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A B S T R A C T   

This paper reports a comparison of luminescence, particle size and crystallinity reduction of SrAl2O4: Eu2þ, Dy3þ

(SA2) and Sr4Al14O25: Eu2þ, Dy3þ (SA14) phosphors by ball milling. In addition, the regeneration possibilities of 
rare earth metal doped strontium aluminate phosphors (SAEDs) were investigated. The crystallinity degradation 
and particle size reduction were characterized by powder X-ray diffraction, and scanning electron microscopy 
(SEM) techniques respectively. Afterglow (AG), photo- (PL) and thermoluminescent (TL) properties of SAEDs 
were followed in parallel. The trap level shifts during the degradation and regeneration process were calculated 
from the TL data. The oxidation and reduction of Eu2þ/3þ luminescence centre was followed by X-ray photo
electron spectroscopy (XPS). Luminescence degradation became significant after 2 μm avg. particle diameter 
reached, for both SAEDs. Considerable differences were found in their stress durabilities. The SA2 and SA14 
characteristics are largely influenced by the details of the mechanical energy investment method, in reached 
crystallinity, particle diameter, and the Eu2þ/3þ state, besides the total amount of energy transferred. The 
reversibility of the Eu2þ/3þ ratio, PL and afterglow performance of the milled phosphors could be restored to 
some extent, by similar to synthesis annealing. The SA14 and SA2 phosphors responded differently to the 
regeneration process.   

1. Introduction 

Long-persistent inorganic phosphors are widely studied materials 
due to their high-performance energy-storing capabilities [1–3]. They 
can emit visible light up to several hours after excitation. The afterglow 
process is a delayed radiation on a luminescence centre, caused by 
thermally stimulated slow recombination of trapped charge carriers 
[4–6]. While their sufficiently long phosphorescence lifetimes render 
these materials suitable for many applications, their available particle 
size range can limit their usability, for example in luminescent paints 
[7], bioimaging applications [8], solar cells supports [9], photocatalytic 
reactions [10], and other industrial processes [11,12]. 

The first long-persistent phosphors were sulfide-based materials 
doped with transition metals and radioactive elements. Titanates, 

silicates, aluminates, and nitrides were later converted successfully into 
high-performance phosphors [2,13–15]. Since the discovery of SrAl2O4: 
Eu2þ, Dy3þ as a new persistent luminescent phosphor by Matsuzawa [5], 
a large number of rare earth metal doped alkaline earth metal alumi
nates have been studied in various lattices. Eu2þ and Dy3þ co-activated 
variants of strontium aluminates (SAED) have become particularly 
important due to their high luminescence and stability [1]. Studies 
focused on optimizing the precursor properties or the use of flux agents 
are available in the literature [16,17]. Considerable efforts have been 
put into both top-down and bottom-up approaches to produce phos
phors with controlled particle size [18–21]. These include solid-state 
synthesis [22], precipitation [23], combustion [24] and magnetron 
sputtering [25]. Nonetheless, high-quality phosphors are typically syn
thesized primarily in a broad size distribution ranging from 10 to 500 
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μm. This is due to the reductive heat treatment process typical for most 
types of synthesis. 

Phosphor milling is investigated today as an industrially accepted, 
scalable particle size control alternative. However, the energy invested 
into SAED particle size reduction is expected to oxidize some Eu2þ ions 
into inactive Eu3þ in the host lattice [3]. Moreover, the local coordi
nation environment offered to dopants in strontium aluminate hosts 
depends heavily on crystallinity and lattice microstructure [26]. Even 
though these factors can affect the performance of submicrometer-sized 
phosphors, their complete analysis is not yet available in the literature. 
Besides, information about the feasibility of thermal restoration of the 
performance of degraded SAED phosphors is also not available. 

Here we present a comparative study on the long-persistent phos
phorescent properties of SrAl2O4: Eu2þ, Dy3þ (SA2, monoclinic) and 
Sr4Al14O25: Eu2þ, Dy3þ (SA14, orthorhombic) phosphors. These SAEDs 
were milled into submicrometer-sized particles in a planetary ball mill. 
The changes in the most important phosphor quality parameters were 
determined, and the durability of SA2 and SA14 was compared. In 
addition, the possibilities to restore the luminescence behaviour of 
degraded SAEDs were investigated. Powder X-ray diffraction (XRD), 
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy 
(XPS), photoluminescence spectroscopy (PL), afterglow photometry 
(AG), decay curve modelling, and thermoluminescence (TL) analysis 
were employed. 

2. Experimental 

2.1. Synthesis 

SrCO3 (99.9%), Al2O3 (150 mesh, >99%), Eu2O3 (99.9%), Dy2O3 
(99.9%), H3BO3 (99.5%) were all purchased from Sigma-Aldrich and 
used as received. Phosphors were prepared in the general compositions 

of Sr1-x-yAl2-2bO4: bB3þ xEu2þ, yDy3þ (SA2) and Sr4-4(xþy)Al14-14bO25: 
bB3þ, xEu2þ, yDy3þ (SA14) where b ¼ 0.1, x ¼ 0.04 and y ¼ 0.08. A 
solid-state synthesis method was used to produce bulk SAED materials 
for milling. Precursors were homogenized by milling at 500 rpm for 60 
min in a Fritsch P6 planetary ball mill using Si3N4 balls in an 80 ml Si3N4 
bowl. A high-temperature treatment at 1200 �C in a reductive atmo
sphere (10 vol% H2, 90 vol% N2) was carried out afterwards to yield the 
bulk poison green (SA2), and pale green (SA14) products. These prod
ucts were then ground by hand in an agate mortar, their coarse fractions 
consisting of particles with diameters over 1 mm were removed by 
sieving, 1 g of each material was dry milled in a planetary ball mill for 
different times at 200, 350, and 500 rpm. Attempts were made to restore 
the performance by annealing some of the milled phosphors at 1000 �C 
or 1200 �C for 4 h in a flow of the original reducing gas mixture. In the 
case of regenerative precursor addition, the precursors were added in 
1:1 wt ratio to the milled samples. 

2.2. Characterization 

The crystal structure of the synthesized phosphors was analyzed by 
the powdered X-ray diffraction (XRD) technique in a Rigaku MiniFlex II 
system operating with Cu Kα radiations in 0.5�/min steps. Scanning 
electron microscopy (SEM) was performed using a Hitachi S4700 Type II 
FE-SEM microscope. Ocean Optics USB4000 spectrometer and a DH- 
2000-BAL UV–Vis–NIR light source having a 250–450 nm range with 
its maximum output intensity at 325 nm were used to measure the 

photoluminescence (PL) emission spectra. The maximum resolution of 
the spectrometer was 0.1 nm in the 200–850 nm wavelength range. PL 
decay curves of 100 mg sample aliquots were measured using a custom- 
built setup. The samples were illuminated with a UV LED for 60 min in a 
direction perpendicular to the detection. The LED light source was a 5 
mm DIP LED. Its peak intensity was available at 395 � 15 nm, FWHM 12 
nm. The source was driven with 3.7 V dc voltage. No monochromator 
was used. The intensity of the light was modulated by a chopper wheel 
and detected by a Hamamatsu R928 photomultiplier tube operated at 
1000 V using lock-in technique with 1 s integration time. X-ray photo
electron spectroscopy (XPS) measurements were performed in a Specs 
instrument on disk-like samples pelleted to 1 cm in diameter and 1 mm 
in thickness. Thermoluminescence (TL) measurements were performed 
in a Risoe TL/OSL DA-15 unit. The PM tube of the unit was run at 810 V 
acceleration voltage. BG3 and RG610 filters were used to avoid signal 
saturation when recording the spectra. 20 mg powder samples were 
charged with 1 min irradiation from a 0.33 W 400 nm LED source. Trap 
depths and densities were calculated by Chen’s peak shape method 
[27–31]. The particle size distribution was determined manually by 
measuring the diameters of 300 randomly selected particles using three 
SEM micrographs recorded at different regions of the sample using 
ImageJ image analysis software. Visible light photographs were taken 
using a Canon EOS 50D frame and Sigma 100–300 mm lens. The 
exposition time was 1/250 s in ambient light, ½ s when illuminated, and 
1s in dark, by a 0.33 W LED light source (λ~395 nm) for 1 min and 1 s in 
dark. 

The Burgio-Rojac model was used to quantify the milling process. 
The energy of a single ball hit as well as the cumulative energy trans
ferred to the material during a planetary ball milling session can be 
calculated by the Burgio-Rojac model [32–34] as described in equations 
(1) and (2), respectively.   

Here K is a geometrical constant of the mill, ϕb is the obstruction 
coefficient, ρb is the density of the milling balls, db is the diameter of the 
milling balls, dv is the diameter of the milling drum, ωp and ωv are the 
rotational speed of the milling plate and the drum, respectively and rp is 
the distance between the rotation axes of the plate and the drum. The 
cumulative energy (Ecum) received by the material in a t time period is 
calculated as 

Ecum ¼
ΔEb � vt � t

mp
(2)  

where νt is the impact frequency and mp is the mass of the admeasured 
sample [33]. The energy transferred to the phosphor particles in a single 
ball impact was calculated to be 11.9, 36.5 and 74.5 mJ/hit when 
running the mill at 200, 350 and 500 rpm, respectively [35]. 

Trap densities (1/cm3) and depths (eV) were calculated using Chen’s 
so called peak-shape equation [28–31] as: 
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temperature half width and τ the low-temperature half width of the 
peak. kb is Boltzmann’s constant and Tm indicates the maximum in
tensity peak position in the curves. The asymmetry parameter is μg ¼

δ/ω and Im is the TL intensity at the peak position. E is the average 
activation energy of trap sites and n0 is their density. It should be noted 
that the trap density should be treated only as a value relative to that of 
the non-milled reference phosphor because Im is strongly dependent on 
the settings of the instrument. 

3. Results and discussion 

3.1. Milling effects on the phosphor particle morphology 

Phosphor particles featured an irregular shape both before and after 

milling [20]. In contrast to the bulkier SA2, SA14 was friable and the 
particles were observed to have blunt edges even without fine grinding. 
It was easier to pulverize SA14 to pulverize to coarse powder. 

The average phosphor particle apparent diameters are depicted as 
functions of milling time and cumulative milling energy in Fig. 1. It 
should be noted that the d50 values correspond to the size of agglom
erates (see Supplementary Information for SEM images). The primary 
crystallite size calculated by the Scherrer equation from XRD data is 
provided in the secondary y axis. After a short time of milling, it can be 
seen that the size of the SA2 particles reduced less gradually as 
compared to SA14. The gradual reduction of SA14 can be attributed to 
the looser aggregation of particles in SA14 in contrast to the glassy ag
gregation of particles in SA2. Nevertheless, both materials exhibited the 
same attrition rate as the milling was further progressed. The gradual 

Fig. 1. Average (black) and maximum (green/blue) particle diameters of SA2 (a) and SA14 (b) phosphor particles milled under identical conditions. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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size reduction in the initial stages was followed by levelling of the curves 
after about 60 min. This is in agreement with earlier reports about the 
existence of a lowest particle size limit achievable by milling [3,36–38]. 
This appears to be at approx. 500 nm average diameter for both SA2 and 
SA14, regardless of the cumulative impact energy applied. Both phos
phors could be reduced into submicron sizes, utilizing about 10 J/g 
energy transfer cumulatively. Although the impact energy, Eb and the 
milling time, t should compensate each other according to equation (2), 
our results reveal that increasing Eb is better than increasing the milling 
time for the size reduction of SAED phosphors. This is indicated by the 
fact that a prolonged milling time reduced the maximum and average 
particle diameter with a highly depreciating pace. Therefore, only 
higher impact energies could result in smaller particles, which is also 
observed in Fig. 1. Moreover, as reported by Kandpal et al. long milling 
times could also result in the reaggregation of the particles [3]. 

3.2. Milling effects on phosphor crystallinity 

The powder XRD profiles recorded at various stages of the milling are 
depicted in Fig. 2. As particles were converted from irregularly shaped 
particles with diameters >50 μm into submicron diameter crystallites, 
uniform fine powders were obtained with amorphization of crystallites 
occurring simultaneously over prolonged milling times [38]. As can be 
deduced from the weakened and broadened reflections in Fig. 2, SA2 
(Fig. 2a) and SA14 (Fig. 2b) suffered slightly different reductions in their 
crystallinity. While SA2 shows slight amorphization at the end of low 
energy milling at 200 rpm, SA14 shows no apparent reduction in its 
crystallinity. A serious reduction in the crystallinity of SA2 was observed 
after about 15 min of higher energy milling at 350 rpm and an even more 
pronounced amorphization was observed after 120 min. Although a 
serious amorphization was also observed in SA14, it remained more 
crystalline compared to SA2 under the same processing conditions. Both 
SA2 and SA14 could be destroyed completely when exposed to very 

Fig. 2. Powder XRD patterns of SA2 (a) and SA14 (b) phosphors milled at 200 and 350 rpm for 15–120 min and 500 rpm for 120 min.  
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high-energy milling (at 500 rpm) for 120 min. No recognizable pattern 
of any SAED variants could be identified in these cases. Considering the 
particle size reduction tendencies, the observed difference in durability 
suggests that different aggregation states of SA2 and SA14 crystallites 
are the main reason behind the dissimilarity. This is why the smaller 
crystallites of glassy SA2 start getting seriously damaged from the 
impact of balls just from the beginning. Whereas, the loosely aggregated 
crystallites of SA14 get damaged later only when the aggregation level is 
lowered, resulting in a higher durability. 

While no significant phase transformation was observed in either of 
the phosphors due to milling, some contaminants could be identified and 
characteristic differences were found in the details of the crystal struc
ture evolution. SA2 (JCPDS: 09–0039) identified as SrAl2O4 phase, Fig. 2 
a indicates the presence of two contaminant phases in SA2. Sr4Al14O25 
(JCPDS: 74–1810) and Dy3Al5O12 (JCPDS: 22–1093) phases were found 
and their peaks followed parallel to the main peaks of SA2. Interestingly, 
the reflection intensities of contaminants were preserved better than 
those of SA2 during the milling. This can also be noticed from the in
tensities of 27.6 and 33.3 2Θ contaminant reflections as these peaks are 
identifiable even after a prolonged high energy milling. It is regardless of 
their tiny presence in SA2. This suggests that the contaminant phases 
have a higher resistance against mechanical grain damage than the 
phosphor itself. On the other hand, these phases could form during 
milling, even though their reflections were not strengthened. 

The intensities of SA14 (Fig. 2 b) (JCPDS: 74–1810) showed less 
reduction with milling time as compared to that of SA2. SA14 also had 
contaminant phases, identified as EuAl12O19 (JCPDS: 26–0976), 
SrAl12O19 (JCPDS: 26–1125) and Dy3Al5O12 [23]. It can be observed 
that Dy3Al5O12 and MAl12O19 were reduced and amorphized almost 
simultaneously with SA14. Slightly strengthened reflections of these 
contaminants in low energy milled products can be related to some 
suppression effect of the undamaged main lattice. Besides that, their 
durability seems to be equal to SA14. 

With an overall 262.3 J/impact energy employed, both the phos
phors showed a complete destruction of their crystalline phases with 
their secondary phases. The resultant powders contained almost negli
gible reflections, identified as Si3N4 (JCPDS: 71–0623) originated from 
the mill container. Results indicate that the observed sample particles 
were completely non-crystalline post-products of SA2 and SA14. 

Comparing the crystallinity of SA2, SA14 and their secondary phases 
reveals that the aggregation and durability of single grains are usually 
responsible for durability against milling impacts. 

3.3. Milling effects on the photoluminescence properties 

Both SAED phosphors appeared as pale green coarse powders under 
ambient light (Fig. 3.). As the applied low energy milling was prolonged, 
both SAEDs were observed to whiten out. On the other hand, greying 
was observed under higher energies, with SA2 more inclined to fade 
towards grey. Under 400 nm illumination, all SA2 and SA14 samples 
exhibited some kind of photoluminescence, except the 500 rpm milled 
ones. As no crystallinity or PL was noticed, these samples will be not 
detailed in later measurements. Consequently, the as-used conditions 
caused a gradual degradation of SAEDs until the complete degradation. 
SAED phosphors showed no luminescence when no crystalline phase 
was present. Only the reflection of the photons from the light source can 
be seen in the completely destroyed samples. Depending on the milling 
parameters, an apparent blue shift and fading of the PL could be clearly 
observed with naked eyes. The apparent blue shift and fading effect are 
both related to the smaller quantum yield and absorbance, but increased 
reflection of excitation photons. However, no shift was recorded in the 
PL of the phosphors, as can be seen in Fig. 4 a-d. This suggests that 
milling was not able to reduce the grain size to the Bohr-exciton radius, 
and – in accordance with the XRD interpretation – the formation of 
sizeable amounts of new light-emitting phases can also be excluded. 

Weakened PL tendencies were quantified as shown in Fig. 4 e. where 
the maximal PL intensities are depicted as a function of milling time and 
cumulative milling energy. It is also clear that increasing the impact 
energy inevitably results in worsened PL intensity. This is due to the loss 
of available Eu2þ luminescence centres, less crystallinity and formation 
of non-radiative trap sites in the remaining lattices [2,3]. The degra
dation process was observed to be more powerful during the afterglow 
process when the 400 nm illumination was switched off (Fig. 3). This is 
detailed later in the discussion. 

Some characteristic differences were observed between the behav
iours of SA2 and SA14 even though their particle size distributions 
(Supplementary information, Fig. S1) at a given impact energy/milling 
time conditions were similar. The PL intensity loss of SA2 is a quasi- 

Fig. 3. Optical images of SA2 (top) and SA14 (bottom) phosphors milled and illuminated under various conditions.  
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Fig. 4. PL spectra of milled SA2 (a–b) and SA14 (c–d) phosphors. Maximum photoluminescent (PL) intensity as a function of milling time for SA2 (green) and SA14 
(blue) phosphors (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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linear function of the cumulative energy transferred to the phosphor. 
Only the slope of the intensity reduction curve was affected by a vari
ation in the impact energy. Luminescence degradation in SA2 appears to 
be proportional to the loss of crystallinity (see XRD in Fig. 2), which is 
linear to the overall energy invested. 

On the other hand, SA14 showed a highly nonlinear loss behaviour, 
with serious dependence on milling energy rather than overall invested 
energy. Very little (approx. 10%) PL intensity reduction occurred when 
exposed to low impact energy regardless of the milling time (at 200 
rpm). High impact energy (at 350 rpm) caused an almost time- 
independent loss in luminescence, however approx. 75% of PL in
tensity was lost. It seems that in the case of SA14, an amount equal to the 
threshold impact energy is needed to induce quantized luminescence 
degradation. 

A possible explanation for this phenomenon is that the SA2 and SA14 
particles are covered by defensive flux layers in relatively different 
manners. The more solid SA2 particles break gradually, while Eu2þ ions 

oxidize to inactive Eu3þ ions in the inner lattice. This results in the 
oxidation of majority of Eu2þ ions and gradual loss of intensity in SA2. 
Since the crystallinity of SA14 particles reduced slowly and nonlinearly, 
it appears that no serious damage to the crystallites occurs under the 
threshold energy. This is due to the non-oxidation of luminescence 
centres in the inner lattice. The luminescence loss can be related to the 
oxidation of surface luminescence centres only during low energy 
milling. High energy milling can, however, oxidize Eu2þ luminescence 
centres both on the surface and the lattice, damaging the crystallites 
simultaneously. The process seems very quick above the threshold en
ergy, as most of the luminescence centres get oxidized during the first 
15 min of milling and a dead layer is possibly formed. 

3.4. Milling effects on the afterglow properties 

Non-milled phosphors exhibited the largest afterglow intensities. 
The most intense AG signal was observed for non-milled SA14. The 

Fig. 5. Afterglow curves of as milled SA2 (a) and SA14 (b) phosphors. Overall integrated area as afterglow capacities of milled SA2 and SA14 phosphors (c) and the 
time needed to reach the arbitrary 0.005% of the initial intensity of the non-milled sample (d). 
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decay of the afterglow intensities was measured at the wavelength range 
corresponding to the visible luminescent spectra of SA2 and SA14. The 
micrometer and nanometer sized strontium aluminates have shown 
considerable differences in their afterglow characteristics in earlier 
studies. These differences were related mostly to the dissimilarities in 
their crystallite sizes [21,39]. Since the afterglow comes from the suc
cessful relaxation of charge carriers on luminescence centrums, the 
afterglow properties follow precisely the decay of PL characteristics. 

Fig. 4 Showed that PL intensities of SA2 and SA14 are basically 
similar. On the other hand, we can see from Fig. 3 that the afterglow 
properties of SA14 were superior to those of SA2 under all the condi
tions. Fig. 5 a. and b. indicate that the superiority comes from the overall 
higher afterglow capacity of SA14 instead of the maintained afterglow 
properties. Afterglow properties were simply detailed as integrated ca
pacity (Fig. 5 c.) of the phosphors [40–42]. We can see in Fig. 5a-b, that 
differences are logarithmically proportional in the initial and later 
phases of the afterglow for both the phosphors. As a constantly worsened 
property, the amounts of time to reach a given intensity and exponential 
decay values of the afterglow curves were also calculated. Results ob
tained correlate well with the integrated capacities (seeFig. 5). 

For SA2 the afterglow properties decayed in a gradual way in all 
aspects. In this case the resulted loss followed the invested cumulative 
impact energies. In addition, results clearly correlate to the PL charac
teristics both in proportion and exact values. The same little differences 
can be observed in the invested milling energy and decay relations. 

The afterglow properties of SA14 showed a similar tendency as their 
PL properties, but in a far poorer performance. All milled SA14 samples 
showed an overall ~20% lower afterglow capacity than as expected 
from their PL. As most of the crystallinity remained, the formation of 
non-radiative trap sites in the lattice and the dead layer may be a result 
of the strong affection to long term afterglow properties [43,44]. 

3.5. Regeneration effect on the phosphor particles 

During the regeneration process, the two phosphors acted similarly, 
however a stronger re-aggregation occurred in case of SA2. Overall, a 

serious re-aggregation process was induced, where the average di
ameters of the particles of both phosphors became comparable to their 
original, non-milled values (Fig. 6). Similarly, the average diameter of 
the regenerated phosphor particles was observed to be in 20–100 μm 
range, in a slight dependence on their initial condition. From a closer 
view, we could see that the particles became slightly different from the 
original. During the re-aggregation process, particles were mostly 
rebuilt from fragmented crystallites. Individual grains could be barely 
seen in larger particles originally but aggregated small crystallites built 
up larger particles after regeneration. In case of regenerated non-milled 
phosphors, slightly larger particles which were not built up from 
aggregated crystallites were observed. Smaller overall particle sizes 
were obtained during regeneration at 1000 �C due to lesser induced 
aggregation. The addition of the precursor material was observed to 
have no effects on the apparent re-crystallization or re-aggregation 
processes, during our experiment. 

3.6. Regeneration effect on the phosphor crystallinity 

Inorganic phosphors are known to be very inert materials, with a 
theoretical capacity of unlimited charge-up cycles. On the other hand, 
little is known about the possibilities of restoring their luminescence and 
crystallic performance after the application of mechanical [18], chem
ical [45,46] or oxidative stresses [47], or even after a poorly performed 
crystallization process. Besides, it is well known that the slight differ
ences in the precursor composition can result in other different crys
talline and amorphous optical materials [48–50]. 

Also, the significance of initial precursor composition in the quality 
of the phosphor was confirmed in multiple studies. The precursor 
properties were tuned by dry and wet-milling [51], combustion tech
nique regulation [52–55] and pre-calcination [56,57] methods. Lü et al. 
described that the particle size of the precursor has an effect on the 
phosphor properties [58]. Therefore, to investigate the recrystallization 
effects, we annealed the as-milled phosphors under the same conditions 
as they were produced for the first time. In addition, the effect of pre
cursor addition in 1:1 ratio, and possibilities of lowering the reannealing 

Fig. 6. SEM images of regenerated non-milled (left) and 350 rpm milled (right) SA2 (top row) and SA14 (bottom row) phosphors.  
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temperature to 1000 �C were investigated. 
Characteristic XRD profiles of the annealed samples are presented in 

Fig. 7. The second annealing affected the crystallinity of both phosphors, 
under all conditions. The source condition had a key role in the regen
eration process, as well as during synthesis. For both phosphors, some 
degradation was observed for samples with high crystallinity. However, 
the samples with low crystallinity showed some improvement. A similar 
phenomenon was observed under oxidative environment [47], there
fore, both the degradation and recrystallization can be related to the 
heat treatment process, regardless of the atmosphere. 

For SA2, the crystallinity decrease was slightly lower and the in
crease was higher than that for SA14 by reannealing at 1200 �C. It can be 
clearly seen in Fig. 7 a. that higher crystallinity variants (non-milled and 
200 rpm milled) of SA2 reached nearly the same crystallinity as the 
original. While more degraded (350 rpm) sample gave a poorer result, 
thus, indicating some limitations in the regeneration possibilities. SA2 

showed large sensitivity to the reannealing temperature similarly to the 
synthesis process [59]. Low crystallinity could be slightly increased at a 
lower temperatures. This phenomenon confirmed the common role of 
the precursor condition and reannealing temperature in the regenera
tion of SA2. Addition of the same amount of precursor material to highly 
degraded SA2 contributed highly to the recrystallization process. The 
as-reannealed material reached the same crystallinity as the less 
degraded ones during the reannealing, but couldn’t reach the original 
level. 

For SA14 the crystallinity resulted from the second annealing was 
less dependent on the initial properties. However, slightly lower crys
tallinity was achieved in the samples with a high initial crystallinity. 
Also, the crystallinity improved only slightly for more degraded sam
ples. Since reannealing at 1000 �C and 1200 �C resulted into similar 
crystallinity, it indicates that SA14 was less sensitive to the reannealing 
temperature. The addition of precursor, however resulted in values 

Fig. 7. XRD patterns of milled and regenerated SA2 (a) and SA14 (b) phosphors.  
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similar to that of SA2, as crystallinity increased when it was close to the 
pure synthesized state. Precursor addition caused the same result as in 
the case of SA2, as crystallinity increased close to the pure synthesized 
state. 

The re-annealing of 500 rpm milled and slightly Si3N4 contaminated 
samples of both phosphors yielded recrystallization into a different 
state. The product was identified as a mixture of Sr6Al18Si2O37 (JCPDS: 
10–0025) and SrAl2Si2O8 (JCPDS: 38–1454). Results show that another 
limiting factor in the regenerating process is the elemental contamina
tion during a degradation process. Strontium-aluminates can easily 
incorporate other elements in their lattice during high-temperature 
annealing [49,60,61]. Results show that in presence of some contami
nants, other crystallites may form dominantly, such as garnets or alu
minosilicates. Therefore, proper regeneration can be expected only 
when the SAEDs remain chemically uncontaminated. 

3.7. Regeneration effects on the luminescence properties 

It can be observed from Fig. 8a-b that regeneration of both SA2 and 
SA14 were achievable by multiple ways. The two phosphors acted 
similarly, as the luminescence properties of the regenerated samples 
were dependent on the initial materials. Interestingly, the PL properties 
of both phosphors were enhanced slightly, when non-degraded samples 
were annealed the second time. 

After the regeneration process at 1200 �C in a reductive atmosphere, 
the PL intensity of SA2 increased by ~5%, while that of SA14 increased 

by ~20% of their initial values. The observed decrease of crystallite size 
of these samples suggests that a slight reduction in the size of crystallite 
without Eu2þ oxidation affects PL properties positively. Regenerated 
samples with lower or damaged crystallinity, (due to low crystalline 
initial materials) showed slightly worsened PL properties for SA2. Re
generated SA14 samples with lower crystallinity displayed properties 
similar to the original samples. No significant photoluminescence was 
observed from the completely destroyed and contaminated samples due 
to the formation of side-products. Even though the regeneration tem
perature was lowered to 1000 �C, the regeneration of the phosphors was 
still successful. In the case of SA2, the PL intensity was 22% less than the 
1200 �C reannealed sample. In the case of SA14, the lowered tempera
ture did not affect the PL intensity negatively, as can also be noticed 
from the crystallinity values. For both phosphors, the addition of pre
cursor resulted in the same 12% higher PL intensity compared to their 
non-milled variants. Results showed that addition of precursor material 
can initiate the proper recrystallization of both phosphors during the 
regeneration process. Results also indicate that PL properties could be 
regenerated for both phosphors, while their complete recrystallization is 
achievable. All the properly recrystallized phosphors except the 
contaminated ones suffered no shifts in their PL spectra. 

3.8. Regeneration effects on the afterglow properties 

The regeneration of afterglow properties indicates a pronounced 
dependence on the initial material. Both phosphors showed some 

Fig. 8. PL intensity maximum values of milled and regenerated SA2 (a) and SA14 (b) phosphors. PL spectra of milled and regenerated SA2 (a) and SA14 
(b) phosphors. 
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improvement compared to their milled conditions. However, none of the 
presented conditions led to the restoration of original afterglow prop
erties from their 120 min milled states. Due to the restored Eu2þ lumi
nescence centres, a significant improvement compared to the milled 
phosphors could be seen in the integral of the curves. The improvement 
in the decay times was not as substantial as the integral values of the 
curves. Results show that regardless of the regeneration of the lumi
nescence centres, there is an appreciable number of non-radiative cen
trums as remaining lattice defects (Fig. 8 c-d). In addition, afterglow 
values could not be predicted like the milled ones. 

From Fig. 9 a we can note that the second treatment had some effect 
on the non-degraded SA2 phosphor. The phosphor displayed a better 
luminescence performance in the initial 60 min, however, the perfor
mance worsened later as compared to the original sample. The regen
eration of 200 rpm milled SA2 led to a slight improvement only when 

the decay times were prolonged by 15–20%. The regeneration process of 
the 350 rpm milled SA2 was barely successful, as even the properties 
similar to samples milled at 200 rpm could not be achieved. Precursor 
addition initiated a slight improvement. Reannealing at 1000 �C resul
ted in an inferior afterglow performance compared to that of reanneal
ing at 1200 �C. 

For SA14, a slight degradation was noticeable when the non-milled 
phosphor was reannealed. Tendencies similar to SA2 were found as 
the regeneration of 200 rpm milled SA14 showed only a slight 
improvement in afterglow. Larger improvements were observed in the 
case of the 350 rpm milled SA14, though the regenerated afterglow 
remained under the 200 rpm level of milling. The addition of some 
precursor generated only a slight positive difference. Interestingly, for 
the 350 rpm milled SA14, reannealing at 1000 �C resulted in a better 
afterglow performance than the reannealing at 1200 �C. 

Fig. 9. Afterglow curves of milled and regenerated SA2 (a) and SA14 (b) phosphors. Overall integrated area as afterglow capacities of milled SA2 and SA14 
phosphors (c) and the time needed to reach the arbitrary 0.005% of the initial intensity of the non-milled sample (d). 
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Results indicate that the afterglow properties of both phosphors 
cannot be fully regenerated from an arbitrary initial damage and size of 
the crystallites. And high-temperature annealing can damage the 
structure of intact crystallites in the case of SA14. 

3.8.1. Eu oxidation state changes during the milling and regeneration 
X-ray photoelectron spectra of the phosphors are presented in 

Fig. 10. The importance of XPS investigations was demonstrated by Luo 
et al. who found that the local concentration of dopant lanthanides is 
several times higher near the phosphor grain boundaries than inside the 
bulk particles [62]. Europium was not clearly detectable in our pristine 
samples but well appeared after etching an approx. ~50 nm thick sur
face layer away by Ar ion bombardment. This suggests that a flux layer 
covers all synthesized phosphor particles. This layer temporarily pro
tects the aggregated grains from oxidation. Ion etched pristine phos
phors show the three-dimensional orbital peaks at specific binding 
energies (1125 eV for Eu2þ to 1136 eV Eu3þ). 

The europium signal was clearly visible for the milled samples 
without any etching. This suggests that the flux layer had been removed 
from the grains due to the mechanical agitation. Low-impact energy 
milling (200 rpm) had a slight effect on the Eu2þ/Eu3þ ratio. In contrast, 
the relative amount of Eu2þ was significantly reduced by oxidation for 
both SA2 and SA14 when milled at 350 rpm. The initial Eu2þ/Eu3þ ratio 
was the same in both phosphors. Milling for 120 min at 200 or 350 rpm 
modified the relative Eu2þ amount to 0.6 and 0.4 in the case of SA2, and 
0.9 and 0.6 in the case of SA14. The less pronounced change in the latter 
case correlates well with the observation that size reduction is less 

pronounced for SA14. It is important to realize that decreasing the 
crystallite size increases the number of defect sites acting as radiation 
traps. Thus, the observable PL intensity variations are due to the com
bination of Eu2þ oxidation and increased defect site concentration. 
Similar results were achieved for SA2 by Rojas-Hernandez et al. [24]. 
Since the Eu2þ/Eu3þ ratio is crucial for good phosphor performance [3], 
these findings support the PL intensity loss explained above. After the 
reductive annealing at 1200 �C, Eu signals were lost again for both SA2 
and SA14. Results revealed that during the recrystallization, the grains 
are again covered by the flux layer. Therefore although the ratio of 
Eu2þ/Eu3þ should have been moved back to the original (as synthesized) 
state according to Rojas-Hernandez et al. [24], this could not be directly 
observed in the XPS spectra due to the layer of flux. 

3.8.2. Trap position changes during the milling and regeneration 
The phosphors were studied by thermoluminescence (TL) technique 

to gain more insight into the underlying phenomena. The TL curves and 
the calculated trap levels of milled and regenerated strontium aluminate 
phosphors are presented in Fig. 11 a-b. The presented phosphors uni
formly obeyed the general order kinetics [31]. The crystallinity decay of 
two phosphors caused slight changes in the dominant trap levels. 
Phosphors acted differently, as SA2 shifted slightly deeper, but SA14 
shifted to slightly shallower levels. Besides the serious drop of 
trap-carrying capacity of the phosphors, the shifts correlate to the decay 
of afterglow properties. In accordance with the shift, both the afterglow 
decays were relatively higher in SA14 than in the case of SA2. For both 
phosphors, second annealed originals had slightly narrowed TL curves. 

Fig. 10. XPS spectra of SA2 (a) and SA14 (b) phosphor powders: non-milled, non-milled and ion etched, milled and regenerated variants. Part (c) illustrates the 
relationship between the development of the XPS signal and the physical state of the material. 
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A slight shift to deeper levels was observed in their estimated trap 
depths. Reannealed original phosphors showed high TL capacity, while 
their long afterglow properties had decayed. This phenomenon suggests 
that main trap levels and luminescence centres retained their qualities. 
Besides, a serious amount of crystal defects with non-radiating transition 
appeared during the second annealing which may have obstructed the 
delayed afterglow. 

After the regeneration of SA2 at 1200 �C, the main trap depths of the 
low energy milled phosphors were observed to be close to their original 
levels, while trap carrier capacity was slightly restored. In contrast, high 
energy milled phosphors displayed even more dissimilar trap levels with 
lower capacities. During the regeneration process, significant number of 
secondary levels were noticed. These were mostly identified as shallow 
trap levels, while the main traps levels had shifted to deeper values. The 
same was observed in the case of second annealing with the temperature 
reduced to 1000 �C. This phenomenon reveals that the appearance of the 
secondary levels can be related only to an initially less crystalline 

material. The trap carrier capacity was also observed to be limited by the 
crystallite size of the regenerated phosphors. 

After the regeneration of SA14 at 1200 �C, the main trap depths of 
the low energy milled phosphors approximated their original levels, 
however, the trap carrier capacity was observed to be stagnated. This 
result correlates to the afterglow property. Deeper trap levels were 
formed with slightly higher capacities from the high energy milled 
SA14. The regeneration at 1000 �C brought the trap level close to the 
original, with slightly higher capacity improvement. The capacity and 
trap level evolution also suggest a direct correlation with the evolution 
of crystallinity during the regeneration process. 

4. Conclusions 

A comparative investigation of mechanical stress resistance of 
SrAl2O4: Eu2þ, Dy3þ (SA2) and Sr4Al14O25: Eu2þ, Dy3þ (SA14) was 
carried out by planetary ball milling. Loss of long-persistent 

Fig. 11. Thermoluminescence curves of milled and regenerated SA2 (a) and SA14 (b) phosphors. Estimated average main and secondary trap levels are embedded 
where the secondary levels were estimated from deconvolution of main curves. 

V. Havasi et al.                                                                                                                                                                                                                                  



Journal of Luminescence 219 (2020) 116917

14

luminescence performance became significant as the average crystallite 
size was reduced below 2 μm for both phosphors. Considerable differ
ences were found in the stress reactions of the two phosphors, due to 
their different aggregation states. The size reduction was a non-linear 
process, and the different results obtained can be defined only by 
knowing the exact way the mechanical energy is invested. SA2 was more 
prone to amorphization than SA14, nevertheless, both the phosphors 
could be completely amorphized by the application of proper level of 
mechanical stress. While SA2 showed gradual, SA14 showed sudden 
decay in PL and AG properties. During the milling process, the afterglow 
properties could be directly estimated from the PL properties, for both 
the phosphors. Results were correlated with XPS measurements of the 
Eu2þ/Eu3þ ratio and TL measurements as well. 

During the regeneration process, reaggregation of smaller grains was 
observed, no significant recrystallization tendency was observed. Com
plete crystallinity recovery was not achieved, and recovery level had a 
high dependence on the initial level of crystallinity in the material. 
Recovery could not be performed if the phosphor was contaminated 
before, as SAEDs tend to form other phases in presence of contaminants. 
It was possible to restore the PL performance of milled SA2 and SA14 
phosphors to some extent by annealing in a reducing atmosphere at 
1200 �C and 1000 �C. The PL regeneration was achieved by restored 
Eu2þ/3þ ratio. Though the afterglow properties are strongly related to 
higher crystallinity, these could not be restored. TL measurements also 
confirmed that during the regeneration process, non-radiant trap levels 
could be retained, while unsuitable new trap sites could be formed. 
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