Fabrication and Characterization of
Metal-support for Solid Oxide Fuel Cells
(M SOFCs)

By

Kyung Sil Chung

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Applied Science
in

Chemical Engineering

Waterloo, Ontario, Canada, 2016

©Kyung Sil Chung 2016



Aut hor 6s Decl arati on

| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including

any required final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

Solid oxide fuel cells (SOFCs) can generate electricity with higher efficiency and reduced carbon
emissions compared with conventional power generation systems. Unlike many other fuel cells,
SOFCs are beneficial in terms of utilizing not only expensive dgehr gases but also syngas

and hydrocarbons. This flexibility in fuel options is one of the advantageous aspects that SOFC
has ovetheother fuel cells. However, current research is challenged with reducing the operating
temperature and finding more casgtect of way of fabricating SOFCs. In order to widespread
commercialization the high cost and stability issues associated with high temperature operation
must be overcome. To address these issues, researches have aimed at reducing the operating
temperatte of SOFC. One option is to use alternative ceramic materials, by replacing
conventional Yittria Stabilized Zirconia (YSZ) with materials possessing higher ionic
conductivities at lower temperatures (e.g. ®00°C), such as Samarium Doped Ceria (SDC).
This is a critical step since reducing the operating temperhtlosv 700°C allows the use of
metatsupported cells. Usef porous metasupport made with stainless stemdn provide
benefits includingncreased durability, reduced cost, higher oxidatiorstasce, and tolerance

to thermal resistanc&his new generation of SOFC with metal as a support structure is called
metatsupported solid oxide fuel cell (MSOFC)he porous metal support must satisfy several
requirements: it must be porous enough (4Q% porosity) to provide gas diffusion pathways,

able to operate at high operating temperat8€§-800°C without oxidation, and match the
coefficient of thermal expansion (CTE) with that of ceramic materials (YSZ and SDC have CTE
of 1012 ppm K%. In this thesis, the main objectives are 1) to determine suitable fabrication
methods for the porous metal support and 2) characterize the fabricateesupet@it with
various parameters to provide guidelines for determining compatible metal supports for MSOFC.
The stainless steel 400 series satisfies the above requirementthisdtesis SS430L (g = 44

pm) was chosen as support materials. The porous metal support is fabricated using various
precursor formulations; such formulations comprise metal suppartier (SS430L), plasticizer
(DOP), pore former (PMMA), binder (PVB) and solvent (ethanol). Beside the precursor
formulation, the sintering process is also critical. The sintering temperature profile was
determined through thermogravimetric analysis (T@R)ndividual components. The sintered

porous metal support was chaterized for oxidation resistangegrosity measurement§TE



measurements, electronic conductivighd SEM imaging. Correlatisnbetween precurso
formulation, sintering results, thelaéve densities, porosities, and CTES were establishesse

measurements can provide guidelines to fabricate compatible metal support for MSOFC.
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Chapter 1 Introduction

Fuel cels are energy conversion devisghat can generate electricity directly from fuels and
oxygen thlmough electrochemical reaction&i, 2006). Unlike traditional power generation
systems, fuel cells can convert chemical eneliggctly into electricity and therefore offer many
advantages including improved efficiency, various fuel optionssome fuel cé$, and lower
environmental impadiClemmer, 2006)

There are few different types of fuel cells that are under commercialization and research and
development stage$he presenstudy focises @ one particular type of fuel delhich is solid

oxide fuel cell (SOFC) and more specifically metapported solid oxide fuel cell (MSOFC).

Solid oxide fuel cell is made of solwkramics layerdn a conventional SOFGhe electrolyte is

made of high temperature ionic conducting cecammaterial known asyttrium-stabilized
zirconia (YSZ).The anode component is usually made wathombination ofY SZ and nickel as
electrochemical catalyst. Common cathode materials indanhanum strontium manganite
(LSM), lanthanum strontium cobaltefrite , A 30# &A/ (LSCF), andlanthanum
strontium gallium magnesium oxide (LSGM$OFC requires hydrogen and internallypr
externally)reformed hydrocarbons as a fuel on the anode side and air as oxidant on cathode side

to generate electricity.

SOFC has one of the highest operating temperatures ranging betweenl1800°T with
conventional ceramisupporéd designsincluding electrolyte supported cell (ECS), anode
supported cell (ACS)and cathode supported cell (CSQ)he main reasorwhy SOFCrequires
sucha high operating temperature is due to low ionic conductivity of the electratytewer
temperatures YSZ can only provide sufficient oxide transf@onic conduction)at high
temperature such as 0.02S/cm at 800°C and 0.1S/cni@0°C. Inaddition, in an SOFG
because of the high operating temperature, the electorcatalyst is typically nickel, which is not
poisoned by CO.This implies thatunlike other fuel cells, SOFC can operate on fuels other than
pure hydrogenAlso, because nickel i& good reforming catalyst, it is possible for some

hydrocarbon or alcohol fuels to undergaernal reforming. Having various fuel options is a



unique advantage that SOFC has. However, this high operating temperature brings many

challengesegardingavailable choice of materials for SOFC and durability issues.

Recent researctrendshave focused on lowering the operating temperatures down to 650°C
850°C (intermediate temperature SOFC) and even further to SHOTC (lowitemperature
SOFC). Lowered operlaly temperature enables the use of stronger and cheaper material such as
metal as a support structure. This new design is called -s\gipbrted solid oxide fuel cells
(MSOFC) and this thesis focusen the characterization and fabrication of the metal pp

layer. The se of metal shows promising benefits including reduced cost, increased mechanical
strength and durability, higher tolerance to mechanical loading, thermal shock, and redox
tolerance.Detailed advantages and new fabrication challemgescorporatingmetal suppog

into conventional SOFC desigis delineated in Chapter Riterature Review.

1.1 Basic Principlesof Solid Oxide Fuel Cells

The basicoperation of arSOFC is illustrated in Figure 1.1. From the cathode side, the air as
oxidant enters and reacts with electron from the external circéigirno oxide ions. The oxide

ions travel through the electrolyte to reach anode.shethe anodethe fuel (e.ghydragen gay

reacts with oxide ions tiorm water and release electrons. Thérese electrons travel through

the external circuit to reach the cathode, hence completing the cycle. While these electrons pass
through the external circuit, they do work to thectlic load thus faning the electric power

output.
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Figure 1-1 Schematic of solid oxi@ fuel cell illustrating its operational principle.

The overall electrochemical reaction occurring at each eleatantbe written as follows

At the cathode:
-0 Qo PP
and at the anode
O 0 °900 cQ o
sothat the overall reaction is given by
gﬁ 0000 Gii VMO QIO MHQG o®
If carbon monoxide is present at the anode site, the following anode reaction occurs

00 0O ©O 060 cQ p8



The cathode side reaction stays the same as given in Equation (1.1). Then the overall reaction

becomes
ov EU 000 wri OO QWi MwQwW PR

As seenn Equation (1.5), carbon monoxide can be utilized directly as a fuel for electrochemical
reaction whereas it requires additional fuel processing in other types of fuel cells like molten
carbonate fuel cell. SOFC has wide range of fuel options includingdeo@&ed gases or
reformed natural gases that both contain hydrogen and carbon monoxid@oFuoles of

hydrogen andibo moles of carbon monoxide, the combined anode reaction can be written as

GO H60 @ OO © GOl OF co dQ oD

and the combined cathode reaction is

O O ¢ Q% O wl P

Yol o)

Consequently, the combine overall reaction can be shown as
-® Q0 @O OO0 GO0 OF oI DAGOE QR0E Mo QEY

In SOFC operation, the cathode and anode electrode reactions diteiripte phase boundary
(TBP) between the electrode, electrolyte, andl space This requires the electrode to be both
electronically and ioically conductive which is known as mixed conducting electrodibs.
literature reviewin the next chaptedescribes recent development on materials for electrolyte,
anode, and cathode regarding the electrochemical properties

1.2 Metal-supported Solid Oxide Fuel Cells Structures

The basic structure of a solid oxide fuel cell consists of a solid electrolyte, and two electrodes
called anode and cathode. Since all the cell components are made of solid materials the design of
SOFC can be made into three matructures: tubular, monolithic, and planar. In this study only

planar design is considered and discussed since the fabrication method used inishisthizes



of planar design. Plan cells arealsoreferred toflat-plate design which hassimple gemetry

andpresenfabrication flexibility. A single cell model using planar design is shown in Figure 1.2.

INTERCONNECT

ANODE
ELECTROLYTE

CATHODE

OXIDANT

Figure 1-2 Planar SOFC structure (Nguyen & Takahashi, 1995)

The planar cell structure stacks up flat anode, electrolyte and cathode with interconnects.
Advantages of planar design include lower fabrication cost, ease in flow arrangements, and
higher power density compared to tubular and monolithic designs. On the hathd,
disadvantages include requirement for kigimperature gasght sealing, high assembly effort

and cost, stricter requireamt on thermal expansion mat¢hi, 2006). Based on the planar
design, there are three main typafsconventional SOFC designas shown in Figure 1.3

depending on which layer is the supporting one (i.e. which one is thickest)
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Figure 1-3 Conventional SOFC designs

ESCsare used for higitemperature SOFCs and both ACS and CSC are developed for lower
temperature SOFCs. The thick electrolyte layer in BfC structure causes high ohmic
overpotential due to the high resistance of the oxide ion transport through theebtosle. In

an effort to reduce ohmic resistance, anode and cathode supported cells are developed with
thicker electrode and thin electrolyte. However, similar results of high resistance to mass
transport throuly the porous electrode leadlémge concemation overpotential-urthermore, the

use of expensive and brittle ceramic as a support material is both not cost efiactivat
mechanically reliable. Thusvith the use of lower operating temperajumaterials such as metal

can be also used for tstructure. This way, metal can replace the support structure with cheaper

cost and enhanced strength. The structure transition from ACS to MSOFC is shown in Figure 1.4.
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Figure 1-4 Schematic representathn of anodesupported cell (ACS) and metaisupported cell
(MSOFC) (Tucker, 2010)

As seen in Figure 1.4. MSOFC design requires only thin layers of anode, electrolyte, and cathode
while the support is provided by muchastger and cheaper porous metal substrate. This design
enables to save material usage of expensive ceramics tahentecessary portion and thus
reducing the cost. Also porous metal is mechanically stronger and less susceptible to material
handling and maufacturing process. Application of metal support shows various benefits as well
as new challenges in the fabrication process. In the next chapter, literature oéviesent
MSOFC developments discussed regardingharacteristicsmaterial choices, anfhbrication

methods.

1.3 Research Objective

In this study, the main focus is on the fabrication and characterization of the metal support layer.
Use of metal support layer into SOFC can provide increased durability, reduced cost, and
tolerance to thermaksistance. In order to deliver these benefits, the porous metal support must
satisfy several requirements: it must be porous enough-4620 porosity) to provide gas
diffusion pathways, able to operate at high operating temperatures without severiemxatat

match the coefficient of thermal expansion (CTE) with that of ceramic materials (YSZ and
SamariumDopedCeria (SDC)have CTE of 1612 ppm K%). Since stainless steel is susceptible

to high temperature oxidation, low to intermediate temperaturgesaare used for MSOFC

7



applications For this temperature range, an alternative mixed ionic conductorcad8e used

as a electrolytematerialsinceit has higher ionic conductivity at lower temperature than YSZ. It

was reported thaheconductivityof SDC aCi §586emi |l ar to t(floe®& of YS
Croiset, 2015) The current challenge in this research is to find compatible and economical
fabrication methods that satyséll the mentioned criteriaStainless steel powder, SS430L
(d50=44¢m) (Al fa Aesar) was chosen as rt he ba
layer is composed of SS430L and organics including pore former (poly methyl methacrylate
(PMMA)), binder (polyvinyl butyral (PVB)), and plasticizer (di¢ctyl)amine,(DOP)). The

porous metal support was fabricated using conventional powder metallitrgyies pressing.

Details about the fabrication process are described in the experimental section of thiShbkesis.
objective of this research is to assess the overall fabrication process and characterize parameters
such as sintering profile, porositgnd CTE values. This research is expected to contribute
towards a better understanding and improvement of the fabrication process for metal support to

be used with intermediate temperature MSQFCs



Chapter 2 Literature Review

2.1 Introduction to Metal-supported Solid Oxide Fuel Cells

Solid oxide fuel cell is a type of fuel cell composed of all solid ceramic components including
anode, electrolyte, and cathode. It uses fuels on the anode side and oxidant on the cathode side to
convert chemical engy directly into electrical energy with reduced intermediate steps compared

to conventional power generations and therefore producing energy with much higher efficiency
up to 5065% (Li, 2006). It has one of the highest opengt temperaturg between 800°C
1000°C. Such high operating temperature exhibits benefits as well as disadvantages. One of the
advantagesas mentioned in the Introduction sectiathe fuel flexibility for SOFC and the
possibility of internal reformingThe absence of extensive fuel processing can save up energy
with better balance of planthe reason for fuel flexibility is thibigh operating temperatutieat

can provide sufficiently fast electrochemical kineticshatelectrodes without the need mdble

metals as catalysts and with low activation polarizatdiokel is a typical electrocatalyst used in
SOFC, which is not poisoned by carbon monoxide and which is also an excellent reforming
catalyst. However despite the aforementioned advantagesh sugh operating temperatures
create significant limitaisto the choice of materials that can be used as the cell components. The
main reason for the solid oxide fuel cell to require such high temperature is because of the
electrolyte material that can only conduct oxide ions sufficiently at high temperatures. The
comma material for such electrolyte is Yyittriustablized zirconia known as YSZ (As
mentioned previouslyYSZ has ionic conductivity of 0.1S/cm at 10@0and 0.02S/cm at
800°Q. Research and developmetuses on reducing the operating temperatures to 650°C
850°C (intermediate temperature SOFC) and even further to B80T (low temperature
SOFC). One option to lower the operating temperature is to change the cell structures. The fist
conventional SOFC design was electrolyte supported cell (ECS) wherethelgte layer was
fabricated as the thickest layer to provide mechanical support. However thick electrolyte
combinedwith high ohmic resistanaequireshigh temperatuiearound1000°C to overcome the
ohmic loses. The next conventional SOFC designsiaode supported cells (ACS) and cathode
supported cells (CSC). These designs use thick electrodethiarelectrolyte to decrease the
ohmic resistancevithin the electrolyte. However, even the use of thin YSZ still circumvents

lowering of the temperatufgelow 800°C to maintain adequate ionic conductivity. Additionally



the use of expensive ceramics as a support material is not cost effective. Furthtense of
ceramic materials as a support shows poor mechanical durability and stability upon harsh
operating conditions and fabrication process. In order to lower the operating temperature to
550°G800°C range new materials for electrolytave beersuggestd which posses higher

ionic conductivity at lower temperatures (556800°C). Cericbased electigtes are such
materials, which can be used in their stable formsamariumdoped ceria(SDC), and
gadoliniumdoped cerigGDC or CGQ. Conductivityof SDC and CGO at 78C is ~0.08S/cm

which is similar to that of YSZ at 1000 (Toor & Croiset, 2015)As mentioned before all ESC,

ASC, and CSC are brittle and use extra quantity of expensive ceramics. Ferritic stainless stee
alloys can be used instead as a support material to replace the brittle and expensive ceramics.
This new design is called metsuipported solid oxide fuel cells (MSOFCs). MSOFC has a
number of advantages over the conventional designs (ESC, ASC, andRXSCit minimizes

the use of expensive ceramics to functionality only and keeps the thickness only necessary for
the electrochemical reactions. This results in both saving of the materials and increase in
performance due to reduced ohmesistance Second, stainless steels and similar ferritic alloys
show much higher strength and durability upon harsh operating conditions. Stainless steel can
withstand rapid thermal cycling, mechanical stress, and redox cycling. The better strength of
metal suppodd cells is beneficial to applications where the cell or stack can experience
vibration, mechanical loading, and thermal shock. This enhanced ruggedness can also improve
themanufacturing process as cells can handle more mechanical I§adakgr, 2010)

2.2 Choiceof Materials for Metal Support Layer

Most commonly used matersdfior metal support in SOFC applicatianeferritic stainless steels

due to their high temperature oxidation resistance and relatively chisé of the coefficient of
thermal expansion (CTE) values witiat ofthe SOFC ceramic materials. Ferrittaisless steel

alloy 400 series is one of the most widely used matefialthe metal support applicatiofihe
typesincludedare 430, 410, 409nd 441 (Tucker, 2010). As seen in Tablgé. 400 series show

good oxidation resistance and close CTE values with YSZ, CGO, and SDC materials. Stainless
steel 400 series contain mainly iron and2BWvt% of chromium to form a continuous chromia

scale that an prevent iron oxidatiofTucker, 2010)

10



Table 2-1 Summary of material information (Tucker, 2010)

Metal CTE (ppmK™) | Cost ($/kg 2009) | Relative oxidation
resistance
NiCrAlY 1516 63 Excellent
HastelloyX 15.516 22 Excellent
Ni 16.5 18 None
Ni-Fe (1:1) 13.7 9 None
300-Series stainless steg 18-20 2 Poor
400-Series stainless steg 10-12 2 Very good
305 1475 765
YSZ, CGO, LSGM 1012 (FuelCellMaterials,| Not available
2016)
1475
SDC (FuelCellMaterials)| 12.7 (FuelCellMaterials,| Not available
2016)

However a build-up of chromia scale can cause formation of brittle oxide phase and poor
electronic conductive layers. Even though chrosaiale is beneficial for preventing oxidation, it

can also cause reduction of electronic conductivity launtup of mechanical stress which are

not ideal for metal support applications. Thus the chromium content is one of the important
parameters to be neidered when choosing appropriate metal support materials. Stainless steel
300 series were studied as potential candidates for MSOFC application ds wB00 series

the chromiumcontent is in the8-30wt% rangeand nickelin the 6-20% range However, based

on Table 2.1 stainless steel 36€eries shows poor oxidation resistance compared tesd@€s

and also a poor match of CTE valueghat ofelectrolyte materials. This indicates thia¢ 400

serieds currently the most appropriate basetah material foMSOFC application.

Addition of specific elements to ferritic alloys can enhance certain properties. Alloys often
include Ni, Mo, Si, Ti and Al. Addition of Ni can be beneficial for better CTE match since anode
of the SOFC is commonly madvith Ni and YSZ composites. In faééw groups use Nalloys

as a metfasupport to investigate material properties and potential for SOFC applications.
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Research group fromhe Institute of Nuclear Energy Research in Taiwan repotteel
development o novel metal substrate using porousNib metal suppor{Hwang et al., 2016

Yang et al. 2015) Molybdenum (Mojcontaining nickel (Ni) based porous alloy was fabricated
using powder metallurgy withifferent area densities of straight gas flow channels to improve
hydrogen fuel gas and the water byproduct diffusion in the anode and supporting substrate. The
power densities at 0.8V and 750°C was 1,161 m\W/arhich is quitea promising performance
(Hwang et al., 2016) Research group from Gdansk University of Technology in Poland has
reported on using IN625 alloys (Ni22Cr) and P1600 (Ni:Cr:Fe=74:18) fdr metal support

SOFC applications. High temperature corrosion resistance of these materials were studied with
addition of the yttrium containing precursor to further reduce the corrosion rate so that the
lifetime of the infiltrated alloy can be gréatxtended(Karczewskiet al, 2015 Molin et al,

2011) However, there are also disadvantages of using Ni including the high cost of Ni, poor
CTE match to the electrolyte, and low redox tolergfieeker, 2010) Additionally, low oxygen

partial pressure atmosphere is requiidhesintering process in order to prevent Ni coarsening
and agglomeration. When Ni is coarsened and agglomerated this reduces bothetlipdhasp
boundary length and Mparticle connectivity when used as cermet (metdramc) layer to

perform anode functionality as wéKnibbe et al., 2013)

Addition of Al to Fealloys can improvehe oxidation resistance by forming protective alumina
oxide ALOs; similar to chromia scale gb;. A Fe21Cr7AI1Mo00.5Y alumindorming stainless
steel was designed and evaluated as a material for porous supportsyden dransport
membranes for electrochemical device application by Riso DTU Energy Conv@esamscock

et al.,, 2013) It was found that FeCrAl steel showed vastly superior oxidat&sistance
compared with a FeGiteel of similar composition and porosity. Oxidation of metal support with
20-40% porosity at 850°C and oxygen partial pressure 6f KPa showed suparabolic
kinetics and stability over 3000h. It was presented that Fe21Cr7MI1Mo00.5Y has desirable
properties andis a potential materialto be used as porous metal support for electrochemical
deviees (Glasscock et al., 201L3Addition of Si can improve adhesion of chromia scale to the
surface of the steel by forming SiBGetween the scale dulk. From Jablonski & Sears, (2013)

the detailed behavior of Si&ubscale was studied on 48(e stainless steel. It was oefed
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that evenat very low Si content of 0.017wt% can start to form ai@i subscalebetween
chromia scale and the metallic substrate during oxidation at high temperature (8D@%pjte

the improved oxidation resistance, these metal oxides areoslieellty nonrconductive and
buildup of such scale can significantly compromise performance. Overall it was found that the
amount of Cr should not exceed more than 26t wt% and@dhtentof Al, and Si needs to be
minimized to prevent excessive formatiohebectronically insulating layers. It is obvious that

fine tailoring of special elements is required to optimize the material properties specific to
MSOFC application. For all the aforementioned reasons, stainless steel 400 series is the most
common choie d metatsupport for the MSOFC¢Tucker, 2010) Based ontheseresults
special FeCr alloys were developed to further improve CTE match and oxidation resistance. Fe
Cr-Mn alloy (Fe as base element, 22 wt% Cr, 0.4 W#) was used as the porous metal support

at Riso DTU with their unconventional anode structures to avoid high temperature Ni
agglomeration and interdiffusion of Fe, Cr, and (Blennow et al., 2011)Special alloy
developed by Plansee SE Austria is the ODS (oxide dispersive strengthened) FerriadidyeCr

ITM Fe-26Cr-(Mo, Ti, Y203). This material was used to form porous metallic substrate by
powder metallurgy and known to provide the required Jtwrgh corrosion stability. Again the
oxidation resistance is provided by the formation of well adherent protective soatkeduring

cell operation and such characteristics can increase both the corrodidity séand creep
resistancéranco et al.,, 2009)Special metal alloy Crofer® 22APU by ThyssenKrupp VDM
GmbH (under license from Froschungszentrum Julich) is a high temperature ferritic stainless
steel especially developedrfapplication in solid oxide fuel cells. At temperatures up to 900°C a
chromiummanganese oxide layer is formed on the surface of Crofer® 22APU which is
thermodynamically very stable and possesses high electrical conductivity. The low coefficient of
therma expansion is matched to that of ceramics typically used forteigiperature fuel cells in

the range from room temperature to 900 °C. This material is characterized by excellent corrosion
resistance, low rate of chromium vaporization, ease of procedsimg;oefficient of thermal
expansion, and good electrical conductivity of the oxide layers. Chemical composition is the
following: Fe:Cr:C:Mn:Si:Cu:Al:S:P:Ti:La=bal:24:0.03:0.8:0.5:0.5:0.5:0.02:0.05:0.2:0.2 (VDM
materials Material Data Sheet, 2010). Timaterial was used to from a novel design, alternative

to the conventional MSOFC, honeycomb microstructure metal supported solid oxide fuel cells

(Fernandezsonzélez et al., 2014Yse of this special alloy showed easy processing and good
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performance. HstelloyX is another metal alloy that can be used for the MSOFC application. It
has higher CTE than the ceramic layers of the SOFC but shows excellent oxidation resistance.
National Research Council of Canada has reported on use of Ha3taedloyhe metasupport

with plasma thermal spray deposition techniques to apply ceramic layers on top. This method
can prevent oxidation of the metallic substrate during the fabrication process. The detailed
fabrication approach will be discussed ldtdui et al., 2009)In order to match the CTE values

with the electrolyte and reduce the oxidation of the metal at high operating temperatures, some
research groups introduced cermet layer where the metal is mixed with cer@omasionly
FeCralloy is mixed with YSZ to from porous cermet layetanifi et al., 2011) From Riso

DTU, FeCralloy was mixed withceramic such as Ntboped SrTiO3 (STN) to provide close

CTE values to ScYSZ electrolyte and to reduce oxidation of the ifid&inow et al., 2013)
However in this case the application was slightly different sineeermet layer was used as an
additiona anode backbone on top of the originat&eMn metal support layer. Based on these
results, stainless steel power 430L (Alfa Aesar) was chosen for the base metal support material
for this thesis. It was affordable and reported with good reviews of ysiqath propertieslts
composition (by mass$ Fe:Cr:Si:C = 82.9:16.5:0.5:0.02 (Alfa Aesar, Canada).

2.3 Metal SupportFabrication Methods

Useof metal supporin solid oxide fuel cell shows promising benefits compared to conventional
ceramicbasedSOFCs. These benefitss mentioned beforare lower cost, improved durability,
better workability, good thermal conductivity, quicker stgst betterthermal shock resistance,

and tolerance towards vibrations and redox cycling (Tucker,; 20409 et al., 2008 However

the introduction of metal such as stainless steel raises new challenges with respect to cell
fabrication since the usual oxidizing atmosphere can no longer be used for high temperature
sintering(Nielsen et al.2012) Conventional ceramic based SOFC requires tempesaiurene
rangel200G1400C forthe electrolyte (YSZ) to beistered(Nielsen et al., 2032Hwang et al.,

2016). This is because the electrolyte layer requirdsgh densification process whids
achievableat these high temperatures. Densification of the electrolyte layattisal for the
performance since onlg gastight and denselectrolyte provides high ionic conductivity.

However,this high temperature sinterirganlead to serious adation problems for the metal
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support. It is difficult to incorporate metallic substrate without oxidizing while also matching
shrinkage between ceram®ORC layers (Hwang et al., 2016).here are several processing
techniquedor processing the porous metal substraté the most commas powder metallurgy

and high temperature ntering in reducing atmosphere. Processing steps include mixing of
metal powder (FeCr, Falloys, special types of alloy powders&lioys) withbinder, plasticizer,
pore former, and organic solvents to form slurries. These slurries can ‘eiltzall for 424hrs

and be dried as a powder for gieessing or used as a slurgr tapecasting applications
(Blennow et al., 2009Roseet al.,2009 Clemmer, 2006). Both methods are easy to implement
and affordable for manufacing. For the powder processing, it can be pressed by isostatic
pressing with adie set to form a green pelléfuckeret al, 2007 Rose et al., 2009Metal
slurries can be used for a tapasting/ molding to form a green film and then cut into appropriate
sizes(Peter Blennow et al., 200Molin et al, 2011 Karczewski et al., 203,54wang et al., 201,6
Yang et al., 2015). In both cases the processed green pellets and green tapes regstepmulti
heat treatmentsThe first step is to burrout in air (or oxygen present atmosphere) between
400°G600°C to combustrganics in the substrate. Then the second step is high temperature
sintering at reducing atmospheeed. 96%Argon and 4%}) above ~1100°€1200°C (Blennow

et al., 2009Molin et al., 2011, Karczewski et al., 20t31wang et al., 2016Yang et al., 2015).

Numerous studiebBavefocused on caintering metal support with cermet (metal plus ceramic)
and electrolyte layers in a reducing atmosphere to avoid oxidation of the metal and
agglomeration/diffusion of electrode catalyst materials (Nig reasons, when Nibased anode

is deposited in direct contact with a Fdfaised metal support, the systemay suffer from
interdiffusion of Ni, Fe, and C(Blennow et al., 2009Blennow et al., 2011t this high
temperature sintering procestterdiffusion can cause a lot of detrimental effects to lo¢h

metal support anthe anode layersThe formationof Ni-Fe-Cr alloy or insulating oxides in the

metal support and anode layer can reduce the electronic conductivity, increase oxidation, and
increase the coefficient of thermal expansions in the support. In all cases, both performance and
lifetime of the cell decrease. Vaus fabrication methods have been explored to avoid both
oxidation of the metal support at high sintering temperature required for the electrolyte
densification as well as to avoid interdiffusion of electrode catalyst and FeCr on the metal
support boundarge To solve this problem, few research groups developed unconventional cell

design where the abovementioned problems can be avoided by use of infiltrated anode structure.
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The design is to forna porous anode backbone with mire of metal and ceramie.g. YSZ)
(Blennow et al., 2009) The halfcell structure developed by Riso DTU is the following: porous
metal support/porous cermet backbbmense electrolyte. In this unconventional design, the
three layersare tape casted separately and laminated together to lsmntemed at high
temperature under reducing atmosphere. Then after the high temperature sintering thi@cess
anode catalytianaterial] such as CGO20+10wt%Ni slutris infiltrated to the porous omet
backbongKlemenso et al., 20110 similar approach of using infiltratioof electrode matéls

was also reported by LBNL(Tuckeret al., 2007 Tucker et al.2007). LBNL used fivelayer
structure consistingfgorous metal suppoftporous YSZ interlayefdense YSZ electrolyte film

/ porous YSZ interlayef porous metal current collector. After high temperatursiotering of

the metal support and electrode backbone layers together, Ni and LSM ((La,3y)Max@
infiltrated into a porous YSZ backbone structatetheanode and cathodeespectively. This
type of infiltration approach can avoid coarsening of Ni or LSM and interdiffusion between Ni,
Fe, and Cr duringhefabrication procesgluckeret al., 2007)Fernandezsonzalez et al2014)

also focusedn avoiding high temperature sintering for Ni and oxidation of FeCr alldyke
using a particular metal support desigm anode material based on-M5Z was applied o
porous metal honeycomb (proprietary design) support via slurry form (modified tape casting)
after the high temperature -sintering process for the metal gpapt and YSZ dense electrolyte
(Fernandezsonzalez et al., 2014For the same purposa different approach was used the
Korea Electric Power Research Institue, and KIAST Korea where the anode and eleceodyte
prepared separately and alreadytesied at high temperature in air. Thethe stainless steel
STN430L platevasprepared separately with channels for gas pathways. dsiaghesion layer
composed of NiQYSZ and STN430 powdethe metal supponvas glued tothe anode and
electrolyte layerand subsequently sintered at 1400in reducing atmosphere. To solve
fabrication challenges, different processing methaother than cesintering to fabricate
electrodes and dense electrolytes on the metallic subsiazagebeen explored as well. Such
methods include atmospheric plasma spray processing (APS), vacuum plasma spraying (VPS),
suspension plasma spraying, higkocity oxyfuel (HVOF) spraying of liquid suspension
feedstock, pulsed laser deposition (PL&)Electrophoretic deposition (EPDBlennow et al.,
2011 Hwang et al., 203;JHwang et al., 2016)
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In this study, powder metalluygvith powder and press technigueereused due to simplicity
and easy manufacturability. Detailed experimental procedures for the metal support sgnghesis

discussed in Chapter 3 experimental section.

2.4 Metal Support Characterizatiors

Metal support layer needs to satisBveralcriteria to be used for the SOFC applications. These
aspects include sintering characteristics, coefficient of thermal expansion behavior, porosity,
oxidation behavior, and electrical conductivity. Sinteringrabgeristicsaareimportant in terms of
obtaining a strong and porous structure with minimized oxidation. Depending on the metal
support precursor contents, midtep heat treatments and sintering in different atmospheres is
necessary to achiewbe desirdle final products. Alsporecent fabrication roes involve high
temperature caintering of metal support with electrolyte and anode layers. Thus sintering
parameterdancluding temperaturdime, and type of gasgaffectsthe results of metal support as

well as the ceramic layers of the SOFC. Furthermore, sinterthg simary fabrication process

for metal support which affects other properties of the metal support. For example CTE,
porosity, oxidation behavior, and electrical conductivity are allérfced and dependent on the
sintering profile. A good CTE match is one of the most significant properties to be
accomplished. The CTE values or shrinkage rate between-sugabrt (FeGalloys) and
ceramics must be similar to each other to prevent dedion and cracking of the layers in both
fabrication and operation. For that reason stainless steel 400 series is chosen since it has similar
CTE values with YSZ, and SD®@ilatomety is commonly used to analyze linear expansion of
the materials at diffrent temperatures. Based on this results one can determine the CTE
behavior of the materials over desired temperature range and atmosphere. Porosity is important
since the metal structure must render sufficient pathways for fuel gases to reach tbhdeslectr
for electrochemical reactions. Thares @a Set standard for an acceptable porosity range but the
common porosities reported are in the range o#@®. Sufficient porosities of the metal
support can affect the performance of the full egitl, therefore further performance analysis
needs to be conducteddoawconclusions about adequate porosity for the metal sufipadng

et al., 2016) Typical operating temperats for MSOFCsare much lower tharthosefor the

conventional SOFC. Howevieeven the lowered temperature range of-800C is still high
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enough to cause oxidation of the metal support layers. Corrosion resistance is an important
criterion to investigate in order to verify long term performance and stability of the cells.
Continuous build of oxide scale within the metal support layer can cause detrimental effects to
long-term performance. Lastly, the electronic conductivityaiso importart. Since the oxide

scale formation can lower the electronic conductivity significantly, electronic conductivity is
related to both performance and durabjlag well. Maintaining a good electronic conductivity

and strong oxidation resistance are aspiftedthis section,a detailed literature review of
sintering characteristics, CTE analysis, and porosity measurements are discussed.

2.4.1Sintering Characteristics

Sintering is an essential step required for both metal support and ceramic componetgstm or
construct a strong porous metal support and to provide sufficient strength to the final cells.
Sinteringby definition is a thermal treatment for bonding particles into a coherent solid structure
via mass transport events that occur on the atorale.s€the bonding leads to improved strength
and a lower system energ@erman, 1996)When using metal powders, there are void spaces
between particles. Powders in general initially remain porous and do not pack efficiergly. Thi
initial structure is called the O0greendé stat
powder. The shaped or pressed unfired powder
by applying pressure to the powder to increase density andarsi@pe to the powd@Berman,

1996) A green compact is prepared prior to sintering. Many groups use this powder pressing
method for preparing the metal support. LBNL showed preparation of the metal support by
isostatically pessing a mixture of ferritic stainless steel powder, polymer, binder, and pore
former (Tuckeret al., 200B). In the work ofRose et al(2009)a porous stainless steel substrate
was prepared by powdenetallurgy with dry isotatic pressin@he netal powder camalso be
prepared in a slurry form for tape casting. In this case, the tape is called the green film/tape.
Blennow et al(2009 usedslurry, based on F€r power with organic additiveto make green

films. In most cases these green compacts/tapes are heatl theaair first to burn off the
organics then sintered in high temperature above ~110800°C in reducing atmosphere
(Blennow et al., 208 Tucker et al., 2007)Depending on the organic additives included, the
first burn out stage can be conducted in the temperatunge of 400°Z00°C (Villarreal et al.,
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2003) A temperature o700°Cwasused when carbon/graphite is used as a pore fdti@nifi

et al., 2011)For metal supparsintering atmosphere is important to prevent oxidatmuthus
reducing atmosphere is most commonly used such as 4#€H96% Argon gas mixtes. Since
high temperature sintering is also critical for densification of the electrolyte, it is preferred to
sinter the metal support and electrolyte together bygimtring method. Blennow et.gR0117)

used cesintering of metal support anode back &arermet layer, and ScYSZ electrolyte in
reducing atmosphere ¢Hr) above 1000°C. YSZ electrolyte are usually sintered at 1350°C for 4
hours in air or reducing atmosphere when sintered with metal syppatds et al. 2005) For
SDC and CGCelectrolytes sinteringetperature is ~1400°€ 1500°C (Yoshida & Inagaki,
2006) For anode materiglthe sinterig temperature varies depending on the fabrication
methods. When anode catalytic material such as Ni and CGO is infiltratea aatonet anode
backbone after high temperaturesiotering, calcination is conducted at 350°C fdro2rs in air
(Blennow et al., 2011)When Nt+YSZ is applied ora metal suppd it is fired at 600°C in air
(Villarreal et al., 2003) When Ni is infiltrated into porous YSZ+metal layerssifired in air at
650°C for 15min to convert mate salts to metal oxid€3uckeret al., 2007) Whenan anode
slurry was used to fill honeycomb hexagonal holes in the metabimd, sintering was
conducted at 1250°C for 4 hours in reducing atmosplremmandezsonzalez et al., 2014Ruiz-
Morales et al., 203,(Ruiz-Morales et al., 2009)The @athodeis usually applied at the last stage
of the fabrication and has less impact on the metal support sintering process. In order to provide
a reference for the cathode sintering condition, the following is mentibmecathode materials
using LSCF/CGO, LSCand LSC/CGO, the process commonly usesitim sintering at the 750
800°C in airKlemensg et al., 201 Nielsen et al.2014)

2.4.2The Coefficientof Thermal Expansion (CTE)

Stainless steel 400 series was chosen as one the metal support materials due to similar coefficient
of thermal expansion values (1@ ppm/K)as that otthe ceramic layers. It was found that the

CTE of 400series alloys are close to that of the yttoligpoed zirconia (101.2ppm/K) (Tucker,

2010) and ceridased electrolyte materials (SDC has 12.7 ppm/K, FuelCellMaterials). Hqwever

a complete match is still necessary for fabrication without delamination and operation upon rapid

thermal cycling(Tucker et al.,2011). In order to measure the CTE valueblatomety is
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commonly used to measure the linear expansion and shrinkage of a material over the certain
range of the temperatures. Only few studies have focused on the CTE measurements of the
various metal alloy for SOFC application andomparisonwith the ceramic materials. lhe

work of Matus et al (2005 FeCr containing 3@t% of chromium was mixed with 6 vol% (~3

Wt%) of aluminum titanate (AT) with a CTE of less than 0.5%K0" to match the CTE of an

8YSZ electrolyte. This addition of ceramic additive can provide almost exact match of CTE
values to 8YSZ while not compromising the electronic conductivity and brittleness. The new
porous cermet layer called Fe30Cr3AT was fabricated and the thermal expahsyv@yY,

Fe30Cr, Fe30Cr3AT, and Ni/YSZ were measured udifejomety. The thermal expansion of

the materials was recorded between room temperature and 1475 K and it is shown in Figure 2.1
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Figure 2-1 Thermal expansion of 8YSZ electrolyte, Fe30Cr metal support, Fe30CrAT cermet, and
Ni-8YSZ anode (Matus et al., 2005)

It is shown that théhermal expansion of thmetal/ceramic composite (Fe30CrAT) substrate
fully matched that of 8YSZ electrolyte. Thigpeyof exact match of CTE is beneficial when the
metal support is esintered with thin electrolyte layer in reducing atmosphere.,Alaoethe

cell is under operating condition with rapid thermal cycling at approximately rate of 50K/min
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between 201 and B8C, agood CTE match can mitigate thermal stress. Hui.¢R@07) briefly
mentioned the importance of CTE match since the mismatch can often cause cracks, severe
warping, or cell fracture during high temperature firing steps. It also reported th&Tthe
criteria for the metal support to be around ~11 x®1Q™" between 30.000°C. There are not

many groups that investigated the sintering characteristic of the metal support only. Commonly
the CTE values are compared betwésrse ofmetatsupport ancceramic components. In this
thesis, CTE values of metal supports with different porosities were investigated to observe any
trend or impacts. The detailed experimental methods and results will be discussed in the later

chapters.

2.4.3Porosity Measurement

The netal support has to be porous enough to deliver sufficient fuel gases to the ansde site
while maintaining durable structures. Porous structures can be produced by various fabrication
routes including mold, meshes, laser machining, and powderungya{PM) (Rose et al, 2009).

As introduced earlier, the honeycomb design mold with modified tape casting was used to
provide porous structurewith reduced material usage (Fernan@mzalez et al., 2014). Baek

et al (2011 usedferritic stainless sted|STS430) as the metasupport the gas channel was
fabricated in a serpentineagbe with a channel width of 560m by wusing wire cutt
to modify the metakupport structuréBaek et al., 2011)Powder metallurgy is widely used due

to the simplicity of the process and cheamanufacturing cost. In all cases, the porosity
measurement can be useful to determine whether sufficient gas transfer is possible or not. Rose
et al (2009 investigated four different methods of porosity measurement on porous metal
support fabricated wh AISI 430L (Stainless steel 430L grade) via powder metallurgy methods.
The first method is the Archimedes methods based on ASTM standard883¥Be ®cond

method was using mercupprosimety. The tird test was using Xay diffraction (XRD) where

physcal substrate mass and dimension combined with calculations of theoretical density from
XRD can determine the cell volume (XRD/weight). Thaerth methodwasgas permeation using

dry helium and measuring the mass flow. Based on the results, it was detatehe four
measurement methods differed by up t86lfdom each otherBrunaueir Emmett Teller (BET)

surface area analysis (SA3100, Beckman Coulter, Fullerton, CA, USA) was also tried to
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determine the surface area of the samples and porosity howevas ot possible due to the

equipment measurement linfRose et al., 2009).

Image analysis can be used to measure porosity with optical microscope on polished cross
section of the porous metal support samples as well. This method wasylResk et al(2009
andHarrisaet al.(2011) Another method is to back calculate the porosity based on weight and
dimensions of each substrate knowing the full density of the metal s@aldbillig & Kesler,

2009) The detailed equation for calculating the porosity using this method can be found in the
experimental section. Based on the literatureergs on how to measure porosity, there is no
universally accepted standard on how porosity should be measured. Thus various test methods

exists and it is important to have more than measuremerdvailable to verify the results.
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Chapter 3 Experiments

In this chapter synthesis of starting material, fabrication steps of the metal support, and
characterization methods are discussed. Synthesis of starting material refers to the mixing of
stainless steel powder to form a precursor solution with orgamhes.fabrication methods
explains the die pressing step to form a green compact pellet and heat treatment process
including burrout and reducing atmosphere sintering. Characterization methods include various
techniques used athe following. First is the determination of burout and sintering
temperature profile usintpermal gravimetric analysis (TGABecond ighe characterization of

the sintering behavioby measuring the relative green density, relative sintered density, and
change in mass before arafter sintering Third is to measure the porosity usirtgree
approaches includingrchimedes method based on ASTM standard (&33)3 optical analysis,

and back calculation based on saliehsity of SS430L sample. Fouithto determine the CTE
values ofthe sintered porous metal support. For this test, different solid loading samples were
tested in dilatometer under argon atmosphere wisipecfied temperature profile. Fiftis to
measure thelectronic conductivity of the metal support. The existing S@#sting station was

used to measure the electronic conductivity of the metal support in the operating temperature
ranges 55@00°C. Lastly, SEM images were taken to assess the micro structure of sintered

metal supports. The procedures and the experimsegttaps are discussed in this chapter

3.1 Synthesis of Metal Powder

Stainless steel metal powder SS430L (Alfa Agsdth particle size of d50=44/m (~325 mesh

size) and composition of Fe:Cr:Si:C=82.9:16.5:0.5:0.02 w%hosen as the base powder. In
order to form a precursor solution, SS430L is mixed with organics consisting of pore formers
(two types:poly methyl methacrylate (PMMA) (Scientific Polymer) or graphite (Alfa Aesar)),
binder (polyvinyl butyral (PVB), Scientific Polymer), and plasticizer ((doctyl)amine (DOP),
SigmaAldrich), and solvent ethanoUW Chemstore)Table 31 summarizesnformationabout
materials and their providers. Different compositions of precursor solution were prepared by
varying SS430L weight percent (wt%) from 80, 8%, 90, to 95wt%. All of these 5 different
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solid loading compositionsvere prepared in the same mannefhe reason for using two
differenttypes ofpore former is because PMMA is supposed to create bigger pores and graphite
is supposed to create smalkard finer pore structures. At the beginning stage of the experiments

it was not clear which pore foenwill be more suitable for fabricating metal supportS@FC
applications thus both pore formers were tse@aratelyTwo types of solutions wengrepared.

The first type is with PMMA as a pore former and the organics mass ratios is PVB: DOP:
PMMA = 1:1:3. The second type is with graphite as a pore former and the organics mass ratio is
PVB: DOP: Graphite = 1:1:3 respectivelydrganics mass ratios rfdooth solutionswere kept
constant for different SS430L solid loading samplesTable 32 the metal support powder

composition is listed in weight percent (wt%).

Oncethe precursor solutions (SS430L and argamixture) are prepared, they arall-milled

with zirconia balls for 2zhours. After ball milling, the solution is transferred into mortars for
drying process. There are two types of ramtavailable: ceramic mortar asthinless steel
mortar. The reason for using two types of mortar is becassgmic mortar might have
contaminated the metal powder with excess amount of silicon oxide (mortar material) and
stainless steel mortar can avoid such contaminaMwortar containing precursor solutiois

dried on a hot plate to evaporate the solventateih) at60-70°C for 56 hours. In the next
chapter, the effect of using different mogtaras investigated further but the results showed that
there isbasically no difference. When the powder is made with ceramic mortar it is labeled with
C#, where the imber indicating batch number of the powder and when the powder is made with
stainless steel mortar it is labeled with $ke dried powder is hand grinded further in the mortar

to be sieved below particle size of 177 um (mesh size 80). It is importaohi@ve most of the
particles (95% by mass) into this size (<177um) since particle simeaffect compositions,
green densityand sintering behaviors. It was noted that particles tend to agglorderatg the

drying process and there is a limit for tkizay the particles it smaller sizes belod/77um by

hand grinding process. It is possible to use smaller sieve/mesh (80um or 44um) to further
separate the patrticle size distribution. Howewaparating powders into smaller than 177um
changes the powdebmpositions. It was observed that powders witte less thaB0um have

more organicdecause the organics break down to smaller particles more easily than the metal
powder. Thigesults in deviatedt% of the precursor powdevhen the powder particle sizxeas

separated below80 um compared to thexpectedwt%. Thus sieve with 177um particle size
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was sed to ensure uniform mixture $6430L and organics. Once the powder is sieved it can be

stored in a glass vial with a cap to be used for the next processing steps.

For the characterization of the metal support, three batflpowders were used and each batch
includes all 5 differensolid loading of SS430Lwt%:80, 85, 87, 90, and 95. The first batch was
made with ceramic mortar awdaslabeled C1. The second batisha repeat of the first batch,

was also made with the ceramic moremdwaslabeled C2. The third and last batch waesden

with the stainless steel mortar and labeled S1. In the results section, synthesized powders are
referredto with labels C1, C2, and S1.

Table 3-1 Material information and supplier

Materials Function Provider

SS430L Base powder Alfa Aesar(product#47290)
Polyvinyl butyral (PVB) Binder Scientific PolymefCAT512)
Poly(methyl  methacrylatg Pore formelbigger pore) Scientific

(PMMA) Polymef{CAT037D)
Graphite Pore formesmaller pore) | Alfa Aesalproduct#40795)
Di-n-octyl phthalate (DOP) | Plasticizer SigmaAldrich

Ethanol Solvent UW Chem store

Table 3-2 Metal support compositions in weight percent (wt%).

Precursor Solution Compositions Individual Organics wt% (Mass ratio is
PVB:Plat:PMMA=1:1:3)
SS430L wt% Organics wt% PVB Plasticizer | PMMA or Graphite
95 5 1 1 3
90 10 2 2 6
87 13 2.6 2.6 7.8
85 15 3 3 9
80 20 4 4 12
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3.2 Fabrication of Porous Metal Support via SolidState Sintering of Powders

Once the metal powder mixture is sieved, it is pressed isobanisafly a hydraulic hand press

at 300 MPa for 3 minutes to form 20mm diameter green pellet. The 20mm metallic dry die set
was purchased from Across International (USA). Gihantity of powders used to press one disk
differs based on the SS430L solid loadingable 33 shows the powder weight required for
different SS430L compositions to keep the base metal catdastanias 2.175g. This process is
applied in the same way for bo®PMMA and graphite precursor solution®nce the green
compact pellet is magéhe weight and dimensions are measured. Dimensions include diameter
and height and they are measured with a caliper 5 times each and averaged to improve the
accuracy of the measuremeriteasurement details can fseindin section 3.3.1The next step

is the heat treatment process involving baotn of the organicsn air and high temperature
sinteringin reducing atmospher@%H,/Ar). The pressed green compact pellets are placed on a
porous flat alumina sample hold@cm width x 5cm lengthand insertednsideafurnace quartz

tube (50cm OD x 44cm IDx 1219cm MTI Corp, USA) that is placed insiceMellen Furnace

(The Mellen Compnay Inc. USA). This furnabasthreeheatingzones left, center, and right

and can operate between room temperature up to 1200°C. thherecursopowderwith
PMMA is usedto form green pelletst was found that the organics mixture start to burn off at
300-400°C based othe TGA results. Thus the burn out was set in a#@0°C for 5 hours. After

the burnout, the furnace gas is switched to argon at 400°C to purge oxygen for 1 hour prior to
introducing 4%H/Ar reducing atmospherddere, reducing atmosphere was used to prevent
oxidation of the metal at high temperatamdto reduce metal oxides that may have formed in
the previous stepAr was chosen instead of N2 becaldgecan brm nitrides with iron and
chromium. After purging, reducing atmosphere 4%t is applied and the temperature
increases from 400 ®00°C at 10C/min and stays for 30 min. Thehetemperature is ramped

still in 4%H,/Ar, from 600 t01000°C at 5°@nin and stays for 10min. Thehe temperature is
ramped from 100@o 1100°Cat 2C/min and it stays for 5 hours for sintering. The detailed
sintering prdile is shownin Table 34 andit was carefully chosen based the TGA analysis of

each organic components to determine sufficiently high temperature feobubut low enough
temperature to minimize oxidation of the metallic support. On the other, hdrah powder

with graphite is used, the buout temperature needs to bereasedo 700°C since graphite

requires much higér temperature to beombusted. Howeve700°C in air causes the metal
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support to be oxidized which is not desiralflerther analysis using TGA results showed that the
use of graphite as pore former is not suitable for low temperatureobtirand minimized
oxidation sintering. Therefore the use graphiteprecursor solution was not pursued for the
fabrication and charéerization of metal support.

Table 3-3 Powder base load for different SS430L wt%

SS430L wt% SS430L (g) Base load (g)
95 2.175 2.289
90 2.175 2417
87 2.175 2.500
85 2.175 2.559
80 2.175 2.719

Table 3-4 Burn-out and sintering temperature profile

Steps| Start Temp | Set Temp| Ramping rate (°C/min) | Time (min) | Gas Gas
1 0 400 10 40 Air

2 Hold 400 330 5hr Air | 1hr Ar
3 400 600 10 20 4%H,/Ar

4 Hold 600 30 4%H,/Ar

5 600 1000 5 80 A%H,/Ar

6 Hold 1000 10 4%H,/Ar

7 1000 1100 2 50 4%H,/Ar

8 Hold 1100 300 4%H,/Ar

9 1100 25 3 330 4%H,/Ar

10 end 4%H,/Ar

Once the metal support is sintered, weight and dimensions are messtinecsameway as
before sintering. A series of characterizations were conducted to analyze the sintering results,

porosity, coefficient of thermal expansions, electronic conductivity, and microgiras. As
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mentioned aboveonly the solution with PMMA as a pore formés characterizedigure 31

showsthe process flovof the metal support fabrication.
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Prepare precursor solution into specified compositions

\

Ball mill in ethanol for 24 hours with zirconia balls

\Z

Dry the precursor solution on a hot plate fe® #iours

\Z

Grind the powder with 2 types of mortars: ceramic vs.

stainless steel mortar

\Z

Sieve the powder with7pummesh

\Z

Press aB0O0 MPa to form 20 mm diameter green pellet

\Z

This pellet is sintered in air at 400°C for 5 hours to burn o

theorganics followed by 4%§1Ar reducing atmosphere from

400 to 1100°C where it stays for 5 hours for sintering

Figure 3-1 Material synthesis and fabrication process flow.
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3.3 Characterization of Metal Support Layer

3.3.1 Sintering Results
In order to quantify the sintering results, thedative green density and theelative sintered
density of the metal support samples were measured. Smaeedtal supports were presseth
a20mm dry die set, the pressed pellets come out as a disk form with varying heigatixaad
diameter(~20mm). For the green and sintered density measurements, diameters and heights of
the metal pellets were measured 5 times esith a caliperand averaged. The mass of the
pellets was measured before and after sintering wsinmigh precisiorscale.Equations 3.1 and
3.2 wereused for measuring the average diameter and the average hesgettively

o O O O O © o

U

WhereO s the average diameter a@findicates number of measurements.

. © 0 O O 0
0 og,

V)

Where'O is the average diameter ai@j indicates number of measurements.

The volume of the pell€d/ peie Was calculated, based on the results of Equations 3.1 and 3.2, as
follows:
(@) z*z"0

W o
T

Then,the green density anthe sintered density of the metal support pellets can be found using
the next equation8(4) and 8.5), respectively.

a
Ol QO0BE i Qo-o—— o8
DEOQa
NOE 6 00 E "Qe—ea—i) : o
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Knowing the reference density of solid SS430L metal, the relative density can be calculated as

below:

N DQOI OR@ QO ®
YQd &ORONO - 70 o
YQOQI 0D &I & o YD K&n—

3.3.2Effects of Organics (PMMA, PVB, and DOP)

In the synthesis of metal powder it was mentioned that the organicrati@swas kept constant

such that PVYBDOP: PMMA = 1:1:3 for varying SS430,kt%. This ratio was determined based

on the analysis of how each organic component affects the final powder quality. Hence the study
of each organics is included to show thedividual effect on fabricatiomand sintering resultsn

order to investigate the effect of individual PVB, DOP, and PMMA the following compositions

of metal powder solutions were prepared. In this experiment, the SS430L solid loading was kept
constant B87wt%. The synthesis process is the same as described in 3.1 and 3.2.

In Table 35, the composition ofvarying PMMA contentis shown The PMMA mass ratio
differsfrom 1 to 5with increment of 1 while keepingVB and DOP ratio constant at 1

Table 3-5 Compositions for varying pore former, PMMA , content

By mass ratio By wt% (for constant SS430L 87wt%)
PVB Plasticizer PMMA PVB Plat PMMA
1 1 1 4.33 4.33 4.33
1 1 2 3.25 3.25 6.50
1 1 3 2.60 2.60 7.80
1 1 4 2.17 2.17 8.67
1 1 5 1.86 1.86 9.29

In Table 36, varyingbinder, PVB,compositionis studied. The PVB mass ratio varies from 1 to
5 with anincrement of 1 while keeping DOP ratio at 1 and PMMA ratio at 3.
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Table 3-6 Compositions for varying binder, PVB, content

By mass ratio By wt% (for constant SS430L 87wt%)

PVB | Plasticizer PMMA PVB Plat PMMA
1 1 3 2.60 2.60 7.80
2 1 3 4.33 2.17 6.50
3 1 3 5.57 1.86 5.57
4 1 3 6.50 1.63 4.88
5 1 3 7.22 1.44 4.33

In Table 37, varying amount oplasticizer, DOP¢ontentis examined. The mass ratio of DOP

is varied from 1 to 5 in increment of 1 whiteeping PVB ratio as 1 and PMMA ratio &s

Table 3-7 Compositions for varying plasticizer,DOP, content

By mass ratio By wt% (for constant SS430L 87wt%)
PVB Plasticizer PMMA PVB Plat PMMA
1 1 3 2.60 2.60 7.80
1 2 3 2.17 4.33 6.50
1 3 3 1.86 5.57 5.57
1 4 3 1.63 6.50 4.88
1 5 3 1.44 7.22 4.33

3.3.3TGA Analysis and Sintering Results

Using thermal gravimetric analyzer (TGA), beont and sintering temperature profiles were
established as mentioned earlier. TGA was able to determine theodtutemperature for
individual organic component including PVB, PMMA, and graphReecursorpowder with
SS430L 75wt%was also tested in TGA to find when the oxidation starts to occur so that the
sintering profile can be adjusted accordingly. TGA analysis detected susceptible range for
oxidation of stainless steel SS40L. Based on these resultspbutemperature and duration
were determined. Finally, the oxidation resistan€esintered metal diskvas analyzed using

TGA as well in the operating temperature ranges of 600, 700, and 800°C for 12 hourkan air.

these measuremensolid loading oBO and 95wt% samples were used.
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3.3.4Porosity Measurements

Porosity is an important parameter to make sure sufficient amount of fuel gases can travel
through the metal support and reach the anode site for the electrochemical reactions. Based on
literature reviews it was found that porosity of 20~40% were commonly used in many of
MOSFC designs (Rose et al, 2009). The fundamental purpose of this measurement is to verify
the presence of sufficient pores that provide gas diffusion path ways while maintastirmng
structure. Three types of measurements were taken to determine porosity. The first is
Archimedes method based on ASTM Standard G838 J'he detailed procedure of this ASTM
method is included idppendix 2 According to thisASTM standard, e sintered metal support

disks with SS430Lwt% of 80, 85, 87, 90, and 95 were boiled in water for 5 hours and then
soaked in water for 24 houts make sure all pores were penetrated with watker which a
measurement was made, followed by another 24 hoailsrgp The mass of saturated sample

with water wasmeasuredafter soaking in water for 24 hours and then again aftether 24

hours. Based on the difference of dry sample weight and saturated sample weight the porosity
was determined. The average values of porosity measured after 24 hours and 48 hours were used.
In total 2 samples were measured gigen SS430Lwt%.

The second ethod is usingnoptical microscope (OlympeBH2-UMA with Roper Scientifie
Photometric digital camera) to examine the polished microstructures of sintered porous metal
support samplesSS430Lwt% of 80, 85, 87, 90, and 95 were mounted into epoxy (Struers
Specifix-20). The samples were cured overnight and removed from the mounting cups. The
edges of the samples were grounded using silicon carbide grit paper (220 to 600 grit American
Standard). Then these samples were polished with 3um diamond suspensiagy. thési
microscopea matrix of3% 3 images at 5x magnification were taken per sample sui$aoeple

images arshown in Figure 2.
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Figure 3-2 a) Optical analysis images at 5x magnification b) Matrix of 3x3 images at 5x

magnificationi ncl udi ng i mage 6aéd in the wupper | eft corne

The first image a) is included in the second image b) as part of a 3x3 ni&EiXmage Pro
Software was used to calculate the area fractions of dark and bright contrast to estimate
the porosity. The dark area represents pores. It is important to keep in mind that this method is
performed on the fraction of sample surface and it does not represent the porosity of the entire

sample volume.

The last method v&back calculating the porosity knowing the full density of the solid SS430L
which is 7.65 g/crh(Ametek). The following equation is used to calculate the porosity.

- p — (3.7)
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Where- Qi) €1 € | Q0 w
QI Qe 0oQQBTEMM vanaQ
" 0IQ0 RRE £ & O o @IQIG7.65 g/cm)

The value om can be determined by measuring the dimensioriseosintered metal support

using caliper to find the volume and balance to find the weight. In order to méasdrameter

and height of the metal support accurately, 5 measurements were taken for diameter and height
separately and then averaged. The results of three different porosity measurements are compared

in Chapter 4

3.3.5Coefficient of Thermal Expansion Measurements

The coefficient of thermal expansion (CTE) was measured using a dilatometer (Netzsch 402C
Dilatometer) to determine compatibility of metal support CTE to anode and electrolyte materials
(SDCnickel oxideand SDC, respectivelylt is importantto have similar CTE values between
materials in order to prevent cracking, warping, and delamination during high temperature co
sinteing and operating conditionsHigh temperature dilatometer can measure the dimensional
changes o& sample with respeat time and temperature. Changes in dimension are recorded by

a push rod that is in contact with the sample with a small force of 0.20 N which is to ensure good
contact while not interfering with the sample expansion/shrinkage. Through the push rod the
charges in linear displacement is measured and recorded by a computer. This particular
dilatometer was able to detect changes up to +2.5mm with sensitivity of 1.25nm/1 digit
(Clemmer, 2006). The Netzsch 402C dilatometequpped withanalumina push rodsample

holder, sapphire plug (alphal,Os), and sapphire crucible (alpi#d,03;) and a schematic is
shown in Figure 2. The samples placed inside the sapphire crucible and fixed with the
sapphire plug. The alumina push rod is in contact with the saggbgeand the change in linear
dimension is measuredh&ambientenvironment cate controlledand for this study argon gas

was used as an inert atmosphere. The dilatometer comgawech as sample holder, rod, plug,
and cruciblecan also experience thesimexpansion and shrinkage upon operation under high
temperature profile. To eliminate this expansion/shrinkage behavior of the dilatometer

C 0 mp 0 n eblaridstest gwithibut samplels used with alumina standard (reference sample)
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under the same test catidns as the actual samples to be measufédse blank tests are

actuallyrepeated at least 3 times to make sure that the last two runs are the same. When the data
for the actual samples are recorded, the data can be corrected by removing the effects of
dilatometer components from the raw measurement data, thus revealing the true CTE values of

the sample (Clemmer, 2006).

Sapphire crucible

Sapphire

g Sample

Push Rod

Alumina Slide

Sample Holder

Figure 3-3 Schematic diagram of dilatometer seup.

The sintered metal suppogamples with PMMA as a pore former were used for CTE
measurements. Different solid loadings of SS430L samp@s85, 87, 90, and 98% were

used to make green pellets with 6.45 mm diameter at 650 MPa for 3 minutes under the hydraulic
press. These pelletgere then sintered using the sintering profile described in Tabl&Shtered

pellets were analyzed for CTE values in the dilatometer in argon atmosphere with temperature
profile of: 10°C/min heating rate from 25°C to 1100°C and isothermal hold at @1f@0°5

hours. This profile was chosen because the final hold temperature is what is potentially required
for electrolyte sintering inhe application considered herrgon gas was chosen as inert and
thus it will not change the metallic substrate chethjic@he results of CTE values with varying

SS430Lwt% samples are showrGhapter 4
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3.3.6Electronic Conductivity Measurements

The electronic conductivity of sintered metal support pellets with SS430Lwt% of 85, 87, and 90
were measured by potentiodynia test. The sintered metal supports were pressed and sintered
using theaforementionedabrication method with precursor using PMMA as a pore former. The
mass and thickness of the sintered disk after sintering was med&lagelrs of scotch tapeere
prepared by layering each scotch tape strip on tameanother to create an adequate height for
painting the Ag paste on the sintered disks. Then a hole wahed though the-kyer with an

he area of 0.283c¢mAn Ag paste (ESL ElectroScience, USA)svapplied on both sidef the

sintered disk by paimg it through thihole cut into 6 layers of scotch tapes. The Ag paste was
painted in the middle of the disk on both sid
in the muffler furnacan air. The current collectorssed werecomposed ofAg wire and Ag

mesh The Ag wire and mesh are connected to the silver paste on the sintered metal support as

shown in Figure 3.4.

37



Gasin

v
«—— Alumina Tube
\< Quartz Tube
\ Ag wire
A \ A
= Ag mesh
Ag paste

Ag mesh

Ceramic Sealant Gas ojut \ G3s out
v \ 4

<«———— Alumina Tube

Quartz Tube

Ag wire

(0]

& >

= A
=]

Figure 3-4 Schematic dé the electronic conductivity measurement setip.

The Ag meshprovides direct contact between the Ag paste on the metal support and the Ag
wire. The metal diskvasfixed with a ceramic sealant to an alumina tube in the test apparatus.

The measuremestwverec onduct ed i n two types of atmospher
at 50eC interval swhigh proide$ &nizastremem pomta: i50) 600y 650,
700, 750, Abeadh m&sSufegpedt the temperature was hold foni80testo reach
steadystate. Argon gas was used first andethconductivity was measured in increasing

temperature and repeated in decreasing -temper
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5eC / min rat e. waBaoropieted imbmth forivaydodireverse temperatures, then
the gaswas switched to air to examine if oxidation affects the conductivithe same
measurements were taken for both argon and air system and the temperature profile is shown in

figure 35.

Argon Air
900

800

700

o2}
o
o

500
12 hr hold to stabilize in air

400

Temperature (C)

300
200

100

0 500 1000 1500 2000 2500
Time (min)

Figure 3-5 Temperature profile used for the electronic conductivity measurements.

However, before initiating the aiun, the gstemwasstabilized inai r a't 500eC for
prior to recordingconductivity measurements. Then the sameasuremesivere conducted in
air first going up in the temperature from 55

then reverse.

Potentiodynamic test measured kcurve at each temperatusnd showed linear plot of voltage
versus current and the slope was used to calculate electronic conduitsample 1V curve is
shown in figure &%.
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Figure 3-6 Sample FV curve in argon for C1-90wt% sample

Using the linear relationship inM curve,the resistance, R, is defined as tlepe and can be

determined by th&llowing equation:
Y - (3.8)
WhereYi s resistance in (V)
V is voltage in volt (V)
| is current in amps 0
Electronic conductivityand resistance R relatedby inverse relationship as below
. — (3.9)
Where, EQT 1T AOAGEOEOU
0 is height of the metal support (cm)
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'Yis resistance from equation (3i8)n Y
6 is area of the silver paste which is 0.283cm

Once the electronic conductivity is measured frami-V curve, measurements are gathered to

plot electronic conductivity versusnperature graph.

3.3.7Scanning Electron Microscopy (SEM) Analysis

SEM images were taken fodifferent solid loading ofSS430wt% samples to assess
microstructures of porous metal supports. The analysis was conducted in the Waterloo Advanced
Technology Lab (WATLab) in Chemistry Department using model LEO 1538HH# scanning
electron xray analyzer (EDX)Some analysis was conductedmechanical materials lab in E3
(Mechanical and Mechatronics Engineering)ng modeJEOL JSM6460 SEM The EDX was

used to analyze the elemental compositionthef material. Samples were prepared in both
surface imaging and crosgctional imaging. Ror to the analysis, a ~20mm sintered metal
support disk was broken down to % piece and mounted on a ift gstab holder (Ted Pella

Inc., USA) for a crossection and on a flat sample holder for a surface images. Carbon
conductive tapes (Ted Pella In€JSA) were used to fix the samples on to bited and flat
sample holders. Since the metal support is electronically conductive gold sputtering was not

required. SEM images were taken at various magnifications using-POkV energy beams.
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Chapter 4 Results and Discussions

In this chapter the results afietal supportharacterizatiom are discussed. First, the buout
temperature and sintering profilwere determined based on the TGA analysis. Thie
oxidation behavior of the sintered metal suppeas investigateth the TGA to determine the
appropriate operating temperature ranges. Secoad the determination ofuitable metal
support compositianby examining the effect of organics. Once thest suitablerganics ratio
was found the sinering results of varying SS430Lwt%vere studied Third, was the
measureent of porosity and determine a relationship between pleosity and SS430L
loadings Fourth wasthe measurment ofthe CTE of varying SS430loadingsand determine
the expansion anghrinkage behavior of the metal support. Fifttasthe measurment ofthe
electronic conductivity at various temperatures. Lasts the analysisof the microstructure
using SEMand EDX

In this chapter, three batches of powders for different solid Iga@dihSS430Lwt% were used.

As mentioned in the experimental section, the first batch was made with the ceramic mortar and
labeled C1. The second batch was made with the ceramic rasrtarepeat of Cand labeled

C2. The third batch was made with thesigss steel mortar and labeled S1.

4.1Determination of Burn-out and Sntering Profile via TGA A nalysis

Using thermogravimetricanalysis (TGA), burnrout temperatuie of the organics, sintering
profile, and oxidation behavioof the support were analyzed. this study the objective was to
find the temperature rangéthin whichthe organics burpff at sufficient rate while minimizing
the effect of oxidatiorof the SS430L metalThe first tess were to test individual organics
including binder PVB and two tgs of pore forme PMMA, and GraphiteThen the precursor
metal powder withC1-SS430L 75wt% was also tedl insidethe TGA to seeat what
temperatureghe organics busiout when mixed as a precursor metal powttewnas found that
the burmout temperature for graphite ggite high, around@ 0 O; @@ more detailed buwout

tests were conducted to see if graphite can be used as a pore former or not. Lastly, a fraction of
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the sintered melasupport was tested insidee TGA to examine the oxidation behavior at

operating temperatures at 600, 700, and 800eC

A5eC/ min ramp fremtoo6t0¢& € mwaVdif,®meddORarmla PVB,
5 e C/ rampnfrom room temperature to@@ C was used f ol havsthe hi t e.
TGA results for change in wt% of organ&s a function ofemperature.

PVB e=—PMMA DOP Graphite == 75wt%

0 100

300 400 500 N 800 900
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-20 \

-30 \

\

-50

-60

Change in weight %

-70

-90
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Temperatureg L

Figure 4-1 Burn-out results of PVB, PMMA, DOP, Graphite, and SS430L 75wt%

From Figure 4.1 ifs seenthat the PMMA is complely burredof f at 400eC and P
starts to combust at 3@D0 0 e C a n dbetsvéendO0sNdD @ QvRQP. starts to burn out

at 200 eC and i s c oHowelveewhen gyaphtjeasmsed, itaohly stafisGo e C.
burnout at ~70@ @vhereSS430Lrapidly oxidizes (see the next results). In order to see how the
organics mixture behaves when mixed as a precursor solution, 75wt% powder made with PMMA

as pore former was also tested inside the TGA. The temperature profile started from room

tempeat ur e and r anapaaofStecC/ D> e C lat i s shown t hat
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consisting of PVB, DOP, and PMMA starts to burn off at 300 and completes theutuaround
400450 C Based on this result, the buont temperature for the organiesth PMMA as a
pore formerwas chosen t ohoubsdt wads@l€oéhd that the change in weight
starts to increase again at ~B20which can be an indication afietaloxidation. Therefore, this

burnout profile at 406 C e sissifficrer®@ burrout and limis theoxidation of the metal as
much as possible.

Sincethe bumout temperature of gr aphiadetailetIstody ef wa s
precursor solution with graphite as a pore former was tested inside the TGA. F@steows
the TCA results of powder burout at 4 different temperatures: 400, 450, 500, ang 6D0

©400C ©450C 500C ©600C

-10

-15

Change in weight percent (%)

-20

-25
0 100 200 300 400 500 600 700 800 900 1000
Time (min)

Figure 4-2 Burn-out of graphite precursor powdersat various hold temperatures.

In this experiment, the buout rate ofpowder mixture with graphite as a pore former at various
temperatur es: 400, 450, 500, and 600eC were t
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temperature wittr ampi ng rate of 5eC/ min up to-12 he ho
hours. Solid dading was 75wt%and thus, the expected weight changeied to burpout is
approximately ¢ wt%. As seen irFigure 42, ¢ 9 is not reached for all 4 temperatures.
Alsoresult fort e mper at ur es 4 0 0 ,thath® Burroutratelwa$to tdesow ® h o w
be practical. Based on the rate of the bowh at the given temperature the estimated time to
complete burrout was calculated with linear extrapolation and the results are shown in Fable 4

1.

Table 4-1 Predicted complete burrout times for temperaturesof4 0 0 , 450, and 500eC

Burnout Temperature (C) Rate (wt%/min) Time required to reach 75%
400 -0.001014 51 days

450 -0.001809 28 days

500 -0.01026 5 days

Only at 600eC the combustion was <carried out
25wWt% and remained aR2~23wt%. This is possibly due to the remaining graphite or the
deviation in powder compositions, and oxidation that also occurred. Noheéhs s |, 600eC i
too high and should be avoided to prevent oxidization of the nidtateforethe use of graphite

as a pore former was not pursued.

The next resulin Figure 43 shows the oxidation behavi@re. experiments in airpf powder

with PMMA as a pore for mer at 700, 800, and 90
powder was used. The temperature profiles are shown in FigBiigs4a secondary axis. Each
profile started from room temperat uGmnand amp t
ramp to the final h wHerd itstayedrfor 8 hoars. ur es at 5e C/ mi
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Figure 4-3 Oxidation behavior of precursor powder with PMMA as a pore former.

From this analysis it was found thatthe ecur sor powder can start
and the oxidation reactiarontinues to increaset 7 Uhis gddfirmsthat the burrout should

be keptbelow500e C. irhportant ® switch the furnace gas to reducing atmosphere for the
temperatu es above 450eC.

The last experiment conducted using the TGA was to analyzexitiation of sintered metal
supportsat temperatueof 6 0 0, 7 0 0, These @mp8rates Were chosen because those
would be typical of intermediate temperature msetgported SOFC operationFor these
experiments, metal supports were made with PMMA as a pore former with stainless steel mortar.
Two SS430L solid loadings: 80 and 95wt% samples were sintered ansldden furnace using

the temperature profile mentionedTiable 35. Once the sintering was properly completed the
20mm porous metal suppatiskswere broken into smaller chunks (~1mm x ~1mm x ~1mm) to

fit inside the TGA sample holder. Then these samples were testad starting from room
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t emper at u/mia ramp ta the filaehGld temperatundere itstayed for 12 hours. The

results are shown in Figure#4

- 80wt% 800C - 95wt% 800C

* 80wt% 700C e 95wt% 700C

= 80wt% 600C = 95wt% 600C

Change in weight percent (%)
o
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900

Figure 4-4 Oxidation resistance of sintered metal support with 80 and 95wt% at operating

temperatur es:

600,

700,

and

800eC.

Up to 70@ C

t he

lmeRavialiashawa relatively slower ratéowards the end of tBour

periordc ompar ed

. After 138 I0o0rs, 86C0 0 e C

t he

wei ght

percent

0.21% for 80 and 95wt% respectivelgt 700 Gt is 0.29 and 0.35% for 80 and 95wt%

respectivelyand8 00 e C t he oxidation is most

rapid wi

1.2% and 1.05% for 80 and 95wit%espetively, which is almost 8 times more than 80wt% at

600 @Gnd 5 times more than 95wt% &t0 0 A$Suming an almost linear increase in weight

change after 12hours the rate of weight change is deteraiteshown in Table-2.
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Table 4-2 the rate of weight change in different temperatures after 12hours

Temperature Rate of weight change f¢ Rate of weight change fd
SS430L 80wWt% — SS430L 95Wt% —

600 C BEpT oPpEFpm

700eC Chdpm p8tdp m

800eC o8 ¢gpm P Fp m

As seen in Figure-4, the rate of weight change after 12 ho(#%20 min)is very slow for all
temperaturesand both compositions. Howevethe rate of weight changs still bit faster at
800e C t hamagrtdeOo5E times more for 80wt% and 3.9 times more for 95wt%.
Also keep in mind that the metal support is likely to be on the anode side which it will not
operate under air. Nonetheless a good redox cycle is still a desirable featuheserdsults

showthe operating temperature between800 0 e C i s i deal for SS430L

Study of burrout and oxidation behaviour at various temperatures sholatdhe organics
mixture with PMMA as pore former is more suitable for fabricating metal supportdrneout

should be carried at 460@nd the furnace gas should be switched to reducing atmosphere above
4502 Gince the metal can oxidize as low as ~5Zln terms of the oxidation behaviour, the
oxidationreaction caroccur at faster speeat 80@& &ven though the weight change is 1.2%
maximum after 12 hours. Based on this restlis investigated metal support (SS420L) should
be suitable foroperating temperature range between -8002 C which are typical of

intermediate temperature SOFC.
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4.2Determination of a Suitable Organics Mixture Composition

This study aimed at investigating the effect of individual organic components: binder (PVB),

pore former (PMMA), and plasticizer (DOP). In order to measure the effect of pore former
(PMMA), the precusor composition listed in Table-® was used with SS430L 87wt%. The

PMMA mass ratioamong the organics mixtuseas varied from 12, 3, 4 to 5 while the other

organics (PVB and plasticizer) were kept at constant mass ratio of 1. Also SS430L was kept at
87wt%. From this analysis, all compositions were able to form fine powders and sintered to
fabricate metal support pellets. However, RWB:DOP:PMMA=1:1:1 and 1:1:5the disk was

warped and deformed after sintering and it was difficult to measure adgutstesolume of

these two sample cellSSince the highest and lowest PMMA contents caused fabrication
probl em, it was decided to keep the fAmiddl eo
effects of PVB and DOP.For the effect of binder (PVB)organics mass ratio of

PVB.DOP. PMMA=X: 1: 3 was used wi t h 0 X 6For bhese n g PV
measurements, the compositi@mwnin Table 36 were usedAs the name implies, the role of

the bnder is to bind the particles togethBecause of this, fdrigh mass ratie of binder (i.e. 4

and 5), it was not possible to form powders; pihecursor solution became a huge chunk and it

was impossible to hand grind into fine powder form. Therefoméy ratios of1:1:3, 2:1:3: and

3:1:3 could be used ttabricate the metasupport.Even then, only PVB ratio of Was able to

form flat disks and found to be the most suitable ratio.

Lastly, for the effect of plasticizer (DOP), organics mass satib PVB:DOP:PMMA=1:X:3
wereused with O6X06 bei atign (Tablee37).0HOWRver forthisdesttnone af r i
the precursor compositions worked excémp 1:1:3 ratio. For the other ratios, the samples
became thin filmsince the role of plasticizer is to make the composition more flexible and
provide more plasticgt Compared to dine powder these thin filsiwould not break down to
fine particles Among all the organics composition tested, the ration of PVB:DOP:PMMA of
1:1:3 yielded the best resuh the fabrication procesand was thusselectedas the most
appropiate combination for the metal support fabricatidh.results described in the rest of this
thesis were obtained usiiyB:DOP:PMMA mass ratio of 1:1:3
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4.3Sintering Results

The results of the relative green density and the relative sintered densitypltesl for
different SS430L solid loading samples from 3 batches of powder (C1, C2, S¢adhbatch 6
metal disks per SS430Lwt% were used. Tabl2 shows the number of disks made for each

composition and for each batch.

Table 4-3 Number of disks made per batch per SS430Lwt%.

SS430L wt% | Ceramic Mortar (C1) | Ceramic Mortar (C2) | Stainless steel Mortar (S1
80 6 6 6
85 6 6 6
87 6 6 6
90 6 6 6
95 6 6 6

For exampl e, bat ch ¢ Cudséd townake b diskto recorégregrsdérdity,L
sintered density, and change in weight % before and after sintering.tberalues from these

6 pellets were averaged for each analyBigs measurement proces&s repeatetbr the rest of
SS430L wit% as wke as for the other batches. Thus in total thevere 18 samples per
SS430Lwt% and 30 samples per batch. Ovedalldisks (6x15) were used for the three analysis
including relative green density, relative sintered density, and change in weight pefoemt be

and after sintering.

After recording the relative green density for all three batenesor all SS430L solid loadings,
Figure 45 is plotted. Figure %, it shows a positive linear relationship between the relative
green density and SS430L solid daags.
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Figure 4-5 Average relative green density of different SS430Lwt% samples

As the metal content increases a higher green density is achieved with pressed green pellets. This
implies that the powders pgpact more efficiently as the metal content is increased from 80 to
95wt%. The same trend is shown from all 3 batches, C1, C2 and S1. Samples flmwveS1
slightly higher value of average green density for all compositions compared to C1 and C2
samples. Sttistical analysis (singleactor ANOVA) was conducted to verify if the difference in
meangs significant or not. The detailed calculations and results can be fouhd Appendixi.

The ANOVA test verified that there is no significant difference in raefan 80 and 95wt%.
However ANOVA results for SS430L solid loadings of 85, 87, and 90wt% showed that the
difference in means is significant was also attempted to measure the powder particle size
distribution as another mean to verify the repeatabihtythe synthesis procedure. Laser
diffraction analysis method was attempted butvés found not applicable due to the heavy
density of the metal (optical particle size analyzer cannot use heavy metals). Therdjoitee

green densityneasurement was used to assessejpeatability of the powder synthesis process.
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The next analysis is between the relative sintered density and different SS430L solid loadings of

the same disks that were used in the relative green density measurements.
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60 &ee&e
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g | e 24,93
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Figure 4-6 Average relative sintered density of different SS430L wt% samples

A similar linear trend between the relative sintered density and different SS430L solid loadings
is shown in Figure 4. As the S830L metal content increases the sintered density increases as
well. Compared to Figure-8, the differencgin the means of the three batcla@emore obvious

in the sintered samples. In addition, there is no apparent difference in the type of modars use
since the variation using the same ceramic mortar gives similar variation as with the stainless
steel mortar. As the next analysis, the means of 3 different batches were averaged to compare
the relative green density and the relative sintered densiigure 47 shows the comparison
between the relative greeamnd sintered densitiesf averaged 3 batches. The relative sintered
density is lower than the green density for 80, 85, and 87wt%iamthr or slightlyhigher for

90 and 95wt%Here two phenomenezan affect the relative density during the sintering process:

1) loss of the organics with the consequence of reducing the relative density and 2) shrinkage of

the cell, which would increase the relative density. At lower SS430wt% loadings (i.e. higher
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organics content), the effect of organics loss dominates, hence the reduction in relative density
after sintering. As the SS430wt% increases, the reduction in relative density is less and less
important, and at the highest SS430 loading, the relative demsigased slightly after sintering,

which was due predominantly to shrinkage of the délle percentage difference between the
relative green density and the relative sintered densi/%s-5.1,-6.1, +1.0, and +1.2% for 80,

85, 87 90, and 95wt% rexectively.lt is possible that having more metal content beyond 90wt%
can provide further sintering due to efficient initial packing of the particles. For 90 and 95wt%,
the relative green density is 55.40 and 61.198spectively In other words, startingvith a

relative green density higher than 52.75% can improve the sintering process and thus result in
higher relative sintered density. Whereas the lower metal content below 90wt% and relative

green density lower than 51.32% results in less dense s#&sictur

(O]
§ 70
3 y = 1.33x- 65.89
3 Rz =0.998
£ 60
S 5
8 53.90
3 50
5 4994y 2 171%100.32
i 46.82 R2 = 0.991
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=
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° 36.48
T
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g
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8
g ® Avg Relative Green
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0
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Figure 4-7 Averagerelative green and sintered densities for the three batches

The linear fit for the average relative green density is plotted with slope of 1.33iatedcgpt at
-65.89 with standar errors of 0.0285 and 2.503 respectively. The linear fit for the average
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relative sintered density has a slope of 1.71 aimteycept at-100.32 with standard errors of
0.0957 and 8.377 respectively. The standard errors for slope-iatetgepts are sihtly higher
for the average relative sintered density than the average relative green density. This is due to the

larger variation observed in the relative sintered density measurements.

The sintering behavior was also analyzed by measuring the changeight of the metal
support pellets before and after sintering. During the-butrprocess in air, the organic contents

are supposed to combust away leaving only the metal behind. Once the organics are completely
burnt out, the remaining metal goes thgbuhe high temperature reducing atmosphere sintering
process at 1100 e C. acértain shangetin weight wveillxopcardaseddon theh a t
different SS430L solid loadings. FigureB4shows the results of change in weight percent for 3
batches opowders in varying SS430L contents.

0
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< @ -5.34
S -6 -5.42
o
g & A SS Mortar 1 (-10.00
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g (-13.00) -9.45
= A 1143
© 12 (-15.00) ¢ -11.74
> A -12.95 ¢ -12.63
]
c -14 -14.62
© ® 475
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Figure 4-8 Change in weight percent before and after sintering for different SS430L wit% samples

The values in between brackets are expected weight changes, depending on the SS430 loading.

54



In figure 48, a linear trend is shown for all 3 batches of powders with varying SS430L wt%
where, as expected, the higher the metal content, the lower theecimatite weight percent
before and after sintering. The values of change in weight percent before and after sintering are
similar to those of the expected values. For example, for 80wt% metal sample, it is expected to
burnout 20wt% of the organics durinfpe burnrout stage. As shown in the plot above, the
change in weight percent values at 80wt% are 19.05, 19.00, and 18.06% for C1, C2, and S1
respectively. The margin of errors with change in weight percent varies-@&.@®to 9.70% for

C1, 0.23 to 5.49dr C2, and-8.32 to 13.65 for S1 samples for all SS430Lwt% samples. Also, for

80, 85, 87, and 90wt% the change in weight percent is below the expected values whereas for
95wt% the change in weight is more than the expected values (expect C2). Basedeasulithis

it is difficult to determine the cause of the error or variances. It is possible that the organic were
not completely burroff and at the same time the metal was oxidized. Alternatively, the errors
can be coming from the fabrication process wkanh composition was measured using the
scale and the measurement error associated with the scale itself as well.-Baditewls the
analysis results of change in weight percent with means, standard deviation (Stdev), and percent

error (% error).

Table 4-4 Analysis of change in weight percent before and after sintering

Ceramic Mortar 1 Ceramic Mortar 2 SSMortar 1
SS430L % %
Means| Stdev Means| Stdev | % error| Means| Stdev
wt% error error

80 -19.05| 0.29 4.77 | -19.00| 0.46 498 | -18.06| 0.91 9.68

85 -14.75| 0.90 1.64 | -14.62| 0.15 253 | -1295| 0.47 13.65

87 -11.74| 0.24 9.70 | -12.63| 0.71 284 | -11.43| 0.63 12.07

90 -9.50 0.90 496 | -9.45 0.11 5.49 -8.85 0.44 11.45

95 -5.34 0.59 -6.73 | -4.99 0.11 0.23 -5.42 0.17 -8.32

The percenerrors varyfrom -6.73 to 9.70% for C1, from 0.23 to 5.49% for C2, and fr882
to 12.07 for S1. The percent errors for change in weight percent seem to be higher for S1
samples. The standard deviation values varies from@24or C1, 0.140.71 for C2, and 0.%7

0.91 for S1 which show similar ranges for all three batches.
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Based on the sintering results analysis, the relationship between the relative green density and
SS430L solid loadings, and the relationship between the relative sinkensdy and SS430L

solid loadings were determined to be a positive linear fit. The change in weight percent of before
and after sintering was investigated to compare the actual weight change values to the expected
values. The actual weight change % isseldo the expected values with errors of ~4.6% in
average. The three batches of samples showed the same trend in all three measurements and it
seems like there is no significant difference in between the use of ceramic mortar and stainless

steel mortar.

4.4Porosity Results

The porositywas measured using three methods. The dingtis Archimedes method based on
ASTM standard C37#88 which is labeled as ASTM (P1), the second methsed optical
analysis labeled as Optical (P2) and the last method was th&irfgll density of solid SS430L
from the reference value of 7.65g/tand labeled as Calculated (P3). The details of each method

are mentioned in the experimental procedures.

In Figure 49 the results of using ASTM (P1) and Optical (P2) are includd@dble 44
summarizes all porosity measurements for the three metiaasthis study, four sets of
measurements were made for porositye first seis for the powder made using ceramic mortar
and using ASTM standard porosity measurements and is label&bT. The second sas

for the powder made from C2 batch and using ASTM standard porosity measurements and is
labeled C2ASTM. The third sets for the powder made using stainless steel mortar and using
ASTM porosity measurements and is labeledASI'M. Last isfor the powder made using
stainless steel mortar using optical analysis and is labelgdp8dal. In figure 49, the four
measurements show that as the solid loading is increased the porosity deEi@asgample,
C1-ASTM (Ceramic 1 by ASTM pomity measurement) has the following results: porosities for
SS430Lwt% of 80wt%, 85wt%, 87wt%, 90wt% and 95wt% are 61% (+0.025), 48% (+0.016%),
48% (+£0.05%), 41% (£0.018%) and 36% (+0.05), respectively.

As expected, having more pore former in the mixtuesatas more pores during the bt

stage, thus increasing the porosity of the metal support. It is difficult tovisatherthereis a
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significant discrepancpetween powders made with ceramic mortar vs. stainless steel mortar.
The ASTM standard method and optical analysis method seem to have the same trend and
similar values.As mentioned previously, there is no standard for porosity. Howéweher
investigation through performance tests will better delineate the effect of tyorasi

performance. Performance evaluation is a part of future work.

*C1ASTM MC2ASTM AS1ASTM mS1 Optical
0.7
0.60
0.61
0.6 0.58
s - 0.48 0.48
#0590 W 048 m 0.48
A 0.46
® 0.43 A 0.43 0.41
204 W 0.39 f-0.40
8 0.40 + 0.36
@]
o A Q.
0.3 W 0.29 4835
m 0.24
0.2
0.1
0
80 85 87 90 95
SS430L weight percent (%)

Figure 4-9 Porosity measurementsof sintered SS430L samples
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Table 4-5 Porosity measurenent of sintered SS430L samples

Summary Table
ASTM (P1) Optical (P2) Calculated (P3)
SS430Lwt%| C1l | C2 |S1 S1 C1l C2 S1
80| 0.61| 0.50 0.58 0.60 0.65 0.60 0.65
85| 0.48| 0.48 0.46 0.43 0.56 0.57 0.54
87| 0.48| 0.48 0.43 0.39 0.57 0.52 0.49
90| 0.41| 0.40 0.40 0.29 0.43 0.48 0.46
95| 0.36| 0.30 0.32 0.24 0.40 0.38 0.38

As seen in Table-4, for allthree measurement methotgluding the Calculated (P3), the trend

is the same such that increasing the solid content decreases the porosity for all threé batch
powders. For the ASTMP1) and Calculate (P3) measurements, the values from the three
batches were averaged and standard deviation valrescalculatedas seen in Table-8. For

the optical analysis (P2), only S1 batch was measured but 2 samplg&qpeas obtained.

Table 4-6 Average and standard deviation of porosity measurements

ASTM for C1, C2, S1 Optical for S1 Calculated for C1, C2, S1
SS430L wt% | Avg Std.S Avg Std.S | Avg Std.S
80 0.56 0.06| 0.24 0.01 0.63 0.03
85 0.47 0.01| 0.29 0.08 0.56 0.02
87 0.46 0.03] 0.39 0.03 0.53 0.04
90 0.40 0.01] 0.43 0.01 0.46 0.02
95 0.32 0.03| 0.60 0.01 0.38 0.01

Measurement errors vary between 600a6 for ASTMP1) methods, 0.00.08 for the Optical
(P2) method and 0.60.04 for the Calculated (P3) methdeigure 410 shows the effect of
relative density on porosity (based on ASTM method) for both green and sintered samples.

58



Relative Green Density and Porosity @ Sintered Density and Porosity

0.60

y =-0.0118x + 1.0432
0.50 Rz =0.9835

0.40

y =-0.0094x + 0.9069

2 =
0.30 Rz =0.9904

Porosity

0.20
0.10

0.00
35 40 45 50 55 60 65

Relative Density

Figure 4-10 ASTM porosity values versus the average relative green density (blue) and the average

relative sintered density (orange)

From figure 410, both the porosity versus the relative green density and the porosity versus the
relative sntered density have negative linear relationship. Using this graph and linear fit
eguation, one can calculatee approximate porosity knowing the relative green density and the
relative sintered densigs below
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The standard error values for the slope andtgrcept are slightly lower fdequation 4.2 than
Equation 4.1Since the ASTM was measured for the sintered disks, the average relative sintered
density measurements shows slightly better linear fit than the average green density.
Nonetheless, both equations are quite similar to each other.

From the optal analysis, microstructure images were taken for different SS430L solid loadings

andareshown in Figure 4L.1.
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Figure 4-11 Optical analysis of different SS430Lwt% samples

These images were taken at S5xgmification. Based on these images, the increase in solid
loading of SS430L wt% shows much less pores. For example the dark areas that represent pores
is much less in 95wt% compared to 80wt%. Thus the overall trend is same for all three porosity

measuremds.

The next study measures porosity to investigate the effect of pore former (PMMA) and binder
(PVB). For the studyon the effect of PMMAthe powder compositigristed in Table &% were

used with SS430L 87wt%. The amount of PMMA mass ratio was vaoed f,2,3,4, to 5 while

the other organics (PVB and plasticizegre kept at constant mass ratio ofThe organics mas

ratio used can be written as: PYEOP. PMMA=1: 1: X. Where O6X06 sho
PMMA contens. The metal disks were sintered tlan® way as mentioned before (Refethte
procedures in 3.1 and 3.2). In order to measure the porosity, ASTM (B Jacoulated (P3)
wereused. In Figure 42 the porosity measurements are shown for varying amount of PMMA

content
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Figure 4-12 Effect of PMMA on porosity

Looking at the ASTM (P1) values, the increase in PMMA content increases the porosity except
for the ratio 1:1:1.This trend is expected since the function of PMMA is used to make pores.
From the ASTM (P1) values, the lowest porosity is 0.52 at ratio 1:1:2 and the highest porosity is
0.65 at 1:1:1 From theCalculated (P3) values seem to have the same trbede the lowest
porosity is 0.45 at ratio 1:1:2 and the highest porosity is G.Batia1:1:5.Bothratios1:1:1 and
1:1:5resulted in warped shape after sintering. This made the dimension measurements of the
sintered disks inaccurate which affected the accuracy of both ASTM (P1) and Calculated (P3)
methods. Also the difference betwe®l ad P3 is larger at the ratio df1:1 due to more
deformed shapeln order to achieve a flat disk, the ratio (1:1:3) was found to be the most
suitable. Although the discrepancies within the measurenveaskept relatively small for
varying PMMA ratios of 1, 2, 3, 4, and Zhe error bar values for the ASTM (Phethods are
+0.019, +0.007, £@0058, +0.033, and +0.056espectively. For Calculated (P3) methods, the
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error bar values are +0.033, £0.016, +0.025, £0.017, £0.016 in the same orderrod PANWA

amount.

The nextstudy was to investigate the effect of binder, PVB. BFmsemeasurements, the
compositions in Table-8 were used. The PVB content was vaf@dmass ratie of 1, 2and3
while keeping the plasticizer and PMMA at 1 andR&cal from section4-2 that it was not
possible to form fine powder for binder ratio above Qrganics mass ratio of
PVB.DOP. PMMA=X: 1: 3 u s e dmassiratidhAlsaaxconstamteweighg

percent of SS430QL87wt% was used. Figure-43 shows the edict of binder, PVB, content on

wa s

PVB

the porosity measurements. ASTM (P1) and Calculated (P3) methods were used to measure the

porosity.
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Figure 4-13 Effect of binder, PVB, on porosity

In Figure 413 the resultshows that increasing bindeontentdecreases the porosityromthe

P3measurementhe porosity decreasfrom 0.52for PVB ratio at 1 down t0.47for PVB ratio
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at 2. However at PVB ratio 3, porosity increases slightly to OB@m the ASTM (P1)
measwements, porosity decreasesntinuously in order 00.48,0.41 to 0.37 as PVB ratio
increase from 12, 3 respectivelyAlso, the discrepancies between P1 and P3 values increase as
the binder contents increaseBhese discrepancies occbecause increasinbinder content
deformed the metal pellet shape during sintering. Sintered metal pellets warped and expanded
and it was difficult to accurately measure the diameter and height of these samples.
Consequently the P3 values were not accurate and more disciepwere shown with the error

bars. For the PVB ratio of 1, 2, and 3 the error bar values of P3 measurements are +0.025,
+0.016, and +£0.065 respectively. On the other hand the errors were much less when using ASTM
(P1) method. For the PVB ratio of 1, @&)d 3, the error bar values are +0.00059, +0.015, and
+0.0016 respectively.

Lastly, a similar study was conducted to measure the effect of plasticizer (DOP) and different
compositions of varying DOP precursor solutions were made as listed in Tablo@ever as
mentioned beforegppropriate quality of powder was rathieved for plasticizer ratio different

than 1,andtheporosity wasthereforemeasured.

The overallassessment dhe porosity measurements determined the relationship between the
porcsity and different solid loading of SS$30L sampkdinear fit between the porosity and the
average relative green/sintered densities were determined. The effect of pore former, PMMA,
and binder, PVBwere investigated through porosity measurements aB. s the name of
these organics suggeswn increase in PMMA content increases the porosity whereas the
increase in PVB content decreases the pordity 0.48 for PVB ratio of 1 down to 0.37 for
PVB ratio of 3 It was also observed thatganics rats other than PVB:DOP:PMMA=1:1:3
resultedin deformedshapesand some ratios failed at powder formatiBMMA ratios of 2, 3, 4
showed flat dis& without any severe deformation after sintering. 