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A significant challenge preventing wider industrial adoption of
electrochemical machinin@CM) is the lack ofefficient, a priori
means for selection @ tool design to achieve a target part shape
with high accuracy.Tight couplingamongthe numeroughysical
phenomena active in industrial electrochemical processes
confoundghe simplification approaches availakiteother contexts
Recent developments in computational hardware and software
allow simultaneous solution of the relevant governing equations,
potentially enablingpracticaltool design methods by solution of

t he fei nevleercst ri c field problem. o6 This pa
work comparing primary current distributionsimulations to
indentations fabricated by ECM of steel panels. Gagetement
was obtained for a subset of the tests performed. The results
highlight the inportance of including additional physical
phenomena such d®w effects and electrochemical polarization

in order to obtainmore accurate simulations. In particular, the
current efficiency of the metal dissolution reaction likely must be
considered.

Introduction

Electrochemical machining (ECM) is a manufacturing technology that allows metal to be
precisely removed by electrochemical oxidation and dissolution into an electrolyte
solution. As illustrated in Figurg, after McGeougl{l), the workpiece is the anode and

the tool is the cathode in an electrochemical cell. By relative movement of the shaped
tool into the workpiece t he mirror i mage of the tool i s
workpiece. Compared to mechanical or thermal machining processes where metal is
removed by cutting or electric discharge/laser machining, respectively, ECM does not
suffer from tool wear or mailt in a thermally damaged surface layer on the workpiece.
Consequently, ECM has strong utility as a manufacturing technology for fabrication of a
wide variety of metallic parts and components, and includes machining, deburring, boring,
radiusing and p@hing processes.

As describedpreviously (2), ECM has numerous advantages relative to traditional
machining including) applicability to hard ad difficult to cut materials, ii) no tool weatr,
iii) high material removal rate, jysmaoth bright surface fiish, and ¥y production of parts
with complex geometry. In spite of these advantages, five research chalesges
noted aspreventing the wider axgbtion of ECM, i) disposal of machining products,
i) electrolyte processing, ilitool design, iymachining accuracy, and) vprocess
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monitoring and control. In theixteenyears since thee challengesvere issuedprocess

monitoring and control [challenge (v)] are no longer a majordifficulty due to
advancements in sensoend automation. Consistent tivi conservation principles
regardingmanagement of natural (metals, water, energy) resqurcesuch as t he A Ne
vision of the U.S. Army(3), Faraday has recenttleveloped a patemendingprocesg4)

which recovers metals, recycles electrolyte anduces water usage. iBhprocess

addresses two ahe remaining fouresearch challenges¢i) sludge disposal andi)

electrolyte processing). The work described hereis a first step towardddresmg the

final two challenges:iif) tool design andi¥) machining accuracy.
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Figurel. Initial (a) and final (b) tool/workpiece configurat®n n  f-ft Ir o(lsf§ and
fiflow-t hr ougho (right) ECM.

Modelingof ECM

Electrochemical machining (ECM) is a material removal process whereby the
workpiece is the anode and the tool is the cathode in an electrochemical cell. The material
removal i's governed by Faahghllevyl 6as belgenarally of el e
representedly reaction[1]:

- 0 - A, (1]
wher e i Nypicallysmetallit)enaterial being machined amzds the vaénce of the
material. According t o6)khamasohef jndtesial leraowesl of el e
is:
a 0z2'CGoTaz0. [2]

Correspondingly, the volumeof material removed is:
U 0z CBoTQaz'Cx” , [3]

wherein both expression& is the atomic weight, is the currentt is the timeover which
the current is applied-i s Far aday 0 g isdhe dendity of the materiatl
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Consequently, in theory, the amount of material removed in ECM is simply codtbglle
the currentprocessingluration and materiakpecific attributes.

However, in practicehe ECM process is much more complicated. Specifically, the
workpiece anodic electrochemistry is complicated by a competing side reaction of
oxygen evolution:

¢(/°/7 t( TA [4]
The tool electrode (cathode) reactiopisnary hydrogen evolutian
1(/ tAocg( 1t/ [5]

Oxygen evolutior(reaction[4]) at the workpiece is a competing reaction with the desired
metal dissolution réaction[1]) there The current efficiency of the ECMrocess is
defined as the fraction of total current going to the desired anodic workpiece dissolution
reaction.
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Figure2. Physical phenomena encountered in EQMe two phenomena markedith
dashed outlineare those included in the simulations performed in this wode (infrg).

One of the challenges in modeling industrial electrochemical processes is the tight
coupling among several key physical phenomena, which confoundsntipdification
approaches available for other classesetdctrochemicalproblems. As partially
illustrated in Figure, interrehtionships between many phenomena impact the ECM
process. These phenomena incluglethie electric field,ii) concentration profiles of
reactants and producis,) heat generation/transfev,) fluid mechanicsy) heterogeneous
and homogeneous reactionadavi) the local and overall geometry of the workpiece and
tool. Despite the complications of the coupled physics, the governing equations
themselves are relatively straightforward, albeit not cor(@&. For example, in ECM
processing ofmon-passivang materials which do not form a strong oxide film, the
electrolytesusedare generallysimple salts such asodium chloride or sodium nitrate.
Based on their electchemical polarization behavion.€., current versus potential
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relationship for stee] however sodium nitrate and sodium chloride are generally
characterized as passivating and -passivating electrolytes, respectiveRractically
speaking, this means th&etECM current efficiency is generally higher for the sodium
chloride electrolyte than sodium nitrate electrolyte. However, ahisotropy of the
material removals generally bettei.e., less material is removed in the lateral direction
per unit depth machingdor the sodium nitra electrolyte.Thus, the choice of the ECM
electrolyte itself embodies a coupling between the electrochemical phenomena occurring
at the part surface and the macroscopic material removal profile observed in ECM
operations.

In general the practical implicationsof these coupled physics are varied.he
generation of bubbles and dissolved or precipitated metal species withimtéhe
electrodegap (IEG) impacts the electrolyte pressure drop, temperature, conductiuity,
fluid flow profile, as well asinfluencing the form of theslectric field between the
electrodes All of these properties arg turn strongly dependent dieG dimensions and
electrolyte flow(9). These flowdependent variations from the electrolyte inlet to outlet
impact the local voltage polarization across thH&G and electrochemical reactions
occurring at each electrodéoule heating from the passed electrical current can cause
localized increases in the electrolyte and/or electrode temperature, further ahering
positiondependent behavior of the processnally, a strong dependenoe timecan be
expectedn all of the above interactions, since the gross form of the workpiece changes
due to material dissolution, and the spatial distribution of the lodaNagiations in
multiphysics properties evolves accordingly.

In spite of the complexteractions of thesphysical phenomena, ECMultiphysics
simulations of electric razor blad€)) and jet engine turbine bladé) have recently
been reported. Unlikerior simulatiors of electrochemical deposition or plating, these
simulations wuse an #Ainverted simulation str
geometry is used to calculate the tool geometfgctively by invertinga typicalelectric
field calculation In this wok, preliminary feasibility for asimilar multiphysicsbased
Ai nv-e ot a tdesigm glatform to predict optimal ECM tool shape using
commercially availablemultiphysics simulation softwardnas been demonstrated
conjunction with weHldefined validatio experiments. The &sibility demonstration
includesmatched experiments and simulations with two electrolyte/famkgeometries,
termedf heowod sanhr ddylmov, as depicted in Figure

Materials and Methods

Apparatus

Tool Automation and Electrolytidandling In order to provideaccurate control of the
ECM tool position an automated drive assembly and moungipgaratus was fabricated
The completed apparatad selected components a&@wn in Figure&8A. The drive
train was a backlastiee baltlscrew glide track (EGSI3-1006P, Festo Group,
Hauppage, NY USA) driven by a higkresolution stepper motor (EMMA&S-40-S-LS-
TM, Festo) with reducing gearing (PLEOBO-SSSA3AAY8/25/3, Neugart USA Corp,
Charlotte, NC USA) to enable the slow tool advament rates used in the ECM tests.
All drive train componentsvere procured from Monarch Automation (West Chester, OH
USA). The motor, gearing and drive were supported by a PVC brace, and the brass tool
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was anchored by a conductive extension bar to the nonconductive Garolite stage adapter
plate. The tool was precisiairiven into the flow module by the motor, after affixing the

flow module to an ECM part (see below). The baseplate was designed toeprovid
alignment and structural support to the overall assembly during processihg.
processing lectrolytewas prepared from technical grade NaCl or NgN{3 appropriate
(Chemical Services, Dayton, OH, USA), andsdeliveredinto thelEG via a centrifugal

pump Precipitated iron oxiddnydroxide sludge was removetfom the electrolyteby
filtration in a separate fluidic circuit.

Flow Module A flow module was designed in the SolidEdg® CAD software
package (Siemens PLM Software, Plano, TX, USA) to endajes the active ECM
region of the system. Aloseup photograph of th&nal flow module,fabricated by &
printing in glasdilled nylon (Stratasys Ltd., Valencia, CAJSA), is provided as
Figure3B. Total module dimensionswee 2. 5nf W I 2.5n L I 1.5n H
was approimately °/1gnj, accommodate the plastic insulating layer around the o.d. of
the 1 n rod @®nedof theutloeports withkng . NP T ing for feidial
connectionss visible just below centeframein Figure3B. Four munterbored holes at
the corners of the chamberere used to secure it to the ECM workpiece, as described
below. Figuret schematizes the flow configurations for the tube and rod tibalswere
used in the ECM tests.

Figure3. (A) Photograph of the fully commissioned ECM apparatus, with rod tool, motor
controller, and fluidic connections to the flamodule.Closeup photographs of (B) the
3-D printed flow module and (C) an alloy steel ECM part

ECM Part.The parts machined in the ECM tests were flat plates (FRfLkesizedto
accommodate thgeometricand load limits of the stage af Nanovea S7400 optical
profilometer (Irvine, CA, USA) Five parts were fabricated, to enable simultaneous
procesing of one part whilgrofilometric analysis of a previousapt was underway.
Each part hadour mounting positions for the ECM flow module, which provided a total
of forty available positions (five parts x four positions x two sidesffoM processing.
The four smaller holes were througbles for mounting to the $400 stage, and the
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larger holes were tapped and spaced to align with the ceumted holes of the flow
module.

ECM Tests

Seven ECMtestswere conductedinder DC potentiostatic contyakith a variety of
experimental parameters (see TdbleThe response current was recorded at regular
intervals during each test, to permitngoarison with primary current distribution
simulation predictions.The target run time for all tests was set anfi@; Tests #2, #6
and #7 were stopped early due to contact between the tool and tresgmgnosedy a
sudden rise in the response emtrto the threshold programmed into the rectifiere to
unanticipated throttling froramall orifices in thejuick-connecffittings used for the flow
module ports, thgpumping flow rate through the system was not measurable by the
flowmeterinstalled inthe systemThe flow rates were thus the uncontrolled maximum
values possible with the apparatus as constru€tezl NaCl and NaNgelectrolytes were
prepared at concentrations @00gL™ and 180gL™, respectively, providing equal
conductivities of 140nScm’. Sodium chloride and sodium nitrate were selected as

mod el electrolytes embodying fAactiveo (more

(more anisotropic, slower machining) ECM behavior, respectiasynoted abovén all
tests performed whita movingtool, minor challengesvere encountereth achieving
smoothtravel of the tool through the bore hole of the flow moduleie to the tool
catching slightly along the inner diameter of the bdd@or electrolyteseepagealso
occurredbetween theod and the wall of the bore hole. Both of these observations
indicate that redevelopmenbf the flow modulewould beneeded for future work with
this tooling configuration.

Flow In

|

Flow Out Flow Out Flow In Flow Out

NEENE:

Flow Through Tool Die Sink Tool

Figure4. 3-D CAD drawings of the flow assembly with tuffeow-through, left) and rod
(crossflow, right) tools indicated.

Test #1 was run as an initial test of the electrical and flow subsystems, to confirm that
material could actually be machiném a part and that the sludge formed could be
cleared suffiently from the IEG. The apparatus worked satisfactorily, machining
approximately 1.mmm ( 0. 06 7 nj) i nto the surface of
material removal. Tegt2 was run as ahakedowntest of thetool drive automation
hardware in conjunctionvith flow and electrochemical material removal. As noted
above, i n thistatdevsatn,c etmheen t 0 .r0alt 2enj wnaisn t o o
IEG and 5Vpc applied potential, as the tool contacted the part at approximatetyid.3
into the run. Asatisfactorymachined profile was still obtained.
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Test #3 represented an adjustment to both the applied voltage (and thus the material
removal rate) as well as the tool advancement rate, in an effort to ensure anfiutl @&t
could be completed withowollision of the tool into the part. This effort was successful;
no collision was observed throughout the test, and based on the applied advancement rate
and duration the tip of the tool shoul d have
part at he end of the test.

Table |: Experimental parametefsr the ECM tests performed.

. Run
Parameter Units #1 42 43 44 45 46 47
Tool T Rod Rod Rod Tube Rod Rod Tube
Electrolyte T NacCl NacCl NaCl NaCl NaCl NaNGO; NaNG;
Voe \% 5 5 15 10 10 10 10
Viool mil min™ i 12 6 6 6 6 6
U, mil 50 50 75 75 75 75 75
pt min 20 4.3 20 20 20 16 14

With the preliminary information in hand frotests#1 through #3, a standard set of
operating conditions was selected for the remaining tiests(#4 through #7). Ongest
each was performed with the four various combinations of the rod/tube tools and the
NaCl/NaNQ electrolytes. The machined indentations were all photographed and
scanned by optical profilometry, and the fetaindardizedests(#4 through #7) and one
preliminary test (#2) were compared tprimary current distributiorsimulation results
(vide infra).

Primary Current Distributio®imulations

The simulations conducted for comparison to the historical and current ECM tests
were speifically constructed to incorporate the minimum physics needed to describe the
ECM process using the COMSOL (Burlington, MA, USA) Multiphysics® software
package In particdar, they includeconly the primary current distribution (geometrical
effects) wihin thelEG and the resulting geometric deformations from material removal.
All other phenomenavere neglectedsuch as: i) electrochemical surface polarization; ii)
resistive residues developed/retained on the part and/or tool surfaces; iii) localykectr
saturation effects at the part surface; anddealized resistance from bubble generation.
To note, giventhe known differencesin ECM behavior of the NaCl and NaNO
electrolytes chose(6,11), it was expectedthat the simple primary current distribution
model usedn these simulationgould not be able to accurately model both electrolytes.
However, as borne out by the resuige infrg), a quality matchbetween model and
experiment was obtained for a subset of the tests performed.

Square Cros&low Tool. As a preliminary effort,primary current distribution
simulations were performed that aimtdapproximatethe processing conditions ah
indentation (Figure5, bottom left, boxed) processed with a rectangular t8ohrf x
2mm crosssection Figureb, top left) in a prior collaborative activity with a
manufacturer ofintegrally-bladed rotors (IBRs). The model domain used for these
simulations is shown in Figuée(right), where both theottomface and sides of the tool
were electrochemicallyactive, along with theentire face ofthe part. A 10nmL x
10mmW x4 mmH simuktion domain was usedithout any optimization or sensitivity

7



analysisof the domain extentd\n electrolyte conductivity of 10Scm™ was assumed,
which is representative for electrochemical processing of this #/e (A DC operating
potential of 3V was assumed for the simulation, which was seletieapproximate the
average effective potential of the pulexerse waveform actually used in machining the
part. The initial IEG was 0.06nj,  wgdonstantdewnward tool driving ratef 0 . 0 0 0 2 nj
s'( 0. Onind.njThe simulation was run to a final time of i, with simulation data
stored for analysis every On3in (18s).

Figure5. ECM tool (upper left) and machined part (lowet)l&fom a prior ECM activity
with an IBR manufactureiModel geometry(right) for the boxed indentation, showing
the0.005jinitial IEG (inset, right).
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Active| ° { Insulated

Figure 6. Model geometries used to simulate ECM trials indfassflow/rod-tool (left)
and flowthrough/tubetool (right) configurationsThe insulation on the o.d. of the rod
tool is indicated by the dashed lines (see text).

Rod Crosg-low Tool. In order to model the experimental ECM indentatiansodel
geomety for the crosglow/rod tool configuration was constructed using the SolidEdge
3-D CAD drawing of the flow module as a starting poiftie final geometry used for the
simulationsis shown in Figur® (left). The vertical extent of the toolvas reduced to
include only a small section in the intermagion of the flow module, so as to reduce the
computational demand of modwe the thin shell of electrolyte between thsulated o.d.
of therod tool and the flow module (dashed lines), since the final machined profiles are
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anticipated to be negligibly sensitive to this region of the system. The angled, tapered

flow channels a visible on either side of the ECattive region, though no flow effects

wereincluded in the simulations and the influence of these channels on the ECM profiles

is anticipated to be minimaven in the presence of flow effect&he cylindrical region

visiblewi t hin the part is a fAvirtual o subdivisi
enable definition of higherand lowefresolution regions of thénite element meshing

within the part since negligiblechanges in thgeometry of the part should oecin
locationssufficiently far from theactive ECM region.

Tube FlowThrough Tool. A 3-D view of the model used to simulate the tests with
the tube tool is shown iRigure6 (right). Unlike with the model of the rod tool, only the
electrolyte volume itself was modeledlhe face and entire i.d. of the tube tool were
modeled as electrochemically active; as with the rod thel insulation around the o.d.
of the tool was explicitlyncluded in the model.

Results and Discussion

Line profiles were extracted from atiptical profilometry scansperformed, for
comparisonto the primary current distributiorsimulation results.For the ECM tests
performed with the rod and tube tools, appreciable asymmetry in the machined
indentationswvas observed, and therefore profiles were extracted both perpendicular and
parallel to the direction of flow.

Figure7. Low- and high-resolution scans othe part machinedn the prior ECM
collaboration with an IBR manufacturer

Optical Profilometry

Square Cros§low Tool. Figure7 showsan optical profilometric scan of thentire
part of Figure5 (bottom left) along witha highresolutionscanof just the indentation
made bythe square tool Profiles taken perpendicular and parallel to the long dimension
of the part were substantially similar, so a profile parallel to the long dimension was used
below in comparisons with th@imary current distributiosimulation results.

Rod and Tube ToolsPhotographs and optical profilometry scans of the seven
indentationsfabricated as described abowge presentedn Figures8 and9. The
indentatios obtained in test#3 through #%vith the NaCl electrolytevereconsiderably
asymmetric, perhaps due to irregulan oxidehydroxide accumulation within théEG,
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or tolocally variable accumulation of residues on the part surface due to the shear stress
distribution across the surface. Interestinghe indentations formed using the NaiNO
electrolyte {ests#6 and #7) were gerwly more axisymmetric, albeigxhibiting a
somewhatmoretexturedsurface Thegreater anisotropy of etch observed with the NaCl
electrolyte is likely due to itgyreaterii a c t ias icampabed to NaNOin ECM

processing of steel: regions with locatlgduced coverage of processing residilesdy

were machined proportionally faster in the

Figure 8. Photographs and optical profilometry scans of the machined indentations from
tests #1 through #3he color map for each scan is independently scaled.

Simulated vs Experimental ECM Profiles

Square CrosElow Tool. The time point in thesimulation providing a line profile
most closely matching theptical profilometry data was ideified by minimizing the
sumsquared deviatiorof the various simulated and measured depth profiles. These
profiles are plotted ifrigurel0; as carbe seen, they fall substantially atop one another,
providing preliminary validation of therimary current distributioomodeling approach
for prediction of ECM surface profiles. The differences between the simulation
parameters andhe experimental conditions invalidate the predictive capacity of the
model in this case, however.
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Figure9. Photographs and optical profilometry scans of the machined indentations from
tests #4through #7 Note the convex profile of the interior region obtained with the tube
tool (tests #4 and #7), as contrasted with the flat profile obtained with the rod tool (tests
#5 and #6)The color map for each scan is independently scaled.

Rod Tooli Preiminary Test.As the first step in comparing tloeirrentexperimental
data with theprimary current distributiormodeling, simulated ECM profiles fdhe
conditions oftest #2 were generateBigure1l). Comparisons to measured profiles are
shown both for paralletifick red andthin blue traces) and perpendiculéni¢k green and
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thin purple traces) crossections of the machined indentations at twitecent simulated

processing times1.75min and 4.3nin. As can be seen, the simulations predict
machining profiles with steeper side walls than were actually observed in the
experiment al dat a, l i kely due to ed(dee dact i v
Tablel). As well, the simulations predict a higher linear machining rate than was actually
achieved. In fact, whereas the toohtacted the part dt=4.3min in the experimental

test an appreciable gap still remained in the simulation at that elapsed Boté. of

these variations (viz., in the linear machining rates and in the qualitative ECM profiles)

can likely be explainety limitations in the simple electrochemical model used for these
preliminary simulationsin particular, therelatively low flow rateattainedin this test

configuration (< Igalmin™) may havel ed t o | mperfect Acl eansin
surfaces andlevatedin situ surface resistances there. This hypothesis is supported by
observations of weakly attachéthck residues, probably carbonaceous, left on both the

part and the tool after processing. A more advanced ECM apparatus capable of operation

at hgher pressure and flow rate, such as that used for the prior collaboratismldie

activity with the IBR manufacturer, would likelglleviate oravoid this phenomenon,

leading to higher material removal rates. Alternatively (or additionally), the ncodéd

be augmented to account for the surface effectdloivadependent residuayeror other

phenomena.
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Figurel0. Measured and simulated depth profiles of thesti& ECM part fabricated in
a prior activity.

Rod Tooli StandardizedTests. On the whole, theprimary current distribution
simulations of thestandardizedECM tests with the rod tool matched the measured
profiles well, after consideringthe abovenoted irregularities arising from the
experimental apparatus. Figues and13 provide comparisons of simulated and
measured profiles frontests#5 and#6, respectively, with traces included bothradlel
and perpendicular to the flow direction. Tphamary current distributiorsimulations
provided a superb representation of the profileegated in the NaN©electrolyte,
whereas the profiles machined with NaCl matched somewhat less well. Awesi#R
above, it is |likely that the higher Afacti v
deviation, including the same tendencyv#nd a shalower slope to the machined
sidewalls as observed tast#2. Both electrolytes showed faster machining on the inlet
side of the part, which is consistent with the hypothesis noted above that faster flow (and
thus greater local shear stress) leads to meofef i ci ent résmledramtetee ngoé of
part surface, in turn leading to higher local currenth@seregions.
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Figurell Measured and simulated ECM contours for test #2. Traces were recorded
perpendicularthick/thin) and parallel thick/thin) to the flow beneath the rod tool. Note
the significant difference in scales between ttaxgs for all plots.

Tube Tooli Standardied Tests.The primary current distributiosimulationsof the
indentations fabricated using the tube tpobved less successful egproducingthe
experimentallyobserved profiles in both electrolytes, as can be seen in Fijtieesi15.

As with the rod toolthe greater activity of NaCl as compared to NaN© readily
apparent from the significantly greater depth and width of etch in the test with the former
electrolyte. In both runs, the observed machining rate near the face of the tube tool (i.e.,
at + Ygnjfrom the centerlinewas substantially greater relative to the rate neaceheer

of the machining region, as comparedptimary current distributiompredictions The

most likely explanation of this deviation is due to the neglect of flow in the Imibde
somewhat unclear, though, whether the effect of flow would enter more significantly as a
tertiary current distribution effect (transport of dissolved species away from the part
surface) or as a 0s ur fdeposdadromlthe machinadgdrface)f f ect (
The near total lack of material removal at the centerline in the test with the NaNO
electrolyte {est#7) is especially striking, and indicates that the phenomenon causing
deviation from the model was especially strong when proagssth this electrolyte.

Simulated vs Experimental Current Transients

An alternative approach to gaining insight into the quality of the match between the
ECM tests and primary current distribution simulations is to compare the observed and
predicted curnet transients. Figur&6 plots the experimentally observed currents for each
of the four standardizeduns (ests#4 to #7) as compared to those predictedthsy
simulations In all cases, the observed cuteeare higher than the simulations, despite
the slower experimental machining rates. This discrepancy is almost certainly due to the
ECM current efficiency being less than 100%: viz., oxygen evolutieaction[4]) was
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likely occurring alongside metal dissolutigReaction1]) to a substantial exténwhich

is to be expected at the Yy potential applied for these runs. Thus, at any practical
ECM operating potentiaphenomena such asrface electrochemistiyill likely need to
beincorporated into the modelhether in a detailed secondary cuatrdistribution form
(e.g., through use of the Butlglolmer equation) or by some sewtnpirical method.
Inclusion of other physics such as bubbly flow and joule heating may also be necessary.
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Figurel2 Measured (20 min) and simulated (14.5 min) ECM profiles ftest#5 (rod
tool, NaCl electrolyte).
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Figurel3. Measured (16 min) and simulated (9.6 min) ECM profiles ftest#6 (rod
tool, NaNQ electrolyte).

Oneencouragig aspect of this preliminary dataset lies in the similar values of the
differences between the simulated versus experimental run times, (as marked in
Figurel6), especiallyfor the two runs with the tube tool.This may imply that a
relatively simple linear relationship may hold between the local machining rate and one
or more process parameters or physical quaniiestu. A more extensive dataset
requiredin order to drawiirm conclusions, however.
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Figurel4.: Measured (20 min) and simulated (9.3 min) ECM profiles ftest#4 (tube
tool, NaCl electrolyte).
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Figurel5. Measured (14 min) and simulated (6 min) ECM profiles from test #7 (tube
tool, NaNQ electrolyte). The flow pattern was identical to Figlide(right). The
simulated time used for thenodel profile was selected to approximately match the
deepest point of etch, as the center point would have corresportced.to

Conclusions

In this work,indentations weréormed insteel panelsia electrochemical machining,
using either a solid rod tool inaossflow configurationor a tube tool in éhroughflow
configuration Preliminary models ofhiese ECM operations were alsconstructedn
COMSOL usingelectric field primary currentdistribution) and deformable geometry
physicsonly, omitting surface kinetics/polarization, mass/heat transfer, flow, and other
phenomena The simulatedprofiles were comparetb optical profilometry scans of the
machined indentationsas expecteddue to the limited physics included in these
preliminary modelsthe quality of thenodel predictionvaried considerably The match
between the predicted and observed indentation profileexaedlentin two of the cases
examined however. The lsserved asymntiy in the experimental machined profiles
seens to confirm the importance of including flow effed¢tsobtainaccurate simulations
possibly including modeling local removal of accumulated deposits by surface atear
well as suggesting a potentially sifizant role of theelectrochemical polarization
behaviorin determining the spatial distribution of the material removal rate. In particular,
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