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Synthesis, luminescent and dosimetric properties
of ultrafine oxide ceramics for high-dose dosimetry of ionizing radiation

Thermoluminescent and dosimetric properties of ultrafine alumina and zirconia ceramics exposed to high-
dose pulsed electron beam (130 keV, 1.5 kGy per one pulse) were studied. To synthesize ceramics with dif-
ferent sizes of crystallites, the authors sintered nanopowder compacts in air in an electric furnace at T=700-
1700 °C, and exposed them to high-energy electrons (1.4 MeV) with high power density. It was found that ce-
ramics annealing at T>1000 °C greatly increases crystallite sizes, which correlates with a significant growth
of intensity of thermoluminescent peaks. Maximum thermoluminescent response is present in the ceramics
that were obtained with an electron-beam method. This is due to formation of radiation-induced trapping and
luminescence centers during synthesis. Analysis of dose dependences of thermoluminescence of the irradiated
a-Al,O3 u ZrO, ceramics showed that these dependences are predominantly sublinear. Unlike their single-
crystalline modifications, alumina-based ceramics have anomalous fading, which value increases as crystal-
lites grow in size. The presence of the intensive isolated peak of thermoluminescence and sublinear character
of the majority of dose dependences prove usability of the oxide ceramics synthesized in this work for meas-
uring high doses of pulsed electron beams (unities-tens of kGy). Alumina-based ceramics require correction
of thermoluminescent response by a fading value.

Keywords: aluminum oxide, zirconium oxide, ultrafine ceramics, thermoluminescence, electron-beam synthe-
sis, crystallite size, dose characteristics, fading.

Introduction

Phosphors based on wide-gap oxide dielectrics (Al,Os, MgO, BeO, ZrO,, etc.) have found applications
in different fields of science and engineering. Many of them are used in micro-, nano-, and opto-electronic
devices [1-3], in measuring devices for different physical quantities, for instance in scintillators and lumi-
nescent dosimeters [4, 5]. Nanostructured modifications of oxide materials, e.g. ultrafine ceramics with
50-500 nm nanoparticles, are a separate class of oxide materials.

Nanostructured phosphors have a number of characteristics which make mechanisms of formation of
their luminescent properties under radiation significantly different from those of single-crystalline materials.
Due to efficient annihilation of radiation defects on the boundaries of nanoparticles, nanomaterials are more
radiation-resistant than the current bulk analogs [6] and retain their characteristics when exposed to intensive
radiation. They can be used as dielectric integrated-circuit substrates which are employed at NPPs and in
space, and as vacuum windows, lenses, mirrors for plasma diagnostics in fusion energy. Nanostructured ce-
ramics are promising materials for high-dose (over 10 Gy) dosimetry of ionizing radiations, which relies on
the effects of thermoluminescence (TL) and optically stimulated luminescence [4]. High doses of ionizing
radiations are currently used in radiation technologies and academic research to sterilize food and medical
instruments, purify sewage water, in brachytherapy, to modify properties of composite materials, metals and
alloys, as well as for spectroscopy of intrinsic and impurity defects in semi-conductors and dielectrics [7].

High radiation resistance results in less effective generation of radiation defects in the exposed ultrafine
ceramics with smaller grain size, which significantly affects the fundamental TL characteristics of the mate-
rials. The latter include TL response (the intensity of the maximum of TL peak and its light sum under expo-
sure to a “test” dose), its dependence on the dose of ionizing radiation (dose characteristic), and the loss of
the accumulated light sum while stored (fading). Possible applications of the material in TL dosimetry de-
pend on these characteristics, since this requires high TL response, dose characteristic that is the closest to
the linear one, and low fading. Thus, determining mechanisms of dose effects (formation of TL response in
the studied phosphor, its dependence on a dose and storage time) is an important academic and practical task.
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The purpose of this work is to synthesize and study the features and mechanisms of the processes of
formation of luminescent and dosimetric properties in irradiated ultrafine ceramics based on wide-gap oxide
dielectrics.

Experimental

Ultrafine ceramics of aluminum and zirconium oxides were studied in the paper. They were produced
by using two methods from nanopowders (PLASMOTERM, Moscow, Russia) with 60—120 nm crystallites
and impurity concentrations not higher than 0.5 ppm. The first method was based on annealing of the com-
pacts which had been made by cold uniaxial pressing of the nanopowders under 100—120 MPa. The com-
pacts were 5 mm in diameter and 1 mm thick. The compacts were annealed in air in muffle furnace General
Therm LHT 04.1800 (S). The annealing temperature was varied within the range of 7=700-1700 °C to
change the sizes of nanoparticles.

Alongside with the traditional method of sintering ceramics by annealing them in a furnace, another
method was used — electron-beam synthesis [8]. This method employs sintering of powders in the field of
high-power flux of high-energy electrons (1.4 MeV) for less than 1 s. In the method not only heat processes,
but also ionization ones are very important in synthesizing ceramics in a beam of fast electrons. These pro-
cesses cause electron excitations to split into primary products of radiolysis and reactions between them.

X-ray diffraction analysis of the samples was carried out with Rigaku MiniFlex 600 diffractometer. To
excite TL, the samples were exposed to pulsed electron beams (130 keV, 2 ns, 60 A cm?) from RADAN-
EXPERT accelerator. The electron energy was much lower than the threshold energy for defect formation in
the oxides (400 keV and higher) [9]. When such exposure is used, only changes in charge state of the present
trapping and luminescence centers are observed. The exposure dose was varied by changing a number of
pulses during irradiation. One pulse gave the value of the 1.5 kGy absorbed dose. TL curves of the ceramic
samples were measured in the 50-400 °C range at linear heating rate of 2 K s . FEU-130 photomultiplier
tube (the maximum spectral sensitivity at 400420 nm) was used to register TL.

Results and Discussion

Phase compositions of alumina and zirconia ceramics annealed at different temperatures were deter-
mined with X-ray diffraction analysis. The results show that all the samples of Al,O; completely (100 %)
consist of alpha-phase [10]. Zirconia ceramics entirely consist of monoclinic phase [11]. In addition, as the
annealing temperature grows, the phase compositions of the ceramics do not change.

Scherrer equation was used to find the dependence of the crystallite size on ceramics annealing temper-
ature on the base of analysis of half-width of diffraction reflections. In addition, results of SEM-image analy-
sis were used [10]. The obtained dependences are shown in Figure 1. It can be seen that the crystallite sizes
started growing when the annealing temperature increased above 1300 °C in Al,O; samples. In the ceramics
annealed at the maximum temperature (1700 °C), a mean grain size could not be determined due to almost
complete absence of grain structure in the SEM-image of the sample surface. No significant changes in the
crystallite sizes were observed in ZrO, ceramics annealed at 7=700-1000 °C. Further increasing annealing
temperature makes the grain grow to the value of order of 500 nm.
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Figure 1. Dependence of the crystallite size in alumina and zirconia ceramics on the annealing temperature
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Scherrer equation was also used to find the crystallite size in ZrO, ceramics synthesized with the elec-
tron-beam method. The resulting value (order of 100 nm) is nearly the same as the size of crystallites in the
precursor powder taking into account the measurement error. In the samples synthesized in a flux of fast
electrons, in spite of high temperatures, efficiency of crystallization significantly decreases in comparison
with that of the samples traditionally annealed in furnace. Due to this fact, the initial size of crystallites is
retained. This can be explained by a much shorter period of sintering of nanopowder in a fast electron beam,
which is typical of other radiation methods of ceramic synthesis [12].

TL curves of alumina ceramics obtained at different annealing temperatures are shown in Figure 2a. It
can be seen that all TL curves feature an isolated peak at 170 °C. It is noteworthy that this peak is close in the
temperature position to the dosimetric TL peak in anion-defective a-Al,Os single crystals which are used in
TL dosimetry [13].
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Figure 2. TL curves of a-Al203 ceramics annealed at different temperatures
and exposed to a pulsed electron beam with 15 kGy dose (a) and dependence
of TL peak intensity at 170 oC on the crystallite size (b)

Figure 2b shows dependence of TL peak intensity at 170 °C on the crystallite size. As it can be seen,
growing grain size increases TL intensity. The most intensive rise of the intensity is observed when the crys-
tallite are larger than 500 nm.

Figure 3a features TL curves of ZrO, ceramics exposed to a test dose of a pulsed electron beam
(15 kGy). TL peak at 120 °C is seen in all the samples. A less intensive peak at 210 °C is also found in the
ceramics synthesized with the electron-beam method. Figure 3b shows a dependence of the TL maximum
intensity in the peak at 120 °C on the crystallite size. It can be seen that growing grain size increases TL in-
tensity like in the alumina-based ceramics. The fastest growth is observed when the crystallites are bigger
than 350 nm. The maximum TL intensity in the 120 °C peak is found in the ceramics synthesized with the
electron-beam method. This can be due to formation of radiation defects during the synthesis. The defects
are either charge carrier traps or luminescence centers.
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Figure 3. TL curves of ZrO, ceramics synthesized under different conditions, after exposure to a test dose of a pulsed
electron beam (15 kGy) (a) and dependence of TL peak intensity at 120 °C on the crystallite size (b)

The effect of TL response drop with decreasing crystallite size had been observed earlier by other au-
thors [14-16]. Ref. [17], which reviews literature data, shows that the reported effect is a common character-
istic for many TL materials. Physical nature of the effect of dropping TL yield with decreasing crystallite
size has not been well grounded yet and requires further studies. Increasing possibility of non-radiative tran-
sitions when nanoparticles lessen in size due to, for instance, localized transitions of electrons and holes be-
tween trapping and luminescence centers may be one of the reasons for the reported effect. Other possible
causes of TL intensity drop may include decreasing concentration of traps, growing of the surface-to-volume
ratio with decreasing crystallite size [17].

We studied dose dependences of TL intensity of dosimetric peaks of the ceramics (at 170 °C for alumi-
num oxide and at 120 °C for zirconium oxide). The obtained dependences were approximated with linear
functions in different ranges of the changing dose. Slope angles of the dependences were values of non-
linearity coefficient k. Approximation results are given in Table.

Table
Approximation results of dose dependences of TL peaks in the ceramics synthesized under different conditions

No. Type of samples Dose range, kGy | Non-linearity coefficient
1 Al,O; (1700 °C) 1.5-15 1.0
2 Al,O; (1700 °C) 15-75 0.3
3 Al,O; (1600 °C) 1.5-150 0.49
4 Al,O; (1500 °C) 1.5-15 0.62
5 Al,O; (1500 °C) 15-150 0.22
6 Al,O; (1400 °C) 1.5-7.5 0.58
7 Al,O; (1400 °C) 7.5-45 0.34
8 | ZrO, (electron-beam synthesis) 1.5-7.5 0.84
9 Zr0O, (1700 °C) 1.5-15 0.79
10 Zr0O, (1600 °C) 1.5-15 0.51
11 Zr0O, (1500 °C) 1.5-15 0.49
12 Zr0, (1400 °C) 1.5-7.5 0.89

It can be seen that the majority of dose dependences are sublinear (k<1), the only exception is Al,O; ce-
ramics synthesized at 1700 °C. In these ceramics, TL dependence on the dose is close to a linear one (k=1) in
the 1.5-15 kGy range. The maximum range of the registered doses in which k=const is found in the alumina
samples that were synthesized at 1600 °C. In these samples k=0.49 when the dose is changed by two orders
of magnitude (from 1.5 to 150 kGy). It is noteworthy that according to the data from Table, there is not any
noticeable correlation of non-linear coefficients and crystallite sizes in the ceramics under study. Sublinear
character of dose dependences may be due to the competition in trapping charge carriers between different
defects [18, 19]. The presence of such defects is more likely in nanostructured materials in comparison with
bulk analogs.
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In addition, we studied TL fading in alumina and zirconia ceramics. The samples were irradiated at
room temperature with a 15 kGy dose and kept at this temperature in darkness for a set period of time. After
this, the remaining TL was measured. The results show that unlike single-crystalline aluminum oxide, the
samples of Al,O3 ceramics have significant fading. Maximum losses of dosimetric information (up to 60 %
for one hour) are observed in the samples with the largest size of the grains annealed at 1600 °C. When the
annealing temperature and nanoparticle size decrease, fading becomes less pronounced. At 7=1400 °C, its
value does not exceed 30 % per hour (Fig. 4).
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Figure 4. Fading of TL peak at 170 °C of a-Al,O3 ceramics synthesized by annealing at different temperatures

Examples of both decreasing fading when nanoparticle sizes grow and increasing one are available in
literature [15, 16]. The effect of quantum tunneling may be a reason for anomalous TL fading in the sam-
ples [20]. In [20], computer simulation of the effect showed that both decrease and increase in intensity of
tunneling recombination with growing grain size is possible at certain parameters of the nanomaterial
(nanocrystal radius, tunneling length, initial mean distance between electrons and positive ions). Moreover,
the intensity rise may serve as a reason for TL fading growth when crystallites become bigger in size, as it
was observed in our experiments (Fig. 4).

Unlike alumina ceramics, noticeable decrease in TL intensity in the peak at 120 °C is not observed
when the exposed ceramic ZrO, samples are kept for one hour. While its value accidentally changes within
10—-15 %, which is comparable with an exposure dose error. The absence of anomalous fading may imply an
insignificant role of quantum-mechanical tunneling and localized transitions of charge carriers in the for-
mation of TL at 120 °C in the studied ZrO, ceramics.

Conclusions

In this work, samples of a-Al,O; and monoclinic ZrO, ceramics were obtained by static annealing of
nanopowder compacts. The samples were synthesized in air in a 700-1700 °C temperature range. Scanning
electron microscopy and X-ray diffraction analysis were used to find that high-temperature annealing does
not affect phase composition. However, it results in a significant growth of crystallite sizes. In ZrO, ceramics
synthesized with the electron-beam method, the nanoparticle size is almost the same as the size of crystallites
in the initial nanopowder. It was revealed that intensities of TL peaks grow with increasing grain size in the
studied samples.

Dose dependences of TL in the samples of the ultrafine ceramics are predominantly sublinear. For alu-
minum oxide ceramics, unlike single crystals, the effect of anomalous TL fading which is presumably due to
the presence of tunneling recombination and localized transitions typical of nanostructured materials was
determined. Moreover, the value of anomalous TL fading increases with growing crystallite sizes.

The obtained sublinear dose dependences of TL show that the synthesized oxide ceramics are promising
materials for TL dosimetry of high-dose (1-100 kGy) pulsed electron beams, which are used in radiation
technologies and academic research. For aluminum oxide ceramics, due to significant TL fading, dosimetric
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information should be read out immediately after the end of exposure or special methods for correction of the
readings from TL detectors should be used.
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I/IOHI(ayIHBI CQyJIEJIeHyI[iH KOrapbl 103aJ1bl TO3UMETPUSICBIHA apHaJFaH aca ;KyKa

C.B. Huxkudopos, /I.B. Ananuenxo, T.B. IlITanr, A.®. Hukudopos,
B.M. JIucunuu, M.I'. I'onkoBckuii

OKCI/IIlTi KepaMUKaHbIH CI/IHTe3i, JIIOMHHeClIeHTTi KI9HE TO3UMETPUSIIBIK KacneTTepi

CuHTe3, JTIOMUHECHIEHTHbIE U I03UMeTPHYECKHE CBOMCTBA CBEPXTOHKON OKCHIHOM

JKoraps! m03abl UIMITYJIbCTI 3JEKTPOHABI coyineMeH (130 kB, nmmynscka 1,5 k['p) coymeneHreH amoMuHHAN
JKOHE IIMPKOHUH OKCHATEpiHE HETi3/eNreH YIbTpa JKYKAa KepaMHKaHBIH TEPMOITIOMHHECHCHTTIK >KOHE
JO3UMETPIIiK KacuerTepi 3eprrenmi. KpucramwmT emmemziepi SpTypii KepaMHKaslapAbl CHHTE3[ey YILUiH
HAHOYHTAKTapJaH jkacaliFaH KoMmmaktTapabl ayamga I = 700-1700 °C TtemmepaTypajga dJICKTp NeEHIiHIC
arjoMepanusiiay, CoHaaif-aK oJapIsl )KOFapbl KyaT THIFBI3IBIFBI Oap KOFaphl SHEPTUSUIBI AIIEKTPOHJAPMEH
(1,4 M»dB) coynenennipy xonmaubuiabl. Kepamukanbin T>1000 °C  ky#igipyl TepMOIIOMHHECHEHTTIK
IIBIHJAPABIH KapKBIHIBUIBIFBIHBIH afTaplbIKTal ©CYIMEH KOPPEALMSIIBIK KPHCTALIUTTED MOJILEpiHiH
alTapibIKTall YJIFalObIHA OKEJIETiHI aHBIKTANABL. OICKTPOHIBIK COYyJIe ONICIMEH OHIIPUIreH KepaMHKa
MaKCHMAJJbl TEPMOIIOMHUHECHCHTTIK peaklusra ue, Oy CHHTE3 Ke3iHAE palualusHbIH OCEpIHEH TYCipy
JKOHE JTFOMUHECLCHIIUS OPTAJIBIKTAPbIHBIH MHaiina GonysiMeH GaiinanbicTel. Cayenenren a-Al,O3 xone ZrO,
KepaMUKaChIHBIH ~ TEPMOJIOMHHECLCHIIMSACHIHBIH ~ Jl03aFa TOYENIUIKTEpiH Tajmay oOJapIblH  0achM
CYOJNMHAPIIBIK CUTIATBIH aHBIKTaJbl. AJIFOMUHHNA OKCHJI HETI3iHAeri KepamMuKa YIIiH, MOHOKPHUCTAJJIBI
MoAN(HKAIMAAAH aifbIPMAIIBUIBIFBL, KPUCTAJUIUT OJIIIEMI YIFaliFaH cablH [IaMachl apTa TYCETiH aHOMAaJIbIbI
TEPMOJIIOMUHECLEHTTI (eIUHITIH OONyBl AHBIKTAJABl. VHTEHCHBTI OKIIAayJaHFaH TEPMOIIOMHHECICHIIS
IIBIHBIHBIH OOJYBI XKOHE KONTEreH J03aFa TOYSNIUTIKTepAiH CyOCHI3BIKTHIK CHIIATHl MMITYJIBCTIK 3JEKTPOH/IBI
coyJeNnepIiH >KOFaphl no3ajapbiH (OipHemeneH oHaaraH K['p) enmiey VIIiH OCHl JKYMBICTa CHHTE3JEITeH
OKCHJ] KepaMHUKACHIHBIH OOJIAIIaFbIH Aonenaerai. byn skarmalina amoMHHUI OKCHII HETi3iHAETrT KepaMuKa
YIIH (eTUHT MeJIIepiHe TEPMOITIOMUHECIICHTTI PEaKIUsHBI TY3ETY KaXKeT.

Kinm ce3dep. aqIOMUHWHA OKCHIi, IMPKOHHH OKCHII, YJIbTpa JKyYKa KepaMHKa, TEPMOJIIOMHHECLEHIIHS,
ANEKTPOHJIBI CAYJICHIH CHHTE31, KPUCTAJUTUT MOJIILepi, 103a CHIIaTTaMaaphl, (GeIuHr.

C.B. Hukudopos, JI.B. Ananuenxo, T.B. llItanr, A.®. Hukudopos,
B.M. JIncunun, M.I'. I'onkoBckuii

KepaMHUKH 1JisA BBICOKO103HOM AOHUMETPHUH HOHU3UPYIOIIET0 U3JTYICHUA

HccnenoBaHbl TEPMONTIOMUHECHEHTHBIE U TO3UMETPUUECKHE CBOMCTBA YJIbTPAAUCIEPCHBIX KEPaMHK Ha OcC-
HOBE OKCHIOB QJIOMHHUS M LUPKOHUS, OOJYyYEHHBIX BBICOKOJO3HBIM HUMITYJIbCHBIM JJIEKTPOHHBIM ITYYKOM
(130 x3B, 1,5 k['p Ha onuH umIyInkc). s CHHTE3a KEpaMUK € Pa3IMIHBIM Pa3MEPOM KPHCTAIUTUTOB UCIIOINb-
30BaJIOCH CTIIEKaHHE KOMITAKTOB, H3TOTOBJICHHBIX M3 HAHOIIOPOIIKOB, HA BO3IyXE B MJICKTPUIECKOI I1eun IpH
T7=700-1700 oC, a Takke MX OOIy4eHHE BBHICOKOIHEpreTHuecknMH 3iekTpoHamu (1,4 M»sB) ¢ BeIcOkoM
IUIOTHOCTBIO MOIIHOCTH. Y CTaHOBJICHO, 4TO OTKHT Kepamuk mpu 7>1000 °C mpUBOAMT K CYIIECTBEHHOMY
pocCTy pa3Mepa KpUCTALUIUTOB, YTO KOPPEIUPYET CO 3HAYUTENbHBIM YBEIHUYEHHEM HHTEHCHBHOCTH TEPMO-
JIFOMHHECLIEHTHBIX ITMKOB. MaKCUMaJIbHBIM TEPMOJIIOMUHECIIEHTHBIM OTKJIMKOM O0JIaJaloT KepaMUKH, MOTy-
YEHHBIC 3JIEKTPOHHO-TYYeBBIM METOAOM, YTO CBSI3aHO C 00pa3oBaHHEM pPaJAHALMOHHO-MHIYLHPOBAHHBIX
IICHTPOB 3aXBaTa M CBEUYCHUS IPU CHHTe3e. AHAJIU3 J030BbIX 3aBUCHUMOCTEH TEPMOIIOMUHECLEHLIUU 00Iy-
4yeHHBIX kepaMuk 0-Al,O3 1 ZrO, BBISBII HX NMPEUMYLIECTBEHHO CyOnMHEiHbII XapakTep. Jis kepaMuk Ha
OCHOBE OKCHJAA ATIOMUHHS, B OTIMYHE OT MOHOKPHCTAIMIECKON MOIM(UKAINH, YCTAaHOBJICHO HAIIMIHE
AQHOMAJIHOTO TEPMOJIIOMHHECIIEHTHOTO (peAnHra, BeIMYMHA KOTOPOTO YBEIMYMBAETCA C POCTOM pazMepa
KPHUCTAININTOB. Hanare HHTEHCHBHOTO M30JIMPOBAHHOTO MHKA TEPMOJIOMHUHECIICHIINH U CyOJIMHEIHBII Xa-
paxTep OOJBIIMHCTBA JO30BBIX 3aBUCHMOCTEH JOKA3bIBAIOT MEPCIEKTUBHOCTh CUHTE3UPOBAHHBIX B HACTOS-
el paboTe OKCHAHBIX KEPAMUK IS M3MEPEHUs BBICOKHX 03 UMITYJIbCHBIX 3JICKTPOHHBIX MYYKOB (€AWHHUIL
— necsitku KI'p). IIpu 3ToM A7 KepaMHK Ha OCHOBE OKCHJIA aTIOMUHUS TpeOyeTcs KOPPEKIHs TEPMOIIOMU-
HECLICHTHOTO OTKJIMKA Ha BEJIMYMHY (euHra.

Kniouesvie cnosa: OKCHUJl aJIFOMHUHHSA, OKCHUJ LUPKOHHSA, CBEPXTOHKAsA KE€paMHKa, TEPMOJIIOMHUHECLCHINA,
SHCKTpOHHO-Hy’{eBOﬁ CHUHTE3, pasMEp KPUCTAJIJIUTOB, 1O30BbIC XapAKTCPUCTUKU, q)eZ[I/IHF.
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