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ABSTRACT
Maintainingthe Consistencies ialectropolishingResultsby Characterizing the

Polishing Bath State as a Function of its Instant Key Properties

Bivi Krishna

Electropolishingis an advanced industrial metal finishing in practice commercially since the
mid-20" century, to treat the metals with electricity andustrial chemicalsThe process has
grown remarkably in the last 50 years; thedical and pharmaceutical industry's growth is a
strong driving force for thelectropolishingndustry now.

The work detailed in this thesis focuses amaintaining the uniformities in
electropolishinggualities by specifying the polishing bath state as an approximation of its
fundamental properties. In light of the scarcity of precise informagigardinghe techniques
to keep theelectropolishingprocess in contil as the polishing bath ages, this research will
present the organized data for an ageing bath. A mathematical model constructed from the
vital polishing bath properties measured-tbaspot is used to quantify the polishing
deliverables concerning surtacdoughness as function of its immediate critical bath
properties. The work results demonstrate that the modelacéicipate the polishing
capabilities under selected polishing conditions for a given polishing bath state, fresh, aged or
regenerated. Thimodelbased technique reduces the trial ardrbasedeffortsthepolishing
industrytakesto figure out the suitable operating parameters to deliver the polishing results

when the aged bath is no longer efficient.
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1 Introduction

1.1Background

Electropolishing(EP) is an electrochemicahetal polishing process that yields a
smooth anghinysurface by controlled anodic dissolutid]. The process lowers the surface
roughness and refines the surface finish by up to 50%, levelling the microscopic peaks and
valleys[2]. It is either applied as a substitute for the mechanical polishing or to remove the
surface damages caused by mechanical poligBinghe physical properties of the metal
remain unchanged aftelectropolishing Moreover, the procedure eliminates the surface
imperfections and makes the metal surface simpler to sanitize, thereby negttiagnbody
from collecting contaminantg!]. Therefore, it is one of the wdiked finishes for food
processing, medical amgharmaceutical applications considering the cleanability, sterility,
permanence, and corrosion resistafidé6][7][8]. Consequently, these aseptic benefits of
electropolishingand the buikin pure nature ofstainless steemake both the volume
champions in the medical device marjait

Several parameters determine the material removal durirdgitieopolishingprocess.

The polishing current, the period of exposure to the polishing current, the polishing bath
efficiency and the metal surface state undergoing polishing are a few fd{5if9]. The

desired surface finish is generally regulated by controlling the polishing current and the
polishing time [10][11]. The surface finish'sultimate quality and consistency depend on
howthese variables stay in cont{@][4]. Delivering the best results faectropolishingis
therefore considered more of an art than science. The variable selection predominantly depends
on the type of metal to belectropolisked and the surface finish requirdd2][13]. The

electropolishingolutions used in the industry are always compatible with the respective metal



or alloys polished. The polishing bath usedstainless steé mostly a mixture gbhosphoric

- sulfuric acidg9][14][15][16].

1.2 Research Problem

An electropolishingbath is a salient parameter that governs dhextropolishing
coherence as it is the medium where the entire chemical process occurs [5][9][15$16].
electropolishingnvolves material removal, the metal ions are dissolved during the process and
surges with the bath's increased use. The metal ions gradually end up as sludge at the polishing
tank and influencéhe bath's chemistry [12][17]. This changn bath chemistry has a
remarkable dominance on the polishing rates and results in increased roughness and reduced
gloss if the bath is in operation for an extended time. The bath thus only has a restricted
functional life, and hence polishing tasks mastploy the proper bath for the process to
conserve the polishing uniformities [2][Ftainless steetlectropolishingdissolves free iron
ions from the material surface and leaves a chronriaom body resistant to corrosion
[1][5][11][18]. Accordingly, the metal concentration building up in thpeesphoric sulfuric
baths are steel components, mostly iron, followedHygmium and nickel [9][15][16].

Electropolishingbusinesses generally extend the term of use of the polishing bath to
keep down the running costs. With the same polishing bath in operation for a long time, the
polishing results start to show a declinel @noduce inconsistent and unpredictable outcomes.
The expected surface finish or gloss values are no longer obtained [1][5][11][15]. There is little
or no possibility in the industry to replace 100% or regenerate a specific portion of the bath at
all times. Therefore, the shops employ many trials and run to find the best polishing parameters
to compensate for the ageing bailney use a higher polishing current or further lengthen the
polishing durations for each workpiece to deliver the expected polistsodis. This practice

ultimately brings in increased electricity and operational costs [14][15][16].



Additional surface defects like shadows, smudges, surface waviness, uneven polishing,
pitting, increased roughness also emerge from improper currerntie@&nenger polishing
durations and overheating of the bath. The contaminated bath also leaves metal salt residues
on the surface, more challenging to remove, even with proper rinsing. The metal complexes
that form during the process also play a notable in altering the bath £oncentration
gradient, contributing to the decline of polishing qualities [9][15][16][19][20]. Therefore, this

stage requires proper process control to retain the final quality of the polishing process.

1.3 Objectives and Metlodology

With the demand from business competitions, the industries do not willingly disclose
the process secrets they go around to maintain the polishing performances. As is known, the
polishing shops generally engage the least number of controls, and thisibreedssistent
and unpredictable qualities while operating with ltegn exploited bath§]. Moreover,
comparatively, little literature is presemating to the essential mechanisms to regulate the
polishing bath durability. This lack of information, to a great degree, restricts the extension of
the polishing strategies. And as this problem is still inadequately explored, additional studies
are reuiredto operateguality controlledelectropolishingsystemghatperformconsistently

The scarcity of precise information motivates this research to measure the polishing
bath's instantaneous state-gite as the first step in reducing the trial anadreprocess. A
systematic approach is followed to examine how the dissolved metal ions dominate the bath
properties and composition throughout the bath ag@&ing.study quantifies the influence of
the ageingphosphoric- sulfuric acid on theStainlessSteel polishing performance3he
research established a mathematical model entailingtsikutesbuilt from the vital bath
properties, allowing the interpretation of the workpiece's surface roughness under standard

polishing conditions. The performance of the mogi&jeds the polishing qualities achievable



at a specific bath stat€he model helps determine the bath stage where the polishing quality

begins to suffer, thereby draining and restoring the aged bath witfrettebath [21]. The

multilinear model also remains logical for the regenerated polishing baths. Thisbasddl

approach is a practical and reasonable reversal technique for the electrolyte bath to sustain

steady polishing results during acceleratedghatig needs, thereby extending the operational

life.

1.4 ThesisOverview

Thethesisdocumenis organizedas below

1
1

Chapter 2 layouts a detailed literature reviewelettropolishing

Chapter 3 covers industrialectropolishingand standard practices they follow

Chapter 4 discusses the experimental apparatus and the procedures used for the various
experiments

Chapter 5 presents the preliminaegtsto determine the operating parameters for the
main experimentand thecorrespndingresults

Chapter 6 covers the main experimental methods and the respective results

Chapter 7 presents statistical analysis and a regression model constructed from the
experimental data

Chapter 8 provides the conclussand some future directions the research.



2 Background to Electropolishing

2.1 History of Electropolishing

Electropolishings not fresh to the field of Metal Finishing. A brief survey of the history
of electropolishingshould prove of some interest in the present thesis.

A known work onelectropolishingwas in 1910 when Chemist E. I. Shpitalskii was
granted a patent (GermamtEent 225871) for the cyanide brightening process for silver and
gold. The next twenty years saw no significant research until 1930 whsotable patent
(French Patent 7075p6vas issued forthe research laboratory of Société De Materiel
Téléphoniquen France.The patent was conferred to Engineer Pierre A. Jacquand his
chief H. Figour for developinthe electropolishingnethods for nickelgopper aluminumand
molybdenumin a perchlori¢acetic acid batf22][23].

The patent remained overlooked for a long time by the othaesirids until 1935when
Jacquef24] published his research on tekectropolishingof copper inphosphoricacid. The
development and industrialization of the process are primarily credited to this work.
electropolishingsoon gained dot of interest, and a tremendous amount of work accompanied
to explore the industrial implementations of the proceB§26].

Electropolishinghas beemsed in full swing in the industsincethe mid20" century
[27]. Various signs of progress were made to improve the practical technologies for the
general use of the process. Publications anghatent coverage now @bectropolishingare
extensive. The right mix of electrolytes, operating conditions, and the piitaelfss the
subject of numerous trade secrets ingbishingindustry. The process has improved and
advanced over the years and remains the ultimate technique for producingrsapér

surfaces because of all the benefits it offB{E28].



2.2 Electropolishing Process

Electropolishingis an electrochemicahetalfinishing process that produces a shiny,
smooth, ultreclean surface by removing a thin layer of the material to level the 1peaks
and valleyq1][9][11]. The surface finishing is achieved by the comlamabf two different
mechanisms, anodic levelling (maemoothening) and brightening (miesmoottenng)

[29][30]. Fig. 2.1 represents a metal surfaegore and after thelectropolishingprocesg31].

Figure 21 Surface profile before and aftetectropolishing

Figure 2.2 represents the schematic of a tygtadtropolishingcell [32]. The metal
workpiece to beslectropolisked is connected tile positive terminabf theDC power supply
and the negativendto the cathode material. Both electrode materials are submerged in the
electrolyte solution, forming a complete circuit. An electrical current passing from the anode

to thecathode causes the ions on the metal suréadessolve into the electrolyte. The process



results in oxygen evolution at the anode and hydrogen at the cfthddd[33]. The primary
chemical reaction occurring during tekectropolishingprocess is represented by Equation 1.1
[34]. This equationdenotesthat the metal ions are removed from the anodic workpiece,

dissolving them into the electrolyte solutif}[9][35].

MetalT ElectronsA Metal ions [1.1]

DC Power source
=1

Electrolyte
solution Workpiece

Cathode (anode)

H*—=> H: Me = Me"*

020

Figure 22 Typicalelectropolishingsetup

The quantity of themetal dissolved is proportional to the amount of electricity

pas#ng through the electrolytd-ar aday 6 s L a demonistratethaetlteamountofy s i s



metal removed from the metal surface dslculated asindicated by Equation 1.2

[1][28][36][37].

Amount of materiatemowed m® Amount of charge passeq, [1.2]

Understandinghe concept of differential rates of removal of the metal ions is essential
for accomplishing gooelectropolishingesults The right delivery of quality, efficiency and
reduced cost is obtained Bgpropriatelynanaginghe process parameters. The megaioval

rates can becontrolled ensuring that the polishing requirements are achifsiggB][34][37].

2.3 BasicPrinciple of Electropolishing
According toJacque{38], the metal surface is a cluster of peaks and valleys at the
electronmicroscope levelwhere he real mechanism of tlebectropolishingprocess occurs
Figure 23 indicates the low and high current density areas in the workpiece and the
relative consequencenthe electropolishingesults[36]. An insulating viscous liquid layer
develops on the anodic metal surface on applying a voltage étettieopolishingeell. This
film has a higher electrical resistance and viscosity thanefteof the polishing bath. The
layer is thicker on the valleys, and thus the resistance at the peaks is lower than the valleys.
As current travels through the path of lower resistance, the ped&st{i@come the very high
current density areas and dissolapidly. Theédsseicurrent density areas, the valley-[0,
receive fewer current and display minor metal dissolution. In turn, this mechanism evens out

and smooths the surface at the micron I€3@][37][38].
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Figure 23 Electropolishingmechanism

2.4 Current - Voltage Relationship in Electropolishing

Jacquet38] also investigated thelectropolishingby observing the curremltage
Characteristics. They found that the polishing operation requires the proper balance between
voltage and current and thais feasible to derive pitting, polishing or gas evolution, as shown
in Figure 2.436]. When the current density is too low, etching occurs, resulting irspeaific
removal of metal. If the current density is too high, both the valleys amdets surface peaks
will be dissdved faster resulting in pitting and gas evolution. A grasp of curitage

combined effects is essential to highality electropolishind1][28][36][37][38][39][40].



Current Density (A/cm?)

Polishing Pitting

L J

Voltage (Volts)

Figure 24 Generalrelationshipsbetween current and voltage

There arethree major regions on the curigentified as unstable dissolutionvith
etching(B-C), a stable plateau with polishing-@@ and dissolution with pitting (£). The
metal surface conserves its existing appearande-tie point B Variations in both voltage
and current and a concurrent fall in current density is fountheregion (BC). The metal
surface shows signs of etchihgre The current density remains constant, and the voltage
increases over the reging@-D). The polishing effect occurs in this region. The first bubbles
of gaseous oxygen appear on the workpiec¢hatpoint D. The dissolution of metal is
accompanied by the evolution of oxygen at higher voltage®-E). Pitting occurs as the

oxygen bubbles get trapped on the metal suff28§36][37][38][39][40].
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2.5 Differences Betweelklectropolishing and Mechanical Polishing
The differencein the finish for two surfacepolished to the same finishsing
mechanicalpolishing and electropolishingcan only be identified under high magnification

[41], as shown in Fig. 2.B12].

Figure 25 Mechanicaly polishedandelectropolisted surface under magnification.

The significant differencesdetween electropolishingand mechanical polishingre
[41][42][43]:

1 The electropolisked surface has a high degree of smoothness and reveals the actual
crystal structure. The mechanilyapolishedmetal body contains embedded abrasives,
scratches, cuts and strains.

1 Electropolishingemoves microscopic peakyg dissolvingthemetal surface ancleans
the valleystherebyreducingcorrosionrates. Mechanical polishing does not remove
inclusions but pshes them further into the body and even collects the abrasive

materials, creating damage and corrosion spots.

11



1 Belts and wheels with abrasives are used to polish a surface mechanically, while an
electrolyte solution and polishing current is usectetoowe the surface material during
electropolishing

1 Mechanical finishing requires a lot of interlabor, whereaslectropolishinggreatly
reduces labocosts.

1 Electropolishingholds the real mechanical strength of the metal, but mechanical
polishing significantly lowers the tensile strength.

1 Theelectropolisked finish is superior to the mostdely usednechanical finish 2Bor
stainless steel

1 Electropolisted surfacdéears digh cost than using 2B, but it is worth the added value

due to the more attractive, smoother and firmer suffah offered.

2.6 Properties of Electropolishing

Theelectropolishingprocess is an ultimate cleaning technique that is economical,
highly flexible, and vital to conserve metal quality. It is the most used, relatively quick and
contactless surface finishing process, best known for the bright and highly reflective finish it
delivers[11][12]. The electropolisked part reflects the light rays in parallel lines, and images
are visible on the surface as from a mirror. Tigjet raysgetreflected in a random patteinom
an unpolished or rough surfa@nd thus no image is seen or appears nvad{gt5]. Fig. 2.6

illustrates the light reflection from polished amapolishedsurface [45].
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Smooth surface Rough surface

Figure 2.6Light reflection from polished and unpolished surfaces

Electropolishing potentially increases the material properties and the physical
appearance of the workpiece. It results in a few positive changes in the metal body; the more
valuable and viable are the metallurgigaing[1][9][15][28][46]. Overall, the process makes
the metal parts smooth with a shiny look without any surface defectsmétiedalso
dissolves the outer layer of the metal body, removing the embedded impamdiéisereby
enhaning thecorrosion resistand8&][12][18][47].

Theelectropolishingorocess can be applied to metal parts of any size or geometry
and offers many advantagesacross various industriesTable 2.1 lists the primary
distinguishable attributes of tleectropolishingorocess that are highly beneficial for part
manufacturing in today's marketplace. These metal improvement benefits offer great promise

for design productionand costsavingg46][47][48][49][50][51][52][53].
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Table 21 Properties ofklectropolishing

Category

Postelectropolishinggains

Aesthetics

Mechanical

Corrosion

Resistance

Cleanability

Other

Yields a bright and smooth surface finish

Eliminates or minimizes scratches and stains

Brings out metal 6s natural ¢
Retains the natural grain structure and properties of the metal
Holds the real fatigue strength of a metal part.

Relieves the stress dfffie metal surface.

Lessens theoefficient of friction for the surface.

Removes freéron or foreign material from the metal surface
Generates a chromiwmch surface that is resistant to
corrosion.

Eliminates the imperfections to prevent the moisture
accumulatio that leads to corrosion.

Removes the existing rust and oxides on the surface.
Lessens product contamination and resists the-opilof
unpleasant particles and bacteria.

Reduces the cleaning time by more than 50 peamdftielps to
maintain ahygienically clean surface.

Imparts norstick qualities to the metal surface.

Reveals flaws in metal surfaces undetectable by other means.
Simultaneously deburrs along with polishing.

Polishes areas inaccessible by other methods.

Prepares surfaces fptating, welding and anodizing.
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2.7 Limitations of Electropolishing
As with most processeglectropolishingalso has a fewdrawbacksthat includethe
following [5][13][22][32][54]:

1 The low applicability of the electrolyte, as different metals reqgdisénct polishing
solutions.

1 Most of the electrolytes used for polishing has a finite operational life.

1 The regeneration of electrolytes used for polishing is difficult and limited in
application.

1 Various chemicals used for polishing are harmful acids that are toxic, flammable or
even explosive.

1 The polishing process resultsanarge volume of sludge from timeetal dissolution,
harmful to he environment.

1 Thedirty polishing baths may leave embedded impurities and al&stigng impact on
the metal surface.

1 The polishing shops mudispose othe used bathand the metal sludgescording to
the local regulatios.

1 The rinse watewastealso must becarefully handled as it contains metal ions and
dilutedacid contents.

1 The polishing process itself results in a highly inflammable evolution of hydrogen at
the cathode if not controlled.

1 The polishing process cost is usually a little high though it sasabstantial amount
of money in thdong run

1 Electropolishingdoes not cover the rough surface defects, heavy scratches, pits or

inclusions on the raw metal.
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Theindustryalwaystakesup electropolishingas an essential process for nhétashing as

the advantages still outnumber the drawbacks.

2.8 Applications ofElectropolishing

A significant deal of interest has evolved over recent years in producing extremely
clean and corrosieresistant components for uselectropolishingdemonstrates to be an
effective method for this purpose. Parts are often mechanically finished and then
electropolisked to a surface with a low roughness vdhf&[56]. The endassessment of the
results consists of evaluating both surface appearance and surface chemistry. The former
ascertains the polishing efficiency; the latter ensures that the polished surface is proper and
protected as much as possid&][51][57].

The applications oélectropolishinghas a link to its benefits. The quality of the finish
required varies with the respective applicatilbims feasible to attain a high surface sanitation
and sterility rate, as thadectropolisked surface is effortless to clef][50]. This quality is the
most crucial parameter in the food and beverage processing, medical and pharmaceutical
industries

The food touches the metal elements, and thus it must not cause contanonainy
changes in taste or colour of the food prod®4f9][11][48][58][59][60]. Medical device
manufacturings highly regulated and thus requires the utmost attention to sanitation and
safety. For internal or external use, devices must be clean,-flefecand align with regulators
like the FDA.Electropolishingmeets the vital needmd stringent requirementtsr surgical
instruments, implants arttle other toolsrequiredfor the medical pharmaceuticand dental
fields [61][62][63][64][65][66][67].

Many metals and their alloys can bkectropolisied usinglifferentelectrolytesandthe

latest metahandling methodologies available now. As a resléctropolishings used in a
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broader discipline than ever before, with manufacturers demanding improved surface

properties for their producth.is the popular finishing treatment across various indusfoes

diverse applicationsTable 2.2 listsa few sectorsthat favaur electropoishing due to the

multiple benefits offered68][69][70].

Table 22 Major industries usinglectropolishingand the associat benefits

Industry Reasons forelectropolishing
Expeditedcleaning exceptionalevels of norcontamination
Medical, Enhancedurface appearandeweredrisk of sharps and

pharmaceutical

dental

Food, beverage,

meat poultry

Semiconductor

Automotive,

aerospa(;emarine

burrs

Lessfriction of parts due to microscopically smooth surface
Smooth and cosmeticalpieasansurface.
Outstandingasepticandhygienic properties.
Absoluteandeffectualcleansingof the surface
Polishesdelicatepartswith minimizedrisk of damage.

Anti-corrosive qualitieswith a superioffinish.

Smooth shiny, appealing easyto-clean micrefinish.

Deburrs small metalomponentdike fasteners, wire racks anc
blades

Eliminatesweld coloration an@dmprovedcorrosion resistance
at the joints

Reduces burrs and cracks and provides optimal part

function.
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Industry Reasons forelectropolishing

Effortlessclearrup, nonstick, noncontaminating surface
Household Appealingfinish with high levelsof corrosion resistance
appliances, Deburs andeaseshe stressrom the internal surface

machineparts,
nuclear
Vacuum
chambers, filter
housings, pipe:

and piping

Betterpolishing withoutalteringthe precise dimensions.
Preserves theterior against rust and other types of corrosiol

Effectively polishes metatomponent®f any size and shape.

2.9 Metals and Alloys that Work with Electropolishing

Electropolishingis the most preferred metal finishing process, controlled and applied

to a more comprehensive range of metilsstly all metals and alloys arelectropolisied

usingdistinctelectrolytes with varying degrees of succtmse day$§l][5][12][51][71]. The

results ofelectropolishingyets better with the more clean, homogenthesjne-grained scale

free structure of the alld@][16][19][20]. Thevariousgrades oftainless stegmostly 300 and

400 series,are the most common alloys that arecommercidly electropolishingtoday

[5][12][71][72][73][74]. Table 2.3lists the popular metaknd alloyshat areslectropolisied.

Table 23 Metalsand alloysthat are commerciallglectropolisted

Metals or alloys

stainless stesl

Nitinol

Inconel

Nickel alloys Tool steel Carbon steel
Titanium Copper Aluminum
Nickel Molybdenum Niobium
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Gold Brass Silver Hastelloy

Carbon steel Cupronickel Bronze Kovar

Leaded steel Beryllium Copper alloys Tungsten
Tantalum Cobalt chrome Columbium Vanadium
Antimony Cobalt Chromium Bismuth

2.10 Electropolished Stainless Steel Alloys

Stainless steslare alloys of iron and carry at least 10.5% chromium, that protects iron
from rusting. It is ideal for many applications where both strength and corrosion resistance are
desirablestainless stea$ superior due to itgesistance to corrosion and staigi better gloss,
and low maintenance. Additionally, the polished material has a surface that is easy to clean and
sterilize and does not require a surface coating. The alloy is available in the market as sheets,
plates, bars, wires and tubp®][75]. The intended use of each classstdinless stedk
determined by the vainyg ratios of its separate constituents. Corrosion resistance is enhanced
by adding more amounts of chromium, nickel and molybdenum. Other compohstaisless
steelinclude carbonmanganesesulphur, phosphorus, silicon e{@6][77][78]. Table 2.4

presents the various gradesstdinless steslthat are commerciallglectropolisied[79].

Table 24 Electropolishedstainless stedlypes

stainless steelypes

Austeniticstainless ste€04
Austeniticstainless stesel316 and 31&
Ferritic stainless stese430 and 434

Martensiticstainless steel20

Duplexstainless ste€l205
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Precipitationhardeningstainless stedl7-4

Austenitic SteeNitronic 60

Stainless stedlpe 304 and 316 are the two most used grades. Typalé&itfopoliskes
better than type 304. It contains molybdenum, and that offers its vastly superior corrosion
resistance. Grade 316L has low carbon content and thus is softer. It is preferred for its
weldability, machinability and corrosion resistan@®e manufacturingndustry, therefore,
uses316L andis the choice for medical implanf®0][81][82][83]. The constituents of grade

316L stainless stea$ includeal in Table 2.984].

Table 25 Composition of AISI 316&tainless steel

Component Weight %
Iron 65
Carbon 0.03

Chromium 17

Nickel 12
Molybdenum 2.5
Manganese 2
Silicon 1
Sulphur 0.03
Phosphorus 0.045
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2.11 Effect ofElectropolishing on StainlessSteel

It is useful to determine why many equipment manufacturers primarily undertake the
electropolishingf stainless steelThe primary benefibf the process isnproved aesthetidsy
eliminating surface imperfections. Thapabilities tdheareas hard to aess with mechanical
polishing,all with fewer labair prices makeelectropolishinghe preferred techniqys][12].

The bacterial contamination levels are inevitably loweeadl t is easier to maintain high
levelsof cleanliness in these polished ar€zansequentlyelectropoliskedstainless steelffers
a better surface finish, more convenient to clean. This property retzieless stegirevalent
for its use in the food processing, pharmaceutical and medical ind{i8}f3[60][62].

While treating an alloy likestainless steglthe added feature is the preferential
dissolution of one or more constituents. Alainlesssteelgrades are iroased alloys and
contain considerable amognbf chromium andnickel. The different components exhibit
varying removal rates; iron ions are separated more rapidly than the nickel and chromium ions.
Theelectropolishingf stainless stedéaves achromium enriched surface; this aids the lower
ratesof corrosionofferedby the alloy[1][5][11][80]. A thin passive oxide layer forms when
the chromium on thetainlesssteelsurfacecomes in contact witlhxygen.Electropolishing
enhances the passive oxide laged optimizes the corrosion resistance propertieerefore
the intrinsic strength and inherent corrosion resistanstaofless steehake it the appropriate

material for many equipment manufactur®i§9][36][74][79].
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3 Electropolishing in the Industry

3.1Electropolishing Facility

Varioustypes ofelectropolishingapparatuses are availabléth their respective
precisions to address custorsprecific needs. The design varies with the polishing tank size,
electrode positioning, and tlseeor shapef the parto be polished85].

A typical electropolishingsetup consists of RC power supply and a tank fabricated
with steel to hold the electrolyte bath. A part or group of metal partsdtebopolisked is
charged positive, fixtured to racks and immersed into the bath. The fixture rack is, in turn,
installed to the positive sédof the power supply. A cathode or series of cathodes is lowered
into the polishing bath and connected to plogver source's negative poWhen current is
applied, the metal ions separate from the metal part and move towards the cathode. The metal
ionsdissolve in the electrolyte, arakygen is liberated at the metal surface, promoting the
cleaning proced4.2][27][33][86]. A schematic of &ypical electropolishingystem is shown
in Figure 3.1[87].

The polished metal parts are runs througleguencef cleaning and drying steps to
remove the polishing bath traite make he resulting surface lookbright and clean
[5][9][11][33][86]. The quality standards defined for the considered use are evaluated using
additional gadgets. A visuaheck of the electropolisked parts is enough to assess the
brightness or clarity in soneases, while others require a dedicated instrument to determine

the surface profil37].

22



Dnc &
Power A
™ Exhaust
—p System

|:

Rack

Cathode

Electrolyte

Workpiece
solution

(anode)

Figure 31 A typicalelectropolishingsystem.

3.2 Steps Involved irElectropolishing

The widely used standard fetectropolishing ASTM B912 defines three necessary
stages for the proce$88][89]. These stages are essential in obtaining the best polishing
results forstainless steallloysand are carried out in different tamlEigure 3.2 shows the
flowchartrepresentinghe thregorimaryoperations of a typicalectropolishingroces$11].
The steps involved af8][11][19][37]:

1 Metal surface preparation
This phase removes the surface soils, such as grease, oil, fingerprints, and other
contaminants; otherwise, they interfere with the processistencyand cause etching or
pitting.

1 Electropolishing
Theactualpolishingprocesss performed in thiphase to make the surface bright and smooth

followed by arelectropolishinginse.
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1 Posttreatment
This stagerinses and removes thath residueand theby-productsof the electropolishing
reaction, causing subsequent staining and corrosion if not properly cleaned, and finally dries

the metal surface.

Metal Preparation  E— Alkaline cleaning |

| Cold water rinsing |

:

| Pickling/Acid descaling |

[ Cold water rinsing ]

I Electropolishing |—>-| Electropolishing |

| Rinsing |

Post-Treatment |—>-| Nitric acid cleaning |

| Cold water rinsing |

.

| Hot water rinsing |

.

| Drying |

Figure 32 Flowchart representing thelectropolishingprocess steps

3.2.1Metal surface preparation
Sufficient surface preparation aheadebéctropolishingis indispensable for quality

polishing outcomes, like other metal finishing treatmeiitse first tank usegraditional
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cleaning methods, such as vapor degreasing, alkaline or solvenhgl@de surface is made

free of shop dirt, oil, grease, grit, oxides, fingerprints, etc. If not removed, the contaminants
diminish the final finish quality and impose a big problem for various industries like medical,
pharmaceutical, etc. The incorredeaning results in metal parts being refused due te sub
standard polishing, and thus, the unneeded contacts are avoided with the pieces after they are
cleaned. The alkaline cleaners are relatively cheaper when compared to the cost involved in re
polishing. The alkaline cleaning tanks are always maintained with adequate alkalinity to
preserve the performances so that the cleaning process doesn't affect the work quality
[91[11][19][37].

The next tank in this stage employgscold-water rinse This rinseeliminates the
contaminants and the residues from the previous operation by dilution and restrains the alkaline
dragin into the next tank. The alkali concentration slowly elevates in this tank and presents a
neutralizing impact on the acid descaling processfttlaws. Therefore, fresh makeup water
is fed to the rinse tank regularly to sustain adequate water stability. Spray rinses or any other
system involving water volume control is used to avoid water wastage and to prevent
overcharging the waste treatmegstem[9][11][19][37].

The pickling or acid descaling procedure is similar to the alkaline cleaning and
eradicates the oxides on the surface from the former approaches such as welding, cutting etc.
The oxides present on the metal body influence the quality of the surfacedicashmended
for medical and pharmaceutical applications. This process also neutralizes the alkaline film left
by the cleaning operation. The alkaline dmadgrom the cleaner tank, if not, destroys the acid
stability in theelectropolishingank, yieldingquality issues. The procedure selected for the
acid descaling must be adaptable with ehectropolishingbath. Care is taken tensurethat

the ions from the acid descaling tank do not reach the following sfatjaa][19][37].
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This cold-waterrinsing pocess isimilar tothe alkaline cleaner rinse and takes out the
acid residues that are effortless to remouvenpared toltte alkaline remnants. The rinsing

processs hence fulfilled in short rinse times or applying low flow rd8gL1][19][37].

3.2.2Electropolishing

The metal ions dissolve from the anodic workpiece duringléngropolishingrocess,
building-up a metal sludge in the polishing tank. All constituents okthmless stedlloy,
iron, chromium, nickelmanganesetc., undergoidsolution, resulting in a controlled levelling
and smoothening of the metal surface. Some side reactions also occur, forming a few other by
products in the electrolyte that hinder the polishing results if not contfelidd ][19][37].

The racks carryinghe polished metal parts are raised and rinsed with water using an
appropriate method such as a spray nozzle before moving intdr@ashent tanks. This
rinsing process prevents the diagf of theelectropolishingolution.Therinse water goes into
the electropolishingbath, and this dram of excessive water poses harmful effects on the
polishing qualities causing etching or loss of finish. Polishing shops typically heat the
electropolishingystem when not in operation, @&tlovernight or on weekends, to concentrate
the electrolyte bath. The polishing tan&iso takein moisture from the atmosphere, and
therefore the tank is covered when not in use, or the solution is qouitednd placed
separately. The bath is either regeated or disposed of when the polishing bath's metal content

is high[9][11][19][37].

3.23 Posttreatment

The metal parts are rigorously rinsed afterdleetropolishingprocess to eradicate the
electrolyte residues. Sonedectropolishingsolutions ag highly viscous and difficult to rinse,
especially when the bath is aged. The short-ppestment rinse in nitric acid dissolves the
chemical byproducts which are formed during the polishing processbyh®oductsare the
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phosphates and sulphatesia# transition metals and are difficult to remove with simple water
rinses. These bproducts, if not removed, degrades the polished appearance and provide sites
for subsequent bacterial contamination and corrd8iph1][19][37].

The shortcold-water rinses with lower flow rates remove the nitric acid solution
residue, which is much easier to remove than the alkalie&eotropolishingesidues. Drag
in of the nitric acid to the next tank meant for hot water rinse may cause staining on the polished
metalparts, and therefore the acidity in this rinse tank is maintained in [@fits][19][37].

The hot water rinsing eliminates the last traces of possible chemicals and raises the
temperature to flash dry the samples before removing them from the raekgiohtis paid to
ensure that the nitric acid or tlectropolishingsolution reaching this tank is within the
permissible level. The hot water rinse tank is replaced totally or partially with freshupake
water to avoid this problef®][11][19][37].

Theparts that do not dry with hot rinsimgquireadditional drying stations like heated
air chambers, centrifugal dryers et rapidly evaporate the residual moisture to prevent

further stainind9][11][19][37].

3.3 Operating Parameters for Electropolishing

Several process parameters are critical in controlling the final quality of
electropolishingThe optimunelectropolishingvith regards to quality, effectiveness, and cost
is achieved byadequatelyhandling the process param@es An alteration in any of these
essential variables affects the process outcomes and produces inconsistent qualities
[1][2][13][28][33]. The following are the crucial parameters for any successful
electropolishingprocesg5][9][11][19][20][34]:

i.  Polishing current

The applied currergontrolsthe material removal rates during glectropolishingorocess.
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ii.  Polishingduration
The metal removal rates durietectropolishings proportional to the polishingmes.

iii.  Polishing bath
A suitable electrolyte with the proper concentration and compos$iatancs the polishing
quality.

The operating conditions falectropolishingare canparatively broad, and the most
favored parameters vary with the polished metal. The users must experimentally determine the
ideal control parameters on trial workpiece samples before designing and establishing proper
electropolishingystemg20]. The process also varies with the metal's initial surface conditions
and therequired final finish [90]. Table 3.1 lists the other variables that govern the

electropolishingorocesg5][8][28][74].

Table 31 Other parameters that influenedectropolishing

Metals

Anodei cathode distance Bath age

Bath temperature Agitation of bath

Workpiece geometry Arrangement of workpiece

3.4 ElectrolytesUsed for Electropolishing

Theelectropolishingporocess removes the metal idrsm the surfacand provides the
metal with a bright finishThe procedure depends on the electrolysis principle and involves the
polishing current and the electrolyte solutidi[5][11][39]. The acids dissociate into ions
solution, and theations move tthe cathode, while anionsioveto anodeduring the process

Themobility of these ions in the @ttrolyte solutiordetermines theolishing rateduring the
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process[1][2][5]. Herce, a wellmaintainedelectropolishingsolution is essential for the
desired surface finis®][15][16][19][79][91].

According to Lyczkowskawidlak et al. [9], the electrolytes used for the
electropolishingorocess performs the following functions during ¢fextropolishingprocess:

1 Acts as thenedium where the chemical reaction occurs.
1 Removes the metal ions from the processing zone of the process.
1 Enables the transport of electric loads.

The electrolyte ath used in the industry is mostly unique to the metal or the alloy's
chemical compositiofb]. Thesuccess of thpolishing proceslies in using the right bath and
its efficiency maintained throughout the procdgfs]. Theproperties and composition of the
electrolyte solution are crucial in delivering the best resplid[15][16][92]. Different
electrolytes, as well as requidbgstinct operating conditions in terms of the vokasgand
polishing times for accomplishing the polishing prodddy. Therefore, the polishing shops
also rely on a few other factors while choosing the electrglgtesh as the throwing power,
the costs, usage and disposal rules, [&lc AlImost all theelectropolishingsolutions used
commercially are often mixtures of comteated acids with high viscosif#][5][9][11]. The
electrolyteshenceneed the utmost care while using and disposinggreeing with the local
health, safety and environmental regulatiofisus, it is asemial to know the polishing bath

chemistry while planning the whodédectropolishingorocesg11][35].

3.5 Widely UsedElectrolytes for StainlessSteel

The proper conditions to carry out the chemical reactions that occur during the
electropolishingprocess is provided by the electrolyte bf8H{9]. The viscous mixture of
phosphoric sulfuricacidis usedor thestainless steglolishing on an industrial sca&][11].

The bath's appropriate electrical conductivity is establishesdlbyric acid, whilephosphore
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acid oversees the anodic layer formed on the workpiece, thereby aiding the polishing process
[9]. Moreover, both the acids provide the anions for the metal isaslded during the process

[5]. Preferentiallyiron, followed bychromium andnickel, dissolve in the bath during the
electropolishingof stainless stealloys[9][14][15][48]. The equations from 3 to 7 represent

the dissolution of the metal ions and the evolution of gases during the prblcegs.oces

liberates oxygen at the anode and hydrogen at the cathode.

FeA Fée*+3e ©)
CrA Cr+3e (4)
Ni A Ni% +2e (5)
2H,OA O+ 4H' + 4e (6)
2H;0" + 26 A 2H0 + H2 (7

The literature reveals that other electrolyte combinations are also used for
electropolishingstainless steelTable 3.2 tabulates the different electrolyte mixtures for

stainles steel Most of them are hazardous and generate slyagj@9][11].

Table 32 Commonly used electrolytes f&tainless stegiolishing

Electrolyte bath Source
Phosphoriacid [93]
Phosphoriesulfuric acid [94]
Phosphoriesulfuric-chromic acid [95]
Sulfuric-citric acid [96]
Phosphoriechromic acid [97]
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Sulfuric-glycolic acid [98]

3.6 Significance of PolishingBath

A significant challenge faced by th&ctropolishingndustryis the extended use of the
polishing bath solutions without renewal oreplacementThe bath contamination increases
with the operation times due to the metakif5}[9][15][16][99][100]. The increased metal ion
concentration alters the bath chemistry, which in turn has an impact on the polishing qualities
The roughness and gloss of the final finish are affected when thedsaftmination crosses
definitelevel[11][19][101][102]. Thebath'sextended usalso contributes to the emergence of
additional surface defects like shadows or smudges on the metal surface, resulting from the
bath's improper compositioThis prollem makes it essential to maintain a controlled
concentration and composition for the polishing baths during@léetropolishingorocess to
deliver consistent polishing resu[ig[9][15][16][103][104][105].

Moreover, he content of the dissolved metal ions in the electrolyte bath influences the
current density durinthe polishingprocess. Improper and uncertalishing finishegesult
from variations in current densiti¢g][15]. The proceduraises the concentrated acid mixture
characterized by high viscosity values, and the dissolved metal content further increases the
bath viscosity1][5]. The surge in metal ions also changfesbath density, and therefore, a
highly contaminated bath igdentified by high values of viscosity and density
[9][19][106][107]. Polishing bath overheats due to bath density changes, and as conductivity
depends on the condeation, the changes in bottensityand temperature change the bath
conductivitieg15][19][20].

The critical key element for thelectropolishingndustry is maintaining thquality of
the polishedsurfaceq1][2][11]. When the bath contamination increases, a longer polishing

duration or a higher polishing current is needellgepthe polishing deliverables. Increased
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current densities and extended polishing durations lead to increasgitigfecosts resulting
in higher operating costs. Operating with higher polishing currents as well leads to overheating

the electrolyte, worsening the existing probld8j§l5][16].

3.7 Bath Control Operations in the Industry

The electropolishingshops use the polishing baths until and after they get too
contaminated. As the polishing qualities start to diminish drastically after a threshold level of
bath contamination, th@rocess has to be operated at the right conditions to produce
consistentlygood results [11][15][16][19]. As discussed earlier, the shops start with the trial
and error approach to identify the operating parameters to-opafar the bath contamination.
The operating parameters adjusted accordingly are the polishing duratibe polishing
current. However, astimegoeg,t hi s approach either geAts sl ow
this point,the industry adopts an alternate procedure to keep the bath age to a desirable value.
The choice of this strategy depends on the coeweei of control and handling and varies with
differentelectropolishingnstallations. The polishing units usually accomplish this by one of
the following methods [11][19][20]:

1 Allow the bath to operate until a level at which the electrolyte bath prodarces
insoluble sludgeof metal ionsat the bottom of theolishing tank, which is then
separated at regular intervalfie change of solution level is madp withtheaddition
of fresh solution.

1 Operate the bath with no decanting until the metaitent reaches a certain pre
determined level. The bath is then regenerated by replacing a specified volume of

thebath with an equivalent fresh solution.
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3.8 RelevantStudies in the Past

The review of the relevant literature finds that extensive waskdeen done in the field
of electropolishinghowever, only a scant number of studies are available that addresses the
techniques to keep tleectropolishingorocess in control as the bath ages.

According to the literature, there are a few approachesnforaging the polishing
consistencies in the long run. Chatterjg put forward one practicahethod where they
investigated how the polishing quality terms of the brightness drops as the polishing bath's
metal content exceeds six wt. %. The author recommends maintaining the metal ions in the
bath below five wt. % during the process to have consistent results.

LyczkowskaWidlak et al.[9] consider determining the bath life by thmountof the
current passed through thait volume of the batkince its first use. The author suggests that
the electrolyte solutiongurability ranges from passing up to 10080 Ah/ dni of polishing
current. They proposed removing-30% of the bath volume after processing roughly 80 Ah/
dm? polishing current and then augmenting with fresh solution.

Although there is much researchnecerning various aspects efectropolishing the
studies concerning the quantitative data for the polishing baths available to design proper
polishing systems are limitetMore research is required to quantify the bath age as a quality
control parameteiotdescribe the resulting polishing efficiencies. As far as known, no one, to
the best of our knowledge, has monitored the systematic changes in the bath with the passage
of a specific amount of polishing current to relate it to the respective polishititieguarl his
study aims tanvestigatethe evolution ofdissolved metal ionsacid compositionand bath
propertiesn an ageinghosphoric- sulfuric acid bathOrganizedexperiments with a simple
test setp is used to identify the mechanisnms/olved in bath ageingrhe bath properties
(conductivity, specific gravity and viscosity) are measured during bath ageing at regular

intervals. The polishingesultsachieved undestandargolishing conditions are determined at

33



various bath ages by exdimng standard polishing tests. The trend is identified, and a
multilinear regression model is designed from the measured data to explain theshth

deliveredat a given bath state.
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4 Experimental Setup and Procedure

All the electropolishingexperiments are conducted under a ventilated fume hood,
considering the harmful gases emitted during the reactions. The experiments are executed
following the training offered at Concordia UniversittyWHMIS, hazardas waste disposal,
corrosive substances, and minor spills response. Personal protective equipment like gloves,
safety goggles and protective clothing are used while preparing the electrolytes and during the

experiments.

4.1 Experimental Setup

4.1.1Characteristics ofelectropolishingvessels

Table 4.1 lists thento different apparatuses used for éhectropolishingexperiments

Table 41 Electropolishingcells used for experiments

Preliminary experiments Main experiments

500 mL glass beaker 5 litre glass vesselith dimensions

(22.9 x 22.9 x 12)fcm

4.1.2Characteristics ofelectrodes
Two kinds of 316L gradstainless stealorking electrodeare usedgdepending on the

tests performedrable 4.2presentshe electrodes used ftre specificpolishingtests
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Table 42 Various electrodes used for experiments

Working Dimensions Source

electrode

Counter- Pseudoreference

electrode electrode

Rectangular (45 x 10 x1) mm Cut out from a

pieces stainlesssteel
sheet from
McMasterCarr

Square bar (75 x 75 x § mm McMasterCarr

Stainless stee Stainless steaklire

sheet

The stainlesssteelsheet used afié counteelectrode is rolled and positioned inside the

glass bowl covering the circumference. This shape and positioning of the eel@ctende

provide even current densities to the working electrédeseudereference electrode is used

only for the sandardelectropolishingests A stainlesssteelwire used athe pseudereference

electrode provides a stable potentmlmonitorthe working electrode potentiaFigure 4.1

displays the electropolishing cedllectrodesand the solutiomised for the ma experiments.

Psuedo-reference electrode

Working-electrode

Electrode holder

Electropolishing solution

Counter-electrode

Electropolishing cell

Figure 41 Electropolishingvesselvith electrodesand solution
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The working electrode and the pseudference electrodare held in position at a
specified distance from each other using an electrode holder maoéy/laictic acid (PLA)
plastic, 3D printedn anultimaker 2+ printerThis holder prevents any electrode movements
during the experiment3.he electrolyte is poureslowly into the beaker after all the required
electrodes are submerged in the polishing solution. The terminals from the DC power supply
are connected to complete the circuit. Alligator clips connect the positive terminal to the

working electrode workpiecand the negative terminal to the cowaectrode.

4.1.3Characteristics ofelectrolyte

Thesolutionused in the polishing cells émixture ofphosphoric sulfuricacid. This
polishing mixture is among the most preferred solutions foekbetropolishingof all grades
of stainless steellhe solution we used represents BRS 4000 used in thadectropolishing
industry, which is also a mixture phosphoric sulfuric acid, and the composition is similar
[108]. The commercial EPS 4000 solution is proprietary, and the exact formula is not disclosed.
Therefore, amacid-base titratio-end point detection methatthat usesmethyl orange and
phenolphthalein indicators used to approximate thphosphoric- sulfuric acid ratio inthe
industrial solution, the procedure included in the appefdi®.electrolyte solution is prepared
in the lab based on the estimated composition of EPS 4000 from the titrationTiesiitial
solutioncomprises 50% phosphoric acBh% slfuric acid and the remaining deionized water.
Table 4.3 tabulates the coropent configuration in 100mL of the electrolyte solution, as

identified from the titration method.
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Table 43 Composition of the electrolyte solution used

Constituents Amounts (mL)
Phosphoriacid 50

Suffuric acid 35
Deionized vater 15

Industries maintain thtal acid content in the polishing bathove50% and not over
90%, the balance being water. The water content in the solution is kept relatively at lower
levels as the baths containing less water polish aedarrent densitief98][109]. The
concentrations of the sulfurigphogphoricacid usedor the electrolyte preparatiare96.8%

and 85%, respectively

4.1.4Equipment
I.  Power source
TheB&K Precision Model9117,multi-range programmable DC power supply is used for
all the experiments. It is a single output high power supply capable of delivering up to 80V or
120A at a maximum power output of 3000W. The tigendly controls and a numeric keypad
with an easyto-read display allow for an easy configuration from the front pgtigl]. A fluke
87V True RMSdigital multi-meter is connected parallel with tleéectropolishingcell to

monitor the cell voltage.

ii.  Profilometer
The Mitutoyo Surftest S210 Series178 contacttype portable profilometeshown in
Figure 42 quickly and accurately determm#he surface roughness stiainlesssteelpieces.
The roughness tester displays the mean roughness value (Ra) in micrometre. This gauge is
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small, lightweight and is extremely easy to use. It uses a stylus tip to make direct contact with
the surface of thetainlesssteelworkpiece. The instrumerghows the surface roughness
waveforms on the colour LCD screen. The-ofitlength set in the deviceletermines the
distance the stylus has to travel on the workpiece to measure the surface roughness, which

usually depends on the workpiece gfEHL].

Figure 42 Mitutoyo portable profilometer

iii.  Viscometer

The CannonUbbelohde viscometahown in Figure 8 measures thkinematicviscosity
of the highly viscous electrolyte solutions used for the experiments usiagiliary-based
method This instrument has a reservoir on one side and a measuring bulb with a capillary on
the other. The electrolyte is introduced into tbgervoir and is sucked down the capillary and
measuring bulb. The liquid is permitted to travel back through the measuring bulb and the time
it takes for the fluid to pass through two calibrated marks is a measwisdosity The device
has a third arm ranging from the end of the capillary and open to the outside. Thus, the pressure
head only depends on a fixed height and remains independent of the total volume of liquid

[112]
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Figure 43 Ubbelohde viscometer

iv.  Conductivitymeter
The ThermoScientific Orion benchtop conductivity meteshown in Figure 4L measures
the electrolyte solution'sconductivity The meter provides a temperature compensated
conductivity reading wittdifferent reference temperatures. It has a quick to navigate setup
menu and a large, informative LCD screen that displays the conductivity readings. The sensor

probe is phced in the solution to measure the conductivity VEIL8].

Figure 44 Thermo scientific benchtop conductivity meter
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4.2 Electropolishing Procedure
The utmost aim of thelectropolishingorocess is to improve the overall product finish
quality. Therefore, it is essential to prepare the metal parts beforedt@entand clean the

electropolisked parts

4.2.1 Metalsurface preparation

The stainless steesamples are prepared for tleéectropolishingexperiments by the
following procedure:

91 Degrease the workpiece in soap water for 15 minutes in the ultrdsthi¢Branson

Model 151Qultrasoniccleaner)

1 Rinse thenvorkpiece with water to remove the soap.

91 Clean the workpiece in acetone for 15 minutes in the ultrasonic bath.

1 Clean the workpiece in deionized water for 15 minutes in the ultrasonic bath.

1 Rinse thoroughly with water.

1 Dry the workpiece using air.

Theinitial roughness of theampleis measured usintipe profilometer An identification
number is engravedboveeachstainless steelorkpiece The polishing area is adjusted by
measuring 1céand insulting the sample's remaining area witrhtéflen tape This technique
helps in avoiding impropeelectropolishingat the phase boundary, where the electrolyte

touches the workpiece.

4.2.2Electropolishing
All the electrodes are lowered into teéctropolishingvesselwith the help of the
electrode holdeiThe required amount of the electrolg@utionis filled in the cell. The power

supply is set to the required operating voltage or current, and each experiment is carried out for
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the fixed polishing durations monred with a stopwatch. The voltage or the curfentthe

testis maintainedat the required levddy monitoling using a multimeter.

4.2.3 Posttreatment

The samplesre polished for theequired polishing durations, the power supply is
turned off, and the anode workpiece is removed froneldgetropolishindath. After removing
theteflontape, the polished piece is transferred to a beaker to rinse it free of the electrolyte as
quickly as possible. Running cold water rinses ensure thorough removal of all acid residues.
The pieces are now ailried and used for recording the surface roughness values using the
profilometer. The surface morphologies are later characterized ussognning eletron

microscopy (Hitachi 8400N SEM).The samples are stored in labelled plastic bags.
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5 ldentifying the Operating Parameters

This study phase experimentatlgtermineghe operatingonditionson trial workpieces
before the maimlectropolishingexperiments. The critical control parameters considered here

are the operating voltage, polishing time and the 4alectrode gap

5.1 Materials and Methods
5.1.1 Materials

Table 5.1 lists theslectropolishingcell and the electrodes used for the preliminary

experiments.

Table 51 Apparatus and electrodes used for preliminary tests

Polishing cell Working - Counter- Pseudoreference
electrode electrode electrode

500mL glass Rectangular pieces Stainless steel  Stainless steelire

beaker (45x10x)mm  sheet

5.1.20perating voltage andpolishing time

The test identies the right voltage and polishing duration for th&inlesssteel
workpieces to achieve the best polishing qualities in surface roughness and gloss. The samples
are polished at different voltages for varying durations to evaluate the polishing efficiencies
The desired testing voltage is set on the DC power supply and is monitored using the multi
meter. The experiment is timed using a stopwatch for fixed polishing firabke 5.2 lists the

different combinations of voltages and polishing durations usdatidagxperiments.
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Table 52 Test combination®r thevoltages and polishing time

Operating voltage (volts)  Polishing time (minutes)

2 2
2 5
2 8
2 10
5 2
5 5
5 8
5 10
8 2
8 5
8 8
8 10
10 2
10 5
10 8
10 10

5.1.3 Operating inter-electrodegap

The experiments determine thight inter-electrode distance between the working
electrode and the pseudeference electrode for tlstainlesssteelworkpieces to achieve the
best polishing qualities in surface roughnesshaightnessThedifferenttestsets arexecuted
at the identifié voltage and polishindurationsand te polishing efficiencies are evaluated for

each of thenter-electrodetest combinationsThe test voltage is set on the DC power supply
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andthe testis executed fothe required timeThe voltage value is monitoreding the mult
meter and the current drawn is observed on the power supply. The designed experiments are

timed using a stopwatch. Table 5.3 lists the different combinations for the experiments.

Table 53 Test combinations for the intetectrode gagp

Operating Polishing time I nter-electrode
voltage (volts) (minutes) gap (mm)
5 10 5
5 10 10
5 10 15
5 10 20

The power supply is turned off once the polishing time is up. The electrode holder and
the counteselectrode are raised out of the electrolyte solution. The elsettolytesolution is
poured into the storage can for proper dispoBhk workpiece is plaed in a beakerand
adequate cleaning is carried aatremove théath's traces. Theolished samples are dried
using airand arestored for surface roughnesseasurement using the profilometdihe

counterelectrode is cleaned and is put back into tlekeeto be used for the next experiments

5.2 Results andDiscussions

5.2.1 Operating voltage andpolishing time

Electropolishingthe stainless steetamples at a voltage of 5 volts for 10 minutes
delivers the best polishing resulegardingmproved surface finish and glo3$e workpieces
polished at 2 volts performed the best at 10 minutesdlslinot possess a shiny finish.
Operating at 8 volts for 5 minutes resulted in the workpiece dissolutiowpttk@iece corners
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getroundedthough polishingmparted a glossy finis Thesampleareaexposedo polishing

almost eroded whileperatingat 10 vdts for 2 minutes. The remaining experiments for 8 and

10 volts are not performed as the workpieces would not have endured the tests. This behavior
is anticipated as more material is removed over time as the longer the workpiece undergoes the
polishing pr@ess, and eventually erodes the metal. Figure 5.1 displaydeitieopolisied

stainless steedamples with the various combinations of voltages and polishing times.

Figure 51 Sainless steetample polishedat:(a) 2V for 10min(b) 5V for 10min;(c) 8V for
5min; and (d)10Vfor 2min

5.2.2 Operating inter-electrodegap

Theinitial surface roughness Rar thestainlesssteelworkpieces i9.823um (standard
deviation = 0.000m). A shiny-smoothsurfacefinish is achieved wittanelectrodegap width
of 15 mmfor the operating voltage ofltsfor 10 minutesTheinter-electrode gap of 10 mm
alsoreduced the metal surface roughness considefalilglid not have a shiny finisfrhe

metal surfacalid not polishevenly for the smallest intalectrode gap of 5 mrthough the

46



surface roughneseducedThis occurs because the gas evolved during the polishing process
cannotefficiently dissipate fromthe narrow working gap. At the large gap width ofn2@,
theelectropolisked surface has the highest roughness due to the lower current density owing to
the high gap resistance. Figlr2 shows thevalues ofsurface roughness, Rétained with

distinctinterelectrode gap widths.

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1 )
0.05

Surface roughness, Ra (um)

0 0.5 1 1.5 2 25
Inter - electrode gap width, cm

Figure 52 Surface roughneggsultsfor variousinter-electrode gaps
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6 Influence of Bath Ageing on Polishing Quality

In the preceding chapter, the operating conditions like the voltage, polishing duration and
theinter-electrode gap fostainless steelorkpiecesunder testiredetermined Following on
from this, this phase of research is focusedh@nsystematic studgf the influence of the
ageing of theoghosphoric sulfuric polishing baths ostainless stegdolishing qualities. These
testsidentify the variations seen in ttemount of dissolved metal ionlsath propertieand
composition with the passage of a sgecé&mount ofpolishing charge each time dixed
intervak spanning the course of bath ageing. The polishing efficiencies at each of these
instances are evaluatéarough standarelectropolishingests The polishingbath's gradual

ageing is determined drthen supplemented with fresh bath to retrieve the polishing qualities

6.1 Materials andMethods

6.1.1 Materials

Theelectropolishingell with the electrolyte solution and the electrodes is the essential
component for performing theelectropolishing experiments. Table 6.1 lists the
electropolishingell and the electrodes used for thainexperimentsAll the workpieces used
for the standardelectropolishingtests are cleaned well before and after performing the

experiments.
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Table 61 Apparatus and electrodes used for main experiments

electropolishing  Experiments Working Counter-  Pseudo
cell electrode electrode reference
electrode

Simulatedoath ~ Square bar(75 x Stainless  Not used
5 litre glass vesse ageing 75X 6 mm steelsheet

Standard Rectangular pieces Stainless  Stainless

electropolishing (45x10x ) mm  steelsheet steelwire

tests

6.1.2 Simulated bath ageing

The bath ageing is simulated in the lab by accelerated systematic electropolishing of
316L-gradestainless stedbar of dimension(75 x 75 x 6) mmin the phosphorie sulfuric
solution at a constant polishing current of 1 ampere per Aitetainlesssteelsheet is used as
a counterelectrode for the bath ageinfhe ageing process is stopped after polishing with
every amperdour per litre, and the polishing bath isrmitted to cool down to room
temperaturel5 mL solution is removed from the polishing bath after every hour of simulated
bath ageing for bath characterizatiamd standard electropolishing testbebath properties
are recorded, the bath compositionaggproximated, and the bath's elemental analysis is
performed as part of bath characterization. The simulated bath ageing procedure is repeated
until the bath shows signs of contamination and produces poor polishing results. Table 6.2

tabulates the detaitd the polishing currents used for the simulated bath ageing.
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Table 62 Simulatedoath ageing at lampere petitre for 1 hour

Bath volume Ageing Current  Bath volume Ageing Current

(mL) (A) (mL) (A)

1000 1.000 850 0.8
985 0.9% 835 0.835
970 0.97 820 0.8
955 0.955 805 0.805
940 0.940 790 0.790
925 0.95 775 0.775
910 0.910 760 0.760
895 0.8% 745 0.745
880 0.880 730 0.730
865 0.866 715 0.715

6.1.3 Bath properties
The properties of the bath; conductivity, specific gravity @sdosityis measuredor the

fresh bath and is estimatddoughout the bath ageiag the specified intervals

I.  Measuring conductivity
The electrolyte bath conductivity is measured ushmyThermo Scientificconductivity
meter at room temperature at the end of each ageing cycle. The probe is placed into the bath to
record the conductivity reading. The average of 3 readings is considertbé conductivity

value.
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ii.  Measuring specific gravity
An empty beaker with known mass is washed and dried well. A sample &f abthe
electrolyte bath is transferred to this beaker, and the mass is determheedensity othe
15mL of the electrol solution is calculated, and the value of specific gravity is computed

accordingly.

iii.  Measuring viscosity
The 15mL solution used for measuring specific gravity iused to measure thescosity
usingthe Ubbelohdeviscometer. The electrolyte is poured with a pipette through the tube into
the reservoir. The efflux time is measured, andvibeosityis calculated by multiplying the
efflux time with the viscometer constant. The sample is then stored in 15mL cledrajtbess

for further classification by inductively coupled plasmass spectrometry (ICKS).

6.1.4 Bath composition

The composition of the fresh electropolishing solution is known from the titration
results. The different bath composition is calculatedvery hour by approximating the
phosphoric- sulfuric acid ratioin the ageing batlusing the acicbase titratiorend point
detection method that usesethyl orange andphenolphthalein indicators, as stated in the

appendix

6.15 Elemental analysis
The bath samples stored in the glass bottles are fumtiadyzedusing Agilent7500ce

inductively coupled plasma mass spectrometer
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6.1.6 Standard electropolishing test

316L-gradestainless steel pies®f dimension (45 x 10 x Ipm is polisheavery hour
at a constant voltage of 5 volts for 10 nmirthe ageing batfihe polishing results are evaluated
by measuring the roughness and inspecting the gloss. These polishing parameters were
experimentally deerminedfrom thepreliminary experiments on similar trial workpiecébe
best results in terms of surface roughness and gloss were obtained at 5 volts for 10 min. A
stainless steel sheet is used as a cowhéetrode and atainless steelire as the psudo
reference electrode placed at a fixed distance of 15 mm fromattk@iece.Table 6.3 lists the

details ofoperating parameters for th&ectropolishingests.

Table 63 Polishingparameters foistandardelectropolishingests

Operating voltage Polishing time Inter -electrodegap
(volts) (minutes) (mm)
5 10 15

6.1.7 Surfaceroughnessevaluation

The samplesurface roughneggneasured in micromefref the sampless recorded
before and after the standard electropolishing tesitgjthe portable Mitutoyo Surftest SJ10
seriesprofilometer Thestandarcelectropolishingests are conducted on row samples cut out
from the same piece of a 3fBadestainless steedheet charactrized by the initial average
surface roughness of Ra = 0.823 (standard deviation = 0.00Qw). The average of 3
consecutive readings is considered for the surface roughreessirementd he readings are

taken at the edges and the centre at egdjgtnces.
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6.1.8 Surfacemorphology
Thesurface morphology ddlectropolisied samplegs characterized usirgHitachi S

3400N scanning electron microscope.

6.2 Results and Discussions

6.2.1 Elemental analysis

Figure 6.1 shows the elemental analysis residtsiron, chromium, nickel and
manganesan the electrolyte bath obtained from IGRIS. Metal ion concentrations are
recorded throughout the bath ageing progessushepolishing currentisedper unit volume
The first measures of contamination of the fresh bath are minor. Alinear rise in bath

contaminatio is observed with the ageing of the electrolyte bath.
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Figure 61 Dissolutionof differentmetal iongn the bathversus the polishing chargesed.

Note: This plot isonly a representation of thmetal dissolutiorduring the electropolishing
process. Th&CP-MSresultscould not bevalidateddue to theexisting pandemic restrictions.
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The different metal ions exhibit uequalrates of removal during thaectropolishing
process. Table 8lists the dissolution rates calculated by linear regression for all thetsd
ions, based ofigure 6.1. Iron ions are dissolved more rapidly than the other constituents of
stainless stepthromium,nickel andmanganese

Table 64 Differential rates of metal dissolutiomith use.

Metal ions Rate of dissolution

(g per A-h per L)

Iron 5.9
Chromium 15
Nickel 0.6
Manganese 0.1

The fresh electropolishingsolution is colorlessThe color gradually changes to pale
yellow and exacyellow greenas the bath ages. The color darkens and gets dark green lately
as the bath ages furthéiigure 6.2 shows thehangeseen in the color of thelectropolishing
bath throughout the ageing te3tis color variation of the polishing bath is due to the

dissolution of the metal ions with the extended operations.

Figure 62 Change in coloupf the bathwith use
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6.22 Bath composition

The acidcompositionchanged from the early ratio of 56:@hosphoricacid: sufuric
acid) to 31:22 for the most aged harhis change ifbathcomposition is due to the formation
of the complexons by the reaction of theéissolved metal ions arttie sulphate/ phosphate
ions from the acidsFigure 63 displays the alteration of the acid constitution with the bath

ageing.
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Figure 63 Variationin the acid compositionf thebathversus the polishing chargesed.

6.2.3 Bath properties
Bath properties such akectrical conductivity, specific gravity and viscosity are monitored
over the extended bath ageipgpcess. All the measured quantities evolve linearly with the
polishing current per unit volume of the electrolyte bath, as shown in Figlre 6.
1 The electrical conductivity increased with the extended bath operations and attained
twice the value measured for the fresh bath.
1 The specific gravity went up proportionally with the continuation of the process.

1 The viscosity expanded linearly as thegexlvanced.
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Figure 64 Variations inthe bath propertiega) conductivity; (b) specific gravity; and (c)

viscosityversus the polishing chargesed.
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6.2.4 Surfacemorphology

Figure 65 demonstrates th@EM micrographs of the surfaceslishedunder standard
operating conditions at various bath ages. The workpiece polished in the fresh electrolyte bath
has a highly smooth and clean surface. The parts polished in the clostreditheth are also
smooth but disclossurface defects. More namiform surface states containing micrometre
sized valleys and hills emerge as the polishing bath ages. A rough and uneverysadizeity
evolves with deep valleys and peatsth additional defets appeang due to an increase in

thedissolvedbathimpurities over théntensiveoperation.

(b)

500pum

500um

(© (d)

500pum 500pum

Figure 65 SEM image®f samples polished ifa) fresh bath (b) bath aged with
5Ah/| of polishing chargg(c) bath aged with 18h/I of polishing chargeand () bath aged
with 20Ah/I of polishing charge
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