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Abstract: Carbon fiber-reinforced polymers (CFRPs) are widely used in aerospace for their lightweight
and high-performance characteristics. This study examines the long-term viscoelastic behavior of
CFRP after UV-C exposure, simulating low Earth orbit conditions. The viscoelastic properties of the
polymer were evaluated using dynamic mechanical analysis and the time-temperature superposition
principle on both unexposed and UV-C-exposed samples. After UV-C exposure, the polymer’s
instantaneous modulus decreased by about 15%. Over a 32-year period, the modulus of the unexposed
resin is expected to degrade to approximately 25% of its initial value, while the exposed resin drops
to around 15%. These experimental results were incorporated into finite element method models of a
unidirectional CFRP representative volume element. The simulations showed that UV-C exposure
caused only a slight reduction in the CFRP’s axial relaxation coefficient along the fiber’s axis, with
no significant time-dependent degradation, as the fiber dominates this behavior. In contrast, the
axial relaxation coefficient perpendicular to the fiber’s axis, as well as the off-diagonal and shear
relaxation coefficients, showed more notable changes, with an approximate 10% reduction in their
initial values after UV-C exposure. Over 32 years, degradation became much more severe, with
differences between the pre- and post-exposure coefficient values reaching up to nearly 60%.

Keywords: carbon fiber-reinforced polymers (CFRPs); low earth orbit (LEO); UV-C radiation; dynamic
mechanical analysis (DMA); time-temperature superposition principle (TTSP); viscoelasticity; Prony
series; finite element method (FEM)

1. Introduction

Carbon fiber-reinforced polymers (CFRPs) have become a cornerstone in aerospace
engineering due to their lightweight and high specific mechanical properties. As these
materials are increasingly employed in critical aerospace applications, understanding their
performance under the extreme conditions of space is essential. The space environment is
far from empty; exposure to its harsh, inhospitable, and potentially hazardous conditions
can be detrimental to CFRPs used in aerospace applications [1]. Specifically, in low Earth
orbit (LEO), there are various potential sources of damage that can be fatal for polymers
and consequently for all polymer matrix composites (PMCs), including CFRPs [2,3]. In fact,
research from in-flight exposure experiments has shown that the harsh conditions in LEO
environment can lead to erosion, mass loss, and degradation of properties of polymers and
PMC materials [4-6].

The LEO environment is characterized by ultra-high vacuum conditions, generally
below 107> Torr. Such high vacuum conditions can lead to outgassing of the polymer
matrix [7]. In LEO environment, spacecraft are exposed to UV-C radiation, which can
rapidly accelerate degradation processes in polymeric materials [8]. Given the satellite’s
orbital velocity of approximately 8 km/s in LEO, it is exposed to a highly energetic stream
of atomic oxygen (AO) with an energy of about 5 eV, which can cause surface erosion
and degrade the mechanical properties of polymer composites [9-11]. Thermal cycling
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in LEO, with temperatures from —150 °C to 150 °C, can induce microcracks in polymer
composites due to differential thermal expansion between the fiber and matrix [12]. Fur-
thermore, the LEO environment is exposed to charged particles, electromagnetic radiation,
micrometeoroids, and human-made debris, all of which can further contribute to material
degradation. Therefore, understanding the mechanical properties of polymers and PMCs
in LEO is essential. This study examines the impact of UV irradiation, which significantly
deteriorates the performance of CFRPs [13].

Significant research has been dedicated to understanding the effects of UV radiation
on polymeric materials. The study conducted by Singh and Sharma explores the degra-
dation mechanisms that polymers can undergo, including photo-oxidation, where UV
radiation has sufficient energy to cleave chemical bonds in polymer chains, generating
free radicals. These radicals react with oxygen, leading to material degradation through
mechanisms such as chain scission and cross-linking [14]. This degradation notably impacts
the mechanical properties of polymeric materials [15]. In recent years, a focus has been the
implication of UV exposure on CFRPs. Experimental characterization on both unexposed
and exposed CFRPs have shown that UV aging generally degrades their properties [16,17].
Similar studies conducted on CFRPs made from recycled carbon fibers have observed the
same trends [18]. Additionally, research effort has been devoted toward enhancing the
performance of CFRPs using multi walled nanotubes (MWNTs) and thin-ply to mitigate
the effect of UV exposure [19]. However, the long-term performance of CFRP after UV
exposure environment remains largely unexplored, with only a few studies addressing
this issue [20,21]. To gain valuable insights into the long-term behavior of CFRP in the
LEO environment, our study focuses on characterizing its viscoelastic properties over an
extended period following exposure to UV-C radiation dose equivalent to one year in
LEO conditions.

To do so, the long-term viscoelastic behavior of an aerospace-grade epoxy resin system
is firstly characterized, both prior and after exposure to a UV-C radiation dose equivalent
to one year in LEO. At this extent, our work involves the construction of a master curve,
i.e.,, a continuous representation of the material’s viscoelastic properties over a broad
range of frequencies. For this purpose, short-duration tests using dynamic mechanical
analysis (DMA) are conducted, and the time-temperature superposition principle (TTSP)
is subsequently applied. The TTSP is based on the idea that changes in deformation rate
can be equivalently represented as changes in temperature, enabling the extrapolation of
long-term material behavior from short-duration tests conducted at various temperatures.
This principle has been extensively utilized to evaluate the long-term behavior of epoxy
resins [22-26]. In our work, master curves are constructed for the epoxy resin system both
in its pristine state and after exposure to UV-C radiation. The pristine state serves as a
baseline for comparison, while the UV-C exposed state allows us to quantify the impact of
UV-C radiation on the polymer’s viscoelastic properties.

To extend the insights gained from the epoxy resin system to CFRP, it is essential
to use suitable functions to fit the viscoealstic experimental data of the polymer. These
functions can then be applied in future modeling efforts. A widely used function is the so
called Prony series expansion. The literature shows different approaches to determine the
Prony Series coefficients starting from experimental data [27-43]. Many of these approaches
employ deterministic strategies that can only find locally optimal solutions by moving from
one point to another within the search space. For instance, methods such as the multidata
approach [27] and its enhanced versions [37,38] use linear least squares solvers (LLSS),
while simplifying the problem often results in a ‘secondary-optimal’. Other methods have
employed nonlinear least squares solvers [41,42]. However, these methods can suffer from
ill-conditioning and divergence if the initial estimates are significantly off. To overcome
the limitation of these traditional optimization techniques, Cui and Brinson proposed a
two-step method combining a LLSS with particle swarm optimization (PSO). The use
of the PSO, which is a stochastic optimization algorithm, broadens the search space of
the LLSS and improves its chances of finding a global optimal solution [44]. In this work,
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the approach proposed by Cui and Brinson is applied, which has proven effective in various
cases, to determine the Prony series coefficients that best fit the experimentally constructed
master curves.

After determining the Prony series coefficients that describe the viscoelastic behavior of
the polymer, these properties can be incorporated into finite element method (FEM) models to
predict the behavior of CFRP materials. A common modeling approach in the literature for
CFRP material involves constructing a representative volume element (RVE) and applying
homogenization techniques. RVE approach and homogenization technique have been used for
decades to predict the elastic properties of unidirectional (UD) CFRP through finite element
(FE) software [45—47]. In recent years, many RVE models have also been developed to evaluate
the viscoelastic properties of UD CFRP materials [48-52]. This approach has not yet been
applied to predict the viscoelastic behavior of UD CFRP accounting for exposure to UV-C
radiation. In this study, its potential for this specific application is explored.

This paper is organized as follows. First, the materials under investigation are pre-
sented and the manufacturing and conditioning processes are described. Then, the method-
ology for characterizing viscoelastic properties of the epoxy resin system are detailed and
the approach used for fitting the experimental data to a Prony series expansion is outlined.
Subsequently, the FEM modeling process for the UD CFRP material is described. Results
for all stages of this work are presented and discussed. Finally, conclusions are drawn.

2. Materials

This section presents the materials involved in this study, which are unidirectional
(UD) carbon fiber reinforced polymer (CFRP) composite materials.

The carbon fiber (CF) used as the reinforcement phase in the composite under investi-
gation is the standard modulus Torayca® T300 fiber. The matrix phase is an aerospace-grade
resin system, CYCOM® 823 RTM. The preparation of the resin-only specimens and their
conditioning to simulate exposure to the equivalent UV-C dose experienced in one year in
LEO orbit is detailed in the following subsection.

Resin-Only Specimen Preparation and Conditioning

Resin-only specimens were manufactured using the aerospace-grade thermosetting epoxy
resin CYCOM® 823 RTM, composed of two components mixed in a 4:1 weight ratio. As per the
datasheet, specimens were heated in an oven from room temperature to 125 °C at 6 °C/min,
held at 125 °C for one hour, and then cooled back to 25 °C at the same rate. Six specimens were
prepared—three kept pristine and three conditioned to simulate UV-C exposure.

The epoxy samples subjected to conditioning are irradiated using a low-pressure
UV lamp (model 3UV-38, 8W, UVP LLC, USA), shown in Figure 1, which emits at a
wavelength of 254 nm. The intensity of the UV-C lamp was set to 1 mW/cm?, and was
measured using an HD 2302.0 photoradiometer equipped with an LP 471 UV-C probe
(spectral range 100-280 nm). The irradiation process occurred within a sealed chamber
lined with aluminum foil, maintaining a source-to-sample distance of 85 mm. The schematic
configuration is shown in Figure 2. Samples were exposed to UV-C radiation for around
8 days to simulate the annual dose of 716 ]/ cm? experienced in LEO [18,53,54].

Figure 1. Low-pressure UV lamp used for the UV-C irradiation process in laboratory.
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Figure 2. Schematic representation of the experimental setup illustrating the configuration and
relevant dimensions involved in the UV-C irradiation process.

3. Matrix Experimental Characterization

In this section, the method for experimentally characterizing resin-only specimens
is presented, focusing on assessing the long-term viscoelastic properties of the resin both
before and after UV-C exposure. Subsequently, the methodology for fitting the experimental
data to the viscoelastic model is discussed.

3.1. Resin-Only Specimen Characterization

The viscoelastic properties of the samples can be characterized through DMA tests,
where an oscillating load is applied and the stress—strain response is measured. In viscoelas-
tic materials, there is a phase shift, §, between stress and strain. The complex modulus, E¥,
is the ratio of stress to strain and is divided into the storage modulus (E’), representing the
elastic response, and the loss modulus (E”), representing the viscous response [55].

In the present work, the viscoelastic properties are studied by the dynamical mechani-
cal analyzer DMA-1 (METTLER TOLEDO, Greifensee, Switzerland) in the single cantilever
configuration, as shown in Figure 3. The samples dimensions are 10 mm x 5 mm x 1.8 mm.
The input force is given as a sinusoidal displacement, with an amplitude of 50 um. Isother-
mal frequency scan tests are conducted, where the temperature and displacement amplitude
are held constant while frequency is gradually decreasing from 1 Hz to 0.1 Hz. The fre-
quency scan tests are performed at different temperatures, ranging from 25 °C to 150 °C
with increments of 5 °C, which results in a total of 26 frequency scans for each tested sample.

By utilizing the TTSP, individual frequency scan curves are horizontally shifted to
extrapolate the modulus at frequencies that are not directly measurable. In this study,
the frequency scan curves are shifted with respect to a reference temperature T,,; = 40 °C
to form a continuous curve, referred to as the master curve.

3 |

=

e el

Figure 3. DMA-1 in single cantilever configuration: front view.
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3.2. Fitting to Viscoelastic Model

For the viscoelastic resin, the relationship between the uniaxial varying strain, e(t),
and the uniaxial varying stress, o(t), can be written through the relaxation modulus E(f):

o(t) = /OtE(t _ s)ded(ss)ds 1)

The relaxation modulus could be represented through the Prony expansion series as:
N +
E(t) = Eg — 2 Eie @ 2)

where N is the number of relaxation modes, Ej is the instantaneous modulus, E; are the
Prony coefficients, and 7; are the relaxation times.

In this work, the experimentally obtained master curves for E’ and E” are fit to the
Prony expansion series in Equation (2), which can be written in the frequency domain as:

N 2
/ _r ) (wT;)
E'(w) = Eg l; ey (wi)? ©)
N
X Z "1+ wrl) @)

To fit the experimental data to the Prony expansion series and evaluate the param-
eters in Equations (3) and (4), the approach detailed in [44] is used. According to [44],
the instantaneous modulus Ey, the Prony coefficients E; and the relaxation time 7; can be
categorized into two sets. This categorization enables the fitting process to be divided
into two separate optimization approaches, the linear least square solver (LLSS) and the
particle swarm optimization (PSO), with each approach specifically targeting one of these
sets. Specifically, Ey and 7; form the first set (SET-I). Bounds for the SET-I parameters can
be can be pre-estimated (for Ey data from the high-frequency domain can be used and for
T; the interval can be approximated as the logarithmic scale of the test duration divided by
N). The parameters E; form the second set (SET-II). The storage modulus and loss modulus
are linearly related to SET-II parameters. Accordingly to this distinction in sets, the PSO
method is suitable for selecting and optimizing SET-I, while the LLSS method can be used
to determine SET-II directly once SET-I is known.

Throughout the whole optimization process, the relative error is taken as the objective
function ],

N EO N Ei wT; 2
]_;(E’(w) _1_1213’((0 1+ (wT) 2) +2( E” )1+ (wT)? ) ©)

To start the optimization, Ey and T; of each particle are first designated with random
values within the bounds as the initial guess by PSO algorithm. After that, LLSS is carried
out to compute E; with the initial guess for Ey and ;. LLSS requires a% = 0 to reach the
minimize, which leads to

Ei = B;'A; (6)
where E 1 1 1
_ 0o wT;
- ; ((E’(w) 1) E'(w) 1+ (wT;)? + E"(w) 1+ (w'rl-)z) @
o T L
Z E'"(w)? ®)

o (1+( WTz) )1+ (wT))?)
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Once E; are determined, | is computed and the next set of Ey and 7; are selected
using the PSO algorithm based on its value. The above procedures are repeated until the
convergence criterion is met.

In this work, to fit the experimental data to the Prony series expansion, the PSO is
run with a total number of particles equal to Npgp = 500, a maximum number of iteration
Nyax = 2000, a maximum wait Ny, = 2000, and a convergence tolerance of 107°.

4. Composite Material Finite Element Modeling

To extend the insights gained from the epoxy resin system to the UD CFRP material,
two FEM models are developed for its 3D RVE. Each model represents a fiber filament
embedded within a unit cell cube of resin, as illustrated in Figure 4. In this setup, the x-axis
is aligned with the fiber’s longitudinal direction, while the y- and z-axes are perpendicular
to it. The diameter of the fiber filament is d = 7 pum, [51], and the cube side is | = 7.7 um,
so that the fiber volume fraction, Vf, is equal to 0.65.

Figure 4. FEM model of the RVE of the UD CFRP.

The fiber in each model is represented as a linear-elastic, transversely isotropic material,
with mechanical properties specified in Table 1 for Torayca® T300 fibers. The matrix is
modeled as a linear-viscoelastic, isotropic material. The key difference between the models
lies in the matrix properties: one uses values obtained experimentally before UV exposure,
while the other uses values measured after UV exposure.

Table 1. Torayca® T300 elastic properties.

Properties Value
Longitudinal Modulus [GPa] 233
Transverse Modulus [GPa] 23.1

Shear Modulus [GPa] 8.693
Longitudinal Poisson’s Ratio 0.2

The viscous behavior of the UD CFRP can be modeled by extending the 1D stress
relaxation equation, Equation (1), to a 3D case. This extension involves defining the
relaxation matrix components, Ci]», to relate the stress and strain matrix components, 0ij
and ¢€;;, as follows:

oi(t) = ) Cij(t)eij(t) )
Due to the distinct properties of the fiber and resin in the RVE, the strain and stress

fields are nonuniform, requiring the transition from heterogeneous to homogenized fields
via volume averaging,

7ij(t) = %/‘/Uij(x,yfz)dv (10)

&j(t) = %/Veij(x/yrz)dv (11)
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Equation (9) can be rewritten using averaged stress tensor, 7;;(t), and averaged strain
tensors, €;;(t), as follows:

gij = ) Cij()ei(t (12)
Given the UD CFRP’s symmetry about its isotropy plane, Equation (12) becomes

o1 (t) Cia(t) Cpa(t) Cia(t) 0 0 0 €1(t)
on(t) Cia(t) Cxo(t) Cas(t) 0 0 0 €n(t)
os3(t) | _ |Cua(t) Cas(t) Cas(t) 0 0 0 | |&ss(t) (13)
o12(t) 0 0 0 Cu(t) 0 0 €2(t)
o13(t) 0 0 0 0 GCss(t) O €13(t)
o23(t) 0 0 0 0 0 Cee(t)] Lens(t)

To compute the relaxation matrix components in Equation (13), four analyses are
needed in the numerical simulation. Each analysis consists of two quasi-static *VISCO
steps. In the first step, all the averaged strains are set to zero, but one which is given a
unit value (e.g., €11(t) = 1,éx(t) = éx(t) = é12(t) = €13(t) = éx3(t) = 0). The time
duration of the strain application is 102 s, so that the composite behaves elastically. In the
second step the unit averaged strain is held constant over a much larger period to study the
relaxation. Particularly, a period of 10” is chosen for the second step, which corresponds to
approximately 32 years.

To load the RVE according to the strain component in Equation (13), periodic bound-
ary conditions (PBCs) are applied. The PBCs applied at the side faces are collected in
Equations (14)—(16), where u, v, and w are the displacement along x, y, and z axis, respectively.

u(l/2,y,z) —
v(l/2,y,z) —
w(l/2,y,z) —w

u(x,1/2,z) —u
v(x,1/2,z) —v
w(x,1/2,z) —w

u(x,y,1/2) —
v(x,y,1/2) —v(x,y,—1/2) = €zl (16)
w(x,y,1/2) —w(x,y,—1/2) = éxl

The application of PBCs necessitates the inclusion of dummy nodes in the model,
with each node assigned a nodal displacement corresponding to a specific averaged strain
in Equations (14)-(16).

To easily apply PBCs, a Python code communicating with ABAQUS is developed,
thus avoiding complex and time-consuming graphical user interface (GUI) input. The code
developed finds nodes on faces and sorts all the nodes according to their coordinates.
Then, the code matches the ones on opposite faces, and the PBCs are applied. A schematic
representation of the PBC application is shown in Figure 5. To avoid redundant constraints
on edges and vertices, laying either to two or three planes simultaneously, edges and
vertices are excluded from faces, and vertices are also excluded from edges, as can be noted
in Figure 5. Then, their PBC equations are given individually as a combination of the PBCs
on the side faces. Opposite edges and opposites vertices are connected to have a correct
coupling in any load case.

-1/2,y,z
—1/2,y,z
=1/2,y,z

=énl
=€l (14)
=&l

x,—1/2,z) = &xpl (15)
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Figure 5. Schematic representation of the application of PBC: (a) the Python code finds nodes on
faces and sorts by coordinates; (b) facing nodes on opposite side are matched.

Given that the average strain is imposed to be unitary, the averaged stress components
computed at the end of each analysis provide the effective relaxation matrix component.

5. Matrix Experimental Characterization Results

This section presents and discusses the results of the experimental characterization of
the matrix. First, the mastercurves and their fittings are shown. Following that, the relax-
ation modulus, obtained using the computed Prony series coefficients, are presented for
both pre- and post-UV-C exposure, with comparisons provided.

The mastercurve obtained for the resin both before and after UV-C exposure, with re-
spect to a reference temperature T,,r = 40°, are collected in Figures 6 and 7, along with
their fittings. The blue and red solid lines represent the experimental data, obtained as the
the averages of tests conducted on three distinct samples, for the storage modulus and loss
modulus, respectively, while the dashed lines in the same colors indicate the corresponding
fit results. The fitted curves align well with the experimental data.

The mastercurve obtained for the resin both before and after UV-C exposure, with re-
spect to a reference temperature T,,s = 40°, are shown in Figures 6 and 7, along with their
respective fittings. The blue and red solid lines represent the experimental data, obtained
as the the averages of tests conducted on three distinct samples, for the storage modulus
and loss modulus, respectively, with the shaded area indicating the 3¢ region. The dashed
lines in the same colors indicate the corresponding fit results. The fitted curves align well

with the experimental data.

4[—% DMA ‘ ‘ ]
10 F3o(E)) DMA 3
rl---E' fitting
||—30(E") DMA -
—=  {E'DMA
oM H--- E” fitting
2 10%¢
m
m
10°¢
107° 1070 10 10°

f[1/s]

Figure 6. Experimental data in solid lines and fitting results in dashed lines for the storage modulus
and loss modulus as a function of frequency before UV-C exposure.
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Figure 7. Experimental data in solid lines and fitting results in dashed lines for the storage modulus
and loss modulus as a function of frequency after UV-C exposure.

The storage modulus of the unexposed resin at a unit frequency is 1.63 GPa, while the
storage modulus of the exposed resin is 1.45 GPa, indicating a 15% reduction in storage
modulus after UVC exposure. This decrease aligns with literature findings on epoxy-based
shape memory polymers (SMPs), where the storage modulus drops at the glassy stage
following UV exposure, as reported in [56].

The corresponding Prony series parameters are collected in Table 2. Additionally in
Figure 8, the correlation between G; and 7; is shown. It is evident that G; exhibits a general
trend of higher values at lower 7;, with a consistent decrease as T; increases for the resin
both before and after UV-C exposure. This behavior aligns with typical observations in
viscoelastic spectra [57].

Once the Prony series coefficients are obtained, it is possible to provide a representation
of the relaxation modulus in time according to Equation (2). The time-dependent relaxation
modulus for the resin, both before and after UV-C exposure, is shown in Figure 9.

Table 2. Coefficient of the Prony Series for CYCOM® 823 RTM before and after UV-C exposure.

Before UV-C Exposure After UV-C Exposure
Index E; [MPa] 7 [s] E; [MPa] 7 [s]

0 1568.94 - 1352.82 -

1 30.33 1.00 x 109 27.03 1.00 x10°
2 2291 8.11 x 100 20.16 8.49 x 100
3 2231 5.48 x 10! 21.40 5.62 x 101
4 33.64 3.34 x 102 29.62 3.38 x 102
5 42.64 3.16 x 103 39.10 2.50 x 103
6 22.97 9.31 x 103 41.19 1.10 x 104
7 71.15 4.66 x 10% 70.36 549 x 104
8 76.83 2.64 x 10° 87.60 2.62 x 10°
9 113.97 1.18 x 100 126.42 1.25 x 100
10 168.69 6.73 x 10° 164.57 6.30 x 100
11 171.35 3.56 x 107 191.08 3.26 x 107
12 167.29 1.49 x 108 195.25 1.70 x 108
13 203.33 5.95 x 108 171.21 9.24 x 108
14 201.21 3.39 x 10° 95.89 425 x 10°
15 128.81 1.66 x 1010 43.79 1.88 x 1010
16 63.00 8.06 x 1010 12.14 7.86 x 1010
17 13.47 453 x 1011 3.85 346 x 1011
18 3.81 2.76 x 1012 1.97 1.50 x 1012
19 0.68 1.45 x 1013 0.56 9.25 x 1012
20 0.05 1.00 x 104 0.49 7.72 x 1013




Fibers 2024, 12,110

10 of 15

(a) (b)
L N ] [ BN )
2L ° e ° ° .
10 RN . 102+ .’ .
y L ) ° [ ] o .o ¢ °
= . = T
& ; .
=
100 . =
[sa)] €3} °
[ ]
: 100}
1072 : : ‘ : ‘ e
10° 10% 100 10'° 10° 10° 1010 1010
7 [s] 7 [s]

Figure 8. The correlation between E; and 1;: (a) before UVC exposure; (b) after UVC exposure.

As shown in Figure 9, the instantaneous modulus of the resin decreases after UV-
C exposure, dropping from 1568.94 MPa to 1352.82 MPa, which is the 86.22% of the
unexposed instantaneous value. Moreover, the degradation of the resin’s properties post-
UV-C exposure occurs significantly faster than for the unexposed resin. After 10? seconds,
which corresponds to approximately 32 years, the relaxation modulus of the unexposed
polymer is 399.89 MPa, representing 25.49% of the unexposed instantaneous value, while
for the UV-C-exposed polymer, the relaxation modulus drops to 203.83 MPa, or 15.07% of
the exposed instantaneous value. The modulus after 10° seconds for the UV-C-exposed
samples is approximately 50.98% of the modulus value at 10° seconds for the samples that

were not exposed to UV-C.

04— — e
F —Before UV-C exposuref]
- - -After UV-C exposure ]

10%;

E [MPa]

102

Mo
10° 10° 1010

Time [s]
Figure 9. Relaxation modulus before and after UV-C exposure.

6. Composite Material Finite Element Modeling Results

This section presents and discusses the results of the FEM simulations for the compos-
ite material under investigation. It includes the results from two developed models: one
incorporating the viscoelastic properties of the resin before UV-C exposure, which serves
as a baseline for the long-term viscoelastic behavior of the composite, and another incor-
porating the viscoelastic properties of the resin after UV-C exposure, which quantifies the
effects of UV-C exposure on the long-term viscoelastic behavior of the composite material.
Figure 10 displays the relaxation matrix coefficients computed from the FEM simulations.
Specifically, the coefficients Cy1, C12, C13, Co1, Ca2, Ca3, Caa, and Cgg are shown. For the
model incorporating the resin properties before UV-C exposure, these coefficients are rep-
resented by solid lines, while for the model incorporating the resin properties after UV-C
exposure, they are represented by dashed lines.
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Figure 10. Relaxation stiffness matrix coefficient as a functions of time before and after UV-C exposure.

From Figure 10, it can be observed that all the relaxation coefficients values at the initial
time point are lower when the polymer’s properties after UV-C exposure are considered.
This denotes that UV exposure results in a reduction in the mechanical improvement envis-
aged from the reinforcement, as already reported in [58]. The axial relaxation coefficient in
the direction of the fiber’s longitudinal axis, Cq1, has an initial value of 182.56 GPa before
UV-C exposure and only slightly reduces to 182.39 GPa after UV-C exposure. The axial
relaxation coefficient in the direction perpendicular to the fiber’s longitudinal axis, Cp,
has an initial value of 8.35 GPa before UV-C exposure that reduces to 7.52 GPa after UV-C
exposure. This reduction means that Cy; after UV-C exposure is 90.06% of its pre-exposed
value. The off-diagonal relaxation coefficients, C1, and Cy3, have initial values of 2.24 GPa
and 1.60 GPa, respectively, before UV-C exposure, and 1.98 GPa and 1.33 GPa, after UV-C
exposure. The values for Cq; and Cp3 after UV-C exposure are 88.39% and 83.13% of their
respective values before UV-C exposure. The shear stiffness coefficients, C44 and Cg4, have
values of 1.83 GPa and 1.13 GPa, respectively, before UV-C exposure, and 1.64 GPa and
0.99 GPa, respectively, after UV-C exposure, which correspond to 89.62% and 87.61% of
the initial Cy44 and Cgg value before UV-C exposure. This decrement in performance at the
initial time is attributed to the decrease in the instantaneous relaxation modulus of the
polymer following UV-C exposure, as previously shown in Figure 9.

The performance degradation due to UV-C exposure increases over time, with the
gaps between the coefficients obtained from the models including polymer’s properties
before and after UV-C exposure widening. This trend is seen for all coefficients except
Cy1. After 10° seconds, Cpy drops to 2.83 GPa before UV-C exposure and to 1.54 GPa after
UV-C exposure. At this time, the Cy, value for UV-C-exposed CFRP is only 54.42% of
the value it would have had without UV-C exposure. Similarly, Cj, and Cp3 decrease to
0.69 GPa and 0.26 GPa, respectively, without exposure, while they fall to 0.37 GPa and
0.11 GPa if exposure is considered. After 10? seconds, C;5 and Cp3 after UV-C exposure are
53.62% and 42.31% of the corresponding values in the absence of UV-C exposure. Finally,
the shear stiffness coefficients C44 and Cgg decrease to 0.60 GPa and 0.32 GPa, respectively,
before UV-exposure, and to 0.32 GPa and 0.17 GPa after UV-C exposure. After 10° seconds,
the exposed Cy4 and Cgg coefficients are 53.33% and 53.12% of the corresponding values
before UV-C exposure.

The time-dependent and radiation-sensitive behaviors of Cip, C13, Co1, Co2, Ca3, Caa,
and Cgg arise from the significant influence of both the matrix and fiber phases on these
coefficients. In this study, the observed reduction in these coefficients over time is at-
tributed to the resin’s viscoelasticity, while the accelerated degradation after UV exposure
is linked to the resin’s sensitivity to radiation, which accelerates the deterioration over
time, as illustrated in Figure 9. Conversely, C1; maintains a constant value over time both
before and after UV-C exposure. This stability is due to the fiber’s time-independent and
radiation-insensitive behavior of the fiber, which dominates the composite’s behavior along
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the direction aligned with the fiber’s longitudinal axis, resulting in an axial relaxation
coefficient that mirrors the fiber’s properties.

The results presented in this investigation align with previous findings. Yan et al.
studied the combined effects of ultraviolet (UV) radiation and water spraying on the me-
chanical properties of flax fabric/epoxy composites and observed a decline in both tensile
and flexural properties after exposure. Specifically, after 1500 h of exposure, the tensile
modulus decreased by 34.9%, while the flexural modulus was reduced by 10.2% [59]. Simi-
larly, UV aging has been shown to deteriorate the mechanical properties of epoxy-based
CFRP, with longitudinal compression strength decreasing by 23% [17]. DMA tests further
confirmed reductions in the storage modulus for both glass fiber-reinforced shape memory
polymer composites after UV exposure and for CFRP made from recycled fibers [18,58].
Conversely, some studies have reported improvements in the mechanical properties of
PMCs following prolonged exposure [60,61]. Additionally, a comprehensive ten-year study
examining the mechanical property changes in PMCs under worldwide outdoor exposure
is available in the literature [62]. The findings indicate that, for certain mechanical proper-
ties in exposed specimens, most results fell within the baseline scatter range, and in some
cases, strength values exceeded those observed in unexposed specimens.

7. Conclusions

This work investigates the viscoelastic properties of an epoxy resin before and after
exposure to UV-C radiation, simulating one year in LEO. These properties, once fitted with
a Prony series, are then used to model the relaxation behavior of a UD CFRP following
UV-C exposure.

First, the viscoelastic resin properties are analyzed by constructing master curves
using DMA short-duration tests and the TTSP. By comparing the master curves before
and after UV-C exposure, it is possible to assess how UV-C exposure influences the resin’s
performance and durability. Particularly, after UV-C exposure, the resin’s instantaneous
modulus decreases by approximately 15%. Over a projected period of 32 years, the unex-
posed resin’s modulus is expected to degrade to about 25% of its initial value, whereas the
exposed resin’s modulus degrades to roughly 15% of its original value. The master curves
are fitted to a Prony series expansion using a combination of LLSS and PSO. This approach
yields fitted curves that closely align with the experimental data, further demonstrating
how a stochastic optimization algorithm like PSO broadens the LLSS search space and
enhances the likelihood of finding a globally optimal solution.

Then, two FEM models of the RVE for a UD CFRP are developed: one incorporating
the time-dependent properties of the resin before UV-C exposure and the other those after
exposure. Relaxation analyses on the FEM models homogenize the UD CFRP and extend
the effects of UV-C exposure from the polymer matrix to the composite material. Along
the fiber’s longitudinal direction, the relaxation stiffness coefficient shows minimal change
between pristine and UV-C-exposed states, with a slight reduction in instantaneous value
but no time-dependent degradation. In other directions, the matrix’s time-dependent
and radiation-sensitive behavior leads to a noticeable decrease in performance over time.
The corresponding stiffness coefficients exhibit an instantaneous reduction of approximately
10% following UV-C exposure, and over time, this difference between pre- and post-
exposure values diverges, reaching a reduction of nearly 55% after 32 years.

The findings presented herein highlight the critical impact of UV radiation exposure
on the long-term behavior of polymer-based composite materials. They demonstrate that
ignoring the effects of radiation could lead to an overestimation of their properties, and that
this overestimation increases with longer mission durations. During the design phase, it
is therefore crucial to account for both radiation exposure and mission duration to ensure
material durability. This consideration is vital to guarantee that structures constructed
from polymer-based composite materials maintain the necessary performance standards
throughout their operational lifespan, in line with mission requirements.
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Worth noting is that, in an LEO environment, radiation exposure and the passage of
time act simultaneously as degradation factors. Therefore, the current study, which exam-
ines these factors sequentially rather than concurrently, provides a preliminary analysis of
their effects. The degradation observed, even with this sequential approach, underscores
the need for further investigation into this phenomenon.
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The following abbreviations are used in this manuscript:

AO Atomic Oxygen

CFRP Carbon fiber-reinforced polymer
DMA Dynamic mechanical analysis
FEM Finite element method

LEO Low Earth orbit

LLSS Linear least squares solvers
MWNTs Multi walled nanotubes

PBC Periodic boundary condition
PMCs Polymer matrix composites

PSO Particle swarm optimization
RVE Representative volume element
TTSP Time—-temperature superposition principle
UD Unidirectional
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