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A B S T R A C T

Environmentally-friendly materials are being pursued world-wide for applications across a wide range of
technologies. For application in spray-printed radiation detectors, water-based scintillator inks have been pro-
duced by combining a thermoplastic elastomer poly (vinyl) alcohol (PVA) and Gd2O3:Eu3+ scintillator nano-
particles. Formulations of these green inks with different concentrations of scintillator nanoparticles have been
assessed in terms of their rheological properties: the optimal concentration of scintillator nanoparticles in the
water-based ink for spray-printing was 0.75 wt%. This optimized ink formulation exhibits Newtonian behavior
with a viscosity around 100 cps and performance characteristics suitable for spray-printing scintillators for
indirect X-ray detectors.

1. Introduction

Printing and other additive manufacturing processes are increas-
ingly being used in technological applications [1]. The success of these
processes is dependent on providing an environmentally-friendly, low-
cost and practical method for the fabrication of tailored flexible and
disposable structures and devices, including electronic and biomedical
devices [2–4].

X-ray detectors are among the biomedical sensors that can benefit
from recent developments in materials and fabrication techniques.
Applications of traditional X-ray detectors in medical imaging are
limited by the low mechanical flexibility and high cost of bulk scintil-
lators [5,6]. In contrast, polymer-based scintillator composites [7] now
offer such beneficial properties as short scintillation decay time, ex-
tended thermal stability, mechanical and chemical stability [6,8], low
cost and simple fabrication into large areas or complex (compliant)
shapes [9].

High efficiency and fast time response have been demonstrated for
advanced polymer-based X-ray detectors [10]. Polymer composites
with scintillator particles provide additional benefits for radiation de-
tection in many applications [11–14], due to the combination of the
low cost of the polymer matrix and the contribution of the particles to
the increase of composite density and atomic number [15].

These types of functional composite materials can be implemented
using printing technologies with inks appropriately designed [16] to
take advantage of the wide range of physicochemical properties and
extensive possibilities for tailoring functional properties of the polymer
component of the ink [17,18]. Radiation detectors can be printed using
techniques such as spray- or screen-printing to produce low-cost flex-
ible sensors and devices [19,20]. Spray-printing in particular is a low-
cost process for producing polymer coatings [21] with a distribution of
ink sufficiently uniform to be compatible with large-area printed elec-
tronics [22]. Most of the polymers used for printing technologies are,
however, processed from solutions in toxic solvents, creating environ-
mental hazards and critical problems for biomedical applications [23].
Water-based polymer inks would, therefore, be desirable for printed-
sensor applications of polymer-matrix composites.

Poly (vinyl alcohol) (PVA) is a suitable polymer in this context,
being water-soluble, biocompatible, biodegradable, and thus commonly
used in biomedical devices, drug delivery and food packaging industries
[24,25]. The use of PVA in sensor applications also takes advantage of
its chemical resistance [24] and mechanical properties [26,27].

The beneficial properties of PVA as a polymer matrix can be com-
plemented in a composite material by scintillator nanoparticles of
europium-doped (3 wt%) gadolinium oxide, Gd2O3:Eu3+ (hereafter
GDO), with a particle size of around 30 nm, which exhibits a wide band
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gap (≈5.2 eV), high atomic number, high density (≈7.4 g cm−3), sui-
table light yield (∼2× 104 photons·MeV−1) and radioluminescence
[28]. Furthermore, fluorescence molecules 2,5 dipheniloxazol (PPO)
and (1,4-bis (2-(5-phenioxazolil))-benzol (POPOP) can be used to in-
crease the visible light yield efficiency [29,30], particularly in combi-
nation with GDO dispersed in a polymer matrix [31,32].

Accordingly, a new scintillator ink based on PVA together with
scintillator GDO nanoparticles and PPO and POPOP fluorescence mo-
lecules is reported here as a critical enabling step for spray-printing X-
ray detectors constructed from water-based polymer composite mate-
rials able to convert X-ray radiation into visible light.

2. Experimental

2.1. Materials

Poly (vinyl alcohol), PVA, 98% hydrolyzed was supplied by Sigma
Aldrich with a molecular weight between 13000 and 23000 and a
density of 1.269 g/cm3. Gd2O3:Eu3+, GDO, nanoparticles were ob-
tained from Nanograde and the fluorescence molecules, 2,5 dipheni-
loxazol (PPO) and (1,4-bis (2-(5-phenioxazolil))-benzol (POPOP) were
obtained from Sigma-Aldrich. Ultra-pure water with
18.2 M<SUP>O</SUP> cm resistivity at 25 °C was obtained
from a Millipore Milli-Q system. The commercial scintillator ink EJ296,
which was used for benchmarking the performance of the scintillator
developed in this work, was supplied by Eljen Technology. All chemi-
cals were used as provided by the suppliers.

2.2. Preparation of the scintillator inks

The scintillator inks were prepared by solvent casting with nano-
particle content of 0, 0.75, and 1,5 wt%. First, the desired amount of
GDO and fluorescence molecules, PPO at concentration of 1 wt% and
POPOP at concentration of 0.01 wt%, were dispersed in ultra-pure
water (18.2M<SUP>O</SUP> cm resistivity at 25 °C obtained
from a Millipore Milli-Q system) in an ultrasound bath (ATU, Model
ATM40-3LCD) for 4 h in order to properly disperse all the fillers. After
the dispersion of the nanoparticles, PVA was added and the solution in
different polymer/solvent ratios (Table 1) was magnetically stirred and
heated at 90 °C, until complete dissolution of the polymer, as reported
in [31].

2.3. Preparation of the scintillator films

Scintillator films were prepared both by spray printing and by
doctor-blade coating. The PVA films were printed on a PET substrate, in
order to obtain flexible scintillators, and dried at 25 °C. The nano-
composite doctor-blade-coated films were prepared on a glass substrate
with scintillator nanoparticle content between 0.25 and 1.5 wt% and
dried at 25 °C until complete solvent evaporation. These nanocompo-
sites films showed an average thickness of ≈30 μm, measured with
gauge Fischer DualScope MPOR. Then, the films were removed from the
substrate for characterization.

After the evaluation of the functional performance, films with

concentrations of scintillator nanoparticles of 0.75 and 1.5 wt% and
produced by spray printing technique were determined to produce the
highest visible light output. The nomenclature adopted in the manu-
script is as follows: PVA/0.75S-FL means a PVA composite with 0.75 wt
% of scintillator fillers and with incorporated fluorescent (FL) mole-
cules.

2.4. Scintillator films and ink characterization

The morphology of the PVA scintillator films was analyzed by
scanning electron microscopy (SEM) (FEI Quanta 650 FEG microscope)
with an accelerating voltage of 5 kV. The energy dispersive X-ray (EDX)
spectra were measured by an INCA 350 spectrometer (Oxford
Instruments) with a primary beam voltage of 20 kV. The rheological
behavior of the inks was characterized at 25 °C using a stress controlled
rotational rheometer MCR-300 (Anton Paar, Austria) equipped with
Couette geometry. After loading the inks into the rheometer, steady
shear rates were ramped from 2000 s−1 down to 1 s−1 within 15min.
This test was immediately followed by another ramp with steady shear
rates from 1 s−1 up to 2000 s−1 also within 15min. The viscosity data
obtained from the two ramps overlapped, indicating that flow curves
were obtained under steady state conditions and that the polymer so-
lutions showed no thixotropy.

The optical transmittance of the samples was evaluated by
Ultraviolet–Visible spectroscopy (UV-VIS) from 200 to 800 nm with
1 nm steps in a UV-2501PC UV-VIS spectrometer.

For the functional performance of the films, X-ray radiation was
projected into the composites and the conversion into visible light was
measured. The X-ray radiation was produced using a Bruker D8
Discover diffractometer, using Cu Kα incident radiation, powered with
a voltage of 40 kV and a current ranging from 0 to 40mA (output power
ranging from 0 to 1600W). The efficiency of this conversion was
evaluated with a custom-built system that allows quantification of the
emitted visible wavelength radiation [31]. Briefly, a light sensor acts as
a light-to-frequency converter combining a silicon photodiode and a
current-to-frequency converter on a single monolithic CMOS integrated
circuit (IC). The sensor response is then read by a Micro Controller Unit
(MCU) that saves the data in memory during the irradiation process,
and wirelessly transmits them to a remote platform when the process is
finished. All measurements were performed in normal atmosphere and
at room temperature without encapsulation of the sensors.

3. Results and discussion

3.1. Characterization of the PVA scintillator composites

The morphology of the PVA composite films prepared by doctor-
blade technique was studied to test if the addition of the scintillator
nanoparticles and fluorescence molecules influences the typical mi-
crostructure of PVA as well as to verify if the fillers were well dispersed.
Fig. 1 shows SEM images of the pristine PVA sample together with the
PVA/0.75S-FL sample, the appearance of which is representative of the
other composite samples.

Fig. 1 shows a smooth surface for the pristine PVA films (Fig. 1a)
and for the composite (Fig. 1b). Good filler dispersion is observed for
the nanocomposite and just a few Gd nanoparticle aggregates are ob-
served at the surface and in the cross-section micrographs (white circles
in the inset of Fig. 1d). The EDX measurement revealed the bulk com-
position of 56 wt% of carbon (C), 43 wt% of oxygen (O) and 0.8 wt% of
gadolinium (Gd) for the PVA/0.75S-FL (Fig. 1e). C and most of the O
are ascribed to PVA and Gd to the GDO nanoparticles. The amount of
Gd estimated by EDX (0.8 wt%) is in good agreement with the amount
of Gd2O3:Eu3+ nanoparticles added to the nanocomposite (0.75 wt%),
taking into account that the Gd dominates the content of the nano-
particles by weight. Conversely, Eu doped into GDO nanoparticles at
3 wt% Eu3+ was not detected by EDX. EDX mapping revealed a uniform

Table 1
Scintillator inks prepared by varying Gd2O3:Eu3+ filler content and polymer/
solvent relative content.

Ink GDO content (wt.%) PVA: water ratio

SC003 0 1:6
SC004 1.5 1:6
SC005 0.75 1:5
SC006 0.75 1:6
SC007 0.75 1:7
SC008 0.75 1:8
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distribution of the GDO nanoparticles (red dots in Fig. 1e) across the
nanocomposite film.

The optical transmittance (Fig. 2a) of the scintillator composites was
measured as a function of wavelength and filler content (0, 0.25, 0.5,
0.75 and 1.5 wt%). As expected, the transmittance decreases with in-
creasing filler content in the polymer matrix, while a relatively flat
transmittance in the visible range is consistent with the uniform dis-
persion of the fillers observed by SEM. The inset of Fig. 2a shows the
optical transmittance as a function of GDO filler content, at a wave-
length of 611 nm, which is the emission peak of the scintillator nano-
particles. For this specific wavelength, the optical transmittance de-
creases with increasing scintillator filler content from ∼90% for the
pure polymer down to ∼40% for the sample with 1.5 wt% filler con-
tent.

The scintillator process taking part in polymer based composites has
been presented in [33]. In short: the scintillator process occurs due to
the interaction of the X-ray radiation with the scintillator material,
which generates a free electron and a deep hole pair excited to the
ionization band. Several relaxation processes follow, leading to a large
number of relaxed electron-hole pairs which are transferred to lower
energy states, accompanied by the corresponding emission of light
(Scheme 1). Then, the electrons migrate to the activator excited state

and the holes in the valence band migrate to the activator ground state
[33]. The transitions of holes and electrons leads to the production of a
scintillation photon. The fluorescence molecules (FL) and re-emitted at
higher wavelength in the visible wavelength range [34]. Note that large
contents of scintillator nanoparticles and fluorescence molecules in the
composite lead to higher visible light dispersion and lower scintillator
composite performance [27]: increasing filler content leads to increased
composite density and higher number of scintillating nanoparticles,
leading to an enhancement of X-ray absorption and conversion. On the
other hand, it also leads to a decrease in the optical transparency of the
polymer-based scintillator composite, due to greater dispersion of light
(Scheme 1).

Fig. 2b shows the variation of the efficiency of the X-ray radiation
conversion into visible light (visible radiation intensity, termed V.R.I.)
as a function of X-ray intensity obtained for the PVA composites pre-
pared with different nanoparticle filler contents by doctor-blade
coating. The intensity of the converted visible radiation increases with
increasing X-ray output power and small amounts of scintillator GDO
nanoparticles, as reported in [31]. The increase of the X-ray power
increases the interaction volume, and hence the number of photons
produced [9]. The V.R.I. increases with increasing filler content up to
0.75 wt%, presumably because at higher concentrations the increased

Fig. 1. Surface (a and b) and cross-section (c and d) SEM images of the PVA and PVA/0.75S-FL films, respectively. SEM-EDX mapping and spectrum of the PVA/
0.75S-FL film (e).

Fig. 2. a) Optical transmitance of the PVA composites as a function of wavelenght and Gd2O3:Eu3+ content (inset: optical transmittance as a function of Gd2O3:Eu3+

filler content, at a wavelenght of 611 nm) b) Intensity of the converted visible radiation of the composites as a function of X-ray output power.
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conversion of X-ray radiation into visible light is counteracted by the
decreasing transmittance in the visible wavelength range [32].

Fig. 2b also shows a commercial scintillator ink, EJ296, for com-
parison: the PVA nanocomposite scintillator with 0.75 wt% filler con-
tent exhibits a response lower only by 14% at the highest X-ray power
tested, which would not significantly influence device performance in
most applications. As noted above, composites with 0.75 and 1.5 wt%
GDO content exhibit similar scintillator performance, accordingly, inks
were prepared from these formulations to evaluate their rheology for
printing processes.

3.2. Ink characterization

For application and upscaling production of inks, the rheological
behavior of the solution is critical because it affects how the ink is
transferred to the substrate to form a homogeneous film. The viscosity
is affected by various parameters such as temperature, molecular
weight of the polymer, solvent, concentration and additives [34]. Thus,
viscosity is often used as a quality control parameter of the fluids.

To optimize ink development, the rheological behavior of the sus-
pensions was evaluated. The shear viscosity of PVA suspensions does
not exhibit any shear rate dependence (Fig. 3a), indicating classical
Newtonian behavior [35]. In fact, the data suggest that this PVA solu-
tion is in the dilute regime, because the zero shear viscosity exhibits a

linear increase with the PVA volume fraction [36]. The error bars of the
extracted zero shear viscosities displayed in the inset of Fig. 3a are large
and show that variations in the viscosity of the suspensions are at the
limit of torque sensitivity of the rheometer (Couette geometry).

However, a trend for decreasing zero shear viscosity η0 with in-
creasing particle volume fraction is observed. This trend is at odds with
the Einstein behavior expected for diluted suspensions of non-inter-
acting hard spheres in a Newtonian solvent with viscosity η0. Indeed the
Einstein relation is represented by equation (1) [37].= +η η ϕ(1 2.5 )S0 (1)

where ϕ is the volume fraction of spherical particles.
Flocculation between particles could lead to a mismatch between

the data and the expected functional dependence, but cannot explain a
suspension viscosity smaller than the viscosity of the suspending
medium. Indeed, flocculation of silica nanoparticles suspended in PVA
suspensions has been recently associated with an increase in η0, as large
particle aggregates are formed through the H-bonding of PVA to the
nanoparticles, promoting particle bridging [38]. Thus, to explain the
non-Einstein behavior, other types of particle-particle and PVA-particle
interactions have to be considered. Indeed, PVA is not fully hydrolyzed
(98% of OH groups as reported by the PVA supplier). Accordingly, PVA
chains and particles could form complexes: electrostatic repulsion be-
tween the few ester groups of the polymer chain is modulated by the

Scheme 1. Schematic representation of the scintillation process induced by X-ray radiation.

Fig. 3. a) Shear rate dependence of suspensions of Gd2O3:Eu3+ nanoparticles in PVA solution in water. Inset: zero shear viscosity of suspensions as a function of the
particle volume fraction. The red line represents the Einstein equation for dilute suspensions of hard spheres; b) Shear rate dependence of 0.75 wt% nanoparticle
suspensions in PVA solutions with different PVA concentrations. Inset: zero shear viscosity of suspensions as a function of the PVA concentration. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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presence of cations available in the solvent. The addition of particles
could thus bring a polyelectrolyte effect: the dissociation of protons
from the nanoparticles would cause a change in the overall conforma-
tion of PVA chain from extended to more coil-like, and result in a de-
crease in the viscosity of the PVA solution [39].

Adding less PVA in suspensions with a constant volume fraction of
particles results in a simple dilution effect of the suspending fluid. This
is illustrated in Fig. 3b, where the flow curves of suspensions with
different PVA concentrations are reported. All flow curves show New-
tonian behavior, indicative of dilute systems. Indeed, the zero-shear
viscosity of the suspensions increases linearly with the concentration in
PVA, which suggests that no interactions between PVA chains occur, as
expected for the dilute regime of a polyelectrolyte solution [38].

Coming back to the non-Einstein behavior suggested by the data
reported in Fig. 3a, we note that the adsorption of PVA chains on the
surface of particles will effectively reduce the volume fraction of free
PVA chains in the suspending medium. As suspensions are diluted and
PVA concentration in the solvent remains in the dilute regime, the
addition of particles will simply lead to a loss of drag forces between
PVA chains and the solvent, thereby reducing the shear viscosity of the
suspensions. Rheological data show that all tested formulations exhibit
viscosities suitable for doctor-blade application, which is a versatile
technique, tolerant of a wide range of viscosities [35]. As far as spraying
is concerned, viscosity levels reported in Fig. 3 are within the range of
reported values for successful spraying. The rheology of spraying pro-
cess, however, is far from fully understood. Spraying involves shear
rates far above those tested in Fig. 3 and contributions from surface
tension, gravity and extensional viscosity. Furthermore, because of the
huge shear rates occurring during spraying, issues such as inertial and
jetting instabilities cannot be ignored (and cannot be assessed with the
rotational rheometer employed in the present study). As a proof-of-
concept, a prototype scintillator film was produced by spray printing.

3.3. Deposition of printed scintillator films by spray printing technique

The ink selected for producing the printed active scintillator layer
was the SC005 (viscosity of about 0.1 Pa s). The active layer with an

average thickness of ≈30 μm was deposited on a PET substrate by
spray-printing (Fig. 4a). The adhesion of printed films to substrate was
tested to successfully resist removal by the standard tape test, and
showed good adhesion between the sprayed films and the PET sub-
strate. The spray-printed film exhibits the same functional performance
in the conversion of the X-ray radiation into visible light as the com-
posites obtained by doctor-blade coating. The V.R.I. follows the same
trends (results not shown) as the results presented in Fig. 2b.

To evaluate the performance as a scintillator, the film was printed
on a photodetector matrix and selectively illuminated by focusing the
incident X-ray beam on different photodetectors. An electronic system
with RF communication was used to measure all the photodetectors
simultaneously, effectively producing a radiation detector with a large
area and evaluating the potential of the scintillator film for imaging
applications. Fig. 4a shows the schematic representation of the photo-
detector matrix connected to the RF system [31].

Fig. 4b shows the variation of the visible radiation intensity (V.R.I.)
as a function X-ray output power in different photodetectors of the
matrix. The V.R.I. shows an increase with increasing X-ray power,
analogous to the samples prepared by doctor-blade coating (Fig. 2b).
Notably, the printed devices exhibit constant and linear behavior, in-
dependently of the selectively illuminated photodetector, indicating
good reproducibility of the printing process and uniform dispersion of
the fillers. Further, as the scintillator properties depend on the nano-
particles and the fluorescence molecules, and PVA does not suffer de-
gradation on X-ray radiation or at common room temperature condi-
tions, the device shows good stability over time.

Thus, it is demonstrated that an environmentally-friendly scintil-
lator ink based on PVA allows the developed spray printable scintillator
composites to be applied for the fabrication of indirect X-ray detectors.

4. Conclusions

A water-based scintillator ink was developed and optimized. The ink
formulations include ultrapure water as a solvent and PVA as a binder.
The test films were produced by doctor-blade coating and by spray-
printing. The printed films were used for the optimization of the

Fig. 4. a) Schematic representation of the construction of the prototype of the spray-printed scintillator film; b) variation of the visible radiation intensity (V.R.I.) as a
function X-ray output power in different photodetectors of the matrix, c) Visualization of images printed with water-based scintillator ink.
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scintillator filler concentration and showed a homogeneous distribution
of scintillator nanoparticles. The rheological characterization of the
inks suggests that they behave as Newtonian fluids in the dilute regime.
The optimized ink with 0.75 wt% content of scintillator nanoparticles
was printed on top of a photodetector matrix as a prototype device,
which confirmed a reproducible and linear conversion of the X-ray
radiation into visible light by the spray-printed nanocomposite films.
This successful prototype device indicates that the ink developed in this
work is suitable for the preparation of spray-printed indirect X-ray
detectors by a green-solvent approach.
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