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ABSTRACT: Flexible and stretchable materials are increasingly being investigated for future
technological platforms, polymer based materials being the most suitable candidates for those
emerging technologies. This work reports on polymer based scintillator composites based on
the thermoplastic elastomer Styrene-Ethylene/Butadiene-Styrene (SEBS) and Gd»O3:Eu’*
scintillator nanoparticles, to form a polymer-based flexible and stretchable material for X-ray
indirect detectors. Further, visible light yield under X-ray irradiation was improved by the
inclusion of 2,5 dipheniloxazol (PPO) and (1,4-bis (2-(5-phenioxazolil))-benzol (POPOP)
within the polymer matrix. Together with high levels of stretchability, with deformations up
to 100%, the films exhibit suitable performance with low mechanical hysteresis (less than 1.5
MJ/m? for cycles up to 100% of strain) and reproducibly such as a scintillator material for the

1



conversion of X-ray radiation into visible radiation. The decrease of just ~13% of the X-ray
radiation into visible light upon stretching up to 100% is attributed to a reduction of the
effective filler concentration and proves the suitability of the developed materials for large

area and stretchable X-ray radiation detectors.
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1. Introduction

Flexible electronics is an increasingly growing technology as it allows the development of
innovative products, opening new application possibilities [1]. One step further in this concept
and a new paradigm for electronics is to achieve stretchable materials that are essential to
create stretchable organic electronics, sensors and novel devices [2, 3].

In this context, characteristics such as moldable, flexible, printable and stretchable [4] emerge
as one of the most relevant technological research fields nowadays, aiming to improve the
applicability and integration of electronic systems [4]. Thus, stretchable electronics will allow
applications in close contact to the human body and improve installation on curved interfaces
[5, 6], among others. In the particular case of radiation detectors, stretchability will reduce the
inconvenience caused by the rigid panels of conventional detectors and will allow the
integration of sensors for medical monitoring and control on three dimensional
architectures/configurations [7]. Stretchable radiation detectors will allow applications in the
areas of security equipment and in large strain deformation sensors for medical imaging [8,
9].

Indirect X-ray detectors based on scintillators are a key engineering tool on industrial

environment as they are widely used in many business and consumer products with ever



increasing frequency in areas such as medicine and security, among others[10-12]. Traditional
indirect X-ray detectors are limited by the scintillators critical properties such as efficiency,
response time, light yield, surface roughness and for large area applications, low flexibility
and cost [13, 14]. Flexible nanocomposites have been prepared for the development of indirect
radiation detectors by dispersing scintillating nanoparticles within a polymer matrix [15, 16].
The polymer matrix allows short scintillation time and low manufacturing costs when
compared to current available scintillators [11]. These limitations have led to the search for
novel materials [17]. Among them, X-ray detectors from polymer-based scintillator
composites have sparked large attention due to their scintillation decay time, thermal stability,
flexibility, low cost and an easy fabrication in large areas [11, 18].

Thus, in order to develop flexible and stretchable materials able to convert X-ray radiation
into visible radiation, with appropriate mechanical properties, showing thermally stability,
chemical and radiation resistance and high energy resolution [18], this work reports on a novel
composite based on gadolinium oxide doped with europium (Gd20s:Eu®*") and fluorescence
molecules 2,5-dipheniloxazol (PPO) and 1,4-bis-(2-(5-phenioxazolil))-benzol (POPOP) able
to efficiently convert X-ray radiation into visible light [19, 20], dispersed into a thermoplastic
elastomer polymer. Due to their atomic number, wide band gap (~5.2 eV), , high density (~7.4
g cm3), proper light yield (~2x10* photons.M eV1) and radioluminescence [21], Gd.O3:Eu®*
nanoparticles were selected as scintillators. Further, the overall visible light output in the X-
ray to electrical conversion process was improved by incorporating the fluorescence
molecules PPO and POPOP [22].

The polymer matrix was selected from the elastomer styrene-butadiene-styrene (SBS) family,
as these materials show a chemical resistance with highly repeatable deformation [23].
However, applications of SBS in the biomedical area is not recommended due to the low

biostability, associated to the double bonds of butadiene present in the elastomeric block [24,



25] . The SBS family are thermoplastic elastomers (TPE), shocinw properties of both rubbers
and thermoplastics. They have proven suitability for the development of composite materials
for strain sensors applications due to their characteristic large deformation, high flexibility
and good optical resistance [26, 27]. Form this family of TPE, the co-polymer Styrene-
Ethylene/Butylene-Styrene (SEBS) due to their lower butadiene ratio arises as an efficient and
stable binder with high biostability, allowing the biomedical application [24]. Besides that,
SEBS present an excellent radiation and temperature resistance, good mechanical properties
and good optical properties [28, 29].

In this way, the main objective of this work is the development of an innovative generation of
flexible and stretchable materials for large area and stretchable indirect X-ray detectors with

applicability in areas such as security and healthcare.

2. Experimental Section

2.1. Materials

The thermoplastic elastomer copolymer SEBS, Calprene CH-6120, with a molecular weight
of 245.33 g/mol and a ratio of Ethylene-Butylene/Styrene of 68/32 , was supplied by Dynasol.
Toluene was obtained from Panreac with a density of 0.86 g/cm® at 20 °C. Gd.Os:Eu®*
nanoparticles were obtained from Nanograde® and the fluorescence molecules, PPO and
POPOP were obtained from Sigma-Aldrich®. Commercial ink scintillator EJ296 was

supplied by Eljen Technology. The chemicals were used as provided by the suppliers.

2.2. Sample preparation

Nanocomposite films with an average thickness of *50 um and nanoparticle content between
0.25 to 1.5 wt.% were prepared by solvent casting. First, the desired amount of Gd20s:Eu®*
nanoparticles were added to toluene and placed for dispersion in an ultrasound bath for 3h.

Then, SEBS was added to the solution and placed, until complete dissolution of the polymer,
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in a Teflon™ mechanical stirrer at 150 rpm. The fluorescent molecules were then added at the
concentrations of 1wt.% of PPO and 0.01wt.% of POPOP, respectively [30], in some of the
samples. The resulting mixture was placed under mechanical stirring, until homogeneous
mixing of the components. To conclude, the solution was spread in a clean glass substrate and

let dry, for 24 h at room temperature, until complete solvent evaporation.

2.3. Sample characterization and scintillator composite performance evaluation

The composite films with nanoparticle content of 0.50 wt.% were first sputter-coated with
gold and subsequently imaged in a NanoSEM - FEI Nova 200 (FEG/SEM) scanning electron
microscope (SEM). The SEM images with magnification x5K and x50K were recorded in
several regions on the top of the film to study the morphology of the nanoparticles and their
distribution in the film. Cross-sections images were also obtained, confirming an average
thickness of the samples of ~50 um and the good distribution of the nanoparticles along the
sample thickness. The ImageJ software was used to determine diameter of the particles. The
optical transmittance of the samples was measured by Ultraviolet-Visible (UV-VIS)
spectroscopy in a range between 200 to 800 nm with a 1 nm step in a UV-2501PC
spectrometer. The stress-strain measurements were performed on a mechanical testing
machine (Shimadzu model AG-IS) at room temperature, , with a load cell of 50 N, in the
tensile mode. Samples were cut with 10 mm x 8 mm and with a thickness of 50 um (Fischer
Dualscope 603-478, digital micrometer). The mechanical measurements were carried out at a
velocity of 5 mm/min. Mechanical hysteresis was performed under the same conditions for
10 loading unloading cycles at different deformation up to 100%. The scintillator material
converts X-ray radiation into visible light, thus, the performance of the developed stretchable
scintillators was evaluated by subjecting the samples to the X-ray radiation produced by a
Bruker D8 Discover diffractometer using Cu Ka incident radiation, powered with a voltage

of 40 kV and a current ranging from 0 to 40 mA (output power changes from 0 to 1600 W).

5



The efficiency of the X-ray to visible conversion was evaluated with an electronic
measurement system that allows to quantify the emitted visible wavelength radiation,
according to the diagram shown in Scheme 1, also when the samples are subjected to different

deformation levels.
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Scheme 1. Diagram of the experimental procedure and the radiation output read-out system for
stretchable scintillators samples: a) stretchable scintillators samples, b) light to frequency
conversion sensor, b1) converted visible light from the scintillator samples at the corresponding
wavelength, b2) sensor (TSL235 from Texas Instruments) output frequency according to

irradiated power and c) electronic control system circuit.

The measurements were performed by placing the samples on a home-made support with a
mechanical system allowing to apply controlled deformation to the sample (Scheme 1a)). This
support also contains the light to frequency sensor (Scheme 1b), in this case TSL235 from
Texas Instruments [31], that convert the radiation in a visible wavelength (Scheme 1b2),

resulting in a frequency response according to the radiation intensity (Scheme 1b2). The



frequency signal response is conditioned and stored over time by an electronic control system
circuit (Scheme 1c) till the end of the experiment, as the measuring system is placed inside a
protection chamber during the irradiation process for securing reasons. The electronic system
Is composed by a MCU electronic circuit based on the CC1111 from Texas Instruments [31],
as it has an on chip Flash memory and is a sub- 1 GhZ RF sytem-on-chip (SoC). Finally,
when the experience ends and the X-ray chamber opens, the control system sends the data to
a remote platform for analyze by RF. The electronic circuit is powered by a battery, and the
voltage is regulated using the switching step-down regulator LM2596 from Texas
Instruments, allowing the system to be fully remote. Details on the developed set-up can be

found in [22].

3. Results and discussion

Nanocomposite films with an average thickness of ~50 um and nanoparticle content between
0.25 to 0.75 wt.% were prepared by solvent casting method and their properties optical,
mechanical and performance for X-ray detectors were studied to evaluate the performance as
indirect X-ray detectors. The nomenclature SEBS/0.50S-FL is adopted in the manuscript,
identifying a SEBS sample with 0.50 wt. % of scintillator nanoparticles and with incorporated
fluorescent (FL) molecules.

The morphology and distribution of the nanoparticles within in film were studied by SEM
(Figure 1a and b). The nanoparticles for small clusters homogeneously distributed in the
films (Figure 1b), both on the top of the film within the film (cross-section images, not
shown). The surface microstructure of the film Figure 1a is due to styrene and butadiene rich

regions of the SEBS, respectively. SEM images also allow determining that the nanoparticles



are of spherical shape with ~22 nm average diameter (Figure 1b). The particles mostly

grouped small clusters [32], evenly distributed in the film.

Figure 1. Representative SEM images of the nanocomposite films taken with

magnifications of x5K (a) and x50K (b).

The optical properties of the scintillators composites were evaluated and the results are

presented in Figure 2a. Figure 1a shows that the optical transmittance of the samples as a

function of wavelength decrease with increasing scintillator filler content, as increasing filler

concentration leads to light dispersion and decreased optical transparency of the films.
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Figure 2. a) Composites optical transmittance as a function of wavelength; b) Composites
optical transmittance as a function of Gd.O3:Eu®* content, at 611 nm; c) Visible radiation
intensity (V.R.I) variation as a function of the X-ray outputpower (W); d) Variation of the
visible radiation intensity as a function of Gd.Os:Eu®* content (wt %), with and without

fluorescence molecules, for a X-ray radiation power of 1600 W;

The main emission peak of the Gd.O3:Eu®" is observed at~ 611 nm and is related to the red
emission transition of Eu®" under X-ray radiation [15, 22]. Figure 2b shows the optical
transmittance as a function of Gd.Os:Eu®* content, at a wavelength of 611nm. The
transmittance at ~ 611 nm suffers a decrease with increasing of scintillator nanoparticle
content due to increased light dispersion 22 which leads to the decrease of the composites
transmittance from 85% for the pristine polymer to around 65% for the higher filler
concentrations.

X-ray radiation was projected into the Gd>O3:Eu**/PPO/POPOP/SEBS composite and the
conversion into visible light was measured, in order to test and prove the good performance
of the composites for the development of X-ray indirect radiation detectors. Figure 2¢ shows
the variation of the visible radiation intensity (V.R.l.) as a function of the X-ray intensity. The
intensity of the converted visible radiation increases with increasing X-ray output power. It is

shown that higher X-ray power and higher scintillators nanoparticle content leads to a higher
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number of produced visible photons [18]. The VRI of the composite was compared with the
VRI of a commercial ink scintillator, EJ296. This scintillator was chosen as it is based on
polyvinyltoluene, has a density of 1.02 g.cm™ and a scintillation efficiency of 9000
photons/MeV. As it can be seen, the composite with 0.5 wt.% of Gd203:Eu3+ presents a
better performance compared with the commercial scintillator, showing also the advantage for
applications where stretchability can be taken to advantage, as it will be shown later. The
variation of V.R.I. as a function of scintillator nanoparticles content is shown in Figure 2d.

Figure 2d shows that the fluorescence molecules inclusion on the scintillation process also
improves composite scintillation performance: the introduction of small amounts of
fluorescence molecules and scintillator nanoparticles confirms to be the better approach for
improving the performance of polymer-based composites for X-ray indirect detector

applications, through the mechanism schematically represented in Figure 2a.
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Figure 3. a) Schematic representation of the main physical processed within the scintillator

composite. b) Schematic representation of the distribution of the scintillators nanoparticles

and fluorescence molecules upon stretching.

Figure 3a shows the scintillator process that occurs on the activated crystals. The interaction
between the X-ray radiation and the scintillators nanoparticles generates a deep hole and a hot
electron. A sequence of relaxation process including multiplication and thermalization
migration lead to a huge number of relaxed electron-hole which must be transferred to the
light emitting species (In order to simplify the scintillation process understanding, the

recombination of holes and the interactions that will occurs on polymer are not represented in
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Figure 3a). Then, the electrons migrate to the activator excited state and the holes in the
valence band migrate to the activator ground state [33]. The transition of electrons from an
activated center excited-state orbital to an activation center ground-state leads to a production
of a scintillation photon [33]. The fluorescence molecules (FL) absorbs this scintillation
energy that re-emits at larger wavelength, in the visible wavelength range [24]. PPO absorbs
and re-emits the radiation transfer and that will increase the light yield and the POPOP
additionally works as a wavelength shifter [34, 35] which will re-emit the photon that will be
detected by the photodetector [36]. This process allows the conversion of the shorter emission
wavelength scintillators nanoparticles at 611nm to a longer wavelength light correspondent to
the maximum photodetector spectral responsivity (The sensor responds over the light range
of 300nm to 1100nm showing a maximum spectral response at around 800nm) [31].

It can be seen that the visible radiation yield strongly increases with Gd,O3z:Eu®* nanoparticle
content as well as with the introduction of scintillators nanoparticles and fluorescence
molecules up to 0.50 wt%, decreasing for higher concentrations. The detected increase is a
consequence of a significant contribution of the scintillator nanoparticles to the increase of
the composite density which enhances the x-ray absorption. The decrease for higher particle
concentration is a consequence of the decreased optical transparency of the composite, as it
can be observed in Figure 2a.

Finally, the suitability of the developed composites for flexible and stretchable indirect X-ray
indirect detector applications was estimated. The composite with 0.50 wt.% content of
Gd.03:Eu®* was chosen as it shows the best performance for the X-ray radiation conversion
into visible radiation.

Figure 4a shows the intensity of the converted visible radiation light at an X-ray power of

1600W as a function of the applied strain up to 100%.
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Figure 4. a) of the Visible radiation intensity variation as a function of applied strain on the SEBS/0.5S-
FL composite at an X-ray power output of 1600W; b) strain recovery curves with the respective strain
of 25, 50, 75 and 100% for the SEBS/0.5S-FL composite and (inset) energy losses for the composites

as a function of mechanical strain (between 25% to 100% of strain), for 10 load—unload cycles.

It is observed that increasing applied strain up to 100% leads just to a small decrease of ~13%
in the visible radiation intensity output, the scintillator material remaining fully functional.
This effect is related to the reduction of the effective distribution of filler concentration, as the
thickness decreases, leading to higher optimal transmittance: film stretching leads to a
decrease of the film thickness, reducing thus the amount of material in the x-ray beam. Figure
3b shows the schematic representation of the microscopic variation of the nanoparticle
distribution upon stretching: polymer stretching leads to redistribution of the fillers, having as
a result a decrease in the visible radiation conversion efficiency due to a decrease of the filler
content by unit area.

The reproducibility of mechanical behavior was measured by the stress-strain curves up to
100% strain, as represented in Figure 4b for the SEBS/0.5S-FL composite. The composite

shows excellent elasticity and reproducibility over cycling tests, with a mechanical hysteresis
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that increases with increasing applied strain. The inset of Figure 4b shows the mechanical
energy dissipate during 10 load-unload cycles for 25, 50, 75 and 100% of applied strain,
showing that the mechanical hysteresis leads to a stabilization after the firsts 2 or 3 cycle for
the different applied strains.

Thus, this work shows the suitability of the SEBS/0.5S-FL composites for the development

of large deformation indirect X-ray detectors.

4. Conclusions

Polymer-based scintillators materials have been developed based on thermoplastic elastomer
SEBS composites with a combination of Gd.Oz:Eu®" scintillator nanoparticles and
fluorescence molecules, 2,5dipheniloxazol (PPO) and (1,4-bis (2,5-phenioxazolil))-benzol
(POPOP), in order to enhance the visible light output.

This work demonstrated a new type of flexible and stretchable composite material for indirect
X-ray detectors with simple, fast and low cost fabrication.

The SEBS/0.5-FL composites presents suitable optical properties in the visible spectral range
with an optical transmittance of ~70% at 611nm. Further, the composite maintains excellent
elasticity after applied strains of 100% and the stretchability of the scintillator composites
does not significantly affects the performance of the X-ray radiation into visible light
conversion, proving to be an efficient material for the development of large area stretchable
and flexible polymer based X-ray detectors.

Further, these composites also arise as suitable and novel materials for emerging applications

in the area of stretchable electronics.
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