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ABSTRACT: The mechanoluminescence response of oxide materials has implications for the
use of these materials in structural health monitoring applications, where crack propagation
needs to be monitored. Thus, we describe the mechanoluminescence of MgO powders, showing
that the signal is dependent on the existence of oxygen vacancies. Cathodoluminescence (CL)
spectra of the powders exhibited an emission at 2.10 eV associated with F* centers (oxygen
vacancies), as well as intense CL emissions at 3.70 and 4.10 eV, associated with M* and M~
centers (paired-oxygen vacancies). Furthermore, CL measurements revealed an emission at 1.70
eV, which was not influenced by mechanical stress, and can be attributed to an electronic
transition between excited and ground F* states. The presence of oxygen vacancies was
confirmed by X-ray photoelectron spectroscopy and electron energy loss spectroscopy.
Measurements of CL intensity with respect to electron irradiation time confirmed the presence of
high amounts of F* centers, as well as a saturation time effect, in which emission intensity
achieves a maximum only after a certain time of irradiation. The existence of this saturation
effect was correlated to the mechanoluminescence signal.
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1. INTRODUCTION

Mechanoluminescence is a unique light-emitting phenomenon activated by deformation
or fracture of a material.!?> The mechanisms responsible for mechanoluminescence are not
completely understood, but current models suggest that a material's fracture results in an
electrical polarization, which causes an electric discharge that ionizes the surrounding air and
results in a flash of light.> Bright mechanoluminescence emissions have been reported in a
variety of materials, including MgSO4+xH>O and ZnSO4+7H,0, cholesteryl salicylate crystals,*
and europium tetrakis (dibenzoylmethide) triethylammonium.® There are two main sub-types of
mechanoluminescence.® The first category consists of deformation mechanoluminescence, which
includes elastic-, plastic-, and fracture-mechanoluminescence, based on the stage in the stress-
strain response of the material at which luminescence occurs. The second category consists of
electrically-, thermally-, and chemically-induced mechanoluminescence, with the classification
made according to the nature of the force which activates the corresponding luminescence
response.

There are some additional sub-classifications of these two main mechanoluminescence
categories.” For example, plastic-mechanoluminescence is divided into four sub-categories,
including dislocation mechanical interaction-induced luminescence, dislocation electrostatic
interaction-induced luminescence, charged dislocation electrification-induced luminescence, and
thermal excitation-induced luminescence. For a specific example of these phenomena, one can
explore the main mechanism behind the dislocation interaction-induced plastic
mechanoluminescence. The process is the result of a mechanical interaction between dislocations
and defect centers in a process of transfer of electrons from defect centers to the dislocations.

Subsequent movement of dislocations transfers electrons to the recombination centers, producing



a luminescence signal. X-ray irradiated alkali halide crystals produce this type of
mechanoluminescence.” Another type of plastic-mechanoluminescence, produced by
electrostatic interactions between the charged dislocations and defect centers, is called
dislocation electrostatic interaction-induced mechanoluminescence. Here, luminescence is
produced by the movement of electrons from defect centers into the conduction band with their
subsequent recombination. The luminescence produced in impurity-doped I1-VI compounds, say
ZnS:Cu, is a good example of this type of phenomenon.® Charged dislocation electrification-
induced mechanoluminescence is mainly produced by strong electric fields due to the glide of
charged dislocations onto the crystal surface during deformation. This dislocation glide causes
luminescent flashes due to surface breakage. The luminescence observed during plastic
deformation of II-VI crystals such as ZnS has been ascribed to this phenomenon.’

The mechanoluminescence response from MgO has been attributed to thermally-
activated electronic transitions in areas of high stress of the crystal.®> This type of thermal
excitation-induced mechanoluminescence has also been seen in LiF, NaF, and NaCl.!?
Particularly, Langford et al.® studied the mechanisms behind the fracture-emission of single-
crystal MgO (99.99% purity), and this emission has been found to be sensitive to the presence of
defects created during crack formation. Since the study was completed on relatively pure MgO
single crystals, a systematic determination of the impact of impurity/defect concentrations on the
mechanoluminescence response of this material is not available. In addition, it is known that
most optical and electronic properties in MgO are due to the presence of a variety of defects,
with the most important defects being those created by oxygen vacancies, called F centers.!!

Also, it has been previously demonstrated that the concentration of F centers in MgO can



potentially be estimated from the intensity of photoluminescence spectra of the material in the
blue/green region of the spectrum.!?13

In this study, the mechanoluminescence response of MgO powders is described with
respect to oxygen vacancies present in the material. The strongest mechanoluminescence
response was correlated to the existence of oxygen vacancies (F centers) and paired-oxygen

vacancies (M centers), confirmed by X-ray photoelectron spectroscopy, electron energy loss

spectroscopy and cathodoluminescence.

2. EXPERIMENTAL METHODS

MgO was synthesized by solution combustion synthesis'# using magnesium nitrate as
oxidizer and carbohydrazide as organic fuel.!>?* The reagents used were magnesium nitrate
hexahydrate [Mg(NO3)26H>0, 98-102%, Alfa Aesar, Ward Hill, MA] and carbohydrazide
[CO(NHNH?)2 97%, Alfa Aesar, Ward Hill, MA]. Fuel to oxidizer ratio was maintained at 0.625
according to stoichiometric reaction calculations.?> A mixture of 31.81 g of Mg(NO3)226H>0 and
6.99 g of CO(NHNH>), were dissolved in 100 mL of deionized water. The solution was stirred
for 30 minutes. Next, the solution was placed in a muffle furnace at 773 K. After water
evaporation, the mixture combusted, and the resulting powders were recovered. A subsequent
thermal treatment at 1473 K for 2 hours was performed on the powders immediately after
synthesis. These powders will be referred to as MgO(SCS). In addition, five commercially
available MgO powders of different purities were characterized. These powders had vendor
reported purities of 95%, 96%, 99%, 99.95% and 99.998%, and will be referred to as MgO(1),

MgO(2), MgO(3), MgO(4) and MgO(5), respectively. Impurity information for the MgO



commercial powders and Mg(NO3)., which was used as precursor for MgO(SCS), are listed in
Tables S1 and S2.

The morphology of the powders was analyzed on a FEI-XL30 scanning electron
microscope (SEM) [FEI Company, Hillsboro, OR] using a 10 kV accelerating voltage. For SEM
imaging, all samples were mounted on aluminum sample holders and sputter-coated with
iridium. The powders were also imaged using transmission electron microscopy (TEM) on a G2
Sphera system [FEI Company, Hillsboro, OR] with a 200 keV accelerating voltage. For electron
energy loss spectroscopy (EELS) measurements, a JEOL 2100F scanning transmission electron
microscope (STEM) was used, operated at 200 keV and equipped with a Gatan spectrometer.
Quantification of elements was performed using Digital Micrograph Gatan software, after
background removal with a power-law model, by fitting the K-edge of detected elements with a
Hartree-Slater model.?¢ The relative sample thickness for the studied region, calculated from the
zero-loss signal, was 0.25 times the inelastic mean free path of the electron beam, which
represents low scattering processes.?’

Phase, crystallite size, and lattice parameters of the powders were characterized by X-ray
diffraction (XRD) on a D2 Phaser [Bruker AXS, Madison, WI] using a step size of 0.02 degrees
20 and a count time of 1 s by scanning from 15 to 85 degrees 20. Lattice parameters and
crystallite sizes were calculated using Rietveld refinement using TOPAS 4.2 software [Bruker
AXS, Madison, WI]. Particle size distributions were determined using a Microtrac [Microtrac
Inc., Montgomeryville, PA] Nanotrac ULTRA dynamic light scattering (DLS) [28-37] system by
dispersing approximately 25 mg of powder in 25 mL of ethanol, stirring for 15 minutes, and
ultrasonicating for 15 minutes. Thermogravimetric (TGA) analysis of the powders was

performed on a Q600 instrument [TA Instruments, New Castle, DE] in both air and argon



atmospheres from room temperature to 1773 K using a heating rate of 20 K/min. This instrument
has a baseline drift of 50 pg. Cathodoluminescence (CL) spectra were obtained in the SEM using
a Gatan MonoCL4 system at room temperature in the UV-visible spectral range. X-ray
photoelectron spectroscopy (XPS) measurements were acquired in a SPECS system equipped
with a PHOIBOS WAL analyzer using an Al anode. High-resolution spectra were obtained using
300 scans during the measurement, using windows of 0.1 eV sensitivity. To estimate the areal
intensity of O 1s and Mg 2p components, the final spectra was deconvoluted into Gaussian peaks
using a Shirley background with the aid of CasaXPS processing software. The obtained XPS
spectra were calibrated using the C 1s signal (284.6 eV) as reference. The CL and binding energy
intensities were plotted in units of kilocounts per second (kcps).

Mechanoluminescence measurements of the materials were obtained by using a drop
tower testing methodology.?® The instrument built for this purpose consisted of a PVC pipe of
1.5 cm inner diameter, drilled on the upper side with a hold for a pin that supported a 1.27 cm
diameter steel ball (13.8 g). Upon removal of the pin, the steel ball descended and impacted the
sample, which was placed on a steel plate at the bottom of the PVC pipe. The impacted MgO
powder transformed into a flake shape MgO ceramic. The steel ball was dropped from a height
of 0.905 m to generate the luminescent signal that was recorded by using a fused silica optical
fiber attached to a Hamamatsu R928 photomultiplier tube (PMT). The detected panchromatic
signal was amplified with a Keithley 2400 current amplifier converting the current signal to a
voltage signal and finally captured with a Hantek DSO5102P oscilloscope. Once the signal was
collected, ten spectra were recorded from each sample and averaged. To determine the emission

wavelength of the mechanoluminescence signal of the MgO(SCS) sample, optical bandpass



interference filters (Edmund Optics) with wavelength centers of 385, 394, 430, 500, 550 and 650

nm were placed between the optical fiber and the PMT detector.

3. RESULTS AND DISCUSSION
3.1.  Characterization of Oxygen Vacancies

Powder characteristics, including crystallite sizes and lattice parameters determined from
XRD, and particle sizes determined from DLS, together with general morphologies determined
from SEM, are listed in Table 1. X-ray diffraction patterns of the MgO powders are summarized
in Figure 1 and correspond to the cubic phase of MgO (PDF#00-045-0946). Sample MgO(2) also
contains a small amount of an unknown secondary phase. The crystallite sizes of the MgO(SCS)
powders are in agreement with previously reported data on MgO produced by a similar
methodology.*® Furthermore, very small changes in lattice parameters for all the materials are
noted (see Table 1), suggesting the absence of significant substitutional impurities in the
materials, which can potentially result in lattice parameter variations.***! The lattice parameter
values are in close agreement with those reported by Janet et al.!? for MgO nanopowders
produced at different calcination temperatures. The scanning electron micrographs obtained for
the MgO powders exhibited powder agglomerates of varying dimensions (Figure S1). The
MgO(SCS) powders show features common in combustion-synthesized materials, namely porous
agglomerates.

In order to explore the presence of volatile impurities in the powders, TGA analysis was
performed in air and argon atmospheres and illustrated in Figure 2. Additionally, Table 2
summarizes weight changes of the MgO powders as a result of heating in air and argon

atmospheres. Figure 2(a) corresponds to the results for MgO(1) and MgO(SCS), whereas the



results for powders MgO(2), MgO(3), MgO(4), and MgO(5) are plotted for heat treatments in air
and argon atmospheres in Figures 2(b) and 2(c), respectively. Results from Figure 2(a) show that
MgO(1) loses weight upon heating in both air and argon atmospheres. In contrast, the
MgO(SCS) powder gains weight (about 0.8%) during the thermal treatment in air. We interpret
this as a recovery of oxygen and concomitant elimination of oxygen vacancies (Vo) present in
the MgO powders, as well as concurrent elimination of surface impurities. The incorporation of
atmospheric gases in vacancy defects during thermal treatments has been widely reported
previously.*? Testing of MgO(SCS) in an argon atmosphere reveals that the weight of this
material decreases by 2.8 wt.%, which can be attributed to the elimination of surface impurities,
commonly found in combustion-synthesized powders.!*

Assuming that the powders annealed in air loss the same amount of surface impurities as
the powders annealed in argon, then a simple approximation tells us that recovery of
stoichiometry requires an oxygen gain of 3.6 wt.% (2.8 wt.% + 0.8 wt.%). The weight change for
the rest of the materials was found to be negative in air and argon atmospheres, indicating very
small amounts (or absence) of oxygen vacancies. In fact, the weight loss for MgO(3), MgO(4),
and MgO(5) was almost the same for both oxygen and argon atmospheres [see Figures 3(b) and
(c) and Table 2], indicating that weight loss is associated with external impurities and not with
the recovery of oxygen stoichiometry or any changes internal to the powders. Of note is that the
weight loss for the MgO(2) powder is quite significant compared to the MgO(3), MgO(4), and
MgO(5). According to the vendor certificate of analysis, the loss on ignition (LOI) for MgO(2)
was more that 5%, demonstrating the presence of significant volatile surface impurities in this
material. From these results, the notion that there are significant oxygen vacancies in the

MgO(SCS) powders is qualitatively demonstrated.



XPS characterization was performed to determine the atomic composition on the surfaces
of the MgO(1) and MgO(SCS) samples. Peaks associated with O 1s, Mg 2s, Mg 2p, K 2s, Ca 2s
and Ca 2p are present in the spectra (Figure S2). Deconvoluted XPS spectra for the O s signal
for MgO(1) (Figure 3a) and MgO(SCS) [Figure 3b] show components centered at binding
energies of 529.5 eV, 531.5 and 532.1, which match closely with the values reported for the Ca-
O, C=0 and Mg-O binding energies, respectively.**-*> The signal for C=O corresponds to
adsorbed residual atmospheric gases.* The Ca-O signal shows that the powders contain some
CaO, although it is minimal and not detectable by XRD. The Mg 2p and O 1s signals were
analyzed by CasaXPS software with a Shirley curve as a background. According to the analysis
of the component at 532.1 eV, assigned to the Mg-O binding energy, 79.6 and 82.8% of the
signal correspond to oxygen ls in MgO(1) (Figure 3a) and MgO(SCS) (Figure 3b), respectively.
By applying this result to evaluate the composition of the powders, we calculate that the atomic
composition of MgO(1) is about 47.9 at.% oxygen and 52.1 at.% magnesium, while for
MgO(SCS) it is about 45.8 at.% oxygen and 54.2 at.% magnesium. In either case, the
stoichiometry indicates oxygen deficiency in both samples. Figures 3¢ and 3d show that the Mg
2p signals only have one component with a binding energy of 50.2 eV and 50.3 eV, respectively,
corresponding to the Mg-O bond.*

A high-resolution transmission electron micrograph of MgO(SCS) is shown in Figure 4a,
with stacking faults along the [100] direction (marked by black arrows). Maoz et al.*6*” have
observed the formation of this type of defects in MgO nanostructures, where numerous stacking
faults occur at the boundaries of slightly misoriented MgO nanocrystals. The formation of
stacking faults typically correlates with the formation of point defects, mostly vacancies,*->!

particularly oxygen vacancies in MgO, which explains the high deficiency of oxygen found in



the analyzed region shown in Figure 4a. Local EELS measurements obtained in the region
shown in Figure 4a resulted in the detection of the K-edges for O and Mg, centered at 537.0 eV
and 1319.0 eV, respectively, as illustrated in Figure 4b. The quantification of these signals was
performed using Digital Micrograph Gatan software by fitting the K-edge of detected elements
with a Hartree-Slater model, after background removal with a power-law model, revealing an
atomic composition for O and Mg of around 34.9 and 65.1 at.%, respectively. Thus, both XPS
and EELS results reveal the presence of oxygen deficiency. However, the percent oxygen from
each technique do not match because of the extremely localized signal from EELS, whereas the

XPS signal represents an average measurement from a larger area.

3.2.  Characterization of Luminescence

Mechanoluminescence measurements show that the MgO(SCS) and MgO(1) powders
display the highest mechanoluminescence intensities, defined by the maximum recorded voltage
of (3.05 £ 0.12) x 10 and (1.19 £ 0.10) x 10? V, respectively, illustrated in Figure 5a and
summarized in Table 2. The MgO(SCS) was found to generate the highest
mechanoluminescence response among all materials tested, with a response about three times
higher compared to the best commercially available material [i.e., MgO(1)]. Other samples
exhibited intensities lower than ~10 V (see Figure 5b and Table 2).

To evaluate the fluorescence decay behavior of the mechanoluminescence signals, the

experimental spectra were fitted with a Kohlrausch-William-Watts (KWW) function:>?

1(6)=1 e_(i) (1)
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for values after the peak of the signal, marked by /max and a dashed line in Figure 5a. The onset
of decay time corresponds to ¢ = 0.32 ms for MgO(1) and ¢ = 0.45 ms for MgO(SCS). The inset
in Figure 5a shows the curve fit redefining time from 7 to #* (representing time only for signal
decay). The KWW function describes the exponential decay of fluorescence intensity, /(¢), which
drops to 1/e of its initial value /, after the decay time constant, t, for any value of the stretching
exponent B (0 < B < 1). This stretching exponent is a measure of the relaxation rates involved in
the fluorescence decay process, where a small value means a broader rate distribution. The inset
in Figure 5a shows the curves obtained after fitting the mechanoluminescence data to the KWW
function with B = 1, resulting in coefficients of determination, R?, of approximate unity,>
specifically 0.9962 for the MgO(SCS) powders and 0.9979 for the MgO(1) powders. The inset in
Figure 5a also shows that the obtained decay time constant is 459 ps for MgO(SCS) and 691 ps
for MgO(1). Table 2 summarizes the decay times calculated for all samples with values roughly
between 500 and 700 us. Figure S3 shows the decay times calculated for samples MgO(2),
MgO(3), MgO(4) and MgO(5).

Figure 6 depicts the cathodoluminescence spectra of all commercial MgO powders,
organized in order of decreasing intensity of the 1.70 eV peak. The MgO(1) (Figure 6a), MgO(4)
(Figure 6¢), MgO(2) (Figure 6d), and MgO(5) (Figure 6e), powders exhibit a broad
cathodoluminescence emission centered at 2.95 eV, attributed to the presence of oxygen
vacancies,>* with a shoulder at about 3.30 €V.>> The MgO(3) powder (Figure 6b) exhibits three
bands centered at 2.60, 3.30, and 4.90 eV.¢ The emission of 2.60 eV has not been reported for
MgO and we have assigned it to the presence of CaO impurity,®’ based on the impurity analyses
provided by the vendor (see Table S1), where one can see that the MgO(3) powder contains ~0.8

at.% of CaO. This emission is also present in the MgO(1) and MgO(2) powders, which contain
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0.1 at.% and 0.83 at.% CaO, respectively. According to Schleicher et al.,’> the emission at 3.30
eV corresponds to the electronic transition between F2* centers (oxygen vacancies without
trapped electrons) and the excited states of F** centers (oxygen vacancies with one trapped
electron) in MgO. Furthermore, Figure 6 also reveals the presence of a red band centered at 1.70
eV, which changes in intensity in order of MgO(1) —» MgO(3) — MgO(4) —» MgO(2) —»>
MgO(5), from highest to lowest. This is the same trend observed for the mechanoluminescence
intensities summarized in Figure 5. Generally, samples of higher purity have lower
mechanoluminescence and cathodoluminescence emission intensities of the 1.70 eV emission, in
contrast to the samples of lower purity that have higher emission intensities. That is, the MgO(1)
powder exhibits the highest red cathodoluminescence intensity, while the MgO(5) powder
exhibits the lowest intensity. As was stated earlier, the MgO(1) powder also displays the highest
mechanoluminescence intensity, while the MgO(5) powders displays the lowest (see Figure 5).
Zhang et al.’® previously reported that MgO nanobelts generate an emission of 1.7 eV by
relaxation luminescence of defect centers, excited by a mechanical stress during fracture and
crack propagation. In addition, Schleicher et al.> proposed that the MgO emission at 1.7 eV
corresponds to electronic transitions between excited F** states and ground F* states.

In order to confirm that the 1.70 eV emission in our own powders is generated by
mechanical stress, a monochromatic mechanoluminescence measurement of MgO(SCS) was
obtained. This monochromatic measurement was performed by using a bandpass interference
filter placed at the window of the detector, ensuring only the detection of the luminescence of
1.70 eV. This result showed an estimated decay time of 470 us (Figure 7), which is very close to
the 459 us value evaluated from the panchromatic mechanoluminescence measurement for this

sample (see Figure 5a and Table 2). Thus, we demonstrate that mechanical stress in MgO
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promotes a generation of the 1.70 eV emission, probably due to electronic transitions from the
excited F states to the ground F” states.

Figure 8 illustrates the cathodoluminescence spectra of the MgO(SCS) powder obtained
before and after impact associated with the mechanoluminescence measurements. Several
components centered at 1.70, 2.04, 3.30, 3.70, and 4.10 eV, were calculated by deconvolution
operations using Gaussian curves. A decrease in cathodoluminescence after impact is seen when
comparing the two spectra. The signal in Figure 8a has an intensity reaching ~100 kcps for the
peak of highest intensity, whereas the signal in Figure 8b has an intensity no higher than ~50
kcps for the same peak. In considering the peaks from the deconvolution, one can see that the
signals at 2.04, 3.30, 3.70 and 4.10 eV all decrease in intensity, potentially due to annealing of
the point defects that originate these emissions. The annealing process, due to heating of the
MgO powders during impact, promotes the diffusion of the point defects from the bulk of the
solid to the surface, thus resulting in the annihilation of the defects. In particular, the inelastic
collision of the steel ball with the MgO powder during mechanoluminescence testing generates
heating by conversion of mechanical energy to thermal energy. An approximation of the
maximum temperature achieved, assuming that mechanical energy is converted entirely into
heat, results in a value of around 1500 K, considering that the kinetic energy of the steel ball at
impact is 0.122 J, the specific heat capacity Cy of MgO is 40 J/molK,*” and the average mass of
the MgO powder exposed to the impact is approximately 1.0 x 10 g, an amount that can be
justified considering the small contact area of a steel sphere when impacting a flat surface. We
propose this high temperature is enough to promote annealing of the defects. SEM images
obtained from the MgO(SCS) powders after mechanical impact show sintering between the

powder grains (Figure 9c), as compared to the powders before impact (Figure 9a). The
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cathodoluminescence emission scan obtained after impact revealed an inhomogeneous emission
(Figure 9d), as compared to the emission before impact (Figure 9b), an effect which can be
attributed to an inhomogeneous distribution of point defects due to annealing from the impact.
The cathodoluminescence component of 2.04 eV in Figure 8, has been previously
associated with the presence of F centers at low-coordinated sites, as steps and corners, in
MgO(100).°° However, several authors have reported that MgO exhibits luminescence of type F*
and F° with energies of about 3.2 €V and 2.3 eV, respectively.®!**3 Moreover, Rinke et al.%
reported that the emissions at 2.3-2.4 eV are generated when electrons in F° and F* centers
recombine with holes in the valence band of MgO. Therefore, we assigned the component of
2.04 eV in our MgO(SCS) sample to the reported emission of about 2.3 eV, associating its origin
to the presence of F* centers in the sample. Furthermore, the components of 3.70 and 4.10 eV
could correspond to the formation of M centers (paired oxygen vacancies), according to
Schleicher et al.>® who have proposed that the energy levels of M centers are located at around
4.3 eV below the conduction band, while the energy between M centers and the valence band is

1.9 used self-consistent methods to determine

about 3.8 eV. Additionally, Dominguez-Ariza et a
that the neutral M center exhibits a very intense emission at around 4.4 eV, while the charged M*
center shows intensities between 3.7 and 4.0 eV. Since the MgO(SCS) powders exhibit high
oxygen deficiency, confirmed from the EELS, XPS, and TGA measurements, the formation of M
centers is highly probable in this sample. As a result, we attribute the components of 3.70 and
4.10 eV to the electronic transitions between M* and M centers, respectively. While all signals
discussed above decrease in intensity after impact, Figure 8 shows that the deconvoluted peak at

1.70 eV has an intensity that is approximately the same in both spectra (~9 kcps). This peak has

been associated with the presence of F* centers in MgO.> The presence of the peak at 1.70 eV,
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of the same intensity as that seen before impact, shows that F* defects are highly stable in MgO
(i.e., they have low free energy).

Furthermore, Figure 10 displays the cathodoluminescence intensity variation with respect
to electron-beam exposure time observed for powders under irradiation with a voltage of 15 keV
and beam current of 3.2 x 10713 A/um?. Emission from the MgO(SCS) (Figure 10a) and MgO(1)
(Figure 10b) powders display a gradual increase of the CL intensity with beam irradiation until
the signal reaches a maximum. The saturation intensities for the MgO(SCS) and MgO(1)
samples were 36.8 and 40.9 kcps, respectively, occurring at times of 25 and 180 s. The curves
obtained from these two samples revealed an excellent fit using the Monod equation, typically
used for modeling systems composed of species that grow in number and are immersed in a

limited environment:%°

t
ICL =[sat it

(2)
where I, 1s the saturation cathodoluminescence intensity, b is a constant associated with the
intensity rate of increase, and ¢ is the beam irradiation time. We propose using the Monod
equation to describe the behavior illustrated in Figure 10 by considering MgO as a system

composed of a limited number of F* centers. Following Jonnard ef al.%’, the F* centers transform

to F' centers through electron beam irradiation due to the capture of one electron as follows:

F+e > F'+¢ 3)
F* = F +hy (4)
F'+en > F (%)
F'' > F+hv (6)
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where e; represents one incident electron from the electron beam, and en represents one electron
from the conduction band. Equations 4 and 6 represent the cathodoluminescence emission
generated during the transformation F* — F, which increases with time until a maximum or
saturation cathodoluminescence intensity, determined by the amount of F* centers available in
the MgO samples. Figure 10a shows a considerably higher saturation cathodoluminescence
intensity for the MgO(SCS) powder, compared to that observed in Figure 10b for the MgO(1)
powder, corresponding with the higher concentration of F* centers contained in MgO(SCS).
Thus, measurements of cathodoluminescence dependence upon irradiation time confirm the
presence of a high density of F* centers in MgO(SCS) and MgO(1) samples, and this can be
correlated to the signal intensity of mechanoluminescence in the powders, especially when
comparing to Figure 10c, which shows that the rest of the powders do not exhibit this CL
intensity saturation with time effect. Since we have shown that MgO(2), MgO(3), MgO(4) and
MgO(5) do not contain significant oxygen vacancies, we associate the lack of saturation effect in
these powders precisely with the lack of oxygen vacancies. This is also connected to the lack of a
mechanoluminescence signal.

In summary, an analysis of the mechanoluminescence response of several commercial
MgO powders together with MgO produced by a solution combustion synthesis process was
performed. The presence of several different types of oxygen vacancies was found to be
responsible for the mechanoluminescence signal in MgO. Specifically, F*, F°, and M centers,
verified and characterized by thermogravimetric analysis, X-ray photoelectron spectroscopy, and
electron energy-loss spectroscopy measurements are presented. A clear correlation between the
presence of oxygen vacancies and a saturation in cathodoluminescence response with irradiation

time was also verified for both MgO(SCS) and MgO(1). These materials also demonstrate the
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most pronounced mechanoluminescence signals among all materials tested. As a result, the
presence of a significant amount of oxygen vacancies (correlated with the cathodoluminescence
intensity saturation effect) was found to be responsible for the highest mechanoluminescent

response.

4. CONCLUSIONS

A systematic analysis of the mechanoluminescence response of MgO commercial
powders, together with MgO material produced by solution combustion synthesis, was
performed. MgO produced by combustion synthesis was found to generate the highest
mechanoluminescence response among all materials tested. Its response was about three times
higher compared to the best commercially available material [i.e., MgO(1)]. This pronounced
difference was explained by the existence of oxygen vacancies, or F' centers, as well as paired
oxygen vacancies, or M centers. Specifically, the cathodoluminescence spectra obtained from the
MgO(SCS) powders exhibited an emission at 2.04 eV associated with the presence of F'* centers,
and intense cathodoluminescence emissions at 3.70 and 4.10 eV associated with the presence of
M* and M centers, respectively. Furthermore, cathodoluminescence measurements revealed that
the mechanical stress produced on the MgO(SCS) powders by mechanoluminescence
measurements, promoted the generation of a cathodoluminescence emission of 1.70 eV, which
was attributed to an electronic transition between excited and ground F* states. Measurements of
cathodoluminescence intensity with respect to irradiation time demonstrated the presence of a
cathodoluminescence intensity saturation effect correlated with the presence of a high density of
F* centers in MgO(SCS) and MgO(1) samples, which explains their highest

mechanoluminescence signal. More specifically, the effect of intensity saturation with an
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irradiation time during cathodoluminescence analysis was evaluated and correlated with the
presence of oxygen vacancies. The existence of the above mentioned saturation effect was found
to be one of the main features responsible for the most pronounced mechanoluminescence signal
in the MgO(SCS) powders. These findings play an important role in the understanding of
fundamental mechanisms behind the mechanoluminescence response of oxide materials, with

implications for the use of these materials in structural health monitoring applications.
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