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Abstract

An analytical expression is derived for the current±time transient for electrochemical machining (ECM) using a
planar tool and workpiece con®guration. This is obtained as a function of such parameters as the initial
interelectrode gap, applied voltage, electrolytic conductivity, valency, density and feed rate. Good theoretical ®ts to
experimental data are found for the alloys titanium 6/4 (Ti6/4) and Inconel 718 (In718) using both sodium chloride
and sodium nitrate electrolytes, demonstrating the applicability of this theory. The values of the electrolytic molar
conductivity obtained for chloride and nitrate are consistent with the expected conductivity obtained from molar
conductivity measurements. The mean valency values obtained for Ti6/4 and In718 are 3:5� 0:2 and 3:0� 0:2,
respectively. The fraction of the applied voltage used to drive the electrochemical surface reactions, V0, has also been
obtained. The variation in V0 between alloys when using the same electrolyte and also for each alloy when using
di�erent electrolytes is attributed to di�erences in the thermodynamics of the removal of the metal from the surface
metal oxide. For In718 using chloride electrolyte, an increase in V0 is observed at higher applied voltages, consistent
with a change in the electrochemical dissolution reaction. Analysis of the variation of V0 at low applied voltages
throughout the current±time transient has enabled the current±voltage characteristics of these surfaces electro-
chemical reactions to be determined, indicating Tafel behaviour. These data show this analysis to be a powerful
methodology for understanding and measuring ECM characteristics under realistic ECM conditions.

1. Introduction

The conventional milling or turning of high strength,
low-weight, metallic and intermetallic alloys can be
problematic in cases where the required high cutting

forces exceed a tooling capability or are uneconomic
because of high tool wear and low machining rates.
Electrochemical machining (ECM), a process in which
metal is removed by the electrochemical dissolution of a
workpiece material, is a technology that has many

List of symbols

A area of electrode (both tool and workpiece)
f tool feed rate
t time
z gap between the electrodes (perpendicular to

planar electrode surfaces)
I current
j electrolyte conductivity
q density of the workpiece material
V applied voltage
V0 portion of the applied voltage required at the

electrode interfaces to drive the machining process
y thickness of erosion of the workpiece

(perpendicular to workpiece surface)
dy=dt erosion rate

n valency or number of electrons transferred per
dissolving metal atom

F faradaic constant
M average molecular mass of the workpiece
I0 the exchange current for electrochemical reaction
E potential
b Tafel slope

Subscripts
1 value as time approaches in®nity
i initial value (value at time designated as initial

time for ®tting purposes)
0 value at time zero
1 value at a designated time
2 value at an alternative designated time
C calculated value
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potential advantages for the machining of these ad-
vanced alloys. Unlike many competing metal shaping
processes, ECM is able to machine a material irrespec-
tive of hardness and is able to produce complex shapes
with high surface integrity at high metal removal rates
[1±5]. ECM is carried out by passing an electric current
through an electrolyte ¯owing in the gap between an
electrode tool and workpiece. This causes electrochem-
ical dissolution of the workpiece at current densities of
the order of 1� 106 A mÿ2. As dissolution of the
workpiece material occurs the tool electrode is moved,
at a controlled rate, to remove material as required. In
order to understand, model and control this process, it is
important that the physicochemical parameters that
control the dissolution are identi®ed. Traditional electro-
chemical voltammetric [6]measurements have given some
insight into the electrochemical dissolution processes
occurring at low current densities (below 104 A mÿ2).
However, it is extremely unlikely that parameters ob-
tained from these measurements can generally be applied
to the high current dissolution region, as the reactionmay
be a�ected by the increased voltage and local ion
depletion. This means that in the absence of experimental
observations, traditional methods for analysing current-
voltage data cannot be applied with con®dence.
At high currents, parameters which are important in

ECM are the electrolyte conductivity (controlled by the
concentration and type of ions in the gap between the
workpiece and the tool), the valency and the distribution
of the applied voltage [7±11]. This is expected to vary
with the nature of the workpiece and the current.
Previous workers have demonstrated how values of
these parameters can be obtained by experimental
measurements. For example, Tipton [12] has shown
that the `e�ective overvoltage' (the portion of the
applied voltage used to drive the surface electrochemical
reactions) and conductivity can be determined from a
plot of the relationship between the applied gap voltage
and the gap size when machining at a constant current
with no tool feed. The valency is then determined by
comparing the mass of material dissolved with the
charge passed, assuming constant valency throughout
the measurement. However, such simple measurements
are a long way from the conditions which are imposed

for any practical geometry during electrochemical ma-
chining, and in particular where there is a complex
interdependence of process parameters over the elec-
trode surface. If such `static' techniques were to be used,
then extensive repeated measurements would be re-
quired to check for interparameter sensitivities. To date,
there is no analytical method for the dynamic measure-
ment of these parameters during machining [9, 13]. In
this paper a novel electrochemical methodology for
analysing current±time transients and obtaining these
parameters during ECM is reported. The applicability of
this method is also demonstrated for Titanium 6/4 (Ti6/
4) and Inconel 718 (In718), two commercially important
aerospace materials [14, 15].

2. Theory

The system under consideration is a planar tool (cath-
ode) moving at a constant feed rate towards a planar
parallel workpiece (anode) of the same area, with
electrolyte between the two electrodes (Figure 1). It is
assumed that the current is governed by migration (an
essential assumption for stable machining). A further
assumption is that the electrolyte is being pumped
through the interelectrode gap at high enough ¯ow rate
that the build-up of machining products and/or the loss
of ions from the electrolyte does not signi®cantly a�ect
the electrolyte conductivity, which can be assumed to
remain constant throughout the experiment. This is the
case for the experimental results presented herein. The
current across the electrolyte is given by:

I � j�V ÿ V0�A
z

�1�

Assuming that this all leads to electrode dissolution, this
current is also the dissolution current of the workpiece,
and therefore

I � nFAq
M

� �
dy
dt

�2�

The change in the interelectrode distance is given by
(Figure 1(a))

Fig. 1. Schematic representation of the planar tool/planar workpiece con®guration (a) before steady-state (b) at steady-state. Relative movement

of the tool and workpiece are shown by the arrows, and distance between the electrodes by the double headed arrows.
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dz
dt
� dy

dt
ÿ f �3�

and hence, combining Equations 1, 2 and 3

dz
dt
� k

z
ÿ f �4�

where

k � j�V ÿ V0�M
nF q

� �
�5�

Now at the equilibrium current, I1, (I when t!1),
when a steady-state current has been reached, z remains
constant at z1 and dz=dt � 0 (Figure 1(b)); hence
f � k=z1 and

dz
dt
� k

1

z
ÿ 1

z1

� �
�6�

This equation can be integrated from t � 0, z � z0 to
t � t, z � z, to give

ln
z1 ÿ z0
z1 ÿ z

� �
� z0 ÿ z

z1
� kt

z21
�7�

Substituting the appropriate values of I0, I and I1, the
currents at t � 0, t and1 (the equilibrium current time),
respectively, from Equation 1 gives

ln
1ÿ I1=I0
1ÿ I1=I

� �
� �I1=I0 ÿ I1=I� � kt

z21
�8�

or

ln
1ÿ I1=I0
1ÿ I1=I

� �
� �I1=I0 ÿ I1=I� � f 2t

k
�9�

Using Equation 9, a series of theoretical curves have
been produced for the dimensionless current transients
which would be obtained at di�erent values of I0=I1
(corresponding to di�erent values of starting interelec-
trode distance with respect to the equilibrium machin-
ing distance) as a function of dimensionless time, f 2t=k.
Figure 2 shows theoretical relationships both when
I0 < I1 and when I0 > I1. It is clear that these two sets
of transients are very di�erent in shape. When I0 > I1,
the dz=dt term dominates the f term in Equation 3 and
from Equations 1, 3 and 4, I varies with tÿ1=2 initially,
showing a steep decrease in current until the equilibrium
current is reached. However, when I0 � I1 (the starting
interelectrode gap is large), the dissolution current is
relatively low and remains so until the feed rate ensures
that the gap approaches the equilibrium interelectrode
gap, when a sharp rise in current to the equilibrium
current is seen, producing S-shaped curves. Although
the approach of the current (and gap) is asymptotic to
I1 (and z1), for all practical purposes I reaches the

value of I1 within experimental error well within the
timescale of these plots. For any given value of f , the
low dissolution current region becomes more pro-
nounced as I0 is decreased, since more time is required
to reach the equilibrium interelectrode gap.
Usually, electrochemical machining experiments in-

volve ensuring that I0 < I1, as this ensures a large
starting interelectrode gap and precludes the possibility
of shorting or electrolyte breakdown and sparking.
Thus, generally rising current transients are observed.
However, falling current transients are observed under
pulsed voltages, conditions which have recently become
of considerable interest [16, 17]. This will be the
subject of a future publication. Furthermore, at any
given value of I0, Equation 9 shows that it is k=f 2 which
is the characteristic time constant for these transients;
thus increasing f or V0 or decreasing j or V will decrease
the observed transient time for a given system.

3. Experimental details

ECM studies were performed using a Transtec electro-
chemical machine, (Figure 3). This was combined with a
RDOA 100/240/415 regulating transformer (Bonar
Brentford Electric) and a 600 A transformer (Good-
year). The solution ¯ow was controlled by means of a
Hydriacell D25 pump (Wanner Engineering Inc.); the
¯ow sensor was a type FT 13 (Platon Instrumentation)
and the current transducers were of type HT (RS
Components). The data were collected using an Intel-
ligent Instruments (Burr±Brown) PC data logging sys-
tem combined with the Visual Designer software
(Intelligent Instruments). The planar cathode (the tool)
was a copper±tungsten alloy of length (parallel to the
direction of solution ¯ow) 4:00� 10ÿ2 m and width

Fig. 2. Theoretical normalised current (I=I1) ± normalized time

(f 2t=k) curves for electrochemical machining using Equation 9. Values

of the normalized initial currents (I0=I1) for each series of curves are

given on the diagram.
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(perpendicular to the solution ¯ow) 1:20� 10ÿ2 m. This
gives an area for each electrode of A � 4:80� 10ÿ4 m2.
The two electrolytes used were 60 litres of 15.0% w/v

solution of sodium chloride or of 21.7% w/v solution of
sodium nitrate (Anderson, Gibb and Wilson) as appro-
priate, maintained at 30 �C throughout. These percent-
age concentrations were chosen to ensure that the ions
in solution were of the same molarity (2.56 mol dmÿ3).
The workpiece materials studied were Ti6/4 (Titanium
International Ltd) and In718 (Haynes International
Inc.). The certi®ed compositions of these alloys were as
given in Table 1.
For these data, the initial electrode gap, controlled by

inserting a feeler gauge between tool and workpiece, was
set at 0.8 mm. The voltage referred to for each exper-
iment is held constant and is the voltage measured
between the workpiece and the tool. The electrolyte ¯ow
rate and feed rate, f , were maintained at 20 dm3 minÿ1

and 1.04 mm minÿ1, respectively. Under these condi-
tions, assuming that one electron results in the con-
sumption or production of one anion or cation in the
electrolyte and using this ¯ow rate and an upper limit to
I1 of 370 A for these experiments, this corresponds to a
change in ion concentration of 1:1� 10ÿ2 mol dmÿ3.
From this the calculated change in electrolyte concen-
tration is 0.4%. These conditions therefore ensure that
the assumption of constant electrolyte concentration
is applicable, which is con®rmed by the observation of
a constant equilibrium gap along the ¯ow path for
these experiments. Fitting of the current time transients

was achieved by iteratively ®tting the results to Equa-
tion 9, using the SigmaPlot plotting program (Jandel
Scienti®c).

4. Results and discussion

Figures 4 and 5 show representative examples of typical
current±time data for Ti6/4 in nitrate electrolyte and
chloride electrolyte respectively. Figures 6 and 7 show
comparable data for In718. Also shown are the iterative
®ts obtained using Equation 9. It is clear that good
theoretical ®ts are obtained. To ®t these data, a value of
I0=A was obtained from the starting current and the
iterative ®tting method was used to obtain values of
I1=A and f 2=k. Values of I1=A and f 2=k are reported
for these ®ts in Table 2.
From these and other data it is clear that I1=A

remains constant at �59� 3� � 104 A mÿ2 for Ti6/4 for
both types of electrolyte between 10 and 20 V. From
Equations 2 and 3 when dz=dt � 0,

I1
A
� nF qf

M
�10�

This predicts a constant I1=A for any given material, as
long as n and f remain constant. It is of course possible
that products from the tool and the workpiece reaction
could meet in the solution and react, generating species
which could return to the electrodes and react further,
thereby reducing the e�ciency of the machining process.
In this case and in contrast to these observations, it is
likely that the number of electrons passed in the reaction
would change as the workpiece and tool approach each
other and good iterative ®ts to the current±time data
would not be expected. Using the measured values of
q � 4:413 g cmÿ3 and the average atomic weight of Ti6/
4 (from Table 1), M � 45:80 g molÿ1 in Equation 10
gives a value of n � 3:5� 0:2. For In718, the corre-
sponding values are I1=A � �70� 2� � 104 A mÿ2, q �
8:228 g cmÿ3, M � 59:79 g molÿ1 and n � 3:0 � 0:2.
These values of n, the average valencies for the alloy,
are the important valency parameters for the ECM
process.
In principle it is possible to use these values of n to

produce values for the valency of each constituent
element in these alloys. For example, electrochemical
dissolution of Al will be likely to produce Al(III) species,
so one possible explanation of these data is that the
dissolution of Ti6/4 involves a mixture of Ti(III) and
Ti(IV) species, with n for Ti of approximately 3:5� 0:2.
The observed value for In718 is also consistent with Fe

Fig. 3. Schematic diagram of the apparatus used to carry out the

electrochemical machining experiments.

Table 1. Composition in weight percent of Ti6/4 and In718 alloys

Alloy C Fe N Al V O Mn Co Cr Cu Mo Ni Si Ti

Ti6/4 0.01 0.17 0.02 5.89 3.76 0.15 ± ± ± ± ± ± ± 89.91

In718 0.05 23.50 ± 0.48 ± ± 0.22 0.17 18.16 0.02 2.96 53.32 0.10 1.02
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dissolving as Fe(III), Cr as Cr(III) and Ni as Ni(III). It is
reassuring that these individual elemental valencies are
chemically reasonable; however considerable caution
must be exercised in assigning individual valencies. For
example, previous work on nickel in nitrate electrolyte
has suggested that dissolution occurs via Ni(II). Al-
though this observation cannot simply be applied to
In718 measurements, as the data were collected at lower
current densities and from the pure metal, both of which
may cause a change in the elemental valency [18], it is
possible that the same mean valency could be achieved
by balancing a lower valency for one element (e.g., Ni)
with a higher valency for another (e.g., Cr). Thus careful
measurements under a variety of elemental composi-

tions close to the alloy composition would be necessary
to establish these elemental valencies.
Once these values of n and I1 have been obtained

from these experiments, it is not necessary to collect the
full current time transient, as iterative ®tting can be
achieved whilst ®xing I1 at its known value. Thus if I1
(or n) is known, values of f 2=k can be obtained
experimentally with the consumption of less material
or when I1 is not attained; for example at relatively
small gaps or after the build up of products on recycling
of the electrolyte or at lower ¯ow rates, when a
passivating surface layer can start to form [19]. How-
ever, care must be taken to ensure that the solution ¯ow
rate is large enough to ensure that the value of I1 is

Fig. 4. Typical experimental data (s) for the electrochemical machin-

ing of Ti6/4 in nitrate electrolyte at applied voltages, V, of (a) 24 V (b)

18 V. Solid lines show the iterative ®ts obtained by ®tting data to

Equation 9.

Fig. 5. Typical experimental data for the electrochemical machining of

Ti6/4 in chloride electrolyte at (a) 16 V (b) 12 V, plotted in same

manner as Figure 4.

Fig. 6. Typical experimental data for the electrochemical machining of

In718 in nitrate electrolyte at (a) 24 V (b) 16 V, plotted in same

manner as Figure 4.

Fig. 7. Typical experimental data for the electrochemical machining of

In718 in chloride electrolyte at (a) 24 V (b) 20 V, plotted in same

manner as Figure 4.
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applicable under these conditions. From these iterative
®ts, the values of f 2=k and I0=A can be used to determine
V0. From Equation 5,

k
f 2
� j�V ÿ V0�M

nF qf 2

� �
/ �V ÿ V0� �11�

and, from Equation 1,

I0
A
� j�V ÿ V0�

z0
/ �V ÿ V0� �12�

since z0, the starting interelectrode gap is constant in
these experiments. Figure 8 shows that for Ti6/4, when
k=f 2 and I0 are plotted against V for these data, straight-
line graphs are obtained, consistent with Equations 11
and 12. This indicates that V0 has a constant value
within experimental error under these conditions. In
accord with Equations 11 and 12, both the k=f 2 and the
I0 plots show the same V -axis intercept within experi-
mental error. These graphs therefore indicate that
V0 � 5:4� 0:1 V and V0 � 9:8� 0:5 V for Ti6/4 in
chloride and nitrate electrolyte respectively. Figure 9

shows the corresponding data for In718. As with Ti6/4,
both the k=f 2 and I0 data show a common V -axis
intercept, giving values of V0 � 5:4� 0:4 V and
V0 � 3:0� 0:4 V for chloride (the low voltage data)
and nitrate electrolytes, respectively.
From the gradients of these lines in Figures 8 and 9

and Equations 11 and 12, four independent values for j
for each electrolyte can be obtained. These are all
j � 20� 1 S mÿ1, in very good agreement. These val-
ues, which have been obtained from the shape of the
transients (all t) and the starting current (t � 0), respec-
tively, are identical to those measured previously for
these electrolyte systems [19]. This good agreement
con®rms that the products of the electrochemical
machining process do not signi®cantly alter the con-
ductivity of the solution as machining progresses,
further con®rming an assumption of this theoretical
treatment.
It is noted that the values of V0 obtained are lower for

chloride than nitrate. This can be explained by the
increase in ligating ability when switching from nitrate
to chloride. Chloride tends to form relatively strong
complexes with the dissolving species at the workpiece

Table 2. Values of f2/k and I¥ obtained from the iterative ®ts to the experimental current time transients

Electrode Voltage/V I¥/A (/104 A m)2)

nitrate

f 2/k (/10)2 s)1)

nitrate

I¥ /A (/104 A m)2)

chloride

f 2/k (/10)2 s)1)

chloride

Ti6/4 10 ± ± 57.0 � 0.1 7.80 � 0.04

14 55.7 � 0.6 7.0 � 0.1 58.9 � 0.4 4.83 � 0.05

18 55.3 � 0.1 4.40 � 0.03 59.5 � 0.1 3.44 � 0.03

20 53.7 � 0.1 4.34 � 0.05 61.7 � 0.1 2.06 � 0.03

24 54.2 � 0.1 3.96 � 0.04 ± ±

In718 12 74.4 � 0.2 7.36 � 0.03 71.1 � 0.6 5.07 � 0.08

16 72.4 � 0.1 5.02 � 0.02 68.7 � 0.2 3.41 � 0.03

20 70.7 � 0.1 3.61 � 0.02 67.9 � 0.1 3.03 � 0.01

24 74.7 � 0.2 3.51 � 0.02 69.1 � 0.1 2.96 � 0.02

Fig. 8. Plots of I0 against V for Ti6/4 in (s) chloride (,) nitrate

electrolyte and k=f 2 against V for Ti6/4 in (h) chloride and (n) nitrate

electrolyte.

Fig. 9. Plots of I0 against V for In718 in (s) chloride (,) nitrate

electrolyte and k=f 2 against V for In718 in (h) chloride and (n) nitrate

electrolyte.
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and this would lead to a decrease in the free energy of
the dissolution process and hence a decrease in the
oxidation potential. Also, V0 varies with the nature of
the alloy. There are potentially two di�erent types of
surface process occurring. If the reaction were simply
the oxidation and dissolution of the metals as ions from
the metal surface, then the observed values of V0 would
be expected to be less for Ti6/4 than In718, as the
oxidation of both Titanium and Aluminium metal are
thermodynamically favoured over Iron, Chromium and
Nickel [20]. In fact V0 for In718 is consistently lower
than V0 for Ti6/4, which indicates that the dissolution
reaction involves the expulsion of the metal ions from
the surface oxide, as the free energies of formation of
titanium and aluminium oxides are much higher than
those of iron, nickel and chromium oxides [21, 22]. This
will lead to an increase in the energy required to expel
metal ions from the Ti6/4 oxide with respect to In718
and hence to an increase in the value of V0.
At higher applied voltages (16 V and above) for In718

in chloride both the k=f 2 and the I0 data show
systematic deviation from this line. This is consistent
with an increase in the value of V0 at these voltages, so
that V0 approaches the value observed for nitrate. Two
possible explanations for this e�ect are also a decrease
in the electrolyte conductivity and an increase in the
resistance of an insulating surface layer on the work-
piece. However, these can be rejected since a decrease in
conductivity would cause an increase in the equilibrium
gap and signi®cant resistive IR drop due to a surface ®lm
would cause a current dependent deviation in the value
of V0 and result in a poor iterative ®t to the current±time
data. Neither of these e�ects is observed.
The most likely explanation is a change in the surface

dissolution reaction mechanism, which would corres-
pond to a plateau in the anodic current±voltage curve
for this electrode. Similar behaviour has been previously
observed for nickel in nitrate electrolyte [23], and was
attributed to a change in nature of the surface oxide ®lm
inducing a change in the reaction. This is at present the
subject of further investigation.
The apparent insensitivity of the observed values of V0

with current is worthy of discussion. V0 corresponds to
that part of the applied voltage at the electrode surfaces,
driving the electrochemical reactions. It is extremely
di�cult to produce a general theory for the quantitative
analysis of I , V0 characteristics, but the reactions that
need to be considered are

M(s)!Mn� � neÿ

at the workpiece (where M is the metal and n is its
valency) and

H2O� eÿ ! 1

2
H2�g� �OHÿ�aq�

at the tool. At each electrode, the experiment is carried
out under conditions of e�cient mass transport, and at

high currents, where the back reactions can be neglected.
In this case Tafel behaviour should be observed. This is
supported by the few experimental measurements which
have been performed on di�erent materials under
similar conditions [24, 25]. In this case, the following
general equation should apply

V0:2 ÿ V0:1 � b ln�I2=I1� �13�

where b is the Tafel slope. Thus, at ®rst sight, from
Equation 13, V0 would be expected to be dependent on
current rather than independent of current as is found in
the experimental data. The observed independence
indicates that the change in V0 with I is small and
within experimental error for these data. In this case, the
e�ect would only seen at applied voltages, V , su�cient
to enable machining but su�ciently small that signi®-
cant changes in (V ÿ V0) occur during the time course of
the current transient. This can be seen in the data
collected at the lowest applied voltages, as shown in
Figures 10(a) and 11(a), where calculated values of time,
tC, obtained by using the parameters from the iterative
®t of the experimental data to Equation 9 are plotted
against the experimental values of time, t, for two
applied voltages, 11 and 12 V respectively. The data in
Figure 10(a) show a systematic deviation of this line
from a line of unity gradient and zero intercept at higher
values of t, which is consistent with an increase in V0

with increasing current. A similar deviation is also
observed in Figure 11(a), although this is not as marked,
due to the decrease in the relative change in (V ÿ V0)
brought about by the increase in V . This plot demon-

Fig. 10. Plots of tC (calculated time) against t (experimental time) for

electrochemical machining of In718 at an applied voltage of V � 11 V

in nitrate electrolyte. (a) Iterative ®t to the whole data set using

Equation 9, with tC being calculated from the resulting parameters and

the observed current values. Equation of straight line is tC �
1:158 tÿ 2:854; correlation coe�cient, r � 0:9927. (b) Fits to Equation

17 using successive iterative ®ts to 9 s portions of the data, followed by

calculation of tC values as in (a). Equation of straight line is

tC � 1:004 tÿ 0:198; correlation coe�cient, r � 0:9998.
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strates why the iterative ®ts presented previously show a
reasonable ®t to the data, as when the voltage, V ,
applied to the system is increased above 12 V the change
in the magnitude of (V ÿ V0) throughout the transient
becomes su�ciently small that the approximation of a
constant value of (V ÿ V0) is applicable.
For the 11 and 12 V data, it is possible to determine

how V0 varies throughout the transient. In this case,
Equation 6 can be integrated from t � ti, I � Ii to
t � 1, I � I1 to give

ln
z1 ÿ zi
z1 ÿ z

� �
� zi ÿ z

z1
� k�t ÿ ti�

z21
�14�

and hence,

ln
1ÿ I1=Ii
1ÿ I1=I

� �
� �I1=Ii ÿ I1=I� � f 2�t ÿ ti�

k
�15�

where t > ti and the equation is referenced to an initial
measurement of ti, Ii. Since I1 is known from previous
measurements at higher applied voltages, this equation
can be applied over a range of (t ÿ ti) values, as long as
the change in I is su�ciently small to ensure that V0 (and
hence f 2=k) can be assumed to be constant. Iterative ®ts
of the data to Equation 17 have been obtained at
various values of ti, with �t ÿ ti�O 9 s. This ensures that
V0 is constant, as the variation in I is 5% or less of I1.
Figures 10(b) and 11(b) show the resulting values of tC,
which show the ®ts to be much improved compared with
Figures 10(a) and 11(a).

Using these ®ts, a graph of the variation of k=f 2 with �I ,
the mean current of the section of data used for each ®t,
can be plotted, as shown in Figure 12. FromEquation 11,
the variation in k=f 2 in this case is due to changes in ÿV0

and a graph of ln��I� against k=f 2 should be a straight line
with a negative gradient if Tafel behaviour is observed.
This is indeed the case. From the gradient of the k=f 2 plot
in Figure 9 and since this variation in I with V0 should be
independent of the applied voltage (assuming no change
in reactionmechanism) the equivalent data for an applied
voltage of 12 V should fall on a parallel line, displaced by
2.0 sÿ1 on the k=f 2 axis. Despite the increased scatter,
consistent with the increase in the error associated with
measuring these data as V becomes the dominant term in
(V ÿ V0), there is reasonable agreement between these
data and this line, which con®rms Tafel behaviour
(Equation 13). These lines each produce a value of
b � 1:4 V.
This method of analysing portions of the current±time

transient applies not only where there are changes in
(V ÿ V0), but also when there are changes to any of the
constituent parameters of k. Thus changes in j, due to
the formation of bubbles, or to changes in the nature
and concentration of ions in the gap can be measured by
systematic variation of electrolyte ¯ow rate in the latter
case, and the inlet and outlet pressure of the electrolyte
¯ow in the former, even in situations where an equilib-
rium machining current is not achieved.

5. Conclusions

The results presented in this paper clearly demonstrate
that analysis of chronoamperometric electrochemical

Fig. 11. Plots of tC (the calculated time) against t (the experimental

time) for electrochemical machining of In718 at an applied voltage of

V � 12 V in nitrate electrolyte. (a) Iterative ®t to the whole data set

using Equation 9, with tC being calculated from the resulting

parameters and the observed current values. Equation of straight line

is tC � 1:058 tÿ 0:166; correlation coe�cient, r � 0:9996. (b) Fits to

Equation 17 using successive iterative ®ts to 9 s portions of the data,

followed by calculation of tC values as in (a). Equation of straight line

is tC � 1:003 tÿ 0:241; correlation coe�cient, r � 0:9998.

Fig. 12. Plot of ln��I �, the logarithm of the mean current for each 9 s

portion against the corresponding value of k=f 2 obtained from the

iterative ®ts in Figures 10(b) and 11(b) for In718 in nitrate electrolyte

at an applied voltage, V � 11 V (solid points), V � 12 V (open points).

Straight line through the 11 V data is the regression line. Line through

the 12 V data is that expected from Figure 9 if the same �I, V0

behaviour were observed in each case.
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machining data using a planar tool/planar workpiece
geometry can be used to characterise the dissolution
process of Ti6/4 and In718 under conditions (current
density, ¯ow velocity, voltage and feed rate) applicable
to machining. In these cases, dissolution occurs with
little signi®cant resistance from surface layers, and
values can be obtained which allow the voltage required
to initiate signi®cant machining to be obtained and the
nature of the dissolution process to be probed, as well as
the conductivity of the electrolyte and the valency of the
reaction to be measured. Furthermore, current±voltage
characteristics of the surface electrochemical reactions
can be also obtained under conditions relevant to ECM.
It is clear that this approach has wide applicability in

the study of electrochemical machining as it allows
dynamic parameterization of the machining process and
thereby gives insight into the electrochemistry of the
dissolution process. Furthermore, it should also be
invaluable in probing changes in such variables as
electrolyte conductivity and V0 (from ®ts to the shape of
the curve) and valency (from changes in the value of I1
during machining) under conditions where these e�ects
are important. Finally, this treatment can be extended to
the analysis of the current±time transients of multiple
electrodes which can be used to probe the spatial
variation of these e�ects. This approach is being
exploited in extending our studies of electrochemical
machining to other alloys.
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