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The onion-like carbon composites prepared according to different technologies were studied by means of 
broadband dielectric/electric spectroscopy in a wide temperature range from 300 to 450 K. The value of com-
plex dielectric permittivity of composites strongly increases after annealing. From complex dielectric spectra, 
complex impedance spectra and distribution of relaxation times were calculated. After annealing of composites 
on cooling the asymmetricity of distribution of relaxation times strongly increases. Annealed composites ex-
hibit only a weak temperature dependence of microwave properties and are promising candidates for electro-
magnetic shielding materials.
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1. Introduction

The dielectric properties of nanocarbon-based com-
posites were investigated previously mainly in order 
to find an electrical percolation threshold [1]. At 
the percolation threshold, a continuous conducting 
network of conducting particles is formed inside the 
insulating matrix. Also, close to and above the per-
colation threshold the low-frequency dielectric per-
mittivity is reported very high [2]. The main applica-
tions of such composites are related with microwave 
shielding; the value of complex dielectric permittiv-
ity at microwave frequencies is also reported high 
enough for the composites above and close to the 
percolation threshold [3, 4]. Among other carbon 
allotropes carbon black, single- or multi-wall carbon 
nanotubes or onion-like carbon were investigated.

However, the temperature dependence of di-
electric properties of carbon-based composites was 

mainly investigated only at low frequencies and 
it was related with the temperature dependence of 
electrical conductivity [5]. At low temperatures (be-
low room temperature) this dependence was mainly 
related with hopping or tunnelling models [6, 7]. 
In contrast, at higher temperatures the temperature 
dependence of conductivity is mainly related with 
different thermal expansion of polymer matrix and 
carbon fillers [8]. Two opposite effects can be ob-
served here: a positive temperature coefficient effect 
where resistivity increases with temperature and a 
negative temperature coefficient effect where resis-
tivity decreases with temperature [9, 10]. However, 
investigations of the temperature dependence of 
complex dielectric permittivity at higher frequencies 
(particularly, at microwaves) are rather rare. These 
investigations are very important in order to check 
thermal stability of microwave shielding coatings. 
On the other hand, at lower frequencies heating and 
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cooling procedures can drastically increase the value 
of complex dielectric permittivity close to the per-
colation threshold [11]. Therefore, it is reasonable to 
ask whether annealing has some impact on dielec-
tric properties of carbon-based composites at micro-
wave frequencies. In this paper we have investigated 
microwave dielectric properties of onion-like car-
bon/polyurethane (OLC/PU) composites in a wide 
temperature range.

2. Experiment

The OLC material was produced by annealing deto-
nation nanodiamond (DND) powder in vacuum at 
1800 K according to Ref. [12]. Nanodiamonds were 
purchased from New Technologies, Chelyabinsk. 
The average primary particle size of a DND was 
4 nm and the average volumetric aggregate size was 
120  nm. To achieve fully transformed DNDs into 
OLC, DNDs were heated in vacuum at 0.013 Pa and 
1800 K for 2 hours. The size of primary OLC par-
ticles was around 6–7 nm, while average aggregate 
size was 130 nm for OLC dispersed in N-methylpyr-
rolidone solvent as measured by the dynamic light 
scattering technique [11].

The samples of OLC were mixed with commer-
cial formulation of oil-based polyurethane Minwax 
Clear Satin containing 60% of volatile compounds. 
All samples contained 10 vol.% of OLC. Two differ-
ent samples were prepared under different thermal 
treatment conditions. First, after manual mixing with 
the OLC powder, the polymer suspension was mag-
netically stirred at 400 rpm during 24 hours at 50 °C. 
Then, before casting a suspension, the samples were 
additionally heated at 90 °C on a hot plate with a pur-
pose to improve uniformity in distribution of OLC in 
a polymer solution with a lower viscosity. Then sus-
pensions were casted on a Teflon substrate and dried 
at ambient conditions at 45 °C overnight. Half of the 
dried samples were additionally annealed at 150 °C 
during 1 hour under pressure in an oven (these sam-
ples are hereinafter referred to as “annealed”). A 
motivation for this treatment originated from our 
observation that after testing the dielectric proper-
ties of the samples at high temperatures (for example, 
450  K), dielectric permittivities and conductivities 
of the samples, when cooled to room temperature, 
were increased [11]. Thus, we introduced an anneal-
ing stage during sample preparation. The thickness of 
OLC/PU films varied between 250 and 700 μm.

The complex dielectric permittivity at low fre-
quencies (20 Hz – 1 MHz) was measured by a LCR 
meter HP4284A. The obtained low frequency data 
is in good agreement with results presented in [11]. 
In the frequency range from 1 MHz to 3 GHz the 
dielectric investigations were performed by a co-
axial dielectric spectrometer with a vector network 
analyser Agilent 8714ET. The measurements were 
performed by heating, starting from room tempera-
ture and up to 450 K, then at this temperature mea-
surements were stopped for 0.5 hour, and thereafter 
measurements were performed on cooling down to 
room temperature. The measurements in the fre-
quency range of 26–36 GHz were obtained using a 
scalar network analyser R2-408R (ELMIKA, Vilnius, 
Lithuania), including a sweep generator, a waveguide 
reflectometre, and an indicator unit (personal com-
puter) at room temperature. The electromagnetic re-
sponse of samples as ratios of transmitted/input (S21) 
and reflected/input (S11) signals was measured over 
the 26–37 GHz frequency range (Ka-band). In this 
frequency range the measurements were performed 
only at room temperature, because very weak tem-
perature dependence was observed already at lower 
frequencies (at 3 GHz and lower). The samples used 
for the measurements in different frequency ranges 
were cut from the same big piece. 

3. Results and discussion

The temperature dependence of complex dielec-
tric permittivity of not annealed samples at various 
microwave frequencies is presented in Fig.  1. It is 
clearly evident that the value of complex dielectric 
permittivity increases on heating at all frequencies; 
however, with increasing frequency the increasing 
of permittivity saturates. A small dielectric anomaly 
close to T = 360 K is related with the alpha relaxa-
tion in the pure PU matrix, while another step-like 
dielectric anomaly close to T = 440 K is related with 
the onset of electrical conductivity in the pure PU 
matrix and together with the appearance carrier’s 
tunnelling from the OLC clusters to the PU matrix 
[11]. At the frequencies above 1 GHz the change of 
dielectric permittivity is negligible in comparison 
with dielectric permittivity changes observed at low-
er frequencies [11]. However, dielectric permittivity 
is still temperature dependent. The value of complex 
dielectric permittivity increases after annealing in 
both annealed and not annealed samples (Fig.  2). 
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The complex dielectric permittivity at the frequency 
of 100 MHz is higher in annealed samples in com-
parison with not annealed. In order to understand 
the impact of heating/cooling at different frequen-
cies we have employed impedance formalism. The 
complex impedance Z* is related with the complex 
dielectric permittivity ε* via

Z* = 1/(ε*ε0ω) = (ε'+iε'') / (ε0ω(ε'2 + ε''2), (1)

where ε0 is the dielectric permittivity of vacuum, ω is 
the angular frequency. Complex impedance formal-
ism is very often employed for investigations of vari-
ous disordered conductors, including ionic conduc-
tors [13]. The obtained frequency spectra of complex 
impedance Z* are presented in Fig. 3. The frequency 
dependence of Z* is very broad and cannot be de-
scribed by a single RC circuit

Z* = R / (1 + i ωCR) = R / (1 + iωτ), (2)

where R and C are resistance and capacitance, re-
spectively, and τ  =  RC. The maximum of the im-
aginary part of complex impedance Z'' is observed 
at the frequencies of several MHz (Fig. 3). It is im-
portant to note that the frequency spectrum of Z'' is 
almost symmetric at room temperature. On heating 
and on cooling the values of complex impedance Z* 
decrease unevenly at different frequencies and the 
frequency spectra of Z* becomes more asymmetric. 
To describe such behaviour the complex imped-
ance spectra of composites were modelled as infinite 
chain of RC circuits connected in series, and corre-
sponding distribution of relaxation times was calcu-
lated by solving an integral equation

   (3)

and the method described elsewhere [14]. The dis-
crepancies between the experimental points and 
the fit lines appear due to finite measurements ac-
curacy (Fig. 3). The calculated distributions of re-
laxation times are presented in Fig.  4. In the not 
annealed sample on heating the distributions of re-
laxation times exhibit the pronounced temperature 
dependence, the maximum of distributions shifts 
from milliseconds to 10–5 seconds and distributions 
become narrower. However, the most pronounced 
effect occurs after a one half-hour isothermal an-
nealing at T = 450 K. After annealing, the position 
of the maximum of distributions of relaxation times 

Fig. 1. Temperature dependence of not annealed OLC/PU 
composites at different microwave frequencies on heating.

Fig. 2. Temperature dependence of not annealed and an-
nealed OLC/PU composites at 100 MHz on heating and 
on cooling.



J. Macutkevič et al. / Lith. J. Phys. 53, 238–243 (2013)241

shifts by two orders of magnitude. In contrast, on 
cooling the distributions of relaxation times are only 
very weakly temperature independent. On cooling 
the distributions become more asymmetric. Consid-
ering the physical interpretation of distribution of 
relaxation times in composites, the relaxation time 
τ = RC = C/σ, where C is the capacitance of one OLC 
cluster, R is the resistivity and σ is the conductivity 
inside one OLC cluster or between neighbouring 
OLC clusters. It was demonstrated that the distribu-
tion of OLC clusters inside a composite changes after 
annealing [11]. The capacitance of OLC clusters is 
dependent only on geometrical parameters of OLC 
clusters, for example if we assume spherical OLC 
clusters, their capacitance is

C = 4πε0r,     (4)

where r is the effective radius of OLC clusters. The 
tunnelling conductivity between OLC clusters is also 
dependent on OLC distribution inside the polymer 
matrix and together also on OLC shape distributions. 
Thus, short relaxation times in distributions (Fig. 4) 
correspond to the relaxation in small OLC clusters 
where they are distributed more homogeneously, 
and long relaxation times correspond to large OLC 
clusters. From the distribution of relaxation times it 
is difficult to speak about the real OLC clusters geo-
metrical shape distribution because the conductivity 
σ is also dependent on the OLC concentration and 
on the potential barrier for curriers tunnelling be-
tween OLC clusters. However, we can conclude that 
on heating and particularly after annealing all OLC 
clusters split into smaller. In contrast, on cooling the 
decrease only of big OLC clusters is observed, while 
concentration of small OLC clusters (short relaxa-
tion times) increases. This is related with the small-
est cluster OLC size, it should coincide with OLC 
aggregate size (130 nm according to dynamic light 
scattering measurements [11]). Thus, the complex 
impedance spectra Z* is a good mirror to monitor 
distribution of conductive particles inside an insulat-
ing polymer matrix. Let us consider Eqs. (1) and (2): 
for very high frequencies (ωτ >> 1) the value of com-
plex impedance Z* and therefore dielectric permittiv-
ity ε* is very small. Therefore, the main contribution 
of an equivalent RC circuit to the complex imped-
ance Z* (and together the complex dielectric permit-
tivity ε*) occurs at frequencies ω > 1/τ. At these fre-
quencies is also the main temperature dependence of 
complex dielectric permittivity, which is caused by 

Fig. 3. Complex impedance spectra of annealed OLC/
PU composites at different temperatures.

Fig. 4. Distribution of relaxation times of (a) not an-
nealed and (b) annealed OLC/PUcomposites.
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OLC clusters redistribution [11]. By this the decrease 
of annealing impact on OLC/PU dielectric proper-
ties with frequency can be explained (Figs. 1, 2).

 From the distributions of relaxation times the 
most probable relaxation was obtained (Fig. 5). In 
the not annealed sample the relaxation time de-
creases on heating and on cooling. In contrast, in 
the annealed sample the relaxation time decreases 
only on heating. The temperature dependence was 
described by the Arrhenius law

τ = τ0e
E/kT,     (5)

where τ0 is the pre-exponential factor, E is the ac-
tivation energy, k is the Boltzmann constant. The 
obtained values are τ0 = 15.5 ps, E/k = 3586 K for 
the annealed sample on heating and τ0  =  8  ps, 
E/k = 6773 K for the not annealed sample on heat-
ing and τ0 = 24.9 µs, E/k = –1502 K for the not an-
nealed sample on cooling. The different sign of the 
activation energy on heating and on cooling is re-
lated with the opposite behaviour of τ on heating 
and on cooling.

Finally, the dielectric properties of both annealed 
and not annealed OLC/PU composites were checked 
in the frequency range of 26–37 GHz at room tem-
perature. It was obtained that the value of complex 
dielectric permittivity was ε*  =  11–9*i for an an-
nealed sample and ε* = 3.5–1.5*i for a not annealed 
sample at the frequency of 30 GHz. No significant 
dielectric dispersion was observed in this frequency 
range. The value of the complex dielectric permittiv-
ity is higher than the one obtained for epoxy resin/

CNT or CB composites above the percolation thresh-
old [15, 16]. However, it is lower than the dielectric 
permittivity of functionalized CNT composites [17].

Thus, the electromagnetic absorption of OLC-
based composites at microwaves can be further im-
proved in two ways: first, by selecting the initial OLC 
powder with the highest electrical conductivity and, 
second, by selecting OLC powder with the lowest 
OLC aggregate size. However, previously presented 
results demonstrate that OLC/PU composites are 
promising candidates for electromagnetic shielding 
materials.

4. Conclusions

OLC/PU composites are suitable candidates for tem-
perature stable electromagnetic shielding materials. 
At microwaves the complex dielectric permittivity of 
the annealed samples is only weakly temperature de-
pendent due to the asymmetric distributions of re-
laxation times. The asymmetricity of distribution of 
relaxation times increases on cooling. The complex 
impedance is a good mirror to monitor distribution 
of particles inside the insulating matrix.
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Santrauka
Straipsnyje nagrinėjamos svogūninės anglies 

kompozitų dielektrinės mikrobangės savybės plačiame 
temperatūrų intervale – nuo 300 K iki 450 K. Parodyta, 
kad didėjant temperatūrai šių kompozitų kompleksinės 
dielektrinės skvarbos vertė didėja plačiame dažnių dia-
pazone, tačiau ši priklausomybė įsisotina esant aukštiems 
dažniams (per 1 GHz). Toks kompleksinės dielektrinės sk-
varbos kitimas buvo paaiškintas pasinaudojus elektrinio 
impedanso sąvoka. Iš kompleksinio impedanso spektrų 
buvo apskaičiuoti relaksacijos trukmių pasiskirstymai. 
Kompozitus kaitinat relaksacijos trukmių pasiskirstymai 
tampa siauresni ir slenka į trumpesnių trukmių pusę. 

Šaldant kompozitus relaksacijos trukmių pasiskirstymai 
praktiškai nesislenka, tačiau didėja jų asimetriškumas. 
Kompozitus šaldant neatsiranda svogūninės anglies klas-
teriai su dar mažesniu tūriu, didėja tik mažų klasterių 
skaičius. Kompleksinei dielektrinei skvarbai svarbūs tik 
tie klasteriai, kurių atvirkštinė relaksacijos trukmė yra 
daug didesnė negu elektromagnetinės bangos dažnis. 
Parodyta, kad svogūninės anglies kompozitai yra tinka-
mi kandidatai į elektromagnetinio suderinamumo 
medžiagas. Tolesnis šių medžiagų tobulinimas galimai 
yra dvejopas: pasirenkant svogūninės anglies miltelius su 
didesniu elektriniu laidžiu bei su mažesniu svogūninės 
anglies agregato dydžiu.
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