*Manuscript (Text only)
Click here to view linked References

Anisotropic lattice expansion determined during flash sintering of BiFeO3 by in-
situ energy-dispersive X-ray diffraction

Mary Anne B. Wassel®, Luis A. Pérez-Maqueda®, Eva Gil-Gonzalez™", Harry
Charalambous?, Antonio Perejon™, Shikhar K. Jha? John Okasinski®, Thomas
Tsakalakos®

®Department of Materials Science and Engineering, Rutgers University, 607 Taylor
Road, Piscataway, NJ 08854, United States

PInstituto de Ciencia de Materiales de Sevilla, Consejo Superior de Investigaciones
Cientificas—Universidad de Sevilla. Calle Américo Vespucio 49, Sevilla 41092, Spain

“John A. Paulson School of Engineering and Applied Sciences, Harvard University,
Cambridge, Massachusetts 02138, United States

dUniversidad de Sevilla, Departamento de Quimica Inorgénica, Facultad de Quimica,
Universidad de Sevilla, Sevilla 41071, Spain

®X-Ray Science Division, Advanced Photon Source, Argonne National Laboratory,
Argonne, lllinois 60439, United States

Corresponding authors: Eva Gil-Gonzalez: eva.gil@icmse.csic.es and Mary Anne
Wassel, mab.wassel@gmail.com

Keywords: sintering, energy dispersive X-ray diffraction, BiFeOz, nanocrystalline
materials

Abstract

BiFeO3; has a Curie temperature (T¢) of 825°C, making it difficult to sinter using
typical methods while maintaining the purity of the material, as unavoidably secondary
phases appear at temperatures above T.. Flash sintering is a relatively new technique
that saves time and energy compared to other sintering methods. BiFeO3; was flash
sintered at 500°C to achieve 90% densification. In-situ energy dispersive X-ray
diffraction (EDXRD) revealed that the material did not undergo any phase
transformation, having been sintered well below the Tc. Interestingly, anisotropic lattice
expansion in the material was observed when the sample was exposed to the electric

field.
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BiFeO; is a perovskite-type material that has unique multiferroic properties at
room temperature [1, 2]. Applications for BiFeOg3 include ferroelectric memory devices
and a potential piezoelectric replacement for lead-based materials like PZT [3, 4].
However, as a complex oxide with low thermal stability, BiFeO3 is difficult to process
under conventional sintering conditions since dense pellets require high temperature for
long periods of time which result in decomposition and/or the appearance of secondary
phases.

Having rhomobohedral structure at room temperature, the hexagonal lattice

parameters are a=5.58 A and ¢=13.90 A [3]. The linear thermal expansion coefficients
based on a hexagonal formulation vary depending on temperature, and this relationship
was first determined by Bucci et al [5, 6].
Since conventional methods require large amounts of energy and time, field assisted
sintering techniques (FAST) have been developed [7, 8]. Flash sintering is a relatively
new FAST technique [9-14]: Cologna, et al. published the first paper in 2010 [11]. They
sintered nanograin zirconia at 850°C in less than 5 seconds, much lower than the
typical conditions for conventional sintering [11]. The technique is similar to spark
plasma sintering (SPS), but in this case the current passes through the sample and the
electrical requirements become dependent on the material’'s response to the applied
electric field. Insulator ceramics typically need a higher electric field to flash [15]. Flash
sintering can be described in three stages, which has been detailed by Jha et al. while
working on isothermal conditions [16].

Since Cologna’s work, flash sintering has been investigated for a variety of oxide,

non-oxide, and composite materials under both AC and DC fields [17, 18].
However, there has been much disagreement regarding the possible mechanisms for
flash sintering. Arguments have been made for the local heating of grain boundaries,
the nucleation of avalanches of lattice defects, and thermal runaway [19-23], but none
have gained widespread acceptance.

Different techniques have been used to study the effect of electric field on
sintering [24-31]. X-ray diffraction is one of the best-known techniques for
understanding possible changes in structure during processing. But in a typical lab x-ray
diffraction setup, the beam energy is not enough to penetrate bulk materials, and the
beam intensity does not allow for very rapid data acquisition.

Energy dispersive X-ray diffraction (EDXRD) differs from traditional XRD in that
the angle of the detector is kept constant and a wide range of X-ray wavelengths pass
through the sample. This allows for diffraction data to be acquired for all relevant crystal
faces simultaneously. Moreover, the intensity of the X-rays is very high allowing a deep
penetration through solids and quicker data acquisition.

Previous work has been done on the flash sintering of BiFeO3 and the reactive
flash sintering of BiFeO3 [32, 33]. It was shown that densification occurred with low
porosity while retaining the purity and the insulating nature of the samples. It was
proposed that electric current plays some role in enabling the sintering process.
Conversely, it has been demonstrated that spark plasma sintering adversely impacted
the electrical properties of the material, which exhibited high conductivity due to the
reducing conditions used in this technique [34-36].
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The aim of this work is to gain more understanding of how BiFeOs is affected by
the electric field and current during flash sintering. In-situ EDXRD was used for this
purpose.

The BiFeO3; powders were prepared via direct mechanosynthesis following the
procedure presented in Ref [37]. Green bodies 5 mm in diameter and 5 mm thick were
compacted uniaxially with cylindrical dies to achieve approximately 50% of the
theoretical density.

High energy dispersive x-ray diffraction (EDXRD) was used in-situ at the
synchrotron facility at Argonne National Laboratory. The employed 6 BM-A beamline
delivers photons with energies up to 200 keV. The EDXRD setup is shown in Figures
la-b. Thus, the sintering behavior was studied in-situ since the penetration depth is
large enough for the beam to pass through the furnace, which allows for tracking phase
transformations and the temperature of the specimen. This information can be analyzed
and used to explain general flash sintering phenomena, which will help resolve
diverging theories.

The governing equations for EDXRD are Bragg’s Law,
nil = Zdhkl sin @

where n = a positive integer, 1 = wavelength, d;;; = the interplanar spacing of

the (hkl) reflection in Angstroms, and 6 = the detector angle, and Planck’s equation,
E=hv

where E = energy in eV, h= Planck’s constant =4.135x 1073%eV, v =
frequency = ¢/ (where ¢ = speed of light = 2.9979 x 108 m/s). Solving both equations
for wavelength, and substituting constant values, we have an equation for the scattered
energy of the (hkl) reflection in keV as a function of interplanar spacing:

6.199

B dhkl sin @ (1)

A white x-ray beam is generated and passes through the sample gauge volume
(shown in yellow in Figure la), whose position is controlled by a three-axis sample
stage. The gauge volume is a parallelepiped whose size is dependent on the size of the
incident beam collimation slits and the Bragg angle. The diffracted beam is recorded at
a fixed Bragg angle 26=3° (Figure 1b). Higher Bragg angles reduce the intensity of the
beam.

hkl

Custom furnaces that reach up to 1150°C were developed for the in-situ
experiments. The pellets were coated on top and bottom with a platinum paste that
function as electrodes. The heating coils of the furnace have a separate power supply
(BK Precision 9115 DC) which was turned on to increase the furnace temperature, with
a feedback system of a K-type thermocouple placed close to the sample. When the
desired temperature was reached during an isothermal experiment, an electric field was
applied through the electrodes to the sample, controlled by a BK Precision PVS DC
power supply (Furnace setup detailed in Figures 1c-d).

The interplanar spacing for the (104) and (110) reflections of BiFeOs; were
identified using the ICDD standard for BiFeOg3 [38]. The peak breadth was determined
by manually identifying the peaks and fitting them with a Gaussian function using Fityk
[39].
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A MATLAB program to complete a pseudo-Voigt fit was developed, which
converts the channel numbers to energy levels based on calibration data of the
beamline, and specifies the number of peaks to fit. For BiFeO3, where the (104) and
(110) peaks are so close together, an initial starting intensity, energy, and FWHM for the
(104) peak is input (based on a long scan of the material prior to flash), and the location
of the (110) peak is defined in terms of the (104) peak. The accuracy of the fits can be
compared based on the starting parameters. Once the energies of the two peaks are fit,
the values are superimposed over a waterfall plot to show the change in peak locations
during an experiment. These fit energies are used to calculate and graph the interplanar
spacings and subsequently the hexagonal lattice parameters.

In this work, a furnace temperature was set to 500°C at a rate of 10 °C/min. Then, a 50
V/icm electric field was applied across the sample, limiting current density to 25
mA/mm?. One EDXRD profile was taken every three seconds for the duration of sample
heating, flash sintering, and sample cooling to monitor and analyze changes in the XRD
pattern. Moreover, in another experiment, five-minute EDXRD scans were also taken
before and during flash sintering to compare peaks, since this XRD patterns have
higher intensity.

A conventional sintering experiment without the application of an electric field was also
performed for comparison purposes.

Temperature, electric field, current density, and power density data were synchronized
to the EDXRD spectra collected for each experiment. Calculations were completed for
determining lattice parameters with respect to time and temperature.

Figure 2a shows the electric field, current density, and power density versus time
for the experiment. The incubation, onset, and transient stages of flash are apparent
and have been properly marked in Figure 2a. It can be observed that at approximately
111 seconds the power supply switches from voltage to current controlled mode due to
the increase of the sample conductivity. At this point, the flash is maintained for thirty
seconds.

Figure 2b shows a horizontal waterfall plot of the peak energies with respect to
time. The (104) and (110) peaks remain separate, which signifies that a phase
transformation from rhombohedral to orthorhombic has not occurred. That is, the
sample has remained below the Curie temperature during the flash experiment. Figure
2c shows the corresponding interplanar spacing versus time obtained from Equation (1).

More interestingly, anisotropic lattice expansion is observed when hexagonal
lattice parameters are calculated during flash sintering. Figure 3a shows the normalized
lattice parameters based on a conventional temperature increase with no application of
electric field up to 810°C. Those parameters increase at a relatively linear rate
consistent with the equations developed by Bucci et al [5]. Figure 3b shows the
normalized lattice parameters during flash sintering at a furnace temperature of 500°C,
and it is clear that lattice parameter a increases much more drastically than c. To
confirm that this observed anisotropic lattice expansion is not an artifact of the Psuedo-
Voight fit, five-minute long scans were taken before flash (to establish peak locations)
and during flash. Figure 3c shows that during flash, the diffraction peak corresponding
to the (104) plane remains approximately in place while the diffraction peak
corresponding to the (110) peak shifts to the left. When the electric field was turned off
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and the flash event was over the (110) peak recovered its original position, which
means that the anisotropic behavior of BiFeOs; during flash is reversible. A similar
behavior during flash has been also reported in 3 mol% yttria stabilized zirconia [26].
Additionally, an increase of the relative intensity of the (110) peak can be observed
during flash, which may be attributed to an apparent texturing effect [40].

As it has been mentioned above, Lebrun et al. have experimentally observed
anisotropic lattice expansion during flash of 3 mol% yttria stabilized zirconia. From
density functional theory, the authors determined the theoretical lattice expansion from
the insertion of vacancy-interstitial pairs of oxygen and zirconium, and obtained that the
expansion is anisotropic, in agreement with the experimental observation [26]. As an
oxide material, an avalanche of Frenkel pairs could be responsible for a similar behavior
in BiFeOgs. This is not to say that Joule heating does not play some role as well, but it
has yet to be determined the exact nature of the relationship that flash sintering has with
both Joule heating and large-scale defect generation.

SEM micrographs of the original milled BiFeO3; powder and the densified sample
are shown respectively in Figure 4, as well as their corresponding XRD patterns. The
microstructure of the milled sample is composed of highly agglomerated particles, which
is typical of mechanosynthesized samples (Figure 4a). The X-ray diffraction pattern
(Figure 4b) suggests that the sample is pure since all the observed peaks correspond to
those of the pure compound, according to the ICCD standard used for BiFeO3 [38].
Moreover, the peaks are broad due to the nanometric character of the crystals. Figure
4c corroborates that densification of 90% as measured by Archimedes method has
occurred, presenting nanometric grains, with an average grain size of 60+11 nm. The
XRD pattern demonstrates that densification by flash sintering leads to a highly pure
sample (Figure 4d), as there is no evidence of peaks associated to secondary phases.

It is of interest to determine the temperature of the sample during flash sintering
as this can help determine some of the mechanisms for flash sintering of BiFeOs.
However, it is a difficult task. Various groups have used thermocouples, pyrometers,
impedance analysis, optical emission spectroscopy, and thermal expansion to estimate
temperature with varying success depending on the nature of the error introduced [17].

The black body radiation (BBR) theory is commonly used and assumes that if the
sample temperature is initially at the same temperature as the furnace, Tr, and is then
electrically heated, the heat dissipation is equivalent to the difference in BBR between
the sample and the furnace. The BBR equation for sample temperature, T, is

W, (v 1/4
r=ti|+ g5 ()

where Ty is the furnace temperature in K, W, is the power density in Wm™3, o is
the Stefan-Boltzmann constant, 5.67 x 1078 Wm™2K~*, V is the volume of the sample in
m3, and A is the surface area of the sample in m2. Power density was calculated based
on the steady state value of the electric field during the transient stage of flash sintering.
For the flash sintering experiment at 500°C, the estimated temperature of the sample is
T = 806°C, and therefore the Curie temperature had not been exceeded, which is in
agreement with the EDXRD results (Figure 3c). Moreover, and conversely to the
conventionally sintered sample heated up to 810°C (Figure 3a), it has been observed an
anisotropic lattice expansion in that temperature range.
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In conclusion, BiFeO3; was successfully flash sintered to high density at a furnace
temperature of 500°C. The EDXRD results and the BBR theory suggest that the sample
temperature is below the Curie temperature during the flash, which prevents the
decomposition of the sample. Thus, the flash sintered samples are pure and uniformly
dense. EDXRD showed an anisotropic lattice expansion of BiFeO3; when exposed to an
electric field, inconsistent with pure thermal expansion. The authors believe that a
combination of Joule heating and large-scale defect generation are both factors that
impact flash sintering, although further work is required to determine the exact nature of
these effects. It is clear that EDXRD can play a useful part in determining mechanisms
of flash sintering of materials.
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Figure(s)

Figure 1: Schematic of 6-BM-A beamline at APS (a). Photograph of beamline (b).
Schematic of sample (c). Photograph of furnace interior with modified heating coils (d).
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Figure 2: Electric field, current density, and power density versus time (a), peak
energies versus time (b), interplanar spacing versus time during flash sintering of
BiFeOs3 (c).
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Figure 4: An indication of densification: SEM micrograph of mechanosynthesized
BiFeO3; powder (a), XRD pattern of the mechanosynthesized sample (b) SEM
micrograph of BiFeO3 densified by flash sintering at a furnace temperature of 500°C (c),
and XRD pattern of the flash sintered sample (d).





