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Abstract 

Air plasma spraying (APS) has been used to produce porous composite cathodes containing 

(Lao.8Sr0.2)o.98Mn03 (LSM) and yttria stabilized zirconia (YSZ) for use in solid oxide fuel cells 

(SOFCs). Preliminary investigations focused on determining the range of plasma conditions 

under which each of the individual materials could be successfully deposited. A range of 

conditions was thereby determined that were suitable for the deposition of a composite cathode 

from pre-mixed LSM and YSZ powders. A proof of concept SOFC containing a plasma sprayed 

composite cathode was then produced and tested to confirm the desired electrochemical 

properties of the coating had been obtained. Many composite cathodes were then produced 

using different combinations of parameter values within the identified range. Successful coatings 

were then characterized for composition and microstructure using EDX and SEM . As a result of 

these tests, combinations of input parameter values were identified that are best suited to the 

production of coatings with microstructures appropriate for use in S O F C composite cathodes. A 

selection of coatings representative of the types of observed microstructures were then subjected 

to electrochemical testing to evaluate the performance of these cathodes. From these tests it was 

confirmed that the coatings that appeared to have the most suitable microstructures showed the 

best performance. Finally, a procedure was developed to allow for the deposition of cathode 

symmetric cells entirely by A P S using porous metal interconnect substrates. This will allow for the 

electrochemical evaluation of cells produced as part of future optimization studies using a 

production process similar to that expected to be used in the eventual commercial production of 

SOFCs by APS . 
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1.0 Literature Review 
1.1 I n t r o d u c t i o n 

Solid oxide fuel cells (SOFCs) are electrochemical energy conversion devices that could 
potentially provide a low pollution, high efficiency alternative to heat engines for many power 
generation applications. SOFCs have the ability to use a wide variety of fuels including 
hydrocarbons, alcohols, hydrogen and carbon monoxide. The high operating temperature of 
SOFCs (~800°C) yields high quality waste heat that is suitable for use in co-generation and 
combined heat and power systems, further improving overall system efficiency. SOFCs are well 
suited for applications that require moderate to large amounts of power including stationary 
electricity production for both centralized and distributed power generation as well as auxiliary 
power generation for mobile applications [1], The ability to utilize hydrocarbon fuels allows 
SOFCs to make use of the existing fuel delivery infrastructure with little or no modification 
required. Furthermore, the fuel flexibility of SOFCs makes them a suitable technology for a 
transition from our current fossil fuel economy to one based on hydrogen, biofuels, and other 
renewable energy sources. 

The physical structure of an SOFC consists of a fully dense ceramic electrolyte between 
porous ceramic electrodes. Multiple cells are connected together in series or parallel in a stack to 
achieve high voltages or currents. Ceramic or coated metallic interconnects provide an electrical 
connection between cells and also supply reactants to the electrodes. The use of solid 
components eliminates the risk of leak posed by hazardous materials such as acids and alkaline 
solutions found in many other types of fuel cells. SOFCs have been produced with various 
geometries, the most common being tubular and planar (or flat plate) configurations. Other 
geometries include segmented-cell-in-series, single phase, single chamber, and monolithic 
designs. Of these, tubular designs were the earliest and consequently are presently the most well 
developed. Large tubular SOFCs are currently in operation as power plants in several locations 
worldwide. Japan in particular has an extensive SOFC test program with many prototypes in 
place at various locations throughout the country [2]. While to date, most of the prototypes in 
place are of the tubular configuration, Japan is increasingly looking to planar SOFCs due to their 
higher power density. Planar SOFCs, while at a comparatively early stage of development, have 
achieved higher power densities and reduced ohmic losses compared to the tubular 
configurations. One study has attempted to combine the desirable characteristics of the tubular 
and flat plate designs [3]. While better performance was obtained from this configuration the 
resulting structure is considerably more complex than the standard flat plate design. The 
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development of this new cell geometry is still very much in its infancy, although it could eventually 

compete successfully against the more established SOFC geometries. 

Compared to other fuel cell types, SOFCs are a relatively new technology and are further 
from commercialization. The principal limiting factors to widespread implementation of the 
technology are high material and manufacturing costs, time consuming fabrication processes, 
and insufficient reliability and durability. The introduction of improved manufacturing techniques 
could potentially remedy many of these deficiencies. The traditional fabrication of an SOFC 
involves the deposition of a single cell component followed by a high temperature sintering step. 
This process is repeated until the entire cell has been assembled. The use of multiple sintering 
steps is necessitated by the nature of the materials being used. For instance, temperatures 
required to achieve gas tightness in the electrolyte can result in over sintering or decomposition of 
cathode materials if all of the layers were to be sintered simultaneously. Thus, more complex 
sintering steps involving multiple temperatures are required to avoid material degradation during 
fabrication. In the case of planar cells the supporting electrode is tape cast. Following pre-
sintering, the electrolyte is deposited by any number of processes e.g. screen printing, 
electrochemical vapour deposition, etc. The two layers are then co-sintered. Finally, the other 
electrode is deposited and the entire cell is again co-sintered. Tubular cell fabrication is carried 
out in a similar manner, but with extrusion replacing the tape casting step. This manufacturing 
process introduces a number of undesirable effects. Each sintering step takes a number of hours 
and can introduce high stresses upon cooling if there is a mismatch of thermal expansion 
coefficients (TECs) between layers. This process also allows for only minimal control of spatial 
variations in the resulting microstructure of the cells. Finally, these fabrication techniques are not 
ideally suited for mass production due to the length and complexity of the multiple steps involved. 

There is also much interest in lowering the material costs of S O F C s by lowering their 
operating temperature. This would allow for the use of cheaper metallic materials for the cell 
interconnects. In order to achieve lower temperature operation it is necessary to improve the 
performance (i.e. conductivity and reaction kinetics) of the ceramic electrolyte and electrodes. 
Improved reaction kinetics, and to some extent improved conductivity, can potentially be 
accomplished by exercising greater control over the microstructure and properties of the ceramic 
layers. This level of control is hard to achieve with traditional processing techniques and 
represents another barrier to commercialization. For example, grading the composition and 
microstructure of cell layers is one potential strategy that has been shown to improve cell 
performance and reliability. Unfortunately, current manufacturing steps are unable to produce 
layers with a graded composition without significant increases in processing time and complexity. 
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Plasma spraying has recently emerged as a manufacturing process with the potential to 

overcome many of the limitations of traditional processing routes. Plasma spray technology has 

been used for some time to deposit interconnect layers in tubular SOFCs . The process has also 

been applied to deposit the electrodes and electrolytes of tubular cells with varying degrees of 

success. Because of the potential advantages in performance of planar SOFCS , the remainder of 

this literature review will focus on research investigations related to this cell geometry. 

1.2 The Plasma Spray Process 

1.2.1 Overview 

Plasma spray technology is a subset of thermal spraying. In addition to plasma, other thermal 

spray technologies include combustion and electric/wire-arc. The operating principle of all thermal 

spray techniques is the same: to heat and accelerate molten particles and deposit them on a 

surface. These technologies differ in the way this heating is accomplished. Thermal spraying is a 

well established technology and the process is well understood. Plasma spraying is generally the 

preferred technology for depositing ceramics due to the extremely high temperatures generated; 

values greater than 10,000 K are not uncommon. Plasma spraying can be used to spray virtually 

any ceramic with a stable liquid phase. 

Plasma spraying uses an electric arc to heat and ionize gases, typically argon, helium, 

hydrogen and nitrogen, to produce an energetic plasma. The gasses are fed into the torch in 

varying amounts depending on the desired properties of the plasma. Particles of the material to 

be sprayed are fed into the hot plasma; they absorb heat and are accelerated towards the 

substrate at speeds of around 500 m/s. The two principal variations of plasma spraying are air 

plasma spraying and vacuum plasma spraying, where air and vacuum refer to the conditions 

under which the process is carried out. Air plasma spraying (APS) involves spraying in normal air 

at atmospheric pressure and vacuum plasma spraying (VPS) is carried out in an evacuated 

chamber (-0.1 atm). Vacuum spraying has been extensively used for producing experimental 

SOFCs . Ceramics have been sprayed for a variety of applications, typically protective coatings for 

thermal, corrosion and wear resistance. Ceramic coatings are usually sprayed from powder 

feedstocks which have been processed to control the agglomerate size of the powder. In 

conventional DC plasma spray torches the powder is injected radially into the hot gas zone [4]. 

Recently, an axial injection DC torch has been developed, which can be seen schematically in 

Figure 1 [5]. Axially injected powders tend to have more uniform thermal histories, which results 

in more uniform coatings and higher deposition efficiencies. 
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Ceramics have also been successfully sprayed by feeding a sintered rod into the torch. This 
technique is more complex and is much more limited in the number of materials that can be used. 
Plasma spraying has also been carried out by spraying liquid feedstocks of ceramic precursor 
materials. These precursor materials react in flight to form the desired material, which is then 
collected or deposited directly onto a substrate. This technique has been used successfully to 
synthesize alumina, zirconia and yttria stabilized zirconia (YSZ) [6]. The coating deposition 
mechanisms for solution precursor plasma spraying have been found to be substantially different 
from traditional plasma spraying of ceramic powders [7]. Often, the coating material will be in a 
vapour state following synthesis. The coating will then be produced by the condensation of this 
vapour on a substrate in a vapour deposition process as opposed to liquid droplet deposition that 
occurs when depositing powders directly. 

In this work we intend to take advantage of the relative simplicity and low cost of APS and the 
advantages of the axial injection torch design in the production of S O F C composite cathodes 
from powder feedstock. 

1.2.2 Coating Production 

Plasma sprayed coatings are produced through the build-up of individual molten particle 
impacts on the substrate. In flight, the molten particles for the most part retain the spherical shape 
of the powder fed into the torch, although some deformation does occur due to the aerodynamic 
forces encountered in flight. Upon impact, the tremendous kinetic energy of the particles causes 
them to deform into pancake shaped "splats". Depending on the initial particle size, velocity, 
viscosity, and wettability of the ceramic material, the individual splats can have thicknesses 
ranging from about 1 - 20 urn [8, 9]. These splats rapidly solidify; typical cooling rates are in 
excess of 10 6 K/s. The coating builds up as molten particles impact initially on the substrate and 
then on previously impacted and cooled splats. This process continues until the desired coating 
thickness has been achieved. For most thermal spray applications the desired coating thickness 
usually ranges from 20 pm up to about 1 mm. As a result of the high cooling rates, the deposited 
materials usually have a fine grained nano-crystalline or amorphous structure. 
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Since incoming particles generally impact on previously solidified particles, distinct 
boundaries usually remain between the splats. Other typical features of the resultant coating are 
porosity, both open and closed, micro cracks which form due to high thermal stresses during 
solidification, and the incorporation of unmelted particles which become trapped in the coating [9, 
10] . These features all have an impact on the coating characteristics, and performance and can 
be either desirable or undesirable, depending on the intended application. 

The nature of substrate used can have a significant effect on coating quality. The vast 
majority of ceramic coatings are used to enhance the performance (wear, thermal, chemical, etc.) 
of a metal surface. In some instances plasma spraying has been used to produce free-standing 
ceramic components; though careful control of the process parameters and the mould design are 
needed to achieve acceptable quality [11]. The substrate can affect coating parameters such as 
the structure of the initial splats, coating adhesion and lifetime. The adhesion between the coating 
and the substrate is a mechanical bond between the splats and the substrate surface. The 
rougher the substrate surface the better the adhesion of the coating generally is. Substrates are 
usually roughened by sand blasting or chemical etching prior to deposition of the coating. The 
roughness of the substrate can also affect the structure of the splats on the surface. A rougher 
substrate surface has been found both theoretically and experimentally to lead to thicker splats of 
smaller diameter and contribute to splashing of molten particles upon impact [8]. 

The quality of the adhesion can also be affected by the.formation of oxides on the metal 
surface. This can particularly be a problem in high temperature environments where hot gases 
reach the substrate surface through porosity and micro cracks in the coating surface and oxidize 
the metal. These oxides not only weaken the underlying metal, but can weaken the mechanical 
bond between coating and substrate leading to coating spallation. This problem can be avoided 
through the deposition of a bond coat on the substrate surface prior to the deposition of the 
ceramic [12]. The bond coat will protect the underlying substrate, but thermally grown oxides 
generated by oxidation of the bond coat will also eventually lead to coating spallation. This 
scenario is most often encountered when dealing with plasma sprayed thermal barrier coatings 
(TBCs). The excessive oxidation of metal substrates (cell interconnects) in S O F C systems would 
lead to a degradation of the cell's electrical performance; operating conditions would therefore be 
selected to avoid this occurrence. 

1.2.3 P l a s m a S p r a y P r o c e s s P a r a m e t e r I d e n t i f i c a t i o n , C h a r a c t e r i z a t i o n a n d S t a b i l i t y 

There are a number of plasma spray input parameters that are generally acknowledged to 
have a significant effect on the quality of coatings produced. A list of these parameters can be 
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seen in Table 1. These input parameters will have a direct influence on resulting process 
parameters that can be measured. These process parameters include torch voltage, plasma 
enthalpy, particle velocity, deposition efficiency, and coating quality (as defined by the coating 
parameters relevant to the particular application) [13-21]. The input parameters related to the 
torch can be set through the torch operation interface. Substrate temperature can be harder to 
control, as it is dependent on other input parameters such as current, plasma composition, 
standoff distance, and torch velocity. Control of substrate temperature can be exercised by using 
real-time monitoring of the temperature to provide feedback to control an active substrate cooling 
system. The effect of variations of the input process parameters has been extensively 
investigated both theoretically and experimentally in a number of studies. For many of the 
parameters, some effects of these variations are intuitive. For instance, the torch velocity will 
clearly impact the per pass thickness of the deposited coating; a faster moving torch will deposit 
less material and result in a thinner coating for a given number of passes. In general though, it 
can often be very difficult to quantitatively identify the consequences of changing just one of these 
parameters, as effects can be coupled to more than one parameter. Many studies have, however, 
attempted to analyze the effects of individually varying the input parameters described above. 

Feedstock Parameters Torch Operation Parameters Torch Movement Parameters 
• Particle Size 

• Carrier Gas Flow Rate 
• Powder Mass Flow Rate 

• Plasma Gas Flow Rate 

• Plasma Gas Composition 

• Arc Current 

• Substrate Temperature 

• Torch Traverse Speed 

• Spray Angle 

• Standoff Distance 

Table 1: Air plasma spray input parameters 

In radial injection torches, the powder carrier gas (usually Argon) flow rate as well as the 
position of the injector will have a direct impact on particle velocity and trajectory, which will in 
turn affect the thermal conditions the particles encounter. The effect of varying these particle 
injection parameters has been investigated both theoretically [13] and experimentally [14,15,16]. 
The results of these investigations all show that for a particular set of plasma conditions, particle 
size, and powder composition, there is a carrier gas flow rate and injection location that yields the 
optimum particle trajectory, usually defined as maximum dwell time in the centre of the plasma 
jet. These studies all demonstrate that the principal effect of varying the carrier flow rate is the 
depth of injection of the powder into the plasma jet. One study has explored the impact of the 
carrier gas flow rate on plasma temperature for a new axial injection, plasma electrode type 
plasma spray gun [17]. It was found that increasing carrier gas flow rate had a cooling effect on 
the plasma jet. This plasma gun design is relatively unique, and this effect does not seem to be 
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significant in torches of other designs. Axial particle velocity is almost entirely dependent on 
momentum transfer from the plasma gas to the particles. The effect of powder particle size was 
also theoretically explored for radial injection geometry [13]. The results were what would 
intuitively be expected: larger particles tended to penetrate deeper into the plasma jet, 
accelerated more slowly, and maintained their velocity longer than did the smaller, lighter 
particles. This effect also leads to the in-situ particle size distribution differing significantly from 
that of the feedstock. Larger particles tend to be found in the area of the plasma jet furthest from 
the injection site while smaller particles are more common closer to the powder feed site [25]. 
Two studies have also explored the consequence of increasing powder feed rate [18,19], Both 
found that increasing powder mass flow rates decreased particle temperature and velocity. These 
effects were caused by having the overall plasma energy, which remained unchanged, absorbed 
by more particles. Increasing powder feed rate also increases deposition rate, although the 
relationship may not be linear due to changes in deposition efficiency caused by the lower energy 
of individual particles. 

The torch operation input parameters (torch current, plasma gas composition and flow rate) 
determine the plasma conditions. Electrode voltage and torch power are determined by the 
electrode current setting and the plasma gas composition. The energy content of the resulting 
plasma is directly related to the electrical energy consumed by the. Higher plasma energies 
generally translate into higher plasma temperatures and higher plasma jet velocities due to 
greater expansion of the gasses at higher temperatures. The highest temperatures and jet 
velocities are consistently predicted and observed to occur in the centre of the plasma jet [13, 14]. 
Plasmas for spraying are generally classified either as nitrogen based or argon based, depending 
on which gas makes up the majority of the plasma composition. Either hydrogen or helium is 
typically also present as a secondary plasma gas, usually accounting for no more than 2 0 % by 
volume of the composition. Nitrogen based plasmas generally exhibit higher voltages and 
therefore higher plasma energy content than argon based ones. Increasing the proportion of 
either hydrogen or helium will also increase the voltage and plasma energy. The temperature of 
the plasma jet will determine the temperatures experienced by the powder particles [14, 15, 20]. 
Temperatures that are too high will vaporize the powder particles and prevent deposition; low 
temperatures could result in particles remaining unmelted and not adhering to the substrate upon 
impact. The degree of powder melting and/or decomposition is also related to particle size; 
particles that are too small for a given plasma are more likely to be vaporized, while particles that 
are too large will be more likely to remain solid or partially solid. The desired plasma temperature 
will of course depend on the material being sprayed as well as the desired application. 
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It has been consistently found that the highest deposition efficiencies occur when most of the 
particles are fully molten upon impacting the substrate [15, 20]. Molten particles will deform on 
impact, resulting in the splats that are the basis of sprayed coating microstructures. Unmelted 
particles can become entrapped in the coating by molten particles, which results in increased 
coating porosity. Particle velocity has also been found to have a significant effect on splat 
formation and coating quality [14, 15, 21]. As would be expected, higher particle velocities result 
in flatter splats. Higher velocities also tend to result in better coating adhesion and lower porosity 
due to greater compaction. These relationships have been verified both by theoretical models [8, 
14, 15] and through characterization of deposited coatings [15, 18]. Control over jet and particle 
velocity can also be exercised by changing the torch nozzle size. Narrower nozzles constrict the 
gas flow and produce a faster moving plasma jet, which results in faster moving particles [15]. 
Supersonic nozzles have also been used for thermal spraying, but are typically found in high 
velocity combustion spraying and are rarely used for plasma based spraying [12]. 

The physical positioning and movement of the torch relative to the substrate during spraying 
also influence the final coating characteristics. As mentioned above, the torch velocity affects the 
per pass thickness of the deposited coating. The torch velocity also influences the local substrate 
temperature. A slow moving torch will linger over a region of the substrate longer and cause 
greater heating of the substrate in that location. As well, the torch standoff distance, the axial 
distance between the torch and substrate, will affect the substrate temperature. The substrate 
temperature is another important factor for splat formation, coating adhesion and residual thermal 
stresses. Spraying on cold substrates usually results in less symmetrical splat shapes due to 
splashing and lower deposition efficiency due to poorer splat adhesion [8, 15, 16]. This effect has 
been both observed and predicted. It has been found that there is a substrate transition 
temperature, below which splashing can be expected to occur for a particular combination of 
substrate and spray material [8], For this reason the substrate is usually preheated to a few 
hundred degrees prior to deposition by passing the torch over its surface. Excessive substrate 
heating has the drawback of causing the formation of an oxide layer on the substrate surface 
which can degrade coating adhesion and must therefore be avoided [16]. Substrate temperature 
can be monitored and controlled during the plasma spray process through active cooling, typically 
with cool air jets aimed at the substrate. Torch standoff distance will have a more direct impact on 
the coating porosity and deposition efficiency through its effect on the thermal history of sprayed 
particles. Greater standoff distances have been found to lead to lower deposition efficiencies and 
higher coating porosities [13, 15, 18]. This trend is caused by an increasing number of cold, solid 
particles being present the further the torch is moved away from the substrate. These solid 
particles tend to either not adhere to the substrate or are entrapped and cause porosity. It has 
been shown that a compromise distance must be found that balances particle cooling and 
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substrate overheating effects [13, 18]. The angle of the torch with respect to the substrate will 

also influence the coating properties. Spraying at off normal angles has been found both 

experimentally and theoretically to decrease the thickness of individual splats and the resulting 

coating, decrease splat adhesion, and increase porosity. It has been recommended that 45° is 

the minimum spray angle that can be used to produce quality coatings [14]. 

Clearly, it is important to be able to monitor the process parameters resulting from 

controllable process variable settings. In particular, in-situ monitoring of particle temperature, 

velocity and size distribution as well as monitoring of the plasma conditions can provide real time 

information for diagnostic and control purposes. These measurements can be correlated with 

coating quality indicators such as porosity and deposition efficiency, which can only be evaluated 

after spraying. Thus, it becomes possible to monitor the quality of a coating during deposition and 

make adjustments to the process input parameters as needed. In-situ measurement also allows 

for monitoring of the plasma spray equipment's long term stability with regards to mechanical 

degradation. The measurement techniques described in the following paragraph have been used 

extensively for real time monitoring. 

In-flight particle analysis must be done through remote optical sensing techniques because of 

the extremely high temperatures in the plasma jet. Two separate experimental setups have been 

utilized to perform these measurements. The first uses Laser Doppler Velocimetry, based on the 

Doppler shift of reflected light from a moving particle, to determine in-flight particle velocity [22]. A 

method known as phase Doppler anemometry has been used to evaluate the size of in-flight 

particles based on the characteristics of scattered laser light. Particle size and velocity 

measurements can be carried out with one piece of equipment call a phase Doppler particle 

anemometer. Particle temperature measurements are made by radiation emission thermometry 

using a two colour pyrometer. Two colour pyrometers can also be used to determine the 

temperature of the surface of a coating during deposition. Two colour pyrometers are used 

because they rely on the ratio between a long and short wavelength intensity, which remains 

unchanged in the presence of dust or anything else obscuring the image. Single wavelength 

pyrometers would measure any drop in intensity due to opaqueness as a drop in temperature. 

Thus, in an environment, such as a plasma spray booth, where the presence of powder is 

expected, the data from a two colour pyrometer will likely be more reliable. Two colour 

pyrometers also do not normally require knowledge of the emissivity of the body being imaged 

and are less sensitive to any changes in emissivity that may occur over the course of an 

experiment. One such instrument was developed to measure the temperature in real time of the 

surface of a steel billet sprayed onto a ceramic substrate [23]. The instrument used was based on 

a high resolution (32,000 pixels) charge coupling device camera and was sensitive enough to 
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detect temperatures as low as 200°C. For this particular camera material (InGaAs) the long and 

short wavelengths were positioned at the long wavelength end of the camera's response range 

(0.9 to 1.7um). This provided for maximum sensitivity at low temperatures near 200°C. This 

camera has now been successfully integrated into a manufacturing process under development 

for the fabrication of tools for the automotive industry. 

Another experimental setup alternatively used an optical sensor head to image in-flight 

particles as they pass the sensor's field of view [24, 25], By analyzing flight time and radiation 

intensity, both relative and absolute, it is possible to obtain estimates of particle velocity, 

temperature and size. Both setups seem to yield reliable results; however, no study has been 

found that compares the accuracy and precision of the two methods. Using these measurement 

techniques it has been possible to obtain a full set of experimental data for particle velocity, size 

and temperature within the plasma jet. This detailed information can be used for: adjusting 

plasma spray settings to produce optimized coatings, comparison to theoretical models of 

particles in plasma jets, and for providing input data for coating production models. 

Over time, the extremely high voltages and currents involved in the generation of the plasma 

jet results in the gradual erosion of the electrode material. This erosion causes changes in the 

torch power over time, even if all spray input parameters remain constant. A change in torch 

power will influence the velocity and temperature of the in-flight particles and will have an impact 

on the coating quality. Without good data on the degradation rate and amount it would be very 

hard to produce coatings with reproducible characteristics. Through the use of the in-flight particle 

measurements for size, temperature and velocity previously described, as well as data obtained 

from the torch control system on electrode voltage, power, and plasma enthalpy, it is possible to 

monitor electrode degradation and to compensate to ensure consistent coating quality. Data from 

a study of the long term stability of a plasma torch indicates that, over time, the plasma torch 

loses power [24, 25]. This drop in torch power corresponds to a decline in the value of electrode 

voltage, plasma jet enthalpy, particle temperature and velocity. A relationship was also 

discovered between the change of particle temperature and the final porosity of the coating [24]. 

Changes were also found to occur in the cross sectional distribution of in-flight particle 

temperature, velocity and size distributions [25]. From these investigations it is clear that the 

degradation rate of the torch does not occur at a constant rate. However, it was determined that, 

for the torch examined, the monitored torch parameters remained nearly stable for over the first 

12 hours of operation [24]. Thus, by replacing the electrodes regularly, it should be possible to 

avoid most of the unpredictable effects of torch degradation on coating quality. The above trends 

have been observed for a radial injection torch. It has been predicted by a manufacturer that the 
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trend for axial injection torches will be the opposite: a gradual increase in torch power over time 

[26], No long term studies have, however, been found that investigate this effect. 

All of the studies examined dealt exclusively with the effects of the various system 

parameters in radial injection torches. Nevertheless, there is sufficient similarity between radial 

and axial systems to conclude that the same parameters should be considered in this work. The 

parameters chosen to be examined for their effects on coating quality were: powder feedstock 

size, powder feed rate, carrier gas flow rate, plasma gas flow rate, plasma gas composition, arc 

current, nozzle diameter, and standoff distance. As monitoring of in-flight particle characteristics 

(e.g. temperature, velocity, diameter) requires specialized equipment not presently available for 

use in this project, these will not be monitored. 

1.3 SOFC Cathodes 

1.3.1 Cathode Function and Materials 

The cathode (also referred to as the air electrode) is one of three electrochemically active 

layers in a SOFC; the other two being the anode and the electrolyte. The primary function of the 

cathode is to reduce oxygen according to the following reaction: 

Vz 0 2 (gas) + 2e" O 2" (electrolyte) 
The oxygen reduction reaction will normally occur at so called triple phase boundaries (TPBs) 

where ionically conducting, electronically conducting, and gas phases all come into contact with 

one another. If mixed electronic and ionic conducting (MlEC) materials are used, then reactions 

will take place wherever the MIEC material contacts the gas phase. The effective performance of 

this function introduces a number of necessary material requirements [27, 28]. First, the cathode 

material must be electronically and, preferably, ionically conductive. This allows electrons and 

ions to reach the triple phase boundaries and provides conduction paths to complete the cell 

circuit. The cathode must also be permeable in order to allow the oxidant to reach the ionically 

and electronically conducting phase boundaries. The cathode must be sufficiently catalytic to limit 

the activation polarization of the reduction reaction. The cathode material must also be stable in 

high temperature, oxidizing environments to prevent corrosion of the cathode layer during 

operation. As well, the material should not undergo any phase changes within the operating 

temperature range, from room temperature up to about 1000°C. Finally, the cathode material 

must be compatible both chemically and mechanically with the other cell layers which it contacts, 

the electrolyte and interconnect. Having chemical compatibility prevents the reaction of cell 

components to create undesired phases which may degrade cell performance. Mechanical 

compatibility is primarily achieved by ensuring that adjacent layers have similar TECs to prevent 
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high differential thermal expansions from occurring during fabrication and operation, leading to 

thermal stresses that could cause mechanical failure of the cell through cracking or de-lamination 

of the cell layers. 

Due to the high operating temperatures involved, most metals are not suitable for use in the 

cathode because of the excessive oxidation that would occur. Those that would be suitable, noble 

metals such as platinum and palladium, are much too expensive. Accordingly, all SOFCs use 

mixed or electronically conducting ceramic oxides in the cathode [27, 28]. Rare-earth perovskite-

type oxides in particular exhibit the electrical properties desired for use in cathodes. Materials 

such as lanthanum cobaltite and indium oxide have both been used for cathodes in the past but 

have been phased out in favour of lower cost materials. By far the most common cathode 

material presently used with YSZ electrolytes, and hence the focus of this project, is strontium 

doped lanthanum manganite (La^xS^MnOa or LSM). Lanthanum manganite is a p-type 

perovskite and its electronic conductivity can therefore be increased through substitution of a 

lower valence ion onto either A or B sites. Strontium doping increases the M n 4 + content of the 

L aMn0 3 through substitution of L a 3 + by Sr 2* and is preferred to other dopants (e.g. calcium) 

because it possesses superior electrical conductivity in oxidizing environments [27, 28]. 

In addition to being electronically conductive, LSM also exhibits limited oxygen ion 

conductivity. LSM has a relatively high TEC of around 12x10"6 K"1 and does not form any reactive 

phases with YSZ at temperatures below 1250°C [27, 28]. The performance of the cathode, and 

consequently the entire cell, is very much dependent on the inherent material properties as well 

as the fabrication and assembly techniques applied in the manufacture of the cell. The 

relationship between cathode polarization losses and physical characteristics has been 

extensively explored and modeled, although there is rarely agreement in the literature. The extent 

of the disagreement led one investigator to remark: "the most important 'parameter' in 

determining the reaction rate (the area specific resistance) as well as the kinetic details is the 

name of the laboratory, which made the LSM cathode" [29]. It has been suggested that much of 

the irreproducibility arises from the incorporation of foreign impurities, notably silica phases which 

form at the cathode/electrolyte interface, during fabrication and testing of the cells. 

1.3.2 Cathode Conductivity and the Oxygen Reduction Reaction 

The identification and explanation of the various polarization mechanisms that lead to a 

lowering of cathode performance has been the focus of many studies. There are three 

polarization mechanisms which have been found to occur in S O F C cathodes: activation 

polarization, ohmic polarization, and mass transport polarization. Activation polarization is related 

to the amount of activation energy required to allow the oxygen reduction reaction (ORR) to 
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occur. The higher the cathode activity is, the faster the ORR will proceed and the higher the 

overall cell performance will be. Much effort has been expended in better understanding this 

mechanism, as the ORR has been identified as the rate limiting step in SOFCs [27,30]. Ohmic 

polarization is determined mostly by the resistance of the electrolyte, but also by the conductivity 

of the cathode, both electronic and ionic, and it affects the speed of charge transfer both in the 

cathode bulk and between the cathode and neighbouring cell components. Improving the 

conductivity of the cathode will lead to slightly lower ohmic polarization and an improvement in 

cell performance. The third cathode polarization mechanism is concentration polarization, which 

occurs due to mass transport limitations. At very high current densities a concentration gradient 

will develop near the electrode surface as, the reactants are consumed faster than they can 

diffuse to the reaction sites. This lower oxidant concentration near the reaction sites will cause a 

drop in cell voltage and a corresponding decline in cell performance. Concentration polarization is 

primarily a function of reactant pressure and cell geometry [31]. 

Activation and ohmic polarizations are directly related to electrochemical processes in the 

cell. The ORR can be broken down into a number of steps: adsorption, dissociation, diffusion and 

charge transfer [32]. Three different reaction paths have been identified for the ORR: the 

electrode surface path, the bulk path, and the electrolyte surface path. These three reaction paths 

are diagrammed in Figure 2. All of these reaction mechanisms have been found to occur 

simultaneously. The speed with which each of the mechanisms proceeds in LSM cathodes 

depends on external parameters such as temperature and 0 2 partial pressure, material properties 

such as dopant level, microstructural properties such as porosity, and geometric properties such 

as cathode layer thickness. It has been indicated that, in general, surface processes dominate 0 2 

reduction [33], although this conclusion has been challenged [34], Differing values of the above 

parameters will determine which of the reaction paths dominates [30]. A systematic study has 

been carried out using secondary-ion mass spectrometry to identify the reaction paths at various 

cathodic polarization overpotentials [35]. It was discovered that the reaction paths vary with 

changing overpotential. This knowledge can be used to design optimized cathode/electrolyte 

interfaces. Identification of the reaction polarization mechanisms is mainly done through AC 

electrochemical impedance spectroscopy (EIS) and conductivity measurements [27 -36]. 
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Figure 2: Cathode reaction paths (reproduced from information in [30]) 
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The dependence of LSM cathode performance on the surrounding temperature and oxygen 

partial pressure (P0 2 ) has been extensively studied. Through conductivity and EIS 

measurements over a variety of temperature and P 0 2 conditions, it has been shown that cathode 

conductivity is higher at higher temperatures and P0 2 ' s [32, 37]. It is also possible to use EIS to 

examine the rate limiting steps of the ORR under changing operating conditions. As expected, 

oxygen diffusion became a rate limiting step at very low P0 2 ' s ; this corresponds to the 

concentration polarization discussed above. At higher P0 2 ' s the rate limiting steps were found to 

be oxygen disassociation and adsorption [32]. It has been reported, however, that it can be very 

difficult to definitively identify particular reaction mechanisms from EIS measurements. It has also 

been shown that IS measurements can be extremely sensitive to slight variations in cell 

composition and construction, making it very difficult to obtain reproducible results [38]. 

Varying the amount of Sr dopant in LSM has been found to affect the properties of the 

cathode. As mentioned above, adding Sr significantly enhances the conductivity of L aMn0 3 

through substitution of L a + 3 cations by Sr + Z cations. The higher the level of doping, the higher the 

conductivity and the lower the activation energy required up to a maximum. The fraction (x) of Sr 

which yields maximum conductivity is not, however, clearly established. It is most commonly 

reported to occur around x = 0.5, but values as low as x = 0.15 have been reported [27, 28], 

However, increasing the dopant amount increases the TEC of LSM and has been found to 

decrease the stability of L aMn0 3 by raising the P 0 2 at which disassociation occurs. Increasing 

the amount of Sr dopant will also raise the sintering temperature of the LSM [27], Thus, it is 

necessary to pick a dopant level which strikes the best balance between maximizing the electrical 

performance of LSM while still providing good stability and thermal compatibility with 

neighbouring cell components. One study used EIS to study the effect of varying Sr content in 

LSM-YSZ composite cathodes on a YSZ electrolyte [39]. It was found that while cathode material 

properties and geometry had a strong influence, no clear relationship could initially be established 

between Sr content and impedance. The same measurements were performed again after a 

current had been passed through the cathode. From these measurements it was determined that 

the electrode with a LSM composition of La 0 .85Sr 0 . i5MnO 3 had the lowest electrode resistance. 

However, the LSM composition most frequently used, and the composition used throughout this 

project, is La 0 . 8 Sr 0 2 MnO 3 , suggesting that this composition provides an acceptable compromise 

between electrical properties and thermal compatibility. 

1.3.3 Cathode Composition and Structure Modification 

While LSM is technically a mixed conductor, its oxygen ion conductivity is not sufficient for 

good performance. To remedy this deficiency, SOFCs typically use a composite cathode with 
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LSM providing electronic conduction and YSZ providing oxygen ion conduction. The use of 

composite cathodes extends the TPBs from the cathode/electrolyte interface into the cathode 

bulk, greatly increasing the number of available reaction sites and lowering the polarization 

resistance of the cathode. LSM/YSZ composite cathodes have been compared to pure LSM 

cathodes using EIS [32], It was found that composite cathodes had an additional impedance arc 

associated with the presence of LSM/YSZ phase boundaries. The other impedance arcs were 

found to occur at similar frequencies for both pure and composite cathodes, but with the 

composite cathodes having lower impedance. This indicates that the same rate-limiting reaction 

mechanism is present, but the composite cathodes have increased TPB length, which improves 

performance [32]. This study only examined a 50/50 vol. % mixture of LSM/YSZ and does not 

provide any information on the optimum cathode composition. 

Another study also found a clear relationship between polarization resistance and TPB length 

[40]. This study similarly observed that TPB length was greatly increased in LSM/YSZ composite 

cathodes. EIS was also used in an experiment examining the effect of varying the volume fraction 

of YSZ in a composite cathode [37]. It was found that there is an optimum LSM volume fraction 

for which cathode polarization resistance is minimized. This minimum was detected at 42.5% 

LSM. It was suggested that at this volume fraction, the connectivity of both the electronic and 

ionic conducting phases is maximized, and that significant variation from this value results in 

decreasing connectivity for one or the other of the phases. It was also found that varying the 

composition from 30% to 100% LSM did not change the activation energy, indicating that the rate 

limiting mechanism was the same in all cases studied [37]. Other studies have, however, 

indicated that the use of composite cathodes does lower the activation polarization of the cathode 

[31, 32]. A separate experiment achieved similar results to those in [31, 32] when the LSM 

volume fraction was varied from 40% to 100% [41]. The only additional result obtained was a 

measurement of cathode-electrolyte interface resistance; this was found to be lowest at 40% LSM 

and increased with an increasing amount of LSM. 

In addition to considering cathode composition, cathode microstructure has also been found 

to play an important role in determining cathode performance. Another strategy to increase the 

length of TPBs has been to increase the active electrochemical area at the interface between 

LSM and YSZ phases through modification of the electrolyte surface. Structured YSZ electrolytes 

were created by placing a layer of coarse YSZ particles on the electrolyte surface prior to the 

deposition of the LSM layer [42]. It was found that as the effective surface area of the interface 

was increased, polarization resistance dropped. With a 60% increase in effective surface area, a 

three-fold drop in polarization resistance was observed when operating at 950°C. SOFCs with 

structured interfaces were also found to show better performance in terms of voltage output and 
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power density compared to those with standard interfaces at all current densities above 0.2 

A/cm 2 . A separate study examined similar structures in a composite cathode resulting from the 

introduction of a coarse layer of YSZ particles at the cathode-electrolyte interface [36]. The 

addition of a layer of coarse YSZ was found to substantially reduce polarization resistance when 

the cell was operated at 750°C and 850°C; but little improvement was rioted at 1000°C. The 

proposed explanation for this was a broadening of the electrochemically active zone of the 

cathode at higher temperatures which would greatly increase the TPB length and reduce the 

relative effect from the structured interface. 

The effect of initial particle size of the LSM phase on cathode performance has been studied 

as well. The charge transfer resistance of three LSM cathodes prepared from powders with mean 

particle sizes of 1.54pm, 5.98pm and 11.31pm was evaluated over 100 hours of operation 

[43].The cathode with the largest starting particle size, 11.31pm, had significantly higher initial 

resistance, but this resistance remained relatively stable over the 100 hours of the test. It was 

found that the cathode with the smallest starting powder size, 1.54pm, gave the lowest initial 

charge transfer resistance. This was found to be due to the presence of larger numbers of active 

sites for oxygen reduction being present with the smaller particles. However, the performance of 

this cathode rapidly decayed and by 100 hours had a charge transfer resistance significantly 

higher than that of the other two cathodes. This degradation was caused by grain growth and 

sintering at the high operating temperatures, which was experienced to the greatest extent with 

the smallest particles. The cathode with the intermediate starting particle size had an initial 

resistance between that of the other two cathodes that remained relatively stable. Over the 100 

hours of the test, the cathode with the intermediate starting particle size had the lowest overall 

charge transfer resistance. 

The size of LSM grains in the cathode layer has also been found to affect cell performance by 

comparing coarse, fine, and mixed coarse/fine grained LSM in LSM/YSZ composite cathodes 

[44], No information was provided concerning the preparation of LSM with differing grain sizes or 

the sizes of the grains investigated. It was found that the mixed grained cathode exhibited lower 

polarization resistance than both the coarse and fine grained cathodes. The fine grained LSM 

cathode was again found to be the worst performing. As was the case in the papers reviewed 

above, the composite LSM/YSZ cathodes were found to outperform pure LSM cathodes. The 

mixed grained cathodes were found to have much better adhesion to the electrolyte substrate 

and a greater number of cathode/electrolyte contact points. This improved interfacial contact led 

to an increase in the length of TPBs and a corresponding drop in polarization resistance. It was 

also reported that the active area Of the cathode could be maximized through the use of a 1:1 

YSZ/LSM volume ratio for cathode preparation. It was found that if levels of Y SZ were too high 



17 

there would be an increased chance that zirconate (predominantly La 2 Z r 2 0 7 ) phases would form 

at the YSZ/LSM interfaces during sintering of the cell. A low level of strontium dopant in LSM also 

increases the likelihood that these reactive phases will form. L a 2 Z r 2 0 7 is undesirable as it is highly 

non-conductive with a resistivity about 2.5 times higher that that of the surrounding YSZ phase 

[28]. Zirconates arise where Mn diffuses from the LSM into solid solution in the YSZ, leaving 

behind a chemically active L a 2 0 3 phase. The substitution of non-stoichiometric LSM 

((La a 8Sro. 2)o.95Mn0 3) has also been shown to prevent zirconate formation [33], 

The thickness of the cathode layer has also been shown to affect cathode performance. The 

performance of composite cathodes of varying thickness at a number of different temperatures 

has been examined [36], It was found that polarization resistance declined with increasing 

cathode thickness up to a thickness of 11 urn, the largest value measured. The sensitivity of 

polarization resistance to changes in thickness was found to be much higher at the lower 

temperatures. The reasons for the decrease in resistance with increasing thickness were not 

stated explicitly, but it is likely to be related to an increase in the TPB length. The ideal thickness 

for the cathode layer was not explored, but it was indicated that a minimum in polarization 

resistance had been observed in other studies to occur at 25um. It would be expected that 

cathode performance would be maximized when the thickness of the cathode is close to that of 

the electrochemically active region. Another study did not, however, find a correlation between 

cell thickness and cell overpotential [40]. It is possible that the inconsistency in the published 

results on this issue is due to the effect of other factors, such as porosity or material composition, 

overwhelming the effects of changing thickness. 

The studies that have just been discussed all examined composite cathodes that possessed 

a uniform mixture of LSM/YSZ across the electrode thickness. Work has also been done that 

examines the potential benefits of grading the cathode composition. Graded cathodes will 

typically vary from pure YSZ near the electrolyte to pure LSM near the interconnect. One study 

examined the performance of graded cathodes and found a five fold reduction of polarization 

resistance in the graded cathode compared to constant composition LSM/YSZ cathodes [45]. 

The use of graded cathodes is thought to also improve the mechanical stability of the cell by 

reducing the thermal stresses arising from TEC mismatch of the pure materials used in the 

cathode. In graded cathodes the TEC mismatch between layers is very small and the thermal 

stresses are distributed throughout the cathode volume and therefore less intense. In 

conventional cathodes these stresses are concentrated at the interfaces between the cell layers. 

Graded cathodes also eliminate the distinct interfaces that give rise to interfacial electronic and 

ionic resistance. It was observed that the electrical conductivity of the cathode could be further 
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increased by introducing a graded layer comprised of LSM and interconnect material, 

La0.84Sro.i6Co03 (LSCo or LSC) next to the interconnect. 

Most studies to date on graded cathodes have focused only on varying composition across 

the electrode layer. It is expected, however, that significant additional performance increases can 

be realized by also grading the grain size and porosity in the cathode; these effects were 

examined by one research group [46]. The desired structure would have a fine microstructure 

consisting of nano-scaled grains and pores near the electrolyte/cathode interface. The desired 

electrode composition and structure was achieved through the use of a combustion chemical 

vapour deposition process. The result is a very large surface area available for oxygen adsorption 

which enhances electrode activity. Away from the electrolyte, the microstructure is coarser, with 

larger grains and pores. This allows unhindered transport of oxygen through the cathode layer to 

the reaction sites. A cathode fabricated with a graded composition and microstructure was found 

to have a four fold reduction in interfacial resistance between the cathode and electrolyte layers 

compared to that of cathodes fabricated with only compositional grading. 

Due to the significant advantages in performance, this project will focus on the fabrication of 

LSM/YSZ composite cathodes. Due to the fabrication technique being used however, there will 

be a limited ability to control some aspects of cathode composition and microstructure. Plasma 

spraying from powder feedstock generally requires special powder preparation (e.g. spray drying) 

which results in fairly broad particle size distributions (-1-100pm). Practical methods of 

separating the powders sizes, such as sieving, still result in fairly broad distributions and are of no 

use for particles less than ~25pm. While cathode composition can be controlled to some extent 

by adjusting the amount of each material in the initial feedstock, differences in the relative 

deposition efficiency of each material will make it difficult to achieve the exact desired 

compositions. Finally, grain size in the coating will for the most part be extremely fine due to the 

very rapid cooling experienced by the molten drops upon impact on the substrate; any grain 

structure introduced in the feedstock will only be preserved in partially molten particles that 

happen to be present in the coating. While plasma spraying is quite compatible with producing 

graded coatings, there are many additional complexities in the fabrication process as a result. So 

while graded cathode layers will be part of a future continuation of this work, they will not be part 

of the initial stages of this project which are presented here. 

1.3.4 Cathode Fabricat ion 

The performance of SOFC cathodes has been clearly shown to be sensitive to the 

composition and morphology of the starting materials used for fabrication and on operating 

conditions. An additional set of factors affecting cell performance arise from the cell fabrication 
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techniques employed. Traditionally, planar SOFCs are fabricated first by deposition of the 

ceramic materials followed by sintering of individual layers and co-sintering of multiple layers. The 

deposition method used has been found to influence the cathode quality [47]. The simplest 

method is wet powder spraying, in which cathode material powder is dispersed in a solvent and 

then sprayed on top of the electrolyte. The main problems with this technique are material loss 

due to over spray and the sensitivity of the final coating quality on drying conditions. Screen 

printing is currently the most widely used method for depositing cathode materials, as it 

eliminates the shortcomings of wet powder spraying. However, screen printing is a more complex 

route requiring specialized equipment and multiple processing steps. 

After the cathode layer has been deposited, it is then usually co-sintered with the previously 

deposited anode and electrolyte layers. One of the principal problems arising during co-sintering 

is the development of bending stresses in the cell due to differential shrinkage rates of the various 

cell layers [47], These stresses can lead to warping of the cell and cracking or delamination of the 

cell layers. In order to find the optimal conditions to co-fire a three layer cell 

(anode/electrolyte/cathode), the parameters in the sintering process have been systematically 

explored [48]. Shrinkage of the various layers during sintering was minimized to acceptable levels 

by reducing the amount of binder used in the powder slurries. Sintering temperature for co-firing 

was determined by the temperature required to produce a fully dense electrolyte layer. 

Unfortunately, it was found that this temperature lead to the porosity level in the cathode being 

too low. This problem was remedied by introducing carbon powder into the LSM slurry, which 

when burnt off, left behind a sufficiently porous cathode layer. Despite having sufficient porosity, 

the cathode microstructure was not optimized; this led to significant losses occurring in the 

cathode layer during cell operation. While a working cell was produced, this study clearly shows 

that considerable compromises need to be made when using the co-firing procedure. The 

conditions necessary to produce one cell layer with suitable properties may be far from optimal 

for the manufacture of the other cell layers. This provides some of the motivation to develop new 

manufacturing techniques not subject to this limitation. 

The effect of the co-firing temperature on the interfacial resistance between an LSM cathode 

and YSZ electrolyte has also been examined [49], It was found that interfacial resistance 

increased with an increase in co-firing temperature from 1350 to 1500°C. There was found to be 

a decrease in the TPB length which is believed to have occurred due to a modification of the 

surface composition of the electrode during firing. However, the decrease in TPB length was not 

sufficient to explain the increase in interfacial resistance. The additional increase was discovered 

to be caused by the formation of L a 2 Z r 2 0 7 at the interface which inhibited the diffusion of 

adsorbed oxygen atoms. L a 2 Z r 2 0 7 was found to occur in cells co-fired over the entire temperature 
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range examined, with the amount increasing with the co-firing temperature. From this result it is 

clear that co-firing should be conducted at the lowest temperature which still results in a 

sufficiently dense electrolyte layer. Excessively high co-firing temperatures are detrimental to both 

the mechanical stability and the electrical performance of the cell and must be avoided. 

From these studies it can be seen that there is a large potential advantage to utilizing thermal 

spray or other deposition techniques that can eliminate the need for co-firing of the cell layers. 

One technique currently under development for cathode fabrication is flame assist vapour 

deposition, a variation of chemical vapour deposition also known by the term combustion 

chemical vapour deposition [50]. In this deposition technique the LSM is synthesized in-flight from 

a solution of precursor chemicals. The deposition temperature (substrate temperature) was found 

to be influenced both by the ethanol/water ratio in the solution and by the flow rate of the 

atomizing air. It was noticed that a fairly high deposition temperature (~700°C) was necessary to 

produce LSM in a crystalline phase. A high precursor solution flow rate was found to leave some 

of the precursors unreacted in the flame zone. The precursors did continue to react at the 

substrate, but the resulting coating had an unacceptably high density. The concentration of the 

precursor solution was found to influence the particle size in the produced coating. Standoff 

distances that were too low were found to result in a dense coating damaged by thermal shock 

effects, while very large standoff distances resulted in a coating with poor adhesion to the 

substrate. In this study all of the parameters were considered individually. It is possible that a 

superior coating could be produced through application of a factorial design technique to 

simultaneously optimize all parameters. Some of the results of this experiment could potentially 

be applied to other thermal deposition techniques (e.g. plasma spray) in which the coating 

material can be synthesized in-situ from precursor chemicals. 

Plasma spray is another deposition technique under examination for depositing SOFC layers 

as it too would eliminate many of the problems associated with the traditional wet 

powder/sintering route. The application of PS to SOFC fabrication is discussed at length in 

Section 1.4. 

1.3.5 Model ing and Reduced Temperature S O F C s 

An area of particular interest in SOFC research is the development of reduced temperature 

SOFCs that would operate at temperatures below 800°C, rather than above 1000°C as is the 

case now for most tubular and many planar SOFCs . Lower temperature operation would allow for 

the use of cheaper, metallic interconnects between cells, in place of the expensive perovskite 

ceramics currently used. Operating at lower temperatures would also reduce the degradation 

arising from thermal stresses, sintering in operation and the formation of non-conductive phases. 
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Standard planar SOFCs are not suitable for operation at these lower temperatures because cell 

performance would be unacceptably poor. There are two primary routes to the development of 

reduced temperature SOFCs: the optimizing of the geometry and microstructure of cells in order 

to reduce losses, and the development of new materials which exhibit higher conductivity and 

catalytic activity at lower temperatures than traditional materials. 

Theoretical calculations are frequently used to determine the maximum possible performance 

that can be obtained from a particular electrode material or set of operating conditions. 

Theoretical models are also developed to examine the effects of various parameters on cathode 

performance; the data can then be used to optimize those parameters. In general, there are so 

many factors affecting cell performance that modeling is often the only way to gain insight into the 

effects of individual parameters. One article examined the development of cell performance 

models with varying levels of complexity [30]. At the most simplistic level, cathode performance 

is a function of cathode layer thickness, cathode reaction rate and ionic conductivity. Models with 

increasing complexity bring in considerations such as the electrode particles and inhomogeneities 

in local current distributions. It was found that in order to achieve a fast bulk path it is important to 

enhance oxygen surface exchange. It was also shown that in order to achieve low polarization 

resistance it is necessary to either have a porous, electronically conductive, single phase cathode 

with high surface area or a composite cathode layer. 

Models are often developed to examine a specific aspect of cell performance. For example, a 

model was developed to examine the relationship between TPB length and overpotential in a 

pure LSM electrode [40]. The data obtained from this model correspond well to experimental data 

and show several interesting features. First, there is a threshold value for the TPB length, below 

which the overpotential increases dramatically. It was also found that the surface oxide ion 

concentration decreases with a decreasing length of the TPBs. Correspondingly, the limiting 

current was found to increase with increasing TPB length. In addition, it can be seen that the 

decrease in overpotential rapidly levels off as the TPB length increases. Thus, the excessive 

lengthening of the TPBs is not a viable strategy to reduce electrode overpotential beyond a 

certain level. Equations have also been developed to model the dependence of activation 

polarization on multiple parameters relating to the electrode structure [31]. Activation polarization 

is found to be dependent on parameters such as electrode thickness, grain size, porosity and 

ionic conductivity. It was shown that for a porous LSM/YSZ cathode with a YSZ grain size of 5pm, 

electrode activity will increase significantly with increasing thickness up to around 100pm, after 

which the effects of increasing thickness become negligible. The results of the developed model 

corresponded very well with values obtained from experiments. It was expected that overall cell 

performance would also peak with a composite cathode thickness near 100pm. The experiments 
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performed found this not to be the case, as the investigators were unable to produce a cathode of 

this thickness that was free of cracks and with sufficient porosity. A similar conclusion on the 

effect of cathode thickness was reached based on the model developed in [30]. It was found that 

for a very porous, mixed conducting cathode there was a thickness beyond which no reductions 

in polarization would be observed; although a typical value for the maximum thickness was not 

presented. This thickness was found to be a function of the ionic conductivity of the cathode and 

the ease with which the ORR proceeds at the cathode. It was also shown that the use of 

composite electrodes, rather than pure LSM ones, can easily lead to an order of magnitude 

increase in the rate of charge transfer and hence activity of the air electrode [31]. 

Another study looked specifically at developing equations to determine the DC polarization 

behaviour of a cell from EIS measurements [51]. EIS measurements are more reproducible than 

straightforward polarization measurements and it is thought that use of this technique would yield 

more reliable and reproducible polarization data. The study was successful in accurately 

determining both the exchange current density as well as the cathodic limiting current density 

from EIS measurements. The investigators then went on to establish the P 0 2 and temperature 

dependence of these values, again using only EIS measurements. It was also determined that 

the limiting process in the cathode was the diffusion of adsorbed oxygen on the electrode surface. 

The above models were all constructed using analytical relationships. More complex models 

have, however, taken advantage of numerical techniques to model the complex phenomena 

within electrode layers. One such study used finite element methods (FEM) to model the 

polarization resistance arising in a three dimensional interface between the electrode and 

electrolyte during operation at 850°C [42]. The values for electronic and ionic conductivity used in 

the model were determined from experimental measurements. The structure of the model was 

based on SEM micrographs of the cathode/electrolyte interface of a prepared cell. The number of 

the YSZ particles at the interface was gradually increased to enlarge the surface area of the 

interface by up to 50% compared to an interface with no YSZ particles. The calculated 

polarization resistance values arising from the FEM model corresponded very closely to those 

observed in experiments performed on the prepared cells. It is therefore possible to build "virtual" 

cells to evaluate new cell structures. The principal advantage to these computational models is 

the ability to conduct many experiments very rapidly and without complex fuel cell test stands on 

carefully controlled structures within an SOFC. 

Many models have been constructed to explicitly examine and optimize parameters related to 

reduced temperature operation. One such study used calculations to evaluate the ohmic drop, 

overpotential and current density in a thin, mixed conducting cathode layer at a reduced operating 
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temperature (700°C) [52]. It was determined that low ohmic losses, small overpotentials and very 

high current densities are achievable with existing mixed conducting electrode materials. 

Calculations, however, only included "typical" values for the various material properties used and 

reference was not made to particular MIEC materials. This study particularly focuses on true 

mixed conducting materials in which the limiting reaction mechanism is diffusion of oxide ions 

through the electrode materials. 

Another model was developed to examine the polarization resistance at various temperatures 

and the potential for improving the electrode structure [36]. It was noted that the observed 

polarization resistances during operation at 850°C and 700°C did not correspond to the values 

predicted by the model. Based on this finding, it was concluded that the limiting factor contributing 

to electrode polarization resistance was something other than ionic conductivity, possibly a lack of 

electron or gas percolation throughout the entire structure. A calculation was also performed to 

determine the polarization resistance of an ideal LSM/YSZ composite cathode layer. The value 

obtained was an order of magnitude lower than that of the best existing composite cathodes. This 

result suggests that significant performance improvements might be obtainable from currently 

used materials which could potentially allow for lower operating temperatures. 

Electrode models are frequently based on the assumption that TPB interface charge transfer 

processes are the dominate contribution to area specific resistance (ASR). There are some 

studies that suggest that the polarization losses in mixed conducting electrodes arise instead 

from generation and transport of oxide ions within the porous cathode structure [53]. By 

comparing values obtained from a model based on oxide ion generation and transport to 

experimental data, it was discovered that the oxygen surface exchange coefficient of the YSZ 

was much too low for the area specific resistance values that were observed. It was suggested 

that there were other processes which increase the transfer of oxide ions into ionically conducting 

phases. The increase was theorized to be predominately due to a contribution from the 

electronically conducting phase (LSM), the mechanism of which was not identified. The presence 

of redox cations such as Tb 4 + /Tb 3 + in the surface region of the cathode was also found to enhance 

oxide ion transfer by increasing the rate of oxygen surface exchange. However, to enhance this 

rate notably, 10-30 mol% of these cations must be added; this significantly lowers the oxygen ion 

conductivity in the ionically conductive phase and is therefore not a viable option for improving 

performance. Oxide ion transfer was also thought to be enhanced through the addition of a noble 

metal catalyst as they promote the dissociation of oxygen into charged species; no evidence of 

this effect was, however, observed in this experiment. 
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Some groups have taken the pursuit of optimized cathodes beyond the modeling stage and 

have attempted to prepare optimized cathode layers using conventional materials. One study 

examined the performance of a cathode with a double layer structure at reduced temperatures 

[54]. A thin LSM/YSZ composite layer was introduced between a 45pm YSZ electrolyte and a 

pure LSM cathode in an anode supported cell. Maximum power densities of 0.90, 0.52, 0.26, and 

0.14 W/cm 2 were obtained at 800, 750, 700, and 650°C respectively. As the operating 

temperature was decreased the current density at which the peak power occurred also 

decreased, the value being about 2.75 A/cm 2 at 800°C and approximately 0.25 A/cm 2 at 650°C. 

The H 2 fuel flow rate was held constant in all trials at 250 ml/min, which translates into a fuel 

utilization of approximately 16% at 2.75 A/cm 2 and 1.5% at 0.25 A/cm 2 . A high air flow rate of 500 

ml/min was also provided to the cell. It was also discovered that the rate of air flow significantly 

affected the peak power density of the cell; higher airflows greatly improved performance at large 

current densities. This investigation was also able to relate the polarization characteristics of the 

cell to the results of impedance testing. It is suggested, much as in [50], that impedance testing 

could be used to provide much of the information that is usually obtained from direct polarization 

measurements. 

Another group fabricated an optimized cathode using a wet spray technique to deposit a 

20pm thick YSZ electrolyte and a 5pm LSM cathode on a conventional NiO/YSZ anode [55]. Cell 

testing was performed at 850°C using both pure H 2 and C H 4 as fuel. The H 2 fed cell achieved a 

peak power density of 0.12 W/cm 2 and an open circuit voltage of 0.9 V, results which were 

deemed promising. The methane fed cell performed much more poorly due to the slow kinetics of 

methane oxidation. Suggestions for further improvement included optimization of the anode and 

improvement of the cathode/electrolyte interface in order to slow degradation. Another group 

pursued a similar strategy, fabricating an anode supported cell with a 4-10pm YSZ electrolyte 

layer and a LSM cathode whose thickness was not reported [56]. This study succeeded in 

obtaining an extremely high power density (1.934 W/cm 2), current density (nearly 6 A/cm 2) and 

open circuit voltage (1.1V) at an operating temperature of 800°C. Air supplied to the cell during 

this test was provided by ambient airflow. Unfortunately, no information on fuel flow or utilization 

rates was provided. However, it seems likely that fuel utilization rate is relatively low as no 

significant mass transport effects were observed during the test. Nevertheless the results of this 

study show that the thickness of the electrolyte is of critical importance when operating at 

reduced temperatures with conventional materials. Compared to the results presented here from 

[54], the cell in [56] has significantly better performance. The main difference between these cells 

appears to be the thicknesses of the electrolytes, as fabrication techniques, composition and the 

structure of other components as well as test conditions are similar. These results also help to 

confirm what was suggested by theoretical models, namely that conventional SOFC materials 
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can provide excellent performance at reduced temperatures if cell layers are adequately 

optimized. It would be expected that even better performance could be obtained through the use 

of optimized cathode and anode layers in conjunction with a very thin electrolyte. 

The other main route to achieving reduced temperature operation is through the use of new 

materials which exhibit better ionic and electronic conductivity at lower temperatures. One new 

ceramic material with high electrical conductivity and close thermal matching to YSZ that has 

been explored for use in S O F C cathodes is LaNi 0. 6Feo.40 3 [57]. It was discovered, however, that 

when co-fired with a Y S Z electrolyte at temperatures above 1300°C, a dense, insulating layer of 

L a 2 Z r 2 0 7 was formed between the cathode and the electrolyte that prevented operation. This 

demonstrates the importance of evaluating the chemical compatibility of materials with promising 

electrochemical properties. Another such project examined the performance of a composite 

graded cathode using GDC rather than YSZ as an ionic conductor [58]. The performance of both 

half cells and full cells was compared to conventional cells fabricated with LSM/YSZ graded 

composite cathodes. EIS testing of the half cells showed that the LSM/GDC cathode had 

significantly lower polarization resistance than the conventional cathode at 700°C. While little 

difference in performance of the complete cells was noted at operating temperatures above 

950°C, the cathode fabricated with GDC showed notably higher performance when operated at 

750°C. The improvement was found to occur primarily in the activation region of the cell 

polarization curve. 

GDC has also been identified as a suitable ionic conductor for use at temperatures as low as 

500°C, although no suitable electronic conductor has as of yet been identified for use at this 

temperature [53]. As previously mentioned, GDC has also been incorporated into cathodes 

which have been graded for composition and microstructure [46]. The following power densities 

were recorded for this cell: 0.551 W/cm 2 at 850°C, 0.481 W/cm 2 at 800°C, 0.319 W/cm 2 at 700°C, 

and 0.138 W/cm 2 at 600°C. The test was conducted with ambient air as an oxidant. Again, no 

information on fuel utilization was reported, but from the polarization curve it is apparent that fuel 

utilization was low as no significant mass transport effects were observed over the range of 

current densities examined. These power densities were achieved despite the presence of a 

relatively thick YSZ electrolyte (240pm). If one were to replace this electrolyte with a thin layered 

one, such as fabricated in [56],' it would be expected that the reduced temperature performance of 

the cell could be further improved. 

Lanthanum strontium cobalt iron oxide (LSCF) is a candidate material for replacing LSM in 

cathodes for reduced temperature operation. Unlike LSM, LSCF is a true mixed ionic electronic 

conductor. As such, it would be expected to exhibit increased electrochemical activity as the 
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TPBs would be effectively extended throughout all surfaces with open porosity within the bulk of 

the electrode, rather than being limited to physical interfaces between ionically and electronically 

conducting phases. LSCF is not suitable for use with YSZ electrolytes due to the formation of 

non-conducting phases. One study looked at both electrolyte supported and anode supported 

cells which used LSCF/SDC (samaria doped ceria) composite cathodes [59]. The electrolyte 

supported cell used lanthanum strontium gallium manganite (LSGM) as the electrolyte and 

included SDC interlayers between the electrodes and the electrolyte in order to prevent 

interdiffusion between these layers. This cell structure was found to be very stable over 1000 

hours of operation. In particular, the bi-layered electrode structures were found to be resistant to 

chromium contamination (the mechanisms of which are discussed below). The cells were tested 

at temperatures ranging from 650 to 800°C. Peak power densities were reported to range from 

0.29W/cm 2 at 650°C to 0.67 W/cm 2 at 800°C. The anode supported cells in this study used a thin 

YSZ electrolyte and a LSCF/SDC composite cathode with a SDC interlayer. Similar performance 

to the electrolyte supported cell was obtained with a peak power density of 0.648 W/cm 2 at 

800°C. No fuel utilization information was provided for tests of either of these cells; it again 

appears to be significantly low so as not to limit the performance of the cell. When current density 

was held constant and fuel flow reduced, the anode supported cell did show excessive 

concentration polarization at high fuel utilization levels, (>80%) due to slow diffusion of reactants 

and products through the thick anode layer. 

Another study examined the performance of a cell with a Ni/GDC cermet anode, 100pm GDC 

electrolyte and a LSCF/GDC composite cathode at temperatures between 500 and 700°C [60]. 

Silver particles were distributed on the cathode surface and were thought to improve the rate of 

oxygen adsorption. While the anode was found to have adequate performance at 500°C, it was 

found that refinement of the cathode structure is necessary before operating temperatures this 

low can be realized. Use of a functionally graded cathode structure would be one possibility for 

achieving this. The entire cell did however show good performance at 700°C, yielding a peak 

power density of 0.67 W/cm 2 . As measurements of performance were calculated from EIS 

measurements performed at open circuit conditions,' the effects of fuel utilization were not 

considered. The improvement over the 0.46 W/cm 2 reported in [59] at 700°C is most likely due to 

the use of GDC rather than YSZ as the electrolyte material. Note that this improvement was 

achieved in spite of the fact that the GDC electrolyte was more than three times thicker than the 

YSZ electrolyte in the previous study. The effect of adding GDC to the MIEC LSCF has been 

examined in greater detail [61]. EIS testing between 550°C and 700°C indicated that 50 wt% 

GDC was the optimal fraction to combine with LSCF in the cathode over this temperature range. 

This combination produced an order of magnitude reduction in interfacial polarization resistance 

between the electrolyte and cathode layers compared to a pure LSCF cathode. The explanation 
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for this performance improvement was that the addition of a highly ionically conducting material 

(i.e. GDC) expanded the electrochemically active area of the cathode further from the electrolyte 

interface. It was suggested that this cell would be able to perform effectively down to 

temperatures of 600°C. It should be noted that one drawback to the use of these materials was 

noted. It was discovered that these cathode materials require relatively low temperature sintering 

(~900°C) and the cell must therefore be processed in such a way that no high temperature 

sintering steps follow the cathode sintering step. This requirement, however, was not reported to 

have caused any difficulty in this or any of the other studies examined that made use of these 

cathode materials. 

One of the foremost motivations for reducing the operating temperature of SOFCs is to allow 

the use of oxidation resistant metallic materials, rather than expensive ceramics, to provide an 

electrical connection between cells in a stack. The primary requirements of the interconnect are 

as follows: it must be dense and impermeable to any reactant gasses, it must be chemically and 

thermally compatible with both anode and cathode materials, it must be stable in both oxidizing 

and reducing environments and it must be have adequate electrical conductivity without ionic 

conductivity [27, 28]. In high temperature SOFCs , rapid oxidation would quickly degrade metallic 

materials used in the cell. The only materials suitable for use as interconnects in this harsh 

environment are electrically conducting perovskite ceramics, such as lanthanum chromate, which 

are typically very expensive and difficult to manufacture. By reducing operating temperatures, the 

rates of oxidation can be reduced sufficiently to allow cheaper, easy to form metallic materials to 

remain stable in the operating environment. The metals usually considered for use are chromium 

containing alloys which preferentially form protective chromium oxide layers. The growth rate and 

electrical properties of this chromium oxide layer have been examined both in unmodified and 

mixed conducting ceramic coated alloys [62]. As would be expected, it was found that mixed 

conducting ceramics did not inhibit growth of an oxide layer, and in the case of the LSCo coated 

interconnect the growth rate of the oxide layer was four times faster than on the uncoated 

interconnect. The conclusion was that pure electronic conducting ceramics must be used to coat 

metallic interconnects. Pre-oxidation of the interconnect alloys was also found to be an effective 

means for limiting the growth of an oxide layer during operation. 

Chromium contamination of the cathode is another major issue arising from the use of 

metallic interconnects. During operation at elevated temperatures the Cr species will evaporate 

from the alloy and migrate into the cathode, where it deposits at the cathode/electrolyte interface 

and interferes with the oxygen reduction reaction. One study endeavoured to quantify the 

degradation due to this process in a LSM cathode over a period of extended operation [63]. It was 

found that Cr contamination caused a large, rapid increase in cell overpotential after just a few 
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hours of operation. Using EIS measurements, an initial decrease followed by an increase was 

observed in the cell polarization resistance. The increase in overpotential was found to be caused 

by an increase in charge transfer and diffusion resistance as ohmic resistance remained relatively 

stable. It was again suggested that protective ceramic coatings on alloy interconnects would be 

useful for preventing Cr evaporation and the subsequent contamination of the cathode, in addition 

to protecting the alloy from excessive oxidation. A similar study was performed examining the 

extent of Cr degradation in LSM and LSCF cathodes at 900°C [64], As expected, it was found 

that the presence of a Cr alloy interconnect caused a rapid degradation in cell performance, 

measured as a decrease in electrode potential. However, the decrease in potential was much 

larger in the LSM cathode than in the LSCF cathode. The degradation was attributed to Cr 

deposition at the electrolyte/cathode interface which obstructed adsorption and diffusion 

processes on the electrode surface. In the LSM electrode it was found that the evaporated Cr 

was combining with Mn from the cathode and forming a spinel phase on the surface of the YSZ 

electrolyte at the LSM/YSZ interface. C r 2 0 3 phases were also detected on the electrode surface. 

In the LSCF only a small amount of Cr containing crystalline phase, randomly distributed, was 

noted on the electrode and SDC electrolyte surface. It was concluded that Mn is an effective 

nucleation agent for the deposition of Cr. The LSM electrode was found in general to be less 

tolerant to surface contamination due to the dominance of surface processes. The results of this 

study indicate that LSCF cathodes in reduced temperature SOFCs could allow for the use of 

uncoated metallic interconnects, achieving one of the primary goals of temperature reduction. 

Theoretical modelling of cathodes confirms what has been observed experimentally, namely 

that substantial performance improvements can be realized through the use of a composite 

structure. From an inspection of the results of various efforts to achieve reduced temperature 

operation it appears that the thickness of the electrolyte, and to a lesser extent that of the 

cathode, are the most important factors to control. Cells with highly optimized structures using 

conventional materials (LSM and YSZ) in the electrolyte and cathode were able to achieve 

performance equal to or greater (as in [56]) than that obtained from cells utilizing new materials 

with higher conductivity, providing ample justification for their continued study. It would be 

expected that an optimized cell structure using these new materials would outperform those from 

the studies reported on in this review. It seems likely that use of the materials and cell structures 

described here will allow for the effective operation of SOFCs at temperatures below 700°C and a 

realization of the benefits of reduced temperature operation. 
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1.4 SOFC Fabrication by P lasma Spray 

1.4.1 Plasma Spray Processing of SOFC Electrolytes 

Studies carried out to examine the fabrication of SOFC electrolytes by plasma spraying have 

focussed on YSZ for high temperature SOFCs and LSGM for reduced temperature use. The 

primary difficulty in fabricating a good electrolyte by plasma spraying is that plasma sprayed 

ceramic coatings typically contain too much porosity and have extensive microcracking, which 

conflicts with the gas tightness requirement to prevent fuel crossover in the electrolyte layer. 

While this problem can and has been solved by producing a very thick electrolyte layer, this is 

generally undesirable as it greatly increases ohmic polarization in the cell. Thus, the primary 

focus of these studies is producing a dense, thin electrolyte by plasma spraying. 

One study specifically examined the effect of powder preparation techniques on the 

properties of a V P S YSZ electrolyte [65], Two YSZ powder morphologies were examined: 

agglomerated/sintered and fused/crushed. No information was provided on the exact preparation 

methods used for creating the two powders. While no particle size is given for either powder, from 

the micrographs of the powders it appears that both have an average particle size of 

approximately 30 um. The agglomerated powder appears to have a morphology that is roughly 

spherical while the crushed powder appears to mostly consist of jagged particles. For the one set 

of plasma conditions examined in the study, it appeared from micrographs that the agglomerated 

and sintered powder produced a denser, more homogenous layer, although no porosity 

measurements were conducted. 

The most common approach to producing a gas tight YSZ electrolyte involves the application 

of a post spray treatment to density the plasma sprayed layer. A pair of studies examined the 

densification of YSZ electrolytes produced by APS for tubular SOFCs , which have electrolyte 

requirements similar to those of planar cells [66, 67]. In these studies, porous A P S YSZ 

electrolyte layers were impregnated with solutions of yttria and zirconia nitrate and then subjected 

to elevated temperatures. This process was successful in achieving both reduced porosity and 

increased ionic conductivity. 150 pm thick YSZ layers were dipped in the nitrate solutions and 

then subjected to 500°C for 30 minutes. This process was repeated to gradually increase the 

density of the electrolyte. It was found that after 10 repetitions of impregnation with the nitrate 

solution and heating, the gas permeability for air had decreased from 2.9x10"6cm4/gs in the as 

sprayed layer to 2.5x10"7cm4/gs, a level deemed acceptable for use in an operating SOFC and 

comparable to that typically found in V P S YSZ layers. It was also found that this post spray 

treatment increased the ionic conductivity by 30% over the as sprayed layer when measured 
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between 600 to 900°C. By increasing the number of treatments the performance can be further 

improved, but the effectiveness of these treatments decreases as the number of cycles is 

increased. In general it is desired to keep the number of cycles as low as possible as they add 

significantly to the processing time. 

Another study looked at the effects of post spray heat treatment, electrolyte thickness and the 

addition of manganese oxide (Mn0 2 ) on the gas permeability, microstructure and composition of 

an A P S YSZ electrolyte deposited on a porous LSM cathode layer [68]. It was found that there 

was a sudden decrease in gas permeability of 60 pm layers as the sintering temperature was 

increased (sintering time was held constant at 3 hrs). This decrease occurred at ~1550°C in pure 

YSZ electrolytes and ~1400°C in electrolytes with a M n 0 2 layer at the cathode/electrolyte 

interface. Furthermore, the presence of M n 0 2 suppressed the formation of lanthanum zirconate, 

an undesirable reactive phase that forms due to diffusion of Mn from the LSM into the YSZ in 

solid solution. When 5 wt% M n 0 2 was mixed with the YSZ powder it was again found that the 

formation of lanthanum zirconate was suppressed with the added benefit that no M n 0 2 is 

observed after sintering, as was the case when M n 0 2 is instead deposited in a layer at the 

interface. The dramatic decrease in permeability observed was attributed to the transformation of 

the open porosity and micro-cracks in the as-sprayed layer to spherical, closed porosity. It was 

also found that gas permeability decreased with increasing electrolyte thickness, as would be 

expected. Finally, it was also observed when the electrolyte thickness drops below 50 pm the 

permeability increases dramatically, most likely due to incomplete overlapping of the splats. 

The use of spark plasma sintering (SPS) as a post spray heat treatment to rapidly density 

YSZ has also been explored [69]. This study explored both sintering temperature (1200-1500°C) 

and the number of sintering cycles. Soak times in this study were 3 minutes, compared to 3 hours 

in the previous study using traditional furnace sintering methods. The density of the plasma 

sprayed samples was significantly increased with the heat treatment from 5.24 g/cm 3 in the as 

sprayed sample to 5.53, 5.71 and 5.89 g/cm 3at 1200, 1400 and 1500°C respectively for 3 S PS 

cycles. By comparison, the theoretical maximum density of YSZ is 5.90 g/cm 3. Increasing the 

number of cycles was also found to increase the density; however the effect was less noticeable 

at higher temperatures. The resistivity of the YSZ was also decreased with increasing sintering 

temperature. It was found that after the SPS treatment the splat structure of the coating had been 

completely transformed to a granular structure as the result of active atomic diffusion between the 

YSZ grains. Multiple S P S cycles were better than a single extended cycle for improving the 

strength, hardness and thermal conductivity of the coating. As the study was carried out using 

freestanding discs of YSZ, no information is available on the formation of reactive phases, such 

as lanthanum zirconate, during the S PS procedure. 
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Plasma spraying has also been investigated for depositing electrolyte materials for reduced 

temperature operation, specifically LSGM [70, 71]. LSGM has important advantages over YSZ 

which make it better suited to processing by plasma spray techniques. First, L SGM has a much 

lower melting temperature (~1500°C) than YSZ (~2400°C), which allows for the deposition of 

higher density films containing fewer unmelted or partially melted particles at lower plasma 

energies. LSGM also has higher ionic conductivity which enables somewhat thicker deposits to 

be used without having as great an effect on the cell performance. It was found that as sprayed 

LSGM coatings exhibited an amorphous structure due to the high cooling rates involved during 

deposition. Post spray heat treatment was successful in restoring the crystal structure to that of 

the feedstock material. Crystallinity began to reappear after heat treatment at 500°C, with full 

crystallinity being restored after treatment at 700°C. However, the ionic conductivity was still 

much lower than a LSGM specimen prepared by sintering methods when measured at 

temperatures below 800°C. Results from this study seem to suggest that under some 

circumstances post spray heat treatment will be required for L SGM electrolyte layers and that it 

may be difficult to achieve good performance at reduced temperatures, below 800°C. 

1.4.2 P lasma Spray ing of S O F C Cathodes 

The deposition of LSM for SOFC cathodes by plasma spraying has been extensively studied. 

One of the principal challenges in depositing LSM by PS is producing a coating with sufficient 

porosity and gas permeability. For good operation, more porosity is needed than is usually 

produced during plasma spraying, and, unlike the fuel electrode, one cannot rely on reduction to 

achieve the necessary level of porosity. An added challenge when fabricating composite 

cathodes is the desire to simultaneously deposit both YSZ and LSM. 

One study examined the characteristics of an APS LSM layer after heat treatment [72]. One 

set of plasma torch parameters was used to deposit cathode layers from LSM powder with a 

particle size of about 100 pm onto YSZ substrates. Some of the layers were then subjected to 

post spray heat treatments at temperatures between 800 and 1000°C for 1 hour. The heat 

treatments were at low enough temperatures and duration to avoid the formation of undesired 

reactive phases. While both treated and untreated LSM were crystalline, the grain size in the 

treated specimen was larger, close to that of the raw powder. The electrical conductivity of the 

treated sample was found to be three orders of magnitude higher than that of the as sprayed LSM 

and was nearly identical to that of sintered and screen printed specimens. Increasing the heat 

treatment temperature reduced the cathodic overpotential. This was thought to be due to the 

slight reduction of the LSM during spraying which was re-oxidized during the heat treatment, 
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though there was no evidence of this degradation in the XRD analysis. It was also found that the 

LSM layer had porosity of about 35%, which is sufficient for good gas transport in the cathode. 

Other research has been carried out examining the fabrication of LSM/YSZ composite 

cathodes using V P S techniques. One such study compared composite cathodes with different 

compositions and thicknesses to single phase LSM cathodes also prepared by V P S [73]. When 

the LSM and YSZ powders were fed separately the result was a layered structure. A more 

homogenous structure was achieved when the powders were premixed by dry tumbling. The 

powders were also mixed by fine wet grinding of sub-micron LSM and YSZ particles followed by 

slurry-drying using an atomisation process. In both cases the mixed powders were fed from a 

single hopper. EIS testing of the cathodes showed that separate feeding of the powders in a 

roughly 50/50 vol. % mixture resulted in the cathode with the lowest polarization resistance. This 

was attributed to an increase in electrode activity resulting from the large unsintered 

agglomerates and porosity present in the YSZ feed powder. It was expected that for similar levels 

of porosity, the cathode sprayed from premixed powders should out perform the cathode sprayed 

from separate hoppers due.to the improved connectivity. This, however, does not yet appear to 

have been confirmed through testing. Mixtures with a higher LSM content, 70 vol. %, had a 

polarization resistance similar to that of a single phase cathode due to the lack of percolation of 

the YSZ phase. 

A separate study by the same researchers examined the fabrication of functionally graded 

composite cathodes by V P S and flame spraying (FS) [74, 75]. In this study the performances of 

graded cathodes were compared to constant composition and two-layer composite cathodes also 

fabricated by V P S and FS. With EIS testing it was found that the two-layer and graded cathodes 

had significantly lower polarization resistance than those with a constant composition, with the 

two-layer cathode performing the best. It was concluded that more work needs to be done to 

optimize the composition of the graded cathode layer to fully realize the benefits of this structure. 

Interestingly, it was found that flame spraying can achieve a performance level comparable to 

that of vacuum plasma spraying at significantly lower cost. 

Work has also been done which examines the use of pore forming material for increasing the 

porosity of A P S planar cathodes [76]. Two separate pore forming techniques were explored; 

mixing carbon with LSM powder prior to spraying to act as a pore former, and the spraying of 

LSM ceramic precursors containing residual organic material followed by annealing. Three types 

of carbon were examined as pore formers; extremely fine carbon black powder, and hollow and 

solid carbospheres. In each case these techniques were applied to single phase LSM cathodes. 

All of the as-sprayed LSM coatings were heat treated at 1000°C to burn off residual carbon and 
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to achieve the perovskite crystal structure in the LSM necessary for electrical conduction. It was 

found during spraying that in order to ensure good feeding of the powders a fairly narrow particle 

size distribution was required. It was also observed that particles less than about 50pm in 

diameter produced coatings which were too dense, while particles larger than about 180pm 

produced coatings with poor adhesion as a result of incomplete melting. The optimum LSM 

particle size range for giving a porous, well adhered coating was between 90 and 180pm. The 

carbon black powder could not be mixed evenly with the LSM due to the large differences in 

particle size and, when sprayed, a layer of carbon on the coating surface resulted. Both types of 

carbospheres could be mixed well with the LSM. The solid carbospheres were found to give 

substantially higher porosity than the hollow ones. This was thought to occur because the solid 

carbon particles would persist longer, more effectively preventing a dense coating from forming 

before being burned away. With both types of carbospheres, it was found that no more than 20 

wt% could be added to the LSM before the coatings would have a layer of carbon on the coating 

surface and a much higher density. The latter effect was attributed in part to the heat of 

combustion of the carbon. In all cases amorphous LSM resulted, requiring heat treatment to 

restore the perovskite structure. The highest porosity obtained was 40%, achieved with 15 wt% of 

solid carbospheres. The resulting pores in this coating had diameters mostly ranging between 60 

and 140pm. Spraying of LSM precursors followed by annealing did not result in a coating with 

much porosity. It was suggested, however, that by combining the resin and carbosphere 

techniques, even higher porosity could be achieved. Finally, in these tests only one set of spray 

parameters was used, and by optimizing the torch parameters the authors believe that still higher 

porosity could be obtained. 

Spray techniques, both spray pyrolysis by flame spraying and plasma spray synthesis, have 

also been used to synthesize cathode powder feedstocks and coatings from precursor 

compounds in order to reduce material costs. Spray pyrolysis by flame spraying tends to yield 

powdery, poorly adhered coatings. One study used this technique to fabricate nano-composite 

LSM/YSZ particles from La, Sr, and Mn nitrate precursors and YSZ sol [77], Fine particles (~1um) 

containing well dispersed YSZ and LSM phases were successfully created. Subsequent heat 

treatment of these particles increased the crystallinity, though the observed structural changes 

seemed to be dependent on the heating rate. It was concluded that more study was needed to 

fully understand the crystallization mechanisms in these particles. Other studies have instead 

focussed on developing coatings directly from precursors using plasma torches, yielding solid 

coatings in one step, but with much finer microstructural details than when spraying from coarse 

powder feedstocks. One project used a non-sintered, spray dried powder feedstock of precursors 

to fabricate spinel coatings [78], Unsurprisingly, it was found that the plasma conditions and 

powder injection parameters heavily influenced the coating composition and structure. The 
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coatings consist of many thin layers created by agglomerate splats; unlike traditional feedstock 

materials however, the individual splats possessed a composite structure. The outer parts of the 

powder agglomerates were found to always melt and stick together, forming a cohesive coating. 

However, within the agglomerates, some of the precursors could remain un-reacted under some 

plasma conditions. These results would seem to suggest that small agglomerates and long 

residence times would be desirable for achieving good coatings with this technique. It is also 

unknown whether other types of ceramic coatings could be successfully created using this 

technique, particularly LSM and other perovskites that are highly susceptible to decomposition. 

While LSM cathodes have been fabricated by APS, to date only single phase cathodes have 

been examined. However, previous composite LSM/YSZ cathodes work, particularly that using 

VPS, will provide some useful insights into how to achieve similar success by applying APS . 

1.4.3 P lasma Spray ing of Interconnect Coat ings 

As mentioned previously, the transport of chromium from chromia containing metallic or 

ceramic interconnects to the cathode/electrolyte interface can degrade cell performance over 

time. One strategy to counteract this is to use coatings on the interconnect materials to block the 

transport of chromium, either as a vapour or by solid state diffusion, to this interface. The 

materials for these coatings must have several characteristics: effective seal for chromium 

containing vapours, thermal and chemical compatibility with adjacent components (interconnect 

and electrodes), mechanical stability over time under SOFC operating conditions, resistance to 

solid state diffusion of chromium and high electrical conductivity to minimize ohmic losses [79]. 

Perovskite materials have been considered for use in this role. Recently several groups have 

begun to examine thermal spraying for the deposition of these protective layers. 

One study evaluated different thermal spray methods (HVOF, V P S and APS), substrate 

chemistries (Cr-5Fe-1Y 2 0 3 , Ni-40Cr and Ni-20Cr), and coating compositions (LSM, LSC and 

La 0 .7Ca 0 .3CrO 3(LCC)) for the deposition of protective interconnect layers [79]. The thermal spray 

process was optimized using fractional factorial design (see section 5) for the following spray 

parameters which were believed to influence the chemistry of the coatings: the amount of oxygen 

in the carrier gas (for HVOF), enthalpy, powder feed rate, spray distance, and sample preheat 

temperature. The coated interconnects were evaluated for chemical compatibility and 

conductivity. With each thermal spray method, decomposition of the perovskites was noted when 

deposition was done at high enthalpy. It was suspected that under high enthalpy conditions, the 

molten droplets developed a L a 2 0 3 skin. Over an extended period of time (many months), the 

L a 2 0 3 absorbed water from the air, resulting in the presence of significant quantities of La(OH) 3. 

The end result is that coatings that were initially dense and well adhered gradually turned into fine 
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powder which could be easily removed. It was found that decomposition of the perovskites could 

be avoided by reducing the enthalpy and powder dwell time and by using powders with larger 

particle sizes. In each case, the coating of the metallic substrates increased the oxidation rate. 

The LSC was found to be an inappropriate material as it allowed rapid diffusion of Cr through the 

protective layer and resulted in thick oxide scales that contributed to a high contact resistance. In 

general, the best combination of coating/substrate in terms of oxide growth rate and Cr diffusion 

was reported to be LSM/Cr-5Fe-1 Y 2 0 3 . LSM was also found to give the lowest contact resistance 

of the three coating materials examined. 

Other studies have also examined the deposition of LSC, LCC, and LSM protective coatings 

onto a structured C r -5Fe -1Y 2 0 3 interconnect by V P S [80, 81]. Torch power, powder injection 

angle, plasma gas flow rate, chamber pressure, powder feed rate, and spray distance were 

optimized for each material to achieve a dense protective layer. The decomposition of the 

powders could be limited by decreasing the torch power and increasing the jet velocity. However, 

too low torch power resulted in a coating that was not sufficiently dense and poorly adhered. 

Because of the presence of the gas channels and the need for surface roughness below 5pm, 

chemical etching was found to the best method for surface conditioning of the substrate 

(interconnect) prior to deposition of the coating. All of the coating materials were found to be 

successful in preventing the formation of reactive chromium containing phases in the cathode. It 

was discovered that interconnects having gas channels with vertical sides could not be uniformly 

coated with a dense coating using VPS . This problem was remedied by redesigning the gas 

channels with a semi-circular cross section and varying the torch angle during deposition. It was 

also found that coating full sized (260mm x 260mm and 360mm x 360mm) interconnect plates at 

ambient temperature resulted in the formation of large cracks and bulges in the coating which 

eventually damaged the underlying interconnect. These cracks were the result of the presence of 

large thermal gradients in the plates during deposition which induced large thermal stresses. This 

problem was overcome by heating the interconnects to between 400 and 500°C during 

deposition. This greatly reduced the magnitude of the thermal gradients and prevented cracks 

from forming. It was found that the coated interconnects had much lower contact resistance than 

the uncoated plates and the resistance did not increase with time or during thermal cycling. The 

coated interconnects were also tested in a working fuel cell. Both the cell voltage and current 

remained very stable over the duration of the tests (about 2500 hours), with a degradation rate of 

less than 1% per 1000 hrs if equipment failures are neglected. No distinction was made between 

the performances of the various protective coating materials. 
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1.4.4 Integrated Fabrication of SOFCs by Plasma Spraying 

While extensive effort has been put into developing a plasma spray process for individual cell 
layers, the ultimate goal is to fabricate multiple cell layers and/or an entire cell through continuous 
deposition. The target of integrated spray fabrication processes is to entirely eliminate the time 
consuming sintering steps now used and the resulting thermal stresses, and to take advantage of 
the flexibility of the thermal spray process to improve and optimize the microstructure of each cell 
component. 

The most advanced integrated fabrication processes developed to date involve deposition by 
vacuum plasma spray of an S O F C consisting of fuel and air electrodes and an electrolyte. The 
preliminary stages of this development involved first developing a procedure for successfully 
fabricating each layer individually [82]. A dense, 30pm YSZ electrolyte was achieved through the 
use of a special Laval type supersonic nozzle to deposit the powder at velocities between mach 2 
and 5. This nozzle also produces a larger high temperature core in the plasma jet which allows 
for a larger fraction of the injected powder to be melted. It was also found that fine grained 
powders with a size of -22pm+10pm produced the densest electrolytes. Graded composite 
anodes were deposited by injecting NiO and YSZ powders separately, using the location of the 
injection sites to control the thermal environment encountered by each powder. The use of a 
nozzle with a wider opening and thus slower plasma jet velocities allowed sufficient porosity to be 
introduced into the layer. Single phase LSM cathodes were produced similarly, using a nozzle 
specifically designed to yield a broad, low intensity temperature profile in the jet, thereby avoiding 
decomposition of the LSM. It was found that by introducing oxygen into the LSM carrier gas, 
reduction of the powder could be prevented. Tests were also performed to compare the 
performance of a single cell with a plasma sprayed anode to one with a screen printed anode; 
both cells had a sintered Y S Z electrolyte and LSM cathode. It was indicated that the plasma 
sprayed anode performed about the same as the screen printed one; however, no specific 
performance information was presented. Finally, anode/electrolyte half cells and full three layer 
cells were fabricated by plasma spraying, but having individual layer thicknesses greater than 
those for the individually fabricated layers. 

The substrate and mechanical support for this cell was provided by a porous, metallic felt or 
mesh that allows for the uniform passage of oxidant and fuel gasses, thus eliminating the need 
for having a thick cell layer to provide mechanical support [1, 83 - 85]. During deposition, the 
substrate is resistively heated to reduce thermal gradients and stresses. Both nickel and ferritic 
steel have been used as supports. The nickel is more corrosion resistant and has higher 
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conductivity, while the ferritic steel provides a better match in terms of thermal expansion with the 
other cell components. From electrochemical testing it was found that despite having a lower 
open circuit voltage, the nickel supported cell performed much better, achieving a power density 
of 400 mW/cm2 compared to only 200 mW/cm2 for the ferritic steel one, measured at a cell 
voltage of 0.7 V. New materials which are both thermally compatible and corrosion resistant are 
reported to be under development. Most of the focus is on improving ferritic alloys for use as 
substrates. These alloys require an alumina content of between 4-6% to form a thin, dense, 
protective alumina scale that will remain stable over long operating periods. As alumina is a poor 
electronic conductor, a secondary material is introduced into the substrate, typically nickel, which 
is also resistant to corrosion and provides good electronic conductivity. Development of this 
material is still ongoing and no performance data were presented. 

The next stage in the fabrication of entire cells by VPS involved refining the procedure 
described above to produce cell layers of the desired structure, composition, and thickness in a 
continuous deposition process to produce a cell suitable for operation at 800°C [86 -89]. Dense 
YSZ and scandia stabilized zirconia (ScSZ) electrolytes were produced, again using a high 
velocity nozzle which provided for particle velocities of about 650 m/s. The resultant 30-40um 
electrolyte layer was found to have 1.5-2.5% closed porosity. For fabricating the anode layer, the 
NiO and YSZ (or ScSZ) were injected separately at an increased standoff distance of 240mm.The 
particles also achieved a much lower velocity (-250 m/s), resulting in an anode layer porosity of 
21vol. % after reduction. Composite LSM cathodes were produced in a similar manner, but the 
cathode was found to have lower porosity, 10-15%, due to the lack of a pore forming process. 
Both electrodes had a constant composition across their thickness (30-50pm). The above 
described conditions were applied in a continuous manner to produce a three layer cell. 
Electrochemical testing of both the YSZ and ScSZ based cells was performed. At 900°C and 0.7 
V the YSZ cell had a power density of 0.580 W/cm2, while the ScSZ cell had a power density of 
0.770 W/cm2; the performance difference was attributed entirely to the increased ionic 
conductivity of the ScSZ. The YSZ cell achieved power densities of 0.430 W/cm2, 0.280 W/cm2, 
and 0.190 W/cm2 while the ScSZ cell had performance of 0.590 W/cm2, 0.430 W/cm2, and 0.300 
W/cm2, at 850, 800, and 750°C respectively and 0.7 V. EIS testing revealed that the cathode 
contribution to the cell polarization resistance was by far the most significant component, 
contributing about 65% of the total. Long term measurement of these cells showed a degradation 
rate of approximately 1 %/1000 hrs, though testing had only been conducted for 2500 hrs at the 
time of publication. 

An alternative process has been developed using a triple torch plasma reactor system in 
conjunction with a controlled atmosphere deposition chamber [89 - 91]. Graded anode and 
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electrolyte layers we re depos i ted in a s imi lar manner a s desc r ibed above by adjust ing the 

p rocess pa ramete rs and depos i t ion a tmosphere . T h e geomet ry of this part icu lar torch is very 

s imi lar to an axia l injection torch; the main di f ference being the converg ing e lec t rodes in this 

des ign. It is obse rved that the powder part ic les are all melted upon impact and remain molten for 

s o m e t ime after, a l lowing, in the c a s e of the electrolyte, for a very d en s e coat ing with chem i ca l 

bonding between sp lats and no lamel lar structure. The result ing electrolyte layer is 40 to 70pm in 

th ickness. The depos i t ion of a s ing le phase L S M ca thode was , however , carr ied out instead by 

injection of aqueous precursor so lut ions in a p rocess known as thermal p l a sma chem i ca l vapour 

deposi t ion ( T P C V D ) . After injection, the precursors are vapor i zed and transported towards a 

coo led substrate, whe re they react and c onden se on the prev ious ly depos i ted Y S Z electrolyte. 

Nuc leat ion of part iculates can occu r prior to depos i t ion if the boundary layer in front of the 

substrate is not very thin; this l eads to higher porosity in the coat ing. T h e boundary layer 

th ickness can be contro l led by the torch power, p l a sma jet velocity, and standoff d is tance. It takes 

somewhat longer to build up a coat ing with T P C V D , about 30 min for a 2 0 0 p m thick layer 

(compared to 2 min for a 3 00pm anode layer depos i ted by V P S ) . The result ing ca thode structure 

wa s found to be suff iciently porous but has not been opt imized. E lec t rochemica l test ing y ie lded a 

peak power of 0.325 W / c m 2 with a current density of about 0.65 A / c m 2 (cell vo l tage - 0 . 5V ) and 

900°C. 

To improve the porosity of the sp rayed cathode layer and reduce mater ia l costs , the use of 

radio-frequency p l a sma spray techno logy has been exp lored for the depos i t ion of perovsk i tes 

us ing in-situ syn thes i s f rom precursor so lut ions in a T P C V D p roces s [83, 84]. A q u e o u s nitrates of 

the des i red e lements are fed and a tomised into the R F p l a sma torch. R F p l a sma techno logy 

generates p l a sma by pass i ng a high f requency (500 kHz) current through an induct ion coil, the 

energy of wh ich is coup led to the gas vo lume. The powder or a queou s feeds tocks are general ly 

injected axial ly. R F p l a sma torches produce a much larger vo lume of s lower mov ing p l a sma than 

traditional D C p l a sma to rches whi le jet core temperatures are similar. R F p l a sma torches offer the 

possibil ity of much longer res idence t imes for the feedstock; suff ic ient to a l low react ion of 

precursors and format ion of a coat ing. The coat ings are fo rmed through condensa t i on of the 

vapour phase of the perovsk i te material , leading to coat ing build up through the growth of 

co lumnar crystals, a s in other P V D p rocesses . The result ing coat ing has been found to have an 

open porosity exceed ing 20 vo l%. The pores formed by this p rocess a l so offer relatively straight 

migrat ion paths wh ich shou ld a l low for efficient transport of g a s s e s in the ca thode layer. 

Fabr icat ing perovsk i tes us ing this p rocess with a s ingle pure phase has proven difficult, requir ing 

very careful control . T o date, only a strontium doped p r a seodym ium cobalt i te ferrite 

(Pro.58Sro.4Coo 2peo 8 0 3 ) coat ing has been success fu l l y depos i ted . Wh i l e improved per formance of 

T P C V D over D C - V P S ca thodes is expec ted , e lec t rochemica l test ing has not yet been carr ied out. 

http://Pro.58Sro.4Coo
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A similar method has, however, been used to deposit LSM coatings from aqueous nitrate 
precursor solutions using a cold temperature vacuum plasma RF reactor [92]. The resulting LSM 
coatings had high porosity (no exact figure was given) but were amorphous. Annealing for 1 hour 
at 750°C was required to achieve crystallization of the layer. The electrical properties of the 
cathode layer, most notably the conductivity, were highly dependent on the plasma conditions. It 
was found that coatings processed with higher oxygen content in the plasma exhibited much 
better conductivity, as the precursor nitrates were more fully oxidized. Much more work remains 
to be done to develop anode and electrolyte deposition processes with this technique in order to 
achieve integrated fabrication of a complete cell, though the technique appears to hold promise. 

Numerous other variations of thermal spray technology have been explored in order to 
achieve better properties in the cell layers [91]. DC/RF hybrid plasma spraying was successfully 
used to fabricate both electrodes and electrolytes. It was found that this method produced an 
anode containing Ni particles with a high specific surface area. This allowed the Ni content and 
consequently the TEC of the anode layer to be reduced, providing a better match with the 
electrolyte. Testing of a cell prepared using this hybrid system revealed an O C V of 1.01V with a 
40pm thick electrolyte. It was noted that while there was significant porosity in the electrolyte, it 
was mostly closed and the gas permeability was very low. A peak power of 0.731 W/cm 2 was 
achieved with this cell. It was felt that further improvements could be made, particularly in the 
cathode layer, to enhance the length of TPBs. Induction plasma spraying has been successfully 
used to create freestanding interconnect plates. Dense YSZ electrolytes have also been 
successfully deposited through the use of induction plasma spraying with the addition of a 
supersonic nozzle. Ni/YSZ cermets for the anode layer were also sprayed with this technology, 
but with limited success. It was found that the coating quality was very sensitive to the torch 
standoff distance due to the different cooling rates of the Ni and Y S Z particles. Experiments 
involving the deposition of LSM from aqueous precursors using the induction torch were not 
successful as it was found that the torch power was not sufficient to completely react the La, Sr, 
and Mn. 

While vacuum plasma spraying has been the focus of the most developmental effort, 
atmospheric plasma spraying has also been under investigation for integrated fabrication of 
SOFCs. The earliest work looked at applying APS to the fabrication of tubular SOFCs . One study 
compared the performance of a tubular cell using both A P S and V P S (an extruded calcia 
stabilized zirconia tube was used as a support and VPS and A P S were used to fabricate the 
electrolyte) [93]. The electrolyte density was found to be significantly higher when using VPS, with 
gas permeability through the electrolyte an order of a magnitude lower than when A P S was used. 
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One other point of interest in this study was the use of nickel alloy/AI203 cermet as the 
interconnect material. No reason is given for the use of this material rather than a perovskite 
ceramic, as is usually the case in this type of cell. Performance testing of this cell indicated that it 
was possible to achieve a fuel utilization of 87.1% and an overall cell efficiency of 38% at 0.7 V. 1 
and 10 kW stacks have been assembled using this fabrication technique; they have been 
operated for over 3000 hours with only slight degradation. Another study looked at the application 
of APS to a tubular cell in which an extruded LSM cathode acted as the cell support, and the 
electrolyte and anode were applied by VPS and APS respectively [94]. APS was found to be 
particularly useful in this case, as a functionally graded anode layer was required in order to 
reduce the thermal stresses encountered when operating at high temperatures (~1000°C). This 
cell achieved a maximum power density of 0.31 W/cm2 at ~0.6 A/cm2 and 0.5 V and had an OCV 
of 0.95 V. Performance was found to be much improved over a cell that was entirely fabricated by 
plasma spraying due mainly to improvements in the structure of the cathode layer which reduced 
the cathodic activation and diffusion overpotential substantially. 

APS has also been used with some success in a few attempts at integrated fabrication of 
planar cells. One study examined a cell with a Ni/YSZ anode, LSGM electrolyte and LSM cathode 
fabricated using APS and intended for use at intermediate temperatures [95, 96]. The as-sprayed 
LSM was also found to retain the crystal structure of the feedstock powder, but with a slightly finer 
grain structure caused by rapid cooling during deposition. The LSGM electrolyte was deposited 
onto the cathode layer and formed a dense layer of about 50pm in thickness. It was found that 
the as sprayed LSGM was amorphous and required heat treatment above 700°C for an 
undisclosed period of time to recrystallize. A porous Ni/YSZ anode was finally deposited onto the 
electrolyte to complete the cell. EIS testing of the LSGM electrolyte found that, after exposure to 
temperatures above 750°C for recrystallization, the sprayed LSGM layer had ionic conductivity 
nearly as high as a pellet prepared by sintering. Testing of a single cell at 600 and 700°C 
revealed an OCV of 0.95V and 1.045V respectively, indicating that the electrolyte was reasonably 
gas tight. Peak power densities of 0.08 and 0.15 W/cm2 were obtained at the respective 
temperatures; there was no indication of the voltage/current conditions at these points. 

Another study fabricated an optimized cell structure for intermediate temperature operation 
having a Ni/YSZ anode, YSZ electrolyte and a LSC cathode by APS [97]. The cell layers were 
consecutively deposited onto a porous Ni-plate substratethat was roughened by grit blasting prior 
to deposition of the anode layer. The electrolyte was optimized for porosity using a nine trial, 
three level orthogonal experimental design using four spray parameters: torch current, argon flow 
rate (primary plasma gas), hydrogen flow rate (secondary plasma gas) and powder feed rate. No 
information was provided on the experimental design method or target responses used to 
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optimize the electrode layers. In addition to the four parameters mentioned in conjunction with the 
electrolyte optimization, the electrode optimization also considered standoff distance. By 
decreasing the torch current and relative hydrogen content and increasing the powder feed rate 
and standoff distance, the particle temperature and velocity were decreased sufficiently to create 
the required porous structure for the electrodes. As is often the case with perovskites, it was 
found that the LSC tended to decompose during spraying. To avoid this, the powder feed rate 
was increased and the hydrogen content of the plasma decreased. The deposited LSC layer was 
also found to have an amorphous structure; heat treatment at 800°C for 2 hrs was applied 
following spraying in order to restore crystallinity. The OCV of the cell was found to be about 
0.95V, indicating that there was a small amount of gas leakage through the 80pm electrolyte. 
Electrochemical testing of the cell was carried out in a humidified H2/02 environment. At 700, 750, 
and 850°C the peak power of the cell was measured as 0.1 W/cm2 (@ 0.4V, 0.2 A/cm2), 0.15 
W/cm2 (@ 0.45V, 0.35 A/cm2), and 0.41 W/cm2 (@ 0.45V, 0.9 A/cm2) respectively. The 
resistance of the electrolyte was found to be the largest contributor to cell losses, accounting for 
78% of the voltage loss at 700°C and 56% at 850°C. Cathode activation losses were the next 
largest contributor, accounting for 17% of the losses at 700°C and 31% at 850°C. Anode losses 
and losses due to interfacial effects were found to be very small at all temperatures tested. 
Monitoring over 20 hrs of testing at a steady current density of 0.5 A/cm2 and various 
temperatures revealed some degradation of the cell and a corresponding rise in overpotential. 
The degradation was found to be primarily the result of Ni sintering in the anode and YSZ/LSC 
reaction at the electrolyte/cathode interface, resulting in the formation of a non-conductive phase. 
This interfacial reaction was found to be most noticeable at 850°C, while the effect was much less 
noticeable at 800°C. This indicated that this particular combination of materials is only suitable for 
use at reduced temperatures, preferably below 800°C. It is suggested that further work remains to 
be done to reduce the thickness of the electrolyte that can be achieved with APS and improving 
the microstructure of the LSC/YSZ interface. 

APS has also been explored for use in fabricating SOFCs based on proton conducting 
electrolytes and electrodes [98]. A proton conducting SOFC was deposited with a barium calcium 
niobate (BCN) electrolyte, Ni/BCN anode, and a LSM cathode. The cathode layer was first 
fabricated by uniaxial pressing of pellets followed by sintering. The electrolyte and anode layers 
were then deposited onto the cathode using APS and flame spraying, respectively. The primary 
focus of this study was on the physical and mechanical properties of the cell materials rather than 
on electrochemical performance. The strength of the plasma sprayed BCN was found to be about 
half of that of the bulk material, while the anode layer was weaker yet, due mainly to its higher 
porosity. In all tests of the mechanical strength of complete cells, failure was always observed to 
initiate in the cathode layer. Mechanical failure of cells occurred when a bending stress of 
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approximately 35 MPa was applied; which is between the strength of the LSM (~25MPa) and of 

the BCN (-50 MPa). The three layers were found to be thermally compatible, each having a TEC 

of between 11 and 12.6 ppm/K. The adhesive strength of the cells was measured to be 0.24 MPa 

and failure again always initiated in the cathode layer. Interestingly, the adhesive strength of a 

stack with the same materials was found to be substantially higher, 0.42 MPa; no explanation is 

provided for the discrepancy. While mechanically it appears that a cell fabricated from these 

components is feasible, much work remains to evaluate the electrochemical performance of such 

a device. 

Cathodes produced as part of these integrated fabrication processes have again either been 

single phase cathodes (either LSM or LSC) produced by A P S or LSM/YSZ composite cathodes 

produced by VPS . In the future, it is hoped that the composite cathodes produced in this project 

will be combined with other cell layers being presently developed by colleagues to allow for 

integrated production of an SOFC by APS . 

1.5 Experimental Design and Coating Optimization 

Experimental design involves a detailed laying out of an experimental plan in advance in such 

a way that the collected data can be analyzed, and useful information extracted [99]. The first 

step in any experimental design process is the identification of process inputs (controlled factors) 

and the desired outputs (responses). A model, e.g. linear or quadratic, can then be fitted to the 

data by performing a regression analysis to yield information about the entire experimental space. 

The more experimental data one has, the more accurate the model will be. For example, a linear 

model for an experiment with two controlled inputs, X-i and X 2 , where Y is the response, could 

look something like: 

Y = P0 + P1X1 + P2X2+P12X1X2 

In this model, p 0 would be the response when X, and X 2 are both 0. p ^ and p 2 X 2 terms would be 

the main effects of the process inputs, and the pi 2X-|X 2 term would account for interaction 

between the two inputs, which may or may not be important in a given experiment. With sufficient 

experimental data, in this case 4 experimental points, the unknown p values can be determined. 

In practice, once the number of important input factors becomes larger than about 2, it becomes 

very time consuming and expensive to explore all possible combinations of factors. For example, 

to explore 3 levels of 4 factors would require 3 4 or 81 runs. Many experiments require many more 

factors to be considered. Thus, many statistical methods have been developed to dramatically 

reduce the number of experiments necessary to evaluate a large experimental space. The most 

common are known as fractional factorial designs, as a specific fraction (e.g. 1/4, %, etc.) of 

combinations of input values required to perform a full factorial analysis are chosen. 
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The following section will examine some examples of the application of fractional factorial 

experimental design and derivative techniques, specifically Taguchi and Response Surface 

methods, to the optimization of the properties of plasma sprayed coatings. Following that will be a 

more thorough examination of the uniform design approach, the method selected for use in this 

project, to experimental design and examples of its application to thermal spray experiments. 

1.5.1 Parameter Development and Application of Factorial Experimental Design to 
Plasma Spray Coatings 

For experiments requiring few experimental runs, a relatively simple and straightforward 

fractional factorial design approach can be used. This approach was used in one study examining 

the sensitivity of Cu-Ni-ln and Inconel 718 coatings to variations in plasma spray process 

parameters [100]. In this experiment 2 levels of 8 input parameters were examined using 16 

experimental runs. In each run only one parameter was varied at a time; this enabled the 

examination of the effects of each individual parameter on the coating quality directly. Higher 

order interactions (those between 2, 3 or more factors) tend to become less and less important; 

for the purpose of this study any interactions higher than second order were neglected. The 

inputs considered for the purposes of this study were: standoff distance, primary plasma gas flow 

rate, secondary plasma gas flow rate, carrier gas flow rate, torch current, powder feed rate, gun 

traverse speed, and whether or not cooling air jets were used. The coatings were characterized 

for 6 properties: hardness, deposition efficiency, adhesive strength, lap shear, the percentage of 

oxides present, porosity, and the percentage of unmelted particles. The Inconel 718 coating was 

found to be most significantly influenced by the primary plasma gas flow rate. It was found that 

increasing this flow rate tended to increase the porosity of the coating as a result of reduced 

residence time and less complete melting of the powder. Short residence times also resulted in a 

smaller percentage of oxides being present in the final coating. The carrier gas flow rate and 

torch traverse rate were not found to significantly affect the properties of the Inconel 718 coating. 

There were also differences observed in the relative importance of some parameters between the 

two different types of equipment used in this experiment, though these differences were not 

explored in any great detail. 

The Cu-Ni-ln coating was found to be very sensitive to most of the parameters. Interestingly, 

the deposition efficiency was found to respond either positively or negatively to an increase in 

primary or secondary plasma gas flow rate, depending on the type of gas used. Increasing the 

primary gas flow of nitrogen increased the deposition efficiency (DE), while the opposite trend 

was found when the flow rate of argon as the primary plasma gas was increased. When hydrogen 

was introduced as a secondary plasma gas, the DE of the nitrogen based plasma decreased, 
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while for the argon based plasma, it increased. A similar effect was noted when the torch current 

was increased. This resulted in an increase in the DE in an argon based plasma and a decreased 

DE in a nitrogen plasma. The presence of air jets was also found to significantly affect the 

properties of the coating sprayed in nitrogen, but little effect was noted in the argon plasma. No 

attempt was made to provide an explanation for these results. It was also stressed that the testing 

procedures used to characterize the coating properties must be sufficiently precise so that any 

statistical noise generated from these be small enough so as to not overwhelm the effects of input 

parameter variation. 

A widely used subset of fractional factorial designs are known as Taguchi designs, though 

much of Taguchi's work relies on commonly used statistical tools. The Taguchi method is capable 

of handling large studies requiring consideration of many parameters with relatively few trials. 

Taguchi makes widespread use of fractional factorial and orthogonal experimental arrays. The 

approach is most commonly used in industrial engineering and product development studies. It is 

geared primarily towards improving quality control and making processes more robust so that the 

quality of resulting products are less sensitive to process variations [99]. In particular, Taguchi 

analyses often make use of an inner and outer array experimental design to separate design 

parameters (inner array) from environmental variables (outer array). Impacts on product quality 

resulting from deliberately controlled process parameters are taken as a signal while the influence 

of environmental variability is considered noise. The results are then analyzed using a logarithmic 

signal to noise ratio, with a high value of this indicator being desired. The goal of these 

experiments is often to minimize the susceptibility of the product quality to variability in 

environmental parameters (e.g. ambient temperature). 

Taguchi methods have been used in many instances for the development of plasma sprayed 

coatings. One study sought to analyze the influence of the plasma spray process parameters on 

the quality of a variety of wear resistant coatings [101]. The process parameters were developed 

for the following coating systems: tungsten carbide/cobalt, chrome carbide/nickel chromium and 

alumina/titania. In each system the goal was to optimize the coating microstructure, hardness and 

adhesion. For this study 2 levels of 7 parameters were examined in 8 trials. The process 

parameters studied here were: the primary and secondary plasma gas flow rates, nozzle size, 

powder feed rate, torch traverse speed, torch current, and standoff distance. For the tungsten 

carbide coating system it was found that one of the tests performed, Rockwell 15N hardness 

testing, was not precise enough to provide useful data. The variation in the results between two 

tests with the same parameter values was as large as the variation between runs with different 

parameter values. For the tungsten carbide coating, the primary plasma gas flow rate was found 

to be the most significant parameter contributing to the coating microhardness with higher flow 
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rates giving better hardness. For the chrome carbide coating high primary gas flow rates, small 

standoff distance, and low powder feed rates all contributed to the coating having the best 

hardness. The adhesion of both the tungsten carbide and chrome carbide coating systems were 

found to be most dependent on the torch traverse rate, with high traverse rates giving the lowest 

per pass thickness and the best coating adhesion. The alumina/titania coatings sprayed all had 

excellent properties and the parameter variations in the range explored in this study did not seem 

to significantly affect the coating quality. 

A subsequent study focussed more specifically on the optimization of alumina/titania plasma 

sprayed coatings for use as an electrical insulator for simulated nuclear fuel tubes [102]. 

Deposition was carried out using a radial injection DC plasma torch at atmospheric pressure. The 

parameters under consideration in this study were the torch current, primary plasma gas flow 

rate, powder feed rate, and standoff distance. The resulting coatings were characterized for 

hardness (both macrohardness and microhardness), thickness, porosity, dielectric strength, 

roughness, electrical resistance, and deposition efficiency. The experimental design used nine 

runs and explored three levels for each parameter. Macrohardness (Rockwell 15t) was primarily 

effected by the powder feed rate, with a higher feed rate giving the hardest coatings, and to a 

lesser extent by the standoff distance and torch current. Microhardness (Vickers) was similarly 

dependent on the powder feed rate and varied to a lesser extent with standoff distance and 

primary gas flow rate. Coating thickness was almost entirely dependent on powder feed rate, with 

the other parameters having a very minor effect. The porosity was primarily influenced by the 

torch current and standoff distance, with high current and intermediate distances giving the lowest 

porosity. The dielectric strength was primarily a factor of the powder feed rate; low feed rates 

resulted in the highest dielectric strength. The other three factors contributed moderately and 

equally to the dielectric strength of the coating. Surface finish (roughness) was found to be 

principally influenced by the standoff distance, primary gas flow rate, and torch current, with large 

distances, higher flow rates and low currents giving the smoothest finishes. Electrical resistance 

in the coatings was mostly affected by the standoff distance; large distances gave the highest 

resistance. A low primary gas flow rate and intermediate powder feed rate also tended to produce 

a coating with high resistance. Finally, deposition efficiency was affected by both the primary gas 

flow rate and the powder feed rate, with high feed rates and intermediate gas flow rates giving the 

best deposition efficiency. Based on these experimental results an optimum set of conditions for 

depositing the alumina/titania coatings was determined. 

Taguchi methods were also used to determine the effect of oxy-fuel spray process 

parameters on the properties of NiCrAI/Bentonite abradable coating for use in a gas turbine [103]. 

The goal of the project was to evaluate the effect of the process parameters, determine the 
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parameters which contribute most significantly to coating quality, and to better control these 

parameters to allow coatings to be produced to more exacting specifications with greater 

reliability. A 15 factor (12 independent parameters plus 3 interactions), 2 level, 16 run 

experimental grid was used. Independent parameters considered were: substrate preheat 

temperature, coating thickness, powder hardness, total gas flow rate, internal cooling air 

pressure, carrier gas flow rate, system type (manual pressure/flow control or mass flow, closed 

loop), standoff distance, external cooling air pressure, oxygen/acetylene flow ratio, powder feed 

rate, and substrate rotational speed. Interactions between the internal cooling air and total gas 

flow, total gas flow and system type, and oxygen acetylene ratio and total gas flow were also 

considered. Coatings were evaluated for erosion resistance, tensile strength, and 

macrohardness. Erosion resistance and tensile strength were found to be controlled by system 

type and the powder feed rate, with automatic control and low feed rates being preferred. The 

total gas flow rate, internal cooling air/total gas flow interaction, and total gas flow/system type 

interaction were also found to contribute to these properties; high total gas flow rate and internal 

cooling air pressures were found to be preferred. The tensile strength of the coatings was also 

found to be sensitive to the oxygen/acetylene ratio. The hardness of the coating was sensitive to 

some of the same factors as the other properties, namely powder feed rate, total gas flow rate, 

and system type, with all of the same preferences as previously mentioned. The hardness was 

also found to be related to the coating thickness and carrier gas flow, with thicker coatings and 

lower carrier gas flow giving better hardness. The next steps in the development of this coating 

system will involve finding the overall optimum set of spray parameters considering all properties, 

exploring different feedstocks produced using different production methods, and with a wider 

range of characteristics. 

Another study used Taguchi methods to explore how the process parameters affect the 

properties of plasma sprayed zirconia and zirconia/MCrAlY TBC systems [104]. The goal of this 

study was to minimize the variability in the coating properties by determining the sensitivity of 

those properties to process parameters and noise factors (variability between different facilities). 

The coating quality was determined using a four point bend strength test; coatings performing the 

best in this test were considered to be of the best quality overall. Unlike the previous studies that 

have been reviewed, this study did not look at parameters relating to the torch (current, plasma 

gas flow, etc.) but rather at parameters related to the preparation and mounting of the substrate. 

Two levels of 7 factors (plus one interaction) were considered in a 8 run experimental grid: 

substrate panel orientation (axial or circumferential), specimen location (edge or centre), the 

interaction between orientation and location, substrate removal technique (milling or cutting), pre

test treatment (none or heat treatment), test temperature (room or elevated) and pre-stress 

condition (controlled or variable). Pre-stressing was performed either by controlled heating of the 
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substrate (accomplished by heating with external gas torches monitored and controlled by 

thermocouples mounted on the panel) or by passing the plasma torch over the panel several 

times prior to starting the powder feed (which provides variable heating as the torch passes over 

different areas of the panel). This pre-stress condition was found to be the dominant factor 

contributing to the performance of both the ceramic and ceramic/metallic coating systems, with 

the controlled approach being preferred. Heat treatment of the zirconia coating was also found to 

lower the measured strength of the coating by 7%; no details of the heat treatment used were 

provided. For the zirconia/MCrAlY system, performing the bend test at elevated temperature was 

found to lower the coating strength by 7%. This coating was also affected by an interaction 

between the panel orientation and specimen location. All other factors were considered to have a 

small contribution (<6%). 

A second, 8 factor, 2 level linear array was used to evaluate the effect of noise originating 

from the use of different spray facilities. In this part of the experiment the pre-stress level was 

controlled for all samples and its place in the array taken by a new parameter, panel size (4"x2" or 

2"x2"). The previous orientation/location interaction term was replaced by a panel size/specimen 

location interaction term. Most of the parameters considered in this test were found to have a 

nearly negligible impact on coating strength (<2%). The only factor to contribute notably was a 

still small (5%) variability resulting from the use of heat treatment prior to testing of the 

zirconia/MCrAlY coating. The signal to noise ratio was found to be both very low and relatively 

insensitive to the facility used. 

While Taguchi analysis is still widely used for product development, many researchers have 

sought to develop new fractional factorial experimental design procedures that overcome the 

shortfalls of Taguchi analyses. For instance, when dealing with problems requiring a large 

number of factors to be considered, the use of inner and outer arrays to deal with controlled and 

noise parameters separately can become very tedious [105]. Statisticians have also discovered 

numerous instances where specific assumptions used in a Taguchi analysis would lead one to a 

less than optimal solution. The use of signal to noise ratios in Taguchi analyses has also been 

called into question. Some experiments have shown that their use requires the performing of 

calculations that are more complicated than is necessary and, in some cases, can result in the 

loss of significant information. Signal to noise ratios can also result in non-significant factors 

appearing to have a larger influence than they actually do. It has been suggested that the use of 

means and standard deviations is a more effective approach. Problems have also been found 

with Taguchi's interpretation of life testing data, which requires that the collected data be 

statistically independent, which it is not. Taguchi experiments also usually involve carrying out 

one large, comprehensive experiment, where the relative importance of each factor may not be 
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known. It has been suggested that a more effective approach would be to initially conduct a 

series of smaller screening experiments followed by more detailed exploration of areas of 

apparent interest. This approach would be well suited to experiments where there is uncertainty 

as to which parameters are most important. The Taguchi approach has also been considered by 

some to be "too simplistic and not very realistic for most practical problems" [106]. Taguchi 

designs also tend to place less emphasis on the effects of interaction between multiple 

parameters, which can be significant in some situations. 

Some studies, taking some of these critiques into consideration, have proceeded to use 

orthogonal experimental arrays similar to Taguchi's, but have also taken advantage of screening 

tests and more straightforward statistical tools. One study utilized this approach to optimize 

chrome carbide/nickel chromium coatings [107]. These coatings have been shown to be 

extremely sensitive to process parameter variation. Initial screening tests indicated that five 

factors were of significant importance: torch current, primary gas flow rate, standoff distance, 

target rotational speed and powder feed rate. Two levels of each parameter were examined. 

Separate sets of experiments were performed for coarse and fine powder lots, as these were 

found to respond differently to parametric variation. The coatings were characterized primarily for 

macrohardness and tensile strength. A half fraction, 16 run factorial matrix was used that allowed 

for all main and two-factor interaction effects to be determined. For both powder lots it was found 

that the hardness was significantly dependent on one main factor, rotational speed (lower speeds 

giving better hardness), and on three two-factor interactions: distance and powder feed rate, 

distance and rotational speed, and current and feed rate, with high powder feed rates and large 

standoff distances giving the hardest coatings. The coarse powder tended to yield higher and less 

variable hardness across the entire range of parameters. A confirmation run was performed to 

test the optimum set of parameters that had been determined. The resulting coating had a 

hardness significantly higher than any produced from the experimental grid. 

A later study used an identical experimental approach to study the parametric sensitivity of 

alumina and chromium carbide/nickel chromium coatings produced by plasma spray [108]. 

Screening studies indicated that the alumina coatings were sensitive to variations in the 

secondary plasma gas flow rate, torch current, and standoff distance. The alumina coatings were 

characterized for macrohardness and porosity. An 8 run full factorial experimental grid was used 

to study 2 levels for each parameter. Torch current most significantly influenced the porosity of 

the coatings, with a high current, small standoff distance, and high secondary gas flow rate giving 

the lowest porosity. This would be expected, as these conditions would yield a very hot plasma in 

which most of the ceramic particles have been completely melted, and the low standoff distance 

would tend to prevent the particles from cooling and solidifying before impact. The hardness of 
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the alumina coatings appeared to be influenced primarily by an interaction between the 3 

parameters. The chromium carbide/nickel chromium coatings were similarly studied using 3 

parameters: primary gas flow rate, standoff distance, and torch traverse speed. No one factor or 

interaction appeared to dominate the macrohardness of these coatings, but the highest value was 

achieved with a combination of high flow, low traverse speeds, and large standoff distances. 

Confirmation runs again showed that the experimentally determined optimum values yielded 

superior coating attributes for both the alumina and chromium carbide/nickel chromium coatings. 

Response surface methodology (RSM), which also stems from fractional factorial design, has 

been suggested as an alternative to Taguchi methods that is both more sophisticated and easier 

to use [106, 109]. This technique involves sequential experimentation moving initially from being 

relatively ignorant of parameter effects to complete understanding of the system. The 

experimental steps in RSM are fairly straightforward. First, initial screening tests are performed to 

determine which parameters are relevant. Then a 2 level factorial experiment is conducted with 

the relevant parameters to achieve a local linear approximation of the response function (the 

value of the characteristics that are being optimized for), which should indicate the direction of the 

optimum set of parameter values. Then, a series of single run experiments are performed by 

adjusting the parameter values sequentially in the direction of the optimum as indicated by the 

linear approximation. Eventually, a point of diminishing return for the value of the response 

function will be reached, indicating that the maximum is likely near. A second factorial design can 

then be conducted to determine the shape of the response surface in this area and determine the 

direction of further increase. If the response surface does not appear to increase or decrease 

significantly in any direction, then the maximum has likely been reached. An augmented factorial 

design known as a central composite design can then be performed to obtain a two dimensional 

representation of the surface in this area and to determine the exact nature of the area in and 

around the maximum. Even non-linear systems can be initially explored through the use of two 

level experiments, with higher order experiments being conducted only in the later stages. 

This approach is significantly less complicated than the Taguchi approach, which would 

require the use of a higher order experiment for the entire system right from the start. RSM also 

does not require knowledge of the appropriate spacing of the parameter values, as this is 

revealed through the course of the initial screening tests. Thus, the power of RSM lies in its 

flexibility and requires little prior knowledge of the system being studied. The most obvious 

limitation to RSM would be in distinguishing local maxima from the global maximum in 

complicated response functions if these occurred in separate areas of the experimental space. To 

ensure that one, has really found the absolute maximum it may be necessary to "ascend" the 

response function starting from widely separated areas of the experimental space and ensuring 
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that a large portion of the experimental space has been mapped, so that it can be stated with 

some confidence that the best combination of parameters really has been found. This could add 

significantly to the time and number of experiments required. On the other hand, if one has 

reason to suspect that the response function will be relatively straightforward, such that one 

obvious maximum is expected, then RSM would be an efficient way to proceed. 

1.5.2 Uniform Design Theory and Application to Plasma Spray Coating Optimization 

Both Taguchi and Response Surface methods rely on 

orthogonal designs. To be orthogonal the experimental Column 

matrix must meet certain conditions. For example, Row 1 2 3 4 
consider Table 2, an n x s experimental design where n consider Table 2, an n x s experimental design where n 1 1 1 1 1 
denotes the number of experiments (9) and s the number 2 1 2 2 2 
of factors (4). In this example, q, the number of levels of 3 1 3 3 3 
each factor is 3. The notation Ln(qs) is normally used to 4 2 1 2 3 
identify an orthogonal array. To be an orthogonal design, 5 2 2 3 1 
each entry must occur in each column the same number of 6 2 3 1 2 
times and, in any two columns, each pair of entries must 7 3 1 3 2 
occur the same number of times [110]. Experiments using 8 3 2 1 3 
Taguchi or Response Surface methods generally rely on 9 3 3 2 1 
orthogonal designs for their experimental grids. orthogonal designs for their experimental grids. 

fable 2: L9(34) Orthogonal Design [111] 

More recently a new method for generating experimental 

grids has been developed based on number theory, Uniform No. 1 2 3 4 

Design (UD). The principal goal of these designs is to develop 1 1 10 4 7 

grids which provide for a more uniform distribution Of 2 2 5 11 3 

experimental points within the experimental space [110, 111]. 3 3 1 7 9 

Put another way, UD seeks to minimize the value of various 4 4 6 1 5 

measures of non-uniformity (discrepancies). UD has been 5 5 11 10 11 

proven to be capable of substantially reducing the number of 6 6 9 8 1 

experiments required compared to fractional factorial methods 7 7 4 5 12 

when a large number of factors with many levels are involved. 8 8 2 3 2 

UD tables have the notation Un(q s), where n is the number of 9 9 7 12 8 

experiments, q is the number of levels, and s the number of 10 10 12 6 4 

factors under consideration. For example, Table 3 shows a 11 11 8 2 10 

U 1 2(12 4) Uniform Design table for an experiment with 12 12 12 3 9 6 

levels of 4 factors with 12 experimental trials. Each column T a b , e 3 . U l 2 ( i 2 4 ) Uniform Design Table 
[111]. 
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contains elements 1 - q and they appear equally often, thus q ^ n and q is a divisor of n. 

Procedures such as the Forward Procedure and the Threshold-Accepting heuristic have been 

developed to generate UD tables for specific combinations of n, q and s. These tables are freely 

available and do not have to be manually produced. An experiment applying UD methods would 

follow these steps: 

• Choosing factors (controlled parameters), their range of values, and the number of 
levels 

• Choosing the appropriate UD table based on the number of factors, levels, and the 
number of experiments one wants to perform 

• Perform the experiments according to the table and record the responses 

• Use regression analysis to establish a suitable model that provides a good fit to the 
data 

• Find the value of the factors that gives the optimal response (maximum or minimum) 
and perform validation experiments 

UD is also more robust than other experimental design methods in that it is not particularly 

sensitive to the type of model used for analysis and can give good results with little or no 

knowledge of the model governing the system prior to it being studied. The simplest, and most 

common, model that is applied to UD results is a linear regression model where the response is 

expressed in terms of input variables and some unknown regression coefficients [112]. These 

inputs will usually consist of linear input variables corresponding to experimental factors, higher 

order terms, and interaction terms. Usually, the number of coefficients exceeds the number of 

experimental points, requiring a method such as step-wise regression or a Bayesian based 

penalized least squares method to be applied to systematically eliminate insignificant terms from 

the model. Stepwise regression is the most widely used variable selection technique in uniform 

design experiments. The significance of each variable is evaluated either using an F-test (based 

on the Fisher variance ratio distribution) or t-test (based on the t distribution). For each variable 

an F value (or t value) is calculated and compared to a critical value from the distribution for the 

number of degrees of freedom involved and the desired significance (i.e. confidence) level (0.05, 

5% is typically used). If the calculated F-value exceeded the critical value from the distribution, 

the variable would be deemed significant and added to the model. The remaining variables are 

then evaluated in turn for their significance in the presence of previously added variables. It is 

also important to re-evaluate the significance of previously added variables as new ones are 

included to ensure that all are still found to be significant [113]. 
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Drawbacks to the use of stepwise regression for variable elimination in uniform design have, 

however been identified [112]. In some situations the procedure has proven to lack stability and it 

ignores the stochastic errors that are inevitably present in the variable selection process. A 

penalized likelihood (penalized least squares) approach has been proposed which is an 

estimation rather than regression procedure. The penalized likelihood approach greatly reduces 

the amount of computation required compared to stepwise regression and also yields stable 

models. This approach relies on the use of a penalty function and tuning parameter. The penalty 

function is then used in an estimator which should have a threshold (i.e. small variable 

coefficients should be set to zero to reduce the complexity of the model), and be unbiased and 

continuous (to prevent model instability). Starting with an initial value for the coefficient, and using 

a local quadratic approximation of the penalty function, iterations are performed by a statistical 

software package to simultaneously estimate the value of coefficients and eliminate insignificant 

variables. 

The UD methodology has been applied to the optimization of plasma sprayed coatings. One 

investigation used UD to optimize the wear resistance properties of titanium nitride coatings [114]. 

The responses of interest in this study were: deposition efficiency, porosity, oxide content, 

microhardness, and fracture toughness. Five input parameters were considered: torch current, 

primary plasma gas flow rate (Ar), secondary plasma gas flow rate (H2), standoff distance, and 

powder feed rate. For torch current and powder feed rate, 10 levels were considered while 5 

levels were used for the remaining 3 parameters. The experiment involved 10 trials (U 1 0(10 25 3)). 

Regression analysis was used to model the responses as third order polynomials; elimination of 

insignificant variables was performed using a step-wise regression analysis. The deposition 

efficiency was found to depend significantly on the torch current, argon flow rate, and the 

hydrogen flow rate. There was also an interaction between the torch current and the hydrogen 

flow rate. Through optimization of these three parameters, a deposition efficiency of 50.5% was 

obtained. Porosity was found to depend only on the standoff distance, though the confidence 

level of this model was somewhat lower than that for the deposition efficiency. There was also 

rather large relative error between the experimental and predicted values (up to 72%). It was 

suggested that pores created during polishing of the specimens obscured the influence of the 

other process parameters. The lowest predicted porosity was 4.6% at a standoff distance of 

130mm. The oxide content was found to depend on an interaction between torch current and 

argon flow rate and an interaction between current, hydrogen flow rate, and standoff distance. 

The minimum value for oxide content predicted by the model was 16.4%. Like deposition 

efficiency, the regression equation for microhardness had a very high confidence level (>0.99). 

The microhardness was influenced by interactions between the current and argon flow and 

between current, hydrogen flow, and powder feed rate. Fracture toughness was a function of 
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argon flow rate and an interaction between hydrogen flow rate and standoff distance. Validation 

experiments showed that the models provided reasonably good estimates for the mechanical 

properties of optimized coatings with low relative error between predicted and observed values. 

The predictions for microstructural properties (porosity and oxide content) were somewhat less 

accurate. 

A similar experimental procedure has been used for the optimization of plasma sprayed YSZ 

T B C s [115]. As in the previously reviewed study, a U 1 0(10 25 3) experimental design was used for 

the same five parameters: current, primary and secondary plasma gas flows, standoff distance, 

and powder feed rate. The coatings were characterized for deposition efficiency, porosity, and 

microhardness. The responses were each modelled with three separate regression analyses to 

generate first, second, and third order equations that were then compared for accuracy. 

Elimination of insignificant variables was done through stepwise regression. For each of the three 

responses, the first and second order equations were found to have too much error and, in each 

case, the third order equation was adopted. Deposition efficiency was found to depend on all five 

process parameters including interactions between the torch current, hydrogen flow rate, and 

standoff distance. A combination of low argon flow, small standoff distance, moderate powder 

feed rate, and high current and hydrogen flow gave the best deposition efficiency. The porosity 

was sensitive to all parameters except the torch current. There was again some concern 

expressed that the porosity data were inaccurate or that the porosity may have been dependent 

on a complex interaction between some parameters that were not modelled. Nevertheless, the 

third order regression equation obtained provided a very good fit with the experimental results. It 

was found that a low argon flow rate and high hydrogen flow, standoff distance, and powder feed 

rates gave the lowest porosity. Microhardness was found to be highest with low argon flow rates 

and high currents, hydrogen flow rates, and powder feed rates. Validation experiments confirmed 

that the predicted optimum parameter values yielded superior coatings. The relationship between 

the various responses was also considered. The deposition efficiency and porosity, and hardness 

and porosity were found to have inverse relationships, while deposition efficiency and hardness 

were found to be directly related. In each case the relationship between the responses was 

roughly linear. 

Due to the apparent advantages of the Uniform Design method over other approaches, it will 

be the method for experimental design used throughout this project. In the work presented here, 

UD will be used to generate experimental grids to explore the effects of the various parameters. 

In future work, more refined experimental grids will be used along with regression analysis for 

cathode optimization. 
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1.6 Literature Review Summary 

Research involving solid oxide fuel cells has been the focus of much attention recently as 

S O F C s have the potential to be widely used as efficient and fuel flexible electricity generators. 

While the technology holds promise, there are a number of factors that prevent immediate and 

wide scale adoption of S O F C technology. These include high unit expense due to high raw 

material costs and time consuming, energy intensive manufacturing processes. Currently S O F C s 

are also not sufficiently reliable or durable. At present, new manufacturing techniques are being 

developed in an attempt to remedy these deficiencies. Plasma spraying is one such technique 

that has the potential to greatly reduce manufacturing time and expense and simultaneously 

improve the structure and durability of the cell through real time control of process parameters. 

Of the three active layers in an SOFC (anode, electrolyte, cathode), it is the cathode that is 

responsible for the majority of activation losses during operation with hydrogen as the fuel due to 

the sluggishness of the kinetics of the oxygen reduction reaction compared to hydrogen oxidation 

at the anode. The material most widely used in SOFC cathodes at present is lanthanum strontium 

manganite; a ceramic with a perovskite crystal structure that is an electronic conductor with slight 

oxygen ion conductivity at high temperatures and is catalytically active for the reduction of 

oxygen. Due to the low ionic conductivity of LSM, it has been found that adding an ionic 

conducting material (such as YSZ) to the cathode to produce a composite structure greatly 

improves cathodic performance by increasing the length of triple phase boundaries at which 

oxygen reduction can take place. Adding YSZ to the cathode also improves the mechanical 

compatibility between the cathode and YSZ electrolyte by reducing the difference of thermal 

expansion coefficients for the two layers. It is also important to have sufficient gas porosity, 

ideally around 40%, in the cathode to allow for the transport of oxygen gas to the reaction sites. 

Finally, it has also been observed that by grading the microstructure of the cathode layer across 

its thickness the performance can be further increased. The ideal cathode would have a very fine 

microstructure near the electrolyte interface consisting of narrow pores, small particles, and a 

high proportion of Y SZ in order to maximize the area available for oxygen reduction. Away from 

the electrolyte, the cathode microstructure should gradually become coarser with larger pores 

and a higher fraction of LSM to allow for good gas transport and improved electronic current 

collection. 

Plasma spraying has been used for the deposition of composite SOFC cathodes with graded 

microstructures. Most of these studies have involved the use of low pressure or vacuum plasma 

spraying. Results have generally been good, producing cathodes performing about as well as 

those produced by traditional methods but in a small fraction of the processing time. The most 
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significant challenges in producing good cathodes by V P S are in depositing LSM with the desired 

phase and with a sufficiently porous structure. In many studies some post spray heat treatment 

was necessary to recrystallize the LSM, though in others the as sprayed LSM possessed the 

desired phase. High levels of porosity have been realized through the use of an organic pore 

former that is sprayed together with the LSM then burned out after spraying. More recently, there 

has been interest in using atmospheric pressure plasma spraying to produce S O F C s , as it is a 

simpler and less expensive process than VPS . Most of the A P S work conducted to date has 

focussed on deposition of SOFC materials designed for reduced temperature operation. The 

studies that have explored the deposition of LSM have focussed on producing single phase 

cathodes. The co-deposition of LSM and YSZ by APS for the production of two phase composite 

cathodes for S O F C s has not been previously explored in published work. 

There are a number of steps involved before an optimized composite cathode can be 

produced by APS . The first is the identification of all of the independently controllable process 

parameters that significantly affect the quality of the coating and therefore the performance of the 

cathode. The range of values to be explored for each parameter must then be defined. This can 

be accomplished by carrying out preliminary screening tests exploring a wide range of each 

parameter in order to rule out the values which are not suitable for coating production. The range 

of parameter values remaining after these tests can then all be expected to produce useful 

coatings. The optimum combination of values that produce the cathode with the best performance 

will then be determined through the application of an experimental design technique, such as 

uniform design. Once an optimized cathode with a constant composition has been produced, the 

optimization of a cathode with a graded microstructure and composition can then be explored in 

hopes of further improving performance. 
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2 .0 Air Plasma Spray System Description and Experimental Setup 

The plasma spray system used in this project is an Axial III Series 600 system (Northwest 

Mettech Corp., Richmond, BC). As the name suggests, this particular torch system features axial 

powder injection. As discussed above, axial powder injection leads to very uniform and complete 

melting of the powder and, as a consequence, this type of system generally has higher deposition 

efficiency than the much more common radial injection systems. The torch contains three 

separate electrodes, each independently powered. As a result this system is capable of achieving 

much more energetic plasmas than many other systems; system power outputs of up to 150kW 

are achievable. The Axial III system can make use of three plasma gasses simultaneously: argon, 

nitrogen, and hydrogen or helium. The plasma spray setup used for this project contains four 

main components: powder feed hoppers, torch, manipulator, and sample mount. For these four 

components there are three independent operating systems that control the experimental 

parameters related to each part of the system. 

The powder feed hopper system, Figure 3, consists of two separate feed hoppers that are 

connected to powder feed lines that transport powder to the torch using an argon carrier gas. The 

system allows for both single and dual hopper operation. Single hopper operation can be 

controlled either from the torch control system software interface or from the hopper system 

control panel; dual hopper operation must be controlled from the hopper control panel. The 

hopper system parameters that can be independently controlled are the powder feed rate and the 

carrier gas flow rate. Feed rate is controlled by changing the rotational speed of the feed disk 

located in the bottom of the hopper. The powder feed rate generally increases in direct proportion 

to feed disk rotation speed. The powder mass flow rate is also dependent on each powder's 

flowability, requiring separate calibration for each different powder composition. Powder mass 

flow rate calibration is carried out by feeding a quantity of powder over a known period of time 

into a closed container, which is then weighed. 

The plasma torch and associated components: power supplies, gas supply, water pump, and 

mass flow controllers, are the heart of the A P S system. The torch and the power and gas 

supplies are shown in Figures 4 and 5. The torch system parameters are controlled by a 

programmable logic controller integrated into a PC, which is accessed through a graphic user 

interface, shown in Figure 6. Values for torch electrode current, plasma gas composition, and 

plasma gas flow rate are set through this interface. In addition, the torch nozzle diameter can be 

changed by physically replacing the nozzle. Five discrete sizes are available, 5/16", 3/8", 7/16", 

1/2", and 9/16". Due to the extremely high amount of energy involved in the plasma spray process 
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it is imperative that steps are taken to ensure safe operation of the equipment. The controlling 

software has numerous safety limitations built into it, preventing dangerously high torch currents 

or gas mixtures. During operation, the torch generates intense noise and light; eye and ear 

protection are required for operators to avoid damage resulting from operation of this equipment. 

Figure 5: Plasma torch and manipulator robot. 
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Finally, the manipulator robot and sample mounting system are controlled from the consoles 

pictured in Figure 7. The mounting system consists of a metal drum bolted to the top of a 

turntable. Samples are then secured to the drum using a clamping system. The mounting system 

control console is used to set the rotation speed, anywhere from 0 to >600 rpm. The robot is a 2-

axis programmable manipulator; though in practice only y-axis movement is used (x-axis 

movement is governed by the mounting system rotation). The programmable controller allows the 

number of torch passes over the sample to be set; which, together with the powder feed rate, 

determines coating thickness. The robot movement speed and movement distance can also be 

controlled from this console. 

Figure 7: Manipulator (right) and sample mounting 
system (left) control consoles. 
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3.0 Plasma Spray Feedstock Preparation 

3.1 I n t r o d u c t i o n 

For composite cathode production by APS, both LSM and YSZ plasma spray grade powders 

were acquired. Infrox™ S5725SR (Inframat Advanced Materials, CT, USA) was used as the LSM 

powder feedstock for experiments. The as received powder had the composition 

(La 0 .8Sro.2)o.98Mn0 3 . As previously discussed, the use of an A site deficient, non-stoichiometric 

composition is believed to suppress the formation of undesirable lanthanum zirconate phases. 

The LSM powder was spray dried with a spherical morphology, as seen in Figure 8, to allow good 

flowability for feeding in a plasma spray application. 

F i g u r e 8 : T y p i c a l o p t i c a l m i c r o g r a p h o f p l a s m a s p r a y g r a d e 
(Lao.aSr 0 . 2)o .9e M n 0 3 ( x 4 0 m a g n i f i c a t i o n ) 

The YSZ powder used for the initial screening tests, 920410-75MIC (St. Gobain, Worcester, 

MA, USA) had a hollow spherical morphology (Figure 9) and contained 4.7 mol% Y 2 0 3 , which is 

typical for TBC quality YSZ, but significantly lower than the 8-10 mol% normally used in SOFC 

applications. This powder also contained a fairly high level of impurities and, as a result, the 

electrical performance was expected to be rather poor. The decision to use this powder was 

based solely on its cost being significantly lower than electrical quality Y S Z and the expectation 

that, in the initial stages of the screening trials, significant amounts of powder would be wasted in 

determining the appropriate deposition conditions for YSZ. The physical properties of this YSZ 

powder were expected to be largely similar to those of the electrical quality YSZ. Following the 

initial screening, high purity, electrical quality, spray dried 8 mol% YSZ (8YSZ) was used (Nanox 

S408A, Inframat Advanced materials, CT, USA). 
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Figure 9: Typical optical micrograph of plasma spray grade 
4.7 mol% YSZ (x40 magnification) 

As it was desired to use particle size as one of the independent variables examined in these 

experiments, the as received powders needed to be separated into narrower size distributions. 

Additionally, it was necessary to ensure that the powders would be suitable for use in our powder 

feed hoppers. 

3.2 Experimental Procedure 

Particle size analysis was carried out using a Mastersizer 2000 (Malvern Instruments, 

Malvern, UK) particle size analyser. This equipment measures particle size by means of Low 

Angle Laser Light Scattering using a wet dispersion of the ceramic powder particles. 

The as received powders were separated into narrower size distributions using sieves. The 

powders were sieved in batches of approximately 200g for approximately 30 min by an 

automated sieve shaker (Ro-Tap RX-29, W S Tyler, St. Catherines, Ontario, Canada). 

3.3 Results and Discussion 

The as received LSM powder had an average particle size (on a volume basis) of 

approximately 47pm, with sizes ranging from 10pm to 100pm. Figure 10 shows the particle size 

distribution of the as received powder. 
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Particle Size (pm) 

Figure 10: Particle size distribution of the as received LSM powder 

After sieving, the resulting size distributions of the LSM powder were: -106+75pm, 75+45pm, 

-45+32pm, -32pm. The particle size distributions within each size range can be seen in Figure 

11. Upon feeding the sieved, as received LSM, it was found that the powder quickly clogged the 

powder feed lines, effectively preventing the production of a coating. 

Analysis of powder collected from the clogged lines revealed a drastically altered particle size 

profile, Figure 12. Particle size analysis revealed that, after passing through the feed hopper, the 

LSM particles had a bimodal size distribution. The larger size peak (~50pm) corresponds to 

average particle size of the original powder before feeding (-75+45pm) as seen in Figure 11b. 

The second peak centred at approximately 6pm, however, contains a significantly higher 

percentage of the total powder volume. The presence of these fines caused the previously free 

flowing powder to clump together, as seen in Figure 13, and adhere to the inside of the powder 

feed tube, leading to severe clogging. The distribution of the fine particles (<10pm) is very similar 

to the distribution of un-agglomerated LSM, which led to the conclusion that the ultimate cause of 

the problem was most likely the breaking up of the spray dried agglomerates due to the vibrations 

or a grinding action inside the powder feed hopper. To strengthen the agglomerates and prevent 

them from breaking up during feeding, it was necessary to first calcine the as received powder. 

This heat treatment consisted of six steps: ramp from room temperature to 1000°C at 

10°C/min, ramp to 1175°C at 5°C/min, dwell for 5 hours at 1175°C, cool to 1000°C at 5°C/min, 

dwell for 1 hour at 1000°C, cool to room temperature at 10°C/min. Particle size analysis of the 

calcined powder after feeding showed no change in the particle size profile, indicating the 

agglomerates were no longer breaking up. Also, no clogging of the lines was noted with the 

calcined LSM. The final preparation procedure for the LSM powder was to calcine the as 

received, spray dried LSM, and then sieve the powder into the size ranges described above. 
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Figure 11: Particle size distribution of the a) -106+75um, b) -75+45um, c) -45+32um, and d) -32pm 
sieved LSM powder 

The as received 4.7 mol% YSZ powder had a size distribution from 124pm to 10pm with an 

average size of approximately 50pm. The as received powder was found to have excellent 

flowability and did not require any treatment prior to spraying other than sieving. The powder was 

sieved into the same size ranges used for the LSM powder. 

In the 8 mol% YSZ powder, much like the as received LSM powder, the agglomerates were 

found to break up during feeding, causing severe clogging of the powder feed lines. The remedy 

for this problem was again to first calcine the as received powder prior to sieving. As the melting 
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temperature of YSZ is significantly higher than LSM, a higher calcining temperature was required. 

9 

Part ic le S i z e (ym) 

F i g u r e 1 2 : P a r t i c l e s i z e d i s t r i b u t i o n o f - 7 5 + 4 5 u m u n s i n t e r e d L S M p o w d e r 
a f t e r f e e d i n g . 

The following heat treatment schedule was used: ramp to 1000°C at 10°C/min, ramp to 1350°C at 

5°C/min, dwell for 5.5 hours, cool to 1000°C at 5°C/min, dwell for 1 hour, cool to room temp at 

10°C/min. Following heat treatment the YSZ powder was sieved into several size ranges, -

106+75pm, -75+45pm, -45+32pm, -32+25pm, and -25pm. 

F i g u r e 1 3 : A s r e c e i v e d L S M p o w d e r a f t e r f e e d i n g ( x 4 0 
m a g n i f i c a t i o n ) s h o w i n g c l u m p i n g o f b r o k e n a g g l o m e r a t e s . 
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4.0 Single Material Coating Production and Parameter Range 
Screening 

4.1 I n t r o d u c t i o n 

Preliminary screening tests were carried out with both LSM and YSZ in order to determine 

the range of parameter values over which each material could be successfully deposited. This 

was done in order to determine the overlapping range of conditions over which it would be 

possible to co-deposit the two materials for composite cathode production. 

LSM coatings were considered viable if there was minimal decomposition of the LSM phase 

and the coatings were well adhered to the substrate. As YSZ is a much more stable compound 

than LSM, decomposition was not an issue. YSZ coatings were considered viable if a coating was 

present and if the coating stayed was reasonably well adhered to the substrate. 

4 .2 E x p e r i m e n t a l P r o c e d u r e 

These tests were conducted by varying one or two process parameters while fixing the rest of 

the parameters at intermediate values. A range of values for each parameter was thereby 

determined over which it could be reasonably expected that a viable coating of each individual 

material could be produced. All of the coatings produced for the screening tests were deposited 

onto sandblasted stainless steel coupons for convenience. 

X-Ray diffraction (XRD) analysis was used to determine if decomposition of the LSM had 

occurred. Comparison of the relative intensity of the diffraction pattern peaks of the LSM and the 

decomposition products (e.g. L a 2 0 3 ) offered some indication of the extent of the decomposition. 

The LSM and YSZ coatings were also evaluated for mechanical adhesion to the substrate 

through the use of a simple scratch test. The coatings tended to either be "dusty" and very easily 

removed, or well adhered to the substrate. 

4.3 R e s u l t s a n d D i s c u s s i o n 

Initial tests quickly determined that the use of hydrogen as a plasma gas causes extensive 

decomposition of the LSM. This can be clearly seen in Figure 14d, where the LSM powder has 

been completely decomposed as a result of spraying with a very energetic plasma that contained 

20% H 2 . The extent of decomposition was found to increase with an increasing proportion of 

hydrogen in the plasma. Even the presence of a small amount of hydrogen, - 5%, was found to 

cause an unacceptable level of decomposition as seen in Figure 14c. This is thought to be due to 

the occurrence of a reducing reaction between the hydrogen and LSM in the plasma flame. When 
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deposition was carried out in the absence of hydrogen, the extent of decomposition was greatly 

reduced or eliminated altogether, as seen in the XRD pattern of such a coating in Figure 14b. 

Thus, it was concluded that the deposition of LSM should be carried out with only argon and 

nitrogen as plasma gasses. In plasmas using pure nitrogen slight decomposition of the LSM was 

noted, particularly when small powder particles (-45+32pm) were used. This is thought to have 

occurred due to thermal effects, i.e. decomposition stemming from exposure to excessively high 

temperatures. A similar effect was noted when depositing the as received LSM powder using 

plasmas containing more than about 40% N 2 , likely the result of the decomposition of the fine 

particles contained in the as received powder. When larger powders were used, the extent of the 

decomposition was slight; though even very small levels of decomposition below the detection 

threshold may have a significant adverse effect on the performance of the cathode. 

d ) * JUflrV - A... A A—J\ - ? ° J ^ 

b) 

I i A s R e c e i v e d 

A , ^ ^ J L i ^ J L JL - . . • 1 . . . . . ^ ^ 
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Figure 14: XRD patterns of, a) as received LSM feedstock and plasma sprayed LSM coatings 
produced with, b) 20% Ar, 80% N 2; c) 55% Ar, 40 % N 2, 5% H 2; d) 0% Ar, 80% N 2, 20% H 2 . 

While successful in preventing decomposition due to reduction, the exclusion of hydrogen as 

a plasma gas reduces the energy of the plasma that can be generated. The presence of 

hydrogen also increases the thermal conductivity of the plasma gas, enhancing heat transfer 

between the plasma and the entrained particles. Helium can be used as an inert replacement for 

hydrogen in order to achieve high energy plasmas and high thermal conductivity; but, because of 

the high cost of helium, the decision was made to try and produce high quality coatings using only 

argon and nitrogen. Pure argon generates a plasma with low energy (due to low arc voltage) and 

low thermal conductivity. The addition of nitrogen leads to a hotter, more energetic plasma; 

though the effect is much less than is achieved with the addition of the same proportion of 

hydrogen. For LSM, it was found that plasmas consisting of only argon and nitrogen were 

sufficient to produce good coatings over a wide range of input parameters. This is due in no small 

part to the relatively low melting point of the LSM (~1800°C). 
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The challenges involved in the production of viable YSZ coatings are considerably different 

than those encountered in the production of LSM coatings. Viable YSZ coatings were generally 

produced if the spraying conditions were such that at least some of the feedstock reaching the 

substrate was still in a molten (or partially molten) state. Y SZ requires very high temperature 

plasmas in order to melt the powder feedstocks due to its high melting point (2680°C). YSZ is 

also more stable than LSM and does not decompose under any of the spraying conditions 

explored. However, due to the desire to co-deposit LSM and YSZ simultaneously in later stages 

of the project it was necessary to also produce YSZ coatings without the use of hydrogen in the 

plasma, making it much more difficult to achieve conditions that would produce a good coating. 

As was expected, Y SZ coatings could be produced with less energetic plasmas when the 

smallest powder particles were used. Coatings were only successfully produced with the two 

smallest particle sizes available, -32+1 Opm and -45+32pm. The argon/nitrogen plasma used was 

not sufficiently energetic to melt particles above 45pm in diameter. 

The maximum and minimum values established for each independent parameter and one 

dependent parameter (enthalpy) for the production of viable LSM/YSZ composite coatings can be 

seen in Table 4. The enthalpy of the torch is dependent on the plasma flow rate, plasma 

composition, and torch current and gives an indication of the energy density of the plasma jet. 

While enthalpy often correlates with the extent of melting of the powder particles, this is not 

always the case, especially when changes in enthalpy are due to a change in the hydrogen 

content of the plasma or changes in the plasma gas flow rate. In these cases adding hydrogen or 

increasing the gas flow rate will produce a drop in measured enthalpy while particle melting 

conditions are improved due to an increase in the thermal conductivity of the plasma and/or an 

increase in torch voltage. 

The agglomerate sizes available are restricted by the particle size distribution of the source 

powder and the available sieves. 100 mm was set as the minimum standoff distance to be used 

as it was felt that smaller values would lead to excessive heating of the substrate and failure of 

the coating. The maximum standoff distance was determined by the limit at which it was still 

possible to produce a viable YSZ coating using an energetic plasma. The minimum values for the 

vol. % of N 2 and the arc current were selected as the points where plasma energy became 

sufficient to produce a viable YSZ coating. Up to 100% N 2 plasmas could be successfully used to 

deposit both materials. The maximum current of 250 Amps/source was the maximum allowable 

current that could be used in the torch. The minimum and maximum plasma gas and carrier gas 

flow rates were again determined by safety limitations set by the equipment manufacturer. The 

range of nozzle sizes available for use with the torch determined the minimum and maximum 
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values of that parameter. It was found that for both YSZ and LSM a viable coating could be 

produced with every nozzle size over a wide range of conditions. 

Minimum Maximum 
Value Value 

Standoff Distance 100 340 
(mm) 100 340 

Vol. % N2 in Plasma 
Gas 30 100 

Vol. % H2 in Plasma 
Gas 0 0 

Arc Current 
(A/source) 150 250 

Plasma Gas Flow Rate 120 250 (slpm) 120 250 
Carrier Gas Flow Rate 

(slpm) 5 25 

Nozzle Size c 9 (1/16") O 9 
Total Enthalpy 

(kJ/L) -48 -75 

T a b l e 4: M a x i m u m a n d m i n i m u m v a l u e s f o r e a c h i n p u t p a r a m e t e r t h a t a l l o w s f o r t h e p r o d u c t i o n o f a 
v i a b l e L S M / Y S Z c o m p o s i t e c o a t i n g 
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5.0 Initial Composite Coating Production and Proof of Concept 
Cathode Testing 

5.1 Introduction 

Using the information gathered in the screening tests performed as described in the previous 

section on the two materials individually, the range of conditions over which it was expected that 

viable composite coatings could be produced was established. The next series of tests 

undertaken were designed to explore challenges of depositing the LSM and Y S Z simultaneously 

and examine the characteristics of the coatings produced. The composite coatings were 

deposited onto the same stainless steel substrates used previously. 

The most promising of the cathodes produced here was also subjected to electrochemical 

testing in order to confirm that the coatings produced would indeed function as S O F C cathodes. 

5.2 Experimental Procedure 

The composite coatings were initially produced using a mixture of LSM and YSZ (4.7 mol%) 

powders fed from a single feed hopper. As it was thought that the porosity of these coatings 

would be insufficient, graphite pore former was also introduced into the powder mixture in an 

attempt to increase the porosity of the final coating. The graphite was in the form of flakes which 

had a size < 45pm. The goal was to introduce carbon into the coating then to remove it with post-

deposition heat treatment by combustion, leaving behind open porosity in the coating. Flowability 

of the powders was judged qualitatively by the extent of cohesive agglomerates in the powder 

mixtures. 

Energy dispersive X-ray spectroscopy (EDX) was performed on the coatings in order to 

determine the relative quantity of elements present in the coating, used to establish the 

approximate coating composition. 

For electrochemical testing, the complete cell was 

composed of a 1.4mm thick, 1" diameter, tape cast YSZ 

electrolyte, onto which was deposited the plasma sprayed 

LSM/YSZ composite cathode. A custom designed substrate 

holder was used to mask the electrolyte, and create the 

electrode outline, as shown in Figure 15. After spraying, 

platinum paste was applied to the opposite side of the 
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electrolyte to function as the anode. Testing was performed in humidified hydrogen and air (both 

at 0.1 slpm) at 1000°C. 

Image analysis, performed on the SEM micrographs, was also used to determine the relative 

porosity of the coatings. The software used to perform the image analysis was Motic Images Plus 

2.0 (Motic China Group Co., Ltd., Xiamen, China). Due to the limitations of this technique, the 

porosity values obtained cannot be used to determine the absolute porosity of the coatings. 

Image analysis was performed using micrographs of the top surface of the cathode coatings 

which have a three dimensional topography. Thus, distinguishing shallow pores from the coating 

surface was rather difficult. The micrographs used also represent only a very small portion of the 

total coating surface, so while effort was made to choose areas that were representative of the 

coating microstructure, some additional error would be introduced by the smallness of the area of 

the surface sampled. The software distinguishes pores by sensing differences in the brightness 

and contrast between the pores and the solid coating. As the brightness/contrast of the original 

micrographs is not standardized, the brightness and contrast had to be individually adjusted for 

each image. These adjustments are made at the discretion of the software user. It was found, 

however, that the reproducibility of the calculated porosity value was quite good. Repetition of the 

analysis typically yielded porosity values that were the same to within a percentage point. By 

using the same relative standards for each image, it is believed that the values obtained are 

suitable for comparisons of porosity values between the coatings, but not for absolute porosity 

level determinations. 

5.3 Results and Discussion 

The flowability of the final mixtures of graphite, LSM, and YSZ was found to be inferior to that 

of the separate ceramic powders, mostly due to the presence of the graphite flakes which tended 

to clump due to their highly non-spherical shape. The higher the proportion of graphite, the less 

"flowable" the final mixture was. Nevertheless, all of the mixtures used were able to be fed into 

the torch without the occurrence of significant clogging. 

The most significant difficulty with the simultaneous deposition of multiple materials vs. the 

deposition of individual materials is the difference in relative deposition efficiency (DE) of the 

materials; with YSZ having a DE significantly lower than that of LSM. Thus, the composition of the 

initial powder mixture is quite different than that of the final coating. The extent to which the final 

coating composition differs from the initial powder mixture changes with variation of the input 

parameters. The differences in deposition efficiency ultimately stem from the large difference in 

the melting temperatures of the two materials. In an attempt to minimize the difference in DE 

between the two materials, the smallest powder size was used for the YSZ while larger particle 
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sizes were used for LSM. EDX analysis found that the YSZ content of the final coating was 

significantly lower than in the initial mixture. Table 5 shows the variation in relative deposition 

efficiency of the two materials over a range of spray conditions. SEM images of the composite 

coatings produced (after burning out graphite flakes) can be seen in Figures 16-18. 

Powder 
Mixture 

(LSM/YSZ) 

LSM 
Powder 

Size 

Arc 
Current 

(A/source) 

Plasma Gas 
Composition 
(Ar/N2, slpm) 

Plasma 
Enthalpy 

(kJ/L) 

Coating 
Composition 
(LSM/YSZ) 

YSZ DE 
(Relative 
to LSM) 

1 54.5/45.5 -45+32um 200 50/50, 200 50.1 87.5/12.5 17.1% 
2 37.0/63.0 -75+45pm 230 50/50, 200 56.1 76.1/23.9 18.5% 
3 54.5/45.5 -45+32um 200 60/40, 200 43.5 88.5/11.5 15.5% 
4 54.5/45.5 -45+32pm 220 60/40, 200 48.3 85.5/14.5 20.4% 
5 54.5/45.5 -45+32pm 220 25/75, 220 63.9 79.9/20.1 30.2% 

T a b l e 5 : R e l a t i v e d e p o s i t i o n e f f i c i e n c y o f L S M a n d 4 .7 m o l % Y S Z o v e r a r a n g e o f p l a s m a c o n d i t i o n s ( Y S Z p a r t i c l e 
s i z e - 3 2 + 1 0 p m ) . A l l r a t i o s a r e o n a m a s s b a s i s . 

F i g u r e 1 6 : S E M i m a g e o f L S M / Y S Z c o m p o s i t e c o a t i n g #2 c o n t a i n i n g 
2 3 . 9 w t % Y S Z , 1 9 % p o r o s i t y . 

F i g u r e 1 7 : S E M c r o s s s e c t i o n i m a g e o f L S M / Y S Z c o m p o s i t e c o a t i n g #2 
d e p o s i t e d o n a Y S Z e l e c t r o l y t e s u b s t r a t e . C o a t i n g c o n t a i n s 3 1 . 9 w t % Y S Z . 
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Figure 18: SEM image of LSM /YSZ composite coating # 4 containing 
14.5 wt% YSZ, 8.4% porosity. 

Over the range of conditions examined the deposition efficiency of the YSZ was 30% or less 

than that of the LSM. The YSZ relative DE is calculated as follows: 

^ , ^ ^ LSM Powder Fraction YSZ Coating Fraction 
YSZ Re / DE = x 2 (Eq. 1) 

LSM Coating Fraction YSZ Powder Fraction 

The DE can be calculated using either volume or weight fractions, provided that the use is 

kept consistent in all four terms. 

The relative deposition efficiency is clearly dependent on the energy of the plasma; with 

higher energies giving a higher relative DE for the YSZ, as shown in Figure 19. It should be noted 

that all other factors are not being held constant in this plot and their variation likely has some 

influence on the relative DE. However, it can be seen that there is a correlation between plasma 

enthalpy and YSZ relative DE. It should also be noted that plasma enthalpy itself is not an 

independent variable, but rather is dependent on other factors; mainly plasma composition, arc 

current, and the plasma gas flow rate. Increasing either the N 2 content of the plasma or the arc 

current results in the coating containing more YSZ compared to coatings prepared with lower N 2 

content plasmas or lower arc currents. Altering the initial powder mixture may also have an effect, 

as the mixture containing a higher percentage of YSZ had a lower relative DE than other 

mixtures, even when deposited using more energetic plasma. In an attempt to raise deposition 

efficiency coatings were also produced using a powder mixture containing very fine (<10pm) 8 

mol% YSZ. This mixture did not, however, prove suitable for plasma spraying, as the fine YSZ 

clogged the powder feed lines very quickly. 
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Figure 19: Variation in YSZ relative deposition efficiency with total plasma enthalpy 

The desired ratio of Y SZ to LSM in the final coating is approximately 50/50 vol%, or 52.8/47.2 

LSM/YSZ on a mass basis, taking into account the respective densities of the two materials (6.6 

g/cm 3 for LSM, 5.9 g/cm 3 for YSZ). It is clear from Table 5 that in order for a final coating to 

contain the desired proportion of YSZ, significantly more YSZ than LSM will have to be present in 

the initial powder mixture. By knowing the approximate value of the YSZ relative DE in particular 

plasma conditions and the target coating composition, the initial ceramic powder mixtures can be 

adjusted to yield a final coating with the desired composition. 

A series of experiments were also conducted to determine the relative DE of the various 

powder sizes over a range of plasma conditions when co-deposited with LSM. The DE of the 

8YSZ powder was expected to be somewhat different than that of the 4.7 mol% YSZ due to 

differences in the structure of agglomerates (hollow spheres for the 4.7 mol% YSZ, solid 

agglomerates for the 8YSZ) and differences in the particle sizes. The initial powder mixture used 

was 50/50 vol% LSM (-75+45pm) and 8YSZ (-45+32pm); no carbon pore former was included. 

Coatings were produced using conditions similar to those previously used for the deposition of 

the 4.7mol% YSZ to allow comparison. Visually, the coatings produced with the 8YSZ appeared 

to contain much more Y S Z than the previously prepared coatings. EDX compositional analysis 

confirmed this assessment. The coating produced in 75% N 2 was found to have a relative DE for 

the YSZ of nearly 60%. This is approximately twice the best deposition efficiency previously found 
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in coatings deposited using the 4.7 rmol% YSZ for the same conditions. These coatings containing 

8YSZ also appeared to be much more porous. This seems to confirm previous speculation that 

the presence of YSZ contributes significantly to the porosity of the coating, and that by having a 

higher YSZ content, the level of porosity can be enhanced. 

Through the course of these explorations, there were several instances when coatings were 

deposited using conditions identical to previous runs. Comparison of micrographs of these 

coatings revealed that, in each case, the microstructures of the coatings appeared very similar. 

Furthermore, EDX analysis of these coatings revealed that the coating compositions and the 

corresponding relative Y S Z DE's, were fairly consistent from coating to coating and within the 

observed variability typically found within each particular coating (± 2-3%). Thus, any variability in 

the torch from run to run using identical parameters does not seem to be sufficient to significantly 

affect the properties of the coating produced and careful monitoring of the torch operating points 

(voltage, power, and enthalpy) should be sufficient to ensure reproducibility of the coatings. 

The coating produced with the highest YSZ (using the 

4.7 mol% composition) content produced at this stage (#2 

in Table 5) was then subjected to electrochemical testing 

in order to validate that the manufacturing procedure 

developed was suitable for the production of functioning 

SOFC composite cathodes. The finished cathode can be 

seen in Figure 20. 
F i g u r e 20: A P S L S M / Y S Z c o m p o s i t e 
c a t h o d e o n Y S Z e l e c t r o l y t e . 

The cell's active electrode area was 1.47 cm 2 . The cell polarization and power curves can be 

seen in Figure 21. The cell OCV of 1.01 V is very close to the theoretical value, indicating no 

significant gas leakage in the cell. The cell achieved a peak power density of 80.6 mW/cm 2 at a 

current density of 0.24 A/cm 2 and a voltage of 0.34V. The performance of the cell was severely 

limited both by high electrode activation losses and very high ohmic losses across the thick 

electrolyte. Based on the theoretical ionic area specific resistance of the electrolyte at 1000°C, 

1.4 Ocm 2 , the ohmic drop in this layer at 0.24 A/cm 2 is 0.34 V. Most of the remaining voltage 

drop, 0.33 V, is likely the result of activation and ohmic losses in the electrodes. The short triple-

phase boundary (TPB) length and low porosity in the Pt paste would have contributed to 

activation losses in the anode. On the cathode side, the low YSZ content in addition to the low 

conductivity of the YSZ present likely contributed to the cathode polarization. 
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F i g u r e 21: l - V c h a r a c t e r i s t i c s o f a n S O F C w i t h a p l a s m a s p r a y e d L S M / Y S Z c a t h o d e , Y S Z e l e c t r o l y t e , 
a n d P t a n o d e t e s t e d i n H 2 /A i r a t 1000°C. 

Despite the higher content of YSZ in the initial powder mixture, the final volume of YSZ in the 

coating is still lower than the target amount. This would limit the performance of the cathode as 

there is likely not full percolation of the YSZ phase in the cathode, significantly reducing the 

length of triple phase boundaries, and therefore the number of reaction sites available for oxygen 

reduction. However, the very low current density at 0.2 V (the termination voltage), just 0.35 

A/cm 2, is largely the result of the high ohmic resistance of the electrolyte (Ohmic drop = 0.49 V @ 

0.35 A/cm 2). Nevertheless, these tests do confirm that the developed procedure is suitable for the 

production of functioning S O F C cathodes. They also indicate that significant optimization and 

improvement is required to produce a cathode with sufficiently high electrochemical performance. 
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6 . 0 P r e l i m i n a r y C o a t i n g O p t i m i z a t i o n S t u d y 

6.1 Introduction 

Following the establishment of a procedure for their production, a large number of composite 

coatings were then produced using a variety of parameter value combinations within the identified 

ranges (Table 6) and their suitability for use as cathodes was evaluated. A sufficiently large 

number of experiments (40) were to be performed in order to examine the effect of each of the 

parameters on the quality of the coating produced. 

6.2 Experimental 

Again, coatings were deposited onto sandblasted stainless steel coupons. These 

experiments, and all further ones, were performed exclusively with the 8 mol% YSZ powder. The 

experimental grid used in this experiment considers the nine parameters thought to most affect 

the coating quality: plasma gas flow rate, carrier gas flow rate, % N 2 in the plasma, arc current, 

standoff distance, LSM particle size, YSZ particle size, powder feed rate, and nozzle diameter. 

Since only two viable size ranges were available for each powder, the number of levels to be 

explored for all parameters must be a multiple of two to satisfy the requirements of the Uniform 

Design Method used to generate the grid. As only 5 nozzle sizes were available, it was decided to 

drop the smallest nozzle size and proceed with a table using four levels. To have adequately 

covered an experimental grid consisting of 10 levels (the lowest common multiple of 2 and 5) 

would require a very large number of experiments. The experimental grid consisted of 40 

parameter combinations so as to still yield a sufficiently large number of coatings (>20) to analyse 

after coatings which were not viable were discarded. 

All of the coatings produced were examined with SEM and characterized for composition 

using EDX. As before, image analysis was used to estimate the relative porosity levels of the 

coatings. 

6.3 Results and Discussion 

The experimental grid used is shown in Table 6 along with the resulting YSZ relative 

deposition efficiency for each coating, as determined by EDX analysis. 
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Run 
# 

ST D 
(mm) 

PG 
(slpm) N2 % CG 

(slpm) 
Current 

(A) LSM Size YSZ Size 
Feed 
rate 

(g/min) 
Nozzle 
(1/16") 

YSZ 
Rel DE 
(%) 

1 100 183.3 53.3 25 183.3 -75+45 -32+25 40 9 50.74 

2 260 150 30 11.7 216.7 -75+45 -32+25 1 30 9 

3 260 2.16.7 30 25 250 -45+32 -45+32 40 8 

4 340 100 76.7 18.3 150 -45+32 -45+32" 30 6 

5 260 250 76 7 5 216 7 -45+32 -32+25 20 7 38.30 

6 180 183.3 30 11.7 150 -0-5+32 -32i25 40 

7 340 183.3 53.3 25 216.7 -45+32 -45+32 30 9 25.66 

8 260 216.7 76.7 5 183.3 -45+32 -32+25 40 9 18.91 

9 180 150 76.7 5 216.7 -75+45 -45+32 20 9 37.34 

10 100 183.3 76.7 18.3 216.7 -75+45 -45+32 40 8 71.56 

11 100 150 30 18.3 250 -75+45 -45+32 10 7 21.16 

12 340 183.3 30 11 7 150 -45+32 -45+32 10 9 

13 260 150 53.3 5 150 -75+45 -45+32 40 8 17.16 

14 100 216.7 100 " 25 216.7 ^5+32 -45+32 20 6 

15 180 250 76.7 25 150 -75+45 -45+32 10 8 25.90 

16 180 183.3 76.7 11.7 250 -75+45 -32+25 30 6 62.19 

17 100 250 100 11 / 250 -45+32 -02+25 30 9 

18 180 250 53.3 18.3 250 -75+45 -32+25 20 8 56.52 

19 340 216.7 76.7 25 250 -75+45 -32+25 10 9 20.25 

20 180 216.7 100" • 18.3 15Q -75+45 ' -32+25 30 

21 260 183.3 100 25 183.3 -45+32 -45+32 10 7 38.97 

22 100 216.7 53.3 11.7 150 -75+45 -45+32 20 7 32.56 

23 260 150 100 11.7 250 -45+32 -45+32 10 8 40.05 

24 340 250 100 '5 183.3 -75+45 -45+32 30 8 

25 100 250 76.7 11.7 183.3 -45+32 -45+32 40 6 43.15 

26 260 250 53.3 11.7 216.7 -75+45 -45+32 10 6 61.81 

27 340 216.7 53.3 18.3 183.3 -45+32 -32+25 10 6 

28 100 150 76.7 18.3 150 -45+32 -32+25 20 8 73.84 

29 100 216.7 30 5 183.3 -75+45 -45+32 30 7 36.31 

30 '340 250 30 " 18 3 216 7 -75+45 -32+25 40 6 

31 180 183.3 53.3 5 250 -45+32 -45+32 30 6 31.23 

32 100 216.7 30 5 216.7 -45+32 -32+25 10 8 40.84 

33 180 183.3 100 5 150 -75+45 -32+25 10 6 39.07 

L ^ £ 2 j 2 5 20 fi 

| 3 5 180 250 30 18.3 183.3 -45+32 -45+32 20 9 47.02 
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Run 
# 

ST D 
(mm) 

PG 
(slpm) N 2 % CG 

(slpm) 
Current 

(A) LSM Size YSZ Size 
Feed 
rate 

(g/min) 
Nozzle 
(1/16") 

YSZ 
Rel DE 
(%) 

36 180 150 100 25 216.7 -45+32 -32+25 40 7 51.75 

37 340 150 53.3 5 250 -45+32 -32+25 20 7 6.82 

38 260 25Q 53 i 25 150. -45+32 ' -32+25 30 7 

39 340 216.7 100 18 3 250 -75+45 -45+32 40 B i l l 
40 340 183.3 100 11.7 183.3 -75+45 -32+25 20 8 7.13 

T a b l e 6 : 9 - 4 - 4 0 U n i f o r m D e s i g n G r i d . 

The runs highlighted in red represent runs that were not performed either because the 

conditions will not be suitable for the deposition of the LSM or YSZ (due either to decomposition 

of the LSM or insufficient melting of the YSZ) or are physically impossible (e.g. require a flow rate 

of N 2 higher than the system is capable of achieving). These combinations of conditions are 

included in the grid because of the algorithms used to ensure uniformity in the experimental 

design and the desire to avoid excluding any combinations which may produce promising 

coatings. However, these runs will represent gaps in the response data (coating porosity, 

composition, etc.) and will prevent us from performing regression analyses on the data collected 

from this set of experiments. 

The factors which appeared to have the most significant, direct, influence on the coating 

composition are the standoff distance, plasma gas composition, and relative particle size. The 

gun current, plasma gas flow rate, carrier gas flow rate, feed rate, and nozzle diameter appear to 

be less important, though they may play a significant role in higher order interactions which will be 

considered in future experiments. 

Shortening the standoff distance substantially improves the relative DE of YSZ while 

appearing to have much less effect on the LSM. The average YSZ relative DE was 46.3% at 

100mm, 40.2 % at 180mm, 23.9% at 260mm, and 7.5% at 340mm (coatings not considered 

viable due to low plasma energy were counted as 0% DE). These numbers are not directly 

comparable due to the fact that each standoff distance was not a uniformly distributed subset, but 

rather only a part of a larger Uniform Design, and the necessity to exclude some trials due to 

equipment limitations. Nevertheless, it does give some idea as to the effect of increasing standoff 

distance. The average coating thickness showed a similar trend, decreasing from an average of 

over 71pm at 100mm to just over 21pm at 340mm. Standoff distance also appears to have a 

significant effect on the coating porosity, which appears in most cases to be related to the coating 

composition. The greater the proportion of YSZ in the coating, the higher the porosity generally 

appears to be. The LSM phase morphology in the coating seems to be relatively independent of 

standoff distance for relatively energetic plasma conditions (>~20kJ/l); in all cases it appears very 
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melted with little porosity. Standoff distance will, however, determine the lower bound of plasma 

energy at which it is possible to produce an LSM coating at all. At 100mm and 180mm it was 

possible to produce reasonably good LSM coatings at plasma energy densities as low as 11 or 

12 kJ/l. At 260mm nearly 17 kJ/l was required and at 340mm nearly 20 kJ/l was needed to 

successfully deposit LSM. 

The plasma gas composition also appears to have a significant effect on the relative 

deposition efficiency of the YSZ. Higher nitrogen contents generally produce coatings containing 

a greater percentage of YSZ, though this effect can be overwhelmed by variation in other 

parameters. Higher nitrogen content also causes the LSM phase in the coating to appear more 

melted, thus lowering the apparent coating porosity. This is offset, however, in the coatings 

produced at shorter standoff distances by porosity generated by the higher YSZ content, as 

shown in Figures 22 and 23. The coatings produced with high plasma nitrogen content at higher 

standoff distances that contained little YSZ appear to have very low porosity (<5%) and consist 

almost entirely of highly melted LSM, as seen in Figures 24 and 25. 

F i g u r e 2 2 : M i c r o g r a p h o f s u r f a c e o f c o a t i n g #16 f r o m U D t a b l e , 
c o n t a i n i n g 3 3 . 8 w t % Y S Z , 1 5 . 6 % p o r o s i t y . 
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F i g u r e 23: M i c r o g r a p h o f s u r f a c e o f c o a t i n g #10 f r o m UD t a b l e , 
I c o n t a i n i n g 36.9 w t % YSZ, 12.5% p o r o s i t y . I 

SE 12:39 59516 WD 9.9mra 20.0kvVl.!sV Youm 

F i g u r e 24: M i c r o g r a p h o f s u r f a c e o f c o a t i n g #8 f r o m UD t a b l e , 
c o n t a i n i n g 31.7 w t % YSZ, 4.0% p o r o s i t y . 

The particle size of the two materials also seems to play an important role in the relative 

deposition efficiency by partially compensating for the large difference in melting temperature 

between the LSM and YSZ . By using large LSM particles (-75+45pm) and small Y SZ particles 

(-32+25pm) the relative deposition efficiency of the YSZ is increased. Unfortunately, the resulting 

powder mixture from using two very different particle sizes causes the segregation into layers of 

each of the two materials in the powder hopper during feeding as a resulting from the hopper 

vibration. The coatings resulting from these mixtures also appear less uniform, with large LSM 

splats and finer YSZ structures, as seen in Figure 26. The remaining four parameters included in 

this experimental grid do not appear to have a significant direct influence on the coating 

composition or microstructure, though they may become important when higher order and 

multiple parameter interactions are considered. 
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F i g u r e 2 5 : M i c r o g r a p h o f s u r f a c e o f c o a t i n g #19 f r o m U D t a b l e , 
c o n t a i n i n g 1 4 . 3 w t % Y S Z , 4 . 5 % p o r o s i t y . 

F i g u r e 2 6 : M i c r o g r a p h o f s u r f a c e o f c o a t i n g #1 f r o m U D t a b l e , 
c o n t a i n i n g 2 9 . 4 w t % Y S Z , 1 6 . 3 % p o r o s i t y . 

The coatings which appear the best in terms of both microstructure and composition are 

those produced in low energy plasmas at small standoff distances, as shown in Figures 27 and 

28. The low energy allows the LSM in the coating to remain somewhat porous as a result of not 

having fully melted in the plasma, while the short standoff distance allows more YSZ to reach the 

substrate in a partially molten state. This combination of parameters results in coatings that are 

reasonably good in terms of composition and have the highest levels of porosity measured (17%-

19%). Identifying the most significant parameters and their effect on the properties of these 

LSM/YSZ composite coatings, along with the most suitable deposition conditions, are the most 

significant achievements of this preliminary optimization study. 



81 

Future tests will also consider the use of an organic pore former, which would be particularly 

useful for those coatings produced in energetic plasmas and which contain a lot of YSZ, but 

appear to have very low porosity due to the LSM phase being completely molten upon impact. 

There were also several "anomalous" coatings that contained significantly more YSZ and 

appeared to have better microstructure than other coatings produced under very similar 

conditions. Examples are shown in Figures 29 and 30. 

F i g u r e 27: M i c r o g r a p h o f s u r f a c e o f c o a t i n g #32 f r o m U D t a b l e , 
c o n t a i n i n g 25.1 w t % YSZ, 18.6% p o r o s i t y . 

F i g u r e 28: M i c r o g r a p h o f s u r f a c e o f c o a t i n g #25 f r o m U D t a b l e , 
c o n t a i n i n g 26.1 w t % YSZ, 16.7% p o r o s i t y . 
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F i g u r e 2 9 : M i c r o g r a p h o f s u r f a c e o f c o a t i n g #26 f r o m U D t a b l e , 
c o n t a i n i n g 3 3 . 6 w t % Y S Z , 1 1 . 0 % p o r o s i t y . 
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7 . 0 C a t h o d e E l e c t r o c h e m i c a l E v a l u a t i o n 

7.1 Introduction 

The next step was to produce cathode-cathode symmetric cells on YSZ electrolyte substrates 

for electrochemical evaluation of representative coatings produced in the experimental study 

discussed above using EIS. These tests were designed to assess the coating quality based on 

electrochemical performance in order to confirm the previous evaluation of coating quality based 

on the appearance of the microstructure. 

7.3 Experimental Procedure 

The circular Y SZ pellets used as substrates were produced from uniaxially pressed powder 

(Inframat Advanced Materials, Farmington, CT, USA). The powder was pressed in a 32mm 

diameter die using between 6-8 tonnes of pressure. The pellets were then sintered to produce 

substrates with a diameter of ~23mm and a thickness of ~1.5mm. After sintering, various 

methods were used to roughen the pellet surface to improve coating adhesion. These are 

discussed in more in the results section. Fabrication of the symmetric cells involved the 

deposition of cathode coatings using identical conditions on either side of the pellet in two 

sequential runs. Electrode alignment, which is essential for accurate EIS measurements, was 

ensured by using the circular substrate holder/mask shown in Figure 15. As before, the coatings 

were examined using SEM and EDX to evaluate their microstructure and composition and image 

analysis to asses their porosity. 

Prior to mounting the cells on the test stand, LSM slurry was applied to the surface of each 

cathode to act as a current collecting layer and to reduce the contact resistance between the 

electrodes and platinum mesh on the test stand. Several different LSM slurry recipes, based on a 

recipe previously used for Y SZ tape casting, were developed and tested to evaluate their 

suitability for use in this application. The slurry recipe eventually selected for use formed the 

strongest and most flexible bond when dried, ensuring good contact between the current collector 

and platinum mesh until the organic components have been burned out of the slurry. The recipe 

used was as follows: 50.9 wt% LSM powder (<32pm), 3.8 wt% graphite, 12.7 wt% ethanol 

solvent, 15.3 wt% toluene solvent, 0.8 wt% fish oil dispersant, 6.4 wt% polyvinyl butyral binder, 

and 10.1 wt% butyl benzyl phthalate plasticizer. Graphite powder was added to the LSM slurry to 

ensure good porosity in the current collecting layer. 

Electrochemical testing was carried out using a 1" test stand (AMEL, Italy) with EIS 

measurements (SI 1260 frequency response analyzer, Solartron Analytical, Farnborough, UK) to 

determine the electrodes' polarization resistance and activation energy taken at four 
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temperatures between 715°C and 950°C in an ambient air atmosphere. Impedance 

measurements were carried out at OCV with an AC voltage amplitude of 100 mV over a range of 

frequencies between 1 MHz and 0.1-0.01 Hz, depending on the measurement temperature. 

7.4 Results and Discussion 

It was immediately discovered that coatings produced on the YSZ substrates had significantly 

different microstructures than those produced on steel substrates using identical plasma 

conditions, as seen in Figure 31. The coating produced on steel appears to have a much more 

porous microstructure with more discrete particles of LSM visible. The coating produced on YSZ, 

on the other hand, appears much more melted and less porous (11.1% porosity on zirconia vs. 

18.6% on steel). 

F i g u r e 3 1 : T o p s u r f a c e o f L S M / Y S Z c o a t i n g s p r o d u c e d u n d e r i d e n t i c a l c o n d i t i o n s 
( 3 0 % N 2 , 1 0 0 m m , 2 1 7 A , 2 1 7 s l p m ) o n ( b o t t o m ) z i r c o n i a a n d ( t o p ) s t a i n l e s s s t e e l . 
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This seems likely to be the result of the different heat conduction rates of the two substrate 

materials, with the steel having much higher heat conductivity, resulting in faster cooling rates for 

the deposited particles, leading ultimately to faster solidification of the plasma sprayed particles 

upon impact. The cross section of the coating produced on zirconia also shows that the coating 

porosity appears rather low (Figure 32). 

F i g u r e 3 2 : C r o s s s e c t i o n o f c o a t i n g p r o d u c e d o n z i r c o n i a s u b s t r a t e 
a t 3 0 % N 2 , 1 0 0 m m , 2 1 7 A , 2 1 7 s l p m . 

Other issues also arose related to the use of zirconia substrates. Frequent breakage of the 

zirconia electrolytes occurred during deposition. This tended to occur more frequently with thinner 

substrates due to their lower strength. The breakage of the cells appears ultimately to be caused 

by excessive heating of the substrates during spraying, rather than by mechanical stress. 

Measurements taken of the substrate surface temperature with an infrared pyrometer 

immediately following spraying showed a strong correlation between this temperature and the 

likelihood of substrate fracture. Substrates with surface temperatures above ~150°C immediately 

following spraying were nearly always found to be fractured. Fractures always occurred in the 

same location, directly through the middle of the part of the substrate exposed to the plasma 

flame. Below this temperature the probability of fracture seemed to be reduced, though not zero; 

indicating that a critical temperature may exist for these substrates which should not be exceeded 

in order to reduce the probability of substrate breakage. In some cases substrates that were not 

fractured during spraying were found to be substantially weakened and were easily broken during 

handling. Plasma energy, torch standoff distance, and spray time were found to strongly influence 

the substrate surface temperature and therefore the likelihood of the electrolyte fracturing. At 

short standoff distances, ~100mm, only low energy plasmas (generally containing no more than 
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40% N 2) could be successfully used. At longer standoff distances, higher plasma energies could 

be used, but the N 2 content still needed to be below approximately 70 vol%. 

Problems were also encountered related to coating adhesion on the YSZ substrates. 

Coatings deposited on Y S Z using conditions identical to those used for steel produced much 

thinner and more poorly adhered coatings. This problem seemed to stem from the smoothness of 

the zirconia pellet surface compared to the sandblasted surface of the steel substrates. Using 

coarse sandpaper (80 grit) to roughen the substrate surface seemed to offer some improvement 

over the original surface, but the coating thickness and adhesion was still inferior to that of the 

coatings on the steel. It was found, however, that sandblasting of the YSZ substrates prior to 

deposition allowed for coatings of comparable thickness and adhesion to those sprayed on the 

steel to be produced. 

Further experiments involving a variety of different deposition conditions were successful in 

producing a number of coatings on zirconia with significantly different microstructures. However, 

none of the conditions explored were successful in reproducing what appeared to be the best 

microstructures found using steel substrates. A selection of the coatings produced can be seen in 

Figures 33-36. 

Those microstructures largely represent the types of microstructures that were found to be 

possible to produce on zirconia. The coatings in Figures 33 and 34 are relatively porous, having 

been produced in low-intermediate plasma energy. The coating pictured in Figure 35 was 

produced in a low energy plasma, resulting in a very thin coating with some bare substrate 

visible. The coating shown in Figure 36 was produced in a high energy plasma and appears to 

have lower porosity due to the presence of a large quantity of completely melted LSM. For each 

of these coatings, the relative deposition efficiency of the YSZ was quite high, 40 - 50%, resulting 

in coatings containing 40 - 50 vol% YSZ. 

To compare the electrochemical performance of these various cathode microstructures a 

series of symmetric cell (cathode-cathode) impedance tests were performed on these cathodes. 

For these tests, cathodes were deposited on both sides of the zirconia electrolyte using identical 

plasma spray conditions. The powder mixtures used to create each coating were adjusted to yield 

a final coating composition of -50 vol.% each of YSZ and LSM. It was found that the coating 

produced using the conditions shown for Figure 33 could not be deposited without fracturing the 

substrate due to excessive heating from the plasma, and was therefore not tested. The other 

three coatings were successfully deposited on both sides of the zirconia substrates. 



For the symmetric cell deposited using low energy plasma conditions (Figure 35), some 

substrate was still visible as it was not fully covered by the plasma sprayed cathode. It is 

therefore quite likely that some of the applied LSM slurry would be in direct contact with the 

electrolyte and would be electrochemically active. As the LSM slurry would produce a cathode 

with very different properties from the plasma sprayed electrodes, the performance of this cell 

would not be directly comparable to that of the cells in which only the plasma sprayed layer is 

electrochemically active. 

SE 2Q~Mar~06 60943 WD10. 2mm 20. OkV x900 * °5oW 

F i g u r e 3 3 : T o p s u r f a c e ( t o p ) a n d c r o s s s e c t i o n ( b o t t o m ) o f a L S M / Y S Z c o m p o s i t e c a t h o d e d e p o s i t e d o n 
a t h i c k Y S Z e l e c t r o l y t e ( 1 0 0 m m , 2 2 0 s l p m , 3 0 % N 2 , 2 5 0 A , - 4 5 + 3 2 u m L S M , - 3 2 + 2 5 u m Y S Z ) , 1 0 . 5 % p o r o s i t y . 
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F i g u r e 3 4 : T o p s u r f a c e ( t o p ) a n d c r o s s s e c t i o n ( b o t t o m ) o f a L S M / Y S Z c o m p o s i t e c a t h o d e d e p o s i t e d o n 
a t h i c k Y S Z e l e c t r o l y t e ( 1 5 0 m m , 2 0 0 s l p m , 5 0 % N 2 , 2 2 0 A , - 7 5 + 4 5 p m L S M , - 4 5 + 3 2 p m Y S Z ) , 1 1 . 0 % p o r o s i t y . 
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F i g u r e 3 6 : T o p s u r f a c e ( t o p ) a n d c r o s s s e c t i o n ( b o t t o m ) o f a L S M / Y S Z c o m p o s i t e c a t h o d e d e p o s i t e d o n a 
t h i c k Y S Z e l e c t r o l y t e ( 1 8 0 m m , 1 8 0 s l p m , 7 0 % N 2 , 2 2 0 A , - 7 5 + 4 5 p m L S M , - 3 2 + 2 5 u m Y S Z ) , 9 . 1 % p o r o s i t y . 

The impedance spectra for the two cells tested at four of the temperatures examined can be 

seen in Figures 37-40. As expected, due to the higher internal surface area available for 

electrochemical activity at each temperature examined, the more porous (11.0%) cathode 

deposited in the lower N 2 plasma (Figure 34), had significantly lower polarization resistance (R p) 

than the cathode processed using the more energetic plasma (Figure 36). As expected due to the 

logarithmic nature of variations in R p with temperature, the relative difference between the R p 

values for the two cells is much larger at higher temperatures. At 950°C the measured R p for the 

low porosity coating (9.01 Qcm 2) is nearly double that of the more porous coating (5.09 Dcm 2). At 

715°C the R p of the less porous coating (260.24 Dcm 2) is just 20% higher than that of the more 
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porous coating (216.74 Qcm 2). At each temperature examined, the series resistance, Rs, was 

found to correspond generally with the expected resistance of the YSZ electrolyte. 
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F i g u r e 3 7 : E l e c t r o c h e m i c a l I m p e d a n c e S p e c t r a o f L S M / Y S Z c a t h o d e h a l f c e l l s t e s t e d a t 950°C. 1 0 0 m V A C 
a m p l i t u d e , 1 M H z t o 0.1 H z f r e q u e n c y r a n g e . 
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F i g u r e 3 8 : E l e c t r o c h e m i c a l I m p e d a n c e S p e c t r a o f L S M / Y S Z c a t h o d e h a l f c e l l s t e s t e d a t 860°C. 1 0 0 m V A C 
a m p l i t u d e , 1 M H z t o 0.1 H z f r e q u e n c y r a n g e . 
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F i g u r e 3 9 : E l e c t r o c h e m i c a l I m p e d a n c e S p e c t r a o f L S M / Y S Z c a t h o d e h a l f c e l l s t e s t e d a t 7 8 0 ° C 1 0 0 m V A C 
a m p l i t u d e , 1 M H z t o 0 . 0 5 H z f r e q u e n c y r a n g e . 
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Real Impedance (CTcm2) 

F i g u r e 4 0 : E l e c t r o c h e m i c a l I m p e d a n c e S p e c t r a o f L S M / Y S Z c a t h o d e h a l f c e l l s t e s t e d a t 715°C. 1 0 0 m V A C 
a m p l i t u d e , 1 M H z t o 0.01 H z f r e q u e n c y r a n g e . 

From the linear nature of the plot of the logarithm of the area specific polarization resistance 

vs. 1/T (Figure 41) we can see that both symmetric cells display the expected Arrhenius 

behaviour. From the slope of this plot, the cathode activation energy can be calculated. In both 

cases it is approximately 1.5eV, suggesting that the polarization mechanism is the same in both 

cells. 

9 .00 

0.00 -j 1 1 1 1 
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1000/T [KJ 

F i g u r e 4 1 : A r r h e n i u s p l o t s h o w i n g A S R v s . 1 /T f o r b o t h c e l l s t e s t e d . 

While the above results indicate that the coatings that appear to have the most promising 

microstructures do indeed perform the best, much further optimization is needed to approach the 

performance levels reported in the literature (<1 Q c m 2 @ <900°C). 
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8.0 S y m m e t r i c C e l l P r o d u c t i o n b y A P S 

8.1 Introduction 

In order to resolve the problems described above associated with the use of zirconia 

substrates for electrochemical testing, a procedure was developed for producing cathode-cathode 

symmetric cells entirely by A P S supported by porous steel interconnects. This route offers four 

significant advantages over the use of dense, prefabricated, zirconia substrates. First, the 

properties of the porous metal substrates are closer to those of the metal substrates used in the 

initial composite cathode screening trials in which promising cathode structures were obtained, 

structures that have been irreproducible on the ceramic substrates. Secondly, the issue of 

substrate cracking during spraying is eliminated. This production method is also much closer to 

the technique that will ultimately be used to produce full cells by A P S on metal interconnects, 

making these results more applicable to future work. Finally, the plasma sprayed electrolytes are 

significantly thinner (50-100pm) than the zirconia pellets previously used (1.5mm), giving 

significant performance improvements due to the reduction in ohmic resistance in the electrolyte. 

This approach will, however, limit electrochemical testing to short duration tests and relatively low 

temperatures (<800°C) in order to avoid excessive oxidation of the steel. Performance at higher 

temperatures can still be extrapolated, however, due to the linear nature of the Arrhenius ASR 

plots. 

8.2 Experimental Procedure 

In order to develop a procedure for the fabrication of the cathode-cathode symmetric cells, 

deposition was first carried out using solid stainless steel coupons. Cathodes were deposited 

onto the steel followed by a YSZ electrolyte deposited onto the cathode. In some cases a second 

cathode was deposited onto the electrolyte layer. Cathode layers were fabricated as before. 

Electrolyte layers were fabricated using 8YSZ powder with a particle size <25pm, the smallest 

size available. Small Y SZ powder was used in order to achieve better particle melting in the 

hopes of producing a reasonably dense electrolyte layer. Electrolytes were deposited without 

hydrogen, using argon/nitrogen plasmas, in order to avoid the possibility of reduction of the 

previously deposited cathode layer. Numerous different deposition conditions were explored in 

order to find conditions most suitable for the deposition of the electrolytes. The deposited layers, 

both surfaces and polished cross sections, were examined by" SEM. Symmetric cells were also 

deposited onto YSZ pellets in order to examine fractured cross sections. 
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Following the development of an appropriate production procedure, symmetric cells were 

then to be deposited onto porous metal substrates, 1" diameter 316ss discs, fabricated by powder 

metallurgy, with 49% porosity (Mott Corporation, Farmington, CT, USA). 

8.3 Results and Discussion 

The first attempts at depositing electrolyte layers examined the quality of the coatings 

produced using three different plasma compositions, 60%, 70%, and 80% N 2 by volume (balance 

Ar). All other parameters were held constant (200 slpm plasma gas, 150mm stand-off, 220 A, 

20g/min powder feed rate). All three electrolytes utilized a common cathode (#32 from Table 6) 

with a thickness of approximately 50pm deposited on a solid steel coupon substrate. The 

electrolyte deposition conditions were chosen in order to reduce the heat load on the substrate 

while still providing enough power to melt the YSZ particles. Unfortunately, the electrolytes 

produced appeared to be rather thin in all cases (10-20pm) and not particularly dense. 

A second set of electrolytes were produced using an 80% N 2 plasma, 250 A arc current and a 

plasma gas flow rate of 220 slpm. Standoff distance was maintained at 150mm to avoid 

excessive heating of the substrate. This electrolyte was then deposited onto three different 

cathodes (#'s 32, 18, and 10 from Table 6) which had been previously deposited onto the steel. 

Each of the cathodes deposited onto the steel had a thickness of approximately 50pm. Finally, 

another cathode layer identical to the first was deposited onto the electrolyte. These three 

cathodes were also deposited separately, to facilitate comparison between the cathodes 

deposited directly on steel and those deposited on top of the electrolyte. Upon examination of the 

cross sections of the symmetric cell coatings, it was observed that the majority of the thickness 

consisted only of YSZ electrolyte, with none of either cathode visible, as seen in Figure 42. The 

electrolyte also appears to still be rather porous. EDX mapping of the image indicated small 

patches of LSM present along the top and bottom of the electrolyte layer in each case. The 

thickness of the coating cross sections observed in the micrographs (-60 pm) was not in 

agreement with caliper measurements of the as sprayed coating, which indicated a coating 

thickness of approximately 100-120pm. As well, a continuous cathode layer is clearly visible on 

top of the electrolyte layer in the as sprayed coatings. These observations seem to indicate that 

the cutting and/or polishing of the coating cross sections caused significant potions of the cathode 

coatings to be removed. 
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SE 3 1 - A u g - 0 6 061928 WD12.0mm 20.OJcVVx",2k" ° 2 5 u m 

F i g u r e 4 2 : C r o s s s e c t i o n o f p l a s m a s p r a y e d e l e c t r o l y t e ( 8 0 % N 2 , 2 2 0 s l p m , 
2 5 0 A , 1 5 0 m m ) . 

In order to avoid the introduction of microstructural changes caused by polishing of the 

coating cross sections, a symmetric cell was next deposited onto a sandblasted Y S Z pellet which 

could be easily broken to allow the fracture cross section of the coatings to be examined. Due to 

the relatively poorer adhesion on YSZ substrates, the cathodes deposited only had a thickness of 

~20pm using the same conditions that yielded a 50pm layer on the steel substrates. The 

cathodes were again deposited with previously used conditions (#32 from Table 3). The 

electrolyte deposition conditions were very similar to those used in the preceding experiment for 

the cross section examination on steel, only with a slightly lower plasma gas flow rate (200 slpm). 

After spraying, the Y S Z substrates that did not break during spraying were fractured. Caliper 

measurements indicated a total coating thickness of 100-120pm (caliper measurements of 

coating thicknesses on the YSZ substrates are less accurate than those on steel as the thickness 

of the YSZ substrates can vary substantially, ±100pm, across the disc). When the fractured cross 

sections were examined by optical microscopy and SEM, the coating appeared again to be 

mostly composed of Y SZ electrolyte. However, EDX mapping indicated a thin (10-20pm), but 

continuous, cathode layer on top of the electrolyte. Surface imaging of the same sample confirms 

the presence of a continuous cathode layer. No cathode appeared to be present next to the 

substrate, though there was a 10-20pm gap where the electrolyte layer appeared to have 

delaminated from the substrate. It was suspected from these observations that while the cathode 

on top of the electrolyte appeared to be present, the bottom cathode was being removed during 

the deposition of the electrolyte layer. This was thought to be occurring due to the presence of 

un-melted YSZ particles impacting the cathode layer at high velocity and acting as an abrasive, 

much like sandblasting. 
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To remedy this problem, electrolyte deposition conditions were altered to result in YSZ 

particles being more melted and impacting at a slower speed. To reduce the YSZ particle 

velocity, the plasma gas and carrier gas flow rates were reduced to 150 slpm and 5 slpm 

respectively, and the nozzle diameter was increased from 1/2" to 9/16", the largest size diameter. 

To prevent YSZ particles from re-solidifying in flight, the standoff distance was decreased from 

150mm to 120mm. Only one cathode, directly on the substrate, was deposited in this case. The 

electrolyte deposited using these conditions was approximately the same thickness (100pm) as 

those in the preceding experiments. However, when the sample was examined after spraying it 

was found that the entire coating had largely delaminated from the substrate and could be easily 

pealed off in one piece. No cathode coating was visible remaining on the substrate, however, a 

cathode was visible attached to the underside of the plasma sprayed electrolyte. Examination of 

this cathode revealed it to be approximately the same thickness as the originally sprayed cathode 

(20pm), as determined by caliper measurements. Inspection of the cathode surface revealed it to 

be continuous with no gaps in coverage through which the substrate was visible. It therefore 

seemed that the cathode layer was not removed by the electrolyte deposition, in this case, and 

that the adhesion between the cathode and electrolyte was quite good. 

In light of this result, an attempt was made to spall the coating from the sample that was 

previously found to have a 10-20pm gap between the electrolyte and substrate at the fracture 

surface. Some small flakes of this coating were successfully obtained. These symmetric cell 

coating flakes, when examined, were found to have a cathode coating on both sides of the 

electrolyte. The cathodes both appeared to be approximately 20pm thick. Thus, it seemed the 

absence of a cathode coating adjacent to the substrate occurred only at the point of fracture, and 

that the three plasma sprayed layers are well adhered to one another. Since the adhesion of 

cathode coatings on metal substrates has been observed to be superior to that of the YSZ 

substrates, it is likely that the cathode layer is present as well in the samples prepared using the 

stainless steel coupons, and is not visible due to the effects of cutting or polishing. Still, the final 

set of conditions appear to be the best for the production of an electrolyte, as the coating appears 

to be the strongest (as evidenced by the obtaining of very large pieces of the coating intact) and 

is likely more dense due to the presence of more fully melted particles. A 50pm electrolyte 

coating produced using these conditions (-25pm YSZ, 150 slpm plasma gas, 100% N 2, 250 A, 

and 9/16" nozzle at 120mm) should be suitable for electrochemical testing of these symmetric 

cells. 

Examination of the surface of cathodes deposited onto the substrate and cathodes deposited 

onto the electrolyte reveals that they are largely similar in appearance and composition, as seen 
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in Figure 43. It therefore appears that the assumption of cathode symmetry for the purposes of 

EIS testing may be reasonable. 

F i g u r e 4 3 : S u r f a c e v i e w m i c r o g r a p h s o f c a t h o d e s d e p o s i t e d o n s u b s t r a t e ( top ) a n d o n p l a s m a s p r a y e d 
e l e c t r o l y t e ( b o t t o m ) . C o a t i n g c o m p o s i t i o n s 3 1 - 3 5 w t % Y S Z a n d p o r o s i t i e s 1 6 - 1 9 % . B o t h c a t h o d e s d e p o s i t e d 
u s i n g - 7 5 + 4 5 p m L S M , - 4 5 + 3 2 p m Y S Z , 1 8 3 s l p m , 7 7 % N 2 , a n d 2 1 7 A a t 1 0 0 m m . 

Through the use of porous metal interconnect substrates, and the procedure developed 

above, it is possible to produce cathode-cathode symmetric cells in a suitable configuration for 

EIS testing. This allows for electrochemical evaluation, in addition to evaluations of microstructure 

and composition, for cells produced as part of future optimization studies. 
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9.0 C o n c l u s i o n 

9.1 Summary 

The research described above represents the preliminary stages of inquiry into the 
development of an optimized LSM/YSZ composite cathode for SOFCs produced by APS. The 
initial work focussed on becoming familiar with the operation of the air plasma spray system, a 
complex piece of equipment, and determining the preparation required to ready the feedstock 
material for spraying. A series of screening tests were then performed with both materials (LSM 
and YSZ) individually, in order to determine the full range of deposition parameters over which it 
was possible to produce a coating with each material. The most significant discovery was that 
LSM deposition was not possible in the presence of a hydrogen containing plasma due to 
decomposition of the material. This had significant implications for the production of composite 
coatings due to the high melting point of the YSZ. These tests also provided valuable information 
and experience regarding the behaviour of the materials under a wide range of spraying 
conditions. From these data, it was possible to identify a region of overlap in the parameter 
ranges in which it was thought to be possible to successfully deposit both materials 
simultaneously. 

The information from the screening tests was then used to produce a few trial composite 
cathodes using different conditions. Composite cathodes were successfully produced, though it 
was clear that the low deposition efficiency of the YSZ relative to the LSM was going to be a 
significant difficulty in the production of these coatings. From this first group of composite 
coatings, the one with the most promising microstructure was selected for electrochemical testing 
to confirm that the coatings produced would function as SOFC cathodes. While the performance 
of this cell was limited by a number of factors, including the quality of the cathode, the coating did 
function as a reasonable cathode. 

The next step was to begin to explore the characteristics of composite cathode coatings 
produced over the full range of deposition conditions identified in the screening trials. The 
purpose of these tests was to identify the combinations of parameters which yielded the cathodes 
with the best microstructures and to determine which parameters most significantly affected 
coating quality. These tests were successful in obtaining a large number of composite cathodes 
with very different properties. The most promising of these coatings, with high porosity and 
sufficient YSZ content, were found to be produced at fairly low plasma energies and short 
standoff distances. Low plasma power allowed some partially melted LSM to be incorporated into 
the coating, generating significant porosity. Short standoff distances reduced the time of flight for 
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the powder particles and allowed Y S Z to reach the substrate in a partially melted state and be 
incorporated into the coating. Additionally, coatings produced using similarly sized particles of 
LSM and YSZ were found to have the most uniform microstructural features. 

Following these results, there was a desire to confirm, with electrochemical testing, that the 
coatings with best microstructures would indeed have the best performance in a fuel cell. For this 
purpose, these microstructures were to be reproduced as symmetric cells using YSZ pellets as 
substrates and electrolytes. However, it was found that these microstructures previously 
produced on steel substrates could not be reproduced on YSZ due to cracking of the substrates 
resulting from excessive heat loads and differences in heat conduction in the two substrates. 
Eventually, cathodes were successfully obtained on the YSZ substrates with substantially 
different microstructures, suitable for testing. EIS testing confirmed that the more porous cathode 
produced in a lower energy plasma had significantly better performance than the cathode with 
less porous microstructure resulting from more extensive particle melting during spraying. 

The final work presented here was the development of a procedure for producing symmetric 
cells entirely by APS , eliminating the problems previously encountered while producing these 
cells using Y S Z substrates. The principal challenge here was to determine appropriate conditions 
for the deposition of the Y S Z electrolyte. Despite problems encountered in evaluating these cells, 
a suitable electrolyte was produced, along with two cathodes in a configuration suitable for EIS 
testing. When deposited onto porous metal substrates, this cathode-electrolyte-cathode 
symmetrical cell will allow for electrochemical evaluation, in addition to evaluation of the 
microstructure, of cathodes produced in future optimization studies. 

The primary motivation behind producing SOFC cathodes by A P S is to improve the speed 
and scalability of the manufacturing process while achieving performance comparable to, or 
exceeding, that achieved by more traditional fabrication routes. The work presented here has 
shown that there is the potential to realize these goals. The expectations of fabrication speed 
have been realized, with production times on the order of several minutes being typical for the 
cathodes produced. While no attempt has been made to scale up the process for simultaneous 
fabrication of multiple cells, the equipment on hand could be very easily modified to do so. While 
preliminary efforts at optimization of the cathodes have been made here, there remains much to 
be done in order to achieve the performance levels sought. The above research lays the 
groundwork for these future optimization studies to be carried out. 
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9 .2 R e c o m m e n d a t i o n s f o r F u t u r e W o r k 

The next work to be car r ied out will involve the reproduct ion of a set of representat ive 

microstructures, us ing the A P S half cel l product ion p rocess deve loped , f rom the opt imizat ion 

study a l ready per formed. E IS test ing of these ce l l s will be used to quantify the per fo rmance of the 

different microstructures and further conf i rm our a s s e s smen t of coat ing quality. Th i s data will 

a l low for a more ref ined ca thode opt imizat ion study to be per formed in the next s tage of the 

project. Information from the first opt imizat ion study will permit a narrower range of parameter 

va lues to be exam ined and a l low for better resolut ion with equa l or fewer trials. Mos t notably, very 

high N 2 conta in ing p l a smas (>80%) and large standoff d i s tances (>180mm) can likely be 

exc luded in future stud ies. 

Suff ic ient information shou ld now be avai lab le to a l low the s tud ies to be des i gned in such a 

way that gaps in the exper imenta l data can be el iminated, a l lowing for regress ion ana lys i s to be 

performed on the data obta ined. Th i s will a l low the relat ionship be tween var iat ions in product ion 

parameters and var iat ions in coat ing propert ies to be exam ined in much more detai l and with 

more certainty. Th is shou ld a l low for better control over coat ing propert ies in the future. Finally, by 

apply ing half cel l product ion p roces s deve loped it will be poss ib le to inc lude e lec t rochemica l 

per formance data, in addit ion to phys i ca l and microstructural propert ies, in the eva luat ion of the 

cathode coat ings p roduced . Th i s will a l low for a more relevant determinat ion of the quality of the 

ca thodes p roduced in the study. 

Us ing the opt imized constant compos i t ion and microstructure ca thode a s a starting point, 

work could then c o m m e n c e on the deve lopment of funct ional ly g raded ca thode layers. By 

modifying the compos i t i on and microstructural propert ies of the ca thode a c r o s s it's th i ckness it 

has been shown that substant ia l per fo rmance improvements can be obta ined. The A P S p rocess 

shou ld be wel l su i ted to the product ion of graded ca thode layers. A n opt imizat ion p rocess 

conducted in a s imi lar manne r to those per formed on the constant compos i t ion and 

microstructure ca thodes cou ld be carr ied out. 

The opt imized ca thodes , both constant and graded, cou ld a l so benefit f rom the appl icat ion of 

new features and techn iques . In particular a pure L S M current co l lect ing layer shou ld be 

deve loped. S u c h a layer, present between the compos i te ca thode and the interconnect, shou ld 

offer improved pe r fo rmance through reduced ohm i c l o s ses result ing f rom electr ica l res i s tance in 

the ca thode layer. The appl icat ion of l iquid based suspens i on p l a sma spray ing shou ld a l so be 

invest igated. Su spen s i on spray ing a l lows for the use of much finer starting part ic les and can be 
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used to produce microstructures with much finer features than are possible with powder based 

feedstocks. 

As the ultimate goal of this project is the production of an entire S O F C by APS in a 

continuous deposition process, a major-element in the future of this project is the integration of 

cathode production with the production of the electrolyte and anode. This will introduce a new set 

of considerations in the cathode design and will likely require compromises to be made between 

cathode performance and compatibility with the other layers. Full optimization of each layer in 

isolation from the others is not plausible if the goal of producing the best overall fuel cell by APS 

is to be reached. For example, the production of a thin plasma sprayed electrolyte could require a 

cathode with low surface roughness, a factor not previously considered. This would likely result in 

a stage of simultaneous iterative design of the multiple S O F C layers, fine tuning each until the 

best complete fuel cell has been produced. 
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