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Abstract. DMR-249A is the low-alloy steel developed by DMRL for the
construction of Indian Navy ships and submarines, with high mechanical
resilience but prone to corrosion. In this study, the DMR-249A steel was
coated with low, medium, and high Electroless Nickel-Phosphorous (ENP)
coatings. The coating surface morphology alongwith surface roughness,
hardness, wear resistance, AFM, SEM, and EDAX, was analysed. The
surface water affinity was obtained through contact angle measurements.
Corrosion resistance was quantified using polarization, electrochemical
impedance spectroscopy, and salt spray tests. The results show enhanced
hydrophobic behaviour and corrosion resistance with increased
phosphorous content as a result of the formation of an amorphous ENP
layer. This amorphous layer acts as an effective barrier against seawater
ingress, thereby arresting corrosion in naval ships and submarines.

1 Introduction

Corrosion is a natural electrochemical process that leads to the gradual deterioration of
materials in a marine environment [1-4]. Steel corrosion remains a major concern for
industries, especially in marine applications, where structures are continuously exposed to
seawater and aggressive atmospheres [5]. Despite extensive research, a complete solution to
corrosion has not been found. Naval steels usually suffer from various forms of corrosion,
including galvanic, pitting, crevice, and intergranular corrosion, which significantly impact
structural integrity and maintenance costs [6,7].

DMR-249A is a naval-grade steel developed by DMRL, known for its exceptional
mechanical and tribological properties; however, it remains susceptible to corrosion even
after the application of a high-quality paint scheme. This is mainly due to the hydrophilic
properties of the material[8—10]. To mitigate corrosion, various coating techniques involving
nanoparticles, quantum dots, alloys, and composites have been explored [11]. Many
researchers have concluded that Electroless NiP coating is the most economical process, as
minimal electricity is required, leading to cost-effectiveness [12,13]. Further, unlike other
processes, the ENP deposition process ensures uniformity in deposition with minimal coating
issues [13].

*Corresponding Author: kulkarni.manoj77@gmail.com

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 375, 03004 (2026) https://doi.org/10.1051/epjconf/202637503004
RTEP-2026

The ENP coating not only provides good corrosion resistance but also provides excellent
wear and hardness resistance to the coating, which has extended the life of the substrate [12—
18]. Therefore, among all the coating applications, electroless nickel-phosphorus (Ni—P)
coating is the most economical and effective method, which provides encouraging results.
However, the influence of the hydrophobicity and its effect on corrosion rate is yet to be
explored by researchers [19]. In the present study, low-, medium-, and high-phosphorus Ni—
P coatings were developed on DMR-249A steel, and their corrosion resistance was evaluated
through physicochemical characterisation, electrochemical analyses, and salt spray testing
[11,20-21].

2 Experimental Details

The substrates of size 12 x 12 mm were polished on a Bainpol METCO grinding machine
using SiC abrasive grinding papers of grit sizes varying from 200 to 2500. A clean mirror
finish was achieved through the diamond suspension. The surface roughness of samples was
achieved between 0.015 and 0.020 um (Ra value). Before commencing the coating process,
the substrates were mechanically cleaned and degreased in an acetone bath and rinsed in
distilled water. Subsequently, acid picking in mild HCL (30% HCL: 70% distilled water) was
undertaken and rinsed in distilled water at 4-6 pH.

The three NiP solutions were prepared, regulating phosphorous content, viz, low
phosphorous, medium phosphorous, and high phosphorous, using nickel sulphate and sodium
hypophosphite monohydrate for ENP coating experiments. Based on the literature survey
[12,22,23], analysis of results obtained through iterations in the present experiments, it was
concluded to maintain 2-4% wt in low phosphorous, 6-10% wt in medium phosphorous, and
12-15% wt in high phosphorous in NiP solution. pH of 6.0 to 6.5 at 60-80°C was maintained
for low phosphorous and pH of 4.8 to 5.0 at 85-90°C was maintained for medium and high
phosphorous NiP solutions (furthermore, details are provided in supporting data Figure S1).
A trend between the duration of the process and the coating thickness achieved was
established. The thickness as well as Ni and P deposit contents in the coatings were measured
with the help of Fischerscope XRAY XANS515 (Helmut Fischer GmbH, Industriestrassee 21,
71069 Sindelfingen) and also by EDAX. Samples of 8 microns were selected for undertaking
experiments and analysis.

3 Results and Discussion

In Figure 1, low, medium, and high phosphorous electroless Ni—P coatings of 8-micron
thickness were deposited on DMR-249A steel. After coating, these surfaces have shown
progressive modification in hydrophobic properties from LP to HP, which is clearly reflected
by an increase in the water contact angle images. The hydrophilic nature of DMR249A has
turned into a hydrophobic nature, attaining the highest value of water contact angle (118 +
8°) for the HP-coated surface. This enhancement in surface hydrophobicity with the NiP
solutions reduces water and electrolyte interaction with the metal surface, which, in turn,
helps to suppress corrosion processes.
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Fig. 1. (a, b, ¢) Low, medium, and high Ni-Phosphorus solutions, (d, e, f) LP, MP, and HP ENP coatings
on DMR-249A steel, and (g, h, i) water contact angle measurements.

The phase identification and lattice characteristics of the coating, as determined by X-ray
diffraction (XRD), are shown in Figure 2. The electroless high- and medium-phosphorus
coatings exhibit an amorphous nature, whereas the low-phosphorus coatings exhibit a slightly
crystalline nature, as seen in broad peaks for HP and MP coatings and slightly sharper peaks
for LP coatings. Further, based on Cz values, it can be concluded that electroless Ni HP
coating is relatively less porous compared to medium and low phosphorus coating [14].
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Fig. 2. X-ray diffraction pattern of electroless NiP HP, MP, LP coating, and DMR-249A.

Figure 3 is arranged into three columns: the first column (Figure3. al, bl, cl, d1) shows
the Tafel polarization curves, the second column presents (Figure3. a2, b2, c2, d2) and the
Bode plots, and the third column (Figure3. a3, b3, ¢3, d3) displays the Nyquist plots for bare
DMR249A and LP, MP, and HP coated samples. The Tafel curves indicate a progressive
reduction in corrosion current rate after coating, and the HP coating exhibits the lowest
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corrosion rate. From the Bode plot, it is imperative that HP coating exhibits a higher phase
angle at lower frequencies, giving lesser diffusion reaction due to low ionic penetrability and
hence offering higher corrosion resistance, while the Nyquist plots indicate an increase in
radius of curvature, confirming higher charge transfer resistance and enhanced corrosion
protection for the HP coating. Researchers have reported that the higher corrosion resistance
observed in the high-phosphorus ENP coating is due to the amorphous structure and absence
of grain boundaries. Further, the high phosphorus in the coating results in higher Ecorr and
lower 1., [14], which is evident in Table 1.
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Fig. 3. (al, b1, cl, and d1) Tafel plots, (a2, b2, ¢2, and d2) Bode plots, and (a3, b3, ¢3, and d3)
Nyquist plots - of bare DMR-249A and coated samples (Coating 1-3), illustrating the improvement in
corrosion resistance and electrochemical stability of the coated surfaces.
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The improved corrosion resistance, obtained experimentally by electrochemical
impedance spectroscopy (EIS), and the rate of corrosion (mm/year) are calculated according
to ASTM-G102 standards [20, 24] is further supported by the salt spray test results.

The Salt spray test, as per ASTM B 117, was undertaken for 984 hrs (41 days), and values
of the corrosion rate obtained by the weight loss method were in line with the values obtained
by the electrochemical method. Corrosion Rate calculated by the Salt Spray method is,
Corrosion Rate (mm/yr) = 87.6 W / (p X A X T), where W is weight loss (mg), p is the
density of the coating (g/cm3), A is the area of specimen (cm?) and time T is in hours of
exposure in salt spray chamber [14]. The experimental values obtained by EIS, as well as the
Salt Spray Test experiment, are tabulated below in Table 1, indicating a lower corrosion rate
in the HP ENP coating.

Table 1. Experimental Values of Electrochemical Impedance Spectroscopy (EIS) and Salt Spray Test.

Corrosion Corrosion
S . E corr 1 corr Rs Rct Cdl Rfi.;e/ (CIE) I{Sate byTS alt
pecimen | vy | (wA) | (Qem?) | (@em?) | (@lstem?) | (™ Eig) Y Eggim:ltt
Experiment (mm/yr)

DMR249A | -670 | 5.736 | 36.31 883.84 | 138.30x 10° 0.19008 0.21471
LP -360 | 3.427 | 34.93 15160 12.82x 10° 0.04737 0.04192

MP -340 | 2.791 | 35.86 15360 13.89 x 10°¢ 0.03027 0.03135

HP -315 | 1.378 | 37.22 22310 16.14x 10°¢ 0.01559 0.01014

The microhardness test revealed improvement in the microhardness of DMR 249A from
217 HV200 to the highest of 793 HV200 of the LP coating. The average values of surface
roughness as well as microhardness are reported in Table 2.

Table 2. Surface roughness and microhardness of ENiP coatings.

Surface Roughness
Specimen Ra (um) Rz (pm) Rums (um) Microhardness (HV200)
DMR249A 0.016 0.109 0.021 217
LP 0.054 0.329 0.116 793
MP 0.048 0.412 0.064 680
HP 0.039 0.440 0.059 625

It has been established by researchers that, alongwith the hardness, the brittleness of the
coating also enhances, affecting the tensile strength as well as toughness. This phenomenon
is observed more in high-phosphorus ENP coating compared to low and medium phosphorus.
Based on the application, post-ENP coating, the further processes can be decided to reduce
the brittleness as well as improve the toughness. Researchers have established the effect of
hydrogen and heat treatment [24]. Use of composite coating techniques [8,25]and plant-
derived nanoparticles [26] on the mechanical properties of ENP coating, and also to avoid
crack propagation for better corrosion resistance. Further surface characterisation and
morphology using SEM and EDAX (Dataset S3) were undertaken to assess the coating
quality and weight percentage of Ni and P in the coating. A study of coating by AFM ruled
out the defects at the nano level.
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4 Conclusion

The study concludes that Electroless Nickel-Phosphorous (ENP) coatings significantly
enhance the hydrophobic properties of DMR249A steel by increasing phosphorous content
and thereby increasing corrosion resistance. It is concluded that due to the formation of an
amorphous layer, the corrosion rate has shown 91.8 % improvement in HP coated sample
over DMR249A, as calculated by the Electrochemical experimental procedure. The
experimental salt spray test also validates these results of the superior corrosion protection
by the weight loss method. The results indicate that HP coating exhibits the highest corrosion
resistance, followed by MP and then LP coating, whereas the highest microhardness is seen
in LP, followed by MP and then HP coatings. The microhardness of LP coating has enhanced
by 265 %, whereas 188 % in HP coating. Post analysis of experimental results, it can be
concluded that ENP coating can be a reliable method of arresting corrosion and a way ahead
towards improving the service life of naval ships and submarines.
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Supporting Data

1. The three solutions of low, medium, and high phosphorus were prepared through
iterations and based on data obtained through a literature survey. The coating has been tested
at a thickness of 8 micron, to achieve this thickness following steps were followed:

1.1 A total of six-eight samples were prepared and subjected to each ENiP process,
viz., low, medium, and high NiP solution.

1.2 One by one, each sample was removed after a particular time duration, and the
thickness of the coating was measured. Post completion of the ENP coating, the
thickness as well as Ni and P deposit contents in the coatings were measured with the
help of Fischerscope XRAY XANS515 (Helmut Fischer GmbH, Industriestrassee 21,
71069 Sindelfingen). Readings at three points on the coating were taken, and the
average of the readings was recorded. The trend of the deposition process was
established.

Fig. S1. Synthesis and analysis of LP, MP, and HP solutions for the preparation of the coating.

1.3 Post confirmation of the time required for 8-micron thickness, the ENiP process
was freshly undertaken with a new ENiP solution with the same bath parameters as the
bath. Around 8-10 samples of size 12 x 12 mm for other tests and a 32 mm diameter
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circular sample for wear test were prepared and coated. A tiny pinhole for hanging the
sample in the solution was also prepared. A photo of the samples is attached.

1.4 The porosity of the coating is the direct measurement of corrosion. Therefore, the
salt spray test for 41 days was undertaken, and after the post-test, the sample was
visually inspected for any corrosion marks and further examined under a microscope
for any sign of cracks at the corrosion marks. Photographs as below:

LP MP HP

Bare Metal
1.5 Further SEM (Scanning Electron Microscopy) was also undertaken of the samples,
which has ruled out any indication of cracks in the coating. In addition, AFM was also
carried out for the samples where the surface morphology was studied.
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Fig. S2. AFM Image - ENP coatings of (a) Low Phosphorous, (b) Medium Phosphorous, and

(c) High Phosphorous.

1.6 For corrosion measurement, EIS (Electrochemical Impedance Spectroscopy) was
undertaken, which indirectly also indicates the coating integrity & porosity.

2. EDAX Analysis of HP, MP, and LP electroless NiP Coatings (attached pdf file). The
corrosion resistance mainly depends upon the Ni and P content at the coating surface. In order
to analyse the effect of these deposits, EDAX analysis was undertaken. It has been observed
that the weight % of phosphorus in the LP, MP, and HP coating is 4.11, 8.71, and 13.15,
respectively, and that of nickel is 95.89, 91.29, and 86.85, respectively.

@

EDAX of HP MP and
LP Coating as suppori

Dataset S3. Dataset for SEM-EDAX

11



