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Abstract

Degradation in the properties of polymer-based materials in space environments is a critical challenge for developing lightweight radi-
ation shielding solutions. In this paper, a comparative study of the impacts of helium ion (He™") irradiation one of the ion species in the
Low Earth Orbit (LEO) environment on the structural and optical properties of pristine and 1.0 wt% double-walled carbon nanotube
(DWCNT)-enhanced poly(2,5-benzimidazole) (ABPBI) polymers for LEO radiation shielding applications was conducted. The two poly-
mer categories were separately chemically prepared in the laboratory, moulded, dried, and cut into 1 cm X 1 cm pieces, and bombarded
with 0.35 MeV He" ions at varying fluences. The Ultraviolet—Visible-Near-Infrared (UV-Vis-NIR) optical analyses of the polymers fol-
lowing the ion bombardment revealed that He" irradiation considerably raises the Urbach energy and decreases the optical bandgap,
indicating a rise in electronic defects and structural disorder. On the other hand, the Fourier Transform Infrared (FTIR), Atomic Force
Microscopy (AFM), and X-ray Diffraction (XRD) analyses revealed higher levels of structural degradation in the pristine ABPBI sam-
ples, suggesting changes brought about by irradiation-induced oxidation and chain scission processes. In contrast, the 1.0 wt% DWCNT-
ABPBI composite demonstrated improved optical and structural integrity, retention, and resistance to He' ion-induced damage.
According to the results, 1.0 wt% DWCNT reinforcement reduces radiation-induced deterioration and offers more protection from ener-
getic ion exposure in the LEO settings. Thus, this work highlights the distinct impact of He™ ion interactions with ABPBI and the effec-
tiveness of DWCNT inclusion in improving polymer resilience, and it contributes to the fundamental understanding of the polymer
composite for radiation shielding applications.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Between approximately 160 km and 2000 km above the
Earth’s surface, the Low-Earth Orbit (LEO) environment
is a dynamic and complex region, home to many space-

* Corresponding author at: Centre for Space Research, North-West
University, Potchefstroom 2531, North West, South Africa.
E-mail address: b.oryema@muni.ac.ug (B. Oryema).

https://doi.org/10.1016/j.asr.2025.08.065

based vehicles, including satellites, space stations, and
spacecraft (Gutiérrez et al., 2023; Lu et al., 2019). In this
region, spacecraft contend with a harsh radiation environ-
ment that can degrade materials used in LEO applications
by altering their structural, optical, and functional charac-
teristics. Historically, high-density polyethene (HDPE) and
metals like aluminium (Al) have been extensively used for
radiation shielding in the space environment. Some limita-
tions of Al and HDPE include a significant increase in

0273-1177/© 2025 The Author(s). Published by Elsevier B.V. on behalf of COSPAR.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.asr.2025.08.065
http://creativecommons.org/licenses/by/4.0/
mailto:b.oryema@muni.ac.ug
https://doi.org/10.1016/j.asr.2025.08.065
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asr.2025.08.065&domain=pdf

B. Oryema et al.

flight payload and the generation of secondary radiation
upon particle impact (Fourie et al., 2023; More et al.,
2021; Zeng et al.,, 2023). Suitable alternatives being
explored include polymers and polymer-based composites.
Due to their exceptional radiation resistance, high thermal
stability, and lightweight nature, poly 2,5-benzimidazole
(ABPBI) polymers represent a promising candidate for this
study (Fourie et al., 2023; Square et al., 2023).

Notwithstanding these benefits, ABPBI’s optical vulner-
ability is one of its most significant drawbacks. The ben-
zene ring structure of ABPBI inherently absorbs visible
light, making the material prone to optical degradation
when deployed in the space environment (Banerjee et al.,
2023). Additionally, exposure to vacuum ultraviolet
(VUV) radiation and energetic charged particles in the
LEO environment can alter the ABPBI’s efficacy as a
shielding material by causing photo-oxidation, polymer
chain scission, and changes in optical transmittance
(Banerjee et al., 2023; Ghosh & Das, 2023). These degrada-
tive effects impact the performance and longevity of
ABPBI-based materials in radiation shielding applications.
The charged particles in the LEO region originate from
various sources, including trapped particles in Van Allen’s
inner belt, solar wind particles (though rare, due to the
strong geomagnetic field shielding effect), and galactic
sources in the form of galactic cosmic rays (Fourie et al.,
2023; Gutiérrez et al., 2023; Restier-Verlet et al., 2021).

The total population of trapped particles in the inner
belt comprises protons (~90 %), electrons (~9 %), and
helium ions (He" and He*"), making up about 1 %
(Kovtyukh, 2020). Meanwhile, the galactic cosmic ray par-
ticles in the LEO environment consist of energetic protons
(~87 %), helium ions (~12 %), and electrons and heavy ions
(~1%) (Alcaraz et al., 2000; Fourie et al., 2023; Kim et al.,
2021; Kovtyukh, 2020; Spjeldvik et al., 1999). Additional
sources of charged particles in the LEO are ionospheric
plasmas, consisting primarily of electrons and positively
charged ions, including singly charged oxygen (O) and
helium (He™") ions, as well as the doubly charged oxygen
(0" ions (Keika et al., 2022). While protons are the most
abundant particles in the LEO, helium ions are highly rel-
evant due to their more substantial energy transfer and
remarkable ability to induce atomic displacement reactions
and material defects (Leblanc et al., 1995).

The current study focuses on 0.35 MeV He™ ion irradi-
ation because it represents low-energy He ions trapped in
the LEO inner radiation belt, which typically range from
eV to ~ 8 MeV (Alcaraz et al., 2000; Kim et al., 2021;
Kovtyukh, 2020). Unlike higher-energy He ions, the
0.35 MeV energy ensures examination of defect formation
within the polymer bulk rather than full penetration, mak-
ing it highly relevant for surface and near-surface degrada-
tion effects. Stopping and Range of Tons in Matter (SRIM)
simulations confirm that at 0.35 MeV, He ions penetrate
~1-2 pm into the polymer. Previous studies investigated
nanofiller reinforcements, primarily employing carbon
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nanotubes (CNT) to improve the radiation tolerance of
ABPBI polymers. For instance, Fourie et al. (Fourie
et al., 2023) investigated multi-wall carbon nanotube
(MWCNT)-enhanced ABPBI polymers under proton irra-
diation, demonstrating that MWCNT improves polymer
resistance to proton-induced structural degradation and a
reduction in secondary neutron generation. This study
focuses on double-wall carbon nanotube (DWCNT) rein-
forcement, helium ion (He™) irradiation, the resulting opti-
cal bandgap shifts, Urbach energy variations, structural
changes, and polymer chain stability.

2. Materials and methods
2.1. Polymer synthesis

To synthesise the ABPBI polymer, the following
reagents were used: AB monomers 3,4-aminobenzoic acid
(DABA, 97 %), phosphorus pentoxide (P,Os, 99 %),
sodium hydroxide (NaOH), methanesulfonic acid (MSA,
99 %), double-walled carbon nanotube (DWCNT), and
ethyl alcohol (CH3CH,OH, 99.98 %). Fig. 1 shows the
step-by-step illustrations of the synthesis process, in which
1.5 g of P,Os and 10 ml of MSA were measured and added
into a 150 ml resin flask. The mixtures were thoroughly
stirred using a magnetic stirrer at 150°C for one hour under
a dry nitrogen purge until a homogeneous solution was
obtained. This was followed by adding 1 g of DABA to
the reaction mixture to prevent the solution from foaming.
The new combination was mixed adequately for 30 min.
The new solution was divided into two portions, with the
first portion meant to form the pristine ABPBI and the sec-
ond turned into the DWCNT-ABPBI nanocomposite by
adding 1.0 wt% DWCNT load concentration and stirring
for an extra hour to obtain a homogenous solution as the
reaction temperature was gradually increased from 150 to
200°C.

The pristine and 1.0 wt% DWCNT-enhanced solutions
were separately poured into specially built glass moulds
with dimensions of 50 mm x 10 mm x 1 mm on a flat
hotplate. The moulds were heated to 200°C for 3 h inside
a ventilated fume hood to evaporate MSA from the mem-
branes. The membranes were extracted from the moulds by
immersing the heated glass moulds in deionised water for
24 hrs. The extracted membranes were removed from the
water and put into a purification solution of 50 ml of
0.1 M NaOH, 25 ml of CH3;CH,OH, and 75 ml of deio-
nised water to remove remnant phosphoric acid from the
membranes. The purification process was run for three
days, with the solution containing the membranes being
continuously stirred while the purification solution chan-
ged every 24 h. The membranes were then soaked for 4 h
in deionised water to eliminate any residual purification
mixture. Lastly, the membranes were removed from the
water and placed between two sheets of filter paper to stay
flat and ready for irradiation.
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Fig. 1. Synthesis of pristine and DWCNT-ABPBI from DABA in a reaction mixture of MSA and P,Os.

2.2. Irradiation

The pristine and the 1.0 wt% DWCNT-ABPBI polymers
of uniform thickness of ~300 pm were cut into 1 x 1 cm?
pieces and exposed to 0.35 MeV He' at various fluences
of 1 x 10", 1 x 10", 1 x 10", and 1 x 10" ions/cm™.
The irradiation experiment was conducted at room temper-
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Fig. 2. FTIR spectra of (a) pristine ABPBI and (b) 1.0 wt% DWCNT-
ABPBI polymers.
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ature with a constant beam current of 5 nA using the 3 MV
Tanden accelerator at iThemba LABS, Cape Town, South
Africa.

2.3. Characterisation techniques

Radiation-induced changes in the polymers’ chemical
bond structures following the 0.35 MeV He™" ion bombard-
ment were carried out using the Fourier Transform Infra-
red (FTIR) spectrometer type Vertex 80, scanned in the
wavenumber range from 4000 to 400 cm™'. The optical
measurements were performed at room temperature and
ambient pressure using an Ultraviolet—Visible-Near-Infra
red (UV-Vis-NIR) Cary 60 spectrophotometer operated
in the 200-1000 nm wavelength range and a scan rate of
600 nm per minute. Also, nanoscale evolutions in the sur-
face morphological properties, such as surface topography
and surface roughness, were analysed using a Bruker
Atomic Force Microscopy (AFM) device operated in the
tapping mode at room temperature and ambient atmo-
sphere. Lastly, X-ray diffraction (XRD) analyses of the
samples’ crystalline structures were performed using a
PW3050/60 XRD diffractometer with Co-Koy radiation
(A = 1.17902 A) operated in the 2-theta degree range of
5-90°. The results are presented and discussed in the fol-
lowing section.

3. Results and discussion
3.1. FTIR spectral analyses

Fig. 2 shows the FTIR spectra for the irradiated and
unirradiated pristine and 1.0 wt% DWCNT-ABPBI poly-
mers. In the wavenumber region between 3640 and
1750 cm™', a broad and major band was observed around
3121 em™', and two small bands around 2927 cm™! and
between 2380 and 2290 cm™'. The band at 3121 cm™' is
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found in all the irradiated and unirradiated pristine and
1.0 wt% DWCNT-ABPBI polymers, except for the pristine
polymers exposed to higher fluences of 1 x 10'* He™/cm?
and 1 x 10'° He"/cm?, where the bands disappeared. This
band corresponds to the hydrogen-bonded stretching N-H
group and C-H stretching bands in benzene rings (Fourie
et al, 2023; Mahjabin et al., 2022). The band at
2927 em™! is most pronounced in the pristine and 1.0 wt
% DWCNT-ABPBI polymers exposed to the highest flu-
ence of 1 x 10" He"/ecm?. Furthermore, the small band
between 2380-2290 cm™! is only observed in the 1.0 wt%
DWCNT-ABPBI (both unirradiated and irradiated) and
the unirradiated pristine ABPBI polymers. This peak is
assigned to the double-bonded C=N and C=C stretching
lattice vibrations.

In the wavenumber region between 1750 and 1300 cm™,
up to three strong bands are observed at 1626, 1553, and
1425 cm™". These bands are present in all the polymer sam-
ples except the pristine polymer irradiated at 1 x 10'> He/
cm?, where the peaks are nearly flattened. A small peak
emerged around 1740 cm™' in the pristine and 1.0 wt%
DWCNT-ABPBI polymers exposed to 1 x 10" He"/cm?.
The band at 1626 cm™' is assigned to the C=N/C=C
stretching vibrations, and the strong band at 1553 cm™
is assigned to the single-bonded C—C/C—N bending vibra-
tions, resulting from in-plane deformation of the benzimi-
dazole ring (Liu, 2010). The sharpest band at 1425 cm™!
is assigned to the stretching and bending vibrations of
the single-bonded C—C and C—N structures. Additionally,
in the wavenumber region between 1300 and 400 cm™',
which represents the molecular fingerprint region, several
bands are observed, with the major ones being at 1284,
1233, 1131, 984, 866, 810, 717, 608, and 443 cm™'. Some
of these bands are due to benzene rings, and others are
assigned to the single-bonded C—C and C—N stretching
and bending vibrational modes and are observed in all
the polymers; however, the intensities decreased with
increasing He™ ion fluence, and most of them disappeared
in tzhe pristine ABPBI polymer exposed to 1 x 10'> He*/
cm”.
Generally, the FTIR results show that the absorption
band peaks of both polymer categories decreased with
increasing He" fluence, with the decrease being more dras-
tic and pronounced in the pristine than in the 1.0 wt%
DWCNT-ABPBI polymers. This observation suggests that
the 1.0 wt% DWCNT-ABPBI polymers are more radiation
tolerant than the pristine polymers, and seems to agree
with a previous study by Fourie et al. (Fourie et al.,
2023), which investigated the effects of proton irradiation
on multi-walled carbon nanotube (MWCNT)-enhanced
ABPBI polymers. It also agrees with the findings of a study
by Square et al. (Square et al., 2023) on the effects of
atomic oxygen (AO) irradiation on the properties of pris-
tine and MWCNT-enhanced ABPBI polymer composites.
In both previous studies above, the MWCNT-enhanced
ABPBI polymers exhibited better structural integrity with
increasing ion fluences than the pristine ABPBI polymers.
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Square et al. (Square et al., 2023) argued that this could
be due to the MWCNT acting as barriers, protecting the
underlying ABPBI matrices from incident irradiation-
induced damage. The reduction in peak intensity with
increasing He" ion fluences observed in the current study
is attributed to irradiation-induced destruction of the imi-
dazole and benzene structures of the polymers due to chain
scission (breakage) of the chemical bonds in the polymer
matrices, especially for the pristine ABPBI polymers
(Abdelhamied et al., 2021; Fourie et al., 2023; Ghosh &
Das, 2023; Makuuchi & Cheng, 2011).

3.2. Optical analyses

3.2.1. Optical transmission and absorption spectra

The measured optical transmittance and calculated
absorption spectra for the two polymer types are shown
in Fig. 3. The absorption spectra data were obtained from
transmittance data using the Beer-Lambert relation
(Edwards & Alexander, 2016; Mayerhofer et al., 2020);

A=2—log,,T(%), (1)

where A is the absorbance, and 7 is the transmittance in
percentage. Fig. 3 reveals a high absorption band, with
no transmission in all samples in the 200-550 nm low-
wavelength UV-Visible region. The high absorption can
be attributed to the UV and visible light carrying sufficient
energy to excite valence electrons to transition between
orbitals, triggering a series of chemical reactions such as
free radical photo-polymerisation (Ribas-Massonis et al.,
2022). For organic compounds such as aldehydes
(—CHO), ketones (—CO—), alkenes, alkynes, nitriles, aro-
matic rings, and carbonyl compounds containing o, T,
and n-electrons, light absorption in the UV-Visible region
is strictly associated with the n — n* and © — 7* electronic
transitions in those molecules that contain photon-
absorbing functional groups (chromophores) such as
C=0, N=0, and C=C groups, and the aromatic rings with
valence electrons of low excitation energies (Edwards &
Alexander, 2016; Ribas-Massonis et al., 2022).

While electronic transitions involving o-bonds are
allowed, they only occur in the low wavelength region
below 200 nm (see Fig. 4). Such transitions require higher
energies to drive electrons across the large energy gaps
between the bonding and antibonding orbitals. Hence, they
are not often captured in UV-Vis spectrometry measure-
ments. Thus, the high absorption spectra observed in this
study in the wavelength region of 200-550 nm are attribu-
ted to only the 7 — 7* electronic transitions. Here, unsatu-
rated doubly-bonded =-electrons in the C=C bonds,
conjugated C=C—C=C groups, and the unsaturated aro-
matic benzene rings of the ABPBI structures absorb light
and jump from the highest bonding energy levels of the
n-orbitals to the lowest energy levels of the empty anti-
bonding n*-orbitals (Abul-Hail, 2017; Chen et al., 2024)
as schematically illustrated in Fig. 4. Since each electron
jump takes energy from the photon, the photon energy is
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Fig. 3. Optical transmission and absorption spectra of the pristine and 1.0 wt% DWCNT-ABPBI polymers.
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Fig. 4. Schematic illustration of molecular electronic transitions in organic compounds (Ribas-Massonis et al., 2022).

completely absorbed and used to promote the electrons.
This also explains the zero transmission observed in this
study in this wavelength region.

Fig. 3 also shows that photon transmission increased
(i.e., absorption decreased) exponentially in the Vis-NIR
wavelength region of 550-1000 nm in all the samples, with
the increase being more drastic in the pristine than in the
1.0 wt% DWCNT-ABPBI polymers. This is directly attrib-
uted to the presence of DWCNTSs, which are strong absor-
bers that introduce extrinsic absorption edges to the
material’s band structures. Also, the weak absorption
(i.e., enhanced transmission) in this region is linked to
the narrow energy band n — z* transitions, in which lone
pair electrons jump from the non-bonding n-orbital to
the antibonding n*-orbitals (Abul-Hail, 2017; Chen et al.,
2024) as illustrated in Fig. 4. These transitions are associ-
ated with the nitrogen atoms in the polymer compositions
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(Edwards & Alexander, 2016). The observed differences in
optical spectra (absorption and transmission) of the sam-
ples with increasing He" ion fluences are ascribed to
radiation-induced formation of new defects or electronic
levels in the forbidden band regions of the polymer materi-
als. These defects are linked to bond-breakage due to scis-
sion and the subsequent formation of free radicals,
carbonaceous clusters, and extended systems of conjugated
unsaturated structures, which could have modified the
band structures of the polymer materials (Abul-Hail,
2017; Lal & Quamara, 2014; Singh & Samra, 2008).

3.2.2. Absorption coefficient, penetration depth, and photon
energy

Other parameters that are vital in describing the nature
of electron transitions and the variations in band structures
of the polymers following the He™ ion bombardment, such
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as the absorption coefficient («) and penetration depth (J)
were analysed in this study. The values of o were obtained
from the optical transmission data using the relation
(Abul-Halil, 2017);

L (T
100/’

o= 7 In

where T is the transmittance, and d is the thickness of the
polymers, which is ~ 300um. The parameter, o provides
information about the passage of light through matter by
measuring the decrease in the light intensity per unit depth
of the material (Al-Attiyah et al., 2019). The values of § are
derived from o using the relation (Mahjabin et al., 2022);

(2)

0=-—
o

(3)
The parameter, 6 defines the thickness of a material at
which the incident photon intensity falls to 37 % of the ini-
tial intensity at the surface. It helps characterise photon
absorption within a material. Lastly, the photon energy
(hv), which is an important parameter for calculating the
optical bandgaps, was obtained from the relation
(Alyamani & Mustapha, 2016; Oryema et al., 2022);

= (1) = (Z)ey,
A A

where 4 and v are the photon wavelength and frequency,
respectively, and % is Planck’s constant. A relation showing
the dependence of o and ¢ on Av is shown in Fig. 5.

As seen from Fig. 5, the absorption coefficient, o, for all
samples increased sharply with increasing photon energy
through the range of 1.2 eV to 2.4 eV. This represents
the high absorption edge, and it is credited to the enhance-
ment of charge carriers in the materials (Al-Attiyah et al.,
2019). As the incident photon energy increases, more
valence electrons with energy close to the bandgap absorb

4)

Advances in Space Research 76 (2025) 5406-5418

and utilise this energy to transition from the bonding (7)) or
non-bonding n-orbitals to the free antibonding 7n*-orbitals
in the conduction bands (Issa et al., 2021; Mahjabin et al.,
2022). This is evident by the drastic decrease in the values
of penetration depth, §, with increasing photon energy.
In the photon energy range of 2.4-6.2 eV, the absorption
coefficient and penetration depth curves are nearly flat-
tened, indicating that the absorption coefficient saturates
in higher energy regions where the incident photon energy
is completely absorbed and utilised to drive electronic tran-
sitions between orbitals. Lastly, the observed dependence
of o and & on the He™ ion fluences, with a redshift towards
lower energy in the range of 1.2 eV and 2.4 eV, is attributed
to radiation-induced enhancements in the quantity of
charge carriers within the polymer materials
(Abdelhamied et al., 2021; Abul-Hail, 2017).

3.2.3. Optical bandgap analyses

The optical bandgap (£,), also known as the forbidden
bandwidth, is the energy difference between the bottom
of the conduction band (CB) and the top of the valence
band (VB) of a material (Chen et al., 2024). This parameter
is vital for analysing the processes of excitation, movement,
and the subsequent transition of photogenerated electrons
in materials (Chen et al., 2024; Mahjabin et al., 2022). In
the current work, the effects of He' ion bombardment on
the optical bandgaps of the polymers were analysed
according to Tauc’s relation (Basha & Basha, 2017;
Oryema et al., 2022; Tommalich et al., 2022);

(ahv)'" = B(hv — E,), (5)

where B is a constant between 10° and 10° cm™ eV~!, often
called the band tailing parameter (Issa et al., 2021), hv is
the photon energy, E, is the energy bandgap, and n is the
transition coefficient whose value signifies the character
of the electronic transition. For direct transition, » assumes

300

(a) Pristine ABPBI

-
4

3001

250 ¢ (b) DWCNT-ABPBI

5200 _
= Unirradiated €200 Unirradiated
2 1x10"2 He*/cm? 2 1x10" He*/cm?
3 13 He*/em? 3 13+ 2|]
100 + 1x10"° He'/cm 150 1x10 "7 He'/cm
1x10™ He*/om? 1x10" He*/cm?
1x10"° He*/cm? 100 F 1x10"® He"/cm? |
0 l l : - : ;
(c) Pristine ABPBI 10 (d) DWCNT-ABPBI
0.03 1 irradi L) L
. U“'”?g'a“id ) o8 Unirradiated
£ 1x1013 He*lcmz = 1x10"2 He*/cm?
0002 1x1014 He+/cm2 ,§6 F 1x10™ He*/em? |1
w 1X1015 He+/°m2 S 1x10™ He*/cm?
0.01r 1x10 ~ He fem o 4 1x10"® He*/em?| |
ol

s 4 5
Photon energy (eV)

é 4 5
Photon energy (eV)

Fig. 5. Absorption coefficients and penetration depths of pristine and 1.0 wt% DWCNT-ABPBI polymers.
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definite values of 1/2 or 3/2, while for indirect transition, n
is 2 or 3, depending on whether the transition is allowed or
forbidden for each pair of values (Singh & Samra, 2008;
Tommalieh et al., 2022).

By plotting (ahv)"/" against hv for the allowed direct and
indirect transitions, then extrapolating the straight parts of
the plots at higher Av to the /v axes, the direct (E, 4;;) and
indirect (Egnq) optical bandgaps were estimated from the
intercept of the fitting line in Fig. 6, and the extracted val-
ues are presented in Table 1. Table 1 shows that the values
of Eggir and Egjng for both the pristine and 1.0 wt%
DWCNT-ABPBI polymers decrease with increasing ion
fluences. This decrease can be attributed to radiation-
induced bond rupturing and the subsequent formation of
new defect states or unsaturated bonds, which are rich in
charge carriers and require less energy to cause the © —
n* and n — =w* electronic transitions between different
molecular orbitals (Abdelhamied et al., 2021; Basha &
Basha, 2017). Table 1 also shows that the bandgaps of
1.0 wt% DWCNT-ABPBI polymers have lower values than
for pristine polymers, further suggesting that the presence
of DWCNT nanofillers in the polymer matrix introduced
disordered structures, which created more localised states
in the forbidden gaps.

3.2.4. Number of carbon atoms

The number of carbon atoms per carbonaceous cluster
(M) was calculated from E, through the relation (Singh
& Samra, 2008);

ahv (,um'1eV)
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This is particularly done to quantify radiation-induced
clustered disorders. Also, the number of dissociated carbon
atoms per conjugation length (), which provides informa-
tion about the linear orientation of detached carbon atoms,
was estimated using Robertson’s relation (Lal & Quamara,
2014);

2pn

N:E—, (7)

g

where © = 3.14 and 2 is the energy associated with a pair
of adjacent = sites. The value of f§ is taken to be 2.9 eV as it
is associated with © — 7n* optical transitions in —C=C-
structures (Singh & Samra, 2008). Table 2 summarises
the calculated values of M and N for both the pristine
and 1.0 wt% DWCNT-ABPBI polymers. Table 2 shows
that both M and N increased with increasing He" ion flu-
ence in both polymer categories, suggesting more isolated
carbon atoms in the irradiated than in the unirradiated
polymers. This further confirms the C—H bond breakages
as evident in FTIR results, and the resulting release or
escape of hydrogen as hydrogen molecules due to
irradiation-induced thermal spikes in the polymer chains
(Lal & Quamara, 2014; Singh & Samra, 2008). These car-
bonaceous clusters and conjugates are rich in charge carri-
ers and are thus responsible for reducing the bandgaps of
the irradiated polymers.

3.2.5. Urbach energy analyses

In principle, a semiconductor is only supposed to absorb
photons whose energies are above its bandgap energy, E,,
and is to be transparent to photons below this threshold.
However, it has been established that the density of states

4 %107
~ (b) DWCNT-ABPBI
—
> —
3+ Unirradiated
.
E 1x10"? He*/cm?
S . 13, 4 2
3 2 1x10 "~ He /cm
1x10™ He*/cm?
",: 1x10"® He*/cm?
e
3
'
0
021
0.15 Unirradiated
1x10"? He*/cm?
01 1x10"3 He*/em? |
1x10™ He*/cm?
1x10"® He*/cm?

o
o
o

1.4 1.6 1.8 2 2.2 24
Photon energy (eV)

Fig. 6. (a) Direct bandgap of pristine ABPBI, (b) direct bandgap of 1.0 wt% DWCNT-ABPBI, (c) indirect bandgap of pristine ABPBI, and (d) indirect

bandgap of 1.0 wt% DWCNT-ABPBI.
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Table 1
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Direct and indirect bandgaps of the pristine and 1.0 wt% DWCNT-ABPBI polymers.

Pristine ABPBI

DWCNT-ABPBI

Ton fluence (He"/cm?) E,gir (eV) Egina (€V) E, 4ir (eV) Egina (V)
Unirradiated 2.10 1.70 1.95 1.65
1 x 10" 1.90 1.47 1.85 1.46
1 x 10" 1.86 1.45 1.75 1.44
1 x 10 1.80 1.40 1.75 1.40
1 x 10" 1.75 1.35 1.72 1.34
Table 2
The values of Ey, and M and N for the direct and indirect bandgaps.
Pristine ABPBI DWCNT-ABPBI
Ton fluence (He™/cm?) M g Nir Mina Nina Ey (eV) M gir Nuir Mina Ning Ey (eV)
Unirradiated 267 8 407 10 0.53 309 9 432 11 0.72
1 x 102 326 9 544 11 0.54 344 10 552 12 0.77
1 x 101 340 10 560 12 0.59 384 10 567 13 0.83
1 x 10 363 10 600 13 0.64 384 10 600 13 0.94
1 x 10" 384 11 646 13 0.76 398 11 655 14 0.97

of semiconductors tends to broaden further from the band-
gap near the absorption edge, and the energy associated
with such tail absorption, the Urbach energy (Ey) is less
than the optical bandgap (Abdelhamied et al., 2021;
Kaiser et al., 2021). This energy emanates from static disor-
ders resulting from structural imperfections, and dynamic
disorders resulting from thermal lattice vibrations and exci-
ton/electron—phonon interactions (Subha et al., 2023).
Fig. 7 illustrates the broadening of the density of states
of semiconductors near the absorption edge and the corre-
sponding increase in absorbance with increasing energy.

Thus, to further confirm the existence of radiation-
induced defect states in the band regions of the two cate-
gories of polymer materials, the current study estimated
the Urbach energy, Ey by correlating the absorption coef-
ficient, o using the relation (Abdelhamied et al., 2021;
Abulyazied et al., 2024; Subha et al., 2023);

where «, is a constant representing the absorption coeffi-
cient value in defect-free material, and /v is the incident
photon energy. The Ey values were estimated by plotting
the graphs of Ino against 4v below the absorption edges
and getting the inverse of the slopes of the obtained
straight lines of the plots. Table 2 contains the obtained
values of Ey, and it shows that for both polymers, Ey
increased with the increasing He™ ion fluence, while por-
traying inverse relationships with bandgap values and
direct linear relationships with the number of carbon
atoms. The increase in E; values confirms the existence
of radiation-induced growth in the number of novel loca-
lised states, such as carbon clusters in the forbidden
regions, which resulted in exotic band tails close to the
band edges of the polymers (Abulyazied et al., 2024).
Table 2 also shows that the 1.0 wt% DWCNT-ABPBI
polymers recorded higher E; values than the correspond-
ing pristine polymers, affirming that DWCNT fillers

Ina = Ino, + (i) hy (8) increased the concentration of disordered atoms and
Ey defects in the structural bonding.
EB“ (a) z EQ% b
Q ',’ CB < ( )
= - A v / 9% 3
M4 Q
- > g /é/"
— 3 £
/ AE& AEg y —% y
Urbach tail J=—— &° < f
NI
—= ¥ VB
Density of states wy  Energy

Fig. 7. Schematic illustrations of (a) broadening of the density of states due to Urbach band tails, and (b) increase in absorbance with increasing energy

(Khan et al., 2021).
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3.3. AFM analyses

Figs. 8 and 9 are 3D AFM micrographs showing
radiation-induced alterations in surface topographies of
the pristine and 1.0 wt% DWCNT-ABPBI polymers,
respectively, recorded over the representative sample sur-
face area of 25 um x 25 pm. The unirradiated pristine
ABPBI polymer in Fig. 8(a) has a spiny rough surface char-
acterised by intertwined hummocks and pinhole-like fea-
tures. When exposed to increasing He' ion fluences, the
surface topography decreased with the increase in ion flu-
ence, as depicted in Fig. 8(b)—(e). In Fig. 8(e), the hillocks
have crumbled, and the polymer surface is nearly flat, with
small and compact surface grains. Similar observations can
be made of the 1.0 wt% DWCNT-ABPBI polymers in
Fig. 9. Quantitative quantification of the evolution in sur-
face properties of the polymers was performed by analysing
and comparing the average surface roughness, R,, which is

Advances in Space Research 76 (2025) 5406-5418

simply the deviation of a surface from the mean height. As
seen from the sub-captions of the 3D micrographs in Figs. 8
and 9, R, similarly decreased with increasing He™ ion flu-
ence, implying radiation-induced surface smoothening.
The decrease in R, is credited to cumulative radiation-
induced surface melting and chain scission processes
(Singh & Kumar, 2019). During the ion bombardment
experiment, the incident particles interact with and transfer
a significant portion of their energies to the target atoms,
leading to atomic excitation and vibration. This induces
localised heating or thermal spikes in the polymer struc-
tures, causing the polymer surfaces to melt and the chains
in the polymer’s amorphous regions to undergo scission
(Oryema et al., 2020, 2022). This produces smaller grains
that easily relocate to fill the surface loopholes, thus reduc-
ing surface topography or roughness. By comparing the R,
values of the pristine and 1.0 wt% DWCNT-ABPBI poly-
mers in Fig. 8 and Fig. 9, respectively, it is observed that

2690

2110

(a) Unirradiated (R, =22.104&m)

138n

-112n

(©) 1 x 10" He'/em? (R, =03.928@m)

220n

-280n

(e) 1 x 105He/em? (R, =M.992Hm)E

Fig. 8. 3D AFM micrographs of the pristine ABPBI polymers under 0.35 MeV He* bombardment.
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(b) 1 x 102He*/em? (R, =22.986@m)0

(¢) 1 x 10" He'/em? (R, =M8.309Mm)

(d) 1 x 10" He'/em? (Ry =03.9540m)0

254n

-226n

(e) 1 x 10" He'/cm? (R, =A3.608Fm)E

Fig. 9. 3D AFM micrographs of 1.0 wt% DWCNT-ABPBI polymers under 0.35 MeV He" ion bombardment.

the He™ ion affected the pristine polymers more profoundly
than the 1.0 wt% DWCNT-ABPBI polymers, as evident by
the lower values of R, in the pristine samples. This observa-
tion is attributed to the coercive ability of the DWCNT
nanofillers, which act as barriers to protect the underlying
polymer matrices from incident irradiation-induced dam-
ages (Square et al., 2023), implying 1.0 wt% DWCNT-
ABPBI polymers are more tolerant to radiation than the
pristine ABPBI polymers.

3.4. XRD analyses

The XRD spectra of the pristine and 1.0 wt% DWCNT-
ABPBI polymers are presented in Fig. 10 (a) and (b),
respectively. These spectra reveal the semi-crystalline nat-
ure of both polymer categories, with diffraction peaks typ-
ical of the ABPBI backbone structures appearing at
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20 ~ 11.2° and a more ordered peak at 20 = 26.5°
(Fourie et al., 2023; Liu, 2010). These 20 values correspond
to the diffraction planes (1 1 0) and (3 1 1), respectively. No
new peaks are formed, nor are any existing peaks
destroyed, in either sample following the He' ion bom-
bardment. This implies that the 0.35 MeV He" ion bom-
bardment did not destroy the ABPBI backbone
structures, nor did it add impurities to both polymers.
Fig. 10 also shows the adverse impact of the 0.35 MeV
He" ion bombardment on the crystalline structures of both
polymer types, manifested as radiation-induced amorphisa-
tion or a decrease in diffraction peak intensities with
increasing ion fluences. The spectral decline is attributed
to radiation-induced defects within the polymer materials
(Kumar et al., 2012). The interactions between the incident
He" jon and the polymer atoms may result in atomic
excitations and other energy exchange mechanisms that
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Fig. 10. XRD spectra of (a) the pristine and (b) 1.0 wt% DWCNT-ABPBI
polymers bombarded with 0.35 MeV He" ions.

generate localized heating within the polymers. This initi-
ates chain scission reactions and the subsequent formation
and accumulation of defect states such as vacancies and
interstitials, which give rise to disordered lattice orienta-
tions, peak broadening, and a reduction in crystallinity.

Table 3
XRD parameters of pristine ABPBI polymers.

Advances in Space Research 76 (2025) 5406-5418

The crystallite size, D, which is a useful parameter for
quantifying the dimensions of the diffracting domains in
a crystalline material, was estimated in this study by using
the Scherrer relation (Kumar et al., 2012; Oryema et al.,
2020, 2022);

kA
~ PeosO’ ®)

where, A is the diffracted X-ray wavelength (A = 1.17902
A), 0 is the Bragg angle, £ is the full width at half maximum
(FWHM) of the diffraction peaks in radians, and & is the
Scherrer constant (kK = 0.94). Tables 3 and 4 contain the
calculated D values for the pristine and 1.0 wt%
DWCNT-ABPBI polymers, respectively. They also contain
other vital lattice parameters such as the lattice spacing or
d-spacing, and FWHM values for the diffraction planes
(110) and (3 1 1). The 20 values in Tables 3 and 4 generally
follow a similar trend, revealing continuous shifts in peak
positions toward larger angles with increasing ion fluence.
This is followed by a general decrease in lattice spacings
and an increase in crystallite sizes. Such behaviours of crys-
talline materials under ion bombardment indicate the pres-
ence of compressive strain in the crystal planes
(Chandramohan et al., 2007; Oryema et al., 2022). This fur-
ther confirms the accumulation of radiation-induced
defects in the polymer materials.

4. Future works

While this study provides valuable insights into the
effects of 0.35 MeV He' ion bombardment on the pristine

Fluence (He*/cm?)

(110) plane

(311) plane

20(°) d-spacing B (rad) D (nm) 20(°) d-spacing B (rad) D (nm)
(nm) (nm)
Unirradiated 11.205 0.7890 0.0183 6.0743 26.384 0.33753 0.0206 5.51924
1 x 10" 11.231 0.7872 0.0179 6.2298 26.524 0.33578 0.0205 5.55467
1 x 10" 11.258 0.7853 0.0177 6.2966 26.541 0.33557 0.0202 5.64620
1 x 10" 11.261 0.7851 0.0174 6.3942 26.544 0.33553 0.0197 5.77774
1 x 10" 11.415 0.7746 0.0170 6.5524 26.549 0.33547 0.0188 6.05953
Table 4
XRD parameters of 1.0 wt% DWCNT-ABPBI polymers.
Fluence (He*/cm?) (110) plane (311) plane
20(°) d-spacing B (rad) D (nm) 20(°) d-spacing B (rad) D (nm)
(nm) (nm)
Unirradiated 11.126 0.7946 0.0174 6.3935 26.541 0.3356 0.020645 5.5210
1 x 10" 11.284 0.7835 0.0165 6.7494 26.568 0.3352 0.019249 5.9158
1 x 10" 11.294 0.7828 0.0155 7.1664 26.568 0.3352 0.019242 5.9180
1 x 10" 11.310 0.7817 0.0151 7.3949 26.646 0.3343 0.019234 5.9211
1 x 10" 11.415 0.7746 0.0148 7.5087 26.673 0.3339 0.019176 5.9397
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and 1.0 wt% DWCNT-ABPBI polymers, it’s important to
note that the helium spectra in the space environment span
a broad energy range (keV to GeV levels). Thus, to fully
assess the composites’ durability in LEO, future work
should investigate the effects of these energy spectra, as
they may induce different defect dynamics in matter. Also,
conducting multi-ion exposure studies, analysing the syner-
gistic effects of space environmental stressors and vacuum-
level variations, and evaluating the mechanical properties,
as well as space-based testing and validation of materials,
should be considered in future works. Other future works
shall involve the use of advanced analytical techniques such
as the Positron Annihilation Lifetime Spectroscopy
(PALS) to quantify irradiation-induced nanoscale defects
and free volume or structural changes in the material,
Scanning Electron Microscope (SEM) for high-resolution
surface morphological analyses of material surfaces to
reveal ion-induced modifications such as cracking, blister-
ing, or roughening, Transmission Electron Microscope
(TEM) to reveal irradiation-induced amorphization, crys-
tallization, or bubble formation, and Focused Ion Beam
(FIB) technique to reveal subsurface damages such as bur-
ied interfaces and ion implantation zones, and to recon-
struct 3-dimensional damage profiles in irradiated
materials.

5. Conclusion

The impacts of 0.35 MeV He" ion bombardment on the
optical and structural properties of pristine and 1.0 wt%
DWCNT-ABPBI polymers are examined in this work.
The main conclusions are that in pristine ABPBI, He" irra-
diation causes structural disorder, an increase in Urbach
energy, and a decrease in the bandgap, all of which indicate
progressive material degradation. By reducing defect for-
mation and maintaining optical properties, DWCNT rein-
forcement significantly enhances polymer resilience.

AFM analyses confirmed a continuous smoothing of
surface topography and surface roughness with increasing
He' fluence, attributed to radiation-induced surface melt-
ing and polymer chain scission. Pristine ABPBI surfaces
became nearly smooth and flat at high fluences, while
DWCNT-ABPBI retained more textured features, indicat-
ing better resistance to morphological changes. This resis-
tance is due to the protective, energy-dissipating role of
DWCNTs, which act as barriers to radiation-induced sur-
face and bulk damage. The XRD results confirmed the
adverse effects of the He" ion bombardment on the ordered
structures of the polymers, revealing radiation-induced
amorphisation as the result of accumulated defects.

The ion beam energy used in this study correlates with
the trapped He" ion energy levels frequently found in the
radiation belts and LEO conditions. Recent studies have
attempted to increase ABPBI’s radiation tolerance by add-
ing nanofillers. In this investigation, DWCNT-ABPBI
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polymers demonstrated improved structural integrity and
reduced optical degradation compared to their pristine
counterparts, which implies that some of the adverse effects
are lessened by DWCNT reinforcement.
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