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Abstract

The objective of this work is to achieve an anaBftipredictive model to study the
influence of surface topography on the corrosiosistance of UNS S31600 stainless
steel, in a solution of sodium chloride NaCl, at BYoweight as electrolyte, applying the
finite element method. The surfatepography was given by the average roughness
variation of a UNS S31600 work piece in superfinisiming, of which correlation with
the corrosion resistance was examined. The analytiesults show that corrosion
physico-chemical parameters, polarization resiganorrosion rate, corrosion potential,
and current density have a very remarkable coroelawvith the surface roughness
obtained by the superfinish turning. This is du@ teery significant affinity between the
plastic deformation depth obtained by turning, dnel pitsdevelopment on the work
piece surface.

The whole work was completed by an empirical angJysn order to validate the
analytical results obtained in comparison witheékperimental results.

Keywords: Pitting corrosion; finite elements; arithmetic ghmess; superfinish turning;
potentially dynamic test.

Introduction

Superfinish turning is a machining process thateme more important in the
mechanic industry. It consists in avoiding theifeetion phase, in order to have a
good machinedsurface quality. This process is developed in meiclaa
engineering, especially when the work piedatsctional performance and lifetime
are essential requirements. Numerous experimenilamalytical studies have
been carried out to quantify the influence of thesiting conditions on the surface
texture [1, 2, 3], residual stresses [4, 5, 6] amcrostructure [7, 8] of metals and
metal alloys.
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In literature, numerous studies claim that cuttimgning conditionsnduce a field
of residual stresses in the work piecaiserior surface [9]. They significantly
modify the work piece’snicrostructure, texture and mechanical properti€3, [as
well as its electrochemical behavior and corrosesistance.

Some research has testified that the specimmori®sion behavior is influenced
by machining [11, 12]. Szklarska-Smialowska ltasfirmed that the more the
surface is chemically and physically homogenedus,more the pitting potential
is increased, and the number of pits is weakerseguently, the better is tineetal
corrosion resistance [13]. Zuo et al. [14] ha¥@med that the number of stainless
steels’'metastable pits decreases withirgereasing number of thgaper’'sgrains at

a given potential. Similar results were obtainedSagaki and Burstein [15], who
reported that the pitting potential is lower fougher surfaces than for smoother
ones. This observation was confirmed by Zatkalikamd Liptakova [16]. They
havenoted that the potential and the corrosion ratdaaver with a decrease in the
average UNS S30400 roughness value. This corrasittn was studied by M.
Prakash et al. [17], and they hafmund that it decreased with ancreasing
cutting speed of the turning, and increased wighdécreasing of the cutting tool's
cutting angle. However, Sang Mok Lee et al. [18]d#und that the polarization
resistance no longer was significantly correlatéth whe average roughness.
Gravier et al. [19] have observed that the eletieadcal behavior of machined
surfaces is influenced by mechanical and microsirat properties in NaClO4 at
25 °C, and have adapted the electrochemical mittraeehnology to their
research. Similarly, Bissey-Breton ei. [20] have found that the surface
roughness and residual stresses are strongly atauelith the corrosion potential.
Yin etal. [21] have also shown that the granular mictattire affects the residual
stresses distribution at depth, which has an impadhe corrosion wear of copper
surfaces, when exposed to a NaCl solution. ThubjrRet al. [22] have found that
coppercorrosion resistance decreases withirameasing stresmtensity induced
by the stamping process.

Previous simulations prove that there is a remdekablationship between the
work piece surface deformations (of which roughngssspecial form) and pitting
corrosion. Szklarska-Smialowska [23] has mentiotied surface gaps in metals
similarly act to the interstices between two metafts where local acidification
occurs.

The previous models [24, 25, 26] haveated pit propagation, which is based on
the numerical solution of equilibrium chemical spst mass transport equations
across a one-dimensional cavity. Laycock and WIii#é] have studied pit
propagation in austenitic stainless steel seri@ @0der potentiostatic control in a
deaerated sodium chloride solution. The model waseth on the requirement of
local chemistry being almost saturated in the piie authors havéaken into
account salt film precipitation, electrolytes migwa and transport outside the pit.
Burstein et al. [28] havestated that stainless steel behavior in conceudtrate
chlorine is similar to that of iron. Sharland et 9] havedescribed the pit
development in a localized corrosion process, based a mathematical
representation of the physical mechanisms contigpline process. Using the finite
element method, they haveolved a series of mass conservation equations
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describing a system in an active cavity. Gartla®@] hasdeveloped a model for
the processes of corrosion by crevice. His workmdded that of Walton, who has
taken into account a pH-dependent active-passaasition, hasonsidered the
appearance of a salt film on a metal suface dysnogagation, and [31] hadso
developed a mathematical model to evaluate massspoat processes and
chemical reactions in iron pits and surface va@mclhe electrolytes used in the
experiments were acetate and sulfuric acid. Tutnbotl Thomas [32] have
modeled electrochemical conditions in a static purec It is one of the first
presentedvorks that have takemto consideration transport equatiosslution,
considering electrochemical kinetics inside thekrd hey havestudied steel in a
chloride solution, based on the specieguilibrium mass transport, by diffusion
and ion migration. The envisageeactions are metanodic dissolution, ferrous
ions hydrolysis, and hydrogen ions and water cathadiuction. They havstated
that bitepropagation depended on the anodic process spgesdst onthe metal
dissolution and hydrogen ion production rate.

Malki and Baroux [33] havetudied stainless steels metastable pits iaqareous
sodium chloride solution, focusing in particular tre critical conditions of the
active/passive transition, independently of thes gieometry. Repassivation is
studied by making the initial geometry to have\actimits with dissolution flows,
according to Tafel's law, and passive limits wignazdissolution flux. Blondel and
Girardin [34] haveconstructed a pitting corrosion one-dimensional ehading
FEMLAB. They havestudied iron pitting corrosion in a sodium chlorgtdution,
with an initial pH=8 at 25 °C. The aim of the wowas to ensure FEMLAB
reliability to produce results that atensistent with experimental results and other
published publications. Amri et al. [35] have beeorking on the numerical
simulation of the corrosion behavior of carbon lstiexide and aqueous acetic
acid environments. They hawtudied stable chemistry and kinetics inside the
active cavity. The model hansidered the speciesass transfer with the two-
dimensional axial symmetry geometry of a cylindripgt. The authors have
concluded that acetic acid plays a major role i@ torrosion pitting growth
mechanism, and that carbon dioxide in depth depleltads to reduced metal
dissolution, and, therefore, to an increase inptblarization resistance. Stroe et al.
[36] haveinvestigated stainless steel pitting corrosion Imodde electrolytes.
Their model is solved in a single dimension, ugimg Nernst-Planck equations in
the stationary state. The result hadicated that there is a relationship between
puncturegeometry and corrosion potential. Krawiec et a¥][Bavecarried out
experiments to study the stainless s&ettrochemical behavior in 1.7 M sodium
chloride in an environment at pH=3. A numerical mlodas set up to determine
the parameters involved in mass transport and epelistribution. The numerical
model provides results that are in good agreeméhttire experimental curves.
Therefore, this review will focus on carbon steed stainless steel. Their models
were made with an aqueous solution with a supppseiectrolyte such as sodium
chloride. This observation allowed us to adapt iptrysical parameters to this
study, in order to describe roughné@spact on austenitic stainless steel behavior.
In this work, a finite element modeling has beetaldshed, in order to find a
correlation among the corrosiophysicochemical parameters (polarization
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resistance, corrosion potential, and corrosionecurdensity), surface roughness
and cutting parameters obtained by the superfimabhining.

Presentation of the analytical analysis by finite lements

The electrolyte

A model of iron pitting corrosion growth in soluti® in an aerated environment is
shown in Fig. 1. The low-potential pits growth igntrolled by electrochemical
kinetic parameters such as charge transfer, masspiort or ohmic effects. Mass
transport of a chloride or oxidant to the pit bott@ontrols pitsgrowth at high
potentials.
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Figure 1. Propagation of the pit in a chlorinated medium|[40

During pitsgrowth, oxygen reduction occurs in the passiveargwhile ferrous
ions formed at the anode penetrate the solutiorutiet hydrated oxide film [38,
39].

Fe— F&* + 2e
Anodic metals dissolution ratis controlled by oxygemeduction inthe passive
cathode’s outer surfaces. Positively charged farfons attract negatively charged
chloride ions from the solution, and accumulatthatinitial pit site.

O2 + 2H0 + 4e — 40H
Then, the ferrous ions react with the Qdhs to form ferrous hydroxide:

F&* + 20H — Fe (OH)
Table 1 shows the different input values of thatd¢ielement analysis, describing
the behavior of stainless steel corrosion, machineder different cutting
parameters.
In this research, the model was constructed frolMa&l 6% by weight as
electrolyte, which is characterized by its conduttj o (equation 3).
The electrolyte node defines a current balancheretectrolyte (equation 1).

F.I.I =0 (1)
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wherei, designates the current density vector. In the &leetrolyte, there is no
charge source.

Table 1.Study’s input parameters.

Anode Cathode
Equilibrium potential -0.44V 0.401V
Equilibrium current density 10t A/m? 4.102A/m?
Tafel slops 760 mV -50 mv
Derived from the equilibrium 0.19 VIK -1.6 VIK
Metal Fe
Molar mass 0.055 kg/mol
Density 7870 kg/m
Reaction temperature 298 K

Distributions equations of primary and secondary current density
The current density vector in an electrolyte:

ij=—F*Lziu, Ve 2)
Assuming an almost constant charge carriers coriposa constant electrolytic
conductivity can be defined as:

o, = F X z{u, c 3)

. i

The current density in the electrolyte is written a

= —oFg 4)

The charge conservation gives the domain equasaally used for the electrolyte
in the primary and secondary current distributiaienifaces:

i =0 (5)

The primary and secondary current distribution riiaiges define two dependent
variables:

» The electrolyte potential.

* The electrode potential.
Conduction of the current in the electrolyte isumsed to take place by ion
transport, while the electrons conduct current thi® electrode. Since Ohm's law
iIs also used for current conduction in the solidce#bde phase, the general
equations in these interfaces are equations 6 and 7

V.i; = Qy (6)

with i, = —e,Fe, 7)
where Q denotes a term from a general source, k denoté@sdar which is | for
the electrolyte or s for the electrode,denotes the conductivity (unit S / m) and
ok the potential (unit V).
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Model geometry

The modeling is presented as an electrolyte witbcéangular shape with a width
of 5 um and a height of 2m (Fig. 2), and a deformation of different depths,
which presents the different machined surface a@esraughness valuesn
finishing and superfinishing operations.

— 5 L
©
o
™~ Electrolyte
!

I

Figure 2. Model geometry inum.

The roughnesdepth varies between im and 2um, with a pitch of 0.Jum. So,
the finite element analysis is going to be paraimetnd it takes place by changing
the surface roughness.

Governance equations

Modeling generally assumes that the reactions witine pit are in equilibrium.
The current density on an electrode depends orelbetrodepotential. Since
anodic and cathodic reactions can occur on the saleetrode, a general
representation of an electrode polarization is wlesd in the Butler-Volmer
equation:

I =1,(exp [aZn] - exp [-(1- a) Z4)) 8)

where: | is the charge transfer current densityn(d, Z is the metavalence, F the
Faraday constant (96500 C.mMpla is the anode charge transfer coefficient ¢0 <
<1), n = E - Erev, overvoltage or deviation potential witespect to the
equilibrium value, Erev, for which | la|=|le] lb |, and | = 0; andol exchange
current density of the electrode reaction at elguiim.

Whenn is positive (anodic reaction), the first term Ire tButler-Volmer equation
becomes negligible and, therefore, only the sedermd is significant. However,
when n is negative (cathodic reaction), the second temnthe Butler-Volmer
equation becomes negligible and, therefore, ordyfitist term is significant.

Thus, the two equations (9 and 10) of the curréixaation reactions, and of the
reduction are written as follows [41, 42]:

Oxidation:I =1, (exp [fx ;—inﬂ]] 9
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ReductionI =1, | exp [—(1 —a) %n&]) (20)

Choice of mesh

The electrolyte is meshed in the x and y directiosiag the triangular parameters
(and Fig. 3 and Table 2). However, for the rougbra=pth region, the maximum
size of the element was set to* @eflecting smaller meshes than the overall mesh
(Table 3). This is due to the shape obtained frbmn pit after the corrosion
simulation. Therefore, the smaller is the elemesi?g, the more accurate are the
results.

Figure 3. Mesh size adopted for the established model.

Table 2.Characteristics of the chosen mesh in the ordiregions.

Description Value
Size of the major element 0.265pm
Size of the minor element 0.0015um
Factor of curvature 0.3
Rate of maximum elementgrowth 1.3

Table 3.Characteristics of the selected mesh in the boynéagions.

Description Value
Size of the major element 0.05pm
Size of the minor element 104 um
Factor of curvature 0.2
Predefined size Extremely fine

The adapted equations softly deform the mesh, gilkerconstraints imposed on
the boundaries. Let x and y be the spatial cootdgmaf the spatial frame, and let
X and Y be the reference coordinates of the mdteframe.

Laplace’s smoothing is the least complex optioterms of computation, since it
is linear and uses an equation for each coordulieg¢etion, which are not coupled
to each other. On the other hand, there is no nmésimain Laplace's smoothing
that prevents the elementsersion. Therefore, the process is most apprtgpfa
small deformations in a linear regime, as the chsrir study.

Winslow, hyperelastic and Yeoh smoothing methodsiacreasingly non-linear,
and create a single coupled system of equationsalfocoordinate directions,
making them more complex to solve. They also shadheoretical property that
makes that continuous solutions to these equaiidnays have everywhera
positive volume. Unfortunately, this is not necesggatrue for discrete finite
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element solutions. In addition, a positive volureenot sufficient to maintain the
elementgyuality.

So, Laplace's smoothing was selected.

The model is supposed to solve equation 11, anldeirtransient case it will solve
equation 12.

2% 2%x

E'F ar? =0 (11)
[P

45 @2

Similar equations hold for y coordinates.

The boundary conditions

Non-corrosive boundaries can be applied to therdadandaries of an electrolyte
or electrode domain, and are typically used to ifp@cnon-corrosive isolator (or
symmetry limit) in a problem. The geometric defotima of a non-corrosive
boundary is zero in the normal direction of the rodary.

The zero-normal displacement is implemented usimgtpconstraints, which are
numerically stable. It has been used in our stathge the model'doundaries are
planar.

The normal zero displacement equation is:

(x—X).N=10 (13)
The electrolyte potential will directly establidlet potential value, while the total
current density or the average current density adtl an additional global degree
of freedom to the potential in the electrolyte ghasljusted to conform to the
selected condition (Fig. 4).
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Figure 4. Non-corrosive boundaries (cathode).

These conditions are described under these eqaation

ii'" = isn-mi (14)
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imtui = E iim:' 3 + id! (15)
The model does not contain any film, and the amaigscarried out in an ambient
temperature equal to 298 K, and with a zero-extesteatrical potential.

Presentation of experimental tests

Studied material

This is a UNS S31600 type 16Cr-10NI stainless-statdy, with austenitic
structure. It comes in rolled form. The stainletselk chemical composition is
given in Table 4. UNS S31600 stainless steel wagested to a tensile test, to
determine its mechanical behavior. Table 5 shows ttie selected steel has 730
MPa high tensile stress, and its elastic limit feched 551 MPa.

Table 4.Chemical composition of UNS S31600.

C Si Mn P S N Cr Mo Ni Cu Co
0.022 0.37 1.79 0.031 0.026 0.075 16,59 2.08 10.13 0.36160

Table 5.Tensile test of UNS S31600.
Rm (Mpa) Pro2 (Mpa) A5% Z%

730 551 41.3 71.8

Superfinish turning

The experiment was conducted on a CNC lathe. Spaswere machined from a
blank of four cylindrical bars, witB.5 m in length, and 11 mm in diameter. They
were machined using a dressing tool with a carbpé~ig. 5), of whichgeometry

is described in Table 6. The tool penetrates thekvpeece by minimizing the
friction with the lubricant. For a superfinishingirtace quality in the turning
operation, it is necessary to choose a suitabtengytarameter.

n=2f (16)

20— 112.5 = 115m/min (17)

- - - S

Figure 5. WNMG 080004-11 NS9530 carbide tip.

A. Chevallier [43] has mentioned that austenitairdess steel must be machined
with a feed superior to 0.04 mm/rev, and a cutipged environs 115 m / min. In
the one hand, the field experiment uses feed valigsn the interval of 0.05
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mm/tr; 0.2 mm/tr. The upper value of the range (@r@/tr) was selected to remain
in the finishing operation, and to avoid the rounghfeed range. Based on the feed
interval (0.125 mm/tr) average value, corner radas be calculated according to
equation 16 used in mechanical industry. This vaisieequal to 0.2 mm
(0.125*2=0.2%50.2 mm). In the other hand, the cutting speed adad15 m/min
value as the arithmetic average of the selectegeraso the interval [75 m/min -
150 m/min] has been chosen (equation 17). Thus, diiting parameters’
experimental design is presented in Table 7.

Table 6.Description of the WNMG 080004-11 NS9530 carbigegigometry.

Symbol Signification
w Tip form
N Relief angle
M Tolerance class
G Cutting geometry
08 Cutting length |
00 Tip nose radius r
04 Thickness S

Table 7.Input cutting parameters of the experiment.

Range
f 0.05 0.2
ap 0.25 1
Ve 75 150

(f: feed per revolution of the cutting toalp: depth of cutVc: cutting speed)
Localized corrosion tests

Corrosive solution
A 6% NacCl solution was obtained by diluting sed sath distilled water.

Reference electrode

Auxiliary electrode

| Working electrode

Figure 6. The pyrex cell with three electrodes.

Electrochemical measurements
The electrochemical experiments were performed ipyeex cell with three
electrodes (Fig. 6): stainless steel UNS S3160@ni) as working electrode,
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platinum as auxiliary electrode and a saturatecdroal electrode, SCE, as
reference electrode. The current-potential curves whtained by operating in
potentiodynamic mode; the potential applied to shenple continuously varied
with a scanning rate of 5 mV / min. A relativelyM@scanning rate was chosen to
remain in a quasi-stationary regime. The measurtamgareperformed with an
assembly comprising a PGZ100 potentiostat-galvahosassociated with
"voltamaster4" software. Before curve plot, the kitog electrode wamaintained
at a potential of -800 mV for 15 minutes. The tes&e carried out maintaining
the electrolytdemperature at 25 °C £ 0.1 °C.

Results and discussion

Finite element modeling

The corrosion resistance evolution wasidied with the machined surfaces
behavior, by a finite element analysis. This stumhnsists in examining the
variation of the polarization resistance,, e corrosion potential,c&, and the
current density,chr, with the average arithmetic roughness, & the work piece
dressed in superfinishing operations under differentting conditions. A
superfinish interval was chosen as study rangenpetex, of which the corroded
model behavior wasmfluenced by the roughness values.

The roughness depth varied betwegm®and 2um, with a 0.1um step. So, the
finite element analysis was parametric, and it tptdce by changing the surface
roughness.

Fig. 7 (a, b and c) shows the deformation fieldtloé electrolyte potential,
according to the three different average roughmakses: 2um, 1um and 0.1um,
respectively, of the rectangle withysn width and 2um height. It can be clearly
seen that the greatest deformation is localizetleatirithmetic roughness value of
2 um (a).

Figure 7. Electrolyte potential of a UNS S31600 work piececmaed with different
mean roughness values: a-R2 um; b-Ry= 1um; c- Re=0.1pm.
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Fig. 8 shows the evolution of the current-potentiadracteristic (Tafel trace) of
the UNS S3 1600 series stainless steel, in Na@%atby weight solution, for
different arithmetic roughness values. The stagksel activityncreases with an
increase inthe arithmetic roughness; therefore, the transiione of the anodic
reaction towards the cathodic reaction proceedsannirreversible and slow
manner, being influenced by the arithmetic roughradghe samples manufacture.
The response of the current density, |, as a fanadf the potential, E, is clearly
modified as a function of the roughness, Re field of inertia is the same for alll
parts; however, the active range is different agiogy to the UNS S31608urface
roughness.
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Figure 8. Polarization curves for the different values of #nghmetic roughness.

On the Tafel plot, we clearly observe the impacthaf average roughness on the
corrosion potential shift to k negative values, ethwill induce a larger and easier
chloride iongncorporation or diffusion. In other words, thidagement conducts
to an increase in this stainless-steel alloy diggmi rate(Fig. 8).

The corrosion current density varies with the iaseein surface condition (Fig. 9).
The higher is the surface quality over the curesrtsity, the lower ishe latter.
The average roughness ofuth corresponds to a current density of 181.284 mA /
m?. The average roughness bfum corresponds to 140.144 mA Pnand the
average roughness 0f1 um has a current density equal to 119.152 mA&./This
variation confirms the impact of surface roughness the corrosion current
density and, consequently, on the UNS S316060sion rate, which increases
with an increased pitting and decreased corrosiotenpial, with the surface
quality degradation. The curve {Rcor) follows a polynomial interpolation, with a
correlation of 0.9992, of which variation of ther@nt density with the mean
roughness is described by equation 18.
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The finite element study shows that the corrosioteptial of a work piece in
superfinish turning positivelincreases (Fig. 10). The corrosion potential @f ks
positively increased with the decrease in arithometughness values. The lower is
the surface quality, the lower is theo& The curve (R Ecor) follows a linear
interpolation, with a correlation of 0.9952, of whivariation of the potential with
the average roughness is described by equation 19.

E, .. = —10436 R — 273.35 (19)
The polarization resistancep,Rncreases with amcreasing surface quality. The
smaller is the arithmetic roughness, the greaténaspolarization resistance. This
variation follows a polynomial correlation curve d@.91 (Fig. 11). The
improvement in the UNS S316@0rrosion resistance is due to the high quality of
the machined surface, and to the residual stresskestion, mainly influenced by
the variation in the selected cutting conditionse Turve (R Ry) follows a linear
interpolation, with a correlation of 0.974, of whigariation of the potential with
the average roughness is described by equation 20.
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R, = —28486 R, + 77786 (20)
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Figure 11.The average roughness as a function of the patarizresistance, R

Fig. 12 confirms that the corrosion rate increag@f an increasing average
surface roughness. The curve,(Rcor) follows a linear interpolation, with a
correlation of 0.9959, of whictariation of the potential with the mean roughness
is described by equation 21.

V.. =0.1473R2 + 0.2734R_,+ 1.8927 (21)
These findings are confirmed in literature by othethors. M. Prakash et al. [17]
haveshowed that the cutting speed affects the machsnefdcedeformation rate
and the work piece corrosion rate. They have rexetidat the corrosion exposure
rates decrease with ancreasing cutting speed, thus causing the increéase
surface roughness generated by shooting in sugrfiithis increase in velocity
results in an evolution in the machined surfaglastic deformation and,
consequently, in the appearance ¢f phase which acts as a non-protective film
for pitting corrosion. This thin layer characteszée less smooth surfaces. Hence,
the roughnesenpact on the nobility of the material (the highiee surface quality,
the higher is the nobility of the material). On théher hand, for smoother
surfaces,o andy phases occupy more space in the machined suidatiag as
protective films against corrosion.
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Figure 12. The average roughness as a function of the corraste.
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Similarly, V. Zatkalikova et al. [16] havghowed that the physical parameters of
pitting corrosion were impacted by the average am&f roughness of the
manufactured parts (Fig. 13). They argue that thbility of stainless steel
decreases (decrease in corrosion potential) wihritrease in the average surface
roughness valu€rable 8).

Table 8.Corrosion resistance of stainless steel [16].

Surface treatment R (um) Rp (Q.cn?) Ecorr (MV)
Turning 3.00 2650 -123
Turning and pickling 2.44 -82
Shot peening 3.24 147 -150
Shot peening and pickling 3.48 -72
Abrasive blasting in 45° 2.64 130 -180
Abrasive blasting in 45°and pickling 2.24 -3
Abrasive blasting in 90° 4.32 120 -185
Abrasive blasting in 90° and pickling 2.30 -13
0 [}
224, 2% 3.00 3.24 4.32
50

» -100

il

= o y

-200

y=-3,1931x%-13,394x

R* =0,9444

Ra (um)

Figure 13.Corrosion resistance of stainless steel (corrogaantial Eorr (MV / ECS) as
a function of the average roughness, fga)j.

W. Bouzid Sai et al. [11] have arrived at identicdults. They have revealed that
the decrease in average roughness results in imgrogrrosion resistance, and,
consequently, in an increased pitting potentialictviis mainly due to the decrease
in residual stress. This may be due to the decrieabe thickness of the smoother
surfaces’ cold-worked layer (Table 9).

Table 9.The corrosion resistance of stainless steel iridifft manufacturing procedures.

Procedure R: (um) Ecor (MV/ECS)
T : roughing 0.687 -200
Rt : rectification 0.598 -75
Gt : burnishing 0.160 -100
Grr : rectification + burnishing 1.175 -300

In addition, the surface roughness impacts the getgelopment. Fig. 14 shows
that, as long as the surface quality is high (lovserage roughness), the
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deformation generated by the corrosion decreases,ita depth is reduced. In
order to study this development, a volumetric rabib the meshgeometric
deformation was admitted in the study. Accordindri@. 14, the pit improvement
varies from a value to another. The corroded saerfas progressively manifested

a low surface quality ()= 2 um). However, as long as the machining generates a
higher surface quality (roughness towards zer@®,dinface is protected against
pitting corrosion. Therefore, the cutting parametare very important. They
directly impact the work piece, and it contributes the fight against the
degradation [44].
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9.56/
935 |
9.54|
9.53/
952/
9.51|
95| y." :

949}

Ratio volume of mesh deformation

948/

o 0.2 0.4 0.6 08 1 12 14 16 18 =10
Roughness (Micrometer)

Figure 14.The average roughness as a function of the mesinndation.
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(=
s

o 0.2 04 06 0.8 1 12 14 16 18 x10
Roughness (Micrometer)

Figure 15.The average roughness as a function of the reaetten

Similarly, finite element analysis confirms thaetblectrochemical reaction rate of
the individual components is influenced by the ager roughness, and,
consequently, by the machinimgtting parameters (Fig. 15). It increases with an
increasing roughness. The curve, (Reactio) follows a linear interpolation, with a
correlation of 0.9979, of which variation of thetgatial with the mean roughness
is described by equation 22.

V

reaction

= 0.0465R2+ 0.0986 R, + 0.1648 (22)
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Experimental validation

The corrosion potential, corrosion current denspglarization resistance and
corrosion rate values, for the various superfirdstugning specimens, are reported
according to their surface roughness in Table 10.

The comparison between the experimental resultbl¢Tal) and the modeling
results was carried out, in order to test the mpdelormance, to predict the alloy
corrosion behavior.

Table 10.Experimental results.

Ra (um) Ec(MV/ECS)  Ic(Am?) Ry (Qm?  Vc(umly)

0.371 -263.0 1.72 70230 2.784
0.397 -265.2 1.68 70350 2.751
0.431 -267.1 1.65 69600 2.675
0.463 -267.4 1.64 69340 2.652
0.657 -269.8 1.62 60040 2.652
0.741 -271.9 1.60 57710 2.636
0.902 -272.4 1.58 52148 2.631
0.960 -275.6 1.56 47670 2.627
1.132 -276.3 1.55 44380 2.622
1.242 -278.9 1.53 40380 2.597
1.287 -279.2 1.52 38281 2.591
1.774 -280.8 1.50 32116 2.563

Table 11.Finite element modeling results.

Ra (pm) EcEF Ic EF Rp EF V.EF
0.371  -277.681 1.635 67569.73 2.701
0.397  -277.765 1.634 67494.07 2.700
0.431  -278.029 1.633 66032.34 2698
0.463  -278.238 1.632 68293.81 2.696
0.657  -280.003 1.623 58120.29 2.682
0.741  -280.713 1.620 55467.70 2.676
0.902  -282.262 1.612 50755.80 2.663
0.960 -283.139 1.608 48304.73 2.656
1132  -284.921 1599 44117.38 2642
1.242  -286.345 1592 41021.96 2631
1.287  -286.804 1590 39934.95 2626
1.774  -292.358 1564 31290.67 2.583

Table 12 shows that the finite element corrosiotemimal values do not exceed a
6% error, and Fig. 16 illustrates that the corrospotential has a remarkable
correlation (0.9176) with the roughness, in a Iné&aerpolation, which is
described by the following equation:

E.,,=—12.966 R,— 261.11 (23)

corr
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With regard to the corrosion current density, tlaiation of the modeled and
practical values does not exceed 5%. Fig. 17 rhiss this difference between the
adapted model valuesnd the practical current density values. The pmiyal
regression of the practical currents density pbidistribution approximates the
theoretical values distribution, with a correlatiafi 0.9553. Its equation of

variation is:

I, =0.0924R?—0.3294 R, +1.7951

(24)

Table 12.The experimental error values compared to the osmtkl.

Ra (um) Ec Error | ¢ Error R p Error V ¢ Error
0.371 5% 5% 4% 3%
0.397 5% 3% 4% 2%
0.431 4% 1% 5% 1%
0.463 4% 0% 2% 2%
0.657 4% 0% 3% 1%
0.741 3% 1% 4% 2%
0.902 3% 2% 3% 1%
0.960 3% 3% 1% 1%
1.132 3% 3% 1% 1%
1.242 3% 4% 2% 1%
1.287 3% 4% 4% 1%
1.774 4% 4% 3% 1%
-260 —&— EcmV
. —4#— ECEF
2651
n o
[#] "~
Y 2704 e
E . N
.§ -275 . “‘*m,‘_ﬂ
s e TN .
E. -280- T - te ~ .
£ s
£ -2851 . '
8 gy
-290
nm
-295-

T
0,50

T
0,75

T
1,00

T T
1,25 1,50

Roughness pm

1,75

Figure 16. Comparison between experimental and finite elemesults of the corrosion

potential.

Consequently, the actual corrosion rate followsiredr interpolation on the
roughness with that of the values generated byfithiee element modelwith a
correlation of 0.951. Its distribution follows ti@lowing equation (Fig. 18):

Vv =

coryr

70

—0.078 R, + 2.6994

(25)
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The same observation was made for the polarizaésistance, with a correlation
of 0.9564 and a distribution of points that folldate following linear equation
(Fig. 19):

R, = —30884 R, + 80947 (26)
1,650 —— It a/m2
-y — 8 — Icor/EF
e a
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Figure 17. Comparison of experimental results and finite @etresults of corrosion
current density.
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Figure 18. Comparison of experimental corrosion rate anddialement results.

The difference between the theoretical and prdotaiaes refers, on the one hand,
to the chemical additives found in the UNS S310@0nkess steel alloy. Nickel
and chromium [45, 46jas well as molybdenum [47, 48, 49], influence theys
physical parameters and its electrochemical behavidonsequently, the
theoretical results, compared to the practical phase been excluded from a
minor error. On the other hand, the increase indéyath of cut and the cutting
speed generates a remarkable vibration at the levelthe cutting tool,
accompanied by an increase in the temperature peddoy the toofriction with
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the workpiece. Stainless steel is known for itsrp@operaturalissipation [50].
The cutting edges formation, generated by the mawdiprocess, is accompanied
by high cutting forces and heat dissipation, dug&gdow thermal conductivity;
then, it generates residual stresses that accelecatrosion [51], and,
consequently, these constraints negatively inflaetm@ nobility of the material,
and generate an active behavior, translated by tanpals shift towards the
electronegative values with the increasecamstraints and depth of pass. These
interpretations were approved by Bissey-Bretonl.ef2Q@]. They have found that
the surface roughness and the residual stressestrargyly correlated with the
corrosion potential (Table 13).

—e— RpO/m2
—#— RpEF

004

000+

LV

LNV

Polarization resistance ohm/m?

000+

0, 50 il,l?‘S 1,23[} 1, 25 1,|5=_: 1,I?5
Roughness pm

Figure 19. Comparison of experimental polarization resistaarue finite element results.

Table 13: Confrontation between experimental and simulati@oes with the recorded
uncertainty.

Ra Ecorr Ecorr Ecorr I corr I corr I corr Rp Rp Rp VCorr Veorr Veorr
(um) EF (mV/ECS) Error EF (A/m?) Error EF (Q/m?) Error EF (um/Y) Error
0.371 -277.681 -263.0 5% 1.635 1.72 5% 67569.731 70230 4% 2.701 2.784 3%
0.397 -277.765 -265.2 5% 1.634 1.68 3% 67494.077 70350 4% 2.700 2.751 2%
0.431 -278.029 -267.1 4% 1.633 1.65 1% 66032.345 69600 5% 2.698 2.675 1%
0.463 -278.238 -267.4 4% 1.632 1.64 0% 68293.814 69340 2% 2.696 2.652 2%
0.657 -280.003 -269.8 4% 1.623 1.62 0% 58120.295 60040 3% 2.682 2.652 1%
0.741 -280.713 -271.9 3% 1.620 1.60 1% 55467.706 57710 4% 2.676 2.636 2%
0.902 -282.262 -272.4 3% 1.612 1.58 2% 50755.802 52148 3% 2.663 2.631 1%
0.960 -283.139 -275.6 3% 1.608 1.56 3% 48304.736 47670 1% 2.656 2.627 1%
1.132 -284.921 -276.3 3% 1.599 1.55 3% 44117.388 44380 1% 2.642 2.622 1%
1.242 -286.345 -278.9 3% 1.592 1.53 4% 41021.966 40380 2% 2.631 2.597 1%
1.287 -286.804 -279.2 3% 1.590 1.52 4% 39934.958 38281 4% 2.626 2.591 1%
1.774 -292.358 -280.8 4% 1.564 1.50 4% 31290.677 32116 3% 2.583 2.563 1%
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Conclusion

In this work, we have tested an austenitic stamgteel alloy UNS S31600 in a

NaCl solution at 6% by weight, in order to identifye alloy pitting localized

corrosion behavior with the machining average roegss.

The results presented in this study confirm tha $itainless steel superfinish

turning impacts the localized corrosion resistanaed thatthe activation is

indicated by the corrosion potential shift towanasre negative values.

The electrochemical analyzes have revealed thevioily points:

« The physico-chemical parameters of corrosion, d#on resistance,
corrosion rate, corrosion potential, and currenhsttg have a significant
correlation with the surface roughness obtainedsiyyerfinishing machining
operation.

* A remarkable affinity between finite element modgliresults and practical
results. The model we have developed in this stsdysed to describe the
behavior towards corrosion of a UNS S31600 partmmeed in superfinish, in a
reliable, efficient manner, and with a deviationt higher than 5%.

 Finite element modeling confirms that the Fe / H2@hlorinated)
electrochemical cell is adequate to predict UNSGBBIstainless steel corrosion
behavior.

* A good confrontation between the plastic deformmatiepth obtained by the
machining, and the pitlevelopment on the surface machined in superfinish
operation.

» The reaction rate has a significant influence @awbrk piecesurface quality.

Nomenclature
Ra: Average Roughnesgrf)
f: Feed per revolution (mml/tr)
r.: Corner Radius. (mm)
ap: Depth of cut. (mm)
V¢ Cutting speed. (m/min)
I: Charge transfer current density (A%n
lo: Current density of the electrode reaction at ldayiiim (A.m2)
la- Anodic partial Current density. (A:f)
lp: Cathodic partial Current density. (A%n
Ii: Current density vector.
iotal: TOtal interface current density in EF. (A%n
ioc: Local current density. (A.1)
ia: Inward electrolyte current density. (A%n
Z: valence of metal
F: Faraday constant (96500 C.mol-1)
a: the anode charge transfer coefficient (0<d)
n : overvoltage. (mV)
ba : Pentes de Tafel des réactions anodique.
bc: Pentes de Tafel des reactions cathodique.
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Vcorr. Corrosion rate./(m/Y)

@i: corrosion potentiel in EF.

oi: Electrolyte conductivity.

Rp: Résistance dof polarizatiof2cny)

Ecorr: corrosion Potential. (mV/ECS)

Qx : Term from a general source

k: Index which id for the electrolyte or s for the electrode
ok: denotes the conductivity (unit S / m)

ok: the potential (unit V).

T: Temperature (Kelvin)

x and y: Spatial coordinates of the spatial frame,

X and Y: Reference coordinates of the frame ofntiagerial.
N and n: Normal vector in Noncorroding Boundary.

Ci: Concentration of the ion i (molfin

Um,i: its mobility. (s.mol/kg)

u: the velocity vector. (m/s)

zi: charge number.
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