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Abstract

Mass transport mechanism responsible for grain boundary grooving during thermal annealing
of polished ceramics of BaosSrosCoosFeo2035 (BSCF) and LazNiOas+s (LN) was revealed by
atomic force microscopy. Surface diffusion mechanism was confirmed for both materials by
the evolution of the grain boundary width (w) with annealing time (t), and the surface
diffusion coefficient was determined from the slope of w versus t** following the theory by
Mullins. An Arrhenius temperature dependence of the surface diffusion was observed, and
the activation energy was determined to be 220 + 30 and 450 + 30 kJ/mol respectively for
BSCF and LN. The surface diffusion data is discussed with respect to similar data for other
oxide materials and cation and oxygen anion diffusion in BSCF and LN. Finally, the dihedral
angle for both LN and BSCF was determined, and these are typical in the range reported for
other oxide materials.
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Introduction

Surface diffusion plays an important role in various processes such as crystal and film
growth, phase transformation, coarsening, catalysis and surface reactions.! The increasing
importance of miniaturization in various technological devices results in an increase in
surface to volume ratio and, hence, exerting significant contribution of surface properties of
materials.? In processing of oxide materials, for example, surface diffusion can provide
contribution to the processes such as coarsening, pore migration and coalescence, as well as
grain growth.>* The first studies of surface diffusion were conducted on a macroscopic scale
at temperatures near the melting point of materials.® Later development of microscopic
techniques allowed the study of surfaces at the atomic scale.®° Radioactive tracer method has
also been used, which involves spreading of tracer element over the surface followed by
determination of the concentration profile of the tracer.°

Surface diffusion has also been conducted by mass transfer methods which involves the
investigation of different surface profiles such as the decay of grain boundary, single scratch,
and multiple scratches or sinusoidal profiles.!! The grain boundary groove method, as well as
creation and analysis of the surface scratch by atomic force microscopy,*?* have provided
further improvement of the quantitative study of surface diffusion. In this method the
evolution of grain boundary groove with annealing temperature and time is monitored, and
the width of the groove is measured. The theory of the quantitative analysis of grain boundary
grooving was developed by Mullins in the late 1950s%® assuming the material to be isotropic.
The formation of grain boundary groove was assumed to occur predominantly by surface
diffusion, driven by gradient in surface curvature. This was later proved experimentally for
the grain boundary groove smaller than ~10 um.*®

Here we present an investigation of surface diffusion of two oxygen transport membrane
materials La:NiOs+s (LN) and BaosSrosCoosFeo2035 (BSCF) by the grain boundary
grooving approach using atomic force microscopy (AFM). To our knowledge, there is no
surface diffusion data available for these two or other similar materials. Taking into
consideration that the dihedral angle, and hence the grain boundary width is affected by
crystallographic orientations, two materials with different crystal structures were considered
in this study. While BSCF exhibits a perovskite crystal structure,’ LaNiO4 belongs to a
group of perovskite related compounds called Ruddlesden Popper series, having LaNiOs
perovskite layers alternating with LaO rock salt — type layers along the c-crystallographic
orientation.®

Surface diffusion by grain boundary grooving: Methodology
The theory of the grain boundary grooving is based on the work by Mullins.**>® The width of
the grain boundary groove, w, is defined by the equation:

w=46(Bt)" (1)
in which
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where Ds is the surface diffusion coefficient, v is the surface free energy, Q is the molecular
volume of the diffusing species and N is number of molecules/cm? of the surface. N is

definedby N =Q 7.

Experimental data on surface energy are rarely reported, and no such data are available for
BSCF or LN. A density functional theory study has reported 0.51 Jm for (100) surface®®,
while in an earlier theoretical work values from 0.98 to 1.69 was reported dependent on the
crystallographic orientation?°. Corresponding data for BSCF are not available, but a recent
review on first principle studies of related II-1V perovskite materials with Ba or Sr on A-site
reveal that the surface energy vary typically in the range 1-4 Jm with values close to 1 for
the most stable (100) surfaces?'??. Based on these reports we have used a temperature
independent surface diffusion of 1 Jm in this work.

The diffusion species for these complex oxides needs also particular attention. In BSCF we
have considered the defusing species as the perovskite ABO3 unit with Q = 1.60016x1073° m3
and N =1.5748x10%® mol.m?2. In case of LN the diffusing species is La;NiO4 with Q =
9.48049x102° m® and N = 4.8096x10?? mol.m™. Q for the two materials were calculated from
the lattice parameters obtained from the X-ray diffractions of the materials.

Plotting In (w) against In (t) gives a straight line, with a slope of about 1/4 implying that the
dominant mass transport mechanism is surface diffusion.?® If the slope of the plot is equal to
1/3 or 1/2 the mass transport is dominated by volume diffusion or evaporation condensation,
respectively. In this region both surface diffusion and volume diffusion mechanisms are
involved in the mass transport,® which requires correction for grain boundary groove width.
Also by plotting w versus t* a straight line is obtained with a slope equals to 4.6B*, giving
the value of B at a given annealing temperature. The surface diffusion coefficient at that
temperature is then determined by using equation (2). The equation that relates surface
diffusion coefficient to temperature is

Ea
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where D is the pre-exponential factor, E, is the activation energy and R is the gas constant.

By plotting the log of Ds as a function of the inverse temperature, the activation energy for
surface diffusion is obtained from the slope.

During groove formation according to Mullins’s model, grain boundary flux is assumed to be
zero. Therefore the amount of matter that is removed from the grain boundary below the
original surface is equal to the amount of matter deposited above the original surface upon
groove formation.?* The formation of grain boundary groove by surface diffusion is
accompanied by an increase in depth of the groove with time (t)*4.242> Apart from the power
law dependence, different geometrical features of the groove profile account for different
diffusion mechanisms. The absence of humps at the edge of a grain boundary groove implies
that mass transport occurs mainly by evaporation — condensation*26 where the grain boundary
groove forms but does not protrude above the original surface. The groove profile has no
maxima/minima and the mass is not conserved. While mass is conserved in volume diffusion
and surface diffusion, the former exhibit maxima but no minima while the latter exhibit both
maxima and minima.

Experimental



LazNiO4+5 (LN) and BaosSrosC00.8Fe0.2035 (BSCF) powders were synthesized by spray
pyrolysis of nitrate solutions by CerPoTech AS (Trondheim, Norway). The BSCF powder
was calcined for 24 h at 900 °C, while the LN powder was calcined for 24 h at 800 °C. After
calcination the powders were ball-milled for 24 h using zirconia balls and isopropanol and
dried over night to remove the solvent. Pellets 10 mm in diameter were prepared by uniaxial
pressing using 60 MPa pressure, followed by cold isostatic pressing (CIP) using 200 MPa
pressures. Sintering of the samples was conducted at 1300 °C for 8 h and 1050 °C for 12 h in
air for LN and BSCF respectively, using heating and cooling rates of 200 °C/ h. The sintered
samples were polished using SiC paper, followed by a diamond paste down to 1 um. The
polished samples were cleaned in an ultrasonic bath using isopropanol, and dried in an oven
at 80 °C. The dense and polished samples were further thermally annealed in air at various
time between 900 and 1100 °C for LN and between 900 and 1020 °C for BSCF, using heating
and cooling rates of 10°C /min.

The phase purity of the materials was confirmed by powder X-ray diffraction using Bruker
D8 Da Vinci 1 diffractometer. The density of the sintered samples was determined by
Archimedes method. The microstructures of the polished as well as the thermally annealed
samples were examined by scanning electron microscope (SEM, Hitachi S-3400N) equipped
with an energy dispersive spectroscopy detector (EDS, X-MAX, Oxford Instruments).
Measurement of surface profiles of the annealed samples was conducted by atomic force
microscope (AFM, Veeco Multimode V) equipped with Nanoscope V controller, a high
intensity illuminator and a video optical microscope. Microscope scanning was done by using
Bruker J Scanner 10012 JVLR operated in contact mode in air, with a scan area capability of
160 x 160 pum. Scan rates of 0.6 Hz and scan areas between 3 x 3 and 30 x 30 pm?
respectively were used. Groove profiles were analyzed from the AFM surface images by
using Nanoscope Analysis software version 1.50. A line was drawn perpendicular to the grain
boundary to measure the cross-sectional profile of the groove, and the grain boundary width
was recorded as the distance between the two maxima as illustrated in Fig. 1. Fifty groove
widths (w) were taken for every sample over about 4 — 6 AFM images, and the average grain
boundary width for each sample was calculated. For each annealing temperature, the average
value of a groove width w was plotted as a function of annealing time on a logarithmic scale.

Results

Representative SEM images of thermally annealed surfaces of the BSCF and LN ceramics
are shown in Fig. 2. The average grain size of BSCF was 11.7 + 1.9 and 15.9 £ 1.5 pum after
annealing for 1 h at 900 and 980 °C, respectively. Correspondingly, the average grain size of
LN was 3.8 £ 0.3, and 4.3 + 0.3 pum after annealing at 900 °C for 1 h and 1100 °C for 5 h,
respectively. No grain growth could thus be observed for LN during thermal annealing at the
conditions used in the study of grain boundary grooving, while a minor grain growth was
observed for BSCF. We consider that this minor grain growth during the experiments does
not have a significant influence on the surface diffusion data reported below.

Three-dimensional surface profiles measured by AFM of the thermally annealed BSCF and
LN are shown in Fig. 3. An increase in the grain boundary width as a function of time is
observed for both BSCF and LN. The grain boundary widths as well as the depths of the
grain boundaries increased with thermal annealing time, thus it is evident that thermal
development of the grain boundary grooves is in line with the predictions from the theory.
The 3D surface profiles demonstrate that BSCF is isotropic and homogeneous, while the
surface profile of LN shows the existence of different facets reflecting the anisotropic crystal
structure of LN.



Two-dimensional profiles of the grain boundary groove of BSCF and LN are displayed in
Fig. 4 at different annealing times and temperatures. The 2D profiles demonstrate an
increasing grain boundary width and depth with annealing time. Mass transfer from the grain
boundary towards the surface on both sides of the groove has clearly occurred during the
thermal annealing, thus a clear first indication of surface diffusion mechanism. The thermal
activation of the process is evident from Fig. 4c, demonstrating the strong temperature
dependence of evolution of the grain boundary with at the same annealing time.

The evolution of the grain boundary groove width was determined from the AFM images for
both ceramics as a function of the thermal annealing temperature and time. The data are
summarized in Table 1 and 2. The data demonstrates that the width of the grain boundary
groove increases with thermal annealing temperature and time in line with the expectation.
The grain boundary groove width (w) is plotted as a function of time, t¥# according to eq. 1,
in Fig. 5. All the data sets demonstrate a linear relationship with a slope (Table 1 and 2)
corresponding to 4.6B%4. The plots of In (w) as a function of In (t) at different thermal etching
temperatures are shown in Fig. 6. A linear relationship is evident for both materials, with
slopes close to ¥ for both materials as summarized in Table 1 and 2.

From B, calculated from the slopes in Fig. 5, the surface diffusion coefficient, Ds at different
temperatures were calculated using the surface free energy and molecular volume as
presented above. The resulting Ds is plotted in logarithmic form as a function of inverse
temperature in Fig. 7. The activation energy for surface diffusion, determined by applying eq.
3, was found to be 450 £ 30 and 220 £ 30 k/Jmol for BSCF and LN, respectively.

The dihedral angle defined by the grain boundary grooves (Fig, 4) were found to be 151 + 5
and 149 £ 8° for LN thermally annealed for 1 h at 950 °C and 1050 °C, respectively. For
BSCF the dihedral angles were 157 + 6, 156 + 4 and 159 + 3° respectively for samples that
were thermally annealed for 1 h at 900, 940 and 980 °C. These results demonstrate that the
dihedral angle is independent of temperature in the temperature range used here. This is also
supported by the observation that as the annealing temperature/time increased, the grain
boundary width and depth increased simultaneous keeping the dihedral angle constant.
Finally, the observations of the dihedral angle also give support to that the surface energy is
not strongly dependent on temperature.

Discussion

Prior to thermal annealing a thorough polishing of the sintered pellets was performed in order
to obtain smooth surfaces sufficient to provide qualitative measures of the grain boundary
grooving. Thermal annealing was conducted by using a rapid heating and cooling rate of 10
°C/min in order to minimize the contribution from the heating and cooling process to the
dwell time, and therefore minimize the associated error of the grain boundary groove width.
Fifty profiles of grain boundaries with uniform maxima were used to determine the grain
boundary groove width, depth and dihedral angle for each annealing condition.

. A

slope-inereases-with-temperature. The linear relationship shown in Fig. 5 demonstrates that
mass transport occurs via surface diffusion, and the results agree well with the previously
reports on other oxide materials.2 According to Eq. 1, the slope of the plots equals to 4.6B*
from which B and hence the surface diffusion coefficient, Ds, is determined for each
annealing temperature. The corresponding logarithmic plots, log w versus log t are shown in



Fig. 6 for LN and BSCF. The slopes determined by linear fit to the data (Table 1) are close to
Y4, confirming that grain boundary grooving occurs through mass transport by surface
diffusion. Temperature had no effect on the mass transport mechanism over the range of
temperature studied, and only surface diffusion was responsible for mass transport and hence
grain boundary grooving.

The surface diffusion data reported here are compared to similar data for other oxide
materials in Fig. 8 (a). The slopes reflecting the activation energies (Table 4) and the range of
the diffusion constants are comparable. The activation energies for BSCF, LN and Al.O3 are
respectively higher and lower compared to the three other materials (UO2, MnO, CaTiO3).
Normalizing the temperature with respect to the melting point of the compounds, see Fig.
8(b), the slopes become more comparable, reflecting that the mobility on the surface can be
related to the melting point and thereby the bonding strength in the materials. This
correlations has also been shown for bulk diffusion in oxides.?

The surface diffusion coefficient of LN is compared to diffusion of ions reported for LN in
Fig. 9 (a) where diffusion coefficients for Ni?*, Co?*, La?* and O in LN are included. The
diffusion coefficients of O% are significantly higher than the diffusion coefficients of cations
in LN. The surface diffusion coefficient falls between the diffusion coefficient of O% and the
cations. The surface diffusion coefficient constitutes the effective diffusion coefficient of the
whole unit cell, including all the ions in the crystal structure. Only the effective surface
diffusion coefficient is obtained by the grain boundary grooving approach, and is governed
by the slowest moving specie at the surface. Diffusion of oxygen anions is by far the fastest
process in the bulk, with diffusion coefficients about four orders of magnitude larger than the
surface diffusion and ~7-8 orders of magnitude higher than the cation diffusion coefficients.
Diffusion data for BSCF is less studied, but the relevant data reported is compared to the
surface diffusion data in Fig. 9(b). Only data for oxygen anions and impurity diffusion of Mn
and La cations are included.’® The surface diffusion coefficient is significantly higher than
the cation diffusion, with ~5 orders of magnitude difference. The extrapolated surface
diffusion to lower temperatures falls between the oxygen anion and cation diffusion in line
with the data for LN. These results demonstrate that at high temperature the mobility of
cations on the surface in BSCF is exceptionally high, making the overall surface diffusion
coefficient high.

Several factors could account for this observed behavior. One possible reason is the strength
of ionic bonding in BSCF relative to other materials. Due to low ionic charge and small ionic
size of the B-cations in the perovskite lattice, the ionic strength in BSCF is lower and
therefore likely to cause weaker bonding strength. It is also likely that if the surface exhibits
surface vacancies that enhance surface transport, this would affect the surface transport
properties. In this case therefore, the difference in surface vacancies such as point defects
would also account for the variation of surface diffusion coefficients, and hence the activation
energy for diffusion.

We have compared the activation energy of surface diffusion with the corresponding
activation energy of creep of the corresponding materials, reflecting either bulk or grain
boundary diffusion (Table 5). In both the case of surface diffusion and creep the kinetics will
be related to the slowest moving species in the unit cell since the whole unit cell need to
migrate. The activation energy for creep seems to be to some degree higher than the
corresponding activation energy for surface diffusion. This is also intuitively reasonable since
the ions at the surface are under bounded compared to the ions in the bulk or at the grain
boundaries.



The AFM images in Fig. 3 demonstrate that while the grains in BSCF are isotropic and
homogeneous, those of LN are anisotropic and inhomogeneously thermally etched. The grain
isotropy and anisotropy in the two materials reflects their crystallographic structures. BSCF
exhibits a cubic perovskite structure, and LN is a first member in the Ruddlesden Popper
series. The larger uncertainty in the slopes of In w vs In t for LN relative to BSCF is
associated with the anisotropic crystallography of LN. The grain boundary groove width and
depth increase with annealing time at constant temperature for both materials (Fig. 4). Similar
behavior is observed for different annealing temperature but the same annealing time. Due to
the crystallographic anisotropy and the crystallographic orientation of two adjacent grains
caused a significantly variation in the morphology of the grain boundary groove and the
dihedral angle. In our analysis, we have not made a more systematic study of how the
dihedral angle and grain boundary groove width changed due to the anisotropy, and we have
reported data assuming that LN is an isotropic material. The influence of crystallographic
anisotropy is an interesting topic, which should be followed up in future studies.

Conclusion

Atomic Force Microscopy was successfully used to study the mass transport mechanism for
grain boundary grooving in BSCF and LN materials. The development of the groove profiles
was found to be in a reasonable agreement with the theory developed by Mullins. The grain
boundary groove widths (w) were found to increase with thermal annealing temperature and
time (). A linear relationship between In w vs In t were observed with slopes close to %,
demonstrating that surface diffusion was the dominant mass transport mechanism for grain
boundary grooving. Surface diffusion coefficients for LN and BSCF at various thermal
annealing temperatures were determined, and the activation energy for surface diffusion was
determined. The activation energy for surface diffusion was found to be 450 £+ 30 and 220 +
30 kJ/mol for BSCF and LN respectively. Finally, the dihedral angle for LN and BSCF was
determined by atomic force microscopy of the grain boundary grooves. The dihedral angle
was observed to not depend significantly on temperature, and the angles observed are in the
same range as reported for other oxide materials.
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Tables

Table 1
Average groove widths for LN at various thermal annealing temperatures and times. Slope 1
is the slope of w vs t*4, and slope 2 is the slope of In w vs In t. S.D = Standard deviation.

LN
T t wxS.D Slopel  Slope 2
°C) (9 (nm) (*=SD) (+S.D)
900 3600 0.22+0.05 0.03 0.27

18000 0.33+0.06 +0.01 +0.06
43200 0.44 +0.06
86400 0.52+0.08

950 3600 0.36+0.04 0.04 0.23
18000 0.48+0.04 +0.02 +0.07
43200 0.64 +0.06
86400 0.70+0.12

1000 3600 0.50+0.07 0.06 0.22
18000 0.73+0.11 +0.02 +0.09
43200 0.89+0.15
86400 1.00+0.12

1050 3600 0.58+0.09 0.06 0.23
18000 0.81+0.10 +0.03 +0.12
43200 0.98+0.10

1100 3600 0.62+0.10 0.07 0.19
18000 0.91+0.14 +0.04 +0.13
43200 1.11+0.17

Table 2
Average groove widths for BSCF at various thermal etching temperatures and times. Slope 1
is the slope of w vs t**4, and slope 2 is the slope of In w vs In t. S.D = Standard deviation.

T t w+S.D Slopel  Slope 2
°C) (8 (um) (:SD) (¢S.D)
900 900 0.89+0.10 0.12 0.22

3600 1.12+0.15 *=0.04 +0.05
18000 1.51+0.10
43200 2.08 +0.15

940 900 1.27+0.11 0.15 0.20
3600 152+0.11 *0.05 +0.06
18000 2.24+0.22
43200 2.70+0.28

980 900 1.76 +0.19 0.24 0.21
3600 216+0.21 +0.08 +0.05
18000 3.21+0.33
43200 3.89+0.42

1020 900 261+0.12 0.35 0.20
3600 3.31+£0.18 +0.09 +0.05
18000 4.74+0.28

Table 3
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Dihedral angles of grain boundary grooves of thermally annealed BSCF and LN measured by
AFM.

Temp. Material Dihedral Ref.
(K) angle °('¥)

1223 LN 151+5  This work
1323 149 + 8

1173 BSCF 157+£6  Thiswork
1213 156 £ 4

1253 159+ 3

1643 Al03 147 28
1723 129

1803 124

1873 118

1873 AlxO3 115 30
1873 MgO doped Al>O3 117

1673 MgO doped Al,O3 130 81
1473 Al,03 +Sn (metal) 146 32
1623 Al>03+Sn (metal) 145

1783 Al;03+Co (metal) 159

1923 Al>03+Co (metal) 158

1673 MgO 105 3
1873 Al2O3 106

1473 CeO; 161 84
1543 160

1603 156

1663 154

Table 4
The activation energies for surface diffusion measured from grain boundary grooves for
various materials.

11

Material Technique Temp. (K) Ea Ref.
(kJ/mol)

CaTiOs (P) GBV, SA 1473 -1773 330+30 *

Al;03(P), 99.7 % GBV, 0.1 1273-1736 256 43

Al>03(P), 99.7 % GBV, 0.1 1373-1993 314 %0

Al;03(P), 99.7 % GBV, AFM 1643 -1873 577 28

High purity Al203(S) GBV, O.1 1673 -1973 544 31

High purity Al203(S)  GBV, O.1 1773 -2273 452 23

MgO 1443 -1770 370 3

UO2, Dry H: 1573-1973 380 3

UO2, Ar 1473 -1873 320 35

Uo; 1823 -2193 505 3

Al>O3(B) S.T,GBV,0.] 1813-2013 460 44

BSCF GBV, AFM 1173-1293 450+ 30 This work

LN GBV, AFM 1173-1373  220+30 This work
Table 5



The activation energy for creep for various oxide materials, together with the activation
energy for surface diffusion from this work.

Material Grain Temp. Ea Ref.
size (um) (K) (kJ/mol)

BSCF 1173 -1293 450 + 30 This work
LN 1173 - 1373 220 £ 30 This work
BSCF >1123,heating 530 45

BSCF >1123,cooling 340+40 ®

BSCF 1078 - 1208 > 250 46

Al2O3 15 1750 - 2000 431+50 ¥

21 1750 - 2000 456 *+ 25
45 1750 - 2000 472 +£13

CaTiO3 8.2 1440 - 1490 731 48
27.3 1470 - 1515 803

MgO 1350 - 1590 72 49

Al203 1623 - 1798 540+20 %

Uuo. 372+5 >

12



Figure captions

38.2nm

« § -S9.3nm

Figure 1
The surface profile of thermally annealed sample and the cross — section of the grain
boundary, indicating how the width of the grain boundary groove is determined.

30 pm

Figure 2

SEM (SE) images of polished surfaces of (a) BSCF annealed at 940 °C for 1 h and (b)
La>NiO4 annealed at 1100 °C for 5 h.
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(b)

(d)"

Figure 3
Three-dimensional AFM surface profiles of BSCF thermally annealed at 980 °C for 1 h (a)

and 5 h (b), and LN thermally annealed at 1000 °C for 1 h (c) and 12 h (d).
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Figure 4

The grain boundary groove profiles of BSCF at 900 °C (a) and LN at 1050 °C (b) as a
function of time. c) The grain boundary groove profiles of BSCF after 5 h at different

temperatures.
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Figure 5
Grain boundary width w, as a function of time, t/* for LN (a) and BSCF (b).
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Figure 6
In (w) as a function of In (t) for and La2NiO4 (a) BSCF (b), thermally etched at various

temperatures.
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Figure 7
The logarithm of Ds as a function of 1/T for BSCF, and LN at various thermal annealing

temperatures and time
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Figure 8

The logarithm of Ds as a function of inverse temperature for BSCF, and LN at various
thermal annealing temperatures, together with surface diffusion data reported for various
oxides.*28:35:36
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Figure 9
Diffusion data on logarithmic scale as a function of 1/T for LN (a) and BSCF (b) at various

thermal annealing temperatures, together with reported oxygen and cation bulk diffusion
data.>"4

17



