Design and Characterisation of Metallic Bipolar Plates for

Proton Exchange Membrane Fuel Cells

by

ATINUKE MODESOLA OLADOYE

[B.Sc.,M.Sc.]

A thesis submitted in fulfilment of the requirement for the degree of
Doctor of Philosophy
Supervisors
Dr Josep Stokes
School of Mechanical and Manufacturing Engineering
Faculty of Engineering and Computing

Dublin City University Ireland.

Prof AbdulGhani Olabi
Institute of Engineering and Energy Technologies
University of the West of ScotlantUnited Kingdom

August2016

DCU



DECLARATI ON

| hereby certify that this material, which | now submit for assessment on the programme of study
leading to the award of PhD is entirely my own work, that | have exercised reasonable care to
ensure that the work is original, and da®ot to the best of my knowledge breach any law of
copyright, and has not been taken from the work of others save and to the extent that such work

has been cited and acknowledged within the text of my work.

Signed:M.A. Oladoye ID N0.10113240

Date 21/08/2016



PUBLI CATI ONS

Journals:

1.

A.M. Oladoye, J.G. CartonK. Benyounis, J. Stokeasnd A.G. Olabi, Optimisation of
pack chromised stainless steel for proton exchange membrane fuelstefsresponse
surface methodologyurfaceand Coatings Technology 201804:pp. 384392.

A.M. Oladoye, J.G. Carton, and A.G. Olabi, Characterization of Graphite Coatings
Produced by CoBlast Technology, Journal of Materia(§OM), Vol. 66, No. 4, 2014,
DOI: 10.1007/s1183014-0941-z,2014 The Minerals, Metals & Materials Society.

A.M. Oladoye, J.G. Carton, and A.G. Olabi, Evaluation of CoBfastoated Titanium
Alloy as Proton Exchange Membrane fuel Cells Bipolar plates. Journal of Materials, Vol.

2014, Article ID 914817, 10 pages, 2014. doi:163/2014/914817.

International conference paper:

1.

2.

3.

A.M. Oladoye, J. G. Carton, K. Benyounis, J. Stokes and A.G. Olabi, Optimisation of
pack chromised Al 304 stainless steel for Proton exchange Membrane fuel cell bipolar
plates using BosBehnken Design. 8tmternational Conference on Sustainable Energy &
Environmental Protection (SEEP 2015), Augustl1]1 2015, Scotland, United Kingdom
A.M. Oladoye, J.G. Carton, and A.G. Olabi, Improvement on the Corrosion Behaviour
and Surface Conductivity of CoBIl&st Coatirgs by Pack Cementation, International
Conference on Metallurgical coatings and thin films (ICMCTF 2014728 -3rd May
2014, San Diego, California.

A.M Oladoye, J.G. Carton, and A.G. Olabi, Evaluation of Graphite coated metals as

bipolar plates for Pron Exchange Membrane (PEMJ" International Conference on



Sustainable Energy & Environmental Protection (SEEP 2013}268ugust, 2013,
Maribor, Slovenia.

4. A.M Oladoye, J.G. Carton, and A.G. Olabi, The significance of the deposition method
on coated mettic bipolar plates for proton exchange membrane fuel ceffs. 5
International Conference on Sustainable Energy & Environmental Protection (SEEP

2012), 51 8 June 2012 Dublin, Ireland



DEDI CATI ON

This thesis is dedicated to the
God of Mountain of Fire and Miracles Ministries,
My present help in time of need,

He drew me out of the deep waters, placed my feet on a rocstataished my goirgg



ACKNOWLEDGEMNMENT

My profound gratitudeto the Almighty God, the giveof life and wisdom, knowledge and

understanding,my source of inspiration without whom this thesis would never have

materialised.

| would like to express gndeepestappreciationto my Supervisors; Dr Joseph Stokes and Prof
Abdul Olabi for their academicsupport, gidance and encouragement throughout the

programme.

My heartfeltgratitude goes t®r James Cartonmy third and unofficial supervisof hank you
for all your support, | am eternally gratefulwould like to thankProf SM.J Hashmifor his

academic suppt at the beginning of the programme.

| would alsolike to thank my ponsors: Tertiary Education Trust FU@ETFund, Nigeria |
also want to thankhe Vice Chancellor and Management of thaversity of Lagos Nigeriafor

granting me study leave thrgliout the programme

Many thanks to EnBio Limited for providing
their facilities | want to express my profound appreciation to Brendan Duffy of the FOCAS
Institute Dublin Instiute of TechnologyDublin 8for his help onaccessing the potentiostar
theelectrochemical polarisatidestf or t h e Co Bl ass waht tosxpregs mesincere
appreciation tdr. Anthony Bettsof Dublin Institute of Technology, Dublin #r the tutorials

on electrochensiry and corrosion.

Many thanksto thetechnicalstaff | worked with during my stay in DCW Liam Dominican,

Chris Crouch, Michael May Michael Tyrell and Billy Roarty of the School of Hectronic

Vi

t



Engineering To my friendsat DCU: Leonard, Asmaa, RajanEmmanuel Hussam,Shadj
Richarda n d s o nameéous tamention. Thejourney was not so smooth but you were

there to gist with and exchange ideas.

My sincere appreciatiomo my Pastors Pastor and Pastor (Mrs) Adekunle Dajirdstor Samuel
Adekunleand Pastor & Mrs Godwin Abifor their spiritual support. would also want to thank
Mr & Mrs. Kehinde Adejumo and Mr.& Mrs Adeleye Olaiwola for their prayers and kind
gestures. To mybrethrenat R.C.C.GOpen heaven®ublin andMountain of Fire and Macles

Ministries, Dublin Irelandd  you were simply wonderful.

FunmilayoAkingbade for making sure | did not go hungry while writing the thesis.

| want tospeciallythank Dr M.O.H Amuda, my lecturer aséniorcolleagueat the University of

Lagos, Nigeria for the rolee playedin making this dream comeue

My profound gratitude tony husband Olayemi Thank youfor allowing meto fulfil my dreams
and takingcareof the children whe | was awayn another contineniMy sincere gratitude tony

children, Ryinfoluwa and Anwluwapo.Thank you for ceoperatingthroughout the programme
| want to thankmy extendedamily for their supporto my husband and childrevhile | was in

Irelandespeciallymy sister Abisoyefor helpingout with my children

Vi



ABSTRACT

Design and Characterisation of Metallic Bipolar Plates for Proton Exchange Membrane
Fuel Cells

Atinuke Modesola Oladoye (B.Sc., M.Sc.)

Metals are potential candidate materials ooton exchange membrane fuel cells )
bipolar plates(BP). However,metals require surface coatingsenhance its corrosion resistance
andinterfacial contact resistae¢ICR) in PEMFC environments. Té presenstudy investigated
the performance of metals coated with: graphiésed coatigs deposited by the CoBldst
process and chromisedatings depated by pack cementation in PEMFEQvironments.

Co B | acedteH metalexhibited high ICR andlow corrosion resistanca 0.5 M H,SO, +

2 ppm HF. Hence, it was unsuitalite PEMFC BP application Post &iromising of CoBlad¥
coated stainless steel at 80C0or 3hours reduceits ICR by~72 % at 140 N/crhbutincreased

its susceptibility to corrosionTherefore Boxi Behnken design was employéadl optimise and
investigate the influencef activator content, time and temperature on the corrosion current
densityof chromised 304 stainless steekposed to aerated OMb H,SO, + 2 ppm HF at 70C.
Temperature was found to be the maeggnificant parameterwhile the optimum process

conditionswere: activator content 08.84 wt %, timeof 3 hours and temperature of 104D

The optimisedcoatingsexhibited acceptable corrosion resistance in PEMFC environments and
aboutsix fold decrease in the ICR of the substrate atN/&®@’. However, ack carburisatiomt
925°C for 3 hoursprior to chromisingdecreased its ICR b§5% at 150N/cn?. Consequently,
the singlefuel cell with the modified chromisedstainless stedBP attaineda peak power density
of 18.20mW/cnt at a current density 063.2 mA/cn?. This resultrepresentea twofold and
threefold increasein the peak power density dhe single fuelcells with chromised stainless
steel produced at thaptimisedprocess conditionanduncoatedP respectively. A similar tred
was sustained ithe ten-hour durability test.Surface baracterisation of the plates after the test
indicatedthe need to adopt low temperateagburisation technique¥he work presented herein
demonstrated thaboth chromising and prearburisation prior to chromisingre promising
techniques fosurface modification ainetallic PEMFC bipolar plates.
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1.1INTRODUCTION

Developing alternative fuels to reduce global dependence on fossil fueb anelet the ever
growing global energy demand and consumptioiven by an escalating population and an
upsurge in human activities a key energy challenge of the®2dentury. According to recent
reports [13], more than 80% of the energy consumed globally is derived from fossil fuels, with
crude oil accountingpr about one third of the total fossil fuel consumption as shown uré& ity

The ®@mbustion of fossil fuelsvithin various energyequiring activities releaseanthropogenic
greenhouse gases (GHG) such as carbon dioxidg) (@i@ous oxde (N;O), and méane (CH)

etc. into the atmosphere resulting in air pollution, global warming and affects climate change.
Among these GHG gases, the concentration of l&2S been reported to increase annually with
energy use in electricity and heat generation as welhesransport sector, accounting for over
50% of CQ emissiong[3]. Besides the environmental challenges, the substantiality of fossil
fuel s, as the worldbs major energy source is
instability of crudeoil prices. Hence, it is imperative that alternatives to fossil fuels must not

only be clean, but also renewable.

Hydrogen is one of the most promising alternative fuels being developed particularly for the
transport sector, which accounted for over 600the world oil energy consumption and over
23% of global C@ emission in 2012 [46]. Hydrogen can generally be considered as a future

energy supply to be utilised in the transport sector for the following reasons:
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Figure 1 World Primary Energy Consumption for 2014[1].



(1) Hydrogen carbe produced from diverse energy sources such as steam reforming of natural
gas, gasification of coal, partial oxidation of hydrocarbon fuels, pyrolysis of biomass and
electrolysisof water, which ae powered by renewable energy sources such as wind, solar and
nuclear energy

(2) The main byproductof the chemical reaction betwedrydrogen andoxygen/airis water
depending on the source bydrogen hence, thause ofhydrogen in automobiles and other
transportation deviceBas the potential toeduceGHG gasesmissions fromconventional
petroleum based fuels.

(3) Hydrogen can be used in conventional internal combustion engikttesughthe combustion
of hydrogen can generate small amounts of nitrous oxide

(4) Hydrogen has a higher specific energy (MI'kg) than thabf any other transport fueFor
instance 1 kg of hydrogen can deliver about three times the energy of an equivalent weight of
petrol with a specific energy of 48J/kg. However, the volumeitt density of hydrogen is
lower thanthat of petrol implying that aliter of petrol contains about six times more energy
than an equivalent volume of hydrogerhe low volumetric density of hydrogen poses a

challenge for orboardstoragehence, it has trtaicted considerable research attention

Amongst the various modeof transpaet, road transport accounts for a considerable podfdhe

oil consumed and C{emission globally [17]. In Europe, for instanc&HG emissiors from road
transport contribute@dbout ®% of the total C@emissions in 2012 with emissions from light
duties vehicles such cars and saecounting for three quarters of the emissigh<sg. Although,

there are strict governmental policies and legatiareund the reduction o€O, emissiors,
especially in developed nations, notwithstanding, with increasing number of automobiles on our

roads, the environmental impact of &€nissions on life especially our urban citieshas become



more threateningHence, the need fathe substitutionof fossil fuel driven automobilesvith
hydrogen fuelled automobilebult on fuel cellbasedechnologywhich gererates only water and

heatas byproducts.

1.2 FUEL CELLS

Fuel cells are energy conversion devices that generate electricity from the bkoicad reaction

of a hydrogerrich fuel (hydrogen, methanol, natural gas etc.) and an oxidant (air or oxygen) to
produce water and heat as the mairpbyducts [913]. In other words, fuel cells convert the
chemical energy of a fuel directly into elecéicenergy. A single fuel cell as diagrammatically

represented in Figure 2, consists of an electrolyte sandwiched between two electrodes.
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Figure 2 Schematic diagram of a fuel cell, adpted from [14]



At the anode, the hydrogeith fuel is oxidised into hydrogen or hydroxyl ions (depending on the
type of fuel cells). The electrons travel through an external circuit to generate electricity while the
hydrogen or hydroxyl ions migrate to the cathode via the electrolyte to reactaygbroforming

water as a byroduct.

1.2.1 Fuel cells and competing technologies

Fuel cells offer many advantages over conventional technologies such as the internal combustion
engines and batteries which have gained widespread market acceptance. Compaesdato int

combustion engines (ICEs):

(1) Fuel cells directly convert the chemical energy in fuels to electricity without an intermediate
step, thus they are not limited by Carnot cycle and can operates at efficiencies of more than 60%.
In contrast, ICEs convechemical energy in fuels to electricity via intermediate steps of thermal

and mechanical energy.

(2) Fuel cells are environmentally friendly devices which have near zero pollutant emissions
while the water and heat {products can be used for-generéon. Conversely, combustion of

fossil fuels in ICEs generates génd other related GHG emissions

(3) Fuel cells have no internal moving parts; hence they operate quieter than ICEs.

Fuel cells, however, operate similar energy conversion principlettesies. Both devices convert
chemical energy into electrical energy via electrochemical reactions. Also, both devices can
achieve high efficiencies when partially loaded. The main difference between fuel cells and
batteries is the need to recharge theetadue to the limited storage capacity of the electrode from

which the energy for the electrochemical process is generated. Fuel cells, however, do not require



recharging as they can continuously produce direct current as long as the fuel/oxidantssupply i

maintained [913, 15].
1.2.2 Types of Fuel Cells

Fuel cells dates back to the 19th century when Sir William Grove, a Welsh judge and scientist,
demonstrated that the backwashctionof water electrolysis can generate electricity. Hence, he
built the first fuel cells initially called a gas battery, which has gone through various
developmental stages. At present, there are five main types of hydrogen fuel cells used in various
applications including transportation, stationary power generation and portaldesdéwel cells

are fundamentally classified according to the type of electrolytes employed. They can also be
further classified by their operating temperatures into low and high temperature fuel -déls [9

14, 15]. The basic characteristics of each el type is summarised in Table 1 and briefly

described below:
1. Alkaline fuel cells

Alkaline fuel cell (AFC) was the first practical fuel cell to be developed. AfGesan aqueous
electrolyte, potassium hydroxide (KOH), and operates at(®8FC. The first AFC was built by
Francis Bacon, a British Engineer in 1939 and was later improved on by UTC, USA. The
improved AFC was used to power the National Aeronautics and Space Administration (NASA)
Apollo space craft in the #0century. The advantages 8FC includes: (1)a less corrosive
alkaline environment, which permits the use of cheaper component materials (2) the use of non
noble metal catalysts such as Nickel and SilverAgE&} can achieve higher electrical efficiency of

up to 60% compared to othlew temperature fuel cells. Nevertheless, the aqueous electrolyte in

AFC is sensitive to carbodioxide and the volume of the liquid used affects cell performance:



excess/insufficient liquid results in electrode flooding/drying. Recent advances in AlE@erthe

replacement of KOH solution with an anion exchange membraha, [95].

Table 1 Comparisons of the different types of hydrogen fuel cells {23]

Type Electrolyte Operating Fuel Efficienc  Application
temperature y (%)
(°C)
Alkaline fuel Aqueous Pure 50 Military and
cells solution of 90-100 hydrogen space

(AFC) potassium
hydroxide

60-80 Pure 40-60  Transportatio

Proton Solid polymer hydrogen n, stationary
exchange membrane power back
(PEM) fuel up,

cells portable
power
Phosphoric  Phosphoric acid 150-200 Pure 40 Distributed
acid fuel cells hydrogen generation

(PAFC)

Molten Lithium and 600-700 Hydrogen, >50 Distributed
carbonate potassium methane and power
fuel cells carbonate other
(MCFC) hydrocarbon

Solid oxide Stabilised solid Hydrogen, >50 Auxiliary
fuel cells electrolyte 700-1000 methane and power

(SOFC) other Distributed

hydrocarbon generation




2. Proton Exchange Membrane Fuel Cells

Proton exchange membrane (PEM) fuel cells ame temperature fuel cells which operate
between 60 °C. They are typically based on a solid polymer electrolyte (also called the
proton exchange membrane) and porous carbon electrodes containing a platinum or platinum
alloy catalyst. The main advantagelSPEM fuel cells are low operating temperatures, high
power density and near zero emissions, which make their application in automobiles very
attractive. On the other hand, the platinum based catalyst is very sensitive to carbon monoxide
poisoning, hencepure hydrogen must be used. If impure hydrogen is used, an additional
reactor that reduces carbon monoxide (CO) is necessary. Other drawbacks of PEM fuel cells

include cost and durability of other componentd 9 16, 17].

3. Phosphoric Acid Fuel Cells
Phasphoric acid fuel cells (PAFC) were the first type of fuel cells to be commercially
developed fostationary power generation. This type of fuel cells is currently in use for power
generation insome office buildings and hotels in Europe, America and Japsithe name
suggests, the electrolyte in PAFC is concentrated phosphoric acid, in a-Befided silicon
carbide matrix, while the electrodes are porous carbon containing platinum catalyst. They
operate typically betweeh50°C and 220e C . Advant ages -geheratbASTC ar e
electricity and heat making it to achieve high efficiency of up to 85%. However, the efficiency
is lower (about37-42%) when only electricity is generated. (2) Higher resistance to carbon
monoxide poisoningampared to &C and PEM fuel cells. Hence, PAFC can utilise hydrogen
produced from fossil fuels, which often contain sulphur. The main drawback of PAFC is

associated with the high cost of the catalysi39 18].



4. Molten Carbonate Fuel Cells
Molten carbona fuel cells (MCFC) are high temperature fuel cells {800 °C) composed
of a mixture of carbonate salt as electrolyte (e.gCOs/K,COs or Li,COs/NaCO;) and
porous carbon electrodes. At 6%D), the electrolyte melts into conductive carbonate ion at the
cathodeMCFC are tolerant to CO poisoning, hence, they can use a wide variety of fuels such
as biogas and natural gas. These high temperature fuel cells can achieve up to 60% efficiency
when used for electricity generation alone and up to 85% efficieviogn used for
cogeneration of heat and electricity. Another advantagd@FC is the possibility of using
nonnoble metal as catalysthereby reducing cost However, slow starip and limited
durability as well as high operating temperature and corrosieetrolyte which promote

material degradation are major demerits of the MCFTC3919].

5. Solid Oxide Fuel Cells
This type of fuel cells generate electricity at high temperatures betweeb0800C via a
solid ceramic electrolyte (e.g. zirconium oxidéakslised with yttrium oxide (YSZ))
sandwiched between porous electrodes. At the cathode, oxygen from air is reduced to oxygen
ions and thereafter migrates to the cathode to react with hydrogen producing electricity and
heat. The high operating temperatumesolid oxide fuel cellsROFQ permits the use of a
wide variety of fuels, eliminates the need for external fuel reformers and makes the use of
nonprecious metal catalysts possible. Durability as in the case of MCFC is one of the major

challenges witlSOFC [913, 20].



1.3 FUEL CELLS FOR ROAD TRANSPORTATION

Fuel cells find application in diverse energy requiring devices ranging from portable devices to
stationary power distribution and transportation devices. Remarkable progress has been reported in
reent times concerninghe development of fuel cells for portable devices, stationary power
generation and automobiles [9, 13, 16, .18] the transport sectothe successful deployment of

fuel cells as power sources for automobitesild be promising for eduction ofglobal GHG

emissions.

Amongst the different types of fuel cells, PEM fuel cells are attractive for automotiyaijsion

due to its high power density, low operating temperatures and near zero emjssibns
advantageus over conventional inteal combustion engines (IGE Nevertheless, there are a
number ofeconomicand technical challengabat needto be addressed before PEM fuel cells
powered automobilesan be fully commercialise®Dne ofthesechallenges is the development of

low cost anl durable materials for key components of the PEM fuet stkk.

A typical PEM fuel cellsstack consists of a numbef singlefuel cells arranged in series. Each
single fuel cell is made up of a membrane electrode asserfMiA) sandwiched between two
bipolar plates. The MEA consist @f solid polymer electrolyte, the catalyst layer and the gas
diffusion layer(GDL). These components perform vital roles, which will be discusstedin
Chapter 2,which dictate the prformance of the PEM fuatells Hence, cost reduction and
durability enhanceent of materials used for thesemponentsare consideredecessary for

commercialisation of PEM fuel cells.

The present research focuses on the bipolar plates, which consstgtefiaant proportion of the

cost and weight of thetack.Bipolar plates are traditionally fabricated from A@orous graphite
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due to their highcorrosion resistance and high surface conductivity in the warm and humid PEM
fuel cells environment. Conversely, graphite is brittle and ttabe made several millimetres thick

(> 2-5mm) via resin impregnation to prevent gas leakage. The use of thickgaerselyaffects

the powerdensity of the fuel cedl In addition, the processing and machining cost associated with
graphite bipolar lates are too enormous for masduction considerationThus, alternative
materials such as metals and carbon based composites are under investigeftacegraphite

bipolar plateg16, 17, 2124].

Metals such as stainless steels and aluminigeneally offer advantagessuch ashigher
mechanical strength and lower cost of productiover carbon based composites and graphite.
Metals are also better conductors of heat and electricity, impermeable to gases and amendable to
low-cost production procese stamping and hydroforming. Metals are, however, susceptible to
corrosion attack in PEM fuel cell environments and exhibit im¢grfacialcontact resistance with

the GDL.Metallic ions produced during corrosion can poison the proton exchange merabdane

be detrimental tats efficiency. On the other hand, high contact resistance with the iDL
generate ohmic losses within tloell that degrade cell output power [213]. Consequently,

surface modification of metals via coatings and treatments esgary for metals to bevéable

option for PEM fuekellsbipolar plate

1.4 RESEARCH GOALS AND APPROACH

The primay aim of this research work te explore the feasibility of developing surface coatings
that can enhance the performance of metal bipplates in PEM fuel cells. This aim was

accomplished through the following objectives:
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1. Characterisation and evaluation of adopted coafuggormance in simulated PEM fuel cells
environments.
2. Optimisationof coatingpatameters via experimental design.

3. Evaluation of singlduel cell performance ofelectedcoatings.
Theresearch was conducted in tplases:

1. Evaluation and modification ofovel CoBlasE graphite coatings.
2. Optimisation of packcementedchromisedcoating via experimental designperformance
evaluation of the optimised chromisedoating in simulated andeal PEM fuel cell

environments and modificatiaf the optimised coatings.
The targets for each phase are as outliedow:
Phase | : Evaluation and modi fi coatingson of CoBI as

U Preliminary investigation into the suitability of graphite coatiesgleposited by a room
temperature surface enhancement technique known as (®Blastl subsequent
modification of the coatings.

U Surface characterisation of the coated surfacesssianning electron micsoopy (SEM),
energy dispersive Xay (EDX) analysis and Xay diffraction (XRD) and Xray

photoelectron spectroscopy (XPS).
Phase 2: Optimisation of packchromised coating via experimental designs

U Development of design matrix kb on BoxBehnken experimental designs and

implementation of the design matrix to deposit coatingsekscated corrosion testing and
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surface characterisation using scanning electron microscopy (SEM), energy dispersive x
ray (EDX) analysis and Xay diffraction (XRD) for chromised coatings

U Develgpment ofa mathematical modgebptimisation of deposition process parameters and
validation of model developed

U Surface characterisation dhe optimised coating with scanning electron microscopy
(SEM), energy dipersive xray (EDX) analysis and Xay diffraction (XRD) and Xay
photoelectron spectroscopy (XPS)

U Simulative testing in PEM fuel cell cathodic and anodic working conditiand
environmers.

U Evaluation of single cell performance of optimisddamisedcoating using theubstrate
as reference.

U Attempts toimprove single cell performance of thptimised chromised coatings via pack

carburisation prior to chromising.

The application of chromised coatings fmhancing the surface conductivity aomfrosion
propertiesin PEM fuel cell environmenhasbeen reported in the literaturelowever,only
comparativelyfew alloys have been investigated withimited procesgparametes [25-29].
Hence, inthis work, a design of experimentoE) approachwill be adopgedto systemically
investigate the effect of process paréengon the corrosion curreténsityof packchromised
AISI304 stainless steadxposed ta simulated PEM fuel cell environment of Vb H,SO, +

2 ppm HF at 70°C for the first time DoE will also beemployed toestablish optimum process
parameters for depositing packromised coating on AlSI304 stainless st@gh minimum

corrosion current densiip the selectedimuated PEM fuel cell environment.
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1.5 THESIS OUTLINE

This thesis is preserttén eight chapters. Chapter one introduces the reader to the challenges and
opportunities of fuel cell driven automobiles, as well as the research aims and objectives. In
chapter two, a review of the literature on important aspects of PEM fuel ceNeis gs well as a

review of surface coatings and treatments employed in bipolar plate applications and their
performances in real and simulated environments. Chapter three focuses on the materials, methods
and equipment utilised for coating deposition faue characterisation, and corrosion testing, as

well as surface conductivities of coating and single cell performance along with the design of
experiment (DoE) approach used. The results obtained for surface characterisation,
electrochemical polarisatioand cont act resi stance of CoBl ast
modification by pack chromising are reported and discussed in Chapters 4 and 5 respectively. In
chapter 6,the DoE results for the systematic investigation of the influence of the selected
parameters on corrosion current density of chromised 304 stainless steel as well as optimisation of
the process parameters were presented and discusssatl Bnd exsitu performance of the
chromised stainless steel produced at the optimised process masamvete also discussed.
Chapter 7 presents and discusses the surface characterisation results obtained for the surface
characterisation of the modified chromised coatings as well as its performance in real and
simulated PEM fuel cell environments. The closions drawn from the study, contributions to

knowledge and recommendations for future work are highlighted in the eighth chapter.
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Chapter Two

Backgrandndt er atur e

2.1 INTRODUCTION

In this chapter, detailsf the operating principlesnd components of the PEM fuel cells as well as
the challenges to commercialisatiohPEM fuel cellsare presentedA review of the literature on

metallic bipolamlates is also presented.

2.2 PROTON EXCHANGE MEMBRANE FUEL CELLS

Proton exchange membrarfeEM) fuel cells are energy conversion devices that generate clean
electrical energy from the electrochemical reaction between hydrogen and okligea devices
usean electrecatalyst and a solid polymer membramal function atenperatures between 6C

and 80°C producing water and heat as the onlypbgducs. Hence, these electrochemical devices
are increasingly being targeted for automotive, stationary and portable gmmeration Other
advantagesf PEM fuel cellsincludelow operating temperaturéigh power density, quick start

up capacity, and rapid sponse to varyinpad [9-13,16, 17].

A singlePEM fuel cell consists of the membrane electrode assembly (MEA), the flowglatds
(also called bipolar plates in stackshrrent collectorpackingend plates, the gaskets armblts
arranged as shown irndeare 3 The basic operation @ typicalPEM fuel cell involves oxidation

of hydrogen at the anode and reductioeitiieroxygen or aiat the cathode.
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As illustrated in Figure 3humidified reactant gases {knd Q/air) arepumped in through the

bipolar plates to the respective electrodes:

End Plates

g _ |k | %2 inlet

Bipolar Plates

Figure 3 Components of a PEM fuel cell [3Q]

At the anode, hydrogen gas is oxidised to hydrogen protons by releaslagitns as shown
in Equationl.The reaction is known as the hydrogsidationreactions (HOR).
( ©¢co c¢cA % T6AQ WY P

The hydrogen ioproduced at the anodeavels through the solid polymer electrolyte, which only
allows the passage of positively charged ions, to the cathode while the electrons are transported to
the cathode through an external circiit the cathode, the hydrogen protoaaat withoxygen or

air by a reaction known as the oxygen reduction reaction (ORR) (Eq@ation
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Figure 4 Schematic diagram of a PEM fuel cell

2.1.1PEM fuel cell stack

Single PEM fuel cells havétle practical application due to the low voltage (0.8 V) produced.
Therefore, inorder to achieve higher voltage output for practical application, two or more single

cells are arranged in series to form a stack, as shown in Figure 5.
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PEM fuel stacks consigif the membrane electrode assembly, bipolar plates, end plate, current
colledors and boltsAmong thee componentsthe bipolar plates and the membrane electrode
assembly (MEA) are key components that significantly influence the cost, performance and

durability of the stack. These components and their functions are briefly didasfollows:

PEM fuel-cell short stack Closed endplate
Bipolarplate
S-layer MEA

Bipolarplate
Open endplate

Reactant seal
Modular unit Other fuel cells

Coolant seal
Modular unit

Current collector
Figure 5 Schematic representation of #EM fuel cell stacks [31.
(A) Proton Exchange Membrane

The membrane ia typical PEM fuel cell is a solid polymer which conducts oplptors andis
oftenreferred toa st hée h e ar t GstacksasitPperfdrmsctitieal rolesthatdetermine cell
performanceThe primary role®of the membrane includg (1) transporation ofhydrogen proton
produced at the anode to tb@thode (2) strudural support for the MEANd (3 separation othe
reactions at the cathode (ORR) and the anode (HB#&)ce thebasic requirements for PEMse
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high ionic and proton conductivity as well ashigh mechanical,chemicaland thermalstability
underPEM fuel cellworking conditions.Otherrequirements include cosffectivenesslow gas

impermeablility andavailability.

Perfluorinated sulfonic acid (PFSA)embrans with a polymer backbone widnbasic chemical
structureshown in Figire 6arecommonlyused inconventionaland commercially aailable PEM
fuel cells Examples of PSFA membrasiecludeNafion® Gore®, Flemiorf and AciplexX. Among
these membraneblafion® is themost widelyused PSFA electrolytas it possessdsgh proton
conductivity and high mechanical strenghiowever, Nafio® is expensive andequiresthat the

reactant gases be humidified to preventtieenbrandrom drying out.

Sulphonate
group

—('CFz'CthfCFz‘TF‘); /l
s
(O—CFz-?F)'m—O-(CFz-);fS%H \:.
\ .

CF3 .
Nafion®117 m=1, n=2, x=5-13.5, y=1000
Flemion® m=0, 1; n=1-5

Aciplex® m=0, 3; n=2-5, x=1.5-14

Dow membrane m=0, n=2, x=3.6-10

Figure 6 Structure of per fluorinated sulfonic acid (PFSA) membraneg32].

Alternative materials to Nafih membranes riclude radiation grafted polymer electrolytes,
modified Nafion membranes with porous support material or added organic/inorganic compounds
and sulfonated aromatic polymeric suchsasphonated PolyetherketotBEEK) with chemical

structure as shown in Figa17. PEMs are subject to mechanical degradation such pinholes, cracks,
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tears, and chemical degradation by hydroperoxyl radi¢ad3,), cationic contaminations etc.
These failure modes have a profound effect on proton conductance and water transpothevithi

membrane [10, 12, 16, 334].
Q-+l
SO,H

Figure 7 Structure of sulphonated Poly ether ketone 33].

(B) The Catalyst Layer

The catalystayer consist®f platinumor aplatinum alloy supported on carbon materials such as
Vulcan-XC 72 carlon blackor a catalystcoated membrandhe platinum catalyst facilitasehe
electrochemicateactions within the fuel cellsuch ashydrogen oxidation reactions (HOR) and
oxygen reduction reactions (ORR).The latter is typically a very slow reaatioitherefore
determines the performanoéthe catalyst layein PEM fuel cellworking conditionsThe rate of
these reactions depends on factors such as the chemical compositeatadyst loadingA high

catalyst loading facilitatefaster electrocheital reactionsatincreasd cost

The catalyst layergenerallyconstitutes the largest proportiontb& cost of aPEM fuel cell stack
due to the high price of platinunHowever, n recent timesdifferent approachet® cost reduction
have been expled. These approaches includesduction of platinum loading, development of
nonprecious metal catalystsuch as irobased nanostructigeon nitrogen functionalised

mesoporous carborfsIMC), andthe use of norcarboneous suppoitievertheless, achievirtggh
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ORR activity and stability in PEM fuel cell environmsenis challenging. Apart from cost
reduction improving thedurability of the catalyst layer is another research and development
(R&D) focus as the catalyst layer is subject to a couple of degoadgrocesses such ;as
poisoning and contamination from impurities which originate from the fuel/oxidantysappther

fuel cell componentsagglomeration of platinum particle (Ostwening ripening) and carbon support

corrosion[10-12, 16,17, 33, 34].

(C) The Gas Dffusion Layer

The gas diffusion layer (GDL) is a single or dual layer carbon based material with a porous
structure which permits the diffusion of reactant gasesattd Q/air) from the bipolar plates to

the catalystiayer and conducs electons between the two componeniBhe GDL also provides
mechanical support to the catalyst layer and facilitates water and heat trdrspdtie catalyst
layer to the bipolar plates as illustrated in &g 8 (a). GDLs arerequired to beéhydrophobic in

order to effectively remove water produced at the cathode which can lead to blockage of the pores

thereby preventing gas passage to the catalyst,

The single layered GDLs are made of a mgmoous sbstrate such as carbon pamboth (Figure

8 (b)) or foam treated withpolytetrafluoroethylene (PTFE)'he double layed GDLs, on the
other hangcontainan additional thirmicroporous layer ofarbon black powder mixed with PTFE
which is positioned next to the catalyst layer to reduce the contact resistaneehande water
transport between the two componeritfie GDL is subject to degradation modes such as
mechanical failurelue tothe thermal cycling nature of the PENEI cellsand loss of hydrophobic

material due to long term ugk0, 12,13,17, 34, 3§.
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(a)

Cathode bipolar plate

Water drop

Gas diffusion layer
Catalyst layer

Polymerelectrolyte

Gas Flow Channel

(b)

Carbon Cloth __..Carbon Pap

Figure 8 (a) Schematic of structureof the flow channelswithin the bipolar plate and the
membrane electrode assembly (b) Micrographs of carbon cloth and carbon paper GDL

materials [35].

(D) The Bipolar plates

The bipolar plate (also called the separator plgtese multifunctional componets of the PEM
fuel cells that perform criticdlinctions thatinfluencecell performance. Therpnary rolesof the
bipolar platesre;

(1) Uniform distribution of reactant gases over tloéi\ee electrode area

(2) Electrical conection between individual cells

(3) Facilitation ofwater and heat managent within the cells
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(4) Provisionof mechanical support and strength for the MR24A-24, 31, 3§.

In order toimprovereactant gagansport and distributigrthebipolar plates are typically designed

with flow field channels, land andhanifolds asshown in Figure9. Thesefeatures provide

pathway for reactant gases and uniform distribution over the active electrod&lerezhannels
provideroutes forreactant gases to flow to the catalyst layiarthe GDL (Figure §a)) while the

lands facilitate electron transport to a@indmt he GDL . On the otlkeso kand)
reactant gases and -pyoducts from and to the bipolarapés. The design of the flow channels
significanty impacs the performance of PEMuel cels. Hence different types of flow feld

designs as shown in Figure h@vebeen developedndthe influence of such design on PEM fuel

cells power oygut has beemnvestigated36].

Integrated gasket Reactant
grooves me{lfold Pos'l,ttl;;glng
RN
| Channel
T  Land
DN /Q

&

Exhaust manifold

Figure 9 Features of a typical bipolar plate R1].
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Materialsrequirements fobipolar plats includes:low cost high corrosion resistancand high

electrical and thermal conductivit§raphite is the conveisnal material for PEM fuel cell bipolar

plates. However, graphite is brittle and expensive for mass production purposes amongst other
disadvantages. Hence, alternative materials such as metals and carbon/polymer composites have
attracted considerabR&D attention as potential replacement for graphite bipolar plates. Bipolar
plates are, however, subject to corrosion and increase in interfacial contact resistance with the

GDL during operation irrespective of the material from which it was fabricated [122237-39].

() (d)

Figure 10 Schematic diagram of typical flow field design: (a) pirtype, (b) seriesparallel, (c)

serpentine and (d) interdigitated type [®].
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2.3 CHALLENGES TO COMMERCIALISATION OF AUTOMOTIVE PEM FUEL

CELLS

Researl and developmen(R&D) activities on automotive PEM fuel cells primarily diven by

the promising potentiadf PEM fuel celsto enhance energy security and reduce greenhouse gas
emissiongn the transport sectphave been inthe lime light for somelecadesExtensive research
efforts by governmental agencies in Europe, United StaiE America (U$ Japan, etc. in
collaboration with the academia and industrg fesulted inremarkable progressviderced by

field demonstratiorof prototypesvehiclesby major automotive companissich ag-ord, Toyota,
Daimler (Mercedes BenzHyundai,Honda etc. Nevertheless, theommercialisation of PEM fuel

cell powderedvehicles isfaced withcost andechnical challenges saciated with both the PEM

fuel cell stack and other balance of plant componeats well as hydrogen production and

distribution[17,40, 41.

Hydrogen PEM fuel cells systems presently cost about twice that of internal combustion engine
and suffer severe degradation durimgeration.According to the United tates Department of

Energy (US DOE)cost of PEM fuel cellssystem woulchave to be reduced to US$30/kW and

achieve stable performance fdrleast 500thoursfor light duty vehicles and 20,000 hours for

bus with minimal power loss (30%) at the end of life, as well operateer a wide temperature

range { 40 to +40°C), in orderfor PEM fuel cels powderedvehiclesto compete with traditional

ones built on internal combustion engirjdd]. In Europe,a consortium of automakewsiginal

equipment manufacturers (OEMautomobile component and system suppliers academic
researchers named OAUTOST A GhE coSitargeEfor at®a kv rece
automotive PEM fuel celstack at4 0 u/ k W f o r with 8idilarGoperatogrhouts and

degradatiortargets as the UBOE as well agtherperformance target442,43.
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Cost reduction othe key components &#EM fuel cells;the membrane assembly electrode and
bipolar platess widely recognise@s anecessaryoute to commercialisation of PEM fuel cell®
this end, cost reduction and improvirthe lifespanof these compnents havettractedglobal
research attentiorA significant portionof the research on these key componeatbkencentred
on materials selection and developmenttf@se components. For bipolar plasyelopmentsf
low cost and durable bipolar plates which are amenable to, tagil volume and cost effective
manufacturing processes as well as megedurability targets are major researchinterest Hence,
the present researcis focusedon thebipolar platesand the remaining part of this chapter is

devoted taheimportant aspect of bipolar plates related to the research.

2.2.1Cost and Durability of Bipolar Plates

The bipolarplatesdescribed irthe previous sectioare importantcomponents of the PEM fuel
stack that perform critical rodghat canaffect the performance and durability of PEM fuel ssack
Bipolar plates als@account for a significant pton of the cost, weight and volume of the PEM
fuel cells stack beingthe most repeated component sMPEM fuel cell stack Earlier reports
indicated that bipolar plateonstituteabout 3545% and 6680% of the cost and weight of typical
PEM fuel cellstacks respectively44,49. However,it has recently beereported that the cost
contribution of the bipolar plates toettoverallcostof an 80 kW net automotive PEM fuel cell
stackcomposed oB369 singlefuel cells and 740 bipolar platesn be reduced to about-26%
through replacementof conventional graphite bipolar plates with plates made from carbon
/polymerscomposite or metalsoupled wih increasd productionrate [46]. However,since cost
and durability are interrelated issues, &y of these alternativenateriak to be suitable foan

automotive PEMfuel cell bipolar plate the material isexpected to satisfyot only the cost
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requiement of US $3kW and be amenable to high volume cost effective manufacturing

processedut alsodurability requirementas listbelow][ 22, 37 33]:

1 Light weight
1 High mechanical strength: > MPa
1 High bulk electrical conductivity: >1005/cm

Good tydrogen permeability : 2 x 10° cm®/cn?'s

=

1 Electrochemicaktability in simulated PEMuel cell environmentf pH 3 sulphuric acid
(H2SOy) + 0.1 ppm hydrofluoric acid (HF)
o High corrosion resistance with corrosion curreensity at -0.1 V (SCE) and
Hydrogen gapurge < 1 p/Acm?
o High corrosion resistance with corrosion current at 0(&¥E) and Air purge 1
WAcm?
1 Low Interfacial contactesistance (ICR) at 149/cn’: 10m Y /cm?

1 Goodthermal conductivity :> 10 W/m K
2.2.2 Materials for Bipolar plates
(A) Graphite

Bipolar plates are conventionally fabricated from 4pamous graphite due to itppod chemical
stability andcorrosion resistanda the warm, acidicand lumid environmentithin the PEM fuel
cell. Graphite alsgpossessew density andyood electrical and thermal conductivity as well as
low contact resistance with the gas diffusion laydonetheless, there are concerns about its low
mechanicabtrengthwhich is compensated fdry increasinghe thickness of the platés about (4

6 mm), resulting in low gravimetric and volumetric power densiflso, graphite has tde
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impregnatedwith resin or treatedhermallyto blockits poresand improve gas impermdadity

while flow field designs are incorporated bgmputer numerical controCNC) machining which

is expensiveand time consuming. These secondary processing routes induce additional cost
therebyhinderinglarge scale productiotdence, fom a costand weight perspective graphiteis
considered unsuitabfer mass productiarExtensive R& on bipolarplates hased totwo classes

of alternativematerials: carbon polymers composites and metp24-24, 37-39]

(B) Carbon-polymer composites

Carbonpolymer compositesare compositesthat have a thermosetting (e.g. vinyl ester) or
thermoplastic (e.g. polypropylene) polymer matrix loaded with conductive carbon $illehsas
graphite,carbonblack, carbon nanotubegraphendg?21, 24, 4T The polymer matrix mvides
structural support while the carbon fillers enhance electrical conductihgse lightweight and
corrosionresistant materials are manufactured by low cost injection or compresasigiding
which are amenable for largeale productionThe main dsadvantagassociated with the use of
carbonpolymer compositeas bipolar platesis their low electrical conductivity which is
dependent of the content and particle size of the filler. Increasing the filler content improves
electrical conductivity butis detrimental tomechanical strength, #&asic requirement for
automotive applicationd herefore achievingoptimum balancéetweemtmechanicabktrengthand
electricalconductivityis prerequisitefor carbonrpolymers compositeto emerge as alternative to

graphite[21, 24,39, 41.

(C) Metals

Metals such asstainless steels, aluminium and titanibave several advantages over graphite and

carbonpolymer composite materials particularly in terms of cost and weilytgtallic bipolar
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plates canbe produced atelatively low cost using economiand wellestablished industrial
processes such as hydroforming, stamping, casting which are also anterrabks production.
Other advantages of metdiesides cdsreductioninclude thickness andveight reductionby
usng thin sheets, foils, screens af@hms higher volumetric and gravimetric power density
comparable to that attainable with thigkaphite plates can be achievéather advantages of
metals includegas impermeablility, higher mechanical strength andtredat conductivity
compared to theraphite andcarboncompositesas shown inTable 2 Metals are, however,
susceptiblgo corrosion in the working environment of PEM fuel cells @&xdibit high interfacial
contactresistancevith the GDL[21-23, 37, 38. The consequences tifesephenomenoron the

performance of PEM fuel cells are briefly describsdollows;
Corrosion of metallic bipolar plates in PEM fuel cells environment.

The environment within a typical PEM fuel cell is warm -@D°C), humid and eidic (~ pH 3).

The PEM fuel cell environment could also be oxidising or reducing depending on the gas input at
the electrodes. These conditions coupled with operating potenr@dls\ at the anode and 0.6 V

at the cathode) are favourable for corrosmmd¢cur. Metallic ions released from the oxidation of
metallic bipolar plates either migrate to the proton exchange membrane via the GDL or are leached
into the water byproduct. In the former case, metallic ions can reduce the proton conductivity and
efficiency of the membrane by replacing the hydrogen proton on the sulphonate group of the

membranes, which has a higher affinity for metallic ions than protons.

Studies [17, 4%0] on membrane contamination indicates that the presence of metallic ions such
asAl®*, Cr**, F€" in trace quantities such as parts per million (ppm) can significantly degrade cell

performance. Furthermore, multivalent cations arising from corrosion of metallic bipolar plates
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Table 2 Representative physical vales for different bipolar plate material (adapted from 2%

23).
Properties Graphite Composite Stainless steel
(untreated Poco (SGL carbon) (316/316L)
graphite )
Density (g/cn) 1.78 1.97 8.00
(20% porous)
Bulk
electrical conductivity 200 680.D 13,513
(S/cm)
Hydrogen permeation 10%-10° 2.5x 10° <10*?
(cm*/(cm®s)
Modulus of elasticity 10 - 193
Flexural strength (kg/cm?) 407.9 878.9
Tensile strength (MPa) 15.85 515

can react with hydrogen peroxide formed by@en crossover at the anods diagrammatally
represented in Figure Idr oxygen reduction processes at the catl{@déle 3 to form hydroxyl
(OHA) and hydroperoxyl (B;) radicals(Equation4 & 5) which poisons the catalyst layand
degrade the memdmne durability.In order to minimise dissolution of metals during corrosion,
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corrosion resistant and low cost metals such as stainless steel, aluminium and titanium alloys
which typically exhibit passivity in PEM fuel cells environments and working paisnare
recommended. The use of chemically inert metals such as gold, platinum is not feasible due to

their high cost [2424, 37, 38, 47].

@ The residual amount of oxygen that is released via
the anode outlet

» @ The amount of oxygen crossover rate that reacts with H,

Anade Inlet

Cathode Inlet

H,
2 0,
Oxygen crossover e g
- =
. -
Anode Outlet < 9 Cathode Outlet
K

MEMBRANE

H, O, FUEL CELL CATHODE

Figure 11 Schematic diagram of oxygen crossover through th@embrane in a PEM fuelcell
[51].
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Table 3 Possible oxygen reduction reactions at the PEM fuel cell cathode and the

thermodynamic electrode potentials of electrochemical £reductions [34].

Thermodynamic electrode

Oxygen reduction reactions potential at satndard conditions
F 7 m°a7cF 1.229v
|= 1 m° T |= 0.70V
1F 71 m° aFf 1.76v
0 00 © D %0 00 (4)
4 ‘08 © ab % 0000 (5)

Il. Interfacial contact resistance

Three main types afreversiblelosses are encounteredn PEM fuel cells (1) Activation losses

arigng from the cathode catalysind accounts for losses the low current density region as
shown in Figure 12(2) Ohmic losseglue toionic resistance of the membrane aaectron flow
resistace (also known asterfacial contact resistance (I¢Retweercomponentsn the PEMfuel

cell stack. Concentration losses originate from mass transport limitations as oxygen is transported
through the porous electrode. As shown in Figure 12, concentiaises are prominent in the

high current density region. Among these operational losses, ohmic losses due to interfacial
contact resistance between the bipolar plates and the GDL are of major concern for metallic

bipolar plates. This is due to the fdcat the native oxide layer in metals such as stainless steels,
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Figure 12 Energy losses in PEM fuel celladapted from [52].

titanium and aluminium, which enhances the -aotrosion properties of these metals, is semi
conducive in naturedence, the native oxide layer reducedsctronic conduction at the bipolar

plate / GDL interface thereby favouring the coni@rof chemical energy to heat ratliean the

desired electrical enerd$3]. For instance, wvasreportedthat almut 59% of the power losses in a

stack built with 316 stainless steel bipolar plates was due to the ICR between the stainless steel
bipolar plates and the GD[54]. Studies have also shown that the thiess of the passive oxide

layeron these metals inases during operatidhereby increasing contact resistance between the
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bipolar plate and the GD[21, 22, 37, 38] Hence, surface modification of metallic bipolar plates

via coatings and treatmentsniscessary fooptimum cellperformance.

Interfacial contactresistancédetweenthe bipolar plateandthe GDL canbe influenced byactors

such assurface roughnesslamping pressurand the nature of the GDL materigRl, 55-60].
Studieg[55, 56 show that the higher the averagarfaceroughness (Ra) ohe bipolarplates,the

lower the contactesistance. This trend is attributed to the fewer number of contact points and
smaller area of contact between the GDL and the metallic biptdse with a higher surface

roughness value.

The pressure at which tlieel cell stackis assembled plays a vital role in determining the contact
resistance between the bipolar platex]l the GDL.Generally, ICR decreaseasith increasing
clampingpressure due to increasingntact area betweehe bipolar platand the GDL However,
very high clamping pressure can damage @eL and reduce its porosity whilensufficient

clamping pressure can leadftel leakage$1-53.

The nature of the GDL materiaé. the type of material and the type of enhancement process e.g.
polytetrafluoroethylene (PTFEyeatmenthasalsobeenreportedio adversely affect ICR between

the GDL and the bipolar plafi&8-60]. It is generally reported that increasing the PTFE loading of

the GDL increases ICR between the bipgtates.For instance, Isnilaet al. demonstrated that
increasing the PTFE loading contact@bDLs from SGL technologies, Germany frdhto 30 wt.

% lead to a corresponding increase in the contact resistance as compaction pressure increased

(Figure 13).
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Figure 13 Effect of PTFE loading on contact resistancg59]. (10AA, 10BA, 10CA, 10DA,
10EA are designated names for SGL carbon paper with 0%, 5%, 10920%, 30%

respectively).
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2.4 A SURVEY OF THE LITERATURE ON METALLIC BIPOLAR PLATES

Metallic bipolar plates haverecently attracted considerable researcattention asalternative
materials for PEM fuetell bipolar plate due totheir cost, volume and weigltdvantageof metal
over non-porous graphite Hence, most autanotive PEM fuel cell stacks are duion metallic
bipolar plats which can attairhigher power densities thatacks built orgraphitebipolar plates
[26, 33, 34. As indicatedn the previousection metalshave low corrosion réstance and surface
conductivitiesin PEM fuel cell environnents which results in degradation dfell output.
Therefore research and developmeattivities on metallic bipolar plates have focused
improving corrosionresistance and reducin@R. The literature indicates that different types of
metals which areub-divided into bare metals, coated tails and porous metals (foanscreens
and meshgsas shown in Figuré4 have been investigated. Therefaagview of the performance

of the different metals in #situ and exsitu tesing is presenteds follows;

2.3.1 Bare metals

(A) Stainless Steels

Stainless steels are iron based alloys containing at leasir6@%Fe), minimum of about 24
chromium(Cr) and oher elements such as nicKali), molybdenumMo), titanium (Ti), nitrogen
etc. [61, 62]. These ferroa based alloys arelassified into different grades: austenitic, ferritic,
martensitic, duplex stainless steels etc. based on chlecoimposition Stainless steslderivesits
anticorrosion propertieBom the presence @fthin surface oxide laygabout3-5 nm thick)which
consist of arninnerlayer of a ptype chromium oxide (GiOs) and an outelayer of a rtype iron

oxide and hydroxide [63].
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Figure 14 Classification of metallic materials for PEM fuel cells bipolar plate p1-23].

These alloys also possess outstanding physical, electrical and mechanical properties and are
available at relatively low cost, thus, these ferrbased alloys have attracted much attention as
potential replacement for graphite bipolar platég, [22, 37, 39, 4T. Investigations on the
feasibility of using stainless steels as bipolar plate materials indicated that the performance of
stainless steels in PEM fuel cell environment is dependent on its alloy content especially

chromium contentg4-67]. Wanget al. [63 reported that the higher the chromium content in
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349E W% 8r), 904L (20.48 web Cr), 317L (18.10 wes Cr) and 316L (16.20 w¥ Cn
austenitic stainless steelsthe higher the corrosion resistance in simulated PEM foel
environmentbof 1 M H,SO, + 2 ppmHF at70 °C bubbled with air or hydrogen gaad the lower
its contact resistancé\ similar trend was also observed for ferritic stainless steelsAiple434
(17.95wt. % Cr), AIS1436(18.10wt. % Cr), AIS1441(18.23wt. % Cr), AlS1444(18.49wt. % Cr)
and AlS1446(28.4wt. % Cr)[66]. For both grads of stainless steels, XPS analysisttoé passive
layer revealed that the passive layexrs composed of F®; and CpOs, with the latter having a
profound effect on corrosion resistanghile ICR valuesof the different grades of stainless steel
showed a dependency on the thickreisd compositiorof the passive oxidlyer. The findings
of Wang et al. §5,6 was consistent with thaif Davies et al. §7] wherein singlduel cell
perfaomance of310L, 316L and 904Lstainless steel bipolar platevere evaluated at 200!/cn?
for 3000 hours Their results showed that the higher tteomium and itkel contentof the
stainless steelgwestigated the lower the thickness of the oxide layand the lower thelCR
values.Hence,the single cell performanceas given as 904L > 310L > 316Basedon these
results, theyconcludedthat optimisng the chemical compositiorf stainless steglwas vital in

selecting bare stainless steels for Pkl bipolar plateapplications

Generally, ginless steels with high Cr and Bontent such as 9041310L exhibit acceptable
corrosion resistaze and ICR valuesn PEM fuel cell environmestbut are consideredtoo
expensive for bipolar platapplicatiors. Therefore extensiveresearchwork has focusedn
stainlesssteelsalloys with lower Cr and Ni contersiuch as 316 316L, 304/ 304L, low alloy
ferritic stainless steels etdmong the low cosausteniticstainless steel alloys 31@16L stainless
stee] a G-Ni-Mo austenitic stainless stealloy has been widelyinvestigateddue to itshigh

resistanceto corrosion.Ma et al [68] investigated the corrosion resistance of eight types of
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stainless steel@.e. 410, 439, 301, 304, 316,317L, 310 stainless steadsincoloy alloy 825)n
K,SO,at 80°C with oxygen and hydrogen gas purgingrtimic the anodic and cathodic PEM fuel
environment respectively. They concluded from théa@@rscorrosion test that 31816L stainless
steel was a good choice for PEM fudllcbipolar platehaving exhibited maximum corrosion
resistance in the electrolytalthoughits ICR increasedrom 10mq . thefore polarisation to 11

maq . tamd 4lmq . tafter polarisationn simulated anode and cathoctenditionsrespectively.

Davies et al[67] reportedthat single fuel cell assembled witBil6 stainless stedbipolar plates
exhibited a stable perforrance with no evidence of corrosioafter 3000 hours of operation
However theirresultsshowed tle 316L stainless steel exhibd the lowest cell performanceas
well as the highest ICRmong thenvestigated stainless steel allai@)4L, 310L)studied. The
stable performance of 316L stainless steel could probably be attributed hagh compaction
forces of 200 N/cn? utilised in the studyas it is well established that ICR decreases with
compaction forces2[l, 58-60]. Secondly, the lack of evidence of omsion could be explained
using recenwork by Papadia®t al. p9]. Theydemonstrated via potentiostatic polarisation studies
of 316L stainless steel isimulated PEMFC environment pH 3 HSO; + 1 ppm HFat 80°C
that the degradation B16L stainlessteel ata given potential was dependent on the thickness of
the passive film.Their work also showed that &®on as a steaeBtate passive thickness is
reached, dissolution remains low and nearly constdence, it is possible that during the 3000
hours of operation dissolution was very mininsaich that visible damage couidt be seen on the

plates

Severalother investigationarguel that 316/316L stainless ste@&erenot suitableas bipolar plate
materials withousurface modificatiorj79-81]. Li et al. [79] reportedthat 316 stainless steel was

in the active state under PEM fuel cafiode working conditions and environment when polarised
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in 0.001M hydrochloric acid solution witlr without SQ? ions at 8¢°C. Thefinding of Makkus

et al [71] ontheperformance of singliiel cell assembled witlB16L stainless steelsipolar plates
further confirmed the resultef Li et al [70] as they found that the contaminafg, Cr and Ni)

on the anode side were higher thidwat atthe cathode sideAlso, the ICR and metallic ion
generatedrom the cell with 316L bipolar platewas the highest among tiseven grades of
stainless steel§UNS 1.4439, UNS #541(321), UNS 1.4529, UNS 1.3974, 1.44(B16L))
studied.Hence, they concluded that bare 316 staint#ssl was not an ideal choice for bipolar
plate application but recommended surface modification of 316L stainless steel for optimum

performance.

Wang and Northwood7P] studied the influence dPEM fuel celloperating environmesaton the
corrosion resisnce of316L stainless steedxposed to 0.51 H,SO, at 70°C. Intergranular and
pitting corrosion was observed at both electrodes withatloy exhibiting a higher corrosion
resistance in simulated cathode environment due to a higher tendency totpassivxggen rich
environments. Howevewhen polarised at typical anodic and cathodic Pfiakl cell potentials
for 10 hours,lower transient current densities and metallic ions were recorded fors3dBiless
steelin hydrogen containing environment indting that under PENuel cell working conditions
corrosion of316L stainless steelwasminimal at theanodecompared to theathode Based on
the ICRMS results, the author estimatént a total o5 ppm and 42pm of metallic ions would
have bee leached from the anode and cathode respectively after &@Bl@tionhourshas (as
required for PEMfuel cell poweredautomobile} thereby degradingerformanceHence, they
recommendedurfacecoatings for 316L stainless steelagreementvith previousinvestigations

[70, 71].
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(B) Titanium

Titaniumand itsalloys have high strength to weight ratio and excellent chemical stability in acidic
environmers. Although, titanium isabout 40% lighter than stainlesteels its highercost and
lower formability than stainless stegtgohibits its application in automotive PEM fuel ledl21,

23, 47, 63,

Titaniumand its alloys fornma thin layer of titanium oxide when exposed to air. This oxide layer

is well known tobe responsible fahe resistance of titéum to corrosion in faourable conditions.
However, 1 is reported that this naturally occurring oxide becomes unstable when exposed to
PEM fuel cell anodic conditions due tize low applied potentiat@.1 V) resulting in high anodic
currents at the irption of polarisation. After rapid dissolution of the naturally occurring oxide
layer, a new oxide layer which cattiically protects the metal frofarther dissolution is formed.

On the other hand, the surface oxide is stable at the cathode but cgahopteventdissolution
leadingto leaching of Ti* which could poison the membrane and degrade performatge |
Similarly, Wang and Northwood7H] concluded from their 10 hours poterstatic polarisation of

Ti (I1) alloy in 0.5M H,SQ, at 70°C thatTi*" ions leached from the anode and cathode would lead

to unacceptable deterioration of stack output.

Davies et al. §0] further demonstrated that bare titanium was not suitable for PEM fuel cell
bipolar plate by comparing the performance of single @stembled with titanium, 316 and 310
stainless steel and graphite bipolar plates. Their work revealedtthia® end of 1300 hours of
single cell polarisatiorthe ICR of titanium increased abaeight fold from the initial 32n q.cn?’

at 220N/cnm’ comparedo 7% and 16% increase that of 310 and 316tainless steelsvhich was

gi ven as ?226d m44 ¢ mfpre polarisationrespectively Consequently, the cell
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suffered significant power degradation compared to cells wplldr plates fabricated from
graphite, 316 and 310 stainless steel bipolar plates. In subsequent stGdiésey showed that
surface modificationof the titanium plates improvedingle fuel cell performance.Similar
enhancement ddingle fuelcell perbrmance has been recently reported by Jin e6). [Their
studies showed that 2%r? active area single fuel cell assembled with TiN coditadium bipolar
platesexhibited approximately a double fold improvementha current densitpf the cell wih

the uncoated plate (398) at 0.6 V. The improvement was attributed to ohmic losses due to

growth of oxide arising from corrosion of the bare plates during operation.
(C) Aluminium

Aluminium and itsalloys are lightweight, low cost metals which exhilmbd corrosion resistance

in atmospheric conditions due to the formation of a thin layer of aluminium oxide. The main
advantages adluminiumas a bipolar plate material are its low density, cost effectiveness and ease
of fabrication.Aluminium has a densjt of 2.7 g/cnt which is comparatively lowethan that of

stainless steel andt@inium(Table4).

Table 4 Densities of metals commonly used for bipolar plate

Material Aluminium Stainless steel Titanium

Density (g/cn?) 2.7 7.488.00 4.51

The ease ofabrication combinedvith aluminiumlow cost denotes the possibility of achieving a

much higher volumetric and gravimetric power density with aluminium bipolar plates than
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stainless steels or titanium. However, aluminium Iigber corrosion rates and shorter cell life
than stainless steel and titanium under PEM fuel cell operating conditions. Studies have also
shown that coatings for aluminium have to be absolutely défsetto prevent the substrate from

corrosion in PEM fuetells environments/[7-79).
(D) Copper

Pioneering wdies oncopperas PEM fuel cell bipolar plate material was conducted by Nikam et
al. [80, 8]. They examined the corrosion behaviour of cogpyllium alloy(C-17200)exposed

to 0.5M H,SO, (pH 3i5) ard a mixture of5% HQA + 5% NaSO, respectively. The electrolyde
were bubbled wh oxygen and argon gases s$anulate PEM fuel cell cathode and anode
environmentsrespectively They concluded from thelectrochemicalpolarisationresults that
copperberyllium alloy was a potential candidate for bipolar plagggen thatcopper alloys are
conductivematerials Hence, hey further examined the single cell fuel performance of the alloy
and reported thahe 16 cn?’ active areasingle fuel cell assembled withipblar plates fabricated
from copperberyllium alloy exhibitedgood durabilitywhen tested for 100ours under constant
load of 1A. The singlefuel cell alsoexhibited maximuncurrent density and power cell resistance
comparable tginglefuel cells with316 stainless steddipolarplatesreported by Costamagna et al.
[82] as shown ifTable 5 Similar studies on bare copper alloys walsoreported by Hsiehteal.
[82]. However, Pan et al8f] have recentlglemonstratethe need to enhance the perforcaiof

copperin PEM fuel cell environmentia surface modification.
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Table5 Comparison of ¢17200Cu-Be alloy bipolar plate performance with 316L stainless

steel bipolar plate B1].

Bipolar plate materials Maximum Cell
current density at 0.2 V Resistancq q
( mA/cm?)

Cu-Be alloy (C-17200) 500 0.084
(surface area 16 cnt)

SS316L stainless steel 380 0.349
(surface areal0.89cn)

Carbon coate®S314 stainless steel 800 0.134

(surface area 10.89 én

2.3.2 Coated Metals

Surface modificatiorof metalic bipolar plats has been widely employed as means for enhancing
the corrosion resistance and surface conductivities of metals in PEMetuelorking conditions

and environmesst Surface oatingsandbr treatment$or PEM fuel cell bipolar platesrerequired

to be electrically conductive, chemically stable and corrosion resistant under typical working
conditions of the PEMuel celk. Other requirements include strong adherence to the substrate and
cost effectiveness. The integrity of the coating, Whi dependent on the coating material and
deposition process, is often the most important aspect for bipolargplplieationsasit dictates
performance andurability. However, the presenad coating defectsuchas pinholes, cracks, and
pores in the coating as well as thermal mismatch between coating materials and the sabstrate
commonly reported to accelerate corrosion of coatetals in PEMfuel cell environmentsand

thuspromote los®of surface conductivity33, 34, 63] A wide range of coatirggbasicallydivided
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into metalbased coatings and carbon based coatiagsshown in Figurel4 have been
investigated, th@erformance of the variougpesof coatingsn simulated and real PEM fueglls

environmentss reviewed below:
2.3.2.1 Metalbasedcoatings
(A) Noble metal coatings.

Thin micron layers of noble metal coatings such as goid platinumexhibit excellent stability
and corrosion resistance in PEM fuel cells. In some cases, comparable or better performance than
graphitebipolar plates 77, 78, 85, 86] has been reportetientall et al. 7] compared the single
cell performance of gold coated 316L stainless stedl @uminium bipolar plates tooBdE
graphite and reportethat gold coated stainless steel showed superior performanBedd
graphite. The gold coatedluminium also showed equivalent current density to the graphite
bipolar plates at the onsef experimerd after which performance rapidly deteriorated from 1.2
Alcm? to 60mA/cnt at 0.5V. Examinationof the plates after thexperimentsindicated that the
coatings were weakly adhered to the bastal. Consequentlsyome of the coatings were leached
into the membrane thereby contaminating it and deterioratmger output. Woodman et al7§]
added that the difference in the tfazent of thermal expansion betweatuminium (Al)and gold
(Au) was also a factor that could contribute to low durabihtygold coated aluminium bipolar
plates.They stated that a differential about 18um/mV/°C existed between theoefficient of
thermal expansion GTE) of Au and Al and that during thermal cycling as encountered in
automobilesfailure of gold coated Al plates isaritable.To mitigate the pooadhesion between
Au and Al, the authordemonstrated that these of interfacial layers @opper and nickdbetween

Au and Al reduced the corrosion rate of gold plated Al specimen by 30% and 37.5% before and
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after thermal cycling respectively. -Bitu testing of the coated plates revealed that the coated
bipolar plates had higher open circwibltage than graphite bipolar plates and maintained
performanceakin tographite throughout the test. Their results also emphasised the importance of
proper deposition process paramesetection.The use of pulse current during electroplating
promoted beer adhesion which resulted in better performance than the plates deposited by direct

current electrodeposition which exhibited poorer output than the graphite plates.

Wind et al. B5 compared the performance gdld coated 316 stainless staed graptte bipolar

plates testedn a 49cni active area singleells operated at 7%C for 1000 hours. The results
indicated the cellwith the gold coated plates exhibited equivalent cell voltage with graphite
bipolar plates showing negligible power degradatianuhout the duration of the teS¥ang et

al. [86] alsoreported tha?5 cn? active areasinglefuel cel assembled with Au coated titanium
plates showed superior performance to cells with graphite plates at high membrane humidifier
temperatures betweer0 C and 90°C. On the other handat lower membrane humidifier
temperatures (460 °C) an opposite trend was observed. However dth lxonditions, the Au
coated titaniunplates showed better output than the uncoated plates due to an increase in the
surface conductivity of the plates induced by the precious metal coatings. In another study, the
authors alsoeported that platinum coated titanilmpolar plates outperformed the uncoated plates

showingcomparable performande the single fuetell with graphite bipolarplates 87].

Generally, noble metal coatings are considered too expensive for automotive PEM fuel cell despite
their comparable performance to grapHi2d-23]. For instance, it is reported that gold coated
aluminium bipolar plates cost alddiour times graphite bipolar pla¢22]. However, recet work

by Kumar et al[88] showed that reducing the thickness of gold coatings to-meeter scale could
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be a viable optionfor cost reduction of gold coating$n their study, they examined the
electrochemical behaviour of 1@m gold coated 316L stainless steel developed by Daido steel,
Japan in0.5 mM H,SOy (pH 3) at 80°C exhibited excellentorrosion resistancewith current
densityless than & A/ Za 8V vs. NHEin 24 hours potentiostatiexperimentsand attained

ICR valuesof 6.30mq . €am60N/cn?.

(B) Metal-Nitride coatings.

Hard ceramic nitrides coatings suchtigenium nitride (TiN) and chromium nitride (CrNye one

of the most widely studied coatings for bipolar plate appbeati These coatings, which arken
deposited by vacuum based processesh as physical vapour deposition (PYEhemical vapour
deposition(CVD) or surface treatment processesh aghermalnitridation and plasmaitridation

and more recently electroemical nitridationand ion implantation, have been proven to be
corrosion resistant and electrically conductive. However, the beneficial effect of riitiedes
coatings is usually undermined by the presence of pinholes, cracks and other coatingtioneerfec
mostly related to the deposition processes.

(I Titanium nitride coatings

The performance of TiN coatings deposited on titanium and stainless steel by various techniques
in PEM fuel cell environments is widely reportetharg et al. B9 evaluatedhe insitu and ex

situ performance of TiN coatings depesi by a PVD based process on titanibipolar plates.

The exsitu test revealed that the coatings retarded the corrosion rate of the substrate while
reducing its ICR. On the other hand, the 1000rkdnsitu testing of the coated platiesa 25cn?

active area single fuel cdlhdicated that the cell had a maximum power density of WG

with a corresponding current density of 168@/cn¥ at 0.65V with minimal degradationBased

on theseresuts, the authors further investigated the performance of TiN coated Ti plates in a
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stack.The results showed that the stack had a high gravimetric power density oV1&p&ven

though its volumetric power density was about 57% lower than that obtairted single cell
experiments90]. This lower performance of the stack was attributed to the variatiffovirfield
designsand flow channel parameters of the bipolar plates utilised in the stackmilar
investigation on the single cell and stack perfance of TiN coated 316L stainless steels
reportedby Cho et al. §1]. In the single cell test, TiN coatings improved the performance and
lifetime of 316L stainless steélipolar plateswhich operated for 120ours attaining a current
densityof 796 mA.cn? comparedo the 700 hours and current density of 8&6Acn? at 0.6V of

the TiN-coated plates. Nonetheless, performance of the coated Ti plates was inferior to that of the
graphitebipolar plates whicloperated for 100@ours without performance degedmn exhibiting

about 11.2% improvement in the current densitythe TiN coated plateat the same voltage.
Analysis of the water dropleproduced from the cell with the graphite and TiN coated bipolar
plates revealed that the inferior performance ef TN coated plates was due to contaminatimin

the MEA by metallic ion which originated from the dissolution of the coating. The authors further
evaluated the performance of a Wkstack consisting of 12 single cells and operated at a constant
load of 48V for 1028hours.The stack showed an average degradation rate of 11% péouf

while the individual cells showed a much lower degradation rate. The study emphasised the
importance of a defect free coatimgachieving better performance and lifetinvgh TiN coated

bipolar plates.

The need for defect free TiN coatingas reiterated by othstudies on the corrosiagesistance of
TiN coated 316L stainless stew simulatedPEM fuel cell working conditions[92, 93 and
confirmed by Nam et al9f] and Jeon et al.95]. They both reportedignificant improvement in

the corrosion resistance and surface conductivity of TiN coated 316L bipolar plates by increasing
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the bias voltage9d] and partial pressure of nitrogen g&s8|[during deposition respectly. In
both cases, modification of deposition parameters improved the quality of the deatihgg to

betterperformance

Plasma immesion ion implantation (PIl) of titanium at 370%zas reported by Feng et a®q to
enhance surface conductivity rad corrosion resistance of titaniurm a simulated PEM fuel cell
environmentof 0.5 M H,SO, + 2 ppm HF, while the same process conducted at temperatures
lower than 100°C deterioratedoth ICR and corrosion performance of the substrat@he
difference inthe inhibitive properties of both samples was attributed to the thickness of the
titanium oxynitride surface layer formed during the implantation proc@sstani et al[97] also
reported improvement in the performance of 316L stainless steel in sineuREW fuel cell
environment usinganacrystalline TiNions implantecbn 316L stainless stedliN coatings were
deposited usin@ plasma device foclequippedwith a nitrogenion sourceand a titanium anode.

In order to achieve variation in thmorphologyand thickness of the coatings formehultiple
nitrogenions were fired using 10, 20 and 30 focus slatta frequency of one shot by minute
Their results showed that the higher thi&cogen ionshots, the betterhé transient corrosion
currents,with the 20 and 3(itrogen ionsshots exhibiting comparableurrens of 1 pA/cm? in

1 M H,SOpat 70 °C with air purging.The interfacial conductivityof the samples showed thhe
coatings formed witt80 shotsof nitrogen ions exhibitethe lowest ICR of 5nq . € @t 200
N/cn? while the coatings formed witilO and 20 shotsf nitrogen ionsexhibited ICR of 20

mq . tand 30mq . Erespectivelyat the same compaction for@@n the other hand, Zhang et

al. [98] reported thad 3um thick TiN coatings depositeah titanium by plasmaitriding could not
adequately protect the base meHSO+f bompmoHFObIL

reduced its I CR by 60% exHatBdONemig | CR value of
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(II') Chromium nitride coatings

Chromium niride is one of the most widely studied metal nitride coatings for metallic bipolar
plate. Studies onPVD deposited chromium nitride atings abound in the literaturauch more
than TiN coatingsas it is reported that chromium nitride coatirege more caonpatible with

stainlesssteels thamiN coatingq 89, 99].

PVD deposited chromium nitride (CrN) coatings generally exhibit good corrosion resistance in
PEM fuel cell environment. Howevesfudies[100107]] indicate thatthe performance of these
coatingsis dependent owomposition which in turns dependa factors such as the nitroggas

flow rate Wu et al. LOQ reported that varying theatrogen gas flow rate duringepositionfrom

20 - 80 sccm increasethe nitrogen content of th@rN coating andresulted inbetter corrosion
resistancen a simulative PEM fuel cell environment of WbH,SO, + 2 ppm HFand lower ICR
values.Si ngl e fuel cel l performance of t heat Cr N
1.2 MPa and chemical formula of £gNoswas subsequently evaluated and compared to that of
silver-plated bipolar plates. The resutesvealed that the cell with Cridoated bipolar plates
exhibited 10% and 9% low@pen circuitvoltage and power density respectively at current density

of 500 mA/cni than the cell with the silver plated bipolar plates.

Similarly, Lavigne et al. 10]] investigated the performance tfo chromium nitride coatings
deposited on 316 stainlesteel using nitrogegasflow rate of 8sccm and 10@ccm. The latter
consisted ofa mixture of CsN (20%) and Cr(80%) while the latter was a@ingle phase CrN
coatings The authors reported that therfpormance of the coatings depended on the nature of the
passive filmof the coatingsUsing MottSchottky measurements, it was shown that the passive

film in both coatings exhibitedimilar p-type semiconductor behaviawith the single phase CrN
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coatingcontainingmore catiorvacanciesvhich acted as dopantisereby favouringonductivity
Hence, the single phase CrN coating exhibited lower ICR vahashe CpN + Cr coating At
typical compaction force of 14R/cn?, the single phaser coating exhiited ICR valueof 10

mq . & which was 67% lower than that of the gX + Cr coating. Based on the-situ resul

the performance of a fiveell stack assembled with CrN coated bipolar plates was exdmante
compared to that of gold coated bipolarteta The resultevealed thaboth stack exhibited similar
performance while the 20Bours durability test for the stack with CrN bipolar plates did not show

any mean voltage degradation over 200 hours of dynamic cycling.

PVD deposited chromium nitride abngs arewell known to possespin-hole defects which
degradetheir performancein PEM fuel cell environmentsdence, various attempts have been
reported in the literature to enhance their corrosion resistance and ICR in typical PEM fuel cell
environmets. A primary route often employed to improve performaat€rN coatingss the use

of multi-layeredcoatings[21, 102105]. Feng et al. [10Rreported that multi-layered coating of
C/CrN containingl00-400 nm thick carbonlayers reduced the ICRf CrN( 1 0  nfphyc m
~75% at compaction pressure df50 N/cn. Similarly, potentiostaticpolarisation experiments
resultsindicatedthat in a simulated PEM fuel cell environment of M3H,SOy + 2ppm HF at 80
°C, the transient current density of CrN coating wamarkably reduced from 2.5 pA/éro the
values in the range of2 pA/cm? range under catilic conditions. However, the influence of the
carbon layer on currendensity underanodic conditions was negligible although the C/CrN
coatings exhibited mordable behaviourthan the CrN coatingrhe study further establishetiat

a minimum thickness of 40@8m of carbon coating would beequired forC/CrN coatings to

provideadequate corrosion protectionPEM fuel cell environment. This was due to the faet t
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SEM imagesand ICRMS analysisof the 100 and RO nm carboncoatings revealed evidence of

pitting corrosiorand higher metal ion releaaéer10 hoursof polaisation.

Jin et al. 103 reported aslightimprovement in the ICR and single fuel cell fpemance of CrN

coated bipolar plates using CrN/TIN mduliyered coating. Their work showed that CrN/TiN
multi-layered coating reduced the ICR of CrN coatings frané . 4 frtqa c2r3 . Bwhileq . ¢ m
it influences on corrosion resistance in 1MS&, + 2 ppm fluoride ionswas negligible. Hence,

the open circuit voltage of the 257 active area single fuel cell assembled with CrN/TiN coatings

exhibited a 5% increase that of the cell with CrN coating, which was given as 0/62

Several other studie&(04-106 have also investigated the performance raitered CrNcoatings
in simulated PEM fuel cell environments. However, the influence of the additional coating layer

cannot be deduced as the results were not compared to the single layered CrN coatings.

The performance of PVD deposited Cddatings inPEM fuel cell environments can also be
improved by incorporating elements such as Al, C to form ternary coatngst al. [L07]
recentlydemonstrated thamcorporatingl.86at % of Al into CrN coatings reducethe corrosion
current density of CrN coatings in a simulated PEM fuel cell environme®t5dl H,SO, + 5
ppm HF 70°C by one order of mgnitude and contacesistanceby ~50% at 14(N/cn. The

improvement was attributed reduction of CrN lattice and grain size by Al.

Chromium nitridecoatingsdepositedby thermalnitriding havebeenextensivelyinvestigated by a
group of researcherat the Oak Ridge Nationalaboratory (ORNL) and National édewable
Energy laboratory (NREL), USA108113. In thermal nitriding, chromium nitride coatings are

formed by heatreating thestainless steel alloy or chromium rich metakimitrogen rich gas at
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tempeatures abova&000 °C. Thermal nitriding was first applied t8i-50Cr alloy for bipolar plate
application byBrady et al[10§. The Ni alloy was thermal nitrided at 1160 for 1 hour. The
nitrided layer consisted ad continuous and external layer of CrN andNCcoatirgs (Figure15a).
Ex-situ testing of the coatings pH 3 H,SO, at 80°C for 4,100 hoursshowedminimal voltage
change of2 mV per 1000 lours and 2.7 mV pefd000 lours in the anode and cathode
environmergrespectivelywi t h | ow | CR v al easeduring the testSinglefuel n 0 t
cell testing of the nitrided NbOCr also showed very promising results. Howevee, author
reported thatNi alloys were too expensivefor mass production. Hencé#hey investigated the

possibility of applying the thermaitriding process to stainless stegl§9113.

Surface Nitride
€)) e

CrN void

Cr)N

10 microns
Figure 15 (a) SEM image of the crosssection of Ni50Cr alloy nitri ded at 1100°C for 1 hour

[108], (b) SEM image ofthe cross section of nitirded at F7Cr-6V stainless steehitrided at

900°C for 4 hours showinginternal and external nitrides [109].

Their initial results showed thdbrming a continuous and external layer of chromium nitride on
commercially available stainless steels was challenging becstagsdess steeldhiave high

permeability for nitrogen which favours the formation of discrete internal nitrides as shown in
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Figure 15(b). These discrete internal nitrides degrade the corrosion resistance of the nitrided steel

due to the depletion of chromium at the graoudaries.

Another group of researchers based in South Kdré4,115 attempted to solve this challenge by
introducing a preoxidation step before nitridationf commercially available ferritic stainless
steels(430 and 44pstainless steel§he authorgproposed that the chromium oxide layer formed
by oxidation prevented internal nitridation while their decomposition at the nitriding temperature
facilitated the formation of chromium nitride@his approactyielded lower contact resistances
before and aétr polarisationbut the formation of discrée chromium nitrideparticles persisted

(Figurel6).

Cr-rich particles
/Cr nitride

Fe/Croxide
particles

Figure 16 (a) pre-oxidised (900°C for 10 hours) 446M stainless steel nitrided at 110 for 2
hours [114] (b) pre-oxidised (900°C for 5 hours) 430 stainless steel nitrided at 104G for 6
hours [115.

54



After a series of investigations, Brady et[4l13,114] demonstrated that adding vanadium to the
composition of stainless steel coupled with-pxé&dation was a viable way to preventernal
nitridation and chromium particles precipitation. The-pxelation step process facilitated the
formation of a continuous layer of vanadium doped chromium nitride overlaying an intermixed

chromium oxide and nitride under layes shown irFigurel17.
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Figure 17 (a) SEM image of the crossectionof pre-oxidised nitrided Fe 27Cri 6V nitrided
at 850 °C for 24 hours inNi 4H, atmosphere. () Bright-field crosssection TEM of SEM
image in (a)[162].

The feasibility of applyingthe process to FE0-23%)Cr-4%V foils was subsequently
demonstrated and esitu polarisation othe surface modified foils in 1M 430y + 2ppm HF at 70

°C revealed that the foils exhibited very low transient current densities in the range of 1° pA/cm
and a contact resi ¢@ata50 Nenf[bll]. Basedoon the ptomising @ituc m
result, a 15 cfactive area single cell with paxidised and nitrided foils plates with a simple
serpentine flowfield design was assembled. The initial parfance of the singliiel cell showed

that the cell attained an average power demsiB22mWi/cnf at 0.55 V [112 Durability testing

of the foil plates for 1114ours showed no significant degradation in cell power ouXptay

fluorescence (XRFanalyss of the MEA after the test showed that negligible amounts of Fe, Ni,
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Cr and V were leached into the MEA in the course of experimentation. In comparissls twith
untreated Fe20Cii 4V, 2205, and 904L bipolar plates, the coated foil exhibited betweeir26%

improvements in peak power output.

In another study{113, the groupfurther demonstrated the feasibility of scaling up the-
oxidation and nitridegbrocess to industrial scalyy comparing the performance of bipolar plates
made from shortycle infraredquartzlampfurnaceandconventionalaboratoryfurnace Hence a
50cnt active area single cellith stamped, laser welded, and gas nitrided ferritic stainless steel
foils produced from both furnacesere assembled and tested under aggressivedifioaiion
conditions(100% relative humidity and cycling relative humidity from0%940%) at 80°C for

500 hours at 0.3 A/chiso as to hasten degradation of the membaaniefacilitatea more corrosive
environmento assess durability of tHeils. Detaik of singlecell performance was not revealed
but it was reported that after 5@60urs of operation, the cell voltage output showed% decline

at a current of B/cn’ whichwas attributed to MEA degradati¢as the posMEA test revealed <

1 pg/cnt ionsof metallic ions)or other degradation process not related to bipolar platéisecell
resistanceaested suggested there was no increase in ICR of the plates during the 500 hours of

operation

Wang and Turnerl[16, 117 employed &ctrochemical nitridtion of446M stainless steels 0.1
M HNO3 + 0.5M KNOg3 solutionat -0.7 V for 4 hours atroom temperature to solve the issue of
internal nitridation of stainless sted@lhe nitrided steel exhibitetbw transientcurrent of 0.7
pA/cm? and -2.5 pAlcm? at the cathode and anodespectively.However, the nitded alloy

exhibited high ICR of 18nq . & in anotherstudy, the authorsreported that decreasing the
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potential at whib the stainless steel was nitrided -0.9 V reduced the ICR of the nitrided 446

stainless steel alloy thOmq . €aml20N/cn’ withoutdeterioration of corrosion resistance

More recently,Jinlong et al[118 demonstrated that grain refinement prior to electrochemical
nitridation reduced theorrosioncurrentof electrochemically niided 316L stainless stedly one

order of magnitudevhile itstransient currenivas in therange of JuA/cm® when polarised in 0.5
M H,SO; at 70°C for 5 hours The influence of grain refinement on IGRas, however,not

reported Moreover,none of thestudieson electrochemical nitridatiohave evaluatedthe single
fuel cell performance of electrochemical nitridgdinless stealespite the excellemesults. This
observationmay not be unrelated to the fatttat potentiostatic methods of electrochesti

nitridation applied in these studies #ireited to smallsurfacearea.

Metal nitride coatings Al bipolar plates arscarcelyreported probably due to that fact that nion
defectivecoatingsare necessarip protectAl bipolar platesfrom corrosim in typical PEM fuel
cells environments. Howevedefectfree coatings are difficult to achieverith vacuumbased
depositionprocessesBarranco et al.J19 studied the performance of a ¢lercell stack assembled

with AI5058 coated with miti-layeredchromium-zirconium nitride (ZrN/CrN) and mono layer

chromium nitride (CrN) PVD deposited coatings. The plates exhibited current densities of 470

mA/cm? and 300mA/cn¥ respectively in the 10Bours test. Visible damage was observed on the

multi-layered coategplated while none was evident on the CrN coated platesubsequent

studies[12(, the authors attempted to improve on these results by varying the thickness of the

CrN coatings. Their results showed that thgckness increased, the coated AI5038 sasple
exhibited better stability i9.5M H,SOQ, + 2 ppm HF at 70°C, bubbled withoxygen to simulate

the PEM fuel celcathode environment. However, the samples were damaged afterrtheud&s
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polarisation test due to pitting corrosion. They conclutbtededon their results that PVD
deposited CrN coatings were ratitable for Al bipolar platesSimilar conclusions wermade by

Li et al. [121] on the performancef PVD deposited CrN and TiN coatingsn 5052 Alin
simulative PEM fuel cell environment. Howeyéheir work showed thamulti-layeredcoating
consistingof carbonand CrN (C/CrN) and TiN (C/TiN ) showed better anticorrosion properties
andlower ICR valuesthan the single layed CrN and TiNcoatingswith transientcurrentsin the

range of 10 to 1@pA/cm? in thecathode an@node environmentespectively.

(Il1") Other metal nitride coatings

Wang et al. 122 investigated theex-situ performanceof niobium nitride (Nb-N) and

molybdenum nitridecoatings depositedn 304 stainless steley plasma sdace diffusionalloying

techniqueThe NBN coatings exhibited ICR values of 9.86q cn at 140 Ncn? and low and
acceptableransient current densitiés asimulated PEM fuel cell environment @105M H,SO,

+ 2 ppm F bubbled with air and hydrogerag at 70°C to mimic PEM fuel cellcathodic and

anodic environmestrespedwely. After 4 hours of polarisation, the NN coating exhibited

approximately double fold increase vit t he hi ghe st cradnuhe otlef hant,9 .

Mo-N coatings exhitted higher ICR values f 2 7 . 2°Gefameqaladsationandan increase
of 36.98% and 25.64% at the cathode amibdeafter polarisationrespectively Its transient
current at the cathode was similar to that of the substrate but an order of malgmerddanthat

of the substrateat the anodeThese resultandicated that NBN coatings exhibited better

performance than Mol in PEM fuel cell environmest

Studies on the suitabilitgf Tantalumnitride (Ta-N) coatedAlSI 316L stainless steels bipolar

plateswas conducted by Choe et d2f]. The corrosion resistance ©&N coatingsdeposited by

58

14



varying the nitrogen flowwrom 0-3.6 sccmduring deposition wasvaluatedn a simulated PEM

fuel cell environment of 0.081 H,SO,+ 0.2 ppm HF at 86C. Theresultsindicatedthat theTa-N
coatings improved the corrosion properties of the substrate extibited corrosion current
densities in the range of @1LpA/cnfin the cathodienvironment and®.01-0.01 pA/cnf in the
anodic environment. The ICR of the m@les at 150 N/cfshowed that the FAl coatings
deposited at nitrogen gas flow rate of 23.6
Evaluation of this coating under potentiostatic polarisaibawed transient current density of

~0.2pA/cm? and ~0.06 pA/crhunder céhodic and anodic conditions.

(1V) Plasma nitrided coatings

Plasma nitriding a surface treatment technique involvitig diffusion of nitrogerions into a
metallic surface in a plasma medi@s also been reported for surface modification of stainles
steelsfor bipolar plate applicatian In contrast to conventional gas nitridid stainless steels
which yield discrete particles of CrN and Bt at temperatures above 5%Dthereby deteriorating
corrosion resistancglasma nitriding is a low tempaure processNitriding austenitic stainless
steelat temperatures < 551 yields a supersaturated nitrogen layer, otherwise called expanded
austenitgo Nor S phaseTian et al[125, 126 employedplasma nitridingat 370°C for 2 hoursto
deposit adense and supersaturated nitrogen lay@B16L and 304L stainlessteels.Their result
showed significant reduction in ICR of 316L stainlesseelto 510 mq . € @ compaction
pressureof 100200 N/cn.  Corrosion resistanceevaluated by potentiodynamic poisation in
0.05 M HSQO; + 2 ppmHF at 70 °C with air and hydrogen gas purgingas, however not
improved. Although th@otentiostatigolarisation results showed lavansient currentghe result
was not compad withthat ofthe uncoated substratdsnce the effect of the coatings in relation

to the uncoated substrate could not be dedudedeover, ICR was increased by absixfold at
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the cathode and thrdeld at the anode after 4 hours of potentiostatic polarisaBonilar results

werereportedfor the nitrided304L stainless steel

Hong et al [127] attempted to improve both ICR and corrosion resistaf@16L stainless steel
by using inductively coupled plasma 267 °C, 317 °C and 377°C for 30 minutes at6.6 Pa
respectively. Their resutindicatedthat all the stainless steelshowed low transient curreof
<0.25 pA/cm? after 2.78 hours of potentiostatic polarisation in §.H,SO, + 2 ppm HF solution
at 80°C with air bubblingtio simulatePEM fuel cell cathodic environmerihe ICR values of the
sampleshowever showed a dependency on nitriding temperatl€& decreased with increasing
temperatures attaining the highest value ofrd . € ah 257°C and the lowest value of 11
maq . tan377C. XPS of the sampleshowed the formation o€r,N and CrN at theutermost

layer as it was undetectalidg XRD due to itshigherdepth of penetration.

Studies on active screen plasma nitriding of 316 stainless steels were reported by Lit28t-al. |
130. In their study,316L stainless steel wagtnided at 370°C, 410°C and 450°C respectively.
Their resuls was similar to Tian et al6 s [h26,12 showing no improvement in corrosion
resistancebut with higher ICR in the range 887 mq . € as temperature increasdd further
attempts to improvdCR and corrosion resistanceof the active screermplasma nitrided 316L
stainless steel in 0.5 M, B0, + 2 ppmHF atroom temperaturand ICR niobium and gver was
incorporatednto the coatd layerduring deposition[129, 13(. ICR wassignificantly reduced to
89mq . tand18.9mq . twith niobium coalloying andsilver incorporatiorrespectivelybut

corrosion resistance was not improved.
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(C) Metal Carbides

Transition metal carbides dirags have excellent mechanical, acrrosion and electrical
properties and havgeeninvestigatedor bipolar plate applicatiorThese types of coatings can be

deposited by wide range ofurface modification techniques.

Hung et al [131] demonstratedhat a patented chromium carbide based coating degosite
aluminiumbipolar plates by thermal spraying outperformed graphite composite plates in a single
cell experiment that lasted for 1060urs. At a current density of 200A/cn?, the cell with the

coated bipolar plates exhibited an output voltage of0athieving a maximum power density of

0.32 W/cn? and 58% efficiency. Conversely, tisingle fuelcell with the graphite composite
bipolar plates recorded a lower cell voltage of \¥,5naximum power dnsity of 0.14V/cm?and
efficiency of 45% at the same current density. The higher performance of the coated Al plates was
credited to the lower bulk and interfacial contact resismntéhe platesVisual examination of

the plates after the test showrd evidence of corrosiorbut the surface morphologyf the
inactive part of the plates at the cathode revealed a micrageale in thecoating. Theauthors
however,arguedthat the cracldid not penetrate the coatifgecause EDXanalysis of both the
aluminium and graphite composite bipolar m@atindicated the presencealfiminiumsuggesting

its presence could be due &b impurities in the inlet gase#\ccording to the authors, the Al
impuritiesoriginated from the oxidation of the aluminium manifaidhe end platesf the single

cells Theyfurtheraddedthat the cell with the coated Al bipolar plates consutasger amount of

H, than the graphite plates achieving a 22% savings in hydrogen consumption thereby reducing

cost.
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Wang et al. 137 investgated the corrosion behaviour and ICRhajbium carbide diffusion layer
depositedon 304 stainless stéeby plasma surface diffusion alloyingchnique The corrosion
resistance of the niobium carbide (NbC) coatmgimulated PEM fuel cell environmeat 0.5 M
H,SO, + 2 ppm HF solution at 80C was evaluated using potentiodynamic polarisation
potentiostatic polarisation and electrochemical impedance spectroscopy measurEneergsults
indicated that the coatings enhanced the corrosion resistarthe stibstrate. In particular, the
potentiostatiaesultsindicated that the coating exhibitsthble performance in the simulated PEM
fuel cell cathodic and anodienvironmentexhibiting two order of magnitude lower transient
currentdensitythan the subsate which stood at-8 pA/cm?after 10 hours of polarisatiort the
anode, the NbC coating exhibitenv transienturrentdensityof -0.05pA/cm? while the subtrate
exhibited higher current densityf 8 pA/cm?. The ICRMS analysis of theelectrolyte also
indicatedthat very low metallic ions were leached in the 10 hours of experimentatiGiR
measuremestat room temperature showed thae coating exhibited ICR &47mq . tatl40
N/cn? andexhibited negligibléncreasenf 3.54% and 6.73%fter potentiostatic polarisatiamder
typical PEM fuel anodic and cathodic conditions respectivielycontrastthe substrate exhibited
higher ICR values before polarisation (100.98 maq?) aeneh considerable increase after

polarisation §1.68% increase at the anode and 182.5#¥easet the cathode

Chromum diffusion coatings depositedon low carbon steal and stainless steeldy pack
cementation atow and high temperatures healso been reportetb exhibit good corrosion
resstance and low ICR in simulatd®®EM fuel cellenvironmens [25-29, 133,134. This type of
coatings typicallycontains amixture of chromium iron carbide and chromium iron nitridéshe

outermost layer wite the bulk of the coatings consist of chromium iron carbidee carbides are
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formed by the reaction between chromium and carbon in the stainless steel while the arirides
from the reaction between chromiumnd nitrogendecomposed from the ammoniumlaride

(NH4CI) activator.

Pioneering investigations on the application of chromised coatingPHEM fuel cellsbipolar
plateswere reported by Cho et al2p, 2. Their studies demonstrated thaansientcurrent
density of chromise®16L stainless st deposited at 50 °C for 2.5 hours in PEM fuel cell
environmentof 0.5M H,SO, bubbled with air at @ °C was in the 1QA/cm?range Their studies
further showedhe effect of deposition time on the integrity of the coati@igromisedcoatings
depositel at1050°C for 2.5 hoursexhibitedlower ICR (19 17 mq.cm? at 100-150 N/cn?) than
the substrat¢52.5 35.3mq.cn’ at 100-150 N/cnf) while the coatings deposited lahger hours
(23 hours)exhibitedmuchhigher ICRvaluesthe range 0820.7 233.5mq cn¥ at 100-150 N/cn.
The difference in ICR was attributed the formationof a thin layer of chromiuniron carbide
formed during lower chromising time compared the chromium rich layer formedt extended
chromising time. In another studj27], theauthorsshowedthat shot peeningre-treatment prior
to chromising at 906C for 3 hourswas beneficiain reducingtransientcurrent densityof the
chromised coatingin 0.5 M H,SO; + 2 ppm HF at 70°C by one order of magnitude. The
improvement in corrosion dhaviour was attributed tthe 100% increase in thickness of the
chromised layeformed onpre-treated 316L stainlesteelcompared to théumthick coated layer
formed at1100°C for 3 hourswithout pretreatmentICR values of the shot peened and chemdi
samplewasslightly lower than the untreated chromilseamplenhich exhibited ICR valuesf 125

m q ¢n’ at 1001 200 N/cn.
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Bai et al [28, 29, 131, 13Rinvestigated the effect of prelling and EDM machiningcoupled
with low temperature chromising at 760 on low carbon stee{AlSI 1020) and stainless steels
(420, 430, 316 type) in a simulated PEMfuel cell environment of 0.5V H,SOs. The results
showed that increased grain boundaries induced by thé&gatenens increaseddiffusion of
chromium into the substratéereby increasinghe thickness of the coatings compared to their
counterparts withat pretreatment. Similarly, theanticorrosion properties of the praeated
coatings in 0.9 H,SO, at 25°C weresuperior to the untreated ondédso, the ICR of the pre
treated samples wetewer thanthat ofthe untreated one due tacrease in surfaroughness
induced by the prereatmentsICR values as low @&9mqcn?, 12mgcmfand 11.8mqcn? at
140N/cn? werereportedfor prerolled and chromised 1045, EDM pireated and chromised AIS|

1045 and AISIL020respectively

The potential of kromum carbon (CiIC) coatings depositetty PVD and electraleposition
techniquego enhance the corrosion resistance and surface conductivity of stainless sgeehallo
simulatedand real PEM fuetell havealso been explored135-137]. It is, however,not dear
whether thecoatings deposited by eleatl@positioncontain chromium carbide asone ofthe
investigatios on electroplatedCr-C coating conducted XRDphaseanalysis Nonetheless, these
coatingshave beershown topossesgood corrosion resistance simulatecand reaPEM fuel cell

environmen.

Wang et al. 136 reported that electroplated -Cr trivalent depositedon 304 stainless steat
current density (10 Afo®) for 10minutese x hi bi t ed | G& ~1dd Nénf’, The magtecc m
steel, howewve exhibited excellent corrosion resistance and stability in a simulated PEM fuel cell

cathodicenvironment attainingpw transient current densigf 1.51x 10'° A/cm®. Performance

64



evaluation of 2&n¥ active area single fuel cellssembleavith Cr-C coated and uncoated plates

at 70°C indicatedthat bothcells exhibited simila©CV. However, as current density increased,

the cell with the uncoated plates showed rapid decrease in voltage attaining at4%urrent
densityof 400mA/cn? while the single fuel cell with the coated plates attained 0\67The study

further investigated the influence of gas flow rate and cell operation on the performance of the
single cell with coated plates. Their results indicateditltmeasing the gas flow rate at®@from

200 sccm to 300sacm as well as increasing the operating temperature frofC7® 80°C at
constant gas flow rate increased the cell performance. On the other hand, gas flow rate of 400
sccm af70 °C andoperating temperature of 9Q at constant gaflow rate decreaggerformance

of the singlefuel cells.

The performance of PVD deposited chromium carbon coatings ohl 3iéinlesssteel in a
simulated environment of 0/ H,SO; + 5 ppm F at 70°C was studied by Wu et.dl137]. XPS
analysis of tk coatings indicated the presence of chromium carbide on the outermost layer but its
concentration was too low to be detected by XRD. Nonetheless, the coatings exhibited ICR in the
range of 2.88.7mq . tasicarbon content increased fo®77 at.% to00.95 at.% Potentiostatic
polarisation of thecoating withthe lowest ICR (Gr2:Co.77) for 7 hoursindicated low transient
current ofin the range of 16° and 10’ range in PEM fuel cathodic and anodionditions
respectively. Howeversurface morphologyf the sample polarised under anodic conditions
revealed evidence of pitting corrosion. The samples also showed increase in ICR from the initial

value of 2.8mq . &tav.1lmq . ¢tob . 2 nfaftergaentiostatic polarisatian
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(D) Metal oxide coatings

Wang et al[138-14(Q investigated thgerformance of fluorine doped tin oxide (FTGRG: F
coatings deposited biow-pressure chemical vapour depositiddVD) on various grades of
austenitiolgracke s 316 L, 3andferrtic sBahl@sk steglalS| 441, AIS| 444 | AISI416)
in simulated PEM fuel celbf 1 M H,SO, + 2 ppm HFat 70°C. Their studies indicated that the
substrate played significant rote the stability andcorrosionbehaviourof the coated steels

PEM fuel cell environmenst

Among theSnG: F coated austenitisteeld138], SnOx:F coated317L stainless steelxhibited the
lowest ICR andtransientcurrensin PEM fuel cell cathodand anodenvironmens. The SnO2F
c oat e dstahkss Bteel exhibited the highest transient current in the cathode environment
while SnQy: F coated316L stainless steabas unstable inn the anode environmenhence, it
exhibited the highest transient curreRtowever,SnQ,:: F coated316L stainles steelexhibited

lower ICR tharthe SnQG: F coated 346E stainless steel

For the ferriticSnO:: F coated stainless steebated steel$139], corrosion behaviour in the
cathodic and anodic environment was ranked as AISI| 446 > AISI 444 > AlISI416. Hoalkktee,

coated stainless steel exhibited higher ICR than their respective substrates. Hence, the authors
attempedto reduce the ICR of the ferritistainless steels (AISI 446 and AISI 444) etching the

surface oxideprior to deposition. Theresults shaved that corrosion resistance was degraded

although ICRwas significantly reduced 40].

Recently,Parket al [141] reported thesingle fuel cell performance ofluorine doped tin oxide

coating depositedon 316stainless stedby cyclotron resonanemetal organic chemical vapour
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depositonCont rary t o Weyregodesithat bothl@R andgcsrrosiotiesistance was
enhanced bynild plasma prdreatment of the substrate before depositioands they further
investigated the &fct of pretreatng thesubstrateat varying microwave powei(800-1100W).

The coating treaté ata micro powerof 1000/ exhibited the lowest corrosion curredgnsity of
6.64pA/cm?in 1 M H,SOy + 2 ppm HF under nitrogen gas at®DandICR of 74 m g cn? at 150
N/cn?. The singlefuel cell performance evaluation of this coating at 0.6 V indicated that coating

exhibited maximunpower densityf ~225mW/cnf.

Comparing Park et al. [141] work to that of Wang et al. {138], it can be seen that in both case
ICR was signifiantly higher than the targeted iq c “mHence, it may be possible to improve

the performance of the coating by reducing its IBRo, corrosion performance evaluation under
nitrogen gas conditions may be a true predication of the PEM fuel cell environment as it is well
known that the cabdic environment is oxidising while the anodic environment is reducing in
nature.Therefore, further studies on the corrosion performance of:Fn@oatings in real PEM

fuel cell environment are needed.

(E) Nickel-Phosphorouscoatings

Nickeli phosphoroa coatings depositedoy wet deposition processes such akectroless
deposition or electroplatingre a class atoatingswell reported forenhancing the performance of
Al alloys in real and simulated PEM fuel environmefit40-145. Thesecoatings ofterexhibit
very hightransient current density am@R values. Henceslements suchs molybdenumgopper
and obalt areincorporated into the coatie@o improve corrosioperformanceanddecrease ICR.
Nonethelessthe ICR values of the modified coatingsre often significantly higher than the

targeted value of 1énq . & rfror instance, Fetohi et dil42] demonstrated that incorporating
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cobalt into NiP coating deposited by electiess deposition reduced the ICiROm 150.75
mq . ttmo 1 1 4 . 4\hilerthe NicCoP coating deposited by electroplating exhibited 33%
decrease in the ICR of M coating (88.85nq . © niee et al. 145, however, recentlyeported
that adding nangraphite particlesto Ni-Cu-P coatings can significantlyeducethe in-plane
electrical resistivity and plane electrical resistivitypf modified NiP coatingsto acceptable

values.

2.3.2.2 Carbonbased coatings

(A) Carbon coatings

Carbon exists itmany allotropic forms includinggmorphous carbon, graphite, and diamond.
These forms of carbon when deposited on metallic substrates ggestabit chemtal inertness

in many environments and low electrical contact resistance (except dipritmmte they find
application for surface modification of PENMel cellbipolar plaes. In recent times he possibility

of employing graphene for suda protection of stainless steel bipolar plate hE® been
explored

I. Amorphous carbon coating

Amorphous carbon coatings deposited by high vacuum based processes such as chemical and
physical vapour depositiowhich areprone to pin holes defects awnell reported for surface
modification of bipolar plates [146-149]. Although, most of the studies on amorphous carbon
coatings show that ICR is significantly reducedly a fewstudieshave demonstrated polarisation
studies at typical PEM fuel cell engmmens & working potentials. Fukutsuka et al. [146
reported that plasmassisted CVD deposited carbonoating on 304 stainless steel decreased the
contact resistance of the substrate at typical compaptiessurebefore and after polarisation in

0.5M H,SQO; + 2 ppm HF solution bubbled with Hand Q at 80°C to simulatethe anode and
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cathode environments respectively. At 1Mn?, the samplepolarised under PEM fuel cell
cathodic conditionsexhibited 15% increase in ICR while tisample polarised undeanodic
conditionsexhibited 10% decrease in ICR. However, these resuhlich were conducted after
potentiodynamic test mayot be representative of ICR changes under potentiostatic polarisation at

0.6V (cathode) and0.1V (anode).

Feng et al.[147] studied the performance a3 um thick amorphous carboooating deposited

on 316L stainless steel by close field unbalanced magnetron sputter ion plating (CFUMSI) in
simulated PEM fuel cellelectrolyteof 0.5M H,SOy + 2 ppm HF at 80C. Their results lsowed

that ICR of the substrate was reduced from 6@53.4mq . €tonl0.25.2mq . cumder 96210

N/cn. However, the coated and uncoated samples exhibited comparable low transient currents in
both simulated anode and cathode environments afteowi@polarisation test although the ICP

MS postanalysis of the electrolyte showed that the coated sample had aclmweentratiorof

metallic ions.

Single fuel cell and durability evaluation of amorphous carbon coatings are seldom reptiréed in
literature Show et al. 14§ reported thesingle fuelcell performance of amorphous carborQla
coatings deposited on titanium bipolar plates by radio frequency enhanced cheapicat
deposition (RFPECVD). At room temperature, the carbon coated plates exhibitgg low
contact resistance of 2rB Y ¢ nwhich represented B0% reduction in that of the substrate. The
difference in ICR translated totao-fold increasen the power output of that of the cell witihe

uncoatedipolar plates

Yi et al. [149] invesigated thesingle fuelcell and stack performance of 304 stainlesd sigelar

plates coated with-& coatings deposited by CFUMSThe 40cn¥ active area singléuel cell
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assembled with-& coated bipolar platesttaineda maximum power densitgf 11506 mW/cnt

while the single fuel cell with uncoated bipolar plates exhibited a lower peak power output of
562.6 mW crt?. Durability tesing of the singlefuel cell at constant cell voltage of 0.6fur 200
hoursat 60°C showed that theingle fuelcell with the coated bipolar plates outperformed the cell
with uncoated bipolar platedexperienced &ower performance egradation 08.9% while the
performance of the single fuel with the uncoated plates deteriorate2Bbi26 Based orthese
promising resultsthey further ealuated the performance otfaeecell stack at a constant voltage

of 1.8V for 48 hours The resilts showed thahe stack exhibitednoutput power density is 873.3
mW/ cnt at 1.8V and maximunpowerdensity of 1040. mW/cn? at a current density of 2085.9

mA/cn? with good shorterm lifetime performance.

Il. Graphite coatings

Grapthite coatings arearely reported for bipolar plate application compared to the othersfofm
carbon coating. Wang et al. []5@eveloped a low cost method of depositing graphite coatings on
316L stainless steddy compressing a 16m x 10 cm layer of expanded graphite &10IMPa on
316L stainless steel at 10 using carbon fillers and a polym&inder asschematically

representeth Figurel8. The graphitecoatings which were polarised in WbH,SO, at room

.+ Graphite sheet

~~+s Binder polymer with
conductive filler

-

Metal substrate

Figure 18 Schematic illustration ofthe design concept of the graphiteoated plates [153].
70



temperature significantly improved the corrosion resistance of the bare iHetaéver, the
contact resistance of the graphite coatings was impaired by theonduoctive nature of the
binder. The lavest contact resistance obtained at a filler content of 2.5 g was about 50% higher
than that of the bare metal implying that such coatings are not suitable for PEM fuabaielt b
plates. Husby et al. [1p1however, demonstrated that by using a sprat@ehnique followed by

hot pressing, it was possible to decrease the ICR of graphite coatings to values below that of the
substrate. The reduction in ICR was attributed to the reduction in porosity of the original coating
by ~50% as shown in Figure 19. Tsteidy revealed that carbdrased coatings made up of 45%

of graphite, 5% carbon black and 50% epoxy binder on 316L stainless steel had a contact
resi stance 2atfl25 8l/cr@ butnits| ¢omosion resistance was similar to that of the

substrate duentthe porosity of the coating.

Figure 19 (a) non hot pressed (b) hotpressed graphite composite coating [15.

Chung et al. 152 deposited gaphite likecarbon coatings on 304 stainless steel substrate coated
with a layer of Nl by an unnamed CVD process using a gas mixture of acetylene/hydrogen at

680°C. The coating exhibited a disarranged graphite structure at the surface but maintained a
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highly ordered graphite structure at thebaar/Ni interface.Electrochemical polarisatmof the
substratecoated304 stainless steel and graphite in M5H,S0O, indicated that the antiorrosion
properties of the coating weramilar to that of graphite but better than that of the substrate.
Similarly, 100 hours of single cell testing of tbeated bipolar plates at constant voltage of\0.6
revealed comparable performance to graphite bipolar plates operated at the same temperature of

40°C while the uncoated plate showed &d®ssin currentdensityoutput.

1. Graphene

Graphene grown oalectroplated Ni coated 304 stainless stems recently proposed for metallic
bipolar plate apjptation by Pu et al. [193Their work showed that graphene exhibited ICR values

of 36 mqcn? at 140N/cn? before polarisation in 3.5%odium chloride (NaClgolution at
ambient temperature. After 20 potentiodynamic polarisation scans, ICR of the graphene Ni/304
stainless steeincreased by 18%while maintaining good corrosion resistanae¢ ambient
temperature. Hence, the authors concluded that graphene waisipgofor surface modification

of stainless steel in PEM fuel cell environments. In another st8thot et al. [150 further
demonstrated the beneficial effect of long term expo&bd® hours)of graphene to very harsh
environmentf boiling 3.5% NaClin an Atlas glass ce(Figure20). Their results showed that

the excellent corrosion resistance of graphene grown on electroplated Ni stainless steel reported by
Pu et al. [153] may not necessarily be attributed to graphene as the corrosion paraimeters o
electroplated Ni stainless steel both with/without graphene coatingsregyesimilar. However,

these studies did not consider that bipolar plates do not corrode at free potential but at 0.6 V at the
cathode and0.1 V at the anode with the environmeatt each electrode either oxidising or
reducing. In addition, PEM fuel cell typically operates in an acidic environment-&6 80,

hence, room temperature or boiling NaCl solution simulations may not be an adequate prediction.
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Moreover, the ICR values reged by Pu et al. [153] were considerably too high for PEM fuel cell
operations. Therefore, more studies on the application of graphene for PE fuel cell bipolar plate

application are needed

Figure 20 Atlas cell containing 35wt.% sodium chloride solution [154].

IV. Diamond like carbon coatings

Diamonds like carbon (DLC) coatings are a form of amorphous carbon coatings having a mixture
of sp’ of diamond and $pbonds of graphite. These coatings exist in different forms andomay
may not contain hydrogerConventionally, DLC coatings are non-conductive but corrosion
resistant. However, Lee et al. H]5and Suzuki et al. [1§6have reported the performance of

electrically conductive and corrosion resistant DLC coatings.

Lee et & [155] compared the single cell performance of RYRUOO1 DLC coated Al 5052 with
that of graphite and bare 316L stainless gitstk. Theiresults showed that YZUO@MLC coated

Al 5052 was promising for bipolar plate application at low operating geland power density.
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The PVD coated plates exhibited lower corrosion current densities in simulated PEM fuel cell
environment of 0.8 H,SO, than the bare metal but was more corroded than 316L stainless steel
and graphite polarised in the same environm&he ICR of the materials revealed an opposite
trend and ranked as graphite < coated Alaxe 316L stainless steélence, the coated Al plates
outperformed the 316lIplates with high contact resistance waettributed to the presence of
passive oxides. 180.6V, the cell with the coated Al plates had a higher current density2#8
mA/cn? while the 316Lstainless stedlad 158mA/cn?. In comparisorto thesingle fuelcell with

the graphite plates, both metallic bipolar plates had lower performancghartdr lifetime even

though their open circuit voltage was higher.

Suzuki et al. [16] deposited a double layer of DLC coatings consisting of conventional DLC
formed at 200C and conductive DLC deposited at 38Dby implanting nitrogen or boron ion via
Plasma based ion implantation and depositiohrtieggies on 316L stainless ste€hey repored

that thenitrogeriboronimplantedDLC coating exhibitedvery low ICR values (< 3nq . tamn
150 N/cn?) and transient current of JA/cm? when polarised in pH 2 430, acid at 86C at 1V

vs SHE for 2 hours. Hence, they furtleraluated theerformance of 2&ny active areaisgle

fuel cell and167 cny active area stack containing 5 dimduel cellsassembled with bipolar plates
coated with Ni/B implanted DLC coatingat 80°C for 1000 hours. Their result showed that both
the single fuel cell and the stack exhibitezty stable performance throughout the 100Qrs of

tesing.

(B) Conductive polymer coatings

Conductive polymers are a class of coating that combine the electrical conductivity of metals and
the anticorrosion properties of plastics. Examples include polyhenylenediamine), polyaniline,

and polypyrrole These coatings aroften formed by electro polymerization techniques which
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basically involves cathodic polarisation of the metal in a solution of the desired coating material
[157-159. Recently a group of researchein Mexico have demonstrated that conductive polymer
coatingsfor bipolar plate applicationan be deposited by Electrophoretic deposi(l®RD) [160].

In EPD, coatings are depositeid the transport of charged particles dispersed in a suitable solvent

towards an electrode, under an applied electric fiq].

Conductive polymer coatings often exhibit good corrosion resistance in PEM fuel cell
environments but unacceptable ICRoseph et al. 157, 15§ studied the performance of
polypyrrole (PPy) and polyaniline (PANI) coatings on AlI6061 and 304 stainlest SJthey
reported that PPy and PANI coated Al 6061 exhibited higher ICR than the substrate while the
former was severely corroded when exposed to simulated PEM fuel cell environmentMf 0.1
H,SO, [157]. However, when deposited on 304 stainless stdadscoatings exhibited better
corrosion resistance and electrical conductivitpd. In both studies, only potentiodynamic
polarisation was conducted with no gas purging. It is well known that the oxidising and reducing
nature of the PEM fuel cell electtes cannot be correctly simulated in one environment. Moreover

the temperature at which the polarisation was conducted was not stated.

The findings of Wang anNorthwood [L59 on polypyrroleelectrepolymerised on 316L stainless
steelby galvonanostaticral cyclic voltammetryclarified the behaviour of PPy coatings under
PEM fuel cell working conditions ¢D.1V and 0.6V at the anode and cathode respectivEheir
results showed that the morphology of the coatings produced by the two routes diffetfeelirbut
corrosion performance in 0/ H,SO, purged with oxygen and hydrogen gas to simulate PEM
fuel cathode and anode conditionss similar The coatings exhibitedvith transient current
density of about 10 pA/cfnand in the range-10 to -20 pA/cnf at the cathode and anode

respectively.In further attemptgo improvethe corrosion properties of the Plegatings the
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authorsemployed Taugchi design of experiment technitueletermine the effect of process
parameters (time gdfolymerisation and appliezrent & well asconcentration of polyyrrole and
H,SO, used for depositiondn the corrosion properties of the PPy coatifigsl]. Thar resuls
indicated that thecoating produced at 2 A for 30 minutes witf0.05 mol/L and 0.2 mol/L
polypyrrole and HSO, respectively exhibitedhe best corrosion propertieEvaluation of the
performancef this coatingn 0.5M H,SQ, at 70°C purged witthydrogen anaxygengas for 10
hours indicated that the coatings exhibited transient current density2sf pA/cnf and ~10
HA/cm? at the anode and cathode respectively. From theMSRanalysis of the dissolved metal
ions leached during the testing, they estimated that about 10 ppm and 20 ppm of metallic ions such
as Fe, Ni and Cr would have been leached into thetrelge at the anode and cathode
respectively after 5000 hours of operation. Howevke coatings exhibited comparabl€R
values to that of the substratat typical PEM fuel cell compaction pressure with values

significantly higher than the targeted tg . ¢ m

Someotherauthors havelemonstrated that incorporating carboneous fillers such as graphite and
carbon nanotubes tubes into conductive polymer coatings can reduce the contact resistance of
these coatings. Yang et al. [162ported that incorporatingraphite into polypropylene coatisig

during electro polymerisatioenhanced the corrosion resistance and surface conductivity of PPY
coated 3l6stainless steel. The modified polypropylene coating exhibitedttamsientcurrent
densities 0f0.003 pA/cm? and 90 pA/cn? in the cathodic and anodic simted PEM fuel
environment of 0.8V H,SO, + 2 x 10° fluoride ions at 78C with air and hydrogen bubbling
respectively. At 2.8VIPa, ICR of the graphite/PPy coating wad 8 m Y./It & lowever noted

that 2.8MPa is considerably higher than the compaction preséliz MPa recommended for

bipolar plates.
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Lee et al. 163] also showedhat the contact resistance of polypropylene coating can be further
reduced by growing cbhon nanotubes on 304tainless before polymerisation rather than
incorporating CNT fillers. The ICR of CNT fillefPPY composite coating wdsund to be 33.8
mY / &while that of the CNT grown /PPY coating was @&’ / € at200 N/cnf. Transient
currentsof the latter in a simulated PEM fuel cell environment & H,SO, + 2 ppm HF at 76C

for 2.78 hours were less thamA/cm?.

Thecontact resistancand corrosion performance of polypyriol@llcan XG72 carboncomposite
coatingsdeposited orB16 stainless steekubstrates by EP 0.1 M H,SO, at room temperature

was investigated by Pedho d r & E glu[@62]. Tae authmrsemployed Taugchi design of
experiment technique was employed to study the influence of applied voltage, deposition time,
concentration of theolvent usedor polymerisationand pyrrole monomer concentratiofiheir

reaults showed that corrosion resistance of 316 stainless was enhanced by the EPD deposited
coatings. In particular, the coatings deposite®@i/ for 2 minutes using acetone only as the
polymerisation media at pyrrole concentration of 0.1 mahibited lower corrosion current
densityof 2.3 pAlcnt, representing two order of magnitude difference in that thfe substrate

(171 pAlm?). However its contact resistance alNIm was~60% higher than thatf the substrate
(0.3264q . m) and ~97% higher than 0. 216N/mTtese repo

results implythat these coatings may not be suitable for the desired application.
(C) Compositecoatings

Composites coatingsith conductive fillers deposited by diffetecoating techniquelsave also

attracted attention as potential coatings for metallic bipolar plates.
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Mawdsley et al. [18] developed composite coatingsth anethylenetetrafluoroethylene (ETFE)
matrix and graphiteindor titanium carbide fillers. The emsion resistance of the coatings which
were deposited on 300 series Al by a combination of wet spraying anttdetaient processes
showed a dependency on the amount of fillénsparticular, he coating with equal volume
percentage of Ti@nd graphitg 50%ETFE/25%TiC/25%raphite)retardedthe corrosiorrate of
the base metakhen exposed ta simulated PEM fuel ceknvironment 0f0.001M H,SO, + 2
ppm HF at 70°C. However,whitish corrosion products were evident in the sangMaluated
under anodic @nditions (i.e. hydrogen bubbled electrolyte) after test. The developed coated
samples were further tested in 667 active single fuel celat 50C. The polarisation results
showed that the cell assembled with bipgitate coatedvith S0%ETFE/25%Ti@25%graphite
coatingsexhibited relatively lower OCV compared to the cell wsBPOETFE/250%TiC coatings
bipolar plate withrapid decrease in voltagdowever, thesingle fuelcell coated wittB2% volume
fraction of graphitg90%Gr/8%ETFE exhibited the besperformancevith OCV slightly higher

than0.9 V.

Fu et al. [16bcompared the performance of electroplated silP&FE coatings on 316L stainless
steelwith silver plated316 stainless steel. The PTFE modified coating exhibited a contact angle of
114 while the Agcoated sample exhibited a contact angle SfiT®lying that addition of PTFE
increased the hydrophobicity of the coating which is beneficial for water management in PEM fuel
cell. However, addition of PTFE to the Ag coated sample had negkgibfluence on the
performance of the coatings in WM6H,SO, + 5 ppm HF bubbled withair andhydrogenat 70°C

to simulate PEM fuel cell cathode and anode conditibtheler these conditions, the transient
currentdensities of both coatings were similardawere in the range of 10A/cn? and 100

HA/cn? at the cathode and anode respectivédn the other hand, Show and Takahashi3[16
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demonstrated th&l6 stainless steel coated W&NT/PTFEcomposite filmcontaining 75%rom
the dispersion fluidsof CNT ard PTFEreduced the contact resistance dfie substrate(46
mY / & by about fowfold. Similarly, the corrosion resistance tfie substrate it M H,SQO, was
improved. Hence, singleel cell performance of the coatqdates showed abo68% increase in
the maximum output power of theingle fuelcell with theuncoated plates/hich was given as

1.7W.
2.3.3 POROUSMETALLIC MATERIALS (PMM)

Porous metallic materials (PMM) such as metal foams, metal screens/meshes are lightweight
cellular structured materials which possess excellent mechanical and thermaigg@sewell as
increased surface area and high gas permealdib@-LL72. Hence, these materials have also been

considered for bipolar plate application.

PMM are advantageous for cost reduction of PEM fuel cells in two ways: first, the inherent porous
nature of PMM eliminatethe need for flow field designs as seerFigure21. Secondly, PMMs

can also serve as the gas diffusion layer and provide support for the catalyst layg7[L69
Nevertheless, PMM are susceptible to corrosion in PEM fuel celfaamments and need to be
coated for better performance.

Murphy et al. [170] studied the performance of two PEM fuel cell stacks consisting of eight single
cells with gold coated Ni foams and expanded Ti bipolar plates respectively. Their results
indicatedthat the porous nature of PMMs enhanced the flow and distribution of reactant gases
over the entire reaction area and showed comparable performance to conventional flow designs.

They demonstrated that using PMM produced by low cost mass production techsigipolar
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Figure 21 Comparison of bipolar plates made from (a) metal foam168 (b) bulk stainless
steel [11].

plate would lead to significant reduction in the weight and cost of PEM fuel cells. Hence, they
recommended TiNoated Ti expanded plates for large scale producBonilar conclusions were
made by Tseng et allT1] who compared the single cell performance of PTFE coated Ni foam
with that of graphite bipolar plate. The polarisation results revealed that intreifoent density
region, the cell with the metal foam and graphite had equivalent voltage output but in the high
current density region, the voltage output of the metal foalinexceeded that of the graphite
platecell. Likewise, Kumar and Reddy$8, 12] reported that bipolar plates fabricated from Ni

Cr and 316 stainless steel foams-patformed conventional 318ainless stedlipolar plates with

multi paralkl flow field designs in single fuadell experiments. The better performance of the
PMM was attributed to the decrease in the permeability of the flow field design which had a
positive impact on the pressure drop across the plate resulting in better mass transport between the
plates and the membrane. In addition, they proposed that MEA contamsran be minimised

by optimising the fluid flow of PMM so that the ions are swept away with therbguct water.
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2.5 SUMMARY AND INDICATION OF GAP WITHIN THE LITERATURE

Metals are promising for automotive PEM fuel cells bipolar plates duthetio poteriial to
significantly reduce cost, weight and volume. Metallic materials considered for bipolar plates
applications are, however, prone to corrosion in the humid and acidic PEM fuel cells environments
and exhibit high interfacial contact resistance with glas diffusion layer due to the existence of a

semiconductive oxide layer. From the foregone review the following conclusions can be deduced:

1 Different bare metals have been considered as potential alternative materials to replace
graphite bipolar plag Among the metalsonsideredstainless steel Baemergedas the
material of choice owing to its cost effectivenessjailability of variety of alloys and
amenability to low cost/high volume and rapid manufacturing processes. Nevertheless,
bare stainles steel alloys are not suitable for bipolar plates as these ferrous based alloys
exhibit high ICR values at least an order of magnitude higher than the targetegl 106 m
due to the presence of a thin raonductive surface oxide layer. In addition, thekness
of the passive oxide layer has been shown to increase during operation leading to cell
voltage output degradation. Hence, stainless steels require surface coatings and/or

treatment for optimum performance in the PEM fuel cell environments.

1 Extensve research work has been conducted on surfamgified stainless steels.
Nonetheless, depositing defdote coatings is challenging therefore the search for
coatings and treatments which satisfy the corrosion resistance and ICR requirements have
continled to attract considerable research attention. Some coatings such as the metal

nitrides have been widely studied while some have been scarcely investigaitd their
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promising potential An example of such undstudied coatings is graphite coatings.
Graphite coatings are often deposited by low tempegatacuum deposition processes

and spraying/compression techniques using binding agétdawever, the bindinggents

used in spraying/compression technigwe often nonconductive in naturethereby
deteriorating the conductivity of these carHmased coatings. Therefore, this study,
explored the potential of a roobemperature processamed CoBl ast E tech

deposit graphite coatingsy metalfor PEM fuel cellbipolar plateapplication

There & a general need for single fuel cells and duraleNtgluation ofcoatingsthathave
exhibited the targeted ICR andorrosioncurrent densities in simulatdéEM fuel cell
environmentsSimilarly, durability studies of foam materials which are reportesktobit
good single cell performance comparable to bulk materials or graphite bipolar plates are

also needed to access the suitability of these materials for real life applications.

Although a wide range of coatings have been investigated, optimisatitime acoating
parameters and systematic investigation of the influence of process parameters on the
performance of the coatings in PEM fuel cell environments are scarcely reported. In the
few cases where optimisation of process parameters were condiassital experiment
methods which depend on varying one factor while keeping the other constant was
employed. Howeverpoptimisation by classical experimental methods does give
possible interactive effextbetween different coating parameteand is both time
consuming and expensive. Hence, this study also consitteregtimisation of corrosion

resistance of chromised coatings in simulated PEM fuel cell environments.
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CHAPTER THREE
Experi ment al Met ho

3.1 INTRODUCTION

In this chapterdetails ofthe experimental methodology and related theory where applicable are
presented The experimental methodology consisted of theating deposition, surface
characterisation and corrosioesistance evaluation experimentseTethodology fornterfacial
confact resistanceevaluationand single fuel cell experimentsf selectedcoatingswas also

presented

3.2 MATERIAL AND COATING PROCESSES

This sectionpresents an overview of the surface modification processes employedstutyas

well as the materialsguipment and methodology employkx eachprocess

3.2. 1 PHASE & C OB L AEPESITED GRAPHITE COATINGS & MODIFICATION

(A) GRAPHITE COATINGS DEPOSITED BY COBLAST ™ TECHNOLOGY

Graphite coatings are effective barriers against corrosion providedlibiage is cathodic relative

to graphite in the galvaniseries.In the first phase othis study the potential of a novemicro

blastngpr ocess cal | ed Co Bibasedicdatingson sthial@ss steel tind Gtanarmp h i t ¢

for bipolar plate applidgon was explored.

CoBl astE is a Imicw blastingptocess mwoned Hy iEmBib aflerials Limited,
Ireland. The ambient temperature and pressure process utilises a mixture of abrasive blast medium

mi xed with a stream ifyfthe subdstaesurfac@he plaasiveirotughens t o
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the metal surface while simultaneously disrupting the oxide layer and exposing the reactive metal

to bondchemicallywith thedopant{173-179. The adhesion of the coatisp the substrate is due

to a comhnation of tribechemical bond formation and mechanical interlock between the dopant

and the substratéttractive features of the process includes its simplicity and low cost, as no wet
intermediate stages, vacuum or inert environment are involatdur coatings are depositetbim

the powder phase at room temperature. The deposition process is also reported to be energy and
time efficient The techni cal versatility of the CoBI as
deposition of bio ceramic coatingsch as hydroxyapatite (HALY4176 andindustrial coatings

such aspolytetrafluoroethyleng(PTFE) [L77] and optical/emissiveblack coatings for space

applications [Z§].

150mm x 150mm x 1mm coupons of titaniuivl) alloy (Ti6Al4V) and stainless steellloy
(AISI316) purchased from Lisnabrin Engineering Limited, Cork. Ireland was selected as substrates
for the studyAluminum was not considered because it is anodic to graphitee galvanic series
hence, it corrodes in preference to grapfif€9,180] The nominal composition of the alloys is as
presented in Tablé. Prior to coating, the coupons were ultrasonically cleansed in deionised water

for 10 minutes, airied and wiped with isopropanol

Deposition of the coatings was conducted in a singlelnezz CoBl ast E process as
represented in Figure 22 (a). A picture of the equipment used for deposition is also displayed in
Figure 22 (b). The coating powder consisted of a mixture of amorphous graphite powder (particle
size: 44 pym, microfyne grd e ) and alumina powder (particles
surface morphologies of the different coating powders are shown in Figure 23 with graphite

powder having a flaky morphology and alumina particles, an irregular morphdlbgypowders

84



wereblended in a laboratory tubular for 5 minutes and thereafter blasted onto the metal surfaces at

a standoff distance of 30 mm, pressure of 620 kPa and speed of 20 mm/s.

Table 6 Nominal composition ofmetallic substrates used for CoBlast= process

Metal Nominal composition
316 stainless steel alloy 0.08%C, 1618% Cr, 1014%Ni, 23%Mo, balance Fe
Ti6Al4V alloy 5.56.76%Al, 3.5-4.5%V, Balance Ti
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Figure 22 (a) Schematic representation of the CoBls t E p r apteefoom [1Z6]d(b)

picture of the CoBlastE equipment
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Figure 23 SEM images of (a) microfyne graphite (b) alumina powders

After coating, the surfaces were blasted with dry air and ultrasonically washed infovatgo
minutes to remove any loosely adhered powder particles. The process parameters employed in the
deposition of graphite based coatingseramave be

and black coatingdl[r5, 176, 17]
(B) MODIFICATION OF COB LASTE COATINGS.

Co Bl ast E316 stamlass steelwere modified by pack chromisin@n overview of the

process will be giverin the next sectionin order toenhancets performance in PEM fuel cell
environments. The Co Blamges Weretburiedairt agpowdesck af50%1 e ss s
chromium particle size:44 um), 43% aluminap@rticle size:50 um) and 7% NGCI (particle

sizel00 pm) which has been previously ball milled for 12 hours. Chromium and ammonium
powders were purchased form Sigmaliédh, Ireland. Fjure 24 shows themorphologiesof the

powders. The Cr powder had a flaky and irregular morphology while the
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Figure 25 Carbolite tube furnace used in the study
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NH4Cl powder had a spherical morphology. The crucibles were covered with lids and placed in a
Carbolite tube furnace in an arggas protective environmeas shown irFigure 25 The

crucibles were theretaf heated to 908 and held for 3 hours at a heating rate ofG @er

minutein a tube furnaceThe furnace was thereafter cooled to room temperature at the same
heating rate while the gas supply was turned off at about@08fter the heating cyclehe

chromised surfaces were ultrasonically cleansed in acetone for 15 minutes, dried with nitrogen gas

and weighed.
3.2.2 PHASE 2: CHROMIUM DIFFUSION COATINGS & MODIFCATION

In the second phase of this study, chromium diffusion coatings otherwise catleuiisgd
coatings were deposited on AISD4 stainless steels by packmentation.Response surface
methodology(RSM), a design of experiment §B) technique, was employed to optimise selected
pack chromising process parameters. The objective of this aspihet study was to investigate

the influence of the selected process parameters on the corrosion current density of chromised
coating in a simulated REfuel cell environment of 0.8 H,SO, + 2 ppm HF at 78C as well as

optimisation of the selected praseparameters.

The chromised coatings produced at the optimal process parameters were thereafter modified. The
modification process entailed depositing a carbon rich layer via pack cementation prior to
chromising at optimal process parameters. An ovenwéwack cementation process is first
presented, thereafter, RSM technique is discuasddthedetails of the materials and equipment

employed for pack cementation is given.
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(A) Overview of pack cementation process

Pack cementation is an -gitu chemich vapour deposition (CVD)batch process used for
producing corrosion and wear resistant coatingsnetallic materials such as stealuminium,

nickel etc.Thethermochemicaprocess essentially entails foungponents: the substrate and three
powders casisting of amaster alloy (the element to be deposited), halide salt activator (usually
NH4CI) andinertfiller. The nature and characteristics of pack cementation coatings are influenced

by the composition of #hsubstrate, temperature, time g@oavder @mck compositior181-184].

In pack cementatioprocesseshe substratés either embedded in the powder mixtureptaced

on top of the mixture and subsequently heabelaigh temperaturg®00-1200°C) in a reducing or
inert environment The major stepsn pack cementation are summarised in Figlée The
activator decomposes and reacts with the master alloy to form volatile metal halides syapour
which diffuses through the powder pack to the subgirate s wordépastt the desired coatings
via solid state diffusion. The mechanism oformation andgrowth kineticsas well as thehase

and microstructure of the coatings dependhe chemical composition and activity of the metallic
halides producedt the deposition temperaturevhich in turn dependsnothe amount of the

activator and master alloy in the powder mixtiir&l-185].

Pack cementation was first reported in th& 2entury and since then have been widely employed
to deposit different types of coatings. However, in this work, chromium armbreatiffusion
coatings were formed via pack cementation. These processes are otherwise referred to as pack

chromising and packarburisation respectively.
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Figure 26 Major steps involved in pack cementation 181].
Chromising

Chromising is a surface treatment involving the formation of chrom{@m rich surfaces on

ferrous based and nickel alloys via diffusion@fat o ms at hi gh t°®@.npeer at ur
process is widely used for improving the corrosion, wear and oxidation resistance of baseds

and nickel alloys [183, 184.,86]. Fundamentally, chromising of ferrolimsed alloys containing

less than 0.2vt. % carbon e.gstainlessteelsenhances corrosion and oxidation resistaaris

termed called softhromising. On the other hand, chromising of alloys wéhon content higher
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than 0.2wt. % enhances wear resistance andeferred to as hardhromising. The resulting
chromisedayers differ from each othem lsoft chromising, the chromised coatings are typically
solid solution of chromium iri e r r -iron)avhil¢ lhrd chromium carbides are formed in hard

chromising processes.

Chromising can beachievedby a number of techniques such as molten salt bath, pack
cementation, gas chromising, fluidised beds CVD, vacuum chromising and physicalr vap
deposition (PVD) processl183, 184, 186]. Among these techniques, chromising by pack
cementation otherwise called pack chromiss@ simple and inexpensive-situ CVD process

that requires no specialised equipment. In pack chromising, the subst&atbedded in a pack of
powders containing pure chromium or feglmwomium powders as the master alloy, ammonium
chloride as the activator and alumina as the inert filler contained in an alumina crucible or heat
resistant material and sealed. The sealedibles are heatiein an inert environment (e.grgon

gas protective environment) or under vacuum in a furnace to the chromising temperature (typically

betweerf00°C and1200°C) [182-184, 186].

The chemical reactiongwvolved in chromisingtreatmentbased on the steps shown in Fig@fe

are:
1. Thermal é&composition of the activator
000 Gi © 00 Q OO0 aQ [0)
2. Reaction between the halide gas and chromium powder to form volatile halides
oo Oii 9061 ®Q 0O Q X
3. Dissociation of ammonia

ci’'0 QO ol Q GO Q (8)
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4. Adsorption of transportation gas at the substrate surface

666Q 0Q0 COs® bl ®

Chromium atoms deposited on the surface of the nfEtalation 9) diffuses inwards into the
ferrous based metal. Depending on the carbon content, carbon diffuses outwards form the ferrous
metal to react with inwardly diffused chromium to form chromium carbide in iron solution. Also,
nitrogen decomposed from armoma according taEquation6 reacts with chromium to form

chromium nitridesThis chemicaleactionis, howeverpeculiar to pack chromising only.

. Chromising of stainlesssteels

As earlier discussed in chapt&rstainless steel atew cost,corroson resistantiron based alloy.

The structure of stainless steels is determined by its alloying elements whidiasacally
classified into austenite stabiliserg.d. Nicke] Nitrogen, Carbor) and ferrite stabilisers
(Chromium Molybdenum etc.) Austente stabilisers havdace centred cubic (FCCstructure

while ferrite stabilisers have body centred cufB€C) structureas shown in Figur@7. Stainless

steels with high amount of austenite stabilisers are called austenitic stainless steel e.g. 300 series
stainless steel (AISI 316, AISI 304, AISI 310, AISI 3&f¢.) while alloys with high amount of

ferritic stabilisers are called ferritic stainless steels eng. 400 series stainless stedlSl|

430,AlSI 444, AlSI 446etc).
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FCC

Figure 27 Structure of alloying elements in stainless steel alloys (a) facentered cubic

structure (FCC) (b) Body centred s$ructure (BCC) (adapted from [187])

Chromium is a ferritic stabiliser; hence, chromisirfgaastenitic stainless steels involvasase
transformation from the FC&tructure of austenite to BCC structure of Cr during deposition-[183
186,188]. According to Bangaru and Krutenat [188], FCC to BCC transformation in austenitic
stainless steels is dependent on the austenite stability efethls. High austenite stability, which

is associated with high nickel content, opposes FCC to BCC transformation resulting in lower
coating thickness while low austenite stability engenders higher coating thickness. This fact was
evidently demonstratedhithe work of Ralston et al186 on chromised coatings produced by
fluidised Bed CVD wherein AISI316 stainless steel with the highest Ni content among the
stainless steel studied exhibited the lowest thickness. Austenite stability of commercial stainless
steels can be calculated using empirical equat
nickel equivalents [188,189]. Using this equation, Lopez et al. [189] classified the austenite
stability of common austenitic stainless steels in terms of isicrgaustenite stability as 310 >

309 > 316 > 303 > 304 . Hence, AISI 304 stainless steel was adopted in this study in order to
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achieve thicker coated layers which could possibility enhance resistance to corrosion. Also, the
performances of chromise@®8 stainless steels in simulated and real PEM fuel environments have

not reportedn theliteraturebefore now.
[I. Carburisation

Carburisations theabsorption of carbon onto the surface of low carbi@els when heated in a
carbonrich medium. Traditiondy, carburisation is conducted at temperatures within the austenitic
region in theron-cementitephase diagram as shown in Fig2& The essence of carburisation is

to harden the surface tfe steel against wear and teaowg¢ver, the depth of diffusechrbon in

the treatedmat er i al ot her wi s e deptfs elependett on factora suchbéas h e

temperature, time, and composition of the carbon medium etc1Q31

Composmnn (Atom % C) )
o - ferrite

1300/_,' Y - austenite
LA C - carbon
K] 1600
a L+

1400 7 1409 K

1200 -\\:{ } y+C

1000 7 K 011K

800 - o+ C

600 1 | | 1 | |
0 1 2 3 4 5 6 7
100 % Fe Composition (Weight % C) C

Figure 281ron i Carbon phase diagram [190]
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Carburisition processes are classified based on the medium of carburising which could be gaseous,
plasma, pack, ion beam and salt bath {193]. Pack carburisation involves heating the metallic
substrate in a pack mixture of a carbon rich material e.g. chaastegétc. and an activator usually

a carbonate salt e.g. barium carbonate (BAC$§ddium carbonate (NaOs), calcium carbonate
(CaCQ). At the carburising temperature, typically above 9@) the activator decomposes

releasing carbon monoxide needed far ¢tarburisation reaction (Equation 10)

O& © QOO B0 pm

The liberated carbon dioxide gas reacts with carbon in the carboneous material to form carbon

monoxide which decomposes at the steel surface (Equatidi3)Ltb form atomic carbon.

00 OP cO0 PP
¢c0 0O © 040 0 PG
"0Q & 0 "0QH (13)

The carburising prass depends on the CO/g@itio; the higher the ratio the higher the carbon
potential achieved within the pack and the higher the carbon at the surface of the metal to be

carburisedThe carburising potential,ifowever,uncontrollable in pack cementation.

V. Carburisation of austenitic stainless steels

Austenitic stainless steels aren based alloysvith 10-18% chromium and-84 % nckel. This
type of stainless steels widely used forvariety of applicatias dueto their good mechanical
properties anchigh corrosion resistanceerived from the high chromium contenf191, 192]
Carburisation ofausteniticstainless steslat high temperature$> 450 °C) facilitate the formation

of chromium carbid@recipitaesalongthe grain boundariesnd depletes chromiufrom the steel

96



matrix thereby degrading the corrosion resistance of the skeelshown in Figure29, the
formation of carbides at the grain boundaries otherwise cadladitisatioris a timetemperature

dependent phenomenomhich engenders inter granular corrosion

In austenitic stainless stedhe M,3Cs type carbideswhich contain about two to four times
chromiumthan thebase metalsare formed191]. These carbides not only forguring at high
temperature but also duringooling in high temperatures carburisation. Henagapdern
carburisatiorof austenitic stainless staslconducted aemperatures below 50C and is termed
Low temperature carburisatiomhe low temperatureprocess yieldsa coossal supersaturated
carbon layef192. However, @ack carburisatin at such low temperatures is difficldecause the

carbonpotentialsat such low temperature would to® low for carbon deposition [192,193].

1000 -
900 |~ e
(& Initiation of M,;Cg
[=]
< 800 - precipitation
| 5
-IE 700 = Onset of
E intergranular
Q 600 P corrosion
5
|—
500 |~
400 1 1 1 L 1

0 0015 015 15 15 150

Time, hours

Figure 29 Relationship between M3Cg prciptaion and intergranular corrosion in 304
stainless steel (agpted from [191])
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(B) Response surface methodology

Response surface methodology (RSMa design of experimenDQE) technique which consists

of a collection of mathemiaal and statistical tools used for designing experiments, developing
empirical models and optimising process output(s) influenced by many fad@4<98]. In
contrast to classical experimental method, RSM can establish optimal process parameters with
fewer experiments andan also deduce interactive effects between process parameters if any.
RSM consists of five basic model designs: BB&hnken design, Central Composite design,
PlackettBurman design, Doehlert matrix and full and fractional factorialggesAmong these

model designs, BaBehnken and Doehlert designs are reported to be more efficient than the
others. However, BaBehnken design was adopted in this study because it rdqi@veer
experiments and avoids combinations involving extreme donditof higher or lower levels of

factors whichcouldyield unsatisfactory result494-196.

Boxi Behnken designs are a family of rotatatmenearly rotatable threlevel seconebrder designs
basedon incomplete factorial designs. In B&ehnken designthe values of the factors are
equally spaced and represented as high @ebire (0), low {1). These values can be pictorially
represented on a cube as the edge, middle and edge points with a central point as shown in Figure
30 (a) or as three interlockjr?? factorial designs with a central point (Figure 30 (Bj)e number

of experiments required in BeBehnken designs is given by
0 ¢QQ p 6 pT

Where k is the number of factors angli€the replicate number of the central point [(1986].
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Figure 30 Pictorial representation of BoxBehnken design [194]

Optimisation of antcorrosion properties of coatings via BBehnken designs are increasingly
being reported in the literature [1:291]. In the present studyxperimental design and statistical
modelling as well as optimisatioof selected process parametersre conducted with Design
Expert statistical software package version 9.0.2.0 (&ase Inc., USA). The design matrix was
based on threkevel, threefactor Bok-Behnken design. Theelectedprocess variables or factors
are presented iable 7 The variables were coded using Equati@and inputted in the design
software yielding a design matrix of a total of 17 experiments witlerire pointreplicates as

shawvn in Table8.

W o pu

where xis the coded value of the ith process variablgaktual value of the ith process variable;

Xoa&tual value of the ith process variable at
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Table 7 Process factors and design levels

Levels
Factors Low Centre High
(-1) (0) (+1)
Time (hours) 3 6 9
Activator content (wt%) 3 5 7
Temperature®C) 1000 1050 1100

The experimental data obtained was thereafter analysegfitted into in quadrat model defined

by Equationl6.

where Y is the drsedihcet ecdo erfef si pisithesoeefficient of linear e r c e p
effegcs,tbe coef fi ci g,nstthe ocokfficient af iterdion effect, ieahdfj are t | b

index numbers for the independ20].t variables a
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Table 8 Design matrix based on threelevel, threei factor Boxi Behnken design

Run Actual values Coded values
Time Activator Temperature Time Activator Temperature
(Hours) content (°C) (Hours)  content (°C)
(Wt%) (Wt%)
1 6 3 1100 0 -1 +1
2 6 5 1050 0 0 0
3 6 7 1000 0 +1 -1
4 9 5 1000 +1 0 -1
5 3 5 1000 -1 0 -1
6 6 3 1000 0 -1 -1
7 9 5 1100 +1 0 +1
9 6 7 1100 0 +1 +1
10 6 5 1050 0 0 0
11 6 5 1050 0 0 0
12 3 3 1050 -1 -1 0
13 3 7 1050 -1 +1 0
14 6 5 1050 0 0 0
15 6 5 1050 0 0 0
16 9 7 1050 +1 +1 0
17 9 3 1050 +1 -1 0
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(C) Materials and Equipment for chromised coating andmodification
Chromised coatngs

25mm x 25mm x 2 mm coupons cut from commercially available AISI 304 stainless steel sheets
purchased from Impact Metals Ireland, Dublin, Ireland with nominal composition of 0.08 C, 18
20Cr, 810.5Ni, Mn < 2, Si < 1, balance Fe (wt %) were cut intav#s x 25 mm coupons. The
coupons were ground with silicon carbide abrasive papers and ultrasonically cleansed in acetone
after which the samples were dried in air .The coupons were thereafter embedded in a previously
ball-milled powder pack of 5@t. % Crpowder, x wt. % of NECI and (50- x) wt. % of alumina

where the value of x is as shown in TaBlél'he crucibles were sealed with fire clay as shown in
Figure 31, cured in a laboratory oven @6-100 °C for about an average of about B@nutes in

order tosolidify the clay. The sealed crucibles were thereafter loadedhitutioe furnacglLenton

LTF 1200 C, USA) with an argon gas protective environment (Figu88. The chromising
temperature ranged from coating prepared at 1000 °C for different duratn and powder
composition as shown in the design matrix (Ta)leAfter the heat treatment cycle, the chromised
samples were cleansed in acetone and dried in open air. The selected parameter was chosen based
on preliminaryexperiments and the literatuoa chromising of stainless std8l7-39,184].Further

details on selection of process parameters and values can be found in Appendix
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Figure 31 Picture of crucible containing pack powder mixture of chromium, ammonium

chloride and alumina and sealed with fire clay

Figure 32 Picture of the pack chromising procedure (a) Lenton tube furnace (b) sealed
crucible in tube furnace (c) tube furnace sealed and argon gas is passed through the tube (d)

end of the tube connected to the fume hood.
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Il. Pre-carburised and chromised coatings.

The coupons for pack carburisation we2@ mmx 20 mm x 2mm in dimension The surface of

the couponswas activated in4 M hydrochloric acid at 60C for 10 minutes and thereafter
embedded in a carburising mixture of charcoal and sodium carbonate and sealed with fire clay to
prevent air infiltration. The carburising mixture was prepared by dissolvinG®ian hot water

and gradually adding crushed charcoal powder in 1:2 propsrtibime mixture was stirred and
exposed to sunlight for-2 days to remove any moisture. On drying, the mixturecmashed into

powder. Figur83 shows the picture of the charcoal, sodium carbonate and the resulting mixtures.

Charcoal@ Na2C03 (; Mixture @

Figure 33 Materials for pack carburising.

The sealed alumina crucibles were heated f8rhburs in a muffle furnace (Carbolite, England)
preheated to the carburising temperature (@5At the end of each test, the crucibles were taken

out of the furnaceforced open by breaking the clay and the samples were quenched in water. All
samples were cleansed in acetone, weighed and afterwards chromised at the optimised chromised
coating process parameters (i.e. 1040 for ~3 hours in powder composition of 50t

chromium powder, 6.84 vt ammonium chloride and 42.8 W& alumina). After the heat
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treatment cycle, the prearburiseechromised samples were cleansed in acetone, dried in open air

and weighed.

3.3 SURFACE CHARACTERISATION

(A) Scanning electron Microscope

The scanning electron microscope (SEM) is a versatile surface characterisation tool widely
employed for surface morphology analysis of crystalline or amorphous samples. When equipped
with Energy dispersive Xay (EDX) spectrometer information onesglental composition,
mapping etc. can also be obtained. The working principle in SEM involves the generation of a
beam of electrons in the electron gun and accelerating the beam towards a sample via a series of
condensers lens or magnetic lens as showRignre 34 (a)at a voltage difference (typically
between 130 V). When the electron beam strikes the sample a couple of signals (electrays, x

and photons) are emitted from the sample depending on the depth of penetration of the beam

(Figure34 (b) and with appropriate detectors the signals can provide the needed information.

The signals relevant to this study were:

U The secondary electrons which are emitted from the surface and provide information on
the surface topography

U The backscattered eleatrs which are reflected from the atoms in the sample and give
information on the surface topography based on the atomic number of the elements present
on the sample. A typical backscattered electron image will provide information on the
distribution of chenical phases in the samplelements with low atomic numbers would

give a darker contrast compared to elements with higher atomic numbers.
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U The characteristic Xaysare used in the EnergyispersiveX-ray Spectrometer (EDX) to
provide qualitative and quéatative information on chemical composition and distribution

of elements in a sample.

@ Primary Elcctron Beam

Secondary Electrons

(nm range)

Auger Electrons
§:7¢ A Analysis Depth

Backscattered Electrons
(several 10°s of nm to 100 nm) G e
Characteristic X-rays
13 um Analysis Depth

Samples Surface e

Figure 34 Schematic representations of (a) the operating principles of the SEM [20@&]))
Signals produced within the SEM at different depth 6 penetration [203].

The SEM used in this study was a ZEISS EVOLS 15 SEM equipped with INCA Energy dispersive

X-ray (EDX) spectrometer (Oxford instruments). Surface morphologies, cross sectional images,
EDX composition, line scans and mapping were obthatean accelerating voltage of kg. All

samples for crossecti on |1 maging except the CoBl astE

Bakeliteand metallographically prepared to 0.05 um finish.
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(B) X-ray diffraction

X-ray diffraction (XRD) is a nowlestructie surface characterisation tool that works on the
principle of constructive interference between a monochromatay eam and a crystalline
material. In this work, XRD was primarily used for phase identification of the coatings produced
at the differenstages The Xray diffractomer used in this study was a D8 Advance Buker XRD
with a Cu KU r amnn). Wheh io operétion, collimhtedséy 6eam produceih

the cathode tube at 40v and 40mA is accelerated towards tiheetalsample. The Xay beam

hits themetalsample at an incidencegh e of B as 3. hown in Figure

Detector

Figure 35 Schematic representation of XRD [204]

Wh e n B faa gjvgroas:

€ ¢Qi Q¢ P X

Where n is the order of di-rhyfbeamatisithe spacingbetiveen t h e

atomic planes of the crystallinerayphase, and »
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is satisfied, mteractions between the incidentrXy beam and the sample produce diffracted X

rays by constructive interference.

The diffracted Xray is recorded by the detector in form of peaks with different intensities as a
functi on of t he d i Vvef a diftactiono pattera rothdrwese @lied XR® g i
diffractogram, which can thereafter be analysed using standard Joint Committee on Powder

Diffraction Standards (JCPDS) database via the Eva software.

In this work, conventional XRD and glancing incidence angiRD (GXRD) techniques were
employed for phase analysis. Conventional XRD as described above is not surface sensitive as it
gives bulk phase analysis to a depth of about 10um. However, by rotating the detector at angle of
incidence ranging from (P1to 3°, the depth of penetration of the-rdys can be reduced and
surface information about the coatings without significant interference from the substrate can be
obtained. This technique is called glancing incidence angle XRD. All scans were conducted in the

cortinuous scanning mode at a speed®seicond and scan step of 0.02 frof@0 25 > O 80
(C) X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) also known as Electron Spectroscopy for Chemical
Analysis (ESCA) is a surfaegensitive analytical tool used for obtaining elemental and chemical
information about theoutermostlayers of specimen to depth of 0 to fhéh. In typical XPS
experiments as shown in Figud®, the sample is irradiated with a high energy radiation (typically
monochromatic aluminium {§or magnesium, K X-ray) under ultra-high vacuum causing
phobelectrons emission from the outermost layer of the specimen. The kinetic energy of the

ejected photoelectrons is a function of its binding energy as shown in Equation 18.
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Electron Energy Analyzer {0-1.5kV)

(measures kinetic energy of electrons)

N

Photo-Emitted Elecirons (< 1.5 kV)
escape only from the very top surface
(70 - 1104) of the sample

Electron Ejectron Detector
Collaction {counts the electrons)
Lens

Focused Beam of

X-rays (1.5 kV)

Electron
Take-Off-Angle

Si0. /8i*°
Sample
Sampies are usually solid because XPS Si (2p) XPS sighals
requires ultra-high vacuum (<10 torr) from a Silicon Wafer

Figure 36 Operating principles in XPS [205]

O B 0O w p Y

WhereO is the kinetic energy of the emitted electrbm,is the incident xay photon energyQ

is the binding energof the electron from a particular energy level, and W is the work function of
the spectrometer. The binding energy of the photoelectron, however, depends on the oxidation
state and environment of the element which it was ejected from and is a chdiadéatigre of

that element. The intensity of the photoelectron is proportional to its concentration and can be used

to determine the concentration of the element associated with that photoelectron in the specimen.

In this study, XPS analyses were accasfpgd commercially athe Nano Imaging and Material
Analysis Centre (NIMAC), University College Dublin (UCD), Ireland and Materials and Surface

Science Institute (MSSI), University of Limeri
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metalswere conduted at the NIMAC, UCD with &hermo ESCALAB 250Xwhile that of the

modi fi ed C st@ileassstediias@netat MSSI, UL with a Kratos Axis 165 Ultra XPS

model. All XPS analysis ipphase 2was done at NIMAC, UCD All XPS had monochromatic
Aluminium X-ray source (AKy1486. 6 eV). XPS Spectra were obt
of 20 eV and 0.05 stepwise unless otherwise s
well as narrow region scans of the elements on the coating surface were ob¢homecand after

argon ion sputtering. Al l Sspectra were refer

otherwise stated.

(D) Surface Roughness

Surface roughness of samples in the first stage was conducted with a TR200 portable surface
roughness teésr. The portable device measuresighness of a flat sample viasansor with an

built-in probe as shown in Figur87, which uniformly slides across the sample during
measurements ancbughness values are obtainafler digital procesing by an in built kip

system.

Figure 37 (a) TR200 surface roughness tester flxloseup view

110



(E) Contact angle measurement

Wat er contact angle measurements were conduct
dynamic contact angle goniometer. Contact angles were obtained based on sessile drop principle
wherein a defined droplet of water is deposited on a surfacg eenpute controlled syringe as

shown in Figure38.0n | y  C odatea metafaere tested.

Syringe |

)

Figure 38 Schematics of water contact angle set up adted from [206]

3.4EVALUATION OF CORROSION PERFROMANCE OF COATED METALS IN

SIMULATED PEM FUEL CELL ENVIRONMENT.

Corrosion can generally be described as tlegradation of materials due its electrochemical
reaction with the environmenthe electrochemical nature of corrosion implies that the process
involves the transfer of electrondowever,for corrosion to occyrfour basic components are
required: an anode, a cathode, an electrolyte and an electrically conductiveTpease

components formnelectrochemical cells shown in Figur89[207-210].
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Electrode

Cathodic Surface Anodic Surface
\"-\\.___\‘ F,f’
M™ 4+ ne =M M =M™ + ne-
M™ + nem =M M->M" + ne
M™ + nem =M M =M + ne
Mt Mt
M" M Electrolyte e

Figure 39 Corrosion cell inaction (adapted from [207])

As shown in Figure 39, the metal is oxidized by losing its electrons (Equation 19) while the
electrolyte is reduced by accepting the electrons from the metal (Equation 20), the transfer of
electrons between the metnd the electrolyte provides a conductive path for the reaction to
continue.lIt can also be seen in Figure 39 that the metal surface acts as both the anode and the

cathode at the same time, hence, the metal surface is referred to as a mixed electrode.
0O P O £Q 0 0QQMD QHD O QE & P W

€0 £Q P =0 YQ'Q06 QioMd® 0 QE & T

€
C
The electrochemical nature of corrosion facilitates the applicatieteofrochemical techniqa¢o
the study of corrosion rates otherwise called corrosion kinetitieh isfundamentallygoverned
by the Butlefi Volmer equation.For an electrode process involving a slow reaction step at the
electrode surface (activation polarisatioti)e relationship between the curraténsityand the

electrode potential is given [Butleri Volmer equation (Equation 21208 217.
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0 0 %PIP— % O OdR——— O O Cp

Where'Qis the exchange current density at the equilibrium pote@tial is the transfer

codficient (usually 0.5) and n is the number of electryagskred.

(A) MIXED POTENTIAL THEORY AND ITS APPLICATION TO CORROSION RATE

MEASUREMENT

The mixed potentiagheorywas postulated by Wagner and Traud in 1938 asigdies that

(1) Any electrochenial reactioncan be divided into two or more partial oxidation and reduction

reactions

(2) The sum of anodic current in an electrochemical reaction must be equal to the sum of cathodic

current;hence, therés no accumulation of electricharges

Based a this theory, the corrosion process represemtdegure 39 the total rate of oxidation is
eqgual to theotal rateof reduction Also, the oxidation and reduction processes can be desdrbed
half-cell reactionsequatiors given in Equatiod9 and20 reectivelyand represented as shown in

Figure 40(a).

For there to be no accumulation of charges, the independertetigdbtentials has to polarise a
single potential calledhe mixed electrode potential or corrosipotentia] O as shown in

Figure 40(b).
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Figure 40 (a) Anodic and cathodic halfcell reactions (b)Evans diagram for a mixed

electrode state of a metal, M corrodingn an acidic electrolyte [achpted from [207]].

= nH* +ne-

—
Q)
S —
T4
e

fn.l[

& M =M 4+ ne”

E oM

M™ + ne” o af

i (Alem?)

H.— nH* +ne-

L]

—
o

L
o=

N

.-*" Polarization on the
Eon=E= *s.. Electrode Surface

— Mo MY 4+ ne”

i (Alem?)

114



At the corrosiompotential,the measurable currentQ ) is zero since no current was applied

externally This conditioncombinedwith thesecond premise of the mixedtential theorygives:
Q Q Q Tt ¢ C

However,

Q Q Q COo

Also, when the second premise of the mixed potential theorylfilefi; the Butleri Volmer

equation given in Equation 21 becomes:
Q Q %Pb— % O Own—— O ©O QT
Wheref p |

When the rate of the back reactionEquation 19 and 2 negligible, Equation23 becomeshe

Tafel Equation:
0 & oaéQ (25)
Where aand b are constants

For anodic polarisation

1 TEC (26)

€

(27)
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For athodic polarisation

o —2—iiEC (28)

& 8 (29)

WhenO O T in Equation 2

"REQ Q DET 1 LHOANEDQE . Whigotheoretical frame work is the basis for

determination of corrosion current density by Tafel exploration method, illustrated in Eiigure

Cathodic polarization curve
Tafel line extrapolation

N
hY

B T T TR Y Sy

-

Potential, v

Ancdic polarization curve
Tafel line extrapolation

- i
loorr~y

log (current density), A/cm?

Figure 41 Tafel line extrapolation method(adapted from [209])

116



Corrosion current densitgan bedeterminedexperimentally by polarizing the electrode about
+300 mV away from the corrosion potential as shown in Figure 41, otherwise Jalfet plot

The value of corrosion current density can be obtabmedxtrgolating the linear portion of the
curveas shown in Figure. The linear portion of the curve otherwise called the Tafel iegiten
within 100mV away fromthe corrosion potential) , after which Tafelegioncan be extended
due to concentration polarisatiand IR drops. Hence, determination of corrosion current by
extrapolation may be difficulf210- 217. Anotherlimitation of the Tafel plot is that the metal

surfacecan be destroyed duriqplarisationdue to high voltage employment for polarisation

Stearn and Geary developed a new approach to corrosion rate measuvkitienvercomes the
limitation of the Tafelplot method The techniquewhich is called polarisain resistancas based
on the principle that within £ 10 mV from the corrosion potential, the applied current is a linear
function of the electrode potentidience,the plot of overpotential againsturrent density is

approximatelylinearand the slopef the plot gives the polarisation resistafie®0-212].

Polarisation resistance is related to corrosion current density by the Stern and-&geatjon,

which is given as:

Where® and® are anodic and cathodic Tafel slopes, #hds the polariation resistance.
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3.4.1 MATERIALS AND METHODS USED IN THE STUDY FOR CORROSION

ASSESSMENT

(A) Electrolyte usedin the study.

The selectedsimulated PEM fuel cell environment in this study was M.5,SO, + 2 ppm HF
solution. H,SOy acid was chosen based on the fact that the membrareeprereated in HSO,

acid Hydrofluoric acidwas selected as a source of fluoride ion as it is reported that byater
product of PEM fuels cellcontainstrace amount ofluoride ions leached from the membrane
[65,213]. Fluoride salts such as NaF, KF were not chosen as a source of fluoride iasidto av
possible contamination and solubility problems as well as simulate the Nafion membranes, which
will be used for the single fuel cell test#.is however,noted that 0.9 H,SQO, + 2 ppm HF is

quite aggressive ashad been recently showhat the atual PEM fuel celenvironment is slightly

acidic with pH range of3-4 [214].

The electrolyte was prepared infame hood by adding 5@ of 95wt.% concentrated sulphuric
acid (SO to 2 litres of deionised(Dl) water after 8ul of 98 wt. % concetrated Hydrofluoric
acid (HF) was added to the sulfuric acidl acids were purchased from Sigma Aldrich, Ireland.

Precautionary measwgtaken during acid preparation can be found in AppeHdix

(B) Potentiodynamic and Potentiostatic Polarisation

Corrosion behaviour and lorgrm performance otoated metal$or bipolar plate application are
well reported to be evaluated by potentiodynamic and poteatimgpolarisationtechniques

respectively 21-23, 3740]. Hence these techniques were adopted ssthidy.
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All polarisation experiments were conducted in a flat corrosion cell (model K0235, Princeton
Applied Research, USA)sing a conventional three electrode system comprising of the coated or
uncoated samples as the workielgctrode Ag/AgCI (satuated KCI) as the reference electrode,
platinum mesh as the counter electrofie shown in Figurd2, the working electrode was pressed
againsa Teflon6 06 r i ng é&aftheavsrking glecttodeano the electrolyte, MH,SO, +

2 ppm HF. The counteelectrode was located 8Gm away from the working electrod®n the

other handthe referencelectrode was positioned in theiggin capillarywith its tip very closed
working electrodeéo minimisesolution resistancketween the reference electrode #meworking
electrode Solution resistance could lead to ohmic drop leading to error in the potential difference

measured between the two electrodes

.
| refere_n

Working
electrode

Counter electrode

Figure 42 Flat corrosion celland the electrodes used in the study

(DPhazel: CoBlastE sampl es
Polarisation experiments in the fipghasewvere conducted at the FOCASstitute, Dublin Institute

of Technology (DIT), Ireland using a Solartron SI 1287/1255B system comprising of a frequency
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analyser and potentiostat. The samplesenstabilised at open circuit potential (OCP) for 15
minutes after whichpotentiodynamic polarisation was conducted at a scanning ratamf/d

from a potential range ofl V vs. OCP vs +1V (Ag/AgCl) at room temperaturd®otentiostatic
polarisation wagonducted at0.1V (Ag/AgCl) and0.6 V (Ag/AgCl) to simulatethe anode and
cathode operating conditions respectively for four hours. For both polarisation experiments, the
electrolyte was bubbled thoroughly eitheith hydrogen gas or with air prido and during the
experiments. For potentiostatic polarisatiti;e corrosion cell was immersed in a water bath to
raise the temperaturef the electrolyteto 70 °C (Figure 42) in order to simulate the working
temperatures of PEM fuel cellShe experimentalet up was thereafter enclosed in a faraday cage

to minimise noise.

Polarisation of the modified CoBlast samples was conducted wWitHIa630C potentiostat (CH
Instruments, USA)n Dublin City University (DCU) Jreland. Potentiodynamic and potentiostatic
polarisation were conductedat @usi ng si mi |l ar procedure as desc
However only the cathode PEM fuelcell environment was investigated. Potentiodynamic

polarisation was conducted-8t3V vs. OCP vsl1.2V (Ag/AgCl).

(I ) Phase 2: Chromised coatings

Chromised 304 stainless steels samples were exposed to the electrolytedios at 70C prior

to polarisation measurements. OCP was measured 80 Ibinutes and Tafglolarisation was
conducted at@3 V (Ag/AgCl) vs. OCRat 1 mV/s using CHI 630C potentiostat (CH Instruments,
USA). Corrosion potential (Ecorr)nd corrosion current density ) were evaluated by the
Tafel analysis software in the CHI software. Tafel polarisation of the optimised sample was carried

out using the same experimental procedure.
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Potentiodynamic and potentiostatic polarisation of the optimised coatingcovakicted with

Gamry Interface 1000E potentiostat/ galvanostat
1mV/s from-0.1V (vs. Ag/AgCl) to 1.2V (vs. Ag/AgCl) from Open circuit potential (OCP).
Potentiostatic polarisation was conductedal V (vs. Ag/AgCl) with hydrogen gas bubbling

and 0.6 V with air bubbling for 180 minutes to simulate PEM fuel cell anodic and cathodic

working potentials respectively. The scanning rate for the potentiostatic experimentawés 1

121



(a)

(b)

Potentiostat

Fume hood
' D o O
> |
Ag/AgCl
! L electrode "E
: (RE) :
: ] Lugegin capillary 1 E
! Metal |_/] L -._I Pt mesh :
L sample—am f— H
: I AE! :
i (WE) By — (o) :
- : ° :
Air pump : Electrolyte :
Fume hood  Electrolyte : 0.5 M H,50, + 2 ppm HF +
Water bath
Potentiostat
Fume hood
(@) 0 9]
Ag/AgCl
N L. electrode ves
: (RE) :
i l Luggin capillary 5
: Metal -/ - _.‘I Pt mesh :
:sample-- ; o :
1 (WE) N\ — o (AE) :
: o ° :
: Electrolyte ° :
Hy  heeeeeossesssssssins e rmeereeeeesessespsesene :
Water bath
Electrolyte: 0.5 M H,50, + 2 ppm HF

Figure 43 Schematic representation of experimental set up faglectrochemicalpolarisation

experiments.(AE: Auxiliary electrode, WE 7 Working electrode, REiT Reference electrode)
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(1. ) Pre-carburised and chromisedstainless steesamples

Potentiodynamic parisation of precarburisedstainless steesamples was conducted after 10
minutes OCP measurement an¥/sfrom-0.1V (vs.Ag/AgCl) vs. OCP to 1.%/ ( vs.Ag/AgCl)

vs. OCP at A using aGamr y | nt e rpotantiostat/gaaddstaAIl polarisation
experimentswvere repeated at least twice, in some cases (potentiostatic polarisation) they were
repeated up to five times to ensure reproducibility of the reddkperiments wer set upas

shown in Figure 43vhile Figure44 and Figure 45hows picture taken at different stages of the
experiment in DIT and DCU respectivelprecautionary measure taken during all experiments

involving HF acid can be found in Appendix |

Potentiostat

Reference
Electrode

Counter
Hydrogen gas Electrode

Figure 44 Experimental set up at FOCAS Institute, Dubln Institute of Technology, Ireland.
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Figure 45 Experimental set up at Dublin City University, Ireland (1) extraction hood (2)

polyethylene frame with danger signs (3) klgas cylinder (4) N gas (5)air pump(6)Reference
electrode {) working electrode (8) counter electrode (9) kHeak sensor (10 Gamry

potentiostat.

(IV) Inductively Coupled Plasma Mass Spectrometry

The concentration of metallic ions leached in the electrolyte after 4 hours of potentiostatic
polarisation for CoBlasE s ampl es was anal ysed commer ci al
Inductively Coupled Plasma Mass Spectrometry {M®) at the Centre for Microscopy Analysis

(CMA), Trinity College, Dublin. The test was
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3.5 INTERFACIAL CONTA CT RESISTANCE MEASUREMENT

Interfacial conductivity of all samples was evaluated lyeli-documentednethod developed by

Davies et al. §0] and modified by Wang et al58]. The experimental set up for the measurement

is schematically represented figure46. The set up consisted of two of pieces of ToFaflon
treatedcarbon paper (Fuel cell storedSA, or Fuel cell EarthlUSA) sandwiched between the

bipolar plate material and two copper electrodes. A direct current 0.5 Co Bl ast E s amp |
1.0 A (chromisedsamplesand pre-carburisedand chromisedsample¥ was supplied to theopper
electrodesvia a XHR 3003.5 DC power source. The voltage drop across the setugnrsimo

Figure 46 was measured with a Tektronix DMM9IRgital multimeter while the compression

forces was graually applied by a ZwickRoell klversal tensile testingJTS) machine controlled

by acomputerThe experimental set up used for ICR measuresrisrghown in Figurd?.

The total resistance (Racross the set up in Figudb (a)was cal cul ated wusing

multiplied by the surface area of the sa@sgEquatior81)

Y — op

Where R is the electrical contact resistance 0 h nvsis the gojtage drom volts (V), | is the
current appliedn Amperes (A) As is the surface arda cnf. The surfacarea of the samples for
ICR measurements in this study was dependertapacity ofthe load cell of the UTS machine

employed As-receivedCoBlast had a surface area2o25cnvand tte load cell of the
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Carbon paper

copper

Figure 46 Schematic of the test assembly for interfacial contact resistance

UTS machine was 50R. However, the load cell of the UTS machine was later replaced with a
5 kN load cell and the sample siakéthe chromised and prarburised then chromised samples
were changed to 4 émo accommodate 25 N/cnstep change in the compaction pressure as

against the 16l/cn change with the CoBldst metal samples
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SRS [ i

Figure 47 Picture of experimental set up for ICR (1) ZwickRoell UTM (2) power source (3)

computer (4) copper electrodes (5) mukimeter.

Based on Equation 31, the total resistance (R1) across the setup is given as:

Y qY ¢Y v+ ¢Yy Y (Y (32)
Where Rycuis the contact resistance between carbon paper/copper plate interfagges, tRe
contact resistance between carbon paper and the metal sagpR; &d R, represent théulk

resistance of the metal sample, carbon paper and copper electrodes respectively. In order to find
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2Rc/v, The total resistancegRacross another set up shown in Figure 46 (b) and made up of a

piece of carbon paper sandwiched between two coppes plateused. Rs given by:

Y ¢Yy Y Y (33)
Therefore,
¢Yy Y Y Y Y (34)

Assuming the bulk resistance of the meta})(Bnd carbon paper grare negligible then

<Yy Y Y (35)

Therefore, ICR between the sample and carbon paper is given by Equation 36

Yy =Y Y (36)

3.6 SINGLE FUEL CELL PERFORMANCE EVALUATION

Three pairs of bipolar plates 35mm x 35mm x 2mm with serpentine flowdedayns as shown in
Figure 48 were fabricated Hhouseat the School of Mechanical& Manufacturing Engineering

workshop, Dublin City University (DCU)yhe plates were prepared as shownTable 9 and
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assembled into three single cells with a commerceligilable MEA(Fuel cell store,USA) with

an active area of &n? (Figure 48) The single fuel cells wersecured using six boltat a

compaction pressure of 12Fcn? usingtheprocedue describedor ex-situ ICR measuremeiin

section 3.4.

Figure 48 304 stainless steel bipolar plate with serpentine flow field design

Table 9 Preparation methods for Materials used for the bipolar plate

Sample Designation Treatments
Bare 304 stainless steel SS304 Slightly polishedwith SiC papelgrade 600)
Chromised 304 stainless ste Cr-304 Chromised at 1048C for 3hours
(slightly polished to remove residue alumina particle
Precaturised and chromise] CPG304-3 Precarburised for Biours and chromised at 1020

stainless steel

for 3hours
(slightly polished to remove residue alumina particle
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~- e £\,
CPC-304-3 Cr-304

Figure 49 The three single cells investigated in thigsdy.

Each single fuel cell was connected to hydrogen and compressed air gas lines and purged with
nitrogen gas before cell operation. Humidified hydrogen gas and compressed air were thereafter
supplied to the cell at gas flow rates of 50ml/n8mgle cel experiments were performed at room
temperature and the cell temperature was monitored vGlgdige as a function of current density

was evaluated and power density of the cells were calculated using E@¥ation

01 xAAT OBO\A © O GAIT GO I 1| OACA o X

The singlefuels cells were thereafter tested furability for ten hoursising chronoamperometry
vimaGamry | nterface 100 0 EAftgrthedumability tesfthe celsgvaré v ano s
dismantled and the GDLs were characterised with SEM/BBQure 50 gives a picture of the

single cell testing station at the School of Mechanical & Manufacturing EngineBritdjn City

University, Ireland
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Figure 50 Experimental set up for single cell fuel testing. Hydrogen gas cylinder (1), Nitrogen

gas cylinder (2), single fuel cell (3 potentiostat (4), humidifier (5).

3.7 SUMMARY

In this chapter, a description of the material, methods and equipmerditilishe study has been
presented. Four types of coatings were produced as shown in BijuFbese coatingsvere
surface chacterised and tested in simulated PEM fuel cell environment®MOH,SO, + 2 ppm
HF. Interfacial contact resistance of th@atngs was also evaluatedhe flow chart presented in

Figure 51givesa summary of the experimental methodology.
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Experimental Methodology

Phase 1 Phase 2
CoBlast™ Pack chromised Pre-pack
graphite Pack chromised coatings on caburised gnd
coatings on CoBlast™ graphite 304SS pack chromlsed
3165S and Ti coatings on 31655 coatings on
(V) alloys 304SS
| |
: Design of
SEM/EDX, XPS,XRD, Experiments SEM/EDX, XPS,
Contact angle, XRD
surface roughness characterisation
Optimisation
Simulated

corrosion test,

ICP-MS analysis of SEM/EDX, XPS,
electrolyte after
XRD
test isati
characterisation
of the optimised
coating
ICR

Simulated
corrosion test
and ICR

Single fuel cell
testing

Figure 51 Summary of the experimental methodology employed in the study
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CHAPTER 4
Graphite Coadilmygs d
CoBlEalseec hnol ogy

4.1 INTRODUCTION

In this chapter,the har act eri sati on and performance evalu

coated metals for PEM fuel celigpolar platesare presented and discussed
4.2 SURFACE CHARACTERISATION
(A) Surfacemorphology and cross section.

Figure 52presents the surface morpholog®sC o B | agsaphie/alumina coate8il6 stainless

steel and titanium grade (V) allgysereafter designated as-G% and GiTiV respectively

Figure 52 Surface morphologies of GFSS and GrTiV.
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Roughmorphologies characterised by craters, cracks and other surface defects can be observed for
both GrSS and GiT i due to the blasting nature of t he
process, similar to convBanal micro blasting or grit blasting process, the kinetic energy of the
abrasive powder particles during blasting at high pressures (620 kPa) induces localised substrate
surface oxide layer deformation resulting in the formation of craters, dimplestlaedsorface

defects. However, in contrast to conventional blasting processes, the underlying reactive metals
bonds withthe coating material (the dopant) in the powder mixture to form a thin coated layer as

shown in Figure 53.

Figure 53 Cross section of CoBlast graphite coated stainless steel. Similar thin and

discontinuous coated layer was obtained for graphite coated titanium grade (V) alloy
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Figure 54 and 55 presents the backscattered SEM image of the surfac&sfaadGr-TiV
respectively. Combining these morphologies with the inset of Figurié &} be deduced that the
graphite/alumina coatings were discontinuous. EDX analydiseshorphologieshown inFigure

54 and 55ndicated that the surfaseonsisted of islated pockets of carbon rich phase (interpreted
as graphite based on EDX analysis which showed over 90% carbon) addrigth phases
(interpreted as a mixture of alumina) heterogeneously dispersed in ashimomium (FeCr) rich

matrix for 316 stainlesdeel and titaniumoxygen (T+O) rich matrix for titanium grade (V) alloy.

The discontinuous nature of the graphite coatings could be related to the low density of graphite
relative to that of alumina. The likely relationship between the densities opotheers and the

nature of the coatings could be justified by comparing the dos<ct i ons of CoBIl ast
coatings (Figure 53) and CoBlastE deposited hy

Ti grade (V) alloy.

A

EHT = 15.00 kV Mag= 1.00 KX
WD = 7.5 mm Signal A= CZ BSD
e LAK T TR

Figure 54 SEM/ BSD of graphite coated AISI 316 stainless steel
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- Al-Orich phase
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10 um EHT = 15.00 kV Signal A=CZ BSD

WD = 9.0 mm Photo No. = 2095

TEE EH

Figure 55 SEM/BSD view of the surface morphology of graphite coated titanium grade (V)

alloy.

In contrast to the thin and discontinuous layer fornme&r-TiV, adense and continuous coated
layer of HA with an average thickness of 8 pmasformed on the same metallic allag seen in
Figure 56.Hence, it can be concluded form these resultsthate capabi |l ity of

process to deposit coatmfyjom powder plase may be limited to certain powders.

Figure 56 Cross section of CoBlast HA coating on Ti (V) alloy175.
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(B) Surface roughness and contact angle

Table 10 compareghe surface roughness and contact anglds ofe C o B | el snetdls aodo a t
uncoated substrateb. t can be seen in Table 10 that CoBI :
increase in surface roughness (Ra) and contact afiglesncrease in Rs attributed to the plastic
deformation induced by blasting of partglenderigh pressure. Increasing the surface roughness

is also well known to reduce the wettability of a surface, hence the increase in contact angle of the
treated samples2l5217 . A similar i ncrease in contact
depositd Teflon coatings on titanium (V) alloy177] while a decrease in contact angle was

reported for HAcoated titanium (V) alloy175,174. This trend suggests that the nature of the

dopant material may have significant effect on the wettability of CoBlasibdified surfaces.

Also, this observation is consistent with the fact that chemical composition of a scaface

influenceits wettability [215.

Table 10 Surface roughness and contact angle of coated and uncoated surfaces

Material Gr-SS Bare Stainless Gr-Tiv Bare TV
steel
Surface roughness, 1.34 0.20 1.59 0.34
Ra(um)
Contact angle’) 100.00 65.00 99.63 66.32
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(C) XPS analysis.

XPS survey spectra of thmutermost layer of GBS and GiTiV as well as that of # uncoated
substrates is presented in Figure 57 and Figure 58 respeckigilye 57revealsthe presence of
Fe2p,Cr2p, Cls O1s and Ni2p foboth GkSS and the uncoated substralde presence of Rp
peakin the spectrum of GES isattributed to alunma. Similarly, GfTiV and thebare substrate
showed similar Ti2p, O2p, V2p, C1SAI2p, N1s, and Si2ppeaks(Figure 58). However, the
spectrum of GISS shows additional peak of Si2p which was also present in the spectrum of Gr
TiV with a higher intensitysuggesting that Si could be considered as an impurity probably form
the graphite powder. The spectrum of TiV also shows the presence of Fe2p peak which could still
be regarded as impurities form the graphite powd@ae presence ofls and Ols peaks with
higher intensity in the coated samples than that of the substr&igure 57and Figure 58s
attributed tothe presence of graphite and substrate oxide and/or alumina respectively. This
observation is consistent with tlkempositional analysigiven in Table 11which indicateghat
Gr-SS and GiTiV consisted mainly of carbon, aluminium and oxygen evidencexhbcrease in

the concentration of these elemewtampared to that of the substrate after treatment. The presence
of carbon on the substrate idated to the presence of a thin layer of adventitious carbon common

to XPS analysis
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Figure 57 Survey spectra of coated (GiISS) and uncoated 316 stainless steel
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Figure 58 Survey spectra of coated (GiTiV) and uncoatedtitanium (V) alloys.
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Table 11 XPS Chemical composition (atomic %) of the outer layer for the coated and

uncoated metals.

(a)
Material C Al O Fe Cr Ni Mo Si
Gr-SS 58.7 55 187 112 20 0.7 - 2.4
Bare stainless steel  15.0 - 76 634 93 37 0.3 _
(b)
Material C Al O Ti \Y, Si N Fe
Gr-Ti 438 86 321 65 13 4.1 1.4 2.3
Bare titanium 295 41 265 344 1.7 0.5 3.3 -

Figure 59 shows the XPS narrow region scan of the main elements in Table 11. The presence of
graphite on the outermost layer of both-&3 and GiTiV is confirmed by a symmetric peak at

284.48 eV (Figure 59 (a)) corresponding to carbdreetrons in graphite [Bl. Al2p peak at a
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binding energy of 75.28 eV corresponds to the aluminium in alumina (Figure 59 (b)) while Ol1s
peak at 532 eV and 531.8 eV for-S% and GiTiV respectively corresponds to the presence of

metal oxides (Figure 59 (c))

(a) C1s

284.480V

Relative intensity (a.u)

290 288 286 284 282 280

Binding energy (eV)

(b) : (c) . 532V Ots
: Al2p _

75.28eV =
- 3
) ]
'E' e
> >
G n
= =4
[-1] 1]
E z
= E
= H
[} -—
s 8
[+ ']
«

g2 8 78 76 74 72 70 68 544 540 536 532 528 524

Binding energy (eV) Binding energy (eV)

Figure 59 XPS narrow scan region for (a) C1s (b) Al 2p and (c) Ols for GBS and GkTiV.

Figure 60 displays thearrow scan region of Cr2p, Fe2p for-6% and T2p for Gr¢Ti. In Figure
60 (a), the Cr2p spectrum for SIS indi@tes the presence of Lgat ~577 eV and 586.65 eV as

well as metallic chromium at 574.55 eV and 583.85 eV {22@]. Similarly, the Fe2p spectrum
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also shows the presence of metallic Fe (707.08 eV and 720.28 eV) A A®.6 eV, 723.8 eV)

[218, 219,221]. Combining these spectra with that given in Figure 59 fe66y it can be deduced

that the G+SS surface consisted of graphite/ alumina coatings on an exposed substrate layer,
which is consistent with the SEM analysis. A similar conclusion can @&smdde for GV

based on the combination of and Figure 59 and 60 (c), vahmotvs the presencef metallic Ti

and Ti oxides [218, 222].

@ Cr2p

Cr2+

Intensity (a.u)

570 575 530 535 530
Binding energy. eV
(b)  feo Fe2p © Tiee 10 Ti2p
= 2+ 0 £} Ti® 2+ / Ti**
] Fe Fe Fodt é i /TI
2 > J /
: 2
= =
700 705 710 715 720 725 730 4% 455 460 %5 470
Binding energy . eV Binding energy . eV

Figure 60 XPS narrow scan region for (a) Cr2p (b) Fe2p for G+SS (c) Ti2p for Gr-TiV.
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(D) XRD

The XRD pattern oCoBlasE coated metals and the respective substrates are givéguire61.
Comparison of thaliffraction patterns of GES and GiTiV (Figure61 (a) & (c)) indicates that
graphite and alumina phases are common to both costetk thereby implyinghat graphite and
alumina was successfully impregnated into these surfa¢es observation is iagreement with
the SEM and XPS results. Also present in the CoBlaseated metals are the substrate phases:
aust edra) foeGrSoand titanium (M) for Gr-TiV. The weak intensity of graphite and
alumina peaks coupled with strongly intense peakseo§tibstrate phases in Figure(8L& (c) is

consistent with theafct that the coated layer was very thireadier discussed.

A closer look at the patterns for &S and the substrate reveals an additional phase not present in
the substrate. The formation of this -Fadsition:
attributedto strain hardening effect of the slayer as the powder particles impinge the surface
during blasting leading to partial transformatioh austenite to martensitdhe presence of
martensite inGr-SSis consistent with previous repoxis blasting of austenitic stainless steel by
different surface severe plastic deformation processes sugtit ddasting[223, shot peening
[224), surface mechanical attrition treatment (SMARR5, 226. Furthermore, a comparison of

the peaksfor austa i t -Ee) foraGrSS and titanium (M) for GrTiV and that of the substrate
reveals abroadening of the peakvhich is suggestive of grain refinement, lattice deformation
and/or increase in micfsirain at the sulayer of the substrate as commonly repdrfor blasted
surfaces 223-227]. However, further investigations to characterise these featutee GoBlasE

treatedmetalswere notconducted
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Figure 61 XRD patterns for (a) Gr-SS(b) SS316 (£ Gr-TiV (d) Bare-TiV.
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Il n

deposited graphite coatings on 316 stainless steel and titanium grade (V) alloy consisted of a thin

and rough modified layer, which was composédsolated pockets of graphite, alumina and/or a

summary,

it

coul d

be concluded from

mixture of both overlaying an exposed substrate

4.2 EVALUATION OF GRAPHITE COATED TITANIUM

CELL BIPOLAR PLATES

(A) Interfacial contact resistance (ICR)
Figure 62presents the plot of 2 ICR data as a function of compaction pressure for CoBlast

treated titanium (GiTiV) and bare substrate 482 TiV). The ICR data for graphite, the industry

(V) ALLOY AS PEM FUEL

bench mark, is also shown for refecenlt can be seen in Figus that ICRdecreased with

400 100
| |—0— Graphite N
| |—®—Bare TiV| £ 80/
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Figure 62 Plot of Interfacial contact resistance vs. compaction pressure fd@er-TiV, Bare

TiV and graphite.
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increasing compaction pressure for all materials due to increasing contact area between the carbon

paper and the specimens F74]. At compaction pressuraf interest for PEM fuel cell application
(100200 N/cn?) shown in the inset in Figure 6&r-TiV exhibited reduced ICR compared to that
of bareTiV. Thedecrease in ICR is attributed both to theermat layercomposition and surface
roughness. As revealed in the XPS analysis, the passive layefTo¥Y @pnsisted of a mixture of
conductive graphite, alumina and titanium oxidekich is more conductive than the naally
occurring titanium oxide fromhe substrate Also, the higher surface roughness of-Tav
compared to that of bafBV would cortribute to the reduction in ICR ake rougher the sample
the lower the ICH21, 30, 55, 5. At typical compactiorpressuref 140N/cn? as shown in the
Tale 12, Gr-Ti exhibited ~ 32%ower ICR value compared to thaf bareTiV and aboutt00%
higher ICR value compared that of graphiteCo mpar ed to t he t aZitgant ed
be seen that the ICR of GiV is significantlyhigher than the targedl valuemplying that GFTiV

is notsuitablefor PEMfuel cellbipolar plae application.

Table 122 x ICR of Gr-TiV and Bare-TiV at 140N/cnv.

Material Graphite  Gr-TiV ~ Bare-TiV

ICR (mq.cm?)  21.19 45.70 66.50

(B) Potentiodynamic and potentiostatic Polarisation

|. Potentiodynamic Polarisation

Figure63displays the potentiodynamic polarisation curveGoiTiV and bare TV alloy in

simulated PEM fuel cell cathode (06 air purged) and anoded(1V, bubbled with H)
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environments and working potential at room temperature respectiveiyn lie deduckfrom
Figure63that both GiTiV and bareTiV behaveddentically inthe simulated PEM fuel cell
cathodic and anodic environmeimslicating that the graphite /alumigaating hadegligible
influence on the corrosion resistance of the bare metahasid attributed to the discontinuous
natureof the coatings. In theimulatedcathode environment, the corrosion potential of the bare
alloy is shifted towardsnore noblgyotentialand the corrosion current density is about one order
of magnitude less than that of the substrate as shoWwable13. A reverse trend jrowever,
observed at theimulatedanodicenvironmentAt typical PEM fuel cell cathodic working poteritia
of 0.6V, both GkTiV and the bare W are within the passive regioHowever,in Figure 63 ),

the PEM fuel cellanodic working potential 60.1V is close to the free cors®mn potential of TiV.

Table 13 Corrosion parametersof Gr-TiV and TiV in 0.5M H,SO, + 2 ppmat room

temperature.
Material Cathode Anode
e > Heoer e > $eoer
(V vs. Ag/AgC)) (LA,cm?) (V vs. (LA/cm?)
Ag/AgCl)
Gr-Tiv 0.0 50 -0.25 2
TiV -0.3 10 -0.15 0.7
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Figure 63 Potentiodynamic polarisation curves for Gr TiV and Bare- TiV in 0.5 M H,SO,
+ 2 ppm HF at room temperaturewith (a) air bubbled (b) H, gas bubbledinto the
electrolyte. Scan rate 1 mV/s.
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Il Potentiostatic Polarisation

Figure64 shows the potentiostatic curves @r-TiV and bare TV in simulated catbde and anode
PEM fuel cell working conditions of 0.8 and-0.1V with air and hydrogen gas bubbling. In the
simulated cathodienvronment as shown in Figure 64),( Gr-TiV and bare-TiV samples
exhibited an initial decay at the inception of polarisatioe to the formation of passive films in
agreementvith the potentiodynamic curvgg1,58, 59. Gr-TiV, however, exhibited a more stable
performance thathebare TV, reachinga current densitpf ~42 pA/cn? in the first 400 seconds

and gradually stabded at 171A/cn’ while the bare alloy stabilised at ~ 4@\/cm™.

In Figure 64 (b) both Gr-Tiv and TiV exhibited negaive transient currendensity. The
potentiostatic behaviour of WotGr-TiV and bareTliV in the simulated anodic environmeist
consistat with previous studies on other Ti alloy&3[ 74, 96]. This behaviour is attributed to the
low applied potentiabf -0.1V at the anode which facilitates the formation of a statideafter
theinitial dissolution of the aiformedfilm. From the reslis presented ifrigure64, it can be seen
that the CoBlagi d e p aysphiteenatingsdid not enhance the corrosion propertésitanium

(V) alloy
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Figure 64 Potentiostatic polarisation of Gr-TiV and Bare i TiV in 0.5 M H,SO, + 2 ppm HF

at 70°C (a) air bubbled (E = 0.6 V(Ag/AgCI) and (b) H, gas bubbled( E =-0.1 V (Ag/AgCl)

into the solution.
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] ICP-MS analysis

Metallic ions arising from corrosion of metals hawveetrimental effect on the proton exchange
membrane anthe catalyst layer as earlier discussed in Chapter 2. Therefore, the amount of Ti ions
leached in to the bulk solution afte4,400 seconds gfotentiostatic polarisatiowas investjated

andis presented in Tablé4. In general, the amount of titanium iteached into the electrolyte
under simulated anodic conditigf0.1 V) exceeded that ithe simulated cathodic conditiorier

Gr-TiV and TiV therebysuggeshg that dissolution is higher under PEM fuel cell anodic
conditions than under the cathodic coiudtis. This observation is consistent with that reported by
Feng et al. §9 for pure Tiand could be relatet the redaing nature of the anod&nvironment

which prevents spontaneous passivation.

It can also be seen from Taldlé that theamount oftitanium ion leached in the electrolyte during
static polarisation of GFiV is morethan that of the substrate. Although not in comparable
electrolyte solutiona similar observation was reported by Brown et [2R7 for grit blasted
surfaces compared witholished surfaces antheir findings were attributed to the increased
surface area of #hgrit blasted sample which I¢d increased sites for corrosion reactiddence,
the increased amount of leached metallic ions iFTiI8rcompared to TiV can be attribed to

higher surface roughness of-Giv.
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Table 14 Total metal ion concentration after 14400 seconds of potentiostatic polarisation of
Gr-TiV and TiV in simulated PEM fuel cell environment of 0.5M H,SO,4 +2 ppm HF at

70°C
Gr-Tiv TiV
Metal ion Cathode Anode Cathode Anode
Titanium (ppm) 3.240 6.960 0.422 1.056

4.3EVALUATION OF GRAPHITE COATED STAINLESS STEEL AS PEM FUEL

CELLS BIPOLAR PLATES

In this section, only the potentiodynampotentiostatic polarisain and ICRMS resultsfor Gr-SS
arepresented. The ICR of €S will be presented in the nesttapterin comparison with the ICR

of the modified graphite coated stainless steel.
(A) Potentiodynamicpolarisation

Figure 65 displays the potentiodynamicurvesfor Gr-SS and the substrate (SS31@) 0.5 M
H,SO, + 2 ppm HF solution at room temperature in simulated anode (hydrogen bubbling) and
cathode (air bubbling) PEM fuel cell conditiona the simulated cathode environment (Figure
65(a)), bothGr-SS andSS316 exhibited activepassive transpassive behaviour typical of stainless
steels The corrosion current densitgf both materials is withithe 10°A/cm? range at free
corrosion potemdl (Table15) implying that corrosion properties 8&316 were not immved by

Gr-TiV.
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It can also be seen Figure65 that PEMfuel cell cathode potential of 0N, SS316 is within the
passive region signifying retardation of corrosiéd,[69. On the other handsr-SSis within the

trangassive region denoting that caian will be accelerated within the cathodic environment.

The potentiodynamic curveof SS316 and GiSS in the simulatedPEM fuel cell anode
environment is presentéal Figure 65 ). Both SS316 and GiSSexhibited extendedctiveregion
due to the inabity to form passive film in hydrogen containing environmetit, 65, 66]. This
behaviour is typical of stainlesteelsin areducing envirament and is generally attributéal the
oxidation of CsOs, a primary constituent of the passive layer to higheenads (e.g. €f) [33,

73]
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Figure 65 Potentiodynamic curves for GFSS andSS316 in 0.5M H,SO, + 2 ppm HF at

room temperature in simulated (a) cathode (air bubbled into the solution) and (b) anode

environments (hydrogen gas bbbled into the solution). Scan rate = ImV/s.
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Table 15 Corrosion potential and corrosion current density of GFSS and SS316 in simulated
PEM fuel cell environment of 0.5 M + 2 ppm HSO, at room temperature with air bubbling

(cathode) and hydrogen gas bubbling (anode)

Cathode Anode
0 0 0 Q
Material (V vs. Ag/AgCl) (LA cn) (V vs. Ag/AgCl)  (pHA/cm?)
Gr-SS -0.48 20 -0.25 30
SS316 -0.34 10 -0.15 20

Thepolarisation curve foGr-SSin simulated PEM fuel cell anodenvironmenindicated that the
coating had unsatisfactory awtrrosion properties. The corrosion potential of 8$16 is
shifted in the negative direction fror0.29 V to -0.31 V while its corrosion current dsity
increased by one order of magnitude from/to 20 uA when coated with graphitdhese results
signify that the coated sample has a lower corrosion resistance and corrodeshastthe
uncoated sample in the simulated PEM fuel eeilironment. Athe PEM fuel cell anodeorking
potential of-0.1V, both samples are within thective dissolution area and woutdrrode wien

used under PEM fuel cadhodicconditions.

(B) Potentiostatic Polarisation

Figure 66 shows the ptentiostatic polarisatiorof Gr-SS in 0.5M H,SO, + 2 ppm HF with air
bubbling to mimic the PEM fuel cell cathodavironment. It can be seen th&S316 exhibited

passivityindicated by a current decags soon as the whole surface is covered with the passive
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film the current begis to decrease arntereafterstabilises 21, 65, 66]. This behaviour carbe
further supported with the potentiodynamic curve wherein SS316 is within the passive aegion
the applied potential of 0.8. SS316 begins to stabilise after about &¥tond reaching a stable
current density of 55.21A/cm? at the end 0fl4400 seconds. €8S also showegassivation

characteristics but could not stabilise until about 5¥bnds.

101

Gr-55

103 55317

104

103

Current density, A/cm?

10° - . .
0 4000 8000 12000 16000

Time, seconds

Figure 66 Potentiostatic polarisation of GFSS and SS36 in 0.5M H,SO, +2 ppm HF at
70°C, air bubbled, E = 0.6 V. Scan rate 1 m\&
The instability of GfSS can be explained by the fact that the applied potential (0.6 V) is at the
threshold of the tramgassive region i.e. the region where the passive bfeak down and
corrosion is accelerated in the potentiodynamic curve. At the end of the 14400 sece88s, Gr
stabilised at 151 pA/cfawhichis anorder of magnitude higher than that of SS316 and four orders

of magntude higher than the targetedu®/cm? for bipolar plates. Potentiostatic polarisation in
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simulated PEMfuel cell anodic environment was not investigated because the potentiodynamic
results revealed that the substré&S316) exhibitedbetter corrosion resistance than-&3$ in

simulated PEMdel cell anodic environment

(C) ICP-MS analysis

The ICRMS analysis of the concentration of metallic soleached into the solution after
potentiostaticpolarisationis shown inTable 5. Iron (Fe) has the highest concentration in both
samples due torpferential dissolution which is consistent with previous studies on stainless steels
[138-14Q. It can be seen that thetal metallic iors from the coated sample sore than thafrom

the bare metal signifying that @S could not protect the substrdtem dissolution during

polarisation which is consistent with the potentiostatic polarisation result.

Table 16 Metallic ion concentration (in ppm) after potentiostaticpolarisation in PEM fuel

cell cathode environmeth and working potential.

Material Fe Cr Mn Ni Total
Gr-SS 2.253 0.592 0.059 0.277 3.181
SS316 2.140 0.290 0.036 0.196 2.662

(D) Factors that influencedthe corrosion resistance ofcoBlastE coatings in simulated PEM

fuel cell environmens.

It can be deduceddm the potentiodynamic and potentiostaticvesof Gr-SS and GiTiV that
both coated materialexhibited poorcorrosion behaviour inthe simulated PEM fuel cell

environmend. This behaviour cahe attributed to a number of factors which are discussewvbel
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(1) Nature of the coatings The SEM, XPS and XR[Rharacterisatiorof Gr-SS and GiTiV
revealed ahin and discontinous coatedhyer. Discontinuities incoatings are well known to
promote dissolution of the substrate preference to the coatings. Tliefects provide
pathway for interaction between the suéitrand the corrosive media therdagilitating the
formation of micregalvanic couples on the coated surfaghich leads to dissolution of the
substrate 228-23(. In the case of GES and GiTi, the discontinuougoatings a&d asthe
cathode and the exposed substrate the anedelting in preferential dissolution of the
substrate.

(2) Blasting nature of the coating processlt is well established that plastic deformation via
blasting generally ind@sanincrease in surface roughness araiease in lattice defects such
as dislocatios and grain boundaries of metallic materid?223226. An increase in surface
roughness and lattice defects engenders the formation of actse/isith promote corrasn.

This phelmmenon can beelated to the electron work function of the metal in question. The
electron work function (EWF) is the minimum energy required to dislodge electrons from the

interior ofa metal to its surfacp5 226233.

The EWF of a maeitlic surface isclosely related to the electron transfer phenomenon in
corrosion and can give an indication of the susceptitifity surface talissolution P18,225].

An increase in surface roughness corresponds to a decrease in EWF implying thgit a rou
surface wouldnorereadily give up its electrons than a smooth sutfheaceresulting inan
increase in the corrosion rate. Similarly, dislocations generated during blasting increase the
activity of electrons on the surface and decrease the enengyeckdp transfer such electron

from the interior to the surfacbereby promoting corrosidi233.
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(3) Phase transformation in austenitic stainlessteel: Austenitic stainless steels such as 316,
304 stainless steels are metastable in natueace austeté can undergo partial phase
transformation during blasting leading to the formation of strain induced martensite. It is well
reported that the presence of small amounts of simdinced martensite deteriorates corrosion
resistance o&usteniticstainlesssteels in both acid and alkaline media due to galvanic effect

between the austenite and martensite ph@ats pP33.
4.4 SUMMARY

The surface characterisation, ICR and electrochemical polarisation of graphite/alumina
coatings deposi t edn3b6ystaiBesBsteal and ftanipm grade (¥)gallo

was reported in this chapteSEM/EDX, XRD and XPS resultsevealed that graphite and
alumina (the grit material) were impregnated on the substrates aft€rdhB@| ast E .t r eat n
The modified layer hadougher morphologies and higher contact angles when compared with
that of the bare substrates, but the depth of modification was low and discontinuous with
patches of graphite, alumina, or a mixture of both overlaying an exposed substrate. Hence, the
graphte coating could not adequately protect the base metal from corrosion. The presence of
substratesurface oxides also impaired the electrical conductivity of the coating, although it
was lower than the substrateet it was higher than graphite, the inttizd benchmark. These
results indicated that improvement in the continuity and thickness of the coating is needed for
the CoBladE process to be feasible feurface modification of metallifEM fuel cell bipolar

plate
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Chapter 5
PosbdMf nc &f a®h i

t e
St al ntleeesls. S

5.1 INTRODUCTION

In the last chapteiit was established that CoBl&stdeposited graphiteoatingsdid notoffer the
desired corrosion protection iREM fuel cell environments, due tosidiscontinuous nature
amongst otherafctors. Attempts to improve the continuity of ttgraphitecoatings via process
optimisation were nosuccessfulhence, itwas not included in this thesislowever, it maybe
possible to elmance the corrosion resistarmiethe coatings by postepositiontreatments. Whilst
there are many surface modification techniques that can be employed, the preseomaséd
grain boundaries and high dislocation density defects arising $®rareplastic deformation
induced bygrit-blasting suggest that a thermachical postreatment could be appropriate for
enhancing the thickness and corrosion behaviour of CdBlasiatings.However,only graphite
coated316 gainless steel (G8S) was consideredof postmodification treatments. Graphite

coated itanium (V) alloy was not considered due to its higikstcompared to stainless ste®l]

Among the available thermochemical process, chromising has been vededoyed for
improving the corrosion and oxidation resistanceniockel and ferrous based alloy$83,184.
Chromisingas earlier described in Chapter 3, involgesfacemodificationof a ferrousbased or
Ni alloy via diffusion of chromiumatomsat high temperaturesito a ferrousbased or Ni alloy
surface The processs of interest for PEM fuel cell bipoladgie applications because corrosion
resistance and surface conductivitiesst#inless steelscreases with its chromium conterd|

64-66].
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Chromising is typically a slow process; henités conducted at temperatured 00FC. However,

It is well repated that he chemical kinetics andliffusivity of chromium during chromising
processcan be enhanced by the presence of lattice defects suatressedyrain boundaries and
high dislocation derity inducedby surface severe plastic deformation proce$§#D) such as
shot peeningsurface mechanical attritig®MAT) [223-225. These lattice defectre reported to
enhancechemicalkinetics by acting as channels fdaster atomic diffusion thereby resulting in
thicker chromisedccoatingsthan the untreaed substrat¢223 224] It is also reported thahe
chromised layexformed after such surface treatmeeaxhibit better corrosion resistance than their

untreated counterpartquessed at the same temperaf@i®e29, 232.

Yang et al. 27] reported thashot peening prior to pack chronmgi generated a thicker coating
which exhibited one order magnitude reduction in the current density of untreated 316 chromised
polarised in simulated PEM fuel cell environment of BL131,S0O, + 2 ppm HF at 70C. Wen et

al. [284] investigated the effect of rolling pteeatments and EDM machining coupled with low
temperature chromising at 706G on 420 stainless steel and reported that rollingtresgments

was more effective in enhancing the performance of chromisedsié®tless steel than EDM
machining.A similar improvement irsingle fuelcell performance with bipolar plates which were

rolled prior to chromising waalso reported by Bai et aR9.

In this chapterresults obtained for post chromising treatment @pbite coated stainless steel
(Gr-SS)at 900°C for threehours are presented adiscussed in comparisavith that obtained for

Gr-SS and the untreated substrate (SS316)
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5.2 SURFACE CHARACTERISATION
|. Surface morphology

Figure67 (a) and(b) displays the surface morphology of 86 after chromising treatments at 900
°C for 3 hours in the secondary electr¢®E) and backscattered (BSM)odes respectively. The
secondary electron image of chmizsed G¢SS (Figures7(a)) revealed a granular morphologyth
defects such as craters, por€ the other hand, the BSD image of chromised&&rshowed a
heterogeneous distribution of the former graphite/alumina coatings hroanim rich matrix

(Figure 67(b)).

«Cr-rich phase

'/1

Former coating

Figure 67 SEM imagesof chromised Gr-SS (a) secondary electron view (b) backscattered

(BSD) view (dark patches graphite /alumina coatings, light areai chromium rich region)

The surface morphology othe untreated 316tainless steel (chromise®iS316) presented in
Figure 68 shows a similar granular morphology with relatively smoother surface without any

inclusiors. However, faint polishing lines conducté@fore chromising treatmerdre visible in
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the chromisedSS316 indicating that the amount of chromium uptake gasall; hence, a thin
coated layer was formedhe thickness of the coated layer was estimated to be p.8In
contrast, the thickness of chraad G¢SS was estimated to b&.© um based ormeasuremest
across different pointsn the coated layer. The twold increasein the thickness of the coated
layer in ciromisedGr-SS is attributed to thhigher diffusivity of chromiumduring deposition
engendeed by lattice defects in agreement with previous studies etrgated chromised coatings

[39-41, 223224]

Figure 68 SEM images of chromised5S316 (a) secondary electron view (b) backscattered
view. Surface morphologies provided at highemagnifications than in Figure 67 in order to

reveal the granular morphology.
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