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In this paper, mechanical, thermal, electrical, and physical properties of unsaturated polyester resin with
dendritic-shaped copper(Cu)-graphite (Gr) fillers were experimentally investigated and correlations were proposed
with several theoretical models. On the other hand, the Gr filler is added as a secondary filler to provide synergy
and obtain better conductivities. For this purpose, 5 wt% Gr filler was added as a secondary filler while Cu was
added with changing weight rates. In each experiment, the basic aim is to determine the effects of both filler
size and concentration on the mechanical, thermal, and electrical characterizations of the composite mixture. It
is observed that an increase in filler concentration causes an increase in thermal conductivities. On the contrary,
the coefficient of thermal expansion and specific heat decrease with increasing filler content. The hybrid filler
allows the positive synergistic effect on mechanical performance but restricts conductivity properties. The particle
size also causes a minimal linear increase in thermal conductivity. Thermal analysis such as thermogravimetric
analysis and differential scanning calorimetry show that the thermal stability increases with the filler concentra-
tion. On the other hand, the electrical conductivity increases with increasing filler particle size and concentration.
Using this high conductive novel composite mixture as an electrode hard steel parts were engraved in an elec-
tric discharge machine. Regarding the experimental-theoretical correlation, the best agreement is achieved with

the Maxwell model.
DOI: 10.12693/APhysPolA.137.339
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1. Introduction

Several studies have examined the addition of non-
polymeric fillers to improve the physical properties of
polymer-based composites. Doping of fillers with good
mechanical, thermal, and electrical properties improves
the composite material relatively to pure resin but never
reaches the level of pure filler. Besides, the composite
mixture in a viscous form can easily be shaped by pour-
ing into a mold before curing. Due to the ability to be
shaped easily, complex geometries can be produced with
this method.

On the other hand, the addition of more than one filler
may create the possibility of interaction between the par-
ticles. These interactions provide synergy to obtain bet-
ter properties. In this paper, the basic motivation is to
achieve the effects of particle size and concentration of
dendritic-shaped Cu particles as primary filler and Gr
as secondary filler on mechanical, thermal, and electri-
cal conductivity characteristics. In order to examine the
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synergistic effect, Gr particles have been added to the
present mixture with a fixed 5 wt%. In this work a novel
composite structure was investigated in terms of material
composition and powder size.

In a study made by Zhou et al., researchers investi-
gated both thermal and electrical conductivities of filler
doped polymers [1]. They reported that the thermal and
electrical conductivities are related to the filler shape and
size as well as the added filler concentration. At high
filler loadings, the thermal and electrical conductivities
increased remarkably. On the contrary, i.e., in lower filler
loadings, particles of conductive material encapsulated
by a polymer binding cannot touch each other. Insula-
tion between particles leads to lower electrical conduc-
tivity [1, 2]. Under constant particle concentration [3],
particle sizes were compared. The results show that
higher thermal conductivity A is achieved with greater
particle size. Ren et al. [4] observed the effect of filler
shape on thermal conductivity (TC) by using optical mi-
croscopy, atomic force microscopy, and scanning electron
microscopy, respectively. They showed that the networks
of thermally conductive fillers and the interfacial thermal
resistance at the filler boundaries played a major role in
the TC. Boron nitride particle (BNp) exhibits the higher
TC than boron nitride sheet (BNs) in the polyethylene
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media. However, the addition of multi wall carbon nano-
tube (MWCNT) as hybrid component reversed this sit-
uation. The TC of the hybrid BNs is superior to that
of the hybrid BNp composites. The comparisons showed
that the TCs are larger than Maxwell and Bruggeman
models for both 2-phase and 3-phase composite struc-
tures. In another study made by Yuan et al. [5], tetrapod-
shaped zinc oxide (T-ZnO) whiskers and boron nitride
(BN) flakes were employed to improve the thermal con-
ductivity of phenolic formaldehyde resin. They have ob-
served that the addition of BN flakes increased the TC
and flexural properties. Yu et al. [6] also investigated the
effect of filler morphology. They assert that the prolate-
shape filler can improve the TC by forming conductive
network.

In hybrid systems, Zhang et al. [7] used two differ-
ent dimensional fillers to explore their synergistic effect
on the mechanical and electrical properties of PMMA
composite. They reported that the hybrid filler pro-
motes the mechanical performance but restricts the syn-
ergistic effect for electrical properties. In the study of
Sharmila et al. [8] graphene oxide and iron oxide hy-
brid filler epoxy binder composite are investigated for
mechanical, thermal, and dielectric properties. Scanning
electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) analysis showed that the adhesion be-
tween the hybrid filler and the epoxy matrix is quite
strong. Hybrid structure also exhibited higher thermal
stability than the neat epoxy resin. Dielectric proper-
ties like dielectric constant and dielectric loss increased
with increase in hybrid filler content. In another work [9]
hexagonal boron nitride (hBN) platelets and aluminum
nitride (AIN) particles are used as hybrid fillers to im-
prove the thermal conductivity of polytetrafluoroethy-
lene (PTFE). The Hashin—Shtrikman model is also used
to quantify the filler connectivity within polymer matrix.
The incorporation of hybrid fillers improves the thermal
stability of PTFE matrix and PTFE composites retain
dielectric properties.

As can be seen from the literature, the theoretical
models have been widely used to simulate the electri-
cal and thermal behavior of the composite materials
without testing. The basis of many of them is the
Maxwell model [1, 10-16]. The Hashin—Shtrikman [10]
and the Lewis—Nielsen [1, 2, 10-17] models are also in-
vestigated. For 3-phase system Lewis—Nielsen model
has been extended as modified Lewis-Nielsen model and
provides good convergence with the experimental hy-
brid systems [18-20]. Badakhsh and Park [19] inves-
tigated the thermal and mechanical properties of high-
density polyethylene (HDPE)-matrix reinforced copper-
carbon nanotube filler composite. Characterization re-
sults indicate the increase in TC and reduction in ther-
mal expansion. For EC of three or more phase com-
posite structures, the Bruggeman symmetrical effective
medium theory [21], which is based on the spherical filler
shape, gives the more accurate prediction. Hence, we
also used the same approach to predict the EC values.

The comparison between the theoretical models and ex-
perimental results proposed in this work is reported.
In the whole text, copper—polyester composite is denoted
by C/P and copper—graphite—polyester hybrid composite
is denoted by C/G/P.

2. Experimental

Copper and graphite powder have been sieved into ten
different size groups to investigate the effect of particle
size on thermal properties. The powder particle sizes
and distributions have been carried out on a measuring
instrument (MASTERSIZER-X, Malvern Inst., Worces-
tershire, UK) using the laser light diffraction method.
The particle size distributions of Cu/Gr are shown in
Fig. 1. The average grain sizes are 75 pm for Cu and
70 pm for Gr. The UPR including 35+2% styrene as a re-
active diluent, with brand name CE 92-N8, were obtained
from Cam Elyaf Co. (Turkey). Cobalt and methyl-ethyl-
ketone peroxide were used, respectively, as additives to
accelerate and initiate the curing of the composite mix-
tures. They were obtained from Akzo-Nobel Co. (Turkey
Dist.). In Table I the properties of pure UPR are given
by Cam Elyaf Co.

The composite specimens were prepared by mixing
a 30 & 1 cm? resin/filler mixture for 15 min at an an-
gular speed of 50 + 10 rpm using a mechanical mixer.
During this process 1.5 + 0.1 g of the accelerator cata-
lyst was added at the specified ratios. The 5+ 0.2 g of
hardener was added, and next the mixture was stirred for
further 5 min. In this way, the fluidized mixture is poured
into the mold without hardening. After pouring, the mix-
ture stayed for 15 min for pre-curing. The pre-cured
specimens are post-cured at a temperature of 150 4+ 2°C
for 4 h. The same procedure was applied for fixed 5 wt%
Gr filler [22]. The hardened specimens were formed into
discs with 20£0.2 mm diameter and 84+0.1 mm thickness.
The coefficient of thermal conductivities A were measured
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Fig. 1. Cu and Gr filler SEM images and their particle
size distribution.
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Properties of UPR [22]. TABLE I
Physical properties

viscosity [cps] 600-700

monomer [%] Styrene 35 & 2

acid No. [mg/KOH/g | 28 +2

density [kg/m?] 1200 + 10

Hardening characteristics

gelling time [min)] T+2

peak temperature [ °C] 150 £ 5

peak temperature duration time [min] 12

total peak temp reach time [min] 20

Mechanical properties

microhardness [HV] 18.62

elongation at break [%)] 20

tensile stress [MPa] 45.26

tensile modulus [GPa| 1.177
TABLE II

Material properties of composite component [22], includ-
ing density p, average particle size d, melting tempera-
ture T},, and thermal conductivity A.

Properties UPR Cu filler Gr filler
d [pm] - 75+ 5% 70 £ 4%
p [kg/m?| 1200 £+ 10 8920 2200
Tm [°C] 280 1084.6 900
A [W/(m K)] 0.22 £0.02 385+5 120+ 2

by a C-Therm T'CI model thermal conductivity analyzer.
The modified transient plane source technique was used
to characterize the A and effusivity of composite mate-
rials. The measurements were carried out at 24 °C with
a flat probe having 17 mm diameter. TGA was performed
with a HITACHI TG/DTA 6300 thermo-gravimetric an-
alyzer. DSC analysis was performed with a HITACHI
DSC7020 analyzer under nitrogen atmosphere. When
heating samples at a rate of 10°C min~! from room tem-
perature up to 700°C, we were able to trace the mass
loss. The morphology of the inner state of composites
was examined by SEM technique. The particle size group
and physical properties of the components that form the
composite structure, are given in Fig. 1 and Table II,
respectively. Coefficients of thermal expansions (CTE)
were measured using a thermal expansion/shrinkage an-
alyzer (LINSEIS L75 vertical bench model dilatometer
with AL#£0.3 nm resolution). Those samples having
6 £ 0.1 mm in diameter and 20 + 0.2 mm in length were
heated up to 150°C at a rate of 10°C per minute and
then measurements were taken.

The values of A were determined from the slope of
the plot at 60°C and 150°C. Electrical resistance was
measured with a KEITHLEY-619 DC electrometer in
a range of (0.1-2.0) x 102 Q + (10% rdg+10 counts)
using two-point contact method [23, 24]. The sample

was disc-shaped with a diameter of 15 4+ 0.2 mm and
a thickness of 2+ 0.1 mm. In addition, tensile tests were
applied in order to see the effect of hybrid filler on me-
chanical performance. These tests were carried out at
temperature of 23°C and a strain rate of 2 mm/min ten-
sile speed by using a micro-controlled universal testing
machine (model WDW 50 E).

3. Results and discussion

This section consists of five subsections, namely, me-
chanical, thermal conductivity, thermal expansion, den-
sity, specific heat, and electrical conductivity. The re-
sults of experimental work in each section are presented.
At first, the thermal stability characterization of com-
posite mixture is investigated. The Cu content increases
the thermal stability of UPR alone. This may be ex-
plained by the lower heat capacity and higher A\ of Cu—Gr
mixture, which causes dissipation of the heat. This will
result in polyester chains starting to degrade at higher
temperatures [25-27].

The resin curve by TGA (shown in Fig. 2a) indicates
that the value of the temperature at which the first loss
of weight occurs is about 250°C. For almost all polymer
composites, the weight loss has ended at about 420°C.
Compared to neat resin the TGA shows the significant
weight loss at about the interval of 13-25%. The DSC of
C/G/P composites for three different filler loadings are
given in Fig. 2b. The change in decomposition is clearly
observed. The maximum weight loss occurs at the tem-
perature interval of ~ 300—400°C. The DSC shows that
the thermal stability is increased by the filler concentra-
tion [25-28]. It can also be said that the degradation in
the composite structure is proportional to the thermal
resistance. Therefore, the thermal resistance decreases
with decreasing degradation by addition of the filler ma-
terial. The perfection of the crystalline regions of pure
UPR is destroyed by the interaction between the pure
UPR and the Cu filler. It can also be said that filler par-
ticles may cause a more significant effect on crystallinity
as the filler concentration is increased [26, 29].
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Fig. 2. (a) TGA and (b) DSC curves of C/G/P for

different volumetric concentrations of Cu.
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3.1. Mechanical

In order to investigate the effect of hybrid system on
mechanical performance, the tensile tests were carried
out and the obtained results were given in Fig. 3 as ten-
sile stress—strain curves and Young’s moduli. The hy-
brid system is composed of 75 wt% Cu (volumetric Cu
~ 30%), of 5 wt% Gr, and 20 wt% resin. It was observed
that the hybrid structure increased tensile strength com-
pared to copper doped composite and neat resin and had
a positive synergistic effect on the composite structure.
It was also seen that hybrid specimens break at higher
tensile values than copper doped specimens alone. Simi-
lar results are given in the literature [5, 7, 8, 19].

8.2. Thermal conductivity A

The experimental thermal conductivity values of the
Cu/polyester (C/P) and Cu/Gr /polyester (C/G/P) com-
posites with increasing filler loadings are shown and com-
parisons of the theoretical models are given in Fig. 4. The
Maxwell model gives the closest values to the experimen-
tal results. Meanwhile, both the theoretical and the ex-
perimental values indicate that A increases with the filler
concentration [1-3, 10-16]. Generally, the experimental
A values are higher than that of the given theoretical
models (see literature [1, 10, 11, 13]).

In this work, C/P and C/G/P conductivity results,
on the one hand, appear below the Maxwell model re-
sults, and on the other hand, above the results of Hashin—
Shtrikman and Lewis—Nielsen (Fig. 4). Our results show
also that the addition of Cu into the matrix increased the
A more than 20 times that of neat unsaturated polyester
resin (UPR). However, the Gr addition as hybrid filler
did not give the expected synergistic effect. The addi-
tion of Gr particles to the solution reduces the concen-
tration of Cu filler, which has much higher thermal and
electrical conductivities than that of Gr. Especially at
higher Cu filler loading, Gr particles decrease the wet-
tability and dispersion of Cu particles in matrix media.
These low wetting and dispersion effects result in an in-
terface thermal resistance between the thermally conduc-
tive particles. When Gr particles are added, the area
of the interface per unit volume greatly increases. This
increase, in turn, causes the scattering of heat carriers
(i.e., phonons). They occur at the interface between the
two environments, and this weakens the conduction of
heat [30]. Finally, the addition of Gr particles as hybrid
fillers shows that the spatial distribution of the parti-
cles in the matrix medium has a pronounced effect on
TC. Similar results were obtained in [7-9, 18, 30, 31].
Note that the composite mixture saturates only at a vol-
umetric concentration of about 60% when only Cu is
added. The Gr content decreases then by as much as
48%, since no more Cu powder dissolved in UPR resin
for the given condition (24°C at room temperature and
microscale filler size). On the other hand, the addition
of Gr into the mixture increases the mechanical perfor-
mance and dielectric property of composite structure.
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Fig. 3. Tensile test results for neat resin, C/P, and hy-
brid composites.
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Fig. 4. Variation of A of 3-phase composite system vs.
filler content and comparison of the theoretical models.

In this study, as Gr wt% is constant and relatively
small and Cu filler wt% is varying, the composed struc-
ture is assumed as 2-phase structure. The Maxwell,
Hashin—Shtrikman, and Lewis—Nielsen models were used
in the theoretical calculations. The Maxwell model is lim-
ited to single filler component and hence more than one
filler was used in this study, and Lewis—Nielsen model
is used [31]. However, the most frequently used model
in the literature for 3-phase systems is modified Lewis—
Nielsen approach. It is described by

1+ AB;%;
Ae= | ———— [ M. (1)
1-5 B &,
=1
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i
Bj=2m 2)
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Ui = 1k oo (P @i+ (1= ) 85). (3)
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where i € {1,2}, Ay is the thermal conductivity of
the i-th filler component (i.e., Agy for fillerl and Ayy for
filler2), A, is TC of matrix resin, and @; is the volume
fraction of the i-th filler component. Calculations with
the use of Egs. (1)—(3) are shown in Fig. 4 as M-Lewis—
Nielsen model [18-20, 31].

The maximum packing fraction marked as @, is as-
sumed to be 0.64 due to the irregular shape of the hy-
brid filler particles, while A is a parameter which de-
pends on the shape of the particles. In this study we
assumed A = 5 due to the high aspect ratio (i.e. parti-
cle length/wide) [20]. Our results show that the Lewis—
Nielsen (2-phase) and modified Lewis—Nielsen (3-phase)
approach give very close values. It can be evaluated that
addition of second filler content at a constant and rela-
tively low (5 wt%) level affected such result.

There are some other essential parameters of wide
applicability, i.e., diffusivity d (m?/s), effusivity e
(W s1/2/(m? K)), specific heat c,, and coefficient of ther-
mal expansion (CTE) [32]. To describe the thermal be-
havior of a material one can use the thermal diffusivity

A
d= T (4)
PCp
as well as effusivity
e = (Aoey)'?, (5)

where p (kg/m?) is the bulk density. The coefficient A
(W/(m K)) is the thermal conductivity, and can be ex-
pressed with respect to d and e as A ~ ed'/? [32, 33].
Calculated values of thermal effusivity and diffusivity
are shown in Fig. 5 for both C/P [34] and C/G/P
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Fig. 5. The variation of effusivity and diffusivity of
C/P and C/G/P composites with Cu % content.

4.0

C/G/P composites

y=0.147s + 1.6393

- 30 | (R2= 0.9235)
== @.j
g 25 @_,—"”
B ——§ -
~ 20 g 5T

15 +

10 b

20 30 40 50 60 70 90 110
Average filler particle size (s), um

Fig. 6. The variation of A with Cu filler size for C/G/P
composites.

composites. The effusivity values of C/P composites are
higher than that of C/G/P composites. Effusivity and
diffusivity of composite materials increase with increasing
Cu filler content. In the second portion of experiments,
the sieved filler particles, as specified in experimental sec-
tion, were tested at ten different mesh-size groups. The
purpose was to investigate the effect of filler particle size
on the variation of A. The experiments were carried out
at a constant concentration of 43% of Cu which is the
volumetric concentration with the best efficiency of the
composite electrode used in EDM (i.e., the higher mate-
rial removal rate and the lower tool wear ratio) (see [22]
for more information). The variation between particle
size s and A is given in Fig. 6.

The growth of particle size increases the A or results in
a lower thermal resistivity. As the particle size is reduced,
the polymer matrix encapsulates particles more easily
due to the large interfacial area [35] and interrupts the
mechanical contact between them. Therefore, more iso-
lated particles cause lower A values. The relationship be-
tween particle size s and A under constant concentration
(43%) is given in Fig. 6. In the study of Chen et al. [35]
(Sect. 7.3), a similar result is presented in “size effect”.
The smaller filler size reduced the phonon transport be-
cause of the higher interfacial area of the filler.

3.8. Coefficient of thermal expansion

Polymers usually have CTEs up to 6 or 7 times higher
than that of metals and ceramics. For this reason, the
change in temperature during operation can reveal defor-
mation differences that cause internal stresses at the in-
terfaces [36]. These stresses can ultimately increase frac-
ture, which leads to unwanted interface failure. For this
reason, technologically, it is not enough to know the CTE
value of a material. Thus, it is important to be able
to adjust the value to the desired magnitude if possible.
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In the present work, the CTE of the material is measured
using a dilatometer instrument in a range of £2500 pm.
The composite samples are heated from room temper-
ature up to 160 °C at a rate of 5°C per min and mea-
surements are taken. The CTEs are determined from the
slope of the plot at 60°C and 150 °C, showing the vari-
ation in size and temperature. The variation of thermal
strain versus temperature change is given in Fig. 7.

At the same temperature condition, as the amount of
filler added to the composite mixture increases, the ther-
mal elongation values in the sample decrease. However,
as the temperature increases in all different filler con-
tents, the thermal expansion increases linearly. Metal
powders which are dispersed in the polymer matrix and
whose expansion coefficient is 6 times lower than that
of the polymer material, inhibit the elongation of the
polymer matrix as the temperature increases. There
is a general trend towards the exploitation of using
thermal expansion of Cu-containing composites [33, 37].
As shown in Fig. 8, the coefficient of thermal expansion

decreases with the increasing concentration for materials
containing Cu fillers, since the CTE of filler is much lower
than that of polymer.

The CTE equation for composite materials according
to rule of mixture (ROM) is given as

Qe =y (1 — d5f)+afd5f, (6)
where a., a,,, and o represent the CTE of the com-
posite, of the matrix, and of the filler, respectively, and
&, is the volumetric concentration of filler. Since above
equation was derived only for primary systems, so in this
section C/P composite specimens were used in both, ex-
perimental and theoretical investigations. Equation (6)
is used to estimate an approximate value, but it does
not account for the distribution of fillers and interface
interaction [36, 38]. The addition of filler also physically
limits the polymer chains so that the overall expansion of
the composite is reduced. Thus, after adding the larger
quantities of the filler, the granules located between the
polymer chains become tightened. This excessive com-
pression reduces thermal expansion. Factors that can
affect the degree of limitation, are filler size or aspect
ratio, bulk modulus, and the distribution of filler parti-
cles in the matrix. As one can see in Fig. 8 the CTE
of the filler is lower than that of the polymer matrix
alone, and higher than the pure filler. The CTE of Cu
is 16.6 pm/ °C [39]. This result indicates that incorpora-
tion of Cu particles into the epoxy matrix decreased the
CTE of the composites [19, 36-38].

3.4. Density

Density measurements of C/P composite specimens al-
lowed to calculate specific heat and A. In this work, den-
sity measurements were made for cylindrical specimens
(6 mm in diameter and 10 mm in height) with a Mettler-
Toledo AT61 delta-range balance according to the gravity
gage principle. Thus, one can use the density of the lig-
uid to make calculation of the volume and specific mass
of the sample easier. In addition, the density of compos-
ites with filler volumetric concentration relation can be
written, according to Mamunya et al. [40], as

pe = pm (1 — Pf) + Dspy, (7)
where p., py and p,, are the densities of composite, of
the filler, and of the matrix, respectively, while @ is
the volumetric concentration of filler. Substituting val-
ues in (7), one can obtain the variation of the density
of the C/P composite material with respect to the volu-
metric concentration of the added filler material. This
change is shown in Fig. 9. We have investigated the
effect of filler loading on the density for polymer com-
posites. The density of the composites increases as filler
loading increases.

The Cu particle as a pure metal, has a higher den-
sity than the pure resin. Therefore, increasing the filler
content would increase the density of the composites.
The same results can be seen in 39, 41]. In this work, the
densities of pure Cu and UPR are taken as 8930 kg/m3
and 1200 kg/m3, respectively [22].
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8.5. Specific heat

Specific heat or capacity of heat is a macroscopic ther-
modynamic property that is based on the degrees of free-
dom of the elementary components (molecules or atoms)
of a material [42]. In this study, values of specific heat
were determined experimentally using calorimetric mea-
surement. The tests were carried out by using a Perkin
Elmer Pyris Diamond DSC type scanning calorimeter

. G .
(with 412 2CCUaCYy 41y der nitrogen atmosphere at a flow
1% precision

rate of 20 ml/min.

Calorimetric scans of the samples were made at a rate
of 10°C/min starting from temperature of 45°C up
to 160°C, and kept isothermally for 3 min at the end
of each scan. The results obtained are tabulated in
Table III with volumetric filler contents and correspond-
ing weight fractions. In Fig. 10, the specific heat shows
approximately a horizontal trend between 50-150 °C tem-
perature interval. When the concentration of filler in-
creases within the composite mixture, the specific heat
decreases.

For instance, the volumetric concentration shows
a decrease in specific heat from about 0.9 to 0.4
(103 J/(kg °C)) at &y = 16% and at &; = 50% filler
concentrations, respectively. This behavior can be ex-
plained by increasing the concentration of metal powders
in the resin, which have a much lower specific heat value
than neat resin [42-43]. In a homogeneous body, the ther-
mal diffusivity d and A are inter-related with each other
by density p and specific heat c,. The general relation
is [33, 44-46]:
A
cp = 0 (8)
According to ROM one can compute the theoretical ¢,
values. Thus, we considered a 2-phase system and used
specific heat values of pure matrix (cp,, = 1200 J/(kg K))
and pure Cu particles (c,y = 385 J/(kg K))) [47].
The weight content-based ROM equations that we de-
rived, were [47]:
Cptotal _ Cpm + Cpf  CpmWtm + Cppwiy

Cpe = = = (9)
pc )
thotal wttotal thotal

Cpe = Com ¥m + cps ¥y, (10)

where ¥,,, = (wtp,/Wwiiota1) and ¥y = (wity/wtiotar), and
wty,, wty are weight contents of matrix and filler ma-
terials, respectively. The summation of wt,, and wt;
is denoted by wtiora;. The ROM values of specific heat
based on the weight content are the lowest compared to
the others (Fig. 11).

In Fig. 11 the specific heat decreases by increasing the
weight content (wt;%) of filler. The theoretical ¢, values
calculated according to the ROM are slightly lower than
that of the experimental values. However, the calculated
specific heat values obtained from experimental A and
diffusivity are slightly lower than that of the experimen-
tal results. A similar situation has been reported in the
literature [42, 43].
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TABLE III
Experimental, ROM and calculated ¢, of C/P composites
vs. % Cu.
3 o
o0 | wis 18] | G
16 58 0.846 0.504 0.781
23 66 0.803 0.408 0.663
30 74 0.738 0.312 0.570
37 7 0.667 0.276 0.503
43 81 0.603 0.252 0.459
47 83 0.579 0.228 0.443
50 85 0.536 0.180 0.417
52 87 0.512 0.156 0.395
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3.6. Electrical conductivity o

In conductive metal filler—polymer composite systems,
electrical conductivity increases as the concentration of
the conductive filler increases [12, 26, 29, 33, 39, 40].
The growth is noticeably accelerated after a certain
base concentration. This threshold concentration is
called percolation. It is reported in the literature that
the value of percolation concentration depends primar-
ily on the concentration, shape and size of the filler
used [22, 27, 34, 37, 38, 40]. Besides, the regular spa-
tial distribution of conductive particles in the matrix,
the amount of filler that should be added is of sufficient
quantity and the physical properties of the polymer used
are basic parameters that are effective on the percolation
value. The curing temperature and duration, the mixing
speed and time, the amount of catalyst and the accel-
erator used during the pre-curing and post-curing pro-
cesses are secondarily influent [22, 40-42, 48]. In general,
the electrical conductivity according to the percolation
theory [1, 9, 22, 34, 40, 42] is given by

oc=0(d; — &), (11)
where o( is the conductivity of the conducting phase,
&y is the concentration of the beginning of the conduc-
tion, &, is the critical concentration, and ¢ is the expo-
nent of the conductivity. Expression (11) is used only
for the threshold concentration @.. In the vast major-
ity of studies carried out in the literature, it is reported
that o is primarily dependent on the concentration of
the conductive filler. On the other hand, studies on the
effect of particle size are more limited relative to con-
centration. The common result of this limited number
of studies is that the o values increase as the particle
size increases [22, 33, 36, 40, 41]. In Fig. 12, it is seen
obviously that filler grain size increases approximately
in direct proportion to the logarithmic conductivity. In
the small graph attached to Fig. 12, the ¢ of composite

1.400 F W Experimental specific heat
g‘ A Calculated specific heat
s 1.200 F ROM
o
— A
2 1.000 | ¢ =7
&
z 0.800 g ] W
O ]
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Fig. 11. Theoretical and experimental specific heat of
C/P composite vs. Cu wt% content.

4.0 T T g T
C/G/P composites
6.0 [y =0601s-11.49 (R?=0.97)] _.3
80 | @ _@_—‘Et]’"w
E-100 | e
g @_-—@‘ 0.0 rmc/p
- | *CIGIP
G_-12'0 T_-z,o OBRUGGEMAN _ namns
©-140 | § 40 I
g & 60 ot 0.
S-160 | o “© o
o -80 -.O *
m-18.0 + 5 100 R
g 338000
20.0 120, 99
ja0 b o
-22.0 16 20 23 27 30 37 43 47 54
> %
-24.0

20 30 40 50 60 70 90 110
Average filler particle size (s), ym

Fig. 12. The variation of ¢ with Cu filler size s of
C/G/P and @y effect on o for both C/P, C/G/P com-
posites and the comparison of the Bruggeman theoreti-
cal model.

samples of C/P and C/G/P type are given by logarith-
mic scale. C/P type composite samples have better con-
ductivity than C/G/P. The percolation concentration for
C/P samples is about 20%, while for C/G/P samples it
is about 27%. According to the result, it can be con-
cluded that as the electrical conductivity decreases, the
filler threshold value increases as well.

According to the Bruggeman symmetrical effective
medium theory [21] in a multi-phase (two or more types
of inclusion) component medium, the following relation
applies:

0; — O¢

> 6 P 0, (12)
where ¢ € {1,2}, oy; is the i-th component electrical con-
ductivity (o for fillerl and oo for filler2), d; is the i-th
component conductivity constant and o, is the EC of
composite mixture. For 3-phase (two conductive filler)
system the general equation can be simplified to

0f1 — O¢ Of2 —0c
10’f1 + 20, 20f2—|—200

Equation (13) is a quadratic equation with respect to o,
whose positive solution is

1
oe=7 (’Y +4/7 + 80f10f2) , (14)

(13)

where
v = (352 — 1) of2+ (351 — 1) of1. (15)
If Eq. (15) is calculated and the obtained values are

substituted into (14) according to the theoretical model,
then EC values of the composite structure can be yielded.
The comparison between the calculated theoretical and
experimental values are shown in the small graph inside
Fig. 12. The calculated EC values are relatively bigger
than experimental values of 3-phase structure, but give
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Fig. 13.
composite with different magnifications.

closer values to 2-phase values. On the other hand, it
gives lower values based on the experimental structures
in the region where filler content is less than 20%. In
these calculations when d; and &, values are taken as 1,
the results closest to the experimental ones are achieved.

Conductivity values for the concentrations reached by
saturation of the composite mixture are measured as
about 107% and 1072 Q~! cm™! for C/P and C/G/P
samples, respectively. The SEM images of 86 wt% of
C/P composites are given in Fig. 13a, b, e and C/G/P
(70 wt% Cu/5 wt% Gr-polyester) and hybrid composites
are given in Fig. 13c, d, f. From the SEM images, the
Cu and Gr particle dispersion can be observed in cured
UPR media. In Fig. 13c, d, f the Gr particles scattered
between the Cu particles are clearly visible in the SEM
images.

The addition of 5 wt% Gr particle has very dense struc-
tural bridges among the Cu particles in the matrix. This
hybrid filler-effect enhances the thermal insulation and
violates the o of the composite mixture. In Fig. 13c and
Fig. 13d, the Gr particles, whose o is much lower than the
o of Cu, did not give the expected synergy due to disrup-
tion in the conductivity network by prevention of direct
contact with the Cu particles. The samples obtained by
mixing Cu filler with UPR give very high o values com-
pared to the matrix alone. Since this composite material
has high level of o [22], it is used as an electrode for
machining steel material by a die-sinker electro-erosion
machine (EDM) successfully.

In work [22], authors compared the ¢ of their novel
electrode with the spherical shaped Cu filler electrode
produced by the same procedure. It was found out that

—

\ w3
/GRAPHITE FILLER

SEM images (a), (b), and (e) for 86 wt%Cu-UPR and (c), (d), and (f) for 70 wt%Cu-5 wt%Gr-UPR, hybrid

the spherical electrodes had much lower electrical con-
ductivities than dendritic ones. Considering this, it can
be said that the dendritic structure presents much better
conductivity results than the spherical structure because
of the bigger contact surface area between filler parti-
cles. Using this high conductive polymeric novel com-
posite material, very hard steel parts can be engraved.
Composite electrode (top) and engraved steel work part
(bottom) are shown in Fig. 14.

Fig. 14. Electrode (top) and machined SAE 1040
steel part (bottom) produced from a C/P composite
in EDM [22].
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4. Conclusion

This work presents experimental and theoretical stud-
ies on the thermal A\ and electrical o conductivities of a
polymeric composite formed by combining two different
fillers, namely Cu and Gr, with UPR binding. Experi-
ments show that the A and o of the composite materials
are increased by the Cu concentration. Especially, the
C/P samples exhibit better conductivity behavior than
their hybrid C/G/P counterparts. The highest A value
in C/P type samples was measured as 4.72 W/(m K).
Adding Cu/Gr into the UPR increases the A of the pure
resin by about 20 times. The experimental results ob-
tained are compared with some important theoretical
models. Within these models, the closest A results were
obtained by the Maxwell model. For hybrid system,
modified Lewis—Nielsen’s model and Bruggeman’s the-
oretical model give close values with the experimental
results in TC and EC simulations, respectively. Ther-
mal tests show that the thermal stability increases with
the increasing Cu filler concentration. In the thermal
analysis, the composite mixture has a major degrada-
tion at the temperature interval of 300—400°C and the
maximum weight loss is obtained at about the interval
of 13-25% compared to neat resin. On the other hand,
for all different filler content, the thermal expansion in-
creases linearly with increasing temperature. In contrast,
the thermal expansion decreases with increasing amount
of filler added. The specific heat values exhibit the simi-
lar behavior with the A’s and the filler particle size has a
positive effect on increasing in both A and o, so the larger
particle size allows for a relatively higher conductive char-
acteristic. Considering the mechanical performance, the
hybrid effect allows positive contribution to the proposed
composite structure.
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