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Abstract

Composite materials based on aluminium phosphate matrix with different grain sizes and
small inclusions of carbon nanotubes were studied by means of broadband dielectric spec-
troscopy in a wide frequency (20 Hz - 36 GHz) and temperature (25-600 K) ranges. The
highest electrical percolation threshold was observed for ceramics with the grain size of 0.8
pm, which is higher than the carbon nanotubes cluster size. The electrical transport in
ceramics occurs due to the thermal activation at higher temperatures (above room temper-
ature) and the tunneling at lower temperatures. The potential barrier for electron hopping
is the lowest in nanosized ceramics. The distance for electron tunneling is also lowest in
nanosized ceramics. The electrical properties of ceramics are stable up to 560 K.

Keywords: Composite materials, phosphates, carbon nanotube, dielectric permittivity,
grain size

1. Introduction

Design and development of composite materials based on inorganic matrices with car-
bon nanoscale inclusions is one of the most perspective field of modern material science.
Although a number of studies have been published |1}, 12, 3, 4], these inorganic systems have
received much less attention than carbon nanotubes/polymer matrix composites (see reviews
[5, 16, 17, 18, 9] and Refs there in). The main interest of studying such systems is caused on
the one hand by the high hardness, good wear resistance, and corrosion resistance of inor-
ganic matrices (like alumina, Al,Os) which makes it attractive from both research and
ceramic engineering prospectives [10]. On the other hand, due to the outstanding ther-
mal and electric conductivity, mechanical properties [11] of carbon nanotubes became one

*I am corresponding author
Email address: artyom.plyushch@inp.bsu.by (Artyom Plyushch)

Preprint submitted to Ceramics International November 8, 2016



of the most commonly used and investigated. Such enrichment allows to obtain composites
with low percolation threshold [12], significantly improved electric and thermal conductivity
[13, [14], mechanical properties |15, [16, 17, [18].

The most critical point of development of such types of ceramics — is to find the cor-
relations between the microstructure and macroscopic properties [19, 20]. For instance,
functionalization of multi-walled CNT (MWCNT) impacts on conductivity, density, and
hardness of alumina / MWCNT ceramics fabricated via spark plasma sintering (SPS) [21].
It was demonstrated that the electrical conductivity of SPS alumina-CNT nanocomposite
increased with the growth grain size. The effect is due to the increase in the density of
CNTs at the grain boundaries [22]. Also different mixing methods and pressing rapidity of
MWCNT and AlyO3 impacts on mechanical properties such as fracture toughness, flexural
strength [16], and thermal conductivity [23].

In our previous works, it was demonstrated that MWCNT’s aspect ratio
[24], utilization of different binders [25], and chemical modification of nanotubes
[26, 27] affects the dielectric permittivity, conductivity, and the mechanical prop-
erties of the samples. The aim of this paper is to investigate the impact of the grain size
on broadband dielectric properties of composite materials based on aluminium phosphate
ceramics with small inclusions (up to 2 wt. %) of MWCNT.

2. Methodology and sample preparation

Thermally stable phosphate ceramic based on liquid aluminium phosphate binder and
mixture of aluminium nitrate and oxide as a filler was utilized as a composite matrix. Alu-
minium phosphate binder was prepared by dissolving hydroxide (AI(OH)3) in phospho-
ric(V) acid (H3PO,) with the molar ratio of acid to hydroxide equal to 3. The mass
ratio of aluminium oxide and aluminium nitrate (average grain size 60 nm, ”Plasma & Ce-
ramic Technologies” Ltd., http://www.plazmaker.lv/products/ALN_PD}%20isa_vO1.pdf,
grade A ) was equal to 9. Alumina utilized for composite preparation was of three dif-
ferent size ranges: with average size 50 nm ( "Plasma & Ceramic Technologies” Ltd.,
http://www.plazmaker.lv/products/A1203_PD%20isa_v01.pdf} grade B), M1, with me-
dian grain size dg50 - 0.8 +0.2um and M10, FEPA F800, with median grain size dgs - 6.5 &+
1.0um RUSAL, Russia, http://www.rusal.ru/en/clients/products/korund_products/.
Further in the text, they will be referred as Nano, M1, and M10, correspondingly.

As a functional filler multiwall carbon nanotubes (MWCNT) grown by catalytic chem-
ical vapor deposition method [28] were used. Synthesis was performed with CVD-reactor
on the quartz plates with 200x300 mm in dimensions. The synthesis procedure consists of:
blowing the reaction camera with nitrogen to remove the O,, heating up to 1043 K and
blowing camera with the mixture of nitrogen (90 ml/s), toluene (16 ml/s), and ferrocene
(7 % of toluene mass) during 15 min. After synthesis camera was blown with nitrogen to
remove side-products of reaction and reagents and cooled down to the room temperature.
As a results arrays of MWCNTs with the diameter of 50 nm and length of 100 pum oriented
perpendicularly to the substrate were produced (fig. [Il). Arrays were mechanically removed
from the substrate and milled with the mixer. As-produced MWCNT contains a — F'e parti-
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cles encapsulated into the hollows of CNTs (4 wt. %) and almost doesn’t contain amorphous
carbon.

Figure 1: TEM images of as-obtained MWCNT

Composite preparation procedure as follows. MWOCNTSs, Al,Os filler and aluminum-
phosphate binder have been ground for 20 — 30 min in an agate mortar until obtaining a
homogeneous mixture. Then the mixture was pressed under 4.9 M Pa in 1 mm thick tablets
of 10 mm diameter. After 24 h of treatment at room temperature, the tablets were treated
at temperatures up to 300 °C, with a rate of 1 °Cmin~'. Three series of composites with
different grain sizes and MWCNT concentrations of 0, 0.2, 0.5, 1, 1.5 and 2 wt. % have been
prepared (see fig. [2])

Figure 2: Scanning electron microscopy of composite materials with 2 wt. % of MWCNT: Nano (a), M1 (b),
M10 (c)

In the frequency range 20 Hz-1 M Hz dielectric properties were measured with a LCR
HP4284A meter. Two equivalent schemes (Cp— D and R— X) were used for measurements.
For low temperature measurements (25-300 K') samples were placed in the closed cycle
cryostat, while for high temperature (300 - 500 K') measurements a home-made furnace was
used. The square-like samples with the typical thickness about 1 mm and area of 30 mm?
were investigated. Silver paste was applied for contacting.



In the frequency range 1 M H 2-3 G H z measurements were performed by a coaxial dielec-
tric spectrometer with vector network analyzer Agilent 8714ET. Sample with the typical
area of 2 mm? and thickness of 0.7 mm were studied. Silver paste was applied for contacting.

The microwave measurements were carried out with a scalar network analyzer R2-408R
(ELMIKA, Vilnius, Lithuania). Rod-like samples with typical diameter d = 0.4 mm were
studied. The EM responses of samples were measured within the 26-37 GHz frequency range
(Ka-band) as ratios of transmitted/incident (S,;)and reflected /incident (S;;) signals. The
conductivity was reconstructed from the S-parameters via methods described in [29)].

3. Results and discussion

3.1. Room temperature region

The dielectric analysis of ceramics demonstrated, that ceramics without MWCNT has
exactly the same properties for all of the grain sizes investigated. No DC conductiv-
ity plateau is seen in conductivity spectra while the value of 10 nS/m of AC
conductivity is observed at 129 Hz for all investigated grain sizes. The addi-
tion of nanotubes extensively increases the ceramic conductivity (15 S/m for 2 wt. %
of MWCNT in M10 matrix) in a wide frequency range. However, embedding the same
amount of nanotubes into different grain size matrices leads to different effects. Figure [3
(a) represents the typical frequency dependence of the composite’s conductivity with the
given concentration of MWCNT. Samples M10 and Nano at 1 wt. % have the conductivity
plateau at low frequencies. That is their frequency dependence can be described by the
Almond-West power law [30] (fig. Bl (a), solid curves):

0 =0pc +0oac(w) =0pc +Aw" | (1)

where op¢ is the DC conductivity and Aw™ is the AC conductivity. We can conclude, that
the grain size influences the distribution of MWCNT and consequently the conductivity of
samples. Indeed, analyzing samples with different concentrations at the fixed frequency (for
example 129 Hz (see fig [ (b), symbols) one observes the huge spread (up to 9 orders) in
conductivity of samples for the given MWCNT concentration. This fact indicates that the
percolation threshold depends on the grain size of studied samples. In order to obtain the
precise values of the percolation threshold the following formula may be applied [31]:

(2)

DPc—PCNT )t
Pe ’

0 = O.O(pCij;—pc)fs’ PeNT < Pe

o= o DPCNT > Pe
where oy is the matrix conductivity, o; is the inclusions conductivity, s and ¢ are the critical
exponents. Analyzing the concentration behaviour of the conductivity for M1 samples with
first eq. of (2) and M10 and Nano with both eq. of ([2) (see fig. Bl (b), solid curves) we come
to the parameters presented in Table[Il



2

1 ] T T T T T T T T ] T T T T T T T T
| Concentration = 1 wt. % é { Frequency = 129 Hz
0+ i
1] Z @] 01 ® 3/I/I/El
- A 1 b
-2_. AA ] 21 —
£ & b 15 -
» -4 1~ -4 E
- 4 o
L A —
> '5-_ AA 12
-6 4 JYARNEE S 4 .64 J
7] A e O Nano ]
8] A A MY o g =
] oA o M10 7 1
9] 4 i
T T T T T T T T T T T T T
0 2 4 6 8 10 12 0.0 0.5 1.0 1.5 2.0
lg{v, Hz} Concentration, wt. %

Figure 3: Frequency dependence of the conductivity for samples with 1 wt. % of MWCNT (a); concentration

dependence of the conductivity of composite material with different amount of MWCNT (b)

Table 1: Parameters of fits with equations

Sample series | M10 | M1 | Nano
Pe, wt. % 0.56 | 1.52 | 0.75

s 1.84 | 1.61 | 3.14
lg{oo, S/m} | -8.22 | -8.22 | -8.22
t 452 | — | 3.12
lg{o;, S/m} | 018 | — | 048

It is known that, the dependence of macroscopic properties (i.e. the conductivity, the per-
colation threshold, the effective permittivity) of such type of composites (CNTs/ceramics)
should be a monotonically dependent on the micro structure of composites, in our case with
the variation of the grain size [19]. Since nanotubes can be located only in grain boundary
area, we may conclude, that with the increase of the grain size the grain boundary area
decreases, and hence the density of CNTs at the grain boundaries increases [22]. Therefore,
if CNTs are randomly distributed, the average distance between CNTs and the percolation
threshold value is lower in ceramics with bigger grains.

This can be considered more strictly: for example, a model of two types of grains of
the irregular shape mixed together with R; and R, — effective radii of non-conductive and
conductive grains, correspondingly, predicts the monotonous decreasing of the percolation
threshold with R;/R, increasing [19]. Of course, in the case of nanotube/ceramics com-
posites it is not pretty correct to assign CNTs as a grain with irregular shape, however,
aggregates of nanotubes can be considered as ones. In the case of Nano-sized grains ceram-
ics, the size of nanotubes is comparable with the mean value of the grain’s effective radius.
It can be expected that during preparation the part of CN'T’s aggregates may be destroyed.
As a result, the aggregates of MWCNT in Nano-composites should be smaller than one
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for M1 and M10. Much more for Nano-sized grain ceramics it would be possible that the
tunnelling of electrons through insulating grain matrix, also participate in the increase of
the total conductivity of the samples. This means, that p. as a function of (R.ss) (where
R. ;s is an effective alumina grain radius) should have the maximum for grains, which size
is close to the CNTs cluster size.

3.2. High temperature region

Results of thermogravimetric analysis of composite materials are presented in fig. 4 The
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Figure 4: Thermogravimetric analysis of composite materials with 2 wt. % of MWCNT

DSC curve demonstrates two thermal effects in temperature ranges 290-470 K and 870-1270
K. The endothermic effect close to 373 K have the weight loss of 2 % and it is related to the
evaporation of water. The presence of water inside the samples may be attributed to
the water absorbed from the atmosphere and the one appearing during reactions
of binder and filler, and polycondensation reactions. In temperature range 470-870
K some polycondensation reactions take place. The corresponding weight loss of 2% is
observed in this range. However, these reactions do not demonstrate any DSC effect. The
exothermic effects in temperature range 870-1270 K are related with the thermal-oxidative
destruction of MWCNTs.

Composite materials with non-zero DC-conductivity have been studied at higher tem-
peratures (above the room temperature). As we can see from the measurement results (Fig.
[ symbols), the relative increase of the conductivity of M10-series samples is higher than
for Nano-samples of all studied concentration. M1 2 wt. % sample demonstrates even the
higher thermal stability than M10- and Nano-. The increase of the conductivity during
heating governs the Arrhenius law:

Opc = 006_%7 (3)

where FE, is the activation energy. The Arrhenius fit parameters are presented in Table
It is important to note that the neat ceramics DC conductivity is strictly zero. Therefore,
the electrical transport in ceramics occurs mainly due to the electron tunneling between
CNT’s clusters. Much more the conductivity activation energy is lower in Nano-samples
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Table 2: Activation energies
Series; p, wt.% | M10; 2 | M10; 1.5 | M10; 1 | M1; 2 | Nano; 2 | Nano; 1.5 | Nano; 1
E,/k, K 516.68 | 486.78 | 684.16 | 341.87 | 412.42 325.83 421.47
E,, meV 44.54 41.96 58.97 | 29.47 | 35.55 28.09 36.33

(see Table. ). However, the concentration dependence of the activation energy
is less observed, mainly due to the fact that all samples are far from percola-
tion threshold [32]. At higher temperatures, there exists a peak of conductivity with
its maximum at temperature of 600-620 K. This peak may be related to polycondensation
reactions.
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Figure 5: Temperature dependence of the relative DC-conductivity for samples with the different concen-
tration of carbon nanotubes.

3.3. Low temperature region
The temperature behaviour of the DC-conductivity of percolated samples was studied on
cooling down to 25 K (see Fig. [6 symbols). As we can see from figure [ the conductivity
decreases during cooling cycle down to 60-70% of it’s initial value. The conductivity of
composites with Nano grains demonstrate better thermal stability for all studied MWCNT
concentrations (for instance, samples with 2 wt.% with Nano matrix loose only 15% of the
initial value, while M10 and M1 loose 30%). At lower concentrations this difference becomes
negligible. However, for all studied MWCN'T concentrations Nano samples demonstrate the
smaller decrease of the conductivity than M10. The variation of the conductivity for all
samples can be well described by tunneling law [33] (Fig. [6 solid curve line):
Opc = O'Oe_TilTO, (4)
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Figure 6: Temperature dependence of the relative DC-conductivity for samples with the different concen-
tration of carbon nanotubes.

Table 3: Parameters of the tunneling law fit

Series; p, wt.% | M10; 2 | M10; 1.5 | M10; 1 | M1; 2 | Nano; 2 | Nano; 1.5 | Nano; 1
T 128.87 | 266.76 | 121.85 | 137.04 | 23.02 255.6 276.31

Ty 186.44 277.0 145.74 | 183.59 73.1 300.88 307.85

Ty / Ty 0.691 0.963 0.836 | 0.746 0.315 0.849 0.898

where Ty represents the energy required for an electron to cross the insulator gap between
conductive particle aggregate, and T is the temperature above which the thermally activated
conduction over the barriers begins to occur. Values of Ty and Ty utilized for fit are collected
in Table [3]

According to the tunneling law, values of T; and Ty are related to conductive cluster
distribution according to following equations|33]:

Ue?

T, = 70 (5)
2

Txwk  TYW

In these expressions, U = wA/8m is a measure of the volume of the tunnel junction,
€0 = 4Vp/ew is a pre-exponential factor, y = /2m.Vy/h is the tunneling constant for
electrons, where Vj is the potential barrier, A and w are the area and the thickness of
the insulating gap between conductive clusters respectively. According to egs.
and [6] T1/Ty = mxw/2 = (7/2)\/2m./h VOUQw. As it can be seen from table [3 the
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increase in the concentration leads to the decrease the value T7/T; for Nano ceramics.
This is equivalent to the decrease of the potential barrier V and/or the separation distance
w between conductive clusters when the nanotube’s concentration increase. On the other
hand, composites with smallest grains (Nano) have the lower value of 7 /7, than M10
composites (with except of 1 wt. % sample).

It is important to note that at higher temperatures (T>>Tj) the tunneling law (egs. @)
becomes the Arrhenius law (egs. B]) and the activation energy in the Arrhenius law should be
equal to Ty. However, the activation energy values presented in Table 2 are higher than the
values of T presented in Table 3. It indicates that above the room temperature additional
effects (like thermally activated electron hopping) affect the total electrical conductivity.

We can conclude, that due to the different distribution of nanotubes, the tunnelling
potential barrier and the separation of composites varies significantly. The samples with
Nano grains demonstrate better tunnelling abilities than the samples based on microsized
- grains ceramics.

4. Conclusions

Clearing out the relations between microstructure and macroscopic properties of compos-
ite materials is one of the critical points in material science. The influence of the mean grain
size of the ceramic matrix has been studied on broadband electrical properties at different
temperatures. It was demonstrated, that the percolation threshold has non-monotonous
dependence on the mean grain size with the maximum of the percolation concentration
observed for composites with M1 (dg50 - 0.8 & 0.2um ) grains. High temperature analysis
demonstrates that conductivity activation energy is the highest for M10 (dg50 - 6.5+ 1.0um)
grains.
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