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Problem Motivation: Fuel cells are a promising alternative energy conversion technology. There are numerous types of fuel cells, as described in Module 0, which are typically distinguished (and named) by either 1) the ion conducted across the electrolyte or 2) the electrolyte material. The solid oxide fuel cell (SOFC) is one type of fuel cell that operates at high temperatures (600°C-1000°C).
There are three major components to a fuel cell: the electrolyte, cathode, and anode. The electrolyte is a membrane that separates the oxygen electrode (the cathode) and the fuel electrode (the anode). A general schematic of a SOFC operating on H2 is shown in Figure 1. Oxygen from air supplied to the cathode is reduced to O2- at the cathode, transported across the electrolyte, and reacted with H2 fuel at the anode releasing electrons. The electrons released at the anode are transported through an external circuit where electrical power can be drawn. 
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Figure 1. General schematic of SOFC.

For an SOFC, the electrolyte is a dense ceramic membrane, the cathode is a porous composite of the electrolyte material and a ceramic catalyst for the reduction reaction, and the anode is a porous composite of the electrolyte material and nickel. Nickel is a good catalyst for the oxidation of H2. The electrolyte material is typically incorporated into both electrodes to extend the reaction zone in the electrodes. At the high operating temperatures of SOFC (600°C-1000°C) thermal stresses between the electrolyte and electrodes can be significant and, if not carefully designed, can cause mechanical failure of the fuel cell. The thermal stresses arise from the difference in thermal expansion rates of the electrodes and electrolyte upon heating to operating temperature. This module will explore the impact of thermal stresses on the mechanical failure of SOFC.
The magnitude of a thermal stress is a function of modulus of elasticity and linear coefficient of thermal expansion. These parameters are described below.
Modulus of Elasticity (Young’s Modulus)
The modulus of elasticity (E) is a constant of proportionality that relates the engineering stress (σ) and engineering strain (ε) of a material undergoing a tensile test, Eqn. 1. This equation only applies to the linear elastic region of a σ-ε curve. A greater modulus corresponds to a smaller strain for a given stress. In other words, a stiffer material would have a greater modulus.
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Engineering stress is a normalized force defined by Eqn. 2
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where F is the instantaneous load applied perpendicular to the specimen cross section and Ao is the initial cross section of the specimen. Engineering strain is a normalized displacement defined by Eqn. 3

[image: image3.png]



where li is the instantaneous length of the specimen undergoing a tensile test and lo is the original length of the specimen.
Linear Coefficient of Thermal Expansion
The linear coefficient of thermal expansion (α) indicates the extent to which a material will expand upon heating and can be calculated with Eqn. 4.
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In Eqn. 4, lo is the initial specimen length and lf is the final specimen length after some temperature change, ΔT. A material that expands more rapidly upon heating will have a higher linear coefficient of thermal expansion. 
Thermal Stresses in a SOFC
When a SOFC is heated from room temperature to operating temperature (somewhere in the range of 600°C-1000°C ), the anode, cathode, and electrolyte all expand. Each component has a different linear coefficient of thermal expansion, which means each component will expand at a different rate upon heating. This difference in expansion rate will generate a stress between the anode and electrolyte and between the cathode and electrolyte. The magnitude of the thermal stress can be calculated with     Eqn. 5.
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For our case, αnet is the difference between αcathode and αelectrolyte or the difference between αanode and αelectrolyte, E is the modulus of elasticity of the component that will fracture, and ΔT is the temperature change. For SOFC, the thin dense ceramic electrolyte membrane fractures before either electrode due to a lower strength.  
Problem Information
Example Problem Statement:

You have been asked to evaluate the thermal compatibility of three different cathodes with a yttrium-stabilized zirconia (YSZ) electrolyte. The three cathodes are porous composites of La0.7Sr0.3MnO3-YSZ (LSM-YSZ), La0.7Sr0.3FeO3-YSZ (LSF-YSZ), and La0.7Sr0.3CoO3-YSZ (LSC-YSZ). In order to evaluate the thermal compatibility you have been asked to determine the following:

1. [image: image16.emf]YSZ SDC LSGM
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(N) Δl (mm)

0 0.0000 0 0 0 0

0.57 0.0047 0.70 0.0065 0.37 0.0036

1.17 0.0097 1.40 0.0129 0.74 0.0073

1.74 0.0147 2.10 0.0194 1.12 0.0109

2.31 0.0193 2.78 0.0258 1.48 0.0145

2.88 0.0240 3.48 0.0322 1.85 0.0181

3.45 0.0287 4.18 0.0387 2.22 0.0218

4.05 0.0387 4.88 0.0520 2.59 0.0292

4.20 0.0480 5.08 0.0650 2.70 0.0366

4.05 0.0580 4.91 0.0780 2.61 0.0439

l

o

= 5 cm    A

o

= 3 cm

2      

for all samples

Given dimensional change (Δl) as a function of T data, calculate the linear coefficient of thermal expansion for YSZ, LSM-YSZ, LSF-YSZ, and LSC-YSZ.

2. [image: image17.emf]T (°C)

Δl (µm)

YSZ SDC LSGM Ni

25 0 0 0 0

100 12 14 12 10

200 28 33 29 23

300 43 52 45 36

400 59 70 62 49

500 75 89 78 62

600 91 108 95 75

700 106 127 111 88

800 122 145 128 102

l

o 

(cm) 1.5 1.5 1.5 1

Given tensile test data of force as a function of dimensional change (Δl), calculate the modulus of elasticity for YSZ.

3. Calculate the temperature at which the YSZ electrolyte will mechanically fail due to thermal stress for each cathode. Assume the fuel cell temperature prior to heating is 25°C.

Additional Information: σthermal,YSZ = 140 MPa
Example Problem Solution:
Part 1.
The linear coefficient of thermal expansion can be determined with the following equation.
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If one were to plot Δl/lo as a function of T, the plot would be linear with α being equal to the slope of the line.
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Step 1. Calculate Δl/lo as a function of T. Note in the data provided that lo for YSZ is different than lo for the cathodes.
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Step 2. Plot Δl/lo as a function of T. 
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Step 3. Each data set is linear with respect to T. Therefore, α is equal to the slope of the line. The following table is a summary of α values for YSZ and the various cathodes.

It is important to note that Δl/lo as a function of T is not always linear over a large temperature range. In this case, a slope can be calculated over a smaller T range that is essentially linear. With this method, the T range over which α was calculated must be reported. 
Part 2.

Step 1. The elastic modulus (E) is the slope of an engineering stress-engineering strain (σ-ε) curve in the linear elastic region. Tensile test data was given in units of force and Δl. The data must be converted to σ and ε to calculate E.

Step 2. Convert force data to σ.
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An example calculation is shown for F = 0.57x104 N.
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The following is a summary of forces converted to σ.

Step 3. Convert Δl data to ε.
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An example calculation is shown for Δl = 0.0047mm.
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The following is a summary of Δl values converted to ε.

Step 4. Plot σ as a function of ε.
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Step 5. Calculate E from the slope of the linear elastic region of the σ-ε curve.
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The linear elastic region includes all data prior to deviation from linearity as indicated below. 
For YSZ, E = 200,000 MPa = 200 GPa
Part 3. 
The temperature at which the YSZ electrolyte will mechanically fail due to thermal stress for each cathode can be determined with the following equation.
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Example calculations are shown for a LSM-YSZ cathode.
Step 1. Calculate αnet
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Step 2. EYSZ was calculated in Part 2 of the problem and σthermal,YSZ was given in the problem statement. Therefore, solve for ΔT.
EYSZ = 200GPa

σthermal,YSZ = 140 MPa
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Step 3. Calculate operating temperature from ΔT.
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Step 4. The following is a summary of operating temperatures that will result in mechanical failure of the YSZ electrolyte for LSM-YSZ, LSF-YSZ, and LSC-YSZ cathodes.
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Note: The operating temperature range for SOFC is 600-1000°C. Therefore, the LSM-YSZ cathode is the only viable cathode. The LSF-YSZ and LSC-YSZ cathodes would cause the YSZ electrolyte to crack well before operating temperature was reached. 
One way to make LSF-YSZ and LSC-YSZ cathodes viable is to use an alternative fabrication method called infiltration. In this case, a pre-sintered porous YSZ structure is coated with LSF or LSC. This dramatically lowers the linear coefficient of thermal expansion of the composite to near that of YSZ.

Problem Information

Home Problem Statement:

[image: image26.emf]T (°C)

Δl/l

o

YSZ LSM-YSZ LSF-YSZ LSC-YSZ

25 0.0000 0.0000 0.0000 0.0000

100 0.0008 0.0008 0.0010 0.0013

200 0.0018 0.0019 0.0023 0.0030

300 0.0029 0.0030 0.0036 0.0047

400 0.0039 0.0041 0.0049 0.0064

500 0.0050 0.0052 0.0062 0.0081

600 0.0060 0.0063 0.0075 0.0098

700 0.0071 0.0074 0.0088 0.0115

800 0.0081 0.0085 0.0101 0.0132

You have been asked to evaluate the thermal compatibility of three different anode/electrolyte systems:

Ni = nickel

YSZ = yttrium-stabilized zirconia (8mol% Y2O3 doped in ZrO2)

SDC = samarium-doped ceria (SmxCe1-xO2)

LSGM = lanthanum strontium gallium magnesium oxide (La1-xSrxGa1-yMgyO3)

In order to evaluate the thermal compatibility, you have been asked to determine the following:
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Given dimensional change (Δl) as a function of T data, calculate the linear coefficient of thermal expansion for YSZ, SDC, LSGM, and Ni.

2. [image: image28.emf]T (°C)

Δl (µm)

YSZ LSM-YSZ LSF-YSZ LSC-YSZ

25 0 0 0 0

100 8 12 15 19

200 18 29 34 45

300 29 45 54 70

400 39 62 73 96

500 50 78 93 121

600 60 95 112 147

700 71 111 132 172

800 81 128 151 198

l
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(cm) 1 1.5 1.5 1.5

Given tensile test data of force as a function of dimensional change (Δl), calculate the modulus of elasticity for YSZ, SDC, and LSGM.

3. For an operating temperature of 800°C, what volume fraction of Ni in the anode will result in mechanical failure of the electrolyte for each anode/electrolyte system? Assume the following:

i. αanode can be determined by rule of mixtures (i.e. αanode = xαNi + (1-x)αelectrolyte material) 
ii. the fuel cell temperature prior to heating is 25°C
iii. σthermal=σtensile strength for the electrolyte materials (σtensile strength = the maximum σ on a σ-ε curve)
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