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This work studies the properties of Linear Low-Density Polyethylene (LLDPE) doped with strontium aluminate
at concentrations of 3% and 15% m/m with possible applications in road safety products manufactured by
rotational molding. To this aim, the design and manufacture of a prototype part and the mold for the rotational
molding process were carried out. Single-layer parts as well as bilayer parts were manufactured, subsequently,
samples of the obtained pieces were subjected to Fourier Transform Infrared Spectrometry (FTIR), Scanning
Electron Microscopy (SEM), X-ray Diffraction Analysis (XRD), UV-VIS spectrometry and photoluminescence
measurements. The mono-layer and bilayer samples with 15% m/m of strontium aluminate showed the highest
decay luminescence times -between 81 h and 92 h-. In the UV-vis fluorescence test, the bilayer piece with 15%
m/m of additive showed the highest absorption intensity during the excitation process. The SEM images showed
the external surface and the cross section of samples. In conclusion, the rotomolded LLDPE with 15% w/w of
strontium aluminate doping could be used as a photoluminescent material for road safety products.

1. Introduction

Smart highways are currently being designed, which will require efficient, low-cost, signaling methods
(Avendafio, 2014). A specific need on this regard has been identified in Spain, as lighting highways, even with
a low consumption system, is totally unfeasible due to the high costs that this represents (Villareal, 2014). Based
on this background, the company PROGEN S.A, which is aimed to manufacture rotomolded parts, has identified
the need to produce road marking parts for low visibility environments, as an alternative to similar parts that are
used nowadays, by complementing them with reflectors, reflective tapes, and painting. This entails cost overruns
for the initial rotomolded part (Tonikian et al., 2006). Therefore, new photoluminescent materials have been
developed, such as photoluminescent compounds of frequently used based on polymeric matrices, i.e.,
polyethylene (PE). This would make traffic signals and road indications visible through the use of unconventional
energy sources, such as sunlight or an alternative light source. Hence, this research analyzes a
photoluminescent material linked to a low-cost process and production of large-volume parts such as rotational
molding. Likewise, it has been possible to obtain products with photoluminescent optical characteristics in other
transformation processes of thermoplastic materials, which show sufficient emission in long ranges of time
(Saito and Yamamoto, 2000). The purpose of this work is to obtain a linear low-density polyethylene formulation
with a photoluminescent additive, which can be processed through rotational molding in order to obtain a final
piece with road marking applications.

2. Materials and methods

In order to achieve the stated objectives, the following stages were carried out: proposal of the polymer and
photoluminescent additive formulations, design of the rotational molded prototype piece, design and
manufacture of the required rotational mold for the manufacture of the pieces, and finally, the characterization
of the formulations. The materials, equipment, and procedures used in each stage are described below.
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presence of carbon dioxide, humidity or water. Structure (DRX): The X-ray diffraction (XRD) analyses were
performed using an X'pert Pro Panalytical diffractometer, using an empyrean cobalt tube (A = 1.7889 A), with a
scan speed of 0.5 seconds per step in a 26 range between 10° and 90°. Data analysis was performed using the
OriginPro software.

3. Results
3.1 Prototype piece and roto-molding mold design and manufacture

Figure 1 (A) shows the prototype piece design layout to verify the performance of the LLDPE and strontium
aluminate formulations in the rotational molding process. The smoothing of the geometry to allow the flow of the
material, along with the staggered surfaces to give reinforcement and rigidity to the piece can be observed, as
well as the use of uniform thicknesses of 2 mm in order to eliminate possible deformations of the final piece due
to differential contractions. In addition, draft angles with a subtraction zone that facilitated the removal of the
piece from the mold were considered. Figure 1 (B) shows a schematic of the roto-molding mold that was
designed and manufactured in order to obtain the prototype pieces, and Figure 1 (C) shows the luminescent
appearance of the manufactured pieces.
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Figure 1. Prototype piece and roto-molding mold. (A) Plan of the prototype piece. (B) Scheme of the designed
mold. (C) Prototype piece manufactured by rotational molding.

3.2 Optical Characterization. UV-vis spectrometry and Luminance measurement

The Figure 2 (A) an (B) shows the results of energy absorbance and luminance attenuation from the samples
respectively. As it can be observed in Figure 2 (A), the PE sample shows a single peak around 346 nm with a
subsequent continuous decay. On the other hand, all samples with luminescent additive content show multiple
peaks, the first one around 353 nm.
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Figure 2: Optical characterization results. (A) UV-Vis samples spectrum absorbance. (B) Photoluminescence
lifetime.

The PEPAB3 and PEPAM3 samples show a lower intensity peak of around 370 nm followed by a continuous
decay. Additionally, it is observed that among the samples with 3% w/w of additive, the PEPAMS3 formulation
shows an intensity from 2% to 5%, which is higher than the PEPAB3 sample throughout the whole wavelength
range that is being studied. On the other hand, the PEPAB15 and PEPAM15 samples have a similar absorption
pattern, and surpass in absorption intensity those samples with 3% of additive and those with the natural
polymer. Thus, they show the highest absorption rate: around 364 nm, and local maxima around 376 nm, 400
nm, and 412 nm. Previous studies found absorption peaks between 306 to 359 nm (Chitnis et al., 2019) and
around 390 nm (Khursheed et al., 2018). Finally, Khattab found an energetic absorption peak around 366 nm
(Khattab et al., 2019). The results of the luminance attenuation measurement that was performed on samples:
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PEPAB3, PEPAM3 PEPAB15, PEPAM15, and pure strontium aluminate are displayed in Figure 2 (B). As
expected, pure strontium aluminate showed higher luminance than the formulations with 3% m/m and 15% m/m
of this additive. These results show an average reduction of 41% and 73% in the samples luminance with 15%
and 3% of additive, respectively. Table 2 shows the decay time until reaching a luminance value of 0.32 mcd/m2,
which is the minimum viewing value according to the UNE 23035-12003 standard.

Table 3: Data extrapolation to achieve a luminescence of 0.32 mcd/m?

Average attenuation time

Sample ) Error % % Diff.
(min)

SrAl204: Eu*?, Dy*® 6397.75 0.04 -

PEPAB15 4857.51 0.04 24 %

PEPAB3 2474.52 0.02 61 %

PEPAM15 5517.84 0.03 14 %

PEPAM3 2303.25 0.02 64 %

It was observed that the minimum attenuation time under the influence of the light source in the UV range
corresponded to sample PEPAMS3, which was 38 hours of continuous light emission. The results obtained with
samples PEPAM15 and PEPAB15 are to be highlighted, revealing attenuation times of 91 hours and 81 hours,
respectively. Regarding the percentage difference compared to pure strontium aluminate, it was observed that
samples PEPAM15, PEPAB15, PEPAB3, and PEPAM3 showed an attenuation time reduction of 14%, 24%,
61%, and 64%, respectively. The non-linear decay behavior observed in this study is similar to that obtained by
Khattab et al., 2019, which also has a similar profile to that found by Jiang et al., 2014, as well as Saito and
Yamamoto, 2000, who carried out fluorescence decay analyses on various types of photoluminescent
compounds. An ANOVA type analysis was performed on the luminance values obtained at 60 min. It showed
that the variable with the highest effect on this property is the additive concentration that was used on the
samples.

3.3 Light Microscopy and SEM

Figure 3 shows the surface and cross sections of the samples through optical micrographs. It is evident that the
PE sample does not show luminescence, on the contrary to what was observed with the samples that were
formulated with the additive, PEPAM15, PEPAB15, PEPAB3, and PEPAMS.
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Figure 3: Photographs of the samples at 19x: (A) External surface, (B) Cross section

On the one hand, in figure 3 (B), it is observed that in the cross section of the PEPAM15 and PEPAM3 samples,
a uniform distribution of the additive through the thickness is evident, this is due to the fact that, in the single-
layer manufacturing process, the additive is all mixed with the polymer in the matrix. On the other hand, the
PEPAB15 and PEPAB3 formulations show higher photoluminescence on the surface of the sample, which may
be due to the bilayer manufacturing methodology that was used. It consisted on the external layer containing all
the photoluminescent additive. Figure 4 shows more detail of the samples’ surface and cross section that are
studied, through the SEM technique. In Figure 4 (A), surface porosities are evident in all the study pieces, which
may be related to the particle sizes of the polymeric matrix used for the roto-molding process (Baumer et al.,
2014) and to the presence of particulate additives in the formulation in the case of samples PEPAM15,
PEPAB15, PEPAB3, and PEPAMS.
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Figure 4: SEM images of the samples with 50x magnification: (A) External Surface, (B) Cross section

However, a change in the geometry of the porosities cross section from quasi-circular to irregular is observed,
as well as porosities increase, by increasing the additive concentration. Previous studies have shown the direct
proportional relationship between the appearance of porosities in mixtures and the increase in the concentration
of added particulate additive (Shaker and Rodrigue, 2019).

3.4 X-ray diffraction and Infrared Spectroscopy

In Figure 5 are shown the X-ray diffractograms and the FTIR spectra of formulations. In Figure 5 (A), the results
for PE sample, the typical peaks for polyethylene are observed at 26° and 29° corresponding to the crystalline
planes (110) and (200) respectively, of the orthorhombic polyethylene unit cell (Alsaygh et al., 2014).
Furthermore, a decrease in the peaks’ intensity is observed with the content increase in the luminescent additive
mix. This effect is more notorious for the PEPAB15 sample, in which, in addition to the total disappearance of
the 29°peak, a slight shift of the peak that was initially at 26° is also observed. This may be due to a change in
the polyethylene network parameter due to the presence of the additive in the polymeric matrix. Similar effects
of typical XRD peak shifts for a polymeric matrix have also been observed before. For instance, Poulose et al.,
in 2021, detected a shift in the typical peaks for polypropylene (PP) crystals in the presence of a
photoluminescent additive (Poulose et al., 2021). Benabid et al. mixed high-density polyethylene (HDPE) with
zinc oxide (ZnO). They found a peaks reduction of the polymer that was used, probably due to the presence of
the added ceramic material (Benabid et al., 2019). Finally, Bem et al. in 2009 detected an intensity decrease of
the XRD peaks of low-density polyethylene (LDPE) in the presence of strontium aluminate (Bem et al., 2009).
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Figure 5: (A) XRD samples pattern. (B) IR spectrum of the samples

Figure 5 (B) shows the FTIR spectra obtained for the PEPAM15, PEPAB15, PEPAB3, and PEPAM3 samples.
The spectrum corresponding to the sample that was identified as PE, as it was expected, shows the typical
peaks for linear low-density polyethylene, highlighting the peaks corresponding to stretching, deformation, and
C-H bond shaking vibrations at wavelengths between 2830 cm ! and 2950 cm*, 1460 cm and 720 cm,
respectively (Zhao et al., 2018). It should be highlighted that the spectra obtained from the formulations with
strontium aluminate content showed peaks located at the same wavelengths, with the same shape. This
behavior is possible evidence of the chemical interactions’ absence between the LDPE polymeric matrix and
the photoluminescent additive. Similar results were obtained by Prakash et al., 2018 and Lin et al., 2012.

4. Conclusions

Formulations at 3 % m/m and 15 % m/m of strontium aluminate doped with europium and dysprosium in LLDPE
matrix were used to fabricate single layer and bilayer rotomolded complete parts with uniform thicknesses. The
results of the characterization tests that were carried out did not allow drawing a conclusion about the possibility
of chemical interactions between the polymer and the additive. Specifically, the X-ray diffraction results indicate
a possible change in the polymer lattice parameter with increasing photoluminescent additive content, while the
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location invariance of the infrared spectrum peaks are an indication of the absence of interactions among the
polymer and the additive. The 15% m/m formulation of strontium aluminate that was manufactured with the
monolayer methodology (PEPAM15) is recommended by means of it showed the best efficiency between
formulation and manufacturing costs with luminance results.
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