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Abstract: Polymer–matrix composites (PMCs) filled with graphene nanoplatelets (GNP) are ultra-
lightweight combined with the ability to perform a wide range of functions. These materials are
interesting for many applications in space environments, including the monitoring of degradation
caused by radiation exposure. Recently, the growing interest in outer space exploration, by both
unmanned probes and manned space vehicles, has encouraged research to make great strides to facili-
tate missions, with one goal being to monitor and limit the impact of highly damaging radiation. With
this perspective, we investigate the effects of simulated space conditions on the physico-chemical,
morphological, and mechanical properties of elastomeric PMCs made from a polydimethylsiloxane
(PDMS) matrix embedding pristine GNP or a hybrid graphene/DNA filler with high sensitivity to
ionising radiation. An analysis of the PMC stability, outgassing, and surface modification is reported
for samples exposed to solar radiation under high vacuum (HV, 10−6 mbar). The experimental
results highlight the mechanical stability of the PMCs with DNA-modified GNP under solar radiation
exposure, whereas the surface morphology is highly affected. On the contrary, the surface properties
of PMCs with pristine GNP do not vary significantly under simulated space conditions.

Keywords: polymer–matrix composites (PMCs); graphene nanoplatelets (GNP); space environment;
surface degradation; mechanical properties

1. Introduction

Polymer–matrix composites (PMCs) have been extensively investigated for different
applications in the fields of electronics, automotive, and spacecraft systems due to their
intrinsic lightweight character combined with their tailorable mechanical, thermal, op-
tical, and electrical properties [1]. Traditionally, PMCs used for aerospace applications
include glass/polyester materials in aircraft radomes [2], carbon/epoxy, aramid/epoxy,
carbon/polyimide, and carbon/thermoplastic materials for structural elements [3–5]. More
recently, the development of high-performance PMCs has shown a steady increase due to
the interest in deep space exploration missions. In fact, these long-term missions require
lightweight components made from materials that must be even more performing and
durable in harsh space conditions [6–8]. The main hazards of the space environment in-
clude high vacuum, plasma, atomic oxygen, extreme temperatures, micrometeoroids, and
solar radiation [9]. Each of these factors and their combined effect can irreversibly degrade
material properties, thus compromising the outcome of the mission [10,11]. Therefore,
determining how the outer space environment will affect materials by exposing them to
simulated conditions, in laboratory, or in-flight experiments is crucial for these applications.
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Several space environment tests on PMCs have revealed that high vacuum and solar
radiation are the factors that mostly interact with these materials, inducing significant
modifications to their properties [12,13]. Typical volatile components for polymer ma-
trices include low-molecular-weight fragments, absorbed gases, or additives that, under
high-vacuum conditions, can dramatically contaminate and decrease the performance of
spacecraft materials [13]. After outgassing, contaminants typically affect optical surfaces,
such as solar cells, windows, and thermal control surfaces, altering their reflectance and
transmittance in terms of both spectral and directional components [14]. Solar radiation,
particularly in the ultraviolet (UV) range (100–400 nm), can cause the breakage of chemical
bonds, such as C–C, C–O, and functional groups [13], thus altering thermal and optical
properties. This effect is mainly observed after the exposure of the PMCs to UV radiation at
short wavelengths [15,16], where the energy is sufficient to induce scission of the polymer
chains into smaller fragments. As an additional effect, free radicals generated from these
interactions may combine with other free radicals, leading to crosslinking [17].

The surface degradation of PMCs while exposed to UV radiation strongly depends on
the wavelength, intensity, and exposure time and has been the subject of many studies. Lu
et al. demonstrated that the UV intensity and inclinations influence the local degradation
rates of PMCs. These effects can be numerically simulated starting from experimentally
determined global degradation rates [18]. Several studies have evaluated the rate of PMC
degradation induced by UV in the presence of graphene-based fillers. Zepp et al. showed
that graphene can modulate the UV degradation of epoxy [19]. Shehzad et al. studied
the UV photodegradation of graphene/high-density polyethylene nanocomposites and
observed a decrease in the photodegradation of the polymer matrix with the increase
in the graphene filler content [20]. Conversely, it was demonstrated that other types of
nanoparticles, such as ZnO and nano-clays, accelerate the oxidative degradation of polymer
matrices [21,22].

One critical issue of materials performance in space is resistance to high levels of radiation.
Among radiation-sensitive systems, UV detectors are mostly based on wide-bandgap semi-
conductor materials, which are characterised by their high sensitivity, mechanical strength,
and chemical inertness [23,24]. These devices show some disadvantages, such as their high
cost and sophisticated manufacturing processes. Many UV detection systems are fabricated
using zinc oxide nanowires [25,26], which have a high sensitivity and fast response due to
their large surface-to-volume ratio and Debye length comparable to their small size [27].
However, they also have complex fabrication and measurement procedures [28,29]. Other
types of materials that have been proposed for UV detection in hostile environments, such as
space, are silicon-based photodetectors and photomultiplier tubes (PMTs) [30,31]. In these
cases, the main limit is the need for a high-voltage power supply and a cooled photocathode,
which can lead to expensive and heavy systems. Other radiation-sensitive systems based on
graphene/polymer nanocomposites have been developed, such as graphene oxide/polyvinyl
chloride [32] and reduced graphene oxide/polymethyl methacrylate [33]. Nonetheless, the
sensitivity of these graphene-based systems is limited by gamma radiation, and they have not
been tested for use in space environments.

In this work, an investigation of the effects of high vacuum and solar radiation on
the properties of elastomeric PMCs containing graphene nanoplatelets is reported. In
previous reports from our group, it was demonstrated that PMC films containing graphene
modified with deoxyribonucleic acid (DNA) can be used as UV-sensitive surfaces. In par-
ticular, they can be used to assess the damaging effect of UV-C radiation [34–39], because
of the well-known sensitivity of DNA to ionising radiation [40,41]. Graphene nanoplatelets
were selected for their high mechanical strength and electrical and thermal conductivity,
whereas the PDMS matrix is flexible, chemically inert, and transparent to UV at short wave-
lengths [42]. For sensing applications, the flexibility of the matrix is a crucial feature for the
successful reconstruction of the conductive carbon network and to fabricate wearable sen-
sors. For this reason, polysiloxane-type polymers are often employed in PMCs [43]. Here,
the effects of the space environment on the properties of GNP-DNA/PDMS nanocomposites
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were investigated by exposing them to solar radiation in a high-vacuum (HV) environmen-
tal chamber specifically designed to simulate space conditions [44,45]. Nanocomposites
with 30 wt% GNP-DNA filler, the most promising in terms of radiation sensitivity [34],
were selected for the tests. The results were compared with those of 15% GNP/PDMS
samples containing the same amount of graphene but no DNA. This approach was fol-
lowed to determine the role of DNA in the radiation sensitivity of the nanocomposites with
hybrid filler. The results of this study are crucial for assessing the stability of elastomeric
graphene/PDMS nanocomposites when used in radiation monitoring applications in space.

2. Materials and Methods
2.1. Materials

Graphene nanoplatelets (GNP, grade AO-4) were purchased from Graphene Super-
market (Graphene Laboratories Inc., Ronkonkoma, NY, USA) and used as received. The
nanoplatelets had lateral sizes ranging from 3 µm to 7 µm and an average thickness of
60 nm, according to the manufacturer’s datasheet. Two-component polydimethylsilox-
ane (PDMS, Sylgard 184) was obtained from Dow Corning (Midland, MI, USA). Double-
stranded DNA (product number 74782, protein content ≤ 1%, A260nm/A280nm ≥ 1.5) and
isopropyl alcohol (IPA) were purchased from Sigma-Aldrich (Milan, Italy). Ultrapure water
(resistivity 18.2 MΩ cm) was supplied by a Direct-Q3 UV purification system (Millipore,
Molsheim, France).

2.2. Preparation of Graphene/PDMS Nanocomposites

Elastomeric PMCs were prepared using polydimethylsiloxane (PDMS) as the matrix
and unmodified GNP or DNA-functionalised GNP (hereafter indicated as GNP-DNA) as
the filler. The GNP/PDMS and GNP-DNA/PDMS samples were prepared by following
the same procedure. Pristine GNP was used at a concentration of 15 wt%, whereas the
GNP-DNA filler was used at a concentration of 30 wt%, with a mass ratio of graphene
to DNA of 1:1. Isopropyl alcohol (IPA) was used for the preparation of the GNP-DNA
dispersion. The PDMS-based prepolymer was added to the GNP-DNA dispersion in a
polymer-to-solvent ratio of 3:4 (w/v), and the mixture was sonicated for 1 h in a P30H
Elmasonic water bath (Elma, Singen, Germany). Next, the IPA solvent was extracted
from the mixture under sonication in a vacuum for 5 h using a MZ 1C vacuum pump
(Vacuubrand, Wertheim, Germany). The curing agent was then added using a ratio of
10:1 (base:curing agent by weight), and the mixture was gently mixed for several minutes.
Finally, the composite mixtures were casted into molds and cured in an oven at 50 ◦C for
72 h. The curing temperature was selected to ensure a slow polymerisation process, which
enables the formation of a highly flexible material [46] and also limits the formation of
microvoids. Free-standing nanocomposite samples with a lateral size of 30 mm × 30 mm
and an average thickness of 5 mm were prepared (Figure 1).
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Figure 1. PDMS-based nanocomposite samples (30 mm × 30 mm) after curing: (a) neat PDMS,
(b) 15% GNP/PDMS, (c) 30% GNP-DNA/PDMS. (d) Lateral view of a flexed GNP/PDMS sample.

2.3. Tests under Simulated Space Conditions

The effects of high vacuum and solar radiation on the graphene/PDMS nanocom-
posites were investigated using the LARES-lab experimental setup [44,45]. This facility
was developed to test the components of the LARES satellite in a simulated space envi-
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ronment according to the ESA standard requirements (ECSS, 2012; ECSS, 2002), and it is
currently used for testing payloads and components for space applications. The testing
chamber is a cubic vacuum chamber (internal edge of 60 cm), in which the sample is
suspended and connected to a thermocouple (Figure 2). Five walls of the chamber are
covered by a copper shroud painted with Aeroglaze Z306 (LORD Corporation, Cary, NC,
USA), a vacuum-compatible black paint showing high absorptivity and emissivity (ε = 0.89,
α = 0.97) [47]. A XDS5 dry scroll pump and a EXT255DX turbomolecular pump (Edwards
Vacuum, Burgess Hill, West Sussex, GB) allow us to reach and maintain high-vacuum
(HV) conditions at a pressure of ~10−6 mbar in the chamber. The turbomolecular pump
and the pressure gauge communicate with a TIC instrument controller (connected to a
personal computer and software (Edwards Vacuum, Burgess Hill, West Sussex, GB) to
monitor the chamber pressure and the pump parameters. Solar radiation is simulated
using a SpectroSun XT-10 simulator with the AM0 spectrum (Spectrolab, Sylmar, CA, USA)
equipped with a OSRAM XBO 1000-W lamp (OSRAM, Munich, Germany) that projects
a beam with constant irradiance (1366 W/m2) over a 12 × 12 cm2 surface. The lamp is
positioned outside the vacuum chamber: access to light is allowed via a fused silica window
with low absorption in the ultraviolet portion of the spectrum. Temperatures are recorded
by platinum resistance thermometers (PT100) with two monitoring systems used to record
data from up to 12 sensors.
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Figure 2. Placement of a (a) neat PDMS and (b) 15% GNP/PDMS sample in the high-vacuum
chamber of the LARES-lab experimental setup.

Samples of graphene/PDMS nanocomposites (30 mm × 30 mm) were tested indi-
vidually. Neat PDMS samples were also tested as a reference. Each sample was weighed
and immediately placed in the chamber set at the initial temperature of 20 ◦C. The test
was run under high vacuum (~10−6 mbar) for 24 h with solar irradiation from the sim-
ulator lamp maintained for 4 h. At the end of the test, the chamber was brought to the
initial ambient pressure and temperature (20 ◦C). Samples were weighed before and after
removal from the chamber using an analytical Sartorius microbalance (model CPA225D)
with an accuracy of 0.01 mg per 100 g of sample mass. The total mass loss (TML%) was
calculated from the mass of the specimen measured before and after the test and expressed
as a percentage of the initial specimen mass. The water vapour regained (WVR%) was
calculated from the difference in the specimen mass, as measured after the test for TML
and again after exposure to atmospheric conditions with humidity controlled at room
temperature (23 ± 2 ◦C). For each type of nanocomposite, tests were also run under high
vacuum but without solar irradiation to compare the effects of high vacuum and combined
high vacuum/solar radiation on the materials’ properties.
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2.4. Characterisation Methods

The surface electrical properties of the PMCs were measured on a PEDOT-coated
glass substrate following a previously published procedure [34]. The surface resistivity
was determined by electrical impedance spectroscopy (EIS) in the frequency range of
10 Hz–1 MHz using a Reference 600 Potentiostat/Galvanostat/ZRA instrument (Gamry
Instruments, Warminster, PA, USA). Ten replicate measurements were carried out for each
sample. Samples were measured in a custom-made ABS cell fabricated by 3D printing and
designed with edges to hold two parallel electrodes (10-mm-wide copper strips) in place at
the sample surface. The measurement cell was connected to the four probes of the potentio-
stat in a two-electrode configuration. A Faraday cage (Gamry Instruments, Warminster,
PA, USA) was used to shield the measurements from undesired noise. Impedance data
were fitted to a parallel RC circuit using the Gamry Echem Analyst software package.
The electrical resistance (Rs) value from the fitting procedure was converted to surface
resistivity (ρs) using the following equation:

ρs = Rs
D
L

(1)

where L is the distance between the two parallel electrodes, and D is the length of the
electrodes in contact with the sample surface.

Surface morphology was investigated by scanning electron microscopy (SEM) with
a VEGA II LSH instrument (TESCAN, Brno, Czech Republic) working at an accelerating
voltage of 5 kV and a magnification of 500×. SEM images were acquired before and after
the tests under simulated space conditions. MountainsMap software version 8 (Digital Surf,
Besançon, France) was used to perform a three-dimensional (3D) topography reconstruction
of the nanocomposite surfaces starting from pairs of SEM images acquired at two different
tilt angles [48]. Specifically, images of the specimen at 0◦ (in-plane image) and at a tilt
of 5◦ were used. Surface roughness (Ra) values were determined from the 3D maps by
averaging the Ra values obtained for each reconstructed profile. A sampling step of 5 µm,
corresponding to 115 profiles on a surface area of 575 µm × 575 µm, was used.

The thermal analysis was conducted using a DSC Pyris 1 instrument (PerkinElmer,
Waltham, MA, USA) calibrated with high purity indium and tin materials. Samples (~5 mg)
were sealed in aluminum pans with lids and investigated in the temperature range from
−40 ◦C to 200 ◦C with a heating rate of 10 ◦C/min and under a constant flow of nitrogen
(20 mL/min). The same heating conditions were previously applied to an empty pan to
obtain a baseline that was subtracted from the sample data. Several samples (between
6 and 10) were analysed for each type of nanocomposite to ensure the reproducibility of
the results. The values of peak temperature and enthalpy change (∆H) were calculated
from the DSC thermograms using the PerkinElmer Thermal Analysis software provided
with the instrument.

A dynamic mechanical analysis was performed with a DMA1 instrument (Mettler
Toledo, Greifensee, Switzerland) operating in a dual cantilever configuration, and the
temperature was set to 25 ◦C. Sweep frequencies from 0.1 Hz to 100 Hz with five points for
each decade were used for the test. Three rectangular specimens of 20 mm length, 6 mm
width, and 4 mm thickness were cut from each material sample and tested.

The surface wettability was evaluated by contact angle (CA) measurements at the
sample surface using two testing liquids (degassed ultrapure water and diiodomethane).
Measurements were conducted with a DataPhysics OCA15Pro analyser (DataPhysics Instru-
ments, Filderstadt, Germany) using the sessile drop method. A minimum of ten droplets
(volume 3 µL) on different areas of the sample surface were examined. Contact angle values
were determined by the Young–Laplace fitting method using DataPhysics SCA20 analy-
sis software. The surface free energy (SFE) of the nanocomposites was calculated using
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the contact angle values measured with water and diiodomethane in the Owens–Wendt
equation [49]:

γl(1 + cos θ) = 2
[
(γd

s γ
d
l )

1/2
+ (γ

p
s γ

p
l )

1/2
]

(2)

where γs is the SFE of the solid under investigation, and γl is the SFE of the testing liquid.
The apexes d and p indicate the dispersive and polar components, respectively, and θ is the
measured contact angle between the solid and the testing liquid.

3. Results and Discussion

Graphene/PDMS nanocomposites were tested under a simulated space environment
in order to investigate the effects of high vacuum (~10−6 mbar) and solar radiation expo-
sure on their morphology and functional properties. Both types of nanocomposite, with
unmodified GNP and GNP-DNA filler, were tested to discriminate the role of the DNA
element on the materials’ responses to the harsh environmental conditions. The amount
of GNP with respect to the PDMS matrix was fixed at 15 wt%, and the hybrid GNP-DNA
filler was prepared using a 1:1 ratio by weight of DNA to graphene. The choice of filler
concentration was based on previous results demonstrating a good response to UV radia-
tion, in terms of the variation in the surface electrical properties, for silicone-based films
containing 30 wt% GNP-DNA filler [34]. In this work, we first investigated the electrical
properties of the nanocomposite films with GNP-DNA filler at concentrations in the range
of 20–40 wt%. The variation of the surface electrical resistivity, as determined from EIS
measurements, is reported in Figure 3. Data clearly indicate a threshold for GNP-DNA
concentrations of between 20 and 30 wt% with resistivity values decreasing by 5 orders
of magnitude to values below 104 Ω/sq. The 30% GNP-DNA/PDMS samples are more
electrically conductive than the nanocomposites with lower filler loadings, and this is
due to the higher degree of interconnections among the carbon fillers. In addition, we ob-
served in previous work that the nanocomposites with GNP-DNA filler at 30 wt% showed
the largest variation in surface resistivity upon UV exposure [34]. When increasing the
GNP-DNA content to 40 wt%, the UV interaction with DNA became predominant over
the radiation absorption by the graphene network, thus limiting the increase in electrical
resistivity [34]. For concentrations higher than 40 wt%, the dispersion of the GNP-DNA
filler in the PDMS matrix became difficult, leading to composites containing large nonho-
mogeneous features. Based on these results and due to their promising radiation sensitivity,
the 30% GNP-DNA/PDMS nanocomposites were selected in this work for testing under a
simulated space environment.
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3.1. Morphology and Surface Topography Reconstruction by SEM

The morphology of the GNP-DNA/PDMS and GNP/PDMS nanocomposites was
analysed by SEM before and after testing under simulated space conditions. In particular,
3D reconstruction was performed to investigate any effects on the sample surface topogra-
phy. Figures 4 and 5 show SEM images of the top surfaces of the nanocomposites and the
corresponding 3D reconstructions performed with MountainsMap software, before and
after testing under high vacuum and solar radiation exposure.
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J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 5. SEM morphology analysis of the GNP/PDMS nanocomposite before (top) and after (bot-
tom) exposure to simulated space conditions (HV and solar irradiation for 4 h): (a,d) SEM images at 
0°; (b,e) colour maps after surface topography reconstruction from image pairs at tilt angles of 0° 
and 5° (false colours indicate depth); (c,f) 3D rendering of the reconstructed surfaces. 

Before exposure, the GNP-DNA/PDMS sample (Figure 4a–c) showed more agglom-
erates and irregular features at its surface than the GNP/PDMS type (Figure 5a–c). After 
testing in a simulated space environment, the nanocomposite with the GNP-DNA filler 
(Figure 4d–f) was clearly affected by the exposure to solar radiation with its surface struc-
ture appearing much smoother than that of the nonirradiated samples (Figure 4a–c). This 
effect was quantified using the average surface roughness (Ra) values calculated from the 
3D reconstructions of the surface topography (Table 1). The GNP/PDMS nanocomposite 
shows a negligible variation (−8.0%) of its surface roughness after exposure to solar radi-
ation (Figure 5d–f), whereas a marked decrease (−59.0%) was observed for the GNP-
DNA/PDMS samples (Figure 4d–f). This effect can be linked to the presence of the biolog-
ical element that is highly susceptible to solar radiation damage, particularly to the ultra-
violet component of the spectrum [40]. 

Table 1. Average roughness values (Ra) and relative percentage variations (∆Ra/Ra) for the GNP-
DNA/PDMS and GNP/PDMS nanocomposite surfaces extracted from the 3D topography recon-
struction, before and after testing in a simulated space environment under high vacuum (HV ~10−6 
mbar) and solar irradiation. 

Sample 
Ra (µm) 

before Testing 
after Testing 

(HV + Irradiation) ΔRa/Ra (%) 

30% GNP-DNA/PDMS 18.8 ± 1.2 7.7 ± 0.6 −59.0 
15% GNP/PDMS 7.5 ± 0.7 6.9 ± 0.4 −8.0 

3.2. Thermal Analysis of Nanocomposites before and after Exposure 
A thermal analysis by DSC was conducted on the graphene/silicone nanocomposites 

in a wide temperature range, from −40 °C to 200 °C, before and after testing in the thermal 
vacuum chamber. The chamber was maintained under high vacuum for 24 h, and solar 
irradiation was provided for 4 h intervals. Figure 6a,b show the DSC thermograms of the 
GNP-DNA/PDMS and GNP/PDMS nanocomposites, respectively, indicating the presence 
of an endothermic peak at temperatures above 140 °C only for the samples containing the 
DNA-modified GNP filler. 

Figure 5. SEM morphology analysis of the GNP/PDMS nanocomposite before (top) and after (bottom)
exposure to simulated space conditions (HV and solar irradiation for 4 h): (a,d) SEM images at 0◦;
(b,e) colour maps after surface topography reconstruction from image pairs at tilt angles of 0◦ and 5◦

(false colours indicate depth); (c,f) 3D rendering of the reconstructed surfaces.



J. Compos. Sci. 2023, 7, 215 8 of 16

Before exposure, the GNP-DNA/PDMS sample (Figure 4a–c) showed more agglom-
erates and irregular features at its surface than the GNP/PDMS type (Figure 5a–c). After
testing in a simulated space environment, the nanocomposite with the GNP-DNA filler
(Figure 4d–f) was clearly affected by the exposure to solar radiation with its surface struc-
ture appearing much smoother than that of the nonirradiated samples (Figure 4a–c). This
effect was quantified using the average surface roughness (Ra) values calculated from
the 3D reconstructions of the surface topography (Table 1). The GNP/PDMS nanocom-
posite shows a negligible variation (−8.0%) of its surface roughness after exposure to
solar radiation (Figure 5d–f), whereas a marked decrease (−59.0%) was observed for the
GNP-DNA/PDMS samples (Figure 4d–f). This effect can be linked to the presence of the
biological element that is highly susceptible to solar radiation damage, particularly to the
ultraviolet component of the spectrum [40].

Table 1. Average roughness values (Ra) and relative percentage variations (∆Ra/Ra) for the GNP-
DNA/PDMS and GNP/PDMS nanocomposite surfaces extracted from the 3D topography reconstruc-
tion, before and after testing in a simulated space environment under high vacuum (HV ~10−6 mbar)
and solar irradiation.

Sample
Ra (µm)

Before Testing After Testing
(HV + Irradiation) ∆Ra/Ra (%)

30% GNP-DNA/PDMS 18.8 ± 1.2 7.7 ± 0.6 −59.0
15% GNP/PDMS 7.5 ± 0.7 6.9 ± 0.4 −8.0

3.2. Thermal Analysis of Nanocomposites before and after Exposure

A thermal analysis by DSC was conducted on the graphene/silicone nanocomposites
in a wide temperature range, from −40 ◦C to 200 ◦C, before and after testing in the thermal
vacuum chamber. The chamber was maintained under high vacuum for 24 h, and solar
irradiation was provided for 4 h intervals. Figure 6a,b show the DSC thermograms of the
GNP-DNA/PDMS and GNP/PDMS nanocomposites, respectively, indicating the presence
of an endothermic peak at temperatures above 140 ◦C only for the samples containing the
DNA-modified GNP filler.
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For the nanocomposites that were not tested in a simulated space environment, the
endothermic event occurred with a peak temperature of 148.3 ◦C. This event can be linked
to the thermal degradation of the DNA element, in agreement with the DSC results for
measurements on neat DNA samples in powder form [34]. Further results from the
literature confirm that the decomposition temperatures of DNA in powder form are higher
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than those measured for DNA in solution (typically between 50 and 90 ◦C) and can reach
values of up to 170 ◦C [50]. On the contrary, GNP/PDMS samples do not show thermal
degradation peaks in the investigated range of temperatures (−40–200 ◦C) and are not
affected by testing in a simulated space environment (Figure 6b). For the GNP-DNA/PDMS
nanocomposites, experiments in a high vacuum environment without solar irradiation
showed that the thermal stability of DNA did not change significantly, with a degradation
peak occurring at 147.7 ◦C (Figure 6a). On the other hand, after testing under simulated
space conditions including solar irradiation, the DNA decomposition peak shifted to larger
values (167.1 ◦C), and the corresponding enthalpy change decreased significantly, from
38.7 J/g to 22.4 J/g. These variations can be ascribed to DNA crosslinking via reactive
oxygen species generated by exposure to ultraviolet and blue light radiation [51,52]. The
formation of DNA–polymer crosslinks results in the enhancement of the thermal stability
of the GNP-DNA/PDMS nanocomposites, shifting the DNA decomposition peak to higher
temperature values.

3.3. Outgassing Properties

The values of the total mass loss (TML%) and water vapour regained (WVR%) were
determined by weighing the samples before and immediately after their removal from the
thermal vacuum chamber. Table 2 summarises the results for neat PDMS and nanocompos-
ite samples tested under high vacuum with and without solar irradiation. The GNP/PDMS
nanocomposite was characterised by a TML value of less than 0.5%, even under solar radia-
tion exposure, which makes it suitable for use in space environments. On the other hand,
samples containing the GNP-DNA filler were characterised by a TML value exceeding the
limit of 1.0% set for these applications [11]. By comparing the TML values of neat PDMS
with those of the nanocomposites, it is evident that the outgassing phenomenon under
solar radiation exposure can be ascribed to the filler, as the contribution of the polymer
matrix was very low (TML% = 0.14). In particular, the nanocomposite with the GNP-DNA
filler showed the highest total mass loss.

Table 2. Total mass loss (TML%) and water vapour regained (WVR%) for neat PDMS, 15%
GNP/PDMS, and 30% GNP-DNA/PDMS nanocomposites after exposure to a simulated space
environment. High vacuum (HV): ~10−6 mbar for 24 h. Irradiation: solar spectrum for 4 h.

Sample
TML% WVR%

HV HV + Irradiation HV HV + Irradiation

PDMS 0.08 0.14 0.04 0.04
15% GNP/PDMS 0.11 0.49 0.06 0.06

30% GNP-DNA/PDMS 0.61 1.95 0.23 0.25

This result can be linked to the dehydration process promoted by high vacuum [53,54],
which causes water release from the sample. Indeed, the biological DNA element is highly
hydrophilic and might retain water vapour during nanocomposite assembly in Earth
environments. In addition, over the course of the test under simulated space conditions, in
particular under solar irradiation, the GNP-DNA/PDMS and GNP/PDMS nanocomposites
reached temperature values of 94 ◦C and 98 ◦C, respectively (Figure 7).

The GNP/PDMS sample reached a higher temperature under irradiation than the
GNP-DNA/PDMS nanocomposite. This is due to the much higher thermal conductivity
of GNP [55] as compared to that of DNA, for which the thermal conductivity coefficient
was estimated to be 0.3 W/mK [56]. The values of water vapour regained (WVR) were
determined three days after the end of exposure to the simulated space environment. The
results show a very low tendency for the neat PDMS and GNP/PDMS nanocomposite to
absorb humidity from the surrounding environment, with WVR values of 0.04% and 0.06%,
respectively. These values were not affected by exposure to solar radiation. A larger value
of WVR (up to 0.25%) was measured for the GNP-DNA/PDMS sample after treatment in
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the thermal vacuum chamber. This value is consistent with the hydrophobicity decrease
that occurs after testing and was determined from the surface wettability experiments
described in the section below.
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3.4. Effects of the Space Environment on Surface Wettability and SFE

The analysis of the surface wettability revealed a high degree of hydrophobicity for
the PDMS-based materials with values of the water contact angle ranging from 116◦ ± 3◦

for neat PDMS to 121◦ ± 1◦ for the GNP-DNA/PDMS nanocomposites (Figure 8).
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Figure 8. Water contact angles of PDMS-based nanocomposites with 15 wt% of unmodified GNP and
30 wt% of GNP-DNA filler and comparison with neat PDMS before and after testing in a simulated
space environment under high vacuum (~10−6 mbar, 24 h) with or without solar irradiation.

After testing in a simulated space environment, the neat PDMS samples showed
approximately the same WCA values, whereas an increase in water wettability (decrease
of WCA) was observed for both types of nanocomposite. The decrease in WCA values
was larger after testing under simulated space conditions with solar irradiation, and this
was particularly relevant for the nanocomposites containing the GNP-DNA filler. This
behaviour can be explained by the changes induced by solar radiation exposure on the
morphology of the PDMS-based nanocomposites. As discussed above, irradiation causes
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a decrease in the nanocomposite surface roughness (Table 1), especially for the GNP-
DNA/PDMS type, which can lead to the measurement of a lower WCA value [57]. In
addition, the analysis of the water vapour regained (Table 2) revealed a humidity recovery
that was more significant for the GNP-DNA/PDMS nanocomposites. This phenomenon
was also reflected by the lower values of WCA, i.e., increased surface wettability, which
were measured for these nanocomposites after exposure to high vacuum and solar radiation.

The wettability changes in the nanocomposite samples after testing in a simulated
space environment were further analysed by calculating the surface free energy (SFE)
with the Owens–Wendt method [49]. Results in terms of the SFE and its dispersive and
polar components are reported in Table 3. Before testing, the SFE value decreased with an
increasing filler content, with a maximum value of 21.69 mJ/m2 for the sample without
filler (neat PDMS) and a minimum value of 15.32 mJ/m2 for the 30% GNP-DNA/PDMS
nanocomposite. The dispersive component (γd), which is related to the London or dis-
persive interactions among nonpolar molecules, was prevalent over the polar one (γp) in
all samples.

Table 3. Surface free energies (SFE) with dispersive (γd) and polar (γp) components for PDMS-based
nanocomposites and neat PDMS before and after 24 h testing in a simulated space environment under
high vacuum (HV ~10−6 mbar) and with or without solar irradiation.

Sample

SFE (mJ/m2)

Before Testing After Testing
(HV)

After Testing
(HV + Irradiation)

Total SFE γd γp Total SFE γd γp Total SFE γd γp

PDMS 21.69 21.68 0.01 21.80 21.80 0 20.64 20.64 0
15% GNP/PDMS 19.19 19.19 0 19.84 19.77 0.07 23.31 23.20 0.11

30% GNP-DNA/PDMS 15.32 15.32 0 19.90 19.83 0.07 25.78 25.15 0.63

After exposure to simulated space conditions, the SFE of neat PDMS did not vary
significantly: this is consistent with the corresponding WCA values determined by optical
tensiometry (Figure 8). On the contrary, the SFE of the PDMS-based nanocomposites
showed changes both after high vacuum testing and with combined solar irradiation. In
particular, the polar component of the SFE increased for both nanocomposite types and
more significantly for the one with the GNP-DNA filler. These results confirm that, after
testing in a simulated space environment with solar irradiation, the wettability changes
in the nanocomposites can be related to radiation effects on the biological component.
The increased affinity to water of the GNP-DNA/PDMS samples after testing in high
vacuum combined with solar irradiation was confirmed by the marked increase in the polar
component (γp) from 0 to 0.63 mJ/m2.

After observing that materials with the lowest initial SFE values (for example, those
containing the GNP-DNA filler) experienced a larger outgassing phenomenon, we inves-
tigated the correlation between the SFE values of the untreated nanocomposites (before
testing in the thermal vacuum chamber) and the outgassing properties of the materials
after treatment under simulated space conditions. A power function was used to correlate
the TML values and the initial SFE of the samples (Figure 9) using the following form:

TML = ASFEB (3)

The parameters A and B were determined by least-square regression analysis with
Equation (3) in the form:

log TML = log A + B logSFE (4)

The values of A and B were found to be 2.64 × 10−12 and −6.54, respectively, with
an adjusted R-squared value of 0.9940. In addition, an analysis of variance (ANOVA) was
performed, and a p-value of 0.0332 was found, confirming the statistical significance of
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the results (p < 0.05). We suggest that this type of correlation could be used to predict
the outgassing properties of PDMS-based materials with different filler loadings from
knowledge of their initial SFE values. This approach would be quite useful to compensate
for the limited availability of TML data due to the expensive tests and equipment.
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Figure 9. Total mass loss (TML) of PDMS-based composites after experiments under simulated space
conditions as a function of their initial surface free energy (SFE) determined by optical tensiometry
with the Owens–Wendt method. The goodness-of-fit is indicated by the adjusted R-squared value
(0.9940), and the statistical significance of the results is shown by the p-value (0.0332) from the
ANOVA test.

3.5. Exposure Effects on the Mechanical Properties of Nanocomposites Using DMA

The mechanical properties of the elastomeric graphene/polysiloxane nanocomposites
were determined with a dynamic mechanical analysis (DMA). The results in terms of stor-
age and loss moduli are reported in Figure 10. The storage modulus represents the stiffness
of viscoelastic materials and, at room temperature, is related to the flexural modulus [58].
Figure 10a highlights larger values of the storage modulus for the GNP/PDMS sample.
This can be ascribed to the mechanical interlocking caused by the presence of GNP, which
restricts the polymer chain mobility [59]. A decrease in the storage modulus was observed
starting from frequencies of greater than 50 Hz.
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J. Compos. Sci. 2023, 7, 215 13 of 16

The GNP-DNA/PDMS nanocomposites showed smaller storage modulus values with
respect to GNP/PDMS. This result can be explained by the lower interfacial adhesion
between the GNP-DNA filler and the polymer chains [60]. In addition, the presence of
GNP-DNA clusters, as highlighted by the SEM analysis and 3D reconstruction of the sur-
face topography, might contribute to the decrease in the storage modulus. After exposure
to simulated space conditions with solar irradiation, an increase in the storage modulus
of the GNP/PDMS sample was observed. Indeed, solar radiation can promote the for-
mation of free radicals in the polymer chains, as well as defects on the graphene surface,
leading to major crosslinking reactions between the matrix and filler. This resulted in an
overall enhancement of the interfacial adhesion in graphene/polymer nanocomposites
in agreement with previous reports [61]. The improved interfacial adhesion between the
matrix and filler for the GNP/PDMS sample after solar irradiation was also confirmed by
the absence of storage loss decrease after 50 Hz (Figure 10a). The loss modulus is related
to the capacity of the materials to dissipate energy. For composite materials, this value
is affected by the strength of the filler–matrix interfacial adhesion, which facilitates more
energy transfer in the form of heat [59]. In particular, the presence of GNP promotes heat
conductivity, stress, and heat transfer between the filler and matrix [59]. In our study, the
highest loss modulus occurred for the GNP/PDMS sample, as compared to neat PDMS and
PDMS filled with GNP-DNA (Figure 10b). This result highlights the stronger filler–matrix
interfacial bonding in GNP/PDMS with enhanced shear stress and energy dissipation.
For the experiments conducted under simulated space conditions with solar irradiation,
the variation in the loss modulus was negligible for the nanocomposites, whereas neat
PDMS showed a significant loss of viscoelastic properties. Finally, the evolution of the
damping factor tan δ as a function of the frequency was analyzed in DMA experiments.
Figure 11 shows the frequency dependence of tan δ (the ratio between the loss modulus
and storage modulus) for the PDMS-based samples before and after tests under simulated
space conditions. A decrease in the damping factor occurred for the GNP/PDMS sample
after the tests, confirming the increase in interfacial matrix–graphene bonding in this type
of nanocomposite upon exposure to solar radiation [62]. Conversely, negligible variations
for the neat PDMS and the GNP-DNA/PDMS samples were observed.
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4. Conclusions

Elastomeric composites made from PDMS filled with graphene nanoplatelets (pristine
and DNA-functionalised) were realised and tested under simulated space conditions. The
combined effects of high vacuum and solar radiation on the material properties were
determined using complementary techniques before and after testing in a thermal vacuum
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chamber. SEM analysis with 3D surface reconstruction revealed a significant decrease
in surface roughness after exposure only for the nanocomposite containing the DNA-
GNP filler. Thermal analysis with DSC showed that the nanocomposites are thermally
stable up to 140 ◦C. For the GNP-DNA/PDMS composites exposed to high vacuum and
solar irradiation, there was a shift in the DNA degradation peak to higher temperatures.
Regarding the surface wettability, solar irradiation resulted in a decrease in the WCA for
the GNP-DNA/PDMS nanocomposites. Nevertheless, the nanocomposites maintained an
overall hydrophobic character with values of WCA above 100◦. This was also confirmed by
the low values of WVR% measured after the tests in the thermal vacuum chamber. The
PDMS nanocomposites with pristine GNP showed low outgassing features, even upon
solar irradiation, reaching a TML% value of 0.5%, which is below the maximum required
for space applications (<1% according to ECSS-Q-70-02A standard). A trend between the
TML and the SFE values was found, which would possibly enable the prediction of the
outgassing properties of PDMS-based composites from knowledge of their SFE values
before exposure. Finally, DMA revealed no losses in the viscoelastic properties of the
nanocomposites and an increase in stiffness for the GNP/PDMS type. Overall, these results
are useful for the optimisation of elastomeric materials made from PDMS and graphene
filler, pristine or hybridised with DNA that is highly sensitive to ionising radiation. These
materials would enable the fabrication of ultralightweight and flexible radiation monitoring
devices for use during space exploration missions.
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