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Measurement of anode potentials at high current densities
by the current interruption method for metals used in

aviation technology
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An electochemical flow-through cell and a current-interruption technique were used to investigate the
potential of anodes made from mild steel, nickel, and four Ni—Cr—Fe alloys at high current densities
(from 1 up to 100 A cm™2) in NaCl solutions for a Reynolds number of 7370. A plot of the anode
potential against logarithm of current density yielded a Tafel line over a broad range of current
densities. The plateau on the anode potential against current density curve was attributed to salt
film formation. This explanation was confirmed by visual observation of the anode surface.

1. Introduction

Values of anodic potentials at high current densities
for materials used in aviation technology are necessary
for the calculation of local current densities during
electrochemical machining (ECM). The [R-free
anodic potentials (e.g. potentials corrected for voltage
drop in the electrolyte) at high current densities for
mild steel and nickel electrodes in sodium chloride
solutions have been studied by a number of authors
[1-7], but the slopes of the polarization curves were
very varied over a very broad range, see Fig. 1. For
instance the IR-free anodic potential of mild steel
varied from O up to 9V vs NHE at a current density
of 100 Acm™. This is due to different experimental
methods used for the estimation of the anodic
potential, the type of the electrochemical cell and
mainly by the uncertainty in the /R subtraction. A
constant current interrupter technique was usually
employed in the experimental determination of anode
potentials during high-rate anodic dissolution of
metals [1, 2, 5-9]. The anodic polarization curves for
mild steel in NaCl solutions were summarized by
Davydov.[10] and, with additional data, are schemati-
cally shown in Fig. 1. The polarization curves were
obtained by the current interruption method in
nonstirred solution [2, 7] by the direct method in a
flow-through channel cell (u =6 and 1ms™", [3, 4)),
by the current interruption method in a flow-through
channel cell (u = 20ms~!, [5]), and by the current
interruption method in a quiet solution [1, 6]. The
kinetics and the stoichiometry of the anodic dissolu-
tion at high current density of multicomponent alloys
based on iron and nickel are not well known, but the
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anodic behaviour of iron and nickel has been studied
by a number of authors [11-17]. For iron dissolution
in chloride solutions, the stoichiometry and the
resulting surface finish depend strongly on the mass
transport conditions at the electrode. Below the
limiting (critical) current density corresponding to
salt film precipitation on the anode surface, the dissolu-
tion of iron yields divalent ions. Trivalent ions were
produced and surface brightening of the anode was
observed when the limiting current density was
reached [15].

The purpose of the present study was to evaluate
the anodic potentials of mild steel, nickel, and Ni—
Fe—~Cr alloys in NaCl solution at high anodic current
densities, which are necessary for the calculation of
the local current densities during ECM. The anodic
polarization curves of mild steel and nickel were
used as references.

2. Experimental details

In the present study a flow-through cell was used. The
construction of the cell and experimental setup was
similar to the arrangement used by Landolt [15].
The electrolyte was continuously circulated by means
of a piston pump and contained in a 5dm? PVC reser-
voir. The body of the electrochemical cell consisted of
two rectangular blocks made of polyacrylic glass. Into
one of these blocks a rectangular electrolyte flow
channel 0.4mm deep, 3mm wide and 73mm long
was grooved. A thick platinum wire, diameter equal
to 1.13 mm, (1 mm? cross section) was used as a fixed
cathode; this was positioned opposite an anode wire
of the same free electrode area. The distance between
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Fig. 1. Anodic polarization curves for mild steel electrodes in NaCl
solutions according to references (a) 20% [7], (b) 20% [2], (c) 15%
(4], (d) 15% [3], (e) 20% [5], () 10% [5], (g) 18% [6], (h} 20% [1],
composition is in wt %.

the electrodes was 0.4 mm (the same as the channel
depth) and was fixed by a micrometric screw. The
leading edge of the working electrode was positioned
61 mm downstream from the channel inlet. This corre-
sponds to 86 hydraulic diameters (defined by 4 x cross
section/circumference), enough to guarantee fully
developed velocity profiles at the electrodes under
both laminar and turbulent flow conditions. The cell
assembly was held together with ten brass screws. A
small capillary hole (0.8 mm) was drilled upstream
of the anode (at a 0.3mm distance from the anode)
providing connection (Luggin capillary) to the Ag/
AgCl reference electrode. A 8 mm thick and 15mm
long silver screw with a cavity formed the reference
electrode. The inner surface of the cavity was electro-
chemically covered with AgCl and the cavity was filled
with a 20% NaCl solution. To decrease the ohmic
drop in the connecting capillary, a silver wire covered
with AgCl was positioned in it and connected to the
silver screw. This arrangement provided a low-
impedance circuit, well suited for fast transient
studies. A 1250 Solartron frequency analyser and
1186 electrochemical interface were used for the
measurement of the cell impedance. The a.c.
amplitude was 5mV, the frequency was in the 0.1-
64 kHz range, the anode d.c. applied current density
was 0.0l Acm™2, Re=10000. For this purpose a
solution of 0.03Mm K;3Fe(CN)gs, 0.3m K, Fe(CN)g,
and 0.5mM KOH was prepared from reagent grade
chemicals and distilled water. The solution was
deaerated by bubbling nitrogen. Experiments were
carried out at 25 £ 1°C, nickel electrodes (cathode,
anode and reference electrode) were used. The
measured impedance diagram was represented by a
semicircle, see [21]. The current interruption method
was used to measure the JR-free anodic potentials. A
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Fig. 2. Transient curve U = f{7) of the interrupter; horizontal reso-
lutions 0.05 us div™!., vertical resolution 0.5Vdiv’!, R=1.00 Q,
I=1A, measured by analogue oscilloscope (Tektronix 2235A).

constant current was applied to the cell by a
potentiostat (Weking 75LB). The current was
measured by using a precision 5.1 resistance. The
anode potential vs Ag/AgCl reference -electrode
and the voltage drop on the 5.1 resistor were
displayed and stored in digital form every 50ns
by a two-channel fast transient recorder (DL-912,
8 bits, 2 memories, each 4 Kbyte data capacity). The
current was interrupted with a FET transistor
(transition time less than 10ns). The interrupter was
tested using an analogue oscilloscope (Tektronix
2235A); the applied current was 1A on a 1.0Q
resistor. A transient curve U = f{r) is shown in Fig. 2.
Before the measurement, a constant charge of
20Ccm™* was passed through the cell in the
galvanostatic mode and then the current was
interrupted. This charge assured that a steady state
was reached in the system. Before the experiment,
the anode surface was polished with wet 600 grit
grinding paper, rinsed with distilled water, and
immediately transferred to the flow cell. A 20%
NaCl solution was prepared from reagent grade
NaCl (Lachema, Brno) and distilled water. A fresh
electrolyte was prepared for each anode material.
All experiments were conducted at 25+ 1°C. The
potential of the Ag/AgCl reference eclectrode was
checked against SCE before and after each run.
Differences in the reference electrode potential during
the experiments were less than £2mV.

3. Results and discussion

After a charge of 20 Cem ™2 had passed, the current
was interrupted and a transient curve of the anode
potential against time was recorded. Figure 3 shows
the potentials of the mild steel anode before and after
the current interruption at a current density of
99 Acm™2. The accuracy of the measured anodic
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Fig. 3. Potential decay of a mild steel anode in 20% NaCl at
99 A cm 2. The linear flow velocity of the electrolyte was 14ms™!,
Re = 7370.

potentials at high current densities is mainly limited
by two factors: the estimation of the /R drop in the
solution and the estimation of the rate of double layer
discharge. The measured voltage before interruption
is a sum of IR drop and the anodic potential. The
value of Ex(r = 0) was found from the double layer
discharge estimated by Equation 1 on the assumption
of constant double layer capacity and the validity of
Tafel kinetics for the anodic reaction [20]:

Ex(r) = Ex(r=0) — b ln(l +jl> (1)

bC
where
E\(T) formal anodic potential (V)
Es(r = 0) formal IR-free anodic potential (V)
b Tafel slope (V); from n = a+ b In (j)
j applied anodic current density before cur-
rent interruption (A cm™2)
T time after interruption (s)
C double layer capacity (F cm %)

Owing to limitations in the frequency response of
the DL-912 amplifiers (6 MHz upper limit), the value
of Ex(7 = 0) cannot be determined exactly. From the

Table 1. Average values of the Tafel slope and double layer capacity
for the anode materials used

Anode Tafel slope d.l. capacity
material b/mV C/uF em™
Mild Steel 20+£10 46 £ 16
AK1 104+ 17 1242
Nickel 174 £ 16 2+1
LVNI0 43 £ 41 17+8
EI437 42 +23 17£5
EI617 146 £ 63 3742

Potential vs NHE/V
Fig. 4. Plot of IR-free anodic potential vs. current density in 20%
NaCl. The linear flow velocity of the electrolyte was 14ms™",
Re=17370, {(+) mild steel, () AKI, ({J) nickel, (x) LVNI1O,
(o) EI437, (A) El617.

measured E, () values it was inferred that the error in
E,(7) values, measured after interruption at 50, 100
and 150 ns, was due to the limited frequency response
of the amplifiers. Therefore, Equation 1 was used as a
base for a non-linear regression fit of the anodic
potential transient in the range 200-3000ns, which
yielded the IR drop, the Tafel slope and the double
layer capacity (Table 1). Equation 1 is not valid in
the region of the limiting (critical) current density.
The use of Equation 1 close to the critical current
density causes problems, e.g. unrealistic values of b
and other parameters in this region are calculated.
The confidence interval for b is large owing to the
contribution of the values calculated in the region
near the critical current density. Figure 4 shows the
IR-free anode potential against current density plot
on a semilogarithmic scale for all metal materials
used at a linear flow velocity of 14ms™!
(Re = 7370). Apparently, the IR-free anode potential
is linearly related to the logarithm of the current
density, in good agreement with the assumption of
Tafel behaviour of the anode materials, whose compo-
sition is given in Table 2.

The polarization curve of mild steel exhibits some
distortion at a current density of 50 A cm ™2 (critical
current density) and the anodic potential is shifted
to higher values, as expected from polarization
curves measured at the lower current density. This
distortion and the change of the slope of the polariza-
tion curve shown in Fig. 4 may be caused by an anodic
salt film. Visual observation of the anode surface after
the experiments clearly showed that the surface of the
anode obtained below the critical current density was
porous and black. Above the critical current density,
the surface of the electrode became bright and
glossy. This observation is in good agreement with
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Table 2. Composition of the anode materials according to [15]

AKI EI617 EI437 LVNIO Mild Steel Nickel
Ni 1.65 74 74 74 - 99.9
Cr 11.25 14.5 20.5 12.5 - -
Fe 82 5 1.0 0.5 98.64 0.1*
Al - 2 0.8 6 - -
Mo T 042 3 - 4.5 - -
Ti - 1.05 2.7 0.7 - -
W 1.8 - - - - -

\ 0.24 1.3 - - - =

C 0.13 0.06 - 0.03 0.1 -

B - 0.2 0.01 0.01 - -

Si 0.6 0.6 - 0.5 - -
Cu 0.3 0.07 0.07 0.3 - -
Mn 0.6 0.5 0.4 0.2 0.9 -

S 0.025 0.01 0.07 0.015 0.18 -

P 0.03 0.015 0.016 0.015 0.18 -
Ce - 0.2 0.01 - - -
Pb - -~ 0.01 - - -
Nb+ Ta - - -~ 2.0 - -
Zr - ~ - 0.10 - -
Sn + Sb - — 1.0 - - -
*Fe + Co

other authors [13-15]. A similar behaviour was
observed with the material AK1. The transition
region in the appearance of the anode surface from
etching to brightening was broader for pure nickel
and corresponded to a change in the double layer
capacity with current density for the nickel electrode.
From Fig. 5 a considerable change in the double layer
capacitance is visible above 15 A cm™. From Fig. 4 it
follows that the kinetic parameters are changing in
this current density range and this influences the
apparent capacity. Nevertheless, because at each point
all parameters (IR drop, b, C) are evaluated from the
potential-time transient curve, the apparent capacity
represents local value for a given current density.
There is no averaging over all current densities. This
is the reason why the value of the apparent capacity
primarily represents the change in surface properties
for a given electrochemical reaction. The polarization
curve for LVNI10 also exhibits a sudden change in
anodic potential slope at a current density of
50Acm 2. The alloy EI617 showed similar
behaviour, but the critical current density was
20-40 Acm™2. The polarization curve for EI437
exhibits a negative change in the anodic potential

slope above 40 Acm ™. This unrealistic part of the
polarization curve is probably due to errors in the
IR drop estimation. The error in conversion by the 8
bit A/D converter is 20mV for the 5V scale and this
may cause the observed error in anodic slope. The
expected linear behaviour of the current density
against IR potential drop on log-log coordinates can
be seen from Fig. 6. On the basis of regression
analysis using the equation

we obtained ky = —0.34 + 0.04 and k, = 0.98 +0.03
for a 95% confidence interval. This result means
that the estimated R value is independent of the
applied current density.

4, Conclusion

The interruption technique was used for the estima-
tion of the anodic potential of mild steel, nickel and
four metal alloys at current densities up to
100Acm™ in a flow channel cell at a Reynolds
number of 7370. The use of Equation 1 for the evalua-
tion of transient values of Ex(r) enabled the
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Fig. 5. Plot of double layer capacity against current
density for a nickel anode in 20% NaCl. The double
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layer capacity was evaluated from the transition
curves by using Equation 1. The linear flow velocity
of the electrolyte was 14ms™", Re = 7370.
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Fig. 6. Plot of IR potential drop vs current density in 20% NaCl.
The linear fow velocity of the electrolyte was 14ms™!

s

Re = 7370, (+) mild steel, {(x) AK1, ([7J) nickel, (x) LVNIO, (o)
EI437, (A) EI617.

estimation of Tafel slopes for all these materials as
functions of current density. The Tafel slopes, dE/
dlogj, are in the range from 20 to 174mV. On the
IR-free polarization curves a plateau was observed,
and the corresponding current density was denoted
as critical current density due to the formation of a
salt film on the anode surface; this was supported by
visual observation. The measured polarization curves

can be used to calculate the local current densities
during electrochemical machining of the studied
materials [19].
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