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Abstract - ASTM A36 carbon steel is widely used as an alternative type of steel for the manufacturing and construction 

industry, but the poor corrosion resistance and relatively low surface hardness of the steel result in low performance in long-

term operation. Therefore, manufacturing innovation is required to obtain high coating performance. In this article, ASTM 

A36 steel for material is obtained, in the method of enhancing surface properties with nickel electroplating and CuO 

nanocoolant diffusion at 0.25%, 0.5%, and 0.7% concentrations. Surface hardness was the established method of Vickers 

hardness testing, while the corrosion behavior of the ASTM A36 was measured with weight-loss immersion tests in HNO₃, 

H₂SO₄, and HCl solutions. The coating morphology and elemental distribution are explored by Scanning Electron 

Microscopy (SEM) and Energy-Dispersive X-ray spectroscopy (EDX). Quantitatively, the uniformity of coatings was 

evaluated by looking at the mean, standard deviation, and CV of elemental composition. The results show that there are 

significant improvements in surface performance with the ratio of CuO concentration. Hardness increased by ca 9%; 

however, the highest hardness was recorded at 0.7% CuO. Corrosion test with acidic environment indicated a decrease in 

weight loss because the corrosion rate of 0.25–0.5% was reduced, and more effective protection can be obtained by 0.7% 

CuO. The EDX results showed that the coating containing 0.7% CuO had a greater elemental homogeneity, with CV <50%, 

and coatings containing low CuO had a significant inhomogeneity. SEM data confirmed that the 0.7% CuO coating created 

a deep, uniformly dense, and uninterrupted layer with a low level of porosity and agglomeration of the nanoparticles, which 

contributed to enhanced corrosion resistance. Ni–CuO coatings showed better corrosion resistance and microstructural 

uniformity due to homogeneous nanoparticle dispersion, outperforming conventional and reported coatings. 

 

Keywords - ASTM A36 steel, Nickel electroplating, CuO nanoparticles, Corrosion behavior, Surface hardness, 

Microstructural analysis.  

 

1. Introduction  
ASTM A36 low-carbon steel is the most widely used 

steel in structural and commercial applications, as it has 

sufficient mechanical performance for relatively little cost. 

Its yield strength is greater than 250 MPa, and its tensile 

strength is between 400 and 550 MPa, which indicates that 

it is the ideal device for both a strengthening and ductile 

construction process [1]. This phenomenon accounts for the 

heavy usage of the material in construction, factory, and 

energy industries. But this material also poses its own 

challenges, with its own performance problems that keep it 

from functioning well in harsh service environments. This 

one-dimensional shape of surface steel also has a series of 

serious disadvantages, due to its relatively low corrosion 

resistance and relatively moderate hardness resistance. 

Under the hostile acidic systems and high chlorine ions of 

such a steel, the weaknesses are magnified. In that type of 

operating, an electrochemical reaction is produced naturally 

at the steel surface, and material reduction can be achieved, 

and surface deterioration can be increased in a brief time [2, 

3]. Prolonged exposure causes the corrosion cells to 

accumulate at a gradual rate, which weakens the structure 

and hence decreases the service life, and the cost increases 

for frequent maintenance and rapid part replacement. 

Surface remediation schemes, including organic protective 

coatings, metal treatment, and chemical conversion, have 

been developed to address these issues in natural conditions. 

Nickel-type coating, including Ni-type coating and other 

http://www.internationaljournalssrg.org/
http://www.internationaljournalssrg.org/
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electroplating processes, is the most common; as a result, 

the technology has increased the surface hardness, wear 

resistance, corrosion protection, and corrosion resistance of 

many low-carbon steels. These deposited nickel layers 

provide the same protection, and at the same time prevent 

the effect caused by different toxic species and reduce the 

electrochemical activity of the steel surface as well. 

 

Conventional nickel coatings are widely used for 

corrosion protection; however, under highly aggressive 

environments, they often develop microstructural defects 

such as pores, microcracks, and compositional non-

uniformity. These defects act as pathways for corrosive 

media, triggering localized corrosion and reducing long-

term reliability [5]. Recent advances in nanomaterials have 

introduced metal oxide nanoparticles, particularly CuO, due 

to their chemical stability and ability to promote dense 

coating structures. Although previous studies report 

improved mechanical and general corrosion properties with 

nanoparticle addition, limited research has systematically 

examined how CuO incorporation mitigates microstructural 

defects and enhances resistance to localized corrosion in 

severe environments. Therefore, this study investigates the 

effect of CuO nanoparticles on microstructure refinement, 

porosity reduction, and corrosion performance of Ni-based 

coatings to clarify their role in improving coating durability. 

This mixture is targeted to be able to block negative ions, 

such as chlorides, from being transported, increasing 

corrosion resistance under harsh conditions [6, 7]. And so, 

the composite coatings of Ni-CuO are increasingly popular 

materials for the service life extension of low-carbon steel 

products.  

 

The effect of exposure to stress on the coating 

performance of the CuO nanoparticle system of a coating 

system by copper cobalt, nickel carbide, copper cobalt 

nanoparticles, due to the increased load and the 

homogenization of the dispersion distribution in the 

deposited morphology, with extremely high sensitivity, 

depends heavily on the amount of load and the deposition of 

this coating system. In the case of weak CuO concentration, 

the concentration distribution is asymmetric, and 

nanoparticles cannot act as a protective network and resist 

corrosion stress. However, CuO concentration over-

exposure could be highly porous, which localizes the 

porosity and micro-galvanic interactions for the small 

clusters of CuO and steel substrate. Such a tendency may 

favor a localized type of corrosion instead of a moderate 

level one [8]. As a result, the ideal compromise between 

CuO concentration content, coatings homogeneity, surface 

hardening, and corrosion resistance continues to be a most 

important challenge in nanocomposite coating systems. 

Previous studies indicated that the electroplating 

performance of nickel coating methodologies can be 

enhanced considerably by doping CuO nanoparticles [9], 

while this is largely attributed to the particle compositions 

and dispersion quality.  

 

A reduction in corrosion rates of more than 50 times 

greater than the unmodified ones was achieved for zinc 

phosphate coatings modified with CeO₂-CuO 

nanocomposites, which demonstrates the extensive 

inhibition effect of CuO-based additives [10]. In addition, 

composite coating with CuO nanoparticles combined with 

the corrosion abatement mechanism can be a valuable 

improvement in the protection against corrosion and 

antibiofouling effect of mild steel. The addition of CuO 

nanoparticles also enhances the mechanical performance 

and corrosion resistance of mixed metallic coating systems 

significantly. Thao et al. [11] also proved the polarization 

behavior of nickel electrodeposition that led to coating 

morphological modification, and the properties of deposit 

quality were improved by CuO and CeO₂ nanoparticles. 

Similarly, Barsana et al. [12] observed that CeO₂–CuO 

nanocomposites-modified zinc phosphate coatings produce 

a more stable and better-packed layer of carbon steel with 

50 times lower corrosion rate.  

 

Moreover, D’Acosta et al. [13] reported that similar 

improvements in performance have been achieved in CuO-

based hybrid zinc coatings, green SiO₂–CuO nanocoatings 

[14], plasma electrolytic oxidation coatings for aluminum 

alloys [15], and various polymeric protective coatings [16, 

17]. CuO nanoparticles exhibited well-characterized 

protective activity; their protective action, their protection 

effect, and the presence and distribution were established. If 

they are at low amounts of CuO, then they produce a very 

weak coating with very little or poor distribution, though 

their excessive contents result in their particle aggregation 

and weakness of coating structure, and a tendency towards 

local corrosion.  

 

Therefore, good control not only of CuO loading but 

also of the deposition of the same kind is needed to obtain 

the surface hardness and corrosion resistance. The major 

reference papers on optimization are shown in Table 1. 

 
Table 1. Different types of higher hardness and less corrosion of CuO-based coating systems 

Studies Substrate 

CuO additive (or 

related 

nanocomposites) 

Hardness Corrosion rate 

CeO₂–CuO 

nanocomposite 

in ZnP layer 

Mild steel, zinc 

phosphate 

coating 

CeO₂–CuO 

nanocomposite 

(0.3–0.9 g·L⁻¹) 

Hardness increases 

from 153.7 HV to 

173.8 HV at 0.9 g·L⁻¹ 

Corrosion rate decreased 

from 1.843 mm/y to 0.036 

mm/y with CeO₂–CuO 

nanocomposite [10] 

Ag-CuO/epoxy 

hybrid 

nanocomposite 

Copper 

substrate, epoxy 

coating 

5.0 wt% Ag–CuO 
Polarization shows a 

significant increase 

Corrosion rate decreased to 

~3.81×10⁻⁴ mm/y, >99% 
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reduction compared to 

uncoated.[18] 

CuO in micro-

arc oxidation/PU 

composite 

Magnesium 

alloy 

CuO nanoparticles 

(micro-arc 

distribution) 

- 

I₍corr₎ ≈ 7×10⁻⁹ A/cm² 

indicates very high 

corrosion resistance [19]. 

Cu-Ni-ZnO:Ni: 

CuO 

nanocomposite 

coating 

Cu-Ni alloy 

(coating) 

Zn (0.96), Ni 

(0.02), Cu (0.02) O 

nanoparticles 

Maximum hardness 

up to ~558 HV [19]. 

A low I₍corr₎ of ≈2.21×10⁻³ 

mA/cm² indicates 

increased corrosion 

resistance [19]. 

 

2. Examination Methods  
2.1. Nanocoolant Preparation and Immersion Procedure 

 CuO nanocoolant solutions were prepared by dispersing 

copper oxide (CuO) nanoparticles in distilled water at 

concentrations of 0.25 wt%, 0.5 wt%, and 0.75 wt%, 

corresponding to 2.5 g/L, 5.0 g/L, and 7.5 g/L, respectively, 

in a total solution volume of 500 mL. The nanoparticle 

suspensions were mechanically stirred to ensure uniform 

dispersion prior to use. Cylindrical ASTM A36 steel 

specimens (10 mm diameter × 10 mm height) were used as 

substrates. All experiments were conducted at laboratory 

temperature and atmospheric pressure. Nickel electroplating 

was performed using a nickel-based electrolyte system with 

a power input of 25 W and an electrolyte volume of 500 mL. 

After electroplating, the coated specimens were subjected to 

passive immersion in the prepared CuO nanocoolant 

solutions for post-treatment modification. Based on the 

treatment conditions, the samples were divided into four 

groups: (i) untreated raw material, (ii) Treatment A (Ni 

plating + 0.25 wt% CuO), (iii) Treatment B (Ni plating + 0.5 

wt% CuO), and (iv) Treatment C (Ni plating + 0.75 wt% 

CuO).  

   

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 The electroplating process is illustrated in a schematic 

experimental setup 

 

2.2. Corrosion Test Setup  

  Corrosion was performed according to ASTM G31 

standard [20, 21]. Cylindrical ASTM A36 steel specimens 

were manufactured of similar scales and washed off, dried, 

and weighed to serve as a preliminary mass test on an 

analytical balance. The immersion corrosion analysis was 

carried out on three commercially available acidic media 

(hydrochloric acid (HCl, 32%), sulfuric acid (H₂SO₄, 95%), 

and nitric acid (HNO₃, 65%)), containing solution volumes 

of 300 mL for three test tubes. These tests were conducted 

to test the influence of surface treatments on ASTM A36 

steel corrosion behavior. Samples were taken for specimens 

and removal of corrosion products with a suitable chemical 

cleaning solution at the end of the immersion. The samples 

were then placed in deionized water and alcohol, washed, 

dried, and measured to determine their estimated mass. 

Corrosion rate was calculated by weight loss at the exposed 

area, time in water, and the density of the material. They 

adopt ASTM G31 equations [22] (Equation (1) to estimate 

the mass loss and the corrosion rate.  

 

             Weight Loss = (W₀-W₁)/W₀    (1)

      

Where:   

W₀ = initial weight of specimen (g). W₁= final weight of 

specimen (g).  

 

2.3. Vickers Hardness Test  

 The surface hardness of ASTM A36 steel after nickel 

electroplating and CuO nanoparticle diffusion was calculated 

from the Vickers method as determined by ASTM E384. All 

specimens were ground and polished homogenously to a 

polished surface without observable scratches before testing. 

The hardness was measured according to the diamond 

pyramidal indenter, face angle 136°.  

 

 The thickness of the coating material resulted in the 

applied load on the samples and duration (average duration 

between 10 and 15 s). After indentation, the two diagonal 

lengths (d₁, d₂) were measured under an optical microscope, 

and averaged using equation (2)/the mean is calculated as 

Vickers Hardness Value(HV) [23]. All these measurements 

were performed in a variety of locations in order to create a 

consistent result from the samples, and were in the center 

region and the periphery region of the specimen, respectively. 

The hardness figures are the average of these measurements 

and are represented as the Standard Deviation.  

 

HV=(1.854×F)/d²        (2) 

 

2.4. Characterization 

  SEM–EDX measurements were performed at eight 

randomly assigned locations on each sample to estimate the 

coverage structure of various layers of the coating material. 

Average elemental concentrations of these samples were used 

to calculate the mean composition values. The regularity of 

the elemental distribution was also verified using various 

statistical infrastructures - SD and CV. The CV was used in 

this study as a quantitative parameter for uniform coating 

homogeneity; low CV was correlated with a higher fraction of 

uniform elemental concentration across the surface [24, 25].  

Power Supply DC 

 

Cathode/ ASTM 

A36 Steel 

Nickel  

(Anode)  

Electrolyte 
liquid 

(Nickel 

Sulfat)  
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3. Result and Discussion 
3.1. Corrosion Process in Acid (HNO₃, H₂SO₄, HCl) 

 
Fig. 2 Influence of CuO content in ASTM A36 in different acid 

solutions 

 

  From the analyzed weight loss result, it has been 

reported that the corrosion resistance of nickel coating on 

ASTM A36 steel, together with CuO nanocoolant, is mainly 

attributable to CuO contents. The characteristic of the two is 

indicated by the chemical content of the CuO and the pH 

setting of the two products, as shown in Figure 2. The 

addition of CuO NPs in all of the test solutions caused a 

material loss attenuation from 0.25 to 0.5 times the corrosion 

rate. The highest performance was improved at the CuO 

dose of 0.75 wt%.  

 

The biggest change in weight loss between all CuO 

concentrations was observed above high intensity (∼3.3–3.4 

g) concentration towards HCl, confirming the chloride ions 

in HCl that are highly corrosive. The apparent reduction in 

size reduction seen at 0.75 wt% CuO was only slight; in 

effect, the protection was stronger at high nanoparticles 

(0.75 wt%) compared to 0.5 wt%.  

 

  In contrast, for H₂SO₄ and HNO₃, the weight loss was 

extremely low compared to that of HCl, implying less 

drastic corrosion. The results showed the presence of more 

mass reduction for 0.25 wt% CuO coatings than for 0.5 and 

0.75 wt%, which suggests that a protective surface should 

be obtained from more nanoparticles. At 0.75 wt% CuO, this 

results in higher surface coverage and less passage for this 

highly permeative ion to penetrate through the surface 

coating of the active ion. Overall, the results establish that 

alloying with nickel for electroplating and optimal 

combining for optimal CuO nanocoolant enhances corrosion 

resistance even more [25], particularly when the solvent 

conditions are acidic, absent, or with few chloride ions.  

3.2. Hardness Test   

 
Fig. 3 Effect of CuO concentration on the hardness of ASTM A36 

metal after electropolishing 

 

  ASTM A36 steel Vickers hardness was also increased 

when CuO was added. The hardness at 0.25 g CuO was 

185.21 HV, 196.15 HV at 0.5 g, 204.51 HV at 0.75 g, 

implying that CuO is likely to act as a stabilization agent for 

steel reinforcement, by restraining dislocation motion and 

increasing the electroplated film density. Above and above 

to further increase the resistance to plastic strain for the 

surface, more reinforcing particles will probably aggregate 

on its surface in a higher concentration of CuO, which will 

result in stronger hardness. If the maximum hardness is set 

at 0.75 g CuO, this indicates that the density is higher and a 

solid surface layer. The small size and tight confinement in 

HCl will restrict the influx of aggressive ions (e.g., chloride 

ions, [Cl⁻] particles) and facilitate the formation of a larger 

protective layer. Some corrosion tests, however, were 

equivalent or slightly worse than untreated steel and showed 

a significant corrosive effect of HCl on low-carbon steel. 

Nonetheless, the hardness values of CuO-contributing 

samples (0.25 g and 0.5 g) obtained were significantly lower 

as a result of irregular surface microstructure composition. 

This seemed to have an effect on the uneven spatial 

distribution of CuO and agglomeration of particles, and 

increased porosity of the electroplated layer. However, the 

intrinsic inhomogeneities from the CuO phase to the steel 

substrate could promote microgalvanic cells, which could 

promote local corrosion. The mechanical strength and 

corrosion resistance of CuO nanoparticles are enhanced 

after their dispersion is as complete and uniform as it can be, 

and a continuous surface layer is formed [27].  

 

3.3. Chemical Composition   

  Table 2 shows significant differences in the 

concentration of each of the CuO densities by quantitative 

EDX and the weight percent difference between Ni, Cu, and 

O intensity. These are the relative quantities that each 

element will be present in the surface of the material. 

Consistency between Cu and O enables well-distributed 

CuO, while the decrease in Ni intensity represents nickel. 
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Conversely, non-homogenized distribution patterns, e.g., an 

increase in Cu and O content of coatings, imply particle 

agglomeration and voids in CuO coatings. Results: The 

surface of the layer is relatively uniform at 0.25 g; at 0.5 g 

CuO, the distribution of CuO is irregular, but at 0.75 g of 

CuO, the formation of substantial agglomeration is taking 

place, preventing the rest of the CuO layer from going on 

top of the surface. The Ni–CuO coatings worked better than 

previous methods because the nanoparticles spread evenly, 

filling pores and cracks, making the coating denser and more 

resistant to corrosion.

  
Table 2. Average EDX test results of chemical elements in test materials 

Element 

Symbol 
Element Name 

CuO (gr) 

0 0.25 0.5 0.7 

C Carbon 65,764 59,457 24,924 44,443 

O Oxygen 2,273 8,991 0.279 34,171 

Na Sodium 0.452 0.000 0.000 0.846 

Si Silicon 0.092 0.186 0.477 0.154 

Cl Chlorine 0.000 0.000 0.252 0.606 

Fe Iron 31,122 31,098 73,195 3,656 

This Nickel 0.133 0.267 0.381 14,548 

Cu Copper 0.164 0.000 0.492 1,031 

 

3.4. Microstructure Analyses  

Figures 4-7 show the results of SEM observations, and 

EDX analyses were performed to reveal the surface 

morphological characteristics and distribution of chemical 

elements in ASTM A36 steel coated with nickel (Ni) and 

electropolished at different CuO concentrations (from 0.25 

g to 0.7 g). 0 CuO.  

 

 
 

 
Fig. 4 SEM images and EDX of ASTM A36 steel with nickel (Ni) 

coating 

 

SEM images demonstrate that the A36 surface and 

cross-section microdamage have become more extreme. A 

rough surface, a large area of open pores, microcracks, and 

a loose matrix structure can be seen. Grain boundaries can 

be clearly seen and are unprotected, indicating that the 

substrate has encountered an aggressive environment 

(Figure 4).  

 

 
 

 
Fig. 5 SEM results, EDX of ASTM A36 steel coated with nickel (Ni), 

electropolished with CuO (0.25 g) 

 

In Figure 5, the thin electroplated layer shows thinness 

and discontinuity when 0.25 g of CuO is put on top as well. 

It consists of many pores, not uniform particles, and the 

microstructure consists of well-defined grain boundaries.  

 

Other areas, which have been shown with a high 

concentration in the Fe–Ni matrix, in addition to not being 

adequately protected by CuO, mean that there is not enough 

protection of CuO in this shape that is equivalent to a 

homogeneous protective network. This corresponds with 

the EDX data with high CV, low homogeneity, and 

fluctuating CuO distribution.  



Firda Herlina et al. / IJME, 13(3), 34-43, 2026 

39 

 

 
         0.5 

Fig. 6 SEM and EDX of an ASTM A36 steel coated with nickel (Ni) 

by electropolishing, prepared with 0.5 g CuO concentration 

 

Following exposure to 0.5 g CuO, the surface layer 

thickens to the limit of 0.25 g, but the morphology is highly 

CuO agglomerating (Figure 6). This involves dark and 

bright patches, microcrack development, and local particle 

deposition, with the observed presence of a highly scattered 

distribution of CuO without any standardization. Therefore, 

even though local inhomogeneity arises, the Cu and O 

quantities rise quantitatively due to this agglomeration. This 

coincides with SD and CV values at the highest for 0.5 g of 

all compositions, which are the highest-microstructure 

unstable at 0.5 g conditions.  

 

 

 
Fig. 7 Results of SEM and EDX analysis of nickel (Ni)-coated ASTM 

A36 steel and the subsequent electropolishing with CuO (0.7 g 

concentration). 

Figure 7 indicates that the coating was clearly 

morphology enhanced in the presence of 0.7 g CuO. They 

appear to be more uniform, more contiguous, and more 

adherent to the A36 substrate. By regulating the volume of 

pores and the agglomeration, the distribution of CuO 

particles was relatively constant compared to 0.5 g, but 

while the local differences of oxygen were plainly visible, 

the coating structure was reasonably stable. After that, we 

can deduce that Cu has the smallest (CV) variation toward 

other compositions as compared to those taken from the 

EDX analysis, for which a smaller range was observed at 

the 0.7 g content, which indicates a less heterogeneous 

copper distribution. The corrosion rates reflect surface 

morphology.  

 

3.5. Analysis of Corrosion Rate vs Surface Morphology 

Surface morphology is another important parameter 

regarding the corrosion reaction time of the material in an 

HCl medium [27, 28]. In SEM images of nickel-

electroplated ASTM A36 steel, it is exhibited in large-scale 

microdamage with roughness, many open pores, 

microcracks, and loose matrix structure. Uncovered grain 

boundaries represent what is exposed directly to the 

corrosive material. The rapid diffusion of corrosive ions (H⁺ 

and Cl⁻) leads to rapid corrosion and deterioration of the 

material since no continuous protective layer is placed. As 

a result of these localized corrosion, pits of porosity and 

microcracks form that lead to the dissolution of the metal 

and the degradation of the structural integrity of the 

substrate [30]. Such a high corrosion rate and unmoderated 

elemental distribution is similar to that in electrochemical 

paired with EDX analysis at untreated samples. 

Morphology improvements were also only appreciable at a 

decrease of 0.25 and 0.5 g of CuO addition (Figures 5 and 

6). They have thin, discontinuous, and porous coatings, with 

uneven scattering of CuO particles. In previous works, this 

behaviour was exhibited [8], with insufficient loading of 

nanoparticles and poor coverage resulting in limited surface 

area of species to prevent corrosion through aggregation 

and loss of complete layer development. Thus, the Fe–Ni 

matrix was dominant, even though the corrosion rates were 

higher, where aggressive ions (H⁺ and Cl⁻) can overcome 

the defects and pores of the structure. On the contrary, a 

significant enhancement in the coating morphology and 

corrosion resistance occurred with the initial 0.7 g content 

of CuO (Figure 7). The coating was visibly dense and 

continuous, though in terms of the ASTM A36 substrate, 

there was better conformance. At the same concentration, 

the CuO nanoparticles were better dispersed in the matrix 

of microvoids, and this reduced the porosity and 

agglomeration observed [21]. Such conductability is in 

accordance with the data, which document that ideal 

particle loading results in better compact microstructures 

and benefits the coating structure [6, 18]. While the coating 

structure was stable and had some fluctuations in oxygen 

due to mixing, 0.7 g presented relatively homogeneous Cu 

content, confirming that EDX composites are the most 

homogeneous in their composition. This homogeneity 

triggered a sharp decrease in corrosion rate; the 

homogenizing dispersion of nanoparticles successfully 
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inhibited the path of ionic diffusion and localized pathways 

of inflammation starting corrosion [31]. As a result, the 

exceptional corrosion resistance at the concentration of 0.7 

g CuO is believed to be the result of the co-benefits 

resulting from the increased micro-structural compactness 

and enhancement of CuO dispersion, and due to the strong 

barrier characteristics of the electroplated coating.  

 

3.6. Homogeneity Analysis 

Homogeneity of the coating was quantitatively 

measured with mean, Standard Deviation (SD), and 

Coefficient of Variation (CV) calculated by EDX 

measurements obtained at eight locations of a known 

sample surface selected randomly. The method of SD and 

CV in checking the homogeneity of the distribution of 

elements is two measures of homogeneity in each case for 

SD and CV (Equations 3 and 4). In this case, a lower SD is 

equivalent to a homogeneous coating.  

 

3.7. Standard Deviation  

Standard Deviation is defined as the statistical measure 

of how widely the data is spread in the direction of the 

average value (mean) [24, 25]. Small SD → clustered data 

around the mean → more uniform/homogeneous. Large SD 

→ data is distributed far from the mean → not 

homogeneous. Mathematically: 

𝑆𝐷 = √
∑(𝑥𝑖−𝑥̄)2

𝑛−1
                           (3) 

 

In EDX analysis, SD is the difference in element 

concentration from one point to the next in the analysis of 

measurement points.  

 

Small SD values indicate evenness in the element 

distribution/agglomeration.  

 

3.8. Coefficient of Variation 

The coefficient of variation is a relative measure of data 

spread as a percentage of the mean (see also 25, 26).  

 

 

CV=SD/Mean ×100%    (4)  

 

General Interpretation of CV   

CV < 20% → very homogeneous. 20–50% → 

moderate homogeneity. 50–100% → not homogeneous. 

>100% → very heterogeneous. Table 3 shows average 

Standard Deviation (SD) and Coefficient Of Variation (CV) 

values of the elements observed from the workpiece 

samples subject to treatment with varying concentrations of 

CuO. 

 

 
Table 3. The average Standard Deviation (SD) and Coefficient of Variation (CV) values of the elements detected on the workpiece samples after 

treatment with different CuO concentrations 

CuO(g) Element 
Mean 

(at.%) 
SD (± at.%) CV (%) Level of Homogeneity 

0 
O 10.47 ±7.01 66.90% Not homogeneous 

Ni 0.034 ±0.047 140.20% Very non-homogeneous 

0.25 

O ≈ 13.0 ≈ 16.6 128 Very non-homogeneous 

Ni ≈ 0.26 ≈ 0.13 50 Moderate homogeneity 

Cu ≈ 0.27 ≈ 0.30 111 Not homogeneous 

0.5 

O ≈ 9.72 ≈ 13.6 140 Very non-homogeneous 

Ni ≈ 8.70 ≈ 22.7 261 Very non-homogeneous 

Cu ≈ 0.38 ≈ 0.38 ~100 Not homogeneous 

0.7 

O 7.31 12.6 172 Very non-homogeneous 

Ni 19.66 31.8 162 Very non-homogeneous 

Cu 0.65 0.33 51 Moderate homogeneity 

 

Homogeneity of O, Ni, and Cu elements was 

statistically estimated by means of mean, Standard 

Deviation (SD), and Coefficient of Variation (CV) with the 

EDX method at eight times in each CuO concentration 

(Table 3). Overall, for all tests, oxygen has a relatively high 

CV (>65%) (including CuO), which indicates 

inhomogeneous oxygen distribution (without CuO and for 

CuO-containing samples at a composition of 0.25–0.7 g). 

Because the sample was prepared in a laboratory with local 

oxides or contaminated surfaces, this could result in 

inhomogeneity due to local oxide generation, 

agglomeration of CuO particles, variations in coating 

thickness, or oxidation by the environment at the surface 

[4]. Nickel had a more pronounced trend of CuO 

concentration, possibly due to greater Ni exposure (due to 

uneven delivery of CuO or localized CuO deposits). But if 

Ni is further concentrated on the surface, then higher Ni CV 

values (~0.5 g and 0.7 g CuO >150%) may imply that Ni 

exposure leads to less positive coherence. By contrast, the 

dispersion of Cu was homogenous at 0.7 g CuO, which 

resulted in a CV value of ~51%, the greatest consistency of 

all possible Cu dispersion across all variants. However, the 

high oxygen variations mean that the CuO layer is not 

entirely continuous or homogeneous; therefore, there is no 

uniformity, and thus the detection of Cu and O from 

different measurement locations is not at a constant level. 

The results mostly verify that the homogeneity of the layers 

is not a definite thing, as CuO concentration increases, but 

the uniformity is obtained not only through depositional 

mode, particle agglomeration, but also the interaction of Ni 

and CuO layers in ASTM A36 steel substrate [32, 33]. 
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3.9. Electrochemical Process 

The electrochemical reactions of the workpiece are 

primarily initiated by anodic (metal oxidation), cathodic 

(species reduction in the environment), and ion and electron 

transport mechanisms linking the two reactions. In general, 

by the occurrence of these three mechanisms together, the 

surface corrosion size and extent depend on these 

mechanisms [34-36]. Therefore, the state and quality of the 

applied barrier have a significant effect on the state of the 

electrochemical reaction position.  

 

The ASTM A36 steel in this application form may be 

subjected to a direct application to HCl solution unless an 

established protective coating has already been applied, 

which is an existing electroplated nickel or CuO coating 

with no other coating. (1) The electrochemical corrosion 

reactions, where nickel or CuO is put onto both surfaces and 

on the same surface (HCl solution) in the ASTM A36 steel 

system, are as shown in Figure 8. The reactions, in essence, 

can occur in one of three ways: 

 

3.9.1. ASTM A36 Steel (Sample) Corrosion 

 When pores, cracks, or delamination are also found on 

the substrate of the Ni-CuO coating, the HCl mixture can 

go to the CS- ASTM A36 substrate. In the event that iron 

has such a structure, anode generation or even the presence 

of active dissolution may occur, which will cause corrosion, 

such as pitting or underfilm corrosion [34, 37]. In addition, 

because nickel (in relation to iron) has a higher 

electrochemical potential than iron (Equations 5–7), a metal 

layer of nickel can accelerate corrosion of the steel by 

means of galvanic coupling. 

 

Anodic reaction (iron oxidation): 

Fe → Fe2+ + 2𝑒−          (5) 

 

Cathodic reaction (hydrogen ion reduction): 

 

                                 2H+ + 2𝑒− → H2 ↑           (6)

       
 

Overall reaction: 

Fe + 2HCl → FeCl2 + H2 ↑   (7)

       

 

3.9.2. Corrosion of the Nickel Layer Due to Electroplating 

from the Electroplated Nickel Layer  

 Disruption or dissolution of the CuO layer will directly 

expose an underlying Ni layer to the HCl solution that 

directly comes into contact with the HCl solution. While Ni 

had higher corrosion resistance than Fe, Ni has poor 

resistance to strong acidity [30, 38], with dissolution being 

increasingly evident in high corrosion capacity. In this case, 

the Ni layer acts as a protective layer (i.e., limited sacrificial 

layer), but when it degrades in an aggressive medium, the 

Ni surface immediately influences the steel substrate, 

greatly increasing its rate of attack (Equations 8-10). 

Anodic reaction (nickel): 

Ni → Ni
2+ + 2𝑒−                        (8) 

 

Cathodic reaction: 

                               2H+ + 2𝑒− → H2 ↑    (9)

      

 

Overall reaction: 

Ni + 2HCl → NiCl2 + H2 ↑           (10) 

 

3.9.3. Reactions in the CuO Layer (Outermost Layer) 

 Although CuO is considered semi-passive, under 

strong acid stress, it can chemically dissolve instead of 

corroding on an electrochemical basis. The CuO layer is 

neither the primary anode nor cathode in the 

electrochemical reaction, of course, but it has been thought 

of as a physical barrier preventing corrosion-driven species 

from entering the atmosphere, and its protective activity is 

thus mostly down to thickness and consistency level. As this 

CuO layer dissolved in an acidic medium, a new coating of 

the Ni layer below may become exposed, and the corrosion 

process of the Ni layer could be accelerated [39, 40]. The 

chemical dissolution of CuO in HCl can be expressed in 

Equation 11:   

 

CuO(s)+ 2H++2Cl− → Cu2+ + 2Cl− + H2O  (11) 

 

The proposed electrochemical reactions of the plated 

Ni–CuO metal in HCl solution for three environments 

(direct exposure to metal (a), nickel plating dissolving (b), 

and the exposure of the CuO layer (c)) are shown in Figure 

8.   

 
Fig. 8 schematically shows the electrochemical reactions occurring in 

the metal layer, electroplated Ni–CuO in HCl solution: Metal 

exposed directly to corrosive media (a), Nickel exposed to corrosive 

media (b), and (c) CuO layer exposed to corrosive media. 

 

4. Conclusion and Future Works  
Nickel-coated ASTM A36 steel with electroplating and 

CuO nanocoolant, dosed and applied at the concentrations 

of 0.25%, 0.5%, and 0.7%, respectively, showed improved 

surface characteristics with increasing CuO dissolution. 

Higher concentrations of CuO (0.7) yield approximately 

9% increase in surface hardness. Corrosion was 50% lower 

than that of untreated steel in these environments. In EDX 

analysis, it is demonstrated that the elemental distribution 

for 0.7% CuO is more homogeneous (CV less than 50%), 

whereas the formation of coatings exhibited larger 

inhomogeneities and lower numbers of them (CV greater 

than 100%). The 0.7% CuO coating had a finer-grained, 

continuous, and somewhat homogeneous microstructure 

with smaller porosity and reduced particle agglomeration. 

In this case, however, the coating is degraded by three 

mechanisms: 1) in direct contact with the steel substrate; 2) 

corrosion of the nickel layer (which causes deposition of 
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CuO layer); and 3) dissolution or breakdown of the CuO 

layer in aggressive media. Compared to Ni–Co–P coatings, 

the inclusion of 0.5 wt% CuO nanoparticles enhanced 

hardness by 20% and improved adhesion strength. This 

enhancement is due to the nanoparticles promoting a denser 

microstructure and reducing internal defects during 

electrodeposition. To achieve a clear understanding of the 

relationship between structure and performance. Recent 

trends in CuO electroplating analysis focus on integrated 

characterization to link structure and performance. 

Techniques such as high-resolution SEM/EDX, advanced 

XRD, XPS, and electrochemical methods (EIS, Mott–

Schottky) are used to evaluate morphology, phase purity, 

chemical states, and corrosion behavior. This approach 

enables better optimization of deposition parameters and 

coating functionality. 
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