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Abstract

The high rate anodic dissolution of 100Cr6 steel in NaNO3 electrolytes of various concentrations and at different
temperatures was investigated. Galvanostatic flow channel experiments were used to examine the current efficiency
of the steel substrate. Below 6 A cm)2 (zone A), oxygen evolution dominates, while at higher current densities iron
dissolution prevails (zone C). Potentiodynamic polarization studies indicated a complete substrate surface
passivation up to +1.8 V (vs NHE), and periodic fluctuations of the current density at higher anode potentials
(>+1.8 V) due to severe oxygen evolution. Rotating cylinder measurements served for polarization studies at lower
current densities in the region of dominating oxygen evolution. Scanning electron micrographs revealed a
correlation between the current efficiency and the coverage of the substrate surface with an electronically conductive
film at current densities of 2, 9 and 20 A cm)2. The microstructure of the black, solid surface film developing during
the high rate anodic dissolution of the steel was found to be heterogeneous and very porous. The main film
components, as determined by X-ray diffraction and Auger electron spectroscopical measurements, were
amorphous iron oxides, FexOy, and inert carbides, M3C, originating from the steel matrix. An activation–
repassivation process is proposed, which is responsible for the development of the complex multilayer (multiphase)
structure observed at the steel substrate surface.

1. Introduction

The high rate electrochemical dissolution of iron and
steels in sodium nitrate electrolytes has been the subject
of a number of studies [1–7]. The results obtained from
anodic polarization curves, current efficiency measure-
ments and analysis of the resulting substrate surface
morphologies show that NaNO3 electrolytes have a
passivating effect on iron-based substrates. It was found,
that at low current densities (iO 4 A cm)2) no metal is
dissolved (current efficiency, g ¼ 0). On this basis exact
dimensional control can be achieved in the ‘electro-
chemical machining’ processes without mask techniques,
such as holds for the fabrication of turbine engine parts,
automotive components and electrochemical hole dril-
ling [4–9].
It is well known, that the passivation of the substrate

(anode) surface under conditions typical of ECM is due
to complex anodic surface films developing at the
substrate–electrolyte interface [10–17]. Several models
for the development of these anodic surface film
structures have been proposed. Usually a dual film
structure is supposed: a hydrated oxide compound

(Fe2O3 Æ H2O, FeOOH) film and a salt film precipitated
from the NaNO3 solution [4, 8, 17]. Due to the
heterogeneous structure of a steel substrate, metal
carbides influence the composition of the anodic surface
film and thereby the polarization behaviour of the
substrate [13–15]. Further, oxygen evolution at the
anode surface has been observed as a competing
reaction to metal dissolution [8, 14, 16, 18–24].
The purpose of this work is to investigate the

mechanisms of metal dissolution, gas evolution and
the solid surface film formation on the substrate of steel
100Cr6 in particular with a view to the intrinsic
heterogeneity of the steel substrate.

2. Experimental details

Commercially obtained 100Cr6 steel specimens were
used for the ECM experiments (rod material in soft
annealed condition). The composition of the steel is as
follows (in wt %): C 0.97; Cr 1.43; Si 0.28; Mn 0.28; Ni
0.11; P 0.006; S 0.002; Fe 96.92.
For the electrochemical dissolution experiments in the

flow channel cell, a square electrode surface of 1 cm2
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was subjected to the flowing electrolyte. Platinized
copper–tungsten alloy was used as cathode material.
The set-up of the rectangular flow channel (parallel plate
reactor) has been described elsewhere [13]. The average
electrolyte flow velocity, u, was set at 7 m s)1 implying
turbulent flow conditions. The distance between cathode
and anode (working gap) was set at 2 mm. An aqueous
NaNO3 solution (40 wt %) at 40 �C ± 1 �C, pH 7,
served as electrolyte. All experiments in the flow channel
cell were performed galvanostatically with average
current densities, i, in the range 5–60 A cm)2 (direct
current). The specimens were subjected to electrochem-
ical dissolution for 20 to 80 s.
All polarization measurements were carried out using

an EG&G 273A potentiostat with simultaneous detec-
tion of the transferred charge, Q. 100Cr6 steel specimens
(rings 12 mm dia., 0.5 mm height, with lateral area
0.19 cm2) were applied as rotating cylinder electrodes
(working electrodes, WE). A platinum net served as
counter electrode (CE). A commercially obtained Ag/
AgCl-electrode was used as reference electrode (RE).
The distance between the working electrode and the
counter electrode was set at 10 mm. Aqueous NaNO3

solutions, at pH 7, of various concentrations and at
different temperatures served as electrolytes. For the
potentiostatic measurements, an anode potential of
+2.5 V (vs NHE) was applied. Potentiodynamic curves
were measured at 25 �C with a potential scan rate of
40 mV s)1 and anode rotation speeds of 590 and
1136 rpm (corresponding to Reynolds numbers
Re ¼ xr2/m ¼ 1316 and 2534, with r2 ¼ 0.36 cm2 and
m25 �C ¼ 0.0169 cm2 s)1; i.e., turbulent flow conditions).
For the ex situ scanning electron microscopy (SEM),

X-ray diffraction and Auger electron spectroscopical
(AES) investigations (Sections 4.2 and 4.3), the ECM-
treated substrate was removed quickly from the reactor
(flow channel cell or rotating cylinder electrode) and
washed with distilled water. By this procedure, remain-
ders of the NaNO3 electrolyte were removed completely
from the black surface film that was attached strongly to
the steel specimen. Finally, the steel substrate was dried
in a stream of nitrogen.
AES spectra were recorded with a PHI 600 Scanning

Auger Microprobe. A sputter-depth profile (using Ar+

ions of 3 keV for sputtering) was recorded over an area
of 1 mm · 1 mm at an incidence angle of 60�. As a
measure of the peak intensities the peak-to-peak height
of the differentiated spectra was used. The sputter rate
of 16 nm min)1 was calibrated using a Ta2O5-specimen
as reference.
The X-ray diffraction analysis was performed with a

Philips X’Pert diffractometer equipped with a Cu tube
and a graphite monochromator in the diffracted beam to
select CuKa radiation. The diffracted intensity was
recorded in the range 20–130� 2h with a step size of
0.05� 2h. All diffraction data required for interpretation
of the X-ray diffraction patterns were taken from the
JCPDS-International Centre for Diffraction data
(PCPDFWIN database, version 2.01).

The current efficiencies of the galvanostatic flow
channel experiments (Section 4.1) and the integral
current efficiencies of the potentiodynamic measure-
ments (Section 4.4) were calculated according to a
procedure described elsewhere [14, 15].

3. Electrode reactions

3.1. Anodic electrode reactions

The principal ECM process is the divalent iron disso-
lution at the substrate–electrolyte interface according to
Reaction 1. If additional, competing anodic reactions
occur at the substrate surface (Reactions 2 and 3),
current efficiencies g < 100% are observed.

Fe0 !Fe2þaq þ 2e�

(divalent Fe dissolution)
ð1Þ

Fe0 !Fe3þaq þ 3e�

(direct oxidation to Fe(+III))
ð2Þ

H2O ! 1

2
O2 þ 2Hþ þ 2e�

(oxygen formation)

ð3Þ

Generally these are the most important reactions
[5–7]. For the case of armco-iron, current efficiencies
of 66.6% indicate exclusive occurrence of Reaction 2
while high current efficiencies (g � 100%) imply dom-
inance of Reaction 1. Current efficiencies of about 100%
have been observed for the case of NaCl electrolyte but
not for NaNO3 electrolyte [14]. For steel 100Cr6, the
electroless removal (not dissolution) of corrosion resis-
tant carbide particles causes an increase of g up to a
maximum value of 116% in NaCl 15. Similarly, if metal
dissolution occurs according to Reaction 2 a maximum
current efficiency of 77% may be observed. If no metal
dissolution occurs, oxygen evolution according to Reac-
tion 3 dominates (Section 4.1).

3.2. Cathodic electrode reactions

Reactions, which are possible at the counter electrode
surface are the reduction of nitrate, reduction of
Fe(+III) and hydrogen gas evolution. Since cathodic
gas evolution has not been observed in the present
experiments (Section 4.4) it is proposed that the reduc-
tion of nitrate is the main reaction at the counter
electrode upon ECM with NaNO3 electrolyte.

3.3. Electroless chemical reactions

The electrochemical reactions given in Sections 3.1 and
3.2 are associated with charge flow at the electrode–
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electrolyte interface. Electroless reactions are also
possible, in particular with reference to the anodic
processes. Since pronounced anodic oxygen evolution
has been observed frequently in NaNO3 systems [1, 2, 4–
7], the O2 bubble layer formation at the anode may be
associated with electroless chemical oxidation of iron on
the steel substrate surface.

3.4. pH-shifts at the anode

If oxygen evolution according to Reaction 3 occurs, a
pH-shift within the anodic boundary layer from neutral
to acid should be observed. According to the Pourbaix
diagram for the system iron–water [25], a solid Fe2O3-
film on the steel substrate would dissolve and release
solvated Fe3+-species at potentials above +0.77 V if the
pH decreases to 0 and below. It should be recognized
that the data presented in a Pourbaix diagram pertain to
electrochemical equilibria, whereas in ECM processes
nonequilibrium states occur which restricts the applica-
bility of the Pourbaix diagram to ECM.
The rate determining steps of Reactions 1–3 consist of

different elementary processes: the transfer of ions
(ITR), electrons (ETR) or combined processes (CBR)
[27]. Therefore, the rate of Reactions 1–3 depends on the
oxide film thickness, the pH at the interface and the
electrode potential in a complex way [26, 28].

4. Results and interpretation

4.1. Current efficiency

The current efficiency, g, for the dissolution of 100Cr6
steel in NaNO3 (40 wt %) as a function of current
density is shown in Figure 1. A typical roughly S-shaped
curve can be observed [4–6, 14, 24]. Three different
zones can be distinguished:

In zone A (i O 6 A cm)2) a completely passivated
substrate surface occurs: no metal dissolution takes
place (g ¼ 0). At this stage oxygen gas evolution is
observed (Reaction 3). Consequently, the solution at the
surface is acidified. The black solid surface film which
develops during ECM is strongly attached to the steel
substrate. The strong evolution of oxygen bubbles
indicates good electronic conductivity of the surface
film, due to the carbide particles (M3C) or iron oxide
(e.g., Fe3O4) in the surface film matrix.
The transition zone B (6 A cm)2 < i < 21 A cm)2)

is characterized by a steeply increasing current effi-
ciency. Obviously, the reaction mechanism changes
from one involving exclusive oxygen evolution to one
that incorporates at least two competing anodic reac-
tions, such as O2 evolution and Fen+ formation (Fe3+

according to the Pourbaix diagram) at the same time
(note that the current efficiency has been calculated with
respect to iron dissolution as Fe2+ (Reaction 1). Apart
from trivalent iron dissolution, divalent iron dissolution
according to Reaction 1 in combination with O2

evolution may also be possible in nonequilibrium
situations as in ECM, but no direct evidence is available.
Measurements in NaNO3 in the pH range 3 to 8 at

current densities below 10 A cm)2 gave similar results.
This may be understood assuming that the surface pH is
controlled by Reaction 3.
The highest current efficiencies occur in zone C

(i P 21 A cm)2). The observed value of g, of about
70%, might suggest dominant Fe3+ formation. How-
ever, at this stage part of the surface is still covered with
a surface film (Section 4.2). Hence, Fe3+ formation, if it
occurs, cannot be the only reaction at the anode. In an
earlier study on ECM with steel, oxygen evolution was
still observed at a current density of 47 A cm)2 [3]. The
solid surface film is obviously ruptured at high current
densities (Section 4.2). Partial film breakdown changes
the nature of the solid surface film from compact and
protective to porous and non-protective (Section 4.2).

4.2. Anodic surface film structures/film breakdown

SEM micrographs of solid surface films formed on soft
annealed 100Cr6 substrates during ECM are shown in
Figures 2(a)–(c). The surface films were obtained from
galvanostatic flow channel experiments with aqueous
NaNO3 (40 wt %), at 7 m s)1, 60 s, 40 �C.
The surface morphology as observed in zone A

(i ¼ 2 A cm)2) is shown in Figure 2(a). The black, solid
surface film is strongly attached to the steel substrate
and covers the whole surface. It appears to be com-
pletely compact and only a few pores (/ < 1 lm) are
observed (note that at the locations of nonmetallic
inclusions, dark spots appear in the surface film). Local
or global film breakdown does not occur.
In the transition zone B (i ¼ 9 A cm)2), two types of

surface film structure coexist (Figure 2(b)): ‘compact’
regions, where the surface film is not ruptured (very
similar to the surface film structure of zone A), and

Fig. 1. Current efficiency (g) of the steel 100Cr6 (soft annealed) as

observed in galvanostatic flow channel experiments (NaNO3

(40 wt %), 7 m s)1, 40 �C).
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regions exhibiting massive formation of pores within the
film. Regions on the substrate, where the complete
anodic film structure has been detached, are not
observed; the solid surface film is still strongly attached
to the specimen. It may be assumed that Fen+-ions
migrate preferentially through the pores. Then, within
the pores the electrolyte is enriched in Fe(NO3)3 and
becomes depleted of Na+ [29].
In zone C (i ¼ 20 A cm)2), only a few single frag-

ments of the surface film have remained on the steel
substrate (Figure 2(c)). Most solid components of the
film have been detached completely from the steel
surface and large regions of the base substrate, that is
without detectable surface film coverage, occur. Within
the ferrite matrix of the substrate, carbides of compo-
sition M3C (M=Fe, Cr) can be observed [14]. Even at
higher current densities no clear electropolishing effects

were observed. It is assumed, that this observation is
linked to the high Carbon content of the steel.
On the basis of the results presented in Figures 1 and

2, it is concluded, that compact surface films suppress
active ferrite dissolution and promote oxygen evolution
at the film–electrolyte interface.
A typical cross-section of a solid anodic surface film

developed on a 100Cr6 substrate during ECM is shown
in Figure 3 (zone B; parameters: flow channel cell,
aqueous NaNO3 (40 wt %), 10 A cm)2, 60 s, 7 m s)1,
40 �C). The surface film appears black, the steel matrix
is grey. For better contrast, the surface film was covered
with a 500 nm silver layer, which appears white in
Figure 3. The thickness of the heterogeneous surface
film varies extensively (0–3 lm).

4.3. Surface film composition

An AES sputter-depth profile of a surface film, formed
on 100Cr6 in NaNO3 (transition zone B, Section 4.2), is
presented in Figure 4. After the removal of surface
contamination during the first minutes of sputtering,
large values for the C-content of the film were observed
(�30 at %), indicating an enrichment of carbide parti-
cles at the substrate surface by the preferential dissolu-
tion of ferrite. After removal of �1.6 lm film (100 min
sputtering) the C-content had decreased from 30 to
below 10 at % and approached the theoretical bulk
value of 4.5 at %. AES-measurements of 100Cr6 steel
substrates subjected to ECM in NaNO3 for different
reaction times (20–50 s) revealed the tendency of surface
film thickening with increasing reaction time.
A substantial value for the atomic concentration of

oxygen occurs within the anodic surface film, which is
compatible with the presence of oxides as basic film
components. The AES sputter-depth profiling does not
allow determination of the composition of the oxide(s).
Nitrogen was not found. In contrast to chloride-ions
which can be intercalated and catalyse the film dissolu-
tion, the larger NO3

)-ions apparently cannot penetrate
into the oxide film.

Fig. 2. SEM micrographs of solid surface films formed on soft

annealed 100Cr6 substrates upon ‘electrochemical machining’ current

density: (a) 2, (b) 9 and (c) 20 A cm)2.

Fig. 3. Cross-sectional light optical micrograph (bright field) of a

typical solid surface film formed on a 100Cr6 substrate during ECM

(appears black in light microscopic investigation). Aqueous NaNO3

(40 wt %), 10 A cm)2, 60 s, 7 m s)1, 40 �C.
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X-ray diffraction patterns of a polished 100Cr6 refer-
ence specimen and of a 100Cr6 substrate after the ECM
process with NaNO3 are shown in Figure 5. The
identified (and expected) components of the 100Cr6
reference (dotted line) are the a-iron matrix and carbides
of composition M3C (cementite type, see the enlarged
parts of the diffraction patterns in Figure 5). The same
components are observed for the substrate covered with
the surface film, but the relative concentration of M3C
carbides appears larger (note the intensities of the M3C
peaks; the diffractional intensities were normalized with
respect to the most intense a-iron peak occurring at
2h ¼ 44.7�). Diffraction peaks from iron oxides (FexOy)
could not be clearly identified. It may be speculated that
the peaks at 35� < 2h < 36� belong to iron oxides, but
the measured intensities are too weak for unambiguous
identification. This may indicate that the iron oxide(s)
present in the surface film is (are) amorphous; oxygen

was detected by AES. It may be suggested that a crystal
lattice of an oxide cannot exist at very high ion current
densities of i > 10 A cm)2, which corresponds with a
residence time of an iron-ion on a lattice position less
than 100 ls.

4.4. Polarization studies

The potentiodynamic anodic polarization curves ob-
served with 100Cr6 specimens applying the rotating
cylinder electrode (RCE) were limited to current densi-
ties below 7 A cm)2. The results indicate that active
ferrite dissolution at low anode potentials does not
occur in NaNO3 electrolyte (Figure 6(a)). In contrast to
typical activating ECM systems, which contain halide
ions in the electrolyte [6, 13, 30], up to +1.8 V (vs NHE)
no current flow is observed due to complete passivation
of the steel surface. The existence of the passive region

Fig. 4. Depth profile (Auger electron spectroscopy) of the solid surface film on a 100Cr6 substrate obtained from galvanostatic flow channel

experiments. Parameters: aqueous NaNO3 (20 wt %), 20 A cm)2, 60 s, 7 m s)1. Sputter rate, as indicated by sputtering a Ta2O5-reference

specimen, is 16 nm min)1.

Fig. 5. X-ray analysis of a polished 100Cr6 reference in comparison with an ECM-treated substrate (NaNO3 (20 wt %), 20 A cm)2, 60 s,

7 m s)1).
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was found not to depend on the concentration of the
NaNO3 electrolyte (Figure 6(a)). Obviously, nitrate ions
in aqueous solutions are not able to activate the
substrate surface at low potential [23, 24, 30]. The
approximately linear behaviour of the polarization
curves for anode potentials above +1.8 V is due to the
onset of oxygen evolution, which is the main electrode
reaction at low potential; it must be noted that a large IR
error disturbs the curves. This is in accordance with
integral current efficiencies g < 25% (calculated for
Fe2+ dissolution), as determined for this potential range.
Current efficiency values of the RCE experiments cannot
be directly compared to those of the flow-channel-cell
experiments: the current density during the RCE exper-
iment varies, whereas that during the flow-channel-cell
experiments is constant. For the calculation of RCE
current efficiencies the total transferred charge Q ¼ Idt
and the weight loss of the substrate were measured. The
polarization resistances, Rp, as determined from the
slope, dU/di, of the linear parts of the polarization
curves, are 0.54 W cm2 (2 M NaNO3), 0.36 W cm2 (4 M

NaNO3) and 0.29 W cm2 (6 M NaNO3). The relation of

these polarization resistances to the corresponding sep-
arately measured conductivities of the NaNO3 electro-
lyte (113 mS cm)1 (2 M), 160 mS cm)1 (4 M) and 176
mS cm)1 (6 M)) was found to be linear.
The O2 bubble formation at the anode surface

becomes obvious, when the periodic fluctuations super-
imposed on each polarization curve are recognized
(Figure 6(b)). The enlarged part of the 2 M NaNO3

polarization curve (forward scan) illustrates typical
fluctuations in current density due to repeated O2

bubble growth and detachment. At the points of steep
upward ‘jumps’ of current density i, the detachment of
an O2 bubble collective, in association with local
turbulence in the electrolyte, was observed by visual
inspection of the anode surface. As a consequence, the
resistance of the bubble layer, Rgas, drops to lower
values.
Potentiostatic investigations, using the RCE without

rotation, on passive film development occurring at the
substrate surface at potentials lower than the oxygen
evolution potential (+1.8 V; see above) are presented in
Figure 7. The steel substrate was oxidized at four
different anodic potentials. The time of the anodic
period was chosen such that the current density had
approximately reached the limiting current density of
23.6 mA cm)2 (dotted line in Figure 7). After anodiza-
tion, a fast switch to the cathodic potential of )0.5 V (vs
NHE) was carried out to demonstrate that reduction of
the passive film then takes place (stars in Figure 7). The
charges required for establishing complete film reduc-
tion to Fe0 were found to be 19 mC (at +1.2 V), 23 mC
(+1.4 V), 37 mC (+1.6 V) and 56 mC (+1.8 V). Assum-
ing that a compact Fe2O3 film with a density of
5.24 g cm)3 [33] had developed on the substrate and
that no charge had been carried by cathodic nitrate
reduction, the thicknesses of the passive films were
calculated from the values of transferred charges as

Fig. 6. (a) Anodic polarization curves of the steel 100Cr6 (soft

annealed) in aqueous NaNO3 of different concentrations (2, 4 and

6 M). Results obtained by potentiodynamic RCE-experiments. (Scan

rate 40 mV s)1; rotation speed 590 rpm; temperature 25 �C; cycles 1).
(b) Enlarged part of the potentiodynamic polarization curve for 2 M

NaNO3 solution (Figure 6(a)).

Fig. 7. Potentiostatic measurements of anodic passive film growth and

cathodic film reduction (anode surface 0.094 cm2). The potentials for

anodic polarization are given in the Figure, the cathodic reduction

potential for all single measurements was )0.5 V (vs NHE). The points

of the anodic/cathodic potential switches are indicated by stars in the

figure. Steel 100Cr6, NaNO3 (40 wt %), 25 �C, no electrode rotation

or electrolyte flow.
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102 nm (+1.2 V), 124 nm (+1.4 V), 203 nm (+1.6 V)
and 309 nm (+1.8 V). These thickness values are signif-
icantly higher than those reported for armco-iron
substrates [18], due to the fact that the anodic charges
transferred in the present experiments are many times
larger. Additionally, the presence of carbides in 100Cr6
provokes layer thickening.

4.5. Influence of temperature

The temperature dependence of the anodic polarization
curves of 100Cr6 in NaNO3 (40 wt %) was investigated
in region A up to the beginning of region B. The
measurements show that the passivation region (0 to
+1.8 V) exists at all temperatures investigated (10–
70 �C). No clear tendency for the temperature depen-
dence of the anodic polarization curves was found for
the potential region above +1.8 V; the shapes of the
curves are similar to those presented in Figure 6(a). The
polarization curves are the outcome of competing iron
dissolution and oxygen evolution. A possible variation
in relative contributions of these reactions during the
potentiodynamic measurement complicates the interpre-
tation of the polarization curves. Mass loss measure-
ments were carried out to demonstrate the temperature
dependence of the integral current efficiency; calculated
for a dissolution valence n ¼ 2 (Figure 8). The result
reveals, that with increasing electrolyte temperature,
oxygen evolution at the substrate surface is significantly
enhanced and iron dissolution is suppressed.
The results presented in Figures 6(a) and 8 are

consistent with polarization measurements at varying
electrode rotation speeds, which showed a very small
dependence on the hydrodynamic conditions in the
ECM system in the region of dominating oxygen
evolution (i < 5 A cm)2) [14]: since ferrite dissolution
is only a side reaction in NaNO3 electrolytes at low
anode potentials, ECM is not rate controlled by the

Fen+-diffusion from the electrode surface, and therefore
no limiting current density, ilim, depending on the
electrode rotation speed, occurs in the polarization
curves (Figure 6(a)). The situation changes at high
current densities where the role of iron dissolution
becomes more important: an oversaturated film may be
formed and the transport by diffusion and migration of
Fen+ will be dominant [29].

5. A model description for ECM with NaNO3 electrolytes

In general, solid surface films develop during high rate
electrochemical dissolution of iron and steels when
passivating electrolytes like NaNO3, Na2SO4 and
Na3PO4 are applied in ECM [1–7, 10, 11, 13–21, 23,
24, 30, 31]. For the case of steel substrates in passivating
electrolytes, very heterogeneous and irregular anodic
surface film structures develop, dependent on the
current density, the electrolyte composition, the tem-
perature and the substrate microstructure [14, 15]. For
this reason, several different mechanisms of surface film
growth and breakdown have been proposed [17, 30].
It is usually suggested, in particular for chloride

containing electrolytes, that anodic film breakdown is
caused by penetration of (Cl))-anions into the develop-
ing film, dominantly composed of FexOy. Anions in the
film at weak spots, for example, at dislocations or at the
interface with inclusions originating from the steel
matrix, initiate film rupture. The number of incorpo-
rated anions increases with increasing potential [17, 30].
If the ability of the anion to penetrate the protective
surface film is not strong enough, as in the case of
NaNO3 electrolytes where the size of NO3

)-ions is larger
than that of Cl)-ions, the above picture is inadequate.
A possible model for ECM in NaNO3 electrolytes is

presented in Figure 9. A soft annealed steel substrate
containing globular carbides M3C (black spots) within
the ferrite matrix (a-iron, grey) is subjected to high rate
electrochemical metal dissolution. At low potentials
(<+1.8 V) extremely low current densities occur due to
the formation of very thin passive films (Figure 7). If
electrochemical equilibrium is established these passive
films have the composition Fe2O3 in the potential range
)0.1 V to +1.8 V, at pH 7 [25, 32]. If the potential is
increased to +1.8 V and above the current density
increases significantly but the current efficiency is still

Fig. 8. Temperature dependence of integral current efficiency for

divalent iron dissolution, obtained by potentiodynamic RCE-experi-

ments (100Cr6, NaNO3 (40 wt %); scan rate 40 mV s)1; rotation

speed 1136 rpm; potential scan range +0.22 V to +4.22 V (vs NHE),

cycles 1).

Fig. 9. A model description for ECM of the soft annealed steel 100Cr6

in NaNO3. The steel matrix contains globular carbides (M3C, black)

surrounded by ferrite (grey).
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zero (zone A; Figures 1 and 6). In zone A, oxygen
evolution occurs exclusively. The dissolution of ferrite
becomes increasingly important in zone B. The relatively
thick solid surface film is composed of iron oxides and
metal carbides (Figures 4 and 5). FeO may initially be an
important component [34]. In any case this oxide is
unstable under ECM conditions and further oxidation
may occur. The initial appearance of an amorphous
structure for the iron oxide may be understood recog-
nizing the very short residence time of the iron ion on a
single lattice site of the order of 10)4 s at a current
density of 10 A cm)2. This suggests that there may not
be enough time to form a crystal lattice. The formation
of magnetite and haematite on iron has been reported [4,
10, 11]. Carbide particles in the steel matrix are inert and
are incorporated in the developing film. Pores and holes
at the interfaces with the carbides may be filled
efficiently by, in particular, the amorphous iron oxide
component, thereby giving good adhesion of the car-
bides. As a result, a highly heterogeneous film structure
is formed by diverse oxide components and inert carbide
particles. As both the solid oxidation product Fe3O4

(dark grey, Figure 9) and the insoluble carbides M3C
are nearly metallic conductive [15, 26], oxygen evolution
is expected along the entire film surface. The acidificat-
ion of the solution due to Reaction 3 is expected to be
greater around the carbides.
Since the transport of Fen+-ions by migration and

diffusion through solid surface film components is slow
as compared to electron transport, oxygen evolution
increases with increasing substrate surface coverage.
Oxygen evolution occurs exclusively at the film surface;
at the bare metal surface ferrite dissolution is favoured.
Recognizing that oxygen evolution can also occur within
pores in the heterogeneous film structure, it is conceiv-
able that the mechanical stress within the surface film
increases and this may be the main cause of local film
rupture at the location of single pores as observed in the
experiments. Progress of film rupture leads to areas
where large scale film detachment occurs. This then is a
metal dissolution activating process. Furthermore, acid-
ification as a consequence of anodic O2-development
leads to iron oxide dissolution and thereby film thinning,
facilitating surface film rupture/detachment.
Copious oxygen bubble formation may allow subse-

quent repassivation of the activated metal surface
regions. Thus, the highly heterogeneous surface film
structure observed as a function of current density is the
result of a dynamic process of activation and repassi-
vation. In turbulent flow conditions it is possible that, in
addition to the metal removal by a diffusion/migration,
a considerable amount of metal removal is realized by
mechanical erosion by solid metal carbides M3C from
the anode surface [13]. Since the mechanical erosion
process requires the presence of solid particles in the
flowing liquid which impact the surface film [13], it
follows, that once the surface film is locally damaged
and becomes thinner due to dissolution as a conse-
quence of local acidification, the mechanical erosion

process becomes increasingly severe. Hence, the average
thickness of the developing solid surface film is deter-
mined by competing processes of electrochemical sur-
face film growth and film thinning by the electroless
mechanical erosion of solid components in the turbulent
liquid (FexOy, Fe(OH)x, FeO(OH), M3C) and/or the
dissolution of the iron oxide structure.

6. Conclusions

1. Description of the electrochemical metal dissolution
in NaNO3 ECM-systems requires recognition of at
least three competing anodic reactions, which may
occur simultaneously: Fe2+-, Fe3+-formation and
O2-evolution (also [16]).

2. Complete passivation of the steel (100Cr6) substrate
surface corresponding to the presence of a black
surface film is established for anode potentials up to
+1.8 V (vs NHE).

3. At low current densities, above the threshold poten-
tial of +1.8 V (vs NHE), exclusive oxygen evolution
is observed (zone A). The electronically conductive
surface film covers the entire substrate surface. Peri-
odic overall current density fluctuations observed in
the polarization measurements indicate the forma-
tion-detachment-process of oxygen bubble groups at
the anode surface. Oxygen evolution is associated
with acidification of the boundary layer.

4. With increasing current density and decreasing elec-
trolyte temperature the formation of Fen+ species is
enhanced, while oxygen evolution diminishes (zones
B and C).

5. Electrochemical Fen+ dissolution becomes the dom-
inating ECM-reaction, if pronounced detachment of
the surface film occurs. This situation prevails at high
current densities (i > 20 A cm)2).

6. The black, solid surface film which develops on a
100Cr6 substrate upon ECM is constituted of
amorphous FexOy components and inert M3C car-
bides, originating from the steel matrix, which have
become embedded by the heterogeneous oxide ma-
trix.

7. ECM of 100Cr6 steel in NaNO3 can be conceived as
an activation–repassivation process. The initial,
compact anodic surface film on the steel substrate is
locally ruptured at high current densities due to the
development of oxygen gas in the pores of the film in
association with film thinning as a consequence of
acidification. As a result, bare metal substrate surface
may occur on a microscopic scale. Subsequently, the
development of a new surface film on the bare metal
surface causes repassivation.
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