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bstract

his paper reports the production of bismuth germanate ceramic scintillator (Bi4Ge3O12) by combustion synthesis (SHS) method, focusing on the
nfluence of the synthesis parameters on the crystalline phases and agglomeration of the nanoparticles. The synthesis and sintering conditions were
nvestigated through thermal analysis, X-ray diffraction as function of temperature, dilatometry and scanning electron microscopy. Well-dispersed

i4Ge3O12 powder was accomplished by the combustion of the initial solution at pH 9, followed by low temperature calcination and milling.
intered ceramics presented relative density of 98% and single crystalline Bi4Ge3O12 phase. The luminescent properties of the ceramics were

nvestigated by photo- and radio-luminescence measurements and reproduced the typical Bi4Ge3O12 single-crystal spectra when excited with UV,
and X-rays. The sintered ceramics presented light output of 4.4 × 103 photons/MeV.
2008 Published by Elsevier Ltd.
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. Introduction

Bismuth germanate (Bi4Ge3O12—BGO) is a scintillator
aterial used as single crystal in medical detectors and high

nergy physics. Bi4Ge3O12 presents several advantages such
s high density, good stability, low afterglow, high light output
9 × 103 photons/MeV for single crystal) and good sensibility
o a great variety of energies (UV, �, � and � radiation).1–4 The
se of Bi4Ge3O12 ceramics in detector devices would bring addi-
ional advantages in cost production, versatility of shapes and
izes and homogeneous distribution of the dopands.5,6 However,
eramics normally scatter light, which reduces the efficiency of
he scintillator. Since porosity is the main factor producing light
cattering, high densification and pore elimination are impor-

ant advances for the potential use of BGO ceramics as radiation
etectors. Dense ceramics can be reached from compacts of
anoparticles that present high effective area and high surface
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tor applications

nergies. Consequently, the grain boundary mobility and the sin-
erability increase for nanostructured ceramics, when compared
o compacts of micrometric particles.

Self-propagating high-temperature synthesis (SHS—
ombustion synthesis) involves high temperatures induced by a
elf-sustained exothermic reaction of a fuel mixed to the reac-
ants. It has been investigated for many compounds and became

powerful technology to produce inorganic materials.7–9

ypically, SHS route produces nano-sized particles, but it also
esults in a high degree of agglomeration of these particles.
gglomeration can reduce the final density of the sintered

eramic, since intra- and inter-agglomerate sintering does not
ccur simultaneously. On the other hand, there are reports
n the influence of the pH on the agglomeration degree and
orphology of the particles produced by wet chemistry10,11 and

lso by SHS route.12,13 All these reports point out pH control
s an efficient method to change the agglomeration degree and,

n some cases, also the particle size and morphology.

In this work we have studied by the first time the production of
anostructured Bi4Ge3O12 powders via SHS. This compound is
raditionally produced through solid state route,5,6,14–16 which is

mailto:zmacedo@fisica.ufs.br
dx.doi.org/10.1016/j.jeurceramsoc.2008.05.048
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hereafter. Fig. 1 presents the XRD patterns of the as-prepared
powders. For BGO1, the major phases detected in the reacted
powder were GeO, GeO2 and Bi2O3. These same phases were
also observed in both BGO5 and BGO7 samples, with slight
26 F.A. Andrade de Jesus et al. / Journal of the

ime-expensive and presents micrometric particles with a small
mount of spurious phase Bi12GeO20. We also report here the
nfluence of pH on the crystalline phases and agglomeration of
he nanoparticles produced by SHS, and show that the good
ispersion of the particles lead to sintered ceramic bodies with
igher density.

. Experimental

SHS route consists in heating a mixture of metal salts, oxides
nd/or carbonates and a suitable organic fuel, until it ignites and a
elf-sustaining and rather fast combustion reaction takes off. For
he combustion synthesis of bismuth germanate, the cationic pre-
ursors used were GeO2 (Alfa Aesar, 5N) and Bi(NO3)3·5H2O
Alfa Aesar, 98%), using CON2H4 (urea) (VETEC, P.A.) as fuel.
he following equation describes the chemical reaction involved

n the synthesis9:

4Bi(NO3)3·5H2O + 3GeO2 + 10CON2H4

→ Bi4Ge3O12 + 10CO2 + 32N2 + 25H2O (1)

he stoichiometric composition of the redox mixture for com-
ustion synthesis was calculated based on the total oxidizing
nd reducing valences of the oxidizer and the fuel. The precur-
ors were mixed with a small quantity of distilled water in an
lumina crucible and stirred in order to obtain a homogeneous
aste. This paste presented initially pH 1 due to the acidity of
i(NO3)3·5H2O solution in water. To adjust pH, ammonium
ydroxide (NH4OH; QUIMEX, P.A.) was used instead of water.
he pH values studied were 1 (without NH4OH), 5, 7, 9 and
1. The synthesis was carried out by heating this mixture on
n electric plate at 500 ◦C. At this temperature, the exothermic
ecomposition of the fuel took place, leading to an enhancement
f the temperature and the reaction between the precursors.

After the combustion reaction, two distinct procedures were
dopted: (i) the reacted powders were pressed and sintered; (ii)
he reacted powders were calcined at 600 ◦C/24 h, ball-milled
or 24 h, pressed and sintered. The ball-milling was made in
lastic recipients containing the powders, zirconia balls and
sopropyl alcohol, in the volumetric proportion of 10:60:30,
espectively. In both procedures the samples were conformed
y uniaxial pressing and sintered at 840 ◦C/3 h, with a heating
ate of 10 ◦C/min and a cooling rate of 2 ◦C/min. The relative
ensity of the sintered ceramics was determined by the fluid
isplacement (Archimedes) method using distilled water.

Thermal analysis of the powders employed a simultaneous
G/DTA (STA 409 Netzsch) system and the measurements were
ade from room temperature up to 1100 ◦C with heating rate of

0 ◦C/min under synthetic air flow. Dilatometric measurements
dilatometer Netzsch—402 PC) were performed in a tempera-
ure range from 25 ◦C to 950 ◦C, with a heating rate of 10 ◦C/min
n synthetic air flow.

The crystalline phases of the powder and sintered ceram-

cs were inspected by X-ray diffraction (XRD; Rigaku RINT
000/PC) technique, in continuous scanning mode using Cu K�
adiation, in the 2θ range between 10◦ and 80◦. XRD measure-
ents as a function of the temperature employed a HTK 1200

F
B
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urnace (Anton Paar) coupled to the diffractometer. The exper-
mental XRD patterns were compared to the data from JCPDS
Joint Committee on Powder Diffraction Standards, Swarth-
ore, USA).
The particle size of the reacted powders was determined by

Zetasizer Malvern Nano Series, at room temperature, after
ispersion of the powders for 1 h in an ultrasonic bath. The
gglomeration of these powders and also the microstructure
f the sintered ceramics were analyzed by scanning electron
icroscopy (SEM; Zeiss DSM960).
The luminescence properties of the samples were inspected

ia photo- and radioluminescence techniques at room temper-
ture. The photoluminescence (PL) spectra of the scintillators
ere measured by a Ocean Optics HR 2000 spectrometer (res-
lution of 0.5 nm) under excitation of a 300-W Xenon lamp.

Radioluminescence (RL) was measured under excitation of
oth X-rays and � particles. Under irradiation with X-rays
∼9 keV), RL was registered using the same spectrometer
sed in the PL tests. For RL measurements under � radiation,
i4Ge3O12 ceramics were exposed to a 90Sr/90Y source, with
ose rate of 0.2 Gy/min at the sample position. In this case, the
ight emitted during the irradiation was detected by a Hama-

atsu R928 photomultiplier tube attached to a monochomator
FUNBEC, Unicrom 100), with 5 nm resolution. The electric
urrent of the photomultiplier was registered using a Keithley
517 electrometer.

. Results and discussion

The samples produced with pH 1, 5, 7, 9 and 11 will be
alled, respectively, BGO1, BGO5, BGO7, BGO9 and BGO11
ig. 1. XRD patterns of the as-prepared powders with different pH values:
GO1, pH 1; BGO5, pH 5; BGO7, pH 7; BGO9, pH 9; BGO11, pH 11.
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Fig. 5a presents the linear shrinkage (Y = �L/L0) and the lin-
ear shrinkage rate (dY/dT) of the BGO1 sample as a function of
the temperature. Clearly, this curve exhibits a non-conventional
behavior for ceramic materials presenting two distinct shrink-
F.A. Andrade de Jesus et al. / Journal of the

ariations in the relative amounts. On the other hand, Bi4Ge3O12
as the major phase in BGO9. For this sample, small amounts
f the phases GeO2, Bi2GeO5 and a non-identified phase have
lso been observed. For BGO11, the peaks corresponding to
he phases GeO2 and Bi2GeO5 increased relatively to the peaks
f the Bi4Ge3O12 phase. The absence of bismuth germanate in
GO1, BGO5 and BGO7 indicates a dependency of the urea
ecomposition on the bulk pH. Since NH4OH, used to adjust
H, also undergoes exothermic decomposition when heated, it
ould be supposed that the phase formation is due to higher
ensities of energy delivered to the mixture with higher pH. To
est this hypothesis, further SHS reactions employing excess of
rea and without pH adjustments were performed. The results
rom these tests were the same of that presented in Fig. 1 for
GO1, so it could be concluded that the pH of the initial mixture
lays a determinant role on the formation of crystalline phases,
egardless the excess of fuel used for the reaction. Since SHS
s a redox reaction, it is possible that higher concentrations of
OH)− groups in the mixture result in an enhancement on the
ate of decomposition of urea. The energy liberated in a shorter
ime interval would provide higher temperatures for the reaction.

Considering that the powder produced at any pH could
ossibly reach single phase under additional calcinations, as
eported by several authors,9,17 and also that the simultane-
us calcination and sintering would prevent grain growth and
n some cases would result in high density,18 all the produced
owders were tested in a simultaneous calcination and sin-
ering stage at 840 ◦C for 3 h. As expected, all the sintered
eramics presented Bi4Ge3O12 as single or major phase (illus-
rated in Fig. 2 for BGO9 sample) with very small amounts
f Bi12GeO20 which sometimes stayed below the accuracy
f XRD measurements. Nevertheless, the samples without the
nitial phase Bi4Ge3O12 presented poor density, as explained
elow.

DTA curve, presented in Fig. 2b, confirms the structure of
he produced material. The endothermic peaks at 880 ◦C and
050 ◦C correspond, respectively, to the euthetic point, in which
he liquid phase coexists with the crystalline phases Bi4Ge3O12
nd Bi12GeO20, and to the melting point of Bi4Ge3O12.19

Fig. 3 presents the particle size distribution of the reacted
owders, obtained via Zetasizer measurements. The mean size
etermined in this graph was 100 ± 30 nm. No significant pH
nfluence on the particle size was observed in these measure-

ents. On the other hand, the samples presented remarkable
ifferences concerning to the agglomeration degree, as can be
erified in Fig. 4. The combustion reaction without pH adjust-
ent produced a strongly agglomerated material (see Fig. 4a),
hereas the powder produced at alkaline environment was well
ispersed, as shown in Fig. 4b.

The good dispersion of the powders is determinant of ceramic
interability, as can be verified by the comparison of the relative
ensities of the sintered ceramics, presented in Table 1. The
owders produced at acid conditions (strongly agglomerated)

ielded ceramic bodies with relative densities between 68% and
3%. For the less agglomerated samples BGO9 and BGO11,
roduced at alkaline pH values, the final density of the sintered
eramics was 84–87%.
ig. 2. Structural and thermal characterization of BGO9 sample: (a) XRD pat-
ern of the ceramic sintered at 840 ◦C for 3 h without intermediate calcination;
b) DTA curve of the as-prepared BGO9.
Fig. 3. The size distribution graph of BGO1.
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tions, the crystalline phase evolution was monitored by XRD
measurements performed at different temperatures during the
heating of the sample. Fig. 6 presents these results and it can be
ig. 4. SEM micrographs of the as-prepared powder: (a) BGO1; (b) BGO9.

ge processes. In the first one, the shrinkage begins at 480 ◦C
nd presents a maximum rate at 525 ◦C. This event occurs due
o the elimination of remaining sub-products, also registered

n the DTA graph (see Fig. 2b), between 400 ◦C and 600 ◦C.
he second process begins at 780 ◦C and presents two inflec-

ion points at 847 ◦C and 896 ◦C which are related to intra-
nd inter-agglomerates sintering, respectively. The coalescence

able 1
elative density of the BGO ceramics sintered at 840 ◦C/3 h

ample Relative density (%)

GO1 68 ± 1
GO5 61.3 ± 0.3
GO7 73.0 ± 0.5
GO9 87.0 ± 0.5
GO11 84.0 ± 0.3

he theoretical density of BGO is ρ0 = 7.13 g/cm3.
F
t

pean Ceramic Society 29 (2009) 125–130

f intra-agglomerate particles at temperatures lower than the
nter-agglomerate sintering results in ceramic bodies with high
orosity, as can be seen in the micrograph at Fig. 5b for ceramic
odies sintered at 840 ◦C for 3 h. Although the maximum shrink-
ge rate was observed at 896 ◦C, this temperature was not tested
or sintering, since it is only 50 ◦C below the melting point of
i4Ge3O12.

From the results presented up to this point, we can conclude
hat pH 9 is the optimum value to obtain the best result on the
i4Ge3O12 production via combustion synthesis. However, the
ensity of 87% (Table 1) reached by the ceramics submitted to
imultaneous sintering and calcinations is yet quite low. In order
o enhance the final density of the sintered ceramics, a new
rocedure, with separated stages of calcination and sintering,
as tested. To determine the optimum temperature for calcina-
ig. 5. BGO1 sample: (a) linear shrinkage and shrinkage rate as a function of
he temperature; (b) SEM micrograph of BGO1 sintered at 840 ◦C for 3 h.
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under � and X-rays excitation. When compared to the
BGO single crystal (9 × 103 photons/MeV at 300 K1,20,21),
the sintered ceramics presented an energy efficiency of
ig. 6. XRD patterns of the BGO9 sample measured during the calcination
rocess.

bserved that Bi4Ge3O12 peaks kept the same relative intensity
uring the heating, whereas the non-identified phase was elim-
nated by the calcination. At 600 ◦C, the non-identified phase
as completely eliminated, but the formation of the Bi12GeO20
hase at 500 ◦C was also observed. The elimination of the non-
dentified phase and the formation of the Bi12GeO20 phase are
elated to the endothermic peaks between 400 ◦C and 600 ◦C
egistered in DTA curve of Fig. 2b. The Bi12GeO20 phase was
lready reported in the production of Bi4Ge3O12 via solid-state
ynthesis20 and it was also observed in small quantities in the
intered bodies in the present work.

Since the temperature necessary to reduce the quantity of
i12GeO20 would be too close to the sintering temperatures,

he calcination was performed at 600 ◦C, which is the lowest
emperature necessary to eliminate the unknown phase and to
educe considerably the presence of GeO2 (Fig. 6). The powders
alcined at 600 ◦C/24 h presented the major phase Bi4Ge3O12.
n order to prevent the particle coalescence, an additional ball-
illing process for 24 h after the calcination was adopted.
Fig. 7a presents the dilatometric analysis of the BGO9 sam-

le calcined at 600 ◦C and ball-milled for 24 h. This curve does
ot present any shrinkage due to elimination of sub-products,
ntra-agglomerate sintering or any other process that would
nterfere with the quality of the final density. A single shrink-
ge process was observed, with onset at 700 ◦C and maximum
hrinkage rate at around 840 ◦C. The relative density ρ/ρ0,
alculated from the shrinkage values �L/L0 by the expres-
ion ρ/ρ0 = (1 − �L/L0)−3, was 95% at 875 ◦C, as presented
n Fig. 7a. According to these results, the optimum sintering
emperature for BGO9 is 840 ◦C.

The samples sintered at 840 ◦C for 3 h reached a final density
f 98%. Fig. 7b presents the SEM image of the sintered body,
ith low porosity, homogeneous microstructure with an average
rain size of 5 �m. This sample was chosen for the luminescence

tudy.

The luminescence curves of the ceramics under �, X-rays
nd ultraviolet (UV) excitation are presented in Fig. 8. In all
he cases, it was observed a broad emission band with maxima

F
m
l
(
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pean Ceramic Society 29 (2009) 125–130 129

ositions at 510, 515 and 520 nm, for irradiation with �, X-rays
nd UV, respectively. These peak positions are the same, con-
idering the experimental deviation, and corroborate the values
ound in the literature.5 Luminescence emission in Bi4Ge3O12
s associated to Bi3+ transitions from the excited level 6p6s
3P0,1,2, 1P1) to the fundamental state 6s2 (1S0). From the curves
f Fig. 8 it can be concluded that the same luminescence centers
re activated by all the studied energies, and that no additional
uminescence center was created due to the combustion synthesis
oute.

The relative light output of the scintillators can be obtained
irectly from the area under the RL curve. For compar-
son, the efficiency of BGO single crystal was measured
ig. 7. Dilatometric analysis of BGO9 sample calcined at 600 ◦C and ball-
illed for 24 h: (a) linear shrinkage (Y) and relative density (inset shows

inear shrinkage rate); (b) SEM micrograph of BGO9, after calcinations
600 ◦C/24 h), ball-milling (24 h) and sintering (840 ◦C/3 h). The relative density
s ρrel = 98.1 ± 0.5%.
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ig. 8. Luminescence spectra of Bi4Ge3O12 ceramics under �, X-rays and
ltraviolet (UV) excitation.

.4 × 103 photons/MeV. This value is comparable to the light
utput from CeF3 single crystal (4 × 103 photons/MeV) and
aHfO3:Ce ceramics (6 × 103 photons/MeV), and satisfies the

equirement for application in electromagnetic calorimeters
hat is 200 photons/MeV.1,20

. Conclusions

Bismuth germanate ceramic powders were successfully syn-
hesized by the first time through SHS route. The pH control
ssociated with calcination and milling stages were important
actors to reduce the agglomeration degree in the synthesized
owders and to enhance the final density of the sintered ceram-
cs. The optimum synthesis conditions were determined as
H = 9 during the reaction, and calcination (600 ◦C/24 h) and
all-milling (24 h) procedures after the combustion. The pow-
ers resulting from this synthesis route presented Bi4Ge3O12 as
he major phase and weak agglomeration of the nanoparticles.
eramics sintered at 840 ◦C/3 h reached a final relative density of
8% and homogeneous microstructure. The luminescence spec-
ra of the ceramics excited with UV, � and X-rays reproduced
he typical Bi4Ge3O12 single crystal behavior with emission
ands centered about 515 nm, indicating that this new route
id not affect the luminescent centers of the material. The sin-

ered ceramics presented light output of 4.4 × 103 photons/MeV,
hich is comparable to that presented by the BGO single crystal

nd satisfies the requirement for application in electromagnetic
alorimeters.
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