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The present work is based on the study of the electrochemical response of mild steel as a function of
machining configurations. The variable parameters were rake angle and turning speed, while feed rate and
depth of cut remained fixed. Dynamic polarization tests and electrochemical impedance spectroscopy in
3.5% NaCl solution were done to analyze the electrochemical behavior of mild steels with the variation of
rake angle and turning speed. The electrochemical response showed that the steel machined at higher speed
and positive rake angle had higher resistance to charge transfer. Similarly, steel machined at lower speed
and negative rake angle showed lower resistance to charge transfer. The results obtained in this study
suggest that machining on mild steel should be carried out at positive rake angle and at higher speed to
have smoother surface finish, strain-relieved surface grains, and subsequently better corrosion resistance,
which was measured from corrosion current as determined by the Tafel extrapolation from the polarization

plots.
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1. Introduction

Mild steel is one amongst the most common, versatile, and
cheap forms of steels, and it is considered as the most
reasonable and suitable material for making of wide varieties of
heavy machineries and building up of industries related to
construction and military applications. In naval applications,
like making submarines, ships, docks, etc., different grades of
mild steels are used. These applications always experience
extreme corrosive environments. On the other hand, compo-
nents made of steels undergo several manufacturing steps
before actual operation. One of the major manufacturing
operations is machining.

Machining process is removal mode of processing, where
hard machine tool removes metal from the workpiece. Among
various machining operations, turning operation is very com-
mon and often used in manufacturing. Machining parameters
are usually planned for the betterment of surface quality in the
form of reducing surface roughness, residual stress, and
modification of sub-surface microstructure. These parameters
can change independently according to the machining condi-
tions. Selection of appropriate cutting parameters in turning
operation is of fundamental importance for generation of good
surface finish (Ref 1). The surface quality, obtained after the
machining process, has a definite role on the wear resistance,
fatigue resistance, corrosion properties, and functional proper-
ties of the material (Ref 2-4). Machining process imposes
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severe plastic deformation (SPD) involving large strain,
high strain rates, and high temperature in the deformation zone
(Ref 5-7). The chip formed as well as the machined surface
experience severe plastic deformation (SPD) during machining,
which would cause changes in microstructure. It often gener-
ates fine grain size as shown by Shekhar et al. (Ref 8). These
effects would finally affect the corrosion and oxidation
behavior of the materials.

After machining, which in most of the cases is the final
processing operation, the finished part is exposed to, mild to
extreme humid or hot conditions, sea water, wastes generated
from industry, etc. Surface roughness influences the hydrody-
namic and mass-transfer boundary layer, which can further
affect the electrochemical and mechano-chemical behavior of a
surface. A number of studies have been carried out on the
atmospheric corrosion of mild steel (Ref 9-13), but literatures
on corrosion behavior of mild steel as a function of machining
parameters, like rake angle, speed etc., are very much limited.
The study by Ghosh and Kain (Ref 4) has shown that the
surface finish affects the stress corrosion behavior of AISI 304L
stainless steel. Another report (Ref 14) says that surface finish
affects the corrosion behavior of Cu-based alloys. Moreover, a
recent analysis on the oxidation behavior of mild steel as a
function of machining parameters, like rake angle and cutting
speed, shows that surface roughness as well sub-surface
microstructure have strong dependency on the oxidation
behavior (Ref 15). Thus, the effect of surface roughness is a
crucial factor that should be considered in validating the
corrosion rate of mild steel from the laboratory experiments.
Since machining is unavoidable in many instances of engi-
neering mild steel components, it demands for in-depth studies
related to corrosion behavior of mild steel as a function of
machining parameters. Recently, we have carried out a series of
experiments on a mild steel machined at various rake angle and
cutting speed based on salt fog and immersion tests in 3.5%
freely aerated NaCl solution. It has been observed that the steel
machined at lowest cutting speed and highest rake angle has
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highest corrosion resistance (Ref 16). However, the electro-
chemical responses (polarization behavior and impedance effect
of the machined surface) of the steels machined at various rake
angle and cutting speed have not been studied.

Hence in this research, it is intended to bring out the effect
of variation of the machining parameters on electrochemical
behavior (polarization behavior and impedance effect of the
machined surface) of mild steel. The mild steel samples were
machined by turning operation at three different rake angles
(+20°, 0° and —20°) and three different cutting speeds (41, 276
and 541 m/s), which resulted in nine different sample condi-
tions. In all the cases, depth of cut and feed rate were kept fixed.
The polarization behavior was studied using (i) Tafel polariza-
tion and (ii) electrochemical impedance spectroscopy (EIS)
using 3.5% NaCl solution. The corrosion rate was also
measured by Tafel extrapolation. The inter-relation between
rake angle and cutting speed with electrochemical polarization
behavior (polarization resistance and charge transfer resistance)
and corrosion current (as measured from Tafel extrapolation) of
the mild steel was established. It is to be mentioned that the sole
purpose of the current study is to find the polarization behavior.
Corrosion behavior as obtained from the Tafel plots is the
corrosion current.

2. Materials and Methods

2.1 Material

The present work was performed on commercially available
cylindrical mild steel rod with diameter of 16 mm. The samples
were first annealed at 600 °C for 1 h to ensure strain-free
equiaxed microstructure. Table 1 shows the composition of the
steel sample analyzed by BAIRD SPECTRO VAC DV-6
optical emission spectrometer.

2.2 Machining

A lathe was used for turning operation. Nine sets of mild
steel samples (length of machined portion is 25 mm) were
prepared. The rake angle and turning speed were changed
keeping the depth of cut and feed rate constant. Sharp high-
speed steel cutting tool was used for cutting operation.

The samples after machining were designated as 20 L,
20M,20H,0L,0M, 0 H, =20 L, —20 M, —20 H, and the
as-received sample as AS. The numbers indicated the rake
angles 0°, 20°, and —20°, and the alphabets, L, M, and
H, specified the three different linear cutting speeds: low
(L) = 41 mm/s, medium (M) =276 mm/s, and high (H) =
541 mm/s. The feed rate was 0.177 mm, and depth of cut was
1.5 mm.

2.3 Microstructure

The machined sample was cut horizontal to flat surface to
see the cross-sectional microstructure. This was done to see the
effect of machining on the surface grain morphology. After
cutting, the sample was cleaned ultrasonically in acetone and

Table 1 Composition of steel used

then mounted on epoxy resin followed by mechanically
grinding on 120, 240, 320, 600, 800, 1000, 1200, and 1600
grit silicon carbide abrasive papers progressively. Cloth pol-
ishing was done with the use of a colloidal suspension of Al,O;
(0.05 pum sized) in water. Special attention was given to the
machined edges of the samples. After preparation of surface,
etching was done using 2% Nital solution for approximately
15 s. LEICA DM2500 optical microscope was used to observe
the microstructure.

2.4 Roughness Measurement

A portable roughness tester TR100 was used to measure the
average surface roughness from five measurements on each
sample at different positions. After machining, the samples
were cleaned ultrasonically. 0.25 mm was the cut depth length
and 8 mm was the racing length for the calculation of R,, the
roughness parameter (arithmetic average of absolute values).

2.5 Polarization Experiments

A round bottom cell was used for electrochemical investi-
gations and all polarization tests were carried out in a
potentiostat (Model 2263, Princeton Applied Research, USA).
The electrochemical experiments were performed in 3.5% NaCl
solution under fully aerated condition at ambient temperature of
26-28 °C. All the machined samples were cleaned with water,
and then ultrasonically cleaned with acetone. The test was
performed in a round bottom cell with graphite electrode as the
counter electrode and saturated calomel electrode (SCE) as the
reference electrode (Escg = £241 mV). For each experiment,
the working electrode was centrally located in the cell with
three carbon electrodes as counter electrodes to ensure good
current distribution. The reference electrode was exposed to
solution through a luggin capillary filled with agar-agar gel.
The polarization scan was conducted at 250 mV with respect
to open circuit potential (OCP) at a scan rate of 0.166 mV/s
after stabilizing the potential at OCP for 1 h. The corrosion rate
was estimated from the equation as per ASTM G102-89: The
corrosion current density (i.o) Was obtained graphically using
the polarization curve. The corrosion rates (mm/year) were
calculated from the i, according to Tafel extrapolation
method by extending the linear portions of the anodic and
cathodic branches to a horizontal line drawn on E_,. Linear
parts of anodic and cathodic branches were used for the
measurement of anodic and cathodic slopes. The Faraday’s law
was used to calculate the corrosion rate

icorM

Corrosion rate = ,
nFp

(Eq 1)

where, i.. is the corrosion current density in Alem?, W is
the atomic weight of the element (55.85), p is the density of
the element in gm/cm® (7.85 gm/cm?), n is the number of
electrons required to oxidize an atom of the element in the
corrosion process, that is, the valence of the element (here it
is taken as 2), and F is the Faraday’s constant.

The corrosion rate was converted to mm/year by multiplying
the right side of the Eq 1 with 3.154 x 10%.

C Si Mn S P

Ni Cr Mo \%

0.15 0.14 0.79 0.018 0.026

<0.010 0.013 0.004 0.003
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2.6 Electrochemical Impedance Spectroscopy (EIS)

A sinusoidal potential perturbation of 10 mV, at open circuit
potential, in frequency range of 100 kHz to 10 mHz was
employed to obtain the impedance data. All experimental EIS
data were modeled using ZSimpwin (version 3.10 Princeton
Applied Research, USA) software and fitted using equivalent
circuits.

3. Results and Discussion

3.1 Effect of Machining on Surface Microstructure

Figure 1(a) shows optical micrograph of the as-received
annealed mild sample. The as-received sample shows equiaxed
grains. Figure 1(b)-(d) shows the effect of cutting speed and
rake angle on the surface optical microstructures of mild steel
samples. It can be observed that with the increase in cutting
speed, the surface grains experience shearing effect and grains
try to align along the cutting direction (comparison of Fig. 1b
and c). As the rake angle decreases, the shearing effect is
extremely felt (comparison of Fig. 1b and d).

3.2 Polarization Behavior

3.2.1 Polarization Test. The polarization curves of the
machined samples at different rake angles for low, medium, and
high turning speeds are shown in Fig. 2(a)-(c), respectively,
tested in freely aerated 3.5% NaCl solution.

The polarization results clearly depict that corrosion rate of
machined samples (determined from i.,,) with positive tools
rake angles are lower than corrosion rates of the samples
machined at negative rake angles. As the speed increases for a
constant rake angle, the corrosion rate also decreases as shown
in Fig. 2(d). Interestingly, the electrochemical observations on

As-received

&
£
Dlrectlon ﬁ
l $hes

the variation of corrosion rates with rake angle and cutting
speed agree well with the results observed in case of immersion
test (30 days) and salt fog test (21 days) discussed elsewhere in
detail (Ref 16). Previous studies (Ref 16) reported by the
authors on machined mild steel samples are presented in the
form of comparative bar plots for immersion test (Fig. 3a) and
salt fog exposure test (Fig. 3b). Both the tests have shown
higher corrosion rates with decreasing rake angle, and lower
corrosion rates with the increase in speed. The corresponding
roughness values are also shown. It is observed that as the rake
angle increases at a constant cutting speed, the roughness
decreases. Interestingly, the corrosion rate has also decreased
with increase in rake angle (Fig. 2 and 3). Similarly, at constant
rake angle, the roughness decreases with increase in cutting
speed and subsequently, the corrosion rates have also
decreased. Hence, there is a strong correlation between the
roughness and corrosion rate of mild steel. The overall
conclusion that can be drawn from the Fig. 2 and 3 is that
increase in roughness increases the corrosion rate. Another
aspect is that the parameters, which would increase the
roughness, would also increase the corrosion rate. It is
interesting to note that with increase in cutting speed, the
surface grains get sheared, and similarly with decrease in rake
angle, the shearing effect is also felt (Fig. 1). This is also clear
from the angle formed by two arrowheads showing the
orientations of sheared grains and the cutting direction in case
of Fig. 1(c) and (d). Since the shearing effect is more in case of
—20° rake angle, the angle between the arrowheads is more
acute than that in case of +20° rake angle. When the shearing is
large, there would be the possibility of fewer grain boundaries
to be exposed to corrosive solution. This would also result in
less corrosion since grain boundaries are the heterogeneities,
which are responsible for more corrosion attack. We have also
shown this effect while discussing the effect of machining
parameters on the oxidation behavior of mild steel in one of our

Cut direction

Fig. 1 Optical cross-sectional micrographs of the machined samples: (a) As-received annealed sample without machining, (b) 20 L, (c) 20 H,

(d) —20 H
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Fig. 2 Dynamic polarization plots of the machines samples in 3.5% NaCl solution (freely aerated) at different rake angles at cutting speeds of
(a) 41 m/s, (b) 276 m/s, and (c) 541 m/s. (d) The corrosion rates of the machined samples. The bracketed values are the corresponding rough-
ness value in pm for all the machined samples
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Fig. 3 The corrosion rate during (a) immersion and (b) salt fog test for the machined samples. The roughness values are also shown

previous communications (Ref 15). Figure 9(b) in Ref 15
shows schematically the effect of elongated grains on the
oxidation behavior. The same figure shows that the elongation
does lead to lesser grain openings to the surface (Ref 15). It has

3646—Volume 24(9) September 2015

been observed from our earlier communication (Ref 16) that the
pearlite gets spheroidized during machining due to adiabatic
heating. It actually affects the corrosion behavior. Therefore,
the morphology change in the pearlite is a critical factor for
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Table 2 Corrosion parameters obtained from electrochemical polarization of machined samples in 3.5 wt.% NaCl

Samples OCP (Vsck) Ecorr (VscE) Pa, V/decade corn uA/cm2 Corrosion rate, mm/year
20 L —0.632 —0.623 0.342 39.5 0.456
20 M —0.628 —0.665 0.572 37.7 0.435
20 H —0.622 —0.622 0.436 35.5 0.401
0L —0.659 —0.664 0.514 75.2 0.869
oM —0.648 —0.678 0.532 72.6 0.819
0OH —0.636 —0.638 0.584 65.1 0.732
—20L —0.691 —0.668 0.456 80.5 0.930
—-20M —0.674 —0.688 0.634 74.8 0.864
—20H —0.658 —0.620 0.550 68.2 0.788

deciding the electrochemical behavior of mild steel during
machining, and it needs further analysis. More in-depth studies
on the effect of microstructure evolution during machining and
subsequent corrosion behavior are underway.

The parameters obtained from the polarization curves are
shown in Table 2. OCP values of the machined samples
determined before polarizing the test electrode follow a specific
trend. Higher the rake angles, lower is the OCP, and the sample
becomes nobler. On the contrary, higher the speed, lower is the
OCP, and the sample becomes nobler. It suggests that the
machining at negative rake angle (—20°) induces lot of
straining as observed by the appearance of elongated surface
grains (Fig. 2). This also increases the energy of the surface and
activity. Hence, it would be active and its potential should go to
cathodic side. This has actually been observed here (Table 2),
that the sample, made at —20° rake angle, has got ~—0.691
Vsce OCP. On the contrary, the sample machined at 20° does
not deform the surface grains of the sample to the extent what
—20° does. Hence, it also shows nobility (Table 2; OCP
~0.632 Vscg). Moreover, the OCP values are also in good
correlation with the roughness. With the increase in roughness,
the OCP values have also gone more towards cathodic side. If
the cutting speed is fixed, like 41 mm/s, the sample machined
at +20° rake angle shows the noblest OCP because of its lowest
roughness, and the sample machined at —20° shows most
active OCP because of its largest roughness (Table 2; Fig. 3).
The OCP of the sample machined at 0° rake angle lies in
between at 41 mm/s cutting speed. Its roughness also lies in
between (Table 2; Fig. 3). From Table 2 and Fig. 3, it is also
clear that if the rake angle remains fixed, the sample with higher
roughness (corresponding to lower cutting speed) has more
active OCP. Roughness is associated with higher strain on the
surface (Fig. 3 in Ref 16). That would definitely increase the
activity of the surface and hence OCP. Other researchers have
also noticed the similar behavior of OCP with roughness. Lee
et al. (Ref 17) have shown that heavy mechanical deformation
of SS304 steel leads to increase in surface roughness and drop
in OCP. Liang et al. (Ref 18) have also shown that ball milling,
which increases the roughness, also leads to drop in OCP of
SS304 steel. Similarly, Souza et al. (Ref 19) have also shown
the similar behavior of dropping of OCP with increase in
roughness of galvanized steel during tribo-corrosion study.

In case of lower speed of cutting, the heat generated due to
deformation and friction at the tool and sample junction has the
time to dissipate. However, in case of higher cutting speed, the
time required for heat dissipation is less and the heat can
increase the temperature of the surface grains due to adiabatic
nature and strain could be relieved a bit. There could be
possibility of structural changes too. Previous study (Ref 16)
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has indeed shown spheroidization of the pearlite. Hence, the
sample made at lower cutting speed would then have maximum
activity as per potential is concerned since there is little chance
of strain relieve. This has actually been observed here too. The
sample with lower speed has got the OCP on the anodic side
suggesting active nature (Table 2). The cathodic slopes for the
machined samples indicate diffusion-controlled polarization
and possible cathodic reaction in fully aerated solution could be
(O, + 2H,0 + 4e = 40H ™). The corresponding corrosion cur-
rent potential (E,,,) of different mild steel samples determined
from the polarizing curve is given in Table 2.

3.2.2 Electrochemical Impedance Spectroscopy Studies.
Electrochemical impedance spectra of the machined samples
with constant rake angle and different speed are depicted in
Fig. 4(a)-(c), and those of the samples with constant speed and
varying rake angle are shown in Fig. 4(d)-(f). The spectra have
been presented as Nyquist plots (Fig. 3a and d), Bode
magnitude (Fig. 4b and e), and Bode phase (Fig. 4c and f).
The equivalent circuit Rg (Cq; R.) used to fit the data is shown in
Fig. 4(g) on the basis of least Chi square (%) value. R, refers to
solution resistance of the test electrolyte (3.5% NaCl), Cy, is the
capacitance of the electric double layer (EDL), and R, is the
charge transfer resistance between metal and electrolyte and
also refers to polarization resistance.

The nature of the Nyquist plot shows similar behavior for all
machined samples consisting of an incomplete semicircle that
can be extrapolated to a semicircle and is associated with the
corrosion process. The R, has been determined from the
diameter of the Nyquist plot. As shown in Table 3, the
corresponding values of R. obtained from fitting show distinct
values for different cases of machined samples. R. value is
maximum in case the 20 H machined sample indicating higher
charge transfer resistance between metal and electrolyte
interface compared to that of the 20 M and 20 L sample
(Fig. 4a). Similarly, the R, value of the 20 M is higher
compared to that of the 0 M and —20 M sample (Fig. 4b). The
trend is similar. Higher the cutting speed, higher is the charge
transfer resistance (Table 3). Lower the rake angle, lower is the
charge transfer reactions. The relation between the R. and
machining parameters would possibly depend on the roughness
again. It has been noticed that higher the roughness, greater is
the drop of OCP values towards cathodic side. It suggests that
active behavior of the sample with higher roughness would also
allow the charge to transfer easily in the double layer leading to
higher corrosion current (Tables 2 and 3).

The Nyquist plots are representatives of all nine samples.
Therefore, the samples made at lower cutting speeds would
definitely possess more dissolution since they have got lower
charge transfer resistances (Fig. 4a). On other side, the samples
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Table 3 Data measured from EIS measurement at open circuit potential (OCP) in 3.5% NaCl solution simulated using

the equivalent circuit

Sample R, Q@ cm? C (X103 F cmz) R, Q@ cm? 12 (Chi squared)
20 H 4.934 (3.89) 1.391 (2.23) 447.3 (2.58) 2.703 x 107!
20 M 4.434 (2.89) 1.993 (3.23) 372.9 (2.96) 1.703 x 107!
20 L 4.505 (4.972) 1.398 (2.81) 347.5 (2.97) 1.078 x 107!
0OH 4.396 (3.79) 2.399 (6.13) 343.2 (2.75) 1.647 x 107!
oM 4.509 (3.27) 1.836 (8.01) 338.3 (2.96) 2938 x 107!
0L 4.861 (2.192) 4.168 (5.85) 232.6 (8.49) 0.784 x 107!
—20H 4.651 (1.02) 3.712 (4.88) 185 (6.07) 0.749 x 107!
—-20M 4.525 (4.859) 1.982 (3.69) 181.8 (7.31) 0.070 x 107!
—20L 3.871 (5.45) 2.619 (2.34) 174.7 (5.24) 0.777 x 107!

made at lower rake angle would definitely show higher
dissolution since they have lower charge transfer resistances
(Fig. 4b). Interestingly, similar nature of dissolution rates was
observed from i.., and subsequent corrosion rates (Table 2;
Fig. 2d).

The results obtained from the Nyquist plots are confirmed
from Bode magnitude plots. The Bode magnitude plots (Fig. 4b
and e) show higher polarization resistance for the 20H sample
compared to that of the 20 L and 20 M, and higher for the
20 M as compared to the —20 M and 0 M sample. The Bode
phase plots as shown in Fig. 4(c) and (f) indicate single
maximum for all the three materials indicating the presence of a
single time constant. A single time constant is indicative of the
fact that all the machined mild steels samples corrode freely in
presence of chloride ions. The Bode magnitude and Bode phase
plots show one maximum value and one negative slope for each
sample. The horizontal part in the Bode magnitude plots
(Fig. 4c and d) indicates frequency independent region and
corresponds to pure resistance. The linear slope of the Bode
magnitude plot is the characteristic response of the capacitive
behavior of the electrode double layer (Ref 20-22).

The Bode phase plot (Fig. 4c) shows that the maxima of the
20 H sample is closer to 90° indicating a better capacitive
behavior of the double layer compared to that of the 20 M and
20 L machined samples. The shifting of the Bode phase curve
of the 20 H sample towards higher frequency indicates a
reduction in the value of Cg. Figure 4(f) shows that the 20 M
sample has maxima close to 90° compared to the —20 M and
0 M samples suggesting better capacitive behavior (Ref 20).
There is an indication of single maxima in Bode phase plot.
However, the same is indicated by the Nyquist plots. Further on
modeling using equivalent circuits (Ry (C R.)), it has been
observed that the best fit is obtained using simple Randle’s
circuit, thus confirming the presence of single maxima. The
capacitance values of the 20 H and 20 L samples are observed
to be similar compared to the 20 M sample, which is higher
(Fig. 4c). The capacitance values of the 20 M and —20 M
samples are observed to be similar, whereas as for the 0 M
sample it is less (Fig. 4f). The R, R., and C values for all
machined samples are listed in Table 3.

With increasing rake angle, the R. values increase. For
constant rake angle and increasing speed, the R, values increase
showing less charge transfer between the metal and electrolyte
interface leading to higher charge transfer resistance. The low
roughness of the samples at high rake angles and high speed at
constant rake angle can be one reason for high R. values. The
corrosion rates as observed in the machined samples also have
exhibited good correlation with the machined surface condi-
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tions. The roughness values of different samples are mentioned
in Fig. 3. In the earlier work, it has been shown that it is not
only the roughness, but surface grain morphology also equally
plays important role in the corrosion behavior of the samples.
The surface grain morphology and roughness are also inti-
mately associated with rake angle and cutting speed. It is
interesting that the corrosion rates as observed from the .o
values (Table 2; Fig. 2d), show similar trend as observed in
case of immersion and salt fog tests (Fig. 3) though the values
of corrosion rates are different. This is obvious since immersion
and salt fog tests are long duration tests as well aggressive tests.
Therefore, it can be concluded that the i, and polarization
influencing factors like R., R,, and C have got the similar
relation to roughness as well as surface grain morphology.

4. Conclusions

Electrochemical polarization test was carried out on mild
steel samples to study the effect of machining configuration,
surface morphology, and surface roughness on electrochemical
and corrosion behavior in 3.5% NaCl. The turning operations
on mild steel at different rake angles and speeds have resulted
in surfaces with varied surface finish and surface grain
morphology. The findings can be summarized as follows:

1. Polarization tests show corrosion rates (i..) increasing
with decreasing rake angle, and decreasing with the in-
crease in speed.

2. Electron impedance spectroscopy measurements demon-
strate a high charge transfer resistance, R, for the samples
at positive rake angle and high speed. There is direct
relation of R, with the corrosion rates as determined from
Tafel polarization.

Further, the above results are in close agreement with the
results obtained on immersion and fog test studies and suggest
that machining on mild steel should be carried out at positive
rake angle and at higher speed to get smoother surface and
possibly for better corrosion performance.
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