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ARTICLE INFO ABSTRACT

Keywords: In engineering applications, the mechanical performance of polymers can be significantly influenced by
UV-induced aging environmental factors such as heat, moisture, and ultraviolet (UV) radiation. Although UV exposure is generally
Polyamide 6 associated with material degradation, some studies report non-monotonic changes in mechanical properties
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Time-temperature superposition
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during early stages of aging. In this work, moisture-equilibrated polyamide 6 (PA 6) is subjected to controlled
short-term and long-term UV exposure and characterized by gel permeation chromatography (GPC), differential
scanning calorimetry (DSC), and dynamic mechanical analysis (DMA). The combined experimental approach
provides complementary information on molecular, thermal, and thermoviscoelastic material changes induced
by UV exposure. Short-term UV exposure results in a pronounced increase in storage modulus, while spatially
unresolved GPC analysis of material spanning the entire sample thickness reveals only minor changes in
number- and weight-average molar mass. DSC likewise indicates only minor changes in crystallinity. With
increasing exposure time, spatially unresolved GPC analysis reveals a progressive reduction in molar mass,
accompanied by a decrease in stiffness and changes in the thermoviscoelastic response. Temperature-frequency
sweeps and master curve construction based on extended time-temperature superposition indicate that UV
exposure affects the effective relaxation behavior within the investigated temperature-frequency range. The
findings provide experimental insight into the evolution of UV-induced aging effects in PA 6 and may support
future efforts in modeling long-term thermoviscoelastic material behavior.

aging involves processes acting at different structural levels, ranging
from molecular changes to the macroscopic mechanical response [8,9].

1. Introduction

Polymers are widely used in engineering applications, from load-
bearing structural components [1] to less critical parts in machinery
or consumer products. Their mechanical performance can, however, be
significantly affected by environmental factors such as heat, moisture,
and ultraviolet (UV) radiation. While all of these factors may influence
the material behavior, they differ in their physical roles. UV radiation
is typically associated with degradation processes that alter the mate-
rial itself. Temperature and moisture may also influence the material
state directly while additionally representing environmental conditions
under which the material response is observed and characterized. Early
studies on photodegradation mechanisms, such as those by Bolland and
Gee [2], established the role of radical autoxidation in oxidative poly-
mer degradation. An extensive overview of photodegradation effects
across different polymer classes is given by Fox [3]. Subsequent investi-
gations demonstrated that UV irradiation can promote molecular-level
degradation reactions, including chain scission processes and associated
chemical modifications [4,5], which were linked to macroscopic deteri-
oration such as embrittlement and loss of ductility [6,7]. Environmental
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In practice, degradation rates and severities are often accelerated by
combined environmental actions, e.g., temperature, oxygen, humidity,
and radiation [10,11].

A common conceptual distinction in the literature separates re-
versible physical aging from irreversible chemical aging [12]. Physical
aging is typically associated with molecular rearrangements without a
change in chemical structure, whereas chemical aging is characterized
by irreversible changes of the polymer’s chemical constitution [13,14].
While both types of aging may occur simultaneously, the distinction
is useful for interpreting time-dependent property changes and sepa-
rating mobility-driven effects from chemically driven degradation as
reported by Johlitz [14]. For chemically aging systems, modeling ap-
proaches based on internal variables have been proposed to represent
the evolution of long-term degradation and network-related effects in
a thermodynamically consistent framework [13].

In contrast to the common expectation that UV exposure neces-
sarily leads to a consistent deterioration of mechanical performance,
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some studies report non-monotonic changes in mechanical proper-
ties during the initial stages of environmental exposure [15-17]. In
semicrystalline polymers, short-term exposure has been associated with
changes in tensile properties, which have been discussed in the context
of structural reorganization and morphology-related effects prior to
long-term degradation. For PA 6-based nanocomposites in particular,
Dulebova et al. [18] reported an increase in tensile strength after UV
aging, accompanied by a reduction in impact strength, indicating a
tendency towards both strengthening and embrittlement. Similarly, Li
et al. [10] observed changes in the tensile and creep behavior of PA 6
under combined UV exposure and mechanical loading, with higher
tensile strength and reduced creep strain reported at the early stages
of exposure.

These initial strengthening effects are generally temporary. As UV
exposure increases, degradation processes accumulate, leading to an
overall deterioration of mechanical properties [19,20]. Becerra and
d’Almeida [15] identified a threshold UV dose in polyethylene below
which stiffening effects dominated and above which pronounced prop-
erty degradation occurred. Due to the limited penetration depth of
UV radiation [21], chemical modifications induced by photo-oxidative
degradation, including changes in molecular weight and the formation
of oxygen-containing functional groups, are predominantly surface-
localized and contribute to macroscopic deterioration [5,22]. Cor-
respondingly, surface-sensitive observations emphasize gradients of
degradation from the surface into the bulk, while prolonged thermal
or oxidative exposure can lead to bulk degradation affecting the struc-
tural performance [8]. As a result, accumulated degradation processes
acting across different length scales lead to a progressive deteriora-
tion of mechanical performance, including reduced ductility, tensile
strength, stiffness, toughness, and fatigue resistance [19,20,23,24]. In
the present work, such degradation gradients are not resolved on a
spatial scale. Instead, the experimental analysis focuses on the overall
structural response obtained from spatially unresolved measurements,
i.e., measurements providing integral responses without spatial reso-
lution. Within this framework, the structural scales and degradation
mechanisms discussed in the literature serve as a conceptual basis for
interpreting the observed effective responses rather than as individually
resolved material states. UV-induced degradation of polymers can be
regarded as a multiscale phenomenon. Photooxidative processes may
initiate molecular-scale changes such as chain scission or chemical
modifications [25], which can subsequently influence morphologi-
cal features and moisture-dependent material behavior [26]. Because
UV-induced degradation is often localized near the exposed surface,
degradation gradients and surface-related damage mechanisms may
develop [27]. The cumulative effect of these processes ultimately man-
ifests itself in macroscopic property changes such as altered stiffness,
damping behavior, strength, or fatigue performance [28].

While such degradation phenomena are often discussed separately
at individual structural scales, recent studies have demonstrated that
combining complementary experimental techniques such as dynamic
mechanical analysis and differential scanning calorimetry can provide
valuable insight into the coupling between microstructural changes
and mechanical response in polyamides under hygro-thermal histories,
cf. [29], even when spatially unresolved characterization techniques
are employed.

Originality. Previous studies have examined UV-induced changes in
mechanical, thermal, and molecular properties. However, combining
insights from complementary experimental methods remains difficult
in practice. In particular, it is still challenging to relate changes in
molar-mass characteristics and thermal behavior, including overall
crystallinity, to the macroscopic thermoviscoelastic response.

This work combines dynamic mechanical analysis (DMA), gel per-
meation chromatography (GPC), and differential scanning calorime-
try (DSC) to comparatively assess molecular, thermal, and thermovis-
coelastic responses of moisture-equilibrated PA 6 under UV exposure.
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The combined experimental approach enables a qualitative comparison
of trends across complementary characterization techniques, particu-
larly with respect to the transition from initial stiffening to long-term
changes in the relaxation behavior. In addition, master curves based
on the time-temperature superposition (TTS) provide a framework for
discussing the evolution of the effective thermoviscoelastic response
within the investigated temperature-frequency range.

Outline. Section 2 describes the investigated material, conditioning
and UV exposure, sample preparation, and experimental procedures.
Section 3 summarizes the analytical framework for time-temperature
superposition. Section 4 presents and discusses the results starting from
molecular changes (GPC), followed by thermal response and overall
crystallinity (DSC), and finally the macroscopic viscoelastic response
(DMA and TTS) , interpreted in terms of effective macroscopic re-
sponses under surface-dominated UV aging. Section 5 provides a brief
summary and conclusions.

2. Experimental setup
2.1. Sample preparation

This study uses rectangular samples with dimensions of 80 x 10 x
2mm?. The samples were water-jet cut at the Institute of Engineering
Mechanics, Karlsruhe Institute of Technology (KIT), from injection-
molded plates manufactured at the Fraunhofer Institute for Chemical
Technology ICT, Pfinztal, Germany, and were conditioned in a standard
atmosphere (ATM-23/50), cf. [30], which is relevant for industrial
applications that require specific levels of water absorption. All ex-
perimental results and interpretations presented in the following are
restricted to this specific sample geometry and thickness. According
to ISO 291 [30], ATM-23/50 corresponds to a temperature of 23°C
and a relative humidity (RH) of 50%, resulting in terms of PA 6 to
an equilibrium moisture content between 2.5 and 3.0 wt%. For PA 6,
achieving this moisture equilibrium may require extended conditioning
times of up to one year for a sample with a thickness of 2mm [31]. In
this study, the samples were stored in a climatic chamber (Memmert
ICH110 L) under ATM-23/50 conditions for at least one year to ensure
equilibrium. Additional details are provided in [32,33].

After reaching the moisture equilibrium level, the samples were
exposed to additional UV radiation under the same ATM-23/50 con-
ditions. The UV exposure was conducted in the Memmert ICH110
climate chamber equipped with a Havells Sylvania F30W/T8/BL368
fluorescent lamp. This lamp predominantly emits UVA radiation, peak-
ing at a wavelength of 365nm, with an average UVA irradiance of
79.1 pW/cm? (315-400 nm) at a distance of 1m from the bare lamp.
The UVB component (280-315 nm) was 0.11 pW/cm? under the same
conditions. The distance between the lamp and sample surfaces was
approximately 20 cm. The exposure conditions were a black panel
temperature of 23 °C, a relative humidity of 50%, and total exposure
times of 30 d and about 5 months, corresponding to total UVA doses
of approximately 51 MJ/m? and 256 MJ/m?, respectively. The applied
UV doses correspond roughly to several months up to about one year
of natural outdoor UV exposure, depending on geographic location and
environmental conditions [34].

2.2. Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC), also known as size exclu-
sion chromatography (SEC), was used to determine the molar mass
distribution of the investigated PA 6 samples. The characteristic quan-
tities evaluated comprise the number-average molar mass M,, the
weight-average molar mass M,,, and the dispersity b= M, /M, [35,
36].

In this study, GPC analysis was used to assess UV-induced changes
in the molar mass characteristics of PA 6. GPC measurements were
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performed on dissolved material and therefore reflect integral molar-
mass characteristics without spatial resolution. Approximately 8mg
test portions were cut to the required mass by reducing their in-
plane dimensions, while the original sample thickness of approximately
2mm was retained. Consequently, the analyzed material extended
across the entire sample thickness, but the measurements were not
position-resolved in the thickness direction.

The SEC used is from the PSS Agilent 1260 Infinity II series, with
an HPLC pump. The SEC is equipped with an RI detector (Knauer
RI230). A guard column is used and the measurement columns (100,
300, 1000 A PSS PFG 7 pm) were calibrated using monodisperse linear
PMMA standards with peak molar masses between 102 and 981 000
g/mol. Hexafluoroisopropanol (HFIP) was used as the eluent with a
flow rate of 1 mL/min at 25°C. To start the measurement, 100 pL of
the sample solution with a concentration of 1 mg/mL was injected onto
the columns, using an autosampler.

2.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a thermal analysis tech-
nique commonly used to investigate the thermal transitions and prop-
erties of polymeric materials. DSC analysis was performed using a
Mettler Toledo DSC 1. The DSC samples were cut by reducing the lateral
dimensions of the rectangular samples while retaining the sample
thickness of 2mm. Thus, the DSC measurements include both surface-
near and inner regions and provide a mass-normalized integral thermal
response across the sample thickness without resolving possible surface-
to-core gradients. Measurements were carried out using PA 6 sample
masses ranging from 4.838 to 9.978 mg [37]. The temperature ranged
from -80 °C to 250 °C using a heating and cooling rate of 10 K/min to
determine changes in thermal behavior associated with UV exposure.
The heat-flow signals were normalized by the respective sample mass
and are presented in W/g.

The degree of crystallinity was evaluated according to [38,39]

_ Ay,
Xe = MIOO 0, (l)

where AH,, denotes the measured melting enthalpy and AH? repre-
sents the melting enthalpy of a fully crystalline PA 6 reference. Here,
a value of AH? =230 Jg~! is adopted from the literature [40, p. 15].

2.4. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) is a common method for eval-
uating the thermoviscoelastic behavior of materials. In this study,
measurements were performed using a GABO Eplexor® 500N DMA
device in tension mode. The storage modulus E’, loss modulus E”,
and loss factor tan § were evaluated from the phase-shifted stress—strain
response under harmonic loading [41]

E = i—z cos(d), E" = 2—2 sin(6), tané = 2—,// ()]
Here, the quantities 4o, A¢, and § denote the stress amplitude, the strain
amplitude, and the phase shift, respectively.

The test parameters used within this work for the DMA measure-
ments in tension mode are summarized in Table 1. The selected temper-
ature range covers the glassy regime, the glass transition region, and the
rubbery regime of moisture-equilibrated PA 6 while remaining below
temperatures at which significant thermal degradation is expected.
During each frequency sweep, the temperature was held constant.
Between consecutive measurement temperatures, separated by 5K, the
temperature was increased at a rate of 1 K/min.
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Table 1
DMA test parameters for time and temperature-frequency sweeps of PA 6.

Test parameter Time sweep Temperature-frequency sweep

Static strain g, =0.1% g, =0.1%
Dynamic strain Ae = 0.05% Ae = 0.05%
Frequency f=5Hz f €10.5,50] Hz
Temperature 0 =23°C 6 € [-100,150]1°C

3. Thermoviscoelasticity — fundamentals
3.1. Time-temperature superposition (TTS)

When considering linear viscoelastic material behavior, the current
stress can be computed from the strain history via the Boltzmann
superposition integral

'
o(t) = / R( — s)é(s)ds, 3)
0

with the relaxation modulus R(r). This equation holds for temperature-
independent processes. For temperature-dependent problems of ther-
morheologically simple materials, the validity of the time-temperature
superposition (TTS) is often assumed, giving

t
o(t) =/ R(z(1) — z(s5))é(s)ds, “@
0
t
dw
=/ =¥ 5
(1) /0 PRTICD) ()
Y dw
= R AR 6
z(s) /0 PRTICD) (6)
If we consider a fixed temperature 6, the integral simplifies to
(=5,
o(t) = /0 R <‘19(9)> £(s)ds. (2]

This means that relaxation effects occur on a reduced time scale t/a,
depending on the temperature. For isothermal problems, the following
relation holds for the relaxation modulus

R(t,0) = R(t/ay, 0,o¢) = R (10081710290) g ) (8)

A change in temperature leads to a shift of the relaxation modulus
alongside the logarithmic time axis with respect to the relaxation
modulus given at a reference temperature 6,.. Thus, a, is called
(horizontal) shift function. Taking into account that the frequency has
the dimension of an inverse time, a similar relation holds for storage
and loss modulus,

EO(f,0) = EY(fay, 0,r) = EV (108 /41020 g 1) 9

In this case, the reduced frequency is given by fa,. The advantage of
TTS is that experiments at different temperatures and for limited time
(or frequency) ranges, by shifting, can be combined to master curves
with broader time (or frequency) ranges. For a more detailed discussion
of TTS, see, e.g., [42,43].

3.2. Extended time-temperature superposition

In some cases, TTS is not sufficient to model temperature-dependent
viscoelastic behavior of a polymer [44]. However, applying additional
vertical shifts alongside the logarithmic modulus axis can be a valid
extension of TTS, see [32,45] for PA 6. Then, the following relation
holds for storage and loss modulus

EO(f.0) = by EV(fag. brep). (10)
log EV(f,0) = log by + log E (10°8/+2a0 ¢ ). an

The temperature-dependent vertical shift function is denoted by b,.
The horizontal shift factor a, describes changes in the characteristic
frequency scale, whereas the vertical shift factor b, is introduced as
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an empirical factor to compensate for residual temperature-dependent
offsets in the modulus level after horizontal shifting. It provides a
phenomenological representation of combined temperature-dependent
effects that are not captured by a, and is not assigned to a distinct
physical mechanism. Since a common multiplicative change in the
storage and loss moduli cancels in their ratio, see Eq. (2), the vertical
shift does not affect the loss factor.

Accordingly, the extended TTS procedure described in [32,45] is
applied to the temperature-frequency sweeps considered in this work.
The horizontal and vertical shift factors are determined sequentially
from the loss factor and the storage modulus, respectively. First, a, is
determined from the loss factor to align the characteristic frequency
ranges. Subsequently, b, is determined from the storage modulus to
compensate for the residual offsets in the modulus level. Both shift
factors are computed using an arc length minimization method.

4. Results
4.1. Gel permeation chromatography (GPC) of PA 6 samples

Fig. 1 illustrates the molar mass characteristics of PA 6 before and
after artificial UV exposure, as obtained from GPC analysis. Fig. 1(a)
shows the molar mass distributions w(log M) for the different exposure
conditions. Fig. 1 (b—d) present the number-average molar mass M,,
the weight-average molar mass M,,, and the dispersity > = M,,/M,,.
Individual measurements are shown as symbols, and the horizontal
lines indicate the group median for each exposure condition.

As shown in Fig. 1(a), the normalized distributions reveal a slight
shift towards lower molar masses with increasing UV exposure time.
This trend is reflected in the characteristic molar mass parameters
shown in Fig. 1(b) and (c). Compared to the UV-unexposed samples, the
number-average molar mass M, decreases by approximately 5%-15%
after short-term UV exposure and by about 10%-18% after prolonged
exposure. The weight-average molar mass M,, shows a similar but
less pronounced decrease of about 3%-7% for short-term exposure
and 7%-12% for long-term exposure. The stronger decrease in M,
compared to M, in combination with the moderate increase in >
observed in Fig. 1(d), indicates the formation of low-molecular-weight
fragments. Such a trend is typically associated with chain scission
processes that occur during UV-induced degradation.

Although a progressive decrease in both M, and M,, is observed
with increasing UV exposure time, the absolute reductions remain
considerably smaller than the corresponding changes observed in the
macroscopic thermoviscoelastic response. Mild cross-linking cannot be
completely excluded based on the present data. However, since all
investigated samples remained fully soluble during GPC sample prepa-
ration and analysis, the absence of insoluble fractions suggests that net-
work formation most likely did not occur. Furthermore, the measured
molar mass distributions do not exhibit pronounced high-molecular-
weight tails or additional peaks that would indicate network formation.
Instead, the distributions shift gradually towards lower molar masses
with increasing UV exposure time.

4.2. Differential scanning calorimetry (DSC) of PA 6 samples

Figs. 2 to 4 present the results from DSC of PA 6 samples. DSC
thermograms were recorded at a heating and cooling rate of 10 K/min.
The curves show the specific heat flow as a function of temperature.
Each graph displays three thermal cycles: first heating (red curve),
cooling (blue curve), and second heating (green curve). The melting
and crystallization enthalpy, AH,,, and AH_, respectively, were obtained
by baseline correction followed by integration of the corresponding
peaks in the DSC thermograms.

The melting and crystallization peaks are clearly observable for all
samples under consideration. The thermograms of the first heating
exhibit variations in the melting peak shape with UV exposure, whereas
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the normalized melting enthalpy AH,, remains within a comparable
range for all exposure conditions (Figs. 2—-4). The peak shape variations
reflect differences in the distribution of melting transitions and may in-
dicate changes in the organization of the crystalline domains. However,
DSC does not resolve the underlying crystalline or lamellar morphol-
ogy, and the origin of these variations therefore cannot be identified
from the present measurements. The mean values for the melting
enthalpies during the second heating also remain within a comparable
range across the investigated exposure conditions (63.3 to 65.6 J/g).
Accordingly, the repeated measurements do not indicate a systematic
exposure time dependence of the difference between the first and
second heating cycles. The first heating reflects the thermal response
influenced by the crystalline structure established during processing
and conditioning and potentially modified during subsequent UV ex-
posure, whereas the second heating reflects the crystalline structure
formed during the preceding controlled cooling step after the initial
thermal history has been largely erased. This observation describes the
thermal response of the pre-existing and subsequently recrystallized
states but does not provide direct information on their crystalline
morphology. Additional information on repeated DSC measurements,
including the corresponding mean values and standard deviations of
the characteristic thermal quantities, is provided in Appendix B and
Table B.3.

With respect to crystallization upon cooling, the DSC thermograms
indicate that crystallization remains clearly observable for all investi-
gated exposure conditions. While individual measurements show slight
variations in the magnitude of the crystallization enthalpy AH_, the
repeated DSC measurements summarized in Appendix B and Table
B.3 indicate that these variations remain comparatively small. Thus,
UV exposure does not suppress crystallization upon cooling within the
investigated exposure range. The degree of crystallinity, based on DSC
data, shows only limited variation with UV exposure. Considering the
repeated measurements, the mean melting enthalpy during the first
heating cycle remained between 70.8 and 72.4J/g, while the mean
degree of crystallinity ranged from 30.8 to 31.5%. These comparatively
narrow ranges are consistent with the scatter observed across the
repeated measurements in Table B.3. Hence, the DSC results do not
indicate pronounced changes in the overall crystalline fraction of PA 6
due to UV exposure.

In addition to the melting and crystallization enthalpies discussed
above, Table 2 summarizes the melting temperature 6,, and degree
of crystallinity y. obtained from the first heating cycle, together with
the crystallization temperature 6, obtained during cooling. Both char-
acteristic temperatures remain nearly unchanged with increasing UV
exposure time.

While the glass transition temperature can in principle be estimated
from DSC measurements, its determination is comparatively sensitive
to the evaluation procedure because the associated baseline change
is weak and broad for the material under consideration. Since DMA
provides substantially higher sensitivity to segmental mobility and
glass-transition-related phenomena, this work primarily discusses glass
transition effects based on the DMA results presented in Section 4.3.

To summarize, according to the DSC results, UV aging affects the
thermal response of PA 6 without causing pronounced changes in
the characteristic thermal transition temperatures or the degree of
crystallinity. These observations suggest that the dominant UV-induced
modifications are not associated with substantial changes in the over-
all crystalline fraction. Possible structural changes may therefore be
related to more accessible polymer regions, such as amorphous or inter-
lamellar domains. The implications of these changes for the mechanical
response are addressed in the DMA analysis.

4.3. Dynamic mechanical analysis (DMA) of PA 6 samples
4.3.1. Time sweep

To assess the reproducibility of the DMA response, time sweep
measurements were performed on five samples for each investigated
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Fig. 1. Gel permeation chromatography (GPC) results of PA 6 before and after UV exposure. Numbers in parentheses denote the number of samples considered
for each exposure condition. (a) Molar mass distributions w(log M) obtained from GPC analysis. For visualization purposes, the molar mass distributions were
normalized such that [ w(log M)d(log M) = 1. The solid lines represent the median distributions of each exposure condition, while the shaded bands indicate the
range of individual measurements within the respective group. (b-d) Number-average molar mass M,, weight-average molar mass M,,, and dispersity b = M,,/M,,
of the investigated samples. Individual measurements are shown as symbols, and horizontal lines denote the group median. The numbers in parentheses indicate
the number of samples analyzed per condition.
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Fig. 2. DSC thermogram of PA 6 without UV exposure. The specific heat flow is shown as a function of temperature for three consecutive DSC cycles: first heating
(red), cooling (blue), and second heating (green). The hatched areas highlight the melting and crystallization peak regions. The melting peak during heating and
the crystallization peak during cooling are clearly visible. Measurements were performed in the temperature range from —80°C to 250°C using a heating and

cooling rate of 10K /min.
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Fig. 3. DSC thermograms of PA 6 after short-term UV exposure (30 days). The specific heat flow is shown as a function of temperature for three consecutive
DSC cycles (first heating, cooling, second heating). The hatched areas highlight the melting and crystallization peak regions. The characteristic melting and
crystallization peaks remain visible, while variations in the shape of the melting peak from the first heating are observed compared with the UV-unexposed

reference sample.
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Fig. 4. DSC thermograms of PA 6 after prolonged UV exposure (5 months). The specific heat flow is shown as a function of temperature for three consecutive
DSC cycles (first heating, cooling, second heating). The hatched areas highlight the melting and crystallization peak regions. Melting and crystallization peaks
remain visible for all cycles, while the first-heating melting peak exhibits a modified shape compared with the UV-unexposed reference.

Table 2

Melting temperature 6,, and degree of crystallinity y, obtained from the first
heating cycle, and crystallization temperature 6, obtained during cooling, for
the thermograms shown in Figs. 2-4.

Quantity UV-unexposed UV-aged (30d) UV-aged (5mo)
7 221°C 222°C 222°C
0, 191°C 191°C 192°C
Xe 31.4% 28.4% 32.5%

UV exposure condition. During these tests, temperature and frequency
were kept constant while the storage modulus was recorded over ten
consecutive measurement cycles. For each sample, the mean storage
modulus was calculated from the corresponding ten measurements.
The resulting sample-specific mean values were subsequently used to
assess the stability of the response and to quantify the sample-to-sample
variability. The parameters of the tests are summarized in Table 1.

In Fig. 5, the storage modulus for the individual samples is depicted.
Herein, each symbol represents the mean value of the ten measure-
ments for each sample. Per condition, five samples were tested. The
horizontal lines indicate the mean value and the vertical error bars
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Fig. 5. Storage modulus obtained from DMA time sweep tests at constant temperature and frequency. Each symbol represents the mean storage modulus of a single
sample, calculated from ten consecutive measurements during the time sweep test. Five samples were investigated for each exposure condition. The horizontal
lines indicate the mean storage modulus of the respective exposure condition, and the vertical error bars denote the standard deviation of the measurements
within each group. Short-term UV exposure (30 d) results in a pronounced increase in stiffness. In contrast, prolonged exposure (5 mo) leads to a decrease in

storage modulus compared to the unexposed reference.

denote the standard deviation within each exposure group. The mea-
surements reveal three characteristic stages of mechanical response: an
unexposed reference state, a stiffened state after short-term exposure
of about 30 days, and a mechanically degraded state after long-term
exposure of more than 5 months. For the unexposed samples, the mean
storage modulus of approximately 1300 MPa reflects the stiffness of
the material in its baseline state. The relatively small scatter indicates
a consistent mechanical response among the tested samples.

After short-term UV exposure, the storage modulus increases com-
pared to the UV-unexposed reference, reaching an average value of
approximately 2400 MPa. The observed stiffening may be associated
with changes in the semicrystalline morphology or mobility of amor-
phous regions. However, since no spatially resolved or spectroscopic
characterization was performed, the present results do not allow the
underlying structural contributions to be resolved directly.

With longer-term UV exposure, the storage modulus decreases again
to values of about 1100 MPa, corresponding to a reduction of approx-
imately 15% relative to the reference condition. In combination with
the molar mass reduction observed in GPC, the decrease in stiffness
might be indicative of chain scission becoming increasingly relevant
with prolonged irradiation time.

4.3.2. Temperature-frequency sweep

For thermoviscoelastic material characterization, the applied tem-
perature and loading frequency are varied, as summarized in Table 1.
The material response is typically described by the storage modulus,
the loss modulus, or the loss factor as a function of temperature.

Fig. 6 shows the storage modulus E’ as solid lines, and the loss
factor tan$ as dashed lines, both depicted over the temperature. For
clarity, only the material response at a frequency of 5 Hz is shown,
which represents a typical frequency within the investigated range.
Three environmental conditions are considered: samples without UV
exposure, with short-term UV exposure of 30 days, and longer-term UV
exposure of 5 months. All curves display the characteristic transitions
of semicrystalline PA 6: a glassy plateau at low temperatures (8 < 0°C),
a sharp drop in modulus around the glass transition region (6, =~
20 — 30°C for the moisture-equilibrated PA 6 considered in this study)
which is accompanied by a maximum in tané, and a rubbery plateau
at higher temperatures (6 > 80°C).

After short-term UV exposure, the storage modulus is approximately
25% higher in the glassy region compared to the unaged reference
sample. This increase in stiffness occurs despite only comparatively
small changes in the molecular and thermal quantities obtained from

GPC and DSC. In agreement with the DSC results presented in the
previous section, the overall crystallinity remains largely preserved,
indicating that the observed stiffening cannot be directly attributed
to substantial changes in the crystalline fraction alone. Regarding the
loss factor, the peak value is slightly lower for the UV-aged sample
compared to the reference and shifted towards lower temperatures by
about 10K.

In contrast, prolonged UV exposure leads to a reduction of E’ over
the temperature. The loss factor remains nearly comparable to the
reference state with respect to shape and magnitude but is only shifted
by a few Kelvin towards higher temperatures. In combination with the
reduction in molar mass observed by GPC, the decrease in stiffness
is consistent with chain scission becoming increasingly relevant with
prolonged UV exposure.

4.4. Master curves from temperature-frequency sweeps

The time-temperature superposition (TTS) principle was applied to
temperature-frequency sweep data, presented in the previous section.
This approach enables the creation of master curves that describe the
thermoviscoelastic response over several decades of frequency. The de-
tailed algorithm used for the horizontal and vertical shifting procedure
has been described previously by [32], and the same methodology is
applied here.

As already observed in [32,45], for PA 6, TTS is applicable in a
limited range of temperatures and frequencies. Although the frequency
sweeps were performed from 0.5 to 50 Hz, including frequencies above
10.8 Hz did not result in a consistent superposition of the isothermal
data for all investigated UV exposure conditions. Therefore, the master
curves were constructed using a frequency range from 0.5 to 10.8 Hz
and a temperature range from 0 °C to 60 °C, allowing a consistent
comparison between the different exposure conditions. The stepwise
construction of a master curve is shown exemplarily in Fig. 7 for
the sample that was not exposed to UV radiation. The dotted curves
represent the original DMA measurements obtained at different temper-
atures (initial state), where the color scale indicates the corresponding
temperature. Starting from the initial state, the datasets are shifted
horizontally on the basis of the loss factor (step I). However, systematic
temperature-dependent offsets remain between the storage modulus
datasets for all investigated UV exposure conditions, as shown in Figs.
7, A.10 and A.11. For semicrystalline PA 6, such offsets may arise from
the different temperature dependencies of the amorphous and crys-
talline contributions to the effective modulus. Since these contributions
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Fig. 6. Temperature-dependent DMA response of PA 6 under different UV exposure conditions. The storage modulus E’ (solid lines) and the loss factor tané
(dashed lines) are shown as a function of temperature at a loading frequency of 5 Hz. All curves exhibit the characteristic viscoelastic transitions of semicrystalline
PA 6, including the glassy plateau at low temperatures, the glass transition region marked by a peak in tang, and the rubbery regime at higher temperatures.
Short-term UV exposure (30 d) results in an increased storage modulus over a wide temperature range and a shift of the tané peak towards lower temperatures.
In contrast, prolonged UV exposure (5mo) leads to a reduction in storage modulus, while the loss factor remains largely comparable to the unexposed reference
with respect to shape and magnitude but is shifted by a few Kelvin towards higher temperatures.

cannot be separated based on the present measurements, b, is applied
in step II as an empirical correction for the remaining offsets. Thus,
the measured response is not represented by horizontal TTS alone. For
all samples, the reference temperature is set to 25 °C. Fig. 8 shows
the obtained master curves of storage and loss modulus for the three
UV aging states, as well as those of the loss factor. The corresponding
horizontal and vertical shift factors are plotted in Fig. 9.

From the plots, the following observations can be made. First, it
should be noted that the shift factors of the samples with 73, =30d
and ry;y = 5 mo at 20 °C appear to be outliers, see Fig. 9. A plausible
explanation is that the curve segments at 20°C and 25°C are located
near the maximum of the loss factor, where the determination of
unique shift factors becomes increasingly sensitive. Possible errors in
the horizontal shift then directly influence the vertical shift, leading
to outliers in the corresponding plot. At the reference temperature
(25°Q), all shift factors are by definition equal to one. Nevertheless, the
observed deviation is restricted to a narrow temperature range around
the maximum of the loss factor and does not affect the overall trend of
the shift factors or the resulting master curves.

Below the glass transition, the shift factors for all three conditions
show no substantial differences. In this range, the master curves of
the sample not subjected to UV and the sample with ¢y = 30 d differ
mainly in terms of a vertical shift, i.e. the master curves of the loss
factor overlap, while the master curves of the moduli differ in terms
of an offset in the vertical direction, see Fig. 8. When comparing
the sample not subjected to UV and the sample with r;y =5 mo, the
difference between the master curves of both modulus and loss factor
is given by horizontal shifts.

The horizontal shift between the sample not subjected to UV and
the sample with 7;y =5 mo is also present above the glass transition
temperature up to 50 °C. In contrast, the difference between the sample
that was not subjected to UV and the sample with 7y =30 d can no
longer be represented by a shift in this range as the curve shapes differ.

Regarding the thermoviscoelastic response of PA 6 and the influence
of UV exposure, the following conclusions can be drawn.

+ Short-term UV exposure (30 d): The master curves exhibit an
elevated modulus level accompanied by a reduced loss factor.
This indicates a stiffer viscoelastic response. Furthermore, at low
reduced frequencies corresponding to temperatures above the
glass transition, the curve shapes differ which indicates changes in

the relaxation behavior that cannot be represented by horizontal
and vertical shifting.

Long-term UV exposure (5 mo): The difference compared to
the unexposed state is mainly given by a horizontal shift. This
indicates a time shift in the effective relaxation behavior while
its shape remains similar.

Applicability of TTS: Extended time-temperature superposition
is limited to the investigated temperature and frequency range.
Outside this range, smooth master curves of both storage modulus
and loss factor cannot be obtained by horizontal and vertical
shifting.

4.5. Discussion of results

Based on the molecular, thermal, and effective thermoviscoelastic
responses obtained from GPC, DSC, and DMA, two distinct stages are
observed in the UV-induced aging of PA 6.

During the initial stage, GPC reveals only minor reductions in
number- and weight-average molar mass, while DSC indicates no sub-
stantial change in crystallinity. At the same time, DMA measurements
show a pronounced increase in stiffness, particularly in the glassy
regime, accompanied by a reduced loss factor. The comparatively
small changes in molar mass detected by GPC and in crystallinity
determined from the thickness-integrated DSC measurements contrast
with the pronounced change in effective stiffness. Since the methods
characterize different sample volumes and the surface-to-core gradient
is not resolved, these observations are compared qualitatively. Possible
contributing factors discussed in the literature include physical aging,
local moisture variations, residual-stress relaxation, or surface-localized
oxidation effects, although the present measurements do not allow
these contributions to be resolved individually.

With long-term UV exposure, the measured decrease in molar mass
is consistent with chain scission becoming increasingly relevant. This
decrease is accompanied by reduced stiffness and a shift in the thermo-
viscoelastic response. At the same time, DSC suggests that the overall
crystallinity remains comparatively stable, indicating that the observed
change of the thermoviscoelastic response cannot be attributed solely
to changes in crystalline fraction.

A combined evaluation of the GPC, DSC, and DMA results shows
that the applied characterization techniques provide complementary in-
formation on the molecular, thermal, and thermoviscoelastic response
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Fig. 7.

Illustration of the master curve construction based on DMA temperature-frequency sweep data. The dotted curves represent the original, unshifted

measurements obtained at different temperatures, where the color indicates the test temperature ranging from 0°C (blue) to 60°C (red). In a first step (Step 1),
the individual datasets are shifted horizontally along the frequency axis according to the TTS principle. Since horizontal shifting alone does not yield a smooth
master curve for the storage modulus, an additional vertical shift is applied in a second step (Step II). The resulting aligned datasets form the continuous master

curve using 25°C as reference temperature.

of PA 6. The observed differences between the molecular, thermal, and
thermoviscoelastic responses illustrate the complexity of UV-induced
aging and underline the value of a combined experimental charac-
terization. While the present measurements do not directly resolve
local degradation processes, the combined observations capture the
transition from initial stiffening to long-term changes in the viscoelastic
response.

5. Summary and conclusion

The present study shows that UV exposure leads to a time-dependent
and non-monotonic evolution of the thermoviscoelastic response of
moisture-equilibrated PA 6. While short-term exposure is associated
with pronounced stiffening, prolonged exposure results in a shift of
the thermoviscoelastic material response. The combined application
of GPC, DSC, and DMA provides complementary information on the
molecular, thermal, and thermoviscoelastic behavior of the material.
Taken together, the results indicate that different characterization tech-
niques capture different aspects of the UV-induced material changes
and therefore provide distinct information for their assessment. Beyond

the changes in modulus level, the master curve analysis based on ex-
tended time-temperature superposition indicates that UV-induced ag-
ing also affects the effective relaxation behavior within the investigated
temperature-frequency range.

At the same time, the present results do not allow a unique iden-
tification of the underlying structural mechanisms. In particular, the
applied integral characterization techniques do not resolve local mi-
crostructural changes or the spatial distribution of UV-induced degra-
dation, which is expected to be predominantly surface-localized in the
investigated samples. Future studies should therefore complement the
present integral characterization with position-resolved spectroscopic
measurements to identify thickness-dependent chemical changes and
with WAXS and SAXS measurements to characterize crystal structure
and lamellar organization, respectively. Such complementary investi-
gations may provide further insight into the mechanisms underlying
the observed transition from initial stiffening to long-term changes in
relaxation behavior.

The presented results highlight the value of considering molecular,
thermal, and thermoviscoelastic observations jointly when assessing
UV-induced aging effects in PA 6. Such a combined perspective may
be relevant for the development and validation of material models
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intended to describe long-term material behavior under environmental
exposure.
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Appendix A. Master curves

In Figs. A.10 and A.11, the master curves resulting from horizontal
and vertical shifting are depicted. Here, the temperature of 25 °C is
considered as reference temperature for the shifting procedure.

Appendix B. Repeated DSC measurements

To provide additional information regarding the repeated DSC mea-
surements, Table B.3 summarizes the characteristic thermal quantities
obtained for the investigated exposure conditions. The table reports the
corresponding mean values and standard deviations and thereby docu-
ments the scatter observed between individual measurements. For the
UV-unexposed condition, two measurements were available, whereas
six and four measurements were available for the UV-aged (30d) and
UV-aged (5mo) conditions, respectively.
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Mean values and corresponding standard deviations obtained from repeated
DSC measurements of the UV-unexposed (n = 2), UV-aged (30d, n = 6), and
UV-aged (5mo, n = 4) samples. Thermal quantities are reported as mean +
standard deviation, whereas sample masses are reported as the range of the
individual measurements. The subscripts 1 and 2 denote values obtained from
the first and second heating cycles, respectively. The melting temperature 6,,
refers to the first heating cycle, whereas 6, refers to the cooling cycle.

Quantity UV-unexposed UV-aged (30d) UV-aged (5mo)
AH,, in J/g 72.4 + 0.3 724 +4.1 70.8 £2.6
AH, in J/g 63.7 + 2.8 65.6 +12.6 63.3 +14.1

AH,_ in J/g —69.1 + 0.3 =704 £ 1.1 =70.5 +2.2

0, in °C 2229 + 1.6 222.8 +0.9 2224 +0.7

6. in °C 191.6 + 0.8 191.7 £0.3 1922 + 0.4

X in % 31.5 + 0.1 315 £1.8 308 £1.1

Yoo iIn % 27.7 + 1.2 285 £54 27.5 £6.1

Mass range in mg 6.028-9.702 4.838-9.978 5.115-6.950

Data availability

Data will be made available on request.
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