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High Stable Mechanoluminescence from TbBO; GCs

for Stress Safety Monitoring

Jiangiang Xiao, Yiyu Cai, Yingdan Song, Haitao Tang, Pengfei Zhang, Qingpeng Peng,

Xuhui Xu, Zhichao Liu,* and Lei Zhao*

Mechanoluminescence (ML) materials are widely used in information storage,
stress sensing, and structural health monitoring due to their simplicity,
nondestructiveness, and real-time sensing characteristics. However, the
currently reported ML films suffer from high-temperature decomposition,
opacity, and unstable ML properties, which seriously limits their applications.
Herein, a transparent TbBO, glass-ceramic (GCs) with significant ML
performance is explored. A large number of Si-O and B-O tetrahedra in the
glass matrix greatly improves the structural stability. Meanwhile, the
disordered atomic arrangement reduces the obstacles in the light propagation
process, making it highly transparent. Furthermore, femtosecond laser
irradiation produces an ultra-deep trap of 517 K, which makes its ML
performance highly stable. Based on this material, an aircraft stress safety
monitoring system that can accurately pinpoint where the aircraft window is
hit is designed. Therefore, this work provides a new strategy for the design of

additional power supply and signal pro-
cessing systems, greatly increasing the
complexity of the equipment.’! Com-
pared with electronic stress sensors,
stress sensors based on mechanolu-
minescent materials have emerged as
a promising alternative for mechani-
cal sensing. It can convert mechanical
stimuli into optical parameters such
as luminescence intensity,!®! emis-
sion wavelength,l/l and force-induced
afterglow.l®] Particularly, stress visualiza-
tion is its greatest advantage.

So far, mechanoluminescence sensors
have been widely used in areas such as
human-computer interaction,['>®! signal
control,l'%7 and mechanics imaging.l'!]

highly stable and transparent ML materials.

1. Introduction

Stress sensors have broad application prospects in human-
computer interaction, wearable devices, and structural health
monitoring.l!! Traditional electronic stress sensors (such as
piezoelectric, capacitive, and resistive detectors) mainly rely on
the piezoelectric effects!?] or piezoresistive effects,*] and are sus-
ceptible to electromagnetic field interference, making it difficult
to ensure the stability of their operation.[*] In addition, it requires
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For example, Terasaki et al. successfully

recorded local ML images of vehicles

as they passed the bridge with a sensi-

tive CCD camera by embedding SrAl,O,:
Eu?* composite film into the cracks of the concrete bridge,
recording."?l Furthermore, Liu et al. proposed a bite-controlled
photoelectric system that uses a distributed beam sensor driven
by mechanical luminescence, integrated into a mouth guard, to
enable control of computers, mobile phones, and wheelchairs.!1°]
Subsequently, Zhang et al.’! also reported a composite film en-
capsulated with PDMS and Tb,Al; O,,: Ce** phosphor for robotic
tactile sensing. Not surprisingly, most of the currently reported
ML materials employ organic polymer matrices (e.g., PDMS,
PMMA, SG) to encapsulate ML luminescent particles for ML
detection."¥] However, the encapsulated ML luminescent parti-
cles tend to be large and non-uniformly distributed within the or-
ganic polymer matrix, which results in low resolution and trans-
parency. Meanwhile, the poor physical and chemical stability of
organic composites limits their long-term stability, thereby re-
stricting their potential application areas.

It is reported that amorphous is a traditional transparent
medium!** with excellent high environmental stability!**! and
optical properties.[' Its excellent optical waveguide media
has become an indispensable part of modern communication
technology,['] leveraging the waveguide effect of light transmis-
sion within the glass to rapidly convey information. Compared
to other transmission methods, optical signals exhibit high sta-
bility and secrecy because they are not affected by external elec-
tromagnetic fields."® In addition, there are a large number of
silicon-oxygen tetrahedral structures and boron-oxygen tetrahe-
dra in glass, which makes it have high structural stability.*"!
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Figure 1. a) Crystal structure; b) XRD patterns of different mixing ratios (10:1, 7.5:1, 5:1, 2.5:1, 2:1); c) SEM image and elemental distribution; d) TEM
image; particle size distribution histogram; HRTEM image and selected area electron diffraction (SAED) image.

Glass-ceramic is a composite material formed by glass and
nanocrystals. It not only has a stable structure and high trans-
parency of glass but also has excellent luminescence perfor-
mance of nanocrystals.[?%) Therefore, these characteristics pro-
vide the possibility to explore the highly stable ML of glass ce-
ramics.

In this work, TbBO; GCs were successfully synthesized by
a two-step melt-quenching method. The results show that the
TbBO, GCs have highly stable ML properties, and their ML inten-
sity remains at more than 70% of the original even after 21 days of
placement. This is due to the ultra-deep trap at 517 K created by
femtosecond laser (800 nm) irradiation. In addition, it also has
good environmental stability and high transparency. Therefore,
we designed a stress safety monitoring system for aircraft wind-
shield windows with this material, which can determine the lo-
cation of damage in real-time. This work will open up a new path
for the development of high-transparency and high-stability real-
time stress sensors.

2. Results and Discussion

TbBO, GCs are synthesized by a two-step melt quenching
method, and the crystal phase and microstructure of the samples
are shown in Figure 1. TbBO, belongs to the hexagonal crystal
system with a space group of P6,/mmc. The Tb** ion is situated
within a 14-hadron coordination environment, resulting from the
coordination of twelve oxygen ions. Conversely, the B** ion occu-
pies a trigonal planar coordination environment, formed by the
coordination of three oxygen ions, as depicted in Figure 1a,b dis-
plays the X-ray diffraction (XRD) patterns of TbBO, GCs samples
prepared with different mixing ratios (M pecursor glass’ M phosphor)-
It can be found that all diffraction peaks are in good agreement
with the standard card of TbBO; (JCPDS No. 24-1272), indicat-
ing that the samples are pure phase. Additionally, LuBO; GCs
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and YBO, GCs samples were prepared simultaneously in order
to verify the feasibility of the two-step melt quenching method
for the preparation of borate GCs. The XRD patterns of these
samples (Figure S1, Supporting Information) also agree well with
the standard card, further demonstrating the wide applicability
of the two-step melt-quenching method in the synthesis of bo-
rate GCs. Figure 1c gives the SEM image and element mapping
of borate GCs, the Tb, B, O, Al, Na, Si, and Zn elements are uni-
formly distributed in the sample. TEM image of borate GCs in
Figure 1d shows that TbBO; nanocrystals (NCs) are precipitated
in the enclosed in an amorphous matrix with an average diameter
of ~44.58 nm. In addition, the high-resolution field transmission
electron microscopy (HRTEM) image presents a clear 1D lattice
spacing at 0.262 nm, which is consistent with the (102) plane
of TbBO;. The corresponding selected area electron diffraction
(SAED) image further classifies these precipitated NCs as TbBO,
crystals.

The photoluminescence (PL) and PL excitation (PLE) spectra
of TbBO; GCs are shown in Figure 2a. It can be seen that there
are four emission peaks at 488, 546, 584, and 620 nm when ex-
cited at 376 nm, which are attributed to the °D,-’F, °D,-"Fs,
°D,-’F, and °D,-’F; transitions of Tb** ions, respectively.*!) A
bright green luminescence can be detected under UV (365 nm)
excitation, presented in the inset of Figure 2a, which confirms
that TbBO; GCs have a high luminosity. Furthermore, the exci-
tation bands ~265 and 376 nm in the PLE spectrum of TbBO,
GCs are attributed to the f-d and {-f transitions of Tb** ions, re-
spectively. Figure 2b gives the CIE coordinates of TbBO; GCs,
and the coordinate values are (0.3433, 0.5833), which further con-
firms that TbBO; GCs have a green emission. As the mixing ra-
10 (M precursor glass: M phosphor) inCTEases, the green emission in-
tensity gradually increases, as depicted in Figure 2¢,d, while the
transparency of TbBO, GCs gradually decreases until devitrifica-
tion, which is mainly due to the formation of more TbhBO, NCs.
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Figure 2. a) PLE and PL spectra of TbBO; GCs; the inset shows an optical photo of TbBO; GCs under the irradiation of a 365 nm UV lamp; b) CIE
chromaticity coordinates of TbBO; GCs (inset is a photo of luminescence at 365 nm UV lamp); c) PL spectra of TbBO; GCs at different doping ratios
(10:1, 7.5:1, 5:1, 2.5:1, 2:1); the inset depicts PL intensity versus doping ratios; d) Photos of different doping ratios under sunlight and 365 nm UV lamp;

e) Transmission spectra of TbBO; GCs at different doping ratios.

Figure 2e presents the change of transmittance with an increas-
ing mixing ratio. Obviously, with the increase of the mixing ratio,
the transmittance gradually decreases, which is consistent with
the transparency photograph in Figure 2d.

The femtosecond (fs) laser irradiation could instantly nonlin-
ear optical effects in glasses by photon-matter interaction, own-
ing to an ultrahigh instantaneous power.??]

A bright green ML is observed in ThBO; GCs after fs laser ir-
radiation as presented in Figure 3a and Video S1 (Supporting In-
formation), and the ML spectrum of the TbBO,; GCs shows the
same emission center as that of PL. Figure 3b displays the ML
photo and ML dimension color image of TbBO; GCs in the dark
and sunlight. Interestingly, even in sunlight, clear ML phenom-
ena can also be captured by the naked eye or CCD camera. To
clarify the origin of the ML, the TL curves of TbBO; GCs before
and after fs laser irradiation are compared in Figure 3c. Two dis-
tinct TL peaks can be observed at 423 and 517 K, indicating that
there are two depths of traps in TbBO; GCs after fs laser irradia-
tion.

The trap depth can be calculated by utilizing the following ap-
proximate equation as follows!3:

E (eV) = <5TT%) 1)

where the thermally active energy E (eV) at the depth of the trap
represents the energy gap between the electron trap and the con-
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duction band, Ty, (K) is the location of the TL peak temperature.
Therefore, the trap depths of this different TL peak can be cal-
culated from the above equation as 0.846 and 1.034 eV, respec-
tively. Figure 3d shows the EPR curves of the TbBO, GCs sample
before and after fs laser irradiation. Compared with the EPR be-
fore fs laser irradiation, an obvious EPR signal is observed ~g =
1.997 after fs laser irradiation. It is attributed to the nonbridging
oxygen vacancy centers in the glass after fs laser irradiation.[?!]
Here, a schematic diagram of the principle for generating ML is
presented in Figure 3e. fs laser-induced nonbridge oxygen bond
of the glass matrix is broken with the formation of trapping cen-
ters. Moreover, free electrons and holes are formed in the glass
matrix through multiphoton ionization, Joule heating, and colli-
sional ionization processes, which could be trapped by the trap-
ping center. Then mechanical stimulation is applied, and Joule
heat is generated through work between the force-exerting object
and the sample, which in turn stimulates the release of carriers in
the trap, and transfers the released energy to the emission center
of the Tb** ions, producing a bright green ML.

To further explore the influencing factors of ML properties, the
ML spectra of TbBO,; GCs with different mixing ratios after fs
laser irradiation are shown in Figure 4a, and the ML photos with
different mixing ratios under 10 N are presented in Figure S2
(Supporting Information). The results show that the ML inten-
sity increased with the increase of the mixing ratio, but the
transparency gradually decreased. Considering the two influenc-
ing factors of ML intensity and transparency, the sample with a
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Figure 3. a) ML spectrum of TbBO; GCs; b) ML photo and dimensional color image under sunlight and dark conditions; c) TL curves (dotted line) and
two fitted peaks (solid line) d) EPR curves of TbBO; GCs before and after fs laser irradiation; ) Mechanism proposed for mechanical-to-optical energy

conversion of TbBO; GCs.
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Figure 4. a) ML spectra under 10 N pressure and b) TL curves of different mixing ratios (10:1, 7.5:1, 5:1, 2.5:1, 2:1) of TbBO; GCs samples; ¢) ML
intensity of TbBO; GCs under different pressures and d) ML photograph; €) ML intensity for 21 cycles of force loading and unloading after fs laser filling
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Figure 5. a) Absorption and PL spectra of TbBO3; GCs; b) 3D TL spectra; c) ML spectra at different distances from the glass edge; d) Schematic diagram

of application to stress safety monitoring of aviation aircraft.

mixing ratio of 2.5:1 was selected for subsequent testing. In addi-
tion, TL curves of TbBO; GCs with different mixing ratios after
fs laser irradiation have a similar changing trend with the ML
intensity. Here, we designed a stress detection optical system,
as shown in Figure S3a,b (Supporting Information). The force
is adjusted by changing the mass of the weight, and the stress
signal is collected with a fiber optic spectrometer. The relation-
ship between ML intensity and the applied force of TbBO,; GCs is
tested, as shown in Figure 4c. It can be seen that the ML intensity
has a linear relationship with the magnitude of the applied force,
indicating the TbBO; GCs have good stress-sensing properties.
Figure 4d gives the ML photos corresponding to different applied
forces (2-10 N) after fs laser irradiation, and the ML brightness
increased with the application load. Moreover, ML intensity re-
covery of the TbBO,; GCs is tested, as shown in Figure 4e. After
21 cycles of force application, the ML intensity remained almost
unchanged at more than 90% of the original intensity. Owing to
the positive relationship between the ML and TL, ML, and TL
reproducible properties of TbBO, GCs after fs laser fillings and
thermal clearing are measured in Figure 4f, which prove that ML
and TL of TbBO,; GCs have good cycling stability and good cor-
relation. Interestingly, after 21 days of storage, the ML and TL
intensity of TbBO; GCs samples still have more than 70% of the
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original intensity after fs laser irradiation, as shown in Figure 4g.
[t is attributed to the carriers in deep traps are difficult to release
under thermal perturbation at room temperature.

Compared to ML thin film, TbBO, GCs with high transparency
and optical waveguide effect have an absolute advantage in practi-
cal application, as shown in Figure S4 (Supporting Information),
which has been verified in the above statement. Especially, The
TbBO,; GCs sample we prepared has a transmittance of more
than 80% and a large stokes shift of 268 nm (Figure 5a). The
absence of overlap between the absorption and emission spec-
tra indicates that TbBO; GCs have zero self-absorption, which is
extremely favorable for the optical waveguide effect. At the same
time, considering that the device we designed may be exposed to
sunlight in daily life, the 3D TL spectra of TbBO; GCs are mea-
sured in Figure 5b. It can be seen that although the emission
intensity decreases slightly with the increasing temperature, the
peak position hardly changes, which can effectively ensure the
quality of signal transmission. As shown in Figure S5 (Support-
ing Information), TbBO; GCs samples were soaked in air, water,
and alcohol for up to 10 h, and the PL intensity of TbBO; GCs
hardly changed. considering that the glass medium will cause
loss of the optical signal, for the spectra with increasing distance
from the ML source to the glass boundary, ML intensity as well
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as the full width at half maximum (FWHM) are tested with the
same load, depicted in Figure 5c and Figure S6a,b (Supporting In-
formation), respectively. It can be found that the ML intensity de-
creased linearly with increasing distance, while the peak position
and FWHM did not change. These results prove that the weak-
ening of the optical signal comes from the loss of the medium
rather than the self-absorption of the fluorescent particles. Based
on the ML intensity decreasing linearly with the increase of dis-
tance is beneficial to the precise localization of ML sites, we de-
signed a stress detection device applied to the front windshield
of the cockpit of an aviation aircraft. When birds or flying ob-
jects hit the front windshield, an ML signal is generated, which
is transmitted to the edge of the front windshield through the op-
tical waveguide effect and collected by the optical signal collector.
Thereafter, the signal is fed back to the flight attendant’s com-
puter or mobile phone through wireless transmission, and the
flight attendants can determine the location of the impact based
on the magnitude of the signal. Meanwhile, we also simulate this
situation with the TbBO, GCs we prepared, as presented in the
inset of Figure 5d. When a hard object hits the TbBO, GCs, a
clear green glow can be seen from the edge of the TbBO; GCs,
which further illustrates the possibility of our fabricated TbBO,
GCs for long-range mechanical detection applications.

3. Conclusion

In summary, the highly transparent TbBO, GCs with stable struc-
ture and excellent ML performance were synthesized by two melt
quenching methods. After fs laser irradiation, it can produce
ultra-deep traps with a depth of 517 K, which is extremely sta-
ble under thermal disturbance at room temperature. More than
70% of the original ML intensity remained after 21 days of place-
ment. When placed in air, water, and alcohol for 10 h, the lumi-
nescence intensity hardly changes. In addition, due to the large
Stokes shift, the TbBO,; GCs have almost no self-absorption dur-
ing the optical waveguide, which further ensures the accuracy
of their stress-generating position capture. This work not only
opens up a new path for real-time crack monitoring of aircraft
windshields but also provides new ideas for the next generation
of visual stress tracking.

4. Experimental Section

Sample Synthesis:  The precursor glass (PG) of 51B,03-28Si0,-4Zn0O-
17Na,CO; (in mol%) was prepared by melt-quenching technique. B,O;
(99.99%), SiO, (99.99%), ZnO (99.9%), and Na,CO;3 (99.99%) as raw
materials were ground to a powder in an agate mortar. The stoichiometric
compound was then placed in an alumina crucible and melted at 1200 °C
for 30 min in the air atmosphere. Then, the melt was poured onto a copper
plate preheated at 450 °C, pressed with another copper plate to form a
precursor glass, and the obtained glass was ground into glass powder with
a spherical mill.

Tb;3AlsO,, phosphor was synthesized of by the high-temperature solid-
phase method. Tb,0,(99.5%), and Al,0;(99.99%) as raw materials were
mixed in a molar ratio in an agate mortar with some ethanol as cosolvent,
and grind for 20 min. Then, the mixture was put into an alumina crucible
and sintered in an electric furnace at 1600 °C for 510 min. After cooling
the room temperature, the samples were pulverized in a ceramic mortar.

The PG powder and phosphor powder were mixed in an agate mortar
in proportion, the mixture was then charged into an alumina crucible and
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melted in the air at 1200 °C for 30 min. Then, pouring the melt onto a
copper plate preheated at 450 °C, and pressing another copper plate to
form TbBO3; GCs, annealed in a muffle furnace at 400°C for 8 h to release
thermal stress. Finally, the obtained TbBO; GCs product was cut, polished,
or ground into powder for further characterization.

Characterization: XRD patterns were acquired using an X-ray diffrac-
tometer (D2 PHASER) with Ni-filtered Cu Ka radiation. The PL and PLE
spectra were determined by the FLS980 fluorescence spectrophotometer
which was equipped with a 450 W Xe light source and dual excitation
monochromators. The microstructure of the TbBO; GCs was analyzed by
TEM and HRTEM using JEM-F200 operating at 200 KV. The powder mor-
phology was observed using a scanning electron microscope (SEM) (JEOL
JSM-6490). EDS (Energy Dispersive Spectrometer) measurements were
carried out using an EDAX Apollo X SDD EDX detector. The transmittance
and absorption spectra were recorded using a Model HITACHI U-4100
type spectrophotometer (Hitachi, Tokyo, Japan) over the spectral range of
200 to 800 nm. The thermoluminescence (TL) curves were collected using
an FJ-427A TL meter (Beijing Nuclear Instrument Factory, Beijing, China).
Electron paramagnetic resonance (EPR) spectra were measured using an
EPR spectrometer (Bruker X-band A300 - 6/1) at room temperature near
9.2 GHz. The mechanical behavior was carried out using a friction testing
machine (MS-T3001) and the ML signals were collected in situ via a fiber
spectrometer (QE Pro, Ocean Optics). All photographs were taken with a
digital camera (Nikon D7100) at room temperature.
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