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An X-ray diffraction (XRD) and scanning electron microscopy (SEM) study of the phase
composition and microstructure characteristics of the Mg(1−x)/3Nb(4−x)/6Fex/2O2 (x = 0.5)
chemical compound is presented. The samples were prepared by the conventional ceramic
method and subjected to different heat treatments. Columbite (MgNb2O6) and iron niobium
oxide (FeNbO4, Wolframite) were identified as intermediate compounds in the reaction. A
new single phase precursor for the (1 − x)Pb(Mg1/3Nb2/3)O3-xPb(Fe1/2Nb1/2)O3 (PMN–PFN)
system identified as [Fe, Mg]NbO4, was obtained, isostructural with the FeNbO4 where Fe
and Mg ions occupy the same crystal site (space group P1 2/a 1). From the Rietveld
refinement method the cell parameters of the monoclinic structure were determined. The
microstructure analysis indicates that the particles are irregular in shape and the grain size
tends to increase with the calcination temperature. C© 2002 Kluwer Academic Publishers

1. Introduction
Lead-based complex perovskites with the general for-
mula A(B′B′′)O3, such as Pb(Mg1/3Nb2/3)O3, (PMN);
Pb(Fe1/2Nb1/2)O3, (PFN); Pb(Zn1/3Nb2/3)O3, (PZN)
and Pb(Fe2/3W1/3)O3, (PFW) have received consider-
able attention for many years due to their high dielectric
constants, diffuse phase transition characteristics and
relatively low sintering temperature compared with bar-
ium titanate. These compounds have found many prac-
tical applications in areas such as multilayer ceramic
capacitors (MLCC), actuators, pyroelectric detectors,
piezoelectric transducers, etc. [1–3]. In particular, PFN
is a relaxor ferroelectric with interesting properties such
as high dielectric constant and high Curie temperature
together with large spontaneous polarization making
it a good candidate for non-volatile memory applica-
tions [4–6].

Recently, much attention has been paid to obtaining
powders with small particle sizes using sol-gel [7], co-
precipitation [8, 9] and combustion [10] techniques as
alternative procedures. However, for many years, the
traditional ceramic technique has been the corner stone
for the world production of ferroelectric materials due
to low cost, simple processing and suitable dielectric
properties for practical applications. In general, this
technique involves powder preparation, pressing into
a pellet and sintering. It is well know that starting pow-
ders and heat treatments have an important role in the

desired phase formation, structure and dielectric prop-
erties of the final product [11, 12]. In the case of the
PMN-PFN system the preparation of single-phase ma-
terial is very difficult due to the high volatility of Pb
and the segregation of a secondary pycrochlore phase
that has a considerable negative effect on the dielectric
properties of the final compound. In this sense several
modifications to the traditional ceramic method have
been made to enhance the PMN-PFN phase yield by
using a B-site precursor method [11–15]. This method
has been successfully used in the preparation of single
phase PMN-PFN [13].

Recent work [12, 16–18] has confirmed the suc-
cessful preparation of single phase PMN and PFN
employing intermediate phases of MgNb2O6 and
FeNbO4 as precursor compounds. Sun-Gon Jun
et al. [13] report single phase (1 − x)PMN-xPFN
(0 ≤ x ≤ 1) prepared using B-site precursor powders
of (1 − x)Mg1/3Nb2/3)O2-x(Fe1/2Nb1/2)O2. These au-
thors report the presence of columbite (MgNb2O6) and
ferrocolumbite (FeNbO4) in the case of pure precursors
(x = 0, x = 1) but a detailed discussion about the inter-
mediate composition is missing. The aim of this work
is to use of x-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM) to study the reaction kinetics,
phase composition and optimal sintering conditions of a
new single phase precursor for 0.5PMN–0.5PFN start-
ing from Mg(1−x)/3Nb(4−x)/6Fex/2O2(x = 0.5).
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2. Experimental procedure
The starting raw materials were MgO [Alfa (Johnson
Matthey), 96%], Fe2O3 (Merck, 99%) and Nb2O5 [Alfa
(Johnson Matthey), 99.5%]. The samples were pre-
pared by the conventional ceramic method by mixing
with ethyl alcohol in an agate mortar for 4 hours. The

Figure 1 X-ray diffraction patterns of the Mg(1−x)/3Nb(4−x)/6Fex/2O2 (x = 0.5) powders calcined at different temperature, showing MgNb2O6 (a),
FeNbO4 (b), [Fe, Mg]NbO4 (c) and Fe2O3 (d) phases.

Figure 2 X-ray diffraction patterns of the Mg(1−x)/3Nb(4−x)/6Fex/2O2 (x = 0.5) powders calcined at 1200◦C for 12 hours, showing the calculated
profiles and the difference curve.

amounts of reagents were calculated according to the
following equation

(1 − x)3MgO + x/4Fe2O3 + (4 − x)/12Nb2O5

→ Mg(1−x)/3Nb(4−x)/6Fex/2O2(x = 0.5) (1)
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To study the phase composition and microstruc-
tural characteristics during the solid state reaction
in the phase formation of Mg(1−x)/3Nb(4−x)/6Fex/2O2
(x = 0.5), the powders were sintered at 1050, 1100,
1150, 1200 and 1250◦C for 4 hours with heating and
cooling rates of 5◦C/min. All samples were exam-
ined by XRD using a Philips-PW-1821 diffractometer
with Cu Kα radiation (1.54056 Å). The patterns were
scanned in 2θ from 10.01◦ to 79.99◦ with a 0.02◦/1s
step (3500 points). The microstructural analysis was

Figure 3 SEM micrographs of the Mg(1−x)/3Nb(4−x)/6Fex/2O2(x = 0.5) powders calcined at (a) 1050, (b) 1150 and (c) 1250◦C for 4 hours.

performed in a Jeol JSM 5300 scanning electron mi-
croscope with energy dispersive spectroscopy (EDS)
attachment. Grain size was determined using Scion Im-
age for Windows, versionβ 4.02 software. The statistics
were performed using a fractional distribution function
and length shape factor.

3. Results and discussion
Fig. 1 shows representative XRD patterns of the pow-
ders calcined at different temperatures. In the early

5091



stage of the reaction two dominant phases are clearly
identified as magnocolumbite (MgNb2O6) and ferro-
columbite (FeNbO4) as wolframites corresponding to
JCPDS files 33-0875 and 71-1849 respectively.

Also, small amounts of Fe2O3 (matched with JCPDS
file 33-0664) and niobium oxides, which can be
matched with JCPDS files 19-0859 and 19-0861, are
present at 1050◦C and disappear when the firing tem-
perature increases. A detailed analysis of all patterns
indicates the formation of a third significant phase at
high temperatures, which became a single phase when
heated at 1200◦C for 12 hours. This phase did not match
any JCPDS file and, as described below, was identified
as [Fe, Mg]NbO4, a wolframite.

The behavior of the strongest reflections around
2θ = 30.30◦ and 2θ = 30.59◦ is a good indicator of the
phase transformation and the evolution of the solid state
reaction. The peak centered at 2θ = 30.59◦ can be con-
nected with a superposition of the two wolframite-like
phases mentioned above. At 1050◦C (Fig. 1a), the pat-
tern shows MgNb2O6 as the majority phase as expected
for these compounds at low sintering temperatures. For
higher firing temperatures a significant change in the
relative intensities of the diffraction peaks takes place
(Fig. 1b–d). The notable reduction of the MgNb2O6,
Fe2O3 and niobium oxide phases together with the shift
to smaller angles of the characteristic peaks of the ferro-
columbites when the firing temperature increases, sug-
gest the formation of a new single crystalline phase
isostructural with the FeNbO4 where the Mg ions are
incorporated in the new structure in the Fe ion sites.

Rietveld refinement was used for a more precise
interpretation of the diffraction data corresponding
to the sample fired at 1200◦C for 12 hours using
FULLPROF-98 software [19, 20]. From a prelimi-
nary analysis, the starting structure was a monoclinic
cell, space group P1 2/a 1, with initial parameters
a = 5.02 Å, b = 5.65 Å, c = 4.68 Å and β = 89.7◦.
The atomic positions were the Wyckoff positions re-
ported for FeNbO4 corresponding to ICSD 14015 [21].

According to the initial chemical composition, Fe
and Mg ions were situated at the same site in such
a manner that the Fe/Mg atomic ratio was 1.5 and a
new chemical formula [Fe0.6, Mg0.4]NbO4 was satis-
fied. Diffraction peaks were described by a Thompson-
Cox-Hasting pseudo-Voigt (TCH-pV) function. Fig. 2
shows the experimental and calculated profiles with the
difference curve plotted at the bottom. As can be seen,
the difference curve takes relatively high values at cer-
tain angles. This could be due to insufficient statistics
of the diffraction dataset that do not allow good resolu-
tion particularly for some of the overlapped reflections
[22]. However, the values of the statistical parameter
χ2 = 1.71 and the goodness of fit index GoF = 1.3 are
good indicators of a satisfactory agreement. The final
cell parameters were a = 5.023(3) Å, b = 5.645(4) Å,
c = 4.676(0) Å and β = 89.8(7)◦. The use of the
TCH-pV function allows an estimate of the microstrain
and crystallite size. For microstrain, assuming the cell
is pseudo-orthorhombic, a model of strain with fluctua-
tions along a, b and c and a correlation between param-
eters was employed. The calculated microstrain value

Figure 4 Average grain size of the calcined powders as a function of the
calcination temperature.

Figure 5 X-ray diffraction pattern of 0.5PMN-0.5PFN powder calcined
at 850◦C for 2 hours.

was about 0.3% for an isotropic Lorentzian contribu-
tion of the TCH-pV function. Crystallite size of approx-
imately 0.1 µm was estimated for a Gaussian contribu-
tion. A detailed structural interpretation is in course and
will be published elsewhere.

SEM micrographs of the powders sintered at differ-
ent temperature are shown in Fig. 3. The particles are
irregular in shape and the grain size tends to increase
with calcination temperature. Fig. 4 shows the behavior
of the average grain size as a function of the sintering
temperature. It can be seen that for sintering temper-
atures above 1150◦C an abrupt increase in the grain
size takes place and the dispersion around the average
value increases with grain size. This behavior suggests
a new mechanism of grain growth that may be related
to the formation of the new crystalline phase mentioned
above.

The precursor powders described above were then
mixed with stoichiometric amounts of PbO and cal-
cined at 700–950◦C for 4 hours to form the perovskite
structure. Fig. 5 shows a representative XRD pattern of
the calcined powders in which the perovskite structure
is fully developed. No evidence of precursor phases was
detected. It is concluded, therefore, that a pure PMN-
PFN perovskite can be formed using [Mg, Fe]NbO4 as
a precursor.

4. Conclusions
The MgNb2O6 columbite and iron niobium oxide
(FeNbO4) were identified as intermediated compounds
in the kinetic reaction to form [Fe, Mg]NbO4. A new
crystalline single phase was found, isostructural with
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the FeNbO4 type structure in the monoclinic phase.
Shifts of the x-ray diffraction peaks to smaller angles
were connected with the incorporation of magnesium
in the new structure. From the preliminary analysis of
XRD patterns it was possible to identify the phase as
[Fe0.6, Mg0.4]NbO4 of the space group P1 2/a 1 and
with cell parameters a = 5.023(3) Å, b = 5.645(4) Å,
c = 4.676(0) Å and β = 89.8(7)◦. The effectiveness of
[Fe, Mg]NbO4 as a precursor to obtain PMN-PFN was
proven.
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