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Effect of electron beam energy on charging characteristics of polymer

composites with the inclusion of carbon nanotubes
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The possibility of using polymer composite materials based on epoxy resins with the inclusion of carbon

nanotubes as coatings with a low coefficient of secondary electron emission has been studied. Four types of samples

were obtained: epoxy polymer, polymer composites with fillers (non-aligned and aligned carbon nanotubes, carbon

soot). It is shown that the secondary electron emission yield depends on the structure of the introduced carbon

filler, and polymer composites with aligned nanotubes exhibit antidynatron properties.

Keywords: multi-walled carbon nanotubes, nanocomposites, electron beam, secondary electron emission.

DOI: 10.61011/TPL.2023.06.56385.19556

Nanocomposites are a new type of dispersion materi-

als with fine nanoscale material particles introduced into

the bulk of a matrix. The matrix specifies mechanical

properties of such materials, and their functional (opti-
cal, semiconductor, absorption) properties are governed

by nanocomponents. Recent studies have addressed the

issues of development of polymer nanocomposites with

the inclusion of carbon nanotubes (CNTs) [1,2]. The

interest in CNTs as a filler stems largely from their

high thermal and electrical conductivity, fine mechani-

cal properties, and chemical and thermal stability [3].
Such composites may be used as semiconductor mate-

rials [4,5], aerospace materials [6,7], sensors [8], sensor

materials for self-diagnostics [9], and antibacterial coat-

ings [10].

In the present study, we consider the application of

polymer composites with the inclusion of multi-walled

carbon nanotubes (MWCNTs) as coatings with a low

coefficient of secondary electron emission. Secondary

electron emission (SEE), which unwanted in certain ap-

plications, proceeds on the surface of materials exposed

to an electron beam. For example, SEE in high-energy

colliders, storage rings, and damping rings induces the

formation of electron clouds, which interfere with their

operation. CERN researchers have proposed to mitigate

this problem by applying thin films of amorphous carbon

with a low secondary electron yield [11]. Prototype

coatings of this type are already being tested at the

accelerator. At an energy of 1.8 keV, these carbon

coatings provide a SEE coefficient of about 0.8, whereas

the coefficient for stainless steel at the same energy is

1.4. Such antidynatron coatings may also be used in

electron spectrometers, collectors of secondary electrons

downstream of microchannel plates [12], and other de-

vices monitoring ion or electron currents. Low-SEE

coatings are needed to construct equipment for Earth

remote probing in space flights, where a resonance radio-

frequency discharge is initiated in vacuum and sustained

by secondary electron emission from the walls of high-

frequency instruments. Secondary electrons emitted from

surfaces induce an electron avalanche. Coatings with a SEE

coefficient remaining below unity within the entire range

of energies of primary electrons are needed to mitigate this

effect [13].

The following samples were synthesized and examined in

the present study in order to determine SEE coefficients:

polymer composite materials based on epoxy resins with

0.9 and 2.7% (by mass) of carbon nanotubes; polymer

composite materials based on epoxy resins with 0.9 and

2.7% (by mass) of carbon soot; and a polymer composite

material based on epoxy resins with aligned MWCNTs (two
batches).

A polymer binder (epoxy resin L) and hardener 285

(LBA Epoxy resin L 285) were used to fabricate the

samples.
”
Taunit“ carbon nanotubes or soot were admixed

into the polymer matrix. Ultrasonic treatment was per-

formed to achieve a uniform distribution of CNTs within the

polymer matrix. Thin discs were formed from the obtained

composite and polymerized for 24 h at room temperature.

The mass percentage of CNTs (soot) in different samples

was 0.9 or 2.7%. Samples with aligned CNTs were

prepared by pyrolytic gas-phase deposition. A sample was

initially an array of MWCNTs aligned perpendicularly to a

substrate. Polymer was deposited onto the sample surface

in small droplets. Following polymerization within 24 h,

the composite was exfoliated from the silicon substrate,

and the upper polymer layer containing no nanotubes was

polished away with a diamond abrasive brick to expose
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Figure 1. a — SEM image of the polymer composite based on epoxy resins with the inclusion of aligned carbon nanotubes. b — Raman

spectra of the polymer, CNTs, and the polymer composite with aligned and non-aligned CNTs.

the composite with CNTs. Since the mean diameter of

aligned CNTs was 40 nm and the distance between their

centers was 200 nm, the volume fraction of CNTs was

approximately 3%.

The obtained samples were examined with a scanning

election microscope (SEM) and studied using Raman

spectroscopy, which turns out to be efficient in detection

of CNTs in concentrations upward of 0.5% in nanocom-

posites [14]. It has already been demonstrated that an

increase in concentration of nanocomponents in a composite

leads to enhancement of the functional properties of a

sample [15].
The SEM image in Fig. 1, a demonstrates that nanotubes

rise to the surface of the composite. Figure 1, b presents

the Raman spectra of multi-walled carbon nanotubes, the

polymer. and the polymer composite with CNTs. The Ra-

man spectrum of the epoxy resin features a large number of

weakly pronounced peaks, which is typical of polymers [16].
The spectrum of pure CNTs is characterized by the presence

of D peaks (around 1350 cm−1), which emerge due to

the presence of defects and disordering in graphite-like

materials, and G peaks (around 1550−1600 cm−1). The

peak at a frequency of 1582 cm−1 in graphite corresponds

to tangential vibrations of carbon atoms. The intensity of

the G peak is regarded as an indicator of graphitization.

These CNT peaks overlap partially with the epoxy resin

peaks. The spectrum of the composite with non-aligned

CNTs features a multitude of weakly pronounced peaks,

which are similar in shape and position to those present

in the spectrum of the epoxy resin. The D and G
peaks for the composite with aligned CNTs are similar

to those observed for pure CNTs, but their positions are

shifted. Thus, it may be concluded that the ends of

carbon nanotubes are present on the composite surface.

The shift of carbon vibrations in the composite with

CNTs toward higher frequencies (relative to the spec-

trum of pure CNTs) is indicative of compressive strain

of CNTs [17]. For example, the authors of [18] have

estimated the Young’s modulus of MWCNTs by measuring

the shift of the G′ peak of MWCNTs in an epoxy

resin.

Charging of the synthesized samples under electron irra-

diation was examined using an electron-probe measurement

complex based on an electron microscope (the procedure

was detailed in [19,20]) at a primary beam current of

100 pA to an irradiation region 100 × 100 µm in size, which

yields charging current density j0 = 10−7 A/cm2. The

experiment was focused on measuring emission current

Iσ with a hemispherical electron collector. A nanoam-

meter was also used to monitor current IL+D from the

sample holder, which is the sum of the displacement

current (accumulated charge) and the leakage current.

Since the sum of current Iσ from the hemispherical

electron collector and current IL+D from the sample

holder is equal to incident beam current I0 = Iσ + IL+D ,

the dynamics of current from the substrate is correlated

with the emission current and is a monitoring variable.

Experiments were performed at primary electron beam

energies varying from 0.2 to 15 keV. Time dependences

of secondary electron emission current Iσ and the sum

displacement current were measured within the range of

incident electron beam energies from 0.2 to 15 keV to

examine the process of charging. The pure polymer material

without inclusions charges rapidly at all the examined

irradiation energies (Fig. 2, a); current IL+D reaches an

equilibrium magnitude within ∼ 10−15 s even at relatively

low current densities. The SEE current grows fast

to Iσ = I0 − IL+D ≈ 100 pA, with is a classical case for

charging of dielectrics with the resulting SEE coefficient

σ ≈ 1.

At an electron energy of 15 keV, the polymer composite

with non-aligned CNTs starts to deviate in charging char-
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Figure 2. Dependence of emission current Iσ /I0 on the irradiation time for a range of incident electron energies of 0.2–15 keV for the

polymer (a) and polymer composites with non-aligned (b) and aligned (c) CNTs.

acteristics from the pure polymer: current IL+D = 17 pA

for the polymer with CNTs and 11 pA for the pure

polymer (Fig. 2, b). The secondary electron emission

current is 70 pA for the composite with a mass percentage

of CNTs of 2.7%, 82 pA for the composite with 0.9%

of CNTs, and 85 pA for the pure resin. It should be

noted that antidynatron properties get enhanced by 10%

when the mass percentage of non-aligned carbon nanotubes

in the polymer matrix increases by a factor of 3. A

weakly pronounced antidynatron effect was also observed at

high electron beam energies in experiments with polymer

composites containing 0.9 and 2.7% of soot (by mass).

Let us consider the process of charging of the poly-

mer composite with aligned CNTs (Fig. 2, c). Almost

no charging is observed in this case at high energies.

The secondary electron spectrum behaves like the spec-

trum of metallic samples: the spectrum shift is zero.

Current IL+D from the substrate at a primary electron

beam energy of 15 keV is close to 85% of the incident

beam current. The remaining electrons are reflected

and secondary ones. The composite charges at low

primary electron beam energies (up to 1 keV). However,
the current from the substrate for primary electron beam

energies of 3 and 5 keV is just around 60% of the

incident current. Such a dependence is typical of the

SEE spectrum of dielectrics. Similar experiments were

performed for the second batch of polymer composites

with the inclusion of aligned CNTs. Figure 3 shows

clearly that polymer nanocomposites with aligned CNTs

are the most efficient in suppressing the secondary elec-

tron emission: the SEE coefficient at high energies is

0.1−0.3.

It was demonstrated that a polymer material exhibits

antidynatron properties after the introduction of aligned

CNTs into it: no charging is observed, and the secondary

electron spectrum behaves like the spectrum of metallic

samples (the spectrum shift is zero). Thus, polymers

with the inclusion of aligned CNTs may be used to

produce coatings with a low SEE coefficient. The obtained

coefficient is lower than the ones reported in literature for

amorphous carbon coatings that are used to prevent the

formation of electron clouds in particle accelerators.

Technical Physics Letters, 2023, Vol. 49, No. 6



Effect of electron beam energy on charging characteristics of polymer composites with the inclusion... 71

E , keV0

0.2

0.8

0.6

4 16100 128

0.4

1.0

1462

s

Epoxy + non-aligned CNTs 0.9%

Epoxy + non-aligned CNTs 2.7%

Epoxy 

Epoxy + soot 0.9%

Epoxy + soot 2.7%

Epoxy + aligned CNTs (sample 1)
Epoxy + aligned CNTs (sample 2)

Figure 3. Dependence of the secondary electron emission coefficient on the energy of an incident electron beam for the polymer, the

polymer composite with the inclusion of 0.9% of non-aligned CNTs, the polymer composite with the inclusion of 0.9% of soot, the

polymer composite with the inclusion of 2.7% of non-aligned CNTs, the polymer composite with the inclusion of 2.7% of soot, and the

polymer composite with the inclusion of aligned CNTs (sample batches 1 and 2).
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