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Abstract: (Gd, Lu),0,:Eu scintillation ceramics have promising applications in the high-energy X-ray imaging.
Euy ;Gdy ¢Lu, 305 nano-powders with pure phase were prepared from the precursor calcined at 1 050 °C for 4 h by the
co-precipitation method. Using the synthesized nano-powders as initial material, Euy ;Gd, ¢Lu; ;05 ceramics were fabri-
cated by vacuum pre-sintering at different temperatures for 2 h and hot isostatic pressing (HIP) at 1 750 °C for 3 h in ar-
gon. The influence of pre-sintering temperature on the microstructure, optical and luminescence properties was investi-
gated. The Eugy Gdg ¢Lu; ;05 ceramics pre-sintered at 1 625 “C for 2 h combined with HIP post-treatment show the high-
est in-line transmittance of 75.2% at 611 nm. The photoluminescence (PL) and X-ray excited luminescence (XEL)
spectra of the Eugy ,Gdy ¢Lu, 305 transparent ceramics demonstrate a strong red emission peak at 611 nm due to the *Dy—"F,
transition of Eu™. The PL, PLE and XEL intensities of the HIP post-treated Euy ;Gd, ¢Lu, ;05 ceramics show a trend of
first ascending and then descending with the increase of pre-sintering temperature. The thermally stimulated lumines-
cence (TSL) curve of the HIP post-treated Euy ;Gdy ¢Lu, ;05 ceramics presents one high peak at 178 K and two peaks
with lower intensities at 253 K and 320 K. The peak at 320 K may be related to oxygen vacancies, and the lumines-

cence peak at 178 K is related to defects caused by the valence state changes of Eu™ ions.
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1 Introduction

Inorganic scintillators are widely used in medi-
cal diagnostics, industrial non-destructive detection,

[1-5]

nuclear physics and high energy physics"™. Among
sesquioxide, lutetium oxide is of significant interest
due to its high density (p = 9. 42 g/cm’), high effec-
tive atomic number (Z. = 63), high X-ray attenua-
tion cross section and high efficiency in converting
X-ray radiation into visible light in the case of dop-
ing the material with rare earth ions. For example,
Lu,05:Eu” exhibits intense radio-luminescence at
the wavelength of 611 nm, which matches well with
spectral sensitivity range of modern Si-photodiodes
and charge-coupled devices”.

Despite many researches on the growth of

(SCs), it is difficult for
Lu,0;to be produced to SCs due to the high melting

Lu,05 single crystals

temperature (about 2 450 °‘C)™. Thus, the prepara-
tion of Lu,0; transparent ceramics can be an effec-
tive way to obtain optical bulk Lu,0; material, which
is attributed to the low temperature and short time of
the preparation. Kopylov er al. ® demonstrated a
possibility of high-temperature (1 850 °C ) vacuum
sintering of Lu,O3:Eu™ (5%) (at. ) ceramics from
nano-powders obtained by co-precipitation method.
The in-line transmittance of the ceramics achieved
41% in visible wavelength range. Qin et al. "” pro-
posed that solid solutions of Gd,( -, Luy,Eu,, 05 can

be used as scintillation materials. The (Gd,Lu),05: Eu

e (Gd,Lu),0,: Bu; B MRS WOWESHY 5 Jeor et s SR R be sy

ceramics were made by solid-state reaction at
1 600 oC for 10 h in air, and the Gd]_]Lll()_ gEll()_]O3

1] - .
! investi-

samples became translucent. Seeley et al.'
gated phase stabilization in (Gd,Lu),05:Eu ceram-
ics in detail. Eu’ ions tend to exsolve from the
Lu,03; cubic crystal lattice and concentrate at the
grain boundaries, where it precipitated into a second-
ary monoclinic phase resulting in optical scattering.
The addition of Gd™ ions to the cubic lattice of
Lu,0; stretches the lattice by observing the grain
boundaries through tests such as TEM, which al-
lowed the larger Eu™ ions to stay in the lattice and
reduced the secondary phases. Also, the transparen-
cy of the ceramics has been improved. Nanoparti-
cles with different Gd,Lu; ¢-,Fuy 03 composition
were synthesized via the flame spray pyrolysis and
the green body was vacuum pre-sintered at 1 625 C
for 2 h and then hot isostatic pressing (HIP) under
200 MPa of inert argon at temperatures ranging be-
tween 1 750 C and 1 900 °C for 4 h. Then several
(Gd,Lu),05:Eu scintillators with the diameter of 10
inch and the thickness of 0. 1 inch were fabricated"*".
The high energy radiography of (Gd,Lu),05:Eu ce-
ramics performs better than scintillation glass, due
to higher light yield (55 000 ph/MeV) and better X-
ray stopping power. Nevertheless, the HIP-ed (Gd,
Lu),05;:Eu ceramics have large average crystallite
size (from hundreds of microns up to a millimeter
range) and high porosity at edges of the crystallites,
which thermo-

seriously decreases mechanical,
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mechanical and optical properties of the ceramics.

" prepared (Lug sGdy 5),0; ceramics.

Rétot et al. '
The addition of Gd™ ions not only facilitated sinter-
ing of the ceramics but also reduced the persistent
luminescence of Eu®™ ions. The transmittance of
(Lug sGdg 5),05:Eu’™ ceramics after HIP treatment
reach 38% at the wavelength of 612 nm. Under X-
ray excitation, the afterglow decreases by one order
of magnitude within the time range of 3 ms to 300
ms. From all these studies, it becomes evident that
the (Gd, Lu),05:Eu solid solution can be a good
scintillation material, but it is necessary to signifi-
cantly improve the technology for the fabrication of
transparent ceramics to achieve high optical quality.
In our previous researches, the (Gd,Lu),05: Eu
ceramics were fabricated by the solid-state reaction

15-16
1319 However, the

with long-time vacuum sintering
sintering ability was low, resulting in the presence of
numerous internal defects in the samples after sinter-
ing. Thus, the in-line transmittance of ceramics was
only 32. 6% @611 nm. The key step in preparing ce-
ramics with high optical quality is to prepare pow-
ders with high purity, small grain size and good dis-

[17-19]

persion Ping et al. ® prepared well dispersed
powders of (Gd,Lu),05: Eu with particle sizes rang-
ing from 20-70 nm by co-precipitation method. Our
research group had optimized the co-precipitation
technique to fabricate oxide nano-powders of differ-
ent compositions with small size, good dispersion
and homogeneous elemental distribution”™.  The
improved two-step sintering method has been ap-
plied in the preparation of transparent ceramics by
vacuum pre-sintering and HIP post-treatment in an
argon atmosphere™ ™",

In this study, the Eug Gdy ¢Lu; 305 nano-pow-
ders were fabricated by the co-precipitation method
and the two-step sintering method was used to pre-
pare the ceramics. The aim of this research is to in-
vestigate the influence of pre-sintering temperature

on the microstructure, optical properties and scintilla-

tion characteristics of the Eugy ;Gdy ¢Lu, 305 ceramics.

2 Experiment

The (Gd,Lu),05: Eu powders were prepared by

the co-precipitation method. An appropriate amount
of Eu,05 (99. 995%, shanghai Sheeny Metal Materi-
al co Ltd), Lu,0;5 (99. 995%, Shanghai Jingyun Ma-
terial Technology Co. , Ltd. ) and Gd,0;5 (99. 999%,
Jining Zhongkai New Materials Co. , Ltd. ) were dis-
solved in diluted nitric acid to obtain Eu(NO3);, Lu-
(NO;3); and Gd(NO;);. The 500 mL of metal mix-
ture solution was prepared at a concentration of
0. 25 mol/LL according to the Eug 1Gdy ¢Lu; 305 com-
ponent. The 125 mL of (NH,),S0, solution at a con-
centration of 1 mol/L was added to the metal mixture so-
lution as a dispersant for the metal ions. The 600 mL of
NH4HCO; solution at a concentration of 1 mol/L. was
dropped into the mixed metal solution at a rate of
3 mL/min, which was used as a precipitant. After
the titration process, the precursor solution was agi-
tated for 10 min and then aged for 3 h. The precipi-
tate was washed twice with an alcohol-water mixture
(alcohol:water = 1:4). Then the precipitate was
washed twice with alcohol and centrifuged. Finally,
the precursor was dried in an oven at 70 ‘C for 18 h.
The precursor was sieved through a 200-mesh sieve.
The sieved precursor was calcined at 1 050 °C for
4 h in air to obtain pure phase (Gd,Lu),05:Eu pow-
ders. The powders were uniaxially pressed at 40
MPa into pellet shaped green bodies and then cold
isostatically pressed (CIP) at 250 MPa. The green
bodies were sintered at temperature of 1600 -
1 675 °C for 2 h in a tungsten mesh-heated vacuum
furnace (1x107 Pa). Then the ceramics were hot
isostatically pressured (HIP) at 1 750 °C (176 MPa,
Ar) for 3 h and annealed in air at 1 300 “C for 10
h. The ceramic samples were mirror-polished to
1. 2 mm thickness for subsequent testing. The phase
identification was performed by the X-ray diffractom-
etry (XRD, D/max2200 PC, Rigaku, Japan) using Cu
Ka radiation (A = 0.154 06 nm) with a scanning
speed of 5(°)/min in the 26 range of 10° - 80°. Mi-
crographs of the precursors, powders and pre-sin-
tered ceramics were observed by a field emission
scanning electron microscopy (FESEM, SU9000,
Hitachi, Japan). The micrographs of the HIP
post-treated ceramics were observed with optical

microscope (Olympus BX51 three-dimensional digital
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stereomicroscope, American). To measure grain
size, the ceramics after polishing were thermally
etched at 1 450 °C for 3 h. The average grain size in
the ceramics was measured by the linear intercept
method, and calculated by multiplying the average
linear intercept distance by 1. 56. The density of the
samples was calculated according to Archimedes’
principle by the formula:

p = mopyl(m, —m,), (D)
where my is the mass of the dry sample in air, m; is
the mass of the sample completely submerged in wa-
ter after sufficient water absorption, m, is the mass of
the sample absorbed sufficient water, and p, is the
density of distilled water (1.0 g/cm’). Relative den-
sity of the samples is p;=(p/p,,) X100%, and p,, is the
theoretical density of the samples. The in-line trans-
mittance of the samples was measured by a UV-visi-
ble-near-infrared spectrophotometer ( Cary-5000 ( Vari-
an), USA). The photoluminescence excitation (PLE)

and emission (PL) spectra were recorded using a

Shimadzu RF-5301PC Spectro fluorophotometer.
The X-ray excited luminescence (XEL) spectra
were analyzed with an equipment composed of the
medical F30III-2 mobile diagnostic X-ray machine
(70 kV, 1.5 mA) and QE65000 spectrometer
(Ocean Optics, U. S. ). In addition, on top of the
test system, the Oxford DN-V2 cryostat is equipped
to perform thermally stimulated luminescence mea-
surements on ceramic samples to analyze the types
of defects present in the ceramics. The radiolumi-
nescence at different temperatures was monitored by

the same device.

3 Results and Discussion

Fig. 1 shows the micrographs of Eug Gdy ¢Lu;_;-
0; precursor and the powders calcined at 1 050 °C
for 4 h. The synthesized powders consist of na-
noscale particles. After calcination, most of the

nanoparticles are polyhedral due to the formation of

the crystal structure.

Fig. 1 FESEM micrographs of Euy;GdyglLu, ;05 precursor(a) and the powders(b) calcined at 1 050 °C for 4 h

Fig. 2 shows the XRD patterns of Euy ;Gdy ¢Lu; 3-
03 precursor and the powders calcined at 1 050 C
for 4 h. The precursor was amorphous. The cal-
cined powders have a cubic crystal structure with a
space group of la3. The lattice parameter is 1. 052
nm, which is larger than that of pure Lu,0;(a =
1.026 nm). The ionic radius of Gd** (0.093 8 nm)
is larger than that of Lu® (0. 084 8 nm). The lattice
parameter becomes larger with the addition of Gd™
into the solid solution. The average crystallite size
(Dxpp) of Eug1Gdy ¢Luy 305 calcined powders can
be calculated from Fig. 1 by the Scherrer’ s equa-
tion:

Dy = 0.89A/( Bcosf), (2)

where A is the wavelength of Cu Ka radiation, B is
the full width at half maximum (FWHM) of a dif-
fraction peak at Bragg angel (6). The calculated

Gd,0 (pdf#43-1014)

—— Calcined powder
— Precursor

Intensity/a. u.

| 1,0, (pi#86-2475)
10 20 30 40 50 60 70 80

Fig.2  XRD patterns of Euy,Gdg¢Lu, 303 precursor and the
powders calcined at 1 050 C for 4 h
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average crystallite sizes of the Euy Gdy ¢Lu; 303 cal-
cined powders are 41. 9 nm.

Fig. 3 shows the relative densities of the
Eug ;Gdy ¢Lu;, 305 ceramics vacuum sintered at dif-
ferent temperatures for 2 h and the Eug Gdg ¢Lu; 305
ceramics HIP post-treated at 1 750 “C for 3 h. The
relative densities of the Eugy Gdy ¢Lu; 305 ceramics

vacuum sintered above 1 600 °C for 2h are all above

100
*— B
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> 98
Z
<
£
=
e 96
—&— Pre-sintered
e HIP-ed
94 1 1 1 1
1600 1625 1650 1675

1/°C
Fig. 3 Dependence of relative densities for the pre-sintered/
HIP post-treated EugGdygLu; ;05 ceramics on pre-

sintering temperature

94%, and the relative densities continue to increase
with the increase of the sintering temperature. All
Eug 1Gdg ¢Lu; 305 ceramic samples demonstrate the
relative density reaches over 99% of the theoretical
value after the HIP post-treatment.

The morphologies of the Eug Gdg ¢Lu; ;05 ce-
ramics pre-sintered at different temperatures for 2 h
are shown in Fig. 4. The sintering under vacuum
conditions effectively removes gases, such as water
vapor, hydrogen, and oxygen, which are present in
the oxide ceramic billet. The grain boundary diffu-
sion or gas escape from the ceramic billet leads to an
increase in the product’s density. The ceramics ex-
hibit the uniform grain size. However, as the pre-
sintering temperature increases, the grain size of
the pre-sintered ceramic also enlarges. Concurrent-
ly, pores gradually accumulate within the ceramic
matrix. As the sintering temperature rises, the aver-
age grain size of the ceramics increases from 740

nm to 2.3 pm.

Fig. 4 FESEM micrographs of Eugy,Gdyglu,;0; ceramics pre-sintered at different temperatures for 2 h: (a)l 600 °C ,

(b)1625°C, (¢)1650°C, (d)1675C

Fig. 5 shows the optical microscopic images of
the Eug ,Gdy ¢Lu; 303 ceramics pre-sintered at differ-
ent temperatures for 2 h and HIP post-treated at
1 750 °C for 3 h under 176 MPa. The ceramics have

uniform grain sizes. The average grain size of ceram-
ics ranges from 56.6 pm to 81.3 pwm with the in-
crease of sintering temperature. At the pre-sintering

temperature of 1 600 ‘C, numerous pores are found
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Fig. 5 Optical microscopic images of the Euy;GdggLu, 305 pre-sintered at different temperatures for 2 h and HIPed at 1 750 ‘C
for 3 h under 176 MPa: (a), (e)1 600 °C; (b), (f)1625°C; (¢), (g)l 650 °C; (d), (h)1675°C

within the ceramics. The elevated sintering tempera-
ture leads to an increase in the number of pores.

Fig. 6 shows the photograph and the in-line
Eug 1Gdy Lu; 505

(thickness of 1.2 mm) prepared by two-step sinter-

transmittance of the ceramics
ing. As can be seen from Fig. 6, the in-line transmit-
tance of the transparent ceramics first increases and
then decreases with the increase of pre-sintering
temperature. The Eug ;Gdy ¢Lu; ;03 ceramics pre-
sintered at 1 625 “C for 2 h combined with HIP post-
treatment show the highest in-line transmittance of
75.2% at 611 nm, which is still lagged behind cur-
rent commercial products from Lawrence Livermore
National Laboratory, USA (81.2% at 611 nm 1.0
mm). At lower vacuum sintering temperatures, the
relative densities of the pre-sintered ceramics are
correspondingly low. Many pores exist in the ceram-
ics. In the HIP process, the grain boundary migra-
tion is too fast and the pores inside the ceramics can
not be completely removed in time, which resulted in
the low transmittance of the ceramics. Although ob-
vious pores are observed under the optical micro-
scope, the ceramic grains are too large to be clearly
observed under the scale of the optical microscope.
However, as the subsequent annealing temperature in-
creases, the expansion of the pores within the ceram-
ics significantly affects the transmittance of the ceram-
ics. As the sintering temperature increases, the pores
inside the ceramic are continuously discharged. How-
ever, during the discharging process, some of the pores

are wrapped by the grains. As can be seen in Fig. 4,

the pores inside the pre-sintered ceramic keep getting
bigger with the increase of the pre-sintered tempera-
ture. When the vacuum sintering temperature increas-
es to 1 650—-1 675 °C, more pores are entrapped in the
grains (Fig. 4(c), (d)). Some of these pores may re-

main in the ceramics after the HIP treatment.

&y 20
80
70
60
50
40
30
20
10

Transmittance/%

0 { 1 | | |
200 300 400 500 600 700 800
A/nm

Fig. 6 Photograph (a) and in-line transmittance spectra (b)
of the Euy;Gdyglu; 305 ceramics pre-sintered at dif-
ferent temperatures for 2 h and HIP post-treated at
1750 °C for 3 h under 176 MPa

Fig. 7 shows the excitation and emission spec-
tra of the Eugy Gdy ¢Lu; 305 ceramics. The excita-
tion bands correspond to the energy transfer of Eu™
ions. Among them, the peak at 323 nm corresponds
to 'Fy—’Lg transition of Eu™, the peak at 394 nm cor-

responds to 'Fg—"Lg transition of Eu™, and the peak
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at 468 nm corresponds to the *Dy—"F, transition of
Eu*. The strongest luminescence peak of the ceram-
ics locates at 611 nm, which corresponds to the
*Dy—"F, transition. The intensity of most excitation
peaks and all emission peaks of the ceramic in accor-

dance with the ceramics’ transmittance. The inten-

(a) A, =468 nm L — 1600 C
k) ——1625°C
g ——1650C
) ——1675°C
{=}
g
2
Z
<5
=
B “
5 =
L I,
& =
500 550 600 650 700 750 800

A/nm

sity of the excitation and luminescence spectra
reaches its maximum at the pre-sintered temperature
of 1 625 °C, which is attributed to the highest in-line
transmittance of the ceramics. The scattering from
nanoscale residual pores becomes the main optical

losses in ceramic luminescence.

() F—1600°C A_=616 nm =
——1625C k)
—— 1650 C S
——1675C

= °
3 =
Z le
@ <%
E E
= L
crB %
o

250 300 350 400 450 500
A/nm

Fig. 7 PL(a) and PLE(b) spectra of the Euy,Gdyelu, ;05 ceramics pre-sintered at different temperatures for 2 h and HIP post-

treated at 1 750 °C for 3 h under 176 MPa

Fig. 8 shows the XEL spectra of the Euy Gdy ¢-
Lu; 303 ceramics. The XEL spectrum of bismuth
germinate (BiyGe;0,,, BGO) single crystal multi-
plies by 10 times is shown for comparison. The XEL
luminescence spectra of the Eug ;Gdg ¢Lu; ;05 ce-
ramics consist of FEu™ characteristic emission
peaks. The main emission peak locates at 611 nm.
It is the strong red light emitted by *Dy—"F, energy
levels transition. The XEL spectra of the ceramics
showed a trend of first increasing and then decreas-
ing with the increase of sintering temperature.
Above phenomena are arisen by the more optical
losses, which lead to a decrease in the luminescence
intensity of the ceramics. The highest intensity is
found in the ceramics pre-sintered at 1 625 ‘C com-
bined with HIP post-treatment. The light yield of
the XEL emission of the (Gd,Lu),0;:Eu is much
higher than that of BGO, which makes the ceramics
a promising material for X-ray imaging.

It is well known that Eu™ ions are easy to cap-
ture an electron and reduce to Eu* due to its low oxi-
dation potential®. Therefore, it is obvious to assume
that Eu™ itself is an effective electron trap in (Gd,
Lu),05:Eu ceramics similar to Eu’ doped in (Y,

Gd),0,"". The TSL glow curve of the (Gd,Lu),05:Eu
ceramics (pre-sintered at 1 625 °C and HIP-ed at

—1600 C
—1625°C
——1650C
—1675°C
——BGOX10

Intensity/a. u.

A

300 40 500 600 700 800
A/nm

Fig. 8 XEL spectra of the Euy,Gdyglu, 305 ceramics pre-

sintered at different temperatures for 2 h and HIP
post-treated at 1 750 °C for 3 h under 176 MPa of Ar
and BGOX10

1 750 ‘C) between 100 K and 400 K is given in
Fig. 9. The glow curve of the sample presents one
high peak at 178 K and two peaks of lower intensity
at 253 K and 320 K, which is similar to that of (Y,
Gd),05:Eu above 150 K™

the luminescence of the samples at 320 K may be re-

Normally we consider

lated with the oxygen vacancies. Whereas the lumi-
nescence at 178 K is related to the defects arising
from the change in the valence state of the Eu™ ion
itself. As can be seen from the Fig. 9, there are few-
er oxygen vacancies present in Eugy ;Gdg ¢Lu; 305 un-
der the pre-sintering at 1 625 °C combined with HIP
post-treatment. According to the Fig. 9 (b), the
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radioluminescence intensity of the Eug ;Gdg ¢Lu; 303
ceramics increases continuously with the increase of

temperature. The steep increase in intensity is ob-

(a)

TSL intensity/a. u.

100 150 200 250 300 350 400
T/K

served in the range of 150 K to 250 K. This is con-
sistent with the defects caused by the Eu ion in the

TSL spectra corresponding to 178 K.

(b)

Intensity/a. u.

i 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450
TIK

Fig.9 Thermally stimulated luminescence curve(a) and radioluminescence curve(b) of the Euy,Gdy¢Lu; ;05 ceramics pre-sin-

tered at 1 625 °C for 2 h and HIP post-treated at 1 750 °C for 3 h under 176 MPa

4  Conclusion

In this paper, the pure cubic phase Eug ;Gdg ¢-
Lu; 303 powders were synthesized by co-precipita-
tion method. The Euy ;Gdy ¢Lu; ;05 ceramics with
high in-line transmittance were prepared by vacuum
pre-sintered at different temperatures combined with
hot isostatic pressing (1 750 ‘C for 3 h, 176 MPa,
Ar). The in-line transmittance of the Euy ;Gdg ¢Lu; 3-
O; ceramics with the thickness of 1.2 mm is the
highest at 1 625 “C for 2 h combined with HIP post-

treatment, reaching a maximum of 75.2% at 611
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nm. Moreover, the PLE/PL and XEL intensity of the
ceramics shows the trend of first rising and then fall-
ing, which is consistent with the in-line transmit-
tance. The ceramics show the strong red emission
under X-ray excitation (the main peak is at 611
nm ), which shows the potential of coupling with the sil-
icon photodiode. Thus, the Eug ,Gdy ¢Lu; 305 ceramics

have a good application prospect in X-ray imaging.
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