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Some theoretical models of thermal conductivity of the polymeric nano-
composites based on thermoelectric analogy are proposed, and their ac-
cordance with experimental results are analysed for the polymer—carbon
nanotubes (CNT) systems. The specificity of thermal conductivity of the
polymer—CNT systems chosen for modelling is in the presence of a perco-
lation transition, which is not taken into account by majority of thermal-
conductivity models. Therefore, using the thermoelectric analogy, we used
models that well describe the percolation behaviour of the electrical con-
ductivity of polymer—CNT systems, namely the Bruggeman’s model, the
Fourier model, and the scaling model, and applied these models to de-
scribe the thermal conductivity. As established, a model based on the the-
ory of effective medium (the Bruggeman’s model) does not take into ac-
count the existence of a percolation threshold at low CNT content and
cannot be used for accurate description of experimental data. As discov-
ered, the Fourier model demonstrates a good accordance with an experi-
ment, however, it is applicable only for the systems, in which a large in-
crease of thermal conductivity under reaching the percolation threshold is
observed; these are systems with low own conductivity. As shown, the
best accordance with experimental data is demonstrated within the scaling
model that, besides the percolation threshold, takes into account the
structural characteristics of clusters, which are formed by carbon nano-
tubes.

3anpoIoOHOBAHO JeAKi TeOpeTHMUHi MOJesi TEeIJIOMPOBiZHOCTH IIOJiMEPHUX
HAHOKOMIIO3UTIB, IIf0 0a3yiOThCA Ha TEPMOEJeKTPUUHiN amasorii, Ta Ipo-
aHaJII30BaHO BiAIIOBiAHICTE IX eKCIIepPMMEHTAJbHUM pe3yJabTaTaM OJA CHUC-
TeM moJriMmep—ByrJaerieBi HaHOoTPpyOKHu (BHT). Oco6amBicTIiO TEemIOTPOBigHOC-
T cucteM nosimep—BHT, obpanux njasa MozeNioBaHHSA, € HAABHICTH IEPKO-
JAMiNHOTO Hepexoay, M0 OiJbIIicTh MOJENIiB TemJIOIPOBiTHOCTH He BPaxo-
Bye. Tomy, I'DYHTYIOUNCH Ha TePMOEJIEKTPUYHIN aHAJIOrii, MU BUKOpPHCTAIU
MoJesi, AKi JoOpe OMHCYIOTh IEPKOJAIINHY IIOBEIiHKY eJeKTPOIPOBigHOC-
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1 cucteMm mosimep—BHT, a came, momesi Bpyrremana, @yp’e Ta cKeiljiH-
I'iB Momesnb, i 3acTocyBayii IIi MOAeJi AJis OIKCY TeIJompoBimHOCcTH. BeTa-
HOBJIEHO, IO MOJeJib, AKUM I'PYHTYEThCA Ha Teopii e)eKTUBHOTO CepemoBU-
ma (Momenh Bpyrremana), He BpaxXOBy€ HASBHOCTU IIOPOTY IIEPKOJIAII 3a
Hu3bKoro Bmicty BHT i He MoKe BHKOPHUCTOBYBAaTHUCA AJISI TOUYHOTO OMIHCY
eKCIepUMeHTAJIbHUX JaHuX. BusBieHo, 110 MoAeJb Pyp’e NeMOHCTPYE ra-
PHY BiAIOBiAHIiCTL eKCIIEPUMEHTY, IIPOTE€ 3aCTOCOBHUU JIMUIIE IJA CUCTEM,
IS AKUX CIIOCTEePIira€eThCs BEJMKUI CTPUOOK TEILJIONMPOBIAHOCTH HPU MOCH-
THEHHIi IIOPOTY HepKOoJIAIil, TOOTO CUCTEM 3 HU3BKOIO BJIACHOIO IIPOBifHiCTIO.
ITorkasano, 110 HaWKpaIlly BiAIOBimMHICTL eKCIEepMMEHTAJBHUM MJaHUM [e-
MOHCTPYE CKEeHJIHI'iB Momesb, AKHUIl, OKPIM IIOpOry IIEepKOJAIii, BpaXoBYye
CTPYKTYPHI XapaKTepHCTHUKU KJacTepiB, AKi (opMyIOTbCA 3 BYIJIEIEBUX
HaAHOTPYOOK.

IIpeno:keHbl HEKOTOPHIE TEOPETHUECKHe MOIEeJU TEeIJIOIPOBOTHOCTU IIOJIU-
MEPHBIX HAHOKOMIIO3UTOB, OCHOBAHHBLIE HA TEPMOIJIEKTPUUECKOI aHAJOrUu,
¥ MIPOAHAJIM3UPOBAHO HX COOTBETCTBME SKCIEPUMEHTAJILHLIM Pe3yJbTaTaM
Ins cucreMm moaummep—yrieponabie HaHOTPYOKH (YHT). OcobenHocThIO Tem-
JompoBogHOoCcTH cucteM moaummep—yY HT, BBIOpaHHBIX AJA MOIEeJIHPOBAHUSI,
ABJAETCA HaJIUUYNE IEePKOJAINMOHHOTO IIepexona, KOTOPBIA OOJBIITUHCTBO
MozeJiell TeIJIOIIPOBOAHOCTH He YUUTHhIBaeT. I109TOMy, OCHOBBIBAsACH HA TEp-
MO9JIEKTPUYECKON aHAJOTMU, MBI HCIIOJH30BAJIN MOIEIH, KOTOPBLIE XOPOIIIO
OINMCBHIBAIOT IEPKOJIAIMOHHOE IMOBeIeHNe 3JeKTPOIPOBOJAHOCTU CHUCTEM IIO-
aumep—YHT, a umenHo, momenu Bpyrremana, ®Pypbe M CKEHJIUHTOBY MO-
Ielb, ¥ MPUMEHUJU 5TU MOJENU IJd OMHUCAHUA TeIJOIPOBOTHOCTU. ¥YCTa-
HOBJIEHO, UTO MOJeJb, KOTOpas OCHOBBLIBAIOTCSA Ha TeOpUHU 3PPEeKTUBHOMN
cpennl (Momens Bpyrremana), He YyUMTHIBAET CYIECTBOBAHUSA IIOPOTa IEPKO-
JAIUY IPpU HUBKOM cojep:kanuu YHT um He MOKeT MCHOJIB30BATHCA OJIA
TOYHOI'0 OIMCAHUNS SKCIEPUMEHTAJIbHBIX TAHHBIX. BBIABIEHO, YTO MOIEJb
dypbe IeMOHCTPUPYET XOPOIllee COOTBETCTBUE SKCIIEPUMEHTY, OJHAKO IIPHU-
MEHWMa TOJbKO JJIS CHUCTEM, IJs KOTOPBIX HAOJIOHAaeTcs OOJbIION CKAYOK
TEILJIONMPOBOAHOCTH IIPU JOCTHUIKEHHUU IIOPOTa IEePKOJAIUNA, TO €CTh CUCTEM C
HU3KOI COOCTBEHHOM MpoBOAMMOCTHIO. IIoKasamo, YTO HaAWJIydIllee COOTBET-
CTBUE SKCIEPUMEHTAJbHBIM IAHHLIM JeMOHCTPUPYET CKEHJIMHIOBA MOIENb,
KoTOopas, KpoOMe IIOpOora IePKOJISINK, YINTLIBAET CTPYKTYPHBIE XapaKTepu-
CTUKU KJIACTEPOB, (POPMUPYIOMINXCA U3 YyIIePOIHBIX HAHOTPYOOK.

Key words: percolation behaviour, polymer nanocomposites, thermal con-
ductivity, carbon nanotubes, thermal-electrical analogy.
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1. INTRODUCTION

Polymer nanocomposites filled with carbon nanotubes (CNT) are the
subject of intense research over the past years. A great interest in
the study of systems of this type is associated with their wide ap-
plication for the production of polymeric materials with improved
functional characteristics [1-3]. As a result of a large number of
experimental studies of a variety of polymeric nanocomposites filled
with CNT, a number of materials with unique properties have al-
ready been obtained due to the combination of polymer and nano-
filler characteristics [4, 5]. Most of the polymeric nanocomposites
are characterized by percolation behaviour, which manifests itself
in the sharp increase in properties when introducing some critical
concentrations of filler and is associated with the formation of a
percolation cluster. Due to the high thermal conductivity of CNT,
which are characterized by highly anisometric forms, nanocompo-
sites on their base also exhibit a high thermal conductivity at small
fillings [6].

However, for most of the investigated polymer—CNT systems, no
percolation jump is observed [7]. The reason for this is the presence
of the boundary thermal resistance between the nanotubes and the
polymer matrix, which limits the heat flow in nanocomposites filled
with CNT. Nevertheless, there are works where the step-like in-
crease of thermal conductivity is observed when reaching the criti-
cal concentrations of filler [6, 8].

Mathematical and computer simulations are widely used to pre-
dict the thermal conductivity of polymer nanocomposites, but exist-
ing models are not universally versatile and have their limitations.
There are a few models, which can describe the percolation increase
in the thermal conductivity [6, 9]. However, there are many models,
which describe percolation behaviour of electrical conductivity of
polymer nanocomposites [10]. As known, two systems are analogous
when they are mathematically equivalent, i.e., the governing equa-
tions are of the same type, as between diffusion and heat conduc-
tion, liquid flow and electric current flow. Therefore, thermal con-
ductivity and electric conductivity are also equivalent [11]. For in-
stance, the analogy between heat and electric conductions has al-
ready been used to solve complex steady state and transient heat-
conduction problems.

Therefore, the purpose of this work is to determine the possibil-
ity of use models based on thermal-electrical analogy to describe the
experimental data of the thermal conductivity of polymer—CNT sys-
tems, for which percolation behaviour is observed. The selection of
the optimal model will allow predicting the functional properties of
polymer nanocomposite materials filled with CNT.
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2. MODELS OF THERMAL CONDUCTIVITY BASED ON
THERMAL-ELECTRICAL ANALOGY

Several attempts have been made to predict the thermal conductivi-
ty of binary polymer composite systems by applying different theo-
retical models [12, 13]. However, there is still no such a general
model that can be applied to predict accurately the conductivity for
all the systems. In this regard, we should consider models well de-
scribing the behaviour of the electrical conductivity of polymer—
CNT systems and apply these models to simulate the thermal con-
ductivity. According to [14, 15], the most frequently used models
for simulating the electrical conductivity of such systems are the
Bruggeman’s model, the Fourier model, and the scaling model.

2.1. The Modified Bruggeman’s Model

To describe the concentration dependence of electrical conductivity
of filled heterogeneous composite systems, one can use the basic ap-
proaches of the effective medium theory and symmetrical Brug-
geman’s formula [16]. Using thermal-electrical analogy, Brug-
geman’s formula in the terms of thermal conductivity can be re-
written as follows:

_ (k_km) (7\'_7\7)_
@ (p)zmxmﬂpzmxf_o’ L

where L., A, and A are the thermal conductivities of filler, polymer
matrix, and composite, respectively. This equation can be solved by
determining A, and then, we obtain [17]

1 ) 1
xzz{m(s +8xmxf)2}, (2)

where & =Bp -7, +(2-39)A,.

Some research [18] showed that there is a smaller deviation be-
tween the experimental data and the theoretical value of Brug-
geman’s model. The thermal conductivities of epoxy/silica,
epoxy/alumina, and polyimide/aluminium nitride, based on the ex-
perimental data and Bruggeman’s model, are in a good agreement
when the volume fraction of fillers attains 40% . For lower amounts
of filler particles, Bruggeman’s model is not valid.

Xue [19] modified Bruggeman’s model and suggested the exist-
ence of two types of the volume content of filler particles, namely,
the real (o) and the effective (¢). The relation between ¢, and ¢ is
written as follows:
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¢ =0, 3)

where o is the increasing factor and, at that, o >1. This factor de-
pends on the polymer and filler nature, on the particles’ shape and
sizes, the volume content and their space distribution.

Taking the Bruggeman’s equation as the basis, Xue suggested
that electrical conductivities of filler and matrix depend on the fill-
er content. Assuming that all particles in a composite have a spher-
ical shape, based on the Maxwell-Garnett theory, and correlation
between two distinct topological structures (symmetrical and asym-
metrical ones) [20], electrical conductivities of filler and matrix can
be represented as in Ref. [19]. For thermal conductivity, this equa-
tion can be written as follows:

= 20y g0 2029, (4)
3-0 2+¢

Substituting (3) and (4) into (1) [19, 20], we can obtain the equa-
tion for the calculation of the effective thermal conductivity of
composite systems:

A - A— AL
(2k+xt)+a@0( f)=0. (5)

1_
(1-0g,) 2+ AL

2.2. The Fourier Model

In Ref. [21], Fourier et al. have proposed the analytical model,
which is based on the Fermi—Dirac distribution and describes the
dielectric—conductor transition.

Using thermal-electrical analogy, the basic equation of this model
can be rewritten as follows:

log (%,,) —log(%,)
1+ exp[b((p— q)c)] ’

where A, A;, A, are the thermal conductivities of composite, filler,
and polymer matrix, respectively; ¢ is the filler content, b is the
empirical parameter, which leads to the change in the thermal con-
ductivity of the system when reaching the percolation threshold o..
In general, the Fourier model is very similar to the sigmoidal
model [22] by both the ‘S’-like shape, which qualitatively corre-
sponds to a typical percolation curve, and the influence of most pa-
rameters on the value of the total thermal conductivity of the sys-
tem. The main variable parameter of Fourier model is the parameter

log(}) = log (%, )+

(6)
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b, which changes the shape of the curve.

2.3. The Scaling Model

The scaling model assumes that the appearance of high thermal
conductivity is explained by the probability of formation of the con-
tact between the filler particles within the composite [23]. The basic
equation of this model is the power law, which is written as follows:

e (e-o,)" (7)

where A is the thermal conductivity of the nanocomposite, ¢ is the
filler volume fraction, ¢, is the percolation threshold, i.e., the min-
imum filler content, at which a continuous cluster of particles is
formed, k is the critical thermal-conductivity index, which mainly
depends on the topological dimension of the system and does not
depend on the structure of particles, which form clusters, and their
interaction.

However, Eq. (7) allows defining the thermal conductivity only
after the percolation threshold. To expand the application range of
this model, Efros and Shklovskii for electric conductivity [24] as
well as Sun et al. [9] for thermal conductivity have proposed to use
not one scaling equation, but the set of equations of the type

A - kf >0,
" n(@—09.) for ¢>¢, @

A (9. —9)" for ¢<o,

where A, A, A; are the thermal conductivities of composite, matrix,
and filler, respectively, ¢ is the critical thermal-conductivity index
characterizing the number of particles, which form the percolation
cluster. This set of equations is a universal one and allows describ-
ing the thermal conductivity of filled polymer systems in the vicini-
ty of the percolation transition with a high degree of accuracy.

3. RESULTS AND DISCUSSION

The experimental results of the concentration dependence of the
thermal conductivity for polyethyleneoxide (PEO-10000)-CNT [25],
crosslinked polyurethane (CPU)-CNT [26], polyethylene (PE)-CNT
[27] systems were used to establish the correspondence between the
theoretical models and the experiment.

In general, the Bruggeman’s model (Eq. (1)) provides a sharp
change in thermal conductivity when certain filler content is
reached, but the value of this concentration is fixed and equal to
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1/3 of the volume fraction. This model gives only a qualitative de-
scription of the behaviour of thermal conductivity for such transi-
tions.

The main disadvantages of the Bruggeman’s model were elimi-
nated in the work of Xue, which has proposed the modified Brug-
geman’s model. Using the thermal-electric analogy, we propose to
rewrite Xue’s equation in the terms of thermal conductivity. As
seen from the analysis of the results of simulation of the thermal
conductivity for the polymer—CNT systems using the modified
Bruggeman’s model represented in Fig. 1, the modified Brug-
geman’s model provides a good match between the numerical calcu-
lations and the experiment at low filler concentrations. Introduction
to the model of the increasing factor a gives the possibility to shift
the region of a sharp change in the thermal conductivity towards
lower concentrations (much less than 1/3 for the original Brug-
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Fig. 1. The experimental data simulated using Eq. (5) for nanofilled sys-
tems based on PEO-10000 (a), CPU (b), and PE (¢). Solid lines correspond
to the modified Bruggeman’s model.
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geman’s model). This, in fact, allows compensating the absence of
the percolation threshold in this model. However, the modified
Bruggeman’s model describes poorly the change in the thermal con-
ductivity at concentrations higher than the percolation threshold.
In essence, this model describes only half the percolation curve of
thermal conductivity responsible for forming a percolation cluster.
Further processes of growth of the percolation cluster and its influ-
ence on the thermal conductivity of the system are not considered
by the Bruggeman’s model and, therefore, cannot correctly describe
the properties, which exhibit percolation behaviour.

In Figure 2 we show the modelling of the experimental data for
the polymer—CNT system by using the Fourier model. The shape of
the Fourier model curve depends significantly on its parameters
[14]. Thus, by gradually varying the percolation threshold, the
thermal conductivity is changed at lower filler concentrations, and
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Fig. 2. The experimental data simulated using Eq. (6) for nanofilled sys-
tems based on PEO-10000 (a), CPU (b), and PE (¢). Solid lines correspond
to the Fourier model.
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the maximum value of the system thermal conductivity can be
achieved for any value of ¢,. Therefore, the value of ¢, substantially
influences the maximum thermal conductivity of the nanocompo-
site. The value of filler thermal conductivity also influences the
maximum thermal conductivity of the system. The system conduc-
tivity increases with increasing filler conductivity.

This model describes well enough the experimental data on the
thermal conductivity of the polymer—CNT systems (see Fig. 2). It
allows determining the value of the percolation threshold for poly-
mer—CNT systems. Thus, the values of percolation threshold de-
fined by the Fourier model are 0.003, 0.004 and 0.0035 for systems
based on PEO, CPU, and PE, respectively. However, to fit the func-
tion (6), the values of the parameters A; and A, were substantially
lower as compared with the intrinsic thermal conductivities of the
CNT and polymer matrix. This is especially applying to the thermal
conductivity of carbon nanotubes, which, according to the literature
data, is of 1-3 kW /m-K [28]. This significantly decreases the accu-
racy of the model and limits its application. Such a discrepancy is
explained by a small jump of the thermal conductivity when passing
through the percolation threshold in the polymer—CNT systems. The
authors of a given model described the results of the electrical con-
ductivity for the systems, in which the leap of the electrical con-
ductivity equal to 10—11 orders of magnitude was observed [21].

Using the thermal-electric analogy, we propose to rewrite scaling
equation in the terms of thermal conductivity. Figure 3 illustrates
the simulation of the experimental data for the polymer—CNT sys-
tem with using the scaling model. As seen from the analysis of
functions (8) (see Fig. 3), the thermal conductivity of the system
increases with decreasing critical index k, and a decrease in the
critical index g leads to the decrease in the system thermal conduc-
tivity. After analysing the system of Egs. (8), we can say that, as
for the electrical conductivity, change in the value of the critical
index %k does not lead to the change in the maximum thermal con-
ductivity of the polymer composite, which is specified only by the
filler thermal conductivity. The change in the percolation threshold
of filler in the composite does not result in the change of the sys-
tem thermal conductivity.

The scaling model demonstrates a good correspondence with the
experimental data of the thermal conductivity for the polymer—CNT
systems (Fig. 3). Theoretically, for electrical conductivity, scaling
model assumes that the critical indexes are universe for the systems
with the same dimensions. However, the physical content of ther-
mal-conductivity critical indexes is not established. This requires
deep development of the scaling model, using thermal-electrical
analogy of polymer nanocomposites.
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Fig. 3. The experimental data simulated using equation (8) for nanofilled
systems based on PEO-10000 (a), CPU (b), and PE (c¢). Shaded area is the
percolation threshold region, and lines correspond to the scaling model.

4. CONCLUSIONS

As a result of this work, we have analysed the basic theoretical
models based on thermal-electrical analogy of polymer nanocompo-
sites and the possibility of their application for the description of
the experimental data for polymer—-CNT systems. As established,
the models based on the provisions of the effective medium theory
describe poorly the experimental data. This is explained by the fact
that these models (Bruggeman’s and Xue’s ones) do not take into
account the presence of the percolation threshold. As revealed, the
Fourier model, whose graph is the classical logistic sigmoidal func-
tion, describes well enough the experimental data of thermal con-
ductivity of the polymer—CNT systems. However, this model is not
suitable for describing systems on the base of polymer matrixes
with high intrinsic thermal conductivity because of a low thermal
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conductivity in the percolation transition. As shown, the model,
which is based on the scaling approach for describing properties of
the structurally nonuniform systems, demonstrates a good corre-
spondence with the experimental data. This model accounts the
presence of the percolation threshold, at which the functions have
discontinuity at infinity. The advantage of this model is the ac-
counting of the structural features of the percolation-cluster for-
mation, which are expressed through the universal critical indexes
k and q. However, the physical content of thermal-conductivity crit-
ical indexes is not established. Therefore, from all the theoretical
models describing the percolation behaviour of electrical conductivi-
ty, only a scaling model can correctly describe the jump-like behav-
iour of the thermal conductivity of polymer—CNT systems. The
main reason for the incorrect application of other models is a small,
as compared with electrical conductivity, jump of thermal conduc-
tivity when reaching the threshold of percolation.
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