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Abstract
Thermoluminescence (TL) and Optically Stimulated Luminescence (OSL) properties of commercially
available γ-Al2O3 (99% pure) powder in undoped and doped forms were investigated for the possible
use of the material in radiation dosimetry. The samples used for the study were γ-Al2O3 doped with
0.0g, 0.1g, 0.5g, and 1.0g of carbon graphite. The four samples were synthesized to 1200 0C for four
hours. Experiments were performed using the Risø TL/OSL-DA-15 Reader equipped with a 90Sr/90Y
beta irradiator. The Risø Analyst and curve fitting technique were used to determine the glow and decay
curves, dose response, reproducibility, signal sensitivity, linearity, activation energy and frequency factor
of all the samples irradiated up to 10Gy. The result of the investigation showed that dosimetry with the
samples provides a wide dose response range up to 10Gy and also good linearity. The dosimetric peaks
of the glow curves obtained were predominantly about 200 0C (2520C, 2440C, 2880C and 2440C) for all
the samples studied. The TL reproducibility of the samples studied were 2.6%, 1.4%, 1.3%, and 1.2% and
the OSL reproducibility of the samples studied were 17%, 11%, 7%, and 5% for samples doped with 0.0g,
0.1g, 0.5g, and 1.0g carbon graphite respectively. This technique is particularly attractive due to its low
cost, short reaction times and straight forwardness to prepare compared to the commercial fabrication
processes. Therefore, a dosimetric material prepared by this method can be used for personnel
dosimetry.
Keywords: Thermoluminescence; Optically Stimulated Luminesecence; γ- Al2O3:C; glow curves; decay curves; personnel dosimetry.

Introduction
Radiation and medical Physics research explores the
fundamental properties and interactions of radiation
with dosimetric luminescent materials in a range of
medical applications, personnel and environmental
dosimetry amongst others. Research has shown that
exposure to ionizing radiation above certain levels can
cause adverse health effects, including cancer and
hereditary effects [1]. Since we are constantly exposed
to ionizing radiation from the environment or from
artificial sources such as in diagnosis, radiotherapy,
handling of radioactive substances and radiation

accidents. It is therefore necessary to develop
dosimeters, which can monitor these doses from
ionizing radiation in order to keep the doses as low as
reasonably achievable (ALARA). The use of highly
reliable materials such as Al2O3 which would be able to
measure lower doses of ionizing radiation effectively is
therefore necessary for dosimetry. Radiation dosimeters
operate by detecting a change in the absorbing medium
that is caused by the transfer of energy from the
ionizing radiation to this medium [2].
Luminescence is the stimulated emission of light from
an insulator or semiconductor following the previous
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absorption of energy from radiation. If the stimulation
is provided by heat, the emission is termed
thermoluminescence (TL), and if it is provided by
light, it is termed optically stimulated luminescence
(OSL). If it is provided by infrared light it is termed
Infrared Stimulated Luminescence (IRSL) and if it is
by blue Light Emitting Diodes (LEDs) it is termed
Blue Optically Stimulated Luminescence (BOSL) [3].
Thermoluminescent (TL) is usually observed by
heating a sample at a constant rate to some
temperature (eg. 5000C) and recording the
luminescence emitted as a function of temperature.
The TL signal is characterised by a “glow curve”, with
distinct peaks occurring at different temperatures,
which relate to the electron traps present in the
sample. When crystals are heated, the temperature
increases, and intense light emission is produced
whenever the characteristic temperature of the trap is
reached. These intense light emissions are called
peaks. The peaks at low temperature are due to
shallow traps, which require only a small amount of
energy to release their trapped electrons; those at high
temperature are due to deep traps [3-6].
In the simplest case of only one trap and one
recombination centre, the luminescence signal is
proportional to the amount of trapped charges and
thus is directly proportional to the dose the material
received.

Figure 1. Band gap theory describing (a)TL and (b) OSL processes (1)
Shallow trap, (2)TL/OSL trap, (3)Deep trap and (4)Radiative
recombination centre.

Thermoluminescence (TL) and Optically Stimulated
Luminescence (OSL) properties of aluminium oxide
(Al2O3) in different forms (pure and doped) have been
investigated by several researchers, [7, 8, 10, 11]. The
study of radiation effect in synthetic materials has
been a subject matter of investigation due to their
scientific and technological importance. The major
reason for this interest is the need for a better
understanding of the material performance in
radiation detection [12]. The characterisation of Al2O3
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sintered pellets for dosimetric applications
radiotherapy were studied by [13-14].

in

The TL properties, sintering behaviour of α-alumina,
the atmosphere during the heat treatment (calcination)
used to transform γ- Al2O3 to α- Al2O3, and the doping
by Zr and Th were investigated by [15]. They concluded
that the reducing atmosphere tends to delay the
sintering compared to the oxidizing atmosphere until
1600°C. However, owing to the importance of glow
peaks, the thermoluminescence characteristics of two
subsidiary glow peaks, one below 100°C and the other
above 300°C of α- Al2O3:C were studied by [6]. He
concluded that applications of the material in dosimetry
rely on accurate determination of the dependence of the
luminescence intensity on absorbed radiation dose and
the growth curve.
The preparation method and the thermoluminescence
analysis of aluminium oxide doped with Tb3+, and Tb3+Mg2+ obtained by combustion synthesis (CS) was
presented [16]. The TL glow curves of the samples
presented a well-defined TL peak at approximately
200°C. Dose response analysis showed a linear response
in the dose range from 0.5 to 5Gy. Also, the study of the
excitation, emission spectra, thermoluminescence (TL)
and optically stimulated luminescence (OSL) of αAl2O3:C polycrystalline ceramics showed that they were
fabricated by conventional ceramic process [7].
Research has also shown that in studying the
thermoluminescence (TL) glow curves and optical
stimulated luminescence (OSL) in undoped α-Al2O3
using different filters, the TL and OSL dose responses of
the material were linear-sublinear and also, the TL glow
curves were dependent upon the filter used in the
reader [17]. The efficiency curves as a function of LET
were obtained when the TL and OSL response of
Al2O3:C to high-energy heavy-charged particles (HCP)
were studied [18].
Aluminium oxide (Al2O3) is an attractive material for TL
and OSL dosimetry of ionizing radiation due to a
unique combination of properties especially when
doped. These include; high electrical resistance,
excellent heat conductor, high melting point, wide band
gap, resistance to structural radiation damage and
chemical resistance, high sensitivity, low fading, low
effective number, a relatively simple glow curve
consisting of isolated peaks at about 200°C [8].
Gamma aluminium oxide, (γ-Al2O3) is reported to occur
at temperatures between 350 and 1000°C [19]. At
elevated temperatures (1000°C to 1100°C), undoped γAl2O3
transforms
rapidly
to
the
more
thermodynamically stable α- Al2O3 phase. This process
is accompanied by a loss of porosity through sintering,
which negatively affects the durability of γ-Al2O3 when
employed as a catalytic material but positively affects
the durability of γ-Al2O3 when employed as a
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dosimetric material [20-21].
Several problems are associated with the use Al2O3 for
dosimetry. These include; its extreme sensitivity to
increasing daylight for erasing the radiation induced
information, a highly thermal quenching resulting in a
steep reduction in its sensitivity to increasing heating
rates during TL measurements, a reduction of its
efficiency with increasing linear energy transfer (LET)
of radiation, as well as its unavailability [10, 18, 22].
The aim of this study was to check the possibility of
using γ-Al2O3 for dosimetry by investigating the
luminescence properties of the TL and OSL signals of
the material in pure form and as doped synthesised
powders in relation to their behaviour under various
experimental conditions of temperature, time,
irradiation dose, stimulating wavelength, etc. The
undoped and doped γ-Al2O3 samples were irradiated
with an appropriate radiation dose and the TL
response observed by heating the irradiated samples
at a constant heating rate and recording the
luminescence emitted as a function of temperature
(glow curves). Also, the OSL response was observed
by illuminating the irradiated samples with light of a
selected wavelength and recording the luminescence
emitted as a function of illumination time (OSL) using
filters.

Materials and Methods
The raw materials used for this study were
commercially available γ-Al2O3 powder (99%) pure, 48 mesh grain size (45 µm in size) and activated carbon
graphite powder. The preparation of the material
involved repeatedly treating (etching) the material
with Hydrochloric acid (HCl) (10%) to eliminate
carbonates that emit spurious signal in OSL and TL
followed by washing with distilled water and drying
at 50°C for one hour. After treatment, the samples
were prepared in four different amounts of carbon
graphite: 0.0g, 0.1g, 0.5g, 1.0g using 20g each of γAl2O3. They were weighed using a digital balance
(Sartorius) with ±0.1mg accuracy. The samples were
sintered in air at 1200°C for four hours with a heating
and cooling rate of 10°C/min. A Gallenkamp electric
furnace, 240V, 50Hz and amp/phase of 10.4, type
GLM2-BAC2 was used for heating the sample. Sample
grains were mounted on stainless discs using a silicon
spray (adhesive) and irradiated.
All the measurements were made using an automated
Risø TL/OSL reader system (Risø TL/OSL DA-15)
manufactured by Risø, Danish National Laboratory
and installed at the centre for Energy Research and
Training (CERT) Ahmadu Bello University, Zaria. The
basic components of the computer controlled Risø
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TL/OSL reader are (1) luminescence stimulating
systems (2) a photon detector system and (3) an
irradiator facility. The luminescence stimulating systems
of the reader can be divided into two types: (i) a heating
system to measure TL and (ii) Optically stimulated units
to measure OSL. The capacity of the turntable is 48
samples and the sample chamber is maintained by a
Nitrogen (N2) flow. Thermal stimulation is achieved
using the heating element located directly underneath
the photomultiplier tube (PMT). The heating element
has two functions: 1) It heats the sample 2) It lifts the
sample into the measurement position. The reader is
equipped with an internal beta source (90Sr/90Y) of 1.48
GBq (40mCi), which emits beta particles with a
maximum energy of 2.27 MeV. This was used to
irradiate the samples at an absorbed dose rate of
0.083Gy/s (5.0Gy/min) at the sample position. The
source was mounted unto a rotating stainless steel
wheel, which is pneumatically controlled. The distance
between the source and the sample was 5mm. The light
from the stimulated sample was detected using a
photomultiplier (PMT) (EMI 9235QA). During the
stimulation, the TL measurement was performed by
recording the luminescence during a linear increase of
the sample temperature and the light yield plotted as a
function of the temperature to obtain the
thermoluminescent glow curve.
Optical stimulation was achieved using an array of 49
light emitting diodes (LEDs), which are divided into
seven clusters with peak emission at λ=420nm,
∆λ=20nm and a maximum power of 50Wcm-2. The
distance between the diodes and the samples was
approximately 20mm. A green long-pass (GG-420) filter
was fitted in front of each blue LED cluster to minimize
directly scattered blue light from reaching the detector
system (PM cathode). Detection was through two
7.5mm Hoya U-340 filters which have a peak
transmission around 340nm (FWHM=80nm) [23]. The
filters used in the OSL measurements serve to block out
the stimulation light, and the filters suppress any
photoluminescence (PL) and Raman scattering [12].
Single Aliquot Regeneration (SAR) protocol was used
for the investigation. The main aspect of this approach is
that all measurements are carried out on a single portion
or aliquot of the same grains [4].
The SAR protocol employs six cycles as shown below.
1. Natural:
Preheat (180...280ºC for 10s), OSL at 125ºC
Test dose, TL 160 ºC, OSL at 125 ºC
2. Regeneration Dose 1 (< De):
Preheat (180...280 ºC for 10s), OSL at125 ºC
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Table 2. Calculated TL activation energies and frequency factors
for samples A to D irradiated at 10Gy

Test dose, TL 160 ºC, OSL at 125 ºC
3. Regeneration dose 2 (≈ De):
Preheat (180...280ºC for 10s), OSL at 125ºC
Test dose, TL 160 ºC, OSL at 125 ºC
4. Regeneration Dose 3 (> De):

Sample

Temperature, Tm
(K)

Energy (eV)

Frequency
Factor (s-1)

A

525

1.050

2.04 × 1018

B

517

1.034

2.24 × 1018

C

561

1.122

1.33 × 1018

D

517

1.034

2.24 × 1018

Preheat (180...280ºC for 10s), OSL at 125ºC
Table 3. Calculated TL dose response data for all samples
irradiated up to 10 Gy

Test dose, TL 160 ºC, OSL at 125 ºC

Dose
(Gy)

5. Regeneration Dose 4 (= Dose1):
Preheat (180...280ºC for 10s), OSL at 125ºC
Test dose, TL 160 ºC, OSL at 125 ºC
6. Regeneration Dose 5 (= 0Gy):

TL Signal (Counts)
Sample A

Sample B

Sample C

0.5

3928

4480

5550

Sample D
8553

1.0

24062

34278

34955

34589

5.0

31103

48352

49087

735905

10.0

81825

130897

142143

173538

Preheat (180...280ºC for 10s), OSL at 125ºC
Table 4. Calculated OSL dose response data for all samples
irradiated up to 10 Gy

Test dose, TL 160 ºC, OSL at 125 ºC
Using SAR protocol the samples of γ-Al2O3 were given
different consecutively higher regeneration doses
using the procedure above. The unknown signals were
measured using blue light stimulation at 40s. The OSL
readout was carried out at room temperature (RT)
after having preheated the sample from 160°C to
220°C at intervals of 20°C in order to reduce the
phosphorescence level due to shallow traps. It is
considered necessary to employ a suitable thermal
pre-treatment (preheat) to avoid unstable OSL in the
measurement [4]. Several factors, such as temperature,
duration of illumination, the wavelength or intensity
of the stimulation light, influence the shape of the OSL
decay curve [24-25].

Dose
(Gy)

TL Signal (Counts)
Sample A

Sample B

Sample C

0.5

202

298

385

Sample D
456

1.0

461

716

803

1030

5.0

664

995

1072

1353

10.0

774

1174

1300

1559

Results
The results of the investigation were analysed using
both Risø Analyst and Curve fitting techniques and
are shown in Tables 1 to 4 given as follows:

Figure 2. TL glow curves for sample doped with 0.0g respectively and
irradiated up to 10Gy.

Table 1. TL glow peak values obtained for samples A to D
irradiated at various doses
Dose
(Gy)

Temperature (oC) of glow peaks
Sample A

Sample B

Sample C

Sample D

0.5

248

271

246

250

1.0

254

281

244

269

5.0

246

285

244

252

10.0

252

244

288

244

Figure 3. TL glow curves for sample doped with 0.1g and irradiated up to
10Gy.
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Figure 4. TL glow curves for sample doped with 0.5g and irradiated up to
10Gy.

Figure 7. TL dose response for sample doped with 0.1g and irradiated up to
10Gy.

Figure 5. TL glow curves for sample doped with 1.0g and irradiated up to
10Gy.

Figure 8. TL dose response for sample doped with 0.5g and irradiated up to
10Gy.

Figure 6. TL dose response for sample doped with 0.0g and irradiated up to
10Gy.

Figure 9. TL dose response for sample doped with 1.0g and irradiated up to
10Gy.
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Figure 10. TL reproducibility of samples doped with 0.0g, 0.1g, 0.5g, 1.0g of
carbon graphite and irradiated at 10 Gy.

Figure 14. OSL decay curves for samples doped with 1.0g and irradiated up to
10Gy.

Figure 11. OSL decay curves for samples doped with 0.0g and irradiated up
to 10Gy.

Figure 15. OSL dose response for sample doped with 0.0g and irradiated up
to 10Gy.

Figure 12. OSL decay curves for samples doped with 0.1g and irradiated up
to 10Gy.

Figure 13. OSL decay curves for samples doped with 0.5g and irradiated up
to 10Gy.

Figure 16. OSL dose response for sample doped with 0.1g and irradiated up
to 10Gy.

Figure 17. OSL dose response for sample doped with 0.5g and irradiated up
to 10Gy.
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Figure 18. OSL dose response for sample doped with 1.0g and irradiated up
to 10Gy.

Discussion
The dosimetric properties of pure γ-Al2O3 (99%)
obtained commercially were investigated using the
undoped and doped samples with different amounts
of carbon graphite. Sample A represents undoped γAl2O3 while samples B, C and D represent samples
doped with 0.1g, 0.5g and 1.0g of carbon graphite
respectively.
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Figure 19. OSL reproducibility of undoped sample and samples doped with
0.1g, 0.5g, 1.0g of carbon graphite and irradiated at 10 Gy.

A number of peaks are usually observed during the
heating of the sample in a certain temperature range. In
thermoluminescence phenomena, the kinetics of the
process is usually simple been of first order, second
order, or general order. These three orders of kinetics,
usually involve three parameters-(1) the activation
energy, E (eV) (2) the pre-exponential factor (frequency
factor) S, (3) the order of kinetics b [27] [28]. The
activation energy E was calculated using the Heuristic
method by Urbach:

TL Glow Curve
Figures 2 to 5 show the TL glow curves for γ- Al2O3
irradiated up to 10Gy (90Sr/90Y) beta dose. The TL
glow curves were obtained by initially heating the
samples at a heating rate of 5°C/s from room
temperature (RT) to 500°C following 90Sr/ 90Y βirradiation up to 10Gy at the dose rate of 0.083Gy/s.
The TL signal was characterized by a simple glow
curve, with distinct peaks occurring at different
temperatures; which relate to the electron traps
present in the sample.

𝐸 𝑒𝑉 =

Among the TL glow curves obtained the sample
doped with 1.0g of carbon presented a meaningful TL
response. It had the highest TL intensity compared to
the undoped sample and those doped with, 0.1g and
0.5g of carbon graphite respectively. The TL glow
curve of sample doped with 1.0g presents two peaks,
the dosimetric peak at 244°C and one subsidiary peak
at 328°C as shown in Figure 5. Table 1 gives the values
of the glow peaks of the samples. The application of
the material in personnel dosimetry is based on the
dosimetry peak only. The sample doped with1.0g of
carbon graphite exhibited curves at 250°C, 269°C,
252°C, and 244°C at 0.5Gy, 1.0Gy, 5.0Gy and 10.0Gy
respectively (see Table 1). According to our findings,
the samples irradiated with the highest dose value of
10.0Gy had glow peaks predominantly at about
200°C, (252°C, 244°C, 288°C, 244°C). The shapes of the
glow curves obtained were similar to that in literature
[26].

𝑒𝐸

𝑇𝑚 𝐾
500

(1)

The frequency factor S is calculated using Randall and
Wilkins equation.
𝐸 = 𝑘𝑇𝑚 𝑙𝑛𝑆
𝐸
𝑘𝑇𝑚

= 𝑙𝑛𝑆
𝑘𝑇𝑚

=𝑆

(2)
(3)
(4)

where E is activation energy, S is frequency factor, Tm is
the peak temperature in Kelvin, and k is the Boltzmann
constant. The peak values for the beta-irradiated γAl2O3 have been tabulated in Table 1 It can be seen from
the evaluated results in Table 2 with peak temperature
values in Kelvin that the activation energy for samples
A to D were 1.050eV, 1.034eV, 1.122eV, and 1.034eV
respectively with frequency factors, 2.04 × 1018s-1, 2.24 ×
1018s-1, 1.33 × 1018s-1 and 2.24 × 1018 s-1 respectively.
TL Dose Response
Figures 6 to 9 compares the change in luminescence
intensity with irradiation (the dose response), for the
four samples of γ- Al2O3 studied.
Dose response is defined, as the functional dependence
of the intensity of the measured luminescence signal
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upon the absorbed dose [29-30]. An ideal dosimetric
material should have a linear dose response over a
wide range of doses. The radiation dose response of
the TL signal from γ- Al2O3:C was obtained by
irradiating the samples with radiation doses ranging
from 0.5Gy to 10Gy and preheating to 500°C at a
heating rate of 5°C/s. The calculated data for the dose
response graphs are shown in Table 3 and Table 4.
The TL dose responses were obtained by plotting the
TL intensity versus dose and the data was fitted to a
straight line using a standard linear regression. The
dose response curves present a linear response with
the equation
𝑦 = 𝑏𝑥 + 𝑎

(5)

where y is the total photon counts and x is the
delivered radiation dose in Gray (Gy), a is the
intercept b is the slope.
A correlation coefficient (R) of 0.9561, 0.9622, 0.9605,
and 0.9862 and a coefficient of determination (R2)
0.9142, 0.9259, 0.9226, 0.9725 giving a percentage of
91%, 93%, 92%, and 97% were obtained for samples
doped with 0.0g, 0.1g, 0.5g and 1.0g of carbon
graphite respectively. This indicates that the responses
were linear over the range of doses investigated and
the linear model fits the measured data reasonably
well.
TL Sensitivity
TL Sensitivity is the slope of the TL dose response
curve and is expressed in number of detected Counts
per Gray (C/Gy). The TL sensitivity was deducted
from the dose response graph when the TL signal
intensity was plotted against irradiation dose. The TL
sensitivity of the four samples, A, B, C and D
irradiated up to 10Gy as deduced from the graph
using equation (5) were 7192, 11823, 12867, 16554
Counts per Gray respectively. This showed that
sample D had the highest sensitivity.
TL Reproducibility
The TL reproducibility was obtained by taking 10
measurements of each sample after preheating and
irradiation procedures. The TL signal outputs versus
number of readings of the samples were plotted and
the coefficient of variation used to determine the
reproducibility. The reproducibility of TL response of
the samples obtained using the coefficient of variation
were 2.6%,1.4%, 1.3%, 1.2% for samples A, B, C and D
respectively. All samples have TL reproducibility’s
below 7.5%.

OSL Decay Curve
Figures 11 to 14 show the OSL decay curves under blue
LED stimulation for all the samples after a dose of up to
10.0Gy. The OSL decay curves show that a single
exponential can fit the first component in the first 20
seconds and by a second slowly decaying component.
In this study, the OSL signal decayed faster with
increasing dose and the decay curve was therefore that
of second order.
OSL Dose Response
Figures 15 to 18 show the OSL dose response curves for
the different samples. The linearity of the samples was
studied by plotting the OSL signal against the radiation
dose. The OSL dose response was obtained by
irradiating the samples with beta doses ranging from
0.5Gy to 10.0Gy. A linear fit through the dose response
curves show that the response of the samples is
approximately linear up to 10.0Gy.
A correlation coefficient (R) of 0.8894, 0.8826, 0.8991,
0.8608, and coefficient of determination (R2) 0.7911,
0.7790, 0.8083, 0.7409 showed that the dose response
was linear and the data was closest to the line of best fit
by 79%, 78%, 80% and 74% for the samples respectively.
The response was linear for the range of doses
investigated.

OSL Sensitivity
The OSL sensitivities of the four samples, A, B, C, and
D, as deduced from the dose response graphs were 50.8,
76.5, 80.3, 94.0 Counts per Gray respectively.
OSL Reproducibility
Figure 19 shows the OSL reproducibility for the
samples. The reproducibility of TL response of the
samples were obtained by taking ten measurements of
each sample after repeated procedures of a standard
annealing and irradiation with radiation (90S+90Y). The
OSL signal intensities were then plotted against the
number of readings for all the samples and the
reproducibility deduced from the graph using the
coefficient of variation (ratio of standard deviation to
the mean). The reproducibility of the four samples
obtained were 17%, 11%, 7%, and 5% respectively for
samples irradiated at 10Gy.

Conclusions
This study has shown that the samples of Al2O3
investigated exhibit useful dosimetric luminescence
properties. The dosimetric glow peak positions obtained
indicate mainly the suitability of their use in personnel
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dosimetry. Both TL and OSL provide a wide dose
response range up to 10.0Gy; have good dose
linearity, high sensitivity, a simple glow curve and
good TL reproducibility below 7.5% (2.6%, 1.4%, 1.3%,
1.2%). The OSL signal during exposure to stimulation
light was observed to decrease to a low level as the
trapped charge was depleted (decay curve).The
physical principles of OSL are thus closely related to
those of TL [8].
Materials that exhibit luminescence properties and
have the specific property of having proportionality
between the amount of light emitted and the dose
they were exposed to, can be used as a dosimeter [9].
The TL and OSL intensities increased with irradiation
dose; hence, they were dose dependent. On the other
hand, TL sensitivity of the samples were higher than
the OSL sensitivity of the samples and this mean that
the carbon defects developed in the samples
contributed more to the TL properties than the OSL
properties.
In studying the TL and OSL properties of undoped
gamma aluminium oxide (γ-Al2O3), the glow and
decay curves, dose response, sensitivity, linearity,
reproducibility of the material under beta radiation
are known. The linear TL and OSL characteristic
response of the Al2O3 used in this study supports its
use as a dosimetric material for ionizing radiations
and most especially in personnel dosimetry.

Recommendations
With the results obtained it is possible to use γAl2O3:C for dosimetry and future efforts could also
focus on improvement of the experimental technique
in order to obtain more result consistencies. The study
of the TL/OSL properties of the material and its
characterisation for use in dosimetry should be
continued by analyzing both the undoped and doped
powders of the material. The X-ray diffraction (XRD)
can be used to determine the crystal structure, and
scanning electron microscopy (SEM) can be used to
determine its microstructure. Its chemical composition
can be determined by inductively coupled plasma
spectrometry (ICPS).
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