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a b s t r a c t

Crystal structure and morphology of mechanically activated nanocrystalline Fe/BaTiO3 was investigated
using a combination of spectroscopic and microscopic methods. These show that mechanical activation
led to the creation of new surfaces and the comminution of the initial powder particles. Prolonged milling
resulted in formation of larger agglomerates of BaTiO3 and bimodal particle size distribution, where
BaTiO3 particles were significantly larger than those of iron-containing phases. Milling times of
210 min and above lead to a significant decrease in temperature of the oxidation of iron in the sample,
indicating abrupt change in reactivity. Raman spectroscopy analysis has revealed that activation had a
pronounced influence on Fe/BaTiO3 lattice, thereby affecting both the stability of the crystal structure
and the phase transition phenomena.

� 2016 Published by Elsevier B.V.

1. Introduction

Multiferroic materials, which exhibit both electric and magnetic
polarization, have recently attracted the attention of research com-
munity because of their technological applications, such as infor-
mation storage and sensors, which take advantage of coupled
ferroic properties [1,2]. These applications require multiferroic
materials with coexistence of at least two ferroic orderings (ferro-
electric, ferromagnetic or ferroelastic) [3–5]. These materials allow
us to achieve efficient control of magnetization/polarization using
an electric or magnetic field. However, natural multiferroic single-
phase compounds are rare and none of the existing single-phase
materials combines large magnetization and polarization at room
temperature [6–8]. Therefore, finding new multiferroic materials
with ferroic ordering and strong coupling between order parame-
ters above room temperature is an important issue in the study
of multiferroics.

Multiferroics showing strong magneto-electric coupling could
lead to spin-based devices with ultralow power consumption [9–

11] and novel microwave components [12]. In the case of indepen-
dent switching of the ferroic ordering parameters, multiferroics
could also be used in applications such as multiple-state data stor-
age elements [13] or multifunctional photonic devices, exploiting
non-reciprocal optical effects [14,15].

Smart materials, including ABO3 ferroelectric solid solutions
(like BaTiO3, SrTiO3, CaTiO3, . . .), are multifunctional materials
exploited in different fields of science and engineering. They fea-
ture a combination of sensors, actuators and processors. Some per-
ovskites with ABO3 have recently attracted attention as smart
materials, i.e. as ‘‘very firm” ceramics, as substances having very
large electro optic coefficients and as materials applied in the
development of integrated micromechanical transistor, memory,
and optical devices [16,17]. Physical properties of ABO3 ferro-
electrics strongly depend on the concentrations of their compo-
nents. Based on electronic structure calculations, Xu et al. [18]
predicted ferromagnetism (FM) in Fe-doped BaTiO3 and have
shown experimentally that 5 at.% Fe-doped BaTiO3 exhibits room
temperature ferro-electricity and FM with the Curie temperature
(Tc) � 680 K. BaTiO3 is one of the materials that are being explored
for multiferroicity due to its excellent ferroelectric properties such
as high dielectric constant at room temperature and high ferroelec-
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tric transition temperature of around 400 K [19], as well as for the
suitability of pyroelectric sensor application [20]. The possibility of
achieving multiferroicity in BaTiO3 doped with transition metals
(TM) has been proposed both in experimental and theoretical stud-
ies [20,21]. Dang et al. [22,23] reported ferromagnetism in Fe- and
Mn-doped BaTiO3. BaTiO3 has been used as a potential candidate
for various applications such as capacitors, ferroelectric memories,
infrared sensors, tunable microwave devices, and surface acoustic
wave devices [24,25].

The aim of this study is to investigate the influence of mechan-
ical activation on the crystal structure, microstructure and lattice
dynamics of mechanically activated nanocrystalline Fe/BaTiO3.

2. Materials and methods

Commercially available Fe (Aldrich, St. Louis, MO, p.a.99.99%)
and BaTiO3 (Aldrich, St. Louis, MO, p.a.99%) powders were mixed
in 60:40 mass ratio and were mechanically activated by grinding
in a planetary ball mill (Retsch PM 100) in air. Initial mixtures were
ground in a zirconium-oxide container (volume 500 cm3), together
with balls of a 10 mm diameter (the ratio of the powder and the
ball was 1:20). The activation time in this study was 100, 120,
150, 180, 210 and 240 min. The powder mixture were dried and
calcined at a temperature of 700 �C, for 2 h inside a chamber fur-
nace after milling.

The crystal phase of the starting powders Fe/BaTiO3 (FBT) was
determined by a Philips PW 1050 powder diffractogram, using
CuKa1/2 filtered radiation. Tests were performed at room tempera-
ture in the range of angles 10�–90� (2h) with a step of 0.05� and the
retention time of 1 s per step. Analysis of the broadening of Bragg
reflections is a very convenient way to determine the size of crys-
talline domains from powder diffraction data. The size of crystal-
lites has been determined by application of Debye-Scherrer
method [26]. Obtained microstructural parameters: crystallite size
(Dhkl), density of dislocations (qD) and lattice strain (ehkl) are given
in Tables 1 and 2.

The density of dislocations (qD) was calculated through the
crystallite size using following equation:

qD ¼ 3n
D2

hkl

ð1Þ

n – number of dislocations on a single crystalline plane, n = 1 for
random distribution of dislocations.

Microstrain was calculated using Williamson-Hall method [27].
The analysis was conducted using WINPOW Rietveld refinement
framework [28].

The microstructural characterization of the mechanically acti-
vated FBT powders was performed by a Scanning Electron Micro-
scope (SEM, JSM-6390 LV JEOL, 30 kV) coupled with EDS (Oxford
Instruments X-MaxN). Before microstructure characterization, the
samples were coated with gold in a sputter coater (SCD 005; BAL-
TEC, Scotia, NY).

The average particle size (PSA), the particle size distribution,
and the nature of the agglomerates in the mechanically activated

FBT powders were determined using a laser particle size analyzer
(Mastersizer 2000, Malvern Instruments Ltd., United Kingdom).
This instrument covers the interval of particle sizes from 20 nm
to 2 mm. During the measurement, the particles were dispersed
in 2-propanol. For PSA measurements, powders were mixed with
distilled water in an ultrasonic bath for 5 min.

The thermal stability was investigated by the differential scan-
ning calorimetry method (DSC) using SHIMADZU DSC-50 analyzer
in the temperature range from room temperature to 650 �C, with a
heating rate of 20 �C/min in a nitrogen atmosphere. An amount of
25 mg of the powder was taken at the time for analysis.

The non-polarized light scattering spectra of the powder com-
pact samples, compacted at 5 t/cm2 (500 MPa) on a hydraulic
press, were obtained at room temperature using the 633 nm line
of a He-Ne laser, with a power supply of 0.6 mW at the sample.
Raman scattering was recorded using a LabRam HR Evolution spec-
trometer (Horiba Jobin Yvon), in a backscattering geometry. The
scanning range was 100–1650 cm�1, with an increment step of
0.2 cm�1.

3. Results and discussion

Powder diffraction patterns of the mechanically activated mix-
tures (FBT-100, FBT-120, FBT-150, FBT-180, FBT-210 and FBT-240)
are shown in Fig. 1. Identification of all reflections obtained was
performed using the JCPDS Cards (87-0722 for Fe, 89-1428 for
BaTiO3, 89-7100 for FeO, 89-8104 for Fe2O3, 86-1356 for Fe3O4

and 78-0047 for ZrO2). The presence of ZrO2, due to sample con-
tamination during the milling, was established primarily by other
methods (results presented further in the paper), and the single
line corresponding to this phase was, therefore, assigned in XRD

Table 1
Microstructural parameters revealed by the approximation method for the BaTiO3

phase of the mechanically activated samples.

Phase Dhkl (nm) qD (cm�2) ehkl (%)

BaTiO3-100 38 ± 2 0.67 ± 0.02 0.19 ± 0.01
BaTiO3-120 41 ± 2 0.72 ± 0.02 0.24 ± 0.01
BaTiO3-150 42 ± 2 0.89 ± 0.02 0.44 ± 0.01
BaTiO3-180 36 ± 2 1.03 ± 0.02 0.51 ± 0.01
BaTiO3-210 30 ± 2 1.18 ± 0.02 0.76 ± 0.01
BaTiO3-240 24 ± 2 1.54 ± 0.02 0.49 ± 0.01

Table 2
Microstructural parameters revealed by the approximation method for the a-Fe phase
of the mechanically activated samples.

Phase Dhkl (nm) qD (cm�2) ehkl (%)

Fe-100 45 ± 2 0.34 ± 0.02 0.14 ± 0.01
Fe-120 42 ± 2 0.64 ± 0.02 0.18 ± 0.01
Fe-150 42 ± 2 0.65 ± 0.02 0.18 ± 0.01
Fe-180 40 ± 2 0.69 ± 0.02 0.19 ± 0.01
Fe-210 35 ± 2 0.86 ± 0.02 0.20 ± 0.01
Fe-240 30 ± 2 0.95 ± 0.02 0.22 ± 0.01

Fig. 1. Diffraction patterns of activated powders FBT.
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patterns. The diffraction patterns of the sample activated for the
shortest period of time (FBT-100) indicate narrow and sharp peaks
of high intensity that, indicating crystalline state. After 120 and
150 min of mechanical activation, the process leads to a reduction
in peak intensity and there is a change in phase composition, with
the emergence of new phases FeO and Fe3O4, which are most likely
oxidation products of iron. Based on XRD data, the following
parameters were calculated: the size of the coherent scattering
domains (average crystallite size, Dhkl), the minimum density of
dislocations (qD) and microstrain (ehkl). These results, presented
in Tables 1 and 2, show that there is no incorporation of iron into
BaTiO3 lattice, that the average crystallite size (Dhkl) for a-Fe and
BaTiO3 decreases with increase in activation time, while micros-
train (ehkl) and the minimum density dislocation (qD) increase.

Fig. 2 shows the micrographs and EDS spectra of FBT samples
with the magnification of 25,000. SEM micrographs of FBT-100,
Fig. 2a, shows a mixture of powders forming larger agglomerates
whose size is about 80 nm. It is also visible that the finer particles
have twined the larger ones, as well as that the particles are spher-
ical in shape and that they are unevenly distributed. After 120 min
of mechanical activation new structures were formed (needle-
shaped particles) and the samples exhibit visibly different mor-
phology, Fig. 2b. The particles are polygonal in shape and after
120 min their size is about 50–60 nm. The micrograph of FBT-
150, Fig. 2c, shows two areas: one is dominated by platelet struc-

tures of FeO, while in the other Fe-containing particles of a polyg-
onal shape can be observed. Fig. 3 represents the SEM micrographs
and EDS spectra of the FBT samples mechanically activated for 180,
210 and 240 min, with a magnification of 25,000 times.
Fig. 3a and b shows that a prolonged milling time causes the rear-
rangement of the existing, and the formation of new phases (differ-
ent iron-oxides) on the surface of particles. The process is
accompanied by the agglomeration of smaller particles into larger
ones, as well as incorporation of smaller particles, visible on
agglomerate surface, into newly formed agglomerates. After
210 min of activation, the particles agglomerated into agglomer-
ates between 1 and 2 lm in size.

Fig. 4 shows the particle size distribution and the cumulative
distribution curve for all FBT samples. Fig. 4 shows that the FBT-
100 particle size distribution consist of one fraction with two folds,
i.e. two shoulders: one with the particle size of 5 lm (correspond-
ing to BaTiO3) and other of 0.5 lm (corresponding to particles of
different iron-containing phases). This can be seen in Fig. 5, where
green represents BaTiO3 and purple represents iron-containing
phases: smaller iron-containing particles are dispersed among sig-
nificantly larger BaTiO3 particles. After 120 min, two shoulders are
more pronounced with a slight increase in the average particle
size. An activation process that lasts 150 min leads to bimodal dis-
tribution with clearly defined agglomerates one originating from
different iron-containing phases and the other from BaTiO3. Fur-

Fig. 2. SEM micrographs and EDS spectra of a) FBT-100, b) FBT-120 and c) FBT-150.
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ther activation leads to an increase in particle size of agglomerates
until 240 min, where narrow and more uniform distribution is
observed, corresponding to recrystallization during prolonged
mechanical activation.

Fig. 6 shows DSC curve for sample FBT-100. Pronounced
exothermic peak is observed in all measured powders (Supple-
ment), corresponding to the formation of three different iron-
oxide phases [25]. The position of the maximum of the complex
exothermic peak shifts towards lower temperatures with increased
activation time. This is a common phenomenon for activated sam-
ples: when their particle size decreases, their reactivity increases,
therefore less energy and lower temperature is needed for reaction.

In FBT-100 five Raman peaks corresponding to tetragonal bar-
ium titanate can be observed (Fig. 7). The number of Raman peaks
in the experimental spectra of polycrystalline samples is usually
smaller than the number of theoretically predicted modes, not only
because of the large overlap between A1 and E modes, and B1 and E
modes, whose frequencies in the maximum are very close to each
other, but also due to the interaction of coupled modes, as well as
the extreme expansion of the optical mode E with the lowest fre-
quency (E(1TO) soft mode) [29,30]. Dominant presence of tetrago-
nal BaTiO3 structure is primarily indicated by the clearly distinct
peak at 307 cm�1 (corresponding to the set of modes: B1 + E
(2LO) + E(3TO)) [31–33]. The presence of small amounts of BaCO3

is also observed by weakly expressed main line of BaCO3, at about

1060 cm�1, which is relatively common in commercially obtained
BaTiO3 powders [34]. The first of the two A1g modes of the hema-
tite (crystal space group: D6

3d [35]), which belongs to the strongest
hematite lines, is observed as a weak line at 228 cm�1, indicating
that the mechanical activation of the powder led to the formation
of small amount of this iron oxide phase. The second most pro-
nounced line of the hematite (the second of five Eg modes) is not
observed here, because it overlaps with a strong A1(2TO) mode
of barium titanate. Therefore, only the resulting peak at
�274 cm�1 is recorded, which is dominated by the contribution
of BaTiO3 lines. With an increase in the activation time to
120 min, the decrease in the intensity and the width of the lines
of the barium titanate may be observed, which is consistent with
previously published results [35]. The presence of very small
amounts of the Fe3O4 phase (spinel structure, O7

h) and/or the FeO
phase (cubic structure) is indicated by the weak line at
�665 cm�1, which corresponds to the position of the strongest
Raman lines in the spectra of these phases. In the samples acti-
vated for 150 min, the share of the hematite increased. This is
reflected not only in the more pronounced hematite line at
225 cm�1 (the first A1g mode [35]), but also in an increased contri-
bution of the hematite line at �293 cm�1 (the second Eg mode of
the hematite [35]), which overlaps with the BaTiO3 line of the A1

(2TO) mode, causing the shift of the resulting peak from

Fig. 3. SEM micrographs and EDS spectra of a) FBT-180, b) FBT-210 and c) FBT-240.
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�274 cm�1 to higher frequencies. In addition, a possible shift of the
A1 (2TO) mode to a higher frequency with increasing of the activa-
tion time (‘‘blue shift” of the A modes in barium titanate) partly
contributes to this shift, too. The occurrence of increased amount
of the magnetite (Fe3O4) and the FeO (würstite) phase is indicated
by increased intensity of lines around 665 cm�1. Prolonged activa-
tion time of 180 min, leads to a further increase in intensity of the
two strongest lines of the hematite, and a further decline in the
intensity and the increase in the width of the BaTiO3 lines. The bar-
ium titanate line at 307 cm�1 (characteristic for the tetragonal
phase) disappears, while the wide and weak line of the barium tita-
nate at �715 cm�1, corresponding to the A1(3LO) + E(4LO) modes,
becomes barely perceptible, because it is covered by the broad
peak at �657 cm�1 originating from increasingly pronounced lines
of the FeO and Fe3O4 phases. After 240-min activation, the region
between 200 and 300 cm�1 looks as a typical hematite spectrum:
along with the three a-Fe2O3 lines that are present in this region

(the two strongest lines of the hematite and the third one in the
form of a shoulder effect), hematite lines at 400 cm�1 and in the
480–490 cm�1 region can also be observed. Moreover, a line at
615 cm�1 emerges in the form of a ‘‘shoulder” effect and a broad
line, corresponding to the second-order scattering (the LO phonon
overtone) in hematite, may be observed at 1300–1310 cm�1 as
well [35–38]. In parallel with an increased share of hematite, the
contribution of the strongest lines of FeO and Fe3O4 phases, at
�652 cm�1 and �670 cm�1, also increases. A strong line of ZrO2,
an impurity observed at longer activation times that originates
from ZrO2 containers, may also give a certain contribution to the
peak within the region from 470 to 490 cm�1 [37]. In our study,
the presence of such impurities has also been detected in the
EDS and XRD analyses of powders subjected to prolonged mechan-
ical activation. It can be observed that an increased activation time
leads to the shifting of the positions of hematite and magnetite
lines towards lower frequencies. For example, one of the two

Fig. 4. Particle size distribution in the FBT powders.
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strongest hematite lines of shifts from 228 cm�1 to 219 cm�1,
when the activation time is increased from 100 min to 240 min.
An analogous shift of the next strongest line is not obvious for acti-
vation times up to 150 min, because that line is obscured by the
stronger peak of the A1 (2TO) mode of the barium titanate. For
the activation over 150 min, this hematite line also shifts towards
lower frequencies. The top of the peak originating from the contri-
bution of the strongest line of the Fe3O4 and/or FeO phases also
moves from 665 cm�1 to 652 cm�1 when the activation time is
increased from 150 to 240 min.

4. Conclusions

In this paper, the influence of mechanical activation on the mor-
phological changes of Fe/BaTiO3 powder has been investigated. In

addition, based on the diffraction patterns of powders mechani-
cally activated for 100, 120, 150, 180, 210 and 240 min, we have
obtained values for dislocation density, microstrain and the aver-
age size of crystallites of Fe and BaTiO3. Based on the obtained
results, we have concluded that the average crystallite size
decreases with prolonged mechanical activation, while the micros-
train and dislocation density increase. Microstructural investiga-
tions have shown that mechanical activation leads to the
formation of new surfaces and to the comminution of the initial
powder particles. The results obtained by PSA are in correlation
with SEM micrographs, indicating the formation of new phases,
agglomerates and recrystallization. EDS analysis and chemical
mapping, combined with PSA, indicate that smaller Fe-particles
are dispersed among larger BaTiO3 crystals. Prolonged milling
leads to incorporation of smaller iron-containing particles into lar-
ger BaTiO3 agglomerates. In addition, the morphology of the pow-
der evolves with increased milling time: needle- and polygonal-
shaped crystals of different iron-containing oxide phases are
formed during milling, ultimately resulting in large micron-sized
agglomerates. A DSC analysis has revealed characteristic tempera-
tures at which reactions of Fe2O3 phase occur. The analyses of the
Raman spectra have demonstrated that the activation had a strong

Fig. 5. Chemical mapping of FBT-100 sample showing BaTiO3 particles in green and
iron-containing particles in purple. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. DSC curve of FBT-100 sample.

Fig. 7. Raman spectra of FBT powders.
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influence on the Fe/BaTiO3 lattice spectra, which affected both the
stability of the crystal structure and the phase transition phenom-
ena. Based on these results, in the further course, our research will
focus on the sintering of mechanically activated systems Fe/BaTiO3,
as well as magnetic properties.

Acknowledgments

This research was performed within the projects OI 172057,
funded by the Ministry of Education, Science and Technological
Development of the Republic of Serbia and the projects F/198,
funded by the Serbian Academy of Sciences and Arts. This work
is also supported by the NSF (HRD-0833184), NASA
(NNX09AV07A) and NSF-PREM (1523617) awards.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.mseb.2016.07.
016.

References

[1] M. Figbig, T. Lottermoser, D. Frohlich, A.V. Golstev, R.V. Pisarev, Nature 419
(2002) 818.
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