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a b s t r a c t

A novel method for preparation of nano-crystalline gadolinium aluminate (GdAlO3) powder, based on
combustion synthesis, is reported. It was observed that aluminium nitrate and gadolinium nitrate exhibit
different combustion characteristics with respect to urea, glycine and �-alanine. While urea was proven
to be a suitable fuel for direct formation of crystalline �-Al2O3 from its nitrate, glycine and �-alanine are
suitable fuels for gadolinium nitrate for preparation of its oxide after combustion reaction. Based on the
observed chemical characteristics of gadolinium and aluminium nitrates with respect to above mentioned
fuels for the combustion reaction, the fuel mixture composition could be predicted that could lead to
adolinium aluminate
dAlO3

RD
intering
rea
lycine

phase pure perovskite GdAlO3 directly after the combustion reaction without any subsequent calcination
step. The use of single fuel, on the other hand, leads to formation of amorphous precursor powders that
call for subsequent calcination for the formation of crystalline GdAlO3. The powders produced directly
after combustion reactions using fuel mixtures were found to be highly sinterable. The sintering of the
powders at 1550 ◦C for 4 h resulted in GdAlO3 with sintered density of more than 95%. T.D.
-Alanine
ietveld analysis

. Introduction

Gadolinium aluminate (GdAlO3) is a technologically important
are earth based perovskite oxide which finds applications as phos-
hor [1,2], scintillator [3,4], as well as a potential host system
or materials with oxygen ion conductivity [5,6]. Conventionally,
dAlO3 is produced by solid state reaction of gadolina and alumina
owders which essentially involves extensive mechanical mixing
ollowed by lengthy heat treatments and sintering at relatively
igh temperatures (1650–1700 ◦C) [7]. To circumvent the problems
ssociated with solid state synthesis of GdAlO3 powder, several
et-chemical techniques, such as the polymerized complex route,

ombustion synthesis, sol–gel have been utilized to synthesize
adolinium aluminate (GdAlO3) [1,2,8–11]. In our previous investi-
ations, GdAlO3 powder was prepared through citrate-nitrate route
here citric acid and metal nitrates formed soluble complexes in

queous solution, which on dehydration yielded an amorphous
olid precursor that gave rise to the desired phase only after cal-
ination at 1000 ◦C for 2 h [5,11]. However, the powder produced
hrough citrate gel route could be sintered to a density greater than

5% T.D. only at 1600 ◦C [5]. The motivation of the present work was
o prepare highly sinterable GdAlO3 powder through combustion
ynthesis in a single step process.
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Combustion synthesis is one of the important processing tech-
niques for synthesis of advanced ceramic powders, where the
exothermicity of the redox chemical reaction is utilized to pro-
duce powders with desired phase and morphology. This process
is characterized by high-temperatures, fast heating rates with
rapid reaction times; these features are attractive for the produc-
tion of technologically important materials as compared to the
conventional ceramic processing methods. Combustion synthesis
essentially involves a self-sustained reaction in homogeneous solu-
tion of different oxidizers (e.g., metal nitrates) and fuels (e.g., urea,
glycine, alanine). Several nanocrystalline oxide ceramic powders
have recently been successfully prepared through combustion syn-
thesis processes [12–15]. However, similar to the conventional
solid state synthesis method, the powders resulting from the tradi-
tional combustion synthesis routes, involving the use of a single fuel
require additional thermal treatments in order to complete the for-
mation of the desired crystalline phase. The additional calcination
step could be removed by judicial selection of fuel–nitrate mix-
tures. High flame temperature of the combustion reaction, though
lasting for a few seconds, is sufficient to form the desired phase
from the dried gel. In the present investigation, a systematic study
has been carried out to synthesize GdAlO3 using one step solution
combustion route that yields the phase pure powder directly after

combustion reaction.

2. Experimental

Gd(NO3)3. 9H2O (99.99% purity, Indian Rare Earth, India), Al(NO3)3·9H2O (AR
Grade, E-merck India) were used as starting materials. The nitrate solutions were

dx.doi.org/10.1016/j.jallcom.2011.01.156
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Combustion behavior of stoichiometric mixtures of Gd/Al nitrate and three different fuels.

Sr. No. Sample code Metal nitrate(s) Fuel(s) Combustion reaction Phase analysis by XRD Remarks

1 Gd-U Gd(NO3)3 Urea No Combustion Amorphous White colored powder
2 Gd-G Glycine Flame combustion m-Gd2O3 Phase formation after combustion
3 Gd- B �-Alanine Violent flame combustion m-Gd2O3 Phase formation after combustion
4 Al-U Urea Flame combustion �-Al2O3 Phase formation after combustion
5 Al-G Al(NO3)3 Glycine Sluggish Combustion Amorphous Brown colored powder
6 Al-B �-Alanine Sluggish Combustion Amorphous Brown colored powder
7 GA-U Urea No combustion Amorphous White colored powder
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8 GA-G Gd(NO3)3+ Al(NO3)3 Glycine Sluggish
9 GA- B �-Alanine Sluggish

10 GA-UG Gd(NO3)3+ Al(NO3)3 Urea + glycine Flame co
11 GA-UB Urea + �-alanine Flame co

nalyzed for metal ion concentration. The metal ions were complexed by stoichio-
etric quantities of a fuel or fuel mixture. The composition of fuel and metal nitrates
ere calculated based on the method of Jain et al. [16] where a ‘stoichiometric’ com-
osition denotes a fuel-to-nitrate ratio in which the fuel reacts completely with all
f the metal nitrates.

In the present investigation, three different fuels, e.g., urea (CH4N2O), glycine
C2H5NO2) and �-alanine (C3H7NO2) (all AR Grade), were utilized. The fuels used
n combustion synthesis serve two purposes. Firstly, they form complexes with the

etal ions facilitating molecular level mixing of cations in solution. Secondly, they
ct as a source of carbon and hydrogen, which on combustion, liberate heat. Depend-
ng upon the fuels used, the exothermicity of the redox reaction varies and the
ombustion characteristics of metal ions differ from flaming to non-flaming (smol-
ering). According to the stoichiometric concept in combustion synthesis [16], the
atio of the net oxidizing valency of the metal nitrate to the net reducing valency
f fuel should be unity. Based on the oxidizing valences of oxidants and reducing
alences of different fuels used in the present investigation, the molar ratio of fuel
o metal nitrates were determined.

In the present process, the mixed solution, of metal nitrates and fuel(s), was
lowly dehydrated on a hot plate to form a viscous, transparent gel. Depending on
he type of fuel or mixture of fuels used, either gel was transformed into an amor-
hous precursor powder or a combustion reaction took place that yielded powder
ith desired phase. The flame temperatures of the combustion reactions were mea-

ured using an optical pyrometer (Minolta/Land Cyclops 52, Minolta Camera Co.
apan/Land Integrated Ltd. England).

Initially, the individual combustion characteristics of Gd(NO3)3 and Al(NO3)3

ith respect to urea, glycine and �-alanine were investigated. For this purpose,
ombustion behavior of stoichiometric mixtures of Gd/Al nitrate and three dif-

erent fuels were studied. Based on the combustion characteristics of individual

etal ions, GdAlO3 powder was prepared using a fuel mixture of urea + �-alanine or
rea + glycine. For this purpose, equimolar amounts of Gd- and Al- nitrate solutions
ere mixed with the fuel mixture which on dehydration led to flame combustion

ielding a white powder.
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ig. 1. XRD pattern of alumina powder produced through combustion reaction of
luminium nitrate and urea.
ustion Amorphous Brown colored powder
ustion Amorphous Brown colored powder
tion GdAlO3 Phase formation after combustion
tion GdAlO3 Phase formation after combustion

The powders obtained after combustion reactions as well as calcined pow-
ders were characterized by X-ray diffraction (Philips Analytical, Model PW1710) for
phase analysis. Standard silicon sample supplied by the manufacturer was employed
as internal standard for calibration. The XRD patterns were recorded at a scan rate of
0.025◦/s using CuK� radiation. The average crystallite sizes of the crystalline pow-
ders produced in the present investigation were determined from the X-ray line
broadening using the Scherrer’s formula [17]:

D = 0.9�

ˇ cos �
(1)

where D is the average crystallite size (Å), � is the wavelength of X-ray used (1.54 Å),
� is the angle of diffraction, ˇ is full widths (in radian) at half maximum observed
for the sample. The lattice parameters of GdAlO3 were determined using Rietveld
refinement on XRD data. Rietveld analysis was performed using Fullprof program
incorporated in the WinPLOTR software package [18].

The particle size distribution of GdAlO3 powders was measured by laser diffrac-
tion particle size analyser (HORIBA LA–500). In order to carry out the sintering study,
as-produced GdAlO3 powders, without any further milling, were compacted in a
uniaxial hydraulic press at 100 MPa and subsequently sintered in the temperature
interval of 1400–1550 ◦C for 4 h in air. The morphological characterisation of powder
particles as well as microstructural analysis of the sintered samples were carried out
by scanning electron microscopy (SERON AIS2100). From the SEM images, the grain
sizes of the sintered materials were estimated using the linear intersect method,
according to the relation

Ḡ = 1.57
Here Ḡ is the mean grain size, NL is the number of counted grains divided by
the length of the test line and the constant 1.57 is a dimensionless correction factor
[19] accounting for the arbitrary intercepts of the plane and of the test line with
respect to the grains. The relative densities of sintered specimens were measured
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Fig. 2. XRD patterns of Gd2O3 powders produced through combustion reactions of
gadolinium nitrate with (a) glycine; (b) �-alanine.
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ig. 3. XRD pattern of GdAlO3 powder produced through combustion reaction of
atterns are shown in the top by the solid line and the dots respectively. The vert
ottom is a plot of the difference: observed minus calculated.

sing Archimedes water displacement technique, assuming theoretical density of
dAlO3 to be 7.442 kg/m3 [ICDD PDF 046-0395].

. Results and discussion

.1. Preparation of powder
.1.1. Use of single fuel
The details of the combustion behavior of stoichiometric mix-

ures of Gd/Al nitrate and three different fuels are shown in Table 1.
t was observed that the stoichiometric mixture of aluminium
itrate and urea resulted in a fast combustion reaction yielding

ig. 4. XRD pattern of GdAlO3 powder produced through combustion reaction of gadoliniu
re shown in the top by the solid line and the dots respectively. The vertical marks in the
lot of the difference: observed minus calculated.
inium–aluminium nitrates with urea and �-alanine. The calculated and observed
arks in the middle show positions calculated for Bragg reflection. The trace in the

a white powder. The XRD pattern of the powder is shown in
Fig. 1. All the reflections of the pattern could be indexed to �-
Al2O3 [ICDD PDF 081-2267]. The average crystallite size of the
powder is 31 nm. On the other hand, stoichiometric mixture of
Gd(NO3)3 and urea did not lead to any sort of combustion and
resulted in a black powder; the amorphous nature of this pow-
der was confirmed by XRD. The difference between the chemical

behavior of Gd(NO3)3 and Al(NO3)3 with respect to urea was also
observed in the combustion characteristics manifested by the two
metal nitrates towards glycine, and �-alanine. The mixtures of
Al(NO3)3–glycine and Al(NO3)3–�-alanine exhibited only sluggish
combustion. The products obtained in both these cases were brown

m–aluminium nitrates with urea and glycine. The calculated and observed patterns
middle show positions calculated for Bragg reflection. The trace in the bottom is a
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the metal nitrate-fuel combinations used in samples 7–9 can-
ig. 5. Particle size distributions of GdAlO3 powders produced through combustion
eaction of gadolinium–aluminium nitrates (a) with urea and �-alanine; (b) with
rea and glycine.

n color indicating the presence of residual carbon. The amor-
hous nature of the resulting powders was also confirmed by
RD. On the other hand, Gd(NO3)3–glycine mixture when heated
n hot plate, resulted in flame combustion. The powder obtained
fter combustion process was white in color. The XRD pattern
f the powder is shown in Fig. 2(a). The pattern exhibits all the
eflection corresponding to monoclinic polymorph of Gd2O3 phase
ICDD PDF 012-0474]. The average crystallite size of the powder
alculated from X-ray line broadening is 20.4 nm. In the case of
d(NO3)3–�-alanine mixture, heating of the solution resulted in

elatively violent combustion process which yielded white colored
owder. The XRD pattern of the powder, as shown in Fig. 2(b),
onfirms that the powder is phase pure m-Gd2O3. The average
rystallites size of Gd2O3 obtained is 42.2 nm. This value is higher
han the average crystallites size of m-Gd2O3 obtained by using
lycine as fuel, which suggests that the combustion temperature
as higher when �-alanine was employed.
Based on the above results, it can be inferred that the combus-
ion characteristics of Gd(NO3)3, and Al(NO3)3 towards a specific
uel is different. Unlike Al(NO3)3, urea is not an appropriate fuel for
d(NO3)3 for combustion reaction to yield the desired crystalline
Fig. 6. SEM photomicrographs of GdAlO3 powders produced through combustion
reaction of gadolinium–aluminium nitrates (a) with urea and �-alanine; (b) with
urea and glycine.

oxide phase. For Gd(NO3)3, glycine and �-alanine are suitable
fuels that yield the desired oxide phase after the combustion
reaction.

Considering that urea is the suitable fuel for Al(NO3)3, one may
conclude that in the case of a stoichiometric mixture containing
Gd(NO3)3, Al(NO3)3 and urea, for preparation of GdAlO3 powder,
Gd(NO3)3 may act as an inhibitor, reducing the intensity of the com-
bustion reaction between Al(NO3)3 and urea and thereby reducing
the temperature within the reaction mixture. Experimentally, it
has found to be true, as for sample GA-U (Table 1), dehydration
of nitrates–urea mixture did not result in any combustion reaction
that yielded a white powder. The amorphous nature of the powder
was confirmed by XRD.

The reactions of mixtures containing Gd(NO3)3 and Al(NO3)3
with glycine (sample GA-G) or �-alanine (sample GA-B) result in
weak smouldering combustion reaction. It may be mentioned that
glycine and �-alanine are the fuels that react very aggressively with
Gd(NO3)3 and considerably less energetically with Al(NO3)3. The
resulted powders for GA-G and GA-B samples exhibited a brown
color indicating the presence of residual carbonaceous material.
This suggests that the temperature within the reactant system was
not very high, which is reflected by the amorphous nature of these
powders as confirmed by XRD.

3.1.2. Use of fuel mixture
Taking into consideration of the amorphous character of the

powders obtained by using a single fuel, one can conclude that
not produce GdAlO3 phase without a subsequent calcination
step. The use of two-fuel mixtures – selected according to the
combustion characteristics of metal nitrate with respect to the
three fuels – has major consequences on the combustion mode
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Table 2
Lattice parameters and cell volume of GdAlO3 phase obtained after Rietveld refinement of XRD data along with similar data from standard pattern of the phase for comparison.

Lattice Parameters (Å)/Cell Volume (Å3) GdAlO3 GdAlO3 GdAlO3 GdAlO3

GA-UB* GA-UG** ICDD PDF 046-0395 Single crystal [23]

a 5.2999(4) 5.2999(5) 5.3017(2) 5.3049(7)
b 7.4430(4) 7.4430(7) 7.4450(3) 7.4485(9)
c 5.2533(3) 5.2535(4) 5.2511(3) 5.2537(6)
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Cell Vol. 207.23(2)

eliability factors for refinement: *GA-UB: Rp: 4.79%; Rwp: 6.08%; Rexp: 5.36%; �2:

nd characteristics of the final powder. In the sample 10 (GA-
G), containing Al(NO3)3, Gd(NO3)3 and a mixture of urea and
lycine (urea: the appropriate fuel for Al(NO3)3 and glycine –
ne of the suitable fuels for Gd(NO3)3), the combustion reac-
ion was found to propagate uniformly throughout the reaction
essel resulting in a voluminous white colored powder. Similar
eaction took place between Al(NO3)3 + Gd(NO3)3 and a mixture
f urea and �-alanine (Sample 11: GA-UB) yielding a volumi-
ous white powder. Figs. 3 and 4 show the Rietveld analysis
atterns of as synthesised GA-UB and GA-UG powders respec-
ively. All the reflections of both the powders correspond to
erovskite GdAlO3 phase [ICDD PDF 046-0395]. The tick marks
elow the patterns represent the positions of all possible Bragg
eflections. The lower solid line represents the difference between
he observed and calculated intensities. In general, the Rietveld

ethod utilises the least-squares refinement for obtaining the best
t between the experimental data and the calculated pattern based
n the simultaneously refined models. In the present investiga-
ion, a Thomson-Cox-Hasting pseudo-Voigt peak profile function
20] was used for the profile fitting. The analysis was accom-
lished assuming PNMA space group for orthorhombic distorted
erovskite structure. The background was taken to be the poly-
omial function of 2� of the sixth order as it facilitated the best
t.

Refined lattice parameters of GdAlO3 phase obtained through
ietveld refinement are given in Table 2. The quality of the
greement between observed and calculated profiles is evalu-
ted by profile factor (Rp), weighted profile factor (Rwp), expected
eighted profile factor (Rexp), and reduced chi-square (�2). The
athematical expressions of the above parameters can be found

lsewhere [21]. The values of the reliability parameters vet the
efinements. The lattice parameters obtained after Rietveld refine-
ents are in good agreement with the reported values of the

rthorhombic crystal structure of GdAlO3 phase [ICDD PDF 046-
395].

In the field of combustion synthesis, there has been a trend to
alculate the adiabatic flame temperature of combustion reaction
n order to co-relate the crystallite size of the product with the pro-
ess parameters. However, many a times, it has been observed that
he calculated adiabatic flame temperature is far from the actual
emperature of the flame. This is due to loss of heat via different
ransfer mode to the surroundings as well as the occurrence of
ontrolled combustion in a time scale where adiabatic condition
oes not hold good. Hence, in the present investigation, the actual
ame temperature was measured using an optical pyrometer. The
ame temperature of combustion reaction between Gd-Al nitrates
nd urea + glycine was found to be 890 ± 10 ◦C, while the same for
ombustion reaction between nitrates and urea + �-alanine was
035 ± 10 ◦C.

From the X-ray line broadening it was observed that GdAlO3

owders were nanocrystalline; the calculated crystallite sizes of
A-UG and GA-UB powders were 37 and 57 nm respectively. The

arger crystallite size of GA-UB powder as compared to that of GA-
G powder can be attributed to the higher flame temperature of

he combustion reaction.
7.24(3) 207.27 207.59(4)

**GA-UG: Rp: 5.23%; Rwp: 6.72%; Rexp: 6.07%; �2: 1.23.

3.2. Characterization of powder particles

The particle size distributions of GdAlO3 powders pre-
pared through combustion reaction using urea- �-alanine and
urea–glycine fuel mixtures are shown in Fig. 5(a) and (b). The
GdAlO3 powder prepared using urea–glycine fuel mixture shows
monomodal particle distribution with median particle size of
0.91 �m. However, for GdAlO3 powder prepared using urea–�-
alanine fuel mixture, a bimodal particle distribution was observed
with modes at 0.51 �m and 7.7 �m respectively. The SEM pho-
tomicrographs of as synthesized GA-UB and GA-UG powders are
shown in Fig. 6(a) and (b) respectively. The morphologies of pow-
ders suggest that they are composed of porous, soft agglomerates
containing nanocrystalline grains. The large amount of gases gener-
ated during combustion synthesis facilitates rapid cooling leading
to nucleation of crystallites without any substantial growth. The gas
generated also helps to disintegrate the large particles or agglomer-
ates; therefore, the resulted product consists of very fine particles
of friable agglomerates or nanoparticles.

3.3. Sintering study

One of the possible demerits of combustion synthesis process
could be the formation of hard agglomerates in the powder if the
flame temperature is not controlled. This can lead to lowering of
density in the sintered mass. In order to confirm the sinterability of
the powders produced through these routes, powders GA-UB and
GA-UG were sintered in the temperature range of 1400–1550 ◦C for
4 h. Fig. 7(a)–(d) show the SEM photomicrographs of as sintered
specimens of GdAlO3 produced from GA-UB powder and sintered
at different temperatures. At 1400 ◦C, the first stage of sintering
takes place which is reflected by neck formation. The powder par-
ticles tend to loose their identities at 1450 ◦C where neck growth
takes place indicating the presence of interconnected porosity.
The density of the specimen at this temperature was 90% of the
theoretical value. At 1500 ◦C, the powder sinters to specimen hav-
ing density more than 95% T.D. The micrographs of GdAlO3 from
GA-UB (Fig. 7(c) and (d)) exhibit dense microstructure with uni-
form grain structure, with an average grain size of 15 �m. There
was no second phase present in the microstructure that confirms
the phase purity of GdAlO3 that was earlier indicated by XRD
results.

Fig. 8(c) and (d) show the SEM photomicrographs of as sintered
specimens of GdAlO3 produced from GA-UG powder and sintered
at different temperatures. It can be observed from the micrographs
that the onset of sintering takes place at a higher temperature in the
GA-UG powder as compared to that of GA-UB powder. At 1450 ◦C,
the neck formation starts indicating the occurrence of first stage of
sintering. At 1500 ◦C, the powder sinters to specimen having den-

sity of 88% T.D, which is less than the density of sintered specimen
derived from GA-UB powder. The micrograph of GA-UG specimen
sintered at 1550 ◦C, as shown in Fig. 8(d), exhibits dense microstruc-
ture (with >95% T.D. density) with uniform grain structure, with an
average grain size of 5 �m.
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rea and �-alanine which are sintered at (a) 1400 ◦C; (b) 1450 ◦C; (c) and (d) 1500 ◦

From the sintering study, it was observed that GA-UB powder
ould be densified at 1500 ◦C while the powder GA-UG requires
slight higher temperature of 1550 ◦C. It may be mentioned here
hat the sintering of GdAlO3 powder produced through solid state
ynthesis route requires a sintering temperature of 1700 ◦C to
chieve a sintered density of more than 95%. T.D. [22]. The sinter-
ng temperature of GA-UB powder is thus 200 ◦C lower than that

ig. 8. SEM photomicrographs of as sintered specimens of GdAlO3 powder produced thro
hich are sintered at (a) 1400 ◦C; (b) 1450 ◦C; (c) 1500 ◦C and (d) 1550 ◦C respectively for
r produced through combustion reaction of gadolinium–aluminium nitrates with
ectively for 4 h.

for GdAlO3 powder produced through conventional solid state syn-
thesis route. The grain size in the final microstructure of GA-UG
is finer than that for GA-UB indicating grain growth phenom-

ena taking place in powder GA-UB while sintering at 1500 ◦C.
The present study shows that the direct formation of GdAlO3
powder using the fuel mixture does not adversely affect the sin-
terability of the powder. The powders produced in the present

ugh combustion reaction of gadolinium–aluminium nitrates with urea and glycine
4 h.
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nvestigation are highly sinterable without any further grind-
ng.

. Conclusions

In the present investigation, it has been observed that
adolinium and aluminium nitrates offer different combustion
haracteristics with respect to different fuels for the formation of
espective oxides. Among the three fuel studied, for aluminium,
rea was found to be best fuel for preparation of �-Al2O3 directly
fter combustion reaction. For gadolinium, glycine and �-alanine
re better fuels for direct phase formation. For the preparation
f GdAlO3 powder, the use of a single fuel, as it is usually done
n traditional combustion synthesis, leads to the formation of an
morphous precursor powder. The use of fuel mixtures (urea and
-alanine or urea and glycine) facilitates direct formation of phase
ure, nanocrystalline GdAlO3, in a single step. The process essen-
ially ensures a significant reduction in energy consumption as
ell as the possibility of mass scale production of nano-crystalline
dAlO3 powder. The powders produced through these routes could
e sintered to dense bodies having a sintered density of more than
5% T.D. after sintering at 1550 ◦C.
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