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Corten steel is a low-carbon alloy steel. It is widely used in architecture, the transport sector, and industrial applications, where the steel is
exposed to harsh environments. It is very much sought after due to its auto protection from corrosive environments through the
formation of patina (rust). �e specialty of patina formed on the corten steel is that it can self-heal itself and stop the spreading of
corrosion. Generally, steels are given protective coatings to enhance resistance to corrosion, wear, abrasion, etc. One of the popular
protective coating techniques is electroplating. In this study, the e�ect of electroplating of copper (Cu), zinc (Zn), and nickel (Ni) on the
wear and corrosion behavior of CortenASTMA242 grade steel is investigated. It was observed that theCu coating yielded poor corrosion
and wear protection performance. �e Zn coating exhibited a moderate improvement. �e Ni electroplating produced excellent results
and, the wear and corrosion resistance was improved in the corten steel. �us, when compared with Cu, Zn, and Ni coatings, the Ni-
coated corten steel is an ideal candidate in applications where there is a need for good resistance to wear, abrasion, and corrosion.

1. Introduction

�e corten steel belongs to the family of weathering steels.
�e corten steel’s uniqueness lies in its ability to instanta-
neously form a stable rust layer called as patina. �is patina
gives corten steel the aesthetically pleasing appearance and
also makes it immune to corrosion. �e rust formed on the
corten steel prevents further corrosion of the underlying
corten steel, by forming an impervious passivation layer.
Furthermore, corten steel has good combination of me-
chanical properties with minimal alloying in the low alloyed
steels segment. Since it has good weight to strength ratio, it is
widely used in fabrication of railway coaches, transport
industry, bridges, structures, etc. �e corten steel is the work
horse of the railway coach building industry. Corten steel is
inherently capable to serve in harsh environments and
climatic conditions. �e versatility of corten steel lies in its
ability to be welded, formed, and undergo processing and

heat treatments, and thus its properties could be engineered
to produce various products, equipment, structures etc.

�e presence of Ni in corten steel makes it unique among
the weathering steel, as the Ni present in it enhances the
corrosion resistance as observed by other investigators [1].
�e uniqueness of corten steel lies in the proper combination
of alloying elements in it. Several investigators have observed
that, if the quantity of elements like Mn increases, the
corrosion rate will increase and also the structure of the rust
formed will be poor [2, 3]. Ni-based coatings through
electroplating route has enhanced the wear and corrosion
resistance of the steel substrate andmechanical properties, as
discussed elsewhere [4–8]. Copper, as a corrosion and wear
resistant coating, is e�ective only when coupled with ele-
ments like Cr as discussed elsewhere [9–11]. �e Ni coating
is nonpervious to corrosion than the Cu coating as observed
by other investigators [12]. Several investigators have tried to
explore the corrosion behavior of corten steel and other
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weathering steels and observed that the corten steel possesses
good immunity to corrosion [13–16]. ,e Zn-based coatings
provide good immunity in salty environments as discussed
elsewhere [17, 18]. ,e Zn-based coating offers good corrosion
resistance but the passivation layer shall be porous and hence
likely to form pitting as discussed by Protsenko and Danilov
[19]. ,e coating of Cu and Ni imparts immunity from wear,
stress corrosion cracking, erosion, abrasion, etc. as studied by
other investigators [20]. Most of the investigators have studied
coating of other steels through techniques other than elec-
troplating, like jet electrodeposition and dipping, for studying
corrosion behavior, ballistic response, etc. [17–20]. ,ere is
scant work reported in literature on the electroplating behavior
in corten steel and thus, necessitating this investigation.

2. Materials and Methods

,e Corten ASTM A242 Grade Steel of 3mm thickness was
taken for this investigation. ,e composition of the corten
steel was determined using a vacuum spark spectrometer.
,e micro Vickers hardness test was carried out conforming
to ASTM E384—10e2 using Wilson Wolpert micro Vickers
hardness testing machine on the Corten steel with 0.5 kg
load and dwell of 5 sec. ,e metallurgical specimens are
prepared by polishing with various grades of emery paper,
polished with lavigated alumina (0.0013 μm particle size)
and final polishing was done using diamond polishing
compound (0.25 μm particle size) and then etched with
Nital. ,e microstructural analysis was performed using a
Zeiss Axio Scope optical microscope. ,e Cu, Zn, and Ni
coating were done individually on corten steel in AK Fin-
ishing Technologies, Chennai, India. ,e scratch test was
performed using Ducom, Bangalore, India, scratch tester.
,e scratch test was carried out with a Rockwell diamond
stylus indenter of 120 degrees, length of 45mm, friction
accuracy of 0.1N for a depth range of 0–300mm, and a
working load of 5N. ,e surface roughness (Ra) was
measured using a Mitutoyo roughness tester. ,e coating
thickness was measured using an optical microscope scale.
,e bend test was performed using a universal testing
machine (UTM). ,e corrosion test was carried out in a salt
spray setup for 48 hours conforming to ASTM B117. ,e
corrosion test setup was maintained at a temperature of
33± 1°C with 5% NaCl. ,e weight loss was measured every
12 hours. ,e surface morphology of the corroded corten
steel was studied using Jeol—scanning electron microscope
(SEM). ,e elemental composition of the corroded surface
was determined using the energy dispersive spectroscopy
(EDS) attached with the SEM machine. ,e dry pin on disk
wear test were carried out on the electroplated specimens
with an applied load of 20N, sliding velocity of 1m/sec, and
sliding distance of 300m, at 637 rpm; for 300 seconds.

3. Results and Discussion

3.1. Chemical Composition. ,e elemental composition
conforms to Corten Steel—ASTM 242 and is shown in
Table 1.,e presence of Nickel and chromium contributes to

its inherent corrosion resistance. ,e unique blend of
alloying elements gives the corten steel good mechanical
properties and corrosion resistance. Furthermore, due to its
low alloying content, it is a cheap deal over its functionality.

3.2. Microstructure. ,e microstructure shows mill nor-
malized condition with uniform grains of pearlite in ferrite
matrix. ,e rolling bands are observed along the longi-
tudinal direction of the sheet. ,e grain size corresponds to
ASTM grain size No; as per ASTM E-112.,e average grain
size measured as grain size No; 6 as per the standard. No
stringers observed between the grain flow. ,e micro-
structure shows resolved grain boundaries and the pre-
cipitated pearlite between the grain boundaries which is
shown in Figure 1. ,e grains of pearlite show no elongated
grains.

3.3. Hardness Test. ,e microhardness of the corten steel in
pristine condition and electroplated condition is shown in
Figure 2. ,e Cu-coated corten steel specimens exhibited an
increase of around 197.1% in microhardness when com-
pared with the uncoated corten steel. Similarly, the Ni-
coated specimens showed an increase of around 400.2% in
microhardness. However, the Zn-coated specimens showed
a decrease of around 47.6% in microhardness. ,is behavior
vindicates the nature of the coating in terms of density of the
coating. From these observations, it can be inferred that the
Ni coating has potential to resist wear and abrasion, whereas
the Zn coating has the least wear resistance.

3.4. Coating (ickness. When comparing the macrostruc-
ture images in Figure 3, and coating thickness measurements
in Figure 4, the Zn coating thickness is observed to be
considerably more than Cu and Ni coating. ,e Cu coating
has the least thickness and the Ni coating higher than Cu;
and the Zn coating has the highest thickness. ,is nonun-
even distribution of coating thickness among Cu, Zn, and
Ni, shall be attributed to the electro chemical reaction and
the reduction potential of the respective elements involved
in the electroplating process.

From (1), it could be observed that the oxygen forms
hydroxyl ions when reacted with water during electro-
plating. ,e following reactions take place in nickel, copper,
and zinc; equations (2)–(4), where the respective metal
hydroxides are formed on the cathode (carton steel) during
electro plating, as discussed elsewhere [4, 21, 22]. ,e re-
duction potential of copper is 0.337V, nickel is −0.25V, and
zinc is −0.7628V. By virtue of their reduction potential, zinc
has greater reduction potential and hence easily gets de-
posited on the cathode (corten steel), whereas copper has
least deposition rate and the deposition rate of nickel is
moderate.,is is responsible for their respective thickness of
coating through the electroplating process. Hence, Zn in the
presence of iron (Fe) tends to produce thick coating, as
observed by other investigators [23].
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1
2o2

+ 2H2O + 2E − ⟶ 2OH (1)

Ni2+
+ 2OH− ⟶ Ni(OH)2 (2)

Cu2+
+ 2OH− ⟶ Cu(OH)2 (3)

Zn2+
+ 2OH− ⟶ Zn(OH)2 (4)

3.5. Scratch Test. ,e scratch test is carried out to determine
the vulnerability of the coating to abrasion. From Figure 5, it
is clear that Zn shows a poor performance, and Cu has
slightly better scratch resistance. However, Ni coating offers
good scratch resistance to the underlying corten steel and
thus proves that the coating is coherent and could resist
abrasions and shall be durable.

3.6. Surface Roughness (Ra). ,e Cu coating produces a
rough finish, followed by Ni-coated corten steel surface and
is shown in Figure 6. ,e Zn-coated corten steel surface
exhibits around half of the roughness Ra values when
compared with other two coatings. When compared with Cu
and Ni, the Zn coating produces a smooth surface with lower
Ra value.

3.7. Adhesive Bend Test. A gradual linear increase in the
adhesive bend strength is observed in Figure 7. ,is trend
indicates that there is not much effect of coating on the
ultimate bending strength. Furthermore, it is obvious from
the Figure that the adhesion of the coating is good in Ni
when compared with Cu and Zn. ,is behavior shall en-
hance the durability of the coating in functional field
applications.

3.8. Corrosion Test. ,e weight loss due to the corrosion of
Cu, Zn, and Ni is very much low when compared with the
uncoated corten steel and is shown in Figure 8.,is indicates
that the coatings offer the corten steel surface, immunity
from corrosion [24–27]. Among the three coatings, Ni had
the least corrosion-induced material weight loss. ,e cor-
rosion rate of Cu spiked when compared to the uncoated
corten steel due to the Fe surface catalyzed reaction of Cu,
which causes accelerated corrosion. ,e Ni-coated carton
steel exhibited least corrosion rate compared to other cor-
rosion coupons. Zn exhibited a slightly higher corrosion rate
than the Ni-coated carton steel coupons. ,e reason behind
the minimal corrosion rate of Ni-coated carton steel is its
strong bonding with the substrate and its capability to plug
the pores and holes in the surface of the carton steel, and
thereby sealing all paths from corrosion attack.

Furthermore, the Ni has strong affinity towards Fe and
hence the bonding between the corten steel substrate is good.
However, in the case of Cu, this affinity is less and hence the
bonding is poor, as discussed by Singh and Singh [28].

,e Fe in the corten steel substrate surface triggers the
chemical reduction of Cu. ,is surface catalyzed chemical
reduction reaction is shown in (5) as formulated by in-
vestigators elsewhere [20].

Cu2+
(aq) + Fe(s)⟶ Cu(s) + Fe2+

(aq) (5)

It can be observed from (1), that the chemical reduction
reaction results in poor adherence, and a less dense coating
of Cu on the corten steel.

Zn exhibits a spontaneous dense passivation layer in the
presence of Fe in the corten steel substrate, which imparts
corrosion resistance to the substrate as discussed by other
investigators [23].

Table 1: Chemical composition of corten steel (conforming to ASTM 242).

Elements C Si Mn P S Cr Ni Mo V W Ti Al C N Fe
Weight (%) 0.108 0.262 0.366 0.092 0.013 0.555 0.188 0.005 0.003 <0.01 0.003 0.030 0.005 0.0341 Remainder

200 X

Figure 1: Microstructure of corten steel.
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Figure 2: Microhardness of uncoated and coated corten steel
specimen.
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,e SEM image in Figure 9(a) shows numerous pores in
the Cu-coated layer leading to pitting and increased cor-
rosion rate. ,e presence of pores in the Cu coating leads to
leaching out of Fe and thus aggravating the corrosion and it
is evident from the EDS report shown in Figure 10(a).

,e SEM image in Figure 9(b) shows a uniform coating
of Zn and a dense passivation layer formation, which
protects the substrate from corrosion and is visible from the
EDS report in Figure 10(b).

,e SEM image in Figure 9(c) shows a dense passivation
layer formation upon exposure to corrosive medium, which
leads to good corrosion resistance and is seen from the
elemental spectrum in EDS report shown in Figure 10(c), as
observed elsewhere [29]. ,e Ni coating was effective as it
was able to form a coherent layer which seals the pores in the

corten steel substrate and prevents outward migration of
elements from the substrate as discussed elsewhere [30–33].
,e presence of Mo in the Corten steel matrix works syn-
ergistically with Ni coating to prevent growth of pits during
the formation of the passivation layer as discussed by other
investigators [34].

3.9. Wear Test. ,e inherent behavior of Zn upon electro-
plating, is to reduce the ductility of the steel and form in-
coherent coating, this in turn makes the corten steel
susceptible to wear as observed by other investigators [35].
,is shall be attributed to the higher wear induced weight
loss of Zn-coated corten steel than the Cu and Ni-coated
substrates, as shown in Figure 11.
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Figure 9: SEM surface morphology images of electroplated corten steel (a) Cu coated (b) Zn coated (c) Ni coated.
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Figure 10: Energy dispersive spectroscopy (EDS) report of (a) Cu electroplated corten steel, (b) Zn electroplated corten steel, and (c) Ni
electroplated corten steel.
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,e wear rate of the three electroplated specimens is
shown in Figure 12, where it is observed that Zn exhibits a
spike in wear rate; Cu has a steady trend in wear rate; and Ni
has a moderate wear rate. ,e coefficients of friction (COF)
of the three electroplated specimens are shown in Figure 13.
,e COF of Ni-coated corten steel specimens is less when
compared with Cu and Zn-coated corten steel specimens.
,e low COF of Ni indicates its inherent immunity to wear
and vice versa in the case of Cu and Zn-coated corten steel
specimens. A similar trend is observed in the Figure 14,
which depicts the wear frictional force during the wear test
on the Cu, Zn, and Ni electroplated corten steel specimens.
As the frictional force is lower in the Ni-plated surface, the
wear also is low.

4. Conclusion

Corten steel is inherently resistant to corrosion and wear,
due to its unique blend of alloying elements. As it is cheap
and is the staple raw material for architectural applications,
in this investigation, an effort has been taken to enhance its
corrosion and wear resistance and also improve its dura-
bility, through electroplating. ,is study yielded good in-
sight into the mechanism behind the improvement of
properties by the electroplating of corten steel with Cu, Zn,
and Ni. ,e Ni-coated corten steel specimens exhibited the
lowest corrosion rate of 0.8525 mils/year and wear weight
loss of 0.003 g, when compared with Cu and Zn-coated
specimens. Ni was found to be the ideal coating that can
impart resistance to corten steel–ASTM 242 from wear,
abrasion, and corrosion.
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