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ABSTRACT -
~ The anodic dissolution of two heat-resisting alloys, Hastelloy X
and'Inconel X-750, and of a low carbon steel, SAE 1018, were §tudied in
e channel cell of 0.5 mm gep width under liminar;fiow conditions in 5N
3 3 electrolytes. Overall cell voltagé and anode and

cathode potential measurements were obtained under'galvanostatic

conditions; in the current density range of 1 to 35 A/cm2

. Micrographs
and roughness analysis of the anode surfaces ppoﬁided'additional iﬁfor—
mation. ;The two alloys demonstrated similar eleétrochemical behavior
regarqiééé of the‘natufe of the electfolyte. Hoﬁéver, the choice of
anion.étrongly'influenced the ahodic dissolution Qf-the low carbon steel.
For the l;tter ma;erial, the occurrence_of passivgtion phenomena and
anodic.oscillations of the.poténtial are related t§:the formation of -

anodic films. Models are proposed to explain the7dependence of these

phenomena on the nature of the electrolyte.
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I. INTRODUCTION

Electfochémical Machining (ECM):has found several industrial applica-
tions'in receot years for the shaping of a variqty of metals aﬁd alloys.
Increaéing efforto have béeﬁ direoted toyard stidying the effects of the.
various coﬁfrolling vériables involved in.this orocess. ECM studies are
most conveniently péfformed in channel type cells in which electrolyte
flows atihighrveiocitiés (10;10,600 cm/sec) between parallel, closely
spaced (O{l—O.S,mm)laﬁode (workpiece) and cathode»(tool). The metal
is oxidized anodically‘from the workpiece at current densities in the
ofder of 10 to 150 A/cm2. The electrode feaction products, which ioclude
_gases; dissolved and.solid mafter,tare continuously removed by the elec-
‘t}olyte‘stream.
Most of the recent studiés were aimed at olarifying the rolé of
1-7

current density, nature of electrolyte and flow rate. Efforts haVe

AN

been centered on work with pure metals, involving primarily copper and
iron. Evidence related to passivétion phenomena, reaction stoicheiometry,
steady, as well as oscillatory, anodic potentials observed during diéso-

k5 The nature of

lution of copper have been reported in the literétﬁre.
the anion in the electrolyte stféam has‘been shown to strongly influence
the anodic dissolution process of copper.

Itvié of great practical inferest tooconsider‘the anodic dissolution
vof certaih engineéring materials, and.to:compare their behé&ior to wﬁat
. : ., ‘ 7 v - .
has been observed with copper, For this purpose, a study of the anodic be-
havior of'two heat—resisting élloys and a low carbon steel has been under-

taken. 5N solutions of sodium ¢hloride, sodium chlorate and sodium nitrate

were-chosen as electrolytes., The first one'is'the most widely used electrolyte
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in ECM, the second one is well known for its ’g_éO'd dimensional control
and surface finish, while the last one is commonly used for iron-

base and nickel-base alloys .'8
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II. EXPERIMENTAL

Forééd ébﬁveétion conditiéns were dbtained with an expefimental’
flow syéﬁem aescribedxearlier.6 The e;ectrolyte was pumped continuously.
thfough the flow channél cell by mednébof a positive displacement pump.
The flow rate was reéuiated wifh a needle value in connectioﬁ with é |
bypassjénd:then measured with a rotametéf. Stainless steel pipes were
-used thfdughout the éyétem..

| "The eiectrochemical cell employed'wésvone which has been used -

for the study of the anodic dissolution of copper.,h The rectangulér
flow channel had a 0.5 X 8 mm cross section and a 75 mm léngth, providing
definéd hydrodynamicbéonditionsvat the electrodes. It was made of epoxy
resin with an electrode separation of 0.5 mm. Two glass windows ailéwéd
optical observation of the electrode gap space (Fig. 1). All the exper-
imenté were cafried out in laminar flow at a linear flow rate of 50 cm/s.
The cofresponding Reynolds number was 350 for a 5N NaCl solution.

Both the anode and catﬁode had & 3.05 x 0.53 mn rectangular shépe
~(area =1.62 mm2). A?copper cathode Qaé used throughdut this study.
The anode.was'made of the studied enéineering material cast into ekay.
A stainless steei_spacer with & well defined height was used to posiﬁion
the electrode outside the cell. .This'allowed.thé electrode'§qrface to
. be flush With the_channel wall. The short dimension of the electrode,
was orientéd'parallei to the flow direétion.to diminish the influenéei
of cathodic gas bubbles on the anodic processes. Two‘caéillaries, drilled

into the cell wall, provided for anode and cathode potential measurements.
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The constant current-poWer'supply* ﬁad.a ﬁaximum‘output of 3A: The
current dehsitieé employed ranged from 1 to 35 A/cﬁe.

The duration éf diséolutioﬁ runs was sO choéen that the anode surface .
recesééd by less than‘EOlmicréns; a distance‘small with respect to tﬁe
'gap dimension. Anode and cathode bqﬁéntials were measured against satur-
ated calomel electrodes;‘ The sﬁeadyéstéte value of the pétential(waé
reached aftér 1 or 2 seconds. Theféurfenf wds'fecorded by meésuring_

o L

the voltage drop across a precision shunt. Overall cell voltage, electrode
potentials and-cﬁrrent were recorded simultaneously oﬁ a mﬁlti chaﬁnel
light beaﬁ oscillograph.##

The ﬁaterials investigated were Hastellogy X, Inconel X-T750 aﬁde
SAE i018'steel. Thebiatter is é'low carbon steel, the two others were
_ heat-resisting Ni-base alloys commonlj used for jet engine turbine blades.
Their méin components are given.in Table I. The anodés were fabficated
from cold rolled plates followed by a heat treatment procedure, as'ré—
ported in Table II. Aﬁ agé—hardéniﬁg process for high temperature-sérvice
. o

(abovebllOO°F) was émployed for Inconel X~-750. The full annealingf;

procedure used for small carbon steel forgings was chosen for SAE 1018.lo
No attempt was made to perform a heat treatment for Hastelloy X.

Ten electrodes were prepared from each material investigated. vfﬁus,
a freshly prepared aﬁode was usea for each eXpefimental run, invoivipg
one value of the currént density for a given electrolyte. The elécffode

preparatioh consisted of mechanical polishing %ith‘OOOO emery paper . -

followéd by a metalldgraphic polishing process using a 1p diamond powder.

* : : v ‘ o
Type C618, Electronic Measurements Co. Inc., Eatontown, New Jersey.
*% , _ ‘

Series .230, Brush Instrument Division, Cleveland, Ohio.

4
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Table I. Main components of the engineering materials investigated -
(weight %).

Ni Cr Fe Mo Ti C
Hasteolly X 43-52  20-33  17-20 8-10
Inconel X-750 73 16 7 2.5
SAE 1018 = | . 98-99 | 0.15-0.20

Table II. Heat treatment used for fabricated anodes.

Temp., °F Time (h) Cooling
T - '
Hastelloy X . : VInonev
Inconel X-T50 2100 2 air cooled
1550 24 air cooled
1300 .20 air cooled

SAE 1018 1600 0.5 furnace cooled to
: - 1300°F at 50°F/hour

1
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Becausé df the hardness of the heét—reéi;ting éliéys, in order to obtain

a good surface fiﬁish,'thé méchaniéal édlishing ﬁas continued for 1 to

2 hours. Following the polishing procedurés, tﬁe.eléctrode was’trééted

in an’ulfrésonié cleaner in order to.remove.any solid particles remaining

on the gurfﬁce aftér poliéhing. The electrode was then carefully cleaned

with detergent and rinsed with distilled water. : |
After_dissolution in a given electrolyte,’ﬁicrographs of the anbde

surfacé ﬁere made, generally when dissolution had éécurred at a low and

at a high current density value. The magnification used was %250 fof

all the photographs. Subsequent Analysis of the profile and‘the rouéhness

of the anode surface‘were perfofmed using a skidless surfanalyzer‘system;*.

5N NaCl, N_aClO3 and NaNO3 solutions were prepared.with technical gfadé

salts and distilled watef. A1l solutions were filtered before using

them in the flow channel cell.

* . o v
System 150 with drive model 21-1410-01, Clevite Corporation, El Monte,
California. : ' : '
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III. RESULTS

5N NaCl Electrolyte

Typical'overall cell voitage, anode pofehﬁiai and cathode potential
versus ﬁime traces for Hestelloy X afe shown on Fig. 2. At the beginning
of)the electrolysis,;the cell voltage QAdergoes irregular low amptitude
fransiente ("fluctuationeh) of the poteﬁtial. These fluctuations were
more pronouneed and lasted 1onger at higher values of the current density
(i = 10 A/cm'). The fluctuatlons were alvays associated with the cathode
petential; the ancde potential trace remained flat at all currentSa "The
same typlcal behav1or was observed for Inconel X-T750.

Two different dissolution modes appeared in studying SAE 1018. At
low currentvdensities, an initial plateau in the cell voltage and ahode
pbtential'trace was follewed by a drop to the steady-state value of the
petential (Figl 3). At higher_curfentvdeneifies, an initial’anoéic‘peak
with fluctuations occurred at the'beéinning of the disselution. A
steady-state value was subsequently reached with periodic transients
(“OSciliationE") of the poteﬁiial (Fié. h). These oscilletions were:
due to the anode potential and their emplitude was approximately 1.3 V.
‘The current density trace (not shown on the figures) remained constant
land flet for all the experiinents.

In eddition to the three'materiels investigated, cbpper electfodes
were‘used for parallel experiments. As in the case‘of SAE 1018, the 
elecffochemical behavior ef cbppef’demoﬁstrated_two diseolution modee.

At lew valﬁes‘of the currentedenSiey, fﬂe aﬁode diéSolved-at a conStant
low voltage. Ae the current wasyinefeased, a high veltage disSoiuﬁien

mode was reeched soon after the current was switched on. This behavior
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has been & subject of detailed investigations in this laboratory.6

t

It'ié of interest to compare the sﬁeady—state values of overall 'cell

~

voltagé,'andde and céthode potentials against current density, obtained

for each material. Figure 5 illustrates the linear voltage vs current

density‘dependence fér Hastelloy X which is also typical of the behavior
of‘Inconel'X—750. The daéhed lineé cofrespond to éxperiments carried out
at a lbwer flow rate (u =\25 cm/s). ,Fof the low carbon steel, both cell
voltage and anode potential show a step increaéé in the potential whilé
the cathode potential increases linearly with current density (Fig. 6)f

|
A similar behavior was observed for coper, with a more pronounced jump

of potential which occurred at a lower value of the current density..

5N NaClO3 Electrolyte

The anodic behavior of the two heat-resisting allows in chlorate

.appeared similar to that in chloride medium. No sharp rise of potenfial

was observed over the whole range of cﬁrreht densities investigated..
Cathodic flucﬁuatioﬂsvwere still obtained for the-highest values of the
current density.

The low carbon steel behaved differently that in chloride. For.
i=>10 A/cme, both cell voltage and anode potential showed regular.ahd
well defined oscillationé as illuétrated in.Fig. 7. The amplitude of
thé anodic oscillations was of the same order of magnitude as the anoée
potential itself. Fluctuations ;f the cathode potential were of ﬁﬁéh
smaller.amplitude with respect to the average potentiél. At higher :
valués of the current density, the freqﬁency and the amplitude of gﬁé
oscillétions increased (Fig. 8). Aﬁ iﬁitial peék-wasvformed just before

o
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the beéihnihg of.the‘oscillations.:‘Furthermore,-after a\certain_amount
of chafge was.Pasééd;'regﬁlar oécillatibns were foilowed by'ifreguiaf
dneg Qifﬁ a lower amplitude. | |

Régular anodic 0sciliatiogs were also observed for copper.* The
amplitude was larger while the fréquén¢y was-of the same order of ﬁag—'
nitude as with the low carbon-steei. At the highest‘values of the current
density investigated, thé periodic phenomena did.not,last for the whole
duration of the electrolysis. After one or two.oscillations, the potential
Jumped to a vaiue representing a high voltage'dissolution mode. No mére
oscillations were observed after the jump of potential. In Fig. 9 the
frequency and amplitude of thé oscillations are.plotted'against current -
density'fér both copper and SAE 1018. |

SN-NaNO Electrolyte

3

.This éleétrolyfevdid ndt cgﬁéevéighificant changes relative to the
previously deécribed electrochemical behavior of Hastelloy X. and Inconel
X—TSO;.the same typé of potential—time traces and potential-current
denéity.grééhs were obtained. Cathodic fluctuations still appeared at
high #alues of the current density.

Small and regulér anodic oscillations occurréd during the dissolution
of SAE 1018 at low current densities_(Fig. 10).- As the current densiﬁy
was increased,‘the éscillations became less régﬁlar and eventually dis—
appéafed justfafter‘thé Beéinhing of'the électroiysis as shown onvFig}

li; an example of the cell Qoitégé_ﬁndéréoing énodié'oscillations foilowed

by cathodic fluctuations.

* - ' o : A .
This typical behavior of copper in chlorate solution is being investi-
gated at:present.ll o ‘ o '
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Copper dissolved in a iow of,iﬁ a high VOltéée dissolution modé'
dependingvon the current density. irfegular anodic oséillatioﬁsiwhich
decreased in amplifude as the curfeﬁt denéity was increased occurred in
the high &olfage mode.  The iattéf phenomencn was cémparable to thét“

observed for SAE 1018.

Micrographs and Surface Pfofile Meésurements

Hastelloy X anodes showed the same kind of surface texture for all
the electrolytes investigated. Figure 12 is an examplé of surface
texture after dissolution at a high current den;ity value. No drasﬁic
change was observed over the rahge of curreﬁt density inVestigated.
Sﬁfface profile meésurements shoﬁed fhé presence bf sharp and rounded
protrusibns over a flat background surface.

Inconel X-750 anode surfaces presented a typical"grain boundaries
téxture.indepéndent of the nature of fhé electrol&te.‘ Figure 13 illus-
trates grain'boﬁndaries and fdndomly'distributed holes. A film layer, |
bartially.éovéringvthe surface could be seen in some micrographs. As
for Haételloy X; the current density did not cﬁaﬁge the apparent texture
of the anode surface.

Unlike for the two alloys; the-appearancg of low carbon steel sur-
faces following dissolution depended on current density-—and on the'nature
of the electrolyte. At'lqw cufreﬁt'densities, the same surface textuie
was obtained regardless of the electrolyte used (Fig. 14). The spofs
have been shown to be ﬁoles occurring on a fairly flat.surface. At high
current dénsities, thg'surface texture drastically ch;ﬁged with the
nature of the electrolyte as shown on Figs.'lS,;16‘and 17. In NaCl

medium, the surface appgars.bright with some protrusions and streaks
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occurring in the flow direction. In’NaIClO3 médium, a bright surface
was covered almost entirely with a grey.filﬁ layer. In NaNOé medium,
a complex texture ﬁas obtained with film layers partially covering tﬁe
surface, Examplés of surface analysis tfaces showing holes and pro-

trusions are given in Fig. 19. Surface profiles of representative

specimens before anodic dissolution are given in Fig. 18 for comparison.
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Tv. .DISCﬁSSION

vIn crdér.to better illustrate the differences and common features
of thévfdur materials.in, all steady—state valuss_of overall cell voltages.,
are plotted in Figs. 20-22 agaiﬁst currsnt density for each electrolyte
used.. | |

For cohvéﬁience in discussing'the whole experimental results, ths‘
two heat-resisting alloys will be considered separately from the low
carbon steel. The electrochemical bchavior of these alloys appears-,
indeed quité'similar, while the carbon.steel behaves in a complex way
and can be better compared tc ccpter.

Heat-Resisting Alloys

.Passivation phenomena., oscillations of poteptial and anodic film
layers have been shown to play éh important role.ih ECM. Surprisiﬁgly
enough , the present investigatlon rcvealéd neither-a Jump of potentlal
hor oscillations for the twcvalloys.' The straiéht 1ines obtained iﬁ
thé voltage vs current density plots suggest that the same dissolﬁtion'
mode occurred over the range of current densities investigated. The ‘
nature of the electrolyte seems to have no significant influence. Thé
complexity of the alloy composition may lead to an overall behavior
which obscures the manifestation of characteristics of a particular
component . Howéver, the formation of‘aﬁ anodic film cannot bevexcluded,
nor can it be asserted that a passivation phenomencn may not occur at

Al

current densities below 1 A/cm2. Some micrographs showed a film layer

partially~cbvering the Inconel X;TSO anodes surfaces. Therefore, it -is- _
not possible to conclude whether the single dissolution mode observed

corresponds to an active (low voltage) or to a transpaSSive (high voltage)

dissolution mode.



. ~13-

'Fluctﬁationé of the'ceil'voltage wvere always due to the céthodé
potential and aré reiated'to the hydrogeﬁ evolution;; Figure 5 shows
thaf‘béthvcell'vplfage and ééthode potential are higher when the floﬁv
rate is lpWér, while the slopes of the straight lines do not change.

An ihcréase of the eiectrolyte résistance close to the cathode surface
may be explained by'the fact thaﬁ bubBles tend to grow larger when the
flownféte is decreased.as suggesﬁed bylLandolt, et al.5 who have inﬁés_
ﬁigatéd the nature of cafhodic hydrééen revolution under ECM conditions.

The occﬁrrence of protrusions ithastelloy X surfaces can be felated
to the presence of a well defined intermetallic compound, randomly
.distributéd in the absénce of appropriaté heat tréatment. The age—  N
hardening pretreatment used for Inconel X-T50 leads to recrystallization
of the alloy. Metallic precipitates at grain boundaries and. selective
infefgraﬁular attacks have been reported By Kahles.8 As the comﬁosition
of the two alloys is fairly comparablé, it can be assumed that a heat
treatment does infiuence the surface texture, but has no'apparent effect
on the electrochemical behavior of the élloy.'

Low Carbon Steel and Copper

The anodic dissolution of coppef and iron in various eleétrolytes
under broad current dgnsity-and flow conditiohs has received relatively
close-éttention in the past. It is usuaily accepted now that-passif‘_

. Qatioﬁ is.felatedvtd the formatioﬁ of anodic films.  The influénce

of the anion of the eléctrolyte on the formation and removal of theéé
films'is, at present, the subject of infensive investigations. Chlorate
. solution’hés.Been fdund to. be esﬁecia}ly‘suitablefwith respect to aimeﬁ—

sional accuracy and surface finish. More infotmaﬁion can, therefore, be

1
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drawn from the literature about  the dissolution of metals in chlorate
than in chloriae or nitrate. For the séke of convenience, the

results obtained in the present work in SN NaClO. solution will be

3

discﬁssed first.

Chlorate Solution

By réflection electron diffraétién studies, Hoare and his co-workers1

have shown evidence of films of Y—Fé203

solution. Furthermore, ﬁhey detected high percentage of

on soft iron electromachined.
in NaClQ3 '
oxygen on the anode surface following disolution in chlorate. In
studying thé passi?ation of iron in borate-boric acidbsolution;.Nég;yama
and Coheh12 suggested that the ihner léyer of ihe oxide film is compésed
of Fe3Qh. It is assumed fhat a proﬁective and porous film of Y—Fe203
or Fe3014 ér a mixture of the two,2 is f@rmed on the surface and is
responsible for the passivation of'iron-in chlorate mediuﬁ.
Taking ‘into account the.anodic ascillatiohs shown in Fig. 7,‘the

following model is proposed. At the lowest cﬁrrént densitieé, the system
N v _ : : v

is active and iron is dissolved as Fe‘.‘.+ ions which:- can undergo further
oxida‘_tion.l As the éurrent is incréased, the surface becomes passiﬁated

by the formation of a film of y-Fe and consequently the potential .

203 |
increases abruptly. The oxide film can be formed by oxidation of either

13 according to |

Fe or I"e"--+
D Fe + 3 HO=—wFe O + 6 H+6 e 1)

: 2 2°3 ,
3

+ e , 4 . :
2 Fe'" + 3 H0—sFe 0 +6H +2e (2)
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Chin3 ré@orted that‘the rate of'Y—Feeo3 film gfowth increases with
the'inCrease in fhe rate of irbn diséoluﬁion. This leéds first to assume
that rééétion (2) would occur rather than reaction (1). Furthermore,
this information allows one to explain why the frequency of the oscilla-
tions incfeases (aS'S£OWﬁ in Fig. .9) when the current density, and there-
fore:ﬁhe rate of iron:diséolution, increases.

" The iron dissolution is inhibited by the film formation process
due tQ_the”spreading of the oxide, which reduces the area of active
. sites where the dissolution occurs.3 _Since the film is supposed ﬁo be
porous, the dissolutioﬁ of irQh‘to Fe++,ions is 'still possible, though

inhibited. An important part of the current is consumed by oxygen

evolution, instead of by iron dissolution, accofding to

2 HE,O——>O2 + b H+ + ke

The film removal could be caused by oxygen bubbles which are gener-
ated betﬁeen the metai and the porous oxide. A mechanical effect would,
theréfore, cause the removal of the layer.

At higher currents, a first initial peak is observed before the.
beginning of the oscillations (Fig. 8). It is likely thét a film of}
Fe30Ll is forméd by oxidition of either Fe or Fe++,_which is further
xoidizéd to Y—Fe203. It is:not upder;todd why this initial step occgrs
before the periodic film fofmafion and:remoﬁal. As the current is iﬁ—
creased, the frequéncy of the oséillétioné incréases, as prévioﬁélyzq:'
explained., After a céftain-amounﬁ of chargé is passed, regular oscilla-

tions are followed by irregular ones with a low:amplitude. Inéreasing

amounﬁs of Cl- and- decreasing 0103; ion concentration were measured for

g
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extented periods of electrolySis.;, The following reaction needs to be

considered

.+ ’ .—
6 Fe'' + NaClo, + 3.H 0——=6 Fe' ' + NaCl + 6 OH

3 2

AcCording to Hoar;lh the chloride ion can penetrate and dissolve
films Qf\irénAdxides so that the sﬁrface is not péssivatéd by a protective
oXidgwfilm; According to this modei, the formation Y-Fe203 is inhibited
by the C1 ion and the film is remo&ed befbre spreading over the sur-
face. Thus, dissolution of ironlaé Fef+'ions Shoﬁld play a critical:
role iﬁ the dissolution process. This is in good agreement with:the
fact that the average of the irregular oscillations corggsponds to the .
initial value of the potential.

One might think that the influence of the chloride ion could be '
more important'than the oxygen bubbles in the periodic removal of the
Y—F3203’film. The model described takes into account that for ECM in
chlorates, oxygen liberation at significant rates has been reported. On
the other haﬁd; excépt for ex£ended”periods of electfolysis,.only small
concentrations of chloride ions have béen detected. Clearly, furthef
investigations are needed to'support or demolish either of these

assumptions.,

Chloride Solution

HOa;e and his co—workers,l detected neifher a film of Y—Fe203 nor
the presence of oxygen on iron specimens electro-machined inANaCl
solutidn; No passivation phenomena were assumed to occur in chloride
medium. In a later paper, Hoarezvreported the formation of a porous,

nonprotective film on iron in chloride solution, which is removed at |
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high anodic potentials. More recently,_Chin3 showed evidence of passi-
vation. of a steel aﬁdde in NaCl electrolyte; Thevpassivation was
attribﬁted'to the formation of én adsbfbédvlayer,of anodic products.
Ferrous compounds; such aé Fé(Osz, Wefe assumed to precipitate on the
anodé_surface'forming a poroué, noﬁprotective film.' In studying the
dissoiutidn of copperlin NaCl solution, Kinoshita6‘suggésted that a
layervovauCl was formed due to the étability of the monovalent.ibnic
stafe. »

Alﬁhough the preéence of anodic films in cﬁloride medium has been
reportéd in the literaturé;3 no evidence seems to have been obtained
about theirwcdmposition. It is suggested that,_in the case of iron ag
well as in that of copper, ﬁsualiy'unstable ionic states become therm§¥
dynamically more favorable than the stable ionic stétes.. At the end
of'thé e1e¢£folysis, the film éould decompose 6r aissolve as soon asbi
the currént is switched off. .As reported by Chin,3 since the film ié
very porous, it can be washed away éasily with a jet of water. Any
attgmpt to'further identify the anodic film products would therefore be
aifficult. -

The overall cell voltage-current density graph shown in Fig. EQ.
indicates the occurrence of a passivation phenomenon on low carbon sgeei.
,Theifollowing sequence,ma& be_suggésted:jmetal diésolves first‘as Féf+
ions'leadingvto'furfher preciéifaﬁiqn of ferrous compoundé on fhe.ahéde
surfacé; By analogy with copper , it'is suggestedﬂthat'a thih and pcfous

“layer of FeCl, is formed which allows the iron'diésolution'to continue

2
through the pores. At high current densitiés, Small'oscillations take

place as shown in Fig. k. The possibility of;férmation and removal Qf.
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ferrous hydroxyde'la&ers‘cénnétvbe diécouﬁted; eifher, More.detailed
invéstigations éfe needed\oh this questioh. It is nevertheiess pdséible'

to start ffom a porous ahd honprotective.fiim model of fefrous c;mpounds,‘

even if'thevpresence'of such a film cannot be proven 6n the basis of

the ﬁrésént'inveétigation. Thé occurrencé of a bright surface wifh-b R
randomly diStributed pfotrusioné (Fig. 15) suggesté that iron was dis-

solved in a transpassivé.dissolutidn méaé. | |

Nitrate Solution

Little information is available about the nature of anodic films
in the dissolution of metals in nitrate medium, " In studying the dis-

soiution of coppér in 2N KNO ‘solution, Kinoshita, et al.6 detected the

3

~ presence of Cu.0 as the main constituent of solid anodic products. The

2
onset of passivatidn was shown to coincide with the limiting transbofﬁ

of dissolved'reaction products‘by convéctive diffusion. Landolt, etlal.
reported that passivation of copper énddes bécurred with the formation

of a thick la&er whichvseemed to disappear just after tﬁé current waé
switched off,. | |

Figufe 2é\shows a typical graph for the dissolution of copper;' The

overall cell voltage—current density graph for the low carbon steel is
fepresented by a straight line. This suggests a unique dissolution.,
mode; iron dissolving mainly as Fé++ ions. As for the two heat-resisting
alloys, it cannot be concluded that. dissolution occurs in an activeﬂm§de.
Both figures 10 and 11 show anodic oscillations Qf ldw amplitude. .It

is assumed that small amounts of Y-Fe are formed and removed accérding

2% _
to the model previously described. Film layers partially covering the
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surfacé cén be seen in,Fig.IIY. Figure 16 shbwsvﬁhe presence of laféer
granules'bf‘solidbanodic reaction products in chlorate solution, than in
nitréte. Possibly in nitrate medium, the oxide film doesn't spread all

over the surface but is restricted to some active sites before being re-
moved, This leads to the assumption that ox&gen evolution is_more‘important
in nitrate than in chlorate‘solutign{ ‘Oxygen analysis and current effi-
ciency meaéurements_would be of interest to bring about a more detailed

understanding of the basic phenomena observed throughout this work .
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y. SUMMARY AND CONCLUSIONS

Thé.présent ﬁork was aimed at>inveStigating the grossrelectrochemiéal\
" behavior of éﬁgineéring materials in various electrolytes commonly used '
ih'thé"téchnical ECM process. Additional‘infdrmation was drawn from:
microgfaphé and.surfacé profilés of_thé materials. |

derall cell voltage and anode poténtial,&ersus current densitj 
graphs show that the two heat resisting alloys.dissolve in the same
dissolution mode over the range of current densities‘invéstigated.
Neither an abrupt Jump of potentiai nor anodic oscillations were oBsefved
in chlorate, chloride and nitrate solutions. Although the nature of the
electrolyte:ié well knowﬁ to play an importantvrole in ECM, the anioﬁ
types employed ﬂad no apparent influence on the electrochemical BehaVior
_of these alloys. Heat treatment does influence the surface texture and
ieads to a grain boundary,textﬁre ﬁith ihtérgranual attack. EQidence
bwas obtained on .fluctuations of thé,botenfial at high current densitiés
caused by cathodic gas evolution.

On the other hand, the behavior éf the léw carbon steel shows av
strong dependence on the electfolyte anion; Passivation phenomena and
anodic oscillations were observed, for the steel as well as for copper,
and aré related to the formation ofvanodic.film:la&ers. In NaClO3.- 
solutions, a model is proposedvto obtain a better understanding of the
relationship‘betweén reguiar oscillétions and anodic.film formation= /
and removal. in thisvmedium, the film is asspmed to be an oxide coﬁ—

posed mainly of y-Fe Two,diffe}ént dissolution modes were obser&éd

203n .
in chloride solutions. Here, passivation is attributgd to the formation

n
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Qf a layer'of adsorhed anodic products. Ferrous compounds are assumed
tovprecipitate On.the iron surface as a thin and pérous layer. 'In nitrate
.solutidns, potentialécurrent densify graphs indicate a single di;soiution
mode. This suggests that the main aﬁodic_reactioh is iron dissolﬁtion

as ferrous ions. Anodic oscillations ﬁith a low amplitude were obéerved
in nitfate as well as in chloride electfolytes; their amplitude was com—
parable to the.average potential in cﬁloraﬂe soclutions., It is probably
that theée phenomena play a significant role in'tﬁe practical electro-
machining process of iron and copper and the excellent ECM propeftieé.of
the chiofate solution for these materials may be related to anodic oscil-

lation phenomensa.
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'V'FiGURE CAPTIONS
Photograph of the electrochemical flow cell.
OSciliograph traceé*fox Hasteiloy X diséolution in 5N NaCl at
20 A/cm®. | |
Osdillbgraph traces for SAE 1018 dissolution in 5N NaCl at
2'A/cm2.
Oscillogfaph traces for SAE 1018 dissolution in SN Nall at
15 A/cn®. | | |

Méésured poténtials during Hastelloy X-dissblution in 5N NaCl

‘at two flow rates—u = 50 cm/s,--u = 25 cm/s.

Measuréd'potentiais during SAE 1018 dissélution in 5N NaCl,
u = 50 cm/s.
Oséillograph traces for SAE 1018 dissolution in SN Na0103 at

10 A/cm2 .

‘Oscillograph traces for SAE 1018 dissolution in 5N NaClO3 ét

35'A/cm2.

Measured amplitudes and frequencies of cell voltage oscillations

during anodic dissolution of copper and SAE 1018 in SN NaClO3,

u = 50 cm/s.

5 8t

Oscillographs traces for SAE 1018 dissolution in 5N NaNO

10 A/cmg.

Oscillographs traces for SAE 1018 dissolution in 5N NaNO3 at .

25 A/cme.

Micrograph of Hastelloy X surface after dissolution in'SN NaClO

“at 30 Afcm.

3



Fig. 13

Fig. 17
Fig. 18
Fig. 19
Fig. 20
Fig. 21
Fig. 22

Micrograph of SAE 1018 after dissolution in 5N NaCl0

ol

Miérograph of Inconel X~T50 after dissolution in 5N NaClO3,at.

' : :

30 A/cm2.

3 at 5 A/cmg,

Micrograph of SAE 1018 after dissolution in 5N NaCl at 20 A/cm®.

Micrograph of SAE 1018 after dissolution in 5N NaCl0, at 15 A/Cmg.

3
Micrograph of SAE 1018 after dissolution in SN NaNO3 at 3Q'A/cm2.

Surface profile‘measurements before anodic dissolution. a) SAE

1018 b) Hastelloy X.

Surface profile measuremeﬂts after anodic dissolution. a) SAE

1018 in 5N NaClO_ at 5 A/cmz. b) Hastelloy X in 5N NaCl at 20

3

' A/cm2.

Measured cell Voltages for the anodic dissolution of copper,
SAE 1018, Hastelloy X and Inconel X-750 in 5N NaCl. The 1R
dropvﬁas calculated on the basis of a molar conductance for -

5N NaCl of 50 2! em® mo1e™t (from Chapman-Newman). Flow

" velocity 50 cm/sec.

Measured cell voltages for the anodic dissolution of copper,

SAE 1018, Hastelloy X, and Inconel X-750 in SN NaClO3- FlOV
1%

P4

velocity 50 cm/sec ? amplitude of the oscillations for SAE-
X - .

©1018. amplitude of the oscillations for copper.

W

Measured cell voltages for the anodic dissolution of copper;

SAE 1018, Hastelloy X and Inconel X-750 in 5N NaNO3.- Flow.

velosity 50 cm/sec.
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Fig. 1k
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States ‘Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express: or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights..
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