa je Bapupao 1.9-29.4% (v/v). Ananu-
3a Haj3HAYajHUjUX OCOOWMHA MPHUIPEMIbEHUX KOMITO3UTa 00yXBaTaia je UMIICJAaHCHY CIICK-
tpockonrjy (IS), ckennpajyhy enextporcky mukpockorujy (SEM), Mepema enekrtpuure
TPOBOAHOCTH U CTPYKTYpHy aHamu3y. Iloka3ano je na mepkonaumonu mnpar (PP) 3aBucu
KakKo O] O0JIMKa YEeCTHIA TAaKO M OJi BUXOBOI' MPOCTOpHOI ypehema. |S mepewa u SEM
aHaJIM3e Cy IOKa3anu Ja MOp(OJIOTHja YeCTHIA ca H3PAKEHO BEJIMKOM I'PAaHULIOM 3pHA UMa
BEJIMKH YTHIIA] HA 110jaBy €NEKTPUIHUX MPOBOJHHX ciiojeBa. Edekar makoBama u m3paxe-
HUjU Mel)ydecTHYHU KOHTaKT ca decThiamMa OakapHOr mpaxa JOBOJAHW JI0 ,ToMmepama” PP,
KOjH je 3a yectuire <45 um u HajBecu nputucak ox 27 MPawusuocuo 7.2% (V/v).

Kibyune peum: uMmrenaHcHa CHEKTPOCKONM]ja, ENEKTPOJIMTHYKM OakapHU Ipax,
JIMTHOIIENTYJI03a, KOMIIO3HT.





