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The study investigates the development of antistatic properties in an epoxy system through the incorpo-
ration of carbon nanotubes (CNTs). The influence of CNTs of various types and manufacturers was exam-
ined. The minimum content of multi-walled and single-walled CNT's required to achieve an electrical resis-
tivity of 106 Q cm was determined. A comparative analysis of multi-walled CNTs from Cabot Corporation
(“Cabot” product), Graphistrength (“Arkema” product), and single-walled CNTs from CHASM Advanced Ma-
terials (Signis product, model CG300) revealed that single-walled Signis CNT's provide the required conduc-
tivity at concentrations above 0.02 wt. %, ensuring antistatic properties on the specimen surface. The effect
of CNT pre-treatment technologies on the efficiency of electrical resistivity reduction in the final polymer
material was analyzed. It was shown that annealing and acid treatment have only a minor effect on achiev-
ing the desired characteristics of the polymerized product. It was established that the target electrical resis-
tivity can also be reached through mechanical deagglomeration, although ultrasonic processing remains the
most effective method. Ultrasonic dispersion is feasible only at a controllably low viscosity of the system,
which becomes challenging due to viscosity increase with higher CNT content, especially for single-walled
nanotubes. Moreover, prolonged ultrasonic exposure imposes limitations on its practical use. Utilizing vis-
cosity as a factor that promotes CNT deagglomeration through shear-induced mechanical mixing of the
epoxy resin enables efficient and relatively rapid dispersion at a minimal content of Signis and Cabot nano-
tubes.
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1. INTRODUCTION

Epoxy resins (ER) are among the most technologi-
cally important classes of thermosetting polymers, char-
acterized by high adhesion, mechanical strength, chem-
ical and thermal stability. Epoxies are used in composite
structural materials, compounds, and self-leveling
floors. Such a wide range of applications sometimes re-
quires specific properties from the product, in particular,
certain electrical conductivity or antistatic properties
[1].

Aromatic diene resins based on diphenylolpropane
and epichlorohydrin, which account for more than 70%
of global production, are primarily used to create epoxy
polymers. The polymerization/curing process of such
systems occurs under the action of amine, anhydride, or
latent curing agents (in particular, dicyandiamide),
which ensures the formation of a rigid, spatially cross-
linked network with high strength and thermal stability
[1]. Epoxy thermosetting compounds usually form an
amorphous (non-crystalline) three-dimensional network
during polymerization. [2]

Typically, unfilled epoxy systems are dielectrics after
curing and have a surface electrical resistance of
1011,..10'3 Ohmcm. To obtain lower resistance and
achieve antistatic properties (106 Ohm cm is the value
most often considered antistatic) [3], epoxy systems are
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modified (filled). The determining parameter here is the
percolation threshold — the critical concentration of filler
at which a continuous conductive class is formed in the
insulating matrix.

Traditional filler modifiers are powders and nano-
particles of metals, graphite, and carbon fiber. Carbon
nanotubes (CNTs) have the most effective influence on
the electrical properties of polymers. For metal fillers,
the percolation threshold is 10-30 vol. %, while for CNTs
it can decrease to 0.002-0.1 vol. % depending on the mor-
phology of the system and the conditions of composite
formation [2-4].

Carbon nanotubes (CNTs) have a unique length-to-
diameter ratio (100...1000) [4-5, 9]. There are single-
walled (SWCNT) and multi-walled MWCNT) carbon
nanotubes. Single-walled tubes consist of a single gra-
phene layer and have a minimum diameter. Multi-
walled tubes are formed by several concentric layers and
are cheaper and more common. In addition to their elec-
trical properties, their introduction into materials also
has a positive effect on the mechanical properties of the
resulting composites.

Many classic experimental studies show that adding
only CNTs to thermoplastic or thermosetting matrices can
cause a sharp transition from an insulator to a conductor
(percolation effect). The exact critical concentration
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(percolation threshold) and the properties obtained directly
depend on the type of CNT (SWCNT vs MWCNT), their
length, the method of dispersion (melt mixing, solution
casting, in-situ polymerization, high-shear, ultrasound,
etc.) and the degree of agglomeration [5].

Despite the high and proven efficiency of CNTs, their
widespread use is significantly limited by problems as-
sociated with the tendency of tubes, primarily single-
walled ones, to form agglomerates. Due to the strong ag-
gregation of nanotubes, achieving uniform distribution
is a difficult task, especially since the use of CNT func-
tionalization or the addition of accompanying compo-
nents for better dispersion can reduce electrical conduc-
tivity [6, 7].

Tube parameters such as purity, diameter, length,
etc. vary significantly between manufacturers and can
radically affect the effectiveness of their application.

High-quality, although time-consuming, deagglom-
eration of carbon nanotubes (CNTSs) in a matrix using
ultrasound allows low percolation thresholds to be
achieved: for SWCNTSs in epoxy, this level can reach
10-3...10-2 wt. % [1, 5, 6, 8].

The use of mechanical deagglomeration methods can
be beneficial, although it does not allow for the produc-
tion of high-quality dispersions of dispersed nanotubes.
There is a certain compromise between deagglomera-
tion, preservation of tube length, and polymer destruc-
tion: increasing the processing time, cycles, and pressure
can cause a loss of properties of both the tubes and the
plastic filled with them, although the relationship be-
tween quality and the application of the selected tech-
nology for different types of tubes remains insufficiently
studied [9].

In addition, certain technological techniques are
used to achieve ultra-low concentrations for the percola-
tion effect: artificial segregation of nanotubes on the sur-
face of polymer granules followed by their sintering into
the product [10].

Thus, despite the proven effectiveness of nanotubes
on the electrostatic properties of epoxy polymers, the
task of obtaining the lowest NTP content to achieve the
percolation threshold remains unresolved, which also re-
quires high-quality and rapid deagglomeration in the
matrix. This determines the relevance of research aimed
at studying the effect of different types of carbon nano-
tubes on reducing electrical resistance and finding opti-
mal methods for their dispersion.

2. MATERIALS AND METHODS

The composition is based on CHS Epoxy 510 epoxy
resin and Telalit 0492 hardener (100.0 : 27.0) and vari-
ous types and manufacturers of CNT.

Epoxy 510 Bis-A (bisphenol-A) resin, unmodified —
without built-in fillers or plasticizers, has a low tendency
to crystallize, has a viscosity of about 12.5...16 Pa s at
+ 25 °C, 1.e., it is medium-flow and is used for self-level-
ing floors [11, 12].

The influence of carbon nanotubes of various types
and manufacturers, differing in morphology, specific
surface area, length, etc., was investigated: nanotubes
from Cabot (USA), Arkema (France), Signis (model
CG300) (USA), and experimental nanotubes manufac-
tured in Ukraine (ECNT “Sumy”, Ukraine).
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Cabot carbon nanotubes, manufactured by Cabot
Corporation, belong to the type of multi-walled nano-
tubes (MWCNT). The manufacturer does not disclose
data on dimensions, indicating only that the product
contains “special compounds that include mixtures of
carbon with polymer” and the possibility of obtaining an-
tistatic properties in the system by mechanical disper-
sion.

Arkema tubes (Graphistrength®) are multi-walled
with an average diameter of 10-15 nm, a length of
1-10 um, and 5-15 walls.

CG300 — single-walled carbon nanotubes from
CHASM Advanced Materials (Signis®) with a carbon
content of > 95 % by mass, an average diameter of
~0.84 nm, and a length of ~ 1 pm.

ECNT - experimental carbon nanotubes, which are
a by-product obtained at the experimental production fa-
cilities of a private machine-building enterprise. The
manufacturer classifies them as multi-walled, with an
average diameter of 30 nm and a length of up to 15 pm.
Other parameters are unknown.

The effectiveness of mechanical deagglomeration for
different types and manufacturers of nanotubes was
studied in comparison with ultrasonic deagglomeration.
In each case, 50 g of resin was processed. Mechanical
dispersion was performed using a 30 mm diameter “cut-
ter” attachment at a frequency of 2000 rpm and a power
of 600 W. Ultrasonic processing was performed at a fre-
quency of 20 kHz and a power of 100 W.

The hardener was added to the resin after deagglom-
eration: the mixture was stirred manually for 5 min and
poured into a mold. The electrical resistance was meas-
ured in the resulting disc samples with a diameter of 30
mm and a thickness of 3 mm.

Electrical resistance was evaluated according to a
known method and scheme [13] using a teraohm meter.

To control the degree of deagglomeration at the stage
of composition preparation, electrical resistance was
measured at regular intervals, and when its decrease
ceased, the treatment was stopped.

Optical microscopy was used for initial control of the
absence of agglomerates in the liquid composition, and
scanning electron microscopy of the hardened composite
was performed on a field emission scanning electron mi-
croscope (FE-SEM) manufactured by ZEISS for final
confirmation.

3. RESULTS AND DISCUSSION

Dispersion using different technologies showed sig-
nificant differences in the ability of tubes to deagglom-
erate: the results, which are not the same even for tubes
of the same type but from different manufacturers, are
shown in the Table 1.

Among multi-walled tubes, Cabot multi-walled tubes
have been found to be the most effective in imparting
antistatic properties to epoxy systems. At a concentra-
tion of 0.15 % by weight, the composite has a resistance
of the order of megohms. Such values can be achieved
both by using ultrasound and by mechanical deagglom-
eration. It should be noted that when using a milling cut-
ter, the deagglomeration of these nanotubes is relatively
fast, and in terms of energy consumption, this method is
even more effective than ultrasound at
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Table 1 — Measurement table
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. Resistance of epoxy com- | Time of mechani- Resistance of epoxy Time of ultrasonic
Concentration . . - . .
CNT in composition posite .obtamed after cgl deagglpmera- composme after ult.ra- (.hspersmn tq re-
(% by weight) mechanical deagglomer- | tion to resistance | sonic deagglomeration, | sistance stability,
o by g ation, Ohm cm stability, min Ohm cm min
0.015 2 x 1010 10 2 x 1010 120
Cabot 0.04 1 x 1010 15 5 x 1010 120
0.15 1 x 108 30 8 x 107 180
0.015 5 x 107 10 1 x 107 140
CG300 0.04 6 x 1086 15 2 x 1086 200
0.15 4% 105 20 1 x 106 300
0.015 7 x 101 60 1x 101 240
Arkema 0.04 5 x 1010 120 9 x 109 240
0.15 1 x 107 240 3 x 106 500
0.015 9 x 1012 120 1 x 1012 120
ECNT 0.04 8 x 1012 200 3 x 101 200
0.15 5 x 1010 300 1 x 10 300

Fig. 1 - SEM image of the surface of a cured epoxy composite with 0.04 % by weight CG300 — a single single-walled tube and a

cluster of several tubes after mechanical deagglomeration

a concentration of 0.015 %, if we disregard the incom-
plete unattainability of the resistance values obtained
using ultrasonic vibrations. On the other hand, increas-
ing the content of this type of multi-walled nanotubes by
an order of magnitude makes ultrasound less effective
than the mechanical method. A noticeable increase in
the viscosity of the composition (not measured in this
work), which complicates the work of ultrasound, con-
tributes to the effective dispersion of agglomerates due
to the high shear stress in a viscous medium.

Arkema multiwalls are significantly inferior to Cabot
in terms of their “technological” use for providing anti-
static properties: only exposure to ultrasound for 500
minutes at a content of 0.15 % allowed an acceptable re-
sistance of 3-:106 Ohm cm to be obtained. The agglomer-
ates of these tubes are quite durable — clusters up to
5 um in size were present in the composition even after
many hours of ultrasonic treatment.

Single-walled tubes have the most effective impact

on the electrical resistance of the epoxy composition.
Even at a concentration of 0.04 % by weight in the com-
position, it was possible to achieve a resistance of about
106 Ohm cm. For single-walled CG300, the efficiency of
mechanical deagglomeration increases with an increase
in the percentage of nanotubes: here, a positive effect of
significantly increasing viscosity can be traced, although
it was not measured in this work.

Electron microscopy of a composite with 0.04 % by
weight of single-walled tubes after mechanical deag-
glomeration shows the presence of both single tubes and
clusters of tubes, although the required resistance has
already been obtained (Fig. 1).

A further increase in the content of single-walled
tubes does not lead to a significant decrease in electrical
resistance: neither a mechanical cutter nor, even more
so, ultrasound is capable of “dispersing” agglomerates at
such a concentration and viscosity of the composition,
which resembles tar.
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Unfortunately, experimental ECNTs have almost no
effect on the electrical resistance of the composition:
even long-term treatment does not produce results. Most
likely, this is due to the low purity of this product and
requires more thorough research.

4. CONCLUSIONS

The tests conducted proved the effectiveness of most
of the nanotubes studied in reducing electrical re-
sistance and achieving antistatic properties in filled
epoxy composites.

The use of single-walled tubes allows for a significant
reduction in their number and achievement of the percola-
tion threshold through rapid and effective mechanical
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Oco6aMBOCTI HAJAHHA €MOKCUIHAM CUCTEMAM AHTUCTATUYHHUX BJIACTHBOCTEMH
3 BUKOPUCTAHHAM HAHOTPYOOK

C.B. Mapuenxo, K.C. Mapuenro, T.II. I'oropyu

Cymcvrull oepocasruti ynisepcumem, 40007 Cymu, Yipaina

V¥ pob6oTi mocsimsKeHo 0COOIUBOCTI HASAHHS aHTHUCTATAYHHUX BJIACTUBOCTEHM EIMOKCHUIHINA CHCTEMI ILIAXOM
BBeJICHHS BYTJIEIIEBUX HAHOTPYOOK. PO3IJIAHYTO BIIMB HAHOTPYOOK PI3HMX THUIIB 1 BUpOOHUKIB. BusHaueHo
MIiHIMAJIbHUM BMICT 0araTOCTIHHMX TA OJHOCTIHHUX HAHOTPYOOK, HEOOXIAHUI I JOCATHEHHS eJIeKTPHIHOTO
omopy 106 Om-cm. IlopiBHsHHS BImmBY OarartocTiHHMX HaHOTpyOok ¢ipmu Cabot Corporation (mpomyxr
“Cabot”), dipmu Graphistrength (mpomyxrr “Arkema”) Ta ogaocTinHuX HaHOTPYOOK hipMu CHASM Advanced
Materials (mpomyxr “Signis”, momeans CG300) moxasasio, 10 OZHOCTIHHI HAHOTPYOKH Signis 3abesmedyoThb
HeOOXITHY HMPOBIAHICTD yoke Ipu KoHIleHTparii morax 0,02 % mac., HaJaouu aHTHCTATUYHHUX BJIACTUBOCTEHN
moBepxHi 3pa3ka. [IpoaHasizoBaHo BIIMB TEXHOJIOTIH HOIepeIHBOI 00poOKM HAHOTPYOOK HA edeKTHBHICTD
SHUIKEHHS eJIEKTPHUYHOTO OIOPY B KIHIIEBOMY IoJiiMepHOMY Marepiasi. [Tokasamo, 1o BIAIATOBAHHS Ta KA-
c10THA 00pO0KA MAIOTh HE3HAYHUMN BILIUB HA JIOCATHEHHSA 0aKaHUX XapaKTEPUCTUK KIHIIEBOTO IIPOJIYKTY TI0-
mimepuaatiii. Beranosseno, 1110 qocaraeHHS HEOOX1THOTO €JIEKTPUYHOTO OIIOPY MOMKJIMBE M 32 YMOBHU 3aCTOCY -
BaHHS MeXaHIYHOI JearsioMepartii, Xoua e()eKTUBHICTh YJIBTPA3BYKOBOI0 O0JIaHAHHS 3aJIHIIAETHCSI HAWBH-
momw. JucrmepryBanus yJIbTPasByKOM MOMKJIMBE JIUIIE 32 KOHTPOJIBOBAHO HU3LKOI B'SIBKOCTI CHCTEMH, II0
BasKKO peasidyBaTH dyepes 11 3pOoCTAHHS 31 301IbIIEHHSIM BMICTY HAHOTPYOOK, 0COOJIMBO OMHOCTIHHMX. Kpim
TOTO, TPUBAJIUHI YaC eKCIIO3UIT yIbTPA3BYKOM HAKJIAIae 00OMEeKeHHs Ha MOro 3aCTOCYyBaHH:A. Bukopucranssa
B’SI3KOCT1 K YMHHUKA, 1110 CIIPHsE JearjoMepallil HaHOTPYOOK I Ji€l0 3CyBY IPU MEXAHIYHOMY 3MIIITyBaHHI
ETIOKCHUIHOI CMOJIH, TO3BOJISAE JOCATTH e(peKTUBHOI Ta BIAHOCHO IIBUIKOI JearjoMepairii 3a MiHiMaJIbHOTO BMi-

cTy HaHOTPYOOK Signis i Cabot.

Kmiouosi cnosa: Enorkcuana cucrema, Byrnenesi HanorpyOru, AHTHCTAaTHYHI BiaacTuBocTi, Mexaniume ami-

uryBaHHs, [1epKOIAIINHTNA TOpir.
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