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Abstract. In this study, it was demonstrated that Pr3+-doped YAG powder can record thermal history in the
temperature range of the template provided by 1100–1600 �C. Upon heating, the material undergoes irre-
versible structural phase transformations (YAM ? YAP ? single-phase YAG) induced by 2 h of thermal
annealing, leading to permanent changes in both the emission intensity and the excited-state lifetime of Pr3þ

ion. Temperature can be determined using two approaches: by analyzing the intensity ratio of the
3P0 ! 3H4 and 1D2 ! 3H4 emission bands, which increases linearly over 1300–1600 �C with a sensitivity of
0.001 �C�1, and by measuring the luminescence decay time of the 1D2 ! 3H4 transition, which decreases lin-
early over 1100–1600 �C with a sensitivity of 0.38 ls �C�1. The combination of both methods enables durable
and quantitative tracking of the material’s thermal history, confirming the suitability of YAG:Pr3þ powders for
high-temperature diagnostics, thermal mapping, and monitoring of industrial processes.
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1 Introduction

Temperature is a key thermodynamic parameter in indus-
trial and research applications [1]. At high temperatures,
conventional measurement techniques such as thermocou-
ples, resistance sensors, or pyrometers suffer from limita-
tions related to physical contact and restricted material
durability [2–4]. Moreover, rare-earth-doped optical fibers
are typically unstable above ~1100 �C, limiting their use
under extreme conditions [5]. Here, luminescence-based
techniques offer a viable alternative. These methods are
based on the emission of RE3+ ions embedded in crystalline
hosts such as YAG, which undergo predictable and irre-
versible structural transformations after 2 h of thermal
annealing. These transformations permanently modify the
luminescence properties, enabling the material to function
as a fluorescent thermal history sensor (THS) [6]. Pr3+ ions
are particularly attractive activators due to their specific
energy structure, enabling a broad excitation range and in-
tense visible emission [7, 8].

In the Y2O3–Al2O3 system, increasing temperature
induces a sequence of phase transitions–from YAM to

YAP and finally to single-phase YAG above ~1600 �C [9].
Each phase provides a distinct local crystal field for Pr3+

ions, modifying electronic levels, phonon interactions, and
thus luminescence properties [10]. Luminescence intensity
[11] and lifetime [12] are strongly determined by the local
crystal structure, which evolves irreversibly depending on
both the temperature and duration of thermal exposure.
Therefore, these changes can be exploited to construct a flu-
orescent THS. Crucially, these changes originate from irre-
versible phase transitions, enabling permanent recording of
past thermal exposure and forming the basis of THSs,
which allow reconstruction of the maximum temperature
experienced by a material [10, 13]. Compared to tempera-
ture-indicating paints, phosphor powders offer superior
chemical stability, quantitative readout, and applicability
to complex geometries [13].

In the present work, YAG:1%Pr powder was investi-
gated as a potential THS material. The analysis comprised
two detection approaches based on the fluorescence inten-
sity ratio (FIR) as well as an analysis of luminescence decay
times. The FIR can be defined either as a comparison of the
same emission peak measured at different temperatures [14,
15] or, more commonly in optical thermometry, as the ratio
of two distinct emission peaks measured at the same
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temperature. The latter, self-referencing method, provides
higher accuracy and greater robustness against fluctuations
in excitation power, optical losses, and environmental con-
ditions [11], and therefore constitutes the primary focus of
the present study. In the second detection approach, the
luminescence decay times of the 1D2 ?

3H4 transition were
analyzed. This transition is characterized by a significantly
longer lifetime and a stronger temperature dependence than
the 3P0 ?

3H4 transition, which makes lifetime-based anal-
ysis a sensitive complementary tool for determining the
maximum temperature reached during thermal exposure.

2 Materials and methods

The samples of yttrium-aluminum garnet doped with Pr3+

ions (general formula Y2.97Pr0.03Al5O12) were synthesized
using a solid-state reaction assisted by high-energy milling,
using high-purity commercial powders of Al2O3 (Krahn
Ceramics, > 99.99%), Y2O3 (NYC YT3WP, 99.9%), and
Pr6O11 (Thermo Scientific Chemicals, 99.996%). Stoichio-
metric amounts of the starting materials were mixed and
milled with anhydrous ethanol (Chempur, 99.8%) and tet-
raethyl orthosilicate (Sigma-Aldrich), added at a concentra-
tion of 4.66 lL per gram of total mass. Planetary milling
was carried out in a Fritsch Pulverisette 7 Premium Line
system using 5 mm Si3N4 balls. The milling process con-
sisted of ten cycles of 10 min at 300 rpm, each followed
by a 10 min cooling break. An 80 mL silicon nitride jar
and 250 milling balls were used. The slurry was dried on
a hot plate at 80 �C for 24 h to remove ethanol. The powder
was then subjected to two stages of thermal treatment in
air muffle furnaces. In the first stage, the powder was
heated to 600 �C at 5 �C/min (30 min dwell), then to
900 �C at 7 �C/min (30 min dwell). In the second stage,
it was heated to 600 �C at 10 �C/min (15 min dwell), then
to the target temperature of 1100–1600 �C at 10 �C/min
(120 min dwell), followed by controlled cooling to
400 �C at 10 �C/min.

After annealing, the obtained powders were manually
ground in an alumina mortar to obtain a homogeneous
powder fraction suitable for subsequent characterization.
The XRD patterns were collected in the 2h range of
5–100� with a step size of 0.01� and a scanning rate of
2.0156� per minute. Cu Ka1 radiation (k = 1.5406 Å) with
a nickel filter was used. The quantitative phase composition
and lattice parameters were evaluated by Rietveld
refinement.

Emission spectra and excited-state lifetimes were mea-
sured at room temperature using an Edinburgh Instru-
ments FS5 spectrometer with a 150 W xenon lamp,
Czerny–Turner monochromators, an optical system opti-
mized for powder measurements, and a temperature-stabi-
lized single-photon-counting PMT (Hamamatsu R928).
Spectra were corrected for instrumental response using
FLUORACLE. Lifetime measurements were performed in
time-resolved mode, and decay curves were fitted using ded-
icated exponential-fit routines in FLUORACLE to obtain
Pr3+ emission lifetimes.

3 Results and discussion

3.1 Structural characterization

YAG:1%Pr3+ samples were synthesized and thermally trea-
ted at temperatures ranging from 1100 to 1600 �C for 2 h.
Subsequently, XRD measurements were performed to anal-
yse the crystalline structure formed at each annealing
temperature. The XRD pattern of the sample annealed at
1600 �C, 1400 �C, and 1200 �C is presented in Figure 1.

Phase identification analysis indicates that the sample
annealed at 1200 �C for 2 h is multiphase, with a predom-
inance of the intermediate YAP crystalline phase (YAP =
71.4 wt.%, YAM = 6.8 wt.%, YAG = 1.79 wt.%, Al2O3 =
19.7 wt.%, Y2O3 = 0.33 wt.%). With increasing annealing
temperature, the content of the target YAG crystalline
phase increases. At an annealing temperature of 1400 �C,
the YAG phase becomes dominant (YAG = 92.1 wt.%,
YAP = 5.01 wt.%, Al2O3 = 2.9 wt.%). Upon further

Figure 1. XRD pattern of YAG:1%Pr3+ annealed at 1200 �C,
1400 �C, 1600 �C, for 2 h, with overlaid reference lines of the
best-matching phase standards from crystallographic databases.
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increasing the annealing temperature to 1600 �C, a nearly
single-phase YAG sample is obtained (YAG = 99.1 wt.%,
YAP = 0.3 wt.%, YAM = 0.6 wt.%).

3.2 Emission spectra

The measured emission spectra of YAG:1%Pr3+ powders
are shown in Figure 2.

As can be seen in Figure 2, the intensity of the emission
lines varies with the temperature at which the crystalline
phases were formed, showing an overall increase in peak
intensities with increasing formation temperature. The
intensities of the two strongest peaks exhibit distinct trends
with annealing temperature: the 488 nm line increases more
markedly, while the 611 nm line shows a comparatively
weaker dependence. After thermal annealing at 1100 �C
for 2 h, the luminescence is too weak to reliably determine
the intensities of the 488 nm and 611 nm peaks.

Accordingly, the intensity ratio of the 3P0 ? 3H4 (488
nm) and 1D2 ? 3H4 (611 nm) transitions was measured
as a function of annealing temperature (Fig. 3).

A linear increase in the 3P0 ? 3H4/
1D2 ? 3H4 peak

intensity ratio with increasing annealing temperature al-
lowed calibration from 1300 to 1600 �C. The slope, deter-
mined by least-squares fitting, was 0.001 ± 7.49 � 10�5 �
C�1, defining the powder’s temperature sensitivity.

3.3 Fluorescence decay time

An analysis of the change in excited-state decay times
under the influence of temperature in the range of
1100 �C to 1600 �C was carried out. Figure 4 presents the
examination of the 1D2 ?

3H4 transition.
Changes in the annealing temperature of the lumines-

cent powder also affect the lifetimes of the excited states.
As the annealing temperature increases, the luminescence
decay time becomes shorter. At 1600 �C, a single-phase

YAG sample with high symmetry and a regular crystal
structure is obtained. Such a homogeneous environment
promotes radiative transitions and stronger electron–
photon interactions, resulting in shorter decay times.

At lower annealing temperatures, the powder is multi-
phase, initially composed mainly of YAM and YAP phases.
Upon heating, these phases irreversibly transform into
YAG, creating a more homogeneous environment as the
temperature rises. The evolving crystal structure modifies
the crystal field symmetry and the local environment of
the active Pr3+ ions, thereby altering the intensity parame-
ters and probabilities of electronic transitions. Conse-
quently, the lifetime of the 1D2 level decreases as the
annealing temperature increases.

Figure 2. Emission spectra of YAG:1% Pr3+ samples annealed to different temperatures.

Figure 3. Change of peak intensity ratios as a function of
temperature in YAG:1%Pr3+ powder.
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The determined luminescence decay constants as a func-
tion of temperature are presented (Fig. 5).

A linear decrease in decay time with temperature
allowed calibration from 1100 to 1600 �C. Least-squares fit-
ting gave a slope of �0.3785 ± 0.0137 ls/�C, defining the
powder’s temperature sensitivity.

4 Conclusions

In this article, the potential of YAG:1%Pr3+ powder as a
THS is presented. It was demonstrated that the maximum

temperature experienced by the investigated material
during an 2-hour treatment can be determined by analysis
of specific emission intensity ratios and luminescence decay
times.The results show that by examining the intensity ra-
tio of the 3P₀ ? 3H4 (488 nm) and 1D2 ? 3H4 (611 nm)
transitions, temperature detection is possible in the range
of 1300–1600 �C with a sensitivity of 0.001 ± 7.49 �
10�5 �C�1. Furthermore, it was shown that thermal history
can also be determined based on the excited-state lifetimes
of Pr3+ ions. Analysis of the luminescence decay time for
the 1D2 ? 3H4 transition (kexc = 454.2 nm, kobs =
609.9 nm) revealed that temperature detection in the range
of 1100–1600 �C is achievable with a sensitivity of –

0.3785 ± 0.0137 ls. �C�1. Although the lifetime-based ap-
proach enables temperature sensing over a broader temper-
ature range, (1100–1600 �C), the FIR method provides
higher sensitivity, as the intensity ratio of the 3P₀ ? 3H4
(488 nm) and 1D2 ?

3H4 (611 nm) transitions changes more
strongly with temperature than the 1D2 ? 3H4 lumines-
cence decay time. It was also observed that as the temper-
ature at which the powder had been held decreases, the
material transforms into a multiphase structure
(YAM?YAP?YAG). This structural evolution changes
the symmetry of the local environment of Pr3+ ions, result-
ing in reduced luminescence intensity and prolonged ex-
cited-state lifetimes. These correlations confirm that
YAG:1%Pr3+ is a promising material for luminescence-
based recording and readout of thermal history in high-tem-
perature processes.
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