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ABSTRACT

Automotive industry strives to reach an optimumelesf fuel economy. This can
be achieved by overcoming two impacting factorsfeel consumption: weight and
friction force. This research contributes to redbogh. The proposed surface treatment
can replace cylinder liners of hypoeutectic aluminsilicon alloy engine blocks with a
thin layer of ceramic oxide composed of alpha aachma phases of ADs and mullite.
The coatings are achieved in an aqueous electrddgtih with current densities of 0.1 to

0.2 Alcm2.

Coatings produced in silicate based solutions ls&iesvn good adaptability to the
counter surface with an average 0.12 coefficientfraftion. Coatings produced in
phosphate and aluminate solution have shown signdelamination, and excessive
porosity and roughness respectively. Coatings preduunder Bipolar Pulsed Direct
Current mode has up to 12% higher hardness valmapared to unipolar coatings. For
each increment of 0.2 A/cneurrent density, there is a 30% of increase iniegayrowth
rate. Higher pH values of the solution createsefagtowth rate up to 1.p/min. These
coatings are 20% more susceptible to wear. Santased in Mo$ solution showed
22% lower average roughness values and 37% of tiedun coefficient of friction. Mild

wear scars on the piston rings were detected &ofitimized coatings.
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CHAPTER 1. INTRODUCTION

Automotive industry is constantly searching foracler and greener cars with less
emission and better fuel consumption. Recentlyghteieduction has been a key process
in automotive design. Studies have shown that et@ryper cent reduction of vehicle
weight results in 6 to 8 per cent improvement ial faconomy [1]. These numbers are
alluring enough for automakers and suppliers toeseph their processes and find
adaptable technologies that can utilize lightweigtaterials such as aluminum alloys,
magnesium and high-strength steel grades. Also nmetiallic materials such as
polyurethane, ceramics, composites and plasticheireg used without compromising

performance, durability and safety.

This chapter looks at the influence of materialowetion in automotive industry
on addressing global concerns such as fuel econangy environmental conscious
processes in automotive manufacturing. It alsoenwesithe processes used to-date on
engine block surface treatment and modificatiomsafeight reduction and improvement
of wear resistance. Motivation and significanceha$ research is also presented in this

chapter. Chapter 1 concludes with description efdbjective of this dissertation.

Lightweight materials can enhance driving perforogalong with reducing the
fuel consumption ratios. Specifically for the higheed moving parts, the reduction in

inertial mass enables the mass of supporting patie reduced [2].

Aluminum alloys has shown promising characteristicst make them a reliable

substitute for steels. Also through developmeradfance metal matrix composites, it is



possible to tailor lightweight materials that dersiwate high specific strength and
specific stiffness, high hardness and wear resistalow coefficient of friction and

thermal expansion, high thermal conductivity, hig/ergy absorption ,and dampening
capacity. Figure 1 illustrates a summary of théndgr bore surface technologies for

aluminum cylinder blocks.
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Figure 1.Cylinder bore surface technologies for productibalominum engine cylinder blocks.

There are three methods of engine cylinder prodnctieterogeneousoncept,
Monolithic concept andQuasi-monolithicconcept [3]. Heterogeneous concept refers to
the traditional cost-effective block and liner duside from higher weight, thermal
conductivity between the cylinder wall and the tgé the main concern of this concept.

Monolithic concept refers to production of cylindelocks from a single cast and is



mainly bound to the low-pressure die casting preceés comparison to the other
concepts, monolithic aluminum engine blocks aréntBg in weight and have great
thermal relief due to the casting method. Mondtitengine blocks have a very low
tendency for distortion, vibration and piston noisl®wever, they are rarely being used
for mass production of aluminum cylinder block protion. Quasi-monolithic concept is
designed to transfer the advantages of monolitbirept and improve the process for
mass production either by local material engingeon coating the cylinder walls after

the casting process. Each concept will be explaimeitail in sections 1.1, 1.2 and 1.3.

1.1 Heterogeneous Concept for Cylinder Bore SurfacBechnology

Traditionally a gray cast iron of pearlitic struetuwvas used for cylinder blocks
and cylinder bore surface due to the low costfanaability [3], [4]. The first car with
aluminum engine parts was made in 1901 by Karl H&hzHe presented this car for a

prestigious car race in Nice, France.

By the end of World War II, aluminum became a maceessible material. Land
Rover, a British company, launched its first alunmnV8 engine block. Later in 1961
Buick 215 is produced with an aluminum engine. €hgine weighed about 114 Kg (318
Ib.) which was a record breaker at that time atde@ted many car race drivers due to its
acceleration rate [6]. When in 1962 the legendamerican racer Mickey Thompson
drove a car with an engine made of the light-weigletal during the 'Indianapolis 500,
the engine demonstrated great performance. In thuese of time many companies
improved this legendary engine to use it in massipced models and race cars,
including in Formula-1 cars. In the late 1970s, dpg&an countries started using

aluminum for gray cast-iron cylinder blocks of gi&s® engines (SI) [3].
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Aluminum found its way to luxury brand car enginedate 1980s and finally in
the 1990s, aluminum cylinder blocks were mass-prediuor standard-size and compact
cars. It was around mid-1990s when the automakex® Ishifted their attention to
aluminum diesel engines with direct injection (DBy 2006, major share of engine
blocks were equipped with aluminum cylinder blockkiminum engine blocks typically
need a cast iron lining inside each cylinder witthiakness of 1.5 to 3.5 mm [7]. These
liners are needed due to poor wear resistant ahialum. The accepted production
method is a cost-effective high-pressure die cggchnique with cast-in cylinder liners
of gray cast iron which make a heterogeneous ctarsiic. This method would
minimize the gap between the liners and the sudimgncasting material and therefore
would have similar thermal conductivity characteci$2, 5]. This form of cylinder bore

surface technology is known as heterogeneous cancep

There are two types of liners: wet and dry. A agén block with wet liners is
equipped with cylinder walls that are entirely remble. These liners fit into the block
by special gaskets. The terwét refers to the fact that the outer side of thedfis in
direct contact with the engine's coolant. Dry Igien the other hand, are usually inserted
into the block by either pressed-in or cast-inrfgtmethods. These sleeves remain dry
and have only contact with the block material. &stein method, the outside cylindrical
surface of the liner is machined to create pardiidical grooves from top to bottom of
the liner. The liners are pre-heated above 400Adthen placed into the cylinder —block
die casting. This will create a strong metallic $obetween the two parts after

solidification. High-pressure die casting technigsethe best practice since shorter



solidification time is desired in order to prevemty fusion problems. However planar

bond between the liner and the surrounding castianeot sufficient [3].

In pressed-in fitting method, the liner is likelaeve that is forced in or drawn out
to fit in the cylinder block. The process needsm® interference fit and end-plate guide

in order to ensure a perfect positioning.

Liners can also be made of aluminum materials. i6gdhe gray cast iron block
and the aluminum liners with aluminum (a gray dest liner with outside aluminum
coating is called hybrid) could in fact enhance phenar bonding however this would
add to the cost of the production significantly.[3p compensate for the weak bond
between the block and the liners, bimetal intedlo¢BMIs) were used [3]. Bimetal
Interlock (BMIs) liners also known agdugh liners were used to minimize the gap
between liner and the surrounding casting matandl enhance thermal conductivity. In
this method the outer surface of the liner is geabeither by machining or by casting on
a rough surface. Both techniques provide excelteat transfer between the combustion
and cylinder chamber due to the close attachmetiteotwo surfaces [10]. The cost of

this method is also distinctly higher than the itiadal gray cast iron liners [3].

Slip-fit technique is used for wet liners whereydindrical sleeve with a flanged
top is pressed into the cylinder block. In this aypf fit, there is less or no contact
between the liner and the block and the outer sfdée liner is exposed to the engine
coolant. One example of this method is the higbangith aluminum liners with an electro-

plated nickel-silicon carbide dispersion layer (NE).



Heterogeneous concept in cylinder bore surfacentdobies has been widely
accepted due to low-cost and ease of manufacturowever it is not the optimum
solution in terms of weight, thermal conductiviifferential thermal expansion and
recyclability. For instance, the difference betwdleermal expansion coefficient of gray
cast iron liners and the aluminum cylinder block geotentially cause deformation in
liners [11], increase the friction force, deterteréhe lubrication conditions, influence the
fuel and oil consumption ,and cause more emissibmerefore, other alternative
technologies has been discovered and applied tocave the shortcomings of this

technology.

1.1.1. Hypoeutectic Aluminum Alloy Cylinder Blocks

In order to reduce the total weight and improvdqrenance, one alternative is to
cast the engine block out of hypereutectic alumirgilicon alloy instead of traditional
hypoeutectic aluminum alloy. This way, the cashioylinder bore liners will be omitted
and results in weight reduction. The term eutdstiterived from a Greek wordutectos
which means easily fused or melted [12]. Eutecatfens to the saturation point of silicon
in aluminum matrixand is equal to 12.5 weight percent (wt%) in birgyminum silicon
alloys. At this point, a eutectic alloy solidifias a constant temperature similar to a pure
element [3]. Aluminum alloys with silicon saturatigpoint below 12.5 weight percent

(wt%) are called hypoeutectic.

In early 1950, hypoeutectic aluminum alloys suchA856 and A380 were die
casted for cylinder production mainly due to thevdo weight and good thermal

conductivity, they offer. Cast-in steel cylindendrs were used to enhance the wear



resistance of the cylinder walls. Different metheg=se used to produce the liners and
insert them into the cylinders. For instance, Eseop automotive companies
manufactured LM24 and LM26 aluminume-silicon cylimglevith shrink-fitted liners in
them [13]. The shrink-in method has the disadvamtaf high cost and the main
advantage of minimal cylinder distortion due to tight fit between the liner and the

cylinder wall which can facilitate the use of thialled gray cast iron liners [3].

The cost issue of the heterogeneous concept craakesire to eliminate the liners
and move towards monolithic and quasi-monolithicaapts. Section 1.2 and 1.3

describe the two emerging concepts in detail.

1.2 Monolithic Concept for Cylinder Bore Surface Tehnology

Monolithic blocks are made with hypereutectic aloom-silicon alloys without
any coatings or liners. If the silicon percentag¢he alumni alloy is above 12.5 wt%, it
is known as hypereutectic. Some hypereutectic alumisilicon alloys can have up to 30
wt% of silicon in their composition [14]. Higheowtent of silicon as the second hardest
element known on earth, gives enough hardnes®tstthcture to survive a high pressure
environment like a combustion chamber. Silicon recppitated once reaching the
liquidus line, this phase is called primary phasel & directly related to the wear
resistace of the alloy. The absence of siliconigdaed on the cylinder block surface
causes quick wear of the cylinder wall by the pistmgs and eventually premature
failure of the engine system. Hence, a homogenogstallization of the primary phase
is desirable. It is also crucial to consider maabhility. If the primary phase precipitates

in a coarse structure, it will float to the surfamfethe casting during freezing. This is



called gravity segregation and it can inconvenien@hinability [11,12]. To avoid

mentioned problems, enhance a more uniform digtabuof the primary phase, and
refine the size of primary phase crystals; phosphdP) is added in part per million
(ppm) amounts (0.05 wt %). Addition of magnesiunpioves the strength of the alloy in
elevated temperature without increasing ductil@ppper also improves the castability
characteristic by increasing the fluidity of the Itea aluminum during the pouring
process [15]. The casting method also needs specdnditions and treatments to
guarantee a wear resistant surface on the cylind&asting techniques and alloying

compositions are described below.

1.2.1. Hypereutectic Aluminum Alloy Cylinder Blocks

The use of hypereutectic aluminum-silicon alloyaasionolithic concept for bore
surface technology was started in 1970s. Therenargy trade names and trademarks for
hypereutectic Al-Si alloys used in cylinder blocksch as AIUSIEand DiAsil (Die Cast
Aluminum Silicon). The alloy ALUSIE was manufactured in 1970s by KS Aluminium-
Technologie AG (KS ATAG), a German leading manufaet of hypereutectic Al-Si
engine blocks. ALUSIL has (AA 390, AlSi17Cu4Mg) tveien 16 to 18 wt% of silicon
which contributes to the superior wear behaviottho$ alloy. A casted engine block
features lower weight, great thermal relief to igiate heat, less likelihood of cylinder
distortion and needs smaller clearance for theopsstdue to minimum value of
differential thermal expansion [3]. In 1971, Chdetoproduced its first liner-less
hypereutectic automotive engine for the Vega [IBje production initially started
mainly by low-pressure die casting (LPDC). Due ighhcost of LPDC that was a draw

back since it would make it less desirable for massduction. However many



optimizations has been applied and high-pressweakting (HPDC) is being replaced.
Many automotive manufacturers are using hypereutédtSi alloys, to name a few are
BMW, Mercedes, Audi, Porsche, Volvo, Jaguar and ddorOnce the block is casted,
cylinder walls are chemically etched. This surfaeatment known asxposure process

exposes silicon and ensures that piston rings wbealgliding on the primary phase of

silicon particles and not the aluminum matrix [17].

The other well-known hypereutectic Al-Si alloy emgicylinder is DiASIl (die
cast aluminum silicon). This cylinder was manufaetlby Yamaha Motor Company in
2002. With 20 wt% of silicon, this cylinder is cadtunder Yamaha CF Aluminum Die
Casting Technology. This technology is developadnfiass production and focuses on
improving the fluidity of the molten alloy as it pured into the die. Many factors are
precisely controlled to satisfy the production amdform distribution of primary hard
silicon throughout the cast. Primary hard silicemdsponsible for wear resistant behavior
of the engine cylinder block. Another advantagéhed technology is its low air intrusion
rate (less than 20% of conventional die castingklwleads to a more uniform cast with

minimum amount of cavities or air bubbles [18].

Most of the produced engines so far are Europeamryubrand cars with larger
engines. Due to the production cost, expensivegialipelements such as magnesium and
nickel and post-casting treatment, this methodeisty become attractive for the mass

production of passenger cars.



1.3 Quasi-monolithic Concept for Cylinder Bore Sur&ce Technology

The other approach is a quasi-monolithic concept b intended to have the
same benefits of monolithic concept such as easmasfs production at lower costs.
Surface engineering and modification are usuallgdusn Quasi-monolithic blocks
replacing the liner in the cylinder block or tregtithe surface of the liner to achieve
better tribological characteristics and to imprabermal distribution. Many surface
engineering and coating methods as shown in Fiduideave been used and more
alternatives are on the rise. There are two majethods for enhancing the surface
structure and properties of the cylinder bore withasing a liner. One is to locally treat
the bores in order to enrich the aluminum matrithvgilicon particles. The engineered
surface can therefore withstand the combustionrenmient of the engine. Laser alloying
with silicon (see section 1.3.1) and particle obefi reinforced aluminum alloy
composites (see section 1.3.2) are well-known naistiior locally engineering the engine
cylinder surface. The other method is to coat fhmder bores to enhance their wear and
corrosion resistant properties. Many technologi@evehbeen developed in coating

industry. Section 1.3.3 to 1.3.7 introduce and &ixysl these technologies.

1.3.1 Laser Cladding and Laser Alloying

Both laser cladding and alloying are used to pre@awear resistant coating on
the internal surface of the Al-Si cylinder and/mels. In Laser cladding, a powdered or
wire feedstock material is melted and consolidatéti the help of a laser beam. The
dense deposited alloy usually has improved mechhoi@aracteristics. The metallurgical
bond between the alloy and the substrate guaramesd adhesion. The method has

some drawbacks such as low deposition rate (1kgérjpw tracking width (less than 4
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mm) and slow cladding speed (0.5 mm/min) [19]. kaskoying is very similar to

cladding but it has a higher alloying speed (u®2t® m/min). Once the molten pool
deposited on the surface, the alloyed zone copldlyacreates a track of solid metal with
very fine dispersed hard phase of silicon parti¢8}s Therefore an additional process,
usually re-melting; is needed to further homogetimee aluminum matrix structure [19].

Also a chemical process is needed to finish thiasarafter honing [3].

1.3.2 Fiber or Particle Reinforced Aluminum Alloy ylinder Blocks

This is an alternative replacement for cast iroeedi aluminum blocks. A metal
matrix composite (MMC) is usually composed of twamstituents: the metal matrix and
single or multiple reinforcements. The reinforcetmaterial is added to the matrix, by a
physical process and not by chemical bonding ayadb, to provide specific structural
or functional properties to the compound beyond tineividual constituents.
Reinforcement material can be in form of fibersparticle and is embedded into the
metal matrix. In the fiber reinforced compositeRC), fibers are individual filaments of
different materials such as alumina, boron carlodsilicon carbide and can be in the
form of single crystal fibers known as whiskers,ntimuous lengthy fibers or
discontinuous fibers usually shorter than 3 mm I¢2@]. Alumina and boron carbide
fibers can improve the scuffing resistance andailicarbide helps with the hardness and
wear resistance. Graphite also has been used taderself-lubricity and reduce the

coefficient of friction considerably [21].

Honda used MMC in their Perlude model engine biock990 [4] and continued
to use MMC in Acura NSX (1990-2005) and Honda S2(®000-2009). A pre-form

consisting ofa-Al203 and carbon fibers is first set into the die theamg a medium-
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pressure die casting the pre-form is enclosedtimaaluminum block [22]. Also Toyota
Motor Company used MMC liners [23] consisting airaina-silica fibers and mullite for
their Celica sport model (2000-2006). Mullite (witlvo stoichiometric forms of
2Al1203Si0z or 3AI2032Si0y) increases the mechanical strength of the congosaterial
and also provides thermal shock resistance [24}th&l mentioned cars are compact sport
cars with the capacity to operate at high revofuper minute. At higher engine speeds, a

higher wear resistant fiber reinforced compositegsded.

KS ATAG patented an aluminum matrix composite wéh aluminum alloy
matrix and silicon reinforcement known as Lokasilhe blocks are produced by placing
a LokasiP pre-form in the casting mold, pouring the moltéim@num alloy into the cast
and allowing it to penetrate into the pre-form whareates a hardened silicon-reinforced
cylinder bore surface [3]. Two types of Lokasdre used. Lokasil’l with 5% volume
alumina and 15% volume silicon and Lokasif MWith no alumina content and 25%
volume of silicon. The main advantage of using Lsikais that the achieved finished
surface needs no post-treatment such as chemiciingtof the surface or honing.

LokasilF has been used in Porsche Boxster since 1996 asdhifeoCarrera since 1997.

Problems can occur if the reinforcement materiadsdoot set properly in the
matrix or if the reinforcement is a mismatch in thetrix. For instance if the
reinforcement particle or fiber is too hard; it cg@rmanently damage the piston ring,
change the compression and cause engine failuse.eMen distribution of reinforcement
material is crucial. Aluminum matrix can be wornt @i the absence of reinforcement

particles or fibers. Finally, casting process isnpbcated and can be expensive. Metal
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infiltration around the reinforcement fibers andspoasting machining are also
complicated processes that need extra attentioorder to achieve a casting and

manufacturing process with near zero defect lektH@cylinder bores [23].

1.3.3 Nickel Based Ceramic Coatings (N&Q

Nickel based ceramic coatings (N&Q such as Ni-SiC was one of the primary
state of the art in cylinder block surface treattérwas first used in two-stroke engines
of motorcycles produced by Suzuki Motor Co. in Japsound mid-1970s [25]. It was
known for its hardness, wear resistant and selidabion thanks to nickel. During the
process, a Ni layer is dispensed around SiC pesti@], [26] . The optimum results are
gained on cylinder blocks with minimum porosity winiis needed to be produced by
LPDC [26], [27]. Initial problems and concerns abthis process are disposal of nickel
slurries and corrosion in cases of higher levélsutfur in fuels [3]. Along with nickel,
iron-based ceramic coatings were also studied aed for cylinder surface treatment
however nickel has a better corrosion resistantiipally in withstanding high methanol
fuels [25], [26]. Also cubic boron nitride (CBN)akiel based coatings were developed
with lower coefficient of friction and better resiat to absence of lubrication. Often a
small amount of phosphorus is added to the elgtédb deliver age hardening [4].
NCC Coatings are applied either on the liner bypitig process of the liner and then
inserting it into the cylinder or by flow-throughrqeess inside the cylinder bores. The

associated cost of this process is estimated tboge traditional cast-in iron liners [25].

1.3.4 Physical Vapor Deposition (PVD)
Next method is physical vapor deposition (PVD) owatwhich creates a thin

layer of titanium nitride (TiN) or titanium aluminu nitride (TiAIN) on a honed cylinder

13



bore surface by evaporating titanium under vacuwmdition. Coatings are wear and
scuff resistant. The method is not widely used w@uthe high cost and essential surface

preparation and cleaning prior to the coating psed28].

1.3.5 Thermal Spray

Another coating method is thermal spray coatingsermal spraying is the
process of melting or heat-softening materials hapge of wire, rod or powder and
propelling the molten or semi-molten materials tm¥gaa surface through a jet of process
gas. The particles are quenched upon impact wihsthiface and bond to form a thin
anti-wear layer of coating. The method was injialsed on two-stroke engines in 1973
by Kawasaki Heavy Industries [4]. Different thernspkay processes are developed and
used to provide a wear resistant coating on thiaseirof cylinder bore or on the liners
[29]-[31]. Thermal spray technology in general isetatively new approach in surface
treatment of engine blocks. Specific modificaticmm® applied to the existing spray
systems of thermal spraying for engine applicatibar instance the spray gun head
should be modified to fit into the bore with a dester of 60 to 100 millimeter and freely
rotates coaxially in the bore. Usually the plasreaagator or the combustion chamber is
mounted at the bottom of a rotating spindle. Sprgquglistance is short and modifications
should be applied to minimize heat transfer duspgaying to avoid possible distortion
of the bores. Four types of thermal spraying predesve been considered for surface
treatment of cylinder bores:
1.3.5.1 Plasma Spray

From all the developed technologies, plasma spiay rfeached high volume

production due to a wide range of material selectiflasma spray uses a plasma arc to
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melt a variety of ceramics, cermets and super gllmyders and pass them through an
inert gas which can be argon, nitrogen or hydrogéme term plasma is used due to the
significant quantity of heat that is produced ie thas by the arc. The flamed material is
then propelled at the substrate and forms the rmmpabepending on the cost of powders
this process can be as economical as gray caslinemmass production or an expensive
alternative which is usually only suitable for luyxltbrand car engines. If the coating is
not applied properly, it can delaminate, cause ptane wear of the bores and eventually

failure of the engine.

1.3.5.2 Electric Wire Arc Spray

The other alternative is to use electric wire gn@ging. This technology uses two
electrically charged wires that are fed into ahoaad melted in contact with each other.
An atomized gas of either air or nitrogen is dig@ehthrough the center of the spray gun
and deposited on the surface. Narrower choice démads and reliability issue of the

melting process are some of the shortcoming oftéaknology.

1.3.5.3 High Velocity Oxy-Fuel Spray (HVOF)

HVOF uses a high velocity flame which is producgdbmbining different gases
and oxygen, injecting and igniting them in a comnlauns chamber of a torch. Finer
powders are usually used for this process. Thedlmmeleased through an orifice in the
torch nozzle. Coating material enters into the #atmrough a separate orifice; molten
material is blasted towards the surface. This ntethmvides lower temperature at a

relative high velocity in comparison to Atmospheflasma Spray (APS) [32].
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Compared to APS coating, this method creates battging adhesion and lower porosity
[3]. Inconsistency in coating properties occurewlthe particles are splattered against
the surface. This can generate pores in the coatmypleads to cracks. The achieved
morphology in this case is called splatter morpggldAlso, high temperature and high
velocity of the travelling particles in a shorttdisce inside the cylinder can overheat and
distort the block and possibly change the micrastme of the aluminum alloy substrate.
Initial capital investment of the spraying equipmén high since many modifications

should be applied to the existing production lih¢he plant.

1.3.5.4 Plasma Transferred Wire Arc Spray (PTWA)

Recently, Ford Motor Company in collaboration whame-Spray Industries
implemented a thermal spray technology patentguleasna transferred wire arc process
(PTWA) [11]. The technology was applied to 2009 9dis GTR and Ford Mustang
Shelby GT500. The coating reduces the friction édoetween the cylinder bore and the
piston ring [29], [33]. This technology saves betwée to 8.5 pounds of weight over the
previous cast iron lined cylinder block. The pracessimilar to traditional electric wire
arc spray process with the difference of usingaamph gas instead of normal gas. The arc
is produced between a thorium-doped tungsten catbhad copper anode of the nozzle.
DC power is transferred through these electrodake\line powder is passed through the
arc to a negatively charged conductive path (petdt) which is usually a 1010 steel
alloy wire. The plasma gas is fed through the aeofethe gun into the cathode and
creates a vortex which adds to the speed of théemahaterial atomization. A high

velocity gas including oxygen is then introducedtite molten droplets and creates a
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form of iron oxide known ag/ustite The composition of wustite is intermediate betwee
pure iron monoxide (FeO) and magnetites( and it adds to the coating hardness [34].
Also existence of hematite (¥&s) in the plasma mix increases the wear resistahtieeo
coating [33]. Iron oxide particles are sprayed agiaihe surface and rapidly solidify upon
contact. An endurance test of 300 hour on full poweFord Motor Company lab
exhibited 50% less wear of the surface comparinghto cast iron lined cylinder. In
general, PTWA coated engines had less oil anddoresumption due to reduced friction

(6.8% less than traditional cast-iron lined engjir8s].

1.3.6 Plasma Electrolytic Oxidation Coating

Electrochemical treatment processes has been evadifor surface modification
of cylinder walls. Plasma Electrolytic OxidationH®) process is an electrochemical
surface treatment that generates an oxide layahersubstrate. This layer has shown
great wear and corrosion resistance [36], [37] Whitakes it a candidate for cylinder
bore surface treatment. The reason is the formatiom ceramic layer of alumina
(aluminum oxide) that acts as a barrier betweerctreosive material and the substrate
and also due to its high levels of hardness, liessstant to abrasion. Furthermore, since
the coating is oxidized rather than depositedai& good adhesion to the substrate and
delamination is rarely a concern. Additionally, theer layer of the coating is porous and
can retain lubricant in a similar way to the tramitl cross-hatched honed cylinder bores.
On top of all the advantages and desirable charsiiteof this coating specifically in a
corrosive, high temperature and high impact envivent such as an engine, the process
of creating the coating is considered environmeiniahdly. This is due the fact that the

electrolytes are generally alkaline water solutdedul and easily recyclable. Plus during
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the treatment process minimum amount of fumes amthg is produced since the
production does not require high processing tenmpe¥s. Moreover, it is much less

noisy compared to other spraying methods.

Plasma electrolytic oxidation was commercializeddotomotive application by a
British company called Keronite in 2000. The compamamed the plasma electrolytic
oxidation processKeronite processKeronite process is a self-regulatory treatment
process in which a ceramic layer on the aluminumfase is fused with a uniform
thickness and porosity [38]. The coating has shbwh micro-hardness, superior wear
and corrosion resistance, and good adhesion tesubstrate. The mentioned features
make this coating a great candidate for enhancight Imaterials’ tribological
capabilities. Hence, alloys of aluminum and magmashave been considered for PEO
treatment. Aside potential application for autometiindustries, various range of
industrial applications have been considered foD Rieatment such as biomedical [39],
aerospace [40] [41] [42], marine [43] [44],and hedwld appliance stoves and burners
[45]. PEO process along with relevant literaturdl i described in detail in Chapter 2.
The feasibility of using PEO treatment processlat@ of PTWA in terms of treatment

time, energy consumption and cost analysis is stligh Appendix B of this dissertation.

1.4 Research Objective and Scientific Methodology

This dissertation aims to provide the researchitiigsl on tribological behavior of
variety of PEO coatings under low to medium loacdammechanisms. Various types of
PEO coating are achieved by changing different @spef coating production such as
electrolyte composition, current density, polaatythe input current, treatment time as

well as acidity of the solution. The achieved cogtis tested under different lubrication

18



conditions and results are compared in detail. dbgective is to find optimum PEO
coating for treatment of aluminum alloy cylinder lisa The desired coating should
exhibit low coefficient of friction and illustratdsest adaptability to the counter surface:

piston rings.

In order to study a wide range of attributing faston performance of the
coatings, independent and dependent variables defirged. In studying the independent
variables, all other variables are held constanthaed the influence of the independent

variable can be observable.

Along data analysis of wear results, coatings dmeerved under Scanning
Electron Microscopy (SEM) for morphological obsdiwa. Atomic Force Microscopy
(AFM) is used for topographical study and surfacefife observation of wear scars and
wear tracks. Roughness of the coatings are measuiteda stylus device. Energy-
dispersive X-ray spectroscopy (EDX) is also useddtermine the phase structure of the

coatings.

1.5 Dissertation Outline

This dissertation is a summary of the researchaaradysis results of PEO coatings.
Chapter 2 reviews the background on plasma elgtttobxidation process and its
formation. A collection of significant studies dorm mostly aluminum alloys is

presented.

Chapter 3 presents the experimental apparatusjtimrsdand settings. Variables and

parameters involved in fabrication, testing andysis are defined and explained.
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Chapter 4 gathers the results and discusses tleet eff different variables on

coefficient of friction and wear behavior of theatiogs.

Chapter 5 investigates the counter surface behagainst the PEO coating by

observing the wear scars and presenting the weaana volume loss values.

Chapter 6 highlights the contributions arising fraime current research and
summarizes the conclusions. Also the recent resd¢egnds and potential future work on

PEO coatings are discussed.

Appendix A presents the documentation of copyrigletmission for published
materials and Appendix B compares the two compdtiegtment processes of PEO and

PTWA in terms of treatment methods, advantagescast

20



CHAPTER 2. PLASMA ELECTROLYTIC OXIDATION

Electrochemical processes have been used to &kempioperties of different
materials. This type of surface modification mgid used to enhance the wear and
corrosion resistance or fatigue and creep propexiethe materials which have the
potential for automotive, marine, refinery and] and gas industry applications. Plasma
electrolytic oxidation (PEO) process is a recemicebchemical surface modification
technology that has gained a lot of attention anm@sgarchers in industry and academia
due to its great potential as an eco-friendly siafangineering solution for lightweight
metals such as aluminum, magnesium and titaniuras@imetals and their alloys have
high strength-to-weight ratio along with excellgpltysical and chemical properties
however their wear and corrosion resistance shbeleenhanced by PEO technology.
This chapter explains the origin and evolution dECP coatings in section 2.1.
Terminology that is used for PEO coatings aredistesection 2.2. There are times that
PEO is mistaken with anodizing hence anodizingeiscdbed in detail in section 2.3. A

summary of the literature is also given in secfich

2.1 History and Emergence of PEO Technology

In 1880s, a Russian scientist, Sluginov discovénedlischarge phenomenon [46]
by observing a luminous light in an acidic aquesokition with platinum electrodes
connected to high current densities. The light park was a sign of discharge
phenomena. Later in 1960s, McNale and Grass imgadsti micro arc oxidation (MAO)
and its feasibility in synthesizing complex coasmgoduced by the chemical elements of

the electrolyte on the surface of substrate [Markov also studied the process of oxide
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deposition on an aluminum anodic electrode by andescharge in 1970s [48]. During
1980s, MAO was considered for surface treatmemtiesuon various metallic substrates
for early industrial applications [49]. In 1999, né&hin et al [50], reviewed

electrochemical treatment processes. They categbi=O under plasma electrolytic
deposition (PED). PEO is sub-categorized as aniamadiation method. Figure 2 shows
the development timeline of PEO coating considerihg major highlights of each

decade. Since 1980s, a variety of PEO processes haen patented in different
countries. Along with Keronite [51], proprietary rg@ns of PEO technologies are
developed by surface engineering industries. Toenarfew, Mofratech in France [52],
Magoxid-Coat in Germany [53], Machaon in Russiagrite [54], CeraFuse [55] and
Microplasmic Corporation [56] in USA. Other patehts/e also been filed and granted in

Canada [57] and USA [58] on method of formation #relprocess.

2.2 Terminology of PEO

Plasma electrolytic oxidation (PEO) is also callettro-arc oxidation (MAO)
[48], micro plasma oxidation (MPO) [59], spark arainlg [60], anodic spark deposition
(ASP)[61] , anodic spark oxidation [61] and micma discharge oxidation (MDO) [62].
Also plasma electrolytic anodization (PEA) [63] Haeen used for a process relatively
close to PEO in terms of mechanism but closer wdamg process. Therefore, PEA
should not be used inter-changeably with PEO. i6gagirowth rate and thickness

achieved in PEA is less than PEO process undedémtical conditions [64].
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Evolution and development of PEO coatings
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Figure 2. Development timeline of PEO coatings and treatrpentess.

2.3 Anodizing versus PEO

Anodizing is traditionally achieved using low-vaj direct current (DC) power
source with 20 to 80 voltage input and current dered 0.01 to 1 A/cri, and an acidic
electrolyte. The electrolyte is commonly sulfuridda(H2SQw) however there are many
cases that other acids such as oxaligCgs ), phosphoric (BPQs), chromic (HCrO4

)and boric (HBOs ) acids are used instead [65].

Due to its components of process: electrolyte laath power source, PEO was
compared with anodizing process which is widelydusealuminum industry. However,

there are many advantages of PEO in comparisonddizing [64]. Firstly, PEO ensures
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the production of a variety of materials with imped chemical and physical properties.
Enhanced hardness, wear, corrosion and fatigustaese are to name a few. Second,
pre-treatment processes are minimal which makeastime-efficient process for mass-
production. Some other deposition methods needbtigbr surface preparation starting
from etching and degreasing to washing [66], [@&tthing process is mainly done to
remove the natural aluminum oxide film on the stdist Degreasing and cleaning is to
remove the machining metal fluid such as lubricantoolant [68]. Third, the process is
eco-friendly due to its use of mostly alkaline amu® non-toxic solutions which are less
troublesome in recycling. Fourth, less toxic funa@e produced during the treatment.
Finally, PEO can be used with higher voltage andetu densities [69], also harder
coatings with excellent adhesion can be achievadguREO process compared to

anodizing.

2.4 PEO Process Mechanism and Chemical Reaction Katics

PEO coating process has been studied by seveedrobers. One of the most
cited paper in this field of study is written in9®by Yerokhin et al [50]. They described
the process in detail according to current-voltage/) characteristics of the
electrochemical system involved in the plasma sdgdic oxidation process. The study
was divided into two systems: on system that adeiethe |-V characteristics around the
electrode and another system in the dielectric élmthe electrode surface (as shown in

Figure 3).

During the initial stage, where the voltage are,lkinetic of the electrode process
agrees with Faraday’s law and the |-V charactesstf the cell agrees with Ohm’s law.
This stage corresponds with Q-Wear the electrode and Q-lih the dielectric film.
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Increase in voltage causes current oscillationaiedtes luminescence near the electrode.
Increase in current is controlled by a partial Ehigf gas products such as @nd H,
over the surface of the electrode. As the currensty rises, local boiling of electrolyte
happens around the electrode as seeniidstage. Once tJvalue is reached, the
electrode is completely covered by an envelopeasf\@por with low conductivity. This
creates an electric field with £0v/m strength that can initialize the ionizatioropess.
Scattered and rapid sparks are formed on the sudiad creates further bubbling effects
around the electrode. Sparks are then followed lyniform glow that is distributed
throughout the gas vapor which is now converteahntenvelope of vapor plasma once U
stage is passed. Beyond this point, the unifornvgtansforms into an arc. This stage is

characterized by a low frequency acoustic feedipaate like a whizzing sound.

Understanding the |-V system in the dielectric filsmmore complicated. The
anodized passive film that was formed at $#fage starts to dissolve as the voltage
increases and reached the corrosion potentialeo$ubstrate. A porous film in formed as
the result of repassivation process fromtt Us. The electric field strength continues to
increase until it reaches a critical value of bregkhe film at W. Tiny bright sparks
surrounds the surface of the oxide film and asgiséscoating growth. At point dJ
thermal ionization process is started and creadegel arc discharge with longer
intervals. In region & to Uy, thermal ionization is interrupted by the bulk wbw
thickened oxide film. This would be the time thia¢ tmicro-arcs form. Then the doping
elements present in the electrolyte are fusedtiaxide coating and thickens the oxide

layer.
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Figure 3. Current-voltage diagram of PEO process: a) arotima electrode, b) inside the
dielectric film on the electrode surface [50].

Yerokhin et al [50] also reviewed evolution and elepment of PEO coatings
and proposed possible applications of PEO coaiimgsrious industries. Other studies

[64], [70] summarized the process into four segaéstages:

1. Anodization: this phase was also called electrslysisome references
2. Spark Discharge
3. Microarc discharge

4. Arc discharge

During the anodization, a high porosity coatindaemed as the anodic voltage
increases across the working electrode. The méereince between the second and third
stage is the intensity and size of the discharfgeaever the mechanism of discharge and

coating growth process are the same for both st&fage four requires large enough
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energy that can pass through the discharge chaanélsreates larger sparks not only on

the surface of the substrate but also into therelgte.

Many reactions are involved during the proceshadlectrolyte tank as seen in

Figure 4. For instance the coating growth on thedardue to the oxidation reaction is as

follows [70]:
2A1+30" — Al,03+3e” Equation 1
2A1+30H™ — Al,0;+3H+ 3e” Equation 2
2Al+3H,0— Al,0;+3H, Equation 3

Equation of the reaction 1 and 2 can be combinédsanplified as [71]:

2A1+3H,0—-6e”-— Al,0;+ 6 H* (Anodic oxidation) Equation 4

Surface oxidation results in vigorous escape ofrdyen that leads to cooling of
the oxide film and the electrolyte absorbed int® plores. Due to the high anodic currents

in PEO process, oxygen evolution occurs as repredem Equation 5:
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2H, 0 —4e~— 0, + 4H* (Oxygen evolution) Equation 5

—1F
'_’°.
IGJ
Oxygen liberation T
20% - 4e——>0, 1
=
Al-3e= —> Al E
~
2A1 3+ 30 —> ALO,
Hydrogen evolution
WH* 2e— —> H, P

Figure 4. Electrode process in electrolyte tank.

Alumina chemical dissolution and oxidation of egettAl obeys the following
reaction (Equations 6, 7 and 8) if a hydroxide cigainis used in the electrolyte such as

KOH [70]:

Al,0; +2(x—3)OH™ +3H,0 —6e” — 2[Al (OH),]™  Equation 6
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Aldfocteq +x OH™ — [AL(OH) ™" Equation 7

[Al (OH),]* — Al (OH)3; ! +(x —3)0OH~ Equation 8

During the last stage of the process, direct igecbf Al into the electrolyte
occurs through discharge channels. The ejected &lan hydrolysed (See Equation 7.)
first and precipitated (See Equation 8.) as a hxideoon the anode surface. Subsequent
plasma discharges causes dehydration and recizatiaih of deposits and results in
further growth of the oxide coating. Most of tHeatrolyte solutions have a pH value of
13 since they are alkaline. Changes in the elsg&@H during the PEO process happens
only during the passage of charge through the syatethe last stage: plasma discharge.
Solution acidification is more evident at higherremt density values. Snizhko et al [71],
studied the acidification of electrolyte in silieabased solution mixed with different
concentration of KOH. At 2 gr/lit of KOH concenti@t, no plasma discharge occurs and
electrolyte pH remains almost the sampH= -0.02) however for less concentrations of
0.5, 1 and 1.5 gr/lit solution acidity changed wigtH of -0.6, -0.3 and -0.2 respectively.

Also for the 1 gr/lit of KOH concentration, higheurrent density caused more change of

solution pH.

2.5 PEO Coatings on Aluminum Alloy Substrates
As shown in Figure 2 during 1970s and 1980s PEGirggmawere considered for

aluminum substrates. Around 1990s there were sefipatent activities and trademarks
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on production of PEO coating as mentioned in se@id. The formation of oxide layers
by PEO treatment has been studied widely on ligigfatenaterials mostly Al, Mg and its
alloys (for example in [72], [73], [74], [75], [7&@nd Ti and its alloys (for example in
[771-[79], [80], [81]). There are also studies amer metals such as zirconium and its
alloys (for example in [82]—[84], [85]) and differegrades of steels (for example in
[86]-[88]). Since this dissertation is focused oh3A9, the literature survey is mostly

focused on PEO coatings on aluminum alloy substrate

Anodic process in PEO treatment was studied byk8nét al [71] on aluminum
alloy 6082 in potassium hydroxide electrolyte. hmststudy chemical dissolution of the
substrate and anodic gas evolution were measutedweight loss of the aluminum was
measured after 40 minute of treatment. Followiatabce equation was used for partial
processes of aluminum dissolution, oxide coatiraywin and gas liberation. The equation

9 is governed by Faraday’s law:

n (Al203) + 1 (Al) + 1 (02) = 100% Equation 9

wheren (Al203), n (Al) and n (O2) are partial anodic products of alumina, dissolved
aluminum and oxygen respectively. Specimens’ weiges was measured using an
analytical balance. Coating growth mass was detexthby cross sectional study of the
coated samples under SEM assuming that the oxidsitgdes around 3.1 gr/cinA two
liter glass vessel was connected to an invertegisgiannel above the electrolytic bath

collecting all the evolution gases of the procdssr 1 gr/lit concentration of KOH, oxide
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formation as about 28.9 %, aluminum dissolutio?.l % and gas liberation is around
63.9% as Equation 9 implies. Higher concentratibK@H resulted in significantly less
oxidation and higher dissolution; however the glsration percentage stayed the same.
Collected gas was also analyzed using a residual ayjalyzer. The anodic gas
composition was consisted of predominantly oxyger®3%) and traces of nitrogen (<
4%) and hydrogen (2%). It was found that the ingeean current density creates an
increase in gas evolution. It was concluded tha #mount of gas evolution is

independent of electrolyte concentration and depeian current density.

Many studies have been done on process paramdténg #EO coatings. For
instance current mode and polarity of the coatiaugs studied in depth. Yerokhin et al
[89] produced and studied the oxide coating usialgqu bipolar current mode for the
first time. Optimum coating growth rate was achwepulsed frequency range of 1 to 3
kHz. A denser coating with 10 to 15 % of porositgsypproduced. Jaspard-Mecuson et al
[90] studied the influence of bipolar current adijasnt on 2214-T6 aluminum alloy. It is
shown in their study that applying a higher negatoharge setting compared to the
positive charge can improve the homogeneity of dbating. Coatings had less large

discharge channels in the final layer and wereéric

Wei et al [91] studies the effect of distance beméhe cathode and anode plates
on anodic current of the PEO process. A range tof 26 cm distance matrix with 5 cm
intervals was used. It is shown that less distdoete/een the electrodes creates a higher
anodic current. Also the current flowing througle finont of the electrode is higher than
the back. Front surface showed better resistarwdar and corrosion than the back

surface. Corrosion resistance of PEO coatings # atudied. Potentio-dynamic
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polarization curves were achieved in 3.5% NaCl tsmhu Corrosion current of the
uncoated sample was 8.48%° and 2.42210° and 1.27%10° for the front and back
side of the specimensespectively. The corrosion Potentials were alspraved
positively from -0.843 V for the uncoated caseG®34 and -0.734 for the front and back
surfaces of the coatings. The chemical stabilitthe coating compared to the substrate
is a key reason for improvement of corrosion rasis¢. Also since the coatings on the
front side of the specimens were thicker and dertkey resist better to the corrosion

compared to the coatings on the back side of theis@ns.

Thermal conductivity of PEO coatings was measungbrran and Clyne [75]
using a typical steady state method. Due to theofimmorphology with fine grains and
the amorphous nature of the oxide layer, the thecoraductivity values were moderately
low, mostly around 1.6 W/mK?® for coating thicknedslOOum. This is drastically lower
than the thermal conductivity of the bulk materighich is around 30 W/mK®.
Discovered thermal properties of the coating, makese coatings a great candidate for
thermal barrier layer in electronics applicationsd aetc. Coating density was also
measured to be 3.61 (+ 0.03) grfcmith up to 30% of amorphous phase. The relative
low thermal conductivity of PEO coatings is duentgh percentage of amorphous phase
along with fine grain size. Later, Curran [92] digered the effect of mullite phase on
thermal conductivity of the coatings. Thickness260 um coatings in silicate solution
were produced and exhibited excellent resistaninagapallation of thermal cycling and

temperature alterations.

Khan et al [93] investigated the residual stres®@ PEO alumina coatings on

thickness levels of 3 to 40m oxide layer produced on 6082 aluminum alloy inHKO
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electrolytes. A range of current densities (0.22téd/cm2) were used as the electrical
parameter variable. Increased current density tendscrease the residual stresses of the
coatings. The reason is that higher current demségns higher plasma micro discharge
which promotes stress relaxation by formation ofrmicracks on the surface and also
thermal annealing of the coating. The lowest stvadse of (302 MPa) was measured for
the 1.5 A/lcm2 and the highest stress value (714)M®s measured for the lowest
current density. They concluded that the intertralsses in PEO coatings are the result of
a series of stress generation and stress relaxataoesses. Stress generation processes
are dependent of thermal and structural propedigbe coatings and stress relaxation
processes are the result of formation of a netwbrkicro cracks within the morphology
of the coatings. Denser coatings motivates the rgéioa of micro cracks and porous

coatings inhibits the formation of these networks.

PEO coatings have been considered for space apticacently. Shrestha et al
[42], examined a black finish coating produced oA2219 aluminum alloy by the
Keronite process. Coatings exhibited good adhesmhcohesion. Hardness values were
measured to be around 1300 HV. Friction coefficilamtthe Keronite coatings against
steel was measured to be around 0.5. These coatiegs studied as an alternative to
replace the black anodized aluminum with inorgadyes (PSS-01-703). The solar
absorbance of infrared emittance ratio for thesatiog was 1.2 which is less than the
black anodized coatings and is desirable for sgaaé materials applications. Same
results were achieved in another study [94] on alum alloy 7075. Coatings have
shown no surface damage after torture testing agaiael balls. In comparison anodized

aluminum samples displayed severe chipping andnsixte cracking under same wear
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test conditions.

Matykina et al [95], researched on methods of ogttion of PEO coatings.
They combined the pre-anodizing technology withusedjal treatments of PEO coatings
on pure aluminum. This would promote the fasterettggment of micro-arcs and
increased the coating growth rate up tgqubh®min. Monoclinic zirconium nanoparticles
were incorporated into the PEO coating under AQerurconditions in a phosphate-
based solution and formed phases of tetragonalcabit zirconia. Obtained coatings
showed high microhardness (around 1700 bt//along with great capability to be used
for thermal barrier applications. Matykina et ab[9earlier studied the formation of PEO
coatings on pre-anodized aluminum prepared in galfcid. Initial starting voltage for
the pre-anodized coated substrate was much lessah@on-pre-treated substrate and
resulted in faster initiation of micro-arcs and @clingly less energy consumption. In a
comparison study of coatings, the untreated anehpoglized samples over 8 minutes of
treatment time, energy consumption is reduced 6v@kWh m2um *.Coatings were
mainly consist ofa-Al20s and x-Al203 .Based on solution type, silicon sodium and

potassium were located in the outer layer of tteings were porosity is less dominant.

Tungsten particles were also incorporated into R coatings produced on
aluminum alloy 2024 in a mixture of sodium silicated sodium tungstate solution. XRD
analysis showed the presence of tungsten in thiéngoalong with alumina and mullite

[97].

The effect of Si@concentration in the MMC of Al383 on tribologigaloperties

of PEO coating was studies by Zhang et al [98].ud@ content of 5 to 10% Si@as
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blended into molten Al383. Samples were treatesboium silicate (N£5i0s) solution to
reach the thickness of 2 and n. Thicker coatings showed better wear resistant
properties with higher COF and volume loss of tbanterface. Specimen with higher
percentage of Si©content exhibited less wear and volume loss ofcthnterface and
lower COF values for the thinner coatings. Forttiieker coatings, higher Sirontent

is beneficial to the wear resistant propertieshef PEO layer. Nie et al [62], investigated
the influence of coating thickness on tribologicahavior of aluminum alloy BS Al-6082
in sodium silicate solution. Thicker coatings (1@M) appeared to perform better in
sliding and scratch tests while thinner coatings (&) are effective in low-load sliding
wear. Medium thickness coatings are performedivelgt poor in wear tests. Wang and
Nie [99], later studied the effect of silicon onrrfmation of PEO coatings produced on
Al319 and AI390 in sodium silicate (M8iOs) solution. Coatings were mostly thinner
than 10um. Higher content of silicon in the MMC resultedrougher surface therefore
AlI390 coated specimen were rougher than Al319 cbspecimen. They also anticipated
that the effect of silicon on surface roughness tlucker coatings (>5Qum) are

insignificant.

Effect of graphite as a lubricant on tribologicahlavior of the PEO coatings was
explored by Nie et al [100] on eutectic (12.0 %S8BSi alloy. A single layer of PEO
coating was formed in a sodium silicate {Si&@s) electrolyte, in the next step an
oxide/graphite composite was deposited as theaygr| During treatment, a graphite rod
was rubbed against the surface in 1 minute intert@lensure the incorporation of the
graphite in between the layers. The coatings vhth draphite interface showed better

compatibility with the steel ball counterface, atlt@atings caused severe wear scar on
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the steel counterface. Further research on theteffiegraphite on microstructure and
corrosion resistance of alumina PEO coatings wadied by Lv et al [101]. Samples of
pure aluminum were coated in a mixture of sodiuimate (NaSiOs), sodium hydroxide
(NaOH) and graphite grains with the average diarmai€10, 30 and 7Qm mixture for
30 minutes. They discovered that the size of gtapbrains have a great impact on
morphological structure of the coating. Finer gsairi the graphite were absorbed in the
pores of the coatings. The embedded graphite dreatkenser coating with less porosity
that exhibited better corrosion resistance in an8.3 NaCl solution. Tong et al [102],
also added nano-powders of iron (Fe) to the albd&. Similar tribological

improvement was achieved in the coatings.

Hussein et al [103] studied the PEO process unaleeg unipolar and bipolar DC
current modes. The effect of current frequency atiger current parameters such as
duration of positive and negative pulses and rgstime between the positive and
negative pulses on coating formation was investjaFor pulsed unipolar DC mode,

duty cycle is measured using Equation 10:

D, = —Ton Equation 10
Ton + Toff

whereD; is the duty cycleT,, is the period of pulse-on anfl,;f is the period of pulse-
off. A .common duty cycle for unipolar current mode80%. For bipolar current mode,
positive and negative pulses are involved. Progessameters such as operating

frequency (f = 1/T), duration of each pulse andrising pause between the pulses are

36



represented in Figure %5, andT,,, are periods of pulse-on for the positive and riegat

pulse ,andT,;, and T, are periods of pulse-off for the positive and riegapulse.
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Figure 5. Schematic of a pulsed unipolar current wave [103].

Also plasma temperature was characterized antyzmthagainst process time.
Plasma temperature spikes were caused by the ssbplgsma discharges initiated in the
dielectric oxide region between the coating and gbbstrate. It was shown that the
pulsed unipolar DC mode created more temperatukespMorphological structures of
the coatings under pulsed unipolar and bipolar DG@denwere compared. Bipolar
coatings showed an improvement in quality and dgrefi the coatings. However the
study lacks the tribological investigation of thehegeved coatings in order to determine

the coatings performance.

Many studies were conducted on tribological behaefdEO coatings [104-106]
along with characterization of the coatings [10fproved wear and reduced coefficient
of friction are two desirable factors that eacheegsher is after. Trevino et al. [104]
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studied the effect of load amount on coefficienfradtion using 10N to 40N for coating
thicknesses of 100, 125 and 1pM on aluminum alloy 6061. The weight loss on the
PEO coatings increased as the applied load inateakinner coatings resisted
marginally better against the load increase. Urgl@g and 40N load, all samples
demonstrated a severe metallic wear that resuttéolss of the coating on the substrate..
Khan et al [106] studied the effect of current dignen coating thickness and growth.
They also investigated the effect of KOH on coafingperties and structure. They found
that coating thickness increases with the increaseent density. Also addition of KOH
has a reverse influence on coating thickness. Qgmtprepared at the same current
density in a solution with 0.5 gr/lit KOH were tiier than the ones prepared in a solution
with 2.0 gr/lit of KOH. Guo et al [107] investigatehe effect of voltage and treatment
time on coating thickness and phase structurewhiala which can be a factor in wear

and corrosion resistant of these coatings

This dissertation aims to present research findimgscoating parameters that
could reduce the coefficient of friction of the togs and affects the wear rate.
Adaptability of each coating with the counterfasealso examined by measuring the
wear scar on the counterface and investigatingwber grooves on the coating. The oil

analysis and also material transfer from the tpbo-in contact is also presented.
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CHAPTER 3. EXPERIMENTAL APPROACH

3.1 Experimental Apparatus

Typical equipment unit consists of three major glapower supply, electrolyte,
and the electrodes. Figure 6 shows the schemattbeotreatment equipment and the

major parts. These parts with their componenteapéained in detail below:

3.1.1 Electrolyte tank

Electrolyte is kept in a tank made out of stainlegsel base and polymeric
transparent sidings which is connected to the mnegable of the generator. The tank is
insulated and the bath is grounded, also the wtaslk is confined to a frame that is
earthed for safety reasons. The stainless stat# ph the base of the tank acts as the
counter electrode in the process. In order to preleealized high temperature and non-
homogeneous distribution of solution particles, esdorm of agitation is required. This
can be achieved by using a simple mixer for smadlceBnen applications or a pump to
circulate the solution. In some cases a gas exlamushgement [70] is also used for

further investigation of the byproducts of the teat
3.1.2 Power equipment (Power supply and pulse gat)

Power source can be DC or AC. This study uses D@kpsupply with a pulse
wave generator. Pulse generator provides contgobiptions for intensity, polarity and
process continuity/ interruption settings for the process. Process parameters can be

adjusted as needed. For the unipolar current magle= 400 us and t;“ff =100 us
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with duty cycle of 80% (using Equation 10) weredis@éd for the bipolar current mode,
also tf, =400 us , tjrp =100us , ty;,, =400pus , t,;r =100pus were used.
According to Yuming Tangt al[108] higher duty cycle, increases the bonding strength
of the substrate to the PEO coating. Duty cycl&@¥o is chosen based on a trial and
error. Duty cycle can have an effect on coatingopity and also coating thickness.
Power supply comes with different options such asstant current control, constant

voltage control, adjustable ramping, end-of-cyaieets/signals and emergency shut-offs

button
Spray head with
Pulsegenerator o8 | L — honeycombed mesh
+ | + openings
. — /
DC power supply = - - - / - Cylinder
Z ————t— f’ ol

Heat exchanger

1 1

I

i L |

cooling coil \ I / i
— i i

1 |

§ I

E{ Pump Electrolyte tank \

Stainless steel tank base
as counter electrode

Figure 6. Schematic of the PEO equipment and its major partsylinder treatment process.

3.1.3 Specimen holder

The specimen holder configuration can be diffefgaged on the specimen size
and shape. In case of a small specimen, a samiderhwith a hinge or claw can be used

and then dipped into the solution tank. In casa whole engine block being treated, the
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engine will be bolted down to the base of the tamkli a vertical spray head with
symmetrical honey comb mesh nozzles situated arthendpray head is used. One spray
head was available for engine application procéss.industrial mass application, there
should be enough spray heads to treat all thedstighat the same time, For instance 8
spray heads are needed to treat a V8 engine bldek.spray heads rotate 360 ° in the
cylinder to ensure uniform formation of oxide cogti The spray head is connected to an
inlet and electrolyte flows through the inlet intee spray and the mesh nozzles. Extreme
caution should be applied to make sure there gpimum distance between the cylinder
walls and the spray head. Any type of touching wallise shortening and damaging the

generator system.

3.1.4 Heat exchanger

Based on treatment time and current density, outmltage and also solution
temperature can vary. It is however desirable &pkie temperature of the electrolyte
less than 60 °C [70]. Longer treatment timesl(hour) can cause evaporation of the
electrolyte and temperature variance through th&.talthough the solution pump can
circulate and ensure a more homogenous distribudfoneat through the tank, a heat
exchanger is beneficial to control the processamyperature. A cooling coil made out of
copper in dimensions close to the bottom of th& {@ounter electrode surface area) is
used and placed underneath the tank and is cowhtecgeheat exchanger filled with cold

water.
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3.2 Coating Preparation

Before the treatment process there are specifis séken to ensure achieving of
high quality coatings with good adhesion. Followthg treatment also a routine cleaning

is performed before any tribological tests or matphical observations.

3.2.1 Pre-treatment

Surface preparation prior to the treatment is dgderfRectangular coupons of
aluminum alloys AI319 (20x15x5 minwas used as the substrate for the coating
deposition; the nominal composition of AlI31949.7% Si, 3.8% Fe, 3.38% Cu, 0.27 %
Mg, 0.23 %, 0.12 % Ti, 0.08 % Zn and Al balance ighie %). Coupons were sanded
with 4000 and 2500 grit of silicon carbide sandpaper and finally polished to a semi-
mirror finish with roughness of Ra= 0.1 + 0.(fn using 0.1 and 0.05 micron alumina
suspension. Samples were then washed and spratle@seitone and blow dried before
each coating to ensure elimination of dirt or guhg material residue. Same process of

surface preparation is necessary in case of theetrgatment.

3.2.2 PEO Treatment — Solution preparation

Once the specimens are ready to be treated, digetns prepared. A series of
different solutions is used to see the influencelading elements on wear properties of
the coatings. Doping elements are the elementsatteaincorporated into the coating.
Electrolyte composition and concentrations usethis study are gathered in Table 3,

section 4.3.
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Most of these solutions are alkaline electrolyteglenof salts, metal passivaters and
electrolyte conductivity enhancers. These saltsulshde dissolved in purified and
deionized water with electrical conductivity arouh#Ms/cm and total dissolved solid

elements of 7 to 10 mg/liter.

Samples were dipped into the electrolyte right tetbe treatment in order to prevent
any surface corrosion or etching. Treatment tinmgeaof 3 to 10 minute are considered

for this study.

3.2.3 Post Treatment

After treatment of the specimens, they were remdvenh the electrolyte, brushed
with a soft bristled brush, flushed with distilleciter and blow dried under a hot stream
of air. This is to make sure to detach loose padithat might be sitting on the surface of
the coating. Based on the experiment, samples heme $anded with silicon carbide

sanding papers and polished using alumina suspesslation at 0.1 and 0.05 micron.

3.3 Roughness Measurement

Arithmetic mean surface roughness (Ra) usuallyedadls average roughness of
the coatings is measured by a Mitutoyo SJ-201Rustglrface profiler with + 0.01 to
0.04um uncertainty. Ra is the average of the absoluteegaof the profile height (peaks
and values) deviations from the mean line, colatgthin the measurement length.

Equation 11 shows the calculation equation of Ra:
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1 L .
Ra = ZfO |1Z(X)| dX Equation 11

where L is the measurement length, Z(X) is theif@dfeight function. Figure 7 shows
the roughness terminology and the relation betwbemrofile height at each point and

the Ra.

In order to compare the coatings achieved undderdifit conditions such as
different current density or solution compositienyface of the coatings are sanded and
polished into similar roughness values. Roughnedseg of 1, 0.8 and 0.4m were
chosen for the tribo-test experiments. Figure 8\shitne profiles of the coatings achieved
at different stages of polishing. A surface probifethe polished and ready-to-be treated

specimen is also shown.

Roughness plays a role in wear behavior and caoaftiof friction (COF) values
of the coatings. Results of the influence of rowggmon performance of PEO coatings

are presented in Chapter 4.

Mean line
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Figure 7. Arithmetic mean surface roughness (Ra) in relatiith the surface height profile of
the coatings
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PEQ treated surface as deposited, lose particles were brushed off Ra=1.5

Surface was sanded by 4000 grit SiC Sand paper Ra= 0.8

Surface was polished by 2500 grit SiC Sand paper Ra= 0.4
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Figure 8. Surface roughness profiles of pre-treatment satestand post treatment coatings at
different stages of polishing.

3.4 Coating Thickness Measurement

Coatings thickness was measured by two differethogs. An electromagnetic
Induction gauge (PosiTector 6000 N Series) equippitd eddy current measurement
setting with £1% measurement uncertainty was uBedy current setting was selected
due to non-magnetic and non- ferrous nature ofsthiestrate and the ceramic oxide
coatings developed by PEO process. Since the nmesaeuts with this device is very

sensitive to coating roughness and porosity, cresstional Scanning Electron
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Microscopy (SEM) measurements were also condudtedonfirm the acquired values.
Figure 9 illustrates the coating thickness of a Ri6@ted cross-sectioned sample under

0.1um/A2 current density over 3 minutes of treatment time.

Mounting material ‘

Technology laver

PEO coating Coating

Functional layer thickness

Al Si substrate

Figure 9. Cross sectional structure of a coated Al319 saraptier 0.1um/A? current density
over 3 minutes of treatment time.

3.5 Morphological Observation

Coatings developed in different solutions have edéht characteristics:
tribologically and morphologically. Some of the mbological differences such as
coating texture or uniformity were apparent by mhleye. The difference in surface
finish was also observed and at times was notieeédblthe touch. Post treatment
processes as discussed in section 3.2.3 were applithe surface of the coatings to

prepare them for SEM observation.
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3.5.1 Coating Surface Observations
Surface morphology and composition of the coatiags characterized using a
JOEL 2100 Scanning Electron Microscopy (SEM), opegaat 15 Kv. Figure 10 shows a

typical PEO-treated coating of Al319 with a netwofkmicro-cracks.

Micro cracks
Silicon particles

Pores

Figure 10.A typical PEO coating with network of micro cracks

Formation of the coating on the eutectic and déedsiructure of Al319 is shown
in Figure 11. Sample is sliced vertically and meanon a holder stub with a 45° angle.
The SEM stub used for this image analysis is shimwfRigure 11 as well. This position
will permit a better view of surface topography tbe coatings by showing the top
surface of the coating (on top side of the imagds)g with the surface of the substrate
(the bottom part of the images). Intersection & tvo planes of coating surface and
substrate is the coating layer thickness. If thmesanounting condition is used for the
sample, it will be mentioned in the figure captesispecimen was mounted on an angle

of 45° under SEM.
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As shown in figure 10 and 11, coatings usually haweiform cauliflower-like
structure with apparent volcano-shaped openingutiirout the surface. These openings
are called discharge channel. Molten alumina i<tege out of these channels and
quenched into dense structure around the openiisg.8network of micro cracks can be
observed on a typical PEO coating. Pores (voids)aacommon feature in this type of

coating.

3.5.2 Cross-sectional Observation

Cross-sectional studies are considered to measwaecaating thickness and
understand the regional structure of the coatisgse Figure 9). Metallographic process
on the samples is composed of sectioning, cleammgynting, grinding (SiC 400),
sanding (SiC 800, 1200, 2400) and polishing (Alersaspension 0.1 Once a mirror
finished surface is achieved, it is helpful to $puthe surface with a thin layer of gold to

prevent charging under SEM and promote better imeg@ution.

According to literature [50], [70], there are digti regions in the PEO coatings
produced on Al-alloys: outer region with a poroudgeenal layer of the coating. This
layer is X-ray amorphous and should be polishedfaffnano-indentation and micro
hardness analysis. Outer layer is the result oard growth of the coating and is called
“Technology” layer [70]. Technology layer is a fodike layer consolidated as nodular
deposits on top of a denser layer called “Functidager. Second region is a dense inner
region which is formed with higher temperature &ion and is responsible for load
bearing and hardness characteristics of the coalihgre is a thin layer between the

substrate and the dense layer which | cBirth” layer due to formation of discharge
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channels on this layer. This layer has complex ghad the alloying elements. Refer to

Figure 9 for an illustration of cross-sectional gea of the total coating thickness with all

three regions.

Sample was sliced vertically and mounted on a holde
stub with a 45° angle. This position will permit abetter
view of surface topoaraphy of the coatinas
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Figure 11.a) sample holder with 45°angle: b) Aluminum Alloy 319 metal matrix witluitectic

and dendritic microstructure and the PEO coatingeldped in a silicate based solution under 0.1
A/cm? current density over 3 minutes of treatment titNete: The top part of the image is
showing the top surface of the coating and theobotpart of the image is the surface of the
substrate. Intersection of the two planes of cgasinrface and substrate is the coating thickness
layer.
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3.6 Porosity Measurement

PEO coatings are categorized with an amorphousephdls a distribution of fine
scale pores. Porosity inside the cylinder blockdesirable. The reason is that oil can be
retained in these voids and reduce the frictiomvbeh the piston rings and the cylinder
wall especially during the Stop-start system ortamy that the engine is started after a
long period of inactivity (Start-up). Gravity makéee oil to be drained down into the oil
pan at the bottom of the cylinder block. Insuffididubrication on the cylinder wall can
cause more friction between the rubbing surfacescanld shorten the life of the engine.
The function of the reservoirs on PEO treated serfes similar to the cross-hatched
patterns that are honed on the cylinder walls asréace finishing process. In typical
engine blocks the surface of the cylinder liners laoned in a cross-hatched pattern to
ensure optimal lubrication and good seal betweem timg and cylinder walls.
The oxide layer achieved after PEO treatment ii@mic coating consists of high
concentration of alumina. As for any ceramic mailsriporosity is inevitable and can
influence the performance and coating propertiég gorosity network is formed as the
result of oxygen entrapment in molten alumina m ¥itinity of local electrical discharge
[109]. Also the vigorous escape of hydrogen dutimg anodic oxidation stage of PEO
process can lead to formation of pores on the oflide Curran and Clyne [109] used
different techniques to measure and analyze the pare and distribution of PEO
coatings. They used Keronite treated 6082 alumimlloy samples and measured the
density of the coatings using the proportions ef phases present in the XRD analysis.
In their analysis, they measured mass and physitaénsions of the samples and

calculated bulk density of 3 + 0.3 gr/@nPhases ofi-Al20z and y-Al20z counted for
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35% of the volume each and the rest was assumt @asnorphous phase of28k[75]
.The estimated theoretical density of the PEO ngatis 3.63 + 0.2 gr/cin The wide
range of error is due to the uncertainty in phasgerahination using XRD. The difference
between the calculated bulk density and the estich#teoretical is 17% * 12% which
suggests the approximate total porosity of theigga@hey also suggest that the porosity
is largely surface-connected. Figure 12 illustradeschematic representation of pore

types. Cross-linked pores and blind pores are #ie types of the pores in this study.

Blind Pores Surface-connected Pores

Figure 12. Schematic representation of pore types. Recreatddsy of Herbert Giesche
[110].

In the same study, Curran and Clyne [109] resedrtie pore size distribution of
the coatings. They used mercury porosimetry touatalthe pore size distribution along
with pore geometry and also the total volume ofgtdace-connected porosity network.
The apparatus consists of a chamber, a pressursdtreer, an air pump and mercury
tank. Once the sample is located in the devicechi@nber is evacuated of air and then
filled with mercury. Mercury is a non-wetting liguiwhich does not penetrate into pores
on its own. Therefore an external pressure is egphto the chamber. The pressure can
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go up to 100 Mpa. The required pressure has amsawelation with the pore size [110]

as shown in Equation 12.

__2ccos(h)

,r.O

AP Equation 12

whereAP is the pressure variation,is the surface tension of the mercury taken a83.4
N/m, h is the contact angle which is usually assumed3at Zandr® is the capillary
radius. Surface tension of a liquid is the cohednrce of the surface of the liquid
towards the external forces. Surface tension issored by the amount of energy
required to increase the surface area of the litpyich unit of area. The behavior of a
liquid towards a solid is determined by the amoainattraction force between a liquid
and a solid (adhesive force) and the surface taneiothe liquid (cohesive force).
Mercury does not wet the sample due to the stroogleesive forces within the drops of
mercury than the adhesive forces between the dnogghe sample. Once the pressure is
applied, liquid mercury is sucked into the porés;surface has a convex shape because
the cohesive forces in liquid mercury tend to diainto a drop. The penetration volume
is then monitored by measurements of capillaryusdind height. Pore size and pore
volume is then obtained. It is concluded that therage pore size is of the order of 30
nm and most pores are in the range of 5nm apth1Value of 20% was consistently
obtained as the overall volume of porosity [10€]losed pores cannot be measured for

obvious reasons since the mercury cannot entee phaes.
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Porosity can affect other characteristics and ptagse of the coatings such as
hardness, thermal conductivity and permeabilitycaxding to McColm[111] 20% of
porosity can reduce the hardness from the fullysdevalue by up to 70%. Thermal
conductivity of PEO coatings is considered one oafenagnitude lower than the bulk
alumina due to the presence of fine grain size,rphaus phase and pore network [109].
Also during the XRD analysis, the X-ray penetratioto the coatings was much deeper
than the bulk alumina. This is again due to poyostermeability is important since it can
predict the behavior of the coating in contact viithricants. In fact, impregnation of the
surface by Teflon, dry lubricants and graphite Baswn remarkable results on wear
behavior of the coatings only due to good perméagbdf the PEO coating surface.
Combination of oil retention and linked pores oé ttoatings make them desirable for
cylinder wall application. The adverse effect wolddd in the presence of corrosive
materials that can penetrate into the pores andecaarrosive attacks on the substrate.
However the permeability advantage of the PEO ngatmakes them a good candidate
for sealants or anti-corrosive sealing materialsese can be applied on the treated

surface as a post-treatment/finishing layer.

Before the tribo-tests in comparison studies, ogatwere polished into a similar
roughness values and then were tested for wearvioehdVhen the coatings were
polished, the pores’ geometry would change. We dta#lse re-shaped openings,
“reservoirs. In order to measure the porosity of the coatjinbe SEM-obtained surface
profiles of the coatings were digitized using aitdigmage analyzing software. Figure 13

shows the different stages of the surface digiizprocess. Digital image analysis
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methods have been widely used due to their vatgadgihd simplicity for analysis and

characterization of the coated substrates [112].
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Figure 13. Different stages of digitizing process for porgsiteasuring process: a) SEM image
of a polished sample with Ra = Quéh, b) identified surface oil reservoirs, c) analyzalues of
digitized surface. Porosity percentage for this@ans 17%.
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Porosity is an average value; therefore differégid$ of views from the same
sample are taken and analyzed by the software. sdseral small domains (30 30
um?) from each image are chosen, analyzed and averRgee sizeg) varied from very
small openings ofp 0.5um), usually in round shapes to larger opening8 phi<p <5
um). Figure 14 shows the percentage of porosity hf toatings versus average
roughness values. Most PEO coatings in this staghe lthe porosity range of 17 to 25%.
Highest porosity was achieved for the sampleswlase treated in silicate based solution
for 3 minutes. Also coatings treated under pulsedlar direct current condition tend to
have higher porosity compared to coatings treatadeu pulsed unipolar current
condition. Average porosity was calculated arod®8d3% for unipolar coatings and

21.13% for bipolar coatings. It can be concludesd tbugher surfaces seem to have more

porosity.
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Figure 14. Average roughness versus porosity in percentageifolar and unipolar coatings.
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3.7 Crystal Phase Structure and Elemental Analysis

In order to determine the atomic structure of tlE®ORcoatings, a series of x-ray
crystallography were conducted. The phase strustoféhe PEO coatings were studied
using x-ray diffraction analysis. Figure 15 shows tesults of XRD analysis for three
type of coatings: aluminate, silicate and phospbated coatings treated for 5 minutes.
X-ray radiation of Cu l& with a wavelength of 0.154 nm in the rage of 2080° with
the intervals of 0.02° was used. There was nondistlifference observed between the

phase structure of PEO coatings produced in s#jatminate and phosphate solutions.

XRD analysis of the coatings indicates the formmatb stablex- Al2O3 and meta-
stabley- Al203 along with mullite phase of ADs.nSiGx. Larger peaks of aluminum are
detected due to porous nature of the coating aedHhim oxide film which cause the
penetration of X-ray beam into the substrate. Qythre formation of coating, molten
Al20s3 is injected to the electrolyte through the disgivag channels that are formed
between the substrate and the surface of growing dince the sparks are produced.
Meta-stabley- Al20s is quenched rapidly because of temperature difterdoetween the
growing layer and the electrolyte solution and t¥eastablen- Al20s. Formation of
mullite phase is important specifically for coasngn engine cylinder bores since this

ceramic phase has a dominating effect on therrabllgy of the coating [113].
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Figure 15. XRD patterns of PEO coatings prepared in differsolutions: P (phosphate), Al
(aluminate) and S (silicate).

Wang [114] found that in silicate electrolytes, SfQransforms to Si@on the
growing layer or the interface between the sulbesteatd the electrolyte. Once the
Al20s3 is ejected out of the discharge channel at a testyre close to 3000 °C, it will
combine with SiQ@ and solidifies to the mullite phase. This phase t its thermal
stability does not quench as fasiva#\l2Os and accumulates around the break-through of
the discharge channel in a circular form. Oncectieding is cooled the discharge channel
can create a pore with the accumulated mullite gurehchedy- Al203 all around it just

like an opening of a volcano [113].
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EDX (Energy Dispersive X-ray Spectroscopy) analysialso a good indicator of
the component and chemical characteristics of tairgs and is used in comparison
study of the PEO coatings achieved in various smlutompositions. The quantitative
analysis of main elements of aluminum, silicon axgilgen can be a good indicator of
chemical structure of the coating. Element courdg gathered over 10 kilo electron volt
(KeV) of electron beam energy. Figure 16 gathees EDX elemental analysis of the
coatings. Main parts of the coatings consist ofmawm oxide (alumina). Silicon
particles are visible as black points under SEMc&iand alumina also sintered together

during the coating process and can be seen aspladedet shapes under the SEM.

3.8 Tribological Study
Tribology involves the study of friction, lubricati and wear therefore it is
essential to research the influence of each ofdingponents of tribological system in

order to understand the behavior of the matemat®ntact.
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Figure 16.EDX spectra and analysis of a PEO coated samplected at the pore (1) and on the
surface (2). The coating is produced in a mixtdfraleminate and silicate solution over 5 minutes
of treatment time. Specimen was mounted on an ari@l&° under SEM.
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3.8.1 Tribo-system

Two types of wear test machines were used in thidys Initial tests were done
on a reciprocating pin-on—disk tribo tester. Remijating mode is used to mimic the
movement of the pistons in the cylinders of an eagand since most of the sliding
surfaces of an engine operate within a lubricatedrenment, engine oils were mostly
present during the tests. Later a modification wasde to the existing tribo tester
machine by designing a piston ring holder. We datlds modified set-up ring-on-disk

tribo testing. Figure 17 illustrates both holderselation to the substrate.

A tribo-system consists of two major parts: trikergand an auxiliary sub system.
Tribo pair was the coated PEO samples of Al319adle the cylinder wall and counter
surface of steel alloy E52100 testing balls fordhee of ball-on-disk tribo testing. In the
ring-on-disk condition, moly coated piston ringslateel coated steel rings were used as
the counter surface. The auxiliary sub systemadubrication sub system and the testing

conditions that are responsible for controlling amahitoring the system.

Tribo pair's behavior is influenced by various etts such as materials, contact
geometry, loading, motion type and speed, and enmiental factors. Environmental
factors such as humidity (average 45%), testingnrdemperature, air pressure and
vibration are considered constant for all the tdstprinciple, all the tribo test parameters
and conditions of an out-side engine study shoahldespond to the practical conditions
of an engine however they were limitations duringr aests such as temperature

variations. The results will be presented and dised in Chapter 4.
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Figure 17.Reciprocating tribo pair: a) ball-on-disk tribcsteb) ring-on-disk tribo-test.
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CHAPTER 4. RESULTS AND DISCUSSIONS

This chapter gathers all the findings of this resledased on effects of various
variables, parameters and conditions on performahdke coatings and their influence
on wear behavior of the coated surface and alsedbster surface. Figure 18 illustrates
the research path that was followed along with mreary of studied parameters and
variables during this research. As shown the eftécturrent mode, current density,
solution type and acidity on morphological behawbthe coatings are studied. Surface
roughness, porosity and coating thickness of differsamples were compared and
analyzed. In terms of tribological behavior, maisystems were investigated: coating
surface behavior and counter surface behavior.c#tdis of the wear behavior:

coefficient of friction and wear rate are preserftgceach variable.

4.1 Effect of Electrical Parameter on MorphologicalStructure and Tribological
Behavior of PEO

Properties of the PEO coatings and their residtamtear are related to electrical
parameters used during the treatment time. Thaseneders are: current polarity, current
density, current frequency, anodic and cathodictagal, and duty cycles. Of the
mentioned parameters, current polarity and cumensity are studied in this research in
details. This section contains a series of coatihgsare produced in three major types of
electrolytes: aluminate, silicate and phosphatee HExperiment matrix along with

finishing voltage and hardness values of each saamgl gathered in Table 1.
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Figure 18.Research path taken for this study with all thenelets under investigation.

Table 1. Experiment Matrix for Aluminate, Silicate and Ppbate based solutions.

Sample Polarity Solution Composition OutpuE\Xoltage ﬁ;ﬁ;ﬁggs\/gﬁﬁs
Al Unipolar 8gr/lit Al20s + FeeOs + NaO 387 345
A2 Bipolar  8gr/lit AOs + FeeOs+ NaO 401 350
S1 Unipolar 8gr/lit NaSiOs 398 325
S2 Bipolar 8gr/lit NaSiOq4 411 370
H1 Unipolar 8gr/lit NeeHP Qs 320 245
H2 Bipolar 8gr/lit NaHP Oy 348 270

63



4.1.1. Current Polarity

Current polarity can affect the coating growth andrphology distribution. The
coatings under investigation in this research armedyced using direct current at
moderately low voltages (< 500 V) with unipolar dridolar pulsed settings. Polarity can
be set through a power supply enhanced with a pon@idulator controlled by an
external step waveform generator. Polarity of tineent in a unipolar pulsed DC is either
positive or negative. A bipolar current is one waiftles of positive and negative current.
These cycles will have different types of dischaefects on the coating formation
phases. Dynamic of the cycle loading dictates theh@drge levels of each cycle and has a

significant influence on homogeneity of the coasifiyl 5].

In unipolar operation mode, the pulsed DC voltageapplied to the substrate
which acts as a cathode and the walls of the elgttrbath serve as the anode (as seen in
Figure 4). In bipolar operation mode, there are wysles of positive and negative
“puls€. During the positive pulse, the substrate is #m®de and the electrolyte bath

container is the cathode, these positions are @tadgring the negative pulse.

There are three sets of discharge timen,TTon and Tott. During T on and Ton, @
short high voltage pulsed wavelength creates amtditidischarge on the substrate, this
causes dielectric breakdown of the electric fielduad the substrate and creates
discharge channels from which molten aluminum &cteJd onto the coating surface,
oxidized and solidified rapidly due to the extreteenperature difference between the
plasma blanket (also called envelope) and therelgta. Toff represents the pausing time
or absence of positive or negative pulse. During [bcalized molten oxide cools down

and the cycle continues by initiation of anothelspuDuration time of the positive and
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negative pluses can be programmed through the wamejenerator. Through a series of
trial and error, cycle loading of 80% was chosenthe bipolar direct current mode at
operating frequency of 2 kHz. Shortesn Time in general is desirable since this would
create highly ionized plasmas. During the positdse, the surface ratio (a) of the
cathode to anode is increased, therefore highehalige current and also plasma power

densities are present. Surface radipig defined by Equation 13:

. A .
§ = —tathode Equation 13

Apnode

where Acathode@nd Aanode are surface areas of cathode and anode respgctive

During Tott, the electrolyte still has remaining charge frama previous pulse and
once the negative pulse begins, a higher densitghafge is initiated. Higher density
means more sparks, faster breakage of dielecsahdrge, more exposure of the surface
to the discharge and eventually illuminating theolghsurface of the specimen once the

discharge current saturation point is reached.

Coating Morpholoqgy

Morphological characteristic of the coated sampbes have a great impact on the
way the coated surface responds to friction. Spiaema temperature spikes change with
different current mode, the achieved coatings afferdnt in quality. Bipolar current

mode results in a balance in average plasma tetoperaf the process and can create a
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more uniform distribution of the porosity on thefage and improve the quality of the

coating in terms of surface morphology.

In general, coatings produced under bipolar putiieetct current (BPDC) mode
exhibits a significantly more porous morphology lwitigher surface roughness values
(Ra) mostly in longer treatment times. Coatingsiesdd under both conditions (UPDC
and BPDC) have large network of micro-cracks. Nombgenous deposition on the
surface and inclusions were also observed on UP@fings. Coatings achieved using
bipolar pulsed direct current mode (BPDC) are myosibre dense with smaller pore
sizes and less porosity in the inner layer. Momdoaized agglomerates of alumina
(defects) deposited on the surface can be seenifpolar coatings. Quality of bipolar
and unipolar coating can be controlled by settimg @n and off or positive to negative
pulse current ratio of the pulse in an optimal @ngn optimal range can guarantee
elimination of sudden high impulses of high disgeamwith very high temperature
differences. Occurrence of high temperature sudyesg the process can create fast
guenching and generally creates a non-uniform serf@th randomized agglomerations
of alumina ¢ andy phases) on the substrate. According to Hussea [@03] unipolar
condition is capable of creating a dense coatingphwogy if only positive to negative
ratio of pulse current is determined properly. Agprate controlling conditions results in
elimination of high temperature spikes and strongulilesome plasma discharges.
Solution composition has a significant effect oratooys’ morphology. Three types of
solutions: sodium aluminate, sodium silicate andilsm phosphate (8 gr/lit) are used for
a comparison study on the effect of solution anderu polarity on morphology and

coefficient of friction of the coatings. Figure 1@ 24 show the coatings produced by
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UPDC and BPDC for 3 minutes of treatment time. SEHEI Quanta 200 FEG) operating
at 15 kV, with an energy-dispersive x-ray spectopyc(EDS) analyzer was used to
observe and analyze the specimen. Observations werge under low vacuum
conditions with assistance of back scattering ed@edimaging. Degaussing was applied to
avoid and eliminate surface charging. Each speciwessliced vertically after coating,
mounted on the uncoated exposed side and poliSedples were then fixed on a 45-
degree tilted sample holder. All figures (19 to 2dpresented in this section show two
surface plains of the specimen. Upper part of digehe is the PEO coating surface and

lower part is the polished substrate.

As seen, coatings are different in texture, poyasite and their network of micro
cracks. One reason can be the dissimilar pattefnsnioro-sparks and discharge
formation during the treatment. For instance, nmiatense sparks can create a rougher
surface or multiple numbers of sparks can createsrporosity on the surface. As the
oxide layer thickens during the process, surfade gmrigher and agglomerates become
bigger in size and coarser in texture [116], [11Ghasemi et al [118] described that in a
thicker layer of the coating, a higher current eeded to pass through the coating.
Therefore it is easier for the current to passuglhoweaker parts of the coating. If the
coating is developing uniformly with less weak peinthen the number of the
discharges/sparks would decrease. If the layeetting thick the number of the discharge
remain the same but its intensity grows. In anothierd, coating layer acts like a
dielectric material. If the coating is uniform watlit any surface defects the process
would be terminated [109]. Pores provide a posgialih for the discharge to penetrate

into the coating. Creation of discharge aroundojening and inside the tubular path of a
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pore creates formation of the oxide layer. Thesthpare usually calledischarge
channels These channels are continuously formed and fitl@dughout the process
[117]. The process can be seen as a recovery préed®al the defect and cover it with
another layer of coating which might have furthefedts. So long these defects appear
on the surface, electrolyte has a way to peneindethe coating, discharge/sparks are
created and a new layer is formed. Coating groviis imward and outward on top of the
previous layer. Inward growth fills in the discharghannel and outward growth creates

more pores and tubular channels.

Coating roughness and thickness of the bipolarusigblar coatings vary as well
as their surface structure and distribution of paed micro-cracks on the surface. Of all
three solutions, silicon based solution createdrthghest surface with larger pores as
shown in Figure 20 and 23. The reason is the effe8i0:* anions in comparison to the
aluminate and phosphate anions. Meta-silicate £S)Oanions also promote higher
growth rate of the PEO coatings [89]. This can lpaira explained by the ease of
penetration of the electrolyte into the discharganmels through the larger pores on the
surface of the coating. However as described befoeee holes and channels will be
sealed during the process therefore cross secfi@nsilicate coating shows not much

porosity or defects.

Coatings can be compared based on their growthrasateell. Coating growth rate
is the achieved thickness of the coating over thattnent time of the PEO process as

shown in Equation 14.
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D
T = T Equation 14

wherer is the coating growth rate pm per minute, D is the thickness of the coating in

um and T is the duration of treatment time in misute

Roughness and growth rate of the coatings are caudga Figure 25. Silicate
coatings have 1.2pm/min of coating growth in unipolar condition. Cioat growth
decreases to 1.03m/min for bipolar condition. Cross sectional obsgion of silicate
coatings shows a dense, uniform and compact ldyeoaiing. Aluminate coatings have
the lowest growth rate compared to silicate andsphate. They show finer porosity on
the surface of unipolar coatings. Phosphate coatiaye very fine porous structure both
on the surface and cross section along with defé&tis is due to the less possibility for
the electrolyte to penetrate into the dischargencbhathrough small pores. Therefore

coating growth is slower.
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Figure 19. Morphological observation afoating produced under UPDC condition in 8 grffit o

sodium aluminate (Al) during 3 minute treatmentetislong with EDX analysis results on the
coating with corresponding elemental contribut@pecimen was mounted on an angle of 45°
under SEM.
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Figure 20.Morphological observation dfoating produced under UPDC condition in 8 grffit o
sodium silicate (S1) during 3 minute treatment tiedeng with EDX analysis results on the
coating with corresponding elemental contribut@pecimen was mounted on an angle of 45°
under SEM.
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Figure 21.Morphological observation dfoating produced under UPDC condition in 8 grffit o

sodium phosphate (H1) during 3 minute treatmene tatong with EDX analysis results on the

coating with corresponding elemental contribut@pecimen was mounted on an angle of 45°
under SEM.
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Figure 22. Morphological observation dfoating produced under BPDC condition in 8 grffit o

sodium aluminate (A2) during 3 minute treatmentetimlong with EDX analysis results on the

coating with corresponding elemental contribut@pecimen was mounted on an angle of 45°
under SEM.
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Figure 23.Morphological observation dfoating produced under BPDC condition in 8 grffit o
sodium silicate (S2) during 3 minute treatment tiedeng with EDX analysis results on the
coating with corresponding elemental contribut@pecimen was mounted on an angle of 45°
under SEM.
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Figure 24.Morphological observation dfoating produced under BPDC condition in 8 grffit o

sodium phosphate (H2) during 3 minute treatmene tatong with EDX analysis results on the
coating with corresponding elemental contribut@pecimen was mounted on an angle of 45°
under SEM.
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Another way to explain the fact that silicate cogtgrows faster than aluminate
and phosphate is by looking at the coatings stractDoatings can be divided into major
layers: an inner barrier layer and an outer potayer. Both of these layers interact with
the electrolyte during the process. As mentionksttelyte composition and anions type
in the solution have a great impact on the fornmatid coatings [114], [119]. Barrier
layer forms when the metal ions of the substraté3ffand the anions present in the
electrolyte react. The reaction is an anodic diggm as shown in Figure 4. Anodic
dissolution provides metal ions to react with théoas such as S~ to form the oxide
layer. According to Ghasemi et al [118] the rateamfdic dissolution and coating
formation are related reversely to the coating gnoand thickness. Snizhko et al [71]
proved that coating growth is initiated once thte & coating formation is faster than the
rate of anodic dissolution of the substrate. Alswes the SiG*— demonstrates a more
stable passive layer on the metal surface comparatliminate or HP@, it can prevent

further anodic dissolution which means faster ghokate and thicker coatings.

Another indicator is the final output voltage o€tREO process. Generally thicker
coatings show a larger value for the finishing &gé. According to the output voltage
values in Table 1, during the bipolar process,ehsrup to 8% of increase in the final

voltage of the process compared to unipolar process
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Figure 25. Roughness (x 0.0ftm) and growth rate values for coated specimensrud&®C
and BPDC for 8 gr/lit of sodium aluminate, sodiuiticate and sodium phosphate solutions
measured after 3 minutes of treatment time.

Tribological Behavior

At the initiation stage of this research, tribot$ewere conducted in both modes
of reciprocal and rotational and it was determitteat the reciprocating mode is a better
mimic to the actual engine block and piston movetmeigure 26, shows the COF values
of PEO coatings achieved in different solutionsemBPDC and UPDC conditions. As
shown, unipolar coatings have generally a highdueveof coefficient of friction

compared to bipolar.
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Figure 26. Effect of current polarity on COF for three sansptmated in 8 gr/lit solutions of
phosphate, silicate and aluminate over 5 minutéseatment and tested under 2N load over 1 km
of sliding distance.

Phosphate coatings for instance showed a 45% eliféer between the coefficient
of friction values of unipolar and bipolar coatinda fact, unipolar coatings that are
produced in phosphate electrolyte showed a veryo#msurface after treatment with
very little porosity (refer to Figure 21). Underetlsame wear test condition, unipolar
phosphate coatings have less adhesion to the atgstnd were peeled off midway
through the test. Figure 27 shows the result ofkna@hesion of PEO coating to the
substrate of a phosphate treated coating. Thidsresult of rotational tribo-test. As
shown, parts of the coatings were flaked off. Wadkesion properties cause detachment
of particles. These particles can act as abragiorthe surface and creates micro-cuts on
the coating which eventually cause further detactiraad results in coating failure. Also
on the wear track marks on the coating surfacerk alanost spherical particle can be

observed. This is a protruded silicon particle thatvealed due to wear.
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Figure 27.Weak adhesion of a PEO treated sample in phosgbatgon under UPDC condition
which leads to flaking and peeling off the coatiligpe sample is cut and mantled under SEM at
45 degree of angle. The top part of the image ésdbating surface with apparent wear track
marks and the lower part of the image is the satesgurface.

Another fact is that bipolar coatings show betterr@sion resistance than
unipolar coatings [76] and this can be due to theting density and permeability of the
coating. However based on the electrolyte compmositinipolar coatings and bipolar
coatings could behave the same. For instance sgiogte solution will usually eliminate
the effect of current polarity on coatings tribdta behavior. The finishing output
voltage of the bipolar coatings is up to 8% higtiean the unipolar coatings. Hardness
values of the bipolar coatings are up to 12% mabimn tunipolar coatings. Industrial
application of PEO coatings would be feasible ifitoay synthesis can compete with the
existing technologies on mistake-proofed applicatEase of pre and post treatment, eco-
friendliness, optimal energy consumption and predesatment time. Coating growth

rate is important to automotive industry since picitbn time is of essence for mass

79



production. Based on all the beneficial factors nomed in this section, unipolar
condition can be desirable if other variables saglsolution type and current density are
chosen carefully. Coatings under study in this aede are achieved under UPDC

condition unless mentioned otherwise.

4.1.2. Current Density

Another electrical parameter that affects the ogagiroperties is current density.
Current density (J) is defined as electric curnget unit area of cross section and is
expressed in ampere per centimeter cubic. Co#tingness increases in PEO treatments
with higher current densities. Figure 28 shows dffect of current density on coating
growth rate for three different coatings of aluninasilicate and phosphate. Aluminate
coatings respond more rapidly to the changes ottineent density compared to silicate
or phosphate. Average coating growth for alumiraigtings is 0.9%um/min. Phosphate
coating growth rate is almost independent of charigecurrent density. The average

coating growth rate for phosphate coatings is atduB88um/min. Silicate coatings have
the highest coating growth rate of 1.@&/min and grow with a rate of 30% per each

increment of 0.2-0.3 A/cfrincrease in current density.

Coatings produced with higher current densitiesthieker and mostly rougher.
Figure 29 shows a silicate coated sample under.J=0015 and 0.2um/min current
densities. As shown higher current density havenflnence on coating structure. For
instance, coatings produced under 0.1 A/corrent density; has a uniform structure with
more discharge channels and smaller sized poresth®rother side of the extreme,
coatings formed under 0.2 A/éncurrent density, have more bulky plate-like

agglomerates with fewer numbers of discharge cHarteats of the coating have a
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densely packed structure mostly around the disehalg@nnel. Also micro cracks on

these coatings are continuous and have longenraitmgewer nodes.
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Figure 28. Effect of current density on coating growth of alnate, silicate and phosphate
coatings produced under UPDC mode over 3, 5 anth8tes of treatment time.

Khan et al. [106] studied the effect of current signon residual stresses during
the plasma micro discharge phase. According tor thieidy increased current density
results in a decrease in residual stresses in alugwatings. The reason is that higher
current densities create a larger plasma micrdhdige field. In this field, a network of
micro cracks is formed on the surface of the cagatinvhich contributes to stress
relaxation. Also Larger micro-discharge field medager temperature spikes. Larger
temperature spikes creates a higher range of teperdifference between the surface
and the surrounding which create thermal annealinthe coatings.
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Figure 29. SEM micrographs of the top surface of the PEO ogatieated in silicate solution
under UPDC condition at 0.1, 0.15 and 0.2 Alcorrent densities over 5 minutes of treatment
time.

82



Coating Morphology

Higher current densities, usually lead to fastewgh rate and thicker coatings
however this does not indicate a better performaofcéhe coating. Higher current
densities could create rougher surface with momostructural defects such as cracks
and accumulation of deposited material on the sarfarhis will create a non-
homogenous surface with high roughness values (Ra®m) and porosities above 20%

(see Figure 29).

Coating Defects

Coating structure in general has a direct effecthmn coating behavior against
wear. Defects such as non-homogenous coating steuaisually create positively
skewed surface profiles. This means more distiwioutif peaks and sharp points which
translates into more wear on the counter surfadeed@ted sample with non-homogenous
morphology in silicate solution with 8 gr/lit contteations is shown in Figure 30 treated
over 5 minutes at 1.5 A/courrent density. As seen there is a variety of different sizes

of alumina deposits on the surface from large gllaéedeposits to smaller droplet.

Also excessive porosityp(> 35%) can be problematic since it can affect the
surface hardness of the coating along with itsrémlee level against contact pressure.
Figure 31 shows a sample with excessive porositiclwtvas produced in a phosphate
solution with concentration of 8 gr/lit over 5 mies of treatment time at 1.2 A/ém

current density.
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Figure 30. Top view of non-homogeneity: Surface defect on ©Ribated sample in sodium
silicate solution (8 gr/lit) over 5 minutes of tteent time at 1.5 A/chturrent density and BPDC
mode.

50 Dprﬁ

Figure 31. Top view of excessive porosity observed on a sariplgted in phosphate solution
(8gr/lit) over 5 minutes of treatment time at 1.2 current density and BPDC mode.

Micro cracks can propagate into larger cracks actios coating surface and also

transmits into deeper valleys into the coating khéss. Propagation of cracks can
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drastically transform the structure and the dynaaiithe tribo-system. Propagation of
micro cracks on the PEO coating produced in aluteiri@ gr/lit) and silicate (2gr/lit)
solution over 5 minute of treatment time can beeolsd in Figure 32. Also after the
treatment, loosely deposited particles can be seersome coatings. Loose deposits
usually have a very weak bond to the surface andeadetached with minimum contact
force. This type of flaw is usually observed wisaits of aluminate are being used as the
passivation agent in the solution at higher curdensities. Other causes of these loose
deposits can be water impurities or/and mineratlves on the solution tank walls. The
troubleshooting is immediate since the particles loa removed by either brushing the

samples, water flushing or lightly sanding the asoet

¥
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Figure 32 Top view of micro-cracks propagation observed amahate (6 gr/lit) and silicate (2
gr/lit) solution treated over 5 minutes.

All other mentioned defects: non-homogeneity, esises porosity and
propagation of micro cracks are not desirable awho be prevented during the coating
synthesis since they can jeopardize the coatintppeance. Table 2 gathers a simple

root-cause analysis of each defect with some stiggeson trouble shooting techniques
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to prevent these defects. The root-cause analydisei result of treating sixty samples
with a sampling matrix of (3x5x2x2produced in three categories of solutions:

aluminate, silicate and phosphate at five diffe@ntent densities (0.1, 0.12, 0.15, 0.18

and 0.2 A/cri) with UPDC and BPDC and treatment time of 3 amdisutes.

Table 2.Root cause analysis of coating defects along wittvant troubleshooting techniques.

Defects

Root Cause

Troubleshoot

Non-
homogeneity

Bipolar Direct Current mode
Overuse of Silicate salts

Switch to Unipolar Direct
Current

Adjust the concentration
ratio of Silicate salts

Excessive
Porosity

Contamination (oil, debris,
polishing residue and etc.)
Over use of Phosphate salts

Clean the surface prior to
treatment

Adjust the concentration
ratio of Phosphate salts
Avoid contamination
when making the solution

Micro-cracks
Propagation

High current density
Over use of Aluminate salts

Adjust the current density
Adjust the concentration
ratio of Aluminate salts

Loose Deposits

Water impurities
Low current density

Use higher purity water
Adjust the current density

4.2 Effect of Surface Roughness on Tribological bekior of PEO

Surface roughness affects the performance of PE@ings and influences the
coefficient of friction. Many studies have showmtthe behavior of surfaces in contact
and their friction during sliding depends on thegyme of roughness. According to

roughness theory [120] and [121], the frictionaicts () is the force required to climb
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up the asperity of slopand as seen in Equation 15, can be mentionedeattigent

value of the slope:

Fr =tané Equation 15

There are a variety of roughness components ¢hat be looked at when
analyzing a surface such as average roughnesk{iRtosis (Rku) and skewness ¢g.
Throughout this research, terms “roughness” orféag roughness” refers to average
roughness. Some studies were selective on whameéees to include when looking at
the effect of roughness on coefficient of frictidtar instance, average roughness (Ra) is
mostly related to the coating performance due sorgler demonstration of variance in
surface asperities. Other parameters such as lsu@nsl skewness were investigated
widely in recent years [122], [123] and [124]. fage skewness (R) is an indicator of
symmetry of a distribution. For instance ifsR0, this means that the data distribution is
symmetrical on the left and right side of the cempi@nt of data. If a surface regative
skewed(R sk< 0), more valleys and pores are on the surfaceimmontrast a positive
skewed (Rsk> 0) surface have more peaks and asperities asdvédieys. Generally, a
negative skewed surface is more desirable in tidpokince it will have good lubrication

properties.

Surface kurtosis as the Greek name implies (kwtosians curved and arched) is

a measure of the peakedness or flatness of thacsurélative to normal distribution of
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surface profile data. High kurtosis of a surfacefife (R kv > 3) is calledLeptokurtic
which means slender. This indicates topography wsithrp peaks near the mean that
drops sharply into both sides. Surface profile wlobe a more centrally distributed
surface with an acute peak and fatter tails onsitles of the distributionPlatykurtic
surface is a surface with lower kurtosis valuesuR 3). Surface profile is broad with a
wider peak near the mean with thinner tails onditkes of the distribution. A normal
distribution would have a kurtosis value of 3. M@@snent on the surface skewness of
the silicate coatings indicate the fact that thagter surface is negatively skewed
therefore it could reserve the lubricant better emdimize the wear rate. Sat al. [37]
studied the effect of surface skewness and sulfad®sis on wear behavior of PEO

coating

Koura and Omar [121] emphasized the effect of ayeesdope of the asperities as
the single best correlated parameter for predictivegsurface behavior. Also Terrance
[122] reported that the average slope can be a gwedicting factor for boundary
friction. He concluded that the asperity slope loé tharder surface of the tribo-pair
determine the coefficient of friction behavior.tife asperity slope of the harder surface
decreases, coefficient of friction will also de@ea Menezest al ([125] and [126]) did
a comparative analysis on correlation coefficintarieties of surface parameters. They
did the analysis on a wide selection of materialshsas aluminum alloys (Al-4Mg and
Al-8Mg) and pure metals of Al, Mg, Zn, Cu and PHl #he wear tests were conducted
under lubricated conditions. According to theirdstuaverage roughness and average
slope of the surface profile have the best coimatvith coefficient of friction. They

also pointed out that the average value of theficosit of friction is strongly dependent
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on the average or mean slope values and is indepentisurface texture of the materials

investigated.

Average or mean slope of a surface profile is @efias the mean profile of the
slope over the assessment length. This value @ileééd by finding the slope between
each consecutive points of the surface profilearetaging them [127]. The equation 16

is used for calculation of the average slope oftiméace profiles [125]:

Aq = | L yn-1 i

il Equation 16
n “1=1 sy, q

wheren is the number of points on the surface profileraRetersx andy are the
coordinates of the each point. It is worth notihgttthe value ofia is always considered

absolute.

In this research, a series of PEO coatings produtex variety of electrolytes
over 5 minutes of treatment time, are used to dmscthe correlation coefficient between
all four mentioned roughness parameters (Ra,MR andAa) and coefficient of friction.
Wear tests are conducted under lubricated congitmrer 1 km of sliding distance.
Figure 33 illustrates the correlation coefficiergtween coefficient of friction with
average roughness parameter (Ra). As shown anelsezpied by the trendline, there is a
good positive correlation between coefficient aétfon and Ra. This behavior is in good

agreement with results from Menezgsal. 2008 [125] study.
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Under lubricated condition, skewness and coefficefriction are negatively
correlated. This means coefficient of friction tertd decrease when skewness increases.
As seen in Figure 34, samples with skewness ok-B$k <1, tend to have lower values
of coefficient of friction and higher values of ¢fie@ent of friction can be mainly seen in
samples with surfaces with Rsk <-0.5. This canxpgagned by the fact that in a surface
which has more peaks, under lubricated conditienateas between the peaks are filled
with oil, the liquid pressure from the oil can inggoan upward force to the counter face
upon contact. This will create a negative force decrease the force resultant. The

acquired result of the analyzed data points asgreement with Menezes al.[126].
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Figure 33 Correlation coefficient between coefficient of fiom with average roughness
parameter (Ra) for PEO samples treated over 5 minuwd variety of electrolytes.
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Figure 34. Correlation coefficient between coefficient of fiim with surface skewness (Rsk)
parameter for PEO samples treated over 5 minuevariety of electrolytes.

Kurtosis is also another characteristic of theaefprofile. Rku < 3 demonstrates
surfaces with low peaks and low valleys. The undegestigated data as shown in Figure
35 is in the range of Rsk = [-2.5, 2]. This makesse since all these samples were
sanded under the same condition. The only differewould be the starting average
roughness of the samples. Lower coefficient oftifsit samples can be found in surface
profiles with kurtosis range of Rku = [0, 1.5]. @re other hand negative kurtosis shows
higher coefficient of friction. The correlation dbeient is negative which means as the
surface kurtosis increases, coefficient of frictidacreases. The negative correlation
between coefficient of friction and surface kurtos in agreement with the comparison
analysis on roughness parameters conducted by Mesenal.[126] and Sedlacelet

al.[123].
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Figure 35. Correlation coefficient between coefficient of fiam with surface kurtosis (Rku)
parameter for PEO samples treated over 5 minuevariety of electrolytes.

As mentioned before, average slope can be a gatichior of the coefficient of
friction trend. Average slope of each sample iswdakted using Equation 15 and results
are plotted against coefficient of friction in Frgu36. A stronger correlation is deduced
compared to surface skewness and kurtosis. Caaffiaf friction is correlated positively
with average slope of the surface profile. Lowegrage slope is more desirable as shown
in Figure 36 since most of the lower values of Gioeit of friction represent lower
values of average slope. The plotted results amgreement with results published by

Menezest al[126].

The correlation coefficient between coefficient &iction and roughness
parameters used in this research under lubricatedition are gathered in Figure 37.
Average roughness and average slope show a straogeiation with coefficient of

friction compared to skewness and kurtosis.
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Figure 36. Correlation coefficient between coefficient ofction with average slopeAg) for
PEO samples treated over 5 minute in a varietyeztmlyte.
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Figure 37. Correlation coefficients between coefficient oicion with roughness parameters
under lubricated condition.
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4.3 Effect of Solution Composition on TribologicaBehavior of PEO

The composition of the electrolyte has a greatuarice on properties of the
achieved coating. Growth rate, morphology and pltaseposition can change by using
different electrolytes. There are four main categgof electrolytes that can be utilized in

production of PEO coatings [128], [129].

1. Electrolytes that provide fast dissolution of metath as salts like NaOH
2. Electrolytes that provide slow metal dissolutioglsas HSQ: and NaSOs
3. Electrolytes that promote slight passivation of rtietal

4. Electrolytes that promote strong metal passivatioch as EPQs

When group 1 and 2 of the solution categories éslus is crucial to start the process
as soon as the substrate is dipped in the solatibaerwise, the substrate would have
residues of the immediate corrosion or etchingctfféehich can influence the adhesion of
the coatings. Once the process is started, it thkeger time for these solutions to
provide an environment for the spark generatiomu@r3 and 4 on the other hand reach
the sparking voltage in a shorter time. Anothessifecation of the electrolyte coatings is
to divide them into acidic and alkaline solutioMost of the alkaline solutions include

one or a mixture of the followings [69]:

1. Hydroxide based electrolytes (Sodium and Potassium)
2. Silicate based electrolytes
3. Phosphate based electrolytes

4. Aluminate based electrolytes

Also according to literature most frequent elegftiiol composition for PEO
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coatings on an aluminum alloy substrate are alut@ibased [130], [114] silicate-based
[85], [118] and phosphate based [131]. List of theious electrolytes used in this

research can be found in Table 3.

Coatings on the substrate are formed in differgmie tof solutions and are
compared in terms of morphological appearance,moegs values (average roughness is
used since it has the best correlation with coeffiicof friction) and growth rate. These

coatings are also compared for their tribologieaf@rmance and wear rates.

Figure 38 shows the roughness values of PEO coatiag5 minutes of treatment
time under 0.1 A/cicurrent density. As shown silicate has a greatachpn average
surface roughness of the coatings and phosphals teract as a smoothing agent in the
coating. In other words, phosphate solution prodube smoothest coating and silicate
solution produces the roughest. When they get miwgether, phosphate reduces the
roughness value of the achieved coating. Potassiydnoxide tends to increase the
intensity of the breakdown dielectric discharge adds to the coating thickness and also
roughness of the coating. It is desirable to achmatings with less roughness, adequate
porosity for oil retention, good hardness propsrtend also lower coefficient of friction
values. Silicate based unipolar coatings showe@loaughness values when mixed with
Potassium hydroxide and also showed almost the saoghness values when mixed

with phosphate salts.
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Table 3.Various electrolytes used in this study.

Solution Composition Solution Chemical Formula

Aluminate 50-56% AbO3 + 0.05% FeOs+ 40-45%
NaO

Silicate NaSiOs

Phosphate NaeHP Oy

Aluminate and Silicate (Al203 + FeOs+ NaO) + NaSiOs

Silicate and Phosphate NaSiOs + NeeHPOu

Silicate and Potassium Hydroxide Na:SiOs + KOH

Silicate, Potassium Hydroxide and Citric NaSiOs + KOH + GHsO7
Acid

Silicate, Potassium Hydroxide and

Molybdenum Disulfide NaSiOs + KOH +M0oS

In order to compare the coatings behavior and mefit of friction, a series of
samples were chosen from production of PEO coatingthe mentioned electrolyte
solutions. All samples were chosen with averagéasarroughness values between 0.5
and 0.7um in order to minimize the effect of surface rougés for our comparison
study. Tribological properties of the samples waraluated using a reciprocating sliding
tribo-tester under a normal load of 2N for 1 kmsbdling distance. The maximum Hertz
contact stress is estimated at 980 MPa. Slidirakstand frequency were 10 mm and 4

Hz, respectively.
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Silicate + Potassium Hydroxide
Molybdenum Disulfide

Silicate + Potassium Hydroxide

Silicate + Phosphate .
m Bipolar

Aluminate + Silicate Unipolar

Silicate

Solution Composition

Phosphate

Aluminate
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Average Roughness (Ra

Figure 38. Roughness values in relation with the solution pgosition for 5 minutes of treatment
time. Six samples were treated in each solutior:tgpunder bipolar and 3 under unipolar pulsed
direct current mode. Roughness of each sample wasumed 5 times at 5 different directions on
the surface and then averaged.

Samples were tested under lubricated condition #ithuse of 5 ml of 5W30
engine oil. A preliminary test has shown no diffeze in the results of coefficient of
friction using 5W20 engine oil. The main differenoetween 5W20 and 5W30 is the oil
viscosity/thickness which determines the resistasfcthe oil against heat. 5SW30 stays
thicker when heated and is more desirable for hmigleeformance engines. Same tribo-
test condition was used for the tribological evéua of this study unless mentioned

otherwise. A result of this comparison is showifrigure 39.
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Figure 39. Coefficient of friction of PEO coatings producedvariety of electrolyte solutions.
Samples were tested over 1 km of sliding distant@eu lubricated condition against the moly
piston rings. (SD= £ 0.01)

The highest coefficient of friction is achievedngsia combination of silicate and
aluminate solution. Among aluminate, silicate amdgphate based coatings, phosphate
shows the lowest coefficient of friction howevee ttpating is softer in terms of hardness
and tends to delaminate over longer sliding disgtgisee Figure 27). Phosphate coatings
also tend to have more porosity which sometimeseeds the optimum limit of
efficiency (17-25%). Jun Liangt al.[116] also investigated the effect of silicate and
phosphate coatings on wear performance of the Ria@ngs and demonstrated that the
coatings formed in silicate solution have a higbeefficient of friction but exhibit a
better wear performance compared to the coatingpaped in phosphate solution,
aluminate solution compared to silicate and phosplalution produce coatings with
higher coefficient of friction. Of the three typlcaolutions (aluminate, silicate and

phosphate), silicate solutions tend to create ogatwith good coefficient of friction,
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shallow wear tracks on the coating surface and mum of wear loss on the counter
surface. Therefore more emphasis was made ontsilarad silicate mixture solutions.
Addition of phosphate to silicate solution decrsasear loss on the counter surface and
has not improved the coefficient of friction values the better. Addition of potassium
hydroxide to the silicate solution shows an 8.75®rovement on coefficient of friction
values and also 20% less wear loss on the countéice. Further investigation on
tribological behavior of the coatings produced ihcate and potassium hydroxide
solution at different pH levels is presented intisec4.4. As shown in Figures 39,
addition of molybdenum disulfide has helped witk ttoefficient of friction. Figure 40,
gathers the results of volume loss on the couniéace of steel balls and as shown, wear
loss on the counter surface against the coatingduged in the solution mixed with
molybdenum disulfide is 8% less than the same isolwtithout the use of molybdenum
disulfide. Tribological influence of addition of nytpdenum disulfide to silicate and

potassium hydroxide mixture can be found in secfion

4.4 Effect of Solution Acidity Level on Tribologicd behavior of PEO

Acidic solution has not been explored as much kaliak solutions due to their
environmental effects. Although using environmeffit@indly alkaline solutions are one
of the main advantages of PEO treatment, it is gom®ke the effect of an acidic solution
on PEO process. Therefore a series of tests has dmelucted under a variation of
electrolyte acidity starting from the most alkals@ution with pH=13 to neutral solution

with pH=7 and finally reaching a high acidic sotutiwith pH= 3.
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Figure 40. Wear loss on the E52100 steel balls against atyaoi PEO coated samples. Samples
were tested over 1 km of sliding distance underid¢albed condition (SD= +£0.001).

Acidity of the solution has an impact on coatingkhess and also morphology
and roughness of the oxide layer. As shown in Egdt, a series of coatings were
achieved in a mixture of silicate and potassiumrbyde solution with the addition of
citric acid. As shown, the more acidic the solutignthe faster it grows. Coating growth
rate is under im/min for the solutions with pH= 13 and it increage 1.5um/min for

the solution with pH=3.

Coatings formed in the solution with pH=10 showkd toughest surface. Data
points are fitted using a“polynomial fitting curve and represent a strongrelation

between the pH values and surface roughness.
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Table 4 shows the test matrix of the samples. Siaaghness has a great impact
on behavior of the coating in contact with the deursurface, it is essential to design a
matrix of samples that can be compared to each.otherefore, achieved coatings were
sanded and polished to different values of roughnas first achieved coatings were
brushed before the first round of tribotest andentested. These samples were cafled
depositedsamples. At the next stage, samples were sandkegaished lightly to reach
average roughness value of Ra= (irf and finally samples were polished further to
reach Ra= 0.4um. After each polishing session, samples were whshith water,
cleaned with acetone and dried completely. Prepematings were tested under 2N load
at lubricated condition. Figures 42 shows the c¢oiefiit of friction curves for the

coatings produced in solutions with variety of mhdls at different roughness values.
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Figure 41. Effect of solution acidity level on surface rougiss and coating growth rate.
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Table 4. Test matrix for PEO coatings produced in acidiisels of (3 < pH <13).

Average
Solution Composition Trea}tment Output Vickers
Sample . pH Time Voltage
(gr/lit) (min) V) Hardness
(HVo.)
p1 (6) NaSiOs + (2) KOH 13 5 441 345
(6) N&SiOs+ (2) KOH
P2 + (7) GHzOr 10 5 467 350
(6) NaSiOs+ (2) KOH
P3 + (10) GH=O7 7 5 472 375
(6) N&SiOs + (2) KOH
P4 + (15) GH=O7 5 5 476 370
P5 (6) NaSiOs+ (2) KOH 3 5 492 245

+ (23) GHsO7
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P5- Coating produced in solution with acidity levelof pH=3
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Figure 42 COF curves for the coatings produced in solutiorith wariety of pH levels at
different roughness values. P1, P2, P3, P4 anddbaatings achieved in solutions with acidity
levels of pH=13, 10, 7, 5 and 3 respectively.

As shown in Figures 42 for the as-deposited coatiagd higher roughness
values, there is a sharp increase and decrea$e atart-up time of the tribo-test (as
marked in Figure 42 — P1). This period is calleg ltnreak-in phase. During this time, the
tribo-set is settling-in which means the coatingfae is being smoothed by the
counterface on the spots that have high contaetstBreak-in phase usually prepares the
surface for higher load bearings. Also in caseubfitated condition, the lubrication is
seeping into the nicks and crannies of the surtawk forms a boundary between two
contacting surfaces. Sliding frequency is fixedimy the tribo-test and was set to 4 Hz
to keep the lubrication condition as “boundary iotion”. This means that the lubricant

film is thinner than the height of the asperiti@stbe counter surface but not thinner than
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the height of asperities on the coated surface.bbiuedary layer will protect the sliding

parts of a tribo pair unless there is a changead br roughness of the surface.

Roughness plays an important role in lubricatiohaweor of the sliding surfaces.
At higher roughness values as shown in all P1 taCRB- plots of Figure 42, for as-
deposited curves, COF is higher and above the g®eralue. This is due to the direct
asperity contact between the surfaces. In tribgltigg behavior can be quantified with a

ratio calledA Ratio[132] as reflected in Equation 17:

als

Equation 17

where h is the lubricant film thickness, amal is the composite surface roughness of

sliding distances described in Equation 18:

o= \/UPEO + Ocounterface Equation 18

where oppo IS the composite surface roughness of the PEOedoatrface and
Ocounterface 1S the surface roughness of the counterface. lasseime that the composite

surface roughness is the same as average surfagbness (Ra), Equation 19 can be

reached:
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Ra = /Rapgo + Racounterface Equation 19

and also if the thickness of the lubricant flmadsnsidered fixed due to the similar
quantity of droplets of lubricant used for eachttéswould be apparent that higher
roughness values will bring lowéy ratios which means more direct asperity contact
between the sliding surfaces and eventually high@&F values.Figure 43 gathers
coefficient of friction values of the mentioned gdes that were tested over 1 km of

sliding distance at three different roughness &a(i®a= 1.2, 0.8 and 0.4).
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Figure 43. Coefficient of friction values against roughnestiga of samples P1 to P5. Samples
were tested over 1 km of sliding distance at 4 lidlingy speed (SD= £ [0.0008-0.0012)).
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Coatings are influenced by the roughness valudélseo$urface. Higher roughness
(Ra=1.2) usually causes higher COF. As the roughdesreases, the COF decreases for
P1 and P4 coatings which are produced in pH=13p&t%b respectively; the decrease of
COF is sharp and has a linear trend. P2, P3 argh®& a decreasing trend as the surface
becomes smoother from Ra=1.2 to Ra=0.8 and sholgt# screase from Ra=0.8 to
Ra=0.4. A 2% order polynomial trendline is fitted to the datzirgs for these coatings. P2
has the highest value of COF at Ra=1.2 and P5heamivest value of COF at the same
roughness. P1 and P4 have the same trend andrsuailees of COF. By looking at the
counter surface and its wear rate, it would beeedsiunderstand which coating have the
best tribological performance and is more adaptablbde counterface. Figure 44 shows
the wear scar of the steel ball counterface agaash of the coatings at different
roughness values. As shown, coatings that are peadin a more acidic environment
tend to have a larger scar on the counter surfeloese images are taken using an LED
illuminated microscope. Wear scars were then medsWear rate of the counter surface

were calculated and plotted against roughness satuigure 45.
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Ra=1.2 Ra=0.8 Ra=0.4

Figure 44. Wear scar on the counterface (steel ball) of PRSaoatings with different surface
roughness values observed under an LED illuminatiedoscope. All the images are taken at the
same calibration scale.
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Figure 45.Wear rate of samples P1 to P5 at different averagghness values. (SD: + 0001)

As a general rule, it is essential to consideram&froughness when studying the
coefficient of friction. Coefficient of friction deends on the slope of the asperities and
the engagement angle of theses asperities whesniaat with the counter surface. Also
once the deformation of the asperities starts dufid¢tion and sliding motion; it can
affect the angle of engagement and can changeaéiiaient of friction. During the
break-in part, the higher values of coefficienfragtion is because of the deformation of
the materials at high angle of engagement whiclallysoccurs at the beginning of the
sliding and it decreases once the sliding surfecgsge at a lower angle of engagement.
Since the material under study is a ceramic wilhatikely medium to high hardness

levels (350 to 550) deformation in general is low.
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4.5 Effect of Lubrication Mode on Tribological behavior of PEO

Lubrication condition is considered a sub-systemtlod tribo-system. Two
different lubrication conditions with presence &30 engine oil were defined and used
during the tests. First condition is submerging shenple in a specific sample holder
which guarantees that a thin layer of oil is over surface at all time, which is called as
Lubricated(L) condition and the second condition is dipping saeples in oil for five
minutes and taking the samples out and let thein df& of the excessive oil overnight.
A smear of oil residue on the surface was formkis, ¢condition is calledStarved (S)
This condition is designed to mimic the start atogh System mode of the engine or when
the engine is restarted after a period of restureigd6 illustrates the two lubrication

modes showing the sample condition in the sampigehof the tribo pair.

Figure 46.Lubrication modes of the tribo-tests.

As mentioned roughness structure and porosity n&twa the surface of the

coatings can work as oil reservoirs for the slidsugfaces. In fact, automotive industry
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use a surface texturing technique callemhing in order to produce surface dimples to
reserve the oil and help with keeping a smear bfitation on the coatings even when
the engine is not running otherwise gravity woultdin all the oil from the surface and
the tribo-pair will have a relevantly harsher cantat the start of the engine run. PEO
coating does provide the same effect on the sutdfaedo the existence of pores. In order
to see the effectiveness of the oil reservoirs eepkng the coefficient of friction values
low, four silicate samples of the same batch of Rg@hesis were chosen. Samples were
polished to reach 0.53 (C1) and 0.3 (C2) averaggoess values. Tribo-tests were
conducted using dipped and starved condition ah eaaghness value. An uncoated

Al319 substrate is also used for reference. Caefftcof friction curves are shown in

Figure 47.
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Figure 47.COF plots for sample at roughness values of OreB0a35 under dipped and starved
lubrication modes.
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At higher roughness values, the starved conditi@ates a higher friction force
and shows a higher coefficient of friction. It rg@resting to see that a rougher sample at
dipped lubrication condition acts almost the samseaasmoother surface at starved
condition. This shows that the surface structureeped with retaining the lubrication.
Comparison of the two coatings with smoother s@fattwo lubrication modes shows
that the dipped condition has a higher coefficigifriction than the starved condition.
This is not a co-incident since this type of testswepeated twice more to ensure the
repeatability of the results and the similar reswiere achieved. This can be due to the
fact that the force that is needed to slide ondhdace was used to move the extra
lubricant on the surface and added to the valueoefficient of friction. Also it may be
due to the liquid pressure upwards from the lulis@n the pores of the surface once the
sliding distance glides above them. The upwarddflpressure can reduce the total
friction force and decrease the coefficient oftfan. Overall, this experiment showed the

effect of lubrication mode on friction force andetficient of friction trends.

4.6 Load Bearing of PEO coatings

Load bearing or load-carrying capacity of the stefaan indicate the resistance
of the thin film against wear and scuffing. Theseairelation between load, lubrication
mode and COF. As the load increases so the comtessure on the asperities. However
it is difficult to predict the behavior of the coad specifically under lubricated condition
since the oil hydrodynamic pressure in the pordélsréservoirs) is another indicating

factor. Hydrodynamic pressure is influenced byfae roughness, waviness and
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skewness of the surface. Hydrodynamic pressureheae different mostly beneficial

effects on the behavior of the tribo system [132]:

1. Hydrodynamic effecfThis effect occurs due to the projection of tkpaities of
the surface down into the lubricant which can ereastep bearing. As the flow
approaches the asperity, pressure increases atoermbntact points on the edge
of a pore and decreases on the pore opening sitagain increases at the other
edge of the pore. However this decrease is noatiiesymmetrical value of the
pressure increase that happens at the beginnitige girocess. This effect creates

additional load carrying capacity.

2. Secondary lubrication effectAnother effect acts on the condition of mixed
lubrication between the tribo pairs. The oil tragppe the valleys of the surface
(oil reservoirs- pores and linear openings) cancbesidered as a secondary
source of lubrication. As the tribo pair slide agsieach other, the relative
movement creates pressure on the valleys and pukkekibricant out. This
secondary lubricant will permeate into the surrongdareas and reduces the

friction between the tribo pairs.

One of the mentioned effects may be the causebiooranal behavior of the dipped
smoother surface versus the starved smoother suifacsection 4.5. According to
literature on friction and wear behavior of PEOteugs, loads equal and less than 2N are
considered low [133], [116] and loads below 40H @@cognized as medium loads [134],
[104]. There are studies on wear behavior of PE&ilcgs under heavy loads of 100N to

300N [133]. Coefficient of friction for tests und@d0ON on aluminum alloy (2A12) was

114



around 0.45 and led to 3 to ) 10° wear rate on the steel ball [135]. In order to
understand the effect of load on the coefficienfristion of PEO coatings, samples P1,
P3 and P5 of experiment matrix from section 4.4engsed. Samples were then tested
under 2, 8 and 15 N of normal load under lubricateddition over 250 m of sliding
distance. Figure 48 shows the effect of load on JOFP1, P3 and P5 samples.
According to the plotted COF curves, coefficientfradgtion values are much less for P1
sample which is created in the typical pH rangbaxdic solution. The effect of an extra
5N load is not much apparent and on the valueslofiitler 2N and 8N. All the plots
have one thing in common and that is the highelstevaf coefficient of friction at the
highest load. Coefficient of friction values fomgale P1 under all three load settings is in
the acceptable range. However for P3 and P5 theesalnder 15N are high (around

0.22).
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Figure 48. Coefficient of friction curves for three sets o&éts 2N, 8N and 15N during the sliding
distance of 250 m.
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Figure 49 summarizes the COF curves and preseatauvarage coefficient of
friction values for under study samples at eachiegpgoad. At 15N load, P3 has the
highest value for coefficient of friction. This cae due to the high hardness value of the
coating compared to P1 and P5 samples. The loaatiearhas less effect on coefficient
of friction of P1 sample around 17%. For P3 ands&3ples, the effect of load variation
on coefficient of friction is much more prominenthere is a 35% of increase in
coefficient of friction for P5 sample with additiarf extra 13N load. This value is around
40% for P3 sample. It can be concluded that sasnymieduced in electrolyte solutions
with pH value of 13 are more resistant to the iaseeof applied load. This resistance is

what is known aslbad carrying capacityor “load bearing properti€'s
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Figure 49. Coefficient of friction versus applied load for FA3 and P5.

117



Observation of wear tracks on the surface of thaticgs can give a better
understanding of the tribo-pair behavior. On sanfifle P3 and P5 no visible wear tracks
can be detected under SEM after the 250 m of tasbunder 2N load. This is also true
for P1 sample under 8N and 15N loads. Figure 50wshhe surface of the P1 coating
after 250 m of sliding wear test under 15N loadnflgs P3 and P5 were affected under
both 8N and 15N load. Detected wear tracks forpdasnP3 and P5 can be found in

Figure 51 and 53 for 8N applied load and Figureb@ 54 for 15N applied load.

Figure 50. Surface of P1 sample after 250 m of wear testub8N load with no detected wear
tracks.

Based on the SEM observation of the coating suyfasBl load creates a wider
wear track and it seems that the wear mechanisabiiasion due to hard particles.
Adhesion can also be an influential factor in tirgd of tribo system. A detailed study on

the counter surface will be presented in Chapter 5.
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Figure 52. Wear tracks on the surface of P3 sample aftem2®® wear test under 15N load.
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Figure 54.Wear tracks on the surface of P5 sample after 250 wear test under 15N
load.

4.7 Effect of Dry Lubricant Additives on Tribological and Morphological Behavior
of PEO Coatings
Additives can help reduce the coefficient of fictiof the coatings if chosen

correctly. One of the additives that is used inergcstudies as dry solid lubricant is
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molybdenum di-sulfide or molybdenite (MgSHowever there is little study done on
adding this lubricant to the electrolyte solutiomdaresearching the effects on
improvement of tribo-pair dynamic. In this sectionfluence of Mo$S addition to the

electrolyte on COF and wear rate of the countdiasaris investigated. Wear scars on the

counter face and wear tracks on the coatings amieed.

Solid lubricants such as graphite and Md&ve been used since 1800s. These
additives are composed of sheets in hexagonal artdglybdenum atoms are packed
between the sheets of sulfur. There is strong Imgndorce between atoms of
molybdenum within a sheet and weak van der Waalgling force between sulfide
atoms of adjacent sheet. This results in low skgass between the sheets and provides
the lubricity properties of MaS Figure 55 shows the crystal structure and coatiin

geometry of Mo&

https://online.ece.nus.edu.sg/cnng/research.html

Figure 55. Hexagonal crystal structure and trigonal prismatmordination geometry of
molybdenum sulfide or molybdenite (MgS
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From 1950 to 1965, a wide range of powders, sallsaxides were investigated
specifically by aerospace industry. It was foundt tbome of these additives would not
help solve any friction issues of the desired maltelue to the lack of chemical reaction
between the pair. For instance, Mg#®wder cannot lubricate glass or titanium butit c
react with noble metals such as gold. Addition o6 to engine oils is common
however if the amount exceeds the beneficial valuean counteract and result in
abrasion wear of the engine bearing surface. Daé @f this part of the research was to

impregnate the PEO coating with Mad$/ introducing it to the electrolyte composition.

A series of specimens were produced in a solutigh addition of MoS as

shown in Table 5. Samples were tested under tabbfor

Table 5. Testingsample matrix for PEO coatings produced in a soiuvith addition of
dry lubricant (Mo9).

Average
S Solution Composition Trea}tment Output Vickers
ample . pH Time Voltage
(gr/lit) (min) V) Hardness
(HVo.)
(6) N&SiOs+ (2) KOH +
M1 (10) MoS 13 5 480 345
(6) N&SiOs+ (2) KOH
M2 (10) MoS + (10) GHzO7 ! > 503 350
M3 (6) NaSiOs+ (2) KOH 3 5 513 305

(10) MoS + (30) GHsOr

For ease of blending, Me®owder is dissolved in ethanol first and then aldide
the solution. Agitator (mixer) is set to high tosere the uniform dispersion of MpS
particles into the electrolyte. Citric acid is aldded to the solution at different stages of

the treatment for further investigation of the effef acidity on achieved coatings.
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Figure 56 illustrates a comparison between sampledace average roughness
values with and without the use of dry lubricans. #een, coatings with the Mg&ve a

lower value of average surface roughness comparetones without the use of MoS

XWith Dry Lubricant EWithout Dry Lubricant
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Figure 56. Surface roughness (Ra) values of coatings prodincediution with acidity levels of
3, 7 and 13 with and without the addition of Mp8wder to the electrolyte.

COF of these coatings with the added M@8wder to the solution are smaller
than the coatings achieved without the additioMof; powder (P samples). As shown
in Figure 57, sample M2 which is created in a sofutvith pH=7 shows a higher COF

(similar to P3) compared to M1 and M3.
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Figure 57. Coefficient of friction versus distance for M1, Mad M3 samples.

Introducing low friction solid lubricant additive aterials into the coating is an
alternative way to modify the electrolyte and fabte coatings with lower coefficient of
frictions (COF). Since these additives are nondsiel in the electrolyte, a mechanical
agitation or stirring method is needed to keepdbletion in suspension mode. During
the fabrication process, additives will be drawtoahe surface and then be embedded in
to the oxide layer. The success of this approaplem#s on quantity and concentration of
the additives, particle size and uniformity of paes’ dispersion in the electrolyte.
Addition of excessive amount of solid lubricantghe solution can influence the quality
of the coatings for instance, addition of too mudbS; particles to the electrolyte
resulted in higher roughness and poor adhesiomeostibstrate. Also too much solid

lubricant particles can cause the embedding of sst¢e amount of lubricant into the
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coating and could replace the ceramic compositepoments that are desirable for wear
resistant properties of the coating and leads tluréa of the coating under wear
conditions. In order to optimize the uniform disgen of the lubricants in the electrolyte,
particles has to get wet beforehand and therefodéspersant is used. In this study

acetone and ethanol were used as dispersant tdo&tparticles.

Mo$S; particles helped with reduction of the frictionetficient of the coating and
also the volume loss during the sliding wear. Tleamscars on the surface of the coating
M1 and P1 were studied using AFM. As shown in Fé&gb8, the coating with the MoS2

showed a shallower wear scar and less abrasionomehie surface.

Researchers have tried to incorporate solid lubticauch as graphite [101],
[136] and PTFE [74] into the PEO ceramic coatingenied on aluminum alloys as
friction reducing agents during wear. Graphite wascessfully incorporated in the PEO
treatment of 2024Al alloy in a sodium aluminatectiglyte [136] . Addition of 4 gr/L of
graphite to the solution has helped to lower theffcment of friction to 0.09 under a 1N
load over a sliding distance of 18 Km. Also additiof Polytetrafluoroethylene (PTFE)
nano-particles into the solution mix resulted ircadlent self-lubricating property and,
improved wear and corrosion resistance of the egatiAddition of 3 vol.% of PTFE to
NasPQs (10.0 gr/L) and KOH (1.0 gr/L) solution reducect tiriction coefficient to less

than 0.2 [74].
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Figure 58. Comparison of AFM analysis of wear tracks on thdaze of Mland P1. These two
samples were tested under the same condition ¢ated, 1 km, 10mm sliding strokes under 2N
load) and have the same roughness values beforarthig of tribo tester.
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CHAPTER 5. ADAPTABILITY OF PEO COATINGS TO COUNTER

SURFACE

All the wear tests performed during this reseawhs to investigate the
coefficient of friction along with the effect of w&e on the coated surface and also to
study the counter surface. As described in se@i8ndependant on the type of counter
surface, two types of reciprocating tribo-pairs evetudied. A reciprocating ball-on-disk
tribo-test machine was modified into a ring-on-disko-test machine by adding a piston
ring holder. Since the thermal effects on the wesdravior of the coatings is not a part of
this research, sliding velocity was controlled ts@re the boundary lubrication condition
and minimize the frictional heating. Considering @PEEoatings as a ceramic-based
material with poor thermal conductivity, the cortpoint heat is locked in at the surface
of the thin film and does not dissipate easily withthe help of the lubricant. At higher
speed this may result in thermal fatigue and quiegciffects at the point of contact. The
ring-on-disk tribo-test involved low level of slmy distance with high rate of
reciprocation. Higher rate of reciprocation at féxew sliding speed can minimize the

thermal cycle effect.

In order to find the effect of wear tests on thlearsystem, COF and wear rate are
usually used. The changes in the wear track ardtatred. Also the volume and mass

loss on the counter surface is measured.

The tribo-system of ring-on-disk was used to eneuldie piston ring interface
with cylinder block wall. The piston ring-cylindevall interface has been accounted for

20% of the total mechanical friction of engine [L3Riston rings are usually a set of
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three sliding seals (as shown in Figure 59) withghrpose of separating the combustion
gases above the piston head from the crankcaseoemant. The first ring from the top
is called thecompression ringwith the function of sealing the expanding comimust
gases above the piston. The ring is sealed agtiastylinder block wall through the
pressure differential that happens during the catidm cycle. During the combustion
cycle, pressure increases over the top ring andtesea tight seal pushing the ring
outward to the cylinder wall and downward into thiston heads groove. Most of the
compression rings are made of cast iron, ductde ior nitride treated steel alloys.
Premium top rings are plasma spray coated withnpasolybdenum (“Moly” rings) or
galvanically plated with chromium. Moly rings hawveore porosity and are softer
compared to chromium rings. Although chromium riags very durable but due to their
high hardness and less oil-carrying capabilitieeytcan be hard on the cylinder walls
[137]. Therefore in recent years, moly rings anelaeed the chromium rings and have
been used widely. The application of coatings/ptatn the piston rings can change the
performance expectancy from 50,000 km to almosbliothe amount and enhance the

overall performance and life of the engine [138].

The second ring from the top is called thiper ring and its function is to control
the engine oil by wiping the excess oil from théirer walls. If the excess oil remains

on the walls, it can reach the combustion chambeércaeates major engine failure.

The third ring is called anil control ring which removes the oil from the wall.
Most of the oil control rings have multiple pieceso oil ring rails or scrapers on top and

bottom and an expander-spacer in the middle.
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Top compression ring
or top ring

Wiper ring
or second ring

Top and bottom oil control rings Expander/spacer ring

Figure 59. Piston head and piston rings.

Out of three rings mentioned, the top ring is scigé to the highest amount of
tension (load) and is exposed to comparably haestronment (heat). The second ring
has shown very similar behavior to the E52100 dveéls. The types of rings tested in

this study are moly plasma cast iron top ring amwmium stainless steel second ring.

The oil that was used to keep the wear tests imdaty condition was later
analyzed. The oil was smeared on a strip of a aopgee and placed under an
environmental SEM (ESEM) at low setting of chamjesssure to guarantee minimum to
no oil evaporation. Shavings and residue of therveéahe tribo-pair can be seen in
Figure 60. The major elements of the wear debriewetermined using EDX analysis.
Significant elements were aluminum, silicon, irg@dahromium. Aluminum and silicon
particles are revealed due to slight wear of PE@ieg surface. Iron and chromium
particles are detected due to mild wear of the tamusurface. As seen in the EDX

diagram in Figure 60, copper peaks are spotteck dsine copper tape was used as the
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holder of the oil samples. Carbon and sulfur peats also representing the SAE 30

engine oil used in the tribo-tests.

M2 CK

330

247~

100 200 300 400 500 600 TO0 800 500 1000 10D 12

Energy - keV
Elements Wit% At%
@) 1.09 0.95
Al 0.11 0.06
Si 0.13 0.06
Cr 0.25 0.07
Fe 1.34 0.33

Figure 60. Wear debris in the oil under ESEM along with ED)alysis of the wear residue and
weight percentage of detected elements.
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5.1 Steel Ball as the Counter Surface

Observation on the counter surface for all thrémtpairs was conducted. For the
case of E52100 steel balls, LED illuminated micopse and SEM were used. The
volume loss on the steel balls is then calculatgdguthe radius of the wear scar on the
counter surface and also the radius of the stdelTiee volume loss valud/{,) is the
same as calculating the spherical cap of a sptse Equation 20) with geometrical

representation as shown in Figure 61.
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Figure 61. Geometrical representation of the steel ball viess volume.

Viess = % (3 r'? 4+ hz)h Equation 20

whenr andr’ are radius of the steel ball and circular plaidiua of the wear scar

respectively anth is the height of loss volume.

According to Figure 44, wear scars on the countefase of tribo-pairs with

smoother PEO coatings are significantly smallenttfze rougher surfaces. Figure 62
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shows the results of the volume loss on the cowudace of the E52100 steel balls at
different roughness values. As shown there is getaiion between the volume loss on
the counter surface and surface roughness of tkie dated samples. Higher roughness
means higher volume loss on the counter surfacaveder the volume loss variation on

the counter surface for coatings with Ra=0.3 toRa+s considerably small.
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Figure 62Volume loss on the counter surface versus avenagi@ce roughness of coatings.

Observation of the surface of the coatings and thleaounter surface after each
test helps to understand the wear behavior ofribe-pair. So far, the wear tracks on the
surface and wear scars on the counter surfaceelf Isélls are analyzed under SEM and
LED illuminated microscope respectively and wereheplotted against coefficient of
friction values. The overall performance of thédarpair depends on the adaptability of
the sliding surfaces. Figure 63 is plotted to ftatié the objective. Wear track width of
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the PEO coatings were measured with the metrologis tof SEM system. In a tribo
system, a small wear track with minimum wear ratdhe counter surface is desired. P1
shows a slight wear on the counterface and miniwvedr tracks on the coating. This
coating showed significant resistant against wganeat higher roughness values and has
the lowest coefficient of friction values among @thcoatings. Counter surface used
against P1 can be seen in Figure 64. Mild wearssaare seen on this coating with
minimum of mass loss on the counter surface. Siheewear rates are very similar in
value, the tribo-pair with less damage to the sierfaf the coating would be a potential

candidate. P1 is the one in this case.

Looking at the wear rate of the counterface focBating as well as the very high
COF value, this coating showed abrasion wear wihghing effects on the counterface
and mild wear on the film surface. P3 exhibited imad wear on the counterface with
high values of COF which resulted in predominanamteacks on the coating surface. P4
coating illustrated the highest value of wear ratethe counterface in comparison to
other samples with mild wear of the surface. Bothddd P4 samples are worst case
scenarios due to their high wear rate of the caotate and wider wear track on the
coating surface. Figure 65 shows P4 after 1 knlidihg distance. As shown the surface
has wide planes of material removed. This type ehmcould be a ploughing wear
mechanism that happens due to plastic deformatidrcan cause a change in topography
of the wear surface. Excess material that usuakkymulates at the edges of the plough
plane was polished off due to the abrasive weaso Alhere are particles belonging to the
PEO coating that are attached on to the surfacecandcreate another mechanism of

wear called adhesion wear. These coatings canndésieable due to the excessive mass
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loss of the counterface. Figure 66 also shows tbarwgcar on the counter surface used
against P5. The wear mechanism seems to be anicabrasar with minimum of

adhesion.

m Wear Track Width mWear Rate

1) Wear Rate (n¥/Nm * 10 ~-13)
w

PEO Wear Track Width (pm *10”" -
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0
P1 P2 P3 P4 PS5
PEO Sample

Figure 63. Effect of wear on the tribo-pair: wear track width the surface and counter surface
wear rate

WD Mag HV Spot HFW Sig 500.0pm
j9.6 mm 90x 19.0 kV 3.5 1.50 mm BSE

Figure 64. Steel ball counter surface wear scar againsaRbke.
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Adhesion wear

Ploughing wear

Abrasion wea

WD Mag HV |Spot HFW |Sig ——500.0ym
9.7 mm'140x 19.0 kV| 3.5 0.97 mm/SE

Figure 65. Steel ball counter face wear scar and wear mesimagifects against P4 sample.

Slidinag directior

%

WD Mag HV Spot HFW Sig 500.0pm
9.7 mm 90x 19.0 kV 3.5 |11.50 mm SE

Figure 66. Steel ball Counter surface wear scar against Pplsa
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Figure 67 has the images of wear scars on the Istdlsl against P1, P3 and P5.
The scouring marks on the steel balls are an itidicaof abrasive wear mechanism
during the sliding. Darker regions on the wear s@an be the sign of oxidation of the
steel and also patrticle transfer from the surfacthe coating during the sliding wear.
During the initial stages of sliding, the countarface acts like a sander on the surface
and flattens the peak points on the surface. Thielue of the worn particles can cause
further damage to the surface by abrasion wear amsmm and it might also adhere to the
surface and acts like a cutting tool on the surf&eunter surface samples were also
analyzed with EDX to identify any adhesion and wessidue transfer from the coating
surface. These particles usually appear like sphlelblack particles as marked on the

SEM image in Figure 68.

Wear grooves with dark lines of oxidized
steel and transferred silicon partic

WD Mag HV Spot HFW  Sig Opm
9.5 mm 1000x 19.0 kV 3.5 0.14 mm BSE
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Deep and wide wear grooves

WD Mag HV Spot HFW |Sig 20.0pm
9.7 mm 1600x 19.0 kV 3.5 84.50 ym SE

Wear grooves with deeper dark lines of
oxidized stee¢

WD Mag HV Spot HFW | Sig 20.0pm
9.7 mm 1600x 19.0 kV 3.5 84.50 ym BSE

Figure 67.Wear scars on the surface of steel balls agalhdP® and P5 coating.
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Figure 68. SEM images of the steel ball E52100 after 1 knslmfing distance under 2N load
against PEO coating along with elemental analysieecounter surface.
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As two surfaces are sliding against each otherctrgacting asperities deform
elastically and later even plastically. This capate a partial welding effect of these
asperities on the contact region. The shearinghsf adhesive region produces wear
particles and debris. This can cause the trandféheo material from one surface to
another. If this transfer is severe, it is calledfSng. This form of wear is known as
adhesive wear. As shown in Figure 67 black spotthercounter surface are the result of
adhesive wear and according to the elemental dsalyss a combination of aluminum
and silicon and perhaps debris and oil contamingatswelded on to the counter surface
during the sliding. The existence of oxygen inélemental analysis for the steel ball and
second ring is a sign of either alumina transfeoxiadation of steel which adds another
problematic wear mechanism: oxidative wear meciani®xidative wear mechanism
can cause severe abrasive wear due to increasthg dardness of the adhered particles.
The harder the counter surface is, the more ridgelsgrooves on the wear track can be
seen. On the surface of the coating, a wear trackpparent and it seems the higher
asperities are flattened by the steel ball andishémother reason to the abrasion wear and

damage of the counter surface.

5.2 Piston Rings as Counter Surface

Coefficient of friction was measured for the pistamgs counter surfaces against
coatings produced in three variable pH values ef @fectrolyte: acidic solution with
pH=3, neutral solution with pH=7 and basic solutwith pH=13. COF curves are plotted
for all three counter surface materials for comgaaristudy in Figure 69. For all three

samples, the tribo-pair with the top ring as tharnter surface which is a moly plasma
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coated ring has a higher coefficient of frictionmgmared to the "8 ring which is a
chromium plated stainless steel. Compared to &tekd, coefficient of friction against

the 29 piston ring showed lower coefficient of frictiomlues.
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Figure 69. Coefficient of friction diagrams for coatings praed in three pH values of the
electrolyte: Sample P5 produced in acidic solutigth pH=3, sample P3 produced in neutral
solution with pH=7 and sample P1 produced in bssiation with pH=13.

The average coefficient of friction is plotted &ach counter surface in Figure 70.
According to the results shown in Figure 67 andF®sample would be a less desirable
choice since the wear rate is high, the wear toackhe coating is wider than others and

coefficient of friction is higher in comparison.

141



c
S 0.2 +
©
L
5 0.5 -
=
Q
O 0.1 -
=
]
S
o
©
> o
R P & &
S ¢ & @ @
%\@Q} c‘)\@é %\@b &OQ &OQ &QQ (»Qb %Qb%i (»'Qb%'

Counter Surface Material

Figure 70. Average COF against different counter surface rizdse

Based on the experimental tests done on this m@dseaamples produced in
electrolyte solutions with pH=7 (neutral) does slobw a good adaptability to the counter
surface. The average roughness of the treated sarap comparably high (around 1.96
um) and needs further post treatment or post polistor mild honing after the
production. P1 and P5 are still good candidatettiercylinder wall application. P5 has
shown lower coefficient of friction values specd#ily against the top and second ring.
Wear scars on the top ring is presented in FiglireMoly ring paired with P1 has milder
wear grooves with residue transition of the coatifige moly coating on the piston ring
underwent mild abrasion wear. The elemental armlyfsthe top ring as shown in Figure
72, showed traces of PEO coating on the surfackeo€oating. For the case of P3, it is

possible that the cracking or brittle fracture hexqpgd as well and the reason could be the
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detachment of particle from the sliding surfacest tban create cutting effects on the
surface or plough out particles. Stress concentradt the point of contact can increase
due to the abrasive detached particles. Weak olaitformation ability can cause
removal of the larger piece from the surface arad ih due to surface brittleness. These
fractures usually start with micro cracks. Crack#l then propagate not only on the

surface plane but also deeper into the thickneiseofoating.

In case of the second piston ring, the wear gro@resapparent and some are
deep. The almost mirror shine texture of the serfacdue to the chromium element. This
coating has shown many cracks on the surface alhkest broken mirror. This is an
experimental error that happened due to faulty oingrittle fracture on the surface of the
coating when it was in contact with concentratecesst An SEM image with the
elemental analysis is represented in Figure 73.élbmental results are very similar to
E52100 steel ball. Cross sectional study on ther iragks of the PEO coatings also
could help to understand the behavior of the tpho- So far P1 has shown promising
results, good coefficient of friction, milder wegnooves on both sides. Figure 74 has the

cross sectional SEM of P1 after the tribotest agahe moly ring.
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Wear tracks on the surface
indication of abrasive wear

WD Mag HV Spot HFW
9.5 mm 2000x 19.0 kV 3.9 67.60 ym BSE

Deep wear tracks on the surface
indication of abrasive we

WD Mag | HV Spot HFW Sig
9.5 mm 1000x 19.0 kV 3.9 0.14 mm SE

Figure 71.Wear scars on the surface of the top piston rggrents against P3 coating.
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Figure 72. Elemental analysis of the moly ring after 1 knsliding test against P3.

In order to compare the three tribo-pairs and wtded the effect of counter
surface material on the wear behavior of the cgatispecific wear rate percentage is
used by weighing each counter surface before atet #ie tribo test with a high
resolution scale. The main approach to measurevdhene loss or mass loss of the
segments of the piston rings is to weigh each sagimefore and after and consider the
difference as the volume loss however the probkethé material transfer and the wear
residues that can sit on top of the surface odentiie grooves or even welded on to the
surface of the piston rings. The other approachldvba to use atomic force microscopy
(AFM) with the processing ability of measuring tvear scars. Figure 75 shows the wear
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scars on the top ring against P1 sample after ksiding under lubricated condition

respectively.

Wear tracks on the surface
along with some cracking

g HV Spot HFW Sig 50.0um
0x 19.0 kV 3.9 0.11 mm BSE
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Energy - keV
Elements Wit% At%
C 17.72 46.83
O 3.48 6.90
Si 2.62 2.96
Cr 0.26 0.16
Fe 75.92 43.15

Figure 73.Wear scars on the surface of the second pistgrsggments against P1 coating. along
with elemental analysis (EDX).
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Figure 74. Cross sectional SEM image of wear track regio®8rsurface against moly piston
ring.
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Figure 75. Top and side view of the wear scar on the top &figr sliding of 1 km against P1
sample observed using AFM.
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CHAPTER 6. CONCLUSIONS, CONTRIBUTIONS AND PROPOSED

FUTURE WORK

Plasma Electrolytic Oxidation process has showmmsimg results in terms of
improving the wear resistance of the substrateredsing the wear rate and minimizing

the volume loss of the counter surface.

6.1 Summary

Researchers and industry pioneers are still inckefor a high quality coating
with optimized wear resistant behavior that canucedthe total weight of the car,
demonstrate good mechanical properties and prdomdger wear life. PEO treatment has
drawn enough attention to be a potential candiftateylinder bore application. The goal
of this research was to understand the effectftérént factors on synthesis, morphology

and wear behavior of these coatings.

Coating process configurations and solution contjpsare dictating factors for
the coating morphology. The effect of electricatgmaeters, solution type and solution
acidity on coating production, morphology structuaed tribological behavior was
studied in details. Surface metrology of the camiwas also conducted with more focus
on average roughness and average slope of sunfaitlesa Surface properties such as oil
retention and load carrying were studied on difiereamples. Adaptability of the

optimized coatings to the counter surface wasialgestigated.

Electrical parameters such as current density oreot polarity have a great

impact on the characteristics of the achieved P&adimgs. Coatings achieved at unipolar
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pulsed direct current (UPDC) are generally more bgemous with a uniform distribution
of pores and micro cracks however denser coatingsaehieved under bipolar pulsed
direct current (BPDC) with less porosity. Thesetows have shown better corrosion
resistance in acidic environments compared to UB&tings. Using the right electrolyte
composition along with the appropriate electricatgmeters can guarantee a consistent
coating formation on the substrate and may alsaom® the tribological behavior of
PEO coatings. Therefore they are arrays of vari@magpes used in industry that are

trademarked [119].

PEO coatings in general grow thicker with longeatment time and faster with
higher current densities however it is importantchmose the right setting for current
density and treatment time based on applicatioghéfi current density caused rougher
surface with higher percentage of porosity on i&tiogs used in this study. Also higher
current density means higher growth rates. Coatimgilicate based solutions can grow
with the rate of 30% per each increment of 0.2- A&7 increase in current density.
Current polarity mode has also an effect on coasingcture and performance. Bipolar
coatings need up to 8% higher finishing voltage @rad can be a concern for industrial
application since the application should be finaligiand technically feasible. Other
problems with bipolar coatings specifically in l@mgreatment times are the possibility of
having more dominant surface defects and/or highiperforated structure on the
surface. Also the increase in hardness valuespoldni coatings, is much higher than the
unipolar coatings and depend on the applicatiomigiht not be beneficial. Around 12%
of increase in hardness values was seen compapntaband unipolar coatings. All the

electrical parameters involved such as currentrigpland current density can change the
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behavior of the coatings. In fact, the root causenany surface defects such as non-
homogeneity, loose depositions and excessive nui@oks is due to the wrong settings

of electrical parameters.

Surface roughness influences the coefficient oftibh and the tribo-system
behavior. It is important to know which roughnessgmeter can give a better prediction
of the coating performance. Correlation coefficiehsurface kurtosis, surface skewness,
average roughness and average slope of the swiaeefound in this study. Average
roughness has a positive correlation with coefficief friction meaning the increase in
one creates an increase in the other. This is metcase for surface kurtosis and
skewness. The correlation was found to be weaknagdtively related. Kurtosis values
between 0 and 1.5 generally showed lower valuesoefficient of friction. Negative
kurtosis showed higher coefficient of friction. Sartrend was observed for surface
skewness. Surface skewness values below -0.5 dreaiee friction between the sliding
surfaces. Average slope showed a weak positiveledion with coefficient of friction. It

is concluded that lower average slopes (arounafddess) are desirable.

Solution composition in any electrolysis procesa @ictating factor since it can
play with the involved chemical reaction such a®din oxidation and hydrogen
evolution. Solution composition can have an infeemon the structure of the coatings.
Coatings defects such as non-homogeneity, excesgomsity and micro-crack
propagations can be overcome by using the rigle tfpelectrolyte mixture or adjusting
the concentration of each salt. Among many solgtiand combinations used in this
study, silicate based solutions has shown goodtablidify to counter surface along with

a more predictable performance. Acidity of the 8ohs has an impact on the coating
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thickness and morphology of the oxide layer. Marelia solutions showed faster growth
rate of 1.5u/min compared to lu/min for a typical solution with pH=13. Coatings
produced in more acidic solutions caused largermrgears on the counter surface and

this can be due to the increase of hardness vadumere acidic solutions.

The comparison between two lubrication modes ard #ffect on coefficient of
friction values showed that important role of sogfareservoirs/pores in retention of
lubricant. This is essential specifically when lghtion is not readily available on the
surface like the start-stop mode of the enginet theastart of the engine when the oil on
the surface is at its minimum amount. Thereforefase texture can help to keep a smear

of oil on the surface and prevent wear.

Load bearing capacity of the PEO coatings wereeteahder 2, 8 and 15 N of
applied load and it was concluded that higher loead affect the coefficient of friction for
the coatings produced in acidic solution. The loeaulease has less effect on coefficient
of friction values of coatings produced in alkals@utions than the acidic solution. No
wear marks were detected on the surface of théngoptoduced in alkaline solutions up
to 8N load. At 15N load shallow wear tracks werersen the surface of the coating.
Coatings produced in acidic solution showed widexd adeeper wear tracks in
comparison. The reason can be the hardness impabe acoatings on the tribo-pair
behavior. Another reason can be the higher porositiiese coatings that has shown less

load bearing capability. This might be due to ted distribution at the contact surface.

Solid lubricant can reduce friction force. Mofowder was added to the solution

to study the effect of solid lubricant on coeffitief friction. Up to 35% of improvement
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was noticed on coefficient of friction values. dthowever important to use an optimum
concentration of Mo5 By trial and error the amount of 10 gr/lit workéat this study.
Addition of excessive amount to the solution canseaundesirable rough coatings with

poor adhesion properties.

Counter surface wear rate and volume loss were iaigsstigated for E52100
steel balls and piston rings. Top compression ringde of plasma sprayed Molybdenum
also known as Moly ring along with second compi@ssing of typical chromium steel
were used for this study. It is concluded that Bigloughness cause more volume loss on
the surface. Different types of wear were detebteskd on the material of the tribo-pair.
Most wear grooves on the steel balls were mild.g@eavear grooves showed traces of
silicon and aluminum particles as a sign of adheswear. Both rings showed similar
trends as steel balls. Abrasive wear was determmsetthe wear system for Moly rings.
Brittle fracture and cracking was also detectedrmitthe dominant wear system of the
tribo-pairs. P1 (coating without the dry lubricantthe solution) and M1 (coating with
the dry lubricant in the solution) samples showedy\little wear on the counter surface

and also mild wear on the surface of the coatings.

With the presented results, it can be concludet RiE#D has the ability to resist
wear and can be optimized further in order to bedusn engine cylinder walls. Any
failure in tribological behavior of the cylinderdak can result into immediate failure of
the engine or can cause excessive use of enginéNoil-uniform formation of the
coatings on the cylinder walls can cause wronmtof the piston rings in the cylinder
and exposure of the coating materials, solutionther achieved oxide layer to any

contamination during the process can also caus®sion and pitting effects on the
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cylinder walls. Further investigation is requir@ddptimize the process and performance
of the coatings for mass production of cylinderch® Table 6 summarizes the research

objectives and achievement involved in this study.

Table 6. Research objectives and achievements.

Research Objectives Research Achievements

Study the feasibility of PEO coatings for Coatings have demonstrated good wear
cylinder bore application resistance under 2N and 8N loads over 1
km of sliding distance.

Study the adaptability of PEO coatings to Most of the coatings did not show any

the existing piston rings signs of wear, delamination or ploughing
effect. Additional load up to 15N did cause
deeper wear grooves on the coatings. Wear
scars on the counter surface were deeper in
the absence of dry lubricant.

Conduct a comparison analysis between PEO coatings in comparison with PTWA
PTWA and PEO coatings in terms of are more cost efficient and are easier to
application and cost implement.

6.2 Research Contribution
This research is conducted with the goal of stuglyire tribological behavior of
the PEO coated AI319 aluminum alloy for engine mapilons. Based on the literature

survey conducted for this research, following cimittions are made to the field of study:

1- A series of electrolytes are used in developmenPBOD coated samples.
Nowhere in the literature these electrolytes wemmmared and analysed in

details for aluminum alloys.
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2-

The effect of current polarity on coating morphglognd coefficient of
friction is studied in details with three major gps of electrolytes
(Aluminate, Silicate and Phosphate). There areistudone on the polarity
effect on the synthesis of PEO coatings [73], [18R] and [90] using
mainly the silicate and aluminate electrolytes. Sehetudies are mainly done
on thicker coatings and there is no evidence ofparieon between solution
compositions and polarity effects on thin coatinglse effect of the current
polarity on wear behavior of thin PEO coatings raiander 10um of
thickness, produced in the major groups of elegtieslis hard to find.

Effect of MoS dispersion in the electrolyte as a solid lubricamtribological
behavior of the coatings and counterface wear behave also studied. Use

of this additive helps with enhancing the perforoeanf the coatings.

PEO coatings are mainly produced in alkaline baskedtrolyte with pH
values around 12 and 13. By addition of citric a@cdhe electrolyte mixture,
the influence of pH values of the electrolyte oratawgs’ morphology and
tribology was studied. It was concluded that mordia environment
facilitate faster transition of ions between thectlode and creates the sparks

in a shorter period of time.

The study of adaptability of PEO coatings for emgimpplication is also
scarce. The use of piston rings as the countermseirfor the tribo-pair,
analysis of the coefficient of frictions and weass on the rings have not been

attempted before.
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6.3 Proposed Future Work
This research encountered some barriers to mineidrtho-pair of cylinder wall

and piston rings. For instance the effect of temjee raise inside the engine block on
the tribological behavior of the tribo-pair was stiidied due to the lack of proper testing
instrument. The effect of substrate properties stodngth or silicon weight percentage
may also effect the tribological behavior of theatogs. This research could have
benefited the study of nano-hardness of the comtaigdifferent conditions in order to
better compare the achieved coatings. Measureni@@no-hardness of the coatings was
attempted however reliable data could not collected to porosity. Nano-composition
on the birth layer of the coating could also helfhwetter understanding the influence of
the doping elements on coating structure and phaalysis. The study of adhesive and
adhesion forces between the substrate and thengeatian also investigate the PEO

coating performance and its threshold to failuriaiténation more precise.

Also with all the variable involved in this studyd the results and relations
presented, a comprehensive design of experimentnoan be conducted which can

investigate more specific correlations betweennpat, controlled and output variables.

6.4 Research Trends on PEO

PEO-treated lightweight metals have been studietehvihowever there are still
shortcomings that could be addressed. The maineconwould be to decrease the
coefficient of friction values along with minimizinthe wear loss on the counter surface.
Many techniques are being considered but needsedeegsearch. Some of these

techniques are gathered in this section:
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1.

Incorporating specific nanopatrticles into the aogitby adding them to the
electrolyte: Monoclinic zirconia nanoparticles awmdnsidered as good
candidates for improving the coatings produced asphate solution. This

technique can improve the coating hardness and resetance. Matykinat
al. [95] produced coatings on aluminum in a solutioixtare of NaSiOs,

KOH and ZrQ particles. Hardness values were improved from §@ical
HVo.0sto 1700 H\b.os. However the effect of the addition of ZrGn surface
roughness and wear properties of the coating inank.

Using “duplex coatingy This refers to two stages of PEO treatment eitite
different current settings or in different solutsorthat can enhance the
coefficient of friction of the coatings. This isifly a new horizon in
optimization of PEO coatings and need further itigasion.

Impregnation: Porosity of the coatings providedaxe reservoirs that may be
filled with small sized solid lubricant particledtex the treatment. In this
method, prepared PEO samples are immersed intguweoas solid lubricant
suspension and placed into a vacuum oven. Oncsatheles are heated, solid
lubricant particles would set into micro pores amdro cracks. Under proper
vacuum oven situation with adequate treatment & temperature setting,
a compact layer can be formed on top of the costihgt would improve the
surface wear resistant quality [109]. PTFE (Pataffuoroethylene) has been
used as a solid lubricant recently in many studi$:E has a very low COF
against any solids (0.1< C@fe < 0.2) [139]. In a study Wang et al [122]

used vacuum impregnation of PTFE for coatings ori2¥luminum alloy.
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Using a vacuum oven with the pressure settingss tkan 0.005 torr, samples
were heated for 24 hours at 200 °C. Samples weted@ver long periods of
sliding test against steel balls. COF and wear Hteghe coatings and
counterface were improved remarkably. COF of PE@tings changed to
almost half the valu¢~ 0.13)compared to un-treated PEO coatings. PTFE
powders need to be milled to a desirable size raAg&ze range of 100 to
170 nm for the PTFE powder particles was suggestadher study is needed
to investigate the effect of PTFE size on the C@# also the viability of
using the impregnation method for engine block i@pfibns. One concern is
the adhesion of PTFE particles to the coating ded the effect of loose
PTFE particles in the oil mixture on performanceha engine.

. Spraying a top layer on achieved PEO coatings: y@pyacompared to
impregnation is much simpler and lower in cost. siaf the studies on spray
coating of PEO coatings have been conducted amuitaalloys (specifically
Ti6Al4V) [140], [141]. Solid lubricants such as gtate and PTFE are
sprayed over the PEO coated parts through a sprayim with spraying
pressure of 4 atmospheres followed by solidificaticeatment at 180 °C for
15 minutes. Tribo test results showed reductio@OF up to 20% of a typical
PEO treated sample. Another study combined the REtod with an over
spray of a solvent-based aerosol suspension [IZPEE over spray can
reduce the COF from 0.8 to 0.2. Mentioned concexipgut impregnation

techniques exist for using this method for engiogliaations.
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5. Integrating PVD and/or CVD treatment as a stegh®oREO treatment: This
method can improve the mechanical and tribologicaperties of aluminum
alloys. PEO treatment was combined with arc iortipdatechnique (AIP)
[143] on 2AI2 aluminum alloy. Thickness of alumioeating was roughly 40
um with addition of 3-4um coating of TiN. Samples that were coated under
0.5 Pa pressure and at — 80 V exhibited high haslaead wear resistance
with good load bearing properties.

6. Integrating Plasma immersion ion implantation taCPteeatment: Nieet al.
[144] integrated PEO treatment with plasma immersim implantation (P)
technique for treatment of BS AI-6082 aluminum wlld*P is a surface
treatment technique that implants the desiredntm the coating by exposing
or immersing the substrate to/into the plasma. Krfess of alumina coating
was 50-60um and the DLC layer achieved by*Rlas around 2-3im. This
study compared the results of tribotest on uncoatedples, PEO coated
samples, DLC coated samples and DLC/PEO coatedlsanihe later has

shown the lowest COF along with minimum wear rdtéhe coating.

It should be noted that all the modification treatthmethods would add an extra
step to the coating process which adds to the twst of the finished piece. What is
apparent is that each application needs a spesfiof parameters that could dictate the

properties of the achieved coating and enhancpdHermance of the sliding distances.
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APPENDIX B. COMPARASION ANALYSIS: PEO VERSUS PTWA

Since PEO coatings are being considered as amaitex surface treatment for
liner-less cylinder engine blocks that are produbgd®TWA technology, it would be

beneficial to compare different aspects of the twathods.

PTWA as described in chapter 1 is a rotating thérgpaay process which
combines twin arc spray and atmosphere plasma gpoagsses. The process has a wire
feeder with feeding speed of 1 m/min and can déddskg/h of molten material on the
substrate. Achieved coating with PTWA has a 0.6 thitkness and is honed as a post
treatment technique to reach 1@ of thickness. Mass addition to each cylinder bore
after the treatment is about 100 gr. One of thevbdazks of the PTWA process is that the
cylinder block can become overheated during therthespray process. Overheating can
have negative effects such as block distortion hscusually happening in the bridge
zones (the area between the aligned bores) andstrigcture alteration of the aluminum.
PEO on the other hand has much less of the tempergradient due to the use of
electrolyte. During the process the solution terapge stayed below 30 °C for 15

minutes of treatment.

In terms of treatment time, PTWA takes about 60 coat a V8 engine block. The
spray head is controlled to move from one bore rtotteer. PEO on the other hand,
requires much longer treatment time. If one spregdhis used per each bore at the same
time, the process needs at least 5 to 8 minutesrtplete. PEO process has an average
of 1 um/ min of deposition rate and effective treatménetrange of 5 minutes according
to the results shown in this research. Since ttagirogs are much thinner than PTWA
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coatings (around 5 to 1Qm), the mass addition to the naked cylinder is &imo
negligible. PTWA shed 1 pound of weight per cylinbdere of a liner less engine block,
this is about 8 pounds for a V8 engine. PEO tedauwlhelps to reduce the overall

weight of the engine by another 800 gr (1.76 llb)a&d/8 engine block.

In terms of energy consumption, PEO is on the fiontomparison to PTWA.
This is mainly due to the extreme high temperahgeded to molten the twin wire on the
surface and also heat up the compressed gas miafungdrogen and Argon to the
plasma level. Particles with temperature of 2250 &t speed of 135 m/s will be
propelled towards the surface. At current densitieger 0.10 A/cr) the output voltage
is around 380 to 450 volts depends on the solut@mrcentration and 0.40 to 0.46 kWh.
There is a direct relationship between the curegnsity and the electrical energy
consumption. For current density of 0.2 A/%tihe electrical energy consumption would

be around 0.99 kWh.

B.1 Cost Benefit Analysis

Feasibility analysis is the process of determinfregtechnology can be utilized to
reach the objective of the proposed process. Thsilffity analysis has four main
aspects: technical, economical, environmental agdlatory aspect [145]. The technical
aspect of PEO technology is studied and analyzexigimout this dissertation. Results,
discussion and potential benefits can be foundhapier 4 and 5. Economical aspect of
PEO application will be discussed in this secti&@nvironmental aspect for this
technology is assumed to be approved since thaadady is eco-friendly with minimal
by-product toxicity and ease of recyclability. Regary aspect is also aligned with
increased government regulations to improve thd &féciency and decrease the
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emission of greenhouse gases. In 2009, US govertnpnegposed a plan to cover 2012 to
2016 model year cars and ensure the average farbety of 35.5 miles per gallon (15
kg/lit) which is a 50% improvement compared to 2G0® previous model cars with
average of 25 mpg (10.6 kg/lit) fuel economy. Theppsed plan is said to save 1.8
billion barrels of oil along with omission of theegnhouse gas emissions by more than
900 million tons [146]. Automakers and automotineustries tried to tackle the issue
mainly by two major approaches: improving the pdveen efficiency and reducing the
rolling resistance. First approach can lead to esgby reducing the friction loss and the

second is by reducing the vehicle weight. PEO adivetl both.

However a new technology would not be desiredth® automotive industry
unless it passes a feasible financial analysishef ¢ash flows associated with the
technology and shows a meaningful net gain. Theitesy is to analyze the costs of the
implementation and of course determine the payb@okt benefit analysis is chosen to
determine the financial feasibility of using PEOaamethod of surface modification for

engine cylinder walls.

B.1.1 Benefit Measures

Benefits of implementing PEO technology for surfaeatment of engine blocks
for supplier companies can be categorized as belach of the benefits can be
translated into monetary values. Also Return onestment (ROI) determines if the

desired net gain is achieved.

1. Reduced amount of reworking or faulty parts siREO process is error proof

once the right conditions are chosen for the treatm
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2. PEO coating has shown high wear resistance; thtsaeramic nature of the
alumina oxide layer is tolerant to corrosion whieteans reduced number of
engine troubles, minimal after service repair waakd higher customer

satisfaction.

3. Reduction in production hazards such as toxmoefs; working with acidic
solutions and difficulties of recyclability of tredectrolytes which means simpler

apparatus.

B.1.2 Costs

Aside from capital costs such as land, facility stomction and ...,
implementation of PEO technology like any othertogatechnology has a great amount
of details on initial investment. Following apparatneed to be collected, built and

assembled:

1. Power supply, power control unit and pulse generato

2. Solution tank and circulating pump to keep the satumoving into the pipes and
through the spray head

3. Spray heads (the number of spray heads dependbkeotype of engine and
number of cylinder heads)

4. Cooling unit and heat exchanger to keep the tenmyreraf the solution at an
acceptable range

5. Solution filters to ensure the composition of theceolyte is the same during the

production
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Other costs such as operating cost which inclubdescbst of materials and energy
consumption and labor cost are to be considerad.difficult to come up with a price
range for the PEO treatment since there are mactpréaand variables involved. For
instance the concentration and type of the saltacids used in the solution have an
influence on the discharge start time and growtk m@hich means it will dictate the
electrical energy consumption level. Table 7 corapaPTWA and PEO based on

deposition rate, coating thickness, energy consiomind cost of raw materials.

Most of the aspects of PEO coating interpret tess Icostly process. The main
issue would be the completion time for each engloek. In general, PTWA process has
a faster deposition rate (almost 10 times fastan the PEO growth rate). If the use of 8
rotating spray heads for a V8 engine block is agslimAn engine would take around 10
minutes to be finished this is almost 10 times mibr@n the completion time using
PTWA. In terms of energy consumption, the battldésween the treatment time and
current density and considering the much less ounensity which is needed for PEO
process and much longer treatment time, PEO cors@2& less electrical energy in
kWh. However according to a study on cost analgsigthermal spray processes [147],
electricity is not one of the top three costly aspeof thermal spray since powder, gas,
consumables (such as the electrode) and even ledba@ the highest percentage of
influence on the total cost. Therefore, since tbst of raw material for the PEO (salts
and water) is much less than PTWA raw materialsv(faw, wire, gas and electrode), it

can be concluded that the overall cost of the PEOgss is less than PTWA.
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Table 7. Comparison between PTWA and PEO process.

Comparison Parameters

Cylinder Wall Surface Treatment Technologies

PTWA PEO
Deposition Rate 106.6 gr/min 10 gr/min
150 um/min 1-1.5um/min

Energy consumption (kwh)

200V x 15A x 0.017h 200V x 1A x 0.17h
0.050 0.034

Coating Thickness fim)

150 (after honing) 10
200 (before honing)

Mass Addition per Cylinder (gr) 100 6
_ Wire: $30/kg Powder: $5-$10
Raw Material Cost
Electrode*: $6 Water: $1.5/ i

Gas: $ 3.4/100 m3

*: Electrodes should be replaced regularly.

This conclusion does not include the pre and pestrnent of both technologies.
However according to the same study [147] on tlaéspray processes, 45% of the total
cost is because of the coating treatment and 5586 ¢ Pre-treatment (machining,
masking, degreasing, grit blasting and cleaningkt greatment (de-masking, honing,
surface polishing, cleaning) and quality controlonthg is mainly done on PTWA

coatings to create oil reservoirs and decreassuhface roughness of the coating. PEO
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coatings on the other hand are porous by naturedandot need much of the post

treatment except surface polishing and cleaning @duld also mean more cost savings.
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