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Abstract. The purposeDetermination of radii ranges for cylindrical ardnvex (semi-
spheroidal) parts of the solid oxide fuel cell (SX)FBemi-spheroidal shape anode based on stress
and strain parameters calculated; comparison o§/@phs of stress/strain distribution in anodes of
proposed and spheroidal shapes; substantiatiomeo$emi-spheroidal anode potential to withstand
deformation and stress gradient under operatiavaditions.

The research methodrhe object of research is a solid oxide fuel eglbde of a semi-
spheroidal shape loaded with a fixing pressuregatbe closed-loop fixing and with an external gas
pressure applied to the anode working surfacesStamd strain distributions in the anode were
calculated by finite element analysis using sofewdor calculating three-dimensional tasks
Mechanical Desktop 6 Power Packihree-dimensional (3D) dependences of stresiistra
distribution in anodes of proposed and spheroilapses at a variety d® / R ratios were plotted.
Based on these curves, 3D surfaces of stressbditm along the axis and closed-loop fixing of
semi-spheroidal shape anodes were constructed.

Results. Three-dimensional curves of the graphic intersestiof the surfaces of stress
distribution along the axis and closed-loop fixinfj semi-spheroidal shape anodes, with their
projections on three coordinate planes, were mlotlehe curves display the values of balanced
stresses depending on geometric parameters. Dowfdinsse curves were also defined.

The scientific novelty.The proposed method of building 3D surfaces oEsstistrain
distribution in anodes depending on their geomgidrameters shows for the first time that there
exists an area of geometric parameters that attbevsppropriate stress level to be reached ensuing
safe long-term operation of the semi-spheroidalpshanode. The domain of this area was
graphically defined. Based on the plotted isolisé®wing levels of strain in anodes with the
0.5 mm, 1 mm, and 1.5 mm thick cylindrical partsl anvariety of spheroid to cylinder radii ratios,
an advantage of a semi-spheroidal shape anodesplkeroidal one was substantiated.

The practical valueThe obtained calculation results and their 3D iead interpretation can
be used in the study of the stress state and, csglg, to evaluate the strength and stiffnesthef
anode supported SOFCs of various shapes.

Keywords: solid oxide fuel cell, semi-spheroidal and sphdasbshape anodes, finite element
analysis, stress and strain distributions, 3D gréfatime.
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I ntroduction

The advantages of a solid oxide fuel cell (SOFG@hsas high efficiency, fuel flexibility, long-term
stability, and relatively low cost show the progpe€ using this renewable energy source. During
operation, it produces electricity directly dueotadation of a fuel.

The anode supported SOFC is one of the up-to-deigial solutions. It consists of the relatively thin
electrolyte and cathode layers formed on the serfsica thick anode substrate. As materials of anode
substrate, YSZ-Ni and ScCeSZ-Ni cermets are widsbd [1] — [5]. Preparation of these substrates
involves up-to-date powder metallurgy methods otesing porous ScCeSZ-NiO or YSZ-NiO (zirconia
stabilized with scandia and ceria (or with yttrieg, ScCeSZ or YSZ, and NiO) ceramic parts of megu
geometry and sizes, followed by their reductionanhydrogen-containing gas atmosphere at high
temperature (a few hundred degrees Celsius). Asutrof NiO reduction to metallic nickel, a contive
nickel network is formed in a porous ceramic matrix

Problem Statement

Since an elementary (single) SOFC is consideredllagered composite consisting of an anode, an
electrolyte, and a cathode [1], [6] — [9], therésexa need to optimize the structure of these cmapts,
in particular, because of the susceptibility of ddintaining anode substrates to operating hydrogen-
containing gas atmospheres [10] — [13]. The task improve the lifetime of a SOFC and to lower tiost
of electricity that it produces. For this reasasaarchers develop single SOFCs of various shapé@sga
at lowering stresses and strains that arise irleckll during operation.

Review of Modern Information Sour ces on the Subject of the Paper

It is known that an anode of tubular shape is wideded in the SOFC industry [14]. The main
advantage of such an anode is that its operatingcgi area is of maximum possible value from the
geometrical and structural points of view [15]. Hewer, the stresses occurring at sealing the envieon
supply system make some limitations in the lendth twbular SOFC. The size of the SOFC is additlgna
limited by the pressure of an operating environment

There exist other design solutions of a SOFC anfmdeexample, of truncated cone shape [16]. It is
characterized by a high value of the ratio of stgfarea to volume of the anode which corresponds to
large operating surface area. However, this araagisarter smaller than that of the anode of tutahape.
The battery of cone-shaped SOFCs is assembled fixysing a wider part of each next cell on a narrower
part of a previous cell. However, one of the masadvantages of such SOFCs is that substantialgens
stress arises in a wider part of each cell durivegdperation. As a result, its lifetime is reducke to
microcracks initiated at the edge.

Recently, a relatively cheap technology of tapdicgsf anode plates has been developed which
allowed the uniform anode microstructure to be fedmUsing this technology, a plane anode of
rectangular shape [17], [18], and a round-shapglih@rical) anode [19], [20] with flat working swa€es
are being manufactured. Thin electrolyte and catHaglers are also formed on the anode substratg usi
this technology. The thickness of a flat anodeiristéd because of the requirement for its pen&nati
ability. Since that, the stresses arise when adgsgrdlementary fuel cells in a stack that causetéitions
in an operating surface area of such a flat SOFESid#@s, these stresses are not distributed unifamd
plane anode of rectangular shape [21] whereasralrsliape of the cylindrical anode provides theanmif
distribution of the axially symmetric stresses iagswhen assembling elementary fuel cells in akstac
However, the cylindrical anode does not provide ribguired deformation resistance and, consequently,
the required lifetime of a SOFC because of limitasi in thickness.

A spheroidal shape of a SOFC anode has been papesently [22]. The anode of such a shape
provides improved resistance to deformation. Westuttiated such a spheroidal shape anode from the
point of view of its ability to withstand deformati and stress gradient under operational conditions
especially, the stresses arising along the anoidd23].

The abovementioned features of the SOFC anoderdaffiect the cost of electricity that a fuel cell
produces and its performance per unit volume oftiede.
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Taking into account the requirement on the pernietragbility of an anode substrate and,
accordingly, its thickness, a semi-spheroidal shapea SOFC anode can be proposed. It provides
improved resistance to deformation as comparekdg@node of a cylindrical shape.

Objectives and Problems of Resear ch

The purpose of this work is to determine radii dor cylindrical and convex (semi-spheroidal)
parts of the SOFC semi-spheroidal shape anode lmmsstiess and strain parameters calculated, cempar
3D graphs of stress/strain distribution in anodieproposed and spheroidal shapes, and substattimte
semi-spheroidal anode potential to withstand deédion and stress gradient under operational camditi

Experimental and Calculation Methods

A solid oxide fuel cell anode can be composed ahigture of YSZ powders (cubic structured
zirconia ZrQ stabilized with 8 mol% ¥Os) with the addition of 20-50 wt% NiO, since it iset most
commonly used powder material for such purpose. Mheure is compressed under a pressure of 16—
20 MPa at a temperature of 20 °C in a cylindricaldrhaving the concave bottom of the spheroidapsha
by a punch having a flat contacting surface. Asult, a cylinder shape pressed body with a flgt to
surface and a convex bottom one is formed (calleskri-spheroidal shape anode). During 1-4 h of
exposure at 800-1250 °C preliminary annealing efltbdy is carried out which is followed by shrinkag
and pore formation, and integrated material stmecia 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 glaposed semi-spheroidal shape (Fig. 1) were
calculated by finite element analysis (FEA) usingftware for calculating three-dimensional tasks
Mechanical Desktop 6 Power Padhitial conditions were chosen similarly to prewsly substantiated for
a spheroidal shape anode [23] as follows.

Material of ZrQ-Y,0s—Ni system; average value of ultimate fracturessise= 110 MPa; Young'’s
moduluskE = 1.5-10 MPa; Poisson’s coefficient= 0.3; fixing pressuré= 1 MPa along the closed-loop
fixing of inner radiuR, = 10.5 mm; external gas presspre 1 MPa on the anode working surface; radius
of the cylindrical part of anodd® = 12 mm; spheroid (spherical cap) ra&j,were 36, 60, 180, 240, and
600 mm, respectively.

>

Fig. 1. Diagrams of application of fixing pressufealong the closed-loop fixing of inner radi&, external gas
pressurep, on the anode working area, reaction fofeealong the closed-loop fixing, stress distributadang the
axisc' and the closed-loop fixing" in the anode of a cylinder radid, with a flat bottom working surface and a

convex top surface of a semi-spheroid radiisStress distribution isolines obtained using FEafglation are
presented in the anode cross-section in colors

To determine stress and strain features of an anbdee semi-spheroidal shape and compare to
those of the spheroidal shape anode [23], theviiig parameters were calculated:
- volumeV; of an anode of the cylindrical shape:

V, = (R [h, (1)
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whereh is a height of a cylinder;
- volumeVs of a convex part (spherical cap) of an anode wii-spheroidal shape:

v, =%HEHZ(3R— H), (2)

whereH is a hight of a convex part (spherical cap) ofahede;
- volumeV of an anode of semi-spheroidal shape:

V=nR D1+:—]3'7TDH2(3 R- H); (3)
- volumeV' of an anode of spheroidal shape:
V' =R Eh+§erH2(3 R- H); (4)

- ratio S/ & of the semi-spheroidal shape anode surface arteetsurface area of an anode of the
cylindrical shape:
'S _RIH+05[K + ROH,

s, R? + R OH ’ (5)

- ratio S'/ & of the spheroidal shape anode surface area tsutface area of an anode of the
cylindrical shape:

S 2[R[H+ROH
S R+ROH ©
-ratioV/ V. (V'/ V) of the semi-spheroidal (or spheroidal) shape an@dume to the volume of an
anode of the cylindrical shape;
- ratioV/ Ve (V' Ve) of the semi-spheroidal (or spheroidal) shape anadume to the volume of
an anode of the cylindrical shape, whege= 452 mni is the calculated volume of the cylindrical anadie
radiusR: = 12 mm and of height 1 mm fabricated for industjaplications [20].

Results and Discussion

Based on the calculated stress-strain and geonpreimeters we obtained a graph of calculated
values ofS/ & ratio for the semi-spheroidal shape anodes (séjest a variety ofR / R ratios (Fig. 2,
curve 1). It can be seen that this ratio changa® ft to 1.004 while decreasify R: ratio from 20 to 5.
Further decrease R/ R: ratio from 5 to 3 is followed by a noticeable ieerent of anode surface area and,
respectively, the change i8/& ratio (up to 1.013) although the increase 3hS ratio is not as
considerable as i8'/ S ratio calculated for the spheroidal shape anoslerdes B) where it reaches a value
of 1.026 (Fig. 2, curve 2). However, the semi-splial shape anodes take advantage over the spakroid
ones in terms oW / V. ratio of the corresponding anode volume to theum& of the in-production
cylindrical shape anode of a radius of 12 mm amani thickness. Its slight increase (from 1.15 tol}.6
with decreasind?/ R: ratio from 20 to 5 (Fig. 2, curve 3) as comparedhe more steep change for the
spheroidal shape anodés$ ( V. ratio from 1.30 to 2.21, curve 4) could serve masnaportant asset when
improving functional characteristics of an anode particular, its electrochemical performance. he t
same manner, we can compare anodes of both theshd®nR/ R: ratio ranges from 5 to 3. It can be
seen that the spheroidal shape anodes have aicghifimitation since a steep increase in anodame
occurs due to the excessive convexity/ (Ve from 2.21 to 2.77) already in th/ R. range from 5 to 3.5
(hatched region 6 in Fig. 2), that does not protigeconditions for reactions to be passed in tie¢ dell.

In contrast to this, the semi-spheroidal shape endd not have such a strong limitation since @RhR:
range from 5 to 3 (hatched region 5 in Fig. 2),eatlpr slope of the correspondidy Ve dependence
(Fig. 2, curve 4) occurs exhibiting the moderatevexity (V / Ve is still about 2) aR/ R ratio of 3, that
allows the reactions to be passed.

The volumesV and V. and V/ V. ratios were calculated as functions of paramekRerand R.
(R:=12 mm) and variable anode height (its incremé&asp svas 0.5 mm). For each partial case, the stress
distribution and maximum strain were calculatedfibite element analysis. Then the stresses in thstm
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dangerous areas (i.e. along the axisand the closed-loop fixing", see Fig. 1) were determined.
A parametesb / or of the stress distribution called the relativesgth was calculated as the ordinarytp
fracture 6r) stresses ratio. Three-dimensional (3D) dependeatealues ot / or ratio on the calculated
values ofV/ V. ratio at a variety oR / R ratios for the semi-spheroidal shape anodes Edfjewere
plotted (Fig. 3). Based on these curves, 3D susfarfestress distributiow / or along the axis (Fig. 3,
surface 1) and closed-loop fixing (Fig. 3, surfagén semi-spheroidal shape anodes were construéted
a result of the graphic intersections of theseasad, three-dimensional intersection curves (34rwith
their projections on the coordinate planRY R; V/ V], [6/o:; R/ R], and b/ o:; V/ V] (curves 3' and
4', 3" and 4", and 3" and 4", respectivelgravalso plotted. The curves display the valuebatdinced
stresses depending ®1 V: andR/ R; parameters. Domains of these curves were alspegkfi

S/S., [ N N4
AN (e 1\,
1.04 | >

< \i 118
1.02:1 5 1 :\’51_4
1.00 BT 1.0

2 6 10 14 RR

Fig. 2. A graph of calculated values of the ratlsS. andS'/ S for the semi-spheroidal and spheroidal shape anode
(curves 1 and 2, respectively; an ordinate aximithe left) and the ratids/ V1 andV' / V1 of the corresponding
anode volume to the volume of the in-productionrdrical shape anode of a radius of 12 mm andmfithickness
(curves 3 and 4, respectively; an ordinate axaithe right) depending on the spheroid to cylimaelii ratio,R / R.
The hatched regions 5 and 6 correspond to the sgharoidal and spheroidal shape anodes, respectivel

3D isolines showing stress distribution along this écurve 5 on surface 1) and closed-loop fixing
(curve 6 on surface 2) in anodes with a 1 mm thidindrical part at a variety ® / R (V / \t) ratios were
plotted. It can be seen that these curves aresetterd aR / R ratio of about 5. Thus, for this geometry of
the anode, stress along the closed-loop fixingovgel than along the axis, at a |dw/ R ratio, and
becomes higher than that, when this ratio is higfmen 5.

Projections of the curves on the coordinate plgwes/c; R/ R, [6/or; R/ RJ], and b /ot ; V/ V(]
were approximated by the corresponding lines (&igcurves 3' and 4', 3" and 4", and 3™ and 4™
respectively).

Curve 3' for the ranges 1.01 ¥ (V) < 1.51 and 5 <R/ R;) < 27 was described by an equation:

V/V, =1.94250R /R Yo7, (7)
Curve 4' for the ranges 1.0 ¥ [ V,) < 1.4 and 3 <R/ R:) < 27 was described by an equation:
V /V, =1.50940R /R Yo', (8)
Curve 3" for the ranges 0.16 s /(o7) < 0.32 and 5 <R/ R;) < 50 was described by an equation:
olo, =0.09830R /R %%, (9)
Curve 4" for the ranges 0.038/(c1) < 0.052 and 3 <R/ R:) < 50 was described by an equation:
olo, =0.06210R /R )**%. (10)

Curve 3" for the ranges 0.16&/(of) < 0.32 and 1.01 4/ V) <1.51 was described by an
equation:

olo, =0.30150¢ N, )***°, (11)

Curve 4" for the ranges 0.038/(cr) < 0.053 and 1.0 M/ V.) < 1.4 was described by an
equation:

olo, =0.04440¢ N, §°4°, (12)

37



Ihor Kuzio, Bogdan Vasyliv, Vitaliy Korendiy, Voiladyr Borovets

R/R. 010
Fig. 3. Surfaces of stress distributienf or along the axis (surface 1) and closed-loop fixahgemi-spheroidal shape
anodes (surface 2), as well as their three-dimeasiatersection curves (3 and 4) with their prapats on the
coordinate planes/R; V/ V], [c /ot ;R/R],and b / o ; V / V] (curves 3'and 4', 3" and 4", and 3" and 4™
respectively). Curves 5 and 6 (located on surfacasd 2, respectively) show levels of stressesiadas with a
1 mm thick cylindrical part at a variety Bf/ R (V / \t) ratios

In the same manner, 3D dependences of values dhmaxstrain,smax 0N the calculated values of
V/V. ratio at a variety oR/ R ratios for the semi-spheroidal shape anodes &&)ewere plotted
(Fig. 4). Based on these curves, a 3D surface afrman strain along the axis in semi-spheroidal ghap
anodes was constructed (Fig. 4, surface 1). AlsBDasurface of maximum strain in spheroidal shape
anodes (series B) was constructed for comparisign 4Fsurface 2). No intersection of these twdaes
was found. It means that surface 1 is shifted gcaflip towards higher values of maximum strain e t
same geometric parameters.

3D isolines showing strain levels in semi-spherb{daries A) and spheroidal shape anodes (series
B) with the 0.5 mm (curves 3 and 4, respectivelgyl & mm thick cylindrical parts (curves 5 and 6,
respectively) and a variety d® / R ratios, as well as multiple 3D isolines correspogdto other
thicknesses (an increment step is 0.5 mm) of spme®idal shape anodes were plotted. The projection
of curves 5 and 6 on the coordinate plarRg R; V/ V], [o/0f; R/ R], and b /or; V/V] (Fig. 4,
curves 5' and 6', 5" and 6", and 5™ and @5pectively) were also plotted. On an example oides of
both the shapes with a 1 mm thick cylindrical pauryves 5 and 6 and all their projections showetail a
graphical shift of the constructed 3D surfacestiedao each other.

Based on 3D dependences of values bé: ratio for the semi-spheroidal shape anodes (sA)ies
the calculated values &f/ V. ratio at a variety oR / R ratios (Fig. 3) and the same dependences for the
spheroidal shape anodes (series B) [23], simplifiBddependences of values ©f o; ratio on theV / \t
ratio for anodes of these shapes for both the cafsefress distribution along the axis and closesp!
fixing were plotted (Fig. 5, a). It is seen thatlawv R / R ratio and, respectively, a higher/ \, ratio,
levels ofc / of ratio are quite low (of about 0.4-0.12Raf R=3) for both the anode shapes whereas with
increasingR / R ratio, stresses increase more steeply in the spheroidal shape anodes. Besides, almost
for all the calculated geometries, the stressesgatbe axis become lower than along the closed-loop
fixing, while increasing botV / \; andR / R ratios.
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Fig. 4. Surfaces of the maximum straimay, along the axis of semi-spheroidal shape anodefae 1) and
spheroidal shape anodes (surface 2) [23], as weleir three-dimensional isolines showing levélthe strain in
anodes with the 0.5 mm (curves 3 and 4, respeyjiaeld 1 mm thick cylindrical parts (curves 5 andespectively)
at a variety oR / R (V / \,) ratios, with their projections on the coordinptenes R/ R; V/ V], [c /o ; R/ R], and
[6/6t; VIV] (curves 5" and 6', 5" and 6", and 5" andré%pectively)

Also, 2D dependences of valuessafos ratio on theV / \; ratio (isolines) for anodes of series A and
B with the 0.5 mm, 1 mm, and 1.5 mm thick cylindfiparts at a variety & / R ratios for both the cases
of stress distribution along the axis (Aa and Baese Fig. 5, b) and closed-loop fixing (As and &sies,
Fig. 5, b) were plotted. The graph (Fig. 5, b) shdhat there exists an area of geometric paramgtats
allows the appropriate stress level to be reacimsdieg safe long-term operation of the semi-spliaioi
shape anode. The domain of this area was graphibefined: forV/ V. ratio in the range from 1.2 to 2.2,
R/ Rcratio is in the range from 0.5 to 1.5, whereds; ratio is below 0.25.

In the same way, 2D dependences of the maximurnnstra, along the axis of semi-spheroidal
shape anodes (series A) and spheroidal shape afsetéss B) [23] on th&/ / \t ratio, at a variety of
R/ R ratios, were plotted (Fig. 6). Based on the cam$¢d isolines showing levels of strain in anodes
with the 0.5 mm, 1 mm, and 1.5 mm thick cylindripalrts at a variety of spheroid to cylinder radias,
it can be concluded that a semi-spheroidal shapdeahas an advantage over spheroidal one, sindasthe
is inferior to it in term of relative volume incr&aat the same level of maximum strain. This feaaliows
ensuing the better electrochemical behavior of 8GO

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

Thus, a semi-spheroidal shape anode allows thessttistribution to be changed and a level of
maximum strain in a fuel cell to be lowered. Theref the deformation resistance of a fuel cell asd
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lifetime increase. In such a way, the cost of eleity that the fuel cell produces may be reduced #@s
efficiency may be increased, as compared to thea &fiel cell comprising an anode-substrate of the
cylindrical shape.

Fig. 5. Dependences of (a) stress distribution along xiee(da, Ba) and closed-loop fixing (As, Bs) of dem
spheroidal shape anodes (series A) and spherdidpésanodes (series B) [23] on thé . ratio, as well as (b) the
isolines showing levels of stress distribution gldine axis (Aa, Ba) and closed-loop fixing (As, Bsanodes of
series A and B with the 0.5 mm, 1 mm, and 1.5 migktbylindrical parts at a variety ¢t / R ratios. A hatched area
(b) denotes the appropriate stress leves: and corresponding ranges\of \; (R / R) ratios proposed for designing
anodes of both the shapes (series A and B)

gma.\‘ [um]

Fig. 6. Dependences of the maximum straim, along the axis of semi-spheroidal shape anodg®$sA) and
spheroidal shape anodes (series B) [23] orvth¥; ratio, as well as the isolines showing levelshef $train in
anodes with the 0.5 mm (curves 1 and 2, respegjivelmm (curves’land 2, respectively), and 1.5 mm thick
cylindrical parts (curves” and 2, respectively) at a variety & / R ratios. The numbers in brackets indicBtéR
magnitudes for corresponding curves
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Conclusions

In this work, stress and strain distributions iso#id oxide fuel cell anode of a semi-spheroidapsh
loaded with a fixing pressure along the closed-ltiing and with an external gas pressure applethé
anode working surface were calculated by finitenaelet analysis. Based on these data, three-dimeaision
(3D) surfaces of stress distribution along the axid closed-loop fixing of semi-spheroidal shapedas
were constructed. It is found that there existai@a of geometric parameters that allows the ajpiatep
stress level to be reached ensuing safe long-tgramation of the semi-spheroidal shape anode. The
domain of this area is as follows: for a semi-spiteto cylinder volumes rati¥' / V. in the range from 1.2
to 2.2, a spheroid to cylinder radii rat®/ R; is in the range from 0.5 to 1.5, whereas the @amjirto
fracture stresses ratto/ or is below 0.25.

The constructed isolines of strain levels in anodéh the 0.5 mm, 1 mm, and 1.5 mm thick
cylindrical parts at a variety of spheroid to cgén radii ratiosR/ R: showed an advantage of a semi-
spheroidal shape anode over spheroidal one sieckashis inferior to the semi-spheroidal one mmef
relative volume increasé/ V. at the same level of maximum strain. This featll@vs ensuing the better
electrochemical behavior of a SOFC.

As is the case with crack behavior in a spheraittalpe anode, a semi-spheroidal shape anode also
has a higher resistance to advancing a crack aparech to a flat anode. A nucleated crack in a semi-
spheroidal shape anode is already deceleratec i€ulrent value of the crack profile angle is abbuit
degrees.
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