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Abstract
Fused filament fabrication is among the most widely used 3D printing techniques, that allows to
create complex devices from a continuous filament of a polymeric material. This adaptable
technique has garnered considerable interest for the development of components functioning
under severe radiation environments, including particle accelerators and nuclear reactors. In this
work, we evaluated the radiation effects on several categories of commercial printing materials,
namely the poly(lactic acid) (PLA), the acrylonitrile butadiene styrene (ABS), and a thermoplastic
elastomer (TPE). Printing filaments have been exposed to x-rays (up to 160 keV) at 0.60Gy s−1,
from 45 kGy to 2MGy. The results from tensile tests, thermal analyses (differential scanning
calorimetry, thermogravimetric analysis, dynamic mechanical thermal analysis), and spectroscopy
tests (Fourier transform infrared spectroscopy and Raman analysis) reveal a dose-dependent
degradation of material properties, predominantly affecting mechanical properties rather than
chemical and thermal ones. The PLA shows the lowest radiation tolerance among the three,
dramatically decreasing the tensile strength above 100 kGy, while TPE and ABS reach a comparable
mechanical degradation after 1MGy and 2MGy, respectively. Radiation-induced effects are
investigated, and the degradation is primarily attributed to chain scission as the principal damage
mechanism.

1. Introduction

Polymeric materials for 3D printing are of increasing interest for the realisation of components operating in
extreme radiation conditions, such as particle accelerators, nuclear facilities and repositories for radioactive
waste [1, 2], medical field and FLASH therapy [3–5], and space missions [6, 7]. For this reason, radiation
effects on several categories of commercial printing materials must be evaluated.

The effect of radiation on polymers depends on various parameters, such as the dose level, the irradiation
temperature, the dose rate, and the oxygenation of the sample [8, 9]. The irradiation induces excitations and
ionisations of the polymer chains, leading to the formation of free radicals and ions that react, resulting in
cross-linking and/or chain scission. The two competing dynamics occur simultaneously, and one is usually
dominant depending on the specific polymer and on the irradiation conditions. Cross-linking is related to
the formation of new bonds in between the polymer chains, typically leading to an increase of the elastic
modulus and strength and to embrittlement of the material. On the contrary, chain scission leads to a
reduction in molecular weight and consequent degradation of the mechanical properties of the polymer,
usually losing in strength and elongation at break [8, 10].

© 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/2515-7639/addb7d
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7639/addb7d&domain=pdf&date_stamp=2025-5-29
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8322-2973
https://orcid.org/0000-0002-2447-9365
https://orcid.org/0000-0003-0333-448X
https://orcid.org/0000-0003-2390-8495
https://orcid.org/0000-0001-7478-239X
https://orcid.org/0000-0002-9804-8971
mailto:davide.pagano@unibs.it


J. Phys. Mater. 8 (2025) 035003 L Sostero et al

To the best of our knowledge, the studies on the effect of ionising radiation on polymers for 3D printing
are limited to the effect of high energy (>1MeV) photons irradiation at a dose rate ranging from 0.1 to
150 kGy h−1 [6, 10–18], or to 2.5–10MeV e-beam irradiation up to 200 kGy [10, 15, 19, 20]. Moreover, the
existing literature on radiation effects in these materials primarily focuses on printed samples. However, as in
space applications, for example, the filament may also be exposed to radiation before the printing process.
Crucially, the effects on the raw material must be thoroughly assessed, since they reflect the key consequences
of irradiation on the printed item. Therefore, a new research activity is being developed to broaden the
available knowledge about radiation effects on popular 3D printing materials used for fused filament
fabrication, namely the poly(lactic acid) (PLA), the acrylonitrile butadiene styrene (ABS), and a
thermoplastic elastomer (TPE).

Printing filaments have been exposed to x-rays (up to 160 keV) at 0.60Gy s−1 (2.16 kGy h−1), from
45 kGy[H2O] to 2MGy[H2O], that are typical dose rate and doses reached in extreme radiation
environments such as the ones generated by particle accelerators and fusion facilities [21].

In the following, we show the changes in a selection of properties for the irradiated materials as a
function of the dose. The irradiations were performed at the Hubert Curien Laboratory (LabHC) in
Saint-Etienne (France), and sample characterisations were jointly performed at LabHC and at the Materials
Science and Technology Laboratory of the University of Brescia (Italy). The performed multi-scale
investigations include thermal, mechanical and spectroscopical analyses, more precisely the
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), dynamic mechanical thermal
analysis (DMTA), tensile test, Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy,
aiming at finding correlations between structural and macroscopic radiation effects.

2. Method

The effects of radiations on 3D printing materials were explored on raw printing filaments of three different
materials: PLA (Raise3D Premium, Irvine, CA, USA), ABS (Raise3D Premium ABS, Irvine, CA, USA), and
TPE (Bioflex produced by Filoalfa and purchased by Maip Compounding S.r.l., Torino, Italy). PLA is a
semi-crystalline polymer [22] which is known for its biodegradability and low distortion level during
printing, although it has low mechanical properties and low thermal conductivity [23]. ABS is an amorphous
material [24] and it is not considered biodegradable, but it is widely used for its high mechanical properties
and chemical resistance [23]. Finally, TPE is a TPE, which is reported to have a segmented structure,
composed by two distinct semicrystalline phases [25]. TPE has unique rubber like elasticity, good chemical
and solvent resistance, and it is a recyclable material [26].

Samples are shown in figure 1(a) and have a nominal diameter of 1.75mm. The segments of 10 cm length
are prepared for tensile tests and the 3 cm long ones for the other analyses.

2.1. Sample irradiation
The irradiations were performed at the LabHC using commercial x-ray tubes operating at a voltage of
160 kV, and figure 1(b) shows the experimental setup. The dose rate in correspondence to the irradiation
positions was measured on a grid of points using a PTW 23 344 compact ionisation chamber—which
provides a dose rate to water value—shielded by 1.5mm of aluminium to reproduce the same irradiation
conditions of samples. Surface dose homogeneity in the irradiation position is limited to± 15%.

Knowing the material of the target in the x-ray tube (tungsten), the anode angle (30◦), and the inherent
filtration (4mm of beryllium), the energy spectrum of x-rays emitted by the tube can be estimated using
SpekPy v2.0 [27], and it is shown in figure 2(a).

In the experimental setup, samples are placed below an aluminium foil 1.5mm thick: this filter hardens
the spectrum by strongly attenuating photons up to (approximately) 30 keV, as shown in figure 2(a), which
would cause a non-negligible dose inhomogeneity in the sample due to their attenuation in the sample
thickness. Dose homogeneity is improved at the expense of the dose rate absorbed by the sample, which is
reduced by almost a factor of ten in comparison to the unfiltered scenario. Dose-depth curves in the two
conditions are reported in figure 2(b). These dose profiles were estimated using Monte Carlo simulations
realised by PHITS [28]: the dose was computed in 15 slices of a cylinder of water of 1.75mm diameter and
30mm length, exposed to an isotropic source of x-rays, and energy spectrum as figure 2(a).

The irradiated samples have been exposed to a dose rate of 0.60Gy s−1 (2.16 kGy h−1), and doses ranging
from 45 kGy to 2MGy, as reported in table 1. Irradiations were performed at monitored room temperature,
and the selected dose rate does not lead to a considerable sample heating. In the present work, all the
reported dose values refer to dose to water.
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Figure 1. (a) Raw printing filaments in ABS (black colour) and PLA (white colour), (b) irradiation setup.

Figure 2. (a) X-ray energy spectrum from SpekPy [27] and (b) dose profiles in water estimated using PHITS, with and without a
1.5mm thick aluminium filter.

2.2. Tensile test
The mechanical properties of filaments before and after irradiation were evaluated under tensile conditions
at room temperature, by means of an electromechanical dynamometer (model 3366, Instron, MA, US). A
crosshead speed of 50mmmin−1 and a gauge length of 60mm were adopted (strain rate of 0.83min−1). For
each material and each dose investigated, tests were repeated on 5 samples. The results were expressed in
terms of nominal stress (σ) versus strain (ϵ) curves. From these curves, the following properties were
obtained: the Young’s modulus (E), evaluated as the initial slope of the curves; the tensile strength (TS),
evaluated as the maximum stress (corresponding to the yield point for specimens showing ductile failure and
to the ultimate stress for those showing brittle failure); the strain at break (ϵb). For specimens that could not
reach failure during the tests, it is only possible to indicate that TS and ϵb are higher than the last recorded
values.
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2.3. Thermal tests
The non-irradiated and irradiated specimens were subjected to various thermal and thermo-mechanical
characterisations: DSC; TGA; DMTA.

2.3.1. DSC
DSC analyses were carried out by means of a DSC Q100 calorimeter (TA Instruments, New Castle, DE, US)
under nitrogen atmosphere (50mlmin−1). Samples of about 10mg were cut from filaments in their pristine
condition and after irradiation. The following thermal program was applied: (i) heating from−80 ◦C to
280 ◦C at 10 ◦Cmin−1; (ii) cooling from 128 ◦C to−80◦C at 10 ◦Cmin−1; (iii) heating from−80 ◦C to
280 ◦C at 10 ◦Cmin−1.

2.3.2. TGA
TGA was performed on samples of about 10mg cut from filaments in their pristine condition and after
irradiation, by means of a TGA Q500 analyser (TA Instruments New Castle, DE, US). A heating ramp from
room temperature to 700 ◦C at 10 ◦Cmin−1 was applied.

2.3.3. DMTA
DMTA was carried out by means of a DMA Q800 analyser (TA Instruments New Castle, DE, US) on small
rods cut from the filaments in the pristine condition and after irradiation (overall length: 30mm ca.; gauge
length: 15mm ca.). Irradiated PLA could not be tested because of excessive embrittlement caused by
irradiation. ABS and TPE specimens were tested under dynamic tensile configuration with an applied
displacement amplitude equal to 15µm and a frequency of 1Hz, while heating them at 3 ◦Cmin−1 through
a temperature range depending on the specific polymer. The initial temperature (room temperature for ABS;
−40 ◦C for TPE) was selected so to start the analyses below the glass transition temperature of the material,
while the end of the tests occurred when the specimens elongated above the maximum length allowed by the
analyser as, at high temperature, the early stage of the flow regime was approached.

2.4. Spectroscopy tests
FTIR analysis was performed by means of a Thermo Scientific, Nicolet iS50 FTIR spectrophotometer
(Thermo Fisher Scientific, Madison, WI, US) equipped with a PIKE MIRacle attenuated total reflectance
attachment. The spectra were recorded over a range of 600–4000 cm−1. Raman analysis was performed using
an inVia Qontor microscope (Renishaw plc, UK) and a laser wavelength of 442 nm. The spectra were
recorded over a range of 500–3500 cm−1. For Raman analysis, samples were cut perpendicular to the sample
axis, and the analysis was performed at three points along the radius of the filament on the cutting plane
(near the surface, near the centre of the filament and at an intermediate point).

3. Results

3.1. Tensile test results
The mechanical properties of PLA, ABS, and TPE filaments before and after irradiation were evaluated by
tensile tests. Figures 3–5 present a selection of stress–strain curves and optical microscope images of the
specimens taken at the end of the experiments, highlighting the progressive radiation-induced effect on the
mechanical response of the materials. Table 1 shows the tensile properties of the filaments for all the
conditions under investigation, ranging from no irradiation to such a high dose that the material becomes
too brittle to be clamped and tested at the dynamometer; more specifically, for each material and dose, it
reports the measured values of Young’s modulus (E), TS, and strain at break (ϵb).

The PLA filament exhibits a remarkable degradation of the mechanical properties after irradiation. For
the pristine material, PLA stress–strain curves (figure 3(a)) show a transition from an initial linear elastic
response to a stress peak followed by a plateau, indicating the accumulation of plastic deformation. During
the latter phase, the specimen forms a neck that becomes progressively thinner until it breaks, as clearly
visible in figures 3(c) and (f). By contrast, even at the lowest explored dose (45 kGy) the specimens are
severely embrittled, as shown by the stress–strain curves (figure 3(b)) and by the appearance of the samples
after failure (see the absence of necking or other clear signs of yielding in figures 3(d) and (f)). E and TS are
reduced by about 15%–20% in comparison to the non-irradiated value, while ϵb decreases by almost one
order of magnitude, as reported in table 1. When the dose is increased (144 kGy, see figures 3(e) and (f)), the
material embrittlement is so strong that the specimens break while trying to clamp them.

The tensile properties of the ABS filament present negligible changes for dose values up to 300 kGy,
whereas significant alterations are measured at the highest doses (1–2MGy). The stress–strain curves of the
specimens irradiated at 292 kGy (figure 4(b)) are comparable to those of the pristine material (figure 4(a)),
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Table 1.Mechanical properties under tension for PLA, ABS, and TPE filaments tested in their pristine condition and after irradiation
with various dose values: Young’s modulus (E), tensile strength (TS), and strain at break (ϵb).

Filament Dose (kGy) E (MPa) TS (MPa) ϵb (%)

PLA
0 1960± 160 53.2± 0.6 33± 16
45 1580± 200 45.5± 0.4 4.5± 0.3
144 n.a. (too brittle to be tested)

ABS

0 1470± 100 46.0± 0.2 31± 10
45 1560± 90 43.5± 0.5 24± 4
100 1620± 190 43.6± 1.1 12± 7
139 1460± 200 43.7± 0.8 32± 10
168 1520± 50 47.1± 0.3 26± 9
251 1680± 50 47.6± 0.7 15± 3
292 1470± 180 44.8± 0.2 21± 9
992 1630± 250 30.1± 8.2 2± 1
1900 n.a. (too brittle to be tested)

TPE

0 33.3± 1.4 > 12a > 800a

45 31.9± 1.6 > 12a > 800a

100 32.6± 1.4 > 12a > 800a

139 29.3± 0.6 > 12a > 800a

168 33.1± 1.0 > 12a > 800a

251 30.8± 1.0 6.4± 0.3 250± 50
292 27.8± 0.7 4.0± 0.1 43± 3
910 n.a. (too brittle to be tested)
992 20.8± 0.3 2.2± 0.1 35± 3

a failure could not be reached

showing a ductile behaviour with a linear elastic region until the characteristic yield stress peak, followed by a
strain-softening region and a final plateau. By visual inspection, the broken specimens present multiple white
marks perpendicular to the load direction (figure 4(g)), which can be ascribed to yielding phenomena. The
more ductile the behaviour, the more these white marks extend throughout the whole cross-section of the
specimens; in fact, the fractured surface of non-irradiated ABS has completely changed colour (figure 4(d)),
while that of ABS irradiated with 292 kGy (figure 4(e)) is not fully white. On the other hand, at a dose of
about 1MGy (992 kGy, see figures 4(e)–(g)) the ductility of the ABS filament is compromised, exhibiting
stress–strain curves that are typical of brittle materials and no signs of yielding (see figure 4(c)). Finally, the
dramatic embrittlement observed in ABS after a dose of 1900 kGy prevents the possibility of testing the
specimens, due to damages created during clamping.

In order to better quantify the described effects, the values of E, TS and ϵb in table 1 can be compared.
Irradiation up to 300 kGy causes no significant alterations with respect to the properties of the pristine
filament. A slight decrease of ϵb may occur, but the values remain overall comparable, given the high values
found for the standard deviation. At a higher dose of 1MGy, TS is reduced by about one third and ϵb by
about one order of magnitude with respect to the corresponding initial values, while E remains constant.

Finally, the effects of x-rays on the mechanical properties of the TPE filament can be observed for dose
values of 250 kGy and higher. It is noteworthy that, for lower dose values, the TPE is able to be deformed at
strain values exceeding 800%, without fracture. The test could not continue at higher strain values due to
difficulties in keeping the specimen adequately gripped. The stress–strain curves show a nonlinear elastic
behaviour with a first region with higher slope followed by a knee that marks the transition to a second
region with lower slope (figure 5(a)). The specimen surface appears smooth both before and after testing
(figure 5(d)). For doses around 250–300 kGy, the curves present a similar shape, (figure 5(b)), but eventually
the specimens are observed to break, starting from cracks that seem to initiate on the surface, so lower strain
values are reported. Some of these cracks can be identified on the surface of the tested specimens (figure 5(f)),
whereas no cracks are visible at the optical microscope after irradiation before testing (see figure 5(e)).
Conversely, specimens irradiated with a dose approaching 1MGy exhibit a visible repetitive pattern of cracks
even after irradiation but before testing (see figure 5(g)), and they break at remarkably lower values of stress
and strain (figure 5(c)). Moreover, it is possible to recognise a less shiny outer portion in the cross-sections of
the specimens that reached failure, as a further marker of the location where cracks initiate (figure 5(i)).
Though the appearance of pores and cracks on irradiated elastomers has been reported in literature for some
rubbers exposed to high dose [29], the peculiar pattern here observed is hypothetically ascribed to a
combined effect of irradiation and residual stresses accumulated in the filament during its production.
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Figure 3. Tensile test results for PLA filaments tested in their pristine condition and after irradiation with different dose values,
selected so to highlight the progressive embrittlement induced by x-rays: (a) and (b) stress–strain curves (each curve corresponds
to one of the five samples exposed to the same dose); (c)–(f) optical microscope images of the specimens after the tests. Tensile
test on the samples irradiated at 144 kGy was not possible.

Further details on the evolution of the TPE stiffness, strength, and ductility are provided in table 1. No
significant changes in E are observed for dose values up to at least 250 kGy, and the stiffness reduction
measured at higher doses is likely to be ascribed to the remarkable alteration in the specimen shape when
cracks are clearly visible. On the other hand, a progressive decrease in TS and ϵb is well manifest as more dose
is absorbed. Specimens irradiated at dose values below 200 kGy reach stress values exceeding 12MPa and
strain values above 800%, whereas at a dose of 250 kGy TS falls below 6MPa and ϵb below 250%. At higher
doses further damage is reported, until, at doses approaching 1MGy, specimens may become too brittle to be
tested. Here, the batches of specimens irradiated with 910 kGy and with 992 kGy were both extremely
embrittled, and only the latter could be tested (TS≈ 2MPa; ϵb ≈ 35%).

3.2. Results of the thermal and thermo-mechanical characterisation
A complete thermal characterisation, including DSC, TGA, and DMTA on both non-irradiated and
irradiated specimens, was conducted to integrate the knowledge of material changes due to irradiation. Each
technique aimed at elucidating possible variations in the characteristic signals of the examined filaments:
specifically, DSC sought to identify changes in the materials characteristic temperatures (glass transition
temperature, Tg; melting temperature, Tm; cold crystallisation temperature, Tcc) and melting enthalpy
(∆Hm); TGA aimed to evidence variations in the overall thermal degradation process, focusing on the onset
and peak temperatures (Tonset and Tpeak, respectively); finally, DMTA was conducted to reveal potential
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Figure 4. Tensile test results for ABS filaments tested in their pristine condition and after irradiation with different dose values,
selected so to highlight the progressive embrittlement induced by x-rays: (a)–(c) stress–strain curves (each curve corresponds to
one of the five samples exposed to the same dose); (d)–(g) optical microscope images of the specimens after the tests.

differences in the material’s mechanical response as a function of temperature, including alterations in the
glass transition temperature and variations in mechanical properties across the glassy, transition, rubbery,
and flow regimes.

The outcomes of DSC and TGA analyses on PLA are presented in figures 6(a) and (b), respectively;
DMTA could not be performed on irradiated PLA since specimens consistently fractured when secured in
the analyser’s tensile grips. Despite the significant mechanical embrittlement observed in the PLA specimens
investigated, thermal examination provides minimal insights on alterations in these semicrystalline systems.
The DSC results, presented here as second heating scans, indicate that non-irradiated and mildly irradiated
(45 kGy) specimens exhibit analogous behaviour as the temperature rises, experiencing initial
recrystallisation followed by melting, with comparable values for the glass transition temperature (Tg), cold
crystallisation temperature (Tcc), and melting temperature (Tm, determined at the highest endothermal
peak), as detailed in table 2. Only the system irradiated at the highest dose (144 kGy) exhibited significant
variations, consisting of a reduction in Tg of almost 20 ◦C and in Tm of about 10 ◦C, a modest decline in
crystallinity (as suggested by the slight decrease in∆Hm), and the absence of the cold crystallisation peak.
TGA traces indicate a minimal decrease in the temperature at which degradation initiates (Tonset in table 2),
correlating with the absorbed dose; however, the overall degradation process and the peak temperature,
Tpeak, remain substantially unchanged.

DSC and TGA traces provide minimal insights into the structural evolution of ABS, as illustrated in
figures 7(a) and (b), respectively. The DSC curves are those typical of an amorphous polymer and remain
almost unchanged, and the glass transition temperature appears to be unaffected by radiation, as shown in
table 3. Analogous to the observations made for PLA, the TGA curves indicate that the degradation process
remains mainly unaltered upon irradiation; no significant variations are found for doses up to 300 kGy,
whereas a slight decrease of both the onset and peak temperature of the degradation process is observed for
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Figure 5. Tensile test results for TPE filaments tested in their pristine condition and after irradiation with different dose values,
selected so to highlight the progressive embrittlement induced by x-rays (each curve corresponds to one of the five samples
exposed to the same dose): (a)–(c) stress–strain curves; (d)–(g) optical microscope images of the specimens after the tests.

Figure 6. (a) DSC traces (second heating scan) and (b) TGA traces of PLA specimens, non-irradiated and subjected to various
x-ray doses.

the most irradiated systems (990 kGy and 1990 kGy), the reduction being more pronounced as the dose
increases (table 3).

The storage modulus curves of ABS filaments, obtained by DMTA and presented in figure 7(c),
encompass the whole evolution of the mechanical behaviour of the material as the temperature increases.

8
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Table 2. Effect of the irradiation condition on DSC results (from second heating scan) and TGA results for variously irradiated PLA
specimens.

DSC (2nd heating scan) TGA

Dose (kGy) Tg (
◦C) Tcc (

◦C) Tm (◦C) ∆Hm (J g−1) Tonset (
◦C) Tpeak (

◦C)

0 57.4 104 152.7 28.51 309.8 366.9
45 56.4 101.4 151.5 27.79 305.6 366.9
144 39.4 — 141 26.67 300 366.4

Table 3. Effect of the irradiation condition on DSC (from second heating scan), TGA and DMTA results for non-irradiated and
variously irradiated ABS specimens (∗: could not be tested due to severe embrittlement).

DSC (2nd heating scan) TGA DMTA

Dose (kGy) Tg (
◦C) Tonset (

◦C) Tpeak (
◦C) Tflow (◦C)

0 97.5 354.6 415.4 205
45 102.1 359.1 417.8 195
100 98.7 353.7 413.7 190
139 97.9 349.3 411.8 181
168 99.3 354.2 413.8 179
251 98.8 350.8 414.6 173
292 97.6 357.4 416.9 179
992 101.7 343.7 409.3 171
1900 101.6 324.2 403.2 -∗

Figure 7. (a) DSC traces (2nd heating scan), (b) TGA traces, and (c) DMTA storage modulus traces for ABS specimens,
non-irradiated and subjected to various x-ray doses.

9



J.P
hys.

M
ater.8

(2025)
035003

L
Sostero

etal

Table 4. Effect of the irradiation condition on DSC (from first and second heating scans), TGA and DMTA results for non-irradiated and variously irradiated TPE specimens.

DSC

TGA DMTA1st heating scan 2nd heating scan

Dose (kGy) Texo (
◦C) ∆Hexo (J g

−1) Tm1 (
◦C) ∆Hm1 (J g

−1) Tm2 (
◦C) ∆Hm2 (J g

−1) Tonset (
◦C) Tpeak (

◦C) Tflow (◦C)

0 236.5 13.3 5.7 18.6 189.3 11.9 212.2 350.9 159
45 222.3 10.5 8.5 16.7 189.9 11.3 200.2 341.4 159
100 213.9 5.3 11.2 18.7 191 10.6 177.4 378.4 158
139 185.5 4.9 11 18.8 188.6 9.9 167.5 367.7 154
168 187.4 12.1 14.5 22.4 190.4 13.4 163.7 359.1 152
251 169.7 40.2 13.7 23.2 186.8 14.3 152.3 374.2 151
292 168.3 46.7 13.4 20.6 185.8 12.6 147.4 389.9 150
910 155.9 71.2 2.9 12.5 164.6 8.3 143.1 388.5 128
992 154.5 70.7 5.2 16.5 167.7 11.2 123.1 390.2 139
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Figure 8. DSC traces (a) first and (b) second heating scan, (c) TGA traces, and (d) DMTA storage modulus traces for TPE
specimens, non-irradiated and subjected to various x-ray doses.

The storage modulus ranges from higher values in the glassy plateau, through the glass transition region, to
lower values in the rubbery plateau, ultimately transitioning into the flow regime, as indicated by the final
downward deviation of the storage modulus. The material evolution from the glassy to the rubbery plateau
remains practically unaltered for all specimens, corroborating the findings from DSC. Conversely, irradiation
has a visible impact on the final portion of the curves, indicating an entrance in the flow regime that occurs
at lower temperatures as the absorbed dose increases. The temperature at which the storage modulus deviates
from the rubbery plateau is reported in table 3 as Tflow, and undergoes a gradual decrease with the absorbed
dose, reaching a reduction of more than 30 ◦C for irradiation levels around 1MGy; the highest dose applied
(almost 2MGy) caused such pronounced embrittlement that specimen testing was precluded.

Finally, in the case of TPE, DSC results show a pronounced exothermal anomaly in the first heating scan
(figure 8(a)), which disappears in the subsequent heating scan (figure 8(b)), displaying only the melting
signals of the soft (low temperature) and hard (high temperature) domains. These two endothermal peaks
are consistent with those described in a comprehensive evaluation of Bioflex® in the literature [25], which
associates them to melting of soft and hard segments forming a thermoplastic copolyester-ether elastomer. In
the first heating scans of irradiated specimens, the exothermal signal is observed to intensify and shift to a
lower temperature with increasing radiation, as indicated by the values of peak temperature, Texo, and related
enthalpy,∆Hexo, presented in table 4. For samples irradiated at 100 kGy and 140 kGy, diminished and less
significant values of∆Hexo are found due to the overlap of the signal with the endothermal melting peak of
the hard segments. This anomaly can be ascribed to early degradation, as corroborated by the TGA signals
(figure 8(c)), which indicate a significant degradation process that begins at lower temperatures (Tonset in
table 4) in more irradiated systems, encompassing thermal zones analogous to those of the DSC exothermic
signal; in particular, Tonset decreases by 10 ◦C for the lowest dose (45 kGy) and by up to 80 ◦C for the highest
(992 kGy). Conversely, in the second heating scan, no substantial effects are closely associated with the
absorbed dose, and both melting temperatures (Tm1 and Tm2, corresponding to the soft and hard domains,
respectively) and enthalpies (∆Hm1 and∆Hm2) remain constant upon irradiation, except for minor changes
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in the traces of the specimens that received the highest doses (910 kGy and 990 kGy); these two systems
exhibit a slight decrease in∆Hm1, and thus of the soft domain crystallinity, and a reduction of about 20 ◦C in
Tm2, suggesting the formation of lower-quality hard domain crystals (see table 4). Concerning DMA results,
all TPE systems exhibit a similar behaviour, characterised initially by a smooth modulus reduction between
−50 ◦C and 0 ◦C, attributed to the melting of crystalline soft domains, and subsequently by an extended,
gently sloped plateau that ultimately reveals a downward deviation, indicating the entrance in the flow
regime upon the initial melting of the hard domain crystals. The temperature at which this deviation occurs,
indicated in table 4 as Tflow, decreases as the absorbed dose increases. Specifically, irradiated specimens may
be ranked into three groups depending on how the dose influences their behaviour with respect to the
non-irradiated material:

– for dose values up to 100 kGy, the storage modulus curves of the specimens and their transition into the
flow regime remain unaltered by irradiation;

– for dose values ranging from 100 kGy to 300 kGy, the onset of the flow regime appears to be marginally
diminished (by no more than 10 ◦C);

– for the highest dose values (910 kGy and 990 kGy), a remarkable decrease in Texo is observed (20 ◦C for
990 kGy; 30 ◦C for 910 kGy); in addition, the storagemodulus at a specific temperature seems to be reduced,
consistently with the reduction in the Young’s modulus measured by tensile tests at room temperature.

3.3. Spectroscopy results
FTIR spectra of non-irradiated filaments were overall consistent with those found in literature [25, 30, 31].
After irradiation, all the materials show signs of oxidation, as revealed by the presence of a broad band
around 3100–3600 cm−1, associated to O–H stretching vibration. The remaining part of the spectra
displayed no changes in the position of peaks and minor changes in the intensity of the signals, indicating no
substantial changes in the chemistry of the filaments.

Raman spectroscopy on the three printing materials provided spectra that are also in agreement with the
ones found in literature [25, 30, 32]. All the presented spectra have been normalised by the total area of
Raman peaks, and are shown for different doses in figure 9.

ABS and TPE spectra did not evidence clear variations in the position of peaks and relative intensity in
function of the dose, while we observed an increase in the fluorescence background of the spectrum with the
absorbed dose. For the ABS we additionally report a broadening of the peak at 1600 cm−1, that corresponds
to the skeletal vibration of the C=C aromatic ring [32].

We did not observe significant differences on the spectrum in function of the sampling position along the
radius of the filament for the ABS, but for the TPE irradiated at high doses we systematically observe an
increase in the background along the radius of the filament (higher background near the surface of the
filament), as shown in figure 10.

For what concerns PLA, we noticed a low repeatability of the spectrum in terms of fluorescence
background, but still we did not observe new features on the spectra.

4. Discussion

The substantial changes in mechanical properties rather than chemical and thermal ones support the
hypothesis of chain scission as the main radiation-induced effect for the three analysed materials, as
discussed in the following.

PLA shows a significant decline in mechanical properties as a function of x-ray dose: non-irradiated
samples undergo plastic deformation up to large strain values, but already at the lowest explored dose
(45 kGy) brittle failure of the specimens is reported, and at 144 kGy the degradation is so severe that
specimens cannot be even tested. These effects are similar to those observed in literature for
gamma-irradiated PLA [11, 31]. More precisely, the authors of these studies managed to test specimens
irradiated up to 150 kGy [11] or even 300 kGy [31] but, from doses of 100 kGy upwards, the strain at break
they measured was never higher than 1% and the TS was reduced by 50% or more, thus confirming drastic
embrittlement above 100 kGy. The different dose threshold for tensile test feasibility with respect to the
present work may be attributed to differences in their experimental setup and irradiation conditions
(i.e. different radiation type, dose rate, strain rate, sample geometry). Thermal examination by DSC yields
minimal but noteworthy insights into the effects of radiation on PLA. The reduction in Tg and Tm, the slight
decrease in∆Hm, and the disappearing of the cold crystallisation peak observed for the most irradiated
sample (144 kGy) may be attributed to a decrease in the molecular weight of the chains. Specifically, the
increased presence of shorter chains may facilitate a plasticizing effect on Tg, it may diminish the quantity
and quality of the crystals, and it may help in achieving complete crystallisation after cooling, so that no
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Figure 9. Raman normalised spectra for (a) PLA, (b) ABS and (c) TPE filaments.

recrystallisation is found in the second heating scan. Moreover, the reduction in both Tg and Tm is in line
with what observed in the literature for PLA subjected to gamma irradiation [11, 31, 33]. Concerning the
melting enthalpy, gamma-irradiated specimens also showed a slight reduction of∆Hm for doses up to
150 kGy, whereas higher doses were found to invert this trend [33]. Finally, the moderate alteration in TGA
traces has also been documented in the literature [11, 31] for PLA irradiated with 60Co gamma rays up to
400 kGy, revealing a slight increase in mass loss during the initial degradation phase for samples irradiated at
higher dose. This was attributed to chain scission resulting from the accumulation of thermally labile peroxy
groups in PLA, which decompose upon heating [34]. The hypothesis of chain scission as prevalent
irradiation effect is also in agreement with the observed degradation of mechanical properties.

The tensile properties of the ABS filament remain stable for dose levels up to 300 kGy, but significant
alterations occur at higher doses ranging from 1 to 2MGy. Tensile tests evidence a radiation-induced
transition from a ductile to a brittle behaviour, associated to a decrease of both TS and ϵb, while E remains
constant, consistently with findings reported in the literature for ABS subjected to gamma irradiation with
doses below 1MGy [6, 31]. Eventually, samples irradiated at 1900 kGy become untestable. Also in this case,
DSC and TGA traces offer limited insights into the structural evolution of ABS. Tg remains unchanged, while
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Figure 10. Raman spectra for non-irradiated (dotted lines) and irradiated (at 992 kGy, solid lines) TPE filament in function of the
position along the radius of the filament.

a slight decrease of Tonset and Tpeak is observed as the dose increases. The latter phenomenon is also
documented in the literature, where it has been attributed to the facile volatilisation of low molecular weight
fragments generated during high-dose irradiation (2.68MGy, gamma rays) [31]. Importantly, the DMTA
results in the present work reveal a shortening of the rubbery plateau in function of the dose, indicating a
gradual decrease in molecular weight upon x-ray irradiation. In fact, the extension of the rubbery plateau is
generally associated with the molecular weight of the polymer: elongated molecular chains tend to prolong
the rubbery plateau and defer the transition into the flow regime due to an increased entanglement of longer
chains. This suggests the predominance of chain scission rather than crosslinking at x-ray irradiation of ABS
up to 1MGy, which is also consistent with the constant trend found for the Young’s modulus, showing no
radiation-induced stiffening. By contrast, the effects of gamma irradiation on ABS have been associated in
the literature [31] with crosslinking, because of stiffening observed at high doses (from 1MGy upwards).
However, the increase in Young’s modulus in gamma-irradiated ABS was accompanied by a remarkable
decrease in TS, which may be ascribed to chain scission. Because of this and of the differences in the explored
dose levels, there is no sufficient evidence to claim a different effect of x-rays and gamma rays on ABS.
Concerning Raman analyses, the increase in the spectrum background is related to the fluorescence of the
radicals formed during the irradiation. In addition, the broadening of the peak at 1600 cm−1 suggests the
formation of additional carbonyl groups as reported in literature [31].

The most relevant radiation-induced effect on the mechanical properties is observed for the TPE, which
evolves from the possibility to withstand deformations above 800% to extremely brittle conditions around
1MGy. Beyond 250 kGy, a noticeable decrease in E, TS, and ϵb becomes evident as the absorbed dose
increases. According to DSC analyses, the crystalline domains of TPE are not affected by irradiation if not for
dose values around 1MGy, slightly reducing the soft domain crystallinity and the quality of hard domain
crystals. Conversely, the thermal stability of this material appears strongly influenced, as results from TGA
and DSC indicate a significant degradation process that begins at lower temperatures in more irradiated
systems. Moreover, the temperature at which TPE enters the flow regime decreases with dose, as shown from
the DMTA for dose values above 100 kGy.

Importantly, this progressive shift may indicate a decrease in molecular weight due to chain scission
phenomena, which would be consistent with the reduction of strength and ductility highlighted by
mechanical tests. In addition, when the dose reaches the highest values (approximately 1MGy) a decrease in
stiffness is also reported, both in terms of Young’s modulus and in terms of storage modulus. This may be
attributed to the cracks which appeared on the surface of the filaments after irradiation at such high doses,
significantly altering the specimens’ geometry. Finally, an increase in the fluorescence background in the
Raman spectrum is also observed for TPE after irradiation. Notably, the increase in the fluorescence is more
pronounced near the surface of the filament, suggesting potential oxygenation effects—which depend on
material porosity, sample geometry etc—that impact on radical formation, and thus on the sample damage.
This aligns with the presence of superficial cracks observed on the TPE filament irradiated at higher doses.
However, the increased oxygenation could also be a consequence of these superficial cracks rather than their
cause, highlighting the need for further investigations to clarify the relationship between oxygenation and
structural damage.
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5. Conclusions

Results of the irradiation campaign evidence a progressive degradation of the properties of the tested
materials with dose, prevalently regarding the mechanical properties rather than the chemical and thermal
ones. The findings may be consistently correlated with chain scission as the main damage mechanism.

The geometry of the samples may influence the results, as suggested by the spectroscopic analysis of TPE.
Oxygenation seems to induce a more pronounced damage, implying that the degradation observed in
filaments may differ from that in printed objects. This difference arises from the varying dynamics of oxygen
diffusion within the material, which depend on factors such as sample thickness, surface area, porosity, and
other geometric characteristics.

The collected data allow the different materials to be compared, providing useful information for the
selection of the most radiation tolerant ones. Among the three materials, PLA exhibits the lowest radiation
tolerance, with a dramatic reduction in TS occurring beyond 100 kGy. In contrast, TPE and ABS
demonstrate significantly higher radiation resistance, reaching comparable levels of mechanical degradation
only after exposure to 1MGy and 2MGy, respectively. Future experimental campaigns will focus on the
dependence of radiation effects on other parameters, such as temperature and environmental atmosphere, as
well as the effects of the geometry of the sample and dose rate to further investigate oxygenation effects.
Preliminary results on samples irradiated at 0.2Gy s−1 revealed no significant differences compared to
0.6Gy s−1, therefore a significantly different dose rate will be investigated by exposing samples to a 2.5MeV
electron beam (>10MGy h−1).
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