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Abstract: Dynamic stress/strain imaging is very important for engineering research, but there is no
strain sensor for onsite real-time monitoring. Mechanoluminescent materials have characteristics of
light emission induced by mechanical stimulation, which have attracted wide attention. In order to
realize the real-time monitoring of stress/strain distribution, a new material synthesis strategy was
designed to prepare mechanical luminescent materials. All experimental results show that this
material can be applied to stress/strain distribution detection. This new type of mechanoluminescent
material is expected to usher in a new era of high resolution strain imaging and contribute to the
research of precise dynamic stress/strain imaging of structures.
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1. Introduction

Mechanoluminescence (ML) is a kind of luminescent phenomena that produces photon emission
by mechanical stimulation [1-4]. Benefiting from the characteristics of linear, repeatability and
nondestructive [5], ML materials have attracted more and more attention because of their widely
potential applications in the fields of building structural health diagnosis [6—8] and stress distribution
imaging [9-11]. How to improve the spatial resolution of materials is a very important topic. There
are usually two types of strategies. Firstly, developing new ML phosphors with stronger ML
intensity. The luminance of the ML materials depends on the amplitude and nature of the mechanical
stimulus. The luminance of some ML materials reported in the literature is shown as follows: ZnS:Cu
(83.3-125.5 cd m2) [12], CaZnOS:Mn?* (30-40 mcd m-2) [13], and mCaO-Nb20s:Pr3*(m =1, 2 and 3) (3-
35 mcd m™) [14]. So far, the brightest commercial ML material is StAl2Os:Eu?". Secondly, preparing
evenly distributed ML microparticles. The smaller the particle size is, the higher the spatial resolution
ithas. Due to the large specific surface area of the microparticle, there are many surface defects, which
seriously impaire its luminescence [15]. At the same time, the contact area between ML microparticles
and polymers becomes larger, which improves the sensitivity of ML [16].

In this study, we prepared the precursor through hydrothermal synthesis, and then the ML
material was obtained by high-temperature annealing treatment. By adjusting the doping amount of
Pr*, we obtained a kind of high-brightness nanoscale ML material, NaNbOs:Pr. The ML
microparticles and PDMS were combined to prepare the film, and then the stress was applied on the
film. According to the luminescence distribution of the film, the stress distribution of the film was
successfully detected.

2. Materials and Methods

NaNbQOs:Pr microparticles were prepared by hydrothermal method and high temperature
annealing treatment. The starting materials were Nb20s (99.99%), NaOH (99.9%) and Pr203(99.99%).
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The detailed experimental procedure is listed below. First, Nb2Os and Pr:0s were thoroughly
dispersed in sodium hydroxide aqueous solution (25 mL) for 180 min by magnetic stirring, and then
transferred to a polytetrafluoroethylene lined autoclaved kettle. After reaction for 6 h at 200 °C, the
reaction products were separated and washed with ionized water until neutral, and then dried for 12
h at 60 °C. After that, the precursor was put into a 25 mL alumina crucible, which was filled with
activated carbon particles and placed in a large crucible with a lid. Then, the crucible was transferred
to muffle furnace and reacted at 1050 °C for 4 h. After cooling to room temperature, the NaNbOs: Pr
material was obtained. The NaNbQs: Pr material and PDMS were prepared into a composite film (=2
mm) at a mass ratio of 1:3 and then cooled in a 0.25 * 0.25 cm grinding tool. In the further analysis,
ultraviolet lamp with wavelength of 365 nm was used for irradiation for 1 min.

XRD patterns were collected on X-ray diffractometer (Cu Ka). Surface morphology was
characterized by a field-emission SEM. Spectrofluorometer equipped with a 150 W Xe lamp was used
for photoluminescence (PL) and photoluminescence excitation (PLE) spectra measurement at room
temperature. The ML images were recorded by a high speed charge-coupled device (CCD) camera.

3. Result and Discussion

As shown in Figure 1a, the XRD results show that the prepared sample was pure NaNbOs, which
is consistent with the theoretical pattern (Icsd no.: 33-1270). This crystal structure has an
orthorhombic asymmetry with a space group Pbma. After doping Pr ions, the refined peaks near
32.5° shift to the higher-angle side indicating a lattice shrinkage induced by the smaller-size Pr ions
occupy the Na ions sites in the NaNbOs host. Figure 1b show SEM images of NaNbOs: Pr, these
particles are similar in shape to vertical cubes and range in size from 100 to 350 nm. These results
show that our synthetic method can obtain high quality luminescent particles.
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Figure 1. Structural characterization and morphological. (a) XRD patterns of the NaNbOs:Pr particles.
(b) SEM photograph of NaNbOs: Pr.

The ultraviolet-visible diffuse reflection spectrum of NaNbQOs:Pr samples are shown in Figure
2a. The sample exhibits high reflectivity in the wavelength range of 500~700 nm. The absorption in
the wavelength range of 350~400 nm belongs to the absorption of matrix materials. In order to obtain
the optical band gap of NaNbOs:Pr, Kubelka-Munk formula (Formula (1)) was used to calculate the
reflection spectrum:

F(R)=K/5=(1-R)’(2R) @™

where K, S and R represent the absorption, scattering coefficients and reflection, respectively [17].
The optical band gap of NaNbOs:Pr material was calculated to be 3.25 eV on the basis of derived from
Kubelka-Munk equation.

The excitation spectrum (Aem = 611 nm) and emission spectrum (Aex = 340 nm) of NaNbQOs: Pr
materials are shown in Figure 2b. The excitation spectrum extends to a wide range and is consistent
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with the diffuse reflectance spectrum. The strong excitation band in the wavelength range of 275 nm
to 350 nm should attribute to the main lattice absorption. There is a strong main excitation band in
the excitation spectrum, indicating that there is an effective energy transfer between NaNbOs and Pr
ions. Three weak excitations with maximum values at 435~450 nm can be attributed to the 'D2-3P2,1,0
electron transition of Pr ions. Under the excitation of 330 nm, the sample showed a red characteristic
emission band of Pr ions, with the peak value at 611 nm. This dominant red emission was attributed
to the 'D2-*Hs transition of Pr ions.
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Figure 2. (a) Diffuse reflection spectra of the as-synthesized NaNbOs before and after the Pr ions

doping. The inset shows the calculated curve of (ahv)? vs. hv by using the Kubelka-Munk function.
(b) Spectra of PL and PLE of NaNbOs:Pr (Aem = 611 nm, Aex = 330 nm).

Figure 3 is a real time ML image of friction across the NaNbQOs:Pr film recorded by a high-speed
CCD camera. After subtracting the background signal from the original ML strength image, the stress
distribution on the film can be calculated after conversion. The above results show that NaNbOs:Pr
ML film is a very effective material to detect the stress distribution of objects.
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Figure 3. Dynamic imaging of ML.
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4. Conclusions

In this paper, NaNbOs:Pr microparticles with size distribution between 100 and 350 nm were

prepared using hydrothermal synthesis and high-temperature annealing treatment. We use the
obtained NaNbOs:Pr film for dynamic ML imaging. The results show that the NaNbOs:Pr
micromaterial is a potential material in sensing and imaging fields.
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