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The fluorescence spectroscopy technique was used to measure the residual stress
between the cathode and electrolyte of an anode supported planar single-chamber

Cell. solid oxide fuel cell. The cell was made of (NiO-CGO): (CGO): (LSCF-CGO), as
anode:electrolyte:cathode and the test was carried out after sintering at room
temperature. The measured stress between these layers arises from the sintering stress
caused by differential shrinkage from layers during sintering and the thermal
expansion co-efficient mismatch between the layers during cooling. Therefore, the
residual stress in the cathode and electrolyte layer of the cell due to co-efficient of
thermal expansion mismatch during cooling was calculated analytically so as to find
sintering stress. According to findings a maximum compressive residual stress of -
1084 MPa occurred at the place contiguous to electrolyte layer. The estimated
residual stresses in the cell’s cathode and electrolyte layer owing to CTE mismatch
for the duration of cooling was calculated as -324 MPa and 15.96 MPa, respectfully.
Furthermore, total mean residual compressive stress between cathode and electrolyte
was obtained from fluorescence spectroscopy as -703.795. Thus, the main
contribution of this residual stress is the stress growth during sintering (-395.755
MPa) due to different shrinkage behavior of adjacent layers.

1. Introduction

The composites of multi-layered ceramic may
undergo substantial magnitude of residual stress
during cooling from sintering temperature. Residual
stress particularly occurs when they are comprised of
considerably thick layers made of different
laminations or materials. In addition, different co-
efficient of thermal expansion (CTE) between layers
and elastic constants among neighboring layers and
between the component phases are the main cause of
the residual stress [1], [2]. Furthermore, the
resistance of a cell to residual stress-induced cracking
or deformation is significantly affected by the layered
structure’s geometry on layer thickness. The general
stress area may be quite complex and thus difficult to
predict by theoretical calculations. In order to avoid
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cracking and delamination, a precise control of both
distribution and magnitude of residual stress is
needed. To assess the residual stress in the
components of multi-layered ceramic, a development
of reliable experimental method is substantially
desired. X-ray diffraction, neutron diffraction and
piezo-spectroscopic analysis of photo-stimulated
fluorescence are some techniques existed to evaluate
the residual stress in ceramic materials [1], [3].

In the present study, residual stress between
electrolyte and cathode of an anode supported planar
single chamber solid oxide fuel cell (SC-SOFC) was
measured by the fluorescence spectroscopy
technique. This technique can be applied to the
materials which must have the luminescent ability.
Luminescent material contains Al,O3:Cr¥*, BaSOs,
end so on.; for more information about luminescence
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materials can be found in references [4], [5]. In
addition, in order to stimulate luminescence, an
energy source is required. There are an extensive
range of energy sources that can be used, as, UV
emission of a gas discharge, cathode rays, X rays,
etc., and their variation offers an appropriate
classification for luminescence phenomena [4], [5].
It is common knowledge that vast majority of
ceramics are optically transparent, aside from pore
scattering and grain boundary, because of their large
band gabs. Nevertheless, when the existence of trace
impurities in polycrystalline ceramics, mostly
transition-metal ions and rare-earth ions, are suitably
excited, they can generate intense fluorescence.
These specific lines usually originate from electronic
transition of dopant ions and, moreover, they are
excessively sensitive to the local ionic surroundings
in the host crystal. Therefore, distortion which alters
the interionic distances can bring about change in the
characteristic lines. Furthermore, the present
degeneracy of the energy states is eliminated by that
distortion which reduces the crystal’s symmetry, and
consequently leads to splitting and shifting of the
lines in the spectra. The link amongst the change in
energy of the electronic state and strain (equally
stress) is defined as the piezo spectroscopic effect [6],

[7].

Al,O3:Cr3* polycrystalline ceramics powders
are chosen to be utilized between the electrolyte
(CGO) and cathode (LSCF-CGO) of the cell because
they both do not possess luminescent ability. Al,O3
corundum are preferably selected by reason of the
fact that (1) its sintering temperature is above 1400°C
as per CGO [8]; (2) it has decent chemical and
thermal stability, and moderately good strength [9];
(3) it can increase the electrolyte (CGO) ionic
conductivity [10], [11]; (4) ) it is inactive toward
electrolyte material at 1200° [11], [12]. However,
utilizing alumina powder between these layers to
measure the stress may have adverse or beneficial
effect on the cell sinterability in addition to cathode
electrical and catalytic properties. These effects are
not examined and ignored in this study.

The residual stress for alumina-based
ceramics can be investigated by Chromium ions
(Cr®) fluorescence spectroscopy method. This
technique utilizes the shift in fluorescence bands.
These bands are related to Cr which is persistent
impurities in Al,Os (alumina) [6], [7], [13], [14]. The
oxygen ions’ octahedral arrangement surrounding the
chromium ions in alumina results in a crystal field
and this brings about two closely-separated R1 and
R2 bands that fluoresce at a wavelength of nearly 694
nm [14], [15]. Different composition of chromium,
temperature change and stress application all distort
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octahedral and associated crystal field and leads to
alterations in the energies of the R1 and R2
fluorescence peaks. This technique basically
explained by Huang et al. as a laser being focused on
the surface of the sample by using an optical
microprobe. The laser interacts with chromium ions
in alumina and results in luminescence. Once the
materials subject to a stress the luminescence
frequency peaks in the spectrum varies accordingly.
This fact aids one to acquire the measurement of the
mean stress distribution in materials [13]. When the
materials undergo tensile stress, fluorescence spectra
changes towards higher wavenumber, and vice versa
when they undergo compressive stress [16].
Following base equation (Equation 1) gives the
connection between stress, o, and energy change, Av,
(in wavenumbers, cm™?), in the Al,O3 corundum form
[31, [6], [7], [14], [15], [17], [18]:

)

Where the corundum crystallographic axes
(a, m, c) are represented with the tensor axes (1, 2,
and 3). The uppercase of Pi (I1) defines the piezo-
spectroscopy coefficient. In addition, the threefold
rotational symmetry around the corundum c axis
should essentially give rise to the m and an axes to be
equivalence. For that reason, it is assumed here that
conventional notation of ITyy, Iz, ITs3 can be utilized
as ITy1 = Iy = I, and Ils3 = I, Furthermore, these
two piezo-spectroscopy coefficients (IT, and Iy) are
not the same for the fluorescence lines of R1 and R2.
Consequently, under the hydrostatic conditions,
(c11=02 =033=0), the above base equation
(Equation 1) can be rearranged as follows [14], [15]:

()

Though the II. and Ily for R1 and R2
fluorescence lines, respectively, are different [6],
[14], [19], the pressure sensitivity of them ( 2IT, +
I, ) is approximately the same [20]-[22]. To
calculate residual stress between the cathode and
electrolyte of the cell, R1 line shifts will here be of
interest. The piezo-spectroscopic coefficient for R1
line can be calculated from the definition given in
the following parenthesis ( 2/3 of ( 2I1, + Iy, )) for
polycrystalline A2Os and as a result, it can be found
as (7.59 x 2) / 3=5.06 cm™ GPa [3], [6].

Furthermore, residual stress in the sintered
cell is caused by (1) stress growth during sintering
owing to different shrinkage rate of layers and (2)
thermal expansion misfit of layers while cooling
from 1200°C to 20°C. When the sintered cell’s
residual stress at 20°C (assumed to be room

Av=II; 011+ 105, 11133033

Av= (2Ha+Hb) ()
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temperature) because of different thermal expansion
mismatch during cooling is calculated, afterwards the
residual stress developed during sintering can be
predicted from residual stress measurement at room
temperature applying fluorescence spectroscopy
technique. Equation 3 can be easily utilized so as to
obtain residual stress contribution due to CTE misfit
for two different layers. However, the sintered cell
consists of three different layers, cathode, electrolyte
and anode. Nevertheless, the equation 3 can still be
utilized for the cell in this study if one accept
electrolyte and anode as one sheet because the anode
and electrolyte possess close shrinkage properties
[23] and CTE (see Table 1). Besides, the anode itself
is composed of 40% of electrolyte (CGO) material
before sintering and the electrolyte thickness is
relatively small comparing to anode for the anode
supported planar SC-SOFC. Therefore, the
anode/electrolyte layers can be presumed to be one
composite layer containing NiO-CGO materials with
certain porosity.

_ (0y- AT (o -ap)AT

01= AL+ & and 0= AL+ u [24] (3)
E1 tEp Ey yE;
B= = [24] ()
E
v=oo-l [25] (5)

Where E is the young's modulus, v the
Poisson ratio, ¢ the residual stress in layers, a the
coefficient of thermal expansion, G the shear
modulus, AT the change in temperature, and t the
layer thickness. Subscripts 1 represents the cathode
layer and subscript 2 represents the single composite
new layer.

In the present study, the total residual stress
after sintering between electrolyte and cathode of an
anode supported planar single chamber solid oxide
fuel cell (SC-SOFC) caused by sintering stress due to
differential shrinkage from layers during sintering

and thermal expansion co-efficient mismatch
between layers during cooling was measured
utilizing fluorescence spectroscopy at room

temperature (20°C). In addition, equation 2, 4 and 5
were used to calculate analytically the residual stress
in cathode layer of the cell owing to CTE misfit
during cooling at 20°C. By subtracting the calculated
residual stress from total residual stress, the sintering
residual stress contribution was estimated.
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2. Experimental
2.1. Row Materials

The cell was comprised of (NiO-CGO): (CGO):
(LSCF-CGO), as anode:electrolyte:cathode materials
(A:E:C). Green layers were made via tape-casting
process and composed of 60 wt% NiO—40 wt%
Ce0.8Gdo202-5as anode (NiO-CGO), CepsGdo202-5as
electrolyte (CGO) and 50 wt% Lag 6Sro.4C0o.2F€0sO0s-
5—50 wt%CGO (20% Gd) as cathode (LSCF-CGO).
These layers were purchased from Maryland tape-
casting Ltd, USA [26]. In order to obtain the designed
thicknesses of the electrolyte and electrodes for the
anode-supported planar SC-SOFC, these green layers
were stacked and subsequently hot-pressed. Details
of the chemicals made the green tapes are given by
the supplier, and can be found in reference [23]. In
addition, the particle size of the cathode green band
was chosen to be 1 um, as opposed to 0.3 um for the
electrolyte and anode green tapes, so as to retard the
sintering of the cathode.

2.2. Cell Preparation

Individual layers of green tape, around a thickness of
20 um per layer, were stacked sequentially on top
each other in accordance with the required thickness
of cathode, electrolyte and anode. Alumina fine
particles (CTM-DAR. 99.99% purity and possession
a mean particle size of 200 nm) were sprinkled
carefully for a reasonably homogeneous distribution
between electrolyte and cathode during stacking step
as presented in Figure 1 so as to make a cell for
fluorescence spectroscopy measurement. Thereafter,
these stacked layers were hot-pressed at 60 °C and 2
MPa with a dwelling time of 5 minutes using Carvel
Heated Bench Top Hot Press (model: 3853CE-8,
USA) with the purpose of allowing individual layers
combined together to form a complete cell. The hot
pressed cell then sintered at a temperature of 1200 °C
for 1 hour. A heating and cooling rate profile during
sintering were determined as following: 1°C min™
heating rate from 20 °C to 500 °C, a heating rate of 2
°C min from 500 °C to 900 °C, 1 °C min! heating
rate from 900 °C to 1200 °C; and 3 °C min* cooling
rate from 1200 °C to 20 °C. As a result, an anode
supported SC-SOFC was obtained and possesses the
width (W) and length (L) of 40 mm x 40 mm (W x
L). Moreover, the anode, electrolyte and cathode of
the cell has a thickness of 800:20:40 um,
respectively.
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Figure 1. Distribution of sprinkled alumina powder on the
surface of stacked cathode layers before stacking electrolyte
layers.

2.3. Porosity Measurement

The technique applied to assess the mean porosity of
the cathode, electrolyte and anode of the cell can be
explained as follows: Back scatter SEM images of
cross-sectional areas of the cell layers (anode,
cathode and electrolyte), having a Mag 2.00 KX, 10
pum scale and 8.5 mm WD, were taken separately.
Thereafter, the obtained SEM images were sent to the
ImageJ program and were set to 8-bit image quality
in order for threshold analysis. Each images’
threshold was adjusted carefully. The percentage of
the black regions on the SEM images, corresponding
to the percentage of the porous region, were read on
the ImageJ program and noted (Table 2).

2.4. The Estimation of the New Values of
Young's Modulus, CTE, and Poisson Ratio

The cell which has the three-layered structure (the
cathode, electrolyte and anode) were assumed to be a
two-layered structure so as to utilize equation 3. It
was supposed that and electrolyte (CGO) and anode
(NiO-CGO) as one composite layer because the
composite anode comprises of 60% of NiO and 40%
of electrolyte (CGO) material before sintering.
Furthermore, their shrinkage and CTE properties are
close to each other (see Table 1). In addition, the
electrolyte thickness is relatively thin compared to
the anode for the anode supported planar SC-SOFC.
Thereby, anode/electrolyte layers can be assumed to
be one layer containing NiO-CGO materials with
certain porosity and are defined as a single composite
layer. Moreover, the cathode also consists of
different composition, 50%LSCF-50%CGO, before
sintering, however, the co-efficient of thermal
expansion and the shrinkage rate [23] of the CGO
electrolyte and cathode are quite different (see Table
1). Therefore, the sintered anode supported planar
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SC-SOFC can be assumed to has two layers which
are designated as a composite cathode layer and a
single composite new layer. Additionally, the cell’s
cathode layer possesses certain porosities after
sintering. Thus, the pore percentage and each
material composition should be taken into
consideration to obtain true value of Poisson ratio,
Young's modulus and thermal expansion coefficient
of these materials. The inclusion principle can be
easily used in order for finding these values.

Table 1. Estimated properties of some materials from
literature with around 99% relative density.

Material properties

CTE (K E (GPa) v
NiO 13.3x10® 220 0.31 (calculated

[27] [28] from equation 5)
CGO 12.96 x 106 200 0.33

[24] [24] [24]
LSCF 16.12 x 106 157 (152 at 0.3

[29] 95.4 density) [30]

[30]

Estimated properties of some materials (NiO,
CGO and LSCF) with around 99% relative densities
used in this study are summarized in Table 1. This
information was obtained from literature. The single
composite new layer, however, contains CGO, NiO
and certain porosities. The sum of the CGO volume
in the composite anode and electrolyte gives the CGO
volume in the single composite new layer. Likewise,
the pores of the electrolyte and composite anode were
summed to calculate the single composite new
layer’s porosity. Considering the NiO, CGO and total
porosity of the single composite new layer (see Table
2), the new values of CTE, Poisson ratio, and
Young's modulus of this layer were calculated using
the information provided in Table 1 and Table 2 by
easily utilizing inclusion principles. Furthermore, the
composite cathode is composed of CGO, LSCF and
porosity. Therefore, its new properties were
calculated based on its composition in the same way
as single composite new layer (see Table 2) (each
layer’s mass ratio in the green tape was presumed to
be equal with the volume ratio). In addition, the
thickness of cathode and single composite new layer
after sintering were calculated according to
approximately 18% shrinkage of each layer from
SEM results.
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Table 2. New material properties calculated based on their composition and porosity ratio using simple inclusion

principle
LSCF CGO NiO Porosity CTE E E v t
(K% (Hm)
% % % (GPa) (GPa)
x 10
Cathode 3739 3739 0 25.22 10.87 133.48 1746 0.235 328
Single composite new layer 0 29 41 30 9.21 148.2  190.7 0.223 672.4

2.5. Fluorescence Spectroscopy for
Determination of Residual Stress

Residual stress of Al,Oz inclusions between
electrolyte and cathode of the cell was measured
using Fluorescence spectroscopy. Figure 2 displays
an illustrative alumina inclusion sitting in between
electrolyte and cathode layers of planar SC-SOFC.
Furthermore, mapping on alumina for the
measurement points of the fluorescence spectra and
its initial point are also shown in the same figure. A
step size of 1 um for a 40 x 9 points on x and y
direction, respectively, (mapping of 39 um x 8 um)
was determined to take measurements. In order to
obtain non-distorted and reasonable fluorescence
spectra from the points on alumina particles, a
representative 9 points on y direction for each 24
points along x direction, out of 40 x 9 points, were
chosen for the measurement of the stress, as
displayed in Figure 2. Measurements of the
fluorescence spectrum were taken on the locations
where proper alumina was found for simplicity.

A true confocal Raman microscope (The
LabRAM HR High Resolution Raman/PL
Microscope system, Horiba, Japan) was utilized to
obtain fluorescence spectra from alumina located
between electrolyte and cathode layer of the sintered
anode supported planar SC-SOFC. Fluorescence
spectra were also taken from unstressed alumina
which are positioned on the top of the glass plate
during measurement for reference spectrum. Each
fluorescence spectra were taken over 14268 cm™—
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14539 cm?* spectrum with a 633 nm red line of a 17
mW He-Ne laser. In addition, a 50X objective lens in
cooperation with a confocal setup which comprised
two 50 um pinhole apertures at 90° to one another
providing an approximate 1 um beam diameter on the
specimen surface were used to take measurements.
Furthermore, the grating of the scanning
spectrometry was set to 1800 cm™.

An interest area for each measurement was
selected by using the optical microscope
concentrated on the top surface plane of the cell
cross-section area where alumina situated and on the
top of the unstressed reference alumina powders
located on the top of the glass plate by changing of
the sample stage height. All experiments (together
with calibration) were done in a controlled
atmosphere at 22 + 2°C. A step size of 1 um fora 10
pm X 1 pm for unstressed alumina powders
positioned on the glass sheet and a 39 um X 8 pum
mapping for alumina between layers were set to take
measurements. In addition, acquiring time was
adjusted to 10 seconds for each point. Thereafter,
curve-fitting algorithms included in the Origin 2015
software were used to analyze the obtained data. The
mean reference spectrum was calculated by
averaging the 10 measured strain-free alumina
powder spectrum. Moreover, in order to obtain
energy change (Av), the mean R1 fluorescence peak
of unstressed alumina was subtracted from R1
fluorescence peak of stressed alumina located
between electrolyte and cathode of the cell. Finally,
dividing energy change by 5.06 cm™ GPa as defined
above paragraphs, the total stress at each point was
obtained.
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Figure 2. A representative illustration of an alumina particle sitting in
between cathode and electrolyte layers of a SC-SOFC and mapping
positions on alumina for fluorescence spectrum measurement.

3. Results and Discussion

One of the fluorescence spectra obtained from the
cell and the one from reference alumina are shown in
Figure 3. The shift (4v) of peaks, R1 and R2, can be
clearly seen on the figure. According to Figure 3 the
shift is in the direction of lower wavenumber (from
14404 cm? to 14398.9 cm); demonstrating a
compressive stress. All measurements taken from the
cell have shift towards lower wavenumber according
to acquired results. This shows that all particles of
alumina are under compressive stress therein the
placed position in the cell after sintering.

The map of the residual stress in a particle
positioned between electrolyte and cathode of the
anode supported planar SC-SOFC at room
temperature are shown in Figure 4. The measured
residual stress between the cathode and single
composite new layer after sintering originates from
different shrinkage behavior of layers during
sintering and CTE mismatch of these layers during
cooling. Alumina powder existing between layers of
the cell may affect the cell sinterability compared to
the similar cell sintered without alumina powder.
Thus, the residual stress in the actual cell sintered
without alumina powders may not be the same with
that of the cell sintered with alumina powder.
Nevertheless, this effect was neglected as a first
approach for the good of quantifying the residual
stress in the cell by using fluorescence spectroscopy.
Although the actual cell might have different residual
stress in comparison to the similar cell that alumina
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powders were located between layers, using
fluorescence spectrum for the cell residual stress
measurement can aid one to assess the stress
distribution in the cell and therefore gain better
knowledge of entire sintering process.

In accordance with Figure 4, a maximum
compressive residual stress of -1084 MPa occurred at
the place near electrolyte layer. The electrolyte
higher densification by comparison cathode
(according to the SEM images of past puplication,
cathode possess higher porosity than electrolyte)
could be the explanation for the residual stress
location of the cell, which were detected in the
previous study [23]. The higher densification of
electrolye maight cause more pressure on alumina
section in the electrolyte during sintering. In
addition, the main observed point for the cell is the
absence of symmetrical residual stress distribution
along the x direction from the alumina particles,
having an area of relatively higher stress near the x =
0-10 region. This might be explained as the location
of the measured alumina particles has not the same
equidistant to the edges of the cell. Thus, bending
effect owing to the different shrinkage of layers has
asymmetrical impacts to the alumina powders. For
example, if the powder of the measured alumina is
closer to one of the cell edge, the effect of
compressive stress will be greater at the alumina edge
which is facing the edge of cell far away from it.
Furthermore, for each point in the x-direction, the
average residual stress throughout the y-direction
was also calculated (see Table 3).
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Figure 3. Representative fluorescence spectrum from a cell with a thickness ratio: 40:1:2, A:E:C
and the shift (Av) from reference spectrum after sintering.

X (pm)
5 10 15 20 Stress (MPa)
0 -410.0
1 4943
2 578.5
i3 -662.8
é 4 -747.0
- 5 -831.3
6 915.5
7 999.8
8 -1084
Figure 4. Residual stress results of cell from Fluorescence spectroscopy.
Table 3. Mean stress measurement along y direction on alumina sintered with SC-SOFC
Mean stress measurement along y direction on alumina sintered with SC-SOFC (MPa)
X direction 0 1 2 3 4 5 6 7
Cell -651.182 -703.883 -675.337 -739.017 -675.337 -72145  -72145  -686.316
X direction continue 8 9 10 11 12 13 14 15
Cell -633.615 -640.203 -769.759 -686.316 -796.11  -752.192 -695.1 -706.079
X direction continue 16 17 18 19 20 21 22 23
Cell -701.687 -708275 -732.429 -736.821 -714.863 -712.667 -739.017 -655.574
X direction continue 24
Cell -640.203
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The total average residual stress on the
alumina particles located between the cell’s
electrolyte and cathode was measured to be -703.795
MPa at room temperature utilizing fluorescence
spectroscopy. The overall average residual stress
includes sintering stress during sintering and co-
efficient of thermal expansion mismatch stress during
cooling. The estimated residual stresses in the cell’s
cathode layer because of CTE mismatch during
cooling was calculated as -324 MPa. Likewise, the
estimated residual stresses in the single composite
new layer was found to be 15.96 MPa from
calculation. These results show that the dominant
factor of the total mean residual stress is the stress
developed during sintering (-395.755 MPa) owing to
different shrinkage behavior of layers as the stress
due to CTE misfit is low compared to residual stress
arisen during sintering.

4. Conclusions

The fluorescence spectroscopy technique was
applied to measure the total residual stress between
electrolyte and cathode of a cell after sintering at
room temperature. The residual stress in the cathode
and electrolyte layer of the cell because of CTE misfit
during cooling was also obtained from the analytical
equations. According to results a high total residual
stress of -703.795 MPa measured between the
electrolyte and cathode of the cell after sintering. The
stress developed during sintering (sintering stress=-
395.755 MPa) due to different shrinkage behavior of
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