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Structures, constructions and bridges in coastal areas are greatly affected by the corrosive
attack of chlorides. This reduces their lifetime and leads to losses due to their maintenance.
This study aims to improve the lifetime and corrosion-proof behavior of steel rebars in the
saline environment (3.5% NaCl) by applying electroless Ni-Cu-P coatings with high corrosion
resistance. Ni-Cu-P coating was deposited on Fe-600 steel rebars. The coating was deposited
by varying bath condition parameters, such as concentration of nickel sulphate, sodium hy-
pophosphite and copper sulphate. This led to a variation in Ni, P and Cu content, and finally,
the optimal bath combination was obtained using the Taguchi-based grey relational analysis.
For concentrations of 25, 10 and 0.3 g/l nickel sulphate, sodium hypophosphite and copper
sulphate, enhanced corrosion resistance of the coated rebars could be achieved with —350 mV
Feorr and 0.4 p.A/cm2 Icorr. At the same time, the bare rebars had Ecorr of —653 mV and Icory
of 11.7 nA/cm?.

Key words: electroless Ni-Cu-P coating; steel rebar; chloride attack; potentiodynamic polar-
ization.

1. INTRODUCTION

One of the most common problems encountered in reinforced concrete struc-
tures is reduction of their strength and lifetime due to attack from chlorides
species [1-3|. Aggressive attack of chloride ions leads to pitting of rebars, espe-
cially in the marine environment [4-6]. The presence of a passivating oxide layer
leads to C-steel rebars embedded in concrete to become corrosion resistant in an
alkaline environment (pH > 3) [7]. Beyond a critical chloride concentration level,
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the threshold value is exceeded and the passive oxide layer is damaged [8-10]. The
presence of carbon dioxide in the atmosphere also decreases the pH [11]. Thus,
the damage of steel rebars is accelerated in the coastal areas and marine envi-
ronment due to the high accumulation of chloride species penetrating through
the concrete pores [12].

Counteractive measures need to be undertaken to prevent corrosion of rebars.
The attack of corrosion species may be inhibited by admixtures in concrete that
induce self-healing characteristics [13-18]. Selecting a suitable steel grade also re-
sults in enhanced corrosion performance of the rebars. Austenitic grade stainless
steel tends to remain passive in simulated seawater [19]. High chromium steels
or chromium-modified steels have high corrosion resistance due to the formation
of a compact and dense passivating layer when exposed to corrosive species |20].
Recent studies have explored the potential of surface-engineered rebars for pro-
tection against aggressive chloride ions [21|. Enamel-based coatings are quite
popular candidates for long-term corrosion protection of rebars in a chloride en-
vironment [22-24]. Pure enamel coatings provide excellent corrosion resistance
over a long-term period (244 days) in a chloride environment in comparison to
double- or mixed-enamel coatings [25]. Due to the tendency of enamel coatings
to get damaged during transportation, careful handling is necessary during hau-
ling. Epoxy coatings, on the other hand, provide commendable corrosion resis-
tance and good bond strength with mortar [26|. Electrochemical tests conducted
for two years revealed no damage to steel rebars due to the epoxy coatings’ low
permeability to chloride infiltration [27]. The corrosion resistance of epoxy coat-
ings was further enhanced by adding nano-fillers |28, 29]. Furthermore, it was
seen that a double coating comprising epoxy as the outer layer and enamel as
the inner layer could prevent delamination and provide 180% improvement in
corrosion resistance compared to the individual candidates [30]. Galvanization
was also observed to improve the corrosion resistance of reinforcement steel in
chloride contamination due to passivation over a long-term period [31, 32|.

Recent studies have explored the potential of metallic nickel-based binary
and poly-alloy coatings for corrosion protection of rebars in chloride and sul-
phate attacks [33-35|. Electrochemical tests revealed that Ni-W-P and Ni-Cu-P
ternary alloy coatings have nobler corrosion potential in 3.5% NaCl and 0.5 M
H9SOy4 [34, 35]. Ni-Cu-P coatings deposited by electroless method over Fe-600
grade rebars have shown excellent potential in shielding them from chloride and
sulphate attacks. Hence, the present work aims at obtaining optimized elec-
troless Ni-Cu-P coatings on Fe-600 grade steel with higher corrosion resistance
to pitting chloride attacks. Metallic nickel and poly-alloy coatings may also be
deposited by electroplating |36, 37]. However, electroless coatings have high ad-
hesion to the substrate and deposit uniformity and intricate parts can be coated
with ease [38]. Such deposit characteristics are beneficial for coating ribbed and
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indented rebars. Ribs and indentations are provided on rebars to have a better
bonding with concrete. Thus, it is desirable in such a case that the coatings would
closely follow the substrate roughness, which may be achieved by the electroless
method. Furthermore, electroless nickel treatment is an eco-friendly alternative
to hazardous chromium plating [39].

The present work aims to obtain optimized Ni-Cu-P electroless coatings on
Fe-600 grade rebars as a protective barrier for corrosion prevention. Optimized
electroless Ni-Cu-P coatings were obtained by Taguchi’s orthogonal array-based
grey relational analysis with the source of nickel, phosphorus and copper as
process parameters and potentiodynamic polarization parameters as responses.
Electrochemical methods have been successfully used in the past [40] to evaluate
the corrosion resistance of rebars, and hence potentiodynamic polarization test
was also considered in the present work. Coating characteristics were also studied
for the electroless Ni-Cu-P coated rebars to ensure proper deposition.

2. METHODOLOGY

The electroless method was used to deposit Ni-Cu-P coatings on Fe-600
grade steel rebars. These rebars conform to the Bureau of Indian Standards
IS 1786:2008 and vary with the provisions laid down in ISO 6935-2:2007 [41] due
to India’s geographical factors and practices. Electroless Ni-Cu-P coatings were
deposited on ground substrates (0.4 pm Ra) after proper specimen preparation.
The detailed coating bath composition, deposition conditions and sample prepa-
ration steps are shown schematically in Fig. 1. The average coating thickness
is within 25-30 pm [42]. The bath parameters such as concentration of nickel
sulphate (source of nickel), sodium hypophosphite (reducing agent and source
of phosphorus) and copper sulphate (source of copper) varied as shown in Ta-
ble 1. The nominal diameter of the rebars was 20 mm with 2 mm thickness. The
specimens were immersed in a 200 ml bath for three hours. A total of nine exper-
imental baths were formulated based on the combinations given in Taguchi’s Lg
orthogonal array (OA). This resulted in a noteworthy reduction in the number
of experimental trials.

The corrosion resistance was measured from electrochemical tests, i.e., po-
tentiodynamic polarization (PDP). A conventional three-electrode cell was used
(GILL AC, ACM Instruments). Fifteen minutes of settling time were assigned
for the open circuit potential (OCP) to get stabilized. The corrosive media was
3.5% NaCl for simulating the marine environment and accelerated chloride at-
tack. The exposed surface area of bare and coated rebars to the electrolyte
was 1 cm?. This was the working electrode polarized at 1 mV /s in anodic and
cathodic direction (£ 250 mV wversus OCP). The other two electrodes included
a platinum rod auxiliary electrode (AE) and a saturated calomel reference elec-
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[ Specimen cleaning }

A
[ |
[ Thorough cleaning in detergent water ] [ Immersion in coating bath ] |:>A

)

[ Thorough cleaning in running water ] [ Deionized water rinsing ]

} |

[ Deionized water rinsing ] Immersion in 50% HCl ]

[

Degreasing Deionized water rinsing ]
in acetone

Chemical Concentration [g/]]

Nickel sulphate 25-35
Sodium hypophosphite 10-20
Sodium citrate 15
Copper sulphate 0.3-0.7
=V
pH 9.5
Bath volume 200 ml
Deposition temperature 85+2°C
Deposition duration 3 hours
Heat treatment -
Agitation -

Fi1G. 1. Schematic of specimen preparation and coating bath formulation.

Table 1. Concentrations of nickel, phosphorus and copper sources in the electroless bath.

Concentrations [g/]]
Parameter - B ]
Nickel sulphate Sodium hypophosphite Copper sulphate
levels

(A4) B) ©)
1 25 10 0.3
2 30" 15* 0.5"
3 35 20 0.7

* Initial combination of bath constituents.

trode (RE). The parameters of PDP tests were the corrosion current density
(Icorr) and the corrosion potential (Ecoy). These parameters were extrapolated
from the Tafel polarization plots.
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Based on the results of PDP, an optimization of corrosion resistance was
carried out. A nobler FE..; and lower .., are desirable for enhanced corro-
sion performance. Thus, this formed the basis of a multivariate multi-objective
optimization problem where the grey relational analysis (GRA) may be ap-
plied. The GRA is a very efficient and simple optimization technique that gives
quick solution from discrete data points [43]. The GRA has been successfully
used in optimizing multivariable problems in concrete compositions [44], vari-
ous machining/micro-machining operations [45], friction and wear of electroless
coatings [46], etc. The discrete data points (experimental combinations) and
steps of the GRA are shown schematically in Fig. 2. The optimized results were
compared with corrosion results of uncoated rebars.

Exp. No. A B C

1 1 1 1

2 1 2 2

3 1 3 3

|F ormulating problem | 4 2 1 2

l 5 2 2 3

| Selecting experimental design | |:> 6 2 3 !
7 3 1 3

J{ 8 3 2 1

|Performing experiments | 9 3 3 2

1. Pre-processing experimental data

- l T / Grey relational analysis \
|Performmg optimization |

| Analysis of variance | » Normalization between 0 & 1

l » Grey relational coefficients

| Confirmatory expetiment | 2. Calculation of grey relational grade

| Prediction of optimal result | &Obtam main effects plot j

Fia. 2. Schematic of optimization problem formulation and solution
using grey relational analysis.

Finally, coating characteristics such as composition, morphology and struc-
ture were addressed. A scanning electron microscope (SEM) was employed for
studying surface morphology (JEOL, JSM 6390). For some specimens, field emis-
sion scanning electron microscope (FESEM) was also used (Sigma 300, Zeiss).
Energy-dispersive X-ray spectroscopy (EDS) coupled with SEM was used to de-
termine chemical compositions (EDAX Corporation and Oxford INCA). The
coating structure was investigated with X-ray diffraction (XRD) at 1°/min scan
rate for a range of 20-80° values of 20 (Rigaku SmartLab). Some of the corroded
specimens were also observed under SEM and FESEM.
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3. RESULTS AND DISCUSSIONS

3.1. Optimized bath formulation and corrosion test results

Optimized coating bath constituents were obtained using the GRA. Nine
PDP results obtained following the combinations as per Taguchi’s OA (Fig. 2) for
FEcorr and Ieopy are given in Table 2. Initially, the results need to be pre-processed
in the GRA. Due to the different range of values and units of E.orr and Ieopr,
they are firstly normalized between 0 and 1. As a nobler Eo, is desired, it is
normalized as per higher-the-better criteria. On the other hand, a lower corrosion
current density indicates higher corrosion resistance. Hence, I o is normalized
as per lower-the-better characteristics. Higher-the-better normalization is carried
out as per the following formula [47]:

(3.1) i (k) = x;(k) — min z; (k)

max z; (k) — minz; (k)
While lower-the-better is normalization is done as per the following formula [47]:

max x;(k) — x;(k)
max x; (k) — minz; (k)"

(3.2) 2 (k) =

In Egs (3.1) and (3.2), min z;(k) and max z;(k) are the smallest and largest
values of z;(k), i.e., Ecory and Ioopry given in Table 2.

Table 2. Results obtained from PDP tests and optimization.

SIL. FEeorr Teorr Normalized values Grey relalutional S/N ratio
No. | [mV] | [uA /CmQ] coefficient Grade | Order [dB]
Ecorr Teorr Ecorr Teorr
1 —350 0.4 0.8093 | 1.0000 | 0.724 | 1.000 |0.862| 2 —1.29
2 —301 3.05 1.0000 | 0.8486 | 1.000 | 0.768 | 0.884 1 —1.07
3 —416 3.6 0.5525 | 0.8171 | 0.528 | 0.732 |0.630 | 4 —4.01
4 —435 4.9 0.4786 | 0.7429 | 0.490 0.660 | 0.575 5 —4.81
5 —455 13.5 0.4008 | 0.2514 | 0.455 | 0.400 |0.428 | 8 —7.38
6 —433 0.7 0.4864 | 0.9829 | 0.493 | 0.967 |0.730 | 3 —2.73
7 —436 14.0 0.4747 | 0.2229 | 0.488 0.391 | 0.440 7 —7.14
8 —558 4.7 0.0000 | 0.7543 | 0.333 0.670 | 0.502 6 —5.99
9 —466 17.9 0.3580 | 0.0000 | 0.438 | 0.333 |0.386 | 9 —8.28

Then, the grey relational coefficient (GRC) is calculated and the grey rela-
tional grade (GRG). The GRG is the multiple-performance indicator. The GRC
is calculated as follows [47]:

Amin Amax
(33) & (k) -

" Aoi(k) + A
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The GRC (&) for Ecorr and Ieopy are denoted as &1 and o, respectively. The A
value here, i.e., Ag; = ||zoi(k) — z} (k)| whereas Apin and Apax is the minimum
and maximum value respectively. The distinguishing coefficient (7) is 0.5 due to
its moderate distinguishing ability |46, 47]. The deviation of the experimental
data from the ideal best (which is 1) is denoted by the GRC. By combining the
GRCs, the multi-performance index, i.e., the GRG is obtained. Average of £ and
&5 in a row gives the GRG. Finally, the quality loss function of Taguchi denoted
by S/N ratio is calculated for maximization of the GRG since a higher value of
the GRG (near to 1) would denote optimized condition. For higher-the-better
criterion, it is given as [47]:

(3.4) S/N = —10log (:L > 12>

Y

Here y and n denote the observed data and total number of observations,
respectively. The pre-processing, GRC, GRG and S/N ratios for all nine experi-
mental runs are laid down in Table 2. Additionally, the order has been assigned
to the GRG in Table 2. The highest value of the GRG is assigned order 1, while
the lowest is assigned 9. The highest order resembles near optimum condition,
whereas the lowest order signifies that the experimental result significantly de-
viates from the optimized condition.

In an OA, the effect of each process parameter may be determined at each
level. This is done by finding out the mean S/N ratio of each process parameter
at each level, and the results obtained are tabulated to form a ‘response table of
means’. The response table for means of S/N ratios in the present work is given
in Table 3. Based on the delta values (difference between highest and lowest S/N
ratio in a column), ranks have been assigned to the three process parameters:
A, B and C denoting nickel sulphate, sodium hypophosphite and copper sulphate,
respectively. Based on the ranks, the highest influence is observed for nickel
sulphate, and hence rank 1 has been assigned, followed by copper sulphate and
sodium hypophosphite. The optimal condition of parameters has been predicted

Table 3. Response table showing means of S/N ratios at different levels.

Level A B C
1 —2.126 | —4.412 | —3.337
2 —4.973 | —4.813 | —4.719
3 —7.135 | —5.008 | —6.177
Delta 5.009 0.596 2.84
Rank 1 3 2
Mean S/N ratio = —4.74 dB




322 A. MUKHOPADHYAY, S. SAHOO

from the main effects plot shown in Fig. 3. The optimized corrosion resistance
of the Ni-Cu-P coated rebars has been achieved for a parametric combination of
25, 10, and 0.3 g/1 nickel sulphate, sodium hypophosphite and copper sulphate
respectively, i.e., A1B1Cj.

A B C

Mean S/N ratios

1 2 3 1 2 3 1 2 3

Signal-to-noise: Larger is better

Fia. 3. Main effects plot showing means of S/N ratios.

Furthermore, analysis of variance (ANOVA) has been carried out on the S/N
ratios given in Table 2. ANOVA is a very efficient statistical tool that gives
the percent contribution of the factors on the multi-performance indicator, and
the results are given in Table 4. From the ANOVA results given in Table 4, the
highest significance in terms of the percentage contribution is for nickel sulphate
(factor A) and copper sulphate (factor C). Thus, the concentration of nickel
and copper in the bath has the highest influence in controlling the corrosion
resistance of the coated rebars. The probability plot of S/N ratios is shown in
Fig. 4 and it shows the adequacy of the model at a 95% confidence interval.

Table 4. ANOVA results for S/N ratios of GRG.

Source | DOF Adjusted sum Adjusted mean F-value | Percent contribution
of squares squares

A 2 37.87 18.94 6.14 66.80

B 2 0.55 0.28 0.09 0.98

C 2 12.10 6.05 1.96 21.35
Error 2 6.17 3.08 10.88
Total 8 56.70 100.00

R-sq = 89.12%
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F1G. 4. Probability plot of S/N ratios showing the adequacy of the model.

Finally, a confirmation test has been carried out to conclude the suitability of
the optimization. The optimal results are compared to an initial test run which
is the combination of mid-level parameters in this case, A9B3sCs. The mid-level
combination of parameters is selected based on a previous research work [34]
where it was concluded that electroless Ni-Cu-P coatings could improve the
corrosion performance of steel rebars in 3.5% NaCl. The aim of the present work
is to achieve even higher corrosion resistance. The formula for predicting the
grade at optimal parametric combination is [47]:

(3.5) T=9m+ Y Fi = Ym)-
=1

The mean GRG is 7,,. The mean GRG at optimal levels is denoted as 7;,
and o represents the number of design variables (i.e., 3 in the present work). The
results of the confirmatory run are shown in Table 5. The predicted and experi-

Table 5. Confirmatory test of optimization.

Initial Optimal
Predicted | Experimental
Level AsB2Co | A1B1Cy A1B:Cy
Eeorr [mV] —356 —350
Teorr [WA/em?] | 0.780 0.400
Grade 0.829 0.91 0.862
Improvement in grade = 0.033 (3.98%)
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mental grades are seen to be in accordance with each other. An improvement
of almost 4% in the GRG is observed compared to the initial test.

The Tafel polarization plots of bare and Ni-Cu-P coated rebars at mid-level
and optimal condition of parameters are shown in Fig. 5. A comparison of the
corrosion parameters is shown in Table 6. A significant reduction in I.., and
nobler E.o, could be achieved due to the application of electroless Ni-Cu-P
coatings compared to bare rebars. While there is no significant change in the mid-
level or optimal parametric combination, Fig. 5 shows that there is the initiation
of passivation at the optimum condition. Thus, the optimal bath combinations
provide barrier as well as passive protection to the rebars. This may prove to be
beneficial in the long-term corrosion protection of rebars and would prove to be
beneficial compared to the initial parametric combination. Future research work
may be directed towards the long-term investigation of corrosion resistance of
the coated rebars to chloride attack.

53\

-100

-200

-300

-400

-500

Potential [mV]

-600
S1

=700 —
S1: Bare rebar

-800 —  S2:Ni-Cu-P coated rebar (A,B,C, initial condition —
S3: Ni-Cu-P coated rebar (A,B,C, optimal condition

~900 1 1 1 1

10° 107 10°
Current [mA/cm?]

FiG. 5. Tafel plots of the bare and Ni-Cu-P coated rebars.

Table 6. Tafel polarization parameters of electroless coated and bare rebars.

Sl. No. | Corrosion parameters | Bare rebar Ni-Cu-P coated rebars
Initial test run | Optimal condition

1 Ecorr [mV] —653 —356 —350

2 Teorr [A/cm?] 11.7 0.78 0.40

8.2. Study of coating characteristics

The surface morphologies observed in SEM and FESEM of Ni-Cu-P coated
rebars for the initial test run and optimized bath formulation are shown in
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Figs 6 and 7, respectively. For the former case, nodulated structures are ob-
served (Fig. 6). The surface is dense and defect-free, i.e., without any porosities.
This is the typical cauliflower-like morphology reported by other researchers, and
the present observations are in line with them [33, 46]. In fact, a mass of round
nodules was also observed for Ni-Cu-P coated magnesium by Liu et al. [48].
A compact mass of nodules is also seen in the optimized case in Fig. 7. The cor-
responding composition of the coated rebars is shown in Table 7, as they lie in
the high phosphorus range leading to a high corrosion resistance. Ni-P electroless
deposited coatings have proven corrosion resistant [49, 50| and this is enhanced
on adding a third element because of their higher reduction potential compared
to Ni [48]. It may also be noted here that Table 4 indicates the highest influ-
ence of nickel sulphate in controlling corrosion, which in turn controls the source

Fia. 6. SEM image of Ni-Cu-P coating deposited on Fe-600 grade rebar for initial combina-
tion of design variables at 2000X magnification (reproduced from [34] with permission from
IOPscience).

Fic. 7. FESEM image of Ni-Cu-P coating deposited on Fe-600 grade rebar for optimal combi-
nation of design variables at 5000X magnification.
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of Ni. Thus, it is expected that the Ni content shown in Table 7 for both coated
rebars is almost the same, leading to similar corrosion resistance. However, in-
creasing Cu content in Ni-Cu-P coatings promotes passivation in the deposits
when subjected to chloride attacks [48]. Here, in the optimized bath, the initia-
tion of passivation is observed, which could be due to an optimal concentration
of all the constituents in the electroless bath.

Table 7. EDS composition analysis of Ni-Cu-P coated rebars.

Combination | Wt.% of Ni | Wt.% of P | Wt.% of Cu
Initial 83—-86 10-12 4-5
Optimal 85—88 9-11 3-4

The XRD results of coated rebars for initial and optimized combination are
shown in Fig. 8. Both exhibit amorphous nature with a broad dome around
~44° 260. A sharp peak surrounded by a broad dome has also been referred to as
a mixture of amorphous and nano-crystalline nature in other research works [51].
In the case of optimal condition (Fig. 8b), the strong peak at ~45° 20 and
the weaker peaks at ~51°, 64°, and 73° for both initial and optimal conditions
(Figs 8a and 8b) are from the substrate, i.e., intrinsic iron content |52]. In general,
an increase in crystallinity has been observed with an increase in copper sulphate
concentration and also an increase in corrosion resistance [48|. But in the present
case, the coating crystallinity is correlated with the composition in Table 7, and
they corroborate with each other. The results are also in agreement with other
research works [48-52]. Thus, from the coating characteristics, effective coating
deposition is concluded.

=
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2 =
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5 =
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z 5
s =

T T I I
20 40 60 80 20 40 60 80

Diffraction angle (20) Diffraction angle (26)

F1a. 8. Results of X-ray diffraction of electroless Ni-Cu-P coated rebars: a) initial combination
(reproduced from [34] with permission from IOPscience) and b) optimized condition.
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3.8. Study of corroded specimens

The bare rebar subjected to the chloride attack is shown in Fig. 9. The sur-
face is characterized by severe cracking due to the pitting attack of the chloride
species. The FESEM image of the optimized coated rebar post corrosion in 3.5%
NaCl is shown in Fig. 10. The surface is comprised of passive products and lamel-
lar structures. Similar structures have also been observed in the case of Ni-W-P
coatings leading to enhanced corrosion resistance [47]. Thus, an optimized coa-
ting bath leads to a significant improvement in the corrosion performance of
the rebars. Future research works may be directed towards the investigation
of the long-term corrosion performance of the coated rebars in corrosive me-
dia since the present work reveals the onset of passivation. The present work

Fic. 9. SEM image showing chloride-induced corrosion in bare Fe-600 grade steel rebars
at 1000X magnification (reproduced from [34] with permission from IOPscience).

Fic. 10. FESEM image showing passivity in optimized Ni-Cu-P coated rebars
after chloride-induced attacks at 6000X magnification.
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would prove to be an initial step towards establishing electroless nickel coatings
as suitable alternatives for corrosion protection of structures in saline/marine
environment.

4. CONCLUSION

The present work investigated electroless Ni-Cu-P coatings as potential can-
didates for corrosion prevention of Fe-600 grade rebars in a chloride environ-
ment. To achieve enhanced corrosion resistance of the rebars, optimum coating
bath formulation was predicted using the Taguchi-based grey relational analysis.
A noble Eeorr (—350 mV) and low Ieorr (0.4 wA/cm?) were achieved as a result
of the optimization of the coating bath. On the other hand, the bare rebars
had Ecorr and Ieorr of —653 mV and 11.7 pA/em?, respectively. The ANOVA
results indicated a high influence of nickel sulphate concentration in the bath on
controlling the corrosion resistance followed by copper sulphate concentration.
PDP tests indicated the initiation of a passive film in the optimized coating,
which could be advantageous for the long-term corrosion protection of the re-
bars. Coating characterization revealed a compact and defect-free deposition.
This led to an efficient barrier as well as passive protection of the coated re-
bars in 3.5% NaCl. The Ni-Cu-P coatings were in the high phosphorus range.
X-ray diffractions revealed the amorphous nature of the coated rebars. In post
corrosion, the bare rebars showed severe cracking and spalling. On the other
hand, corrosive products with lamellar structures were observed for the rebars
coated in the optimized electroless bath. Thus, Ni-Cu-P coatings by the electro-
less method could be successfully applied in corrosion protection of reinforcement
steel rebars. Future research works may be carried out to explore the long-term
corrosion protection capacity of the deposits, effect of carbonation, graded nickel
coatings, etc.
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