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Introduction

Doped lanthanum chromites have been considered as interconnect materials for the solid oxide
fuel cell (SOFC) because of their favorable chemical and electrical properties under both
oxidizing and reducing environments. Several investigators [1-5] have studied the materials
properties of the doped lanthanum chromites to optimize their overall performance as an
interconnect material. These properties include electrical conductivity, thermal expansion,
sinterability, and chemical compatibility with other cell components. These properties are
optimized by the amount of dopants substituted into chromite which are usually Ca or Sr. Figure
1 shows the range of values for these properties.

Another important characteristic becoming more of a concern as investigators are building SOFC
stacks is that doped lanthanum chromite expands when reduced in a low oxygen partial pressure
(pO,) (<1012 atm). Plates used to separate oxidizing and fuel gases can deform because of the
pO, gradient across the interconnect material (Figure 2).

This presentation is a summary of work which will be presented at the Fourth International
Symposium on Solid Oxide Fuel Cells [6]. In this article, the possible causes of expansion on
reduction of the interconnect will be discussed by using a two-dimensional crystal model. The
biaxial strain of the stack is calculated under the assumption that the cell components are forced
to remain planar. From this, the maximum stress buildup in the interconnect and electrolyte is
estimated. In addition, the effects of thermal expansion mismatch and expansion on reduction of
the interconnect are compared, and the optimum interconnect composition from a mechanical
standpoint is reported. ’

Theory of pO, Expansion

Defect model The defect chemistry of doped lanthanum chromites can identify the possible
chemical species which could cause lattice expansion during the reduction process. This has
been characterized by Flandermeyer, Mizusaki, and others [7,8]. In short, the substitution of
alkaline earth elements in lanthanum chromite promotes electrical conductivity by the creation of
small polaron holes or Cr** ions to compensate for the reduced charge of the dopant ions. This is
illustrated in the left-hand side of equation (1). When the material is reduced in low oxygen
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atmospheres, oxygen is withdrawn from the lattice, and the charges on the newly created oxygen
vacancies are compensated by the reduction of two Cr* ions to Cr**:

La’,Ca;’CrCr"0; ¢ Lajl,Cal'Crp5Crip055 + 30, (D
Using Kroger-Vink notation [9], equation (1) can be rewritten:
2cr(;r + O)é > 2Crgr + V(;. + %02 (2)

The subscripts Cr and O label their respective crystallographic sites, and the superscripts « and x
represent a net positive charge and a net null charge, respectively. The V denotes a vacancy, in
this case on the oxygen site. Here, formation of oxygen vacancies and the reduction of
chromium are possible causes of expansion.

Crystallographic model Glazer [10] has described the structural differences and changes in
perovskites by considering (i) the tilting of anion octahedra, (ii) the displacements of B cations
(ferroelectric and antiferroelectric behavior), and (iii) octahedral distortions. Figure 3 is
constructed according to this model, although (ii) is not relevant here. For simplicity, a two-
dimensional representation of the rhombohedral structure of Ca-doped LaCrO; is drawn. The
tilted diamonds represent the oxygen octahedra surrounding Cr ions. The larger open circles
represent La*, and the smaller shaded circle represents Ca®*. The small square represents an
oxygen vacancy. It should be noted that the radii, octahedra size, and tilt angles are not drawn to
scale.

With reference to Figure 3 and equation (1), as Ca®* is substituted for La>*, a Cr* is oxidized to
Cr** to compensate for the charge difference. The Ca?* jon has a slightly smaller radius than
La*, as does the Cr** when compared to Cr>*[11]. These effects may explain why the lattice
volume decreases as Ca doping increases [12]. In the case of Sr doping, the Sr?* is larger than
the La’*, yet the lattice volume decreases with increasing Sr dopant [13]. This implies that the
Cr** to Cr'** substitution has a greater effect on the lattice size than does La substitution. In
addition, Ca and Sr on the La site also have a lower bond strength, as calculated from Pauling's
electrostatic valence rule [14]. The reduced bond strengths may account for an increased thermal
expansion coefficient with increasing Ca addition [2].

As the chromite is reduced in low pO, atmospheres, oxygen vacancies form and two Cr* ions
are reduced to Cr>*. The accompanying expansion has two possible explanations. First, the
lattice could expand due to the swelling of the chromium-containing oxygen octahedra as Cr¥* is
reduced to Cr>*. Here, both the reduced bond strength and the increased ionic radius can
contribute to the increased octahedron size. It is believed that the size change of the oxygen
octahedra due to the Cr** to Cr>* transition has a large effect on the lattice size.

Another possibility is that, as oxygen is removed from the lattice, two opposing Cr’* repel each
other and rotate their octahedra to increase their linear distance, resulting in a net lattice

2




expansion. This rotation could change the symmetry of the lattice. In situ crystallographic
studies are needed to determine the extent of each effect.

Determination of Overall Expansion
Determination of pO, Profile An oxygen permeation model developed by van Hassel et al. [15]

was used to calculate the pO, through the cross section of the plate in a pO, gradient. From
equation (2) the equilibrium constant, K, can be written:

_ IGF G100

K .
(G5 [OF] 3)

Substituting the subscripts from equation (1) for the concentrations yields the following:

K (1-x+25°8 (pO,)"*
C x-22°G-9 4)

By considering the hole concentration p =x - 29:

Ke (-p’ &-p) @O)”
®’ 6-x+p) (5)

Equations (4) and (5) represent two methods of obtaining the equilibrium constant. By using
thermogravimetric analysis, one can measure the oxygen weight loss, 9, at a given pO, and K can
be determined from equation (4) for each composition by least squares fitting. Also, K can be
determined in a similar way with equation (5) by using electrical conductivity vs. pO, data. The
electrical conductivity is given by:

A (6)

where F is Faraday's constant, L is the mobility determined from air measurements and assumed

to remain constant, and Vm’is the molar volume. From the data of Yasuda [16], the equilibrium
constants for La,_ Ca CrO; were determined to be K = 2-10°%, 6.108, and 9-10°® for x = 0.1, 0.2,
and 0.3, respectively.

The flux of oxygen through La;_ Ca,CrO; was derived by van Hassel et al. [15] to be:
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where D, is the volume diffusion coefficient, 8, and §; are the oxygen vacancy concentrations at
y =0 and L, respectively, and y refers to a position in the plate of thickness L. Under steady-
state conditions, the oxygen flux is assumed to be constant at any position y within the plate.
With this assumption, equations (4) and (7) can be used to determine the variation of defects, 9,
and pO, as a function of the position y, perpendicular to the planar surfaces of the plate.

Determination of biaxial strain The expansion of the material due to reduction at low pO, is
mechanically equivalent to thermal expansion in a temperature gradient. Relations derived for
thermal strain [17] were used to describe the overall expansion of a SOFC stack on reduction.
Assuming that the stack is forced to remain planar and the shear stresses can be neglected, the
overall strain will be independent of y or biaxial [6]. The shear stresses can be assumed
negligible, except for a few layer thicknesses near the edges of the plate. From force equilibrium,
the biaxial strain, €, of a stack of N layers is obtained:

ENLN
1-v, 1
= T EL [y avi
=l l—vj (8)

where E; is Young's modulus, v; is Poisson's ratio, Lj is the thickness of a given stack component
j»and j =N refers to the interconnect plate (Ly; = L). The function 85(y/LN) is the linear
expansion of a volume element at position y as a result of the local deviation from stoichiometry.
The volume element is assumed to expand independent of the rest of the body. The fraction in
front of the integral is referred to hereafter as the "stiffness factor". A stiffness factor of 1
suggests that the overall expansion of the stack is determined exclusively by the expansion of the
interconnect and that the restraining action of the other components is negligible. Increasing the
restraining effects of the cell would decrease the value of the stiffness factor to a fraction less
than 1. The lower limit of the stiffness value is estimated to be about 0.8 for the following: stack
geometry, L,n,qe = Leammode = 50 UM, Lijeciroryre = 150 pm (8 mol% yttria stabilized zirconia or
YSZ) and Ly = 3 mm, elastic constants, E, 3.=E_;ihoq.= 30 GPa (small value because of their
high porosity), Eyg7 = 200 GPa (room temperature value [18]), and Ey = 50 GPa (estimated high
temperature value [19]); and v= 0.3 for all the SOFC components. The actual stiffness 1s

believed to lie somewhere between these limits.

Results and Discussion

Sintered specimens of La,; ,Ca,CrO; with x = 0 to 0.3 were heated in a dilatometer and held at a
constant temperature of 1000°C. The linear displacement was recorded as the pO, varied
between 10067 and 10718 atm. The gas compositions included various mixtures of air, N,, 3%
H,0 and 9% H, in N,. Undoped LaCrO, showed no expansion effect when reduced in a pO, of
10718 atm. However, the expansion due to reduction increased with increasing Ca content
(Figure 4). The expansion can be fitted to the equation:

AL/L =cd &)
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where § is the deviation from the oxygen stoichiometry, and c is a fitting parameter ranging from
2 (at x =0.24) to 2.5 (at x = 0.1). Although this equation expresses the dependence on the
oxygen nonstoichiometry, it may also show a dependence on the Cr>* concentration. As
crystallographic data are obtained, the proper weight of these effects will become apparent.

Equations (8), (9) and the defect profile in the plate were used to calculate the overall expansion
of the stack for two different pO,'s (10°!° and 108 atm). The results are plotted in Figure 5 as a
function of Ca content. The double symbols represent the upper and lower limits of the stiffness
values (1 and 0.8). Comparison of Figures 4 and 5 shows that the overall expansion (g) is

approximately 50-80% of the measured expansion (AL/L).

To determine whether or not these magnitudes of expansion are detrimental, it is necessary to
compute the resulting stresses in the interconnect and the electrolyte, and compare them to their
fracture strengths. If the stack components are kept planar, the chromite interconnect will have a
maximum tensile stress on the air side (y=0) of the plate. The YSZ plate will also be under
tension. The stresses induced into the stack were estimated by using the aforementioned elastic
constants and geometric values according to the equation:

EJ’ 8
o;(y)=1_le-&"(y)]

1-v (10)

In this equation, es(y) = 0 when referring to stack components other than the interconnect (j#N).
Table I shows the estimates of the maximum tensile stress values in La; ,Ca,CrO; and YSZ.
Dokiya reported that the strengths of tape-cast La;_ Ca,CrO; foils are 30 to 130 MPa in air and
20 to 50 MPa in H, at 1000°C [20]. The electrolyte has a room-temperature strength on the order
of 240 MPa [21]. From these estimates, it can be seen that the stresses imposed due to expansion
on reduction can exceed the strengths of these materials. In other words, crack formation in the
interconnect or the electrolyte plates is likely to occur for high Ca doping.

To minimize the effects of expansion on reduction the Ca content should be minimized.
However, since thermal expansion matching between the YSZ electrolyte and La;_ Ca,CrOj; is
also a mechanical issue, there must be a compromise with the chromite composition. The elastic
strain in the YSZ introduced by the mismatch between the thermal expansion coefficients of YSZ
and La,_,Ca,CrO, is approximately [6]:

€= (Ol c = Olysz AT )

where a stiffness factor of 1 is assumed; o - and 0, are the thermal expansion coefficients of
La; Ca, CrO, and YSZ, respectively; and AT is the temperature change between the stack
bonding temperature and room temperature (25-1000°C). Using oy, = 10.8 X 107%/°C [22] and
thermal expansion data on (La,_,Ca,)CrOj; [2], we determined the strain in the YSZ due to
thermal expansion mismatch as a function of Ca content (dashed line in figure 5).
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As indicated by the dashed line in Figure 5, the optimum composition of La,_,Ca CrO; for
obtaining minimal strain occurs at x = 0.20 to 0.25.

Conclusions

Defect chemistry and a crystallographic model were used to identify the possible causes of
expansion on reduction of doped LaCrO; materials. Measurements of expansion during
reduction of La,_,Ca,CrO; showed values ranging from 0 to 0.30% for x = 0 to 0.30,
respectively. When a chromite plate is subjected to a pO, gradient (1-10°'% atm) and is
constrained to remain planar, as in the case of a SOFC stack, only 50-80% of the above
expansion is realized. The stresses building up in both the interconnect and electrolyte lie within
the range of the reported strengths, and therefore, cracking is expected to be observed in either of
the components for high Ca doping levels. Doping levels of x = 0.20 to 0.25 were determined as
a compromise between the expansion on reduction effects and the mismatch of the thermal
expansion.
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The effects of expansion on reduction
of a La; ,Ca,CrO; interconnect plate
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Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or .
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