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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini The light waveguiding effect of transparent glass ceramics (GCs) on mechanoluminescence (ML) signals is highly

attractive for remote stress sensing and structural health monitoring applications. However, a prerequisite for

Keywords: generating ML in GCs is pre-irradiation with high-energy rays, which not only increases application costs but also
MeCha“OIUWi“escence poses a risk of GCs devitrification. Herein, we propose a safe, non-destructive, and convenient charging method
Sijscsh;errtglcs for the ML of KMgF3: Tb*t GCs, namely ultraviolet (UV) light charging. By effectively filling the intrinsic defects
Self—powgere d in KMgF3: Tb®" nanocrystal using UV light, we achieved trap-controlled ML in rigid GCs. Moreover, this ML is

attributed to thermoluminescence (TL) induced by frictional heating during mechanical stimulation. Addition-
ally, when the GCs powder is combined with flexible polydimethylsiloxane (PDMS), a self-powered (without any
pre-charging) ML induced by interfacial triboelectricity can also be achieved, which is similar to the results
observed in most flexible ML systems. This work proposes a more straightforward and safer approach for ap-

plications such as mechanical sensing based on the ML of transparent GCs.

1. Introduction

Mechanoluminescence (ML) is a mechanical energy-optical energy
conversion process that occurs during mechanical stimuli such as
compression, tensile, friction, scraping, and impact, forming a link be-
tween luminescence and mechanics, and is widely used in visualization,
non-contact mechanical sensing, structural health monitoring, and
wearable devices [1-6]. Currently, research on ML materials mainly
focuses on inorganic phosphor doped with rare-earth ions or transition
metal ions, such as ZnS: Cu+/Mn?" [7], CaZnSO: RE3*/Mn%" [8],
TbsAls012: Ce3t [9], SrGa;2019: Cr* ete [10]. When integrated with
organic flexible media (such as PDMS and Epoxy resin (ER)), these
materials are capable of generating pronounced ML [11-13]. Based on
the mechanism of ML generation, interface triboelectric-type ML does
not require additional pre-charging and is a self-powered form of ML
[14,15]. However, for rigid glass-ceramics (GCs), the absence of an
inorganic-organic interface prevents the generation of self-powered
interface triboelectric-type ML. Instead, these materials often require
pre-irradiation with high-energy light for charging.

In our research group’s previous work, it was found that GCs, due to
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their unique optical waveguide effect, can enable remote sensing and
detection of stress states [16,17]. This is an intriguing phenomenon not
observed in inorganic-organic composite ML materials. As mentioned
above trap-controlled ML in GCs requires pre-charging with high-energy
radiation. During the charging process, the irradiation from high-energy
rays can induce some non-intrinsic point defects in the GCs’s network
structure due to photoionization [18,19], During high-energy irradia-
tion, the process can break bridging oxygen bonds, leading to the for-
mation of non-intrinsic defects such as oxygen vacancies. Additionally,
it can induce the creation of color centers within the glass, resulting in
reduced transparency. Furthermore, the high-energy radiation required
for pre-charging, such as X-ray and femtosecond lasers, is typically
harmful and unsafe for humans. In practical applications, the continuous
pre-irradiation process not only increases the risk of injury to operators
but also adds to the complexity of the procedure. Additionally, the high
cost and limited availability of high-energy radiation sources make the
pre-charging method particularly cumbersome [20].

By engineering appropriate intrinsic defects within the nanocrystals
of the crystalline phase in GCs, and utilizing simple and safe ultraviolet
(UV) or visible light for pre-charging, this approach offers a promising
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solution to the problem. Cao et al. Reported the near infrared ML in
ZnGa,04: Cr’* GCs by UV pre-charged [21]. This simple and safe UV
pre-charging method for achieving ML not only preserves the high
transparency of the glass during the pre-irradiation process but also
effectively fills the trap centers caused by intrinsic defects in the mate-
rial. As a result, the search for ML GCs capable of non-destructive
charging has become a primary focus of current research efforts.

In this work, the reproducible trap-controlled ML in KMgFs: Tb>*
GCs by UV light pre-irradiation was investigated in details. The ineq-
uivalent substitution of Tb®" ions induces intrinsic defects, which can
effectively act as trap centers under UV excitation, capturing charge
carriers. The thermoluminescence (TL) triggered by frictional heat
during mechanical stimulation is the core mechanism behind ML gen-
eration. Additionally, elastic composites formed by combining GCs
powder with a flexible PDMS medium can achieve self-powered ML
through interface triboelectric induction. This indicates that the
microscopic physical mechanisms driving ML generation differ across
various media, offering valuable guidance for the application of ML
materials in diverse fields.

2. Experiments
2.1. Synthesis of KMgF3: Tb>" GCs

A series of glass samples were prepared by melt-quenching method
using MgFs (97.5 %), KaCO3 (99.0 %), SiO2 (99 %), NaF (98.0 %), AloO3
(99.99 %), and Tb407 (99.5 %) as raw materials with the following
chemical ratios: 13MgF3-21.5K5C03-35Si05-13NaF-17.5A15,03. The
drugs were weighed according to the stoichiometric ratio, ground into
powder in an onyx mortar and mixed homogeneously, and then placed
in an alumina crucible and melted in a lift-off resistance furnace at
1500 °C for 50 min. The melt was then poured onto a preheated copper
plate at 450 °C, and then another copper plate was placed for pressing to
form the precursor glass. The samples were cooled to room temperature
and heat-treated in a muffle furnace (500 °C) for 2 h, and then annealed
in a muffle furnace (620 °C) for 2 h to reduce internal stresses to obtain
KMgFs: Tb®" GCs. Finally, the obtained products were polished and cut
for further characterization. The drugs were purchased from Aladdin
Chemical Reagents Ltd. except KoCO3 and NaF, which were purchased
from Komeo Chemical Reagents Ltd.

2.2. Preparation of KMgF3: Th®>* GCs/PDMS composite elastomer

2 g of PDMS and 0.2 g of curing agent were mixed in a petri dish with
a diameter of 60 mm, and then 1 g of KMgFs3: Tb®" GCs powder was
weighed into it, and it was stirred and mixed well. Firstly, the petri dish
was put into a vacuum oven and degassed for 10 min at room temper-
ature and -80 kPa pressure to remove air bubbles, and then it was put
into a Maver oven and heated at 70 °C for 40 min for curing, and finally
KMgF3: Tb3* GCs/PDMS composite elastomers were produced.

2.3. Experimental apparatus

The samples were analyzed by X-ray diffraction (XRD) in the range of
10-80° using a Bruk BPUKER D2 PHASER from Germany in the step-
and-scan mode. Photoluminescence (PL) and photoluminescence exci-
tation (PLE) spectra of the samples were determined using a Hitachi F-
7000 fluorescence spectrometer with a 150-W Xe lamp as the excitation
source. The morphology of the samples was then observed by a scanning
electron microscope (SEM) TESCAN VEGA 3 SEM (Tescan China, Ltd).
The Differential thermal analysis (DTA) curves were recorded using a
heating rate of 15 °C/min (STA7300, Japan Corporation, Hitachi High-
tech Science). Transmission spectra of the samples were measured in the
wavelength range of 200-800 nm using a Hitachi U-4100 spectropho-
tometer (Hitachi, Tokyo, Japan). After 15 min of UV irradiation, the
thermoluminescence (TL) curves of the samples were recorded using
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LTTL-3DS device (Radiation Tec). The electron paramagnetic resonance
(EPR) spectra of the samples were analyzed with the aid of a Bruker X-
band A300-6 \ 1 paramagnetic resonance spectrometer at a frequency of
9.2 GHz at RT. The acquisition of the ML signals was accomplished by
combining an Ocean Fiber Optic Spectrometer with an MS-T3001 Fric-
tion and Wear Tester, with the distance between the friction interface
and the electrostatic measurement probe set to 10 cm. During the tensile
experiments, the luminescence intensity of the ML was tested and
characterized using an Ocean Optics QE Pro fiber optic spectrometer
(FLAME-S-XP1-ES) in conjunction with a multimode force luminescence
detection system (Qingdao Qingke Longnuo Environmental Technology
Co., Ltd. QKLN-ML-2) with a wavelength of 300 nm-1000 nm. The
excitation wavelength of the UV light source used in the experiment was
254 nm and the power was 10 W. All optical photographs were taken by
a digital camera (Nikon D7100) at RT.

3. Results and discussion
3.1. Phase and structure characterization

Fig. S1(a) shows the XRD patterns of KMgFs: x Tb3+ GCs (x = 0.4,
0.6, 0.8, 1.0, and 1.2), and the observed diffraction peaks of the samples
match with the (110), (111), and (200) crystallographic planes of the
KMgFj3 standard card (PDF#18-1033), which suggests that the precip-
itated microcrystalline phase is KMgFs, and also that the introduction of
Tb3* did not form any impurity phase, and the best degree of precipi-
tation was achieved at a Tb®* concentration of 1.0, and the KMgF3: 1.0
Tb3* samples were used for all subsequent tests. Fig. 1(a) shows the XRD
pattern of KMgFs: Tb®*. Fig. 1(b) presents the DTA curve of the sample,
with the heating rate set at 15 °C/min, aiming to assess the glass tran-
sition properties of the sample after annealing treatment. As can be seen
from the figure, the glass transition temperature (Tg) is 545 °C. Fig. 1(c)
shows the crystal structure of KMgFs, with Mg?" occupying eight
vertices of the cube, eight Mg?" surrounding one K™ to form a central
cube, and six F~ surrounding one Mg?" to form a hexahedron. The
crystals of KMgF3 are attributed to the Pm3m space group, which be-
longs to the simple cubic crystal system, and are centrosymmetric.
Materials with centrosymmetric structures usually do not exhibit
piezoelectric effects because piezoelectric effects require non-
centrosymmetric structures to produce coupling between mechanical
stresses and electric fields [7,22-24]. The SEM and EDS mapping of the
GCs are shown in Fig. 1(d), and it can be seen that the distribution of
each element in the sample is homogeneous. The GCs obtained by melt
quenching method and heat treatment is a rigid transparent medium.
Fig. S1(b) indicates that all the GCs samples have a high transparency
with a transmittance above 80 % [25,26]. The PL properties of the
samples are shown in Fig. S2, and the optimal excitation and emission
spectra of the samples are illustrated in Fig. S2(a). The PL spectrum are
composed of four main emission bands, the centers of which are located
at 494, 545, 586, 621 nm respectively, which correspond to energy level
transitions from 5D4 to ’F 3 (J=6,5, 4, 3) [27]. Fig. S2(b) demonstrates
the PL spectra of the samples at different Tb>" doping concentrations,
and it is observed that the PL intensity increased with doping concen-
tration until 1 % and then decrease due to concentration quenching
effect. The CIE coordinates of the KMgF3: Tb®* GCs are given in Fig. S2
(c) with the values of (0.3366,0.4471), which further confirms that the
KMgF3: Tb3* GCs exhibits green emission.

3.2. ML performance characterization

It was observed that the ML phenomenon occurred when the fabri-
cated GCs was pre-irradiated with UV light and subsequently rubbed
with a sharp object. Fig. S3(a) represents the ML spectra of KMgFs: x
Tb3* GCs (x = 0.4, 0.6, 0.8, 1.0, 1.2) applied with friction stimulation,
which appears to be similar to the PL spectrum, consisting of charac-
teristic emission peaks of Tb®', indicating that the ML luminescence
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Fig. 1. (a) XRD, (b) DTA, (c) Crystal structure, (d) SEM and EDS Mapping images of KMgF3: 1.0 Tb%* GCs.

center is consistent with that of PL. It also shows that the ML intensity is
quenched at a Tb®" doping of 1.0, which is consistent with the PL
quenching concentration. Fig. 2(a) shows the ML and PL spectra and
luminescence photographs of the samples, which were compared and
found to have the same spectral and luminescence colours, and the
luminescence is of high brightness and uniformity. Fig. 2(b) shows the
variation of ML intensity with applied friction load and the linear fitting
results (the corresponding ML spectra are shown in Fig. S3(b)), and the
insets are the corresponding ML photos when different loads are applied.

Due to the unique optical waveguide effect of microcrystalline glass, the
luminescence of a certain part of the glass will be reflected by a halo
around the edge, and with the increasing load, the ML intensity is getting
bigger and bigger, and we can observe that the halo is also getting
brighter and brighter. As shown in the figure, the ML intensity of KMgFs:
Tb3* GCs increases linearly with the applied load, with a linear fitting
coefficient of 0.9926. The sensitivity of friction-induced mechanical-
optical response is 22.681. Existing studies have shown that the CaFs:
Tb3" crystals are able to produce mechanoluminescence phenomenon
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Fig. 2. (a) Spectrograms and photographs of ML and PL.(b) The relationship between ML intensity and applied load of KMgFs: Tb®>" GCs (insets shows the cor-
responding ML photos). (c) ML spectra of KMgF3: Tb®" GCs before and after UV pre-irradiation. (d) EPR spectra of KMgFs: Tb>* GCs before and after UV pre-
irradiation. (e) TL curves and fitted results of KMgFs: Tb®" GCs before and after UV pre-irradiation. (f) The cycle stability of ML and TL intensity in 40 cycles.
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under the irradiation of X-rays, and the TbBOg crystals exhibit the same
luminescence characteristics under the action of femtosecond laser
luminescent properties [18,19], compared with these materials, KMgF3:
Tb®* crystals also show excellent performance in the field of stress
sensing. Furthermore, a linear relationship was observed between the
ML intensity and the friction rate (Figs. S3(c) and S3(d)) at a constant
friction load. To investigate the origin of ML in GCs and the effect of UV
light pre-charging, the ML spectra before and after UV light
pre-irradiation are presented in Fig. 2(c). The GCs without UV light
pre-irradiation did not exhibit ML under friction, whereas ML was
generated through friction after UV light pre-irradiation. This indicated
that UV light irradiation plays a key crucial in the ML production process
in GCs.

It is well known that glass materials develop point defects in the glass
matrix as a result of photoionization following irradiation with high-
energy rays, such as X-ray and femtosecond laser. Since the energy of
ultraviolet light is limited and insufficient to generate a significant
number of defects in the glass matrix, the traps in KMgFs: Tb®* GCs are
likely attributed to intrinsic defects within the KMgFs crystalline phase.
Fig. 2(d) shows the EPR curves of KMgFs: Tb>" GCs sample before and
after UV light pre-irradiation. Fig. 2(d) shows the EPR curves of KMgF3:
Tb3* GCs before and after UV pre-irradiation. Compared with the pre-
irradiation, the EPR signal after UV irradiation is significantly
enhanced with a peak at ~ g = 2.0001, which is evidence of intrinsic
defects in the KMgFs crystal phase. In materials science, traps refer to
certain regions or defects within a material that trap and temporarily
immobilise carriers (e.g., electrons or holes). KMgFs: Tb3* GCs are due
to the unequal substitution of Tb®* for Mg?*, and the excess positive
charge within the host must be compensated for. The only way to ach-
ieve equilibrium is for two Tb3" ions to replace three Mg?* ions, which
gives two electron defects and one vacancy defect. This is consistent
with the conclusions drawn from the analysis of the TL curves. Fig. 2(e)
compares the TL curves of KMgF3: Tb®" GCs before and after UV light
pre-irradiation. The three distinct TL peaks are observed at 323 K, 390 K,
and 475 K, indicating the presence of three types depths trap in KMgF3:
Tb®* GCs following UV light irradiation. The size of the energy gap
between the electron trap and the conduction band can be obtained by
approximate estimation using formula E (eV) = Ty/500(K) [28,29],
where E represents the thermal activation energy in eV and Ty, refers to
the peak TL temperature. Accordingly, the depths of the three traps were
estimated to be 0.646 eV, 0.78 eV, and 0.95 eV, respectively. Fig. S5(a)
presents the TL curves of KMgFs: xTb%* GCs (x = 0.4, 0.6, 0.8, 1.0, and
1.2), and a decrease in the TL intensity was found at Tb%" doping con-
centrations above 1.0, which is in agreement with the
concentration-quenching phenomenon of PL. To verify the reproduc-
ibility of ML under cyclic loading, the samples were irradiated and
thermally scavenged 40 consecutive time. The ML and TL intensity data
are shown in Fig. 2(f), where it can be observed that the ML intensity
remains above 95 % of their initial values. This demonstrates that the
ML performance of KMgFs: Th®" GCs is recoverable. Additionally, and
this result indicates a strong correlation between the ML and TL of
KMgF3: Tb®* GCs. To further demonstrate the environmental stability of
the ML of microcrystalline glass, it was placed in three different envi-
ronments, namely alcohol, air and underwater, for 0, 2, 4, 6, 8,10, 1, 12,
14,16, 18, 20, 22, and 24 h, respectively (Figs. S4(a—c)). It was observed
that the KMgF3: Tb3* GCs exhibited good ML stability. This property is
attributed to the network-dense structure of the glass network, which
provides the internal KMgF3 nanocrystals with a strong protective layer
from external environmental factors, ensuring the stable performance of
KMgF3; GCs in diverse and harsh environments [30,31]. Fig. S6 shows
the temperature-dependent TL photos of the GCs after pre-irradiation
with UV lamps for 15 min. It can be seen that the TL of the GCs grad-
ually increases with increasing temperature and slowly decreases after
500 K. The results indicate that room temperature and high temperature
thermal stimulation can effectively stimulate the release of carriers in
the traps to produce TL after UV light filling. Fig. S5(b) shows the same
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sample, which was divided into the same nine portions and filled (15
min) at different temperatures (303 K, 353 K, 403 K ...) before testing
the thermoluminescence curve. The thermoluminescence curve is a plot
of the thermoluminescence intensity over a specific temperature range,
Fig. S5(b) shows the thermoluminescence intensity of the samples be-
tween 300 K and 650 K. Fig. S5(b) shows that the TL intensity decreases
as the filling temperature increases, suggesting that the traps are
continuously distributed and the carriers are gradually removed as the
temperature increases [32]. And it has been previously demonstrated
that the ML of GCs correlates well with the TL, proving that the ML
intensity correlates with the concentration of charge carriers in the
traps, which confirms the speculation on the ML mechanism of KMgFs:
Tb*" GCs.

The ML of composite devices in KMgFs: Th®" GCs powder with
different media was also further explored. The ML composite device
fabricated process is presents in Fig. 3(a). Firstly, KMgFs: Tb>* GCs was
ground into a terminal powder state, composited with a media such as
PDMS and then placed in an oven and dried until finalized. The ML
photos of KMgFs: Tb>" GCs powder composited with PDMS under me-
chanical stimuli such as tensile, rubbing, tearing and folding are shown
in Fig. 3(b). Fig. 3(c) shows the stress-strain curve of KMgFs: Tb3* GCs/
PDMS composite elastomers obtained on a tensile testing machine,
where the elastic modulus of the composite was determined to be
1.2738 MPa, while its maximum tensile strength reached 1.5931 MPa. It
was also found that there was a linear correlation between the ML in-
tensity and the stress variation. Additionally, to explore the effect of
different organic media on the ML performance of composite devices,
the triboelectric potential of GCs powder with various organic media
was studied. Fig. 3(d) shows the surface triboelectric potential of KMgFs:
Tb3* GCs powder after rubbing with PDMS, ER, polyurethane (PU), and
silica (SG) substrates for 1 min. We found that for ER and PU, the direct
transfer of electrons to KMgF3:Tb3* GCs produces positive potentials on
the substrates, and the absolute values of the potentials are small. When
KMgF3:Tb®" GCs are rubbed with SG or PDMS, the substrate acquires
electrons with negative potentials, which is consistent with the model of
interfacial friction charge-induced electron bombardment. Under the
action of friction electric field, the electrons in the SG and PDMS sub-
strates are accelerated to bombard the KMgngTb3+ GCs, which provides
a possible pathway for activation/excitation of luminescent centers. No
ML was observed during mechanical stimulation (grinding and
compression) of the KMgFs:Tb®" GCs/epoxy resin (ER) composite de-
vice. When KMgF3:Tb3* GCs powder is combined with a flexible matrix
such as PU, SG, PDMS, etc., the composites are deformed considerably at
relatively low tensile stress (<5 MPa). From Fig. 3(e), it can be seen that
KMgF3:Tb3+ GCs/PU has no ML, while KMgngTb3+ GCs/SG has a weak
ML (its ML spectrum was shown in Fig. S7), and KMgF3:Tb%" GCs/PDMS
has a strong ML under the same strain. This indicates that the tribo-
electric potential of GCs powder with organic media determines its ML
performance.

3.3. ML mechanism analysis

Fig. 4(a) and (b) illustrate the schematic diagrams of the I(MgFg,:Tb3+
GCs and KMgF3: Tb®* GC/PDMS ML mechanisms, respectively. For rigid
GCs, UV pre-irradiation can effectively fill the intrinsic defects generated
by the inequivalent substitution of Mg?t by Tb®* ions in the KMgFs3
microcrystalline phase [33]. Under mechanical stimulation, the Joule
heat produced by surface friction can induce the release of trapped
charge carriers, resulting in TL, which manifests as mechanical
stimulation-induced ML. The self-powered ML generated by KMgFs:
Tb®* GCs powder encapsulated in flexible, stretchable organic media is
attributed to the triboelectric effect at the inorganic-organic interface. In
the initial stage, KMgF3: Tb®>* GC particles and the polymer chains of SG
or PDMS undergo various mechanical stimuli (such as stretching and
friction). The friction at the interface generates a triboelectric field,
causing electrons to transition from the valence band to the conduction
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band. Subsequently, the electrons in the conduction b
excited state of Tb®" and recombine with holes in

triggering ML emission. In the flexible medium, this process enables the
conversion of mechanical energy into electrical energy, and finally into

optical energy [34-36].

and transfer to the 4. Conclusion

the ground state,

the first time,

Overall, KMgF3: Tb®* GCs microcrystalline glasses were successfully
prepared by conventional melt quenching technique in this study. For

high-brightness and reproducible mechanical
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luminescence in a rigid medium using a UV lamps as an excitation
source has been realized, which is a crucial step in the search for
nondestructive microcrystalline glass materials with UV-irradiated ML
properties. The use of UV lamps as a means of excitation has the ad-
vantages of simplicity, safety, and cost-effectiveness, effectively over-
coming the shortcomings of conventional energy replenishment
methods. This study realizes rigid/flexible multi-scene ML using the
same material by two different ML mechanisms, trap-controlled and
friction electric direct excitation, which opens up a new way to realize
multi-scene stress detection based on rigid/flexible materials.
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