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Corrosion behavior of a harmonic structured SUS304L austenitic stainless steel was examined
and compared with nonharmonic structured SUS304L stainless steel and conventional 304
stainless steel in 3.5 pct NaCl solution. The study was performed using linear polarization,
potentiodynamic polarization, cyclic polarization, and a salt fog exposure test for 30 days.
Characterization was accomplished using a scanning electron microscope, an electron probe
microanalyzer, and Raman spectroscopy. Improved pitting corrosion resistance was found in
the case of the harmonic structured steel as compared to that of the nonharmonic and the
conventional 304 stainless steel. Harmonically distributed fine-grained structure, less porosity,
and higher fraction of passive a-FeOOH are attributed to the improvement in corrosion
resistance of the harmonic structured steel.
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I. INTRODUCTION

MATERIAL scientists and engineers are continu-
ously involved in improving the properties of materials
for better utilization. The contribution of the concept of
the structure–property relationship has been proven to
be vital in this quest. In this context, the classic work of
Hall and Petch, famously known as the Hall–Petch
relationship,[1] has played a pivotal role. This relation-
ship suggests that the strength of material increases with
the decrease in grain size. The past decades have
witnessed high strength of nanocrystalline/ultra-
fine-grained (NC/UFG) materials developed via differ-
ent processing routes such as high-energy ball
milling,[2,3] severe plastic deformation of bulk material
such as equal-channel angular pressing[4,5] and ultra-
sonic shot peening,[6,7] crystallization of amorphous
precursors,[8] and electrodeposition.[9] These homoge-
neous NC/UFG materials suffer from a serious problem
of extremely low ductility. In order to introduce ductility
in the NC/UFG materials, bimodal structures have been
introduced.[10–13] Plastic deformation of bimodal grain
sized materials has been reported to be highly hetero-
geneous. Heterogeneity depends not only on the volume

fraction of coarser grains but also on the grain size
distribution.[14] Although an increase in ductility has
been observed, it is extremely difficult to control the
topology of grain size distribution by most of the
available methods of preparing bimodal structure.[15] As
a solution to the aforementioned problem with the NC/
UFG materials, Ameyama and co-workers proposed the
concept of ‘‘harmonic’’ structure design in materials,
which has resulted in an ideal combination of high
strength and ductility.[16–19] Harmonic structure is a
bimodal structure with a specific topology of fine and
coarse grains in a periodic or harmonic order. In this
approach, high-energy ball milling is used under opti-
mized parameters of ball-to-powder ratio, ball size,
duration, and speed (rpm) of milling.[20,21]

Apart from mechanical properties, corrosion behav-
ior of materials is highly dependent on grain refinement,
as grain boundaries are highly reactive sites in the
materials. The effect of grain size on the corrosion
behavior has been studied extensively, but the results are
still found to be contradictory. Both positive and
negative impacts of grain refinement on corrosion
resistance are reported.[22,23] Ralston et al.[24] studied
the corrosion behavior of aluminum samples in 0.1 M
NaCl solution with different grain sizes (~100 to ~2000
lm) developed by different processing routes and
reported that a Hall–Petch type relationship may exist
between grain size and corrosion rate. The reason for
this behavior has been suggested to be the faster growth
of protective oxides due to a decrease in grain size
resulting in a decrease in corrosion rate. Zeiger et al.[25]

studied the corrosion behavior of nanocrystalline FeAl8
alloy in Na2SO4 solution (pH 6) and found improved
corrosion resistance of the nanocrystalline FeAl8 alloy
due to faster diffusion of Al through grain boundaries,
resulting in formation of protective passive film. Ye
et al.[26] also reported the improved corrosion resistance
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of a nanocrystalline 309 stainless steel coating fabricated
by DC magnetron sputtering in 0.5 M NaCl + 0.05 M
H2SO4 solution due to the formation of compact and
stable passive film on the coating. Gupta et al.[27]

compared the corrosion behavior of the nanocrystalline
and microcrystalline Fe20Cr alloy in 0.05 M H2SO4 and
0.05 M H2SO4 + 0.5 M NaCl solution and found
improved passivating ability and pitting resistance due
to the formation of passive film with higher Cr content.

In contrast to the preceding reports, some researchers
have found adverse effects of grain refinement on the
corrosion behavior of materials. Rofagha et al.[28] found
the high corrosion rate of a nanocrystalline Ni (32-nm
grain size) in 2 N H2SO4 solution compared to its
coarse-grained counterparts (100-lm grain size) due to
catalysis of the hydrogen reduction process by a large
number of grain boundaries at the nanocrystalline sur-
face. Oguzie et al.[29] also reported the increase in the
corrosion rate of low carbon steel due to nanocrystalline
coating on its surface. As discussed earlier, bimodal grain
sized materials have found attention due to their better
ductility over nanocrystalline counterparts. The corro-
sion behavior of bimodal grain sized materials has also
been studied to some extent. However, detailed study is
still warranted. Kus et al.[30] compared the corrosion
behavior of nanocrystalline, coarse, and bimodal grained
Al 5083 and found that the bimodal sample exhibits the
lowestmass loss per unit area against nitric acid exposure,
as bimodal samples are not susceptible to intergranular
corrosion. Gollapudi[31] reported with the help of simu-
lated data that the corrosion behavior of material having
bimodal microstructure is improved with the increase in
volume fraction of coarse grains in the nonpassivating
medium and vice versa in the passivating medium. It is
obvious that grain refinement does not always improve
the corrosion resistance, and the same is true for conven-
tional bimodal grain sizedmaterials. Therefore, it isworth
exploring the effect of uniformly distributed coarse and
fine grains on the corrosion behavior of materials as a
probable solution to the preceding problem.

Austenitic stainless steel is well known for its high
corrosion resistance, and it is used in chemical pro-
cessing equipment for dairy, food, and beverage
industries and for bushings, shafts, valves, and heat
exchangers.[32,33] Recently, harmonic structure design
has been applied in a variety of materials, including
stainless steel, and its effect on mechanical properties,
such as strength, ductility, and hardness, has been
studied.[33–35] Although the corrosion behavior of
nanocrystalline materials has been studied extensively,
as has that of bimodal grain sized materials to some
extent, the corrosion behavior of harmonic structured
materials has not been reported to date to the best of
the authors’ knowledge. Therefore, it is interesting to
investigate the corrosion behavior of materials consist-
ing of both ultrafine and coarse grains distributed in a
harmonic order. Moreover, this would also indicate the
significance of coarse and fine grains on the overall
corrosion as well as electrochemical behavior if they
are present in a harmonic fashion.

In the present work, an austenitic stainless steel (SUS
304L) was chosen for making sintered samples with

nonharmonic and harmonic microstructures. These two
samples with different microstructures developed via a
sintering route from ball-milled powders were subjected
to electrochemical tests [linear polarization (LP),
dynamic polarization, and cyclic polarization] and a
salt fog test in 3.5 pct NaCl solution. These samples
were made at the laboratory of Professor K. Ameyama
in Shiga, Japan. The electrochemical behavior of both
the structures as well as their corrosion behavior have
been compared and analyzed with the help of a scanning
electron microscope (SEM), an electron probe microan-
alyzer (EPMA), and a Raman spectroscope. The corro-
sion products formed on the samples after a salt fog test
for 30 days were analyzed to understand the corrosion
behavior and mechanism of passivation in both struc-
tures. In addition, a conventional SUS304L plate of
nearly similar composition was subjected to electro-
chemical tests to compare the effect of structures of
the sintered harmonic and nonharmonic structured
SUS304L with that of the conventional one.

II. MATERIAL AND METHODS

The initial powder of the SUS304L stainless steel was
developed by the plasma rotating electrode process. The
chemical composition of the SUS304L stainless steel
powder is presented in Table I. It may be noticed that
the carbon content is extremely low. The average
particle size of the initial powder was measured to be
~120 lm. Mechanical milling was carried out under
argon gas atmosphere at room temperature with the
help of Fritch P-5 planetary ball mill using a steel vial
and balls (diameter = 5 mm) made of SUS304 grade
steel. The ball-powder mixture with a ball-to-powder
weight ratio of 2:1 was milled for a duration of 180 ks at
a constant milling speed of 200 rpm. Subsequently, the
powders were sintered by spark plasma sintering
(LABOX-675, NJS) at 1223 K (950 �C) for 3.6 ks (1
hour) under an applied pressure of 50 MPa and vacuum
atmosphere. The sintering was carried out using a
graphite die (internal diameter = 50.4 mm) and punch
(outer diameter = 50 mm). The spark plasma sintering
resulted in compacts with dimensions of 50-mm diam-
eter 9 17-mm thickness. A conventional SUS304L steel
plate of near similar composition (Table I) was used for
comparison of the corrosion behavior of the sintered
harmonic and nonharmonic structured SUS304L steels.
The conventional steel was heated to 1323 K (1050 �C)
for an hour and water quenched.
For microstructural observations, specimens of three

steels were initially ground successively with 240- to
1000-grit SiC papers followed by cloth polishing using
alumina paste of 1-lm particle size. The specimens were
cleaned ultrasonically with iso-propyl alcohol and were
etched with 85 mL HCl and 15 mL HNO3. Microstruc-
tures were examined with the help of a FEI Nova 450
finite-element SEM operating at 20 kV. Grain size
calculations were done stereologically using the linear
intercept method by determining the mean intercept
length with the help of ImageJ software. The measure-
ment of the volume fraction of fine and coarse grains as
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well as porosity was carried out stereologically using the
point counting method by applying a grid on the
micrograph with the help of ImageJ software. The
density measurement was done using the kit of Mettler
Toledo XS 205 digital balance according to Archimedes’
principle.

Specimens for electrochemical tests were cut in
dimensions 4 mm 9 8 mm 9 1 mm using an EDM
wire cutter followed by mechanical grinding to a surface
finish of 600-grit SiC paper. After grinding, specimens
were cleaned ultrasonically in iso-propyl alcohol. Elec-
trochemical tests were carried out using a Parstat 2263
(Princeton Applied Research) potentiostat in a conven-
tional round bottom cell. A saturated calomel electrode
(ESCE

o = +241 mVSCE) was used as a reference
electrode, and platinum wire was used as a counter
electrode. The tests were performed in a freely aerated
3.5 wt pct NaCl solution at ambient temperature. After
3600 seconds of stabilization, the value of the open
circuit potential was obtained. Thereafter, LP, dynamic
polarization, and cyclic polarization tests were carried
out at a scan rate of 0.166 mV/s. After electrochemical
tests, specimens were examined with the help of an
SEM. Composition analysis of the specimens after
dynamic polarization tests was carried out using a
JEOL JXA-8230 EPMA. In order to understand the
pitting behavior of the three different steels taken in this
study, cyclic polarization tests were performed in 3.5 pct
NaCl solution.

Specimens identical to those used in electrochemical
tests were used for salt fog tests. According to ASTM-B
117,[36] specimens were hanged at 30 deg to vertical in
the salt fog chamber after protecting the thickness
region with the help of standard lacquer and Teflon
tape. A 3.5 wt pct NaCl solution was used for
maintaining fog in the chamber. The specimens were
exposed to 3 hours of fog followed by 9 hours of drying
for 30 days. Corrosion products formed on the speci-
mens were characterized with the help of an FEI Nova
450 SEM and Acton SpectraPro SP-2500 Raman
spectrometer using an excitation laser of 532-nm wave-
length coupled with Olympus optical microscope.

III. RESULTS AND DISCUSSION

The SEM micrographs of the harmonic structured
SUS304L austenitic stainless steel are shown in
Figures 1(a) (low magnification) and (b) (high magnifi-
cation). It can be noticed from Figures 1(a) and (b) that
there is a heterogeneous microstructure (from grain size
ranges) consisting of regular bimodal grain size distri-
bution in the case of the harmonic structured steel. It is
evident that islands of coarser grains (core) are

surrounded by an interconnected network of ultrafine
grains (shell). This trend is very regular all throughout
the microstructure. The grain sizes are found to be ~23
lm in the core region and ~2 lm in the shell region. The
volume fractions of the shell and core regions are
measured to be ~26 and ~74 pct, respectively. This
microstructure is similar to those reported in the
different harmonic structured materials by the Ameyama’s
group.[33,34] Figures 1(c) (low magnification) and (d)
(high magnification) show the SEM micrographs of the
nonharmonic structured SUS304L stainless steel. Uni-
formly distributed equiaxed grains of average grain size
~28 lm can be observed in the micrograph of the
nonharmonic structured steel. A significant amount of
porosity can be observed in the micrograph of the
nonharmonic structured steel, as shown in Figures 1(c)
and (d), whereas no significant porosity can be found in
the harmonic structured steel, as shown in Figures 1(a)
and (b). A similar observation of significantly reduced
porosity was reported by Sawangrat et al.[16] in the
harmonic structured Co-Cr-Mo alloy and Zhang
et al.[33] in the harmonic structured SUS304L steel.
The approximate porosity was determined to be ~0.6
and ~2.2 pct in the case of the harmonic and nonhar-
monic structured steels, respectively. These pores can be
formed due to improper consolidation of powder
particles during sintering, which resulted in the forma-
tion of small cavities of size ~6 lm at the interparticle
interfaces in the case of the nonharmonic steel
(Figure 1(d)). The area fraction of pores was measured
stereologically and found to be ~3.3 pct. The densities of
the harmonic and nonharmonic structured SUS304L
steels were measured to be ~7.85 and ~7.72 g/cm3,
respectively. This difference in the values of densities is
attributed to the larger nonuniformly distributed pores
in the case of the nonharmonic steel sample.
Figures 2(a) and (b) show the grain size distribution

of the nonharmonic and the harmonic structured
SUS304L steels, respectively. A large variation in grain
size can be noticed in the case of the harmonic
structured steel due to the presence of finer grains in
the shell region as compared to the nonharmonic one.
The grain boundary area fractions were ~4.1 and ~2.4
pct for the shell and core regions, respectively, in case of
the harmonic structured steel. Moreover, 4.1 pct is
calculated on the basis of the average fine grain
boundary area fraction per unit of shell region of the
harmonic structure. It should be mentioned that the 26
pct volume fraction of fine shell regions is distributed
uniformly throughout the matrix. Apart from the fine
grain fraction, the uniform distribution of the fine shell
region is an equally important aspect, which would
finally affect the corrosion and electrochemical behavior
of these steels. In addition, even if the average grain

Table I. Chemical Composition of Harmonic and Conventional SUS 304L Stainless Steels. Non-harmonic SUS 304L Has the

Same Composition as the Harmonic Steel

Steel C Si Mn P S Ni Cr Fe

Harmonic 0.05 0.28 1.37 0.032 0.025 8.2 18.6 bal.
Conventional 0.054 0.45 1.64 0.037 0.43 8.1 17.6 bal.
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boundary area is considered for the harmonic structured
steel, it comes out to be ~2.8 pct. Hence, from the 2.1 pct
grain boundary area fraction of the nonharmonic
structured steel, the grain boundary area fraction has
gone up by ~33 pct in the harmonic structured steel.
This is a considerable increase, sufficient to influence the
electrochemical behavior of the steels.

Figure 3(a) shows the SEM micrograph of the con-
ventional SUS 304L steel plate. Figure 3(b) shows the
grain size distribution in the same steel sample.
Equiaxed grains of average grain size ~36 lm can be
observed in the microstructure of the conventional
SUS304L steel (Figure 3(a)). The grain size distribution
in case of the conventional SUS304L stainless steel is
shown in Figure 3(b). The grain boundary area fractions
were found to be ~2.1 and ~1.7 pct in the case of the
nonharmonic structured and conventional SUS304L
steel, respectively.

The LP plots of the harmonic structure in the 3.5 pct
NaCl solution, the conventional, and the nonharmonic
structured stainless steels are shown in Figure 4(a). The
polarization resistance (Rp) can be obtained from the
slope of the LP plot given by Eq. [1] according to ASTM
standard G102-89.[37]

Polarization resistance Rp

� �
¼ DE=Dið Þ ½1�

The values of Rp were measured to be 181,081, 15,175,
and 7142 Ohms cm2 for the harmonic, the conventional,
and the nonharmonic structured stainless steels, respec-
tively. It can be observed from the values of Rp and
Figure 4(a) that the slope for the harmonic structured
steel (polarization resistance) is noticeably higher than
that for the nonharmonic structured steel. It could be
possible that the presence of a much finer grain size

around the coarser grains in a systematic manner leads
to uniform distribution of the active grain boundary
zones. Moreover, there could be a distinct effect from a
much larger fraction of the grain boundary area in the
case of the harmonic structured steel, leading to a higher
corrosion resistance as compared to the nonharmonic
structured steel. Though the grain size of the conven-
tional steel is larger than that of the harmonic coarse
grain regions, it does not have any porosity. This would
lead to higher polarization resistance as compared to the
nonharmonic steel. On the other hand, higher polariza-
tion resistance of the harmonic steel, even as compared
to the conventional steel, is attributed to the harmonic
distribution of fine and coarse grains.
In order to investigate the response of material in a

greater range of potential, dynamic polarization tests
were carried out in the same solution of 3.5 pct NaCl,
and the resulting plots are shown in Figure 4(b). The
values of the corrosion current density (icorr) were
determined using Tafel extrapolation, and the corrosion
rate (mm/year) was calculated from icorr, according to
ASTM standard G102-89.[37] The values of icorr and
corrosion rate (mm/year), as well other polarization
parameters, for all three steels are presented in Table II.
The dynamic polarization curves reveal lesser corrosion
current density (icorr) in the case of the harmonic
structured steel as compared to that of the nonharmonic
structured and the conventional SUS304L steels.
Although these steels are of almost the same composi-
tion, they exhibit different corrosion rates. Moreover,
the corrosion rate of the conventional steel lies in-be-
tween the harmonic and nonharmonic steels in line with
the fact that polarization resistance of the conventional
steel also lies in-between. Similarly, the corrosion
potential (Ecorr) of the conventional steel also lies

Fig. 1—SEM micrographs of (a) and (b) harmonic structured and (c) and (d) nonharmonic structured stainless steel showing different grain size
distributions and pores.
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in-between (Table I). The reason for such observation is
the same as provided while explaining the variation of
the polarization resistance of three steels as obtained
from LP.

Serrations and current fluctuations could be observed
in the anodic branch of the polarization curve of the
harmonic structured steel. These fluctuations indicate
unstable passivation, whereas in the case of the non-
harmonic structured steel, the passivation is quite
stable with a much lesser serrated section in the passive
zone. Two entirely different grain size distributions are
present throughout the harmonic structured steel, which
could lead to different rates of formation and breakage
of passive film in the shell and core region. Since finer

grains have higher grain boundary areas, the corrosion
is localized in the finer-grained regions, leaving the
coarse-grained section to reach stable passivation. This
is a plausible explanation, since in the case of the
nonharmonic steel, stable passivation is observed. Now,
because of the closely spaced grain boundaries and
much larger grain boundary area in the shell region,
corrosion does not show preference to any sites in the
case of the shell region of the harmonic structured steel,
even though the corrosion is localized in the finer-
grained region. Therefore, the corrosion attack is
uniform in the fine-grained sections. Due to continuous
formation and the breakdown of the passive layer along
the finer grain boundary regions, the polarization plot
also shows serration in the case of the harmonic
structured steel. The preceding understanding is strongly
supported by the completely smooth anodic regions of
the conventional steel, where the grain size is larger and
there is no porosity.
The SEM micrographs of the corroded specimens of

the harmonic, nonharmonic, and conventional stainless
steels, tested up to the same potential (in dynamic
polarization tests under identical conditions), are shown
in Figures 5(a), (b) and (c), respectively. The micro-
graphs detect the morphology of the corroded surface. It
is evident from the micrographs that the exposed surface
of the harmonic structured SUS304L steel is less
damaged compared to that of the nonharmonic struc-
tured and the conventional stainless steel. In order to
investigate the depth of corrosion damage, the trans-
verse face of the specimen perpendicular to the surface
exposed to 3.5 pct NaCl was examined with the help of
an SEM, and these micrographs are shown in
Figures 6(a) through (c). A greater number of cracks
and deeper damage in the case of the nonharmonic
structured steel can be clearly noticed as compared to
the harmonic structured and the conventional steel
samples. This observation is in good agreement with the
higher polarization resistance and lower corrosion
current density obtained from electrochemical tests in
the 3.5 pct NaCl solution in the case of the harmonic
structured steel as compared to the nonharmonic
structured steel. The conventional steel shows somewhat
higher cracks and damage as compared to the harmonic
structured steel (Figures 6(a) and (c)). However, it has
much better protective cover than that of the nonhar-
monic structured steel (Figures 6(b) and (c)), which is
also reflected in its lower corrosion current density.
The corroded surface of the harmonic structured steel

was examined with the help of an SEM, as shown in
Figures 7(a) and (b), after carrying out a dynamic
polarization test up to a potential of 1 V. It can be
noticed that relatively heavy material degradation took
place along particular patterns, leaving the enclosed
region less corroded. The diameter of the core region
was found to be in the range of 130 to 150 lm, whereas
the width of the shell region was found to be in the range
of 15 to 25 lm in the microstructure of the noncorroded
harmonic structured steel, as shown in Figure 1(a).
Interestingly, the widths of heavily corroded and less
corroded regions in Figure 7 are found to be in the same
range as those of the shell and core regions in the

Fig. 2—Average grain size distribution of (a) nonharmonic and (b)
harmonic structured stainless steel.
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microstructure shown in Figure 1(a). The volume frac-
tions of the heavily corroded and less corroded regions
are determined stereologically by the point counting

method and found to be ~31 and ~69 pct, respectively.
These values are also comparable to the volume
fractions of the shell and core regions in the noncor-
roded condition, as shown in Figures 1(a) and (b).
Therefore, it can be concluded that corrosion is mainly
limited to the shell region consisting of finer grains and
that little corrosion takes place in the coarse-grained
region.
In order to investigate the cause of differential

corrosion in the shell and core regions, compositional
analysis of the harmonic structured SUS304L was
carried out using EPMA along a line originating from
the middle of the core and passing through the shell
region, as shown in Figure 8(a). It is evident from
Figure 8(b) that the composition remains almost con-
stant in the shell and core regions. Therefore, it can be
concluded that heavy corrosion of the shell region is not
due to chemical change. It is worth mentioning that the
composition of the nonharmonic structured and con-
ventional steels also remains uniform throughout, as
determined from the EPMA study (data not shown).
The higher rate of corrosion in the shell region can be
attributed to the reduction in grain size resulting in an
increase in fast diffusion channels, such as grain
boundaries, for ions. The probable cause for reduction
in the corrosion resistance of the nonharmonic struc-
tured SUS304L steel could be the pre-existing pores in
the material. These pores may accelerate the process of
corrosion. Although shell regions have corroded more in
the harmonic structured steel, the net corrosion rate has
been measured to be more in the nonharmonic one due
to pre-existing porosity, as observed in Figures 1(c) and
(d). However, there are no visible pores in the case of the
harmonic structured steel (Figures 1(a) and (b)). The
conventional 304 stainless steel has exhibited markedly
higher corrosion resistance as compared to the nonhar-
monic stainless steel since it has no pores.
It is also important to observe that the core regions

have the appearance of pop up, as compared to the shell
regions, which form a trough in the case of the harmonic
structured steel (Figure 7(b)). This also agrees with the
plausible mechanism as proposed earlier while explain-
ing the serration in the passive portion of the dynamic

Fig. 3—(a) SEM micrograph and (b) average grain size distribution of the conventional 304 stainless steel.

Fig. 4—(a) LP and (b) dynamic polarization plots of the harmonic,
the nonharmonic, and the conventional stainless steel in 3.5 pct
NaCl solution.
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polarization plot (Figure 4(b)). Since the passivation is
unstable in the shell (fine-grained) regions, the dissolu-
tion would be greater in the fine-grained region as

compared to the coarse-grained core region, leading to
the pop up (coarse-grained sites) and trough (fine-
grained sites) zones.

Table II. Values of Electrochemical Parameters Obtained from Electrochemical Polarization in 3.5% NaCl Solution

Material Rp (Ohms-cm2) ba (mV/decade) bc (mV/decade) Ecorr (mV vs SCE) icorr (lA/cm2)
Corrosion rate
(mm/year)

Harmonic 304 SS 181,081 163 154 �308 0.47 0.0048
Non-harmonic 304 SS 7142 203 74 �387 0.93 0.0095
Conventional 304 SS 15,175 186 171 �310 0.56 0.0060

Fig. 5—SEM micrographs after dynamic polarization test in 3.5 pct
NaCl solution for (a) the nonharmonic, (b) the harmonic, and (c) the
conventional stainless steels.

Fig. 6—SEM micrographs showing the cross-sectional surface of
specimens in a dynamic polarization test in 3.5 pct NaCl solution for
(a) the nonharmonic, (b) the harmonic, and (c) the conventional
stainless steels.
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In order to compare the pitting behavior of the
preceding three stainless steels, cyclic polarization tests
were performed, and the corresponding plots are shown
in Figure 9. It is clear from Figure 9 that cyclic
polarization plots of the nonharmonic and the conven-
tional 304 stainless steel show a larger positive hysteresis
loop as compared to that of the harmonic structured

stainless steel. Contrary to this, the harmonic stainless
steel shows a negative hysteresis loop in a smaller
potential range, which means that the harmonic steel
has some tendency to repair the breakdown at localized
areas during reversal of potential. Moreover, the repas-
sivation potentials (Erp) for the harmonic, conventional,
and nonharmonic steels are –0.03, –0.1, and –0.35 V,
respectively. This also suggests that the pitting tendency
is maximum for the nonharmonic steel and that the
harmonic steel has the highest pitting resistance. The
conventional steel falls in-between. This can be attrib-
uted to the fine grains present in the harmonic stainless
steel resulting in the formation of extremely fine pits in
the harmonic steel (shown by arrowhead) compared to
the larger pits formed in the nonharmonic and conven-
tional 304 steels, as shown in the SEM micrographs
(Figures 10(a) through (c)) of the specimens after the
cyclic polarization tests. Figures 10(a) through (c) also
indicate that pitting is most significant in the nonhar-
monic structured case (Figure 10(c)) as compared to the
harmonic structured and conventional stainless steel
samples. This is also quite possible, since once the
breakdown in the passive layer happens, corrosion
proceeds along the broken sites, forming deep pits.
Whereas, in the case of the fine-grained section, the

Fig. 7—SEM micrographs of two different regions (a and b) after dynamic polarization test up to 1 V in 3.5 pct NaCl solution for the harmonic
structured stainless steel. (b) is the magnified image from the corroded part of (a) showing the preferential attack in the fine grained regions.

Fig. 8—EPMA analysis of the harmonic steel: (a) micrograph show-
ing the line along which compositions have been measured and (b)
plot showing the quantities of Fe, Cr, Ni, Mn, and C.

Fig. 9—Cyclic polarization plots of the harmonic, the nonharmonic,
and the conventional stainless steels in 3.5 pct NaCl solution.
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pitting is not severe, since there is continuous formation
and destruction of the passive layer along the fine-
grained sections and the corrosion mode is of a more
uniform type.

Raman spectroscopy analysis of the corroded surface
of the specimens after a dynamic polarization test is
shown in Figure 11, which shows the constituents of the
corrosion product. It was reported in the literature that
the increment in the ratio of a-FeOOH and gamma*
(total mass of gamma-FeOOH, beta-FeOOH, and
magnetite) in the corrosion products leads to a decrease
in corrosion rate.[38,39] Raman peaks (Figure 11) were
identified and the fraction of a-FeOOH is determined by
comparing the area of Raman peaks found to be ~83,
~18, and ~41 pct for the harmonic, nonharmonic, and
conventional 304 stainless steels, respectively.[40,41]

Therefore, a-FeOOH is the major phase of the corrosion
products present on the surface, and the fraction of

a-FeOOH was found to be greater in the harmonic
structured steel compared to the other two steels. Hence,
it can be concluded that the higher fraction of protective
a-FeOOH in the harmonic structured steel caused a
reduction in the corrosion rate. Interestingly, the con-
ventional steel has an intermediate value of the fraction
of a-FeOOH, which can be attributed to its intermediate
corrosion rate and other polarization parameters (Ecorr

and Rp). Moreover, the pitting corrosion resistance of
the conventional steel is also in-between the harmonic
and the nonharmonic steels.
The specimens of the harmonic and nonharmonic

steels were cleaned by Clarke’s solution (1000 mL
hydrochloric acid + 20 g antimony trioxide + 50 g
stannous chloride) after exposure to a salt fog environ-
ment for 30 days, and the mass loss was determined.[42]

The corrosion rates were found to be 0.13 and 0.17 mm/
year for the harmonic and nonharmonic structured
SUS304L steels, respectively, as measured according to
ASTM G1-03.[42] Though the difference in the corrosion
rates of both steels is not large, the pitting is severe in the
case of the nonharmonic steel sample after the salt fog
test (Figure 12(a)) as compared to the harmonic struc-
tured steel sample (Figure 12(b)). This finding also
suggests that the pitting corrosion resistance of the
harmonic structured steel is higher than that of the
nonharmonic one, which is in good agreement with the
results of the cyclic polarization tests. It should be
mentioned that the difference in the corrosion rates in
the polarization tests (Table II) and salt spray tests is
due to the different natures of the tests. In the salt spray
test, the corrosion process is more aggressive due to the
alternate drying and wetting cycle. Moreover, the
character of the corrosion product changes over the 30
days of the test cycle. On the other hand, the polariza-
tion tests are short time tests. Hence, the dynamic
change of the sample surface over a longer time frame is
not considered in the quick polarization tests. However,
the trend in the change of corrosion rates of different
structured steels is similar, though the magnitude is
different.
In order to understand the cause of the higher pitting

corrosion resistance of the harmonic structured steel, as
observed from the salt-fog test, the corrosion products
formed on the surface of the specimen were analyzed.
Figures 13(a) and (b) show the SEM micrographs of the

Fig. 10—SEM micrographs after the cyclic polarization test in 3.5 pct NaCl solution for (a) the harmonic, (b) the conventional, and (c) the non-
harmonic stainless steel.

Fig. 11—Raman spectroscopy plots after the dynamic polarization
test in 3.5 pct NaCl.
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corrosion products formed on the specimen of the
nonharmonic and harmonic structured steels, respec-
tively, after exposure to a salt fog environment for 30
days. A typical ‘‘cotton ball’’ morphology is found in
the micrograph of the corrosion products of the

harmonic structured SUS304L steel, which was reported
to be a-FeOOH, as shown in Figure 13(b).[43,44] The
characteristic morphology of a-FeOOH can be seen only
in some regions in the case of the nonharmonic
structured steel, as shown in Figure 13(a). This is also
confirmed by Raman spectroscopy results, as shown in
Figure 14. The fractions of a-FeOOH were found to be
~23 and ~11 pct for the harmonic and nonharmonic
structured SUS304L steels, respectively. The higher
fraction of passive a-FeOOH in the corrosion products
formed on the harmonic structured steel, as compared to
that of the nonharmonic structured steel, can be
attributed as the cause of the increase in the pitting
corrosion resistance of the harmonic structured steel.

IV. CONCLUSIONS

It was observed that the SUS304L stainless steel with
harmonic structured design shows better corrosion
resistance in 3.5 pct NaCl solution as compared to the
nonharmonic structured and the conventional 304
stainless steel. Uniform distribution of the fine- and
coarse-grained regions, as well as higher grain boundary
fractions in the harmonic steel, along with extremely low
porosity attribute to its highest corrosion resistance. The
shell region of the harmonic structured steel has been
found to be more corroded compared to the core. It has
been seen that there is no compositional variation in the

Fig. 12—SEM micrographs of the samples after removal of corrosion products from (a) the nonharmonic and (b) the harmonic structured stain-
less steel exposed to salt fog environment for 30 days.

Fig. 13—SEM micrographs of the corrosion product layer showing ‘‘cotton balls’’ after exposure to salt fog environment for 30 days of (a) the
nonharmonic and (b) the harmonic structured SUS304L steel.

Fig. 14—Raman spectroscopy plots as taken from the corrosion
products of the specimens exposed to salt fog environment for 30
days.
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shell and core regions in the harmonic structured steel;
therefore, chemical change could not be the cause of
higher corrosion of the shell region. The large number of
grain boundaries present in the shell region was
attributed to the high rate of corrosion in this region.
The reason for reduction in corrosion resistance of the
nonharmonic structured steel was attributed to the
presence of significant porosity. Pre-existing pores in the
material led to aggravation of the pitting corrosion. The
large fraction of passive a-FeOOH present in the
harmonic structured steel is also one of the reasons for
higher corrosion resistance in that steel.
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