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ABSTRACT

Gels are soft materials composed of hydrophilic polymers cross-linked in water by physical or chemical bonds.
Due to their lightweight and water-rich nature, these materials find application in various fields, including the
space environment, for radiation protection purposes. In fact, thanks to their high hydrogen content, gels exhibit
significant radiation stopping power, resulting in reduced fragmentation of incident particles. This suggests their
potential utility in shielding electronic devices and safeguarding astronauts’ health. In this work, cross-linked
gels based on poly(vinyl alcohol) (PVA) and boric acid (BA) were fabricated and their properties were investi-
gated using different experimental and modeling techniques. The effect of parameters, such as time and tem-
perature, used for fabricating the PVA/BA gels is assessed. Fourier transform infrared spectroscopy (FTIR) was
employed to evaluate the ability of BA to form hybrid interpolymeric bonds with PVA macromolecules. To
understand the thermo-mechanical properties and viscoelastic behavior of these gels, dynamic mechanical
analysis (DMA) in compression mode was performed. The shielding properties were evaluated in different space
radiation environments considering galactic cosmic rays, solar particle events, and low earth orbit radiation
using deterministic transport codes. The High charge (Z) and Energy TRaNsport (HZETRN) code was employed to
create different cross sections as first output for the selected materials, and then, propagate and transport the
ionizing radiation inside the materials. The results highlight several advantages of PVA/BA gels fabricated at
room temperature without heat treatments. Firstly, the incorporation of BA allows for a slight increase in water
content compared to gels produced without the crosslinker. Additionally, an examination of elastic moduli re-
veals improved mechanical properties exhibiting approximately twice the elastic modulus of PVA gels. Moreover,
the analysis of dosimetry quantities suggests that the radiation protection effectiveness of these gels is compa-
rable to that of pure water, while heat-treated PVA/BA gels exhibit a reduced water content resulting in
decreased shielding properties and decreased flexibility. Consequently, PVA/BA gels realized at room temper-
ature appear to be the optimal material between PVA gels and the heat-treated counterparts, making them well-
suited for integration into astronaut personal protective equipment.

1. Introduction

is of particular interest [2,3]. Through simulations conducted on various
protective materials, hydrogen-rich materials, especially liquid water,

One of the foremost challenges in space missions continues to be the
development of spacecraft designs capable of effective radiation
shielding, particularly for human crews. This is because charged parti-
cles present in space environments pose a significant risk of increasing
the likelihood of mission failure [1]. In terms of protective techniques,
the implementation of passive shielding for reducing radiation exposure
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methane, hydrogen and polyethylene, have been considered as optimal
at reducing radiation absorbed dose due to their high stopping power
[4-8]. This result was confirmed from experiments carried out by the
Italian Space Agency (ASI) as a part of the Personal Radiation Shielding
for intErplanetary missiOns (PERSEO) project [9]. These experiments
demonstrated the shielding effectiveness of panels containing water
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within spacecraft or, more broadly, within habitats on the International
Space Station (ISS).

Furthermore, shielding effectiveness of polymer-based materials was
demonstrated for protection of spacecraft components, as they offer
lightweight solutions with customizable mechanical, thermal, and
electrical properties. By incorporating appropriate fillers into polymers,
their radiation shielding capabilities can be greatly enhanced [10,11].
Zhang et al. proposed a composite material comprising ultra-high mo-
lecular weight polyethylene fibers (UPEF), boron nitride (BN), and
polyurethane (PU) for shielding against neutron radiation [12]. Zaccardi
et al. fabricated multifunctional nanocomposites using medium-density
polyethylene (MDPE) loaded with multi-walled carbon nanotubes
(MWCNTSs), graphene nanopatterns (GNPs), and MWCNT/GNP hybrid
fillers for proton irradiation [13]. Additionally, a multilayer composite
material was developed by alternating layers of high-density poly-
ethylene/hexagonal boron nitride (HDPE/hBN) and low-density poly-
ethylene (LDPE) [14]. Subsequent evaluation of the neutron shielding
capability of these PE/hBN composites was conducted following neutron
irradiation experiments. Polyimide-based materials exhibit potential as
neutron moderators due to their composition of carbon, hydrogen, ni-
trogen, and oxygen. Their radiation-shielding effectiveness has been
notably augmented using nanomaterials like bismuth oxide and boron
nitride. Among these fillers, bismuth oxide (Bi;O3) demonstrates effi-
cacy against y-ray exposure [15]. In a study, a polyimide matrix was
enriched with gadolinium oxide (Gd,O3) and hexagonal boron nitride
(hBN) nanoparticles, offering shielding properties against both neutrons
and y-rays [16]. Furthermore, polyimide-hexagonal boron nitride
(PI-hBN) nanocomposites were produced via direct forming technology
(DF) to enhance radiation-shielding properties [17].

Over the years, numerous efforts have been dedicated to incorpo-
rating water into the spacesuits worn by astronauts, primarily for its
shielding capabilities and as part of the cooling system [18,19]. The
development of spacesuits remains a significant area of research, aimed
at ensuring the reliability and safety of astronauts. This encompasses
various aspects, including human-suit interactions, movement optimi-
zation, injury assessment, and radiation protection [20]. Notably, recent
advancements include the design of a new hip joint and its coupling
mechanism, featuring five links for the joint and the femur-thigh com-
ponents, along with six joints within the coupling mechanism [21]. On
the thermal front, lightweight hybrid aerogels, combining polyimide
and polystyrene-silica, have been developed as insulation materials for
spacesuits [22-24]. Furthermore, while PVA/BA gels have primarily
been studied and explored for their radiation shielding capabilities in
nuclear reactors due to their content of the 1°B isotope renowned for its
neutron-absorbing properties [25], their potential application in the
space field for radiation shielding is gaining prominence. This is because
achieving a substantial hydrogen and boron content is essential for
minimizing the damage caused by ionizing radiation to both astronauts
and electronic devices, making cross-linked gels attractive materials for
radiation shielding applications in space.

To date astronauts are protected during their extra-vehicular activ-
ities by wearing spacesuits made of multiple layers, whose detailed
breakdown is reported in Fig. 1 [20,22]. The outer cover, constructed
from ortho-fabric, serves as the initial defense against micrometeorite
impacts. Moving inward, a multi-layered insulator comprising alumi-
nized Mylar and a Dacron restraint is utilized for thermal insulation.
Finally, the innermost layer comprises a pressure bladder garment (PBG)
and a liquid cooling and ventilation garment (LCVG), designed to
maintain a stable internal suit temperature.

The PBG is crafted from urethane-coated nylon, while the LCVG
features an interior with nylon and water tubes running through it.
Notably, the nylon fabric wicks away moisture and sweat, ensuring the
astronaut’s comfort, while the water tubes regulate temperature. Given
that gels are inherently hydrophilic materials capable of fulfilling both
these functions, it is worth considering the replacement of one of the
materials in the PBG or LCVG with cross-linked gels to explore potential
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Fig. 1. Representative scheme of spacesuits with breakdown of multi-
layer structure.

enhancements in radiation protection.

Polymer gels consist of an elastic network of cross-linked polymers
with water that is retained by the chain of polymer molecules filling the
interstitial space [26]. These gel materials can be categorized as either
natural or synthetic. Natural gels are composed of naturally occurring
polymers, primarily polysaccharides, while synthetic gels are produced
from engineered polymers to attain specific properties, such as a high
affinity for water and greater resistance to degradation compared to
natural polymers [26-29]. Synthetic polymer gels, in addition to being
biocompatible, exhibit superior characteristics compared to their natu-
ral counterparts, including enhanced mechanical strength, rendering
them valuable for applications in science and technology [27,30-32].
Furthermore, the remarkable attributes of versatility, softness, and
flexibility exhibited by cross-linked polymer gels have steadily peaked
increasing interest over the past few decades. These characteristics have
positioned these gels as highly sought-after materials for diverse appli-
cations, spanning from the food and chemical industries to pharma-
ceuticals and biomedicine [33-37].

Depending on the type of polymer, gels can form through two pri-
mary types of crosslinking. Physical cross-linking, also known as self-
assembled gels, takes place without the involvement of covalent
bonds, often utilizing methods that eliminate the necessity for cross-
linking agents [38]. These gels are typically reversible, as their tempo-
rary junctions and interactions can be disrupted with slight alterations in
conditions or by applying stress to the gel matrix. In general, this
technique allows cross-linking by hydrophobic or ionic interactions and
by hydrogen bonds. It has been observed that hydrophobic interactions
are relatively stronger than the Vander Waal bond and the hydrogen
bond [39]. On the other hand, utilizing crosslinkers enables the creation
of chemically cross-linked gels, which incorporate covalent bonds
within the polymer chain [40]. It is commonly achieved through re-
actions like polymerization, oxidation, or other cross-linking mecha-
nisms. This process not only strengthens the gel network but also
enhances its stability and durability, rendering it suitable for prolonged
applications.

Among synthetic polymers, PVA stands out as one of the most
extensively employed materials due to its remarkable properties such as
biodegradability, biocompatibility, lightweight nature, and low toxicity
[41]. Notably, the hydroxyl groups (-OH) present in the primary
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polymer chain establish hydrogen bonds with water functional groups,
leading to a high degree of crystallinity and solubility [42-45]. One of
the most widely adopted techniques involves physical crosslinking,
achieved through a series of freezing and thawing (FT) cycles of aqueous
PVA solutions. During this process, hydrogen bonds form between the
polymer chain and the water, contributing to gel formation [46-48].
Generally, samples fabricated using this technique demonstrate auton-
omous self-healing properties. Upon comparison of gels obtained
through various FT cycles (ranging from 1 to 3), it was noted that with
an increase in the number of FT cycles, the self-healing capability of the
gels decreased, while the elastic modulus increased [46]. Additionally,
the process of chemical cross-linking or ionic cross-linking has been
utilized. This method employs a cross-linking agent dispersed in water to
facilitate the formation of chemical or ionic gels through condensation
reactions between water and polymers [25,49-51]. Different heat
treatments could be used for gelation process when considering chem-
ical or ionic cross-linking. One of interest is the annealing consisting in
heating samples at 100 °C. In comparison to PVA gel prepared at room
temperature, this method significantly enhances mechanical properties,
resulting in higher tensile stress, approximately 1.7 times greater than
the gel prepared at room temperature [43].

Boric acid (BA) is a versatile cross-linking agent, which offers the
potential to enhance mechanical properties and increase the water-
retention capacity of gels and films [49,52-54]. It is well known that
BA can form hybrid interpolymeric bonds with PVA molecules [55-58].
In particular, Chen et al. have suggested a di-diol type bond due to the
crosslink reaction of PVA with borate ion [58]. Subsequently, Prosanov
et al. provided further evidence of PVA forming coordinative bonds with
BA, employing various techniques such as Raman spectroscopy and
quantum mechanical calculations on Gaussian 09 software [55]. Initial
testing has been conducted on these materials, with a primary assess-
ment using differential scanning calorimetry (DSC) to investigate the
melting behavior of the gels. Interestingly, it was observed that the
melting temperature decreases as the percentage of BA increases [54].
Additionally, rheological properties have revealed that viscosity is
strongly influenced by both BA concentration and temperature. Specif-
ically, viscosity decreases to a minimum value at 70°C and then in-
creases again between 70°C and 100°C. Furthermore, in terms of BA
content, viscosity increases as the proportion of the cross-linking agent
rises [59,60].

In this work, PVA-based gels were fabricated using BA as a cross-
linking, and their properties were investigated through a range of
experimental methods. BA was chosen as a cross-linking agent to
enhance both the mechanical strength and radiation shielding capabil-
ities of the gels. This resulted in the development of cross-linked PVA/
BA gels with superior features in terms of overall volume, weight, and
radiation shielding efficacy when compared to the liquid water gar-
ments currently employed in space missions. The study was conducted
in several stages. Initially, we determine the optimal percentage of PVA
required to create the gels by measuring the water content of samples
containing 10-40 wt% of polymer over varying evaporation times. Next,
we assess the increased swelling properties of PVA/BA gels compared to
those composed of neat PVA by quantifying the amount of water
retained. To investigate the presence of coordinative bonds in the PVA-
BA complex, Fourier transform infrared spectroscopy (FTIR) is
employed. The viscoelastic behavior of these materials is evaluated in
terms of storage modulus and glass transition temperature by dynamic
mechanical analysis (DMA). The radiation shielding capabilities of these
gels are assessed using the deterministic transport code (HZETRN2020)
provided by NASA. This analysis utilizes experimental data on water
content and density of the gels as input. The results obtained are then
used to assess the potential utility of these cross-linked PVA/BA gels as
radiation shielding materials in space environments. Specifically, these
gels could be applied as thin layers within spacesuits, offering advan-
tages such as reduced weight and improved shielding effectiveness
compared to the materials currently employed in the PERSEO project.
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2. Experimental
2.1. Materials

The following products were purchased from Sigma-Aldrich (Milan,
Italy) and used as received: partially hydrolyzed polyvinyl alcohol with
a molecular weight of 30000 Da and density p = 1.3 g/cm® (product
number 8438680100); boric acid (product number B0394). Ultrapure
water with resistivity 18.2 MQ-cm was produced by a Direct-Q3 UV
purification system (Millipore, Molsheim, France).

2.2. Fabrication of PVA/BA gels

The cross-linked gels were fabricated by the following process. First,
aqueous solutions of PVA were prepared by stirring the polymer powder
for 1 h at a temperature of 80 °C. The PVA gels were obtained by
dripping the solutions into molds and storing them at room temperature
for 72 h. To determine the optimal PVA concentration, four different
concentrations (0.1, 0.2, 0.3, 0.4 g/mL) were used, and the water con-
tent of the samples was evaluated over various evaporation times.
Subsequently, PVA/BA gels were produced using the identified optimal
PVA concentration (0.3 g/mL). This was achieved by introducing an
additional step. A BA stock solution (5 wt%) was prepared by stirring BA
in water at 40 °C for 20 min. An aliquot of the BA stock was then added
to the PVA aqueous solution, resulting in a final solution containing 30
wt% of PVA and 1.4 wt% of BA. The PVA/BA gels were created by
depositing the solutions into glass molds and storing them at room
temperature for 72 h (referred to as treatment T0). Additional PVA/BA
gels were prepared using specific heat treatments: one fabricated with a
cycle at 23 °C for 24 h, followed by 80 °C for 45 min, and then at 23 °C
for 72 h (referred to as treatment T1), and one gel fabricated with a cycle
of 23 °C for 24 h, followed by 80 °C for 1.5 h, and then at 23 °C for 72 h
(referred to as treatment T2). Samples obtained using the T2 heat
treatment were sealed and stored at room temperature for 4 months to
evaluate the aging effect on the water content and mechanical properties
(referred to as treatment T2-A). Gels were named based on the heat
treatment used, as outlined in Table 1. Fig. 2 shows the fabrication
process of gel samples produced through the heat treatments (TO, T1,
T2) with the reaction scheme of PVA and BA.

2.3. Characterization methods

To assess the swelling behavior and water content, the samples were
prepared by cutting them into uniform strips measuring 0.5 cm x 0.5
cm. These strips were weighed and subsequently dried in an oven at a
temperature of 50 °C for a duration of 24 h. Following the completion of
the drying process, the gel strips were re-weighed to determine the total
water evaporation. The swelling ratio (S) and water content (WC) are
calculated using Egs. (1) and (2), respectively [61]:

Wy
S=— 1
Wy M
W, — Wy
=41 2
wcC W 00 (2)
Table 1

PVA and PVA/BA gels classification based on the heat treatment used.

Samples Heat treatment

PVA-TO 23°C, 72 h (T0)

PVA/BA-TO 23 °C, 72 h (T0)

PVA/BA-T1 23°C, 24 h + 80 °C, 45 min + 23 °C, 72 h (T1)

PVA/BA-T2 23°C, 24 h + 80 °C, 1.5 h + 23 °C, 72 h (T2)

PVA/BA-T2-  23°C,24h+80°C, 1.5 h + 23 °C, 72 h + aging, 4 months (T2-A)
A
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Fig. 2. Representative scheme of a) fabrication process and b) cross-linking reaction of PVA/BA gels.

where Wy, is the weight of the hydrated gel and Wy its weight after
complete drying.

A Nicolet Summit FTIR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) with a zinc selenide ATR accessory was used to
evaluate the chemical structure of the gels. ATR-FTIR spectra were ac-
quired in the 4000-800 cm ! region by averaging 64 scans at a resolu-
tion of 4 em L.

The viscoelastic properties were determined using the dynamic me-
chanical analyzer DMA1 (Mettler Toledo, Greifensee, Switzerland) in
compression mode. Samples with lateral sizes of 4 mm x 4 mm and a
thickness of 1 mm were placed between the clamps above the drive shaft
motor. First, a reference test was conducted at room temperature,
employing a frequency of 1 Hz and a dynamic force amplitude of 0.1 N.
The static preload force was then systematically adjusted within the
range of 0.1 N-6.0 N to identify the suitable offset force that would
prevent the specimens from slipping out of the clamps. Next, the dy-
namic force required to obtain noise-free tests was determined by con-
ducting a test at a frequency of 1 Hz, using the previously selected static
force as a baseline, and then varying it from 0.1 N to the maximum value
of the offset force. These force values, obtained from the preliminary
tests, were subsequently utilized to carry out compression tests over a
temperature range from —40 °C to 60 °C. These tests were performed at
a scanning speed of 3 °C/min and were intended to determine the glass
transition temperature and storage modulus of the PVA-based gels.

The density measurements were conducted in accordance with the
ASTM D792 [62]. The Density determination kit by Sartorius was used
with CPA225D analytical balance with a precision of 0.01 mg and an
accuracy of 0.03 mg. Each sample was immersed in a
temperature-controlled ethanol bath with a set temperature of 25 °C,

145

ensuring consistency in the measurement conditions. The obtained
density values from these measurements were then utilized in the sub-
sequent calculations performed with HZETRN2020. Before conducting
the density measurements, the water content of the samples was
assessed. Using this information, the remaining input parameters, spe-
cifically in terms of atoms per gram (atoms/g), were computed.

3. Results and discussion
3.1. Water content and FTIR analysis of PVA-based gels

PVA gels were investigated to assess the polymer amount that allows
to retain higher water contents. Table 2 illustrates the trend in water
content for four PVA/BA-TO gels, which were created using PVA
matrices at concentrations of 0.1, 0.2, 0.3, and 0.4 g/mL, over varying
periods of water evaporation. The results revealed that the optimal PVA
concentration was determined to be 0.3 g/mL, as samples with higher
percentages exhibited reduced water content absorption.

Table 3 provides data on the swelling ratio and water content (%) of

Table 2
Water content of PVA/BA-TO gels with different PVA concentration. Standard
deviation of data is below 1 %.

PVA concentration [g/mL] Water content [%]

1h 18h 42 h
0.1 68.6 315 11.4
0.2 79.6 49.0 22.4
0.3 82.7 53.9 34.4
0.4 86.1 65.1 27.2
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Table 3
Swelling ratio and water content of PVA-based gels obtained by different heat
treatments (TO, T1, T2, T2-A). Standard deviation of data is below 1 %.

Samples Swelling ratio Water content [%]
PVA-TO 1.23 18.9

PVA/BA-TO 1.24 19.5

PVA/BA-T1 1.18 15.5

PVA/BA-T2 1.15 12.8
PVA/BA-T2-A 1.09 8.2

the PVA-based gels with a polymer concentration of 0.3 g/mL after
undergoing different heat treatments (TO, T1, T2, T2-A). Both PVA-TO
and PVA/BA-TO gels displayed a water content close to 20 %. Notably,
the PVA/BA-TO sample exhibited a slightly higher value, likely attrib-
uted to the hydrogen bonding between boron and the PVA chain [63].
The results highlighted that the amount of water retained was influ-
enced by the temperature and duration of the heat treatments. Specif-
ically, it was observed that as the temperature of the heat treatment
increased, the water content in the gels decreased. The lowest values
were recorded for the PVA/BA-T2 and PVA/BA-T2-A samples, while the
PVA/BA-T1 gel displayed higher values due to its shorter duration of
heat treatment. The PVA/BA-T2 gel, which underwent a treatment twice
as long as PVA/BA-T1, exhibited water content below 13 %. Remark-
ably, the PVA/BA-T2-A sample, subjected to a 4-month aging process,
demonstrated the lowest water content, retaining less than half of its
water compared to the PVA/BA-T2 sample that underwent the same
heat treatment.

Fig. 3 shows the ATR-FTIR spectra of the PVA-based gels. The spectra
of both PVA-TO and PVA/BA-TO gels exhibit a high degree of similarity.
Specifically, the stretching of the O-H groups at 3284 cm ™, the
stretching of the C=0 double bond at 1711 cm ™}, the H bond at 1643
cm ™}, the bending of the C-H bonds in the PVA backbone at 1419 cm™!
[64,65], and the asymmetric stretching of the ~COO group at 1559 cm ™
[66] and the symmetrical stretching of the C-O bond at 1260-1030 cm !
are detected. It can be also observed that the peaks in the spectrum of the
PVA/BA hydrogel appear attenuated, especially those around 2927
em ™! corresponding to the asymmetric stretching of the C-H bonds.
Furthermore, the introduction of BA into the gel matrix results in the
emergence of a new peak at 1335 cm ™!, which can be assigned to the
antisymmetric vibration of B-O bonds [67]. Importantly, the intensity of

14191260 1030
3284 [ Al
1711
2927
1843 | |
\ 1335

= PVABATZA n M
© N\ amall /)
— / \ X MV \ [
(0] / \ /\v / \/
[&] 4 ,
C ——— _/’/ ,,,,,,,,,,,,,,,,,,,,,
@ PVABA-T2
0
[
O
7]
O PVABATI
<

PVABA-TO

PVATO
4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm'1]

Fig. 3. ATR-FTIR spectra of PVA-based gels obtained by different heat treat-
ments (TO, T1, T2, T2-A).
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this peak increases with an extended duration of heat treatment, sug-
gesting the formation of more chemical bonds between PVA and BA over
time. This phenomenon is accompanied by a reduction in the intensity of
the C-O asymmetric stretching bonds at 1559 cm ™' and with the
introduction of deformation vibrations of B-O bonds at 1419 cm™!,
indicative of alterations in the PVA crystallinity due to the interaction

between the polymer matrix and BA [68].
3.2. Dynamic mechanical analysis

Following preliminary tests, the static preload force and the dynamic
force amplitude were carefully chosen. Fig. 4 presents a comparison of
the storage moduli trend and the static preload forces applied to both the
PVA-TO and PVA/BA-TO samples for different test times. For both
samples, an offset force value of 2.0 N was selected. As detailed in
Table 4, the offset force applied during the compression tests is reduced
for the gels obtained through higher-temperature treatments (T1, T2,
T2-A). Specifically, the offset force is set at 1.5 N for gels with a water
content exceeding 10 %, and it is lowered to 1.0 N for gels exhibiting the
lowest water content (as observed in the PVA/BA-T2-A type). This
reduction in preload force is directly associated with the lower water
content. In such cases, the samples display a stiffer behavior and thus
require a lower preload force before conducting the test.

As for the dynamic force amplitude analysis, Fig. 5 presents the result
of the force sweep tests performed on PVA-TO and PVA/BA-TO gels. In
this context, the diagrams of the storage modulus (Fig. 5a) and dynamic
force amplitude (Fig. 5b) as a function of displacement amplitudes ob-
tained once the offset force values are fixed, are shown. The moduli
exhibit a plateau at the initial measurement points, followed by a sub-
sequent decrease in storage modulus alongside an increase in force
amplitude. This behavior defines a transition from linear to non-linear
elastic region where the ideal value of the force amplitude to use in
material characterization is the one that identifies the transition be-
tween the two regions. From this analysis, the linear range of the storage
modulus in Fig. 5a was determined, ending where the modulus begins to
decrease. A displacement of 10 pm was measured for the PVA-TO sam-
ple, which is greater than the one obtained for PVA/BA-TO samples
(equal to 5.5 pm). Fig. 5b enabled us to select a dynamic force corre-
sponding to 0.7 N.

for use in the compression test. Notably, with the same static and
dynamic forces applied, the displacement observed in the PVA-TO
sample is twice that of the PVA/BA-TO sample. This suggests an
improvement in mechanical properties attributable to the presence of
the BA cross-linker.

The results of the preliminary tests are presented in Table 4, specif-
ically in terms of static and dynamic forces. Notably, it is observed that
samples subjected to higher-temperature heat treatments necessitate a
force amplitude of 0.6 N to achieve less noisy measurements, while the
PVA-TO and PVA/BA-TO gels require a force amplitude of 0.7 N. This
variation can be attributed to differences in the water content of the gels.

Fig. 6 displays the storage moduli and loss factors obtained from
compression tests conducted on both PVA-TO and PVA/BA-TO gels.
Despite the similar water content in both PVA-based gels, it is evident
that the PVA/BA-TO gel exhibits a storage modulus approximately two
times higher than that of pure PVA-TO, indicating superior mechanical
performance in the presence of BA. As depicted in Fig. 6a, at room
temperature, the elastic modulus for PVA/BA-TO is measured at 11.53
MPa, while for PVA-TO, it registers at 5.52 MPa. These results are
indicative of the presence of bonds between the polymer chain and the
crosslinker [52]. Furthermore, the analysis of loss factors displayed in
Fig. 6b, reveals glass transition values of approximately —6.5 °C for
PVA-TO and 4.8 °C for PVA/BA-TO. These glass transition temperatures
confirm the plasticizing effect of water, consistent with the rubbery and
plastic consistency of the samples at room temperature [69].

The plasticizing effect of water becomes evident in Fig. 7, which il-
lustrates the changes in glass transition temperatures (Fig. 7a) and
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Fig. 4. Comparison of (a) storage moduli and (b) preload static force between PVA-TO and PVA/BA-TO samples after offset tests.

Table 4
Static preload and dynamic forces evaluated for compression tests.

Samples Static preload force [N] Dynamic amplitude force [N]
PVA-TO 2.0 0.7
PVA/BA-TO 2.0 0.7
PVA/BA-T1 1.5 0.6
PVA/BA-T2 1.5 0.6
PVA/BA-T2-A 1.0 0.6

storage moduli (Fig. 7b) in relation to the water content of PVA/BA gels.
As observed, a higher water content results in a reduction of the gels’
glass transition temperatures. Conversely, as water evaporates, the
modulus decreases, and the glass transition temperature rises, tran-
sitioning the material from a plastic to a brittle state. Upon comparing
heat-treated samples with those prepared at room temperature, it be-
comes evident that the decreased water content yields several significant
observations. The heat-treated samples generally manifest higher stor-
age moduli, indicating enhanced stiffness and resistance to deformation,
potentially extending to the breaking point. Furthermore, heat-treated

(a)
——PVA-TO
——PVA/BA-TO

» ~

Storage moduli [MPa]
(4]

3 4 5 6 7 8 910
Displacement Amplitude [pm)]

gels demonstrate elevated glass transition temperatures, implying
heightened stiffness and reduced flexibility post-treatment. Moreover,
heat-treated samples tend to display a more brittle behavior, typified by
a propensity to fracture with minimal plastic deformation prior to
failure.

4. Numerical analysis of radiation shielding capability

The radiation shielding capabilities of fabricated gels were investi-
gated using the deterministic transport code developed by NASA at
Langley Research Center. The software, HZETRN2020, is designed to
calculate radiation transport and shielding effectiveness for spacecraft
and astronauts in space environments where they may be exposed to
galactic cosmic rays (GCRs) and solar particles events (SPEs). It provides
either 1D or 3D solutions to the Boltzmann equation, which describes
the behavior of particles as they move through a medium. The code uses
approximations and simplifications to make the calculations computa-
tionally tractable while maintaining reasonable accuracy. This software
is valuable for designing spacecraft shielding, assessing astronaut
exposure levels during missions, and evaluating the potential risks of
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Fig. 5. Comparison of (a) storage moduli and (b) dynamic force amplitude between PVA-TO and PVA/BA-T0 samples after force sweep tests.
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radiation exposure in space [70]. The code is divided into two modules,
which are intended to be used sequentially. The first module is the “cross
sections” module, and it utilizes input data related to the shielding
material. This module’s primary function is to calculate and determine
the fragmentation of atoms within the shielding materials based on the
input data. Following the execution of the “cross sections” module, the
second module, known as the “transport module,” comes into play. This
module is responsible for transporting radiation through the shielding
material. Additionally, it computes various dosimetry quantities in
response to the interactions that occur within the material as radiation
passes through it. By using these two modules sequentially, the code can
effectively model and analyze the behavior of radiation as it interacts
with and passes through the chosen shielding materials.

The code generates different key outputs at the end of transport
module: dose, fluency, and linear energy transfer (LET), differential and
integral flux. In this work, we considered the dose equivalent and the
LET. The dose equivalent is the deposited energy per unit mass weighted
by an opportune factor depending on the nature of the radiation, and the
LET represents the energy lost per unit distance by a charged particle as
it passes through a material.
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4.1. HZETRN model

The HZETRN requires specific input parameters to accurately model
radiation transport through materials and assess shielding effectiveness
in the context of space environments. Regarding boundary conditions, it
is crucial to provide a description of the radiation fields to which the
materials will be exposed. This includes specifying the types of radiation
sources or spectra, their energies, and directions of incidence. Regarding
material properties, it is necessary to identify the atomic species present
in the shielding material by specifying which elements are present and in
what relative proportions. Additionally, for each atomic species, the
atomic number (Z) and mass number (A) must be provided. The density
of the material is also required since it influences the material’s mass.
Furthermore, the code requires information about the geometry of the
shielding setup. This includes details such as the thickness and shape of
the shielding material, the arrangement of layers (if applicable), and any
void spaces or other structural elements within the shielding.

In this study, the gels were investigated under three different space
radiation fields (galactic cosmic rays, solar particle events and radiation
in low Earth orbit) at their most detrimental conditions for the spacesuit
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materials. To conduct the analysis, both the shielding and response
materials were processed as slab geometries, as depicted in Fig. 8. 1D
transport solutions (LET and dose equivalent) were calculated using
water as response material due to its prevalence in the composition of
the human body [71]. The simulations were executed using the Badh-
war-O’Neill (BON) 2020 Galactic Cosmic Ray (GCR) model [72] coupled
with the classical NUCFRG3 for heavy ion fragmentation [73], the his-
torical Solar Particle Event (SPE) fits from September 1859, and the AP8
model [74] to account for trapped protons in Low Earth Orbit (LEO).
Further details on the selection parameters for each environment are
provided below.

GCRs originate from outside the solar system and consist of ions
traveling at nearly the speed of light. While their particle flux is rela-
tively low compared to SPE sources, they induce intense ionization when
passing through matter. This is primarily due to their composition,
comprising roughly 85 % hydrogen (protons), 14 % helium, and
approximately 1 % high-energy and highly charged ions known as HZE
particles [75]. Within HZETRN2020, the GCR environment may be
specified by defining the modulation parameter, which describes the
state of the heliospheric magnetic field at any given time. It's worth
noting that the magnitude of the GCR fluence and energy spectrum are
modulated by the 11-year solar cycle [7]. At solar maximum, the
increased solar wind emission act as a barrier against GCRs, resulting in
reduced overall fluences. For this reason, in our model, we chose to focus
on the solar minimum, characterized by ® = 450 MV. This decision
enables us to examine the shielding properties by simulating conditions
that are representative of deep space [76]. In this model, HZE particles
are categorized into light ions (Z < 2) and heavy ions (Z > 2) to accu-
rately describe fragmentation cross-sections. Additionally, it includes
transport models for pions, muons, electrons, positrons, and photons
[70,72].

SPEs primarily consist of energetic electrons, protons, and alpha
particles that are accelerated by interplanetary shock waves preceding
coronal mass ejections and solar flares. Over the years, numerous SPEs
have been documented [7]. In this work, we specifically focus on the
Carrington event in free space occurred in September 1859 and analyze
its capabilities concerning exposure to significantly high particle emis-
sions. This event is particularly noteworthy for its status as the event
with the highest fluency, particle flux, and spectral characteristics [77].

When considering the radiation environment in Low Earth Orbit
(LEO), we utilized the AP8 MAX trapped proton model [78]. This model
accounts for proton anisotropy and pertains to an orbit closely resem-
bling that of the International Space Station (ISS), characterized by an
inclination of 51.6° and an altitude of 400 km. At this specific altitude,
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the predominant contributors to the deposited dose are the trapped
protons and the geomagnetically attenuated GCR.

Fig. 9 displays the particle flux boundary conditions for each
enviroment. In the GCR environment, the primary charged particles are
protons, yet it’s essential to address the presence of HZE particles that
require shielding. Conversely, in SPE and LEO enviroments, protons are
the predominant charged particles. Table 5 contains the input data for
the protective materials, providing information about their properties in
terms of volumetric density, the number of atomic species, and the
relevant mass, charge, and density numbers for each atomic species.

4.1.1. Linear energy transfer

Liquid water was selected as the reference material due to its
demonstrated effective shielding capabilities, as validated by experi-
ments conducted as part of the PERSEO project on the International
Space Station (ISS) [9]. Fig. 10 illustrates the particle flux as a function
of linear energy transfer within a liquid water slab. This analysis aims to
assess the stopping power of various shielding materials at thicknesses of
10, 30, and 50 g em~? in GCR, LEO and SPE environments. As the
thickness of the water slab and the deposited energy increase, there is a
reduction in particle flux observed across all environments. Generally,
LET can be divided into two categories: lower-LET, corresponding to
SPEs and LEO, and higher-LET, characteristic of GCRs. Consequently,
higher particle flux is observed in GCRs compared to the other two en-
vironments [79]. It is worth noting that the particle flux decreases to
LET of approximately 4400 keV/pm in GCRs, which is notably higher
than the 1200 keV/pm observed in SPEs and LEO. This difference in-
dicates the presence of more damaging charged particles in GCRs,
capable of transferring higher energy into the target material.

To compare the shielding effectiveness of PVA and PVA/BA gels, we
have presented the particle flux ratio relative to that of liquid water in
Figs. 11-13. In the GCR environment, we note minimal deviations from
water’s performance. In general, when considering low LET, we observe
a decrease in shielding effectiveness compared to water, whereas for
high LET, the gels exhibit enhanced performance. For a thickness of 10 g
cm™2, there is a percentage deviation of less than 2 %. Both gels display
inferior shielding properties for LET values above 358 keV/um, while
their performance improves until reaching LET values of 1057 keV/pm.
Beyond these thresholds, they once again demonstrate effective shield-
ing capabilities when compared to water. In contrast, when increasing
the thickness to 50 g cm ™2, the differences become more pronounced.
Both gels are 4 % and 6 % less effective than water for LET values above
204 keV/pm until reaching LET values of 1213 keV/um.

In the LEO environment, both PVA and PVA/BA gels generally

-LET
-Dose equivalent

Response Dosimetry

Quantities 1

Fig. 8. Representative scheme of numerical simulation.
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Table 5

Input data for HZETRN2020 code. The unit of the atoms content is atoms g~* * 1022,

3

Shielding Density [g cm ] Atoms 1022
Materials
Al 2c H %0 %8 i
Al 2.70 2.2320 / / / / /
H,0 1.00 / / 6.6913 3.3456 / /
MDPE 0.94 / 4.3015 8.6031 / / /
PVA-TO 1.21 / 2.2213 5.7040 1.7413 / /
PVA/BA-TO 1.24 / 2.0671 5.5828 1.8314 0.00981 0.03924
PVA/BA-T1 1.24 / 2.0964 5.5671 1.8100 0.0099488 0.039795
PVA/BA-T2 1.24 / 2.1895 5.5172 1.7418 0010391 0.041564
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Fig. 10. Particle flux as a function of Linear Energy Transfer (LET) evaluated using a water slab as the shielding material in three distinct environments: (a) galactic

cosmic rays, (b) low Earth orbit, and (c) solar particle events.

exhibit slightly lower shielding properties compared to water, except for
a specific range of LET values, approximately between 100 and 200 keV/
m in which they behave better than water. Interestingly, within this LET
range, an increase in thickness corresponds to a decrease in the shielding
capabilities of these materials relative to water, as indicated by slightly
higher particle flux ratio values. This particular performance charac-
teristic highlights the effectiveness of such gel-based materials for ra-
diation protection in orbit, such as in the environment of the
International Space Station (ISS). Since gels are also employed as fabrics
in various other application areas [37,80] and the particle flux ratio is
close to unity, there is potential to utilize these gels as fabric materials
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for spacesuits. This innovation could significantly reduce the volume
occupied by water connectors in the helmet, torso, limbs, and boots of
the spacesuit [20], thereby enhancing astronaut mobility and comfort
while maintaining effective radiation shielding.

In the case of SPE, it can be observed that samples subjected to heat
treatment (PVA/BA-T1 and PVA/BA-T2) exhibit inferior protective
properties compared to those maintained at room temperature (PVA-TO
and PVA/BA-TO). In particular, the particle flux behavior of PVA-TO and
PVA/BA-TO gels closely resembles each other and is more akin to that of
PVA-based gels in the LEO environment. This similarity underscores the
effectiveness of gels created at room temperature for shielding against
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radiation in the context of SPEs.

In general, across all simulated environments, PVA-TO and PVA/BA-
TO gels exhibit a behavior that closely mirrors that of water itself. Their
normalized particle flux trends, when compared to the performance of
water, fluctuate around a value of one. This consistency suggests that
these gels, particularly those produced at room temperature, offer
shielding efficiency comparable to that of water.

4.1.2. Total dose equivalent

Fig. 14 shows the total dose equivalent calculated behind shields
made of various materials, including water, aluminum (Al), poly-
ethylene (PE) and cross-linked gels, as a function of material thickness.
As documented in existing literature, PE stands out as the most effective
shielding material due to its high hydrogen content, while aluminum, a
common constituent material of satellites, offers relatively less protec-
tive capabilities [81,82]. It can be observed that water and gels overlap,
displaying intermediate shielding performance when compared to the
other materials. The analysis in GCR environment reveals the most
pronounced differences in the protective properties of these materials,
highlighting the ability of lightweight hydrogen-rich materials to shield
against heavy ion particles.

The shielding performance of water and gels appears to be quite
similar. To better appreciate the differences in shielding, we’ve calcu-
lated the percentage deviation from water and presented it in Fig. 15.
When comparing the dose fraction behavior to that of water, it is evident
that the samples exhibit a trend that hovers around the value of one,
closely mirroring that of water. In Fig. 15a, representing the dose frac-
tion in the GCR environment, it is noteworthy that PVA and PVA/BA gels
outperform water up to thicknesses of 25 g em? and 35 g em 2,
respectively. Among them, pure PVA gels stand out as the most effective
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Fig. 13. Particle flux ratio as a function of Linear Energy Transfer (LET)
evaluated between PVA-based gels and water as the shielding materials in SPEs
for different cases: gels without heat treatments with thicknesses of (a) 10 g
em~2 and (b) 50 g cm™2; gels thermally treated with thicknesses of (c) 10 g
em~2 and (d) 50 g cm 2

shielding materials, providing a 1 % improvement over liquid water. On
the other hand, gels containing the crosslinking agent show slightly
enhanced shielding properties, with heat treatment resulting in an
approximate 0.5 % improvement.

In LEO (Fig. 15b), the gels also demonstrate similar behaviors. For
lower mass thicknesses, PVA gels display superior shielding properties,
while samples containing BA show a slightly lower performance,
although overall, their behavior aligns closely with that of water. Heat
treatments appear to result in diminished shielding properties, rein-
forcing the notion that samples created at room temperature show the
most promise.

In SPEs, water exhibits better shielding properties than all samples,
as evident from Fig. 15c. In general pure PVA gels exhibit slightly better
shielding performance than those containing BA. Among the latter, heat
treatments lead to a deterioration in shielding properties.

These findings provide valuable insights into the comparative
shielding efficiency of different materials under various radiation en-
vironments, with gels, particularly pure PVA gels, showing promise as
effective shielding materials in certain scenarios.

5. Conclusions

The cross-linked gel samples were fabricated using the PVA polymer
with BA, forming interpolymeric hybrid bonds. Samples produced at
room temperature (PVA-TO and PVA/BA-TO) displayed a water content
of approximately 20 %, that is notably higher with respect to that of
heat-treated samples. In gels containing the crosslinker (BA), the water
content was slightly higher due to the presence of B-O bonds between
PVA and BA detected by FTIR analysis. Specifically, it is shown that
incorporating BA into the gel matrix leads to the emergence of a distinct
peak at 1335 cm ™! attributed to B-O bonds, along with deformation
vibrations of C-H bonds at 1419 cm™'. Dynamic-mechanical compres-
sion tests have clearly demonstrated that gels incorporating BA as a
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component displayed a substantial increase in storage modulus in
comparison to gels made solely from PVA. In fact, the storage modulus in
PVA/BA gels was nearly double that of pure PVA gels. This finding
strongly suggests that PVA/BA gels exhibit superior mechanical prop-
erties, highlighting their enhanced mechanical behavior when con-
trasted with gels composed exclusively of PVA. When considering
specimens that have undergone heat treatments in comparison to those
prepared at room temperature, it becomes evident that the lower water
content leads to more rigid and less flexible samples. From these find-
ings, it can be inferred that maintaining a water content of approxi-
mately 20 % in the gels is essential to ensure a more ductile and flexible
behavior, making them better suited for specific applications that
require resilience and deformation capacity.

Numerical simulations have consistently indicated that the most
effective radiation shielding samples are those created at room tem-
perature. These gels exhibit a normalized particle flux trend that closely
mirrors the behavior of water, the reference material. This finding is
further supported by the dose equivalent analysis, which demonstrates
an improvement over liquid water, particularly for thinner shielding
thicknesses. From these results, it can be inferred that PVA-based gels
behave similarly to liquid water as shielding materials. This is a signif-
icant advantage, as they occupy less space and maintain good me-
chanical performance.

In summary, PVA/BA gels offer a substantial enhancement in me-
chanical properties compared to pure PVA gels while providing shield-
ing properties on par with those of liquid water. This combination of
improved mechanical strength and effective radiation shielding makes
PVA/BA gels a promising candidate for applications in spacesuit, where
both radiation protection and flexibility are critical.
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