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Abstract. The purpose. Determination of radii ranges for cylindrical and convex (semi-
spheroidal) parts of the solid oxide fuel cell (SOFC) semi-spheroidal shape anode based on stress
and strain parameters calculated; comparison of 3D graphs of stress/strain distribution in anodes of
proposed and spheroidal shapes; substantiation of the semi-spheroidal anode potential to withstand
deformation and stress gradient under operational conditions.

The research method. The object of research is a solid oxide fuel cell anode of a semi-
spheroidal shape loaded with a fixing pressure along the closed-loop fixing and with an external gas
pressure applied to the anode working surface. Stress and strain distributions in the anode were
calculated by finite element analysis using software for calculating three-dimensional tasks
Mechanical Desktop 6 Power Pack. Three-dimensional (3D) dependences of stress/strain
distribution in anodes of proposed and spheroidal shapes at a variety of R/ R, ratios were plotted.
Based on these curves, 3D surfaces of stress distribution along the axis and closed-loop fixing of
semi-spheroidal shape anodes were constructed.

Results. Three-dimensional curves of the graphic intersections of the surfaces of stress
distribution along the axis and closed-loop fixing of semi-spheroidal shape anodes, with their
projections on three coordinate planes, were plotted. The curves display the values of balanced
stresses depending on geometric parameters. Domains of these curves were also defined.

The scientific novelty. The proposed method of building 3D surfaces of stress/strain
distribution in anodes depending on their geometric parameters shows for the first time that there
exists an area of geometric parameters that allows the appropriate stress level to be reached ensuing
safe long-term operation of the semi-spheroidal shape anode. The domain of this area was
graphically defined. Based on the plotted isolines showing levels of strain in anodes with the
0.5 mm, 1 mm, and 1.5 mm thick cylindrical parts and a variety of spheroid to cylinder radii ratios,
an advantage of a semi-spheroidal shape anode over spheroidal one was substantiated.

The practical value. The obtained calculation results and their 3D graphical interpretation can
be used in the study of the stress state and, respectively, to evaluate the strength and stiffness of the
anode supported SOFCs of various shapes.

Keywords: solid oxide fuel cell, semi-spheroidal and spheroidal shape anodes, finite element
analysis, stress and strain distributions, 3D graph, lifetime.
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Introduction

The advantages of a solid oxide fuel cell (SOFC) such as high efficiency, fuel flexibility, long-term
stability, and relatively low cost show the prospect of using this renewable energy source. During
operation, it produces electricity directly due to oxidation of a fuel.

The anode supported SOFC is one of the up-to-date design solutions. It consists of the relatively thin
electrolyte and cathode layers formed on the surface of a thick anode substrate. As materials of anode
substrate, YSZ-Ni and ScCeSZ-Ni cermets are widely used [1]-[5]. Preparation of these substrates
involves up-to-date powder metallurgy methods of sintering porous ScCeSZ-NiO or YSZ-NiO (zirconia
stabilized with scandia and ceria (or with yttria), i.e. ScCeSZ or YSZ, and NiO) ceramic parts of required
geometry and sizes, followed by their reduction in a hydrogen-containing gas atmosphere at high
temperature (a few hundred degrees Celsius). As a result of NiO reduction to metallic nickel, a conductive
nickel network is formed in a porous ceramic matrix.

Problem Statement

Since an elementary (single) SOFC is considered as a layered composite consisting of an anode, an
electrolyte, and a cathode [1], [6]-[9], there exists a need to optimize the structure of these components, in
particular, because of the susceptibility of Ni-containing anode substrates to operating hydrogen-containing
gas atmospheres [10]-[13]. The task is to improve the lifetime of a SOFC and to lower the cost of
electricity that it produces. For this reason, researchers develop single SOFCs of various shapes aiming at
lowering stresses and strains that arise in a fuel cell during operation.

Review of Modern Information Sources on the Subject of the Paper

It is known that an anode of tubular shape is widely used in the SOFC industry [14]. The main
advantage of such an anode is that its operating surface area is of maximum possible value from the
geometrical and structural points of view [15]. However, the stresses occurring at sealing the environment
supply system make some limitations in the length of a tubular SOFC. The size of the SOFC is additionally
limited by the pressure of an operating environment.

There exist other design solutions of a SOFC anode, for example, of truncated cone shape [16]. It is
characterized by a high value of the ratio of surface area to volume of the anode which corresponds to a
large operating surface area. However, this area is a quarter smaller than that of the anode of tubular shape.
The battery of cone-shaped SOFCs is assembled by imposing a wider part of each next cell on a narrower
part of a previous cell. However, one of the main disadvantages of such SOFCs is that substantial tensile
stress arises in a wider part of each cell during the operation. As a result, its lifetime is reduced due to
microcracks initiated at the edge.

Recently, a relatively cheap technology of tape casting of anode plates has been developed which
allowed the uniform anode microstructure to be formed. Using this technology, a plane anode of
rectangular shape [17], [18], and a round-shaped (cylindrical) anode [19], [20] with flat working surfaces
are being manufactured. Thin electrolyte and cathode layers are also formed on the anode substrate using
this technology. The thickness of a flat anode is limited because of the requirement for its penetration
ability. Since that, the stresses arise when assembling elementary fuel cells in a stack that cause limitations
in an operating surface area of such a flat SOFC. Besides, these stresses are not distributed uniformly in a
plane anode of rectangular shape [21] whereas a round shape of the cylindrical anode provides the uniform
distribution of the axially symmetric stresses arising when assembling elementary fuel cells in a stack.
However, the cylindrical anode does not provide the required deformation resistance and, consequently,
the required lifetime of a SOFC because of limitations in thickness.

A spheroidal shape of a SOFC anode has been proposed recently [22]. The anode of such a shape
provides improved resistance to deformation. We substantiated such a spheroidal shape anode from the
point of view of its ability to withstand deformation and stress gradient under operational conditions,
especially, the stresses arising along the anode axis [23].

The abovementioned features of the SOFC anode design affect the cost of electricity that a fuel cell
produces and its performance per unit volume of the anode.
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Taking into account the requirement on the penetration ability of an anode substrate and,
accordingly, its thickness, a semi-spheroidal shape of a SOFC anode can be proposed. It provides
improved resistance to deformation as compared to the anode of a cylindrical shape.

Objectives and Problems of Research

The purpose of this work is to determine radii ranges for cylindrical and convex (semi-spheroidal)
parts of the SOFC semi-spheroidal shape anode based on stress and strain parameters calculated, compare
3D graphs of stress/strain distribution in anodes of proposed and spheroidal shapes, and substantiate the
semi-spheroidal anode potential to withstand deformation and stress gradient under operational conditions.

Experimental and Calculation Methods

A solid oxide fuel cell anode can be composed of a mixture of YSZ powders (cubic structured
zirconia ZrO, stabilized with 8 mol% Y,03) with the addition of 20-50 wt% NiO, since it is the most
commonly used powder material for such purpose. The mixture is compressed under a pressure of
16-20 MPa at a temperature of 20 °C in a cylindrical mold having the concave bottom of the spheroidal
shape by a punch having a flat contacting surface. As a result, a cylinder shape pressed body with a flat top
surface and a convex bottom one is formed (called a semi-spheroidal shape anode). During 1-4 h of
exposure at 800-1250 °C preliminary annealing of the body is carried out which is followed by shrinkage
and pore formation, and integrated material structure is formed. Finally, the body is sintered at 1350-
1450 °C in air or inert gas during 2-5 h.

Stress and strain distributions in an anode of the proposed semi-spheroidal shape (Fig. 1) were
calculated by finite element analysis (FEA) using software for calculating three-dimensional tasks
Mechanical Desktop 6 Power Pack. Initial conditions were chosen similarly to previously substantiated for
a spheroidal shape anode [23] as follows.

Material of ZrO,—Y,03—Ni system; average value of ultimate fracture stress o; = 110 MPa; Young’s
modulus E = 1.5-10° MPa; Poisson’s coefficient v = 0.3; fixing pressure f =1 MPa along the closed-loop
fixing of inner radius R, = 10.5 mm; external gas pressure p = 1 MPa on the anode working surface; radius
of the cylindrical part of anodes R, = 12 mm; spheroid (spherical cap) radii, R, were 36, 60, 180, 240, and
600 mm, respectively.

RIE

R

4

Fig. 1. Diagrams of application of fixing pressure, f,
along the closed-loop fixing of inner radius, Ry,
external gas pressure, p, on the anode working area,
reaction force, F, along the closed-loop fixing,
stress distribution along the axis ¢' and the closed-loop
fixing ¢" in the anode of a cylinder radius, R, with
a flat bottom working surface and a convex top surface
of a semi-spheroid radius, R. Stress distribution isolines
obtained using FEA calculation are presented
in the anode cross-section in colors
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To determine stress and strain features of an anode of the semi-spheroidal shape and compare to
those of the spheroidal shape anode [23], the following parameters were calculated:
— volume V. of an anode of the cylindrical shape:

Vc:pchth, Q)
where h is a height of a cylinder;
— volume V; of a convex part (spherical cap) of an anode of semi-spheroidal shape:

VszépXH2(3R—H), (2)

where H is a hight of a convex part (spherical cap) of the anode;
—volume V of an anode of semi-spheroidal shape:

V:pXRth+%pXH2(3R—H); (3)
—volume V' of an anode of spheroidal shape:
V¢:pXRth+§pXH2(3R—H); (4)

—ratio S/ S, of the semi-spheroidal shape anode surface area to the surface area of an anode of the

cylindrical shape:
S _RxH+05xRZ+R *H |
' 2 ’ )
S, RZ+R. tH
— ratio S'/ S, of the spheroidal shape anode surface area to the surface area of an anode of the

cylindrical shape:

St _2xRxH +R *H
S, RI+RH ©)
—ratio V/ V, (V' / V,) of the semi-spheroidal (or spheroidal) shape anode volume to the volume of an
anode of the cylindrical shape;
—ratio V/ V¢ (V' / V) of the semi-spheroidal (or spheroidal) shape anode volume to the volume of
an anode of the cylindrical shape, where V; = 452 mm? is the calculated volume of the cylindrical anode of

radius R, = 12 mm and of height 1 mm fabricated for industrial applications [20].

Results and Discussion

Based on the calculated stress-strain and geometric parameters we obtained a graph of calculated
values of S/ S, ratio for the semi-spheroidal shape anodes (series A) at a variety of R/ R, ratios (Fig. 2,
curve 1). It can be seen that this ratio changes from 1 to 1.004 while decreasing R / R, ratio from 20 to 5.
Further decrease in R / R, ratio from 5 to 3 is followed by a noticeable increment of anode surface area and,
respectively, the change in S/S; ratio (up to 1.013) although the increase in S/S; ratio is not as
considerable as in S'/ S ratio calculated for the spheroidal shape anodes (series B) where it reaches a value
of 1.026 (Fig. 2, curve 2). However, the semi-spheroidal shape anodes take advantage over the spheroidal
ones in terms of V/V, ratio of the corresponding anode volume to the volume of the in-production
cylindrical shape anode of a radius of 12 mm and 1 mm thickness. Its slight increase (from 1.15 to 1.61)
with decreasing R/ R, ratio from 20 to 5 (Fig. 2, curve 3) as compared to the more steep change for the
spheroidal shape anodes (V' / V. ratio from 1.30 to 2.21, curve 4) could serve as an important asset when
improving functional characteristics of an anode, in particular, its electrochemical performance. In the
same manner, we can compare anodes of both the shapes when R/ R, ratio ranges from 5 to 3. It can be
seen that the spheroidal shape anodes have a significant limitation since a steep increase in anode volume
occurs due to the excessive convexity (V' / V¢, from 2.21 to 2.77) already in the R/ R, range from 5 to 3.5
(hatched region 6 in Fig. 2), that does not provide the conditions for reactions to be passed in the fuel cell.
In contrast to this, the semi-spheroidal shape anodes do not have such a strong limitation since in the R/ R,
range from 5 to 3 (hatched region 5 in Fig. 2), a gentler slope of the corresponding V / V. dependence
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(Fig. 2, curve 4) occurs exhibiting the moderate convexity (V / V. is still about 2) at R/ R ratio of 3, that
allows the reactions to be passed.

The volumes V and V. and V/V, ratios were calculated as functions of parameters R and R,
(Re = 12 mm) and variable anode height (its increment step was 0.5 mm). For each partial case, the stress
distribution and maximum strain were calculated by finite element analysis. Then the stresses in the most
dangerous areas (i.e. along the axis o' and the closed-loop fixing ", see Fig.1) were determined.
A parameter o / o; of the stress distribution called the relative strength was calculated as the ordinary (o) to
fracture (oj) stresses ratio. Three-dimensional (3D) dependences of values of o/ o ratio on the calculated
values of V/V, ratio at a variety of R/R; ratios for the semi-spheroidal shape anodes (series A) were
plotted (Fig. 3). Based on these curves, 3D surfaces of stress distribution ¢/ of along the axis (Fig. 3,
surface 1) and closed-loop fixing (Fig. 3, surface 2) in semi-spheroidal shape anodes were constructed. As
a result of the graphic intersections of these surfaces, three-dimensional intersection curves (3 and 4) with
their projections on the coordinate planes [R/R¢; V/ V], [o/o0:; R/R.], and [c/ o;; VI V] (curves 3'and
4', 3" and 4", and 3™ and 4", respectively) were also plotted. The curves display the values of balanced
stresses depending on V / V. and R / R, parameters. Domains of these curves were also defined.

1.04 k 4 Tis
R P —

i
\j_i?\ i |
1.00 2 6 10 14 R/Rc1'0

Fig. 2. A graph of calculated values of the ratios S / S,
and S'/ S, for the semi-spheroidal and spheroidal shape
anodes (curves 1 and 2, respectively;
an ordinate axis is on the left) and the ratios V / V4
and V' / V of the corresponding anode volume
to the volume of the in-production cylindrical shape anode
of a radius of 12 mm and of 1 mm thickness
(curves 3 and 4, respectively; an ordinate axis
is on the right) depending on the spheroid to cylinder radii ratio,
R/ R.. The hatched regions 5 and 6 correspond
to the semi-spheroidal and spheroidal shape anodes, respectively

3D isolines showing stress distribution along the axis (curve 5 on surface 1) and closed-loop fixing
(curve 6 on surface 2) in anodes with a 1 mm thick cylindrical part at a variety of R/ R, (V / V) ratios were
plotted. It can be seen that these curves are intersected at R / R, ratio of about 5. Thus, for this geometry of
the anode, stress along the closed-loop fixing is lower than along the axis, at a low R /R, ratio, and
becomes higher than that, when this ratio is higher than 5.

Projections of the curves on the coordinate planes [V / V., R/R¢], [o/o;; R/ R, and [6/ o¢; V / V(] were
approximated by the corresponding lines (Fig. 3, curves 3'and 4', 3" and 4", and 3" and 4", respectively).

Curve 3'for the ranges 1.01 < (V/V,) <1.51and5< (R/R.) < 27 was described by an equation:

V IV, =1.9425x(R/R,)™*"" (7)
Curve 4' for the ranges 1.0 < (V/V,) < 1.4 and 3< (R/R.) < 27 was described by an equation:
V /V, =1.5094x(R/R,)™*™. (8)
Curve 3" for the ranges 0.16 < (o / o7) < 0.32 and 5 < (R / R;) < 50 was described by an equation:
olo, =0.0983x(R/R,)**®, (9)
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Curve 4" for the ranges 0.038 < (o / o) < 0.052 and 3 < (R / R.) < 50 was described by an equation:
olo, =0.0621x(R /R ), (10)

Curve 3™ for the ranges 0.16 <(oc/05)<0.32 and 1.01<(V/V) <151 was described by an
equation:

olo, =0.3015x(V /V_ )™, (11)
Curve 4™ for the ranges 0.038 < (6 / o) < 0.053 and 1.0 < (V / V;) < 1.4 was described by an equation:
olc, =0.0444x(V [V,)**%° (12)

Fig. 3. Surfaces of stress distribution ¢ / o; along the axis (surface 1)
and closed-loop fixing of semi-spheroidal shape anodes (surface 2),
as well as their three-dimensional intersection curves (3 and 4)
with their projections on the coordinate planes [R/R¢; V/ V], [6/o¢; R/R(],
and [o/o¢; V/V] (curves 3'and 4', 3" and 4", and 3" and 4", respectively).
Curves 5 and 6 (located on surfaces 1 and 2, respectively) show levels
of stresses in anodes with a 1 mm thick cylindrical part at a variety of R/ R, (V / V,) ratios

In the same manner, 3D dependences of values of maximum strain, ey, On the calculated values of
V/V, ratio at a variety of R/R; ratios for the semi-spheroidal shape anodes (series A) were plotted (Fig. 4).
Based on these curves, a 3D surface of maximum strain along the axis in semi-spheroidal shape anodes was
constructed (Fig. 4, surface 1). Also, a 3D surface of maximum strain in spheroidal shape anodes (series B) was
constructed for comparison (Fig. 4, surface 2). No intersection of these two surfaces was found. It means that
surface 1 is shifted graphically towards higher values of maximum strain at the same geometric parameters.

3D isolines showing strain levels in semi-spheroidal (series A) and spheroidal shape anodes
(series B) with the 0.5 mm (curves 3 and 4, respectively) and 1 mm thick cylindrical parts (curves 5 and 6,
respectively) and a variety of R/R. ratios, as well as multiple 3D isolines corresponding to other
thicknesses (an increment step is 0.5 mm) of semi-spheroidal shape anodes were plotted. The projections
of curves 5 and 6 on the coordinate planes [R/R¢; V/ V], [6/0:; RIR(], and [c/ o ; V/IV.] (Fig. 4,
curves 5' and 6', 5" and 6", and 5" and 6", respectively) were also plotted. On an example of anodes of
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both the shapes with a 1 mm thick cylindrical part, curves 5 and 6 and all their projections show in detail a
graphical shift of the constructed 3D surfaces relative to each other.

Based on 3D dependences of values of ¢ / o ratio for the semi-spheroidal shape anodes (series A) on
the calculated values of V / V. ratio at a variety of R/ R, ratios (Fig. 3) and the same dependences for the
spheroidal shape anodes (series B) [23], simplified 2D dependences of values of ¢ / o ratio on the V/ V,
ratio for anodes of these shapes for both the cases of stress distribution along the axis and closed-loop
fixing were plotted (Fig. 5, a). It is seen that at low R /R; ratio and, respectively, a higher V /V, ratio,
levels of o/ of ratio are quite low (of about 0.4-0.12 at R / R;=3) for both the anode shapes whereas with
increasing R / R, ratio, stresses increase more steeply in the semi-spheroidal shape anodes. Besides, almost
for all the calculated geometries, the stresses along the axis become lower than along the closed-loop
fixing, while increasing both V / V. and R / R; ratios.

Fig. 4. Surfaces of the maximum strain, €yay, along the axis
of semi-spheroidal shape anodes (surface 1) and spheroidal
shape anodes (surface 2) [23], as well as their three-dimensional
isolines showing levels of the strain in anodes with the 0.5 mm
(curves 3 and 4, respectively) and 1 mm thick cylindrical parts
(curves 5 and 6, respectively) at a variety of R/ R; (V / V) ratios,
with their projections on the coordinate planes [R/R¢; V / V],
[c/0;;RIR],and [o/os; V/V.] (curves 5 and 6', 5" and 6", and 5™ and 6", respectively)

Also, 2D dependences of values of ¢ / o ratio on the V / V. ratio (isolines) for anodes of series A and
B with the 0.5 mm, 1 mm, and 1.5 mm thick cylindrical parts at a variety of R / R. ratios for both the cases
of stress distribution along the axis (Aa and Ba series, Fig. 5, b) and closed-loop fixing (As and Bs series,
Fig. 5, b) were plotted. The graph (Fig. 5, b) shows that there exists an area of geometric parameters that
allows the appropriate stress level to be reached ensuing safe long-term operation of the semi-spheroidal
shape anode. The domain of this area was graphically defined: for V / V, ratio in the range from 1.2 to 2.2,
R/ R, ratio is in the range from 0.5 to 1.5, whereas ¢ / o; ratio is below 0.25.

In the same way, 2D dependences of the maximum strain, ena, along the axis of semi-spheroidal
shape anodes (series A) and spheroidal shape anodes (series B) [23] on the V/ V. ratio, at a variety of
R /R, ratios, were plotted (Fig. 6). Based on the constructed isolines showing levels of strain in anodes
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with the 0.5 mm, 1 mm, and 1.5 mm thick cylindrical parts at a variety of spheroid to cylinder radii ratios,
it can be concluded that a semi-spheroidal shape anode has an advantage over spheroidal one, since the last
is inferior to it in term of relative volume increase at the same level of maximum strain. This feature allows
ensuing the better electrochemical behavior of a SOFC.

If accidentally, a crack is initiated at the edge of an anode, it may advance depending on the crack
profile geometry and loading conditions. It was found by us earlier using a shape-dependent crack
deceleration approach [23], [24], that the spheroid shaped SOFC anode-substrate has a higher resistance to
crack advance as compared to a conventional flat one. Based on some resemblance in stress distribution
patterns found for both the semi-spheroidal and spheroidal shape anodes it can be concluded that,
somewhat like the spheroidal one, the semi-spheroidal shape anode also has a higher resistance to
advancing crack as compared to a flat one. A crack is already decelerated if the current value of the crack
profile angle is about 10 degrees [24], similar to the case of spheroidal shape anode.

Thus, a semi-spheroidal shape anode allows the stress distribution to be changed and a level of maximum
strain in a fuel cell to be lowered. Therefore, the deformation resistance of a fuel cell and its lifetime increase. In
such a way, the cost of electricity that the fuel cell produces may be reduced and its efficiency may be increased,
as compared to that of a fuel cell comprising an anode-substrate of the cylindrical shape.

Fig. 5. Dependences of (a) stress distribution along
the axis (Aa, Ba) and closed-loop fixing (As, Bs)
of semi-spheroidal shape anodes (series A) and spheroidal
shape anodes (series B) [23] on the V / V, ratio, as well
as (b) the isolines showing levels of stress distribution
along the axis (Aa, Ba) and closed-loop fixing (As, Bs)
in anodes of series A and B with the 0.5 mm, 1 mm,
and 1.5 mm thick cylindrical parts at a variety of R / R, ratios.
A hatched area (b) denotes the appropriate stress level ¢ / o¢
and corresponding ranges of V / V; (R / R.) ratios proposed
for designing anodes of both the shapes (series A and B)
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Fig. 6. Dependences of the maximum strain, gyay,
along the axis of semi-spheroidal shape anodes (series A)
and spheroidal shape anodes (series B) [23] on the V / V, ratio,
as well as the isolines showing levels of the strain
in anodes with the 0.5 mm (curves 1 and 2, respectively),
1 mm (curves 1’ and 2’, respectively), and 1.5 mm thick
cylindrical parts (curves 1’” and 2, respectively)
at a variety of R / R, ratios. The numbers in brackets
indicate R / R, magnitudes for corresponding curves

Conclusions

In this work, stress and strain distributions in a solid oxide fuel cell anode of a semi-spheroidal shape
loaded with a fixing pressure along the closed-loop fixing and with an external gas pressure applied to the
anode working surface were calculated by finite element analysis. Based on these data, three-dimensional
(3D) surfaces of stress distribution along the axis and closed-loop fixing of semi-spheroidal shape anodes
were constructed. It is found that there exists an area of geometric parameters that allows the appropriate
stress level to be reached ensuing safe long-term operation of the semi-spheroidal shape anode. The
domain of this area is as follows: for a semi-spheroid to cylinder volumes ratio V / V. in the range from 1.2
to 2.2, a spheroid to cylinder radii ratio R/ R, is in the range from 0.5 to 1.5, whereas the ordinary to
fracture stresses ratio ¢ / o; is below 0.25.

The constructed isolines of strain levels in anodes with the 0.5 mm, 1 mm, and 1.5 mm thick
cylindrical parts at a variety of spheroid to cylinder radii ratios R/ R, showed an advantage of a semi-
spheroidal shape anode over spheroidal one since the last is inferior to the semi-spheroidal one in term of
relative volume increase V / V. at the same level of maximum strain. This feature allows ensuing the better
electrochemical behavior of a SOFC.

As is the case with crack behavior in a spheroidal shape anode, a semi-spheroidal shape anode also
has a higher resistance to advancing a crack as compared to a flat anode. A nucleated crack in a semi-
spheroidal shape anode is already decelerated if the current value of the crack profile angle is about 10
degrees.
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