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Here we present Raman spectroscopy approach to monitor the spatial distribution and the magnitude of the
residual mechanical stresses in ceramic after non-hydrostatic pressure treatments. The residual pressure can be
found from the E-phonon line shift (~307 cm ™) in the Raman spectra. The relationship between the non-
hydrostatic pressure (up to 11 GPa) and the shift of this line has been established. It is demonstrated that the
change in the Raman line position (1332 cm ™ ') of the diamond anvil can be used for monitoring of applied non-
hydrostatic pressures. A linear dependence of residual mechanical stresses on the applied pressures is found.

Micro-Raman spectroscopy shows that the residual mechanical stresses are distributed fairly uniformly in the
studied BaTiO3; samples at the micron scale. In the future, the proposed Raman technique can be used for
monitoring the quality of produced BaTiO3 ceramics.

1. Introduction

The non-hydrostatic pressure treatment of the ferroelectric powders
is widely used in the manufacture of ferroelectric ceramics. While most
studies of pressure effects on ferroelectric powders are devoted to a case
of hydrostatic pressure treatment, which is well described theoretically
and experimentally [1-3], effects of the non-hydrostatic pressure
treatment may differ significantly. The shift of the phase transition
temperature in BaTiO3 powders is known to decrease under hydrostatic
pressure [4] in contrast to its behaviour in BaTiO; powders under non-
hydrostatic pressure. It was shown that residual mechanical stresses
inside the pressure treated samples (mechanical stresses after removal
of external non-hydrostatic ones) lead to increase of the temperature
and width of the ferroelectric phase transition from cubic to tetragonal
phase [5-8]. It was proposed that a random distribution of residual
stresses and associated random electric fields leads to relaxor-like
properties of pressure-treated powders [9].

Dependence of the ferroelectric phase transition temperature T on
the pressure was investigated earlier [10]. The hydrostatic pressure
leads to a decrease of T¢ in crystals and ceramic with the rate of about
5°C/kBar [11]. It is confirmed by various experiments [12-15] and
theoretical works [16,17]. At the same time, it was experimentally
evidenced that the phase transition temperature increases under uni-
axial pressing below 0.5 GPa [18,19]. The possibility of increasing the
temperature T at uniaxial pressure was also considered in Ref. [20].
The application of uniaxial mechanical stress to BaTiOs; causes to
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reorientation of domains in the direction perpendicular to the applied
load by the ferroelastic effect. It was confirmed in Ref. [19] by di-
electric measurements: authors observed an increase in permittivity for
the stressed crystals. This increase in permittivity is consistent with the
known anisotropy of the permittivity in tetragonal BaTiO3 along the c-
and a-axes. Here ¢ and a are lattice constants along and perpendicular
polar axis respectively. In this way, uniaxial mechanical stress increases
the density of domain (and dipole momentum respectively) in a certain
direction in originally unpolarized ceramics. This, in turn, increases the
ferroelectric phase transition temperature.

The shift of T, with pressure, should obey the Clausius-Clapeyron
equation [11]:
at. _ AV

c

dp L

where p is the pressure and AV and L are the difference between vo-
lumes of the unit cell in ferroelectric and paraelectric phase and latent
heat, respectively.

The value of AV in unstressed ceramic could predict the slope of dT/
dp, however, X-ray investigations of lattice constants did not demon-
strate a change in this value upon the ferroelectric phase transition in
barium titanate if p = 0 [21-23]: the values of ¢ decrease, and a in-
crease while the value of AV = a? * ¢ does not change with the accu-
racy of experiments. We can conclude that the application of the ex-
ternal pressure leads to both reduction and increase of the volume of
the unit cell for hydrostatic and nonhydrostatic pressures respectively.
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In addition, the temperature behaviour of the paraelectric to a fer-
roelectric phase transition in BaTiO; powders under non-hydrostatic
pressure is similar to that in thin strained BaTiO3 films grown on dif-
ferent substrates due to the existence of enormous strains [24-26].

Raman spectroscopy is a convenient method for measurements of
residual mechanical stress. In the case of BaTiOs, E-phonon narrow line
near 307 cm ™! in the Raman spectra (E(TO) line) can be used for such
measurements because a mechanical stress causes a shift of this Raman
line [27,28].

Luminescence technique is actively used for a high-pressure mea-
surement in hydrostatic experiments. The applied pressures could be
monitored by shifting the ®Dq-"F, fluorescence band of the Sm?*ion in
the SrB4O,: Sm>*crystal [29-31]. Nevertheless, the non-hydrostatic
applied pressures result in broadening and splitting into a set of two or
more lines of the fluorescence band of the Sm?* ion. Moreover, a
spatial inhomogeneity of the position of >Dy-"F, fluorescence band of
the Sm?™* ion under non-hydrostatic pressing was obtained in Ref. [29].
Simultaneously the E(TO) line position in the Raman spectra of BaTiO3
powder remained unchanged in the field of illumination. Consequently,
SrB,0,: Sm?*crystal is not a good sensor for monitoring non-hydro-
static pressures in case of powders.

Thus, the problem of non-hydrostatic pressure calibration is an ac-
tual task required for various pressure treatment applications.

Another advantage of Raman spectroscopy is the capability to
characterize the materials with high spatial resolution. In the case of
ceramics formed from powder, separate grains in the powder stick to-
gether under the pressuring forming non-uniform polycrystalline
structure. Thus, the homogeneity of residual mechanical stress is the
important property of ceramic material. Raman mapping can be used to
reveal possible microscopic inhomogeneities in BaTiO3 ceramics.

This paper aims to propose the technique for evaluating and mon-
itoring of the magnitude and spatial distribution of residual mechanical
stresses in BaTiO3 powders treated by non-hydrostatic pressures.

2. Materials and methods

High-pressure experiments were carried out in EasyLab pScope
DAC- HT(G) (UK) in nominally pure BaTiO3 powder (Aldrich) with a
grain size less than 2 um. The Raman spectra of BaTiO; powder under
high pressure were recorded at room temperature (296 K). In these
experiments, the liquid pressure transmittance media was not used.
Consequently, the non-hydrostatic pressing was realised.

Raman spectra were measured in a backscattering geometry. The
laser beam was focused on the sample, and scattered light was collected
by with a 50 x Olympus LMPIlanFl objective lens with N.A. = 0.35.
Raman spectra were excited by the Ar* ion laser Spectra-Physics
Stabilite 2017 with A = 514.5nm and power of 5mW. Spectra of
scattered light were recorded by the triple T64000 Horiba Jobin Yvon
spectrometer.

The schematic drawing of the experimental setup is presented in
Fig. 1. The stainless steel gasket was pre-indented at 15 GPa with a
500 um culets from an initial thickness of 250 to 86 um. The entire
500 um indentation was drilled out with an electric discharge machine
by 200 um diameter WC electrode. BaTiO3 powder together with small
SrB,0,:Sm?* crystal was placed in the hole.

The Raman mapping of these samples was carried out using a la-
boratory-built experimental setup [32]. A solid-state laser (Millennia II;
Spectra Physics) with A = 532.1 nm and a 100 x objective (PL Fluotar
L; Leica Microsystems, Wetzlar, Germany) with NA = 0.75 were used.
The irradiation power after objective was 16 mW.

The sample pellets with a diameter of 5 mm were prepared by non-
hydrostatic pressing of BaTiO3; powders (values of pressures ranged up
to 4GPa) to study spatial distributions of the residual mechanical
stresses using Raman spectroscopy. Several BaTiO3 pellets were an-
nealed at the temperature of 900 °C during the various time to reduce
the magnitude of residual mechanical stresses. The reference BaTiO3
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Fig. 1. Schematic drawing of the experimental setup: 1. BaTiO3 powder; 2. the
steel gasket; 3. the diamond anvils; 4. the SrB40;: Sm“crystal.

crystal used in the experiment was grown by the top-seeded solution
growth method. This crystal was cut in the form of (100)-oriented plate,
which was polished to optical quality (it is denoted as sample 1). The
samples under study, namely the powder of barium titanate and the
same powder subjected to non-hydrostatic pressing under 4 GPa, are
designated as samples 2 and 4, respectively. The sample treated by non-
hydrostatic pressing under 4 GPa and annealed at 900 °C during 30 min,
is denoted as sample 3.

3. Results and discussion

3.1. Evaluation of applied non-hydrostratic pressures in the diamond anvil
cell

Since the reproducible measurement of applyed non-hydrostatic
pressures using fluorescence of SrB,O;: Sm2+crystal is problematic, we
studied Raman spectra of a diamond anvil for monitoring the pressure
applied to BaTiO3 samples. The possibility of the measurement of me-
chanical stresses by monitoring the shift of the Raman line (1332 cm ™)
in the diamond anvil was demonstrated earlier [33-36]. It is well
known that pressure leads to a distribution of mechanical stresses along
the diamond anvil axis [35]. Thus we used the confocal microscopy, for
measurements of Raman spectra in the diamond anvil from a region
near the center of the culet face of the diamond. The experiment
showed that the position of the diamond peak does not depend on the
position of the point on the sample surface in the region of the gasket
hole.

To relate the Raman line position of the diamond anvil and applied
non-hydrostatic pressure, a calibration experiment with hydrostatic
pressures was carried out. In this case, we added the water to the gasket
hole and placed SrB,O;: Sm** crystal. Fig. 2 shows the position of
Raman lines in the diamond anvil as the function of applied hydrostatic
mechanical stresses. The magnitudes of these mechanical stresses were
calculated through the shift of the D0-FO fluorescence band of the
Sm** ion [31].

Raman spectrum of the unstressed diamond represents the single
line near 1332 cm ™. This phonon state is triply degenerated, and de-
generation is reduced by applied pressure [36]. Also, there is a shift of
the line position under pressure. The inset in Fig. 2 demonstrates that
the Raman line in the diamond anvil splits into three lines under
pressure (a spectral shape of the Raman line under pressure was fitted
by a sum of three Lorentzians).

The frequencies of three components increases linearly as applied
pressure increases. It is worthwhile to clarify that the linear behaviour
of the positions of these peaks was also observed in our non-hydrostatic
experiments.

For the value of pressure evaluation, we used the position of the
high -frequency line. The pressure dependence is described by the
linear function
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Fig. 2. The Raman line position of the diamond anvil relative to its initial po-
sition (1332 cm ™ 1) near the surface of the sample versus hydrostatic pressures.
The circles, stars, and triangles correspond to the positions of different com-
ponents of the Raman spectrum in the diamond anvil. The straight lines are
linear fits of the pressure dependence for these frequency edges. The inset de-
monstrates the Raman line in the diamond anvil under the applied pressure of
6 GPa. The solid line is the fit of the experimental spectrum by a sum of three
Lorentzians, and short dotted lines are the Lorentzian contours.

-1
Avpyc = 0.57[ an ] * O

GPa (@)

where Avp,c- the difference of the position of the maximum relative to
its initial position (1332 ecm™ Y, o [GPa] - applied mechanical stress.
The obtained result can be used for the evaluation of the non-hydro-
static mechanical stresses.

3.2. The shift of the Raman line as a tool for measurement of mechanical
stresses in the pressed powder

The Raman spectra of BaTiO; powder were measured under non-
hydrostatic pressures up to 11 GPa. The magnitudes of applied non-
hydrostatic pressures were determined by Eq (1) through the Raman
line position in the diamond anvil. These measurements confirm the
results [29] when E(TO) line is shifted to higher frequencies with in-
creasing pressure: Vg(roy = Vo + AVg(ro). The symbol Avg(rg) denotes
the difference between the position of the E(TO) Raman line in the
powder under the action of applied pressure and the position of this line
in the same powder without pressure (v,). The dependence of the values
of Avgcro) on the applied non-hydrostatic pressures is shown in Fig. 3
(a).

The linear part of the Avg(ro) dependence on the applied non-hy-
drostatic pressures can be described by the function

Avgroy=§ 0 2)
Where
£~ 09 [ GPi].

cm

It should be noted that the E-phonon line near 307 cm ™! which is a
characteristic feature of the tetragonal (ferroelectric) phase [37] is
manifested for all pressure range (see also the inset ib Fig. 3). This fact
points out that the BaTiO3; powder does not undergo the ferroelectric
phase transition from tetragonal to cubic phase under non-hydrostatic
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Fig. 3. (a) the Avg(royversus a non-hydrostatic pressure. The dashed line corre-
sponds to Eq. (2). Typical Raman spectra under different non-hydrostatic pressures
at room temperature are demonstrated in the inset. A corresponds to non-pressed
powder, b — e — to the same powder under a non-hydrostatic pressures of 3.5, 6.5,
8.3, 11 GPa respectively.

pressures up to 11 GPa. On the contrary, the hydrostatic pressure ap-
plication more than 2 GPa applied to BaTiO3 powder leads the transi-
tion into the cubic phase [38].

3.3. Residual mechanical stresses in BaTiO3 powder treated by non-
hydrostatic pressure and temperature annealing at 900 °C. Their magnitudes
and spatial distribution

Residual mechanical stresses were determined by the value Avg o)
with the help of Eq. (2).

The micro-Raman experiments were carried out to obtain the dis-
tribution of mechanical stresses remaining in powders after pressure
and temperature treatment. The Raman mapping of the crystal, un-
treated powder, pressure and temperature treated powders of BaTiO5
were carried out on an area of 30 X 30 um with a spatial resolution
about 0.6 um at room temperature. This mapping is demonstrated in
Fig. 4.

Fig. 5 (a) demonstrates the distributions of a number of micro-
regions with the same values of the position of the E(TO) Raman line
(N) in the crystal (1), untreated powder (2), pressure treated (4),
pressure and temperature treated powders of BaTiOs.

The samples under study differ from each other by the E(TO) line
position. The nature of the difference between the distributions of vgro)
position in the crystal and unstressed powder is unknown now. The
difference between the distribution of vgro) positions in samples 3 and
4 relative to unstressed powder seem to be caused by the residual
mechanical stresses acting in the samples after pressure treatment and
annealing of sample 4, which decrease residual mechanical stresses.

Distributions of N in all samples are symmetric and correspond to
the Gaussian. Most likely, the FWHM of this distribution for the crystal
(~0.17 em™ ') is determined not by the actual spreading of mechanical
stresses in the crystal bulk, but by the accuracy of our experiment.
FWHM of the distribution in unstressed powder is about 0.22cm ™.
Errors of measurements may cause the minor broadening of N in the
powder relative to the crystal due to spatial inhomogeneities in the
micron and submicron powder. The FWHM of N in the samples 3 and 4
are similar to the sample 2. Therefore, despite the dispersion of these
values obtained in the experiment, it can be concluded that the residual
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Fig. 4. The Raman mapping of a) the crystal; b) untreated powder; c) pressure, d) pressure and temperature treated powders of BaTiO3. These measurements were

carried out on an area of 50 * 50 points with a spatial resolution about 0.6 um.
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Fig. 5. (a) The distribution of the E(TO) Raman line position for the samples
1-4. The solid lines represent Gaussian fits to the experimental data. Here N is a
number of microregions with the same values of the E(TO) line position. (b) The
FWHM dependence of the E(TO) line position vs their position for the samples
1-4.

mechanical stresses acting in the volume of the pressed powder are
distributed relatively uniformly in the micron scale.

The applied uniaxial pressure formed the microstructure depicted in
Fig. 6. These images were obtained by Scanning electron microscope
Hitachi TM 3000 due to the emission of secondary electrons from a
gilded surface (the thickness of the gold layer is about 30nm),
U = 15kV.. The powder consists of grains less than 100 nm held to each

other, most likely, by electrostatic forces. Clearly distinguishable grains
of size about 100-300 nm appear after pressing by 4 GPa (Fig. 6¢ and
6d). Temperature annealing at 900 °C for 30 min does not change the
picture (Fig. 6e and f). Local mechanical stresses acting in the sample do
not change both the size and location of the grains.

The FWHM of the E(TO) Raman line near 307 cm~! was in-
vestigated. For this purpose, all the spectra measured during the scan
were averaged and fitted this Raman line by the Voigt contour (the
procedure of this fitting was described in Ref. [9] in detail). The exact
Raman line width (Lorentz part of the contour) in the samples 1-4
differs from each other. It depends on the line position (see Fig. 5 (b)).
Inhomogeneous broadening of this Raman line may be associated with
a shortening of the corresponding lifetimes of vibration states. On the
other hand, it may be caused by the appearance of defect states in
samples 2-4 due to the treatment of the powder: the grinding, appli-
cation of mechanical stresses and temperature annealing. Such in-
homogeneous broadening can occur on much smaller scales, up to
atomic [39].

4. Conclusion

The technique justification how to evaluate and monitor the mag-
nitude and spatial distribution of residual mechanical stresses in BaTiO5
powders treated by non-hydrostatic pressures and temperature treat-
ment was proposed. The Raman spectra of BaTiO; powder under dif-
ferent non-hydrostatic pressures were measured in the DAC device. To
determine the magnitudes of applied non-hydrostatic pressure the
Raman line position in the diamond anvil was used. It is shown that the
magnitudes of non-hydrostatic pressures applied to the BaTiO3; powder
are unambiguously determined by the shift of the Raman line
(1332 cm ™ 1Y) of the diamond anvil.

The relationship between the E(TO) Raman line (307 em™ 1) and
applied non-hydrostatic pressures in the BaTiO3; powder has been es-
tablished to determine the magnitudes of residual mechanical stresses.
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Fig. 6. (a, b) Untreated powder; (c, d) after pressing by 4 GPa; (e, f) after pressing by 4 GPa and annealing at 900°C for 30 min.

To determine the spatial distribution of the residual stresses a position
of the 307 cm ™! line has measured with a resolution about 0.6 um in
the barium titanate crystal, powder, and the sample obtained by
pressing this powder at 4 GPa and temperature annealing of this sample
at 900 C to determine the spatial distribution of the residual stresses.

Frequency distributions of some microregions with the same values
of the E(TO) line position in the crystal, untreated powder, pressure,
and temperature treated powders of the BaTiO3 show that residual
mechanical stresses acting in the volume of the pressed powder are
distributed relatively uniformly in the micron scale. On the other hand,
an increase in width of the Raman line depending on its position may be
caused by defects in much smaller scales, up to atomic.
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